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1 INTRODUCTION 

1.1 Potassium channels 

All three major classes of organisms, eubacteria, archaebacteria and eukaryotes 

have potassium channels (Hille, 2001). These membrane proteins play critical 

roles in a broad range of physiological processes such as nerve excitation, muscle 

contraction, hormone and neurotransmitter secretion, cell proliferation, sensory 

transduction, modulation of blood pressure, regulation of cell volume, stress 

response, cognitive functions, metabolic regulation, fertilization and apoptosis 

(Ashcroft, 2006). Furthermore, mutations in K+ channel genes may lead to 

neurological and cardiac disorders, such as epilepsy or long QT syndrome 

(Ashcroft, 2000). 

K+ channels allow the passage of K+ across the hydrophobic membranes. There 

are over 150 types of potassium channels which can be classified into different 

main classes according to their structural architectures defined by the number of 

transmembrane helices (TM) and a short loop (P) between them. Based on this 

category they are classified into four main classes (Fig. 1).  

All potassium channels have a tetrameric assembly to form a conducting pore 

which is related to their common duty, to the passage of K+. The 6TM/P channels 

include the most ligand and/or voltage-gated K+ channels and K+ passage through 

these channels is controlled by ligand binding and/or transmembrane voltage, 

respectively (Doyle et al., 1998; Jiang et al., 2003a; Alexander et al., 2006). 

 

 

Fig. 1 Schematic classification of K
 

channel subunits. K
+
 channels are divided in 4 classes based 

on their transmembrane topology of their subunits.  
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All experimental work in this thesis is performed on the human voltage-gated 

potassium channels (hKv1.3) and its mutant channels, so the voltage-gated 

potassium channels as a subclass of the 6TM/P channels will be discussed in 

more detail in the next section.  

 
1.2 Voltage-gated potassium channels 

This subfamily of 6TM/P potassium channels is activated (opened) by the 

transmembrane voltage and, once opened it allow for selective K+ passage. Due 

to these two specific characters, this group of potassium channel is named 

voltage-gated potassium channel and the abbreviation form of their nomenclature 

is “Kv”, which emphasizes the selectivity for the potassium ion (K) and the 

sensitivity to the voltage (v). The opening and closing, i.e. the gating of the 

channel will be described in more detail in section 1.2.1.  

Voltage-gated potassium channels are composed of four α-subunits, which are 

symmetrically arranged around the central pore (Fig. 2). Each α-subunit consists 

of six transmembrane segments (termed S1 to S6) and a pore Helix (P-region). 

The S1-S4 segments form the voltage-sensing module and the S5-S6 segments 

plus the P-region form the permeation module. The outer pore area is constructed 

by two linkers between S5-P (turret) and P-S6 (Heginbotham et al., 1992, 1994; 

Doyle et al., 1998; Elinder and Arhem, 1999; Torres et al., 2003).  

 

 

 

 

 

 

 

 

Fig. 2 Schematic drawing of a single α-subunit (left) in a six transmembrane fashion and the 

common assembly of a functional Kv channel from four α-subunits (right). 
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The common central pore construction and the permeation process are identical 

among voltage-gated potassium channels. The ion conduction pathway is located 

along the central axis of the pore and this pathway consists of two main regions: 

the selectivity filter and the central cavity (Fig. 3). The selectivity filter contains the 

highly conserved signature sequence (TGYGD) to discriminate K+ over other ions 

(Blatz and Magleby, 1984; Zhou et al., 2001b).  

The selectivity mechanisms will be explained in more details in section 1.2.2. Near 

the membrane midpoint, the ion pathway forms a 10 Å wide water filled cavity. 

This part of the ion conduction pathway is called central cavity (Fig. 3). The bundle 

crossing constructed by the convergence of S6 helices is crucial in opening and 

closing of voltage-gated potassium channels (Doyle et al., 1998; Jiang et al., 

2002a; Jiang et al., 2002b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Schematic view of a Kv channel. Only two monomers are shown for clarity. This picture 

represents the permeation module of a Kv channel and the voltage sensing module S1-S4 was 

deleted. The turret region is a coiled-coil structure between S5 and the pore helix. The gray balls 

represent the K ions and the arrow pointing towards the central cavity shows the dipole moment of 

the pore helix. The carbonyl groups of residues lining the selectivity filter are shown in ball and 

stick form. Modified from Hille (2001). 

 

1.2.1 The gate in voltage-gated potassium channels 
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The conformational changes relevant to the opening and closing of ion channels 

are termed “gate”. In voltage-gated potassium channel, this gate is controlled by 

voltage or the transmembrane potential. The voltage-gated potassium channels 

usually close at negative voltages and open at more positive voltages. How can Kv 

channels sense the membrane potential? This question was addressed by several 

investigations. It is clear that the S4 segments confer the voltage-sensitive gating 

to the central pore. The S4 segments contain basic amino acids, arginine or 

lysine, at every third position. Upon depolarization, positive charges in the S4 

segments move from “inside” to “outside”. As a consequence of this 

conformational change the intracellular bundle crossing can trigger opening or 

activation of the central pore. In the reverse process, the Kv channel can be closed 

or deactivated by negative voltages that restore the down position of positive 

charges in the S4 segments (Papazian et al., 1995; Yang and Horn, 1995; Noceti 

et al., 1996; Larsson et al., 1996; Aggarwal and MacKinnon, 1996; Sato et al., 

2003). What conformational changes take place during opening and closing of the 

central pore? The crystal structure of the potassium channel in a closed state 

suggested that the C-terminal parts of the S6 from the four subunits form a 

"bundle crossing". This bundle crossing structure acts as a gate at the intracellular 

entryway (Fig. 4).  

 

Fig. 4 Cartoon representation of the opening and closing of the intracellular bundle crossing. 

Convergence of S6 helices (blue bars in the open and red bars in the closed situation) close the 

intracellular pathway of K
+
. Modified from Yellen (1998). 
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In addition, the crystal structure showed that a conserved glycine residue in S6 

acts as a hinge point in the activation gate and a Pro-x-Pro motif below this area 

form a kink in S6. Both regions contribute to the S6 movement during activation 

(Bright et al., 2002; Labro et al., 2003; Webster et al., 2004; Magidovich and 

Yifrach, 2004; Seebohm et al., 2005; Wang et al., 2005; Long et al., 2005a,b).  

 

1.2.2 The selectivity filter and ion permeation 

Upon depolarization, the activation gate in the intracellular entryway of Kv 

channels will open and permit ions to pass. Kv channels, however, can select K+ 

over Na+ and other cations. For this purpose, the selectivity filter is formed by the 

conserved TVGYGD sequence in the C-terminal part of the P-loop (Zhou et al., 

2001a). What is the molecular mechanism of the selectivity filter? The first model 

(snug-fit model) about the selectivity process suggested that the selectivity filter 

had a rigid structure and that the spatial geometry of this filter was optimized for K+ 

but not for Na+ (Bezanilla et al., 1972). Further experimental and theoretical results 

indicated, however, that the selectivity filter had a more flexible structure 

(Shrivastava et al., 2000; Allen et al., 2004; Bernèche and Roux, 2000). Although, 

the size of the ion seems important it is not the whole story and the selectivity 

process can only be explained when considering the K+ hydration shell in the bulk 

solution, near the outer part of the channel and finally in the selectivity filter. It has 

been shown that a K+ in water is surrounded by ≈ eight water molecules, four 

water molecules above and four of them below forming a hydration shell. Close to 

the first conserved amino acid (Gly) in the selectivity filter of the channel the K+ 

gets partially dehydrated and in the selectivity filter the K+ is completely 

dehydrated. This dehydration can happen because several binding sites are 

present along the potassium pathway and each binding site is formed by eight 

oxygen atoms of carbonyl groups of the residues lining the selectivity pathway. It 

is assumed that these oxygen cages in the selectivity filter act as a hydration shell 

around the K+ in comparison to the situation in the bulk solution. In a 

thermodynamic view, K+ in the selectivity filter is totally stripped from the water 

molecules and this dehydration energy will be compensated by the binding energy 

of K+ binding to the binding sites. In case of Na+ it seems that Na+ is too small to 

form a suitable binding with the K+ specialized binding site. Consequently, this 

binding energy cannot compensate the dehydration energy of Na+. Hence, the K+ 



 
 

6 

passage through its specialized binding sites is more favorable for K+ over Na+ 

(Bernèche and Roux, 2000; Zhou et al., 2001b; Morais-Cabral et al., 2001; Roux, 

2005). 

 

Fig. 5 Two monomers of a potassium channel without the S1-S4 transmembrane segments are 

shown as a gray trace and the green spheres represent K ions. The potassium binding sites in the 

permeation pathway of the potassium channel are shown in the dotted rectangular. The selectivity 

filter is highlighted in black. Four potassium binding sites S1-S4 in the selectivity filter are shown in 

the red closed square. Modified from Lenaeus et al. (2005) and Lockless et al. (2007).  

More features about the potassium binding sites are necessary to explain the ion 

permeation process. Therefore in the following part, I try to describe the potassium 

binding sites in more detail. The high-resolution structures of K+ channels 

indicated that there are a total of seven K+ binding sites available along the 

potassium pathway (Fig. 5, left). Two potassium binding sites (Sext) and (S0) have 

been detected at the extracellular mouth of the potassium channel. The most 

external site (Sext) can be occupied by a fully hydrated K+, surrounded by eight 

water molecules. When this K+ moves into the next binding site (S0) close to the 

outer part of the selectivity filter, four water molecules close to the channel are 

removed. The carbonyl oxygen atoms from the four Gly residues in the outer most 

part of the selectivity filter interact with this partially hydrated K+. The translocation 

of K+ into the selectivity filter is possible through the four binding sites S1-S4 and K+ 
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must be fully dehydrated to pass through the selectivity filter. In this stage, each K+ 

binding site is coordinated by eight oxygen atoms of the back bone carbonyl of the 

TVGY sequence and oxygen of the OH group in the side chain of the threonine 

residue. These oxygen atoms form a cage around the K+ quite like the eight water 

molecules surrounding the hydrated K+ in the solution. The seventh possible 

binding site is in the large and water filled central cavity between the last binding 

site in the selectivity filter (S4) and the bundle crossing of the activation gate. In 

this case, K+ is fully hydrated and coordinated by eight water molecules. It was 

suggested that the pore helix has a dipole moment and the axis of this dipole 

moment is pointed towards the central cavity and that this phenomenon can 

stabilize the fully hydrated K+ in the central cavity (Zhou et al., 2001b; Roux, 2005). 

How many K+ can be in the selectivity filter at the same time? As described above, 

K+ can translocate through the selectivity filter only in the fully dehydrated form and 

all surrounding water molecules must be removed. The stripped K+ in the narrow 

part of the selectivity filter has a strong electrical repulsion. Therefore, at any given 

time occupancy of four potassium ions in the selectivity filter is not possible. Only 

two potassium ions can sit in the selectivity filter at any given time, either in the 

S1-S3 or S2-S4 configuration with two water molecules located between them and 

final configuration would be K+-water-K+-water (1,3 configuration) and water-K+-

water-K+ (2,4 configuration) (Fig. 6).  

 

 

 

 

 

Fig. 6 The selectivity filter region (two monomers) of a potassium channel is presented in a yellow 

ball and stick model. Potassium ions and water molecules are shown in green and red spheres and 

the positions in the selectivity filter are numbered 1-4 from extracellular to intracellular. Two multi 

ion configurations K
+
-water–K

+
-water (1, 3 configuration, left) and water-K

+
-water-K

+
 (2, 4 

configuration, right) are shown from Zhou et al. (2001a). 
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During an outward current (K+ translocates from the intracellular side of the 

channel to the extracellular side of the channel), after removing the hydration 

shell, K+ translocates from the central cavity to the S4 position. Then the incoming 

ion induces a concerted transition to the new configuration with three ions in the 

S4, S2, and S0 binding site, in the next stage the permeation process is followed by 

the rapid dissociation of K+ from the S0 at the extracellular part of the channel. All 

these events cause a cyclic process for ion permeation and conduction of K+. 

Conducting channels can be turned into non-conducting states by deactivation or 

inactivation processes (Aqvist and Luzhkov, 2000; Berneche and Roux, 2001; 

Zhou et al., 2001b; Morais-Cabral et al., 2001). Deactivation or closing the 

intracellular gate was explained in section1.2.1 and the inactivation process will be 

described in the next section.  

1.2.3 The inactivation gate  

As described before in section 1.2.1, upon depolarization and repolarization of the 

membrane, opening and closing of the channel will occur and the activation and 

deactivation gate is responsible for this process. In addition to the activation and 

deactivation gate, many voltage-gated potassium channels under prolonged 

depolarization can enter a long-lived non-conducting state or inactivated state. 

Some of the Kv channels have two types of inactivation, N-type inactivation and 

C-type inactivation. Molecular and structural investigations revealed that these two 

non-conducting states are mediated by different molecular mechanisms. These 

two mechanisms will be described in the two following sections. 

1.2.3.1 N-type inactivation 

N-type inactivation is also known as fast inactivation because usually this process 

is faster compared to C-type inactivation. Historically, the fast inactivation process 

was identified in voltage-gated Na+ channels and the basic information about the 

fast inactivation of voltage-gated Na+ channel was used to characterize the 

mechanistic features of the fast inactivation in potassium channels. Armstrong and 

collogues (1973) observed that after internally application of pronase, a proteolytic 

enzyme, the fast inactivation of sodium channels was abolished (Armstrong et al., 

1973). Later in 1977, these set of results led to the proposal of a ball-and-chain 

model in which a cytoplasmic particle or ball, tethered to the cytoplasmic side of 
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the channel by means of a polypeptide chain, plugging the inner mouth of the pore 

thereby blocking ion fluxes (Fig. 7). Although this mechanism was originally 

proposed for the sodium channel and the proteolytic process in Na+ and K+ 

channels is different, but several lines of evidence showed that the basic concept 

of this model was consistent with the fast inactivation mechanisms in potassium 

channels (Armstrong and Bezanilla,1977). It was shown that the N-terminal 

peptide ball could act as an open channel blocker. Several experiments indicated 

that internally applied TEA+ could do the same because both intracellular TEA+ 

and the tethered ball acted on a similar binding site competing to block the 

intracellular part of the permeation pathway (Choi et al., 1991; Del Camino et al., 

2000). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 Cartoon representation of the N-type and C-type inactivation mechanisms. The activation 

gate (bundle crossing) is open and shown by green circles. In the N-type inactivation process, the 

ball can enter into the cytoplasmic part of the channel and blocks the ion permeation if the 

activation gate is open. C-type inactivation is a non-conducting state although the activation gate is 

open (green circle). The outer pore region (outer part of the selectivity filter) and the selectivity area 

undergo a constriction during C-type inactivation. Modified from Yellen 1998. (For comparison with 

the activation and deactivation gate please see Fig. 4). 

Selectivity filter

Central cavity

Bundle crossing

Ball

Intracellular

N-type

inactivation
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In 1990’s, Aldrich’s group discovered the molecular features of the ball and chain 

model in the fast inactivating Shaker channel. Hoshi et al. (1990) used trypsin as a 

proteolytic enzyme to delete around 20 residues in the N-terminal part of the 

Shaker channel. This deletion abolished the fast inactivation of this channel. In 

addition, they could remove the fast inactivation of the Shaker channel by using 

deletion mutations in the N-terminal part of this channel. They deleted 22 amino 

acids from the N-terminal of the Shaker channel. After these deletions, the 

functional mutant channel could not inactivate anymore and this mutant channel 

became known as the ‘Inactivation Removed Shaker channel’ or Shaker IR 

channel (Hoshi et al., 1990; Zagotta et al., 1990).  

Further experiments indicated that the abolished fast inactivation process could be 

restored by adding a synthetic peptide with the primary structure of the 20 deleted 

amino acids in the N-terminal part of the channel to the internal solution. It was 

shown that the rate of the restored fast inactivation was dependent on the 

synthetic peptide concentration. These results supported the idea that the pore-

blocking ball was part of the NH2 terminus of the potassium channel and hence 

this fast inactivation process was called N-type inactivation. Molecular biology and 

sequence analysis of the ball segment in the Shaker channel revealed that this 

structure included 11 hydrophobic or uncharged amino acids, followed by a highly 

polar core of 8 residues. Substitutions of amino acids located in the ball area 

suggested that both hydrophobic and long range electrostatic interactions were 

involved in the interaction between the peptide ball and the inner mouth of the 

channel (Zagotta et al., 1990; Hoshi et al., 1990; Murrell-Lagnado and Aldrich, 

1993a; Murrell-Lagnado and Aldrich, 1993b; Stephens and Robertson, 1995; Antz 

and Fakler, 1998).  

Some other investigations suggested that the chain length can also affect the 

N-type inactivation rate. These studies emphasized that the chain elongation 

decreases the rate of N-type inactivation (Hoshi et al., 1990; Murrell-Lagnado and 

Aldrich, 1993b; MacKinnon et al., 1993; Timpe and Peller, 1995; Gomez-Lagunas 

and Armstrong, 1995). 

 
1.2.3.2 C-type inactivation 

In addition to N-type inactivation, another distinct mechanism of inactivation was 

detected in some Kv channels occurring slower than N-type inactivation. For this 
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reason, this distinct type of inactivation process was called slow inactivation. 

Historically, two lines of evidence showed that the mechanisms of slow and fast 

inactivation (N-type) were different from each other. (i) When the fast inactivation 

was removed by deletion of the N-terminal part of the Shaker channel, this fast 

inactivation-removed channel still displayed a slow form of inactivation which was 

related to the C-terminus of the Shaker channel (Hoshi et al., 1991). In another 

experiment, alternatively spliced C-terminal variants with similar N-termini were 

tested (Iverson and Rudy, 1990). The slow inactivation of these variants was 

characterized and it was shown that the slow inactivation rate of these variants 

differed. These data indicated that the C-terminal parts of Shaker channels were 

involved in the slow inactivation process and for this reason, this slow inactivation 

was named ‘C-type inactivation’ (Hoshi et al., 1991; Iverson and Rudy, 1990). 

(ii) The N-type inactivation-removed channels did not change inactivation in the 

presence of internally applied TEA+ but their slow inactivation changed by 

extracellular TEA+ (Choi et al., 1991). This data emphasized that the outer 

vestibule of Shaker channels was involved in slow inactivation. Despite of the well-

known molecular mechanism of N-type inactivation, the mechanistic features of 

the C-type inactivation process is still unclear up to now. Some structural 

information about this process involves a conjunct change in the outer vestibule of 

the channel (Yellen et al., 1994; Liu et al., 1996). Furthermore, some experiments 

highlighted the determinant role of the selectivity filter and the pore helix in C-type 

inactivation (Lopez–Barneo et al., 1993; Schlief et al., 1996; Kiss et al., 1999; 

Cordero-Morales et al., 2006a; Cordero-Morales et al., 2006b). Fluorescence 

experiments (Chen et al., 2000; Loots and Isacoff, 1998) indicated that the slow 

inactivation seems to be a two-step process: an initial conformational change near 

to the selectivity filter which is unstable (P-type inactivation) proceeding to a more 

stable conformational change (C-type inactivation). Because these two processes 

were assumed to be consecutive, the term P/C type inactivation was sometimes 

used instead of C-type inactivation (Loots and Isacoff, 1998). Originally, the term 

P-type inactivation was used by Kirsch’s group in 1993. They used ‘P-type 

inactivation’ to describe all mutations in the pore helix inducing a faster inactivation 

process compared to wild type channels (Kirsch et al., 1992; De Biasi et al., 1993). 
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In the following paragraphs, I will focus on the original concept of C-type 

inactivation and the several possible models about the molecular mechanisms of 

this process, which were proposed by several groups. First, I will explain the role 

of the outer pore in the modulation of C-type inactivation. In the second part, the 

different ion selectivity of C-type inactivated channels compared to open channels 

will be used as evidence for the explanation of the involvement of the selectivity 

filter in the slow inactivation process. Finally, I will focus on new ideas about the 

cooperative role of the outer pore and the selectivity filter in C-type inactivation. 

 

A- Role of the outer pore in the C-type inactivation process 

 
Several lines of evidence revealed that structural rearrangements at the 

extracellular mouth of the pore are involved in the C-type inactivation process. 

Grissmer et al. (1989) showed that external TEA+ could prevent C-type 

inactivation (Fig. 8). The authors emphasized that the outer vestibule structurally 

rearranges during C-type inactivation and that externally applied TEA+ could 

prevent this dynamic rearrangement of the outer vestibule (Fig. 8) (Grissmer and 

Cahalan, 1989; Choi et al., 1991). This initial finding was confirmed by Choi et al. 

(1991) and extended by Yellen et al. (1994). They used a mutant of the Shaker 

channel in which the residue T449 in the outer pore region was substituted by 

cysteine. This T449C mutant channel was sensitive to block by Cd2+. The analysis 

showed that Cd2+ could bind weakly to this mutant channel in the open state 

(KD≈9 mM), however, the mutant channel in the inactivated state was 45000-fold 

more sensitive to Cd2+ (KD≈0.2 µM). This finding strongly suggested that the 

spatial arrangement of the cysteine residues at position 449 in the open state and 

the inactivated state was different and that the inactivated state is more accessible 

for Cd2+. These data also suggested that during inactivation the four cysteine 

residues at position 449 in the four monomers of the mutant channel came closer 

to each other and that this movement caused the higher affinity of Cd2+ towards 

the inactivated state (Fig. 8). To confirm the approach of the four monomers closer 

to each other during C-type inactivation, residues M448 next to the T449 were 

also substituted by cysteine. The engineered cysteine residues in the four 

monomers of the M448C mutant channel could form inter-subunit disulfide bridges 

by the oxidizing component copper (II)-phenanthroline during the inactivated state. 

These results suggested that C-type inactivation was the result of a constriction in 
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the outer pore region (Yellen et al., 1994; Liu et al., 1996). Other tests using the 

trivalent arsenical component p-aminophenyl-dichloroarsine (APA) that can 

interact with cysteine residues in different states confirmed this hypothesis since 

the rate of the APA effect in the inactivated state was ≈50-fold faster compared to 

in the open or closed state of the channel (Liu et al., 1996). Experiments from 

other labs confirmed the constriction of the outer pore region during the C-type 

inactivation process (see also Fig. 7B) and suggested that this process occurs in a 

cooperative manner (Ogielska et al., 1995; Panyi et al., 1995).  

 

 

 

 

 

 

 

 

 

 

Fig. 8 Schematic representation of the involvement of the outer pore region in C-type inactivation. 

Four small balls represent the cysteine residues of the T449C mutant channel. While TEA binding 

to the outer pore prevents C-type inactivation, Cd
2+

 has a higher affinity to the inactivated state 

(Yellen et al., 1994).  

 

Additional evidence for the involvement of the outer pore region of potassium 

channels in C-type inactivation comes from studies substituting amino acids at 

position 449 in Shaker channels. Changing the threonine in the wild type Shaker 

channel can dramatically change the rate of C-type inactivation. Mutating T449 to 

different amino acids with a broad range of chemical and physical properties 

revealed that the positive and negative charge of substituted amino acids was not 

important to determine the rate of C-type inactivation, however, volume and 

hydrophobicity of the side chain of the introduced amino acids at position 449 in 

the outer pore region were determinant factors for the C-type inactivation rate 

(Lopez-Barneo et al., 1993; Schlief et al., 1996; Heginbotham and MacKinnon, 

1992; MacKinnon and Yellen, 1990). All these data implied that the outer pore 

region of potassium channels participates in C-type inactivation.  
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B- The involvement of the selectivity filter in C-type inactivation 

 

In addition to the above described structural changes in the outer pore region of 

potassium channels during C-type inactivation, some other experiments indicated 

structural changes of the selectivity filter during the C-type inactivation process. 

This role of the selectivity filter in C-type inactivation was first reported in Shaker 

channels. 

Several experiments indicated that the type and concentration of the permeant ion 

had a critical role in the modulation of C-type inactivation. The result of these 

experiments indicated that C-type inactivation was slowed down by the elevation 

of the external K+ or Rb+ concentration. Further tests revealed that when the 

selectivity filter was depleted from K+, C-type inactivation happened at a faster 

rate. Yellen’s group reported (Baukrowitz and Yellen, 1995, 1996a) that C-type 

inactivation can only proceed properly when the last ion exits from the selectivity 

filter. It means that when the last potassium binding site within the selectivity filter 

is still occupied by K+, C-type inactivation cannot proceed properly and is slowed 

down. This effect of permeant ions or blockers to prevent C-type inactivation was 

named ‘foot in the door mechanism’. In this case the inactivation gate acts as a 

door and the permeant ions or some blockers act as a foot preventing the closing 

of the gate. In conclusion it was suggested that the presence of permeant ions in 

the selectivity filter prevents a collapse of the filter which normally occurs during C-

type inactivation (Baukrowitz and Yellen, 1995, 1996a). These findings supported 

this general conclusion that the selectivity filter is involved in the C-type 

inactivation process. Further studies identified the conformational rearrangements 

of the selectivity filter during C-type inactivation by measuring a change in the ion 

selectivity.  

It was shown that open conformations of Shaker channels -in the complete 

absence of normally permeant ions- inactivate very fast and that the entry into this 

stable non-conducting state was due to the fast collapse of the selectivity filter (Liu 

et al., 1996; Starkus et al., 1997; Kiss et al., 1998). This collapsed selectivity filter 

was even permeable to Na+ when K+ was removed from both sides of the channel. 

Therefore, in contrast to the structure of the selectivity filter in the open state, the 

structure of the selectivity filter during C-type inactivation might allow a more 

suitable coordination for Na+ within in the selectivity filter. These changes in ion 
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selectivity suggested that some identical structural changes in the selectivity filter 

in the inactivated state and the collapsed selectivity filter in the free potassium 

situation (Callahan and Korn, 1994; Korn and Ikeda, 1995; Ogielska and Aldrich, 

1998; Starkus et al., 1997; Kiss et al., 1998). Further support for this idea was 

provided by Zhou and MacKinnon (2003). They investigated the structural features 

of the selectivity filter of the KcsA channel in solutions with a high or low 

potassium concentration. The KcsA channel is a K+ channel from the bacterium 

Streptomyces lividans and is normally activated by intracellular protons. Zhou and 

MacKinnon (2003) suggested that the selectivity filter starts to be deformed when 

the potassium concentration is less than 20 mM. The crystal structure of the 

selectivity filter area in the KcsA channel seems to be similar to the configuration 

of the selectivity filter during inactivation (Yellen, 1997; Cuello et al., 2010a,b). 

Other experimental results suggested that the structure of the K+ depleted channel 

and the C-type inactivated channel were different (Jäger et al., 1998). Jäger et al. 

(1998) used CP-339,818 as a special drug which only binds to the Kv1.3 channel 

in the inactivated state. Interestingly, this chemical component did not block the K+ 

depleted channel but had an effect after applying depolarizing pulses. These data 

suggested that applying depolarizing pulses would promote the transition from the 

open to the inactivated state of the channel. Therefore, the non-conducting state 

of the channel obtained by long depolarizing pulses was different from the 

non-conducting state obtained by the collapsed selectivity filter after removal of K+ 

(Jäger et al., 1998). These finding let me to conclude that although these two 

structures showed some similarities but they were not identical.  

 

C- The combined role of the pore helix and the selectivity filter in C-type 

inactivation 

 

Some experimental results suggested that during C-type inactivation structural 

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

et al., 1997; Doyle et al., 1998; Cordero-Morales et al., 2006a; Cordero-Morales et 

al., 2006b; Cordero-Morales et al., 2011; Chakrapani et al., 2011). For example, 

different substitutions at position 71 in the pore helix area of the KcsA channel 

created mutant channels with different inactivation rates. Based on these 

experimental results the so called “spring model” was suggested (see Fig. 9) to 
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explain the different inactivation rates (Cordero-Morales et al., 2007). This model 

proposed that residues in the pore helix and the selectivity filter interact with each 

other through multipoint hydrogen and hydrophobic bonds. These network 

interactions in the wild type KcsA channel are composed of Glu71 and Trp67 in 

the pore helix and Asp80 in the outer pore of the channel. These interactions act 

as a spring and hold the channel in the open state preventing the fast collapse of 

the selectivity filter. (Cordero-Morales et al., 2006a; Cordero-Morales et al., 2006b; 

Cordero-Morales et al., 2011). The disruption of the network behind the selectivity 

filter will affect C-type inactivation rates (Cuello et al., 2010b).  

 

  

 

 

 

 

 

 

 

 

 

Fig. 9 Schematic view of the spring model in the KcsA channel which emphasizes the combined 

role of the pore helix and the selectivity filter in the C-type inactivation process. The pore helix is 

shown as a gray rectangular and the selectivity filter (SF) is shown in red rectangular. Blue spheres 

represent potassium ions in the selectivity filter. Interactions between residues behind the 

selectivity filter are shown by a zigzag line. When these interactions are strong, the inactivated 

state of the channel is stabilized. When these interactions are weak, the open state of the channel 

is stabilized (Cordero-Morales et al., 2007). 

 

The crystal structure of the KcsA channel in a series of open states (partially open 

–fully open) in combination with molecular dynamics simulation data provided the 

latest molecular model for C-type inactivation. This model suggested that a series 

of consecutive structural rearrangement in the selectivity filter and in the TM2 helix 

(equivalent to the S6 helix in Kv1.3 channels) leads the gradual change in the ion 

occupancy in the selectivity filter to stop ion conduction. According to this model 

the hinge-bending and rotation of the TM2 helix could change the ion occupancy in 

the selectivity filter. It seemed that potassium will be removed from the S2 and the 

Closed state Open activated Open inactivated

SF

Weak
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S3 binding sites in the C-type inactivated channel due to the reorientation of the 

selectivity filter backbone associated with a TM2 helix movement. This 

reorientation caused a narrower selectivity filter in the C-type inactivated state 

preventing the passage of K+ (Cuello et al., 2010a, b).  

While a large amount of data concerning the mechanism of C-type inactivation 

have been obtained till now the exact molecular mechanisms of C-type 

inactivation is still unclear. In this thesis I would like to contribute to our knowledge 

on C-type inactivation. Since I used wild type and mutant hKv1.3 channels for this 

endeavor, I will be introducing this channel, its physiological role and 

pharmacology in the following chapters.  

 
1.3 The Kv1.3 channel 

In the human genome, the KCNA3 gene on chromosome 1p13.3 encodes the 

hKv1.3 channel (Folander et al., 1994). The hKv1.3, a mammalian homologue to 

the Shaker subfamily (Kv1) is expressed in a variety of tissues including T-and 

B-Lymphocytes, microglia, osteoclasts, platelets, oligodendrocytes, the olfactory 

bulb, macrophages, adipocytes, retina, kidney and brain (Stühmer et al., 1989; 

Folander et al., 1994). The structural features of this channel are similar to other 

voltage-gated potassium channels as described above. In brain, the hKv1.3 

channel subunit forms heteromeric channels with other Kv1-family channel 

subunits. In T-lymphocytes the channel is expressed as a homotetramer. The 

essential role of this channel in T cell proliferation and activation have been 

studied very well by several groups and in the next section I will briefly discuss this 

role of the Kv1.3 channel. 

Whole cell current recording of homotetrameric channels demonstrated that the 

channel is an outwardly rectifying K+ channel. In addition, since the hKv1.3 

channel is a member of the voltage-gated potassium channel family the kinetic of 

opening and closing of this channel is related to changes in the membrane 

potential. At a membrane potential of -80 mV, most of the hKv1.3 channels reside 

in a closed state. The probability of being open increases by depolarizing pulses 

and half of the channels will be opened when the membrane potential is stepped 

to around -35 mV. The maximum open state probability is reached when the 

membrane potential is stepped to values more positive than 0 mV. The transition 

from the closed state to the open state at +40 mV is fairly fast and takes around 

http://en.wikipedia.org/wiki/T_cell
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3 ms. A specific property of the hKv1.3 channels is their intrinsic C-type 

inactivation, i.e. under sustained depolarizations the channels slowly reach to a 

stable non-conducting state (C-type inactivated state, see above). It was reported 

that about half of the channels will be in the C-type inactivated state if the 

membrane potential is around -60 mV (Cahalan et al., 1985; Grissmer et al., 

1994). The experimental analysis indicated that the decay of current upon 

depolarization pulses, i.e. the rate of C-type inactivation, was well fitted by a single 

exponential function and that this time course was sensitive to the concentration of 

external K+. In addition, the kinetic of C-type inactivation in the hKv1.3 channel was 

sensitive to many factors (see also above) such as the permeant ion species, 

acidic pH, K+ concentration (Panyi et al., 1995; Jäger et al., 1998; Somodi et al., 

2004), temperature (Pahapill and Schlichter, 1990), type of membrane lipids 

around the channel protein (Hajdú et al., 2003) and several mutations in the 

selectivity filter, in the upper part of S6 and in the pore helix (Rauer and Grissmer, 

1999; Jäger et al., 1998; Dreker and Grissmer, 2005). 

1.3.1 Physiological role of the hKv1.3 channel in T-lymphocytes 

As already mentioned the hKv1.3 channel is expressed in T-lymphocytes as 

homotetramers. This channel plays an essential role in the T-cell activation 

pathway. In this section, I will briefly explain the T-cell activation pathway and the 

role of the hKv1.3 channel in this pathway.  

When a pathogen is recognized by the immune system, it is engulfed by antigen- 

presenting cells (APC) and enzymatically processed inside the APC cell. The 

processed antigen will be presented by the APC to the T-cell through the T-cell 

receptor (TCR) (Grakoui et al., 1999). The antigen-TCR interaction will start a 

signalling cascade activating phospholipase Cγ (PLCγ). Activation of PLCγ will 

produce inositol 1, 4, 5 triphosphate (IP3) which will bind to the IP3 receptor on the 

surface of the endoplasmic reticulum (ER). In response to this receptor-ligand 

interaction, Ca2+ is released from the ER into the cytoplasm of the cell. The 

decreased Ca2+ concentration in the ER is sensed by STIM1. This stromal 

interaction molecule STIM1 is a protein in the ER membrane and the N-terminus 

of this protein has an EF hand or helix-loop-helix domain. This domain has two 

binding sites for Ca2+. When the Ca2+ concentration in the ER is reduced due to 

the release of Ca2+, these two Ca2+ will dissociate from the EF domain of STIM1 
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leading to a conformational change followed by a dimerization of STIM1. This 

STIM1-dimer can translocation from the ER to the plasma membrane of the T-cell 

where STIM1 will act on ORAI1. ORAI1 is the tetrameric pore forming part of the 

Ca2+ release-activated Ca2+ channels (CRAC) (Fanger et al., 2001). The 

interaction of STIM1 and ORAI1 leads to the opening of CRAC channels which 

allow the flux of Ca2+ into the cell. This Ca2+ influx results in the activation of 

calmodulin (CaM) which can activate calcineurin leading to interleukin-2 

expression (Cahalan et al., 1997; Zhang et al., 2005; Peinelt et al., 2006; Feske et 

al., 2006). Expression of cytokines especially IL-2 seems to be necessary for 

T-cell proliferation.  

How can the voltage-gated potassium channel hKv1.3 play a role in this pathway? 

As explained above Ca2+ influx through CRAC channels is critical for the 

production of IL-2 and subsequently for T-cell proliferation. However, CRAC 

channel openings not only depend on the Ca2+ concentration of the ER but also on 

the membrane potential. CRAC channels conduct best at hyperpolarized 

membrane potentials. Therefore, for a continuous Ca2+ influx through CRAC 

channels, the T-cell membrane must be hyperpolarized. The voltage-gated hKv1.3 

channels in the T-cell membrane could act as a membrane potential generator to 

guarantee the hyperpolarized membrane potential and subsequently the 

continuous activation of CRAC channels. Because Kv1.3 is responsible for the 

hyperpolarized (negative) membrane potential, blocking this channel will lead to a 

membrane depolarization thereby reducing Ca2+ influx through CRAC channels. A 

blockade of Kv1.3 channels can therefore prevent T-cell proliferation and result in 

a weakened immune response. For this reason, Kv1.3 channel blockers can be 

considered as potential drugs for the treatment of autoimmune diseases 

(DeCoursey et al., 1984; Cahalan et al., 1985; Wulff et al., 2003). Thus, the 

binding properties of Kv1.3 channel blockers need to be studied in more detail 

because structural and functional investigations of Kv1.3 channel blockers have 

already opened up new possibilities to design new drugs for the treatment of 

autoimmune diseases. In the next section I will describe what is known so far 

about different modulators of Kv1.3 channels. 

 
1.3.2 Pharmacology of hKv1.3 channels  
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Current through Kv1.3 channels can be blocked by peptide and non-peptide 

blockers. Almost all of the peptide blockers of Kv1.3 channels are derived from the 

venom of different animals such as scorpions, snakes, marine coin snails and sea 

anemones (Cahalan et al., 2001; Garcia-Calvo et al., 1993; Koo et al., 1997; 

Gutman et al., 2005; Wulff et al., 2009). Most of the peptide blockers bind to the 

outer vestibule of the Kv1.3 channel and block the central pore pathway. In the 

present study, several scorpion toxins charybdotoxin (CTX), margatoxin (MgTX), 

noxiustoxin (NTX) and kaliotoxin (KTX) were used as probes to get insight in the 

conformational changes of the outer vestibule during the C-type inactivation 

process in hKv1.3 wild type and mutant channels. Therefore I will focus on 

structural and functional features of these four scorpion toxins as peptide blockers 

of Kv1.3 channels and will describe those in the next section. In addition to the 

peptide blockers, a broad range of small molecules and polyvalent metal ions are 

known as non-peptide blockers of Kv1.3. Three small molecules TEA+, verapamil 

and MTSEA were used in the present study and will therefore be discussed in 

more detail in the section after the next.  

 
1.3.2.1 Peptide blockers 

Some short peptides isolated from scorpion venoms were able to block current 

through ion channels or in some cases they could change the ion channel activity 

in excitable and nonexcitable cells (Miller, 1995; Garcia-Valdes et al., 2001; 

Chandy et al., 2004). The K+-channel-specific scorpion toxins (KTx) are classified 

into three major groups which are named α, β and γ. Based on the structural 

features such as peptide length and position of cysteine residues in the peptide 

sequence two of them, namely α and β, have been categorized. The β-KTx 

contains 3 or 4 disulfide bridges and have a different C-terminus compared to 

α-KTx. Note that two abbreviations KTX and KTx are different from each other, 

KTX and KTx stand for Kaliotoxin and K+-channel-specific scorpion toxins, 

respectively. The amino acid sequence of β-KTx is longer (60-64 residues) than 

α-KTx. The γ group was established based on their effect on ether-a-go-go 

channels (Tytgat et al., 1999). The α-KTx family contains 25 subfamilies of short 

length scorpion toxins. These short scorpion toxins contain 30-40 amino acids and 

three disulfide bonds. All members of this group have a similar folded structure 

that was named cysteine- stabilized alpha/beta motif (CSαβ) motif. The total 

http://molpharm.aspetjournals.org/content/67/4/1034.full#ref-22
http://molpharm.aspetjournals.org/content/67/4/1034.full#ref-8
http://molpharm.aspetjournals.org/content/67/4/1034.full#ref-3
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structure is composed of two or three beta strands and an alpha helix. The size of 

the α-helix segment is not the same in all short peptide toxins and it varies 

between 7-12 residues (Fig. 10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 The 3D structures (top) of different scorpion toxins charybdotoxin (CTX), margatoxin 

(MgTX), noxiustoxin (NTX) and kaliotoxin (KTX). The α-helix is shown in red, the β-strands in 

green and disulfide bridges are shown with yellow balls and sticks. The schematic picture was 

prepared using the VMD 1.8.7 software. Bottom, amino acid sequences of the toxins are shown 

below highlighting the α-helix segment in red, the β-strands in green and the cysteine residues 

incorporated into disulfide bridges in yellow. 

There is general consensus that these short peptide toxins can bind to the outer 

vestibule of potassium channels with a 1:1 stoichiometry thereby occluding the ion 

conduction pathway (Aiyar et al., 1995; Tytgat et al., 1999). Electrophysiological 

experiments indicated that the various scorpion toxins have a different affinity to 

voltage-gated potassium channels in a range of μM to pM. Topological studies 

revealed the possible interaction points between the toxins and the potassium 

channels (Sandberg, 1979; Carbone et al., 1982; Miller et al., 1985; Johnson et 

al., 1994; Aiyar et al., 1995). Thermodynamic mutant cycle analysis was used to 

identify the interacting pairs of residues between the toxin and the channel 

(Hidalgo and MacKinnon, 1995). It has previously been reported that most of the 

toxins belonging to the α-KTx family have a common functional dyad (Park and 
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Miller, 1992). This functional dyad is composed of a basic Lys residue (K27 in 

CTX) protruding into the channel pore and a hydrophobic residue (Tyr or Phe) that 

can interact with channel residues stabilizing toxin-channel binding. These critical 

residues of the functional dyad are located in the β-sheet of α-KTx. Although the 

functional dyad is common in most of the α-KTx, some structural features 

regarding the binding properties and blocking efficacy are different from toxin to 

toxin. These different structural details of α-KTx toxins cause different affinities of 

these toxins towards the Kv1.3 channel. Four scorpion toxins from the α-KTx 

family were used in my study including charybdotoxin (CTX) from the α-KTx1 

subfamily, margatoxin (MgTX) and noxiustoxin (NTX) from the α-KTx2 subfamily 

and kaliotoxin (KTX) from the α-KTx3 subfamily. CTX is composed of 37 amino 

acid residues (Mr = 4300 Da) and was originally isolated from the venom of the 

five-keeled gold scorpion Leiurus quinquestriatus (Tytgat et al., 1999; Laurent et 

al., 1993). The root of the word “charybdotoxin” came from an electrophysiological 

experiment on BKCa channels (Rogers, 1996). The outer vestibule of this channel 

looked like as a wide vortex and the toxin occluded the outer part of the channel. 

This toxin was named charybdotoxin because its effect seemed similar to the 

effect of Charybdis, a female sea monster in the Greek mythology, creating 

whirlpools in water (Rogers, 1996; Laurent et al., 1993). MgTX was originally 

extracted from the venom of the Central American Bark Scorpion Centruroides 

margaritatus. This toxin is a neurotoxin (Mr = 4185 Da) with 39 amino acid 

residues (Garcia-Calvo et al., 1993). NTX is a 39 amino acid toxin (Mr = 4200 Da) 

isolated from the Mexican Scorpion Centruroides Noxius (Sitges et al., 1986). KTX 

(Mr = 4000 Da) was found in the venom of the scorpion Androctonus mauretanicus 

mauretanicus, which is found in the middle east and north Africa (Crest et al., 

1992). Critical interaction points in the α-KTx - Kv1.3 complex was tracked by 

several methods such as molecular dynamics simulations and mutant cycle 

analysis. These techniques showed that in all four toxins a positive charged Lys 

residue (Lys27 in CTX, NTX, KTX and Lys28 in MgTX) entered into the central 

pore interacting with four Tyr400 in mKv1.3 (equivalent to Tyr395 in hKv1.3) (Aiyar 

et al., 1996). This interaction occluded the K+ pathway and blocked current 

through Kv1.3 channels.  

http://en.wikipedia.org/wiki/Androctonus
http://en.wikipedia.org/wiki/Androctonus
http://en.wikipedia.org/wiki/Middle_East
http://en.wikipedia.org/wiki/North_Africa
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Fig. 11 Steady-state position of the docked CTX on the hKv1.3 wild type channel. Only two 

monomers without S1-S4 are shown for clarity. The schematic picture was prepared using the 

VMD 1.8.7 software.  

 

Replacing Lys by a neutral Lys-analogue Nle (Norleucine) increased the KD value 

of the mKv1.3 channel towards this KTX-Nle27 ≈ 500-fold (Aiyar et al., 1996). 

These data clearly showed that the positive charge of Lys27 is critical for the toxin-

channel affinity. Experimental and docking data revealed that His404 and D386 in 

the mKv1.3 channel were critical interaction points with toxin residues; for 

example, replacement of His404 by Arg reduced the affinity of CTX, MgTX, KTX 

and NTX toward the mutant channel (Aiyar et al., 1995, 1996). In addition, titration 

of this His residue by different pH did change the affinity of CTX, KTX, MgTX and 

NTX towards the Kv1.3 channel. Comparing the affinity of CTX and MgTX in acidic 

pH (His404 being protonated) showed that CTX had a 10-fold weaker affinity 

towards the mKv1.3 channel. This phenomenon was explained by the repulsion of 

CTX-Arg25 and the positively charged His404 of mKv1.3 (Aiyar et al., 1995, 1996). 

MgTX has an Ala25 in the similar position which is not the case for electrostatic 

interaction. Mutating Asp386 in mKv1.3 to a positive charged residue Lys resulted 

in less affinity of toxins towards the mutant channel (Rauer et al., 2000; Aiyar et 

al., 1995). Our molecular dynamics data from docking CTX onto mKv1.3 

suggested (Khabiri et al., 2011) a possible CTX binding mechanism which 

included an initial hydrophobic contact followed by stepwise electrostatic 

interactions and finally optimization of hydrogen bonds and salt bridges. Several 

lines of evidence suggested that simple electrostatic interactions between toxins 

and channels were only part of the story for their interaction process (Goldstein et 
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al., 1994; Aiyar et al., 1995; Yu et al., 2004; Khabiri et al., 2011). During binding, 

both structures, toxin as well as channel structures might change and channels 

and toxins might undergo a process of an induced fit (Lange et al., 2006; Ader et 

al., 2009b). Some experiments also revealed that the environment of toxin and 

channel interactions could influence the potency of toxin-channel interaction. For 

instance, ionic strength can change the toxin’s potency (Aiyar et al., 1995). In 

addition, the dipole moment of both, toxin and channel, might be important in the 

formation of a stable toxin-channel complex (Dauplais et al., 1995). It has been 

suggested that MgTX has a longer β-sheet and the dipole moment of this toxin 

might also be different from other scorpion toxins (Dauplais et al., 1995). It seems 

that the detailed interaction of MgTX with potassium channels might not exactly be 

the same as in other scorpion toxins, because of these structural differences 

(Dauplais et al., 1995; Johnson et al., 1994). 

 

1.3.2.2 Nonpeptide blockers  

A broad range of non-peptide blockers can modulate the Kv1.3 channel. In my 

thesis, I used TEA+, verapamil and MTSEA as probes to pursue the C-type 

inactivation mechanisms in several hKv1.3 mutant channels. The small well-

defined molecular structure of these components makes them a useful tool to 

investigate the movement and spatial localization of channel residues during 

C-type inactivation. Therefore, I will introduce these components in the following 

sections as they are the key ingredients in my thesis. 

 
A) TEA+ as a classical small component blocking Kv channels 

 

Tetraethylammonium (TEA+) has long been used as a molecular probe to provide 

insights on structural and functional details of voltage-gated potassium channels 

(Hille, 2001). It has been well-demonstrated that TEA+ can block many 

voltage-gated potassium channels from both sides of the membrane (Armstrong, 

1971). There are two different TEA+ binding sites in K channels, one on the inside 

(interfering with N-type inactivation) and one on the outside (interfering with C-type 

inactivation)(Armstrong, 1971; Hille, 2001; MacKinnon and Yellen, 1990; Zaks-

Makhina et al., 2004). Mutagenesis studies indicated that the amino acid residue 

at position T449 in Shaker channels (Y82 in KcsA and H399 in hKv1.3) play a 

crucial role in blocking K+ currents from the outside (Heginbotham and Mackinnon, 
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1992; Kavanaugh et al., 1991; Molina et al., 1997). This external TEA+ binding site 

was also reported to affect C-type inactivation (Lopez-Barneo et al., 1993). 

External TEA+ has also been useful to probe the outer vestibule structure 

(Bretschneider et al., 1999) and the C-type inactivation mechanism (Grissmer and 

Cahalan, 1989; Liu et al., 1996; Yellen et al., 1994; Kiss et al., 1999; Kiss and 

Korn, 1998). Previous observations revealed that occupation of the external outer 

vestibule by TEA+ prevented the closure of the inactivation gate by a foot-in-the-

door mechanism (Grissmer and Cahalan, 1989; Choi et al., 1991).  

 
B) Verapamil 

 
Verapamil is a small molecule belonging to the group of phenylalkylamines (PAA). 

This group known as a potent blocker of L-type Ca2+ channels in cardiac muscle 

cells (Uehara and Hume, 1985). Verapamil, however, was also able to block the 

open and inactivated states of the Kv1.3 channel (DeCoursey, 1985; Jacobs and 

DeCoursey, 1990; Rauer and Grissmer, 1999). Competition and mutation 

experiments demonstrated that the binding site of verapamil and internally applied 

TEA+ overlaps but it seemed that these two binding sites were not identical 

(Dreker and Grissmer, 2005; Röbe and Grissmer, 2000; Rauer and Grissmer, 

1999). Externally applied verapamil can pass through the membrane and block the 

open or inactivated potassium channel (DeCoursey, 1990). Investigation about the 

verapamil binding site revealed that pore-facing residues in S6 helix are in close 

contact with verapamil; especially A413 was detected as an important residue for 

the verapamil affinity (Rauer and Grissmer, 1999; Hanner et al., 2001). Recent 

results indicated that hydrogen bond can occur between the hydrogens in the 

ammonium group of verapamil and the backbone carbonyl of Thr391 at the P-loop 

turn. Residues M390 and Ala 413 seems to prepare a hydrophobic place in close 

contact with the phenylethylamine meta- and para-methoxy group of verapamil 

with the other moiety of the molecule (pentanenitrilephenyl) physically blocking the 

pore (Rossokhin et al., 2011). 

 

 
C) MTSEA as a cysteine modifier 

 
First, the amino acid that is supposed to be investigated in different states of the 

channel must be substituted by cysteine to be able to present an active sulfhydryl 

http://molpharm.aspetjournals.org/content/68/4/966.long#ref-25
http://molpharm.aspetjournals.org/content/68/4/966.long#ref-26
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group. Then MTS (Methanothiosulfonates) reagents with an active sulfhydryl 

group can be used to assay the movement of the substituted cysteine side chain. 

If the side chain of the cysteine residue is exposed to the K+ pathway, its sulfhydryl 

group will form a disulfide bond with the active sulfhydryl group of the applied MTS 

reagent. This disulfide bond might keep the MTS reagent in the conduction 

pathway possibly causing a reduction of current. This current reduction might be 

detectable by patch clamp techniques and this blocking effect might be irreversible 

even after wash out of the MTS reagent. If there was indeed a current reduction in 

the presence of MTS reagent this would demonstrate that the side chain of the 

substituted cysteine was facing the conduction pathway under the investigated 

state and had a possibility to form a disulfide bound with the MTS reagent 

(Stauffer and Karlin, 1994; Karlin and Akabas, 1998; Kenyon and Bruice, 1977; 

Schmid and Grissmer, 2011). This state-dependent accessibility was used to 

characterize the movement of channel amino acid side chains during different 

states (open state, closed state, inactivated state) of the channel. These 

investigations were normally carried out by the so called Substituted Cysteine 

Accessibility Method (SCAM) technique (Akabas, et al., 1992). One class of MTS 

reagent is 2-aminoethyl methanethiosulphonate (MTSEA). This cylindrical shape 

molecule (≈ 0.6 nm in diameter and 1 nm in length) is a neutral MTS reagent with 

a central nitrogen group (Akabas et al., 1992). This component has been used to 

obtain information about the spatial disposition of cysteine substituted residues in 

different ion channels, receptors and enzymes. The externally applied MTSEA is 

able to pass through the membrane and reach its binding site in the intracellular 

part of the channel (Schmid and Grissmer, 2011; Akabas, et al., 1992). 
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2 AIM OF THE STUDY 

Kv1.3 channels play important roles in a variety of tissues. The specific 

pharmacological modulation of hKv1.3 channels might be useful for controlling the 

physiological and pathophysiological processes related to this channel. 

Pharmacological specificity can be achieved by using specific structures or 

features of hKv1.3 channels. One of the most special features of hKv1.3 channels 

is the C-type inactivated state. Therefore, to be able to rationally design drugs 

specific for the C-type inactivation state of the hKv1.3 channels, it is necessary to 

characterize the structure as well as the structural changes associated with C-type 

inactivation in hKv1.3 channels. 

The present work proposes to investigate the structural changes occurring during 

C-type inactivation in the outer and inner pore of the hKv1.3 channels. 

 
1) Structural changes  of the outer pore region in C-type inactivation 

a) Scorpion toxins. I will use hKv1.3_V388C , hKv1.3_V388C-H399T and 

hKv1.3 _H399N mutant  channels in combination with different scorpion 

toxins, charybdotoxin (CTX), margatoxin (MgTX), noxiustoxin (NTX) and 

kaliotoxin (KTX) as probes to detect conformational changes of outer 

vestibule residues during C-type inactivation.  

b) Tetraethylammonium (TEA+). Externally applied tetraethylammonium 

(TEA+) will also be used on mutant channels to test whether C-type 

inactivation can be modified by [TEA+]o   similar to the wild type 

channels. 

 

2) Structural changes of the inner vestibule during C-type inactivation 

I would like to identify the movement of amino acid side chains in the S6 

segment (L418, T419 and I420) during C-type inactivation. These three 

residues (L418, T419 and I420) will be individually substituted by cysteines 

(L418C, T419C and I420C) and MTSEA (methanethiosulfonylethylamine) 

will be used to assay the accessibility of the side chains of these residues in 

the open, closed and inactivated states of the channels .In addition, I will 

perform the blocker protection experiment to test whether verapamil can 
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prevent MTSEA to modify the introduced cysteines in these mutant 

channels. 

3) Molecular dynamic simulations and current simulations 

To be able to interpret the electrophysiological data, I will carry out current 

simulations to come up with a model for the structural changes in the outer 

and inner vestibule of hKv1.3 channels during C-type inactivation. In order 

to visualize and figure out the structural changes associated with C-type 

inactivation I will collaborate with Dr. Khabiri (Institute of Nanobiology and 

Structural Biology of GCRC, Academy of Sciences of the Czech Republic, 

Department of Structure and Function of Proteins) in molecular dynamics 

simulations of the hKv1.3 channels in combination with docking scorpion 

toxins onto the hKv1.3 channels. 

 
The data collected in this thesis should enhance our knowledge in the structural 

rearrangements of the hKv1.3 channel associated with C-type inactivation thereby 

facilitating the rational designing drugs specific for hKv1.3 channels. 
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3. MATERIALS AND METHODS 

3.1 Molecular Biology methods 

3.1.1 Solutions and chemical components for molecular biology  

All high quality chemical components used in this study were purchased from the 

following companies: Merck KGaA (Darmstadt, Germany), Invitrogen Ltd. (Paisley, 

Scotland, UK), Carl Roth GmbH (Karlsruhe, Germany) and Sigma-Aldrich Chemie 

GmbH (Taufkirchen, Germany).  

Solutions  Components   

Ampicillin stock solution 50 mg/ml sterile filtered solutions and 

stored at -20 °C. 

Kanamycin stock solution 50 mg/ml sterile filtered oslutions and 

stored at -20 °C. 

LB medium, per liter peptone (10 g), yeast extract (5 g),  NaCl 

(5 g), H2O (1 l), pH 7.2; autoclaved 

LB agar solution (LB agar plate), per liter LB medium, Agar-Agar (20 g), pH 7.2; 

autoclaved 

2YT medium peptone (10 g), yeast extract (10 g), NaCl 

(5 g), H2O (1 l), pH 7; autoclaved 

EDTA stock solution 0.5 M Ethylene diamine sodium tetraacetate 

(93.05 g), H2O (500 ml), pH 8 

Ethidium bromide 10 mg/ml 

DNA ladder buffer (Loading buffer) 15 % Ficoll, 0.1 % Bromphenolblue 

TBE buffer Tris (89 mM), Boric acid (89 mM), EDTA 

(2 mM) 

CaCl2 solution CaCl2 (1.47 g), H2O (100 ml); autoclaved 

 

Table 1 List of solutions and antibiotics used in the molecular biology methods. 

 

3.1.2 DNA clone 

The wild-type hKv1.3 plasmid (Fig. 12) was kindly provided by Prof. Dr. Olaf Pongs 

(Institute for Neural Signal Transduction, Center for Molecular Neurobiology, 

Hamburg) and the mutant channels hKv1.3_V388C, hKv1.3_T419C and 
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hKv1.3_I420C were generated by Dr. T. Dreker (4SC AG, Martinsried, Germany). 

Two other mutant channels, hKv1.3_V388C-H399T and hKv1.3_H399N, were 

generated during this study and will be explained in more detail in the 

mutagenesis section (3.1.5). The entire human Kv1.3 potassium channel gene or 

the mutated genes were inserted into the pRc/CMV vector (Invitrogen Ltd., 

Paisley, Scotland, UK). This vector has a CMV promoter for the expression of 

genes in mammalian cells and a gene for resistance to ampicillin.  

3.1.3 Generation of competent cells and bacterial transformation  

In my study, the bacterial transformation process was used to introduce a channel 

plasmid into E.coli bacteria and these bacteria were used to amplify the channel 

plasmid in order to prepare large quantities of it. I used competent cells of E.coli 

as bacterial cells for the transformation process. Competent cells are bacterial 

cells chemically treated by calcium chloride that allow for foreign plasmid (channel 

plasmid) incorporation (Mandel and Higa, 1970). The transformation process 

requires LB medium, Agar-plates, 2YT medium (Table 1) and competent cells. 

A) Agar-plate preparation 

After the preparation of the required solution (see Table 1, LB agar solution), the 

solution needed to be autoclaved for 20 min at 120 oC and 1.2 bar. When the 

solution cooled down to 60 oC, suitable antibiotics were added to select for Gram-

negative or Gram-positive organisms that might carry resistance plasmids or other 

resistance genes. When adding the antibiotics, the agar solution should be warm 

enough but not too hot because high temperature might destroy the antibiotics. 

Normally, 1 ml of stock solution of antibiotics (Table 1) was added to 1 liter of LB 

agar solution and swirled to mix. Then the LB agar solution was transferred into 

90 mm sterile petri dishes (plates). The plates rested at room temperature for a 

day before being stored at 4 oC.  

B) Preparation of competent cells 

One colony of the XL1-Blue strain of E.coli was picked up by an inoculating loop 

and was transferred into LB medium to grow over night at 37oC and 200 rpm. 

100 ml from this overnight culture was added into 250 ml of LB medium and 
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cultured again at 37oC and 200 rpm until the amount of the E.coli cells reached a 

density of less than 108 cells / ml (OD600 = 0.3 to 0.5). 

 

Fig. 12. Schematic representation of the wild type clone of the hKv1.3 channel gene in the 

pRc/CMV vector. The important enzymatic restriction sites are shown in this newly constructed 

map of the pRc/CMV with the hKv1.3 channel gene.   

 
Normally, after 1.5 - 3 h, the E.coli density reached this value and then this 

bacterial culture was chilled on ice for 20 minutes. Afterward, this cold culture was 

centrifuged at 3000 x g at 4oC. After decanting the supernatant, the pellet was 

gently resuspended in ice cold 0.1 M CaCl2, incubated on ice for 30 minutes, and 

centrifuged for 5 minutes (3000 x g at 4oC). The pellet was resuspended in 1/10 of 

the initial volume of ice cold 0.1 M CaCl2, and the bacterial suspension was left at 

4oC for 36 hours. After this incubation interval, competent bacterial cells were 

ready for transformation.  

C) Transformation of competent cells 
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For the transformation, the desired plasmid and the competent cells were first 

incubated on ice for 20-30 min.  After that 1 µl of plasmid DNA was added to the 

50 ml of competent cells and incubated on ice for another 20-30 min. A heat shock 

of 45 s at 42oC, in a water bath, allowed the plasmids to enter the bacterial cells. 

After another 20 min of incubation on ice, 500 μl of 2YT medium was added and, 

for a better efficiency of the transformation, the suspension was shaken at 14 rpm 

for 1 h at 37oC. Finally, 100-300 μl of this suspension was plated on agar plates 

containing antibiotics and incubated overnight at 37oC. Single colonies obtained 

the next day were used for plasmid DNA isolation and purification.  

3.1.4 Minipreparation of plasmid DNA 

Minipreparation of plasmid DNA through the GeneJET™ Plasmid Miniprep Kit 

(Fermentas GmbH, Germany) is a quick DNA isolation method yielding 

micrograms of plasmid DNA. The purified DNA plasmid can then be used for 

transfection or other molecular cloning processes. For the extraction and 

purification of plasmid DNA I first prepared an overnight culture (liquid bacteria 

culture). The liquid bacteria culture was prepared according to the following 

instruction. The single colonies obtained following the transformation process were 

shaken overnight at 37oC in 5 ml 2YT medium plus 5 µl of the appropriate 

antibiotics. In my study I used as antibiotics kanamycin and ampicillin in the liquid 

bacteria culture to extract either the plasmid vector for GFP (Green Fluorescent 

Protein) which also encoded for the kanamycin resistant gene or to extract the 

plasmid vector for hKv1.3 which also encoded for the ampicillin resistant gene. 

These genes act as selectable markers and bacteria with these antibiotic 

resistance genes are able to grow even under exposure of the respective 

antibiotics. On the next day, the bacteria pellet was collected from the liquid 

bacteria culture by centrifugation at 8000 rpm for 2 min. The isolation of the 

plasmid DNA with the GeneJET™ Plasmid Miniprep Kit (Fermentas GmbH, 

Germany) was performed according to the manufactors instructions. The quality of 

the final extracted plasmid was checked by an agarose gel electrophoresis and 

photometry (Photometer Gene Quant 1300, GE Healthcare, Munich, Germany).  

For the preparation of a 1 % agarose gel, 1 gr of agarose was transferred into a 

flask and 100 ml of 1 x TBE solution (Table 1) was added. The solution was 

heated in a microwave until the agarose was completely dissolved. When the 
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agarose solution cooled down enough 5 µl of ethidium bromide was added to the 

warm agarose solution. Then an appropriate comb was placed in the gel tray and 

the agarose solution was poured into the gel tray and allowed to cool down for 15-

30 min at room temperature. During this period the liquid agarose solution became 

a gelatinous gel. The comb was removed; the gel was placed in the 

electrophoresis chamber and covered with TBE buffer. 2 µl of loading buffer 

(Table 1) was added to 10 µl of plasmid DNA samples. Finally, in one well the 

standard (DNA-ladder) was loaded and in the other wells the DNA samples were 

loaded. Electrophoresis was performed at 100 V for 1 h. At the end the DNA 

bands were visualized by a UV light box (LTF - Labortechnik GmbH & Co KG, 

Wasserburg/Bodensee, Germany) and a gel imaging system (LTF - Labortechnik 

GmbH & Co KG, Wasserburg/Bodensee, Germany). The concentration of the 

extracted DNA plasmid was characterized by a photometry system (GeneQuant 

1300 Photometer, GE Healthcare, München, Germany). I used two clean sample 

cuvettes of the photometer, the first cuvette was filled with 100 µl of ddH2O 

(double-distilled water) and the second cuvette was filled with a mixture of the 

purified plasmid (1 µl) and ddH2O (99 µl). The first cuvette was used to calibrate 

the photometer and then the cuvette containing the DNA sample was placed in the 

photometer and the intensity of absorbance of the DNA solution at a wavelength of 

260 nm was used to quantify the concentration of DNA. According to this 

description, the intensity of absorbance of DNA (absorptivity) and DNA 

concentration are related to each other based on the following equation. Since the 

molar absorptivity for DNA is constant and specific: A260 reading of 1.0 = 50 

µg/ml DNA, then DNA concentration can be calculated through this formula: DNA 

Concentration (µg/ml) = (A260 reading) × dilution factor × 50 µg/ml 

3.1.5 Mutagenesis  

Both, the hKv1.3_V388C-H399T double mutant and the hKv1.3_H399N single 

mutant channel were generated with the QuickChange Site-Directed Mutagenesis 

Kit (Stratagene Ltd., Amesterdam, Nederland). Primers were designed by a web-

based program PrimerX (PrimerX was developed by Carlo Lapid and Yimin Gao. 

PrimerX is kindly hosted at Bioinformatics.Org). The construction of the designed 

primers was performed through a company (biomers.net GmbH, Ulm, Germany). 

The final mutant plasmid was sequenced (GATC Biotech group, Konstanz, 

mailto:aximili23@bioinformatics.org
mailto:yimingao@yahoo.com
http://bioinformatics.org/
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Germany). For using the primers, they should be dissolved in ddH2O to 1 µg/µl 

and then diluted 1:10 to 100 ng/µl for the application in the protocol. The 

sequences of the primers used for the mutagenesis are shown below:  

Mutation Primer sequence 

hKv1.3_V388C 

-H399T 

5'-GGGTTACGGGCGATATGACACCAGTGACCATAGGGGG-3' 

hKv1.3_H399N 5'-GGGTTACGGCGATATGAACCCAGTGACCATAGGGGG-3' 

 

Table 2 The sequences of the primers used for the hKv1.3_V388C-H399T and hKv1.3_H399N 

mutagenesis.  

 

The mutagenesis process with the QuickChange Site-Directed Mutagenesis Kit 

(Stratagene Ltd., Amesterdam, Nederland) was performed according to the 

manufactors instructions.  

3.2 Cell Culture 

3.2.1 Solutions and chemical components 

All chemical components that were used for culturing COS-7 cells are listed below: 

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

UK, cat no 41966-029), fetal bovine serum (FBS) (Thermo Fisher Scientific, Bonn, 

Germany, cat CH30160.02/03), phosphate buffered saline without calcium (PBS) 

(PAA Laboratories GmbH, Pasching, Austria, Cat H15-002), poly-L-lysine (Sigma-

Aldrich Chemie GmbH, Steinheim, Germany, Cat - No. P4832). 

In the following I will list the solutions and media for the cell culture: 

Medium for culturing COS-7 cells: DMEM + 10 % FBS; Poly-L-lysine solution: 

Poly-L-lysine was dissolved in sterile water at a concentration of 0.5 mg/ml. This 

solution was used to coat cover slips to improve cell adhesion. 0.05 % 

trypsin-EDTA solution: This solution contained 0.5 g/l trypsin and 0.2 g/l EDTA in 

Hanks' Balanced Salt Solution without CaCl2, MgCl2·6H2O, and MgSO4·7H2O. The 

solution also contained phenol red as a pH indicator. Phenol red just helps ensure 

that I have the right pH, as too high or too low a pH will do more damage to the 

cells when they are in a fragile state, such as when they are being trypsinized. 

Trypsin/EDTA is a solution mixture for detaching cells: Trypsin cuts the adhesion 
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proteins in cell-cell and cell-matrix interactions and EDTA is a calcium chelator 

removing calcium, which integrins need to be able to interact with other proteins 

for cell adhesion.  

3.2.2 Cell culture  

The COS-7 cell line was originally generated from cells from the kidney of the 

African green monkey. I obtained this cell line from the German Collection of 

Microorganisms and Cell Cultures GmbH, Braunschweig, Germany (DSMZ, No. 

ACC 60). COS-7 cells were maintained in a culture medium of Dulbecco’s 

Modified Eagle Medium supplemented with 10 % fetal bovine serum in an 

incubator at 37oC and a CO2 partial pressure of 5 %. Every 3-4 days the confluent 

cells were ready to be split in a new flask. In order to do so, the culture medium 

was aspirated under sterile conditions and the cells were washed with PBS. Then, 

the trypsin-EDTA solution was added into the flask. After 1-2 min of incubation at 

room temperature, the trypsin-EDTA solution was aspirated under sterile 

condition. Then the flask, free of trypsin-EDTA solution, was incubated in the 

incubator for 1 min and finally the flask needed a few gentle taps to detach the 

cells.After detaching the cells by trypsin-EDTA, the cells were resuspended in new 

medium and splitted in a new flask or a 35 mm dish in a dilution of 1:10 or 1:5. 

Normally, splitted cells in the 35 mm dish can be used for transfection after 

1-3 days.  

3.2.3 Transfection 

The pRc/CMV vector containing the entire coding sequence of the wild type 

hKv1.3 or the mutant channels (hKv1.3_V388C, hKv1.3_V388C-H399T, 

hKv1.3_H399N, hKv1.3_T419C and hKv1.3_I420C) were co-transfected with the 

Green Fluorescent Protein (GFP) (eGFP-N1 plasmid DNA, Clontech Laboratories, 

Inc., Palo Alto, USA) expressing construct into COS-7 cells using the FuGENE 6 

transfection reagent (Roche Diagnostics GmbH, Mannheim, Germany). The GFP 

was used here for later identification of successfully transfected cells.  

The COS-7 cells were plated on 35 mm petri dishes at least 1 day before the 

transfection. Normally, after 24 h, these cells were ideal for the use of the 

transfection procedure. The transfection process was performed following the 

manufactures’ instructions. 
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3.2.4 Preparation of cells for the electrophysiological measurement 

 
The medium of the transfected cells in the 35 mm petri dish (described at the end 

of 3.2.2) was removed and the cells were washed with PBS in order to wash out 

dead cells. Then the cells were treated with 2-3 ml of the trypsin-EDTA solution 

and incubated for 2 min at room temperature. Then the trypsin-EDTA solution was 

aspirated under sterile condition. Then the petri dish, free of trypsin-EDTA 

solution, was incubated in the incubator for 1 min and finally the petri dish needed 

a few gentle taps to detach the cells. The well-detached cells were resuspended in 

new medium and 100-200 µl of the cell suspension was pipetted into a glass 

chamber used for the patch clamp measurement and an additional 300-500 µl of 

new medium was added to the glass chamber and carefully mixed by pipetting the 

mixture slowly up and down to completely separate cells from each other. For a 

better adhesion of the cells to the bottom of the glass chamber, the bottom was 

treated with poly-L-lysine, before adding the cell suspension: 500 µl of poly-L-

lysine solution was added in the middle of the bottom of the glass chamber, 

incubated for 2 min at room temperature and finally washed away with PBS. The 

glass chambers for the patch-clamp measurements consisted of glass coverslips 

(24x24 mm, thickness 0.13-0.16 mm, VWR International GmbH, Darmstadt, 

Germany) onto which teflon rings (O-ring PTFE N. DIN, THF GmbH & Co. KG, 

Ulm, Germany) were clued using a silicon elastomer (Sylgard 186, Dow Corning, 

Inc., Midland, USA).  

3.3 Electrophysiology 

3.3.1 Solutions and chemical components for electrophysiology  

All measurements were carried out at room temperature. Cells were measured in 

different external bathing solutions as described in Table 3. The composition of the 

extracellular bathing solution and the intracellular pipette solution were prepared 

as follow: The osmolarity of all extracellular solutions was 290 to 320 mOsM and 

the pH was adjusted to 7.4 with NaOH or KOH for external solutions and the 

internal pipette solution, [KF]i, contained 155 mM KF, 2 mM MgCl2, 10 mM EGTA, 

and 10 mM HEPES. The osmolarity of the intracellular solution was 290 to 

320 mOsM and the pH was adjusted to 7.2 with KOH.  Throughout, the subscripts 

“i” or “o” denote intra- or extracellular, respectively.  
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External Solution 
NMDG 

(mM) 

NaCl 

(mM) 

KCl 

(mM) 

CaCl2 

(mM) 

MgCl2 

(mM) 

HEPES 

(mM) 

[Na+]o with 4.5 K 0 160 4.5 2 1 5 

[Na+]o without K 0 164.5 0 2 1 5 

[K+]o or high [K+]o 0 0 164.5 2 1 5 

[NMDG+]o, 0 K 164.5 0 0 2 1 5 

[NMDG+]o, 4.5 K 

or  low [K+]o 
160 0 4.5 2 1 5 

[NMDG+]o, 10 K 154.5 0 10 2 1 5 

[NMDG+]o, 20 K 144.5 0 20 2 1 5 

[NMDG+]o, 70 K 94.5 0 70 2 1 5 

 

Internal 

Solution 

KF 

(mM) 

EGTA 

(mM) 
MgCl2 (mM) 

HEPES 

(mM) 

[KF+]i 155 10 2 10 

 

Table 3. List of external and internal solutions used in the electrophysiological measurements. 

All lyophilized samples of CTX, NTX, KTX, MgTX (Latoxan, Valence, France; 

Bachem, Bubendorf, Switzerland) were kept at -20 oC and final dilutions were 

prepared before the measurements in the external bathing solutions containing 

0.1 % bovine serum albumin (Sigma-Aldrich Chemie, Steinheim, Germany). All 

TEA+ samples were purchased from FLUKA Chemie AG (Buchs, Germany) as 

tetraethylammonium chloride. The TEA+ solutions for each concentration were 

prepared by adding the exact amount of tetraethylammonium chloride to the 

desired bathing solution. In all cases, the pH and osmolarity was checked before 

using the solution. Verapamil was obtained as (±)-verapamil from Sigma-Aldrich 

Chemie GmbH (Taufkirchen, Germany). The substance was dissolved in DMSO 

and stored as 100 mM stock solution at +4 oC in a dark container. The final 

verapamil concentration used in the electrophysiological experiments was 

prepared by the appropriate dilution into the extracellular bathing solution. In these 

experiments the maximum DMSO content in the extracellular solution was 0.1 %. 

The MTS reagent (MTSEA, cat A609100) was purchased from Toronto Research 

Chemicals, Inc. (North York, USA). The MTSEA was dissolved in sterile water and 
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stored as 1 M stock solutions at -20 oC in a dark container. The final concentration 

of MTSEA in the extracellular solution was 1 mM.  

3.3.2 Patch-clamp set-up  

The electrophysiological measuring system consisted of an inverted microscope, 

the Axiovert 100 (Carl Zeiss GmbH, Oberkochen, Germany). The microscope was 

attached to an anti-vibration table (Newport Corporation, Irvine, USA). Mounted to 

the stage of this microscope was the glass chamber (see 3.2.3) and a 

micromanipulator (Märzhäuser GmbH & Co. KG, Wetzlar, Germany). Furthermore, 

the microscope was equipped with a fluorescent unit to be able to visualize the 

GFP-cotransfected cells. Membrane currents were measured by an EPC-9 patch 

clamp amplifier (HEKA Electronik, Lambrecht, Germany) interfaced to a PC 

running acquisition and analysis software (Patchmaster / Fitmaster v2.00). All 

metal parts near the head-stage were grounded following the ground loop method. 

The micropipettes were pulled (in three steps) from borsilicate glass capillaries 

(GB150-TF10, Science Products GmbH, Hofheim, Germany) using a DMZ 

Univeral Puller (Zeitz-Instruments GmbH, Munich, Germany). The micropipettes 

were fire polished under optical examination on a self-made microforge. The 

resistances of the microelectrodes were in the range of 2-4 megaohms (MΩ). The 

pipette electrode consisted of a chlorinated silver wire surrounded by pipette 

solution. The bath electrode was prepared from a 2-3 cm long chlorinated silver 

wire joined to a standard 2 mm jack. This chlorinated silver wire was placed into a 

PVC-tube and filled with hot bath solution (Na-Ringer) containing 1 % agarose.  

The bath electrode was regularly replaced to avoid electrical offsets and offset 

drifts. All currents were filtered by a 2.9-kHz Bessel filter and recorded with a 

sampling frequency of (1-5 kHz). Series resistance compensation (75-80 %) was 

used if the current exceeded 2 nA. Capacitative and leak current were subtracted 

using the P/10 procedure. All experiments were carried out by using the whole-cell 

recording mode of the patch-clamp technique (Hamill et al., 1981) at room 

temperature and I used a simple syringe–driven perfusion system to exchange the 

bath solution in the recording chamber.  

The data analysis was performed with the program Fitmaster v2.00 (HEKA 

Elektronik GmbH, Lambrecht, Germany), the software Igor Pro 3.12. 

(WaveMetrics Inc., Lake Oswego, Oregon, USA), and Microsoft ® Office Excel 
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2007 (Microsoft Corporation, Seattle, USA). KD values were deduced by fitting a 

modified Hill equation Ix/I0 = 1/[1 + ([x]/KD)] where Ix and I0 are the maximum peak 

current in the presence and absence of blocker X, respectively. The concentration 

of blocker X was given by [x]. 

3.4 Kinetic model  

3.4.1 Kinetic model for wild type hKv1.3 and hKv1.3_V388C mutant channels 

with CTX 

 

The kinetic modeling was performed by XPPAUT5.41 as a differential equation 

tool (Bard Ermentrout's tool XPPAUT5.41, Google "xppaut", free software). The 

predictive models had several states for wild type and mutant channels including 

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

(CB), open-blocked state (OB), and the inactivated-blocked state (IB) as shown in 

Fig. 13.  

 

 

Fig. 13 Schematic kinetic model of the transitions in hKv1.3 wild type channels during 

depolarizations in the presence of CTX.  

 
The different states of the channels in the absence of CTX were simulated by the 

following differential equations:  

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 

dI/dt = h*O 

Since the only conducting state is the open state, the following differential 

equation was used to recreate the current in the absence of CTX.  

dO/dt = α4*C4 - h*O 
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Different states of channels in the presence of different concentrations of CTX 

were simulated by the following differential equations:  

 
dC1/dt = -α1*C1 - k*C1 + ℓ *C1B 

dC2/dt = α1*C1 - α2*C2 - k*C2 + ℓ *C2B 

dC3/dt = α2*C2 - α3*C3 - k*C3 + ℓ *C3B 

dC4/dt = α3*C3 - α4*C4 - k*C4 + ℓ *C4B 

dO/dt = α4*C4 - k*O + ℓ *OB - h*O 

dI/dt = h*O - k*I + ℓ *IB 

dC1B/dt = -α1*CB1 + k*C1 - ℓ *C1B 

dC2B/dt = α1*C1B - α2*C2B + k*C2 - ℓ *C2B 

dC3B/dt = α2*C2B - α3*C3B + k*C3 - ℓ *C3B 

dC4B/dt = α3*C3B - α4*C4B + k*C4 - ℓ *C4B 

dOB/dt = α4*C4B + k*O - ℓ *OB - h*OB 

dIB/dt = h*OB + k*I - ℓ *IB 

 
The only conducting state for the wild type channels is the open state; therefore 

the following differential equation was used to recreate the current in the presence 

of CTX. 

dO/dt = α4*C4 - k*O + ℓ *OB - h*O. 

Two parameters (α) and (h) were deduced through fitting the measured current 

and (k) and (ℓ) values were taken from previously reported on- and off-rates of 

CTX (Sands et al., 1989).  

For the simulation of current through the V388C mutant channel in the absence 

and presence of different concentrations of CTX I used the same basic equations 

as described above including some modification to mimic current behavior.  

 

 

Fig. 14 Schematic kinetic model of the transitions in hKv1.3-V388C mutant channels during 

depolarizations in the presence of CTX.  

 



 
 

41 

Values for α were identical to those used to simulate wild type current; the value 

for h was 0.07 ms-1 to account for the faster inactivation in the V388C mutant 

channels.  

 
3.4.2 Kinetic model for hKv1.3_H399N mutant with TEA+ 

 
The currents were simulated by the following differential equations:  

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*OBcon (in 4.5 mM [K+]o) 

dO/dt = α4*C4 - h*O - k′*O + ℓ*OBblo (in 164.5 mM [K+]o) 

 

 

 

 

 

 
Fig. 15 Schematic kinetic model of the transitions in hKv1.3-H399N mutant channels in the 

presence of TEA
+
 in 164.5 mM and 4.5 mM [K

+
]o. 

 
α1 to α3 represent the transitions between the closed states in the forward direction 

and α4 describes the closed (C) state to open (O) state transition and h is the 

transition from the open (O) to the inactivated (I) state. k′ describes the transition 

from the open (O) to the open bound_conducting (OBcon) state in 4.5 mM [K+]o, 

and the open bound_blocked (OBblo) state in 164.5 mM [K+]o, ℓ describes the 

transition from the open bound_conducting (OBcon) and the open bound_blocked 

(OBblo) state to the open (O) state.  In both low and high [K+]o models, the 

respective rate constants of activation (α4 ) and unbinding (ℓ) are fast in 

comparison to the inactivation rate constant (h). 

Abbreviations: 

OBcon: open bound_conducting state; O: open state; B: bound; con: conducting 

In 164.5 mM [K+]o 

In 4.5 mM [K+]o 
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OBblo: open bound_blocked state; O: open state; B: bound; blo: blocked state. 

Parameters related to the current simulation in 164.5 mM and 4.5 mM [K+]o 

situation in the presence and absence of 10 mM [TEA+]o:  

Parameters in high [K+]o: 

k′ = 1.8 (ms)-1 > ℓ = 0.4 (ms)-1 > α4 = 0.28 (ms)-1 >> h = 0.032 (ms)-1 

Parameters in low [K+]o  :  

k′ =1.8 (ms)-1 > ℓ = 0.4 (ms)-1 > α4 = 0.28 (ms)-1 > h = 0.2 (ms)-1 

The respective parameters were derived from fitting the experimental measured 

currents or adjusted manually during the simulation. Two parameters α4 and h 

were deduced through fitting the measured current. Since the on-rate is 

concentration dependent, for ℓ = k′ then [TEA+]o = 2.2 mM = KD. In my simulation I 

used ℓ = 0.4 (ms)-1 and k′ = 1.8 (ms)-1 because I wanted to simulate the use of 

10 mM [TEA+]o and this concentration is 4.5 times higher than the KD value.  

 
3.3.4 Docking of verapamil and MTSEA to Kv1.3 

Since the voltage gated potassium channel Kv1.3 has not been crystallized so far, 

the crystal structure of the Kv1.2 channel with a sequence identity of over 90% to 

the Kv1.3 channel was used to prepare a reasonable structural model. Therefore, 

a homology model of the Kv1.3 S4/S5/S6 domains was generated using the crystal 

structure of Kv1.2 (PDB: 2A79) with 2.9 Å resolution as a template. All cysteine 

mutations were constructed by YASARA (The homology model was carried out by 

Dr. Morteza Khabiri, Institute of Nanobiology and Structural Biology of GCRC 

Academy of Sciences of the Czech Republic). The 3D model of MTSEA and 

verapamil was created by the Dundee Prodrug2 server (Schuettelkopf and van 

Aalten, 2004) on the basis of the chemical structure of these molecules. The final 

pdb files of these molecules were used for the docking process. These 

components were docked with the AutoDock 4.0 implementation (Krieger et al., 

2004) in YASARA (Krieger et al., 2002). Initially, verapamil was positioned 

manually close to the equilibrated Kv1.3 model structure based on the information 

from Rossokhin et al. (2011). Afterwards, MTSEA was docked into the channel 

model in the presence of verapamil. For visualization of the 3D structures of wild 

type and mutant channels the Swiss PDB viewer and VMD 1.8.7 were used.  
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4 RESULTS 

This thesis aims to address the structural changes occurring during C-type 

inactivation in the outer and inner pore of the hKv1.3 channels by using the 

whole-cell recording mode of the patch-clamp technique. Possible structural 

changes of the outer vestibule associated with C-type inactivation have been 

studied using scorpion toxins and [TEA+]o.  

In addition, 2-aminoethylmethanethiosulphonate (MTSEA) was used to determine 

the conformational changes of the inner pore during C-type inactivation. In the 

present thesis, I used several mutant channels with substituted amino acids in the 

outer pore and inner pore of the hKv1.3 channels. All these mutations and 

substituted amino acids are shown in Fig. 16. 

 

Fig. 16 Primary amino acid sequence of a single α-subunit of the hKv1.3 channel from S4-S6. The 

amino acid sequence of the selectivity filter is highlighted with blue letters and introduced 

mutations are highlighted with red letters. Red arrows point towards the amino acid residues that 

were substituted from wild type to the mutant channels. Red numbers represent the position of the 

substituted amino acid.  

4.1 Mutations at position V388 and H399 affecting the endogenous 

inactivation time course  

 
The major aim of this section was to test whether C-type inactivation of hKv1.3 is 

influenced by the type of amino acids present in the pore region. For this purpose I 

used single mutant hKv1.3_V388C and double mutant hKv1.3_V388C-H399T 

channels. In the 3D structure of hKv1.3 channels, the point mutation V388C is 

located behind the selectivity filter and the H399T is situated in the outer pore 

between the selectivity filter and the S6 segment  
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Using the whole-cell configuration of the patch-clamp technique, I characterized 

the inactivation time course of the hKv1.3 wild type, the hKv1.3_V388C mutant and 

the hKv1.3_V388C-H399T double mutant channels in a bath solution containing 

160 mM NMDG and 4.5 mM KCl. I transiently transfected COS-7 cells with cDNA 

coding for wt or mutant (V388C and V388C-H399T) hKv1.3 channels and 

compared the resulting currents (Fig. 17A-C). Current through the wild type hKv1.3 

(A) and hKv1.3_V388C-H399T double mutant (C) channels were elicited by 

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

repeated every 30 seconds. For the hKv1.3_V388C mutant channel (B), the 

currents were elicited by depolarizing voltage steps from the holding potential of 

- 120 mV to + 40 mV for 80 ms, repeated every 100 seconds. Fig. 17A shows that 

upon depolarization wild type channels activated rapidly, reaching a peak of 

~ 3 nA and then the peak currents declined to ~ 2 nA within 200 ms due to 

inactivation. Fig. 17B and C suggest that single and double mutant channels 

activated similar to wild type channels but currents through the single and double 

mutant channels decayed faster than wild type channels. The decay time for 

macroscopic K+ current through wild type, single and double mutant channels was 

well fitted by single exponential functions with time constants (τ) of 490 ± 45 ms 

(n=10), 19 ± 3 ms (n=6) , and 54 ± 4 ms (n=5), respectively (Fig.17A-C).  

 

 

Fig. 17 Current through the hKv1.3 wild type, hKv1.3_V388C single and hKv1.3_V388C-H399T 

double mutant channels. Whole cell currents were elicited by depolarizing voltage steps from a 

holding potential of -120 mV to +40 mV in a bath solution with 160 mM NMDG and 4.5 mM KCl. 

The voltage step was 200 ms for the wild type (A) and the double mutant (C) and 80 ms for the 

single mutant (B).  
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These values showed that the current decay in the single mutant is around 20 and 

2.5 times faster compared to the wild type and double mutant channels and 

suggested that the fast inactivated hKv1.3_V388C mutant channels inactivated 

slower with a substitution of His399 by Thr indicating that these two mutations 

might impact on the same process but in an opposite direction.  

 
4.1.1 The effect of mutations on the structural features of the hKv1.3 channel 

studied by molecular dynamics simulation  

 

To further assess the influence of the mutations V388C and H399T on channel 

inactivation, molecular dynamics simulations were performed by my collaborator 

Dr. Morteza Khabiri. In hKv1.3 channels four identical monomers, A-D, are forming 

a symmetrical tetrameric arrangement with the pore in the center of the structure 

when seen from above. The simulation of the hKv1.3 wild type channel embedded 

in a lipid membrane proved the system to be stable over the whole length of the 

simulation with the channel maintaining its conformation and symmetry. 

Simulations accomplished for wild type and V388C single and V388C-H399T 

double mutants led to detectable changes in the multipoint network behind the 

selectivity filter (Fig. 18). We found that in hKv1.3 wild type channel, intra and inter 

subunit interactions could establish a special network behind the selectivity filter. 

Comparing regions behind the selectivity filter in hKv1.3 wild type, V388C and 

V388C-H399T mutant channels showed that three residues W384 and V388 in the 

pore helix and Asp397 in the upper part of the selectivity filter had intra subunit 

interactions whereas His399 in the P-loop of monomer D formed inter subunit 

interaction with Asp397 in the selectivity filter of monomer A (Fig. 18). In wild type 

channels, the indole ring of Trp384 had a hydrophobic contact with the methyl 

group of Val388. This preferred hydrophobic interaction rendered a main 

restriction in this part of the network. This imposed configuration of the indole ring 

endows a suitable orientation to support the hydrogen bond between the amide 

groups on the indole of Trp384 with the carboxyl group of Asp397 (Fig. 18). 

Indeed, Val388 located in the lower part of the pore helix holds Trp384 in a special 

configuration to form a hydrogen bond between Trp384 in the upper part of the 

pore helix and Asp397 in the selectivity filter (Fig. 18A). On the other hand, this 

hydrogen bond can be affected by properties of residue 399 (in the wild type 

channel His399) in the P-loop of the adjacent monomer which is located close to 
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Asp397 and in the wild type channel it showed that His399 had little impact on the 

interaction of Asp397 with Trp384 (Fig. 18). Introducing the amino acid cysteine 

instead of valine at position 388 altered the network behind the selectivity filter and 

the rate of C-type inactivation of hKv1.3_V388C mutant channels. In this mutant 

channel, the hydrophobic interaction between Val388 and Trp384 was eliminated 

by the substitution of Val for Cys at position 388. In fact, the replaced sulfhydryl 

group in the V388C mutation has a smaller volume and has no possibility for 

interacting with the Trp384 indole group. Therefore this free indole group can 

rotate and generate conformational change. As a result of this change the 

hydrogen bonding with Asp397 cannot be maintained and the side chain of 

Asp397 turns upward with the possibility to form a hydrogen bond with His399 in 

the neighboring monomer. Therefore, in this case the inter subunit interaction 

effectively contributed to the network behind the selectivity filter (Fig. 18B). In 

contrast, introducing threonine at position 399 in the double mutant channel, 

exhibited a completely different behavior, very similar to the wild type channel. The 

simulation clearly showed that the methyl group of Thr399 (Fig. 18C) from the 

adjacent monomer had a strong hydrophobic contact with the CβH2 group of 

Asp397. 

 

Fig. 18 The interaction network behind the selectivity filter. Structure at the selectivity filter and its 

flanking region in the wild type hKv1.3 channel (A), the hKv1.3_V388C single mutant (B) and the 

hKv1.3_V388C-H399T double mutant channel (C). Residues Trp384, Val388, and Asp397 of one 

monomer and His399 of the adjacent monomer are shown as skeletal models with atomic colors. 

The backbone in dark blue is shown as a wide ribbon in helical segments and as a narrow tube in 

coil regions. This figure prepared by my collaborator Dr. Morteza Khabiri.  
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In addition, the rotameric restriction of Thr399 acted as a steric hindrance. This 

limitation prevented the side chain of Asp397 to turn upward which was observed 

in the single mutant channel. Consequently, the inter subunit interaction through 

Asp397 and Thr399 in the adjacent monomer keeps the carboxyl group of Asp397 

in an appropriate direction to form hydrogen bonding with the indole group of 

Trp384. Finally, substitution of His399 by Thr can preserve the connection 

between the selectivity filter and the pore helix. We would like to see whether 

V388C mutation could change the stability of the outer part of the selectivity filter. 

For this reason computed root mean squared fluctuations (RMSF) of the backbone 

Cα atoms in wild type, single and double mutant channels was calculated. 

Comparison of RMSF of the backbone Cα atoms in wild type, single and double 

mutant channels implied different degrees of flexibility in the selectivity filter and 

the pore helix area (Fig. 19). Common to all three channels was a single peak 

associated with the turret region and the N-terminal parts of the pore helix 

indicating that the positions of the amino acids in this area fluctuate highly (Fig. 19, 

blue circle). Another peak appeared only in the single mutant channels indicating 

fluctuations of a stretch of amino acids between Thr392 and Pro400 

(TMTTVGYGDMHP) (Fig. 19, red circle) suggesting that in single mutant channels 

the positions of amino acids associated with the selectivity filter fluctuate. This 

phenomenon demonstrated higher flexibility in the upper part of the selectivity 

filter, especially at position Asp397 with the highest peak and fluctuation.  

However, this flexibility shifted back to near the wild type situation by introducing 

the second mutation at position 399 in the double mutant channel. There, the new 

interaction behind the selectivity filter restored the rigidity that was lost in the 

single mutant channel indicating that the hydrogen bond between Asp397 and 

Trp384 donated higher rigidity to the selectivity filter. Indeed, disruption of the 

hydrogen bond between Asp397 and Trp384 in the single mutant eliminated the 

connection between the selectivity filter and the pore helix. It seems reasonable to 

argue that this higher flexibility of the selectivity filter and specially the upper part 

of it, originated from the loss of supportive interaction behind the selectivity filter. 

As described above, this single mutation promoted the change of the orientation of 

the side chain of Asp397 at the outer pore whereas this phenomenon was not 

observed in wild type and double mutant channels. The high flexibility of the 

selectivity filter might be associated with the high degree of inactivation observed 
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in the single mutant channel since this might destabilize K+ in the S0 position in the 

selectivity filter inducing the exit of K+ from S0 into the bath solution. Additionally, 

the potassium ion at position S2 in the selectivity filter might translocate to S1 with 

the Val393 carbonyl group reorienting towards the back of the selectivity filter. 

 

 

Fig. 19 Root mean square fluctuations (RMSF) in the equilibrated phase of the molecular 

dynamics simulation of Kv1.3. hKv1.3 wild type: black; hKv1.3_V388C single mutant: green; 

hKv1.3_V388C-H399T double mutant: red. The turret region and the N-terminal of the pore helix 

shown in blue circle and the red circle emphasize the selectivity filter region. This figure was 

prepared by my collaborator Dr. Morteza Khabiri. 

 
4.1.2 Some scorpion toxins prevent inactivation   

 
As shown in sections 4.1 the experimental data revealed that introduced point 

mutations in the pore helix region (V388C) produced a fast inactivated channel. It 

was known that the stretch of amino acids between S5 and S6 was involved in the 

construction of the outer vestibule of the ion conducting pathway and that this 

sequence had a critical role in toxin-channel binding (MacKinnon et al., 1990) as 

well as C-type inactivation (López-Barneo et al., 1993).  

This knowledge inspired the ideas that a channel with a mutation in the pore helix 

might have not only different interactions with scorpion toxins, but in some cases 

the contacts made by toxin-channel binding might partially restore the inactivation 

properties of the wild type channel. For testing this idea we screened multiple 

toxins (CTX, NTX, MgTX and KTX) for their effect on wild type, single and double 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22L%C3%B3pez-Barneo%20J%22%5BAuthor%5D
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mutant channels in a bath solution containing [NMDG]o with 4.5 mM KCl. Currents 

were elicited by depolarizing voltage steps to +40 mV from a holding potential of 

-120 mV in the absence and presence of MgTX and KTX. For wild type and 

double mutant channels the depolarizing voltage step was 200 ms, the pulse 

interval 30 s and the toxin concentration 10 nM. For the single mutant channels 

the depolarizing voltage step was 80 or 100 ms, the pulse interval was 100 s and 

the toxin concentration 100 nM. As one can see in Figure 20A and C MgTX and 

KTX blocked the wild type and also the double mutant channels according to the 

known wild type affinities (Aiyar et al., 1995). Similarly, MgTX and KTX blocked 

current through the single mutant channel (Fig. 20B) although with much lower 

affinity compared to the wild type channel. 

 

Fig. 20 Block of current through wild type hKv1.3 (A), the hKv1.3_V388C single mutant (B) and the 

hKv1.3_V388C-H399T double mutant (C) channels by MgTX and KTX. Representative whole cell 

currents were elicited by depolarizing voltage steps to +40 mV from a holding potential of -120 mV 

in the absence and presence of MgTX and KTX. For wild type and double mutant channels the 

depolarizing voltage step was 200 ms, the pulse interval 30 s and the toxin concentration 10 nM. 

For the single mutant channels the depolarizing voltage step was 80 or 100 ms, the pulse interval 

was 100 s and the toxin concentration 100 nM. Currents were recorded in [NMDG]o as external 

solution before (1) and after application of toxins (2-5).  

CTX and NTX revealed unexpected results as can be seen in Fig. 21B. 

Application of 100 nM of the CTX and NTX to steady state current (red current 
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trace) through single hKv1.3_V388C mutant channels initially reduced current as 

expected for a block of current, however, subsequent test pulses resulted in a 

progressive increase of the peak current amplitude in parallel to a slowing of the 

time course of the current (Fig. 21B) during depolarization.  

 

 

 
 

Fig. 21 Effect of CTX and NTX on currents through wild type hKv1.3 (A), the hKv1.3_V388C single 

mutant (B) and the hKv1.3_V388C-H399T double mutant (C) channels. Representative whole cell 

currents were elicited by depolarizing voltage steps to +40 mV from a holding potential of -120 mV 

in the absence and presence of CTX, and NTX. For wild type and double mutant channels the 

depolarizing voltage step was 200 ms, the pulse interval 30 s and the toxin concentration 10 nM. 

For the single mutant channels the depolarizing voltage step was 80 or 100 ms, the pulse interval 

was 100 s and the toxin concentration 100 nM. Currents were recorded in [NMDG]o with 4.5 mM K
+ 

as external solution before (1) and after application of toxins (2-5).  

 
Previous experiment quantified the effect of CTX on current block in wild type 

channels, these data showed that CTX block the hKv1.3 wild type channels with  

the KD (CTX) value of ≈1.5-3 nM (Sands et al., 1989; Grissmer et al., 1994; Aiyar et 

al., 1995). My measurements in Figures 20 and 21 showed that the double mutant 

channels could be blocked by the used scorpion toxins very similar to wild type. 

Figure 21B clearly showed that single mutant channels in the presence of CTX 

and NTX had a different behavior. I tried to find out a possible explanation for this 
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different behavior. Therefore I focused on the characterization of the CTX effect on 

the interaction with the single channels. To quantify the effect of CTX on current 

block in the single mutant channel the peak current of the first current trace (I1) 

after application of different concentrations of CTX was divided by the peak 

current before the application of CTX (Icon) and the fraction (I1/Icon) was plotted 

against the CTX concentration (Fig. 22).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 22 Dose-response curve in the hKv1.3_V388C mutant channel. The peak current of the first 

current trace (I1) after application of different concentrations of CTX was divided by the peak 

current before the application of CTX (Icon).  The KD (CTX) value of ≈30 nM was deduced by fitting a 

modified Hill function I1/Icon=1/[1+([CTX]/KD) to the data points obtained at three different 

concentrations of toxins.   

 
From this dose-response curve I deduced a value for the dissociation constant KD 

of ~ 30 nM for CTX to block current through single hKv1.3_V388C mutant 

channels by fitting a modified Hill equation to the data points obtained at three 

different concentrations. This graph illustrates two points: first, channel and toxin 

interacted with a 1:1 stoichiometry resulting in current block and second, 

according to the KD value, CTX interacted with the mutant channels with a lower 

affinity compared to wild type channels (KD value for wild type channel block is 

~ 3 nM (Grissmer et al., 1994).  

As can be seen in Fig. 21B, CTX not only reduced current as expected for a block 

of current but had another clear effect on the current decay time course through 

the V388C mutant channels during depolarization whereby CTX abolished the fast 

current decay through the V388C mutant channel. To find out a possible 

mechanism for CTX to modify the current decay time course through the V388C 
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mutant channels I used different kinetic models as described in the next section to 

predict the current decay time course.  

 
4.1.3 Kinetic model of CTX action 

 

In order to simulate currents in the absence and presence of CTX through the 

V388C mutant channels, I first measured and then tried to simulate currents 

through hKv1.3 wild type channels. I chose this approach due to the well-known 

and well-described effect of CTX to block current through voltage-gated Kv1.3 

channels in T lymphocytes (Sands et al., 1989) allowing me to test the feasibility of 

my kinetic model. Fig. 23 (left) shows experimental current traces through hKv1.3 

wild type channels in the absence (black trace) and presence (red trace) of 3 nM 

CTX. From this and similar records I obtained a KD value for CTX to block current 

through hKv1.3 channels of ~ 3 nM, similar to the reported value of 1.8 nM (Sands 

et al., 1989). Using the kinetic diagram shown in Fig. 23 (bottom) with values for 

the on- (k) and off-rates (l) of CTX similar to those described by Sands et al. 

(1989) I could simulate current traces (Fig. 23, right) that mimic the experimentally 

observed current traces (Fig. 23, left). The kinetic scheme presented in Fig. 23 

implies i) only state O is conducting; ii) the affinity of CTX to the closed, open, and 

inactivated state of the channel is similar; iii) binding of CTX to the channel does 

not significantly change activation (α) or inactivation (h). The only conducting state 

for the wild type channels is the open state; therefore the following differential 

equation was used to recreate the current in the presence of 3 nM CTX:  

dO/dt = α4*C4 - k*O + l*OB - h*O. 

The following values were used for the simulation of wild type current:  

α1 = α2 = α3 = α4 = 0.4 ms-1; k = 0.00017 ms-1; l = 0.00017 ms-1, h = 0.0025 ms-1 
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Two parameters (α) and (h) were deduced through fitting the measured current 

and (k) and (l) values were taken from previously reported on- and off-rates of 

CTX (Sands et al., 1989). The comparison of experimental and simulated currents 

through wild type hKv1.3 channels in the absence and presence of 3 nM CTX 

clearly showed that the simulated currents by this proposed model are agree with 

the elicited currents through the wild type channel in the presence and absence of 

CTX (Fig. 23).  

 

 

Fig. 23 Comparison of experimental and simulated currents through wild type hKv1.3 channels in 

the absence and presence of 3 nM CTX in a bath solution with 160 mM NMDG and 4.5 mM KCl. In 

the experimental current traces (left) the solid black and red lines show the currents in the absence 

and presence of 3 nM CTX, respectively.  Currents were elicited by a 250 ms depolarizing voltage 

step to +40 mV from a holding potential of -120 mV with 30 s pulse interval.  In the simulated 

current traces (right) the solid black and red lines indicate the simulated current in the absence and 

presence of 3 nM CTX, respectively.  The scheme of the kinetic model shown below describes the 

bimolecular reaction scheme of hKv1.3 wild type channel with 3 nM CTX.  The used constants are: 

α1 = α2 = α3 = α4 = 0.4 ms
-1

;  k = 0.00017 ms
-1

;  l = 0.00017 ms 
-1

;  h = 0.0025 ms
-1

 

 
To be able to simulate steady-state currents in the absence and presence of CTX 

in the V388C mutant channels I generated experimental current traces through the 

hKv1.3_V388C mutant channels in the absence and presence of different CTX 

concentrations as shown in Fig. 24 (top).  
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Fig. 24 Comparison of experimental and simulated currents through hKv1.3_V388C mutant 

channels in the presence of 10 nM (A), 30 nM (B), and 100 nM (C) CTX in a bath solution 

containing 160 mM NMDG and 4.5 mM KCl. Experimental current traces are shown on top. 

Currents were elicited by 80 ms or 100 ms depolarizing voltage steps to +40 mV from a holding 

potential of -120 mV with 100 s pulse interval. The solid black and red lines indicate the measured 

current in the absence and presence of different concentration of CTX (A-C, experimental traces 

set). The fifth current traces after adding different concentrations of CTX are shown as steady state 

currents here. Simulated current traces are shown in the middle panel (A-C) and were obtained 

using the kinetic model shown below. The solid black lines indicate the simulated currents without 

toxin. The black dashed lines represent the simulated current under the assumption that only state 

O is conducting. The dashed red line represents simulated current under the assumption that state 

O and state OB are fully conducting. The solid red lines represent the simulated current under the 

assumption that state O is fully conducting and state OB is half conducting. The parameters to 

recreate the current in the presence of 10 nM, 30 nM and 100 nM CTX where:  

α1 = α2 = α3 = α4 = 0.4 ms
-1

; k = 0.00056 ms
-1

; l = 0.0017 ms
-1

; h=0.07 ms
-1

 (10 nM CTX) 

α1 = α2 = α3 = α4 = 0.4 ms
-1

; k = 0.0017 ms
-1

; l = 0.0017 ms
-1

; h = 0.07 ms
-1

 (30 nM CTX) 

α1 = α2 = α3 = α4 = 0.4 ms
-1

; k = 0.0056 ms
-1

, l = 0.0017 ms
-1

; h = 0.07 ms
-1

 (100 nM CTX) 

 
For the simulation of current through the V388C mutant channel in the absence 

and presence of different concentrations of CTX I used the same basic equations 
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as described above including some modification to mimic the current behavior. 

Values for α were identical to those used to simulate wild type current; the value 

for h was 0.07 ms-1 to account for the faster inactivation in the V388C mutant 

channels. The values were used to model different concentrations of CTX are 

shown in the legend of Fig. 24. Using the kinetic diagram shown in Fig. 24 

(bottom) I tried to simulate the experimental current traces under 4 different 

assumptions: a) control current without toxin (solid black trace) with identical 

values for α compared to wild type and a larger value for h (hf) to account for the 

faster inactivation rate in the V388C mutant channel; b) current in the presence of 

different toxin concentrations with values for α and hf as in a) whereby only state O 

is conducting (dotted black trace); c) as in b) whereby states O and OB are fully 

conducting (dotted red trace); d) as in c) whereby state O is conducting and state 

OB is half conducting (solid red trace). It is obvious that assumption 4 describes 

the experimental current traces with different CTX-concentrations best indicating 

that bound CTX might prevent the fast inactivation seen in the mutant channel and 

that bound CTX might not be able to fully block current through the channel.  

 
4.1.4 Molecular dynamic simulation of CTX with wild type, V388C single 

mutant and V388C-H399T double mutant channels 

 

My experimental results described in 4.1.2 demonstrated that the single mutant 

hKv1.3_V388C channels cannot inactivate when CTX is bound to the channel. 

How could the binding of CTX to this channel prevent the structural 

rearrangements that are associated with inactivation? To answer this question we 

docked CTX onto the channel (Molecular dynamics simulation data was prepared 

by my collaborator Dr. Morteza Khabiri). Docking of CTX onto the equilibrated 

hKv1.3 wild type structure followed by molecular dynamics, did not only block the 

channel completely, but also altered the flexibility in the outer vestibule, that gets 

comparably more rigid (Fig. 25A). It means that the flexibility of the turret in wild 

type channels before and after binding CTX to the outer pore was not the same. 

G375 and S374 are two major interaction points in the turret area of wild type 

channels and it seems that the interaction of these two amino acids with toxin 

residues made the turret area of the channel more rigid. Different from the wild 

type channel, the V388C mutant channel is more flexible in the upper part of the 

selectivity filter at position Asp397 (GYGD) and binding of CTX to this mutant 
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channel restored the rigidity of this area (Fig. 25B)similar to what was observed for 

wild type channels (Fig. 25A). 

 

 

Fig. 25 Effect of the mutation and CTX on structural fluctuations in molecular dynamics 

simulations. Root mean square fluctuations in the equilibrated phase of the molecular dynamics 

simulation of hKv1.3 wild type (A) and hKv1.3_V388C single mutant channels (B) with and without 

CTX. A, hKv1.3 wild type: black; hKv1.3 wild type with docked CTX: red. B, hKv1.3_V388C single 

mutant: black; hKv1.3_V388C single mutant with docked CTX: red. Kv1.3 in a complex with CTX 

(C). The turret region and the N-terminal of the pore helix shown in blue circle and the red circle 

emphasize the selectivity filter region. This figure was prepared by my collaborator Dr. Khabiri. 

 

Analyzing the channel-toxin complex Dr. Khabiri and I found that K27 of CTX had 

a strong interaction with the carbonyl groups of Tyr residues (position 395) in all 

four monomers in the wild type channel (Fig. 26A). It is important to highlight that 

K27 had the same distance from all four Tyr395 in four monomers indicating the 

symmetric interaction of CTX with these four monomers. In the case of the double 

mutant channel K27 of CTX (Fig. 26C) penetrated slightly deeper into the 

selectivity filter, getting in contact with G394 of the selectivity filter completely 

blocking the central pore of the channel (Fig. 26C). The behavior of the V388C 

mutant channel with docked CTX is very different. CTX is located in a position 

shifted by ~1.5 Å upwards when compared with the situation in wild type channels 

(Fig. 26B). After the equilibration phase in the following molecular dynamic 

simulation CTX was tilted in one direction on the outer pore region of the V388C 

mutant channel, interacting mainly with three monomers only(see Table 4, no 

interaction points with monomer A). The tilt of CTX, the loss of the total 

interactions with one monomer, and the distortion of the outer vestibule of one 

monomer was seen in the simulations (black circle in Fig. 26B). 
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Fig. 26 The steady state position of the docked CTX shown for the hKv1.3 wild type (A), for the 

hKv1.3_V388C single mutant (B) and for the hKv1.3_V388C_H399T double single mutant (C) 

channel. Please note the interaction points of Lys27 with wild type and mutant channel residues. 

The outer vestibule of the hKv1.3_V388C single mutant is turned back in the steady state situation 

in the presence of CTX (B, black circle). Only two monomers A and C are shown for clarity. This 

figure prepared by my collaborator Dr. Khabiri. 

 

CTX hKv1.3  hKv1.3_V388C 
hKv1.3_V388C 

H399T 

F2 T373(A)   

S10  G375(B) T507(B) 

K11 S374 (D)   

H21 G375(D)   

N22 P372(B) P372(C)  

T23 G375(C)   

R25 D397,D381(A) 
D397(B), 
D381(B) 
H399 (C) 

D397(B), 
D381(B) 

K27 Y395(A,B,C,D) Y395(B,D) G394(A,B,C,D) 

M29 H393(D)   

N30 T373(D) H399(B)  

K31 D397(A)   

K32   D397(A) 

R34 T373(A) D397(C) T399(A),Y395(C) 

Y36 D381(C)   
 

Table. 4 Major interaction points of CTX with hKv1.3 wild type, hKv1.3_V388C single mutant and 

hKv1.3_V388C-H399T double mutant channels. Four monomers of channel named A-D.  

 
My experimental results in combination with molecular dynamics data described in 

previous sections demonstrated that introducing single mutation V388C produced 

the fast inactivated channel and CTX binding partially restored the inactivation 

properties of the single mutant to wild type indicating that in the complex 

CTX-hKv1.3_V388C, the toxin could compensate partially for a structural or 
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functional key feature present in the wild type and absent in the single mutant 

channel.  

 
4.2 Influence of the hKv1.3_H399N mutation on channel behavior 

 
As shown in section 4.1 point mutation V388C created a fast inactivated mutant 

channel. In section 4.1.2 some scorpion toxins could change the inactivation time 

course of this fast inactivated channel. Another single point mutation H399N in the 

outer pore region also produced a fast inactivated mutant channel. To see whether 

this fast inactivated channel has similar interaction with scorpion toxin, I tried to 

study the interaction of different scorpion toxins with hKv1.3_H399N mutant 

channels. Only MgTX and CTX could change the inactivation time course (data 

about the other toxins have not been shown in thesis, because other toxins could 

block current through hKv1.3_H399N mutant channel very similar to wild type 

channel). In order to investigate the effect of CTX and MgTX on current through 

wild type and hKv1.3_H399N mutant channels, first, I tried to discover the 

influence of the pore mutation H399N on the wild type channel function. Thus, I 

initially characterized the current flowing through wild type and hKv1.3_H399N 

mutant channels in the absence of toxins as can be seen in Fig. 27. I transiently 

transfected COS-7 cells with cDNA coding for wt or mutant (H399N) hKv1.3 

channels and compared the resulting currents. Whole cell currents were elicited by 

depolarizing voltage steps to +40 mV from a holding potential of -120 mV every 

30 s in a bath solution containing 4.5 mM KCl. The pulse duration was 200 ms for 

wild type and mutant channels. As it has been shown in section 4.1, the K+ current 

through the wild type channel has an exponential current decay during the 

depolarizing pulse called C-type inactivation. The time course of the C-type 

inactivation has been estimated by fitting a single exponential function to the 

current decay. These experimental data demonstrated that the inactivation time 

course (τ) of hKv1.3 wild type channels in a bath solution containing 4.5 mM [K+]o 

was 490 ± 55 ms (n=10) while the inactivation time constant (τ) through 

hKv1.3_H399N mutant channels was 8 ± 1 ms (n=10) (Fig. 27). Fig. 27, clearly 

demonstrates that the current decay of the mutant channels was much faster 

compared to wild type channels indicating that the mutation of histidine to 

asparagine at position 399 accelerated channel inactivation. Comparison Fig. 27 
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and Fig. 17 showed that H399N mutant channel similar to V388C mutant channel 

(Fig. 17) inactivated faster than wild type channel.  

 

 

Fig. 27 Current through hKv1.3 wild type and hKv1.3_H399N mutant channels. Whole cell currents 

were elicited by 200 ms depolarizing voltage steps to +40 mV from a holding potential of -120 mV.  

 
4.2.1 The amino acid network in wild type and H399N mutant channels 

studied by molecular dynamics simulation 

Under 4.2 I showed that the H399N mutation, like V388C, led to an accelerated C-

type inactivation compared to the wild-type channel. I was interested to see 

whether the amino acid network behind the selectivity filter of the H399N mutant 

channel changed by this pore mutation similar to what was observed in V388C 

mutant channel. For this purpose molecular dynamics simulation was performed to 

find out the possible changes in the amino acid networks behind the selectivity 

filter (MD simulation carried out by my collaborator Dr. Morteza Khabiri). The MD 

trajectory revealed a significant conformational change in the amino acid network 

behind the selectivity filter. In wild type channels, histidine 399 does not have a 

direct electrostatic interaction with the adjacent monomers (Fig. 28A). Since 

Asn399 is a polar amino acid with a carbonyl and an amide group on the side 

chain and the amide group can accept and donate two hydrogen bonds, this 

amino acid has a high disposition to form hydrogen bonds with adjacent potent 

groups. The most potent residue to contribute hydrogen bonds with the Asn399 

residue is Asp397of the adjacent monomer. As a result, the amide group of 

Asn399 competes with the Trp384 indole group for the Asp397 carboxylic group. 
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Because the amide group is more powerful than the Trp384 indole amine group to 

create the hydrogen bond, Asn399 dominates the competition. As a consequence, 

Asp397 loses its interaction with Trp384 and reorients towards the solution to form 

a salt bridge with the amide group of Asn399 on the protein surface (Fig. 28B). In 

parallel, the Trp384 indole group turns to create a new hydrogen bond with the 

Asn399 carbonyl group. As a consequence of this conformational change the key 

stabilizing interaction between Asp397 and the Trp384 indole group behind the 

selectivity filter is broken and hence the selectivity filter gets more flexible 

(Fig. 28B).  

 

Fig. 28 The amino acid networks behind the selectivity filter in wild type (A) and the distortion of 

this network by the H399N substitution (B). For clarity only S6 and upper part of S5 of monomer 

A (blue) and monomer D (yellow) have been shown. This Figure was prepared by my collaborator 

Dr. Khabiri. 

4.2.2 Interaction of MgTX and CTX on current through hKv1.3 wild-type and 

hKv1.3_H399N mutant channels. 

To characterize the effect of externally applied MgTX and CTX on current through 

hKv1.3 wild type and hKv1.3_H399N mutant channels, I measured, using the 

whole-cell mode of the patch-clamp technique, currents in transiently transfected 

COS-7 cells in the presence and absence of CTX and MgTX. The current through 

hKv1.3 wild type channels before and after application of toxins were elicited by 

depolarizing voltage step from the holding potential of -120 mV to +40 mV for 

200 ms, repeated every 30 s. For the hKv1.3_H399N mutant channel before and 

after application of toxins, the current were elicited by depolarizing voltage step 
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from the holding potential of -120 mV to +40 mV for 50 ms, repeated every 30s. 

10 nM of either CTX or MgTX were enough to abolish most of the current through 

hKv1.3 wild type channels (Fig. 29).  

 

 

Fig. 29 Effect of CTX (left) and MgTX (right) on current through hKv1.3 wild type (A) and 

hKv1.3_H399N mutant (B) channels. Representative whole cell currents were elicited by 

depolarizing voltage steps to +40 mV from a holding potential of -120 mV in the absence and 

presence of CTX (left) and MgTX (right). The voltage step was 200 ms for the wild type (top) and 

50 ms for the H399N mutant (bottom) channels.  

 
In contrast, CTX could not block the current through hKv1.3_H399N mutant 

channels even at 100 nM while MgTX at the same concentration, partially reduced 

the peak current through the mutant channel. In addition, the current decay time 

course slowed down in the presence of CTX and MgTX by a factor of ~ 5 and 

~ 12, respectively. From these experimental results it seems that binding of toxins 

to the mutant channels changed the inactivation time course.  

 



 
 

62 

4.2.3 Interaction of CTX and MgTX were studied by molecular dynamics 

simulation 

Molecular dynamics simulations of CTX and MgTX with the hKv1.3_H399N mutant 

channel revealed why these two toxins were not able to fully block current through 

the mutant channel. Fig. 30 shows the final position of CTX and MgTX after 40 ns 

simulation (Molecular dynamics simulation carried out by my collaborator 

Dr. Morteza Khabiri). In contrast to the wild type channel (Fig. 30A and B), both 

toxins seem to sit differently on the mutant channel surface. It looks as if they are 

titled when interacting with the channel surface (Fig. 30C and D).  

 

Fig. 30 Interaction of CTX (A) and MgTX (B) with hKv1.3 wild type and interaction of CTX (C) and 

MgTX (D) with the hKv1.3_H399N mutant channel. For clarity only monomers A (blue) and B 

(magenta) are shown, helix S4 was deleted. This figure prepared by my collaborator Dr. Morteza 

Khabiri. 

The key residues, Lys27 and Lys28 in CTX (Fig. 30C) and MgTX (Fig.30 D), are 

trapped by the Asp397 residue on the protein surface in the outer pore. As 
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described before, Asp397 in the mutant channel moved into a different position 

away from the pore orienting to the solution. While in wild type channels, Lys27 (or 

Lys28) interacted with Asp397 from all four monomers, as Asp397 is an integral 

part of the pore in that case, in the mutant channel the carboxyl-groups of Asp397 

are too far from each other to coordinate the amino group of Lys27 (or Lys28) 

together and thus the whole system gets asymmetric, with lysine interacting with 

Asp397 from one monomer only. Measuring the distances of MgTX-Lys28 and 

CTX–Lys27 from Tyr395 in all four monomers of wild type and mutant channels 

revealed that the key Lys residue in both toxins is situated off-center in the mutant 

channel. The major interaction points between toxins (CTX and MgTX) and wild 

type and mutant channels have been presented in Table 5.  

 

CTX 
hKv1.3 wild 

type 
hKv1.3_H399N 

F2 T373(A) T373(D) 

K11 S374 (D)  

H21 G375(D)  

N22 P372(B)  

T23 G375(C)  

R25 D397,D381(A) D397(C) 

K27 Y395(A,B,C,D) D397(A) 

M29 H393(D) G396(D),D397(A) 

N30 T373(D) D397(D) 

K31 D397(A) D397(A) 

R34 T373(A)  

Y36 D381(C) V401(A) 

S37 K406(A) N399(A) 

   

Table. 5 Major interaction points of CTX and MgTX with hKv1.3 wild type, hKv1.3_H399N mutant 

mutant channels. Four monomers of channel named A-D. 

Experimental and molecular dynamics simulation data suggested that the fast 

current decay in the H399N mutant channel was a consequence of amino acid 

reorientation behind the selectivity filter and indicated that the rigidity-flexibility in 

that region played a key role in its interactions with scorpion toxins. Hereby, a 

MgTX 
hKv1.3 wild 

type 
hKv1.3_H399N 

T1  G375(A) 

N4  T373(D) 
D381(D) 

T8 T373(D) 
V401(D) 

 

P10 D397(D)  
K11 D381(D)  
K18 T373(B)  

Q20  S374(A) 
T373(A) 

F21  T373(A) 
S24 S374(B) 

G375(B) 
 

G26 D397(B)  
K28 Y395(A,B,C,D) D397(B) 
C29 D397(A)  
M30 D397(C)  

N31 H399(A) G375(B) 
V401(B) 

K33  D397(D) 

K35 D397(C) D397(A) 
Y36 G396(C) D397(C) 
P38 T373(C)  
H39 D381(B)  
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channel with a slightly more flexible selectivity filter region might have not only 

different interactions with scorpion toxins, but in some cases the toxin-channel 

interaction itself might partially restore rigidity in the selectivity filter, too, thereby 

preventing the structural rearrangements associated with C-type inactivation.  

 
4.3 Effect of 30 mM external [TEA+]o on K+ currents through hKv1.3 wild type 

channels and hKv1.3_H399N mutant channels in 4.5 mM and 164.5 mM [K+]o.  

 
Measured currents through hKv1.3_H399N mutant channels in the absence and 

presence of CTX and MgTX (see section 4.2.2) obviously demonstrated that the 

presence of these toxins in the outer vestibule of these mutant channels changed 

the apparent C-type inactivation. Previous experiments showed that the presence 

of TEA+, a classical channel blocker, in the outer vestibule of Kv1.3 wild type 

channel prevented C-type inactivation (Grissmer and Cahalan, 1989). Since both 

scorpion toxins and externally applied TEA+ act on the outer vestibule of the Kv1.3 

channel, then I was interested to investigate the effect of externally applied TEA+ 

on C-type inactivation of hKv1.3_H399N mutant channels. First I tried to compare 

the effect of externally applied TEA+ on hKv1.3 wild type and hKv1.3_H399N 

mutant channels in 164.5 mM and 4.5 mM [K+]o. For this purpose, I used the 

whole cell mode of the patch-clamp technique to measure current though hKv1.3 

wild type channel in a bath solution containing 160 mM and 4.5 mM KCl (high and 

low [K+]o) in the absence and presence of 30 mM external TEA+ as control tests. 

Current through the wild type hKv1.3 channels in 164.5 mM [K+]o (Fig. 31A) and 

4.5 mM [K+]o (Fig. 31B) were elicited by depolarizing pulses from the holding 

potential of -120  mV to +40 mV for 5 s, repeated every 30 s. For the 

hKv1.3_H399N mutant channels in 164.5 mM [K+]o (Fig. 31C) and 4.5 mM [K+]o 

(Fig. 31D), the current were elicited by depolarizing voltage steps from the holding 

potential of -120 mV to +40 mV for 300 ms, repeated every 30 s. Fig. 31A 

demonstrated that externally applied TEA+ in 164.5 mM [K+]o can block peak 

currents through hKv1.3 wild type channels and in addition can also change the 

apparent inactivation rate. The addition of 30 mM TEA+ to the external solution 

changed the peak current amplitude IK peak from 460 pA to 193 pA along with 

changing the apparent inactivation time constant (τd) obtained by fitting a single 

exponential to the decay of the K+ current, from 679 ms to 1650 ms. Fig. 31B 

reveals that externally TEA+ in 4.5 mM [K+]o can block peak currents through 
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hKv1.3 wild type channels and in addition can also change the apparent 

inactivation rate.  

 

 

Fig. 31 Current through wild type hKv1.3 channels in 164.5 mM [K
+
]o (A) and 4.5 mM [K

+
]o (B) were 

elicited by depolarizing pulses from the holding potential of -120 mV to +40 mV for 5 s, repeated 

every 30 s. For the hKv1.3_H399N mutant channels in 164.5 mM [K
+
]o (C) and 4.5 mM [K

+
]o (D), 

the currents were elicited by depolarizing voltage steps from the holding potential of -120 mV to 

+40 mV for 300 ms, repeated every 30 s. 

 
Here, 30 mM TEA+ altered the peak current amplitude IK peak from 1900 pA to 

540 pA along with changing the apparent inactivation time constant (τd) obtained  

by fitting a single exponential to the decay of the K+ current, from 375 ms to 

1129 ms (Fig. 31B). Therefore IK peak, in both situations, with bath solutions 

containing either 164.5 mM or 4.5 mM [K+]o plus 30 mM external TEA+ was about 

one-third of IK peak under control conditions while τd was about 3 times slower. This, 
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and the fact that the current records in the presence and absence of TEA+ cross 

over, is in agreement with previous studies on human T lymphocytes expressing 

hKv1.3 channels (Grissmer and Cahalan, 1989). Binding TEA+ to the outer pore of 

the wild type channel could change the apparent rate of C-type inactivation and 

the peak current amplitude by the same factor which resulted in the observed 

cross over between the measured currents in the presence and absence of TEA+. 

This fact emphasize that TEA+ was able to block current through the wild type 

channel and at the same time prevented C-type inactivation. Fig. 31C represents 

K+ currents through hKv1.3_H399N mutant channels in a bath solution containing 

164.5 mM KCl (high [K+]o) in the absence and presence of 30 mM external TEA+. 

Here, 30 mM external TEA+ reduced the peak current amplitude from 3100 pA to 

440 pA, in parallel with slowing down the apparent inactivation time constant from 

33 ms to 257 ms. As for wild type in 164.5 and 4.5 mM [K+]o, there is again a 

reasonable correlation between the change in the current decay time course and 

the reduction of the peak current amplitude, i.e. IK peak in the mutant channel in a 

bath solution (164.5 mM [K+]o) with 30 mM external TEA+ is about one-eighths of 

IK peak under control conditions while τd is about 8 times slower. This fact also 

indicated that blocked channel could not inactivate in the mutant channel. To see if 

the effect of TEA+ on current through hKv1.3_H399N mutant channels can be 

influenced by [K+]o, I repeated the experiments shown in Fig. 31C in bath solutions 

containing 4.5 mM [K+]o (low [K+]o). The result of one of these experiments is 

shown in Fig.  31D and was far from my expectations. Here, extracellular TEA+ did 

not reduce but increased peak current amplitude (from 115 pA to 436 pA) through 

hKv1.3_H399N mutant channels and also slowed down the K+ current decay (from 

12 ms to 105 ms) during a depolarizing pulse. Interestingly the K+ current decay 

time constant, τd, was about 8 times slower in the presence of 30 mM [TEA+]o, 

similar to what was observed in 164.5 mM [K+]o (Fig. 31C). Possible explanation 

for this unexpected behavior will be discussed later. Altogether these data showed 

that TEA+ act on hKv1.3 wild type and hKv1.3_H399N mutant channels in 

164.5 mM [K+]o similarly as described for wild type channels in 4.5 mM [K+]o 

(Grissmer and Cahalan, 1989). Therefore the investigation was extended to test 

different concentration of TEA+ on hKv1.3_H399N mutant channels in 164.5 mM 

[K+]o to see whether [TEA+]o acted on hKv1.3_H399N channel in 164.5 mM [K+]o by 

similar mechanisms explained by Grissmer and Cahalan (1989). 
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4.3.1 Effect of different concentrations of external [TEA+]o on K+ currents 

through hKv1.3_H399N mutant channels in 164.5 mM [K+]o 

Fig. 32A illustrates the impact of different concentrations (1, 3 and 10 mM) of 

external [TEA+]o on K+ currents through the hKv1.3_H399N mutant channels in 

164.5 mM [K+]o. The control current is shown in red and currents after adding 

different concentrations (1, 3 and 10 mM) of external [TEA+]o are shown in black 

(Fig. 32A). Fig. 32B illustrates the dose-response relations for [TEA+]o on the 

reduction of the peak K+ current, IK peak, and on the normalized current integral 

during long depolarizations through mutant hKv1.3_H399N channels. The fit of the 

dose-response curve for the reduction of IK peak yielded an apparent dissociation 

constant, KD, for TEA+ of 2.2 mM. This value is somewhat smaller than values 

reported for wild type channels of ~10 mM (Grissmer et al., 1990, 1994). This 

increase in TEA+ affinity in the mutant hKv1.3_H399N channels is due to the 

mutation at position 399, the TEA+ binding site (Pascual et al., 1995; Heginbotham 

and MacKinnon, 1992). The relative integral of the current traces measured under 

control conditions and with different [TEA+]o demonstrated that the current integral, 

calculated as the product of IK rel x τd rel (see legend of Fig. 32B) is unaltered in 

solutions with different [TEA+]o compared to the solution without [TEA+]o. This 

indicates that the total time the channels spend in the open state is unchanged by 

[TEA+]o and confirms and extends the finding by Grissmer and Cahalan (1989) 

that under high [K+]o condition TEA+ can hinder wild type and mutant 

hKv1.3_H399N channel inactivation gating and that open K+ channels that are 

blocked by TEA+ cannot inactivate. Therefore, the [TEA+]o effect on hKv1.3 wild 

type (Fig. 31A-B) and hKv1.3_H399N mutant channels in 164.5 mM (Fig. 31C) are 

consistent with the previous model explained by Grissmer and Cahalan, (1989) 

but its effect on hKv1.3_H399N mutant channels in 4.5 mM [K+]o (Fig. 31D).cannot 

be explained by the proposed model. In the next section I hypothesized a model to 

explain the mechanism by which [TEA+]o could slow down the inactivation time 

course without current reduction in hKv1.3_H399N mutant channels in 4.5 mM 

[K+]o. I found that there was a constant correlation between the decrease of peak 

current and increase of inactivation rate in all experiments with hKv1.3_H399N 

mutant channel in 164.5 mM [K+]o in different TEA+ concentrations. This constant 

correlation in different TEA+ concentrations suggested that TEA+ act on 
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hKv1.3_H399N mutant channels in 164.5 mM [K+]o. with similar mechanisms which 

explained for wild type channel (Grissmer and Cahalan, 1989). 

 

 

 

Fig. 32 Effect of different [TEA
+
]o concentrations on current through the hKv1.3_H399N mutant 

channels.(A) Currents were measured in transiently transfected COS-7 cells, and elicited by 

150 ms depolarizing voltage steps from the holding potential of -120 mV to +40 mV, every 30 s. 

The control current is shown in red and currents after adding different [TEA
+
]o concentrations are 

shown in black. (B). Influence of [TEA
+
]o on peak current amplitude, IK peak, and current integral IK of 

the K
+
 current through hKv1.3_H399N mutant channels in a bath solution containing 164.5 mM 

[K
+
]o. The TEA

+
 dose-response curve on IK peak was determined as IK rel = (IK peak in the presence of 

[TEA
+
]o / IK peak in the absence of [TEA

+
]o). The curve through the squares was calculated 

assuming that IK rel = 1 ∕ (1 + [TEA
+
]o/KD). The calculation of the normalized current integral during 

long depolarizing pulses in the absence and presence of different [TEA
+
]o is shown below:  

IK(t) = IKoexp(-t/τd) , ∫  K
 

 
 = IKo(-τd)exp(-tt/τd) - IKo(-τd)exp(-t0/τd), for t >> τd and IKo = IK peak, 

 ∫ IK = IK peak x τd norm = IK rel x τd rel. (Grissmer and Cahalan, 1989). The dotted line at 1.0 was drawn 

for clarity.  The squares and triangles are averages of at least three experiments.  The bars on the 

points reflect the standard deviation. 

 

4.3.2 Simulation of the current through hKv1.3_H399N channels in presence 

of 10 mM TEA+ in bath solutions containing 4.5 mM and 164.5 mM [K+]o  

As described in previous sections (4.3 and 4.3.1), the effect of [TEA+]o on 

hKv1.3_H399N mutant channels in 4.5 mM [K+]o was not consistent with the 

proposed model by Grissmer and Cahalan,1989. This model showed that [TEA+]o 
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could act as a foot in the inactivation gate or door and at the same time the 

presence of [TEA+]o (foot) in the inactivation gate could block the current through 

the channel. Based on my results, in 164.5 mM [K+]o, open hKv1.3_H399N mutant 

channels can be blocked by [TEA+]o and the channels could not inactivate while 

being blocked (Fig. 31C and  32B). This observation was completely compatible 

with the foot in the door model. In contrast, my observation about the [TEA+]o 

effect on hKv1.3_H399N mutant channels in 4.5 mM [K+]o (Fig. 31D) showed that 

[TEA+]o could not block the currents but slowed down the inactivation rate of the 

mutant channel. The comparison of the [TEA+]o effect on C-type inactivation rates 

of hKv1.3_H399N mutant channels in 164.5 mM [K+]o and 4.5 mM [K+]o (see 

explanation of Fig. 31C and D) showed that in both cases 30 mM [TEA+]o slowed 

down the inactivation rates of the mutant channels by the same factor ~ 8. 

According to this knowledge, I assumed that in 4.5 mM [K+]o, open hKv1.3_H399N 

channels can still bind TEA+ with similar affinity compared to the situation in 

164.5 mM [K+]o, the binding, however, does not lead to a block of current by 

[TEA+]o, but inactivation is still prevented. How is [TEA+]o able to reduce IK peak 

through hKv1.3_H399N channels and at the same time slow the time course of the 

decay of IK in 164.5 mM [K+]o. Since this situation is identical to the situation of the 

wild type hKv1.3 channel, this question had been answered before (Grissmer and 

Cahalan, 1989) with a kinetic scheme (Fig. 33E) where open channels that are 

blocked by [TEA+]o cannot inactivate.  Using this scheme, I show in Fig. 33C that 

simulated current traces can mimic the reduction in K+ current amplitude, the 

decrease in apparent inactivation rate, and the crossover of the current traces 

shown in Fig. 33A. This situation in the hKv1.3_H399N channels changed 

dramatically in a bath solution containing 4.5 mM [K+]o. How can I explain that 

[TEA+]o was able to increase IK peak through hKv1.3_H399N channels and at the 

same time slow the time course of the decay of IK in 4.5 mM [K+]o. To explain this 

phenomena, I assumed the kinetic scheme shown in Fig. 33F, where in contrast to 

the scheme shown in Fig. 33E, the TEA+-bound channels are also conducting, i.e. 

can prevent inactivation by binding to the channel, however, not blocking current 

flow. 
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Fig. 33 Comparison of experimental and simulated current traces in 164.5 mM and 4.5 mM [K
+
]o. 

(A,B) Effect of 10 mM [TEA
+
]o on current through hKv1.3_H399N mutant channels in a bath 

solution containing 164.5 mM [K
+
]o (A) and 4.5 mM [K

+
]o (B). Currents were elicited by voltage 

steps to +40 mV from a holding potential of -120 mV every 30 s. The pulse duration was 150 ms in 

A and B and the pulse interval was 30 s in both cases. (C, D) Calculated effect of TEA
+
 on IK (C) 

Time course of IK calculated under the assumption that an open channel blocked by TEA
+
 cannot 

inactivate and that block by TEA
+
 is fast compared to inactivation. For the calculation we used the 

kinetic scheme shown in (E) with α4 = 0.28 (ms)
-1

, h = 0.032 (ms)
-1

 and ℓ = 0.4 (ms)
-1

. k′ was 0 for 

the control sweep and 1.8 (ms)
-1

 to simulate 10 mM TEA
+
. I do not know the actual rates for TEA

+
 

blocking and unblocking, however, simulated current traces were the same as long as ℓ > α4 and 

the ratio of k′ to ℓ remains constant. (D) Time course of IK calculated under the assumption as 

described for (C) with the exception that TEA
+
-bound channels are also conductive (see F). For the 

calculation we used the kinetic scheme shown in (F) with identical values as described for (C) with 

the exception of h = 0.2 (ms)
-1

 in this case. (E,F) Simplified kinetic schemes to account for our 

results which applies to the hKv1.3_H399N mutant K
+
 channel and its interaction with [TEA

+
]o in 

164.5 mM [K
+
]o (E) and in 4.5 mM [K

+
]o (F). Only state O is conducting in E, state O and OBcon are 

conducting in F.  
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With this assumption, I can simulate the currents (Fig. 33D) seen experimentally 

with 4.5 mM [K+]o (Fig. 33B) with identical values for α, k’, and l as obtained in 

164.5 mM [K+]o and a slightly smaller h to account for the small increase in 

inactivation due to the lower [K+]o. In scheme E and F, α1 to α3 represent the 

transition between closed states in forward direction and α4 describes the closed 

(C) state to open (O) state, h is the transition from the open (O) to the inactivated 

(I) state. k′ describes the transition from the open (O) to the open 

bound_conducting (OBcon) state in 4.5 mM [K+]o, and the open bound_blocked 

(OBblo) state in164.5 mM [K+]o, ℓ describes the transition from the open 

bound_conducting (OBcon) and the open bound_blocked (OBblo) state to the open 

(O) state. In both low and high [K+]o models, the respective rate constants of 

activation (α4) and unbinding (ℓ) are fast in comparison to the inactivation rate 

constant (h). The respective parameters were derived from fitting the experimental 

measured currents or adjusted manually during the simulation. Two parameters α4 

and h were deduced through fitting the measured current. (See material and 

method section 3.4.2 for more information about the current simulation 

procedures). 

4.3.3 Effect of external potassium concentrations ([K+]o) on recovery from 

inactivation of hKv1.3_H399N mutant channels. 

So far I did not consider the effect of [K+]o on recovery from C-type inactivation of 

hKv1.3_H399N mutant channels in my model. However, if [K+]o could influence 

recovery from inactivation, this might change the explanation and simulation of 

current traces in high and low [K+]o in the presence of [TEA+]o. In order to assess 

the [K+]o effect on recovery from C-type inactivation of hKv1.3_H399N mutant 

channels, double-pulse experiments with varying interpulse intervals between two 

pulses were carried out in bath solutions containing 164.5 mM and 4.5 mM [K+]o. A 

first prepulse of a 150 ms (Fig. 34A) or a 50 ms (Fig. 34B) depolarizing pulse of 

+40 mV from a holding potential of -120 mV was followed by a second identical 

pulse after different interpulse intervals (10 ms, 500 ms, 1 s, 5 s). The intervals 

between two double pulses were 60 s. Fig. 34A and B represent the series of 

recorded currents by the double pulse protocol in bath solutions containing 

164.5 mM and 4.5 mM [K+]o ,respectively. Recorded currents in Fig. 34A and B 

indicated that 5 s is enough interpulse interval time to recover most inactivated 
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channels in the presence of 164.5 mM and 4.5 mM [K+]o. It means that unlike the 

wild type hKv1.3 channel (Levy and Deutsch, 1996), elevation of [K+]o from 4.5 mM 

to 164.5 mM has no considerable effect on recovery from C-type inactivation of 

hKv1.3_H399N mutant channels.  

 

Fig. 34 Recovery from C-type inactivation. (A), currents elicited by a pair of 150 ms depolarizing 

pulses from a holding potential of -120 mV to +40 mV, with different variable interpulse intervals of 

10 ms, 500 ms ,1 s and 5 s between each pair of records in a bath solution containing 164.5 mM 

[K
+
]o. (B), as in (A) only with 50 ms depolarizing pulses and in a bath solution containing 4.5 mM 

[K
+
]o. 

 

In order to quantify of required the time constant of recovery of inactivated 

hKv1.3_H399N mutant channels, I plotted the fraction of recovered current against 

the interpulse interval time (Fig. 35). The peak current of the second pulse (I2) was 

divided by the peak current of the first pulse (I1) in each pair of double pulses. In 

Fig. 35 the ratio of I2/I1 is plotted against the interpulse interval time in a bath 

solution containing 4.5 mM [K+]o (red square) and 164.5 mM [K+]o (black square). 

Obtained data points were fitted by a single exponential function I2/I1 = (1-exp (-t/τ)) 

with (t) the interpulse interval time and (τ) is time constant of recovery. The 

obtained values for the recovery time constants were τ = 2.08 s and τ = 1.78 s in 

bath solutions containing 4.5 and 164.5 mM [K+]o, respectively. Levy and Deutsch 

(1996) reported that recovery from C-type inactivation of the hKv1.3 wild type 

channels were 14.2 s and 1.42 s in bath solutions containing 5 and 150 mM [K+]o, 

respectively. Furthermore, the obtained values suggested two facts: First, 
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recovery from C-type inactivation of the hKv1.3_H399N mutant channels in 4.5 

mM [K+]o, is faster than in wild type channels (Levy and Deutsch, 1996) and the 

external potassium concentration has no considerable effect on recovery from C-

type inactivation of hKv1.3_H399N mutant channels.  

 

 

Fig. 35 Time course of recovery from C-type inactivation. Recovery from inactivation was 

calculated by dividing the peak currents from Fig. 34 in each pair of double pulse, respectively. I2 is 

the peak current amplitude of the second pulse, I1 the amplitude of the peak current of the first 

pulse. The obtained values (I2/I1) were plotted against the interpulse interval time. Data points from 

the recorded currents in a bath solution containing 4.5 mM [K
+
]o and 164.5 mM [K

+
]o were shown 

by red and black squares, respectively. The black (164.5 mM [K
+
]o) and red (4.5 mM [K

+
]o) solid 

lines represent the single exponential fits to the data points. Data were fitted by I2/I1 = (1-exp
 (-t/τ)

) 

with (t) the interpulse interval time and (τ) is time constant of recovery. All data points were 

calculated from at least five identical experiments and given as mean ± SD. In some cases the size 

of the symbols exceeded the error bars. 

 
4.3.4 Externally applied TEA+ does not mimic the [K+]o effect  

The comparison of the recorded currents through hKv1.3_H399N mutant channels 

in bath solutions containing 164.5 mM and 4.5 mM [K+]o (control currents in 

Fig. 33A and B) revealed that current amplitude in low [K+]o condition is smaller 

than high [K+]o. Two main hypothesis explained how removal of [K+]o resulted in 

the loss of outward currents: the first hypothesis suggested that removal of [K+]o 

might slow down the rate of recovery from inactivation (Levy and Deutsch, 1996; 

Lopez-Barneo et al., 1993) and the second mechanism emphasized on structural 

changes in the absence of [K+]o causing a non-conducting inactivated state 

(Pardo et al.,1992; Lopez-Barneo et al., 1993). In the previous section I showed 
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that [K+]o had no significant effect on the rate of recovery from inactivation of the 

hKv1.3_H399N mutant channels. Previous experiments about mKv1.3_H404N 

mutant channels indicated that the non-conducting state of this mutant channel 

obtained by long depolarizing pulses was different from the non-conducting state 

obtained by the collapsed selectivity filter after removal of K+ (Jäger et al., 1998). 

These finding let me to conclude that although these two structures shows some 

similarities they are not identical. Since my experiments in 4.5 mM [K+]o showed 

that [TEA+]o was able to increase IK peak through hKv1.3_H399N channels, one 

could argue that in the presence of 4.5 mM [K+]o, the selectivity filter was switched 

to a collapsed/non-conductive conformation and this collapsed structure could be 

changed into a conductive conformation in the presence of [TEA+]o. The following 

observations shown in Fig. 36A and B demonstrated that this assumed 

mechanism is not true. To show this, I first recorded control currents through the 

hKv1.3_H399N mutant channels in a bath solution containing 4.5 mM [K+]o 

(Fig. 36A, solid black trace). To test the effect of 0 mM [K+]o on current through 

mutant channels, the bath solution was replaced by a solution containing 164 mM 

NMDG and 0 mM [K+]o (Fig. 36A, solid blue trace). As one can see little current 

could be recorded in this situation. Jäger et al., 1998 reported that this non-

conducting state is not inactivated. This report about mKv1.3_H404N mutant 

channels (equivalent with hKv1.3_H399N mutant channel) showed that this non-

conducting state is a closed state. In the next step, the bath solution was washed 

out by a solution containing 30 mM [TEA+]o and 164 mM [NMDG]o without K+  

(Fig. 36A, solid red trace) to test the idea that in the absence of external 

potassium ions, [TEA+]o might rescue the current by imitating the action of [K+]o. 

The solid red trace shows that the current loss observed in the absence of [K+]o 

could hardly be rescued by [TEA+]o. Finally, the current was recovered when the 

bath solution was washed out by a solution containing 4.5 mM [K+]o (Fig. 36A, 

dashed black trace). Comparing the amplitude of peak currents in solid black and 

dashed black traces showed that the non-conducting situation in 0 mM [K+]o is 

reversible. 

Then I performed the identical experiments in Fig. 36B in control condition with a 

bath solution containing 164.5 mM [K+]o to show that the primary situation has no 

effect in the final results and in both cases, with bath solutions containing 4.5 mM 

or 164.5 mM [K+]o, after removal of [K+]o, channels enter into a non-conducting 
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state which can hardly be rescued by [TEA+]o. These experiments (Fig. 36A and 

B) provided evidence that this mutant channel is highly [K+]o-sensitive and 

according to previous observations (Jäger et al., 1998), removal of [K+]o resulted in 

a non-conductive collapsed structure which was not identical to the inactivated 

state structure. Here, my results also showed that this collapsed non-conductive 

structure due to removal of [K+]o could not be  relieved by [TEA+]o.  

 

 

Fig. 36 [TEA
+
]o effect on current through the hKv1.3_H399N mutant channels in 0mM [K

+
]o. The 

currents through hKv1.3_H399N mutant channels were elicited by depolarizing voltage step of 60 

ms (A) and 150 ms (B), from the holding potential of -120 mV to +40 mV, every 30 s. The solid 

black line and dashed black line were recorded in bath solution containing 4.5 mM [K
+
]o  in (A) and 

164.5 mM [K
+
]o  in (B). The solid blue line in (A) and (B) represent the recorded current in a bath 

solution containing 164 mM NMDG and 0 mM [K
+
]o. In (A) and (B), the solid red line show the 

measured currents in a bath solution containing 30 mM TEA
+
 and 164 mM [NMDG]o without K

+
. 

 

4.3.5 External TEA+ in hKv1.3_H399N channels prevents C-type inactivation  

independent of [K+]o but its blocking effect is potassium dependent  

 

Comparing elicited currents in the presence and absence of 10 mM [TEA+]o in bath 

solutions containing 164.5 mM (Fig. 33A) and 4.5 mM [K+]o(Fig. 33B) revealed that 

10 mM [TEA+]o was able to reduce IK peak through hKv1.3_H399N channels in 

164.5 mM [K+]o but IK peak through hKv1.3_H399N channels was increased in the 

presence of 10 mM [TEA+]o in 4.5 mM [K+]o. These data inspired me to show that 

the [TEA+]o effect on current through hKv1.3_H399N channels was [K+]o dependent 

and at what concentrations of external potassium, [TEA+]o could begin to block the 



 
 

76 

current through the mutant channel. To show this phenomenon, I measured 

current through the hKv1.3_H399N mutant channels before (Fig. 37, red solid 

trace) and after (Fig. 37, black solid trace) application of 10 mM [TEA+]o in different 

bath solutions including various concentrations of [K+]o between 4.5 mM and 

164.5 mM.  

 

 

Fig. 37 Representative currents through hKv1.3_H399N mutant channels before (red solid trace) 

and after (black solid trace) application of 10 mM TEA
+
 in several bath solutions with different 

concentrations of [K
+
]o (4.5, 10, 20, 70 and 164,5 mM). Currents were recorded by 150 ms or 50 ms 

depolarizing pulses from the holding potential of -120 mV to +40 mV, every 30 s. 

 

Currents shown in Fig. 37 were recorded by 150 ms or 50 ms depolarizing pulses 

from the holding potential of -120 mV to +40 mV, every 30 s. These data indicated 

that the identical concentration of TEA+ (10 mM) has distinct effects on currents 

through hKv1.3_H399N mutant channels in bath solutions containing different 

[K+]o. It seems that [TEA+]o was able to block the current through hKv1.3_H399N 

mutant channels in bath solutions containing more than 10 mM [K+]o. In the next 
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step, I tried to show that the [TEA+]o-induced current decay (C-type inactivation) of 

hKv1.3_H399N mutant channels was independent of [K+]o. For this purpose, I 

measured the inactivation time course before and after application of 10 mM 

[TEA+]o in different bath solutions. The inactivation time constants in the absence 

(τ1) and presence (τ2) of 10 mM [TEA+]o were obtained by fitting single exponential 

functions [I(t) =I0*exp(t/τ)] to the decaying phase of the currents. Here, I0 is the 

current amplitude at times zero and τ the inactivation time constant. Inactivation 

time constants (τ1 and τ2) before and after application of 10 mM [TEA+]o for each 

concentration of external potassium were determined and afterwards τ2/τ1 was 

calculated as a ratio of the inactivation time constants after and before application 

of 10 mM [TEA+]o(Table 6). As shown in Table 6 the 10 mM [TEA+]o slowed down 

the apparent inactivation rate of the  hKv1.3_H399N mutant channels by the same 

factor  3.5 in bath solutions containing different [K+]o. This finding suggested that 

in hKv1.3_H399N mutant channels, the [TEA+]o-induced current decay is 

independent of [K+]o. Previous studies indicated that [TEA+]o was able to reduce 

IK peak through hKv1.3 wild type channels and at the same time it could slow down 

the rate of C-type inactivation (Grissmer and Cahalan, 1989). It was shown that 

the ratio of current reduction (I1/I2) was similar to the ratio of the inactivation time 

constants (τ2/τ1) after and before application of [TEA+]o (Grissmer and Cahalan, 

1989). I was interested to know, from which concentration of [K+]o, this correlation 

between current reduction (I1/I2) and increase in the apparent inactivation time 

constant (τ2/τ1) would be possible. For this purpose, I attempted to quantify the 

effect of 10 mM [TEA+]o on peak current amplitude of hKv1.3_H399N mutant 

channels in the presence of different [K+]o and the peak current (I1) before and 

after (I2) application of 10 mM TEA+ for each concentration of external potassium 

was measured. Then (I1/I2) in various [K+]o was calculated to show the fraction of 

current reduction Table 6. The obtained data points (τ2/τ1 and I1/I2) were plotted 

against [K+]o (Fig. 38.) For each concentration of potassium, τ2/τ1 and I1/I2 values 

were shown by black and red squares, respectively. All calculated values for τ2 / τ1 

and I1/I2 are shown in Table 6. Fig. 38 shows that there is a correlation between 

τ2/τ1 and I1/I2 in bath solutions containing 70 mM and 164.5 mM [K+]o. Considering 

Table 6 and Fig. 38, it is clear that the TEA+- induced apparent inactivation rate 

reduction is independent of [K+]o. As one can see, when [K+]o was changed from 

4.5 mM to 164.5 mM, the ratio of the inactivation time constant (τ2/τ1) remained  
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[K+]o 

(mM) 

4.5 mM 10 mM 20 mM 70 mM 164,5 mM 

τ2 / τ1 3.5±0.4 3.5±0.5 3.6±0.6 3.6±0.7 3.7±0.6 

I1/I2 0.7±0.2 1.2±0.2 1.9±0.2 3.4±0.6 3.4±0.5 

 

Table 6 τ2 / τ1 and I1/I2 values calculated as a ratio of the inactivation time constants and the 

fraction of current reduction, respectively, before and after application of 10 mM TEA
+
 for each 

concentration of external potassium. All data points were calculated from at least five identical 

experiments and are given as mean ± SD. 

 

 

Fig. 38 Application of 10 mM external TEA
+ 

leads to a [K
+
]o–dependent current reduction and a 

[K
+
]o–independent slowing of the apparent inactivation time course of hKv1.3_H399N mutant 

channels. τ2/τ1 and I1/I2 values calculated as a ratio of the inactivation time constants and the 

fraction of current reduction, respectively, before and after application of 10 mM TEA
+
 for each 

concentration of external potassium. Inactivation time constants in the absence (τ1) and presence 

(τ2)  of 10 mM TEA
+ 

were obtained by fitting single exponential functions [I(t) =I0*exp(t/τ)] to the 

decaying phase of the currents. I1/I2 in various [K
+
]o was calculated to show the fraction of current 

reduction. Here, (I1) and (I2) are peak currents before and after application of 10 mM TEA
+
 for each 

concentration of external potassium. τ2/τ1 and I1/I2 values are plotted against the [K
+
]o . All data 

points were calculated from at least five identical experiments and given as mean ± SD. 

 

constant while the TEA+-induced current reduction was significantly [K+]o 

dependent. By increasing [K+]o from 4.5 mM to 164.5 mM the ratio of I1/I2 in 

presence of 10 mM TEA+ was changed from ≈ 0.7 to 3.5. It means that reducing 

[K+]o leads to the prevention of current block by 10 mM external TEA+. Altogether 
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these data showed that proposed model in Fig. 33D is a correct model and some 

other possibility was excluded by the mentioned experiments.  

4.4 Structural changes of the inner vestibule during C-type inactivation of 

hKv1.3 channel investigated by 2-aminoethylmethanethiosulphonate 

(MTSEA) 

 
In this section, the cysteine-substituted residues in the S6 transmembrane region 

of hKv1.3 channels (L418C, T419C and I420C) were used as targets for 

modification by the externally applied 2-aminoethylmethanethiosulphonate 

(MTSEA) during different states. My investigations focused on comparing the 

MTSEA impact on the three various cysteine-substituted mutants in different 

states and in the presence of verapamil. A previous study on the hKv1.3_V417C 

mutant channels (Schmid and Grissmer, 2011) showed that the cysteine at 

position 417 could be modified by MTSEA in the open and inactivated state but 

was not accessible in the closed state. Additional experiments showed that 

verapamil prevented the MTSEA modification in hKv1.3_V417C mutant channels 

indicating verapamil could protect the amino acid at position 417 in hKv1.3 channel 

from MTSEA-modification (Schmid and Grissmer, 2011). In this thesis, three 

subsequent amino acids L418, T419 and I420 right after the residue V417 in the 

S6 segment were individually substituted by cysteines and the accessibility of 

these introduced cysteines were assessed by the externally applied MTSEA. By 

using similar experimental procedures and voltage protocols as described for the 

hKv1.3_V417C mutant channel (Schmid and Grissmer, 2011), the impact of 

MTSEA on these three hKv1.3 mutant channels (L418C, T419C and I420C) in the 

closed, open or inactivated states and in the presence of verapamil were 

monitored. 

4.4.1 Effect of externally applied MTSEA on hKv1.3 wild type, hKv1.3_L418C, 

hKv1.3_T419C and hKv1.3_I420C mutant channels in the closed and open 

state. 

 
Schmid and Grissmer (2011) reported that 1 mM externally applied MTSEA had 

no effect on the open and closed state of the hKv1.3 wild type channel. They also 

reported that the hKv1.3_V417C mutant channels could be modified in the open 

and inactivated states but not in the closed state. Using the whole-cell mode of the 
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patch clamp technique, I measured the currents in transiently transfected COS-7 

cells before and after application of 1 mM MTSEA. The currents through hKv1.3 

wild type and mutant channels were recorded by depolarizing pulses from a 

holding potential of -120 mV to +40 mV for 200 ms, repeated every 30 s (for wild 

type channels) or every 60 s (for mutant channels) (Fig. 39). As shown in Fig. 39 

(left column), trace a represents the current through the channels in a bath 

solution containing normal Ringer (Na-Ri). The measured current showed that 

hKv1.3 wild type and mutant channels activated fast and reached a peak 

amplitude within ≈18 ms with the peak current gradually decaying during the 

200 ms voltage step. Right after recording trace a, 1 mM MTSEA was added to 

the bath solution while the protocol was stopped and the membrane potential was 

held at -120 mV to make sure all channels were in the closed state. After 2 min, 

the step protocol was restarted again and 9-10 additional traces were recorded in 

the presence of MTSEA (only the first, second and last elicited currents are shown 

in Fig. 39 left column). Since MTSEA was added in the lag time between trace a 

and b when channels were in the closed state, the first elicited current (trace b) 

after restarting the voltage steps should indicate the MTSEA effect on the closed 

state and the following traces (traces c-d) demonstrate the effect of MTSEA on the 

open state of the channels. For better visualization, I plotted the peak amplitudes 

of the elicited currents in Fig. 39 (left column) against the recording time (Fig. 39 

right column). The Fig. 39 clearly showed that MTSEA had no effect on the closed 

state of hKv1.3 wild type and mutant channels as traces a and b nearly had a 

similar peak current. Comparing the peak currents in the presence of MTSEA 

(traces c-d) through wild type channels (Fig. 39A) with those through mutant 

channels (Fig. 39B, C, D) it is obvious that wild type channels could not be 

modified by MTSEA, as the current reduction in the presence of MTSEA after 5 

min is only less than 30% of the original current in trace b. The results shown in 

Fig. 39A confirm those reported by Schmid and Grissmer (2011). In contrast to 

wild type channels, the current through mutant channels, (Fig. 39B-D, traces c-d) 

was reduced to zero during 4 min, indicating the modification of these mutant 

channels by MTSEA. To show the irreversible effect of MTSEA on these mutant 

channels, I washed out the MTSEA by Na-Ri directly after recording the trace d. 

The washout did not result in any recovery of current (Fig. 39B-D, red traces e) 
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and was similar to the reported current modification in the hKv1.3_V417C mutant 

channel (Schmid and Grissmer, 2011). 

 

Fig. 39 Effect of externally applied 1-mM MTSEA on current through hKv1.3 wild type channels (A), 

hKv1.3_L418C (B), hKv1.3_T419C (C) and hKv1.3_I420C (D) mutant channels in the closed and 

open state. (A-D, left) Representative whole-cell currents through the channels were elicited by 

200 ms voltage pulses from -120 mV to +40 mV every 30 s (wt) or every 60 s (mutant channels). 

The currents were recorded before (trace a) and after adding 1-mM MTSEA (traces b-d) to the 

bath solution. Between traces a and b, the current recording was stopped and the membrane 

potential was held for 2 min at -120 mV. (A- D, right) The peak amplitudes of the elicited currents 

shown on the left were plotted against the recording time. MTSEA 2-amino 

ethylmethqnethiosulphonate; Na-Ri, Na-Ringer solution without methanethiosulfonate reagent. 
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4.4.2 Modification of the inactivated state of hKv1.3_L418C, hKv1.3_T419C 

and hKv1.3_I420C mutant channels by externally applied MTSEA. 

Data presented in a previous study (Schmid and Grissmer, 2011) determined the 

ability of MTSEA to modify the hKv1.3_V417C mutant channels in the inactivated 

state. I used the identical experimental and voltage protocol conducted by Schmid 

and Grissmer (2011) to test whether the hKv1.3_L418C, hKv1.3_T419C and 

hKv1.3_I420C mutant channels could be also modified in the inactivated state. To 

determine that effect, MTSEA was added only when the mutant channels were in 

the inactivated state. To exclude artifacts, currents through the mutant channels 

were recorded first in the absence of MTSEA and then, using the same protocol in 

the same cell in the presence of MTSEA. Therefore the currents were recorded by 

200 ms voltage pulses from -120 mV to +40 mV every 60 s (Fig. 40A, C, E, black 

traces). Then the channels were inactivated by holding the membrane potential at 

-20 mV for 1 min after stopping the pulse protocol. After 1 min at -20 mV, a 

200 ms voltage step from this holding potential to +40 mV was recorded (Fig. 40A, 

C, E, blue traces), showing no current indicating that all mutant channels were in 

the inactivated state. Afterwards, the cells were washed twice with Na-Ringer 

solution for 2 min while the membrane potential was kept at -20 mV. After the 

second wash, the membrane potential was switched from -20 mV to -120 mV and 

was maintained at -120 mV for 1 min in order for the channels to recover from the 

inactivated state. Afterwards, a 200 ms voltage step from this holding potential of 

-120 mV to +40 mV was elicited (Fig. 40A, C, E, red traces), indicating a peak 

current almost identical to the trace recorded before the first wash (Fig. 40A, C, E, 

black traces). These results suggested that holding the membrane potential for 1 

min at -120 mV would be sufficient for these mutant channels to recover from the 

inactivation stimulated by the change of the holding potential to -20 mV. In the 

next step, cells were exposed to MTSEA using the identical protocol and holding 

potential adjustments. In place of washing-in Na-Ringer, after the voltage pulse 

from -20 mV to +40 mV, 1-mM MTSEA was washed into the bath solution and 

maintained there for 2 min while the membrane potential was held at -20 mV. 

Then the MTSEA was washed out by Na-Ringer. The elicited currents through all 

three mutant channels before the washing procedure (Fig. 40B, D, F, black traces) 

were similar to the corresponding traces in the control test (Fig. 40A, C, E, black 

traces). 
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Fig. 40 Effect of externally applied 1-mM MTSEA on the inactivated state of hKv1.3_L418C, 

hKv1.3_T419C and hKv1.3_I420C mutant channels. (A-F, left) Currents were elicited by 200-ms 

voltage pulses from -120 mV to +40 mV every 60 s. After the black trace, the membrane potential 

was adjusted to -20 mV to ensure that all the mutant channels were in the inactivated state and a 

depolarizing step from this holding potential to +40 mV was applied (blue trace). After recording 

this trace, the solution was changed to Na-Ri (A, C, E) or MTSEA (B, D, F). After 2 min, the bath 

solution was replaced by Na-Ri and the membrane potential was adjusted to -120 mV again from 

which the next depolarizing voltage step to +40 mV was elicited (red trace). (A-F, right) peak 
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currents of the recorded traces shown on the left plotted against the recording time. Corresponding 

changes in the holding potential (HP) and solution changes are given in the boxes on top. MTSEA, 

2-aminoethylmethanethiosulphonate; Na-Ri, Na-Ringer solution without methanethiosulfonate 

reagent. 

In addition, the recorded currents by the voltage pulses from -20 mV to +40 mV 

(Fig. 40B, D, F, blue traces) were identical to the corresponding traces in the 

control experiment (Fig. 40A, C, E, blue traces) indicating that most of the mutant 

channels were in the inactivated state. Comparing the current traces recorded 

through hKv1.3_L418C and hKv1.3_T419C mutant channels after treatment by 

MTSEA (Fig. 40B, D, red traces) with traces before (Fig. 40A, C, black traces) 

showed that these mutant channels after treatment with MTSEA almost fully 

recovered from the inactivation (Fig. 40B, D, left column, red traces) as these 

current traces are similar. Since, the MTSEA modification is covalent and 

irreversible, thus the introduced cysteine residues in the hKv1.3_L418C and 

hKv1.3_T419C mutant channels were not modified by MTSEA in the inactivated 

state. These results in combination with data from Fig. 39B, C allowed us to 

deduce that the closed and inactivated state of the hKv1.3_L418C and 

hKv1.3_T419C mutant channels could not be modified by MTSEA and that the 

observed irreversible current reduction in Fig. 39B, C was due to the effect of 

MTSEA on the open state of these mutant channels. In contrast, the hKv1.3_I420C 

mutant channels in the inactivated state were irreversibly modified by MTSEA, as 

the currents recorded after treatment with MTSEA (Fig. 40F, red trace) similarly to 

the hKv1.3_V417C mutant channels reported by Schmid and Grissmer (2011). 

4.4.3 MTSEA modification of hKv1.3_L418C, hKv1.3_T419C and hKv1.3_I420C 

mutant channels in the presence of verapamil 

Schmid and Grissmer (2011) reported that verapamil could prevent the MTSEA to 

modify hKv1.3_V417C mutant channels indicating that apparently verapamil 

binding to position A413 (Drecker and Grissmer, 2005) could partially cover the 

V417 and thereby preventing MTSEA to reach the cysteine residue at position 417 

(Schmid and Grissmer 2011). I was also interested to test whether MTSEA 

modification of hKv1.3_L418C, hKv1.3_T419C and hKv1.3_I420C mutant channels 

can be prevented by verapamil. For this purpose I used the protocol described by 

Schmid and Grissmer (2011) to record the current through these three mutant 

channels. After recording a control current through the mutant channels (Fig. 41, 
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black traces), 100 µM verapamil was added to the bath solution and the effects of 

verapamil on the mutant channels were characterized (for solution changes see 

top of Fig. 41, right column). 

 

 

Fig. 41 Possible protection against the effect of 1-mM MTSEA by the application of 100-µM 

verapamil (VP) to the bath solution in hKv1.3_L418C, hKv1.3_T419C and hKv1.3_I420C mutant 

channels. (A-C, left) Currents were elicited by 200-ms depolarizing voltage steps from a holding 

potential of -120 mV to +40 mV every 60 s before and after application of the substances (as 

shown in top on the right) to the bath solution. (A-C, right) Peak currents of the traces shown on 

the left plotted against the recording time. MTSEA, 2-aminoethylmethanethiosulphonate; Na-Ri, 

Na-Ringer solution without methanethiosulfonate and verapamil reagent; VP, Verapamil; 

VP+MTSEA, bath solution containing both verapamil and MTSEA. 
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In case of all three mutant channels, 100 µM verapamil reduced currents as 

expected (Jacobs and DeCoursey, 1990; DeCoursey, 1995; Rauer and Grissmer, 

1999). In the next step, a solution containing 100 µM verapamil and 1-mM MTSEA 

was washed in as bath solution (Fig. 41, left column, orange traces) leading to a 

further reduction of the current. Finally, first MTSEA and then verapamil were 

washed out by Na-Ri. Fig. 41B, C (blue traces) showed that the currents through 

the hKv1.3_T419C and hKv1.3_I420C mutant channels were recovered after the 

wash out by Na-Ri indicating that MTSEA could not modify those channels in the 

presence of verapamil. These results indicate that, similar to the hKv1.3_V417C 

mutant channel (Schmid and Grissmer, 2011), verapamil could also prevent the 

MTSEA modification of the hKv1.3_T419C and hKv1.3_I420C mutant channels. In 

contrast, in the hKv1.3_L418C mutant channels there was no current recovery 

after removing MTSEA and verapamil (Fig. 41A, blue trace). This result suggested 

that the current through the hKv1.3_L418C mutant channels had been irreversibly 

reduced by MTSEA even in the presence of verapamil. Therefore, verapamil could 

not prevent MTSEA to reach the cysteine residue at position 418, and could not 

prevent the modification of hKv1.3_L418C mutant channels by MTSEA. The 

obtained data from that study and those reported by Schmid and Grissmer (2011) 

were summarized in one table (Table 7) showing the effect of MTSEA on four 

different mutant channels in different channel states and in the presence of 

verapamil. 

 

Mutant 

channel 

Channel state  

open inactivated closed with VP 

hKv1.3 V417C* + + - - 

hKv1.3 L418C + - - + 

hKv1.3 T419C + - - - 

hKv1.3 I420C + + - - 

 

+ channel modified by MTSEA, - channel not modified by MTSEA 

* Data reported by Schmid and Grissmer (2011).  

Table 7 Summary of the effect of MTSEA on four different mutant channels in different channel 

states and in the presence of verapamil (with VP).  
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4.4.4 The docking of verapamil and MTSEA into the hKv1.3_L418C, 

hKv1.3_T419C and hKv1.3_I420C mutant channels  

Why did verapamil fail to protect the cysteine at position 418 from 

MTSEA-modification? To answer this question, I used a 3D model of the 

tetrameric Kv1.3 channel to show the spatial arrangements of residues 417-420. 

Since the hKv1.3 has not been crystallized yet, the crystal structure of Kv1.2 with a 

sequence identity over 90% to Kv1.3 was used to prepare a reasonable structural 

model. Therefore, a homology model of the Kv1.3 S4/S5/S6 domains was 

generated using the crystal structure of Kv1.2 (PDB: 2A79) as a template. The 

positions of amino acids (V417-L420) are shown in Fig. 42 demonstrating that 

residues V417-I420 construct one helical turn of the S6 α-helix. 

 

Fig. 42 Side view of the tetrameric Kv1.3 channel highlighting the amino acid residues in the α-helix 

of a single S6 segment that were mutated to cysteines. The two monomers closer to the viewer are 

shown in dark gray and the other two monomers which are located further away from the viewer 

are shown in light gray. For clarity reasons just S5-S6 of each monomer is shown in this picture. 

The inset highlights the close-up of residues in S6 that were substituted to cysteines in my 

experiments. Molecular graphics images were produced by using VMD1.8.7 software. 

 

Two residues V417 and I420 are located on the helical turn towards the center of 

the inner pore, the other residues L418 and T419 are located on the other side of 

the helical turn. Although L418 and T419 are located on the outside of the helical 
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turn, both of these residues can sense the environment of the inner pore in the 

open state.  

Verapamil was docked into the channel (Fig. 43) according to Rossokhin et al. 

(2011). The ammonium group of verapamil was manually placed near the 

backbone carbonyl of T391 at the P-turn. The residues M390 and A413 prepare a 

hydrophobic place in close contact with the phenylethylaminine meta- and para-

methoxy groups of verapamil whereby the other moiety of the verapamil molecule 

(pentanenitrilephenyl) might physically block the pore. Fig. 43 shows the docked 

verapamil in the inner pore of the hKv1.3 channel. The inset highlights the close-up 

view of verapamil and residues 417-420 in S6 of one monomer. 

 

 

Fig. 43 Docking of verapamil into a homology model of the hKv1.3 channel. The representative 

hKv1.3 channel-structure is composed of two monomers and each monomer includes S5, S6 and 

the P-turn is shown in gray. The inset highlights the close-up of the positions of verapamil and 

residues in S6 which were substituted in my experiment. The residues in one monomer have been 

shown in different colors (V417: red, L418: orange, T419: green, I420: magenta). 

This view shows that verapamil is located in the upper part of the cavity and that 

residues at position 417 and 420 can be shielded by verapamil, whereas the 

residues at positions 418 and 419 are facing away from verapamil (Fig. 43).The 

blocker protection assay showed that the cysteines at positions 417, 419 and 420 

could not be modified by MTSEA in the presence of verapamil. I seems that 

verapamil, after binding to the presumed position A413 (Drecker and Grissmer, 

2005), could partially cover the cysteine at position 417 (Schmid and Grissmer, 

2011), and 420 thereby preventing MTSEA to modify it since both residues are 
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facing towards verapamil (Fig. 43). Although residue 419 was not covered by 

verapamil (Fig. 43), it was protected from the MTSEA-modification suggesting that 

verapamil physically blocking the inner pore thereby blocking the pathway for 

MTSEA to reach position 419.  

In contrast to residue 419, residue 418 could not be protected by verapamil from 

MTSEA-modification. I was interested to figure out how MTSEA could reach the 

cysteine at position 418 even in presence of verapamil. For this purpose, MTSEA 

was docked in to hKv1.3_L418C mutant channel in the presence of verapamil 

(Fig. 44). 

 

Fig. 44 Docking of MTSEA into the hKv1.3_L418C mutant channel in the presence of verapamil. 

Two monomers of the channel are shown in gray, position 418 is shown in orange. The inset 

highlights the close-up view of the positions of verapamil, MTSEA (yellow) and residue C418 

(orange) in S6.  

This figure clearly showed that in the presence of verapamil there is enough space 

for MTSEA to be close to the residue at position 418. Therefore, there seems to 

be no interference between the location of verapamil and the interaction of 

MTSEA with position 418. It means that the simultaneous presence of verapamil 

and MTSEA is possible and thereby MTSEA could reach and bind to the residue 

at position 418 even in the presence of verapamil. Thus, my model presented in 

Fig. 44 could explain the results obtained in my experiments.  
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5 DISCUSSION 

 

In the present study I showed that two parts of the hKv1.3 channels are involved in 

the C-type inactivation process. In the beginning of my research, I used single and 

double hKv1.3 mutant channels with, substituted amino acids in the outer pore and 

pore helix area to find out the effect of the introduced mutations on the C-type 

inactivation rate of the hKv1.3 channels. Later, scorpion toxins and 

tetraethylammonium were used as probes to study the conformational changes in 

the outer vestibule associated with C-type inactivation. The second part of my 

work focused on amino acid side chain rearrangements in the S6 segment during 

C-type inactivation of hKv1.3 channels. The results from this part were used to 

explain the possible structural changes of the inner pore during C-type 

inactivation. 

 

5.1 Mutation in the outer pore changes the inactivation rate of hKv1.3 

channels 

 

The present study showed that V388C, V388C_H399T and H399N mutations in 

the pore region modulated the rate of C-type inactivation of hKv1.3 channels. 

My experimental data clearly showed that V388C and H399N single mutant 

channels inactivated faster than wild type channel but V388C_H399T double 

mutant channels inactivated slower than V388C single mutant channels. These 

findings inspired me to hypothesize that those residues at positions 388 and 399 

of hKv1.3 channels are contributing to a network of interactions which is important 

for the modulation of the C-type inactivation process. According to this idea, the 

effect of the second mutation H399T on V388C was expected. To gain insight into 

the structural features underlying the current decay differences between the wild 

type and mutant channels, molecular dynamics simulations were performed by my 

collaborator Dr. Khabiri. Molecular dynamics simulations data revealed that three 

residues Trp384, Val388 in the pore helix and Asp397 in the upper part of the 

selectivity filter form an intrasubunit interaction behind the selectivity filter while 

His399 in the p-loop interacts with the Asp397 from the adjacent subunit to form 

the intersubunit interaction. All these three residues (Val388, Trp384 and His399) 

are contributing to the network interactions behind the selectivity filter. Similarly, in 
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KcsA channel it had been reported that (Cordero-Morales et al., 2007, 2011) the 

amino acid network behind the selectivity filter played a significant role in K+ 

channel inactivation. Among the amino acids engaged in the mentioned network, 

Asp80 (equivalent to Asp397 in hKv1.3 channels) was a key residue influencing 

C-type inactivation in this channel. How can this network of interactions modulate 

C-type inactivation of hKv1.3 channels? Based on Dr. Khabiri’s and my molecular 

dynamics simulations data, there was a correlation between the C-type 

inactivation rate and the level of structural stability in the selectivity filter and the 

outer vestibule of the hKv1.3 channels. This structural stability originated from the 

interaction between two residues, Trp384 in the pore helix and Asp397 in the outer 

part of the selectivity filter. It seems that this connection between pore helix and 

selectivity filter conferred a special degree of stability to the selectivity filter and the 

outer vestibule of the hKv1.3 channels. These findings are similar to the proposed 

model by Tikhonov and Zhorov (2011) about sodium and calcium channels. They 

reported that conserved residues around the selectivity filter of sodium and 

calcium channels had several intra- and inter-domain contacts that support 

structural stability of the outer pore of these channels. As shown in sections 4.1.1 

and 4.2.1, side chains of residues Trp384 and Asp397 should be in a proper 

direction to be able to interact with each other thereby connecting the pore helix 

with the selectivity filter. Therefore, it is reasonable that the mutation of each 

amino acid in the pore region might influence the proper direction of side chains of 

these residues (Asp397 and Trp384) thereby changing the stability of the 

selectivity filter and the outer pore area. In both single mutant channels, V388C 

and H399N, the mutations altered the multiple interaction points behind the 

selectivity filter and eventually resulted in turning the side chain of the Asp397 

residue upward. This newly oriented Asp397 was unable to form the proper 

interaction with Trp384. The experimental results in combination with molecular 

dynamics simulations suggested that V388C and H399N are fast inactivating 

channels with a more flexible area in the outer part of the selectivity filter. There 

were numerous articles suggesting that during C-type inactivation there was a 

constriction of the outer vestibule of the selectivity filter in voltage-gated eukaryotic 

K+ channels (Grissmer and Cahalan, 1989; Lopez-Barneo et al., 1993; Yellen et 

al., 1994; Liu et al., 1996; Schlief et al., 1996). I think that the high degree of 

flexibility in the outer part of the selectivity filter near to Asp397 may lead to a 
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faster constriction of the outer part of the selectivity filter in V388C and H399N 

mutant channels thereby accelerating the C-type inactivation of these mutant 

channels. In addition, these mutations in the outer pore of the channel changing 

C-type inactivation and destabilizing the outer vestibule of the selectivity filter 

might be considered as evidence that C-type inactivation involves a closure of the 

extracellular mouth of the pore.  

Another hallmark of C-type inactivation is its modulation by external cations, 

especially K+ (Lopez-Barneo et al., 1993). It was suggested that channels cannot 

undergo normal inactivation as long as a K+ occupied the selectivity filter 

(Baukrowitz and Yellen, 1996; Yellen, 1998). This feature might be represented by 

the reorientation of the selectivity filter backbone leading to a loss of the S2 K+ 

binding site followed by a subsequent loss of the S3 K
+ binding site (Berneche and 

Roux, 2001; Cuello et al. 2010a) during C-type inactivation leading to a conduction 

loss. My results using molecular dynamic simulations of the hKv1.3_V388C mutant 

channel might point in the same direction since I found in those single mutant 

channels a higher flexibility in the upper part of the selectivity filter compared to 

wild type and double mutant channels. This high flexibility of the upper part of the 

selectivity filter might destabilize K+ in the S0 position inducing the exit of K+ from 

S0 into the bath solution. Additionally, the potassium ion at position S2 might 

translocate to S1 with the V393 carbonyl group reorienting towards the back of the 

selectivity filter. Therefore the accelerated K+ emptying of the selectivity filter in the 

single mutant channels could account for the fast inactivation seen experimentally 

in the hKv1.3_V388C mutant channel. 

5.2 Effect of CTX and MgTX on current through hKv1.3_V388C and 

hKv1.3_H399N mutant channels 

 

My experimental results demonstrated that CTX initially reduced current through 

hKv1.3_V388C mutant channels when applied to the bath solution followed by a 

relief of block during the next couple of depolarizations in parallel to a slowing of 

the current decay during those depolarizations. In steady-state, the amplitude of 

the peak current in the presence of CTX was more or less similar to the amplitude 

of the peak current before CTX application. From the initial block of the current as 

well as my current simulation I obtained KD values for CTX to interact with the 

hKv1.3_V388C mutant channels of ~ 30 nM, a value about 10 times larger 
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compared to the effect of CTX with wild type hKv1.3 channels. This data 

suggested that the affinity of CTX to the hKv1.3_V388C mutant channel is 

10 times smaller compared to the wild type channel. This result might be 

compatible with Dr. Khabiri’s and my molecular dynamic simulations data 

demonstrating that in steady state CTX is about 1.5 Å further away from the 

mutant channel compared to the wild type channel. This observation combined 

with the tilted position of CTX above the mutant channel and the interaction with 

just two Tyr397 residues instead of four Tyr397 might contribute to the different 

affinity of CTX to the hKv1.3_V388C mutant channel in comparison to the wild type 

channel. The tilted position of CTX (Fig. 29C) in combination with its off-center 

mode on the asymmetric mutant channel might leave space for the passage of 

ions. My experimental data demonstrated that in hKv1.3_H399N mutant channel, 

using high concentrations of CTX and MgTX could not block current through these 

mutant channels. Here, the key residues, Lys27 and Lys28 in CTX and MgTX, are 

trapped by the Asp397 residue on the protein surface in the upper part of the 

selectivity filter. Since, the carboxyl-groups of Asp397 are too far from each other 

to coordinate the amino group of Lys27 (or Lys28) together, the whole system gets 

asymmetric, with lysine 27/28 interacting with Asp397 from only one monomer 

resulting in the key Lys residues in both toxins CTX and MgTX being off-center in 

the mutant channels. It seems that the lack of pore occluding interactions and the 

tilting of the toxins at the same time cause the passage of K+ ions through the 

H399N mutant channels  

 
5.3 Scorpion toxins prevented inactivation of hKv1.3_V388C and 

hKv1.3_H399N mutant channels 

 

Previous studies on sodium and calcium channels showed that the flexibility of 

residues in the outer pore had a critical role in toxin-channel interaction,for 

example binding of tetrodotoxin (TTX) to sodium channels stabilized the 

ascending limbs of the sodium channel (Tikhonov and Zhorov, 2011). Similarly, 

one explanation for the scorpion toxins effect on wild type channel stability was 

suggested by the molecular dynamics simulation shown in Fig.19. This data 

showed that the turret area in the hKv1.3 wild type channel was more flexible than 

in the mutant channels and the binding of toxin induced more stability to this area. 

Taken together I conclude that toxin binding stabilized the turret region and at the 

http://www.jbc.org/content/285/50/39458.long#F2
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same time maintained the pore occluding interactions thereby blocking the current 

through toxin-bound wild type channels. In contrast, in V388C and H399N mutant 

channels the upper part of the selectivity filter is more flexible than in wild type 

channels due to the single point mutations and the corresponding structural 

changes. As explained in the previous section, the high flexibility resulted in the 

fast inactivation of single mutant channels. Although mutations produced a more 

flexible area in the upper part of the selectivity filter, at the same time it stabilized 

the turret region of the mutant channels suggesting the structural changes in the 

outer pore of the mutant channels. Since the mutations changed the outer pore 

structure of the channel, it seems reasonable to expect some new interaction 

points between toxins and mutant channels. These novel interaction points could 

stabilize the upper part of the selectivity filter in the mutant channels and at the 

same time the interaction points might result in the loss of the pore occluding 

interactions and induce the tilting of toxin. All these events caused the passage of 

K+ ions through the mutant channel and prevent the structural rearrangements in 

the outer mouth of the V388C and H399N mutant channels associated with their 

fast inactivation. Alternatively, the toxin binding to the mutant channels could 

change the symmetry of the mutant channel and this asymmetric toxin-induced 

structure might be unable to inactivate since C-type inactivation was described to 

be a highly cooperative process (Ogielska et al., 1995; Panyi et al., 1995). My 

conclusions based on the comparison of my experimental data with several kinetic 

models in the absence and presence of toxin argue for mechanisms whereby the 

toxin stabilizes the upper part of the selectivity filter thereby preventing the 

structural rearrangements associated with the fast inactivation in the mutant 

channel.  

 
5.4 The specificity of scorpion toxins and mutant channels  

 
Despite the high degree of similarity in sequence and tertiary structure of the four 

tested toxins (CTX, MgTX, NTX and KTX) their interactions with the single mutant 

channels were completely different. According to Dr. Khabiri’s and my molecular 

dynamics data and previous reports I knew that MgTX and CTX did not interact 

identically with wild type channels since MgTX has a longer beta sheet and 

presumably (Johnson et al., 1994) has more and/or more intense interaction 

points resulting in a higher affinity compared to CTX and NTX. In addition, as 
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described before, in both single mutant channels V388C and H399N, mutations 

eventually resulted in the upward turning of the side chain of the Asp397 residue 

in the upper part of the selectivity filter. Therefore one might expect to see the 

identical interaction points between CTX with these mutant channels which, 

however, was not observed. Dr. Khabiri’s and my molecular dynamics simulations 

recognized several novel toxin-channel contact points between CTX and 

hKv1.3_H399N mutant channel which were missed in the major interaction points 

of CTX and hKv1.3_V388C mutant channel. Why did we find new and more 

interaction points between CTX and hKv1.3_H399N mutant channels? These more 

and novel interaction points were located in the turret region of the hKv1.3_H399N 

mutant channels. It seems that these novel interactions have been established to 

preserve and stabilize the CTX-H399N channel complex. Because in the 

hKv1.3_H399N mutant channel one of the main stabilizing interaction between 

Lys27 of CTX and the Tyr395 residues in the conduction pathway was lost due to 

trapping the Lys27 by the Asp397 residue on the protein surface of the H399N 

mutant channel. Then this residue of toxin (Lys27) was unable to enter the pore 

conduction pathway to interact with Tyr395 residues of hKv1.3_H399N mutant 

channels. Whereas, hKv1.3_V388C mutant channel could preserve the interaction 

between Lys27 of CTX and two Tyr395 residues in two monomers of this mutant 

channel. Then, it is obvious that structural features of V388C and H399N 

mutations are not exactly the same and their outer vestibule with different and 

special structural features might offer different interaction points for CTX. At the 

moment I do not have enough data to exactly explain the different behavior of the 

toxins. However, it seems clear that simple electrostatic interactions between 

toxins and channels are only part of the story for their interaction process. The 

matter gets complicated by the fact that during binding, both structures, toxin as 

well as channel structures will change and both, channel and toxin, will undergo a 

process of induced fit mentioned earlier (Lange et al., 2006; Zachariae et al., 

2008; Ader et al., 2009).  

 
5.5 What is the TEA+ effect on hKv1.3_H399N mutant channels as a classical 

channel blocker? 

 
Previous investigations suggested that C-type inactivation is accompanied by a 

significant constriction in the outer pore of the Kv channels (Grissmer and 
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Cahalan, 1989; Choi et al., 1991). In several Kv channels, the development of 

C-type inactivation was prevented by [TEA+]o binding to the outer pore of these 

channels (Grissmer and Cahalan, 1989; Choi et al., 1991). Since TEA+ is a 

well-known potassium channel blocker, the structural changes of the outer 

vestibule of hKv1.3_H399N mutant channels during C-type inactivation was 

investigated by using [TEA+]o. 

The kinetic schemes in Fig. 33E, F can explain the different effects of [TEA+]o on 

current through hKv1.3_H399N mutant channels in low and high [K+]o. In 

164.5 mM [K+]o, open channels can bind [TEA+]o and this binding resulted in a 

block of current and the channels cannot inactivate while being blocked. In 4.5 mM 

[K+]o, open hKv1.3_H399N channels can still bind TEA+ with similar affinity 

compared to the situation in 164.5 mM [K+]o, the binding, however, does not lead 

to a block of current by [TEA+]o, but inactivation is still prevented. Several 

conclusions described below can be drawn from this scenario.  

 

5.5.1 The structure of the outer vestibule of hKv1.3_H399N mutant channels 

depends on [K+]o 

 

Earlier reports on a variety of voltage-gated K+ channels, including Shaker 

channels (Lopez-Barneo et al., 1993), mKv1.3 channels (Jäger et al., 1998) and 

Kv2.1 channels (Wood and Korn, 2000) suggested two different conformational 

changes in the outer vestibule of the channels due to a change in [K+]o. One 

conformational change was associated with C-type inactivation, the rate of which 

might depend on K+ occupancy of the selectivity filter (Baukrowitz and Yellen, 

1995, Kiss and Korn, 1998) and might involve a constriction of the selectivity filter 

(Liu et al., 1996, Kiss et al, 1999). The second conformational change of the outer 

vestibule seemed to depend on the occupancy of the selectivity filter by K+ (Immke 

et al., 2000), however, might also involve movements of residues at the turret of 

the channel, the outer mouth of the external vestibule. 

 
5.5.2 The effect of TEA+ to block current through hKv1.3_H399N mutant 

channels depends on [K+]o 

 
For the Kv2.1 channels two functionally distinct conformations were described 

(Immke et al., 1999, 2000), both of which conduct K+, with different efficacies of 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wood%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Korn%20SJ%22%5BAuthor%5D
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TEA+ to block current through the channels. The different TEA+ blocking potency 

in the Kv2.1 channels appeared to depend on [K+]o (Immke et al., 1999, 2000; 

Wood and Korn, 2000; Andalib et al., 2002) similar to my results: At low [K+]o, the 

currents through the channels could not be blocked by TEA+ whereas at high [K+]o 

they could. My results confirm and extend the above described observation on the 

[K+]o-dependency of TEA+ block with the peculiarity that in my case in the 

hKv1.3_H399N mutant channels TEA+ was still able to interact with the channels in 

low [K+]o even though no current reduction was observed. The reason for this 

conclusion came from experiments where I measured the effect of TEA+ on C–

type inactivation.  

 
5.5.3 The effect of TEA+ to prevent C–type inactivation in hKv1.3_H399N 

mutant channels is independent of [K+]o 

 

My results clearly demonstrated that in 164.5 mM [K+]o, open hKv1.3_H399N 

mutant channels can bind [TEA+]o and this binding resulted in a block of current 

and the channels could not inactivate while being blocked. In 4.5 mM [K+]o, open 

hKv1.3_H399N channels could still bind TEA+ with similar affinity compared to the 

situation in 164.5 mM [K+]o, the binding, however, did not lead to a block of current 

by [TEA+]o, but inactivation was still prevented. How can I explain the different 

effects of [K+]o on the effect of TEA+ to block current through hKv1.3_H399N 

mutant channels and on the effect of TEA+ to prevent inactivation. I think that 

switching from a high to a low potassium bath solution can change the structural 

features of the outer vestibule of hKv1.3_H399N mutant channels similar to Kv2.1 

(Immke et al., 1999, 2000; Wood and Korn, 2000; Andalib et al., 2002). It might be 

possible that the K+-induced structure of the outer vestibule of the mutant channel 

in low [K+]o is not symmetrical anymore (Zhou and MacKinonn, 2003; Domene and 

Furini, 2009). Thus, TEA+ would have to bind to the channel off-center and might 

be in contact with only three monomers instead of all four monomers. In that case 

a change in inactivation may be possible while still allowing current flow. Although 

I do not have any direct experimental evidence for this assumption, several 

theoretical and experimental investigations suggested that the selectivity filter has 

an asymmetric configuration in low [K+]o (Zhou and MacKinonn, 2003; Domene 

and Furini, 2009). Zhou and MacKinonn, (2003) reported that in the KcsA channel 

the selectivity filter switched to a different structure when the external potassium 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wood%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Korn%20SJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wood%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Korn%20SJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Domene%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Furini%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Domene%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Furini%20S%22%5BAuthor%5D
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concentration was less than 20 mM. This finding can support my experimental 

data indicating that [TEA+]o was unable to block the current through 

hKv1.3_H399N mutant channels in bath solutions containing less than 20 mM 

[K+]o. Therefore it is easy to image that the asymmetric distortion of the selectivity 

filter might stretch all the way to the adjacent part in the outer pore where TEA+ 

may bind. If I assume in this asymmetry scenario that TEA+ can only interact with 

three monomers instead of four with similar affinity, then as a result only a 

marginal change in the overall affinity will be expected. Since my results showed 

that the TEA+ affinity towards the channel was more or less identical in high and 

low [K+]o, this is what would be expected if TEA+ would interact only with three 

monomers instead of four.   

 
5.5.4 Comparing the effects of [TEA+]o and [K+]o in hKv1.3_H399N mutant 

channels 

 
Results from my studies clearly showed that TEA+ had identical effects on 

changing the inactivation rate in bath solutions containing 4.5-164.5 mM [K+]o. In 

all solutions 10 mM [TEA+]o slows down the current decay time constants by a 

factor of ~3.5. This result demonstrated that the TEA+ effect on the inactivation 

rate is [K+]o-independent and external TEA+ and K+ do not act as competitors in 

this process. In addition, the mutant channels in low [K+]o were completely 

insensitive to TEA+ block. If competition between TEA+ and K+ for a same binding 

site in my mutant channel would occur then I would expect a better block of 

current by [TEA+]o in low [K+]o. Based on the high resolution KcsA structure, two 

different external K+ sites had been described, one K+ site, Sext, the most external 

K+ site able to bind a fully hydrated K+ and So, a site more adjacent to the 

selectivity filter and exposed to a partially hydrated K+. Previous investigations 

suggested that external TEA+ could mimic a hydrated K+ and the external 

coordination site Sext in the outer pore might be occupied by a hydrated K+ or TEA+ 

(Armstrong, 1971; Zhou et al., 2001a). These series of data emphasized a 

competition between external TEA+ and K+ for occupying the same binding site. If 

external TEA+ could mimic a hydrated K+, then I would expect that [TEA+]o would 

be able to relief the the collapsed non-conductive structure due to the removal of 

[K+]o, however, my experimental data showed that this expectation was not true. 

Therefore, it seems unlikely that TEA+ could mimic a hydrated K+. I assume that 
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TEA+ with a different degree of hydration can either sit deeper towards the 

selectivity filter or more external. This idea is in accordance with molecular 

dynamics studies utilizing the KscA channel (Crouzy et al., 2001). This study 

suggested that TEA+ can sit around 3 Å more external in the outer vestibule when 

a tyrosine at position 82 (equivalent to position 399 in hKv1.3 channels) was 

replaced by a threonine. In addition, when the threonine residue was at this 

position, the TEA+ molecule was less hydrated (Crouzy et al., 2001). This 

observation led to the conclusion that the residue at position 82 in KscA might 

affect TEA+ hydration and that the degree of this hydration determines how deep 

TEA+ will be able to go into the channel to reach its binding site. It is feasible in my 

hKv1.3_H399N mutant channel that the change of His to Asn at position 399 

changed the TEA+ hydration property and therefore its binding site. Although the 

amino acid property at this position affects TEA+ hydration and consequently the 

TEA+ binding site, it seems that this is only true for the TEA+-effect on inactivation 

and not for the TEA+-effect on blocking current. 

 
5.5.5 Structural changes due to a change in [K+]o are distinct from structural 

changes occurring during C-type inactivation  

 
The present study illuminated that once TEA+ occupied the outer vestibule, this 

caused the inhibition of structural rearrangements in the outer mouth of the mutant 

channel associated with C-type inactivation. Prevention of inactivation by TEA+ 

seems to be independent of [K+]o although [K+]o can induce a change in the outer 

pore structure. This K+-induced structural change of the outer vestibule of the 

mutant channels in low [K+]o might prepare an asymmetric interaction between 

TEA+ and three monomers which might cause ion passage in the presence of 

TEA+. This result also showed that the deformed structure of the hKv1.3_H399N 

mutant channel in low [K+]o is conductive to K+, can inactivate properly and its 

inactivation can be inhibited by [TEA+]o similar to the high [K+]o situation. 

Taken together my data confirm the results which have been previously observed 

in mKv1.3_H399N mutant channels (Jäger et al., 1998) that the structural changes 

that occur due to a change in [K+]o are different from the structural changes that 

occur during C-type inactivation.  

 
5.6 What is the MTSEA effect on hKv1.3wild type channel? 
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In addition to the evidence for a conformational change of the outer vestibule 

during C-type inactivation, some studies indicated structural changes of the inner 

vestibule associated with C-type inactivation (Cuello et al., 2010; Panyi et al., 

2007). To find out the structural changes of the inner vestibule during C-type 

inactivation, I have constructed cysteine mutations for each of the amino acid 

residues from L418 to I420, whose positions are in the S6 α-helix. The 

modifications of these introduced cysteines by MTSEA were investigated in 

different states of the mutant channels and in the presence of verapamil, in order 

to find out which state of the channel was accessible for modification. I could 

confirm the observation by Schmid and Grissmer (2011) that MTSEA did hardly 

reduce current through hKv1.3 wild type channels suggesting that naturally 

occurring cysteines in this channel could not be modified by MTSEA or that 

modification was possible, however, without current reduction. 

 
5.6.1 MTSEA could not modify the hKv1.3_L418C, hKv1.3_T419C and 

hKv1.3_I420C mutant channels in the closed state 

My observations shown in Figure 39B, C, D suggested that the introduced 

cysteines in hKv1.3_L418C, hKv1.3_T419C and hKv1.3_I420C mutant channels 

could not be modified by externally applied MTSEA in the closed state. This result 

is in agreement with the MTSEA effect on hKv1.3_V417C mutant channels 

(Schmid and Grissmer, 2011) and Shaker channels with introduced cysteines at 

positions 470, equivalent to I420 in the hKv1.3 channel (Liu et al., 1997). Based on 

the previous studies about the location of the activation gate in Shaker channels 

(Liu et al., 1997; del Camino and Yellen, 2001), I could conclude that the residues 

L418-I420 (468-470 in Shaker) are located behind the activation gate and this can 

explain why the introduced cysteines in positions V417-I420 in the hKv1.3 mutant 

channels could not be modified by MTSEA in the closed state.  

 
5.6.2 MTSEA modification of hKv1.3_L418C, hKv1.3_T419C and hKv1.3_I420C 

mutant channels in the open and inactivated states 

In this study I have demonstrated that, similar to hKv1.3_V417C mutant channels 

(Schmid and Grissmer, 2011), the introduced cysteine at position 420 of 

hKv1.3_I420C mutant channels could be modified by MTSEA in the inactivated 

state (Fig. 40E, F). The two cysteines at positions 418 and 419, located between 
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V417 and I420, were not accessible to MTSEA in the inactivated state (Fig. 40A-

D), but all four cysteines (417–420) could be modified in the open state. These 

results implicated that opening of the activation gate was necessary to access the 

cysteines at positions 417 to 420 by MTSEA. The experiments also implied that in 

the inactivated state the activation gate was open. These findings were consistent 

with the recent model of the KcsA channel demonstrating the open bundle 

crossing (activation gate) in the inactivated channel (Cuello et al., 2010). 

Comparing the accessibility of residues 417-420 in the open and inactivated state 

(Table 7) revealed that residues 417 and 420 were available in the open and 

inactivated state but residues 418 and 419 were only accessible in the open state. 

The simplest explanation for this different accessibility of residues 417-420 in the 

open and inactivated state is a structural rearrangement of the S6 segment during 

inactivation. Alternatively, structural changes during C-type inactivation, in other 

parts of the channel could cause these residues (418 and 419) to be covered. 

Therefore, inaccessibility of residues 418 and 419 in the inactivated state could be 

directly due to turning of the S6 segment or indirectly these residues could be 

covered by other nearby residues. Although, I cannot distinguish whether the S6 

segment moves during inactivation or other parts of the channel, a relative 

movement in the vicinity of residues 418 and 419 during inactivation is inevitable 

as had been suggested by Cuello et al. (2010) for C-type inactivation in KcsA 

channels. Their model suggested that structural rearrangements such as hinge-

bending and rotation of the TM2 helix (equivalent to the S6 helix in the Kv1.3 

channel) lead to C-type inactivation.  

 
5.6.3 Verapamil protects the hKv1.3_T419C and hKv1.3_I420C mutant 

channels from MTSEA-modification but not the hKv1.3_L418C. 

As previously demonstrated, verapamil prevented the MTSEA modification in 

hKv1.3_V417C mutant channels (Schmid and Grissmer, 2011). To follow up these 

results, I performed similar blocker protection experiments to assay the 

accessibility of the cysteines at positions 418-420 to MTSEA in the presence of 

verapamil. It was expected that, similar to the hKv1.3_V417C mutant channels, 

verapamil would also prevent the modification of the hKv1.3_L418C, 

hKv1.3_T419C and hKv1.3_I420C mutant channels by MTSEA as the L418, T419 

and I420 amino acids are just next to the V417 in the S6 helix. Surprisingly, the 
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cysteine at position 418 was modified by MTSEA even in the presence of 

verapamil, although verapamil could protect the amino acids located above (417C) 

and below (419C, 420C) residue 418 (Fig. 41, Table 7). As shown in the hKv1.3 

model in Fig. 42, residues from V417 to I420 construct one helical turn of the S6 

α-helix. Two residues V417 and I420 are located on the helical turn towards the 

center of the inner pore; the other residues L418 and T419 are located on the 

other side of the helical turn. Although L418 and T419 are located on the outside 

of the helical turn, both of these residues can sense the environment of the inner 

pore, however, only in the open state. Fig. 43 shows that verapamil is located in 

the upper part of the cavity and the residues at position 417 and 420 can be 

shielded by verapamil, the two other residues at positions 418 and 419 are facing 

away from verapamil. The blocker protection assay showed that the cysteines at 

positions 417, 419 and 420 could not be modified by MTSEA in the presence of 

verapamil. Schmid and Grissmer (2011) explained that finding as follows: 

verapamil, after binding to the presumed position A413 (Dreker and Grissmer, 

2005), could partially cover the cysteine at position 417 thereby preventing 

MTSEA to modify it. This explanation is also applicable for the residue at position 

420, which is also facing towards verapamil (Fig. 43). Although, the residue at 

position 419 could not be covered by verapamil (Fig. 43), it was protected from the 

MTSEA-modification. That could be explained as a result of verapamil physically 

blocking the inner pore, since the inner pore is the only pathway for MTSEA to 

reach the residue at position 419. If there were another way for MTSEA to reach 

the residue at position 419, the MTSEA-modification of that residue should occur 

in the presence of verapamil. This, however, was not observed. In contrast to the 

residue 419, the residue at position 418 could not be protected by verapamil from 

the MTSEA-modification. Fig. 44 clearly showed that in the presence of verapamil 

there is enough space to locate MTSEA close to the residue at position 418. 

Therefore, there is no interference between the location of verapamil and the 

interaction of MTSEA. It means that the simultaneous presence of verapamil and 

MTSEA is possible and thereby MTSEA could reach and bind to the residue at 

position 418. Thus, that model could explain the results obtained from my 

experiments.  

Altogether, the experimental and model data deepen our understanding about the 

verapamil- and state-dependent effect of MTSEA on the S6 segment of the hKv1.3 
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channel. The novel findings reported here are that although the introduced 

cysteines in present (L418C, T419C, I420C) and previous (V417C) experiments 

have similar accessibility in the open and closed state to MTSEA: All four positions 

are accessible to MTSEA in the open state and inaccessible in the closed state, 

while the cysteines at positions 417 and 420 were also accessible to MTSEA in 

the inactivated state. These findings indicate that the S6 segment or other parts of 

the channel move during C-type inactivation leading to the inaccessibility of 

residues 418 and 419 by MTSEA. These data strongly suggest that the structural 

features of the inner helix and the inner cavity of the hKv1.3 channel during the 

open and inactivated state are clearly different from each other. These findings 

confirm and extend the results which have been previously observed in KcsA 

(Cuello et al., 2010) and Shaker channels (Panyi et al., 2007). The co-application 

of verapamil and MTSEA in the present experiments allowed a deeper view of the 

spatial rearrangement of the substituted residues and also a better understanding 

about the verapamil and MTSEA position in the inner pore of the hKv1.3 channel. 
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6 CONCLUSION 

 

1) In the first part of my study, I investigated the structural changes of the 

outer pore region during C-type inactivation by scorpion toxins and 

tetraethylammonium (TEA+). 

 

a)  My experimental and molecular dynamics simulations data on wild type 

hKv1.3, single mutant hKv1.3_V388C, and double mutant hKv1.3_V388C-

H399T channels confirm and extend our knowledge about the C-type 

inactivation mechanisms. I suggest that in the hKv1.3 channel a multiple 

network of interactions behind the selectivity filter support the stability of the 

selectivity filter. Amino acids in the outer vestibule and pore helix contribute 

to form this network of interactions. Among these amino acids, bridging 

residues Trp384 and Asp397 between the selectivity filter and the pore 

helix are determinant factors in the modulation of the inactivation process. 

This linkage between the pore helix and the selectivity filter causes a 

special level of rigidity and stability in the upper part of the selectivity. From 

a structural point of view, V388C and H399N point mutations alter the 

network and as a consequence the linkage between the pore helix and the 

selectivity filter is broken in the hKv1.3_V388C and hKv1.3_H399N mutant 

channels resulting in faster inactivation compared to wild type and double 

mutant channels. Finally, my data demonstrated that the asymmetric 

binding of CTX and MgTX to the mutant channels results in a loss of pore 

occluding interactions, while some different and new interactions between 

toxins and mutant channel are established that reduce fluctuations in the 

network behind the selectivity filter and contribute to a stabilization of the 

upper part of selectivity filter that might result in a change in C-type 

inactivation. This data clearly showed that the rigidity/flexibility of the outer 

vestibule of the selectivity filter is a determinant factor in the modulation of 

the inactivation rate. 

 

b) TEA+ was used as a probe to investigate the structural changes of the outer 

pore during C-type inactivation. Here, current through hKv1.3_H399N 

mutant channels in the presence and absence of [TEA+]o in low and high 
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[K+]o was studied. In 164.5 mM [K+]o, open channels can bind [TEA+]o and 

this binding results in a block of current and the channels cannot inactivate 

while being blocked. In 4.5 mM [K+]o, open hKv1.3_H399N channels can 

still bind TEA+ with similar affinity compared to the situation in 164.5 mM 

[K+]o, the binding, however, does not lead to a block of current by [TEA+]o, 

however, inactivation is still prevented. In bath solutions containing high 

[K+]o, the [K+]o-dependent conformation of the outer vestibule permits the 

interaction of four monomer with [TEA+]o resulting in a block of current and 

at the same time preventing C-type inactivation while blocking. In bath 

solutions containing low [K+]o, the [K+]o-dependent conformation of the outer 

vestibule just allows three monomers to interact with [TEA+]o. In this case, 

TEA+ might sit off-centered allowing enough space for the passage of 

potassium ions while still preventing C-type inactivation. 

 
2) In the second part of my study, I investigated the structural changes of the 

inner vestibule during C-type inactivation by 2-aminoethyl 

methanethiosulfonate (MTSEA). The cysteine at position 420 was modified 

by MTSEA in the open and the inactivated state, while the residues at 

positions 418 and 419 were modified only in the open state. Verapamil 

could not prevent MTSEA to reach residue 418 but protected the residues 

419 and 420 from MTSEA modification. It seems that the movement of the 

S6 segment during inactivation did not cause a movement of the side chain 

of residues 417 (Schmid and Grissmer, 2011) and 420 in a way that they 

are not lining the pore any more, but it lead to the inaccessibility of the 

residues at positions 418 and 419. The difference in the modification of 

these cysteine residues demonstrated the accessibility of these residues 

during different conformations of the hKv1.3 channels. This has 

significances for the 3D structure of the channel in different states 

especially in the C-type inactivated state – a state specific for hKv1.3 

channel – thereby facilitating the rational design of drugs useful for the 

treatment of autoimmune diseases. 

 
In the present study I demonstrated conformational changes of hKv1.3 channels 

during C-type inactivation in the outer as well as inner vestibule. The discovery of 

some key amino acid residues in the outer and inner pore of hKv1.3 channels that 
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either can influence the conformational change of the channels or even change 

their relative position within the channel protein, opens up new possibilities for 

future research about the connection of the conformational changes between the 

outer and inner pore during C-type inactivation. In addition, the study presented 

here might have impact in the development of hKv1.3-specific drugs by using the 

3D structure of the C-type inactivated state of the hKv1.3 channel. 
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