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Abstract 

 
 

K+ channels are involved in virtually all physiological processes and adopt critical roles in 

diverse events such as neuronal signaling, muscle contraction, cardiac action potential 

regulation, and hormone secretion. Thus, it is not surprising that malfunction of K+ channels 

can have a wide-spread disruptive impact on the homeostasis of the human body. With 

severe diseases such as cardiac arrhythmias, diabetes, and cancer linked to K+ channels, 

these membrane proteins are subject of extensive research to unravel their functional 

properties and develop future drugs. While the function of K+ channels and their involvement 

in the ionic currents of cells are well studied by electrophysiological experiments, the 

atomistic details of transitions between conformations allowing and preventing ion flow, 

called gating, still lack important insights. Crystal structures of ion channels mark a major 

breakthrough in our understanding of channel architecture and have provided elementary 

information of the conformations that ion channels can adopt in different channel states. 

However, as ion channels are highly dynamical proteins, knowledge of the local and global 

conformational changes during gating on an atomistic level is of extraordinary interest. In 

particular, it was shown that a plethora of drugs targeting K+ channels are crucially 

dependent on channel gating to develop their blocking potency emphasizing the importance 

of detailed knowledge of channel dynamics. 

Comprehensive studies on three different K+ channels, the prototypical bacterial K+ 

channel KcsA, the bacterial inward rectifier K+ channel KirBac1.1, and the human Kv channel 

hERG, were performed to shed light on the gating dynamics of K+ channels and to identify 

channel specific structural rearrangements. Molecular dynamics simulations and two-

electrode voltage clamp experiments revealed that aromatic amino acids adopt crucial roles 

in gating by unlocking channels from a specific state (F114 in KcsA), by forming the pore 

gate (F146 in KirBac1.1) and by shaping the drug binding site (Y652 and F656 in hERG). 

Specifically, studies on the hERG channel disclosed the important role of F656 for drug 

trapping which is characterized by the drug’s retention in its binding site upon channel 

closure. While F656 is a key binding determinant of hERG blockers, it might also serve as 

physical barrier for drug dissociation. In case of KcsA and KirBac1.1, energy calculations 

allowed the investigation of the energy landscape of channel gating and correlations of 

structural rearrangements to energy changes. Gating studies on KirBac1.1 focused on the 

coupling between the transmembrane and the cytoplasmic domains and revealed that the 

communication between these two domains operates bidirectionally. Summarizing, this 

thesis provides novel insights into channel specific movements during pore gating. Although 

the three investigated channels share similar global gating rearrangements in terms of 

transmembrane domain movements, they exhibit uniquely fine-tuned local gating changes at 

the amino acid level.  



 

 
 



  Zusammenfassung 

Kaliumkanäle sind nahezu an allen physiologischen Prozessen beteiligt und nehmen eine 

Schlüsselrolle in zahlreichen Vorgängen, wie zum Beispiel bei der Signalweiterleitung in 

Nerven, bei Muskelkontraktionen, bei der Regulation des Aktionspotentials des Herzens, 

oder bei der Freisetzung von Hormonen, ein. Daher ist es nicht verwunderlich, dass 

Fehlfunktionen dieser Kanäle weitreichende Folgen auf die Homöostase des menschlichen 

Körpers haben können. Schwerwiegende Krankheiten wie zum Beispiel 

Herzrhythmusstörungen, Diabetes mellitus und Krebs stehen in Zusammenhang mit K+ 

Kanälen. Aus diesem Grund sind diese Membranproteine das Forschungsobjekt zahlreicher 

Studien um ihre Funktionsweise zu entschlüsseln und zukünftige Medikamente zu 

entwickeln. Während die Beteiligung von K+ Kanälen am Ionenfluss von Zellen mittels 

elektrophysiologischen Experimenten gründlich untersucht wurde, sind Einblicke in die 

Übergänge zwischen Kanalkonformationen, die Ionenfluss erlauben und verhindern, dem 

sogenannten „Gating“, auf atomarer Ebene nach wie vor verwehrt. Die Entschlüsselung der 

Kristallstrukturen von Ionenkanälen stellt einen entscheidenden Durchbruch in unserem 

Verständnis der Kanalarchitektur dar und hat elementare Informationen der Konformationen, 

die Ionenkanäle in unterschiedlichen Zuständen einnehmen können, geliefert. Da diese 

Kanäle aber hochdynamische Proteine sind, sind genaue Kenntnisse der lokalen und 

globalen Konformationsänderungen von entscheidender Bedeutung. Insbesondere wurde 

gezeigt, dass die Wirkung von zahlreichen Medikamenten, die an K+ Kanälen angreifen, vom 

Kanalzustand abhängt. Dieser Umstand zeigt die Wichtigkeit der detaillierten Untersuchung 

des dynamischen Verhaltens von diesen Kanälen weiter auf. 

Die hierin durchgeführten Studien an drei unterschiedlichen Kanälen, dem prototypischen 

bakteriellen K+ Kanal KcsA, dem bakteriellen inwärts gerichteten K+ Kanal KirBac1.1 und an 

dem humanen, spannungsabhängigen K+ Kanal hERG, untersuchen die Gatingdynamik von 

K+ Kanälen und identifizieren kanalspezifische strukturelle Veränderungen während dieses 

Prozesses. Moleküldynamiksimulationen und two-electrode voltage clamp Experimente 

zeigten, dass aromatische Aminosäuren eine entscheidende Rolle im Kanalgating spielen, 

indem sie Kanäle aus einem bestimmten Zustand freigeben (F114 in KcsA), die Kanalpforte 

bilden (F146 in KirBac1.1) und die Bindungstasche von Wirkstoffen formen (Y652 und F656 

in hERG). Speziell die Studien am hERG Kanal offenbarten die wichtige Funktion von F656 

für das „drug trapping“ Phänomen, welches durch den Wirkstoffeinschluss in der 

Bindetasche während der Schließbewegung des Kanals charakterisiert ist. Neben der Rolle 

von F656 als einer der wichtigsten Bindungsdeterminanten von hERG blockierenden 

Wirkstoffen, könnte es auch als physikalische Barriere die Dissoziation von Wirkstoffen 

während des Schließens verhindern. In Studien an KcsA und KirBac1.1 ermöglichten 

Energieberechnungen die Untersuchung der Energieprofile von Kanalgating und die 

Korrelation von Konformationsänderungen mit Energieänderungen. Gatinguntersuchungen 
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an KirBac1.1 zeigten, dass die Bewegungen des transmembranären und der intrazellulären 

Domäne aneinander gekoppelt sind und die Kommunikation zwischen den beiden Domänen 

von bidirektionaler Natur ist. Diese Dissertation verschafft neuartige Einsichten in die Kanal-

spezifischen Bewegungen während des Gatings. Obwohl die drei untersuchten Kanäle 

ähnliche globale Gatingbewegungen der transmembranären Domänen aufweisen, sind 

deren lokale Bewegungen der Aminosäuren von präzise abgestimmter und hoch spezifischer 

Art. 
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1 Introduction 

1.1 Ion channels 

Throughout the biological kingdom, cells are separated from their environment by lipid 

membranes. While the barrier function of membranes is essential to maintain homeostasis 

and the structure of cells, it also prevents substrate exchange with the environment.1 

Especially ion exchange between the intracellular and extracellular side and vice versa is 

crucial to allow communication between cells and initiate intracellular signaling pathways. 

This task is mediated by membrane embedded proteins, the ion channels. While this general 

concept appears to be fairly simple, their regulation by specific triggers, their diverse 

response, and their selectivity for different ions render ion channels powerful and high 

specific signaling proteins present in virtually all living cells. They are involved in signal 

transduction in the nervous system, control hormone and neurotransmitter release, and 

regulate the cardiac action potential and muscle contraction. 

The two aspects of ion channels, gating by specific triggers and ion selectivity, are used to 

classify ion channels. Ion channels are divided into voltage-gated2 and ligand-gated3–5 ion 

channels as well as into channels with completely different structural properties like 

aquaporins. According to the permeating ion, ion channels are grouped into sodium, calcium, 

potassium, non-selective cation, chloride and other anion channels.6–8 A comprehensive 

overview of ion channel groups was recently published by Alexander et al.9 

 

1.2 K+ channels 

With more than 70 different genes encoding K+ channels in the human genome, K+ 

channels are the largest and most diverse group of ion channels.8 Among this group, the 

voltage-gated K+ (Kv) channels comprise the largest family.10 Kv channels play a crucial role 

in electrically excitable cells such as neurons and myocytes by responding to the 

transmembrane voltage. They set the resting membrane potential, repolarize the cells during 

the falling phase of the action potential and thereby facilitate the termination of action 

potentials.11 It is their role in the cardiac action potential that has attracted the attention of a 

whole scientific community focusing on an unique Kv channel which is extensively studied in 

this thesis and described in more detail in chapter 1.3 (page 7). In electrically unexcitable 

cells such as lymphocytes, Kv channels control the resting potential and prevent cells from 

depolarization.12 In addition, Kv channels are involved in the transepithelial K+ transport in 

several tissues such as the kidney13 and the auditory cochlea.14 
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Inwardly rectifying K+ (Kir) channels also contribute to the resting membrane potential and 

the transepithelial K+ transport.13 Kir channels play an essential role in the insulin secretion of 

pancreatic beta cells.15,16 These channels were termed inwardly rectifying because of their 

ability to conduct K+ ions inward more readily than outward. Although Kir channels are not 

gated by the transmembrane voltage, the membrane potential still contributes to their 

function. At depolarizing potentials, these channels are blocked by intracellular Mg2+ and 

polyamines, thereby impeding outward K+ flow. Kir channels are regulated by many different 

cellular factors such as ATP, intracellular pH, and lipids.17–19 

Beside these two K+ channel families, channels that are activated by Ca2+, Na+, or Cl- 

(KCa),
20 modulated by cyclic nucleotides (CNG and HCN),4,21,22 or formed by two pores 

(K2P)23,24 can conduct K+ ions, but are not subject of this thesis and therefore will not be 

discussed further. A phylogenetic tree, shown in Figure 1, illustrates the relations of K+ 

conducting channels based on the amino acid sequence of the channel pores. 
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Figure 1. Phylogenetic relation of K
+
 channels. The consensus tree was inferred by analyzing the 

amino acid sequence of the pore domains. The horizontal scale bar corresponds to the number of 

amino acid changes needed to explain differences in the protein sequence. The vertical branch length 

is not exact. Modified from Yu et al.
10
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 General structure of K+ channels 1.2.1

K+ channels are composed of four homologous subunits (SU) that assemble to form a 

central ion conducting pore. Each SU consists of transmembrane (TM) α helices whose 

number varies among K+ channel families. While Kv channels possess six consecutively 

numbered TM segments per SU, Kir channels comprise of two TM helices, termed TM1 and 

TM2. These two helices are analogous in structure and function to the last two TM helices of 

Kv channels, called S5 and S6. Helices one to four in Kv channels form the voltage sensor 

domain (VSD). Intracellular and extracellular domains complete the whole channel structure 

(Figure 2A and B). 

In the absence of three dimensional information based on X-ray crystallography until the 

late 90s, scientists were able to derive a schematic yet remarkably accurate structural 

understanding of ion channels from electrophysiology studies. It was the groundbreaking 

work of Hodgkin and Huxley,25 Armstrong,26,27 and Hille11,28 that provided first insights into the 

ion channel structure. Hille published a schematic representation in 1978 highlighting the key 

parts of an ion channel (Figure 2C).28 On the extracellular side, the channel pore possesses 

a narrow site, the selectivity filter (SF), that is responsible for ion selectivity. On the 

intracellular site, a constriction site, the pore gate, is present which can open and close in 

response to specific triggers. In case of Kv channels, changes in the membrane potential are 

sensed by the VSD which control the gate. 

 

Figure 2. Topology of K
+
 channel SUs. A) Topology of an individual Kv channel SU. B) Topology of 

a Kir channel SU. C) Schematic figure of an ion channel originally published by Hille.
28

 Channel 

topology representations were modified from Goldstein et al.
29

 

However, essential questions could not be answered by the above cited studies. First, 

how can K+ channels discriminate with almost perfect fidelity between K+ and Na+ ions which 

exhibit almost the same size (K+ is 10,000 times more permeant than Na+30). Second, how 

can K+ channels be so highly selective and at the same time display throughput rates of up to 

108 ions per second,11 which is close to the diffusion limit? The first crystal structure of a K+ 
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channel by the MacKinnon lab in 1998 provided detailed structural answers to these issues.31 

Roderick MacKinnon was later awarded the 2003 Nobel Prize in Chemistry for his 

groundbreaking “structural and mechanistic studies of ion channels”.32 By making use of a 

homotetrameric bacterial K+ channel from Streptomyces lividans (KcsA), they revealed that 

K+ channels exhibit an “inverted teepee” arrangement of the TM1 (outer helix) and TM2 

(inner helix) helices which are settled around a central water filled pore, called the cavity. The 

four TM2 helices line the inner pore and are crossed at the intracellular side forming the 

closed pore gate (Figure 3A and B). On the extracellular side, the descending pore helices 

(P-helix) and the ascending SF are located. While the P-helix plays an important role in 

forming intersubunit contacts and stabilizing the SF in a conductive conformation, the SF is 

responsible for ion discrimination and conductance. The SF in K+ channels exhibits a 

common amino acid sequence of T-X-G-Y/F-G (X is any hydrophobic residue). A subsequent 

study has shown that the carbonyl oxygen atoms of the SF backbone form highly specific 

binding sites for K+ ions, termed S0-S4 (Figure 3C).33 The interactions between the K+ ion 

and the SF backbone can compensate the energy penalty of dehydrating ions as K+ enters 

the SF, thus allowing high ion flux rates. This energy compensation varies among different 

ions species and is relative to the energy of dehydration resulting in an energy-driven 

selectivity.34 Further crystal structures revealed that the SF binding sites are occupied by 

alternating K+ ions and water molecules.35 K+ ions reside in the specific configurations S1-S3 

or S2-S4 and transitions between these two configurations lead to K+ flux.36,37 

 

Figure 3. Crystal structure of KcsA. Original figures from Doyle et al.
31

 showing the homotetrameric 

KcsA in top (A) and side view (B). The four SUs are represented by different colors. The green sphere 

illustrates an ion in the SF. C) Two distinct ion configurations S1-S3 (left) and S2-S4 (right). The SF 

backbone is shown as sticks. The ions and water molecules are shown as green and red spheres, 

respectively. Modified from Treptow and Tarek.
37
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 Pore gating of K+ channels 1.2.2

The functional behavior of K+ channels is defined by two coupled mechanisms: activation 

and inactivation gating. Activation is associated with a large motion of the inner TM2 helices 

as observed in several activated, open state crystal structures of K+ channels (e.g. KcsA,38 

MthK,39 KvAP,40 Kv1.2,41 and KirBac3.142) and characterized spectroscopically in KcsA.43–46 

In the open state, the inner TM2 helices are splayed apart leading to a sufficient gate 

opening to allow ion passage (Figure 4A). Dependent on the K+ channel species, this 

splaying is caused by bending of the TM2 helices at either a glycine hinge or a Pro-X-Pro 

motif. The importance of this glycine hinge or the Pro-X-Pro motif for specific ion channels 

was demonstrated by mutational studies which led to drastically altered gating properties.47–50 

Inactivation, more specifically C-type inactivation, originates from conformational changes 

in the SF and is highly modulated by permeant ions.51–53 Accordingly, crystal structures of 

KcsA in high and low K+ concentrations identified rotameric changes of the SF backbone 

which lead to the constriction of the permeation pathway and is thought to represent the 

inactivated SF state (Figure 4B).33 As the SF sequence is conserved among K+ channels and 

the KcsA pore can substitute for the pore of other K+ channels, it is believed that the 

inactivation mechanism is conserved in all K+ channels.54 Recent structures by Cuello et al. 

with an open gate and an inactivated SF revealed coupling between inactivation and pore 

gating.38,55 The presence of two functional mechanisms and crystal structures in each 

state33,38 have led to the description of a four state model (Figure 4C). In this model, the pore 

gate is either open or closed and the SF is either conductive or inactivated. 

Beside these general gating properties which are valid for most of the K+ channels, each 

channel species exhibits its unique gating features. These specificities will be described in 

more detail in the corresponding chapters of the herein studied K+ channels. 

 

Figure 4. Gating of K
+
 channels. A) Closed (KcsA) and open (MthK) conformations of K

+
 channels. 

For clarity, only the two opposing SUs are shown. The glycine hinge is marked by red spheres. The 
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SF is colored orange. Figure from Yu et al.
10

 B) Top: Electron density map of the conductive SF 

crystallized in high K
+
 concentration. Bottom: The electron density map of an inactivated SF. Electron 

density of K
+
 ions is shown as a magenta grid sphere. The two opposing SUs are shown. Figure from 

Cuello et al.
38

 C) Depiction of the four functional states in K
+
 channels. Figure from Ostmeyer et al.

56
 

 

1.3 hERG channels 

The human ether-a-go-go related gene (hERG, KCNH2)57 encodes the pore forming 

domain of a delayed rectifier Kv channel which is termed hERG channel or Kv11.1 channel. 

The important role of the hERG channel became evident when inherited mutations in KCNH2 

were found to cause a dramatic prolongation in the cardiac action potential which is termed 

long QT syndrome (LQTS).58 Beside KCNH2 mutations, a plethora of structurally diverse 

cardiac and noncardiac drugs can induce LQTS by either directly blocking the hERG 

channel59,60 or disrupting channel trafficking to the surface.61–63 LQTS predisposes individuals 

to arrhythmia and can result in sudden death.64–66 Due to this severe potential side effect of 

drugs, several medications were withdrawn from the market or their use was heavily 

restricted.67–69 Thus, great effort is directed toward a better understanding of the functionality 

of the hERG channel and its interaction with drugs. 

 

 Physiological and pathophysiological role 1.3.1

hERG channels are expressed in a wide range of tissues, including specific brain 

regions,70 smooth muscle cells of the gastrointestinal and genitourinary tracts,71–73 and 

pancreatic beta cells.74 However, the highest expression levels of hERG occur in the heart 

and this is where the function of hERG channels is best understood. 

The action potential of ventricular myocytes derives its shape from a sophisticated 

chronology of ionic current through channels of various species (Figure 5A). Activation of the 

Na+ channel Nav1.5 leads to an inward Na+ current (INa) triggering a rapid depolarization of 

membrane. Repolarization is much slower and can be divided into three phases. In phase 1, 

a transient K+ outward current (Ito) causes a short and partial repolarization. The subsequent 

slower repolarization phase is called the plateau during which an inward Ca2+ current occurs. 

The duration of the plateau is caused by delayed rectifier K+ channels which activate slowly 

and/or carry low K+ currents during this phase. It was the seminal work of Noble and 

Tsien75,76 as well as Sanguinetti and Jurkiewicz77 that showed that two different K+ currents 

(IKr and IKs) of two distinct channels define the length of the plateau phase (see Nattel78 for a 

review). This prolonged repolarization phase is crucial to allow sufficient Ca2+ entry into the 
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myocyte for an optimal cardiac contraction. Termination of the action potential (phase 3) is 

mainly caused by the rapid delayed rectifier K+ current (IKr) conducted by hERG channels.79–

81 Therefore, it is the proper function of the hERG channels that defines the length of an 

action potential. Not surprisingly, altered hERG channel function can have drastic effects on 

the cardiac action potential.  

The most prominent disorder induced by the hERG channel is LQTS. In LQTS, partial or 

complete loss of hERG channel function, either caused by mutations in KCNH2 or channel 

block by drugs, reduces the IKr thereby leading to a prolonged action potential (Figure 5B 

top). This prolongation is seen in a body surface electrocardiogram (ECG) by measuring the 

QT interval which represents the time between depolarization (QRS) and repolarization (T 

wave) of the ventricles (Figure 5B bottom). This observation of the prolonged QT interval led 

to the name of LQTS and was first described in an ECG by Anton Jervell and Fred Lange-

Nielsen in 1957.82 The delayed repolarization of the ventricles greatly increases the risk of 

life-threatening cardiac arrhythmia which occurs in a unique form called “torsade de pointes” 

(TdP).83,84 TdP is characterized by ECG traces that twist around the isoelectric line (Figure 

5C). TdP can either return to a normal heart rhythm or result in lethal ventricular fibrillation. 

 

Figure 5. Action potential of the heart. A) Different ion channels are activated in distinct action 

potential phases. Figure from Pollard et al.
85

 B) top: Normal (blue) and prolonged (pink, reduced hERG 

current by 80%) action potential of a ventricular myocyte. Bottom: Normal (yellow) and pathological 

ECG trace with a prolonged QT interval (green). C) ECG trace of a TdP arrhythmia. B and C were 

modified from Sanguinetti et al.
86

 

While the first description of LQTS was accompanied by deafness and, as found out 

later,87 caused by mutations in the IKs carrying channel Kv7.1, another LQTS was identified in 

families by Romano88 and Ward89 in the 60s without any hearing deficit. This form of LQTS is 

considerably more common and was linked to mutations in the hERG K+ channel encoding 
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gene KCNH2, beside other gene mutations.58,86 More than 290 LQTS-associated mutations 

in KCNH2 were described (http://www.fsm.it/cardmoc/). Most of the hERG mutations result 

either in premature termination of KCNH2 transcription or misfolding of the SUs and 

disruption of trafficking of hERG channels to the cell surface.90–92 Misfolded proteins are 

retained in the endoplasmic reticulum and are degraded by the ubiquitin-proteasome 

pathway.93 Additionally, mutations can affect the gating properties of hERG K+ channels 

(described in chapter 1.3.2, page 9) leading to a reduced or complete loss of IKr. 

In 2004, mutations in KCNH2 were identified94 that lead to a shortened QT interval which 

is a characteristic of the short QT syndrome (SQTS).95,96 These mutations express the hERG 

channel mutant N588K which exhibits reduced inactivation and thus greater current during 

the plateau phase of the cardiac action potential. Due to the shorter repolarization phase, 

cardiac myocytes are more prone to premature excitation resulting in ventricular fibrillation 

and potentially in sudden cardiac death. The fact that both increase and decrease of channel 

function can cause lethal arrhythmia underlines the importance of a precisely balanced 

channel expression for normal cardiac activity. 

In recent years, there is accumulating evidence that the hERG channel plays a role in 

cancer.97 Differential expression patterns of hERG were found in numerous cancer cell lines 

including neuronal,98,99 leukemic,98,100 lung,98,101 colorectal,102 and breast tissue.103,104 A 

functional effect of hERG channels in cancer was first demonstrated by Smith et al.100 

showing that block of hERG channels reduces the rate of cell proliferation. Additionally, 

hERG channels are involved in tumor cell migration102 and adhesion-dependent signaling.105 

These findings indicate that hERG channel might serve as a possible target for anticancer 

drugs. However, given the cardiac side effects of hERG channel blockers, there are strong 

drawbacks in the use of such drugs. Comprehensive reviews of hERG induced diseases, so 

called channelopathies, were published recently.106,107 

 

 Gating of hERG channels 1.3.2

The unusual gating properties render the hERG channel essential for the delayed K+ 

current in cardiac repolarization. hERG channels exist in closed, open, or inactivated 

conformation. As other Kv channels, they exhibit a VSD domain with positively charged 

lysine and arginine residues located in the S4 helix which sense the membrane potential 

(Figure 2, page 3). Upon depolarization of the cell membrane, the S4 helix perform an 

upward movement (see next chapter) and triggers opening of the pore gate via 

electromechanical coupling.108 This S4 movement was shown to happen relatively 

slowly109,110 and accounts for the slow activation kinetics of the hERG channel.111 After 
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depolarization, activated hERG channels immediately inactivate which happens about 100 

times faster than activation (Figure 6). Due to this fast inactivation transition, the K+ current 

occurring at depolarized potentials is very limited, leading to the prolonged plateau of the 

action potential (Figure 6B and C).112–114 As repolarization begins at the end of the plateau 

phase, hERG channels recover rapidly and deactivate slowly resulting in the typical “hooked” 

tail currents (Figure 6B).115 This K+ current passed through the hERG channel is responsible 

for the phase 3 repolarization of the cardiac action potential. Due to the slow closing kinetics, 

hERG channels remain open for considerable time after reaching the resting membrane 

potential. Since the resting potential is close to the K+ reversal potential, there is limited 

current passed through hERG channels. However, the open hERG channels render the 

cardiac muscle refractory to premature excitation. If a premature beat occurs shortly after 

repolarization, depolarization of the myocyte will be antagonized by a large increase in hERG 

current and thereby prevent re-entrant arrhythmia (Figure 6C).116 Consequently, reduced 

hERG channel function caused by mutations renders affected individuals more vulnerable to 

arrhythmias initiated by premature beats (see previous chapter). 

 

Figure 6. Gating of hERG channels. A) Schematic representation of state transition during de- and 

repolarization. C-type inactivation is caused by SF constriction (red circle). Figure from Sanguinetti et 

al.
86

 B) Current traces during a two-step voltage protocol shown on top. At a depolarization step to 30 

mV, channels are activated and rapidly inactivated (magenta). Subsequent repolarization to -60 mV 

(above K
+
 reversal potential, outward current) or -120 mV (below K

+
 reversal potential, inward current) 

leads to recovery from the inactivated state (red). Fast recovery and slow deactivation result in the 

typical “hooked” tail current (blue). C) hERG channel currents recorded in CHO cells in response to an 
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action potential waveform. During repolarization of the first action potential waveform, hERG current 

increases due to recovery from inactivation. Subsequent current decrease is caused by the reduction 

of electrochemical driving force for K
+
 outward current; however, hERG channels remain open. 

Premature depolarization results in a large current through open hERG channels before they rapidly 

inactivate. Figure from Vandenberg et al.
107

 

 

 Structure of hERG channels 1.3.3

As mentioned before, hERG channels consist of four SUs that coassemble to form an ion 

permeating pore. While it was initially thought that hERG channels comprise only of the 

hERG 1a isoform and form a homotetrameric channel,117 it was shown that the native hERG 

current in cardiac tissue is conducted by a heterotetramer with the hERG 1b isoform, which 

lacks the N-terminal part.118,119 Independent of the isoform, each SU comprises 6 TM 

spanning helices which are consecutively numbered S1 to S6 and are separated into two 

functionally distinct domains (Figure 7A). TM helices S1 to S4 form the VSD with positive 

charges on S4 that respond to changes in the membrane potential. How these S4 

movements occur has been hotly debated over the last decades.120,121 Most probable, the S4 

moves up and down in a helical screw motion122 in a groove formed by the S1 to S3 helices. 

It was the seminal work of Jensen et al.123 that confirmed a helical screw motion in a Kv 

channel and provided atomistic insights by employing long time scale molecular dynamics 

(MD) simulations of up to 350 µs. However, in case of hERG, the S4 appears to be loosely 

packed in the VSD as mutations of the charged residues to the bulky, hydrophobic amino 

acid Trp are well tolerated.124 Nevertheless, salt bridge formation between the positive 

charges of S4 and negatively charged amino acids of S1 to S3 appears to be important for 

stabilization of the VSD in different channel states.125 VSD movement is transmitted to the 

pore domain, which is formed by the S5 and S6 helices, via interactions of the S4-S5 linker 

with the cytoplasmic ends of the S6 helices.108,126,127 It was shown that this S4-S5 linker is an 

amphipathic α helix and contributes to the slow deactivation kinetics of hERG.128,129 The S6 

helices form a water filled cavity and, depending on the straight or bended conformation, 

define if the gate is closed or open. In contrast to other Kv channels,47–50 glycine hinges in 

hERG do not appear to be a prerequisite for channel opening.130 The cavity of hERG is 

shaped by the S6 conformation and the orientation of cavity facing amino acids in S6 and the 

bottom of the SF. Especially, the two aromatic amino acids, Y652 and F656, located on S6 

can have dramatic effects on the cavity shape and thereby alter the drug binding orientation 

in the cavity as we were able to show in a recent study.131 Y652 and F656 and their 

conformational changes upon gating are subject of a comprehensive study of this thesis (see 

chapter 4.3, page 72). 
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In the hERG channel, the SF is formed by the S624-V625-G626-F627-G628 sequence 

and it is this region where inactivation basically occurs. This fact was demonstrated by 

several mutational studies. Smith et al. showed that the double mutant S631C-G628C 

completely lacks inactivation.113 The important role of S631 was further emphasized by 

Schönherr et al. showing that replacement with an alanine also abolishes inactivation.114 A 

subsequent study, however, revealed that this is not completely true; instead, S631A shifts 

the inactivation by +102 mV.132 Interestingly, this alanine is equivalent to the residue in the 

non-inactivating Kv10.1. In a subsequent study by Herzberg et al.,133 introduction of the P-

helix and SF from hERG into the Kv10.1 resulted in an inactivating Kv10.1 channel 

underlining the essential role of these two regions for inactivation. As already pointed out by 

them and also shown by Ficker et al.,134 the point mutation of S620 on the P-helix of hERG to 

the corresponding threonine in Kv10.1 was sufficient to eliminate inactivation. Molecular 

insights into the role of these inactivation eliminating mutations were provided by Stansfeld et 

al. using a homology model of the hERG channel.135 S620T and S631C-G628C stabilized the 

carbonyl oxygen of Y627 in the S0 ion binding site forming orientation (see chapter 1.2.1, 

page 4) while in wild type (WT) simulations regular flips were observed which disrupted the 

S0 K+ binding site. This stabilization of the SF is thought be caused by an increased 

hydrogen bond network between the SF and the P-helix mediated by a water molecule. 

Interestingly, such a water molecule on the backside of the SF was also observed in a crystal 

structure of KcsA136 and a recent MD simulation study on KcsA has further highlighted the 

important role of water molecules on inactivation.56 The study of Stansfeld et al. suggests 

that the water molecule in hERG bridges interactions between S620 and N629. This is 

supported by the fact that the equivalent residues in KcsA, E71 and D80, are crucial for 

inactivation in KcsA.137,138 

Between the S5 and the P-helix, the hERG channel exhibits an extraordinary long linker 

(approximately 40 residues in hERG compared to 12-15 residues typically in Kv channels). 

Cysteine scanning and NMR studies revealed that the middle part of this linker forms an 

amphiphilic helical structure, the turret helix.139,140 Interestingly, the secondary structure of 

this linker appears to be very flexible as the helical structure was only observed in membrane 

mimicking micelles.140 This is further supported by Jiang et al. suggesting that the linker can 

switch between a helical and a loop structure depending on a hydrophobic or hydrophilic 

environment.141 Further, mutations of the turret helix led to disruption of inactivation 

suggesting that the turret helix contributes to the unusual fast inactivation in hERG.139,142,143 

Although the mechanism is not well understood, it is clear that this linker is of great 

importance for inactivation and might represent a key component for the exceptional fast 

inactivation in hERG. 
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The hERG N-terminus is formed by the intracellular Per-Arnt-Sim (PAS) domain and a 

preceding N-terminal cap.144 It was shown that both, PAS114,144,145 and the N-terminal 

cap,146,147 are important for the slow deactivation kinetics. Recently, Ke et al. revealed that 

the N-terminal cap is also essential for the PAS domain stability and in further consequence 

channel trafficking.148 On the C-terminus, hERG exhibit a cyclic-nucleotide-binding domain 

(cNBD). However, binding of cAMP to the cNBD had only a minor effect on channel gating 

suggesting that cyclic-nucleotide binding is not the major purpose of the cNBD in hERG.149 

Indeed, Gustina and Trudeau have shown that deletion of the cNBD resulted in rapid 

deactivation kinetics comparable to the deleted PAS domain channel.150 By using hERG 

constructs with/without PAS and/or cNBD, they proposed that the slow deactivation kinetics 

in hERG occur due to interactions between the PAS domain and cNBD.  

In the absence of hERG crystal structures, tremendous efforts have been directed 

towards the generation of reliable and predictive hERG homology models.151–159 These 

homology models mostly rely on crystal structures of KcsA, MthK and KvAP and focus on the 

pore domain of the hERG channel since most drugs bind in the cavity inside the channel. 

Due to the lack of a template for the turret helix, the linker between S5 and P-helix is often 

modelled as a short loop. While there is a broad consensus on the sequence alignment of 

the S6 helix, the alignments vary in the S5 region. A comprehensive study by Stary et al.157 

validated several alignments and proposed a consensus model of the hERG channel pore 

(Figure 7B). This model is used throughout our studies. 

 

Figure 7. hERG channel structure. A) TM topology of an individual hERG SU. Used from Stansfeld 

et al.
135

 B) Consensus homology model of the hERG pore domain. 3 of the 4 SUs are shown and 
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colored blue, yellow, and green. Amino acids that form the drug binding site are shown as sticks. K
+
 

ions are represented as magenta spheres. 

 

 Drug block of hERG channels 1.3.4

In clinical practice, LQTS is most commonly observed in patients taking drugs that block 

the hERG K+ channel. Obviously, this effect can be caused by antiarrhythmic drugs, such as 

dofetilide, ibutilide, sotalol, and amiodarone, blocking the K+ current during phase 3 of 

repolarization (class III antiarrhythmic drugs).160 TdP induced by these drugs is a relatively 

frequent side effect, affecting up to 12.5 % of patients treated with ibutilide for example.161 

Beside antiarrhythmic drugs, LQTS and TdP were reported for a variety of non-cardiac drugs 

with diverse chemical entities including antihistamines (e.g. terfenadine), psychiatric (e.g. 

haloperidol and thioridazine), antimicrobial (e.g. erythromycin), prokinetic (e.g. cisapride), 

and antimalarial drugs (e.g. pentamidine and halofantrine). Although TdP occurs rarely by 

the administration of non-cardiac drugs (1 out of 120,000 patients treated with cisapride for 

example),162 this risk is intolerable for medications that are used to treat non-life-threatening 

diseases such as allergies. Consequently, several drugs such as terfenadine and cisapride 

were withdrawn from the market or had their use heavily restricted by regulatory agencies. It 

has now become a standard procedure to screen drug candidates for their hERG blocking 

capacity as laid out by the ICH guideline S7B.163 However, as hERG is blocked by a plethora 

of drug classes and chemical entities, it is still a major challenge to reliably predict hERG 

blocking potency during drug development.67,107,164,165 

Nonetheless, substantial progress has been made in identifying the drug binding site in 

hERG. Starting in 2000, alanine scanning mutagenesis was employed to measure the 

contribution of a native amino acid on drug binding.166 Since then, this method is extensively 

applied on different hERG blockers and identified key amino acids that are commonly 

important for hERG blockers. They include T623, S624, and V625 from the bottom of the SF 

and the two aromatic amino acids Y652 and F656 located on the S6 helices (Figure 7B).166–

177 All these amino acids, except V625, line the hERG cavity which was identified as the 

consensus binding site for most hERG blockers. Interestingly, the location of two aromatic 

amino acids on the S6 helix is quite unique among Kv channels.178 The presence of 8 

aromatic amino acids lining the cavity allows numerous π-π or cation-π as well as 

hydrophobic interactions and might account for the promiscuity of hERG channel block. 

However, the non-inactivating Kv10.1 channel also possesses tyrosine and phenylalanine 

residues in analogous positions but is less sensitive to drug block.133,179 This suggests that 

inactivation might contribute to high-affinity block. Indeed, introducing inactivation into Kv10.1 
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increased the channel’s sensitivity to drug block133,179 and inactivation impaired hERG 

channel can reduce drug sensitivity.134,167 However, this is not generally valid as not all drugs 

are affected by inactivation impaired hERG channels,180,181 increased inactivation can still 

reduce sensitivity to block,166,182 and the reduced sensitivity is relatively minor to Y652 and 

F656 mutations.183,184 This suggests that binding to the predominant inactivated state is not 

essentially critical and may vary among different blockers.184 The seminal work of Chen et 

al.185 proposed that conformational changes of Y652 and F656 occur during inactivation and 

thereby change the drug binding site. 

While there is no clear picture regarding the dependence of block on inactivation, it is well 

known that most hERG blockers require an open pore gate to gain access to the 

cavity.168,174,186,187 It was also shown that channels can close in the presence of a drug in the 

cavity. This phenomenon, referred to as trapping, will be described in more detail in the 

following chapter 1.3.5. 

Beside drug-induced LQTS caused by direct block of hERG channel, drugs can also 

influence the hERG channel density on the cell membrane and thereby decrease K+ current 

during cardiac repolarization.188 Several drugs, including arsenic trioxide,189 pentamidine,61,190 

and probucol,191 were identified which can reduce trafficking of hERG channels to the cell 

membrane. These drugs disrupt trafficking without direct channel block. Interestingly, other 

compounds such as fluoxetine and ketoconazole acutely block hERG channels and reduce 

the amount of hERG protein at the cell surface by long-term exposure.192,193 These two 

effects could be separated by mutating F656 which abolished channel block but did not affect 

impaired trafficking. This suggests that these drugs might also act on alternative binding sites 

of the channel194 or target distinct pathways that regulate hERG protein trafficking.195 

Conversely, hERG blocking compounds can also rescue trafficking defective mutant 

channels and thereby act as so called pharmacological chaperones. This effect was shown 

for several drugs including astemizole, cisapride, and terfenadine.196–198 This rescue is 

thought to be caused by binding of the drugs to the inner cavity of the channel pore soon 

after assembly of the channel tetramers in the endoplasmic reticulum. This leads to the 

stabilization of protein structures and thereby prevents degradation of the protein. However, 

while these pharmacological chaperones rescue trafficking to the cell membrane, they are 

hERG blockers by nature which ultimately do not increase K+ current during the 

repolarization phase. Therefore, attempts have been made to separate these two effects.198 

In a recent study, we used pentamidine as a model drug to identify chemical key features for 

drug-induced trafficking defects. Additionally, the relation between correction of drug-induced 

trafficking defects and hERG channel block was studied by using dofetilide and 

derivatives.199 This might facilitate the design of non-blocking correctors for trafficking 
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defective hERG proteins. Although the mechanism of action of altered trafficking by drugs is 

not well understood, it is important to consider altered trafficking as an alternative pathway 

for drug-induced LQTS during drug development. Especially since conventional screening 

methods for hERG channel block may not detect a decrease in current by this mechanism.107 

 

 Drug trapping 1.3.5

It was shown for several hERG blockers that recovery from block in the cavity occurs 

relatively slowly.173,174,176,187,200–202 It was already suggested by Armstrong in 1971 that this 

slow rate of recovery may result from a blocker which is trapped in the cavity during gate 

closure.203 Direct evidence for the trapping hypothesis was provided by Mitcheson et al.201 by 

making use of the high affinity hERG blocker MK-499 and the point mutation D540K. The 

D540K channel exhibits almost WT gating behavior which means that the channel is mostly 

closed at a membrane potential of -90 mV and opens in response to membrane 

depolarization. However, the channel can also be opened by hyperpolarization to membrane 

potentials below -90 mV.204 This unique gating behavior of D540K channels provides an 

excellent approach to test if drugs are present in the cavity when channels are in a closed 

state. While recovery from block was very slow in closed WT channels, the reopening of the 

D540K mutant at hyperpolarized potentials resulted in a facilitated dissociation of MK-499 

indicating that the compound is trapped in the cavity. This approach was widely used to 

provide evidence for trapping of hERG blockers of various chemical entities.173,174,176,187 

Additionally, drug trapping in hERG was investigated by measuring the extent of recovery 

from block after a 330 s resting period in which channels are kept closed.187,202 In both 

approaches, it remained elusive which structural descriptors of hERG blockers or specific 

interactions with the channel cause trapping. Therefore, we conducted MD simulations to 

provide atomistic insights into conformational changes occurring during drug trapping (see 

chapter 4.3, page 72). 

 

1.4 Kir channels 

The third class of K+ channels investigated in this thesis is the inward rectifier K+ channel 

family. Kir channels are characterized by their ability to conduct K+ inward more easily than 

outward, termed inward rectification. Under physiological conditions, these channels 

generate a large K+ current at potentials negative to the equilibrium potential of K+ (EK), but 

permit less conductance at potentials positive to EK (Figure 10, page 28).205–208 Because of 

this unique feature, Kir channels are involved in various key physiological processes and can 
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cause severe diseases (see chapter 1.4.1, page 17). Recent progress has been made in 

understanding the unique gating properties of Kir channels by crystallization of several 

mammalian and bacterial Kir channels (see chapter 1.4.2, page 24). 

Kir channels are classified by their strength of rectification and their response to various 

triggers. The 15 identified Kir SU genes are grouped into seven subfamilies (Kir 1.x to 7.x).209 

These subfamilies can be categorized into four functional groups: classical Kir channels 

(Kir2.x), G-protein-gated Kir channels (KG or Kir3.x), ATP-sensitive K+ channel (Kir6.x), and 

K+-transport channels (Kir1.1, Kir4.x, Kir5.1, and Kir7.1) (Figure 8).18 

 

Figure 8. Phylogenetic tree of Kir channels. Kir channels are grouped into seven subfamilies (Kir1.x 

to Kir7.x) and are categorized into four functional groups. Figure from Hibino et al.
18

 

 

 Physiological and pathophysiological role 1.4.1

Kir channels are found in various distinct cell types including cardiac myocytes,205,210 

neurons,211–213 blood cells,214 and epithelial cells.215,216 In the following part of this chapter, the 

physiological and pathophysiological roles of each functional group will be discussed 

separately to provide a concise yet clear overview of the widespread involvement of Kir 

channels. As an outline, the human Kir channelopathies are listed in Table 1. 

 

Table 1. Human Kir channelopathies. Adopted from Hibino et al.
18

 ND, not determined. 

Disease Channel Condition 

   

Bartter’s syndrome (type II) Kir1.1 Loss of function 

Andersen’s syndrome (LQT7) Kir2.1 Loss of function 

SQTS Kir2.1 Gain of function 

Generalized seizures Kir4.1 ND 

SeSAME syndrome Kir4.1 Loss of function 
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congenital hyperinsulinism SUR1, Kir6.2 Loss of function 

neonatal diabetes SUR1, Kir6.2 Gain of function 

Snowflake vitreoretinal degeneration Kir7.1 Gain of function 

 

1.4.1.1 Classical Kir channels (Kir2.x) 

Classical Kir channels (Kir2.x) are responsible for IK1 in cardiac myocytes (Figure 5A, 

page 8) which is essential for the final cardiac repolarization.205,210,217 Additionally, they carry 

a time-independent background K+ current that is responsible to retain the cardiac resting 

potential close to EK. Membrane potentials more negative than EK are corrected by an inward 

current and slightly increased membrane potentials are compensated by an outward current. 

As myocytes are depolarized, the lack of outward K+ flow through Kir2.x channels at positive 

membrane potentials is essential for the maintenance of the plateau phase. Interestingly, as 

several K+ channels including hERG and Kir2.x are important for the cardiac repolarization, 

the hindrance of K+ current during the plateau phase is caused by completely distinct 

mechanisms. This fact further emphasizes the importance of the sophisticated performance 

of ion channels during the cardiac action potential. When repolarization is initiated by Kv 

channel current, the outward current IK1 accelerates the final stage of cardiac repolarization. 

Therefore, Kir2.x channels play a crucial role in shaping the action potential by setting the 

resting potential, facilitating the plateau phase, and inducing late repolarization. 

Consequently, changes in Kir2.x channel function can lead to severe disorders. Loss-of-

function mutations in the Kir2.1 encoding gene KCNJ2218 cause Andersen’s syndrome which 

is accompanied by cardiac arrhythmias, periodic paralysis and dysmorphic bone structure in 

face and fingers.219 As these mutations reduce K+ current during late repolarization, the QT 

interval is prolonged (LQTS type 7) rendering the heart more prone to arrhythmias. 

Additionally, Kir2.1 malfunction might destabilize the resting cardiac potential and thereby 

trigger arrhythmias. Conversely, a mutation was identified in KCNJ2 that cause SQTS.220 

This mutation results in the substitution of an aspartic acid to an asparagine residue at 

position 172 (D172N). D172, located at the C-terminal end of TM2, is crucial for the strong 

inward rectification characteristics of Kir2.1 (see chapter 1.4.2, page 24).220 Loss of inward 

rectification leads to K+ current during the plateau phase and results in early repolarization. 

Beside their role in the heart, Kir2.x channels are expressed in blood vessels,221 neurons 

in the brain,222 skeletal muscle218 and kidney.216 In blood vessels, they contribute greatly to 

vasodilation. Kir channels, located in the vascular endothelial cells, set the cells to a negative 

membrane potential which provides the driving force for Ca2+ flux into cells which in further 

consequence leads to the NO facilitated vasodilation.221,223,224 In vascular smooth muscle 

cells, it has been suggested that Kir2.x channels contribute to vasodilation in response to an 
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increase in extracellular K+ concentration.225 As high extracellular K+ concentrations normally 

cause depolarization, increased Kir conductance compensates depolarization and result in 

membrane hyperpolarization.226 

The significance of Kir2.1 channels in muscle function is shown by the Kir2.1 deficient 

disease Andersen’s syndrome which is accompanied by periodic paralysis. It was suggested 

that, due to the reduced Kir2.1 function, the resting membrane potential is shifted in the 

depolarizing direction. Thereby, Na+ channels are inactivated and are rendered insensitive to 

action potential initiation and propagation.218 In the kidney, classical Kir channels are 

involved in K+ secretion in the cortical collecting duct (CCD) of the kidney. It was shown that 

apical (facing the duct lumen) and basolateral (facing the interstitial space) membranes of 

CCD express distinct type of Kir channels. While the apical Kir1.1 channels exhibit mild 

inward rectification with an intermediate conductance,216,227,228 the basolateral Kir2.3 

channels display strong rectification with a small conductance.216,229–231 This asymmetric 

profile of Kir channels in epithelial cells is important to allow K+ transport from the basolateral 

to the apical side. Kir1.1 plays also a major role in Na+, K+, and Cl- reabsorption in the thick 

ascending limb of the loop of Henle (TAL) (see chapter 1.4.1.4, page 22).18,216 

Interestingly, the function of classical Kir channels is influenced by the cholesterol fraction 

of the membrane. Application of cholesterol reduces Kir2.1 current in Chinese hamster ovary 

(CHO) cells and native Kir2.x current in bovine and human aortic endothelial cells.232,233 

Additionally, an increased plasma cholesterol level in hypercholesterolemic pigs causes 

reduced endothelial Kir current and depolarization of the membrane resting potential.234 This 

suggests that the suppression of Kir channels might display an important factor in 

hypercholesterolemia-induced endothelial dysfunction and other vascular diseases 

associated with an altered lipid membrane profile. 

 

1.4.1.2 G-protein-gated Kir channels (KG or Kir3.x) 

KG channels are regulated by G protein-coupled receptors (GPCRs). Upon agonist binding 

to GPCRs, the two SUs Gα and Gβγ are separated from each other. In further consequence, 

the Gβγ SU activates the KG channel by binding to both N- and C-termini of the KG 

channel.235–242 Although KG channels are activated only by the Gβγ SU,243–247 it was suggested 

that the Gα SU is involved in the control of channel activity.238,248,249 Stimulation of GPCRs by 

different ligands such as dopamine,250 glutamate,251,252 and acetylcholine (ACh)253 results in 

activation of KG channels which hyperpolarizes the cells. 
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KG channels play an important role in the regulation of the heart beat frequency by 

responding to ACh release from the vagal nerve. In the sinoatrial node,254,255 ACh induces K+ 

efflux through Kir3.1 and Kir3.4 channels and causes membrane hyperpolarization which 

result in slowing of the heart rate.253,256–258 In the brain, KG channels are located at 

presynaptic and postsynaptic membranes.259–261 On the postsynaptical site, KG channels 

diminish the excitability of the postsynaptical membrane by hyperpolarization.262 This 

hyperpolarization can be triggered by several neurotransmitters such as opioid receptor 

agonists263,264 or GABAB agonists.265 Additionally, it was suggested that KG channels are 

involved in drug abuse and addiction.18 Kir3.x channels were also found to be located in 

secretory vesicles of the pituitary gland.266 Beside the manifold roles of KG channels in the 

heart and the brain, these channels regulate insulin and glucagon secretion in the pancreas 

in response to hormones and neurotransmitters. GPCR ligands such as catecholamines and 

somatostatin cause a KG channel induced membrane hyperpolarization. This effect leads to a 

decreased insulin secretion from β-cells and a reduced glucagon release from α-cells.267–271  

 

1.4.1.3 ATP-sensitive K+ channel (KATP or Kir6.x) 

KATP channels are found in pancreatic β-cells,272,273 cardiac myocytes,274 skeletal 

muscle,275 vascular smooth muscle,276,277 and neurons.278 The channels are inhibited by ATP 

(except for channels in smooth muscle) and are activated by nucleoside diphosphates 

(NDPs) such as ADP.279 KATP channels are comprised of four Kir channel SUs forming the 

channel pore and four surrounding sulfonylurea receptor (SUR) proteins.280 While the Kir 

SUs are responsible for ATP induced inhibition, NDP binding to the SUR proteins cause 

activation. 

The most prominent expression of KATP is found in the pancreatic insulin secreting β-cells. 

These channels consist of Kir6.2 SUs and SUR1 proteins.281 By setting the membrane 

resting potential, they couple the blood glucose concentration to insulin secretion.282 At 

substimulatory blood glucose levels, KATP channels are constitutively open and the steady 

KATP outward current maintains a hyperpolarized membrane potential. As the blood glucose 

level increases, enhanced glucose uptake and metabolism in β-cells results in an increased 

ATP concentration and a lowered ADP concentration. Consequently, the higher ATP 

concentration counteracts the ADP activatory effect and causes closure of the KATP channels 

which leads to depolarization of the cell membrane. The subsequent Ca2+ influx through 

activated L-type voltage-gated Ca2+ channels leads to insulin secretion from cell vesicles. 

Additionally, KATP channels appear to be involved in the hypoglycemia induced glucagon 
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release from α-cells. However, the exact regulation by KATP channels in α-cells is not fully 

understood yet.283–285 

The key role of KATP channels in glucose metabolism implicates that improper function of 

Kir6.2 or SUR1 can result in severe glucose homeostasis disorders. Indeed, the majority of 

KATP channelopathies are linked to pancreatic β-cells.286–288 Loss-of-function mutations cause 

congenital hyperinsulinism (CHI) which is characterized by a persistent and unregulated 

insulin secretion despite low blood glucose levels.289 Shortly after birth, affected individuals 

present hypoglycemia which causes irreversible brain damage if untreated. In most cases, 

therapy is accompanied by a partial pancreatectomy. Loss-of-function mutations are either 

located in SUR1,290,291 which account for 50 % of the cases, or in the Kir6.2 encoding gene 

KCNJ11.287,292–295 These mutations can alter gating per se, affect the channel response to 

NDP, or disrupt trafficking defects to the surface membrane. Mutations in the nucleotide 

binding domain (NBD) of SUR1 result in an impaired response to NDP and in further 

consequence persistent closed KATP channels. Trafficking deficient mutations are mainly 

located on the SUR1 gene. Gain-of-function mutations, located either on SUR1 or on Kir6.2, 

cause neonatal diabetes (ND) which normally occurs in the first 6 months of life.282,287 In this 

phenotype, the sensitivity of KATP channels to ATP is reduced. Thus, channel closure and 

membrane depolarization in response to high blood glucose levels is impaired.296,297 Most 

patients with ND can be treated by sulfonylureas. These drugs bind to the SUR proteins and 

cause closure of the KATP channels leading to an increased insulin secretion. Therefore, 

sulfonylureas are also administrated in diabetes mellitus type 2. Beside hyperglycemia, 

around 20 % of ND patients also suffer from neurological problems such as delayed 

development of speech and walking, muscle hypotonia and epilepsy.298 This range of 

symptoms is a consequence of the widespread distribution of KATP channels in the human 

body. 

In contrast to KATP channels in the pancreatic β-cells, cardiac KATP channels are closed 

under physiological conditions due to the high intracellular ATP concentration.299,300 During a 

cardiac metabolic insult such as an increased cardiac work load, hypoxia, or ischemia, KATP 

channels are activated and cause ST elevation in the ECG which is a hallmark of acute 

myocardial ischemia.301 Interestingly, it was shown that opening of KATP channels plays a key 

role in ischemic preconditioning.302–304 This phenomenon is characterized by the observation 

that a period of sublethal ischemia can profoundly protect the cardiac cells from a 

subsequent ischemic insult.304,305 Additionally, KATP channels appear to be involved in cardiac 

stress adaption and maintenance of cellular functions.306–308 

Opening of KATP channels in vascular smooth muscle results in membrane 

hyperpolarization, closure of voltage-gated Ca2+-channels, and thus in relaxation of the 
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smooth muscle cells.309,310 This effect is employed to treat hypertension and angina pectoris 

by KATP channel openers such as nicorandil which causes vasodilation of blood vessels. KATP 

channels are also expressed in the uterine myometrial smooth muscles and channel density 

increases during pregnancy.311,312 Therefore, KATP channel openers can inhibit uterine 

contractions during late pregnancy. In the brain, KATP channels might play a role in excitation 

regulation of neurons in response to glucose, similar to that of β-cells.278,313 Additionally, it is 

thought that KATP channels act as protective mediators under pathological conditions by 

suppressing neuronal activity during hypoxia.314–316 

 

1.4.1.4 K+-transport channels (Kir1.1, Kir4.x, Kir5.1, and Kir7.1) 

 Kir1.1 was the first cloned Kir channel and was initially described as the “rat outer 

medullary K+ channel” which led to the commonly used abbreviation ROMK1.317 It plays a 

major role in the electrolyte homeostasis regulation in the kidney.216 More specifically, Kir1.1 

channels are located in renal epithelial cells of TAL, CCD, and the distal convoluted tubule 

(DCT). In the TAL cells, around 25 % of the urine Na+ is reabsorbed by the Na+-K+-2Cl- 

cotransporter (NKCC) which is located on the apical cell membrane. To maintain the activity 

of NKCC, Kir1.1 channels, expressed also on the apical side, conduct K+ to the lumen.13,216 A 

Na+-K+-ATPase on the basolateral membrane carries reabsorbed Na+ to the interstitial space 

while a Kir2.3 channel maintains the K+ ion gradient. Therefore, the cooperative work of 

NKCC, Kir1.1, Na+-K+-ATPase, and Kir2.3 causes a unidirectional transport of Na+ from the 

urine to the interstitial space.216 The positive membrane potential difference in the lumen 

represents the main driving force for paracellular Na+, Ca2+, and Mg2+ reabsorption.216 Kir1.1 

channels are also critically involved in the secretion of K+ in the CCD (see chapter 1.4.1.1, 

page 18).18,318 Mutations in the Kir1.1 encoding gene KCNJ1216,319–323 are associated with 

type II Bartter’s syndrome which is an autosomal recessive renal tubulopathy. Symptoms 

include hypokalemia, alkalosis, renal salt wasting, and elevated renin and aldosterone blood 

levels.321,324,325 In TAL cells, the disrupted Kir1.1 function greatly reduces the extracellular K+ 

concentration which is needed by NKCC for Na+ and Cl- reabsorption. Additionally, due to the 

missing positive membrane potential difference in the lumen, the paracellular reabsorption of 

Na+ is greatly reduced. This symptomatic phenotype was confirmed by Kir1.1 knockout mice 

which exhibited renal Na+, Cl-, and K+ wasting and hypokalemia.326,327 The mechanism of 

hypokalemia was initially unknown since it was suggested that Kir1.1 is the major secretory 

pathway of K+. Consequently, impaired Kir1.1 channel function was expected to result in 

hyperkalemia. A recent study shed light on this discrepancy.328 In Kir1.1 knockout mice, K+ 

secretion by Kir1.1 in TAL cells was diminished. However, K+ secretion was maintained by 
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continuous K+ efflux through large-conductance Ca2+-activated K+ channels in the late distal 

tubule leading to the observed hypokalemia in Bartter’s syndrome. 

 Kir4.x and Kir5.1 channels are located in the kidney, stomach, cochlea and glial cells. In 

the kidney, apical Na+ channels in DCT cells play a major role in reabsorption of Na+. This 

absorption is coupled to a basolateral Na+-K+-ATPase to maintain a unidirectional transport 

of Na+ from the lumen to the interstitial space. Basolateral Kir channels adopt a “K+ recycling” 

function by conducting intracellular K+ to the interstitial space.216 Additionally, the pH 

sensitivity of these channels strongly suggests that they are involved in acid-base 

homeostasis by pH-dependent regulation of ion transport.216,329–331 In gastric parietal cells, 

Kir4.1 channels are expressed together with an H+-K+-ATPase on the apical membrane.332,333 

This pump secretes protons, which are essential for the production of hydrochloric acid in the 

stomach, in exchange for K+. K+ efflux through Kir4.1 channels thereby maintains the activity 

of the H+-K+-ATPase by providing sufficient extracellular K+. 

The cochlea of the inner ear hosts two extracellular liquids, the perilymph and endolymph. 

While the ionic composition of the perilymph is similar to other extracellular liquids, the 

endolymph exhibits a high K+ concentration of around 150 mM and a highly positive potential 

of +80 mV. This potential is called the “endocochlear potential”.334–336 These unique 

properties of the endolymph are maintained by Kir4.1 and are crucial for proper audition.337 In 

addition, the Pendred syndrome which exhibit thyroid goiter and deafness was linked to the 

loss of Kir4.1 channel function in the cochlea.338 

In brain astrocytes and retinal Müller cells, Kir channels conduct a large K+ current to 

maintain the ionic and osmotic environment in the extracellular compartment.18 Most 

importantly, they carry off K+ from regions with high K+ concentration resulting from synaptic 

excitation.339 The rapid K+ clearance by glial cells is essential for proper synaptic function as 

a high concentration of K+ would result in continuous neuronal signaling. Interestingly, glial 

cells from patients with intractable epilepsy exhibit almost complete lack of Kir 

conductance,340 a reduced inward rectification341 and a diminished K+ clearance.342,343 

Additionally, patients suffering from the SeSAME syndrome, which is accompanied by 

seizures, deafness, ataxia, mental retardation, and electrolyte imbalance, exhibit mutations in 

the Kir4.1 gene.344,345 The affected organs, brain, ear, and kidney, correspond to the 

distribution pattern of Kir4.1. 

Kir7.1 channels are found in the choroid plexus epithelial cells,346 in the retinal pigmental 

epithelia,347,348 in intestinal epithelial cells,346 in thyroid follicular cells,346 and in renal 

epithelia.349,350 The physiological role of Kir7.1 is unknown. However, due to the Kir7.1 

presence in various epithelial cells, involvement in cellular ion transport seems likely. 
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Mutations in the Kir7.1 encoding gene KCNJ13 can cause snowflake vitreoretinal 

degeneration (SVD). SVD is characterized as a developmental and progressive eye disease 

accompanied by fibrillar degeneration of the vitreous humor, early-onset cataract, snowflake-

like crystalline deposits in the retina and retinal detachment.18,351 

 

 Structural basis of Kir channel gating 1.4.2

Kir channels comprise of four identical SUs which coassemble to form a TM domain and a 

cytoplasmic domain (CTD). Each SU consists of two TM spanning helices (Figure 2B, page 

4) and thus exhibit similar conformations as the crystallized bacterial channels KcsA and 

MthK (see chapter 1.2.1, page 4). However, Kir channels have an additional helix in the TM 

domain which is located on the N-terminal end of TM1. This slide-helix is of amphiphilic 

character which strongly suggests that it runs parallel to the membrane-cytosol interface. The 

importance of the slide-helix for proper channel function is emphasized by the fact that 

mutations in this region can cause type II Bartter’s syndrome and Andersen’s 

syndrome.218,320,352–354 As other K+ channels, Kir channels possess a SF and a pore gate, 

termed helix bundle crossing (HBC) gate, which can open and close by bending of the TM2 

at a glycine hinge.355 In the HBC gate, several bacterial (KirBac) and mammalian Kir 

channels exhibit a bulky aromatic amino acid (e.g. F181 in Kir3.1 and F187 in Kir3.4, F146 in 

KirBac1.1, Y132 in KirBac3.1), which was proposed to act as a barrier for ion permeation. 

Mutations of the phenylalanine to alanine or serine led to constitutively open channels 

verifying the crucial role of this amino acid in closing the HBC gate.356,357 Crystallization of the 

CTD revealed that the N- and C-termini of all four SUs form a β-strand rich cylinder which is 

characteristic for Kir channels.358–360 This cylinder is mainly formed by the long C-termini of 

each SU while the shorter N-termini are located between adjacent C-termini. The CTD 

lengthens the ion permeation pathway by approximately 30 Å resulting in a total of 60 Å that 

needs to be passed by K+ ions.358 The CTD introduces another gate to the permeation 

pathway, the G-loop gate.359,361 This gate is located on the upper part of the CTD and faces 

the TM domain. It was suggested that the G-loop not only contribute to channel gating but 

also to the inward rectification of Kir channels.359 Additionally, several mutations causing 

Andersen’s syndrome are located in the G-loop gate of Kir2.1.218,362,363 The CTD is also the 

binding site for Kir subfamily specific triggers such as nucleotides and G 

proteins.235,238,241,242,364 

Recent full length crystal structures of bacterial and mammalian Kir channels in open and 

closed conformations shed light on the arrangement of the TM domain and CTD in different 

channel states (Figure 10C).42,361,365–371 They revealed that the CTD undergoes a rotational 
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movement of 23° upon channel gating and thus exists in a non-twisted and twisted 

conformation. Since the first observations of a twisted and non-twisted CTD occurred in the 

context of a closed HBC gate367 and a subsequent open crystal structure exhibited only a 

twisted CTD,42 it was suggested that the rotational movement of the CTD has to occur prior 

to HBC gate opening.42 As this assumption is based on static conformations of KirBac 

channels, we set out to test this hypothesis and investigated the dynamical, sequential 

process of gating events by making use of MD simulations. Pore gating of Kir channels was 

studied on the bacterial homologue KirBac1.1 and was the subject of a comprehensive study 

of this thesis (see chapter 4.2, page 49). Beside the rotational movement of the CTD during 

gating, Clarke et al.367 suggested an additional movement based on the observation of a 

latched and unlatched state of the CTD. In the unlatched conformation, more interactions are 

formed in the interface of adjacent SUs leading to tighter packing of the interface which has 

great implications for the polyamine effect on Kir channels (described below). The rotational 

movement of the CTD was proposed to be directly linked to conformational changes of the 

SF via the slide-helix as several crystal structures with a twisted CTD displayed an 

nonconductive filter.367 A recent study by Bavro et al.,42 however, showed that the CTD can 

exhibit a twisted conformation while the SF remains in an activated, conductive conformation. 

Thus, a possible coupling between the two distinct gates remains controversial and needs to 

be further investigated. The TM domain is connected to the CTD via the C-linker which 

exhibits positively charged amino acids. The C-linker was suggested to play a key role in 

communication between the two domains by forming an interaction network between the 

HBC gate, the slide-helix, and the G-loop.42 There is overwhelming evidence that the C-linker 

interact with the negatively charged phosphatidylinositol-4,5-bisphospate (PIP2) which is 

essential for proper function of Kir channels.368,372–382 Recently, an additional secondary 

binding site for nonspecific anionic phospholipids was identified on the slide-helix. Binding of 

phospholipids to this site was suggested to stabilize the activatory site for PIP2.383,384 

Beside PIP2 and nonspecific phospholipids, Kir channel function is maintained and 

regulated by cholesterol. Most Kir channels have been found to partition into cholesterol-rich 

membrane domains and are affected by the membrane cholesterol concentrations.19,385–387 

Interestingly, the impact of the cholesterol concentration greatly dependents on the channel 

type. While an increase in membrane cholesterol reduces Kir2.x current (see chapter 1.4.1.1, 

page 18), Kir4.x channels are inhibited by cholesterol depletion (see Levitan et al.386 for a 

comprehensive review). A mutational study identified multiple structural determinants in the 

CTD, partially overlapping with the PIP2 binding site, that are crucial for Kir sensitivity to 

membrane cholesterol.385 Additionally, it was suggested that the channel interactions with 

cholesterol are of specific nature rather than caused by changes in the membrane physical 

properties.387 
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Kir channels are characterized by their ability to allow inward conductance more easily 

than outward conductance. This effect is achieved by the physical block of Kir channels by 

Mg2+ ions and polyamines at membrane potentials more positive than the K+ reversal 

potential (Figure 10A).388–390 Electrophysiological and mutational studies suggest that there 

are more than one binding site for blocking ions. The first binding site was identified in the 

TM2 helices of Kir2.1 and Kir1.1. While the strong rectifier Kir2.1 channel exhibits a 

negatively charged aspartic acid at position 172 (D172), the weakly rectifying Kir1.1 

possesses a neutral asparagine at the equivalent position (N171). The mutation N171D in 

Kir1.1 drastically increased the rectification by an increased affinity for Mg2+.391–393 Moreover, 

D172 in Kir2.1 was shown to be essential for polyamine block.394 Thus, the strength of inward 

rectification by Mg2+ and polyamines is dependent on the presence of a negatively charged 

residue in the TM2 helix and this site is therefore called “D/N site” or “rectification controller”. 

Another TM2 residue, S165, was shown to cause inward rectification in Kir2.1 by Mg2+ but 

not by polyamines.395 Beside the TM binding sites, Kir channels have several negatively 

charged residues in the CTD which are crucially involved in Mg2+ and polyamine 

sensitivity.396–398 Crystal structures of the CTD of several Kir channel revealed that these 

amino acids point toward the ion conducting pore and form a ring of negatively charged side 

chains which serve as a complimentary electrostatic match for the long, positively charged 

polyamines.358,359,365 In a recent study on Kir2.1,399 we were able to show that this 

electrostatic ring can be specifically targeted by drugs which do not only cause inward 

rectification but also inhibit inward current. By making use of a pentamidine derivative library, 

we identified a compound which exhibits phenyl rings on the pentamidine substructure and 

thereby enhance hydrophobic interactions in addition to the electrostatic contacts. Docking 

studies suggested that the more hydrophobic pentamidine derivative can bind stronger to the 

ring of the CTD which leads to the inward current inhibition. 

In the crystal structures of KirBac3.1 by Clarke et al.367 two separate binding pockets for 

the polyamine spermine were identified which are associated to the latched and unlatched 

CTD conformation (Figure 10B). In the latched conformation, the CTD interface of adjacent 

SUs forms a pocket which allows accommodation of spermine. In the unlatched 

conformation, the tight packing of the interface closes the pocket and spermine binds in the 

pore at the HBC gate which is consistent with the above described “D/N site”. This finding 

suggests that the unlatching movement not only participates in channel opening but also 

causes the release of polyamines from the interface binding pocket and makes the 

polyamines available for Kir channel block. 
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1.4.2.1 Prokaryotic vs. eukaryotic Kir channel gating 

Although prokaryotic and eukaryotic Kir channels are only distantly related (~ 20 % 

sequence identity, Figure 9), they share the same general topology and exhibit functional 

similarity. Both are K+ selective, blocked by Ba2+ and inhibited by acidic pH.400 Additionally, 

KirBac channels resemble eukaryotic weak inward rectifiers such as Kir1.1 which are only 

sensitive to Mg2+ and polyamines when a negative charge is introduced at the “D/N site”. In 

KirBac1.1, inward rectification is achieved by mutating the corresponding I138 to an aspartic 

acid.400 

 

Figure 9. Phylogenetic tree of bacterial Kir channels. Protein sequence alignment and 

phylogenetic tree were generated with ClustalX.
401

 

An important difference between bacterial and mammalian Kir channels is their response 

to PIP2. While PIP2 is a well-known activator in all eukaryotic Kir channels, KirBac channels 

are inhibited by PIP2.400,402 MD simulations of PIP2 binding to KirBac1.1 and a homology 

model of Kir6.2 suggested that the bindings sites for PIP2 are conserved in prokaryotic and 

eukaryotic Kir channels.382 Therefore, it is unlikely that the opposing effect is caused by 

different binding sites. The opposing gating response rather results from structural 

differences in the C-linker of these channels as the C-linker in KirBac channels is shortened 

by three amino acids. This has important implications for the distance and consequently for 

the interactions between the TM domain and the CTD. These interactions might be critical for 

channel opening and are not present in the longer eukaryotic C-linker. However, a bound 

PIP2 might mediate interactions between the TM domain and the CTD, thereby facilitating 

channel opening. Interestingly, a PIP2 bound crystal structure of Kir2.2 revealed an upward 

movement of the CTD by 6 Å, leading to a tighter connection of the two domains (Figure 

10D). This structural finding supports the potential mediating effect of PIP2 for channel 

opening in eukaryotic Kir channels. 

Additionally, single channel recordings showed that the KirBac1.1 channel exhibits 

multiple subconductance states which are rarely seen in eukaryotic channels.400 This finding 

might be attributed to several histidine residues that line the channel pore. These residues 

could be reversibly protonated, thereby causing repulsion of permeating K+ ions.400 Further, 

KirBac1.1 possesses several positively charged amino acids in the CTD pore which might 
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contribute to the low conducting states. This is supported by a study of Robertson et al. 

showing that the CTD in KirBac1.1 is less favorable for K+ permeation compared to 

eukaryotic Kir channels.403 

 

Figure 10. Gating of Kir channels. A) Inward rectification caused by intracellular Mg
2+

 and spermine. 

Modified from Bichet et al.
17

 B) Full length crystal structure of KirBac3.1 with the CTD in latched (top) 

and unlatched (bottom) conformation. The Cα trace is shown as a black coil. Spermine is represented 

as yellow (C atoms) and blue (N atoms) spheres. The green spheres in the SF represent K
+
 ions, 

while the magenta sphere in the upper panel illustrates a Ca
2+

 ion which blocks the SF. Figure from 

Clarke et al.
367

 C) Schematic representation of Kir channel gating. Modified from Zhou et al.
404

 D) 

Crystal structures of the apo- (left) and PIP2-bound (right) Kir2.2 channel. The lipid bilayer boundaries 

are indicated by gray bars. Four bound PIP2 molecules are shown as sticks. The CTD translates 

towards the TMD by 6 Å (measured between the two reference atoms highlighted as blue spheres). 

The green and gray dotted lines indicate unresolved structures in the crystals while the green solid line 

was resolved. Modified from Hansen et al.
368
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2 Methods 

In this thesis, two main biophysical concepts were employed. First, theoretical approaches 

in terms of MD simulations were used to provide full atomistic insights into conformational 

changes of ion channels. More specifically, gating transitions of KcsA, hERG, and KirBac 

and their relation to drug binding and interactions were investigated. Second, the two-

electrode voltage clamp (TEVC) technique was used for an electrophysiology study to probe 

the influence of drug trapping on the extent of channel closure in hERG. 

 

2.1 MD simulations 

MD simulation is a well-established research field of computational biophysics and has led 

to tremendous insights into the dynamical behavior of biochemical entities on the atomic 

level. Due to the impact on our understanding of the dynamics of chemical structures 

achieved with MD simulations, three of the most influential researchers of this field, Martin 

Karplus, Michael Levitt, and Arieh Warshel, received the 2013 Nobel Prize in Chemistry for 

“the development of multiscale models for complex chemical systems”.405 The achievements, 

limitations, and perspectives of MD simulations were extensively reviewed and can be found 

elsewhere.406–409 Herein, a short overview of the theoretical principles of MD simulations will 

be given. 

MD simulations describe the time-dependent evolution of a molecular system by solving 

Newton’s equations of motion. The molecular system is described by a set of particles which 

move in response to forces interacting between them. In contrast to other approaches such 

as quantum mechanics where the atom nuclei and electrons are treated separately, the 

atoms are seen as single particles with an assigned point charge in MD simulations. 

Interactions between atoms are represented by potentials and related force constants and 

are incorporated in the force field. The force field potentials can be grouped into 

intramolecular short-range interactions, which occur between bonded atoms, and long-range 

interactions which exist between nonbonded interaction partners. The bonded interactions 

comprise of covalent bonds, angles, dihedral angles and improper dihedral angles. For 

example, the covalent bond between two atoms is described by a harmonic potential V = 

k/2(r – req)². In this equation, the force constant k and the equilibrium bond length req depend 

on the involved atom types and the bond type between them. Likewise, similar equations are 

defined for the other types of bonded interactions. For more detailed descriptions of force 

field equations, the interested reader is referred to the original paper of the amber force field 

410 and a modified version411 which was employed throughout the MD simulation studies. Due 
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to the fact that the bonded interactions are constant and covalent bonds cannot be broken or 

formed during MD simulations, the usage of such force fields is limited to systems where no 

chemical reactions occur. Additionally, as the covalent bond length show only high frequency 

oscillations with low amplitude and are considered being of minor biological relevance, the 

covalent bond length is normally constrained to a fixed value with LINCS.412 Nonbonded 

interactions are defined by electrostatic and van der Waals interactions and are implemented 

in the force fields by Coulomb and Lennard-Jones potentials, respectively. For electrostatic 

interactions, the charge of a system particle is crucial. The effective charges of atoms are 

normally determined by quantum mechanical calculations of the nuclei and the electronic 

wave function and, for simplicity, are approximated to point charges located on the atomic 

position. As the Coulomb interactions are long-range interactions, they must be calculated for 

all pairs of particles in the system. For systems with periodic boundary conditions, this 

calculation is effectively performed by the Particle Mesh Ewald method413 which splits the 

Coulomb potential into a real space and Fourier space part in which the charges are 

positioned in a mesh. Periodic boundary conditions are used to minimize the edge effects 

which would occur in a finite system from an unnatural boundary with the vacuum outside the 

system. Therefore, the atoms of the system are put into a space-filling unit cell, which is 

surrounded by translated copies of itself in all three dimensions. Since the Lennard-Jones 

potential decays relatively fast over distance, plain cut offs can be defined where the van der 

Waals interactions became negligible. 

With the initial position of the particles and assigned velocities, the forces acting on the 

particles are calculated by building the derivative of the potential obtained from the force field 

and the corresponding coordinates. By making use of Newton’s second law of motion F = ma 

and an integrator algorithm, the positions and velocities of all atoms at the time t = t0 + Δt can 

be calculated. The integration time step Δt should be shorter than the fastest motions of the 

system which are, beside the fixed covalent bond length, the bond-angle vibrations between 

carbon and hydrogen atoms. Therefore, Δt is usually set to 2 fs. However, by freezing the 

angles of hydrogens in chemical entities such as methyl groups or aromatic rings by so 

called virtual sites,414 a larger integration time step can be chosen which leads to a higher 

efficiency in simulating hydrogen-rich systems such as proteins. Thus, virtual sites were 

adopted in MD simulations of the full length KirBac channel consisting of 1046 amino acids 

(see chapter 4.2, page 49). 

MD simulations are usually constantly coupled to a specific temperature and pressure to 

reproduce the conditions that are present in biological systems. In terms of temperature 

coupling, this task is conducted by coupling algorithms such as the Berendsen thermostat,415 

the velocity rescaling thermostat,416 and the Nosé-Hoover algorithm417,418 which was used in 
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MD simulations described herein. To maintain a constant pressure, similar algorithms were 

developed which rescale the coordinates of a system and adjust the boundaries of the 

simulation unit cell. They include the Berendsen pressure coupling415 and the Parrinello-

Rahman pressure coupling419 which was employed in our MD simulations studies.  

 

 Principal components analysis and essential dynamics 2.1.1

simulations 

Trajectories of MD simulations provide tremendous insights into conformational changes 

of systems over time. However, due to the multidimensional motions of a system caused by 

the 3N degrees of freedom (N being the number of atoms), it can be virtually impossible to 

identify the functionally relevant dynamics of such a system. Therefore, it is of great interest 

to find a lower dimensional representation of a trajectory which reveals the major collective 

motions. For such an approach, principle component analysis (PCA) can be employed. In 

PCA, a covariance matrix of the atomic fluctuations is calculated. Diagonalisation of this 

matrix yields a set of eigenvectors which describe the collective motions of a system. The 

corresponding eigenvalues describe the magnitude of the fluctuations along the 

eigenvectors. The eigenvectors with the largest eigenvalues represent the prominent 

collective motions of a system and are thus called “principal components”. Remarkably, it 

was shown that the main conformational changes of a system can be described by a 

relatively low number of eigenvectors (usually by the first few).420 As these principal 

components could be often linked directly to protein function, they were termed “essential 

dynamics (ED)”420 to emphasize the fact that these are the motions essential for function. 

Beside the advantage that PCA helps the identification of the ED of a MD trajectory, the 

extracted principal components can also be used to enhance, or more generally, alter 

sampling of the essential subspace.421–425 

Therefore, the so called ED simulations can be of great importance to investigate slow 

functional transitions of proteins that occur on timescales which are not accessible by 

common computer simulation systems today. For this purpose, a system can be facilitated to 

move in a specific direction of the essential subspace by applying stepwise constraint forces. 

This approach was used in our studies to simulate K+ channel gating (see chapter 4.1, page 

37 and chapter 4.3, page 72). In these studies, channel proteins were driven towards an 

open or closed channel state by permitting only MD steps that move the system closer to the 

target structure along a predefined eigenvector. It is important to note that only this 

predefined eigenvector in the essential subspace is biased while all other degrees of 

freedom are able to equilibrate. Thereby, an almost unbiased MD simulation can be obtained 
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from functional collective motions of a system. Additionally, the ED simulation method can be 

employed to prohibit a system to evolve in a specific direction or to maintain a system at a 

given position to extensively sample the corresponding essential subspace. The latter case 

allows the calculation of energy profiles of functional transitions by umbrella sampling (see 

next chapter). A comprehensive review of PCA and ED simulations was written by Hayward 

and de Groot.426 

 

 Umbrella sampling 2.1.2

Umbrella sampling was introduced by Torrie and Valleau in 1977 to conduct free energy 

calculations by increased sampling of system transitions. For the mathematical background 

of this method, the reader is referred to the original paper427 and the book section “Free 

Energy Calculations” in “Understanding Molecular Simulation” by Frenkel and Smit.428 In 

order to achieve sufficient sampling of transitions, especially of short-lived energy barriers, 

an artificial biasing, usually a harmonic, potential is introduced. For good sampling, it is more 

efficient to use multiple umbrella windows along the transition pathway of interest, called 

reaction coordinate. Sampling of the transition has to occur in equilibrium as the free energy 

is a property of equilibrium. Therefore, for each umbrella window a certain equilibration time 

is discarded so that only equilibrated sampling in response to the biasing potential is taken 

into account. After sufficient sampling of the reaction coordinate by umbrella sampling 

simulations, the free energy profile can be calculated by making use of algorithms such as 

the weighted histogram analysis method (WHAM).429,430 For a robust calculation of the free 

energy by WHAM, sufficient overlap of the sampling distribution of umbrella windows is 

essential. The idea of WHAM is to estimate the global distribution of sampling by a weighted 

average of the distributions of the individual windows.431 Additionally, recent progress has 

been made in estimating the statistical errors of energy profiles calculated with WHAM.432 

 

2.2 Two-electrode voltage clamp 

TEVC experiments were conducted as a visiting researcher in the laboratory of Michael C. 

Sanguinetti at the Nora Eccles Harrison Cardiovascular Research and Training Institute, 

University of Utah, USA. Using this well-established experimental setup for ion channel 

recordings, we set out to shed light on the drug trapping phenomenon in hERG K+ channels 

(see chapter 4.4, page 107) 

Many reviews and book chapters have been written about voltage clamp and its 

application.433–436 In this chapter, the basic theory of TEVC will be discussed as well as the 
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specific methodological approach used for the hERG channel recordings. The concept of 

voltage clamp was first described by Cole437 and Marmont438 in the late 1940s by applying an 

internal current supplying electrode and an external electronic feedback on squid giant 

axons. This first approach allowed them to control the cell membrane potential. The 

technique was further developed by Hodgkin et al. by adding an internal voltage measuring 

electrode and was consequently termed “voltage clamp” by them.439 This improvement 

allowed the control of the membrane potential and at the same time the measurement of the 

membrane voltage changes induced by ionic currents. For their seminal work describing how 

membrane currents give rise to an action potential in nerve fibres,25 Hodgkin and Huxley 

received the Nobel Prize in Physiology or Medicine in 1963.440 

Since then, the principle concept of two-electrode voltage clamp experiments remained 

unchanged. The first electrode, the internal voltage electrode, measures the transmembrane 

voltage (membrane potential) relative to an external grounding electrode. The second 

internal electrode, the current electrode, supplies current into the cell. Based on this setting, 

the membrane potential can be set to a defined holding potential or command potential. To 

maintain the defined command potential, TEVC uses negative feedback where the measured 

membrane potential is compared to the command potential. The difference is amplified by an 

amplifier and current is passed into the cell to set the difference between membrane potential 

and command potential to zero. Thus, the negative feedback of TEVC produces a current 

which is equal and opposite to the ionic current that is of interest in ion channel studies. 

In our drug trapping investigations, the two hERG mutant channels D540C-L666C and 

S660C were studied by TEVC recordings in Xenopus laevis oocytes. Xenopus laevis frogs 

were anesthetized by immersion in 0.2 % tricaine methanesulfonate solution. The 

subsequently removed and dispersed ovarian lobes were placed into a Ca2+-free saline 

solution containing type I and II collagenase (2 mg/ml each, Worthington Biochemical 

Corporation) and shaken for 1-1.5 hours to isolate oocytes from their follicles. The Ca2+-free 

saline solution contained 96 mM NaCl, 2 mM KCl, 1 mM MgCl2, and 5 mM HEPES. The pH 

was adjusted to 7.6 with NaOH. Selected Stage IV and V oocytes were injected with the 

cRNA of either D540C-L666C or S660C hERG channels. Subsequently, oocytes were 

incubated at 17 °C for 1-7 days in Barth’s saline solution containing 88 mM NaCl, 1 mM KCl, 

0.41 mM CaCl2, 0.33 mM Ca(NO3)2, 1 mM MgSO4, 2.4 mM NaHCO3, 10 mM HEPES, and 1 

mM pyruvate plus gentamycin (50 mg/l); pH was adjusted to 7.4 with NaOH.  

Whole-cell hERG currents were recorded at room temperature by using the TEVC 

technique.441 Agarose-tipped microelectrodes were prepared by filling 1-mm borosilicate 

pipettes with 1 % agarose dissolved in 3 M KCl and subsequent back-filling with 3 M KCl. In 

the presence of oxidizing and reducing agents, agar bridges of 1 % agarose in 3 M KCl were 
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used for the reference electrodes. Oocytes were placed in a 0.3 ml oocyte chamber (RC-1Z; 

Warner Instruments) and superfused with KCM211 solution that contained 98 mM NaCl, 2 

mM KCl, 1 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES, pH adjusted to 7.6 with NaOH. For 

disulfide bond forming and breaking experiments, tert-butyl hydroperoxid (tbHO2; 0.5 mM for 

D540C-L666C, 1 mM for S660C; Sigma-Aldrich) and 20 mM dithiothreitol (DTT; Sigma-

Aldrich) were added to the KCM211 solution, respectively. A GeneClamp 500 amplifier, a 

Digidata 1322A data acquisition system and the pCLAMP 9 software (Molecular Devices) 

were used to operate command voltage steps and to record digitized current and voltage 

signals. For IC50 recordings, oocytes were voltage-clamped to a holding potential of -90 mV. 

1-s test pulses to a potential of +20 mV were applied every 3 s. Tail currents were recorded 

at -70 mV and normalized to the current of control sweeps. The concentration-effect 

relationship was fitted with a Hill equation. In case of the disulfide bond forming experiments, 

the test pulse was set to +40 mV, as described by Ferrer et al.,127 while the rest of the 

voltage protocol remained the same. For I-V relationship, the holding potential was set to the 

K+ reversal potential in the KCM211 solution of -95 mV. 2-s test pulses were applied in a 

range from -80 to +70 mV in 10 mV increments. Tail currents were recorded at -70 mV and 

normalized to the maximal tail current obtained at 70 mV. Currents were then plotted as a 

function of the preceding voltage step and fitted to a Boltzmann function to determine the 

half-point of activation (V1/2). 
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3 Motivation 

Since the first description of the importance of ionic currents through channels by Hodgkin 

and Huxley in the 1950s,25 ion channels have been subject to extensive research. Their 

ubiquitous expression in the human body and their involvement in virtually all physiological 

processes render ion channels important drug targets. While the function of ion channels is 

well understood from an electrophysiological point of view, the atomistic details of ion 

channel gating still lack important insights. Crystal structures of ion channels mark a major 

breakthrough in our understanding of channel architecture and have provided elementary 

information of the conformations that ion channels can adopt in different channel states (for a 

list of available crystal structures see 442). However, as ion channels are highly dynamical 

proteins that respond to various triggers, knowledge of the local and global conformational 

changes during gating on an atomistic level is of particular interest. Additionally, it was shown 

that a plethora of drugs targeting ion channels are crucially dependent on the channel state 

to develop their blocking potency. As the binding site for these drugs is located within the 

channel cavity, the pore gate needs to be open to allow access of the drugs.186,187,200,443 

Based on the state dependence of drug block, the trapping phenomenon was identified in K+ 

channels which is characterized by a slow recovery from block from the closed channel 

state.201,203 These two observations, state dependent block and trapping, further emphasize 

the importance of understanding channel gating.  

Herein, we investigated the gating dynamics of KcsA, hERG, and KirBac1.1 to identify 

channel specific differences in pore gating among K+ channels. Specifically, we studied 

global conformational changes of the pore gate and local rearrangements of pore lining 

amino acids. A major challenge in these studies is the slow time course of pore gating 

occurring in native K+ channels (usually in the ms range). To date, simulations of complex 

membrane proteins on such time scales are limited to special purpose computers409 and 

were not applicable in our studies. Therefore, two different approaches were used to 

simulate gating. In case of KcsA and hERG (chapter 4.1, page 37 and chapter 4.3, page 72), 

we made use of the ED technique, described in the method section, which allows enhanced 

sampling of the gating transition pathway. For investigations on Kir channel gating (chapter 

4.2, page 49), a point mutation was introduced in the TM2 helix which drastically increases 

the open probability of the channel444 and enabled gating simulations on the ns time scale. 

The trapping phenomenon was described for various hERG blockers (chapter 1.3.5, page 

16). However, it remained elusive which structural descriptors of blockers or specific 

interactions with the channel cause trapping. A recent study showed that trapped drugs carry 

a higher pro-arrhythmic risk.445 This finding further emphasizes the stringent necessity of a 
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detailed understanding of the trapping process. Therefore, we addressed three major 

questions. First, do specific amino acids in the channel cause trapping? Second, when does 

the drug get trapped during gate closure? And third, does the trapped drug influence the 

global gating movements of the channel? To probe the first question, gating simulations with 

a trapped compound were conducted in KcsA and hERG. Additionally, force probe MD 

simulations and umbrella sampling were performed to determine at which state the drug gets 

trapped (chapter 4.3, page 72). To study the impact of trapped drugs on the global gating 

behavior, the applicability of an experimental TEVC approach was probed during a research 

stay in the laboratory of Michael C. Sanguinetti (chapter 4.4, page 107).  
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Supplemental material 

 

 

Figure S1. Stability of KcsA channel states. Backbone RMSD (without loops) of three independent 

MD simulations of closed (A), intermediate (B), and open state (C) was measured as a function of 

time. 

  

Figure S2. Analysis of ED closing simulations. A) Average of the backbone RMSD without loops of 

seven closing ED simulations. The closed crystal structure was used as reference. The standard 

deviation is indicated by error bars. B) Conformational changes of F103 during activation gate closing. 

Analysis of χ1 angle dynamics of F103 of the seven ED simulations was performed. Changes of the 

F103 orientation was measured as χ1 angle over time. An angle of −70° indicates the “up” state (blue) 

while an angle of −180° represents the “down” state (yellow). C) χ1 angle dynamics of F114 are 

shown as percentage of F114 in the up (blue) and down (yellow) states over time. 
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Figure S3. Average of the Cα-Cα T112-distances of all ten ED simulations. The standard 

deviation is indicated by error bars. 

 

Figure S4. Lipid interactions of TM2 helices during activation gate closing. A) Average number 

of H-bonds between H-bond forming residues (W113 and R117) of the C-terminal TM2 helices and 

lipid head groups was measured over time. B) Average number of H-bonds of R117 with lipids. C) 

Average number of H-bonds of W113 with lipids. 

 

Figure S5. Histograms of the 39 umbrella sampling windows. The six windows with peaks above 

40000 were derived from umbrella sampling with a force constant of 100 kJ mol
−1

 nm
−2

 (default: 1 kJ 

mol
−1

 nm
−2

). 
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ABSTRACT  

Prokaryotic inwardly rectifying (KirBac) potassium channels are homologous to mammalian 

Kir channels. Their activity is controlled by dynamical conformational changes that regulate 

ion flow through a central pore. Understanding the dynamical rearrangements of Kir channels 

during gating requires high-resolution structure information from channels crystallized in 

different conformations and insight into the transition steps, which are difficult to access 

experimentally. In this study, we use MD simulations on wild type KirBac1.1 and an 

activatory mutant to investigate activation gating of KirBac channels. Full atomistic MD 

simulations revealed that introducing glutamate in position 143 causes significant widening at 

the helix bundle crossing gate, enabling water flux into the cavity. Further, global 

rearrangements including a twisting motion as well as local rearrangements at the subunit 

interface in the cytoplasmic domain were observed. These structural rearrangements are 

similar to recently reported KirBac3.1 crystal structures in closed and open conformation, 

suggesting that our simulations capture major conformational changes during KirBac1.1 

opening. In addition, an important role of protein-lipid interactions during gating was 

observed. Slide-helix and C-linker interactions with lipids were strengthened during activation 

gating.  
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INTRODUCTION  

Inwardly rectifying potassium (Kir) channels are intrinsic membrane proteins that control the 

selective permeation of potassium ions across otherwise ion impermeable cell membranes. 

The primary role of Kir channels is the regulation of outward directed K
+
 current. Under 

physiological conditions, Kir channels generate a large inward K
+
 conductance at potentials 

negative to the equilibrium potential of potassium (EK), but permit less outward current flow 

at potentials positive to EK. These channels are regulated by many different cellular factors 

such as ATP, intracellular pH, phosphatidylinositol-4,5-bisphospate (PIP2) and nonspecific 

secondary anionic phospholipids (Bichet et al, 2003; Hibino et al, 2010; Lee et al, 2013).  

Over the last 10 years, several Kir crystal structures of the cytoplasmic domain as well as 

several full length structures of prokaryotic and eukaryotic channels have been published 

(Nishida & MacKinnon, 2002; Kuo et al, 2003; Pegan et al, 2005; Nishida et al, 2007; Tao et 

al, 2009; Clarke et al, 2010; Hansen et al, 2011; Whorton & MacKinnon, 2011; Bavro et al, 

2012; Whorton & MacKinnon, 2013; Zubcevic et al, 2014). Interestingly, prokaryotic 

homologues, despite moderate sequence conservation on the amino acid level, share similar 

architecture and behave functionally similar as eukaryotic channels (Cheng et al, 2009). All 

Kir channels undergo dynamical changes to regulate ion flow. This process, referred to as 

“gating”, involves large structural rearrangements of the transmembrane (TM) as well as the 

cytoplasmic domains (CTD).  In the closed conformation, ion flux is prevented by a 

narrowing of the inner TM2 helices, which form a constriction site at the helix bundle 

crossing (HBC) gate close to the intracellular side (see Figure 1). Computational modeling 

studies on TM KirBac1.1 channel models provided insights into ion selectivity and gating 

dynamics (Domene et al, 2004; Grottesi et al, 2005; Hellgren et al, 2006; Domene et al, 2006, 

2008). A limitation of all these studies was the lack of open state x-ray structures. In 2012, the 

first X-ray structure of a bacterial homolog of Kir channels was crystallized in a presumably 

open conformation, using a known activatory “gain-of-function” mutant (Bavro et al, 2012). 

Comparison of this open structure with various Kir channels in closed conformation (Clarke 

et al, 2010) provides insights into gating induced changes of these channels. In the open 

structure, global conformational changes are observed, including a rotational movement of the 

CTD relative to the plane of the membrane; in addition, a bending of the TM2 at a highly 

conserved glycine opens the HBC gate. The sequential process of gating events remains a 

major open question. Especially, the cross-talk between TM and CT domains and how this 

leads to channel opening is still unknown. To investigate these events, we performed MD 
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simulations on the KirBac1.1 channel, for which only closed state x-ray structures are 

available (Clarke et al, 2010).  

 

METHODS 

Molecular dynamics simulations 

The closed (pdb identifier: 2WLL) crystal structure (Clarke et al, 2010), comprising residues 

38 to 308, was used as starting point for the MD simulations. The G143E mutant in 

protonated and deprotonated conformations and the R153A mutant were generated with the 

software Swiss-PdbViewer (Guex & Peitsch, 1997). The structures were embedded in an 

equilibrated membrane consisting of 256 palmitoyloleoylphosphatidylcholine (POPC) lipids 

using the g_membed tool (Wolf et al, 2010), which is part of the gromacs package. K
+
 ions 

were placed in the SF at K
+
 sites S0, S2, and S4 with waters placed at S1 and S3 (Aqvist & 

Luzhkov, 2000). Cl
−
 ions were added randomly within the solvent to neutralize the system. 

All simulations were carried out using the gromacs simulation software v.4.5.4 (Hess et al, 

2008). The amber99sb force field (Hornak et al, 2006) and the SPC/E (Berendsen et al, 1987) 

and TIP3P (Jorgensen et al, 1983) model were employed for the protein and water, 

respectively. Lipid parameter for the POPC membrane were taken from Berger et al. (Berger 

et al, 1997). The corrected monovalent ion Lennard-Jones parameters for the amber forcefield 

were used (Joung & Cheatham, 2008). Electrostatic interactions were calculated at a distance 

smaller than 1.0 nm, long-range electrostatic interactions were treated by the particle-mesh 

Ewald method at every step (Darden et al, 1993). Lennard-Jones interactions were calculated 

with a cut off of 1.0 nm. The LINCS algorithm (Hess et al, 1997) was used to constrain 

bonds. Modeling hydrogens as virtual sites (Feenstra et al, 1999) allowed for an integration 

step of 4 fs. The Nose-Hoover thermostat      , 1984; Hoover, 1985) was used to keep 

simulation temperature constant by coupling (tau = 0.2 ps) the protein, lipids and solvent 

(water and ions) separately to a temperature bath of 310 K. Likewise, the pressure was kept 

constant at 1 bar by using the Parrinello-Rahman barostat algorithm (Parrinello & Rahman, 

1981) with a coupling constant of 1 ps. Prior to simulation, 1000 conjugate gradient energy-

minimization steps were performed, followed by 5 ns of equilibrium simulation in which the 

protein atoms were restrained by a force constant of 1000 kJ mol
−1

 nm
−2

 to their initial 

position. Lipids, ions, and water were allowed to move freely during equilibration. Four times 
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200 ns MD simulations were performed for the full length WT channel as well as the G143Ed, 

G143Ep and G143Ed-R153A mutant channels. 

Salt bridge analysis 

Electrostatic interactions were analyzed by measuring the center of mass distances between 

positively and negatively charged functional groups of amino acids. A distance cut off of 6 Å 

was set which represents three different types of ion pair interactions, namely salt bridge, N-O 

bridge, and l ng range i n pair  Kumar &  u  in v, 2002) which are named “ alt bridge ” in 

this study. The occurrence of interaction is normalized to the most prominent electrostatic 

interaction in the protein (R193 and E187 of adjacent SU in WT simulations). Interaction 

partners that contributed more than 1 % to the total electrostatic interactions in the protein are 

plotted in the star graphs.  

Energy profile calculations 

Potential of mean force (PMF) calculations were performed as described previously (Linder et 

al, 2013). Briefly, the main conformational changes in the most prominent G143Ed opening 

simulation were obtained by principal component analysis and were used as the reaction 

coordinate. Along this reaction coordinate, 45 windows were chosen for umbrella sampling 

and simulated for 50 ns. Umbrella sampling simulations were performed by applying a 

harmonic restraint force along the transition pathway with force constants between 1 and 100 

kJ mol
-1

 nm
-2

. The first 30 ns of each window were discarded for equilibration. The potential 

of mean force and the statistical errors of the activation gating energy profile were estimated 

by making use of the g_wham tool of gromacs and the integrated bootstrap analysis method 

(Hub et al, 2010). The number of bootstraps was set to 100. 

 

RESULTS  

T  pr be the mechani m  f KirBac1.1 gating, we made u e  f the kn wn activat ry  “gain-of 

functi n”) mutant G143E (Paynter et al, 2010). This mutant was selected due to its equivalent 

position to activatory mutant S129R in KirBac3.1, which was used to obtain open state 

crystals of this channel (Bavro et al, 2012). G143E is located in transmembrane helix 2 (TM2) 

at a hydrophobic interface between two adjacent TM2 helices (see Figure 1A, B). The 

activatory effect of this mutant was investigated using four times 200 ns unbiased full 
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atomistic MD simulations of the full length KirBac1.1 WT crystal structure and mutant 

G143E in deprotonated (denoted as G143Ed) and protonated (G143Ep) form. 

 

Figure 1. G143Ed location and induced channel opening. A) Position of F146 (yellow) forming the helix 

bundle crossing gate and the introduced G143Ed mutant (orange). For clarity, only two opposing subunits are 

shown. B) G143E is located in a tightly packed hydrophobic pocket formed by Y52 (slide-helix), F146 (yellow), 

L140, L144, and A147 (all four located in the TM2) of the same subunit (SU, colored gray) and V145, F146 

 yell w), and F149  f the adjacent TM2  c l red light blue). C) Average   f F146 Cα-Cα di tance  in WT and 

G143Ed simulations are shown as blue and green lines, respectively. Standard deviations are depicted as light 

shades accordingly. D) Superposition of the TM2 helices of the open KirBac3.1 structure (pdb identifier: 3ZRS, 

shown in ocher) and the G143Ed mutant  final  tate,  h wn in green). The Cα at m   f F146  KirBac1.1) and the 

equivalent Y132 (KirBac3.1) are shown as green and ocher spheres. 

 

Mutant G143Ed induces opening of the HBC gate 

MD simulations show that mutant G143Ed induces global conformational rearrangements of 

the protein. Bending at a highly conserved glycine hinge (G134) in TM2, leading to opening 

at the HBC, was observed in all four simulations. To monitor the changes at the gate, we 

measured the Cα-Cα di tance between opposing F146 residues, lining the narrowest point of 

this gate. As shown in Figure 1C, the distance rapidly increased to 13.8 ± 0.9 Å, compared to 

WT simulations, where the gated remained fully closed (Cα-Cα di tance at F146: 11.0 ± 0.9 

Å).  The end state of the G143Ed mutant was compared with the S129R mutant KirBac3.1    
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x-ray structure in open conformation. Figure 1D shows a structural superposition of the TM2 

helices of the two structures, revealing good overlay between the structures. Next, the 1 

angle distribution of the F146 side chain over time was analyzed. As shown in Figure 2A-C, 

the 1 angle switched from ~ 160° (cavity facing) to ~ 270° (cavity lining). 

 

Figure 2. Conformational changes of F146 during gate opening. A) χ1 angle di tributi n of the F146 side 

chain in WT (blue) and G143Ed (green) simulations. B) Bottom view of the closed helix bundle crossing gate in 

WT  imulati n  with F146  yell w  phere ) in the cavity facing c nf rmati n  χ1 angle  f ~ 160°). C) B tt m 

view of an open helix bundle crossing gate in G143Ed simulations with F146 in the cavity lining rotameric state 

 χ1 angle  f ~ 270°). G143Ed are shown as orange spheres. 

 

To further investigate the consequence of these structural changes on the HBC gate, we 

monitored the water flux through the gate in WT and G143Ed simulations. While water flux 

was not observed in the WT simulations (see Figure 3A, C), considerable water migration 

through the gate occurred in the G143Ed mutant (Figure 3B, C).  

 

Figure 3. Water flux through the HBC gate. A) Water impermeable gate in the WT simulation. Three SUs are 

shown for clarity. F146 residues are shown as yellow sticks. Water molecules are represented as spheres. B) 

Water flux through the open gate in G143Ed simulations. G143Ed is depicted as orange sticks and the K
+
 ion as 

purple sphere. C) Water count of permeation events in the WT (blue line) and G143Ed (green shade) simulations.  
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Global conformational changes in the cytoplasmic domain 

Additionally, to the rearrangements at the HBC, our simulations revealed large 

conformational changes at the CTD. A rotational movement of the CTD relative to the plane 

of the membrane was seen in all four G143Ed mutant simulations. The degree of this twisting 

motion amounted to 15° on average, with maximum values of 23° in one run (see Figure 4A). 

These values are in good agreement with data obtained from several KirBac3.1 x-ray 

structures (Clarke et al, 2010; Bavro et al, 2012), suggesting that the rotational movements of 

these two channels are conserved.  

Moreover, rearrangements at the subunit interface, especially salt bridge formations, were 

analyzed. In this study, the term "salt bridge" denotes non-bonded, N-O bridged and long 

range electrostatic interactions between acidic carboxyl groups and basic amino groups in the 

same subunit (sSU) or adjacent SUs (aSUs) as described by Kumar et al (Kumar & Nussinov, 

2002). In the WT closed structure, R271, located in the βI strand (see Figure 4B, D), forms a 

salt bridge with E262 (G-loop of the adjacent subunit). Further, E187 interacts with K191 and 

R193 fr m the βD strand of the aSU. Moreover, hydrogen bonds between R193 and E218 

from the adjacent CD-loop were observed.  

In the G143Ed mutant, global conformational rearrangements of the CTD led to an additional 

salt bridge between R271 and E187 of the aSU (Figure 4 B, E).  This salt bridge formation 

occurred within the first 80 ns in all four simulations between all four interfaces. Due to the 

R271-E187 salt bridge formation, interactions between K191 and E187 were weakened.   
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Figure 4. Changes in the interaction network of the CTD. A) Average of the CTD rotation angle in WT 

(blue) and G143Ed simulations (green). B) Star graph of salt bridges between R271 and neighboring amino acids 

of adjacent SUs (aSU) and the same SU (sSU). Interactions in WT and G143Ed simulations are depicted as blue 

and green shades, respectively. The magnitude of interaction is normalized to the most prominent salt bridge in 

the protein. C) Star graph of salt bridges between K191 and neighboring amino acids of aSUs and the sSU. D) 

SU-interface of CTD conformation in WT simulation. The two aSUs are colored blue and gray. Salt bridges are 

depicted as dashed lines. E) SU-interface of CTD conformation in G143Ed simulation. The two aSUs are colored 

green and gray. Salt bridges are depicted as dashed lines. 
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Salt bridge formation between G143Ed and R153 

Further, the structural changes at the TM-CTD interface were examined. Our analysis 

revealed that the G143Ed side chains form a stable salt bridge (see Figure 5A, C and Figure 

8D) with residue R153, located in the C-linker of the neighboring subunit, within the first half 

of the simulations. To investigate the importance of this salt bridge for the cross-talk between 

TM and CTD, R153A was introduced in the background of the G143Ed mutant in all four 

subunits. In these simulations, the HBC gate opens on average to 13 Å (not shown), but the 

observed rotation of the CTD was rather small with ~ 5° (Figure 6). This suggests that the 

strong electrostatic interactions between G143Ed and R153 are important for the twisting 

motion observed in the G143Ed mutant. 

 

Figure 5. Salt bridge interactions of R153. A) Star graph of salt bridges between R153 and neighboring amino 

acids of aSUs and the sSU. Interactions in WT and G143Ed simulations are depicted as blue and green shades, 

respectively. The magnitude of interaction is normalized to the most prominent salt bridge in the protein. B) 

Starting conformation of G143Ed simulations. aSUs are colored green and gray. G143Ed and F146 are shown as 

orange and yellow sticks. C) G143Ed-R153 salt bridge (dashed line) after 200 ns. 
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Figure 6. Average of the CTD rotation angle. Average rotation angle as a function of time in WT (blue), 

G143Ed (green), and G143Ed-R153A double mutant (magenta) simulations. 

 

Influence of protonation state on channel conformation 

The above described observations indicate that opening involves a two-step process. First, 

strong repulsion between G143Ed and the surrounding hydrophobic residues triggers opening 

at the bundle crossing region. In a second step, electrostatic interactions between G143Ed and 

R153 of the adjacent C-linker induce rotation of the CTD. It was previously reported that the 

activity of a close homolog of KirBac1.1 is strongly pH-dependent (Zubcevic et al, 2014), 

thus we investigated the influence of the protonation state of G143E on channel gating. In 

repeated simulations with G143Ep (protonated), neither opening at the HBC nor twisting at 

the CTD were observed (see Figure 7A, B). Moreover, no water flux was observed within 200 

ns (not shown).  
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Figure 7. Analysis of G143Ep simulations. A) Average   f F146 Cα-Cα di tance  in WT and G143Ep 

simulations are shown as blue and red lines, respectively. Standard deviations are depicted as light shades 

accordingly. B) Average CTD rotation angle as a function of time in WT (blue) and G143Ep (red) simulations. 

 

Energetics of the G143Ed mutant channel opening 

To investigate the coupling between the HBC gate and the CTD twisting motion in more 

detail, we calculated the free energy landscape of activation gating (Figure 8). The main 

conformational changes in the most prominent G143Ed opening simulation (CTD rotation of 

23°) were obtained by principal component analysis and used as reaction coordinate for 

umbrella sampling calculations. At the beginning of the simulation a steep energy decrease of 

~ 7 kcal/mol was observed. During this phase, the HBC gate opened and the rotameric state of 

the F146 side chain changed from a cavity facing to a cavity lining conformation. Further, a 

first rotational movement of the CTD of ~ 12° occurred. In addition, monitoring of the 

G143Ed-R153 salt bridge along the reaction coordinate revealed that in 3 of the 4 subunits a 

salt bridge between TM2 and the linker of the adjacent subunit was formed during this phase. 

From 6 to 7 nm, a plateau phase (Figure 8A) was observed, where no rotational movement of 

the CTD occurred (Figure 8C). Subsequently, a second rotational movement of the CTD led 

to a total rotation of 23° compared to the starting structure and a further decrease in energy of 

~ 3 kcal/mol.  
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Figure 8. Free energy profile and corresponding gating changes of KirBac1.1 channel opening. A) Energy 

profile along the main conformational changes of opening represented by the first eigenvector. Statistical error is 

depicted a  green  hade. B) χ1 angle dynamic   f F146 during gate  pening. C) R tati nal angle  f the CTD 

along the first eigenvector. D) Occurrence of the salt bridge between R153 and G143Ed in all four SUs. 

 

Protein-lipid interactions during gating 

The interaction of KirBac1.1 with phospholipids at the TM-CTD interface was reported 

previously (Enkvetchakul et al, 2007; Clarke et al, 2010). Thus, we investigated the protein-

lipid contacts in this region. Figure 9 shows the number of hydrogen bonds to the lipid head 

groups over time. While for R49 no gating dependent effect was seen, the number of 

hydrogen bonds increased for K57 (slide-helix) and R151 (C-linker) during channel opening. 
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Downward movement of the slide-helix at the C-terminal end and a subtle outward movement 

repositions K57, leading to increased lipid exposure of this residue. Further, repositioning of 

the C-linker induced by the G143Ed-R153 salt bridge, led to an upward movement of the 

R151 side chain, and strengthened lipid contacts as shown in Figure 9C.  

 

Figure 9. Protein-lipid interactions during gating. The total number of hydrogen bonds 

formed between lipids and R49 (A), K57 (B), and R151 (C) in all four WT and G143Ed 

simulations are depicted as blue and green lines, respectively. 

 

Comparison to experimental evidence for KirBac gating motions 

The transition pathways obtained by our MD simulations are in good agreement with 

experimental data. Recent FRET experiments on KirBac1.1 channels revealed major 

molecular motions in the CTD induced by PIP2 binding (Wang et al, 2012). Remarkably, 

during our 200 ns simulations with the G143Ed mutant, we observed tilting motions of the βI 

sheet, as reported from FRET experiments. Additionally, x-ray structure analyses on the 

homolog KirBac3.1 channel revealed a twisting motion of the CTD of 23° relative to the 

plane of the membrane (Clarke et al, 2010). The final KirBac1.1 state obtained by simulating 

the G143Ed mutant is in excellent agreement with the twisted conformation described for the 

homologous KirBac3.1 channel (Clarke et al, 2010; Bavro et al, 2012). The structural changes 

observed for the HBC gate (bending at a glycine hinge) are consistent with data on other K+ 

channels. However, the extent of channel opening varies among crystallized structures 

(Cuello et al, 2010; Magidovich & Yifrach, 2004; Jin et al, 2002; Domene et al, 2005; Sackin 

et al, 2006).  
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DISCUSSION 

In this study, we investigated conformational changes of KirBac1.1 gating by taking 

advantage of the known activatory mutant G143Ed in TM2. Simulations with this mutant 

revealed detailed mechanistic insights into the gating of Kir channels. 

In all G143Ed mutant simulations, HBC opening occurred prior to conformational changes at 

the CTD. The introduction of a negatively charged glutamic acid in a hydrophobic pocket 

between TM2 helices led to strong repulsion, which enabled opening of the HBC (Figure 1 

and 2). This finding is supported by a previous MD simulation on a KirBac6.1 homology 

model (Paynter et al, 2010). Further, this region has previously been shown to have dramatic 

effects on gating. For example, a KirBac3.1 open state x-ray structure was crystallized by 

mutating the equivalent position S129 to an arginine (Bavro et al, 2012). Interestingly, an 

activatory mutant (A108T/S) was also identified at this site in the bacterial K
+
 channel KcsA 

(Irizarry et al, 2002; Paynter et al, 2008). Moreover, we recently showed that the equivalent 

position is conserved in voltage gated calcium channels (Depil et al, 2011) and mutation of 

this position has substantial effects on channel gating.  We and others have indicated that the 

small size at this position seems critical for stabilizing the closed gate (Irizarry et al, 2002; 

Hardman et al, 2007; Nagaoka et al, 2008; Shang & Tucker, 2008). Comparing G143E 

simulations in protonated and deprotonated state (Figure 1 and 7), revealed that the effect of 

the mutant in KirBac1.1 on gating is primarily resulting from the negative charge of the side 

chain and to a lesser extent a size effect. This suggests that several factors contribute to the 

effects of mutants close to the HBC gate.  

The limited simulation time of 200 ns makes it difficult to assess, whether the HBC gate is 

fully or only partially opened in our simulations. However, water flux observed in all G143Ed 

mutant simulations indicates an open state (Figure 3). Substantial conformational variation of 

the open HBC gate have been reported in x-ray structures (Jiang et al, 2002; Kuo et al, 2003; 

Uysal et al, 2011; Bavro et al, 2012) indicating that subtle variations between channel species 

might exist. For example, structural differences in CTDs might influence gating. Additionally, 

there is accumulating evidence that several open states for each channel exist as reported for 

KirBac1.1 (Cheng et al, 2009). 

In previous x-ray structures of KirBac3.1 channel, twisted and non-twisted CTD 

conformations were obtained only with a closed HBC gate (Clarke et al, 2010). This led to the 

conclusion that the CTD rearrangements trigger HBC opening. Contrary to this previously 
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suggested gating model (Bavro et al, 2012; Zubcevic et al, 2014), our simulations revealed 

that the CTD conformational changes occurred after HBC gate opening (Figure 1 and 8). This 

indicates that the coupling between TM and CTD might operate bidirectionally. The mutant 

might influence the cross-talk between the two domains. Nevertheless, the importance of 

electrostatic interactions for stabilizing the twisted conformation, as predicted in our 

simulations (Figure 5), is in excellent agreement with previous data on KirBac3.1 (Clarke et 

al, 2010). In the G143Ed mutant, these interactions are mainly accomplished by salt bridge 

formation of the mutant side chain with R153.  The significance of this contact is further 

stressed by results from the R153A mutant simulations, where only subtle twisting motions 

were observed (Figure 6).  Although this interaction can only occur in the G143Ed mutant, 

end states obtained from simulations closely resemble native twisting motions of the CTD as 

inferred from KirBac3.1 structures. Moreover, subunit interface rearrangements predicted by 

our simulations (Figure 4) are similar to KirBac3.1 (Clarke et al, 2010). 

Another important prediction from our simulations concerns the pH-dependence of mutant 

G143E. Only the deprotonated glutamic acid induced global conformational changes on the 

nanosecond time scale, suggesting that gating of this mutant might be pH dependent (Figure 1 

and 7). Similar observations were reported for a F168E mutant in the HBC gate of the 

mammalian Kir6.2 channel (Khurana et al, 2011). Taken together, our data provide structural 

details how protonatable side chains can be used to induce channel gating by pH titration. 

It is remarkable that nanosecond simulations are sufficient to observe global gating 

rearrangements in both the HBC gate and the CTD with the G143Ed mutant. This suggests 

that the mutant might significantly decrease the energetic barrier for channel opening, since 

all WT x-ray structures to date were captured with a closed HBC gate. Indeed, our PMF 

calculations revealed an energy difference of ~ 10 kcal/mol between closed and open state, 

with no energy barriers present (Figure 8). It is conceivable that an energetic barrier needs to 

be overcome in WT for channel opening as shown in a previous simulation study on KcsA 

(Linder et al, 2013).  

There is accumulating evidence highlighting the importance of lipid components for 

regulating Kir channels (for recent reviews see (Levitan et al, 2010; Logothetis et al, 2010; 

D’Avanz  et al, 2010; Rosenhouse-Dantsker et al, 2012; Fürst et al, 2014)). Analysis of 

protein lipid interactions in WT and G143Ed mutant simulations revealed gating-dependent 

hydrogen bond formation. Especially, interactions of K57 located in the slide-helix and R151 
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from the C-linker to the lipid head groups are significantly increased upon channel opening 

(Figure 9). These observations are in excellent agreement with a study by Enkvetchakul et al. 

(Enkvetchakul et al, 2007) which reported the importance of lipid head groups in regulating 

KirBac1.1 gating. Interestingly, nonspecific anionic lipid interactions have been recently 

shown to be required for Kir2 channel gating (Lee et al, 2013). This indicates that all Kir 

channels are strongly lipid regulated. This is further supported by a recent MD study on a 

Kir3.1 chimera (Meng et al, 2012).  

In conclusion, the presented simulations clearly unravel the progression of conformational 

changes during gate opening. Contrary to previous hypotheses based on static crystal 

structures, opening of the HBC gate triggers twisting of the CTD. This process is mediated by 

electrostatic interactions between TM and CT domains. Additionally, lipid contacts with the 

slide-helix facilitate channel opening and presumably stabilize this conformation.   
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ABSTRACT. K
+
 channels play a critical role in numerous physiological and 

pathophysiological processes rendering them an attractive target for therapeutic intervention. 

However, the hERG K
+
 channel poses a special challenge in drug discovery, since block of 

this channel by a plethora of diverse chemical entities can lead to long QT syndrome and 

sudden death. Of particular interest is the so called trapping phenomenon, characterized by 

capture of a drug behind closed channel gates, which harbors an increased pro-arrhythmic 

risk. In this study we investigated the influence of trapped blockers on the gating dynamics 

and probed the state dependence of dissociation in K
+
 channels by making use of the 

quaternary tetrabutylammonium. By applying essential dynamics simulations and two-

electrode voltage clamp we obtained detailed insights into the dynamics of trapping in KcsA 

and hERG. Our simulations suggest that the trapped TBA influences the F656 flexibility 

during gate closure. Based on these findings, we provide a structural hypothesis for drug 

trapping. Further our simulations reveal the extent of gate opening necessary for drug 

dissociation. 
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INTRODUCTION 

Voltage gated K
+
 channels play a critical role in numerous physiological and 

pathophysiological processes such as nerve and muscle excitation, sensory transduction and 

cell proliferation. With a wide range of human diseases linked to voltage gated K
+
 channels, 

   called “channel pathie ”, they represent an attractive target for therapeutic intervention 

(Bagal et al, 2013). The human ether-à-go-go related gene (hERG) K
+
 channel poses a special 

challenge in drug discovery, since it can be blocked by a plethora of structurally diverse drugs 

including antiarrhythmics, antihistamines, antipsychotics and antibiotics (Fermini & Fossa, 

2003). This often unwanted inhibition can lead to acquired long QT syndrome (LQTS) and 

sudden cardiac death (Chiang & Roden, 2000; Keating & Sanguinetti, 2001). Consequently, 

several pharmaceuticals such as cisapride or terfenadine were withdrawn from the market. 

Further, reduced hERG channel function caused by inherited mutation leads to congenital 

LQTS. Recent research indicates that hERG channels are frequently overexpressed in certain 

human cancers and that long-term treatment with blockers could have therapeutic potential in 

cancer treatment (Jehle et al, 2011; Pier et al, 2014). Thus, pharmacological intervention 

could potentially be useful for cancer treatment and clinical management of LQTS. 

Great efforts have been directed toward a better understanding of the molecular and 

structural mechanisms of hERG channel gating and block. Substantial progress has been made 

by identifying the amino acids essential for drug block. They include T623, S624 and V625, 

from the pore helix, and residues G648, Y652 and F656, located on the TM2 segments 

(Mitcheson et al, 2000a; Lees-Miller et al, 2000; Kamiya et al, 2001; Sánchez-Chapula et al, 

2002; Sănchez-Chapula et al, 2003; Sánchez-Chapula et al, 2004; Ridley et al, 2004; Perry et 

al, 2004; Witchel et al, 2004; Fernandez et al, 2004; Sanguinetti & Mitcheson, 2005; Kamiya 

et al, 2006; Guo et al, 2006; Kamiya et al, 2008). However, a key unresolved question in 

hERG channel block is how drug dissociation is influenced by channel closure. There is 
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evidence that hERG channel blockers can be trapped in the inner cavity of the closed channel 

(Carmeliet, 1992; Mitcheson et al, 2000b; Perry et al, 2004; Witchel et al, 2004; Kamiya et 

al, 2006; Stork et al, 2007; Kamiya et al, 2008; Windisch et al, 2011). The importance of this 

phenomenon is emphasized by a recent study highlighting a connection between pro-

arrhythmic risk and trapping (di Veroli et al, 2013). 

The trapping phenomenon in K
+
 channels was first described for quaternary ammonium 

(QA) blockers by Armstrong in 1971 (Armstrong, 1971). Since then, QA compounds have 

been widely used as structural probes to identify the binding site of ion channel blockers 

(Armstrong & Hille, 1972; MacKinnon & Yellen, 1990; Luzhkov & Aqvist, 2001; Zhou et al, 

2001a), investigate gating processes (Holmgren et al, 1997; Posson et al, 2013) and to shed 

light on the structure of ion channels (Yellen et al, 1991; Choi et al, 1993; Crouzy et al, 2001; 

Lenaeus et al, 2005). 

Herein, we set out to investigate the influence of trapped blockers on the gating dynamics 

and probe the state dependence of dissociation in K
+
 channels by making use of the QA 

blocker tetrabutylammonium (TBA). The crystal structure complex of the prototypical K
+
 

channel KcsA with a TBA bound in the closed channel pore (Faraldo-Gómez et al, 2007; 

Yohannan et al, 2007) provides an excellent starting point to analyze trapping dynamics and 

drug dissociation pathways in K
+
 channels. We utilized essential dynamics (ED) simulations 

and two-electrode voltage clamp to obtain detailed insights into the dynamics of trapping in 

KcsA and hERG. Further, free energy calculations were performed to examine state 

dependent dissociation of a trapped channel blocker. 
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METHODS 

MD simulations. The crystal structure (pdb identifier: 2HVK), comprising of the closed 

KcsA channel from residue 22 to 124 and the co-crystallized trapped TBA (Yohannan et al, 

2007), was used as starting point for MD simulations. The open (pdb identifier: 3f7v) and the 

intermediate (pdb identifier: 3fb6) channel state were obtained from Cuello et al. (Cuello et 

al, 2010) Due to crystallization of shorter fragments of the latter two structures, the missing 

amino acids at the N- and C-termini below the bundle crossing gate were added using 

Discovery Studio 3.5 (Accelrys Software Inc., San Diego, CA, USA) to obtain channel states 

of the same length. In addition, the introduced cysteine at position 90 in the crystal structures 

was mutated back to the WT leucine. TBA was added to the open and intermediate channels 

by placing it in the cavity according to the closed channel binding site. Further, TBA was 

docked to the open hERG homology model (Stary et al, 2010) using FlexX which is part of 

the LeadIT software package version 2.0.1 (BioSolveIT, Sankt Augustin, Germany). The 

sphere center of the binding site was placed in the middle of the cavity and the radius was set 

to 10 Å. General amber force field parameters (Wang et al, 2004) for TBA were generated by 

making use of Gaussian09 (Frisch et al, 2009) and antechamber (Wang et al, 2006) which is 

part of the amber package (Case et al, 2010). Protein-ligand complexes were embedded in an 

equilibrated palmitoyloleoylphosphatidylcholine (POPC) membrane consisting of 256 lipids 

using the g_membed tool (Wolf et al, 2010). K
+
 ions were placed in the selectivity filter (SF) 

at sites S0, S2, S4 and water was added at S1, S3 (Aqvist & Luzhkov, 2000). The system was 

neutralized by randomly adding Cl
- 
within the solvent. All simulations were carried out using 

the MD simulation software Gromacs v.4.5.4 (Hess et al, 2008). The amber99sb force field 

(Hornak et al, 2006) and the TIP3P water model (Jorgensen et al, 1983) were employed. 

Lipid parameters were taken from Berger et al. (Berger et al, 1997). The cutoff for Lennard-

Jones interactions was set to 1.0 nm and parameters were corrected for monovalent ions 
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(Joung & Cheatham, 2008). Electrostatic interactions were calculated with a cutoff of 1.0 nm, 

long-range electrostatic interactions were treated by the particle-mesh Ewald method at every 

step (Darden et al, 1993). The LINCS algorithm (Hess et al, 1997) was used to constrain 

bonds, allowing for an integration step of 2 fs. The Nose-Hoover thermostat      , 19 4; 

Hoover, 1985) was used keeping the simulation temperature constant at 310 K. Coupling 

groups were defined as the protein-ligand complex, lipids and solvent with a time constant of 

0.2 ps. The Parrinello-Rahman barostat algorithm (Parrinello & Rahman, 1981) with a 

coupling constant of 1 ps was used for a constant pressure of 1 bar. Prior to simulation, 1000 

conjugate gradient energy-minimization steps and a 5 ns equilibration run by restraining the 

protein-ligand complex by a force constant of 1000 kJ/mol/nm² were performed. Subsequent 

free MD simulations were carried out for 20 ns in KcsA and for 100 ns in hERG. 

Essential dynamics simulations. The ED technique was employed as described previously 

(Linder et al, 2013). Briefly, an eigenvector representing the transition between open and 

closed channel state was obtained from principal component analysis. For this analysis, the 

backbone of the helices between the two states was compared. Fixed increment linear 

expansion was set to -1.69e
-6 

nm per simulation step (2 fs). 20 closing ED simulations, lasting 

for 20 ns each, were performed in the absence and presence of TBA for KcsA and the hERG 

channel, respectively. 

Force probe MD simulations and umbrella sampling. To probe different dissociation 

pathways of TBA, a harmonic potential with a force constant of 1000 kJ/mol/nm² was applied 

on TBA. The compound was pulled for 20 ns with a rate of 0.00025 nm/ps along z-axis to 

investigate dissociation through the activation gate. The first turn of the extracellular side of 

the P-helix was restrained with a force constant of 1000 kJ/mol/nm² during pulling to prohibit 

movement of the protein. For dissociation simulations of the open KcsA and hERG channel, 

ions were restrained with a force constant of 10000 kJ/mol/nm² to prevent ion migration 

through the gate and minimize the ion influence on drug dissociation. In case of dissociation 
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experiments on KcsA, 65, 67, and 56 snapshots from closed, intermediate, and open state 

simulations were extracted, respectively, and subject to 20 ns umbrella sampling with force 

constants of either 1000 or 10000 kJ/mol/nm². For hERG dissociation, 57 snapshots from 

open simulations were obtained and used for umbrella sampling accordingly (histograms of 

umbrella sampling simulations are shown in the supporting information). The first 10 ns of 

each window were discarded for equilibration. The potential of mean force and the statistical 

errors were estimated by the g_wham tool and the integrated bootstrap analysis method using 

100 bootstraps (Hub et al, 2010). 

Experimental procedure. cDNAs of hERG (accession number NP000229) were kindly 

provided by Prof. Sanguinetti (University of Utah, UT, USA). Synthesis of capped runoff 

complementary ribonucleic acid (cRNA) transcripts from linearized complementary 

deoxyribonucleic acid (cDNA) templates and injection of cRNA were performed as described 

in detail by Sanguinetti et al. (Sanguinetti et al, 1995). Oocytes from the South African 

clawed frog, Xenopus laevis, (NASCO, Fort Atkinson, WI, USA) were prepared as follows: 

After 15 min exposure of female Xenopus laevis to the anaesthetic (0.2 % solution of MS-

222; the methane sulfonate salt of 3-aminobenzoic acid ethyl ester; Sigma), parts of the ovary 

tissue were surgically removed. Defolliculation was achieved by enzymatical treatment with 

2 mg/mL collagenase type 1A (Sigma) and mechanical removal of follicular layer using 

forceps. Stage V–VI oocytes were selected and injected with the WT and mutant hERG-

encoding cRNA. Injected oocytes were stored at 18 °C in ND96 bath solution (96 mM sodium 

chloride, 2 mM potassium chloride, 1 mM magnesium chloride, 5 mM HEPES, 1.8 mM 

CaCl2; pH 7.5, titrated with NaOH) containing 1% penicillin-streptomycin solution. All 

chemicals used were purchased from Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany.  

Currents through hERG channels were studied 1 to 4 days after microinjection of the cRNA 

using the two-microelectrode voltage clamp technique. ND96 was used as extracellular 

recording solution. Voltage-recording and current-injecting microelectrodes were filled with 3 
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M KCl, and had resistances between 0.3 and 2 MΩ. End gen u  current   e timated in 

oocytes injected with DEPC water) did not exceed 0.15 μA. Currents > 5 μA were discarded 

to minimize voltage clamp errors. Ionic currents were recorded with a Turbo Tec 03X 

Amplifier (npi electronic, GmbH, Tamm, Germany) and digitized with a Digidata 1322A 

(Axon Instruments Inc., Union City, CA, USA). The pClamp software package version 9.2 

(Axon Instruments Inc.) was used for data acquisition. Microcal Origin 7.0 was employed for 

analysis and curve fitting.  

A precondition for all measurements was the achievement of stable peak current amplitudes 

over periods of 10 min after an initial run-up period. A frequency of 0.3 Hz was used for all 

voltage clamp experiments. Drugs were applied by means of a perfusion system enabling 

solution exchange within 100 ms (Baburin et al, 2006). The oocytes were kept for 5 min at a 

holding potential of -100 mV to equilibrate drug diffusion. The tail current was measured at -

50 mV, after a step to +20 mV. Use-dependent hERG channel block was estimated as peak 

tail current inhibition. Data are presented as means ± s.e. from at least four oocytes from ≥ 2 

batches; statistical significance of differences was defined as P < 0.0001 in Student's unpaired 

t-test. The studied compound TBA was obtained from Sigma and was dissolved in ND96 

extracellular recording solution to prepare a 1 M stock on the day of experiments. Drug stock 

solution was further diluted to the required concentration. 

 

RESULTS 

TBA trapping simulations in KcsA. Using MD simulations, we have previously identified 

key residues in KcsA essential for gating (Linder et al, 2013). In particular, we found that the 

TBA binding determinant F103 changes its rotameric state during channel gating. Thus, to 

investigate the influence of TBA on conformational changes upon channel closure, 20 ED 

simulations with and without TBA present in the cavity were performed which enable 
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simulating channel closure on the ns time scale (Linder et al, 2013). Each closing simulation 

was conducted for 20 ns. ED is a free MD simulation method, with all coordinates 

equilibrating, except for one coordinate, which is derived from a linear interpolation between 

the open and closed helix backbone structures and is biased to drive gating. All other degrees 

of freedom are explicitly allowed to relax continuously, enabling investigation of side chain 

conformational changes during drug trapping.  

 

 

Figure 1. Rotameric states of F103 and I100 during KcsA gate closure. Conformational changes of F103 (A 

and C) and I100 (B and D) in the absence (A and B) and presence (C and D) of TBA during gating. The cavity 

facing (χ1 angle < -123°) and cavity lining (χ1 angle > -123°) states are shown as blue and green line, 

respectively. Panels E and F show the rotameric states of F103 as spheres at the beginning and end of gate 

closure in top view, respectively. In panels G and H, I100 is shown as spheres accordingly. Panel I represent the 

xy-plane (pink sticks) and tilted (magenta sticks) orientation of TBA in the side view. For clarity, only three SUs 

are shown in gray. The K
+
 ion in the SF is represented as a violet sphere. The color code of the amino acids 

corresponds to the rotameric states.  
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Specifically, the χ1 angle of the binding site forming F103 and I100 was monitored and 

separated into the two possible rotameric states, namely cavity lining (χ1 angle > -123°) and 

cavity facing (χ1 angle < -123°) state. Subsequently, the percentage of the two states was 

calculated for each time step and plotted over time (Figure 1). In the absence of TBA (Figure 

1A), nearly equal distribution between the two states was observed at the end of gate closure 

for F103, which is in good agreement with our previous work (Linder et al, 2013). In the 

presence of TBA, only a slightly faster rotameric switch from cavity facing to the cavity 

lining was observed over time leading to a preference of the cavity lining conformation at the 

end of gate closure (Figure 1C). The second important binding determinant, I100, displayed 

high stability during gating. Only rare changes from the cavity lining to the cavity facing 

conformation were detected with negligible impact by the bound TBA (Figure 1B and D). 

Crystallographic data in combination with MD simulations revealed that TBA can adopt 

two different orientations in the KcsA binding site linked to the ion configuration in the SF 

(Faraldo-Gómez et al, 2007). 

Throughout gate closure, TBA remained in the high affinity binding site formed by F103 

and I100 (Figure 1E-H). TBA is either in a xy-plane orientation which is parallel to the 

membrane plane and is centered on the channel symmetry axis. In this orientation, the butyl 

side chains project into the grooves formed by I100 and F103. Alternatively, TBA adopts a 

tilted, vertical orientation which is indicated by an off-axis center of TBA (Figure 1I). In the 

gating simulations, sampling of the xy-plane and the tilted orientation was observed 

independent of the ion configuration in the SF. No specific pattern between F103 switch and 

TBA orientation was found indicating that F103 can either face or line the cavity and still 

allow both TBA orientations. In the rare observations where I100 faced the cavity, spatial 

displacement led to the tilted orientation of TBA (Figure 1H). 

TBA primarily exists in two conformations. The energetically more favorable D2d 

conformation exhibit a cross-shaped structure with all four butyl chains in a planar 
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arrangement while the S4 conformation exhibits the shape of an inverted tetrahedron. 

Quantum-mechanical calculations of the QA analogue tetraethylammonium (TEA) have 

shown that the D2d state is separated from the S4 conformation by energy barriers of around 

10 kcal/mol and a total energy difference of around 1 kcal/mol (Luzhkov et al, 2002). The 

energy difference between the two states is similar for TBA (Faraldo-Gómez & Roux, 2007). 

Throughout the closing process, TBA stayed in the D2d conformation (see supplemental 

Figure S1), which is in good agreement with previous TBA simulations in the closed channel 

(Faraldo-Gómez et al, 2007). Only rare transitions to the S4 conformation were observed. This 

suggests that TBA does not have to change its conformation in order to allow rotation of the 

F103 side chain. In addition, this observation indicates that the TBA conformation is 

independent of the rotameric state of F103. Taken together, our data suggests that TBA does 

not interfere with side chain rearrangements necessary for gating in KcsA.   

 

Experimental characterization of hERG channel block by TBA. Despite the crucial role 

of drug trapping in hERG channels (di Veroli et al, 2013), the structural interplay between 

drug and channel during closure are not well understood. Again, we resorted to the well-

studied model drug TBA to investigate trapping in hERG. It was previously shown by Choi et 

al. (Choi et al, 2011) that externally applied TBA presumably blocks hERG from the 

intracellular side by permeating through the cell membrane in CHO cells. However, the 

characteristics of TBA block were not investigated in detail. Therefore, we set out to test 

whether TBA is trapped in hERG channels expressed in Xenopus oocytes by using the two-

electrode voltage-clamp technique. 

hERG channels were activated and subsequently inactivated by 300 ms depolarization to 

+20 mV (Figure 2A). Upon repolarization to -50 mV, channels undergo rapid recovery from 

inactivation inducing a large tail current. In order to analyze state-dependent block, currents 

were measured in the absence of TBA (control, Figure 2A) and after preincubation for 330 s 



 

83 
 

with 20 mM TBA while holding at -100 mV. Subsequently, 0.3 Hz pulse trains were applied 

until steady state block was reached. The ratio between tail current amplitude in the presence 

of TBA and tail current amplitude in the control solution was taken as a measure of block. 

Channel block devel ped in a “u e-dependent” manner. The first current after the 330 s 

equilibrium in TBA displayed a pronounced decay during the 300 ms prepulse to +20 mV 

(Figure 2A, p1) with a significant tail current inhibition. Prepulse and tail currents were 

further inhibited during the 0.3 Hz pulse train. The steady state block was achieved rapidly 

within the first 2 pulses (Figure 2A; p2, p13). The development of block during channel 

activation at +20 mV suggests that TBA blocks hERG channels in an open channel 

conformation. 20 mM TBA blocked hERG channels by 68.3 ± 2.0 % (Figure 2D). 

To identify amino acids essential for TBA block, we performed alanine mutation studies on 

Y652 and F656 which have been shown to play a key role for binding of different chemical 

entities (Fernandez et al, 2004). The WT channel voltage protocol was utilized for Y652A, 

while tail currents were measured at -140 mV for F656A as reported by Witchel et al. 

(Witchel et al, 2004). Y652A and F656A significantly reduced channel inhibition to 19.6 ± 

2.7 % and 11.7 ± 3.2 %, respectively (Figure 2B-D). This is in line with data shown in Figure 

2A suggesting that TBA accesses a binding site inside the cavity comprising of the two 

prominent aromatic residues. 

Next, we probed if TBA is trapped inside the hERG cavity as suggested for KcsA (Zhou et 

al, 2001a; Faraldo-Gómez et al, 2007; Yohannan et al, 2007). The hallmark of drug trapping 

is an ultra-slow recovery or lack of recovery at rest (Mitcheson et al, 2000b; Kamiya et al, 

2006; Stork et al, 2007; Windisch et al, 2011). Recovery of hERG from TBA block during a 

0.3 Hz train was monitored after a 330 s period at holding potential of -100 mV where the 

channels are in a closed resting state. During this rest period, the oocytes were perfused with 

TBA-free solution (Figure 2E). The first current amplitudes after this rest period recovered 

from block only by 5 ± 1.1 % indicating that TBA is trapped in the closed channel 
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conformation. Subsequent frequent opening of the channel during continuous stimulation at 

0.3 Hz induced mono-exponential recovery from TBA block to 41.3 ± 8.3 % in 330 s (Figure 

2E) suggesting that trapped TBA leaves the channel during activation when the channels are 

in an open conformation. 

 

Figure 2. WT and mutant hERG channel inhibition by TBA. A) Superimposed current traces in the absence 

of TBA (control, black) and after a 330 s preincubation period in 20 mM TBA (p1, magenta). Steady state block 

occurred within the first 2 pulses (p2, orange and p13, brown). The voltage protocol is shown on top of the 

current traces. B and C) Representative current traces and corresponding voltage protocols for current 

measurements of mutants Y652A and F656A in the absence (Control, black trace) and presence of 20 mM TBA 

(blue and orange trace, respectively). Tail currents of F656A were recorded at -140 mV. D) Normalized peak tail 

currents of WT, Y652A, and F656A channels after steady state block by 20 mM TBA (n=4-13, error bars, 

±SEM; unpaired t-test, P < 0.0001). E) State dependent recovery of hERG channels from TBA block. Peak tail 
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currents were normalized to control currents and plotted against time. After 330 s incubation of WT hERG 

channels with 20 mM TBA, steady state block was reached within the first 2 pulses of a 0.3 Hz pulse train (p1 - 

p13). During the following 330 s wash period, channels were kept closed at resting potential of -100 mV. 

Recovery from block at rest was probed by subsequent pulsing at 0.3 Hz. 

 

Structural insights of TBA block in hERG. To further explore TBA hERG channel 

interactions, we docked TBA into the hERG cavity using the program FlexX and the open 

hERG homology model (Stary et al, 2010). In the docking simulations, the tilted orientation is 

favored over the xy-plane orientation thereby maximizing hydrophobic interactions of TBA 

with Y652 and F656 (Figure 3A and B). In a subsequent 100 ns MD simulation starting from 

the best ranked docking pose, TBA sampled both planar and tilted orientations equally, 

closely interacting with the two aromatic amino acids Y652 and F656. In Figure 3C, the 

shortest distances between a TBA side chain and the aromatic rings of Y652 and F656 are 

plotted over time. Distances between 4 and 6 Å indicate that TBA side chains favorably 

interact with the aromatic amino acids. Measured distances between the quaternary nitrogen 

of TBA and Y652 and F656 were always above 5.5 Å in our simulation. At such distances the 

potential energies of cation-pi interactions become insignificant (Marshall et al, 2009). 

Therefore, it is unlikely that cation-pi stacking contribute to binding. Throughout the 

simulations TBA remained in the energetically favorable D2d conformation. 
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Figure 3. Orientation of TBA in hERG and distances between TBA side chains and Y652 and F656. A) 

TBA in the xy-plane (pink sticks) and tilted (magenta sticks) orientation in side view. For clarity, only three SUs 

are shown in gray. The K
+
 ion in the SF is represented as a violet sphere. Y652 and F656 are shown as green 

sticks. B) Top view of TBA in the xy-plane (pink sticks) and tilted (magenta sticks) orientation. Y652 and F656 

in the cavity facing state are shown as green spheres. C) Distances between TBA side chains and Y652 and 

F656. The distance between the three outermost carbon atoms of each butyl side chain and the aromatic rings 

was calculated. The closest distance at each time step is plotted. 

 

Dynamics of TBA trapping in hERG. To investigate possible conformational changes 

during hERG gating, we performed 20 ED simulations in the absence and presence of TBA. 

The apo simulations revealed that the conformation of Y652 remains in the cavity facing 

orientation, independent of channel state (Figure 4A). In contrast the rotameric state of the 

second aromatic amino acid forming the binding site, F656 changed dramatically during gate 

closure. While preferably in the cavity facing conformation in the open channel state, F656 

switched rapidly to the cavity lining conformation in the apo simulations, reaching equal 

distribution between the two states after 8 ns (Figure 4B). Interestingly, a third, rare rotameric 

state of F656 was observed during gating. F656 can rotate to a state orthogonally to the S6 
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helix since two adjacent S6 helices approach each other during closing and therefore decrease 

the space in this region. These findings show that Y652 remains rigid during gating while 

F656 undergoes gating specific rotameric changes.  

Next, we probed the influence of TBA on gating dependent rearrangements of binding 

residues. We observed no significant differences for Y652 (Figure 4C). However, TBA 

clearly influenced the dynamics of F656 during trapping. Figure 4D illustrates that TBA 

slows the transition from the cavity facing to the cavity lining conformation. In simulations 

without the blocker, equal distribution was reached after 8 ns while in the presence of TBA, 

15 ns were necessary. This suggests that the trapped TBA stabilizes the F656 conformation in 

cavity facing orientation.  

As observed in KcsA, TBA remains in the D2d conformation with rare observations of the 

S4 state during hERG channel closure (supplemental Figure S2). Due to the larger cavity, 

TBA can adopt the tilted as well as the xy-plane orientation (Figure 4E and F).  

 

Figure 4. Rotameric states of Y652 and F656 during hERG gate closure. Conformational changes of Y652 

(A and C) and F656 (B and D) in the absence (A and B) and presence (C and D) of TBA during gating. Cavity 

facing (blue line) and cavity lining (green line) states identified for KcsA also apply for hERG. For F656, an 

additi nal helix lining  tate  χ1 angle in the range  f  0°, red line) wa   b erved. E and F) R tameric  tate   f 
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Y652 and F656 as spheres at the beginning and end of gate closure in top view, respectively. TBA is represented 

as sticks and colored magenta and pink in the tilted and xy-plane orientation, respectively. Y652 and F656 are 

colored according to their rotameric states.  

 

State dependence of TBA dissociation. While it was shown that dissociation of trapped 

compounds is explicitly linked to an open gate, the extent of gate opening necessary for 

dissociation remains elusive. Crystal structures of KcsA in closed, intermediate and open 

states (Zhou et al, 2001b; Cuello et al, 2010), and a co-crystallized TBA (Faraldo-Gómez et 

al, 2007; Yohannan et al, 2007) provide an ideal set of structural information to probe state 

dependent dissociation. The closed channel with TBA, crystallized by Yohannan et al. 

(Yohannan et al, 2007), served as a starting point. TBA was placed to the same binding site in 

the intermediate and open channel state (Cuello et al, 2010) and all systems were subject to 20 

ns free MD simulation to allow equilibration of TBA orientation. TBA remained in the xy-

plane orientation as seen in the crystal structures (Faraldo-Gómez et al, 2007; Yohannan et al, 

2007). Subsequently, force probe MD simulations were used to pull the compound along the 

channel axis through the gate region. Free energy calculations of the dissociation pathway by 

umbrella sampling provide qualitative insights into the probability of TBA dissociation from 

specific channel states. In the closed KcsA channel, TBA is tightly packed in the cavity 

formed by F103 and I100 as well as by T107 where the pore becomes constricted (see Figure 

5B and C). The small energy well in the cavity and the large energy increase along the z-axis 

indicate that the cavity space in the closed state is very limited (Figure 5A). Squeezing TBA 

through the closed gate (Figure 5D-G) led to a total energy barrier of 50 kcal/mol rendering 

spontaneous dissociation through the closed gate very unlikely. During the force probe 

simulation, TBA adopted and remained in the S4 conformation. This suggests that part of the 

applied energy, contributing to the energy barrier, is used to change the TBA conformation. In 

addition, up to 1 kcal/mol might be stored in the S4 conformation. 
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Figure 5. A) Free energy profile of TBA dissociation from the closed KcsA channel. The blue shade depicts the 

high affinity binding site. Statistical error is shown as green shade. B) TBA structures, represented as sticks, 

show the dissociation pathway through the gate. For clarity, only three SUs are shown in green. Interacting 

amino acids are depicted as green sticks. The K
+
 ion in the SF is represented as a violet sphere. TBA structures 

in panel B and C-G correspond to positions 1.45 nm (pink, C), 1.84 nm (cyan, D), 2.45 nm (magenta, E), 3.0 nm 

(yellow, F), and 4.0 nm (light pink, G). C-G) Top view of TBA and interacting amino acids during dissociation. 

TBA is colored according to its position and amino acids are shown as green spheres with one SU labeled.  

 

Next, TBA was pulled through the intermediate channel gate (gate diameter of 8 Å). The 

opening of the gate increased the cavity size leading to a broader energy well of TBA in the 

binding site. However, an energy barrier of 40 kcal/mol was calculated for TBA dissociation 

(Figure 6A-F). Again, TBA adopted the S4 conformation during dissociation and stayed in 

that conformation. 
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Figure 6. A) Free energy profile of TBA dissociation from the intermediate KcsA channel. The blue shade 

depicts the high affinity binding site. Statistical error is shown as green shade. B) TBA structures, represented as 

sticks, show the dissociation pathway through the gate. For clarity, only three SUs are shown in green. 

Interacting amino acids are depicted as green sticks. The K
+
 ion in the SF is represented as a violet sphere. TBA 

structures in panel B and C-F correspond to positions 1.5 nm (pink, C), 2.1 nm (cyan, D), 2.5 nm (magenta, E), 

and 3.2 nm (yellow, F). C-F) Top view of TBA and interacting amino acids during dissociation. TBA is colored 

according to its position and amino acids are shown as green spheres with one SU labeled. 

In the open KcsA channel, the cavity (gate diameter of 14 Å) is directly accessible to the 

solvent. The force probe MD simulations revealed that TBA, due to its hydrophobic nature, 

moves along the TM2 and TM1 helices before it gets fully hydrated in the intracellular 

compartment. Free energy calculations showed that the open gate does not cause an energy 

barrier for TBA dissociation (Figure 7A). The increase in energy during dissociation is mainly 

caused by TBA leaving its high affinity binding site between 2 and 2.5 nm on the z-axis 

(Figure 7A, B-D). A total energy difference of 8 kcal/mol between the bound and the solvated 

TBA was measured. Throughout the dissociation simulation, TBA remained in the D2d 
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conformation further indicating that the gate is wide enough to allow dissociation of a planar 

TBA which has a diameter of 12 Å (Figure 7B-F). 

 

Figure 7. A) Free energy profile of TBA dissociation from the fully open KcsA channel state. The blue and 

beige shades depict the high affinity binding site and the solvent compartment, respectively. Statistical error is 

shown as green shade. B) TBA structures, represented as sticks, show the dissociation pathway through the gate. 

For clarity, only three SUs are shown in green. Interacting amino acids are depicted as green sticks. TBA 

structures in panel B and C-F correspond to positions 1.5 nm (pink, C), 2.3 nm (cyan, D), 2.9 nm (magenta, E), 

3.6 nm (yellow, F), and 5.2 nm on z-axis. C-E) Top view of TBA and interacting amino acids during 

dissociation. F) Top and side view of TBA and interacting amino acids on TM1 and TM2 helices. 
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Figure 8. A) Free energy profile of TBA dissociation from the open hERG channel. The blue and beige shades 

depict the binding site and the solvent compartment, respectively. Statistical error is shown as green shade. B) 

TBA structures, represented as sticks, show the dissociation pathway through the gate. For clarity, only three 

SUs are shown in green. The binding determinants Y652 and F656 are depicted as green sticks. TBA structures 

in panel B and C-E correspond to positions 1.58 nm (pink, C), 2.5 nm (cyan, D), 3 nm (magenta, E), 4.5 nm 

(yellow) on z-axis. C-D) Top view of TBA and interacting amino acids during dissociation. E) Top and side 

view of TBA and interacting amino acids on two adjacent TM2 helices. 

 

TBA dissociation from the open hERG. To explore dissociation of TBA from the hERG 

channel we applied force probe simulations and umbrella sampling, as described above for 

KcsA. TBA dissociation was only probed from the fully open hERG state since free energy 

calculations on KcsA suggest that dissociation solely occurs from an open channel state. 
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For hERG dissociation, a total energy difference of 6 kcal/mol was measured (Figure 8A-

C). At position 2.2 to 2.4 nm on z-axis, an interacting F656 switched from the cavity facing to 

the cavity lining state; thereby allowing easier passage of TBA through the channel gate and 

causing an energy plateau phase. The subsequent energy barrier from 2.5 to 3 nm is caused by 

the first exposure of TBA to the solvent after the F656 passage (Figure 8D and E). At 3 nm on 

z-axis (Figure 8E), TBA packs to two adjacent TM2 helices before it gets fully hydrated 

shown by an energy increase to 6 kcal/mol. Throughout the dissociation simulation, TBA 

remained in the D2d conformation.  

 

DISCUSSION 

In this study we addressed two important questions concerning drug trapping in K
+
 

channels. First, do trapped drugs influence gating? Second, is a fully open gate required for 

drug dissociation? To answer the first question, we performed MD simulations with the 

prototypical K
+
 channel KcsA and a model of the hERG K

+
 channel. Closing ED simulations 

with TBA in KcsA and hERG revealed that the drug influences structural rearrangements in 

hERG but not in KcsA. This is in agreement with crystal structures of TBA trapped in KcsA 

by Faraldo-Gómez et al. (Faraldo-Gómez et al, 2007) and Yohannan et al. (Yohannan et al, 

2007) indicating a negligible effect of drug block on the channel structure. 

In hERG, experimental characterization of TBA block was lacking so far. Thus, we first 

investigated the mechanism of TBA hERG interactions in detail. Open/inactivated channel 

dependence of block of TBA was indicated by fast current decrease upon channel activation 

(Figure 2A). This finding is in line with the well described state dependence of drug block in 

hERG (Perrin et al, 2008; Hill et al, 2014). Alanine mutations of Y652 and F656 revealed that 

both residues significantly reduce the potency of TBA (Figure 2D) indicating that these 

compounds bind to the cavity as has been shown for a multitude of other hERG blockers 
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(Mitcheson et al, 2000a; Lees-Miller et al, 2000; Kamiya et al, 2001; Sánchez-Chapula et al, 

2002, 2004; Ridley et al, 2004; Perry et al, 2004; Guo et al, 2006; Kamiya et al, 2006, 2008). 

TBA shares common features with trapped drugs. Block occurs from the intracellular side 

of the channel and requires prior channel opening. Further, the drug cannot be washed out 

during 330 s at resting state and repetitive stimulation during wash-out induces rapid recovery 

from block, suggesting that TBA is trapped in the hERG cavity (Figure 2E). 

In agreement with experimental results, docking and MD simulations support the 

importance of Y652 and F656 for binding. According to our modeling studies, these 

interactions are primarily of hydrophobic nature. Cation-pi interactions were not observed, the 

quaternary nitrogen and aromatic rings of Y652 and F656 were too distant (Marshall et al, 

2009) throughout the simulation. This fits to data by Xia et al, showing that higher exposure 

of the quaternary nitrogen and a decrease of hydrophobicity by shorter alkyl chains leads to 

reduced potency of QA compounds (Xia et al, 2011). The hERG channel closure simulations 

highlight the important role of F656 during channel closure. Fast transitions of F656 from 

cavity facing to cavity lining conformation were observed (Figure 4B). This finding is in 

agreement with a recent MD simulation study revealing innate flexibility of the F656 side 

chain (Knape et al, 2011). Further, it is supported by a mutagenesis study by Fernandez et al. 

(Fernandez et al, 2004), suggesting an important role of this residue for normal deactivation. 

Their work cleary showed that replacement of the bulky side chain by smaller hydrophobic 

amino acids leads to faster channel closure. Therefore, it is conceivable that the bulkiness at 

this position contributes to the slow deactivation kinetics in hERG. 

 Remarkably, in the presence of TBA, F656 structural rearrangements are significantly 

perturbed during gating (Figure 4D), indicating that binding of TBA stabilizes the aromatic 

side chains in the cavity facing conformation. This finding is of particular interest since most 

hERG blockers bind to F656 (Mitcheson et al, 2000a; Lees-Miller et al, 2000; Kamiya et al, 

2001; Sánchez-Chapula et al, 2002, 2004; Ridley et al, 2004; Perry et al, 2004; Guo et al, 
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2006; Kamiya et al, 2006, 2008). Interestingly, it has been suggested previously that F656 

might act as physical barrier for drug dissociation of certain compounds (Karczewski et al, 

2009). It is tempting to speculate that specific interactions with F656 determine if a compound 

is trapped or not. Based on our simulations, we propose that trapped compounds might 

stabilize the cavity facing state of F656, presenting a barrier for drug dissociation. Increased 

sampling of the cavity lining conformation might facilitate drug dissociation prior to complete 

channel closure. This hypothetical mechanism is illustrated in schematic Figure 9. One way to 

test the validity of this scenario would be the use of F656 mutants as described by Fernandez 

et al. (Fernandez et al, 2004), which still exhibit reasonable affinity for blockers while 

introducing different amino acid size and deactivation kinetics. This approach will be subject 

of further studies. 

In hERG, not all blockers demonstrate slow recovery from block (Milnes et al, 2003; Stork 

et al, 2007; Mitcheson, 2008), but appear to quickly dissociate even when the channels are 

held at resting state. This might be explained by our findings, demonstrating the important 

role of F656 during gating. F656 might function as a second gate and prevent dissociation of 

trapped drugs via mutual interference. 

 

The second important question that was addressed in this study concerns the extent of gate 

opening necessary for dissociation. Force probe MD simulations and energy calculations on 3 

different KcsA crystal structures with pore diameters of up to 14 Å (fully open) revealed that 

dissociation is only possible when the gate is fully open. Similarly, no energy barrier was 

found for TBA dissociation from the open hERG state model. In both channels, TBA moves 

along the cavity wall maximizing hydrophobic contacts to the protein during dissociation. The 

exit scenario from closed and intermediate KcsA channel states is predicted to trigger 

conformational changes of TBA to the S4 conformation. Despite this more compressed 

structure (diameter of 8 Å), large energy barriers render dissociation from these states highly 
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unlikely. Since, except for F103, only small residues line the cavity in KcsA, the observed 

high energy barriers (40 – 50 kcal/mol) result primarily from the conformational state, defined 

by the backbone coordinates. Although high energy barriers occurred during dissociation 

from these channel states, our force probe simulations did not cause changes in the protein 

secondary structure. Taken together, we propose that compounds cannot dissociate from 

closed or intermediate states, but require an open helix bundle crossing gate. This is supported 

by earlier findings from our lab (Beyl et al, 2007). 

 

 

Figure 9. Schematic figure of the importance of the F656 conformation on trapping.  
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Supporting Information 

 

Figure S1. Dihedral angle distribution of TBA during KcsA closure. Dihedral angles were calculated as 

described in (Luzhkov et al, 2002). Dihedrals at -180° and 180° represent the D2d conformation while an dihedral 

angle at 60° stand for the S4 conformation. 

 

Figure S2. Dihedral angle distribution of TBA during hERG closure. Dihedral angles were calculated as 

described in (Luzhkov et al, 2002). Dihedrals at -180° and 180° represent the D2d conformation while dihedral 

angles at -60° and 60° stand for the S4 conformation. 
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Figure S3. Histograms of the 65 umbrella sampling windows in KcsA closed state. Windows were simulated 

with 1000 or 10000 kJ/mol/nm² and can be distinguished by the peak height. 

  

Figure S4. Histograms of the 67 umbrella sampling windows in KcsA intermediate state. Windows were 

simulated with 1000 or 10000 kJ/mol/nm² and can be distinguished by the peak height. 
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Figure S5. Histograms of the 56 umbrella sampling windows in KcsA open state. Windows were simulated 

with 1000 or 10000 kJ/mol/nm² and can be distinguished by the peak height. 

 

Figure S6. Histograms of the 57 umbrella sampling windows in hERG open state. Windows were simulated 

with 1000 or 10000 kJ/mol/nm² and can be distinguished by the peak height. 

 

 

Luzhkov VB, Österberg F, Acharya P, Chattopadhyaya J & Aqvist J (2002) Computational 

and NMR study of quaternary ammonium ion conformations in solution. Phys. Chem. Chem. 

Phys. 4: 4640–4647 
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Our findings of the above described MD simulations suggest that the gate does not have 

to close completely to trap a compound and prohibit dissociation. Additionally, trapped drugs 

might affect the conformational rearrangements of the channel during gating. Since the 

channel cavity is of limited size, a trapped drug might prevent complete closure of the 

channel. Therefore, we investigated if a trapped drug influences the extent of channel 

closure. To answer this question we made use of a new approach locking the hERG channel 

gate with disulfide bonds. The study was conducted during a research stay in the laboratory 

of Michael C. Sanguinetti at the Nora Eccles Harrison Cardiovascular Research and Training 

Institute, University of Utah, USA. 

A hERG cysteine double mutant was successfully used by Ferrer et al. (Ferrer et al, 2006) 

to confirm that the S4-S5 linker directly couples voltage sensor movement to the activation 

gate. By adding the membrane-permeable oxidizing agent tbHO2, a disulfide bond between 

L666C of the S6 helix and D540C of the S4-S5 linker was formed which locked the channel 

in the closed state. Additionally, it was shown that this cysteine bridge can be reversed and 

normal channel function can be regained by adding the reducing agent DTT. Most 

importantly for our study, the formation of the disulfide bond was state dependent, meaning 

that the bond was only formed in the closed state. In order to build a cysteine bridge, the β-

carbons of the two amino acids need to be located within 5 Å and oriented orthogonally to 

each other (Careaga & Falke, 1992). These specific distance requirements allow us to 

identify changes of gate closure in the presence of drugs. If the cysteine bridges can be 

formed, no currents will be observed at depolarized potentials. This result would strongly 

support drug binding and trapping without gate modification. In contrast, if drugs prevent full 

channel closure or modify the channel gate, cysteine bridge formation is prevented. 

Therefore, ionic currents would occur after washout of the drugs while keeping the channel 

open by membrane depolarization. This effect would strongly suggest that the tested hERG 

blockers influence gate closure. In this study, the two high-affinity hERG blockers cisapride 

and dofetilide were used representing a non-trapped (Stork et al, 2007; Kamiya et al, 2008) 

and a trapped drug (Kamiya et al, 2006), respectively. 

Before testing the disulfide formation with drugs, two important prerequisites need to be 

met. First, the used drugs should not be modified by the used oxidizing and reducing agents. 

To probe the stability of the drugs, thin layer chromatography (TLC) was performed with 

drugs exposed to three different solutions. Each solution contained a drug concentration of 

100 µM. The control solution contained 96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, 

and 5 mM HEPES (pH 7.5, titrated with NaOH). For the second and third solution, 2 mM 

tbHO2 and 20 mM DTT were added to the control solution, respectively. Reduction or 

oxidation of functional groups would lead to differences in the attraction to the stationary 
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silica gel phase and in the solubility in solvent. Therefore, changes in the chemical structure 

would be observed by differences in the travel distance and in the retardation factor. In all 

three solutions, the compounds moved to the same extent indicating that the compounds 

were neither oxidized nor reduced. 

Second, it is important to verify that the drug binding site is unaffected by the double 

mutant and thus does not influence the potency of the drugs. Therefore, half maximal 

inhibitory concentrations (IC50) for cisapride and dofetilide in the D540C-L666C mutant 

channel were measured (Figure 1). For cisapride, an IC50 value of 1.079 ± 0.05 µM was 

measured (Figure 1A). This is in good agreement with WT channel values reported in the 

literature (Mitcheson et al, 2000; Fernandez et al, 2004; Kamiya et al, 2008; Myokai et al, 

2008). Dofetilide exhibited an IC50 of 0.206 ± 0.02 µM which is in line with WT IC50 values 

(Figure 1C) (Lees-Miller et al, 2000; Kamiya et al, 2006). Our data indicates that drug block is 

not affected by the two introduced cysteine mutants. However, the applied voltage protocol 

for drug block (Figure 1B) revealed an unusual gating property of the double mutant. The 

oocytes were kept at a holding potential of -90 mV, followed by a 1-s test pulse to +20 mV. 

Subsequent tail currents were recorded at -70 mV. A prepulse to -70 mV prior to 

depolarization can be of great use to determine the leak currents in oocytes since hERG 

channels are usually closed at this membrane potential. Conversely, in case of the cysteine 

double mutant, drug blocking effects were also observed during these prepulses indicating 

altered gating properties of D540C-L666C. 

 

Figure 1. Concentration dependent block of the D540C-L666C mutant channel by cisapride and 

dofetilide. A) Concentration-effect relationship for cisapride block of hERG D540C-L666C channel 

current. The IC50 was 1.079 ± 0.10 µM with a Hill coefficient of 1.18 (n=5). B) Voltage protocol and 

steady-state currents in the absence and presence of cisapride in 0.3 µM, 0.1 µM, 3 µM, and 10 µM 

concentrations (currents in descending order). C) Concentration-effect relationship for dofetilide. The 

IC50 value was 0.206 ± 0.05 µM with a Hill coefficient of 0.82 (n=4). Points are means ± SEM. 
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The gating properties were probed by investigating the current-voltage relationship (Figure 

2). The oocytes were kept at the K+ reversal potential of -95 mV (in KCM211 solution, see 

methods). 2-s test pulses were applied in the range from -80 to +70 mV in 10 mV increments. 

Tail currents were recorded at -70 mV and normalized to the maximal tail current obtained at 

the +70 mV test pulse. A half-maximal activation (V1/2) of 19.5 ± 0.2 mV was measured for 

the mutant. This corresponds to a shift of around 40 mV to more positive voltages compared 

to the WT hERG channel. Further, the I-V curve revealed that the channel exhibits a 

constitutive conductance at negative potentials although the pore gate is closely coupled with 

the voltage sensor as indicated by the steep voltage dependence of activation. The finding 

that D540C-L666C hERG channels display a standing conductance of 15 % even at negative 

potentials was not reported in the original work and has great consequences for our 

investigations of trapping as described below. 

 

Figure 2. Current-voltage relationship of the D540C-L666C hERG channel. A V1/2 of 19.5 ± 0.2 mV 

was measured. The I-V curve illustrates the steady-state current at negative potentials where hERG 

channels are usually closed. Points are means ± SEM (n=6). 

The following procedure was applied to investigate the extent of hERG channel closure 

upon drug trapping (Figure 3A). Either 10 µM cisapride or 3 µM dofetilide or no drug (control) 

were applied until steady-state block was reached (time < -600 s). Subsequently, the 

channels were kept at holding potential (-90 mV) and treated with 0.5 mM tbHO2 for 5 min to 

form the D540C-L666C disulfide bond and wash out unbound drug. This phase was followed 

by a 5 min washing period with the superfusing solution KCM211 at holding potential to wash 

out excessive oxidizing agent. Then, pulse trains were applied (time = 0) to elucidate 

currents through channels which did not form a disulfide bond due to probable modification of 

gate closure by a trapped drug. To verify the formation of a disulfide bond, 20 mM of the 

reducing agent DTT was subsequently applied and washed out by KCM211. In these 

experiments, the 1-s test pulse was set to +40 mV as described in the original work by Ferrer 

et al. while the rest of the protocol remained as described above. In both experiments with 

the trapped dofetilide and the non-trapped cisapride, a steady-state block of 90 % was 

reached. After treatment with tbHO2 and wash out, no difference in the currents could be 
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observed between cisapride and dofetilide during 15 min pulsing. Further, application of the 

reducing agent led to an increase in current indicating that the disulfide bond was formed in 

both cases. The wash out of DTT caused another increase in current which is probably 

caused by the dissociation of DTT from extracellular channel blocking sites. Currents did not 

recover completely which might result from long exposure of the channel to tbHO2 (personal 

communication with Michael C. Sanguinetti and Martin Tristani-Firouzi). Interestingly, no 

difference between trapped and non-trapped drugs in terms of disulfide formation was 

detected in our experiments which is in contrast to our proposed hypothesis. Therefore, we 

asked if dofetilide is really trapped during the 10 min period at holding potential. To probe 

dofetilide trapping in the D540C-L666C mutant, blocked channels were kept at holding 

potential for 10 min while superfusing with KCM211. Surprisingly, channels recovered almost 

completely from dofetilide block during this phase (Figure 3B). The lack of dofetilide trapping 

is caused by insufficient closure of the D540C-L666C mutant channel as described by the I-V 

relationship. Due to the activated channels at holding potential, dofetilide can dissociate 

during the wash phase. Thus, unfortunately, the D540C-L666C mutant is not suitable to 

study trapping as this phenomenon is greatly affected by the mutant. 

 

Figure 3. Disulfide bond forming experiment with the D540C-L666C channel. A) Application of 3 

µM dofetilide and 10 µM cisapride until steady-state block was reached (time < 600 s). Steady-state 

block was followed by application of 0.5 mM tbHO2 and KCM211 for 5 min each at holding potential. 

Subsequent pulsing elucidates the amount of channels locked by disulfide bonds. After 15 min, 

disulfide bonds were reduced by 20 mM DTT. Subsequent washout led to dissociation of DTT from 

extracellular blocking sites. For clarity, the number of plotted data points per experiment was reduced 

to 100. B) Dissociation experiment with 3 µM dofetilide. After steady-state block, channels were kept 

at holding potential for 10 min and were superfused with KCM211. Subsequent pulsing showed that 

channels recovered almost completely from dofetilide block indicating that dofetilide can dissociate 

from the mutant channel at holding potential. Points are means ± SEM (n=3). For clarity, the number 

of plotted data points was reduced to 100. 
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As the above described cysteine double mutant greatly affected drug trapping, we set out 

to identify other disulfide forming hERG mutations that allow investigations on hERG 

trapping. Based on our hERG homology model of the closed channel state (Garg et al, 

2011), we proposed that cysteine residues located at the S660 amino acid in the TM2 would 

be in close proximity (Cβ-Cβ distance: 5-6 Å) in the closed channel state and might form 

disulfide bonds with each other (Figure 4A). Indeed, TEVC recordings showed that the 

S660C mutant exhibited sensitivity to application of 1 mM tbHO2 during repetitive pulsing and 

led to current reduction of 50 % which could be reversed by 20 mM DTT application (not 

depicted). The formation of the disulfide bond in S660C was significantly slower than in the 

double-mutant. This effect might be caused by a reduced accessibility of tbHO2 to the S660C 

in the pore gate region. I-V relationship recordings showed that V1/2 is unaffected by the 

mutant which is in agreement with a previous study (Wynia-Smith et al, 2008). Additionally, 

complete closure of the channels was achieved at potentials below -60 mV (Figure 4B). 

However, as illustrated in Figure 4C, the necessary long holding potential period had great 

implications for the channel behavior. In an experiment without hERG blockers, the channels 

showed a current inhibition of 80 % after a holding period of 25 min at -90 mV. Subsequent 

repetitive pulsing caused complete recovery of the current. This behavior probably results 

from the initiation of an additional closed state by the S660C mutant. The mutant channels 

might adopt this state by long time periods at negative membrane potentials. This state 

appears to be less sensitive to depolarized membrane potentials. During repetitive pulsing, 

the channels slowly recover from this additional closed state and participate in the normal 

gating process induced by the voltage protocol. The unique channel state behavior of the 

S660C mutant renders trapping studies with this mutant impossible. 
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Figure 4. Current-voltage relationship and pulsing behavior of the S660C channel. A) Bottom 

(left) and side (right) view of the proposed S660C location in the closed hERG channel state. SUs are 

shown as gray cartoon while the S660C residue is depicted as blue sticks (bottom view) and spheres 

(side view). For clarity, only two opposing SUs are shown in the side view. B) A V1/2 of -26.2 ± 1.0 mV 

was measured. Points are means ± SEM (n=6). C) Reduced current after 25 min at holding potential in 

the absence of blocking drugs. Currents completely recovered during 10 min repetitive pulsing. For 

clarity, the number of plotted data points was reduced to 100. 

 

Summarizing, the herein used cysteine mutant channels influenced trapping of drugs or 

changed the gating properties of the respective channels. Thus, the mutants are not 

applicable to investigate our research question. Nevertheless, as disulfide bond experiments 

add high resolution information to electrophysiology studies, this approach might ultimately 

shed light on drug trapping. However, identifying suitable mutations that do not influence the 

biophysical properties of the channel which are crucial for trapping, such as channel closure 

and gating behavior, might be challenging. 

 

 

 

 



 

114 
 

REFERENCES 

Careaga CL & Falke JJ (1992) Thermal motions of surface alpha-helices in the D-galactose 
chemosensory receptor. Detection by disulfide trapping. J. Mol. Biol. 226: 1219–35 

Fernandez D, Ghanta A, Kauffman GW & Sanguinetti MC (2004) Physicochemical features 
of the HERG channel drug binding site. J. Biol. Chem. 279: 10120–7 

Ferrer T, Rupp J, Piper DR & Tristani-Firouzi M (2006) The S4-S5 linker directly couples 
voltage sensor movement to the activation gate in the human ether-à-go-go-related 
gene (hERG) K+ channel. J. Biol. Chem. 281: 12858–64 

Garg V, Stary-Weinzinger A, Sachse F & Sanguinetti MC (2011) Molecular determinants for 
activation of human ether-à-go-go-related gene 1 potassium channels by 3-nitro-n-(4-
phenoxyphenyl) benzamide. Mol. Pharmacol. 80: 630–7 

Kamiya K, Niwa R, Mitcheson JS & Sanguinetti MC (2006) Molecular determinants of HERG 
channel block. Mol. Pharmacol. 69: 1709–16 

Kamiya K, Niwa R, Morishima M, Honjo H & Sanguinetti MC (2008) Molecular Determinants 
of hERG Channel Block by Terfenadine and Cisapride. J. Pharmacol. Sci. 108: 301–307 

Lees-Miller JP, Duan Y, Teng GQ & Duff HJ (2000) Molecular determinant of high-affinity 
dofetilide binding to HERG1 expressed in Xenopus oocytes: involvement of S6 sites. 
Mol. Pharmacol. 57: 367–74 

Mitcheson JS, Chen J, Lin M, Culberson C & Sanguinetti MC (2000) A structural basis for 
drug-induced long QT syndrome. Proc. Natl. Acad. Sci. U. S. A. 97: 12329–33 

Myokai T, Ryu S, Shimizu H & Oiki S (2008) Topological mapping of the asymmetric drug 
binding to the human ether-à-go-go-related gene product (HERG) potassium channel by 
use of tandem dimers. Mol. Pharmacol. 73: 1643–51 

Stork D, Timin EN, Berjukow S, Huber C, Hohaus A, Auer M & Hering S (2007) State 
dependent dissociation of HERG channel inhibitors. Br. J. Pharmacol. 151: 1368–76 

Wynia-Smith SL, Gillian-Daniel AL, Satyshur KA & Robertson GA (2008) hERG gating 
microdomains defined by S6 mutagenesis and molecular modeling. J. Gen. Physiol. 
132: 507–20 

  



 

115 
 

5 Discussion 

In this thesis, comprehensive investigations of the gating behavior of K+ channels were 

performed. Although the herein studied prototypical bacterial K+ channel KcsA, the bacterial 

Kir channel KirBac1.1, and the human Kv channel hERG are only distantly related and 

exhibit a low sequence identity (full length: ~ 1 %; TM domain: ~ 7 %), they share a similar 

TM domain architecture. Likewise, the global rearrangements of the three channels occurring 

in our gating simulations display common gating motions. In all three cases, the TM2 helix 

bended and straightened at the conserved glycine hinge47 in opening and closing 

simulations, respectively (G99 in KcsA, G134 in KirBac1.1, G648 in hERG). However, the 

extent of channel opening at the pore gate varied in the studies of KcsA and KirBac1.1. 

Gating simulations in KcsA resulted in an open channel state that closely resembles the 23 Å 

open KcsA crystal structure38 (Figure 1 and 2 in chapter 4.1, page 40). Simulations in 

KirBac1.1 with the activatory mutant G143E led to smaller gate opening movements (Figure 

2 and 3 in chapter 4.2, page 55) which fit to the open 17 Å crystal structure.38 If this state 

represents a fully open conformation of KirBac1.1 is unknown as much wider openings of the 

pore gate of up to 32 Å were reported with truncated crystal structures of KcsA.38 However, 

full-length crystal structures of KcsA446 suggested that the C-terminal domain restricts the 

gate opening to about 21 Å. Thus, it seems likely that the large CTD of Kir channels imposes 

structural constraints on the maximal extent of gate opening. The important role of 

intracellular domains on gating is further emphasized by the fact that for some channels such 

as NaK, open state crystal structures could be only obtained when intracellular facing parts 

were removed.447 

In Kir channels, the CTD not only affects the maximal opening of the HBC gate but also 

critically regulates gating of the channel. While previous studies on KirBac suggested that a 

rotational movement of the CTD has to occur prior to HBC gate opening,42,371 our simulations 

indicate that the HBC gate can trigger twisting of the CTD. This would imply that the coupling 

between the TM domain and the CTD might operate bidirectionally. Studies on the 

prokaryotic Kir channels have provided invaluable insights into the atomistic rearrangements 

of these channels during gating. However, it is important to note that eukaryotic Kir channel 

gating is regulated by various different ligands such as nucleotides or GPCR SUs. Therefore, 

our current understanding of Kir channel gating might be restricted to the basic elements. 

Future studies focusing on the channel subtype specific structural rearrangements might lead 

to a more sophisticated knowledge of the differences and similarities of gating movements of 

Kir channels. 
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Beside the global conformational changes during gating, local structural rearrangements 

of amino acids were monitored in the different channel gating studies. Strikingly, in all three 

channels, KcsA, KirBac1.1, and hERG, aromatic amino acids play a crucial role during gating 

and their side chain conformational changes have great impact on gating. In KcsA, F103 and 

F114 located on the TM2 helices show gating specific patterns. During opening ED 

simulations, F103 switched from a “cavity lining” to a “cavity facing” state. This rotameric 

switch was linked to inactivation of the SF and it was proposed that F103 mechanically 

couples activation and inactivation in KcsA.55,448 Although the rotameric changes of F103 

were observed in our gating simulations, the SF remained in an activated state (Figure 3 in 

chapter 4.1, page 40), closely resembling the high K+ crystal structure of Zhou et al.33 This 

suggests that the SF state is not implicitly coupled to the F103 conformation. Instead, the 

hydrogen bond network136,137,449 on the backside of the SF with the P-helix and, as recently 

shown, water molecules between these two segments56 appear to be more critical for 

inactivation. Interestingly, while the conformational state of F103 in KcsA was tightly coupled 

to pore gating, the equivalent position in hERG, Y652, displayed high stability in the cavity 

facing orientation irrespective of the gating state (Figure 4A in chapter 4.3, page 87). The 

difference in flexibility of the aromatic amino acids might also reflect the observation that 

F103 is important for KcsA inactivation as the F103A mutant exhibited impaired inactivation 

kinetics55 while the Y652A mutant in hERG does not influence inactivation.166 However, the 

influence of the used hERG homology model remains elusive and warrants further 

investigations. Nevertheless, it was shown that Y652 plays a crucial role for the effect of 

hERG activators on inactivation450,451 suggesting that Y652 is involved in a yet unresolved 

inactivation coupling process. Inactivation processes of K+ channels appear to be of complex 

and diverse nature as the above described observations indicate. It was proposed by Clarke 

et al.367 that SF changes related to inactivation are coupled to the distant rotational 

movements of the CTD in Kir channels which further emphasizes the diversity of inactivation 

mechanisms among channels.  

The second aromatic amino acid in KcsA, F114, appears to be important for the initial 

local rearrangements to “unlock” the channel from the closed state and allow subsequent 

global gating changes. In the KirBac1.1 channel, F146 located on the TM2 helices is part of 

the HBC gate. Our simulations indicate that the orientation of F146 greatly contributes to the 

regulation of gating as only subtle TM2 bending motions but distinct rotameric changes of 

F146 resulted in a water permeable gate (Figure 2 and 3 in chapter 4.2, page 55). This 

suggests that the gating state is in part defined by the side chain orientation of the conserved 

aromatic amino acid in the HBC gate of Kir channels (F181 in Kir3.1 and F187 in Kir3.4, 

F146 in KirBac1.1, Y132 in KirBac3.1). Taken together, the herein presented studies 

emphasize the importance of aromatic amino acids for channel gating by affecting the 
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coupling between the pore gate and the SF, by unlocking channels from a specific state, or 

by forming the HBC gate.  

In recent years, there is accumulating evidence that the membrane lipid composition is of 

great importance for channel regulation.19,381 In KirBac1.1, the positively charged amino acids 

of the slide helix, R49 and K57, were reported to interact with the negative head groups of 

phospholipids.452 Since it was suggested that Kir channel gating is coupled to the movement 

of the slide-helix,42,365,367 the slide-helix lipid interactions might mediate gating and stabilize 

channels states. Analysis of these interactions in our KirBac study revealed that a tilting 

downward movement of the slide-helix at the C-terminus during gating leads to a 

repositioning of K57 and thereby to a stronger hydrogen bond network with the lipids (Figure 

9 in chapter 4.2, page 62). R49 also formed a tight hydrogen bond network throughout our 

simulations; however, no gating specific differences could be observed. It is worth 

mentioning that the studied system comprised only of one type of lipid and does not 

resemble the native membrane composition. Thus, future studies will be needed to provide 

more detailed insights into the lipid specific interactions with the protein which mediate 

channel gating. Additionally, studies on the distinct response of prokaryotic400,402 and 

eukaryotic372,373,379 channels to PIP2 and the involvement of the C-linker in the respective 

gating behavior would be of great interest and might reveal further details of Kir channel 

gating. 

 While the structural basis of channel gating is now well described and was 

comprehensively studied in this thesis, the direct link between the conformational changes 

and the underlying energies remained an unaddressed research topic. Consequently, the 

energy landscapes of gating in KcsA and KirBac1.1 were investigated and described herein. 

In KcsA, free energy calculations of ED gating simulations showed that the open and closed 

states are separated by two energy barriers (Figure 4 in chapter 4.1, page 41). The first, 

smaller energy barrier could be directly correlated to local structural rearrangements at the 

pore gate which unlock the closed channel state. The subsequent global movement of the 

TM2 helices results in a second, larger energy barrier before the channel reaches the open 

state. Interestingly, the energy well between the two barriers is sampled by an intermediate 

crystal structure of KcsA which was not included in the gating simulations. This finding 

emphasizes the validity of ED simulations to derive native gating structures. The overall 

shape of the energy profile showed that KcsA is intrinsically more stable in the closed 

conformation. This is in contrast to a simultaneously published study on the pore domain of 

Kv1.2. Fowler et al.453 showed that forces need to be applied to close the channel pore. A 

major difference between these two channels is the presence of a PVP motif in the TM2 

helices of Kv1.2, which was shown to contribute to an increased open probability of K+ 
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channels.47,48,50 Indeed, mutating PVP to a PVA motif shifted the energy well toward the 

closed channel state suggesting that the PVP motif contributes to the energy discrepancy 

between the two channels. However, the lack of closed crystal structures of Kv1.2 makes it 

challenging to estimate the position of the closed channel state on the energy landscape. In 

our KcsA study and in the Kv1.2 work of Fowler et al.453, energy calculations were performed 

on the pore domain only. The C-terminus in KcsA and the VSD in Kv1.2 presumably affect 

the energy landscape of channel gating and thus will result in altered energy profiles. 

Nevertheless, the studies show that, although the channels share similar architecture, the 

fine tuning of channels greatly influences the energetically favorable states. 

The ED simulation approach allowed the calculation of the WT energy profile of native 

KcsA states. In case of KirBac1.1, the activatory mutant G143E was employed to simulate 

gating. Therefore, it is not surprising that energy calculations displayed an energetically more 

favorable open state. While it is very likely that the energy profile does not resemble the 

native WT gating profile of KirBac1.1, it provides insights into the mutant specific energies of 

gating movements. The profile revealed that a steep energy decrease is caused by the 

G143E induced HBC gate opening as the negatively charged glutamic acid is located in a 

hydrophobic pocket in the closed state which results in strong repulsion. Additionally, it 

showed that the rotational movement of the CTD occurs in two steps. First, an initial 

movement is induced by the HBC gate opening and correlates to a steep energy decrease. 

Second, the CTD conformation is relaxed by a further rotation causing an additional energy 

decrease. The final rotational state of the CTD closely resembles the open twisted CTD 

conformation of the KirBac3.1 crystal structures.42 Another recent open crystal structure of 

KirBac3.1 obtained by a different activatory mutant suggests that each mutant results in a 

different open state. Therefore, it would be of great interest to derive a complete energy map 

of channel gating and identify mutant specific transition pathways and energy wells on this 

map. 

A major part of this thesis focused on the drug trapping phenomenon in KcsA and hERG. 

Although a recent study highlighted the increased pro-arrhythmic risk of trapped drugs in 

hERG,445 it is unknown which characteristics render a drug trapped. We stated three main 

questions which might help to obtain detailed insights into the trapping process. First, do 

specific amino acids in the channel cause trapping? Second, when does the drug get trapped 

during gate closure? And third, does the trapped drug influence the global gating movements 

of the channel? To study the first question, we investigated if a trapped compound affects 

structural rearrangements of binding site lining amino acids during channel closure. 

Tetrabutylammonium (TBA) was used as a trapped compound since this ligand was co-

crystallized in the closed KcsA structure.454,455 Theses structures provide invaluable insights 
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into conformational states of binding site forming amino acids. Additionally, the possible 

conformational states and the underlying energies are known for this compound.456,457 As 

TBA is a symmetrical compound, the orientation of the ligand in the binding site and during 

dissociation is of minor relevance and thereby reduces the necessary sampling in MD 

simulations. These features render TBA an ideal trapped model ligand for trapping 

investigations. 

Investigations on the impact of TBA trapping on cavity lining amino acids were performed 

in KcsA and hERG by making use of ED closure simulations. While the two binding 

determinants in KcsA I100 and F103 were relatively unaffected by TBA (Figure 1 in chapter 

4.3, page 80), the rotameric reorientation of F656 in hERG was significantly impaired by the 

trapped TBA (Figure 4 in chapter 4.3, page 87). In the apo simulation, F656 switched from a 

cavity facing to a cavity lining orientation upon channel closure. However, in the presence of 

TBA, the side chain was stabilized in the cavity facing conformation and thereby displays a 

physical barrier for dissociation. This finding might provide a structural explanation for the 

trapping phenomenon as most hERG blockers, non-trapped and trapped, bind to F656.166–

169,171–174,176,177,458 It would be of great importance to investigate the probable distinct effect on 

the F656 orientation of trapped and non-trapped drugs in future MD studies. To probe this 

hypothesis experimentally, F656 mutations described by Fernandez et al.
175

 might be 

employed which still exhibit reasonable affinity for blockers but introduce different amino acid 

size and deactivation kinetics.  

The second question concerned the extent of gate closure necessary for trapping. This 

was examined by calculating the energy barriers of drug dissociation from different channel 

states (Figures 5, 6, 7, and 8 in chapter 4.3, page 89). Our stimulations suggest that 

dissociation is only possible when the gate is fully open indicating that TBA is already 

trapped in the early beginning of gate closure. Thirdly, the applicability of an experimental 

TEVC approach for investigations of the drug trapping impact on the global hERG gating 

behavior was probed (chapter 4.4, page 107). More specifically, we asked if a trapped drug 

influences the extent of channel closure. We made use of disulfide bond forming hERG 

cysteine mutants. The stringent structural prerequisites for the formation of a cysteine bridge 

add high resolution structural information to electrophysiology recordings. Thus, the 

presence or absence of such a bond in trapping experiments allows the identification of drug 

induced changes of gate closure. Unfortunately, the herein studied mutants greatly 

influenced the trapping of drugs or the gating properties of the respective channels, 

rendering this approach not applicable for trapping studies so far.  
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Summarizing, this thesis provides novel insights into the channel specific movements 

during pore gating. Although the three investigated channels, KcsA, KirBac1.1, and hERG, 

share similar global gating rearrangements in terms of TM2 movements, they exhibit 

uniquely fine-tuned local gating changes of amino acids. Specifically aromatic amino acids 

were shown to adopt crucial roles in shaping the drug binding site, causing drug trapping and 

forming the pore gate during channel gating. As K+ channels are important drug targets to 

treat a plethora of pathophysiological conditions, the knowledge of specific local structural 

rearrangements might contribute to the development of drugs which target specific channel 

states. This might help to avoid the trapping characteristic found in various hERG blocking 

drugs and thereby provide safer medications in the future. 
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