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Abstract 

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

activating delayed rectifier K+ channel (IKr), which is important for the repolarization phase of 

ventricular cardiac action potentials. A reduction in IKr due to a loss of hERG function can lead 

to long QT syndrome (LQTS). As such, there are a variety of hERG mutations known to cause 

LQTS. The majority of these mutations are thought to be trafficking deficient, including the 

G601S mutation. It has been shown that the plasma membrane (PM) expression of the G601S 

hERG mutant can be rescued by reduced-temperature culture. Additionally, it has been shown 

that hERG channels undergo rapid internalization in 0 mM K+
o culture conditions, but this can 

also be prevented by reduced-temperature culture. Thus, the hypothesis of this thesis is that 

certain hERG mutants, including G601S, can traffic to the plasma membrane where they 

internalize due to impaired stability, similar to WT hERG channels in 0 mM K+ conditions. To 

test this hypothesis, a secondary mutation, S624T, which does not require K+
o for stable PM 

expression, was added to the G601S mutant hERG channel. The addition of S624T intragenically 

suppressed the loss-of-function G601S phenotype and significantly rescued G601S expression 

and current. The addition of S624T also rescued LQTS-causing hERG mutants T474I and 

P596R. These data reveals the most effective intragenic rescue of LQTS-causing hERG mutants 

to date and lends insight into the mechanisms underlying the loss-of-function phenotype of 

certain LQTS-causing hERG mutants.  
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Chapter 1- Introduction and Literature Review 

1. Long QT Syndrome and the Cardiac Action Potential 

 The healthy human heartbeat is controlled by a series of coordinated electrical events that 

are produced by the precise activity of different ion channels expressed in cardiomyocytes. The 

pattern of currents conducted through these channels creates the cardiac action potential (CAP), 

which can be divided into five phases (Amin et al., 2010) (Fig. 1A). In phase 4, non-auto 

arrhythmic cardiomyocytes are at a resting membrane potential (RMP) of approximately -80 

mV. In phase 0, cells rapidly depolarize due to the inward sodium (Na+) current caused by 

activation of voltage-gated sodium channels. Phase 1 consists of a minor repolarization caused 

by activation of the transient outward current (Ito). Following this is phase 2, the plateau phase, 

where activation of L-type calcium channels (ICa-L) causes an influx of calcium (Ca2+) that 

initiates calcium release from the sarcoplasmic reticulum (SR) and muscle contraction. 

Meanwhile, there are small outward K+ currents which balance inward ICa-L, leading to a plateau 

of the CAP. In phase 3, voltage-gated K+ currents induce a repolarization back to RMP. The 

currents most responsible for this phase are the rapidly activating delayed rectifier K+ current 

(IKr), which is mediated by human ether-a-go-go related gene (hERG) channels, and the slowly 

activating delayed rectifier K+ current (IKs), which is passed by KCNQ1 channels (Sanguinetti et 

al., 1995). In some situations, such as IKr dysfunction, the repolarization phase can be prolonged 

(Fig. 1A and B). This can allow phase 2 Ca2+ channels to re-open, potentially causing early 

afterdepolarizations (EAD). EADs can propagate and lead to a form of polymorphic ventricular 

tachycardia (PVT) known as Torsades de Pointes (TdP) and possibly ventricular fibrillation 

(VF), which can cause sudden cardiac death (SCD) (Yan et al., 2001; Weiss et al., 2010). 
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Figure 1. IKr dysfunction results in abnormal cardiac action potentials and LQTS.  

A) A schematic of a normal ventricular cardiac action potential (black) and a prolonged 

ventricular cardiac action potential (red), as well as the five phases of a cardiac action potential. 
B) An approximation of the contribution of hERG current (IKr) during the cardiac action 
potential of a healthy individual (blue) and a long QT syndrome patient (red). C) A normal ECG 

trace (black) and an abnormal ECG trace with a prolonged QT interval (red). The P wave 
represents atrial depolarization, the QRS complex represents ventricular depolarization, and the 

QT interval represents ventricular repolarization. Figure modified from Grilo et al., 2010. 
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 As mentioned, this pathological process begins with a delay in ventricular repolarization, 

and can lead to long QT syndrome (LQTS). LQTS is clinically observed as a prolongation of the 

QT interval on a surface electrocardiogram recording (Fig. 1C). LQTS is diagnosed by 

measuring the QT interval and then correcting for heart rate using Bazett's formula to yield the 

corrected QT interval (QTc). Males who have a QTC greater than 440 milliseconds and females 

who have a QTc greater than 460 milliseconds are diagnosed with LQTS (Meyer et al., 2003). 

Mechanistically, LQTS is caused by ion channel dysfunction that is classified as hereditary, 

resulting from ion channel mutations, or acquired, resulting from medications or medical 

conditions. Three types of hereditary LQTS comprise the majority of cases. LQTS type 1 

(LQT1) is caused by loss of function mutations in KCNQ1, which encodes channels that pass IKs 

during ventricular repolarization. LQTS type 2 (LQT2) is caused by loss of function mutations in 

KCNH2, which encodes hERG channels that pass IKr. LQTS type 3 (LQT3) is caused by gain of 

function mutations in SCN5A which encodes the voltage gated sodium channels responsible for 

ventricular depolarization. There are other LQTS hereditary subtypes as well, but they are 

considerably rarer (Tester & Ackerman, 2014). Specifically, upwards of 45% of all hereditary 

LQTS is type 2 (Splawski et al., 2000). Additionally, all known causes of acquired LQTS are the 

result of dysfunctional hERG K+ channels. The most common cause of acquired LQTS is drug-

induced hERG channel block, but there are additional mechanisms that will be discussed later. 

2. The hERG K+ Channel 

 As stated, hERG channels are K+ channels expressed primarily in the heart where they 

are responsible for passing IKr. hERG is a member of the ether-a-go-go (EAG) family of K+ 

channels and is encoded by KCNH2. hERG represents the pore forming subunit of Kv11.1, which 

refers to the fully assembled channel present in native cardiomyocytes (Sanguinetti et al., 1995; 
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Trudeau et al., 1995; Vandenberg et al., 2012). hERG regulation and function receive much 

attention due to the role these channels play in the development of LQTS and SCD. 

2.1 hERG Structure 

 hERG subunits are 1159 amino acids in length and they contain long cytoplasmic NH2 

and COOH termini. The NH2 terminus contains a Per-Arnt-Sim (PAS) domain important for 

regulating the rate of channel deactivation (Gustina & Trudeau, 2012). The COOH terminus 

contains a cyclic nucleotide-binding domain (cNBD) that enables normal hERG trafficking 

(Akhavan et al., 2005). Between these regions lie six transmembrane domains (S1-S6). S1 to S4 

comprise the voltage sensing domain (VSD), while S5, S6, and the unusually long extracellular 

S5-pore linker make up the pore domain (Figure 2A). In the plasma membrane (PM), hERG 

exists as a tetramer of pore forming subunits, with the four pore domains coming together to 

create the channel pore where ion selectivity and permeation occur (Fig. 2B) (Vandenberg et al., 

2012). hERG contains a unique selectivity filter (SF) at position 624-628 (624SVGFG628). The 

positioning of F627 in particular is thought to facilitate the distinctively rapid inactivation of 

hERG channels (Wang & MacKinnon, 2017). Additionally, hERG has an abnormally large inner 

cavity because it lacks the Pro-Val-Pro motif that reduces the inner cavity volume in other K+ 

channels. hERG also contains aromatic residues at Y652 and F656 that serve as high affinity 

sites for drug binding (Fig. 2C). These features make hERG particularly susceptible to drug 

blockage compared to other voltage-gated K+ channels (Fernandez et al., 2004). 

 The description above refers specifically to the hERG1a isoform, which is the most 

common transcript expressed in cardiac tissue. Interestingly, a splice variant, hERG1b, is also 

expressed in the heart to a lower extent. hERG1b lacks the first 373 amino acids of hERG1a and 

begins with a unique 36 amino acid sequence. Consequently, hERG1b displays fast deactivation 
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Figure 2. hERG channel structure 

A) A cross sectional diagram of a single hERG1a subunit including the PAS domain, voltage 

sensing domain, pore region, S5 pore-linker (S5P), and the cNBD. B) A schematic of 4 hERG1a 
subunits together in a tetramer including the positions of the 6 transmembrane segments in one 
of the subunits. C) A cross-sectional schematic of the hERG binding pocket including the 

location of notable residues including Y652 and F656 which serve as high-affinity drug binding 

sites. Only two subunits are shown for clarity. Figure modified from Perrin et al., 2008b.  
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kinetics (Lees-Miller et al., 1997). Furthermore MiRP1, which is the β subunit of Kv11.1, can 

form complexes with hERG channels and modulates channel kinetics in cardiomyocytes (Abbott 

et al., 1999). However, MiRP1 is not necessary for hERG function and, as a result, is not often 

co-expressed in heterologous expression systems. 

2.2 Kinetics 

 hERG channels can exist in one of three conformational states depending on the voltage 

across the PM (Vm) (Fig. 3A). These states are open, closed, or inactivated (Perrin et al., 2008a). 

The transition of hERG between different states is best described in the context of the CAP (Fig. 

1A). When ventricular cardiomyocytes are at RMP, hERG is closed and therefore does not 

conduct current. As cells depolarise during phase 0 of the CAP, hERG channels slowly undergo 

a voltage-dependent conformational change from the closed state to the open state, a transition 

called activation. However, hERG rapidly inactivates after opening, placing the channel in a non-

conducting conformation. Due to the rapidity of the inactivation step, only little current is passed 

through hERG channels during this segment of the CAP. During the plateau phase of the CAP, 

most hERG channels are in the inactivated state. Then, as cells begin repolarizing and Vm drops 

during phase 3, hERG channels rapidly recover from inactivation into their open state. This is the 

phase of the CAP where hERG plays a critical role. Activated hERG channels pass a large 

outward K+ current during this phase and repolarise cardiomyocytes back to RMP as they slowly 

deactivate to the closed state. The central concept is that hERG transitions between the open and 

inactivated states much more rapidly than between closed and open states (Spector et al., 1996; 

Wang et al., 1997; Sanguinetti & Tristani-Firouzi, 2006). 

 As a result of the unique kinetics of hERG, mainly its rapid inactivation, a suite of 

electrophysiological whole-cell patch clamp procedures has been designed to quantify these 
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Figure 3. Gating kinetics of hERG channels 

A) A schematic representation of the three conformational states of the hERG channel. hERG 
cycles between closed, open and inactivated states depending on membrane voltage. B) A 

sample hERG current trace with the conformational states labelled and peak tail current circled 
in red (Top). The pulse tail voltage protocol used to elicit the current trace is shown below. For 

clarity, only the sweep containing the 50 mV depolarizing step (the one used to measure peak tail 
current) and the corresponding current trace is shown.  Figure modified from Vandenberg et al., 

2012. 
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kinetic properties (refer to the Materials and Methods section for detailed information about the 

patch clamp procedure). The main protocol used in this study is the pulse tail protocol, which 

allows for a quantitative measure of whole-cell current (Fig. 3B). Following gigaseal formation 

between the cell under analysis and a glass micropipette, and after rupturing the PM to allow 

pipette solution to freely exchange with cytosolic fluid, the voltage across the PM can be 

manipulated and the current passed through hERG channels on the PM of the cell can be 

measured. The magnitude of the current that this protocol measures reflects the outcome of the 

number of open hERG channels x open probability x single channel conductance. First, the cell 

is held at -80 mV and depolarised for 4 seconds to allow for slow activation and rapid partial 

inactivation. The cell is then repolarized to -50 mV for 5 seconds to induce rapid recovery from 

inactivation. This step produces a large current that is called the tail current. This voltage 

protocol involves 15 traces, during which the depolarisation voltage increases in 10 mV 

increments from -70 mV to +70 mV. The peak tail current following the 50 mV depolarizing 

step is measured and recorded as IhERG in this study. 

2.3 Life Cycle and Membrane Stability 

 The biogenesis and degradation of hERG uses similar machinery as other ion channels on 

the PM, but there are some distinct differences (Fig. 4). Following transcription in the nucleus, 

KCNH2 mRNA is translocated to the endoplasmic reticulum (ER) where it is translated into 

hERG protein. In the ER, hERG proteins are folded with the assistance of chaperones, and 

tetramers are formed. Chaperones and co-chaperones play important roles in the proper folding, 

trafficking, and quality control of hERG at the ER. These include heat-shock protein (Hsp) 

families Hsp90, Hsp70, and Hsp40 as well as Hsp-organizing protein (Hop), and heat shock 

cognate protein 70 (Hsc70)  (Ficker et al., 2003; Li et al., 2011). Hsp70, Hop, and Hsp90 are 
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Figure 4. Lifecycle and degradation of hERG  

A schematic summarising many important pathways of hERG biosynthesis, trafficking, and 
degradation. Hsp70, Hsp40, Hsc70, Hop, caveolin, clathrin, Rab proteins, ubiquitin, and 

ubiquitin ligases including CHIP and NEDD4-2 are all included. Figure modified from Lamothe 

& Zhang, 2016. 
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thought to properly fold salvageable hERG proteins while Hsp40 and Hsc70 shunt unsalvageable 

mutant hERG channels through the ER-associated degradation (ERAD) pathway to be tagged for 

degradation by the co-chaperone C-terminus of Hsc70-interacting protein (CHIP), an E3 

ubiquitin ligase (Connell et al., 2001; Smith et al., 2016). Chaperones also assist in moving 

hERG proteins to the Golgi apparatus, where they undergo complex glycosylation. This N-linked 

glycosylation at position N598 of hERG increases the molecular mass of hERG from 135 to 155 

kDa and it has been reported that this glycosylation helps protect hERG from proteolytic 

cleavage (Zhou et al., 1998; Gong et al., 2002; Lamothe et al., 2018). hERG is then trafficked to 

the PM where it passes current. The difference in size between hERG with and without complex 

glycosylation conveniently allows the PM bound hERG channels to be visualized separately 

from intracellularly localised channels using Western blot analysis (Anderson et al., 2006). 

 The complex array of cellular processes underlying hERG PM stability and degradation 

have received great attention recently, as they have emerged as central to multiple mechanisms 

of acquired and hereditary LQTS. hERG exists on the PM for approximately 10 hours before 

being internalised and degraded (Guo et al., 2009). Generally, internalisation of hERG from the 

PM begins with ubiquitination of the channel (Foo et al., 2016). An important molecule involved 

in the degradation of hERG is the E3 ubiquitin ligase NEDD4-2 (neural precursor cell expressed 

developmentally down-regulated protein 4 subtype 2) (Guo et al., 2012). This molecule is one of 

many E3 ubiquitin ligases in the human genome. These ligases catalyze the transfer of ubiquitin 

(Ub) from E2 Ub conjugating enzymes to their substrate, thereby targeting it for delivery to the 

proteasome or lysosome via endosomal transport (Goel et al., 2015). It is thought that 

monoubiquitination is selective for the lysosomal pathway while polyubiquitination is selective 

for proteasomal degradation (Ciechanover, 2005). NEDD4-2 is regulated by serum- and 
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glucocorticoid- inducible kinase (SGK) 1 and 3, as well as protein kinase C (PKC) through 

muscarinic receptor activation (Lamothe & Zhang, 2013; Wang et al., 2014).  

 Other mechanisms have also been suggested to promote hERG internalisation and 

degradation. Caveolin 3 (Cav3) has been shown to enhance reduction of hERG from the PM by 

promoting interaction between NEDD4-2 and hERG (Guo et al., 2012). Another study using 

HeLa cells, an immortalised cell line derived from a cervical tumour, provided evidence that 

hERG is internalised through an Arf6 dependent, clathrin- independent mechanism (Karnik et al., 

2013). 

 In addition to normal hERG turnover, degradation can be accelerated at reduced 

extracellular K+ (K+
o) concentrations. It has been demonstrated in human embryonic kidney 

(HEK) 293 cells that upon removal of K+
o, hERG channels collapse within minutes and 

internalize within hours (Massaeli et al., 2010). A plethora of experiments demonstrated that this 

process is mediated by a caveolin-dependent process resulting in ubiquitination and lysosomal 

destruction assisted by multivesicular bodies (MVB). The proteasome is also implicated in this 

process as proteasome inhibitors prevent hERG degradation in 0 mM K+
o media (Guo et al., 

2009). Evidence collected using a ubiquitin mutant that only allows for monoubiquitination 

further implicates the lysosomal pathway in this mechanism and suggests that the proteasome 

may support this pathway indirectly rather than by degrading polyubiquitinated hERG (Sun et 

al., 2011). 

 Another crucial factor to consider regarding the hERG lifecycle is recycling. Small 

GTPases are important for ion channel trafficking and recycling (Pochynyuk et al., 2007). There 

is evidence that internalised hERG can lose glycosylation in early endosomes and subsequently 

be recycled through the Golgi apparatus, where hERG regains complex glycosylation, and is 



12 
 

transported back to the PM in a process mediated by the small GTPase Rab11. This recycling 

pathway for hERG seems to operate under both normal and low K+
o culture conditions. 

Specifically, the recycling rate is approximately four times more rapid in cells returned to 5 mM 

K+
o media for four hours following initial culture in 0 mM K+

o media compared to cells only 

cultured in 5 mM K+
o media (Chen et al., 2015). 

2.4 LQTS-Causing hERG Mutations 

 As stated, mutations in hERG are responsible for a sizable proportion of hereditary LQTS 

cases. The majority of LQT2-causing hERG mutations are missense mutations, where one amino 

acid has been substituted for another. LQTS-causing hERG mutations have been divided into 

four classes based on the mechanism of dysfunction: Synthesis disrupting (Class 1), trafficking 

deficient (Class 2), altered gating (Class 3), and altered permeation (Class 4). Over 150 clinically 

observed hERG missense mutations have been studied mechanistically in heterologous 

expression systems and it has been found that around 90% of them are class 2. These mutations 

are concentrated in the PAS domain, cNBD, and pore domain (Anderson et al., 2006, 2014) (Fig. 

5). In the context of hERG, trafficking deficiency generally suggests that hERG transcript is 

translated into protein at the ER, where it gets sequestered by the chaperones and co-chaperones 

within the quality control system (described above) and is targeted for degradation by ERAD 

(Smith et al., 2016). As a consequence of the commonality of class 2 mutations within the set of 

studied LQT2 mutations, much attention has been placed on understanding the mechanisms 

underlying this pathology and on developing strategies to rescue PM expression of these mutant 

channels for potential therapeutic usage. 
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Figure 5. LQTS-causing hERG mutations 

A schematic of the hERG channel including the sites of characterised missense hERG mutations, 

including G601S, colour coded by mechanism. The majority of these mutations cause LQTS via 

trafficking deficiency. Figure modified from Smith et al., 2016. 
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2.5 The G601S Mutation 

 One LQTS-causing hERG mutation that has received a lot of attention over the years is 

G601S, where the glycine at position 601 on the extracellular S5-pore linker of hERG has been 

substituted with a serine (Fig. 5). In 1996, G601S was found to be present in a Japanese family 

where multiple members had LQTS (Akimoto et al., 1998). It has since been observed in 

additional LQTS patients and in post-mortem examinations of people who died suddenly 

(Laitinen et al., 2000; Jia et al., 2018). Soon after the discovery of G601S, a study revealed that 

G601S-hERG channels (G601S) produce substantially less current than wildtype (WT) hERG, 

and only appear as the core glycosylated, immature (135-kDa) form and not as the fully 

glycosylated, mature (155-kDa) form upon Western blot analysis. These data indicate that 

G601S is synthesised but is unable to leave the ER and traffic to the Golgi apparatus to receive 

complex glycosylation, and is therefore likely a trafficking deficient mutation (Furutani et al., 

1999). Other studies have since attempted to elucidate this mechanism in more detail and have 

tried to rescue PM expression of G601S. 

 PM expression of G601S can be rescued by some hERG blocking compounds. For 

example, E-4031, cisapride, astemizole, and quinidine all significantly rescue PM expression of 

G601S and some other hERG pore mutants (Ficker et al., 2002). Mutagenesis experiments 

revealed that these drugs likely act as pharmacological chaperones that bind within the 

hydrophobic central cavity of hERG, stabilising channels sufficiently for them to exit the ER 

(Ficker et al., 2002). Recent data have shown that G601S is sequestered within the transitional 

ER specifically and then rescued via Rab11B-mediated trafficking (Smith et al., 2013). 

Interestingly, some drugs like thapsigargin, an inhibitor of the sarco/endoplasmic reticulum Ca2+ 

ATPase (SERCA), and fexofenadine, an anti-histamine, can rescue PM expression of G601S 
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without blocking the channel. Thapsigargin is thought to induce activity of Ca2+-dependent 

chaperones and fexofenadine binds to the pore region of hERG but with relatively low affinity 

(Rajamani et al., 2002; Delisle et al., 2003). Additionally, it has been found that G601S as well 

as some other mutant hERG channels are capable of being significantly rescued at the PM by 

reduced-temperature culture (Anderson et al., 2006). It is thought that this rescue is mediated by 

enhanced forward trafficking of the mutant channels, but the mechanism is unclear (Smith et al., 

2016). Overall, it appears that there are likely multiple mechanistic pathways that can be 

exploited to rescue G601S expression. 

2.6 hERG in 0 mM K+
o Media and the S624T Mutation 

 The stability of hERG on the PM requires adequate K+
o (Guo et al., 2009). If cells 

expressing hERG are cultured in 0 mM K+
o media, hERG channels will rapidly collapse into a 

non-conducting state and internalise (Fig. 6, top). This finding has important clinical 

implications, as hypokalemia has been seen in as many as 20% of hospital patients, with multiple 

causes including the use of some diuretics (Gennari, 1998). Even though patients do not present 

clinically with 0 mM K+
o, hERG still degrades to a significant extent at clinically relevant 

hypokalemic serum K+ concentrations such as 2.1 mM K+
o (Berthet et al., 1999; Guo et al., 

2009). Careful voltage clamp experiments demonstrated that low K+
o-induced internalisation 

involves the pore region of hERG. Mutagenesis experiments further showed that channel 

stability relies upon electrostatic forces between certain residues around the SF region of hERG 

and K+. Specifically, mutating S624 in the selectivity filter to threonine (S624T) removes the 

dependence of hERG on the presence of K+
o. This mutant channel did not collapse or internalise 

in response to 0 mM K+
o media (Fig. 6, bottom). It was believed that the mutation may allow the  
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Figure 6. hERG PM stability is dependent on K+
o 

Top, WT hERG collapses, is ubiquitinated, and then internalises when subjected to 0 mM K+
o 

conditions. Bottom, WT hERG in reduced-temperature culture (22oC) and S624T mutant hERG 
are insensitive to the effects of culture in 0 mM K+

o media. Figure modified from Massaeli et al., 

2010. 
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channel to form hydrogen bonds with nearby residues, thereby creating a more rigid channel 

conformation and removing the requirement of K+
o for stability (Massaeli et al., 2010). 

Interestingly, it was observed that 0 mM K+
o induced internalisation of hERG can also be 

prevented by reduced-temperature culture. Culturing cells at 22oC in 0 mM K+
o media for 6 

hours prevents hERG internalisation (Fig. 6, bottom). This indicates that the reduced-temperature 

culture likely stabilizes hERG and prevents endocytosis (Massaeli et al., 2010). 

3. Hypothesis and Objectives 

 As discussed, G601S is a LQTS-causing hERG mutant that can be rescued to the PM by 

reduced-temperature culture through an unclear mechanism. Comparatively, WT hERG can be 

rescued from 0 mM K+
o-induced internalisation by reduced-temperature culture via improved 

PM stability. Therefore, the hypothesis of this thesis is that G601S channels are able to traffic to 

the PM where they are internalised due to pore instability, similar to the internalisation of WT 

hERG that cannot sense K+
o, and that this internalisation process is inhibited by reduced-

temperature culture. Furthermore, since the S624T hERG mutant is resistant to 0 mM K+
o media-

induced PM instability, it is hypothesised that adding S624T to G601S (G601S/S624T) will 

stabilise channels on the PM, thereby rescuing expression and function of G601S. 

 

To test these hypotheses, the following objectives were put fourth for study: 

1. Determine the role of temperature in WT hERG and G601S trafficking, and PM stability. 

2. Investigate whether G601S is capable of trafficking to the PM at normal culture 

temperature and if so, how stable it is on the PM. 

3. Determine if the addition of S624T can intragenically rescue PM expression of G601S or 

other LQTS-causing hERG mutants. 
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4. Examine the PM stability and kinetic properties of newly-created double mutant hERG 

channels. 
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Chapter 2- Materials and Methods 

1. Molecular Biology and Cell Culture 

WT hERG cDNA was obtained from Dr. Gail A. Robertson (University of Wisconsin-

Madison). G601S, S624T, Y611H/S624T, G601S/S624T, P596R/S624T, and T474I/S624T 

mutant channel plasmids were created using site directed mutagenesis by traditional PCR. 1 µL 

of forward primer, 1 µL of backward primer, 1 µL of template hERG DNA, 22 µL of double 

distilled water, and 25 µL of PfuUltra Hotstart 2 x Master Mix (Agilent Technologies) were 

added to a microcentrifuge tube and placed in a RoboCycler (Stratagene) for DNA amplification. 

20 ng of DNA was then transformed into 200 μL of competent cells and plasmid preparation was 

performed with the Maxi Prep and Mini Prep kits from Qiagen. G601S, S624T, Y611H/S624T, 

G601S/S624T, P596R/S624T, and T474I/S624T stable cell lines were created using 

Lipofectamine 2000 (Invitrogen) for transfection of their respective plasmids into HEK293 cells 

and using G418 for selection (1 mg/mL) and maintenance (0.4 mg/ml). Stable cell lines were 

cultured in Minimum Essential Medium (MEM, Thermo Fisher Scientific) supplemented with 

10% fetal bovine serum (FBS), nonessential amino acids, and sodium pyruvate (Thermo Fisher 

Scientific). Cells were passaged every two days, which is when they reached approximately 80% 

confluence. During passaging, cells were washed with cold phosphate-buffered saline (1 x PBS), 

dissociated via trypsinization (0.5 mL, 10 min), and finally re-plated at reduced number for 

experiments. 

2. Patch Clamp Recording Method 

The whole-cell patch clamp method was used. The 5 mM K+
o (standard) bath solution 

contained (mM): 135 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose, and 10 HEPES (pH 7.4 with 
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NaOH). The pipette solution contained (mM): 135 KCl, 5 MgATP, 5 EGTA, and 10 HEPES (pH 

7.2 with KOH). All patch clamp experiments were performed at room temperature (22 ± 1C). 

All experiments were carried out using an Axopatch 200B patch clamp amplifier. The pipette 

had inner diameters of 1 to 1.5 µm and had resistances of 2 to 4 MΩ when filled with the internal 

pipette solution. The sampling frequency was 1 kHz for the pulse tail protocol and 10 kHz for the 

inactivation protocol. The low pass filter frequency was 1 kHz for the pulse tail protocol and 5 

kHz for the inactivation protocol. 

hERG currents in cell lines were elicited by 4 s depolarizing steps to voltages between -

70 and 70 mV in 10 mV increments from a holding potential of -80 mV. A 5 s repolarizing step 

to -50 mV was used to elicit tail currents before returning to the holding potential. For the 

measurement of hERG current amplitude (IhERG), the peak tail currents (at -50 mV) induced after 

a 50 mV depolarization pulse were used. These current magnitudes were measured by 

surrounding the peak current trace spikes, following the -50 mV repolarization step, with cursors 

using Clampfit computer software (version 10.6.2.2), then analyzing for the peak current 

magnitudes between the cursors. Activation-voltage (g-V) relationships were obtained by 

plotting tail currents upon the -50 mV repolarization step against the depolarization voltages. The 

g-V relationships were fit to the Boltzmann equation to obtain the voltage for half-activation 

(V1/2) and the slope factor. I-V relationships were obtained by plotting pulse current magnitudes 

against the depolarization voltages. These current magnitudes were measured using Clampfit 

software. One cursor was placed 0.5 s prior to the repolarisation step and the other cursor was 

placed as close as possible to the initiation of the -50 mV repolarisation step. 

To determine rates of inactivation, cells were depolarized to 50 mV for 0.5 s from a 

holding potential of -80 mV to ensure channel activation, quickly followed by inactivation. Then, 
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a short 5 ms repolarizing pulse to -100 mV was used to shift channels into the open state, 

followed by stepwise depolarizing test pulses in 10 mV increments between 0 mV and 120 mV. 

The rate of inactivation at each voltage was determined by fitting the current decay during the 

test pulse to a single exponential function. 

3. Western Blot Analysis 

 Cells were collected following treatment/culture by washing and suspending them in ice 

cold 1 x PBS. Cells were then centrifuged at 97 g for 4 minutes and resuspended in cold 

radioimmunoprecipitation lysis buffer containing 2% protease inhibitor cocktail and 

phenylmethylsulfonyl fluoride (Sigma-Aldrich), followed by sonication for cell lysis. Whole-cell 

proteins were then isolated via centrifugation for 10 min at 10 000 g followed by collection of the 

supernatant.  Protein concentration was determined by using the Bio-Rad DC Protein Assay Kit 

(Bio-Rad). Protein (15 µg) was added to double distilled water and 20 µL of SDS-PAGE 

(sodium dodecyl sulfate polyacrylamide gel electrophoresis) sample buffer to total 50 µL. After 

being heated in a boiling hot bath for 5 minutes, this mixture was loaded and separated on 8% 

polyacrylamide gels for 2 h at 110 mV, and then electroblotted overnight at 4°C onto PVDF 

membranes (Bio-Rad). Membranes were blocked using 5% skim milk in 0.1% Tween 20-

containing 1 x Tris-buffered saline (TBS) for 1 h. Membranes were immunoblotted for 1 h using 

primary antibodies then washed and incubated with corresponding horseradish peroxidase-

conjugated secondary antibodies. The signals were detected using the ECL plus Western blotting 

detection kit (GE Healthcare, Little Chalfont, United Kingdom) on X-ray film (Fuji, Tokyo, 

Japan). The BLUeye Prestained protein ladder (GeneDirex, Taiwan) was used to identify band 

sizes. 

For quantification of Western blot data, films were first scanned into digital images. 
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These images were analysed using Adobe® Photoshop® densitometry software. Grayscale 

images appear with a range of pixel intensities from 0 to 255. Films were only analysed if the 

bands measured were within this range as intensities beyond this range indicate saturation. 

Average pixel intensity of each band was measured, maintaining the same area (pixel number) for the 

various groups being compared. Average intensity of the background was subtracted from each 

protein band. Next, the average pixel intensity of the protein of interest was divided by the intensity 

of its own loading control (actin), yielding the relative intensity. These relative intensities of different 

groups were normalized to the control group from the same Western blot film. 

4. Immunofluorescence Microscopy 

For visualizing G601S subcellular localization, cells were first incubated at 27oC or 37oC for 

24 hours. Cell membranes were stained with Texas Red (5 µL/mL) wheat germ agglutinin 

(WGA, Thermofisher, W7024) for 1 min, then washed 3 times with 1 x PBS. Cells were then 

fixed with 4% ice-cold paraformaldehyde in 1x PBS for 15 min, washed again, then 

permeabilized with 0.1% Triton X-100 for 10 min at room temperature. After 3 washes with 

PBS, cells were incubated with 5% BSA in PBS for 1 h to block non-specific antibody-protein 

interactions. hERG channels were then labeled with goat anti-hERG (C-20) primary antibodies 

(1:100 in 2.5% BSA) and washed before staining with Alexa Fluor 488-conjugated donkey anti-

goat secondary antibody (green, 1:200). Coverslips were mounted to microscope slides using 

Prolong Gold Antifade reagent containing DAPI for staining of nuclei. Images were acquired 

using a Quorum WaveFX spinning disc confocal microscope (Guelph, Canada). Excitation, 

emission and laser line wavelengths for WGA were 596 nm, 615 nm, and 594 nm. For DAPI, 

they were 358 nm, 461 nm, and 406 nm. For Alexa Fluor 488-conjugated donkey anti-goat 

secondary antibody, they were 490 nm, 525 nm, and 488 nm.  
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5.  Reagents and Antibodies 

0 mM K+ MEM, Lipofectamine 2000, and FBS were purchased from Invitrogen. 

Proteinase K (PK, P6556), brefeldin A (BFA, 20350-15-6), mouse anti-actin primary antibody 

(A4700), ALLN (A6185), and all chemicals for patch clamp experiments were purchased from 

Sigma-Aldrich. Goat anti-hERG (C-20, sc-15968, C-terminal) and mouse anti-goat IgG-HRP 

secondary antibody (sc-2354) were purchased from Santa-Cruz Biotechnology (Dallas, TX, 

USA). Horse anti-mouse HRP-tagged secondary (7076) antibody and goat anti-rabbit (7074) 

HRP-tagged secondary antibody were purchased from Cell Signaling Technology (Danvers, MA, 

USA). Alexa Fluor 488-conjugated donkey anti-goat secondary antibody (A-11055) and Prolong 

Gold Antifade reagent (P36931) were purchased from Thermofisher. Lactacystin (70980) was 

purchased from Cayman Chemical (Ann Arbor, MI, USA) and MG132 (F1100) from UBPBio 

(Aurora, CO, USA). Rabbit anti-KCNH2 antibody (C-terminal, ab136467) was purchased from 

Abcam (San Francisco, CA, USA).  

6. Statistics 

All data are expressed as the mean ± the standard error of the mean (S.E.M). Statistical 

testing was performed using GraphPad Instat. A one-way ANOVA with the Newman-Keuls 

post-hoc test was used to determine statistical significance between groups for Figure 8, 9B, 

10B,11B, 12B, 13A, 14, and 15. A two-tailed unpaired t-test was used to determine statistical 

significance between different groups for Figure 7, 9A, 10A, 11A, 12A, 13B, and 16. A P-value 

of 0.05 or less was considered significant. 
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Chapter 3 – Results 

3.1- Reduced-temperature culture rescues PM expression and function of the hERG 

mutant, G601S 

First, the expression and function of G601S was examined. G601S mutant hERG 

channels were stably expressed in HEK cells (G601S-HEK) and studied following culture at 

27oC or 37oC for 24 h. On a Western blot of whole-cell lysate, hERG displays as two bands. The 

155-kDa upper band represents mature, fully glycosylated hERG on the PM, while the 135-kDa 

lower band represents immature, core glycosylated hERG located intracellularly  (Zhou et al., 

1998; Gong et al., 2002). There was almost no detectable 155-kDa band for G601S-HEK cells 

when cultured in 37oC. However, a 27oC culture temperature significantly rescued 155-kDa 

hERG band expression (Fig. 7A). Additionally, immunofluorescent microcopy was used to 

confirm these findings (Fig. 7B). G601S-HEK cells were incubated at 27oC or 37oC for 24 hours 

and an anti-hERG antibody (C-20, C-terminal) was used to stain for G601S. Cells that were 

incubated at 37oC displayed intracellularly localized G601S protein while cells incubated at 27oC 

displayed PM localized G601S protein. HEK cells stably expressing WT hERG (hERG-HEK) 

were also evaluated in these experiments as a positive control. 

To investigate whether reduced-temperature culture also rescued function of G601S, 

families of currents were recorded from G601S-HEK cells (IG601S) at both culture temperatures 

as well as from hERG-HEK cells (IhERG), a positive control, following the protocol described in 

the Materials and Methods (Fig. 8). The peak tail current elicited upon repolarization following 

the 50 mV depolarization step for G601S-HEK cells cultured at 37oC was 28.5±6.2 pA, for 

G601S-HEK cells cultured at 27oC it was 563.2±51.2 pA, and for hERG-HEK cells it was  
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Figure 7. Reduced-temperature culture rescues membrane expression of the hERG mutant, 

G601S 

A) HEK cells stably expressing G601S were cultured at either 37oC or 27oC for 24 h then 

subjected to Western blot analysis. HEK cells stably expressing WT hERG cultured at 37oC were 
used as a control. 27oC culture rescued expression of mature, fully glycosylated 155-kDa G601S. 

Band intensities of 155-kDa hERG bands were measured relative to their respective actin loading 
controls then to WT hERG and summarized beneath a representative Western blot image (n=5). 
*P<0.05 vs. G601S (37oC). B) Immunofluorescent microscopy of hERG-HEK or G601S-HEK 

cells cultured at either 37oC or 27oC for 24 h and stained with an anti-hERG antibody (C-20). 

27oC rescued PM expression of G601S (n=3).   
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Figure 8. Reduced-temperature culture rescues function of the hERG mutant, G601S 

Families of WT and G601S hERG currents recorded from hERG-HEK and G601S-HEK cells 

cultured at 37oC or 27oC. The voltage protocol is also shown. The pulse and tail currents were 
summarized beneath representative current traces (n=13 for G601S (37oC) and n=12 for WT and 
G601S (27oC)). **P< 0.01 between tail currents of G601S (37oC) and G601S (27oC) for voltages 

≥ 0 mV. 
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1356.7±57.7 pA. Therefore, reduced-temperature culture significantly rescued IG601S, but the 

rescued current was not WT-like in magnitude. Furthermore, to investigate whether rescued 

G601S current had a similar current-voltage relationship to WT hERG, an activation-voltage (g-

V) relationship was obtained by plotting tail currents upon the -50 mV repolarization step against 

the depolarization voltages. When the g-V curves were fitted to the Boltzmann function, the half 

activation voltages (V1/2) and slope factors were -2.1±1.7 mV and 7.1±0.2 mV for WT hERG, 

and they were -12.6±1.9 mV and 7.4±0.3 mV for rescued G601S. Thus, the voltage dependence 

of activation is significantly (P<0.01) left-shifted for G601S compared to WT hERG. 

3.2- Reduced-temperature culture decreases the rate of both channel degradation and 

maturation (forward trafficking) 

The reduced-temperature culture induced rescue of G601S PM expression could be 

explained by one or both of two potential mechanisms. Reduced-temperature could enhance 

maturation of protein from internal compartments to the PM or it could reduce the internalization 

rate of mature G601S from the PM, thereby allowing its accumulation on the PM. Additionally, a 

combination of these mechanisms could be contributing to the rescue. To investigate these 

possibilities, the role of temperature in both forward and retrograde WT hERG trafficking was 

first examined. hERG-HEK cells were treated with brefeldin-A (BFA, 10µM), a Golgi apparatus 

disruptor that inhibits forward trafficking (Fujiwara et al., 1988). Cells were then immediately 

incubated at 27oC or 37oC. Since BFA inhibits forward trafficking, the rate of hERG 

internalization from the PM could be observed in isolation. Upon Western blot (Fig. 9A) and 

whole-cell patch clamp analysis (Fig. 9B), mature (155-kDa) hERG expression and IhERG were  
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Figure 9. Reduced-temperature culture decreases the rate of WT channel degradation  

Time-dependent reduction of 155-kDa hERG band intensity (A) and IhERG (B) of hERG-HEK 
cells treated with brefeldin-A (BFA, 10 μM) then incubated at 37oC or 27oC. For the Western 

blot, band intensities of 155-kDa hERG bands were measured relative to their respective actin 
loading controls then normalized to 0 h. Summarized data are displayed beneath representative 
Western blot images (n=3). ** P<0.01 vs. 37oC. For IhERG, mean peak tail currents are 

summarized for each group and displayed beneath representative current traces. The numbers 

above the bars represent the number of cells examined. * P<0.05 vs. 37oC. 
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reduced at significantly slower rates in cells incubated at 27oC than in those incubated at 37oC. 

This demonstrates that reduced-temperature culture increased the PM stability of WT hERG. 

 Next, the effect of temperature on hERG forward trafficking was evaluated. To 

accomplish this, hERG-HEK cells were treated with proteinase K (PK, 200 µg/mL, 20 min). PK 

cleaves membrane bound hERG from the extracellular side, and is therefore used as an 

experimental tool to clear mature hERG channels from the PM (Lamothe et al., 2016). Following 

PK cleavage, cells were re-plated and incubated at 37oC or 27oC for various periods. Western 

blot analysis (Fig. 10A) and whole-cell patch clamp analysis (Fig. 10B) revealed that the 

recovery rates of mature hERG expression and IhERG were decreased at 27oC compared to 37oC, 

indicating that the forward trafficking rate of hERG from internal compartments to the PM was 

not enhanced, but slowed, by reduced-temperature culture. Taken together, these experiments 

indicate that reduced culture temperature increased the PM stability of WT hERG but not the 

maturation rate. 

3.3- Reduced-temperature culture slows the degradation of both 27oC-rescued G601S and 

WT hERG in 0 mM K+
o culture 

To directly investigate the effect of temperature on G601S trafficking, G601S-HEK cells 

were subjected to incubation at 27oC (24 h) to rescue G601S expression on the PM. Cells were 

then treated with BFA, to eliminate forward trafficking, and incubated at 27oC or 37oC before 

time-dependent collection. Western Blot (Fig. 11A) and whole-cell patch camp analysis (Fig. 

11B) showed that 155-kDa G601S expression and IG601S were reduced at significantly slower 

rates in cells incubated at 27oC compared cells incubated at 37oC. This demonstrates that like 

WT hERG, the PM stability of G601S was increased by reduced-temperature culture. Next, it  
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Figure 10. Reduced-temperature culture decreases the rate of hERG maturation (forward 

trafficking)  

Time-dependent recovery of 155-kDa hERG band intensity (A) and IhERG (B) of WT hERG after 

cleavage of the 155-kDa hERG protein by proteinase K (PK, 200 μg/mL, 20 min) followed by 
incubation at 27oC or 37oC. For the Western blot, intensities of 155-kDa hERG bands were 
measured relative to their respective actin loading controls then to the WT uncut control. 

Summarized data is displayed beneath the representative Western blot image (n=3). * P<0.05 
and ** P<0.01 vs. 27oC. For IhERG, mean peak tail currents are summarized for each group and 

displayed beneath representative current traces. The numbers above the bars represent the 

number of cells examined from 3 independent experiments. ** P<0.01 vs. 27oC. 
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Figure 11. Reduced-temperature culture slows the degradation rate of pre-rescued G601S 

155-kDa G601S hERG expression was rescued by 24-h culture at 27oC.  Cells were then treated 
with BFA (10 μM) and incubated at 37oC or 27oC for various periods prior to Western blot (A) 
or patch clamp analysis (B). For the Western blots, relative band intensities of 155-kDa hERG 

were measured relative to their respective actin densities then normalized to 0 h in each gel and 
summarized beneath a representative image (n=3). **P<0.01 vs. 37oC. For IhERG, mean peak tail 

currents were summarized for each group and displayed beneath representative current traces. 
The numbers above the bars represent the number of cells examined from 3 independent 

experiments. **P<0.01 vs. 37oC. 
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was investigated if WT hERG in 0 mM K+
o medium behaves similarly to G601S at both culture 

temperatures as predicted. hERG-HEK cells were cultured in 0 mM K+
o media and treated with 

BFA. Cells were then incubated at 27oC or 37oC and collected over time. As expected, the rates 

of reduction of mature (155-kDa) hERG expression (Fig. 12A) and IhERG (Fig. 12B) were 

significantly slower for incubation at 27oC than 37oC. These findings suggest that reduced-

temperature culture rescued WT hERG in 0 mM K+
o medium in the same way that it rescued 

G601S, by preventing internalization of hERG from the PM. Since G601S is not present on the 

PM at physiological temperature, it is reasoned that some G601S may be trafficking to the PM 

where it immediately internalizes due to instability, in a comparable manner to WT hERG in 0 

mM K+
o medium. In support of this notion, at 37oC, G601S and WT hERG in 0 mM K+

o media 

seemed to internalize from the PM faster than WT hERG in 5 mM K+
o conditions (Figs. 9, 11, 

and 12). 

3.4- Inhibition of proteasomal degradation rescues expression and function of G601S 

 As previously discussed (see section 2.3), the proteasome is important for the degradation 

of mutant hERG channels. If some G601S protein is able to traffic to the PM at 37oC, inhibiting 

the proteasome should prevent the degradation of mature (155-kDa) G601S on the PM. To test 

this idea, G601S-HEK cells were treated with the proteasome inhibitors lactacystin, MG132, or 

ALLN for 24 h while in 37oC culture before collection. Interestingly upon Western blot analysis, 

a mature (155-kDa) hERG band was visible for lactacystin, MG132, and ALLN treated cells 

(Fig. 13A). Additionally, IG601S was significantly greater in lactacystin treated cells than 

untreated (control) cells, demonstrating a rescue of hERG function by proteasome inhibition 

(Fig. 13B). 
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Figure 12. Reduced-temperature culture slows the rate of WT hERG degradation in 0 mM 

K+
o media 

hERG-HEK cells were treated with BFA (10 μM) and cultured in 0 mM K+ medium at 37oC or 
27oC for various periods prior to Western blot (A) or patch clamp analysis (B). For the Western 
blots, relative band intensities of 155-kDa hERG bands were normalized to their respective actin 

densities then to their respective initial values (0 h) in each gel and summarized beneath 
representative Western blot images (n=3). * P<0.05, **P<0.01 vs. 37oC. For IhERG, mean peak 

tail currents are summarized for each group and displayed beneath representative current traces. 

The numbers above the bars represent the number of cells examined. **P<0.01 vs. 37oC. 
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Figure 13. Proteasome inhibition partially rescues PM expression and function of G601S  

G601S-HEK cells were incubated at 37oC without treatment (Ctrl), or with 20 µM lactacystin, 20 

µM MG132, or 50 µM ALLN for 24 h then subjected to (A) Western blot or (B) patch clamp 
analysis. For Western blots, relative band intensities of 155-kDa hERG were measured relative 

to their respective actin densities then to WT hERG values in each gel and summarized beneath a 
representative Western blot image (n=4). For IhERG, mean peak tail currents are summarized for 
both groups and displayed beneath representative current traces. The numbers above the bars 

represent the number of cells examined from 3 independent experiments. **P<0.01 vs. G601S 

(untreated) 37oC Ctrl. 
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3.5- Addition of 0 mM K+
o-insensitive hERG mutation, S624T, intragenically rescues 

G601S 

 It has been demonstrated that the PM instability of WT hERG in 0 mM K+
o media results 

from an inability of hERG to sense K+
o. Additionally, mutating residue S624 in the SF region of 

hERG from serine to threonine (S624T) makes the channel resistant to 0 mM K+
o-induced 

internalization (Massaeli et al., 2010). It is reasoned that if the reduced PM stability of G601S is 

mechanistically similar to WT hERG in 0 mM K+
o medium, then it might be rescued by S624T 

as well. Therefore, a double mutant hERG channel containing both G601S and S624T mutations 

was created and stably expressed in HEK cells (G601S/S624T-HEK). Western blot analysis of 

G601S/S624T-HEK whole-cell lysate was performed and mature (155-kDa) hERG expression 

was detected (Fig. 14A). Additionally, whole-cell patch clamp analysis was performed on 

G601S/S624T-HEK cells, and current (IG601S-S624T) was rescued to a significant extent. 

Specifically, the mean peak tail current was 955.5±144.5 pA for G601S/S624T-HEK cells, 

which was not significantly different (P>0.05) than hERG-HEK cells (1097.6.7±69.8 pA) or 

S624T-HEK cells (920.8±94.9 pA). The current-voltage relationship of G601S/S624T was also 

examined and was not significantly different from WT hERG or S624T (P>0.05). The V1/2 and 

slope factors were −2.1±1.7 mV and 7.1±0.2 mV for WT hERG, -6.8±5.6 mV and 7.7±0.9 mV 

for S624T, and -4.6± 2.3 mV and 7.9± 0.3 mV for G601S/S624T (Fig. 14B). 

A defining characteristic of hERG is its rapid inactivation kinetics (Spector et al., 1996). 

Thus, the time course of inactivation is an important aspect of hERG mutant channels. The time 

course of inactivation of G601S/S624T was compared to WT hERG and S624T using the triple 

pulse protocol as described in the methods. Interestingly, the inactivation rate of G601S/S624T 

was significantly slower than WT hERG at a final depolarizing test pulse of 20 mV. At lower 
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Figure 14. Addition of 0 mM K+-insensitive hERG mutation, S624T, intragenically rescues 

G601S expression and current 

A) Representative Western blot images of whole-cell lysates from HEK cells stably expressing 
WT, S624T, G601S (37oC), and G601S/S624T hERG using an anti-hERG antibody to detect 

hERG expression (n=2). B) Families of currents recorded from HEK cells expressing WT, 
S624T, G601S (37oC), and G601S/S624T hERG channels. Summarized pulse and tail currents 
are shown beneath the representative current traces in the form of IV and gV curves respectively 

(n=7 for G601S/S624T, n=9 for S624T, n=12 for WT, and n=13 for G601S). C) Voltage 
protocol, representative current traces, and inactivation time constants (τinact) of WT, S624T, and 

G601S/S624T hERG channels upon various voltages. For clarity, only 7 traces are shown. τinact 
was determined by single exponential fit of the current decay during the third step (n=8 for WT, 
n=10 for G601S/S624T, n=12 for S624T). **P<0.01 between G601S (37oC) and G601S/S624T 

at voltages ≥ -10 mV, *P<0.05 for WT vs. G601S/S624T at 20 mV. 
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voltages, G601S/S624T inactivated too slowly to achieve an exponential fit and inactivation 

rates could not be calculated accurately (Fig. 14C). 

3.6- addition of the S624T mutation rescues the expression and current of LQTS-causing 

mutant hERG channels T474I and P596R, but not A561T and Y611H 

G601S expression was significantly rescued by the addition of a second mutation, K+
o-

insensitive S624T. To test if the S624T mutation can also rescue some other loss of expression 

hERG mutant channels, S624T was combined with other known class 2 LQTS-causing hERG 

mutations, T474I, A561T, P596R, and Y611H, creating double mutant channels that were stably 

expressed in HEK cells. These double mutant channel cell-lines were T474I/S624T-HEK, 

A561T/S624T-HEK, P596R/S624T-HEK, and Y611H/S624T-HEK. The T474I, A561T, P596R, 

and Y611H mutants were chosen because like G601S, they do not express on the PM but they do 

produce 135-kDa hERG bands in Western blots (Anderson et al., 2006). Upon Western blot (Fig. 

15A) and whole-cell patch clamp analysis (Fig. 15B), T474I/S624T-HEK and P596R/S624T-

HEK cells produced mature (155-kDa) hERG bands and robust hERG currents. However, there 

was no rescue of mature hERG protein expression or current in either A561T/S624T-HEK or 

Y611H/S624T-HEK cells. Summarized pulse and tail currents for the two rescued double 

mutants demonstrate that the magnitude of rescue was less than that of WT hERG, which is 

included for reference (Fig. 15C left and centre). Also, the V1/2 of T474I/S624T was shifted 

significantly leftward (P<0.05) compared to WT hERG whereas P596R/S624T had a WT-like 

activation curve. The V1/2 and slope factor of T474I/S624T were -39.8±1.7, mV and 6.2±0.5 mV, 

and of P596R/S624T they were 1.0±1.3 mV and 6.7 ±0.3 mV. Lastly, like G601S/S624T, both 

T474I/S624T and P596R/S624T inactivated at a significantly slower rate (P<0.05) than WT 

hERG (Fig. 15C right). 
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Figure 15. The addition of the S624T mutation rescues the expression and current of 

LQTS-causing mutant hERG channels T474I and P596R, but not A561T and Y611H  

A) Western blot analysis of whole cell lysate from HEK cells stably expressing WT, 
T474I/S624T, P596R/S624T, Y611H/S624T, and A561T/S624T hERG using an anti-hERG 

antibody to detect hERG expression (n=4). B) Representative hERG current traces of WT hERG 
and the four double mutant channels. C) Summarized pulse and tail currents in the form of IV 

and gV curves respectively (n=13 for P596R/S624T, n=7 for T474I/S624T, n=12 for WT), as 
well as inactivation time constants of WT, T474I/S624T and P596R/S624T hERG channels (n=8 
for WT, n=7 for P596R/S624T and T474I/S624T). Inactivation time constants were determined 

using the same voltage protocol as used in Fig. 14. *P<0.05 for P596R/S624T and T474I/S624T 

vs. WT hERG at 10 mV. 

 

 

* 
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3.7- Addition of “trafficking-deficient” mutant G601S, T474I or P596R to the 0 mM K+
o 

insensitive mutant, S624T, led to 0 mM K+
o susceptibility of the channel 

The S624T mutation increases the resistance of hERG channels to reduced K+
o-induced 

internalization (Massaeli et al., 2010). To investigate how the addition of LQTS-causing 

mutations to S624T would affect its sensitivity to 0 mM K+
o media; hERG-HEK, S624T-HEK, 

G601S/S624T-HEK, P596R/S624T-HEK, and T474I/S624T-HEK cells were treated with 5 or 0 

mM K+ media for 6 hours and examined by Western blot (Fig. 16A) and patch clamp (Fig. 16B) 

analysis. As expected, mature WT hERG (155-kDa) expression and IhERG were significantly 

reduced in 0 mM K+
o treated hERG-HEK cells compared to cells treated in 5 mM K+

o media. 

Also, as expected, S624T expression and current were unaffected by 0 mM K+
o media. 

Interestingly though, G601S/S624T-HEK, P596R/S624T-HEK, and T474I/S624T-HEK cells 

showed significant reductions in mature hERG expression and peak tail currents following 

exposure to 0 mM K+
o

 medium. Therefore, the addition of LQTS-causing mutations eliminated 

the 0 mM K+
o insensitivity and, accordingly, the PM stability of S624T. 
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Figure 16. Addition of “trafficking-deficient” mutations G601S, T474I or P596R to the 0 

mM K+ insensitive mutant, S624T, led to 0 mM K+ susceptibility of the channel 

HEK cells stably expressing WT, S624T, G601S/S624T, T474I/S624T, and P596R/S624T hERG 

channels were cultured in either 5 mM K+ (5K+) or 0 mM K+ (0K+ ) medium for 6 h prior to 
Western blot (A) or patch clamp analysis (B). For A, n=3. For B, summarized peak tail currents 
for each group are displayed beneath representative current traces. The numbers above the bars 

represent the number of cells examined from 3 independent experiments. ** P<0.01 vs. 5K+. 
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Chapter 4- Discussion 

hERG/IKr is important for human ventricular repolarization (Curran et al., 1992; Keating 

& Sanguinetti, 2001). Many hERG mutations have been identified that cause type 2 LQTS. Most 

of these mutations cause a loss of hERG expression in the PM, leading to insufficient conduction 

of hERG current (Anderson et al., 2006, 2014). Classically, these have been termed trafficking 

deficient mutations. One such mutation is G601S within the hERG extracellular S5-pore linker. 

Additionally, it has been demonstrated that hERG PM stability requires the presence of K+
o 

(Massaeli et al., 2010). This is clinically relevant in people with hypokalemia, a condition which 

has many causes including the use of some diuretics, and has been seen in as many as 20% of 

hospital patients (Gennari, 1998). 

 This study confirmed that reduced-temperature culture (27oC) rescued G601S PM 

expression.  Additionally, reduced-temperature culture made both WT hERG and pre-rescued 

G601S more stable on the PM, but slowed forward trafficking of WT hERG. Furthermore, the 0 

mM K+
o-induced internalization of WT hERG closely mirrored the internalization of G601S at 

physiological culture temperature. Our data also revealed that proteasomal inhibition rescued 

mature (155-kDa) protein expression and function of G601S. Similarly, the addition of the 0 mM 

K+
o insensitive mutation, S624T, with G601S (G601S/S624T) intragenically rescued PM 

expression and function of G601S, and this same method rescued type 2 LQTS-causing hERG 

mutants P596R and T474I. Lastly, adding these mutations to S624T eliminated the resistance of 

S624T to low K+
o-induced internalization. Thus, it is concluded that PM instability contributes to 

the lack of PM expression of G601S, like WT hERG channels in 0 mM K+
o culture conditions. 

 This study showed that G601S was rescued by reduced-temperature culture (Fig. 7, 8). 

This confirms previous findings by others in various expression systems (Delisle et al., 2003; 
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Apaja et al., 2013). It has been suggested that G601S is rescued by reduced-temperatures due to 

an increase in forward trafficking from the ER, where it is usually sequestered at normal culture 

temperature (Smith et al., 2016). However, this stipulation was never directly examined. Our 

findings indicate that WT-hERG stability on the PM is increased in reduced-temperature culture 

(Fig. 9). Normal hERG internalization and peripheral quality control involves an extensive 

system of molecular pathways as previously discussed. It is unclear which pathways are being 

affected by modulation of culture temperature. One study found that hERG activity was higher at 

reduced culture temperature (Chen et al., 2007). It found that reduced-temperature culture 

inhibited intracellular endosomal transport following endocytosis, as well as endocytosis itself. 

These findings are somewhat consistent with our results. Intracellular hERG cannot pass current 

and electrophysiological data show that reduced-temperature culture significantly rescued IhERG 

in our experiments, demonstrating that endocytosis of hERG was directly inhibited by reduced-

temperature culture.  

It was also found that the forward trafficking rate of hERG was decreased by reduced-

temperature culture (Fig. 10). Newly synthesized hERG is processed in the ER, where core 

glycosylation occurs, and then it is taken to the Golgi apparatus to undergo complex 

glycosylation before being sent to the PM (Zhou et al., 1998; Gong et al., 2002). During this 

process, it interacts with multiple chaperones and co-chaperones including Hsp70 and Hsp90. 

There is evidence that reduced-temperature culture can modulate the affinity between hERG and 

Hsp70 and Hsp90, which represents a possible explanation for the temperature dependence of 

hERG maturation (Gong et al., 2002; Ficker et al., 2003). Further work is necessary to determine 

the specific pathways affected by changes in culture temperature. 
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 The current study also showed that pre-rescued G601S mutant hERG channels were more 

stable on the PM in reduced-temperature culture conditions (Fig. 11). Moreover, WT hERG in 0 

mM K+
o media followed a similar pattern (Fig. 12). It has been reported that 0 mM K+

o-induced 

internalization and degradation of hERG involves both the lysosomal and proteasomal 

degradation pathways (Guo et al., 2009). It is unclear which aspects of these processes are 

inhibited by reduced-temperature culture, but it is notable that the same temperature-sensitive 

endocytic mediator is likely important in both the internalization of WT hERG in low K+
o 

conditions and PM-bound G601S. Further study is needed to fully elucidate the mechanistic 

similarities between endocytosis of WT and mutant hERG channels. 

 Our data showed that G601S was rescued on the PM by proteasomal inhibition (Fig. 13). 

This result provides evidence that at 37oC culture temperature, at least some proportion of 

G601S channels escape the ER and traffic to the Golgi apparatus to be glycosylated prior to 

being internalized and degraded by the proteasome. Although IG601S-hERG significantly increased 

with lactacystin treatment, the rescued current magnitude was small compared to reduced-

temperature rescue. A potential explanation for this finding is that proteasomal inhibition by 

lactacystin has been shown to preferentially inhibit late endosomes rather than early endosomes 

(Hammond et al., 2003). Therefore, lactacystin treatment may have prevented trafficking of 

already internalized channels towards the proteasome more than it prevented channel 

internalization itself. Consequently, some of the channels spared from degradation by lactacystin 

treatment may have been intact but not on the PM where they must be to pass current. 

Additionally, non-proteasomal pathways, like the lysosomal pathway, may also contribute to 

degradation of PM-bound G601S (See section 2.3). 
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 When the S624T mutation was added to G601S to create a double mutant channel, 

expression and function were significantly rescued (Fig. 14). Intragenic rescue of the expression 

of proteins has been used previously as a tool to better understand the mechanisms underlying 

mutations. A previous study used intragenic mutations to rescue mutant hERG channels; 

however, the triple mutant that they constructed only partially rescued hERG expression and 

function (Delisle et al., 2005). The intragenic rescue of G601S by S624T in this study is notable 

because the magnitude of current rescue closely matched that of WT hERG. Moreover, the 

addition of S624T significantly rescued function and expression of hERG mutants T474I and 

P596R (Fig. 15). These findings indicate that S624 has a vital role in the stability of hERG 

mutant channels.  

S624 lies at base of the pore helix in hERG, adjacent to the GFG signature sequence in 

the hERG SF. It has been suggested that this residue is important for hydrogen bond formation 

with other nearby residues within the channel pore and that mutating serine to threonine may 

modulate these bonds to make the channel more rigid on the PM (Massaeli et al., 2010). This 

provides a possible mechanistic explanation for how S624T imparted stability on G601S. 

Additionally, multiple lines of evidence show that S624 is also important in the binding of some 

hERG pore-blocking drugs (Perry et al., 2004; Durdagi et al., 2011). Given that it is believed 

that hERG blockers are highly effective at rescuing G601S by stabilizing the pore and facilitating 

forward trafficking, the S624T mutation could be having a similar effect. Since IhERG was larger 

for G601S/S624T than for reduced-temperature rescue, it seems possible that there could be 

multiple mechanisms involved and that S624T may be rescuing G601S through a combination of 

increased PM stability and the facilitation of forward trafficking. 
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 Our findings show that G601S/S624T, P596R/S624T, and T474I/S624T inactivate slower 

than WT hERG (Fig. 15 and 16). Given that all these mutants contain S624T, which itself 

inactivates at a slower rate than WT hERG, it is reasonable to postulate that S624T is 

contributing to the slow inactivation rates in these mutants. The hERG SF has an important role 

in inactivation gating. Multiple residues in and around the SF can be mutated causing a loss of 

activation, including S620 and S631. It has been hypothesized that altering hydrogen bond 

networks around the SF is responsible for the loss of inactivation in these and other mutants 

because the rapid inactivation kinetics of hERG relies upon flexibility in the pore region 

(Vandenberg et al., 2004; Wang et al., 2011). Given that S624 can form hydrogen bonds in the 

SF region, mutating this residue could alter intermolecular interactions in the SF in a way that 

perturbs inactivation gating. 

 Interestingly, the hERG double mutants that expressed successfully on the PM, 

G601S/S624T, P596R/S624T, and T474I/S624T were not resistant to 0 mM K+
o induced 

internalization. This finding was surprising because these double mutants contain S624T which 

is resistant to 0 mM K+
o-induced internalization. It is unclear how the addition of these LQTS-

causing mutations to S624T would eliminate its K+
o insensitivity, but it's possible that they 

imparted enough instability onto S624T that it could no longer withstand the destabilizing effect 

of diminished K+
o. 

 In summary, the data in this thesis provide novel insight into the molecular mechanisms 

underlying LQTS-causing, hERG mutation-induced channel malfunction.  Specifically, this 

study provides evidence that some LQTS-causing hERG mutants may traffic to the PM before 

being quickly internalized and that this process is inhibited by reduced-temperature culture.  

Furthermore, the addition of S624T can intragenically rescue some LQTS-causing hERG 
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mutants to a significant degree. These findings provide a basis for the development of 

pharmacological compounds to rescue function of some LQTS-causing hERG mutants by 

stabilizing them in the PM. They also help to elucidate the mechanisms underlying hERG 

trafficking and PM stability. Lastly, these results put forward the most effective intragenic rescue 

of mutant hERG channels to date. 

Future Directions 

 Going forward, the utilization of more imaging techniques should be attempted to better 

visualize the subcellular localization of mutant hERG channels under different conditions. This 

could provide more clarity on the underlying mechanisms for various hERG rescue methods. 

 Additionally, it would be valuable to use a wide array of inhibitors of various endocytic 

pathways, such as lysosome inhibitors, to investigate which pathways are sensitive to 

temperature and which molecules are responsible for degrading mature G601S. Also, it would be 

interesting to use various cell-impermeable molecules, such as the scorpion toxin BeKm-1, to see 

if hERG can be rescued from the extracellular side of the PM. Given the findings within this 

thesis demonstrating that certain LQTS-causing hERG mutations impart PM instability, it is 

reasoned that maintaining PM stability could represent a novel mechanism to be explored 

therapeutically for the treatment of LQT2 patients. 

 Furthermore, it would be valuable to determine whether other LQTS-causing mutations 

could be rescued with the addition of S624T and it would be illuminating to determine if 

mutating other SF and pore residues could mediate a similar rescue. This seems likely as there 

are other hERG mutations that prevent internalization in 0 mM K+
o media (Massaeli et al., 

2010). 

 



47 
 

Reference List 

Abbott, G. W., Sesti, F., Splawski, I., Buck, M. E., Lehmann, W. H., Timothy, K. W., Keating, M. T., & 

Goldstein, S. A. N. (1999). MiRP1 forms IKr potassium channels with HERG and is associated 

with cardiac arrhythmia. Cell 97, 175-187. 

Akhavan, A., Atanasiu, R., Noguchi, T., Han, W., Holder, N., & Shrier, A. (2005). Identification of the 

cyclic-nucleotide-binding domain as a conserved determinant of ion-channel cell-surface 

localization. Journal of Cell Science 118, 2803-2812. 

Akimoto, K., Furutani, M., Imamura, S., Furutani, Y., Kasanuki, H., Takao, A., Momma, K., & 

Matsuoka, R. (1998). Novel missense mutation (G601S) of HERG in a Japanese long QT 

syndrome family. Hum.Mutat. Suppl 1, S184-S186. 

Amin, A. S., Tan, H. L., & Wilde, A. A. (2010). Cardiac ion channels in health and disease. Heart 

Rhythm. 7, 117-126. 

Anderson, C. L., Delisle, B. P., Anson, B. D., Kilby, J. A., Will, M. L., Tester, D. J., Gong, Q., Zhou, Z., 

Ackerman, M. J., & January, C. T. (2006). Most LQT2 mutations reduce Kv11.1 (hERG) current 

by a class 2 (trafficking-deficient) mechanism. Circulation 113, 365-373. 

Anderson, C. L., Kuzmicki, C. E., Childs, R. R., Hintz, C. J., Delisle, B. P., & January, C. T. (2014). 

Large-scale mutational analysis of Kv11.1 reveals molecular insights into type 2 long QT 

syndrome. Nat.Commun. 5, 5535. 



48 
 

Apaja, P. M., Foo, B., Okiyoneda, T., Valinsky, W. C., Barriere, H., Atanasiu, R., Ficker, E., Lukacs, G. 

L., & Shrier, A. (2013). Ubiquitination-dependent quality control of hERG K+ channel with 

acquired and inherited conformational defect at the plasma membrane. Mol.Biol.Cell 24, 3787-

3804. 

Berthet, M., Denjoy, I., Donger, C., Demay, L., Hammoude, H., Klug, D., Schulze-Bahr, E., Richard, P., 

Funke, H., Schwartz, K., Coumel, P., Hainque, B., & Guicheney, P. (1999). C-terminal HERG 

mutations: the role of hypokalemia and a KCNQ1-associated mutation in cardiac event 

occurrence. Circulation 99, 1464-1470. 

Chen, J., Guo, J., Yang, T., Li, W., Lamothe, S. M., Kang, Y., Szendrey, J. A., & Zhang, S. (2015). 

Rab11-dependent recycling of the human ether-a-go-go-related gene (hERG) channel. Journal of 

Biological Chemistry 290, 21101-21113. 

Chen, M. X., Sandow, S. L., Doceul, V., Chen, Y. H., Harper, H., Hamilton, B., Meadows, H. J., 

Trezise, D. J., & Clare, J. J. (2007). Improved functional expression of recombinant human 

ether-a-go-go (hERG) K+ channels by cultivation at reduced temperature. BMC Biotechnol 7, 93. 

Ciechanover, A. (2005). Proteolysis: from the lysosome to ubiquitin and the proteasome. 

Nat.Rev.Mol.Cell Biol. 6, 79-87. 

Connell, P., Ballinger, C. A., Jiang, J., Wu, Y., Thompson, L. J., Hohfeld, J., & Patterson, C. (2001). 

The co-chaperone CHIP regulates protein triage decisions mediated by heat-shock proteins. 

Nat.Cell Biol. 3, 93-96. 



49 
 

Curran, M. E., Landes, G. M., & Keating, M. T. (1992). Molecular cloning, characterization, and 

genomic localization of a human potassium channel gene. Genomics 12, 729-737. 

Delisle, B. P., Anderson, C. L., Balijepalli, R. C., Anson, B. D., Kamp, T. J., & January, C. T. (2003). 

Thapsigargin selectively rescues the trafficking defective LQT2 channels G601S and F805C. 

Journal of Biological Chemistry 278, 35749-35754. 

Delisle, B. P., Slind, J. K., Kilby, J. A., Anderson, C. L., Anson, B. D., Balijepalli, R. C., Tester, D. J., 

Ackerman, M. J., Kamp, T. J., & January, C. T. (2005). Intragenic suppression of trafficking-

defective KCNH2 channels associated with long QT syndrome. Mol.Pharmacol. 68, 233-240. 

Durdagi, S., Duff, H. J., & Noskov, S. Y. (2011). Combined receptor and ligand-based approach to the 

universal pharmacophore model development for studies of drug blockade to the hERG1 pore 

domain. J.Chem.Inf.Model. 51, 463-474. 

Fernandez, D., Ghanta, A., Kauffman, G. W., & Sanguinetti, M. C. (2004). Physicochemical features of 

the HERG channel drug binding site. Journal of Biological Chemistry 279, 10120-10127. 

Ficker, E., Dennis, A. T., Wang, L., & Brown, A. M. (2003). Role of the cytosolic chaperones Hsp70 

and Hsp90 in maturation of the cardiac potassium channel HERG. Circulation Research 92, e87-

100. 



50 
 

Ficker, E., Obejero-Paz, C. A., Zhao, S., & Brown, A. M. (2002). The binding site for channel blockers 

that rescue misprocessed human long QT syndrome type 2 ether-a-gogo-related gene (HERG) 

mutations. Journal of Biological Chemistry 277, 4989-4998. 

Foo, B., Williamson, B., Young, J. C., Lukacs, G., & Shrier, A. (2016). hERG quality control and the 

long QT syndrome. J.Physiol 594, 2469-2481. 

Fujiwara, T., Oda, K., Yokota, S., Takatsuki, A., & Ikehara, Y. (1988). Brefeldin A causes disassembly 

of the Golgi complex and accumulation of secretory proteins in the endoplasmic reticulum. 

Journal of Biological Chemistry 263, 18545-18552. 

 

Furutani, M., Trudeau, M. C., Hagiwara, N., Seki, A., Gong, Q. M., Zhou, A. F., Imamura, S., 

Nagashima, H., Kasanuki, H., Takao, A., Momma, K., January, C. T., Robertson, G. A., & 

Matsuoka, R. (1999). Novel mechanism associated with an inherited cardiac arrhythmia - 

Defective protein trafficking by the mutant HERG (G601S) potassium channel. Circulation 99, 

2290-2294. 

Gennari, F. J. (1998). Hypokalemia. New England Journal of Medicine 339, 451-458. 

Goel, P., Manning, J. A., & Kumar, S. (2015). NEDD4-2 (NEDD4L): the ubiquitin ligase for multiple 

membrane proteins. Gene 557, 1-10. 



51 
 

Gong, Q., Anderson, C. L., January, C. T., & Zhou, Z. (2002). Role of glycosylation in cell surface 

expression and stability of HERG potassium channels. Am.J.Physiol Heart Circ.Physiol 283, 

H77-H84. 

Grilo, L. S., Carrupt, P. A., & Abriel, H. (2010). Stereoselective Inhibition of the hERG1 Potassium 

Channel. Front Pharmacol. 1, 137. 

Guo, J., Massaeli, H., Xu, J., Jia, Z., Wigle, J. T., Mesaeli, N., & Zhang, S. (2009). Extracellular K+ 

concentration controls cell surface density of IKr in rabbit hearts and of the HERG channel in 

human cell lines. J.Clin.Invest 119, 2745-2757. 

Guo, J., Wang, T., Li, X., Shallow, H., Yang, T., Li, W., Xu, J., Fridman, M. D., Yang, X., & Zhang, S. 

(2012). Cell surface expression of hERG channels is regulated by caveolin-3 via Nedd4-2. 

Journal of Biological Chemistry 287, 33132-33141. 

Gustina, A. S. & Trudeau, M. C. (2012). HERG potassium channel regulation by the N-terminal eag 

domain. Cell Signal. 24, 1592-1598. 

Hammond, D. E., Carter, S., McCullough, J., Urbe, S., Vande, W. G., & Clague, M. J. (2003). 

Endosomal dynamics of Met determine signaling output. Mol.Biol.Cell 14, 1346-1354. 

Jia, P. L., Wang, Y. B., Fu, H., Huang, W. L., Zhong, S. R., Ma, L., Li, Y. H., Dong, Y., Sun, Z. C., 

Yang, L., Qu, P. F., Zhao, S., Qu, Y. Q., Xi, Y. M., Wang, S. W., Tang, X., & Lei, P. P. (2018). 



52 
 

Postmortem Analysis of 4 Mutation Hotspots of KCNQ1, KCNH2, and SCN5A Genes in 

Sudden Unexplained Death in Southwest of China. Am.J.Forensic Med.Pathol. 39, 218-222. 

 

Karnik, R., Ludlow, M. J., Abuarab, N., Smith, A. J., Hardy, M. E., Elliott, D. J., & Sivaprasadarao, A. 

(2013). Endocytosis of HERG is clathrin- independent and involves arf6. PLoS.One. 8, e85630. 

Keating, M. T. & Sanguinetti, M. C. (2001). Molecular and cellular mechanisms of cardiac arrhythmias. 

Cell 104, 569-580. 

Laitinen, P., Fodstad, H., Piippo, K., Swan, H., Toivonen, L., Viitasalo, M., Kaprio, J., & Kontula, K. 

(2000). Survey of the coding region of the HERG gene in long QT syndrome reveals six novel 

mutations and an amino acid polymorphism with possible phenotypic effects. Hum.Mutat. 15, 

580-581. 

 

Lamothe, S. M., Guo, J., Li, W., Yang, T., & Zhang, S. (2016). The human ether-a-go-go-related gene 

(hERG) potassium channel represents an unusual target for protease-mediated damage. Journal 

of Biological Chemistry 291, 20387-20401. 

Lamothe, S. M., Hulbert, M., Guo, J., Li, W., Yang, T., & Zhang, S. (2018). Glycosylation stabilizes 

hERG channels on the plasma membrane by decreasing proteolytic susceptibility. FASEB 

Journal fj201700832R. 



53 
 

Lamothe, S. M. & Zhang, S. (2013). The serum- and glucocorticoid- inducible kinases SGK1 and SGK3 

regulate hERG channel expression via ubiquitin ligase Nedd4-2 and GTPase Rab11. Journal of 

Biological Chemistry 288, 15075-15084. 

Lamothe, S. M. & Zhang, S. (2016). Chapter Five - Ubiquitination of Ion Channels and Transporters. 

Prog.Mol.Biol.Transl.Sci. 141, 161-223. 

Lees-Miller, J. P., Kondo, C., Wang, L., & Duff, H. J. (1997). Electrophysiological characterization of 

an alternatively processed ERG K+ channel in mouse and human hearts. Circulation Research 

81, 719-726. 

Li, P., Ninomiya, H., Kurata, Y., Kato, M., Miake, J., Yamamoto, Y., Igawa, O., Nakai, A., Higaki, K., 

Toyoda, F., Wu, J., Horie, M., Matsuura, H., Yoshida, A., Shirayoshi, Y., Hiraoka, M., & 

Hisatome, I. (2011). Reciprocal control of hERG stability by Hsp70 and Hsc70 with implication 

for restoration of LQT2 mutant stability. Circulation Research 108, 458-468. 

Massaeli, H., Guo, J., Xu, J., & Zhang, S. (2010). Extracellular K+ is a prerequisite for the function and 

plasma membrane stability of HERG channels. Circulation Research 106, 1072-1082. 

Meyer, J. S., Mehdirad, A., Salem, B. I., Kulikowska, A., & Kulikowski, P. (2003). Sudden arrhythmia 

death syndrome: importance of the long QT syndrome. Am.Fam.Physician 68, 483-488. 



54 
 

Perrin, M. J., Kuchel, P. W., Campbell, T. J., & Vandenberg, J. I. (2008a). Drug binding to the 

inactivated state is necessary but not sufficient for high-affinity binding to human ether-a-go-go-

related gene channels. Mol.Pharmacol. 74, 1443-1452. 

Perrin, M. J., Subbiah, R. N., Vandenberg, J. I., & Hill, A. P. (2008b). Human ether-a-go-go related 

gene (hERG) K+ channels: function and dysfunction. Prog.Biophys.Mol.Biol. 98, 137-148. 

Perry, M., de Groot, M. J., Helliwell, R., Leishman, D., Tristani-Firouzi, M., Sanguinetti, M. C., & 

Mitcheson, J. (2004). Structural determinants of HERG channel block by clofilium and ibutilide. 

Mol.Pharmacol. 66, 240-249. 

Pochynyuk, O., Stockand, J. D., & Staruschenko, A. (2007). Ion channel regulation by Ras, Rho, and 

Rab small GTPases. Exp.Biol.Med.(Maywood.) 232, 1258-1265. 

Rajamani, S., Anderson, C. L., Anson, B. D., & January, C. T. (2002). Pharmacological rescue of human 

K+ channel long-QT2 mutations: human ether-a-go-go-related gene rescue without block. 

Circulation 105, 2830-2835. 

Sanguinetti, M. C., Jiang, C., Curran, M. E., & Keating, M. T. (1995). A mechanistic link between an 

inherited and an acquired cardiac arrhythmia:  HERG encodes the IKr potassium channel. Cell 81, 

299-307. 

Sanguinetti, M. C. & Tristani-Firouzi, M. (2006). hERG potassium channels and cardiac arrhythmia. 

Nature 440, 463-469. 



55 
 

Smith, J. L., Anderson, C. L., Burgess, D. E., Elayi, C. S., January, C. T., & Delisle, B. P. (2016). 

Molecular pathogenesis of long QT syndrome type 2. J.Arrhythm. 32, 373-380. 

Smith, J. L., Reloj, A. R., Nataraj, P. S., Bartos, D. C., Schroder, E. A., Moss, A. J., Ohno, S., Horie, M., 

Anderson, C. L., January, C. T., & Delisle, B. P. (2013). Pharmacological correction of long QT-

linked mutations in KCNH2 (hERG) increases the trafficking of Kv11.1 channels stored in the 

transitional endoplasmic reticulum. Am.J.Physiol Cell Physiol 305, C919-C930. 

Spector, P. S., Curran, M. E., Zou, A. R., & Sanguinetti, M. C. (1996). Fast inactivation causes 

rectification of the IKr channel. Journal of General Physiology 107, 611-619. 

Splawski, I., Shen, J., Timothy, K. W., Lehmann, M. H., Priori, S., Robinson, J. L., Moss, A. J., 

Schwartz, P. J., Towbin, J. A., Vincent, G. M., & Keating, M. T. (2000). Spectrum of mutations 

in long-QT syndrome genes. KVLQT1, HERG, SCN5A, KCNE1, and KCNE2. Circulation 102, 

1178-1185. 

Sun, T., Guo, J., Shallow, H., Yang, T., Xu, J., Li, W., Hanson, C., Wu, J. G., Li, X., Massaeli, H., & 

Zhang, S. (2011). The role of monoubiquitination in endocytic degradation of human ether-a-go-

go-related gene (hERG) channels under low K+ conditions. Journal of Biological Chemistry 286, 

6751-6759. 

Tester, D. J. & Ackerman, M. J. (2014). Genetics of long QT syndrome. 

Methodist.Debakey.Cardiovasc.J. 10, 29-33. 



56 
 

Trudeau, M. C., Warmke, J. W., Ganetzky, B., & Robertson, G. A. (1995). HERG, a human inward 

rectifier in the voltage-gated potassium channel family. Science 269, 92-95. 

Vandenberg, J. I., Perry, M. D., Perrin, M. J., Mann, S. A., Ke, Y., & Hill, A. P. (2012). hERG K+ 

channels: structure, function, and clinical significance. Physiol Rev. 92, 1393-1478. 

Vandenberg, J. I., Torres, A. M., Campbell, T. J., & Kuchel, P. W. (2004). The HERG K+ channel: 

progress in understanding the molecular basis of its unusual gating kinetics. Eur.Biophys.J. 33, 

89-97. 

 

Wang, D. T., Hill, A. P., Mann, S. A., Tan, P. S., & Vandenberg, J. I. (2011). Mapping the sequence of 

conformational changes underlying selectivity filter gating in the K(v)11.1 potassium channel. 

Nat.Struct.Mol.Biol. 18, 35-41. 

 

Wang, S., Liu, S., Morales, M. J., Strauss, H. C., & Rasmusson, R. L. (1997). A quantitative analysis of 

the activation and inactivation kinetics of HERG expressed in Xenopus oocytes. J.Physiol 502 ( 

Pt 1), 45-60. 

Wang, T., Hogan-Cann, A., Kang, Y., Cui, Z., Guo, J., Yang, T., Lamothe, S. M., Li, W., Ma, A., 

Fisher, J. T., & Zhang, S. (2014). Muscarinic receptor activation increases hERG channel 

expression through phosphorylation of ubiquitin ligase Nedd4-2. Mol.Pharmacol. 85, 877-886. 

Wang, W. & MacKinnon, R. (2017). Cryo-EM Structure of the Open Human Ether-a-go-go-Related 

K(+) Channel hERG. Cell 169, 422-430. 



57 
 

Weiss, J. N., Garfinkel, A., Karagueuzian, H. S., Chen, P. S., & Qu, Z. (2010). Early 

afterdepolarizations and cardiac arrhythmias. Heart Rhythm. 7, 1891-1899. 

Yan, G. X., Wu, Y., Liu, T., Wang, J., Marinchak, R. A., & Kowey, P. R. (2001). Phase 2 early 

afterdepolarization as a trigger of polymorphic ventricular tachycardia in acquired long-QT 

syndrome : direct evidence from intracellular recordings in the intact left ventricular wall. 

Circulation 103, 2851-2856. 

Zhou, Z., Gong, Q., Ye, B., Fan, Z., Makielski, J. C., Robertson, G. A., & January, C. T. (1998). 

Properties of HERG channels stably expressed in HEK 293 cells studied at physiological 

temperature. Biophysical Journal 74, 230-241. 

 

 


