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The human ether-á-go-go related gene (hERG) voltage-gated potassium channel plays a 

critical role in cardiac repolarization.  hERG exhibits unique kinetic properties, including 

fast inactivation and slow deactivation, which make it well suited for its role in the heart.  

Long QT Syndrome Type 2 (LQT2) is caused by loss of hERG function, which can 

degenerate into ventricular arrhythmias and sudden death.  It is well established that the 

N-terminal ether-á-go-go/Per-Arnt-Sim (eag/PAS) domain is an essential regulator of 

hERG’s characteristic slow deactivation kinetics.  However, the precise mechanisms by 

which the eag/PAS domain regulates gating, as well as the functional effects of LQT2 

mutations located in the domain, remained unclear.  In this work, I showed that hERG 

channels containing LQT2 mutations within a common region of the eag/PAS domain 

structure exhibited altered kinetic properties, revealing a putative “gating face” that is 

important in eag/PAS domain regulation of gating.  Co-expression with a wild-type 



eag/PAS domain rescued the gating-deficient phenotype in hERG PAS-LQT2 channels, 

presenting a potential biological therapeutic for LQT2.  Previous groups have proposed a 

role for the S4-S5 linker in eag/PAS domain regulation of deactivation.  Using alanine 

scanning mutagenesis, including complete replacement of the S4-S5 linker sequence with 

alanine residues, I showed that the S4-S5 linker was not required for eag/PAS domain 

association with the channel – as measured by FRET spectroscopy – but was involved in 

eag/PAS domain regulation of slow deactivation.  I tested the hypothesis that the C-

terminal CNBHD is the primary direct site of interaction for the eag/PAS domain.  hERG 

channels with deletion of the CNBHD resulted in a loss of regulation of deactivation by 

an eag/PAS domain gene fragment, as well as a lack of a FRET signal between the 

channel and the eag/PAS domain fragment.  Further, a FRET-based peptide hybridization 

assay between isolated eag/PAS domains and CNBHDs revealed a specific and direct 

interaction between the two domains, providing strong evidence that the CNBHD is the 

primary site of interaction for the eag/PAS domain.  Altogether, this work provides a 

greater understanding of the mechanisms underlying the hERG channel’s unique kinetic 

properties, as well as insights into the disease phenotype of LQT2. 
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1.1.  The hERG Potassium Channel 

 The human ether-á-go-go-related gene (hERG) encodes a voltage-gated 

potassium (K+) channel that was originally cloned from a human hippocampus library 

based on its homology with the mouse ether-á-go-go (mEAG) potassium channel (1).  

Like other voltage-gated potassium channels, hERG channels are tetrameric structures 

consisting of four subunits that surround a central pore (Figure 1A).  Each subunit 

contains six transmembrane domains, a pore-loop region, and large intracellular N- and 

C-termini.  hERG is a member of the KCNH (eag) family of potassium channels, which 

include the ether-á-go-go (EAG) and the EAG-like (ELK) potassium channels.  In turn, 

the KCNH family is structurally related to cyclic nucleotide-regulated channels of the 

CNG and HCN families (Figure 1B) (1, 2).  Members of the KCNH family contain a 

conserved “eag” domain in the N-terminal region (Figure 1A) and a C-terminal domain 

with structural homology to cyclic nucleotide-binding domains of cyclic nucleotide-gated 

channel (CNG) and the hyperpolarization-activated cyclic nucleotide-modulated (HCN) 

channels (cyclic nucleotide-binding homology domain, CNBHD, blue, Figure 1A) (1, 3, 

4) 

1.2.  hERG Current and its Role in the Heart 

 hERG channels exhibit a unique resurgent current compared to other voltage-

gated potassium channels (Figure 2A).  With membrane depolarization, channels undergo 

slow activation, which is curtailed by the onset of rapid inactivation.  Thus, the channels 

pass little outward current at depolarized potentials.  Upon repolarization of the 

membrane potential, channels recover quickly from inactivation and then deactivate 

slowly, giving rise to a large tail current (5-7).  Though hERG channels are proposed to  
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Figure 1.  hERG Potassium Channel and Phylogenetic Tree. 

A) Schematic of hERG potassium channel.  hERG contains six transmembrane domains, 

a pore-loop region, and large intracellular N- and C-termini.  The first 135 amino acids of 

the N-terminal region contains a conserved “eag” domain; residues 1-25 consist of the 

Cap region (purple) and 26-135 consist of the PAS domain (red).  Within the C-terminal 

region, there is a conserved CNBHD (blue) which is attached to the base of the S6 

transmembrane domain by the C-linker.  B) Phylogenetic tree showing that hERG is in 

the KCNH (eag) family of potassium channels, which is structurally related to CNG and 

HCN channels. 

  



5 

 

play a role in several cellular processes, including neuronal excitability, cell proliferation 

and tumor progression, its function is best understood in the heart where it underlies the 

rapid component of the delayed K+ rectifier current (IKr) (5, 8-13).  IKr occurs during the 

late phase of the ventricular action potential and is responsible for restoring the resting 

membrane potential in atrial and ventricular cardiomyocytes (14, 15).  Therefore, the 

hERG channel’s unique resurgent current makes it well suited for the final repolarization 

of the ventricular myocyte (Figure 2B), thus helping to set the duration of the cardiac 

action potential. 

 Much of the investigation of the hERG channel has been dedicated to 

understanding the mechanisms underlying its unique kinetic properties.  Like other 

voltage-gated potassium channels, activation and deactivation gating occur through the 

movement of the voltage sensor domain (S1-S4; see Figure 1A) coupled with the channel 

gate (16).  It has been proposed that slow movement of the voltage sensor domain is 

responsible for the slow activation kinetics in hERG, and that direct coupling between the 

S4-S5 linker and the lower S6 domain opens the channel gate (17-21).  Additionally, 

negative charges in the S1-S3 transmembrane domains, as well as positively charged 

residues in the proximal N-terminal region, may also contribute to the slow activation 

kinetics (22-24).  Regulation of hERG’s characteristic slow deactivation is proposed to be 

primarily controlled by the distal N-terminal region (4, 25).  Other regions of the channel 

are also likely involved, including negative charges in S1-S3, the S4-S5 linker of the 

voltage sensor domain, and the C-terminal region (22, 25-30).  Finally, hERG’s unique 

fast inactivation kinetics have been identified as being C-type inactivation, which is 

proposed to be controlled, at least in part, by the S5-P loop linker, and can be 
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Figure 2.  hERG Underlies Cardiac IKr. 

A)  hERG channels pass a unique resurgent current.  With membrane depolarization, the 

channels slowly activate (C to O) followed by rapid inactivation (O to I).  Upon 

repolarization, the channels rapidly recover from inactivation (I to O) and slowly close 

(deactivate; O to C) passing a large outward current.  C = closed; O = open; I = 

inactivated.  B)  hERG currents during a ventricular action potential clamp.  During the 

plateau phase, there is little hERG current due to channel inactivation.  As the membrane 

potential begins to repolarize, hERG channels recover from inactivation and pass a large 

outward current during the late phase of the action potential.  Therefore, the unique 

resurgent current specializes hERG channels for their role in the heart of restoring the 

cardiomyocyte to its resting membrane potential. 
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eliminated by point mutations at the outer mouth of the pore (6, 7, 31, 32). 

1.3.  Long QT Syndrome Type 2 

 Loss of hERG function, and thus loss of IKr, results in the development of a 

disease known as Long QT Syndrome Type 2 (LQT2) (5, 8, 33).  LQT2 is characterized 

by delayed repolarization of the ventricular myocyte, which in turn causes a prolongation 

of the cardiac action potential (Figure 3A) and a corresponding prolongation of the QT 

interval on an electrocardiogram (Figure 3B).   LQT2 has the propensity to develop into 

ventricular tachyarrhythmias, in particular torsades de pointes (TdP; Figure 3D), and can 

lead to syncope and sudden cardiac death (34).  These lethal arrhythmias are caused 

primarily by the occurrence of early after-depolarizations (EADs) – premature 

depolarization before repolarization is complete (Figure 3C).  Thus, EADs elicit the 

formation of a new cardiac action potential, which can develop into ventricular 

arrhythmias (35).   
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Figure 3.  Loss of hERG function causes LQT2. 

Loss of function in hERG potassium channels results in an inability of the ventricular 

cardiomyocyte to repolarize effectively.  This results in A) a prolongation of the cardiac 

action potential duration (APD) and B) a corresponding prolongation of the QT interval 

on an electrocardiogram.  C)  Prolongation of the cardiac action potential can lead to the 

development of early afterdepolarizations (EADs; red arrows), which can develop into 

ventricular arrhythmias.  (Modified from (36)).  D)  Example of a torsades de pointes 

ventricular tachycardia on an electrocardiogram.  (Originally published in (37)). 

 

 

There are two main types of LQT2:  congenital, which is caused by genetic mutations, 

and acquired or drug-induced.  To date, there are nearly 500 identified inheritable 

mutations linked to LQT2 (38, 39) which are located all throughout the channel (Figure 

4).  Loss of hERG function caused by genetic mutations can be due to defects in channel 

gating, ion permeation, or trafficking (40).  However, previous reports suggest that most 

LQT2 mutations cause defects in hERG channel trafficking to the plasma membrane (40-

46).  Acquired, or drug-induced, LQT2 is caused by the reduction of hERG current either 

by direct block of the channel pore or by interference with trafficking to the cell surface 

(47-49).  The most common types of drugs that have been shown to cause acquired LQT2 

include anti-arrhythmics, anti-psychotics and anti-histamines (49, 50).  The occurrence of 

acquired LQT2 is more common than congenital LQT2 and has prompted pharmaceutical 

companies to actively screen all new drugs as part of the drug development process. 
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Figure 4.  Schematic of hERG Potassium Channel Containing LQT2 Mutations. 

LQT2 mutations have a widespread distribution throughout the hERG channel sequence.  

Open circles indicate missense mutations, whereas all other types of mutations (i.e. 

frameshifts, deletions, splice sites, etc.) are indicated by gray circles.  Size of the circle 

indicates its degree of occurrence:  small circles indicate a mutation seen only once, 

medium-sized circles indicate a mutation observed in 2-4 subjects, large circles indicate a 

mutation observed ≥5 times.  (Originally published in (39)).  



12 

 

1.4.  N-Terminal eag/PAS Domain 

 Members of the KCNH family of potassium channels, including hERG, contain a 

conserved “eag” protein domain in the distal N-terminal region (amino acids 1-135 in 

hERG, see Figure 1A) (1, 3).  The crystal structure of the hERG “eag” domain was 

solved and revealed that amino acids 26-135 were structurally similar to the Per-Arnt-

Sim (PAS) family of proteins, while the first 25 amino acids were disordered (4).  The 

hERG PAS domain structure exhibits a conserved α/β-fold consisting of three main 

regions:  the N-terminal short β-strands (β1 and β2), the central region including the 

highly flexible helical connector (α1-4; α4 is the helical connector), and the C-terminal 

long β-strands (β3-5) (Figure 5A) (4, 51).  PAS proteins are expressed in both prokaryotes 

and eukaryotes, and have been characterized as important regulators of various cellular 

functions.  For example, the photoactive yellow protein (PYP) serves as a photosensor in 

bacterial systems (52, 53), and the neuronal PAS domain protein 2 (NPAS2) is a mammalian 

transcription factor that regulates the circadian rhythm (54, 55).  Recently, NMR 

spectroscopy analysis of the eag/PAS domain solved the structure for the first 25 amino acids 

of the “eag” domain, called the Cap region, in addition to solving for the PAS domain (56-

59).  All three NMR structures revealed that the PAS domain structure was nearly identical to 

that observed in the crystal structure.  Additionally, they found that the Cap region contains 

an amphipathic helix, consisting of residues 13-23, while residues 2-11 were unstructured 

and highly mobile (Figure 5B-D).  Thus, the structure of the eag/PAS domain has been well 

characterized, and was found to be similar among the separate investigations (4, 56-59). 
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Figure 5.  hERG eag/PAS Domain Structure. 

A)  X-ray crystal structure of the hERG PAS domain solved by Morais-Cabral, et al.(4).  

NMR solution structures of the hERG eag/PAS domain solved by B) Li, et al. (56), C) 

Muskett, et al. (57, 58), and D) Ng, et al. (59).  The β-roll of the PAS domain is shown in 

red, α-helices are shown in cyan, and loop regions are shown in magenta. Images were 

created using pymol (www.pymol.org). 
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 The eag/PAS domain has been shown to be responsible for hERG’s characteristic 

slow deactivation kinetics.  First, deletion of most or all of the N-terminus (∆2-354 or ∆2-

373, respectively) produced channels with deactivation kinetics that were ~5-fold faster 

than WT hERG channels (25, 26, 60-62).  This acceleration in deactivation kinetics was 

similarly seen when only the eag/PAS domain was deleted (∆2-135) (4, 63).  Work from 

our lab and other groups has shown that application of the eag/PAS domain as either a 

purified protein or a gene fragment was able to restore slow deactivation kinetics to N-

truncated hERG channels (4, 62, 63).  Additionally, deletion of only the Cap region (∆2-

9, ∆2-12, or ∆2-25), as well as point mutations in the Cap, also accelerate deactivation 

kinetics, suggesting that the Cap region is necessary for the eag/PAS domain to regulate 

slow deactivation (4, 25, 59).  Finally, LQT2 mutations located in the eag/PAS domain 

produce channels with accelerated deactivation kinetics compared to WT hERG channels 

(4, 27, 62, 64, 65).  Notably, hERG channels containing LQT2 mutations in the eag/PAS 

domain exhibit robust currents when studied in Xenopus oocytes (4, 27, 62, 64); however, 

most channels with LQT2 mutations located outside the eag/PAS domain do not have 

measurable currents and show defects in maturation and trafficking when studied in 

mammalian cells (40-46).  As only 5 eag/PAS domain LQT2 mutations have been 

functionally characterized in mammalian cells (45, 46, 65-67), the mechanism for how 

eag/PAS domain mutations disrupt hERG function when expressed in more physiological 

conditions remains unclear.  This question was addressed in Specific Aim 1.  Altogether, 

the findings from our lab and other groups demonstrate that the eag/PAS domain is an 

essential regulator of channel deactivation.  Several groups have proposed that a 
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hydrophobic patch on the eag/PAS domain may be functionally important in regulating 

slow deactivation, perhaps through a protein-protein interaction (4, 27). 

1.5.  Proposed Role of the S4-S5 Linker in Channel Gating 

 The intracellular loop between the S4 and S5 transmembrane domains (S4-S5 

linker) has been proposed to play an important role in hERG channel gating, particularly 

in activation and deactivation gating.  Recently, the solution structure of the S4-S5 linker 

was solved by NMR spectroscopy and revealed that the linker is helical in nature, likely 

forming an amphipathic helix (30, 68) (Figure 6).  Point mutations to several residues in 

the S4-S5 linker disrupted the α-helical content of the linker and produced marked 

alterations in channel activation properties by destabilizing the closed state of the channel 

(18, 21, 29, 30, 69).  Additionally, hormone-induced regulation of hERG activation 

through a second messenger signaling cascade was disrupted in channels containing point 

mutations in the S4-S5 linker (70).  It was proposed that the S4-S5 linker directly couples 

voltage sensor movement to the activation gate by an electrostatic interaction with 

charged residues in the C-terminal end of the S6 domain, thereby stabilizing the channel 

in the closed state (18, 20).  The S4-S5 linker has also been suggested to play a role in 

deactivation gating.  Several groups have demonstrated that point mutations in the S4-S5 

linker produce dramatic effects on channel deactivation, which mimic the effects seen in 

hERG channels with mutations in the eag/PAS domain or truncations of the N-terminal 

region (21, 29, 30, 63, 69).  Additionally, NEM modification of one residue (G546C) in 

the S4-S5 linker mimicked the phenotype of N-truncated hERG channels, suggesting that 

the regulatory function of the N-terminal region was disrupted (25).   
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Figure 6.  NMR Solution Structures of the S4-S5 Linker. 

NMR solution structure of the S4-S5 linker solved by A) Gayen, et al. (68) and B) Ng, et 

al. (30).  A)  The short 10-residue S4-S5 peptide forms a 310-helix from E544 to G546.  

B)  The longer 20-residue S4-S5 peptide forms an amphipathic helix from D540 to L550.  

Residue side-chains are color-coded based on physiochemical properties.  
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Several lines of evidence have proposed that the S4-S5 linker may contribute to 

slow deactivation kinetics through a direct interaction with the eag/PAS domain.  In one 

study, NMR spectroscopy analysis revealed chemical shift perturbations of several 

residues in the eag/PAS domain solution structure upon titration of a peptide 

corresponding to the S4-S5 linker (56).  They proposed the chemical shifts they observed 

indicated that the S4-S5 linker directly interacts with those residues in the eag/PAS 

domain; however, this experiment lacked a peptide control to show specificity of an 

interaction with the S4-S5 linker.  In another independent investigation, disulfide cross-

linking between introduced cysteines in the S4-S5 linker and the Cap region suggested 

that the N-terminal region may be in close proximity to the S4-S5 linker (71).  Finally, 

Fernandez-Trillo, et al. recently showed that the introduction of a point mutation in the 

S4-S5 linker (Y542C) or in the Cap region reduced the level of FRET signal observed, 

whereas a different mutation in the S4-S5 linker (G546C) produced a FRET signal (63).  

They interpreted their results as evidence that the Cap region of the eag/PAS domain 

directly interacts with the amino terminal portion of the S4-S5 linker; however, their 

investigation lacked a comprehensive analysis of the S4-S5 linker, as they only tested the 

effects of two residues in the linker.  Therefore, Specific Aim 2 investigated the proposed 

role of the S4-S5 linker in eag/PAS domain-dependent regulation of channel gating in a 

more comprehensive approach. 

1.6.  C-Terminal CNBHD 

 hERG is a part of a larger superfamily of cyclic nucleotide-regulated channels, 

which includes the cyclic nucleotide-gated channel (CNG) and the hyperpolarization-

activated cyclic nucleotide-modulated (HCN) channel (see Figure 1B) (1, 2).  However, 
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unlike CNG and HCN channels, hERG channels are not functionally modulated by cyclic 

nucleotides, which bind hERG with low affinity (72).  Though the crystal structure of the 

hERG CNBHD has not been solved, the structures for the C-linker and CNBHD of the 

related mEAG and zELK channels have recently been solved (73, 74) (Figure 7A & B, 

respectively).  The overall structure of the mEAG and zELK CNBHDs was similar to that 

of CNBDs of other proteins:  the C-linker consists of 6 α-helices (blue) and the CNBHD 

contains a β-roll with 8 anti-parallel β-strands (green) and 3 α-helices (cyan) lying on the 

surface of the β-roll.  However, both the mEAG and zELK CNBHD structures exhibited 

striking differences from CNBDs primarily in the cyclic nucleotide binding pocket and 

the region that would undergo ligand-dependent conformational changes.  Namely, the 

binding pocket in the CNBHD is shallower and more open than in CNBDs, and both the 

mEAG and zELK CNBHD structures had a “pseudo-ligand” or self-liganded 

conformation.  In this self-liganded conformation, two conserved residues – a tyrosine 

and a leucine – occupy the same space that would otherwise be occupied by cAMP.  

Thus, this “pseudo-ligand” offers an explanation as to why hERG channels are not 

regulated by cyclic nucleotides. 

  



19 

 

  



20 

 

Figure 7.  Crystal Structures of the C-linker/CNBHD. 

Crystal structures of the C-linker/CNBHD region of the A) mEAG potassium channel 

solved by Marques-Carvalho, et al. (74) and B) zELK potassium channel solved by 

Brelidze, et al. (73).  The C-linker α-helices are shown in blue, the CNBHD β-roll is 

shown in green, and the CNBHD α-helices are shown in cyan.  Images were created 

using pymol (www.pymol.org). 

 

  

http://www.pymol.org/�
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 The functional role of the CNBHD in hERG is unclear, though it has been 

proposed to be involved in channel deactivation.  Point mutations in or deletion of the 

CNBHD produce channels with fast deactivation kinetics (26-28, 58) compared to WT 

hERG channels.  The CNBHD has also been suggested to be an interacting partner with 

the eag/PAS domain to regulate channel gating.  It is proposed that the hydrophobic face 

of the CNBHD acts as the interface for the hydrophobic band on the eag/PAS domain 

(27, 28, 58).  Recently, it was shown that purified CNBHDs directly interact with purified 

eag/PAS domains in a biochemical pull-down interaction assay (28).  Therefore, I 

investigated the CNBHD as a direct and primary site of interaction for the eag/PAS 

domain in Specific Aim 3. 

  



22 

 

 

 

 

 

 

 

 

II.  Specific Aims and Hypothesis 
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Project Overview: 

 The human ether-á-go-go-related gene (hERG) voltage-gated potassium channel 

underlies cardiac IKr.  hERG channels exhibit unique kinetic properties, namely fast 

inactivation followed by a rapid recovery from inactivation and slow closing 

(deactivation), which make them well-suited for their role in cardiac repolarization and 

setting the duration of the ventricular action potential.  Loss-of-function mutations in 

hERG lead to the development of congenital Long QT Syndrome Type 2 (LQT2), which 

can degenerate into ventricular arrhythmias and sudden cardiac death.  It has been well 

established that the N-terminal eag/PAS domain is responsible for the characteristic slow 

deactivation kinetics; however, the precise mechanisms by which the eag/PAS domain 

regulates gating, as well as other potential regions or domains that may be involved, 

remains unclear.  Also, as only a small percentage of LQT2 mutations in the eag/PAS 

domain have been functionally characterized, the functional effect of these mutations and 

how they lead to LQT2 is unknown.  Therefore, in this project, I investigated the 

mechanisms underlying eag/PAS domain regulation of channel gating, and how LQT2 

mutations in the eag/PAS domain affect channel function.  I tested the following 

hypothesis through three Specific Aims: 

 

Overall Hypothesis:  The eag/PAS domain regulates slow deactivation through a 

combination of both direct and allosteric interactions with other regions of the channel 

that work in orchestration to control channel gating.  Loss-of-function mutations in the 

eag/PAS domain disrupt this mechanism, leading to altered channel gating and the 

development of LQT2. 
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Specific Aim 1:  To investigate the effect(s) of LQT2 mutations located in the N-terminal 

eag/PAS domain. 

 Prediction:  hERG channels containing LQT2 mutations in the eag/PAS domain 

exhibit gating deficiencies, which can be rescued by replacement of the eag/PAS 

domain. 

 

Specific Aim 2:  To determine the role of the S4-S5 linker in the eag/PAS domain 

regulation of channel gating. 

 Prediction:  The S4-S5 linker is required for the eag/PAS domain to regulate slow 

deactivation, but is not required for eag/PAS domain association with the channel. 

 

Specific Aim 3:  To investigate the C-terminal CNBHD as a putative interacting partner 

for the eag/PAS domain. 

 Prediction:  The C-terminal CNBHD is the primary direct site of interaction for 

the eag/PAS domain. 
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III.  Materials and Methods 
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3.1.  Molecular Biology 

 Unless otherwise noted, the hERG PAS-LQT2 mutant constructs used in Specific 

Aim 1 were a gift from M. Sanguinetti (University of Utah).  hERG K28E, F29L, and 

M124R were created using overlap extension PCR with custom-made primers 

(University of Maryland, School of Medicine Biopolymer-Genomics Core Facility).  All 

constructs were confirmed by dye-terminator-based DNA sequencing (University of 

Maryland, School of Medicine Biopolymer-Genomics Core Facility).  N-eag-CFP (1-

135-CFP; referred to as NPAS in Specific Aim 1) used in all three Specific Aims was 

created as previously described with amino acids 1-135 fused to CFP at amino acid 135 

(62, 75). 

 For Specific Aim 2, the hERG S4-S5 mutant constructs, including hERG 

∆eag[S4-S5]Alacomplete, were synthesized as gene fragments (Bio Basic, Inc.) and cloned 

into hERG-CmCitrine.pcDNA3.1  The rCB1-YFP construct was a gift from W. Zagotta 

(University of Washington).  For Specific Aim 3, the hERG deletion constructs were 

created using overlap extension PCR with custom-made primers and confirmed by dye-

terminator-based DNA sequencing (University of Maryland, School of Medicine 

Biopolymer-Genomics Core Facility).  The C-linker/CNBHD-CFP (666-872-CFP) gene 

fragment was synthesized by BioInnovatise in the pcDNA3.1 mammalian expression 

vector (BioInnovatise, Inc.).  The C-linker/CNBHD-Citrine (666-872-Citrine) and C-

linker/CNBHD-YFP (666-872-YFP) gene fragments were a gift from W. Zagotta 

(University of Washington), and the YFP-CaM1234 gene fragment was a gift from J. 

Adelman (Vollum Institute) and S. Gordon (University of Washington).  All hERG 

constructs were in the pcDNA3.1 mammalian expression vector (Invitrogen).  The hERG 
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channel constructs used in Specific Aims 2 and 3 contained the S620T point mutation, 

which removes channel inactivation without affecting eag/PAS domain regulation of 

gating and increases ionic current (25, 28, 31). 

3.2.  Cell Culture and Transfection 

Human embryonic kidney 293 cells (HEK293) were cultured at 37oC, 5% CO2 in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum, 1% penicillin-streptomycin, and 1% L-glutamine.  Cells were plated on tissue-

treated cell culture dishes, and at 50-70% confluency, were transiently transfected with 

cDNA using TransIT-LT1 Transfection Reagent (Mirus Bio) according to the 

manufacturer’s protocol.  Transfected cells were incubated for 24-48 hours before 

analysis.  In Specific Aim 1, hERG constructs were co-transfected with 1μg CFP or 

NPAS-CFP to identify transfection.  All constructs in Specific Aims 2 and 3 were tagged 

with a fluorescent protein at the C-terminus to identify transfected cells. 

3.3.  Electrophysiology and Analysis 

 For electrophysiological recordings, HEK293 cells were plated on 35mm cell 

culture dishes and transiently transfected with the appropriate cDNA.  Whole-cell patch-

clamp recordings were performed 24-48 hours post-transfection using an EPC-10 patch-

clamp amplifier (HEKA Instruments).  Cells with either CFP and/or Citrine fluorescence 

were chosen for recording, and >90% of cells expressed hERG currents.  Data were 

acquired using PatchMaster Software, v2.0 (HEKA Instruments) and analyzed using 

IgorPro Software, v5.03 (Wavemetrics, Inc.).  All recordings were done at room 

temperature (22±2oC) with a sampling rate of 1kHz unfiltered and a holding potential of -

80mV.  Patch pipettes were pulled using a P-97 micropipette puller (Sutter Instruments) 
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and had resistances of 2-4 MΩ when filled with the internal pipette solution.  The internal 

pipette solution contained (in mM): 130 KCl, 1 MgCl2, 5 EGTA, 5 MgATP, and 10 

HEPES (pH 7.2 with KOH).  The external bath solution contained (in mM): 137 NaCl, 4 

KCl, 1.8 CaCl2, 1 MgCl2, 10 glucose, 5 tetraethylammonium, and 10 HEPES (pH 7.4 

with NaOH).  For recording hERG ∆eag[S4-S5]Alacomplete, an external bath solution with 

a high concentration of K+ was used, which has been shown to increase the amplitude of 

hERG current (8, 76).  This high [K+]o bath solution contained (in mM):  131 NaCl, 10 

KCl, 1.8 CaCl2, 1 MgCl2, 10 glucose, 5 tetraethylammonium, and 10 HEPES (pH 7.4 

with NaOH).  Series resistance was compensated such that the voltage error was <5mV.  

No leak subtraction was used. 

 Currents were measured using either standard voltage step protocols (described in 

the corresponding figure legends) or a dynamic ramp voltage clamp that mimics the 

ventricular action potential (in Specific Aim 1).  Current deactivation was fit with a 

double exponential function: 

Eq. (1)   y = A1e-t τ1⁄ + A2e-t τ2⁄  

where t is time and τ is the time constant of deactivation.  In Specific Aim 1, the current-

voltage (IV) relationship was measured by plotting the current at the end of the 

depolarizing pulse normalized to either cellular capacitance (to control for variations in 

cell size) or the absolute value of the extrapolated maximum peak tail current value 

elicited by a step from 60mV to either -50mV or -100mV (indicated in the corresponding 

figure legend) versus voltage.  The extrapolated maximum current value was determined 

from a double exponential fit to the deactivating current extrapolated back to the moment 

of voltage change, as was done by Sale, et al. (77).  This value represents the maximal 
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conductance and is proportional to the number of open channels.  In Specific Aim 2, the 

IV relationship was measured by plotting the current at the end of the depolarizing pulse 

normalized to the peak outward current for that cell versus voltage.  The steady-state 

voltage-dependence of activation (GV) was measured by plotting the peak tail current 

versus voltage and fit with a Boltzmann function:  

Eq. (2)   y = 1 �1 + exp��V1 2⁄ - V� k⁄ ��⁄  

where V1/2 is the half-maximal activation potential and k is the slope factor.  Steady-state 

inactivation in Specific Aim 1 was measured using a three-pulse protocol, as previously 

described by Smith, et al. (6).  Errors due to deactivation at -120 and -100mV were 

corrected for using the following equations: 

Eq. (3)        Icorrected = �gdifference��20-Erev� 

And 

Eq. (4)   gdifference = �Ipeak- Iend� �Vmem- Erev��   

Where Ipeak is the peak current during the 15ms conditioning pulse and Iend is the current 

at 15ms.  The resulting values were normalized, plotted versus voltage, and fit with a 

Boltzmann function (Equation 2).   

3.4.  Cell Surface Biotinylation 

 HEK293 cells were plated on 60mm cell culture dishes and transfected with 1.5μg 

of hERG channel cDNA.  Approximately 48 hours post-transfection, cells were washed 

twice with ice-cold PBS and then treated with PBS containing 1mg/mL EZ-Link Sulfo-

NHS-SS-biotin (ThermoScientific) for 30 minutes at 4oC.  Cells were then incubated with 

50mM Tris (pH 7.5) for 20 minutes at 4oC to quench the unreacted biotin, followed by 
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three washes with ice-cold PBS.  Following cell lysis (as described in Section 3.5), 

biotinylated protein was recovered by incubating the cell lysates with neutravidin-coated 

agarose beads (ThermoScientific) in PBS buffer containing 0.1% SDS for 2 hours at 4oC.  

Beads were then washed 5 times with PBS plus 0.1% SDS.  Biotinylated proteins were 

eluted from the beads in 2X LSB + β-mercaptoethanol (BioRad) at 65oC for 5 minutes.  

Eluted proteins were resolved by 7.5% SDS-PAGE and Western blot analysis (Section 

3.5). 

3.5.  Cell Lysis and Western Blot Analysis 

Cells were homogenized and lysed in lysis buffer (in mM: 150 NaCl, 25 Tris-HCl 

(pH 7.4), 20 NaEDTA, 10 NaEGTA, 5 glucose, and 1.0% Triton X-100 plus protease 

inhibitors, 10µg/mL each) at 4oC for 30 minutes while rotating.  Lysates were cleared of 

debris by centrifugation at 15,000 x g for 15 minutes at 4oC.  The supernatant was 

transferred to a clean 1.5mL microcentrifuge tube, and the protein concentration 

quantified using the Bradford Assay (Pierce).  Protein samples (10-20µg) were incubated 

with equal amounts of 2X LSB (BioRad) for 30 minutes at room temperature, subjected 

to 7.5% SDS-PAGE and electrophoretically transferred onto nitrocellulose membranes.  

The membranes were immunoblotted with an anti-hERG-KA antibody directed against 

the C-terminus, and detected using an ECL detection kit and a ChemiDoc XRS camera 

(BioRad). 

3.6.  Förster Resonance Energy Transfer (FRET) 

 HEK293 cells were plated on 35mm glass-bottom dishes (MatTek Corporation) 

and transiently transfected with the appropriate cDNA.  Approximately 24-48 hours post-

transfection, FRET measurements were performed using an inverted epifluorescence 
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microscope (Nikon Eclipse TE2000-U) and a 60X oil-immersion objective (NA 1.45; 

Nikon).  The excitation light was generated using a 120W mercury lamp (X-Cite 120, 

Lumen Dynamics), and the duration of light was controlled by a 3 channel mechanical 

shutter driver (VMM-D3, Uniblitz).  Fluorescence emission and spectroscopic 

measurements were performed using a SpectraPro 2150i spectrograph (Acton Research 

Corporation) and a CCD97 camera (Roper Scientific).  Fluorescence imaging and 

analysis were done with the Metamorph software, v. 6.3r7 (Universal Imaging).  For both 

cell and spectroscopic imaging, two filter cubes (Chroma) were used (excitation, 

dichroic, emission):  the YFP cube (HQ500/20, Q515lp, HQ520lp), and the CFP cube 

(D436/20, 455dclp, D480/40).  The donor used in these experiments was CFP and the 

acceptor was Citrine, a brighter and less pH-sensitive variant of the enhanced yellow 

fluorescent protein (78, 79).  Two spectrographic images were obtained from each cell, 

one using the CFP cube with excitation at 440nm, and the other using the YFP cube with 

excitation at 488nm.  From these, the total emission spectrum and the Citrine emission 

spectrum were constructed, respectively.  Emission spectra from cells transfected with 

CFP only, with excitation at 440nm, or with Citrine only, with excitation at 440nm and 

488nm, were also taken.  Emission spectra were obtained from the plasma membrane of 

each cell by positioning the spectrograph input slit over a region corresponding to the 

plasma membrane.  In this way, the same slit position applies to both the spectra taken 

with CFP excitation and Citrine excitation, thus preserving the spectral and positional 

information.  Spectra were corrected for background light, which was determined from a 

blank area of the image. 
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3.7.  Calculation of FRET Efficiency and Correction of Fc 

 To calculate FRET efficiency, a spectral separation approach was used, termed 

“spectra FRET.”  Spectra FRET offers several advantages.  First, it corrects for overlaps 

of the donor and acceptor emission spectra (bleed-through).  Second, it corrects for direct 

excitation of the acceptor by the donor-specific excitation wavelength (cross-talk).  

Finally, it eliminates errors due to variations in quantum yield of the acceptor, or 

variations in expression levels of the donor and acceptor molecules (62, 80-82).  First, to 

correct for bleed-through, a CFP spectrum taken from cells expressing donor only was 

measured and subtracted from the total emission spectrum recorded at 440nm from cells 

expressing both donor and acceptor.  This yielded a subtracted Citrine spectrum 

(F440total) free of donor contamination.  F440total contained two components – one due to 

direct excitation of Citrine at 440nm (F440direct) and one due to FRET (F440FRET).  The 

F440total spectrum was normalized to the Citrine emission spectrum with excitation at 

488nm (F488), termed Ratio A (equation 5): 

Eq. (5) Ratio A= F440total F488⁄  = (F440direct F488⁄ ) + (F440FRET F488⁄ ) 

To solve for the F440FRET/F488 value, I determined the ratio of F440direct to F488, termed 

Ratio A0 (equation 6), from cells expressing acceptor only.  This ratio represents the 

degree of excitation of the acceptor fluorophore at 440nm relative to the peak acceptor 

excitation at 488nm, thus accounting for cross-talk. 

Eq. (6)   Ratio A0= F440direct F488⁄  

The calculated difference between Ratio A and Ratio A0 (equation 7) yields 

F440FRET/F488, and is a value directly proportional to FRET efficiency. 

Eq. (7)   Ratio A - Ratio A0= F440FRET F488⁄  
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 In these experiments, the observed CFP fluorescence intensities were reduced 

because of the transfer of energy to Citrine due to FRET.  To correct for this FRET-

associated CFP signal reduction, I used a method as previously described (62, 83, 84).  

First, the FRET ratio (FR) was calculated as: 

Eq. (8)  FR = Ratio A Ratio A0 ⁄ = 1 + (F440FRET F440direct⁄ )  

From the FRET ratio, the effective FRET efficiency (Eeff) was calculated as: 

Eq. (9)   Eeff = (εCitrine440 εCFP440⁄ )�FR-1� 

where εCitrine440 and εCFP440 are the molar extinction coefficients for Citrine and CFP, 

respectively.  The true CFP emission (Fc) could then be calculated as: 

Eq. (10)   FCFP_true = FCFP_observed �1- Eeff�⁄  

Using the FCFP_true values, the ratio of CFP to Citrine fluorescence intensities (Fc/Fy) was 

calculated and reported in Tables 6 & 7. 

3.8.  Statistical Analysis 

 All statistical analyses were performed using the IgorPro software (Wavemetrics).  

Averaged data are presented as mean ± SEM, and n represents the number of cells.  

Statistical analyses were performed using a one-way ANOVA with a Tukey’s post-hoc 

test for pairwise comparisons.  P<0.05 was considered statistically significant. 
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IV.  Specific Aim 1:  To investigate the effect(s) of LQT2 

mutations located in the N-terminal eag/PAS domain. 
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4.1.  Introduction 

hERG channels containing LQT2 mutations in the eag/PAS domain (hERG PAS-

LQT2) exhibit robust currents when studied in Xenopus oocytes (4, 27, 62, 64); however, 

most channels with LQT2 mutations located outside the eag/PAS domain do not have 

measurable currents and show defects in maturation and trafficking when studied in 

mammalian cells (40-46).  As only 5 hERG PAS-LQT2 channels have been functionally 

characterized in mammalian cells (45, 46, 65-67), the mechanism for how eag/PAS 

domain mutations disrupt hERG function when expressed in more physiological 

conditions remains unclear.  Previously, our lab showed that slow deactivation could be 

restored in LQT2 mutant hERG R56Q channels by application of a genetically-encoded 

eag/PAS domain (NPAS) in Xenopus oocytes (62).  In this Aim, I sought to determine 

whether NPAS was a general mechanism for rescue of LQT2 mutant channels.  To carry 

out this goal I investigated 1) whether 11 different hERG PAS-LQT2 mutations that were 

gating-deficient in Xenopus ooctyes resulted in a loss-of-function in a human 

heterologous expression system and 2) whether NPAS could restore gating in several 

different hERG PAS-LQT2 mutant channels with gating defects in a mammalian system. 

4.2.  hERG Channels Containing eag/PAS Domain LQT2 Mutations Exhibit a 

Spectrum of Deficiencies 

To characterize functional defects of hERG channels containing LQT2 point 

mutations in the eag/PAS domain (hERG PAS-LQT2) in a mammalian expression 

system, I expressed each hERG PAS-LQT2 channel in human embryonic kidney 293 

(HEK293) cells.  The LQT2 mutations selected were based on previous findings 

demonstrating that when point mutations were made at the selected residues, either to 
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mimic a LQT2-associated mutation or to alanine, the mutant hERG channels exhibited 

altered deactivation kinetics in Xenopus oocytes (4, 27, 62, 64).  Also included were 

K28E, R56Q, and M124R, which were previously investigated in mammalian cells (65-

67).  I first measured functional expression of each hERG PAS-LQT2 channel using 

whole-cell patch-clamp recordings (Figure 8).  Figure 8A shows representative current 

recordings from HEK293 cells transiently expressing either wild-type (WT) hERG or one 

of the hERG PAS-LQT2 channels.  From a holding potential of -80mV, cells were 

depolarized to voltages ranging from -80mV to 60mV in 10mV increments, followed by 

a repolarizing step to -50mV to elicit a tail current.  I observed that most of the hERG 

PAS-LQT2 channels had measurable currents, including K28E, F29L, N33T, G53R, 

R56Q, H70R, A78P, and M124R, and exhibited inward rectification at more positive 

potentials, characteristic of WT hERG channels, which produced a bell-shaped IV 

relationship (Figure 8A & B).  The hERG PAS-LQT2 mutant channels Y43C, C66G, and 

L86R had no measurable hERG current.  The steady-state voltage-dependence of 

activation was slightly right-shifted for hERG N33T (p<0.05), while the steady-state 

activation curves for the other mutant channels were not different from that of WT hERG 

(p>0.05; Figure 8C and Table 1). 
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Figure 8.  hERG PAS-LQT2 Channels Exhibit a Spectrum of Functional Defects. 

A)  Representative current recordings from HEK293 cells expressing WT or hERG PAS-

LQT2 channels.  Inset represents the voltage command protocol used.  B)  IV relationship 

of WT and each hERG PAS-LQT2 channel.  The currents at the end of each depolarizing 

pulse were normalized to cell capacitance (pF) and plotted versus voltage.  C)  Steady-

state activation plot.  Tail current amplitudes during the -50mV step were normalized to 

the maximum tail current amplitude and plotted versus voltage.  Points were fit with a 

Boltzmann function to yield the V½ and k (slope) values.  D)  Histogram of the time 

constants (τ) of deactivation derived from a double exponential fit of the tail current 

produced by a step to -50mV from 60mV.  The top plot contains the average τfast values 

and the bottom plot contains the average τslow values.  *P<0.05, **p<0.01 v. WT hERG 

(ANOVA).  All values plotted as mean ± SEM.  N = 3-9 cells. 
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Cell Expressing 
Activation Inactivation 

N 
V1/2 k V1/2 k 

WT -9.9 ± 1.3 7.0 ± 0.9 -56.7 ± 2.1 -22.4 ± 1.9 5-6 
WT + NPAS -8.5 ± 0.4 7.2 ± 0.4 -57.6 ± 2.3 -23.1 ± 2.1 7 

K28E -12.6 ± 0.8 6.2 ± 0.5 -48.9 ± 2.1 -23.5 ± 1.9 5-6 
K28E + NPAS -15.8 ± 0.5* 5.8 ± 0.5 -57.3 ± 2.3 -22.2 ± 2.0 6-7 
F29L -9.6 ± 0.3 7.6 ± 0.3 N/A N/A 3 
N33T -6.4 ± 0.6* 8.4 ± 0.5 -45.2 ± 2.1* -26.3 ± 1.9 5-6 
N33T + NPAS -9.6 ± 0.8 7.9 ± 0.6 -55.1 ± 1.9 -22.6 ± 1.7 4-5 
G53R -6.7 ± 0.3 8.1 ± 0.3 N/A N/A 5 
R56Q -13.2 ± 0.7 8.7 ± 0.6 -30.1 ± 2.0** -30.2 ± 1.8 4 
R56Q + NPAS -10.2 ± 0.7 7.7 ± 0.5 -56.1 ± 2.0 -23.5 ± 1.8 6 
H70R -8.4 ± 0.4 8.0 ± 0.3 N/A N/A 4 
A78P -6.8 ± 0.2 8.6 ± 0.2 N/A N/A 6 
M124R -9.9 ± 0.8 6.9 ± 0.5 -43.1 ± 2.0* -25.7 ± 1.8 4 
M124R + NPAS -11.7 ± 1.2 6.4 ± 0.7 -60.9 ± 2.4 -21.9 ± 2.1 4-5 

 

Table 1.  Steady-state Activation and Inactivation Properties for hERG WT and 

Each hERG PAS-LQT2 Channel. 

Boltzmann fit values for the steady-state activation and inactivation curves.  *P<0.05 

versus hERG WT; **p<0.01 versus hERG WT (ANOVA).  N/A = not applicable. 
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Because hERG channels with point mutations in the eag/PAS domain had 

accelerated deactivation kinetics in Xenopus oocytes (4, 27, 62, 64), I tested whether the 

rate of deactivation for each hERG PAS-LQT2 channel was similarly faster in 

mammalian cells.  The tail current produced by a step to -50mV from a potential of 

60mV was fit with a double exponential function to give two time constants of 

deactivation, τfast and τslow.  I found that 5 of the 8 hERG PAS-LQT2 channels that 

expressed functional channels at the cell surface (K28E, F29L, N33T, R56Q and M124R) 

had accelerated deactivation kinetics compared to that of WT channels (Figure 8D).  Both 

the fast (τfast; p<0.01 for R56Q, p<0.05 for the others) and slow (τslow; p<0.01 for each) 

components of deactivation were significantly faster for each hERG PAS-LQT2 channel.  

Of the 5 hERG PAS-LQT2 channels, hERG R56Q had the fastest rate of deactivation 

compared to that of WT hERG.  The average τfast for WT hERG (ms ± SEM) was 295 ± 

18, compared to 202 ± 16 for K28E, 186 ± 16 for F29L, 216 ± 9 for N33T, 92 ± 3 R56Q, 

and 173 ± 29 for M124R (Figure 8D, top panel); the average τslow for WT hERG channels 

(ms ± SEM) was 1751 ± 25, compared to 1032 ± 29 for K28E, 1060 ± 50 for F29L, 1052 

± 37 for N33T, 495 ± 38 for R56Q, and 999 ± 179 for M124R (Figure 8D, bottom panel).  

I next asked whether the non-measurable current seen for some of the hERG 

PAS-LQT2 channels was due to a decrease or lack of protein at the cell surface.  To test 

this, I utilized cell surface biotinylation to measure hERG channels expressed on the 

plasma membrane.  In this assay, hERG channels on the cell surface were biochemically 

labeled with a membrane-impermeant form of biotin (sulfo-NHS-SS-biotin) and affinity 

purified with neutravidin beads.  WT hERG channels expressed in mammalian cells 

appear as two bands on a Western blot: one at 155kD (representing the mature, complex-
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glycosylated form; top arrow in Figure 9A, B) and one at 135kD (representing the 

immature, core-glycosylated form; bottom arrow in Figure 9A, B) (40, 76, 85).  In the 

neutravidin-purified sample, Western blot analysis revealed a robust band for the mature 

form (Figure 9A, top arrow) and a fainter band representing the immature form of WT 

hERG (Figure 9A, bottom arrow) whereas no hERG protein was detected from either 

untransfected cells or in the absence of biotin.  The small amount of the immature protein 

that I detected is consistent with previous findings where the immature form of hERG 

was detected using cell surface biotinylation (85, 86).  Bands representing neutravidin-

purified biotinylated hERG were detected from lysates of hERG K28E, F29L, N33T, 

G53R, R56Q, C66G, H70R, A78P, and M124R, suggesting that these channels were at 

the cell surface.  In contrast, I did not detect protein bands from the neutravidin-purified 

biotinylated lysates of hERG Y43C and L86R, suggesting a lack of cell surface 

expression (Figure 9A).  I analyzed the total cell lysates from the same samples to verify 

protein expression for each mutant channel.  I detected bands for WT hERG and all of the 

hERG PAS-LQT2 channels (Figure 9B).  As expected, WT hERG channels had robust 

mature and immature bands on a Western blot.  Each hERG PAS-LQT2 channel also had 

a robust immature band (Figure 9B, bottom arrow), but they had varying levels of the 

mature band (Figure 9B, top arrow).  For hERG Y43C and L86R, only the immature 

form of the channel was detected, indicating that these mutant channels undergo only 

core-glycosylation and exhibit defects in protein maturation.  These results from cell 

surface biotinylation corresponded well with the electrophysiological data.  In particular, 

1) channels that generated measurable ionic current (WT, K28E, F29L, N33T, G53R, 

R56Q H70R, A78P and M124R) also had measurable neutravidin-purified biotinylated  
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Figure 9.  Analysis of Cell Surface Expression of Each hERG PAS-LQT2 Channel 

by Biotin Labeling. 

A)  Representative immunoblot of neutravidin-purified biotinylated hERG.  Cell surface 

proteins were biotinylated using the membrane-impermeant form of biotin, sulfo-NHS-

SS-biotin, purified with neutravidin beads, and subjected to SDS-PAGE.  WT hERG and 

hERG PAS-LQT2 channels were probed with anti-hERG-KA (top panels).  The ER-

resident protein, protein disulfide isomerase (PDI), was used as a loading control and was 

probed with anti-PDI (bottom panels); no PDI was labeled by biotin, confirming 

biotinylation was specific for surface proteins.  No biotinylated protein was purified from 

untransfected cells (UT) or from HEK293 cells expressing WT hERG, but without prior 

treatment with biotin (second lane).  B)  Representative immunoblot of whole cell lysates 

from HEK293 cells following biotinylation treatment.  hERG channels were probed with 

anti-hERG-KA; PDI was probed with anti-PDI as a loading control.  Similar results were 

obtained in 3 independent experiments. 
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hERG protein bands, suggesting expression on the plasma membrane, and 2) channels 

that had no measurable ionic current (Y43C, L86R) had no detectable neutravidin-

purified biotinylated hERG protein, suggesting these mutant channels had weak or no 

expression on the plasma membrane.  Though I detected immature hERG C66G in 

neutravidin-purified biotinylated samples, I did not detect measurable ionic currents, 

suggesting that immature proteins may have impaired function.   Together, these findings 

show that hERG PAS-LQT2 channels had a variety of dysfunctional maturation and 

gating properties.  

4.3.  Rescue of Gating-Deficient LQT2 Mutant hERG Channels Using NPAS 

Previously, our lab showed that slow deactivation could be restored in mutant 

hERG channels by application of a genetically-encoded eag/PAS domain (NPAS) in 

Xenopus oocytes (62).  Here, I asked if NPAS was a general mechanism for rescue by 

testing 1) whether NPAS could restore slow deactivation kinetics in gating-deficient 

hERG PAS-LQT2 channels in a mammalian system and 2) whether NPAS could rescue 

gating defects in several different mutant channels.  Representative current recordings 

(using the same voltage command protocol as in Figure 8) are shown in Figure 10 from 

HEK293 cells transfected with each gating-deficient hERG PAS-LQT2 channel with 

(Figure 10B) or without NPAS (Figure 10A).  (I attempted to rescue hERG F29L, but the 

current amplitudes were too small to analyze).  Fits of the tail currents produced by a step 

to -50mV from 60mV revealed that, for both τfast and τslow, NPAS significantly slowed the 

deactivation kinetics for each hERG PAS-LQT2 channel (p<0.05 for each; Figure 10C).   
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Figure 10.  NPAS Rescues the Gating Deficiencies of hERG PAS-LQT2 Channels. 

Representative current recordings from HEK293 cells expressing WT or hERG PAS-

LQT2 channels A) alone and B) with NPAS.  Inset represents the voltage command 

protocol used.  C)  Histogram of the time constants (τ) of deactivation derived from a 

double exponential fit to the peak tail current elicited from a step to -50mV from 60mV.  

*P<0.05 v. hERG PAS-LQT2; ‡p<0.05 v. WT hERG (ANOVA).  D)  IV plot for each 

hERG channel alone and with NPAS.  The current at the end of the depolarizing step was 

normalized to the extrapolated maximum tail current and plotted versus voltage.  All 

values plotted as mean ± SEM.  N = 3-9 cells.  
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As a negative control, I coexpressed NPAS with WT hERG channels and found no 

measurable change in the deactivation kinetics in either time constant (p>0.05; Figure 

10A, B & C).  Notably, the τslow values for each hERG PAS-LQT2 channel + NPAS were 

not different from WT hERG; however, there was a significant increase observed for the 

τfast values in hERG K28E, N33T, and M124R (p<0.05).  The relative amplitudes of the 

fast and slow current decays (Afast/(Afast+Aslow)) indicate that the fast component 

accounted for a greater percentage of the deactivation for each hERG PAS-LQT2 channel 

(0.5 ± 0.02 for K28E, 0.54 ± 0.02 for N33T, 0.76 ± 0.01 for R56Q, and 0.50 ± 0.03 for 

M124R) compared to WT hERG (0.40 ± 0.02).  Coexpression with NPAS reduced the 

contribution of the fast component so that the relative amplitude values were more 

similar to those for WT hERG (0.43 ± 0.04 for K28E, 0.39 ± 0.03 for N33T, 0.41 ± 0.03 

for R56Q, and 0.30 ± 0.04 for M124R).  Together, these data show that in a mammalian 

expression system, NPAS restored slow deactivation kinetics in all of the gating-deficient 

hERG PAS-LQT2 channels. 

I next measured the current-voltage (IV) relationship by normalizing the current 

at the end of each depolarizing step to the extrapolated maximum tail current value at -

50mV (see Materials & Methods) following the step to 60mV, and plotted these values 

versus voltage (Figure 10D).  Both hERG N33T and R56Q had significantly larger 

current amplitudes and comparably less rectification than WT hERG (p<0.05), whereas 

rectification for hERG K28E and M124R were not different from that for WT channels.  

Coexpression with NPAS reduced the current amplitude for both hERG N33T and R56Q 

such that they were not measurably different from WT hERG, while it had no effect on 

the current amplitude for either hERG K28E or M124R.  These data demonstrate that 
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alterations in steady-state voltage-dependent gating in some hERG PAS-LQT2 channels 

were restored by NPAS. 

To further characterize altered deactivation for each hERG PAS-LQT2 channel 

and examine restoration of WT-like kinetics by NPAS, I utilized a voltage command 

protocol to elicit a family of deactivating traces (Figure 11).  Following channel 

activation, tail currents were produced by a series of steps ranging from -120mV to -

40mV in 20mV increments, and were fit with a double exponential function to derive 

time constants of deactivation for each hERG PAS-LQT2 channel (Table 2).  

Representative current recordings of WT hERG, hERG R56Q, and hERG R56Q + NPAS, 

as well as the corresponding τfast and τslow values plotted versus voltage, are shown in 

Figure 11.  hERG R56Q exhibited accelerated deactivation kinetics (smaller τfast and τslow 

compared to WT hERG) across a range of command potentials (Figure 11A, B & D).  

Coexpression with NPAS restored slow deactivation kinetics (larger τfast and τslow) in 

hERG R56Q channels (Figure 11C & D).  I observed a similar trend for each of the other 

gating-deficient hERG PAS-LQT2 channels (Table 2).  Taken together, these findings 

show that NPAS restored WT-like deactivation gating properties in gating-deficient 

hERG PAS-LQT2 mutant channels over a range of membrane voltages. 
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Figure 11.  NPAS Restores Slow Deactivation Across a Range of Voltages. 

Representative current recordings from A) hERG WT, B) hERG R56Q, and C) hERG 

R56Q + NPAS.  Inset represents the voltage command protocol used.  D)  Tails were fit 

with a double exponential function, and the mean τfast (top) and τslow (bottom) values were 

plotted against voltage on a logarithmic scale.  All values are given as mean ± SEM.  N = 

5-7 cells. 
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Table 2.  Time Constants of Deactivation of hERG WT and hERG PAS-LQT2 

Channels with and without NPAS Expression. 

Tails produced by stepping to voltages ranging from -120mV to -40mV in 20mV 

increments fit with a double exponential function.  Values are mean ± SEM.  *P<0.05 v. 

hERG WT; ‡p<0.05 v. hERG PAS-LQT2 (ANOVA). 
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4.4.  NPAS Rescues Steady-State Properties 

 To more thoroughly investigate the altered rectification for some of the hERG 

PAS-LQT2 channels and the subsequent rescue by NPAS (see Figure 10), I measured the 

voltage-dependent steady-state current properties.  To measure the steady-state 

inactivation, a three-pulse protocol was used, as described previously (6).  After a long 

depolarizing pulse to maximally activate the channels, the membrane potential was 

stepped to various potentials ranging from -120mV to 60mV for 15ms to allow the 

channels to recover from inactivation and reach a steady-state level.  The relative number 

of open channels was then determined by measuring the peak instantaneous current 

obtained by a third pulse to 20mV (Figure 12A, arrow).  The normalized values were 

plotted versus voltage and fit with a Boltzmann function (Figure 12B).  On the same 

plots, the steady-state activation curves are shown, which were generated by plotting the 

peak tail current values from Figure 10 versus voltage and fitting with a Boltzmann 

function.  I found that there was a positive shift in the steady-state inactivation curves for 

each hERG PAS-LQT2 mutant channel compared to WT hERG (Figure 12B & Table 1).  

hERG R56Q exhibited the most profound shift with a V1/2 of -30.1mV compared to -

56.7mV for hERG WT channels (Figure 12Bc).  Interestingly, coexpression with NPAS 

restored the steady-state inactivation curves to values that were not different from WT 

channels (Figure 12B & Table 1), indicating that NPAS regulated hERG channel 

inactivation.  The steady-state activation curves for hERG K28E and N33T were 

significantly left-shifted when coexpressed with NPAS (p<0.05); the V1/2 and slope factor 

(k) values for hERG N33T + NPAS were not different from WT hERG (p>0.05; Figure 

12Bb), whereas, the V1/2 for hERG K28E + NPAS was shifted to slightly more negative  
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Figure 12.  NPAS Rescues Defects in Steady-state Properties. 

A)  Representative current recording from hERG WT (top) using a three-pulse protocol 

to measure steady-state inactivation (bottom).  Large arrow indicates the peak 

instantaneous current that was used to generate the steady-state inactivation curve in B.  

B)  Steady-state activation and inactivation plots for a) hERG WT, b) hERG N33T, and 

c) hERG R56Q.  hERG WT values are shown in the top plot and represented as dashed 

lines in all subsequent plots.  Steady-state activation curves were generated using the 

normalized values of the peak tail current amplitudes from Figure 10A & B and plotted 

versus voltage.  Steady-state inactivation curves were generated by plotting the 

normalized peak instantaneous current (large arrow, A) versus voltage.  Both the steady-

state activation and inactivation curves were fit with a Boltzmann function.  Values are 

plotted as mean ± SEM; N = 4-6.  C)  The steady-state conductance curves for a) hERG 

WT, b) hERG N33T, and c) hERG R56Q.  hERG WT values are shown in the top plot 

and represented as a dashed line in all subsequent plots.  Curves were calculated by 

multiplying the inactivation and activation curves.  Values are plotted as mean ± SEM.  N 

= 4-6 cells.  
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potentials than WT hERG (p<0.05; Table 1).  There was no significant shift for any of the 

other mutants, which were not different from WT hERG (p>0.05; Table 1).  These results 

show that NPAS restored steady-state inactivation and activation properties of the hERG 

PAS-LQT2 channels. 

I next measured the steady-state conductance-voltage relationship by multiplying 

the values from the steady-state inactivation and activation curves for hERG N33T and 

R56Q, which produced a bell-shaped curve (Figure 12C).  I observed that for both hERG 

N33T and R56Q, the peak of the conductance-voltage relationship was larger in 

amplitude than that for WT hERG, with hERG R56Q ~2-fold larger (p<0.05; Figure 

12Cc).  Coexpression with NPAS reduced the peak conductance to values that were 

similar to those for WT channels.  Together, these data demonstrate that the gating-

deficient hERG PAS-LQT2 channels exhibited an increase in steady-state channel 

availability and that changes in steady-state properties were restored to WT-like values 

by NPAS. 

4.5.  NPAS Rescues Altered Resurgent Current Generated by a Dynamic Ramp 

Voltage Command 

 Wild-type hERG currents are unusual because the peak current during membrane 

depolarization is relatively small, but the current resurges and becomes larger during 

repolarization.  I examined the physiological effects of the altered kinetics on resurgent 

current in hERG PAS-LQT2 channels.  To carry out these experiments, I applied a 

voltage command protocol that mimics the ventricular action potential where, from a 

holding potential of -80mV, the membrane potential was stepped to 20mV with a rise 

time of 5ms and held for 200ms to simulate the plateau phase of the action potential, 
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followed by a gradual decrease in membrane potential to -80mV over a period of 200ms 

(Figure 13A, bottom).  Similar ramp protocols have previously been used to elicit 

resurgent currents (64).  Because hERG R56Q exhibited the most pronounced alterations 

in voltage-dependent gating, I chose to investigate this mutant channel using the dynamic 

ramp.  The currents were normalized to the extrapolated peak tail current at -100mV 

(shown in Figure 13B; see Materials and Methods).  Representative current recordings 

(Figure 13A, top) showed that hERG R56Q generated a larger outward current than WT 

hERG channels that peaked earlier during the ramp repolarization phase (Figure 13A, C, 

& D; p<0.05), but declined at a faster rate presumably due to its faster deactivation 

kinetics, similar to what has been previously described (64, 65).  I next tested whether 

NPAS rescued changes in resurgent current.  When NPAS was coexpressed with hERG 

R56Q, the aberrant current was rescued, as the peak outward current and time to peak 

were shifted to values that were not different from WT hERG (Figure 13A, C, & D; 

p>0.05).  Plotting the current-voltage relationship during the dynamic ramp (Figure 13E) 

further illustrates the shift in the peak current of hERG R56Q to more positive potentials.  

At more negative potentials, hERG R56Q current exhibited a rapid decline, and thus, less 

outward current, whereas WT hERG current was at its peak.  In contrast, coexpression of 

hERG R56Q with NPAS restored the current-voltage relationship to values that were not 

different from WT hERG, and shifted the peak current to more negative potentials.  

These findings demonstrate that NPAS fully restores WT-like current properties of 

gating-deficient hERG PAS-LQT2 channels during a dynamic clamp that mimics a 

ventricular action potential waveform. 
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Figure 13.  Ionic Current Generated by hERG WT, hERG R56Q, and hERG R56Q 

+ NPAS in Response to a Dynamic Ramp Voltage Clamp. 

A)  Representative current recordings (top) from hERG WT, hERG R56Q, and hERG 

R56Q + NPAS in response to a dynamic ramp clamp mimicking the ventricular action 

potential (bottom).  Currents were normalized to the extrapolated peak tail current 

elicited at -100mV (shown in B) to account for variations in channel expression between 

cells.  B)  Double exponential fits (red trace) of the tail currents generated by a step to -

100mV from 60mV extrapolated back to the moment of voltage change to obtain the 

peak tail current value (arrow; see Materials and Methods).  C)  Box-plot of the peak 

current generated during the dynamic ramp clamp for hERG WT, hERG R56Q, and 

hERG R56Q + NPAS.  The middle line is the mean, the top and bottom lines are the 75th 

and 25th percentiles, respectively, and the straight lines are the 90th and 10th percentiles.  

D)  Box-plot of the time (in ms) to the peak current during the dynamic ramp clamp; the 

lines represent the same values as in C.  E)  Real-time IV plot of the currents during the 

dynamic ramp clamp.  *P<0.05 (ANOVA).  Data are plotted as mean ± SEM.  N = 3-6 

cells.   
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4.6.  Discussion 

In this aim, I investigated hERG channels bearing LQT2 mutations in the 

eag/PAS domain (hERG PAS-LQT2) in a mammalian expression system.  My findings 

demonstrated that hERG PAS-LQT2 channels exhibited a spectrum of biochemical and 

functional defects (summarized in Table 3).  Most hERG PAS-LQT2 channels (K28E, 

F29L, N33T, G53R, R56Q, H70R, A78P, and M124R) formed functional ion channels at 

the cell surface since they exhibited neutravidin-purified biotinylated bands on a Western 

blot and ionic currents as measured with whole-cell patch-clamp recordings.  Two of the 

mutant channels (Y43C and L86R) did not have measurable ionic currents or measurable 

neutravidin-purified biotinylated bands.  Instead, these channels had a band on a Western 

blot of whole cell lysates that corresponded to the immature form of hERG, indicating 

that these mutant channels most likely had defects in protein maturation.  One mutant 

channel (C66G) had no measurable ionic currents and only a faint mature band on a 

Western blot, but did show an immature band on blots of neutravidin-purfied biotinylated 

samples.  I propose that the immature form of hERG may be localized at the plasma 

membrane in these conditions but that these channels are non-functional.  My data with 

hERG C66G and L86R are different from previous reports from oocytes which showed 

robust currents (64).  The most likely explanation for differences in channel expression 

between oocytes (previous study) and HEK293 cells (this study) is a temperature-

sensitive folding defect that is apparent with  differences in culture temperature for 

oocytes (16oC) versus HEK293 cells (37oC), as described for other hERG LQT2 mutant 

channels (41, 45, 46, 87). 
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LQT2 
Biogenesis Surface 

Biotinylation 
Ionic 

Current 
Altered 
kinetics 

Rescue 
by NPAS 

Gating 
face Immature Mature 

WT +++ +++ Y Y N N/A N/A 

K28E +++ + Y Y Y Y Y 

F29L +++ + Y Y Y N Y 

N33T +++ +++ Y Y Y Y Y 

Y43C + - N N N/A N/A Y 

G53R +++ + Y Y N N/A N 

R56Q +++ ++ Y Y Y Y Y 

C66G +++ + Y N N/A N/A N 

H70R +++ ++ Y Y N N/A N 

A78P +++ ++ Y Y N N/A N 

L86R +++ - N N N/A N/A N 

M124R +++ + Y Y Y Y Y 

 

Table 3.  Summary of Expression of hERG PAS-LQT2 Channels and Functional 

Rescue by NPAS in HEK293 Cells. 

Y = yes; N = no; + indicates the degree of detection of the tested property; - indicates an 

absence of the tested property; N/A indicates not applicable. 
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Here I found that 5 hERG-PAS-LQT2 mutant channels (K28E, F29L, N33T, 

R56Q, and M124R) exhibited altered gating, including accelerated deactivation kinetics, 

a positive, rightward shift in the steady-state inactivation curve, and increased steady-

state channel availability compared to WT hERG.  The largest differences in gating and 

steady-state properties were seen in hERG R56Q.  Also, I found that the resurgent hERG 

R56Q current was larger during depolarization than WT hERG but was smaller during 

repolarization, especially at voltages less than -60mV compared to WT hERG (see Figure 

13E).  I propose that the shift in time of the resurgent peak current and the smaller 

resurgent current at hyperpolarized voltages in hERG R56Q (see Figure 13E) may be 

proarrhythmic.  

As the hERG eag/PAS domain is a highly ordered structure, I wanted to know if 

there was a relationship between the functional defect and the specific location of each 

LQT2 mutation.  I noticed that the LQT2 mutations which altered gating were situated on 

the same face of the eag/PAS domain (4) (Figure 14A); in contrast, the mutations which 

either had no effect on kinetics or abolished currents lie elsewhere on the eag/PAS 

domain.  The lone exception to this rule was Y43C, which was also located on the 

common face but exhibited defects in channel biogenesis.  My data are in agreement with 

previous work performed with Xenopus oocytes in which LQT2 mutations (27, 64) or 

alanine mutations (4) that affected deactivation were located within a common region of 

the eag/PAS domain.  Previous studies described a hydrophobic patch in the eag/PAS 

domain, within which lies F29 and Y43, where mutations located in this region caused an 

increase in the kinetics of deactivation (4).  However, since non-hydrophobic sites, 

especially R56 (62), strongly regulate deactivation, I propose that both  
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Figure 14.  PAS Crystal Structure and Schematic of Proposed Mechanism of NPAS 

Rescue. 

A)  Crystal structure of the hERG PAS domain (4).  Residues marked in red are all 

situated on the putative “gating face,” and LQT2 mutations at these sites, with the 

exception of Y43C, alter deactivation.  Image was created using Yasara 

(www.yasara.org).  B)  hERG PAS-LQT2 channels that are gating-deficient are rescued 

by NPAS (yellow) through replacement of the covalently-attached, mutated (red dot) 

PAS domain.  
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hydrophobic and non-hydrophobic residues located nearby one another make up a 

putative “gating face” on the eag/PAS domain (Figure 14A), which regulates deactivation 

and inactivation either allosterically or by forming a direct interaction with another part 

of the channel, perhaps the C-terminal region (28). 

Understanding the molecular defect of each hERG LQT2 channel gives insight 

into potential mechanisms for restoring WT-like function to mutant channels.  To this 

end, I tested whether a genetically-encoded hERG eag/PAS domain (NPAS) (62) was a 

general tool to rescue hERG PAS-LQT2 channels in HEK293 cells.  I found that NPAS 

specifically slowed and restored aberrant deactivation gating in hERG PAS-LQT2 

channels.  I also found that NPAS specifically left-shifted and restored steady-state 

inactivation gating in the mutant channels and also specifically left-shifted and restored 

the steady-state activation curve of hERG N33T.  NPAS also decreased and restored 

steady-state channel availability in hERG N33T and R56Q (see Figure 12C).  Notably, 

NPAS fully rescued the defective resurgent current properties of hERG R56Q in response 

to a dynamic ramp clamp.  These findings demonstrate that NPAS is a general means for 

rescuing gating-defective hERG LQT2 mutant channels. 

In a model I propose to explain the rescue of gating properties by NPAS shown 

here (Figure 14B), hERG PAS-LQT2 channels exhibit altered deactivation kinetics and 

steady-state inactivation properties because critical protein interactions between the 

eag/PAS domain and the channel were disrupted.  NPAS physically interacts with the 

channel and supplants the covalently-attached, mutated eag/PAS domain, thus restoring 

WT-like deactivation kinetics and steady-state inactivation properties.  Recently, the 

notion of using biological alternatives, such as gene therapy, as treatment options for 



64 

 

arrhythmogenic diseases like LQT2 was explored (88).  My findings show that NPAS is a 

useful tool for rescuing gating-deficient mutant hERG channels, and I propose that NPAS 

may be a potential biological therapeutic for LQT2. 
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V.  Specific Aim 2:  To determine the role of the S4-S5 linker in 

the eag/PAS domain regulation of channel gating. 
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5.1.  Introduction 

 Work from our lab and other groups has revealed that the eag/PAS domain is an 

essential regulator of hERG channel gating, particularly the channel’s characteristic slow 

deactivation (4, 25, 61, 62, 75).  The mechanism by which the eag/PAS domain regulates 

gating remains unclear.  The intracellular loop between the S4 and S5 transmembrane 

domains (S4-S5 linker, Figure 15) has been shown to be a key player in hERG channel 

gating, particularly in activation and deactivation gating.  Several groups have proposed 

the S4-S5 linker as a potential interacting partner and/or signal integrator for the eag/PAS 

domain to regulate gating (30, 56, 63, 71).  In this Aim, I sought to investigate the role of 

the S4-S5 linker in eag/PAS domain-dependent regulation of channel gating.  I performed 

site-directed mutagenesis to replace residues within the S4-S5 linker with alanines, and 

used a combination of electrophysiology and Förster Resonance Energy Transfer (FRET) 

in HEK293 cells.  Each hERG channel construct, including both WT and the S4-S5 linker 

mutants, contained the S620T point mutation, which removes channel inactivation as 

well as increases ionic current without affecting eag/PAS domain regulation of channel 

gating, to more directly measure channel deactivation (25, 28, 31). 

5.2.  Individual S4-S5 Alanine Mutations Produce Alterations in Channel Gating 

 The sequence of the S4-S5 linker of hERG consists of amino acids 539 to 548, 

and is shown in Figure 15.  To determine the role of the S4-S5 linker in eag/PAS domain-

dependent regulation of channel gating, I first performed alanine-scanning mutagenesis in 

which each individual residue was replaced with an alanine (hERG [S4-S5]Alaind).  The 

two existing alanines in the S4-S5 linker were left unchanged.   
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Figure 15.  Schematic of the hERG Potassium Channel Highlighting the S4-S5 

Linker. 

The intracellular loop between the S4 and S5 transmembrane domains – S4-S5 linker – 

consists of 10 amino acids beginning with L539 and ending with A548. 
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Each hERG [S4-S5]Alaind mutant channel contained a serine to threonine mutation at 

amino acid 620 (S620T), which removes channel inactivation and increases ionic current, 

to more directly measure channel deactivation (25, 28, 31).  I expressed each hERG [S4-

S5]Alaind mutant channel in HEK293 cells and measured ionic currents using whole-cell 

patch clamp analysis.  From a holding potential of -80mV, channels were activated by a 

series of test potentials ranging from -80mV to 60mV in 10mV increments, followed by a 

repolarizing pulse to -50mV to produce an outward tail current.  For hERG D540A, an 

alternate protocol was used in which the initial test pulse from the holding potential 

ranged from -160mV to 60mV in 20mV increments, followed by a shorter pulse to -

50mV to produce a tail current (Figure 16A, bottom, inset).  Representative recordings 

from WT hERG as well as each of the hERG [S4-S5]Alaind mutant channels are shown in 

Figure 16A.  I found that all of the hERG [S4-S5]Alaind mutant channels produced robust 

currents, each with variable defects in channel gating, with the exception of hERG 

G546A from which I was not able to record any measurable current.  I measured the 

steady-state current-voltage (IV) relationship by plotting the normalized current at the 

end of the initial test pulse versus voltage (Figure 16B).  I found there were significant 

hyperpolarizing shifts in the IV curves for hERG D540A, R541A, Y542A, S543A, and 

Y545A (p<0.05), with hERG D540A producing the largest shift.  In contrast, hERG 

L539A and hERG E544A were not significantly different from WT hERG.  It is worth 

noting that at potentials negative to -80mV, the hERG D540A current was at or near zero.  

I observed significant hyperpolarizing shifts in the steady-state voltage dependence of 

activation (GV) curves (Figure 16C & Table 4) from hERG D540A, R541A, S543A, and 

Y545A, with hERG D540A producing the largest shift (-40mV shift; p<0.01 for hERG  
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Figure 16.  hERG [S4-S5]Alaind Mutant Channels Exhibit Altered Gating 

Properties. 

A)  Representative current recordings from HEK293 cells expressing WT hERG or each 

hERG [S4-S5]Alaind mutant channel.  The voltage command protocol used to record the 

ionic currents is shown on the bottom.  The inset represents the voltage command 

protocol used to record hERG D540A currents.  B)  Current-voltage (IV) relationship.  

The current at the end of the depolarizing pulse was normalized to the peak outward 

current for each cell and plotted versus voltage.  N ≥ 6 for each.  C)  Voltage dependence 

of activation (GV) curves.  The tail current amplitude during the -50mV pulse were 

normalized to the maximum tail current amplitude and plotted versus voltage.  Plotted 

points were fit with a Boltzmann function to yield the V1/2 and k values (averaged data are 

given in Table 4).  The top plot contains the GV relationships for WT hERG and each 

hERG [S4-S5]Alaind mutant channel, except for hERG D540A; the bottom plot contains 

the GV relationships for WT hERG and hERG D540A.  N ≥ 5 for each.  D)  Box plots of 

the time constants of deactivation at -50mV.  Tail currents produced during the -50mV 

pulse from 60mV were fit with a double exponential function to yield the τfast (top plot) 

and τslow (bottom plot) values.  The middle line is the mean, the top and bottom lines are 

the 75th and 25th percentile, respectively, and the straight lines are the 90th and 10th 

percentiles.  N ≥ 4 for each.  All data are presented as mean ± SEM.  
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Cell Expressing V1/2 k N 
WT -0.8 ± 2.1 9.0 ± 0.5 7 

∆eag 3.2 ± 1.3 11.5 ± 0.9 6 

∆eag + N-eag -6.7 ± 1.5 9.5 ± 0.7 8 

L539A -3.0 ± 2.4 10.4 ± 0.9 6 

∆eag L539A -0.3 ± 1.5 10.4 ± 0.6 3 

∆eag L539A + N-eag -6.8 ± 4.5 10.3 ± 1.3 7 

D540A -37.0 ± 6.2** 28.4 ± 3.4** 6 

∆eag D540A -55.4 ± 2.7** 17.0 ± 2.4** 6 

∆eag D540A + N-eag -51.6 ± 4.2** 20.7 ± 3.4** 7 

R541A -12.5 ± 2.2* 6.7 ± 0.3 6 

∆eag R541A -1.4 ± 3.0 9.9 ± 1.5 4 

∆eag R541A + N-eag -0.9 ± 3.1 10.6 ± 0.5 7 

Y542A -4.6 ± 2.1 7.6 ± 0.8 5 

∆eag Y542A -5.3 ± 2.2 10.4 ± 0.8 6 

∆eag Y542A + N-eag -1.5 ± 1.5 12.3 ± 0.9 5 

S543A -20.8 ± 3.6** 10.6 ± 0.9 5 

∆eag S543A -23.0 ± 3.6** 12.7 ± 0.7 4 

∆eag S543A + N-eag -27.7 ± 0.9** 12.4 ± 2.1 5 

E544A 1.8 ± 1.8 9.7 ± 0.3 8 

∆eag E544A 5.0 ± 3.9 11.1 ± 0.6 5 

∆eag E544A + N-eag -2.5 ± 5.6 8.8 ± 1.4 5 

Y545A -13.7 ± 2.2* 9.8 ± 0.5 6 

∆eag Y545A -6.0 ± 1.4 11.6 ± 1.7 6 

∆eag Y545A + N-eag -10.5 ± 1.4 8.4 ± 0.5 6 

Table 4.  Boltzmann Fit Values for the Steady-state Activation (GV) Relationships 

of WT hERG and Each hERG [S4-S5]Alaind Mutant Channel. 

Steady-state activation (GV) relationships of WT hERG and each hERG [S4-S5]Alaind 

mutant channel were fit with a Boltzmann function to yield the V1/2 and slope factor (k) 

values.  Data are presented as mean ± SEM.  N represents the number of cells.  *P<0.05 

v. WT hERG; **p<0.01 v. WT hERG (ANOVA). 
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D540A and S543A; p<0.05 for hERG R541A and Y545A).  hERG D540A also produced 

a much shallower GV curve compared to WT hERG channels, with a slope factor (k) that 

was significantly larger than that for WT hERG (p<0.01).  I saw no significant change in 

the GV relationships for the remaining hERG [S4-S5]Alaind mutant channels (L539A, 

Y542A, and E544A; p>0.05).   

To determine the effect of the individual alanine mutations on deactivation 

kinetics, I fit the tail currents from 60mV with a double exponential function to yield a 

fast (τfast) and a slow (τslow) time constant of deactivation, which are plotted in Figure 

16D.  I found that each of the hERG [S4-S5]Alaind mutant channels exhibited significant 

alterations in the kinetics of deactivation compared to WT hERG (p<0.01).  Each hERG 

[S4-S5]Alaind mutant channel was significantly faster than WT hERG in both the fast and 

slow time constant of deactivation, while hERG S543A was significantly slower in both 

τfast and τslow.  These data support the notion that the S4-S5 linker is a key player in hERG 

channel gating, where alanine replacement at each residue had significant effects on 

channel gating properties, albeit with varying levels of severity. 

5.3.  N-eag Does Not Rescue Aberrant Gating in Most of the hERG ∆eag[S4-

S5]Alaind Mutant Channels 

 To determine the role of the S4-S5 linker in the eag/PAS domain regulation of 

channel gating, I next investigated each of the S4-S5 linker alanine mutations in hERG 

channels lacking the eag/PAS domain (hERG ∆eag[S4-S5]Alaind).  hERG channels with 

truncations in part or all of the N-terminal tail exhibit accelerated deactivation kinetics, 

which can be slowed by the addition of the eag/PAS domain as either a purified protein 

or a gene fragment (4, 62, 63).  First, I wanted to know whether the N-eag gene fragment 
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was able to restore slow deactivation to hERG ∆eag channels as has been previously 

shown (4, 63).  I measured currents from hERG ∆eag channels and found that channels 

lacking an eag/PAS domain had significantly faster deactivation kinetics than WT hERG 

channels.  Co-expression with a genetically-encoded eag/PAS domain (N-eag) fully 

restored slow deactivation to values that were not different from WT hERG channels 

(Figure 17A & E).  These results are similar to what has been previously reported (4, 63).  

I next tested each hERG ∆eag[S4-S5]Alaind mutant channel and measured ionic currents 

both with (Figure 17B) and without (Figure 17A) N-eag expression.  I found that, as in 

the full-length channels, all but hERG ∆eag G546A produced robust currents (Figure 

17A).  Each of the hERG ∆eag[S4-S5]Alaind mutant channels exhibited rapid deactivation 

kinetics at -50mV that were not significantly different from hERG ∆eag channels (Figure 

17A & E).  Co-expression with N-eag significantly slowed deactivation kinetics in hERG 

∆eag S543A channels compared to both hERG ∆eag and hERG ∆eag S543A channels 

expressed alone (p<0.01).  Both the τfast and the τslow values for hERG ∆eag S543A were 

significantly larger than those for WT hERG (p<0.01), fully restoring the kinetics of 

deactivation to values similar to full-length hERG S543A channels.  N-eag co-expression 

did not significantly change the deactivation kinetics for the remaining hERG ∆eag[S4-

S5]Alaind mutant channels (L539A, D540A, R541A, Y542A, E544A, and Y545A).  I 

observed significant hyperpolarizing shifts in the IV relationships for hERG ∆eag 

D540A, hERG ∆eag Y542A, hERG ∆eag S543A (p<0.05) compared to hERG ∆eag or 

WT hERG channels, while there was no significant difference in the IV relationships for 

the remaining hERG ∆eag[S4-S5]Alaind mutant channels (L539A, R541A, E544A, and 

Y545A).  Co-expression with N-eag did not measurably change the IV relationships  
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Figure 17.  N-eag Does Not Rescue Altered Gating in Most of the hERG [S4-

S5]Alaind Mutant Channels. 

Representative current recordings from HEK293 cells expressing each hERG ∆eag [S4-

S5]Alaind with (B) or without (A) N-eag co-expression.  The voltage command protocol 

used to record ionic currents is shown on the bottom; the inset represents the voltage 

command protocol used to record hERG ∆eag D540A with and without N-eag.  C)  IV 

relationships for each hERG ∆eag [S4-S5]Alaind mutant channel with and without N-eag 

co-expression.  Blue squares represent the IV relationship for WT hERG.  N ≥ 4 for each.  

D)  GV relationships for each hERG ∆eag [S4-S5]Alaind mutant channel with and without 

N-eag expression.  Plotted points were fit with a Boltzmann function to yield the V1/2 and 

k values (averaged data are given in Table 4).  Top plot contains the GV relationships for 

each hERG ∆eag [S4-S5]Alaind mutant channel, except for hERG ∆eag D540A; bottom 

plot contains the GV relationship for hERG ∆eag D540A.  Blue squares represent the GV 

relationship for WT hERG in both plots.  N ≥ 3 for each.  D)  Histograms of the time 

constants of deactivation derived from a double exponential fit to the tail current 

produced during the -50mV pulse from 60mV.  The top plot contains the τfast values and 

the bottom plot contains the τslow values.  N ≥ 4 for each.  All data are plotted as mean ± 

SEM. 
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in any of the hERG ∆eag[S4-S5]Alaind channels (Figure 17A, B & C).  I did observe 

significant hyperpolarizing shifts in the GV relationships for hERG ∆eag D540A and 

hERG ∆eag S543A compared to both WT hERG and hERG ∆eag channels (p<0.01; 

Figure 17D & Table 4), which were not measurably different with N-eag co-expression.  

Additionally, similar to full-length hERG D540A, hERG ∆eag D540A produced a 

shallower GV curve than both WT hERG and hERG ∆eag channels, with significantly 

larger k values (p<0.01).  There was no significant change in the GV relationships for any 

of the other hERG ∆eag[S4-S5]Alaind mutant channels (L539A, R541A, Y542A, E544A, 

and Y545A) both with and without N-eag (p>0.01).  Together, these data suggest that 1) 

mutating individual residues in the S4-S5 linker elicits a combination of complex effects 

on hERG channel gating, including but not limited to an acceleration in deactivation 

kinetics, and 2) for most of the hERG ∆eag[S4-S5]Alaind mutant channels, N-eag was not 

able to rescue the aberrant gating phenotypes produced by the mutations. 

 To further examine the effect of individual S4-S5 linker alanine mutations on 

channel deactivation, and whether N-eag could restore slow deactivation to the hERG 

∆eag[S4-S5]Alaind mutant channels, I recorded a family of tail currents using a two-pulse 

voltage command protocol (Figure 18A).  First, channels were activated by a step to 

20mV, followed by a series of repolarizing pulses from -120mV to -40mV in 20mV 

increments to elicit a family of tail currents.  Each tail current was fit with a double 

exponential function to yield the τfast and τslow time constants of deactivation (given in 

Table 5).  Representative current recordings from hERG ∆eag, hERG ∆eag Y542A, 

hERG ∆eag S543A, and hERG ∆eag Y545A, each with and without N-eag, along with  

their corresponding τfast and τslow plots, are shown in Figure 18.   



77 

 

  



78 

 

Figure 18.  Eag/PAS Domain Regulation of Deactivation is Disrupted in Most of the 

hERG [S4-S5]Alaind Mutant Channels. 

A family of tail currents recorded from HEK293 cells expressing A) WT hERG, B) 

hERG ∆eag with or without N-eag, C) hERG ∆eag Y542A with or without N-eag, D) 

hERG ∆eag S543A with or without N-eag, and E) hERG ∆eag Y545A with or without N-

eag.  The pulse protocol used to elicit the tail currents is shown; the rectangle represents 

the region of the current that was expanded.  F-I)  Tails were fit with a double 

exponential function to yield τfast and τslow values.  The averaged τfast (left plots) and τslow 

(right plots) are plotted in F-I on a logarithmic scale, which correspond with B-E, 

respectively, and are also given in Table 5.  In panels G-I, dashed lines represent the τfast 

and τslow values for WT hERG (blue), hERG ∆eag (black), or hERG ∆eag + N-eag (red).  

Black-filled symbols represent the τfast and τslow values for the full-length hERG [S4-

S5]Alaind mutant channel.  N ≥ 3 for each.  All data are presented as mean ± SEM.  



79 

 

  



80 

 

Table 5.  Time Constants of Deactivation of WT hERG and hERG [S4-S5]Alaind 

Mutant Channels With and Without N-eag Expression. 

Tails produced by stepping to voltages ranging from -120mV to -40mV in 20mV 

increments were fit with a double exponential function to yield the τfast and τslow time 

constants of deactivation.  Values are mean ± SEM. 
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I found that hERG ∆eag channels exhibited accelerated deactivation kinetics in both the 

τfast and the τslow values.  Co-expression with N-eag significantly slowed the deactivation 

kinetics in hERG ∆eag channels at all potentials tested to values that were closer to those 

for WT hERG channels (Figure 18A, B & F and Table 5).  Similarly, each hERG 

∆eag[S4-S5]Alaind mutant channel exhibited faster deactivation kinetics than WT hERG 

channels (Figure 18A, C-E & G-I and Table 5).  However, of all the hERG ∆eag[S4-

S5]Alaind mutant channels, only hERG ∆eag S543A exhibited significantly slower 

deactivation kinetics with N-eag co-expression (Figure 18D & H and Table 5).  Both the 

τfast and the τslow values of hERG ∆eag S543A plus N-eag were significantly slower than 

those for hERG ∆eag S543A, hERG ∆eag, and WT hERG channels at all potentials 

(p<0.01), except at -40mV in which they were not significantly different from WT hERG. 

Though I observed a small change in the deactivation kinetics in some of the hERG 

∆eag[S4-S5]Alaind mutant channels when co-expressed with N-eag (hERG ∆eag L539A 

and hERG ∆eag R541A), N-eag did not significantly slow the deactivation kinetics for 

any of the remaining hERG ∆eag[S4-S5]Alaind mutant channels in either the τfast or the 

τslow values (Figures 18C, E, G & I and Table 5).  These results demonstrate that most of 

hERG channels containing individual mutations within the S4-S5 linker cannot be 

functionally modulated by the N-eag domain, suggesting that the eag/PAS domain 

regulation of channel gating is disrupted. 

5.4.  Individual S4-S5 Linker Mutations Do Not Disrupt N-Eag Association with the 

Channel 

 The S4-S5 linker has previously been proposed as a putative site of interaction for 

the eag/PAS domain (25, 56, 63, 71).  My findings that N-eag is able to partially 
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modulate gating for some of the hERG ∆eag[S4-S5]Alaind mutant channels suggests that 

the eag/PAS domain may still associate with at least some of the hERG ∆eag[S4-

S5]Alaind mutant channels.  To test this, I utilized FRET spectroscopy, which is the 

transfer of light energy from a donor fluorophore to an acceptor fluorophore when the 

two are in close (1-10nm) proximity (89-91).  HEK293 cells were transfected with one of 

the hERG ∆eag[S4-S5]Alaind mutant channels tagged with a Citrine (acceptor) plus N-eag 

tagged with a CFP (N-eag-CFP; donor).  I also expressed hERG-Citrine with hERG-CFP 

as a positive control.  As a negative control, cells were co-transfected with the 

cannabinoid-1 receptor tagged with a YFP (rCB1-YFP) and N-eag-CFP, as was done 

previously (62).  I used the spectral separation approach to measure FRET (see Materials 

and Methods), and representative emission spectra are shown in Figure 19.  Excitation of 

CFP at 440nm yielded the total emission spectrum (dark blue trace), which contained 

emission from both CFP and Citrine.  From this, I subtracted CFP emission from cells 

expressing donor only (cyan trace), which yielded the Citrine component (red trace, 

F440total).  The F440total spectrum contains Citrine emission due to both direct excitation 

of Citrine at 440nm (F440direct) and FRET (F440FRET).  The F440total spectrum was 

normalized to the maximal Citrine emission spectrum with excitation at 488nm (F488) to 

yield the Ratio A value.  From this, I subtracted the Ratio A0 value, which was calculated 

from cells expressing acceptor only, to isolate F440FRET.  This difference provides a 

measurement of the relative FRET efficiency, where values greater than zero indicate 

FRET (Figure 19E and Table 6).   

I detected a strong FRET signal from “positive control” cells expressing hERG 

∆eag-Citrine plus N-eag-CFP (p<0.01 v. rCB1-YFP + N-eag-CFP) or hERG-Citrine plus 
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hERG-CFP.  In contrast, I did not detect a FRET signal from “negative control” cells 

expressing rCB1-YFP plus N-eag-CFP (Figure 19A, B & E and Table 6).  I calculated the 

donor to acceptor ratio (Fc/Fy) and found that the donor to acceptor fluorescence was 

similar in the negative control cells, indicating that the lack of FRET was not due to a 

lack of donor fluorescence (Table 6).  I next measured FRET between each of the hERG 

∆eag[S4-S5]Alaind mutant channels and N-eag-CFP and found that for each mutant 

channel, I observed a positive and significant FRET signal (p<0.01 v. rCB1-YFP + N-

eag-CFP; p<0.05 for hERG ∆eag Y545A and hERG ∆eag G546A) that was not 

measurably different from hERG ∆eag-Citrine plus N-eag-CFP or hERG-Citrine plus 

hERG-CFP (Figure 19C, D and E and Table 6).  These data indicate that individual 

alanine mutations introduced in the S4-S5 linker are not sufficient to disrupt the eag/PAS 

domain’s association with the channel. 
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Figure 19.  FRET Spectroscopy Reveals that Individual Mutations in the hERG S4-

S5 Linker Do Not Disrupt eag/PAS Domain Association with the Channel. 

Representative emission spectra from HEK293 cells expressing A) hERG ∆eag-Citrine + 

N-eag-CFP, B) rCB1-YFP + N-eag-CFP, C) hERG ∆eag L539A-Citrine + N-eag-Citrine, 

or D) hERG ∆eag Y542A-Citrine + N-eag-CFP.  The total emission spectrum from 

excitation at 440nm is shown in dark blue.  The extracted spectrum (red trace, F440total) is 

the CFP emission (cyan trace) subtracted from the total emission spectrum and contains 

the Citrine emission with excitation at 440nm.  The green trace is the Citrine emission 

with excitation at 488nm (F488).  The red trace (F440total) was normalized to the green 

trace (F488) to yield the Ratio A value.  As a control, cells expressing acceptor only 

(Citrine or YFP constructs) were excited at 440nm (F440) and at 488nm (F488), and 

Ratio A0 was calculated as the ratio of F440 emission to F488 emission.  E)  Histogram 

of Ratio A – Ratio A0 values, a value which is directly proportional to the relative FRET 

efficiency (averaged data are also given in Table 6).  Data are presented as mean ± SEM.  

*P<0.05 v. rCB1-YFP + N-eag-CFP; **p<0.01 v. rCB1-YFP + N-eag-CFP (ANOVA).  

N ≥ 6 for each. 
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Constructs RA-RA0 Fc/Fy N 
HERG-Cit. + HERG-CFP 0.16 ± 0.02** 1.1 ± 0.2 9 

rCB1-YFP + N-eag-CFP 0.01 ± 0.01 1.5 ± 0.1 11 

∆eag-Cit. + N-eag-CFP 0.17 ± 0.02** 1.7 ± 0.2 11 

∆eag L539A-Cit. + N-eag-CFP 0.15 ± 0.03** 1.1 ± 0.1 9 

∆eag D540A-Cit. + N-eag-CFP 0.18 ± 0.03** 1.0 ± 0.1 7 

∆eag R541A-Cit. + N-eag-CFP 0.14 ± 0.02** 1.2 ± 0.1 12 

∆eag Y542A-Cit. + N-eag-CFP 0.15 ± 0.02** 1.1 ± 0.1 11 

∆eag S543A-Cit. + N-eag-CFP 0.17 ± 0.02** 1.1 ± 0.1 11 

∆eag E544A-Cit. + N-eag-CFP 0.19 ± 0.04** 1.3 ± 0.2 9 

∆eag Y545A-Cit. + N-eag-CFP 0.13 ± 0.03* 1.4 ± 0.2 9 

∆eag G546A-Cit. + N-eag-CFP 0.12 ± 0.02* 1.2 ± 0.2 6 

∆eag [S4-S5]Ala-Cit. + N-eag-CFP 0.14 ± 0.02** 1.1 ± 0.1 10 

 

Table 6.  Summary of FRET Efficiency Measurements and Fc/Fy Calculations for 

Each hERG ∆eag [S4-S5]Ala Mutant Channel. 

The relative FRET efficiency (Ratio A – Ratio A0) and ratio of donor to acceptor 

fluorescence (Fc/Fy) values are given as mean ± SEM (see Materials and Methods).  N 

represents the number of cells.  **P<0.01 v. rCB1-YFP + N-eag-CFP; *p<0.05 v. rCB1-

YFP + N-eag-CFP (ANOVA).  
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5.5.  Neutralization of the S4-S5 Linker Disrupts N-Eag Regulation of Gating but 

Not Association with the Channel 

 The finding that individual mutations in the S4-S5 linker do not disrupt eag/PAS 

domain association with the channel suggests that perhaps the eag/PAS domain may still 

form an interaction with a mostly intact S4-S5 linker.  To address this, I created a hERG 

∆eag channel construct in which all the residues in the S4-S5 linker were mutated to 

alanine (hERG ∆eag[S4-S5]Alacomplete), illustrated in Figure 20A, effectively neutralizing 

the S4-S5 linker.  I first measured functional expression of hERG ∆eag[S4-S5]Alacomplete 

channels using a modified pulse protocol (Figure 20, inset) in which cells were stepped 

from a holding potential of -80mV to a series of potentials ranging from -160 to 60mV in 

20mV increments, followed by a pulse to -120 mV to elicit a tail current.  Additionally, 

recordings of hERG ∆eag[S4-S5]Alacomplete were done in a high [K+]o bath solution in 

order to increase the amplitude of hERG current, as has been previously shown (8, 76).  

Under these conditions, I found hERG ∆eag[S4-S5]Alacomplete channels exhibited ionic 

currents with unique kinetic properties (Figure 20C).  Depolarization to potentials more 

positive than -40mV elicited an outward ionic current, whose IV relationship was not 

significantly shifted from WT hERG channels (Figure 20B, C & E).  However, at more 

hyperpolarized potentials (more negative to -40mV), hERG ∆eag[S4-S5]Alacomplete 

channels exhibited a large inward ionic current that reached a steady-state amplitude by 

the end of the 3 second hyperpolarizing pulse, whereas WT hERG channels produced no 

ionic current at potentials more negative to -40mV (p<0.01 v. WT hERG; Figure 20B, C 

& E).  Stepping to -120mV from depolarized potentials (more positive than -40mV) 

elicited a slowly deactivating inward tail current for WT hERG channels.   
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Figure 20.  Neutralization of the hERG S4-S5 Linker Disrupts eag/PAS Domain 

Regulation of Gating but Not Interaction with the Channel. 

A)  hERG channel schematic illustrating the hERG ∆eag[S4-S5]Alacomplete mutant 

channel in which all the residues in the S4-S5 linker were replaced with alanines.  

Representative current recordings from cells expressing B) WT hERG, C) hERG 

∆eag[S4-S5]Alacomplete, or D) hERG ∆eag[S4-S5]Alacomplete plus N-eag.  The inset 

represents the voltage command protocol used to record the currents.  E)  IV relationships 

for WT hERG and hERG ∆eag[S4-S5]Alacomplete with or without N-eag expression.  Data 

are plotted as mean ± SEM.  N ≥ 4 for each.  F)  Representative emission spectra from 

cells expressing hERG ∆eag[S4-S5]Alacomplete-Citrine + N-eag-CFP.  The emission 

spectra are color-coded as follows:  dark blue trace, total emission with 440nm excitation; 

cyan trace, CFP emission with 440nm excitation; red trace, subtracted spectrum 

(difference between the cyan and the dark blue traces), which contains Citrine emission 

with 440nm excitation; green trace, Citrine emission with 488nm excitation.  G)  

Histogram of Ratio A – Ratio A0 values.  Data are presented as mean ± SEM, and are 

given in Table 6.  **P<0.01 v. rCB1-YFP + N-eag-CFP (ANOVA).  N ≥ 10 for each. 
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In contrast, hERG ∆eag[S4-S5]Alacomplete channels remained open during the -120mV 

pulse, never deactivating, and reached a steady-state amplitude by the end of the 2 second 

pulse.  I next asked whether N-eag could rescue the aberrant gating properties of hERG 

∆eag[S4-S5]Alacomplete channels.  Co-expression with N-eag resulted in no significant 

changes in the current properties of hERG ∆eag[S4-S5]Alacomplete channels (Figure 20D 

& E).  Hyperpolarization produced a large inward current that was not different from 

hERG ∆eag[S4-S5]Alacomplete channels expressed alone. Similarly, stepping to -120mV 

did not close the channels, but rather the channels remained open and reached a steady-

state amplitude by the end of the 2 second pulse.  These data indicate that 1) 

neutralization of the S4-S5 linker by complete alanine replacement produced channels 

with severely altered kinetic properties causing the channels to remain open at most test 

potentials, and 2) N-eag exhibited no significant functional effect on hERG ∆eag[S4-

S5]Alacomplete channels, suggesting that the eag/PAS domain modulation of gating is 

completely impaired. 

 Based on the findings that N-eag had no functional effect on hERG ∆eag[S4-

S5]Alacomplete channels, I next asked whether neutralization of the S4-S5 linker disrupted 

the eag/PAS domain interaction with the channel.  To test this, I employed FRET 

spectroscopy.  Cells were transfected with hERG ∆eag[S4-S5]Alacomplete channels tagged 

with a Citrine (acceptor) plus N-eag tagged with a CFP (donor).  Using the previously 

described approach (see Section 5.4 and Materials & Methods), I measured the emission 

spectrum (shown in Figure 20F) and calculated the relative FRET efficiency (Figure 20G 

and Table 6).  I observed a positive and significant FRET signal between hERG ∆eag[S4-

S5]Alacomplete-Citrine channels and N-eag-CFP (p<0.01 v. rCB1-YFP + N-eag-CFP) that 
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was not significantly different from hERG ∆eag-Citrine plus N-eag-CFP.  In contrast, I 

saw no FRET signal from cells expressing rCB1-YFP plus N-eag-CFP.  The calculated 

ratio of donor to acceptor (Fc/Fy) indicated that the levels of donor to acceptor 

fluorescence were similar (Table 6).  Together with my functional results, these data 

indicate that neutralization of the S4-S5 linker by alanine replacement does not impair the 

ability of the eag/PAS domain to associate with the channel, though regulation of channel 

gating is disrupted.  These findings also suggest that the S4-S5 linker is not necessary for 

the eag/PAS domain interaction with the channel, but the primary site of interaction for 

the eag/PAS domain may exist in some other intracellular region/domain of the hERG 

channel. 

5.6.  Discussion 

 In this aim, I investigated the role of the S4-S5 linker in eag/PAS domain 

regulation of channel gating.  My results show that hERG channels with alanine 

mutations in the S4-S5 linker, either as individual point mutations or spanning the full 

linker sequence, exhibit a complex variety of channel gating defects.  Several of the 

hERG [S4-S5]Alaind mutant channels (hERG D540A, R541A, S543A, and Y545A) 

produced GV relationships with hyperpolarizing shifts, suggesting the closed state of the 

gating pathway is destabilized.  Similar shifts in the GV relationships were observed for 

hERG R541A, S543A and Y545A by Ng, et al. (30), but not hERG D540A.  There are 

two possible explanations for why I observe this difference.  First, all of the hERG 

channel constructs I investigated in this study contained the S620T point mutation, which 

removes channel inactivation, whereas in the study conducted by Ng, et al., their hERG 

channel constructs did not.  It is possible that the removal of inactivation by the S620T 
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mutation uncovered the effect of the D540A mutation on hERG channel steady-state 

voltage dependence of activation.  Second, the study conducted by Ng, et al. was 

performed in Xenopus oocytes (cultured at 16oC), whereas the experiments in this study 

were performed in HEK293 cells (cultured at 37oC).  Differences in cell culture 

conditions (temperature), endogenous protein expression, and the intracellular milieu can 

lead to potential variations in the functional properties observed between the two 

heterologous expression systems (41, 76, 92-94).  All of the hERG [S4-S5]Alaind mutant 

channels exhibited significant effects on channel deactivation, demonstrating the 

importance of the S4-S5 linker in the coupling of the voltage sensor movement and 

channel closing.  Finally, I was unable to record measurable currents from one hERG 

[S4-S5]Alaind mutant channel, hERG G546A.  Previous investigation of this mutation 

indicated that hERG G546 disrupts a highly conserved leucine zipper, and proposed that 

G546 is important in stabilizing the voltage sensor in its resting state by allowing 

flexibility of the S4-S5 linker (21, 68).  Therefore, I postulate that mutations at this 

residue may produce hERG channels that are either weakly expressed on the cell surface 

or exhibit impaired function in a mammalian expression system (41, 45, 87).   

My results show that neutralization of the S4-S5 linker by alanine replacement of 

the full linker sequence hERG ∆eag[S4-S5]Alacomplete produced channels that are open at 

all potentials, including extremely hyperpolarized potentials, suggesting that the closed 

state is destabilized or the open state is stabilized.  A similar phenomenon was seen with 

mutation of hERG D540 to either lysine (K) or arginine (R) where hyperpolarized 

potentials induced the channel to re-enter an open state.  In the case of hERG D540, it 

was proposed that this residue likely forms a salt bridge interaction with the lower S6 
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domain which normally acts to stabilize the closed state (18, 20, 69).  Therefore, my 

findings suggest that the S4-S5 linker is likely involved in many interactions and/or 

transition steps during the gating pathway which couple the voltage sensor movement 

with the channel gate, including (but not limited to) interactions with the lower S6 

domain.  Thus, complete neutralization of the S4-S5 linker breaks the coupling between 

the voltage sensor and the channel gate, producing a channel in which the closed state is 

destabilized. 

Recently, the solution structure of a peptide corresponding to the S4-S5 linker 

was solved (30, 68), and was characterized as being an amphipathic helix (see Figure 6 in 

Section 1.5).  Ng, et al. (30) predicted that Y542 and Y545, which disrupt a conserved 

leucine zipper motif, are located on the hydrophobic surface facing the plasma 

membrane, and D540, R541, S543, and E544 are located on the hydrophilic surface 

facing the cytosol (Figure 6B).  They suggest that residues S543, Y545, and G546 are 

likely involved in critical interactions that stabilize intermediate steps of the gating 

pathway.  Similarly, Gayen, et al. (68) predicted that L539, Y542, Y545, and G546 are all 

located on the side of the helix that faces the plasma membrane, and the charged residues 

(D540, R541, and E544) are located on the opposite face forming charge-charge 

interactions important for gating (Figure 6A).  Altogether, these predictions are consistent 

with my findings on the functional effects of S4-S5 linker mutations.  Each of the S4-S5 

linker mutations that had significant effects on their conductance-voltage relationships 

(D540A, R541A, Y545A, and S543A) was proposed to form critical interactions 

important in channel gating.  Furthermore, D540 was proposed to form a salt bridge 

interaction with residues in the lower S6 transmembrane domain to stabilize the closed 
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state of the channel (18, 20).  All the S4-S5 alanine mutations produced significant 

effects on hERG channel deactivation, though the most profound effects were seen with 

D540A, Y542A, S543A, E544A, and Y545A.  Each of these residues was predicted to 

form either charge-charge or other interactions involved in transitions in the gating 

pathway.  Finally, G546, from which I was unable to record measurable current when 

mutated to alanine, was predicted by both groups to be involved in stabilizing transitions 

in the gating pathway, as well as maintaining flexibility of the S4-S5 linker (18, 20, 30, 

68). 

 Previous groups have proposed the S4-S5 linker as a potential interacting partner 

and/or signal integrator for eag/PAS domain regulation of gating (4, 30, 56, 63, 71).  

Here, I tested this by 1) determining whether isolated eag/PAS domains (N-eag) were 

able to rescue aberrant gating in hERG channels with mutations in the S4-S5 linker, and 

2) whether mutation of the S4-S5 linker disrupts eag/PAS domain interaction with the 

channel.  My results indicate that the ability of the N-eag domain to regulate channel 

gating was lost in most hERG channels containing alanine mutations in the S4-S5 linker.  

The only exception to this was hERG ∆eag S543A, which was significantly slowed, 

suggesting that S543 is not involved in the eag/PAS domain-dependent transition from 

the open to closed state.  I also show that N-eag is still able to associate with hERG 

channels containing alanine mutations in the S4-S5 linker, including complete 

neutralization of the S4-S5 linker, as measured by a positive FRET signal.  My findings 

are in contrast to the model proposed by Fernandez-Trillo, et al. (63).  In their model, the 

eag/PAS domain regulates the channel’s slow deactivation kinetics through a direct 

interaction between the N-terminal segment of the eag/PAS domain and the amino 
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terminal end of the S4-S5 linker.  One notable difference between my work and theirs is 

the lack of FRET signal they observe between their eag/PAS domain gene fragment and 

hERG ∆eag Y542C channels.  A likely explanation for this difference is the residue to 

which Y542 was mutated.  It is possible that introduction of a cysteine at position 542 

(rather than alanine) causes other structural and/or dynamic changes in the channel which 

could prevent FRET from occurring.  Therefore, my work extensively investigates the 

full S4-S5 linker segment, and demonstrates that the S4-S5 linker is necessary to 

transduce eag/PAS domain-dependent regulation of channel gating, though it is not 

necessary for eag/PAS domain interaction with the channel. 

 These results suggest that the eag/PAS domain likely forms an interaction with 

other cytoplasmic region/domain(s) of the channel.  In a model proposed by Muskett, et 

al. (58), the eag/PAS domain interacts with the outer surface of the cyclic nucleotide-

binding homology domain (CNBHD) where the Cap region (residues 1-25) of the 

eag/PAS domain positions itself in a cleft formed by adjacent CNBHDs.  Recently, our 

lab showed that soluble eag/PAS domains and C-linker/CNBHDs formed a direct 

interaction in a biochemical pull-down interaction assay (28).   It has been suggested that 

the Cap region of the eag/PAS domain is the essential component required to regulate 

slow deactivation kinetics, and that residues in the Cap region may be in close proximity 

to residues in the S4-S5 linker (4, 25, 29, 59, 61, 63, 71); however, the details underlying 

this mechanism remain uncertain.  Therefore, it is possible that the eag/PAS domain may 

interact with a cytoplasmic domain, such as the CNBHD, in a way that positions the Cap 

region toward the gating machinery, including the S4-S5 linker.  Future investigations are 

needed to elucidate this mechanism. 
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VI.  Specific Aim 3:  To investigate the C-terminal CNBHD as 

a putative interacting partner for the eag/PAS domain. 
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6.1.  Introduction 

 Previous results have proposed the cyclic nucleotide-binding homology domain 

(CNBHD) in the C-terminal tail as a potential site of interaction for the eag/PAS domain 

(27, 58, 95).  Recently, our lab demonstrated that the CNBHD is essential for eag/PAS 

domain regulation of channel gating in Xenopus oocytes, and showed that the two 

domains directly interact in a biochemical pull-down interaction assay (28).  To test the 

CNBHD as a putative interaction site for the eag/PAS domain, I used a combination of 

electrophysiology and Förster Resonance Energy Transfer (FRET) in HEK293 cells.  I 

made targeted and specific deletions of either the eag/PAS domain, the CNBHD, or both 

in combination, as well as utilized gene fragments encoding each of the isolated domains 

(outlined in Figure 21).  As illustrated in Figure 21, each construct used in this aim was 

tagged with a fluorescent protein on the C-terminal end to identify transfected cells and 

for use in FRET. 

6.2.  Eag/PAS Domain Regulation of Channel Gating Requires the Presence of the 

CNBHD in the C-terminal Tail 

 To examine the role of the CNBHD in channel gating, I made hERG channel 

constructs with targeted deletions of either the eag/PAS domain (amino acids 2-135, 

hERG ∆eag), the CNBHD (amino acids 749-872, hERG ∆CNBHD), or both domains 

(amino acids 2-135 & 749-872, hERG ∆eag ∆CNBHD) and expressed them in HEK293 

cells.  Each hERG deletion construct contained a serine to threonine mutation at amino 

acid 620 (S620T), which removes channel inactivation and increases ionic current, to 

more directly measure channel deactivation (Figure 21) (25, 28, 31).   
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Figure 21.  Schematic of hERG Channel Deletion Constructs and hERG Gene 

Fragments. 

Schematic illustrating each of the hERG channel constructs used in this study, including 

the hERG gene fragments used in the FRET Two-Hybrid assay.  The eag/PAS domain is 

shown in red and the CNBHD is shown in blue.  Each hERG channel deletion construct 

contained the S620T mutation.  Each construct, including the hERG gene fragments, was 

tagged with a fluorescent protein at the C-terminal end.  CFP is shown in cyan and 

Citrine (or YFP) is shown in yellow.  
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I first measured ionic currents from each hERG construct using whole-cell patch clamp 

analysis.  From a holding potential of -80mV, channels were activated by a series of 

depolarizing pulses ranging from -80mV to +60mV, followed by a repolarizing pulse to -

50mV to elicit an outward tail current.  Representative ionic currents from each hERG 

deletion construct, as well as WT hERG, are shown in Figure 22A.  The tail current from 

+60mV was fit with a double exponential function to reveal a fast (τfast) and slow (τslow) 

time constant of deactivation, and were plotted in Figure 22C.  I found that deletion of 

either the eag/PAS domain (hERG ∆eag) or the CNBHD (hERG ∆CNBHD) resulted in 

channels with markedly accelerated deactivation kinetics compared to WT hERG 

channels (Figure 22A & C).  Dual deletions of both the eag/PAS domain and the CNBHD 

(hERG ∆eag ∆CNBHD) produced channels with similarly fast deactivation kinetics, 

which were not significantly different from either of the individual deletions.  Co-

expression of a gene fragment encoding the eag/PAS domain (N-eag) with each hERG 

construct slowed the kinetics of deactivation only in hERG ∆eag channels, in which the 

CNBHD is intact in the C-terminus, but not in either hERG ∆CNBHD or hERG ∆eag 

∆CNBHD (Figure 22B & C).  N-eag co-expressed with WT hERG channels had no 

significant effect on the kinetics of deactivation.  These results are similar to what was 

previously observed in Xenopus oocytes (28), and demonstrate that the presence of the 

CNBHD in the C-terminal tail is necessary for the eag/PAS domain to regulate channel 

gating. 
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Figure 22.  Regulation of Slow Deactivation by the eag/PAS Domain Requires the 

Presence of the CNBHD in the hERG C-terminal Region. 

Representative current recordings from HEK293 cells expressing WT hERG, hERG 

∆eag, hERG ∆CNBHD, or hERG ∆eag ∆CNBHD with (B) or without (A) N-eag co-

expression.  The inset represents the voltage command protocol used.  C)  Box plots of 

the time constants of deactivation at -50mV.  Tail currents produced during the -50mV 

pulse from 60mV were fit with a double exponential function to yield the τfast (left plot) 

and τslow (right plot) time constants of deactivation.  The middle line represents the mean, 

the top and bottom lines represent the 75th and 25th percentiles, respectively, and the 

straight lines represent the 90th and 10th percentiles.  N ≥ 3 for each. 
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6.3.  Förster Resonance Energy Transfer (FRET) Reveals the CNBHD is Necessary 

for the eag/PAS Domain to Associate with the Channel 

 The previous results suggest that in channels lacking a C-terminal CNBHD, the 

eag/PAS domain is not able to associate and functionally regulate channel gating.  To test 

this, I employed FRET spectroscopy, which is the transfer of light energy from a donor 

fluorophore to an acceptor fluorophore when the two are in close proximity (1-10nm).  

Thus, FRET is a useful technique to measure inter- and intra- molecular interactions 

between two proteins (89-91).  HEK293 cells were transiently transfected with hERG 

channel constructs tagged with a Citrine (acceptor) and the N-eag fragment tagged with a 

CFP (N-eag-CFP, donor), outlined in Figure 21.  As a negative control, cells were co-

transfected with the cannabinoid-1 receptor tagged with a YFP (rCB1-YFP) and N-eag-

CFP, as was done previously (62).  Using an epifluorescence microscope (see Materials 

and Methods), fluorescent images of the cells were taken with either Citrine (Figure 23A) 

or CFP (Figure 23B) excitation.  The spectrographic input slit was then positioned and 

resized along a portion of the cell which corresponded to the plasma membrane (white 

rectangle, Figure 23A & B) so that the spectrographic image was only taken from the 

area within the slit.  Two spectrographic images were obtained, one with CFP excitation 

at 440nm (Figure 23D) and another with Citrine excitation at 488nm (Figure 23C), in 

which the Y axis represents the cell position visible through the input slit, and the X axis 

represents wavelength.  A horizontal line drawn across the spectrographic image along a 

region where the fluorescent signal comes specifically from the plasma membrane (red 

line, Figures 23C & D) yielded the emission spectrum, plotted in Figure 23E.  Similar 

spectrographic measurements were obtained from cells expressing either acceptor or  
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Figure 23.  FRET Spectroscopy Reveals that eag/PAS Domain Association with the 

Channel Requires the Presence of the CNBHD in the hERG C-terminus. 

A single HEK293 cell expressing both hERG ∆eag-Citrine and N-eag-CFP was imaged 

with A) Citrine excitation (488nm), and B) CFP excitation (440nm).  Spectrographic 

images from the region within the slit (indicated by the white rectangle) were taken with 

each excitation (C & D, respectively).  In both C and D, the X-axis represents the 

wavelength and the Y-axis represents the position of the cell within the slit.  The red 

horizontal line drawn across the spectrographic images indicates the region from which 

the emission spectra were measured, which are plotted in E.  Representative emission 

spectra from cells expressing E) hERG ∆eag-Citrine + N-eag-CFP, F) rCB1-YFP + N-

eag-CFP, or G) hERG ∆eag ∆CNBHD-Citrine + N-eag-CFP.  The dark blue trace 

represents the total emission spectrum with excitation at 440nm.  The cyan trace is the 

CFP emission with excitation at 440nm taken from cells expressing donor only (N-eag-

CFP).  The red trace represents the Citrine emission with excitation at 440nm (F440total), 

and was calculated by subtracting the cyan trace from the dark blue trace.  The green 

trace represents the Citrine emission with excitation at 488nm (F488).  The ratio of 

F440total (red trace) to F488 yielded the Ratio A value.  Ratio A0 was calculated from 

cells expressing acceptor only (Citrine or YFP constructs), and is the ratio of the F440 

emission to F488 emission.  H)  Histogram of Ratio A – Ratio A0 values, which are 

proportional to the relative FRET efficiency.  Data are plotted as mean ± SEM, and are 

also given in Table 7.  **P<0.01 v. rCB1-YFP + N-eag-CFP (ANOVA).  N = 11 for each. 
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Constructs RA-RA0 Fc/Fy N 
HERG-Cit. + HERG-CFP 0.16 ± 0.02** 1.1 ± 0.2 9 

rCB1-YFP + N-eag-CFP 0.01 ± 0.01 1.5 ± 0.1 11 

∆eag-Cit. + N-eag-CFP 0.17 ± 0.02** 1.7 ± 0.2 11 

∆eag ∆CNBHD-Cit + N-eag-CFP 0.00 ± 0.02 1.1 ± 0.1 11 

∆eag-CFP + ∆CNBHD-Cit 0.18 ± 0.02** 1.2 ± 0.1 17 

YFP-CaM1234 + N-eag-CFP 0.00 ± 0.01 1.0 ± 0.1 10 

C-linker/CNBHD-Cit + N-eag-CFP 0.12 ± 0.02** 1.1 ± 0.1 9 

C-linker/CNBHD-YFP + N-eag-CFP 0.16 ± 0.02** 1.3 ± 0.1 6 

C-linker/CNBHD-CFP + N-eag-Cit 0.17 ± 0.03** 1.1 ± 0.1 7 

C-linker/CNBHD-Cit + N-eag R56Q-CFP 0.11 ± 0.01** 1.2 ± 0.2 6 

 

Table 7.  FRET Efficiency Measurements and Fc/Fy Calculations. 

The relative FRET efficiency (Ratio A – Ratio A0) and ratio of donor to acceptor 

fluorescence (Fc/Fy) values are given as mean ± SEM (see Materials and Methods).  N 

represents the number of cells.  **P<0.01 v. rCB1-YFP + N-eag-CFP for the hERG 

channel deletion constructs or v. YFP-CaM1234 + N-eag-CFP for the hERG gene 

fragments (in the FRET Two-Hybrid assay) (ANOVA). 
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donor only.  Excitation of CFP at 440nm yielded the total emission spectrum (dark blue 

trace), which contained emission from both CFP and Citrine.  To determine the spectral 

component due to just Citrine, I subtracted the spectral component due to just CFP (cyan 

trace), which was taken from control cells expressing donor only.  This yielded the 

Citrine component from excitation at 440nm (red trace, F440total), which contained a 

component due to direct excitation of Citrine at 440nm (F440direct) as well as a potential 

FRET component (F440FRET).  To solve the FRET component, I normalized the F440total 

signal to the emission from direct excitation of Citrine at 488 nm (green trace, F488), 

which provided the Ratio A value (F440total/F488).  The direct component of Citrine 

excitation at 440nm was determined from cells expressing acceptor only, which yielded 

the Ratio A0 value (F440direct/F488).  Subtracting the Ratio A0 value from the Ratio A 

value isolated the FRET component and provided a measurement of the relative FRET 

efficiency (Figure 23H and Table 7).  Values of Ratio A – Ratio A0 greater than zero 

indicate FRET. 

 The emission spectra from cells expressing hERG ∆eag-Citrine + N-eag-CFP, 

hERG ∆eag ∆CNBHD-Citrine + N-eag-CFP, or rCB1-YFP + N-eag-CFP are shown in 

Figures 23E-G, respectively.  Calculating the relative FRET efficiency for each revealed 

a positive and significant (p<0.01 v. rCB1-YFP + N-eag-CFP) FRET signal in cells 

expressing hERG ∆eag-Citrine + N-eag-CFP, but not in cells expressing hERG ∆eag 

∆CNBHD-Citrine + N-eag (Figure 23H and Table 7).  In cells expressing rCB1-YFP + 

N-eag-CFP, as a negative control, I did not detect a FRET signal.  It is important to note 

that the donor to acceptor ratio (Fc/Fy) were similar, indicating that the lack of FRET 

observed was not due to a low ratio of donor to acceptor (Table 7).  These results 



107 

 

demonstrate that eag/PAS domain is in close proximity to hERG channels at the cell 

surface only when the CNBHD is intact in the C-terminus.  This suggests that the 

CNBHD is necessary for the eag/PAS domain to associate with the channel and that the 

CNBHD may be a potential site of interaction for the eag/PAS domain. 

6.4.  The eag/PAS Domain Directly Interacts with the CNBHD 

 To test the CNBHD as a direct site of interaction for the eag/PAS domain, I 

utilized a FRET-based peptide hybridization assay, referred to as FRET Two-Hybrid, 

developed by D. Yue (96).  In this method, cells were transfected with a “bait” construct 

tagged with a CFP and a “prey” construct tagged with a Citrine, and probed for FRET.  

This method offers several advantages to determine specific domain-domain interactions:  

1) direct interactions between two protein domains is measured in the in situ mammalian 

cellular environment, providing a sort of “biological cuvette” for an interaction to occur 

and in turn, providing a low false-positive rate, 2) several combinations of potential 

interacting partners can be tested by creating different prey constructs, allowing one to 

focus in on specific domains, 3) attaching fluorescent probes to smaller protein domains 

yields a low false-negative rate due to the fact that typical limiting factors of FRET 

sensitivity, including fluorophore distance and orientation, are overcome when attached 

to small protein domains. 

 To test for a direct interaction between the eag/PAS domain and the CNBHD, I 

transfected cells with N-eag-CFP (bait) and C-linker/CNBHD tagged with either Citrine 

or YFP (prey), outlined in Figure 21.  The C-linker was included along with the CNBHD 

based on previous analyses of the CNBHD from HCN2, zELK and mEAG that the C-

linker may interact with and form a larger domain with the CNBHD, and thus may also 
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be important (72-74, 97).  Using the approach described above (see Section 6.3 and 

Materials and Methods), I measured the emission spectrum of cells expressing bait and 

prey, and calculated the relative FRET efficiency.  The emission spectrum of C-

linker/CNBHD-Citrine + N-eag-CFP is shown in Figure 24B.  As a negative control, I 

co-expressed N-eag-CFP with the Ca2+-insensitive mutant CaM tagged with a YFP (YFP-

CaM1234) (83, 98), and its emission spectrum is shown in Figure 24A.  I observed a 

positive and significant FRET signal between C-linker/CNBHD-Citrine and N-eag-CFP 

domains (p<0.01 v. YFP-CaM1234 + N-eag-CFP), whereas there was no FRET observed 

between YFP-CaM1234 and N-eag-CFP (Figure 24C and Table 7).  To determine whether 

having a different acceptor fluorophore tagged to the C-linker/CNBHD compared to the 

CaM1234 had any effect on the FRET signal, I tested the N-eag-CFP with C-

linker/CNBHD tagged with a YFP (C-linker/CNBHD-YFP).  I found that there was a 

similar level of FRET (p<0.01 v. YFP-CaM1234 + N-eag-CFP) that was not significantly 

different from N-eag-CFP co-expressed with C-linker/CNBHD-Citrine.  Switching the 

fluorophores between the two domains so that N-eag was tagged with Citrine (N-eag-

Citrine) and C-linker/CNBHD was tagged with CFP (C-linker/CNBHD-CFP) similarly 

revealed a significant FRET signal (p<0.01 v. YFP-CaM1234 + N-eag-CFP), 

demonstrating that any potential variations in fluorophore orientation do not reduce the 

FRET signal. 
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Figure 24.  FRET Two-Hybrid Reveals that the eag/PAS Domain Directly Interacts 

with the CNBHD. 

Representative emission spectra from cells expressing the bait-prey pairs A) YFP-

CaM1234 + N-eag-CFP or B) C-linker/CNBHD-Citrine + N-eag-CFP.  The dark blue trace 

represents the total emission spectrum with 440nm excitation.  The cyan trace represents 

the CFP emission with 440nm excitation taken from cells expressing “bait” only (N-eag-

CFP).  The red trace is the subtracted spectrum (difference between the dark blue and 

cyan traces) and represents the Citrine emission with 440nm excitation.  The green trace 

represents Citrine emission with 488nm excitation.  C)  Histogram of Ratio A – Ratio A0 

values of each bait-prey pair.  Data are plotted as mean ± SEM, and are given in Table 7.  

**P<0.01 v. YFP-CaM1234 + N-eag-CFP (ANOVA).  N ≥ 6 for each. 
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Previously, it was shown that point mutations within the eag/PAS domain caused 

a reduction of FRET between the eag/PAS domain and an N-truncated hERG channel 

(hERG ∆N) in Xenopus oocytes (62), suggesting the interaction may be weakened.  To 

test this using the FRET Two-Hybrid assay, I introduced the LQT2 mutation, R56Q, into 

the N-eag gene fragment (N-eag R56Q-CFP) and probed for FRET with C-

linker/CNBHD-Citrine.  I found that N-eag R56Q-CFP + C-linker/CNBHD-Citrine did 

not cause any significant change in the FRET signal (Figure 24C and Table 7), 

suggesting that in these recording conditions, the R56Q point mutation in the eag/PAS 

domain is not sufficient to disrupt the interaction between the eag/PAS domain and 

CNBHD.  Taken together, these results indicate that the eag/PAS domain forms a direct 

and specific interaction with the CNBHD in a live cell environment, which cannot be 

disrupted by the introduction of the point mutation R56Q.  These findings further support 

the notion that the CNBHD is the primary interacting partner for the eag/PAS domain to 

associate with the channel. 

6.5.  hERG ∆eag and hERG ∆CNBHD Form Heterotetrameric Channels 

 Based on my findings that 1) an intact CNBHD in the C-terminal tail is essential 

for the eag/PAS domain to regulate gating, and 2) eag/PAS domains and CNBHDs 

directly interact as measured by FRET spectroscopy, I reasoned that eag/PAS domains 

and CNBHDs from different subunits may form intersubunit interactions to regulate 

channel gating.  To test this, I co-expressed hERG ∆eag and hERG ∆CNBHD channels in 

HEK293 cells.  Representative ionic currents from WT hERG, hERG ∆eag, hERG 

∆CNBHD, and hERG ∆eag + hERG ∆CNBHD are shown in Figure 25A.   
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Figure 25.  hERG ∆eag and hERG ∆CNBHD Subunits Form Heterotetrameric 

Channels. 

A)  Representative current recordings from cells expressing WT hERG, hERG ∆eag, 

hERG ∆CNBHD, or hERG ∆eag + hERG ∆CNBHD.  The voltage command protocol 

used to elicit the ionic currents is shown.  B)  Box plot of time constants of deactivationat 

-50mV.  Tail currents produced during the -50mV pulse from 60mV were fit with a 

double exponential function to yield the τfast (top plot) and τslow (bottom plot) time 

constants of deactivation.  **P<0.01 v. WT hERG (ANOVA).  N ≥ 4 for each.  

Representative emission spectra from cells expressing C) hERG-Citrine + hERG-CFP or 

D) hERG ∆CNBHD-Citrine + hERG ∆eag-CFP.  In both C and D, the emission spectra 

are color-coded as follows:  dark blue trace, total emission with 440nm excitation; cyan 

trace, CFP emission with 440nm excitation; red trace, subtracted spectrum (difference 

between the cyan and the dark blue traces), which contains Citrine emission with 440nm 

excitation; green trace, Citrine emission with 488nm excitation.  E)  Histogram of the 

Ratio A – Ratio A0 values.  Data are plotted as mean ± SEM, and are given in Table 7.  

**P<0.01 v. rCB1-YFP + N-eag-CFP (ANOVA).  N ≥ 9 for each. 
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I found that, when hERG ∆eag and hERG ∆CNBHD were co-expressed, the deactivation 

kinetics were markedly slowed to values that were not different from those for WT hERG 

channels.  In comparison, hERG ∆eag or hERG ∆CNBHD expressed individually each 

exhibited significantly faster deactivation kinetics (p<0.01 v. WT hERG; Figure 25B).  

Interestingly, I also observed an increase in the apparent inactivation when hERG ∆eag 

and hERG ∆CNBHD were co-expressed compared to both WT hERG and either hERG 

∆eag or hERG ∆CNBHD expressed individually (Figure 25A).  This finding suggests 

that inactivation gating may be dependent on the formation of an intersubunit interaction 

between the eag/PAS domain and the CNBHD; however, further work needs to be done 

to explore this mechanism. 

To determine if hERG ∆eag and hERG ∆CNBHD were forming heterotetramers, I 

used FRET spectroscopy to test for physical proximity between the two subunits.  Using 

the approach described previously (see Section 6.3 and Materials and Methods), I co-

expressed in HEK293 cells hERG ∆CNBHD channels tagged with a Citrine (hERG 

∆CNBHD-Citrine, acceptor) with hERG ∆eag channels tagged with a CFP (hERG ∆eag-

CFP, donor) and measured the emission spectrum (Figure 25D).  As a positive control, I 

measured the emission spectrum from cells expressing hERG-Citrine and hERG-CFP, 

which form tetramers and thus exhibit FRET (Figure 25C).  I recognize that it is possible 

that there may be some population of channels that are homotetrameric (hERG-Citrine 

with hERG-Citrine or hERG-CFP with hERG-CFP), from which there would be no 

FRET.  However, I expect that the cell would express a mixed population of both 

homotetrameric and heterotetrameric (hERG-Citrine with hERG-CFP) channels, which 

would yield a substantial FRET signal, thus providing a positive control for these 



115 

 

experiments.  I found that hERG ∆CNBHD-Citrine co-expressed with hERG ∆eag-CFP 

exhibited a positive and significant FRET signal (p<0.01 v. rCB1-YFP + N-eag-CFP) as 

indicated by a relative FRET efficiency that was not significantly different from hERG-

Citrine plus hERG-CFP (Figure 25E and Table 7).  Together, these results suggest that 

hERG ∆eag and hERG ∆CNBHD subunits form heterotetrameric channels, where the N-

terminal eag/PAS domain of the hERG ∆CNBHD subunit makes a direct intersubunit 

interaction with the C-terminal CNBHD of the hERG ∆eag subunit, thereby producing 

channels with deactivation kinetics that are not different from WT hERG channels. 

6.6.  Discussion 

 In this aim, I present evidence for a direct interaction between the N-terminal 

eag/PAS domain and the C-terminal CNBHD, and show that this interaction is necessary 

for eag/PAS domain-dependent regulation of channel gating.  My results show that, in 

HEK293 cells, hERG channels lacking a CNBHD exhibited accelerated deactivation 

kinetics similar to those seen when the eag/PAS domain is deleted.  Further, I show that 

the N-eag gene fragment is unable to functionally regulate gating in channels lacking a 

CNBHD.  I demonstrate through FRET spectroscopy measurements that the eag/PAS 

domain is only able to interact with hERG channels containing an intact CNBHD in the 

C-terminus.  My findings from this study corroborate well with the work done previously 

by our lab in Xenopus oocytes (28).  In a model I propose to explain my results, the 

eag/PAS domain forms a direct interaction with the C-terminal CNBHD so that the Cap 

region of the eag/PAS domain (amino acids 1-25) is oriented toward the distal end of the 

CNBHD (Figure 26A).   
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Figure 26.  Proposed Mechanism of eag/PAS Domain Interaction with the C-

terminal CNBHD. 

The N-terminal eag/PAS domain interacts with the C-terminal CNBHD of an adjacent 

hERG subunit so that A) the Cap region is oriented toward the C-terminal end of the 

CNBHD or B) the Cap region is oriented toward the channel gate.    



117 

 

This model is similar to that previously proposed by Muskett, et al. (58).  In their model, 

the eag/PAS domain interacts with the hydrophobic surface of the CNBHD where the 

Cap region binds charged residues within a cleft formed by adjacent CNBHDs.  

Alternatively, the eag/PAS domain could directly interact with the CNBHD so that the 

Cap region is positioned up toward the channel gate (Figure 26B).  In either arrangement, 

I propose that the C-terminal CNBHD is an essential site of interaction for the eag/PAS 

domain, which is necessary for eag/PAS domain regulation of channel gating. 

 In these studies, I used the FRET Two-Hybrid technique to test for a direct and 

specific interaction between the eag/PAS domain and the CNBHD (96).  Using this 

technique, I found that isolated eag/PAS domains and CNBHDs directly interact in a 

mammalian expression system, which was not disrupted by the presence of an LQT2 

mutation in the eag/PAS domain.  As outlined before, this approach offers several 

advantages to test for direct interactions between specific protein domains over other 

traditional protein interaction assays.  First, the experimental setup is performed in a 

cellular environment, thereby maintaining the intracellular milieu necessary for an 

interaction to occur.  Therefore, any interaction that occurs between isolated protein 

domains (as measured by a FRET signal) can be interpreted as likely to occur when in the 

full protein sequence.  Thus, FRET Two-Hybrid also provides a low false-positive rate.  

Additionally, there is a low false-negative rate as compared to other FRET measurements 

testing for interactions between larger proteins.  This is because, by attaching a 

fluorophore to small protein domains, the dependency of FRET sensitivity on variables 

such as fluorophore orientation and distance is greatly reduced.  Therefore, my findings 

using FRET Two-Hybrid, which demonstrate that the eag/PAS domain directly interacts 
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with the CNBHD, provide strong evidence that establish the CNBHD as the likely 

primary site of interaction for the eag/PAS domain. 

 Here, I show that eag/PAS domains in one subunit can form a direct interaction 

with CNBHDs in another subunit, providing evidence for the formation of 

heterotetrameric hERG channels with intersubunit interactions.  I demonstrate that hERG 

∆eag subunits co-expressed with hERG ∆CNBHD subunits, each of which exhibits fast 

deactivation kinetics on its own, exhibited slow deactivation kinetics that were similar to 

WT hERG channels.  Further, I demonstrate that hERG ∆eag and hERG ∆CNBHD 

subunits directly interact as measured by FRET spectroscopy, providing evidence for the 

formation of heterotetrameric channels.  These results suggest that the N-terminal 

eag/PAS domain in hERG subunits lacking a CNBHD (hERG ∆CNBHD) and the 

CNBHD in hERG subunits lacking an eag/PAS domain (hERG ∆eag) are capable of 

coming together to reconstitute a functional “full-length” hERG channel.  Surprisingly, I 

observed an apparent increase in channel inactivation when hERG ∆eag and hERG 

∆CNBHD subunits were co-expressed.  Interestingly, this phenomenon was not seen in 

full-length hERG channels which contain all the necessary components that could elicit 

this effect.  Though it is not clear why this may occur, there are a few possible 

explanations.  First, even though all of the hERG channel constructs studied here contain 

the S620T point mutation, which disrupts channel inactivation, removal of inactivation 

by this mutation is not complete (31).  Therefore, it is possible that residual inactivation 

in each of the hERG subunits becomes more apparent when the two subunits 

heterotetramerize.  Another possible explanation is that both the eag/PAS domain and the 

CNBHD have been implicated in hERG channel inactivation (7, 25, 27, 75, 99).  Perhaps 
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the eag/PAS domain, the CNBHD and/or potentially some other yet unidentified 

region(s) of the channel are all together responsible for regulating channel inactivation.  It 

is possible that the formation of an intersubunit interaction facilitates the mechanism of 

channel inactivation.  Finally, it is also possible that this observed increase in apparent 

inactivation I see is some combination of both of these possible explanations.  It is clear 

that future studies investigating the mechanism of inactivation and the potential role(s) of 

each of these domains are needed. 

 The results from my work indicate that the eag/PAS domain and the CNBHD are 

both necessary for slow deactivation to occur.  However, several groups have proposed 

other cytoplasmic regions/domains of the channel may also be involved, included the S4-

S5 linker (4, 30, 56, 63, 71).  This notion is supported by my findings from Specific Aim 

2 which indicate that the S4-S5 linker is likely important in the eag/PAS domain-

dependent regulation of channel deactivation.  However, my findings also demonstrate 

that the S4-S5 linker is not necessary for the eag/PAS domain to associate with the 

channel.  Furthermore, the findings from this study indicate that the presence of an intact 

S4-S5 linker in the hERG channel is not sufficient for eag/PAS domain regulation of 

gating if the channel is lacking a CNBHD.  Therefore, it is likely that the hERG channel’s 

slow deactivation kinetics are controlled by a coordinated involvement of the eag/PAS 

domain, the CNBHD and the S4-S5 linker, as illustrated in Figure 26B.  Further 

investigation needs to be done to elucidate this mechanism and the precise role of each 

domain. 
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VII.  Conclusions and Future Directions 
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7.1.  Summary 

 The hERG potassium channel plays a critical role in cardiac repolarization due to 

its unique slow deactivation kinetics (5, 8).  Loss of function in hERG caused by 

inheritable mutations leads to the development of Long QT Syndrome Type 2 (LQT2).  

While it is well established that the N-terminal eag/PAS domain is responsible for the 

channel’s slow deactivation gating, the precise mechanisms by which the domain 

regulates gating was unclear.  In this work, I investigated the mechanisms by which the 

eag/PAS domain regulates gating, including other regions/domains proposed to be 

involved, as well as the functional effects of LQT2 mutations in the eag/PAS domain.  

My findings demonstrate that 1) the eag/PAS domain regulates channel gating through a 

combination of direct (with the C-terminal CNBHD) and allosteric (with the S4-S5 

linker) interactions, and 2) LQT2 mutations located in the eag/PAS domain disrupt this 

mechanism, producing channels with gating-deficiencies that can be rescued by 

replacement of the eag/PAS domain.  Altogether, my findings provide a greater 

understanding of the overall role of the eag/PAS domain in hERG channel gating, as well 

as reveal information on the structure-function relationship of the eag/PAS domain. 

7.2.  Proposed Mechanism 

 From the work outlined here, I was able to develop a model for how the eag/PAS 

domain associates with the channel and transmits its gating signal.  Using a combination 

of electrophysiology and FRET, including the FRET Two-Hybrid assay, my results 

indicate 1) the C-terminal CNBHD is the primary site of interaction for the eag/PAS 

domain, 2) the LQT2 mutation R56Q in the eag/PAS domain was not sufficient to break 

the eag/PAS domain-CNBHD interaction, and 3) the S4-S5 linker is not required for 
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eag/PAS domain interaction with the channel, though it is required for eag/PAS domain-

dependent regulation of channel gating.  Therefore, I propose that the eag/PAS domain 

forms a direct and tight interaction with the CNBHD, positioning it under the channel 

gate, and orienting the Cap region (amino acids 1-25) of the eag/PAS domain toward the 

gating machinery to transmit the gating signal (see Figure 26B).  Previous work has 

proposed that the Cap region is the essential component required to regulate slow 

deactivaton, and that residues in the Cap region may be in close proximity to residues in 

the S4-S5 linker (4, 25, 29, 59, 61, 63, 71).  Therefore, future experiments can work to 

elucidate the precise role of the Cap region in regulating channel deactivation.   

7.3.  Structure-Function of the EAG/PAS Domain 

 One of the key findings from my studies was the identification of a region on the 

eag/PAS domain structure, the “gating face,” that I found is important in channel gating 

(see Figure 14A).  Coupled with my findings that the eag/PAS domain directly interacts 

with the CNBHD, as well as previously proposed models (27, 58), I propose that the 

eag/PAS domain interacts with the CNBHD where the gating face of the eag/PAS 

domain and the hydrophobic band on the surface of the CNBHD are the interface for the 

domain-domain interaction.  Though I found that a single LQT2 point mutation in the 

eag/PAS domain (R56Q), which exhibited the most profound effects on channel gating, 

was not sufficient to disrupt the tight eag/PAS domain-CNBHD interaction, it would be 

interesting to know whether other LQT2 mutations located in either the eag/PAS domain 

or the CNBHD could disrupt this interaction.  Determining whether LQT2 mutations can 

disrupt the eag/PAS domain-CNBHD interaction, and which ones, can provide an 

additional structural explanation for the loss of hERG function in LQT2. 
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7.4.  Implications for LQT2 

 Here, I investigated the functional effect of LQT2 mutations located in the 

eag/PAS domain.  I found that most hERG channels containing LQT2 mutations in the 

eag/PAS domain were not trafficking-deficient, but rather produced measurable currents 

at the cell surface and were detectable by cell-surface biotinylation.  My findings were 

confirmed by a recent investigation of LQT2 mutations in the eag/PAS domain (100).  

They found that most of the LQT2 mutations they studied did not induce trafficking-

deficiencies, similar to my results.  They also showed that the hERG-specific pore 

blocker, E4031, which has been employed to rescue trafficking-deficient mutant hERG 

channels, does not rescue the trafficking-deficient mutant channels they studied, though 

incubation at lower culture temperatures (27oC) did (45, 46, 66, 87).  In this work, I 

present a novel method for rescuing LQT2 mutant channels.  I found that replacement of 

the mutant eag/PAS domain with a WT eag/PAS domain (NPAS) rescued the gating-

deficient hERG PAS-LQT2 channels I studied.  Recently, the notion of using biological 

alternatives, such as gene therapy, as treatment options for arrhythmogenic diseases like 

LQT2 was explored (88).  Therefore, my findings show that NPAS is a useful tool for 

rescuing gating-deficient mutant hERG channels, and I propose that NPAS may be a 

potential biological therapeutic for LQT2.  Future experiments could investigate the 

gating-deficient LQT2 mutant channels and rescue by NPAS in a more native system, 

such as neonatal cardiomyocytes (101, 102) or human induced pluripotent stem cell-

derived cardiomyocytes (103, 104).  Additionally, because the Cap region is proposed to 

be the essential component for the regulation of slow deactivation, it would be interesting 
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to test the functional effect of LQT2 mutations in the Cap region and whether NPAS 

could rescue the disease phenotype in those mutant channels. 

7.5.  Implications for the KCNH Family of Potassium Channels 

 My findings from this work go beyond the scope of hERG channels, but also can 

shed light on other proteins in the KCNH family of channels.  As outlined in the Sections 

1.1 and 1.4, a common feature of members of the KCNH family is the conserved “eag” 

domain in the N-terminal region (see Figure 1) (1, 3).  By understanding the gating 

mechanisms and structure-function relationship of the hERG eag/PAS domain, one can 

hope to gain greater insight into the role of the eag/PAS domain in ELK or EAG 

channels.  For example, mELK channels exhibit inactivation properties that are 

intermediate of hERG (rapid and strongly rectifying) and mEAG (noninactivating and 

little or no rectification) (105).  Therefore, it is reasonable to propose that the eag/PAS 

domain of mELK channels may play a role in channel inactivation.  Similarly, members 

of the KCNH family also contain a cyclic nucleotide-binding homology domain 

(CNBHD) in the C-terminal region (1, 3).  My results describe a specific and direct 

interaction between the hERG eag/PAS domain and the C-terminal CNBHD, and this 

finding may shed light on potential eag/PAS domain-CNBHD interactions in other eag 

channels.  Interestingly, the eag/PAS domain was proposed to interact with the CNBHD 

in hEAG channels, which may be important for channel function (106).  Therefore, it is 

possible that an eag/PAS domain-CNBHD interaction is conserved within the KCNH 

family of proteins. 
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7.6.  Implications for the Role of hERG in the Brain 

 In the same way that my findings from these studies can shed light on other 

KCNH potassium channels, it also can shed light on the role of hERG in the brain.  My 

findings help us to better understand the role and the disease phenotype of hERG in the 

heart; however, the role of hERG in the brain is less well understood.  Recent evidence 

indicates that there are two neuronal-specific isoforms of hERG in the brain – hERG2 

and hERG3 – as well as two splice variants of hERG which contain truncated N-terminal 

regions – hERG1b and hERG1-3.1 (12, 107-109).  Previous reports indicate that hERG 

and hERG1b form heterotetrameric channels in the heart (110).  It is possible that hERG 

also forms heterotetrameric channels with either of the hERG isoforms and/or the splice 

variants in neuronal cells, which could elicit slightly different gating properties.  

Understanding the role of the eag/PAS domain in hERG channel gating may shed light on 

the functional role of heterotetrameric hERG channels in the brain, with potentially 

different numbers of eag/PAS domains.  Additionally, previous studies have proposed a 

link between LQT2 and epilepsy (111, 112).  Therefore, investigating the functional 

effects of LQT2 mutations in the hERG channel may help to shed light on potential 

causes of epileptic seizures.  Future studies could work toward understanding the role of 

hERG in the brain, including the biophysical properties of heterotetrameric hERG 

channels consisting of the different hERG isoforms and/or splice variants, as well as the 

channel’s potential disease-causing role in the brain. 

7.7.  Overall Conclusions 

 In summary, my results indicate that eag/PAS domain-dependent regulation of 

hERG channel gating occurs through a coordinated involvement of the eag/PAS domain 



126 

 

with the C-terminal CNBHD and the S4-S5 linker.  In my model, the eag/PAS domain 

interacts with the CNBHD and transmits its gating signal to the channel gate potentially 

through the S4-S5 linker.  I also demonstrate that LQT2 mutations in the eag/PAS 

domain primarily cause defects in hERG channel gating, and reveal a putative “gating 

face.”  I provide a novel approach to rescue gating-deficient hERG channels, presenting a 

potential biological therapeutic for LQT2.  Overall, this work provides a greater 

understanding of the structure-function relationship of hERG channels, particularly at the 

level of the eag/PAS domain, as well as insight into the disease phenotype of LQT2. 
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