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INTRODUCTION 

Cardiovascular disease (CVD), as a major global health concern 
formally recognized by United Nations (WHO, 2011), is the largest 
contributor to global mortality (Global Health Estimates, 2016). Meanwhile, 
cardiac arrhythmias are considered as the major cause of health lost to CVD 
(Timmis et al., 2018). Either congenital or acquired arrhythmia is 
characterized by an abnormal rhythm of the heart’s beat. The longer the 
symptoms remain, the poorer the cardiac function is. Compensating 
mechanisms will take place, resulting in structural changes, electrical 
alterations, and contractile adaptations. Unfortunately, these in principal 
helpful adaptations may however enforce the occurrence of cardiac 
arrhythmia as seen in atrial fibrillation (AF) (Wijffels et al., 1995). Many risk 
factors that associate with cardiac arrhythmia exist of which some are 
inherent to human nature, like age, race, sex, and genetic predisposition, 
while others are influenced by life style, like physical activity, diet and 
smoking (Khurshid et al., 2018), and finally iatrogenic risk factors, like drug 
use. Some of these risk factors are known to correlate with ion channel 
expression differences at the plasma membranes of cardiomyocytes. For 
example, many forms of congenital long QT syndrome result from point 
mutations present in an ion channel that affects proper expression 
(Anderson et al., 2014), whereas many drugs also impair normal channel 
expression in the heart (de Git et al., 2013).  

To better understand the underlying pathological mechanism, we 
need to know how the electrical system of the heart works under 
physiological conditions. The cardiac action potential (AP) is generated by 
ionic influx/outflux through ion channels within the cardiac cell membrane 
which leads to changes in membrane voltage (Rudy, 2008). Due to complex 
interactions between various transmembrane ion channels, dynamic cellular 
ionic environment and different gating kinetics of each ionic channel, a 
spontaneous, rapid and highly regulated depolarization/repolarization cycle 
controlled by ionic currents is generated. The rate-dependent and 
synchronous property of the cardiac AP, resulting from the underlying 
fundamental cellular electrophysiology, determines cardiac 
systolic/diastolic function, and abnormalities could result in cardiac 
arrhythmia and even sudden cardiac death (Hoffman and Cranefield, 1960). 
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The standard appearance of the normal ventricular AP consists of 5 phases 
outlined below (Figure 1): 

 

Figure 1. The cardiac action potential and its underlying ion currents 
(adapted from Nerbonne and Kass, 2005). 

1.  Phase 0 is the phase of rapid depolarization producing a rapid (less than 
2 ms) and positive shift in membrane voltage. In ventricular cells, this rapid 
repolarization is generated predominantly by the opening of voltage-gated 
Na+ channels very briefly (<1 ms) at a threshold potential (~-55 mV) and 
subsequently inducing a strong inward Na+ current (INa) to increase 
membrane potential (Amin et al., 2010). A minor contributor to 
depolarization during phase 0 is ICa,L, the influx of Ca2+ through L-type (low 
threshold type) channel (Boulpaep et al., 2009). 
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2. Phase 1 is a phase of rapid repolarization beginning with rapid 
inactivation of voltage-gated Na+ channels that aborts inward INa. At the 
same time, a transient outward K+ current, Ito (Rudy, 2008), by activating 
voltage-gated K+ channels briefly, leads to a slight negative shift of 
membrane potential (Santana et al., 2010; Grant, 2009). 

3. Phase 2 is the plateau phase. The slow delayed rectifier K+ current, IKs is 
slowly activated allowing K+ efflux, which is partially balanced by the inward 
ICa,L activated at phase 0. Moreover, the increased concentration of 
intracellular Ca2+ also activates Ca2+ channels on the sarcoplasmic 
reticulum (SR), the so-called Ryanodine receptors, allowing Ca2+ efflux 
move from SR to cytoplasm, a Ca2+ activated Cl- current (Hoffman, 1960) 
allowing Cl− into the cell, and ionic pumps like Na+- Ca2+ exchanger and 
Na+-K+ pump. All these ionic movements result in the membrane potential 
remaining almost constant with a low level of membrane repolarizing (Grant, 
2009; Grunnet, 2010). 

4. Phase 3 is the phase of rapid repolarization because L-type Ca2+ channels 
close, while IKs remains activated and the negative change in membrane 
potential induces more K+ currents, primarily the rapid delayed rectifier K+ 
current (IKr) and the inward rectifier K+ current (IK1). The strong outward 
K+ current brings the membrane potential back to its resting value. The 
voltage-gated delayed rectifier K+ channels close at ~-85 mV, while IK1 
remains active and helps to maintain the resting membrane potential (Grant, 
2009; Kubo et al., 2005). 

5. Phase 4 represents the resting phase. The resting membrane potential is 
stable and more or less constant at ~-80 mV, resulting from perfect balance 
between influx of ions (e.g. Na+ and Ca2+) and efflux of ions (e.g. K+, Cl- 
and HCO3-) (Santana, 2010; Morad and Tung, 1982). 

Among these ion channels, the potassium channel family is the largest 
branch. It can be broadly divided into two subfamilies by its transmembrane 
structure features: the six-transmembrane-helix voltage-gated potassium 
channel (Kv) and the two-transmembrane-helix inward rectifier potassium 
channel (KIR) (Ho et al., 1993). 
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Potassium channel trafficking  

A fully functional potassium channel needs to go through the forward 
trafficking pathway to reach the plasma membrane, and then be either 
recycled or degraded during the backward trafficking pathway (Figure 2).  
First of all, translated potassium channels are synthesized and assembled 
in the endoplasmic reticulum (ER). When the correctly folded proteins are 
released by their chaperones on the luminal and cytosolic sides of the ER, 
they are transported to the Golgi system where some channels undergo 
complex glycosylation before being expressed in the plasma membrane 
(Delisle et al., 2009; Vandenberg et al., 2012), whereas misfolded proteins 
are retained within the ER. Together with those expired channel proteins in 
the membrane surface and misfolded proteins, their degradation occurs via 
the ubiquitin-dependent and polyubiquitination way.  

Figure 2. Schematic representation of intracellular trafficking pathways 
of KIR channels. TGN, trans-Golgi network; MVB, multivesicular body. (adapted 
from Eva-Maria Zangerl-Plessl et al., 2019).  

These many steps and various properties, together with channel 
specificity (Heyden et al., 2018) makes channel trafficking become a 
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promising drug target. Broadly speaking, the stabilization of correctly folded 
proteins, transportation to membrane, channel kinetic activities and 
recycling steps could all be seen as potential pharmacological intervention 
sites. However, there still is no detailed potassium channel trafficking 
pathway described completely, especially for inward rectifier channels. 
Hence, better understanding of ion channel trafficking pathways in general, 
and potassium channels in particular, will help us with intelligent drug 
design in order to rescue more patients from suffering. Nevertheless, one 
has to realize that correction of normal trafficking may be insufficient to 
completely ameliorate symptoms. Therefore, channel activators together 
with trafficking correctors will most likely yield better results, as 
demonstrated clinically already for the chloride channel defects causing 
cystic fibrosis (Ratjen et al., 2015).  

THESIS OUTLINE 

The main focus of this thesis is exploring the role of cardiac 
potassium channel trafficking in arrhythmia and new means to 
counteract the latter. The inward rectifier KIR2.x and delayed rectifier 
Kv11.1 (hERG) channels were emphasized. The role of ion channel 
trafficking from several aspects, for example, pharmacological activation 
and structure identification, was evaluated in separate chapters. Then, in 
anticipation to a leap forward, further elaborated in the general discussion 
section of this thesis. In addition, we reviewed current animal models 
applied in cardiac arrhythmia studies to find appropriate models to enable 
the transition of ion-channel trafficking studies from in vitro to in vivo 
systems. 

Chapter 2 reviews current KIR trafficking associated mutations and 
indicates residues experimentally proven to be associated with trafficking 
defects via sequence alignment of all currently known KIR isoforms. And it 
turns out these residues concentrate in two regions, one region important 
for Golgi export and one region critical for optimal channel gating and/or 
proper protein folding, which show more severe clinical implications than 
other trafficking steps. In Chapter 3, we concentrate on several common 
animal models in cardiac arrhythmia studies and assessed their potential 
value in channel trafficking research. Chapter 4 concentrates on sequence-
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function relationships and identifies a new conserved domain in the C-
terminus of the KIR2.1 channel protein, which plays a role in IK1 rectification.  

In Chapter 5, the antiarrhythmic effects of a novel Kv11.1 allosteric 
modulator/activator, LUF7244 against drug-induced torsade-de-pointes 
(TdP) arrhythmia, was characterized in the chronic atrioventricular block 
(CAVB) dog model. Besides, its channel selectivity was tested in vitro. By 
neutralizing the cardiac side effects of dofetilide, LUF7244 protected dogs 
from dofetilide-induced TdP. In Chapter 6 we continued to explore the 
chronic effect of LUF7244. Kv11.1 channel current inhibition by dofetilide 
was reversed by LUF7244 acutely, whereas the trafficking rescue properties 
of dofetilide remained to restore Kv11.1 channel function in long-term 
application. Chapter 7 evaluated nine linear pentamidine analogues with 
predicted better drug-likeness parameters. And we explored the potential 
influence of certain structure modifications on Kv11.1 channel trafficking, 
which may lead to new nontoxic chemotherapeutics against Pneumocystis 
jiroveci pneumonia. Finally, Chapter 8 summarizes and discusses the main 
findings of previous chapters. 

�  
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ABSTRACT 

The ubiquitously expressed family of inward rectifier potassium (KIR) 
channels, encoded by KCNJ genes, is primarily involved in cell excitability 
and potassium homeostasis. Channel mutations associate with a variety of 
severe human diseases and syndromes, affecting many organ systems 
including the central and peripheral neural system, heart, kidney, pancreas, 
and skeletal muscle. A number of mutations associate with altered ion 
channel expression at the plasma membrane, which might result from 
defective channel trafficking. Trafficking involves cellular processes that 
transport ion channels to and from their place of function. By alignment of 
all KIR channels, and depicting the trafficking associated mutations, three 
mutational hotspots were identified. One localized in the transmembrane-
domain 1 and immediately adjacent sequences, one was found in the G-
loop and Golgi-export domain, and the third one was detected at the 
immunoglobulin-like domain. Surprisingly, only few mutations were 
observed in experimentally determined Endoplasmic Reticulum (ER)exit-, 
export-, or ER-retention motifs. Structural mapping of the trafficking defect 
causing mutations provided a 3D framework, which indicates that trafficking 
deficient mutations form clusters. These “mutation clusters” affect 
trafficking by different mechanisms, including protein stability. 
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INTRODUCTION 

Seventy years ago, Katz detected the inward rectification phenomenon 
for the first time [1]. Its unexpected property of conducting larger inward 
than outward potassium currents at similar deviations from the potassium 
equilibrium potential was unprecedented at that time. During the following 
decades, the understanding of inward rectifier channels was established 
further, stimulated by biophysical analysis and cloning of KIR genes. Inward 
rectifying channels—unlike voltage-gated potassium channels (Kv) which 
open in response to alterations in transmembrane electrostatic potential 
[2,3]—are primarily gated by intracellular substances (e.g., polyamines and 
Mg2+). Spermine and spermidine—two polyamines for which micromolar 
concentrations are sufficient to reach physiological effective levels—cause 
stronger block of the outward current than Mg2+. The underlying molecular 
mechanism of rectification was first explained by Lopatin in 1994 [3]. 
Polyamines enter the channel pore from the cytoplasmic side and 
subsequently interact with six specific residues (i.e., KIR2.1 E224, D259, 
E299, F254, D255 and D172) [4] in the transmembrane pore domain and 
its cytosolic pore extension. A similar mechanism of pore-blocking is caused 
by Mg2+, but weaker. 

The inward rectifier channel family consists of strong and weak 
rectifiers. Strong rectifiers, e.g., KIR2 and KIR3, are often expressed in 
excitable cells such as neuronal or muscle cells. Their rectifying properties 
enable cells to conserve K+ during action potential formation and facilitate 
K+ entry upon cell hyperpolarization. In addition, they contribute to 
repolarization and stabilization of the resting membrane potential. For 
example, application of 10 μM barium, at that concentration rather specific 
for KIR2 channel inhibition, lengthened the action potential of guinea-pig 
papillary muscle preparations by 20 ms [5]. In the heart, KIR2 is strongly 
expressed in the ventricles and less in the atrioventricular node (AVN) [6]; 
KIR3 is mainly expressed in the atrium with much lower levels in the 
ventricle. Weak rectifier channels, e.g., KIR1, KIR4, and KIR5, are mainly 
associated with potassium homeostasis and often regulate extracellular 
potassium concentrations to allow functioning of a number of ion 
(co)transporters. 
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KIR channels are encoded by KCNJ genes. Various diseases associate 
with mutations in KCNJ genes. The aim of this review is to correlate disease 
associated mutations causing aberrant inward rectifier channel trafficking 
with protein domains important for trafficking by means of channel 
alignment, and finally to put mutational changes in a structural framework. 

Classification, structure, and expression 

The KIR family is divided into 7 subfamilies (KIR1-7) according to their 
amino acid homology [4]. The sequence homology is 40% between 
subfamilies and rises to 70% within some subfamilies. The structural 
common features of these channels are that the channel pore is formed by 
a tetramer of subunits, most often homotetramers (Figure 1). Each subunit 
has two transmembrane domains (M1 and M2) which are separated by a 
pore-loop that contains the GYG (or GFG) potassium selectivity filter motif 
located close to the extracellular side of the membrane. Pore-loop stability 
depends strongly on one negatively and one positively charged residue, 
E138 and R148 respectively in KIR2.1 [7]. There is a relatively short N-
terminus linked to M1 and a longer C-terminus linked to M2 which form the 
characteristic cytoplasmic extended pore domain (CTD). Despite their 
structural similarities, the KIR subfamilies also display divergent properties, 
e.g., sensitivity to extracellular Ba2+ or the response to regulatory signals. 

 

Figure 1. Two opposing 
domains of the KIR channel 
with structural common 
features highlighted. The 
membrane is indicated by 
dotted lines. The selectivity 
filter (SF) is highlighted by a 
dotted box. Ions inside the SF 
are shown as green spheres. 
Residues E138 and R148 
(KIR2.1) are shown as 
spheres. 
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All KIR family members have a widespread expression pattern [4]. 
Neural tissues strongly express KIR2, KIR3, KIR4, and KIR5. Kidneys show 
high expression of KIR4, KIR5, and KIR6, whereas pancreatic tissue highly 
expresses KIR5 and KIR6. The retina shows profound expression of KIR7. The 
heart displays strong expression of KIR2, KIR3 and KIR6. KIR2 subfamily-
members form the classical IK1 current in working ventricular and atrial 
cardiomyocytes, where they contribute to repolarization and resting 
membrane potential stability. KIR3 (IKAch) members are strongly expressed 
in the nodal tissues of the heart, where they are involved in heart rate 
regulation [8]. Further, they are widely expressed in the brain where they 
have numerous neurological functions [9]. KIR6 channels form octamers 
with the ATP/ADP sensing SUR subunits and couple cellular metabolic status 
to cardiac repolarization strength. 

Channel trafficking 

Following their translation in the endoplasmic reticulum (ER), correctly 
folded KIR channels are transported to the plasma-membrane, a process 
known as forward trafficking, where they exert their main biological role 
(Figure 2). Upon removal from the plasma-membrane, channel proteins can 
enter the degradation pathway in a process named backward trafficking. In 
addition, KIR channels can enter several recycling pathways. Each of these 
processes is well regulated and depends mainly on specific trafficking motifs 
in the channels primary sequence in concert with specific interacting 
proteins that direct and/or support subsequent trafficking steps. Incorrectly 
folded proteins will enter the endoplasmic-reticulum-associated protein 
degradation pathway. 

ER-export signals have been determined in several KIR channels [10–
13], see also Section 5.3, with homology between subfamily members (e.g., 
FCYENE in KIR2.x channels), although not always among other KIR family 
members. Not all KIR members possess an ER-export signal, and some 
might even restrict forward trafficking or stimulate lysosomal breakdown 
when part of a heteromeric channel, as seen for KIR3.3 [12]. Other channels 
even have ER-retention signals that only become masked upon proper 
channel assembly, as seen for the KIR6 family [13]. 

2
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Figure 2. Schematic representation of intracellular trafficking pathways 
of KIR channels. TGN, trans-Golgi network; MVB, multivesicular body. 

Trans-Golgi transport of several KIR channels has been demonstrated to 
depend on interaction with Golgi tethers that reside in the trans-Golgi 
network. For example, Golgin-160 interacts with the C-terminal domain of 
KIR1.1 channels which results in increased forward trafficking and an 
increase in KIR1.1 currents [14]. In a similar fashion, Golgin-97 was shown 
to interact with the C-terminus of KIR2.1 and promotes transport to the 
Golgi export sites [15]. Golgi export signals have been characterized in a 
few KIR channels [16,17]. By a combination of cytoplasmic N- and C-
terminal domains, a so-called Golgi-export signal patch is formed that 
interacts with the AP-1 clathrin adaptor protein. 

Protein motifs involved in backward trafficking have been studied less. 
KIR1.1 internalization depends on clathrin-dynamin mediated endocytosis 
which involved N375 in the KIR1.1 putative internalization motif NPN [18]. 
Internalized KIR1.1 channels depend on CORVET and ESCRT protein 
complexes for subsequent trafficking to the early endosome and the 
multivesicular body that eventually fuses with the lysosome, respectively 
[19]. KIR2.1 channels are regulated by the ESCRT machinery also [20]. It 
was demonstrated, by a pharmacological approach, that KIR2.1 degradation 
also depends on clathrin mediated endocytosis and lysosomal activity, and 
their inhibition resulted in enhanced IK1 currents [21,22]. The TPVT motif of 
the KIR5.1 channel protein binds the Nedd4-2 E3 ubiquitin ligase. In 
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KIR5.1/KIR4.1 heteromeric complexes, this was suggested to result in 
ubiquitination and subsequent degradation of KIR4.1 in the proteasome 
[23]. 

Finally, trafficking, anchoring and plasma membrane localization of KIR 
channels is regulated by their interaction with scaffolding proteins. The C-
terminal KIR2.2 SEI PDZ-binding domain interacts with SAP97, PSD-95, 
Chapsyn-110, SAP102, CASK, Dlg2, Dlg3, Pals2, Veli1, Veli3, Mint1, and 
abLIM from rat brain lysates, and SAP97, CASK, Veli-3, and Mint1 from rat 
heart lysates [24–26]. Additionally, interactions between syntrophins, 
dystrobrevins and the KIR2.2 PDZ domain were shown by these authors. 
KIR2.1 and KIR2.3 also interact with SAP97 in the heart. Using an NMR 
approach, it was found that additional residues close to the KIR2.1 PDZ 
domain were involved in PSD-95 interaction [27]. Furthermore PSD-95 
interacts with KIR4.1 and KIR5.1 in the optic nerve and brain, and PSD-95 
interaction is essential for KIR5.1 expression at the plasma membrane of 
HEK293 cells [28,29]. The C-terminal PDZ-binding motif SNV interacts with 
PSD-95, and KIR4.1 mediated current density more than doubled upon PSD-
95 cotransfection in HEK293 cells, and increased even threefold upon SAP97 
cotransfection [30]. Upon silencing of SAP97, the IK1 current decreased due 
to reduced plasma membrane expression of KIR2.1 and KIR2.2 ion channels 
[31]. Residues 307-326 of KIR2.1 are involved in interactions with the actin 
binding protein filamin A. Interestingly, these interactions are unaffected by 
the Andersen-Tawil deletion Δ314/315 [32]. In arterial smooth muscle cells, 
filamin A and KIR2.1 colocalize in specific regions of the plasma membrane. 
Although filamin A is not essential for KIR2.1 trafficking to the plasma 
membrane, its absence reduces the amount of KIR2.1 channels present at 
the plasma membrane [32]. 

Whereas this research field provided many new insights during the last 
two decades, one has to emphasize that no complete trafficking pathway 
for any KIR channel protein has been deciphered in detail yet. Furthermore, 
most of our current knowledge is derived from ectopic expressions systems 
rather than human native tissue or cells. Currently, we cannot exclude that 
KIR subtype and/or tissue specific pathways exist. The observations that 
several diseases associate with KIR channel trafficking malfunction might 
help us to further understand KIR protein trafficking processes in their 
natural environments in vivo. 

2



Chapter 2 
 

����

Diseases and syndromes associated with KIR channel 
dysfunction 

A number of human diseases associate with mutations in KIR channels 
as indicated in Table 1. Bartter syndrome type II is a salt-losing 
nephropathy resulting in hypokalemia and alkalosis associated with loss-of-
function mutations in KIR1.1 channel proteins. KIR1.1 channels are essential 
for luminal extrusion of K+ in the thick ascending limb of Henle’s loop, 
thereby permitting continued activity of the NKCC2 cotransporter important 
for sodium resorption [33]. Loss-of-function in KIR2.1 causes Andersen-
Tawil syndrome characterized by periodic skeletal muscle paralysis, 
developmental skeletal abnormalities, as well as biventricular tachycardia 
with or without the presence of long QT. On the other hand, KIR2.1 gain-of-
function mutations result in cardiac phenotypes, atrial fibrillation and short 
QT syndrome, explained by increased repolarization capacity and thus 
shortened cardiac action potentials [34,35]. Thyrotoxic hypokalemic 
periodic paralysis associated with KIR2.6 loss-of-function mutations affect 
skeletal muscle excitability under thyrotoxic conditions [36]. Keppen-
Lubinsky syndrome is an extremely rare condition associated with KIR3.2 
gain-of-function mutations. Its phenotype encompasses lipodystrophy, 
hypertonia, hyperreflexia, developmental delay and intellectual disability 
[37,38]. Familial hyperaldosteronism type III is associated with loss-of-
function mutations in KIR3.4 channel proteins. The disease is characterized 
by early onset of severe hypertension and hypokalemia. Mutant KIR3.4 
channels lack potassium specificity and the resulting inflow of Na+ and 
accompanying cell depolarization of zona glomerulosa cells increases 
intracellular Ca2+ concentrations, which activates transcription pathways 
that raise aldosterone production [39]. Loss-of-function mutations in KIR3.4 
associate with long QT syndrome 13, which indicates that these 
acetylcholine activated channels, mostly known from nodal tissues, also 
play a role in ventricular repolarization processes [40]. EAST (epilepsy, 
ataxia, sensorineural deafness, tubulopathy)/SeSAME syndrome is a salt-
losing nephropathy combined with severe neurological disorders. The 
disease associated loss-of-function mutations in KIR4.1 channels expressed 
in the distal convoluted tubule, result in hypokalemic metabolic acidosis. 
Impaired KIR4.1 function in glial cells will increase neural tissue potassium 
levels giving rise to neuron depolarization, whereas reduced potassium 
concentration in the endolymph affect cochlear hair cell function [41]. Cantú 
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syndrome results from gain-of-function of IKATP channels, either due to 
mutation in KIR6.1 or the SUR2 subunits. Many of these mutations decrease 
the sensitivity of the channel to ATP-dependent closure [42]. Insulin release 
by pancreatic beta-cells is regulated by their membrane potential and L-
type Calcium channel activity. Depolarization activates Ca2+ influx inducing 
insulin release from intracellular stores into the extracellular fluid. Loss-of-
function mutations in KIR6.2 result in membrane depolarization and thus 
insulin release and associate with hyperinsulism and hypoglycemia. Gain-
of-function mutations on the other hand impair insulin release and associate 
with different forms of diabetes [43]. KIR7.1 channels are expressed in the 
apical membrane of retinal pigmented epithelial cells and contribute to K+ 
homeostasis in the subretinal space. Loss-of-function mutations in KIR7.1 
associate with retinal dysfunction observed in Lever congenital amaurosis 
type 16 and Snowflake vitreoretinal degeneration [44]. 

In many of the above-mentioned diseases, loss-of-function has been 
associated with aberrant trafficking, most likely forward trafficking. 
Nonetheless, enhanced backward trafficking or impaired plasma-membrane 
anchoring cannot be excluded. However, most gain-of-function mutations 
are likely not related to trafficking abnormalities. Loss-of-specificity 
mutations, as seen in some KIR3.4 mutations, neither result from trafficking 
issues. 

Table 1. Human diseases associated with abnormal KIR channel function 

Protein Gene Syndrome/Disease 
Character (OMIM)1 Main Affected System(s) Recent 

Review 

KIR1.1 KCNJ1 Bartter syndrome, type 2 
(241200) 

Kidney; head; face; ear; eye; vascular; 
gastrointestinal; skeleton; skeletal 

muscle; CNS; platelets 
[33] 

KIR2.1 KCNJ2 

Andersen syndrome (170390) 
Familial atrium fibrillation 9 

(613980)  
Short QT syndrome 3 

(609622) 

Head; face; ear; eye; teeth; heart; 
skeleton; CNS [34,35] 

KIR2.2 KCNJ12 Non-described   
KIR2.3 KCNJ4 Non-described   
KIR2.4 KCNJ14 Non-described   

KIR2.6 KCNJ18 Thyrotoxic hypokalemic 
periodic paralysis (613239) 

Cardiovascular; skeletal muscle; CNS; 
eye [36] 

KIR3.1 KCNJ3 Non-described   

KIR3.2 KCNJ6 Keppen-Lubinsky Syndrome 
(614098) CNS; head; skin; skeleton; eye, face No review 

available 
KIR3.3 KCNJ9 Non-described   

KIR3.4 KCNJ5 

Familial hyperaldosteronism 3 
(613677) 

Long QT syndrome 13 
(613485) 

Cardiovascular; kidney; skeletal muscle [39,40]  
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Table 1. Cont. 

Protein Gene Syndrome/Disease 
Character (OMIM)1 Main Affected System(s) Recent 

Review 

KIR4.1 KCNJ10 

Digenic enlarged vestibular 
aqueduct (600791) 

EAST/SESAME syndrome 
(612780) 

Ear (hearing); vascular; kidney; CNS [41] 

KIR4.2 KCNJ15 Non-described   
KIR5.1 KCNJ16 Non-described   

KIR6.1 KCNJ8 Cantú syndrome (239850) Head; face; cardiovascular; skeleton; 
hair; CNS [42] 

KIR6.2 KCNJ11 

Transient neonatal diabetes 
mellitus 3 (610582) 

Permanent neonatal diabetes 
with or 

without neurologic features 
(606176) 

Familial hyperinsulinemic 
hypoglycemia 2 (601820) 

Maturity-onset diabetes of the 
young 13 (616329) 

Susceptible to diabetes 
mellitus 2 (125853) 

Pancreas (beta-cells); CNS [43] 

KIR7.1 KCNJ13 

Leber congenital amaurosis 
16 (614186) 

Snowflake vitreoretinal 
degeneration (193230) 

Eye (retina) 
 [44] 

OMIM1: OMIM® - Online Mendelian Inheritance in Man® https://omim.org assessed on 24 
July 2019, CNS, central neural system. 

KIR protein alignment of trafficking associated disease 
mutations 

In order to identify potential protein domains associated with KIR 
trafficking defects in human disease, we aligned all KIR isoforms and 
highlighted residues (in red) of which mutations are experimentally proven 
to associate with trafficking defects (Figure 3, supplementary Figure S1). 
Furthermore, additional mutations in other KIR isoforms at homologues 
positions, but currently not related to impaired trafficking, are indicated 
(supplementary Figure S1, in green). Trafficking associated mutations are 
found dispersed along the protein sequence, with one “hotspot” in the G-
loop and adjacent C-terminal region, and one “hotspot” in and around 
transmembrane domain 1. Additionally, from a structural point of view, 
there is another “hotspot” at the immunoglobulin-like domain (IgLD), which 
is described in Section 6.1. 
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Figure 3. Schematic representation of inward rectifier channels (KIR1-7) 
sequence alignment. Red: mutations associated with aberrant trafficking; 
mutation hotspots are boxed. Orange: transmembrane domain; blue: KIR protein 
sequence; gray: sequence gap. 

1. C-Terminal Trafficking Mutation Hotspot 

Figure 4 depicts the alignment of the C-terminal hotspot, having ten 
trafficking associated mutations/deletions located in KIR1.1, KIR2.1 and/or 
KIR6.2 over a stretch of 44 residues. This region also covers the filamin A 
interaction domain of KIR2.1 (307-326) [32]. The loss-of-function E282K 
mutation in KIR6.2 is associated with congenital hyperinsulinism [45]. This 
mutation affects normal function of a highly conserved di-acidic ER exit 
signal (DxE) that prevents mutant channels to enter ER exit sites, which 
thus fail to traffic to the plasma-membrane [45]. The Andersen-Tawil loss-
of-function KIR2.1 mutation V302M is located in the G-loop and displays 
intracellular, but no plasma-membrane expression, upon transfection of 
HEK293 cells [46]. However, Ma et al., [47] demonstrated that the KIR2.1 
V302M mutation does not affect trafficking. The Bartter syndrome 
associated loss-of-function A306T mutation in KIR1.1 is also located in the 
G-loop. Its expression in the Xenopus oocyte membrane is strongly reduced 
compared to wildtype channels [48]. At homologues positions, disease 
causing mutations have been found in KIR2.1 [49] and KIR6.2 [50] whose 
cause for loss- and gain-of-function, respectively, is unknown but may be 
caused by trafficking abnormalities. Hyperinsulinism associated KIR6.2 
R301H/G/C/P loss-of-function mutations are located just C-terminal from 
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the G-loop domain. These mutants display reduced surface expression when 
expressed in COSm6 or INS cells [51]. Interestingly, however, the R301A 
mutation displays normal expression at the plasma-membrane [51]. At 
homologues positions, mutations have also been found in KIR1.1 [52] and 
KIR4.1 [53]. 

 

Figure 4. KIR1-7 sequence alignment of the C-terminal mutation hotspot. 
Red: mutations associated with aberrant trafficking; Green: residues whose 
mutations are currently not related to impaired trafficking. Numbers at the right 
refer to the last amino-acid residue in the respective sequence shown. Conserved 
residues among all KIR members are shaded gray. Locations of the di-acidic ER 
exit, G-loop and the Golgi-Export signal sequence (see text) are indicated below 
the alignment. 

By use of homology comparison and structure guided mutagenesis, a 
common Golgi export signal patch was found to be formed by a C-terminal 
stretch of hydrophobic residues and basic residues from the N-terminus 
[16,17]. The C-terminal stretch sequence is formed by residues SYxxxEIxW 
indicated in Figure 4. Two Bartter syndrome associated KIR1.1 (Y314C; 
L320P) and two Andersen-Tawil syndrome associated KIR2.1 (delSY; 
W322S) confirmed trafficking mutations have been described in this region 
[46,48,54]. Interestingly, the W residue is not conserved in the KIR7.1 
channel protein, which may indicate KIR subtype specific use of the entire 
Golgi-export signal motif. Two additional KIR1.1 mutations leading to altered 

KIR1.1 QQDFELVVFLDGTVESTSATCQVRTSYVPEEVLWGYRFAPIVSK 331 
KIR2.1 NADFEIVVILEGMVEATAMTTQCRSSYLANEILWGHRYEPVLFE 332 
KIR2.2 TDDFEIVVILEGMVEATAMTTQARSSYLANEILWGHRFEPVLFE 333 
KIR2.3 SEDFEIVVILEGMVEATAMTTQARSSYLASEILWGHRFEPVVFE 324 
KIR2.4 RADFELVVILEGMVEATAMTTQCRSSYLPGELLWGHRFEPVLFQ 337 
KIR2.6 TDDFEIVVILEGMVEATAMTTQARSSYLANEILWGHRFEPVLFE 333 
KIR3.1 TEQFEIVVILEGIVETTGMTCQARTSYTEDEVLWGHRFFPVISL 333 
KIR3.2 KEELEIVVILEGMVEATGMTCQARSSYITSEILWGYRFTPVLTL 342 
KIR3.3 RDDFEIVVILEGMVEATGMTCQARSSYLVDEVLWGHRFTSVLTL 310 
KIR3.4 QEEFEVVVILEGMVEATGMTCQARSSYMDTEVLWGHRFTPVLTL 339 
KIR4.1 EGDFELVLILSGTVESTSATCQVRTSYLPEEILWGYEFTPAISL 317 
KIR4.2 EKEFELVVLLNATVESTSAVCQSRTSYIPEEIYWGFEFVPVVSL 317 
KIR5.1 KDNFEILVTFIYTGDSTGTSHQSRSSYVPREILWGHRFNDVLEV 316 
KIR6.1 NQDLEVIVILEGVVETTGITTQARTSYIAEEIQWGHRFVSIVTE 330 
KIR6.2 HQDLEIIVILEGVVETTGITTQARTSYLADEILWGQRFVPIVAE 321 
KIR7.1 PSHFELVVFLSAMQEGTGEICQRRTSYLPSEIMLHHCFASLLTR 305 
       [DE-E]     [-G-LOOP--]   SY---EI-W 
      di-acidic      Golgi-export 
 ER exit 
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trafficking, R324L and F325C have been located directly C-terminal from 
the Golgi-export signal stretch [48,52]. 

Fallen et al. [55] showed that mutations A198T and Y314C in the IgLD, 
located in the CTD of KIR1.1, are associated with defects in channel 
trafficking and gating, see also Section 6.1. Y314C is present within the C-
terminal trafficking mutation hotspot and part of the Golgi-export signal as 
discussed above. If incorrectly folded, the aberrant KIR1.1 proteins will enter 
the endoplasmic-reticulum-associated protein degradation pathway [56]. 

2. Transmembrane Region 1 Mutation Hotspot 

Figure 5 depicts the alignment of transmembrane domain 1 and 
adjacent sequences, containing 15 trafficking associated mutations located 
in KIR1.1, KIR2.1, KIR3.4 or KIR4.1. Three mutations in the cytoplasmic 
domain, positioned just in front of the first transmembrane region in KIR1.1 
(T71M, V72M and D74Y), have been demonstrated to strongly decrease 
plasma-membrane expression and mutant channels were retained in the 
cytoplasm [48,57]. However, membrane expression of T71M in Xenopus 
oocytes could be rescued by increasing the amount of injected RNA, in 
contrast to the other two mutations. For KIR1.1 T71M, mutations at the 
homologues positions were found in KIR2.1 (T75) [58–62] and KIR6.2 (T62) 
[63,64] associated with Andersen-Tawil syndrome and Familial 
hyperinsulinemic hypoglycemia type 2, respectively. The KIR2.1 T75R 
protein was observed at the plasma membrane upon overexpression in HL1 
cells [60]. Moreover, T75A, T75R and T75M channel proteins were also 
expressed at the plasma membrane in Xenopus oocytes, HEK293 or COS-7 
cells [58,61,65]. In contrast, impaired plasma-membrane localization of 
T75M KIR2.1 was observed in HEK293 cells in another study [62]. Two 
KIR2.1 mutations, i.e., D78G and D78Y, are at the equivalent position as 
D74 in KIR1.1, and also D78Y was found at the plasma membrane in 
Xenopus oocytes and HEK293 cells [59,65,66]. These comparisons indicate 
that findings on plasma-membrane expression may be influenced by the 
degree of overexpression and cell type. KIR2.1 T75 and D78 residues are 
positioned on the hydrophilic side of the slide helix that interacts with the 
cytoplasmic domain. The D78Y mutation disrupts this interaction [65]. 
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Figure 5. KIR1-7 sequence alignment of the transmembrane domain 1 
mutation hotspot. Red: mutations associated with aberrant trafficking; Green: 
residues whose mutations are currently not related to impaired trafficking. 
Numbers at the right refer to the last amino-acid residue in the respective 
sequence shown. Conserved residues among all KIR members are shaded gray. 
Location of the transmembrane domain 1 (orange) is indicated below the 
alignment. 

Trafficking associated mutations in the highly conserved 
transmembrane region 1 are described for KIR1.1, KIR2.1 and KIR4.1 
[46,48,67–69]. Expression of KIR1.1 Y79H in the Xenopus oocyte plasma-
membrane increases upon increasing the amount of RNA injection by ten-
fold [48]. The KIR2.1 L94P, Δ95-98 and KIR4.1 G77R channel proteins 
localize intracellularly [46,68,69]. The molecular mechanisms by which 
these mutations affect normal trafficking remain to be solved. However, 
interactions with wildtype subunits appear not to be affected and may 
explain the dominant negative properties of these mutations. The familial 
sinus node disease associated KIR3.4 W101C gain-of-function mutation is 
located at a position homologues to KIR2.1 W96 [70]. In an ectopic 
expression system, the KIR3.4 W101C protein is expressed at the plasma 
membrane, however it decreased surface expression of KIR3.1 when co-
expressed [70]. 

Confirmed trafficking associated mutations C-terminal from the 
transmembrane region 1 are found in KIR1.1 and KIR3.4 [48,71,72]. KIR1.1 
D108H and V122E mutants did not display membrane staining in Xenopus 
oocytes or HEK293 cells [48]. When comparing single channel 
characteristics with macroscopic currents, it was concluded that loss-of-

KIR1.1 TTVLDLKWRYKMTIFITAFLGSWFFFGLLWYAVAYIHKDLPE--FHP-------------SANHTPCVENI 125 
KIR2.1 TTCVDIRWRWMLVIFCLAFVLSWLFFGCVFWLIALLHGDLDASK------------------EGKACVSEV 126 
KIR2.2 TTCVDIRWRYMLLIFSLAFLASWLLFGIIFWVIAVAHGDLEPAEGR----------------GRTPCVMQV 127 
KIR2.3 TTCVDTRWRYMLMIFSAAFLVSWLFFGLLFWCIAFFHGDLEASPGVPAAGGPAAGGGGAAPVAPKPCIMHV 118 
KIR2.4 TTCVDVRWRWMCLLFSCSFLASWLLFGLAFWLIASLHGDLAAPP------------------PPAPCFSHV 131 
KIR2.6 TTCVDIRWRYMLLIFSLAFLASWLLFGVIFWVIAVAHGDLEPAEGH----------------GRTPCVMQV 127 
KIR3.1 TTLVDLKWRWNLFIFILTYTVAWLFMASMWWVIAYTRGDLNKAHVG----------------NYTPCVANV 127 
KIR3.2 TTLVDLKWRFNLLIFVMVYTVTWLFFGMIWWLIAYIRGDMDHIEDP----------------SWTPCVTNL 136 
KIR3.3 TTLVDLQWRLSLLFFVLAYALTWLFFGAIWWLIAYGRGDLEHLEDT----------------AWTPCVNNL 104 
KIR3.4 TTLVDLKWRFNLLVFTMVYTVTWLFFGFIWWLIAYIRGDLDHVGDQ----------------EWIPCVENL 133 
KIR4.1 TTFIDMQWRYKLLLFSATFAGTWFLFGVVWYLVAVAHGDLLE--LDP-------------PANHTPCVVQV 112 
KIR4.2 TTVIDMKWRYKLTLFAATFVMTWFLFGVIYYAIAFIHGDLEP--GEP-------------ISNHTPCIMKV 111 
KIR5.1 TTLVDTKWRHMFVIFSLSYILSWLIFGSVFWLIAFHHGDLLNDP------------------DITPCVDNV 115 
KIR6.1 TTLVDLKWRHTLVIFTMSFLCSWLLFAIMWWLVAFAHGDIYAYMEKS--------GMEKSGLESTVCVTNV 124 
KIR6.2 TTLVDLKWPHTLLIFTMSFLCSWLLFAMAWWLIAFAHGDLAPS-----------------EGTAEPCVTSI 114 
KIR7.1 GILMDMRWRWMMLVFSASFVVHWLVFAVLWYVLAEMNGDLELDHDAP-------------PENHTICVKYI 103 
   [-transmembrane-domain 1--]       
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function of KIR1.1 N124K was caused by a reduction of functional channels 
at the plasma-membrane [71]. The KIR3.4 R115W mutation was obtained 
from aldosterone-producing adenoma linked to hyperaldosteronism, and 
displayed decreased plasma-membrane expression in HEK293 cells [72]. A 
mutation, at a position homologues to V122 in KIR1.1, has also been 
identified in KIR2.1 [59]. 

3. N-Terminal Golgi-Export Patch, KIR2.x ER Export, and KIR6.x ER Exit 
and Retention Signals 

As indicated above, the so-called Golgi-export patch consists of 
interaction of a C-terminal and N-terminal domain [16,17]. Mutations in the 
C-terminal domain have been found (see Section 5.1). However, only few 
mutations have been described in the N-terminal part (KIR2.1 G52V; KIR2.6 
R43C) that result in reduced plasma membrane expression by hampering 
Golgi export [73,74]. Thus far, no mutations of residue R20 in KIR2.3, which 
is required for Golgi export [17], or at the homologues position in any other 
KIR channel protein have been identified. 

KIR2.x channels share a short C-terminal ER-export signal (FCYENE) 
[10,11]. KIR3.2 contains N-terminal (DQDVESPV) and C-terminal 
(ELETEEEE) ER-export signals, whereas KIR3.4 possesses the N-terminal 
NQDMEIGV ER-export signal [12]. Remarkable, we did not encounter any 
trafficking associated mutations in any of these domains. In contrast, one 
mutation (E282K) was present in the di-acidic ER exit signal of KIR6.2 as 
discussed in Section 5.1. KIR6.x and SURx channel proteins contain a C-
terminal ER-retention signal (RKR) [13]. Upon channel assembly, retention 
signals from both proteins are shielded, supporting subsequent ER-export. 
No trafficking associated mutations were found in these retention signals in 
KIR6.x channel proteins. We therefore propose that mutations in Golgi-
export domains have more severe clinical implications than mutations in 
ER-export/retention signals. 

Structural mapping of trafficking defect causing mutants 

Disease causing mutations associated with trafficking deficiencies were 
mapped onto the common structural scaffold of a recently published high 
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resolution KIR2.2 structure [75]. As illustrated in Figure 6, mutations are 
globaly distributed.  

 

Figure 6. Structural mapping of trafficking mutants mapped on the KIR2.2 
structure. For clarity reasons, only three of the four subunits are shown in side 
view, with the disease associated mutations highlighted in one subunit only. 
Mutations of different KIR channel family members are color-coded and shown as 
spheres of their respective C��atoms. Deletions are indicated by colored regions on 
the secondary structure elements.�

A group of mutations clusters at regions important for channel gating, 
including the PIP2 binding site (T71M, V72E, D74Y and Y79H in KIR1.1), the 
helix bundle crossing gate (A167V in KIR4.1; R162W/Q in KIR7.1)[76–78], 
as well as the G-loop gate (V302M, KIR2.1). It can be expected that these 
mutations have strong effects on the conformational equilibrium, thereby 
impairing normal protein function. It is likely that these mutants lead to 
structurally less-stable proteins, thereby making them more susceptible for 
degradation. Interestingly, 58% of the currently known trafficking defect 
causing mutations in KIR channel proteins cluster in the cytoplasmic domain, 
which has been shown to be crucial for efficient folding in KvAP channels 
[79]. 

Another cluster of mutants (D108H, V122E and N124K in KIR1.1; R115W 
in KIR3.4; C140R in KIR4.1) is found on surface exposed loops of the channel. 
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Except for C140R in KIR4.1 [68], which is part of a disulfide bridge [80], 
none of the mutations causes changes in polarity or is at important 
structural motifs, leaving it unclear why these mutants cause trafficking 
defects. 

Mutations G77R in KIR4.1 [68] and C101R in KIR2.1, located on the 
membrane facing side and near the center of transmembrane helix M1, 
cause changes in the helical properties and hydrophobicity. It is thus 
conceivable that they severely affect helical stability and possibly 
membrane insertion. It has been shown in numerous studies that the cost 
for exposing arginine to lipid hydrocarbons is prohibitively high [81]. 
Interestingly, none of the identified disease mutations is located at the 
interface between subunits. 

Structure-Based Hotspot in the IgLD Beta Barrel of the CTD 

Two antenatal Bartter syndrome loss-of-function mutations A198T and 
Y314C, located in the IgLD have been shown to impair forward trafficking 
and gating of KIR1.1 channels, possibly influencing the core stability of this 
domain [55]. Interestingly, a trafficking affecting mutation in a homologous 
position to KIR1.1 A198 has been identified in KIR2.6 (A200P) [74], and 
another mutation thus far not associated with trafficking has been identified 
in KIR6.2 (A187V). As shown in Figure 7, quite a large number of disease 
causing mutations, including A306T (implicated in trafficking) [48], R311W 
and L320P in KIR1.1 (no data on trafficking), S314-Y315 deletion in KIR2.1 
(implicated in trafficking) [16], E282K (prevents ER-export and surface 
expression of the channel) [45] or L241P in KIR7.1 (implicated in trafficking) 
[78], have been reported in literature. This, as well as previous work [55], 
suggests that this structural motif might be a crucial hotspot implicated in 
trafficking of KIR channels. 

CONCLUSIONS 

Mutations in KIR potassium ion channels associate with a variety of 
human diseases in which electrophysiological and potassium homeostasis 
aberrations are explaining etiology. Many of the mutations associate with 
abnormal, mostly decreased forward, ion channel trafficking. 
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Figure 7. Structure based IgLD hotspot (mapped on the KIR2.2 structure), 
with disease associated mutations highlighted. Mutations of the different 
family members are color-coded and shown as spheres of their respective C� 
atoms. 

Trafficking associated mutations are present throughout the primary 
sequence, but they concentrate in cytoplasmic domains in which channel 
structures involved in Golgi-export are clinically more important than ER-
export regions. Another group of mutations are found in regions important 
for gating and most likely affect protein folding and stability. Therefore, 
mutation associated KIR trafficking defects are likely caused by 1) defective 
interaction with the trafficking machinery due to mutations in specific 
trafficking motifs, and 2) channel misfolding, destabilization and 
subsequent endoplasmic-reticulum-associated protein degradation due to 
mutations in residues important for channel structure.�  
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INTRODUCTION 

Cardiovascular diseases are affecting millions of people worldwide 
(Chugh et al., 2014). Arrhythmia is accounted as the main reason of sudden 
cardiac death. The prevalence of arrhythmias is 10% in elderly citizens (> 
75 years old) (Bogle et al., 2016). Current therapy includes drug treatment, 
device implantation and catheter ablation (Kirchhof et al., 2016). It is 
difficult to investigate pathological conditions of the heart by use of cell 
cultures or even isolated cardiomyocytes. In vitro studies come with 
limitations, for example, the loss of interaction between organs. Given these 
limitations, it is hard to get a significant progress in therapeutics without 
good animal models. There can be no doubt, from a scientific point of view, 
that the advantages of an animal experiment far outweigh the 
disadvantages. However, the nature of the translational gap from animal 
models to clinical applications must be urgently clarified and closed. 
Currently, it is essential to acknowledge these substantial limitations when 
interpreting research outcomes. Here, in this review article, we will 
summarize the most common animal models in the field and evaluate its 
potential value in cardiac potassium channel trafficking studies. 

Prerequisites for ion channel trafficking studies in animal 
models 

Cardiac ion channel trafficking research in vivo is new. We do not 
consider trafficking studies in isolated cardiomyocytes, even from animals 
bearing mutant channels or that have been treated with trafficking affecting 
drugs, as a truly in vivo approach, given the potential cellular reorganization 
processes that likely will occur during cell isolation. While many animal 
models have been developed for cardiac research, including in the field of 
cardiac arrhythmias, trafficking studies require several additional 
components from the system. First, intracellular trafficking of ion channels 
must be visualized in the model. Two issues are apparent here. Most ion 
channel proteins, especially those that function at the plasma membrane, 
are expressed in relatively low abundance, compared to for example 
structural proteins or gap-junction proteins. Furthermore, the use of many, 
if not most of the current antibodies against ion channel proteins is hindered 
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by insufficient sensitivity and/or species compatibility. These points hamper 
immune-based microscopy localization studies. Genetic systems may offer 
a solution by allowing the expression of tagged ion channels with superior 
antigenicity. These may even contain (fluorescent) tags that allow in vivo 
imaging. However, the transgenic ion channels must be compatible with the 
species’ electrophysiological makeup. Secondly, when ex vivo analysis of 
subcellular ion channel expression is to be performed, tissue imaging 
techniques might require optimization of fixation and staining techniques to 
allow high resolution subcellular imaging within the tissues without prior 
disturbance of ion channel localization.  Thirdly, drug-induced ion channel 
trafficking alterations are semi-acute at their best and even may require 
long-term drug exposure at relatively high dosages. These approaches must 
take (non-)cardiac toxicity in consideration. 

Zebrafish 

Zebrafish emerged as major genetic model based on its short life span 
characters. Especially its transparent properties provide us a much easier 
way to screen them and facilitate live imaging. The zebrafish Danio rerio 
with a recessive mutation, slow mo selectively disrupted Ih, a pacemaker 
current resulting in reduction of heart rate (Baker et al., 1997). A transgenic 
zebrafish stably expressing the human SCN5A-D1275N variant, which is a 
Na+ channel mutation, exhibited bradycardia and atrio-ventricular 
conduction block (Huttner et al., 2013). Whereas this mutation provides 
normal expression in some ectopic expression systems, its total membrane 
expression in iPS cell derived cardiomyocytes is decreased, which could be 
reversed by treatment with a proteasome inhibitor, suggestive of a 
trafficking defect (Hayano et al., 2017). However, membrane preparations 
of the transgenic fish did not demonstrate differences in D1275N vs. WT 
Nav1.5 expression (Huttner et al., 2013). Another recessive mutation, 
island beat, inactivated α-subunit of L-type calcium channels leading to 
abnormal atrium contraction, growth inhibition and electrical silence in 
ventricle (Rottbauer et al., 2001). KCNH2 (Kv11.1 or HERG) (ether-à-go-
go-related gene) encodes the rapidly activating delayed rectifier K+ channel, 
which has been proven to be the target of a wide range of QT-prolonging 
and pro-arrhythmic drugs (Towbin et al., 2001). Zebrafish expressing the 
orthologue of Kv11.1 (Zerg) exhibited bradycardia and arrhythmia in 
response to several QT-prolonging drugs in a dose dependent manner, and 
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the drug effects were highly specific and reproducible (Langheinrich et al., 
2003) indicating that this zebrafish model can be a useful tool for 
cardiovascular risk assessment of drug candidates. Whether QT 
prolongation and arrhythmias associated with trafficking defects was not 
investigated in this study. Zebrafish harboring homogenous KCNH2 
mutations (I462R, M521K) completely blocked the rapidly activating 
delayed rectifier K+ current, IKr and spontaneous action potential, while a 
human LQTS-like phenotype was observed in heterozygous mutant as 
prolongation of action potential and QT interval (Arnaout et al., 2007), 
which demonstrates the potential value of zebrafish models to study cardiac 
arrhythmia relevant for human disease. Whether these mutations, or their 
human homologues, are associated with trafficking defects in zebrafish or 
human is unknown.  

Mouse 

Since the nineties of last century, scientists started the establishment 
of cellular arrhythmia models with ion channel dysfunctions and inherited 
mutations in cultured cells via genetically expressing recombinant proteins 
(Splawski et al., 1997). But animal models would be unique and more 
beneficial to study mechanistic details and discover potential therapeutics 
as they are highly homologous to human and imitate cardiac 
electrophysiological properties, pathology, micro-environment and 
intra/extra-cardiac complicated interactions in patients (Wehrens et al., 
2000). Compared to other mammalian models, genetic modifications in 
mice has been proven to be performed with relative ease and a high success 
rate, especially by genetically targeting at mouse embryos with 
CRISPR/Cas9 genome editing, which turns out to be a reproducible and 
time-saving method (Thomas et al., 1987; Xie et al., 2016). Besides, low 
cost, short breeding period, simple and safe operation as well as multiple 
medication methods are practical advantages of mouse models. In mouse 
hearts, the patterns of depolarization and repolarization are similar to those 
of human hearts (Liu et al., 2004). While unlike humans, the mouse has a 
significantly shorter interval duration and a higher heart rate because of 
differences in heart mass, body weight and oxygen consumption (Moreth et 
al., 2014). The major determinant of mouse repolarization is Ito, whereas 
in humans IKr and IKs are essential to repolarization (Gussak et al., 2000; 
Choy et al., 2016). 
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Numerous transgenic mice with K+ channel alterations leading to 
long-QT (LQT) syndrome have been generated. A KCNQ1-/- mouse model 
was displaying congenital QT prolongation in vivo, but not in isolated hearts 
(Casimiro et al., 2001). The KCNQ1 gene encodes a K+ channel protein, 
which together with KCNE1 form the voltage-gated K+ channel generating 
IKs (Schroeder et al., 2000). By cloning a cardiac KCNQ1 human isoform 
with a very short amino-terminal and put it under the control of the α-
myosin heavy chain promoter to disrupt functional KCNQ1 encoding K+ 
channel, Demolombe et al. constructed a dominant-negative transgenic 
generating a phenotype of both LQT syndrome and unexpected atrio-
ventricular block with impaired IKs and Ito (Demolombe et al., 2001). KCNE1 
knockout also led to inherited QT prolongation in vivo, suggesting its effect 
on repolarization (Warth et al., 2002). Over-expressing LQT2-associated 
Kv11.1 mutation (G628S) yielded a dominant-negative effect and 
prolonging repolarization in isolated cardiac cells but not in intact mice 
(Babij et al., 1998). Interestingly, the G628V mutation associates with a 
trafficking defect (Anderson et al., 2014). Furthermore, G628S-Kv11.1 
expression in the mouse ventricular tissue was observed in perinuclear 
regions in many of the cardiomyocytes, unlike the endogenously expressed 
murine Kv11.1 channel that was observed mainly at plasma membrane 
regions (Babij et al., 1998). In Kv1.4−/− mice over-expressing Kv4 α subunits 
generated a dominant-negative signature of LQT syndrome, atrio-
ventricular block, and tachycardia indicating the importance of Ito to cardiac 
repolarization (Guo et al., 2000). 

Rats, guinea pigs and hamsters 

The surgically and genetically modified rats are models of choice for 
cardiovascular research. The hypertrophic rat models by transverse aortic 
constriction (TAC) or by aortocaval shunt develop electrophysiological 
remodeling and pro-arrhythmic characteristics (Jin et al., 2010; Benes et 
al., 2011). Myocardial ischemia models in rats by ligating the left anterior 
descending coronary artery produce atrial and ventricular fibrillation (Zhang 
et al., 2014; Hundahl et al., 2017). Pulmonary hypertension in rats is 
established by injecting monocrotaline intraperitoneally leading to 
atrioventricular node dysfunction by downregulation of ion channels and 
related genes (Temple et al., 2016). Age-dependent arrhythmogenicity has 
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been found in spontaneously hypertensive rats (Nguyen et al., 2016; Sayin 
et al., 2015). 

In guinea pigs, ventricular arrythmia can be induced in the model of 
heart failure by descending aortic constriction (Wang et al., 2015). 
Remodeling of cardiac neuronal systems has been found in guinea pig 
models of chronic pressure overload and chronic myocardial infarction 
(Hardwick et al., 2012).  

Hamsters are desirable experimental models as several commercial 
laboratory hamsters, developing inherited cardiovascular diseases by 
genetic modification, are available. The Syrian cardiomyopathic hamster 
models develop spontaneously dilated cardiomyopathy, cardiac 
hypertrophy and eventually heart failure due to oxidative stress, Ca2+ 
abnormality and electrophysiological dysfunctions (Ryoke et al., 1999; 
Escobales et al., 2008). The BIO-TO2 strain which is defective in δ-
sarcoglycan gene encoding a component of the dystrophin-associated 
glycoprotein complex disrupts membrane integrity, sarcoplasmic reticulum 
function resulting in calcium overload and contraction abnormality, and 
peripheral/coronary vasculature (Lipskaia et al., 2007; Escobales et al., 
2008). 

To which extent these models of acquired cardiac disease, including 
arrhythmia, demonstrate trafficking defects of cardiac potassium channels 
is unknown, but could be anticipated. 

Rabbits 

The rabbit is considered as an ideal animal model to study cardiac 
repolarization. The rabbit models are beneficial for in-vivo 
electrophysiological studies, therapeutic investigation and translational 
value in cardiovascular diseases as in contrast to smaller animal models 
(e.g. mice, rats). It is more applicable for device implantations and rabbit 
cardiac characteristics are more proximal to those of humans in a 
physiological aspect in terms of similar expression of repolarizing K+ 
currents (IKr and IKs) in hearts (Zicha et al., 2003), and cardiac outward 
current Ito (Varró et al., 1993). Furthermore, when compared to large 
animal models (e.g. pigs, dogs), it is more cost efficient and time-saving. 
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Several rabbit models have been used for cardiovascular research. In 
cardiac hypertrophy models induced by transverse aortic constriction 
resulting in cardiac remodeling and eventually heart failure, inward IK1 
current was reduced and ventricular tachycardia was attributed to Ca2+ 
imbalance by upregulation of Na+/ Ca2+ exchanger (Pogwizd et al., 2001; 
Pogwiz et al., 1999). In another hypertrophic model generated by chronic 
AV block, ventricular arrhythmia like LQTs and spontaneous Torsades de 
Pointes was observed (Tsuji et al., 2002). A rabbit model of atrial fibrillation 
produced by rapid atrial stimulation, was described to induce significant 
atrial fibrosis (Zhao et al., 2013) and a shortening of atrial effective 
refractory period accompanied with increased IKs (Jia et al., 2013). Cardiac 
electrophysiological remodeling associated with QT prolongation and 
increased vulnerability to ventricular fibrillation was induced by a 
hypercholesterolemia diet in rabbits (Liu et al., 2003). Transgenic rabbits 
expressing mutated KCNQ1/KCNH2 in the heart developed LQTs, prolonged 
action potential duration, reduced IKr and IKs with a high incidence of 
spontaneous sudden cardiac death (>50% at 1 year) resulting from 
polymorphic ventricular tachycardia (Brunner et al., 2008). One transgenic 
rabbit model expressed the G628S Kv11.1 mutant also used in the 
transgenic mouse model indicated above. Apparently mature G628S-Kv11.1 
was present in membrane preparations obtained from the ventricle. 

Dogs, goats and pigs 

The dog, with ideal size of heart compared to humans, is widely used 
for studying circulatory physiology. The dog is used to build the CAVB model, 
sensitive for drug induced TdP, to investigate basic mechanisms of cardiac 
arrhythmias, pro-arrhythmic co-factors and anti-arrhythmic strategies 
(Oros et al. 2008). However, there are much higher cost and societal 
acceptance issues associated with their use. Also, it is a time-consuming 
model and not readily applicable for gene modification.  

In goats, experimental chronic atrioventricular block led to atrial 
enlargement, fibrillation and local conduction delays without affecting atrial 
refractoriness (Neuberger et al., 2005). Rapid pacing-induced AF in goats 
could cause changes in the mRNA expression level of Kv1.5 (Velden et al., 
2000). Similar findings have been shown in patients with persistent AF, and 
there are changes in mRNA level of the L-type Ca2+ channel (Brundel et al., 
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1999). By implanting an aortic to left atrial shunt, the model of left atrial 
volume overload exhibited left atrial dilation and the majority of the animals 
showed prolonged (>1 h) or persistent (≥1 week) atrial fibrillation with 
increased atrial effective refractory period (Remes et al., 2008). 

In a pig model of cardiac hypertrophy induced by implantation of a 
bare metal stent in the descending aorta, a signature of cardiac remodeling 
and diastolic dysfunction with downregulation of sarcoplasmic/endoplasmic 
reticulum Ca2+ ATPase 2 was observed (Gyöngyösi et al., 2017), whereas 
surgical aortic banding did not generate abnormalities in systolic function 
and cardiac relaxation (Ishikawa et al., 2015). As for ischemia models in 
pigs, methods like microbead embolization which induces cardiac 
arrhythmia and complex electrophysiological remodeling (Eldar et al., 1994; 
Hegyi et al., 2018), and balloon occlusion of the left anterior descending 
coronary artery that generates ventricular fibrillation (Niemann et al., 2010) 
have been demonstrated. Electrical induction of cardiac fibrillation via 
(non-)implantable electrical devices is also a typical method in pigs, goats 
and sheep (Tang et al., 2006; Wijffels et al., 1995; Filgueiras-Rama et al., 
2012). 

CONCLUSIONS 

Different animal models using a wide range of species have been 
established and validated in order to get better insights in human cardiac 
arrhythmia. Each model has its limitations however, and we need to be 
cautious when translating conclusions from bench to bedside. The 
landscape of ion channel trafficking research in vivo with the aid of animal 
models is almost empty. The zebrafish model that can produce transgenic 
models with proven in vitro trafficking defect channel proteins relative easily 
at low costs, might be a first choice. Especially given its promises for in vivo 
imaging and its “human shaped” action potential characteristics. Rabbit 
models might at this point be interesting in the field of acquired arrhythmia, 
given their electrophysiological properties, large body of knowledge from 
toxicology research, intervention options using human medical devices, and 
their potential for transgenesis.  
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ABSTRACT 

KIR2.1 potassium channels, producing inward rectifier potassium 
current (IK1), are important for final action potential repolarization and a 
stable resting membrane potential in excitable cells like cardiomyocytes. 
Abnormal KIR2.1 expression, either decreased or increased, associates with 
diseases such as Andersen-Tawil syndrome, long and short QT syndromes. 
KIR2.1 ion channel protein trafficking and subcellular anchoring depends on 
intrinsic specific short amino acid sequences. We hypothesized that 
combining an evolutionary based sequence comparison and bioinformatics 
will identify new functional domains within the C-terminus of the KIR2.1 
protein, which function could be determined by mutation analysis. We 
determined PEST domain signatures, rich in proline (P), glutamic acid (E), 
serine (S), and threonine (T), within KIR2.1 sequences using the “epestfind” 
webtool. WT and ∆PEST KIR2.1 channels were expressed in HEK293T and 
COS-7 cells. Patch-clamp electrophysiology measurements were performed 
in the inside-out mode on excised membrane patches and whole cell mode 
using AxonPatch 200B amplifiers. KIR2.1 protein expression levels were 
determined by western blot analysis. Immunofluorescence microscopy was 
used to determine KIR2.1 subcellular localization. An evolutionary conserved 
PEST domain was identified in the C-terminus of the KIR2.1 channel protein 
displaying positive PEST scores in vertebrates ranging from fish to human. 
No similar PEST domain was detected in KIR2.2, KIR2.3 and KIR2.6 proteins. 
Deletion of the PEST domain in California kingsnake and human KIR2.1 
proteins (∆PEST), did not affect plasma membrane localization. Co-
expression of WT and ∆PEST KIR2.1 proteins resulted in heterotetrametric 
channel formation. Deletion of the PEST domain did not increase protein 
stability in cycloheximide assays [T½ from 2.64 h (WT) to 1.67 h (∆PEST), 
n.s.]. WT and ∆PEST channels, either from human or snake, produced 
typical IK1, however, human ∆PEST channels displayed stronger intrinsic 
rectification. The current observations suggest that the PEST sequence of 
KIR2.1 is not associated with rapid protein degradation, and has a role in 
the rectification behavior of IK1 channels.  
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INTRODUCTION 

Since its cloning in the early 1990s (Kubo et al., 1993), many domains 
of the KIR2.1 primary protein sequence, encoded by KCNJ2, have been 
attributed to biological function and molecular structure, but not all.  KIR2.1 
expression is found in a variety of excitable and non-excitable cells, like 
skeletal, smooth and cardiac muscle cells, neuronal cells, juxtaglomerular, 
and endothelial cells (De Boer et al., 2010). The resulting inward rectifying 
potassium current (IK1) is characterized by a larger inward than outward 
current from equal negative and positive deflections from the potassium 
equilibrium potential. This property allows for action potential formation in 
excitable cells, while providing a stable resting membrane potential in 
between action potentials (Van der Heyden and Jespersen, 2016). KIR2.1 
carried potassium inward rectifying channels are tetramers of four KIR2.1 
subunits. Other KIR2.x isoforms may form homotetramers also, and some 
can combine with KIR2.1 to form heterotetramers with slightly altered 
conductive characteristics compared to their respective homotetramers 
(e.g., Preisig-Müller et al., 2002). Mutations in KIR2.1 associate with 
Andersen-Tawil Syndrome and congenital atrial fibrillation in patients. 
Therefore, more understanding of the functions of different protein domains 
might provide new avenues for therapeutic approaches.  

Several discrete domains within the KIR2.1 sequence have been 
associated with certain functions, like potassium selectivity [amino acid (aa) 
144-146], Endoplasmic Reticulum (ER) export (aa 374-379, Ma et al., 2001; 
Stockklausner et al., 2001), Golgi export (aa 44-61 and 314-322, Hofherr 
et al., 2005, Ma et al., 2011), a PDZ binding domain (aa 425-427, 
Leonoudakis et al., 2004), a Caveolin3 binding motif (aa 81-88, 
Vaidyanathan et al., 2018). KIR2.1 and KIR2.2 crystal structure and 
homology modeling provided additional 3-dimensional information and 
showed a KIR2.1 channel containing a transmembrane pore domain with a 
long intracellular pore extension formed by the so-called cytoplasmic pore 
domain (Pegan et al., 2005; Hanssen et al., 2011; Lee et al., 2013). 
Furthermore, the structures provided compelling mechanistic insights into 
essential residues/domains involved in rectification (Tao et al., 2009). Three 
amino acids (D172, E224 and E299) in the pore regions are essential for 
rectification, i.e., reducing outward potassium flow upon depolarization. 
D172 is located in the transmembrane domain and is involved in so-called 
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deep pore polyamine and Mg2+ binding, whereas E224 and E299 are located 
in the cytoplasmic pore domain and also bind polyamines and Mg2+.  

PEST domains are regions rich in proline (P), glutamic acid (E), 
aspartic acid (D), serine (S), and threonine (T) confined by two positively 
charged amino acids, lysine (K), arginine (R) or histidine (H). These 
domains were first identified in short living proteins and the PEST domain 
function was therefore deduced as protein instability domains (Rogers et al., 
1986). Indeed, in many short living proteins, mutation of the PEST domain 
resulted in stabilization of the protein (Rechsteiner and Rogers, 1996). 
Furthermore, in a number of proteins PEST domains appeared to function 
as anchor site of E3 ubiquitin ligases (Xing et al., 2010, Meyer et al., 2011; 
Li et al., 2018) required for, but not limited to, ubiquitin dependent protein 
degradation. However, specific deletion of PEST domains does not always 
increase protein half live (Nixon et al., 1995), PEST domains were found 
also in many long-lived proteins and additional or alternative functions have 
been attributed to PEST domains, like intracellular sorting, binding of the 
SUMO conjugating protein Ubc9 or binding of the second plastoquinone 
electron acceptor (Nixon et al., 1995; Bies et al., 2002; Zhuang et al., 2012). 
Upon cloning and aligning of a large number of KIR2.1 protein sequences 
(Houtman et al., 2014) we noticed an amino acid stretch that might fulfill 
the criteria of a PEST domain. We hypothesized that KIR2.1 proteins contain 
a PEST domain in the C-terminus and set out to determine its biological 
function. 

MATERIALS AND METHODS 

PEST domain identification 
Protein sequences were individually loaded in the EMBOSS program 

ePESTfind tool (http://emboss.bioinformatics.nl/cgi-bin/emboss/epestfind, 
assessed on April 6, 2018) using the standard settings. 
 
Mutations 

Human HsKIR2.1∆PEST was constructed by PCR amplification of a part 
of HsKCNJ2 (Jansen et al., 2008) from pGEM-T-easy using T7 forward and 
a specifically designed reverse primer (CAGTCATATCTCCGACTCTCGCCGTA 
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AGGGCCTGGGCTCTAGAGGTACACTTGCCTGGTTGCTTGTGAGGGCAACTTC). 
The amplification product contained the entire human KCNJ2 open reading 
frame sequence with an in-frame deletion of the complete PEST sequence 
(KEEDDSENGVPESTSTDTPPDIDLH) and was cloned in pGEM-T-easy and 
subsequently subcloned into pcDNA4 (Life-Technologies). The similar 
procedure was followed for constructing California kingsnake 
LgKIR2.1∆PEST using LgKCNJ2 (Houtman et al., 2014) and the designed 
reverse primer (CAGAGTCATATTTCAGATTCTCGCCTTAAAGGTCTTGGTTCTA 
GGGGCACCCCTGCTTGGCTAAGATGGTCCATCTCTGGGCCCGCAAGGGCAACT
TC) that resulted in deletion of the complete snake KIR2.1 PEST sequence 
(KEEEDSDNGVPESTSTDTH). 
 
Cell culture 

HEK293T and COS-7 cells were cultured in Dulbecco’s Modified Eagles 
Medium (DMEM; Lonza, Breda, Netherlands) supplemented with 10% fetal 
calf serum (FCS; Sigma-Aldrich, Zwijndrecht, Netherlands), 2 mM L-
glutamine (Lonza), and 50 U/mL penicillin and 50 mg/mL streptomycin 
(both Lonza) at 37 °C with 5% CO2. In time course experiments, cells for 
each time point were seeded on the same day, and drugs were added for 
the indicated time prior to harvest of all samples. For patch clamp 
electrophysiology, 3 days prior to measurements, HEK293T cells were 
grown on poly-L-lysine (Sigma-Aldrich) coated Ø 12 mm cover slips and 
transfected with human KIR2.1 (WT or ∆PEST) using Lipofectamine 2000 
(Invitrogen, Breda, Netherlands) according to the manufacturer’s protocol. 
Recordings were performed 24 h after transfection. In western blot 
experiments, HEK293T cells were grown on 60 mm tissue culture dishes 
and transfected using linear PEI as described earlier (Ji et al., 2017a). In 
immunofluorescence microscopy experiments, COS-7 cells were grown on 
Ø 15 mm coverslips, pre-coated with poly-L-lysine (Sigma-Aldrich), and 
transfected with KIR2.1 (WT or ∆PEST) using Lipofectamine according to the 
manufacturer’s protocol. 
 
Drugs 

Chloroquine (Sigma, St. Louis, MO, United States, cat. No. C6628) 
was dissolved in sterile water at a concentration of 10 mM and stored at  
−20 °C. Cyclohexamide (Sigma, cat. No. C7698) was dissolved in ethanol 
at a concentration of 5 mg/mL, stored and aliquoted at −20 °C until use. 
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SPM was prepared in DEPC water at a concentration of 50 mM. All drugs 
were diluted on the day used.   

 
Immunohistochemistry and fluorescence microscopy 

COS-7 cells were stained essentially as described earlier (Ji et al., 
2017a). Antibodies used were KIR2.1 (1:250; Santa Cruz Biotechnology, 
Heidelberg, Germany, cat. no. sc-18708), Pan-Cadherin (1:800, Sigma-
Aldrich, St. Louis MO, United States, cat. No. C1821). Cell nuclei were 
stained with 4’,6-diamidino-2-phenylindole (DAPI; 1:50.000; Molecular 
Probes, Leiden, Netherlands) during secondary antibody incubation. 
Secondary antibodies used were donkey anti-mouse DyLight (1:250; 
Jackson ImmunoResearch Laboratories Inc., West Grove, PA, United States) 
or donkey anti-goat Alexa Red (1:400; Jackson ImmunoResearch 
Laboratories Inc.). Conventional fluorescence microscopy was performed on 
a Nikon eclipse 80i light microscope equipped with a 40× objective (NA 
0.75). Confocal images were obtained using a Zeiss Axiovert 200 M confocal 
microscope (Carl Zeiss Microscopy GmbH, Germany) equipped with a 63× 
water immersion objective (NA 1.2) plus 29 digital zoom. Excitation was 
performed with an air-cooled Argon ion laser (LASOS, RMC 7812Z, 488 nm) 
for GFP and a HeNE (LASOS, SAN 7450A, 543 nm) laser for DyLight.  
 
Western blot 

Cell lysis, western blot and subsequent analysis was performed as 
described earlier (Ji et al., 2017b). KIR2.1 antibody used was identical as 
used for immunofluorescence microscopy. Equal protein loading was 
determined by Ponceau staining.  
 
Patch-clamp electrophysiology 

HEK293T cells were transfected with WT or ∆PEST KIR2.1 expression 
constructs together with a GFP expression construct to identify transfected 
cells. Inside-out patch clamp measurements on excised membrane patches 
were performed using an AxoPatch 200B amplifier controlled by pClamp9 
software (Molecular devices, Sunnyvale, CA, United States) at 21 °C as 
described before (Ji et al., 2017b). To record KIR2.1 currents, inside-out 
patch-clamp measurements were performed using a ramp protocol ranging 
from −100 to +100 mV over 5 s from a holding potential of −40 mV. Bath 
solution contained (in mM): 125 KCl, 4 EDTA, 2.8 KH2PO4, 7.2 K2HPO4 (pH 
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7.2 with KOH), and pipette solution contained (mM): 145 KCl, 5 HEPES, 1 
CaCl2 (pH 7.4 with KOH). Excised patches were placed in close proximity of 
the inflow region of the perfusion chamber. Measurements were started 
following washout of polyamines/Mg2+ from the channel pore, observed by 
the disappearance of current rectification.  
 

Whole cell patch clamp measurements were done as described before 
(Houtman et al., 2012) using an AxoPatch 200B amplifier controlled by 
pClamp9 software at 21 °C. Whole cell IKIR2.1 measurements were 
performed by applying 1 s test pulses ranging between −120 and +30 mV, 
in 10 mV increments, from a holding potential of −40 mV, and with series 
resistance compensation of at least 70%. Signals were low-pass filtered at 
2 kHz and sampled at 4 kHz. Liquid junction potential (LJP) was determined 
with the built in “Junction Potential Calculator”application of pCLAMP. Using 
the current solutions, LJP was 14.7 mV. Steady state current at the end of 
the pulse was normalized to cell capacitance and plotted versus test 
potential (corrected for LJP). 
 
Statistics 

Group averages are presented as mean ± S.E.M, unless indicated 
otherwise. Differences between groups were tested by (un)paired Student’s 
t-test or two-way ANOVA followed by a post hoc Bonferroni test. Results 
with P < 0.05 were considered as statistically significant. Statistically 
analyses were performed using Prism 6 (GraphPad, CA, United States). 

 

RESULTS 

Vertebrate KIR2.1 proteins contain a conserved PEST-
domain 

We aligned 31 KIR2.1 amino acid sequences covering the phyla from 
fish to man (Houtman et al., 2014). Least sequence identity was observed 
between residues 380 and 415 in the C-terminal domain. However, since 
we noticed that this region was enriched in proline (P), glutamate (E), 
aspartate (D), serine (S), and threonine (T) residues, a hallmark of so-
called PEST domains (Rechsteiner and Rogers, 1996), individual sequences 
were screened according to a PEST finding algorithm using the EMBOSS 
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program epestfind. With a PEST score above 5, an amino-acid sequence will 
be considered as a genuine PEST domain. This revealed that all 31 
sequences are characterized by a potential PEST domain having scores 
ranging between 8.7 (rainbow trout) and 24.5 (Opossum) with an average 
score of 19. 4 (median 21.7) (Table 1). In addition, we added predicted 
KIR2.1 sequences of the lobe finned fish Coelacanth (XP_005992210) and 
of the primitive cartilaginous fish elephant shark (XP_007886827) whose 
sequences also contained PEST domains with a high PEST score (10.11 and 
24.10 respectively) (Table 1).  In contrast, no PEST domains were found in 
human KIR2.2, KIR2.3 or KIR2.6 channel proteins, while KIR2.4 contains a 
PEST domain (residues 378-424) with a PEST score of 9.39 that starts 
upstream from the KIR2.1 PEST domain (Figure 1). 

Table 1. PEST scores of 33 vertebrate KIR2.1 protein sequences    
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PEST scores were determined with aid of the epestfind webtool at http://mobyle.pasteur.fr/cgi-
bin/portal.py?form=epestfind 
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Figure 1. Amino acid alignment of C-termini of human KIR2.1, KIR2.2, 
KIR2.3, KIR2.4 and KIR2.6 encompassing the PEST domain region of KIR2.1 
indicated by double line above the alignment. Amino acid sequences are 
depicted in single letter code. Identical residues with respect to KIR2.1 are depicted 
in white font on a black background. KIR2.4 contains a potential PEST sequence 
extending from 378 to 424 (KSSFPGSLTAFCYENELALSCCQEEDEDDETEEGNGVETE 
DGAASPR). PEST domains in KIR2.1 and KIR2.4 are indicated in italic. PEST scores 
are depicted at the right side of the sequences. 

The KIR2.1 PEST domain is not required for normal channel 
protein expression, subcellular localisation, response to 
chloroquine, or rapid protein turnover rate 

A human KIR2.1 protein lacking the complete PEST domain (∆PEST) 
was constructed to gain insight into the biological role of the PEST domain. 
Upon transfection in HEK293T cells, ∆PEST channel protein was detected 
on Western blot using an antibody against the N-terminus having, as 
expected, a lower apparent Mw as compared to WT channel proteins (Figure 
2A). We next addressed the subcellular localization of ∆PEST KIR2.1 channel 
proteins upon ectopic expression in COS-7 cells. Twenty-four hour following 
transfection of cells with either WT or ∆PEST, immunostaining was 
performed using the N-terminal antibody against KIR2.1. Signals was found 
throughout the cells, but also in membrane ruffles indicative for plasma 
membrane localisation (Figure 2B).  

To determine the potential of heterotetramerization, we co-transfect 
GFP-tagged WT KIR2.1 in HEK293T with either non-tagged WT or ∆PEST 
encoding construct and performed co-IP with GFP antibody. We were able 
to co-immunoprecipitate non-tagged WT, but also ∆PEST channel proteins, 
as detected using the N-terminal directed antibody for western blot (Figure 
2C). Therefore, we conclude that the PEST domain is not required for 
interaction between KIR2.1 channel protein subunits. 
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Figure 2. Expression analysis and channel formation of human WT and 
∆PEST KIR2.1 protein. (A) Western blot depicting WT (approximately 50 kDa) 
and ∆PEST (approximately 47 kDa) KIR2.1 proteins expressed in HEK293T cells. 
Non-transfected cells (NT) were used as negative control. Ponceau staining depicts 
loading control. (B) Subcellular localization of ectopically expressed WT and ∆PEST 
KIR2.1 channel proteins in COS-7 cells. Arrows indicate membrane ruffles with 
KIR2.1 expression. (C) HEK293T cells were co-transfected with GFP-tagged murine 
KIR2.1 either WT or ∆PEST KIR2.1. Non-transfected cells (NT) were used as 
negative control. KIR2.1-GFP was detected by GFP antibody (WB: GFP) for IP 
control, and N-terminal KIR2.1 antibody (WB: KIR2.1) was used to detect KIR2.1-
GFP either WT or ∆PEST non-tagged KIR2.1 protein. Positions of KIR2.1-GFP, WT-
KIR2.1 and ∆PEST-KIR2.1 are indicated. Lysate blots serve as immune-precipitation 
input control. * indicates IgG heavy chain. 

KIR2.1 proteins are degraded by lysosomal degradation (Jansen et al., 
2008; Varkevisser et al., 2013). Chloroquine application results in KIR2.1 
accumulation upon chronic exposure (Jansen et al., 2008, Varkevisser et 
al., 2013). We next assessed the response of ∆PEST KIR2.1 protein to 
chloroquine exposure of 10 µM for 24 h in COS-7 cells by confocal 
microscopy. Both WT and ∆PEST KIR2.1 proteins displayed similar responses 
(Figure 3). Intracellular KIR2.1 accumulation was observed in what 
appeared as vesicle like structures, presumably lysosomes. 
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Figure 3. CQ treatment induces intracellular accumulation of WT and 
∆PEST KIR2.1 in COS-7 cells. Confocal images of WT and ∆PEST KIR2.1 detected 
by N-terminal KIR2.1 antibody (green), and Cadherin (membrane staining) by Pan-
Cadherin antibody (red). Single staining results are depicted on the right by b/w 
images. Scale bar indicates 10 µm. 

PEST domains have been associated in protein turnover rate, i.e., 
many short-lived proteins contain a PEST domain (Sandoval et al., 2006; 
Belizario et al., 2008; Meyer et al., 2011). Therefore, we tested protein 
turnover rates in transiently transfected HEK293T cells in the presence of 
200 µg/mL CHX. WT and ∆PEST proteins displayed a time-dependent 
decrease in expression. Following 1 h of CHX treatment, a stronger decrease 
in ∆PEST expression compared to WT was found, however, no significant 
differences were detected on later time-points neither was there a 
significant difference in half life (T½ of 2.6 h vs. 1.7 h for the WT and ∆PEST 
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KIR2.1 protein, respectively) (Figure 4). Thus, removing the PEST domain 
from the KIR2.1 protein does not decrease protein turnover rate. 

 

Figure 4. Cycloheximide (CHX) assay of KIR2.1 degradation in transfected 
HEK293T cells. (A) Example of WT and ∆PEST KIR2.1 protein degradation after 
exposure to 200 µg/mL CHX for different time intervals. Non-transfected (NT) cell 
were used as negative control. (B) Quantification of CHX assays to depict 
normalized KIR2.1 expression vs. timed CHX treatment. Dotted line indicates 50% 
of initial normalized KIR2.1 protein signal. **P < 0.01 WT vs. ∆PEST. 

Human KIR2.1 ∆PEST channels produce yypical inward 
rectifying potassium currents with enhanced rectification  

We assessed inward rectifier current formation of WT and ∆PEST 
channels by whole cell patch clamp electrophysiology on transiently 
transfected HEK293T cells. Both channel types resulted in the formation of 
typical inwardly rectifying potassium currents and corresponding IV curves 
(Figure 5A). Comparison of rectification (maximal outward current vs. 
maximal inward current) indicated no statistical difference in rectification 
between WT and ∆PEST channels in the whole cell mode (at −60 mV, 0.119 
± 0.022 vs. 0.085 ± 0.014 (P = 0.31) for WT and ∆PEST, respectively) 
(Figure 5B). 

To better assess inward rectification properties, inside-out 
measurements of WT and ∆PEST KIR2.1 channels were performed in the 
absence of polyamines and Mg2+ using a ramp protocol from −100 to +100 
mv (Figure 5C). Under baseline conditions almost straight voltage-current 
relationships were observed between −100 and +50 mV. Between +50 and 

NT 0 1 2 4 6 h CHX

-WT

-ΔPEST

M
79-

79-

55-

55-

36-

36-

kDa

A

0 2 4 61
0.01

0.10

1

Time (hours)

WT, n=6
t1/2 = 1.67 hPEST, n=6

N
or

m
al

iz
ed

 e
xp
re
ss

io
n

t1/2 = 2.64 h

B **



Identification of PEST sequence in KIR2.1�

� ���

+100 mV some rectification was observed for WT channels. In contrast, 
∆PEST KIR2.1 channels produced more pronounced rectification between 
+40 and +100 mV (Figure 5C). Quantification demonstrated a significantly 
stronger rectification (inward at −80 mV /outward at +50 mV) for ∆PEST 
compared to WT KIR2.1 channels (2.7 ± 1.2 vs. 1.7 ± 0.2; P < 0.01, n = 
10, mean ± SD) (Figure 5D). Upon application of 5 µM spermine, both types 
of channels displayed strong rectification (28.8 ± 15.6 vs. 41.7 ± 32.6; n.s. 
for ∆PEST and WT currents) (Figure 5E). Finally, we observed a similar 
dose-dependent decrease in remaining current at +50 mV upon perfusion 
with 0.1, 1 and 5 µM spermine, respectively (Fig 5F) ((WT: baseline vs. 0.1 
µM: P < 0.0001, 0.1 µM vs. 1 µM and 5 µM: P < 0.0001, 1 µM vs. 5 µM: P 
< 0.05; ∆PEST: baseline vs. 0.1 µM: P < 0.0001, 0.1 µM vs. 1 µM and 5 
µM: P < 0.05 and P < 0.0001, respectively, 1 µM vs. 5 µM: n.s.). The 
strongest decrease in current was observed upon perfusion with 0.1 mM 
spermine (0.26 ± 0.05 and 0.33 ± 0.19 fold for WT and ∆PEST KIR2.1 
current, respectively).  

 Snake ∆PEST KIR2.1 channels 

Given the high level of conservation of the PEST domain across the 
vertebrate phyla, we hypothesized that enhanced rectification in ∆PEST 
channels could also be observed in the previously cloned snake KIR2.1 
channel (Houtman et al., 2014). For this purpose, a snake ∆PEST KIR2.1 
was generated similarly, as its human counterpart. Figure 6A,B depicts 
expression of snake WT and ∆PEST channels in HEK293T cells (Figure 6A) 
and COS-7 cells (Figure 6B) by Western blot and immunofluorescence 
microscopy, respectively. 

Both WT and ∆PEST channels from snake produced typical KIR2.1 
currents as demonstrated by whole cell patch clamp electrophysiology 
(Figure 6C). When using inside-out patch clamp measurements in the 
absence of polyamines and Mg2+ no statistical difference in rectification 
index was observed (1.9 ± 0.4 vs. 2.4 ± 1.3; P = 0.13 for WT and PEST, 
respectively, mean ± SD) (Figures 6D,E). Distribution analysis of 
rectification index of each patch measured, demonstrated a larger variation 
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Figure 5. Electrophysiological analysis of human WT and ∆PEST KIR2.1 
channels transiently transfected in HEK293T cells. (A)  Representative 
current traces of WT and ∆PEST IKIR2.1 recorded in whole cell mode. (B) Normalized 
current–voltage relation curve of WT and ∆PEST IKIR2.1 (mean ± SEM; WT n = 18, 
∆PEST n = 18), note that error bars are smaller than symbols at each point. (C) 
Steady state IKIR2.1 traces from WT and ∆PEST channel containing inside�out 
patches elicited by a voltage ramp protocol from −100 to +100 mV over 5 s, under 
baseline conditions (black) and upon application of 5 µM spermidine (red). (D,E) 
Quantification of rectification index (inward current at −80 mV divided by outward 
current at +50 mV) of WT and ∆PEST IKIR2.1 from ramp protocol elicited currents 
in inside-out mode without (D, baseline) and in the presence of 5 µM spermidine 
(E) (mean ± SD, WT n = 10, ∆PEST n = 10). (F) Quantification of normalized 
outward current (at +50 mV) from WT and ∆PEST channels in inside-out patch 
clamp under baseline conditions and with increasing spermidine concentrations. 
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##P < 0.01 vs. WT; ****P < 0.0001 vs. baseline (mean ± SD, WT n = 10, ∆PEST 
n = 10). 

and rightward shift in ∆PEST channels compared to WT channels, although 
not as prominent as found for the human variants (Supplement Figure S1). 
As for the human channels, application of spermidine dose-dependently 
enhanced rectification (Figure 6E) (WT: baseline vs. 0.1 µM: P < 0.05, 0.1 
µM vs. 1 µM and 5 µM: P < 0.05 and P < 0.0001, respectively, 1 µM vs. 5 
µM: n.s.; ∆PEST: baseline vs. 0.1 µM: P < 0.05, 0.1 µM vs. 1 µM and 5 µM: 
P < 0.01 and P < 0.0001, respectively, 1 µM vs. 5 µM: n.s.). 

DISCUSSION 

In the current work we established the existence of a conserved PEST 
domain in the C-terminus of the KIR2.1 potassium ion channel protein. The 
PEST domain is not essential for normal plasma membrane expression of 
KIR2.1 protein, tetramerization with wildtype channel proteins, intracellular 
KIR2.1 accumulation in response to chronic chloroquine treatment or rapid 
protein degradation. However, deletion of the PEST domain increases 
rectification behavior of the human KIR2.1 channels.  

PEST domains are defined by a specific signature, i.e., a stretch of 
amino acids rich in P, E, D, S and T most often confined by positively 
charged residues on both sides, rather than by a determined sequence motif. 
This may explain why this domain has not been recognized in the KIR2.1 
protein before. Following the identification of PEST domains, the notification 
of the presence of PEST domains in many short living proteins stood at the 
basis of the PEST hypothesis, stating that PEST domains destabilize the 
protein in which they are present (Rogers et al., 1986). However, the 
identification of PEST domains in long-living proteins did not favor the PEST 
hypothesis, neither did the observations that deleting a PEST domain did 
not necessarily increase half-life (e.g., Pakdel et al., 1993; Xiao et al., 2014). 
Upon ectopic expression in HEK293 cells, KIR2.1 proteins have a short half-
life (2.64 h). Deletion of the PEST domain did not increase T½ which is in 
contrast to the original PEST domain hypothesis as mentioned above. From 
these results we conclude that the PEST domain in KIR2.1 proteins does not 
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promote protein instability and is not responsible for rapid protein 
degradation. 

Figure 6. Expression analysis and channel formation of snake WT and 
∆PEST KIR2.1 protein and electrophysiological analysis of formed channels 
in transiently transfected HEK293T cells  and COS-7 cells. (A) Western blot 
depicting WT (approximately 50 kDa) and ∆PEST (approximately 47 kDa) KIR2.1 
protein. Non-transfected cells (NT) were used as negative control. Ponceau 
staining depicts loading control. (B) Subcellular localization of ectopically 
expressed WT and ∆PEST KIR2.1 channel proteins in COS-7 cells. Apart from 
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plasma membrane staining, intracellular aggregates are observed. (C)  
Representative current traces of WT and ∆PEST IKIR2.1 recorded in whole cell mode 
(left) and normalized current–voltage relation curves of WT and ∆PEST IKIR2.1 (right) 
(mean ± SEM, WT n = 9, ∆PEST n = 7). (D) Steady state IKIR2.1 traces from WT 
and ∆PEST channel containing inside�out patches elicited by a voltage ramp 
protocol from −100 to +100 mV, under baseline conditions (black) and upon 
application of 5 µM spermidine (red). (E) Quantification of rectification index 
(inward current at −80 mV divided by outward current at +50 mV) of WT and 
∆PEST IKIR2.1 from ramp protocol elicited currents in inside-out mode without (left 
panel) and in the presence of 5 µM spermidine (middle panel) (mean ± SD, WT n 
= 11, ∆PEST n = 24). Quantification of normalized outward current (at +50 mV) 
from WT and ∆PEST channels in inside-out patches under baseline conditions and 
with increasing spermidine concentrations (right panel). *P < 0.05 vs. baseline 
(mean ± SD, WT n = 10, ∆PEST n = 10). 

The human KIR2.1 PEST domain (residues 385-409) is located 
between the ER export signal FCYENE (374-379) and the PDZ binding 
domain ESEI (425-427). Similarly, the snake KIR2.1 PEST (383-401) is 
located between ER export signal (372-377) and PDZ binding domain (422-
425). In crystallization studies, the last 57 residues of the mouse KIR2.1 
channels were found to lack intrinsic structural rigidity, and is was 
suggested that this domain might require interactions with other regions of 
the protein and/or cytoplasmic proteins to adopt one or more defined 
conformations (Pegan et al., 2005). Therefore, the proline-rich PEST 
domain by itself might form a flexible linker domain between the two 
sequence conserved domains, and might allow for protein-protein 
interactions without affecting other structural domains of the channel. We 
can speculate that this would allow interaction with of the PDZ domains with 
a range of different proteins depending on the cell type in which the channel 
is expressed. If so, this will provide versatility to this channel which is 
expressed in many different cell types and tissues (De Boer et al., 2010). 
The question then remains however, why the KIR2.2, KIR2.3 and KIR2.6 
channel proteins do not contain a PEST domain between its ER export and 
PDZ domains. Furthermore, it does not explain evolutionary conservation 
of the PEST motif if only a flexible linker in this region of the KIR2.1 channel 
would serve the same purpose. On the other hand, domain linker regions 
may also serve an important function in the interplay between different 
domains (Gokhale and Khosla, 2000). 
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Inward rectification in KIR2.1 channels depends on polyamines 
entering the channel from the cytosolic side. Enormous progress in the 
understanding of the mechanism has been obtained but knowledge of all 
mechanisms involved at the molecular level is far from complete and 
consensus not reached (Nichols and Lee, 2018). As rectification at strong 
positive potentials is stronger in ∆PEST channels than in WT using inside-
out patches following spermidine washout, enhanced rectification appears 
an intrinsic property of the PEST domain lacking channels. Nevertheless, 
upon spermidine application, strong rectification ensues in ∆PEST channels 
demonstrating that the basic mechanism of (bulk) rectification is not 
affected. We can only speculate on the mechanism of stronger rectification. 
Deletion of the PEST domain may have a charge effect on the protein that 
results in altered structural adaptations upon depolarization and thus induce 
subtle effects on rectification. Furthermore, the deletion may affect 
interactions with, not yet identified, cellular constituents at this site that 
play a role in rectification. Rectification effects in the snake KIR2.1 channel 
upon PEST deletion are less prominent, which might be related to the 
reduced length of the PEST domain in this species. However, the size of the 
PEST domain seems unrelated to evolutionary pathways followed. In the 
same phylum PEST domains have different lengths (e.g., rainbow trout, 18 
residues vs. white bream, 24; California kingsnake, 19 vs. red-eared slider, 
24). 

A potential physiological role for the PEST domain in KIR2.1 channels 
awaits further work, in which in vivo models with ubiquitous expression of 
∆PEST channels may provide first clues into which of the many cell types 
that express KIR2.1 channel proteins, the PEST domain plays a prominent 
role. Only then can clinical implications be envisioned. 
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SUPPLEMENTARY MATERIAL 

 

Figure S1. Distribution analysis of rectification classes of individual cell 
patches from human (left panel) and snake (right panel) WT and ΔPEST 
channel currents measured in the inside-out mode. Rectification indexes 
(inward current at −80 mV divided by outward current at +50 mV) from individual 
measurements were categorized in fifteen equal discrete classes from 0.0 to 8.0. 
The percentage of cell patches belonging to an individual class (all patches = 100%) 
are indicated on the y-axis. Whereas in most cell inside-out patches containing 
human WT KIR2.1, rectification indexes were found to be between 1.0 and 2.0, all 
human ΔPEST patches displayed rectification indexes of 1.5 and higher. In snake 
KIR2.1 WT and ΔPEST patches, the distribution of rectification classes displayed 
more overlap. Distribution analysis quantified from measurements depicted as 
mean values in Figures 5D,E�and 6E. 
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ABSTRACT 

Background and Purpose:�Kv11.1 (hERG) channel blockade is an adverse 
effect of many drugs and lead compounds, associated with lethal cardiac 
arrhythmias. LUF7244 is a negative allosteric modulator/activator of Kv11.1 
channels that inhibits early afterdepolarizations in vitro. We tested LUF7244 
for anti-arrhythmic efficacy and potential proarrhythmia in a dog model.� 

Experimental Approach: LUF7244 was tested in vitro for a) increasing 
human IKv11.1 and canine IKr and b) decreasing dofetilide-induced action 
potential lengthening and early afterdepolarizations in cardiomyocytes 
derived from human induced pluripotent stem cells and canine isolated 
ventricular cardiomyocytes. In vivo, LUF7244 was given intravenously to 
anaesthetized dogs in sinus rhythm with chronic atrioventricular block.  

Key Results: LUF7244 (0.5-10 µM) concentration dependently increased 
IKv11.1 by inhibiting inactivation. In vitro, LUF7244 (10 µM) had no effects 
on IKIR2.1, INav1.5, ICa-L, and IKs, doubled IKr, shortened human and canine  
action potential duration by approximately 50%, and inhibited dofetilide-
induced early afterdepolarizations. LUF7244 (2.5 mg·kg−1·15 min−1) in dogs 
with sinus rhythm was not proarrhythmic and shortened, non-significantly, 
repolarization parameters (QTc: −6.8%). In dogs with chronic 
atrioventricular block, LUF7244 prevented dofetilide-induced torsades de 
pointes arrhythmias in 5/7 animals without normalization of the QTc. Peak 
LUF7244 plasma levels were 1.75 ± 0.80 during sinus rhythm and 2.34 ± 
1.57 μM after chronic atrioventricular block. 

Conclusions and Implications: LUF7244 counteracted dofetilide-induced 
early afterdepolarizations in vitro and torsades de pointes in vivo. Allosteric 
modulators/activators of Kv11.1 might neutralize adverse cardiac effects of 
existing drugs and newly developed compounds that display QTc 
lengthening.  

�  
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INTRODUCTION  

Drug-induced torsades de pointes (TdP) can degenerate into 
ventricular fibrillation and sudden cardiac death. This toxicity generated 
strict regulations that limited the use of several existing, otherwise efficient 
drugs, along with difficulties in the development of new drugs (Salvi, Karnad, 
Panicker, & Kothari, 2010). The structural characteristics of the Kv11.1 
(human ether-a-go-go-related gene [hERG]) channel, responsible for the 
delayed rectifier K+ current IKr, make it a common target for a variety of 
drugs which frequently results in unintended cardiac side effects, such as 
the TdP arrhythmias (Perry, Sanguinetti, & Mitcheson, 2010; Sanguinetti & 
Tristani-Firouzi, 2006). Blockade of the IKr prolongs action potential 
duration (APD), which is manifested as a lengthening of the QT interval on 
the ECG. This effect is considered as a surrogate marker of cardiotoxicity 
and for this reason incorporated in regulatory agency guidelines (i.e., ICH-
S7B, ICH-E14, and EMEA). Many drugs, although effective for their intended 
application, have been withdrawn from the market, such as astemizole and 
cisapride or are restricted in their use, such as terfenadine and haloperidol, 
due to observed QT prolongation and/or the induction of TdP (Darpö, 2001). 
Furthermore, the current, stringent preclinical guidelines have stopped the 
development of promising drug candidates, beause they block IKr and/or 
lengthen QT interval. Therefore, initiatives to develop effective agents to 
counteract those side effects of (preclinical) drugs are ongoing (Grunnet, 
Hansen, & Olesen, 2008) and their efficacy and safety in vivo needs to be 
established. 

Allosteric modulators are a class of ligands that bind to an allosteric 
site and thereby modulate the binding of an orthosteric ligand on the 
receptor. Compared with a normal, competitively binding agent, allosteric 
modulators tend to display higher subtype selectivity and a ceiling effect 
(Conn, Christopoulos, & Lindsley, 2009). Negative allosteric modulators for 
Kv11.1 channels would reduce affinity of the ion channel for its inhibitors 
and counteract drug-induced blockade. Recently, LUF7244, one out of a 
series of novel negative allosteric modulators of Kv11.1 channels, was 
synthetized, and some of its functional properties were analysed (Yu, 
Klaasse, Heitman, & IJzerman, 2014). LUF7244 might be able to prevent 
cardiac proarrhythmias due to IKr blockade in vivo because it (a) decreased 
the affinity of the Kv11.1 channel blockers cisapride, astemizole, dofetilide, 
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and sertindole for binding to these channels and (b) induced APD shortening 
in neonatal rat ventricular myocytes and inhibited early afterdepolarization 
(EAD) formation following astemizole exposure (Yu et al., 2016).  

IKr has an important role in cardiac repolarization in the dog. Specific 
blockade of the current carried by Kv11.1 channels results in a marked 
increase in QTc (see Opstal, Leunissen, Wellens, & Vos, 2001; Schneider, 
Hauser, Andreas, Linz, & Jahnel, 2005). In the chronic atrioventricular block 
(CAVB) dog model, repolarization is further compromised (Schoenmakers 
et al., 2003) resulting in high propensity for ventricular arrhythmias upon 
pharmacological blockade of IKr (Oros, Beekman, & Vos, 2008). These 
characteristics makes the CAVB dog model appropriate for defining potential 
anti-arrhythmic properties of newly developed pharmacological agents 
(Bossu et al., 2018), which might apply to negative allosteric modulators of 
Kv11.1 channels as well.  

The research described here aimed (a) to use relevant cellular models 
(i.e., cardiomyocytes derived from human induced pluripotent stem cells 
(hiPSC) and ventricular cardiomyocytes, isolated from dogs) in which 
Kv11.1 channels make an important contribution to APD and, therewith, 
study the effects of LUF7244 application on human-(like) cellular 
electrophysiology and (b) to determine anti-arrhythmic capacities of 
LUF7244 administration in CAVB dogs against dofetilide-induced TdP 
arrhythmias.    

METHODS  

In vitro studies  

Cell culture 

For determining the effects of LUF7244 on IKv11.1, IKIR2.1, and INav1.5, 
stable HEK293 (CLS Cat# 300192/p777_HEK293, RRID:CVCL_0045) cell 
lines were used instead of isolated canine ventricular cardiac myocytes. The 
HEK293 cells were used here because, for the latter, determination of the 
individual currents requires specific pharmacological isolation of the current 
for which potential pharmacological interactions with LUF7244 are unknown. 
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The HEK-hERG cell line (Zhou, Gong, Epstein, & January, 1998) was derived 
from HEK-293T cells and stably expresses human Kv11.1 protein. The HEK-
KWGF cell line stably expresses C-terminal GFP-tagged murine KIR2.1 (De 
Boer et al., 2006). The HEK-Nav1.5 cell line (a kind gift of Dr. H. Abriel, 
Bern University, Switzerland) stably expresses human Nav1.5. HEK-hERG 
cells, KWGF cells, and HEK-Nav1.5 were cultured in DMEM with 10% fetal 
calf serum, 2 mM L-glutamine, 50 U·mL−1 penicillin, and 50 mg·mL−1 
streptomycin and passaged twice a week. During experiments, the amount 
of DMSO added to the cells was below 0.1%. 

Optical action potential measurements in hiPSC-CMCs 

We used commercial Cor.4U® human-induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMCs; Ncardia, Cologne, Germany) as 
described before (Baburin et al., 2018). Cells were transiently loaded with 
the voltage-sensitive dye FluoVolt, and the multi-well plate was placed in 
an environmentally controlled stage incubator (37°C, 5% CO2, water-
saturated air atmosphere; Okolab Inc, Burlingame, CA, USA). The FluoVolt 
fluorescence signals were recorded from 0.2 × 0.2-mm areas using a 40× 
(NA 0.6) objective lens at excitation wavelength 470 ± 10 nm provided by 
a LED, and emitted light was collected by photomultiplier at 510–560. LED, 
photomultiplier, associated power supplies and amplifiers were supplied by 
Cairn Research Ltd (Kent, UK). Fluorescence signals were digitized at 10 
kHz; 20-s recordings of spontaneous APs were taken in single drug and 
competition protocols and repeated five times. pClamp (RRID:SCR_011323) 
software package v.10.0 (Molecular Devices, Inc., Sunnyvale, CA, USA) was 
used for offline analysis of APD at 90% of repolarization. To investigate 
possible time-dependent effect of vehicle on AP parameters, we compared 
APs in control and in the presence of vehicle 5, 15 and 30 minutes after 
vehicle application. All estimated AP parameters (APD30, APD50, and APD90) 
in control and at the presence of vehicle were statistically not significantly 
different at any measured time point (data not shown). 

Patch clamp 

Current was recorded with an Axon-patch 200B amplifier (Molecular 
Devices, CA, USA) and analysed with ClampFit 10.2 software (Molecular 
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Devices, CA, USA). IKv11.1, IKIR2.1, INav1.5, and ICa-L were measured under 
room temperature (22°C). Action potential and IK were measured at 37°C. 

IKv11.1 recording 

HEK-hERG cells were grown on Ø12-mm cover slips coated with 0.1% 
gelatin. Cells were perfused with Tyrode’s solution (mM): 140 NaCl, 4 KCl, 
10 HEPES, 2 CaCl2, 1 MgCl2 (pH 7.4, NaOH). The intracellular (pipette) 
solution contained (mM): 10 EGTA, 110 KCl, 10 HEPES, 4 K2-ATP, 5.17 
CaCl2, 1.42 MgCl2 (pH 7.2, KOH). Kv11.1 current was measured with whole 
cell voltage clamp and its pulse protocol ranging from −80 mV to +60 mV 
for 4,000 ms followed by a 5,000-ms deactivation pulse at −50 mV. The 
interpulse interval was 10 s (0.1 Hz). Cell capacitance and series resistance 
were calculated in each cell. 

IKIR2.1 recording 

KWGF cells were cultured on coated cover slips. IKIR2.1 measurements 
were performed in bath solution containing (mM): 140 NaCl, 5.4 KCl, 1 
CaCl2, 1 MgCl2, 17.5 NaHCO3, 15 HEPES, 6 Glucose (pH 7.4, NaOH). Pipette 
solution contained (mM): 125 K-Gluconate, 10 KCl, 5 HEPES, 5 EGTA, 0.6 
CaCl2, 2 MgCl2, 4 Na2ATP (pH 7.2, NaOH). IKIR2.1 was measured by 1-s 
voltage steps from −120 mV to +30 mV with 10-mV increments, from a 
holding potential of −40 mV. The interpulse interval was 3 s (0.33 Hz). 
Signals were low pass filtered at 2 kHz. 

INav1.5 recording 

INav1.5 was recorded at 20°C from HEK-Nav1.5 cells. The extracellular 
solution contained (mM): 140 NaCl, 5 CsCl, 1.8 MgCl2, 5 glucose, 5 HEPES, 
and 0.002 Nifedipine (pH 7.3, CsOH). Pipette solution contained (mM): 5 
NaCl, 133 CsCl, 2 MgATP, 20 tetraethylammonium chloride, 10 EGTA, 5 
HEPES (pH 7.3, CsOH). Sodium currents were measured by 20-ms step 
pulses ranging from −80 mV to +40 mV, from a holding potential of −120 
mV and an interpulse interval of 4 s (0.25 Hz). 
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Action potential recording 

Only isolated CMCs that were rod-shaped with clear striation and 
sharp edges and that showed no spontaneous activity were used. Action 
potentials were triggered in whole cell current clamp mode with 2-ms 
current injections at 0.5 Hz and recorded. All measurements were 
performed at 37°C using a temperature-controlled perfusion chamber (Cell 
Microcontrols). Tyrode’s solution was used as bath solution containing (mM): 
137 NaCl, 5.4 KCl, 1.8 CaCl2, 11.8 HEPES, 10 glucose, pH 7.4 adjusted with 
NaOH. Pipette solution contained (mM) 10 NaCl, 130 KCl, 10 HEPES, 5 
MgCl2, pH 7.2 adjusted with KOH. For prevention experiments, four different 
concentrations of LUF7244 were administrated to CMCs via an additional 
rapid solution exchange system (ALA Scientific Instruments, Long Island, 
NY, USA). For suppression experiments, four concentrations of LUF7244 
were perfused subsequent to EADs occurrence after 1-µM Dofetilide 
perfusion. Incidence of EADs was calculated for each group. All APD 
(measured at 80% of repolarization) and short-term variability of 
repolarization duration (STV) were analysed with Matlab (Mathworks, MA, 
USA).   

IK recording 

For IK measurements on CMCs, bath solution contained (mM): 4 KCl, 
145 NaCl, 1.8 CaCl2, 1 MgCl2, 10 HEPES, 11 glucose, 0.005 Nifedipine (pH 
7.4, NaOH) and piptte solution contained (mM): 125 K-aspartate, 1 MgCl2, 
5 MgATP, 5 HEPES, 10 EGTA, 20 KCl (pH 7.2, KOH) was used. IK was 
recorded using step pulses ranging between −20 mV and +60 mV, from a 
holding potential of −80 mV.  

ICa-L recording 

L-type calcium currents were measured in bath solution containing 
(mM): 140 NMDG, 4 KCl, 1 CaCl2, 1 MgCl2, 6 glucose, 17.5 NaHCO3, 15 
HEPES (pH 7.4, HCl). The pipette solution contained (mM): 120 CsCl, 10 
tetraethylammonium chloride, 1 CaCl2, 3 MgCl2, 2 Na2ATP, 10 EGTA, 5 
HEPES (pH 7.2, CsOH). ICa-L was recorded by applying 500 ms pulses 
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ranging from −60 mV to +40 mV with 10 mV increments, from a holding 
potential of −80 mV. 

Molecular modeling 

Molecular docking was carried out using the Kv11.1 cryo-EM structure 
(PDB code: 5va1) and GOLD (RRID:SCR_000188) v.5.6.2 (Jones, Willett, 
Glen, Leach, & Taylor, 1997). Given the similarity of LUF7244 to the known 
Kv11.1 channel activator ICA-105574, we assumed that they might share 
overlapping/related binding sites. Thus, residue F557 of one of the four 
subunits was set as binding site, with a binding radius of 10 Å. Residues 
F557, F619, T623, Y652, and F656 within the radius were set to flexible. 
For the two scoring functions used, ChemPLP and Goldscore, 100 runs were 
done each, with 125.000 Gold algorithm operations. The top 15 scoring 
poses of both functions were inspected and reviewed on their proposed 
interactions. Visualization of results was done using PyMol 
(RRID:SCR_000305) 1.7.2 (Schrödinger, 2017). 

Molecular dynamics simulations 

Building of the molecular dynamics (MD) system as well as ligand 
parametrization was done using CHARMM-GUI (Jo, Kim, Iyer, & Im, 2008). 
The Kv11.1 hERG structure was embedded in a POPC bilayer and solvated 
with TIP3P water, and ions were added to create a KCl concentration of 0.15 
M. K+ ions in the selectivity filter were placed at sites S0, S2 and S4, with 
water molecules at sites S1 and S3. Energy minimization, 20 ns 
equilibration and production runs were performed using GROMACS 
(RRID:SCR_014565) v.5.1.2 (A Abraham, Hess, van der Spoel, & Lindahl, 
2015). The coordinates of the docking pose of LUF7244 was implemented 
in the system. Production runs were performed for 50 ns with the 
charmm36 forcefield (Vanommeslaeghe et al., 2010). Electrostatics were 
modelled using Particle Mesh Ewald (Darden, York, & Pedersen, 1993), and 
LINCS was used to constrain H-bonds (Hess, Bekker, Berendsen, & Fraaije, 
1997). Temperature was maintained at 310 K using V-rescale (Bussi, 
Donadio, & Parrinello, 2007), and semi-isotropic pressure coupling was 
done using the Parrinello-Rahman barostat (Parrinello & Rahman, 1981). 
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MD trajectories were analysed using VMD v.1.9.2 (Humphrey, Dalke, & 
Schulten, 1996) and GROMACS.  

In vivo studies  

Animals 

All animal care and experimental procedures were approved by the 
Committee for Experiments on Animals of Utrecht University and conformed 
to the Directive 2010/63/EU of the European Parliament. Animal studies are 
reported in compliance with the ARRIVE guidelines (Kilkenny, Browne, 
Cuthill, Emerson, & Altman, 2010) and with the recommendations made by 
the British Journal of Pharmacology. The current study has no implications 
for replacement, refinement, or reduction. 

Animal handling  

Dogs were housed in pairs in kennels and provided with wooden 
bedding material. Dogs had access to water ab libitum and received dog 
food pellets twice a day. Playing toys were provided as enrichment. Dogs 
were allowed to play outside in groups once a day. Welfare assessment was 
checked every day, and the body weight was monitored once a week. 
Animals were fasted fir the day before a surgery (from 4:00 PM).  

A total of 10 adult mongrel dogs (Marshall, New York, USA; four 
females and six males; body weight 24 ± 4 kg; 13 ± 3 months old) were 
included for serial experiments with at least 2 weeks in between as a 
recovery interval (Figure 1). Sex-associated differences in QTc have not 
been documented in this species (Salama & Bett, 2014), and as per our 
unpublished observations, sex has no influence on the dofetilide inducibility 
of arrhythmias. Premedication included atropine (i.m. 0.02 mg·kg-1), 
methadone (i.m. 0.5 mg·kg-1), and acepromazine (i.m. 0.5 mg·kg-1). To 
limit risk of infection, antibiotic was given (ampicillin 1,000 mg, before and 
after the operation, i.v. and i.m. respectively). Analgesia was provided by 
buprenorphine (Temgesic, 0.3 mg i.m.) after operation. General anesthesia 
was induced by pentobarbital sodium (Nembutal, 25 mg·kg-1, i.v.) and 
maintained by 1.5% isoflurane in a mixture of O2 and N2O (1:2). 
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Atrioventricular block was induced by radiofrequency ablation as described 
before (Oros et al., 2008). 

Figure 1. Experimental set-up for in vivo studies. 

Drug dosing 

The hERG activator ICA-105574 shows structural similarities with 
LUF7244 and has been analyzed in anesthetized dogs at 1 and 10 mg·kg-

1·10 min-1, previously (Asayama et al., 2013). ICA-105574 caused QTc 
shortening only at the highest concentration. Based on these results, we 
decided for conservative application and infused LUF7244 at 2.5 mg·kg-1·15 
min-1 in the in vivo experiments. In total, 1-mL LUF7244 (2.5 mg·kg-1, i.v.) 
has been infused at a 40 mL·h-1 infusion rate. LUF7244 and dofetilide were 
infused by two different front limb (i.v.) and two separate syringes in an 
infusion dock. 

Dogs with sinus rhythm 

Under general anaesthe sia, after monophasic action potential (MAP) 
catheters were introduced into the left (LV) and right ventricle (RV), a 10-
min baseline recording was started followed by a 15-min LUF7244 infusion 
(2.5 mg·kg-1). The infusion protocol was followed by 30 min washout 
(Figure 1, top panel). During the entire loading and washout procedure, 
ECG parameters and LV/RV MAP were recorded. Blood samples were 
collected every 5 min to determine the plasma level of LUF7244.  
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Dogs with CAVB 

Ventricular remodelling following CAVB was allowed for at least 2 
weeks under idioventricular rhythm (Oros et al., 2008) before serial 
experiments were conducted (Figure 1).  

Inducibility experiment 

Dofetilide infusion (0.025 mg·kg-1·5min-1) was stopped either after 5-
min of infusion or with the first occurrence of TdP (Figure 1, middle panel). 
Dogs that showed at least three TdPs within 10 min after the start of 
dofetilide infusion were considered as inducible. Dogs were defibrillated 
when severe, not self-terminating arrhythmia events occurred. ECG and 
LV/RV MAP signals were recorded during the whole procedure. 

Prevention experiment 

Only inducible dogs were selected to undergo the subsequent 
prevention experiment. After 10-min baseline recording, a 15-min infusion 
of LUF7244 (2.5 mg·kg-1) was started, during which time dofetilide (0.025 
mg·kg-1) was infused between t = 5 min and t = 10 min (Figure 1, bottom 
panel). The ECG and LV/RV MAP signals were recorded. Blood samples were 
collected during the infusion periods (t = 0/15/30/45 min).  

Data analysis    

ECG parameters from lead II (RR, PQ, QRS and QT) were measured 
manually with EPTracer (Cardiotek, Maastricht, the Netherlands) and were 
quantified every 5 min from start of baseline recording. Electrophysiological 
parameters were the average from five consecutive beats (except RV/LV 
STV were based on 30 consecutive beats). ECG intervals and MAP signals 
were recorded with a sampling rate of 1 kHz. QT interval was corrected by 
Van de Water’s formula QTc = QT – 0.087 * (RR – 1,000). LV and RV 
MAPD80 were analysed semi-automatically with the custom-made software 
AutoMAPD (Matlab (RRID:SCR_001622), Mathworks, MN, USA). Beat-to-
beat variability of repolarization was quantified as STV. It (based on 30 
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consecutive beats) was calculated with the formula STV = ∑ | Dn+1 - Dn | / 
(30*√2) in which D represents APD. Arrhythmia score (Stams et al., 2016) 
was used to quantify arrhythmia severity. The arrhythmia score is the 
average of three most severe arrhythmia events during 10 min. One regular 
beat scored as 1 point, and single ectopic beats were counted as 2 points. 
Multiple ectopic beats were scored 3-50 points. One, two, or more 
defibrillation scored as 50, 75, and 100. In the absence of arrhythmic events 
in all animals within one group, arrhythmia score is 1 with SD of 0. 

Animals were not randomized in the present study. Each dog served 
as its own control under sinus rhythm (SR) and CAVB conditions. Addition 
of another group of animals (continuously receiving saline/vehicle) would 
not be justified ethically (3Rs) or scientifically. In this study, operators and 
data analysts were not blinded. In SR dog experiments, all dogs received 
LUF7244 consecutively for 15 min. In CAVB dog inducibility experiments, 
dofetilide was administered in all dogs and resulted in at least 3 TdP 
arrhythmias of 5 or more beats in all dogs. TdP arrhythmias are immediately 
evident on the surface ECG running during the expeirments. In CAVB dog 
prevention experiments, LUF7244 and dofetilide were administered in all 
dogs. Successful suppression of TdP upon LUF7244 infusion is evident 
during the experiment (ECG monitor) and from the recorded ECG. Therefore, 
blinding is not applicable. 

Isolation of CMCs 

Following the final in vivo experiment, heparin (10,000 I.U., i.v.) was 
administered, right sided thoracotomy was performed, and the heart was 
excised. For the current study, ventricular CMCs were enzymatically isolated 
from 44 dogs (Table S2), either from dogs in the currently described 
protocol or from dogs present in other approved study protocols from our 
institute, as described before (Varkevisser et al., 2012). The excised heart 
was washed with Ca2+ free buffer (mM): 130 NaCl, 5.4 KCl, 1.2 KH2PO4, 1.2 
MgSO4, 6 HEPES, 20 glucose (pH 7.2, NaOH). The left coronary artery was 
tightened into the Langendorff system and perfused with warm (37°C) Ca2+ 
free buffer solution for 10 min and then perfused for 25-35 min with the 
enzymatic solution containing 420 mg collagenase A (Roche, the 
Netherlands) and 32 mg protease (Sigma-Aldrich, the Netherlands) in 2.5% 
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trypsin 400 μL, in 400 mL buffer solution. Finally, 0.2 mM Ca2+ buffer 
solution was perfused for 10 min. Ventricular CMCs were harvested from 
midmyocardial tissue of ventricular free wall and filtered. The freshly 
obtained CMCs were stored in Ca2+ buffer solution at room temperature 
until use. 

Plasma concentration analysis 

The analysis of LUF7244 was performed with UHPLC and UV detection. 
Separation was performed on a C-18 UHPLC Kinetex EVO column (100 × 
2.1 mm, 2.6 µm) from Phenomenex (Utrecht, the Netherlands).  The 
composition of the mobile phase was 34% acetonitrile with 0.2% formic 
acid (v/v) which was used at a flow of 0.8 mL·min-1 and a temperature of 
30ºC. Sample preparation was performed by mixing 50 µL of plasma with 
50 µL of mobile phase. After vortexing briefly with 1,000 µL of acetonitrile, 
the samples were centrifuged at 20,000 × g during 10 min. The 
supernatants were evaporated in a Centrivap vacuum centrifuge from 
Labconco (Kansas City, Missouri).  The samples were reconstituted in 50 µL 
of mobile phase (34% acetonitrile, 0.2% formic acid) by vortexing briefly 
at high speed.  Subsequently, after centrifuging at 20,000 × g for 10 min, 
45 µL of the supernatant of each sample was transferred to a glass 
microinsert (31 × 6 mm) from BGB science (Harderwijk, the Netherlands). 
A volume of 10 µL was injected onto the column using a Nexera-I HPLC 
system from Shimadzu (‘s-Hertogenbosch, the Netherlands). 

Calibration was performed by a calibration curve in mobile phase 
(34% acetonitrile with 0.2% formic acid (v/v)). The concentrations used for 
calibration were 10, 20, 50, 100, 200, 500, and 1,000 ng·mL-1. To that end, 
LUF7244 was dissolved in methanol with 0.05% formic acid (v/v) and 
diluted in order to prepare the calibration solutions. Blank dog plasma 
aliquots were mixed with these calibration solutions and further processed 
as samples. Quality controls  were prepared at the concentration levels of 
a low, medium, and high concentration (50, 200 and 1,000 ng·mL-1). The 
quality controls were stored in the −80ºC freezer until used for quality 
control along with the actual sample concentration measurements. 

Data and statistical analysis  
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The data and statistical analysis comply with the recommendations 
on experimental design and analysis on pharmacology (Curtis et al., 2018). 
Data are represented as mean ± SD or mean ± SEM. Two-way ANOVA and 
Bonferroni post hoc test were used for APD90 results from hiPSC. Post hoc 
tests were carried out only if F was significant and there was no variance in 
homogeneity. A non-parametric paired t test was used for group 
comparisons and arrhythmia score in the in vivo study. All statistical 
analysis was performed by Prism 6 (GraphPad, CA, USA; GraphPad Prism, 
RRID:SCR_002798). P values < 0.05 were considered as statistically 
significant. 

MATERIALS 

LUF7244 was synthesized according to a previously published 
procedure (Yu et al., 2014). For cellular experiments, LUF7244 was 
dissolved in DMSO to obtain a stock solution of 100 mM that was filter 
sterilized (0.22 µm) and stored at −20°C until use. The amount of DMSO 
added to the cells was below 0.1%. For use in animals, LUF7244 was 
dissolved in DMSO and  polyethylene glycol 400 (1:1, v/v) solution to final 
concentration and was filter sterilized (0.45 µm). The final solution is 10 mL 
in total (5 mL DMSO and 5 mL PEG400). IKs blocker HMR1556 (Sanofi 
Aventis, Gouda, the Netherlands) was dissolved in DMSO at 10 mM as stock 
solution and stored at −20°C until use. 

For cellular experiments, dofetilide (Sigma-Aldrich, Zwijndrecht, the 
Netherlands) was dissolved in DMSO at 10 mM as stock solution and stored 
at −20°C. For in vivo experiments, dofetilide was dissolved in 100-µL HCl 
(0.1 M) and then diluted into saline (19-29 mL, depends on body weight) 
to the final concentration. Solutions for the in vivo experiments were freshly 
prepared before using. All the other chemicals were of analytical grade and 
obtained from standard commercial sources. 

For the plasma sample analysis of LUF7244, methanol, acetonitrile, 
and formic acid were used in LC-MS grade and purchased from Biosolve 
(Valkenswaard, the Netherlands). Nanopure lab water was derived from an 
ELGA Purelab Flex water purification system from Veolia Nederland 
(Nieuwegein, the Netherlands). 
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Nomenclature of targets and ligands 

Key protein targets and ligands in this article are hyperlinked to 
corresponding entries in http://www.guidetopharmacology.org, the 
common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY 
(Harding et al., 2018), and are permanently archived in the Concise Guide 
to PHARMACOLOGY 2017/18 (Alexander et al., 2017). 

RESULTS 

LUF7244 is predicted to bind Kv11.1 and increased IKv11.1 

in HEK293 cells 

Docking and subsequent MD studies suggested LUF7244 (Figure 2b) 
binds between the Kv11.1 pore helices of two adjacent subunits, thereby 
stabilizing the channel in the conductive state (Figure 2b). In the predicted 
binding mode, the compound favourably interacts with aromatic residues 
F557 (S5), F619 (P-helix), and Y652 residues (S6) from neighbouring 
subunits. Further, close contacts to selectivity filter residue T623 and S649 
(S6) are predicted. The functional effects of LUF7244 on human IKv11.1 were 
tested on the HEK-hERG cell line by use of whole-cell patch clamp. Three 
different concentration of LUF7244 (0.5, 3, and 10 µM) were applied to cells 
resulting in a concentration-dependent increase of the steady-state current 
at the end of the depolarizing current (Figure 2c,d). Moreover, LUF7244 
affected rectification and altered tail current kinetics upon the deactivation 
pulse (Figure 2c,d). 10-μM LUF7244 has no effect on IKIR2.1 or INav1.5 (Figure 
2e,f). 

LUF7244 reduced APD and dofetilide induced prolongation 
in hiPSC-CMCs 

We characterized the effects of LUF7244 on action potentials of 
human origin in hiPS-CMC using the voltage-sensitive fluorescent dye 
FluoVolt. LUF7244 (10 µM) significantly shortened the APD at 90% of the 
repolarisation phase (APD90; Figure 3a, left ,and 3b). In hiPS-CMC 
challenged with 30-nM dofetilide, APD was profoundly increased after 5 and 
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15 min (Figure 3a, middle, and 3b). LUF7244 co-application decreased 
dofetilide-induced APD prolongation, although values did not return to 
baseline (Figure 3a, right, and 3b).  Vehicle time controls did not display 
effects on AP parameters.  

Figure 2. LUF7244 increases steady-state IKv11.1 in HEK-hERG cells. (a) 
Chemical structure of LUF7244 and dofetilide. (b) Docking pose of LUF7244, after 
50 ns of molecular dynamics simulation to the cryo-EM structure of hERG. (c) 
Representative traces of Kv11.1 current with or without infusion of LUF7244 (0.5, 
3, and 10 µM). Stimulation protocol is shown on top panel. (d) I-V relationship 
curve of IKv11.1 under baseline conditions and in the presence of LUF7244 (0.5, 3, 
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and 10 µM; n = 14, 13 and 12 cells). (e) I-V curve of IKIR2.1 currents obtained from 
KWGF cells under baseline conditions and in the presence of 10 µM LUF7244 (n = 
9 cells). (f) I-V relationship curve of INav1.5 measured in HEK-Nav1.5 cells under 
baseline conditions and 10 µM LUF7244 treatment (n = 10 cells). Raw current data 
were normalized by each cell’s membrane capacitance for current density, for 
comparisons. Values are shown as mean ± SEM. 

Figure 3. LUF7244 shortens APD and suppresses APD prolongation in 
hiPS-CMCs. (a) AP recordings in control and after 5-min incubation with the 
indicated drug or drug combinations (red) at 10 µM LUF7244 and 30 nM dofetilide. 
Horizontal bar indicates 1 s. (b) The bar graphs represent changes in normalized 
APD90 observed with each drug, or drug combination tested (n = 5). Values are 
shown as mean ± SEM. *P < 0.05, significantly different from the same drug(s) at 
0 min. §P < 0.05, dofetilide + LUF7244 significantly different from dofetilide 

LUF7244 shortened APD and reduced dofetilide induced 
EAD in isolated canine CMCs   

Because we aimed to analyse the potential antiarrhythmic properties 
of LUF7244 in the CAVB dog model, we first analysed the effects of LUF7244 
on adult native canine APD (Figure 4). LUF7244 was applied at 0.5, 1, 3, 
and 10 µM in isolated ventricular CMCs from SR and CAVB dogs. It showed 
dose-dependent reduction in both APD and STV. In the EAD suppression 
experiment with the SR hearts, we used dofetilide-inducible cells 
continuously perfused with dofetilide and LUF7244. 10-µM LUF7244 
successfully suppressed EADs in all seven cells (Figure 4b, right panel). In 
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the EAD suppression experiment with the CAVB hearts, LUF7244 reduced 
the incidence of EADs to 8/10 and 9/11 at 3 and 10 µM, respectively (Figure 
4c, right panel).     

Figure 4. LUF7244 shortens APD and reduces dofetilide-induced EAD in 
isolated canine cardiomyocytes. (a) Representative examples of LUF7244 
induced shortening of APD in cardiomyocytes (left panel). Summarized results of 
APD90 (middle panel) and STV (right panel) after LUF7244 application to SR and 
CAVB cardiomyocytes. In SR cardiomyocytes, n = 11, 10, 13 and 14 cells were 
treated with 0.5, 1, 3, and 10 µM LUF7244, respectively. In CAVB cardiomyocytes, 
n = 20, 16, 22 and 17. (b) LUF7244 dose dependently suppressed dofetilide-
induced EAD in SR cardiomyocytes (left panel). Summarized results of APD90 
(middle panel) and incidence of EADs after dofetilide infusion in SR cardiomyocytes 
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(right panel). Data are represented as number of cells without EADs/total number 
of cells showing EADs upon dofetilide. n = 7, 11 and 7 cells for 1, 3 and 10 µM 
LUF7244, respectively. (c) 1, 3, and 10 µM LUF7244 suppressed dofetilide-induced 
APD prolongation and EADs in CAVB cardiomyocytes. Summarized results of APD90 
(middle panel) and incidence of EADs after dofetilide infusion in CAVB 
cardiomyocytes (right panel), n = 10, 10, and 11 cells, respectively. APD90, action 
potential duration (measured at 90% repolarization); STV, short term variability 
of repolarization duration. Data shown are individual values with means ± SD, *P 
< 0.05, significantly different from baseline. 

LUF7244 increases IK in isolated canine CMCs and has no 
effect on ICa-L 

We performed both prevention and suppression experiment on CMCs 
to test effects of LUF7244 on a group of repolarizing currents, namely, IK 
and its HMR1556 and dofetilide-sensitive components (Figure 5a,b). In the 
first experiment, LUF7244 (10 μM) was administrated for 5 min after 
baseline recording. Next either 1-μM dofetilide (IKr blocker) or 500-nM 
HMR1556 (IKs blocker) combined with LUF7244 was perfused. The basal IK 
current was approximately doubled after LUF7244, and this increase was 
totally inhibited by dofetilide, but not by HMR1556, indicating that the 
LUF7244 induced IK increase was more likely to result from IKr (dofetilide 
sensitive) and not IKs (HMR1556 sensitive). In a second experimental set-
up, IK tail current was first inhibited by dofetilide and HMR1556 to determine 
the contribution of IKr and IKs to total IK. Then 10-μM LUF7244 was perfused 
and did not significantly increase IK (Dofetilide + HMR1556 compared with 
Dofetilide + HMR1556 + LUF7244; Figure 5b). Collectively, these finding 
indicate that LUF7244 increases IKr in isolated CMCs and can partly 
overcome dofetilide-mediated inhibition of IK. Finally, we tested for 
potential effects of LUF7244 on ICa-L from CMCs. After baseline recording, 
5-min LUF7244 (10 μM) was applied and followed with 5-μM Nifedipine 
(Figure 5c). Next, time control experiments were performed separately for 
10 min to determine run-down. No significant differences in ICa-L densities 
were obtained between 10 μM LUF7244 and time matched controls, 
whereas remaining current was blocked by Nifedipine afterwards (Figure 
5d). 
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Figure 5. LUF7244 increases dofetilide-sensitive IK in isolated CMCs and 
has no effect on ICa-L. (a) Representative IK traces (left panel) measured from 
canine cardiomyocytes. Summarized IK current density at +60 mV is shown in right 
panel (n = 7). (b) Representative IK traces (left panel) measured from canine 
cardiomyocytes. HMR1556 (500 nM) inhibited IKs form total IK. The total IK was 
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further blocked after 1-µM dofetilide was applied. Summarized IK current density 
at +60 mV after different treatment is shown in right panel (n = 7 cells). (c) ICa-L 
measured under baseline conditions or in presence of 10-µM LUF7244 or 5 µM-
Nifedipine (n = 6). (d) Rundown measurement of ICa-L after 0 min, 5 min  or 10 
min  (n = 6).  Current inhibition by 5-µM Nifedipine at the end of the rundown 
experiment. Left panel: representative traces. Right panel: peak ICa-L density 
distribution at +10 mV and corresponding I-V curves (in box) of ICa-L. Data shown 
are individual values with mean ± SEM. *P < 0.05, significantly different from total 
IK, §P < 0.05, significantly different from LUF7244, &P < 0.05, significantly different 
from HMR, #P < 0.05, significantly different from baseline. 

LUF7244 decreased repolarization parameters in SR dogs  

In SR dogs (n = 5), infusion of LUF7244 (2.5 mg·kg-1·15 min-1) 
slightly, but not reaching significance, decreased RR duration, QTc duration, 
LVMAPD80 and RVMAPD80 without affecting LV STV (Figure 6, Table 1). No 
changes were observed in PQ and QRS interval duration or LV STV. Figure 
S1 displays RR and QTc data for individual animals, all showing decreases 
upon LUF7244 application and normalization upon washout. During infusion, 
LUF7244 total plasma concentration rapidly increased (0.94 ± 0.34 µM; 
1.17 ± 0.50 µM at t = 5 and t = 10 min. respectively), peaked at the end 
of the infusion (1.75 ± 0.80 µM at t = 15) and then LUF7244 plasma 
concentrations rapidly decreased (0.27 ± 0.45 µM at t = 20; 0.02 ± 0.02 
µM at t = 25). 

 

Figure 6. Electrophysiological effects of LUF7244 in dogs with sinus 
rhythm (n = 5). Representative traces of ECG measured from lead� and LV/RV 

MAP under baseline infusion and at end of LUF7244 (2.5 mg·kg-1·15 min-1) infusion, 
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respectively. Values of QT, RR and LV/RV MAPD are presented next to 
corresponding traces. Horizontal line corresponds to 1 s. 

Table 1. Electrophysiological parameters (in ms) in sinus rhythm dogs 
(n=5) under baseline condition and LUF7244 (15 min) administration 

Note. Data are expressed as mean ± SD. 
aVan de Water  QTc = QT – 0.087 * (RR – 1,000). 

LUF7244 displayed antiarrhythmic effects against dofetilide-
induced TdP arrhythmias in CAVB dogs  

Antiarrhythmic properties of LUF7244 in vivo were sequentially tested; 
arrhythmia inducibility by the IKr inhibitor dofetilide was tested in the first 
experiment, whereas in the second experiment, prevention of dofetilide-
induced arrhythmias by LUF7244 was evaluated.  

Inducibility experiment 

In CAVB dogs (n = 7), dofetilide was administered as the 
proarrhythmia challenge (Figure 7a). As the duration of the dofetilide 
infusion was different in the seven inducibility experiments due to the 
occurrences of TdP (see Section 2), measurements were quantified at the 
average infusion time of t = 3.9 min to determine the effects on the 
electrophysiological parameters in the inducibility experiments. Dofetilide 
infusion resulted in reproducible TdP and prolonged RR and QTc interval 
(Table 2) and successfully induced TdP in seven out of seven animal 
concomitant with an increase in arrhythmia score (1.2 ± 0.4 to 39.1 ± 12.4, 

Baseline     LUF7244     
RR 585 ± 57 513 ± 31
PQ 130 ± 21 122 ± 22
QRS 74 ± 2 72 ± 2
QT 260 ± 20 233 ± 20
QTca 296 ± 17 276 ± 17
LVMAPD80 200 ± 20 180 ± 19
RVMAPD80 183 ± 19 169 ± 17
LVSTV 0.3 ± 0.0 0.4 ± 0.1
RVSTV 1.0 ± 0.2 0.4 ± 0.0
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P < 0.05). In addition, Dofetilide significantly increased repolarization and 
arrhythmia parameters, including RVMAPD80 and QTc (Table 2). 

Figure 7. LUF7244 counteracts dofetilide-induced TdP arrhythmia in CAVB 
dogs (n = 7). (a) Representative example of ECG (lead� and LV/RV MAP) under 

baseline infusion and at the first TdP induced by dofetilide (0.025 mg·kg-1·5 min-

1). (b) The combined infusion of dofetilide and LUF7244 did not evoke TdP 
arrhythmia. Values of QT, RR, and LV/RV MAPD are presented next to 
corresponding traces. Horizontal line corresponds to 1s. Quantification of incidence 
of single (sEB), multiple (mEB) ectopic beats and torsades de pointes (TdP) 
arrhythmia (c) and arrhythmia score (d) from both inducibility and prevention 
experiments. Data shown are means ± SEM, with individual values in (d).  *P < 
0.05, significantly different from TdP in inducibility experiment, #P < 0.05, 
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significantly different from Baseline-2, ###P < 0.05, significantly different from 
Baseline-1. 

Prevention experiment 

In TdP inducible CAVB dogs (n = 7), the combination of LUF7244 and 
dofetilide infusion decreased the incidence of TdP (two out of seven dogs, P 
< 0.05) (Figure 7b,c) with a decrease in arrhythmia score (39.1 ± 12.4 to 
16.8 ± 25.7) in comparison to the inducibility experiment (Figure 7d). 
Single ectopic beats remained present in five dogs. Electrophysiological 
parameters were determined at 8.9 min (5-min LUF7244 + 3.9-min 
LUF7244/Dofetilide), to allow comparison with the inducibility experiment. 
LUF7244 did not alleviate the dofetilide-induced increase in QTc duration 
and RR interval. Moreover, LV/RVMAPD80 and LV/RVSTV were significantly 
increased (Table 2). During the initial phase of LUF7244 infusion (0-5 min), 
LV/RVSTV was unchanged. At the end of administration (t = 15), LUF7244 
plasma levels were 2.34 ±1.57 µM, whereas at t = 30 no LUF7244 could be 
detected anymore. The two dogs in which TdP remained showed the lowest 
LUF7244 plasma concentration at t = 15 (0.33 and 0.85 µM). Average 
LUF7244 plasma levels in the five dogs free of TdP arrhythmias was 3.04 ± 
1.24 µM at t = 15 (see Table S3 for individual values). 

Table 2. Electrophysiological parameters (in ms) in CAVB dogs (n = 7) 
under baseline condition, Dofetilide, LUF7244, and LUF7244 + Dofetilide 
administration 

Note. Values are represented as mean ± SD.      
aVan de Water  QTc = QT – 0.087 * (RR – 1,000). 
* P < 0.05, significantly different from baseline. 

Parameters 
(ms)

Baseline-1    
(0 min)

Dofetilide     
(3.9 min) 

Baseline-2   
(0 min)

LUF7244     
(5 min)

LUF7244 
+Dofetilide  
(8.9 min)

RR 1248 ± 366 1428 ± 393 1485 ± 352 1412 ± 319 1741 ± 284 
QT 429 ± 71 546 ± 69 * 419 ± 64 407 ± 56 616 ± 45 *
QTca 401 ± 53 498 ± 44 * 372 ± 58 367 ± 54 544 ± 48 *
LVMAPD80 283 ± 33 423 ± 148 324 ± 55 329 ± 63 514 ± 79 *
RVMAPD80 244 ± 25 334 ± 70 * 272 ± 26 269 ± 32 410 ± 68 *
LVSTV 1.3 ± 1.0 3.3 ± 2.0 1.1 ± 0.6 1.1 ± 0.6 7.6 ± 6.7 *
RVSTV 2.2 ± 2.2 3.8 ± 3.8 1.0 ± 0.4 0.9 ± 0.5 5.9 ± 5.5 *

Inducibility experiment Prevention experiment 
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DISCUSSION 

In the present study, we evaluated the in vivo antiarrhythmic effect 
of LUF7244 for the first time. We found that LUF7244 increased IKv11.1 in 
HEK-hERG cells and shortened APD in both hiPS-CMC and isolated 
ventricular canine cardiomyocytes. LUF7244 (10 μM) had no effects on 
IKIR2.1, INav1.5, ICa-L, and IKs but doubled IKr. Moreover, LUF7244 protected 
71% of the tested dogs from dofetilide-induced TdP. In those five CAVB 
dogs with higher LUF7244 plasma concentration, LUF7244 protected 5/5 
dogs from dofetilide-induced TdP.  

Allosteric modulators bind to a site topographically distinct from the 
endogenous or orthosteric site, leading to a change in receptor 
conformation. For a negative allosteric modulator of the Kv11.1 channel, 
this will result in reduced affinity for inhibitors. Indeed, previous work 
demonstrated that LUF7244 decreased Kv11.1 affinity for astemizole, 
sertindole, cisapride, or dofetilide (Yu et al., 2016). While the latter was 
confirmed in our studies, it was also found that LUF7244 is a Kv11.1 channel 
activator that enhances IKv11.1 even in the absence of orthosteric inhibitors. 
Furthermore, at a concentration above 3 µM, LUF7244 caused APD 
shortening in hiPS-CMCs and isolated canine cardiomyocytes suggesting 
also that LUF7244 can directly act as a Kv11.1 activator in cardiomyocytes. 
A number of other Kv11.1 activators have been described, including 
RPR260243, (Kang et al., 2005), PD-118057 (Zhou et al., 2005), PD-
307243 (Gordon et al., 2008), NS1643 (Hansen et al., 2006), A-935142 
(Su et al., 2009), VU0405601 (Potet et al. 2012), NS3623 (Hansen, Olesen, 
Rønn, & Grunnet, 2008), and ICA-105574 (Gerlach,Stoehr, & Castle, 2009). 
Collectively, these show that activators can work via distinct or combined 
mechanisms such as slowing of deactivation, removal of inactivation, and 
facilitation of activation (Sanguinetti, 2014). Our data indicate that LUF7244 
results in a decrease of rapid inactivation. The structurally closely related 
LUF7346 is thought to increase IKr by a rightward shift of voltage 
dependence of inactivation and a slowing of deactivation kinetics (Sala et 
al., 2016). Furthermore, ICA-105574 and ML-T531 (Zhang et al., 2012), 
two other structurally related activators, demonstrated type 2 activator 
properties (Perry et al., 2010), that is, primarily attenuating inactivation 
(Gerlach, Stoehr, & Castle, 2009; Zhang et al., 2012). We demonstrated 
earlier (Garg, Stary-Weinzinger, & Sanguinetti, 2013) that ICA-105574, an 
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activator with related chemical structure, might bind at the interface 
between two subunits, with residue F557 being a key binding determinant. 
Our docking studies with LUF7244 suggest a highly similar binding mode 
between these two compounds. The main difference between these two 
compounds is the size of the molecule. Due to the larger size of LUF7244, 
this compound is predicted to protrude partially into the hERG cavity, where 
it might disturb/influence dofetilide binding. Importantly, we have recently 
shown that dofetilide indeed can interact not only with aromatic side chains 
in the cavity but with F557 from helix S5 (Saxena et al., 2016). The amino 
acid sequence of the LUF7244 binding sites is completely conserved 
between dog and human, which is also in line with the similar effects of 
LUF7244 in human iPS derived CMCs compared to isolated canine CMCs. 
Whether LUF7244 binding to this site is responsible for the decrease in 
affinity of astemizole, sertindole, cisapride, or dofetilide remains to be 
elucidated. 

At the cellular level, LUF7244 effectively suppressed dofetilide-
induced EADs in single ventricular dog CMCs at 3 and 10 µM, isolated either 
from normal (SR) or remodeled (CAVB) hearts. At 10 µM the antiarrhythmic 
properties clearly go along with normalization of APD compared to baseline. 
In a prevention set-up, LUF7244 (10 µM) was able to avert astemizole-, 
sertindole-, or cisapride-induced EADs in neonatal rat ventricular CMCs (Yu 
et al., 2016). LUF7346 (3 µM) counteracted astemizole-induced EADs in 
predisposed hiPS-CMC bearing a proarrhythmic KCNQ1 mutation (Sala et 
al., 2016). 

In our prevention set-up using CAVB dogs, LUF7244 prevented the 
occurrence of dofetilide-induced TdP arrhythmias in the majority of animals 
(5/7), although single ectopic beats remained present in five animals. APD 
remained prolonged compared to baseline. This might indicate that the 
antiarrhythmic action of LUF7244 becomes apparent at lower 
concentrations than its effect on counteracting dofetilide-induced AP 
prolongation, just as observed at the single cell level. Only ICA-105574 has 
been tested on organ level and in vivo. ICA-105574 prevents ventricular 
tachycardia/ventricular fibrillation in Langendorff-perfused guinea pig 
hearts treated with moxifloxacin or chromanol 293B under hypokalaemic 
conditions (Meng, Shi, Li, Du, & Xu, 2013). The authors noted that ICA-
105574-mediated restriction of drug-induced increases in transmural 
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dispersion of repolarization and instability of the QT interval might 
contribute to the antiarrhythmic mechanism (Meng, Shi, Li, Du, & Xu, 2013). 
In anesthetized dogs, ICA-105574 decreased QT(c) (20% at maximal effect) 
at 10 mg·kg-1·10 min-1, but not at 3 mg·kg-1, and increased heart rate 
(Asayama et al., 2013). ICA-105574 free plasma level at maximal response 
was 1.7 µM. In our SR dogs, LUF7244 administration (2.5 mg·kg-1·15min-1) 
was accompanied by, although not reaching significance, heart rate 
increase (14%) and shortened QTc (6.8%). Total plasma concentration was 
1.75 µM at t = 15. We have not determined free plasma concentrations. 

Antiarrhythmic properties in CAVB dogs correlate with total plasma 
concentration, but the source of the large variation in plasma 
concentrations in our seven CAVB animals is unclear. From plasma sampling 
in the SR animals, it is clear that T½ is extremely short and even small 
variations in sampling time might have strong effects. In itself, a short T1/2 

can be beneficial for a drug that is administered intravenously, as stopping 
the infusion terminates the effect providing full control to the interventionist.  

The anti-arrhythmic mechanism deployed by LUF7244 is unclear thus 
far. Temporal dispersion, determined as STV, in baseline is not decreased 
at the cell level, neither in whole animals. Also, no effect on the dofetilide-
induced increase in spatial dispersion (LVMAPD80-RVMAPD80) was observed in 
CAVB animals (39 vs. 89 ms in inducibility experiment [baseline vs. 
Dofetilide] and 52 vs. 60 vs. 104 ms in prevention experiment [baseline vs. 
LUF7244 vs. LUF7244 + Dofetilide]). Enhanced spatial resolution in APD 
sampling (e.g., Bossu et al., 2018; Dunnink et al., 2016) will be necessary 
to determine whether local dispersion (either temporal or spatial) is 
targeted by LUF7244 to generate its antiarrhythmic effects. 

LUF7244 may represent a novel pharmacological strategy to eliminate 
the unintended cardiac side effect of noncardiac drugs. Potentially, it could 
save numerous effective drugs. Furthermore, there are numbers of 
compounds that cannot pass the preclinical test because of blockade of IKr. 
The combination of existing proarrhythmic drugs with LUF7244 would be an 
approach to prevent arrhythmia due to drug-induced blockade of IKr. Finally, 
LUF7244 and similar compounds may find a use in relieving some of the 
effects of long QT syndrome. 
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Limitations 

The in vivo experiments were performed in CAVB dogs under 
anaesthesia. The anaesthetics are known to inhibit IKr current whose actions 
might interfere with LUF7244 action. Only a single dose of LUF7244 was 
tested in this study. �  
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SUPPLEMENTARY MATERIAL 

Supplemental Table S1. Characteristics of dogs (n=10) involved in in vivo 
experiment. 

 

a number indicates weeks of CAVB 
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Supplemental Figure S1. QTc (left panel) and RR (right panel) interval in 
individual SR dogs receiving LUF7244 (2.5 mg·kg-1·15min-1, 0-15 min) and 
washout (15-60 min). Dog identification numbers are indicated on the right. 
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LUF7244 plus dofetilide 
rescues aberrant Kv11.1 
trafficking and produces 

functional IKv11.1 
 
 
 
 
 
 
 
 
 

M. Qile1,*, Y. Ji1,*, T.D. Golden2, M.J.C. Houtman1, F. Romunde1,  
D. Fransen1, W.B. van Ham1,3, A.P. IJzerman4, C.T. January5,  

L.H. Heitman4, A. Stary-Weinzinger3, B.P. Delisle2,  
M.A.G. van der Heyden1 

 
1 Department of Medical Physiology, Division of Heart & Lungs,  

University Medical Center Utrecht, Utrecht, The Netherlands 
2 Department of Physiology, University of Kentucky, Lexington, Kentucky  

3 Department of Pharmacology and Toxicology,  
University of Vienna, Vienna, Austria  

4 Leiden Academic Centre for Drug Research,  
Division of Drug Discovery and Safety, Leiden, The Netherlands  

5 Department of Medicine, University of Wisconsin, Madison, Wisconsin 
* These authors contributed equally to this work 

 
Mol Pharmacol 2020 Jun 1;97(6):355-64 

 



A Publication of the American Society for
Pharmacology and Experimental Therapeutics

Volume 97  Number 6  June 2020  ISSN 1521-0111



LUF7244 plus dofetilide rescues aberrant Kv11.1 trafficking�

� ����

ABSTRACT 

Voltage-gated potassium 11.1 (Kv11.1) channels play a critical role 
in repolarization of cardiomyocytes during the cardiac action potential (AP). 
Drug-mediated Kv11.1 blockade results in AP prolongation, which poses an 
increased risk of sudden cardiac death. Many drugs, like pentamidine, 
interfere with normal Kv11.1 forward trafficking and thus reduce functional 
Kv11.1 channel densities. Although class III antiarrhythmics, e.g., dofetilide, 
rescue congenital and acquired forward trafficking defects, this is of little 
use because of their simultaneous acute channel blocking effect. We aimed 
to test the ability of a combination of dofetilide plus LUF7244, a Kv11.1 
allosteric modulator/activator, to rescue Kv11.1 trafficking and produce 
functional Kv11.1 current. LUF7244 treatment by itself did not disturb or 
rescue wild type (WT) or G601S-Kv11.1 trafficking, as shown by Western 
blot and immunofluorescence microcopy analysis. Pentamidine-decreased 
maturation of WT Kv11.1 levels was rescued by 10 μM dofetilide or 10 μM 
dofetilide + 5 μM LUF7244. In trafficking defective G601S-Kv11.1 cells, 
dofetilide (10 μM) or dofetilide + LUF7244 (10 + 5 μM) also restored Kv11.1 
trafficking, as demonstrated by Western blot and immunofluorescence 
microscopy. LUF7244 (10 μM) increased IKv11.1 despite the presence of 
dofetilide (1 μM) in WT Kv11.1 cells. In G601S-expressing cells, long-term 
treatment (24-48 hour) with LUF7244 (10 μM) and dofetilide (1 μM) 
increased IKv11.1 compared with nontreated or acutely treated cells. We 
conclude that dofetilide plus LUF7244 rescues Kv11.1 trafficking and 
produces functional IKv11.1. Thus, combined administration of LUF7244 and 
an IKv11.1 trafficking corrector could serve as a new pharmacological therapy 
of both congenital and drug-induced Kv11.1 trafficking defects. 
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INTRODUCTION 

Human Kv11.1 potassium ion channels (also known as human ether-
a-go-go related gene (hERG) channels) stand at the basis of the rapidly 
activating delayed rectifier current (IKr), which is involved in phase three 
repolarization of the action potential (AP) in working cardiomyocytes 
(Vandenberg et al., 2012). Interference with normal IKr function can either 
shorten (gain-of-function) or prolong (loss-of-function) the process of 
ventricular repolarization, as evident from QT-shortening or lengthening, 
respectively, on the ECG (Vandenberg et al., 2012). IKr inhibition in humans, 
e.g., by the class III agent dofetilide, is associated with life-threatening 
ventricular arrhythmias (Torp-Pedersen et al., 1999). Fundamentally 
different mechanisms of IKr inhibition have been identified: 1) direct 
inhibition of potassium flow through the channel and 2) decreased plasma 
membrane expression of channel proteins, which both can result from 
mutations (de novo or congenital) or environmental factors (acquired, 
mostly drug-induced) (Sanguinetti and Tristani-Firouzi, 2006; De Git et al., 
2013). For these reasons, cardiac safety assessment of new chemical 
entities and preclinical drugs still has a strong focus on Kv11.1 channel 
function (Bossu et al., 2016) and mainly aims at detection of (semi)acute 
pore block. Interestingly, the vast majority (approximately 90% of 167 
tested) of congenital Kv11.1 loss-of-function missense mutations result in 
trafficking defects as a cause of IKr impairment (Anderson et al., 2006, 
2014). For example, the G601S missense mutation in Kv11.1, located in the 
S5-pore helix linker, results in reduced expression of functional IKr, leading 
to hypomorphic LQT2 (the second most common long QT syndrome) (Ficker 
et al., 2002). Also a number of drugs (>40% of 100 tested) limit expression 
of Kv11.1 at the plasma membrane by inhibiting its forward trafficking, with 
or without concomitant pore block (Wible et al., 2005). The anti-
trypanosomiasis/leishmanias drug pentamidine is currently used as a 
Kv11.1 trafficking inhibitor without acute channel inhibition (Cordes et al., 
2005; Kuryshev et al., 2005; Nalos et al., 2011; Himmel 2013; Varkevisser 
et al., 2013a,b; Obergrussberger et al., 2016). Pentamidine inhibits Kv11.1 
forward trafficking at the level of endoplasmic reticulum exit in a process 
that involves the high-affinity drug binding site F656 (Dennis et al., 2012). 
As a result, cells mainly express intracellularly localized core-glycosylated 
Kv11.1 with an apparent molecular mass of 135 kDa. 
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High-affinity Kv11.1 pore blockers such as E4031, dofetilide, cisapride 
and astemizole are able to rescue forward trafficking defects caused by 
either mutations or drugs (Zhou et al., 1999; Ficker et al., 2002; 
Varkevisser et al., 2013a; Yan et al., 2015). This will result in Kv11.1 
maturation, seen as a fully glycosylated protein with an apparent molecular 
weight of 155 kDa. The underlying mechanisms have not been clarified 
completely thus far, although it is found that channel inhibition potency 
correlates with rescue efficacy and that drug-channel interactions via high 
affinity binding sites are essential (Ficker et al., 2002; Rajamani et al., 2002; 
Dennis et al., 2012; Yan et al., 2015). Furthermore, EC50 values for rescue 
are generally much higher than IC50 values for acute pore block (e.g., 
astemizole, IC50 = 6−13 nM; EC50 for rescue = 335 ± 33 nM with 10 μM 
pentamidine) (Ficker et al., 2002; Dennis et al., 2012). Therefore, this 
strategy will not result in rescue of IKr function as long as the high-affinity 
blocker remains present, whereas its withdrawal will not resolve the 
underlying trafficking defects. Activators and negative allosteric modulators 
of Kv11.1 have been developed as a strategy to counteract undesired IKr 
blockade and thus potentially could “save” numerous (pre)clinical drugs 
with proven IKr liability (Yu et al., 2014, 2016; Sala et al., 2016; Qile et al., 
2019). Allosteric modulators interact with the Kv11.1 channel at a site 
different than that used by the high-affinity inhibitors, and thereby 
modulate binding affinities for the canonical binding site of the latter. 
Activators interact with Kv11.1 at various sites (Sanguinetti, 2014), and 
some share overlapping high-affinity molecular determinants (Casis et al, 
2006; Perry et al, 2007; Garg et al, 2013) with classical pore blockers. We 
have developed the negative allosteric modulator/activator LUF7244, which 
indeed is able to counteract drug-induced AP prolongation and 
proarrhythmia in vitro (Yu et al., 2015, 2016) and drug-induced ventricular 
arrhythmia in vivo (Qile et al., 2019). Specifically, application of 10 μM 
LUF7244 decreased the affinity of Kv11.1 for cisapride, astemizole, 
dofetilide, and sertindole by 4.0-, 3.8-, 3.2-, and 2.2-fold, respectively (Yu 
et al., 2016). We hypothesized that LUF7244 would not interfere in Kv11.1 
trafficking by itself and would also not interfere in dofetilide-mediated 
rescue of defective forward trafficking, but it maintains its ability to increase 
IKr in the presence of dofetilide. 
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MATERIALS AND METHODS 

Chemicals 

LUF7244 was custom synthesized at the Division of Drug Discovery 
and Safety, Leiden Academic Centre for Drug Research, Leiden University, 
The Netherlands, as described earlier (Yu Z et al., 2016), and was dissolved 
in DMSO at 100 mM. Dofetilide was purchased from Sigma-Aldrich 
(Zwijndrecht, The Netherlands) and dissolved at 10 mM in DMSO. E4031 
was dissolved in DMSO at 1 mM. Pentamidine-isethionate (Pentacarinat 300; 
Sanofi Aventis, Gouda, The Netherlands) was dissolved in water to provide 
a stock solution of 100 mM. All compounds were sterilized by filtration (0.22 
μm), aliquoted, and stored at −20°C until use. 

Molecular modeling  

Compounds LUF7244 and dofetilide were docked into the hERG 
cryogenic electron microscopy (cryo-EM) structure (Protein Data Bank code: 
5va1, Wang and Mackinnon, 2017) using the GOLD software v.5.6.2. (Jones 
et al., 1997), essentially as described before (Qile et al., 2019). Two scoring 
functions, ChemPLP and Goldscore, were used, and 100 poses collected per 
run with 125.000 Gold algorithm operations. The top 15 scoring poses each 
were analysed using PyMol 1.7.2 (Schrödinger, 2015). 

Molecular dynamics simulations 

Simulations were essentially performed as described earlier (Qile et 
al., 2019) with a few small modifications. The Kv11.1 hERG structure was 
embedded in a phosphatidylcholines bilayer and solvated with transferable 
intermolecular potential with 3 points water using the CHARMM-GUI (Jo et 
al., 2008). KCl (150 mM) was added to the system and potassium ions in 
the selectivity filter where placed at sites S0, S2, and S4, with water 
molecules at sites S1 and S3. Steepest descent energy minimization, 
followed by 2 nanoseconds of equilibration and 50 nanoseconds of 
production runs, were performed using GROMACS v.5.1.2 (Abraham et al., 
2015) and the charmm36 force field (Vanommeslaeghe et al., 2010). 
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Electrostatics were modeled using particle mesh Ewald (Darden et al., 
1993), and linear constraint solver was used to constrain H-bonds (Hess et 
al., 1997). V-rescale (Bussi et al., 2007) was used to keep the temperature 
at 310 K, and semi-isotropic pressure coupling was done using the 
Parrinello-Rahman barostat (Parrinello and Rahman, 1981). 

Cells 

Human embryonic kidney (HEK)-hERG cells, which is the HEK293T 
cell line stably expressing human Kv11.1 protein, and hERG-G601S cells 
(HEK293T cell line stably expressing forward trafficking-deficient Kv11.1 
protein) were cultured in Dulbecco’s modified Eagle Medium (DMEM) 
(Gibco-Fisher Scientific, Landsmeer, The Netherlands) supplemented with 
10% fetal calf serum (Sigma-Aldrich), 2 mM L-glutamine, 50 U·mL−1 
penicillin, and 50 μg·mL−1 streptomycin (all three; Lonza, Breda, The 
Netherlands) as described before (Varkevisser et al., 2013a).  

Patch clamp electrophysiology  

HEK-hERG and hERG-G601S cells were grown on Ø12-mm glass cover 
slips coated with poly-L-lysine (Sigma-Aldrich, German) and placed in a 
perfusion chamber (Cell Microcontrols, Norfolk, VA). Functional analyses 
were done by using standard whole-cell patch-clamp technique on HEK293T 
cells stably expressing wild type (WT)- or G601S-Kv11.1 channels. The 
external solution contained (mM) 137 NaCl, 4 KCl, 1.8 CaCl2, 1 MgCl2, 10 
glucose, and 10 HEPES (pH 7.4 adjusted with NaOH), and the internal 
pipette solution contained (mM) 130 KCl, 1 MgCl2, 5 EGTA, 5 MgATP, and 
10 HEPES (pH 7.2 adjusted with KOH). An Axopatch-200B patch clamp 
amplifier (Axon Instruments, Union City, CA) was used to measure 
macroscopic currents and cell capacitance. The pipette resistances were 
1−3 MΩ, and series resistance was compensated up to 90%. The pCLAMP 
10 software (Axon Instruments) was used to generate the different voltage 
protocols, acquire current signals, and for data analyses. We determined 
the impact that dofetilide and LUF7244 had on Kv11.1 currents compared 
with control by applying step-like pulses from −80 mV to +60 mV in +10-
mV increments for 5 seconds, followed by a “tail” pulse to −50 mV for 5 
seconds. The maximal IKv11.1 measured during the tail pulse was plotted as 
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a function of the step-pulse potential to generate the corresponding I−V 
relations. 

Western blot 

Cell lysates were prepared in buffer D [20 mM HEPES, 125 mM NaCl, 
10% glycerol, 1 mM EGTA, 1 mM dithiothreitol, 1 mM EDTA, and 1% Triton 
X-100 (pH 7.6)] supplemented with 1 mM phenylmethylsulfonyl flouride 
(PMSF) and 10 μg·mL-1 aprotinin. Protein lysate (25 μg) was mixed with 
Laemmli sample buffer, separated by 7% SDS-PAGE, and blotted onto a 
nitrocellulose membrane. Ponceau staining was used to reveal equal protein 
loading and subsequent quantification. Blots were blocked with 5% Protifar 
dissolved in Tris-buffered saline/Tween 20 [20 mM Tris-HCl (pH 8.0), 150 
mM NaCl, 0.05% Tween-20 (v/v)] for 1 hour at room temperature. Kv11.1 
protein was detected by polyclonal anti-hKv11.1 (human Kv11.1 channel) 
primary antibody (catalogue number APC-062, 1:3000; Alomone 
Laboratories, Jerusalem, Israel) and peroxidase-conjugated anti-rabbit 
secondary antibody (1:10000; Jackson ImmunResearch Laboratories Inc., 
West Baltimore Pike West Grove, PA). Final detection was performed using 
a standard enhanced chemiluminescent procedure (GE Lifescience, 
Marlborough, MA) with ChemiDocXRS system (BioRad Laboratories, 
Veenendaal, The Netherlands). Quantification analysis was performed using 
ImageJ 1.48V software (National Institute of Health). 

Immunofluorescence microscopy 

HERG-G601S cells were grown on Ø15-mm cover slips, coated with 
poly-L-Lysine, and fixated with 3% paraformaldehyde dissolved in PBS 
containing 1 mM Ca2+ and 1 mM Mg2+ (pH 7.4) for 20 minutes. 
Permeabilization was performed with 0.5% Triton X-100 in PBS for 3 
minutes, and 50 mM glycine-PBS was used as a quenching agent, and cells 
were subsequently blocked with NET-gel [150 mM NaCl, 5 mM EDTA, 50 
mM Tris-HCl (pH 7.4), 0.05% Igepal, 0.25% gelatin, 0.02% NaN3]. Then, 
the cells were incubated with polyclonal anti-hKv11.1 (human Kv11.1 
channel) (1:3000, APC-062; Alomone Laboratories) and anti-Pan-cadherin 
(1:800, Sigma-Aldrich, St Louis, MO) primary antibody overnight in NET-
gel, followed by incubation with secondary antibody of anti-mouse Alexa488 
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(Thermofisher Scientific, Landsmeer, The Netherlands) and anti-rabbit 
Alexa568 (Thermofisher Scientific) for 2 hours.  

The cover slips were mounted with Vectashield (Vector Laboratories 
Inc. Burlingame, CA), and fluorescent microscopy images were obtained 
using a Nikon ECLIPSE Ti2-E inverted microscope equipped with a ×60 oil 
immersion objective (numerical aperture 1.49) (CAIRN research, 
Faversham, UK). Excitation was performed with diode lasers (Omicron LuxX 
488 nm, 200mW for Alexa488 and an OBIS 561 nm, 100mW for Alexa561). 
Colocalization between Kv11.1 and Cadherin in cell extensions was 
quantified by determining Pearson’s coefficient (r) with the Costes 
automated threshold method provided by the Coloc_2 plug-in for the 
ImageJ software (1.52p) using Fiji. 

Statistics 

All averages values are expressed as mean ± S.D., unless indicated 
otherwise. All statistical analyses were carried out by using SPSS version 
21 and Graphpad Prism version 5. A difference was considered significant 
with P < 0.05. Differences among groups were evaluated using either one-
way ANOVA with Dunnett’s test for Western blot and immunofluorescence 
microscopy data or two-way ANOVA with Tukey’s test for electrophysiology 
data. Post hoc tests were carried out only if F was significant and there was 
no variance in homogeneity. 

RESULTS 

Docking and molecular dynamics simulation-based 
prediction of binding mode of dofetilide and its interaction 
with LUF7244 

Overview representations of Kv11.1 channel interaction with dofetilide 
and LUF7244 at the structural level, as viewed from the extracellular side, 
are shown in Fig. 1, A and B. To investigate how LUF7244 might lower the 
channel’s affinities for dofetilide (Yu et al., 2016), we compared two binding 
modes of dofetilide and LUF7244. Figure 1, C and D displays two alternative  
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Figure 1. Molecular dynamics simulation-based prediction of binding 
mode of dofetilide/LUF7244 and Kv11.1. (A) Overview of the hERG structure 
(top view), with bound dofetilide at the fenestration, shown as orange spheres. (B) 
Overview of the hERG structure (top view), with bound LUF7244. (C) Predicted 
binding modes for dofetilide at the fenestration. (D) Predicted “classical” binding 
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mode for dofetilide in the inner cavity of hERG. Yellow dotted lines indicate putative 
π-π interactions; red dotted lines indicate H-bonds. (E) and (F) superposition of 
dofetilide binding modes, with predicted LUF7244 binding mode. (G) and (H) Root 
mean square deviation (RMSD) of Kv11.1 and dofetilide docked into the 
fenestration or cavity, respectively. 

binding modes of dofetilide in the near-atomic resolution cryo-EM structure 
(3.4 Å) of the Kv11.1 K+ channel, in agreement with experimental data: in 
the cavity (Fig. 1D), which is the classical assumed binding mode for 
blockers (Kamiya et al., 2006; Imai et al., 2009), or in the fenestrations 
sticking into the cavity (Fig. 1C), as suggested recently, based on hERG 
homology models (Saxena et al., 2016). Both binding modes can be 
recapitulated in docking studies to the cryo-EM structure, and the drug is 
stable in 50 nanoseconds of molecular dynamics (Fig. 1, G and H) in both 
sites. We have recently reported that LUF7244 might bind between the pore 
helices of two adjacent subunits, thereby stabilizing the conductive state of 
the channel (Qile et al, 2019). Comparison of the proposed binding modes 
of dofetilide with that of LUF7244 (Fig. 1, E and F) suggests that the 
allosteric negative inhibitor/activator could prevent the inhibitor from 
binding to the fenestration site (Fig. 1E), whereas there is almost no overlap 
when dofetilide is bound to the central cavity (Fig. 1F).  

LUF7244 has no effect on Kv11.1 forward trafficking and 
does not interfere in dofetilide-mediated rescue of 
Pentamidine-induced trafficking defects 

Application of LUF7244 (0.05, 0.1, 1, 3, and 5μM) for 48 hours did 
not obviously affect Kv11.1 ratio of mature/immature protein as shown in 
Fig. 2A. We demonstrated earlier that dofetilide rescues pentamidine-
induced Kv11.1 forward trafficking defects (Varkevisser et al., 2013a). To 
determine whether LUF7244 can restore mature Kv11.1 expression, 
different concentrations of LUF7244 were applied to HEK-hERG cells in the 
continuous presence of 10 μM pentamidine. However, treatment with 
LUF7244 up to 5 μM did not restore mature Kv11.1 protein levels (Fig. 2B). 

Because LUF7244 by itself could not restore normal forward Kv11.1 
channel trafficking and was found to counteract dofetilide-mediated IKr 
blockade (Qile et al., 2019), we questioned whether LUF7244 would 
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influence dofetilide-mediated rescue of pentamidine induced trafficking 
defects. To test this hypothesis, the same dose range of LUF7244 was 
applied in combination with 1 μM dofetilide and 10 μM pentamidine for 48 
hours. Interestingly, pentamidine decreased mature WT Kv11.1 protein 
[0.24 ± 0.07 vs. 0.54 ± 0.11 (control)], which was rescued by 1 μM 
dofetilide (0.44 ± 0.09 vs. 0.24 ± 0.07) and also by the combination of 1 
μM dofetilide and 5 μM LUF7244 (0.45 ± 0.10 vs. 0.24 ± 0.07) (Fig. 2C). 
All the separate mature or immature Kv11.1 protein expression levels, 
quantified from same blots, are shown in the right panel. 

 

Figure 2. LUF7244 alone has no effect on Kv11.1 trafficking and does not 
disturb dofetilide-mediated rescue of forward trafficking. (A) Western blot 
showing that treatment of pentamidine-exposed (10 μM, 48 h) HEK-hERG cells 
with 1 μM dofetilide restored mature Kv11.1 expression. LUF7244 alone has no 
effect on Kv11.1 expression (n=3). Mature (plasma membrane expressed) and 
immature (intracellular) Kv11.1 western blot signals are displayed in left panel. Bar 
graphs in the middle depict ratio of mature/immature Kv11.1 at different conditions. 
The right panel displays separate values for mature and immature Kv11.1. (B) 
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LUF7244 does not rescue pentamidine-induced Kv11.1 trafficking defects (n=3). 
(C) Combination of pentamidine, dofetilide and LUF7244 restores Kv11.1 mature 
protein after 48 h (n=6). Total protein staining (Ponceau) was used as a loading 
control. ***P < 0.001, ****P < 0.0001 vs. control. Values are shown as mean ± 
S.D. One-way ANOVA with Dunnett’s test was applied for group comparison. 

Figure 3. LUF7244 combined with dofetilide or E4031 rescues trafficking 
defective Kv11.1-G601S maturation. (A) Western blot analysis of equal 
amounts (25 μg) of total protein from Kv11.1-G601S cells. G601S cells only 
present a core-glycosylated immature protein of 135 kDa. Dofetilide restores 
expression of the full-glycosylated mature protein after 48 h. LUF7244 does not 
change the mature Kv11.1 protein levels compared with control (n=3). (B) The 
combination of dofetilide and LUF7244 rescues mature Kv11.1 protein in G601S 
cells (n=3). (C) Increased mature Kv11.1 levels in G601S cells treated with E4031 
or E4031+LUF7244 (48h) (n=6). The right panel displays separate values for 
mature and immature Kv11.1. Total protein staining (Ponceau) was used as a 
loading control. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control. Values are shown 
as mean ± S.D. One-way ANOVA with Dunnett’s test was applied for group 
comparison. 
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LUF7244 and dofetilide/E4031 rescue G601S-Kv11.1 
maturation 

To test the effects of LUF7244 on a congenital Kv11.1 loss-of-function 
missense mutation which results in defective forward trafficking, we 
coapplied five different concentrations of LUF7244 and 1 μM dofetilide on 
hERG-G601S cells. According to Western blot result, trafficking deficiency 
was observed, which means only 135 kDa core-glycosylated immature 
protein was detected (Fig. 3A). After 48 hours of administration of LUF7244 
(0.05, 0.1, 1, 3, and 5 μM), mature Kv11.1 protein level was not changed 
compared with control (Fig. 3A), whereas application of 1 μM dofetilide 
greatly increased mature protein expression. Furthermore, 1 μM dofetilide 
combined with LUF7244 (0.05−5 μM) also resulted in expression of the 
fully glycosylated mature protein (Fig. 3B). To expand our findings to other 
IKr blockers, we used E4031. We applied 5 μM E4031 without or with 
LUF7244 (0.05, 0.1, 1, 3, and 5 μM) for 48 hours. Under all rescue 
conditions, the level of the 155 kDa fully glycosylated mature protein was 
increased (Fig. 3C), although not to the same extent as seen with dofetilide. 
The separate mature or immature Kv11.1 protein expression level can be 
found in the right panel. 

Immunofluorescence staining was used to determine the subcellular 
localization of the G601S-Kv11.1 protein. In untreated control hERG-G601S 
cells, no Kv11.1 protein was detected at the cell membrane structures such 
like membrane ruffles, in contrast to the transmembrane protein Cadherin 
(Figure 4) (Pearson coefficient of colocalization r = 0.20 ± 0.35, n = 6). 
After 24 hours of treatment with 10 μM dofetilide or 10 μM dofetilide + 3 
μM LUF7244, normal trafficking was restored, as evidenced by plasma 
membrane expression of Kv11.1 in membrane ruffles, where it colocalized 
with Cadherin (Fig. 4) [r = 0.85 ± 0.08 (n = 6) and 0.86 ± 0.06 (n = 6), 
respectively, both P < 0.01 vs. control or LUF7244]. LUF7244-only 
treatment yielded no rescue of forward trafficking (r = 0.13 ± 0.31, n.s. vs. 
control). A lower concentration of LUF7244 was used to maintain intact cell 
structure in these experiments.  
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Figure 4. G601S cells were either non-treated (control), treated with 10 μM 
Dofetilide, 3 μM LUF7244, or 10 μM Dof+3 μM LUF for 24 hours. Kv11.1 channels 
were labelled (left column) along with Cadherin as a pseudo-membrane marker 
(Cadherin). Linescans of selected regions at cell extensions (containing membrane 
ruffles) are indicated in the merged pictures by boxes. Results of the linescan 
recordings are given on the right panels. Scale bar represents 10 μm. 

LUF7244 increases IKv11.1 in the presence of dofetilide 

Lastly, the impact of dofetilide and LUF7244 on IKv11.1 was determined 
(Fig. 5). The use of 10 μM LUF7244 in electrophysiology experiment is based 
on strong IKv11.1 blockade effect of dofetilide. To counteract dofetilide’s effect, 
we needed to use relatively higher concentration than what we used in 
Western blot experiments. On the other hand, 10 μM LUF7244 was used in 
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our previous work (Qile et al., 2019), which was based on the concentration 
that was used for its structural similar compound ICA-105574. 

Figure 5A shows representative current traces measured from cells 
expressing WT-Kv11.1 channel proteins in control conditions or with 
application of dofetilide (1 μM), LUF7244 (10 μM) or a combination to the 
extracellular recording solution as acute treatment. Cells are voltage-
clamped at a holding potential of −80 mV and depolarized to voltages 
between −80 and 60 mV for 5 seconds to activate IKv11.1 (prepulse). The 
cells are then clamped to −50 mV for 5 seconds to record a tail current (test  

Figure 5. LUF7244 combined with dofetilide acutely rescued IKv11.1 in HEK-
hERG cells. (A) Shown are representative currents from cells expressing WT-
Kv11.1 channel proteins using the voltage protocol in the inset. Cells were recorded 
in control conditions or in dofetilide + LUF7244 (acute application). In B shown are 
the mean I-V relations, based on peak tail IKv11.1 amplitude following repolarization, 
recorded from cells expressing WT-Kv11.1 channel proteins. Cells were recorded 
in control conditions (n = 10) or in dofetilide + LUF7244 (acute) (n = 10). Data 
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are shown as mean ± S.E.M. Compared to control cells, cells recorded in dofetilide 
+ LUF7244 increased IKv11.1 following pre-pulses from -70mV to 10 mV (P < 0.05). 
Two-way ANOVA with Tukey’s test was applied. 

pules). As shown for control cells in Fig. 5A, during depolarizing and tail 
pulses, an outward current was activated at voltages positive to −40 mV, 
and the current amplitude of the IKv11.1 measured during the tail pulse 
increases with a maximum IKv11.1 current after depolarizing pulses to >10 
mV. The peak tail IKv11.1 amplitude after repolarization was used to construct 
the activation curve shown in Fig. 5B. The activation curve measured for 
control cells shows that the threshold voltage for IKv11.1 activation is about 
−40 mV and that it is fully activated after voltage pulses to 10 mV.  

Dofetilide and LUF7244 dramatically alter the activation and kinetic 
properties of IKv11.1. The outward IKv11.1 measured during the depolarization 
and tail pulses is larger than control from −70 mV to 10 mV; there is a 
negative shift in the corresponding I−V relation; but IKv11.1 gets smaller 
after depolarizing pulses >0 mV. The changes in the IKv11.1 measured using 
this protocol in the presence of these drugs show complex changes 
consistent with both the activating properties of LUF7244 and blocking 
properties of dofetilide. The relevant LUF7244/dofetilide alone control study 
are shown in Fig. 5. 

Figure 6A shows representative current traces measured from cells 
expressing G601S-Kv11.1 channel proteins in control conditions and with 
acute or long-term application of dofetilide + LUF7244 or LUF7244 only to 
the extracellular recording solution. There was no statistical difference in 
IKv11.1 between the control conditions and acute application of dofetilide + 
LUF7244. Therefore, we tested the long-term effects of these drugs on 
IKv11.1. We incubated cells in dofetilide + LUF7244 for 24−48 hours and then 
recorded IKv11.1 from cells with these drugs in the extracellular recording 
solution. The mean I−V relations, based on peak tail IKv11.1 amplitude after 
repolarization, for cells expressing G601S-Kv11.1 channel proteins in the 
different conditions indicate that long-term dofetilide + LUF7244 treatment 
increased IKv11.1. Dofetilide only treatment had a minimal effect (Fig. 6B) 
indicating the presence of only few functional channels at the plasma 
membrane without prior pharmacological correction of trafficking. 
Interestingly, however, LUF7244-only treatment produced IKv11.1 under 
such condition (Fig. 6). Compared with control cells, cells cultured and 
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recorded in dofetilide + LUF7244 increased IKv11.1 after prepulses to −40mV 
to 60 mV (P < 0.05), and cells treated with LUF7244 increased IKv11.1 after 
prepulses from −80mV to 60mV (P < 0.05). Compared with cells recorded 
in dofetilide, cells cultured and recorded in dofetilide + LUF7244 increased 
IKv11.1 after prepulses to −40mV to 60 mV (P < 0.05), and cells recorded in 
LUF7244 increased IKv11.1 after prepulses from −80mV to 60mV (P < 0.05). 
Compared with cells recorded in dofetilide + LUF7244, cells cultured and 
recorded in dofetilide + LUF7244 increased IKv11.1 after prepulses to −30mV 
to 30 mV (P < 0.05), and cells recorded in LUF7244 increased IKv11.1 after 
prepulses from −80mV to 60mV (P < 0.05). Compared with cells cultured 
and recorded in LUF7244 cells, cells recorded in LUF7244 increased IKv11.1 

after prepulses from −80mV to 60mV (P < 0.05). 

Figure 6. Long-term (24-48 h) exposure of LUF7244 combined with 
dofetilide rescued IKv11.1 in G601S cells. (A) Shown are representative currents 
from cells expressing G601S-Kv11.1 channel proteins using the voltage protocol in 
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the inset. Cells were recorded in control conditions, in dofetilide + LUF7244 (acute), 
in dofetilide + LUF7244 after being cultured in dofetilide + LUF7244 for long-term 
(LT), or in LUF7244 (acute). (B) Shown are the mean I-V relations, based on peak 
tail IKv11.1 amplitude following repolarization, recorded from cells expressing 
G601S-Kv11.1 channel proteins. Cells were recorded in control conditions (n = 10), 
in dofetilide (n = 8), dofetilide + LUF7244 (acute) (n = 10), in dofetilide + LUF7244 
after being cultured in dofetilide + LUF7244 for 24-48 hours (LT) (n =10), or in 
LUF7244 (n =7). Data are shown as mean ± SEM. Two-way ANOVA with Tukey’s 
test was applied. 

DISCUSSION 

Kv11.1 activators and negative allosteric modulators use 
mechanistically different ways to increase or maintain normal IKr levels in 
the presence of a Kv11.1 channel inhibitor. A number of compounds have 
been demonstrated as Kv11.1 activators (Perry et al., 2010). Activators 
influence gating kinetics and can, for example, slow down or remove 
inactivation and/or facilitate activation (Sanguinetti, 2014). Kv11.1 
activators normally interact with a region distant from the inner cavity 
(Perry et al., 2010), but they can bind to several distinct sites of the channel 
(Perry et al., 2007; Guo et al., 2015; Gardner et al., 2017). Negative 
allosteric modulators decrease the binding affinity of IKr blockers, either by 
increasing dissociation rates, lowering association rates, or both 
(Christopoulos et al., 2014). In our previous study, and also shown here, 
LUF7244 alone can dose dependently increase Kv11.1 current and reduce 
inactivation of Kv11.1 at higher concentration (Qile et al., 2019). In the 
current study, instead of the blockade effect of dofetilide, dofetilide + 
LUF7244 treatment led to a statistically significant increase in IKv11.1 level in 
HEK-hERG cell. In G601S cells, dofetilide + LUF7244 treatment increased 
(not statistically significantly) steady-state current as well. Furthermore, 
long-term exposure increased IKv11.1 continuously, which indicates that IKr 
inhibitors’ acute channel blockade could be reversed by LUF7244 and that 
its trafficking rescue characteristic might further functionally benefit Kv11.1 
for long-term administration. 

We observed a stronger IKv11.1 increase for G601S channels than for 
WT channels (Fig. 5 and 6) which could not be explained by methodological 
means. Although speculative, we can envision that, besides an effect on 
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trafficking, the G601S mutation may result in increased binding affinity for 
LUF7244, or show subtly different channel kinetics in response to LUF7244 
compared with WT. Whether these effects are mutation specific are points 
for further investigation. Furthermore, the finding that LUF7244 can 
strongly activate the low amount of G601S channels that do reach the 
plasma membrane in cells not treated with dofetilide may shortcut the need 
for complete restoration of trafficking.  

Modeling suggests that LUF7244 disrupts drug block at the 
fenestration via binding close to the protein-lipid interface (Fig. 1F). Drug 
binding to this site has recently been reported for Ivabradine, a Kv11.1 
blocker (Perissinotti et al., 2019) with low µmolar affinity. It has been 
reported that this drug interacts with lipid-facing residues in the 
fenestration, including F557 and F656, in a state-dependent manner. Even 
though dofetilide is unlikely to access the Kv11.1 cavity, via this fenestration, 
as has been shown for the more lipophilic drug Ivabradine, residue F557 
has been shown to reduce binding affinity >50-fold when mutated to a 
leucine (Saxena et al., 2016). This suggests that this lipid-facing residue is 
critical for high-affinity block of different hERG inhibitors. Our modeling 
proposes that LUF7244 could disrupt coupling between state-dependent 
dynamics of F557 and F656 and interfere with dofetilide binding to the 
fenestration (Fig. 1E). Given the impact of LUF7244 on inactivation, one 
plausible scenario would be that the negative allosteric inhibitor prevents 
dofetilide from binding or accessing the “high-affinity” inactivated state in 
the fenestration, but this will require further modeling of the inactivated 
state(s).  

However, based on the current simulations of 50 nanoseconds, we 
cannot exclude that Kv11.1 has additional LUF7244 binding sites. Additional 
binding sites may explain the dual character of LUF7244 as a negative 
allosteric modulator (Yu et al., 2016) and activator (Qile et al., 2019, this 
study). Additional experimental analyses that may require in-depth NMR 
studies on drug-channel interaction are necessary to resolve this issue. The 
IKr activator ICA-105574 has structural similarities with LUF7244 and has 
also similar functional characteristics (Gerlach et al., 2010). It was shown 
that ICA-105574 enhanced Kv11.1 currents via a mechanism that seems to 
prevent or limit the inactivation gating process. Additionally, ICA-105574 
dose dependently shortened the AP duration in isolated guinea pig 
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ventricular cardiomyocytes. It also remarkably suppressed the Kv11.1 
channel inhibitor E4031-induced AP lengthening. In this perspective, it 
would be interesting to compare these two compounds with respect to the 
mechanism of action on Kv11.1 channels. 

Besides, in view of its predicted binding site, LUF7244 by itself had 
no effects on Kv11.1 channel trafficking, and it neither inhibited 
pentamidine-associated trafficking defects nor affected dofetilide-mediated 
rescue. Previously, we demonstrated that pentamidine-induced Kv11.1 
forward trafficking defects could be rescued by dofetilide and that both 
compounds may compete for the same binding site within the Kv11.1 
channel (Varkevisser et al., 2013a). Defective Kv11.1 forward trafficking 
can be restored by a number of Kv11.1 inhibitors that stabilize the channel 
via binding to the inner pore, close to the selectivity filter (e.g., Perry et al., 
2010; Varkevisser et al., 2013a). We demonstrated that dofetilide analogs 
with higher affinity tended to provide better rescue in Kv11.1 trafficking 
defects, while LUF7244 reduced the Kv11.1 channel affinity for dofetilide 
(Yu et al., 2016). Interestingly, in our current study, the combination of 
dofetilide and LUF7244 still rescued pentamidine-induced Kv11.1 trafficking 
defects. One possible reason may be that LUF7244 can not completely 
reduce the binding of dofetilide to the trafficking-inhibited channels by 
which the capacity of dofetilide to rescue Kv11.1 trafficking remained. 
Another possibility is the absence of LUF7244 binding to intracellularly 
localized, immature, and only core-glycosylated Kv11.1 channels. This may 
also explain 1) the absence of effects of LUF7244 on defective G601S 
trafficking, 2) the lack of interference of pentamidine-mediated trafficking 
defects by LUF7244, and 3) permitting dofetilide- and E4031-mediated 
rescue of Kv11.1 trafficking. Recent preliminary data indicate that dofetilide 
specifically binds to membrane preparations of G601S cells, which is in line 
with the observed trafficking rescue effect. It now has to be determined to 
which extent this binding is sensitive to LUF7244. We hypothesize that 
LUF7244 will certainly not completely inhibit dofetilide binding to 
intracellularly localized Kv11.1; otherwise, dofetilide + LUF7244 would not 
provide any rescue of maturation, membrane staining, and IKv11.1, as shown 
in the current manuscript. 

Negative allosteric modulators and activators can be considered as 
therapeutic options to prevent drug-induced arrhythmia (Sanguinetti 2014; 
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Yu et al., 2016). Recently, we have shown that LUF7244 suppressed 
astemizole-induced early after depolarizations (EADs) and AP prolongation 
in neonatal rat ventricular myocytes (Yu et al., 2016). Additionally, LUF7244 
pretreatment prevented the occurrence of astemizole-induced EADs, 
whereas LUF7244 per se did not shorten AP duration (APD) or strongly 
affect dispersion of APD40 in neonatal rat ventricular myocytes at 10 μM (Yu 
Z et al., 2016). In contrast, in isolated canine ventricular cardiomyocytes 
and human pluripotent stem cells (iPS)-derived cardiomyocytes, LUF7244 
remarkably shortened the APD90, which is in line with its activator 
characteristics (Qile et al., 2019). Moreover, we demonstrated that 
LUF7244 suppressed EADs in isolated canine ventricular myocytes and 
prevented dofetilide-induced ventricular arrhythmias in the dog with chronic 
atrioventricular node block (Qile et al., 2019).  

In conclusion, the current study demonstrates that LUF7244, and 
possibly also other negative allosteric modulators and activators, might also 
have a role in suppression or preventing arrhythmia caused by defective 
forward trafficking. Thus, the negative allosteric modulator/activator 
LUF7244 in combination with a genuine Kv11.1 inhibitor could provide a new 
pharmacological treatment to functionally correct both congenital and 
acquired Kv11.1 trafficking defects. 
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ABSTRACT 

This work presents drug-likeness and the cardiotoxicity profiles of six 
potent pentamidine analogs 1–6 and three new compounds 7–9 as 
chemotherapeutics for therapy of Pneumocystis jiroveci pneumonia. A 
combination of experimental and computational approaches was used in the 
cardiotoxicity examination. The hERG trafficking and functionality of the 
hERG currents were tested by western blot analyses, immunofluorescent 
staining procedures, and patch-clamp electrophysiological assays. 
Cardiotoxicity combined with blocking hERG K+ channel was predicted, and 
then simulated by docking to the CSM-TM model 732 protein. Location of 
pentamidines in the proximity of Leu622, Thr623, Ser649, Tyr652, Ala653, 
and Phe656, and the high energies of interactions were in accordance with 
probable blocking of the hERG channel. However, in the biochemical 
experiments, no significant changes in IhERG densities and a minor effect on 
hERG maturation were observed. Predicted metabolic transformation of 
pentamidines with S atoms in the aliphatic linker leads to oxidation of one 
S atom, but those with phenyl sulfanilide moiety can be oxidized to 
chinones. The tested pentamidines characterized by the presence of sulfur 
atoms or sulfanilide groups, have favorable drug-likeness parameters and 
are promising lead structures in the development of new potent 
chemotherapeutics against PJP. 
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INTRODUCTION 

A major problem after identifying lead compounds is to evaluate their 
drug-likeness parameters and cardiotoxicity. A lot of lead compounds and 
drugs developed for different treatments have been found to interfere with 
normal cardiac physiology, and have been retracted from early- and late-
stage stage trials as well as from the medical practice1,2. Cardiotoxicity 
associated with the hERG (human ether-á-go-go related gene) K+ ion 
channel named KCNH2 or Kv11.1 has received considerable attention.3 This 
gene is expressed in a variety of tissues (i.e. heart and brain), but 
expression and function of the hERG protein are best described in cardiac 
myocytes. The hERG K+ ion channel shapes the rapidly activating 
component of the cardiac delayed rectifier potassium current (IKr), which is 
crucial for repolarization of the cardiac action potential. Dysfunction of the 
hERG channel could cause long QT syndrome (LQTS) characterized by 
delayed repolarization and prolonged QT interval. These facts increase the 
risk of ventricular arrhythmias in the form of torsades de pointes (TdP) and 
sudden cardiac death.4-6 Diverse substances can induce LQTS via inhibition 
of hERG using a wide range of mechanisms. The mechanism often proposed 
for drug-induced QT interval is a block of hERG channels or its native current 
IKr. The drugs interact with a structurally unique receptor domain (pore 
aliphatic helix residues Thr-623, Ser-624, and Val-625 and aromatic 
residues Tyr-652 and Phe-656) in the pore-S6 region of the channel to 
suppress K+ ion permeation.7 Another mechanism for drug-induced LQTS is 
the disorganization of hERG channel protein trafficking to the cell surface 
membrane. Fewer mature hERG channels reach the surface membrane, 
thus reducing hERG K+ current (IhERG) or IKr.8 Whereas some drugs induce 
adverse effects via only one of the mechanisms, other act via a combination 
of both.9,10 The importance of hERG-related toxicity is driven by the 
tendency of hERG channels to bind many compounds, including anti-biotics 
(e.g., erythromycine, clarithromycine),11 anti-viral (e.g., amantadine),12 
anti-fungal (e.g., ketoconazole, itraconazole),13,14 anti-cancer (e.g., arsenic 
trioxide),15 anti-protozoal and anti-malarial (e.g., pentamidine, 
chloroquine),16,17 anti-psychotic (e.g., chlorpromazine),18 anti-histamine 
(e.g., astemizole),19 and anti-arrhythmic (e.g., quinidine, dofetilide)20 
drugs, which strongly block or disorder the membrane trafficking of hERG 
channels. 
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In recent years, Pneumocystis jiroveci pneumonia (PJP) has become 
one of the potentially fatal illness encountered in immunocompromised 
patients.21-23 Although the development of highly active anti-retroviral 
therapy, and the extensive use of Pneumocystis chemoprophylaxis, PJP 
remains an important cause of morbidity and mortality in patients with 
acquired immunodeficiency syndrome (AIDS).24 At present, interest in PJP 
infection goes beyond the people which suffer from AIDS due to the 
increasing number of patients receiving immunosuppressive therapies 
because of massive organ transplantations, malignancies and autoimmune 
diseases, for which PJP is increasingly diagnosed.23,25,26 The effective 
treatment for PJP is trimethoprim-sulfamethoxazole (TMP–SMX) drug 
combination, but also alternative drugs have been developed,27,28 including 
pentamidine, dapsone, and atovaquone. Among them, intravenous 
pentamidine is known as the most potent for the second-line treatment of 
PJP.29 Structurally, pentamidine belongs to the aromatic bis-amidine which 
are lead compounds in many drug discovery pathways, but no substance 
has passed over the phases of clinical trials because of toxicity and improper 
drug-likeness properties.30 Therefore, there is an urgent need for an 
evaluation of these properties for newly available compounds. Many efforts 
were made for pentamidine cardiotoxicity examinations. Therapy with 
pentamidine can cause the prolongation of the QT interval on the 
electrocardiogram and in some cases TdP tachycardia’s which can be 
transformed into ventricular fibrillation and cause sudden cardiac death.31 
Several studies have shown that pentamidine prolongs the cardiac action 
potential by the impact on hERG trafficking and decreasing of the number 
of functional hERG channels at the cell surface.32-34 

In an effort to find a more efficient therapeutic agent for the 
treatment of PJP, our laboratory has developed a number of linear 
pentamidine analogs which showed excellent anti-Pneumocystis activity.35-

37 Among them, we have designed, synthesized and evaluated six bis-
benzamidines 1–6 characterized by the presence of a one or two sulfur 
atoms in the linker and introduction of alkyl substituents to the amidine 
groups (see Fig. 1). The tests for 1–3 revealed the high activities (IC50 with 
range 0.01–1.18 µM) and less or no cytotoxicity in mammalian cell lines 
compared to the parent compound pentamidine. In continuing the search 
for new drug candidates, we have taken into account the promising activity 
and very low cytotoxicity received for 3-phenylsulfonyl-1,5-bis(4-amidino-
2,6-dimethylphenoxy)-3-azapentane dihydrochloride.37 We synthesized 
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three new bis-benzamidines 7–9 in which two sulfanilide groups are in the 
ortho-, meta- and para-positions of the benzene ring. Moreover, these 
derivatives represent molecules with less mobile linker connecting bis-
benzamidine moieties, what can have an impact on cardiotoxicity. 

To get full insight on the drug-likeness of tested molecules, we 
calculated the theoretical values of the physio-chemical and 
biopharmaceutical parameters associated with adsorption, distribution, 
metabolism, elimination, and toxicity (ADMET) in the human body. Next, 
we elucidated the nature of the interaction between pentamidines and the 
hERG K+ channel for all nine compounds 1–9 using a combination of 
experimental and computational approaches. The impact of tested 
compounds on hERG trafficking and functionality the hERG currents were 
examined by traditional western blot analyses, immunofluorescent staining 
procedures, and patch clamp electrophysiological assays. The specific 
interactions governing the predicted blockade of the cardiac K+ channel was 
scrutinized by molecular docking and free enthalpy calculations. 

THEORETICAL CALCULATIONS 

Ligands and hERG channel 

Nine compounds synthesized in our laboratory (Fig. 1) were evaluated: 
1,5-bis(4-amidinophenoxy)-3-thiapentane dihydrochloride (1), 1,5-bis[4-
(amidino)phenylthio]-3-oxapentane dihydrochloride (2), 1,5-bis[4-(4,5-
dihydro-2-imidazolyl)phenylthio]-3-oxapentane dihydrochloride (3), 1,5-
bis[4-(4,5-dihydro-2-imidazolyl)phenoxy]-3-thiapentane dihydrochloride 
(4), 1,5-bis[4-(N-butylamidino)phenoxy)]-3-thiapentane dihydrochloride 
(5), 1,5-bis[4-(N-cyclohexylamidino)phenoxy)]-3-thiapentanedihydrochlo- 
ride (6), 4,4'-[1,3-phenylenebis(aminosulfonyl)]dibenzamidinedihydrochlo 
ride (7), 4,4'-[1,2-phenylenebis(aminosulfonyl)]dibenzamidine dihydrochlo 
ride (8) and 4,4'-[1,4-phenylenebis(aminosulfonyl)]dibenzamidine dihydro 
chloride (9). Three-dimensional structures of ligand were prepared using 
Discovery Studio 2017R2 visual interface BIOVIA.38 Geometries of all 
compounds were optimized using the density functional theory (DFT) with 
the B3LYP/6-311G (d,p) hybrid functional, as implemented in Gaussian 
16.39 ESP-atomic partial charges on all atoms were computed using the 
Breneman model reproducing the molecular electrostatic potential.40 Out of 
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the generated structural models of the hERG K+ channel41–44 we used the 
open state model named CSM-TM-model 732 originated from the studies of 
S. Y. Noskov group.41 The experimentally validated model selected by us is 
a valuable tool in the theoretical studies of blockade hERG current also for 
cationic compounds.45–47 
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Figure 1. Chemical formulas of pentamidine analogs 1–9 used in this study. 

Prediction of drug-likeness descriptors and toxicity 

To find out the drug-likeness properties for the synthesized 
compounds, ADMET calculations were performed by the mathematical 
models48 implemented into ADMET PredictorTM software version 8.5 
Simulations Plus.49 We have predicted various drug-likeness parameters 
like molecular weight (MWt), distribution coefficient at pH = 7.4 (log D), 
number of rotatable bonds (NRB), number of aromatic rings (NAR), the 
topological polar surface area (TPSA), the volume of distribution (Vd), the 
solubility (Sw), the effective permeability (Peff), Madin-Darby Canine Kidney 
cells apparent permeability (MDCK), qualitative likelihood of penetrating the 
blood-brain barrier (BBB) filter express as high/low, the logarithm of the 
blood-brain barrier partition coefficient log Cbrain/Cblood (log BB), percentage 
of unbound drug to proteins within blood plasma (% Unbnd) and blood-to-
plasma concentration ratio (RBP = Cwhole-blood/Cplasma) were estimated for 1–
9 at pH 7.4. Prediction of metabolic indicators was based on phase I tests 
including cytochrome P450 (CYP 450) forms CYP 2C19, 1A2, 2D6 and 3A4, 
and the intrinsic hepatic clearance (Clint). All the CYP-metabolites generated 
for each compound were tested for risk potential whenever it was possible. 
Phase II metabolism of pentamidine derivatives was evaluated to determine 
the probability that human uridine 5’-diphosphate-glucuronosyltransferases 
(UGT) were involved. Whereas, virtual screenings were also performed to 
evaluate toxicological properties including Maximum Recommended 
Therapeutic Dose (MRTD), cardiac toxicity by affinity towards hERG-
encoded potassium channels (described by the qualitative estimation of 
likelihood of the hERG potassium channel inhibition (hERG_Filter) and the 
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pIC50 as measure of affinity for hERG K+ channel (hERG_pIC50)), and the 
hepatotoxicity (described by the level of alkaline phosphatase (AlkPhos), γ-
glutamyl transferase (GGT), serum glutamate oxaloacetate transaminase 
(SGOT), serum glutamate pyruvate transaminase (SGPT) and lactate 
dehydrogenase (LDH)). 

Molecular docking and dynamic simulations 

Molecular docking was performed using CDOCKER module of 
Discovery Studio 2017R2. The binding site sphere of hERG K+ channel was 
defined as the regions that come within radius 15 Å from the geometric 
centroid of the ligands. The poses with the lowest CDOCKER interaction 
energies were selected as the best conformations for the binding with active 
site of the hERG K+ channel through hydrogen bonds and hydrophobic 
interactions. The best poses predicted by CDOCKER were used as the 
starting points in the molecular dynamics (MD) simulation. 

All MD simulation were run using the CHARMm force field50 
implemented in the module of Discovery Studio 2017R2. The hERG channel 
complexes were surrounded by a cubic box of water molecules (TIP3P 
models)51 extending up to a distance of 10 Å from any solute atom. 
Additional K and Cl ions were added randomly to each complex at a 
concentration of ~0.15 M, close to physiological conditions52 using the 
Solvation module of Discovery Studio 2017R2. All energy minimization and 
molecular dynamics simulations were performed using the Particle Mesh 
Ewald (PME) algorithm53 for the correct treatment of electrostatic 
interactions54 and periodic boundary conditions. Before simulations, 2500 
steps of steepest descent algorithm followed by 2500 conjugate gradient 
energy-minimization steps (until the RMS gradient of the structure was 
below 0.01 kcal mol-1 Å-1) were performed. Subsequently, each simulation 
started with gradually heating from 50 to 300 K for 100 ps followed by an 
equilibration of the systems for up to 500 ps, after which potential energies 
were sufficient. The equilibrated system was taken as the starting structure 
for 10 ns production runs in NPT ensemble, at a temperature of 300 K and 
1 bar maintained using a Berendsen thermostat algorithm.53 During 
minimized, heating and equilibration, the protein and ligand were restrained 
with a force constant of started with 10 kcal mol-1 Å-2 and gradually 
decreased to 2 kcal mol-1 Å-2 and then subjected to a 5.5 ns production run 
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with removing all constraint. The SHAKE method was used to constrain 
hydrogen atoms and the time step was set to 2 fs.56 The coordinates were 
saved every 10 ps for subsequent analysis. 

Figure 2. Synthetic route of new pentamidine analogs 7–9. Reagents and 
conditions: (a) NMP, 60 oC, 1h; (b) 50% NH2OH/EtOH, r.t., 24 h; (c) 
HCOOH/10%PdC/AcOH, reflux, 3 h, then aq. HCl. 

Prediction the free enthalpy of binding 

Even though the docking combined with MD simulations can provide a 
clear image of the shape complementarity between the ligand and the 
receptor, it is required to have the additional and essential information of 
the free enthalpy of binding, which will assess to quantify the affinity of a 
ligand to its target. The obtained stable MD trajectory of each complex was 
used to calculated the binding free enthalpy by the MM-PBSA approach57 
using explicit solvent molecules. The binding free enthalpy (ΔGbind) of 
pentamidine derivatives to hERG channel was calculated by means of eqn 
(1): 

ΔGbind = GhERG–ligand – GhERG – Gligand           (1) 
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where GhERG–ligand is free enthalpy of complex, GhERG is free enthalpy of hERG 
channel and Gligand is free enthalpy tested pentamidines. Binding free 
enthalpy was calculated based on the average structures obtained from the 
last 6 ns of MD trajectories. The components of each complex were 
minimized using the conjugate gradient method for 10 000 steps after 100 
steps of the steepest descent algorithm and a dielectric constant of 4 for 
the electrostatic interactions until the RMS gradient of the structure was 
<0.001 kcal mol-1 Å-1. 
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Figure 3. Products of metabolism of pentamidine and 1–9 derivatives. 

EXPERIMENTAL METHODS  

Chemical compounds 

Six pentamidine analogues 1–6 have been described previously,35-37 
three 7–9 are newly synthesized. The synthesis of the three isomeric 
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compounds 7–9 was carried out in three stages according to the general 
procedure shown in Fig. 2. In the first step, 4-cyanobenzenesulfonyl 
chloride reacted with an appropriate isomer of phenylenediamine in the 
presence of pyridine to give the initial dinitriles in a high yield. Only 1,3-
phenylenediamine was replaced with 1,3-phenylenediamine 
dihydrochloride, which is much more stable than a free amine and gives the 
expected product in a significantly higher yield. There was also used an 
appropriate excess of pyridine. In the second step, the previously obtained 
dinitriles were treated with an excess of 50% aqueous solution of 
hydroxylamine furnishing desired intermediate diamidoximes in high yields. 
In the last stage formerly received diamidoximes were catalytically (Pd/C) 
reduced with formic acid in boiling acetic acid to give finally expected 
diamidines. Treating with aqueous hydrochloric acid solution led to 
dihydrochlorides. 

General procedure for the synthesis of phenylenebis 
(aminosulfonyl) dibenzonitriles 

An appropriate phenylenediamine dihydrochloride (1.08 g, 10 mmol) 
and pyridine (1.92 g, 24 mmol or 3.80 g, 48 mmol) were dissolved in N-
methyl-2-pyrrolidone (20 mL). To the stirred solution 4-
cyanobenzenesulfonyl chloride (4.23 g, 21 mmol) was added portion-wise 
keeping the temperature below 40 ºC. Next, the mixture was heated at 60 
ºC for 1 h and finally poured into ice water (80 mL). The formed solid was 
filtered, washed with plenty of water and dried giving the almost pure 
product. They may be purified by refluxing with ethanol (10–20 mL) for 
several minutes. 

3.2.1 4,4'-[1,3-phenylenebis(aminosulfonyl)]dibenzonitrile (7a). 
Yield 3,29 g (75%), mp 245–246 ºC, 1H NMR (300 MHz, DMSO-d6, δ ppm): 
10.59 (s, 2H), 8.05 (d, J = 9 Hz, 4H), 7.82 (d, J = 9 Hz, 4H), 7.10 (t, J = 
6 Hz, 1H), 7.00 (s, 1H), 6.74 (d, J = 6 Hz, 2H). 13C NMR (75.4 MHz, δ ppm): 
143.2, 137.8, 133.4, 130.2, 127.3, 117.4, 116.2, 115.4, 111.6. 

3.2.2 4,4'-[1,2-phenylenebis(aminosulfonyl)]dibenzonitrile (8a). 
Yield 3,42 g (78%), mp 238–239 ºC, 1H NMR (300 MHz, DMSO-d6, δ ppm): 
9.63 (s, 2H), 8.05 (d, J = 8.1 Hz, 4H), 7.87 (d, J = 8.1 Hz, 4H), 7.09–7.06 
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(m, 2H), 6.95–6.92 (m, 2H). 13C NMR (75.4 MHz, δ ppm): 143.4, 133.5, 
129.9, 127.5, 126.7, 124.4, 117.6, 115.5. 

3.2.3 4,4'-[1,4-phenylenebis(aminosulfonyl)]dibenzonitrile (9a). 
Yield 3.94 g (90%), mp 270–271 ºC, 1H NMR (300 MHz, DMSO-d6, δ ppm): 
10.41 (s, 2H), 8.02 (d, J = 9 Hz, 4H), 7.82 (d, J = 9 Hz, 4H), 6.95 (s, 4H). 
13C NMR (75.4 MHz, δ ppm): 143.2, 133.7, 133.4, 127.4, 122.1, 117.5, 
115.1. 

General procedure for the synthesis of 
phenylenebis(aminosulfonyl)dibenzamide dioximes 

An appropriate phenylenebis(aminosulfonyl)dibenzonitrile (1.10 g, 2.5 
mmol) was suspended in THF (15 mL). The 50% aqueous solution of 
hydroxylamine (1,12 g, 16.8 mmol) was subsequently added and the whole 
was stirred for 24 h at room temperature. Next, the mixture was poured 
into water (75 mL). The solid was filtered, washed with water and dried 
giving pure products. They may be used in the next step without additional 
purification. 

4,4'-[1,3-phenylenebis(aminosulfonyl)]dibenzamide dioxime (7b). 
Yield: 1.14 g (90%), mp 130–140 ºC (decomp.), 1H NMR (300 MHz, DMSO-
d6, δ ppm): 10.34 (s, 2H), 9.94 (s, 2H), 7.80 (d, J = 8.4 Hz, 4H), 7.69 (d, 
J = 8.4 Hz, 4H), 7.11 (s, 1H), 7.03 (t, J = 8.1 Hz, 1H), 6.68 (d, J = 8.1 Hz, 
2H), 5.92 (s, 4H). 13C NMR (75.4 MHz, δ ppm): 149.6, 139.3, 138.4, 137.4, 
129.8, 126.6, 125.9, 115.1, 110.8. 

4,4'-[1,2-phenylenebis(aminosulfonyl)]dibenzamide dioxime (8b). 
Yield: 1.06 g (86%), mp 214–215 ºC, 1H NMR (300 MHz, DMSO-d6, δ ppm): 
9.96 (s, 2H), 9.38 (s, 2H), 7.83 (d, J = 8.4 Hz, 4H), 7.71 (d, J = 8.4, 4H), 
7.03–6.95 (m, 4H), 5.95 (s, 4H). 13C NMR (75.4 MHz, δ ppm): 149.5, 138.9, 
137.6, 129.9, 126.8, 126.1, 126.0. 

4,4'-[1,4-phenylenebis(aminosulfonyl)]dibenzamide dioxime (9b). 
Yield: 1.16 g (92%), mp 253–254 ºC, 1H NMR (300 MHz, DMSO-d6, δ ppm): 
10.17 (s, 2H), 9.93 (s, 2H), 7.78 (d, J = 9 Hz, 4H), 7.66 (d, J = 9 Hz, 4H), 
6.93 (s, 4H), 5.92 (s, 4H). 13C NMR (75.4 MHz, δ ppm): 149.7, 139.4, 
137.4, 133.9, 126.5, 126.0, 121.7. 
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General procedure for the synthesis of 
phenylenebis(aminosulfonyl)dibenzamidine dihydrochlorides 

An appropriate phenylenebis(aminosulfonyl)dibenzamide oxime (1.00 
g, 2 mmol) was suspended in glacial acetic acid (8 mL). Then palladium on 
carbon (Pd/C 10% w/w) (80 mg) and subsequently formic acid (0.8 mL) 
were added. The mixture was refluxed for 3 h, after which cooled to room 
temperature. The catalyst and other solid impurities were filtered off. To 
the filtrate, a 35% aqueous solution of HCl (0.5 mL) was added dropwise 
and all the solvents evaporated to dryness. The solid residue was purified 
by refluxing with ethanol (5–10 mL). 

4,4'-[1,3-phenylenebis(aminosulfonyl)]dibenzamidine 
dihydrochloride (7). Yield: 1.00 g (92%), mp 290 ºC (decomp.), 1H NMR 
(300 MHz, DMSO-d6, δ ppm): 10.80 (s, 2H), 9.60 (s, 4H), 9.43 (s, 4H), 
8.01–7.88 (m, 8H), 7.20 (s, 1H), 7.08 (t, J = 7.8 Hz, 1H), 6.78 (d, J = 7.8 
Hz, 2H). 13C NMR (75.4 MHz, δ ppm): 164.8, 143.6, 138.2, 132.2, 130.0, 
129.4, 127.0, 115.2, 110.7. TOF MS ES+ [M–2Cl–H]+ calcd for 
C28H21N6O4S2 (473.1066) found 473.1082. 

4,4'-[1,2-phenylenebis(aminosulfonyl)]dibenzamidine 
dihydrochloride (8). Yield: 0.30 g (28%), mp 290 ºC (decomp.), 1H NMR 
(300 MHz, DMSO-d6, δ ppm): 10.30 (s, 2H), 9.57 (s, 4H), 9.37 (s, 4H), 
8.03–7.96 (m, 8H), 7.01 (s, 4H). 13C NMR (75.4 MHz, δ ppm): 164.7, 144.2, 
132.1, 129.8, 129.3, 127.1, 126.0, 123.8. TOF MS ES+ [M–2Cl–H]+ calcd 
for C28H21N6O4S2 (473.1066) found 473.1053. 

4,4'-[1,4-phenylenebis(aminosulfonyl)]dibenzamidine 
dihydrochloride (9). Yield: 0.86 g (79%), mp 270 ºC (decomp.), 1H NMR 
(300 MHz, DMSO-d6, δ ppm): 10.64 (s, 2H), 9.95 (s, 4H), 9.37 (s, 4H), 
7.97–7.91 (m, 8H), 7.02 (s, 4H). 13C NMR (75.4 MHz, δ ppm): 164.8, 143.7, 
133.7, 132.2, 129.4, 126.9, 121.5. TOF MS ES+ [M–2Cl–H]+ calcd for 
C28H21N6O4S2 (473.1066) found 473.1052. 

Biological data 

All analogues were dissolved in DMSO as stock solution at 50 mM and 
further diluted in ddH2O. The final working solution for all compounds was 
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3 mM. Pentamidine-isethionate (Pentacrit® 300, Sanofi Aventis, Gouda, The 
Netherlands) was dissolved in ddH2O and final working solution was 10 mM. 
Dofetilide (Procter and Gamble, Cincinnati, USA) was dissolved in DMSO 
and further diluted in ddH2O, final working solution was 1 mM. 
Concentrations of these controls were used as in previous research.34 All 
compounds were sterilized by filtration (0.2 μm), aliquoted and stored at –
20 °C until use. 

Cell culture  

HEK-293T cells stably expressing hERG (HEK-hERG) were obtained 
from C. January.58 The cells were maintained in DMEM (Gibco-
FisherScientific, Landsmeer, The Netherlands) with 10% fetal calf serum 
(Sigma-Aldrich, Zwijndrecht, the Netherlands), 2 mM L-glutamine, 50 μg 
mL-1 streptomycin and 1 U mL-1 penicillin (all three Lonza, Breda, the 
Netherlands). Cells were split twice a week and cultured at 37°C and 5% 
CO2. The amount of DMSO added to the cells was kept below 0.1%. 

Western blotting 

Cells were cultured in 60 mm dishes for 20–24h till a confluency of 60-
70%. Cells were treated with pentamidine (hERG trafficking blocker, 10 
μM), dofetilide (hERG trafficking activator, 1 μM) or pentamidine analogues 
1–9 (1 and 10 μM) for 24 hours. Full dose-response experiments were 
performed with 1, 2 and 5 (0.5, 1, 3, 5, 10 and 20 μM). Following 
incubations, cells were washed with PBS (Lonza, Basel, Switzerland) 
containing 1 mM MgCl2 and CaCl2 (PBS++) twice, and lysed in 130–180 μL 
of lysis buffer (buffer D 20 mM HEPES, 125 mM NaCl, 10% (v/v) glycerol, 
1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol and 1% (v/v) Triton X-100), 
6.8 μg mL-1 aprotinin (Sigma-Aldrich, Zwijndrecht, The Netherlands and 1 
mM PMSF) per dish was added depending on cell confluency. Lysates were 
centrifuged at 14 000 × g for 10 min and the supernatant was collected. 
Protein concentrations were determined by bicichroninic acid (Pierce™ BCA 
protein assay kit, Thermo Scientific, Waltham, USA) in combination with the 
Nanodrop 2000 (Thermo Scientific, Waltham, USA). Ten μg samples were 
run by 7% SDS-PAGE and proteins were blotted on a nitrocellulose 
membrane (Bio-Rad Laboratories, Veenendaal, The Netherlands). 
Reversible Ponceau red staining was used to determine equal loading and 
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subsequent quantification. Membranes were blocked with 5% (w/v) non-fat 
milk powder (in TBST) and subsequently incubated overnight at 4 °C with 
primary antibody, anti-Kv11.1 (1:2500; Alomone Labs, Jerusalem, Israel). 
Secondary antibody GαRb HRP (Bio-Rad Laboratories, Veenendaal, The 
Netherlands) was applied for 2 hours at room temperature at 1:10.000. 
Membranes were developed using Amersham ECL™ prime western blotting 
detection reagent (GE Lifesciences, Chicago, USA) with Chemidoc XRS+ 
(Bio-Rad Laboratories, Veenendaal, The Netherlands). Quantification was 
done by Image LabTM software version 5.2.1 (Bio-Rad Laboratories, 
Veenendaal, The Netherlands). 

Immunofluorescence microscopy 

HEK-hERG cells were cultured on ∅ 15 mm glass coverslips coated with 
0.1% gelatin. After 24 h treatment with pentamidine (10 μM), dofetilide (1 
μM) or 1, 2 or 5 (10 μM) coverslips were washed with PBS++, fixated with 
3%-paraformaldehyde and permeabilized with 0.5% triton X-100 (in PBS). 
After permeabilization cells were quenched with PBS/glycine (50 mM) and 
incubated twice with NET-gel (0.25% gelatin, 50 mM Tris-Cl, 150 mM NaCl, 
4 mM EDTA, 0.05% Igepal, ±0.01% NaN3, pH 7.4). Cells were incubated 
with the primary antibody in NET-gel overnight (anti-Kv11.1, Alomone 
Labs, Jerusalem, Israel). After washing the cells, samples were incubated 
with the secondary antibody (Jackson). Coverslips were mounted with 
Vectashield (Vector Laboratories Inc., Burlingame, USA) and imaged using 
a Nikon Eclipse 80i (Nikon, Amsterdam, The Netherlands) and NIS elements 
Basic Research (Nikon, Amsterdam, The Netherlands) software. 

 Electrophysiological recordings 

HEK-hERG cells were cultured on ∅ 12 mm glass coverslips coated 
with poly-L-lysine (Sigma-Aldrich, Germany). IhERG was recorded in whole-
cell voltage mode. Pipettes (Harvard apparatus, Hollisto, USA) were pulled 
and polished (Model P-2000, Sutter instruments co., Novato, USA) and had 
a resistance of 2–4 MΩ once filled with solution. Potassium currents were 
measured with Axopatch 200B (Axon instruments, USA) and Clampex 10.0 
software.59 The following protocol was used: holding potential was –80 mV, 
a hyperpolarizing step was applied for 50 ms at –120 mV to correct for leak 
currents. Thereafter 4 s test pulses between –80 mV and +60 mV in 10 mV 
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increments were applied. And it was followed by 5 s deactivation pulse at –
50 mV. After 3.5 min when the current had stabilized a control 
measurement was done. Subsequently, acute treatment with 4, 5, 6, 7, 8 
or 9 (1 μM) was applied with a flow of ∼1 mL min-1. Currents were measured 
at 3.5, 7 and 15 min. All measurements were obtained at room temperature 
(22 °C). Bath solution consisted of 140 mM NaCl, 4 mM KCl, 10 mM HEPES, 
2 mM CaCl2, 1 mM MgCl2 and adjusted to pH 7.4 (NaOH). Pipette solution 
consisted of 10 mM EGTA, 110 mM KCl, 10 mM HEPES, 4 mM K2-ATP, 5.17 
mM CaCl2, 1.42 mM MgCl2, 15 mM sucrose and adjusted to pH 7.2 (KOH). 
The data were quantified by Clampfit software.60 

Data analysis 

All results are presented as mean ± standard deviation. Differences 
were tested with a one-way ANOVA and a Bonferroni post hoc test. Only for 
difference between 1 and 10 μM treated cells a two-way ANOVA has been 
performed. All western blot data were normalized for control before 
statistical analysis. For the patch clamp data values at +10 mV were used 
for statistical analysis. Differences were considered statistically significant 
with a p-value <0.05. All analyses were performed using GraphPad Prism 
version 7.04.61 

RESULTS AND DISCUSSION 

 Assessing of drug-likeness parameters 

All studied pentamidines 1–9 are analyzed in dicationic form. The 
predicted drug-likeness parameters (the topological polar surface area 
(TPSA), volume of distribution (Vd), water solubility (Sw), effective 
permeability (Peff), apparent permeability (MDCK), percentage of unbound 
drug to blood plasma proteins (% Unbnd), blood-to-plasma concentration 
ratio (RBP), BBB_filter, blood-brain barrier partition coefficient (log BB)) for 
tested pentamidines are shown in Table 1. TPSA serves as an important 
parameter for the evaluation of molecular transport properties, especially 
in intestinal absorption and blood-brain barrier penetration. Its values for 
1–6 were found within range 58.01–118.2 Å2 and these compounds are 
predicted to have a high capacity for penetrating cell membranes.62 New 
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compounds 7–9 with sulfanilide groups show values close to 192 Å2 and it 
may accounts for their easy penetration in hydrophilic environments, such 
as the core of transporter proteins.63 The volume Vd is the pharmacokinetic 
parameter which can show the dose required to give a certain plasma 
concentration. The volume Vd of all compounds under study are in the range 
of 0.454–10.621 L kg-1 and probably they are not distributed to all tissues 
in the body. Compounds 7–9 which have Vd below 0.7 L kg-1 are confined 
to the blood plasma, but compounds 1–6 with one or two S atoms in the 
linker have values higher than 4.5 L kg-1 and are predicted to be distributed 
in whole blood. The aqueous solubility (Sw) of all tested pentamidine 
derivatives (we should remember that they are dihydrochlorides) are good 
and are within the range of 0.043–1.192 mg mL-1. The best solubility’s have 
two dihydrochlorides: 1,5-bis(4-amidinophenoxy)-3-thiopentane (1) and 
1,5-bis[4-(amidino)phenylthio]-3-oxapentane (2) (1.192 and 0.697 mg 
mL-1, respectively). Human jejunal permeability (Peff) which reflects the 
passive transport velocity in cm s-1 across the epithelial barrier in the human 
jejunum, was predicted high for 1–6 (0.701–2.063 × 10-4 cm s-1). The 
values of Madin-Darby canine kidney (MDCK), a parameter for assessing 
the apparent membrane permeability properties, were also high (47.23–
804.27 × 10-7 cm s-1). New dihydrochlorides with phenylenebis 
(aminosulfonyl) linker (7, 8 and 9) have these two parameters decreased 
(Peff below 0.5 × 10-4 cm s-1) and MDCK (below 7.04 × 10-7 cm s-1), showing 
poor jejunal permeation and apparent membrane permeability. An ability 
to bind to plasma proteins, which is in most cases considered as 
undesirable, is characterized by two parameters: the percentage of drug 
unbound to protein within blood plasma (% Unbnd) and the concentration 
of the drug in whole blood compared to plasma (RBP). For the majority of 
tested pentamidines the values of % Unbnd are in the region 10–41%, and 
the values of RBP in the region 1.01–1.17, which indicates low or moderate 
binding to plasma protein. Only values of % Unbnd and RBP for compounds 
5 and 6 were below 10% and 1, respectively, which suggests that the alkyl 
substituents at amidine groups increase the plasma protein binding. The 
next molecular properties (BBB_filter and log BB) determine the likelihood 
of crossing the blood-brain barrier (BBB). Analysis of both parameters 
revealed that 3–6 derivatives remain in the qualitative likelihood of crossing 
the BBB and log BB was more than 0.3 values, suggesting that alkyl 
substituent at amidine groups increases the potential for BBB penetration. 
Whilst, bis-benzamidines 1, 2 and new 7–9 have the lowest log BB values 
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(below 0 and even below –1) suggesting the favourable impact of 
phenylenebis(aminosulfonyl) linker for toxicity joined with BBB penetration. 

Table 1. Theoretical values of topological polar surface area (TPSA), distribution 
(Vd), water solubility (Sw), effective permeability (Peff), apparent permeability 
MDCK, percentage of unbound drug to blood plasma proteins (% Unbnd), blood-
to-plasma concentration ratio (RBP), BBB filter and blood-brain barrier partition 
coefficient (log BB) for 1–9 

Pentamidines were targeted for the evaluation of the metabolic 
biotransformation. The predictions were made for phase I (cytochrome 
P450s hepatic enzyme system) and phase II (the enzymatic conjugation of 
substrates with the UGT enzymes).64 Modes of action (substrate/non-
substrate/inhibition) and intrinsic hepatic clearance (Clint) are predicted for 
four isoforms cytochrome P450 (1A2, 2C19, 2D6 and 3A4),65 which are 
considered as the most important in xenobiotic metabolism (Table 2). 
Compounds 1 and 2 cannot be metabolized by CYP3A4, while the other 
tested pentamidines can be its substrates. Pentamidine derivatives 3 and 4 
with amidine groups closed in imidazoline rings can be substrates or 
inhibitors of all isoforms, but 6 cannot be metabolized by CYP2C19, 7 and 
9 by CYP2D6, and 8 by three isoforms CYP1A2, CYP2C19, and CYP2D6. 
Since inhibition of cytochrome P450 is the main source of adverse drug 
interactions, we examined intrinsic hepatic clearance (Clint) which describes 
the intrinsic ability of the liver to remove the drug in absence of restrictions 
imposed on drug delivery to the liver cell by blood flow or protein binding. 
The recommended range for predicted Clint values is >30 (µL min-1 mg-1). 
All studied pentamidines demonstrated microsomal metabolic labilities with 
wide range of Clint values ranging from 15.3 to 80.3 (µL min-1 mg-1) for 
CYP1A1, from 64.0 to 437.7 (µL min-1 mg-1) for CYP2C19, from 104.5 to 
812.0 (µL min-1 mg-1) for CYP2D6, and from 5.0 to 1790.0 (µL min-1 mg-1) 
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for CYP3A4. The highest value (1790.0 (µL min-1 mg-1) for CYP3A4) was 
observed for compound 6 with cyclohexyl substituent at amidine groups, 
while the lowest value Clint <30 (µL min-1 mg-1) also for CYP3A4 was seen 
for new compounds 7, 8 and 9 with benzenesulfanilide linker (11.24, 7.95 
and 5.03 (µL min-1 mg-1), respectively). It can mean that hepatic flow will 
have minimal influence on its metabolism. Further, nine main microsomal 
hepatic UGTs were checked to identify which isoforms may be responsible 
for pentamidines glucuronidation reaction leading to their easier 
elimination. Compounds 1–6 are evaluated as a substrate for three 
isoenzymes 1A1, 1A3 and 1A4, but new bis-benzamidines 7–9 are predicted 
rather not conjugate in phase II. Only isoforms 1A8 or 1A9 have some 
potential to metabolize these compounds (see Table S1 in electronic 
supplementary information (ESI)). Potential structures of metabolites for 
tested pentamidines are shown in Fig. 3. Experimental data are 
approachable for pentamidine itself in rats.66 Two major pentamidine 
metabolites have the hydroxyl groups at pentyl linker. Proposed metabolic 
transformations in humans lead to carboxylic acid derivative and 4-
hydroxybenzamidine. For pentamidines 1–6 in which S atoms are present 
in the aliphatic linker, oxidation of one S atom were predicted for 
compounds 1–3 and 5, while for compound 4 dehydrogenation of 
imidazoline ring was predicted. Moreover, in 5 and 6 the aliphatic 
substituents may also be removed. New pentamidines 7–9 with phenyl 
sulfanilide moiety can be oxidized to chinones or one amidine group can be 
substituted by the hydroxyl group. 

In the evaluation of the toxicity profile of pentamidines 1–9 several 
predictors including human maximum tolerated dose and hepatotoxicity 
were used (see Table 3). A maximum recommended therapeutic dose 
(MRTD) in a unit of mg per kg of body weight per day should be greater 
than 3.16 mg per kg bw per day, which can show that the tested compound 
has fewer side effects. All by one pentamidines have MRTD value >3.16, 
indicating that the appearance of side effects is less likely. Only 1,5-bis[4-
(N-cyclohexylamidino)phenoxy)]-3-thiapentane dihydrochloride (6) has 
MRTD value below 3.16. In the test of the hepatic injury, the majority of 
studied pentamidines are predicted as “non-toxic”. Level of LDH, SGOT, and 
SGPT are elevated only for 1 and 4 indicating some hepatic problems. The 
cytotoxicity of 1–6 were tested experimentally in our former works35-37 with 
other groups of pentamidines, which can explain observed data. In these 
assays, the majority of compounds were not cytotoxic (also those with the 
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sulfobenzene group), only compounds 1 and 4 exhibited less or moderate 
cytotoxicity. The predicted hepatic problems for 1 and 4 have thrown more 
light on the factors affecting experimental data. 

Table 2. Mode of action (inhibition/induction) and intrinsic hepatic clearance (Clint) 
for selected cytochrome P450 enzymes of 1–9a 

a  I – denotes inhibition of CYP isoforms; S – denotes substrate of CYP isoform; NS 
– denotes non-substrate for isoform. 

Table 3. Predicted hepatoxicity parameters for 1–9: maximum recommended 
therapeutic dose MRTD, level of alkaline phosphatase (AlkPhos), level of γ-glutamyl 
transferase (GGT), level of serum glutamate oxaloacetate transaminase (SGOT), 
level of serum glutamate pyruvate transaminate (SGPT), level of lactate 
dehydrogenase (LDH) 

 

 Impact of molecular descriptors on hERG binding 

Cardiotoxicity is a severe problem in pharmacology; therefore, the 
theoretical parameters can be very useful in the drug discovery pipeline. 
Selected theoretical physio-chemical properties are presented in Table 4. 
The molecular weights (MWt) are in the range defined for orally available 
compounds and only compound 6 has the MWt of >500 g mol-1, since N, 
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N'-cyclohexyl substituent attached to the amidine group increase its MWt 
to 522.76 g mol-1. Many studies suggest that the relationship between hERG 
blockage and molecular size is complex – the probability of inhibition is very 
low for small molecules with MWt <250 g mol-1, but larger molecules can 
be also non-blockers of the hERG channel.67-69 The log P values (for 
pentamidines acting as neutral molecules) were within the range 1.21–3.88 
for the majority of compounds which is an agreement with a probability of 
lack inhibition of hERG channel (log P ≤4). For two pentamidine derivatives, 
5 and 6, the log P values were predicted to be above 4 indicating a higher 

risk for hERG K+ channel inhibition.68 We also examined logarithm of the 
distribution coefficient values (log D) at pH 7.4, which give an estimate of 
the lipophilicity of a drug at the pH of blood plasma. The average values of 
log D are within the range –0.03 to 2.75 and not exceeding the traditionally 
cutoff value of 3.5. Molecular flexibility is an important contributor to hERG 
affinity, as rigid molecules with little conformational freedom are less likely 
to occupy an optimal pose within the binding region. We have chosen to 
describe this property by the ratio of rotatable bonds to all bonds in the 
molecule (FRB = NRB/Ntotal bonds) rather than the overall count of rotatable 
bonds. According to the suggestion of Didziapetris et al.,69 FBR below 0.4 
becomes a major indicator of poor hERG binding for compounds with highly 
constrained ring systems. The obtained results indicate that among the 
analyzed pentamidine derivatives, only compound 5 with 4-(N,N'-
butylamidino)phenoxy substituent can show FRB above 0.4 i.e. should show 
some binding affinity to the hERG K+ channel. The impact of π-stacking 
interactions is another molecular property essential for hERG affinity,70 even 
though the currently accepted view is that aromaticity is not essential for 
efficient hERG binding, as long as the molecule is sufficiently lipophilic and 
has a suitable size and shape.71 The number of aromatic rings (NAR) is 2 or 
3 for all tested pentamidine analogs, which is consistent with several 
published pharmacophore models that predict the ability to induce the LQTS 
by blocking the hERG K+ channel. The minimal structural requirements in 
these models are three phenyl rings suitably spaced and one proton at 
nitrogen.72,73 

The calculated qualitative estimation of the likelihood of the hERG 
potassium channel inhibition as hERG_filter and the pIC50 as a measure of 
affinity for hERG K+ channel (hERG_pIC50) are promising for compounds 1–
3 and new 7–9 i.e. they can be classified as non-cardiotoxic. For other three 
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pentamidines (4, 5 and 6 with one S atom in the linker and the alkyl 
substituent in the amidine moiety) hERG_filter is marked as Yes and 
hERG_pIC50 values are in the range 6.154–6.676, exceeding the cutoff 
value 5.5. It means that only these compounds can potentially block hERG 
channels in the heart cells leading to cardiac problems. To explain the 
molecular mechanism of cardiotoxicity for those pentamidine analogues, 
compounds 4, 5 and 6 have been chosen to perform hERG receptor affinity 
examination by molecular modeling technique and experimental 
measurements. 

Table 4. Physio-chemical and cardiotoxicity (hERG_filter and affinity for hERG K+ 
(hERG_pIC50)) parameters for 1–9 

Theoretical evaluation of interactions with hERG channel 

First, the molecular docking calculations have been employed in order 
to find the optimal position of compounds in the binding pocket of hERG K+ 
channel. CDOCKER program successfully docked compounds 4, 5 and 6 into 
the binding cavity of hERG K+ channel producing ten poses for every 
compound with scores shown in Table S2 in ESI. The poses which 
demonstrated the strongest interaction energies were selected as the ligand 
starting structures to the extensive molecular dynamics’ simulations and 
the binding free enthalpy calculations. The predicted binding mode by 
CDOCKER is presented in ESI, Fig. S1 for 4, 5 and 6. The results 
demonstrate that analyzed compounds could interact with hERG K+ channel 
using hydrogen bonds, hydrophobic and van der Waals interactions. The 
amino acids Leu622, Thr623, Ser624 and Ser649 were consistently involved 
in the hydrogen bonds and the amino acids Tyr652, Ala653, and Phe656 in 
the hydrophobic and the π-π interactions. Compounds 5 and 6 interacted 
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with the amino acid Phe656, while 4 with Tyr652 amino acid what is 
characteristic for the hERG K+ channel blockers.74 

Figure 4. Two views of predicted docking pose in the cavity of hERG K+ channel 
for compounds: 4 (cyan), 5 (fuchsia) and 6 (green). For clarity, subunits of the 
hERG K+ channel were removed and key residues (Thr623, Ser624, Tyr652 and 
Phe656) interacting with the ligands are visible. Upper part: projection of the 
compounds from the wall side seen perpendicular. Lower part: projection of the 
compounds from the upper side of the channel. 

Next, the molecular dynamics simulation and binding free enthalpy 
calculations were performed for better understanding the various 
interactions between the ligand and the active site of hERG and to 
rationalize the obtained biological results. The structures of hERG 
complexes with 4–6 were optimized with water molecules and ions. The 
RMSD values between the average structures of replicate MD simulations 
as well as between the ligand starting and average structures were low in 
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all cases. The binding free enthalpy values calculated using the MM-PBSA 
method were as follows –23.34 kcal mol-1 (4), –31.55 kcal mol-1 (5) and –
13.70 kcal mol-1 (6), indicating the strongest interactions with compound 5 
where butyl substituents at amidine groups are present.  All compounds are  

Figure 5. Binding modes of compounds 4, 5 and 6 in the hERG K+ channel 
optimized by MD. 

in the same region of the hERG K+ cavity and are located perpendicularly to 
the cavity walls (Fig. 4). Our modelling suggests that tested pentamidines 
are accommodated in the proximity of amino acids Leu622, Thr623, Ser649, 
Tyr652, Ala653, and Phe656. The binding cavity is highly hydrophobic, and 
this feature is following the biochemical function of the hERG fragment 
which is embedded in the membrane bilayer.  
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The interactions inside complexes 4–6 are depicted in Fig. 5. These 
compounds are highly similar structurally and differ only by the kind of N,N'-
substituent at amidine groups. Compound 4 with amidine groups closed in 
4-(4,5-dihydro-2-imidazolyl) substituents is predicted to be accommodated 
in the hERG channel in a bent conformation. Such orientation in the binding 
cavity leads to the π-π stacking (a distance of 5.61 Å) and electrostatic 
interaction (a distance of 4.72 Å) with the phenyl ring of amino acid Tyr652. 
Additionally, the position of 4 allows for creating strong hydrogen bonds 
with two copies of amino acids Leu622 (2.07 and 2.85 Å) and Ser649 (2.11 
and 2.25 Å). Compound 5 with N,N´-butylamidino substituents adopts a 
similar orientation like that of 4 and interacts with two copies of Phe656 
involving T-shaped π-π stacking (4.93 and 5.70 Å). Aliphatic substituent 
interacts with side chains of two Ser649 (2.26 and 2.45 Å), one Leu622 
(2.28 Å) and forms the hydrophobic interaction with Ala653 (4.26 Å). 
Compound 5 takes part in the hydrogen bond network, which can affect a 
higher affinity to the hERG channel than 4. Binding of compound 6 with 
N,N´-cyclohexylamidino substituent is predicted in the hERG cavity in U-
shaped conformation. In this mode, the phenyl ring of 6 forms a strong π-
π stacking interaction (a distance of 3.73 Å) with the aromatic ring of 
Phe656, whereas the N,N'-cyclohexyl substituents interacts with both 
Thr623 (1.71 and 2.34 Å) and Ala653 (4.83 Å). However, we have to make 
clear that drug-channel interactions do not necessarily result in full 
inhibition of the hERG channel. 

Electrophysiological effects of pentamidine analogues on 
hERG channel activity 

To explore potential functional hERG channel blockade of 4–6 as 
indicated above, and the newly developed compounds 7–9, an 
electrophysiological patch-clamp assay on HEK-293T cells stably expressing 
hERG channels were used. hERG channel gating is complex and displays 
slow activation upon depolarization, followed by fast inactivation especially 
upon further depolarization, restricting outward K+ flow during early phases 
of the cardiac action potential. Upon initial the repolarization, fast recovery 
from inactivation then drives repolarization of the action potential. In both  
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Figure 6. Absence of IhERG inhibition in response to treatment with 4–9 (1 µM). 
(A) Representative traces of IhERG treated with 6 (1 µM) under baseline and 15 min 
perfusion. Stimulation protocol is shown at right panel. (B) I–V relationship curves 
of step (left panels) and tail (right panels) current densities following treatment 
with 4–9 at baseline, 3.5 min, 7 min and 15 min. (C, D) Summary of step current 
(C) and tail current (D) densities, determined at +10 mV, under control (untreated) 
condition and following treatment with 4–9. Summarized data are normalized by 
their baseline. All data are presented as the mean ± SD. N-values for baseline, 
3.5, 7 and 15 min. Measurements are as follows: 4:17, 10, 9, 6; 5: 8, 7, 7, 6; 6: 
17, 8, 8, 6; 7: 10, 10, 9, 8; 8: 10, 9, 8, 8; 9: 9, 9, 9, 5. 

( ) ( ) ( )
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the step-current pulse, evaluating slow activation and rapid inactivation, 
and tail-current, evaluating fast recovery, measurements, no significant 
changes in IhERG densities were observed in the 15 min timeframe at a 
concentration of 1 µM (Fig. 6). Furthermore, no apparent effects on the 
voltage dependence of the hERG channel were observed with any of the 
compounds. Finally, we did not observe any obvious changes in channel 
dynamics when performing or analyzing the patch-clamp experiments and 
data, respectively. Compared to pentamidine, which shows no acute block 
at 1 µM using similar pulse protocols,32 modifications resulting in 
compounds 4–9 do not induce acute hERG channel blockade. It can mean 
that theoretically predicted interactions with hERG channel for 4–6 does not 
block the conduction path, however these findings do not exclude potential 
long-term effects on IhERG densities. 

Impact of pentamidine analogues on hERG trafficking 

Pentamidine affects forward the trafficking of the hERG channel 
resulting in decreased mature/immature protein ratios.32 Pentamidine likely 
interferes with the process of proper hERG protein folding, in which the 
compound interacts with one or more intermediate folding states and thus 
inhibits subsequent folding steps required for endoplasmic reticulum 
export.33 One could imagine that pentamidine-bound folding intermediates 
affect proper chaperone function resulting in improper folding, ER retention 
and/or degradation of the channel protein.75 The high-affinity drug binding 
site Phe656 of the hERG channel is essential for intracellular pentamidine 
interaction, which may also explain the capacity of high-affinity hERG 
blockers to correct pentamidine-induced hERG trafficking defects.34 
Decreased levels of mature hERG expression are one of the life-threatening 
side effects of pentamidine and the major trigger of Torsade de Pointes 
arrhythmias. To identify potentially trafficking inhibition structures, 
pentamidine and 1–9 were tested for effects on hERG mature/immature 
ratios. 

HEK-hERG cells were treated with 1 and 10 µM pentamidine and its 
analogues for 24 h (Fig. 7). We did not observe induction of cell toxicity by 
routine visual inspection using phase-contrast microscopy and lysate 
protein concentration. As also observed in earlier studies,33,34 pentamidine 
treatment significantly decreased maturation (mature/immature ratio) of 
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hERG. Dofetilide, which promotes forward trafficking, increases 
mature/immature ratios. In contrast to pentamidine, its analogues 
displayed minor effect on hERG maturation resulting in slightly lower 
mature/immature ratios, especially at 10 µM (pentamidine vs. 1 1 µM p 
<0.0001, 2 1µM p <0.0001; 3 1 µM p <0.05; 4 1 µM p <0.01; 5 1 µM p 
<0.0001; 6 1µM p <0.05; 8 1µM p <0.05) (Fig. 7B). No significant changes 
between 1 and 10 µM of each compound except for 1, 2 and 5 (Fig. 7C) 
were seen. 

Figure 7. The maturation of hERG is affected differently by pentamidine and its 
analogues 1–9 in HEK-hERG cells. (A) Western blot results of HEK-hERG cells 
exposed to pentamidine (10 µM), dofetilide (1 µM) and 1–9 (1 and 10 μM) for 24 
h. Total protein ponceau staining was used as loading control. (B) Summarized 
data of the ratios of mature and immature hERG expression in HEK-hERG cells 
after 24 h treatment with pentamidine (10 µM), dofetilide (1 µM) or analogues. ‡ 
indicated P < 0.05 vs. control, § P < 0.05 vs. pentamidine, # P < 0.05 vs. 
dofetilide. Control protein ratios were designated as 1. (C) Two concentration 
comparison in maturation ratio of hERG. * P < 0.05 between 1 and 10 μM 
treatment. Data are presented in mean ± SD. N-values for are as follows: control: 
26; pentamidine: 27; dofetilide: 24; 1 (1, 10 µM): 10, 10; 2: 13, 10; 3: 4, 4; 4: 
4, 4; 5: 7, 10; 6: 4, 3; 7: 4, 4; 8: 4, 4; 9: 4, 3. 

Since the compounds 1, 2 and 5 indicated dose-dependent effects in 
hERG maturation (Fig. 7C) we performed a full dose-response analysis. The 
three analogues were applied to HEK-hERG cells in different concentrations 
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ranging from 0.5 till 20 µM (Fig. 8). A 20–25% decrease in total lysate 
protein concentration was observed with the highest concentration.�

Figure 8. Dose–response effects of 1, 2 and 5 on hERG maturation. (A) Dose–
dependent effect on hERG expression after 24 h treatment with 1, 2 and 5 (0.5–
20 µM), pentamidine (10 µM) or dofetilide (1 µM). In the lower panels, ponceau 
staining reveals equal loading. (B) Summarized results of (A). Data are presented 
as the ratios of mature and immature hERG. ‡ indicates P < 0.05 vs. control, § P 
< 0.05 vs. pentamidine, # P < 0.05 vs. dofetilide. N-values for are as follows: 
control: 29; pentamidine: 27; dofetilide: 27; 1 (all concentrations): 6; 2 (all 
concentrations): 6; 5: (all concentrations) 3. 

However, this will not affect the experimental outcomes since 
identical amounts of protein were loaded and mature/immature hERG ratios 
were determined to assess forward trafficking. As expected, hERG 
maturation was dose-dependently decreased following 1, 2 and 5 
application (pentamidine n = 27 v.s 1 0.5 µM p <0.01; 1 1 µM p <0.001; 
2 0.5 µM p <0.05; 2 1 µM p <0.0001; 5 0.5 µM p <0.05; 5 1 µM p <0.05). 
Interestingly, the lowest concentration (0.5 µM) showed a trend for 
increasing maturation. The subcellular localization of the hERG protein after 
exposure to pentamidine and its analogues 1, 2 and 5 (10 µM) was studied 
by immunofluorescence microscopy on HEK-hERG cells (Fig. 9). In 
untreated control cells, hERG was distributed throughout the cell with clear 
membrane staining. The membrane hERG protein expression was 
remarkably decreased after pentamidine treatment and the intracellular 
expression level was relatively lower than untreated cell, in contrast to 
dofetilide (1 µM). The intracellular localization of hERG after 1, 2 and 5 
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treatment revealed a pattern comparable with control cells and clear 
membrane staining was detected. These results are in accordance with 
observations displayed in Fig. 7 and 8. These qualitative results indicate 
that the modifications resulting in 1, 2 and 5 reduce, but not completely 
abolish, the effects seen on hERG trafficking by pentamidine, whereas the 
newly developed compounds 7–9 show the least effects on hERG 
trafficking. 

Figure 9. Expression of hERG at the membrane in control (untreated) and HEK-
hERG cells treated for 24 h with pentamidine (10 µM), dofetilide (1 µM), 1, 2 or 5 
(10 µM). The scale bar represents 20 µm. 
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CONCLUSIONS 

The tested linear pentamidine analogues 1–9 have favourable drug-
likeness parameters (the topological polar surface area (TPSA), volume of 
distribution (Vd), water solubility (Sw), effective permeability (Peff), apparent 
permeability (MDCK), percentage of unbound drug to blood plasma proteins 
(% Unbnd), blood-to-plasma concentration ratio (RBP), BBB_filter, blood-
brain barrier partition coefficient (log BB)) as the potential oral drugs. 
Nevertheless, some cardiotoxicity joined with hERG channel was suggested 
for tested analogs with one S atom in the linker and alkyl part in the amidine 
groups. The theoretical analysis of complexes between the hERG K+ channel 
and the selected compounds showed the binding free enthalpy values as 
follows –23.34 kcal mol-1 (4 with amidine groups closed in imidazolyl ring), 
–31.55 kcal mol-1 (5 with butyl substituent) and –13.70 kcal mol-1 (6 with 
cyclohexyl substituent), predicting the moderate strength of interactions. 
All compounds are located in the same region of the hERG K+ cavity in the 
proximity of amino acids Leu622, Thr623, Ser649, Tyr652, Ala653 and 
Phe656, what is in accordance with the possibility blocking hERG K+ 

channel. However, in the electrophysiological patch clamp experiments for 
1–9 on HEK-293T cells, no significant changes in IhERG densities were 
observed in the 15 min timeframe at a concentration of 1 μM. In the next 
biochemical experiments, in contrast to pentamidine, its analogues 
displayed minor effect on hERG maturation resulting in slightly lower 
mature/immature ratios, especially at 10 μM. The intracellular localization 
of hERG after 1, 2 and 5 treatment revealed a pattern comparable with 
control cells and clear membrane staining was detected. After a combined 
theoretical and experimental approach, we can suggest that the 
pentamidines characterized by the presence of sulfur atoms or sulfanilide 
groups are promising, not-toxic lead structures in the developments of new 
potent chemotherapeutics against PJP. 

�  
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SUPPLEMENTARY MATERIAL 

Table S1 Probability of metabolism by human uridine 5’-diphosphate-
glucuronosyltransferases (UGT) for 1–9. 

Compound 

UGT 

1A1 1A3 1A4 1A6 1A8 1A9 1A10 2B7 2B15 

1 Yes No Yes No No Yes No Yes No 

2 Yes Yes Yes No No Yes No Yes No 

3 Yes Yes Yes No No No No Yes No 

4 Yes Yes Yes No No Yes No Yes No 

5 Yes Yes Yes No No No No Yes No 

6 Yes Yes Yes No No No No No No 

7 No No No No No Yes No Yes No 

8 No No No No Yes No No No No 

9 No No No No No Yes No No No 
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Table S2. Values of CDOCKER interaction energy (kcal·mol-1) for 
pentamidine derivatives (4, 5 and 6). 

Pose 
number 

CDOCKER interaction energy 

4 5 6 

1 -48,9474 -59,0164 -55,1398 

2 -49,6748 -52,6177 -56,6219 

3 -43,7155 -55,7457 -53,9279 

4 -46,4077 -57,0773 -54,1317 

5 -41,6959 -52,8375 -49,0274 

6 -44,5029 -52,7724 -55,2444 

7 -42,2372 -47,7179 -49,6112 

8 -42,2035 -52,9497 -48,2851 

9 -41,7638 -48,8009 -50,2068 

10 -42,6056 -52,007 -45,8554 
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Figure S1. Predicted intermolecular interactions by CDOCKER for 
compounds 4, 5 and 6. 
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GENERAL DISCUSSION 

Cardiac arrhythmias, either inherited or acquired, are closely related 
to cardiac ion channels’ functionality. Amongst those ion channels involved 
in generating the action potential, potassium channels carry diverse roles 
in subsequent phases. The trafficking pathways are believed to play a 
substantial role in ion channel function, but research on the underlying 
processes is limited when compared to our knowledge on channel gating 
and kinetics, possibly due to the different time scales at which they operate; 
hours to days vs. milliseconds or even faster. For the heart, clinical 
applications with respect to ion channel trafficking modification are in an 
early stage at their best. The field now requires thorough insights in 
trafficking for each and every ion channel at the molecular and cellular level, 
its impacts on in vivo arrhythmogenicity and the development of 
pharmacological interventions to steer optimal ion channel trafficking. 
Therefore, we are aiming to discuss the current development in this field 
and the potential value in drug discovery endeavors and our contributions 
in these investigations as depicted in the current thesis.   

Potassium channel trafficking defects and its clinical 
implication  

Congenital driven aberrations in ion channel function, although 
relatively rare, are very illustrative in our understanding of sequence-
function relations with respect to trafficking. Mutations in Kv11.1 channels, 
either leading to gain- or loss-of-function have been associated with clinical 
phenotypes. For example, gain-of-function N588K mutation in KCNH2 gene 
encoding for IKr channel carried by Kv11.1, is clinically characterized by 
short QT syndrome and sudden cardiac death (Brugada et al., 2004), while 
other KCNH2 mutations as well as M54T, I57T mutations in MiRP1, a 
regulatory subunit of the IKr channel encoded by KCNE2 gene, are 
associated with inherited LQT (Curran et al., 1995; Abbott et al., 1999). In 
two comprehensive studies, it was shown that the majority of mutations in 
the KCNH2 gene result in trafficking defects, with or without concomitant 
effects on channel kinetics (Anderson et al., 2014; Anderson et al., 2006). 
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Also, mutations in the KCNQ1 gene encoding the IKs channel, carried by the 
KCNQ1 α-subunit, usually associate with LQT (type 1) (Wang et al., 1996), 
while a patient with a gain-of-function mutation, KCNQ1V307L has been 
found with enhanced repolarization and short QT interval (Bellocq et al., 
2004). S74L, D76N mutations in KCNE1 gene encoding β-subunits of IKs 
channel, MinK and an inherited S1570L mutation in AKAP9 gene encoding 
Yotiao which is required to be assembled with Kv, can suppress IKs channel 
function, diminish IKs current and cause inherited LQT (Splawski et al., 1997; 
Chen et al., 2007). To which extent these mutations affect trafficking of the 
channels’ subunits is largely unknown and requires comprehensive analysis 
as performed for the IKr channel. 

For the KCNJ2 gene encoding the α-subunit of KIR2.1 channel that 
carries the cardiac inward rectifier current IK1, several mutations have been 
identified that associate with Andersen–Tawil syndrome (Zhang et al., 
2005). An inherited mutation D71V causes a dominant negative effect on 
channel function and QT prolongation (Plaster et al., 2001). Whereas, 
carriers of heterozygous/homozygous D172N mutations in KIR2.1 channel 
are vulnerable to short QT syndrome (Priori et al., 2005). In an effort to 
determine sequence-function relationships for KIR channels with respect to 
trafficking, we aligned disease associated KIR protein mutations with known 
trafficking defects. As illustrated in Chapter 2, these mutations form 
clusters in aligned sequences. These findings will potentially benefit future 
drug discovery to targeting channel trafficking. However, sequence-function 
relationships have to be confirmed experimentally before attempting to 
target channel (domains) by pharmacological approaches. Therefore, we 
focused on one intracellular domain in Chapter 4. There we identified a 
new domain in KIR2.1 channel, a so-called PEST domain thought to be 
involved in rapid protein degradation from literature. However, we found 
that protein stability and trafficking was not (strongly) affected and that 
this domain has a role in coregulation of inward rectification. 

A significant percentage of drug-induced LQT2 is associated with 
Kv11.1 forward trafficking defects (Wible et al., 2005). To which extent this 
phenomenon is also responsible for drug-induced arrhythmias mediated by 
other channels is largely unknown and deserves further clarification. In our 
work, we used pentamidine as a Kv11.1 trafficking inhibitor (Chapter 6). 
The binding affinity of pentamidine to the Kv11.1 channel is known to be 
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highly regulated by its amidine and aromatic rings (Varkevisser et al., 2013). 
Any alteration in these regions will significantly impair pentamidines 
capacity of Kv11.1 trafficking inhibition. Along this reasoning, we 
synthesized new pentamidine analogues (Chapter 7) having modified 
sulfur atoms or sulfanilide groups, and determined their long term effects 
on Kv11.1 trafficking and short term effects on channel kinetics. Some 
pentamidine analogs modified at several positions demonstrated that sulfur 
atoms or sulfanilide groups have minor effect on IKv11.1 densities and Kv11.1 
maturation (Żołek et al., 2019). These insights may contribute to the 
development of improved specificity for drugs addressing Pneumocystis 
jiroveci pneumonia. 

Finally, to which extent disease conditions affect ion channel 
trafficking is largely unknown. It is known that in the process of cardiac 
electrical remodeling some channels display decreased expression at the 
plasma membrane, as for example seen for the IKr channel in the dog with 
chronic AV block (Oros et al., 2008) used in Chapter 5. Other disease 
states affect ion channel expression too, for example observations of 
decreased IK1 densities in heart failure (Beuckelmann et al., 1993). To 
further explore the significance and underlying mechanisms of non-
congenital disease linked trafficking defects associated with cardiac 
arrhythmia, in vivo models are an important requirement. In Chapter 3 we 
reviewed a number of animal models, and contemplated on their usefulness 
for ion channel trafficking research. 

Drug discovery of trafficking correctors and their 
applications 

Potassium channels in general have attracted increasing interest as 
drug binding targets in various fields and applications. Besides, simply 
blocking channel pore via binding to extracellular binding site, it is also 
possible to change channel kinetics, regulating upstream mRNA expressing 
level or interference in the channel trafficking pathway. Comparing to 
others, targeting channel trafficking may facilitate the channel’s normal 
function and regulation at the plasma membrane. 
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As indicated above, pentamidine has been a useful tool to establish 
an experimentally acquired Kv11.1 trafficking defect by impairing Kv11.1 
maturation (Dennis et al., 2012). This trafficking defect can be rescued by 
dofetilide, and dofetilide analogues in dependence of their binding affinity 
for Kv11.1 channel (Varkevisser et al., 2013). Astemizole can also rescue 
pentamidine-induced Kv11.1 trafficking inhibition by directly binding and 
blocking Kv11.1  channels, and correcting misfolded Kv11.1 as a 
pharmacological chaperone (Ficker et al., 2002; Dennis et al., 2012). The 
N470D mutation generates defective folding of immature Kv11.1 protein 
resulting in prolonged association with calnexin and retention in the 
endoplasmic reticulum. Kv11.1 channel blocker E-4031 can shorten the 
association duration and improve proper protein folding leading to hERG 
maturation (Gong et al., 2006). 

Importantly, structure-activity relationship studies will give us more 
information about pharmacological correction of ion channel trafficking 
defects and facilitate designing drugs with limited side effects (Chapter 7). 
This trafficking rescue should be certain domain/site-restricted. The binding 
affinity of pentamidine to Kv11.1 channel is highly dependent by its amidine 
and aromatic rings. Any alteration in these areas will significantly impair its 
capacity of Kv11.1 trafficking inhibition. On the other hand, within the 
pharmacological corrector dofetilide, methanesulphonamide substitution 
with a polar NH2 group completely inhibits its interaction with Kv11.1 and 
abolishes channel defect correction (Varkevisser et al., 2013). Besides, the 
protonated tertiary nitrogen, phenyl rings and the structure formed by the 
central nitrogen and the aromatic residues in dofetilide are also essential 
for binding (Guo et al., 2009; Pearlstein et al., 2003). Phenylalanine 656 in 
Kv11.1 has been reported as a crucial binding site for pentamidine (Dennis 
et al., 2012). Kv11.1 (HERG) G601S mutant is characterized by trafficking 
defects and can be rescued by many Kv11.1 channel blockers (also shown 
in Chapter 6), while both F805C and R823W mutations cannot (Ficker et 
al., 2002). The disadvantage of current compounds with Kv11.1 trafficking 
rescue is the fact that they are also potent channel inhibitors by their ability 
to interact within the conductive pore region. These observations indicate 
that it would be worthwhile to develop new broad spectrum Kv11.1 
correctors that will normalize IKr in many forms of congenital LQT2. 
Furthermore, we may anticipate that such broad spectrum correctors are 
also favorable in targeting acquired, e.g. disease- or drug-induced, LQT2. 
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However, as correctors may become important pharmacological 
options, they are most likely not sufficient for a complete normalization of 
channel function. Channel activators, drugs that increase currents by 
altering the channels gating kinetics, have proven to be effective in several 
conditions. For example, minoxidil is an IKATP channel opener used as a 
vasodilator in treatment of resistant hypertension (Mundt et al., 2016), and 
to promote hair growth in Androgenetic alopecia patients (Varothai et al., 
2014). Furthermore, activators are being used, in combinations with 
correctors, in treatment of cystic fibrosis (Ratjen et al., 2015). In our 
studies we investigated some of the potential applications of the Kv11.1 
negative allosteric modulator/activator LUF7244 (Chapter 5, Chapter 6). 
First, it became apparent that LUF7244 by itself has no potential for rescue 
of acquired or congenital Kv11.1 trafficking defects. However, in 
combination with a pharmacological corrector (dofetilide, E-4031) normal 
trafficking and improved current densities were observed. Furthermore, in 
the acute setting, LUF7244 was able to increase IKv11.1/IKr to ameliorate 
dofetilide-induced TdP arrhythmias in vivo. Whether LUF7244 counteracts 
congenital and/or acquired LQT2 in general needs to be established. 

Finally, the field of KIR2 channel trafficking corrections and activation 
by pharmacological means lags behinds that of the Kv11.1 channel. But 
given the capacity of some drugs, for example flecainide, to increase IK1 as 
a non-primary effect may indicate that generating KIR2.1 activating 
compounds is feasible (Caballero et al., 2010). 

Concluding remarks 

Compared to direct channel pore blocking mechanisms, regulating 
channel trafficking mechanisms have not received sufficient attention thus 
far. Considering the disadvantage of pore blocking, like narrow treatment 
windows, or affecting channel gating properties, targeting channel 
trafficking could benefit more to patients baring mutant potassium channels, 
especially those with a loss-of-function mutation. Our findings demonstrate 
the feasibility and validity of this approach. Therefore, gaining more 
knowledge on potassium ion channel trafficking, pharmacological 
interventions and building appropriate animal models will be important and 
necessary future directions. 
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SUMMARY 

There is no doubt that normal heart function plays a vital role on life 
maintenance, which means beating in a healthy and regular rhythm. This 
spontaneous beating results from the electrical impulse of pacemaker cells 
located in the sinus node and its propagation to the rest of cardiomyocytes. 
The electrical activity associated with every heartbeat can be recorded by a 
surface electrocardiogram (ECG, see below). It starts with a P wave, which 
results from right and left atrial electrical activity. Then this impulse goes 
through AV node to reach the ventricle. The subsequent conduction and 
activation goes rapidly through ventricle and shows in the ECG as a QRS 
complex. Then repolarization begins in the last depolarized cells. The T wave 
represents ventricular repolarization. Under certain circumstances, the 
heart beat may become irregular which may deteriorate into arrhythmia, or 
even Torsades de Pointes (TdP). These are life-threatening symptoms that 
could lead to ventricular fibrillation and sudden cardiac death.  

The conditions resulting in arrhythmia can be divided into inherited or 
acquired. Before we focus on the treatment, it will be helpful to understand 
the underlying molecular mechanism of each arrhythmia type. Therefore, 
instead of looking at the ECG as the resultant of activity of all 
cardiomyocytes, action potential duration can be used as the representation 
of individual cardiomyocytes instead. As mentioned in Chapter 1, the 
action potential contains five different phases that each involves the 
function of several ion channels. In this thesis we mainly discuss potassium 
channel, especially KIR and Kv11.1. The generation of sufficient amounts of 
channel protein expressed in the plasma membrane and its functional 
gating properties are playing essential roles in keeping normal cardiac 
function. Thence, it brings our attention to the potassium channel trafficking.  

There is a number of diseases associated with KIR channel mutations. 
In Chapter 2, we listed several inherited diseases that relate to altered ion 
channel function and linked it to channel mistrafficking. The alignment 
analysis of these mutations indicated some “hotspots” in the protein 
sequence, which are mutation clusters that may correlate to channel 
trafficking. 
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Figure. The correlation between action potential and ECG, and 
representations of Torsades de Pointes. 

The difficulties in clinical case tracing makes animal research still 
being important. Unfortunately, we do not have one successful animal 
model to study potassium channel trafficking yet. In Chapter 3, we 
discussed several animal models and its applicability in channel trafficking 
research, which would benefit drug screening and narrow down the gap 
between molecular studies and clinical trials. 

When we focus on the heart beat and keep zooming in, as smaller the 
unit becomes more accurate the target will be. This is essential when we 
develop new drugs. The knowledge of KIR channel structure and trafficking 
is still limited and received less attention than the Kv11.1 channel. Therefore, 
in Chapter 4, we identified a new sequence located in the KIR channel 
protein C-terminus, which is related to rectification of IK1.  

Besides gaining better understanding of the molecular mechanism of 
arrhythmia and finding new drug binding targets, we are also interested in 
reducing adverse effects of existing drugs. In Chapter 5, we found that 
LUF7244 as an allosteric modulator and channel activator, could counteract 
dofetilide-induced TdP. It provides us new strategies to treat patients. In 
Chapter 6, we further investigated the chronic effects of LUF7244 and its 
influence on channel trafficking.  
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The interaction between a drug and potassium channel could be 
changed due to molecular modification. Therefore, compound analogues 
studies are often used to improve target binding affinity and reducing 
adverse effects. In Chapter 7, we further identified the functional 
properties of several Pentamidine analogues, a typical Kv11.1 trafficking 
inhibitor. 

Finally, in Chapter 8, we summarized and discussed the results and 
conclusions from previous chapters. To conclude, potassium channel 
trafficking is a valid and important target for treating cardiac arrhythmia, 
using a pharmacological approach. 
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NEDERLANDSE SAMENVATTING  

Het lijdt geen twijfel dat een normale hartfunctie een vitale rol speelt 
in het leven, wat betekent dat het hart in een gezond en regelmatig ritme 
moet kloppen. Dit spontane slaan is het gevolg van de elektrische impuls 
van pacemakercellen in de sinusknoop en de voortgeleiding hiervan naar 
de rest van de hartspiercellen. De elektrische activiteit van elke hartslag 
kan worden geregistreerd door een oppervlakte-elektrocardiogram (ECG, 
zie hieronder). Het begint met een P-golf, die het gevolg is van elektrische 
activiteit in het rechter en linker atrium. Vervolgens gaat deze impuls door 
de AV-knoop om het ventrikel te bereiken. De verdere geleiding en 
activering van het ventrikel gaat snel en wordt in het ECG weergegeven als 
het QRS-complex. Vervolgens begint de repolarisatie, als eerste in de laatst 
gedepolariseerde cellen. De T-golf representeert de repolarisatie van het 
ventrikel. Onder bepaalde omstandigheden kan de hartslag onregelmatig 
worden en treedt er aritmie op, of zelfs Torsades de Pointes (TdP). Dit zijn 
levensbedreigende symptomen die kunnen leiden tot ventriculaire fibrillatie 
en plotselinge hartdood. 

De oorzaak van aritmiën kan worden onderverdeeld in overerfbare en 
verworven factoren. Voordat we ons concentreren op de 
behandelingstherapie, moeten we het onderliggende moleculaire 
mechanisme van elke aritmie begrijpen. Daarom kan, in plaats van naar 
het overkoepelde ECG als geheel te kijken, de duur van actiepotentialen 
worden gebruikt als representatie van de elektrische activiteit van 
individuele hartspiercellen. Zoals vermeld in hoofdstuk 1, bevat de 
actiepotentiaal vijf verschillende fasen, elk gevormd door verschillende 
ionenkanalen. In dit proefschrift bespreken we voornamelijk kaliumkanalen, 
in dit geval KIR en Kv11.1. Het aanwezig zijn voldoende hoeveelheden 
kanaaleiwit op het plasmamembraan, samen met de functionele 
poorteigenschappen, is een essentiële moleculaire factor voor een normale 
hartfunctie. Vandaar dat het onze aandacht vestigt op het transport van  
kaliumkanaal eiwitten in de hartcel. 

Een aantal ziekten is geassocieerd met KIR-kanaalmutaties. In 
hoofdstuk 2 benoemen we verschillende erfelijke ziekten die verband 
houden met een veranderde hoeveelheid ionkanalen op het membraan,  te 
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wijten aan verstoringen in het intracellulaire eiwit transport. De 
sequentievergelijking van deze mutaties biedt ons zicht op 'hotspots' in de 
eiwitsequentie, dit zijn mutatieclusters die een mogelijke correlatie met een 
verstoord transport aanwijzen. 

Figuur. De correlatie tussen actiepotentiaal en ECG, en representaties van 
Torsades de Pointes. 

Omdat het lastig is om direct uit een klinische casus een onderliggend 
mechanisme te bepalen, is dierexperimenteel onderzoek belangrijk. Helaas 
hebben we nog geen succesvol diermodel om het intracellulair transport 
van kaliumkanalen te bestuderen. In hoofdstuk 3 hebben we verschillende 
diermodellen besproken en de toepasbaarheid ervan in onderzoek naar zulk 
transport samengevat, wat de screening van geneesmiddelen ten goede 
kan komen en de kloof tussen moleculair onderzoek en klinische proeven 
zal verkleinen. 

Wanneer we ons concentreren op de hartslag en blijven inzoomen, is 
duidelijk dat naarmate de eenheid kleiner wordt het doel nauwkeuriger is. 
Gedetailleerde moleculaire kennis is dan ook essentieel bij het ontwikkelen 
van nieuwe medicijnen. De kennis van de KIR-kanaalstructuur en -
intracellulair transport is nog steeds beperkt, en dit eiwit heeft veel minder 
aandacht  gekregen dan het Kv11.1-kanaal. Daarom identificeerden we in 
hoofdstuk 4 een nieuwe sequentie in de C-terminus van het KIR-
kanaaleiwit, dat verband houdt met de rectificatie van IK1. 
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Naast het beter begrijpen van de moleculaire mechanismes van 
hartritmestoornissen en het vinden van nieuwe en betere medicatie, zijn 
we ook geïnteresseerd in het verminderen van de bijwerkingen van 
bestaande medicijnen. In Hoofdstuk 5 ontdekten we dat LUF7244 als 
allostere modulator en kanaalactivator de door dofetilide geïnduceerde TdP 
kon tegengaan. Deze kennis biedt ons nieuwe perspectieven om patiënten 
te behandelen. In hoofdstuk 6 onderzoeken we de chronische effecten van 
LUF7244 en de invloed ervan op intracellulair ionkanaal transport verder. 

De interactie tussen een geneesmiddel en het kaliumkanaal kan 
veranderen als gevolg van moleculaire modificaties. Daarom worden studies 
naar zogenoemde “druganalogen” vaak gebruikt om de bindingsaffiniteit te 
verbeteren en bijwerkingen te verminderen. In Hoofdstuk 7 
identificeerden we de functionele eigenschappen van verschillende 
Pentamidine-analogen, een typische Kv11.1 kanaaltransport remmer. 

Ten slotte hebben we in hoofdstuk 8 de resultaten en conclusies van 
alle eerdere hoofdstukken samengevat en besproken. We kunnen 
concluderen dat het intracellulaire transport van kaliumkanaal-eiwitten een 
waardevol aangrijpingspunt is om hartritmestoornissen middels een 
farmacologische weg te behandelen.  
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