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Introduction

Exploring chemical substructures essential for HERG k(+) 
channel blockade by synthesis and biological evaluation of 
dofetilide analogues.

The anti-protozoal drug pentamidine blocks KIR2.x-mediated 
inward rectifier current by entering the cytoplasmic pore 
region of the channel.

Evaluation of pentamidine analogues for efficient and 
specific IK1 inhibition. A preliminary study.

Inhibition of lysosomal degradation rescues pentamidine-
mediated decreases of K(IR)2.1 ion channel expression but 
not that of K(v)11.1.

Comparison of IKr blocking drugs Moxifloxacin and 
Dofetilide/E-4031 in 5 screening models of pro-arrhythmia 
reveals insufficient specificity of isolated cardiomyocytes.

General discussion
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Electrical activity of the heart

The normal electrical activity of the heart is crucial for synchronous 
and effective cardiac contraction and thus for the normal heart function. The 
ventricular action potential (aP) is the result of the fine balance between inward 
and outward currents operating with different time and voltage dependencies, 
in perfect harmony. The aP can be subdivided into five phases (Fig 1.): phase 
0 is known as initial depolarization and rapidly brings the membrane potential 
from negative to positive values due to fast activation of sodium channels (INa). 
Phase 1 is early repolarization and returns the membrane potential close to 0 
mV. Most prominent currents in this phase are the transient outward current (Ito) 
and ultrarapid potassium current (IKur). Phase 1 proceeds more or less smoothly 
into phase 2 – the ”plateau phase” which is characterized by a gradual increase 
and decrease of L-type calcium current (ICaL) combined with a slow increase in 

Figure 1. Action potential and main currents responsible for the AP shape (Ravens and 
Cerbai, 2008).
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rapid (IKr) and slow (IKs) delayed rectifying currents. as the repolarizing currents 
become more prominent in time, the plateau phase proceeds into phase 3 – the 
final repolarization. In this phase, largely carried by IKr and IKs, also the inward 
rectifying potassium current (IK1) is contributing to the return of the membrane 
potential to the resting membrane potential (phase 4). IK1 is then maintaining the 
stable resting membrane potential during the whole diastole.

When focusing on repolarization, during the plateau phase, inward 
currents are almost balanced by outward K+ currents. ICaL together with late 
sodium current (INaL) keep the membrane potential at positive voltages. In 
physiological conditions, ICaL is primarily inhibited by binding of calcium to 
the channel - Ca2+-dependent inactivation (CdI; Cens et al., 2006). That is 
accompanied by a slow shift of membrane potential to negative values which 
is leading to an increase in voltage sensitive repolarizing current IKr and in IK1, 
resulting in the final repolarization (Sanguinetti and Jurkiewicz, 1990; Ibarra et 
al., 1991). IKs is activated by prolonged depolarization and the importance of 
this current is increasing with adrenergic stimulation of the heart (Volders et al., 
2003). although IKr is considered to be the main repolarizing current, also IKs and 
IK1 are contributing to the repolarization capacity. This is called repolarization 
reserve - disruption of one repolarizing current is partially compensated by other 
currents (roden, 1998a).

repolarization disturbances caused by a decrease in repolarization reserve 
are projecting in the eCG as prolongation of the QT interval: the long QT 
syndrome (LQT). LQT can precipitate in Torsade de Pointes arrhythmia (TdP) 
which is a polymorphic ventricular tachycardia with a characteristic twist of the 
QrS complex around the isoelectric baseline on eCG. This arrhythmia can be 
self terminating or can degenerate into life threatening ventricular fibrillation. 
There are several LQT syndromes, which are associated with genetic disease 
(oMIM®; in overview Table 1.). Nevertheless, LQT can be also induced by 
drugs affecting currents involved in repolarization – acquired LQT (roden et 
al., 1996). although most often the target of these drugs is IKr, it is believed 
that block of a single current is not enough for TdP arrhythmia, because of the 
repolarization reserve. For example the incidence of TdP after clinical treatment 
with dofetilide (selective IKr blocker) is only 2.1% (Pedersen et al., 2007). In most 
cases repolarization reserve is capable to control the normal heart rhythm. also 
experiments in animals or isolated right papillary muscles show that blocking of 
a single repolarizing current is not enough to reach the arrhythmogenic outcome 
(Lengyel et al., 2007; Biliczki et al., 2002). Thus a decrease of more than one 
repolarization current or a combination of decrease in an outward current and 
increase in an inward current (multiple hit) is necessary for TdP occurrence.
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Repolarizing currents

This thesis is focused on two currents involved in cardiac repolarization. 
The first is IKr, the main repolarizing current. The second one is IK1, the current 
that is maintaining the stable resting membrane potential and contributing to 
final part of repolarization. IKr is extensively studied and its role in cardiac 
arrhythmias is well accepted (Sanguinetti and Tristani-Firouzi, 2006). on the 
other hand, there is not much known about the contribution of IK1 to LQT related 
arrhythmias, although the connection in genetically determined LQT7 is clear.

IKr

The KCNh2 gene, also known as human ether-a-go-go-related gene 
(herG) codes for Kv11.1 protein. The gene was first described by Warmke 
and Ganetzky in 1994. Kv11.1 is the alpha subunit of the IKr. The structure 
of Kv11.1 is similar to other voltage-gated ion channels. It consists of six 
transmembrane helices, numbered S1-S6, a pore helix situated between S5 
and S6 and cytoplasmatically located N- and C- termini. Four Kv11.1 proteins 

Type Mutation Description  
LQT1 KCNQ1 alpha subunit of the slow delayed rectifier potassium 

channel
IKs

LQT2 KCNH2 alpha subunit of the rapid delayed rectifier potassium 
channel

IKr

LQT3 SCN5A alpha subunit of the sodium channel INa

LQT4 ANK1 anchor protein Ankyrin B  
LQT5 KCNE1 beta subunit (MinK) which coassembles with KCNQ1 IKs

LQT6 KCNE2 beta subunit (MiRP1) which coassembles with KCNH2 IKr

LQT7 KCNJ2 inward rectifier potassium channel IK1

LQT8 CACNA1c alpha subunit of the calcium channel Cav1.2 ICaL

LQT9 CAV3 Caveolin 3 INa

LQT10 SCN4B beta subunit type IV which coassembles with SCN5A INa

LQT11 AKAP9 A-kinase anchor protein 9  
LQT12 SNTA1 Alpha-1-syntrophin  
LQT13 KCNJ5 G protein-activated inward rectifier potassium channel 

4
IKATP

Table 1. Overview of genetic LQT syndromes
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form a functional channel. after translation the protein is transported to the 
Golgi apparatus where it is glycosylated. N-linked glycosylation is required for 
surface membrane expression (Petrecca et al., 1999). Several beta subunits were 
described to associate with Kv11.1. MinK, MirP1 and MirP2 modulate the 
kinetic behavior of the IKr (Yang et al., 1995a; abbott et al., 1999; Schroeder 
et al., 2000). Not much is known about degradation or backward trafficking of 
the IKr channel. Ubiquitine was identified as crucial player in degradation of the 
protein in the lysosomal as well as the proteosomal pathway (Gong et al., 2005; 
Chapman et al., 2005).

The electrophysiological properties of IKr are unique compared to other 
voltage sensitive potassium channels. The main difference is the speed of 
gating of IKr. IKr has two gates, activation and inactivation. In general potassium 
channel activation gates operate faster than inactivation gates. This means that 
upon activation the channel is conducting the current until the inactivation gates 
closed. however, inactivation gates in IKr operate faster than activation gates 
(Spector et al., 1996). after voltage dependent activation of IKr the inactivation 
gates are closing before the activation gates can fully open. Therefore at the 
beginning of the plateau phase IKr is quite small. as the membrane potential 
shifts during plateau phase to more negative voltages, the inactivation gates are 
again opening faster than activation gates are closing and the current is flowing 
through the channel. Thus, although IKr is activated by depolarization, in fact it 
is opened by repolarization.

There are a variety of drugs that can block IKr channel. Their structural 
and therapeutic heterogeneity is striking. Part of the explanation could be found 
in the structure of the channel. The cytoplasmic mouth of the channel is wide 
and access to the channel pore is relatively easy for larger molecules. Molecular 
determinants of the binding sites were identified using alanine-scanning 
mutagenesis studies. Mutation of four residues located in the S6 domain (G648, 
Y652, F656, and V659; Mitcheson et al., 2000) and three of the “K+ channel 
signature sequence” (heginbotham et al., 1994) residues (TSVGFG) located 
near the base of the pore helix (T623, S624, and V625) reduced block of herG 
channels by the methanesulfonanilide class III drugs (MK-499, dofetilide, and 
e-4031; Fig 2B). Inactivation of the channel is also important for drug binding 
as many drugs bind to open or inactivated state of the channel (Yang et al., 
2004).
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IK1

The inward rectifier potassium channel of the heart is formed by protein 
subunits KIr2.1, KIr2.2 and KIr2.3 encoded by KCNJ2, KCNJ12 and KCNJ4 
gene respectively (redell et al., 1998; hugnot et al., 1997; Makhina et al., 
1994). although the crystal structure of the KIr2.x channels is not available, it 
is known that KIr2.x proteins have two transmembrane domains with the P-loop 
in between and C- and N-termini facing the cytoplasma. Four KIr2.x proteins 
tetramerize to form an IK1 ion channel. The P-loop frames the selectivity filter. 
The protein is not known to undergo posttranscriptional modifications in 
sarcoplasmic reticulum or Golgi. KIr2.x channel activity is dependent on the 
interaction of the channel with phosphatidylinosital-4,5-bisphosphate (PIP2; 

Figure 2. KIR2.1 and hERG structure with depicted aminoacids residues important in 
drug binding. EC = Extracellular, IC = Intracellular, SF = Selectivity filter, TM = Transmem-
brane domain, P = P-loop, SX = Segment X.
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Xiao et al., 2003), which is present in cell membrane. This interaction stabilizes 
the channel in open conformation.

Inward rectifier potassium channels conduct inward currents at potentials 
more negative than the potassium reversal potential according to ohm`s law. 
With shifting of the membrane potential to values positive to reversal potential 
for K+ the current becomes much smaller (Fig 3). a small change in resting 
membrane potential is giving large changes in KIr2.x channel conductance. Thus 
IK1 maintains resting membrane potential. The rectification of the channel is also 
important for maintaining the plateau phase. It is generally accepted that KIr2.x 
channels are not conducting during the plateau phase at all and that this channel 
is not contributing to the repolarization until the membrane potential becomes 
more negative (dhamoon and Jalife, 2005). however, some experiments in 

Figure 3. Current-voltage relationship of the typical IK1 measured in HEK293 cells stable 
expressing KIR2.1.
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dog right ventricular papillary muscle are showing prolongation of aP already 
during plateau phase after application of the specific IK1 blocker Ba+ (Lengyel 
et al., 2004). The mechanism of the inward rectification of K+ channels is the 
voltage-dependent blockade of outward K+ currents by both intracellular Mg2+ 
(Matsuda et al., 1987; Vandenberg, 1987) and positively charged polyamines 
(Ficker et al., 1994; Lopatin et al., 1994).

The only known specific IK1 blocker is Ba2+. Unfortunately application 
of barium ions to animals is toxic and affecting several organ systems. a few 
case reports about barium intoxication in humans show also cardiac arrhythmias 
(Johnson and VanTassell, 1991), but a detailed study of IK1 role in cardiac 
arrhythmias is not possible due to lack of a specific blocker applicable in vivo. 
The potential importance of this channel in cardiac arrhythmias can be derived 
from genetic diseases interfering with mutation in KIr2.x proteins. andersen-
Tawil syndrome (LQT7) is, amongst other symptoms, accompanied by long QT 
syndrome with TdP arrhythmias and sudden cardiac death (Tristani-Firouzi et 
al., 2002). This is indicative of the importance of IK1 for the cardiac repolarization 
reserve. Therefore further extensive research is necessary to asses in detail what 
the relation between IK1 and cardiac arrhythmias is. For this, finding of a specific 
IK1 blocker applicable in vivo would be a logical and crucial first step.

Two different binding sites have been identified for binding of polyamines 
(spermine, spermidine). d172 in the M2 transmembrane domain and e224 and 
e299 in the cytoplasmic C-terminal region (Fig 2a) were pointed out as the 
aminoacids important for the binding of polyamines (Stanfield et al., 1994; 
Wible et al., 1994; Taglialatela et al., 1995; Yang et al., 1995b; Kubo and 
Murata, 2001). Very recently, the antimalarial drug chloroquine was identified 
as an IK1 blocker (rodríguez-Menchaca et al., 2008). however, this drug is 
a multichannel blocker with quite low sensitivity for IK1 compared to other 
channels. The residues important for its binding, e224, e299, F254 and d259 
are located in cytoplasmic C-terminus and largely correspond to the same 
region of binding as polyamines. Thus this region could be a target of interest in 
development of a specific IK1 blocker.

Cardiac safety assessment

In the past decades, many drugs were withdrawn from the market because 
of their potential to induce TdP (redfern et al., 2003). This adverse effect does 
not occur only in cardiovascular drugs but in a wide spectrum of structurally and 
functionally different drugs. one part of the evaluation of the cardiac toxicity 
of new drug candidates therefore concerns testing the proarrhythmic potential 
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of these compounds. For instance, the current strategy of the U.S. Food and 
drug administration (Fda) is based on the thorough QT/QTc study in healthy 
volunteers (ICh Guideline e14, 2005). If the QTc prolongation is less than 5 
ms, the drug is approved as safe. a prolongation of more than 20 ms discards the 
drug from the approval process. If the QTc prolongation is 5 to 20 ms, additional 
verification of cardiac safety is required (ICh Guideline S7B, 2005). 

on the other hand, the pharmaceutical industry is trying to identify unsafe 
drugs in earlier stages of drug development to lower the cost of development. 
IKr is generally accepted as the main suspected target of drugs inducing TdP and 
thus a herG assay is often used to determine the herG blocking potency of the 
drug candidate.

The weakness of this current approach of cardiac drug safety testing is in 
three important aspects. First aspect is that correlation between QT prolongation 
and proarrhythmic potential is not always predictive (ahmad and dorian, 2007). 
There are drugs prolonging QT without inducing TdP (Table 2.; antzelevitch, 
2007). experiments with a torsadogenic IKr blocker d-sotalol show increased 
QT interval far before an occurrence of TdP and QT prolongation is present 
also in animals that did not experienced TdP arrhythmia (Thomsen et al., 2004). 
Therefore, in our opinion, there is a need for another surrogate marker, which 
will correlate with arrhythmogenic outcome better.

S e c o n d l y , 
focus on one current 
- IKr is limiting the 
specificity of the testing 
systems. It has been 
shown in preparations 
with decreased 
repolarization reserve 
that the block of IK1 or 
IKs is proarrhythmic as 
well (Biliczki et al., 
2002; Burashnikov and 
antzelevitch, 2002; Vos et al., 2001). The decreased repolarization reserve has 
been described in several models of cardiac diseases. Under these circumstances, 
the drugs affecting ancillary currents could have a proarrhythmic potential too. 

The third weakness of the current cardiac safety assessment is the fact, 
that only acute effects of the drug on herG channel are tested. an increasing 
number of drugs is identified to have an effect on channel protein trafficking, 
decreasing the total current available in the membrane and thus reducing the 
repolarization reserve (Cordes et al., 2005; Kuryshev et al., 2005; rajamani et 

IKr block QT prolongation TdP
Almokalant  + + +
Amiodarone + + -
Moxifloxacin + + -
Ranolazine + ± -
Haloperidol + - -

DPI 201-106 - + +

Table 2.  Examples of poor correlation between IKr block, 
QT prolongation and TdP arrhythmia.
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al., 2006; Sun et al., 2006; Guo et al., 2007; Wang et al., 2007; van der heyden 
et al., 2008). This chronic effect of drugs on cardiac repolarization is not tested 
at all.

Models of cardiac arrhythmias and predicting markers

In general there are three different possibilities of preclinical testing of 
drugs for arrhythmogenic potential. Cultured cells are used in herG assays. 
as already mentioned, there is no clear correlation between herG block 
and proarrhythmic endpoint and this assay suffers from high number of false 
positive as well as false negative outcomes. Measurements in primary cultures 
of disaggregated cardiac cells are also not very convincing. damage of ion 
channels and changes in channel expression during isolation and storage lead to 
high variation in electrophysiological parameters (Saint and Chung, 1999). The 
freshly isolated cardiomyocytes could be the favorable alternative still suffering 
from damages caused by isolation, but not that caused by storage or culture 
artifacts.

other in vitro models are isolated tissues or hearts. Isolated Purkinje 
fibers, Langendorff perfused hearts, papillary muscles or wedge preparations 
have generally good sensitivity and specificity (eckardt et al., 2002; Valentine et 
al., 2004; aiba et al., 2005; Joshi et al., 2004; Champeroux et al., 2005; Lengyel 
et al., 2004). disadvantage of these methods is low throughput and technical 
complexity.

In vivo TdP arrhythmia models would seem most likely to predict 
arrhythmias in humans. The in vivo models can be subdivided into conscious and 
anesthetized animals. There are not much data available from conscious animals. 
In fact three models were introduced. aV block combined with hypokalemia is 
producing TdP-like polymorphic arrhythmias in dogs (Chezalviel et al., 1995). 
Carlsson et al. (1993) found that infusion of aPd prolonging agents such as 
almokalant or dofetilide was associated with the induction of TdP in conscious 
rabbits. Nevertheless after anesthesia of these rabbits inducibility was lost. 
The TdP arrhythmias in anesthetized rabbits were present only if animal was 
pretreated with α1 agonist such as methoxamine (Carlsson et al., 1993). The 
chronic aV block dog model was introduced by Vos et al. (1995) and is well 
discriminating the proarrhythmic effects of various herG blockers (Chiba et 
al., 2001). The important limitations of animal models are high cost and time 
consumption.

as already mentioned, the clinical incidence of TdP even after treatment 
with potent torsadogenic drug is low. although the incidence of TdP in animal 
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models developed for testing of this arrhythmia is higher, the outcome never 
reaches 100%. The same holds true for in vitro models. Thus, all testing assays 
do not evaluate intrinsic torsadogenicity, but look at surrogate markers suspected 
to be linked to TdP arrhythmia. The markers used are herG blocking effect 
(roden, 2004), prolongation of aPd/QT, triangulation of aPd, dispersion 
of aPd (TrIad; hondeghem, 2008) and beat-to-beat variability of aPd/QT 
(Thomsen et al., 2004).

Scope of the thesis

This thesis is addressing two important repolarizing currents – IKr and 
IK1. The role of IKr in arrhythmias is well described. a large number of drugs 
are interacting with this channel and it is critical for pharmaceutical industry 
to identify chemical structures responsible for the binding. In chapter 2, the 
structure-function relationship between the herG channel and a number of 
dofetilide analogues is described to specify structural features responsible for 
the herG toxicity.

 The role of IK1 in arrhythmias is poorly studied. The main reason for 
that is lack of a specific IK1 blocker, which can be used in vivo. In chapter 3, 
we identified pentamidine as a specific blocker of IK1. Pentamidine is not an 
ideal IK1 blocker and its use in vivo has some limitations (low affinity, effect on 
protein trafficking). In chapter 4, we have used pentamidine as starting point and 
studied the effect of different pentamidine analogues on IK1 channel to screen for 
the best candidate for development of a specific IK1 blocker.

an increasing number of drugs are identified to interact with the protein 
trafficking process. This potentially adverse effect of the drugs is not evaluated 
in cardiac safety assessment. We have addressed this issue in chapter 5, where 
we studied the chronic effect of pentamidine on KIr2.1 and herG trafficking 
and some of the possibilities to avert this.

Focus of the regulatory authorities on herG block and QT prolongation 
during drug approval process is becoming obsolete. New testing models are 
needed. In chapter 6 the sensitivity and specificity of different in vivo and in 
vitro models that can be used for testing of proarrhythmic potential of new 
compounds are compared and discussed.





Chapter 2

Exploring Chemical Substructures Essential for 
hERG K+ Channel Blockade by Synthesis and 
Biological Evaluation of Dofetilide Analogues

Shagufta, Guo D, Klaasse E, de Vries H, Brussee J, Nalos L, Rook MB, Vos 
MA, van der Heyden MAG, IJzerman AP.

ChemMedChem. 2009 Oct;4(10):1722-32.
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Introduction

The human ether-a-go-go-related gene (herG) encodes the rapidly 
acting delayed rectifier potassium current channel (IKr), which is the main 
protein involved in phase three repolarization of the cardiac action potential. 
The effects on heart rhythm by class III antiarrythmic drugs is due to their 
interaction with this herG potassium channel resulting in prolongation of the 
QT interval. however, nonantiarrythmic drugs and their metabolites may also 
cause prolongation of the QT interval in the electrocardiogram, which increases 
risk for torsade de pointes, a ventricular arrhythmia causing syncope, ventricular 
fibrillation and sudden death.(Sanguinetti and Tristani-Firouzi, 2006; Wilke et 
al., 2007; recanatini et al., 2005) In recent years, this type of cardiac toxicity has 
become a major pharmacological safety concern for the pharmaceutical industry 
and health regulatory agencies (Valentin et al., 2008).a number of drugs were 
withdrawn from the market or failed in late-stage clinical trials because cardiac 
arrhythmia was a side effect of treatment (recanatini et al., 2008). Therefore 
understanding drug–herG channel interaction at a molecular level is important 
and of general interest for rational drug design.

a tremendous research effort has been undertaken in both the 
pharmaceutical industry and academia to understand the structural requirements 
for binding to the herG potassium channel in order to avoid potential toxicity. 
Thus, in silico methods in particular have emerged as an important approach for 
the prediction of herG blockade in available series of compounds (Stansfeld 
et al., 2007; Pearlstein et al., 2003a; Cavalli et al., 2002; ekins et al., 2006; 
Kramer et al., 2008; Thai et al., 2008; Pearlstein et al., 2003b; Cianchetta et 
al., 2005; Choe et al., 2006; Shamovsky et al., 2008; aronov, 2006; Farid et al., 
2006). however, fundamentally these in silico models are training-set dependent 

In this study we followed a new approach to analyze molecular substructures 
required for herG channel blockade. We designed and synthesized 40 
analogues of dofetilide (1), a potent herG potassium channel blocker, and 
established structure–activity relationships (Sar) for their interaction with 
this important cardiotoxicity-related off-target. Structural modifications to 
dofetilide were made by diversifying the substituents on the phenyl rings 
and the protonated nitrogen and by varying the carbon chain length. The 
analogues were evaluated in a radioligand binding assay and Sar data were 
derived with the aim to specify structural features that give rise to herG 
toxicity
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and therefore nongeneric. More traditionally, series of compounds designed 
for a given therapeutic target, are also screened for additional herG activity. 
once established, this unwanted activity is then ‘synthesized out‘ in the next 
series of compounds, if at all possible (Yoshizumi et al., 2008; McCauley et al., 
2004; Matasi et al., 2005; Friesen et al., 2003; Slee et al., 2008; Meyers et al., 
2007.; Kawai et al., 2007; Fraley et al., 2004; Su et al., 2007; Price et al., 2006; 
Bilodeau et al., 2004; dinges et al., 2007; Zhang et al., 2005a; Sisko et al., 
2006; Mukaiyama et al., 2008; Judd et al., 2007; Iyengar et al., 2009). Notably, 
this approach has provided important information regarding the molecular 
characteristics of herG channel blockers. In this study we take a different 
approach by assuming that design and synthesis of compounds primarily for 
the herG channel as the main target can afford more precise structure–activity 
relationships (Sar) and can facilitate the discovery of chemical alerts for herG 
potassium channel toxicity.

dofetilide (1) (Cross et al., 
1990) was selected as the lead scaffold 
from which herG channel inhibitors 
can be developed. It is a member of 
a methanesulphonanilide class of 
antiarrhythmic drugs with high affinity 
for the herG channel (Singleton et al., 
2007; Snyders and Chaudhary, 1996; diaz et al., 2004). Its protonated nitrogen, 
phenyl rings and methanesulphonamide group are hypothesized to form a 
π-cation interaction with Tyr 652, π–π interaction with Phe 656 and hydrogen 
bonds with the oh groups of Thr 623, Ser 624, Ser 649 and Tyr 652 of the inner 
pore region of the herG channel, respectively. Therefore, we have considered 
substituents of the phenyl rings and the protonated nitrogen as main structural 
features to be varied in the development of dofetilide analogues. Substitution 
of the phenyl ring can be diversified to discover the nature and position of 
substituents required for interaction with the herG channel. Substituents at the 
nitrogen can be varied to modulate the basicity of the molecule (pKa), among 
other properties, and to analyze its consequences for the interaction with the 
herG channel. evidence in literature also revealed that the spacing between 
the basic nitrogen and the aromatic group(s) is important to cover the separation 

between the Phe 656 and Tyr 652 side chains in the 
pore region (Pearlstein et al., 2003a; Pearlstein 
et al., 2003b). Thus any change in chain length 
connecting the phenyl rings with the nitrogen atom 
in dofetilide may have important consequences in 
herG-channel binding also. Therefore, we also 
synthesized a number of analogues with varying 

Dofetilide (1)

40 Dofetilide analogues
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carbon chain lengths between the phenyl rings and the nitrogen atom. In total, 
40 analogues of dofetilide (1) were synthesized. We analyzed the herG-channel 
binding characteristics of these compounds, and identified Sar in order to 
recognize the basic structural features required for herG activity.

Results and Discussion

Chemistry

The phenyl-substituted analogues were synthesized following the synthetic 
approach reported by Liu et al. for the preparation of p-methylsulfonamido 
phenethylamine analogues (Liu et al., 2002).The preparation of phenyl ring-
substituted analogues 30–45, based on the Topliss scheme (Topliss, 1972), 
involved a three-step synthesis (Scheme 1). Phenols 2–7 were reacted with 

1,2-dibromoethane in ethanol with Naoh and tetrabutylammonium bromide 
(TBaB) to give the brominated intermediates 8–13. Substitution of 8–13 with 
the corresponding phenethylamines in acetonitrile and in the presence of K2Co3 
afforded the secondary amines 14–29 as key intermediates. The final step was the 
N-methylation of 14–29, which was performed in a straightforward eschweiler–
Clarke reaction using formaldehyde and formic acid to afford compounds 30–45. 
The products were subsequently converted to their hydrochloride salts by means 

Scheme 1. Synthesis of dofetilide analogues with different substituents on the benzene 
ring (30–45). Reagents and conditions: a) 1,2-dibromoethane, NaOH, TBAB, EtOH, 
reflux; b) phenethylamine or 4-substituted phenethylamine, K2CO3, CH3CN, RT; c) 1. 
HCOOH, HCHO, reflux; 2. ethanolic HCl.
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of ethanolic hCl (see the experimental Section and Supporting Information for 
details).

The amine-, acetamide- and sulphonamide-substituted analogues 46–53 
were synthesized according to the route depicted in Scheme 2. The nitro groups of 
35, 40 and 45 were reduced to amines using Fe and acetic acid in water and ThF 
in good yields. amines 46–48 were converted to their hydrochloride salts before 

Scheme 2. Synthesis of the amine-, acetamide- and sulphonamide-substituted 
analogues 46–53. Reagents and conditions: a) 1. Fe, CH3COOH, THF, H2O, reflux; 2. 
ethanolic HCl; b) 1. MsCl or AcCl, Et3N, CH2Cl2, 0°C; 2. ethanolic HCl

Scheme 3. Synthesis of aliphatic N-substituted analogues 54–60. Reagents and 
conditions: 54; a) 1. CH3CH2I, K2CO3, DMF, RT; 2. ethanolic HCl. 55; a) CH3COCl, Et3N, 
CH2Cl2, 0 °C→RT. 56; a) (CF3CO)2O, Et3N, CH2Cl2, 0 °C→RT. 57; a) BrCH2CN, DIPEA, CH3CN, 
0 °C→RT. 58; a) BrCH2CO2CH3, K2CO3, DMF, 0 °C→RT. 59; b) NaOH, dioxane, 60 °C. 60; 
a) 1. BrCH2CH2OH, K2CO3, EtOH, reflux; 2. DAST, CH2Cl2, −60→15 °C; 3. ethanolic HCl.
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biological evaluation. 
Compounds 49–53 were 
synthesized from the free 
amines 46–48. reaction 
with methanesulphonyl 
chloride (MsCl) or acetyl 
chloride (acCl) in the 
presence of triethylamine 
gave the desired 
methanesulphonamides 50 
and 52 and the acetamides 
49, 51 and 53, respectively. 
Compounds 50–53 were 
converted to their solid 
hydrochloride forms using 
ethanolic hCl.

a l i p h a t i c 
N-substituted analogues 
54–60 were synthesized 
following the route shown 

in Scheme 3. The secondary nitrogen of 19 was alkylated with the corresponding 
alkyl halide or acyl halide in the presence of a suitable base and solvent to 
afford the required products 54–58. acid 59 was prepared as its hydrochloride 
salt from 58 by ester hydrolysis in the presence of Naoh and dioxane and 
subsequent acidification with dilute hCl. Compound 60 was synthesized from 
19 in two steps via alkylation of the secondary nitrogen with 2-bromoethanol 
in the presence of K2Co3 followed by fluorination of the hydroxy group using 
diethylaminosulfur trifluoride (daST) in dichloromethane. Compounds 54 
and 60 were viscous oils and were converted to their hydrochloride salts for 
biological evaluation.

aromatic N-substituted analogues 67–69 were synthesized via the general 
procedure shown in Scheme 4. Microwave irradiation of the appropriate anilines 
61–63 with 1-(2-bromoethyl)-4-nitrobenzene and a catalytic amount of KI in 
acetonitrile at 110 °C for 30 min provided the intermediates 64–66. reaction of 
the secondary aromatic amines 64–66 with 1-(2-bromoethoxy)-4-nitrobenzene 
in the presence of KI in acetonitrile, under microwave-assisted heating to 170 °C 
for 1 h, provided the final products 67–69.

analogues with varying chain lengths (77–81) were prepared following 
the same reaction conditions (see Scheme 5) as described for 30–45 in Scheme 1. 
Commercially available 4-nitrophenol (7) was alkylated with the corresponding 

Scheme 4. Synthesis of aromatic N-substituted 
analogues 67–69. Reagents and conditions: 
a) 1-(2-bromoethyl)-4-nitrobenzene, KI, CH3CN, 
MW, 110 °C, 30 min; b) 1-(2-bromoethoxy)-4-
nitrobenzene, KI, CH3CN, MW, 170 °C, 1 h.
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dibromo alkanes 70–72 to afford the intermediates 13, 73 and 74. Further 
reaction of 13, 73 and 74 with the subsequent amines (75 and 76) provided the 
secondary amines, which were used in their crude forms for further methylation 
of the nitrogen using formaldehyde and formic acid to provide the final products 
77–81. Compounds 77, 79 and 81 were converted to their hydrochloride salts 
whereas 78 and 80 were used as free bases for biological testing.

Biology

Chiu et al., 2004 described the use of 5 mm KCl in the incubation 
buffer when measuring the specific binding of [3h]astemizole to membranes 
from heK293 cells stably expressing the herG channel. during optimization 
of the radioligand binding assay, 
this concentration was found to be 
far from optimal. In our hands, the 
optimal window between total and 
nonspecific binding was only reached 
at a concentration of 60 mm KCl or 
higher (results not shown). Increasing 
concentrations of dofetilide (1) 
displaced specific [3h]astemizole 
binding, yielding two affinity sites, 
one with higher affinity (4.1±0.9 nM) 
and the other with lower affinity 
(29±10 μM) (Figure 1).

Scheme 5. Synthesis of analogues with varying carbon chain lengths 
(77–81). Reagents and conditions: a) 7, NaOH, TBAB, EtOH, reflux; 
b) 1. 75 or 76, K2CO3, CH3CN, RT; 2. HCOOH, HCHO, reflux; 3. ethanolic 
HCl.

Figure 1. Displacement of specific [3H]
astemizole binding to HEK293 membranes 
expressing the hERG K+ channel by 
dofetilide (1), showing two affinity sites.
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Figure 2. Concentration-dependent blockade of the hERG current by dofetilide (1) and 
analogue 35 with standard short tail protocol. a) Examples of original hERG current 
traces of control, 10 nM dofetilide (1) (left panel) and 10 nM 35 (right panel) at 45 s 
following application and at steady state. b) IC50 curve for dofetilide (1; ○) and 35 (□) 
derived from multiple measurements and fitted using the Hill equation. Each point 
represents at least four independent measurements. Inset: time-dependent IKr block 
for dofetilide (1; ○) and 35 (□) at 10 nM, average of four independent measurements. 
Drug infusion was started at t=0.
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In an electrophysiological patch clamp assay (Witchel et al.,  2002; Brown, 
2004; Weerapura et al., 2002) on the same heK293 cells stably expressing the 
channel, dofetilide (1) also displayed nanomolar affinity as a functional blocker 
of the herG current (Figure 2). The concentration-dependent response of 
1 with the standard short tail patch clamp protocol yielded an IC50 value of 
4.3±0.7 nM, which is comparable to the Ki value found for the high affinity site 
(4.1±0.9 nM). Therefore, to reliably determine the high-affinity site Ki values, 
all dofetilide analogues were tested at 12 different concentrations at least.

Structure–Activity Relationships

Ring substituents

Thorough search of the literature on the herG potassium channel 
indicates that structural modifications to the aromatic rings of a drug have a 
significant effect on herG activity. Incorporation of electron-withdrawing or 
removal of electron-donating groups can disrupt the π-stacking interactions 
between aromatic residues (Phe 656 and Tyr 652) of the pore cavity and aromatic 
moieties of the drug, and can thus affect the herG activity (Pearlstein et al., 
2003b; Jamieson et al., 2006).To further study this effect and to specify the 
chemical groups essential for herG blockade, we synthesized 24 dofetilide 
analogues (30–53) and evaluated them in a radioligand binding assay (Table 1). 
Initially the effect of substituents on both phenyl rings was investigated in 30–
35, 46 and 49. deletion of the methanesulphonamide moiety on both phenyl 
rings (30 vs 1) virtually abolishes herG channel affinity; replacement of 
methanesulphonamide with different groups (Cl, 31; oCh3, 32; Ch3, 33; 3,4-
diCl, 34; No2, 35) affects affinity for the herG channel in the following way. 
analogues 31 (r′, r′′=4-Cl), 33 (r′, r′′=4-Ch3) and 35 (r′, r′′=4-No2) are 
equally active (Ki=4.2, 5.1, and 5.7 nM, respectively), 34 (r′, r′′=3,4-diCl) is 
more active (Ki=0.31 nM) whereas 32 (r′, r′′=4-oCh3) does not recognize the 
dofetilide binding site very well (Ki=399 nM). The only exceptions to this group 
of analogues are 46 (r′, r′′=4-Nh2) and 49 (r′, r′′=4-NhCoCh3) that, like the 
unsubstituted derivative 30, have reduced affinity and displace the radioligand 
by only 39 % and 34 %, respectively, at a final concentration of 10 μM. These 
results indicate that for high herG channel affinity a 3,4-diCl group as r′ and 
r′′ is optimal.

Next, Sar studies were carried out to investigate the effect of substituents 
on either the phenyl or the phenoxy ring. analogues 36–40 (r′=h, r′′=4-Cl, 
4-oCh3, 4-Ch3, 3,4-diCl, 4-No2) and 50 (r′=h, r′′=4-NhSo2Ch3), containing 
substituents only on the phenyl ring, have decreased affinity compared to the 



30

ChaPTer 2 - CheMICaL SUBSTrUCTUreS eSSeNTIaL For herG K(+) ChaNNeL BLoCKade

2
Compd R′ R′′ Ki [nM] or displacement [%][a] n
1 4-NHSO2CH3 4-NHSO2CH3 4.1±0.9 3
30 H H 37 % 3
31 4-Cl 4-Cl 4.2±1.6 3
32 4-OCH3 4-OCH3 399±64 4
33 4-CH3 4-CH3 5.1±4.7 4
34 3,4-diCl 3,4-diCl 0.31±0.28 3
35 4-NO2 4-NO2 5.7±3.0 3
36 H 4-Cl 15±6.2 3
37 H 4-OCH3 8.0±7.8 3
38 H 4-CH3 1.1±1.1 3
39 H 3,4-diCl 13±12 3
40 H 4-NO2 23±12 3
41 4-Cl H 3.1±1.9 4
42 4-OCH3 H 3.3±2.0 4
43 4-CH3 H 7.9±7.2 4
44 3,4-diCl H 2.4±2.2 4
45 4-NO2 H 3.1±1.9 3
46 4-NH2 4-NH2 39 % 3
47 H 4-NH2 51 % 3
48 4-NH2 H 44 % 3
49 4-NHCOCH3 4-NHCOCH3 34 % 3
50 H 4-NHSO2CH3 162±52 3
51 H 4-NHCOCH3 41 % 3
52 4-NHSO2CH3 H 54±24 3
53 4-NHCOCH3 H 20 % 3

Table 1. Binding affinities of dofetilide analogues 30–53 with varied phenyl ring 
substituents in radioligand binding assay of hERG K+ channel. [a] Ki values ±SEM or 
displacement [%] at 10 μM (n=3) of specific [3H]astemizole binding to membranes of 
HEK293 cells stably expressing the hERG K+ channel.
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parent compound 1 (Ki=15, 8.0, 13, 23, and 162 nM, respectively) except for 
38 (r′=h, r′′=4-Ch3), which exhibited a strong interaction with the herG 
channel (Ki=1.1 nM). analogue 47 (r′=h, r′′=4-Nh2) demonstrated only 51 % 
displacement of the radioligand and thus behaves in the same way as analogue 
46 bearing Nh2 on both rings. analogue 51 (r′=h and r′′=4-NhCoCh3) does 
not bind to the herG channel very well, showing only 41 % displacement of the 
radioligand. a comparison of these analogues (36–40 and 50) with compounds 
1 and 30–35 shows that except for oCh3 and Ch3, the single substitutions (Cl, 
3,4-diCl, No2 and NhSo2Ch3) decrease the affinity, with the latter substituent 
(NhSo2Ch3) exhibiting the most profound effect (Ki=162 nM).

analogues 41–45 and 52 (r′=4-Cl, 4-oCh3, 4-Ch3, 3,4-diCl, 4-No2 and 
4-NhSo2Ch3, r′′=h) with substituents on the phenoxy rather than the phenyl 
ring show affinities comparable to 1 (Ki=3.1, 3.3, 7.9, 2.4 and 3.1 nM) except 
for 52 (Ki=54 nM). Similarly to 46 and 49, analogues 48 and 53 bearing Nh2 
and NhCoCh3 groups on the phenoxy ring show decreased herG affinity and 
displace only 44 % and 20 % of the radioligand, respectively. This indicates that 
the acetamide substituent, whether on one phenyl ring or on both, is detrimental 
to herG channel affinity. Likewise, an amino group is not well accommodated 
when present on one or both phenyl rings.

In general, substituents on the aromatic rings are favorable for herG 
channel affinity. In case of dofetilide analogues, lipophilic or electron-
withdrawing substituents on the phenoxy ring tend to be more favorable for 
herG channel affinity compared to these substituents on both or on one phenyl 
ring. reduction in herG activity was observed with polar and bulky groups such 
as Nh2, NhSo2Ch3 and NhCoCh3 groups. Interestingly, compounds bearing 
a NhSo2Ch3 group exhibited much higher affinity than analogues bearing the 
isosteric substituent NhCoCh3.

Substitution of the central nitrogen atom

Mutagenesis and homology modeling studies on the herG channel 
described in the literature have revealed the importance of the basic nitrogen 
(pKa) for π-cation interaction with the Tyr 652 residue (Mitcheson et al., 2000; 
Pearlstein et al., 2003b). a properly located phenyl ring or hydrophobic group at 
this position in the ligand can also interact with Tyr 652 via π–π or hydrophobic 
interactions (Pearlstein et al., 2003b; Jamieson et al., 2006). Considering these 
points, we synthesized and evaluated the binding affinities of aliphatic (54–60) 
and aromatic (67–69) N-substituted analogues (Table 2). a nitro substituent on 
both phenyl rings was used to take into account the high affinity and synthetic 
accessibility of analogue 35. The unsubstituted analogue 19 displayed an affinity 
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of 48 nM (calculated pKa ~8.99). N-alkylation with Ch3 (35) and Ch2Ch3 (54) 
substituents increased the pKa of the basic nitrogen (35, pKa ~9.27; 54, pKa ~9.61) 
leading to an increased herG affinity (35, Ki=6 nM; 54, Ki=1.2 nM). abolishing 
the basicity of the nitrogen by acylation (55, pKa ~1.80; 56 pKa =−4.95) resulted 
in decreased herG affinity (Ki=278 and 162 nM, respectively). Lowering the 
pKa in a less rigorous manner to ~6.96 (57, r=Ch2CN) still had an unfavorable, 
though less significant effect on the binding affinity (Ki=100 nM). Introduction 
of a Ch2CoCh3 group on the nitrogen (58) also caused a decrease in pKa 
(~6.20) and this compound showed only 30 % displacement of the radioligand. 
ester hydrolysis of 58 led to compound 59, with a zwitterionic nature and a high 
calculated pKa value (~10) for the nitrogen atom. This increase in pKa was found 
to cause a twofold decrease in binding affinity (Ki=116 nM) in comparison to 
compound 19. Interestingly, the presence of a negatively charged carboxylate 
group only had a limited effect on the affinity values, which is comparable 
to the results observed by Zhu et al., 2006. Slight reduction in pKa (~7.63) 

Compd R pKa Ki [nM] or displace-
ment [%][a]

n

19 H 8.99 48±4.0 3
35 CH3 9.27 5.7±3.0 3
54 CH2CH3 9.61 1.2±0.6 4
55 COCH3 1.80 278±73 3
56 COCF3 -4.95 162±13 3
57 CH2CN 6.96 100±12 3
58 CH2CO2CH3 6.20 30 % 3
59 CH2CO2H 10.00 116±110 3
60 CH2CH2F 7.63 3.1±1.0 3
67 C6H5 3.23 36 % 3
68 4- OCH3-C6H4 3.84 42 % 3
69 4-Cl-C6H4 2.65 41 % 3

Table 2. Binding affinities and calculated pKa of analogues 19, 35, 
54–60 and 67--69 with different nitrogen substituents in radioligand 
binding assay of hERG K+ channel. [a] Ki values ±SEM or displacement 
[%] at 10 μM (n=3) of specific [3H]astemizole binding to membranes of 
HEK293 cells stably expressing the hERG K+ channel.



33

ChaPTer 2 - CheMICaL SUBSTrUCTUreS eSSeNTIaL For herG K(+) ChaNNeL BLoCKade

2

through β-fluorination (60) also caused a slight reduction in affinity compared 
to compound 54 (Ki=3.1 nM). Introduction of a phenyl or a substituted-phenyl 
(4-oCh3 or 4-Cl) ring on the nitrogen atom (67–69) appeared unfavorable for 
herG channel affinity with radioligand displacement of only 36, 42 and 41 %, 
respectively, at 10 μM concentration.

These results explain the importance of the basic nitrogen atom for herG 
channel activity. analogues with aliphatic or acyl groups on the nitrogen (19, 
35, 54–58 and 60) show increased activity with increasing pKa. however, the 
presence of a polar and bulky group near the nitrogen atom decreases herG 
affinity, as seen in compound 59. In the same way, a decrease in pKa in analogues 
67–69 results in the reduction of herG affinity, even though an aromatic ring 
is present on the nitrogen, which was hypothesized to form π–π interactions 
with Tyr 652 rather than π-cation interactions. The difference in activity 
between secondary and tertiary nitrogen analogues 19 and 35, 54, respectively 
is also noteworthy. although these compounds have similar pKa values, they 
exhibited a ~10- to 40-fold difference in affinity. From these results it appears 
that control of pKa by varying the substituents on the nitrogen atom could be a 
sensible approach to reducing herG activity, however, other important binding 
parameters such as lipophilicity and steric aspects must also be considered.

Varying chain length

In order to investigate the 
significance of the distance between 
the phenyl ring and the protonated 
nitrogen we synthesized analogues 
77–81 with varying carbon chain 
lengths (n1 and n2). analogue 35, 
with n1=n2=2 and a No2 group on 
both phenyl rings, was again used 
as the reference compound. The 
results of the radioligand binding 
assay performed on analogues 77–
81 are listed in Table 3. analogue 
77 (n1=2, n2=1) showed a 33-fold 
decrease in affinity (Ki=202 nM) 
compared with analogue 35. 
Increasing the carbon chain length 
between the phenoxy and nitrogen 
(n1=3 and 4) while keeping n2=1 (78 

Compd n1 n2 Ki [nM][a] n
35 2 2 5.7±3.0 3
77 2 1 202±49 3
78 3 1 5.1±1.9 3
79 3 2 1.8±1.0 3
80 4 1 10.0±4.9 3
81 4 2 1.8±1.6 3

Table 3. Binding affinities of analogues 35 
and 77–81 with varied carbon chain length 
in radioligand binding assay of hERG K+ 
channel. [a] Ki values ±SEM (n=3) of specific 
[3H]astemizole binding to membranes of 
HEK293 cells stably expressing the hERG K+ 
channel.
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and 80) resulted in similar affinities (Ki=5.1 and 10.0 nM) in comparison to 35. 
analogue 79 (n1=3 and n2=2) showed an increase in binding affinity (Ki=1.8 nM). 
Fixing the chain length between the nitrogen and phenyl ring to two carbons in 
81 (n1=4, n2=2) lead to high binding affinity (Ki=1.8 nM) indicating that the 
molecule is a good inhibitor of the herG channel binding site.

These results indicate that the distance between the nitrogen and lipophilic 
groups (e.g., a phenyl ring as in dofetilide) in a ligand has a profound effect on 
herG affinity. Fixing one of the carbon chain lengths (n2 or n1) in the dofetilide 
series, while increasing the length on the other side (n1 or n2) generally yields 
an increase in herG channel affinity, suggesting that there is more available 
space in the binding pocket. reducing the total chain length as in analogue 77 
substantially decreases herG channel affinity.

Patch clamp assay

an electrophysiological patch clamp assay (Witchel et al.,  2002; Brown, 
2004) was used to measure and compare functional herG current blockade by 
dofetilide (1) and analogue 35. experiments were performed on intact heK293 
cells stably expressing herG channels. Two different protocols were used to 
assess differences in potency and kinetics of preferential drug binding to the 
open/inactivated state of herG channels (Weerapura et al., 2002). dofetilide (1) 
and analogue 35 were tested at four different concentrations (1: 1, 5, 10, 20 nM; 
35: 1, 2.5, 5, 
10 nM). Both 
compounds 1 
and 35 blocked 
the herG 
channel current 
with similar 
potencies but 
with different 
k i n e t i c s 
(Figure 2a and 
Table 4). The concentration-dependent response of 1 and 35 with the standard 
short tail protocol (STP) yielded an IC50 value of 4.3±0.7 nM for 1 and 3.1±0.6 nM 
for analogue 35 (Figure 2B), which is comparable to the Ki values found for 
the binding site (4.1±0.9 nM and 5.7±3.0 nM, respectively) determined in the 
radioligand binding assay. after drug application, the time required to reach the 
steady state of inhibition was shorter for analogue 35 (τ=45±12 s) compared to 
1 (τ=287±93 s) (p<0.05) (Figure 2B inset).

Compd IC50 [nM][a] Ki [nM][b] τ[c]

Dofetilide (1) 4.3±0.7 4.1±0.9 287±93
35 3.1±0.6 5.7±3.0 45±12

Table 4. Patch clamp IC50 values, Ki high-affinity site and τ values 
for dofetilide (1) and 35. [a] IC50 values determined from Figure 2 
by using standard short tail hERG protocol. [b] Ki values from 
Table 1. [c] τ of the rate of the block (s). Time required to reach 
2/3 of maximal inhibition of hERG current.
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Conclusions

a number of points should be considered to ensure reduced herG channel 
affinity when designing long, flexible molecules with a protonated nitrogen in 
the center of the pharmacophore and aromatic rings on the periphery (Figure 3). 
Substituents on the aromatic rings should be avoided. If substituents are essential 

for therapeutic targets then lipophilic and electron withdrawing groups should 
be evaded. Preference should be given to polar and bulky groups such as Nh2 
and NhCoCh3 in order to increase the steric hindrance around the aromatic 
ring(s). among the polar groups, carbonamides are preferable in comparison 
to sulphonamides for reducing the herG channel affinity. In order to reduce 
the herG channel affinity of a compound with a protonated nitrogen, a first 
consideration is to reduce the pKa by varying the substituents on the protonated 
nitrogen. one could also aim for a secondary rather than a tertiary nitrogen atom. 
Steric hindrance near the nitrogen atom by introducing polar and bulky groups 
such as an acid and/or a phenyl ring may also decrease herG channel affinity. 
Preference should be given to a short and strained molecule if possible. a short 
distance between one of the lipophilic end groups and the central nitrogen atom 
reduces herG channel affinity.

dofetilide analogues described herein provide valuable information about 
the chemical features that can increase the herG channel affinity of a molecule. 
This knowledge may be useful in designing novel therapeutics with low affinity 
for the herG channel and consequently reduced cardiotoxicity.

Figure 3. Proposed strategy to reduce the hERG activity of dofetilide (1).
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Experimental Section

Chemistry

Material and Methods: all reagents were obtained from commercial 
sources and all solvents were of analytical grade. 1h and 13C NMr spectra 
were recorded on a Bruker aC 200 and Bruker aC 400 (1h NMr, 200 Mhz 
and 400 Mhz; 13C NMr, 50 Mhz and 100 Mhz) spectrometer with TMS as 
an internal standard. Chemical shifts are reported in δ (ppm) and the following 
abbreviations are used; s=singlet, d=doublet, dd=double doublet, t=triplet, 
m=multiplet, br=broad and ar=aromatic. Melting points were measured on a 
Büchi melting point apparatus and are uncorrected. The value stated for each 
compound is the initial temperature at which the compound begins to melt. 
elemental analyses were performed by Leiden Institute of Chemistry and are 
within 0.4 % of theoretical values unless otherwise stated. reactions were 
routinely monitored by TLC using Merck silica gel F254 plates. Microwave 
reactions were performed on an emrys optimizer (Biotage aB). Wattage was 
automatically adjusted to maintain the desired temperature. The pKa values were 
calculated using a structure-based calculation plugin provided by Chemaxon.

For general procedures only a representative compound is fully described. 
Characterization data for all other final compounds can be found in the Supporting 
Information. Further experimental details of synthesis and characterization of 
precursors and intermediates are also given in Supporting Information.

General procedure for the synthesis of compounds 30–45

a 36 % formaldehyde solution in h2o (13.56 mmol, 4.7 equiv) and 
formic acid (17.89 mmol, 6.2 equiv, 88 %) were added to the secondary amine 
14–29 (2.89 mmol, 1 equiv) and the resulting mixture was refluxed for 4–5 h. 
The mixture was cooled and adjusted to ph 14 with aq Naoh (20 %). The 
mixture was extracted with etoac (2×) and the combined organic layers were 
washed with brine, dried (Na2So4), filtered and concentrated. Purification by 
column chromatography on Sio2 (etoac/petroleum ether (Pe), 80:20) followed 
by hydrochloride salt formation using ethanolic hCl and recrystallization from 
absolute etoh and et2o mixture afforded the desired product 30–45.

Methyl-phenyl-(2-phenoxyethyl)amine hydrochloride (30): Prepared 
from 14. White crystalline solid (66 %): mp: 145 °C; 1h NMr (Cd3od, 



37

ChaPTer 2 - CheMICaL SUBSTrUCTUreS eSSeNTIaL For herG K(+) ChaNNeL BLoCKade

2

400 Mhz): δ=7.30–7.24 (m, 7 h, arh), 7.03–6.98 (m, 3 h, arh), 4.39 (t, 2 h, 
J=4.8 hz, oCh2), 3.69 (br s, 2 h, Ch2N), 3.49 (br s, 2 h, NCh2), 3.13 (t, 2 h, 
J=4.8 hz, Ch2ar), 3.04 ppm (s, 3 h, NCh3); 

13C NMr (Cd3od, 100 Mhz): 
δ=159.0, 137.4, 130.7, 130.0, 129.8, 128.3, 122.9, 115.7, 63.1, 58.8, 56.2, 41.8, 
31.2 ppm; anal. calcd for C17h22ClNo: C 69.98, h 7.55, N 4.80, found: C 70.01, 
h 7.09, N 4.87.

General procedure for the synthesis of compounds 46–48

a solution of nitro compound 35, 40 or 45 (3.33 mmol, 1 equiv, as free 
base) and acoh (1 mL) in h2o (1 mL) and ThF (10 mL) was refluxed for 
15 min and then treated with Fe (17.91 mmol, 5.4 equiv). The reaction mixture 
was subsequently refluxed for 5–6 h until no starting material was visible 
by TLC. The reaction mixture was allowed to cool at rT and concentrated. 
The residue was washed with etoac (3×20 mL) and filtered. The filtrate was 
washed with a saturated aq NahCo3, h2o and brine, dried (Na2So4), filtered 
and concentrated. Purification by column chromatography on Sio2 (Ch3oh/
Ch2Cl2, 1:9) afforded the amino product as a viscous oil. These compounds were 
used without further purification in the synthesis of subsequent compounds. 
however, they were converted to their hydrochloride salt using ethanolic hCl 
and further recrystallized from absolute etoh and et2o before being evaluated 
biologically.

Methyl-[2-(4-aminophenoxy)ethyl]-[2-(4-aminophenyl)ethyl]-amine 
tris hydrochloride (46): Prepared from 35 using acoh (2 mL), h2o (2 mL), 
ThF (10 mL) and Fe (35.81 mmol, 10.8 equiv). Brown hygroscopic solid 
(57 %): mp: 121 °C; 1h NMr (Cd3od, 200 Mhz): δ=7.54 (d, 2 h, J=8.0 hz, 
arh), 7.40 (d, 4 h, J=8.7 hz, arh), 7.20 (d, 2 h, J=8.7 hz, arh), 4.47 (t, 2 h, 
J=5.1 hz, oCh2), 3.81–3.51 (m, 4 h, Ch2NCh2), 3.30–3.18 (m, 2 h, Ch2ar), 
3.07 ppm (s, 3 h, NCh3); 

13C NMr (Cd3od, 50 Mhz): δ=159.1, 138.6, 131.6, 
130.7, 125.3, 124.4, 117.0, 63.5, 58.2, 55.8, 41.2, 30.4 ppm; anal. calcd for 
C17h26Cl3N3o•1.5h2o: C 48.41, h 6.93, N 9.96, found: C 48.53, h 7.12, N 9.88.

General procedure for the synthesis of compounds 49–53

MsCl or acCl (2.22 mmol, 1 equiv) was added dropwise to an ice-cold 
solution of amine 46–48 (2.22 mmol, 1 equiv, as free base) and et3N (3.33 mmol, 
1.5 equiv) in Ch2Cl2 (10 mL). The reaction mixture was stirred at rT overnight, 
filtered and concentrated. Purification by column chromatography on Sio2 



38

ChaPTer 2 - CheMICaL SUBSTrUCTUreS eSSeNTIaL For herG K(+) ChaNNeL BLoCKade

2

(Ch3oh/Ch2Cl2, 5:95 or 10:90) afforded the pure product. Compounds 50–53 
were obtained as viscous oils so they were converted to their hydrochloride salt 
using ethanolic hCl followed by recrystallization from absolute etoh and et2o, 
whereas compound 49 was solid so it was used as such for biological evaluation.

N-[4-(2-{[2-(4-Acetylaminophenyl)ethyl]-methyl-amino}-ethoxy)
phenyl]-acetamide (49): Prepared from 46 using et3N (6.67 mmol, 3 equiv) and 
acCl (4.44 mmol, 2 equiv). Creamy white solid (60 %): mp: 166 °C; 1h NMr 
(Cd3od, 200 Mhz): δ=7.46–7.40 (m, 4 h, arh), 7.15 (d, 2 h, J=8.8 hz, 
arh), 6.87 (d, 2 h, J=9.5 hz, arh), 4.07 (t, 2 h, J=5.1 hz, oCh2), 2.86 (t, 2 h, 
J=5.1 hz, Ch2N), 2.81–2.66 (br s, 4 h, NCh2, Ch2ar), 2.40 (s, 3 h, NCh3), 
2.09 (s, 3 h, NhCoCh3), 2.08 ppm (s, 3 h, NhCoCh3); 

13C NMr (Cd3od, 
50 Mhz): δ=171.2, 171.1, 156.6, 137.6, 136.9, 132.8, 129.7, 122.7, 121.1, 
115.1, 66.8, 60.5, 56.6, 42.6, 33.2, 23.4, 23.2 ppm; anal. calcd for C21h27N3o3: 
C 68.27, h 7.37, N 11.37, found: C 67.80, h 7.72, N 11.30.

Ethyl-[2-(4-nitrophenoxy)ethyl]-[2-(4-nitrophenyl)ethyl]-amine 
hydrochloride (54): a solution of 19 (1.1 mmol, 1 equiv) in dMF (3 mL) was 
treated with K2Co3 (3.27 mmol, 3 equiv) and ethyl bromide (1.31 mmol, 1.2 
equiv), and the reaction mixture was stirred at rT overnight. after addition 
of h2o and etoac, the aqueous phase was washed with etoac (2×). The 
combined organic layers were successively washed with h2o and brine, dried 
(MgSo4), filtered and concentrated. The crude oil was purified by silica gel 
chromatography (etoac/Pe, 7:3). The hCl salt was then prepared by treatment 
with ethanolic hCl and concentration in vacuo. recrystallization from absolute 
etoh and et2o gave the hCl salt of 54 as creamy white crystalline solid (61 %): 
mp: 146 °C; 1h NMr (Cd3od, 400 Mhz): δ=8.29–8.23 (m, 4 h, arh), 7.63 
(d, 2 h, J=8.8 hz, arh), 7.23 (d, 2 h, J=9.2 hz, arh), 4.59 (t, 2 h, J=4.8 hz, 
oCh2), 3.86–3.83 (m, 2 h, Ch2N), 3.63–3.59 (m, 2 h, NCh2), 3.55–3.50 
(m, 2 h, Ch2ar), 3.35–3.31 (m, 2 h, NCh2Ch3), 1.48 ppm (t, 3 h, J=7.2 hz, 
NCh2Ch3); 

13C NMr (Cd3od, 100 Mhz): δ=164.6, 149.3, 146.0, 144.3, 
131.9, 127.6, 125.6, 116.8, 64.9, 55.4, 53.4, 51.1, 31.4, 9.90 ppm; anal. calcd 
for C18h22ClN3o5: C 54.62, h 5.60, N 10.62; found: C 53.84, h 5.84, N 10.46.

N-[2-(4-Nitrophenoxy)ethyl]-N-[2-(4-nitrophenyl)ethyl]-acetamide 
(55): a solution of 19 (1.1 mmol, 1 equiv) in Ch2Cl2 (5 mL) was treated with 
et3N (1.63 mmol, 1.5 equiv) and acCl (1.31 mmol, 1.2 equiv) at 0 °C, and the 
reaction mixture was stirred at rT overnight. The solvent was evaporated and 
the crude product preabsorbed on silica. Purification by column chromatography 
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(etoac/Pe, 6:4) afforded 55 as a white crystalline solid (79 %): mp: 103 °C; 
1h NMr (CdCl3, 400 Mhz): δ=8.18–8.11 (m, 2 h, arh), 7.41–7.39 (m, 2 h, 
arh), 6.97–6.91 (m, 2 h, arh), 4.27–4.14 (m, 2 h, oCh2), 3.76–3.69 (m, 4 h, 
Ch2NCh2), 3.08–3.07 (m, 2 h, Ch2ar), 2.24–2.00 ppm (m, 3 h, NCoCh3); 
13C NMr (CdCl3, 100 Mhz): δ=171, 163.7, 163.2, 147, 146, 142.1, 141.8, 
129.9, 126.1, 124.2, 123.9, 114.6, 114.5, 67.2, 66.8, 51.8, 48.6, 48.2, 46.2, 35.5, 
34.0, 22.1, 21.5 ppm; anal. calcd for C18h19N3o6: C 57.91, h 5.13, N 11.25, 
found: C 58.29, h 5.33, N 11.33.

Trifluoro-N-[2-(4-nitrophenoxy)ethyl]-N-[2-(4-nitrophenyl)ethyl]-
acetamide (56): a solution of 19 (1.1 mmol, 1 equiv) in Ch2Cl2 (5 mL) 
was treated with et3N (1.63 mmol, 1.5 equiv) and trifluoroacetic anhydride 
(1.31 mmol, 1.2 equiv) at 0 °C, and the reaction mixture was stirred at rT 
overnight. The solvent was evaporated and the crude product preabsorbed 
on silica. Purification by column chromatography (etoac/Pe, 4:6) afforded 
56 as white crystalline solid (75 %): mp: 95 °C; 1h NMr (CdCl3, 400 Mhz): 
δ=8.24–8.18 (m, 4 h, arh), 7.41–7.39 (m, 2 h, arh), 6.92–6.96 (m, 2 h, arh), 
4.34–4.18 (m, 2 h, oCh2), 3.90–3.77 (m, 4 h, Ch2NCh2), 3.14–3.07 ppm (m, 
2 h, Ch2ar); 13C NMr (CdCl3, 100 Mhz): δ=169.1, 163.2, 162.9, 147.3, 147.1, 
146.0, 144.8, 142.3, 142.1, 129.9, 126.2, 124.3, 124.1, 114.6, 67.4, 65.9, 50.6, 
50.2, 47.5, 35.6, 33.0 ppm; anal. calcd for C18h16F3N3o6: C 50.59, h 3.77, N 
9.83, found: C 50.60, h 4.06, N 9.89.

2,2,2-{[2-(4-Nitrophenoxy)ethyl]-[2-(4-nitrophenyl)ethyl]-amino}-
acetonitrile (57): a solution of 19 (1.1 mmol, 1 equiv) in Ch3CN (3 mL) 
was treated with N,N-diisopropylethyl amine (3.26 mmol, 3 equiv) and 
bromoacetonitrile (1.31 mmol, 1.2 equiv) at 0 °C, and the reaction mixture 
was stirred at rT overnight. The solvent was evaporated and the crude product 
preabsorbed on silica. Purification by column chromatography (etoac/Pe, 
4:6) afforded 57 as creamy white crystalline solid (77 %): mp: 84 °C; 1h NMr 
(CdCl3, 400 Mhz): δ=8.20 (d, 2 h, , J=9.2 hz, arh), 8.13 (d, 2 h, J=8.4 hz, 
arh), 7.37 (d, 2 h, J=8.8 hz, arh), 6.92 (d, 2 h, J=9.2 hz, arh), 4.12 (t, 2 h, 
J=4.8 hz, oCh2), 3.77 (s, 2 h, Ch2CN), 3.08 (t, 2 h, J=4.8 hz, Ch2N) 2.98 (t, 
2 h, J=6.4 hz, NCh2), 2.92 ppm (t, 2 h, J=6.4 hz, Ch2ar); 13C NMr (CdCl3, 
100 Mhz): δ=163.2, 146.9, 146.7, 141.8, 129.5, 125.9, 123.7, 115.0, 114.4, 
67.1, 55.5, 52.8, 42.9, 33.8 ppm; anal. calcd for C18h18N4o5: C 58.37, h 4.90, 
N 15.13, found: C 59.59, h 5.26, N 15.20.
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{[2-(4-Nitrophenoxy)ethyl]-[2-(4-nitrophenyl)ethyl]-amino}-acetic 
acid methyl ester (58): a solution of 19 (2.18 mmol, 1 equiv) in dMF (5 mL) was 
treated with K2Co3 (6.53 mmol, 3 equiv) and methylbromoacetate (2.61 mmol, 
1.2 equiv) at 0 °C, and the reaction mixture was stirred at rT for 2 h. Upon 
completion, h2o and etoac were added and the aqueous phase was washed 
with etoac (2×). The combined organic layers were successively washed 
with h2o and brine, dried (MgSo4), filtered and concentrated. Purification by 
column chromatography (etoac/Pe, 4:6) afforded 58 as a yellow crystalline 
solid (66 %): mp: 74 °C; 1h NMr (CdCl3, 400 Mhz): δ=8.20–8.10 (m, 4 h, 
arh), 7.36 (d, 2 h, J=8.4 hz, arh), 6.90 (d, 2 h, J=8.8 hz, arh), 4.09–4.07 
(m, 2 h, oCh2), 3.69 (s, 3 h, Co2Ch3), 3.54 (s, 2 h, NCh2Co2Ch3), 3.18–3.16 
(m, 2 h, Ch2N) 3.06 (t, 2 h, J=7.2 hz, NCh2), 2.91–2.87 ppm (m, 2 h, Ch2ar); 
13C NMr (CdCl3, 100 Mhz): δ=171.0, 163.5, 163.2, 147.8, 146.5, 141.6, 
129.6, 125.9, 123.5, 114.3, 67.8, 56.1, 55.3, 53.0, 51.6, 34.6 ppm; anal. calcd 
for C19h21N3o7: C 56.57, h 5.25, N 10.42, found: C 56.91, h 5.50, N 10.47.

{[2-(4-Nitrophenoxy)ethyl]-[2-(4-nitrophenyl)ethyl]-amino}-acetic 
acid hydrochloride (59): a solution of 58 (0.25 mmol) in dioxane (2 mL) 
was treated with aq Naoh (0.5 mL, 1 m). The reaction mixture was heated to 
60 °C for 1 h. Upon completion, the reaction mixture was acidified with aq hCl 
(0.2 m). The aqueous phase was extracted with etoac (2×) and the combined 
organic layers were successively washed with h2o and brine, dried (MgSo4), 
filtered and concentrated to give the hCl salt of 59 as brown solid (66 %): mp: 
87 °C; 1h NMr (Cd3od, 400 Mhz): δ=8.13–8.07 (m, 4 h, arh), 7.49 (d, 2 h, 
J=8.4 hz, arh), 7.08–7.02 (m, 2 h, arh), 4.47 (t, 2 h, J=4.4 hz, oCh2), 4.23 
(s, 2 h, NCh2Co2h), 3.81 (t, 2 h, J=4.4 hz, Ch2N) 3.61–3.56 (m, 2 h, NCh2), 
3.20–3.18 ppm (m, 2 h, Ch2ar); 13C NMr (CdCl3, 100 Mhz): δ=169.0, 163.9, 
148.7, 145.4, 143.7, 131.3, 126.9, 125.0, 116.1, 64.9, 57.4, 55.8, 55.3, 31.2 ppm; 
anal. calcd for C18h20ClN3o7: C 50.77, h 4.73, N 9.86, found: C 49.91, h 5.39, 
N 9.67.

(2-Fluoroethyl)-[2-(4-nitrophenoxy)ethyl]-[2-(4-nitrophenyl)ethyl]-
amino hydrochloride (60): a solution of 19 (1.36 mmol, 1 equiv) in etoh (5 mL) 
was treated with K2Co3 (4.08 mmol, 3 equiv) and 2-bromoethanol (2.72 mmol, 2 
equiv) and the reaction mixture was refluxed for 48 h. Upon completion, K2Co3 
was filtered off and the reaction mixture was concentrated and purified by silica 
gel chromatography (Ch3oh/etoac, 5:95) to give 2-{[2-(4-nitrophenoxy)
ethyl]-[2-(4-nitrophenyl)ethyl]-amino}-ethanol as a colorless viscous oil. a 
solution of this intermediate (1.07 mmol, 1 equiv) in Ch2Cl2 (5 mL) at −65 °C 
was treated dropwise with a solution of daST (1.6 mmol, 1.5 equiv) in Ch2Cl2 
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(2 mL) with vigorous stirring under an argon atmosphere. The reaction mixture 
was gradually allowed to warm to 15 °C overnight. It was then cooled to −40 °C 
and poured in portions into ice-cold saturated aq NahCo3 and the product was 
extracted with Ch2Cl2. The combined organic extracts were washed with h2o, 
dried (Na2So4), filtered and concentrated. The crude oil was purified by silica gel 
chromatography (etoac/Pe, 4:6). The hCl salt was prepared by treatment with 
ethanolic hCl and concentration in vacuo. recrystallization from absolute etoh 
and et2o gave the hCl salt of 60 as white crystalline solid (57 %): mp: 113 °C; 
1h NMr (CdCl3/Cd3od, 400 Mhz): δ=8.27–8.18 (m, 4 h, arh), 7.49 (d, 2 h, 
J=8 hz, arh), 7.06 (d, 2 h, J=8.4 hz, arh), 5.13–5.01 (m, 2 h, NCh2Ch2F), 
4.66 (br s, 2 h, oCh2), 3.87–3.78 (m, 2 h, Ch2N), 3.61–3.54 (m, 4 h, NCh2, 
Ch2ar), 3.41–3.37 ppm (m, 2 h, NCh2Ch2F); 13C NMr (CdCl3+Cd3od, 
100 Mhz): δ=162.2, 147.4, 143.5, 142.5, 130.0, 126.2, 124.3, 114.9, 79.5, 63.5, 
55.2, 53.6, 53.4, 52.8, 29.8 ppm; anal. calcd for C18h21ClFN3o5: C 52.24, h 
5.12, N 10.15, found: C 51.12, h 5.62, N 10.21.

General procedure for the synthesis of compounds 67–69

a solution of secondary amine 64–66 (1 mmol, 1 equiv) in Ch3CN (3 mL) 
in a microwave vial was treated with 13 (1 mmol, 1 equiv) and KI (0.1 mmol, 
0.1 equiv). The vial was sealed and heated in a microwave at 170 °C for 1 h. The 
cooled reaction mixture was diluted with Ch2Cl2 and washed with saturated 
aq NahCo3, h2o, brine, dried (Na2So4), filtered and concentrated. Purification 
by column chromatography on Sio2 (etoac/Pe, 2:8) afforded the secondary 
amines 67–69.

[2-(4-Nitrophenoxy)ethyl]-[2-(4-nitrophenyl)ethyl]-phenyl-amine 
(67): Prepared from 64. Yellow solid (66 %): mp: 95 °C; 1h NMr (CdCl3, 
400 Mhz): δ=8.16–8.13 (m, 4 h, arh), 7.37–7.25 (m, 4 h, arh), 6.88–6.76 
(m, 5 h, arh), 4.10 (t, 2 h, J=5.6 hz, oCh2), 3.73–3.66 (m, 4 h, Ch2NCh2), 
3.04 ppm (t, 2 h, J=7.2 hz, Ch2ar); 13C NMr (CdCl3, 100 Mhz): δ=163.5, 
147.4, 146.6, 141.7, 129.7, 125.9, 123.8, 117.3, 114.3, 112.4, 66.2, 53.1, 50.8, 
33.5 ppm; anal. calcd for C22h21N3o5: C 64.86, h 5.20, N 10.31, found: C 
65.14, h 5.40, 10.42.
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General procedure for the synthesis of compounds 77–81

Final compounds 77–81 were prepared in the same manner as compound 
35.

Methyl-(4-nitrobenzyl)-[2-(4-nitrophenoxy)ethyl]-amine 
hydrochloride (77): Prepared from 13 and 75. Light yellow crystalline solid 
(67 %): mp: 163 °C; 1h NMr ((Cd3)2Co, 400 Mhz, free base): δ=8.22–8.17 (m, 
4 h, arh), 7.66 (d, 2 h, J=8.8 hz, arh), 7.17–7.13 (m, 2 h, arh), 4.34 (t, 2 h, 
J=6 hz, oCh2), 3.80 (s, 2 h, Ch2ar), 2.93 (t, 2 h, J=5.6 hz, Ch2N), 2.38 ppm 
(s, 3 h, NCh3); 

13C NMr ((Cd3)2Co, 100 Mhz, free base): δ=164.8, 148.5, 
147.8, 142.1, 130.1, 126.4, 123.9, 115.5, 67.9, 62.0, 56.3, 43.0 ppm; anal. calcd 
for C16h18ClN3o5: C 52.25, h 4.93, N 11.43, found: C 52.31, h 4.91, N 1.63.

Biological assays

Radioligand binding assay

The [3h]astemizole radioligand binding assay for the herG K+ channel 
was performed as described by Chiu et al., 2004 with minor modifications. 
In short, membrane aliquots containing 10 μg (herG/heK293) protein were 
incubated in a total volume of 100 μL of 10 mm hePeS, 130 mm NaCl, 60 mm 
KCl, 0.8 mm MgCl2, 1 mm Na eGTa, 10 mm Glucose, 0.1 % BSa, ph 7.4 at 
25 °C for 1 h. displacement experiments were routinely performed using 12 
concentrations of cold ligand in the presence of 1.5–2.0 nM [3h]astemizole. 
Nonspecific binding was determined in the presence of 10 μM astemizole. 
Incubations were terminated by dilution with ice-cold wash-buffer, containing 
25 mm TrishCl, 130 mm NaCl, 60 mm KCl, 0.8 mm MgCl2, 0.05 mm CaCl2 and 
0.05 % BSa (ph 7.4). Separation of bound from free radioligand was performed 
by rapid filtration through Whatman GF/B filters using a Brandel harvester. 
Filters were subsequently washed with ice-cold wash-buffer (6×2 mL). Filter-
bound radioactivity was measured by scintillation spectrometry (LKB Wallac, 
1219 rackbeta) after addition of Packard emulsifier Safe (3.5 mL). The results 
were analyzed using GraphPad Prism (version 5).

Patch clamp assay

heK293 cells stably expressing herG were cultured on 11 mm glass 
coverslips and placed in a temperature controlled perfusion chamber (Cell 
Microcontrols, Norfolk, USa) at 37 °C. Voltage clamp measurements of herG-
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mediated ion currents were performed in the whole cell patch clamp mode 
using a heKa ePC-10 double Plus amplifier controlled by PatchMaster 2.20 
software (heKa elektronik, Lambrecht/Pfalz, Germany). all patch clamp 
experiments were corrected for 14.2 mV liquid junction potential and patch 
pipette series resistance was compensated for>70 %. data were analyzed using 
FitMaster (heKa, Germany) and Kaleidagraph (Synergy Software, reading, 
USa) software.

Bath perfusion and patch pipette filling solutions had the following 
composition (values given in mmol L−1): Tyrode bath solution: NaCl, 130; KCl, 
5.4; CaCl2, 1; MgCl2, 1; glucose, 6; NahCo3, 17.5; hePeS, 10 (ph 7.2, Naoh). 
Patch pipette solution: potassium gluconate, 125; KCl, 10; hePeS, 5; eGTa, 5; 
MgCl2, 2; CaCl2, 0.6; Na2aTP, 4 (ph 7.20, Koh).

Patch pipettes were made using a Sutter P-2000 micropipette puller 
(Sutter Instrument Company, Novato, USa) and had resistances of ~2.5 MΩ 
when fire polished and filled with pipette solution.

at baseline, a “long” tail current protocol (LTP) was run first, followed by 
a “short” tail current protocol (STP), both under control conditions. Perfusion 
of Tyrode solution containing various concentrations of dofetilide (1) or 35 was 
started 45 s after the beginning of the STP. after a steady-state level of herG 
current inhibition was reached, running the LTP again finished the experiment. 
Four dofetilide (1) concentrations (1, 5, 10 and 20 nM) and four concentrations 
of 35 (1, 2.5, 5 and 10 nM) were tested.

Short tail current protocol (STP): Cells were depolarized to 0 mV from 
a holding potential −80 mV for 1500 ms, allowing activation and inactivation 
of herG current. Cells were then repolarized to a test potential of −50 mV for 
1500 ms allowing the ensuing herG tail current to deactivate. This voltage 
clamp protocol was repeated every 15 s. The peak amplitude of herG tail 
current was measured during the repolarizing pulse at −50 mV before and 
during exposure of dofetilide (1) or 35 (Figure 2a).

Further experimental details of long tail current protocol, results 
and figures of long and short tail current protocols are given in Supporting 
Information.
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Introduction

The ventricular cardiac action potential (aP) has a long plateau and 
repolarization phase, essential for contractility and recovery of excitability. 
Between subsequent aPs, there is a constant resting membrane potential 
based on potent inward rectifier current (IK1). In mammals, the KCNJ2 and 
KCNJ12 gene products KIr2.1 and KIr2.2 constitute the main determinants of 
IK1 in the ventricle (dhamoon and Jalife, 2005). In addition, KIr2.3 encoded 
by the KCNJ4 gene contributes to cardiac IK1. Inhibition of endogenous IK1 by 
dominant negative KIr2.1 expression in the working ventricular myocardium 
of guinea pigs induces ectopic pacemaker activity (Miake et al., 2002). In 

Background and purpose: Pentamidine is a drug used in treatment of 
protozoal infections. Pentamidine treatment may cause sudden cardiac 
death by provoking cardiac arrhythmias associated with QTc prolongation 
and U-wave alterations. This proarrhythmic effect was linked to herG 
trafficking inhibition but not to acute block of ion channels contributing 
to the action potential. Because the U-wave has been linked to the cardiac 
inward rectifier current (IK1) we examined the action and mechanism of 
pentamidine-mediated IK1 block.
experimental approach: Patch clamp measurements of IK1 were performed 
on cultured adult canine ventricular cardiomyocytes, KIr2.1-heK293 cells 
and KIr2.x inside-out patches. Pentamidine binding to cytoplasmic amino 
acid residues of KIr2.1 channels was performed by molecular modelling. 
Key results: Pentamidine application (24 h) decreased IK1 in cultured 
canine cardiomyocytes and KIr2.1-heK293 cells under whole cell clamp 
conditions. Pentamidine inhibited IK1 in KIr2.1-heK293 cells 10 minutes 
after application. When applied to the cytoplasmic side under inside-out 
patch clamp conditions, pentamidine block of IK1 was acute (IC50=0.17 mM). 
Molecular computer modeling predicted pentamidine-channel interactions 
in the cytoplasmic pore region of KIr2.1 at amino acids e224, d259 and 
e299. Mutation of these conserved residues to alanine reduced pentamidine 
block of IK1. Block was independent of the presence of spermine. KIr2.2 and 
KIr2.3 based IK1 was also sensitive to pentamidine blockade.
Conclusions and Implications: Pentamidine inhibits cardiac IK1 by interacting 
with three negatively charged amino acids in the cytoplasmic pore region. 
our findings may provide new insights for development of specific IK1 
blocking compounds.
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humans, loss-of-function mutations in KIr2.1 correlates with andersen-Tawil 
syndrome (aTS1) characterized by ventricular arrhythmias, periodic paralysis 
and dysmorphic features (Plaster et al., 2001; Tristani-Firouzi et al., 2002). 
aTS1 is associated with the appearance of more prominent U waves (Zhang et 
al., 2005b; Nagase et al., 2007).

acquired ion channel dysfunction, either by loss or gain of function, 
may result in a wide variety of cardiac arrhythmias (Murphy and dargie 2007; 
Kannankeril and roden, 2007). The culprit ion current involved is often the 
Kv11.1 (herG) based rapid component of the delayed rectifier current (IKr). 
Unfortunately, non-cardiac drugs may affect this current but many other 
currents as well. recently, the widely used antimalarial drug chloroquine and 
the estrogen receptor antagonist tamoxifen were demonstrated to inhibit KIr2.1 
based IK1 by blocking the ion channel pore from the cytoplasmic side or by 
interfering in the KIr2.1-PIP2 interaction, respectively (rodríguez-Menchaca et 
al., 2008; Ponce-Balbuena et al., 2009). 

Pentamidine belongs to the diamine family used for treatment of pathogenic 
protozoic infections causing human african trypanosomis (sleeping sickness), 
visceral Leishmaniasis (Bray et al., 2003) and opportunistic pathogenic infections 
causing candidiasis and pneumonia in immunocompromised individuals, like 
hIV-positive patients (Sands et al., 1985; Goa and Campoli-richards, 1987). 
Clinically, pentamidine has been associated with QTc prolongation, U-wave 
amplitude increase, U-wave alternans and Torsade de Pointes arrhythmias with 
and without electrolyte abnormalities (Bibler et al., 1988; Mitchell et al., 1989; 
Gonzalez et al., 1991; Quadrel et al., 1992; eisenhauer et al., 1994; Girgis et 
al., 1997). recently, pentamidine has been shown to reduce IKr and to prolong 
the aP, because it hampers transport of the Kv11.1 ion channel protein towards 
the sarcolemma (Cordes et al., 2005; Kuryshev et al., 2005). although this 
might explain QTc prolongation, U-wave alterations remain unexplained. Given 
the similarity between alterations in U-wave morphology under conditions of 
KCNJ2 mutations and pentamidine administration, we have assessed whether 
pentamidine affects the inward rectifier current and its mode of action at the 
molecular level.

We demonstrate that i) pentamidine inhibits IK1 in isolated adult ventricular 
cardiac myocytes at clinical concentrations; that ii) it produces acute block of 
KIr2.x based IK1 by plugging the pore region from the cytoplasmic side; that 
iii) acidic amino acids e224, d259 and e299 of KIr2.1 are directly involved in 
pentamidine mediated outward IK1 block.
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Methods

Cell culture
The investigation conformed to the Guide for the Care and Use of 

Laboratory animals published by the US National Institutes of health (NIh 
Publication No. 85-23, revised 1996) and was approved by the institutional 
committee for animal experiments. Left ventricular myocytes from adult dogs 
were isolated and GFP-tagged KIr2.1 (nomenclature according to alexander et 
al., 2008) heK293 (heK-KWGF) cells were generated and cultured as described 
previously (de Boer et al., 2006a,b). In inside-out experiments, heK293T 
cells were transfected with 20 ng KCNJx cdNa and 6 ng eGFP per cm2 and 
used within 48 hours. Mouse KCNJ2, KCNJ12 and KCNJ4 pCXN2 expression 
constructs and human wildtype, e224a, F254a, d259a and e299a mutant 
KCNJ2 constructs have been described previously (rodríguez-Menchaca et al., 
2008; Ishihara and ehara, 2004).

Pentamidine

Pentamidine-isethionate (Pentacarinat® 300, Sanofi aventis) was 
dissolved in water at a pentamidine concentration of 0.1 M, sterilized by 
filtration (0.22 mm), aliquoted and stored at -20°C until use.

Western blotting

Cells were lysed in rIPa buffer (20 mM Tris-hCl, ph 7.4, 150 mM NaCl, 
10 mM Na2hPo4, 1% (v/v) Triton X-100, 1% (w/v) Na-deoxycholate, 0.1% 
(w/v) SdS, 1 mM edTa, 50 mM NaF, 2 mM PMSF and 14 μg/ml aprotinin). 
Lysates were clarified by centrifugation at 14000xg for 10’ at 4ºC and mixed 
with loading buffer. Twenty-five micrograms of proteins were separated by 10% 
SdS-PaGe and blotted onto nitrocellulose membrane (Bio-rad, Veenendaal, 
Netherlands). Protein transfer was assessed by Ponceau S staining (Sigma, St 
Louis, USa). after blocking with 5% non-fat milk, blots were incubated with 
KIr2.1 (Cat. no. sc-28633; Santa Cruz Biotechnology, Santa Cruz, Ca, USa) and 
Cadherin (Cat. no. C1821; Sigma) antibodies for adult cardiomyocytes, or GFP 
antibody (Cat. no. sc-9996; Santa Cruz Biotechnology) for heK-KWGF cells. 
Finally, peroxidase-conjugated secondary antibody (Jackson Immunoresearch, 
West Grove, Pa, USa) was applied. Standard eCL procedure was used as final 
detection (amersham Bioscience, Buckinghamshire, UK). ImageQuant TL 
software (amersham) was used for signal quantification.
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Electrophysiology

Patch clamp measurements were done using a heKa ePC-10 double 
Plus amplifier controlled by PatchMaster 2.10 software (heKa, Lambrecht/
Pfalz, Germany). Voltage clamp measurements of whole cell IK1 were performed 
by applying 1 second test pulses ranging between -120 and +40 mV, with 10 
mV increments, from a holding potential of -40 mV and with minimal series 
resistance compensation of 70%. Steady state current at the end of the pulse 
was normalized to cell capacitance and plotted versus test potential. Inside-out 
patch-clamp measurement of IK1 were done in absence of Mg2+ as described 
previously (Ishihara and ehara, 2004). excised membrane patches were placed 
close to the inflow region of the recording chamber, and experiments were 
started after inward rectification due to endogenous polyamines had disappeared 
as completely as possible. Currents were elicited using a ramp protocol, from 
-100 to 100 mV in 5 seconds, starting at a holding potential of -40 mV. recorded 
current traces were normalized to the holding current at -40 mV obtained from 
the control traces. after recording control traces, excised membrane patches 
were exposed to bath solution containing spermine and/or pentamidine. For 
determination of IC50, each excised membrane patch was exposed to a series 
of pentamidine concentrations. Fractional block of outward IK1 was calculated 
using current level at +50 mV, and values obtained with experimental solutions 
were divided by corresponding values from the previously recorded control 
trace. Patch pipettes were made with a Sutter P-2000 puller (Sutter Instrument, 
Novato, Ca, USa) and had resistances of 2-3 MW. extracellular solution for 
whole cell IK1 measurements contained (in mmol/L-1): NaCl 140, KCl 5.4, 
CaCl2 1, MgCl2 1, glucose 6, NahCo3 17.5, hePeS 15, ph 7.4/Naoh. Pipette 
solution contained potassium gluconate 125, KCl 10, hePeS 5, eGTa 5, MgCl2 
2, CaCl2 0.6, Na2aTP 4, ph 7.20/Koh. Inside-out experiments were done with 
a bath solution containing: KCl 125, edTa (2K) 4, K2hPo4 7.2, Kh2Po4 2.8, 
ph 7.20/Koh. Pipette solution contained KCl 145, CaCl2 1, hePeS 5, ph 7.40/
Koh.

Molecular modeling and ligand docking

Pentamidine was docked into the crystal structure of the cytoplasmic 
KIr2.1 domain (pdb identifier: 1U4F) (Pegan et al., 2005). drug coordinates 
were obtained from the ZINC database (Irwin and Shoichet, 2005). FlexX 
(version 1.20.1) in Sybyl8.0 (Tripos International, St. Louis, MI, USa) was 
used to randomly dock pentamidine (n=100) into the cytoplasmic cavity of 
KIr2.1 using default parameters. Ligand partial charges were calculated with 
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the Gasteiger–hückel method. Modeling was visualized with Pymol software 
(delano Scientific). Modelling, docking and visualization were performed on 
a Linux 4 Intel Core2 Quad workstation, SUSe Linux 10.2 operating system.

Statistics

Group averages are presented as mean ± standard error of mean and were 
tested for significance using Student’s t-test (two groups) or an aNoVa test with 
a holm’s post-hoc test when more than two groups were involved. analysis was 
done using Kaleidagraph 4.0 (Synergy Software, reading, Pa, USa) with the 
significance level at p < 0.05.

Results

Pentamidine  inhibits cardiac IK1. 

Based on the findings of pentamidine-associated U-wave alterations in 
patients and a correlation between the U-wave and IK1, we hypothesized that 
pentamidine might inhibit IK1 in cardiac myocytes. Fig. 1 and Table 1 show 
that pentamidine treatment at 10 mM for a period of 24 h inhibited the inward 
and outward components of IK1 by 62% and 73% respectively in adult canine 
ventricular myocytes (Fig. 1a and 1B, Table 1). 1 mM pentamidine appeared to 
yield mild inhibition, but this inhibitory effect did not reach significance, even 
when the period of application was prolonged from 24 to 48 h. Furthermore, 
pentamidine substantially changed the kinetics of the inward component; the 
time to 90% of maximal activity increased almost 30-fold (Table 1).  KIr2.1 

Adult Dog 
Cardiomyocytes

HEK-KWGF

control 10 mM control 1 mM 10 mM

Max. outward current 
(pA/pF)

0.30±0.04 
(6)

0.08±0.02 
(6)

29.0±8.0 
(6)

1.6±1.1 
(9) 

-9.4±7.2 
(6)

Max. inward current 
(pA/pF)

-13.3±1.2 
(6)

-5.1±0.1 
(6)

-482±128 
(6)

-162.9±59.0 
(6)

42.0±19.0 
(6)

90% max. current rise 
time (ms)

22.0±0.4 
(6)

541±85 
(6)

2.6±0.2 
(6)

ND 727±36 
(5)

Table 1. Twenty-four hours pentamidine treatment on IK1 characteristics. P<0.05 for all 
treatments vs control. Number of experiments are indicated between brackets. ND, 
not determined.
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Figure 2. Pentamidine dose 
response relationship for KIR2.1 
mediated IK1. Typical recordings 
demonstrating a much slower 
developing pentamidine (10 
µM) induced IK1 block in whole 
cell (open symbols) compared 
to inside-out recordings (solid 
symbols). Inset: Current traces 
during drug application in the 
whole cell configuration display 
altered channel kinetics (arrows). 
Control cells displayed no rundown 
for at least 20 minutes (A). Typical 
inside-out recording depicting 
inhibition of IK1 with increasing 
concentrations of pentamidine, 
demonstrating strongest effects 
on outward current. Dashed 
trace is the control recording (B). 
Average concentration-response 
curve for IK1 recorded in the inside-
out configuration (n=11) (C). 
Comparison of the inhibitory effect 
of chloroquine and pentamidine 
(both 1 mM) measured in inside-
out experiments. Pentamidine has 
a significantly stronger blocking 
effect at equal concentration, 
particularly for outward currents 
(D).
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protein expression levels as assessed by western blot revealed no decrease at 24 
h and 18% decrease at 48 h of 10 mM pentamidine incubation.

Cardiac IK1 is mainly determined by KIr2.1 protein. Therefore we analyzed 
whether KIr2.1 based IK1 density is sensitive to pentamidine in heK293 cells 
stably expressing GFP-tagged KIr2.1 (heK-KWGF). Under these conditions 
the effects of pentamidine were even stronger. even 1 mM pentamidine applied 
for 24 h reduced the inward (66%) and outward component of IK1 (94%) with 
virtually complete blockade at 10 mM pentamidine (Fig. 1C and 1d, Table 1). at 
the protein level a 17%, 35% and 50% inhibition in expression levels was found 
at 16, 24 and 48 h of incubation with 10 mM pentamidine, respectively.

Pentamidine acutely blocks IK1 channels when applied from the 
cytoplasmic side.

To further explore the time relationship between pentamidine application 
and IK1 block, the drug was infused during continuous IK1 measurement. Fig. 
2a shows that acute application of 10 mM pentamidine decreased IK1 after 10 
minutes in heK-KWGF cells in the whole cell patch mode (open circles). 
altered opening kinetics of the inward component was seen from that time point 
on (inset). This effect was slow, because pentamidine acts from the cytoplasmic 
side of the ion channel as can be appreciated from the data in the inside-out 
patch configuration (Fig. 2a filled circles), resulting in an IC50 of 0.17 ± 0.04 
mM and a hill-coefficient of -0.87 ± 0.10 (n=11) (Fig. 2B and 2C). 

We next compared pentamidine mediated block with that of chloroquine 
that also inhibits the IK1 ion channel acutely with an IC50 of 1.1 ± 0.2 mM 
(rodríguez-Menchaca et al., 2008). Fig. 2d shows the block of IK1 by 1 mM 
pentamidine and by 1 mM chloroquine. Chloroquine outward current block 
was 70%, pentamidine caused a 95% block. although inward current was less 
affected by both drugs, pentamidine was again more potent than chloroquine. No 
additive effects were seen when applying the two drugs together (not shown).

direct pentamidine block depends on negatively charged residues in 
the KIr2.1 cytoplasmic pore region. Since the direct effects of pentamidine on 
KIr2.1 based IK1 reflect those observed for chloroquine (rodríguez-Menchaca 
et al., 2008), we next assessed whether pentamidine is also able to enter the 
cytoplasmic pore region and with which amino acids it interacts. Molecular 
modeling was used to examine potential physical interaction sites of the KIr2.1 
channel with pentamidine. Fig. 3B and 3C show the preferential orientation 
of pentamidine within the cytoplasmic cavity. Pentamidine adopts a u-shaped 
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Figure 3. Docking of pentamidine within the KIR2.1 cytoplasmic domain. Side view of 2 KIR2.1 
domains. The transmembrane regions (homology model of KIR2.1, unpublished) and cytoplasmic 
domain (1U4F, crystal structure) with acidic residues E224, D259, E299 important for pentamidine 
block, highlighted (A). Bottom view of the preferential orientation of pentamidine in the 
cytoplasmic pore domain (B). Stereo view of the cytoplasmic pore domain with pentamidine 
plugging the pore. Residues are colored according to domains (A=blue, B=green, C=orange, 
D=red) (C).  All Figures were prepared using the program PyMol (Delano Scientific).
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Figure 4. Pentamidine interacts with specific residues lining the KIR2.1 channels pore 
region. Inside-out recordings of IK1 based on human KIR2.1 in absence (dashed line) 
and presence of 1 mM pentamidine (solid line). Depicted are recordings from Alanine 
substitution mutants that demonstrate loss of normal pentamidine block of outward 
current when residues E224, D259 and E299 are mutated (A). Plot of average residual IK1 
(at 50 mV) for the mutants depicted in A, normalized to control current levels (B). Inside-
out recordings of IK1 based on mouse KIR2.1, -2.2 and -2.3 in the absence (dashed) and 
presence of 1 mM pentamidine  (solid line), showing reduced pentamidine sensitivity 
of channels composed of KIR2.2 and KIR2.3 tetramers (C, D). Amino acid alignment of 
cytoplasmic pore region of human KIR2.1, -2.2 and -2.3. Amino acid residues mutations 
tested for pentamidine block are indicated by asterisks. Murine sequences in this 
region are identical to the human forms (not shown). F254 is not conserved in KIR2.3. 
Identical residues are indicated in white lettering and black shading (E).
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binding conformation and favorable interactions with residues e224, d259 and 
e299 are predicted. The carboxylate oxygen atoms of e224 from two opposing 
subunits form hydrogen bonds with the protons of the amino moiety of the 
benzamidine rings from pentamidine. hydrogen bonds are also formed between 
the backbone oxygen of e299 and 2 nitrogen atoms of pentamidine. Furthermore, 
the carboxylate oxygen of d259 from subunit B interacts favorably with the 
amino group of one of the benzamidine rings.

Using inside-out patches, Fig. 4a (‘wildtype’) and Fig. 4B (’KIr2.1’) 
show that wildtype human KIr2.1 IK1 channels are effectively blocked (95%) by 
1 mM pentamidine. The mutation e224a, d259a and e299a all significantly 
diminish this outward current block to about 50%, whereas the F254a mutation 
did not affect outward block, in contrast to its effect on chloroquine-mediated 
block (rodríguez-Menchaca et al., 2008). 

In the heart, IK1 ion channels are formed by either homo- or heterotetramers 
of KIr2.1, KIr2.2 and KIr2.3. We therefore assessed the effect of acute 
pentamidine block on homotetramers of murine KIr2.2 and KIr2.3 using the 
inside-out voltage clamp configuration. Fig. 4C and 4d shows that pentamidine 
sensitivity is significant reduced for KIr2.3 compared to KIr2.1. KIr2.2 sensitivity 
for pentamidine block is in between that of KIr2.1 and KIr2.3 channels. amino-
acid alignment of the cytoplasmic pore region from KIr2.1, 2.2 and 2.3 reveals 

Figure 5. Pentamidine block is independent of spermine. Inside-out recording of mouse 
KIR2.1 based IK1 in the absence of spermine and pentamidine (control), in the presence 
of 0.1 mM spermine (SPM) or with the combination of 1 mM pentamidine and spermine 
(SPM + penta) (A). Enlargement of panel A illustrates that outward IK1 block by 1 µM 
pentamidine is not different when pentamidine is added in the presence or absence of 
0.1 µM spermine (averaged traces of 3, 3 and 4 patches, respectively) (B, left panel). 
The numbered peaks correspond with Mode 1 and 2 block of IK1 channels by spermine 
(Ishihara et al., 2004). Conductance of these peaks was significantly diminished by 
pentamidine, especially Mode 2 block seems sensitive to pentamidine. Values were 
normalized using the Mode 1 conductance recorded in presence of spermine for each 
recording (B, right panel).
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complete identity for e224, d259 en e299 (Fig. 4e). By and large, we conclude 
that cardiac IK1, irrespective of its underlying molecular determinants, displays 
pentamidine mediated acute block. 

Inward rectification of IK1 ion channels is accomplished by the binding 
of polyamines inside the cytoplasmic and transmembrane regions of the 
pore (Lu, 2004). Negative charged amino acids e224, d259 and e299 in the 
cytoplasmic region of the pore are likely to attribute the polyamine induced 
rectification (Fujiwara and Kubo 2006; Tai et al., 2009). To assess whether 
pentamidine block is affected by the presence of polyamines, pentamidine was 
applied in the presence of spermine. With low concentrations of spermine (0.1 
µM), the outward component of IK1 displayed in a bi-phasic block (Fig. 5a,B), 
presumably due to transmembrane region (peak 1) and cytoplasmic region (peak 
2) spermine interaction (Ishihara and ehara, 2004; Ishihara and Yan, 2007). Co-
application of pentamidine largely inhibited the cytoplasmic spermine binding 
region (peak 2), leaving the transmembrane region relatively unaffected (Fig. 
5). These results indicate that pentamidine enters and blocks the IK1 channel 
pore, but most likely does not penetrate as far as spermine. Thus, pentamidine-
mediated IK1 block is not dependent on the presence of the polyamine spermine. 

Discussion and conclusions

KIR2.x ion channel blockers. 

Very few acute KIr2.1 ion channel blocking drugs for which the mode 
of action has been resolved have been described today. Tamoxifen, 4-hydroxy-
tamoxifen and raloxifene mediated block is voltage-independent and has 
been suggested to act by interference of the KIr2.1-PIP2 interaction, outside 
of the pore region (Ponce-Balbuena et al., 2009). Chloroquine was found to 
inhibit the KIr2.1 based IK1 channel in a voltage dependent mode by plugging 
the cytoplasmic pore region (rodríguez-Menchaca et al., 2008). We observed 
voltage-dependent pentamidine block, i.e. the outward component of IK1 was 
more strongly affected than the inward component, and altered kinetics with 
respect to maximum current rise time upon hyperpolarization. In addition, our 
molecular docking simulations identified a binding site for pentamidine in the 
cytoplasmic pore domain of KIr2.1. The binding site is flanked by negatively 
charged residues e224, d259 and e229 which is in agreement with our alanine 
substitution results. Therefore, our data suggest that pentamidine block acts 
by the drug plugging the conduction pore similarly as has been suggested 
for chloroquine (rodríguez-Menchaca et al., 2008). Both drugs seem to 
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interact primarily with KIr2.1 by electrostatic interactions. our modeling on 
the closed state KIr2.1 model did not provide evidence for drug interaction 
in the transmembrane cavity. due to the lack of a working open state model, 
we cannot rule out the possibility of direct interaction of pentamidine with the 
transmembrane cavity for an open channel, which would result in drug-channel 
interaction at additional amino acid residues. The somewhat different behavior 
of the inward component compared to the outward component in the different 
mutants with respect to pentamidine block may be indicative for this suggestion.

of the above mentioned drugs only pentamidine displays specificity 
towards IK1, while chloroquine, tamoxifen and raloxifene block additional 
cardiac ion channels (White, 2007; he et al., 2003; Liu et al., 1998; Liu et al., 
2007; Liew et al., 2004). however, pentamidine is known to affect cardiac IKr 
non-acutely by interfering in forward trafficking of herG mediated channels 
(Cordes et al., 2005; Kuryshev et al., 2005). With respect to KIr2.1, we observed 
a decrease in protein expression levels at a relatively slow timescale and after the 
time point on which direct channel block is evident. expression level decrease 
occurred faster in heK-KWGF cells compared to adult cardiomyocytes, which 
may be explained by differences in KIr2.1 half-life in the ectopic expression 
system compared to native KIr2.1 expressing cells. however, a difference in 
pentamidine uptake, which is transporter dependent (Ming et al., 2009) could 
also account for the observed differences in timing.

Clinical use and pharmacology of pentamidine. 

The second-line drug pentamidine is widely used, and advocated, in 
treatment of diverse forms of Leishmaniasis (Who estimation of 12 million 
infections worldwide, 1.5-2 million new cases each year) and human african 
Trypanosomis (Who estimation 70 thousand infections) (Lai a Fat et al., 2002; 
Werbovetz, 2006). In the western world it has been used for the treatment of P. 
carinii pneumonia in hIV-positive patients but prescription is decreasing due to 
improved control of the primary infection in this patient group. Nevertheless, 
pentamidine use may increase due to import (Zeegelaar et al., 2005) and 
northward spreading (dujardin et al., 2008) of Leishmaniasis in the western 
world, and in developing countries due to Leishmaniasis becoming resistant 
to first-line medication (Croft et al., 2006). Intravenous application of clinical 
doses (4 mgkg-1) results in plasma levels of 1.5-5 mM (Sands et al., 1985; 
Goa and Campoli-richards, 1987; Lidman et al., 1994), comparable with the 
concentrations used in our in vitro experiments and in studies on Kv11.1 (herG) 
(Cordes et al., 2005; Kuryshev et al., 2005). although pentamidine directly 
interacts with the IK1 channel, block in the whole cell configuration occurs only 
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after a short lag-time of 10 minutes, suggesting a relatively slow entrance of 
pentamidine into the cell. Indeed, pentamidine uptake in mammalian cells was 
defined recently as an organic cation transporter dependent process (Ming et 
al., 2009). In mice, rats and humans, pentamidine accumulates in tissues with 
a strong preference for liver and kidney while brain tissue remains virtually 
devoid of the drug (Waalkes et al., 1970; Waldman et al., 1973; donnelly et 
al., 1988). Neurons, like cardiac myocytes, express high levels of functional 
KIr2.x ion channels. The absence of pentamidine in brain tissue may explain the 
absence of strong neurological disorders during pentamidine therapy.

Experimental use of pentamidine and future perspectives.

In contrast to several other ion currents like IKr and IKs, the contribution 
of IK1 to repolarization redundancy, known as repolarization reserve (roden, 
1998b) has not been studied extensively in vivo. This is mainly due to the 
limited availability of specific IK1 inhibitors applicable to large animal models. 
The specific IK1 inhibitor barium is of limited use in in vivo studies due to 
reported lethality mainly caused by respiratory arrest (roza and Berman, 1971). 
The IK1 pore blockers chloroquine (rodríguez-Menchaca et al., 2008) and 
pentamidine in principle may serve as alternatives for experimental use of Ba2+. 
disadvantages of chloroquine are its effects on protein degradation (Jansen 
et al., 2008) and direct block of other cardiac ion channels (White, 2007). 
Pentamidine on the other hand may be used as a direct IK1 blocker, but long-
term application may lead to “trafficking” defects of Kv11.1 and KIr2.1 channel 
proteins also. recently, pentamidine infusion in dogs was reported to induce 
mild QT(c) prolongation, which was speculated by the authors to be caused by 
unexpected rapid IKr channel trafficking defects (Yokoyama et al., 2009). Based 
on our results described here, we hypothesize that the mild QT(c) prolongation 
in sinus rhythm (Yokoyama et al., 2009) and chronic aV block (our unpublished 
observations) dogs is caused by acute IK1 block.

a potential clinical use for specific IK1 blockers can be found in gain-
of-function mutations in the KCNJ2 gene resulting in exacerbation of KIr2.1 
based IK1 associated with atrial fibrillation (Xia et al., 2005; Zhang et al., 2005c; 
ehrlich, 2008). as elegantly shown by el harchi et al. (2009) mutant channels 
are susceptible for chloroquine inhibition presenting new opportunities for drug 
based treatments (el harchi et al., 2009).

Irrespective of the application of IK1 blocking drugs, target specificity is 
strongly required. Therefore, the molecular modeling studies on chloroquine 
(rodríguez-Menchaca et al., 2008) and pentamidine (this study) interaction 
with the KIr2.1 based IK1 channel, may promote further development of more 
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specific IK1 channel blockers, applicable for both in vivo experimentation and 
therapeutic use.
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Introduction

resting membrane potential and stability in working myocytes strongly 
results from activity of the cardiac inward rectifier current (Lopatin and Nichols, 
2001; dhamoon and Jalife, 2005). IK1 activity contributes also to final phase 
three repolarization. experimental IK1 perturbation, either by BaCl2 infusion, 
overexpression of dominant negative channels or null-mutation, results in 
diverse electrical phenotypes (reviewed in de Boer et al., 2010a). Loss- or 
gain-of function mutations in patients have been associated with andersen-
Tawil Syndrome 1, congenital atrial fibrillation and catecholamine polymorphic 
ventricular fibrillation (reviewed in anamunwo et al., 2010). Finally, atrial 
fibrillation and heart failure associated electrical remodeling affect expression 
levels of the IK1 channel proteins (dobrev et al., 2002; Gaborit et al., 2005; 

In excitable cells, KIr2.x ion channel carried inward rectifier current (IK1) sets 
the negative and stable resting membrane potential, and potentiates the final 
phase of action potential repolarization. Loss- or gain-of-function mutations 
are correlated with severe cardiac arrhythmias, while pathological cardiac 
remodeling affects normal expression levels of KIr2.x protein. Currently, 
no specific IK1 inhibitor for in vivo application is available which severely 
hampers studies on the precise role of IK1 in normal cardiac physiology and 
pathophysiology. We found previously that the diamine antiprotozoal drug 
pentamidine (P) inhibits IK1 by plugging the cytoplasmic pore region of the 
channel. We hypothesize that P can be used as a lead compound to further 
develop more efficient and specific IK1 inhibitors.
We now analyzed 7 pentamidine analogues (Pa-1 to Pa-7) for their IK1 
blocking potency at a single concentration using inside-out patch clamp. 
Pa-6 demonstrated highest blocking efficiency and was tested further. 
Modeling indicated that Pa-6 had less electrostatic, but more lipophilic 
interactions with the cytoplasmic channel pore. This resulted in a higher 
channel affinity for Pa-6 (DG -44.1 kJ/Mol) than for the parent component 
P (DG -31.7 kJ/Mol). Pa-6 (200 nM) inhibited IK1 in isolated cardiac 
myocytes (>90%) and prolonged action potential duration of normal canine 
adult atrial (28.6%) and ventricular (19.4%) cardiomyocytes. In contrast to 
P, Pa-6 increased KIr2.1 expression levels (2.1 fold at 48 h) and mature 
Kv11.1 was not affected. We conclude that small modifications in P alters 
KIr2.1 blocking characteristics, and found one analogue to inhibit KIr2.1 
more efficiently without causing ion channel trafficking defects of Kv11.1. 
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Girmatsion et al., 2009; Soltysinska et al., 2009). Many of the cardiac IK1 
functions have not been assessed in detail in large animal models due to the 
absence of a specific IK1 inhibitor. Barium ions at a low concentration is often 
used in in vitro or ex vivo experiments to produce a relatively specific IK1 block, 
however, this ion cannot be used in animals due to many non-cardiac effects 
resulting in premature death (reviewed in de Boer et al., 2010a). 

recently, we described a dual mechanism by which the diamine anti-
protozoal drug pentamidine (P) (Sands et al., 1985) inhibits IK1 (de Boer et 
al., 2010b, Nalos et al., 2011a).  P was able to interact with cytoplasmic pore 
regions of the KIr2.x based ion channel. It adopted a U-shaped conformation 
and interacted with three acidic amino acid residues (de Boer et al., 2010b) 
and thereby blocked IK1 at an IC50 of 0.17 mM when measured in the inside-
out orientation of the patch-clamp technique. When applied from the outside 
of the cell however, much higher concentrations of P were required to reach 
similar levels of inhibition in heK293 cells. Besides direct channel block, P 
also resulted in a decrease in KIr2.1 protein expression, thereby reducing the 
amount of plasma membrane localized ion channels (Nalos et al., 2011a). 
Previous studies performed by others and confirmed by us, demonstrated that P 
also affected maturation of the Kv11.1 ion channel protein, the alpha-subunit of 
the delayed rectifier current IKr (Cordes et al., 2005; Kuryshev et al., 2005; Nalos 
et al., 2011a). This would complicate long term assessment of IK1 involvement 
in cardiac electrophysiology in vivo when using P as a research tool. Moreover, 
its IKr blocking capacity has been associated with altered electrophysiological 
properties and TdP arrhythmias in patients by various authors (Bibler et al., 1988; 
Mitchell et al., 1989; Gonzalez et al., 1991; Quadrel et al., 1992; eisenhauer et 
al., 1994; Girgis et al., 1997).

We proposed P as a lead compound for the development of improved 
IK1 blocking drugs (Van der heyden and Sánchez-Chapula, 2011), that can be 
defined by IK1 inhibiting capacity at low nanomolar IC50 values without affecting 
trafficking and/or expression of KIr2.x and other ion channel proteins, and no 
direct block of additional cardiac ion current channels. In efforts to optimize P 
for its original purpose, i.e. antiprotozoal activity, a large number of pentamidine 
analogues (Pas) has been synthesized (Paine et al., 2010). here, we analyzed 
seven Pas for their IK1 blocking capacity. one compound that provided block at 
a nanomolar concentration in the whole cell orientation was further analyzed for 
its molecular interaction with the channel, its potential to block IK1 in isolated 
adult cardiomyocytes, its influence on action potential duration and potential 
interference with KIr2.1 and Kv11.1 ion channel trafficking.
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Materials and methods

Compounds

Pentamidine-isethionate (Pentacarinat® 300, Sanofi aventis, Gouda, The 
Netherlands) was dissolved in water at a P concentration of 0.1 M, sterilized 
by filtration (0.22 mm), aliquoted, and stored at -20°C until use. Pas (Pa-1 to 
Pa-7) were kindly provided by dr. r. Tidwell (University of North Carolina at 
Chapel hill, USa), and dissolved in water (Pa-1 to Pa-6) or dMSo (Pa-7) at 

Table 1.
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25 mM or the highest concentration below this depending on solubility, with a 
minimum of 1 mM. With respect to lead compound P, Pa-1 to Pa-3 are modified 
in the linker between the two phenyl groups, Pa-4 bares modifications in the 
phenyl groups, Pa-5 to Pa-7 contain modifications in the amidine groups (for 
chemical structures see Table 1).

Cells 

The investigation conformed to the Guide for the Care and Use of 
Laboratory animals published by the US National Institutes of health (NIh 
Publication No. 85-23, revised 1996) and was approved by the institutional 
committee for animal experiments. Left ventricular cardiomyocytes from adult 
healthy dogs were isolated and cultured as described previously (Volders et al., 
1999; de Boer et al., 2006a; Nalos et al., 2011b). Left atrial cardiomyocytes 
were isolated following an identical procedure, but cells were harvested 
from the free wall of the left atrium. Normal rabbit adult left ventricular 
cardiomyocytes were isolated as described previously (Nalos et al., 2011b). 
GFP-tagged KIr2.1 heK293 (heK-KWGF) cells were generated and cultured 
as described previously (de Boer et al., 2006b). heK-herG cells were obtained 
from C. January (Zhou et al., 1998). In time course experiments, cell incubation 
procedures were identical as described previously (Nalos et al., 2011a). 

 
Electrophysiology 

Whole cell patch clamp IK1 measurements were done using a heKa ePC-
10 double Plus amplifier controlled by PatchMaster 2.10 software (heKa, 
Lambrecht/Pfalz, Germany) using pulse-protocols as described earlier (de Boer 
et al., 2010b). action potentials were triggered in whole-cell current clamp mode 
with 2 ms current injections at a cycle length of 2000 ms and recorded with 
PClamp9 software (Molecular devices, Sunnyvale, Ca, USa), as described 
previously (oros et al., 2010).

Inside-out patch clamp measurements were performed essentially 
identical as described before using a ramp protocol from -100 to 100 mV in 5s 
from a holding potential of -40 mV. (de Boer et al., 2010b).

Molecular modeling and ligand docking
P and Pas were created with ChemBiodraw Ultra 12.0 (Cambridge Soft, Ma 
02140, USa) and subsequently processed with open Babel 2.3 to generate 
3d coordinates. The crystallographic coordinates of the cytoplasmic domain 
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of KIr2.1 was downloaded from the pdb-database (PdB Id: 1U4F). FlexX 
version 1.3 (BioSolveIT Gmbh, St. augustin, Germany)  was used for dock-
ing. The binding site was specified using the carboxylic acids of three Glu224 
residues and the sphere center of the binding site was placed in the middle of 
the cavity. The radius of the binding site was set to 20 Å. default settings of 
FlexX were applied for protonation and torsion angles. The ChemScore scor-
ing function of FlexX was applied and the top 10 docking solutions were saved 
for analysis.

Western blot 

Cell lysates were prepared in buffer d (20 mM hePeS ph7.6, 125 mM 
NaCl, 10% (v/v) glycerol, 1 mM edTa, 1 mM eGTa, 1 mM dithiothreitol, 
1% Triton X-100). Preparation, protein detection, quantification and analysis of 
western blots were performed identical as described before (Nalos et al., 2011a). 

Statistics

Group averages are presented as mean ± standard deviation. differences 
between group averages were tested using Student’s t-test in case of two groups 
or using a one-way aNoVa with a post-hoc test (holm-Sidak) in the case of 
more than two groups. differences were considered statistically significant 
if p<0.05. all analyses were carried out using KaleidaGraph 4.1 (Synergy 
Software, reading, Pa, USa).

Results and discussion 

Since lead compound P blocks KIr2.1 carried IK1 by entering the cytoplasmic 
pore region from the cytoplasmic side at an IC50 of ~0.17 mM with respect to the 
outward current component at +50 mV in the inside-out orientation (de Boer 
et al., 2010b), we tested Pa-1 to Pa-7 under identical conditions (Figure 1a, 
B) at a concentration of 0.20 mM. as expected, outward current inhibition by P 
(51.8%) was near the IC50 value, while inward component (at -80 mV) was less 
strongly inhibited (13.4%), demonstrating the voltage-dependent behavior of P 
on KIr2.1 ion channel block. Next analogues with modifications in the linker 
between the two phenyl groups were tested. Shortening by 2 carbon atoms  (Pa-1) 
decreased inhibiting potential of the outward component (13.1%). Lengthening 
by 1 carbon atom (Pa-2) slightly increased the inhibition potential (24.6% and 
60.3% for inward and outward component, respectively). Changing the linker 
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Figure 1. Inhibition of KIR2.1 carried IK1 by pentamidine and its analogs. (A) KIR2.1 
channels in the inside-out orientations were treated with P and PA-1 to PA-7 at a 
concentration of 200 nM. Block of inward (gray bars, at -80 mV) and outward (white 
bars, at +50 mV) current is depicted. (B) Complete normalized steady state recordings 
of KIR2.1 channels in the inside-out orientation under control (gray) and compound 
treated (black) conditions. Black arrows indicate time points used for determination of 
inward and outward current as depicted in A. Note, current measurements in inside-
out mode are performed using symmetrical high potassium concentration on both 
sides of the membrane.  (C) HEK-KWGF cells were treated with 10 mM P or 10 nM PA-6. 
Semi-acute (< 10 min) inhibition of outward current in the whole cell orientation at -65 
mV is depicted. ** indicates p<0.01, * indicates p<0.05 (P vs. PA, n=5).
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oxygen into sulfur (Pa-3) significantly potentiated inhibition capacity of inward 
(54.3%) and outward (85.1%) current. Inserting nitrogens in the aromatic rings 
(Pa-4) did not change block (7.1% and 51.1% for inward and outward current, 
respectively) compared to P. on the other hand, modification in the amidine 
groups displayed largest effects on current when compared to P. Substitution of 
hydrogen for isopropyl (Pa-5) potentiated inward (72.6%) and outward (85.8%) 
current inhibition. Pa-6 with a phenyl-substituted alternative arrangement of the 

Figure 2. Pentamidine and PA-6 interactions with the cytoplasmic domain of KIR2.1.  
(A, C) Top view of the four intracellular domains of KIR2.1 shown as differently colored 
ribbons; P and PA-6 are shown as yellow spheres. (B) Lowest energy binding mode of 
P in U-shaped conformation, as has been shown previously (De Boer et al., 2010b). (D) 
Lowest energy binding pose of PA-6, which is oriented longitudinal in the cytoplasmic 
cavity. Amino acids within 4 Å of the compounds are depicted as sticks. Black dashed 
lines denote hydrogen bonds.
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amidine group also provided improved blocking capacity (87.9% and 89.2% for 
inward and outward current, respectively). however addition of imidazol moieties 
to the aromatic rings (Pa-7) altered only inward blocking capacity significantly 
(40.5% and 52% for inward and outward inhibition, respectively). Furthermore, 
more subtle variations in voltage-dependent inhibition can be observed from 
the profiles of the complete traces (Figure 1B). For example, when compared to 
the unblocking characteristics of P upon hyperpolarisation, unblock of Pa-1 is 
almost instantaneously; while hypolarisation-induced unblock of Pa-4 takes an 
intermediate position between P and Pa-1. also, different profiles of voltage-
dependency in outward-current block are evident.  our data demonstrate that 
specific and small modifications in the chemical structure of the compound alter 
blocking capacity. Interestingly, block by Pa-6 appears voltage independent, 
although testing at lower concentrations is warranted. 

For the remainder we focused on the most efficient blocking compound, 
Pa-6. When applied to heK-KWGF cells, stably expressing GFP-tagged murine 
KIr2.1, P at a concentration of 10 mM inhibited outward current by ~45% (Figure 
1C). In contrast, under the same conditions a 1000-fold lower concentration of 
Pa-6 produced ~83% block. Correlated to the results obtained in the inside-out 
orientation, this greatly improved block of Pa-6 compared to P in whole cell 
patch clamp might be caused by higher affinity for the channel, a reduction 
in non-specific cellular protein binding, different intracellular distribution, 
enhanced cell penetration or a combination of these factors.

Molecular modeling suggested that Pa-6 adopts a different binding mode 
than P (Figure 2). While P interacted with the cytoplasmic domain of KIr2.1 in 
a U-shaped conformation, Pa-6 bound in a longitudinal conformation to the 
channel axis. This led to an increased number of lipophilic interactions (Table 2). 
In contrast, electrostatic interactions were slightly decreased for Pa-6 compared 
to P. Table 2 lists calculated binding affinities and the number of lipophilic 
interactions for both compounds. In agreement with experimental data, the 
Chemscore scoring function in FlexX predicted stronger interactions for Pa-6 
(DG -44.1 kJ/Mol) than for P (DG -31.7 kJ/Mol).  despite the differences in 
binding orientations, both compounds physically occluded the cavity, thereby 
preventing ion conduction.

Compound ΔG kJ/mol
(Chemscore, FlexX)

HB IAs
 (E224, D259, E299)

lipophilic IAs

P -31.7203 7 12
PA-6 -44.1031 6 19

Table 2. HB: hydrogen bonds; IAs: interactions
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Figure 3. IK1 inhibition in isolated adult cardiomyocytes. (A) I-V curve of IK1 currents 
obtained from isolated canine adult ventricular cardiomyocytes under control (closed 
circles, blue) and PA-6 (200 nM) treated (closed triangles, red) conditions. (B,C) 
Action potential recordings from isolated canine adult atrial (B) and ventricular (C) 
cardiomyocytes under control (red) and PA-6 (200 nM) treated (blue) conditions. Cells 
were paced at 0.5 Hz.
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To investigate whether Pa-6 was also able to inhibit native IK1, isolated 
canine adult ventricular cardiomyocytes were treated with 0.20 mM Pa-6 acutely 
resulting in strong inward current inhibition (90.3±7.6% block at -120 mV), 
while the small outward current could not be reliably measured anymore (Figure 
3a). apparently, native IK1 which might be different from ectopic KIr2.1-GFP 
expressed in heK293 cells due to cellular environment, potential interaction 
with ancillary subunits and contribution of additional KIr2.x subunits, is also 
blocked efficient as seen for ectopic KIr2.1 in heK293 cells.

We next tested whether Pa-6 would prolong action potential duration when 
added to isolated normal canine adult atrial and ventricular cardiomyocytes.  as 
shown in Figure 3B and Table 3, Pa-6 gave rise to an average action potential 

duration and short-term variability of the repolarization (STV) increase 
of 19.4±22.4% (p=0.06) and  63±52% (p=0.02) for ventricular (n=7) and 
28.6±16.8% (p=0.10) and 121±13% (p<0.01) for atrial (n=3) cardiomyocytes, 
respectively. remarkably, as Pa-6 has profound effects on IK1 density, we did 
not observe changes in resting membrane potential (data not shown). These 
results are in accordance with our action potential measurements in adult 
rabbit ventricular cardiomyocytes treated with 50 mM BaCl2. This prolonged 
action potential duration with 39±29% (p<0.05, n=7) and increased STV with 
19%±39% (p=0.25, n=7; Table 3), while resting membrane potential was not 
changed significantly. Increasing BaCl2 concentrations to 100 and 200 mM, 
further prolonged action potential duration and transient hyperpolarisation 
was observed following phase 3 repolarisation. We hypothesize that at resting 
membrane potential, background currents are relatively small which implies 
that residual amounts of functional IK1 channels are sufficient for keeping the 
resting membrane potential at normal levels. however, according to literature, 
resting membrane stability and cell excitability are more strongly affected by IK1 
block. For example, action potential formation requires less depolarizing power, 
spontaneous activity becomes apparent, and final repolarization is accompanied 
by transient hyperpolarisation (Imoto et al., 1987; hirano and hiraoka, 1988; 
Valenzuela and Vassalle, 1991). 

Model/drug Control Drug
APD STV APD STV

cAVB Dog Dofetilide 384±111 13.5±10.4 490±134 39.8±31.7
cAVB Dog PA-6 361±38 13.2±3.6 434±107 22.6±12.7
Rabbit BaCl2 326±115 14.9±5.3 434±100 16.9±7.6

Table 3.
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Finally, we tested whether Pa-6 at concentrations that strongly inhibit 
IK1 (50 and 100 nM), would inhibit KIr2.1 expression and Kv11.1 maturation as 
seen previously for P (Nalos et al., 2011a). In contrast to P that decreases KIr2.1 
protein levels upon prolonged incubation (1.00 vs. 0.53±0.15 and 0.42±0.05 for 
control, 24 and 48 h (n=2), respectively), Pa-6 treatment resulted in an increase 
in KIr2.1 expression (1.00 vs. 1.34±0.12 and 2.14±0.91 for control, 24 and 48 
h (n=2), respectively) (Figure 4a). although no mechanism has been described 
how an ion channel blocker is able to increase expression of the ion channel 
in an ectopic expression system, we envision that channel-inhibitor interaction 
may stabilize the channel and thereby prolong half-life or contribute to a more 
efficient trafficking towards the plasma membrane. This is in accordance with 
observations of congenital trafficking defects of Kv11.1 channels that can be 
rescued by one of its 
specific inhibitors 
such as e4031 
(Balijepalli et 
al., 2010). When 
applying Pa-6 in 
in vivo studies we 
have to consider 
the opposing effect 
of direct channel 
block and increased 
channel expression. 
Several authors, 
including us, 
have shown that P 
inhibits maturation 
of Kv11.1 which 
results in less 
functional Kv11.1 
at the plasma 
m e m b r a n e 
(Kuryshev et al., 
2005; Cordes et al. 
2005; Nalos et al., 
2011a). Compared 
to P, Pa-6 does 
not interfere in 
Kv11.1 maturation 
(ratio mature/

Figure 4. PA-6 enhances KIR2.1 expression but does not 
interfere in Kv11.1 maturation. (A) HEK-KWGF cells treated 
for increasing time with 10 μM P display a time dependent 
decrease in KIR2.1-GFP protein expression. Maximal KIR2.1-GFP 
protein expression inhibition was seen after 48 h. In contrast, 
PA-6 (100 nM) resulted in a time-dependent increase in KIR2.1-
GFP protein expression. Maximum increase is seen after 48 h. 
Total protein staining (ponceau) of Western blots was used as 
loading control.  (B) P (10 mM) decreases mature Kv11.1 and 
increases immature Kv11.1 expression. PA-6 (50 nM) does not 
affect the mature/immature ratio.
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immature: 1.52±0.17 vs. 0.89±0.05 and 1.60±0.15 for control, P and Pa-6 
(n=2), respectively) (Figure 4B). Thus, compared to P, Pa-6 at a concentration 
that strongly reduces IK1 does not interfere in protein trafficking that otherwise 
may result in decreased ion channel expression.

The 7 pentamidine analogues used in this study were originally designed 
to improve anti-protozoal activity. Pa-6 has been studied in animal model of 
Trypanosomiasis infection (STIB900) (Bakunova et al., 2004). In contrast to P, 
Pa-6 performed worse as an antiprozoal compound (0/4 vs. 2/4 cured animals; 
survival 7 vs.  >44.3 days after infection, for P and Pa-6 respectively) when 
injected intraperitonally on 4 consecutive days from day 3 to day 6 postinfection 
at 20 mg/kg. Interestingly, infected animals left untreated expired between day 7 
and 10, which was a few days later than animals treated with Pa-6. Nevertheless, 
this study demonstrates that a the concentration used, Pa-6 is not acutely lethal 
and would allow at least short time studies in vivo to determine a role for IK1 in 
the particular animal model under study. 

as recently demonstrated by Noujaim et al., (2010) another KIr2.1 pore 
blocker, i.e. chloroquine, could be used as another lead compound. They focused 
on chloroquine specificity for KIr.x channels, and found that IK1 (KIr2.x), IKaCh 
(KIr3.1) and IKaTP (KIr6.2) are all a target for chloroquine mediated block. 
however, in silico modeling subsequently demonstrated that the mode of drug-
channel interaction differed considerable for the three channel types studied, 
which led to the conclusion that development of ion channel pharmacophores 
targeting specific members within the KIr superfamily is a feasible approach.

In conclusion, we tested 7 different Pas for their IK1 inhibiting capacity 
that demonstrated that 1) blocking capacity of IK1 can be altered by small 
modifications in the chemical structure of the lead compound, and 2) Pa-6 is a 
highly efficient IK1 blocker in ectopic expression systems and native cells, and 
shows no detrimental interference in Kv11.1 channel trafficking. Its ability to 
block other cardiac ion channels still needs to be investigated however.
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Introduction

 The aromatic diamidine drug pentamidine is used as an antiprotozoal 
compound against diverse forms of Leishmaniasis and sleeping sickness (Sands 
et al., 1985; Werbovetz, 2006). Pentamidine displays high toxicity, amongst 
which cardiotoxicity, that can precipitate Torsade de Pointes arrhythmias, is 
a potential life-threatening side effect (Sands et al., 1985; owens Jr, 2004). 
Torsade de Pointes elicited by pentamidine therapy might be caused by 
functional inhibition of delayed rectifier (IKr) (Cordes et al., 2005; Kuryshev 
et al., 2005) and inward rectifier (IK1) (de Boer et al., 2010b) repolarizing 
potassium currents. Inhibition of repolarizing current results in action potential 
lengthening and enhanced susceptibility to inward current (e.g. ICaL) induced 
early after depolarizations (roden, 2008). In general, drugs can target multiple 
ion channels, whereby the combined effect may be either pro-, anti-, or non-

The antiprotozoal drug pentamidine inhibits two types of cardiac rectifier 
potassium currents, which can precipitate life-threatening arrhythmias. 
here, we use pentamidine as a tool to investigate whether a single drug 
affects trafficking of two structurally different potassium channels by 
identical or different mechanisms, and whether the adverse drug effect 
can be suppressed in a channel specific fashion. Whole cell patch clamp, 
Western blot, real time PCr, and confocal laser scanning microcopy were 
used to determine potassium current density, ion channel protein levels, 
mrNa expression levels, and subcellular localization, respectively.
We demonstrate that pentamidine inhibits delayed (IKr) and inward (IK1) 
rectifier currents in cultured adult canine cardiomyocytes. In heK293 cells, 
pentamidine inhibits functional Kv11.1 channels, responsible for IKr, by 
interfering at the level of full glycosylation, yielding a less mature form of 
Kv11.1 at the plasma membrane. In contrast, total KIr2.1 expression levels, 
underlying IK1, are strongly decreased, which cannot be explained from 
mrNa expression levels. No changes in molecular size of KIr2.1 protein 
were observed, excluding interference in overt glycosylation. remaining 
KIr2.1 protein is mainly expressed at the plasma membrane. Inhibition of 
lysosomal protein degradation is able to partially rescue KIr2.1 levels, but 
not those of Kv11.1.
We conclude that 1) a single drug can interfere in cardiac potassium channel 
trafficking in a subtype specific mode and 2) adverse drug effects can be 
corrected in a channel specific manner.
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arrhythmic (antoons et al., 2007). drugs combining inhibition of multiple 
channels involved in repolarization are expected to display higher levels of 
pro-arrhythmia than channel specific drugs (Biliczki et al., 2002). For a pro-
arrhythmic drug, normalization of only one of its targets may render it safe. 
Pentamidine is a multi-target drug for which IKr inhibition takes place at the 
level of functional Kv11.1 (also known as herG) protein expression (Cordes et 
al., 2005; Kuryshev et al., 2005), while IK1 inhibition results from a dual effect 
of direct IK1 channel block and decreased KIr2.1 expression (de Boer et al., 
2010b). 

 drugs affecting ion channel trafficking may pose an important 
arrhythmic risk (Van der heyden et al., 2008). Compared to direct channel 
block, the underlying mechanisms of affected trafficking, which include 
forward (towards the plasma membrane) and backward (removal from the 
plasma membrane) modes, are less well understood. In part, this is caused by the 
large lack of knowledge on normal cardiac potassium ion channel trafficking in 
general, and presumed differences in trafficking of potassium channel subtypes 
in particular. Kv11.1 belongs to the 6 transmembrane region family of voltage-
gated potassium ion channels, has functional channels formed by tetramers, and 
is strongly expressed in the heart (Sanguinetti and Tristani-Firouzi, 2006). In 
contrast, the smaller KIr2.1 channel belongs to the two transmembrane region 
family of potassium channels and is expressed in a large number of excitable 
tissues, e.g. muscle and neuronal cell types (de Boer et al., 2010a). as for 
Kv11.1, the KIr2.1 channel is assembled by tetramerization of its subunits. 

 In this study we used pentamidine as a tool that offers the opportunity 
to investigate whether a single drug affects trafficking of structurally different 
potassium channels by identical or different mechanisms. The goal of our 
investigation was to compare the effects of pentamidine on Kv11.1 and KIr2.1 
protein expression and, as proof-of-principle, to achieve channel specific 
suppression of adverse drug effects. 

Materials and methods

Cell culture

  The investigation conformed to the Guide for the Care and Use of 
Laboratory animals published by the US National Institutes of health (NIh 
Publication No. 85-23, revised 1996) and was approved by the institutional 
committee for animal experiments. Left ventricular cardiomyocytes from adult 
chronic complete atrioventricular block dogs were isolated and cultured as 
described previously (Volders et al., 1999; de Boer et al., 2006a). GFP-tagged 
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KIr2.1 heK293 (heK-KWGF) cells were generated and cultured as described 
previously (de Boer et al., 2006b). heK-herG cells were obtained from C. 
January (Zhou et al., 1998). In pentamidine experiments, medium was replaced 
every 24 h.  In time course experiments, cells were seeded and harvested on 
identical days. different drug incubation times were achieved by replacing 
medium with drug containing medium at the appropriate time-point. at the same 
time, medium from control and previous initiated time points were refreshed 
with appropriate medium.

  Pentamidine-isethionate (Pentacarinat® 300, Sanofi aventis, Gouda, 
The Netherlands) was dissolved in water at a pentamidine concentration of 0.1 
M, sterilized by filtration (0.22 mm), aliquoted, and stored at -20°C until use. 
Tunicamycin (Sigma-aldrich, Zwijndrecht, The Netherlands) was dissolved in 
dMSo at a concentration of 10 mg/ml and used at 5 μg/ml in culture medium.

 
Electrophysiology

 Patch clamp measurements were done using a heKa ePC-10 double 
Plus amplifier controlled by PatchMaster 2.10 software (heKa, Lambrecht/
Pfalz, Germany). Voltage clamp measurements of whole cell IK1 were performed 
by applying 1 s test pulses ranging between -120 and +40 mV, in 10 mV 
increments, from a holding potential of -40 mV, and with series resistance 
compensation of at least 70%. Steady state current at the end of the pulse was 
normalized to cell capacitance and plotted versus test potential. IKr measurements 
were done using the method reported by Zhang (Zhang, 2006), which employs 
equimolar Cs+ solutions and allows isolation and direct measurement of Cs+-
carried IKr. In contrast, IKr is conventionally measured by running an IKr voltage 
clamp protocol in the presence and absence of a strong IKr blocker, after which 
IKr is defined as the blocker-sensitive component. The alternative method was 
utilized to avoid potential interaction between the IKr blocker and pentamidine 
(which also is a documented IKr inhibitor). The specificity of this method is 
demonstrated by the experiment depicted in Fig. 1, done on freshly isolated dog 
cardiomyocytes. after a conditioning pulse to +50 mV, a tail current was elicited 
by return to the holding potential of -80 mV. This tail current was fully blocked 
by 1 µM dofetilide, a specific IKr blocker. Cultured cardiomyocytes were also 
tested, using the following protocol. From a holding potential of -80 mV, a 3s 
conditioning pulse to +20 mV was given, followed by a return to -80 mV. The 
return to holding potential elicited an IKr tail current, which was fitted with an 
exponential function in order to determine peak tail current. Peak tail currents 
were normalized to cell capacitance.
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 Patch pipettes were made with a Sutter P-2000 puller (Sutter Instrument, 
Novato, Ca, USa) and had resistances of 2-3 MΩ. extracellular solution for 
whole cell IK1 measurements contained (in mmol/L): NaCl 140, KCl 5.4, CaCl2 
1, MgCl2 1, glucose 6, NahCo3 17.5, hePeS 15, ph 7.4/Naoh. Pipette solution 
contained potassium gluconate 125, KCl 10, hePeS 5, eGTa 5, MgCl2 2, 
CaCl2 0.6, Na2aTP 4, ph 7.20/Koh. extracellular solution for IKr measurements 
contained CsCl 135, hePeS 10, glucose 10, and MgCl2 1, ph 7.20/Csoh. 
Pipette solution contained CsCl 135, eGTa 10, MgCl2 1, and hePeS 10, ph 
7.20/Csoh.

Western blot

 Cell lysates were prepared in rIPa buffer. Twenty μg protein lysate 
was mixed with Laemmli sample buffer and proteins were separated by 7% 
(Kv11.1) or 10% (KIr2.1-eGFP) SdS-PaGe and subsequently electro-blotted 
onto nitrocellulose membrane (Biorad, Veenendaal, The Netherlands). equal 
loading was confirmed by reversible Ponceau staining. KIr2.1-eGFP was 
detected by monoclonal anti-GFP (cat. no. Sc-9996; Santa Cruz Biotechnology, 
Santa Cruz, Ca, USa). Kv11.1 was detected by polyclonal anti-hKv11.1 primary 
antibody (cat. no. aPC-062; alomone Labs, Jerusalem, Israel) and peroxidase-
conjugated secondary antibody (Jackson Immunoresearch, West Grove, Pa, 
USa). Standard eCL procedure was used for final detection (Ge healthcare, 
diegem, Belgium).

 
Real-time PCR

 Total rNa was isolated using the Trizol (Invitrogen, Breda, The 
Netherlands) procedure and subsequently treated with dNase I (Promega, 
Leiden, The Netherlands). First strand cdNa was prepared from 1 μg of rNa 
at 42 °C for 1 h with Superscript II reverse transcriptase (Invitrogen) using 250 
pmol oligo-dT12-VN and 0.25 μg of random hexamers (Promega). For real-
time PCr, target sequences were amplified on a LightCycler 1.5 system (roche 
diagnostics, almere, The Netherlands) from first strand cdNa. each PCr 
reaction contained 1 μl of LightCycler FastStart dNa master SYBr Green I 
mix (roche), 0.5 μM primers, and 3 mM MgCl2 in a total volume of 10 μl. The 
PCr program used consisted of pre-incubation (10 min at 95 °C), amplification 
(45 cycles of 10 s at 95 °C, 5 s at 60 °C (for GaPdh and b-actin) or 62 °C (for 
KIr2.1 and Kv11.1), and 10 s at 72 °C), and melting (5 s from 70 °C to 95 °C). 
The LinregPCr method (ramakers et al., 2003) was used for quantification of 
the target amplicons relative to internal reference transcripts for GaPdh and 
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b-actin. Primers are as follows: KIr2.1, GCaGTCaTGGCGaaGaTGGCa 
(sense), TGCCCGGaCaTGaGCTTCCa (antisense); Kv11.1, 
aCCGCTGGaCCaTCCTGCaTT (sense), TTCaGCaGGaaGGCaGCCGa 
(antisense); GaPdh, CCTGCCaaaTaTGaTGaCaTCaaG 
(sense), GCCaaaTTCGTTGTCaTaCCaGGa (antisense); 
b-actin, GGTCaTCaCCaTTGGCaaTGaGCG (sense), 
CaGCaCTGTGTTGGCGTaCaGGTC (antisense).

Immunofluorescence and live-imaging microscopy

For immunofluorescence microscopy, heK-KWGF or heK-herG cells 
cultured on 12mm Ø glass cover slips (Smethwick, Warley, UK) were fixed 
using 3% paraformaldehyde dissolved in PBS. after permeabilization with 0.5% 
Triton X-100 in PBS, cells were quenched with 50 mM glycine-PBS and 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). Cells were then incubated overnight with 
either anti-GFP or anti-Kv11.1 primary antibody, for heK-KWGF and heK-
herG cells, respectively, followed by incubation with anti-mouse or anti-rabbit 
FITC conjugated secondary antibody (Jackson Immunoresearch) for 2 h. Cover 
slips were mounted with Vectashield (Vector Laboratories Inc, Burlingame, Ca, 
USa) and imaged using a 60x/1.40 Na Nikon Planapo objective mounted on 
a Nikon diaphot 300 microscope. Confocal images were made using a Nikon 
rCM 8000 confocal laser scanning unit with standardized settings for pinhole 
(1.5 µm confocality), PMT voltage (600 V) and ar/Kr laser power (200 µW, 
488 nm). each acquired image was the result of 30 averaged frames acquired 
at 30 hz.

For live-imaging of heK-KWGF cells, cells were seeded on fluorodishes 
(WP1, Sarasota, Fl, USa), cultured for 24 h, and then incubated with 10 μM 
pentamidine for 24 h. Control cells were left untreated for 48 h after seeding. 
Cells treated with pentamidine for 6 h were first cultured for 42 h after seeding, 
and then treated with pentamidine for 6 h. Imaging was performed as described 
above for fixed cells.

Statistics

Group averages are presented as mean ± standard error of the mean. 
differences between group averages were tested using Student’s t-test in case 
of two groups or using a one-way aNoVa with a post-hoc test (holm-Sidak) 
in the case of more than two groups. differences were considered statistically 
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significant if P < 0.05. all analyses were carried out using KaleidaGraph 4.1 
(Synergy Software, reading, Pa, USa).

Figure 1. Inhibition of repolarising currents in cultured canine cardiomyocytes by long-
term pentamidine exposure. (A) Plot depicting steady-state IK1 current density versus 
test potential, showing strong inhibition of IK1 by 10 µM, but not 1 µM pentamidine (48 
h). * indicates a significant difference between control and 10 µM pentamidine current 
densities (P<0.05).  (B) IKr measurement in freshly isolated canine cardiomyocyte, 
demonstrating the validity of the equimolar Cs+ method. The tail current elicited by 
return to holding potential is fully blocked by the IKr blocker dofetilide. (C) Example 
of IKr measurement in cultured control canine cardiomyocyte using the equimolar Cs+ 
method. No differences in tail current kinetics were observed between control and 
pentamidine exposed cells (τ = 0.26±0.03 and 0.29±0.04 s for control and pentamidine 
treated cells, respectively). (D) Bar plot showing decreased IKr tail current density after 
exposure to 10 µM pentamidine (48 h). * indicates P<0.05 (48 vs 0 h).
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Results

 We first determined the long term effects of a clinically relevant dose of 
pentamidine on potassium channel function in adult cardiomyocytes. Therefore, 
cultured isolated canine left ventricular cardiomyocytes were treated with 

Figure 2. Pentamidine decreases mature Kv11.1 protein expression levels. (A) HEK-
hERG cells treated with tunicamycin (5 μg/ml) for 24 and 48 h display progressive 
loss of mature Kv11.1. An intermediate form becomes visible upon treatment (arrow). 
Total protein staining (Ponceau) of Western blots was used as loading control. (B) HEK-
hERG cells treated with increasing concentrations of pentamidine for 48 h display a 
concentration dependent decrease in mature Kv11.1 levels. Non-transfected HEK293 
cell lysates were used as control. Total protein staining (Ponceau) of Western blots 
was used as loading control. (C) Real-time PCR reveals increased Kv11.1 mRNA levels 
when corrected for GAPDH expression (black bars), but no significant increase when 
corrected for b-actin (white bars). Expression in non-treated cells was indexed at 1.0; 
* indicates P<0.05 (48 vs 0 h). Melting curves for each product analyzed are shown 
to demonstrate amplification of a single product. (D) CLSM optical section of control 
HEK-hERG cells stained for Kv11.1 displays sharp demarcations at the edges and 
between individual cells, and diffuse cytoplasmic staining. Scale bar = 10 μm. (E) CLSM 
optical section of 10 μM pentamidine treated (24 h) HEK-hERG cells stained for Kv11.1, 
displaying diffuse cytoplasmic staining, but lacking sharp demarcations at the edges 
and between individual cells. Same magnification as in panel D.
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pentamidine for 48 h. We observed a strong inhibition of IK1 after exposure for 
48h to 10 µM pentamidine, but not with 1 µM (IK1 at -100 mV: -4.4 ± 0.4, -4.0 ± 
0.4, and -1.3 ± 0.1 pa/pF for control, 1 µM, and 10 µM, respectively, see Figure 
1a). although current measurements were performed in absence of pentamidine, 
we detected altered current kinetics indicative of direct current block with 10 
μM pentamidine (not shown, similar as in (de Boer et al., 2010b)). We however 
cannot exclude protein downregulation contributing to reduced current levels 
in a 48 h timeframe (de Boer et al., 2010). To measure IKr we applied the 
method reported by Zhang (2006) and first validated it using isolated canine 
cardiomyocytes. It was shown that the specific IKr blocker dofetilide completely 
inhibited the elicited tail current (Fig. 1B). Subsequently, pentamidine-induced 
inhibition of IKr was observed, be it to a smaller extent. 48 h exposure to 10 µM 
pentamidine significantly decreased the IKr tail current density from 0.120 ± 
0.0082 to 0.094 ± 0.0039 pa/pF (Fig. 1C, d). 

 In heK293 cells, Kv11.1 is expressed as a core N-glycosylated immature 
form (~135 kda) and as a fully N-glycosylated mature form (~155 kda) (Zhou 
et al., 1998).  Following treatment of our stably transfected heK293 (heK-
herG) cells with tunicamycin, a bacterial inhibitor of N-glycosylation, we 
observed loss of the mature form after 48 h, while an additional form, slightly 
larger than the immature form, was observed (Fig. 2B). In heK-herG cells 
it was observed that increased pentamidine concentrations of up to 10 μM for 
48 h inhibited mature Kv11.1 protein levels (1.00, 0.83±0.02*, 0.57±0.07**, 
0.47±0.05** for control, 1 μM, 5 μM, and 10 μM pentamidine, respectively; 
*P<0.05 and **P<0.01 vs control, N=3), while immature Kv11.1 levels showed 
a trend to increase (0.59±0.04, 0.58±0.08, 0.66±0.12, 0.81±0.13 for control, 1 
μM, 5 μM, and 10 μM, respectively, as well as relative to control levels of 
the mature form), however did not reach significance (Fig. 2a). These data are 
indicative of interference in channel N-glycosylation, disturbed endoplasmic 
reticulum (er) to Golgi transport, or both. To investigate whether pentamidine 
might interfere on the Kv11.1 mrNa level, quantitative PCr was performed. 
No apparent decrease in Kv11.1 mrNa levels was seen by real-time rT-PCr 
at the 48 h time point (Fig. 2C). Moreover, a significant increase in mrNa 
was observed when corrected for GaPdh, while a trend towards an increase 
was seen when corrected for b-actin. Finally, immunofluorescence microscopy 
revealed that Kv11.1 is expressed at the plasma membrane and diffusely in the 
cytoplasm in control cells (Fig. 2d). Upon pentamidine (10 μM) treatment for 
24 h, plasma membrane expression was largely lost, while cytoplasmic staining 
appeared unaltered (Fig. 2e). 

 In insect Sf9 cells, Schwalbe et al. demonstrated that KIr2.1 lacks 
N-glycosylation and is expressed as a single sized protein (Schwalbe et al., 2002). 
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Figure 3. Pentamidine decreases KIR2.1 protein expression levels. (A) HEK-KWGF 
cells treated with tunicamycin (5 μg/ml) for 24 and 48 h display no decrease in band 
intensity of the KIR2.1-EGFP product. At 48 h, expression levels appear to increase. Total 
protein staining (Ponceau) of Western blots was used as loading control. (B) HEK-KWGF 
cells treated with increasing concentration of pentamidine for 48 h display decreased 
KIR2.1-GFP protein expression. (C) HEK-KWGF cells treated for increasing time with 10 
μM pentamidine display a time dependent decrease in KIR2.1-GFP protein expression. 
Maximal KIR2.1-GFP protein expression inhibition was seen after 48 h. (D) Real-time 
PCR reveals no significant change in KIR2.1-GFP mRNA levels for 16 and 24 h time 
points, whereas a significant increase was observed at 48 h of treatment. KIR2.1 mRNA 
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In heK293 cells stably transfected with GFP-tagged KIr2.1 (heK-KWGF cells), 
the channel protein was present as a single band (Fig. 3a). In contrast to the 
Kv11.1 channel, tunicamycin treatment for up to 48 h did not decrease expression 
levels of the protein product, confirming in mammalian cells, previous data 
obtained from insect cells. Increasing concentrations of pentamidine decreased 
KIr2.1-eGFP expression levels (1.00, 0.87±0.16, 0.42±0.05**, 0.33±0.05** for 
control, 1 μM, 5 μM and 10 μM pentamidine, respectively; **P<0.01 vs control, 
N=3), while no change in the size of the product was observed (Fig. 3B). a 
time course using 10 μM pentamidine indicated strongest inhibition at 48 h of 
treatment (1.00, 0.89±0.05, 0.61±0.06*, 0.46±0.10** for control, 16 h, 24 h and 
48 h pentamidine, respectively; *P<0.05 and **P<0.01 vs control, N=3) (Fig. 
3C). decreased protein expression levels could not be explained by decreased 
KIr2.1 mrNa levels as these remained similar for 24 h, while a significant 
increase was seen at 48 h (Fig. 3d). Confocal live imaging demonstrated that in 
control cells, KIr2.1-eGFP is mainly expressed at the plasma membrane (Fig. 
3e). Pentamidine treatment for 6 (Fig. 3F) or 24 h (Fig. 3G) did not alter this 
expression pattern; however expression levels were found to be decreased, such 
that it was necessary to adapt the image processing performed. Imaging did 
not reveal any intracellular accumulation of KIr2.1-GFP at regions of the er, 
Golgi apparatus, or endocytotic compartments. Since pentamidine in patients 
affects cardiac rhythm for several days following termination of medication 
(Quadrel et al., 1992), we assessed the effect of wash-out of the drug. after an 
incubation period of 48 h with 10 μM pentamidine, it took a period of 24-48 h 
to restore original expression levels ((1.00, 0.43±0.13#, 0.85±0.20, 1.08±0.07, 
0.78±0.10 for control, 48 h treatment, 24 h washout, 48 h washout, and 72 h 
washout, respectively; #P<0.1 vs control, N=3) (Fig. 3h), despite the presence 
of increased mrNa levels seen at 48 h of pentamidine treatment (Fig. 3d). 

 It has been shown that blockade of lysosomal degradation increases 
IK1 by augmenting functional KIr2.1 protein levels (Jansen et al., 2008). In 
this study, lysosomal inhibitors chloroquine, leupeptin, and Nh4Cl resulted in 

levels were corrected for GAPDH (black bars) or b-actin (white bars). Expression in non-
treated cells was indexed as 1.0; * indicates P<0.05 (48 vs 0, 16, and 24 h), ** indicates 
P<0.01 (48 vs 0, 16, and 24 h). (E) CLSM assisted live imaging of HEK-KWGF control 
cells displays mainly plasma membrane localized KIR2.1-EGFP. (F, G) CLSM assisted live 
imaging of HEK-KWGF cells treated with 10 μM pentamidine for 6 (F) and 24 h (G) 
displays mainly plasma membrane localized KIR2.1-EGFP. No intracellular accumulation 
was observed, although expression levels were decreased at 24 h. Scale bar = 10 μm 
(applies to panels E-G). (E) Pentamidine washout in HEK-KWGF restores original KIR2.1-
GFP expression levels after 24-48 h. Total protein staining (Ponceau) of Western blots 
was used as loading control.
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Figure 4.  Inhibition of lysosomal degradation partially rescues KIR2.1-GFP, but not 
mature Kv11.1 protein expression. (A, B, C) HEK-KWGF cells treated with 10 μM 
pentamidine for 24 h followed by 24 h of 10 μM pentamidine combined with lysosomal 
inhibitors chloroquine (10 μM; A), NH4Cl (1 mM; B), or leupeptin (10 μg/ml; C). Control 
was left untreated for 48 h. Lysosomal inhibitor control was left untreated for 24 h 
followed by treatment with lysosomal inhibitors for 24 h. (D) HEK-KWGF cells treated 
with 10 μM pentamidine for 24 h followed by 24 h of 10 μM pentamidine combined 
with the proteasomal inhibitor lactacystin (3 μM). Control was left untreated for 48 
h. Proteasomal inhibitor control was left untreated for 24 h followed by treatment 
with lactacystin inhibitors for 24 h. (E) HEK-hERG cells treated as in (A) display no 
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intracellular granular accumulation of KIr2.1 in, what we presume, are lysosomes. 
Furthermore, upon Western blot analysis, chloroquine and leupeptin treatment 
yielded an additional protein product of a lower molecular weight, most likely 
a degradation product of the full length KIr2.1-eGFP (Jansen et al., 2008). In 
contrast, Kv11.1 is predominantly degraded via the proteasomal pathway under 
normal culture conditions (Gong et al., 2005). To investigate whether pentamidine 
mediated decreases in KIr2.1, but not that of Kv11.1, could be compensated by 
inhibiting lysosomal degradation, we treated heK-KWGF cells with 10 μM 
pentamidine for 48 h and added the lysosomal inhibitor chloroquine during the 
last 24 h of the 48 h period. In the presence of chloroquine, original KIr2.1-
GFP expression levels were partially rescued (1.00, 0.40±0.11*, 0.84±0.18 for 
control, 48 h pentamidine, and 48 h pentamidine+24 h chloroquine, respectively, 
*P<0.05 vs control, N=3), despite the continuous presence of pentamidine (Fig. 
4a). Furthermore, an extra band of lower molecular weight was present in the 
combination of pentamidine and chloroquine.

The less efficient blockers Nh4Cl (1.00, 0.30±0.04*, 0.43±0.11* for 
control, 48 h pentamidine, and 48 h pentamidine+24 h Nh4Cl, respectively, 
*P<0.05 vs control, N=2) (Fig. 4B) and leupeptin (1.00, 0.30±0.04*, 0.39±0.00* 
for control, 48 h pentamidine, and 48 h pentamidine+24 h leupeptin, respectively, 
*P<0.05 vs control, N=2) (Fig. 4C) also showed a trend towards rescue, but did 
not reach significance. In contrast, the proteasomal inhibitor lactacystin was 
completely unable to rescue pentamidine-mediated decreases in KIr2.1-eGFP 
expression (1.00, 0.30±0.07*, 0.25±0.07* for control, 48 h pentamidine, and 48 
h pentamidine+24 h lactacystin, respectively, *P<0.05 vs control, N=2) (Fig. 
4e). as chloroquine was able to rescue KIr2.1-eGFP levels, we next tested 
whether it was also able to rescue mature Kv11.1 expression. however, for this 
potassium channel, chloroquine was unable to rescue mature Kv11.1 expression 
levels in the presence of pentamidine (1.00, 0.28±0.04, 0.27±0.07, for control, 48 
h pentamidine, and 48 h pentamidine+24 h chloroquine, respectively, *P<0.01 
vs control, N=2) (Fig. 4e). also Nh4Cl was unable to rescue mature Kv11.1 
expression levels in the presence of pentamidine (1.00, 0.54±0.10, 0.45±0.15, 

chloroquine mediated rescue of mature Kv11.1 expression. Total protein staining 
(Ponceau) of Western blots was used as loading control. (F) HEK-hERG cells treated 
as in (B) display no NH4Cl mediated rescue of mature Kv11.1 expression. Total protein 
staining (Ponceau) of Western blots was used as loading control. (G) Immunostaining 
of HEK-KWGF cells treated with a combination of 10 μM pentamidine and 10 μM 
chloroquine for 24 h demonstrates intracellular accumulation of KIR2.1-EGFP. Scale bar 
= 10 μm. (H) Immunostaining of HEK-hERG cells treated with a combination of 10 μM 
pentamidine and 10 μM chloroquine for 24 h demonstrates absence of intracellular 
accumulation of Kv11.1. Scale bar as in panel G.
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for control, 48 h pentamidine, and 48 h pentamidine+24 h Nh4Cl, respectively, 
N=2) (Fig. 4F). Finally, co-application of pentamidine and chloroquine for 24 
h resulted in intracellular accumulation of KIr2.1-eGFP (Fig. 4G), presumably 
in lysosomes (Jansen et al., 2008). In contrast, no intracellular accumulation 
was seen for Kv11.1 in heK-herG cells (Fig. 4h) and the expression pattern 
resembled that of 24 h pentamidine treatment (Fig. 2e).

Discussion

 The ability of pentamidine to prolong QT-interval has been attributed 
to disturbed Kv11.1 trafficking (Kuryshev et al., 2005; Cordes et al. 2005). 
In heK-herG cells, treatment with 10 μM pentamidine (48 h) resulted in a 
decrease of the mature form of Kv11.1 to 0.19 of control levels (1.00) (Cordes 
et al., 2005). In our experiments with 10 μM pentamidine a lower extend of 
decrease was observed (0.43, average from experiments depicted in Figure 2B, 
4e, 4F). Kuryshev and coworkers determined IC50 of mature Kv11.1 inhibition 
at 7.8 μM, which is in agreement with our experiments (0.57 with 5 μM and 
0.47 with 10 μM pentamidine respectively). at the current level, Kuryshev et 
al. demonstrated less decrease in IKr in guinea-pig cardiomyocytes (0.65) than 
IK-Kv11.1 in heK-herG cells (0.35), which reflects our experiments in which 
IKr reduction in adult canine cardiomyocytes (0.78) was less than mature Kv11.1 
reduction (0.43) in heK-herG cells. hence, cardiomyocytes display less 
sensitivity towards pentamidine with respect to IKr than ectopically expressed 
Kv11.1 in heK293 cells. Finally, maturation of Kv1.5 is not affected by 
pentamidine, which according to the authors depicts specificity of pentamidine 
for Kv11.1 (Kuryshev et al., 2005). here, we show that pentamidine inhibits 
expression of another potassium ion channel (KIr2.1) although its underlying 
mechanism appears different. 

 Pentamidine has a wide variety of biological actions. Its antiprotozoal 
activity is thought to rely mainly on selective accumulation in the pathogen 
where it binds to aT sequences in the minor groove of kinetoplast dNa (Wilson 
et al., 2008). In addition, pentamidine has been shown to interfere with pre-
mrNa splicing (Warf et al., 2009), trNa function (Sun and Zhang, 2008), 
and rNa folding (Zhang et al., 2002). We did not find a correlation between 
Kv11.1 and KIr2.1 downregulation at the protein level and that of their mrNas. 
Therefore, we conclude that pentamidine effects on these channels are not 
mediated by transcriptional interference. We, and others (Kuryshev et al., 2005), 
demonstrated that pentamidine inhibits full N-glycosylation of Kv11.1, which 
may be either due to inappropriate trafficking from er to Golgi or to direct 
interference of the glycosylation process in the Golgi itself. In addition, we 
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cannot rule out the possibility that core-glycosylation in the er was disturbed. 
We are not aware of pentamidine affects on glycosylation of proteins other than 
Kv11.1. 

 For KIr2.1, no N-glycosylation has been demonstrated (Schwalbe et al., 
2002) in insect cells, which is in agreement with our data in mammalian cells, 
showing presence of a single sized product only in heK293 cells that are not 
affected by tunicamycin treatment, a bacterial inhibitor of N-glycosylation. We 
cannot exclude, however, that er associated core-glycosylation was present in 
this channel that might be targeted by pentamidine. a reduction in KIr2.1 protein 
following pentamidine may be due to translational interference, or to increased 
protein degradation via the lysosomal pathway. The latter would be consistent 
with tyrosine phosphatase inhibiting activity of pentamidine (Pathak et al., 
2002), as Tong and coworkers demonstrated that increasing tyrosine kinase 
activity, either by co-expression of v-Src or by Pao-mediated inhibition of 
tyrosine phosphatases, resulted in decreased KIr2.1-mediated IK1 due to increased 
dynamin dependent internalization (Tong et al., 2001). also, pentamidine 
mediated increase in er to lysosome trafficking, at the expense of er to Golgi 
trafficking, is a possible mechanism that requires further experimentation. 

 For many mutation associated trafficking defects of ion channels, 
rescue of normal expression has been achieved by application of specific 
channel inhibitors (e.g. Zhou et al., 1999; for a comprehensive review we refer 
to Balijepalli et al., 2010). Whether rescue can also be achieved following 
acquired trafficking defects remains to be established. In addition to its action 
as an inhibitor of lysosomal degradation, chloroquine is also a direct KIr2.1 
blocker (rodríguez-Menchaca et al., 2008). This suggests that the observed 
chloroquine mediated rescue of KIr2.1-eGFP expression could depend on direct 
chloroquine KIr2.1-eGFP interaction, i.e. in the forward trafficking pathway, 
rather than on inhibiting lysosomal degradation of the protein. however, our 
observation that leupeptin and Nh4Cl also appear to mediate rescue (although 
no significant levels were reached in this study) and the fact that co-application 
of pentamidine and chloroquine results in intracellular accumulation of KIr2.1-
eGFP indistinguishable from Nh4Cl and leupeptin induced accumulation 
(Jansen et al., 2008), argues against this possibility. Moreover, pentamidine 
itself can act as a direct inhibitor of KIr2.1, by a similar mode of molecular 
interaction with the channel as chloroquine (de Boer et al., 2010b).

 In transfected heK293 cells, augmented functional KIr2.1 expression 
has been demonstrated using inhibition of lysosomal degradation (Jansen 
et al., 2008). In contrast, expression levels of the immature form of Kv11.1 
are increased upon proteasome inhibition, with mature protein levels left 
unchanged (Gong et al., 2005). Therefore, inhibition of proteasomal mediated 
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Kv11.1 degradation does not appear to be a feasible mode of action for rescue 
of normal IKr densities that rely on mature forms of Kv11.1. The recognition of 
channel specific correction of adverse drug effects as shown here, provides an 
additional opportunity in drug development to circumvent ion channel based 
cardiotoxicity. Thus far, prevention of adverse drug effects on ion channels has 
focused mainly on removing the chemical characteristics that induce the side 
effects, such as direct channel block. Trafficking interference as a side effect, 
on the other hand, receives much less attention. Therefore, compounds that 
specifically act to normalize ion channel expression levels could be effective in 
counteracting adverse drug effects. These actions might be incorporated into the 
compound itself, or alternatively, additional drugs could be administered as part 
of a multi-drug therapy. here, we have used the antimalarial drug chloroquine 
to inhibit pentamidine-mediated downregulation of KIr2.1 channels. although 
this is an effective action of chloroquine, it cannot be prescribed for this purpose 
clinically, as it is also an effective IK1 channel inhibitor (rodríguez-Menchaca et 
al., 2008), as thus would augment the effect of pentamidine on IK1.

 Using the heK293 ectopic expression system for ion channel research 
has proven very efficient (Thomas and Smart, 2005), but the system bears some 
limitations. as IK1 in cardiomyocytes results from multiple KIr2.x isoforms, in 
our heK293 system we investigated the effects of pentamidine on KIr2.1 only. 
another obvious limitation of heK293 cells is the lack of ancillary subunit 
expression for most of the ion channels which is one factor that can result in 
temporal differences in ion channel protein synthesis, subcellular trafficking and 
degradation when comparing heK293 with native cells. another confounder is 
absence of intercalated discs and T-tubules in heK293 cells, two characteristic 
features of cardiomyocytes to which many cardiac ion channels localize and 
anchor at high densities. Nevertheless, main findings in native cells can most 
often be reproduced in heK293 cells, although kinetics and sensitivity might be 
different.

Conclusions

 Cardiac ion channel proteins Kv11.1 and KIr2.1 are both subject 
to pentamidine mediated downregulation, although the underlying cellular 
mechanisms differ. additionally, partial rescue of KIr2.1 ion channel expres-
sion levels, but not those of Kv11.1, can be achieved by inhibiting lysosomal 
degradation.
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Introduction

healthy cardiac tissue is rather resistant to proarrhythmic agents. 
Nevertheless, the clinical incidence of class III antiarrhythmic (dofetilide, 
sotalol) induced Torsade de Pointes arrhythmias (TdP) is 1-5% (Pedersen et 
al., 2007; Sasse et al., 1998), stressing the necessity of safety pharmacological 
testing of new pharmaceutical compounds. In animal models, and most 
ventricular multi-cellular preparations, blocking of a single repolarizing current 
(single hit) does not cause a proarrhythmic outcome. only drugs or interventions 

Background and purpose: drug discovery and development require testing of 
new chemical entities for possible adverse effects. For cardiac safety screen-
ing, improved assays are urgently needed and isolated adult cardiomyocytes 
(CM) and human embryonic stem cell-derived cardiomyocytes (heSC-CM) 
may open new opportunities to identify pro-arrhythmic compounds. In the 
present study, five assays were employed, in the same laboratory, to investi-
gate their sensitivity and specificity for elucidating pro-arrhythmic proper-
ties of IKr blocking drugs using moxifloxacin (safe compound) and dofetilide 
or e-4031 (unsafe compounds).
experimental approach: The assays included: 1. The anesthetized remod-
eled chronic complete aV-block (CaVB) dog, 2. The anesthetized methox-
amine sensitized unremodeled rabbit, 3. Multi-cellular heSC-CM clusters, 
4. Isolated CM obtained from the CaVB dog and 5. Isolated CM obtained 
from the normal rabbit. arrhythmic outcome was defined as Torsade de 
Pointes (TdP) in the animal models, and early afterdepolarizations (eads) 
in the cell models.
Key results: at clinically relevant concentrations (5-12 µM), moxifloxacin 
was free of pro-arrhythmic properties in all assays with the exception of the 
isolated CM, in which 10 µM induced eads in 35% of the CaVB CM and 
in 23% of the rabbit CM. at supra-therapeutic concentrations (≥100 µM), 
moxifloxacin was pro-arrhythmic in the isolated rabbit CM (33%), in the 
heSC-CM clusters (18%), and in the methoxamine rabbit (17%). The unsafe 
agents, dofetilide and e-4031, induced eads or TdP in all five assays (50-
83%), and the induction correlated with a significant increase in beat-to-beat 
variability of repolarization.  
Conclusion and implications: Isolated cardiomyocytes lack specificity to 
discriminate between TdP liability of the IKr blocking drugs moxifloxacin 
and dofetilide/e4031.
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affecting multiple repolarizing currents (double hit) are proarrhythmic, and as a 
result, sensitization of the testing models is required (Vos, 2008; Biliczki et al., 
2002). This phenomenon is attributed to repolarization reserve (roden, 1998a). 
exceptions to the rule of sensitization that are known so far include human 
embryonic stem cell-derived cardiomyocyte (heSC-CM) clusters (he et al., 
2003; Jonsson et al., 2010) and Purkinje fibers (roden and hoffman, 1985), 
in which an arrhythmic endpoint can be reached using only one hit. Both these 
models show phase 4 diastolic depolarization. however, in the course of this 
investigation, it has been reported that a single hit is sufficient for induction of a 
proarrhythmic outcome in isolated canine CM (abi-Gerges et al., 2010; Johnson 
et al., 2010), which suggests that isolated cardiomyocytes may be considered a 
potentially attractive screening model.

The most common cause of drug-induced QT prolongation is inhibition of 
the rapid component of the delayed rectifier potassium current (IKr) (Sanguinetti 
and Tristani-Firouzi, 2006). due to its IKr blocking activity, the widely prescribed 
antibiotic moxifloxacin is often used as a gold standard in safety pharmacology 
testing: the thorough QT study (Sarapa et al., 2008; Matthys et al., 2010). In 
humans/volunteers (phase I), the very stable biokinetics of moxifloxacin increase 
the QT interval by 7-12 ms reproducibly but without inducing any arrhythmias. 
The plasma concentration of moxifloxacin at a 400mg/day dose amounts to 3-6 
µM (1.7-3.4 µg/ml) with a 40% protein binding (Stass et al., 1998; Zeitlinger 
et al., 2008). at this concentration, moxifloxacin has been considered to be safe 
(Faich et al., 2004; andriole et al., 2005), although some recent reports have 
related clinical administration of moxifloxacin with induction of TdP (Sherazi et 
al., 2008; Badshah et al., 2009; Poluzzi et al., 2010). It is important to stress that 
these tachyarrhythmias were often observed when moxifloxacin was combined 
with other long QT predisposing factors, such as the use of diuretics.

The blocking effect of moxifloxacin is well-studied in heK-293 cells 
that express Kv11.1 (the α-subunit of human ether-a-go-go-related gene channel 
- herG), but this is not true for native IKr in cardiomyocytes which is the 
result of expression of the alpha and beta subunit (minK). The half maximal 
inhibitory concentration (IC50) values derived from cell culture experiments 
vary considerably and range from 0.75 to 129 µM (anderson et al., 2001; Kang 
et al., 2001; alexandrou et al., 2006). Using various animal models with an 
arrhythmogenic outcome, higher concentrations (30-100 µM) of moxifloxacin 
administration induced variable results (Vos, 2008). Part of this can be attributed 
to the different concentrations of moxifloxacin that were administered, however 
not all variability in the results can be explained in this way. Therefore, other 
aspects like the (animal) model of choice, the type of anesthesia, or the particular 
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test laboratory employed should be considered as well since these factors affect 
the response to moxifloxacin. 

In an attempt to overcome these confounding variables, we employed five 
test assays in the present study, ranging from anesthetized chronic complete aV 
block (CaVB) dogs and the methoxamine sensitized rabbits as well-established 
models, to multi-cellular human embryonic stem cell-derived cardiomyocyte 
clusters (heSC-CM) and single CM, isolated from chronically remodeled dog 
hearts or normal, unremodeled, rabbit hearts, as new promising models. Based 
on the fact that two hits are necessary for induction of arrhythmias in models 
with stable resting membrane potential, the CaVB dog CMs were used as a 
model with decreased repolarization reserve due to electrical remodeling as 
a first hit. In all models, the endpoint has been an arrhythmogenic outcome, 
ranging from triggered ectopic beats and spontaneous TdP in the first two 
(Carlsson, 2008; oros et al., 2008), to induction of early afterdepolarizations 
(eads) in the latter three models (antoons et al., 2010; Jonsson et al. 2010). 
Using this comprehensive set of model systems, moxifloxacin (safe compound) 
was compared dose-dependently to the unsafe compounds dofetilide or e-4031, 
which both are rather specific IKr blockers. In this way, the sensitivity (ability 
to detect an unsafe drug) and specificity (ability to identify a safe drug) for 
these drugs could be determined in our experimental models. In addition, the 
arrhythmogenic parameter beat-to-beat variability of repolarization (BVr), 
quantified as short-term variability of repolarization (STV), has been taken 
into consideration as a surrogate predictor for TdP risk (Thomsen et al., 2004). 
our results indicate that the isolated CM assays lack sufficient specificity to 
recognize moxifloxacin as a safe drug at therapeutic concentrations.  

 
Methods

animal care and handling was performed in accordance with the ‘european 
directive for the Protection of Vertebrate animals used for experimental 
and Scientific Purpose, european Community directive 86/609/Cee’. all 
experiments were approved by the Committee for experiments on animals of 
the Utrecht University, The Netherlands. drug/molecular target nomenclature 
conforms to BJP’s Guide to receptors and Channels (alexander et al., 2009)

CAVB dog

aV block was induced in 5 dogs (Marshall, NY, USa) by radiofrequency 
ablation according to methods described previously (Schoenmakers et al., 
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2003). experiments were performed >4 weeks after ablation allowing cardiac 
remodeling to complete.

Complete anesthesia was induced by pentobarbital (25 mg/kg i.v.) and 
maintained by halothane (0.5% in o2 and N2o, 1:2). Besides eCG, monophasic 
action potentials (MaP) from the endocardium of the free walls of the left (LV) 
and right ventricle (rV) were recorded. Perioperative care, signal processing 
and data recording have been described in detail previously [4].

Experimental protocol

Moxifloxacin was tested twice, at 2 (low) and 8 mg/kg (intermediate 
dose) and administered intravenously as a bolus over 5 minutes. This results in 
moxifloxacin plasma levels of 10µM and 50µM respectively. Plasma samples 
for drug-concentration have been published previously using the same dogs, 
however with different anesthetics (Thomsen et al., 2006).

ECG analysis

Mean rr and QT intervals from lead LL, a left lateral precordial lead 
placed in the 6th intercostal space near the sternum, were measured manually 
(eCGview, Maastricht University, The Netherlands). durations of the MaP to 
90% repolarization (MaPd) were determined semi-automatically (eCG-auto, 
eMKa Technologies, France). QT intervals were corrected for heart rate (QTc) 
according to Van de Water’s formula (Van de Water et al., 1989). Measurements 
were performed during periods without extrasystolic activity as previously 
described [2]. BVr was quantified as STV using LV MaPd.

Methoxamine-sensitized rabbit

The methoxamine-sensitized rabbit model of TdP as described by Carlsson 
et al. (1990) was implemented with minor adjustments. a total of 16 female 
New Zealand White rabbits (2.7-4.0 kg) were used in this study. anesthesia was 
induced with intramuscular ketamine (35 mg/kg) and xylazine (5 mg/kg), and 
maintained with inhaled isoflurane (1.5%) in o2-supplemented air (1:1). after 
induction of anesthesia, the analgesic rimadyl (50 mg i.v.) was administered. 
Subsequently, the animals were instrumented as follows. The thorax was shaved 
and defibrillation patches were placed on both sides and connected to an external 
defibrillator. The marginal ear vein and central ear artery were cannulated for 
infusion of drugs, measurement of arterial blood pressure and withdrawal of 
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arterial blood samples, respectively. Surface eCG (leads I-III, aVL, aVr, and 
aVF) was recorded and stored continuously with a 12 channel eCG amplifier 
and the custom made computer data acquisition system scapsys (custom made 
software, Maastricht University, The Netherlands, sampling frequency 500 hz). 
To avoid large deviations in body temperature, a thermal mattress was used 
during all experiments.

Experimental protocol

after preparation and instrumentation, the animals were allowed to 
stabilize for 10 min. Baseline recordings were obtained during this entire period 
(Table 2). Subsequently, a continuous infusion of methoxamine (15 μg/kg/min, 
2 ml/h) was started. Ten minutes later, either a low dose moxifloxacin (0.1 mg/
kg/min, n=4) or a high dose moxifloxacin (3 mg/kg/min, n=6) was infused for 
a maximum of 30 min. Low dose infusion of moxifloxacin results in plasma 
concentrations of 7±3 µM at 15 min and 9±3 µM after 30 min. high dose 
infusion results in 95±17 µM after 15 min and 107±15 µM after 30 min (n=2). 
a separate group of 6 rabbits was treated with dofetilide (10 μg/kg/min) using 
the same protocol. 

ECG analysis

eCG data were analyzed off-line using eCGview (custom made software, 
Maastricht University, The Netherlands). BVr was determined by semi-
automatic measurement of 30 consecutive QT intervals (eCG-auto, eMKa 
Technologies, France), whereas rr, Pr, QrS duration and QT were measured 
manually at baseline, after 10 min methoxamine, and every 5 minutes during drug 
treatment. For each time point, the displayed intervals represent the average of 5 
beats of sinoatrial origin from the lead that provided the clearest signal (mainly 
lead II or III). heart-rate corrected QT values were calculated using the formula 
especially developed for this particular animal model (Carlsson et al., 1993). at 
some predetermined time points, eCG intervals could not be obtained from all 
animals because of arrhythmias and frequent premature ventricular contractions 
(PVC). after the experiments, the animals were sacrificed.
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Human Embryonic Stem Cell-derived Cardiomyocytes

Stem cell preparation

Generation of heSC-CM clusters was preformed as described previously 
(Synnergren et al., 2008), using the heSC line Sa002 (Cellartis aB, Göteborg). 
Spontaneously contracting clusters were identified by visual inspection and 
isolated from the cultures by mechanical dissection. all experiments were 
performed after 42-56 days of differentiation. Clusters were transferred to 
collagen coated cover slips and left to attach and recover at least 3 days prior 
to experiments. Culture medium consisted of dMeM supplemented with 
glutamax, 1% Pen/Strep, 1% Neaa, 0.1 mM b-mercapto-ethanol, and 20% 
heat-inactivated FBS. only clusters with a beating rate low enough to allow 
electrical pacing at 1 hz and with the ventricular action potential duration at 
90% repolarization (aPd90) > 300 ms were used (Jonsson et al., 2010). 

Action potential recordings and solutions

Measurements of field-stimulated aPs were performed using a heKa 
ePC-10 double Plus amplifier (heKa, Lambrecht/Pfalz, Germany) controlled 
by PatchMaster 2.20. aPs were evoked by biphasic field stimulation (frequency 1 
hz, pulse length 2 ms) using two platinum electrodes and a Grass S88 stimulator 
(Grass technologies, West Warwick, USa). 

aP recordings were performed using sharp microelectrodes filled with 3 
M KCl (pipette resistance 60-80 MΩ) in a Tyrode buffer consisting of (in mmol/l) 
NaCl 130, KCl 4, NahCo3 18, MgCl2 1.2, CaCl2 1.8, hePeS 10, glucose 10, 
ph7.4/Naoh. The bath was continuously perfused and kept at 37±0.5 ºC using 
a TC2BIP controller (Cell Microcontrols, Norfolk, Va, USa). 

Isolated dog and rabbit cardiomyocytes

Isolation of CAVB dog cardiomyocytes 

dog CMs were enzymatically isolated from the hearts of 12 CaVB dogs. 
hearts were quickly excised and washed with cold Ca2+ free standard buffer 
solution (in mmol/l: NaCl 130, KCl 5.4, Kh2Po4 1.2, MgSo4 1.2, hePeS 6, 
Glucose 20, ph 7.2/Naoh). The left circumflex coronary artery was cannulated 
and perfused by gravity at a pressure of 80 mm h2o with solutions warmed up to 
37°C in the following order: 1) Ca2+ free standard buffer solution for 10 minutes, 
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2) enzymatic solution (in 400 ml of standard buffer solution: Collagenase a 
(roche) 420 mg, Protease (Sigma-aldrich) 32 mg, 2.5% Trypsin 400 μl) for 
25-35 minutes, 3) 0.2 mmol/l Ca2+ standard buffer solution (Ca2+ free standard 
buffer solution with 0.2 mmol/l CaCl2) for 10 minutes. Finally, midmyocardial 
tissue of left ventricular free wall was minced and the cell suspension was 
filtered. Isolated CMs were stored at room temperature in 0.2 mmol/l Ca2+ 
standard buffer solution and used the same day.

Isolation of rabbit cardiomyocytes  

rabbit CMs were enzymatically isolated from 10 New Zealand White 
rabbits. hearts were quickly excised and washed with cold rabbit Ca2+ free 
solution (in mmol/l: hePeS 16.8, NaCl 146, KhCo3 3.3, NahCo3 0.988, 
Kh2Po4 1.4, MgCl2 1.9, Glucose 11 and CaCl2 9.75 µmol/l). The ascending aorta 
was cannulated with a glass cannula and the heart was retrogradely perfused by 
gravity at a pressure of 90 mm h2o with solutions warmed up to 37°C in the 
following order: 1) rabbit Standard buffer solution (in mmol/l: NaCl 128.5, 
KCl 4.7, CaCl2 1.45, MgCl2 0.6, NahCo3 27, Nah2Po4 0.4, Glucose 11) for 
15 minutes, 2) rabbit Ca2+ free solution for 20 minutes, 3) rabbit enzymatic 
solution (in mg/150 ml of Ca2+ free solution: Creatine hydrate (Sigma-aldrich) 
320, Collagenase P (roche) 9, Collagenase B (roche) 22, hyaluronidase 
(Sigma-aldrich) 25, Trypsine inhibitor (roche) 15) for 30 minutes at a pressure 
of 60 mmh2o. Thereafter, the left ventricle was opened, the endocardial layer 
removed, and midmyocardial cells of the free wall were harvested. Isolated 
midmyocardial cells were shaken (2hz) in rabbit enzymatic solution at 37°C 
for 17 minutes. The solution was replaced by rabbit enzymatic solution with 1% 
bovine serum albumin and shaken (4hz) for an additional 10 minutes. Finally 
the cell suspension was filtered and washed 2 times with washing solution 
(rabbit Ca2+ free solution with 1% bovine serum albumin added). Isolated CMs 
were stored at room temperature in rabbit Ca2+ free solution with addition of 
0.35 mmol/l CaCl2 and 1% bovine serum albumin and were used the same day.

Action potential recording

The initial criteria for selecting cells for aP recordings were that they 
were rod-shaped, silent, and did not show any spontaneous activity. Besides 
that, the myocytes should show clear and regular striation, a clean membrane, 
and sharp edges. aPs were measured with an axoPatch 200B amplifier 
controlled by pClamp 9 software (Molecular devices, Sunnyvale, Ca, USa) 
in the whole-cell current clamp mode. Patch pipettes were pulled with a Sutter 
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P-2000 puller (Sutter Instrument, Novato, Ca, USa) and had resistances of 
2-3 MΩ. Modified Tyrode solution with the following composition (in mmol/l) 
was used: NaCl 137, KCl 5.4, CaCl2 1.8, MgCl2 0.5, hePeS 11.8, Glucose 
10, ph 7.4/Naoh. Pipette solution contained (in mmol/l): NaCl 10, KCl 130, 
hePeS 10, MgCl2 0.5, MgaTP 5, ph 7.2/Koh. Cells were stimulated with 2 
ms current injections at a cycle length of 2000 ms. aP duration was measured 
at 90% repolarization (aPd90). all recordings were performed at 37±0.5 ºC in 
a temperature controlled perfusion chamber (Cell Microcontrols, Norfolk, Va, 
USa). recordings were made for at least 10 minutes after infusion of the drug 
was started. eads generally occurred within 4 minutes after infusion started, 
and in that case recordings were stopped earlier.

Drugs

dofetilide was initially dissolved in dMSo (4.4 mg/ml) for in vitro 
experiments and in 0.1 ml 0.1 mM hCl for in vivo experiments respectively. 
Subsequently, it was diluted in Tyrode’s buffer or in 0.9% saline respectively to 
the required concentration.

e-4031 (Sigma-aldrich) was dissolved in h20 and kept as 10 mM stock 
solution (frozen at -20°C) which was diluted in Tyrode’s solution prior to each 
experiment.  

Moxifloxacin-hCl (avelox) was dissolved and diluted to the desired 
concentration in Tyrode’s solution and used for cellular and heSC-CM cluster 
experiments. For in vivo experiments, moxifloxacin was dissolved and diluted 
in 0.5% lactic acid. Moxifloxacin was applied as a low, intermediate or high 
dose.

Methoxamine-hCl (Sigma-aldrich) was dissolved and diluted in saline 
and used for in vivo rabbit experiments. 

Calculations and statistical analysis

all values are presented as mean±Sd. one or 2-way repeated measures 
aNoVa followed by a Tukey or Bonferroni Post hoc test when appropriate or 
Student’s t-test were used for statistical evaluation, and P<0.05 was considered 
statistically significant. Correlations were evaluated using Pearson product 
moment correlation.

BVr was assessed using STV (based on 30 consecutive beats) which 
was calculated using the formula STV=Σ│dn+1−dn│/[30√2] where d represents 
aPd90 in in vitro models, MaPd in CaVB dogs, and QT in the methoxamine-
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sensitized rabbit model respectively, and describes the mean orthogonal distance 
to the line-of-identity on a Poincaré plot, as described previously (Thomsen et 
al., 2004).

The cells were considered inducible (positive arrhythmogenic outcome) 
when at least three eads were observed. In dogs and rabbits, 3 TdP episodes 
was set as a minimum for animals to be considered as TdP inducible. TdP was 
defined as a polymorphic ventricular tachyarrhythmia with at least 5 consecutive 
undulating QrS complexes with a typical twisting around the isoelectric line of 
the eCG. a run of 3 or more consecutive PVC was classified as a short run of 
ventricular tachycardia (VT). 

Results

The anaesthetized CAVB dog
at the lower dosage, moxifloxacin (2 mg/kg) did not significantly change 

any of the electrophysiological parameters measured, except rV MaPd (QTc 
was unchanged; 390±65 vs. 405±60, see Table 1 for other parameters). after 
30 minutes of 2 mg/kg moxifloxacin (baseline #2), most of the repolarization 
characterizing values were still similar as original (baseline #1) values. The 
intermediate dosage of moxifloxacin (8 mg/kg) increased all eCG parameters 
significantly (QTc 400±65 to 480±75, p<0.01, Table 1), with the exception of 
STV which did not change (1.9±0.5 to 3.2±1.3 ms). No TdP (0/5) could be 
induced by either dose of moxifloxacin. 

Using different types of anesthesia we have previously shown that 
dofetilide caused TdP in 76% of CaVB dogs using pentobarbital (oros et al., 
2008) and 100% using thiopental as anesthetic (Thomsen et al., 2006). The 
latter dogs are the same animals as used for the moxifloxacin experiments in 

baseline #1 moxi-low baseline #2 moxi-intermediate
RR (ms) 1264±245 1360±315 1330±305 1575±400a

QT (ms) 415±85 435±85 430±90 530±110a

QTc (ms) 390±65 405±60 400±65 480±75a

LV MAPD (ms) 345±55 375±90 345±70 440±115a

RV MAPD (ms) 300±60 325±70a 315±65a 365±85a

ΔMAPD (ms) 45±10 50±20 25±25 75±35b

STV (ms) 2.3±1.2 2.5±2.6 1.9±0.5 3.2±1.3
Table 1. CAVB dog electrophysiological parameters (mean±SD, n=5). a p<0.01 vs. 
baseline #1, baseline #2, and low dose of moxifloxacin, b p<0.05 vs. baseline #2
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the present study, however pentobarbital was used as anesthetics. dofetilide 
induced TdP was associated with a significant increase in QTc and STV. 

The methoxamine-sensitized anesthetized rabbit

None of the animals experienced arrhythmias or PVCs during baseline. 
during infusion with methoxamine, mean blood pressure increased (62±11.2 
to 93±22.7 mmhg) and the rr interval was prolonged (319±29 to 456±105 

Figure 1. ECG recordings from the in vivo rabbit model. (A, C) rabbit treated with low 
dose moxifloxacin, A = baseline, C = 30 min moxifloxacin. (B,D) rabbit treated with high 
dose moxifloxacin showing TdP arrhythmia, B = baseline, D = 10 min moxifloxacin. 
Horizontal bar represents 0.5 seconds.

base-
line

methox-
amine

ML-1 ML-2 MH-1 MH-2 Dof

RR (ms) 319±29 456±105b 513±127b 566±178b 534±100b 516±103b 632±156ab

PQ (ms) 78±12 81±12 88±9 90±8 94±20 100±21 93±21

QRS 
(ms)

50±4 51±5 53±3 52±3 56±6 63±13ab 75±18ab

QTc (ms) 170±12 160±13 165±9 181±6 223±37ab 291±73abc 244±36abc

STV (ms) 0.8±0.3 0.8±0.4 0.9±0.1 0.8±0.2 1.2±0.4 1.5±0.4 5.6±4.5ab

Table 2. Rabbit electrophysiological parameters (mean±SD). a p<0.05 vs methoxamine, b 
p<0.05 vs baseline, c p<0.05 vs ML-2. ML-1= low dose moxifloxacin at 5 min, ML-2= low 
dose moxifloxacin at 30 min, MH-1= high dose moxifloxacin at 5 min, MH-2= high dose 
moxifloxacin at 30 min, Dof= dofetilide at 5 min.
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ms; n=16) (Table 2). other eCG parameters remained unchanged and no 
arrhythmias or PVCs were observed. Subsequent infusion of moxifloxacin at 
a low (therapeutic, ML) or high (Mh) concentration for 30 minutes caused 
significant QTc prolongation only in the high dose group (from 170±12 to ML 
181±6, n=4 vs. Mh 291±73 ms, n=6, p<0.05). STV did not increase significantly 
in any of the groups (from 0.8±0.3 to ML 0.8±0.2, n=4 vs. Mh 1.5±0.4 ms, 
n=5). Moxifloxacin did not induce TdP at the low dosage (0/4), whereas at the 
high dose TdP was seen in 1 out of 6 rabbits (17%, Figure 1). This inducible 
animal experienced a total of 5 TdP episodes and 5 short runs of VT, which was 

Figure 2. APD90, BVR and example of action potentials in hESC-CM. Alterations in 
APD90 (A) and BVR (B) after treatment with different concentrations of moxifloxacin 
(0.1, 1, 10 and 100 µM), or E-4031 (1 µM). (C) Example of action potential and induced 
EAD after treatment with either a low or a high concentration of moxifloxacin, or with 
E-4031.
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associated with an STV increase to 25.7 ms just before the first TdP episode. 
In one other animal PVCs were observed at the high dose of moxifloxacin. all 
arrhythmias ceased within 20 minutes after the infusion of moxifloxacin was 
stopped.

at five minutes, dofetilide treatment caused prolongation of the rr, and 
QTc (244±36 ms; n=6), while STV was increased significantly to 5.6±4.5 ms 
(Table 2). In 5 out of 6 animals (83%) TdP was inducible. at the same time 
point, only the high dose of moxifloxacin significantly prolonged QTc, but not 
STV (Table 2, Mh-1).

The multi-cellular hESC-CM clusters

In heSC-CM clusters, control aPd90 was 381±47 ms (n=11) and STV 
2.2±1.4 (n=10). 10 µM moxifloxacin (low concentration, within the therapeutic 
range) induced a small but not significant increase in aPd90 (435±71 ms, 
n=11) and also STV was unchanged (2.7±2.4, n=9, Figure 2a and B). 100 
µM moxifloxacin (high concentration) increased aPd90 to 531±93 ms (n=11, 
p<0.01), comparable to the increase observed using 1 µM e-4031 (531±84 ms, 
n=8, p<0.01). The low concentration of moxifloxacin did not cause eads, but 
an incidence of 18% (2/11) was seen with 100 µM (Figure 2C). In the same 
clusters, 1 µM e-4031 induced eads in 50% (4/8). STV immediately prior 
to the first ead was 5.2±4.3 (n=2, too low for statistical analysis) in the 100 
µM moxifloxacin group and 9.4±3.7 (n=4, p<0.05 compared to control) for the 
e-4031 group.

The isolated remodeled canine ventricular myocyte

at 10 µM, moxifloxacin prolonged aPd90 (324±57 to 402±120 ms, 
p<0.01), increased STV (15.7±7 to 34.5±24.5 ms, p<0.01), and induced eads 
in 7/20 (35%) cells. an example is shown in Figure 3a. dofetilide (1 µM) 
prolonged aPd90 (384±111 to 490±134, p<0.01), increased STV (13.5±10.4 to 
39.8±31.7 ms, p<0.01), and caused an ead incidence of 15/25 (60%).  

analysis of the differences between inducible (n=7) and non-inducible 
(n=13) cells after 10 µM moxifloxacin revealed that baseline aPd90 values were 
higher in inducible cells (365±62 vs. 302±43 ms, p<0.05), but STV (19.9±9.5 vs. 
13.4±4 ms) was similar. In both groups, aPd90 (492±142, p<0.05 vs. 354±74 
ms, p<0.01) and STV (57±27.7 vs. 22.5±10.6 ms, p<0.01) were significantly 
prolonged following moxifloxacin infusion, but increases in aPd90 and STV 
were significantly larger in the inducible cells (127 vs. 52 ms and 37 vs. 9 ms 
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respectively). Similarly, dofetilide (1µM) also increased aPd90 and STV more 
in inducible cells (534±144 vs. 378±130 and 56.5±30.6 vs. 14.5±12.7, p<0.01; 
n=15) compared to non-inducible (423±98.7 vs. 394±79.9 and 14.8±8.2 vs. 
12±5.7; p>0.05, n=10).

The isolated unremodeled rabbit ventricular myocyte

Moxifloxacin (10 µM) significantly increased aPd90 (255±66 to 289±71 
ms, p<0.05), STV (12±6.1 to 24±20.5 ms, p<0.05) and induced eads in 3/13 

Figure 3. APD90, BVR and example of action potentials in hESC-CM. Alterations in 
APD90 (A) and BVR (B) after treatment with different concentrations of moxifloxacin 
(0.1, 1, 10 and 100 µM), or E-4031 (1 µM). (C) Example of action potential and induced 
EAD after treatment with either a low or a high concentration of moxifloxacin, or with 
E-4031.
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cells (23%, Figure 3B). example of the corresponding time-dependent behavior 
of aPd90 and STV from a single rabbit CM is depicted in Figure 3C. In six cells 
that were resistant to eads at 10 μM, infusion of 100 µM moxifloxacin resulted 
in a further increase in aPd90 (482±163 ms, p<0.05), in STV (44.4±27.2 ms, 
p<0.05), and induced eads in 2/6 cells. 

administration of 1 µM dofetilide significantly increased aPd90 
(277±45.8 to 528±241 ms, p<0.01), STV (15.4±3.5 to 66±38.7 ms, p<0.01) and 
eads were observed in 5/8 cells (63%).

Overview of data

In Table 3, arrhythmogenic outcome for the different assays is summarized. 
It is clear that the isolated CM system provides acceptable sensitivity but lacks 
sufficient specificity to discriminate between the non- (moxifloxacin) and pro-
arrhythmic (dofetilide) test drugs. The sensitivity (i.e., the ability to detect an 
unsafe drug – e.g. dofetilide/e4031) is highest in animal models and lowest in 
heSC-CMs: 83% in methoxamine-sensitized rabbits, 76% in CaVB dogs, 63% 
in isolated rabbit CMs, 60% in isolated CaVB CMs, and 50% in heSC-CMs. 
The specificity (i.e., the ability to correctly detect a safe drug – i.e. low dose 
Moxifloxacin) is 100% in both in vivo models and the heSC-CM clusters, 77% 
in isolated rabbit CMs and 65% in isolated CaVB CMs.

Importantly, STV can be regarded as a parameter for detecting the pro-
arrhythmic potential of the test drugs used since an increase in STV preceeds a 
subsequent arrhythmic outcome in all tested models.

Arrhythmia incidence 
(TdP/EAD)

Moxifloxacin Dofetilide/E-4031

Low dose High dose  
CAVB dog 0%a 76%h/100%i

Methoxamine rabbit 0%b 17%d 83%f

hESC-CM clusters 0%c 18%e 50%g

Isolated rabbit CM 23%c 33%e 63%g

Isolated CAVB CM 35%c  60%g

Table 3. Arrhythmia inducibility by Moxifloxacin and Dofetilide/E-4031 in all models. 
a 2 mg/kg (10µM), b 0.1 mg/kg/min (9±3µM), c 10µM, d 3 mg/kg/min (107±15µM), 
e 100µM, f 10 µg/kg/min, g 1µM; h Oros et al., 2008, i Thomsen et al., 2006.
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Discussion

In the present work, we have demonstrated that all multi-cellular models 
tested were able to identify moxifloxacin as a safe compound despite the fact 
that this drug is an IKr blocker and prolongs the QT-interval. on the other hand, 
remodeled as well as unremodeled isolated cardiac ventricular myocytes lack 
sufficient specificity. The behavior of the arrhythmogenic marker STV was in 
line with the expectations and only a significant increase in STV corresponded 
to the occurrence of eads or TdP. 

Cardiac safety assessment

The current strategy of evaluating the cardiac toxicity of new drug 
candidates, as for instance applied by Fda, is based on the thorough QT/QTC 
study in healthy volunteers (ICh Guideline e14, 2005). If the QTc prolongation 
is less than 5 ms, the drug is considered to be safe, if it is more than 20 ms, the 
drug is labeled as unsafe. When the QTc prolongation is between 5 and 20 ms, 
additional verification of cardiac safety is required (ICh Guideline S7B, 2005). 
at the same time, the pharmaceutical industry is trying to identify possible 
unsafe drugs in early stages of drug development. For this purpose, a herG 
assay is often used, in which the herG blocking potency of the drug candidate 
is tested. although informative, caution has been addressed that there is no clear 
correlation between herG block/QT prolongation and proarrhythmic potential 
of the drug (Gintant, 2011; Martin et al., 2004). Thus, a new assay that is not 
exclusively dependent on herG block or QT prolongation is needed, preferably 
in combination with a surrogate parameter of pro-arrhythmia, such as STV.
Pre-clinical model systems for cardiac safety assessment

With the exception of the isolated ventricular myocytes, the other three 
assays used in the present study responded as anticipated. In the heSC-CM 
clusters and the methoxamine-sensitized rabbit, the low concentration of 
moxifloxacin (10 µM) did not induce any pro-arrhythmic endpoint, whereas the 
high concentration (> 100 µM) induced eads (2/11) or TdP (1/6) respectively. 
In the anesthetized CaVB dog, only low and intermediate dosages were 
tested, and neither 2 mg/kg nor 8 mg/kg moxifloxacin did induce TdP. The 
observations were different in the isolated ventricular CMs. already at the low 
concentrations (10 µM), moxifloxacin was able to induce eads in a significant 
number of unremodeled rabbit CMs (3/13) and even more frequently (7/20) in 
the remodeled CaVB CMs. This clearly indicates a lower specificity of isolated 
ventricular CMs. 
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a. Intact animals

a previous study showed that moxifloxacin is safe (no QTc prolongation) 
at 10 mg/kg in conscious telemetered dogs (Chen et al., 2005). our results 
support that observation in an even more sensitive model, the anesthetized 
CaVB dog. This is in line with a previous report in which a different anesthetic 
was applied (Thomsen et al., 2006).

In the methoxamine-sensitized rabbits, dofetilide induced TdP with 
comparable incidence that has been reported by others (Carlsson et al., 2009). 
Moxifloxacin at high dosages (> 100 µM) induced TdP only in 1 out of 6 of 
our animals. other authors reported no TdP arrhythmias using a similar dose, 
although experimental differences may account for this discrepancy (different 
type of anesthesia, dose, open thorax (Chiba et al., 2004); different anesthesia 
regimen, lower moxifloxacin infusion rate (anderson et al., 2001).

b. Multi-cellular hESC-CM

This is the first time that a negative control has been tested in multi-
cellular heSC-CM clusters. We and others have shown previously a somewhat 
higher sensitivity of these cells to herG block (Caspi et al., 2009; he et al., 
2003; Jonsson et al., 2010; Pekkanen-Mattila et al., 2010; Peng 2010), with aPd 
prolongation, increase BVr, and formation of eads (inducibility 60-69%) than 
our current study (50% inducibility). here, we address specificity by showing 
that a therapeutic level of moxifloxacin results in slight but not significant aPd 
prolongation and no increase in BVr or induction of eads. results from this 
model fit well with what is seen in other multi-cellular preparations, such as 
the rabbit ventricular wedge preparation and canine Purkinje fibers (Chen et 
al., 2005), and show that this assay merits further validation for future safety 
pharmacology screening.

c. Isolated CM assay.

The ability of a single hit of dofetilide, aTXII or hMr1556 to induce 
eads in isolated canine unremodeled ventricular myocytes has been published 
recently (abi-Gerges et al., 2010; Johnson et al., 2010). Baseline STV calculated 
in the isolated CM from this study (15.7±7 in caVB dog cells and 12.1±6.1 in 
rabbit CM) are comparable to those reported by abi-Gerges et al (ranging from 
9±2 to 16±4) and Johnson et al (estimated 8-10 at 0.5 hz). In remodeled CaVB 
LV CM, we achieved moderately increased sensitivity (60%) for dofetilide-
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induced ead compared to unremodeled canine LV CM (55% and 42% (abi-
Gerges et al., 2010; Johnson et al., 2010)) at the same pacing frequency. here, 
we demonstrate that even in unremodeled rabbit CMs, a single hit is enough to 
induce arrhythmias, whereas a second hit is mandatory in animal models and 
most multi-cellular preparations like canine rV papillary muscle (Biliczki et 
al., 2002).

 Unfortunately, no results concerning a negative control, like moxifloxacin, 
were provided in previous papers using the isolated CM test assay. Based on 
experience with multi-cellular preparations we originally chose the remodeled 
(predisposed) cells from CaVB dogs. In the course of these experiments, the 
CaVB dog myocytes responded with eads already at the low concentration 
of moxifloxacin. as a comparison, we also included unremodeled myocytes 
from rabbits and evaluated the initiation of eads. however, there was no 
major difference in arrhythmogenic outcome between these two types of cells 
with respect to moxifloxacin-induced eads. This may be explained by the cell 
isolation procedure, which could lead to decreased repolarization reserve to 
such extent, that it overrides the effect of electrical remodeling of the CaVB dog 
cells. This hypothesis is in line with the increased STV levels in the uncoupled 
cells compared to the animal model from which they are derived. although 
the exact mechanism of increased beat-to-beat variability of repolarization in 
isolated cells is not known, there are convincing data showing that beat-to-beat 
variability in calcium cycling results in BVr of aPd through calcium sensitive 
channels. In multi-cellular preparations this variability is most likely attenuated 
by surrounding cells through electrotonic interaction (Pastore and rosenbaum, 
2000). 

 another possible explanation could be the fact that we stimulated both 
cell types at 0.5 hz. as the natural heart rate is much higher in rabbits than in 
dogs, this could be a confounding factor. at lower rates, the aPd is increasing, 
making the cells more susceptible to herG block (Bányász et al., 2009).

STV as an alternative arrhythmogenic marker

In patients and animal models, STV has been proposed as a better or 
complementary predictor of arrhythmias than QT prolongation per se (e.g. 
Thomsen et al., 2004; hinterseer et al., 2008; Takahara et al., 2008; Carlsson 
et al., 2009). In all assays tested in this study, STV was increased before the 
occurrence of TdP or eads. In multi-cellular assays, STV increase was present 
only in inducible subjects. In isolated ventricular myocytes, STV was also 
significantly increased in non-inducible cells treated with moxifloxacin, but not 
with dofetilide. There is no obvious explanation for this observation. 
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In our experiments, the underlying STV calculation differed in the 
various models (MaPd in CaVB dogs, QTc in rabbits, and aPd in heSC-CM 
clusters and isolated myocytes). It has been shown that in the in vivo animal 
models, changes in STV are comparable independently of the parameter used 
for calculating STV (Thomsen et al., 2007). Whether BVr in cells or clusters 
has a similar etiology remains unknown.

another way of assessing the proarrhythmic potential of a drug is by using 
TrIad (hondeghem et al., 2001). Using three or four different parameters, 
an overall proarrhythmic score is given to the drug. Using TrIad, a previous 
report predicted moxifloxacin to be safe at therapeutic concentrations, but 
with a small safety margin (Lawrence et al., 2006). dofetilide was identified 
as pro-torsadogenic at 20 nM (therapeutic concentration) and up in the same 
study. These results are in line with our multicellular and in vivo models, and 
support the hypothesis that isolated cardiomyocytes lack specificity to recognize 
moxifloxacin as a safe drug in the clinic.   

Study limitation

Sensitivity and specificity data of the five models is based on one positive 
and one negative control compound only. 

In summary, this study showed that a clinically relevant concentration 
of moxifloxacin did not cause arrhythmias in the three of the five multicellular 
assays tested, but was pro-arrhythmic in the two assays using isolated CMs. 
In this case, using isolated cardiomyocytes during safety pharmacology would 
result in a Type I error by falsely rejecting a safe drug. It is concluded that 
the sensitive isolated CM assay, irrespective whether obtained from remodeled 
or normal hearts,  lacks specificity to recognize moxifloxacin as a safe drug. 
Clusters of heSC-CM are an attractive alternative for in vivo models as they 
combine sufficient sensitivity with high specificity.
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This thesis is focused on some 
important hurdles in cardiac safety 
assessment related to Torsade des 
Pointes (TdP) arrhythmia, which 
hampers development of new drugs. 
Within the larger framework in which 
this research was performed, we looked 
at these issues concerning development 
of new chemical entities (NCe) from 
three different angles (Fig. 1). From 
each expertise alone, development of 
NCe can be facilitated. however, in 
concert the three distinct fields facilitate 
each other. We have analyzed the issues 
from an electrophysiological perspective and demonstrate that state-of-the-art 
electrophysiology is very complementary to medicinal chemistry and in silico 
modeling and can place findings from these two fields into a physiological 
perspective.

 It is estimated, that about 75-86% of NCe is showing herG inhibitory 
activity (hoffmann and Warner 2006). Because of this, development of many 
promising NCe is presumably terminated because of their herG channel 
inhibition potency. There are two possibilities how to circumvent this unwanted 
situation. First is to reduce herG channel affinity of known NCe. other 
possibility is to change the current approach in cardiac safety assessment in two 
ways. Cardiac safety assessment is based on the notion, that herG block and/
or significant QTc prolongation is associated with high risk of TdP arrhythmia. 
however, the correlation between herG block, QTc prolongation and TdP 
arrhythmia is not always convincing (Gintant 2011). Thus, we suggest to make 
cardiac safety screening more specific to be able to identify safe drugs despite 
IKr block and action potential duration (aPd) prolongation. It is also necessary 
to make cardiac safety assessment more sensitive in order to identify potentially 
unsafe drugs influencing other currents including channel protein trafficking.

Drug-channel interactions: Structure – Activity Relationship

 Better understanding of the relation between the structure of a drug 
and its blocking activity can help in identification of chemical substructures 
in drugs that are responsible for herG channel binding and block (a herG 
blocker fingerprint). replacement of these with inert substructures could allow 
the development of new drugs with low or no herG blocking activity. a similar 

Figure 1. Concept of NCE development 
applied in this thesis
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approach applied to KIr2.x channel may be worthwhile in developing of a new 
specific IK1 blocker, which is needed for evaluation of the role of IK1 in cardiac 
arrhythmias including long QT syndrome. In chapters 2 and 4 we have combined 
different approaches to determine Structure – activity relationship (Sar) of 
the drug-channel interaction, including radioligand binding assay, patch clamp 
and in silico modeling. We have tested different analogues of known herG 
(dofetilide) and KIr2.1 (pentamidine) blockers.

In chapter 2, we have synthesized and tested 40 analogues of dofetilide and 
established Sar for their interaction with herG. all analogues were evaluated 
in a radioligand binding assay. These experiments show two binding sites for 
dofetilide and some analogues, low and high affinity site. one selected analogue 
(#35), showing significantly higher affinity for low and similar affinity for high 
affinity site compared to dofetilide, was tested in patch clamp experiments 
to determine the relative contribution of these two binding sites to the herG 
blocking effect in heK293 cells expressing herG channels. We have used a 
standard stimulation protocol to measure the peak of the herG tail current and 
to determine the IC50 of block of both compounds (fig. 2a and B; chapter 2). 
The IC50 of both compounds was very close to Ki values for the high affinity 
site determined as by radioligand binding assay. For IKr block therefore only the 
high affinity binding site is physiologically relevant, because the Ki for the low 
affinity site is in the range where the current in vivo will be blocked completely. 
It is also obvious that binding to the low affinity site does not influence the drug 
binding to high affinity site as we have measured in patch clamp experiments 
slightly lower IC50 for dofetilide compared to compound 35.

another interesting feature became apparent when we analyzed not 
only block of the tail current but also the block of the current elicited by 
depolarization. dofetilide binds to the channel only when the cell is depolarized 
and the herG channel is open or inactivated (Weerapura et al., 2002). In steady 
state conditions the binding of dofetilide to the herG channel is saturated and 
we did not see a large onset of the block during the depolarizing step (50% 
at the beginning, 54% at the end for 10 nM dofetilide). however, when we 
compared this to compound 35 (10 nM) we observed that at the beginning of 
the depolarization pulse only 15% of the channels were blocked whereas at the 
end of the depolarization step the block was 58% (fig. 2B). In our protocol the 
interval between two test pulses was 12 seconds and the cell was held at -80 
mV during this period. at this membrane potential the herG channel is closed 
(de-activated) and dofetilide as well as compound 35 cannot bind to the channel. 
It is likely that at this membrane potential both compounds are released from 
the channel binding site, but in the time frame used, it was not sufficient to 
release dofetilide in significant amount. on the other hand, compound 35 seems 
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Figure 2. Time and voltage dependence of the hERG and KIR2.1 
block. During depolarization step dofetilide block is stable in 
time (panel A), whereas compound 35 block is increasing in 
time (panel B). During hyperpolarization PA-4 is released from 
the channel and channel is not blocked by PA-4 at negative 
membrane potentials, but the block occurs as the holding 
potential becomes more positive (panel C). The block with PA-6 
is voltage insensitive (panel D). Holding protocols for hERG 
(E) and KIR2.1 (F) measurements. Control measurements are 
colored gray, drug application is in black color.
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to release relatively fast and following depolarization allows the drug to rapidly 
bind to the channel again. From this point of view dofetilide behaves as a stable 
blocking agent, whereas the blocking effect of compound 35 is dependent on 
duration of the test pulse (herG channel open/inactivated) and the interval 
between subsequent test pulses (herG channel closed/de-activated). When we 
try to translate this to the normal heart action, the effect of compound 35 will be 
dependent on the heart rate as well as on the duration of the action potential. It is 
also clear that at the beginning of the action potential the drug will not block the 
IKr with the same potency as at the end of the plateau phase. What consequences 
this finding has for the clinical use needs further investigation. 

We have found voltage and time dependent block also during testing of 
the IK1 block by pentamidine analogues (chapter 4). When we compare the block 
of KIr2.1 channel by Pa-6 and Pa-4, we can see that Pa-6 blocks inward and 
outward component of IK1 to the same amount (fig. 2d). at the beginning of the 
testing pulse, when the test potential is negative (peak -100 mV with K+ reversal 
potential 0 mV), Pa-4 is released from the binding site quite quickly, so when 
the testing pulse reaches -80 mV there is almost no block. as the test potential 
becomes positive, the drug again binds to the KIr2.1 channel providing a block 
(fig. 2C). Pa-4 is copying the behavior of the polyamines providing inward 
rectification to the KIr2.1 channel. In contrast, Pa-6 binds to the channel stably 
and it is not released by hyperpolarization. In vivo this might be relevant. We 
expect that Pa-6 will block IK1 continuously and independently on the cardiac 
cycle because its effect is not voltage dependent. Pa-4 will probably block IK1 
preferably during the action potential, whereas resting membrane potential will 
be not influenced so strong. Thus Pa-6 will be a useful tool to investigate roles 
of IK1 in cardiac arrhythmias. Conversely, Pa-4 would be a better candidate in 
treating for example atrial fibrillation, because it will prolong action potential 
duration with no or restricted effect on resting membrane potential, keeping the 
heart excitability within safe margins.

These two examples show that including only IC50 values in cardiac safety 
assessment, might lead to the loss of information important for understanding 
of the behavior of the drug in vivo. Thus, testing protocols that will better reflect 
in vivo situation, like for example action potential clamp protocols would be a 
way to go.

Repolarization is not only mediated by IKr

It has been shown, that the correlation between herG block and 
torsadogenicity of the drug is not very strong (Gintant 2011). herG blockers 
with additional effects on other currents, like for example verapamil (ICaL) or 
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ranolazine (late INaL) are in fact antiarrhythmic (oros et al., 2010; antoons et al., 
2010). In chapter 3 we have demonstrated that drugs without significant acute 
herG block still can have proarrhythmic properties because of a direct effect 
on other repolarizing current and an effect on channel protein trafficking during 
chronic treatment. This combined effect is associated with TdP incidence in 
patients (Kroll and Gettes 2002).

an increasing number of drugs are recognized as IK1 blocker, blocking 
the pore region or PIP2-KIr.2.1 interaction (for a review see van der heyden and 
Sánchez-Chapula 2011). Moreover, enhancing INaL or blocking IKs was shown 
to potentiate the proarrhythmic effect of herG channel block (Shimizu and 
antzelevitch, 1997; Sun et al., 2001; So et al., 2006). In general, these drugs 
cannot induce TdP themselves, but in combination with another predisposition 
might be proarrhythmic.

It is also important to mention, that the heart is not a rigid system. 
adrenergic stimulation accelerates gating of the IKs to compensate for the 
effect of sympathetic stimulation on ICaL (Jost et al., 2005). In this situation the 
importance of IKs in repolarization is increased and eventual block of this current 
might lead to TdP arrhythmia. another example could be hypoxia of the heart 
that leads to opening of the IKaTP channels (Knopp et al., 1999). This current 
is not contributing to the repolarization in normal situation. during hypoxia it 
becomes relevant and its block might significantly prolong the aPd. Several 
chronic cardiac diseases are accompanied by electrical remodeling (reviewed 
in Wang and hill 2010). also in this situation the contribution of different 
repolarizing currents is changed compared to healthy heart. all these alterations 
might change sensitivity of the heart to different cardiac channel blockers and 
IKr does not necessarily have to remain the major repolarizing current.

In this perspective it is important to identify all currents that can be 
involved in TdP arrhythmia and to describe their relative contribution to 
repolarization, which is not fully known as yet. Based on these data, it is then 
necessary to develop an easy and high throughput drug screening assay that will 
comprise all major players.

Effect of drugs on channel trafficking and cardiac safety 
assessment

 Trafficking of the ion channel proteins is not very well studied and thus 
poorly understood. however, drugs interfering with ion channel trafficking 
could be proarrhythmic (Van der heyden et al., 2008). This potential side effect 
of the drugs is not tested during drug development and such test is also not 
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required by the regulatory authorities. In chapters 3 and 5 we have shown that 
TdP arrhythmia linked to pentamidine treatment correlates with a combination 
of trafficking disruption of KIr2.1 and herG channels and direct blocking 
effect of pentamidine on the IK1. Many drugs that disrupt protein trafficking 
are also directly inhibiting the membrane current (herG: amoxapine, obers et 
al., 2010; fluconazole, han et al., 2010; desipramine, Staudacher et al., 2011; 
KIr2.1 + herG: celastrol, Sun et al., 2006; pentamidine, chapters 3 and 5 of this 
thesis). Conversely, other blockers are increasing protein levels. For example, 
expression of mutated herG channel, which is deficient due to a mutation, is 
rescued by incubation of the cells with a potent herG blocker e-4031 (delisle 
et al., 2003; anderson et al., 2006). also our experiments with Pa-6 in chapter 4 
show increase in KIr2.1 protein expression after 24 and 48 hour treatment. If this 
is just a coincidence or if the direct block (i.e. channel interaction) is necessary 
for the effect on protein trafficking is unclear.

 In chapter 5 we have shown, that a single drug can disrupt trafficking 
of two structurally different channel proteins in different ways. Pentamidine 
prevents maturation of the herG protein yielding less functional channels 
at the plasma membrane. The mechanism of trafficking disruption of KIr2.1 
remains unclear. although ectopic expression systems, such as heK293 cells, 
are informative in unraveling basic mechanisms, effort to study ion channel 
trafficking in cardiomyocytes should be increased, to fully appreciate all side 
effects on functional ion channel expression and to develop testing assays for 
detection of this type of adverse drug effect.

Models for testing torsadogenic potential of the drugs

 In chapter 6 we compared five different testing models of TdP arrhythmia 
to assess their ability to distinguish between the unsafe drug dofetilide and 
the safe drug moxifloxacin. The main purpose of this study was to verify 
applicability of existing and new promising testing assays that are proposed to 
replace the current insufficient system. We have used two established animal 
models and compared them with in vitro assays. The animal models together 
with cell clusters of human embryonic stem cell derived cardiomyocytes (heSC-
CM) were able to correctly recognize proarrhythmic properties of dofetilide 
and safety of moxifloxacin, whereas isolated adult cardiomyocytes (CM) were 
not. recently, several drugs have been tested on isolated CMs (abi-Gerges et 
al., 2010; Johnson et al., 2010) and CMs seemed to be sensitive enough to 
detect proarrhythmic drugs. In these studies selective IKr and IKs blockers and 
late sodium current enhancers showed arrhythmogenic outcome as expected. 
The multichannel blocker terfenadine showed a dose dependent behavior. 
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at low dosages its IKr blocking effect was prominent and isolated CMs were 
showing arrhythmogenic outcome. however, with increasing dose ICaL block 
occurred and the proarrhythmic outcome disappeared. These findings suggest 
that isolated CMs are suitable to detect potentially dangerous drugs and drugs 
with multichannel action, but they will also give false positive results for safe 
drugs similar to moxifloxacin.

 heSC-CM seem to be a promising model that can be used for cardiac 
safety assessment (Jonsson et al., 2010). This model is able to distinguish between 
safe and unsafe IKr blockers (chapter 6). The main problem of heSC-CM is lack 
of IK1 current (Jonsson et al., 2011). Potentially proarrhythmic IK1 blockers could 
not be detected in this assay. Moreover, the relatively low resting membrane 
potential, compared to adult CMs, is keeping sodium channels in the inactivated 
state and so they do not contribute much to the action potential. Therefore, safe 
multichannel blockers combining the effects on IKr and INaL, like for example 
ranolazine, will probably be detected by this assay as arrhythmogenic, although 
they are antiarrhythmic in reality. The less negative resting membrane potential 
also changes the behavior of IKr. It is slowing deactivation of the channel and 
also increasing the probability of the channel to open. Many IKr blockers bind 
to the open or inactivated state only, thus the output of this assay regarding IKr 
block needs to be interpreted with caution, because the blocking effect might be 
overestimated compared to the effect in vivo.

 In chapters 4 and 6 we have tested short term variability (STV) of 
repolarization as a predicting marker for identifying drugs with proarrhythmic 
properties. STV was reasonably predicting the arrhythmogenic outcome in all 
models we have tested. We can propose STV of repolarization as a useful marker 
for cardiac safety assessment applicable in different models.

Conclusions and perspectives

 In this thesis, I have commented on some weak points of the current 
drug cardiac safety assessment. existing assays 1. rely too much on herG 
channel block and QT prolongation. 2. measure herG block at conditions not 
reflecting the in vivo situation and 3. determine acute drug effects only. Based 
on our findings what would be the perfect assay? First of all, such assay should 
include all major currents involved in repolarization of the human cardiac action 
potential, at best taking into account the relative contribution of each current. 
Secondly, this assay should also mimic the in vivo behavior of the channels during 
the action potential, preferably at different rates. and thirdly, it should also allow 
testing acute as well as chronic effects of the drugs on cardiac repolarization. It 
is unlikely, that we will be able to find an ideal and universal tool for testing the 
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torsadogenic potential of new compounds. Nevertheless combining advantages 
of new testing assays and improvement of the existing assays will definitely 
bring more new useful drugs and less unwarranted withdrawals of the drugs 
from the market. 

 If we want to find a high throughput assay, that even more is not very 
expensive, we have to focus on cell systems. a first option is to improve the 
current approach based on herG assay and include also similar assays testing 
other currents shaping the phases 1-3 of the action potential (IKs, IK1, INaL, ICaL 
and others). Comparing the blocking profile of tested NCe with the profiles of 
drugs with known torsadogenicity could better predict the real arrhythmogenic 
potential of NCe than just the herG assay. The stimulation protocol in these 
assays should mimic the normal cardiac action potential as much as possible to 
ensure that measured IC50 will be not over or underestimated.

Isolated cardiomyocytes are way too sensitive for direct use in cardiac 
safety assessment. one of the explanations for this could be higher baseline 
variability of aPd in isolated cells (Pastore and rosenbaum, 2000). The 
electrical coupling (coupling clamp) of two or more adult myocytes could be a 
way to stabilize the membrane potential and make isolated CMs less susceptible 
to arrhythmogenic hits and thus more specific (Zaniboni et al., 2000).

heSC-CM are a very promising possibility, especially because the model 
is of human origin. The main disadvantage of this assay is lack of the IK1. In the 
near future, increased understanding of the differentiation process may help us 
to produce more matured CMs with IK1 densities that will be similar to the adult 
human CMs.
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excessive prolongation of cardiac repolarization, manifested as QT 
prolongation on eCG, is common unwanted side effect of many drugs and drug 
candidates. Prolongation of QT interval may lead to life threatening cardiac 
arrhythmia – Torsade de Point (TdP). Number of drugs was withdrawn from the 
market and development of many new drug candidates is terminated because 
of this side effect. Block of the herG channel is believed to be the principal 
reason of QT prolongation and thus current safety testing assays are based on 
determining the herG block potency of new drug candidates.

here we demonstrate that focus on herG block is counterproductive. 
drugs affecting other repolarizing currents might be proarrhythmic as well. In 
the same time, potent herG blocker with effect on depolarizing currents is not 
always proarrhythmic. We also show, that TdP can occur after chronic treatment 
due to effect on protein trafficking. This chronic effect is not tested in cardiac 
safety assessment at all.

We have designed and synthesized 40 analogues of potent herG blocker 
dofetilide to analyze molecular substructures required for herG block. This 
approach may help design new drugs with low affinity to herG channel.

We identify pentamidine as a direct blocker of another important 
repolarizing current - IK1. The role of this current in cardiac arrhythmias is poorly 
studied, mainly because of absence of a specific IK1 blocker. We have tested 7 
pentamidine analogues to find a specific and effective IK1 blocker applicable in 
vivo.

Based on our findings, to improve current cardiac safety assessment, 
we employed five test assays and compare their sensitivity and specificity 
using herG blockers with known proarrhythmic potential. We demonstrate 
that isolated cardiomyocytes lack sufficient specificity to correctly identify 
safe herG blocker moxifloxacin. on the other hand, heSC-CM seems to be a 
promising alternative to current assays.
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een overmatige verlenging van cardiale repolarisatie, zich uitend als 
QT verlenging in het eCG, is een veel voorkomende, ongewenste, bijwerking 
van bestaande en potentieel nieuwe medicijnen. deze QT verlenging kan soms 
tot levensbedreigende hartritmestoornissen leiden, de zogenoemde Torsade de 
Pointes aritmie. 

als gevolg van deze ernstige bijwerking is een aantal bestaande medicijnen 
van de markt gehaald en is de verdere ontwikkeling van veelbelovende 
experimentele medicijnen stopgezet. de onderliggende oorzaak is veelal 
blokkade van het herG ionkanaal, en daarom maakt het onderkennen van deze 
blokkade een belangrijk deel uit van medicijn veiligheidsonderzoek.

Uit ons onderzoek blijkt dat deze focus op het herG ionkanaal 
contraproductief is. Zo kan remming van andere ionkanalen op zichzelf ook 
pro-aritmisch zijn. aan de andere kant, een medicijn dat meerdere ionkanalen 
tegelijkertijd remt, is niet per definitie pro-aritmisch, en kan zelfs volledig veilig 
zijn. We tonen ook aan dat Torsade de Pointes aritmiën het gevolg kunnen zijn 
van fouten in intracellulair transport van het ionkanaal-eiwit wat is veroorzaakt 
door een medicijn. dit aspect is momenteel niet opgenomen in het standaard 
medicijn veiligheidsonderzoek.

We hebben veertig analogen van een sterke herG ionkanaal remmer, 
dofetilide, ontworpen en geproduceerd. hiermee hebben we op moleculair 
niveau inzicht verkregen in de structuren die het herG ionkanaal zullen 
remmen, hetgeen een waardevolle bijdrage levert aan medicijn-ontwikkeling 
waarin herG blokkade dient te worden vermeden.

We tonen hier ook aan dat het medicament pentamidine een directe 
remmer is van een ander belangrijk repolariserend ionkanaal, namelijk het 
zogenoemde IK1 kanaal. de rol van dit kanaal in hartritmestoornissen is nog 
onduidelijk wegens het ontbreken van een specifieke remmer. We hebben 
daarom een zevental pentamidine-analogen onderzocht om zodoende tot een 
specifieke en efficiënte IK1 remmer te komen die in proefdieronderzoek kan 
worden gebruikt.

omdat medicijn veiligheidsonderzoek beter moet, hebben wij vijf 
verschillende testen met elkaar vergeleken op basis van hun specificiteit en 
gevoeligheid voor een onveilige en een veilige herG remmer. We laten zien dat 
testen die zijn gebaseerd op geïsoleerde hartspiercellen onvoldoende specificiteit 
bezitten om veilige van onveilige medicijnen te kunnen onderscheiden. dit 
in tegenstelling tot hartspiercellen die uit menselijke embryonale stamcellen 
worden gemaakt. We denken daarom dat menselijke stamcellen een veelbelovend 
alternatief kunnen zijn voor bestaande testsystemen.
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