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ABSTRACT 
 
 

Title of Dissertation: Elucidating the Molecular Mechanisms of Gating of Human ether-

á-go-go Related Gene Potassium Channels 

 

Ahleah Suzanne Gustina, Doctor of Philosophy, 2012 

 

Dissertation directed by: Matthew C. Trudeau, Ph.D. 

    Assistant Professor 

    Department of Physiology 

 

The human ether-á-go-go related gene (hERG) potassium channel is a key component of 

the repolarization of the ventricular action potential and a modulator of neuronal 

excitability.  The N-terminal regions of hERG are known to contribute to the modulation 

of inactivation and deactivation gating; however, the specific contributions of N-terminal 

domains and the mechanism of modulation have not been determined.  The data 

presented here demonstrate a key modulatory role by an N-terminal region through 

interaction with an intracellular C-terminal domain.  Using a genetically encoded ether-á 

go-go/Per-Arnt-Sim (eag/PAS) domain fragment and FRET spectroscopy, we showed 

that the eag/PAS domain was the primary determinant of deactivation gating and was 

able to form a stable interaction with N-truncated channels and to compensate for 

eag/PAS domain mutations in full length channels.  We hypothesized that the C-terminal 

cyclic nucleotide binding domain (CNBD) was a site of interaction of the eag/PAS 

domain.  CNBD-deleted channels were shown to have abnormal deactivation gating, 



 

similar to that seen with N-terminal region-deleted channels.  A protein interaction 

experiment showed direct binding between the eag/PAS domain and a C-linker/CNBD 

protein.  This interaction was demonstrated to occur between adjacent subunits of the 

hERG channel.  To further investigate the role of N-terminal domains in gating, we 

probed N-terminal region deleted channels with eag/PAS and proximal domain 

fragments, and determined that the eag/PAS domain is also a key regulator of hERG 

rectification and inactivation properties; whereas, the proximal domain is involved only 

in steady-state activation gating.  Together, our data indicate that the eag/PAS domain is 

a key modulator of hERG gating that functions to modulate gating by a direct interaction 

with the CNBD. 
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Introduction 

  The human ether-á-go-go related gene (hERG, KV11.1) was originally cloned 

from a human hippocampus cDNA library based on homology to mammalian ether-á-go-

go (eag) potassium (K+) channels (Warmke, J.W. and Ganetzky, B., 1994).  As with other 

voltage-activated K+ channels, four hERG subunits assemble to form a tetrameric channel 

(Doyle, D.A. et al., 1998).  hERG subunits have six transmembrane domains with a re-

entrant pore loop, and large cytoplasmic N- and C-terminal regions (Figure 1A) (Doyle, 

D.A. et al., 1998). 

 

Role of hERG in the Heart and Brain 

  hERG is expressed in a variety of tissues, including the heart and brain (Warmke, 

J.W. and Ganetzky, B., 1994; Curran, M.E. et al., 1995; Wymore, R.S. et al., 1997).  The 

role of hERG in the heart is well-characterized: hERG encodes the IKr current, which 

contributes to the repolarization of the late phase of the ventricular action potential 

(Sanguinetti, M.C. and Jurkiewicz, N.K., 1990; Sanguinetti, M.C. et al., 1995; Trudeau, 

M.C. et al., 1995).  Mutations in hERG channels are linked to type II long QT syndrome 

(LQTS), a disorder typified by a prolongation of the cardiac action potential, early after-

depolarizations, and torsades de pointes arrhythmias (Romano, C., 1965; Schwartz, P.J. et 

al., 1975; Vincent, G.M. et al., 1992; Curran, M.E. et al., 1995; Roden, D.M., 2006).  

Over 300 LQTS-causing hERG mutations have been identified to date 

(http://www.fsm.it/cardmoc/).   LQTS  can  also  present  with an acquired form, which is 
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Figure 1.  hERG channel topology and representative current.  (A) Schematic of the 

hERG K+ channel with regions of interest indicated.  The PAS domain (amino acids 26-

135) is shown in red and the cap region (amino acids 1-25) is shown in blue.  Together 

these comprise the eag domain (amino acids 1-135).  The cyclic nucleotide binding 

domain is shown in grey.  (B) Representative hERG channel current from channels 

expressed in oocytes in response to the pulse protocol indicated.  With a depolarizing 

step, the channels open and then rapidly inactivate.  Upon repolarization, the channels 

rapidly recover from inactivation, passing through the open state before slowly closing.  

The dotted line represents zero current. 
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associated with drug inhibition of hERG channels (Sanguinetti, M.C. et al., 1995; 

Mitcheson, J.S. et al., 2000).   

 In the brain, hERG channels are expressed in multiple regions, including the 

cerebral cortex, cerebellum, hippocampus, and thalamus, though their roles are less 

clearly defined (Saganich, M.J. et al., 2001; Guasti, L. et al., 2005).  In patients with type 

II LQTS, a higher incidence of seizures is observed when compared with other forms of 

Long QT Syndrome, suggesting involvement of hERG in neuronal excitability (Johnson, 

J.N. et al., 2009).  Mammalian ERG plays a role in spike frequency adaptation in cultured 

neurons, and ERG is involved in membrane excitability in medial vestibular nucleus 

neurons and firing frequency adaptation in cerebellar Purkinje cells, with block of hERG 

causing hyper-excitability or reduced adaption in these cells (Chiesa, N. et al., 1997; 

Sacco, T. et al., 2003; Canavier, C.C. et al., 2007; Pessia, M. et al., 2008; Shepard, P.D. 

and Trudeau, M.C., 2008).  A primate-specific ERG isoform is also associated with 

schizophrenia (Huffaker, S.J. et al., 2009).  Together, these data suggest a role for hERG 

in neuronal function and mental illness in addition to its well defined role in the heart. 

 

hERG Gating Properties 

The voltage-dependent opening and closing (activation and deactivation gating) 

properties of hERG are somewhat unique for K+ channels.  In response to depolarization, 

hERG channels activate relatively slowly, but inactivate rapidly, and conduct a relatively 

small amount of outward current (Figure 1B). However, in response to subsequent 

repolarization, hERG recovers rapidly from inactivation and then closes, or deactivates, 

very slowly, and consequently conducts a relatively large outward current (Figure 1B).  
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In the heart, ventricular action potentials have a rapid rise and long plateau phase, 

suggesting that the majority of hERG current is conducted during the repolarization phase 

of ventricular cardiac action potentials (Trudeau, M.C. et al., 1995; Smith, P.L. et al., 

1996; Spector, P.S. et al., 1996; Wang, S. et al., 1997).  Thus, the unique kinetics of 

hERG channels are perfectly tuned for their repolarizing role in the heart (DiFrancesco, 

D. and Noble, D., 1985; Sanguinetti, M.C. and Jurkiewicz, N.K., 1990).  

Similar to other voltage-activated K+ channels, voltage-dependent activation and 

deactivation gating in hERG channels is mediated by the charged voltage-sensor domain 

(VSD) located in transmembrane segments S1-S4 (Figure 1A) (Nakajima, T. et al., 1999; 

Hille, B., 2001; Smith, P.L. and Yellen, G., 2002; Subbiah, R. et al., 2004; Zhang, M. et 

al., 2004; Piper, D.R. et al., 2005).  Movement of the VSD is thought to open a channel 

gate located in the lower S6 transmembrane region that controls access to the pore (Liu, 

Y. et al., 1997; Doyle, D.A. et al., 1998).  Interactions of the intracellular S4-S5 linker 

with the lower S6 of hERG couple the movement of the VSD to the opening and closing 

of the gate during channel activation and deactivation (Sanguinetti, M.C. and Xu, Q.P., 

1999; Tristani-Firouzi, M. et al., 2002; Ferrer, T. et al., 2006; Van Slyke, A.C. et al., 

2010; Ng, C.A. et al., 2012).  hERG channels also have a type of inactivation gating 

which is perturbed by mutations at the outer mouth of the pore region (Smith, P.L. et al., 

1996; Herzberg, I.M. et al., 1998), similar to the C-type inactivation mechanism 

described in Shaker K+ channels (Hoshi, T. et al., 1991).  Voltage-dependent gating in 

hERG channels is regulated by the intracellular N-terminal domain of the channel, as 

channels with deletions of N-terminal regions (hERG ∆2-138, hERG ∆2-354, or hERG 

∆2-373) had deactivation kinetics that were accelerated ≈5-fold compared to deactivation 



 

 7 

in wild-type hERG (Schonherr, R. and Heinemann, S.H., 1996; Morais Cabral, J.H. et al., 

1998; Wang, J. et al., 1998; Wang, J. et al., 2000).  Channels with an N-terminal region 

deletion (hERG ∆2-354) also had slower inactivation gating compared to wild-type 

(Spector, P.S. et al., 1996; Wang, J. et al., 1998).  N-terminal regulation of activation was 

seen with deletions which included a cluster of charged amino acids (KIKER; amino 

acids 362-366) just before the start of the S1 transmembrane domain, which yielded a 

large leftward shift in the steady-state activation curve, but no change in activation rate 

(Viloria, C.G. et al., 2000).  

   

N-terminal Domains of hERG 

hERG and other members of the eag family of channels are structurally distinct 

from other KV channels because they have a conserved “eag” domain encoded by amino 

acids 1-135 in the N-terminal region (Figure 1A) (Warmke, J.W. and Ganetzky, B., 

1994).  The structure of the hERG eag domain was solved by X-ray crystallography, and 

revealed that amino acids 26-135 were a Per-Arnt-Sim (PAS) homology domain (Figure 

2, yellow) (Morais Cabral, J.H. et al., 1998).  The PAS domain was found to contain five 

antiparallel β-sheets flanked by 3 α-helices and appeared to be a monomer, although 

earlier work suggested that PAS could assemble into an oligomer (Li, X. et al., 1997).  

The first 25 amino acids were present in the crystallized protein, but were presumed to be 

disordered due to the lack of obtainable structure.  Recently, several groups have 

obtained Nuclear Magnetic Resonance (NMR) solution structures for the entire eag/PAS 

domain, including the first 25 amino acids (Li, Q. et al., 2010; Muskett, F.W. et al., 2011; 

Ng, C.A. et al., 2011).   The  PAS  domain  part  of  the  structures  solved  with  NMR  
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Figure 2.  eag/PAS domain structures.  (A) Ribbon diagram and (B) protein backbone 

overlays of the eag/PAS domain structures. The crystal structure from Morais Cabral et 

al. 1998 is shown in yellow and representative NMR structures are shown in green (Li et 

al. 2010), blue (Muskett et al. 2010), and red (Ng et al. 2011).  The N-terminal disordered 

region and α-helix identified in the NMR structures move independently of the remainder 

of the structure.  Image was created using pymol (www.pymol.org). 

  

http://www.pymol.org/
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demonstrates good alignment and general agreement with the structure solved by X-ray 

crystallography (Figure 2).   The NMR data also provided the first  structural information 

about amino acids  1-25 of  the eag  domain, which  cap  the  PAS domain (Figure 1A).   

All three  NMR structures identified the N-terminal region Cap as an amphipathic helix 

between amino acids 13 and 23 and a disordered region between amino acids 1 and 12 

that were highly mobile in relation to each other and the PAS domain (Figure 2) (Li, Q. et 

al., 2010; Muskett, F.W. et al., 2011; Ng, C.A. et al., 2011).  Dynamic Cap regions that 

are located N-terminally and adjacent to PAS domains are found in several other PAS 

domain-containing proteins (Pellequer, J.L. et al., 1998; Taylor, B.L. and Zhulin, I.B., 

1999; Rajagopal, S. et al., 2005; Moglich, A. et al., 2009). 

The eag/PAS domain is necessary for regulation of deactivation gating in hERG 

channels.  Channels with deletions of the eag/PAS domain (hERG ∆2-138) had fast 

deactivation kinetics that were indistinguishable from those measured in channels with 

deletions of most of the N-terminal region (hERG ∆2-354 or hERG ∆2-373) (Schonherr, 

R. and Heinemann, S.H., 1996; Morais Cabral, J.H. et al., 1998; Wang, J. et al., 1998; 

Wang, J. et al., 2000), meaning that regulation of deactivation was localized to the 

eag/PAS domain.  Of the forty-five eag/PAS domain mutations linked to LQTS, twelve 

were characterized with electrophysiological recordings (K28E, F29L, I31S, N33T, 

G53R, R56Q, T65P, C66G, H70R, A78P, L86R, and M124R) and were found to have 

speeding in deactivation gating compared to wild-type channels (Figure 3) (Chen, J. et 

al., 1999; Paulussen, A. et al., 2002; Rossenbacker, T. et al., 2005; Shushi, L. et al., 2005; 

Gianulis, E.C. and Trudeau, M.C., 2011).  The altered kinetics of one hERG eag/PAS 

domain mutant channel, hERG R56Q, were shown to prolong the ventricular action
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Figure 3.  eag/PAS domain residues involved in LQTS and gating.  (A) A space-

filling model of the eag/PAS domain.  (B) eag/PAS domain model from (A) rotated 180° 

around a vertical axis.  Green and red residues are part of the hydrophobic patch 

identified by Morais Cabral et al. 1998.  Green residues have not been characterized, 

while mutations in red residues have been shown to speed channel deactivation gating.  

Yellow residues are mutation sites which speed deactivation gating, and include LQTS 

sites (K28, N33, and R56) adjacent to the hydrophobic patch.  Blue residues are 

identified LQTS mutation sites which do not form functional channels (T65, C66, L86) 

or do not affect deactivation gating (G53, H70, A78) in mammalian cells.  Images were 

created using pymol based on the structure from Ng et al. 2011 (pdb: 2l0w). 
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potential and were pro-arrhythmogenic in a computational model of cardiac excitability 

(Clancy, C.E. and Rudy, Y., 1999).   The  LQTS  mutations  with  the  largest speeding of 

deactivation gating when expressed in mammalian cells (K28E, F29L, N33T, R56Q, and  

M124R) occur in or near a hydrophobic patch on one face of the eag/PAS domain, which 

was proposed to form a binding interface with another part of the channel (Figure 3) 

(Morais Cabral, J.H. et al., 1998; Gianulis, E.C. and Trudeau, M.C., 2011). 

 The hERG N-terminal region also contains a proximal domain (amino acids 136-

396) linking the eag/PAS domain to the S1 transmembrane domain (Figure 1A) 

(Warmke, J.W. and Ganetzky, B., 1994).  The proximal domain is not conserved among 

other members of the eag family and does not have an identified structure.  Channels with 

intact eag/PAS domains linked to the S1 without a proximal domain (hERG ∆138-373) 

had normal hERG deactivation kinetics, but demonstrated a ~20 mV leftward shift in the 

steady-state of activation (Viloria, C.G. et al., 2000). The residues responsible for the 

shift in steady-state activation were subsequently narrowed down to a charge cluster 

(KIKER; amino acids 362-366) just before the start of the S1 transmembrane domain 

(Saenen, J.B. et al., 2006).  As the large shift in steady-state activation might obscure 

changes in activation or inactivation rate, as well as effects on gating due to the 

remainder of the proximal domain, the KIKER sequence was maintained for these 

experiments and the proximal domain refers to the region between the eag/PAS domain 

and KIKER sequence (amino acids 136-354) (Viloria, C.G. et al., 2000; Saenen, J.B. et 

al., 2006).    
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Possible Role for the S4-S5 Linker 

 Morais Cabral, et al. suggested that the eag/PAS domain formed hydrophobic 

interactions with another region of the hERG channel, and proposed the intracellular S4-

S5 linker as a possible interacting site (Figure 1A) (Morais Cabral, J.H. et al., 1998).  

Point mutations within the S4-S5 linker have been shown to speed channel deactivation 

gating (Sanguinetti, M.C. and Xu, Q.P., 1999; Ng, C.A. et al., 2012), consistent with the 

involvement of this region in regulation of deactivation.  Experiments using N-

ethylmaleimide (NEM) modification of an introduced cysteine at a site in the S4-S5 

linker (G546C) also showed a disruption of slow deactivation gating (Wang, J. et al., 

1998); however, mutation of this same residue (G546C) did not disrupt Förster 

Resonance Energy Transfer (FRET) between the channel and separate eag/PAS domains 

(Fernandez-Trillo, J. et al., 2011).  Recent NMR experiments have supported an 

interaction between the eag/PAS domain and the S4-S5 linker (Li, Q. et al., 2010).  An 

S4-S5 linker peptide was purified and combined in solution with purified eag/PAS 

domain protein.  A shift was noted in the position of several amino acids in the eag/PAS 

domain NMR structure when the peptide was present (Li, Q. et al., 2010), suggesting that 

the S4-S5 linker peptide interacted with some region of the eag domain.  This 

experiment, however, lacked a peptide control to show specificity of the effect with the 

S4-S5 linker peptide (Li, Q. et al., 2010).  In another study, a putative eag/PAS domain 

interaction with the S4-S5 linker was investigated by substituting cysteines in several 

positions within the first amino acids in the Cap region of the eag/PAS domain and 

positions within the S4-S5 linker.  Evidence for disulfide cross-linking between cysteines 

in the Cap region and those in the S4-S5 linker was detected, suggesting close proximity 



 

 13 

(< 7Å) between those regions (de la Pena, P. et al., 2011).  An amphipathic helix was 

identified in the S4-S5 linker, which would fit with a model of hydrophobic interaction 

(Ng, C.A. et al., 2012).  The region of the eag/PAS domain which may interact with the 

S4-S5 linker has not been conclusively determined. 

 

C-terminal Domains of hERG 

 hERG and other eag family channels also contain a C-terminal C-linker region 

and cyclic nucleotide binding domain (CNBD) (Figure 1A) that are homologous to that 

of cyclic nucleotide-gated (CNG) and hyperpolarization-activated cyclic nucleotide-gated 

(HCN) channels (Warmke, J.W. and Ganetzky, B., 1994; Zagotta, W.N. et al., 2003).  

However, unlike CNG and HCN channels, hERG is not directly regulated by binding to 

cyclic nucleotides (Brelidze, T.I. et al., 2009).  The hERG channel C-terminal region C-

linker/CNBD has been proposed as a possible site of interaction for the eag/PAS domain.  

FRET experiments demonstrated that the N- and C- termini of hERG were in a planar 

arrangement within a tetramer, in support of an HCN channel homology model, which 

would position the CNBD below the channel pore (Miranda, P. et al., 2008).   Channels 

with mutations in the CNBD were found to have abnormal gating kinetics (Al-Owais, M. 

et al., 2009; Muskett, F.W. et al., 2011).  A series of lysine mutations in the CNBD had 

faster deactivation gating, and the affected residues were found to cluster in a 

hydrophobic band on the surface of a homology model of the hERG CNBD, which is 

based on the HCN2 CNBD structure (Figure 4) (Zagotta, W.N. et al., 2003; Al-Owais, M. 

et al., 2009).  Another report showed that channels with point mutations in the CNBD had 

faster  deactivation  kinetics,  and  proposed  a  model  in  which  the  Cap  region  of  the  
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Figure 4.  Cyclic nucleotide binding domain residues involved in LQTS and gating.  

(A) A space-filling model of the CNBD from the membrane looking down.  (B) CNBD 

model from (A) rotated 90° to show a side view.  (C) CNBD model from (A) rotated 

180° to show the cytoplasmic face.  Red residues are hydrophobic residues which have 

been shown to speed channel deactivation gating, blue residues are identified LQT2 

mutation sites that have been shown to speed deactivation gating, and yellow residues are 

all others which have been shown to speed deactivation gating.  Images were created 

using pymol based on the structure from Zagotta et al, 2003 (pdb:1Q5O). 
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eag/PAS domain bound in a cleft formed by CNBDs of adjacent subunits (Muskett, F.W. 

et al., 2011).  This interaction model was developed based on the hydrophobic band 

identified in the CNBD and the hydrophobic patch identified in the eag/PAS domain, 

although the interacting residues are all located in the PAS domain, leaving the 

orientation of the Cap region uncertain.  The proposed experiments will further 

investigate the role of the CNBD as a potential site of interaction for the eag/PAS 

domain. 
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CHAPTER II. GOALS OF THE DISSERTATION 
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The human ether-á-go-go related gene (hERG) potassium channel is a key contributor to 

the repolarization of the ventricular action potential and a modulator of neuronal 

excitability.  hERG gating is characterized by relatively slow activation and rapid 

inactivation, which limit current during depolarization; rapid recovery from inactivation 

and slow closing (deactivation) allow the majority of hERG current to be passed during 

repolarization.  The N-terminal regions of hERG are known to contribute to the 

modulation of inactivation and deactivation gating; however, the contributions of specific 

N-terminal domains and the mechanism of modulation have not been determined.  

Disease-related hERG mutations which disrupt gating further highlight the need for a 

better understanding of hERG gating. Using electrophysiology, fluorescence microscopy, 

and protein biochemistry techniques to investigate the function of selective hERG 

domain deletions and genetically encoded hERG domain gene fragments, we propose the 

following hypothesis: 

 

Hypothesis:  The N-terminal eag/PAS domain regulates the primary components of 

hERG gating through a direct interaction with the C-terminal CNBD domain.   

 

Prediction I.  eag/PAS domain modulation of hERG deactivation gating occurs 

via a direct interaction with the channel, which is disrupted with 

eag/PAS domain mutations. 

 

Prediction II. The hERG CNBD is a site of eag/PAS domain interaction with the 

channel. 
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Prediction III. The eag/PAS domain, but not the proximal domain, modulates 

hERG inactivation gating and the resurgent hERG current. 
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Molecular Biology 

 Targeted mutations and deletions were created using overlap extension PCR with 

custom made primers (University of Maryland School of Medicine Biopolymer / 

Genomics Core Facility).  All constructs were verified by standard fluorescence-based 

DNA sequencing.  For expression in oocytes, mRNAs were made with the mMessage 

mMachine kit (Applied Biosystems). 

  

Animals 

All electrophysiological and imaging experiments were conducted using oocytes 

from Xenopus laevis frogs.  Animal procedures were approved by the University of 

Maryland School of Medicine Animal Care and Use Committee in accordance with the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals.  

Animals were housed in the Laboratory Animals Facility at the University of Maryland, 

School of Medicine and cared for by the Office of Veterinary Resource staff.  All efforts 

were made to minimize animal pain or discomfort.  Up to 3 operations (with a recovery 

interval of 4-6 weeks) were performed on those animals yielding good oocytes.  Sacrifice 

of animals was consistent with the recommendations of the Panel on Euthanasia of the 

American Veterinary Medical Association.   

 

Preparation and Injection of Oocytes 

 Oocytes were collected from female frogs (Xenopus; Xenopus Express or 

Xenopus One) using aseptic surgical procedures.  Animals were anesthetized by a 30-45 

minute immersion in 0.3%  tricaine (Ethyl-m-aminobenzonate; Sigma-Aldrich).  
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Anesthesia was confirmed by a lack of response to noxious stimuli, such as a hind leg 

pinch.  An incision was made through the abdominal skin and muscle wall on one side, 

and roughly 20% of the ovary containing oocytes was removed; the muscle wall and skin 

were stitched closed.  The follicular membranes were removed from oocytes by treatment 

with collagenase B (Sigma-Aldrich), and stage IV oocytes were sorted for injection.  For 

electrophysiological recordings or imaging experiments, Xenopus oocytes were pressure 

injected with the same volume of mRNA (50.6 nl) for each experiment and incubated for 

3-14 days at 16°C  in ND96 (96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, and 

5 mM HEPES, pH 7.6) with 50 µg/ml gentamicin (Sigma-Aldrich). 

 

Electrophysiology 

 Recordings from whole oocytes were performed at room temperature, roughly 22°C, with 

a two-electrode voltage-clamp (OC-725C; Warner Instruments) connected to an analog to digital 

converter (ITC-18; Instrutech).   Glass recording microelectrodes were pulled with a P-97 

micropipette puller (Sutter Instruments) and had resistances of 1-2 MΩ.  Microelectrodes were 

filled with 3 M KCl.  The bath (external) solution contained 4 mM KCl, 94 mM NaCl, 1 mM 

MgCl2, 0.3 mM CaCl2, and 5 mM HEPES, pH 7.4.  Data were recorded using Patchmaster 

software (HEKA) and analyzed using Igor Pro software (Wavemetrics).  The holding potential 

was -80 mV throughout.  For clarity, capacitance transients were manually removed from current 

traces. 

  

Statistical Analysis 

 All statistical tests were conducted using Igor Pro software.  Results are presented 

as the mean ± SEM.  n represents the number of cells.  The distribution of data did not 
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deviate significantly from normality.  Statistical analyses were performed using one-way 

ANOVA with Tukey’s test for pairwise comparisons.  A value of p<0.01 was considered 

statistically significant.  Other analyses used are described in more detail in the following 

data chapters. 

 

The methods sections in each data chapter contain further methodological details. 
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CHAPTER IV.  A RECOMBINANT N-TERMINAL DOMAIN RESTORES 

DEACTIVATION GATING IN N-TRUNCATED AND LONG QT SYNDROME 

MUTANT hERG CHANNELS. 
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Introduction 

Slow deactivation gating, which gives rise to a large resurgent tail current at 

repolarizing voltages, is a hallmark of hERG channel gating; however, the molecular 

basis for the slow deactivation mechanism is not understood.  Previous work indicated 

that a conserved eag/PAS domain comprising the first 1-135 residues in the N-terminal 

region of hERG channels regulated deactivation gating.  Channels with a deletion of most 

of the N-terminal region (hERG ∆2-373 or hERG ∆2-354) or a deletion of just the 

eag/PAS domain (hERG ∆2-138) had deactivation kinetics that were ≈5-fold faster than 

the deactivation kinetics in wild-type channels (Schonherr, R. and Heinemann, S.H., 

1996; Spector, P.S. et al., 1996; Morais Cabral, J.H. et al., 1998; Wang, J. et al., 1998).  It 

was proposed that the eag/PAS domain interacted with the core of the channel to regulate 

deactivation (Morais Cabral, J.H. et al., 1998; Wang, J. et al., 1998).  The critical role of 

the eag/PAS domain was emphasized by mutations within this domain that perturb 

deactivation gating and were linked to LQTS (Chen, J. et al., 1999). 

In these studies, we sought to more directly determine whether the eag/PAS 

domain made an interaction with the core of hERG channels using fluorescence methods 

that offer the advantage of determining physical proximity.  We first had to develop 

soluble eag/PAS domains tagged with fluorescent proteins to probe the channel core, and 

to confirm that the soluble eag/PAS domains regulated deactivation in N-truncated hERG 

channels.  The relative amounts of eag/PAS domains and N-truncated channels were 

varied to determine the optimal expression ratio.  We were then able to use FRET 

spectroscopy to investigate proximity to the core of hERG channels at the plasma 

membrane.  eag/PAS domain fragments with point mutations at Y43A or R56Q were 
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created to investigate the effects of mutations on eag/PAS domain association with the 

core of the channel.  Full length Y43A and R56Q channels were created to assess the 

ability of eag/PAS domains to recover aberrant gating and associate with mutant hERG 

channels.  

 

Methods 

Molecular Biology 

 The hERG, hERG ∆N, hERG Y43A, and hERG R56Q expression clones were 

previously described (Trudeau, M.C. et al., 1995; Spector, P.S. et al., 1996; Morais 

Cabral, J.H. et al., 1998; Chen, J. et al., 1999; Trudeau, M.C. et al., 1999).  hERG R56Q 

was a gift from M. Sanguinetti (University of Utah).  Cannabanoid-1 receptor YFP (CB1 

YFP) was a gift from W.N. Zagotta (University of Washington).  hERG channels were 

fused directly at position 1159 (with no linker) to monomeric enhanced cyan fluorescent 

protein (CFP) or monomeric citrine, a YFP variant, gifts from R.Y. Tsien (University of 

California), as described in Chapter III.  hERG ∆N channels were also fused to 

monomeric citrine at position 356 for ease of cloning.  Consistent with previous studies 

(Miranda, P. et al., 2008), fluorescent proteins fused at the C-terminus of hERG did not 

affect channel gating kinetics.  The eag/PAS domains were fused directly (with no linker) 

at amino acid 135 to CFP or monomeric citrine.  For clarity, fluorescent proteins are 

referred to as CFP or YFP throughout.  hERG constructs being used for FRET 

experiments also included a well characterized mutation in the pore, serine 620 to 

threonine (S620T), which has been shown to increase channel expression and attenuate 

inactivation gating without affecting deactivation gating (Ficker, E. et al., 1998; 
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Herzberg, I.M. et al., 1998; Wang, J. et al., 1998; Viloria, C.G. et al., 2000).  mRNAs 

were made as described in Chapter III. 

 

Electrophysiology and Analysis 

 Xenopus oocytes were prepared and two-electrode voltage-clamp recordings 

conducted as described in Chapter III.  Current relaxations with repolarizing voltage steps 

(deactivation) were fit with an exponential function (y = Ae(-t/τ)) in which t is time and τ 

is the time constant of deactivation.  A single exponential was found to provide the best 

fit for the data. 

 

Confocal Microscopy 

 Fluorescent imaging was conducted using a confocal microscope (Leica TCS 

SP2) at the National Institutes of Health (Bethesda, MD) or, in preliminary experiments, 

at the University of Washington Keck Center.  Cells were visualized using a Leica 

DMIRE 2 inverted microscope with a 10x objective with 0.3 NA.  A tunable acousto-

optical system (AOBS) was used to measure spectra in 5 nm emission windows.  

Fluorophores were excited using the 458 nm or 488 nm lines of an Argon/Krypton laser.  

Fluorescence signals were collected from the animal pole of Xenopus oocytes after laser 

excitation.  Background was determined from a blank area of the image and was 

subtracted. 

 

Calculation of FRET and Correction of FC 
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 We used spectral separation analysis to calculate Ratio A – Ratio A0, a value 

proportional to FRET efficiency (Selvin, P.R., 1995; Zheng, J. et al., 2002; Trudeau, 

M.C. and Zagotta, W.N., 2004).  This method for measuring FRET eliminates errors from 

variability in the quantum yield or the expression level of donor and acceptor molecules.  

Ratiometric analysis of spectra also has the advantage of an internally consistent control 

because, over a range of emission wavelengths, a properly subtracted FRET ratio remains 

constant (Selvin, P.R., 1995).  The measurement of FRET using spectra is complicated by 

emission from the donor (CFP) and direct excitation of the acceptor (YFP) by the 458 nm 

laser line.  To measure the component of the spectra due to FRET, we first measured the 

ratio (Ratio A) of F458 to the emission of YFP by the 488 laser line (F488) as in Equation 

1.  F458 is determined by subtracting the donor only component. 

 
 Ratio A = F458/F488 = (F458 FRET/F488) + (F458 direct/F488)   [1] 
 
 
The value F458 FRET/F488 can be solved by first solving for the ratio of F458 direct to F488 

(Ratio A0) as in Equation 2.  Ratio A0 was experimentally determined in a separate 

control experiment in oocytes expressing a YFP hERG ∆N (S620T) channel as the ratio 

of peak intensity from YFP at 488 excitation versus 458 excitation as in Equation 2. 

 
 Ratio A0 = F458direct/F488       [2] 
 

Solving Ratio A – Ratio A0 yields F458 FRET/F488 as in Equation 3, which is a value related 

to FRET efficiency that decreases as FRET decreases and increases as FRET increases. 

 
 Ratio A – RatioA0 = F458 FRET/ F488      [3] 
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In our experiments, some of the measured CFP intensities were reduced because of 

energy transfer to YFP due to FRET.  We corrected the FRET-reduced CFP intensity 

using a method described previously in which the FRET ratio is calculated as 

 
 FR = Ratio A/Ratio A0       [4] 
 

and the effective FRET efficiency is calculated as 

 
 EEff = (εYFP458/εCFP458)(FR – 1)      [5] 
 

where ε is the molar extinction coefficients for monomeric citrine and CFP (Erickson, 

M.G. et al., 2001; Shaner, N.C. et al., 2005; Rizzo, M.A. et al., 2006).  The true CFP 

emission (FC) was then calculated as 

 

 FCFP true = FCFP measured/(1 – EEff)      [6] 

 

and was reported in Figures 8-10.  

   

Results 

A Recombinant N-terminal eag/PAS Domain Fragment Restored Slow Deactivation 

Gating to N-truncated hERG Channels. 

To investigate the mechanism for regulation of gating in hERG channels by the 

eag/PAS domain (the first 135 residues of hERG) we generated a recombinant eag/PAS 

domain fragment that we genetically fused to CFP (N1-135 CFP; Figure 5A).  We co-

expressed N1-135 CFP with hERG channels encoding the transmembrane and C-terminal  
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Figure 5.  Regulation of deactivation gating by a recombinant N-terminal eag/PAS 

domain.  (A) Schematic of hERG channel constructs used in this study.  Two-electrode 

voltage-clamp recordings of a family of tail currents from (B) hERG YFP (closed 

squares), (C)  hERG ∆N YFP (open squares) and (D) N1-135 CFP + hERG ∆N YFP  

(closed circles).   Currents were elicited by the voltage pulse protocol indicated.  

Calibration bars are 1 µA and 250 ms.  (E) Plot of the time constants (τ) of deactivation 

derived from single exponential fits (see Methods) to the tail currents in B-D.   Plots also 

include CFP + hERG ∆N YFP (open circles).  Error bars are the SEM and are inside the 

points when not visible.  n ≥ 6 for each.   
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regions of the channel (hERG ∆N YFP) at a 2:1 ratio of RNAs in Xenopus oocytes and 

performed two-electrode voltage-clamp recordings.  To elicit a family of deactivating 

traces, channels were activated by a voltage pulse to 20 mV, followed by a series of 

pulses to voltages from -120 mV to -60 mV in 20 mV steps (Figure 5).  To compare 

deactivation kinetics, currents were fit with a single exponential function and the time 

constant was derived (see Methods).  As anticipated, currents from hERG YFP channels 

(Figure 5B and E) had deactivation kinetics that were ≈5-fold slower than the 

deactivation kinetics in hERG ∆N YFP channels, which have a truncated N-terminal 

region (Figure 5C and E).  In cells co-expressing N1-135 CFP with N-truncated hERG 

∆N YFP channels, the kinetics of deactivation were significantly slower (p<0.01 at all 

voltages, ANOVA; Figure 5D), that is the time constants of deactivation were larger, than 

those for hERG ∆N YFP channels and were not measurably different from those for 

hERG YFP channels with an intact N-terminal region (Fig. 5D and E; Table 1).  As a 

negative control, we co-expressed CFP with hERG ∆N YFP channels and found that the 

kinetics of deactivation gating were not different from the kinetics of hERG ∆N YFP 

channels alone (open circles, Figure 5E).  These results indicate that a recombinant 

eag/PAS domain, co-expressed as a separate piece, was sufficient to recapitulate 

regulation of deactivation in hERG ∆N channels. 

 

Progressive Recovery of Deactivation Gating by a Recombinant eag/PAS Domain. 

We next asked whether the regulatory effect of the eag/PAS domain fragment was 

due the maximal association of eag/PAS domains with N-truncated hERG channels.  As a 

first test of this,  we co-expressed different input ratios of  N1-135 CFP  relative to that of  



 

 33 

 



 

 34 

Table 1.  Time constants of deactivation for hERG channels.  Time constants of 

deactivation for the constructs and voltages indicated.  Time constants are based on a 

single exponential fit of tail currents using the equation y = Ae-t/τ.  ND indicates that fits 

were not able to be determined for those points.  Data are presented as the mean ± SEM.  

n indicates the number of cells.   

  



 

 35 

hERG ∆N YFP channels (at mRNA ratios of 2:1, 1:1, 1:2, 1:4, 1:8, and 1:16) as indicated 

(Figure 6).  We recorded inward tail currents at -100 mV, scaled the currents for 

comparison, and measured the rate of decay of the tail currents using an exponential fit.  

We found that deactivation was slower (the time constant of the relaxation was larger) 

with larger input amounts of N1-135 CFP relative to hERG ∆N YFP channels (Figure 

6B).  Notably, the kinetics of the tail currents reached a plateau starting at approximately 

a 1:2 RNA ratio of N1-135 CFP to  hERG ∆N YFP and, with increased input of N1-135 

CFP, the deactivation time constant did not exceed the kinetics of wild-type hERG 

(Figure 6B).  These results show that regulation of deactivation was a function of the 

ratio of the eag/PAS domain to the pore-forming core regions of the channel.  Moreover, 

these results indicate that the regulatory effect of the eag/PAS domain was not a non-

specific slowing effect, but rather was consistent with a specific interaction of the 

eag/PAS domain with the hERG channel.  

 

FRET Spectroscopy Showed that Fragments Encoding the eag/PAS Domain were in 

Close Physical Proximity to hERG Channels at the Plasma Membrane. 

To directly test for physical proximity between the eag/PAS domain and hERG 

channels at the plasma membrane, we used FRET spectroscopy.  FRET is the transfer of 

light energy between a donor and acceptor fluorophore that are within a characteristic 

distance. For fluorescent proteins based on GFPs, FRET efficiency is steeply distance-

dependent and becomes negligible at distances greater than 80 Å (Miyawaki, A. et al., 

1997; Patterson, G.H. et al., 2000). Therefore, FRET reports proteins that are within close 

proximity of one another. 
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Figure 6.  Progressive recovery of deactivation gating with increased input of 

soluble eag/PAS domains.  (A) Two-electrode voltage-clamp recordings of current 

traces from N-truncated hERG channels, eag/PAS domains : N-truncated hERG channels 

at the indicated ratios, and wild-type hERG.  Currents were scaled to the peak at -100 mV 

for comparison.  Dotted line is at zero current.  Scale bar is 100 ms.   (B)  Box plot of the 

time constants (τ) of deactivation derived from single exponential fits to the tail currents 

in A.  The middle line of the box is the mean, the top and bottom are the 75th and 25th 

percentiles, and the vertical lines indicate the 90th and 10th percentiles.  n ≥ 5 for each. 
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To enhance expression necessary to measure FRET in hERG channels, we 

introduced a well-characterized mutation in the pore region, serine 620 to threonine 

(S620T), which we previously showed markedly increased ionic currents and attenuated 

inactivation but, importantly, left deactivation intact (Ficker, E. et al., 1998; Herzberg, 

I.M. et al., 1998; Wang, J. et al., 1998; Viloria, C.G. et al., 2000).  These channels 

expressed robust currents and their deactivation kinetics were regulated when co-

expressed with hERG N1-135 CFP (Figure 7; Table 1). 

To measure FRET, we recorded the stimulated emission of YFP (the acceptor) by 

proximate CFP (the donor) molecules using spectral separation analysis (see Methods).  

We coexpressed eag/PAS domains fused to CFP (N1-135 CFP) with hERG ∆N S620T 

YFP, and, to examine potential effects of fluorescent protein placement, we reversed the 

fluorophores and coexpressed eag/PAS domains fused to YFP (N1-135 YFP) with hERG 

∆N S620T CFP.   We recorded emission spectra from the cell membrane of oocytes using 

laser excitation and scanning confocal microscopy.  To excite CFP we used a 458 nm 

laser line.  The emission spectra contained emission from CFP and YFP (Figure 8A, red 

trace).  The spectral component due to CFP was subtracted using a scaled spectrum from 

a separate control experiment (Figure 8A, cyan trace), which revealed the spectral 

component due to YFP emission (Figure 8A, F458, green trace).  F458 contained a FRET 

component and a component due to direct excitation of the YFP fluorophore by the 458 

laser line.  To solve the FRET component, we normalized F458
 to the emission from direct 

excitation of the YFP fluorophore by the 488 laser line (Figure 8A, F488, black trace) and 

calculated Ratio A (Figure 8B).  The Ratio A component due to direct excitation of YFP 

(Ratio A0)  was measured  directly from  control oocytes  expressing YFP fused to hERG  
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Figure 7.  Regulation of deactivation gating in N-truncated hERG S620T channels 

by soluble eag/PAS domains.  Two-electrode voltage-clamp recordings of current 

families from hERG ∆N S620T channels with eag domain fragments.  To better visualize 

tail currents, traces are shown just from the region of the voltage protocol indicated (box).  

(A) hERG ∆N S620T YFP (closed square), (B) N1-135 CFP + hERG ∆N S620T YFP  

(open square), (C) hERG ∆N S620T CFP (closed circle), and (D) N1-135 YFP + hERG 

∆N S620T CFP (open circle).  Calibration bars are 1 µA and 25 ms.  (E) Plot of the time 

constants (τ) of deactivation derived from single exponential fits (see Methods) versus 

voltage.  Error bars are the SEM and are inside the points when not visible.  n ≥ 6 for 

each.     
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Figure 8.  Proximity of the soluble eag/PAS domain and the core of the hERG 

channel measured using FRET.  (A) Spectral method for measuring FRET and 

determining Ratio A.  Spectra (red trace) were measured from cells coexpressing  N1-135 

CFP + hERG ∆N S620T YFP by excitation at 458 nm and contain a CFP component with 

a peak at ~480 nm and a YFP component with a peak at ~530 nm.  Emission spectra of 

CFP (cyan) measured in a control experiment from oocytes expressing N1-135 CFP.  

Extracted spectra (F458, green trace) is the cyan spectra subtracted from the red spectra, 

and contains the emission of YFP.  Spectra (F488, black trace) from excitation of YFP by 

a 488 nm laser line.  Ratio A is the F458 spectra normalized to F488 spectra.   (B) Plot of 

Ratio A (red line) versus emission wavelength.  (C) Determination of Ratio A0.  As a 

control, the emission spectra from oocytes expressing hERG ∆N S620T YFP channels 

were determined with excitation with a 458 laser line (F458, red trace) and with excitation 

of a 488 laser line (F488, black trace).  Ratio A0 is the F458 spectra normalized to F488 

spectra.   (D) Plot of Ratio A0 (red line) versus emission wavelength.  (E) Bar graph of 

Ratio A - Ratio A0, a value directly related to FRET efficiency, for the indicated 

constructs.  Bar graph of ratio of CFP fluorescence intensity to YFP intensity (FC/FY) for 

the indicated constructs   Error bars are the SEM and the number of experiments (n) is 

indicated in parentheses.   
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channels.  Ratio A0 was determined by measuring the direct excitation of YFP by the 458 

laser line (Figure 8C, F458, red line) and normalizing this to the emission of YFP by the 

488 laser line (Figure 8C, F488, black line).   The FRET component of Ratio A was solved 

by subtracting the direct component, Ratio A0 (Figure 8D).  Values of Ratio A –Ratio A0 

that were greater than zero indicate FRET. 

We detected FRET in cells co-expressing N1-135 CFP with hERG ∆N S620T 

YFP and in cells co-expressing N1-135 YFP with hERG ∆N S620T CFP (Figure 8E).  

These findings show that the eag/PAS domains were in physical proximity to the N-

truncated hERG channels at the plasma membrane. 

In a negative control experiment expressing N1-135 CFP domains with a 

cannabinoid-1 receptor YFP (CB1 YFP), a membrane protein unrelated to hERG, we did 

not detect FRET (Figure 8E).  The similar ratio of donor CFP to acceptor YFP (FC/FY) in 

these experiments indicates that a lack of FRET in negative controls was not simply 

caused by a low ratio of donor to acceptor.  These results indicate that FRET was not 

caused by nonspecific interactions between donors and acceptors at the membrane 

surface; rather FRET was caused by a specific interaction between eag/PAS domains and 

hERG channels (Figure 8E).  Taken together, the functional restoration of regulation of 

deactivation by soluble N-terminal eag/PAS domains and the structural proximity of N-

terminal eag/PAS domains and N-truncated hERG channels measured with FRET 

indicate that the N-terminal eag/PAS domain made a non-covalent interaction with hERG 

channels at the membrane surface to regulate gating.  These results suggest that in full-

length channels, the eag/PAS domain is likely in close physical proximity to the core of 

hERG channels at the membrane. 
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Mutations Perturb a Physical Interaction Between the N-terminal eag/PAS Domain and 

the Channel. 

Like hERG channels with truncations of the N-terminal region, hERG channels 

with point mutations within the N-terminal eag/PAS domain had deactivation kinetics 

that were markedly faster than those in wild-type hERG channels (Morais Cabral, J.H. et 

al., 1998; Chen, J. et al., 1999).  To examine the mechanism for dysregulation of 

deactivation, we chose to investigate two hERG channels bearing mutations at single 

sites in the eag/PAS domain that were reported to have the most prominent speeding 

effect on deactivation gating; a tyrosine to alanine change at position 43 (Y43A) and an 

arginine to asparagine change at position 56 (R56Q).  We co-expressed soluble eag/PAS 

domains containing Y43A or R56Q mutations with N-truncated hERG channels at a 2:1 

RNA ratio.  We found that eag/PAS domain fragments with Y43A mutations partially 

regulated deactivation (Figure 9A and C; Table 1) and that eag/PAS domain fragments 

with R56Q mutations did not measurably alter deactivation kinetics (Figure 9B and C; 

Table 1).   These findings indicate that the functional effects of the two mutations in the 

eag/PAS domain were not conferred to the channel via the covalent backbone, but instead 

the mutations perturbed the non-covalent interaction of the eag/PAS domain with the 

channel.  We directly tested whether Y43A or R56Q mutations perturbed the physical 

proximity of the eag/PAS domains to the channel by examining FRET.  To carry out 

these experiments, we coexpressed eag/PAS domains containing either Y43A or R56Q 

mutations with N-truncated hERG channels tagged with YFP at the N-terminus (Figure 

9D).  (These channels contained the S620T mutation and showed regulation by eag/PAS 

domains  similar  to  those  of  their  counterparts  in  Fig 9 A-C; Table 1)   Using  similar  
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Figure 9.  Reduced regulation of deactivation gating by soluble eag/PAS domains 

containing point mutations.  Two-electrode voltage-clamp recordings of ionic currents 

from (A) N1-135 (Y43A) CFP + hERG ∆N YFP (inverted, closed triangle) and (B) N1-

135 (R56Q) CFP + hERG ∆N YFP (closed triangle) elicited with the pulse protocol 

indicated.  Calibration bars are 2 µA and 250 ms.  (C) Plot of the time constants (τ) of 

deactivation versus voltage.  Time constants for  N1-135 CFP + hERG ∆N YFP (closed 

circles) and hERG ∆N YFP (open squares) are included for comparison.  Error bars are 

the SEM and are inside the points when not visible.  n ≥ 3 for each.  (D) Bar graph of the 

relative FRET efficiency (Ratio A – Ratio A0) and ratio of CFP to YFP intensity (FC/FY) 

for the indicated constructs.  Error bars are the SEM and the number of experiments (n) is 

indicated in parentheses.   
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amounts of donor to acceptor (FC/FY), we detected a reduction in relative FRET 

efficiency of 30% for eag/PAS domain fragments with Y43A (p<0.01, ANOVA) and 

80% for eag domain fragments with R56Q (p<0.01, ANOVA) compared to that with 

wild-type eag domain fragments (Figure 9D).   A reduction in FRET in these experiments 

suggests that the mutations altered the orientation of the eag/PAS domain with respect to 

the channel and/or weakened an interaction of the eag/PAS domain with the channel. 

 

Recombinant N-terminal Domain Fragments Restore Deactivation Gating in a hERG 

Channel with a LQTS-associated Mutation. 

To test for a weakened interaction between the eag/PAS domain and the channel, 

we tested whether eag/PAS domain fragments could restore slow deactivation gating and 

make a physical interaction with full-length hERG Y43A or hERG R56Q channels.  We 

first confirmed that full length hERG channels with the Y43A or R56Q mutations had 

deactivation kinetics that were faster than those for wild-type hERG channels (Figure 

10A, C, and F; Table 1).  When co-expressed with N1-135 CFP, we found that the 

deactivation kinetics of hERG Y43A (Figure 10A, B and F; Table 1) and hERG R56Q 

(Figure 10C, D and F; Table 1) channels were significantly slowed, and were similar to 

those measured for wild-type hERG channels (p<0.01 at all voltages, ANOVA; Figure 

10F; Table 1).  As a negative control, we expressed N1-135 CFP with hERG YFP 

channels and we did not detect a change in deactivation kinetics, consistent with the lack 

of a noncovalent interaction with soluble eag domains (Figure 10E and F; Table 1).   To 

directly examine the physical proximity of soluble eag domains and full-length hERG 

channels,  we   co-expressed  eag domains (N1-135 CFP) with  hERG YFP,  hERG Y43A  
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Figure 10.  Regulation of deactivation gating in a hERG channel with a LQTS 

mutation by soluble eag/PAS domains.  Two-electrode voltage-clamp recordings of 

ionic currents from (A) hERG Y43A (closed inverted triangle), (B) hERG N1-135 + 

Y43A (open inverted triangle), (C) hERG R56Q (closed triangle), (D) N1-135 + hERG 

R56Q (open triangle) and (E) N1-135 CFP + hERG YFP elicited with the pulse protocol 

indicated.  Calibration bars are 2 µA and 250 ms.   (F) Plot of time constants (τ) of 

deactivation versus voltage.  hERG YFP (closed squares) and hERG ∆N YFP (open 

squares) are included as a reference.  Error bars are the SEM and are inside the points 

when not visible.  n ≥ 3 for each point.  (G) Bar graph of the relative FRET efficiency 

(Ratio A – Ratio A0) and ratio of CFP to YFP intensity (FC/FY) for the indicated 

constructs.  Error bars are the SEM and the number of experiments (n) is indicated in 

parentheses. 
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YFP and hERG R56Q YFP (all channels contained the S620T mutation and showed 

regulation by eag domains similar to that of their counterparts in Figure 10A-E, Table 1).  

Using similar donor-to-acceptor ratios (FC/FY), we detected robust FRET between N1-

135 CFP and hERG Y43A YFP or N1-135 CFP and hERG R56Q YFP, but we detected 

very weak FRET between N1-135 CFP and hERG YFP (Figure 10G).  Together, the 

electrophysiological and FRET data suggest that the soluble eag/PAS domains physically 

supplanted the covalently attached eag/PAS domains that contained Y43A or R56Q 

mutations, but did not supplant the wild-type eag/PAS domain.  These results indicate 

that Y43A or R56Q mutations weaken the non-covalent interaction between the eag/PAS 

domain and the channel. 

Because hERG R56Q is associated with LQTS, our findings show that a 

weakened interaction between the eag/PAS domain and the channel may be a determinant 

of heart disease.  The restoration of deactivation gating in hERG R56Q channels by 

soluble eag/PAS domains points to one potential mechanism for restoring normal 

deactivation gating to a LQTS-associated mutant channel. 

 

Discussion 

Here we have shown evidence for an interaction between the eag/PAS domain of 

hERG channels and hERG channels lacking N-terminal regions.  A model we propose to 

explain our results is that the soluble eag/PAS domains are in close physical proximity to 

N-truncated hERG channels at the membrane, and that an interaction between these two 

proteins is formed, and that this interaction is likewise formed in intact hERG channels, 

such that the kinetics of deactivation gating are completely reconstituted in channels with 
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N-truncated regions (Figure 11A and B).  Mutations Y43A and R56Q in soluble eag/PAS 

domains partially or did not measurably alter deactivation and decreased FRET, 

indicating a perturbation of an interaction between the eag/PAS domain and the channel.  

Soluble eag/PAS domains reconstituted gating and made a physical interaction with full 

length hERG channels bearing Y43A or R56Q point mutations in the eag/PAS domain.  

A model that fits with these findings is that the soluble eag/PAS domain can supplant the 

covalently attached, dysfunctional eag/PAS domains, but not the wild-type domain 

(Figure 11C and D).  These results suggest that the eag/PAS domain makes a non-

covalent interaction with intracellular regions of the hERG channel to directly regulate 

deactivation gating.  

How might the eag/PAS domain of the hERG channel regulate deactivation 

gating? Previous work shows that the slow deactivation kinetics in wild-type hERG 

channels are apparently influenced by several different regions of the protein.  Mutations 

in transmembrane regions, including the voltage-sensor (S1-S4) domains (Liu, J. et al., 

2003; Subbiah, R. et al., 2004; Piper, D.R. et al., 2005), the S4-S5 linker region that joins 

the voltage sensor to the pore (Wang, J. et al., 1998; Sanguinetti, M.C. and Xu, Q.P., 

1999; Alonso-Ron, C. et al., 2008), and the lower part of the S6 (Tristani-Firouzi, M. et 

al., 2002; Hardman, R.M. et al., 2007; Wynia-Smith, S.L. et al., 2008) change the kinetics 

of deactivation.  Mutations in the eag/PAS domain cap (Morais Cabral, J.H. et al., 1998; 

Wang, J. et al., 1998), within the PAS region of the eag/PAS domain (Morais Cabral, J.H. 

et al., 1998; Chen, J. et al., 1999), and in C-terminal regions (Aydar, E. and Palmer, C., 

2001; Al-Owais, M. et al., 2009) accelerate deactivation gating.  Can all of these 

observations  be  combined into a unifying model?   The eag/PAS domain  might regulate  
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Figure 11.  Model for function of the eag/PAS domain.  A) Interaction of the N-

terminal eag/PAS domain with other regions of the hERG channel, perhaps the internal 

S4-S5 linker and C-terminal regions.  (B)  Interaction of the eag/PAS domain with the 

channel is noncovalent and does not require the proximal N-terminal region.  (C) Soluble 

eag/PAS domains do not supplant eag/PAS domains in wild-type channels.  (D) Soluble 

eag/PAS domains supplant eag/PAS domains with point mutations, indicating that the 

mutation weakened an eag/PAS domain – channel interaction.   
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deactivation by directly interacting with voltage-sensing machinery; or, if we consider 

that gating in ion channels may be a series of conformational changes in different parts of 

the channel that are coupled to channel opening (Horrigan, F.T. and Aldrich, R.W., 2002; 

Craven, K.B. and Zagotta, W.N., 2004), then the eag/PAS domain might allosterically 

regulate deactivation by directly interacting with voltage-sensing machinery or, 

alternatively, the eag/PAS domain might allosterically regulate deactivation by 

interacting with another part of the channel.  (A combination of direct and allosteric 

mechanisms is also possible.)  Although speculative at this time, we propose a model in 

which the eag/PAS domain makes extensive interactions with intracellular S4-S5 linker 

or C-terminal regions of the channel to regulate gating (Fig 11A and B).   This hypothesis 

will be further explored in Chapter V of the dissertation. 

Our data indicate that one region of hERG that is apparently not a key 

determinant for an interaction of the eag/PAS domain with the channel is the proximal N-

terminal region.  In channels reconstituted from eag/PAS domains and N-truncated 

channels, the proximal N-terminal region (residues 136-354) was not included (Figure 

11B).  However, reconstituted channels had deactivation kinetics that were not 

measurably different that those in hERG channels with an intact N-terminal region 

(Figure 11A).  We conclude that the proximal N-terminal region is neither a molecular 

determinant for regulation of deactivation gating nor a determinant of the interaction of 

the eag/PAS domain with the internal regions of the hERG channel.  The role of the 

proximal N-terminal region will be further explored in Chapter VI of the dissertation.  

Our results here with a recombinant eag/PAS domain differ from those of a 

previous report (Morais Cabral, J.H. et al., 1998) where a genetically encoded eag/PAS 
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domain fragment was reported to have no effect on channel gating (Morais Cabral, J.H. et 

al., 1998).  Instead, a purified fusion protein composed of the eag/PAS domain partially 

(≈50%) recovered deactivation in N-truncated hERG channels (Morais Cabral, J.H. et al., 

1998), but did not change gating in hERG F29A channels.  An explanation consistent 

with both results may be that fusion of the eag/PAS domain to a fluorescent protein in 

this study may have helped to stabilize the eag/PAS domain in the cellular milieu.  

Another possibility is that recombinant eag/PAS domain fragments might have been 

expressed a higher ratio relative to N-truncated hERG channels, or perhaps recombinant 

eag/PAS domains undergo key stabilizing interactions at earlier stages of biogenesis or 

undergo post-translational processing important for gating that peptide eag/PAS domains 

did not undergo.  The significance of full recovery of gating by the recombinant eag/PAS 

domain in these experiments is that it means that the polypeptide backbone that 

covalently attaches the eag/PAS domain to the channel does not appear to be required for 

regulation of deactivation gating and that, instead, the non-covalent interaction of the 

eag/PAS domain with the channel regulates deactivation gating. 

hERG R56Q is a naturally-occurring human mutation that was identified based on 

its link to LQTS (Chen, J. et al., 1999), and the dysfunctional gating properties of hERG 

R56Q channels were shown in computational models to be pro-arrhythmogenic (Clancy, 

C.E. and Rudy, Y., 2001).  Our data indicates that R56Q disrupts and weakens an 

interaction between the eag/PAS domain and the channel, indicating that perturbations of 

this interaction may underlie heart disease.  Soluble eag/PAS domain fragments restored 

deactivation gating to hERG R56Q, indicating that soluble eag/PAS domains are a means 
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for restoring the dysfunctional deactivation gating in LQTS-associated hERG channels 

containing mutations within the eag/PAS domain.     



 

 56 

 

 

 

 

 

CHAPTER V. N- AND C-TERMINAL REGION INTERACTIONS MEDIATE hERG 

CHANNEL GATING 
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Introduction 

   In the previous chapter, we demonstrated that the hERG eag/PAS domain was 

able to form stable interactions with intracellular regions of the hERG channel, as 

evidenced by the ability of the eag/PAS domain to regulate channel gating when 

expressed as a separate gene fragment.  FRET experiments showed that soluble eag/PAS 

domains were in close proximity to the hERG channel at the plasma membrane.  These 

data strongly suggest that the eag/PAS domain interacts directly with other regions of the 

channel to regulate deactivation gating, however the identity of these other regions is not 

known. 

The eag family of potassium channels, of which hERG is a member, is 

homologous to the CNG and HCN families of cation channels (Warmke, J.W. and 

Ganetzky, B., 1994; Zagotta, W.N. et al., 2003).  hERG, CNG, and HCN channels 

possess large intracellular C-terminal regions which contain cyclic nucleotide binding 

domains (CNBD) (Kaupp, U.B. et al., 1989; Kaupp, U.B., 1991; Warmke, J.W. and 

Ganetzky, B., 1994; Morais Cabral, J.H. et al., 1998; Zagotta, W.N. et al., 2003).  Cyclic 

nucleotides bind to and regulate gating in CNG and HCN channels; in contrast, cyclic 

nucleotides bind with low affinity but do not regulate hERG channels (Brelidze, T.I. et 

al., 2009).  In HCN channels, the C-linker and CNBD have been shown to form a 

tetramer which occupies the intracellular space beneath the channel pore (Zagotta, W.N. 

et al., 2003).  A similar structure has been proposed for hERG and would position the 

CNBD to interact with other regions of the channel (Miranda, P. et al., 2008; Al-Owais, 

M. et al., 2009).   
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In these experiments, we focused on directly identifying the site of interaction in 

the hERG channel for the eag/PAS domain.  We created targeted deletions of the C-

terminal CNBD (amino acids 749-872) and Distal C (amino acids 873-1159) regions to 

compare the kinetic effects of C-terminal region deletion with N-terminal region deletion.  

Channels with both N- and C-terminal region deletions were probed with the eag/PAS 

fragment to investigate the ability of the eag/PAS domain to modulate gating in C-

terminal region-deleted channels.  Protein biochemistry experiments were conducted to 

assess direct binding of purified eag/PAS domains to CNBD-containing C-terminal 

region proteins.  Lastly, we coexpressed eag/PAS domain-deleted subunits (with intact C-

terminal regions) and CNBD-deleted subunits (with intact N-terminal regions) to 

investigate possible interactions between eag/PAS domains and CNBDs on different 

subunits within a heterotetramer.   

 

Methods 

Molecular Biology 

 The hERG, hERG ∆N, and N1-135 expression clones were previously described  

(Trudeau, M.C. et al., 1995; Spector, P.S. et al., 1996; Trudeau, M.C. et al., 1999); 

Chapter IV.  C-terminal region deletions were created as described in Chapter III.  All 

constructs contained S620T, a point mutation that has been shown to increase channel 

expression and remove inactivation without affecting eag/PAS domain regulation of 

gating (Ficker, E. et al., 1998; Herzberg, I.M. et al., 1998; Wang, J. et al., 1998; Viloria, 

C.G. et al., 2000); Chapter IV.  mRNAs were made as described in Chapter III. 

 



 

 59 

Electrophysiology and Analysis 

 Xenopus oocytes were prepared and two-electrode voltage-clamp recordings 

conducted as described in Chapter III.  The current-voltage (I-V) relationship was 

determined by normalizing peak outward current following 1 second depolarizations 

from -100 mV to +80 mV in 20 mV increments to the peak outward current for that cell.  

The steady state voltage dependence of activation (G-V) was determined by normalizing 

the instantaneous tail currents at -50 mV following 1 second steps from -100 mV to +40 

mV in 20 mV increments to the peak instantaneous tail current at -50 mV.  These data 

were fit with a Boltzmann function (y = 1/[1 + e[(V
1/2 

- V)/k]]) where V1/2 is the half-

maximal activation potential and k is the slope factor.  For the time to half-maximal 

activation, we manually determined the time following the depolarizing step at which the 

current reached half of its maximal value (based on the peak current at the end of the 1 

second depolarization).  Current relaxations with repolarizing voltage steps (deactivation) 

were fit with an exponential function (y = Ae (–t/τ)) where t is time, and τ is the time 

constant of deactivation. 

 

Protein Biochemistry  

 N1-135 GST or GST only constructs were transformed in BL21 (DE3) competent 

cells (Agilent Technologies).   Bacterial cultures were prepared and incubated at 37°C 

with shaking until the exponential growth phase was reached.  Cultures were cooled at 

30°C for 30 min.  Protein expression was induced using 0.4 mM isopropyl-β-D-

thiogalactoside (IPTG; Research Products International) and cultures were incubated at 

30°C overnight with shaking.  Bacteria were harvested with centrifugation at 4,000 rpm 
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for 10 min, resuspended in Buffer S (50mM TRIS pH 8, 150 mM NaCl, 25mM 

imidazole, 0.5% CHAPS, and 0.25% Tween-20; Sigma-Aldrich), lysed with sonication, 

and the resulting samples centrifuged at 13,000 rpm for 20 min to remove cellular debris.  

The supernatants were applied to pre-equilibrated glutathione Sepharose 4 Fast Flow 

beads (GE Healthcare) and incubated with rotation at 4°C for 30 min.  The beads were 

washed three times with Buffer S to remove unbound proteins.  Bound protein 

concentration was assessed using spectrophotometry.  

H6 hERG 666-872 Flag was transformed in M15 (pPREP4) competent cells 

(VWR Scientific Products).  Bacterial cultures were prepared and incubated at 37°C with 

shaking until the exponential growth phase was reached.  Cultures were cooled at 18°C 

for 30 min.  Protein expression was induced using 1 mM IPTG and cultures were 

incubated at 18°C overnight with shaking.  Bacteria were harvested via centrifugation at 

4,000 rpm for 10 min, resuspended in Buffer S, lysed with sonication, and the resulting 

samples centrifuged at 13,000 rpm for 20 min to remove cellular debris.  The supernatant 

was applied to a Ni2+ column (HiTrap Chelating HP; GE Healthcare) to bind the H6 

hERG 666-872 Flag protein.  The purified protein was eluted from the column by Buffer 

S with 500 mM imidazole. 

Purified H6 hERG 666-872 Flag was combined with purified N1-135 GST or GST 

only conjugated to glutathione Sepharose beads in Buffer S containing 2% CHAPS.  

Samples were incubated at 4°C overnight with rotation.  Samples were washed to remove 

any unbound proteins.  Bound proteins were then stripped off the beads and run on a 4-

15% Tris-HCl gel (Criterion Precast; Bio-Rad Laboratories) using SDS-PAGE at 150 V 

for 90 min.  To detect H6 hERG 666-872 Flag, proteins were blotted onto nitrocellulose 
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membrane at 100 V for 45 min at 4°C.  The blot was developed with the Hoefer 

Processor Plus (GE Healthcare) at 4°C using mouse anti-Flag primary antibody at 

1:2,000 (Sigma-Aldrich) and goat anti-mouse horseradish peroxidase-conjugated 

secondary antibody at 1:1,000 (Thermo Fisher Scientific).  Blots were developed using 

SuperSignal West Femto (Thermo Fisher Scientific) and imaged with a 

chemiluminescence imager (ChemiDoc XRS; Bio-Rad Laboratories).  The gel was 

stained with Coomassie brilliant blue (Bio-Rad Laboratories) to visualize the GST-tagged 

proteins. 

 

Results 

Channels with Deletions in the C-terminal CNBD Have an Increased Rate of Activation 

and Rapid Deactivation. 

To examine the role of the C-terminal regions in gating of hERG channels, we 

made a family of channels lacking the C-terminal CNBD and/or the distal C-terminal 

region (Figure 12A).  Channels were expressed in oocytes and currents were recorded 

using a two-electrode voltage-clamp (see Methods).  All channels in this study contained 

a serine 620 to threonine (S620T) point mutation in the pore region, which removes 

inactivation gating and enhances channel expression, in order to more directly measure 

activation and deactivation gating (Herzberg, I.M. et al., 1998; Wang, J. et al., 1998); 

Chapter IV.  To elicit a family of outward currents, channels were activated by a series of 

pulses from -100 mV to 80mV in 20mV steps followed by a repolarizing pulse to -100 

mV (Fig. 12).  Channels with a deletion of most of the N-terminal region (amino acids 2-

354), hERG ∆N, (Figure 12C, G, and H; Table 2) demonstrated a rightward shift in the I- 
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Figure 12.  hERG activation gating is altered by C-terminal CNBD deletion.  (A) 

Schematic of the hERG K+ channel with relevant N- and C-terminal domains indicated.  

(B-F) Channel schematics and two-electrode voltage-clamp recordings of a family of 

currents from hERG (B), hERG ∆N (C), hERG ∆Distal C (D), hERG ∆CNBD/Distal C 

(E), and hERG ∆CNBD (F).  Currents were elicited using the pulse protocols indicated.  

Insets showing tail currents at -50 mV are 200 ms in duration; inset scale bars are 0.5 μA. 

(G) I-V relationship for B-F.  The currents at the end of each depolarizing pulse were 

normalized to the peak current for that cell and plotted versus voltage.  n ≥ 4 for each.  

(H) The steady state voltage dependence of activation (G-V) for B-F.  The instantaneous 

tail currents at -50 mV were normalized to the peak instantaneous tail current for that cell 

and plotted versus voltage.  n ≥ 5 for each.  Data were fit with a Boltzmann function (see 

Methods) to determine the V1/2 and k (slope) values.  (I) Plot of the time to half-maximal 

activation versus voltage for B-F.  n ≥ 4 for each.  For G-I, the values are plotted as the 

mean ± SEM.  The error bars are within the points if not visible. 
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Table 2.  Steady-state voltage dependence of activation values for hERG channels 

with C-terminal region deletions.  Steady-state voltage dependence of activation (G-V) 

values derived from a Boltzmann function (y = 1/[1 + e[(V
1/2 

- V)/k]]) fit to the data in which 

V1/2 is the half maximal activation potential and k is the slope factor.  Data are presented 

as the mean ± SEM.  n indicates the number of cells. 
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V relationship  and a  significant (p<0.001, ANOVA)  right-shift  in the G-V curve  when 

compared to hERG (Figure 12B, G, and H; Table 2).  Channels with a deletion of only 

the distal C-terminal region (amino acids 873-1159), hERG ∆Distal C, had no measurable 

differences in the I-V, G-V, or time to half-maximal activation compared to hERG 

(Figure 12D, G-I; Table 2).  In channels with the CNBD (amino acids 749-872) deleted 

in addition to the distal C-terminal region deletion, hERG ∆CNBD/Distal C (Figure 12E), 

the I-V and G-V were not measurably shifted (Figure 12G and H; Table 2), however we 

observed a significant (p<0.01 at all voltages, ANOVA) and marked decrease in the time 

to half-maximal activation (Figure 12I).  Channels with a deletion of only the CNBD, 

hERG ∆CNBD, also demonstrated a significant (p<0.01 at all voltages, ANOVA) 

decrease in the time to half-maximal activation with no measurable changes to the I-V 

and G-V (Figure 12F-I).  These results suggest that the CNBD, but not the distal C-

terminal region, is involved in activation gating.  These recordings also show that 

channels lacking the CNBD (Figure 12E and F) had a very rapidly deactivating tail 

current at repolarization to -100 mV, similar to that in hERG ∆N channels, but unlike that 

in WT hERG or hERG ∆Distal C.  These results suggest that the CNBD also plays a role 

in regulation of deactivation gating.  

Deactivation was further investigated by recording a family of tail currents.  

Channels were activated with a pulse to 20 mV followed by repolarizing pulses between -

120 mV and -40 mV in 20 mV increments (Figure 13).  The tail currents were fit with a 

single exponential function to derive the time constant of deactivation (see Methods).  As 

previously reported (Schonherr, R. and Heinemann, S.H., 1996; Spector, P.S. et al., 1996; 

Morais Cabral, J.H. et al., 1998; Wang, J. et al., 1998; Viloria, C.G. et al., 2000), deletion 
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Figure 13.  C-terminal CNBD deletion affects hERG deactivation.  (A-E) Channel 

schematics and two-electrode voltage-clamp recordings of a family of tail currents from 

hERG (A), hERG ∆N (B), hERG ∆Distal C (C), hERG ∆CNBD/Distal C (D), and hERG 

∆CNBD (E).  Currents were elicited using the pulse protocol indicated.  (F) Plot of the 

time constants (τ) of deactivation derived from a single exponential fit (see Methods) to 

the tail currents in A-E.  The values are plotted as the mean ± SEM.  The error bars are 

within the points if not visible.  n ≥ 5 for each. 
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of   the   N-terminal  region  in  hERG ∆N  caused  a  significant  (p<0.001 at all voltages, 

ANOVA) speeding of deactivation compared to hERG (Figure 13A, B, and F).  The 

deactivation kinetics of hERG ∆Distal C (Figure 13C and F) were not measurably 

different from those of  hERG.  Channels where the CNBD was deleted, hERG 

∆CNBD/Distal C (Figure 13D and F) and hERG ∆CNBD (Figure 13E and F), had rapid 

deactivation kinetics that were not different from those of hERG ∆N, indicating that the 

CNBD was necessary for slow deactivation.  These results show that channels with 

deletion of the CNBD have fast deactivation kinetics, like channels with deletion of the 

N-terminal region, over a range of repolarizing voltages and suggest that the N-terminal 

region and the CNBD may regulate deactivation gating by a convergent mechanism. 

  

N-terminal Region Deletion Does Not Further Alter Gating in Channels with a CNBD 

Deletion. 

We next asked if gating in channels with deletions of both the N- and C-terminal 

regions was additive to or independent of C-terminal region-only deletions.  We recorded 

families of outward currents and tail currents from N-terminal region-deleted channels 

that also had deletions of the distal C-terminus, the CNBD, or both the CNBD and distal 

C-terminal region (Figure 14).  hERG ∆N ∆Distal C channels (Figure 14A and B) had a 

rightward shift in the I-V relationship and a significant (p<0.001, ANOVA) right-shift in 

the G-V curve when compared with hERG ∆Distal C channels (Figure 14G-I; Table S2).  

The rightward shifts in the I-V and G-V were surprisingly greater than the shifts observed 

with hERG ∆N alone (Figure 14G-I, open squares).  hERG ∆N ∆Distal C also had fast 

deactivation (Figure 14J) which was not measurably different from hERG ∆N, indicating  
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Figure 14.  N-terminal region deletion does not further alter gating in C-terminal-

deleted channels that include a CNBD deletion.  (A, C, and E) Channel schematics and 

two-electrode voltage-clamp recordings of a family of currents from hERG ∆N ∆Distal C 

(A), hERG ∆N ∆CNBD/Distal C (C), and hERG ∆N ∆CNBD (E).  Currents were elicited 

using the pulse protocols indicated.  Insets showing tail currents at -50 mV are 200 ms in 

duration; inset scale bars are 0.5 μA.  (B, D, and F) Two-electrode voltage-clamp 

recordings of a family of tail currents from the constructs in A, C, and E.  Currents were 

elicited using the pulse protocol indicated.  (G) Normalized I-V relationship for A, C, and 

E.  n ≥ 6 for each.  (H) Normalized G-V relationship for A, C, and E.  Data were fit with 

a Boltzmann function to determine the V1/2 and k (slope) values.  n ≥ 6 for each.  (I) Plot 

of the time to half-maximal activation for A, C, and E.  n ≥ 6 for each.  (J) Plot of the 

time constants (τ) of deactivation derived from a single exponential fit to the tail currents 

in B, D, and F.  n ≥ 5 for each.  For G – J, the values are plotted as the mean ± SEM.  The 

error bars are within the points if not visible.  hERG (closed squares) and hERG ∆N 

(open squares) are included on all plots for reference. 
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that N-terminal region deletion  speeds deactivation gating irrespective of the presence of 

the distal C-terminal region.  hERG ∆N ∆CNBD/Distal C (Figure 14C, D, and G-J) and 

hERG ∆N ∆CNBD (Figure 14E-J) showed no measurable differences compared to hERG 

∆CNBD/Distal C and hERG ∆CNBD, indicating that there was no additional effect of the 

N-terminal deletions on channel gating in channels lacking the CNBD.  These results 

suggest that the N-terminal region and the CNBD exert their effects on channel 

deactivation via a convergent mechanism. 

 

Coexpression of a Genetically Encoded eag/PAS Domain Fragment Modifies Gating in 

Distal C-terminal Region-deleted Channels but has No Effect on CNBD-deleted 

Channels. 

To more directly test the ability of the N-terminal region, specifically the eag/PAS 

domain, to regulate gating in channels with C-terminal region deletions, we probed 

channels with a genetically encoded eag/PAS domain fragment (N1-135).  N1-135 was 

shown to non-covalently regulate channel deactivation gating in channels lacking the N-

terminal region (Chapter IV).  We coexpressed N1-135 with channels containing both N- 

and C-terminal region deletions and recorded families of outward currents and tail 

currents.  hERG ∆N ∆Distal C + N1-135 (Figure 15A and B) showed a left-shift in the I-

V toward the values obtained for hERG ∆Distal C and hERG, though no change was seen 

in the G-V curve from hERG ∆N ∆Distal C (Figure 15G and H; Table 2).  When N1-135 

was coexpressed with hERG ∆N ∆Distal C, the deactivation rate was significantly 

(p<0.01 at all voltages, ANOVA) slowed to a rate similar to that of hERG ∆Distal C and 

hERG (Figure 15B and J).  These results suggest that N1-135 interacted with hERG ∆N  
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Figure 15.  eag/PAS domain coexpression has no effect on channels that have a 

CNBD deletion, but does modify gating in distal c-terminal region deleted channels.  

(A, C, and E) Channel schematics and two-electrode voltage-clamp recordings of a 

family of currents from hERG ∆N ∆Distal C + N1-135 (A), hERG ∆N ∆CNBD/Distal C 

+ N1-135 (C), and hERG ∆N ∆CNBD + N1-135 (E).  Currents were elicited using the 

pulse protocols indicated.  Insets showing tail currents at -50 mV are 200 ms in duration; 

inset scale bars are 0.5 μA.  (B, D, and F) Two-electrode voltage-clamp recordings of a 

family of tail currents from the constructs in A, C, and E.  Currents were elicited using 

the pulse protocol indicated.  (G) Normalized I-V relationship for A, C, and E.  n ≥ 5 for 

each.  (H) Normalized G-V relationship for A, C, and E.  Data were fit with a Boltzmann 

function to determine the V1/2 and k (slope) values.  n ≥ 6 for each.  (I) Plot of the time to 

half-maximal activation for A, C, and E.  n ≥ 5 for each.  (J) Plot of the time constants (τ) 

of deactivation derived from a single exponential fit to the tail currents in B, D, and F.  n 

≥ 5 for each.  For G-J, the values are plotted as the mean ± SEM.  The error bars are 

within the points if not visible.  hERG (closed squares) and hERG ∆N (open squares) are 

included on all plots for reference. 

  



 

 73 

∆Distal C channels to regulate gating, meaning that the presence of the  distal C-terminal 

region was not required for the eag/PAS domain to regulate gating.  Coexpression of N1-

135 with hERG ∆N ∆CNBD/Distal C and hERG ∆N ∆CNBD yielded no measurable 

changes in the I-V, G-V, time to half-maximal activation, or deactivation kinetics (Figure 

15C-J; Table 2), indicating that N1-135 is unable to regulate gating in channels which are 

lacking the CNBD.  These results suggest the PAS domain may interact with the CNBD. 

 

A Biochemical Interaction Assay Indicates Binding of the eag/PAS Domain to the 

CNBD. 

To directly test for an interaction between the eag/PAS domain and the CNBD, 

we performed a protein interaction assay.  First, we fused the PAS domain to GST (GST 

N1-135, Figure 16A).  Then we added polyhistidine and Flag tags to a C-terminal region 

comprised of the C-linker region and the CNBD (H6 hERG 666-872 Flag, Figure 16A).  

(We included the C-linker region because similar C-linker/CNBD proteins from HCN2 

and hERG were soluble (Zagotta, W.N. et al., 2003; Brelidze, T.I. et al., 2009).)  GST 

N1-135 or GST (as a negative control) was conjugated to glutathione beads.  H6 hERG 

666-872 Flag proteins were purified using a Nickel column (see Methods).   To test for 

interactions, H6 hERG 666-872 Flag was added to the bead-bound GST N1-135 or GST 

proteins and allowed to incubate overnight.  The next day the beads were washed to 

remove any unbound fusion proteins and hERG 666-872 fusion proteins that were 

associated with bead-bound GST N1-135 were analyzed by SDS-PAGE and identified 

with a Western blot.  As seen in Figure 16B, GST N1-135 and GST were present in 

relatively  equivalent  amounts  as  indicated  by  Coomassie  blue  staining,  however the 



 

 74 

 
 
 
 

Figure 16.  Biochemical interaction of the eag/PAS domain with the CNBD.  (A) 

Schematic of the hERG channel and the constructs used for the biochemical interaction 

assay.  (B) Coomassie stain and Western blot of GST N1-135 and GST only control 

probed with α-Flag to detect bound hERG H6-C-linker/CNBD-FLAG. 
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 CNBD-containing protein  hERG 666-872  was  only  detected  when  GST N1-135  was 

present.  These results indicate a direct and specific interaction of the eag/PAS domain 

with the C-terminal CNBD and/or C-linker region. 

 

Evidence for an Intersubunit Interaction Between N- and C-terminal Regions. 

We next hypothesized that functional interactions between PAS domains and 

CNBDs could occur between different subunits.  To test this, we first generated and 

characterized a channel lacking the distal C-terminal region and the majority of the 

CNBD (residues 815-1159), hERG ∆pCNBD/Distal C (Figure 17A and B).  This channel 

demonstrated a shallow G-V curve, faster activation as evidenced by a significantly 

(p<0.001 at all voltages, ANOVA) decreased time to half-maximal activation, and a 

significantly (p<0.01 at all voltages, ANOVA) faster deactivation rate compared to hERG 

(Figure 17E-H; Table 2).  The channel also had rapid deactivation, which was not 

different from the rate of deactivation of hERG ∆N, suggesting that partial deletion of the 

CNBD is sufficient to disrupt eag/PAS domain-dependent regulation of the channel.  

When hERG ∆pCNBD/Distal C was coexpressed with hERG ∆N, the G-V curve was 

right shifted towards that of hERG ∆N and the time to half maximal activation was 

significantly (p<0.001 at all voltages, ANOVA) increased, indicating slower activation 

than that of hERG ∆N (Figure 17C-D, F-G; Table 2).  Surprisingly, hERG ∆N + hERG 

∆pCNBD/Distal C demonstrated a significant (p<0.001 at all voltages, ANOVA) slowing 

of deactivation similar to that seen with WT hERG (Figure 17H).  Independently, hERG 

∆N and hERG ∆pCNBD/Distal C channels have fast deactivation kinetics, however when 

coexpressed they have slow deactivation .  These results are not explained by an additive 
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Figure 17.  Coexpression of N-terminal region-deleted hERG with C-terminal 

region-deleted hERG partially compensates for gating alterations caused by either 

N- or C-terminal region deletion.  (A and C) Channel schematics and two-electrode 

voltage-clamp recordings of a family of currents from hERG ∆pCNBD/Distal C (A) and 

hERG ∆N + hERG ∆pCNBD/Distal C (C).  Currents were elicited using the pulse 

protocols indicated.  Insets showing tail currents at -50 mV are 200 ms in duration; inset 

scale bars are 0.5 μA.  (B and D) Two-electrode voltage-clamp recordings of a family of 

tail currents from the constructs in A and C.  Currents were elicited using the pulse 

protocol indicated.  (E) Normalized I-V relationship for A and C.  n ≥ 5 for each.  (F) 

Normalized G-V relationship for A and C.  Data were fit with a Boltzmann function to 

determine the V1/2 and k (slope) values.  n ≥ 6 for each.  (G) Plot of the time to half-

maximal activation for A and C.  n ≥ 5 for each.  (H) Plot of the time constants (τ) of 

deactivation derived from a single exponential fit to the tail currents in B and D.  n ≥ 5 

for each.  For E-H the values are the mean ± SEM.  The error bars are within the points if 

not visible.  hERG (closed squares) and hERG ∆N (open squares) are included on all 

plots for reference. 
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effect of  two separate  populations of channels.  Rather, these results suggest N-terminal 

region modulation of gating of the adjacent subunits which lack a functional N-terminal 

region in heterotetrameric channels.   This could occur through an intersubunit interaction 

between the N-terminal region of hERG ∆pCNBD/Distal C and the C-terminal region of 

hERG ∆N. 

 

Discussion 

Here we present evidence that an interaction between the N-terminal eag/PAS 

domain and the C-terminal CNBD is the mechanism for regulation of hERG channel 

deactivation gating.  We showed that channels with deletions of the CNBD have fast 

deactivation (similar to that seen in channels with N-terminal region deletions).  The 

CNBD-deleted channels lacked regulation by a genetically encoded eag/PAS domain 

fragment, although channels with distal C-terminal region deletions maintain eag/PAS 

domain modulation.  Protein biochemistry experiments demonstrate direct binding of 

purified N-terminal eag/PAS and C-terminal CNBD –containing proteins.  A model we 

propose to explain our results is that the eag/PAS domain forms a stable interaction with 

the CNBD either within individual subunits of the channel (Figure 18A) or between 

adjacent subunits of the channel (Figure 18B).  If the CNBD is not present in the channel, 

our data show that the eag/PAS domain is not sufficient to regulate channel gating.  We 

propose that, when the CNBD is deleted, the eag/PAS domain is not properly positioned 

to regulate deactivation gating.   

We have also found evidence for intersubunit interaction between N- and C-

terminal   regions  in   hERG  channels.    hERG  ∆N   homomeric  channels  and  hERG  



 

 79 

 
 
 
 

Figure 18.  Model of N- and C-terminal region interactions in the hERG channel.  

(A) Interaction of the N-terminal eag/PAS domain with the C-terminal CNBD within the 

same subunit of the hERG channel.  (B) Interaction of the eag/PAS domain with the 

CNBD on adjacent subunits of the hERG channel. 
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∆pCNBD/Distal C   homomeric   channels   had   fast   deactivation   kinetics;   however, 

coexpression of hERG ∆N and hERG ∆pCNBD/Distal C subunits resulted in channels 

that had slow deactivation kinetics.  These results strongly suggest the formation of 

heterotetrameric channels, as two independent populations of fast deactivating channels 

could not demonstrate slow deactivation gating.  These results also indicate an 

intersubunit interaction between the functional N-terminal region on one subunit with a 

functional C-terminal region on another subunit within a heterotetramer (Figure 18B).   

[We also noted that the average current amplitude of hERG ∆N channels (1.58 ± 0.33 

μA; n = 3) and hERG ∆pCNBD/Distal C channels (0.86 ± 0.14 μA; n = 5) was modest, 

but when these channels were coexpressed we measured a marked enhancement of the 

current (11.61 ± 0.57 μA; n = 7), consistent with subunit heterotetramerization.]  Perhaps 

interdomain and intersubunit interactions between N-terminal regions and C-terminal 

regions are a general regulatory mechanism in channels with CNBDs, since the N-

terminal region interacts with the C-terminal region in rod and olfactory CNG channels 

(Varnum, M.D. and Zagotta, W.N., 1997; Trudeau, M.C. and Zagotta, W.N., 2002). 

Our data indicate that both the eag/PAS domain and the CNBD are required for 

regulation of deactivation.  Other studies have proposed a putative role for the S4-S5 

linker in eag/PAS domain interaction and deactivation gating (Morais Cabral, J.H. et al., 

1998; Wang, J. et al., 2000; Li, Q. et al., 2010).  In our study, channels (hERG ∆CNBD 

and hERG ∆CNBD/Distal C) with intact PAS domains and intact S4-S5 linkers (but 

deleted CNBDs) had accelerated deactivation, indicating that PAS domains and S4-S5 

linkers are not sufficient for regulation of deactivation gating, and suggesting that 

CNBDs are required for regulation of deactivation.  However, our results do not rule out 
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the possibility that the S4-S5 linker may play a necessary role in slow deactivation.  It is 

possible that interactions between the S4-S5 linker and 1) the PAS domain, 2) the cap 

domain 3) the C-linker/CNBD, or 4) an eag/PAS domain and C-linker/CNBD complex 

may contribute to regulation of deactivation gating. 

We found that channels with CNBD deletions (Figure 12A, F, and H; Figure 17A 

and F; Table 2) had a 2-fold change in the slope (k) values of the G-V curves compared to 

that in wild-type hERG (Figure 12A, H; Table 2).  We interpret these findings to mean 

that the CNBD regulates gating transitions in the activation and deactivation pathways.  

In heteromeric channels formed from N-deleted and CNBD-deleted subunits the slope of 

the G-V was restored to a value similar to that of wild-type channels (Figure 17C and F; 

Table 2).  This result suggests that an interaction between eag/PAS domains and CNBDs 

is necessary for shaping the voltage-dependence of activation and deactivation in hERG 

channels. 

We show that the distal C-terminal region is not apparently involved in hERG 

activation or deactivation gating, as channels lacking only this region, hERG ∆Distal C, 

did not have activation or deactivation properties that were different from those of WT 

hERG channels.  Additionally, channels lacking the CNBD and distal C-terminus, hERG 

∆CNBD/Distal C, did not have activation or deactivation properties that were different 

from channels which lacked only the CNBD, hERG ∆CNBD.  An interesting observation 

was noted when the N-terminal region was deleted in addition to the distal C-terminal 

region:  hERG ∆N ∆Distal C channels demonstrated a right-shift in the I-V and G-V, and 

an increased time to half-maximal activation when compared with hERG ∆Distal C, 

indicating a unique effect of N-terminal region deletion in these channels.  Coexpression 
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of N1-135 with hERG ∆N ∆Distal C resulted in only a partial restoration of the G-V and 

I-V to the values of hERG ∆Distal C, suggesting that the shifts in the G-V and I-V are not 

mediated by the eag/PAS domain.  As hERG ∆N ∆Distal C channels alone or 

coexpressed with N1-135 are lacking the proximal N-terminus it is possible that the 

proximal N-terminal region has a cooperative effect on gating with the distal C-terminal 

region.  The role of the eag/PAS and proximal domains in steady-state properties will be 

evaluated further in Chapter VI of the dissertation. 

Our experiments show the usefulness of using hERG S620T to study activation 

and deactivation kinetics, especially in channels which may not otherwise be expressed in 

sufficient numbers at the cell surface to produce measurable currents.  We observe that 

the channels with larger C-terminal deletions of 344 and 410 amino acids (hERG 

∆pCNBD/Distal C and hERG ∆CNBD/Distal C respectively) have a smaller average 

current amplitude than the other constructs used in this study, indicating a possible 

reduction in channel expression.  A previous report showed that channels with C-terminal 

deletions of 311 amino acids or greater did not show functional expression (Aydar, E. and 

Palmer, C., 2001).  We presume that the difference between the previous study and our 

study was that we used the S620T mutation to foster the expression of functional 

channels with deletions of the CNBD and C-terminal regions.   

In addition to binding the eag/PAS domain and regulating deactivation, our data 

indicate a separate role for the hERG CNBD in channel activation.  In response to 

depolarization, channels lacking the CNBD (hERG ∆CNBD/Distal C, hERG ∆CNBD, or 

hERG ∆pCNBD/Distal C) demonstrated a less sigmoidal (i.e. a more ‘square’ shaped) 

current compared to the more sigmoidal current of channels with intact CNBDs.  CNBD-
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deleted channels also had a significantly (p<0.01 at all voltages, ANOVA) reduced time 

to half-maximal activation compared to that of wild-type hERG channels (see Fig. 12).  

These results suggest that the CNBD may play a role in regulation of the gating 

transitions that precede channel opening.  The eag/PAS domain does not appear to 

regulate these transitions, meaning that the effect of the CNBD on channel activation is 

independent of its interaction with the eag/PAS domain. 

  



 

 84 

 

 

 

 

 

CHAPTER VI. THE eag/PAS DOMAIN REGULATES hERG CHANNEL 

INACTIVATION GATING VIA A DIRECT INTERACTION 
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Introduction 

In the previous chapters, we demonstrated that the eag/PAS domain was the 

primary determinant of hERG deactivation, and that it formed a stable interaction with 

intracellular regions of the hERG channel.  We also showed that the CNBD was 

necessary for eag/PAS domain modulation of gating.  CNBD-deleted channels 

demonstrated fast deactivation gating similar to eag/PAS domain-deleted channels.  

Protein biochemistry experiments indicated direct binding of eag/PAS domains with 

CNBD domain containing proteins, and electrophysiology experiments demonstrated 

intersubunit interaction between these domains.  The hERG N-terminal regions have also 

been implicated in other aspects of hERG gating, but the specific contributions of the 

eag/PAS domain and proximal domain are not clear. 

hERG channels demonstrate rectification, where the current conducted at negative 

potentials is greater than the current conducted at positive potentials, indicated by a 

negative slope conductance at positive voltages (Trudeau, M.C. et al., 1995). The fast 

inactivation of hERG channels relative to the slow activation has been implicated as the 

cause of hERG rectification (Smith, P.L. et al., 1996; Spector, P.S. et al., 1996).  

Channels with an N-terminal region deletion (hERG ∆2-354) had slower inactivation 

gating compared to wild-type and reduced rectification (Spector, P.S. et al., 1996; Wang, 

J. et al., 1998).  An N-terminal region charge cluster (KIKER; amino acids 362-366) near 

the S1 transmembrane domain was shown to be involved in regulation of hERG steady-

state activation (Viloria, C.G. et al., 2000).  Mutations in this region also yielded apparent 

changes in other gating parameters, which were shown to be a result of the large G-V 

shift (Viloria, C.G. et al., 2000).  We did not mutate this region to avoid these affects and 
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to simplify comparison with the majority of existing research, which focuses on the N-

terminal regions from amino acids 2 through 354.  This will also allow us to identify 

possible addition effects of the proximal domain in addition to the known role of the 

KIKER region. 

In these studies, we will investigate the separate roles of the eag/PAS and 

proximal domains in hERG channel gating.  To supplement our existing N-terminal 

region-deleted channel and eag/PAS domain fragment, we created a specific eag/PAS 

domain-deleted channel (amino acids 2-135), and soluble fragments for the eag/PAS and 

proximal domains (amino acids 1-354) and proximal domain alone (amino acids 136-

354).  All constructs included fluorescent tags to confirm expression.  N-terminal region 

fragments were used to probe N-terminal region deleted channels to assess the role of 

specific N-terminal regions in individual hERG channel gating properties.  We also 

administered a dynamic ramp protocol to investigate the current profile of hERG under 

conditions more resembling a cardiac action potential. 

 

Methods 

Molecular Biology 

 The hERG, hERG ∆N, hERG ∆eag, and N1-135 expression clones were 

previously described (Trudeau, M.C. et al., 1995; Spector, P.S. et al., 1996; Morais 

Cabral, J.H. et al., 1998; Trudeau, M.C. et al., 1999); Chapter IV.  hERG channels were 

fused directly at position 1159 (with no linker) to monomeric citrine, as described in 

Chapter III.  Consistent with previous studies (Miranda, P. et al., 2008), fluorescent 

proteins fused at the C-terminus of hERG did not affect channel gating kinetics.  The 
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eag/PAS domains were fused directly (with no linker) at amino acid 135 to CFP or red 

fluorescent protein.  The proximal domain and eag/PAS / proximal domain constructs 

were created as described in Chapter III and were fused directly (with no linker) at amino 

acid 354 to CFP.  mRNAs were made as described in Chapter III. 

 

Preparation and Injection of Oocytes 

 Xenopus oocytes were prepared and injected as described in Chapter III.  For 

coexpression experiments, mRNA for the N-terminal region fragment was coinjected 

with mRNA for the channel in a 2:1 ratio (Chapter IV).  For coexpression of three 

constructs, mRNA was coinjected in a 1:1:1 ratio.  The total amount of mRNA injected 

remained constant at 50.6 nl per oocyte. 

 

Confocal Microscopy 

 Fluorescent imaging was conducted using a confocal microscope (Zeiss LSM5 

Duo) at the University of Maryland School of Medicine Facility for Confocal 

Microscopy.  Cells were visualized using an AxioObserver Z1 inverted microscope with 

a 20x/NA1.0 water immersion plan-apochromat objective.  CFP and YFP were excited 

using the 458 nm or 488 nm lines of an Argon ion laser (Omnichrome) with emission 

captured at 475-525 nm or 505-550 nm respectively.  RFP was excited using the 561 nm 

line of a diode-pumped solid-state laser (DPSS; Zeiss) with emission captured at 575-615 

nm.  Fluorescence signals were collected from the animal pole of Xenopus oocytes after 

laser excitation using Zen 2009 acquisition software (Zeiss).  Images were processed 

using the LSM Image Browser (Zeiss) and Photoshop CS5.1 (Adobe).   
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Electrophysiology and Analysis 

 Two-electrode voltage-clamp recordings were conducted as described in Chapter 

III.  The current-voltage (I-V) relationship was determined by normalizing peak outward 

current following 1 second depolarizations from -100 mV to +80 mV in 20 mV 

increments to the normalized extrapolated peak tail current at -100 mV.  The extrapolated 

peak current value was determined from a single exponential fit to the deactivating 

current extrapolated back to the time of the voltage change (Sale, H. et al., 2008).  The 

steady state voltage dependence of activation (G-V) was determined by normalizing the 

instantaneous tail currents at -50 mV following 1 second steps from -100 mV to +40 mV 

in 20 mV increments to the peak instantaneous tail current at -50 mV.  These data were 

fit with a Boltzmann function (y = 1/[1 + e[(V
1/2 

- V)/k]]) where V1/2 is the half-maximal 

activation potential and k is the slope factor.  Current relaxations with repolarizing 

voltage steps (deactivation) and the rising phase of the repolarizing voltage step (recovery 

from inactivation) were fit with an exponential function (y = Ae (–t/τ)) where t is time, and 

τ is the time constant of deactivation or recovery from inactivation.  Inactivation rate was 

determined used a three-step protocol, as previously described, to isolate inactivating 

currents, which were fit with a single exponential function (Spector, P.S. et al., 1996; 

Herzberg, I.M. et al., 1998; Wang, J. et al., 1998).  Steady-state inactivation was 

measured using a separate three-step protocol, as previously described (Smith, P.L. et al., 

1996).  Errors due to deactivation at -120 and -100 mV were corrected with the equations 

Icorrected = (gdifference)(20-Erev); gdifference =  (Ipeak – Iend)/(Emem – Erev), where Ipeak is the peak 

inward current during the conditioning pulse, and Iend is the inward current at the end of 

the conditioning pulse (Gianulis, E.C. and Trudeau, M.C., 2011).  The corrected peak 
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instantaneous currents at 20 mV were normalized and fit with a Boltzmann function.  

Activation rate was determined using an envelope of tails protocol (Trudeau, M.C. et al., 

1995; Wang, S. et al., 1997).  Peak tail current amplitude was plotted versus the duration 

of the depolarizing pulse and fit with a single exponential function. 

 

Results 

Channels with N-terminal Region Deletions Showed Reduced Inward Rectification, 

Which was Recovered by Coexpression of eag/PAS Domain Containing Fragments. 

To investigate the contributions of the N-terminal region eag/PAS domain and 

proximal domain to hERG gating properties, we created a series of N-terminal region-

deleted channels and N-terminal region fragments (Figure 19A).  The channel constructs 

were tagged with YFP at the C-terminal end, while the N-terminal region fragments were 

tagged with CFP or RFP at the C-terminal end.  Channels were expressed in oocytes, and 

expression of all constructs was confirmed by confocal microscopy (Figure 19B).  

Currents were recorded using two-electrode voltage-clamp.  Channels were activated by a 

series of pulses from -100 mV to +80 mV in 20-mV steps, followed by a repolarizing 

pulse to -100 mV.  The steady-state I-V relationship was determined by taking the ratio 

of the peak outward current at the end of each depolarizing step to the extrapolated peak 

inward current at -100 mV (see Methods).  As previously reported, hERG channels 

exhibited inward rectification, with a peak relative outward current of 0.39 ± 0.05 at -20 

mV (Figure 20A and I).  Channels with a deletion of both the eag/PAS and proximal 

domains (amino acids 2-354), hERG ∆N, demonstrated reduced inward rectification, as 

evidenced by a  significant  increase in the  relative  outward  current at 0 mV, 20 mV, 40 
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Figure 19.  hERG channel schematic and confirmation of construct expression.  (A) 

Schematic of hERG channel constructs used in this study.  (B) Individual channel 

schematics and confocal images to confirm expression of all constructs.  CFP (images on 

the left) was excited with a 458 nm Argon ion laser and emission was captured at 475-

525nm.  YFP (images on the right for all constructs except hERG ∆N YFP + N1-135 

RFP + N136-354 CFP, where it is in the center) was excited with a 488 nm Argon ion 

laser and emission was captured at 505-550 nm.  RFP (image on the right for hERG ∆N 

YFP + N1-135 RFP + N136-354 CFP) was excited with a 561 nm DPSS laser and 

emission was captured at 575-615 nm. 
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Figure 20.  eag/PAS domain regulation of hERG rectification.  (A-H) Channel 

schematics and two-electrode voltage clamp recordings of a family of currents from 

hERG (A), hERG ∆N (B), hERG ∆N + N1-135 (C), hERG ∆eag (D), hERG ∆eag + N1-

135 (E), hERG ∆N + N136-354 (F), hERG ∆N + N1-354 (G), and hERG ∆N + N1-135 + 

N136-354 (H).  Currents were elicited using the pulse protocol shown.  Calibration bars 

are 1 μA and 200 ms.  (I) Steady-state I-V curves derived from the currents shown in A-

H by normalizing the peak outward current at the end of each depolarizing step to the 

extrapolated peak tail current at -100 mV and plotting versus voltage.  Error bars are the 

SEM and are within the points if not visible.  n ≥ 9 for each construct.  *p<0.01 versus 

hERG. 
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mV, and 60 mV compared to hERG, and a peak relative outward current of 0.73 ± 0.08 at 

0 mV (p<0.001, ANOVA; Figure 20B and I).  Coexpression of hERG ∆N with N1-135, a 

fragment encoding the eag/PAS domain (amino acids 1-135), restored wild-type like 

rectification properties, with a peak relative outward current of 0.23 ± 0.04 at -20 mV, 

which is not different from hERG (Figure 20C and I).  Channels with a deletion of just 

the eag/PAS domain, hERG ∆eag, demonstrated significantly reduced inward 

rectification at -20 mV, 0 mV, 20 mV, 40 mV, and 60 mV compared to hERG, with a 

peak relative outward current of 0.90 ± 0.09 at 0 mV (p<0.001, ANOVA; Figure 20D and 

I).  Coexpression of hERG ∆eag with N1-135 restored rectification to levels not different 

from hERG at all voltages, with a peak relative outward current of 0.40 ± 0.05 at -20 mV 

(Figure 20E and I).  hERG ∆N channels were then coexpressed with fragments encoding 

just the proximal domain (N136-354), the full N-terminal region (N1-354), or both the 

eag/PAS and proximal domain fragments.  hERG ∆N + N136-354 demonstrated 

significantly reduced inward rectification compared with hERG WT (p<0.001, ANOVA 

at 0 mV, 20 mV, 40 mV, and 60 mV), with a peak relative outward current of 0.83 ± 0.06 

at 0 mV, and which was not different from hERG ∆N at any voltage (Figure 20F and I).  

hERG ∆N + N1-354 and hERG ∆N + N1-135 + N136-354 demonstrated restored wild-

type-like rectification properties, with peak relative outward currents at -20 mV of 0.40 ± 

0.11 and 0.30 ± 0.03 respectively, which were not different from hERG at any voltage 

(Figure 20G, H, and I).  These results suggest that the eag/PAS domain was a determinant 

of channel inward rectification, as channels lacking the full N-terminal region or just the 

eag/PAS domain demonstrated reduced inward rectification, and coexpression of an 

eag/PAS domain-containing fragment was able to restore rectification to levels similar to 
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hERG.  No measureable differences were seen between hERG ∆N and hERG ∆N + 

N136-354; additionally, hERG ∆N + N1-135 and hERG ∆N + N1-135 + N136-354 were 

not different.  These results also indicate no measurable effect of the proximal domain 

when expressed as a separate fragment.  

 

The Proximal Domain is Involved in Steady-State Activation Gating, but it Requires a 

Covalent Link to the Channel. 

To investigate the roles of the eag/PAS and proximal domains on steady-state 

activation, we activated channels by a series of pulses from -100 mV to 40 mV, followed 

by a repolarizing pulse to -50 mV to elicit an outward tail current.  The tail current 

following each voltage step was normalized to the peak tail current.  As previously 

reported in Chapter V, the steady-state activation curve for hERG ∆N is significantly 

right-shifted compared to hERG (p<0.001, ANOVA; Figure 21A, B, and I; Table 3).  

hERG ∆N coexpressed with N1-135, N1-354, or N1-135 + N136-354 yielded a slight 

leftward shift and steeper slope compared to hERG ∆N alone, which was significantly 

different at 0 mV for all eag/PAS containing constructs ((p<0.001, ANOVA; Figure 21C, 

G-I; Table 3).  hERG ∆N + N136-354 was not different from hERG ∆N (Figure 21F and 

I; Table 3).  Interestingly, hERG ∆eag steady-state activation is not different from hERG, 

while hERG ∆eag + N1-135 was slightly left shifted only at -40 mV (Figure 21D, E, and 

I; Table 3).  These data suggest that the right shift in steady-state activation only occurs 

when the proximal domain is deleted from the channel, and that deletion of the eag/PAS 

domain alone has no effect.  Furthermore, hERG ∆N channels do not show any 

differences in  steady-state  activation when N136-354 is coexpressed,  indicating that the 
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Figure 21.  Proximal domain regulation of steady-state activation requires a 

covalent link to the channel.  (A-H) Channel schematics and two-electrode voltage 

clamp recordings of a family of currents from hERG (A), hERG ∆N (B), hERG ∆N + 

N1-135 (C), hERG ∆eag (D), hERG ∆eag + N1-135 (E), hERG ∆N + N136-354 (F), 

hERG ∆N + N1-354 (G), and hERG ∆N + N1-135 + N136-354 (H).  Currents were 

elicited using the pulse protocol shown.  Calibration bars are 1 μA and 200 ms.  (I) 

Steady-state activation (G-V) curves derived from the currents shown in A-H by 

normalizing the peak outward currents at -50 mV and plotting versus voltage.  Data were 

fit with a Boltzmann function (see Methods) to determine the V1/2 and k (slope) values.  

Error bars are the SEM and are within the points if not visible.  n ≥ 9 for each construct.  

*p<0.01 versus hERG. 
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Table 3. Steady-state voltage dependence of activation values for hERG channels 

with N-terminal region deletions.  Steady-state voltage dependence of activation (G-V) 

values derived from a Boltzmann function (y = 1/[1 + e[(V
1/2 

- V)/k]]) fit to the data in which 

V1/2 is the half maximal activation potential and k is the slope factor.  Data are presented 

as the mean ± SEM.  n indicates the number of cells. 
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proximal domain fragment is unable to have an effect, and that the proximal domain must 

be directly attached to the channel for wild-type-like steady-state activation to occur. 

 

The eag/PAS Domain is the Primary Determinant of hERG Deactivation. 

We then measured deactivation gating by activating the channels with a voltage 

step to 20 mV, followed by depolarizing pulses in 20 mV increments from -120 mV to     

-40 mV.  The decay of the tail current was fit with a single exponential equation to 

determine the time constant of deactivation.  hERG had relatively slow deactivation 

kinetics, while hERG ∆N channels demonstrated a significant speeding of deactivation 

gating at all voltages (p<0.001, ANOVA; Figure 22A, B and I).  Consistent with our prior 

experiments in Chapter IV, hERG + N1-135 significantly (p<0.001) slowed deactivation 

gating to a rate similar to wild-type (p<0.001, ANOVA; Figure 22C and I).  hERG ∆eag 

channels lacking just the eag/Pas domain and hERG ∆N + N136-354 has fast deactivation 

that was not different from hERG ∆N, while all N-terminal region deleted channels 

coexpressed with an eag/PAS domain containing fragment (hERG ∆eag + N1-135, hERG 

∆N + N1-354, hERG ∆N + N1-135 + N136-354) had significantly slowed deactivation 

gating that was not different from hERG ∆N + N1-135 (p<0.001, ANOVA; Figure 22D-

I).  This supports our results in Chapter IV that the eag/PAS domain is the primary 

determinant of deactivation gating, and that the proximal region does not play a role in 

deactivation gating. 
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Figure 22.  Regulation of deactivation gating by eag/PAS domains is unaffected by 

the presence of the proximal domain.  (A-H) Channel schematics and two-electrode 

voltage clamp recordings of tail currents from hERG (A), hERG ∆N (B), hERG ∆N + 

N1-135 (C), hERG ∆eag (D), hERG ∆eag + N1-135 (E), hERG ∆N + N136-354 (F), 

hERG ∆N + N1-354 (G), and hERG ∆N + N1-135 + N136-354 (H).  Currents were 

elicited using the pulse protocol shown.  Calibration bars are 2 μA and 200 ms.  (I)  Plot 

of the time constants (τ) of deactivation derived from single exponential fits (see 

Methods) to the tail currents in A-H.  Error bars are the SEM and are within the points if 

not visible.  n ≥ 10 for each construct. 

  



 

 102 

Channels with N-terminal Region Deletions have Altered Inactivation Properties, which 

were Recovered by Coexpression of eag/PAS Domain Containing Fragments. 

The rising phase of the tail currents from Figure 22 were fit with a single 

exponential equation to determine the rate of recovery from inactivation.  hERG had a 

significantly slower rate of recovery than hERG ∆N (p<0.001, ANOVA; Figure 23).  As 

seen with deactivation gating, hERG ∆eag and hERG ∆N + N136-354 channels have 

slow recovery from inactivation which is not different from hERG ∆N; whereas, all N-

terminal region deleted channels coexpressed with an eag/PAS domain containing 

fragment (hERG ∆eag + N1-135, hERG ∆N + N1-354, hERG ∆N + N1-135 + N136-354) 

had significantly slowed recovery from inactivation that was not different from the rate of 

hERG (p<0.001, ANOVA; Figure 23).  These data suggest that the eag/PAS domain is 

also the primary determinant of recovery from inactivation. 

We then used a three step protocol to isolate inactivating currents and determine 

the rate of inactivation (Spector, P.S. et al., 1996; Herzberg, I.M. et al., 1998; Wang, J. et 

al., 1998).  Channels were activated with a pulse to 20 mV, then briefly stepped to -100 

mV to allow the channels to recover from inactivation, but not begin to deactivate.  This 

was controlled by varying the length of the -100 mV pulse based on the rate of recovery 

from inactivation: 20 ms for hERG and N-terminal region deleted channels coexpressed 

with an eag/PAS containing fragment, and 5ms for hERG ∆N, hERG ∆eag, and hERG 

∆N + N136-354.    Following the -100 mV pulse, steps were given in 10 mV increments 

between -20 mV and 60 mV to isolate the inactivating current.  A single exponential fit to 

the current decay was used to determine the rate of inactivation.   hERG channels 

demonstrated  a  consistent decrease in  inactivation rate  (faster inactivation)  as voltages 
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Figure 23.  eag/PAS domain regulation of hERG recovery from inactivation.  (A) 

Two-electrode voltage clamp recordings of tail currents from the constructs indicated 

enlarged to show detail of the rising phase at the step to -100mV.  Currents were 

normalized to the peak for comparison.  Calibration bar is 50 ms.  (B)  Plot of the time 

constants (τ) of recovery from inactivation derived from single exponential fits to the 

rising phase of the tail currents in A from hERG (red triangle), hERG ∆N (open square), 

hERG ∆N + N1-135 (filled square), hERG ∆eag (open circle), hERG ∆eag + N1-135 

(filled circle), hERG ∆N + N136-354 (open diamond), hERG ∆N + N1-354 (filled 

diamond), and hERG ∆N + N1-135 + N136-354 (black triangle).  Error bars are the SEM 

and are within the points if not visible.  n ≥ 10 for each construct. 
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became more positive (Figure 24A and D).  In contrast, hERG ∆N demonstrated an 

increase in inactivation rate from -20 mV to 0 mV, at which point the inactivation rate 

decreased at positive voltages (Figure 24B and D).  The result of this slowing and then 

speeding of hERG ∆N inactivation was no difference in inactivation rate compared to 

hERG at -20 mV and -10 mV, but significantly slower inactivation at 0 mV and all 

positive voltages, which is similar to previous reports (p<0.001, ANOVA) (Spector, P.S. 

et al., 1996).  When hERG ∆N was coexpressed with N1-135, inactivation rate was 

restored to faster rates not different from hERG at all voltages, suggesting a specific role 

of the eag/PAS domain in inactivation rate (Figure 24C and D).  This role was further 

supported by hERG ∆eag channels, which exhibited a similar slowing then speeding of 

inactivation rate compared to hERG ∆N, which was significantly slower than hERG at -

10 mV, 0 mV and all positive voltages (p<0.01, ANOVA; Figure 24D).  hERG ∆N + 

N136-354 was also significantly (p<0.001) slower than hERG at 0mV and all positive 

voltages (Figure 24D).  All other constructs which were coexpressed with an eag/PAS 

containing fragment (hERG ∆eag + N1-135, hERG ∆N + N1-354, and hERG ∆N + N1-

135 + N136-354) were not different from hERG at any voltage and had a consistent 

increase in the inactivation rate (Figure 24D).  Together these results support a role of the 

eag/PAS domain as a determinant of inactivation rate, with no significant contribution 

from the proximal domain. 

We next investigated the steady-state inactivation properties of hERG using a 

three pulse protocol to isolate the peak instantaneous current (Figure 25, arrows) (Smith, 

P.L. et al., 1996).  A depolarizing pulse to 20 mV was given to activate channels, 

followed by a step from -120 mV to 60 mV in 20 mV increments, then a return to 20 mV. 
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Figure 24.  eag/PAS domain regulation of hERG inactivation rate.  (A-C) Sample 

two-electrode voltage clamp recordings to isolate inactivating currents from hERG (A), 

hERG ∆N (B), and hERG ∆N + N1-135 (C) using the three pulse protocol shown.  The 

duration of the second pulse was 20 ms or 5 ms based on the construct so that no 

deactivation occurred during this step.  Calibration bar is 2 µA and 10 ms.  (D)  Plot of 

the time constants (τ) of inactivation derived from single exponential fits to the current 

decay in A-C and from hERG ∆eag (open circle), hERG ∆eag + N1-135 (filled circle), 

hERG ∆N + N136-354 (open diamond), hERG ∆N + N1-354 (filled diamond), and hERG 

∆N + N1-135 + N136-354 (black triangle).  Error bars are the SEM and are within the 

points if not visible.  n ≥ 9 for each construct.  *p<0.01 versus hERG. 
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Figure 25.  eag/PAS domain regulation of hERG steady-state inactivation.  (A-C) 

Sample two-electrode voltage clamp recordings from hERG (A), hERG ∆N (B), and 

hERG ∆N + N1-135 (C) using the three pulse protocol shown.  The duration of the 

second pulse was 20 ms or 5 ms based on the construct.  Red arrows indicate the peak 

instantaneous current.  Calibration bar is 2 µA and 10 ms.  (D)  Steady-state inactivation  

curves derived from the currents shown in A-C and from hERG ∆eag (open circle), 

hERG ∆eag + N1-135 (filled circle), hERG ∆N + N136-354 (open diamond), hERG ∆N 

+ N1-354 (filled diamond), and hERG ∆N + N1-135 + N136-354 (black triangle) by 

normalizing the peak instantaneous current and plotting versus voltage (see Methods).  

Data were fit with a Boltzmann function to determine the V1/2 and k (slope) values.  Error 

bars are the SEM and are within the points if not visible.  n ≥ 9 for each construct.  

*p<0.01 versus hERG. 
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The duration of the voltage step from -120 mV to 60 mV was varied to allow the 

channels to recover from inactivation but not deactivate based on the recovery from 

inactivation rate of the channels (20 ms for hERG, hERG ∆N + N1-135, hERG ∆eag + 

N1-135, hERG ∆N + N1-354, and hERG ∆N + N1-135 + N136-354; 5 ms for hERG ∆N, 

hERG ∆eag, and hERG ∆N + N136-354).  The peak instantaneous current was also 

corrected to compensate for deactivation (see Methods).  The steady-state inactivation 

curve for hERG ∆N had a significantly shallower slope compared to hERG and was right 

shifted at -60 mV to 20 mV (p<0.01, ANOVA; Figure 25A, B, and D; Table 4).  

Coexpression of hERG ∆N + N1-135 restored the wild-type properties indicating a role 

for the eag/PAS domain in steady-state inactivation (Figure 25C and D; Table 4). 

Consistent with this proposed role, other N-terminal region deleted channels that were 

coexpressed with eag/PAS containing fragments (hERG ∆eag + N1-135, hERG ∆N + 

N1-354, hERG ∆N + N1-135 + N136-354) were also not different from wild-type hERG 

(Figure 25D, Table 4).  Channels lacking only the eag/PAS domain, hERG ∆eag and 

hERG ∆N + N136-354, had significantly shallower slopes compared to wild-type and 

were right shifted, but were not different from hERG ∆N, suggesting that the proximal 

domain did not play a role in steady-state activation (p<0.01, ANOVA; Figure 25D, 

Table 4). 

 

Channels with N-terminal Region Deletions did not Alter Activation Gating, though 

Coexpression of N-terminal Region Fragments Slowed Activation Rate. 

Since hERG activation is known to be relatively slow compared to inactivation, 

we  cannot  determine  activation rate  directly  from  the  rising phase  of  hERG currents 
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Table 4.  Steady-state voltage dependence of inactivation values for hERG channels 

with C-terminal region deletions.  Steady-state voltage dependence of inactivation 

values derived from a Boltzmann function (y = 1/[1 + e[(V
1/2 

- V)/k]]) fit to the data in which 

V1/2 is the half maximal activation potential and k is the slope factor.  Data are presented 

as the mean ± SEM.  n indicates the number of cells. 
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(Castellino, R.C. et al., 1995; Trudeau, M.C. et al., 1995; Liu, S. et al., 1996).  To 

investigate the role of the N-terminal regions on activation rate, independent of 

inactivation, we administered an envelope of tails protocol similar to that described 

previously (Trudeau, M.C. et al., 1995; Wang, S. et al., 1997).  The channels were 

activated with voltage steps to -20 mV, 0 mV, 20 mV, 40 mV, or 60 mV of increasing 

duration from 10 ms to 1290 ms, and then repolarized with a step to -100 mV (Figure 

26A).  The amplitude of the tail currents was plotted against time for each voltage and fit 

with a single exponential equation to determine the time constant of activation (Figure 

26B).  Consistent with prior reports, hERG and hERG ∆N did not have significantly 

different activation rates at any voltage tested; hERG ∆eag was also not significantly 

different (Figure 26C).  These results suggest that the N-terminal region does not play a 

role in activation gating.  Interestingly, hERG ∆N channels which were coexpressed with 

N-terminal region fragments (N1-135, N1-354, or N1-135 + N136-354) had significantly 

(p<0.001) slower activation than hERG WT at all voltages tested (p<0.001, ANOVA; 

Figure 26C).  hERG ∆eag + N1-135 channel activation was not significantly different 

from hERG at -20 mV and 0 mV, but shifted towards the rate of the other channels 

coexpressed with N-terminal region fragments, and was significantly different at 20 mV, 

40 mV, and 60 mV (p<0.01, ANOVA).  hERG ∆N + N136-354 was not significantly 

different from hERG at any voltage tested.  Together, these results suggest that 

coexpression of an eag/PAS domain-containing fragment results in slower activation 

gating even though no change was seen in activation rate with channels lacking the 

eag/PAS domain or both N-terminal regions. 
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Figure 26.  N-terminal region deletions did not affect activation, however 

coexpression of eag/PAS domains caused slow activation.  (A) Sample envelope of 

tails recording from hERG using the pulse protocol shown.  Scale bar indicates 1 μA and 

200 ms.  (B) Graph of the peak tail current versus time for the cell shown in A, with 

single exponential fits to the data at -20 mV (green), 0 mV (blue), 20 mV (purple), 40 

mV (red), and 60 mV (black).  (C) Time constants (τ) of activation for hERG (red 

triangle), hERG ∆N (open square), hERG ∆N + N1-135 (filled square), hERG ∆eag 

(open circle), hERG ∆eag + N1-135 (filled circle), hERG ∆N + N136-354 (open 

diamond), hERG ∆N + N1-354 (filled diamond), and hERG ∆N + N1-135 + N136-354 

(black triangle) derived from single exponential fits to the peak tail current versus time as 

shown in B over a range of voltages.  Error bars are the SEM and are within the points if 

not visible.  n ≥ 9 for each construct.  *p<0.01 versus hERG.  
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The eag/PAS Domain Determines the Timing of the Peak hERG Resurgent Current 

Using a Dynamic Ramp Voltage Command. 

To investigate the role of N-terminal regions under conditions which mimic a 

cardiac ventricular action potential, we administered a dynamic ramp protocol by 

depolarizing cells to 0 mV for 200 ms, followed by a gradual decrease in the voltage to    

-100 mV over 200 ms before returning to the resting potential of -80 mV.  The currents 

elicited for each cell were normalized to the extrapolated peak tail current at -100 mV 

following a 20 mV depolarization (see Methods).  A resurgent current characteristic of 

hERG, where the peak current during the repolarizing ramp was greater that the peak 

current during the depolarizing step, was noted for all constructs tested (Figure 27A).  

The current peak for hERG occurs at an average voltage of -43 mV, 284 ms into the 

voltage command (Figure 27B-D).  In contrast, hERG ∆N has a significantly earlier peak 

at an average voltage of -24 mV and 245 ms into the voltage command (p<0.01, 

ANOVA; Figure 27B-D).  N-terminal region deleted channels which were coexpressed 

with an eag/PAS containing fragment (hERG ∆N + N1-135, hERG ∆eag + N1-135, 

hERG ∆N + N1-354, and hERG ∆N + N1-135 + N136-354) were not significantly 

different from hERG, whereas channels or coexpressions which did not have an eag/PAS 

domain (hERG ∆eag, hERG ∆N + N136-354) had a significantly earlier peak which was 

not different from that of hERG ∆N (p<0.01, ANOVA; Figure 27B-D).  hERG and N-

terminal region-deleted channels coexpressed with an eag/PAS domain also demonstrated 

a large inward current at hyperpolarizing voltages, which was not seen in channels or 

coexpressions which lacked the eag/PAS domain (Figure 27A, B, and E).  No significant 

differences were noted in  resurgent current amplitude  that were linked to the presence of 
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Figure 27.  eag/PAS Domain regulates the timing of the peak hERG resurgent 

current using a dynamic ramp voltage command.  (A) Representative current 

recordings of hERG (black), hERG ∆N (purple), hERG ∆N + N1-135 (blue), hERG ∆eag 

(light blue), hERG ∆eag + N1-135 (green), hERG ∆N + N136-354 (grey), hERG ∆N + 

N1-354 (pink), and hERG ∆N + N1-135 + N136-354 (red) in response to a dynamic ramp 

clamp.  Currents were normalized to the extrapolated peak tail at -100mV (see Methods).  

Scale bar indicates 50 ms.  (B) Graph of the normalized current from A versus the 

voltage during the current ramp.  (C) Box plot of the voltage at the current peak in A and 

B for the constructs indicated.  (D) Box plot of the time to the current peak in A and B for 

the constructs indicated.  (E)  Box plot of the peak inward current at -100 mV derived 

from A and B for the constructs indicated.  The middle line of the box is the mean, the 

top and bottom are the 75th and 25th percentiles, and the vertical lines indicate the 90th and 

10th percentiles.  n ≥ 10 for each construct.  *p<0.01 versus hERG, **p<0.01 versus 

hERG and hERG ∆N. 
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N-terminal regions.  These results suggest that the eag/PAS domain is a determinant of 

the timing and voltage of the resurgent hERG current and the amplitude of the current 

overshoot at -100mV.  

 

Discussion 

Here we present evidence that the N-terminal eag/PAS domain is a determinant of 

hERG channel rectification, inactivation, and the hERG resurgent current.  We showed 

that channels with deletions of eag/PAS and proximal domains or just the eag/PAS 

domain had reduced rectification, faster deactivation, slower inactivation, and right-

shifted steady-state inactivation. All of these kinetic or steady-state properties were 

recovered to levels similar to those in wild-type channels by coexpression of an eag/PAS 

domain-containing gene fragment.  Experiments using a dynamic ramp clamp showed 

changes in the timing of the resurgent hERG current that were dependent on the presence 

of the eag/PAS domain.  Channels with deletions of the eag/PAS and proximal domains 

also demonstrated a right-shifted steady-state activation, which was not seen in channels 

with just eag/PAS domain deletions, indicating a role of the proximal domain in steady-

state activation.    Together, these data suggest that the eag/PAS domain is the primary N-

terminal region modulator of hERG gating, and the proximal domain is only involved in 

modulation of steady-state activation. 

Our data showed that hERG ∆eag channels, which had intact proximal domains, 

had steady-state activation that was not different from wild-type.  hERG ∆N channels had 

right shifted steady-state activation, and this was not recovered by coexpression of N136-

354.  Confocal images confirm that N136-354 is expressed at the surface of oocytes 
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(Figure 19B), however we cannot determine if the proximal domain is interacting with 

the channel based on these images.  Coexpression of hERG ∆N with N1-354 also did not 

recover steady-state activation, although this fragment is able interact with the channel, as 

evidenced by its modulation of rectification and inactivation properties.  One possible 

explanation is that the proximal domain is unable to modulate gating due to an inability 

to interact with the channel even when attached to an eag/PAS domain that was able to 

interact.  An alternate explanation would be that the proximal domain does interact with 

the channel, however this interaction is different than what would occur in intact 

channels, and was not sufficient to modulate gating.  Our data do indicate that the role of 

the proximal domain in steady-state activation requires it to be covalently linked to the 

remaining N-terminal residues.  As these residues include the KIKER charge cluster 

known to be involved in regulation of hERG steady-state activation, it is possible that the 

proximal domain allosterically modulates gating via a similar mechanism (Viloria, C.G. 

et al., 2000; Saenen, J.B. et al., 2006).   

We found that channels with deletions of the eag/PAS domain had less 

inactivation, indicated by faster recovery from inactivation, a slower inactivation rate, 

and a right shift in steady-state inactivation.  hERG inactivation properties were shown to 

determine  hERG rectification (Smith, P.L. et al., 1996; Spector, P.S. et al., 1996).  In 

agreement with this finding, these channels also showed a reduction in channel 

rectification.  All of these parameters were recovered to wild-type levels with 

coexpression of eag/PAS domain fragments, indicating that the eag/PAS domain is a 

determinant of hERG inactivation.  Futhermore, our data indicate that a direct interaction 

of the eag/PAS domain with the rest of the channel regulates inactivation gating. 



 

 118 

Our data indicate that N-terminal region deletions did not affect hERG activation 

rate, which is consistent with previous research (Wang, J. et al., 1998), Chapter V.  An 

interesting observation was made when measuring activation rate in N-terminal region-

deleted channels co-expressed with N-terminal region fragments: eag/PAS domain-

containing fragments slowed activation when coexpressed with hERG ∆2-354 or hERG 

D2-135 channels.  No difference was seen with fragments containing only the proximal 

domain.  We demonstrated in Chapter V that CNBD deletions dramatically sped 

activation in hERG S620T channels, suggesting that the CNBD may play a role in 

regulation of activation.  The eag/PAS domain is known to interact with the CNBD 

(Chapter V).  Perhaps the interaction of eag/PAS domain fragments with the CNBD is 

altered from that of eag/PAS domains in intact channels, yielding the slowed activation.  

This could also be an alteration in how the eag/PAS domain-containing fragments 

interact with another region of the channel that has yet to be determined. 

We conducted experiments with a dynamic ramp clamp, which is designed to 

replicate some of the voltage changes seen during a cardiac action potential: the 

depolarization and plateau phase, followed by repolarization of the cells (Spector, P.S. et 

al., 1996; Chen, J. et al., 1999; Gianulis, E.C. and Trudeau, M.C., 2011).   These 

experiments showed that the time to the current peak was shorter and occurred at a more 

positive voltage in channels lacking the eag/PAS domain.  These channels also lacked an 

inward current at -100 mV that was observed in wild-type channels, which may 

correspond to current passed during an overshoot phase, and demonstrated a trend 

towards a larger peak current amplitude.  These parameters were recovered with 
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coexpression of eag/PAS containing fragments, indicating that the eag/PAS domain is a 

key determinant of the physiological current in hERG channels. 
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Summary 

 The human ether-á-go-go related gene (hERG) potassium channel is a key 

contributor to the repolarization of the ventricular action potential and a modulator of 

neuronal excitability.  (Sanguinetti, M.C. and Jurkiewicz, N.K., 1990; Sanguinetti, M.C. 

et al., 1995; Trudeau, M.C. et al., 1995; Chiesa, N. et al., 1997; Sacco, T. et al., 2003; 

Canavier, C.C. et al., 2007; Pessia, M. et al., 2008; Shepard, P.D. and Trudeau, M.C., 

2008).  While the N-terminal region is known to be involved in hERG gating, the specific 

mechanisms of N-terminal modulation of gating were unknown (Schonherr, R. and 

Heinemann, S.H., 1996; Spector, P.S. et al., 1996; Morais Cabral, J.H. et al., 1998; 

Wang, J. et al., 1998; Wang, J. et al., 2000).  We sought to investigate the effects of 

specific N-terminal region domains and possible sites of interaction for these domains 

within the hERG channel using genetically encoded fragments for N-terminal domains 

and targeted N- and C- terminal deletions.  We tested the hypothesis that the eag/PAS 

domain in the N-terminal region is responsible for regulation of gating, and that it forms a 

direct interaction with the C-terminal CNBD. 

 Soluble eag/PAS domain fragments were shown to recover wild-type deactivation 

properties in N-truncated hERG channels and to interact with the channels at the cell 

membrane.  Deletions of the C-terminal CNBD produced channels with fast deactivation, 

similar to that seen in channels with N-terminal region deletions, that lacked regulation 

by a genetically encoded eag/PAS domain fragment.  Direct binding was found between 

purified N-terminal eag/PAS and C-terminal CNBD –containing proteins.  The eag/PAS 

domain was also found to modulate hERG rectification and inactivation properties.  The 

proximal domain was determined to not be involved in these parameters, as no difference 
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was noted between channels lacking just the eag/PAS domain or the eag/PAS and 

proximal domains.  A small role of the proximal domain was identified in steady-state 

activation properties. Together, these data indicate that the eag/PAS domain is a key 

modulator of hERG deactivation and inactivation gating and functions to modulate gating 

by an interaction with the CNBD. 

 

Implications of eag/PAS Domain Modulation of Gating 

An improved understanding of the function of the eag/PAS domain may have 

applications beyond modulation of hERG gating.  The eag/PAS domain is conserved 

among other members of the eag family of channels, however specific contributions of 

this domain have not been investigated (Warmke, J.W. and Ganetzky, B., 1994).  Perhaps 

the eag/PAS domain plays a similar modulatory role in gating of eag or ELK channels.  

mELK channels exhibit deactivation and inactivation properties similar to those of 

hERG, so knowledge of eag/PAS domain function may provide insight into the gating of 

the ELK subfamily of channels (Trudeau, M.C. et al., 1999).  There are also two neuronal 

specific genes, hERG 2 and hERG 3, which contain eag/PAS domains, and two hERG 

splice variants, hERG 1b and hERG 1 – 3.1, which have truncated eag/PAS domains 

(Lees-Miller, J.P. et al., 1997; Shi, W. et al., 1997; Huffaker, S.J. et al., 2009).  hERG and 

hERG 1b are known to heterotetramerize in the heart, yielding channels that are predicted 

to have subunits with and without eag/PAS domains (London, B. et al., 1997).  hERG 

may also interact with the hERG 1 isoforms, hERG 2, and hERG 3 to form heteromeric 

neuronal channels (Guasti, L. et al., 2005).  Understanding eag/PAS domain modulation 
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of gating may shed light on the gating properties of homomeric Eag, ELK, or hERG 

channels or of potential heterotetramers with different numbers of eag/PAS domains. 

Structural information about the eag/PAS domain has identified two subdomains: 

the PAS homology domain (amino acids 26-135) and the Cap domain (amino acids 1-25).  

There are some important differences between the functional role of the Cap domain and 

the functional role of the PAS domain.   For instance, while mutations and deletions in 

both the Cap domain and PAS domain alter channel deactivation, mutations in the PAS 

domain also alter channel inactivation, while mutations in the Cap domain had no 

reported effect on channel inactivation (Schonherr, R. and Heinemann, S.H., 1996; 

Spector, P.S. et al., 1996; Wang, J. et al., 1998; Chen, J. et al., 1999; Viloria, C.G. et al., 

2000; Berecki, G. et al., 2005).  Our results, which focus on the full eag/PAS domain, 

demonstrate a role of the eag/PAS domain in modulation of inactivation by means of an 

interaction with the channel.  These results suggest that amino acids 26-135 may be the 

determinant of inactivation gating.   

 

Implications of N- and C-terminal Region Interactions 

Our experiments provided functional and direct binding evidence of an interaction 

between the eag/PAS domain and the CNBD protein.  Channels with deletions of the 

CNBD had fast deactivation gating and were not modulated by eag/PAS domain 

fragments.  The CNBD-deleted channels had intact S4-S5 linkers, which suggest that the 

S4-S5 linker alone is not sufficient for an interaction of the eag/PAS domain with the 

channel, and that the CNBD is required.  These findings do not rule out the possibility 
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that the eag/PAS domain might form an interaction with the S4-S5 linker in addition to 

the eag/PAS domain interaction with the CNBD. 

The interaction of the N-terminal eag/PAS domain with the C-terminal CNBD is 

critical because it provides a functional role for the CNBD in the hERG channel.  Unlike 

other CNBD-containing channels, where cyclic nucleotides bind to and regulate gating, 

cyclic nucleotides bind hERG with low affinity but do not regulate hERG channel gating 

(Brelidze, T.I. et al., 2009).  Perhaps eag/PAS domain interaction with the channel is 

communicated to the pore in a similar manner to cyclic nucleotide binding to CNG and 

HCN channels. 

 

Implications for LQTS 

LQTS mutations have been identified throughout the channel, however only a 

fraction of them have been characterized.  An improved knowledge of hERG domain 

function may allow for prediction of the effects of mutations in specific domains of the 

channel.  For example, since CNBD deletion causes fast deactivation and activation, 

mutations within the CNBD that form functional channels would be expected to have 

similar outcomes; whereas, mutations in the eag/PAS domain would be expected to have 

fast deactivation and slower inactivation in accordance with the outcome of eag/PAS 

domain deletion.  Mutations in other regions necessary for eag/PAS interaction would 

also be expected to have fast deactivation and/or slow inactivation.  The proximal domain 

had only a minor effect on gating, so we would propose that LQTS mutations in the 

proximal domain would be more likely to result in a loss of channel expression, as 

opposed to a abberant gating phenotype. 
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An LQTS-linked point mutation (R56Q) that was in the eag/PAS domain 

fragment interrupted both the recovery of deactivation and the interaction with the 

channel.  When full length channels had eag/PAS domain mutations (Y43A or R56Q), 

deactivation was fast, similar to that seen in channels with N-terminal region deletions 

which included the eag/PAS domain.  eag/PAS domain fragments coexpressed with these 

mutant channels were able to interact with the channel and recover wild-type-like 

deactivation.  This result suggests that the eag/PAS domain fragment may be a useful tool 

to rescue deficits seen with LQTS mutations.  

 

Conclusions 

 The data presented here demonstrate that the eag/PAS domain is the primary N-

terminal region modulator of hERG channel deactivation and inactivation gating, and 

provides important information about the mechanism of modulation by the eag/PAS 

domain.  Interaction of the eag/PAS domain with the CNBD is the first demonstration of 

N- and C- terminal region interaction and intersubunit interactions in hERG.  This 

information can be used to inform future research on ERG family channels, as well as 

related channels in the eag and cyclic nucleotide-gated families. 
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