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ABSTRACT 

The human ether-à-go-go related gene (hERG) encoded the pore forming subunit of a K+ 

channel that conducts an important current for the repolarization of the cardiac action 

potential. Dysfunction of the hERG channel leads to abnormal cardiac activities 

characterized by prolongation of the QT interval, clinically known as long QT syndrome 

(LQTS), which can cause lethal tachyarrhythmias and sudden death. We have previously 

shown that hypokalemia induces a conformational change that leads to degradation of 

hERG channels from the plasma membrane (Guo et al., 2009). However, the molecular 

mechanisms for low K+ effect on hERG channels are not known and it is also unknown 

whether low K+-induced internalization of hERG channels can be prevented. Using various 

compounds that interact with hERG channels by binding to different regions of channels 

has been a field of interest to investigate the channel structure-function relationships. 

Moreover, certain high affinity hERG channel blockers such as E-4031 can rescue 

trafficking-detective hERG mutants (Gong et al., 2006). The hERG channel has an 

unusually long extracellular S5-pore linker to which the scorpion toxin BeKm-1 selectively 

binds. I hypothesized that the S5-pore linker contributes to the unique sensitivity of hERG 

channels to extracellular K+, and that BeKm-1 prevents the internalization of hERG 

channels induced by 0 mM [K+]o through binding to S5-pore linker. In the present study, I 

investigated the protective effects of the scorpion toxin, BeKm-1, on low K+-induced 

hERG internalization using whole-cell patch-clamp, and Western blot analysis. Our data 

demonstrate that BeKm-1 effectively prevents low K+-induced hERG current loss and 

protein degradation. Since BeKm-1 blocks hERG channels, its protective effect on low K+-

induced hERG internalization has limited clinical potential. Thus, we designed ten BeKm-
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1 mutants to screen for peptides that can prevent hERG from low K+-induced 

internalization without blocking hERG conductance. Our data show that two mutants were 

able to rescue hERG channels in 0 mM [K+]o but do not block hERG conductance. This 

study extends our understanding of the structure-function relationship of hERG channels 

and revealed a potential novel way to protect hERG channels from low K+-induced 

internalization.  
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CHAPTER 1: INTRODUCTION 

Potassium (K+) channels exist ubiquitously in different life forms with various but 

imperative functions for all cells (Kuang et al., 2015). They have diverse physiological 

functions such as maintenance of the resting membrane potential and regulation of the heart 

rhythm depending on their type and their location (Hodgkin & Huxley, 1947; Sanguinetti 

& Tristani-Firouzi, 2006). Because of their fundamental roles in controlling cell 

excitability in the heart, understanding K+ channel function and regulation provides an 

essential framework for understanding cardiac physiology and pathology.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 The hERG channel 

The hERG (human ether-à-go-go related gene) encodes the pore-forming subunit of the 

rapid component of the delayed rectifier K+ channel, which is important for repolarization 

of the cardiac action potentials. hERG channels are found widely expressed in the heart, 

smooth muscle cells, various brain regions, endocrine cells and various tumour cell lines; 

their roles in the heart have been extensively studied (Vandenberg et al., 2012). 

The hERG channel mediates the rapidly activating delayed rectifier K+ current (IKr), which 

is important for cardiac repolarization (Sanguinetti & Tristani-Firouzi, 2006). The hERG 

channel differs from other members of the ether-à go-go (EAG) family of voltage-gated 

potassium channels in its very unusual kinetic behaviours. The anomalous properties of the 

hERG channel are due to the fast onset of inactivation and recovery from inactivation that 

attenuates the potassium efflux during plateau phase of the cardiac action potential but 

conducts significantly during repolarization (Smith & Yellen, 2002). Dysfunction of the 

hERG channel, induced by either gene mutations or by drug block, mitigates the hERG 

current and prolongs cardiac repolarization reflected by a prolonged QT interval on the 

electrocardiogram, known as long QT syndrome (LQTS). LQTS predisposes individuals 

to life-threatening arrhythmias such as torsades de pointes (TdP) and sudden cardiac death 

(Keating & Sanguinetti, 2001). 
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2.1.1 hERG protein structure 

Similar to other Kv channels, the hERG channel is a homotetramer with each subunit 

consisting of six transmembrane domains and a pore helix that is assembled between S5 

and S6. The S1-S4 domains from each subunit compose the voltage sensor domain (VSD), 

where S4 contains several positive charges that can shift in response to alterations in the 

membrane potential. This mediates electromechanical coupled opening and closing of the 

pore domain (Warmke & Ganetzky, 1994) (Figure 1). The hERG channel has a 

considerably longer S5-pore linker, the extracellular domain between S5 and the pore 

region, than most other voltage-gated K+ channels. It dynamically undergoes 

conformational changes when binding to toxins (e.g., BeKm-1) (Hill et al., 2007) and 

mediates the interaction between the extracellular pore region and the voltage sensor, 

contributing to inactivation (Dun et al., 1999; Pardo-Lopez et al., 2002; Torres et al., 2003). 

Aside from six transmembrane domains, the hERG channel has cytoplasmic N-terminal 

and C-terminal domains. Mutations at both the N-terminal Per-Arnt-Sim (PAS) domain 

and the COOH-terminal cyclic nucleotide binding domain (cNBD) have been linked to 

LQTS. These mutations are reported to either result in an accelerated deactivation of hERG 

channels or to give rise to disrupted channel trafficking, hindering proper function of the 

channel protein (Splawski et al., 2000; Akhavan et al., 2003; Napolitano et al., 2005; 

Gustina & Trudeau, 2012). 
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Figure 1. Schematic representation of hERG K+ channel structure. A. hERG channels 

consist of six transmembrane segments with both amino (NH2) and carboxyl (COOH) 

termini located intracellularly. The S1-S4 domains from each subunit compose the voltage 

sensor domain (grey) and the S5-P-loop-S6 region assembles into the K+-selective pore 

(S5–S6). B. Tetrameric assembly of four subunits is a prerequisite for the formation of 

functional hERG channels. One of the α-subunits is represented in red. The pore region 

from other subunits is colored in blue. The four subunits are arranged around a central 

cavity. Image modified from Labro & Snyders (2012). 

A

B

P-loop
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2.1.2 Synthesis, glycosylation, and trafficking 

The biosynthesis of hERG channels occurs in the endoplasmic reticulum (ER), where 

monomers assemble to form the tetrameric channel before being transported to the Golgi 

apparatus. In the ER, the nascent immature hERG channels undergo asparagine (N)-linked 

glycosylation by attaching a high-mannose oligosaccharide at position N598 (Warmke & 

Ganetzky, 1994; Gong et al., 2002). The folding and assembly of hERG channels is 

regulated by a complex system of cyclic chaperones. When proper folding is complete, 

chaperones are separated from the complex and the core-glycosylated protein will traffic 

to the Golgi apparatus where it gets fully glycosylated and transported to the plasma 

membrane (Zhou et al., 1998a).  

2.1.3 Internalization and degradation 

A balance between internalization through membrane uptake and recycling regulates the 

membrane composition and intermediates numerous cellular processes. Due to the crucial 

roles of internalization, different pathways have been developed to meet diverse 

requirements with differentiated specificity. hERG channels are dynamically internalized 

into the cytoplasm through endocytosis, by which channel proteins are engulfed and 

removed from the plasma membrane for either recycling or further degradation. The 

clathrin-mediated pathway has been most intensively studied, where it brings channel 

proteins into the cytosol by forming clathrin-coated pits, with the assistance of dynamin 

acting at fission sites to split the coated vesicles (Vandenberg et al., 2012). hERG channels 

are endocytosed via a caveolin-mediated route (Guo et al., 2012). In general, internalized 

proteins undergo endocytic sorting procedures where they are delivered to the sorting 
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endosome, which destines them either to be recycled back to the plasma membrane or to 

be further sorted into late endosomes/multivesicular bodies (MVBs) for their ultimate 

degradation in lysosomes. In particular, ubiquitin (Ub) is involved in the internalization of 

hERG channels (Sun et al., 2011). The addition of ubiquitin through covalent binding 

marks channel proteins for proteasomal and lysosomal degradation. Ubiquitination is 

accomplished progressively in three steps with the assistance of ubiquitin-activating 

enzymes (E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin ligases (E3s). Most 

importantly, the recognition of substrate for ubiquitination is governed by the 

ubiquitination signals that are recognized by E3 Ub ligases (Lecker et al., 2006). hERG 

channel degradation is mediated by both mono-ubiquitination (e.g. low K+-induced 

internalization) (Sun et al., 2011), and poly-ubiquitination (e.g. mutants-associated 

deficient trafficking) (Wang et al., 2012). 

2.1.4 Other regulating mechanisms 

Other factors such as ions, temperature, age, sex, and oxidative stress also play a role in 

regulating hERG channel function. A previous study by Amin et al. (2008) suggested that 

fever-induced QT interval prolongation and ventricular arrhythmias are closely related to 

two mutations in hERG. In addition, our lab has found that extracellular K+ is required for 

hERG channels function and membrane stability (Massaeli et al., 2010). Exposure to low 

K+ medium (MEM) decreases the expression of mature (155-kDa) hERG proteins through 

enhanced internalization, which is followed by mono-ubiquitination and lysosomal 

degradation. 
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2.1.5 hERG gating and kinetics 

hERG channels can exist in closed, open, and inactivation states like other voltage-gated 

potassium channels (VGK) (Figure 2). Uniquely, hERG channels display relatively slow 

activation and deactivation but fast voltage-dependent inactivation (Smith et al., 1996). 

Upon depolarization, the hERG channel opens (activates), allowing passage of K+ ions 

through the channel pore. However, the channel quickly goes into a non-conducting state 

(inactivates) with continued depolarization. Due to its slow activation and fast inactivation 

at depolarized potentials, the outflowing potassium current is curtailed during early 

repolarization (phases 1 and 2) of the action potential (AP) (Figure 3). This property plays 

a crucial role in the maintenance of the prolonged plateau phase (Figure 3) and refractory 

to a premature electrical stimulus (Lu et al., 2001). The outward hERG current peaks later 

when myocytes repolarize during phase 3 of the cardiac action potential, bringing the 

plateau to an end and repolarizing the cell membrane. 

Given its important role in normal cardiac activity and the severe pathological 

consequences associated with its abnormalities, much work has been done to elucidate the 

structural basis of the unusual hERG gating properties. Analogous to other VGK channels, 

the primary voltage-sensing structure of hERG channel is the S4 -helical domain, which 

contains positively charged Lys or Arg residues in every third position between positions 

525 and 538 (Piper et al., 2003). The S4 moves in response to changes in the membrane 

potential, which can be detected as a small current (gating current) using voltage clamp 

and fluorescence techniques (detecting voltage-dependent fluorescence changes at the S4 

domain) (Smith & Yellen, 2002). 
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In Kv-channels, inactivation occurs by two distinct mechanisms. Rapid N-type inactivation 

operates by a ball-and-chain mechanism, where the cytoplasmic ball like structure is 

tethered to the N-terminus through a loop that plugs into the inner pore of the channel 

protein, thereby blocking ion permeation. The truncation of the N-terminus domain 

eliminated inactivation in Shaker channels (Sanguinetti & Tristani-Firouzi, 2006). 

However, such a truncation did not eliminate inactivation in the hERG channel, which lead 

to the uncovering of the C-type inactivation. This type of inactivation involves 

conformational changes in the extracellular pore region of channel proteins. More 

specifically, the C-type inactivation of the hERG channel is caused by the constriction in 

the outer vestibule of the selectivity filter; this constriction can be slowed due to the 

occupancy of the pore region by potassium. Studies have unveiled the critical role of the 

pore region in hERG inactivation. In these studies, mutations at this critical region 

completely abolished inactivation (S620T/S631A) (Sanguinetti & Tristani-Firouzi, 2006). 

 

Figure 2. Gating of hERG K+ channels. The three main conformational states of hERG K+ 

channels: closed, open, and inactivated. The transformation between three states is voltage 
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dependent. Activation of hERG channels is mediated by the movement of voltage sensors 

upon changes in transmembrane potential, which leads to the opening of an intracellular 

gate. Inactivation of hERG channels is mediated by the conformational changes involving 

the closing of a gate at the extracellular pore region that occludes the ion permeation. Image 

modified from Labro & Snyders (2012). 

2.2 Dysfunction of hERG 

Given the essential role of hERG channels in maintaining normal heart rhythm, it is not 

surprising to see a close relationship between hERG dysfunction and subsequent lethal 

pathological consequences. Factors such as drug blockade, genetic mutations in hERG and 

changes to K+ concentrations have shown a role in disrupting proper functioning of hERG 

channels (Zhang et al., 2014). Dysfunction of the hERG channel leads to LQTS. QT 

corresponds to the ventricular repolarization, which starts from onset of QRS complex to 

the end of T wave on the ECG (Figure 3). LQTS can cause a lethal ventricular 

tachyarrhythmia called torsades de pointes (TdP), characterized by the cyclic shifting of 

QRS complex (twisting around the points of the isoelectric line), and increased risk of 

sudden death (Schwartz et al., 1993). LQTS can be categorized into congenital LQTS 

(cLQTS), induced by gene mutations (Moss et al., 1995), and acquired LQTS (aLQTS), 

commonly due to drug block (Sanguinetti & Tristani-Firouzi, 2006).  

2.2.1 Long QT syndrome 

Long QT syndrome (LQTS) is characterized by prolonged QT intervals on the 

electrocardiogram (ECG) (Figure 1), which predisposes affected individuals to 
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polymorphic ventricular tachyarrhythmia (TdP) and sudden death (Moss et al., 2002). This 

lethal ventricular arrhythmia can be recognized by the occurrence of serial syncopes or QT 

prolongations that exceed 440 milliseconds (ms) for men and 460 ms for women on the 

ECG. The diagnosis of LQTS is based on a combined evaluation of ECG findings, the 

clinical and family history of the patients (Schwartz et al., 1993). 

The causes of long QT syndromes can be familial and iatrogenic. In May of 2005, the 

European Society of Cardiology Working Group on Arrhythmias listed 8 major genotypes 

(LQT1-8) with 471 different mutations (Modell & Lehmann, 2006). Subsequently, 5 more 

genotypes (LQTS8-13) were identified. LQT1, LQT2, and LQT3 contribute to most cases 

(over 90%) among all the genotypes of LQTS (Splawski et al., 2000). LQT1 is associated 

with a loss-of-function mutation in KCNQ1 that encodes the alpha subunits of IKs 

(Sanguinetti et al., 1996a; Sanguinetti et al., 1996b). LQT2 results from mutations in 

KCNH2 (also known as hERG). Nearly 300 mutations on hERG channels have been linked 

with Type II long QT syndrome (Anderson et al., 2006). Mutations can either cause 

structural defects or form trafficking abnormalities that decrease the expression level of 

functional channels. Subsequently, the IKr current responsible for ventricular repolarization 

is reduced, resulting in lengthened QT intervals (Furutani et al., 1999). LQT3 is caused by 

a gain-of-function mutation in SCN5A, leading to an increase in inward current during the 

plateau and the repolarization prolongation (Dumaine et al., 1996). 

2.2.2 Acquired LQTS 

Although many studies have been done on the congenital form of LQTS, the acquired form 

of LQTS is far more common and is a major concern to cardiologists and pharmaceutical 
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companies (Cavero et al., 2000). In fact, the side effects of drug-induced LQTS have been 

one of the main reasons for the withdrawal of drugs from the market (Chiang, 2004). Up 

to 8% of all the incidences of LQTS result from anti-arrhythmic prescriptions. Certain types 

of antipsychotics and antibiotics can also induce LQTS (Ayad et al., 2010). Furthermore, 

studies have shown that drugs such as pentamidine (Kuryshevet al., 2005) and probucol 

(Guo et al., 2007), induce LQTS by disrupting trafficking, thereby downregulating the 

surface expression level of hERG proteins. Indeed, it becomes evident that a large number 

of compounds have shown an inhibitory effect on IKr. Indeed, the hERG channel is the most 

common reason for drug-induced LQTS. These drugs interfere with hERG function by 

either directly blocking or by disturbing biosynthesis pathways.  

Figure 3. Schematic representation of the ventricular action potential (AP; top) and 

electrocardiogram traces (ECG; bottom) recorded from both a healthy subject and a 

patient with long QT syndrome (LQTS). In the action potential, the phase 4 corresponds to 

the resting membrane potential; phase 0 corresponds to the rapid depolarization due to the 

4

0

1

2

3

4
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opening of Na+ channels; phase 1 represents partial repolarisation result from brief efflux 

of K+ (transient outward current, Ito); phase 2 represents plateau dictated by influx of Ca2+ 

through L-type Calcium channels; phase 3 represents the fast repolarization that is 

dominated by the outward K+ currents, bringing the membrane voltage back to the resting 

potential (Nerbonne & Kass, 2005). In ECG recordings, The QT interval is marked at the 

bottom as shown with the black line, which starts from onset of QRS complex to the end 

of T wave on ECG. The abnormalities in the repolarizing membrane currents of the AP 

result in an increasing tendency for early after-depolarization (dotted line), which triggers 

life-threatening arrhythmias. Image adapted from Benos et al., (2004). 

2.2.3 Hypokalemia and LQTS 

Hypokalemia, a reduced level of extracellular K+ defined as serum K+ levels lower than 

3.5 mM (Mann et al., 2005), is another factor that contributes to the malfunction of hERG 

channels. Our lab has previously demonstrated that low potassium conditions impair the 

stability of hERG channel in the plasma membrane (Guo et al., 2009). Hypokalemic 

conditions induced by a low- K+ diet lengthened QT intervals in healthy rabbits, leading to 

a reduction of the cell surface density of IKr in rabbit cardiac myocytes. When hERG-

expressing HEK cells are cultured under low K+ conditions, the hERG channel undergoes 

a conformational change and enters into a non-conducting state, which further triggers 

channel internalization. It was found that point mutations in the pore helix and selectivity 

filter regions, such as S624A, can remove the sensitivity of hERG channels to the 

extracellular potassium concentration (Guo et al., 2009). 
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2.2.4 Drugs binding to hERG channels 

Due to acquired LQTS induced by a large spectrum of medications, understanding the 

molecular basis of hERG dysfunction by drug interaction is an essential step for 

cardiovascular drug safety. Previous studies have proposed two unique structural features 

that contribute to the high susceptibility of hERG to drug blockade. Firstly, the lack of 

proline residues increases the size of the hERG inner cavity, enabling the channel to 

accommodate and bind to various drugs (del Camino et al., 2000). Secondly, two aromatic 

residues (Tyr-652 and Phe-656) that orient outwardly located in the S6 domain can bind to 

the aromatic rings of drugs through π-stacking interactions. Using mutagenesis screening, 

it has been demonstrated that these two residues played an important role in drug binding 

(Figure 4) (Mitcheson et al., 2000). 

In addition to physical occlusion that blocks ion conductance, other possible mechanisms, 

such as changes in cross-sectional area, shape, resistance, and disruption of critical 

transport-dependent electrostatic properties of the pathway, may also disrupt the potassium 

flow through the channel pore (Farid et al., 2006). On the other hand, computational 

modeling indicates that some drugs have multiple binding arrangements that involve 

diverse residues both within and between subunits of channel proteins (Zhou et al., 2011). 

Additionally, sporadic mutations are another important consideration with regards to drug-

induced arrhythmias. Clinical studies have demonstrated that certain genetic models 

predispose individuals with “acquired” LQTS to arrhythmias. Given the strong association 

between hERG block and QT interval prolongation, an accurate assessment of the hERG 
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protein structure relation to drug binding is a crucial step toward understanding the 

promiscuity of hERG–drug interactions (Masetti et al., 2008). 
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Figure 4. Schematic representation of the binding of hERG blockers E-4031, TEA and 

BeKm-1 based on published evidence (Armstrong, 1971; Zhou et al., 1998b; Tseng et al., 

2007). Scorpion toxin BeKm-1 binds to the S5-pore domain, resulting in a conformational 

change of outer mouth of the channel thereby blocking ion conduction. 

Tetraethylammonium (TEA) is one of the classical potassium channel blockers, which 

occludes the ion permeation through direct block at the entrance of the selectivity filter. E-

4031 is an experimental class III antiarrhythmic drug that is shown to bind to the 

intracellular pore cavity of hERG involving the interaction with Y652 and F656. 

2.2.5 Toxin binding to hERG channels 

Peptide toxins such as BeKm-1 have been very useful tools in elucidating the extracellular 

pore region of hERG channels. BeKm-1 consists of 36 amino acids that share a high 
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structural homology to the α-K+ channel-blocking toxins (KTxs). The tertiary structure of 

BeKm-1 is composed of one α-helix and three strands that are highly compact in a strong 

antiparallel β-sheet (Korolkova et al., 2002; Korolkova et al., 2004) (Figure 5). This toxin 

blocks the hERG current (IhERG) at nanomolar concentration (Korolkova et al., 2001). Its 

high affinity blocking can be diminished by outer pore mutations, consistent with its 

binding to extracellular domains of hERG channels. As the hERG channel possesses a 

unique S5-pore linker that is longer than other potassium channels (43 aa vs. 12–23 aa), 

one study demonstrated that the residues around the extracellular pore entrance (more 

specifically, residues 583–597 of the S5-pore linker) play a crucial role in forming the 

BeKm-1 binding site (Tseng et al., 2007). On the other hand, toxin mutagenesis has been 

used to identify two hydrophobic residues (Tyr-11 and Phe-14) and positively charged 

residues (Lys-18 and Arg-20) as important for binding to hERG channel. The interaction 

surface of BeKm-1 is hydrophobic in nature such that Tyr-11 and Phe-14 bind to the S5-

pore helices of hERG channels, and the positive charged Lys-18 and Arg-20 make contact 

with the S631 side chains located in the pore-S6 linker. A model for scorpion toxin binding 

to hERG channels depicts that the scorpion toxin initially binds to the S5-pore region, 

resulting in a conformational change of the outer mouth of the channel, thus blocking the 

ion conduction (Tseng et al., 2007). 
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Figure 5. Schematic representation of BeKm-1 structure. Protein chains are colored from 

the N-terminal to the C-terminal using a spectral color gradient. BeKm-1, a peptide 

consisting of 36 amino acids, encompasses one alpha-helix and three beta sheets that are 

compactly folded up by three disulfide bonds (residues Cys7– Cys28, Cys13–Cys33, and 

Cys17–Cys35, colored in yellow). Modified image from Korolkova et al., (2002). 

2.3 Pharmacological rescue of hERG channels 

The usage of many high-affinity hERG blockers to study different regions of channel 

structures has been a field of focus lately. This has led to interests in exploring the 

pharmacological rescue of trafficking-defective hERG mutants and WT hERG channel in 

the exposure to unfavorable conditions (Kaufman & Ficker, 2003; Robertson & January, 
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2006; Dennis et al., 2007; Nanduri et al., 2009). However, there are a number of 

controversies in the literature over the use of high-affinity blockers to rescue hERG channel 

dysfunction. The first concern is related to its high affinity to the inner cavity of the hERG 

channel, which mitigates IKr. Even if the channel could be rescued by application of high-

affinity channel blockers, it would be non-conducting. Secondly, most hERG blockers 

work at high concentration, which sets a barrier on its practicality in in vivo studies (Zhang 

et al., 2014). 

2.3.1 hERG channel blocker 

hERG channel blockers are commonly applied to rescue trafficking-defective mutants. One 

study has shown that E-4031 can successfully promote proper folding in a trafficking-

defective hERG channel mutant N470D via shortening the association with calnexin, as a 

result of which the mutant is able to escape the calnexin cycle and exit the ER (Gong et al., 

2006). Another report of the application of other hERG channel blockers, cisapride and 

quinidine, rescued a trafficking-deficient pore mutation, G601S. A potential mechanism 

has been proposed that the high-affinity compounds initially bind to a mildly distorted 

dinner cavity and then rearrange and stabilize the S6 helices, rendering the mutant proper 

folding (Ficker et al., 2002). However, using dofetilide, astemizole, and E-4031, which 

rescue trafficking defective mutants under normoxic conditions, failed to restore the 

hypoxia induced hERG downregulation. (Nanduri et al., 2009). Nevertheless, the 

discrepancy may be due to the possibility that each different conformational state of the 

mutant WT channels fold differently, indicating different rescue possibilities for these 

channels (Vandenberg et al., 2012). Surprisingly, the application of fexofenadine exhibits 
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higher capability in rescue than blocking N470D hERG channel mutants (Rajamani et al., 

2002). Its rescue concentration is 350 times less than its IC50 (a concentration that blocks 

half of the maximal current), indicating a promising paradigm of utilizing drugs that are 

able to rescue hERG from dysfunction but show lower affinity for blocking, which provides 

new sights into the pharmacological rescue of LQT2 mutations. 

2.3.2 Other rescue strategies 

A variety of rescue strategies have been developed to restore hERG channel protein based 

on the studies on LQTS induced by the disrupted functional expression of the channel. For 

example, the restoration of many trafficking-deficient mutants can be achieved by 

incubation at lower temperatures (27 °C) (Zhou et al., 1999; Chen et al., 2007). Several 

compounds, such as thapsigargin, can effectively rescue hERG trafficking defective 

mutants G601S and F805C through enhancing Ca+ dependent molecular chaperone activity 

(Delisle et al., 2003). Chemical chaperones such as glycerol are reported to improve proper 

folding and rescue the surface expression of hERG N470D channels (Zhou et al., 1999). 

 In summary, hERG channel rescue strategies involve the application of hERG blockers, 

chemical chaperones in regulating biogenesis of trafficking-deficient mutants and other 

means (Zhang et al., 2014). Among diverse pharmacological approaches, the fact that 

fexofenadine can rescue hERG channel mutants without blocking the channel shows 

promise. However, most hERG channel rescuers act by assisting with the trafficking of 

immature channel protein that resides in ER to the plasma membrane. Whether rescuers 

can protect hERG channel from internalization induced by physiological factors such as 

hypokalemia has not been studied. Indeed, the pharmacological rescue of the hERG 
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channel awaits intense exploration, especially in the field of hERG blockers and how to 

dissociate rescue from block.  

2.4 Hypothesis 

Dysfunction of hERG channels can lead to the prolongation of the QT interval, arrhythmias 

and sudden death. Extracellular K+ is a prerequisite for hERG channel function and plasma 

membrane-stability. It has been previously established that low-K+ induces vigorous 

endocytic degradation of hERG channels from the plasma membrane. Amino acid residues 

located in the pore region of the hERG channel are involved in K+
o dependence of the 

hERG channel (Massaeli et al., 2010). Since BeKm-1 binds to the hERG extracellular pore 

region with high affinity, I hypothesize that BeKm-1 prevents the conformational change 

induced by low K+ exposure, thus preventing further internalization/degradation. 

Considering the high affinity blocking effect of BeKm-1, I wanted to design BeKm-1 

mutants that can rescue hERG channels without blocking the channel. 

2.5 Objectives 

To test the hypothesis, the following objectives were achieved. 

1. To establish the inhibitory effect of BeKm-1 on WT hERG channels. 

2. To study the protective effects of BeKm-1 on WT hERG channel under 0 mM [K+]o. 

3. To compare the effects of other hERG channel blockers (E-4031, TEA, BeKm-1) on 

hERG channels under 0 mM [K+]o. 

4. To construct BeKm-1 mutants that can rescue hERG function from 0 mM [K+]o induced 

internalization but do not block the channel.  
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Molecular biology 

A hERG-expressing human embryonic kidney (HEK) 293 stable cell line (hERG-HEK 

cells) was obtained from Dr. Craig January (University of Wisconsin-Madison, WI) (Zhou 

et al., 1998b). The hERG cDNA was provided by Dr. Gail A. Robertson (University of 

Wisconsin, Madison) (Trudeau et al., 1995). Cells were cultured in Minimum Essential 

Medium (MEM, Invitrogen life technologies) supplemented with 10% fetal bovine serum 

(FBS), 1% non-essential amino acids and sodium pyruvate (Life Technologies). A custom 

0 mM K+ MEM (Invitrogen life technologies) was used as a baseline medium, which 

contains identical components of MEM except K+. bEAG (bovine EAG) and hERG-EAG 

S5-pore plasmids (hERG with its S5-pore linker replaced by the bEAG S5-pore linker, 

hERG-EAGS5P) were obtained from Dr. Eckhard Ficker (Rammelkamp Center for 

Education and Research, Metro Health Medical Center, Cleveland, Ohio) (Dennis et al., 

2012). The S620T point mutation was generated using the overlap extension PCR 

technique (Ho et al., 1989; Guo et al., 2006). S620T, EAG and hERG-EAG S5-pore stably 

expressing HEK293 cell lines were generated using G418 at concentration of 0.4mg/ml 

(Geneticin Selective Antibiotic, Invitrogen) for selection.  

3.2 Western blot analysis 

Cells were cultured in identical conditions and harvested after overnight treatment. Whole 

cell lysate from hERG-HEK 293 cells were used for Western blot analysis. In brief, the 

cells were rinsed with phosphate-buffered saline (PBS) twice and scraped into a 2 ml 
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centrifuge tube and lysed with ice cold RIPA (radioimmunoprecipitation) buffer 

supplemented with 1% PMSF and 1% protease cocktail and subject to sonication for 

homogenization. Afterwards, the whole cell lysate were obtained by centrifugation at 

10,000 g for 10 minutes at 4°C. The concentration of proteins was evaluated by Lowry 

assay method (Bio-Rad) and proteins were boiled in a sample buffer (protein 30 g/100 

L, double distilled water, 5×SDS loading buffer, and 5% β-mercaptoethanol) for 5 

minutes. Sample proteins were electrophoresed on an 8% polyacrylamide SDS gel and then 

electrophoretically transferred onto a polyvinylidene difluoride (PVDF) membrane. After 

transfer, the membrane was blocked with 5% non-fat milk and 0.1% Tween 20 in Tris-

buffered saline (TBST) and incubated with a rabbit anti-Kv11.1 primary antibody (1:500) 

and goat anti-rabbit horseradish peroxidase–conjugated secondary antibody (1:1000) for 1 

hour (Sigma-Aldrich). In order to eliminate nonspecific binding, the blot was washed with 

TBST between two antibody incubations before detections. This is followed by incubation 

in Western ECL substrate chemiluminescent detection reagent for 6 minutes before image 

acquisition (GE Healthcare). The hERG signals were detected by autoradiography.  

3.3 Electrophysiological recordings 

The Whole-cell patch-clamp method was used to record the hERG current (IhERG) and EAG 

current (IEAG). Cells were harvested from 35 mm Petri dishes by trypsinization and 

maintained at room temperature in MEM. Whole-cell patch clamp method was used to 

record WT and S620T IhERG, IEAG in stable cell lines. The standard 135 mM K+ pipette 

solution contained 135 mM KCl, 5 mM EGTA, 1 mM MgCl2, and 10 mM HEPES (pH 

7.2), and the standard bath solution contained 135 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 
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mM MgCl2, 10 mM glucose, and 10 mM HEPES (pH 7.4). The sampling frequency was 

1000 Hz for IhERG recording and IEAG recording. The pipette resistance was between 2.0-

3.5 MΩ. Series resistance was typically 3-10 MΩ and compensated by 70–80%.  

A standard protocol was applied to elicit currents through the hERG channel. The 

membrane potential was held at -80 mV. Families of hERG currents were evoked with 

pulses from -70 to +70 mV with increments of 10 mV for 4s. The hERG tail current was 

recorded upon a repolarizing step to –50 mV.  

For IEAG recording, the membrane potential was held at -80 mV. A family of EAG currents 

were evoked with depolarizing steps between -70 mV and +70 mV with 10-mV increments. 

Each depolarizing step lasted for 1s.  

All patch-clamp experiments were performed at room temperature (22 ± 1°C). Clampex 10 

was used to acquire data and Clampfit was used to analyze the data. 

3.4 Reagents 

WT BeKm-1 was purchased from Smartox Biotechnology Company (Smartox, France) 

and was dissolved in distilled H2O to produce stock solutions. E-4031 was purchased from 

Tocris Bioscience, Inc. (UK), and dissolved in distilled H2O to make stock solutions. TEA 

and ICA-105574 were purchased from Sigma-Aldrich. Medium and FBS for cell culture 

were purchased from Invitrogen. Rabbit anti-Kv11.1 (hERG) antibody was purchased from 

Sigma-Aldrich and Alomone Labs. Mouse anti-actin antibody, electrolytes, G418, HEPES 

were purchased from Sigma Aldrich. Goat anti-hERG (C-20), mouse-anti goat, goat anti-



24 

 

mouse secondary antibodies was purchased from Santa Cruz Biotechnology (Santa Cruz, 

CA).  

3.5 Mutants design 

I designed ten BeKm-1 mutants that were synthesized and purchased from DgPeptides 

Company (Hangzhou, China). Newly synthesized peptides were dissolved in Tris-Buffer 

(PH 8.8) to form disulfide bonds. The sequences of ten designed mutants are listed in Table 

1. 

Table 1 

Item Sequence 

WT BeKm-1 H-Arg-Pro-Thr-Asp-Ile-Lys-Cys-Ser-Glu-Ser-Tyr-Gln-

Cys-Phe-Pro-Val-Cys-Lys-Ser-Arg-Phe-Gly-Lys-Thr-

Asn-Gly-Arg-Cys-Val-Asn-Gly-Phe-Cys-Asp-Cys-Phe-

OH 

18  H-Arg-Pro-Thr-Asp-Ile-Lys-Cys-Ser-Glu-Ser-Tyr-Gln-

Cys-Phe-Pro-Val-Cys-Lys 

21 H-Arg-Pro-Thr-Asp-Ile-Lys-Cys-Ser-Glu-Ser-Tyr-Gln-

Cys-Phe-Pro-Val-Cys-Lys-Ser-Arg-Phe 

27 H-Arg-Pro-Thr-Asp-Ile-Lys-Cys-Ser-Glu-Ser-Tyr-Gln-

Cys-Phe-Pro-Val-Cys-Lys-Ser-Arg-Phe-Gly-Lys-Thr-

Asn-Gly-Arg 

33 H-Arg-Pro-Thr-Asp-Ile-Lys-Cys-Ser-Glu-Ser-Tyr-Gln-

Cys-Phe-Pro-Val-Cys-Lys-Ser-Arg-Phe-Gly-Lys-Thr-

Asn-Gly-Arg-Cys-Val-Asn-Gly-Phe-Cys 

K18A H-Arg-Pro-Thr-Asp-Ile-Lys-Cys-Ser-Glu-Ser-Tyr-Gln-

Cys-Phe-Pro-Val-Cys-Ala-Ser-Arg-Phe-Gly-Lys-Thr-

Asn-Gly-Arg-Cys-Val-Asn-Gly-Phe-Cys-Asp-Cys-Phe-

OH 

R20A H-Arg-Pro-Thr-Asp-Ile-Lys-Cys-Ser-Glu-Ser-Tyr-Gln-

Cys-Phe-Pro-Val-Cys-Lys-Ser-Ala-Phe-Gly-Lys-Thr-

Asn-Gly-Arg-Cys-Val-Asn-Gly-Phe-Cys-Asp-Cys-Phe-

OH 



25 

 

K18A/R20A 

 

H-Arg-Pro-Thr-Asp-Ile-Lys-Cys-Ser-Glu-Ser-Tyr-Gln-

Cys-Phe-Pro-Val-Cys-Ala-Ser-Ala-Phe-Gly-Lys-Thr-

Asn-Gly-Arg-Cys-Val-Asn-Gly-Phe-Cys-Asp-Cys-Phe-

OH 

K23A/R27A H-Arg-Pro-Thr-Asp-Ile-Lys-Cys-Ser-Glu-Ser-Tyr-Gln-

Cys-Phe-Pro-Val-Cys-Lys-Ser-Arg-Phe-Gly-Ala-Thr-

Asn-Gly-Ala-Cys-Val-Asn-Gly-Phe-Cys-Asp-Cys-Phe-

OH 

R11A/K14A H-Arg-Pro-Thr-Asp-Ile-Lys-Cys-Ser-Glu-Ser-Ala-Gln-

Cys-Ala-Pro-Val-Cys-Lys-Ser-Arg-Phe-Gly-Lys-Thr-

Asn-Gly-Arg-Cys-Val-Asn-Gly-Phe-Cys-Asp-Cys-Phe-

OH 

N-Deletion H-Arg-Pro-Thr-Asp-Ile-Lys-Cys-Ser-Glu-Ser 

3.6 Densitometry and statistical analysis 

Densitometric analysis was conducted using Photoshop CS3 and Origin 6.0. For the 

relative density quantification, the pixel value of the band was determined for equal sized 

boxes with background values taken below each band of interest subtracted. The relative 

intensity was defined as the fraction of pixel value of the band of proteins obtained from 

treated group by comparing with the intensity of band from the control group. The optical 

density values from the equal amount of β-actin sample was used for loading control. The 

identical treatments for at least three times were performed for each experiment. Data are 

presented as the mean ± the standard error of the mean (S.E.M). Unpaired student’s t-test 

or one way ANOVA was used to determine the statistical significance between the control 

and test groups. A P value of 0.05 or less was considered statistically significant. 
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CHAPTER 4: RESULTS 

4.1 BeKm-1 effectively prevents low K+-induced internalization of hERG channels 

We have previously demonstrated that K+ is necessary for both the function and stability 

of hERG channels in the plasma membrane (Guo et al., 2009). On Western Blots, hERG 

channel proteins are displayed as two bands: a 155-kDa band representing the fully 

glycosylated mature form in the plasma membrane, and a 135-kDa band representing the 

core-glycosylated channels retained in the ER. The extracellular K+ dependence of hERG 

channels was detected as the decrease in the expression of the 155-kDa band after exposure 

to low K+ conditions. We have further shown that point mutations such as S624A in the 

pore helix abolished the hypokalemia induced reduction in hERG currents (IhERG) 

(Massaeli et al., 2010). 

Various compounds interact with different portions of hERG channels. However, whether 

an interaction with the pore region by drugs can prevent the low K+-induced internalization 

is unknown. Therefore, I tested three drugs for their protective effect on low K+-induced 

reduction of hERG channels: (1) BeKm-1 binds to the outer vestibule of hERG channels. 

(2) E-4031 binds to the internal cavity of the hERG channel with an IC50 of 7-10 nM (Zhou 

et al., 1998b). It has been also shown that E-4031 binds to three residues (Thr-623, Ser-

624, and Val-625) on the inner vestibule and can promote proper folding in a trafficking-

defective hERG mutant (Zhou et al., 1998b). (3) TEA (Tetraethylammonium) is a widely 

used compound that interacts with the channel through direct pore block from both sides 

of the cell membrane. 
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In these experiments, hERG-HEK293 cells were cultured in 0 mM K+ medium containing 

each of these three compounds for 6 hours. The compounds were washed out prior to the 

recording of hERG currents in the standard bath (Tyrode’s) solution. The amplitudes of 

hERG tail current by each incubation are summarized in Figure 6 (n=7~11 cells from three 

independent experiments). While E-4031 and TEA did not affect 0 mM K+ induced IhERG 

reduction, BeKm-1 effectively protected IhERG from 0 mM K+ culture induced reduction 

(681.3 ± 153.5 pA vs. control 165.9 ± 55 pA, P<0.05).  

 

Figure 6. The protective effect of BeKm-1 on hERG currents during 0 mM K+ culture. 

hERG-HEK293 cells were cultured in 0 mM K+ MEM and incubated with 5 μM E-4031, 

2 mM TEA and 1 μM BeKm-1 for 6 hours. The effects of each compound on IhERG in the 
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exposure to 0 mM K+ MEM are plotted. Representative tracings of hERG currents recorded 

in 0 mM K+ after incubation with various compounds for 6 hours are presented. The 

summarized amplitudes of IhERG from cells under various incubations are shown below the 

current traces (n=7~11 from three independent experiments). *P<0.05 vs. Control. The 

currents were measured after a series of incremental 10-mV voltage steps from −70 to +70 

mV, followed by a repolarizing step to −50 mV. 

4.2 Preservation of membrane expression of hERG channels by BeKm-1 during 0 mM K+ 

culture 

To confirm the protected IhERG by BeKm-1 was a result of mature protein expression, hERG 

protein expression was detected using Western blot analysis. After 6-hour exposure to 0 

mM K+, without (control) or with different drugs, whole-cell proteins were extracted and 

densities of 155-kDa hERG protein were quantified and normalized to the control group in 

Figure 7 (n=3). Only BeKm-1 protected the mature hERG expression from 0 mM K+ 

induced reduction. The relative intensities of 155-kDa bands by the incubation of BeKm-1 

were 74.8% ± 11.7% compared to 5.4% ± 3.2% in control group (P<0.01). Since BeKm-1 

binds to S5-pore of hERG channels, these data indicate that binding of BeKm-1 to hERG 

at this region may prevent the conformational changes of hERG channels induced by low 

K+ exposure, and thus protects hERG from functional loss and degradation. 
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Figure 7. Effects of E-4031, TEA and BeKm-1 on the plasma membrane expression of 

hERG channels during 0 mM K+ culture. The 155-kDa form of hERG channel protein is 

preserved by the inclusion of BeKm-1 in 0 mM [K+]o medium. Blotted are equal amounts 

(15 μg) of total protein from cells expressing hERG. Densities of 155-kDa bands after 6 

hours culture in 0 mM K+ medium with 5 μM E-4031, 2 mM TEA, 1 μM BeKm-1 were 

normalized to densities measured in cells cultured in 5 mM K+ (n=4). **P<0.01 vs. Control.  
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4.3 BeKm-1 targets S5-pore region to protect hERG against 0 mM K+ induced reduction 

in IhERG 

The pore region of the hERG channel is the blocking site of BeKm-1 (Korolkova et al., 

2001; Korolkova et al., 2002; Zhang et al., 2003; Tseng et al., 2007). Thus, I wanted to 

evaluate its contribution in the low K+-induced reduction in IhERG using the chimerical 

channel hERG-EAG-S5P (hERG-EAG-S5) and the EAG channel. A schematic 

representation of hERG-EAG-S5P channels structure is shown in Figure 8-A. HEK293 

cells transiently transfected with EAG cDNA and hERG-EAG-S5P cDNA were exposed 

to 0 mM [K+]o for 6 hours. The currents were elicited by a series of incremental 10-mV 

voltage steps from −70 to +70 mV, followed by a repolarizing step to -50 mV. The 

replacement of the S5-S6 linker from the bovine ether-à-go-go K+ channel (bEAG) into the 

hERG channel resulted in a non-inactivating EAG-like channel (Ficker et al., 1998). 

Currents carried by EAG (n=13 in 5 mM K+, n=12 in 0 mM K+), hERG-EAG-S5P (n=4 in 

5 mM K+, n=6 in 0 mM K+) and hERG (n=9 in 5 mM K+, n=7 in 0 mM K+) channels were 

normalized to the respective control values (cultured in 5 mM K+) and plotted as relative 

current amplitudes in Figure 8-C. The normalized EAG and hERG-EAG-S5P channel 

currents were 109.6% ± 21.7% and 93.9% ± 19.4% of control currents respectively. Thus, 

there was no change in the EAG or hERG-EAG-S5P currents after 6 hours to 0 mM [K+]o. 

As expected, normalized hERG peak tail currents were only 2.9% ± 0.5% of control 

currents, indicating a significant decrease in IhERG after 6 hours to 0 mM [K+]o. 

hERG channels display fast inactivation but EAG and hERG-EAG-S5P channels do not 

(Schonherr & Heinemann, 1996; Smith et al., 1996; Herzberg et al., 1998). To rule out the 
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possibility that the inactivation determines the [K+]o dependence of hERG channels, I 

tested the effect of 0 mM K+ culture on two inactivation deficient channels, either S620T 

or wild type (WT) hERG channels in the presence of ICA-105574 (30 µM). ICA-105574, 

an agent which has been shown to prevent the inactivation of hERG channels (Gerlach et 

al., 2010), was added into the 0 mM K+ medium during 6-h culture and into the bath 

solution during patch clamp analysis. hERG S620T channels is a point mutation in the S5-

S6 linker region made to remove C-type inactivation (Figure 8-B). Six hours exposure to 

0 mM [K+]o significantly reduced S620T hERG currents and the non-inactivation hERG 

currents induced by ICA-105574 (30 µM). Figure 8-C shows the relative currents (i.e. 

normalized to the current amplitude cultured in 5 mM [K+]o) of S620T hERG (n=8 in 5 mM 

K+, n=13 in 0 mM K+) and WT hERG (n=6 in 5 mM K+, n=5 in 0 mM K+) in the presence 

of ICA-105574. The normalized S620T hERG currents were 1.9 ± 0.4% of control currents, 

and hERG currents in 0 mM with ICA-105574 were 2.4% ± 2.1% of the current in 5 mM 

K+ with IC-105574. These data indicate that inactivation gating is not involved in the 0 

mM [K+]o culture-induced hERG currents reduction. 
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Figure 8. Effects of 0 mM K+ exposure on hERG, EAG and mutant channels as well as 

hERG in the presence of ICA-105574. A. Schematic illustrations of hERG, EAG, 

chimerical hERG-EAG-S5P and hERG mutant S620T channel. B. The effect of 6 hours 

exposure to 0 mM [K+]o on hERG, EAG, chimerical channel hERG-EAG-S5P and two 

inactivation deficient hERG currents mediated by S620T mutation and ICA-105574 (30 

μM). Representative currents in 5 mM (upper) or 0 mM (lower) K+ MEM for 6 hours are 

shown. The currents were evoked by depolarizing steps to voltages between −70 and +70 

mV in 10 mV increments, followed by a repolarizing step to −50 mV. Tail currents for WT 

hERG and pulse current upon 50 mV depolarization for non-inactivation hERG, EAG and 
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the hERG-EAG-S5P channel were used for analysis. C. Summarized current amplitudes 

were normalized to the respective control (cultured in 5 mM K+) values and are plotted 

beneath the respective families of current traces. 

4.4 BeKm-1 prevents hERG channels from collapsing upon exposure to 0 mM [K+]o 

Taken together, I propose that BeKm-1 prevents hERG channel internalization by 

interacting with the pore region. I hypothesized that hERG channels undergo 

conformational changes upon the removal of [K+]o and BeKm-1 is able to prevent such 

conformational change of the channel, thereby preventing the hERG from collapsing and 

internalizing under 0 mM [K+]o. To test this hypothesis, hERG-HEK cells were initially 

incubated in the 0 mM K+ MEM for 2 hours in the absence or presence of BeKm-1, 

followed by the reperfusion in 5 mM K+ Tyrode bath solution in the absence of BeKm-1. 

Patch-clamp recordings (Figure 9-A) show that upon exposure of treated cells to 5 mM K+ 

bath solution, there is minimum hERG current recovery in cells exposed to 0 mM K+ 

without BeKm-1. In contrast, hERG current recovered progressively with time in cells 

incubated in 0 mM K+ with 5 μM BeKm-1. 
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Figure 9. Comparison of recovered hERG currents recorded in 5 mM K+ MEM with or 

without BeKm-1. A. Representative hERG current traces under control conditions and after 

incubation of BeKm-1. IhERG in 5 mM K+ MEM after 2 hours exposure to 0 mM [K+]o with 

or without BeKm-1 (5 μM ). B. Current amplitudes in the presence (black) and absence 

(red) of BeKm-1, n=3. 

4.5 The inhibitory effect of BeKm-1 on hERG currents 

BeKm-1 blocks hERG channels, and this effect was examined using whole-cell patch 

clamp. Figure 10-A illustrates typical hERG current traces recorded before (black) and 
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after application of 30 nM BeKm-1(red). The hERG tail currents are plotted against the 

toxin concentrations to obtain IC50 for BeKm-1-induced hERG blockade. The percent block 

of hERG currents by increasing concentrations of BeKm-1 was fit with a Hill equation: 

relative current=1/{([drug]/IC50)
h +1} to determine the concentration required for half 

block (IC50) and the Hill coefficient (h) (Spector et al., 1996). BeKm-1 blocks hERG with 

an IC50 of 10.81 nM and a Hill coefficient of 0.84. 
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Figure 10. The inhibitory effect of BeKm-1 on hERG currents. A. Peak tail current 

amplitudes recorded from hERG-HEK293 cells before and after exposure to increasing 

concentrations of BeKm-1. B. Dose-response relationship for hERG peak tail currents 

fitted to the Hill equation: the IC50 was 10.81 ± 0.20 nM and the Hill coefficient was 0.84 

(n = 3). 

4.6 Therapeutical potentials of BeKm-1 and its mutants 

The therapeutic use of BeKm-1 as a protective agent for hERG channel would be limited 

due to its blocking nature. Therefore, I designed BeKm-1 point mutants and truncation 

mutants in order to search for BeKm-1 derivatives that maintain high-affinity binding but 

eliminate blocking capability. Studies have suggested that Y11 and F14 on the N-end of 

BeKm-1's α-helix make contact with the S5-pore helices of the hERG channel; Y11 

interacts with I583 and Y597 of the hERG channel, and F14 interacts with R582, Y597 and 

N609. The C-end of the BeKm-1 α-helix is pointing downward toward the pore entrance, 

with K18 interacting with S631 of the channel, and R20 interacting with Q592, and S631 

side chains located in the external pore month. Thus, BeKm-1 is bound above the pore 

entrance, and the positive charges of the K18 and R20 (and possibly K23 and R27) side 

chains likely interfere with K+ permeation through the pore (Figure11-A). 

As the blocking effect of BeKm-1 is most likely contributed by its C-terminal end, I created 

C-terminal truncation mutants with various lengths depleted both at and distant from the 

putative BeKm-1 binding residues (Table 1). i) 18: C-terminal truncation from K18, in 

which 19 amino acid residues on the C-terminal including K18 and R20 are truncated. ii) 

Δ21: C-terminal truncation from F21, in which key binding sites are preserved to maintain 
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the high affinity binding whereas 16 residues on C-terminal side are truncated. iii) Δ27: C-

terminal truncation from positively charged R27. iv) Δ33: the last 3 amino acids of the C-

terminus are truncated. v) point mutation K18A. vi) point mutation R20A. vii) double-

mutation: K18A plus R20A. viii) double mutation: K23A and R27A. The N-terminus of 

BeKm-1 is mainly involved in high-affinity binding. As a control, I designed an N-terminal 

mutation. ix) Δ1-10: only the first 10 amino acid residues from N-terminal side were 

maintained. x) double-mutation: Y11A plus F14A. 

The effects of BeKm-1 mutants on hERG currents are summarized in Figure 11-B. The 

amplitudes of hERG tail currents from cells with the application of WT BeKm-1 and ten 

BeKm-1 mutants were summarized (n=3~5 for each mutation treatment). Except for K18A 

mutant, all other BeKm-1 mutants did not significantly block hERG current. 

To test the protective effect of mutant BeKm-1 on hERG channel during exposure to 0 mM 

[K+]o, hERG channel proteins treated with ten mutants were subjected to Western blot 

analysis and quantified and normalized to the control group. We found that only K18A and 

two truncation mutants (C-tru18 and C-tru21) effectively restored the expression of 

channel proteins (Figure 11-C). Since K18A blocks hERG currents, we further examined 

the protective effect of two truncation mutants C-tru18 and C-tru21.  
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Figure 11. Summarized block and protective effects by WT and ten BeKm-1 mutants on 

hERG. A. Amino acid sequence alignment of BeKm-1 with key binding sites to the hERG 

protein indicated in different colors and numbers above. BeKm-1 amino acid sequence 

highlighting the alanine substitutions in key binding regions on the hERG channel 

(Korolkova et al., 2002): high binding affinity (brown, K18A and R20A), substantial 

(yellow, Y11A and K23A), and moderate (green, F14A and R27A). B. The amplitudes of 

IhERG from cells without (control) and with the application of WT BeKm-1 and ten BeKm-

1 mutants (5 μM) were summarized in the bar graph beneath the sequence. The percentage 

block represents the percentage of hERG currents inhibited at the 5 μM concentration of 

BeKm-1 and its mutants. C. The relative intensities of the upper band were normalized to 
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its correspondent control group cultured at 5 mM K+. Densities of 155-kDa bands after 6 

hours incubation with 5 μM BeKm-1 mutants and normalized to densities measured in 

untreated cells in the 6 hours exposure to 0 mM [K+]o (n=3). *P<0.05, **P<0.01 vs. Control. 

4.7 Two non-blocking BeKm-1 mutants protect hERG against 6-h 0 mM K+ exposure-

induced reduction 

Two C-terminal truncation mutants were found to have protective effects on hERG in 0 

mM K+
o medium without significantly blocking the channel, suggesting the dissociation 

between block and the prevention of hypokalemia-induced internalization. To confirm the 

protective effect of the two truncation mutants, we cultured hERG-HEK cells in 0 mM K+, 

without (control) or with different peptides for 6 hours. The 155-kDa hERG protein in each 

condition was quantified and normalized to the control group using Western blot analysis 

(n=3). As shown in Figure 12-A, the relative intensities of 155-kDa bands in the C-tru18 

and C-tru21 BeKm-1 groups (at 5 μM concentration) were 65.2% ± 9%, 69.6% ± 2.0% 

whereas it was only 7.6 % ± 1.6% in control group (n=3, P<0.01). Two truncation mutants 

also significantly protected IhERG from 0 mM K+ induced reduction (Figure 12-B). hERG-

HEK293 cells were cultured in 0 mM K+ MEM containing each BeKm-1 mutant for 6 

hours and the peak tail currents were recorded. Summarized hERG currents from cells 

cultured with C-tru18 and C-tru21 (5 µM) were 414.1 ± 60.6 pA and 307.5 ± 65.8 pA 

respectively, whereas the current in control group was 92.0 ± 34.0 pA (n=10~13, P<0.05).  
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Figure 12. Rescue of 0 mM [K+]o induced internalization of hERG channels by two non-

blocking BeKm-1 mutants. A. Expressions of hERG proteins in cells with the application 

of WT BeKm-1 and its mutants (5 μM) cultured at 0 mM K+ MEM for 6 hours. Densities 

of the upper band were normalized to the control group cultured in 0 mM K+ for statistics 

analysis (n=3). *P<0.05 vs. Control. B. Representative traces of hERG with the application 

of the C-tru18 and C-tru21 (5 μM) after 0 mM K+ treatment. Bar graph shows the 

summarized amplitude of IhERG from cells under each treatment after incubation (n=8~13). 

*P<0.05, **P<0.01 vs. Control. 
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CHAPTER 5: DISCUSSION 

hERG channels encode IKr, which plays a crucial role in cardiomyocyte repolarization 

(Sanguinetti et al., 1996b; Sanguinetti & Tristani-Firouzi, 2006). Malfunction of hERG 

channels causes long QT syndrome, which is characterized by a prolonged QT interval in 

the electrocardiogram and predisposes individuals to life-threating arrhythmias (Keating & 

Sanguinetti, 2001). Another factor that contributes to the dysfunction is blockade of hERG 

channels by a wide spectrum of commonly used medications. A myriad of mechanisms 

underlying biochemical and molecular rescue strategies in trafficking deficient mutants 

have been intensely studied. However, the rescue of impaired hERG function induced by 

clinical conditions, such as low K+, remains poorly investigated.  

The results presented in this paper support two conclusions concerning hERG rescue and 

block by BeKm-1; (1) the conformational change of pore region contributes to the non-

conductance state of hERG channels upon removal of extracellular potassium, which leads 

to the further internalization (Figure 13). Thus, BeKm-1 exerts its rescue effect by binding 

to the S5-pore linker, and preventing such conformational change. (2) Although the 

mechanism by which BeKm-1 rescue and block are intricately related, its rescue effect can 

occur without block through drug modification.  

In the present study, we tested three high-affinity hERG pore blockers, E-4031, TEA and 

BeKm-1, for their protection ability on hERG when exposed to low K+. The data indicates 

that only BeKm-1 effectively restored hERG expression and function. The possible 

explanation could be the different binding regions of the three compounds.  
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Figure 13. Schematic plots of the rescue effect of BeKm-1 on hERG channel in 0 mM [K+]o. 

Extracellular K+ stabilize hERG channel on the plasma membrane (left, top/lower row). 

hERG channels enter to an non-conducting state in the response to reduction in 

extracellular K+ (middle, top row), which leads to the exposure of ubiquitin modification 

sites (middle, top row). Ubiquitination is a post-translational modification where ubiquitin 

is covalently attached to hERG channel proteins, causing the internalization of hERG 

channels (right, top row). BeKm-1 toxins bind to the external pore region of hERG 

channels in the exposure to 0 mM [K+]o, thereby preventing the conformational change and 

subsequent internalization. Image modified from Massaeli et al.,(2010).  
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E-4031 is a high-affinity blocker that binds to the S6 domain (Y652 and F656). While 

BeKm-1 binds to the S5-pore linker and TEA binds to the external permeation-pore of 

hERG channels (Armstrong, 1971; Zhou et al., 1998b; Tseng et al., 2007), TEA, as a direct 

pore blocker, failed to rescue hERG channels from internalization. TEA binds to hERG 

channels through an electrostatic interaction between positive charged ammonium cation 

and negatively charged residues at the S5-pore linker. Furthermore, the four ethyl groups 

of TEA simultaneously make contact with Tyr-652 side chains through π-π interaction 

(Lenaeus et al., 2005). The reason for TEA not being able to protect hERG against 0 mM 

K+-induced internalization is not known. One possibility is the relative small size of TEA. 

One study reported the effective radius of TEA in analogy to that of an hydrated potassium 

(Armstrong, 1971). In contrast, the scorpion toxin binds to multiple sites of hERG channels 

(Tseng et al., 2007). 

The inactivation gating appears not to play a role in 0 mM K+-exposure-induced hERG 

reduction. The experiments of exposing inactivation-deficient mutant and chimerical 

channels to 0 mM [K+]o produced consistent results (Figure 8). Both S620T and hERG-

EAG-S5P demonstrated their diminished extracellular potassium dependence as robust 

currents were observed after 6 hours 0 mM K+ treatment. However, whether the 

inactivation plays a role in the non-conducting state of hERG channels induced by 

hypokalemia remains controversial. It is not clear if the protection by drug block is due to 

changes in inactivation, as the amphipathic helix in the S5-pore linker of hERG channel 

has shown its critical role in C-type inactivation (Torres et al., 2003), thus presumably 

affecting the development of the binding of BeKm-1 to hERG. I specifically designed the 

experiments in which the two inactivation-deficient mutants were either induced by a point 
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mutation on the pore region, or due to the application of ICA-105574 (30 μM), a compound 

which has recently been widely used to remove hERG inactivation. Invariably, the 

eliminated current of both inactivation deficient mutants in the exposure to 0 mM K+ ruled 

out the possibility that inactivation plays a role in the rescue by BeKm-1.  

I hypothesized that BeKm-1 protects hERG channel from collapsing under hypokalemic 

conditions, by locking the channel through binding to the S5 pore linker, and thereby 

preventing subsequent internalization. My result that hERG channels recover from 0 mM 

K+ with the incubation of BeKm-1 confirmed the hypothesis. We cultured HEK-hERG 293 

cells in the 0 mM K+ MEM for 2 hours in the presence/absence of BeKm-1, followed by 

being re-incubated to 5 mM K+ MEM. The group with BeKm-1 recovered from such 

reperfusion. However, the concentration of Bekm-1 we used for the protection effect was 

relatively high. Western blot results suggest the concentration of BeKm-1 that effectively 

protected hERG from 0 mM K+-induced internalization was 500 nM (data not shown), 

which is around 50-fold higher than the IC50 for blocking effect. I propose that BeKm-1 

mutants incapable of blocking the channel may still maintain their ability to protect hERG 

channel from 0 mM K+ exposure-mediated internalization. Therefore, I designed ten 

BeKm-1 mutants that either have C-terminus truncated at various extents or binding 

residues altered. Overall, there were remarked decrease in blocking effects of ten BeKm-1 

mutants compared to WT BeKm-1. Consistent with previous studies (Korolkova et al., 

2001; Milnes et al., 2003; Qu et al., 2011), WT BeKm-1blocks half of hERG channels 

current with a concentration of 10.8nM (Figure 10). The decreased blocking capability of 

the mutants I examined is consistent with a previous study that BeKm-1 mainly uses Tyr-

11, Lys-18, Arg-20 and Lys-23 as the functional residues to recognize hERG channels. 
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Although the K18A exert moderate blocking effect on IhERG, its blocking potency decreased 

comparing to IC50 of WT BeKm-1 (10.8 nM).  

Two truncation mutants remained effective in rescue hERG in 0 mM K+ medium, which 

has significant implications. The two mutants, 18 and 21, were effective in protecting 

hERG from 0 mM K+ induced reduction but do not significantly block the current. Their 

rescue ability suggests that critical residues located in the α-helix (Tyr-11, Phe-14 and Arg-

20) may be the potential candidates for molecular determinants of rescue by BeKm-1. The 

WT BeKm-1 consists of 36 amino acids with three disulfide bonds, two of which (residues 

Cys13–Cys33 and Cys17–Cys35) attach the helix to the β-sheet and the third one (residues 

Cys7– Cys28) bridge together the pre-helix loop and the β-sheet so that the alpha helix and 

three beta-strands are folded up compactly (Korolkova et al., 2002). I attribute the rescue 

potency to the critical residues Y11 and F14 located α-helix probe the hydrophobicity of 

S5-pore linker (I583-Y597) on hERG proteins followed by the electrostatic interaction of 

the positively charged carboxyl at K18 to S631 on hERG proteins. The disulfide bond Cys7-

Cys17 affix the pre-helix of BeKm-1, thereby stabilizing the relative conformation. It is 

worth noting that one truncation mutant 33 maintained all crucial binding residues 

surprisingly failed to block or rescue hERG channels. This alteration may reflect some 

spatial structure perturbation, leading to the marked decrease in the binding affinity of 

BeKm-1 mutant 33. Indeed, the disulfide bonds (residues Cys13–Cys33 and Cys17–

Cys35) attach the helix to the β-sheet. The removal of bridge (Cys17–Cys35) due to 

truncation results in the destabilization of the α-helix, which likely gives rise to a staggered 

helical structure and redistributes the toxin surface, which disturbs the binding of the toxin 

to hERG channels target.  
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My present findings provide new insight into rescue strategies of hERG channels. BeKm-

1 at a concentration of 500 nM effectively rescued 0 mM K+ induced reduction of hERG 

channel expression and hERG current, suggesting a high-affinity drug-binding site is 

involved in the protection. More importantly, I identified some BeKm-1 derivatives that 

protect hERG channels from 0 mM K+ induced reduction without blocking the channel. 

Therefore, rescue can be dissociated from block through drug mutagenesis. Taken together, 

these data suggest that the mechanism for BeKm-1 mediated rescue mainly involve the 

critical residues located on the α-helix, thus the removal of C-terminal amino acids 

eliminate the domain that is postulated to mediate hERG channel block. This notion may 

facilitate future search for more selective peptides that protect hERG against S5-pore linker 

initiated degradation but do not interfere with channel permeation. 

Future directions  

Currently, only BeKm-1 successfully acts as a pharmacological rescuer for internalized 

hERG induced by hypokalemia. Although we were able to uncouple BeKm-1 rescue and 

block using BeKm-1 derived peptides. It remains to be determined whether these peptides 

can protect hERG/IKr in vivo animal (e.g. rabbit) models. In addition, whether off-target 

effects of the BeKm-1 derivatives exist must be investigated. To facilitate these studies, it 

would be helpful to identify the specific interaction between BeKm-1 mutants and target 

site on hERG as well as the specific structural arrangement of  new mutations so that rescue 

can be achieved with reduced off-target effects. 
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