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1 

 

Introduction     

 

1.1 Ion channels 

 

All cells are surrounded by an outer plasma membrane consisting of a 

phospholipid bilayer. This thin membrane forms a stable barrier that isolates the 

living cell from its outside environment. But it also means that in parts, substrates 

necessary for the cell but also ionized wasted products, are retained and can 

neither enter nor leave the cell which is crucial for its survival. The plasma 

membrane is highly permeable to lipid soluble, nonpolar molecules whereas 

charged, polar molecules cannot pass through the membrane. Thus to guarantee 

the exchange of nutrients, different transmembrane proteins are embedded in the 

membrane. Some of these membrane proteins form ion channels, macromolecular 

pores providing a water filled diffusion path through the lipid layer (Hille, 2001). Ion 

channels are allosteric proteins that can be opened and closed by different stimuli 

either mechanically or chemically or voltage controlled. The macromolecular pores 

enable for example Cl-, Na+, K+ and Ca2+ ions to pass highly selectively through 

the membrane. Ion channels play an important role in a broad range of cellular 

processes including cell growth, regulation of apoptosis, the release of 

neurotransmitters and hormones and the functioning of excitable cells (Hoshi et 

al., 1990; Bosma and Hille, 1992; Deutsch and Chen, 1993; Yellen, 2002; Pal et 

al., 2006). Malfunction of ion channels can cause different severe diseases. 

Therefore enhanced knowledge about the different structure and function of ion 

channels might help to determine the cause of the disorder and to develop highly 

selective agents for the treatment of the diseases. In the following sections I will 

describe one group of ion channels, the potassium channels because I performed 

the experiments described in my thesis on potassium channels. 

  

http://www.ncbi.nlm.nih.gov/books/n/cooper/A2886/def-item/A3248/
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1.2 Potassium channel classes  

 

Membrane proteins can be associated with the plasma membrane in different 

ways. Potassium channels belong to the transmembrane proteins representing 

one possibility to associate with the membrane. Transmembrane proteins extend 

across the membrane with parts of the channel protein on either side of the cell 

membrane. Regarding the number of their transmembrane helices (Sokolova, 

2004) potassium channels can be divided into four main classes shown in Fig. 1. 

  

 

 

Figure 1 Four different classes of potassium channels. A, Two 

transmembrane helices channel (2TM/P channel) B, Six transmembrane 

helices channel (6TM/P channel) C, Eight transmembrane helices 

channel (8TM/2P channel) D, Four transmembrane helices channel 

(4TM/2P channel), from Choe (2002) 

 

The simplest structure is represented by the bacterial potassium channel KcsA 

and inwardly rectifying K+
 channels (Fig. 1A). Only two transmembrane α-helices 

A B 

C D 
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M1 and M2 and a pore loop between them (referred to as 2TM/P) are necessary 

for one subunit. The pore loop (P-loop) located between two transmembrane 

helices dips into the membrane but does not completely cross it. Homomeric 

(identical subunits) or heteromeric (similar subunits) assembly of four subunits 

forms a functional ion channel.   

The next class is generated by 4TM/2P channels consisting of two 2TM/P 

channels with the first pore loop located between M1 and M2 and the second pore 

loop located between M3 and M4 (Fig. 1D). The assembly of two subunits forms a 

functional ion channel. 4TM/2P channels are potassium-selective leak current 

channels which are highly regulated. They influence the amplitude, duration and 

frequency of action potentials by effecting the resting membrane potential 

(Goldstein et al., 2001).   

Predominant amongst ligand- and voltage-gated potassium channels are six 

transmembrane helices channels (Fig. 1B). Four identical or similar 

transmembrane subunits form a channel. Potassium channels belonging to the 

class of 6TM/P channels and competent for selective conduction of potassium ions 

are one of the most diverse and widespread family of ion channels among 

membrane proteins (Yu et al., 2005). Voltage-gated potassium channels thereby 

constitute the largest group of potassium channels being differentiated by different 

characteristics in gating, conductance and pharmacology (Demo and Yellen, 

1991). Different regions including the pore-forming domain and the selectivity filter 

are remarkable conserved in potassium channel families as described later (Doyle 

et al., 1998; Zhou et al., 2001b; Jiang et al., 2002a; Kuo et al., 2003). Whereas 

hybrids of 6TM/P and 2TM/P were clustered to form an eight transmembrane 

helices and two pore loops channel, surrounding a central pore and were first 

found in yeast (Fig. 1C).  

In the next paragraph I will have a closer look at the structure of voltage-gated 

potassium channels. 
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1.3. Voltage-gated potassium channels 

 

1.3.1 Structure of voltage-gated potassium channels 

 

Some members of the potassium channel family respond to alterations of the 

membrane potential hence they are named voltage-gated potassium 

channels (Kv). Kv channels form a group represented by 12 families (Kv1-Kv12) 

(Gutman et al., 2005). Historically the first four subfamilies are named 

Shaker or Kv1, Shab or Kv2, Shaw or Kv3 and Shal or Kv4 whereas the following 

eight families are numbered consecutively (Choe, 2002). Kv channels usually 

comprise a homotetrameric structure (with all subunits being identical) (Sokolova, 

2004; Grizel et al., 2014) but some channels can comprise a heterotetrameric 

structure (with non-identical subunits). In my experiments described in this thesis I 

worked on human voltage-gated potassium channels (hKv1.3) belonging to the 

Shaker-related K+
 channel family (Grissmer et al., 1990). Kv1.3 channels are 

primilary expressed in cells of the immune system including T- and 

B- lymphocytes. Malfunction plays an important role in the pathogenesis of several 

important autoimmune diseases e.g. type 1 diabetes (Beeton et al., 2006), asthma 

(Koshy et al., 2014) and multiple sclerosis (Wulff et al., 2003). The functional 

channel is formed by four subunits surrounding symmetrically a central ion 

conducting pore. Each subunit consists of six transmembrane α-helices (S1-6) in 

which the amino and carboxy termini are located intracellularly (Yellen, 2002). 

These six α-helices perform two structurally and functionally distinct tasks. S1-S4 

in the periphery of the channel provide the voltage sensing domains (VSD) which 

are necessary for voltage sensing and voltage-dependent control of the gate. The 

central pore is formed by S5 and S6 (Long et al., 2005a, b), in between which the 

pore helix (P-loop) is located, generating an suitable potassium ion conductance 

pathway across the membrane along the axis of the pore (Fig. 2).  
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Figure 2 Side view of the Kv1.2 channel in a patch of a lipid bilayer. The 

pore domain (S5-S6) and the voltage sensing domain (S1-S4) of only two 

subunits of the tetramer are shown. In the square, an individual VSD is 

highlighted. Each subunit is colored individually. Two K
+
 in the selectivity 

filter are shown. Water molecules are shown in transparent blue surface 

representation; lipid molecules are represented by lines, from Khalili-

Araghi et al. (2010) 

 

The pore provides mechanisms for ion selectivity and gating thereby controlling 

the ion flux through the potassium channel. The potassium selective pore is 

arranged perpendicular to the plane of the cell membrane. Changes in the 

membrane potential leads to a movement of amino acids in the channel protein 

that changes the channel structure from a non-conductive closed state to an open 

conformation (open-state) where potassium ions can highly selectively pass 

through the channel. This mechanism will be described in more detail in the next 

section. 
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1.3.2 Opening and closing of the channel 

 

Electrophysiological experiments enable us to distinguish between three different 

functional states, the open, the closed and the inactivated state (DeCoursey, 

1995). In response to a change of the transmembrane voltage the human 

voltage-gated potassium channels must undergo some conformational changes, 

modifying the spatial arrangement of amino acids. These conformational changes 

open and close the channel which means ion conductance is turned on or off. At a 

resting potential of -80 mV the Kv1.3 channel is in a closed, non-conducting state. 

Responsible for the closed state is a structure towards the cytoplasmatic side of 

the membrane. This structure is constituted by the inner pore helices (S6) which 

narrow and are arranged like an inverted teepee forming the lower gate (Fig. 3). 

 

 

Figure 3 Side view of the three-dimensional model of the hKv1.3 channel. 

Shown are the S5 and S6 helices of two opposing subunits. All side 

chains of the amino acids were removed. The PVP motif is shown in blue. 

K
+
 (purple) are space-filled and the grey spheres represent non-occupied 

potassium ion binding sites. Derived from Hille (2001) and Grizel et al. 

(2014) 
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This gate located closer to the intracellular side, is the main activation gate and 

physically responsible for opening or closing of the channel, a process also called 

gating. The inner pore helices contain gating hinges represented by a PVP 

sequence at positions 423-425 (473-475 in Shaker) which are highlighted blue in 

Fig. 3. This region forms the flexible part and allows the channel gate to open 

(Long et al., 2005a). At –80 mV the hinges are in a straight spatial arrangement 

and form a bundle which leads to a constriction that closes the channel and 

inhibits ions to pass through the channel (Doyle et al., 1998; Jiang et al., 2002a,b). 

When the channel opens the inner S6 helix bend at the PVP motif (Liu et al., 1997; 

Holmgren et al., 1998; del Camino and Yellen, 2001). The gate splays open and 

allows potassium ions to pass through the channel (open state) usually from the 

intracellular side towards the extracellular side down the electrochemical gradient. 

Describing the process more precisely, potassium ions first pass the opened helix 

bundle, enter the central aqueous cavity which has a diameter of 10 Å and pass a 

highly conserved region, the selectivity filter, after they finally reach the 

extracellular side of the channel protein. The selectivity filter generates a second, 

upper gate closer to the extracellular side (Fig. 3) as described later in 

section 1.3.5. If the potential drops to the resting potential (repolarization), the 

channel deactivates and rearranges until the initial state of the channel is restored. 

The mechanisms of voltage sensing and as a result the spatial rearrangement of 

the amino acids are described in the next section. 

 

1.3.3 Transduction of voltage sensing to an open conformation 

 

Depolarization, a change of the membrane resting potential to a less negative 

value, changes the conformation of amino acids of the channel from a closed to a 

conducting, open state. The transition from the closed to the open state is termed 

activation. Activation entails structural rearrangements at the intracellular gate 

which open the pore and allow ions to pass the channel across the membrane 

(open state). The channel contains several structures for the transduction of 

voltage sensing to structural rearrangements. Among all transmembrane helices 

voltage sensitivity derives from the first four -helices (S1-S4), mostly from the S4 

transmembrane helices (Fedida, 2001; Jiang et al., 2003a; Long et al., 2005a,b). 
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The movement of the voltage sensing domain (VSD) transduces the response of 

the membrane potential alteration to the pore-forming domain and couples voltage 

sensing to gating. Each S4 helix carries four positively charged arginine residues 

at every third position which are mostly responsible for the gating charge 

movement during the activation process. The existence of charged amino acids 

makes the channel electrically responsive and enables the transmembrane 

voltage to transduce the electrostatic force to the helices of the channel via the 

voltage sensor with the subsequent conformational changes. In the closed 

conformation the voltage sensor is located close to the intracellular part of the 

channel (Jiang et al., 2003b) elicited by the negative resting potential. As a result 

of depolarization the positively charged residues in the S4 segments move from 

the intracellular side towards the extracellular side of the channel. Not only 

perpendicular movements of the S4 segment but also rotation and a change in tilt 

are involved in the overall movement of the S4 segment during depolarization 

(Bezanilla, 2002). Benzanilla (2002) also proposed that the S2 and S3 segments 

might undergo simultaneously rearrangements. The S1-S4 -helices are 

covalently bound to S5 by the S4-S5 linker. The S4-S5 linker transfers the force 

via S5 to the S6 helix (Jiang et al., 2003b) and effect the already described spatial 

rearrangements to the open state. The same process in the opposite direction 

occurs during repolarization. The positive charged S4 residues move from the 

extracellular side to the intracellular side and this position is kept at negative 

potentials (Papazian et al., 1995; Aggarwal and MacKinnon, 1996; Sato et al., 

2003). Beside the open and the closed state following depolarization, potassium 

channels enter another non-conducting named inactivated state described in the 

next section 1.3.4. 

 

1.3.4 Inactivation in potassium channels 

 

Beyond activation and deactivation voltage-gated potassium channels exhibit a 

third, inactivated state as mentioned in section 1.3.2. Inactivation of potassium 

channels mainly occurs from the open state (DeCoursey, 1995). Following 

prolonged depolarization, channels transit from the initial open state to a 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Bezanilla%20F%5BAuthor%5D&cauthor=true&cauthor_uid=12356849
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non-conducting inactivated state reflected by either a slow or fast decay in current. 

This inactivation of voltage-gated potassium channels entails conformational 

arrangements into a stable, non-conducting state described in more detail in the 

next chapters. After inactivation, the channel must recover before the next 

depolarizing pulse can evoke an opening of the channel. The channel undergoes 

obligatory conformational rearrangements to the closed state during the recovering 

time. Voltage-gated potassium channels reveal two distinct molecular mechanisms 

of inactivation, which will be described in the two following sections, located at 

different sides of the channel. 

 

1.3.4.1 N-type inactivation 

 

Some voltage-gated potassium channels exhibit the N-type or also called fast 

inactivation. Channels inactivate rapidly within a time interval of a few milliseconds 

in Shaker and several mammalian voltage-gated potassium channels (Hoshi et al., 

1991; Rasmusson et al., 1995). The idea of the mechanism of N-type inactivation 

originally derived from Na+ channels and this background information was used to 

explain the N-type inactivation in K+ channels. First, experiments with sodium 

channels showed that fast inactivation cannot be observed anymore if the 

proteolytic enzyme pronase was applied intracellularly, predicting an inactivation 

gate at the intracellular side of the channel pore responsible for fast inactivation 

(Armstrong et al., 1973). Later again Amstrong et al. (1977) proposed the “ball and 

chain” mechanism (Fig. 4). The N-type inactivation is the consequence of a rapid 

plugging of the inner mouth of the pore by an independent inactivation particle 

from the cytoplasmatic side thereby causing inactivation (Hoshi et al., 1990; 

Zagotta and Aldrich, 1990; MacKinnon et al., 1993). An amino-terminal part of 

about 30 amino acids (the ball) at the N-terminal domain of the channel protein, 

tethered by a polypeptide chain to the channel, binds to the inner cavity of the pore 

serving as a receptor thereby blocking the channel. Although the experiments 

using the enzyme pronase could only be performed in sodium channels, the basic 

idea of fast inactivation i.e. an N-terminal ball serving as an open channel blocker, 

could be transferred to potassium channels. Fig. 4 illustrates schematically the 

N-type inactivation in potassium channels. First, the channel is in the closed state 
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where the lower gate at the intracellular side of the channel protein is closed and 

the amino-terminal part (the ball) is in the cytoplasm. The receptor at the inner 

pore region is not available in this state (Fig. 4 left). After activation, the lower gate 

is in the open conformation (Fig. 4 top) and the receptor can be reached which 

leads to the N-type inactivated state where the ball binds to the receptor 

(Fig. 4 right). During recovery the channel turns to the closed state thereby 

pushing the ball from the inner pore to the cytoplasm (Fig. 4 bottom).  

 

 

Figure 4 Model of the N-type inactivation in potassium channels, from 

Rasmusson et al. (1998) 
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In Shaker channels studies using trypsin deleted residues in the amino-terminal 

part and induced a loss of fast inactivation (Hoshi et al., 1990). Other groups 

deleted the amino-terminal part and obtained the same results i.e. loss of 

inactivation. A functional fast inactivating potassium channel could be restored by 

applying a synthetic peptide replacing the deleted region and thereby generating a 

channel that regained the property of fast inactivation (Hoshi et al., 1990; Zagotta 

and Aldrich, 1990; Murrell-Lagnado and Aldrich, 1993b). Several other studies 

showed that the length of the tethered chain can affect the rate of inactivation 

(Hoshi et al., 1990; Zagotta and Aldrich, 1990; Demo and Yellen, 1991; Murrell-

Lagnado and Aldrich, 1993b).  

Murell-Lagnado and Aldrich (1993a,b) examined in their studies the blocking 

properties of isolated N-terminal polypeptide domains and different synthetic 

inactivation domains. Discovering the molecular features and the sequence of the 

N-terminal polypeptide revealed that about 10 hydrophobic or uncharged amino 

acids followed by positive charged residues compose the primary structure of the 

ball segment. In addition, studies using mutagenesis of hydrophobic amino acids 

mainly influenced unbinding whereas mutations of the charged amino acids 

affected the binding rate of the inactivation particle. These modifications of amino 

acids located in the ball domain affect the interaction between the inactivation 

particle and the inner pore region suggesting an involvement of hydrophobic 

residues and long-range electrostatic interactions in the binding of the polypeptide 

ball and the intracellular channel pore.  

Potassium channels only required one N-terminus inactivation domain (ball) to 

inactivate the channel even though the channel has four balls; one per subunit 

(MacKinnon et al., 1993; Lee and Philipson, 1996). Indeed several lines of 

evidence confirmed this model of inactivation.   

The rate of N-type inactivation can be influenced by applying intracellularly [TEA+]i, 

an effective intracellular quaternary ammonium ion blocker. [TEA+]i occluded the 

inner pore by binding at either identical binding sites or binding sites in the 

immediate vicinity thereby competing with the ball and slowing the N-type 

inactivation process. The N-type inactivation was not changed if TEA+ was applied 

extracellularly (Choi et al., 1991). Another study showed that permeant potassium 

ions from the extracellular side accelerated the recovery from the N-type 

http://www.linguee.de/englisch-deutsch/uebersetzung/immediate+vicinity.html
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inactivation process by pushing the ball away from the pore (Demo and Yellen, 

1991).   

 

1.3.4.2 C-type inactivation 

 

In voltage-gated potassium channels another molecular mechanism contributes to 

inactivation named C-type or slow inactivation because usually this process is 

slower compared to N-type inactivation as mentioned above in section 1.3.4.1. 

Experiments revealed that after deleting the fast N-type inactivation process in 

Shaker channels another slower inactivation process remained (Hoshi et al., 

1990). Both, N- and C-type inactivation can appear simultaneously in Shaker 

channels. The biophysical mechanism of the C-type inactivation is different to the 

N-type inactivation where an amino-terminal particle binds to the inner cavity 

thereby blocking the ion permeation way. The critical regions involved in C-type 

inactivation are more towards the C-terminus of the channel, including the pore 

helix and the S6 segment (Hoshi et al., 1990; Lopez-Barneo et al., 1993, Cuello et 

al., 2010). C-type inactivation is the transition from the open to a non-conducting 

state of the channel during prolonged depolarization. Keeping the membrane 

depolarized, the selectivity filter undergoes conformational changes, leading to a 

closure of the extracellular mouth of the channel from either the open or the fast 

inactivated state (Fig. 5), resulting in the non-conductive C-type inactivated state 

(Cuello et al., 2010b). Regarding Fig. 5 during activation structural arrangements 

lead from the closed (Fig. 5 left) to the open state (Fig. 5 top). The lower gate and 

the upper gate (selectivity filter) are in the open, conducting conformation. In 

contrast to N-type inactivation the channel does not contain the N-terminus 

inactivation domain (ball). During prolonged depolarization the selectivity filter 

narrows leading to a closure of the extracellular mouth of the channel (Fig. 5 right). 

The potassium channel is now in the non-conducting C-type inactivated state 

where the lower gate is still in the open conformation but the selectivity filter 

prevents potassium ions from passing through the channel. During recovery the 

channel rearranges to the closed conformation.  
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Figure 5 Model of the C-type inactivation. C denotes the C-type 

inactivated state, from Rasmusson et al. (1998)  

 

The C-type inactivation is an auto-regulatory, intrinsic inactivation process by 

voltage-gated potassium channels and typical for hKv1.3 channels (DeCoursey et 

al., 1984) occurring with slower kinetics in a milliseconds to seconds timescale 

(Doyle et al., 1998; Cuello et al., 2010b) and a slow decay in current can be 

observed (Hoshi et al., 1991). As previously explained only one N-terminal 

polypeptide domain provided by one subunit of voltage-gated potassium channels 

is sufficient to confer independently N-type inactivation. Studies examining the 

contribution of the individual subunits of the channel led to the conclusion that the 

molecular basis necessary for C-type inactivation derived from the cooperation of 
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all four subunits of the channel (Ogielska et al., 1995; Panyi et al., 1995) around 

the outer mouth of the channel and the selectivity filter (Liu et al., 1996). Each 

subunit contributed equally to the produced activation energy either independently 

or in cooperation with other subunits, resulting from experiments using channels 

with different inactivation rates constructed by combining different subunits and 

evaluating the activation energy of the transition between open and C-type 

inactivation.   

Studies already known from N-type inactivation did not eliminate C-type 

inactivation in particular modifications at the amino-terminal domain or intracellular 

application of TEA+ (Choi et al., 1991). Interestingly C-type inactivation is 

influenced by the extracellular ionic composition. Extracellular application of TEA+ 

strongly affected C-type inactivation (Grissmer and Cahalan, 1989; Choi et al., 

1991). The same effect can be observed increasing the extracellular K+ 

concentration (Hoshi et al., 1990; Lopez-Barneo et al., 1993). Known as “foot in 

the door“ mechanism (Yeh and Armstrong, 1978; Choi et al., 1993) both 

extracellular TEA+ or K+ application slowed or eliminated C-type inactivation by 

interacting with the ion binding sites thereby impeding conformational changes 

necessary for C-type inactivation (Rasmusson et al., 1998).   

Lopez-Barneo (1993) examined the effect of a single amino acid mutation in the 

extracellular pore region in Shaker channels and assigned residue 449 an 

important role in C-type inactivation. Several substitutions evoked different C-type 

inactivation kinetics. An inhibiting effect on C-type inactivation was induced by 

substituting T449 with tyrosine or valine whereas mutation of threonine to 

glutamate, lysine, arginine, or either alanine accelerated the inactivation process, 

suggesting that T449 may be able to alter the binding of monovalent cations 

deeper in the channel thereby influencing the inactivation properties.   

Some other studies suggested that C-type inactivation involves structural changes 

in the pore helix and the selectivity filter (Perozo et al., 1993; Yang et al., 1997; 

Doyle et al., 1998). Studies performed in the K+ channel KcsA showed that 

movements of the inner bundle caused changes of the conformation of the 

selectivity filter resulting in C-type inactivation (Cuello et al., 2010a,b). 
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1.3.5 Ion selectivity 

 

Some ion channels can discriminate extremely precisely between ions which can 

pass through the channel pore while other ions are simultaneously excluded. 

Especially for similar ions as Na+ and K+ it is astonishing that some channels can 

distinguish between these ions. For the potassium ion flux from the intracellular 

side across the pore towards the extracellular side, dehydration, diffusion and 

rehydration are required. Potassium channels selectively conduct potassium ions 

with a ratio for K+ over Na+ of over 10.000 fold (Doyle et al., 1998). The throughput 

rate is extremely high with a flux rate of 108 ions per second which provides the 

diagnostic property of distinguishing ion channel mechanism from other ion 

transport mechanisms such as ion pumps or coupled cotransport (Hille, 2001; 

Gouaux and MacKinnon, 2005). The basic function of the ion channel can be 

provided by specific ion binding sites. High-selective conduction of potassium ions 

arises from the primary sequence TVGYGD which line the selectivity filter (Jiang et 

al., 2003a) providing selective potassium ion-binding sites and regulating 

permeability. This selectivity filter, the locus of ion discrimination is remarkable 

conserved among potassium channels (Zhou et al., 2001b; Jiang et al., 2002b; 

Kuo et al., 2003). Several other studies revealed various disruptions by modifying 

structures within the selectivity filter. These disruptions included pore selectivity or 

altering of gating to the point of non-conducting channels (Perozo et al., 1993; 

Heginbotham et al., 1994; Kirsch et al., 1995; Yang et al., 1997). 

 

The selectivity filter 

 

The selectivity filter is formed by each loop of the different subunits (Elinder et al., 

2007) and constitute an ideal geometry to coordinate potassium ions (Kurata and 

Fedida, 2006). Four potassium ion binding sites located one after another 

constitute the selectivity filter (Doyle et al., 1998; Zhou et al., 2001b). Under 

physiological conditions, K+ occupy the selectivity filter in two configurations. Either 

positions S2 and S4 (Fig. 6B) or positions S1 and S3 (Fig. 6C) are occupied. The 

vacant positions are occupied by water molecules respectively (Zhou and 

http://www.linguee.de/englisch-deutsch/uebersetzung/simultaneously.html
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MacKinnon, 2003; Zhou and MacKinnon, 2004) (Fig.6). Because one potassium 

ion is surrounded by eight water molecules – four above and four below one ion - 

dehydration, diffusion and rehydration are required. After entering the central 

aqueous cavity the potassium ion is still hydrated and reaches the selectivity filter. 

Under energy consumption the potassium ion is dehydrated and interacts with 

eight backbone carbonyl oxygens facing towards the pore by each channel subunit  

(Doyle et al., 1998). Essential for conduction is the removing of the hydration shell 

of the potassium ions with the least possible loss of energy. If the energy condition 

in the channel is better, the potassium ions would remain in the channel. Under 

lower energy conditions, potassium ions cannot enter the selectivity filter. 

Therefore eight negative charged carbonyl oxygens mimic the water molecules 

surrounding one potassium ion and form counter-charges to the positive charged 

potassium ions (Zhou et al., 2001b). In the selectivity filter repulsion between two 

K+ cause the ions flux through the selectivity filter. This repulsion is necessary to 

avoid interactions between ions and the channel (Doyle et al., 1998). The ion 

binding site selectivity is provided by two major elements, the stereochemistry of 

the ion binding site (for example the size) and the atomic composition (Gouaux 

and MacKinnon, 2005). As mentioned above, the dehydration costs energy thus 

ions can favorable pass the channel if the binding sites are able to compensate 

the loss of energy (Gouaux and MacKinnon, 2005). Compared to the hydration 

energy of potassium ions, the hydration energy of the other predominant alkali 

metal ion sodium or other ions is higher than the binding sites can compensate 

thus dehydration is not possible and thereby preventing these ions from passing 

the channel (Thompson et al., 2009). This is in an agreement with the size of the 

cavity formed by the selectivity filter. The size of the cavity is well adjusted to 

potassium ions with a mean distance between K+-O of 2.84 Å (Gouaux and 

MacKinnon, 2005). Looking at the difference between Na+ and K+ ion binding sites 

it can be ascertained, that potassium ion binding sites have a greater number of 

oxygen atoms (eight) compared to sodium ion binding sites (five or six).  

 

 



 

- 17 - 
 

 

Figure 6 A, Side view of the transmembrane part of the bacterial 

potassium channel KcsA. Shown are the selectivity filter (yellow), the 

inner helix (orange), the outer helix (magenta) and the pore helix (blue). 

K
+
 are colored purple and water molecules red. EC is the extracellular 

side and IC the intracellular side. B, C close-up view of the framed part in 

A composed of the extracellular entryway of the channel and the 

selectivity filter. Shown are the two possible configurations of K
+
 S2 and 

S4 (B) or S1 and S3 (C) during conduction. The water molecules occupy 

the vacant positions either S1 and S3 (B) or S2 and S4 (C).Other ions are 

located in the central cavity (Sc) or the extracellular entryway, from 

Kuang et al. (2015) 

This is just the geometric consequence of K+ having a larger radius compared to 

Na+, which results in a greater number of oxygen atoms surrounding the ion 

(Williams, 1970; Dietrich, 1985; Harding, 2002). In summary, the electrostatic 

barrier existing around the selectivity filter generates a low resistance pathway 

from the intracellular towards the extracellular side with a high potassium 

throughput rate (Doyle et al., 1998). In contrast, low K+ concentrations led to a 

non-conductive state of the selectivity filter (Zhou et al., 2001b).  

To obtain additional information about the structure of ion channels the 

pharmacology of ion channels was examined. Since in my study described in this 

A 

B C 

EC 

IC 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=4565861_18_2015_1948_Fig1_HTML.jpg
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thesis I performed pharmacology studies using verapamil, I will describe the 

known effects of verapamil on hKv1.3 channels in the next section. 

 

1.3.6 Verapamil  

 

I used verapamil for specific pharmacological modulations of hKv1.3 channels. 

Verapamil is a small, structurally-defined molecule which belongs to the structural 

class of phenylalkylamines (PAA). Verapamil is originally known as a calcium 

channel antagonist potently blocking L-type Ca2+ channels in cardiac muscle cells 

(Kohlhardt et al., 1972) and vascular smooth muscles (Wit and Cranefield, 1974; 

Pelzer et al., 1982). Verapamil is medically used amongst others as an 

anti-arrhythmia agent. Later verapamil was found to be a potent blocker of 

potassium channels (Cahalan et al., 1985; DeCoursey et al., 1985) blocking 

Kv1.3 channels in the open and inactivated conformation (DeCoursey et al., 1985; 

Jacobs and DeCoursey, 1990; Rauer and Grissmer, 1999). Former studies also 

showed that the recovery from the blocked-inactivated state is prolonged, resulting 

in a reduction of the peak current during repetitive pulsing due to an accumulation 

of block (DeCoursey, 1995; Rauer and Grissmer, 1996; Röbe and Grissmer, 

2000). In contrast the closed state could not be blocked by verapamil (DeCoursey, 

1995; Röbe and Grissmer, 2000). In addition, it was also described that verapamil 

applied extracellularly passes the membrane and reaches its binding site from 

inside the cell. Applying Kv1.3 blockers and verapamil internally or externally 

resulted in a competition only at the intracellular binding site (DeCoursey, 1995; 

Rauer and Grissmer, 1996; Rauer and Grissmer, 1999). Experiments with 

permanently charged N-methyl-verapamil indicated that the charged molecule 

could not pass through the biological membrane therefore the ability of verapamil 

passing through the membrane derives from the molecule being unprotonated 

(Rauer and Grissmer, 1999).  
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1.4 Aim of the study 

 

Voltage-gated potassium channels hKv1.3 play an important role in the activation 

and function of T-lymphocytes. In the treatment of autoimmune diseases the Kv1.3 

channel has developed to be a promising target for immunosuppressants (Beeton 

et al., 2006; Wulff et al., 2009). Kv1.3 blockers were described to inhibit T cell 

activation (DeCoursey et al., 1984; Lin et al., 1993; Wulff et al., 2003; Beeton et 

al., 2006; Hu et al., 2007). Verapamil is one of several Kv1.3 blockers. Verapamil is 

a small molecule, originally known as a potent L-type Ca2+
 channel blocker 

(Kohlhardt et al., 1972) and was later described to have also the potential to block 

Kv1.3 channels with its major binding site at position 413 of the hKv1.3 channel 

(Dreker and Grissmer, 2005). To follow up these studies I was interested in the 

interaction of other residues in the hKv1.3 channel with verapamil to reach its 

binding site at position 413. To be able to determine these new interactions I 

would need to substitute different amino acids in the channel and compare the 

effect of verapamil on these mutant channels with the wild-type channel. In 

addition, I wanted to develop and verify a simple measuring protocol to be able to 

selectively determine the affinity of verapamil to block current through the open 

channels and not through inactivated channels. Specifically the following questions 

should be addressed: 

1) Can the current decay during depolarization in the presence of verapamil 

be used to obtain kon for verapamil to block current through hKv1.3 

channels? 

2) How do mutations to position 417, 418, 419, 420, 346 and 346/418 in 

hKv1.3 channels alter kon?  

3) Is it possible to simulate the obtained current traces and which conclusions 

could be drawn?  

4) Which insights can be gained considering kon and verapamil docked into the 

Kv1.3 model structure?  
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2 

 

Materials and Methods 

 

2.1 Molecular Biology methods 

 

2.1.1 Solutions and reagents 

 

I acquired the materials necessary for my molecular biological work from the 

following companies: Carl Roth GmbH (Karlsruhe, Germany), Invitrogen Ltd. 

(Paisley, Scotland, UK), Merck KGaA (Darmstadt, Germany) and Sigma-Aldrich 

Chemie GmbH (Munich, Germany).  

 

2.1.2 DNA clone and amplification 

 

I kindly obtained the wild-type hKv1.3 plasmid from Prof. Dr. Olaf Pongs (Institute 

for Neural Signal Transduction, Center for Molecular Neurobiology, Hamburg). The 

hKv1.3_V417C, hKv1.3_L418C, hKv1.3_T419C and hKv1.3_I420C mutant channels 

were originally created in my laboratory by Dr. Tobias Dreker. The corresponding 

point mutation was introduced in the cloned hKv1.3 gene using the Quick-Change 

site-directed mutagenesis kit according to the manufacturer's instructions 

(Stratagene, Amsterdam, Netherlands). The hKv1.3_L346C and 

hKv1.3_L346C_L418C mutant channel were created by Eurofins Genomics GmbH 

(Ebersberg, Germany) by site directed mutagenesis and confirmed by sequencing. 

Either the Kv1.3 wild-type gene or the mutated potassium channel genes were 

inserted into the pRc/CMV vector (Invitrogen Ltd., Paisley, Scotland, UK). The 

pRc/CMV vector contains a promoter for the expression of genes in mammalian 

cells and an ampicillin resistance gene. To obtain plasmid DNA in great quantities 

DNA was inserted into bacteria and multiple copies of DNA through their 

reproduction was obtained. For the amplification of the plasmid DNA, a standard 

protocol was used. E.coli XL-10 Gold (Stratagene, Amsterdam, Netherlands, 

http://dict.leo.org/ende/index_en.html#/search=in&searchLoc=0&resultOrder=basic&multiwordShowSingle=on&pos=0
http://dict.leo.org/ende/index_en.html#/search=great&searchLoc=0&resultOrder=basic&multiwordShowSingle=on&pos=0
http://dict.leo.org/ende/index_en.html#/search=quantities&searchLoc=0&resultOrder=basic&multiwordShowSingle=on&pos=0
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Cat - No. 200315) containing the plasmid DNA were plated on LB agar plates 

containing 20 g/l agar and the appropriate antibiotic. Only plasmids encoding for 

the particular antibiotic resistant gene can survive. For the isolation of the plasmid 

DNA the QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany) was used following 

the Qiagen miniprep instructions. Subsequently, the concentration of the isolated 

DNA was determined by a photometry system (GeneQuant 1300 Photometer, GE 

Healthcare, Munich, Germany). 

 

2.2 Cell Culture 

 

2.2.1 Solutions and reagents  

 

Solutions and reagents used for the cell culture were purchased from the following 

companies: Dulbecco's Modified Eagle Medium (DMEM) (Invitrogen LTD., Paisley, 

Scotland, UK, Cat – No. 41966-029), poly-L-lysine (Sigma-Aldrich Chemie GmbH, 

Steinheim, Germany, Cat – No. P4832), fetal bovine serum (FBS) (Thermo Fisher 

Scientific, Bonn, Germany, Cat – No. CH30160.02/03), trypsin-EDTA (Thermo 

Fisher Scientific, Cat – No. 253000062).  

The culture medium used for cultivating COS-7 cells was composed of DMEM and 

10% FBS. The glass cover slips (described in section 2.2.4) needed for the 

electrophysiological measurements were covered with Poly-L-lysine that was 

dissolved in sterile water at a concentration of 0.5 mg/ml. Trypsin-EDTA solution 

was composed of 0.5 g/l trypsin and 0.2 g/l EDTA in Hanks' Balanced Salt Solution 

without CaCl2, MgCl2·6H2O, and MgSO4·7H2O (Invitrogen Ltd., Paisley, Scotland, 

UK, Cat – No. 25300). The solution was supplemented by phenol red as a pH 

indicator as the cells are sensitive to a deviation from the required pH. Alterations 

of the pH value can damage the cells. I used Trypsin-EDTA solution to detach the 

cells from the bottom of the flasks or petri dishes because trypsin can cut adhesion 

proteins in cell-cell and cell-matrix interactions and EDTA is a calcium chelator and 

removes Ca2+ in the solution thereby preventing cell adhesion since integrins can 

only interact with other proteins for cell adhesion in the presence of Ca2+. 
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2.2.2 Cell Culture 

 

The COS-7 cell line was obtained from the German Collection of Microorganisms 

and Cell Cultures GmbH (DSMZ, Braunschweig, Germany, Cat – No. ACC 60). 

The cell line is originally from the kidney of the African green monkey. These cells 

were cultured in flasks containing Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10 % fetal bovine serum. All cells were kept in a humidified 

incubator at 37°C and a CO2 partial pressure of 5 %. Every 3 to 4 days cells were 

splitted in a ratio 1:10 and 1:5. For this procedure trypsin-EDTA and DMEM were 

put in a water bath set at 37°C approximately 15 minutes in advance. For the 

splitting process I worked under sterile conditions. First, the old medium was 

aspirated. Then trypsin-EDTA was added for one minute at room temperature. 

This was not sufficient for detaching the cell layer from the flask therefore a 

second washing process was performed. After aspirating trypsin-EDTA a fresh 

trypsin-EDTA solution was applied for one minute. Immediately after the second 

wash using trypsin-EDTA solution, trypsin-EDTA was aspirated and cells in the 

flask were kept in the incubator for two minutes meanwhile the fresh incubation 

flasks with 8 ml new culture medium were prepared. After incubating, the flask 

containing the cells to be splitted was softly tapped and the cells were released 

from the bottom. Finally those cells were resuspended in new medium and splitted 

between the prepared flasks in a dilution 1:10 or 1:5 or in 35 mm petri dishes, 

which could be used for future transfections for 1-3 days. 

 

2.2.3 Transfection 

 

The plasmid DNA was transfected into COS-7 cells using the FuGene 6 

transfection reagent (Roche Molecular Biochemicals, Mannheim, Germany). At 

least half a day before transfection, cells were plated into 35 mm petri dishes as 

explained in the previous section. Under sterile conditions the transfection solut ion 

was prepared. 5 µl FuGene and 95 μl DMEM without FBS were incubated together 

in a 1.5 ml Eppendorf tube at room temperature for 5 minutes. Subsequently 2 µg 

mutant channel plasmid DNA and 0,5 µg GFP (eGFP-N1 plasmid DNA; Clontech 

https://dict.leo.org/ende/index_en.html#/search=subsequently&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
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Laboratories, Inc., Palo Alto, CA, USA) were added to the Eppendorf tube, mixed 

and incubated for another 15 to 20 minutes. Cells were co-transfected with the 

green fluorescent protein (GFP) since it allows the identification of transfected 

cells. After the incubation of the transfection solution, the medium of the prepared 

35 mm dishes containing the COS-7 cells was aspirated and the transfection 

solution containing the DNA for the channel and the GFP was pipetted into the 

dishes and remained for 2 minutes at room temperature. After the two minutes 

2 ml culture medium was added and the cells were placed into the incubator and 

were used for electrophysiological measurements the following day or up to 5 days 

later so that sufficient protein was expressed at this time.  

 

2.2.4 Cell preparations for electrophysiological measurements 

 

For electrophysiological measurements I needed to plate cells into a glass 

chamber. I obtained this chamber by gluing teflon rings (O-ring PTFE N. DIN, THF 

GmbH & Co. KG, Ulm, Germany) on glass cover slips (24x24 mm, thickness 

0.13-0.16 mm, VWR International GmbH, Darmstadt, Germany) using a silicone 

elastomer kit (Sylgard 186, Dow Corning, Inc., Midland, USA). Cell adhesion to the 

glass chamber was improved by covering the glass chamber with 500 µl 

poly-L-lysin (Sigma-Aldrich Chemie GmbH, Steinheim, Germany, Cat - No. P4832) 

15 min prior to plating the cells into the chamber. After removing poly-L-lysine from 

the glass cover slip the surface was washed with sterile water and the constructed 

small measuring chamber was ready to use. The medium of the previously 

prepared and transfected cells in the 35 mm petri dish (described in section 2.2.3) 

was aspirated and 1 ml trypsin-EDTA solution (37°C) was added. After trypsinizing 

for one minute at room temperature trypsin-EDTA was aspirated and a fresh 

trypsin-EDTA solution was added one more time for one minute. Again the 

trypsin-EDTA was aspirated and the petri dish free of trypsin-EDTA solution was 

placed into the incubator for 1-2 minutes. After taking the petri dish from the 

incubator with some softly taps cells were detached from the bottom. Cells which 

remained attached to the bottom were separated carefully by pipetting 800 μl 

solution up and down the surface. 50 µl of the cell suspension was pipetted into 

the glass chamber and at last the glass chamber was filled up with fresh culture 

https://dict.leo.org/ende/index_en.html#/search=fluorescent&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
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medium. After half an hour in the incubator the prepared dishes were placed into 

the fridge and used within half a day for measurements.  

 

2.3 Electrophysiology 

 

2.3.1 Solutions used for the electrophysiological measurements 

 

All experiments were performed at room temperature (18-22°C). The external 

Na-Ringer bath solution contained in mM: 160 NaCl, 4.5 KCl, 2 CaCl2, 1 MgCl2, 

5 HEPES and was adjusted to pH 7.4 with NaOH. The Na-Ringer solution was 

kept in the fridge and was warmed up to room temperature before it was used. 

The internal pipette solution contained in mM: 155 KF, 10 K-EGTA, 10 HEPES 

and 1 MgCl2 adjusted to pH 7.2 with KOH. The pipette solution was stored in 

1.5 ml Eppendorf tubes at -20°C and warmed up to room temperature before it 

was used. The osmolarity of both solutions was 290 to 320 mOsm. Verapamil 

(Sigma-Aldrich Co, Munich, Germany) was dissolved in DMSO as a 100 mM stock 

solution aliquoted and stored at +4°C. Before the experiments, the appropriate 

amount of stock solution of verapamil was diluted in the external bath solution to 

the different required final concentrations.  

 

2.3.2 The patch-clamp set-up 

 

Electrophysiological experiments allow the investigation of small currents through 

ion channels in a nanoampere range. There is a basic set of equipment used in 

electrophysiology. One part of the set-up is shown in Fig. 7. To reduce mechanical 

interferences I used an anti-vibration table (Newport Corporation, Irvine, USA) to 

eliminate errors evoked by vibration and shocks. An inverted microscope 

Axiovert 100 was assembled on the table (Carl Zeiss GmbH, Oberkochen, 

Germany). 
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Figure 7 One part of the set-up  

 

The table of the microscope contained a gadget for the fixation of my prepared 

glass cover slip (described in section 2.2.4). This fixation included a manual, 

syringe-driven perfusion system, providing the complete exchange of the external 

bath solution within 10-30 s. For the precise position of the micropipette, I used a 

motorized manipulator (Märzhäuser GmbH & Co. KG, Wetzlar, Germany) which 

was attached to the stage of the microscope. The microscope also provided a 

switch for the fluorescent unit which was needed for the visualization of the GFP 

co-transfected cells. A picture from the view through the microscope is shown in 

Fig. 8 where the pipette tip is close to a cell. 
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Figure 8 View through the microscope (inverted microscope 

Axiovert 100; ocular PL 10x/18, 444132; objective LD Achroplan 

40x / 0.6 Ph2, 440864, Carl Zeiss GmbH, Germany) 

 

Multiple metal parts close to the electrode were grounded using the ground loop 

system. Currents were acquired using a HEKA EPC9 patch-clamp amplifier 

(HEKA Electronik, Lambrecht, Germany) controlled by a stimulation and 

acquisition software (PatchMaster v2x73.4, HEKA Elektronik). The pipettes were 

first pulled from glass capillaries (GB150-TF10, Science Products GmbH, 

Hofheim, Germany) in three stages with a DMZ Universal Puller 

(Zeitz-Instruments GmbH, Munich, Germany) and were finally fire-polished to 

resistances of 2-5 megaohms (MΩ) on a self-made microforge. The pipette 

electrode consisted of a 2-3 cm chlorinated silver wire inserted into the pipette and 

filled with pipette solution. The bath electrode, also consisting of a 2-3 cm 

chlorinated silver wire, was inserted into a plastic tube filled with hot 1 % agarose 

dissolved in Na-Ringer solution. If necessary either the pipette electrode or the 

bath electrode were renewed to avoid offset current.   

Signals were recorded using the whole-cell patch clamp method (Hamill et al., 

25 µm 
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1981), filtered with 2.9 kHz Bessel filter and recorded with a sampling frequency of 

1-5 kHz. Patchmaster provides the calculation and subtraction of capacitive and 

leak currents. A series resistance compensation of 75 % was used for currents 

exceeding 2 nA. Further data analysis was performed with the analysis function of 

the software Fitmaster v2x73.4 (HEKA Elektronik) and Igor Pro 6 (WaveMetrics, 

Lake Oswego, Oregon, USA). Then the graphics were exported into Microsoft ® 

Office PowerPoint 2007 (Microsoft Corporation, Seattle, USA) to realize the final 

editing and labeling.  

 

2.4 Analysis 

 

2.4.1 Fitting equations 

 

I obtained the current decay time constants in the absence (j) and presence of 

different verapamil concentrations (decay) by fitting current traces using 

Fitmaster v2x73.4 ( Elektronik) according to a Hodgkin&Huxley (1952) type n4j 

model 

Itotal = IK,max (1 - e-t/n)4 e-t/j 

as described earlier by Cahalan et al. (1985). Describing the used parameters in 

the function, Itotal is the total current, IK,max is the maximum K+ current and n andj 

are time constants of two processes n and j which represent activation and 

inactivation parameters. In external Na-Ringer solution j represents the intrinsic 

inactivation as described in section 1.3.4. In external Na-Ringer solution containing 

verapamil the time constant of current decay needs to be corrected for the intrinsic 

inactivation as described in section 3.3. 
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2.4.2 The kinetic model used for simulations of the current traces 

 

For solving differential equations I used the tool XPPAUT5.41 (Bard Ermentrout's 

tool XPPAUT5.41, Google "xppaut", free software). For wild-type as well as for 

mutant channels the model considered several states including the closed state 

(C), the open state (O), the inactivated state (I) and the open-blocked state (OB) 

as shown in Fig. 9.  

 

 

 

Figure 9 Schematic kinetic model of the transitions in hKv1.3 wild-type 

and mutant channels in the presence of verapamil 

 

The following differential equations were used to create the simulated current 

traces in the different states of the channel: 

dC1/dt = - α1*C1  

dC2/dt = α1*C1 - α2*C2  

dC3/dt = α2*C2 - α3*C3  

dC4/dt = α3*C3 - α4*C4  

dO/dt = α4*C4 - h*O - k*O + l*OB 

dOB/dt = k*O - ℓ *OB  

 

Where C represents the closed states, O the open state and I represents the 

inactivated state respectively. OB is the open-blocked state which occurs in the 

presence of verapamil. The different transitions are described by the letters α, , h, 

j, k and l ; where α1 - α3 are the forward transitions between the closed states, 
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which finally can lead to α4 describing the transition from the closed to the open 

state. 1 – 4 describes the corresponding backward transitions. h describes the 

transition from the open to the inactivated state during depolarization and j the 

corresponding backward transition from the inactivation to the open state. k 

describes the transition from the open (O) to the open-blocked state and l = koff 

describes the backward transition from the open-blocked to the open state. In 

principle the chemical equation includes both directions but during depolarization 

the transitions from the closed to the open state are mainly forward. In addition, I 

assumed that inactivation is a unidirectional process because the currents during 

depolarization decayed to zero as has been shown earlier (DeCoursey et al., 

1985; Grissmer and Cahalan, 1989). Therefore I did not consider 1-4 and j to 

create the simulated current traces using the above described differential 

equations. In the presence of Na-Ringer solution k and l were set to zero.  

 

2.4.3 The molecular model of docking verapamil in the 

hKv1.3 mutant channel 

 

For creating a descriptive three-dimensional model as a template of the 

hKv1.3 S5/S6 domains I had to use the pdb-file of the crystal structure of the 

Kv1.2 channel (PDB: 2A79) because so far the Kv1.3 has not been crystallized and 

comparing the potassium channel Kv1.2 and Kv1.3 the sequence identity has a 

value of about 90 %. The 3D model of verapamil was obtained on the basis of the 

chemical structure of the molecule as described earlier (Schüttelkopf and van 

Aalten, 2004; Nikouee et al., 2012). Following the instructions as described earlier 

(Prütting and Grissmer, 2011) the Kv1.3 homology model was optimized. All 

cysteine mutations were constructed using the molecular visualization system 

PyMOL (The PyMOL Molecular Graphics System, Version 1.7 Schrödinger, LLC). 

For editing the figures the GNU Image Manipulation Program 2.8.22 (GIMP) was 

used. Together with the Kv1.3 S5/S6 domains, verapamil was uploaded into 

PyMOL and verapamil was docked manually into the Kv1.3 model structure 

(Fig. 21A-C) following instructions from Rossokhin et al. (2011) as described in 

section 3.5. 
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3 

 

Results 

 

The experiments described in my thesis focused attention on the interaction 

between the voltage-gated potassium channel hKv1.3 and verapamil. Former 

studies already proposed and interpreted effects of verapamil on voltage-gated 

potassium channels (DeCoursey, 1995; Röbe and Grissmer, 2000; Dreker and 

Grissmer, 2005; Nikouee et al., 2012). I wanted to expand the knowledge in this 

subject leading to a more detailed idea of the mutual influence between verapamil 

and the potassium channel protein by introducing cysteine mutations. 

 

3.1 Effect of verapamil on current through hKv1.3 wild-type 

channels  

 

As mentioned, former studies performed by different groups already described 

different effects of verapamil on hKv1.3 wild-type channels (Jacobs and 

DeCoursey, 1990; DeCoursey, 1995; Rauer and Grissmer, 1996; Dreker and 

Grissmer, 2005). With my first experiment I wanted to see if I can confirm earlier 

findings concluding that verapamil affects the steady-state peak current as well as 

the time course of current decay. Therefore I started to measure the currents 

through hKv1.3 wild-type channels in the presence of extracellularly applied 

Na-Ringer solution. This first measurement is necessary to obtain a control trace 

which I could use to compare parameters for traces in Na-Ringer with 

subsequently obtained parameters in the presence of one defined concentration of 

verapamil. After the successful measurement in extracellular Na-Ringer solution I 

applied 100 µM verapamil. I used the whole-cell configuration and elicited currents 

by depolarizing pulses from the holding potential of -120 to +40 mV for 200 ms 

every 30 s (Fig. 10). As explained, in the first trace (Fig. 10, labeled 1) cells were 

kept in an external bath solution containing Na-Ringer. At the beginning of the 
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measurement the potential was held at -120 mV and the current at this potential 

was close to zero nA. This could be expected as the channels were in a closed, 

non-conducting conformation. After changing the potential to +40 mV channels 

activated fast and current through the channels reached a peak within ~20 ms. 

Keeping the membrane potential at +40 mV, channels enter the C-type inactivated 

state and the current decays, in this experiment with a time constant of ~285 ms. 

This current decay during prolonged depolarization of the membrane is typical for  

hKv1.3 channels. As already described in section 1.3.4.2 C-type inactivation is the 

transition from the open to a non-conducting state of the channel during 

depolarization, resulting in the decay of the trace 1 in Na-Ringer solution after the 

peak. Right after recording trace 1, 100 µM verapamil was added to the bath 

solution. With the syringe-driven perfusion system it was possible to change the 

complete external solution quickly resulting in a complete exchange of the bath 

solution before the next traces in externally applied verapamil were recorded 

(Fig. 10, traces 2-9).  

 

 

Figure 10 Effect of extracellularly applied verapamil on currents through 

wild-type hKv1.3 channels. Currents were elicited by voltage pulses from 

a holding potential of -120 to +40 mV for 200 ms every 30 s. Currents 

were recorded before (trace 1) and after (traces 2-9) external application 

of 100 µM verapamil 

 

In principle I could confirm the two known effects caused by verapamil on currents 

through hKv1.3 channels. The first effect described in former studies could be 

demonstrated in my experiments, i.e. repetitive pulsing reduced the peak current 

amplitude until a steady-state value was reached. The second effect described 
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and also obtained in my experiments concerned the time course of the current 

decay during depolarization which was faster in the presence of verapamil. 

Evaluating the time course of the current decay during depolarization in the 

presence of verapamil I could describe three separate components. First included 

in the time course of the current decay is the time course of the intrinsic C-type 

inactivation (j). The second component is the time course of the verapamil block 

in the open state of the channel (on) and the last component is the time course of 

the backward reaction, the verapamil unblock (off). An acceleration of the time 

course of the current decay during depolarizations in the presence of verapamil 

occurred in each trace. This visible acceleration reflects the blocking properties of 

verapamil and describes the rate K+ channels being blocked by verapamil 

(DeCoursey, 1995). These results are in an agreement with experiments in the 

presence of all concentrations of verapamil performed by Jacobs and DeCoursey 

(1990). Analyzing the single-exponential time course of the current decay they 

concluded that during application of verapamil the time course of the current decay 

reflects the rate verapamil blocks potassium channels in the open state.  

 

 

Figure 11 Effect of extracellularly applied verapamil on currents through 

wild-type hKv1.3 channels. Normalized peak currents obtained from the 

recorded traces shown in Figure 10 were plotted against the time  

 

The already mentioned first effect of verapamil on currents through potassium 

channels, the reduction of the peak current amplitude, was also described earlier 

(DeCoursey, 1995; Rauer and Grissmer, 1996; Röbe and Grissmer, 2000). To 

I 
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emphasize the influence of verapamil on the peak current amplitude of currents 

through potassium channels I plotted normalized peak currents from the obtained 

current traces shown in Fig. 10 against the time (Fig. 11). Normalized currents 

were calculated using the equation Inorm = Iverapamil/Icontrol. This figure highlights a 

steady-state peak current after ~6 pulses in the presence of verapamil.  

Rauer and Grissmer (1996) described dose-dependent blocking effects on 

currents through hKv1.3 channels. I was interested if I can reproduce the published 

effects, which leads to the experiment described in the next section. I quantified 

the effect of verapamil on currents through hKv1.3 wild-type channels in the 

presence of different concentrations of verapamil. 

 

3.2 Varying verapamil concentrations and their effect on current 

through hKv1.3 wild-type channels  

 

To be able to characterize the effect of different verapamil concentrations I 

performed similar experiments as described in the previous section.  

  

 

Figure 12 Effect of extracellularly applied verapamil on steady-state 

currents through wild-type hKv1.3 channels. Currents were elicited by 

voltage pulses from a holding potential of -120 to +40 mV for 200 ms 

every 30 s in the absence and presence of increasing concentrations of 

verapamil. Shown are steady-state currents in different verapamil 

concentrations as determined and shown in Figure 10 trace 9. Numbers 

on the left side of the traces refer to the applied verapamil concentrations 

(in µM) 
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The effects of different concentrations of extracellularly applied verapamil on 

currents through hKv1.3 wild-type channels are shown in Fig. 12. For each applied 

different concentration one trace is shown - in fact the trace with a steady-state 

peak current comparable to trace 9 shown in Fig. 10 - representing the effect of 

verapamil on currents through hKv1.3 wild-type channels in the steady-state. 

Considering and characterizing the different traces I can describe similar effects of 

different extracellularly applied verapamil concentrations comparable to the effect 

of 100 µM verapamil described in the previous section 3.1. On the one hand the 

time course of the current decay was faster with increasing verapamil 

concentrations. On the other hand a reduction of the peak current amplitude 

during repetitive pulsing could be observed. The dose-dependent block of the 

peak current amplitude until a steady-state was reached occurred at each 

verapamil concentration. To emphasize the level of the dose-dependent block, I 

plotted the steady-state peak current amplitudes of the traces obtained and shown 

in Fig. 12 against the extracellularly applied verapamil concentrations (Fig. 13). 

For a fit to the data I used the equation Inorm = 1/(1+[VP]/KD). This fit implies an 

equilibrium dissociation constant (KD) of 18 µM. The value of KD in the steady-state 

depends on the pulse protocol, as verapamil blocks the open and the inactivated 

state (DeCoursey, 1995; Röbe and Grissmer, 2000). Different research groups 

obtained KD values close to 18 µM (DeCoursey et al., 1985; Chandy et al., 1993; 

Rauer and Grissmer, 1996) using similar pulse protocols. The performed fit to the 

data is in good agreement to the plotted steady-state peak currents and implies 

that one verapamil molecule reversibly binds to one potassium channel thereby 

blocking current flow through the hKv1.3 channel. 
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Figure 13 Dose-response curve for externally applied verapamil to block 

steady-state currents through hKv1.3 channels. Normalized peak currents 

(Inorm = Iverapamil/Icontrol) obtained from the indicated verapamil concentration 

were plotted against the verapamil concentration. The smooth line 

represents a fit to the measured data points (Inorm = 1/(1+[VP]/KD) and 

indicates a KD value for verapamil of 18 µM 

 

In the following section I characterized the time course of the current decay at 

different verapamil concentrations in more detail. I will explain that I used the 

change in the time course of the current decay during verapamil application to 

obtain the on-rate constant kon of verapamil to block currents through the 

hKv1.3 channel. 

  

I 
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kon 

koff 

 

3.3 The relationship between the current decay time constant and 

the on-rate constant  

 

Describing the reaction of verapamil with the channel I used the following reaction 

equation 

 

[VP] + [Ch]                         [VP*Ch], 

 

indicating that one verapamil molecule [VP] and one channel protein [Ch] combine 

reversibly to yield a verapamil-blocked channel complex [VP*Ch]. For the 

estimation of kon the following equation is used: kon = 1/(on*[VP]). Therefore to 

obtain kon I first need to determine on. As already described in section 3.1, the 

time course of the current decay (decay) consists of three components during 

depolarization in the presence of verapamil: i) the time course of the intrinsic 

inactivation (j); ii) the time course of the verapamil block (on) and iii) the time 

course of the verapamil unblock (off). This means decay can be used to determine 

on.  

 

 

Figure 14 Current decay time constants (decay) of 

wild-type hKv1.3 currents in the presence of different verapamil 

concentrations. decay at different concentrations of verapamil were plotted 

against the externally applied concentration of verapamil 
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I obtained the current decay time constants (decay) by fitting similar current traces 

as shown in Fig. 12 according to a Hodgkin&Huxley (1952) type n4j model as 

described in Methods: Itotal = IK,max (1 - e-t/n)4 e-t/j as described earlier (Cahalan et 

al., 1985). For example, decay in the presence of 100 µM verapamil is ~ 9 ms. The 

current decay time constants, decay, for different verapamil concentrations are 

shown in Fig.  14. Subsequently to calculate on, I divided the time course of the 

current decay in the presence of different verapamil concentrations (decay) by the 

time course of the current decay in the presence of Na-Ringer solution (j). 

Applying this calculation I could separate the intrinsic inactivation (j) of the 

channel from the blocking effect of verapamil on currents through the channel 

(on). The result obtained is a new time course on reflecting the time course of 

verapamil reaching its site at the channels (Fig. 15) under the assumption that off 

can be neglected as described in section 4.1.  

 

 

Figure 15 Time constants of verapamil (on) to block current through wild-

type hKv1.3 channels in the presence of different verapamil 

concentrations. on was calculated by dividing the time course of the 

current decay in the presence of different extracellularly applied 

verapamil concentrations (decay) by the time course of the current decay 

in the presence of Na-Ringer solution (j). on time constants at different 

concentrations of verapamil were plotted against the externally applied 

concentration of verapamil 
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Knowing on enables to solve the equation shown above and to calculate kon 

constants of hKv1.3 channels being blocked in the open state (Fig. 16). kon is a 

value which is independent from the concentration of verapamil [VP] - as 

expected – whereas decay and on do depend on the concentration of verapamil. 

Fig. 16 clearly demonstrates this fact. kon constants calculated from different 

concentrations of verapamil are plotted against the corresponding verapamil 

concentration showing nearly the same value for 3, 10, 30 and 100 µM [VP] with a 

mean of 1.6*106 M-1s-1. This value is close to values obtained by earlier 

experiments (DeCoursey, 1995; Rauer and Grissmer, 1996; Röbe and Grissmer, 

2000; Dreker and Grissmer, 2005). 

 

 

Figure 16 On-rate constants (kon) of verapamil to block current through 

wild-type hKv1.3 channels in the presence of different verapamil 

concentrations. kon was calculated using the equation kon= 1/(ton*[VP]) 

assuming that the contribution of the backward reaction is negligible. kon 

constants at different concentrations of verapamil were plotted against 

the externally applied concentration of verapamil. The black line reflects 

the mean value of kon from this experiment of 1.6*10
6
 M

-1
s

-1
 

 

As kon is similar at different concentrations a single verapamil concentration with all 

hKv1.3 mutant channels would be sufficient to get kon values. Therefore I 

performed all following experiments with 30 µM verapamil to characterize the 

effect of verapamil on the time course of current decay during depolarization. 
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3.4 On-rate constants of different hKv1.3 channels in the presence 

of 30 µM verapamil 

 

In this section I will show two different hKv1.3 mutant channels to emphasize the 

different potencies of 30 µM verapamil on current through these mutant channels. 

Starting the comparison I first will describe the effect of verapamil on current 

through hKv1.3_wt channels. Shown in Fig. 17A are traces recorded in external 

Na-Ringer solution (trace 1) and in the presence of 30 µM verapamil (trace 2). 

Applying 30 µM verapamil decreased the time constant of current decay about 

8 times to decay = 21 ms. Calculating kon led to a value of kon = 1.39*106 M-1s-1. 

 

         

 

Figure 17 Effect of Na-Ringer solution (traces 1) and 30 µM 

extracellularly applied verapamil (traces 2) on currents through wild-type 

hKv1.3 channels. A, Currents were elicited by depolarizing pulses from a 

holding potential of -120 to +40 mV for 200 ms every 30 s. Shown is the 

first trace in the presence of 30 µM verapamil. The red line is a fit of a 

Hodgkin&Huxley model as described in section 3.3 to the data points 

yielding time constant of current decay in the absence (j) and presence 

of 30 µM verapamil (decay). B, Simulated current traces of the current 

traces shown in A using the kinetic diagram described in Methods. The 

parameters used to create the simulated current trace in the presence of 

30 µM verapamil for the wild-type hKv1.3 channel were:  

α1 = α2 = α3 = α4 = 0.6 ms
-1

; h = 0.004 ms
-1 

k = 0.037 ms
-1

; l = 0.0006 ms
-1
  

in the presence of Na-Ringer solution k and l were set to zero 

A B hK
v
1.3_wt

 

                           

 

1 
1 

2 2 

 

Simulated current trace 

hK
v
1.3_wt
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Using the kinetic model as described in Methods (2.4.2) it was possible to simulate 

the current traces of the hKv1.3 wild-type channel shown in Fig. 17A (traces 1 and 

2). A comparison of the experimental obtained current traces and the simulated 

current traces (Fig. 17B) using the mentioned kinetic model reveals that the 

corresponding traces are in good agreement. Moreover, the simulated current 

traces confirm the assumption mentioned in section 4.1 that when no steady-state 

current during depolarizing of the membrane occurs, off, the backward reaction, is 

slow and will have little effect on decay in the presence of verapamil. The value 

obtained for the off-rate was l = 0.0006 ms-1 for the hKv1.3 wild-type potassium 

channel. For the transitions between the closed states I obtained α1-4 = 0.6 ms-1.  

h the parameter for the transition to the inactivated stated was 0.004 ms-1 and for k 

the obtained value was 0.037 ms-1.  

 

The first mutant channel I analyzed compared to the wild-type potassium channel 

was the V417C mutant channel. In the V417C mutant channel the time constant in 

external Na-Ringer solution j was 222 ms (Fig. 18A, trace 1). Applying 30 µM 

verapamil decreased the time constant of current decay ~3 times to decay = 67 ms 

(Fig. 18A, trace 2) yielding kon = 3.51*105 M-1s-1. The simulated current traces 

(Fig. 18B, traces 1 and 2) of the hKv1.3_V417C mutant channel revealed identical 

values for α (0.6 ms-1), l (0.0006 ms-1) and h (0.004 ms-1) to those obtained by 

simulating the hKv1.3 wild-type current trace. This behavior was expected due to 

the similar current kinetics of the wt and the V417C mutant channel in the absence 

of verapamil. The value for the transition from the open to the open-blocked state 

had to be adjusted to k=0.0095 ms-1 to account for the slower current decay in the 

presence of 30 µM verapamil. The value for the transition from the open-block to 

the open state was the same compared to the wild-type (l = 0.0006 ms-1). 
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Figure 18 Effect of Na-Ringer solution (traces 1) and 30 µM 

extracellularly applied verapamil (traces 2) on currents through 

hKv1.3_V417C mutant channels. A, Currents were elicited by 

depolarizing pulses from a holding potential of -120 to +40 mV for 200 ms 

every 30 s. Shown is the first trace in the presence of 30 µM verapamil. 

The red line is a fit of a Hodgkin&Huxley model as described in section 

3.3 to the data points yielding time constant of current decay in the 

absence (j) and presence of 30 µM verapamil (decay). B, Simulated 

current traces of the current traces shown in A using the kinetic diagram 

described in Methods. The parameters used to create the simulated 

current trace in the presence of 30 µM verapamil for the hKv1.3_V417C 

mutant channels were:  

α1 = α2 = α3 = α4 = 0.6 ms
-1

; h=0.004 ms
-1
  

k = 0.0095 ms
-1
; l = 0.0006 ms

-1
  

in the presence of Na-Ringer solution k and l were set to zero 

Finally shown in Fig. 19 is the hKv1.3_I420C mutant channel, which developed a 

slower intrinsic inactivation in the absence of verapamil with j = 753 ms compared 

to hKv1.3_wt channels (Fig. 19A, trace1). In the external bath solution containing 

30 µM verapamil (Fig. 19A, trace2) the time constant of current decay was 

decreased about 7 times (decay = 107 ms) resulting in kon = 2.65*105 M-1s-1. The 

values obtained from the simulated current traces (Fig. 19B, traces 1 and 2) 

revealed that values for α and l were again identical to those obtained by 

simulating the hKv1.3 wild-type and the hKv1.3_V417C current, however, two 

parameters were different. 
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Figure 19 Effect of Na-Ringer solution (traces 1) and 30 µM 

extracellularly applied verapamil (traces 2) on currents through 

hKv1.3_I420C mutant channels. A, Currents were elicited by depolarizing 

pulses from a holding potential of -120 to +40 mV for 200 ms every 30 s. 

Shown is the first trace in the presence of 30 µM verapamil. The red line 

is a fit of a Hodgkin&Huxley model as described in section 3.3 to the data 

points yielding time constant of current decay in the absence (j) and 

presence of 30 µM verapamil (decay). B, Simulated current traces of the 

current traces shown in A using the kinetic diagram described in 

Methods. The parameters used to create the simulated current trace in 

the presence of 30 µM verapamil for the hKv1.3_I420C mutant channels 

were:  

α1 = α2 = α3 = α4 = 0.6 ms
-1

; h = 0.001 ms
-1 

k = 0.008 ms
-1

; l = 0.0006 ms
-1  

in the presence of Na-Ringer solution k and l were set to zero 

This was on the one hand the value for h (0.001 ms-1) to account for the slower 

inactivation in the I420C mutant channel. On the other hand I needed to adjust the 

value for k to 0.008 ms-1. This adaption was necessary due to the slower transition 

from the open to the open-blocked state in the I420C mutant channel. A summary 

of all parameters determined for the hKv1.3 wild-type and mutant channels is 

shown in Table 1.   
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Table 1 Summary of the effect of six different mutant channels on activation and inactivation in 

extracellular Na-Ringer solution and the effect of extracellularly applied verapamil on currents 

through wild-type hKv1.3 and six different mutant channels. All values are given as mean ± SD; n, 

activation time constant in ms in the presence of Na-Ringer solution; j, inactivation time constant in 

ms in the presence of Na-Ringer solution; decay, current decay time constant in ms in the presence 

of 30 µM verapamil; kon, on-rate constant of verapamil to block current through the channels in 

10
6 
M

-1
s

-1
; konrel, relative on-rate constant in % of wild-type.  

 

*significant, p<0.01 

 

 

 

 

 

 

 

 wild-

type 

V417C* L418C* T419C I420C* L346C* L346C/ 

L418C* 

n 3±0.4 

(n=6) 

3±0.4 

(n=6) 

4±0.7 

(n=3) 

5±0.5 

(n=5) 

4±0.7 

(n=6) 

3±0.4 

(n=6) 

3±1.2 

(n=5) 

j 187±91 

(n=6) 

207±38 

(n=6) 

113±10 

(n=3) 

282±30 

(n=5) 

837±154 

(n=6) 

200±85 

(n=6) 

111±14 

(n=5) 

decay 26±6 

(n=6) 

68±13 

(n=6) 

54±12 

(n=3) 

23 ± 1 

(n=5) 

150±42 

(n=6) 

37±6  

(n=6) 

38±4   

(n=5) 

kon 1.1±0.3 

(n=6) 

0.34±0.1 

(n=6) 

0.35±0.1 

(n=3) 

1.30±0.1 

(n=5) 

0.19±0.05 

(n=6) 

0.73±0.1 

(n=6) 

0.58±0.1 

 (n=5) 

konrel 100 31 32 117 17 66 52 
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3.5 Molecular docking of verapamil and the 

hKv1.3 mutant channel  

 

 

Figure 20 Structural formula of verapamil from Rossokhin et al. (2011) 

 

I followed the instruction of the lowest-energy model by Rossokhin et al. (2011) to 

model the presumed position of verapamil in hKv1.3 channels (Fig. 21, A-C). 

Locating verapamil’s para-oxygen in ring B (Fig. 20) in proximity to position 413, it 

was placed at a distance of 6 Å from the -carbon of position 413. The hydrogen 

atom of the ammonium group covalently binds to the backbone carbonyl of 

position 391. The meta- and para-methoxy groups of ring B are able to penetrate 

the intrasubunit niche reaching the side chains of position 390 and 413. Using this 

model, the meta-methoxy group in ring B approaches position 390 which is also 

consistent with a former study. Rauer and Grissmer (1999) proposed position 390 

being a binding site, as the affinity for verapamil was decreased about 6 fold. In 

this configuration the distance of ring A to the cysteine at position 420 was 

approximately 1 Å and to position 417 3 Å. This differential proximity could also 

explain the change in verapamil’s kon with mutations at these positions observed in 

my experiments.  

  

https://en.wikipedia.org/wiki/Hydrogen
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Fig. 21 A-C, Docking of verapamil (red) into the three-dimensional model 

of the hKv1.3 mutant channel (the Kv1.2 channel [PDB-File: 2A79] was 

used as a template). Shown are extracellular A, side B and close-up C 

views. A, The hKv1.3 mutant channel is composed of four monomers 

each containing S5, S6 and the P-turn. In A verapamil is space-filled. In B 

and C one subunit is removed. The S5 helices are shown as strands, the 

P- and S6 helices are shown as smooth helices. For better visualization 

all side chains of the amino acids were removed except the side chains of 

the amino acids at positions V417C, L418C, T419C, I420C and L346C. In 

A three, in B and C two subunits are colored green and one subunit is 

colored blue. Position A413 (yellow), M390 (orange) and K
+
 (purple) are 

space-filled. The grey spheres represent non-occupied potassium ion 

binding sites. Highlighted are amino acid residues that were mutated to 

cysteines L346C (cyan), V417C (dark-blue), L418C (magenta), T419C 

(green), I420C (black), from Diesch and Grissmer (2007) 

A B 
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4 

 

Discussion 

 

In my current study I determined amino acids in the hKv1.3 potassium channel that 

interact with verapamil. Therefore, I individually substituted amino acids in the 

outer and inner pore helices of the hKv1.3 channels by cysteines. Those 

substituted amino acids – V417, L418, T419 and I420 were located consecutively 

in one turn of the S6 transmembrane -helix of one subunit of the homotetrameric 

hKv1.3 channel. In addition, another amino acid – L346 – which was not located in 

the S6 but in the S5 transmembrane -helix was chosen because it was very close 

to position 418 and was also replaced by a cysteine. Using the phenylalkylamine 

verapamil I examined and compared the effect of verapamil on current through 

those different hKv1.3 mutant channels in the open state. I evaluated changes in 

the on-rate of verapamil to reach its binding site at position 413 (Dreker and 

Grissmer, 2005) induced by the introduced cysteine side chains. I first determined 

the influence of the mutations on activation and inactivation of hKv1.3 channels in 

extracellular Na-Ringer solution (Table 1). Then the action of verapamil in the open 

state was investigated by measuring the time course of the open channel block 

(on) in order to calculate kon, the on-rate constant of verapamil. By comparing kon, I 

determined those cysteines of the amino acids in the hKv1.3 channel which 

interfere with verapamil to reach its binding site. 

 

4.1 Simulated current traces verify my assumption that off can be 

neglected 

 

I interpreted the effect of verapamil on currents through hKv1.3 wild-type and 

different mutant channels. Describing the reaction of verapamil with the channel, 
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the time constant of the verapamil block and the time constant of the verapamil 

unblock needs to be considered. The direct measurement of off is complicated by 

a couple of facts that make the direct determination of off almost impossible. First, 

at hyperpolarized potentials, the channel closes faster than the verapamil off-rate. 

Therefore verapamil is forced to leave the channel due to channel closing. This 

phenomenon has been described earlier (Röbe et al., 2000; Kuras and Grissmer, 

2009) by a strong voltage-dependent off-rate that does not reflect the normal 

off-rate of verapamil from an open channel. Second, to determine the off-rate of 

verapamil one would need to change the bath solution from one containing 

verapamil while the channel is still open. Even if the solution exchange is possible 

within 50 ms using a picospritzer, the intrinsic inactivation of the hKv1.3 channels 

is faster than the off-rate constant and would prevent the determination of koff of 

verapamil to leave the channel.  

In spite of these difficulties to obtain koff, I used the simulated current traces to get 

a good estimate on the off-rate for verapamil. This procedure offers a simple 

method to test the validity of my assumption that koff is slow and could be 

neglected as has been suggested by Röbe et al. (2000). I obtained identical 

values for koff for the hKv1.3 wild-type potassium and the V417C and I420C mutant 

potassium channel. koff as a measure of backward reaction was slow 

(l = 0.0006 ms-1) and could therefore be neglected and therefore the blocking 

properties of verapamil solely resulted from the changes in kon. This confirms Röbe 

et al. (2000) who suggested the negligibility of the off-rate constant when no 

steady-state current during depolarization of the membrane is observed. Under 

this condition, that the contribution of the backward reaction i.e. the verapamil 

unblock (off) could be neglected the on-rate constant kon could be estimated as 

described in section 3.3. This turned out to be the case for all my experiments with 

verapamil described in the results section. In contrast to my experiments, if I 

simulated the current trace of the A413C mutant channel of an experiment made 

by Dreker and Grissmer (2005) and published in their paper (Fig. 2, trace 4), an 

appropriate simulation was only possible if the off-rate of verapamil was raised by 

~100 fold. This could be expected as a steady-state current in the presence of 

verapamil during a 200 ms depolarizing pulse was clearly visible. This meant that 

the backward reaction of verapamil in the A413C mutant channel was fast 
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whereas inversely, in wild-type channels the backward reaction was slow implying 

that position A413 is the blocking site. 

 

4.2 The reason why I did not use the reduction of steady-state 

peak current as a measure of verapamil’s affinity to block current 

through open hKv1.3 channels 

 

In my experiments I used hKv1.3 channels which undergo conformational changes 

during prolonged depolarization resulting in C-type inactivation. The value of KD in 

the steady-state depends on the pulse protocol, as verapamil blocks the open and 

the inactivated state (DeCoursey, 1995; Röbe and Grissmer, 2000). As an 

example Rauer and Grissmer (1996) interpreted the reduction of the peak current 

amplitude by verapamil in wild-type channels. They compared 200-msec with 

20-msec pulse durations. Under constant interpulse intervals (30 sec) the 

reduction of the peak current amplitude by verapamil does depend on the length of 

the pulse. A shorter pulse (20 ms) led to a larger peak current in the presence of 

verapamil compared to a larger pulse (200 ms). Since the current reduction at a 

given verapamil concentration can be used to create a dose-response curve of 

verapamil to block current and thereby determine a KD value for verapamil, the 

change of current reduction using a short vs. a long pulse would lead to different 

KD-values for verapamil’s ability to block currents through Kv1.3 channels. 

Therefore the KD-value determined by the reduction of the steady-state peak 

current is not a good measure for the affinity of verapamil toward the open state of 

the channel.  

In addition, Rauer and Grissmer (1996) further examined a mutant channel with a 

slower C-type inactivation. Interestingly, the KD value determined by the reduction 

of the steady-state peak current in the presence of verapamil was ~25-fold higher 

for this mutant channel compared to the wild-type channel although the affinity of 

verapamil for the open channel was almost identical. Therefore the determination 

of a KD-value from the reduction of the steady-state peak current is not a good 

measure for the affinity to a single state i.e. the open state since the reduction in 
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steady-state peak current amplitude by verapamil using a certain pulse protocol 

involves a mixture of several states including the open, open-blocked, inactivated 

and inactivated-blocked state as well as the recovery from these states. Therefore 

I did not use the reduction of the steady-state peak current in the presence of 

verapamil to describe the affinity of verapamil to the channel. Instead I used the 

change in kon determined from the change in the current decay during 

depolarization to obtain a meaningful measure for verapamil’s affinity to the open 

state of the channel. 

 

4.3 Effect of verapamil on current through hKv1.3_T419 mutant 

channels  

 

Summarized in Table 1 are the effects of 30 µM extracellularly applied verapamil 

on currents through hKv1.3_wt and the examined different mutant channels. If I 

compare the on-rate of the hKv1.3_T419C mutant with the wild-type channel both 

have a similar value kon= ~1.2*106
 M

-1s-1, indicating that a change from a threonine 

to a cysteine does not involve a significant difference in the on-rate of verapamil. 

Two possibilities could explain this fact. First, verapamil might bind at amino acid 

threonine at position 419 with the same affinity as if it was a cysteine. A closer look 

at the molecular structure might confirm this assumption. It seems that the 

molecular structure of the side chain threonine (hydroxyl-group) is only slightly 

different compared to the molecular structure of the side chain cysteine 

(thiol-group). The second explanation could be that verapamil does not reach 

position 419 at all. For a better understanding which argument might be more 

plausible I was interested in the 3D model and positioning of verapamil in the 

channel. Docking verapamil into a homology model of the channel (Fig. 21A-C) 

shows the possible position of verapamil in the hKv1.3 channel and the spatial 

arrangement of all mutated residues. Since the crystal structure of the 

hKv1.3 channels is not known to date, I used the crystal structure of the closely 

related Kv1.2 channel (PDB: 2A79) to generate a reasonable structural model. 

Verapamil was docked into the channel following the instructions described in 
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section 3.5. This model could provide an idea of the possible interaction of 

verapamil and the channel, which could be used to further interpret and evaluate 

the possible effect of verapamil on the T419C mutant channel. The model 

demonstrates that amino acid 419 faces away from the central pore region 

(Fig. 21C), therefore it seems much more likely, that verapamil does not come into 

contact with position 419 during its passage through the channel. Without touching 

position 419 verapamil passes through the widened bundle crossing in the open 

state (position 423-425 in hKv1.3 channels homologue to positions 473-475 in 

Shaker (Tombola et al., 2006) from the intracellular to the extracellular side of the 

channel. This result supports a previous study performed by Nikouee et al. (2012) 

who showed that verapamil could prevent MTSEA to modify the cysteine in the 

hKv1.3_T419C mutant channel. This experiment indicated that verapamil is able to 

physically block the inner pore thereby protecting the cysteine at position 419 from 

modification.  

 

4.4 The interference of the cysteines at position 417 and 

418 in the hKv1.3 channel with verapamil  

 

A different effect occurs if verapamil was applied extracellularly on V417C and 

L418C mutant channels. Compared to the on-rate constant of hKv1.3_wt channels, 

the on-rate constant of both mutant channels was reduced almost similarly to 

about one third. A reduction of the on-rate implies that the access for verapamil to 

its blocking position is more complicated. It seems that the two residues V417C 

and L418C prolong the time verapamil needs to reach A413. This may support the 

suggestion from Nikouee et al. (2012) that after binding at position A413 verapamil 

also partially covers position 417. In the same paper the authors also showed that 

verapamil cannot protect the cysteine at position 418 from MTSEA modification. 

Regarding the 3D model (Fig. 21C) position 418 is located at the back of the 

helical turn and not close to verapamil. The measurement tool provided by the 

software PyMOL reveals a distance of 2.7 Å between the side chain of residue 

V417C and verapamil. Taking these results together I conclude that the amino 
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acids at position 417 and 418 interfere with verapamil to reach its blocking site. 

Once verapamil reached its blocking site (A413), verapamil also partially covers 

position 417 but it does not cover position 418 anymore. 

 

4.5 Does position 346 in the hKv1.3 channel indirectly influence 

verapamil to reach its blocking site? 

 

I was further interested if amino acid residues located in the vicinity of position 418 

could modify the ability of verapamil to block the current which would result in an 

altered on-rate constant of verapamil. The crystal structure showed that the amino 

acid residue at position 346 in the S5 segment of the hKv 1.3 channel is very close 

to position 418 of the neighboring subunit (~7Å). Comparing both, the single 

mutant L346C and the double mutant L346C_L418C revealed that no significant 

difference in the on-rate constants between those two mutant channels exists 

(Table 1). The L346C single mutant reduced the relative on-rate constant by about 

one third whereas the hKv1.3_L346C_L418C double mutant lead to a reduction of 

48 % compared to the wild-type channel. With reference to the on-rate constants 

of verapamil, both the single and the double mutant channel seem to be involved 

in verapamil binding. The 3D model of the channel, offering more details about the 

spatial arrangement of the amino acid residue at position 346 (Fig. 21C), shows 

that the amino acid 346 is located in the S5 transmembrane α-helix which is not 

lining the central pore region and it seems that the verapamil blocking site is far 

away. Therefore a more obvious conclusion may be to assume that a mutation 

from leucine to cysteine at position 346 indirectly influenced verapamil’s ability to 

reach its binding site by an alteration of the overall structural conformation of the 

hKv1.3 channel which indirectly influenced the on-rate constant of verapamil. This 

argument that a mutation has an allosteric effect and changes the overall structure 

of the channel could in principle be an explanation used for all mutations examined 

in this study. However, for all other mutations, with the exception of L346C, 

investigated in this study, I do present alternative explanations (see above and 

below). Therefore an allosteric effect seems to make more sense for position 346, 
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also because position 346 is located at a larger distance to the inner pore 

compared to the other mutations. 

 

4.6 Major effect on the on-rate of verapamil induced by position 

420 in the hKv1.3 channel 

 

The last position I want to explain in more detail was a mutation from isoleucine to 

cysteine at position 420. This mutation had the most impact on the reduction of the 

on-rate constant of verapamil compared to all other mutations described in this 

study. The value of kon was only ~one sixth of the on-rate constant obtained for 

wild-type channels. Docking verapamil into the homology model of the hKv1.3 

channel shows that ring A (Fig. 20) of verapamil is near position 420, looking as if 

the ring sticks right at the side chain of the amino acid at position 420 (Fig. 21C). 

The distance between verapamil and position 420 is only marginal (~1.2 Å) after 

verapamil reached its blocking site A413. The chemical structure of verapamil 

(Fig. 20) shows that both rings A and B of verapamil have a similar structure. 

Therefore a possible explanation of the decreased on-rate might be that during 

verapamil’s passage through the channel, ring B of verapamil first passes and 

interferes with position 420 before the molecule reaches the blocking site. In 

addition, the great effect of position 420 on the on-rate constant of verapamil might 

also be an indication that the amino acid residue at position 420 is a binding 

position thereby decreasing the blocking properties of verapamil. Also noticing that 

verapamil is a large molecule the existence of more than one binding site makes 

sense supporting the suggestion that position 420 is another binding site of 

verapamil. 
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5 

 

Summary  

 

In my thesis I compared the effect of verapamil on the hKv1.3 wild-type channel 

and mutations to position 417, 418, 419, 420, 346 and 346/418. I developed a 

simple measuring protocol to determine, from the time course of the current decay 

in the presence of verapamil, the blocking effect of verapamil through the open 

state and not through the inactivated state. I specifically obtained the following 

results: 

1) I could use the current decay during depolarization in the presence of 

verapamil to isolate the time course of the verapamil to block the open 

channels (on) from the time course of inactivation (j). From on I could 

calculate kon under the assumption that the backward reaction is slow and 

therefore negligible as confirmed later (point 3).  

2) kon was not altered by a mutation to position 419; mutations to position 417, 

418, 346 and 346/418 had a moderate effect whereas a mutation to position 

420 had a great effect on kon. 

3) Using the kinetic model described in section 2.4.2 current traces of the 

wild-type channel and the mutant channels could be simulated. l was slow 

and constant whereas k was variable, confirming the assumption that the 

backward reaction can be neglected and the blocking properties of 

verapamil resulted from changes in kon.  

4) The cysteine at position 420 strongly interacts with verapamil and is a 

presumed second binding site after verapamil is bound at position 413. 

Both positions V417C and L418C interfere with verapamil whereby mutation 

L418C only interferes with verapamil until verapamil has reached its 

blocking site. Position 419 faces towards the outside of the helical turn and 
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does not sense the center of the pore region. Thereby it is impossible to 

interfere with verapamil reaching its blocking site.  

In my present study I extended the knowledge of the interaction of verapamil with 

the hKv1.3 channel in the open state of the channel and described a second 

binding site at position 420. Using the described measuring protocol I explored a 

fast and easy way to measure affinities of verapamil toward the channel. This 

procedure might facilitate the testing of potential high-selective ion channel 

modulators on a variety of different voltage-gated ion channels.   
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