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1 INTRODUCTION 

1.1 General description of potassium channels 

 

Ion channels play a fundamental role in cell physiology. They are transmembrane proteins 

involved in cell excitability, in modulation of muscle cell contractility, and in the release of 

hormones and neurotransmitters from endocrine and neuronal cells. Gating of these 

proteins occurs through conformational changes that are controlled by voltage and/or 

ligand binding (Jiang et al., 2003 a). K+ channels represent the largest and most diverse 

group of channels.  

Based on the structural organization of their subunits, K+ channels can be divided in 

several classes (Fig. 1). The class consisting of subunits with one pore domain per subunit 

and six transmembrane segments (6TMS) includes families of voltage-gated (Kv) and 

Ca2+-activated K+ channels (Fig. 1, column 1). The class consisting of proteins with two 

transmembrane segments (2TMS) and one pore domain per subunit includes the family of 

inward-rectifier K+ channels (Kir) (Fig. 1, column 2). Another class, known as the class of 

two-pore domain K+ channels comprises K+ channel subunits with four (4TMS) (Fig. 1, 

column 3) or eight transmembrane segments (8TMS) (Fig. 1, column 4). The 4TMS class 

includes families of “leak” K+ channels. Each of these families of K+ channels can further 

be divided into sub-families that comprise several K+ channel members. 

 

 

 

 

  

 

 

 

 

 
 
Fig. 1. Schematic classification of K+ channel subunits. K+ channels are divided 

in classes based on their transmembrane topology of their subunits. Channels 
exist with 6TMS/1P (six transmembrane segments/one pore), 2TMS/1P, 
4TMS/2P and 8TMS/2P. N- and C-terminal are located intracellularly. 
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In 6TMS K+ channels four subunits (S1-S6) have to assemble to form a functional 

tetrameric channel. The pore of the channel is formed by S5 and S6 and the P-loop 

between them (Doyle et al., 1998; Jiang et al., 2003 a). The P-loop that connects S5 and S6 

contains the selectivity filter, known as the GYG motif. As this K+ channel signature 

sequence is conserved between all K+ channels it is assumed that the mechanism of ion 

selectivity and permeation at the selectivity filter is similar in all K+ channels. 

Although the other segments (S1-S4) of the channel are not directly involved in ion 

selectivity, they also play important roles. For example, the S4 is known as the voltage 

sensor in Kv channels, responsible for opening of channels upon depolarization (Jiang et 

al., 2003 a, b), the N-terminal segment contains a tetramerization domain (T1) necessary 

for the correct assembly of the Kv tetramers (Babila et al., 1994) and the C-terminal 

segment contains the calmodulin-binding domain important for the activation of pure Ca2+-

dependent K+ channels (Fanger et al., 1999).  

 

In contrast to the tetrameric association formed by the assembly of four 6TMS/1P channel 

subunits in the plasma membrane, the 4TMS/2P (Glowatzki et al., 1995) and, the 

8TMS/2P channel subunits only need to dimerize to form a functional channel  

 

In analogy with 6TMS/1P, the 2TMS/1P class of K+ channels requires a tetrameric 

arrangement (MacKinnon, 1991; Yu and Catterall, 2004) of four P-regions to form a K+ 

selective pore. Inward-rectifier K+ channels (Kir) are structured as follows: each subunit 

has two transmembrane segments (M1 and M2) flanking a pore-forming loop (H5) 

homologous to the P-loop of Kv channels. M1 and M2 segments are homologous to S5 and 

S6, respectively from Kv channels. Kir channels can be formed by co-assembly of homo- 

or heteromeric Kir subunits (Yang et al., 1995), which endows channels with distinct 

properties and further increases their functional diversity (Butt and Kalsi, 2006).  

 

1.2 Inward-rectifier potassium channels (Kir) 

1.2.1 Molecular assembly of Kir channels 

 

The 2TMS/1P class of K+ channels (Kir) shortly described in the previous chapter, have 

been classified on the basis of sequence homology into seven sub-families, Kir1 to Kir7 

(Fig. 2) (Doupnik et al., 1995; Lopatin and Nichols, 1996).  
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The channel proteins share about 40 % homology among the Kir sub-families and >60 % 

within the sub-families. Kir channel subunit assembly was shown by a functional approach 

of homo- or heterotetrameric Kir channels (Glowatzki et al., 1995) or by biochemical 

experiments (Yang et al., 1995). Some Kir subunits require co-assembly with other Kir 

subunits in order to form functional channels (Fakler et al., 1996). 

 

Kir1 Kir2 Kir3 Kir4 Kir5 Kir6 Kir7
SUR

Kir2.4Kir2.3Kir2.2Kir2.1

Cardiac IK1 ?

KAch KATP

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Molecular structure of Kir channels. Seven Kir sub-families (Kir1-7) have 

been described. All Kir channels are tetrameric proteins of 2TMS/1P domain 
subunits that equally contribute to the formation of highly selective K+ 
channels. Most Kir channels can be assembled in functional homotetramers 
while some require heteromeric assembly (Fakler et al., 1996). 

 
Formation of heteromeric channels seems to underlie several Kir conductances of 

physiological importance. For instance, Kir3.1/Kir3.4 heterotetrameric channels closely 

resemble the native atrial current IK1,Ach (Krapivinsky et al., 1995). The tetrameric nature 

of Kir channels (Yang et al., 1995) leads to the theoretical possibility of one gene product 

co-assembling with another gene product to form heteromultimeric channels. 

Heteromultimeric complexes have been found in the mammalian heart and brain 

(Krapivinsky et al., 1995). The principles determining whether channel subunits assemble 

predominantly with themselves or with other members of the gene family are thus of great 

importance. However, the rules governing assembly in Kir channel subunits have not yet 

been established (Tinker et al., 1996). Maybe the molecular structure of Kir channels could 

shed light onto the mechanism responsible for Kir channel subunit assembly. 
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1.2.2 Molecular structure of Kir channels 

 

The crystal structure of KirBac1.1 and KcsA gave insights into the architecture of Kir 

channels, because they both have two transmembrane spanning helices per subunit.  

Recently, the high-resolution structure of KirBac1.1, a bacterial ion channel that is closely 

related to eukaryotic Kir channels was solved in its closed conformation (Kuo et al., 2003) 

(Fig. 3). In accordance with nomenclature describing the KirBac1.1 channel structure the 

N-terminal part of the P-loop is α-helical and forms the shallow outer vestibule of the 

channel. Ion selectivity is determined by a narrow binding site in the pore termed 

selectivity filter which is formed by the backbone carbonyls of the GYG motif. 
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Fig. 3. Overview of the KirBac1.1 structure. The position of the membrane is 
represented by the shaded bar. A Two subunits are shown for clarity so that 
positions of the following structural elements can be seen: slide helix (pink), 
outer helix M1 (green), pore helix (blue), inner helix M2 (yellow), and C-
terminal domain (red). B Relative positions of the pore helices are depicted in 
red in the crystal structure of KirBac1.1. This is viewed from the extracellular 
side of the channel looking directly down the central ion conduction pathway. 
Black lines through the centre of each pore helix indicate their orientation 
relative to the centre of the cavity. 

 

The outer helix M1 (Fig. 3, A, green) lines the pore and is tilted around M2 (Fig. 3, A, 

yellow). The long and narrow inner vestibule is formed by residues of the M2 helix and 

contains binding sites for K+ and small blocking ions. Compared with the structure of 

KcsA channel, an extra helix, named the slide helix (Fig. 3, A, violet) is present in the 
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transmembrane section of the KirBac1.1 structure. This slide helix runs parallel to the 

cytoplasmic face of the membrane. As determined by X-ray crystallography the KirBac1.1 

structure consists of α-helical integral membrane structures plus intracellular region 

consisting mostly of β sheet which forms the cytoplasmic pore (G-loop). This region is 

crucial for channel modulation by intracellular regulators and for establishing the strong 

voltage dependence of inward rectification.  

The high sequence homology between KirBac1.1 and eukaryotic Kir channels (Kuo et al., 

2003; Durell et al., 1994) makes it easier to evaluate interactions deduced from functional 

assays in the context of the relevant channel structure and function.  

 

1.2.3 Physiological functions and expression of Kir channels 

 

Kir channels are expressed in a wide variety of cell types including neuronal cells, 

myocytes, blood cells, skeletal muscle fibres, macrophages, osteoclasts, endothelial and 

placental cells (Doupnik et al., 1995; Raab-Graham and Vandenberg, 1998). 

They maintain the membrane potential near the equilibrium potential for K+ (EK) in 

excitable and non-excitable cells (Hille, 1992; Doupnik et al., 1995). Modulation of these 

channels can therefore alter the membrane potential, cellular excitability, heart rate, 

information processing and secretion of neurotransmitters or hormones (Chung et al., 

1997; Isomoto and Kurach, 1997; Reimann and Ashcroft, 1999). In the central nervous 

system, Kir channels contribute to the resting potential and to synaptic potentials (Nicoll et 

al., 1990; Premkumar and Gage, 1994). Kir channel are also important in proliferation, 

differentiation and, survival of neurons and glial cells.  

The Kir current was first observed electrophysiologically in frog skeletal muscle by Katz in 

1949 (Katz, 1949) and named an anomalous rectifier due to its unique properties (the 

larger conduction of K+ ions in the inward direction compared to the outward direction) 

which were in contrast to the known voltage-dependent delayed-rectifier K+
 channels. The 

unique properties of Kir channels will be described in more detail in the following chapter. 

 

1.2.4 Mechanism and determinants of inward-rectification 

 

The electrophysiological properties of Kir channels include, as their name implies, the 

conduction of larger inward currents compared to outward current (Hille, 1992). This is 

due to a reduced open probability when the membrane potential is more positive than the 
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K+
 equilibrium potential (Hille, 2001). Consequently, despite their name, under 

physiological conditions Kir channels primarily conduct outward K+ currents. Inward 

rectification is primarily caused by a voltage-dependent block of outward currents by 

intracellular blockers such as Mg2+ and polyamines (Vanderburgh et al., 1987; Ficker et 

al., 1994; Lopatin et al., 1994; Fakler et al., 1996). The extent of rectification varies among 

different sub-families which may be ‘weak’ or ‘strong’ (Hille, 1992). The stronger 

rectification of Kir2 can be partly explained by negatively charged residue in the M2 

segment, D172 (Lu and MacKinnon, 1994; Stanfield et al., 1994; Wible et al., 1994; 

Fakler et al., 1996) and Glu224 and Glu299 in the cytoplasmic C-terminal domain of the 

channel (Yang et al., 1995; Kubo and Murata, 2001). However, the high degree of 

rectification among different Kir channels does not directly relate to the presence of these 

negative charges. For example, Kir7.1 shows weak rectification but has a negative charge 

in the M2 domain. Kir3.2 shows strong rectification but lacks the same negative charge 

(Finley et al., 2004). Inward-rectification is prominent at high pH, while at low pH 

rectification is very weak in Kir1.1 channel. In some Kir channels the G-loop plays a role 

in the rectification process. The G-loop (residues: 300-315) is a conformational structure 

that is believed to form a flexible barrier for K+ permeation at the apex of the cytoplasmic 

pore (Pegan et al., 2005). 

 

1.2.5. Cytoplasmic regulatory factors 

 

In addition to rectification, regulation by membrane phospholipids is another common 

feature of Kir channels. Opening of Kir channels requires phosphatidylinositol 4,5- 

bisphosphate (PIP2) binding to basic and polar amino acids in the cytoplasmic segment, 

whereas depletion of PIP2 seems to close the channel (Shyng et al., 2000; Lopes et al., 

2002). PIP2 is required to stabilize the open state of Kir channels (Huang et al., 1998). It 

binds directly to Kir channels through the interaction between positively charged amino 

acids of the Kir channel and negatively charged phosphate groups of the lipid. Soom et al. 

(2001) described in the C-terminal region of Kir2.1 channels three independent PIP2 

binding sites.  

Conformational changes in the G-loop (V302 Kir2.1) may indirectly influence PIP2 gating 

(Ma et al., 2007). The highly conserved residues in the cytoplasmic C-terminus (Nishia & 

MacKinnon, 2002) suggests a common structural feature for gating Kir channels, yet the 

cytoplasmic segments respond differently to intracellular regulatory signals. For example, 
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Kir2.1 channels remain open through endogenous PIP2 binding, whereas Kir3 channels are 

opened by G proteins and Kir6 channels are closed by intracellular ATP, respectively. 

Homology modelling of KcsA and KirBac1.1 channels suggested the interaction between 

specific blockers and the pore could be located at the cytosolic portion of the inner helix 

named ‘bundle crossing’ region. Two locations for the intrinsic gate of Kir channels have 

been proposed: the ‘bundle crossing’ (Perozo et al., 1999) and the ‘selectivity filter’. A 

study of the localization of the PIP2 activation gate in Kir channels based on the similar 

topology to KcsA channels (Xiao et al., 2003) suggested that the M2 helices of Kir2.1 do 

undergo conformational changes upon PIP2 binding and unbinding. 

In Kir channels, structural features other than the GYG sequence were also important for 

K+ selectivity. In most Kir channels, a salt bridge between conserved charged residues in 

adjacent subunits had been suggested to anchor and stabilize the K+ channel signature 

sequence (Yang et al., 1997; Kubo, 1996; Shieh et al., 1999; Dibb et al., 2003). Even 

changes within the K+ channel signature sequence could affect gating rather than 

selectivity (Asmole et al., 2001; Lu et al., 2001). There is accumulating evidence that the 

selectivity filter and the outer pore of Kir channels undergo conformational changes during 

gating (Chapener et al., 2000, 2002 and 2003; Lu et al., 2001; Choe et al., 1998; Guo & 

Kubo, 1998; Proks et al., 2003; Chan et al., 1996; Lu et al., 2001). 

Recently, in studies of two Kir channels, rat Kir3.1 and bacterial KirBac1.1 (Kuo et al., 

2003) a structure was postulated that phenylalanine at position 146 located within the pore-

facing M2 helices forms a barrier to ion permeation, similar to the ‘helix bundle crossing’ 

in KcsA or in Kir3.4, to control the pore aperture. However, gating of eukaryotic Kir 

channels (Kir2.1, Kir3 and Kir6) requires additional elements (Proks et al., 2003) such as 

ATP and Gβγ, (G protein subunits). 

 

1.3 The Kir2 family of inward-rectifier potassium channels 

 
Members of the K+ channel gene sub-family Kir2 encode pore-forming subunits of the 

strong inward rectifier K+ channels (Kir2).  

Kir2 channels are important in the modulation of cell excitability, repolarization of the 

action potential (AP), and determination of the cellular resting potential. Therefore, Kir2 

channels are considered key components in the control of neuronal excitability in brain, 

electrical activity in the heart, vascular tone, and glial buffering of K+ (Lopatin and 

Nichols, 1996; Isomoto et al., 1997). 
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To date, four Kir2 subunits have been identified (Kir2.1-Kir2.4) in a variety of tissues. 

Three of these subunits (Kir2.1-Kir2.3) are expressed in cardiac cells (Melnyk et al., 2002; 

Miake et al., 2003; Zobel et al., 2003), vascular smooth muscle cells (Zaritsky et al., 2000; 

Karkanis et al., 2003), and neurons (Neusch et al., 2003), whereas expression of Kir2.4 has 

been reported only in neuronal cells (Perier et al., 1994). 

Kir.2 channels mediate the inward rectifier current (IK1) in the heart (Lopes et al., 2002). 

IK1 is considered to contribute significantly to repolarization currents during the terminal 

phase of the AP and serves as the primary conductance controlling the resting membrane 

potential (RMP) in ventricular myocytes. Near the RMP, the IK1 conductance is the largest 

current in ventricular myocytes compared to any other conductance in the cells. It is thus 

likely that modulation of the IK1 current will have a significant effect on excitability. In 

addition to differences in current density, atrial and ventricular IK1 have differences in 

outward current profiles and in extracellular potassium [K+]out dependence. The whole-cell 

patch clamp technique was used to study the Kir2.x channel properties in heterologous 

expression systems. Kir2.1 and Kir2.2 heterotetrameric channels showed no outward 

current at potentials more positive than -30 mV . In contrast, outward current was still 

observed in homomeric Kir2.3 channels at more positive potentials than -30 mV 

(Dhamoon et al., 2004). 

Kir2 channels are important for cardiac function; the small efflux of K+ ions helps drive 

the cell’s resting potential towards EK, thereby reducing membrane excitability (Lopatin et 

al., 1994). Additionally, in the brain, mouse knockout studies have shown that the lack of 

Kir2.1 channels produced vasoconstriction in cerebral blood vessels (Lopatin and Nichols, 

1996).  

The Kir2.1 channel plays a major role in setting the RMP and modulating the AP 

waveform (Davies et al., 2005). Aberrant activity of Kir channels has been related to 

disorders and will be described in the following chapter. 

 

Mutations in Kir channels associated with disease conditions 

 

Dysfunctions of Kir channels have been related to a variety of endocrine diseases 

(persistent hyperinsulinaemic hypoglycaemia of infancy) (Thomas et al., 1995 and 1996), 

neurological disorders: for e.g., loss of Kir3 channels leads to hyperexcitability and 

seizures in the brain (Signorini et al., 1997), cardiac abnormalities (Wickman et al., 1998), 

hyperactivity and reduced anxiety (Blendnov et al., 2001). 
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Mutations in Kir1 channels have been implicated for Bartter syndrome (Derst et al., 1997) 

and mutations in Kir2.1 channels have been associated with Andersen-Tawil syndrome 

(Andersen et al., 1971) and will be described in more detail in the following chapters.  

 

1.4 Andersen-Tawil syndrome (ATS) 

 

ATS, first described in 1971 (Andersen et al., 1971), is a human ion channel disorder 

(channelopathy), characterized by periodic paralysis, cardiac arrhythmias and skeletal 

anomalies (Tawil et al., 1994). 

It has recently been determined that at least one form of ATS is caused by a mutation in a 

potassium ion channel. Since its original description of genetic defects in 2001, more than 

30 mutations have been identified in the KCNJ2 gene. However, it could be that other 

mutations in other proteins, which are yet to be identified, are responsible for ATS.  

Between 6-20 % of individuals with identified KCNJ2 mutations appear phenotypically 

normal (non-penetrant). 

Additionally, approximately 20 % of patients with ATS do not harbour KCNJ2 mutations 

(Tawil et al., 1994; Alagem et al., 2001; Plaster et al., 2001; Tristani-Firouzi et al., 2002; 

Donaldson et al., 2003; Yoon et al., 2006, Sansone and Tawil 2007). This suggests that the 

disease must be genetically heterogeneous or other factors, such as regulatory proteins, 

may alter Kir2.1 function. 

Patients with mutations associated with ATS exhibit periodic paralysis (hypokalaemic, 

hyperkalaemic or normokalaemic), and cardiac manifestations (long QT, ventricular 

arrhythmia, bigeminy, torsade de pointes).  

The dysmorphic features of Andersen’ patients range from subtle to severe, affecting 

craniofacial features (hypetelorism, micrognathia, low-set ears, broad-base nose and high 

arched of cleft palate) and the trunk and limbs (short stature, scoliosis, syndactyly, and 

clinodactily) (Andersen et al., 1971; Tawil et al., 1994; Sansone et al., 1997; Tristani-

Firouzi et al., 2002).  

Functional analysis of mutations associated with ATS confirmed the role of Kir2.1 in 

skeletal muscle and cardiac tissues.  
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1.4.1. Molecular genetics of ATS 

 

ATS is inherited in an autosomal dominant manner. Functional analyses have revealed that 

most of the KCNJ2 gene mutations cause loss of function and dominant negative 

suppression of the Kir2.1 channel, thereby abolishing or reducing the inward rectifier K+ 

channel current (IK1) (Sung et al., 2006). The skeletal muscle and cardiac symptoms are 

accounted for the most cases through a dominant negative effect of mutations on K+ 

channel current, resulting in prolonged depolarization of the AP. The dominant negative 

nature of ATS mutations (Guo and Lu, 2003) has been well-described, whereby 

heterologous expression of WT Kir2.1 with any number of mutant Kir2.1 subunits resulted 

in a loss of current (Tawil et al., 1994; Melnyk et al., 2002; Yoon et al., 2006).  

Multiple missense mutations in Kir2.1 have been identified in patients with ATS, affecting 

channel function. Many are believed to disrupt channel regulation by the PIP2 (Lopes et 

al., 2002; Donaldson et al., 2003). Others have been shown to alter gating (Chen et al., 

2002). 

 

In this study I characterized electrophysiologically mutations found in the KCNJ2 gene. 

These pathogenetic mutations occurred in patients with clinical features associated with 

Andersen-Tawil syndrome, such as cardiac arrhythmias, periodic paralysis and dysmorphic 

features. I investigated the biophysical properties of Kir2.1 mutations and tried to 

understand the mechanism behind their dysfunction linked to the disease. 

 

Some of the results have been reported at the Annual Meeting of the Biophysical Society 

(Long Beach, California, USA, 2005), EC Coupling Midterm Meeting (Ulm, 2005), 

Annual Congress of the German Physiological Society, (Göttingen, 2005; München, 2006). 

A manuscript to publish the findings is in preparation. 
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2 AIM OF THE STUDY 
 

Mutations in KCNJ2, which encodes the α-subunit of Kir2.1, an inwardly-rectifying 

potassium channel, have been identified as the genetic defects underlying the clinical 

phenotype of Andersen-Tawil syndrome (ATS) or rare cases of atrial fibrillation. ATS is an 

autosomal dominant disease characterized by ventricular arrhythmias, periodic paralysis 

and dysmorphic features. It occurs when the mutation causes a loss of channel function. 

The purpose of the present study was to investigate the biophysical properties of WT 

Kir2.1 and novel mutations in the KCNJ2 gene (D78G, R82W, V93I and G215R). 

Therefore I needed to perform the following experiments: 

1) The D78G mutation in Kir2.1 occurs in a highly conserved but functionally 

undetermined region within the N-terminus immediately adjacent to the M1 

segment. Additionally, crystallographic studies located this residue within the slide 

helix of the channel segment that has been suggested to play a role in the gating 

process. Therefore, I wanted to perform whole-cell patch clamp experiments in 

order to characterize this mutant channel. These experiments will answer the 

question, whether the homo- or heterogenous expression of this mutant channel can 

influence whole-cell current. 

2)  The substitution of tryptophan for arginine R82W is also located on the intracellular 

side of the channel in the cytoplasmic N-terminus. This region could be involved in 

the formation of a long and wide intracellular pore vestibule that protrudes into the 

cytoplasm (Lu et al., 1994). Mutations occurring in this N-terminal region may 

disrupt the correct insertion of the M1 segment into the membrane (Umigai et al., 

2003). Therefore I wanted to investigate whether the R82W mutant channel has a 

different ion permeation in the pore region compared to WT channels, and how 

extracellularly applied Ba2+, which is a blocker of the inward-rectifier channels 

(Alagem et al., 2001), blocks R82W mutant channels. 

3) The C-terminal domain is important for Kir2.1 channel assembly (Tinker et al., 

1996). The G215 mutation is located in this channel region. Therefore, I wanted to 

investigate the subcellular distribution of the G215R mutant Kir2.1 channels and 

compare it with published data on G215D mutant previously described by Hosaka 

et al. (2003). Therefore, I wanted to perform confocal laser microscopy 

experiments with tagged, fluorescent-labelled G215R mutant and WT Kir2.1 
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channels. Additionally, I wanted to investigate the electrophysiological 

consequences of G215 substitutions to arginine and aspartic acid. 

4) Individuals presenting with atrial tachycardia (AT) showed an amino acid 

substitution in the outer helix of the M1 segment of the Kir2.1 channel (V93I). This 

mutation occurs in a highly conserved sequence among Kir channels. Therefore, I 

wanted to see how this mutation changed channel function. 

This study provides new knowledge on the biophysical defects caused by Kir2.1 mutations 

occurring in ATS or AT  
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3 MATERIALS AND METHODS 

3.1 Molecular biology methods 

3.1.1 Solutions and chemicals for molecular biology methods 
 

All chemicals of quality „pro analysis“ were obtained from the following companies 

(Germany): Amersham Pharmacia (Braunschweig), Bio-Rad (München), Fluka Chemika 

(Neu-Ulm), Invitrogen (Karlsruhe), Life Technologies (Eggenstein), MBI Fermentas (St. 

Leon), Merck (Darmstadt), NewEngland BioLabs (Frankfurt), Qiagen (Hilden), PeqLab 

Biotechnology (Erlangen), Roche (Mannheim), Serva (Heidelberg), Sigma Aldrich 

(Deisenhofen), and Stratagene (Heidelberg). 

Solution sterilisation was performed by autoclaving the solutions for 20 min at 121oC, and 

a pressure of 1.2 bar, or by sterile filtration using minifilters from Millipore (Molsheim, 

France), with a pore diameter of 0.22 µm. 

 

Table 1. Solutions, chemicals and antibiotics used in the molecular biology methods 
 

Solution  Details/Preparation 
ampiciline stock solution 

kanamycin stock solution 

DNA standard ladder 

DNA ladder buffer 

dNTP-Mix 

 

EDTA stock solution 

 

ethidium bromide 

isopropanol/ potassium acetate solution 

 

potassium acetate 

potassium acetate/Acetic acid solution 

 

LB medium 

 

100 mg/ml; sterile filtrated 

100 mg/ml; sterile filtrated 

1 Kb-standard  

15 % ficoll, 0.1% bromphenolblue 

2.5 mM dATP, 2.5 mM dCTP, 2.5 mM 

dGTP, 2.5 mM dTTP, in H2O 

0.5 M ethylene diamine sodium tetraacetate 

(pH 8.0), in H2O 

10 mg/ml 

1 Vol. (5 M) potassium acetate, 2 Vol. H2O, 

22 Vol. isopropanol (88 %) 

5 M  

4 Vol. (5 M) potassium acetate, 1 Vol. 10 M 

acetic acid (57 %) 

1 % peptone, 0.5 % yeast extract, 1 % NaCl, 

in H2O, pH 7.5; autoclaved 
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LB Medium – Agar 

2YT medium 

 

Solution I 

Solution II 

STE solution 

TBE buffer 

TE buffer 

BmtI, NheI, XhoI 

LB medium with 2 % agar; autoclaved 

1.6 % peptone, 1 % yeast extract, 0.5 % 

NaCl, in H2O, pH 7.5; autoclaved 

50 mM glucose, 10 mM Tris, 1 mM EDTA 

0.2 N NaOH, 1 % SDS 

100 mM NaCl, 10 mM Tris, 1 mM EDTA 

89 mM Tris, 89 mM Boric acid, 2 mM EDTA

10 mM Tris, 1 mM EDTA, pH 7.5 

restriction enzymes 

 

3.1.2 DNA Clones 

 
The WT and mutants KCNJ2 were a kind gift of PD Dr. Karin Jurkat-Rott (Ulm 

University, Germany) who found four novel mutations (D78G, R82W, V93I and, G215R) 

and one already described mutation (G215D) in 132 individuals. In the following section I 

will shortly describe the clinical features of the patients from ATS family obtained by PD 

Dr. Karin Jurkat-Rott: 

Seven patients from 3 small ATS families and one family with periodic paralysis and atrial 

fibrillation (AF) underwent neurological and electrocardiogram (ECG) examination. One 

patient gave informed written consent to a quadriceps muscle biopsy. For comparison, three 

control muscle specimens were obtained from individuals who had undergone muscle biopsy 

for exclusion of malignant hyperthermia susceptibility. All affected genotyped individuals 

harboured pathogenic mutations. The carrier of the D78G mutation (male) had hypokalemic 

periodic paralysis (HypoPP) (onset at age 8), cardiac arrhythmias (onset at age 17), and 

dysmorphic features. Both individuals carrying R82W were males aged 74 and 34. While 

the older patient had frequent ventricular extrasystoles, often as bigeminy or couplets, 

permanent distal leg weakness, and scoliosis, the younger had hypertelorism, short stature 

and low-set ears, and showed with periodic hypokalemic weakness only in association with 

hyperthyroidism. Individuals carrying V93I mutation have not yet had an episode of AF. 

The male patient (69 years of age) had asymptomatic runs of atrial tachycardias (AT) in 

Holter ECGs. The P-wave in his ECG was slightly prolonged but there was no 

echocardiographic sign of structural alterations in the atria. The ECG of his daughter (40 

years of age) revealed no pathologies. The QTc-times of both patients were normal. 
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Carriers showed a short QT syndrome with a narrow and peaked T-wave, i.e. affecting 

ventricular repolarization. In this V93I family, QT-time and T-wave were normal. 

In a single ATS individual of 22 years of age a de novo G215D mutation was identified in 

the KCNJ2 gene. The individual (male) showed a short stature, ocular hypertelorism and 

clinodactily. Since the age of 3 years, he had experienced periodic attacks of generalized, 

proximally pronounced muscle weakness associated with hyperkalemia. Arrhythmias or 

long-QT was not observed in resting or Holter ECGs. Two female patients, (aged 38 and 

11) carried the G215R mutation with disease onset at age 9-10. Prominent in both patients 

were monthly occurring attacks of HypoPP lasting for days. Additionally, the older patient 

had permanent weakness and vacuolar myopathy. Dysmorphic features in both were ocular 

hypertelorism, hypotrophic mandible, low set ears and clinodactily. The older patient 

carrying the G215R mutation had an extremely severe ATS phenotype concerning the 

highly symptomatic ventricular arrhythmias (ventricular tachycardias leading to syncope) 

with characteristic ECG features, frequent paralytic episodes and dysmorphia.  

This study by PD Dr. Karin Jurkat-Rott was approved by the local ethics committee at Ulm 

University. Blood from patients was taken with their informed written consent. The 

products were cleaned using Qiagen PCR purification kits, and both strands were 

sequenced using a Big Dye Terminator sequencing kit (ABI Applied Biosystems, Foster 

City, CA). Any sequence variants identified were sought in other family members by direct 

DNA sequencing. Screening of 80 control samples was performed by direct DNA 

sequencing. DNA sequencing identified five heterozygous single nucleotide substitutions 

in KCNJ2: c.233A G (D78G), c.244C T (R82W), c.277G A (V93I), c.643G C 

(G215R) and c.644G C (G215D). Paternity testing was performed by genotyping using 

14 highly polymorphic fluorescent microsatellite markers on 10 different autosomes.  

 

The WT (GenBank Accession AF153819) and mutants KCNJ2 were cloned into a 

pcDNA3.1 (+) vector, the fluorescent labelled-tagged WT and G215R and were cloned 

into a pEGEP vector, respectively and were used in this form for transfection into 

mammalian COS-7 cells. 

 
3.1.3 The transformation procedure 

 

The DNA plasmids were introduced through transformation and amplified into E. coli. For 

transformation I used competent cells obtained through the CaCl2 method (Mandel and 
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Higa, 1970). Shortly, the competent cells were obtained as follows: One colony of XL 1-

Blue E. coli was grown over night in LB medium at 37oC and at 200 rpm. From this over 

night culture, 1/50 Vol. was recultured in LB medium at 37oC and shaken (200 rpm) until 

it reached an OD600 = 0.3 to 0.5. This bacterial culture was incubated on ice for 20 minutes, 

and then centrifuged at 3000 x g, 4oC. The pellet was resuspended in ice cold 0.1 M CaCl2 

(half of the volume in which the bacteria reached the OD600 of 0.3 to 0.5), incubated on ice 

for 30 minutes, and recentrifugated for 5 minutes (3000 x g, and 4oC). The pellet was 

resuspended in 1/10 of the initial volume of ice cold 0.1 M CaCl2, and the bacterial 

suspension was left at 4oC for 36 hours. After this incubation interval I obtained competent 

bacterial cells ready for transformation. 

For transformation I incubated approximate 100 ng of plasmid DNA together with the 

competent cells prepared as previously described (the volume of the transformed plasmid 

was never higher than 1/20 from the total volume) on ice for 1 hour. A heat shock of 45 sec 

at 42oC, in a water bath, allowed the plasmids to enter the bacterial cells. After 10 min of 

incubation on ice, 300 μl of LB or 2YT medium was added and, for a better efficiency of 

the transformation, the suspension was shaken (500 rpm) 1h, at 37oC. Finally, 100-300 μl 

of this suspension was plated on agar plates containing antibiotics, and incubated over 

night at 37oC. The single colonies obtained next day were used for plasmid DNA isolation 

and purification. 

3.1.4 Plasmid DNA isolation and purification 

For the plasmid DNA isolation and purification I used the miniprep-isolation without 

phenol extraction described by Feliciello et al. (1993). The single colonies obtained 

following the transformation, were shaken overnight at 37°C in 5 ml LB or 2YT medium 

(2YT medium was used when PCR DNA products where amplified). Cells were 

centrifuged 5 min at 1000 g or 2000 rpm at 4°C. The pellet was washed in 500 μl ice cold 

STE solution (Table 1) and the cells were resuspended. The probe was then centrifuged at 

6000 g for 1 min at 4°C. The pellet was resuspended in 125 μl ice cold Solution I (Table 

1), and vortexed. 250 μl fresh Solution II (Table 1) was added and the Eppendorf tubes 

were inverted 4-5 times. The resulting product was incubated 3-5 min on ice. 375 μl ice-

cold Potassium Acetate/Acetic acid solution (Table 1) was added, and the whole content 

agitated. The resulting product was incubated 5-10 min on ice and then centrifuged at 

12000 g for 5 min at 4°C. 700 μl were transferred in a new Eppendorf tube. The following 

procedures were performed at room temperature. For precipitation 350 μl isopropanol 
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(Table 1) was added and inverted 6-7 times. The probe was then centrifuged at 12000 g for 

5 min and the supernatant was removed. The solution left in the Eppendorf tubes was 

centrifuged for 30 sec and removed with a pipette. 125 μl TE together with 10 μg/ml 

Rnase (Table 1) were added to the pellet and incubated for 15 min at room temperature. 

The pellet was treated with 150 μl isopropanol/potassium acetate solution (Table 1), 

vortexed and after 10 min at room temperature incubation was centrifuged at 12000 g for 5 

min. The supernatant was immediately removed. The pellet was dried and dissolved in 50 

µl TE buffer. The plasmids were stored at –20°C or –80°C. 

3.2 Cell culture 

3.2.1 Solutions and chemicals 
 

All the solutions and chemicals (see Table 2) were bought from Invitrogen (Karlsruhe, 

Germany), and the cell culture materials were provided from Dow Corning (Seneffe, 

Belgium). 

 
Table 2. Solutions and chemicals used to culture the cells and prepare them for 

the electrophysiogical measurements. 
 

Solution Details/Preparation 
DMEM medium 

MEM medium 

FBS 

PBS 

 

Polylysine 

Sylgard 

Dulbecco’s modified Eagle’s medium  

Minimum Essential Medium  

Fetal bovine serum 

Phosphate buffered saline without calcium, magnesium, and 

sodium bicarbonate 

0.5 mg/ml  

Sylicon-Elastomer, heat polymerized 

 

3.2.2 Cell culture of COS-7 celline 

 

In my experiments I used COS-7 (African green monkey kidney) cells and their 

correspondent culture medium. The COS-7 cell line was purchased from the DSMZ 

(Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, 

Germany). Cells were maintained in culture medium Dulbecco’s modified Eagle’s medium 

with high glucose (DMEM with Earle’s salts, Cat. No. 41966-029, Invitrogen, Carlsbad, 
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CA) with 10 % heat-inactivated FBS (PAA Laboratories GmbH, Coelbe, Germany) and 

cultured at 37°C and 10 % CO2 in a humidified incubator (Kendro Laboratory Products 

GmbH, Hanau, Germany). The confluent cells (3-4 days old) were washed with PBS, 

trypsinized, resuspended in new medium, and splitted in new flasks, in a dilution of 1: 10 

or 1: 5. Cells were measured 48-72 hours after transfection. The measuring chambers 

consisted of Teflon rings (2 cm in diameter) glued with Sylgard (Table 2) to glass cover-

slips. Trypsinized transiently transfected COS-7 cells were plated on polylysine (Table 2) 

coated glass cover-slips 10 minutes before measurements. 

 

3.2.3 Transfection 

 

To test whether the mutant Kir2.1 channel subunits were able to form functional homo- or 

heteromultimeric channels I transfected each mutant in COS-7 cells alone or together with 

the WT Kir2.1. The pcDNA3.1(+) vector containing the entire coding sequence of WT or 

mutant Kir2.1 channels containing the coding sequence of WT Kir2.1, or mutant channels 

were co-transfected together with a GFP expressing construct into COS-7 cells using the 

FuGene6 transfection reagent (Roche Molecular Biochemicals, Germany). 

The COS-7 cells were plated on Petri dishes 1 day prior to transfection. The transfection 

was performed when cell density reached 50 - 70% confluency. Shortly the transfection 

was performed as follows: in one sterile tube with 94-97 µl culture medium without FBS 

were added 3-6 µl FuGene6 transfection reagent; after 5 minutes at room temperature, a 

mixture of 1 µg plasmid DNA containing the coding sequences of the channel (WT or 

mutant KCNJ2) and 0.5 µg pEGFP vector were added to the FuGene6 containing solution. 

After 15 minutes, the transfection mix was added directly to the cells whose culture 

medium was removed. After 2 minutes, the transfected cells were supplemented with FBS 

containing culture medium and kept in the incubator. The same transfection procedure was 

used for the confocal microscopy measurements. Two days after transfection sufficient 

protein was expressed for electrophysiological measurements and confocal microscopy 

measurements. Co-transfection was made with 0.5 µg of WT and 0.5 µg of mutant together 

with 0.5 µg of pEGFP DNA (BD Biosciences Clontech, Palo Alto, CA). 
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3.3 Electrophysiology 

3.3.1 Solutions and chemicals for electrophysiology 
 

All chemicals of quality, “pro analysis” were obtained from the following companies in 

Germany: Fluka Chemika GmbH, Neu-Ulm (HEPES), Carl-Roth Chemika GmbH+Co, 

Karlsruhe (CaCl2), Merck KGaA, Darmstadt (NaCl), Sigma Aldrich Chemie GmbH, 

Steinheim (EGTA and potassium aspartate) and Fluka Chemika GmbH, Buchs (KCl, ATP 

and MgCl2). 

Cells were measured in normal mammalian Ringer’s solution, low K+
out, containing (in 

mM): 160 NaCl, 4.5 KCl, 2 CaCl2, 1 MgCl2, and 10 HEPES, or high K+
out where NaCl was 

replaced by KCl (final [K+]out 164.5 mM). The pH was adjusted to 7.4 with NaOH or 

KOH, respectively, with an osmolarity of 290 to 320 mOsM. A simple syringe-driven 

perfusion system was used to exchange the bath solution in the recording chamber. The 

internal pipette solution contained in mM: 160 potassium aspartate, 2 MgCl2, 0.1 CaCl2, 

1.1 EGTA, 10 HEPES and 0.5 ATP. The pH was adjusted to 7.2 with KOH with an 

osmolarity of 290 to 320 mOsM. 

 

3.3.2 Electrophysiological recordings and data analysis  

 

All the experiments were carried out at room temperature (21–25oC) using the whole-cell 

recording mode of the patch-clamp technique (Hamill et al., 1981; Rauer and Grissmer, 

1996). Electrodes were pulled from glass capillaries (Science Products, Hofheim, 

Germany) in three stages and fire-polished to a resistance measured in the bath of 2.5 to 5 

MΩ. Membrane currents were recorded (48-72 h after transfection) with an EPC-9 patch-

clamp amplifier (HEKA elektronik, Lambrecht, Germany) connected to a Macintosh 

computer running Pulse/Pulse Fit Ver. 8.40 data acquisition and analysis software (HEKA 

elektronik, Lambrecht, Germany). All currents were filtered by a 2.9-kHz Bessel filter and 

recorded with a sampling frequency of 2.00 kHz. Capacitative and leakage currents were 

subtracted (unless otherwise mentioned), and series resistance compensation (80%) was 

used for currents exceeding 2 nA. Transfected and co-transfected cells (1 µg of WT 

KCNJ2 and/or 1 µg of mutant KCNJ2) were identified by GFP fluorescence using 

fluorescence microscopy on the stage of an inverted microscope AXIOVERT® 100 (Carl 

Zeiss Jena GmbH, Germany). Two days after transfection cells were measured in order to 

compare the expression of the mutant KCNJ2 channels compared with the WT channels. In 
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parallel the co-expression in a 1:1 ratio of the WT channels together with each mutant 

channel was investigated. For data analysis I considered measurements of a number of n 

cells from the same day expressing the WT channels alone, the respective mutant KCNJ2 

channels alone and their co-expression. Membrane currents were elicited by 200 ms pulses 

applied in 10 mV increments, every 5 s, to potentials ranging from -120 to +40 mV, from a 

holding potential of -60 mV for low [K+]out and 0 mV for high [K+]out, respectively. The 

peak currents were converted into corresponding conductance’s by dividing the peak 

current amplitude at -120 mV with the driving force for K+ (E - EK, with EK = -80 mV in 

4.5 mM [K+]out and with EK = 0 mV in 164.5 mM [K+]out, respectively).  

Data were given as mean ± S.E.M. (with n the number of observations). For 

electrophysiological experiments, the statistical analysis was performed using ANOVA 

and Student’s t-test, P < 0.05 was considered significantly different. Data analyses were 

performed using Igor Pro 3.1 (WaveMetrics, Lake Oswego, OR) and ORIGIN 6.0 software 

package (MicroCal Inc., Northampton, MA). 

 

3.4 Confocal microscopy experiments 

 

All experiments were recorded and analysed using the Radiance 2000 Confocal Scanning 

Microscope produced by Byroad Cell Science Division (Hemel Hempstead, UK) adapted 

to an Eclipse TE300 inverted microscope (Nikon Corporation, Tokyo, Japan). 

Furthermore, a Plane 60 x oil objective was used and fluorescence was excited with the 

488 nm wavelength of the Argon laser and emission was measured using a HQ530/60 

filter. 

 

3.5 Structural modelling 

 

Structural models of Kir2.1 were constructed by comparative modelling using 

DeepView/Swiss-PdbViewer v3.7 program (Guex, 1995-2001). I used the Data Bank 

accession codes: 1P7B (KirBac1.1) and 1UF (Kir2.1) as templates. 
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4 RESULTS 
 

In the first part of my results I attempted to characterize the biophysical properties of WT 

and novel mutations in the KCNJ2 gene (D78G, R82W, V93I and, G215R) associated with 

Andersen-Tawil syndrome and/or atrial fibrillation. Since the KCNJ2 gene encodes the 

inward-rectifier Kir2.1 potassium channel I investigated the electrophysiological function 

of these mutant channels and their influence on the WT Kir2.1 channel. I performed 

whole-cell patch-clamp experiments, measured inward currents in mammalian expression 

systems after transfection with only the WT or mutant Kir2.1 channels or in combination, 

and investigated the Ba2+ and K+ sensitivity of the mutant Kir2.1 channels. 

Additionally, I used a confocal laser microscope to investigate the subcellular distribution 

of the G215R mutant Kir2.1 channels. 

 
4.1 Overview of the biophysical characterization of novel Kir2.1 mutations associated 

with ATS 

 
In order to assess the functional expression of the novel mutations identified in the KCNJ2 

gene, I used the whole-cell mode of the patch-clamp technique. To characterize their 

electrophysiological properties I transiently transfected COS-7 cells with cDNA coding for 

WT or mutant (D78G, R82W, V93I and G215R) Kir2.1 channels (1 µg/ transfection) and 

compared the resulting current (Fig. 4). Current traces were elicited by 200 ms pulses 

ranging from -120 to +40 mV in 20 mV steps, repeated every 5 second, at a holding 

potential of -60 mV. 
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Fig. 4. Functional characterization of novel ATS-associated mutations in 

KCNJ2. Whole-cell currents measured in COS-7 cells transfected with only 
WT or D78G, R82W, V93I, or G215R mutant Kir2.1 channels. Cells were held 
at -60 mV holding potential and currents were elicited by stepping to various 
test potentials (see inset from -120 to +40 mV) for 200 ms duration in 20 mV 
steps, repeated every 5 seconds. 

 

WT Kir2.1 channels open at hyperpolarized potentials. Control currents through WT 

Kir2.1 channels are shown in Fig. 4 (column 1). Holding the membrane potential at -60 

mV I applied the first pulse at -120 mV and observed large inward current (Fig. 4, column 

1) of more then 500 pA amplitude. Pulsing to less negative potentials resulted in reduced 

inward currents with hardly any outward currents (< 50 pA). Therefore the transfection of 

WT Kir2.1 resulted in much larger inward than outward current, i.e. strong inward 

rectification consistent with Kir2.1 channel activity (Leonoudakis et al., 2004). Cells 

transfected with the D78G mutant Kir2.1 channels lack this inward K+ current (Fig. 4, 

column 2). Cells transfected with the R82W mutant Kir2.1 channels showed inward 

current with amplitudes of about 50-100 pA (Fig. 4, column 3) and outward current of 

about 100 pA. In addition, cells transfected with the V93I mutant Kir2.1 channels (Fig. 4, 

column 4) showed larger current amplitudes than those cells transfected with WT Kir2.1. 

Cells transfected with the G215R mutant Kir2.1 channels did not show any current (Fig. 4, 

column 5). 

My experiments demonstrated that homomeric channels of the D78G (Fig. 4, column 2) or 

G215R (Fig. 4, column 5) mutants did not show any current, whereas the R82W (Fig. 4, 

column 3) showed little and the V93I (Fig. 4, column 4) mutants did show large currents 

indicating the formation of functional homomeric channels. 
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As a followup of these initial experiments I wanted to answer the question whether the 

transfection of the mutant channels in combination with the WT channels can influence 

current through WT Kir2.1 channels. 

 

4.2 Co-transfection experiments with WT and D78G mutant Kir2.1 channels 

 

In electrophysiological measurements, the D78G mutant Kir2.1 transfected alone (Fig. 4, 

column 2) did not show any current. Therefore I wanted to test whether the D78G mutant 

Kir2.1 subunits were able to influence current through WT Kir2.1 channels and 

consequentially co-transfected cells with cDNA coding for WT and D78G mutant Kir2.1 

channels (Fig. 5). 

Current traces were elicited with the same protocol as described for Fig. 4 and inward 

currents were compared when cells were transfected with only the WT or D78G mutant 

Kir2.1 channels or in combination.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Functional characterization of D78G mutant Kir2.1 channels co-
expressed with WT Kir2.1 channels. A Whole-cell currents measured in 
COS-7 cells transfected with WT (left), WT+D78G mutant (middle), and D78G 
mutant alone (right). Cells were held at -60 mV holding potential and currents 
were elicited as described in legend to Fig. 4. B Peak currents from records 
shown in A and similar experiments were divided by the respective cell 
capacitance and the peak current density was plotted against the applied 
membrane potential. Values are mean ± S.E.M. (n= 2-6). S.E.M. is shown as 
bars when it exceeds the size of the symbol. 
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Current through WT Kir2.1 (Fig. 5 A, left) showed strong inward rectification, as already 

shown and described in Fig. 4 and no currents were observed in cells transfected with only 

D78G mutant Kir2.1 channels. Several independent co-transfection experiments (WT+ 

D78G) showed similar results. Peak currents from records shown in Fig. 5 A and similar 

experiments were divided by the respective cell capacitance and the obtained peak current 

density was plotted against the applied membrane potential (Fig. 5 B). At -120 mV the 

peak current density was -60±3.6 pA/pF for WT, -56.19±1.9 pA/pF for WT+ D78G and 

-0.14±0.12 pA/pF for the D78G mutant channels. Co-transfected cells (Fig. 5 A, middle 

and B filled circles) showed similar inward currents to those recorded in cells transfected 

with only WT Kir2.1 channels. This indicates the possibility of mutant subunits to co-

assemble with WT subunits and form heterotetrameric channels. 

 

In contrast to the D78G mutant, the R82W mutant Kir2.1 channels did show small inward 

currents when transfected alone (Fig. 4, column 3). Therefore I wanted to see how the 

transfection of R82W mutant channels in combination with WT channels will influence 

current through WT Kir2.1 channels. 

 

4.3 Properties of the R82W mutant Kir2.1 channels 

4.3.1 Co-transfection experiments of the R82W mutant Kir2.1 channels 

 

The transfection of the R82W mutant Kir2.1 channels alone resulted in little inward current 

as already shown and described in Fig. 4 (column 2). To test whether the transfection of 

the R82W mutant channels can influence current through WT Kir2.1 channels, I co-

transfected cells with cDNA coding for WT and for R82W mutant Kir2.1 channels (Fig. 

6). Current traces were elicited with the same protocol as described for Fig. 4 and inward 

currents were compared when cells were transfected with only WT or R82W mutant Kir2.1 

channels or in combination. Current through WT Kir2.1 channels (Fig. 6 A, left) showed 

strong inward rectification, as already shown and described in Fig. 4. The co-transfection 

of R82W mutant and WT Kir2.1 channels showed that the inward current was reduced 

only a little compared to homotetrameric WT Kir2.1 channels (Fig. 6 A, middle). 

Interestingly, when R82W mutant Kir2.1 channels are expressed alone the inward current 

is drastically reduced compared to the current through WT Kir2.1 channels (Fig. 6 A, 

right). 
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Fig. 6. Functional characterization of R82W mutant Kir2.1 channels co-
expressed with WT Kir2.1 channels. A Whole-cell currents measured in 
COS-7 cells transfected with WT (left), WT+R82W mutant (middle), and 
R82W mutant alone (right). Cells were held at -60 mV holding potential and 
currents were elicited as described in legend to Fig. 4. B Peak currents from 
records shown in A and similar experiments were divided by the respective cell 
capacitance and the peak current density was plotted against the applied 
membrane potential. Values are mean ± S.E.M. (n= 2-6). S.E.M. is shown as 
bars when it exceeds the size of the symbol. 
 

Several independent co-transfection experiments (WT+R82W) showed similar results. 

Peak currents from records shown in Fig. 6 A and similar experiments were divided by the 

respective cell capacitance and the obtained peak current density was plotted against the 

applied membrane potential (Fig. 6 B). At -120 mV the peak current density was -46.9±11 

pA/pF for WT, -42.8±3.12 pA/pF for WT+R82W and -0.62±0.09 pA/pF for R82W mutant 

channels. 

 

Current through inward-rectifier K+ current strongly depend on external potassium [K+]out. 

An increase in the [K+]out usually leads to an increased in inward current. Since the R82W 

mutant Kir2.1 channel did show a small current in 4.5 mM [K+]out the question was 

whether this current would increase in higher [K+]out. To answer this question I performed 

experiments with 164.5 mM [K+]out instead of 4.5 mM [K+]out. 
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4.3.2 Pharmacological characterization of the R82W mutant Kir2.1 channel 

 

Currents in cells transfected with R82W mutant Kir2.1 channels were measured in 4.5 and 

164.5 mM [K+]out and were compared with currents through WT Kir2.1 measured under the 

same conditions. Cells were held at -60 mV holding potential in 4.5 mM [K+]out (Fig. 7 A 

and D) and at 0 mV in 164.5 mM [K+] out (Fig. 7 B and E) and currents were elicited by 

stepping to various test potentials (from -120 to +40 mV) for 200 ms duration in 20 mV 

steps repeated every 5 seconds. Current through WT Kir2.1 showed strong inward 

rectification (Fig. 7 A), as already described and shown in Fig. 4, and increased in 164.5 

mM [K+]out as expected for inward-rectifier currents (Fig 7 B). Transfection of R82W 

mutant Kir2.1 channels resulted in small inward currents at low [K+]out (4.5 mM) (Fig. 7 

D). This small inward current through homomeric R82W mutant Kir2.1 channels increased 

with high [K+]out (164.5 mM) in a manner similar to current through homomeric WT 

Kir2.1 channels (Fig. 7 B and E). However, R82W mutant Kir2.1 channels showed a 

difference in the time course of inward current activation compared to WT channels (Fig. 7 

E). WT channels activated rapidly while R82W channels activated slowly. For example, 

current through R82W mutant channels took about 50 ms at -120 mV to reach peak inward 

current while current through WT Kir2.1 channels showed an instantaneous current 

activation. Peak currents from records shown in (A, B, D and E) and similar experiments 

were plotted against the applied membrane potential (Fig. 7 C and F). 
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Fig. 7. Effect of [K+] out on WT and R82W mutant Kir2.1 channels. Whole-cell 
currents measured in COS-7 cells after transfection with WT Kir2.1 and R82W 
mutant Kir2.1 channels. Cells were held at -60 mV holding potential in 4.5 mM 
[K+]out (A, D) and at 0 mV in 164.5 mM [K+] out (B, E), respectivel. Currents 
were elicited by stepping to various test potentials (from -120 to +40 mV, see 
insets) for 200 ms duration in 20 mV steps repeated every 5 seconds. C, F. Peak 
currents from records shown in (A, B, D, E) and similar experiments were 
plotted against the applied membrane potential. Values are mean ± S.E.M. (n= 
3-7). S.E.M. is shown as bars when it exceeds the size of the symbol. 

were elicited by stepping to various test potentials (from -120 to +40 mV, see 
insets) for 200 ms duration in 20 mV steps repeated every 5 seconds. C, F. Peak 
currents from records shown in (A, B, D, E) and similar experiments were 
plotted against the applied membrane potential. Values are mean ± S.E.M. (n= 
3-7). S.E.M. is shown as bars when it exceeds the size of the symbol. 

  
Changing [K+]out from 4.5 mM (Fig. 7 A) to 164.5 mM (Fig. 7 B) increased the inward 

current amplitude at -120 mV (Fig. 7 C ) by a factor of about 8 for current through WT 

Kir2.1 channels and by a similar factor for current through R82W mutant Kir2.1 channels 

(Fig. 7 F). Therefore the K+ dependence steady-state current through WT and R82W 

Kir2.1 channels was similar. In addition, the R82W mutant Kir2.1 channels showed a 

difference in time course of inward current activation compared to WT channels: WT 

channels activated rapidly while R82W channels activated slowly. 

Changing [K

External Ba2+ is known to block current through inward-rectifier Kir2.1 current (Alagem et 

al., 2001). Since R82W mutant Kir2.1 channels showed small inward current, I wanted to 

see whether this current could be blocked by external Ba2+. Moreover, this experiment 

should allow me to see whether the R82 amino acid substitution induced structural changes 

External Ba

+]out from 4.5 mM (Fig. 7 A) to 164.5 mM (Fig. 7 B) increased the inward 

current amplitude at -120 mV (Fig. 7 C ) by a factor of about 8 for current through WT 

Kir2.1 channels and by a similar factor for current through R82W mutant Kir2.1 channels 

(Fig. 7 F). Therefore the K+ dependence steady-state current through WT and R82W 

Kir2.1 channels was similar. In addition, the R82W mutant Kir2.1 channels showed a 

difference in time course of inward current activation compared to WT channels: WT 

channels activated rapidly while R82W channels activated slowly. 
2+ is known to block current through inward-rectifier Kir2.1 current (Alagem et 

al., 2001). Since R82W mutant Kir2.1 channels showed small inward current, I wanted to 

see whether this current could be blocked by external Ba2+. Moreover, this experiment 

should allow me to see whether the R82 amino acid substitution induced structural changes 
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in the channel protein on the outside of the channel and therefore whether the binding site 

was changed for mutant compared toWT Kir2.1 channels. 

 

4.3.3 Effect of external Ba2+ application on WT and R82W mutant Kir2.1 channels 

 
Kir channels show a high sensitivity to external application of Ba2+ in different cell types 

(Alagem et al., 2001). Therefore I wanted to know whether the R82W mutation in the 

Kir2.1 channel changed the sensitivity to Ba2+. To answer this question, I first measured 

the effect of different external [Ba2+]out in cells transfected with WT (Fig. 8). Inward 

currents were measured in high [K+]out (164.5 mM, control) plus different Ba2+ 

concentrations. Current traces were elicited with the same protocol as already described in 

Fig. 7.  

 

 

 

 

 

 

 

 
 
Fig. 8. Effect of external Ba2+ on current through WT Kir2.1 channels. Inward 

currents were measured in 164.5 mM [K+]out under control conditions (left) and 
after addition of 100 µM (middle) and 500 µM Ba2+ (right). Cells were held at 
a holding potential of 0 mV and currents were elicited as described in legend to 
Fig. 4. 

 

Control inward currents through WT Kir2.1 channels increased nearly linear with 

hyperpolarization at potentials more negative than 0 mV (Fig. 8, left). At -120 mV the 

current amplitude of the WT channel was about 2 nA. In the presence of 100 µM Ba2+ (Fig. 

8, middle) an initial inward current of about 1 nA (at -120 mV) could be observed at the 

beginning of the pulse. This initial current declined to about 100 pA (at -120 mV) at the 

end of the 200 ms pulse. A more pronounced current decline could be observed in the 

presence of 500 µM Ba2+ (Fig. 8, left) indicating that Ba2+ produced a time-dependent 

block on the WT Kir2.1 channels (Fig. 8, middle and left). The time constants of the WT 

Kir2.1 current decay obtained using a single exponential function (see Fig. 9) were 
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logarithmically plotted versus voltage. This graph shows that the time dependency of the 

Ba2+ block of WT Kir2.1 channels is voltage-dependent, i. e. the more depolarized the 

membrane potential, the slower is the Ba2+ -block.  
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Fig. 9. Voltage dependence of blocking time constants. The time constants of the 

WT Kir2.1 current decay were obtained using a single exponential decaying 
equation:  

I = I0 exp (–t/τblock) + C 
 
where, I0 is the current amplitude at time zero, τblock is the blocking time 
constant and C is the steady-state current. The blocking time constants induced 
by 100, 250, 500 and 1000 µM Ba2+ were obtained from records similar to 
those shown in Fig. 8 and were plotted against the membrane potential. Data 
points are mean ± S.E.M. (n=3). S.E.M. is shown as bars when it exceeds the 
size of the symbol. The line represents a linear fit assuming that the Ba2+-block 
time constants depend exponentially on the membrane potential. The slope of 
the line for each Ba2+ concentration is identical (34±1 mV). 

 

I analyzed in more detail this voltage-dependence of the time course of the [Ba2+]out block 

of WT Kir2.1 channels. The Ba2+ blocking time constants for the WT channels increased 

exponentially with depolarization (e-fold per 34±1 mV of depolarization). These 

observations are in agreement with the published data of Alagem et al. (2001). They 

showed that the Kir2.1 channel expressed in oocytes shows highly voltage dependent Ba2+ 

block where the ion binds approximately half-way within the membrane electrical field 

(33.9±1 mV). 

 

In addition to the quantification of the time course of the Ba2+ block I also wanted to 

quantify the effect of Ba2+ on the steady-state currents through WT Kir2.1 channels. To do 

so the steady-state currents at the end of the hyperpolarizing pulse (shown in Fig. 8) were 
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divided by the respective cell capacitance and steady-state current density was plotted 

against the applied membrane potential. (Fig. 10). 
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Fig. 10. Ba2+ concentration dependence of the steady-state block of WT Kir2.1. 
The steady-state currents from records shown in Fig. 8 and similar experiments 
were divided by the respective cell capacitance and steady-state current density 
was plotted against the applied membrane potential. Values are mean ± S.E.M. 
(n=3). S.E.M. is shown as bars when it exceeds the size of the symbol. 

 

Inward currents measured through cells transfected with WT Kir2.1 channels were blocked 

by 100, 250, 500 and 1000 µM Ba2+. Fig. 10 shows that the WT Kir2.1 channel was 

blocked by Ba2+ in a dose- and voltage-dependent manner. The block of the inward current 

by 100 µM Ba2+ increased at more negative potentials. For example, at 100 µM Ba2+ the 

channel was almost completely blocked at -120 mV whereas, at -60 mV only half of the 

current was blocked. 

I quantified in more detail in this voltage-dependent Ba2+ block of the steady-state current 

through WT channels (Fig. 12). 

Due to the different time course of activation in the WT compared to R82W mutant 

channels I assumed that Ba2+ block in R82W channels to be different compared to WT 

channels. To quantify this difference I measured currents through cells transfected with 

R82W mutant Kir2.1 and investigated the Ba2+ block on these channels. Current traces 

were elicited with the same protocol as already described in Fig. 7. 

Control inward currents through R82W mutant Kir2.1 channels increased at potentials 

more negative than 0 mV (Fig. 11, left) but showed no current decline over time compared 

with the WT Kir2.1 channels. Inward currents through R82W mutant Kir2.1 channels were 

blocked by 100 (Fig. 11, middle) and 200 µM [Ba2+] (Fig. 11, right).  
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Fig. 11. Effect of [Ba2+]out on the steady-state current of R82W mutant Kir2.1 

channels. Inward currents measured in 164.5 mM [K+]out under control 
conditions (left) and after addition of 100 µM (middle) and 200 µM Ba2+ 

concentrations (right). Cells were held at 0 mV holding potential and currents 
were elicited as described in legend to Fig. 4. 

 

Inward currents measured through cells transfected with R82W mutant Kir2.1 channels 

(Fig. 11) were blocked by Ba2+ in a dose-dependent manner. However, the R82W mutant 

Kir2.1 channels did not show a current decline over time, therefore, I concluded that Ba2+ 

did not produce a time-dependent block on the R82W mutant Kir2.1 channels (Fig. 11, 

middle and left). 

  

To find out whether Ba2+ can block current through R82W mutant Kir2.1 channels in a 

voltage-dependent manner, I analyzed and quantified the steady-state currents obtained in 

the presence and absence of Ba2+ (Fig. 12).  

Typical steady-state currents, in 164.5 mM K+ solution (Fig. 12 A and B control) and K+ 

solution with 100 and 500 µM [Ba2+]out for WT Kir2.1 (Fig. 12 A) and 100 and 200 µM 

[Ba2+]out for R82W mutant Kir2.1 (Fig. 12 B) at the end of a 200 ms voltage step (shown in 

Fig. 8, middle and left, and in Fig. 11, middle and left), were divided by the respective cell 

capacitance and steady-state current densities were plotted against the applied membrane 

potential (Fig. 12 A and B). The steady-state current density obtained in the presence of 

external 100 µM [Ba2+]out in WT (Fig. 12 A) and R82W Kir2.1 (Fig. 12 B) was divided by 

the steady-state current density obtained in the absence of Ba2+ (control) and the ratio was 

plotted against the membrane potential (Fig. 12 C). The smooth curves represent fits of a 

Boltzmann equation to the data as described in the legend to Fig. 12. 
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Fig. 12. Voltage dependence [Ba2+] out to block steady-state current through WT 

and R82W mutant Kir2.1 channels. A, B Steady-state currents from records 
shown in Fig. 8 and Fig. 10 were divided by the respective cell capacitance and 
steady-state current density was plotted against the applied membrane 
potential. C The steady-state current density from A and B obtained in the 
presence of external 100 µM Ba2+ (filled triangles for WT and empty triangles 
for mutant) was divided by the steady-state current density obtained in the 
absence of Ba2+ (filled squares for WT and empty squares for mutant) and 
plotted against the membrane potential. The smooth curves represent a 
Boltzmann equation fitted to the data:  

I 100 µM Ba
2+/I control= 1/{1+exp ((Eh- E)/k)}, 

 
where, Eh is the voltage at which half the channels are blocked and k the 
steepness of the block (mV per e-fold change). The fit parameters for the 100 
µM Ba2+ block were, for the WT Kir2.1 (filled triangles): Eh = -84 ± 1 mV and 
k = 20 ± 1 mV; for the R82W mutant Kir2.1 (empty triangles): Eh=-42 ± 10 
mV and k = 135 ± 30 mV, respectively. Values are mean from n=3. 
 

The fit parameters indicated for the WT Kir2.1 that Ba2+ can move more than half-way (60 

%) into the electric field from the outside (the partial electrical distance of the Ba2+ binding 

site across the membrane from the outside, δ= 0.62) and that for R82W mutant Kir2.1 

channels Ba2+ can move only about 10 % into the electric field from the outside. The 

experiments performed with extracellularly applied Ba2+ demonstrated that although the 

R82 residue is located on the intracellular side of the channel, the R82W mutation leads to 

structural changes on the outside of the channel. 
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The R82W mutant Kir2.1 formed functional homomeric channels with small current 

amplitude, whereas functional homomeric V93I mutant channels resulted in significantly 

larger inward currents compared to WT Kir2.1 channels. Moreover, R82W mutant subunits 

were able to form heteromeric channels with WT Kir2.1 channel subunits. I also wanted to 

investigate the influence of V93I mutant channels on current through WT Kir2.1 channels.  

 

4.4 Co-transfection experiments with WT and V93I mutant Kir2.1 channels 

 

To test whether V93I mutant Kir2.1 subunits were able to form functional 

heteromultimeric channels, I co-transfected COS-7 cells with cDNA coding for WT and 

for V93I mutant Kir2.1 channels (Fig. 13). Current traces were elicited with the same 

protocol described for Fig. 4. Current through WT Kir2.1 (Fig. 13 A, left) showed strong 

inward rectification, as already shown and described in Fig. 4. Cells transfected with the 

V93I mutant Kir2.1 showed significantly larger current amplitudes than those transfected 

with WT Kir2.1 channels (Fig. 4, column 4 and Fig. 13, right). At -120 mV the peak 

current density was -34.7±2.2 pA/pF for WT, -48.4±7 pA/pF for WT+V93I and -57.5±7.7 

pA/pF for V93I mutant.  

Co-transfected cells (Fig. 13 A, middle and B filled circles) showed larger inward currents 

compared to those recorded in cells transfected with only WT Kir2.1 channels. This 

indicates the possibility of mutant subunits to co-assemble with WT subunits and form 

heterotetrameric channels. 
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Fig. 13. Functional consequences of V93I mutation in Kir2.1 channels. A Whole-

cell currents measured in COS-7 cells transfected with WT and V93I mutant 
Kir2.1. Cells were held at -60 mV holding potential and currents were elicited 
as described in legend to Fig. 4. B Peak currents from records shown in A and 
similar experiments were divided by the respective cell capacitance and the 
peak current density was plotted against the applied membrane potential. 
Values are mean ± S.E.M. (n= 4-6). S.E.M. is shown as bars when it exceeds 
the size of the symbol. 

 

Co-transfection of V93I mutant with WT Kir2.1 channels yielded a gain of current 

compared to WT Kir2.1 channels expressed alone. 

The V93I mutation of Kir2.1 substitutes a highly conserved region located in the outer 

helix of M1 segment in the Kir2.1 channel (Xia et al., 2005). Another highly conserved 

region among the Kir2 sub-family channels is located in the cytoplasmic C-terminus 

including amino acid position 215. This position has been described as being part of the 

PIP2 binding site in Kir channels. Since PIP2 regulates Kir channel function, any amino 

acid substitution occurring here could induce important changes in the biophysical 

properties of the channel. Therefore I analyzed the G215R mutant Kir2.1 and compared it 

with other amino acid substitutions at the same position (Hosaka et al., 2003). 
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4.5 Biophysical characterization of the G215 substitution in WT Kir2.1 channels 

 

In the KCNJ2 gene at the position G215 another amino acid substitution has been 

previously reported to be associated with ATS, the G215D (Hosaka et al., 2003). Since in 

my present study both amino acids substitutions (G215R/D) were found in patients with 

clinical phenotypes associated with Andersen-Tawil syndrome (ATS), I investigated both 

mutants. To characterize their electrophysiological properties I compared currents in 

transiently transfected COS-7 cells with cDNA coding for G215R (Fig. 14, middle) or 

G215D (Fig. 14, right) mutant Kir2.1 channels. Current traces were elicited with the same 

protocol described for Fig. 4 and inward currents were compared when cells were 

transfected with only WT Kir2.1 channels.  
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Fig. 14. Functional consequences of ATS-associated G215 mutations in Kir2.1 
channels. Whole-cell currents measured in COS-7 cells transfected with WT 
(left), G215R (middle), and G215D mutant Kir2.1 (right). Cells were held at 
-60 mV holding potential and currents were elicited as described in legend to 
Fig. 4. 

 

Current through WT Kir2.1 (Fig. 13 A, left) showed strong inward rectification, as already 

shown and described in Fig. 4 and no currents were observed in cells transfected with only 

G215R or G215D mutant Kir2.1 channels. The lack of current of the G215D mutant Kir2.1 

channels confirmed the published data of Hosaka et al. (2003), who showed also no current 

when transfected the G215D in COS-7 cells alone. 

Both mutations in Kir2.1 channels at this position, G215R/D, lead to non-functional 

channels. In the following I wanted to investigate the influence of these mutant channels 

on the WT Kir2.1 current. 
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4.5.2 Co-expression of WT with G215D mutant Kir2.1 channels 

 

In whole-cell patch-clamp experiments the G215D mutant Kir2.1 as already shown and 

described (Fig. 14 A, right) resulted in lack of current. Therefore I wanted to see whether 

co-transfection of this mutant with WT Kir2.1 channels can influence WT channel 

properties. 

To test whether G215D mutant Kir2.1 subunits were able to change the current through 

WT channels, I co-transfected COS-7 cells with cDNA coding for WT and for G215D 

mutant Kir2.1 (Fig. 15). Current traces were elicited with the same protocol described for 

Fig. 4 and inward currents were compared to cells which were transfected with only WT 

Kir2.1 channels. 

Current through WT Kir2.1 (Fig. 15 A, left) showed strong inward rectification, as already 

shown and described in Fig. 4 and no currents were observed in cells transfected with only 

G215D mutant Kir2.1 channels (Fig. 15 A, right). More than half of the WT Kir2.1 current 

is lost by the co-transfection with G215D mutant Kir2.1 (Fig. 15 A, middle). 

Several independent co-transfection experiments (WT+ G215D) showed similar results. 

Peak currents from records shown in Fig. 15 A and similar experiments were divided by 

the respective cell capacitance and the obtained peak current density was plotted against 

the applied membrane potential (Fig. 15 B). At -120 mV the peak current density was 

-39.8±2.4 pA/pF for WT, -10.4±3 pA/pF for WT+ G215D and -0.33±0.1 pA/pF for G215D 

mutant channels. This loss of current by co-transfection can be best visualized in Fig. 15 B. 

For electrophysiological experiments, the statistical analysis was performed using one-way 

ANOVA and Student’s unpaired t-test with P<0.05 and P<0.01, respectively considered 

significantly. Inward current densities in the cells co-transfected with WT (0.5 µg) plus 

G215D mutant Kir2.1 (0.5 µg) at -120 mV were significantly lower than those in cells 

transfected with WT Kir2.1 (1 µg). The density values of current from 3 independent co-

transfection experiments were significantly different (P<0.006) by one-way ANOVA. 
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Fig. 15. Functional characterization of the G215D mutation when co-transfected 

with the WT Kir2.1 channels. A Whole-cell currents measured in COS-7 
cells transfected with WT (left), WT+ G215D mutant (middle), and G215D 
mutant alone (right). Cells were held at -60 mV holding potential and currents 
were elicited as described in legend to Fig. 4. B Peak currents from records 
shown in A and similar experiments were divided by the respective cell 
capacitance and the peak current density was plotted against the applied 
membrane potential. Values are mean ± S.E.M. (n= 4-6). S.E.M. is shown as 
bars when it exceeds the size of the symbol. 

 

Co-transfected cells (Fig. 15 A, middle and B filled circles) showed less inward currents 

compared to those recorded in cells transfected with only WT Kir2.1 channels, indicating 

the possibility of mutant subunits to co-assemble with WT subunits and form non-

functional channels. The co-transfection of WT with G215D mutant Kir2.1 channels 

confirmed and expanded the observations made by Hosaka et al. (2003). 

Since G215D mutants showed the possibility to form heterotetrameric channels in 

combination with WT, it was interesting to investigate the biophysical properties of 

another mutation occurring at the same position in Kir2.1 channel (G215R). As already 

shown and described in Fig. 14, both G215 mutations showed loss of channel function. 
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4.5.3 Co-expression of WT with G215R mutant Kir2.1 channels 

 

The G215R mutant Kir2.1 as already shown and described in Fig. 4 and Fig. 14 lacked 

inward current when transfected alone (Fig. 14 A, middle). Therefore I wanted to see 

whether co-transfection of this mutant with the WT Kir2.1 changed the expression of WT 

channels. 

To test whether the G215R mutant Kir2.1 subunits were able to form functional 

heteromultimeric channels, I co-transfected COS-7 cells with cDNA coding for WT and 

for G215R mutant Kir2.1 channels (Fig. 16). Current traces were elicited with the same 

protocol described for Fig. 4 and inward currents were compared when cells were 

transfected with only WT Kir2.1 channels. Current through WT Kir2.1 (Fig. 16 A, left) 

showed strong inward rectification, as already shown and described in Fig. 4 and no 

currents were observed in cells transfected with only G215R mutant Kir2.1 channels (Fig. 

16, A right). 
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Fig. 16. Functional characterization of the G215R mutation when co-transfected 

with WT Kir2.1 channels. A Whole-cell currents measured in COS-7 cells 
transfected with WT (left), WT plus G215R mutant (middle), and G215R 
mutant alone (right). Cells were held at -60 mV holding potential and currents 
were elicited as described in legend to Fig. 4. B Peak currents from records 
shown in A and similar experiments were divided by the respective cell 
capacitance and the peak current density was plotted against the applied 
membrane potential. Values are mean ± S.E.M. (n= 3-6). S.E.M. is shown as 
bars when it exceeds the size of the symbol. 
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Heterotetrameric channels of WT + G215R mutant Kir2.1 channels (Fig. 16 A, middle) 

showed an inward current amplitude less than half the size of the current amplitude of the 

WT Kir2.1 current. At -120 mV the peak current density was -33.7±7.7 pA/pF for WT, 

-9.2±1.8 pA/pF for WT+ G215R and -0.4±0.9 pA/pF for G215R mutant. This loss of 

current by co-transfection can be best visualized in Fig. 16 B. For electrophysiological 

experiments, the statistical analysis was performed using one-way ANOVA and Student’s 

unpaired t-test with P<0.05 and P<0.01, respectively considered significantly. Inward 

current densities in cells co-transfected with WT (0.5 µg) plus G215D mutant Kir2.1 (0.5 

µg) at -120 mV were significantly lower than those in the cells transfected with WT Kir2.1 

(1 µg). The density values of current from 3 independent co-transfection experiments were 

significantly different (P<0.002) by one-way ANOVA. 

The co-expression of WT with G215R mutant Kir2.1 channels further expanded the 

observations made by Hosaka et al. (2003) concerning the substitution occurring at the 

same position in the KCNJ2 gene.  

Mutations at G215 position lacked inward current when expressed alone and formed non-

functional heterotetrameric channels in combination with WT. An alternative explanation 

for the current loss by the co-transfection could be the mutant might alter the trafficking of 

the channel to the cell membrane, or alter the channel assembly. To investigate the 

subcellular distribution of G215R mutant Kir2.1 channels, I performed confocal laser 

microscopy experiments. 

 

4.5.4 Subcellular localization of WT and G215R mutant Kir2.1 channels 

 

The functional consequence of most Kir mutations is a disruption of subunit folding and 

changed trafficking of the channel to the cell surface membrane (Furutani et al., 1999; 

Delisle et al., 2004; Gong et al., 2005) 

G215R mutant Kir2.1 channels showed no current in whole-cell experiments. This 

situation is consistent with a loss of channel function which could result from alteration of 

ion permeation through the channel or from the channel’s inability to reach the cell 

surface. To distinguish between these two possibilities, I performed confocal laser 

microscopy experiments to investigate the subcellular distribution of G215R mutant Kir2.1 

channels. Therefore, I transfected COS-7 cells with tagged, fluorescent-labelled WT (WTt) 

and/or with tagged G215R mutant (G215Rt) Kir2.1 channels, respectively. 
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Tagging with fluorescent protein did not affect WT Kir2.1 channel function, because a 

similar current conductance to untagged WT Kir2.1 channels was consistently observed in 

cells transfected with WTt Kir2.1 (Fig. 17, in black). Additionally, I observed no current in 

cells transfected with G215Rt mutant Kir2.1 channels (Fig. 17, in red) which is consistent 

with the previous experiments where I transfected cells with untagged G215R mutant 

Kir2.1 channels (Fig. 4 column 5, Fig. 14 middle, and Fig. 16 A, right). 
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Fig. 17. Whole-cell currents in COS-7 cells transfected with tagged, fluorescent-
labelled WTt and tagged G215Rt. Cells were held at -60 mV holding potential 
and currents were elicited as shown and described in legend for Fig. 4. Current 
traces were corrected for non-specific currents by using the steady-state current 
at the end of the pulse at -80 mV to subtract from each current trace. 

 
 

To investigate the subcellular localization of G215R mutant Kir2.1 channels I performed 

the following confocal laser microscopy experiments: 

First, I assessed the subcellular distribution of WT Kir2.1 channels in COS-7 cells, by 

expressing WTt Kir2.1 alone (Fig. 18 upper left). In these experiments I observed 

predominantly staining of the cell membrane. 

Second, I transfected G215Rt mutant Kir2.1 channels alone (Fig. 18 upper right) and 

observed also clear membrane staining. 

Third, to see whether co-transfection of WT with G215R mutant Kir2.1 channels 

influenced the protein localization to the plasma membrane, I co-transfected WTt Kir2.1 

with the untagged G215R mutant Kir2.1 (Fig. 18 lower left) and then, the G215Rt Kir2.1 

with the untagged WT Kir2.1 (Fig. 18 lower right). 
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Fig. 18. Subcellular localization of WT and G215R mutant Kir2.1 channels in 

COS-7 cells. Confocal microscopic images of cells transfected with WTt 
Kir2.1 alone (upper left), G215Rt mutant Kir2.1 alone (upper right), WTt 
Kir2.1 + untagged G215R mutant Kir2.1 (lower left), and G215Rt mutant 
Kir2.1 + untagged WT Kir2.1 (lower right). 

 

Transfected cells showed a clear membrane localization of WT and G215R channels.  

In co-transfection experiments WT and G215R mutant Kir2.1 channels showed a similar 

plasma membrane staining in comparison to WT or G215R mutant Kir2.1 were transfected 

alone. In this procedure, 53 of 60 cells transfected with WTt Kir2.1 exhibited enhanced 

fluorescence signals in the plasma membrane and 34 of 50 cells transfected with the 

G215Rt mutant Kir2.1 showed a similar fluorescence pattern indicating that the majority of 

the mutant Kir2.1 channels were expressed in the plasma membrane. A series of 

fluorescence confocal images revealed that each WTt and G215Rt mutant Kir2.1 channels 

when co-transfected were distributed similarly in the cell membrane.  

The data clearly showed that the G215R mutant Kir2.1 did not induce trafficking problems 

when transfected alone or in combination with the WT Kir2.1.  

 

 
As a final overview of the biophysical characterization of the KCNJ2 mutations, I show in 

Fig. 19 the specific whole-cell conductances of cells transfected with these mutations in 

combination with the WT. 

 

 41



 

G21
5R

G21
5D

D78
G

R82
W

V93
I

0.0

0.4

0.8

1.2

1.6

2.0

 
N

or
m

ai
liz

ed
 c

on
du

ct
an

ce
 in

 4
.5

 m
M

 [K
+ ] ou

t (
nS

/p
F)

WT+

 
 
 
 
 
 
 
 
 
 
Fig. 19. Comparison of the co-expression of mutant Kir2.1 in 4.5 mM [K+]out. 

Each column bar represents the normalized conductance of co-expressed 
subunits (WT + mutant). Normalization was done by dividing the observed co-
expression conductance with the conductance of the WT alone. Values are 
mean ± S.E.M. (n= 2-6). 

 

In order to calculate the percentage of current change in heterotetrameric channels 

compared to homotetrameric WT channels, the WT expression was considered to be 1. 

Then each co-transfection was normalized to the respective WT expression. 

My results indicate that co-expression of both G215 substitutions with WT channels 

resulted in current loss of more than 50% compared with the WT channel expression alone. 

The D78G and R82W mutants formed heterotetrameric channels in combination with the 

WT channel with similar current amplitude to the homotetrameric WT channel. The V93I 

mutant resulted in a gain of channel function when expressed alone and formed 

heterotetrameric channels in combination with the WT with larger current then the 

homotetrameric WT channels. 

 

My data showed that the decrease (loss of function) or increase (gain of function) in Kir2.1 

could account for the heart problems in ATS and AF patients. Additionally, a loss of 

Kir2.1 channel function will result in instability of the membrane potential in the 

respective cells thereby leading to depolarization. This will further inactivate sodium 

channels and reduce or even prevent the generation of action potentials shown to be 

responsible for hypokalemic periodic paralysis (Jurkat-Rott et al., 2000; Ruff and Cannon, 

2000).  

In contrary, the gain of function mutations will result in more functional K+ channels in the 

respective cells and thereby stabilize the membrane potential. In the clinical 

characterization of Andersen-Tawil syndrome, patients suffer of arrhythmias and not a 

single case was reported as presenting with atrial fibrillation. Moreover, Andersen’ patients 

have diverse dysmorphic features whose cause is still unknown. Individuals suffering from 
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a rare case of atrial fibrillation do not have any characteristic dysmorphic features of ATS 

and, they have always only short QT interval, which is not characteristic for ATS. 

There are still open questions for the implication of the KCNJ2 gene in different heart 

dysfunctions and for implications of the Kir2.1 channel encoded by this gene, in 

dysmorphic features of ATS. 
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5 DISCUSSION 
 

The purpose of this study was to characterize electrophysiologically mutations found in the 

KCNJ2 gene. This gene encodes the Kir2.1 channel and mutations in this gene have been 

associated with Andersen-Tawil syndrome (ATS) and/or atrial fibrillation (AF) 

susceptibility. The patients harboured pathogenetic mutations in KCNJ2 gene with four 

novel mutations (D78G, R82W, V93I and G215R) and one previously reported mutation 

(G215D). 

As an overview of the regions where these mutations are occurring in the Kir2.1 channel I 

highlighted their localization in the X-ray crystallographic structure of the prokaryotic 

inward-rectifier K+ channel KirBac1.1 (Fig. 20). 
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Fig. 20. Sequence alignment and structure of KirBac1.1. A. Sequence alignment 
of Kir2.1 and KirBac1.1. Mutations related to ATS and/or AF are in bold; the 
selectivity filter residues GYG are highlighted in red and the residue T142 
involved in the Ba2+ binding site in cyan. B. Homology model of Kir2.1 
subunit based on the sequence alignment above. X-ray crystallographic 
structure (side view) of KirBac1.1 inward-rectifier K+ channel subunit (PDB 
number: 1P7B), with residues highlighted in orange (D78G), green (R82W), 
red (V93I), magenta (G215D/R) and cyan (T142). Represented in blue are K+ 
ions in the selectivity filter. 
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To characterize electrophysiologically the function of these KCNJ2 mutations I performed 

the whole-cell recording mode of the patch-clamp technique on COS-7 cells. My 

experiments demonstrated that homomeric channels of the D78G, G215D or G215R 

mutants did not show any current, whereas the R82W showed little and the V93I mutants 

did show large currents indicating the formation of functional homomeric channels.  

The R82 substitution at the cytoplasmic part of the channel led to structural changes of the 

outside of the channel, an argument raised by the modified effect of extracellularly applied 

Ba2+ on R82W mutant channels compared to WT channels. This situation was not expected 

because the Ba2+ binding site is located extracellularly and far away from the R82 residue. 

My data showed that the G215R mutant inhibited the WT channel function by co-

assembling with WT subunits, and not by inducing a reduced membrane localization of the 

channels since the expression of homo- (G215R mutant) and heteromeric (WT + G215R) 

channels at the membrane were comparable to that of homomeric WT channels. 

As a follow-up of this short overview of the above mentioned KCNJ2 mutations I will 

discuss each of them in more details. 

 

5.1 The D78G mutation 

 

Transfection of the D78G mutant Kir2.1 resulted in no current. Co-transfection of cDNA 

coding for the D78G mutant and WT channel resulted in unchanged current-voltage 

relationships compared to homomeric WT Kir2.1 channels. This strongly suggested that 

the D78G mutant is able to form heterotetrameric channels with the WT. 

The fact that the current is larger in the co-expression compared to the WT current 

suggests that it must be at least one WT subunit for the D78G mutant channel to be 

functional. This assemble of mutant subunits with WT subunits allows the formation of 

functional channels. Alternatively, since the mutant forms functional heteromeric channels 

and the mutant channel alone is not functional the assembly of mutant subunits with WT 

subunits could also change the mutant single channel conductance. This supports the idea 

of normal trafficking to the cell membrane.  

My data shows not a clear relevance for all this situations but a simple explanation of what 

is happening when WT subunits are co-transfected with D78G mutant subunits might be 

that the mutant channel needs to conjugate with the WT in order to form functional 

channels. 
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Recent work published on D78G mutant Kir2.1 channels (Davies et al., 2005) showed 

similar although not identical results to my data. The authors injected RNA (mutant, WT+ 

mutant) into Xenopus oocytes and measured currents with the two electrode voltage-clamp 

technique. The co-injection of both RNA resulted in about 50 % less current compared to 

the single expression of WT RNA. Therefore, the authors concluded that this mutation 

exhibited a dominant negative effect on WT Kir2.1 channels. I did not observe such an 

effect in my experiments. An explanation could be that they injected RNA into oocytes 

whereas, in my experiments I transfected cDNA into a mammalian expression system 

(COS-7 cells). Additional or different factors could be needed in the cDNA transcription 

process to the final proteins. Additionally, the correlation between the time needed for the 

protein expression and the time of analysing the channels’ properties could be of important 

matter. 

The D78G mutation occurs in a highly conserved but functionally undetermined region 

within the N-terminus of the Kir2.1 channel (Davies et al., 2005). Stockklausner et al. 

(2003) reported that the N-terminal region of Kir2.1 is necessary for protein trafficking of 

this channel from the Golgi complex to the plasma membrane; thus, it could be possible 

that the D78G mutation affected the sequence required for the export of Kir2.1 from the 

Golgi complex. 

Comparison studies of the crystallographic structure of the prokaryotic Kir channel 

KirBac1.1 locates this residue within the slide helix (Fig. 19), a channel segment that has 

been suggested to play a role in the gating process (Lopes et al., 2002). Therefore, I 

hypothesize that since this D78G mutation is able to form heteromultimeric channels with 

the WT, it might be that this mutant can only form functional channels in combination/co-

assembling with WT channels. It is likely that the gating process in the mutant channel is 

modified in such a way that no current can be observed in the homotetrameric mutant 

channel. Only one or two WT subunits per channel might be sufficient to rescue the gating 

process of the heterotetrameric channel made of mutant and WT subunits. 

Another reported property of an N-terminal segment immediately adjacent to M1 (from 

C54 to V86) revealed through cysteine scanning mutagenesis studies that the majority of 

amino acids, including the residue D78 are water accessible and probably contribute to the 

formation of a long and wide intracellular pore vestibule that protrudes into the cytoplasm 

(Lu et al., 1994). Substitution of the D78 residue might induce another channel 

conformation in which the intracellular pore vestibule protruding into the cytoplasm is not 

wider anymore and this might not permit the potassium ions to pass and therefore the 
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Kir2.1 channel can not conduct current anymore. This might explain a possible situation 

for single channel conductance alteration by the D78G substitution.  

 

5.2 The R82W mutation  

 

The R82W mutation is located in the N-terminal region of the Kir2.1 channel and could 

possibly be involved in the formation of a long and wide intracellular pore vestibule that 

protrudes into the cytoplasm (Lu et al., 1994).  

The R82W mutant displayed functional homotetrameric channels with smaller current 

amplitudes compared to WT channels. It is likely that the gating process in the mutant 

channel is modified therefore larger current can be observed in the heterotetrameric 

channels made of mutant and WT subunits. At least one WT subunits per channel might be 

sufficient to influence the gating process of the heterotetrameric channel. This indicates 

that the single channel conductance of the R82W mutant channel could be modified by the 

assembly with WT channel subunits. 

 

Effect of Ba2+ on R82W mutant Kir2.1 channels 

 

Kir channels show a high sensitivity to external application of Ba2+ in different cell types. 

The interaction of divalent cations with Kir channels is thought to occur via two distinct 

binding sites; a shallow site that barely senses the membrane electric field and, a deeper 

one located approximately half-way within the membrane electrical field (Alagem et al., 

2001). Channel block by Ba2+ was found to occur through the deeper one (Standen & 

Stanfield, 1978; Shioya et al., 1993; Reuveny et al., 1996; Sabirov et al,. 1997; Shieh et 

al., 1998). It was described that residue T142 (for location of this position see Fig. 20) 

which is located in the selectivity filter is involved in the Ba2+ binding. For all divalent 

cations, a single ion suffices to block the channel. In most cases of deep site blockers, the 

block follows first-order kinetics, taking several seconds to reach a steady-state (Standen & 

Stanfield, 1978; Shieh et al., 1998). An exception is the G-protein-coupled inwardly 

rectifying potassium channel family, where part of the Ba2+ block reaches steady state in 

an immeasurably short time (Carmeliet & Mubagwa, 1986). 

Ba2+ is pushed more than half-way (60 %) into the electric field from the outside by 

hyperpolarized potentials. In the R82W mutant channels Ba2+ can move only about 10 % 

into the electric field from the outside suggesting in this case, that Ba2+can not enter the 
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selectivity filter any more. Therefore I concluded that the R82W mutation affected the Ba2+ 

binding site. Since the R82W mutation is located on the intracellular part of the channel, it 

seems that this amino acid change induced conformational changes at the extracellular side 

of the channel indicating that mutations in one part of the channel protein induced 

structural changes in a different part of the protein. Similar observations have been 

reported for voltage-gated K+ channels, where mutations in the outer vestibule of the 

Kv1.3 channel affected the binding side of intracellular verapamil (Rauer and Grissmer, 

1996 and 1999) or mutations in the inner vestibule of the Kv1.3 channel affected binding 

of extracellular tetraethylammonium or kaliotoxin (Dreker and Grissmer, 2005). 

 

5.3 The V93I mutation 

 

The V93I substitution is located in the outer helix of the M1 segment in Kir2.1 channels, 

which displays a highly conserved sequence among human, domestic guinea pig, pig, dog, 

cow, Norway rat, rabbit, and house mouse. Due to this highly conserved residue it seems 

reasonable to assume that the V93I mutation may have important functional consequences 

(Guo et al., 2002). 

My functional analysis on the V93I mutant demonstrated a gain of Kir2.1 channel 

function. This is in agreement with the results of Xia et al. (2005) who reported an increase 

of the inward-current amplitude when V93I mutant Kir2.1 was transfected alone. 

 

5.3.1 Mechanism of channel function increase by mutations in KCNJ2 

 

The functional expression of the V93I substitution demonstrated a significant gain of 

function in inward Kir2.1 current, without affecting kinetics and rectification properties. 

Co-expression of the V93I mutant with the WT resulted in heteromeric channels which 

still preserved the gain of channel function mechanism. 

A direct effect on channel conductance is more likely, as suggested by the proximity of 

residue valine 93 to the pore. Only one or two V93I subunits per channel might be 

sufficient to result in gain of function of the heterotetrameric channel made of mutant and 

WT subunits. 
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5.3.2 Consequences of channel function increase by mutations in KCNJ2 

 

Because of the gain of function, the membrane potential of affected cells will be stabilized. 

Therefore, the atrial cell excitability would be reduced. Gain of function mutations induce 

earlier repolarization, and shorten the refractory period, making the myocardium 

susceptible to the development of tachycardia. Thus, the gain of function effect of V93I 

mutation may create a substrate favourable to a multiple wavelet re-entry, a dominant 

mechanism of AF. This was proved by observations of WT Kir2.1 overexpression in the 

mouse heart which led to abnormalities of cardiac excitability and AF (McLerie and 

Lopatin, 2003). Li et al (2004) also reported an overexpression of Kir2.1 in mouse heart to 

upregulate IK1 and initiate AF. Kir2.1 gain of function mutation is one of the AF molecular 

bases. My study not only identifies a molecular mechanism of the genetic form of AF, but 

also sheds light on molecular mechanism of the acquired forms of AF. Kir2.1 channels of 

IK1 currents may be potential targets for drug therapy of AF. 

 

5.4 The G215R/D mutations 

 

The G215 is a highly conserved amino acid residue among the inward-rectifier K+ 

channels. My investigations on mutations occurring at position 215 in the KCNJ2 gene 

showed that cells transfected with G215D/R mutations alone failed to form functional 

homomeric channels and more than half of the WT Kir2.1 current density was lost by co-

transfection with G215D or G215R mutants Kir2.1. Possible mechanisms for this current 

reduction will be discussed below. 

 

5.4.1 Mechanism of channel function suppression by mutations associated with ATS 

 

It has been shown that some mutated subunits co-assemble with WT Kir2.1 subunits and 

cause a variable degree of dominant negative suppression of channel function (Plaster et 

al., 2001). This would be consistent with the idea that one or more mutant Kir2.1 subunits 

within the tetrameric complex would be sufficient to render the channel non-functional.  

The reported ATS mutations are distributed throughout different portions of Kir2.1, 

including the N-terminal intracellular portion, M1 transmembrane, pore, and C-terminal 

region. Several of these mutations are located in a region implicated in binding membrane 

associated PIP2. 
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The modification of PIP2 binding to the mutant Kir2.1 channels may also contribute to the 

extent of varied dominant negative effects between different mutants. Approximately half 

of the mutations described in the literature cause channel dysfunction by adversely 

affecting the binding of PIP2 (Lopes et al., 2002). PIP2 is required to stabilize the open 

state of Kir channels (Huang et al., 1998). It binds directly to Kir channels through 

interaction between positively charged amino acids of the Kir channel and negatively 

charged phosphate groups of the lipid. 

Three independent sites (residues: 175-206, 207-246 and, 324-365) were located in the C-

terminal region of Kir2.1 channels by assaying the binding of overlapping fragments to 

PIP2 containing liposomes (Soom et al., 2001).  

The G215R/D residues are located within one of the three putative PIP2 binding sites. 

Therefore it seems likely that an amino acid substitution at the 215 position can lead to 

non-functional channels due to alteration of normal PIP2 channel interaction.  

Another ATS mutation (V302M) which also occurs in the C-terminal region could give a 

possible explanation to the formation of non-functional channels. In the study of Ma et al. 

(2007) a possible mechanism by which V302M alters channel function suggest that this 

mutation may influence PIP2 gating indirectly by conformational changes in the G-loop 

pore and therefore modifying the PIP2 binding. Similarly, the R82W mutation induced 

conformational changes in a part of the channel far away from the mutation which then 

indirectly led to changes in the channel function and pharmacology.  

The recently solved Kir2.1 cytoplasmic domain structure (Pegan et al., 2005) gives a 

possible explanation for the mechanism of change induced conformation. As shown in Fig. 

21, the hydrophobic side chain of V302 projects away from the cytoplasmic pore between 

residues (R218: T309) that are believed to form a salt bridge and hold the G-loop 

cytoplasmic pore in an open conformation (Pegan et al., 2006). 

Based on the apparent position of V302 relative to the salt bridge, Ma et al. (2007) 

hypothesized that channel activity would be sensitive to alterations in the size, shape, and 

hydrophobicity of side chains at the V302 position. V302 defines the outer boundary of the 

G-loop and appears to be engaged in Van der Waals interactions with R218. This residue, 

R218 lies in the PIP2 binding site and is believed to form a salt bridge with T309. 
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Fig. 21. Cytoplasmic domains of Kir2.1 as solved by Pegan et al. (2005) (PDB 

number: 1UF). Highlighted are residues in the G-loop (in green), V302 
(magenta), R218 (yellow) and, T309 (blue). G215 (red) might be involved in 
PIP2 binding. 

 

The direct interaction between the negative phosphate head group of PIP2 and several 

positively charged residues in the N- and C-terminus (e.g. R67, K188, R189, R218, and 

R312) are essential for activation of Kir2.1 channels (Fan and Makielski, 1997; Shyng et 

al., 2000; Lopes et al., 2002; Schulze et al., 2003; Zeng et al., 2003). In Fig. 21, I 

highlighted in red the localization of residue G215 in the proximity of the above mentioned 

mutations. I suggest that G215 could be involved in the same mechanism and therefore 

could induce changes in channel gating. 

However, the G215D/R mutations could also lead to incorrect assembly or trafficking 

problems. To assess the cellular localization of G215R Kir2.1 subunits I performed 

confocal laser scanning microscopy. These experiments showed that G215R mutant 

channels did not affect the trafficking to the cellular surface. Hosaka et al. (2003) 

investigated the subcellular localization and assembly of the G215D mutant Kir2.1. They 

performed confocal and FRET experiments. Their results showed similar fluorescence 

patterns along the plasma membrane and they concluded that the reduction of Kir2.1 

channel function (dominant negative effect) is not related to abnormal protein trafficking 

nor wrong assembly. Therefore, my functional analysis on the G215D mutation was in 

perfect agreement with Hosaka et al. (2003). G215D/R mutants Kir2.1 channels exhibited 

loss of channel function and a dominant negative effect by tetramultimerization with WT 
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Kir2.1 channels. In my confocal microscopy study both tagged WT and G215R mutant 

Kir2.1 channels (pEGFP-N1) were expressed as proteins in the plasma membrane 

suggesting that the mutant still preserves the ability to localize to the membrane in homo-

or heterotratrameric channels with WT subunits.  

 

5.4.2 Consequences of channel function suppression by mutations in KCNJ2 

 

Dysfunctions due to mutations in the potassium channel gene KCNJ2, which encodes the 

Kir2.1 subunit, have been related to clinical phenotypes associated with ATS. Recently, 

KCNJ2 mutations have been identified in affected individuals (Plaster et al., 2001; Ai et 

al., 2002; Tristani-Firouzi et al., 2002). In ATS, which is an autosomal dominant disorder, 

affected individuals possess one normal and one mutant KCNJ2 allele. 

From the Kir2.1 mutations that have been reported to cause the phenotype of ATS all have 

been found to result in complete loss of function when expressed alone. Additionally, if 

these mutants are co-expressed with identical amounts of WT Kir2.1 in order to mimic the 

heterozygous mutations seen in ATS patients, variable degrees of dominant negative 

effects were observed. The mechanisms that account for this variability have not been 

clarified. Previous studies revealed that heterozygous mutations related to ATS may 

suppress not only the function of the Kir2.1 homotetramer, but also the function of co-

expressed Kir2.2 and Kir2.3 heterotetramers (Preisig-Müller et al., 2002).  

Additionally, observation on transgenic mice expressing the T75R mutant Kir2.1 (non-

functional and with dominant negative suppression on WT) (Lu et al., 2006) in the heart 

showed prolonged QTc intervals compared to mice expressing the WT Kir2.1. Since the 

T75R mutated channel affects the polyamine binding this might trigger PIP2 depletion (Xie 

et al., 2005) and therefore this might lead to aberrant channel function. 

 

5.5 Pathophysiology of clinical features in ATS 

5.5.1 Pathophysiology of the periodic paralysis 

 

How can a loss of function in the inward rectifier K+ channel lead to paralysis and to 

changes of the extracellular K+ concentration? 

Fauler et al. (2006) implemented a computer simulation to get insights into the behaviour 

of muscle by analysis of a simplified system. In their model, both the intra- and 

extracellular compartments of the model were variable in volume and ion concentrations. 
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The model consisted of a Na+/K+-pump, voltage-gated Na+ and K+ channels, a chloride and 

an inwardly rectifying K+ conductance. In this model, gradual inhibition of the inward- 

rectifier K+ conductance depolarized the cell to a critical point at which a further 

depolarization resulted in a decline of the outward current, thereby destabilizing the resting 

membrane potential/state. This was followed by a progressive depolarization with almost 

complete closure of the Kir channel and a concomitant intracellular K+ accumulation. The 

system stabilized at a different membrane potential of about -60 mV. This state had the 

main features of the paralysis in HypoPP i.e. inactivation of voltage-gated Na+ channels 

and low [K+]out. 

This model suggested that paralysis in ATS is usually hypokalemic in nature which is in 

good agreement with previous reports (Davies et al., 2005). According to in vitro results 

on muscle fibers from the G215R patient (Lehmann-Horn, personal communications) RMP 

measurements gave values of -62 mV in paralysed muscles. This suggested that weakness 

may be induced by a sustained membrane depolarization which leads to an inactivation of 

sodium channels and results in loss of membrane excitability until repolarization is 

regained.  

Depolarization decreases the conductance of inward rectifying potassium channels. Hence, 

in the case of the R82W mutation, thyroid hormone induced depolarization would further 

decrease the conductance of inward rectifying potassium channels, so that the resting state 

could be destabilized, promoting a paralyzed state as described above for HypoPP. It looks 

that in the younger patient the R82W mutation alone does not produce paralysis. However, 

in combination with other factors, in this case high levels of thyroid hormone, paralytic 

attacks could be provoked. 

In muscle fibres expressing the R82 mutation K+ outward current might be sufficient to 

stabilize the RPM under normal conditions but might be insufficient under situation with 

an increased Na+ inward current. This hypothesis is confirmed by McArdle and Sansone 

(1977) who reported an increased Na+ conductance in muscle fibres under experimental 

hyperthyroidism leading to a depolarization by about 10 mV. 

 

An open question is why there are some ATS individuals, who do not have a hypokalemic 

weakness: an individual with G215D from the study reported by Hosaka et al. (2003) and 

the G215D patient of my study are both normo- to hyperkalemic during attacks, similarly, 

individuals with P186L, R218W, and G300V have hyperkalemic periodic paralysis (Zhang 

et al., 2005). For these patients, there is no other atypical ATS feature in ECG recordings, 
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nor a difference in the degree of functional disturbance, nor in the localization or nature of 

the amino acid substitution. The data of Zhang et al. (2005) suggest that the type of 

dyskalemia is not related to the mutation itself. 

 

5.5.2 Pathophysiology of the cardiac arrhythmias 

 

Loss of function mutations result in less functional K+ channels and therefore the 

membrane potential of affected cells will be destabilized and more depolarized compared 

to cells with a normal K+ channel expression. In cardiac cells the membrane depolarization 

and/or membrane potential destabilization might result in cardiac arrhythmias. Similarly, in 

skeletal muscle this might explain the weakness of contraction or even paralysis observed 

in patients with ATS.  

In the heart, decreased Kir2.1 function may prolong the most terminal phase of 

repolarization, leading to a lengthening of the QT-time in the ECG (Tristani-Firouzi et al., 

2002; Miake et al., 2003). The normal QT-time reflected by ECG is about 300 to 450 ms. 

If abnormally prolonged of shortened, there is a risk of developing ventricular arrhythmias. 

An abnormal prolonged QT interval could be due to Long-QT syndrome (LQTS) whereas 

an abnormal shortened QT interval could be due to Short-QT syndrome. Since the QT-

prolongation is only small in ATS, it is probably of minor relevance clinically. The 

majority of arrhythmias described in ATS seem to arise from the ventricle probably 

because of higher Kir channel density in ventricular compared to atrial myocytes and their 

different rectifying properties (Giles et al., 1988; Koumi et al., 1995). In ventricular 

myocytes, Kir2.1 is preferentially localized to the T-tubular membrane (Clark et al., 2001; 

Melnyk et al., 2002) where K+ accumulates during an AP (Pasek et al., 2006). 

Arrhythmias in ATS are very different from those seen in Long-QT syndromes especially 

Torsade-de-Pointe tachycardias are rare in Andersen-patients compared to typical LQTS. 

The arrhythmia phenotype has many similarities to that seen in Ca2+-overloaded states 

(intracellular myocytes Ca2+ elevation). Therefore it is reasonable to speculate that a 

reduction of Kir2.1 current leads to Ca2+-overloading. This idea is supported by a recently 

described mutation, which was associated with catecholaminergic polymorphic ventricular 

tachycardia (CPVT) (Tester et al., 2006). A reduction in Kir2 prolonged the terminal phase 

of the cardiac action potential, and led to reduced extracellular K+. This situation induced 

Na+/Ca2+ exchanger-dependent delayed afterdepolarizations and spontaneous arrhythmias 

(Tristani-Firouzi et al., 2002). These findings suggest that the substrate for arrhythmia 
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susceptibility in ATS is a distinct from other forms of inherited LQT syndrome. The 

reduction of Kir2.1 current leading to Ca2+-overloading was simulated through a computer 

model by Tristani-Firouzi et al. (2002). 

Abnormal sarcoplasmic reticulum calcium cycling is increasingly recognized as an 

important mechanism for increased ventricular automaticity that leads to lethal ventricular 

arrhythmia. Previous studies have linked lethal familial arrythmogenic disorders to 

mutations in the ryanodine receptor and calsequestrin genes, which interact with junction 

and triadin to form a macromolecular Ca-signaling complex. The essential physiological 

effects of junction and its potential regulatory roles in sarcoplasmic reticulum Ca cycling 

and Ca-dependent cardiac functions, such as myocyte contractility and automaticity, are 

unknown (Yuan et al., 2007). Studies showed that the process of calcium overloading may 

play a role as a trigger in the pathogenesis of ventricular arrhythmias (Gilst and Koomen, 

1985) 

Electrical remodelling in AF is caused by alterations of many different currents, of which 

IK1 is only one (McLerie et al., 2003, Li et al., 2004). The clinical data of the family 

presenting with the V93I mutation Kir2.1 imply that the mutation itself does not produce a 

complete arrhythmogenic substrate for the development of AF. Therefore I conclude that 

the V93I mutation does not directly cause AF as has been previously suggested (Roberts 

2006). V93I mutation may play a role in initiating and/or maintaining AF by increasing the 

Kir channel conductance. 
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6 SUMMARY 

 
In this study I characterized electrophysiologically mutations found in the KCNJ2 gene 

associated with Andersen-Tawil syndrome (ATS) and atrial tachycardia (AT).  

1)  My findings suggest that the D78G mutation resulted in a complete loss of function 

when expressed alone. The co-transfection of this mutation with WT restored the 

current, indicating the possibility of mutant subunits to co-assemble with WT 

subunits and form functional heterotetrameric channels. This gives evidence for an 

autosomal recessive inheritance. 

2)  R82W mutant Kir2.1 channels had smaller inward currents compared to WT. A 

different time course of inward current activation was observed compared to WT 

channels. If this mutation was co-expressed with identical amounts of WT in order 

to mimic the heterozygous situation seen in ATS patients, the mutation restored the 

current. The time constant of Ba2+ block for the WT channels showed an 

exponential voltage-dependency (e-fold: 34±1 mV of depolarization), suggesting 

that one Ba2+ moves about more then half-way into the membrane electrical field. 

These observations are in agreement with published data of Alagem et al. (2001). 

In the R82W mutant channel, Ba2+ can move only about 10% into the electric field 

from the outside of the channel. It seems that replacing the arginine at position 82 

with tryptophan induced conformational changes in the extracellular side of the 

channel thereby affecting the Ba2+ binding site.  

3) G215D/R mutant Kir2.1 channels failed to form functional homomeric channels. 

The WT current density was reduced by more than 50 % by co-expression 

experiments, indicating the impossibility of mutant subunits to form functional 

heterotetrameric channels. In mammalian cells the mutant localized to the 

membrane and showed similar fluorescence patterns along the plasma membrane. 

Therefore the dominant reduction of Kir2.1 channel function can not be due to 

abnormal protein trafficking. 

4) Current through the V93I mutant Kir2.1 channels was larger in comparison to WT. 

This is in agreement with the results of Xia et al. (2005) who reported an increase 

of the inward-current amplitude in homomeric V93I channels. Additionally, co-

transfection of V93I mutants with WT yielded a gain of current compared to 

homomeric WT channels. The clinical data of the patient with the V93I mutation 

imply that the mutation itself does not produce a complete arrhythmogenic 
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substrate for the development of atrial fibrillation (AF). Therefore I conclude that 

the V93I mutation does not directly cause AF as has been previously suggested. 

The V93I mutation may favour AF by reducing the effective refractory period and 

the conductance velocity. 

My results support the studies on ATS and AF susceptibility causing mutations and extend 

the findings on already published KCNJ2 mutations: D71V, R218W, (Plaster et al., 2001), 

D78G (Davies et al., 2005), T192A (Ai et al., 2002), V93I (Xia et al., 2005) and G215D 

Kir2.1 (Hosaka et al., 2003).  

Possible implications for ATS could be linked to a loss of Kir2.1 channel function. This 

will result in instability of membrane potential in the respective cells thereby leading to 

depolarization. This will further inactivate the sodium channels and reduce or even prevent 

the generation of APs shown to be responsible for hypokalemic periodic paralysis (Jurkat-

Rott et al., 2000; Ruff and Cannon, 2000). 

In contrary, the gain of function mutations will result in more functional K+ channels in the 

respective cells and thereby a more stable membrane potential. In cardiac cells this could 

lead to problems in the generation of APs therefore resulting in abnormalities of cardiac 

excitability and AF (McLerie et al., 2003; Xia et al., 2005). In atrial cells the effective 

refractory period and the velocity at impulse propagation are reduces. Both contribute to 

maintain atrial fibrillation. 

Successful treatment of ATS requires separate therapeutic interventions to treat cardiac and 

skeletal muscle symptoms. Current treatment modalities are based on known effective 

treatments for periodic paralysis.  
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