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Abstract 

Proteostasis of membrane proteins involves distinct quality control (QC) machinery acting at 

multiple cellular compartments. Newly synthesized plasma membrane (PM) proteins that either fail 

to fold in a timely manner or are irreversibly misfolded by mutations and environmental factors are 

retained in the endoplasmic reticulum (ER) and targeted for elimination by ER associated 

degradation pathways (ERAD). Cargoes that escape the ER QC or unfold following trafficking to 

the PM are rapidly internalized and delivered to lysosomes in a ubiquitination-dependent manner. 

Although clearance of aggregate-prone and potentially cytotoxic non-native molecules is a vital 

cellular function, the destruction of partially folded yet-functional PM proteins also contributes to 

the loss-of-function phenotype of numerous conformational diseases including cystic fibrosis and 

nephrogenic diabetes insipidus. 

The Human ether-a-go-go related gene (hERG) encodes the kv11.1 voltage-gated K+-channel 

responsible for the rapidly activating delayed rectifier K+-current (IKr) involved in cardiac 

repolarization. Loss of hERG function is associated with long-QT-syndrome type-2 (LQT2) which 

is characterized by impaired ventricular repolarization and increased risk of life-threatening cardiac 

arrhythmia. Most disease-associated mutations minimally affect channel gating or conductance; 

instead, premature degradation of partially misfolded channels by protein QC systems underlies the 

loss-of-functional expression phenotype. Impaired hERG functional expression has been primarily 

attributed to retention and degradation of nascent channels by the ER QC machinery. The 

contribution of peripheral QC systems to the disease phenotype, as well as their underlying 

molecular machinery remain poorly established.  

In this study, I characterize the cellular processing of a panel of hERG mutations in the N-terminal 

cytosolic Per-Arnt-Sim (PAS) domain. These mutations reduce hERG PM expression by variably 
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compromising both their ER conformational maturation and cell surface stability. Elimination of 

PAS-mutant hERG from the PM involves accelerated internalization and lysosomal delivery at the 

expense of endosomal recycling. In contrast to other misfolded membrane proteins, PAS-mutant 

hERG are processed by a novel ubiquitin- and clathrin- independent mechanism.  

I also performed a high-throughput drug screen to identify potential rescuers of hERG PM 

expression. Using biochemical and functional cell-based assays, we identify two compounds, 

Anagrelide and DCEBIO, which rescue mutant hERG functional expression by inhibiting their 

internalization and lysosomal delivery. Previously-described hERG modulators either enhance 

channel folding efficiency at the expense of concurrent pore block, or potentiate hERG gating in the 

absence of established folding/expression rescue. Our compounds act via a novel mechanism and 

could potentially contribute to the treatment of LQT2 either alone or in combination with hERG 

‘activator/potentiator’ compounds.  

Taken together, our findings describe the cellular processing of a panel of hERG mutants which are 

jointly regulated by both the established ER QC system and a novel Ub-independent PM QC 

mechanism. We demonstrate the importance of the peripheral QC machinery in conformational 

disease pathology: not only as a significant contributor to the loss-of-expression phenotype, but also 

as potential pharmacological target(s) for novel rescuers such as Anagrelide and DCEBIO. 
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Résumé 

L’homéostasie des protéines membranaires (ou protéostasie) comporte une machinerie de contrôle 

de qualité (CQ) agissant au niveau de plusieurs compartiments cellulaires. Les protéines de la 

membrane plasmiques (MP) nouvellement synthétisées qui ne se replient pas correctement en 

temps voulu ou qui sont mal repliées de façon irréversible à cause de mutations ou de facteurs 

environnementaux sont retenues dans le réticulum endoplasmique (RE) et ciblées pour 

l’élimination par la voie de la dégradation associée au RE (ERAD). Les cargos qui échappent au 

CQ du RE ou qui se replient mal à la suite du trafic vers la MP sont rapidement internalisés et 

livrés aux lysosomes par la voie de dégradation ubiquitine dépendante. Bien que la clairance des 

molécules susceptibles de s’agréger ou des molécules cytotoxiques non-natives soit une fonction 

cellulaire vitale, la destruction des protéines de la MP partiellement repliées et pourtant 

fonctionnelles contribue également à la perte de fonction phénotypique de nombreuses maladies 

de conformation y compris la fibrose kystique et le diabète insipide néphrogénique.  

Le gène « Human ether-a-go-go related » (hERG) code pour kv11.1, un canal potassique voltage-

dépendant responsable du courant K+ retardé impliqué dans la repolarisation cardiaque. La perte 

de la fonction hERG est associée avec le syndrome du QT long (LQT2) ce qui se caractérise par 

une repolarisation ventriculaire altérée et un risque accru d’arythmie cardiaque. La plupart des 

mutations associées à la maladie affectent très peu l’ouverture ou la conductance du canal ; mais 

la dégradation prématurée des canaux partiellement repliés par les systèmes de CQ des protéines 

entraine une perte de fonction d’expression phénotypique. L’expression fonctionnelle altérée de 

hERG a été principalement attribuée à la rétention et à la dégradation des canaux naissants par la 

machine CQ du RE. La contribution des systèmes de CQ périphériques au phénotype de la maladie, 

ainsi que leurs mécanismes moléculaires restent mal établis.  
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Dans cette étude, je caractérise le processus cellulaire d’un ensemble de mutations du canal hERG 

dans le domaine cytosolique N-terminal Per-Arnt-Sim (PAS). Ces mutations réduisent 

l’expression à la MP de hERG en compromettant à la fois la maturation conformationnelle dans le 

RE et la stabilité à la surface cellulaire. L’élimination des mutants PAS de hERG de la MP entraine 

une internalisation accélérée et la livraison lysosomale au détriment du recyclage endosomal. 

Contrairement à d’autres protéines membranaires mal repliées, les mutants PAS de hERG sont pris 

en charge par un nouveau mécanisme indépendant de l’ubiquitine et de la clathrine.  

J’ai également effectué un criblage à haut débit de drogues afin d’identifier des correcteurs 

potentiels de l’expression a la MP de hERG. En realisant des essais biochimiques et fonctionnels 

sur des cellules, nous avons identifié deux composés, l’Anagrélide et DCEBIO, qui restaurent 

l’expression fonctionnelle des mutants hERG en inhibant leur internalisation et leur élimination 

lysosomale. Les modulateurs de hERG précédemment décrits améliorent l’efficacité de repliement 

des canaux au détriment d’un blocage fonctionnel ou modulent les propriétés de voltage de hERG. 

Nos composés agissent via un nouveau mécanisme et pourraient potentiellement contribuer au 

traitement du LQT2 seul ou en combinaison avec des composés <<activateurs>> de hERG.  

Ainsi, l’ensemble de nos résultats décrivent le processus cellulaire d’un ensemble de mutants du 

canal hERG qui sont régulés à la fois par le système de CQ du RE déjà établi et par un nouveau 

mécanisme de CQ de la MP ubiquitine indépendant. Nous avons démontré l’importance de la 

machinerie périphérique du CQ dans le contexte d’une pathologie conformationnelle : non 

seulement en tant que contributeur significatif à la perte d’expression phénotypique, mais 

également comme une cible pharmacologique potentielle pour des nouveaux correcteurs tels que 

l’Anagrélide et DCEBIO. 
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Preface 

This thesis is written in manuscript format. The results section is presented in the form of two first-

author manuscripts either submitted for publication or under preparation.  

Chapter 2: Mutation-specific ER and peripheral quality control of hERG channel cell-surface 

expression. Contributing authors: Brian Foo, Camille Barbier, Jaminie Vasantharuban, Gergely L. 

Lukacs and Alvin Shrier (Submitted to Scientific Reports, August 2018). 

Chapter 3: Identification of small-molecule correctors of hERG functional expression and 

peripheral processing defects in inherited and acquired LQT2. Contributing authors: Brian Foo, 

William C. Valinksy, Joshua Solomon, Jeeventh Kaur, Elya Quesnel, Camille Barbier, Gergely L. 

Lukacs, and Alvin Shrier. (Manuscript in preparation). 

 

In addition to the publications listed above, data generated during this PhD was incorporated into 

a second-author manuscript which has contributed significantly to our understanding of misfolded 

hERG quality control at peripheral cellular compartments. This work is discussed extensively in 

the General Introduction of this thesis and has been included as Appendix A1. 

Appendix A1: Apaja PA, Foo B, Okiyoneda T, Valinksy CW, Barriere H, Atanasiu R, Ficker E, 

Lukacs GL and Shrier A. “Ubiquitination-dependent quality control of hERG K+ channel with 

acquired and inherited conformational defect at the plasma membrane” (2013). Mol. Biol. Cell. 

Dec 15; 24(24): 3787–3804. 
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Additional supporting material submitted or intended for submission along with the manuscripts 

comprising Chapters 2 and 3 are included as Appendix Items A2 to A4. 

Appendix A2) Supplemental information for Chapter 2 

Appendix A3) Supplemental methods for Chapter 3 

Appendix A4) Supplemental tables for Chapter 3 
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1.1: The hERG gene and protein structure 

1.1a: The hERG gene  

The KCNH2 (hERG) gene spans a ∼33 kb of region q36.1 on chromosome 7 (accession no. 

NG_008916)1. Two primary cardiac isoforms have been identified. hERG1a (accession no. 

NM_000238.3) encodes the ‘full-length’ molecule and contains 15 exons2. hERG1b (accession 

no. NM_172057) uses an alternate transcription start site in intron 5, resulting in a transcript 

lacking the first five exons (1-5) and containing a short alternative N-terminal sequence encoded 

by exon 5b3. As with most single-pore K+-channels, the hERG gene product assembles as 

functional tetramers. Both the 1a and 1b isoforms can form functional homo- or hetero-tetrameric 

channels; however, the hERG1b protein fails to express at the cell-surface in the absence of 

hERG1a3. In cardiac tissue, both isoforms are co-expressed and preferentially associate into 

hERG1a/1b heterotetramers3-5. The assembly of hERG tetramers and the physiological role of 

hERG1b is addressed later in this chapter (1.2b: hERG gating properties). Given the functional 

similarity between the two isoforms and to avoid having to generate multiply-expressing 

heterologous expression systems, most studies to-date (including this present work) have been 

done exclusively on the hERG1a homo-tetramer1. Here, ‘hERG’ refers to the homotetrameric 

hERG1a channel unless otherwise noted. 

1.1b: Protein ontology and domain architecture  

hERG is a member of the Ether-a-go-go (EAG) protein family within the voltage-gated K+-

channel (VGK) protein superfamily6. The hERG protein is centered around its transmembrane 

‘core’ (residues 409 to 668 in hERG1a) containing the voltage-sensing domain (VSD) and ion-
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permeating cavity*. This transmembrane assembly, particularly the central ion-permeating pore is 

strongly conserved among voltage-gated K+-channels6-8. The transmembrane core is flanked by 

two cytosolic domains: the N-terminus of hERG1a contains an ether-a-go-go (EAG) domain 

unique to the EAG K+-channel family (residues 1 to 135)6 and the C-terminus contains a cyclic-

nucleotide homology binding domain (cNBD) homologous to cyclic-nucleotide gated (CNG) and 

hyperpolarization activated (HCN) channel families (residues 742 to 853)6,9,10. The hERG1b 

transcript is alternately spliced at the 5’ terminus: the first 376 residues (including the EAG 

domain) are replaced by a unique 36-amino acid sequence3. The hERG domain structure is 

illustrated in Figure 1. 

1.1c: Available Structural Information  

To-date, no high-resolution X-ray crystal structure of the entire hERG molecule has been 

published. The transmembrane core architecture is strongly conserved among single-pore K+-

channels as demonstrated both by amino-acid sequence alignment and high-resolution X-ray 

crystal structures of several members including the KvAP7 and Kv1.28 (Shaker) voltage-gated K+-

channels and the bacterial KcsA pH sensing K+-channel11,1. Homology models of the hERG 

transmembrane regions based on these high-resolution structures have been implemented 

successfully1,12,13. High-resolution crystal structures of the isolated cytosolic domains (EAG14 and 

the HCN cNBD9) are also available. Recently, a cryo-EM structure of the complete hERG 

molecule at 3.8 Å resolution has been published and shown in Figure 215 .  

                                                 
* Domain boundaries from NCBI (protein) database 
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1.1d: The hERG transmembrane core 

i) General structure  

The crystal structures of the bacterial KvAP7 and mammalian Kv1.2 (Shaker)8 voltage-gated K+-

channels reveal a functional tetramer enclosing a single ion-conducting pore7,8,11. The 

transmembrane core of each monomer contains 6 transmembrane helices, labelled S1 to S6 from 

N to C-terminus6. The first 4 helices (S1-S4) form the voltage sensing domain (VSD) unique to 

the voltage-gated K+-channel superfamily7,8,16. The S5 and S6 helices form the channel pore and 

activation gate11 which is strongly conserved among single-pore K+-channels including voltage-

gated (ex. hERG), inward rectifying (ex. Kir), pH sensing (ex. KcsA) and ligand-gated channels 

(ex. KATP)7,8,11,16 Figure 1.  

ii) Pore helices (S5-S6) 

The structure of the K+-channel ion-permeating pore (in this case bacterial pH-gated KcsA) was 

described by Doyle et al. (1998)11. The channel pore can be broadly divided into three sections: At 

the cytosolic face, the pore transmembrane helices constrict to form the activation gate. Beyond 

this gate is a large water-filled cavity. At the extracellular face the pore constricts once more to 

form the highly-conserved ‘selectivity filter’ (SF). Here, the ion conduction channel is lined by 

electronegative carbonyl ions spaced to form multiple ion-binding sites with a geometry optimized 

exclusively for K+-cation binding11 (Figure 1). The hERG central cavity contains a pair of non-

conserved aromatic amino acid residues at position 656 and 652 which promiscuously bind a large 

array of drugs and bioactive small molecules17 as discussed later (1.3c: Acquired LQT2). The 

hERG selectivity filter also contains an amino acid substitution (Y627F) which in conjunction with 
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non-conserved changes in the pore helix (S620G and N629D) are believed to mediate unique 

hERG inactivation properties as discussed later (1.2b: hERG gating properties)13,18.  

iii) Voltage sensing domain (S1-S4) 

As with other voltage-gated K+-channels7,8,16, the hERG S4 transmembrane helix contains several 

positively-charged residues (Lys525, Arg528, Arg531, Arg534 and Arg537)19 which respond to 

changes in the membrane electric field. X-ray crystallography studies show that in voltage-gated 

K+-channels, the VSD experiences an outwards displacement upon membrane depolarization7,8,20 

which is coupled to the activation gate via the S4-S5 linker21,22. The precise nature and extent of 

VSD structural rearrangement during activation gating remain unclear16,23. 

1.1e: hERG cytosolic domains 

The hERG cytosolic domains play a crucial role in regulating the channel gating kinetics. Here, a 

brief overview of domain structure and homology will be presented. An in-depth discussion of 

their role in gating is presented later in this chapter (1.2b: hERG gating properties). 

i) EAG domain 

The hERG1a N-terminus an ether-a-go-go domain (EAG, residues 1 to 135) which defines the 

EAG protein family14. The EAG domain contains a unique 25-amino acid amphiphatic helix at the 

extreme N-terminus (residues 1 to 25)14,24 followed by a Per-Arnt-Sim (PAS) domain (residues 26 

to135). The PAS domain consists of a 5-stranded antiparallel β-sheet ‘core’ flanked by two α-

helices14. PAS domains are involved in environmental sensing in prokaryotic cells and regulate 

protein interactions in eukaryotes14,25-27. In hERG, the PAS domain is thought to interact with the 

cNBD via a hydrophobic ‘patch’ to regulate channel deactivation (Figure 2)24 28,29.  
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ii) cNBD domain 

The hERG C-terminus cNBD is conformationally coupled to the activation gate by a C-terminal 

linker (CTL). The domain structure and role in regulating channel activation is homologous with 

that of cyclic-nucleotide gated (CNG) and hyperpolarization activated (HCN) channel families6. 

Interestingly, the hERG cNBD displays minimal cyclic nucleotide binding, presumably due to the 

deletion of a critical arginine in the cAMP binding pocket30. Some models of hERG gating propose 

that the EAG N-terminal amphiphatic helix occupy the cAMP binding site and act as a surrogate 

ligand24,31. Alternatively, it has been reported that the cNBD can ‘self-ligand’ via a short β-strand 

in proximity to the cAMP binding pocket32.  

1.1f: hERG cellular processing and life cycle  

As with most integral membrane proteins, hERG is cotranslationally inserted into the endoplasmic-

reticulum (ER) membrane and subject to N-linked glycosylation to yield a ~135kDa core-

glycosylated (CG) immature protein33. Upon proper folding and assembly, native hERG channels 

are packaged into COPII transport vesicles for transport to the Golgi apparatus, where they receive 

additional glycan modifications to yield a ~155kDa complex-glycosylated (FG) mature channel33 

prior to insertion into the plasma membrane33. Molecules trapped as folding intermediates or 

adopting a non-native conformation are subject to removal by ER-associated degradation (ERAD) 

machinery33-36.  Interestingly, only a fraction (~20% to 50%)37,38 of nascent hERG successfully 

exits the ER when heterologously expressed in mammalian cell-line systems. Presumably, this is 

reflective of slow and/or inefficient folding and assembly of the multi-domain tetrameric 

molecule39. Indeed, similar ER-exit efficiencies have been noted for other complicated multi-

domain transmembrane proteins such as the cystic fibrosis transmembrane regulator (CFTR), 
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which contains two transmembrane and three cooperatively folded cytosolic domains40. The 

folding and ER-exit efficiency of endogenous hERG in cardiac tissue remains unexplored. Quality 

control of misfolded hERG at the ER is discussed in-depth later in this chapter (1.5: Quality control 

of membrane proteins at the ER and PM). 

Nascent channels which fail to adopt a native conformation are retained in the ER for eventual 

degradation. The cellular expression of mature ~155kDa FG-hERG is assumed to be proportional 

with that at the cell-surface and has been used as a surrogate indicator of the channel 

conformational stability and maturation efficiency41,42. Tetramerization occurs in the ER, based on 

the observation that many misfolded mutants which fail to exit the ER when expressed as 

homotetramers can still assemble with the WT protein to exert a trans-dominant-negative effect42-

44. Interestingly, the hERG1b isoform is retained in the ER in the absence of hERG1a, due to the 

presence of an RXR ER localization motif in the hERG1b N-terminus sequence (Figure 1)45. 

hERG1a and 1b preferentially form heterotetramers contranslational via N-terminal interactions46, 

where the hERG1a N-terminus presumably masks the hERG1b ER retention motif to facilitate ER 

exit4,46. hERG1a and 1b have distinct biophysical properties as discussed in the following section 

(1.2b: hERG gating properties).     

 



27 
 

 

Figure 1: hERG domain structure 

a) Domain structure of hERG1a (top) and 1b (bottom). Indicated domains: Per-Arnt-Sim (PAS) 

cyclic nucleotide binding domain (cNBD), C-terminal linker (CTD) and transmembrane helices 

S1 – S6. hERG1b replaces the N-terminus with a unique 35-amino acid sequence containing 

an ‘RXR’ ER retention motif. b) Putative topology of the hERG K+-channel tetramer. For clarity, 

only one pair of opposing subunits shown. Also indicated are cations binding sites in the 

selectivity filter (yellow) and positively charged amino acids in the S4 helix involved in voltage-

dependent activation. Original illustration. 
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Figure 2: Molecular structure of the tetrameric hERG channel 

a) CroyEM structure of the full-length hERG molecule. Protein domains indicated by colour: 

EAG domain (yellow), transmembrane core (grey), C-linker domain (light blue) and cNBD 

(dark blue). b) Structure of hERG PAS domain showing surface hydrophobicity. Residues 

coloured based on the normalized consensus hydrophobicity scale47 with hydrophobic 

residues represented in red and hydrophilic in white. A simplified structure of the hERG cNBD 

(blue) is shown interfacing with the PAS domain model. hERG structural model from Wang et 

al. (2017)15. Atomic coordinates obtained from the Protein Database (pdb 5VA1) and rendered 

using PyMol (Schrodinger inc., New York). Original image.  
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1.2: hERG and the cardiac action potential 

1.2a: Overview of the cardiac action potential 

The ventricular action potential differs significantly from that of other excitable tissues such as 

neurons. A brief summary is presented here and illustrated in Figures 3 - 4 to allow discussion of 

hERG function within its physiological context48-54. The ventricular action potential can be broadly 

divided into 5 distinct phases: 

Phase 0: Depolarization: Mild depolarization triggers the opening of voltage-gated Na+ channels, 

resulting in a rapid activation and inactivation of the sodium current (INa)
53. During this time, K+-

channels involved in cardiac repolarization (including hERG) rapidly open and inactivate as to not 

interfere with depolarization52,55,56.   

Phase 1: Termination of depolarization: Na+-channels rapidly inactivate, ending depolarization53. 

Transient outward K+-currents (Ito and Ito1), generated by rapidly inactivating K+-channels (Kv4.2 

and Kv4.3), cause slight repolarization and a characteristic ‘notch’54,57,58.  

Phase 2: Plateau: Voltage-dependent activation of L-type calcium channels provides the principle 

pathway for Ca+2 influx (ICaL)59. Increase in cytosolic Ca+2 triggers further Ca+2 release from the 

sarcoplasmic reticulum via activation of ryanodine receptors (calcium-induced-calcium-release) 

to produce excitation-coupled contraction59. The depolarizing Ca+2-current is countered by the 

slow delayed rectifier K+-current (IKs) mediated by kv7.1 channels60. The resulting ‘plateau’ at 

depolarizing membrane potentials facilitates an extended period of contractility48-54.  

Phase 3: Repolarization: Inactivation of L-type Ca+2 -channels combined with sustained IKs 

current begins the repolarization process59,60. Initial repolarization by IKs triggers voltage-
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dependent recovery from inactivation of hERG resulting in the emergence of the rapidly activating 

delayed rectifier current (IKr) which contributes to the latter phase of repolarization in conjunction 

with IKs as described above and the inward rectifying K+-current (IK1, carried by Kir2.x)60-62.  

Phase 4: Return to resting potential: Slow deactivation of K+-channels causes termination of 

repolarization56,60,62,63. Resting potential sustained by IK1
62. 

1.2b: hERG gating properties 

This introduction will discuss two key gating features unique to hERG and its role in cardiac 

repolarization: 1) slow activation and deactivation and 2) rapid voltage-dependent inactivation and 

recovery from inactivation64,65 (Figure 4).  A comprehensive discussion of hERG electro-

physiology and gating is beyond the scope of this work and can be found elsewhere1,64. 

i) Voltage-dependent inactivation and recovery from inactivation  

Rapid inactivation is believed to be mediated by collapse of the hERG selectivity filter12. As 

discussed above, the hERG pore contains an amino acid substitution in the selectivity filter 

(Y627F) and non-conserved substitutions in the pore helix backbone (S620G and N629D)13,18. 

These changes have been proposed to increase the conformational flexibility of the selectivity 

filter, facilitating rapid inactivation13,18. Inactivation at the selectivity-filter is conformationally 

coupled to the rest of the channel via the extracellular S5-P linker13. The voltage-dependence of 

inactivation and recovery from inactivation is not understood but is suspected to involve 

conformational rearrangements within the full-length molecule1,13. Current speculation includes 

coupling to the S1-S4 VSD or an unidentified alternate voltage sensor1,12,13,66,67.  
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ii) Slow deactivation  

The hERG cNBD is conformationally coupled to the hERG activation gate via the CTL and is 

believed to delay hERG deactivation in a manner homologous to the cyclic-nucleotide gating of 

CNG and HCN channels6,9,10,68. Slow deactivation appears to be mediated by cNBD-EAG domain 

interactions based on several lines of evidence: 1) Deletion of the entire EAG domain69-71, the PAS 

domain (25-135)72 or the N-terminus amphipathic helix (1-25)72,73 dramatically accelerated 

channel deactivation. 2) Accelerated deactivation of N-terminal truncated hERG could be fully or 

partially reversed by expression of recombinant EAG domain14,71 or the N-terminus amphipathic 

helix72,73, respectively, but could not be rescued in channels lacking the cNBD74. 3) Recombinant 

soluble PAS domain physically interacts with both N-terminal truncated hERG (as determined by 

fluorescence resonance energy transfer [FRET])71 and recombinant cNBD (as determined by co-

immunoprecipitation)74 . 4) PAS and cNBD contain corresponding hydrophobic patches (Figure 

2)14,75; mutations within or adjacent to these regions are associated with loss of domain-domain 

interaction and accelerated deactivation in the full-length channel14,28,29,31,75-77. The current model 

proposes that the N-terminal amphiphatic helix is responsible for slow deactivation and that the 

PAS-cNBD interaction is required to recruit it to the cNBD/transmembrane core1. How the N-

terminal amphipathic helix interfaces with the rest of the channel is less clear1. As discussed 

earlier, it has been speculated that the helix binds to the cNBD cyclic nucleotide binding site24,31. 

Alternatively, a biochemical interaction between recombinant EAG domain and the hERG S4-S5 

linker has been proposed to underlie the slow deactivation phenotype78. 

iii) hERG1a/1b heterotetramerization  

The hERG1b isoform shares identical transmembrane and C-terminal sequences with hERG1a but 

lacks the N-terminus EAG domain3. Heterologously expressed hERG1b homotetramers display 
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accelerated deactivation compared to hERG1a79, as would be expected given the important role of 

the EAG domain in regulating hERG deactivation. hERG1a/1b heterotetramers display an 

intermediate deactivation phenotype3,79. As discussed above, hERG1b homotetramers are 

normally not expressed at the cell-surface due to an ER retention signal on the hERG1b N-

terminus45. The hERG1b ER retention motif is masked by co-translational association with 

hERG1a allowing ER exit of hERG1a/1b heterotetrameric channels4,46. The physiological role of 

having distinct hERG isoforms remains unclear1. It is possible that differential expression of 

hERG1a/1b allows for fine-tuning of the hERG channel biophysical properties. In support of this 

conjecture, hERG1a and 1b are differentially expressed in different non-cardiac tissues such as 

smooth muscle, secretory organs and vasculature (reviewed in Vandenberg et al. 2012)1. 

Furthermore, changes in the hERG1a:1b ratios have been observed in heart failure5 and during 

different stages of tumour cell-cycle80,81.  
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Figure 3: Ion currents in the cardiac action potential 

Top: Representative illustration of membrane potential during the ventricular action potential. 

Upwards deflection represents positive membrane potentials. Bottom: corresponding ion 

currents. Upwards deflection represents repolarizing currents. INa: voltage-sensitive Na+ -

current. ICa, L: L-type Ca+2-current.  Ito: transient outward K+-current. IKur: rapid outward current 

(not expressed in ventricular tissue), IKr: rapid component of delayed rectifier K+-current 

(hERG), IKs: slow component of delayed rectifier K+-current. IK1: inward rectifier K+-current. 

See text for details. Image adapted Moreno et al. (2012)82. Copyright © 2012 Moreno, Macías, 

Prieto, de la Cruz, González and Valenzuela; made available and reproduced here under the 

terms of the Creative Commons Attribution License (3.0). 
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Figure 4: hERG gating during the cardiac action potential 

a) hERG voltage-dependent transition between closed (C), open (O) and C-type inactivated 

(I) states. hERG is opened at moderately depolarizing potentials but is rapidly inactivated by 

extreme depolarization such as during the AP upstroke. hERG recovers from inactivation in 

response to mild repolarization, and closes following increased repolarization. b) Top: 

Illustration of cardiac membrane potential during a typical ventricular action potential (AP). 

Bottom: Illustration of hERG gating state during a typical ventricular action potential. Image 

adapted from J. Zheng (2013)83. Copyright © 2013 J. Zheng and made available and 

reproduced here under the terms of the Creative Commons Attribution License (3.0). 
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1.3: hERG dysfunction and Long-QT-syndrome type-2 (LQT2) 

1.3a: Overview of LQT2 

Impaired ventricular repolarization is associated with prolongation of the action-potential 

plateau84. Sustained depolarization extending past the normal ventricular refractory period can 

trigger aberrant after-potentials, resulting in ventricular tachycardia and increased risk of 

arrhythmia and sudden cardiac death84,85. This delayed ventricular repolarization manifests on an 

electrocardiogram (ECG) as a prolongation of the QT interval and thus the condition is termed 

long-QT syndrome (LQTS)84 (Figure 5).  

Congenital (inherited) LQTS associated with genetic mutations was identified in approximately 1 

in 2000 newborn infants, as determined by ECG screening and follow-up genetic testing in 44,000 

live-births86. The actual prevalence is suspected to be significantly greater. Many mutations are 

asymptomatic or produce subtle clinical abnormalities which do not warrant full genetic testing; it 

is estimated that up to 37% of LQT2 go unreported87 . Congenital LQTS is classified based on the 

disease genotype. By far the most prevalent LQT genotypes are type-1 (LQT1, ~35% prevalence) 

associated with mutations in the Kv7.1/IKs slow -delayed rectifier channel, type-2 (LQT2, 25% to 

35% percent prevalence) associated with mutations in hERG/IKr and type-3 (LQT3, 5% to 10% 

prevalence) associated with sodium channel gain-of-function86,88,89. 

In addition to inherited mutations, LQTS syndrome can also arise due to off-target drug effects 

(acquired-LQTS). It has been estimated that 2-3% drug prescriptions carry an LQT risk90.  
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Figure 5: Loss of hERG function and long-QT syndrome 

a-c) Illustration of membrane potential (a), hERG current (b) and surface electrocardiogram 

(ECG, c) under normal conditions and in the case of reduced hERG function. d) Illustration of 

a representative ECG showing normal cardiac activity (left) and ‘Torsades de Pointes’ 

ventricular arrhythmia associated with LQT. Image adapted from Grilo et al (2010)91. Copyright 

© 2010 Grilo, Carrupt and Abriel. Reproduced here under the terms of the exclusive license 

agreement between the authors and the publisher (Frontiers Research Foundation). 
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1.3b: Inherited LQT2 

To-date, over 500 disease-associated hERG mutations have been described41,42, along with 4 

mechanism of action: impaired mRNA synthesis (Class 1), impaired expression of mature hERG 

at the cell-surface (Class 2), altered channel gating (Class 3) or permeation (Class 4)41. An early 

study screened 34 disease-associated hERG mutations predominantly located in the channel pore 

and cNBD by western-blot analysis41. Over 80% (28) displayed impaired expression of the mature 

complex-glycosylated ~155kDa protein (Class 2 mechanism). In most cases (19/28, 68%), mature 

hERG expression and functional IKr current could be rescued by either culturing at reduced 

temperature or with hERG-binding pharmacochaperone. Thus, loss of hERG function has been 

attributed primarily to the introduction of conformational defects which impair folding and/or 

induce unfolding, rather than impinging on channel function. These functional yet misfolded 

channels are poorly expressed at the cell-surface and are instead targeted for degradation by protein 

quality control (QC) machinery33,41. Cellular mechanisms effecting the recognition and 

degradation of misfolded proteins including disease-associated hERG mutants are discussed below 

(Sections 1.4 to 1.6). A recent follow-up study42 analyzed ~200 hERG mutations categorized based 

on the domain in which the mutation is located (EAG, transmembrane, or cNBD). Once again, the 

class-2 mechanism was found to be dominant (88%).  

i) EAG/PAS domain mutations 

The hERG PAS domain has long been identified as a hot-spot for disease-associated mutations92. 

Most PAS-domain mutations (estimated to be 86%) are associated with impaired mature hERG 

expression42. A subset of these are also linked to kinetic defects, namely accelerated rates of 

deactivation92. This should come as no surprise, given the role of the PAS domain in regulating 

deactivation in the native hERG molecule. High-resolution crystal structures14 (Figure 2), 
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combined with established protocols for expression and purification of recombinant PAS-

domain14,71 and FRET-based assays for evaluating PAS-hERG interactions in a split-molecule 

system71 have facilitated the study of the structural and biophysical features of these mutations.  

In particular, two studies, by Harley et al. (2012)93 and Ke et al. (2013)94 will be discussed here 

and in the General Discussion (Chapter 4). These works evaluated several parameters, including: 

1) mature hERG expression and protein turnover, 2) melting-temperature of purified recombinant 

PAS domain, 3) rate of deactivation and 4) location within the PAS domain structure. Interestingly, 

mutations in the PAS domain produced a range of expression defects: some almost completely 

abolished mature hERG expression, whereas others expressed at ~60-70% of the WT-channel. 

This suggests that, unlike the pore and cNBD discussed below, mutations in this domain can be 

somewhat tolerated. In general, the thermal stability of the recombinant protein was reduced, 

consistent with recognition of partially unfolded mutant channels by the cellular QC machinery. 

Finally, mutations within or adjacent to the hydrophobic cNBD interaction site (Figure 2) are 

associated with impaired deactivation, presumably due to disruption of the PAS-cNBD domain 

interaction94.  

ii) Pore/transmembrane mutations 

Over 80% of mutations in the hERG transmembrane region result in a loss-of-expression 

phenotype42. The remainder are associated with various gating and/or permeation abnormalities, 

consistent with the role of the transmembrane core in performing these functions42. Unlike PAS-

domain mutations discussed above, mutations in the hERG transmembrane region are generally 

poorly tolerated and result in severe expression defects42. Many mutants (61%) could not be 

rescued by low-temperature incubation or hERG-binding pharmacochaperones42. Unlike 

mutations in the PAS and cNBD, pore mutations predominantly act in a dominant-negative manner 
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when co-expressed with WT-hERG42. Due to the low PM expression, it is not established whether 

trafficking-defective pore mutants are also associated with functional defects as observed with 

PAS-mutant channels92,94.  

iii) cNBD mutations 

It was previously reported that the expression of both hERG and HCN K+ -channels is sensitive to 

cNBD deletion, truncation or introduction of missense mutations, thus establishing the cNBD as 

an important determinant of K+-channel processing95. In line with this model, >80% of disease-

associated mutations in the hERG cNBD result in a trafficking defect41,42. Most mutant channels 

are poorly expressed and many (41%) were uncorrected by low-temperature culture and 

pharmacochaperone treatment42. Unlike the pore mutants, most cNBD mutations did not act in a 

dominant-negative manner. The cNBD contains a hydrophobic patch mediating the PAS-cNBD 

interaction (Figure 2). Interestingly, and a subset of disease-associated mutations located here are 

associated with normal/mild trafficking defects and accelerated deactivation similar to that seen 

with PAS-domain mutations42,75.  

1.3c: Acquired LQT2 

Drug-induced LQT2 has received considerable attention due to the appreciation that hERG is 

uniquely susceptible to inhibition by pharmacological and environmental factors. Indeed, the 

susceptibility of hERG to small-molecule functional block is such that counter-screening for hERG 

activity is standard within the pharmaceutical industry1,96 and required by the U.S. Federal Drug 

Administration1. Three general mechanisms account for the acquired-LQT2 pathology and are 

discussed in greater detail below: 1) direct drug binding within the hERG pore, 2) indirect drug 
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effects, or 3) intracellular or extracellular K+-depletion associated with cardiac-glycoside treatment 

and hypokalemia. A summary of select LQT2-associated drugs is shown in Tables 1 - 2. 

i) Direct drug binding 

Direct drug binding to the hERG channel was first described for class-3 methanesulfonanilide 

antiarrhythmics such as Dofetilide97. These compounds are clinically used to increase the action-

potential duration and thus the effective refractory period via inhibition of the repolarizing K+-

current; however, excessive hERG block is associated with a pro-arrhythmogenic risk. Structure-

function studies employing homology models in conjunction with site-directed mutagenesis 

implicated a pair of non-conserved aromatic amino acid residues (F656 and Y652) in drug 

binding17. The aromatic side-chains adopt a parallel configuration and project into the pore: small 

molecules are trapped between the two side-chains via π-bond interactions17,98,99 (Figure 6).  

Many classes of non-cardiac drugs have been associated with hERG block via interaction with the 

pore binding site90. Select examples include tricyclic antidepressants (Desipramine)100, selective-

serotonin reuptake inhibitors (Fluoxetine)101, antifungal medications (Ketoconazole)102, H1-

histamine receptor blockers (Astemizole)103, antipsychotics (Sertindole)104,105 and antimalarial 

(Halofantrine)106,107. A summary of select pore-binding drugs is shown in Table 1.  

In addition to functional inhibition, channel blockers can also influence the expression of hERG. 

Several blockers, such as Desipramine108, Fluoxetine109 and Ketoconazole110 impair the expression 

of mature WT-hERG: presumably due to conformational destabilization of the WT-channel and 

subsequent recognition by cellular QC machinery as in inherited-LQT233,64,108. Interestingly, other 

channel blockers, such as methane-sulfonanilides, Astemizole, and the antimalarial Quinidine act 

as ‘pharmacochaperones’ and increase the expression of WT and various mutant hERG 
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channels111. Disruption of the pore binding site by alanine substitution abolishes both the drug-

induced functional block and the enhancement or inhibition of mature hERG expression108-111. The 

structural basis for the differential impact of drug binding on hERG expression remains unknown1.  

ii) Indirect drug effect 

In addition to direct drug binding, hERG functional expression can also be impacted through 

indirect drug action. The two best-established examples are arsenic trioxide (As2O3, a 

chemotherapy agent) and Probucol, a cholesterol-lowering drug (Table 2). 

Arsenic trioxide was found to decrease mature hERG expression and functional current following 

overnight exposure, but unlike pore-binding drugs did not acutely block hERG current112. As2O3 

treatment decreased hERG maturation efficiency as determined by metabolic pulse-chase and 

reduced the binding of chaperone proteins (Hsp70 and Hsp90) to nascent immature hERG 

channels112. The impaired interaction with chaperone proteins was presumed to underlie the 

impaired maturation efficiency and defective functional expression phenotype; however, 

conformational destabilization of nascent channels cannot be ruled out.  

As with As2O3, Probucol reduced hERG functional expression after prolonged treatment but did 

acutely block the channel113. It has been proposed that WT-hERG steady-state expression is 

regulated, in-part by the Nedd4-2 ubiquitin E3-ligase in conjunction with caveolin-mediated 

internalization114,115. Nedd4-2 in turn is inhibited via phosphorylation by the serine/threonine-

protein kinase family (Sgk)116. Probucol has been shown to reduce serine/threonine-protein kinase-

1 (Sgk1) expression, presumably resulting in increased Nedd4-2 mediated ubiquitination of WT-

hERG and internalization via caveolin-mediated endocytosis117.  
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iii) K+-depletion 

It has long been established that decreased serum potassium (hypokalemia)118 and cardiac 

glycoside treatment119 carry an increased risk of ventricular arrhythmia. This risk is exacerbated 

in the presence of both factors, such as during co-administration of cardiac-glycosides and 

diuretics in the treatment of heart failure120. Subsequent research revealed that K+-depletion either 

in the cytosol (via cardiac-glycoside induced inhibition of Na/K-ATPase activity)121,122 or in the 

extracellular compartment in hypokalemia38 reduced hERG functional expression: thus providing 

a mechanistic link between cardiac glycoside and hypokalemia-induced arrhythmia. 

As discusses above, the hERG selectivity filter comprises several K+-cation binding pockets. It is 

speculated that K+-depletion reduces cation binding site occupancy, resulting in in collapse of the 

selectivity filter and subsequent conformational destabilization of the channel38,122.  This 

conjecture is supported by several lines of evidence: 1) the crystal structure of the bacterial KcsA 

K+-channel obtained in low-K+ solution displayed reduced K+-occupancy and selectivity filter 

collapse123. 2) The hERG selectivity filter is conformationally destabilized by several non-

conservative amino acid substitutions- this is believed to allow for rapid inactivation as discussed 

above (1.2b: hERG gating properties) but may also sensitize hERG to loss of K+-binding. 3) 

Substituting these non-conserved amino acids for the consensus sequence abolishes the K+-

sensitivity phenotype (and interestingly also removes the channel fast inactivation)38,122. 
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Figure 6: hERG drug binding sites 

Location of two non-conserved aromatic amino acids (F656 and Y652) underlying 

promiscuous drug binding to the hERG pore. hERG structural model from Wang et. al. 201715. 

Atomic coordinates from the Protein Database (pdb 5VA1) and rendered using PyMol 

(Schrodinger LLC., New York). Original image.  
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Table 1: Drugs directly binding to hERG 

Summary of select drugs which directly bind to the hERG pore dependent on residues F656 

and Y652 as described in the text. ‘Block’ refers to acute blockade of hERG functional current. 

Impact of drug on hERG expression indicated by arrows. ↓ indicates decrease in WT-hERG 

expression. ↑ indicates enhancement of WT-hERG expression and/or rescue of mutant 

expression. Asterisk (*) indicates drugs that are directly relevant to this thesis (E4031 and 

desipramine). This table is not exhaustive. 

  

Direct-binding downregulators 

Drug Example Block Expression Binding Ref. 

Tricyclic anti-
depressants (TCA)  

Desipramine* Y ↓ Pore 100,108 

Selective sertotonin 
reuptake inhibitor 
(SSRI) 

Fluoxetine 
Norfluoxetine 
Amoxapine 

Y ↓ Pore 101,109,124 

Antifungal Ketoconazole 
Fluconazole 
Pentamidine 

Y ↓ Pore 102,110,125-127 

Direct-binding pharmacochaperones 

Drug Example Block Expression Binding Ref. 

H1-histamine receptor 
antagonist 

Astemizole 
Terfenadine 

Y ↑ Pore 103,111 

Serotonin 5-HT4 
receptor agonist 

Cisapride Y ↑ Pore 111 

antimalarial Quinidine 
halofantrine 

Y ↑ Pore 106,111 

Class-III 
antiarrhythmetics 

E4031* 
MK-499 
Dofetilide 

Y ↑ Pore 17,97,99 
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Table 2: Drugs interacting indirectly with hERG 

Summary of select drugs which exert indirect effects on hERG function and expression. ‘Block’ 

refers to acute blockade or inhibition of hERG functional current. Impact of drug on hERG 

expression indicated by arrows. ↓ indicates decrease in native WT-hERG expression. ↑ 

indicates enhancement of WT-hERG expression and/or rescue of mutant expression. Asterisk 

(*) indicates drugs that are directly relevant to this thesis (Ouabain, hypokalemia). Cross (†) 

loss of hERG function due to loss of K+-occupancy and collapse of the selectivity filter. This 

table is not exhaustive. 

  

Indirectly acting modes of acquired LQT2 

Drug Example Block Expression Mechanism Ref. 

Chemotherapy As2O3 N ↓ Indirect  
(see text) 

112 

Cholesterol lowering Probucol N ↓ Indirect  
(see text) 

113,115,117,12

8,129 

Cardiac glycoside Ouabain* 
Digoxin 
Digitoxin 

Y† ↓ Reduced K+
 

occupancy 

121,122,130 

Hypokalemia* Diuretics Y† ↓ Reduced K+ 
occupancy 

131,132 
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1.3d: Therapeutic strategies for LQT2 

i) Identification of hERG blocking drugs causing acquired-LQT2  

Given the recent appreciation for the risk posed by drug-induced LQT2, it is now standard 

procedure to counter-screen new drug candidates for hERG activity either using automatic high-

throughput whole-cell electrophysiology to detect acute block133 or antibody-based measurement 

of cell-surface expression134; however many older drugs still on the market have presumably not 

been subject to retrospective screening. In addition to empirical techniques, several predictive in-

silico models for hERG-drug binding are also in development135,136. In the case where drugs with 

known hERG effect remain in use, safety is mediated through appropriate dosing and clinician 

warnings1,137.  

ii) Pharmacological enhancement of hERG activity 

Several allosteric (i.e. non-pore binding) modulators of hERG function have been identified 

through automated high-throughput patch-clamp electrophysiology138. To-date, four general 

mechanisms of action have been identified: delaying deactivation, delay of inactivation, shifting 

the voltage dependence of channel activation to more negative potentials and increasing channel 

open probability138. Most allosteric modulators have multiple effects on hERG gating138. A 

summary of established modulators is shown in Table 3. Most allosteric modulators bind to 

hydrophobic pockets within the transmembrane helices away from the ion conducting pore138.   

Currently, these modulators are purely investigational compounds with limited characterization. 

Most have been shown to increase IKr current and enhance repolarization, resulting in shortened 

action potential duration in native cardiac myocyte preparations, including tissue derived from 

induced pluripotent stem cells (iPSCs) obtained from LQT2-affected patients139. In all cases, 
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functional enhancement of IKr has been attributed to altered biophysical function. Inexplicably, the 

impact of these compounds on hERG trafficking and expression remains poorly characterized.  

Several compounds including LUF7346 have been shown to prevent binding of [3H] labelled pore-

blocker dofetilide to hERG140, suggesting the potential for use in treating acquired drug-induced 

LQT2.  

iii) Pharmacological rescue of mutant hERG expression 

Most expression-deficient mutant channels retain at-least partial functionality41. Thus, restoration 

of normal protein folding, and/or cellular processing represents a potential therapeutic avenue41.  

Unlike the case with allosteric hERG activators, no high-throughput drug screen for rescuers of 

hERG PM-expression has been described in the literature. As discussed above, several hERG-

blockers (ex. methanesulfonanilides, astemizole, and quinidine) represent an established family of 

hERG ‘pharmacochaperones’41,42 (Table 1). Presumably, drug binding to the channel pore 

promotes native-like conformational folding111. It has been shown that overnight culture in the 

presence of hERG-blocker E4031 followed by extensive wash-out restored mutant hERG 

functional current in a cell-line expression system41. However, the pore-blocking nature of these 

compounds limits their utility in a clinical setting.   
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Table 3: Summary of select allosteric hERG potentiators. Mechanisms of hERG 

potentiation: delayed deactivation, delayed inactivation, negative shift of voltage-dependent 

activation curve, increase in channel open probability (Po) and decrease in binding affinity of 

hERG pore-blocking compounds. Asterisk (*): empty cell indicates no available data, rather 

than no effect. See text for details. 

  

Compound 

hERG effect 

Ref. 
Slowed 

deactivation 
Slowed 

inactivation 
Neg. shift 
activation 

Increase 
Po 

Blocker 
affinity* 

RPR260243 Y     141,142 

Ginsenoside 
RG3 

Y     143,144 

LUF7346 Y    Y 139,140,145 

ML-T531  Y   Y 140,146 

ICA-105574  Y    147 

Mallotoxin   Y   148 

KB130015   Y   149 

NS1643   Y   150 

PD-1108057  Y  Y  151 

PD-307243  Y  Y  152 

NS3623  Y  Y  153,154 

A-935142 Y Y Y   155 

VU0405601 Y Y   Y 140,146 
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1.4: Protein quality control by the ubiquitin-proteasome system 

1.4a: General principles of proteostasis and protein quality control 

Proteostasis, a portmanteau of the words ‘protein’ and ‘homeostasis’, refers to the processes by 

which cells regulate protein expression, folding, trafficking and degradation in response to internal 

factors, external stimulus or cellular stress156. Expression of misfolded non-functional or 

dysfunctional proteins can impair normal cellular activity, promote formation of cytotoxic protein 

aggregates and impair overall cellular viability156. Consequently, the clearance of misfolded 

proteins by protein quality control (QC) machinery represents an important function of the cellular 

proteostasis network156.  

Multiple factors can impact the ability of newly-synthesized nascent proteins to fold properly. 

Transcriptional and translational errors may produce a polypeptide which is incapable of attaining 

a native-like conformation157,158. Properly translated peptides still need to be folded: this can often 

involve progressing through a series of meta-stable intermediate states39 and proteins risk being 

trapped in a terminally misfolded intermediate conformation39. Furthermore, as most native 

proteins retain a degree of conformational flexibility to facilitate normal function, there is an ever-

present risk of transitioning into non-native conformations even after successful folding159,160. 

Environmental factors such as oxidative stress, heat shock or drug binding may also induce 

misfolding of native proteins159,160. Consequently, eukaryotic cells have evolved numerous 

distinct, yet partially- overlapping pathways acting in distinct subcellular compartments36,161,162. 

These include QC pathways acting at the cytosol36,161, ER/secretory pathway34,161,163, 

nucleus164,165, mitochondria166, and plasma -membrane162.  
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It has been estimated that just under half of the yeast and mammalian proteome resides in the 

cytosol167,168 and many integral membrane proteins also contain soluble cytosolic domains exposed 

to the cytosolic QC machinery. Consequently, there is significant overlap between the ‘general’ 

cytosolic QC machinery and those acting at specific subcellular compartments36,161.  In this section, 

I will discuss general concepts of protein quality control within the context of cytosolic 

proteostasis. Quality control at other cellular compartments will be addressed in the following 

section (1.5: Quality control of membrane proteins at the ER and PM). 

In general, protein quality control at the cytosol involves 3 steps: 1) recognition of misfolded 

substrate by chaperone proteins, 2) substrate ubiquitination and 3) delivery to and degradation by 

the proteasomal complex.  

1.4b: Recognition of misfolded proteins by molecular chaperones  

In general, cells rely on a diverse set of soluble chaperone proteins as a first line of defence against 

non-native proteins169. Their importance is such that chaperones are estimated to make up 10% of 

the protein mass of eukaryotic cells170. Substrate recognition is mediated by binding to 

hydrophobic patches which are normally buried in native proteins169. Masking these hydrophobic 

residues prevents the formation of toxic protein aggregates169. In addition, chaperone proteins 

perform an important ‘triage’ function in determining subsequent processing of the misfolded 

substrate171. In the case of partially folded substrates, chaperones can provide a protective pro-

folding environment and undergo several rounds of ATP-dependent conformational rearrangement 

to encourage refolding169,172. On the other hand, terminally misfolded proteins are targeted for 

degradation via recruitment of additional proteostatic machinery171. Two major chaperone families 

are present in mammalian cells: heat-shock protein-70 (Hsp70) and heat-shock protein-90 
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(Hsp90)169. These two protein families will be discussed briefly. In-depth literature on chaperone 

protein structure and function can be found elsewhere169,172-174. 

i) The Hsc/Hsp70 protein chaperone family 

The human Hsp70 family contains at-least 8 genes with differing amino acid sequence, expression 

level and subcellular localization174. The most significant cytosolic species are Hsp70, whose 

expression is induced by protein folding stress, and the constitutively-expressed heat-shock 

cognate-70 (Hsc70)174. In general terms, Hsp70 is associated with a stronger pro-folding function, 

whereas Hsc70 is more pro-degradation; the reasons for this distinction remain unknown175-177. 

Hsp70 family proteins contains two domains: an N-terminal ATP-binding domain and a C-

terminal substrate binding domain174. The substrate-binding domain is composed of a compact β-

sandwich containing a narrow substrate-binding cleft178. A flexible α-helix ‘lid’ regulates access 

to the binding cleft178.  Hsp70 cycles between a high-affinity ADP-bound (closed) state, and a low-

affinity ATP-bound (open) state179.  

Hsp70 family proteins are regulated by numerous co-chaperones, including Hsp40/DNAJ and 

nucleotide exchange factors (NEFs). Hsp40 co-chaperones contain a hydrophobic substrate 

binding β-domain and helical J-domain which activates the Hsp70 ATPase site180. Thus Hsp40 

promotes Hsp70-mediated refolding by recruiting substrates with its hydrophobic β-domain and 

stimulation of Hsp70 ATPase activity180. Conversely, NEFs stimulate substrate release from 

Hsp70 by promoting the release of bound ADP181. Additionally, Hsp70 is involved in the 

recruitment of additional proteostasis machinery via binding of tetratricopeptide-repeat (TPR)-

containing adaptor proteins182. Notable examples of TPR-containing proteins include Hsp70-

Hsp90 organizing protein (HOP) which recruits Hsp90183, and the carboxyl terminus of Hsc70-

interacting protein (CHIP) ubiquitin E3 ligase involved in protein degradation184.  
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ii) Hsp90 

As with Hsp70, the Hsp90 family of proteins undergo ATP-dependent cycles of substrate binding 

and release169. Hsp90 functions as a dimer, with each subunit containing an N-terminal ATPase 

domain, a middle substrate-binding domain, and a C-terminal dimerization domain185. When no 

nucleotide is bound, the two Hsp90 subunits form an open ‘V’ conformation to facilitate substrate 

loading; joined only at the C-terminus dimerization domain173. Upon ATP binding, the N-terminal 

ATPase domains associate, forcing the dimer to adopt a closed conformation173. ATP hydrolysis 

and subsequent ADP release restores the open conformation173. 

Interestingly, it has been shown that Hsp70 and Hsp90 are recruited sequentially to misfolded 

protein substrates via HOP, as discussed above183. In addition, it has long been appreciated that 

Hsp90 regulates the expression of native cell-surface receptors, especially tyrosine-receptor 

kinases such as ErbB2186 and HCK186.   This has led to speculation that Hsp90 predominantly acts 

on more native-like substrates that are further along the folding trajectory175,187. Supporting this 

conjecture is the recent identification (via quantitative proteomics screens) of native yet 

intrinsically unstable tyrosine-receptor kinases as a major Hsp90 client family188.   

1.4c: The ubiquitin-proteasome pathway:  

The most favourable outcome of chaperone binding is successful substrate folding/refolding. 

However, chaperone proteins are also equipped to target terminally misfolded substrates for 

degradation171. The primary effector of chaperone-mediated degradation is the ubiquitin-

proteasome pathway. The proteasome is a barrel-shaped cytosolic protein complex largely 

responsible for the degradation of soluble proteins189. Proteasomal targeting is often mediated by 
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the conjugation of ubiquitin (Ub) and subsequent recruitment to ubiquitin-interacting motifs 

(UIMs) located on the proteasome ‘mouth’189.  

Ubiquitin is a small (8.7kDa), highly conserved protein190. It is normally conjugated by an 

isopeptide linkage between its C-terminal glycine (Gly76) and an exposed lysine residue on the 

target190. Ubiquitin can be conjugated singly (monoubiquitination) or in the form of linked chains 

(polyubiquitination)190. Common linkages include conjugation at position K11, K29, K33, K48 

and K63189. In addition, mixed-chain and branched-chain ubiquitin conjugates are possible. The 

full complexity of what is termed the ‘ubiquitin code’ has yet to be completely unravelled and is 

reviewed in-depth elsewhere191,192. In general terms, K48 linked-chain polyubiquitination 

represents the most abundant ubiquitin configuration in cells193  and is associated with proteasomal 

delivery192. Other configurations associated with proteasomal degradation are K29 and K11191. 

The latter configuration is exclusively assembled during mitosis by the anaphase-promoting 

complex E3 ligase (APC/C), an important regulator of eukaryotic cell division194-196. K63 linked 

chains are associated with protein sorting and trafficking including delivery to lysosomal 

compartments197,198  and autophagy199.  

Ubiquitin conjugation is initiated by replacement of the C-terminal carboxy group with a thiol 

ester, which is mediated by the ubiquitin-activating enzyme (E1) in an ATP-dependent manner. 

The ubiquitin thiol ester is then transferred to a ubiquitin-carrier/conjugating enzyme (E2) from 

which it is then conjugated to the substrate. Ubiquitin ligase proteins (E3) act as scaffolds between 

the E2 and the substrate to mediate substrate recognition. Mammalian cells contain a single 

primary E1 enzyme, tens of E2s, and hundreds of E3s; substrate selection by the diverse set of E3 

ligases accounts for the specificity of the ubiquitination machinery200. Several E3 ligases are 

recruited to Hsp70 and Hsp90, providing a mechanistic link between the molecular chaperone 
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system and the ubiquitin-proteasome system. Of these, the carboxyl terminus of Hsc70-interacting 

protein (CHIP) ubiquitin E3 ligase is the most established and best characterized. CHIP binds to 

Hsp70 via its TPR repeat, and has been implicated in the degradation of many cytosolic and 

membrane proteins, including native ErbB2201, PTEN202, nitric oxide synthase203 and disease-

associated variants of hyperphosphorylated tau204, expanded polyglutamine proteins (ex. 

Huntingtin and Ataxin-3)205, cystic-fibrosis transmembrane conductance regulator (CFTR)206 and 

hERG37,130. The Cullin family of E3 ligases, namely Cullin-5 (Cul5) has been shown to bind Hsp90 

and regulate several native Hsp90 client proteins173,188,207. Whether Cul5 is also involved in the 

removal of non-native substrates remains unknown. In a yeast, the Ubr1 E3 ligase has been 

implicated in chaperone-dependent degradation of exogenously-expressed misfolded model 

substrates and contributes proteotoxic stress resistance208. More recent work in mammalian cells 

demonstrated that Ubr1 regulates several native Hsp90 clients194,209. Whether the mammalian Ubr1 

plays a role in protein quality control of misfolded proteins remains unknown.  

Chaperone/co-chaperone binding can also directly recruit substrates to the proteasome. The best 

characterized example is via the NEF Bag1. Bag1 is an Hsp70 co-chaperone containing an exposed 

ubiquitin-like domain (ULD) at the N-terminus210,211. Bag1 was found to recruit Hsp70 to the 

proteasome via interacting with the proteasomal UIMs, providing a direct link between chaperone 

binding and protein degradation212.   

1.4d: Autophagy  

Autophagy refers to a number of processes facilitating the degradation of cytosolic components 

via the lysosome213. Autophagy is primarily associated with catabolic metabolism during nutrient 

stress and degradation of dysfunctional organellar structures (e.g. mitochondria)213. Recently, 
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autophagy has been implicated in the clearance of large cytosolic aggregates214. While essential in 

the clearance of bulky cytosolic structures, autophagy has yet to be implicated in the targeted 

degradation of select misfolded substrates and thus will only be discussed briefly.  

In macroautophagy, cytosolic material is sequestered by a de-novo synthesized double-membrane 

vesicle (autophagosome)213. The underlying molecular machinery is reviewed elsewhere213,215,216. 

Briefly, substrate recognition is mediated by a polyubiquitin binding protein P62. P62 recruits 

additional members of the autophagy machinery which promotes the formation and expansion of 

the nascent autophagosome. Mature autophagosomes fuse with lysosomes, exposing the luminal 

contents to the lysosomal environment.  

Chaperone-mediated autophagy involves the selective translocation of soluble proteins across the 

lysosomal membrane216. Briefly, Hsc70-bound substrates can be recruited to the LAMP2A 

lysosomal membrane-spanning protein216. Substrate translocation into the lysosomal lumen is 

mediated by a LAMP2A containing protein complex217. As this mechanism functions exclusively 

on soluble cytosolic proteins, it is not expected to play a role in hERG quality control.  

 

1.5: Quality control of membrane proteins at the ER and PM  

1.5a: Quality control at the ER 

The ER is the primary site of biogenesis for secreted and membrane-bound proteins. Due to its 

role in protein biogenesis, the ER luminal environment is optimized for protein assembly and 

folding35,218. Nascent polypeptides are cotranslationally translocated through the ER membrane by 

a protein channel known as the translocon complex219. Upon conformational maturation, proteins 
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are released into the secretory pathway and sorted to their destination via vesicular trafficking34. 

Despite the resources available for protein folding, a significant fraction of newly synthesized 

polypeptides fails to acquire a native conformation34,220, necessitating a robust quality control 

system. Misfolded ER luminal and membrane-bound proteins are subject to ubiquitin-dependent 

proteasomal degradation in a process known as ER-associated degradation (ERAD)36. ER quality 

control is summarized in Figure 7. 

i) Quality control in the ER lumen 

The ER lumen contains several unique quality control systems. As hERG is predominantly a 

transmembrane protein with minimal presence in the ER lumen, these systems are not expected to 

play a major role. A general overview of these systems is presented here; in-depth reviews are 

available elsewhere34,163. The ER lumen contains specific isoforms of Hsp70/Hsp90 family 

chaperones and their associated cochaperones; BiP221 and Grp94222 represents the main luminal 

Hsp70 and Hsp90 isoforms, respectively. Their structure and function generally mirror that of their 

cytosolic counterparts discussed above.  

To prevent the premature export of non-native proteins, the ER relies upon an unique glycan-based 

chaperone system involving two related chaperone proteins: membrane-bound calnexin (CNX) 

and soluble calreticulin (CRT)223. Nascent peptides, including hERG, can receive a 14-saccharide 

‘core glycan’ (Glc3Man9GlcNAc2), cotranslationally conjugated to an asparagine consensus site 

(N-linked glycosylation)163,223. Following translation, two glucoses (Glc) are removed by 

Glucosidase I and II to generate a Glc1Man9GlcNAc2 glycoprotein (Glc1Man9). The Glc1Man9 

glycan chain recruits CNX and CRT to the nascent peptide163. CNX/CRT binding prevents ER exit 

and serves as an adaptor to recruit Erp57, a thiol reductase that assists in the formation of native 

disulphide linkages224. CNX/CRT are also associated with pro-folding activity, although the 
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significance of this is less well-established35. Cleavage of the remaining glucose by Glucosidase 

II to yield Man9GlcNAc2 (Man9) terminates the CNX/CRT interaction and allows native proteins 

to exit the ER223. Non-native Man9 glycoproteins are recognized by UDP-glucose:glycoprotein 

glucosyltransferase (UGGT), which reattached a single glucose to regenerate the Glc1Man9 glycan 

group and facilitate re-entry into the CNX/CRT cycle223. Terminally misfolded proteins which 

experience an extended ER residence are processed by ER α1,2-mannosidase I, which removes a 

mannose from the central glycan branch (Glc1Man8GlcNAc2)
223. This mannose-truncated glycan 

acts as a degradation signal. The inefficient processing by ER α1,2-mannosidase I is thought to act 

as a ‘timer’ to allow for nascent protein folding223.   

ii) Protein retrotranslocation and ER associated degradation 

As with cytosolic substrates, terminally misfolded ER proteins are ubiquitinated and targeted for 

proteasomal degradation. Given that neither ubiquitin nor the required Ub E1/E2 activation and 

conjugation machinery contain ER localization motifs225, (not to mention the location of the 

proteasome in the cytoplasm), terminally misfolded proteins must be retrotranslocated across the 

ER membrane prior to ubiquitin-dependent degradation34,225,226. The components and function of 

the ER retrotranslocation machinery remain to be clearly defined and reviews of the recent 

literature are available elsewhere227,228. Briefly, the ER membrane spanning protein Hrd1 is 

believed to form a protein-conducting channel226 (although there is limited evidence implicating 

other ER-spanning proteins such as Sec61 and Derlin-1 as the pore-forming unit226). Retro-

translocation is mediated at-least in-part by the Cdc48/p97 ATPase complex226. Terminally 

misfolded Glc1Man8GlcNAc2 glycoproteins are recruited to the ER retro-translocation machinery 

via interaction with ER degradation-enhancing α-mannosidase-like protein family (EDEM)228 and 

BiP229. The ER contains several unique membrane-bound E3 ligases including Doa10230 and 
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GP78230. In addition to acting as the putative protein translocation pore, Hrd1 also possesses E3 

ligase activity226. These ER-associated E3s form complexes with the retrotranslocation machinery, 

presumably to facilitate coupling between substrate retrotranslocation and proteasomal delivery225.  

iii) Quality control of cytosolic domains  

ER membrane proteins with exposed cytosolic domains can presumably be recognized and 

ubiquitinated by cytosolic quality control machinery36,231. Previous work has demonstrated that 

hERG maturation is dependent on cytosolic chaperone proteins. Overexpression of Hsp70 and 

Hsc70 is associated with increased/decreased maturation of WT-hERG respectively232,233 and 

trafficking-defective mutant channels preferentially recruit Hsc70233. These results suggest that 

Hsp70 is involved in hERG folding/refolding at the ER whereas Hsc70 is associated with 

degradation. Furthermore, Hsp70 co-chaperones including Hsp40/DNAJ and NEF family proteins 

have been implicated in ER processing of WT and mutant hERG37,234. Hsp90 is also required for 

efficient maturation of the WT channel232. Finally, the CHIP ubiquitin E3 ligase has been 

associated with the degradation of  ER-resident membrane proteins including CYP3A4230, 

Kv1.5235 and disease-associated variants of CFTR206 and hERG33. Taken together, these results 

suggest that the cytosolic proteostasis machinery play a significant role in the ER quality control 

of membrane proteins including hERG. 

iv) Autophagy of ER compartments  

Recently, several ER-membrane resident proteins such as FAM134236 in mammalian cells, and 

CCPG1237 and Atg40165 in yeast have been shown to recruit autophagy machinery and target select 

parts of the ER for degradation in a process termed ER-phagy238. ER-phagy is involved in cellular 
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response to nutrient starvation and global protein folding stress238. The mechanisms of ER-phagy 

and its role in selective clearance of misfolded proteins remain poorly understood.  
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Figure 7: Model of peripheral protein quality control 

General model of protein quality control of nascent membrane proteins at the ER. 1)  

Membrane proteins are contranslationally inserted into the ER membrane and subject to N-

linked glycosylation with a 14-saccharide ‘core glycan’ (Glc3Man9GlcNAc2). Where relevant, 

glucose moieties indicated with a blue dot, and mannose with a purple dot. 2) Removal of two 

glucose moieties by ER glycosidases I and II generates a Glc1Man9GlcNAc2 glycoprotein 

(Glc1Man9) and allows admission into the calnexin-calreticulin cycle (CNX/CRT cycle). 3) The 

cytosolic proteostasis machinery presumably contributes to quality control of soluble cytosolic 

domains. The glycan chain is periodically trimmed by glucosidase I, yielding a Man9 group 

and breaking the CNX/CRT cycle. 4) If the nascent peptide has attained a native conformation, 

it is allowed to exit the ER. Otherwise, the glucose cleavage is reversed by UDP-

glucose:glycoprotein glucosyltransferase (UGGT) and the polypeptide re-enters the 

CNX/CRT cycle. 5) Glycoproteins which experience a prolonged ER residency are trimmed 

by ER mannosidase I. Loss of a single mannose (Glc1Man8) acts a signal for retrotranslocation 

and ubiquitin-dependent proteasomal degradation (ERAD). Original illustration.  
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1.5b: Quality control at the PM and post-Golgi compartments 

Recently, there has been a growing appreciation that membrane proteins must be subject to 

continual surveillance and quality control following ER-exit. Mildly misfolded or mutant 

substrates may undergo limited ER exit / leak239. In addition, native proteins may be subject to 

conformational destabilization due to cellular and environmental stress or undergo stochastic 

unfolding during its life-cycle159,160.  

The PM quality control machinery is much less established than those acting at the ER or cytosolic 

compartments. As the ER QC typically degrades misfolded proteins prior to ER export and PM 

insertion, expression of suitable model substrates remains a challenge163. Recently, our research 

group studied the cellular processing of non-native membrane proteins at the cell-surface and post-

Golgi compartments. We employed a number of non-native membrane proteins associated with 

conformational diseases such as CFTR240, V2 vasopressin receptor162, D4 dopaminergic 

receptor162 and hERG130 in addition to a number of conditionally unfolded chimeric protein 

models162. Low-temperature incubation at-least partially restored mutant protein folding efficiency 

and PM-expression of these models. Returning to the non-permissive temperature resulted in 

unfolding at the PM and subsequent processing by peripheral QC machinery. Using these model 

systems, we described the following ‘canonical’ PM/peripheral quality control system239. As with 

ER and cytosolic compartments, the canonical PM QC pathway involves chaperone binding and 

substrate ubiquitination. However, instead of retrotranslocation across the lipid bilayer and 

proteasomal degradation, ubiquitinated PM proteins are rapidly internalized into endosomal 

compartments and delivered to lysosomes239. This model is summarized in (Figure 8)  
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i) Recognition and ubiquitination of misfolded PM proteins  

The majority of PM quality control systems described to-date rely upon recognition of misfolded 

cytosolic domains239. Consequently, the PM recognition and ubiquitination machinery overlaps 

significantly with that acting at the cytosol or cytosolic regions of ER membrane cargoes. 

Presumably, multicellular organisms must also possess extracellular quality control systems, 

which may recognize misfolded luminal regions of PM proteins. Indeed, several families of 

extracellular chaperones have been described to-date241; however, our overall understanding of 

these pathways remains limited. In any case, given that hERG presents only a few limited 

extracellular loops, it is unlikely that this machinery plays a significant role in LQT2 pathogenesis.  

As in the case with cytosolic substrates, chaperones bind to misfolded cytosolic domains of 

membrane proteins to facilitate refolding or degradation. Cytosolic Hsp90 has been shown to play 

a key role in stabilizing natively metastable tyrosine receptor kinases173,188. In addition to its 

proteostatic function in cytosolic and ER compartments, the CHIP Ub E3 ligase is an established 

component of the peripheral QC machinery, regulating several misfolded membrane proteins 

including disease-associated variants of the V2 vasopressin receptor162, D4 dopaminergic 

receptor162, CFTR240 and hERG130, along with a set of conditionally-unfolded chimeric cargoes162. 

As with misfolded cytosolic proteins, CHIP is recruited to membrane proteins by Hsp/Hsc70 via 

its TPR domain (Figures 7 and 8).  

Several other E3s have been implicated in PM proteostasis; however, their role in the removal of 

non-native proteins is less well established. The Cullin-5 (Cul5) E3 ligase associates with Hsp90 

and is involved in regulating PM expression of various native cell-surface receptors173,188,207. 

Whether the Hsp90/Cul5 axis acts on non-native proteins remains to be established. In yeast, Rsp5 

plays a critical role in degradation of misfolded cytosolic and PM proteins following heat-shock242. 
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Rsp5 recognizes linear motifs, which are exposed during unfolding (ex. PPxY motif243 or acidic 

patches244,245). Recently, Rsp5 has been shown to interact with Hsp40 co-chaperones; however, 

the functional consequences remain unclear243. Interestingly, the mammalian Rsp5 orthologs, 

Nedd4-1 and Nedd4-2 (neural precursor cell expressed developmentally down-regulated protein 

4-1 and 4-2) are primarily associated with signal-mediated downregulation of native membrane 

proteins rather than clearance of non-native cargoes 246. Examples include epithelial sodium 

channel (ENaC)247, voltage-gated sodium248 and calcium249 channels and components of the 

epidermal growth factor (EGF) signalling pathway250. Nedd4-2 has also been implicated in the 

regulation of native WT-hERG in response to muscarinic signalling251 or stress-responsive serum- 

and glucocorticoid-inducible kinase (SGK) activity116. Recent work has implicated Nedd4 in the 

clearance of misfolded cytosolic proteins such as alpha-synuclein252 and in response to heat 

shock243; however its role in PM QC remains to be established  

Recently, our research group has implicated the RFFL E3 ligase in the removal of misfolded CFTR 

from the PM253. RFFL is a membrane-associated protein and localizes primarily to the cell-surface 

and endo-lysosomal compartments. Briefly, RFFL was found to physically interact with CFTR 

and contributed to Ub-dependent degradation. Binding to CFTR and RFFL-mediated 

polyubiquitination persisted following Hsc70 knockdown and could be reconstituted in-vitro in 

the absence of chaperone proteins. RFFL contains several predicted disordered regions, which 

were indispensable for CFTR recognition and binding. Taken together, we proposed that the RFFL 

disordered regions can recruit misfolded membrane proteins in a chaperone-independent manner.  

ii) Clathrin-dependent internalization  

Ubiquitination has long been established as an efficient signal for clathrin-dependent 

internalization254. Endocytic adaptor proteins, namely Epsin, Eps15 and Eps15R254,255 are recruited 
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to polyubiquitinated PM proteins via Ub-interaction motifs (UIMs). These adaptors serve as 

scaffolds to recruit additional members of the clathrin endocytosis machinery including AP2 and 

clathrin256. (Figure 8) Studies on engineered Ub-fusion reporter proteins revealed that multiple 

ubiquitin moieties are required for efficient internalization254,255,257,258, presumably due to the weak 

micromolar binding affinity of the ub-UIM interaction254. K63-linked polyubiquitination is the 

major Ub chain configuration associated with internalization and endosomal sorting steps255, 

although others (ex. K48-liked259 and multiple monoubiquitination247,260) have also been 

implicated.  

iii) Endosomal sorting of ubiquitinated proteins  

Following internalization from the cell-surface, cargoes are delivered into the early/sorting 

endosomal compartment (EE/SE). Here, the diverse set of endocytosed cargoes are processed and 

sorted to their various post-endocytic fates, including endocytic recycling back to the plasma-

membrane261, retrograde transport to the Golgi262, or lysosomal delivery263 (Figure 8). Retrograde 

transport to the Golgi is mediated by the retromer complex and is dependent upon linear recycling 

motifs264. Endosomal recycling occurs via multiple pathways, the molecular and cellular 

mechanisms of which are not yet fully understood and are reviewed elsewhere261,262,265. Cargoes 

destined for lysosomal delivery are retained in the endosome and are sorted into intraluminal 

vesicles by the endosomal sorting complex required for transport (ESCRT) machinery263. Mature 

multivesicular endosomes, referred to as multivesicular bodies (MVBs) or late endosomes (LEs) 

eventually fuse with lysosomes.  

The ESCRT machinery consists of 5 distinct complexes (ESCRT- 0, I, II, III and SKD1/Vps4 

complex), which act sequentially to sequester ubiquitinated cargoes on the endosomal membrane, 

initiate membrane invagination, facilitate vesicle maturation and final scission into the endosomal 
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lumen. The structure and function of the ESCRT machinery is reviewed elsewhere263,266. Briefly, 

the ESCRT-0 complex is comprised of two subunits: Hrs (hepatocyte growth factor-regulated 

tyrosine kinase substrate) and STAM1/2 (signal transducing adaptor molecule1/2). Hrs binds to 

Phosphatidylinositol 3-phosphate, which is specific to endosomal membranes267. Both subunits 

contain UIMs and serve to recruit ubiquitinated proteins to specific microdomains on the 

endosomal membrane263. ESCRT-I (Tsg101, Vps28, Vps37 and Mvb12) acts as a scaffold to 

recruit ESCRT-II (EAP45, EAP30 and EAP20)263. Both ESCRT-I and ESCRT-II are believed to 

act in conjunction to mediate membrane remodelling and vesicle formation266. ESCRT-III is a 

transient complex containing core components (CHMP6, CHMP4, CHMP3 and CHMP2) and 

numerous accessory proteins. ESCRT-III recruits deubiquitinating enzymes (Dubs) such as 

Doa4268,269 in yeast and USP8270,271 and AMSH272 in eukaryotic cells. Retrieval of ubiquitin is 

essential for maintaining cellular ubiquitin homeostasis269. An ESCRT-III associated protein 

ALIX (apoptosis-linked gene 2-interacting protein X) is involved in the ubiquitin-independent 

sorting of GPCRs for lysosomal delivery via recognition of a YPX3L motif273,274. The SKD1 

complex (Vsp4 in yeast) dissociates the ESCRT machinery and mediates final ATP-dependent 

membrane scission263.  

Ubiqutinated proteins can also be subject to deubiquitination in the endosomal compartments, 

altering the post-endocytic fate. The ESCRT-associated DUbs USP8 and AMSH are able to divert 

certain cargoes to recycling pathways271. USP20 and USP33 are associated with β-arrestin 

regulation275, and USP2 and USP10 are associated with endocytic recycling of native ENaC276 and 

CFTR277, respectively. Modification of ubiquitin chain configuration in endosomal compartments 

has yet to be associated with protein QC activity but remains an intriguing possibility.  

  



66 
 

 

Figure 8: Model of protein quality control at peripheral cellular compartments 

General model of protein quality control machinery acting at peripheral cellular compartments. 

Misfolded PM proteins (1) are recognized by chaperones (ex. Hsp70, Hsc70 and Hsp90). 

Chaperone binding recruits other quality control machinery, including the CHIP ubiquitin E3 

ligase which polyubiquitinates the misfolded protein substrate (2). Polyubiquitination serves 

as a signal for rapid endocytosis, presumably via interaction with clathrin adaptors containing 

ubiquitin-interacting motifs (UIMs) such as Epsin and Esp15/15R (3). Ubiquitinated proteins 

prevented from recycling to the PM (4) and are instead delivered to intraluminal endocytic 

vesicles by components of the ESCRT machinery (5). Sorted substrates degraded in 

lysosomal compartments upon endosomal maturation (6). This model of peripheral protein 

quality control has been demonstrated for several misfolded PM protein cargoes including 

some disease-associated variants of hERG (see text). Original illustration.  
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1.6: Protein quality control and LQT2 

1.6a: Protein quality control and human disease 

Conformational diseases are associated with the expression and/or accumulation of 

conformationally-defective proteins and have been the subject of considerable attention during the 

last 30 years159,160,278. Loss-of-function mutations in the proteostasis machinery can result in the 

accumulation of toxic protein aggregates underlying numerous conditions including amyotrophic 

lateral sclerosis (ALS)279, Parkinson’s disease280 and Spastic ataxia281, and has been associated 

with impaired cellular function due to aging214,282. In addition, missense mutations increasing the 

aggregation propensity of endogenous proteins underlies the neurodegenerative phenotype of 

Huntington’s disease283, Alzheimer's disease284 and various prion conditions285. Conversely, 

recognition and degradation of mildly-misfolded yet functional mutant proteins can result in a 

detrimental loss-of-function phenotype. This mechanism underlies the loss of hERG functional 

expression in acquired and inherited LQT2 as described above (1.3: hERG dysfunction and Long-

QT-syndrome type-2 (LQT2) and contributes to several other disease phenotypes including a 

subset of cystic fibrosis286, nephrogenic diabetes insipidus287 and psychotic disorders288.  

1.6b: Protein quality control and LQT2 

i) hERG quality control at the ER 

Early studies on a limited number of disease-associated hERG variants demonstrated a variety of 

mutant phenotypes including impaired biosynthetic processing, altered gating properties, and loss 

of conductance92,289,290. The role of protein quality control in LQT2 pathogenesis was established 

in a study by Anderson et al. (2006)41. Here, they screened 34 disease-associated hERG mutations 
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by immunoblot analysis. Of the 34 mutations, 27 completely abolished mature hERG protein 

expression. Only one (A422T) presented with an intermediate expression phenotype (~50% WT). 

The severely impaired mature hERG expression was attributed to retention and degradation of 

mature channels by ER quality control machinery41. In parallel, initial studies on acquired (drug-

induced) LQT2 found reduced WT-HERG functional expression following overnight treatment 

with disease-associated drugs such as fluoxetine and cardiac glycosides109,121 consistent with the 

impaired ER exit/biosynthetic trafficking mechanism proposed for the mutant channels. 

Consequently, the loss-of-expression phenotype in both acquired- and inherited-LQT2 has been 

primarily attributed to the action of the ER QC machinery. 

Several studies have probed the constituents of the hERG quality control machinery acting at the 

ER. An extensive network of chaperones are involved in promoting native-like hERG folding and 

assembly, including Hsp70233, Hsp90232, integral membrane chaperones FKBP38291 and 

calnexin292, and Hsp40 family co-chaperones DNAJB12 and DNAJB14293. Channels which fail to 

adopt a native-like conformation are retained in the ER and targeted for degradation. Gong et al. 

(2005) demonstrated that an ER-retained hERG mutant (Y611H) is deglycosylated and 

retrotranslocated into the cytosol prior to ubiquitn-dependent proteosomal degradation, consistent 

with canonical ERAD processing294 (1.5a: Quality control at the ER). Several additional 

components effecting the degradation of misfolded hERG at the ER have been identified, including 

Hsc70233, HSP40 family co-chaperones DNAJA1and DNAJA237, nucleotide exchange factor 

Bag1234, and ubiquitin ligases CHIP37,295 and TRC8234. In addition, overexpression of ER-retained 

hERG variants in mammalian cell lines has been linked to ER stress and activation of the unfolded 

protein response (UPR)296,297. 
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ii) hERG quality control at peripheral cellular compartments 

As discussed above, there is been a growing appreciation for a peripheral QC machinery acting at 

post-Golgi compartments. Recently, several studies showed that direct drug binding with the 

antidepressant Desipramine108 or extracellular K+-depletion132 not only impair hERG biosynthetic 

maturation at the ER, but also accelerate its turnover from peripheral cellular compartments in a 

ubiquitin-dependent manner, consistent with the action of a peripheral QC machinery. 

Interestingly, the initial study demonstrating drug-induced biosynthetic block noted a rapid time-

course of action and almost-total loss of expression within 4h109. Although unappreciated at the 

time, the observed rapid downregulation could not be solely attributed to biosynthetic block given 

the slow metabolic turnover of native WT-hERG (half-life, T1/2 of ~8h - ~12h)94,130. In addition, 

several mutations in the hERG N-terminal PAS domain were found to both reduce the thermal 

stability of the isolated PAS domain and accelerate the metabolic turnover of mature hERG, 

consistent with the action of a peripheral quality control machinery94. However, whereas the 

molecular mechanisms of hERG ER-processing have been well characterized (as reviewed in the 

previous section), those acting on mature hERG at the cell periphery remain relatively unknown.  

Our research group had previously proposed a ‘canonical’ peripheral QC mechanism (1.5b: 

Quality control at the PM and post-Golgi compartments, Figure 8). Briefly, misfolded proteins 

are recognized by the CHIP ubiquitin E3 ligase in an Hsp70/Hsc70-dependent manner. 

Polyubiquitination acts as a signal for rapid clathrin-dependent internalization, impaired endocytic 

recycling and sorting for lysosomal delivery. We recently demonstrated that this peripheral quality 

control machinery is capable of recognizing misfolded hERG at the cell-surface. I was a 

contributing author to this work (Apaja, Foo et al. 2013)130 and it has been included in this thesis 

as Appendix A1.  
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The identification of suitable model substrates for studying PM QC remains a challenge due to 

constitutive ER retention and degradation. We employed two model systems to overcome this 

limitation. 1) Low-temperature incubation partially restored the folding and PM-expression of 

severe hERG mutants (G601S and F805C)41. Returning to the non-permissive temperature 

presumably unfolded the rescued channels at the cell-surface. A similar temperature-rescue 

strategy was previously employed by our research group to study peripheral QC of mutant 

CFTR240 and unfolded chimeric models protein162. 2) Native WT-hERG was destabilized at the 

PM by intracellular K+-depletion121,122 resulting from acute treatment with cardiac glycosides such 

as Ouabain (Table 2). 

Using immunoblot analysis in conjunction with translational inhibition with cycloheximide, we 

found that Ouabain-treated WT and temperature-rescued mutant hERG were rapidly removed from 

post-Golgi compartments. We also confirmed that mature hERG protein removal corresponded to 

loss of hERG expression at the PM using immunofluorescence microscopy and cell-surface ELISA 

assays against an engineered extracellular epitope tag232. Conformational destabilization of 

temperature-rescued mutant and K+-depleted WT-hERG was evaluated using protease 

susceptibility assays in isolated microsomes. Both K+-depletion and severe mutations reduced the 

mature-hERG susceptibility to trypsin and α-chymotrypsin consistent with conformational 

destabilization298,299.  

The rates of endocytosis and recycling from endocytic compartments were determined by 

sandwich cell-surface ELISA assays. Endo-lysosomal transfer was evaluated using two 

techniques: quantitative confocal microscopy to determine colocalization of hERG to lysosomal 

compartments and ratiometric fluorescence imaging to determine the luminal pH of hERG-

containing endocytic vesicles300,301. We found that clearance of misfolded PM-hERG involved 
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accelerated internalization, impaired endocytic recycling and sorting for late-

endosomal/lysosomal transfer consistent with the established cellular processing of other 

misfolded PM proteins162,240 .  

The ubiquitination state of mutant hERG was determined by immuno-isolation of hERG under 

denaturing conditions followed by immunoblotting with Ub-specific Abs. We found that 

temperature-rescued mutant and K+-depleted WT hERG were heavily polyubiquitinated. Ablation 

of the global ubiquitination machinery in temperature-sensitive E1 ub-activating enzyme knockout 

cells abolished the misfolded hERG peripheral processing phenotype. Lastly, we implicated the 

CHIP E3 Ub-ligase using siRNA knockdown in conjunction with overexpression of dominant-

negative and chaperone-binding-deficient variants.  

In conclusion our study showed that mutant hERG with severe expression defects (G601S and 

F805) and WT-hERG destabilized by acute intracellular K+-depletion are targeted for removal 

from PM and post-Golgi compartments by protein QC machinery in a conformation-dependent 

manner. Peripheral quality control of the studied hERG substrates follows the ‘canonical’ pathway 

involving chaperone-dependent polyubiquitination by the CHIP Ub E3-ligase, rapid endocytosis, 

retention in endosomal compartments and lysosomal delivery.  

 

1.7: Conclusions and Study Objectives 

In our previous work summarized above, we describe a model for the ubiquitin-dependent quality 

control of misfolded hERG at the PM. Our study employed severely-misfolded hERG model 

substrates (temperature-rescued mutant channels and WT-hERG acutely destabilized by K+-

depletion), which fail to constitutively exit the ER. Their limited cell-surface expression under 
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physiological conditions leaves unanswered questions about the contribution of peripheral QC to 

LQT2 pathogenesis. In addition, the extent to which the ‘canonical’ peripheral QC pathway can 

recognize mildly misfolded substrates remains unknown. Finally, our results may be influenced 

by confounding effects associated with low-temperature incubation or K+-depletion. 

To overcome these shortcomings, I sought out and characterized a panel of new misfolded hERG 

model substrates fulfilling several requirements: 1) partial ER-exit and PM-expression at 

physiological temperature. 2) constitutive recognition and processing by ER and peripheral QC 

machinery, 3) independence from acute drug treatment, and 4) link to an LQT2 disease phenotype. 

The results of this study are presented in Chapter 2. 

As discussed earlier in Section 1.3d: Therapeutic strategies for LQT2), several ‘allosteric’ 

modulators of hERG function have been identified by high-throughput patch-clamp 

electrophysiology. However, no study to-date has addressed the potential for pharmacological 

rescue of mutant hERG folding and/or proteostasis. I performed a high-throughput screen of a 

small-molecule library and identified two compounds, Anagrelide and DCEBIO, which rescue the 

mutant hERG PM expression defect without impinging on channel function. These rescuers did 

not enhance hERG maturation or ER exit, but rather stabilized channels at the cell-surface by 

impairing internalization and lysosomal delivery, representing a novel mechanism for expression 

rescue. This study is currently being prepared for publication and is presented in in Chapter 3.  
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2.1 Preface 

Numerous mutations in the hERG N-terminal PAS domain have recently been assessed. Unlike 

mutations in the transmembrane region or cNBD, these are generally associated with milder 

expression phenotypes, presumably due to less severe conformational defects. A subset of PAS-

mutant hERG with mild-moderate expression defects (~50-75% of the WT channel) may serve as 

ideal model substrates for studying hERG cellular processing at both the ER and cell periphery 

under physiological conditions without need for low-temperature rescue or drug treatment. 

Furthermore, we hypothesize that while the contribution of peripheral QC to the LQT2 loss-of-

expression phenotype may be negligible in mutants that fail to exit the ER, it will contribute 

significantly in the case of PAS mutants with considerable PM expression.  

The objective of this study is to characterize the expression phenotype and cellular processing of 

a panel of PAS-mutant hERG. Specific sub-aims include: 

1) Evaluate a panel of PAS-mutant hERG and select a subset as model substrates for studying 

ER and peripheral QC 

2) Determine the relative contributions of the ER and peripheral QC in defining the PAS-

mutant hERG loss-of-expression at the PM. 

3) Elucidate the cellular and molecular mechanisms underlying the PM QC of mildly-

misfolded PAS-mutant hERG  

This study is presented as a first-author manuscript. As of the time of writing, this work is under 

peer review for publication in the journal Scientific Reports. Author contributions and use of 

intellectual property are addressed in the Thesis Preface.  

Supplemental information accompanying this manuscript is included as Appendix A2.  
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2.2 Abstract 

Impaired functional expression of the hERG cardiac K+-channel is associated with Long-QT 

syndrome type-2 (LQT2) and increased risk of cardiac arrhythmia. Loss of hERG expression in 

inherited LQT2 has been attributed primarily to the retention and degradation of mutant channels 

by the endoplasmic reticulum (ER) protein quality control (QC) machinery. Recently, several 

severely misfolded hERG mutants were shown to undergo ubiquitin-dependent degradation from 

the cell-surface upon temporary restoration of ER processing. Here, we investigate the biosynthetic 

and endocytic processing of mildly misfolded hERG mutants which constitutively escape the ER 

under physiological conditions. A panel of LQT-associated mutations in the hERG Per-Arnt-Sim 

(PAS) domain reduced plasma membrane (PM) expression by variably compromising both ER 

conformational maturation and PM stability. Accelerated PM-removal of PAS-mutant hERG 

involved rapid internalization, impaired endosomal recycling and accelerated lysosomal delivery: 

consistent with the processing defect of other misfolded PM proteins. Uniquely, rapid PM-removal 

of PAS-mutant, but not drug-treated WT-hERG was ubiquitin- and clathrin-independent. Aberrant 

processing at the cell periphery could be reversed with a hERG-specific pharmacochaperone or 

low temperature incubation. These results demonstrate that both the ER QC and an unconventional 

ubiquitin-independent peripheral QC system are critical determinants of PM expression of a subset 

of hERG mutants.   
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2.3 Introduction 

The human ether-a-go-go related gene (hERG) encodes the α -subunit of the Kv11.1 channel. In 

ventricular tissue, hERG is responsible for the rapid delayed rectifier potassium current (IKr), 

involved in terminal repolarization of the cardiac action potential1. Loss of hERG function impairs 

cardiac repolarization and is associated with Long-QT Syndrome type-2 (LQT2). Prolongation of 

the cardiac action potential manifests as an extended QT interval on an electrocardiogram and can 

result in increased risk of torsades-des-pointes arrhythmia and sudden cardiac death2,3. LQT2 can 

arise from loss-of-function mutations in the hERG gene (inherited LQT2) or as an off-target drug 

effect (acquired LQT2). Interestingly, LQT-associated mutations predominantly act not by 

impairing channel function, but by altering channel conformational stability which in turn leads to 

recognition and degradation of generally functional channels by protein quality control (QC) 

machinery4-6. 

Cells have evolved numerous quality-control mechanisms to recognize and dispose of non-native, 

damaged or aggregated proteins in distinct cellular compartments7-9. Nascent membrane proteins 

are subject to quality control at the endoplasmic-reticulum (ER)10. Pending on the severity of the 

conformational defect, partially folded proteins can be chaperoned to attain their native 

conformation before being packaged into COPII transport vesicles for transport to the Golgi 

apparatus en-route to the plasma membrane10. In contrast, irreversibly misfolded polypeptides are 

disposed of via ER-associated degradation pathways (ERAD)10 or via selective autophagy11,12. 

Recently, there has been a growing appreciation that a distinct-yet-overlapping quality control 

system acts at post-ER compartments, including the cell-surface9. Ubiquitination by the CHIP, 

RFFL and Nedd4/Rsp5 ubiquitin E3 ligases have been implicated in the degradation of many 

misfolded membrane proteins, including disease-associated variants of the cystic-fibrosis 
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transmembrane receptor (CFTR), D4 dopaminergic and V2 vasopressin receptors13,14. Poly/multi-

mono-ubiquitination subsequently acts as an efficient sorting signal for misfolded plasma 

membrane (PM) proteins, triggering rapid internalization, impaired endocytic recycling and 

endosomal sorting complex required for transport (ESCRT)-dependent sorting for MVB-

lysosomal delivery15,16.  

Degradation of misfolded yet partially functional proteins contributes to a number of protein 

conformational diseases including LQT2 and cystic fibrosis17. Severely misfolded hERG variants 

(e.g G601S, R752W and F805C)4 are almost completely confined to the ER, presumably due to 

retention and degradation by the ER QC machinery4-6,18. The ER processing and PM expression 

of some of these ‘temperature-sensitive’ hERG mutants can be transiently restored by culturing at 

low temperature. Upon returning the cells to 37°C, the rescued channels are unfolded and subjected 

to accelerated removal from the PM19. These unfolded hERG channels are ubiquitinated by the 

CHIP (C-terminal Hsp70-interacting protein) E3 ubiquitin ligase in a chaperone-dependent 

manner, leading to ESCRT-dependent accelerated lysosomal delivery19, consistent with the 

clearance mechanism of other misfolded PM substrates14,20. Whether this or alternative QC 

machineries can recognize mildly misfolded hERG variants that constitutively escape the ER QC 

remain unknown.  

The hERG 1a protein contains two cytosolic domains flanking the transmembrane voltage sensor 

and ion-conducting pore: an N-terminal Per-Arnt-Sim (PAS) domain and a C-terminal cyclic-

nucleotide homology binding domain (cNBD)21. The PAS domain interacts with the cNBD via an 

exposed hydrophobic patch to regulate the slow deactivation kinetic of hERG22. While mutations 

in the cNBD or transmembrane core often result in near-complete loss of cell-surface expression 

(e.g. R752W, G601S and F805C)5,23, variations within the PAS domain seem to be better 
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tolerated5,24,25. Nonetheless, many LQT2-associated PAS mutations thermally destabilize the 

isolated PAS domain24,25, suggesting a conformational basis for the loss-of-expression phenotype. 

Mutations within or adjacent to the hydrophobic cNBD binding site are also linked to accelerated 

deactivation kinetics22,24-26. Here, we focus on PAS-domain mutants with variable expression 

defects resulting from impaired conformational maturation at the ER and accelerated degradation 

from the post-ER compartments. The latter involves a novel clathrin- and ubiquitin-independent 

rapid endocytic pathway, impaired endocytic recycling and preferential sorting to lysosomes. The 

results indicate that both ER and peripheral QC systems jointly contribute to the mutation-

dependent loss-of-expression phenotype of conformationally defective LQT2 PAS variants. 

2.4 Results 

PAS domain mutants as model substrates of destabilized hERG  

A panel of LQT2-associated PAS-domain mutations lying within (F29L, I42N, R56Q, M124R) or 

outside (C64Y, T65P, A78P, I96T) the cNBD/PAS domain interface were selected24,25.  These 

mutations have been shown to destabilize the isolated PAS domain and have a variable impact on 

channel gating24,25. The locations of the mutations are depicted on the hERG cyro-EM structure 

(Figure 1A and summarized in Table 1)27.  

WT and mutant hERG 1a containing an HA-epitope tag in the first (S1-S2) extracellular loop18 

were expressed in HeLa cells by lentivirus-transduction. The nascent hERG1a undergoes N-linked 

core-glycosylation (CG) in the ER to yield a 135 kDa polypeptide. Upon folding in the ER18,28,29, 

the nascent channels are exported to the Golgi where they undergo N-glycan modifications to yield 

a ~155kDa complex-glycosylated (FG) mature channel6. The cellular expression of mature FG-

hERG in the post-ER compartments is assumed to be proportional with that at the cell-surface and 
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has been used as a surrogate indicator of the channel conformational stability4,5. The cellular 

expression level of mature (FG) hERG was evaluated by quantitative immunoblotting with anti-

HA antibody and normalized for mRNA expression, measured by qPCR (data not shown) to 

compensate for variable viral integration efficiency.  

The PAS mutants displayed a range of expression defects at physiological temperature, ranging 

from marginal (<30% for R56Q) to profound (>90% for F29L) (Figure 1B-C). Under the same 

conditions, the severe G601S pore and F805C cNBD mutants were undetectable by 

immunoblotting19. Subcellular localization of WT and select PAS-mutant hERG were visualized 

by immunostaining in conjunction with fluorescence laser confocal microscopy (FLCM). PAS 

mutants were predominantly confined to intracellular compartments, whereas the WT-hERG was 

robustly expressed at the PM (Figure 1D top). Consistent with this observation, selective labelling 

of cell-surface hERG by indirect immunostaining with anti-HA Ab revealed a significantly 

attenuated PM expression of PAS-mutant hERGs (Figure 1D bottom).  

hERG cell-surface density was quantitatively evaluated using cell-surface ELISA (PM-ELISA). 

Cell-surface hERG was detected in live cells with an anti-HA Ab and normalized for mRNA 

expression (Figure 1E). Most PAS mutants had a considerable reduction in PM expression (~20-

80% relative to WT), while the most severe, F29L and I42N, expressed at <20% of the WT-level 

(Figure 1E). In contrast, G601S and F805C variants were almost undetectable at 37°C, expressing 

at <5% of the WT-level (Figure 1E). The observed cell-surface and cellular protein expression 

defects, along with the documented impact on isolated domain thermal stability24,25 are consistent 

with the view that these PAS-domain mutations compromise the hERG protein structure. This 

conclusion was supported by the observation that low-temperature culture (30°C, 24h) or treatment 

with a hERG blocker-pharmacochaperone E4031 (10µM, overnight), significantly increased the 
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expression of PAS mutant hERG as measured by PM-ELISA (Figure 1F). Both low-temperature 

incubation and E4031 treatment have been shown to rescue the expression of a diverse range of 

LQT-associated hERG mutants4,30.  

PAS-mutant hERG are recognized by ER and peripheral QC systems  

To evaluate the role of the ER QC on the PM expression of PAS mutants, we measured the channel 

ER maturation efficiency using metabolic pulse-chase technique. Following pulse-labelling of 

hERG with [35S]-methionine and [35S]-cysteine (30 min, 37°C), cells were chased for 3h in the 

absence of radioactivity to allow formation of mature hERG. The conversion efficiency of radio-

labelled CG-hERG into the mature FG form was determined by autoradiography (Figure 2A). As 

shown before18,31, the WT-hERG matured only at a rate of 50.2 ± 4% in 3h. The maturation 

efficiency of many PAS mutations was significantly reduced to ~10% to 35% (P < 0.05). 

Interestingly, the maturation of the R56Q and C64Y mutants was not impaired (Figure 2B). This 

is in contrast with their severe PM expression defect and suggests that the ER QC is not the sole 

determinant of the PAS mutants loss-of-expression phenotype at the PM.   

To evaluate mutant hERG turnover at the PM, we measured cell-surface stability by ELISA. PAS 

mutations reduced the cell-surface half-life (T1/2) of WT hERG from ~ 7 h to ~1-3 h (Figure 2C-

D). These results imply that most of the hERG channels which evade the ER QC at physiological 

temperature retain a conformational defect that is likely recognized by the peripheral QC 

machinery. This phenomenon parallels the documented accelerated metabolic turnover of mature 

(FG) PAS-mutant hERG upon ER exit block by brefeldin-A determined by immunoblotting24. 
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Clathrin-independent internalization of PAS-mutants 

Selective clearance of non-native PM proteins caused by conformational diseases or representing 

conditionally unfolded model proteins involves accelerated internalization, impaired endocytic 

recycling and endosomal sorting complex required for transport (ESCRT) dependent lysosomal 

delivery9,32.  We examined whether these hallmarks of the peripheral protein QC are identified for 

the PAS mutants.  

The internalization of hERG variants were assessed using cell-surface ELISA. The time course of 

PM removal of WT, a moderate (T65P) and a severe (F29L) PAS-mutant was measured over the 

course of a 10-minute chase (Figure 3A). The hERG internalization kinetics could be fit with a 

single-exponential decay function, suggesting that endocytic recycling was insignificant during 

this time period. The internalization removal rate constant (kd), expressed as % of the initial PM 

pool, was 9.7 ± 0.4 %/min and 5.4 ± 0.5 %/min for the F29L and T65P mutant, respectively. These 

values were 3 to 5-fold higher than that of WT (1.7 ± 0.4 %/min). The internalization rate of the 

other PAS mutants was evaluated using a 5-minute chase period and showed a 4 to 14-fold increase 

(20 - 70% per 5min) relative to that of the WT (~5% per 5 min).  

A model for the rapid internalization of misfolded membrane proteins involves recruitment of Ub-

binding clathrin adaptors (e.g. Epsin1 and Eps15/Eps15R)33,34 to polyubiquitinated substrates and 

subsequent clathrin-mediated internalization9,16. hERG endocytosis was measured following the 

inhibition of clathrin-dependent endocytosis by incubation with hypertonic media supplemented 

with 300mM sucrose16,35. Hypertonic swelling reduced the amount of transferrin receptor (TfR) 

internalized during a 5-minute chase by >70% (53 ± 7% to 13 ± 5%) but failed to influence the 

internalization of F29L (24 ± 7% vs. 20.4 ± 0.3%) or T65P (24 ± 4% vs. 21 ± 2%) hERG (Figure 

3C). Interestingly, the efficient internalization of the polyubiquitinated CD4-Ub chimeric model 
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cargo is clathrin-dependent15,16 and sensitive to hypertonicity (Supplementary Fig. S1). These 

results suggest that the peripheral QC system may utilize different internalization pathways in a 

substrate-dependent manner. This is consistent with the caveolin-dependent internalization of WT-

hERG unfolded by extracellular K+-depletion or treatment with a cholesterol lowering drug 

(Probucol)36,37. It is also possible that the rapid internalization of PAS mutant hERG is not 

triggered by ubiquitin conjugation. 

PAS-mutant hERG are inefficiently recycled and preferentially delivered to lysosomes 

Endocytic recycling of hERG was measured using a sandwich ELISA assay, as described in 

Materials and Methods. Endocytic recycling of a severe (F29L) and a mild (T65P) PAS mutant 

was followed over a 20-minute period after labelling of the endocytic pool via anti-HA Ab capture 

(10 min at 37°C). Both mutants showed impaired endocytic recycling as compared to WT (Figure 

3D). Next, we determined the fractional recycling of a panel of PAS mutants after a 10-minute 

chase as a surrogate indicator of endosomal recycling efficiency. All PAS mutants showed a 

significant reduction in recycling (Figure 3E). Impaired recycling in conjunction with accelerated 

internalization contributes to the enlargement of the steady-state endosomal hERG pool and is 

consistent with the observed redistribution of hERG from the PM to intracellular compartments 

(Figure 1D). 

Lysosomal delivery of PAS-mutant hERG was evaluated using immunofluorescence microscopy. 

The endocytic hERG pool was labelled by anti-HA Ab capture (for 15 min at 37°C) and chased 

for 3h at 37°C. Colocalization of hERG with the endo-lysosomal marker LAMP1 was determined 

by FLCM. All of our PAS mutants showed preferential localization to LAMP1 relative to WT 

hERG (Figure 4A). For quantitative measurement of lysosomal delivery, endo-lysosomal transfer 
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kinetics were determined using fluorescence ratiometric image analysis (FRIA)38. Cell-surface WT 

and mutant (T65P) hERG were labelled with primary anti-HA and FITC-conjugated secondary 

F’ab (1h at room temperature) and then chased for 1-4h at 37oC. The pH of hERG-containing 

endocytic vesicles was determined by FRIA38. WT-hERG was preferentially confined to early 

sorting/recycling endosomal compartments (pH ~6.5-6.8), while the T65P mutant hERG was 

rapidly delivered to acidic endosomal compartments (pH ~5-5.5, Figure 4B). A representative 

histogram of the luminal pH frequency distribution of WT or T65P hERG containing vesicles after 

3h chase is shown (Figure 4C). Similar measurements confirmed the rapid delivery of a panel of 

PAS mutants to highly acidic compartments after 3h chase (Figure 4D). Jointly, these results 

suggest that mutations in the hERG PAS domain profoundly alter the channel peripheral cellular 

processing by inducing accelerated internalization and lysosomal targeting, as well as impairing 

endocytic recycling. These processes serve to efficiently eliminate mutant channels from the PM 

and are consistent with the recognition of non-native PAS mutants by PM QC machinery. 

Conformational dependent processing of mutants in ER and post-Golgi compartments 

Thus far, it has been presumed that the abnormal cellular processing of PAS-mutant hERG is due 

to the presence of conformational defects which are recognized by compartment-specific QC 

machinery. This notion is supported by the partial restoration of mutant hERG PM expression by 

low-temperature incubation (30°C, 24h) or pharmacochaperone treatment with E4031 (Figure 1F).   

Maturation efficiency of a moderate (T65P) and a severe (F29L) PAS mutant was measured by 

metabolic pulse-chase following overnight treatment with E4031 (10µM). E4031 exposure 

partially rescued the maturation efficiency of F29L and T65P hERG from 9 ± 1% to 21 ± 4% and 

from 23 ± 2% to 35 ± 5%, respectively (Figure 5A-B), as compared to that of the WT (50 ± 4%, 
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Figure 2A). Thus, restoration of the mutants PM expression could be accounted for, at least in part, 

by the increased biosynthetic maturation. 

Overnight E4031 treatment also prevented the rapid turnover of F29L, C64Y, T65P and M124R 

hERG at the PM (Figure 5C), suggesting that pharmacological correction of hERG folding may 

restore the peripheral processing phenotype. Overnight treatment with E4031 or culturing at low-

temperature for 24h at least partially prevented rapid internalization of PAS-mutant hERG (Figure 

5D-E). Interestingly, acute treatment (1h) with E4031 had no effect on the PAS-mutant rapid 

internalization (Figure 5D), suggesting that while pharmacochaperones can assist the folding of 

nascent hERG at the ER, they are unable to refold mature channels at the PM. The internalization 

rate of some of the low-temperature rescued mutants (F29L, I42N and T65P) was resistant to 

unfolding at 37°C. This suggests that, upon attaining a native-like conformation, a subset of PAS-

mutant hERG is stable at physiological temperatures and resists subsequent unfolding.  

The conformational sensitivity of hERG lysosomal delivery was evaluated by colocalizing cell-

surface labelled T65P-hERG with LAMP1-positive compartments following overnight E4031 

treatment. Correcting the conformational defect not only prevented the mutant delivery to LAMP1-

positive compartments during a 3h chase, but also caused its marked redistribution from 

intracellular compartments to the cell-surface (Figure 5F). The profoundly impeded lysosomal 

delivery of internalized T65P-hERG was also confirmed by the FRIA technique (Figure 5G-H). 

Overnight E4031 treatment re-routed T65P hERG from the late endosomal compartments (pH 5.4 

± 0.1) to recycling endosomes/endocytic vesicles (pH 6.67 ± 0.03), mimicking the post-endocytic 

confinement of WT-hERG (pH 6.69 ± 0.07).  
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Ubiquitin-independent removal of PAS-mutant hERG from the cell-surface 

Ubiquitination of unfolded PM proteins by a variety of E3 ligases including, Nedd4/Rsp5, CHIP 

and RFFL can act as a strong internalization and post-endocytic lysosomal sorting signals in yeast 

and higher eukaryotic cells13,20,40,41. In particular, CHIP has been implicated in the PM-removal of 

the severe G601S and F805C hERG mutants and WT-hERG destabilized by intracellular K+- 

depletion19. To determine whether CHIP-mediated ubiquitination is involved in the PAS-mutant 

peripheral QC, we first measured cell-surface density and stability of WT and T65P hERG 

following siRNA mediated CHIP knockdown. Loss of CHIP failed to alter either the steady-state 

expression or stability of T65P-hERG at the PM (Figure 6A-B). In contrast, CHIP knockdown 

successfully restored the cell-surface residence of the WT-hERG destabilized by Ouabain-induced 

intracellular K+-depletion19. The CHIP siRNA was previously validated in our HeLa cell 

expression systems14,19 and knockdown efficiency was confirmed by immunoblotting (Figure 6C). 

CHIP-independent degradation of PAS mutant hERG was surprising and may suggest the 

operation of an ubiquitin-independent PM QC step. To explore this possibility, we measured the 

internalization of a mild (F29L) and a severe (T65P) PAS-mutants following overexpression of a 

mutant ubiquitin substituting arginines for lysines (Ub-AllR). This dominant-negative variant is 

incapable of forming poly-Ub chains, required for efficient internalization of misfolded PM 

proteins15,16. Intracellular K+-depletion or direct binding by the antidepressant Desipramine have 

also been shown to trigger polyubiquitination-dependent degradation of WT-hERG from the 

PM19,42 and were used as positive controls. Overexpression of Ub-AllR but not WT-Ub prevented 

the internalization of drug-destabilized WT-hERG and a CD4-Ub chimera previously shown to 

undergo constitutive polyubiquitnation15 (Figure 6E, Supplementary Fig. S1). Surprisingly, 
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overexpression of Ub-AllR had no effect on the internalization of T65P and F29L PAS-mutant 

hERG (Figure 6E), suggesting that poly-ubiquitination is dispensable for their PM removal.  

To confirm that the PAS-mutant cell surface retrieval is essentially poly- or multimono-

ubiquitination independent, we determined the ubiquitination susceptibility of hERG channels. To 

this end we engineered a His-Biotin-His (HBH) affinity tag43 to the C-terminus of hERG (hERG-

HBH, Supplementary Fig. S2), which did not alter the hERG current or cellular processing 

(Supplementary Fig. S3-S4). WT, A78P and F29L mutant channels were affinity-purified on 

monomeric avidin beads under denaturing conditions and the ubiquitination level was measured 

by immunoblotting (Figure 7A, Supplementary Fig. S5). Mutant channels did not show increased 

ubiquitination; in fact, they tended to be less ubiquitinated than the WT. To explore this further, 

we quantified total ubiquitination, as well as the K48-linked and K63-linked poly-Ub chain 

conjugation to hERG. Here, hERG-HBH were bound onto streptavidin-coated multi-well plates 

under denaturing conditions and ubiquitination was detected by ELISA using pan-Ub (P4D1), 

K48- or K63-linked poly-Ub chain specific antibodies (Figure 7B). Confirming the immunoblot 

analysis, mutant channels tended to show unaltered or reduced total ubiquitination and K48-linked 

and K63-linked polyubiquitination relative to the WT. 

To strengthen the case for the ubiquitin-independent clearance of PAS-mutant hERG, we 

determined ubiquitination following the accumulation of misfolded PAS-mutants. Expression of 

mature F29L-hERG was rescued by exposing the cells to low-temperature5. Shifting the cells back 

to 37°C caused the mature F29L-hERG to partially unfold and accelerated its metabolic turnover.  

The premature degradation of unfolded F29L-hERG was prevented by the dissipation of the 

lysosomal pH gradient with Bafilomycin A1 (Baf, Figure 7C). Baf treatment failed to significantly 

increase ubiquitination of PAS-mutant hERG, measured by immunoblotting or ELISA (Figure 7C-
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D, Supplementary Fig. S5), in line with the lack of significant mutant ubiquitination.  As a positive 

control, ubiquitination of WT-hERG by Ouabain-induced acute intracellular K+-depletion induced 

channel unfolding was confirmed by immunoblotting (Figure 7E, Supplementary Fig. S5) and 

ELISA (Figure 7F)19.  

ER and PM QC systems contribution to PAS-mutant hERG loss-of-expression 

Although there is an appreciation for hERG QC at peripheral compartments19,24,42, retention and 

degradation of nascent channels by ER QC systems is still generally presumed to be the primary 

determinant of mutant hERG cell-surface expression4,5. If degradation from the periphery 

negligibly contributes to the PM expression defect as is presumed, hERG cell-surface abundance 

should be largely dictated by the biosynthetic secretion flux alone. To test this, we plotted the 

relative PM expression of PAS-mutant hERGs (determined by PM-ELISA) against their relative 

maturation efficiencies, as an estimate of biosynthetic secretion. The PM expression level of 

several mutants (A78P, T65P, M124R, C64Y and R56Q) was lower compared to the predicted 

value based on their reduced ER processing efficiency alone (Figure 8A). The shortfall between 

the predicted and measured PM expression values for individual mutants can be attributed to the 

peripheral QC contribution (Figure 8A-B, Table 2).  

Interestingly, the relative contributions of the ER and peripheral QC pathways appear to be highly 

mutation-specific and independent of severity of the PM expression defect. For example, 

expression of both R56Q and M124R appear to be predominantly regulated by peripheral QC 

despite profound differences in PM expression and (presumably) conformational destabilization. 

This raises the possibility that the ER and peripheral QC machinery have distinct substrate 

recognition criteria and/or thresholds. To explore this, we compared the compartmental-specific 
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cellular processing of each mutant alongside the overall loss of PM expression (Figure 8C). 

Peripheral processing of PAS-mutant hERG exhibited a dynamic response, which generally 

correlated with mutation severity (~2-fold to ~5-fold increase in turnover relative to WT). 

However, the ER processing defect was generally both less severe and less dynamic (ranging from 

WT-like to ~2-fold decrease in maturation efficiency) than the PM QC and, furthermore, did not 

correlate well with the overall PM expression defect. Only in the case of the most severe PAS 

mutation (F29L) was there a profound increase in the ER QC response (~4-fold decrease in 

maturation efficiency). The profound ER processing defect of F29L hERG more closely resembles 

that seen for other severely compromised PM proteins, including the I42N- and G601S-hERG 

(Figure 2B, data not shown) and Δ508-CFTR44. These results suggest that the ER and peripheral 

QC pathways have distinct substrate recognition criterion and/or sensitivities. In the case of hERG, 

the ER QC appears to effectively process severely misfolded channels such as F29L and I42N, but 

is less effective at recognizing ‘milder’ PAS mutants. On the other hand, the peripheral QC 

machinery is able to recognize all of the mutations tested in this study and exhibited a dynamic 

response presumably based on the severity of conformational misfolding. 

 

2.5: Discussion 

Recognition by quality control systems acting at both the ER and peripheral compartment has been 

demonstrated for many misfolded protein substrates9,32. However, this is the first study to our 

knowledge where the relative contributions of both pathways to the loss-of-expression phenotype 

have been approximated. We show that both pathways contribute significantly to the PAS-mutant 
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hERG loss-of-expression phenotype and establish the physiological importance of peripheral 

quality control systems to LQT2 pathogenesis and protein conformational disease in general.   

In addition to inherited mutations, hERG can also be destabilized by a diverse range of 

pharmacological treatments and environmental conditions including antidepressants (Fluoxetine, 

Desipramine)42,45, anti-protozoal agents (Ketoconazole)46, cholesterol-lowering agents 

(Probucol)47, cardiac glycosides48 and hypokalemia49. We speculate that peripheral quality control 

pathways contribute significantly to the acquired-LQT2 disease pathogenesis. Indeed, blocking 

hERG biosynthesis results in a slow loss-of-expression (T1/2 ~8h to 12h) that cannot fully account 

for the reported rapid (T1/2 ~2h to 4h) drug-induced hERG turnover19,42,50. The involvement of 

multiple quality control pathways complicates potential therapeutic correction of the LQT2 

expression defect. Certainly, the peripheral QC pathway present an additional barrier to correction. 

Mildly-misfolded PAS mutants such as C64Y and R56Q which successfully evade the ER QC 

machinery still suffer from defective cell-surface expression due to the action of peripheral QC 

(Figure 2A-B); a presumably more complete conformational correction by low-temperature 

incubation or pharmacochaperone (E4031) treatment was required to restore cellular processing at 

both compartments (Figure 5A-C). On the other hand, we find that following correction of nascent 

hERG folding at the ER by low-temperature rescue, a subset of PAS-mutant hERG (F29L, I42N 

and T65P) were resistant to subsequent unfolding at peripheral cellular compartments (Figure 5E). 

This may suggest that even transient pharmacological correction of nascent hERG folding and 

assembly at the ER can result in a useful increase in hERG functional expression. 

Our present study demonstrates that misfolded PAS-mutant hERG are internalized in a clathrin-

independent mechanism (Figure 3C). This is consistent with previous reports that unfolding WT-

hERG via extracellular K+-depletion or treatment with a cholesterol lowering drug (Probucol) 
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promotes translocation to lipid rafts and subsequent clathrin-independent/caveolin-dependent 

internalization36,37. It is possible that sequestration to lipid rafts and subsequent caveolin-

dependent internalization represents a general quality control mechanism for misfolded plasma-

membrane proteins; certainly, isolating misfolded cargoes in a dedicated lipid raft compartment 

would be a useful strategy to prevent disruption of cellular function and cytotoxicity. Ubiquitin-

dependent recruitment of membrane proteins to lipid rafts has been described previously51 and 

could be involved in the ubiquitin-dependent degradation of WT-hERG following extracellular 

K+-depletion52. Additionally, WT-hERG has been shown to be ubiquitinated by the Nedd4-2 E3 

ligase following recruitment to lipid rafts via Caveolin-340. Whether an ubiquitin-independent 

mechanism exists to recruit misfolded PAS-mutant hERG to lipid rafts and/or trigger caveolin-

dependent internalization remains to be seen.  

Polyubiquitination, specifically by the CHIP ubiquitin E3 ligase, is involved in the degradation of 

many misfolded plasma-membrane proteins including disease-associated variants of CFTR 

(ΔF508), V2 vasopressin receptor, D4 dopaminergic receptor, MLC1, and severely misfolded 

hERG channels (G601S and F805C mutant and WT-hERG following acute drug treatment or 

intracellular/extracellular K+-depletion)13,14,19,42,49. Interestingly, loss of CHIP neither restored 

steady-state expression nor prevented cell-surface turnover of T65P PAS-mutant hERG (Figure 

6A-C). Furthermore, overexpression of dominant-negative ubiquitin incapable of forming linked 

chains prevented the internalization of drug-treated WT, but not PAS-mutant hERG (Figure 6D). 

Finally, we were unable to detect significant ubiquitination of PAS-mutant channels under steady-

state conditions (Figure 7A-B). Taken together, our results strongly suggest that the rapid 

internalization of PAS-mutant hERG from the cell-surface is independent of both CHIP and 

polyubiquitination in general. As of yet, we cannot conclusively rule out ubiquitin-dependent post-
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endocytic sorting and lysosomal delivery. Furthermore, while overexpression of dominant 

negative ubiquitin effectively prevents formation of polyubiquitin linked chains thought necessary 

for efficient internalization and lysosomal sorting (Supplementary Fig. S3)15,16, multiple 

monoubiquitination remains a possibility. Nonetheless, our inability to detect ubiquitination of 

PAS-mutant hERG even after temperature rescue and forced unfolding (Figure 7C-D) contrasts 

starkly with that of drug-treated WT-hERG (Figure 7E-F) and suggest the existence of a distinct 

recognition and cellular processing machinery involving dramatically reduced ubiquitination, if 

not complete ubiquitin independence.  

It is possible that mutant hERG are recognized via the exposure of one or more short sorting motifs. 

We scanned the hERG protein sequence for a panel of established internalization and lysosomal 

sorting motifs including tyrosine-based sorting sequences, di-leucine motifs, caveolin binding 

motifs and ALIX binding motifs53-57. We identified 5 tyrosine-based lysosomal sorting signals 

located in the hERG cytosolic domains, which may be exposed upon conformational misfolding 

(Supplementary Table 1, Supplementary Fig. S6). Tyrosine-based sorting motifs promote 

internalization and sorting to late endosomes by recruiting AP-2 and AP-3 clathrin adaptors 

respectively 53,58-60. However, the endocytosis of misfolded hERG from the cell surface appears to 

be clathrin-independent (Figure 3C), making the involvement of tyrosine-based signals unlikely.  

Aggregation of misfolded channels could also act as a signal for internalization and endosomal 

sorting. It been established that cross-linking membrane proteins using antibodies can trigger 

internalization and aberrant lysosomal delivery61-63. Additionally, some receptors such as EGFR 

are internalized following activity-dependent oligomerization64. Visualization of cell-surface 

hERG by confocal microscopy did not show profound punctate staining which would indicate 

aggregation (Figure 1D, Supplementary Fig. S6). However, staining of permeabilized cells showed 
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what could potentially be aggregates of PAS-mutant hERG in intracellular compartments (Figure 

1D). Intriguingly, cross-linking of GPI-anchored proteins can promote sequestration to caveolae 

consistent with clathrin-independent internalization of hERG65. 

It is curious to note that while removal of PAS-mutant hERG from the cell-surface occurs via a 

novel polyubiquitin-independent mechanism, other forms of misfolded hERG (drug-treated WT 

and G601S and F805C mutants) are internalized and degraded via conventional CHIP-mediated 

polyubiquitination19,42. We speculate that misfolded hERG are segregated into distinct peripheral 

quality control pathways based on the nature and severity of their conformational destabilization. 

While our study examined mutations in the N-terminal PAS domain, G601 and F805 are located 

on the extracellular turret and cNBD respectively, and the primary target of K+-depletion at the 

selectivity filter19,48: perturbations at these distinct sites may produce global conformational 

perturbations with variable localized defects in individual domains. Indeed, the severity of the 

G601S and F805C expression defect relative to the PAS-mutants is consistent with a more 

extensive conformational destabilization. We have previously shown that G601S, F805C and K+-

depleted WT-hERG display increased susceptibility to proteolytic cleavage19. In contrast, even a 

relatively severe PAS-mutant channel (F29L) displayed WT-like protease resistance (data not 

shown). Taken together with the loss-of-expression phenotype, we speculate that PAS-domain 

mutations induce milder and/or more localized folding defects compared to temperature-sensitive 

mutants or K+-depleted channels and that this difference underlies the differential quality control 

of these substrates at the cell-surface. 

Mutation-specific quality control appears to extend beyond the plasma-membrane. We found that 

the ER QC, while extremely effective against severely misfolded hERG mutants such as F29L, 

I42N and G601S (~5-fold decrease in maturation efficiency), was unexpectedly ineffective against 
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a diverse range of milder PAS mutations (no change to~2-fold reduction in maturation efficiency, 

Figure 2A-B, Figure 8C). In contrast, the peripheral QC was found to process a wide range of 

PAS-mutant hERG in a sensitive and dynamic manner (~2 to ~5-fold increase in turnover rate, 

Figure 2C-D, Figure 8C). It is evident that the ER and peripheral QC pathways possess distinct 

substrate recognition criterion and/or sensitivities. At the ER, the differential processing of mild 

vs severely misfolded hERG is consistent with the action of multiple distinct ER QC pathways 

with unique substrate recognition criterion. This mirrors our finding that misfolded hERG undergo 

ubiquitin-dependent or -independent quality control at the cell-surface in a seemingly 

conformation-dependent manner. 

Given our observations that many PAS mutant hERG evade the ER QC yet are still efficiently 

processed at the cell periphery, it would be tempting to conclude that the ER QC is the less 

stringent of the two QC pathways. However, we previously observed that progressive stabilization 

of misfolded Δ508 CFTR by introduction of second-site suppressor mutations effectively corrected 

the peripheral stability phenotype, yet the overall cell-surface expression (and presumably ER 

processing) remained unexpectedly low44. Taken together, our results suggest that mutation- and 

substrate-dependent recognition by distinct QC pathways is dictated not only the severity of 

conformational destabilization, but also the nature of the folding defect, which must be further 

explored.   
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2.6: Tables and Figures 

 

Table 1: Characteristics of selected PAS-domain mutations used in this study 

Properties of LQT-associated PAS-domain mutations used in this study. Mutations categorized 

based on their location either at the PAS-cNBD interface or elsewhere in the PAS domain. 

Deactivation kinetic data previously described24. 

 

 

 

 

 

  

Mutation Location Deactivation 

F29L Both Fast 

I42N Interface Fast 

R56Q Interface Fast 

C64Y Internal WT-like 

T65P Internal Mild acceleration 

A78P Internal WT-like 

I96T Internal WT-like 

M124R Interface Fast 
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Table 2: Compartment-specific QC contributions to hERG loss-of-expression 

Estimated contribution of ER and peripheral quality control systems to the PAS-mutant loss-of-

hERG expression. Estimated loss of hERG PM hERG expression due to the action of QC 

machinery at the ER and cell periphery expressed as % of the WT. Also shown are empirical values 

for PM expression, PM turnover rate and maturation efficiency in 3h relative to the WT channel. 

Data represented as mean ± SEM from at least 3 independent experiments unless otherwise 

indicated. 

 

 

 

 

 

 

 

 

 

Cellular processing phenotype 

(relative to WT) 

Contribution to PM-expression defect 

(% reduction relative to WT) 

Mutant PM expression 
Maturation 

efficiency 

PM turnover 

rate 
Peripheral QC ER QC 

WT 1 1 1 0 0 

R56 0.67 ± 0.03 0.89 ± 0.09 1.98 ± 0.09 -22 ± 12 -11 ± 9 

A78 0.38 ± 0.02 0.59 ± 0.09 2.50 ± 0.08 -21 ± 10 -41 ± 8 

I96 0.31 ± 0.01 0.43 ± 0.08 3.6 ± 0.1 -12 ± 9 -56 ± 8 

T65 0.28 ± 0.06 0.70 ± 0.09 4.5 ± 0.2 -42 ± 15 -30 ± 9 

C644 0.23 ± 0.01 0.79 ± 0.1 2.5 ± 0.2 -57 ± 12 -20 ± 11 

M124 0.18 ± 0.03 0.68 ± 0.1 3.9 ± 0.1 -50 ± 13 -32 ± 10 

F29 0.13 ± 0.02 0.26 ± 0.05 3.4 ± 0.3 -13 ± 7 -73 ± 5 
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Figure 1: Mutations in the hERG PAS domain produce a range of expression defects 

Figure legend on following page  
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Figure 1: Mutations in the hERG PAS domain produce a range of expression defects 

(A) Structural model of the hERG PAS domain (yellow) and cNBD (cyan). PAS domain mutations 

described in this study shown in red. hERG cryoEM structure (5va1) described previously27. (B) 

Mutations reduce expression of complex-glycosylated mature hERG channels. WT, PAS-mutant 

and severely misfolded (G601S/F805C) hERG stably expressed in HeLa cells cultured at 37°C 

and detected by immunoblotting. Immature core-glycosylated (~135kDa) and mature complex-

glycosylated (~155kDa) hERG indicated with hollow and solid arrows respectively. hERG 

detected via an HA-epitope tag engineered in the S1-S2 extracellular loop18. GRP78: loading 

control.  Representative immunoblots shown (uncropped immunoblots available in Supplemental 

Fig. S8). Solid line: different parts of the same gel. White space: separate gels. (C) Quantification 

of mature hERG expression. Protein abundance normalized to hERG mRNA quantity and 

expressed as percent of WT. (D) PAS-mutant hERG confined to intracellular compartments. PM 

and whole-cell hERG immunostained prior to or following fixation and permeabilization. WT-

hERG shows strong PM distribution (white arrow) while select PAS mutants (F29L and I96T) are 

mostly confined to intracellular compartments. Scale bar: 10µm. (E) Quantitative determination 

of hERG cell-surface expression by ELISA. Cell-surface density normalized to hERG mRNA and 

expressed as percent of WT. (F) Rescue of hERG folding restores PM expression. Cell-surface 

expression of WT and select PAS-mutant hERG (F29L, C64Y, T65P and M124R) determined by 

PM-ELISA following low-temperature incubation (30°C, 24h) or treatment with hERG-binding 

pharmacochaperone E4031 (10µM, overnight). Cell-surface expression normalized to mRNA 

abundance and expressed as percentage relative to untreated WT-hERG. Significance determined 

by 1-way ANOVA with Dunnett post-hoc test for multiple comparison against control (single 
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control) or Bonferroni correction for multiple comparisons (multiple controls). * P < 0.05, ** P < 

0.01, *** P < 0.001. Data represented as mean ± SEM from at least 3 independent experiments. 
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Figure 2: Most PAS-mutant hERG are targeted by ER and peripheral quality control 

machinery 

Figure legend on following page 
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Figure 2: Most PAS-mutant hERG are targeted by ER and peripheral quality control 

machinery 

(A) Subset of PAS mutants recognized by ER QC machinery. hERG maturation efficiency 

measured by metabolic pulse-chase. Newly-synthesized proteins labelled with [35S] 

methionine/cystine and chased in unlabelled media for 3h. hERG was isolated by 

immunoprecipitation and detected by autoradiography. Mature complex-glycosylated (~155kDa) 

and ER-resident core-glycosylated (~135kDa) hERG indicated by solid and empty arrows 

respectively. Representative images shown (uncropped images available in Supplemental Fig. S8). 

Solid line: different parts of the same autoradiogram. White space: separate autoradiograms.  (B) 

Quantification of WT and select PAS mutant HERG maturation efficiencies. (C) PAS mutant 

channels are targeted for degradation from the cell-surface. Timecourse of WT and PAS-mutant 

hERG cell-surface turnover measured by PM-ELISA. Turnover kinetics fit as a single-exponential 

decay (solid curves). (D) Cell-surface half-life of WT- and mutant hERG. Significance determined 

by 1-way ANOVA with Dunnett post-hoc test for multiple comparison against control (single 

control) or 2-way ANOVA (timecourse data). * P < 0.05, ** P < 0.01, *** P < 0.001. Data 

represented as mean ± SEM from at least 3 independent experiments. 
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Figure 3: PAS-mutant hERG are rapidly internalized by a clathrin-independent pathway 

and inefficiently recycled 

Figure legend on following page 
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Figure 3: PAS-mutant hERG are rapidly internalized by a clathrin-independent pathway 

and inefficiently recycled 

(A) Time course of WT and PAS-mutant (F29L and T65P) internalization. The disappearance of 

hERG from the cell-surface during a 0 to10-minute chase was measured by ELISA and expressed 

as percent of initial cell-surface hERG remaining. Internalization kinetics fit as single-exponential 

decay functions. (B) PAS-mutant hERG are rapidly internalized. Amount of hERG internalized 

during a 5-minute interval measured by cell-surface ELISA and expressed as percent of initial cell-

surface pool lost. (C) PAS-mutant hERG are internalized by a clathrin-independent pathway. 

Internalization of hERG in transiently transfected COS-7 cells was measured by cell-surface 

ELISA. Clathrin-dependent internalization was inhibited by incubation in hypertonic media 

supplemented with 300mM sucrose (15 min at 37°C followed by 45 min at 4°C). Clathrin-

dependent rapid internalization of transferrin receptor (tfr) used as positive control. (D) Endocytic 

recycling kinetics of WT, T65P and F29L hERG in HeLa cells. Endosomal hERG pool labelled 

by Ab capture. Recycling of endosomal hERG to the PM during 0 to 20-minute chase measured 

by sandwich ELISA and expressed as a percent of the initial labelled endosomal hERG pool. (E) 

Endocytic recycling of WT and PAS mutant hERG during 10-minute chase. Recycled hERG 

measured by sandwich ELISA and expressed as a percent of the internalized hERG pool. 

Significance determined by 1-way ANOVA with Dunnett post-hoc test for multiple comparison 

against control (single control) or Bonferroni correction for multiple comparisons (multiple 

controls). * P < 0.05, ** P < 0.01, *** P < 0.001. Data represented as mean ± SEM from at least 

3 independent experiments. 
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Figure 4: PAS-mutant hERG sorted for lysosomal delivery 

Figure legend on following page 
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Figure 4: PAS-mutant hERG sorted for lysosomal delivery 

(A) hERG is targeted to LAMP1-positive endo-lysosomal compartments. Endocytic WT, M124R 

and T65P hERG pool labelled by Ab capture (15min at 37°C) and remaining cell-surface hERG 

blocked with unconjugated secondary F’ab (1h on ice). Cells then chased at 37°C for 3h prior to 

fixation. Lysosomal compartments labelled with LAMP1 pAb. hERG (green) and LAMP1 

(magenta) staining visualized by laser confocal microscopy. Scale bar: 10µm. (B) PAS-mutations 

accelerate endo-lysosomal delivery kinetics. Mean luminal pH of endocytic vesicles containing 

WT and T65P hERG measured by FRIA. Anti-HA Ab and FITC-Fab were bound on ice and FRIA 

was performed after 1- to 6-h chase. (C) Mean luminal pH of endocytic vesicles containing WT 

and PAS-mutant hERG following 3h chase. (D) Representative histogram of WT and T65P hERG 

endocytic pH following 3h chase. Overlay of multi-gaussian peak-fits shown and mean pH ± SD 

indicated. N indicates total number of endocytic vesicles evaluated. Significance determined by 1-

way ANOVA with Dunnett post-hoc test for multiple comparison against control (single control) 

or 2-way ANOVA (timecourse data). * P < 0.05, ** P < 0.01, *** P < 0.001. Data represented as 

mean ± SEM from at least 3 independent experiments unless otherwise indicated. 
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Figure 5: Pharmacological or temperature rescue of hERG folding corrects the PAS-mutant 

cellular processing defect: Figure legend on following page 
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Figure 5: Pharmacological or temperature rescue of hERG folding corrects the PAS-mutant 

cellular processing defect 

(A-B) Pharmacological correction of PAS-mutant hERG folding improves ER processing. 

Maturation efficiency of T65P and F29L mutant hERG measured by metabolic pulse-chase 

following overnight treatment with 10µM E4031, a pore-binding hERG pharmacochaperone. 

Mature complex-glycosylated (~155kDa) and ER-resident core-glycosylated (~135kDa) hERG 

indicated by solid and empty arrows respectively. Representative images shown (uncropped 

images available in Supplemental Fig. S8). Solid line: different parts of the same autoradiogram. 

White space: separate autoradiograms. (C) Pharmacological correction of hERG folding restores 

cell-surface stability. PM-turnover of WT and select PAS-mutant hERG measured by cell-surface 

ELISA following overnight (16h) treatment with E4031 (10µM). (D) Pharmacochaperone 

treatment improves folding of nascent hERG at the ER but does not promote refolding of mature 

channels at the cell-surface. Internalization of WT and PAS-mutant hERG measured by ELISA 

following acute (1h) or overnight (18h) pre-treatment with E4031 (10µM). (E) Subset of 

temperature-rescued PAS-mutant hERG are resistant to unfolding at physiological temperature. 

Internalization of WT and PAS-mutant hERG measured by ELISA following low-temperature 

rescue (30°C for 24h) and subsequent unfolding at physiological temperature (37°C for 1h). (F) 

Pharmacochaperone pre-treatment prevents mutant hERG lysosomal delivery. Delivery of PM-

labelled T65P hERG to LAMP1-positive compartments evaluated by laser confocal microscopy 

following 3h chase. Lysosomal delivery of T65P hERG is prevented by overnight pre-treatment 

with E4031 (10µM). Scale bar: 10µm. (G) Pharmacochaperone pre-treatment prevents delivery of 

mutant hERG to acidic endosomal compartments. Mean luminal pH of endocytic vesicles 

containing WT and T65P hERG measured by FRIA following overnight treatment with E4031 
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(10µM). (H) Representative histogram of T65P hERG endocytic pH following 3h chase. Overlay 

of multi-gaussian peak-fits shown and mean pH ± SD indicated. N indicates total number of 

endocytic vesicles evaluated. Significance determined by 1-way ANOVA with Bonferroni 

correction for multiple comparisons. * P < 0.05, ** P < 0.01, *** P < 0.001. Data represented as 

mean ± SEM from at least 3 independent experiments unless otherwise indicated. 
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Figure 6: Polyubiquitination-independent quality control of PAS-mutant hERG at the PM 

Figure legend on following page 
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Figure 6: Polyubiquitination-independent quality control of PAS-mutant hERG at the PM 

(A) The CHIP ubiquitin E3 ligase does not contribute to the PAS-mutant cell-surface expression 

defect. hERG cell-surface density measured by ELISA 48-72h after transfection with non-target 

(siNT) or CHIP-specific (siCHIP) siRNA in HeLa cells. (B) CHIP is involved in peripheral quality 

control of drug-destabilized WT but not PAS-mutant hERG. Cell-surface turnover of untreated 

PAS-mutant hERG (T65P) or WT-hERG unfolded by Ouabain-induced intracellular K+-depletion 

(Ouab, 300nM) determined by cell-surface ELISA 48-72h after transfection with non-target (siNT) 

or CHIP-specific (siCHIP) siRNA. (C) Immunoblot analysis of CHIP and T65P hERG steady-

state expression 72h post-transfection. CHIP knockdown exceeded 95%. GRP78: loading control. 

Representative immunoblots shown (uncropped immunoblots available in Supplemental Fig. S8). 

Solid line: different parts of the same gel. White space: separate gels. (D) Poly-ubiquitination at 

the cell-surface is required for internalization of drug-destabilized WT but not PAS-mutant hERG. 

WT and PAS-mutant hERG (F29L and T65P) were transiently co-expressed with excess wild-type 

ubiquitin (ub-WT) or a dominant-negative variant unable to form linked chains (ub-DN). WT-

hERG was unfolded by 2h pre-treatment with Ouabain (Ouab, 300nM) or Desipramine (Des, 

10µM). Overexpression of ub-DN prevented rapid internalization of drug-destabilized WT-hERG 

but had no effect on either PAS mutant tested. Significance determined by one-sample T-test 

against control value or 1-way ANOVA. Bonferroni correction applied for multiple comparisons. 

* P < 0.05, ** P < 0.01, *** P < 0.001. Data represented as mean ± SEM from at least 3 independent 

experiments unless otherwise indicated. 
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Figure 7: PAS mutant hERG do not undergo significant ubiquitination 

Figure legend on following page 
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Figure 7: PAS mutant hERG do not undergo significant ubiquitination 

(A) PAS mutant hERG are not significantly ubiquitinated under steady-state conditions. hERG-

HBH were affinity-isolated on monomeric avidin beads. Ubiquitination detected by 

immunoblotting with an anti-ubiquitin Ab (P4D1). Non-specific binding assessed in HeLa cells 

expressing non-HBH-tagged WT-hERG (right lane). Calnexin (CNX): loading control. (B) Total, 

K48 and K63 linked chain ubiquitination of WT and PAS-mutant hERG detected by ELISA 

following immobilization of HBH-hERG to neutravidin plates. Ubiquitination normalized to 

hERG (HA) signal and expressed as fraction relative to WT. (C-D) Accumulation of misfolded 

PAS-mutant hERG does not increase ubiquitination. Cells expressing hERG-HBH were subject to 

low-temperature rescue (26°C for 24h) and subsequent unfolding (37°C for 3h) in the 

presence/absence of Bafilomycin A1 (Baf, 200nM). hERG was affinity-isolated and total 

ubiquitination detected by immunoblotting (C) or ELISA (D). (E-F) Ubiquitination of WT-hERG 

following unfolding by intracellular K+-depletion. Cells expressing WT-hERG-HBH were treated 

with Ouabain (Ouab, 300nM) and/or Bafilomycin A1 (Baf, 200nM) for 3h. hERG was affinity-

isolated and total ubiquitination detected by immunoblotting (E) or ELISA (F). Data represented 

as mean ± SEM from at least 3 independent experiments unless otherwise indicated. 

Representative immunoblots shown. Immunoblots for ubiquitin (P4D1) are not cropped. 

Uncropped αHA and αCNX blots available in Supplemental Fig. S8. Solid line: different parts of 

the same gel. White space: separate gels. 
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Figure 8: Estimated contributions of ER, peripheral QC to hERG loss-of-expression 

Figure legend on following page 
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Figure 8: Estimated contributions of ER, peripheral QC to hERG loss-of-expression 

(A) ER processing defect cannot fully account for loss of hERG PM expression. Relative hERG 

PM expression determined by PM-ELISA (Figure 1E) plotted against relative maturation 

efficiency determined by metabolic pulse-chase (Figure 2A-B). Discrepancy between the ER 

processing defect (dotted line) and cell-surface expression (data points) indicated either increased 

(red) or decreased (blue) PM stability relative to the WT channel. Several mutants (A78P, T65P, 

M124R, C64Y and R56Q) lie below the dotted line of identity, which can be attributed to the 

action of peripheral QC. (B) Estimated contributions of ER (red) and peripheral (blue) quality 

control systems to the total loss of hERG cell-surface expression. The predicted loss attributed to 

each QC pathway is represented as a percentage reduction in PM hERG expression relative to WT. 

Mutations plotted in order of increasing PM expression severity. (C) Differential and mutation-

specific sensitivities of ER and peripheral QC machinery. Peripheral QC response (expressed as 

fold increase in PM turnover) plotted in comparison with the ER QC response (expressed as fold 

decrease in maturation efficiency). Total expression defect expressed as loss of PM-hERG relative 

to WT shown on secondary y-axis. Data represented as mean ± SEM from at least 3 independent 

experiments unless otherwise indicated. 
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2.7 Methods and Materials 

Plasmids, transfection and expression systems 

The WT-hERG expression plasmid has been described previously19. PAS-domain mutations 

(F29L, I42N, R56Q, C64Y, T65P, A78P, I96T and M124R) were generated by site-directed 

mutagenesis using the Quikchange-XL system (Agilent technologies). All hERG constructs 

contain an HA epitope tag in the first (S1-S2) extracellular loop which interferes with neither 

channel processing nor function18. To generate C-terminally tagged HBH hERG, the stop codon 

was removed and an AscI restriction site was cloned into the hERG C-terminus using QuikChange 

mutagenesis kit (Agilent technologies). A DNA fragment encoding the HBH sequence, GGGS 

linker and stop codon was generated via overlap-extension PCR and inserted into the hERG vector 

via the C-terminus AscI and downstream XbaI cut sites (Supplementary Fig. S2). Addition of HBH 

tag did not alter the expression, cellular processing or function of WT- or PAS-mutant hERG 

(Supplementary Fig. S3-4). Expression plasmids encoding N-terminal tagged WT and dominant-

negative (lys-less) ubiquitin constructs and CD4-chimeras have been described previously15,16.  

HeLa cells constitutively expressing hERG were generated by lentiviral transduction using the 

pTZV4-CMV-IRES-puro plasmid (Open Biosystems) and maintained in 2 μg/ml puromycin 

selection. Transient transfection of COS-7 cells was performed using GeneJuice transfection 

reagent (EMD Milipore) according to manufacturer’s protocols. Ubiquitin variants and 

hERG/CD4 cargoes were cotransfected at a 4:1 cDNA mass ratio and assayed 48 – 72h post-

transfection.  

Small-interfering RNA (siRNA) were purchased from Qiagen. Single-sequence siRNA against 

CHIP (SI00081977 ascension NM_005861) and non-target siRNA (SI03650318) were validated 
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previously14,19. siRNA were transfected into HeLa cells at a final concentration of 50nM using 

RNAiMAX transfection reagent (ThermoFisher) according to manufacturer protocol and assayed 

72h post-transfection. siRNA previously described and validated in our expression system13,14,20. 

Detection of hERG mRNA transcript levels 

Cellular mRNA were extracted and purified from HeLa cells using RNeasy RNA isolation kits 

(Qiagen). Equal quantities of mRNA were reverse-transcribed into cDNA using QuantiTech RT 

kit (Qiagen) and amplified using SYBR advantage qPCR premix (Clonetech). Each measurement 

obtained in triplicate. Non-template control and untransfected (parental) cells used for GAPDH 

and hERG background, respectively. hERG and GAPDH-specific primers were designed using the 

NCBI primer design tool and listed below 

hERG forward: GGCCAGAGCCGTAAGTTCAT 

hERG reverse: TGCAGGAAGTCGCAGGTG 

GAPDH forward: CATGAGAAGTATGACAACAGCCT 

GAPDH reverse: AGTCCTTCCACGATACCAAAGT 

Western blotting and protein analysis 

For immunoblotting, hERG expressing Hela cells were solubilized in Triton X-100 lysis buffer 

(1% Triton X-100, 25mM Tris-Cl, 150mM NaCl, pH 7.4) with additional protease inhibitors 

(10µM leupeptin, 10µM pepstatin, 1mM PMSF) for 10 minutes on ice. The following antibodies 

and concentration were used for Western blotting: monoclonal anti-HA (1:1000, clone MMS101R, 

Covance), polyclonal anti-calnexin (1:2000, Abcam), polyclonal anti-GRP78 (1:4000, 

Stressmarq), monoclonal anti-ubiquitin (1:100, clone P4D1, Abcam), monoclonal K48-chain 
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ubiquitin (1:200, clone APU2, Abcam) and monoclonal K63-chain ubiquitin (1:200, clone APU3, 

Abcam). HRP-conjugated secondary IgG (sheep anti-mouse and donkey anti-rabbit, GE 

Healthcare) were used at 1:1000 – 1:2000 dilution and detected using SuperSignal ECL 

chemiluminescent substrate (Thermofisher) on autoradiography film. Band intensities were 

quantified using ImageJ image analysis software. Steady-state expression of mature hERG was 

normalized to mRNA levels and expressed as a percent relative to WT. hERG metabolic stability 

was determined by immunoblotting in conjunction with translational inhibition with 

cycloheximide (150µg/ml, Sigma) and expressed as % remaining.  

Determination of hERG maturation efficiency by metabolic pulse-chase 

hERG maturation efficiency was determined using metabolic pulse-chase. Prior to radio-labelling, 

cells were cultured in methionine/cysteine free media for 45 minutes to eliminate free cellular 

methionine and cysteine. Newly synthesized hERG was labelled with EasyTag 35S met/cys 

labelling mixture (30 minutes, 0.1mCi/ml; PerkinElmer) and chased for 0 or 3 hours in media 

supplemented with 2mM unlabelled methionine and cysteine. Cells were solubilized in Triton X-

100 lysis buffer with protease inhibitors as described above. hERG was isolated by 

immunoprecipitation with polyclonal anti-hERG Ab against a C-terminus epitope (1:200; 

Alomone labs, Israel) on Protein-G beads (Life Technologies). Core-glycosylated and fully-

glycosylated hERG were separated using SDS gel electrophoresis. Autoradiography was 

performed using BAS storage phosphor screens (Fujifilm Japan) or autoradiography film. Band 

intensities were quantified using ImageQuant image analysis software (GE healthcare). Maturation 

efficiency was calculated as the amount of mature fully-glycosylated hERG signal detected 

following 3h chase relative to the amount of initial core-glycosylated hERG lost during the chase 

and is expressed as a percentage relative to WT. 
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Measurement of hERG cell-surface density, internalization and metabolic stability 

hERG was detected at the cell-surface using the extracellular HA tag in conjunction with live cell-

surface ELISA techniques as described previously19. Briefly, the extracellular HA tag was labelled 

with mouse monoclonal anti-HA antibody and detected with HRP-conjugated secondary F(ab′)2 

antibody fragment (Molecular Probes, Eugene OR). HRP detection was done using either Amplex 

Red fluorogenic substrate or SuperSignal ECL chemiluminescent substrate (Thermofisher). 

Fluorescence and chemiluminescent signal was detected in quadruplicate samples using Tecan 

Infinite M1000 (Tecan Group, Switzerland) or Wallac Victor3 (PerkinElmer) plate readers 

respectively. A non-specific isotype control primary antibody was used to determine the 

background signal. Steady-state cell-surface hERG levels were normalized to hERG mRNA levels 

and expressed as a percent relative to WT. To determine the rate of internalization and metabolic 

turnover from the cell-surface, cells were chased at 37°C for 1 – 10 minutes or 1.5 – 6 hours 

following primary Ab binding respectively. The kinetics of hERG internalization and metabolic 

turnover from the cell-surface were fit using single-phase exponential decay functions. Rate 

constants for internalization and cell-surface turnover are expressed as percent PM hERG 

internalized per minute and fraction PM hERG lost per hour, respectively.  

Endocytic recycling 

hERG endocytic recycling was measured using a modified sandwich cell-surface ELISA assay19. 

Briefly, cell-surface hERG was labelled with anti-HA primary antibody. Ab– hERG complexes 

were then internalized for 20 minutes at 37°C; complexes remaining on the cell surface were then 

blocked with mouse monovalent F(ab′)2 fragments (1:100; Jackson ImmunoResearch 

Laboratories) on ice. Recycling of the internalized Ab-hERG complexes was enabled by 

incubating cells at 37°C for 0 – 20 minutes. Exocytosed Ab-hERG complexes were detected with 
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HRP-conjugated secondary F’(ab)2 as described above. Background signal was measured using a 

non-specific primary Ab as described above. Blocking efficiency with mouse monovalent F(ab′)2 

fragment was determined to be over 95% (data not shown). Recycling efficiency expressed as 

percent of internalized pool returned to the cell surface.  

Measurement of endocytic vesicular pH by fluorescence ratio imaging analysis (FRIA)  

The measurement of endocytic vesicular pH by fluorescence ratiometric imaging has been 

described in detail by Barriere and Lukacs38. Cell-surface hERG were sequentially labelled on ice 

with mouse anti-HA primary (1:1000) and FITC-conjugated goat anti-mouse F(ab′)2 secondary 

(1:1000). Internalization and subsequent endocytic trafficking was enabled by chasing at 37°C for 

the indicated time. Cellular trafficking was halted by cooling cells to 4°C and FRIA was performed 

on a Zeiss Observer Z1 inverted fluorescence microscope (Carl Zeiss MicroImaging) equipped 

with a X-Cite 120Q fluorescence illumination system (Lumen Dynamics Group, Canada) and 

Evolve 512 EM CCD camera (Photometrics Technology). The acquisition was carried out at 495 

± 5nm and 440 ± 10nm excitation wavelengths using a 535 ± 25nm emission filter and analyzed 

with MetaFluor software (Molecular Devices, Canada). Individual vesicular pH measurements 

were collected from multiple images to generate a histogram of vesicular pH distribution. 

Histograms were fit with multiple Gaussian distribution using Origin graphing and analysis 

software (OriginLab) and mean endocytic pH values were calculated as the weighted average of 

the peaks.  

Immunostaining 

HeLa cells expressing hERG were cultured on glass cover slips. Cell-surface hERG was labelled 

with monoclonal anti-HA Ab (1:1000, on ice) prior to fixation with 4% paraformaldehyde (15 
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minutes at room temperature). Cell-surface Ab-hERG complexes were fluorescently labelled with 

Alexa-488 conjugated goat anti-mouse F(ab′)2 at room temperature (1:1000; Molecular Probes). 

hERG post-endocytic fate was visualized using an antibody capture assay. Early endocytic hERG 

pools were labelled by continuous anti-HA Ab feeding for 15 minutes at 37°C. The cell surface 

hERG pool was then blocked with mouse monovalent F(ab′)2 fragment on ice (1:100; Jackson). 

The internalized hERG pool was chased for the indicated time at 37°C prior to fixation with 4% 

paraformaldehyde. Cells were permeabilized with 0.05% saponin and intracellular Ab-hERG 

complexes fluorescently labelled with Alexa-488 conjugated goat anti-mouse F(ab′)2 at room 

temperature (1:1000; Molecular Probes). Lysosomes were labelled with polyclonal rabbit anti-

LAMP1 Ab (1:1000; Abcam) and Alexa-555 conjugated goat anti-rabbit F(ab′)2 (1:1000; 

Molecular Probes). Confocal images were taken on a LSM780 microscope (Carl Zeiss 

MicroImaging) equipped with a Plan Apochromat 63×/NA 1.4 objective in multitrack mode. 

Representative single optical sections are shown.  

Affinity isolation of HBH-tagged hERG constructs 

For immunoblot analysis of hERG ubiquitination, cells were lysed in 1% triton lysis buffer as 

described above in the presence of protease and deubiquitinating enzyme (Dub) inhibitors 

(10µg/ml leupeptin and pepstatin A, 1mM PMSF, 20µM MG132, 5mM NEM, 10µM PR-619). 

Lysates incubated with 20µl/ml BcMag Monomeric Avidin Magnetic beads for 1h at 4C 

(Bioclone, San Diego USA). Following binding, beads were washed with washing buffer (0.1% 

NP40 in PBS) followed by denaturation (8M urea, 0.1% NP40 in PBS) for 5 minutes at room 

temperature to disrupt hERG-protein complexes. Bound hERG then eluted by incubation with 5x 

Laemmli sample buffer supplemented with 6mM free biotin. hERG ubiquitination detected by 

Western blotting as described above.  
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To detect hERG ubiquitination by ELISA, Cells were lysed in 1% triton lysis buffer in the presence 

of protease and DUb inhibitors as described above. Neutravidin-coated 96-well plates 

(ThermoFisher) were blocked (0.5% BSA, 0.1% NP40 in PBS, 30 minutes on ice) prior to 

immobilization of hERG-HBH (90 minutes on ice). Following binding, plates were washed with 

washing buffer (0.1% NP40 in PBS) followed by denaturation (8M urea, 0.1% NP40 in PBS). 

Immobilized hERG, total ubiquitin and K48/K63 linked chain ubiquitin labelled with primary 

antibody and HRP-conjugated secondary F(ab′)2 antibody fragment as described above. HRP 

signal detected using SuperSignal ECL chemiluminescent substrate (Thermofisher) and measured 

using Wallac Victor3 (PerkinElmer) plate reader. A non-specific isotype control primary antibody 

was used to determine the background signal.  

Antibody validation 

All antibodies used in this study have been previously described and validated by our research 

group13,14,20 

Structural model and data analysis 

All data were analyzed using Graphpad Prism (Graphpad Software) unless otherwise stated. 

Statistical significance evaluated using one-way ANOVA with Dunnett’s post-hoc test for multiple 

comparison (one variable, single control value) or Bonferroni correction (one variable, multiple 

control values), two-way ANOVA (two variables) or one-sample T-test with Bonferroni correction 

for multiple comparison (one variable, comparison against hypothetical control value). Data 

represented as mean and standard error from at least 3 independent experiments. Data were 

considered significant when p < 0.05. Statistical significance is indicated, where *, p  0.05; **, p 

  0.01; ***, p  0.005; ****, p  0.001.  
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The hERG cryo-EM structure has been previously published27. Structural coordinates obtained 

from the Protein Data Bank (5va1) and visualized using PyMol (Schrödinger, NY, USA). 

Polypeptide motifs in the hERG protein sequence were identified using the ScanProSite online 

tool (Swiss Institute of Bioinformatics via expasy.org). 
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3.1 Preface 

Premature degradation of partially misfolded yet functional hERG channels underlies the loss-of-

functional expression phenotype in a number of both inherited and acquired-LQT2 syndromes. 

Although the loss-of-expression phenotype of conformationally defective hERGs can be reversed 

by pharmacological chaperones binding to a site within the channel pore, these compounds 

invariably inhibit the channel activity. Recently, allosteric ‘potentiators’ enhancing hERG 

functionality without known biochemical rescue have been also identified by high-throughput 

automated patch-clamp technique. Thus, there is an unmet need to identify small molecule rescuers 

of the folding and/or cellular stability defects of mutant hERGs associated with LQT2.  

Here, we identify two compounds, Anagrelide and DCEBIO, which rescue the PM expression 

defect of drug-induced WT-hERG downregulation and a range of disease-associated mutants 

without influencing the channel electrophysiological characteristics. We used several PAS-mutant 

hERGs as model substrates, described in Chapter 2, to characterize the structural, molecular and 

cellular mechanism of actions of Anagrelide and DCEBIO.  

At the time of writing, this study is being prepared for publication as a first-author manuscript and 

is presented here as a working draft. Author contributions and use of intellectual property are 

addressed in the Thesis Preface.  

Supplemental information accompanying this manuscript are included in this thesis as Appendix 

A3 and Appendix A4.  
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3.2: Abstract 

The human ether-a-go-go related gene (hERG) encodes the Kv11.1 cardiac K+-channel involved 

in ventricular repolarization. Loss of hERG functional plasma membrane (PM) expression is 

associated with long-QT syndrome type-2 (LQT2), characterized by increased risk of cardiac 

arrhythmia. Many LQT2 associated mutations bring about conformational defects in the hERG 

channel that result in recognition and degradation by distinct protein quality control machinery 

operating at the endoplasmic reticulum (ER) and at peripheral cellular compartments. Pore-binding 

hERG ‘pharmacochaperones’ can partially reverse the mutant conformational defect and alleviate 

misprocessing; however, these agents are associated with hERG channel block and are 

consequently of limited clinical utility. Using cell-based biochemical screens, we identified 

DCEBIO and Anagrelide as rescuers of hERG channel functional expression. Notably, these 

compounds cause neither channel block nor significant changes in gating characteristics. DCEBIO 

and anagrelide inhibit the turnover of mutant hERG at the PM by slowing their rapid endocytosis 

and lysosomal delivery. Both compounds were effective on a broad range of inherited and acquired 

(drug-induced) LQT2 models. Pharmacological rescue of hERG functional expression without 

block or altered channel gating suggests a new class of pharmacological agents with potential 

clinical utility.  
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3.3: Introduction 

The Kv11.1 K+-channel, encoded by the human ether-a-go-go related gene (hERG), is responsible 

for the rapid delayed rectifying potassium current (Ikr) involved in the terminal repolarization of 

the cardiac action potential1. Loss of hERG function is associated with long-QT syndrome type-2 

(LQT2), characterized by impaired or delayed ventricular repolarization and subsequent 

prolongation of the cardiac action potential duration1,2. Clinical manifestations include an 

increased risk for torsades de pointes arrhythmia and sudden cardiac arrest1,3.  

To-date, over 300 mutations in the hERG gene have been linked to congenital (inherited) LQT24,5. 

Over 80% of mutations characterized to-date result in recognition and degradation of partially 

misfolded-yet- functional channels by protein quality control (QC) machinery4-6. Nascent proteins 

which fail to fold following co-translational insertion into the endoplasmic-reticulum (ER) 

membrane are retained in the ER and are targeted for proteasomal degradation by ER associated 

degradation (ERAD) pathways6,7. Misfolded proteins which evade ER QC or are acutely 

destabilized in post-ER compartments can be subject to rapid removal from the plasma membrane 

(PM) by a distinct peripheral QC system, characterized by rapid internalization, inefficient 

endosomal recycling, and sorting for lysosomal delivery8-11. The combined action of the ER and 

peripheral QC systems on functional-yet-misfolded mutant hERG underlies the inherited LQT2 

loss-of-functional expression phenotype6,8 (Chapter 2). 

In addition to mutations, native WT-hERG is susceptible to off-target drug effects. Several 

approved drugs including antidepressants (ex. Fluoxetine12, Desipramine13), and antiprotozoal 

medications (ex. Ketoconazole)14 are associated with both blockade of the hERG channel pore and 

conformational unfolding of native WT-hERG, resulting in drug-induced (acquired) LQT22. 

Degradation of misfolded yet partially functional membrane proteins contributes to the loss-of 
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function phenotype associated with several other inherited conformational diseases including 

cystic fibrosis15 and nephrogenic diabetes insipidus16.  

Correction of protein folding and functional expression by small molecules is a potential therapy 

for conformational diseases17. To-date, several specific correctors of protein folding defects (or 

‘pharmacochaperones’) have been identified, including VX-809 (Lumacaftor), which stabilizes 

disease-associated variants of cystic fibrosis transmembrane regulator (CFTR)18-21. As most 

mutant hERGs remain at-least, partially functional, restoration of folding and/or proteostatic 

processing represent particularly promising therapeutic avenues for inherited and acquired LQT26.  

A family of specific hERG-binding pharmacochaperones has been well-established4; however, 

these molecules bind to a pair of non-conserved amino acids in the hERG pore (Y652 and F656) 

and block the hERG current, limiting their therapeutic utility22,23.  Recently, several small-

molecule modulators of hERG gating have been identified24 but rescue of hERG folding and/or 

cellular processing in the absence of channel block remains elusive. Modulation of the cellular QC 

machineries represents another potential therapeutic strategy25-27. General non-specific or limited-

specificity modulation of cellular proteostasis has been used to treat various forms of cancer in the 

form of proteasome inhibitors28-30; more targeted applications have proven elusive due in part to 

the complex protein interaction networks involved25,26.  

In the present study, we perform a small-scale bioactive molecule screen to identify compounds 

that increase hERG cell-surface expression and function. In conjunction with site-directed 

mutagenesis and whole-cell patch clamp assays, we identify two compounds (DCEBIO and 

Anagrelide) that increase WT and mutant hERG PM expression. Unlike previously described 

hERG pharmacochaperones, DCEBIO and Anagrelide do not modify hERG channel gating, nor 

do they enhance maturation or biosynthetic secretion. Instead they act exclusively on hERG 
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processing at post-Golgi compartments, where they stabilize hERG at the PM by inhibiting rapid 

internalization and lysosomal delivery. The impact on numerous peripheral protein processing 

events is consistent with conformational correction of hERG folding or altered post-translational 

modification at the cell periphery.  

 

3.4: Results 

Selection of hERG models for corrector screens 

Our initial small-molecule drug screen sought to identify compounds that increase hERG PM 

expression following overnight treatment, presumably by binding directly to hERG and acting as 

pharmacological chaperones or indirectly via modulation of proteostasis. We chose the WT-

channel as our initial screening substrate and performed follow-up secondary screening on a panel 

of LQT2-associated mutants.  We rationalized the use of WT-hERG as our initial screening 

substrate on the assumption that its folding pathway at-least partially overlaps with that of a subset 

of mutant channels (albeit with presumably altered kinetic/energetic barriers). Thus, 

pharmacochaperones that lower the common energetic and/or kinetic folding barriers would 

enhance the folding efficiency of both WT and mutant hERG. In addition, there may also be 

common proteostasis machinery effecting the folding, trafficking, sorting and degradation of both 

WT and mutant channels which may be susceptible to pharmacological modulation. The above 

reasoning is supported by the following lines of evidence.  
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1) The maturation of WT-hERG is relatively inefficient: we establish a maturation efficiency of 

only ~50% in 3h in our expression system (Figure 1A), which is consistent with the results of 

previous studies31-33. WT-hERG maturation also depends on engagement with multiple molecular 

chaperones34,35 and is limited by ERAD33. It is likely that a subpopulation of nascent WT-hERG 

is recognized as a partly misfolded polypeptide and degraded by the ubiquitin proteasome system 

(UPS) due to its slow and inefficient folding at the ER6.  

2)  Conformational flexibility of the hERG pore, particularly at the K+-selectivity filter has been 

proposed to underlie the rapid inactivation phenotype36,37. Intracellular and extracellular K+-

depletion are sufficient to conformationally destabilize the full-length WT-hERG molecule at the 

ER38 and PM8,39, consistent with limited thermodynamic stability of the native channel.  

3) Several structurally-analogous small-molecule hERG pharmacochaperones have been 

described. These include Class-3 methanesulfonanilide antiarrhythmetics such as E-4031 and MK-

49940, H1-histamine receptor blockers (Astemizole)41 and serotonin receptor agonist (Cisapride)23. 

Consistent with the limited folding efficiency and conformational stability of native WT-hERG, 

pharmacochaperone treatment enhances the expression of both the WT and mutant channels4,5,8 

(Supplemental Fig. S1). It should be noted that these drugs block the hERG current by binding to 

a location within the channel pore and are thus not suitable for functional correction23. 

4) Previous work by our group and others has demonstrated that both WT-hERG and expression-

deficient mutant channels are regulated by an overlapping set of chaperone proteins 

(Hsp70/Hsc7034,35) and co-chaperones (Hsp4033, Bag131 and FKBP3832). 
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While this approach may preclude the identification of mutation-specific correctors, it could select 

for more broadly applicable rescuers acting on a range of LQT2 mutations. Conversely, the 

benefits of using WT-hERG as a screening substrate rather than disease-associated mutants include 

a higher cell-surface expression, improved detection signal and increased assay reliability.  

Isolation of bioactive small molecules enhancing WT-hERG PM-expression 

To detect relative hERG expression at the cell surface, we used a previously established PM-

ELISA assay8. This assay measures the PM abundance of hERG channels containing an HA-

epitope tag in the first (S1-S2) extracellular loop34. The HA epitope tag insertion was previously 

validated and has no effect on channel function or trafficking8,34.  HeLa cells stably expressing 

WT-hERG were generated by lentiviral transduction and treated overnight with individual 

compounds (2µM) from a bioactive compound library. The library contained 3921 approved drugs, 

drug-like molecules, investigational compounds and former drug candidates assembled by the 

HTS Core Facility of McMaster University (see Materials and Methods). Cell-surface hERG was 

labelled with monoclonal α-HA primary antibody (Ab) and HRP-conjugated secondary F(ab′)2 and 

detected by chemiluminescence on a multi-well plate reader. Cytotoxicity was measured by the 

AlamarBlue fluorogenic indicator42.The Z’-factor for this assay was calculated to be 0.51 +/- 0.02 

(mean and SEM, n = 4) using overnight treatment with the established hERG-blocking 

pharmacochaperone E4031 (10µM) as a positive control43 (Supplemental Fig. S1). 

In the primary screen, we identified 153 hits that increased WT-hERG PM expression more than 

5-fold over the mean standard deviation (SD) of the assay (Figure 1B). The 5-fold SD statistical 

cut-off translated into a ~1.4 to 2.5-fold increase in expression relative to vehicle (DMSO) control. 

For subsequent secondary screens, we eliminated hits that likely act non-specifically, such as 
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transcription/ translational inhibitors (e.g. topoisomerase or ribosomal inhibitors), chemotherapy 

agents, ionophores, and cytoskeletal inhibitors. Drugs not intended for systemic administration 

(e.g. topical ointments) or with known hERG effects (e.g. Astemizole) were also excluded from 

subsequent testing. We examined the effect of the remaining 49 compounds (numbered #1 to #49, 

Supplemental Table 1), on the WT and five disease-associated hERG mutants.  

We selected a panel of mutations in the N-terminal Per Arnt Sim (PAS) domain (F29L, C64Y, 

T65P, M124R)5,44,45 and the channel pore region (G601S)4. These mutants and the WT were stably 

expressed in HeLa cells by lentiviral transduction. Steady-state PM expression under control 

conditions was measured using PM-ELISA and normalized for mRNA content, determined by 

qPCR. PM expression varied between ~10% (G601S) to ~75% (R56Q) of WT, implying that both 

severe and mild misfolding hERG variants are represented in our panel (Figure 1C). Upregulation 

of WT-hERG PM expression was confirmed for 15 compounds of our 49 primary hits. 

Remarkably, all these compounds also rescued the PM expression defect of five mutant hERGs 

(Figure 1D, Supplemental Table 2) and were characterized further for their mechanism of action. 

Selection of correctors that preserve hERG IKr current 

Established hERG pharmacochaperones such as E403123 bind to a pair of non-conserved aromatic 

amino acids (Y652 and F656) located in the channel pore, resulting in both conformational 

stabilization and functional block23. A single alanine substitution (F656A) abolishes both 

expression rescue and channel block. We anticipate that a subset of our hits act via a similar pore-

blocking mechanism and could be counter-screened using the F656A mutant. Both WT and 

F656A-hERG were transiently transfected into COS-7 cells and their PM expression was measured 

following overnight treatment with one of the 15 candidate rescuers (2µM) or E4031 (10µM). We 
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confirmed that the F656A substitution abolished the augmented WT-hERG expression by E4031 

(Figure 2A)23. In contrast, the rescue effect of 7 of our candidate compounds (6, 8, 9, 10, 22, 27 

and 29) was preserved in the presence of F656A mutation, consistent with an alternative 

mechanism of rescue, possibly independent of pore binding (Figure 2A). Two of these candidates 

(22, 27) were not commercially available and were excluded from future studies. 

To confirm lack of functional inhibition, WT-hERG peak tail currents were measured by whole-

cell patch clamp during acute perfusion with candidate rescuers (2µM at 25°C). While three of our 

rescuers (8, 9, and 29) had marginal inhibitory effects, two of them (6 and 10) acutely blocked 

hERG and were discarded from this study (Figure 2B).  

To confirm that the augmented hERG cell-surface expression translates into an increase in 

function, we measured peak tail-currents in R56Q-hERG expressing HeLa cells using manual or 

automated whole-cell patch clamp following overnight drug treatment at 2µM (Figure 2C-D). Two 

compounds, #8 (DCEBIO) and #29 (Anagrelide), increased hERG tail current as anticipated.  

Compound #9, however, failed to enhance IhERG despite enhancing PM expression. We speculate 

that this may be due to enhanced expression of partially-folded non-functional channels or by 

partial inhibition of hERG biophysical function. All secondary screening results are summarized 

in Supplemental Table 2. DCEBIO and the structurally related compound 1-EBIO are 

investigational activators of Cl- secretion via the potentiation of hKCa3.1 channels46 and CFTR47. 

Anagrelide is an approved drug used for the treatment of essential trombocytosis48-50. Their 

chemical structures are distinct from those of established hERG blocking pharmacochaperones 

(e.g. E4031, Figure 2E).  
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Biochemical rescue of inherited and drug-induced hERG expression defects  

First, we evaluated the rescue efficacy of our compounds on our panel of PAS-mutants (F29L, 

R56Q, C64Y, T65P and M124R) and the G601S pore-mutant hERG. Cells were treated overnight 

with DCEBIO (2µM), Anagrelide (2µM) and E4031 (10µM). hERG cell-surface density was 

measured by PM-ELISA and expressed as a % of vehicle-treated WT-hERG. PM densities were 

normalized against the mRNA content as determined by qPCR in the absence of drug treatment 

(data not shown). All three drugs at-least partially restored mutant hERG PM expression (Figure 

3A). The PM density of the less severe R56Q mutant was completely rescued from ~60% to ~100% 

of WT-hERG, whereas the more severe F29L mutant was only partially rescued from ~10% to 

~45%. The DCEBIO and Anagrelide rescue efficacy was generally similar to that of E4031, 

although some mutants exhibited higher (R56Q) or lower (T65P, G601S) drug susceptibility.  

To evaluate the functional rescue of the hERG variants, peak-tail currents were measured at -

120mV in stably transfected HeLa cells following overnight drug treatment. DCEBIO and 

Anagrelide at 2µM increased WT and mutant hERG current by approximately 2 to 3-fold (Figure 

3B-D).   

Next, we explored whether the rescuers could reverse drug-induced downregulation of WT-hERG 

associated with acquired LQT2. The WT-hERG structural stability can be compromised by direct 

binding of functionally unrelated classes of small-molecules, including antidepressants (ex. 

Desipramine and Fluoxetine)12,13 and antiprotozoal medications (ex. Ketoconazole)14. 

Alternatively, WT-hERG can be indirectly destabilized by cardiac glycosides such as Ouabain 

(Ouab)8,38, which reduce cytosolic [K+] and destabilize the hERG selectivity filter via reduced 

cation occupancy51,52. Direct drug binding by Desipramine (10µM) or cytosolic K+-depletion by 

Ouabain (10nM) resulted in a severe loss of WT-hERG expression following overnight incubation 
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and could be at-least partially reversed in the presence of 2µM DCEBIO or Anagrelide (Figure 

3E-F). 

Destabilizing drugs, such as Desipramine, which bind directly to the hERG protein are associated 

with acute channel blockade in addition to conformational disruption; both mechanisms contribute 

to the severe loss of functional expression phenotype. Intriguingly, the drug binding site underlying 

both conformational destabilization and channel block is the same as that of pore-binding 

pharmacochaperones, such as E4031. To determine whether our compounds could prevent drug-

induced hERG channel blockade and thus a) restore clinical utility to the established pore-binding 

pharmacochaperones and/or b) attenuate the acquired-LQT2 loss-of-function phenotype, we 

measured WT-hERG peak tail currents during acute profusion with E4031 (30nM) in the presence 

or absence of our rescuers (1 to 5µM). Unfortunately, neither DCEBIO nor Anagrelide prevent 

acute channel block by E4031 (Figure 3G, Supplemental Fig. S2).  

DCEBIO and Anagrelide maintain hERG gating properties 

To assess whether the rescuers impact hERG biophysical properties, we evaluated the voltage- and 

time-dependence of hERG gating using manual whole-cell patch clamp. HeLa cells stably 

expressing WT-hERG were treated overnight with 2µM DCEBIO or Anagrelide. Voltage-

dependent activation was evaluated using two-step voltage clamp protocol. Neither compound 

significantly altered the V50 of WT-hERG activation (Figure 4A, control: -20 ± 1mV, DCEBIO: -

22 ± 1mv, Anagrelide: -18 ± 1mV, mean ± SEM, n ≥ 6). The voltage-dependent recovery from 

inactivation was similarly unaffected (Figure 4B). The time-dependence of WT-hERG activation, 

determined using a two-step protocol, was also preserved in the presence of Anagrelide or 

DCEBIO (Figure 4C). The kinetics of WT-hERG inactivation and recovery from inactivation were 
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evaluated using three-step and two-step voltage protocols, respectively and were also unaltered by 

the rescuers (Figure 4D). Detailed descriptions of voltage protocols are available in the Methods 

and Materials section and Supplemental Information. We obtained similar negative results for 

drug treatment on gating kinetics for R56Q, C64Y and M124R PAS-mutant hERG (Supplemental 

Figs. S3-5).  

Mutations in the hERG PAS-domain are associated with reduction in the thermal stability of the 

isolated domain44,45 and impaired functional interaction with the cNBD, resulting in accelerated 

deactivation5,44,45,53,54. Restoration of WT-like deactivation would suggest restoration of normal 

PAS-cNBD interaction and would be consistent with correction of the PAS-mutant conformational 

defect. We measured both the fast and slow deactivation time constants (τfast and τslow) of WT, 

R56Q, C64Y and M124R hERG using a two-step voltage protocol (Methods and materials, 

Supplemental fig. S6). While DCEBIO and Anagrelide did not adversely affect the WT-hERG 

deactivation rate, they were unable to restore the defective gating of PAS-mutant channels (Figure 

4E-F). Jointly, these results indicate that DCEBIO and Anagrelide rescue the hERG loss-of-

expression phenotype without altering channel gating.   

Further characterization of DCEBIO and Anagrelide induced hERG rescue 

The potency of rescue by DCEBIO and Anagrelide was determined by PM- ELISA following 

overnight drug incubation. The half-maximal rescue concentration (RC50) was determined for WT 

along with the C64Y and M124R mutants. DCEBIO increased the PM density of WT, C64Y, and 

M124R hERG in a dose-dependent manner with an RC50 of 860 ± 100nM, 1.1 ± 0.5µM and 2.6 ± 

1µM (mean ± SEM, n ≥3), respectively (Figure 5A). Anagrelide rescued WT, C64Y and M124R 

PAS-mutant hERG with RC50 of 9.9 ± 1nM, 13 ± 1nM and 10 ± 1nM (mean ±SEM, n ≥3), 
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respectively (Figure 5B). These RC50 values compare favourably with those of the canonical 

hERG-blocking rescuers such as Cisapride, Quinidine and E4031 (published RC50 ~0.5 to 2µM)23. 

Both drugs were well-tolerated with no significant reduction in cell viability at concentrations 

below 10µM (Figure 5C).  

Time-dependence of hERG rescue was determined by PM-ELISA. HeLa cells stably expressing 

M124R PAS-hERG were treated with DCEBIO (10µM), Anagrelide (1µM), or E4031 (10µM) for 

the indicated time. Modest increase in PM hERG expression was observed following 3-6h 

treatment with DCEBIO and Anagrelide (Figure 5D) consistent with the notion that these rescuers 

either act directly on the mature hERG channel or modulate a proteostatic pathway, rather than via 

non-specific alterations in gene expression. Similar rescue susceptibility was observed for WT and 

C64Y PAS-mutant hERG (data not shown). 

To determine rescue specificity, we evaluated the impact of DCEBIO and Anagrelide treatment 

on the expression of various unrelated PM proteins. We measured the PM expression of two 

endogenous membrane proteins (ErbB2 and transferrin receptor), as well as wtCFTR 

heterologously expressed in HeLa cells via lentiviral transduction with the same expression vector 

we used for hERG. Neither drug increased the PM expression level of these proteins (Figure 5E). 

We found that combination treatment with DCEBIO and Anagrelide was no more effective than 

either drug alone (Figure 5F), suggesting that both rescuers act via the same pathway. Site-directed 

mutagenesis and whole-cell patch clamp measurements suggest that DCEBIO and anagrelide act 

via a mechanism that is independent of the canonical pore-blocking binding site (Figure 2). 

Consistent with this conjecture, both anagrelide and DCEBIO were additive with E4031 (Figure 

5G). Taken together, these results strongly suggest that DCEBIO and anagrelide act via a shared 

mechanism that is distinct from that of canonical hERG-blocking pharmacochaperones.  
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Increased protein expression does not underlie DCEBIO and Anagrelide rescue of hERG 

We evaluated the impact of DCEBIO and anagrelide on hERG mRNA transcript levels using 

qPCR. Overnight treatment with either compound (2µM) increased hERG mRNA transcript levels 

approximately 2-fold compared to GAPDH control in HeLa cells (Figure 6A).  

To determine whether elevated transcript level accounts for the increased hERG PM-expression, 

we measured hERG protein abundance by quantitative immunoblot analysis. Nascent hERG1a 

undergoes N-linked core-glycosylation (CG) in the ER to yield a ~135 kDa polypeptide. Upon 

folding in the ER, nascent channels are exported to the Golgi where they undergo N-glycan 

modifications to yield a ~155kDa complex-glycosylated (FG) mature channel6. Quantitative 

immunoblotting against the engineered HA-epitope tag revealed that overnight treatment with 

DCEBIO (10µM) or anagrelide (1µM) only marginally increased mature (FG) and total (FG + 

CG) hERG abundance (Figure 6B-C, Supplemental Fig. S7). Thus, enhanced transcription and 

protein expression is unlikely to account for the increase in hERG functional expression. 

Furthermore, neither DCEBIO nor anagrelide significantly increased the abundance of wtCFTR 

heterologously expressed in HeLa cells using the same lentiviral transduction vector, arguing 

against a transcriptional mechanism of action (Figure 5E). In contrast, E4031 considerably 

increased both FG and total hERG expression without altering transcription (Figure 6B-C, 

Supplemental Fig. S7).  

The correlation between mutant hERG PM expression and mature (FG) protein abundance was 

explored for the different drugs (Figure 6D). E4031 increased both PM and FG hERG in a highly 

correlative manner (R2 = 0.96, P = 0.003). Thus, PM expression rescue by E4031 can be attributed 

to increased mature protein abundance. This mechanism is consistent with the conformational 

stabilization of nascent and mature channels at ER and post-Golgi compartments, respectively, 
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resulting in enhanced maturation efficiency and reduced metabolic turnover (Chapter 2). In 

contrast, this correlation could not be established for DCEBIO or Anagrelide (P > 0.05, Figure 

6D). Thus, unlike E4031, correction of hERG functional expression by DCEBIO and Anagrelide 

cannot be fully attributed to increased FG-hERG expression, either via enhanced maturation or 

reduced turnover. We speculate that altered peripheral stability, subcellular distribution and 

trafficking, rather than increased mature hERG protein abundance, underlies the drug-induced PM-

expression rescue. In addition, these results provide further evidence that enhanced 

transcription/translation cannot fully account for the drug rescue.  

DCEBIO and Anagrelide restore the peripheral stability but not biosynthetic maturation 

defect of hERG mutants 

We previously reported that the PM expression defect of a subset of hERG PAS mutants is 

determined by both impaired ER conformational maturation/secretion and accelerated degradation 

from the post-Golgi compartment, including the PM4,6,8,44 (Chapter 2).To assess the contribution 

of the ER and peripheral QC systems, we first monitored the channel folding efficiency by 

measuring conversion of nascent CG-hERG to the mature FG form using metabolic-pulse chase 

technique. Following pre-treatment with DCEBIO (10µM), Anagrelide (1µM) or E4031 (10µM) 

for 2h, nascent hERG chains were pulse-labelled with [35S]-methionine/cysteine (30 minutes at 

37°C) and then chased for 3h in the absence of radioactivity. The efficiency by which radioactive 

CG-hERG was converted to the mature FG form was determined by autoradiography (Figure 7A). 

Maturation of mutant hERG following 3h chase was ~10% (F29L) to ~25% (T65P) as compared 

to ~50% for the WT-channel31-33 (Supplemental Fig. S1). In contrast to E4031, neither Anagrelide 

nor DCEBIO increased the PAS-mutant hERG ER maturation efficiency (Figure 7A-C).  
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The impact of our rescuers on M124R PAS-mutant hERG cell-surface stability was assessed using 

PM-ELISA. The rapid turnover of M124R hERG from the cell-surface (T1/2 = 1.6 ± 0.1h) was 

attenuated by DCEBIO (T1/2 = 3.6 ± 0.2h) or Anagrelide (T1/2 = 3.2h ± 0.2h) treatment (Figure 

7D). PM-hERG remaining following a 3h chase was assessed for a panel of PAS-mutants using 

cell-surface ELISA. Both rescuers at least partially prevented the rapid PM-turnover phenotype of 

several hERG PAS-mutants (Figure 7E). 

The clearance of non-native membrane proteins (either associated with conformational diseases or 

representing conditionally unfolded model proteins) involves accelerated internalization, impaired 

endocytic recycling and endosomal sorting complex required for transport (ESCRT) dependent 

rapid lysosomal delivery6,8-11.  To determine whether Anagrelide and DCEBIO act at the cell 

surface, we measured the rate of hERG endocytosis using cell-surface ELISA following overnight 

drug treatment. As previously reported (Chapter 2), PAS-mutant hERG channels are rapidly 

internalized compared to the WT-channel (~5% for WT vs ~30% to 40% for the mutants). Rapid 

internalization was significantly reduced by overnight pre-treatment with DCEBIO or Anagrelide 

(Figure 7F). 

DCEBIO and anagrelide impedes the lysosomal delivery of hERG mutants  

We evaluated the post-endocytic fate of WT and mutant hERG using immunofluorescence laser 

confocal microscopy (FLCM). An endocytic hERG pool was labelled by anti-HA Ab capture (15 

min at 37°C) and chased for 3h at 37°C. Colocalization with the endo-lysosomal marker LAMP1 

was determined by indirect immunostaining and FLCM. PAS-mutant hERG (M124R) showed 

preferential LAMP1 colocalization whereas the WT-channel predominantly recycled to the cell-

surface (Figure 8A, top). Overnight pre-treatment with Anagrelide or DCEBIO restored WT-like 
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post-endocytic subcellular distribution including decreased LAMP1 colocalization and apparent 

restoration of endocytic recycling to the PM (Figure 8A, bottom). Similar results were obtained 

for F29L and C64Y hERG mutants (data not shown).   

Quantitative measurement of endo-lysosomal transfer was performed using ratiometric imaging55. 

Cell-surface WT and mutant (M124R) hERG were labelled with anti-HA primary ab and FITC-

conjugated secondary F’(ab)2 (1h at room temperature) and chased for 1 to 3h at 37°C. The pH of 

hERG-containing endocytic vesicles was determined by single-cell fluorescence ratiometric image 

analysis (FRIA)55. WT-hERG preferentially sorted to early sorting/recycling endosomal 

compartments (pH ~6.5 - 6.8) while M124R-hERG was rapidly delivered to acidic compartments 

(pH ~5). Overnight pre-treatment with DCEBIO (10µM), Anagrelide (1µM) or E4031(10µM) at-

least partially prevented the endo-lysosomal delivery of the M124R hERG (Figure 8B-C). Delayed 

endo-lysosomal transfer following overnight drug pre-treatment was confirmed for the A78P and 

C64Y mutants by FRIA following 3h chase (Figure 8D, Supplemental Fig. S8).  

Non-specific impairment of lysosomal cargo sorting may interfere with the PAS-mutant hERG 

peripheral degradation process. To address this possibility, we measured the cell-surface density 

of several model chimeric CD4 substrates. The truncated CD4 molecule (CD4-tl) lacks any sorting 

signals and is constitutively targeted to the PM56,57. We also utilized a CD4 chimera fused to the 

LAMP1 cytosolic tail (CD4-LAMP1), exposing a ubiquitin-independent sorting signal, and a 

tetrameric construct containing non-extendable tetrameric ubiquitin (CD4-cc-UbAllRΔG)56,57. 

CD4-LAMP has been shown to undergo constitutive lysosomal sorting via a linear peptide 

signal57,58 while CD4-cc-UbAllRΔG mimics a polyubiquitinated membrane protein and is subject 

to ubiquitin-dependent internalization and ESCRT-dependent lysosomal sorting56,57. Overnight 

drug treatment (2µM) had no effect on any of our CD4 model substrates (Figure 8E). Thus, it is 
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unlikely that the observed rescue of hERG PM-expression is due to gross changes in endo-

lysosomal architecture and function, or impairment of ubiquitin-dependent internalization and 

ESCRT-dependent sorting. 

3.5: Discussion 

Functional rescue of mutant hERGs by novel correctors 

Over 80% of characterized LQT2-associated hERG mutants have impaired cell-surface expression 

yet retain at-least partial function4,5. Thus, rescue of hERG cellular processing represents a 

promising therapeutic strategy for inherited LQT2. Indeed, functional expression of many mutants 

can be rescued by various interventions such as low-temperature incubation (26 to 30°C)4,43, 

chemical chaperones (e.g. glycerol)43 and select hERG-blockers following wash-out (e.g. 

E4031)4,43. To our knowledge, this study is the first to describe the rescue of mutant hERG 

functional expression defect without channel block that can be of potential clinical use. Our 

corrector compounds (DCEBIO and Anagrelide) at-least partially corrected the functional 

expression defect for diverse range of disease-associated mutations located in various parts of the 

channel (Figure 3A). This suggests that these correctors are likely to be effective in a broad range 

of LQT2, but more work is needed to identify the full spectrum of mutations that could be 

potentially targeted.  

To our knowledge, neither of our two compounds have been associated with significant effects on 

cardiac activity. DCEBIO is an investigational compound used to stimulate Ca+2 -activated K+-

channels and is active in the 10µM concentration range46. Anagrelide is an established platelet-

reducing drug used in the treatment of essential thrombocythemia48-50. The mechanism of the 

treatment is as-yet unknown, although Anagrelide is known to be a potent inhibitor of cAMP 
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Phosphodiesterase 3 (PDE3)59-61. The effective plasma concentration of Anagrelide is between 

10nM and 100nM62,63, corresponding to the effective concentration for hERG rescue (Figure 5A-

B). Given its present clinical use at plasma concentrations supporting hERG rescue, repurposing 

Anagrelide for the treatment of inherited LQT2 presents an intriguing therapeutic avenue. We did 

not perform structural-functional analysis on the two rescuers, nor did we assay structurally related 

or derived compounds. Thus, hERG rescue efficacy may yet be further enhanced through 

comprehensive chemical structure analysis.  

Correction of acquired LQT2 

DCEBIO and Anagrelide are also effective in rescuing the hERG loss-of-expression phenotype 

associated with certain modes of acquired LQT2 (Figure 3E-F). Clinical rescue is complicated by 

the concurrent channel block associated with direct drug binding12-14 or K+-depletion38,39. DCEBIO 

or Anagrelide were unable to prevent acute channel blockade by E4031 (Figure 3G, Supplemental 

Fig. S2), suggesting that while these compounds are at least partially effective at rescuing the 

expression defect, they cannot fully prevent functional inhibition associated with direct drug 

binding. It is important to note that for obvious safety reasons, drugs associated with acquired-

LQT2 are used at concentrations well below that required for complete hERG block2; thus, 

upregulation of hERG cell-surface expression would still contribute towards a partial functional 

rescue.  

Combination therapy with hERG gating modulators 

While this is the first report of pharmacological rescue of hERG functional expression, several 

hERG gating ‘potentiators’ have been described- most of which bind to hydrophobic pockets 

between the hERG transmembrane bundles outside the channel pore24,64. Four general mechanisms 
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have been identified24,64: delay of deactivation (ex. RPR26024365, LUF734666), delay of C-type 

inactivation (ex. PD30724367, NS164368), shifting the voltage dependence of channel activation to 

more negative potentials (ex. Mallotoxin69, KB13001570) and increased channel open probability 

(ex. PD-11805771,72). These activator molecules enhance hERG current in both exogenous and 

endogenous expression systems, as well as shorten the action-potential duration in cultured 

ventricular myocytes following acute incubation24,64. In addition, LUF7346 was recently shown to 

rescue the mutant hERG cardiac repolarization phenotype in primary ventricular myocytes 

differentiated from patient-derived induced pluripotent stem cells66. Activator-induced 

augmentation of IKr current and rescue of the repolarization phenotype in patient-derived tissue 

has been attributed to modulation of hERG gating properties. The impact of these small molecules 

on hERG protein expression and stability remain poorly characterized. Intriguingly, LUF7346 is 

also capable of lowering the binding affinity of pore-blocking drugs such as Dofetilide, which may 

be of use in treatment of acquired drug-induced LQT266,73. 

We anticipate that a combination therapy of expression rescue by DCEBIO/Anagrelide and 

functional modulation by hERG potentiators could be effective in reversing the LQT2 cardiac 

repolarization phenotype. In particular, compounds which delay deactivation (ex. RPR26024365, 

LUF734666) could concurrently address the PAS-mutant accelerated deactivation phenotype 

(Figure 4E-F). A similar combination therapy involving separate rescuers and potentiators has 

been proposed for the treatment of cystic fibrosis21. However, chronic potentiator treatment has 

been associated with decreased functional expression of some CFTR mutants, which partially 

negates the pharmacological rescue74. The impact of allosteric hERG potentiators on mutant PM 

expression and stability needs to be further characterized before combination treatment for LQT2 

can be considered.   
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Mechanism of action 

Despite the different investigational/clinical uses of these two compounds, we believe they act via 

a parallel mechanism. This conjecture is supported by overall similar chemical structures (Figure 

2E), similar cellular processing phenotype and lack of additive effect (Figure 5F). This mechanism 

of action is distinct from that of ‘classical’ pore-binding hERG pharmacochaperones such as 

E4031. This distinction is clear at both the structural level given by the lack of pore-

binding/channel block (Figure 2A), and at the cellular level due to the differential effect on hERG 

maturation efficiency and mature hERG functional expression (Figure 7).  Although we can likely 

rule out changes in hERG protein expression and biosynthetic secretion, the precise mechanism of 

action remains unknown. 

It is possible that DCEBIO and Anagrelide modulate the cellular proteostatic machinery. We show 

that the cellular ubiquitin recognition machinery and lysosomal delivery pathways remain intact 

following drug treatment (Figure 8E), arguing against gross changes to cellular trafficking or endo-

lysosomal architecture. In addition, the correction of multiple cellular processing defects 

(internalization and endo-lysosomal delivery) argues against the inhibition of a single proteostatic 

process but is consistent with altered post-translational modification of misfolded hERG or 

correction of the underlying conformational defect.  

Ubiquitination has been shown to be involved in removal of non-native membrane proteins from 

the PM6,9,10. However, while ubiquitination is necessary for efficient cell-surface removal of WT-

hERG following unfolding by Desipramine or intracellular K+-depletion8,13, PAS-mutant channels 

are recognized via an as-yet unidentified, ubiquitin-independent mechanism (Chapter 2). 

Interestingly, PDE3 inhibition by Anagrelide is associated with increased cAMP levels and PKA 

activity which in-turn can influence hERG biosynthesis and gating via direct phosphorylation of 



148 
 

the channel75,76,77. We previously demonstrated that inhibition of either PKA or PKC had no effect 

on the cardiac-glycoside induced downregulation of WT-hERG, which argues against a 

phosphorylation-based mechanism8 (unpublished data, Appendix A1). 

DCEBIO and Anagrelide could bind directly to hERG and either facilitate folding/refolding or 

mask the conformational defect from protein quality control machinery. Given that neither 

compound alters hERG biophysical function, we have no direct evidence for hERG binding. In 

addition, the rapid time course of expression rescue (Figure 5D) and inability to enhance 

maturation efficiency (Figure 7A-C) precludes enhanced folding of immature hERG at the ER. 

However, we cannot rule out refolding of mature channels at the periphery. Indeed, the correction 

of multiple cellular processing steps, as discussed above, is consistent with conformational 

correction of a broad range of misfolded PM-hERG substrates. Additional work needs to be done 

to determine whether our compounds bind to the hERG molecule and to elucidate the specific 

mechanism of action.  

 

3.6: Figures and Tables 

Figures and tables start on the following page 
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Figure 1: Identification of small-molecule rescuers of hERG cell-surface expression 

Figure legend on following page 
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Figure 1: Identification of small-molecule rescuers of hERG cell-surface expression 

(A) WT-hERG maturation efficiency determined by metabolic pulse-chase. HeLa cells stably 

expressing WT-hERG via lentiviral transduction labelled with [35S] met/cys (0.1mCi/ml) for 30 

minutes and chased for 3h at 37°C. Representative autoradiogram shown. Conversion of nascent 

core-glycosylated WT-hERG (CG, empty arrow) to mature complex-glycosylated form (FG, solid 

arrow) calculated for three independent experiments. Mean maturation efficiency (% in 3h) ±SEM 

indicated below. (B) High-throughput drug screen for increased WT-hERG cell-surface 

expression. HeLa cells stably expressing WT-hERG cultured with 2µM drug for 16-24h. Cell-

surface expression of hERG measured by ELISA and expressed as % vehicle control. Mean PM 

hERG density ± SD for triplicate measurements shown. Z’-factor (0.51) calculated using hERG-

blocking pharmacochaperone E4031 (10µM) as positive control (Supplemental Fig. S1). Statistical 

threshold (5-fold above mean standard deviation) indicated with dotted line. (C) PM expression 

defect of select LQT-associated hERG mutations. WT-hERG (grey), select PAS mutants (F29L, 

R56Q, C64Y, T65P, M124R; blue) and a pore mutant (G601S; orange) stably expressed in HeLa 

cells at 37°C. PM density measured by ELISA, normalized for mRNA content and expressed as 

% WT-hERG. Data were statistically compared using one-way ANOVA with post-hoc Dunnett’s 

Multiple Comparison’s Test (* represents p < 0.05, ** represents p < 0.01). (D) Rescue of mutant 

hERG PM expression. HeLa cells stably expressing WT or mutant hERG cultured overnight in the 

presence of candidate rescuers (numbered 1 –49, 2µM) or E4031 (10µM). PM density measured 

by ELISA and normalized for cell viability. Compounds that reproducibly increased WT and 

mutant hERG PM expression indicated along with the assigned number. Colour code corresponds 

to hERG PM density expressed as % vehicle (DMSO) control cells.   
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Figure 2: Selection of candidates without functional hERG block 

Figure legend on following page 
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Figure 2: Selection of candidates without functional hERG block 

(A) Screen for rescuers binding to an alternative non-blocking site. COS-7 cells transiently 

transfected with WT-hERG (grey) or pore binding-site mutant (F656A, blue) and treated overnight 

with candidate compounds (2µM). hERG cell-surface density measured by PM-ELISA. Seven 

candidates (6, 8, 9, 10, 22, 27 and 29) upregulated WT-hERG independent of pore binding 

(triangle). Two compounds (22 and 27) were commercially unavailable (grey triangle). (B) Screen 

for acute hERG block. hERG tail currents measured in stably expressing HeLa cells using whole 

cell patch clamp. Candidate compounds (6 [open triangle], 8 [purple], 9 [grey], 10 [open], or 29 

[orange]) acutely perfused at 2µM during current measurement. Tail currents were recorded at -

50mV following a repeated step (P1) to +20mV, shown as a function of time following the onset 

of drug perfusion normalized to the initial peak tail. Three candidates (8, 9 and 29) did not acutely 

block hERG. Representative traces shown. (C-D) Screen for functional current increase. HeLa 

cells stably expressing R56Q hERG incubated overnight with 2µM compound 8 (purple), 9 (grey) 

and 29 (orange). hERG steady-state activation curve showing hERG tail current density (pA/pF) 

as a function of the preceding P1 step voltage using manual (C) or automated (D) whole-cell patch 

clamp. Compounds 8 and 29, but not 9 increase hERG functional expression following overnight 

treatment. (E) Chemical structures of compound 8 (DCEBIO), compound 29 (Anagrelide) and 

E4031.  
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Figure 3: Rescue of hERG functional expression in inherited and acquired LQT2.  

Figure legend on following page  
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Figure 3: Rescue of hERG functional expression in inherited and acquired LQT2.  

(A) Efficacy of mutant hERG PM expression rescue. HeLa cells stably expressing WT or mutant 

hERG treated overnight with Anagrelide (2µM, A), DCEBIO (2µM, D), E4031 (10µM, E) or 

DMSO control (C). hERG PM density measured by ELISA and normalized for mRNA content of 

untreated control cells. Normalized PM density expressed as % of untreated WT. (B) 

Representative traces of M124R-hERG under control conditions and following overnight 

treatment with DCEBIO or Anagrelide (both at 2µM). (C) hERG tail current density (pA/pF) for 

WT-, R56Q-, C64Y-, and M124R-hERG expressing HeLa cells under control conditions (C) or 

following overnight treatment with 2µM DCEBIO (D) or Anagrelide (A). Mean ± SEM). Tail 

currents were recorded at -120mV (P2 step) and corrected for channel deactivation. (D) Correction 

for channel deactivation. Representative trace of WT-hERG during the -120mV P2 step fit with 

an exponential function (dashed orange line) used to extrapolate to the onset of the P2 step (solid 

violet line) to obtain corrected peak tail current (arrow). (E) Rescue of Desipramine-induced 

downregulation of WT-hERG. Cell-surface expression of WT-hERG measured by ELISA 

following overnight treatment with 10µM Desipramine alone or in conjunction with DCEBIO 

(2µM, D), Anagrelide (2µM, A) or E4031 (10µM, E). (F) Rescue of intracellular K+-depletion 

induced downregulation of WT-hERG. Cell-surface expression of WT-hERG measured by ELISA 

following overnight treatment with 10nM Ouabain alone or in conjunction with DCEBIO (2µM. 

D), Anagrelide (2µM, A) or E4031 (10µM, E). (G) DCEBIO and Anagrelide do not prevent use-

dependent block by E4031. HeLa cells stably expressing WT-hERG were pre-treated with 

DCEBIO (5µM, D), Anagrelide (1µM, A) or DMSO control for 3h, followed by E4031 (30nM) 

for 10 minutes. Tail currents at -120mV were measured as in (C) and expressed as fraction relative 

to current prior to drug treatment. Data were compared statistically using one-way ANOVA with 
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post-hoc Dunnett’s Multiple Comparison’s Test. Asterisk’s correspond to the post hoc test where 

* represents p < 0.05 ** represents p < 0.01 *** represent p < 0.005 and ‘ns’ represents no 

significant difference.  
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Figure 4: DCEBIO and Anagrelide do not alter hERG biophysical properties.  

Figure legend on following page
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Figure 4: DCEBIO and Anagrelide do not alter hERG biophysical properties.  

(A) Steady-state activation of WT hERG under control conditions (black) or following overnight 

treatment with 2µM Anagrelide (orange) or DCEBIO (violet). Normalized peak tail currents 

recorded at -50mV, generated using the ‘steady-state activation’ protocol, as a function of the 

respective voltage of the P1 step. Plots of normalized current were fit with Boltzmann functions 

to derive half-maximal activation voltage (V50, See text). (B) Voltage-dependent recovery of WT 

hERG under control conditions (black) or following overnight treatment with 2µM Anagrelide 

(orange) or DCEBIO (violet). Normalized peak tail currents recorded using the ‘rate of recovery 

from inactivation’ protocol plotted versus the voltage of each respective P2 step. (C) Activation 

kinetics of WT-hERG under control conditions (black) or following overnight treatment with 2µM 

Anagrelide (orange) or DCEBIO (violet). Normalized tail currents recorded at -60mV using the 

‘rate of activation’ protocol were plotted against the duration of their P1 step. (D) Rate of 

inactivation and recovery from inactivation of WT-hERG. Time constants of inactivation (solid 

symbols) and recovery from inactivation (open symbols) under control conditions (black) or 

following overnight treatment with 2µM Anagrelide (orange) or DCEBIO (violet). (E-F) Rescuers 

do not correct PAS-mutant hERG deactivation kinetics. Time constants for the fast (τfast, recorded 

at -60mV; E) and slow (τslow, recorded at -110mV; F) components of deactivation using the ‘rate 

of deactivation’ protocol. hERG-expressing HeLa cells assayed under control conditions (C) or 

following overnight treatment with 2µM Anagrelide (A) or DCEBIO (D). No significant 

difference between control and drug treatment was found (one-way ANOVA). 
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Figure 5.  Characterization of DCEBIO and Anagrelide hERG rescue 

Figure legend on following page
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Figure 5.  Characterization of DCEBIO and Anagrelide hERG rescue 

(A-B) Dose-dependence of hERG rescue. HeLa cell stably expressing WT (grey), C64Y (purple) 

or M124R hERG (yellow) incubated overnight with indicated concentration of DCEBIO or 

Anagrelide. hERG cell-surface expression measured using ELISA and dose-response curves fit 

using Boltzman sigmoidal functions (R2 > 0.95). (C) Cytotoxicity associated with DCEBIO and 

Anagrelide. HeLa cells expressing WT-hERG incubated overnight with indicated concentration of 

drug. Cell viability measured using AlamarBlue fluorogenic viability substrate and expressed as 

% vehicle control. (D) Time dependence of drug rescue. HeLa cells stably expressing M124R 

hERG incubated with DCEBIO (10µM), Anagrelide (1µM) or E4031 (10µM) for the indicated 

time. hERG PM expression measured by ELISA and expressed as % increase relative to vehicle 

control. (E) PM expression of exogenously-expressed wtCFTR and endogenous transferrin 

receptor (tfr) and ErbB2 measured in HeLa cells using cell-surface ELISA following overnight 

treatment with DCEBIO (10µM), Anagrelide (1µM), or E4031 (10µM). PM density expressed as 

% vehicle control. Drugs did not significantly increase PM expression of control cargoes (one-way 

ANOVA). (F) HeLa cells stably expressing M124R hERG treated overnight with DCEBIO 

(10µM, D) and/or Anagrelide (1µM, A). Neither treatment alone was statistically greater than the 

combination treatment (one-way ANOVA). (G) HeLa cells stably expressing M124R hERG 

treated overnight with E4031 (10µM, E) alone or in combination with DCEBIO (10µM, D) or 

Anagrelide (1µM, A). DCEBIO/Anagrelide rescue was additive with E4031. Data were 

statistically compared using one-way ANOVA with post-hoc Dunnett’s Multiple Comparison’s 

Test or one-sample T-test with Bonferroni correction for multiple comparisons. Asterisk’s 

correspond to the post hoc test where * represents p < 0.05 ** represents p < 0.01 *** represent p 

< 0.005, ‘ns’ represents no significant difference.  
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Figure 6. Increased protein expression does not underlie hERG rescue 

Figure legend on following page 
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Figure 6. Increased protein expression does not underlie hERG rescue 

(A) HeLa cells treated overnight with DMSO control (C) 10µM DCEBIO (D) or 1µM Anagrelide 

(A). hERG transcript levels measured by rtPCR and normalized for control (GAPDH) mRNA 

content.  (B-C) Mature (solid arrow) and immature ER-resident (hollow arrow) hERG detected by 

immunoblotting in HeLa cells treated overnight with DMSO control (C) 10µM DCEBIO (D), 1µM 

Anagrelide (A) or 10µM E4031 (E). Calnexin (CNX): loading control. Mature hERG expression 

expressed as % relative to vehicle control. (D) Increased protein abundance accounts for the 

E4031, but not Anagrelide and DCEBIO induced hERG rescue. Relative hERG PM density 

(measured by ELISA) plotted against relative mature hERG expression following overnight 

treatment with DCEBIO (10µM, purple), Anagrelide (1µM, orange) or E4031 (10µM, grey). In 

contrast to E4031, rescue of hERG PM expression by DCEBIO or Anagrelide do not directly 

correlate with increased mature hERG content. Solid line: linear regression for E4031, dotted line: 

line of identity (See text for details). Data were statistically compared using one-sample T-test with 

Bonferroni correction for multiple comparisons where * represents p < 0.05 ** represents p < 0.01 

*** represent p < 0.005 and ‘ns’ represents no significant difference.  
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Figure 7.  DCEBIO and Anagrelide restore hERG peripheral stability but not biosynthetic 

maturation:   Figure legend on following page  
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Figure 7.  DCEBIO and Anagrelide restore hERG peripheral stability but not biosynthetic 

maturation 

(A-C) DCEBIO and Anagrelide do not correct ER processing. Maturation efficiency of F29L and 

T65P PAS-mutant hERG determined by metabolic pulse-chase following 2h pre-treatment with 

DMSO control (C) 10µM DCEBIO (D), 1µM Anagrelide (A) or 10µM E4031 (E). In contrast to 

E4031, candidate rescuers do not rescue hERG ER processing. (D) DCEBIO and Anagrelide 

rescue the M124R PAS-mutant cell-surface stability defect. PM-turnover of WT and M124R 

hERG measured by cell-surface ELISA in HeLa cells. Cells were pre-treated overnight with 

DMSO control (C) 10µM DCEBIO (D) or 1µM Anagrelide (A) and drug treatment was maintained 

throughout the course of the experiment. Cell-surface turnover kinetics fit using single-exponential 

decay functions and expressed as a half-life (T1/2) ± SEM. (E) Amount of WT and PAS-mutant 

hERG (F29L, R56Q, C64Y and T65P) remaining at the cell-surface following 3h chase measured 

by PM-ELISA. HeLa cells were pre-treated overnight with DMSO control (C) 10µM DCEBIO 

(D), 1µM Anagrelide (A) or 10µM E4031 (E) and drug treatment was maintained throughout the 

course of the experiment. (F) DCEBIO and Anagrelide prevent the rapid internalization of PAS-

mutant hERG. The amount of hERG internalized during a 5-minute chase was measured using 

cell-surface ELISA. HeLa cells were pre-treated as in B). Data were statistically compared using 

one-way ANOVA with post-hoc Dunnett’s Multiple Comparison’s Test or two-way ANOVA. 

Asterisk’s correspond to the post hoc test where * represents p < 0.05 ** represents p < 0.01 *** 

represent p < 0.005 and ‘ns’ represents no significant difference.  
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Figure 8.  DCEBIO and Anagrelide prevent lysosomal delivery of PM hERG 

Figure legend on following page 
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Figure 8.  DCEBIO and Anagrelide prevent lysosomal delivery of PM hERG 

(A) DCEBIO and Anagrelide pre-treatment prevents delivery of PM-hERG to LAMP1-positive 

endo-lysosomal compartments and promotes recycling to the PM. Endocytic WT and M124R 

hERG pools labelled by Ab capture (15min at 37°C) and remaining cell-surface hERG blocked 

with unconjugated secondary F’ab (1h on ice). Cells were then chased at 37°C for 3h prior to 

fixation. Cells were pre-treated overnight with DCEBIO (10µM) or Anagrelide (1µM) and drug 

treatment was maintained throughout the course of the experiment. Lysosomal compartments 

labelled with LAMP1 pAb. hERG (green) and LAMP1 (magenta) staining visualized by laser 

confocal microscopy. Scale bar: 10µm. (B) hERG endo-lysosomal kinetics measured by FRIA. 

Anti-HA Ab and FITC-Fab were bound on ice and FRIA was performed after 1.5- to 3h chase. 

HeLa cells stably expressing WT or M124R hERG were pre-treated overnight with DCEBIO 

(10µM), Anagrelide (1µM) or E4031 (10µM) and drug treatment was maintained throughout the 

course of the experiment. Mean endocytic pH ± SEM plotted. (C) Representative histogram of 

M124R hERG endocytic pH following 3h chase. Overnight drug pre-treatment was done as in A). 

Peak fits ± SD shown. N = number of vesicles measured. (D) Mean luminal pH of WT and select 

PAS-mutant hERG (C64Y, T65P and M124R) following 3h chase. Overnight drug pre-treatment 

was done as in A). (E) Rescuers do not affect ubiquitin-recognition and lysosomal sorting 

machinery. Steady-state cell-surface density of chimeric CD4 molecules was determined by PM-

ELISA. CD4 chimeras expressed in inducible HeLa cell line and experiments were performed 4d 

following induction with 500nM doxycycline. Data were statistically compared using one-way 

ANOVA with post-hoc Dunnett’s Multiple Comparison’s Test or two-way ANOVA. Asterisk’s 

correspond to the post hoc test where * represents p < 0.05 ** represents p < 0.01 *** represent p 

< 0.005 and ‘ns’ represents no significant difference.  
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3.7: Materials and Methods 

Plasmids and transfection 

Expression plasmids encoding WT, G601S, F656A and Y652A hERG have been previously 

described8,32,33. PAS-domain mutations (F29L, R56Q, C64Y, T65P, A78P and M124R) were 

generated by site-directed mutagenesis using the Quikchange-XL system (Agilent technologies, 

Santa Clara, CA). An HA-epitope tag was engineered into the S1-S2 extracellular loop which 

affects neither channel function nor cellular processing34. HeLa cells constitutively expressing 

WT, G601S and PAS-mutant hERG were generated by lentiviral transduction as previously 

described8,34. Y652A and F656A hERG constructs were transiently transfected into COS-7 cells 

using GeneJuice transfection reagent (EMD milipore).    

Expression plasmids for wtCFTR and CD4 chimeras (CD4-tl, CD4-cc-ubAllRΔG and CD4-

LAMP) have been described previously56-58. The wtCFTR construct contains an extracellular HA 

epitope tag to facilitate detection and does not interfere with function or processing. HeLa cell 

lines constitutively expressing wtCFTR generated by lentiviral transduction and previously 

charactarized10. Hela cells stably expressing CD4 chimeras under a tetracycline-inducible (TetON) 

promoter have been described previously8,10.   

Cell lines and tissue culture 

HeLa and COS-7 cells were cultured in DMEM + 7% FBS or DMEM/F12 1:1 mix + 10% FBS 

respectively and kept at 37°C and 5% CO2. Selection of cells constitutively expressing hERG and 

wtCFTR was maintained with 2µg/ml puromycin. Selection of cells stably co-expressing CD4 

chimeras and TetON transactivator was maintained with 2µg/ml puromycin and 500µg/ml G418 

and expression was induced with 500ng/ml doxycycline for 4 days.  
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Drug library and stocks 

The bioactive small molecule library consisted of the Prestwick Chemical Library (539 

compounds; Prestwick chemicals, France), BIOMOL2865 Natural Products Library (501 

compounds; Enzo Life Sciences, US), Lopac1280 International (1240 compounds; Sigma-Aldrich, 

Canada) and Spectrum Collection (1641 compounds; MicroSource Discovery Systems, USA). The 

library was obtained from the McMaster High Throughput Screening lab (McMaster University, 

Canada) and prepared as 2mM stock solutions in DMSO with the assistance of the McGill High 

Throughput Screening facility (McGill University Life Sciences Complex, Canada). For follow-

up work, DCEBIO (Tocris), Anagrelide (Tocris) and E4031 (Enzo) were prepared as DMSO stock 

solutions at 100mM, 1mM and 10mM concentrations respectively. Ouabain (Sigma) was prepared 

as a 300µM stock solution in distilled water.  

High-throughput drug screen  

HeLa cells stably expressing WT-hERG were seeded onto 96-well plates 2 days prior to the 

experiment. Following overnight drug treatment at 2µM, cell-surface hERG expression was 

measured using a cell-surface ELISA assay to detect the extracellular HA-epitope tag as previously 

described8. Briefly, the extracellular HA tag was labelled with mouse monoclonal anti-HA 

antibody (clone MMS101R; Covance, Princeton NJ or BioLegend, San Diego, CA) and HRP-

conjugated secondary F’(ab)2 antibody fragment (Molecular Probes, Eugene OR). HRP signal was 

detected with SuperSignal ECL chemiluminescent substrate (Thermofisher) measured using 

Wallac Victor3 (PerkinElmer) plate reader. A non-specific isotype control antibody was used to 

determine the background signal. Viability was determined using AlamarBlue fluorogenic 

viability indicator (Thermofisher) with fluorescence signal being detected using Tecan Infinite 

M1000 (Tecan Group, Switzerland) plate reader. Each measurement was repeated in triplicate and 
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expressed as percent relative to vehicle control (DMSO) normalized for cell viability. Fluid 

handling and tissue culture was performed manually using multi-channel pipettors. Control 

experiments using a known hERG hERG pharmacochaperone (E4031 at 10µM) determined a Z’ 

for the assay of 0.51 (Supplemental Fig. S1). A statistical cutoff of 5-fold above the mean standard 

deviation (SD) above the mean was applied to identify hits.  

Manual Patch Clamp  

Cells were plated on8 mm coverslips or 35mm plastic tissue culture dishes (pre-coated with 

0.1g/mL poly-l-lysine) and incubated for 3h at 37C to allow for sufficient cellular adhesion. Next, 

cells were placed in the perfusion chamber of an inverted microscope (Zeiss Axiovert S100TV or 

135) and perfused at a rate of 1-2 mL/min with an extracellular solution containing 135mM NaCl, 

5mM KCl, 2mM CaCl2, 1mM MgCl2, and 10mM HEPES (pH 7.4 with NaOH, ~285mOsm).  

Patch pipettes were fabricated using borosilicate glass capillaries (Warner Instruments, Hamden, 

CT) and a microprocessor-controlled, multi-stage micropipette puller (P97, Sutter Instruments), 

and subsequently fire polished (CPM-2, ALA Scientific instruments, Farmingdale, NY). Pipettes 

with resistances of 1.5-3MΩ were backfilled with a pipette solution containing 135mM KCl, 5mM 

EGTA, 1mM MgCl2, and 10mM HEPES (pH 7.2 with KOH, ~285mOsm). The liquid junction 

potential (LJP) between the extracellular solution and pipette solution (1.5mV) was corrected 

offline using the formula Vmembrane = VPipette - VLJP
78. All experiments were performed at room 

temperature (~21°C), and all cells were perfused with extracellular solution for 10min prior to 

experimentation to ensure complete replacement of cellular media.  

Whole-cell currents were recorded using an Axopatch 200B amplifier (Axon Instruments, 

Sunnyvale, CA) coupled to a CV 203BU headstage (Axon Instruments) or a VE-2 amplifier 
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(Alembic Instruments, Montreal, QC) coupled to a VE-2 headstage (Alembic Instruments). 

Command steps were generated by a Digidata 1440A (Axon Instruments) via pClamp 10.4 

software or by a Digidata 1322A digitizer (Axon Instruments) via pClamp 10.2 software. Data 

were acquired at 20kHz and low pass filtered at 2kHz or 3kHz.  

Upon the formation of a GΩ seal and prior to membrane rupture, currents were corrected for 

pipette (fast) capacitance. Once ruptured, cell capacitance (picofarad; pF) was determined using a 

30ms, 10mV depolarizing step from a holding potential of -80mV, at 2Hz. Currents were corrected 

for whole-cell capacitance and series resistance compensated to 80% (Axopatch) or ~100% 

(Alembic). All presented cells have access resistances below 15MΩ, membrane capacitances 

greater than 10pF, and a reversal potential between -70mV and -90mV (determined offline). Cells 

that did not express hERG or were characterized as ‘low expressers’ (i.e. 5% of or less of mean 

current), were excluded.  

Additional details of manual patch clamp protocols and analysis available in Supplemental 

Information.  

Automated Patch Clamp  

The methodology for the automated electrophysiological experiments was designed in conjunction 

with Sophion Bioscience. Briefly, cells were resuspended using Detachin (Genlantis, San Diego, 

CA) and suspended in serum-free DMEM (Gibco Thermofisher Scientific) to a concentration of 2 

million cells per mL. In conditions where compounds were tested, all pharmaceuticals were 

applied overnight, and cells harvested the subsequent day.  

Next, cells were automatically centrifuged and resuspended in an extracellular solution containing 

145mM NaCl, 4mM KCl, 2mM CaCl2, 1mM MgCl2, 10mM glucose, and 10mM HEPES (pH 7.4 
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with NaOH) by a QPatch16x automated electrophysiological system (Sophion Bioscience A/S, 

Ballerup, Denmark). The QPatch16x perfused cells onto single well QPlates containing 16 wells 

for parallel recordings. Upon obtaining the whole-cell configuration, cells were dialyzed by an 

intracellular solution containing 120mM KCl, 5.37mM CaCl2, 1.75mM MgCl2, 4mM Na2ATP, 

10mM EGTA, and 10mM HEPES (pH 7.2 with KOH).  

Cells were recorded using a 5-step protocol whereby cells were held at -90mV and stepped from -

50mV to +30mV in +20mV increments (P1 step), followed by a secondary step to -50mV (P2 

step). All recorded currents were corrected for whole-cell capacitance and series resistance 

compensated to 85%. Cells were excluded from analysis if capacitance was below 4 picofarads 

(pF), membrane resistance below 100MΩ, and access resistance above 15MΩ. For analysis, data 

are plotted from the peak currents of the P2 step, and all data were extracted using QPatch software. 

Drugs (DMSO control, anagrelide [2µM], DCEBIO [2µM] or E4031 [10µM]) were added 16h 

prior to the experiment. 

Detection of hERG mRNA transcript levels 

Cellular mRNA was extracted and purified using RNeasy RNA isolation kits (Qiagen). Equal 

quantities of mRNA were reverse-transcribed into cDNA using QuantiTech RT kit (Qiagen) and 

amplified using SYBR advantage qPCR premix (Clonetech). Measurements obtained were repeat 

measures of biological triplicates. Non-template control and untransfected (parental) cells used for 

GAPDH control and hERG background, respectively. hERG mRNA content was normalized for 

GAPDH. hERG and GAPDH-specific primers were designed using the NCBI primer design tool and 

listed below: 

 

 



171 
 

hERG forward: GGCCAGAGCCGTAAGTTCAT 

hERG reverse: TGCAGGAAGTCGCAGGTG 

GAPDH forward: CATGAGAAGTATGACAACAGCCT 

GAPDH reverse: AGTCCTTCCACGATACCAAAGT 

 

Detection of CFTR, ErbB2 and CD4 at the cell-surface 

Cell-surface expression of CFTR, ErbB2 and CD4 chimeras was assessed using cell-surface 

ELISA techniques, as described above for hERG. CFTR, ErbB2 and CD4 were detected using 

mouse anti-HA (clone MMS101R, BioLegend/Covance), ErbB2 (Abcam) and CD4 (clone OKT4, 

Abcam) antibodies respectively. Transferrin receptor was detected at the cell-surface using biotin-

conjugated transferrin (Thermofisher/Molecular Probes) and HRP-conjugated neutravidin 

(Thermofisher/Molecular Probes) following 30-minute incubation in serum-free media to deplete 

intracellular transferrin. DMSO vehicle control, anagrelide (2µM), DCEBIO (2µM) or E4031 

(10µM) were added 16h prior to the experiment. 

Detection of hERG protein expression and maturation efficiency 

hERG expressing Hela cells were solubilized in Triton X-100 lysis buffer (1% Triton X-100, 

25mM Tris-Cl, 150mM NaCl, 10µM leupeptin, 10µM pepstatin, 1mM PMSF, pH 7.4) for 10 

minutes on ice. hERG and calnexin loading control detected in immunoblots using anti-HA 

monoclonal (1:1000) and anti-calnexin polyclonal (1:2000, Abcam) antibodies respectively. 

hERG metabolic stability was determined by immunoblotting in conjunction with translational 

inhibition with cycloheximide (150µg/ml, Sigma). DMSO vehicle control, anagrelide (1µM), 

DCEBIO (10µM) or E4031 (10µM) were added 16h prior to the experiment and maintained 

throughout the time course. 
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For metabolic pulse-chase experiments, cells were pre-treated for 2h with either DMSO control, 

10µM DCEBIO, 1µM anagrelide or 10µM E4031. The last hour of drug pre-treatment was 

performed in methionine/cysteine free media to deplete cellular met/cys. Metabolic labelling was 

performed using EasyTag [35S] met/cys labelling mixture (30 minutes, 0.1mCi/ml; PerkinElmer). 

Cells were either directly lysed following pulse-labelling or chased for 3 hours in media 

supplemented with 2mM unlabelled met/cys and indicated hERG rescuer compound. 

Solubilization was done using 1% triton lysis buffer + protease inhibitors as described above. 

hERG was immuno-isolated using polyclonal anti-hERG Ab (1:200; Alomone labs, Israel), bound 

to Protein-G beads (Life Technologies) and eluted in 2x Laemli sample buffer supplemented with 

10% B-mercaptoethanol. Core-glycosylated and fully-glycosylated hERG were separated using 

SDS gel electrophoresis. Autoradiography was performed using BAS storage phosphor screens 

(Fujifilm, Japan) or autoradiography film. Maturation efficiency was calculated as the percentage 

of mature fully-glycosylated hERG signal detected following 3h chase relative to the amount of 

initial core-glycosylated hERG lost. 

Measurement of hERG internalization rate and metabolic stability at the cell-surface 

Internalization from the cell-surface and the overall turnover rate of PM-hERG was measured 

using modified cell-surface ELISA assays. Following primary anti-HA Ab binding, cells were 

chased at 37°C for either 5 minutes or 1.5 to 4.5 hours to evaluate the rate of endocytosis and 

overall cell-surface pool turnover respectively. Internalization rate is expressed as percent initial 

PM-hERG lost during 5 minutes. PM stability is expressed as percent initial PM-hERG remaining. 

Drugs (DMSO control, anagrelide [1µM], DCEBIO [10µM] or E4031 [10µM]) were added 16h 

prior to the experiment and maintained throughout the time course. 
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Immunostaining 

HeLa cells stably expressing hERG were cultured on glass cover slips 24-48h prior to experiment. 

Drugs (DMSO control, anagrelide [1µM] or DCEBIO [10µM]) were added 16h prior to the 

experiment and maintained throughout the time course. An early endosomal hERG pool was 

labelled with monoclonal anti-Ha Ab capture (15 minutes at 37°C). Remaining cell surface hERG 

was blocked with mouse monovalent F(ab′)2 fragment on ice (1:100; Jackson Immunoresearch) 

and the internalized hERG pool was chased at 37°C. Cells were fixed with 4% paraformaldehyde 

and permeabilized using 0.05% saponin. Lysosomes labelled using polyclonal rabbit anti-LAMP1 

Ab (1:1000; Abcam). Fluorescent secondary Ab labelling was done with Alexa-488 conjugated 

goat anti-mouse F(ab′)2 and Alexa-555 conjugated goat anti-mouse F(ab′)2 (both 1:1000; 

Molecular Probes). Confocal images obtained on a LSM780 microscope in multitrack mode (Carl 

Zeiss MicroImaging) using a Plan Apochromat 63×/NA 1.4 objective. Representative single 

optical sections shown.  

Measurement of endocytic vesicular pH by fluorescence ratio imaging analysis (FRIA)  

The luminal pH of hERG-containing endocytic vesicles was measured by fluorescence ratiometric 

imaging, as described in detail previously55. Cell-surface hERG were sequentially labelled on ice 

with mouse anti-HA primary (1:1000; Covance and BioLegend) and FITC-conjugated goat anti-

mouse F(ab′)2 secondary (1:1000; Molecular Probes). FITC-labelled PM-hERG were chased at 

37°C for the indicated time and cellular trafficking was halted by cooling cells to 4°C. FRIA was 

performed at room-temperature using a Zeiss Observer Z1 inverted fluorescence microscope (Carl 

Zeiss MicroImaging). Excitation at 495 ± 5nm and 440 ± 10nm was performed using an X-Cite 

120Q fluorescence illumination system (Lumen Dynamics Group, Canada) and images were 

acquired on an Evolve 512 EM CCD camera (Photometrics Technology) using a 535 ± 25nm 



174 
 

emission filter. Individual vesicular pH measurements were collected from multiple images using 

MetaFluor software (Molecular Devices, Canada). The histograms of endocytic vesicular pH from 

individual experiments were fit with multiple Gaussian distributions and the weighted mean of the 

peaks was calculated using Origin graphing and analysis software. The number of samples (n) 

represents the number of individual vesicles measured to produce a representative histogram.  

Antibody validation 

All antibodies used in this study have been previously described and validated by our research 

group8,10,56,57. 

Statistical analysis. 

All statistical analyses were performed using Graph Pad Prism 4.0 or 5.0. Data are expressed as 

mean  S.E.M. from a minimum of 3 independent experiments unless noted otherwise. 

Representative traces are presented in pA or nA, current-voltage (I-V) relationships in pA/pF, and 

τ in ms. Sample traces shown are subject to a maximum of 200-fold data reduction. Statistical 

significance evaluated using one-way ANOVA with Dunnett’s post-hoc test for multiple 

comparison (one variable, single control value) or Bonferroni correction (one variable, multiple 

control values), two-way ANOVA (two variables) or one-sample T-test with Bonferroni correction 

for multiple comparison (one variable, comparison against hypothetical control value). Data were 

considered significant when p < 0.05. Statistical significance is indicated, where *, p  0.05; **, p 

  0.01; ***, p  0.005; ****, p  0.001.  
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4.1 Contribution to original knowledge 

This study has produced several significant findings that further our understanding of protein 

quality control at peripheral cellular compartments and its contribution to the disease pathogenesis 

of the LQT2 syndromes. Our major findings are summarized as follows: 

1) We characterize the cell-surface expression and cellular trafficking of a panel of disease-

associated mutations in the hERG PAS domain. These mutants are modestly expressed at 

the cell-surface under physiological conditions and are constitutively recognized by both 

the ER and peripheral QC machinery. 

2) We estimate the contribution of ER and peripheral QC to the PAS-mutant hERG loss-of-

expression phenotype. We find that both the ER and peripheral QC systems variably 

contribute to hERG expression defect in a mutation-specific manner.  

3) We identify a novel, as-yet unidentified ubiquitin-independent QC mechanism acting on 

PAS-domain mutant hERGs at the PM. 

4) Two novel small-molecule correctors of mutant hERG expression (Anagrelide and 

DCEBIO) were identified by a high-throughput cell-based screening assay. Both 

compounds correct the accelerated endocytosis and lysosomal delivery phenotype of 

several mutant and drug-treated WT-hERG without impacting the channel function.  

4.2 PAS mutant hERG as a model substrate 

Previous studies relied upon severely misfolded disease-associated hERG mutants (ex. G601S, 

R752W and F805C) to study hERG quality control at the ER37,232. These mutations, located in the 

transmembrane region and cNBD, cause almost complete ER-retention of hERG at 37°C, thus making 

them poor models for exploring the quality control machinery acting at the cell periphery. In an earlier 
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study, we partially overcame the issue of poor PM-expression by employing low-temperature rescue 

of severely misfolded hERG mutants (G601S and F805C) or acute drug-induced unfolding of WT-

hERG (Section 1.6: Protein quality control and LQT2, Appendix A1)108,130,132.  

In Chapter 2, we describe the cellular processing of a panel of hERG PAS-domain mutants, which 

retain modest PM expression at 37°C and are efficiently targeted by both ER and peripheral quality 

control machinery. Therefore, these mutants are excellent model substrates for future studies of 

peripheral protein QC, considering that they enable us to eliminate the non-specific confounding 

effects associated with low-temperature incubation, intracellular K+-depletion or acute drug 

treatment. In addition, the ability to study cellular processing under steady-state conditions allows 

estimation of the relative contributions of the ER and peripheral QC machinery to the overall steady-

state PM expression level, which was not possible with previous model systems. In Chapter 3, we 

take advantage of the PAS mutant model system to identify novel biochemical rescuers of functional 

hERG expression and to characterize their cellular mechanisms of action. 

An added advantage of the model is that select PAS mutants expressing at around half the WT-level 

(ex. C64Y or A78P) could be used as ‘dual-purpose’ reporters, permitting a single high-throughput 

genetic or pharmacological screen to identify factors which either rescue or exacerbate the mutant 

hERG cell-surface expression defect. For example, a single high-throughput screen of an approved-

drug library using A78P or C64Y hERG would be able to identify potential correctors of hERG 

trafficking as well as approved drugs which pose an acquired-LQT2 risk. These substrates would also 

be able to identify candidate constituents of both the pro-folding and pro-degradation proteostasis 

machinery with siRNA library screens based on the robust and sensitive PM detection technique of 

hERG mutants.  
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4.3 Structural basis of PAS mutant defect 

4.3a: Impact of altered interdomain interactions on mutant hERG expression 

A previous study by Ke et al. (2013)94 evaluated the protein expression and biophysical function 

of several PAS-domain mutants, including those described in this thesis. Measurements included 

mature (FG)-hERG protein expression (evaluated by immunoblot analysis), melting temperature 

of the isolated domain (Tm, evaluated by differential scanning fluorimetry [DSF]) and the fast 

component of deactivation (τfast, determined by whole-cell patch-clamp). Mutations were 

categorized based on whether they were confined to the hydrophobic ‘patch’ partly forming the 

PAS-cNBD interface, or to the ‘interior’ of the domain, excluded from the interface (Figure 1A). 

PAS domain mutations were variably associated with accelerated deactivation (presumably 

reflecting impaired interdomain interactions), impaired protein expression and decreased thermal 

stability (Table 1)94. In general, mutations located in the cNBD-binding ‘patch’ resulted in 

accelerated deactivation, consistent with the role of PAS-cNBD interdomain interactions in 

regulating channel deactivation28,31,71,75. The published FG-hERG expression data was in overall 

agreement with our cell-surface ELISA measurements, validating joint analysis of our combined 

datasets (Figure 1B).   

To explore the conformational basis of the PAS-mutant expression defect, I plotted mature hERG 

protein expression against the melting temperature of the isolated domain (Figure 2A). I utilized 

the published mature-hERG protein expression data in lieu of our own, as the published dataset 

included several additional mutations (Y43C, L86R) which were not used in this thesis. For 

mutations located away from the PAS-cNBD interface (C64Y, T65P, A78P, I96T and L86R), 

hERG expression was strongly correlated with isolated domain melting temperature (R2= 0.97, P 
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< 0.05); thus, conformational destabilization of the isolated domain can fully account for the 

expression defect In contrast, no significant correlation was found between mature protein 

expression and Tm for the mutations in the cNBD interaction site (F29L, R56Q and M124R)94 

(Figure 2A). I speculate that altered domain-domain interactions contribute to the PM expression 

defect.  

 

 

 

Figure 1:  PAS-domain mutations described in Ke et al. (2013)94 

a) Location of PAS-mutations. Mutations located at the PAS/cNBD interface indicated in red. 

Other mutations shown in magenta. Mutations numbered 1 – 10 based on order from the N-

terminus: F29L, I42N, Y43C, R56Q, C64Y, T65P, A78P, L86R, I96T, M124R. Original image, 

hERG structural model from Wang et. al. 201715. b) Correlation between published mature 

hERG protein expression and our measured PM density. Mature hERG protein expression 

determined by immunoblot analysis in Ke et al. (2013)94. PM expression determined by PM-

ELISA (Chapter 2). 
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4.3b: Impact of altered interdomain interactions on mutant hERG cellular processing 

I then asked whether mutants with impaired interdomain interactions are differentially recognized 

by compartment-specific QC machinery. I found a strong correlation between the PM turnover of 

our hERG mutants (measured by PM-ELISA) and the reported Tm of the corresponding isolated 

PAS domain94 (Figure 2B, R2 = 0.75, P < 0.05). We examined only three mutations located at the 

cNBD-PAS interface (F29L, R56Q, M124R); however, they seemed to fit the overall trend. 

Therefore, I speculate that conformational instability of the mutant PAS domain (as reflected in 

Tm reduction) is sufficient to provoke recognition and processing by the peripheral QC machinery. 

In contrast, I could not find a significant correlation between Tm and ER maturation efficiency (as 

determined by metabolic pulse-chase) for our panel of PAS-mutants (Figure 2C, R2 = 0.44, P > 

0.05). Interestingly, the relationship between ER processing and Tm trends towards a statistically 

significant correlation for mutations outside the cNBD interaction interface (R2 = 0.74, P = 0.06), 

while mutations localized to the interface displayed no tendency for correlation (R2 = 0.23, P = 

0.7). Given these observations, I presume that the ER maturation efficiency (reflecting engagement 

by ER QC) may be determined by both the conformational stability of the PAS domain and 

interdomain interactions with the rest of the channel. 

It is possible that hERG undergoes coupled or co-operative domain folding at the ER, as described 

for the multidomain cystic-fibrosis transmembrane conductance regulator (CFTR)302. CFTR 

domain folding is facilitated by interactions between its four structured domains. In the case of 

hERG, loss of the native PAS-cNBD interaction may result in impaired folding/misfolding of the 

full-length channel. Alternatively, cNBD binding may be required to mask the PAS-domain 

hydrophobic patch which would otherwise be recognized by protein QC machinery. Recently, 

however, it was found that N-terminally truncated hERG molecules lacking the entire EAG-
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domain (Δ2-135) traffic and express normally in a mammalian cell-line expression system303. 

These findings suggest that the rest of the channel can attain a native-like conformation 

independent of PAS-domain interaction and argues against a co-operative unfolding model. 

However, it is still possible that while the rest of the channel can fold in the absence of PAS, the 

PAS domain itself is dependent on reciprocal interaction with the full-length molecule14,71. 

Alternatively, it is possible that the misfolded PAS domain forms non-native interactions and 

induces coupled domain-misfolding. Indeed, studies on CFTR have shown that in some cases, 

aberrant domain-domain interactions result in cooperative misfolding even when outright deletion 

of the domain is otherwise tolerated40,302,304,305.  
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Table 1: Biochemical and functional characterization of PAS mutants   

Summary of PAS-mutant hERG biochemical and biophysical properties. Mature hERG 

expression and half-life determined by immunoblot analysis and expressed as % WT and 

hours (h) respectively. Melting temperature of recombinant PAS-domain determined by 

differential scanning fluorimetry (DSF) and represented as absolute change compared to WT 

(ΔC ). Fast time-constant of channel deactivation measured by whole-cell patch-clamp and 

rated as severe (<50ms), moderate (50ms to 100ms), mild (100ms to 150ms) or WT-like (no 

significant difference). PAS-truncated hERG (ΔPAS) shown as a control for accelerated 

deactivation due to impaired domain interactions.  Asterisk (*) indicated mutants used in this 

thesis. All data from Ke et al. (2013)94 

 

 

 

 

  

Mutation 
Mature hERG 

expression 
Mature hERG 

half-life (h) 
Melting 

Temp (ΔC ) 
Deactivation 

kinetic 
Location 

F29L* 17% 1.5 -8 Moderate Patch 

I31S 10% NA NA Severe Patch 

I42N* 20% 2 -7.5 Severe Patch 

Y43C 10% NA -16 Moderate Patch 

R56Q* 70% 7 -1 Severe Patch 

C64Y* 57% 4 -7 WT-like Interior 

T65P* 40% 3.5 -8 Mild Interior 

A78P* 60% 5.5 -7 WT-like Interior 

L86R 15% NA -14 Mild Interior 

I96T* 40% 5 -10 Mild Interior 

M124R* 30% 4 -12 Severe Patch 

 

WT  100% 10 Tm = 55C° τfast = 150ms NA 

ΔPAS NA NA NA τfast = 40ms NA 
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Figure 2: Structural basis of PAS-mutant expression and processing defect 

a)  Correlation between mature (FG) hERG protein expression and melting temperature of 

isolated PAS domain (Tm). Both data from Ke et. al. (2013)94. PAS mutants categorized based 

on location either within the hydrophobic patch involved in PAS-cNBD interaction (‘Patch’, 

hollow square) or in the interior of the domain (‘interior’, solid square). Linear regression for 

interior and patch mutations indicated by solid and dashed lines respectively. b) Correlation 

between turnover at the plasma-membrane and Tm. PM turnover measured by ELISA in 

Chapter 2 and expressed as a rate constant. Linear regression for all mutations, ‘interior’ 

mutations and ‘patch’ mutations indicated by solid, dotted and dashed lines respectively. c) 

Correlation between maturation efficiency and Tm. Maturation efficiency at the ER determined 

by metabolic pulse-chase in Chapter 2 and expressed as % in 3h. Linear regression for all 

mutations, ‘interior’ mutations and ‘patch’ mutations indicated as in (b). 
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4.4 Future directions: Ubiquitin-independent QC of hERG 

In Chapter 2, we demonstrate that PAS-mutant hERG are removed from the PM and likely 

targeted for lysosomal degradation via a novel Ub-independent mechanism. We speculate on 

potential candidates in the discussion section of the corresponding manuscript, however, the 

precise mechanism remains as-yet unknown. An expanded discussion is presented here, along with 

proposed future experiments to identify the underling cellular and molecular machinery 

(Summarized in Table 2).  

4.4a: Linear peptide motifs 

We identify several tyrosine/dileucine sorting motifs in the hERG cytosolic domains. Not 

discussed was a KFERQ-related Hsc70 binding sequence306. Hsc70 can direct soluble cargoes for 

lysosomal degradation by direct translocation through the lysosomal membrane (chaperone-

mediated autophagy) or delivery to intraluminal vesicles via invagination of the late-endosomal 

membrane (endosomal microautophagy)306,307. It is possible that chaperone proteins can either 

directly mediate degradation of misfolded hERG via an autophagy-like mechanism or act as a 

scaffold to recruit other quality control factors. As discussed in Chapter 2, conformational 

unfolding or impaired domain interactions may expose motifs which may otherwise lie buried 

within the native protein. The role of these linear sequences can be explored by site-directed 

mutagenesis (Table 2).  

4.4b: Aggregation 

As discussed in Chapter 2, aggregation is a potential internalization signal which has been 

demonstrated for several cell-surface receptors308-310. We speculate that aggregation is unlikely to 



190 
 

be involved based on lack of apparent aggregates in confocal images, although we cannot preclude 

the possibility of limited small-scale aggregation. I hope to address this possibility using several 

assays. 1) Mobility of cell-surface hERG can be assayed using fluorescence recovery after 

photobleaching (FRAP) in a TIRF microscopy setup (at reduced temperature to prevent 

endocytosis), on the assumption that large aggregates will display reduced mobility. However, this 

assay may not be able to distinguish between aggregation and localization to different lipid 

subdomains, and mass resolution of limited oligomers may be difficult. 2) WT-hERG may be 

artificially cross-linked using antibody complexes to attempt to reproduce the PAS-mutant hERG 

rapid endocytosis and post-endocytic processing phenotypes.  3) The aggregation propensity of 

the isolated PAS domain can be assayed using biochemical means.  

4.4c: Post-translational modification by ubiquitin-like proteins 

In addition to ubiquitin, cells express several ubiquitin-like proteins (UBLs), which share a 

characteristic 3-dimensional fold and are conjugated onto and removed from target proteins in a 

homologous manner311. Many UBL proteins regulate specific cellular processes such as autophagy 

(ex. ATG12, LC3) and host immune response (ex. ISG15 and FAT10)311,312. Two UBLs, SUMO 

(small ubiquitin-like modifier) and Nedd8 (neuronal-precursor-cell-expressed developmentally 

downregulated protein-8), are associated with broader cellular functions311,312. Some degree of 

functional interaction has been established between the ubiquitin system and the SUMO and 

Nedd8 pathways313: these small molecules may be able to either mimic/substitute for ubiquitin, or 

competitively inhibit ubiquitination at specific lysines313. The involvement of sumoylation or 

neddylation in hERG quality control can be explored using the HBH-tagged hERG constructs 

described in Chapter 2. HBH-tagged hERG constructs can be purified under denaturing conditions 

and sumoylation/ neddylation can be assayed through immunoblotting or ELISA as described in 
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this thesis. In addition, novel post-translational modifications may be identified by mass-

spectrometry314 (Table 2). 

 

i) SUMO (small ubiquitin-like modifier) 

The SUMO family comprises 4 isoforms (SUMO1-4)311. Despite overall structural similarity with 

Ub, SUMO has distinct surface charge distributions and interacts with distinct SUMO interacting 

motifs (SIMs)315. While sumoylation has been well-established to be involved in nuclear processes 

such as transcriptional regulation and DNA damage repair311,  its role outside of the nucleus 

remains relatively unexplored. There is limited evidence that SUMO is involved in general protein 

quality control. Protein folding stress such as heat-shock or proteasome inhibition results in 

accumulation of sumoylated proteins in the cytosol316. In addition, SUMO1 is conjugated to 

several misfolded protein aggregates such as misfolded Tau (associated with Alzheimer’s 

disease)317 and α-synuclein (associated with Parkinson’s disease)317. Sumoylation of misfolded 

cytosolic proteins is associated with enhanced solubility and reduction in aggregation 

propensity318-320 and SUMO-protein fusion is an established technique for enhancing recombinant 

expression of difficult proteins321. At the cell-surface, SUMO1 triggers signal-mediated 

endocytosis of GluK2 channels322 and β-arrestin323. The possible involvement of SUMO in PM 

QC represents an intriguing possibility requiring further research. Interestingly, sumoylation has 

been shown to regulate the function of several ion channels including Kv1.5 (negative shift of 

voltage-dependence of inactivation)324, K2P leak channel (reduced conductance)325 and Kv2.1 

(positive shift of voltage-dependent activation)326. 
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ii) Nedd8 

Unlike SUMO, the Nedd8 pathway share considerable overlap with that of Ub. For example, 

mixed Nedd8/Ub chains have been described (although limited evidence for Ub-SUMO chains 

exists)327 and it has been shown to interact with many Ub interacting proteins including the 

proteasome and endocytic adaptor proteins328,329. The best characterized cellular function of 

neddylation is the activation and regulation of Cullin-based E3 ligases, which represent the largest 

Ub E3 family in eukaryotic cells330. Intriguingly, it was recently demonstrated that conjugation of 

Nedd8 triggers signal-mediated endocytosis and lysosomal degradation of EGFR329. EGFR 

neddylation utilizes components of the ubiquitination conjugation machinery including the Ub E1-

activating enzyme and the Ub E3-ligase Cbl, in addition to Ub binding endocytic clathrin adaptors 

(Eps15) and ESCRT components (STAM)329. The crosstalk between the Nedd8 and Ub pathways 

was further established in a report showing that increasing the free cellular Nedd8:ubiquitin ratio 

resulted in ‘atypical’ conjugation of Nedd8 via components of the canonical Ub conjugation 

machinery331. The extent to which neddylation functionally interacts with or potentially substitutes 

for ubiquitin in cellular proteostasis remains to be established.  

4.4d: Lysosomal targeting by interacting partners 

Chaperone proteins such as Hsp/Hsc70 and Hsp90 are involved in the ubiquitin-dependent QC of 

misfolded PM substrates including mutant variants of CFTR240 and severely-misfolded hERG 

models130, where they serve as adaptors to recruit ubiquitin machinery. Their role in Ub-

independent quality control of PAS-mutant hERG remains unexplored. It is possible that 

chaperone binding may recruit novel QC machinery, possibly in a manner similar to chaperone-

mediated autophagy216,306. In addition, it is possible that PAS-mutant hERG are preferentially 

bound and regulated by novel chaperone-independent lysosomal-targeted partners. Chaperone 
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binding to PAS-mutant hERG and their involvement in quality control may be assayed using 

pharmacological inhibitors (ex. Geldanamycin [Hsp90]185 and Pifithrin-μ [Hsp70]332) or siRNA-

mediated knockdown as previously described240. Alternatively, hERG-protein complexes may be 

isolated from the cell-surface using via affinity-purification of HBH-tagged hERG constructs as 

described in Chapter 2 in conjunction with subcellular fractionation to isolate the PM pool. Binding 

partners can then be identified by immunoblotting for known candidates or mass-spectrometry333 

(Table 2).  

4.4e: Clathrin-independent internalization 

Clathrin-mediated internalization via Ub-binding clathrin adaptors (ex. Epsin and 

Eps15/15R)254,255 has been presumed to be the primary route for endocytosis of misfolded PM 

proteins255. However, there is a growing body of work suggesting that misfolded hERG is 

internalized via clathrin-independent pathways. Previous reports show that conformational 

destabilization of WT-hERG via extracellular K+-depletion or treatment with a cholesterol 

lowering drug (Probucol) promotes translocation to lipid rafts and subsequent caveolin-dependent 

internalization115,131. In Chapter 2, we show that PAS-mutant hERG are internalized by a clathrin-

independent mechanism (Figure 4E) consistent with caveolin-dependent internalization. We 

speculated in the discussion that lipid rafts could potentially ‘quarantine’ misfolded and 

aggregation-prone proteins, which are subsequently internalized by caveolae. Ubiquitination can 

act as a signal for recruitment to lipid rafts334 and may underlie the Ub-dependent degradation of 

WT-hERG following extracellular K+-depletion335. Whether a ubiquitin-independent recruitment 

mechanism acts on misfolded PAS-mutant hERG remains unknown. Steady-state expression of 

WT-hERG may be regulated by constitutive endocytosis via an Arf6-dependent mechanism336. 

Whether a similar pathway regulates misfolded cargoes remains unknown. 



194 
 

The internalization of hERG can be studied by pharmacological or genetic ablation of endocytic 

machinery. For example, caveoli-mediated endocytosis can be inhibited by genetic ablation of 

Caveolin-1255, or depletion of membrane cholesterol by drugs such as Nystatin and Filipin255. 

Dynamin can also be targeted by established small-molecule inhibitors such as Dynasore337 and a 

recently-described specific inhibitor Dyngo4a338. Colocalization of hERG with potential 

internalization and endocytic sorting machinery can be assessed using immuno-colocalization. 

This strategy was used in conjunction with FLCM in Chapters 2 and 3 to evaluate colocalization 

of a post-endocytic hERG pool with Lamp1-positive lysosomal compartments. These studies can 

be expanded to include additional organellar markers such as clathrin339, dynamin339, Caveolin-

1340, CD63341 and Rab-GTPases342. In addition, probing internalized mutant hERG colocalization 

in tandem with established Ub-dependent/independent cargos (ex. transferrin receptor343, GPI-

anchored fusion proteins344) and the relevant early endosomal sorting machinery (e.g. ESCRT 

components) may help the elucidate the post-endocytic sorting machinery of mutant hERGs. 

Finally, the mutant and WT-hERG endocytic machinery may also be visualized by electron 

microscopy345. These strategies for future morphological and functional investigation are 

summarized in Table 2.   
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4.5: Future directions: Combination therapy for LQT2 

In Chapter 3, we identify two compounds, Anagrelide and DCEBIO, which enhance the PM-

expression of misfolded hERG variants without affecting channel function. The clinical rescue 

efficacy of Anagrelide and DCEBIO will likely depend on several factors which have yet to be 

explored in detail: 

1) It is evident that functional rescue will depend on the severity of the mutation. In our HeLa 

expression system, DCEBIO and Anagrelide fully restored PM-expression of R56Q hERG 

from ~60% to ~100% of WT-levels but could only increase the expression of G601S from 

~10% to ~25%.  

2) The extent to which our observed rescue of hERG expression in a HeLa cell line translates 

into ventricular cardiac myocytes remains unknown.  

3) The genetic factors influencing protein quality control remain relatively unexplored. It is 

likely that the loss-of-expression produced by a particular mutation varies from patient-to-

patient. 

4) In addition, the genetic factors influencing the rescuer efficacy of DCEBIO and Anagrelide 

are unknown. 

5) The threshold of hERG functional restoration required to reduce arrhythmogenic risk 

remains to be clearly defined and is likely subject to individual variation1,61.      

Other reports have described several allosteric hERG ‘activators’ which potentiate hERG 

function138. We speculate in the discussion of Chapter 3 that combination therapy of expression 

‘rescuers’ and functional ‘activators’ could be beneficial- particularly in the case of mutations with 

combined folding/expression and gating defects. Here, I will expand on the idea and propose 

further experiments to probe the functional interaction between these two classes of drugs. In 
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particular, I would like to establish dose response curves for rescuers in the presence of allosteric 

activators and vice versa, at both the biochemical and functional level. As discussed in Chapter 3, 

caution must be exercised and the functional interaction between these drugs must be characterized 

for a large panel of hERG mutants. This was recently exemplified in the case of combination 

activator/rescuer therapy for cystic fibrosis.  Recent findings suggested that chronic treatment with 

potentiator (VX-770) can destabilize mutant CFTR and attenuated the efficacy of the folding 

corrector (VX-809)346. This adverse interaction was noted for some disease-associated mutants but 

was absent in others346, highlighting the need for through investigation.  

In addition, excessive hERG function carries its own cardiac risks. Gain-of-function mutations in 

the hERG gene are associated with short-QT syndrome (SQTS), which also causes an increased 

risk of cardiac arrhythmia and sudden death347-349. Consequently, the therapeutic range of hERG 

functional correction between treatment of LQT and onset of SQT may be relatively narrow350.  

Given the above complications, I feel that advances in personalized medicine facilitating accurate 

prediction of hERG rescue efficacy is as important to the treatment of LQT2 as the development 

of small molecule rescuers and activators. Future work should focus on the development of cardiac 

myocyte cultures differentiated from patient derived iPSC as a model to validate primary findings 

in more easily accessible model systems. Several studies have been published using patient-

derived iPSC models for LQT2. In most cases, the mutant hERG functional phenotype was 

successfully recapitulated as evaluated by patch-clamp electrophysiology and microelectrode 

array recordings351-353. Recently, Sala et al. (2016) demonstrated pharmacological correction of 

the LQT2 electrical defect in patient-derived iPSCs using a hERG functional activator139. We hope 

that the development of validated patient-derived iPSC cardiac myocyte systems will allow for the 

development of rescuer/activator combination therapy for LQT2.   
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Table 2: Potential Ub-independent QC machinery and investigational strategies 

Summary of potential Ub-independent proteostasis mechanisms and potential strategies for 

investigating their role in PAS-mutant hERG QC. See text for details. 

Mechanism Examples Potential strategies 

Linear sorting 
motifs 

➢ Tyrosine/dileucine  
➢ ALIX-interacting  
➢ KFERQ motif 

➢ Site-directed mutagenesis 

Aggregation ➢ NA ➢ Immunofluorescence microscopy 
➢ Fluorescence-recovery after photobleaching 

(FRAP) 
➢ Ab-induced crosslinking of WT-hERG 
➢ Aggregation of recombinant PAS domain 

Post-translational 
modification 

➢ SUMO 
➢ Nedd8 

➢ Affinity-isolation of HBH-hERG under 
denaturing conditions 
o Antibody-based detection of SUMO and 

Nedd8 (immunoblotting/ELISA) 
o Identification of novel modifications by 

mass spectrometry 

Protein interaction 
partners 

➢ Chaperones 
(Hsp70/Hsp90) 

➢ Pharmacological inhibition of Hsp70/Hsp90 
(Geldanamycin, pifithrin-μ) 

➢ siRNA knockdown of Hsp70/Hsp90 
➢ Affinity-isolation of HBH-tagged hERG 

protein complexes 
o Probe candidates by immunoblotting 
o Identification of novel interaction 

partners by mass spectrometry 

Clathrin-
independent 
endocytosis 

➢ Arf6-dependent 
➢ Caveolin/lipid rafts 

➢ Pharmacological inhibition of caveolin 
(cholesterol depletion) and dynamin 
(dynasore, dyngo4a) 

➢ siRNA ablation of Caveolin-1 
➢ Immunocolocalization (confocal microscopy) 
➢ Electron microscopy 
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4.6: General methodological considerations 

 4.6a: Choice of loading control for immunoblot assays 

The immunoblot assays shown in this thesis used calnexin (CNX) and Grp78 as loading controls. 

This may seem like an unusual choice, given that calnexin is involved in hERG biosynthetic 

maturation292. Furthermore, overexpression of trafficking-defective hERG mutants is associated 

with induction of the unfolded protein response (UPR) which in turn can alter the abundance of 

both calnexin354 and Grp78355. The decision to use these markers was justified using the following 

lines of reasoning:  

1) The apparent molecular mass of calnexin (~90kDa) and Grp78 (~80kDa) makes them ideal 

loading controls for hERG (~135 – 155kDa). Commonly used loading controls such as GAPDH, 

actin or tubulin are significantly lighter (~35 – 50kDa) and do not allow for satisfactory separation 

of the immature and mature hERG bands. The α-subunit of the Na+/K+-ATPase is another common 

loading control; however, its molecular mass (~110kDa) is too close to that of hERG.  

2) Although overexpression of hERG mutants is associated with induction of UPR, previous 

studies have failed to observe an increase in calnexin abundance296,356. Consistent with these 

findings, we find only a minor increase in calnexin expression upon PAS-mutant hERG 

overexpression (<25%, data not shown). 

3) The loading control is shown here to demonstrate that roughly equivalent amount of cellular 

protein was loaded into each well, and as an indicator of overall loading consistency. Since the 

detected hERG signal was not normalized to the loading control abundance (Chapters 2 and 3, 

Methods and Materials), minor fluctuations in calnexin or Grp78 abundance caused by hERG 

overexpression is of little consequence.  
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4.6b: Normalization of hERG expression to mRNA abundance 

HeLa cell lines stably expressing hERG were generated by lentiviral transduction. Each cell line 

consisted of a large number (usually >100) of pooled clones in order to minimize confounding 

effects due to viral integration into the host genome. The average level of hERG expression for 

each cell line can vary due to a number of factors including: quality of virus preparation, 

transduction and integration efficiency, and positional effect on hERG transcription357. Indeed, 

hERG mRNA content between the different PAS-mutant hERG expressing cell lines was found to 

vary by up to 3-fold as determined by rtPCR (Appendix 2 Figure 8).  

In order to account for the variable transcript levels, hERG steady-state expression at the PM and 

post-Golgi compartments (assessed by ELISA and immunoblotting, respectively) was routinely 

normalized to the hERG mRNA level as assessed by rtPCR. I acknowledge that the correlation 

between hERG mRNA abundance and protein expression is not completely understood. On one 

hand, we found a linear correlation between hERG PM-expression and transcript levels (controlled 

via a TetON tetracycline-inducible expression system) within a limited range of doxycycline 

concentrations (0 – 250ng/µl, data not shown). On the other hand, we demonstrate that a 2-fold 

increase in hERG mRNA content associated with overnight treatment with DCEBIO or Anagrelide 

did not increase the overall abundance of hERG protein (Chapter 3, figure 6). Additionally, 

induction of TetON hERG expression using doxycycline concentrations in excess of  250ng/µl 

resulted in minimal additional hERG PM expression (data not shown), although this could also be 

due to saturation of the tetracycline-responsive promoter elements358. 

A comparison of the PAS-mutant hERG expression phenotype with and without normalization for 

mRNA content is shown in Appendix 2, Figure 1. While the normalization does alter the apparent 

expression of some mutants such as C64Y, the relative tendency of the loss-of-expression 



200 
 

phenotype of individual hERG PAS-mutants remains intact. Furthermore, the work presented in 

this thesis focuses on characterizing the cellular processing phenotype of the various PAS-mutant 

hERGs, as well as the underlying molecular machinery and pharmacological correction by 

DCEBIO and Anagrelide. We do not expect variation in hERG mRNA transcript levels between 

our stable cell lines to alter these observations. Given these two arguments, I believe that the 

decision to normalize for mRNA content has minimal or no impact on the overall conclusions 

drawn from this work.  

4.6c: Choice of mammalian expression systems 

This study used a number of different mammalian cell lines including HeLa, HEK and COS-7. 

Our early work on hERG quality control (Apaja, Foo et al, 2013130, Appendix A1) was done on 

HEK cells stably expressing hERG via lentiviral transduction. These cells displayed robust 

expression of hERG and were suitable for immunoblot analysis. However, it was found that HEK 

cells lacked sufficient adherence for cell-surface ELISA assays and thus we switched to a stably-

expressing HeLa cell line. Most of the work presented in this thesis was done using these cells. It 

was found that COS-7 cells could be transfected with greater efficiencies than either HeLa or HEK 

cells (data not shown). Consequently, COS-7 cells were employed for experiments involving 

transient overexpression (ex. Chapter 2 Figure 6, Chapter 3 Figure 2). 
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A1.1: Preface 

In addition to the two manuscripts presented in the Results section of this thesis, data generated 

during this PhD was incorporated into a manuscript which has contributed significantly to our 

background understanding of the quality control of misfolded hERG at peripheral cellular 

compartments including the plasma membrane. The work from this paper is discussed 

extensively in the General Introduction of this thesis (Section 1.6b) has been included here. 

This manuscript, on which I am the second author, was published in Molecular Biology of the Cell 

(December 2013, Vol. 24, No. 24). The original manuscript is reproduced here with permission 

from the copyright holder (The American Society for Cell Biology) under the terms of the Creative 

Commons noncommercial share alike unported license (3.0). Some figures have been resized to 

fit within the page margins of this document. The formatting of the manuscript text, in-text 

citations and reference list is original and has not been altered to match the rest of the thesis.  

Article is available online: https://doi.org/10.1091/mbc.e13-07-0417 
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A1.2: Author contributions 

All data generated by P. Apaja unless otherwise noted.  

B. Foo generated the data show in the following panels: Figure 1A, E-G; Figure 2A; Figure 3; 

Figure 4C-D; Figure 5H; Figure 6B; Figure 7A; Figure 9A; Supplemental Fig. 1C; Supplemental 

Fig. 2C,D,F. 

R. Atanasiu generated data shown in Figure 2B  

C.W. Valinsky generated data in Supplemental Fig. 2A-B 

H. Barriere and T. Okiyoneda assisted in the development of experimental protocols and creation 

of expression constructs used in this study 

Hemagglutinin (HA)-tagged hERG constructs were created and characterized by the research lab 

of E. Ficker.   

Manuscript text prepared jointly by B. Foo and P. Apaja and was reviewed by A. Shrier and G.L. 

Lukacs. All work was performed under supervision from Dr. Gergely L. Lukacs and Dr. Alvin 

Shrier.  

Dr. Alvin Shrier and Dr. Gergely L. Lukacs contributed equally to this work 

 

This work is dedicated to the memory of Dr. Eckhard Ficker, who passed away before 

submission of the manuscript.   
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A1.3: Abstract 

Membrane trafficking in concert with the peripheral quality control machinery plays a critical role 

in preserving plasma membrane (PM) protein homeostasis. Unfortunately, the peripheral quality 

control may also dispose of partially or transiently unfolded polypeptides and thereby contribute 

to the loss-of-expression phenotype of conformational diseases. Defective functional PM 

expression of the human ether-a-go-go–related gene (hERG) K+ channel leads to the prolongation 

of the ventricular action potential that causes long QT syndrome 2 (LQT2), with increased 

propensity for arrhythmia and sudden cardiac arrest. LQT2 syndrome is attributed to channel 

biosynthetic processing defects due to mutation, drug-induced misfolding, or direct channel 

blockade. Here we provide evidence that a peripheral quality control mechanism can contribute to 

development of the LQT2 syndrome. We show that PM hERG structural and metabolic stability 

is compromised by the reduction of extracellular or intracellular K+ concentration. Cardiac 

glycoside–induced intracellular K+ depletion conformationally impairs the complex-glycosylated 

channel, which provokes chaperone- and C-terminal Hsp70-interacting protein (CHIP)–dependent 

polyubiquitination, accelerated internalization, and endosomal sorting complex required for 

transport–dependent lysosomal degradation. A similar mechanism contributes to the down-

regulation of PM hERG harboring LQT2 missense mutations, with incomplete secretion defect. 

These results suggest that PM quality control plays a determining role in the loss-of-expression 

phenotype of hERG in certain hereditary and acquired LTQ2 syndromes. 
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A1.4: Introduction 

The human ether-a-go-go–related gene (hERG) encodes the α subunit of the Kv11.1 channel, 

which is responsible for the rapidly activating delayed rectifier potassium current (IKr). IKr plays a 

key role in the terminal phase of the repolarization of the cardiac ventricular action potential 

(Sanguinetti et al., 1995). Reduction of hERG function delays ventricular repolarization and 

increases the duration of the cardiac action potential. The consequence is a prolongation of the QT 

interval on the electrocardiogram and associated long QT type 2 (LQT2) syndrome, which 

increases the propensity for torsades de pointes arrhythmia and sudden cardiac arrest (Keating and 

Sanguinetti, 2001; Sanguinetti and Tristani-Firouzi, 2006). Inherited LQT2 is caused by mutations 

in the hERG gene, whereas the acquired form of LTQ2 is the result of off-target drug effects. 

The hERG K+ channel is a tetrameric complex, with each subunit consisting of a cytoplasmic N-

terminal (Per-Arnt-Sim [PAS]), a C-terminal (cyclic nucleotide homology binding) domain, and a 

transmembrane region that forms the voltage sensor and ion-conducting pore, including the 

selectivity filter (Vandenberg et al., 2012). Channel biosynthetic maturation, which is assisted by 

molecular chaperones (e.g., Hsp70/Hsc70, DJA1, DJA2, and Hsp90), can be compromised to 

variable extents by several LQT2-associated missense mutations (Ficker et al., 

2003; Anderson et al., 2006; Walker et al., 2010). Mutations within the PAS domain can cause 

partial processing defects and reach the plasma membrane (PM); these are metabolically unstable 

by an unknown mechanism (Ke et al., 2013). 

Drug-induced LQT2 is frequently caused by impaired biosynthesis and/or functional blockade of 

hERG (Ficker et al., 2004; Kuryshev et al., 2005) and can be provoked by many compounds, 

including arsenic trioxide (Ficker et al., 2004), the antiprotozoal agent pentamidine (Cordes et al., 
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2005; Kuryshev et al., 2005), the cholesterol-lowering compound probucol (Guo et al., 2007), the 

antidepressant Fluoxetine (Prozac), and the antifungal drug Ketoconazole (Wible et al., 

2005; Rajamaniet al., 2006; Takemasa et al., 2008). Cardiac glycosides, a family of Na+/K+-

ATPase inhibitors commonly used in the treatment of congestive heart failure and cardiac 

arrhythmia, have been shown to decrease cytoplasmic [K+] ([K+]cy), which compromises hERG 

conformational maturation at the ER without influencing its tetramerization (Hauptman and Kelly, 

1999; Gheorghiade and Lukas, 2004; Wang et al., 2007). Of note, reducing the extracellular 

K+ concentration ([K+]ex) provokes the accelerated internalization and lysosomal degradation of 

wild-type (wt) hERG (Guo et al., 2009), which is attributed to hERG monoubiquitination at the 

PM (Guo et al., 2009; Sun et al., 2011). 

Structural destabilization of PM proteins can signal their removal in both yeast and higher 

eukaryotes. According to prevailing models, a network of molecular chaperones or adaptor 

proteins can recognize the conformational defect and mediate the recruitment of a subset of E3 

ubiquitin ligases (e.g., Rsp5 and C-terminal Hsp70-interacting protein [CHIP]; Okiyoneda et al., 

2011; MacGurn et al., 2012; Keener and Babst, 2013). Subsequent polyubiquitination or multiple 

monoubiquitination by the peripheral quality control (QC) machinery serves as efficient 

internalization and lysosomal sorting signal for the handful of physiological substrates (e.g., 

mutant cystic fibrosis transmembrane conductance regulator [CFTR] and G-protein coupled 

receptors [GPCR]), which can either constitutively or after rescue reach the PM in higher 

eukaryotes (Apaja et al., 2010; Okiyoneda et al., 2010; MacGurn et al., 2012). 

In the present study we test whether conformational destabilization of hERG by cytosolic or 

extracellular K+ depletion or genetic mutations can serve as a signal for recognition and accelerated 
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degradation by the peripheral QC. We demonstrate that both K+ depletion and selected LQT2 

associated mutations compromise hERG structural stability at the PM. This in turn results in 

polyubiquitination and multiple monoubiquitination of hERG by a CHIP-dependent mechanism, 

which leads to metabolic destabilization via accelerated internalization and endosomal sorting 

complex required for transport (ESCRT)–dependent lysosomal degradation. These results identify 

hERG with either an acquired or inherited conformational defect as a previously unrecognized 

substrate for the peripheral QC machinery, contributing to the pathogenesis of the LQT2 

syndrome. 

A1.5: Results 

Cardiac glycosides destabilize the hERG channel at the plasma membrane 

Cardiac glycoside–induced acquired LQT2 has been attributed to a biosynthetic maturation defect 

of newly translated hERG at the endoplasmic reticulum (ER) ostensibly due to [K+]cy depletion 

(Wang et al., 2007). On the basis of sequence conservation between hERG and KcsA selectivity 

filter (SF), the collapsed SF crystal structure of KcsA in low K+, and enthalpic stabilization of 

KcsA by K+ (Zhou and MacKinnon, 2003; Krishnan et al., 2005; Lockless et al., 2007), we 

postulated that K+ ions may be critical in the structural and metabolic stabilization of the mature 

hERG in post-ER compartments, including the PM. 

HeLa cells heterologously expressing hERG channels bearing a hemagglutinin (HA) tag in the 

first extracellular loop (S1–S2; Ficker et al., 2003) were exposed to cardiac glycosides (Ouabain, 

digoxin, or digitoxin) at therapeutic plasma concentration (5–20 nM) for 24 h (Beller et al., 1971). 

Glycoside treatment at concentrations >15 nM decreased the mature, complex-glycosylated 

(Figure 1, A and B) and PM-resident hERG pools (Figure 1C) >50% as determined by 
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immunoblotting and cell-surface enzyme-linked immunosorbent assay (ELISA), respectively. The 

steady-state reduction of the PM hERG density can be at least partly attributed to the accelerated 

channel turnover, as measured by PM ELISA after 24 h of glycoside treatment (Figure 1D). Cell-

surface hERG was detected by anti-HA antibody (Ab) and horseradish peroxidase (HRP)–

conjugated secondary Ab in the presence of Amplex Red. Thus therapeutic doses of glycosides 

may contribute to down-regulation of hERG by accelerating the channel turnover at the PM. 

Atomic adsorption spectroscopy measurements showed that treatment of HeLa cells with 10 nM 

Ouabain, digoxin, or digitoxin for 24 h led to 50, 45, and 60% loss of [K+]cy, respectively (Figure 

1E, left). 

To model the consequence of therapeutic doses of glycosides on cellular K+ loss and hERG 

trafficking, we exposed cells to pharmacological doses of glycosides. Exposure to 300 nM ouabain 

reduced [K+]cy by 50% after 1 h and 90% after 3 h (Figure 1E, right) as a result of Na+/K+-ATPase 

inhibition and depolarization-induced K+ efflux. Cell viability remained >80% during both acute 

and long-term glycoside treatment (Supplemental Figure S1A and unpublished data). In contrast 

to the glycoside effect, extracellular hypokalemia (0.1 mM [K+]ex) led to a loss of [K+]cy that was 

three times slower (Figure 1E, right). 

Ouabain or digoxin (300 nM) profoundly accelerated the disappearance of complex-glycosylated 

hERG (∼155 kDa), with a half-life (t1/2) of ∼3 h, in contrast to the slow diminution induced by the 

translational inhibitor cycloheximide (Figure 1, F and G). Similar results were obtained in 

H9C2i rat cardiac myocytes heterologously expressing hERG under the control of a tetracycline-

inducible transactivator (Figure 1F). These observations support the notion that glycoside-induced 

down-regulation of PM hERG contributes to the expression defect in post-ER compartments, an 



230 
 

inference confirmed by the following observations. 1) The rapid PM removal of hERG was 

confirmed by indirect immunostaining and cell surface biotinylation in conjunction with 

immunoblotting (Figure 2, A and B). 2) The PM turnover of hERG was accelerated threefold upon 

ouabain or digoxin treatment in HeLa (t1/2 ≈ 3 h) and H9C2i (t1/2 ≈ 1 h) cells as compared with 

untreated cells (t1/2 ≈ 9 and 3 h, respectively; Figure 2C). 3) Neither the stability (Figure 2D) nor 

the cellular or cell surface expression of other PM proteins (CFTR, Sharma et al., 2004; 

megalencephalic leukoencephalopathy with subcortical cysts 1 [MLC1], Duarri et al., 2008; 

vasopressin 2 receptor [V2R] and dopamine D4 receptor [DRD4], Apaja et al., 2010) was 

influenced by ouabain (Figure 2D and Supplemental Figure S1, B and C). 4) Mutations at or near 

the SF (e.g., F627Y and S641A) that conferred partial resistance to the cardiac glycoside–induced 

ER processing defect of hERG (Wang et al., 2009) also desensitized hERG at the PM. Whereas 

F627Y and S641A decreased steady-state PM hERG expression (Figure 2E) and accelerated 

channel turnover (t1/2 ≈ 5.2 h), ouabain or digoxin failed to further increase the mutant turnover as 

compared with that of the wild type (t1/2 ≈ 3.9 h; Figure 2F). Collectively these results suggest that 

the SF mutations can partially rescue the low [K+]cy–induced SF collapse and global destabilization 

of hERG. 

Conformational stabilization of the mature hERG K+-channel by cytosolic K+ 

To directly evaluate whether K+ can influence the conformational stability of hERG, we examined 

channel protease susceptibility as a function of [K+]. We isolated microsomes containing hERG 

by differential centrifugation from HeLa cells, yielding predominantly inside-out PM and right-

side-out ER and endocytic vesicles (unpublished data). Because the isolation was performed in 
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nominally K+-free sucrose medium, the luminal or extracellular compartment of PM vesicles was 

assumed to be K+-free. 

The protease susceptibility of the mature hERG was determined by increasing chymotrypsin or 

trypsin concentrations in the presence of 75 mM KCl (high K+) or N-methyl-d-glucamine 

(NMDG)-Cl with quantitative immunoblotting. To clamp the microsome's lumen at the 

extravesicular [K+], we performed the protease digestion in the presence of a K+-ionophore 

(valinomycin) and protonophore (carbonyl cyanide m-chlorophenylhydrazone [CCCP]). The 

protease susceptibility was estimated by the protease concentration that was required for 50% 

elimination of the mature hERG (EC50%). At high [K+] the trypsin and chymotrypsin resistance of 

the complex-glycosylated hERG was increased by ∼30- and ∼3-fold, respectively, relative to that 

observed in NMDG-Cl medium (Figure 3, A and B). Several additional observations support the 

notion that K+ binding to the mature hERG accounts for the channel conformational stabilization. 

1) Nonspecific effects of ion substitution were ruled out by maintaining the osmolality and ionic 

strength in the low- and high-K+ buffers. 2) Similar differences were observed qualitatively with 

both chymotrypsin and trypsin digestion, ruling out the possibility that the exposure of a single 

cleavage site accounts for the distinct protease resistance in the presence of K+ (Figure 3, A and 

B). The limited cleavage specificity of chymotrypsin relative to trypsin probably explains the 

attenuated difference in the observed EC50% values for chymotrypsin in low and high K+. 3) The 

SF mutations (F627Y and S641A) enhanced the channel protease resistance to K+ depletion 

(Figure 3C). 4) Other cations known to interact with the hERG selectivity filter (Rb+, Cs+, and 

Ba2+; Krishnan et al., 2005) rendered protease resistance to the complex-glycosylated hERG 

(Figure 3E). In contrast, Na+ ions, which are unable to bind the SF, failed to stabilize hERG. 
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The following observation suggests that not only the extravesicular, but also the luminal [K+] 

contributes to the channel stabilization. Maintaining low [K+] in the luminal (equivalent to the 

extracellular) compartment by omitting valinomycin and CCCP during proteolysis reduced 

the EC50% of the mature hERG from ∼50 to 7 μg/ml in high-potassium medium (Figure 3, B and 

D). Further reduction of EC50% to 1 μg/ml was observed when the digestion was performed in the 

NMDG-Cl medium, regardless of the presence of ionophores (Figure 3, B and D). These 

observations provide direct evidence that both [K+]cy and [K+]ex can modulate mature hERG 

conformational stability. 

Accelerated internalization, lysosomal targeting, and impaired recycling contribute to 

glycoside-induced hERG removal from the PM 

The PM density of hERG is modulated by the kinetics of internalization, recycling, and lysosomal 

degradation. We assessed the effect of glycosides on each of these vesicular trafficking steps. 

Ouabain or digoxin treatment (300 nM for 1.5 h) accelerated hERG internalization by greater than 

twofold in HeLa and H9C2i cells, as determined by anti-HA Ab uptake assay (Figure 4A). Cardiac 

glycosides decreased the channel recycling efficiency from early endosomes back to the PM by 

∼40% (Figure 4B). Recycling of internalized anti–HA-hERG complex was measured with ELISA 

after blocking the residual cell-surface anti-HA Ab with monovalent Fab secondary Ab as 

described in Materials and Methods. 

Quantitative immunocolocalization showed that endocytosed anti-HA Ab–labeled hERG 

colocalized with dextran-labeled lysosomes in ouabain-treated cells after 4-h chase (Figure 4C; 

Manders’ coefficient 56 ± 0.05 vs. control 29 ± 0.04%, n = 25). Similarly, hERG colocalized with 

lysosomes and was largely excluded from early endosomes in ouabain-treated H9C2i cardiac 
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myocytes stained with Lamp1 and EEA1 Abs, respectively (unpublished data and Supplemental 

Figure 1D). Dissipating the endolysosomal pH gradient with NH4Cl and bafilomycin A1 (Baf) or 

inhibition of cathepsins with leupeptin and pepstatin partially prevented ouabain-induced hERG 

degradation (Figure 4D). These observations suggest that lysosomal proteolysis is responsible, at 

least in part, for rapid degradation of complex-glycosylated hERG upon exposure to glycosides. 

To confirm that the destabilized channel is preferentially targeted to lysosomes, we determined the 

endolysosomal transfer kinetics of internalized hERG. PM-resident hERG channels were labeled 

with anti-HA Ab and the pH-sensitive, fluorescein isothiocyanate (FITC)–conjugated secondary 

Fab fragment on ice. After synchronized internalization at 37°C, the pH of hERG-containing 

vesicles (pHv) was determined by single-cell fluorescence ratiometric image analysis (FRIA) as a 

function of chase at 37°C (1–4 h; Barriere et al., 2011). In untreated cells, hERG was largely 

confined to early endocytic compartments, displaying a mean pHv of 6.6–6.8 after a 2.5-h chase 

(Figure 4, E and F), consistent with the immunocolocalization results. Ouabain or digoxin, 

however, redistributed the channels into more acidic compartments, as indicated by the reduced 

mean pHv to 6–6.1 and 5.3–5.1 after a 1.5- and 4-h chase, respectively (Figure 4, E and F). The 

endolysosomal trafficking of hERG was similarly altered by glycosides in H9C2i cardiac myocytes 

(Figure 4F, right). H9C2i cells had a slightly lower pHv of 6.1 in recycling endosomes, as 

determined by FITC-transferrin and FRIA (Supplemental Figure S1F). Jointly these results show 

that the combination of accelerated internalization and lysosomal delivery, as well as impeded 

recycling, is responsible for the glycoside-induced down-regulation of the PM hERG. 
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Mutations associated with inherited LQT2 destabilize hERG at the plasma membrane 

Having established the possible role of the peripheral QC in glycoside-induced hERG PM down-

regulation from the PM, we asked whether a similar mechanism might contribute to the loss-of-

expression phenotype of G601S and F805C hERG mutants identified in inherited LQT2 syndrome 

(Furutani et al., 1999; Delisle et al., 2003). Under steady-state conditions, these mutants are 

preferentially retained at the ER in HeLa and H9C2i cells. Modest expression of complex-

glycosylated and PM G601S hERG was detectable by immunoblotting and ELISA, respectively 

at 37°C (Figure 5, A and B). The mutant PM density was increased by twofold to threefold at 

reduced temperature (26°C for 48 h) in both HeLa and H9C2i cells (Figure 5, A and B). 

The temperature-rescued (r) G601S and F805C channels were functional, as determined by whole-

cell patch-clamp electrophysiology (Supplemental Figure S2, A and B). On returning to 

physiological temperatures (37°C), the rG601S and rF805C hERG were rapidly removed from the 

PM, as monitored by cell surface ELISA (Figure 5C) and immunofluorescence (Supplemental 

Figure S2C) in HeLa cells. These results were replicated in a HL-1 mouse cardiac myocyte 

transient expression system (Supplemental Figure S2E). Both mutations impaired hERG endocytic 

recycling (Figure 5D). The internalized mutants had profoundly accelerated lysosomal transfer 

kinetics as compared with their wild-type (wt) counterpart. This was shown by immunostaining 

(Supplemental Figure S2F) and FRIA in H9C2i and HL-1 cardiac myocytes (Figure 5, E–G), as 

well as in HeLa cells (Supplemental Figure S3, A–D). 

The temperature-rescued, complex-glycosylated G601S channels were more than fivefold more 

susceptible to trypsinolysis than their wt counterpart (Figure 5H), supporting the notion that 
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conformational destabilization likely contributes to accelerated PM turnover, lysosomal 

degradation, and loss-of-function phenotype of a subset of LQT2 mutations. 

Conformational destabilization provokes hERG polyubiquitination at the PM 

We next examined the involvement of ubiquitin (Ub) conjugation in the clearance of 

conformationally destabilized PM hERG. Postendocytic targeting of rG601S and rF805C hERG 

was determined after thermal inactivation of the temperature-sensitive E1 Ub-activating enzyme 

in ts20 cells (Ciechanover et al., 1991; Glozman et al., 2009; Apaja et al., 2010). Exposing ts20, 

but not E36 cells harboring the wt E1, to nonpermissive temperature rerouted the mutants to early 

endosomes and impeded lysosomal delivery as determined by FRIA (Supplemental Figure S4, A 

and B). E1 enzyme inactivation and lysosomal delivery of nonubiquitinated cargoes at 

nonpermissive temperature have been documented (Apaja et al., 2010), implying that the activity 

of the ubiquitination machinery is indispensable for lysosomal targeting of PM mutant hERG 

channels. 

To determine the extent of ubiquitination and Ub-chain configuration, we isolated G601S hERG 

by denaturing immunoprecipitation. On the basis of the partially preserved biosynthetic processing 

and peripheral instability of the mature G601S in HeLa and H9C2i cells, we suppressed lysosomal 

targeting and proteolysis of the endocytosed mutant with Baf. Baf considerably enhanced G601S 

ubiquitination, as well as K48- and K63-linked Ub-chain conjugation, detected by Abs recognizing 

mono- and poly-Ub (P4D1) or the K48- and K63-linked Ub chains, respectively (Figure 6A). The 

marginal steady-state ubiquitination at 37°C suggests that Ub adducts of neither the immature nor 

the mature G601S hERG accumulate at detectable levels in the absence of Baf (Figure 6A). Baf 

inhibition of G601S hERG lysosomal targeting from the PM was confirmed by anti-HA Ab capture 
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in live HeLa cells for 3 h, followed by indirect immunofluorescence (Figure 6B). Baf prevented 

G601S colocalization with Lamp1 and promoted channel accumulation at the PM (Figure 6B). 

For comparison, we also determined the ubiquitination of the F805C hERG, which exhibits more 

severe ER retention and diminished PM expression than G601S hERG. Whereas Baf promoted 

F805C hERG ubiquitination (Figure 6C and Supplemental Figure S4C, lanes 1 and 2), this was 

blunted by inhibiting ER-to-Golgi vesicular transport with brefeldin A (Figure 6C, lanes 3 and 4). 

Owing to limited ER processing, the subcellular redistribution of F805C hERG from lysosomes to 

the PM was modest but detectable (Figure 6B). These observations, with the lack of mutant 

accumulation at the ER upon Baf exposure (Supplemental Figure S4D), imply that Baf primarily 

interferes with lysosomal proteolysis of the rapidly turning over complex-glycosylated channels 

that escaped the ER QC. Jointly these results are consistent with the inference that mutant hERG 

channels preferentially undergo K63- and K48-linked polyubiquitination in post-Golgi 

compartments, although multiple monoubiquitination cannot be ruled out. 

Next, we assessed the ubiquitination of hERG upon ouabain-induced conformational 

destabilization. hERG ubiquitination was normalized for the amount of immunoprecipitated 

complex-glycosylated channel, measured by anti-HA immunoblotting. The modest ubiquitination 

of wt hERG was increased in the presence of Baf or ouabain by 5- and 15-fold, respectively (Figure 

7A, lanes 1–3). Baf further augmented the ouabain-induced ubiquitination by twofold, consistent 

with the notion that ouabain-induced conformational destabilization also provokes mature hERG 

ubiquitination in post-ER compartments (Figure 7A, lane 4). Baf also enhanced the accumulation 

of poly-Ub adducts of F805C hERG in ouabain-treated cells, a phenomenon that was suppressed 

by brefeldin A (Figure 6C, lanes 5–8), in accord with the post-ER origin of ubiquitination. 
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Extracellular hypokalemia elicits hERG polyubiquitination 

Extracellular hypokalemia acutely inactivates hERG, followed by the channel 

monoubiquitination-dependent removal from the PM, which is completed in 6 h (Guo et al., 2009). 

Because long-term extracellular hypokalemia may lead to intracellular K+ depletion (Figure 1E), 

we limited [K+]cy depletion by applying extracellular hypokalemia (0.1 mM) for 40 min before 

measuring ubiquitination. This approach elicited only 25 and 20% reductions in the cellular 

K+ content and hERG PM density, respectively (Figures 1E and 7B) while increasing the 

internalization rate by twofold (Figure 7C). Low [K+]ex induced hERG polyubiquitination, as 

indicated by immunoblotting with the K48- or K63-linked Ub-chain–specific and P4D1 Abs 

(Figure 7D, lanes 1 and 3). Ubiquitination of hERG under low [K+]ex is augmented in the presence 

of Baf, supporting the observation that extracellular hypokalemia downregulates hERG via 

lysosomal proteolysis (Guo et al., 2009; Massaeli et al., 2010a; Sun et al., 2011). No major effect 

was observed on F805C under the same conditions (Figure 7D, lanes 5–8). These observations, 

together with the enhanced protease susceptibility of hERG upon luminal K+ depletion (Figure 

3D), suggest that K+ contributes to the channel structural stabilization both at the extracellular and 

cytosolic sites. 

CHIP- and ESCRT-dependent disposal of non-native hERG from cell surface 

CHIP is a chaperone-dependent quality control E3 Ub ligase that has been implicated in the 

ubiquitination of nonnative membrane proteins at both the ER and the PM (Meacham et al., 

2001; Apaja et al., 2010; Okiyoneda et al., 2010; Walkeret al., 2010). The involvement of CHIP 

in hERG quality control was assessed using lentiviral short hairpin RNA (shRNA)–mediated 

knockdown in HeLa cells, which was verified by immunoblotting (Supplemental Figure S5A). 
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CHIP ablation increased the abundance of mature G601S and F805C hERG in post-ER and PM 

compartments (Figure 8A and Supplemental Figure S5B). This was at least partly due to decreased 

internalization (Figure 8, B and C) and rerouting of mutants from lysosomes to early endosomes 

and multivesicular bodies (MVBs) during a 4-h chase (Figure 8, D and E). Thus both impeded 

internalization and delayed lysosomal degradation account for the mutant stabilization in shCHIP-

treated cells. 

CHIP ablation partially suppressed ouabain- or digoxin-induced hERG disposal from the PM 

(Figure 8F). Of importance, neither the K30A CHIP mutant, which is unable to bind Hsc70/Hsp90, 

nor catalytically inactive H260Q CHIP overexpression could restore rapid internalization and PM 

turnover of the ouabain-treated hERG in HeLa cells depleted of endogenous CHIP by shCHIP 

(Figure 8, G–I). This result supports the notion that chaperones are required for CHIP-mediated 

down-regulation of hERG upon glycoside-induced misfolding at the PM, a substrate recognition 

mechanism demonstrated for multiple QC substrates of CHIP (Connell et al., 

2001; Meacham et al., 2001). The CHIP ablation effect could be attributed to CHIP-dependent 

ubiquitination of hERG, since siCHIP reduced ouabain-induced polyubiquitination of wt-hERG 

(Figure 9A, lanes 3 and 6, and Supplemental Figure S5D). A similar effect was observed on K48- 

and K63-linked Ub-chain conjugation to G601S hERG (Figure 9B, lanes 1, 2, 5, and 6, and 

Supplemental Figure S5E), suggesting that CHIP is partly responsible for hERG down-regulation 

in the presence of mutations or cardiac glycosides. Ablation of the neural precursor cell–expressed 

developmentally down-regulated protein 4 long isoform (Nedd4-2) E3 ligase, which associates 

with the C-terminal PY motif of hERG (Albesa et al., 2011), failed to counteract the metabolic 

instability in the presence of glycosides or hERG mutations (Supplemental Figure S5, C and F, 

and unpublished data). Furthermore, broad-specificity inhibitors of protein kinase A (PKA) or 
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protein kinase C (PKC) failed to stimulate hERG down-regulation in the presence or absence of 

ouabain (unpublished data), suggesting that glycoside-induced down-regulation of hERG is 

independent of PKA- and PKC-dependent phosphorylation. 

If ubiquitination serves as a sorting signal for nonnative hERG disposal from the PM via lysosomal 

proteolysis, it is reasonable to assume that Ub-binding constituents of the ESCRT machinery are 

critical in targeting the channel into MVB/lysosomes (Apaja et al., 2010; Henne et al., 2011). This 

possibility was tested by measuring the lysosomal transport kinetics of conformationally 

destabilized hERG in cells with ablated ESCRT0 (Hrs and Stam) or ESCRTI (Tsg101) 

components. Both mutant hERGs and the glycoside-treated wt hERG remained associated with 

early/recycling endosomes, as indicated by their pHv of 6.3–6.4 in ESCRT0 or I–depleted cells 

(Figure 10, A–C). Hrs, Stam1, or Tsg101 ablation profoundly attenuated the rapid PM removal of 

wt hERG in ouabain- or digoxin-treated cells (Figure 10D). shRNA treatment, however, had no 

influence on the lysosomal delivery of FITC-labeled CD63/Lamp2 or dextran (Figure 10B, right). 

Collectively these results indicate that both intracellular K+ depletion and LQT2 mutations 

enhance the ubiquitination of mature hERGs in a CHIP-dependent manner, a prerequisite for 

nonnative channel ESCRT-dependent lysosomal delivery (Figure 10D). 

 

A1.6: Discussion 

Here we propose that structurally defective hERG represents a newly identified substrate of the 

peripheral QC machinery, thereby contributing to the hERG loss-of-expression phenotype at the 

PM and the pathogenesis of a subset of LQT2 syndromes. 
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Accelerated removal of mutant hERG from the PM contributes to the expression defect in a 

subset of inherited LQT2 syndrome 

More than 60% of ∼200 LTQ2-associated missense mutations interfere with conformational 

maturation of hERG channels (Anderson et al., 2006). Depending on the severity of the folding 

defect and the engagement of multiple ER QC mechanisms (Brodsky and Skach, 2011), newly 

synthesized membrane proteins can be completely or partially retained at the ER (Haardtet al., 

1999; Arvan et al., 2002; Glozman et al., 2009; Apaja et al., 2010). Whereas F805C hERG ER 

maturation efficiency and PM turnover are compromised (Figure 5), the G601S (Figure 6) and 

other missense mutations in the PAS domain (e.g., R56Q, C64Y, T65P; Harley et al., 

2012; Ke et al., 2013) more efficiently escape from the ER QC and are expressed at the PM. It is 

plausible that destabilization of the PAS domain renders the PAS mutants conformationally 

defective and they become susceptible to CHIP-dependent ubiquitination similar that to G601S 

and F805C hERG, underlying the significance of the peripheral QC in the pathogenesis of inherited 

LQT2 syndrome. 

Conformational destabilization of hERG by intracellular or extracellular hypokalemia leads 

to acquired LQT2 phenotype 

[K+]cy depletion caused by cardiac glycosides was postulated to impair the conformational 

maturation of newly translated hERG (Wang et al., 2009). Here we extend the paradigm of cardiac 

glycoside action and show that [K+]cy depletion can conformationally and metabolically 

destabilize mature hERG at the PM and post-Golgi compartments (Figures 2 and 3). 
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Of note, [K+]ex is also required to maintain hERG in a structurally and functionally native state. 

Extracellular hypokalemia induces loss of channel activity with t1/2 ≈ 1 min from the PM, which 

is recovered with t1/2 ≈ 20 min at 5 mM [K+]ex (Massaeliet al., 2010a). Long-term hypokalemia, 

however, triggers channel irreversible loss by metabolic down-regulation with t1/2 ≈ 3 h 

(Sanguinetti et al., 1995; Guo et al., 2009; Massaeli et al., 2010b), a process that is initiated ∼40 

min after the onset of hypokalemia (Figure 7, B and C). Given the similar metabolic fate, enhanced 

endocytosis, and ubiquitination of complex-glycosylated hERG upon [K+]ex or [K+]cy depletion, 

we propose that both [K+]cy and [K+]ex play permissive and synergistic roles in structural 

stabilization of mature hERG at the PM, a conclusion supported by the decreasing protease 

resistance of complex-glycosylated hERG in microsomes upon [K+] depletion of the luminal and 

the extravesicular compartment (Figure 3). Furthermore, cations that interact specifically with 

hERG SF, but not Na+, prevent K+ depletion–induced PM down-regulation (Massaeli et al., 

2010a) and conformation destabilization (Figure 3). 

Previous work showed that the SF of KcsA, a prototypical K+ channel, adopts a collapsed 

conformation upon loss of K+ binding, probably due to enthalpic destabilization of the SF 

(Lockless et al., 2007). A similar mechanism may prevail for the hERG SF, with significant 

sequence homology to that of the KcsA (Zhou and MacKinnon, 2003). In support of this 

conjecture, mutations (e.g., F627Y) within or in the vicinity of the SF desensitize hERG PM 

metabolic and structural destabilization in response to either intracellular or extracellular 

K+ depletion (Figures 2 and 3; Wang et al., 2009; Massaeli et al., 2010a). 

How the K+-depleted SF conformation differs from the C-type inactivated state (which is believed 

to involve SF closure) remains to be established. hERG inactivation involves multiple 
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transmembrane and cytosolic domains, suggesting that the SF is conformationally coupled to the 

rest of the channel (Wang et al., 2011; Gustina and Trudeau, 2013). One possible scenario is that, 

at reduced [K+], extended residence in the inactivated state allows allosteric unfolding of multiple 

hERG domains (Figure 10E). 

Several drugs have been identified to cause LQT2 syndrome by disrupting hERG biosynthetic 

trafficking rather than blocking channel conductance, presumably by imposing either a 

thermodynamic or a kinetic defect in the folding pathway (Denniset al., 2007, 2011, 2012). A 

more complex mechanism of action was identified for the antidepressant desipramine, causing 

both ER retention and polyubiquitination-dependent rapid lysosomal degradation of the channel 

from the PM (Dennis et al., 2011). Thus desipramine, similar to a variety of other drugs, may 

introduce a conformational defect in hERG that is recognized by the peripheral QC machinery. 

The role of CHIP in misfolded hERG ubiquitination at the PM 

Here we identified CHIP as an E3 ubiquitin ligase involved in the regulation of nonnative hERG 

at the PM. CHIP recruitment to nonnative hERG is probably mediated via Hsc/Hsp70/Hsp90 

binding to exposed hydrophobic residues that are otherwise buried in the native channel, similar 

to that described for other misfolded ER, cytosolic, and PM polypeptides (Cyr et al., 

2002; Apaja et al., 2010; Okiyoneda et al., 2010). This conclusion is supported by the observation 

that disruption of Hsp70/Hsp90 binding to CHIP prevented CHIP-mediated down-regulation of 

hERG from the PM. Although the Nedd4-2 E3 ligase had no discernible role in hERG QC at the 

PM (Supplemental Figure S5 and unpublished data), Nedd4-2 appears to be involved in second-

messenger–mediated regulation of hERG PM density by associating with the C-terminal PY motif 

(Henkeet al., 2004; Maier et al., 2006; Boehmer et al., 2008; Lamothe and Zhang, 2013). 
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It is intriguing that monoubiquitination was implicated in the extracellular hypokalemia-induced 

down-regulation of PM hERG (Sun et al., 2011). In contrast, we show that hERG becomes 

susceptible to K48- and K63-linked polyubiquitination, although multiple monoubiquitination and 

other Ub-chain configurations cannot be ruled out. The documented CHIP-dependent 

polyubiquitination of hERG, regardless of whether structural destabilization was attained by 

missense mutations or extracellular/intracellular K+ depletion, suggests that the conformational 

defect recognized by the QC converges onto to the cytosolic domains. 

In light of the different cellular expression systems used, we can only speculate about the 

underlying cause of the monoubiquitination of hERG upon low [K+]ex exposure (Sun et al., 2011). 

Whereas we used a direct immunodetection method of hERG ubiquitination with three validated 

poly-Ub–specific antibodies after denaturing precipitation, the conclusion of Sun et al. (2011) was 

primarily based on channel turnover measurements in cells overexpressing the Lys-less Ub in order 

to prevent substrate polyubiquitination. Because even a limited initial incorporation of endogenous 

Ub would permit Ub-chain elongation and clearance of hERG, one explanation is that 

polyubiquitination of hERG was only partially inhibited. This possibility is in line with incomplete 

suppression of β-cateinin polyubiquitination by Lys-less Ub overexpression, as shown in Figure 

2B-c in Sun et al. (2011). 

K48- and K63-linked linear and forked poyubiquitination is a hallmark of CHIP activity 

(Kim et al., 2007) and is in line with the reported polyubiquitination pattern of destabilized hERG 

upon K+ depletion (Figure 8) or desipramine treatment (Denniset al., 2011). Accumulating 

evidence indicates that efficient endolysosomal sorting of membrane cargoes requires K63-linked 

polyubiquitination to increase the avidity of endocytic Ub-binding adaptors binding to cargo 
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(Barriere et al., 2006; Hawryluket al., 2006; Boname et al., 2010; Ren and Hurley, 2010). Partial 

inhibition of both polyubiquitination and down-regulation of PM hERG by siCHIP may be 

accounted for by the redundancy of E3 ligases in the PM QC, as observed for multiple cellular QC 

machineries (Arvan et al., 2002; Brodsky and Skach, 2011; Okiyoneda et al., 2011), and warrants 

further investigation to identify possible therapeutic targets in conformational diseases. 

 

A1.7 Tables and Figures 

Tables and figures begin on following page 
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Figure 1. Intracellular potassium depletion decreases mature hERG half-life  

Figure legend on following page 
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Figure 1. Intracellular potassium depletion decreases mature hERG half-life  

(A) HeLa cells expressing hERG were treated for 24 h with cardiac glycosides and analyzed by 

immunoblotting for total hERG expression. Solid arrow, complex-glycosylated hERG; empty 

arrow, core-glycosylated hERG. (B) Glycosylation state of wt hERG in HeLa cell lysate after 

EndoH or PNGaseF digestion (3 h at 30°C) assessed with immunoblotting. (C, D) PM density and 

turnover of hERG determined by cell-surface (cs)-ELISA after 24-h treatment with the indicated 

glycoside. Data are expressed as percentage of initial hERG density. Data are means ± SEM, n ≥ 

3 independent experiments, each performed in triplicate. (E) Intracellular K+ content of wt hERG-

expressing HeLa cells after incubation with ouabain or K+-free (0.1 mM K+) media measured 

with flame emission spectroscopy. (F) Turnover of hERG in HeLa cells (top and middle) and 

H9C2i cardiac myocytes (bottom) in the presence of 150 μg/ml cycloheximide or 300 μM ouabain 

as indicated. Calnexin (cal) was used as loading control. (G) Densitometry of complex-

glycosylated hERG turnover based on immunoblots as shown in F. The reduction of intracellular 

K+ content is also plotted during 300 nM ouabain exposure. dig, digoxin; oua, ouabain. 
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Figure 2. Intracellular potassium depletion destabilizes hERG at the PM 

Figure legend on following page 
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Figure 2. Intracellular potassium depletion destabilizes hERG at the PM 

(A) Indirect immunostaining of PM hERG in ouabain-treated HeLa (top; bar, 10 μm) and H9C2i 

cells (bottom; bar, 15 μm) by epifluorescence microscopy. Cell-surface hERG was labeled with 

anti-HA Ab on ice and chased for 0, 3, or 4.5 h at 37°C, fixed, and stained without 

permeabilization. (B) Cell-surface proteins were labeled with sulfo-NHS-SS-biotin after the 

indicated ouabain treatment and isolated on NeutrAvidin–agarose beads. Biotinylated hERG was 

detected using anti-HA Ab. Neither the core-glycosylated, ER-resident hERG nor tubulin was 

accessible to biotinylation. Bottom, densitometric analysis of biotinylated and total hERG pool 

turnover. Data are means ± SEM, n ≥ 3. (C) PM turnover of hERG in HeLa (left) and H9C2i (right) 

cells determined by cs-ELISA in the presence of 300 nM glycosides. (D) Stability of CFTR, 

MLC1, V2R, and DRD4.4 determined by cs-ELISA after 3.5 h 300 nM ouabain treatment. (E) 

Cellular and PM expression of wt, F627Y, and S641A hERG measured by immunoblotting and 

cs-ELISA. (F) PM stability of wt, S627Y, and S641A hERG determined by cs-ELISA. Dashed 

line, t1/2 of PM hERG stability in ouabain-treated HeLa cells. dig, digoxin; oua, ouabain. Data are 

means ± SEM, n = 3. 
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Figure 3. Potassium depletion increases hERG protease susceptibility 

Figure legend on following page 
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Figure 3. Potassium depletion increases hERG protease susceptibility  

(A) hERG conformational stability probed with limited proteolysis in concert with 

immunoblotting using isolated microsomes from HeLa cells. Microsomes were incubated with 

increasing concentration of chymotrypsin (top) or trypsin (bottom) for 10 min at 35ºC in either 75 

mM KCl- or 75 mM NMDG-Cl–based medium. Solid arrow, complex glycosylated mature hERG 

(155 kDa); empty arrow, core-glycosylated hERG. Use of 10 μM valinomycin (val) and 10 μM 

CCCP facilitated equilibration of luminal [K+] with that of the medium (see insert in B). The HA-

epitope tag is extracellular and located luminally in microsomes. (B) Quantitative densitometry of 

the remaining complex-glycosylated hERG as a function of protease concentration on A. (C) 

Protease resistance of wt and mutant hERG as a function of [K+]. Limited proteolysis in medium 

with the indicated K+ concentration (balance to 300mOsm with NMDG) and 50μg/ml trypsin 

performed as in A. Densitometric analysis of the mature hERG protease resistance was determined 

on immunoblots (right). (D) Protease susceptibility of hERG at low luminal [K+]. Limited 

proteolysis was performed as in A but in the absence of ionophores to preserve the low intraluminal 

[K+]. Quantification of the mature hERG remaining (bottom). (E) Trypsin (50 μg/ml) digestion 

was done as in A using either K+ or other cations that bind to the selectivity filter (SF). Na+ served 

as a negative control. val, valinomycin. 
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Figure 4. Glycosides-induced lysosomal targeting of hERG from the cell surface 

Figure legend on following page 
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Figure 4. Glycosides-induced lysosomal targeting of hERG from the cell surface 

(A) Internalization of hERG in HeLa (top) and H9C2i (bottom) cells was monitored by the Ab 

uptake assay at 37ºC after 1.5-h ouabain or digoxin treatment and measured by cs-ELISA as 

described in Materials and Methods. (B) The recycling efficiency of internalized and anti-HA–

labeled hERG was determined by a cs-ELISA as described in Materials and Methods and 

expressed as percentage of endocytosed hERG. (C) hERG is targeted to lysosomes and colocalizes 

with dextran (Dx) in ouabain-treated cells. Indirect immunostaining of internalized hERG by laser 

confocal microscopy was visualized in HeLa cells (bar, 10 μm). Cell-surface hERG was labeled 

with anti-HA Ab on ice and chased at 37°C in the presence or absence of 300 nM ouabain in Ab-

free medium. Texas red–conjugated dextran (50 μg/ml) was loaded overnight and chased for 4 h. 

Manders’ coefficient for hERG colocalization with dextran was 0.56 ± 0.08 in ouabain and 0.29 ± 

0.04 in untreated cells (n = 25). (D) Immunoblot analysis of hERG degradation after treatment 

with cycloheximide and 300 nM ouabain in the absence or presence of lysosomal inhibitors 

bafilomycin A1 (Baf), NH4Cl (NH), and/or leupeptin/ pepstatin (L/P) for 3 h. Calnexin (cal) 

served as a loading control, and quantification of mature hERG (solid arrow) is shown in bar graph. 

(E, F) Histogram (E) and mean pHv of internalized hERG-containing endocytic vesicles, 

determined by FRIA in HeLa cells. Anti-HA Ab and FITC-Fab were bound on ice, and FRIA was 

performed after 1- to 4-h chase in the presence or absence of ouabain or digoxin at 37ºC. pH are 

means ± SEM. The graph shows the vesicular pH at each chase point (F). 
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Figure 5. LQT2 mutations of hERG are unstable at the PM 

Figure legend on following page 
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Figure 5. LQT2 mutations of hERG are unstable at the PM 

(A) Immunoblot analysis of wt, F805C, and G601S hERG expression at 37ºC and after 26ºC rescue 

for 48 h (top). PM density of hERG was determined by cs-ELISA as described in Materials and 

Methods (bottom). (B) Same as in A, but in H9C2i cells. (C) Stability of rescued (r) hERG was 

determined at 37ºC by cs-ELISA. Rescued channels were unfolded (37°C, 2 h) before cell-surface 

stability measurements. (D) Recycling efficiency was determined as described in Materials and 

Methods and expressed as percentage of internalized hERG. The mutants were temperature 

rescued (r) and unfolded before recycling measurement as in C. (E–G) The luminal pH of vesicles 

containing rescued and internalized hERG after unfolding (37ºC, 2 h) determined in HeLa (E), 

H9C2i(F), and HL-1 cardiac myocytes (G) by FRIA as described in Materials and Methods. Anti-

HA Ab and FITC-Fab were internalized for 1 h at 37ºC, and FRIA was performed after chase at 

37ºC. (H) Limited trypsinolysis of wt and G601S hERG analyzed by immunoblotting. G601S 

hERG was rescued at 26ºC and then unfolded (37ºC, 2 h) before microsome isolation. 

Densitometric quantification represents three independent experiments (bottom). 
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Figure 6. Mutant hERG are ubiquitinated at PM and post-Golgi compartments 

Figure legend on next page  
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Figure 6. Mutant hERG are ubiquitinated at PM and post-Golgi compartments 

(A) Ubiquitination of G601S hERG was measured by denaturing immunoprecipitation and 

immunoblotting (IB) using the P4D1 or K63- or K48-linked chain–specific anti-Ub Abs. Cells 

were treated with Baf and cycloheximide for 3 h at the indicated temperature. (B) Indirect 

immunostaining and laser confocal microscopy shows PM accumulation of mutant hERG upon 

lysosomal inhibition. The PM hERG was labeled on ice with anti-HA Ab and chased for 3 h in the 

presence or absence of Baf. Cells were then fixed and permeabilized, and lysosomes were 

counterstained for Lamp1. Bar, 10 μm. (C) Ubiquitination of F805C hERG monitored as in A. 

ER-to-Golgi transport was inhibited with brefeldin A (4 h). 

  



257 
 

 

Figure 7. Intracellular and extracellular potassium depletion provokes poly-ubiquitination 

of mature hERG 

Figure legend on following page 
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Figure 7. Intracellular and extracellular potassium depletion provokes poly-ubiquitination 

of mature hERG 

(A) Ubiquitination of wt and F805C hERG in ouabain-treated cells measured as in Figure 6A. 

Cells were incubated with 300 nM ouabain and 200 nM Baf for 4.5 h. The densitometric ubiquitin 

signal was normalized to the hERG in the precipitates as detected by anti-HA immunoblotting 

(right). Data are means ± SEM, n = 3, *p < 0.05. (B) The PM stability of wt hERG in full medium 

(5 mM [K+]ex) or 0.1 mM [K+]ex as determined by cs-ELISA. (C) Internalization rate of wt 

hERG in HeLa cells incubated in 300 nM ouabain, 0.1 mM [K+]ex, or complete medium for the 

indicated time determined using cs-ELISA. (D) Effect on 0.1 mM and 5 mM [K+]ex in the absence 

or presence of Baf on wt and F805C ubiquitination determined after 40-min incubation, as in A. 
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Figure 8. Role of CHIP in the ubiquitin-dependent peripheral destabilization of hERG 

channel 

Figure legend on following page 
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Figure 8. Role of CHIP in the ubiquitin-dependent peripheral destabilization of hERG 

channel 

(A, B) The wt, G601S, and F805C hERG PM density (A) and stability (B) determined after 4-h 

chase in shCHIP cells by cs-ELISA. (C) Internalization rate of hERG was monitored at 37ºC. 

Internalization was determined by Ab uptake in shCHIP cells for 5 min. (D) Representative results 

of pHv histogram of G601S hERG-containing vesicles in shCHIP or shNT HeLa cells after 4-h 

chase. The mean pHv of the individual components of multiple Gaussian distribution is indicated 

from a total of 433 vesicles. (E) Mean pHv of wt, G601S, and F805C hERG in shNT and shCHIP-

depleted cells measured after anti-HA Ab and FITC-Fab internalization for 1 h and chased for 2 

or 4 h. hERG-expressing cells were rescued at 26ºC and then unfolded (37ºC, 2 h) before Ab 

labeling. (F) The wt hERG disappearance kinetics from the PM in shCHIP and shNT HeLa cells 

treated with ouabain or digoxin. hERG PM density was determined by cs-ELISA. (G, H) PM 

turnover of hERG was measured as in F, but shCHIP-expressing HeLa cells were overexpressed 

with wt, K30A (incapable of chaperone binding), or H260Q (catalytically inactive) myc-CHIP 

variant. (I) Immunoblotting of cells depicted in G and H using anti-HA and anti-CHIP Abs for 

detecting hERG, endogenous (gray arrow), and myc-CHIP (black arrow), respectively. Calnexin 

(cal) was used as loading control. 
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Figure 9. Ubiquitin-dependent peripheral removal of hERG channel 

(A, B) Effect of siCHIP on ouabain-induced ubiquitination of wt (A) and G601S hERG (B). 

Denaturing immunoprecipitation and Ub detection were performed as in Figure 6A. In G the 

densitometric analysis of ubiquitination at molecular weight >150 kDa was normalized to 

complex-glycosylated hERG. Data are means ± SEM, n = 3, *p < 0.05. dig; digoxin; oua; ouabain. 
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Figure 10. ESCRT 0-I is required for nonnative hERG degradation from the PM  

Figure legend on following page 
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Figure 10. ESCRT 0-I is required for nonnative hERG degradation from the PM  

(A) Representative pHv histograms of internalized wt and G601S hERG containing vesicles after 

4-h chase in shNT and shStam1 cells determined with FRIA. hERG was rescued at 26ºC and then 

unfolded (37ºC, 2 h). Anti-HA Ab and FITC-Fab were internalized for 1 h at 37ºC before the chase 

in Ab-free medium. (B) The mean vesicular pH of hERG-containing compartments was 

determined after 4-h chase in cells depleted for Tsg101, Hrs, and Stam1 (left). The lysosomal 

targeting of CD63/LAMP2 and dextran was not influenced by shESCRTs (right). (C) The mean 

pHv of internalized wt hERG-containing compartment after ouabain or digoxin treatment for 3.5 

h in HeLa cells depleted for Tsg101, Hrs, and Stam1. (D) Cell-surface stability of hERG in 

ouabain- or digoxin-treated shESCRT cells determined with cs-ELISA after 3.5-h chase. (E) 

Schematic model of hERG gating cycles and the effect of K+ depletion on hERG conformation. 

Significance was calculated against NT or treated shNT. Data are means ± SEM, n ≥ 3; *p ≤ 0.05 

and **p ≤ 0.01. 
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A1.8: Materials and methods 

Plasmids and transfection 

The wt, G601S, and F805C hERG expression constructs have been described previously 

(Walker et al., 2007, 2010). The selectivity filter mutations F627Y and S641A were engineered 

by overlapping PCR and inserted as a BsteII-SbfI fragment. All hERG constructs contain an HA 

tag in the first extracellular loop that does not interfere with processing and function 

(Akhavan et al., 2003). Myc-CHIP constructs have been described previously (Apaja et al., 2010). 

HeLa and HEK cells constitutively expressing hERG variants were generated by lentiviral 

transduction using the pTZV4-CMV-IRES-puro (Open Biosystems, Pittsburgh, PA) plasmid, and 

selection was maintained in 1 μg/ml puromycin. Lentivirus was produced as described previously 

(Apaja et al., 2010). The parental H9C2 rat cardiac myocyte cell line containing the Tet-On 

transactivator (H9C2i) was generated using the Lenti-X Tet-On Advanced Inducible Expression 

System (Clontech, Carlsbad, CA). Highly inducible clonal cell populations were selected after 

fluorescence-activated cell sorting of the doxycycline-treated and transiently transfected cells with 

inducible pcDNA5-GFP. For generating inducible hERG (hERGi), H9C2i cells were transduced 

with the pLVX-Tight-Puro (Clontech) vector encoding the hERG variants, and mixtures of clones 

were selected in the presence of 1 μg/ml puromycin and 300 μg/ml G418. Lentiviruses for 

encoding the transactivator and hERGs were produced using the Lenti-X HT Packaging System 

(Clontech) in HEK293T cells according to the manufacturer's instructions. Transgene expression 

was induced in the presence of doxycycline (0.5 μg/ml; Sigma-Aldrich, Oakville, Canada) for 48 

h at 37°C. Transient transfection of HeLa or H9C2 cells was carried out using Lipofectamine 2000 
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(Life Technologies, Carlsbad, CA) 48 h before analysis. Cells were cultured in DMEM containing 

10% fetal bovine serum and antibiotics to maintain selection pressure. 

RNA interference 

Doxycycline-inducible (pTRIPZ) lentivirus vectors encoding shRNAmir-adapted shRNA specific 

for CHIP (V2THS_208833), Stam (V2THS_172428), Hrs (V2THS_36954), and Tsg101 

(V3THS_305572) or nontargeted variant (NT; ATCTCGCTTGGGCGAGAGTAAG) were 

obtained from Thermo Scientific, Open Biosystems. Lentiviruses were produced and HeLa cells 

were infected as described Apaja et al. (2010). The knockdown efficiency of target protein was 

determined by immunoblotting. Small interfering RNA (siRNA) SMARTpools to human CHIP 

(NM_005861) and NEDD-4-2 (NEDD4L, NM_015277) and nontarget siRNA 

(UAGCGACUAAACACAUCAA, D-001210-01) were purchased from Thermo Scientific 

Dharmacon (Rockford, IL). HeLa cells were transfected with 50 nM siRNA using Oligofectamine 

(Invitrogen). When indicated, hERG channels were temperature rescued at 26°C for 24 h. 

Electrophysiology 

The hERG current (IhERG) was recorded with an Axopatch 200B amplifier (Axon Instruments, 

Sunnyvale, CA) coupled with a CV 203BU headstage in the whole-cell patch clamp mode. To 

ensure adequate voltage control, a minimum of 80% series resistance compensation was required 

along with an access resistance <10MΩ. Command pulses were generated by a Digidata 1440A 

controlled by pClamp 10.2 software (Axon Instruments). Depolarizing steps (7 s) were imposed 

from a −80mV holding potential in increments of 10mV up +70mV, followed by a step back to 

−50mV (2 s), which provoked the tail currents. Subsequently, the membrane was clamped back to 



266 
 

−80mV holding potential for 1 s before the next depolarizing step. Data were acquired at 20 kHz 

and was low-pass filtered at 2 kHz. Nonlinear curve fitting was performed using Clampfit 10.2 to 

determine peak tail current amplitudes. All current values were normalized to cellular capacitance 

(picofarads). 

Borosilicate glass pipettes (Warner Instruments, Hamden, CT) were prepared with a 

microprocessor-controlled, multistage puller (P97; Sutter Instruments, Novato, CA) to produce tip 

resistance of 2–4MΩ when filled with 135 mM KCl, 5 mM ethylene glycol tetraacetic acid, 1mM 

MgCl2, and 10mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.2 with 

KOH; 300mOsm. Cells were plated in the perfusion chamber of an inverted microscope (Zeiss 

Axiovert S100TV) and perfused using a gravity-based flow system (1–2 ml/min) containing 

Tyrode's solution (135mM NaCl, 5mM KCl, 1mM CaCl2, 1mM MgCl, 10mM HEPES, 10mM 

glucose; pH 7.4 with NaOH; 300mOsm). All experiments were performed at room temperature. 

Cell surface density, internalization, and metabolic stability measurements of hERG at the 

cell surface and endocytic pathway 

Cell-surface density, internalization, and stability were monitored by taking advantage of the 

extracellular HA epitope of hERG, using cell-surface ELISA–based methodologies as described 

earlier (Apaja et al., 2010). Briefly, the extracellular HA epitope was labeled with mouse 

monoclonal anti-HA Ab (1:1000 dilution; Covance, Canada) and detected with horseradish 

peroxidase (HRP)–conjugated secondary Ab (Amersham Biosciences, Canada) in conjunction 

with Amplex Red fluorogenic substrate (Life Technologies) The fluorescence signal was measured 

from quadruplicate samples using a POLARstar OPTIMA (BMG Labtech, Germany) or a Tecan 

Infinite M1000 (Tecan Group, Switzerland) fluorescence plate reader with 544-nm excitation and 
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590-nm emission. Mock-transfected cells served to determine nonspecific Ab binding. hERG 

internalization and stability were calculated from the loss of the initially labeled hERG PM pool 

after a chase period of 5 min to 4 h, respectively, and expressed as percentage of the initial hERG 

density. 

Recycling assay 

hERG recycling assay was based on the detection of exocytosis of the internalized Ab-hERG 

complex. Anti-HA Ab detection was performed as described for the cell-surface density assay. 

Anti-HA Ab (1:1000, cl11; Covance)–hERG complex was internalized for 20 min at 37°C. hERG-

Ab complexes remaining at the PM were blocked with mouse monovalent F(ab′)2fragments 

(1:100; Jackson ImmunoResearch Laboratories, West Grove, PA) on ice. Recycling was activated 

for 10–20 min at 37°C. Exocytosed Ab-hERG complexes were measured by cell-surface ELISA. 

Nonspecific Ab background, as well as the residual signal derived after F(ab′)2 blocking, was taken 

into account when calculating hERG recycling efficiency, expressed as percentage of the 

endocytosed pool. 

Immunoprecipitation and protein analyses 

For immunoblotting, cells expressing hERG were solubilized in Triton X-100 lysis buffer (1% 

Triton X-100, 25 mM Tris-Cl, 150mM NaCl, pH 8.0, 10μM MG132 [Cayman Chemical, Ann 

Arbor, MI] containing 20μM PR-619 [Lifesensors, Malvern, PA], 10μg/ml pepstatin + leupeptin, 

1mM phenylmethylsulfonyl fluoride, and 5mM N-ethylmaleimide) on ice. Treatment with 

cycloheximide (150μg/ml; Sigma-Aldrich), ouabain, and digoxin (300nM if not otherwise 

indicated; Sigma-Aldrich) was carried out in full medium at 37°C. Lysosomal trafficking was 
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inhibited by adding Baf (200nM; LC Laboratories, Woburn, MA) or 10mM NH4Cl for 4 h at 37°C 

or with 10μM leupeptin/pepstatin for 16 h at 37°C. 

To measure hERG ubiquitination, HeLa cells were lysed, and proteins were denatured with 1% 

(wt/vol) SDS for 5 min. After 10-fold dilution of the denaturating lysis buffer, hERG was 

precipitated with polyclonal anti-hERG Ab (1:200, C-terminus epitope; Millipore [Billerica, MA] 

or Alomone Laboratories [Israel]) on protein G–agarose or Dynabeads (Life Technologies). The 

precipitates were probed for hERG and ubiquitin using monoclonal anti-HA, P4D1 anti-ubiquitin 

(Santa Cruz Biotechnology, Dallas, TX), Apu2 (K48 Ub-chain specific), or Apu3 (K63 Ub-chain 

specific) Abs (Millipore), respectively. 

Biotinylation of cell-surface proteins was performed on HeLa cell monolayer by incubating with 

1 mg/ml NHS-SS-biotin (Pierce Chemicals, Dallas, TX) for 20 min on ice. The reaction was 

quenched by washing three times with buffer (20mM Tris and 120mM NaCl, pH 7.4). After cell 

lysis, biotinylated proteins were bound to streptavidin–agarose beads (Pierce Chemicals), and 

precipitates were immunoblotted with mouse anti-HA (cl 11; Covance) to detect hERG. 

Densitometric analysis of hERG and its ubiquitination were performed using ImageJ 1.44p 

software (National Institutes of Health, Bethesda, MD) with background correction for each lane. 

Deglycosylation of wt hERG lysates with PNGase F and Endo H was performed as previously 

described (Akhavan et al., 2003; Glozman et al., 2009). 

Limited proteolysis of hERG 

Microsomes were prepared from hERG-expressing HeLa cells by nitrogen cavitation, followed by 

differential centrifugation, and were subjected to limited proteolysis, as described previously 



269 
 

(Du et al., 2005). Briefly, microsomes were resuspended in either high-K+ (75 mM KCl, 10 mM 

HEPES, pH 7.4) or K+-free buffer (75 mM NMDG, 10 mM HEPES, pH 7.4) and digested with the 

indicated concentration of tosyl phenylalanyl chloromethyl ketone–treated trypsin (Worthington, 

Lakewood, NJ) or tosyllysine chloromethylketone–treated chymotrypsin (Sigma-Aldrich) for 10 

min at 37°C. Where indicated, the luminal K+concentration was clamped to 75 mM with 10 μM 

valinomycin and 10 μM CCCP. 

Flame photometry 

To determine the cellular K+ content, HeLa cells expressing wt-hERG were washed three times 

with K+-free NMDG buffer (150 mM NMDG, 20 mM HEPES, pH 7.4) and solubilized with K+-

free lysis buffer (1% Triton X-100, 150 mM NMDG, 25 mM Tris-HCl, pH 8.0) for 10 min on ice. 

Cellular debris was removed with centrifugation (15,000 × g, 10 min). The K+ content of cell 

lysates was determined by flame emission spectroscopic analysis (AAnalyst 100; Perkin Elmer, 

Waltham, MA) and expressed as percentage of untreated cells. K+ content was normalized to 

protein concentration. 

Immunostaining and confocal microscopy 

HeLa cells expressing hERG were cultured on cover slips and fixed (4% paraformaldehyde in 

PBS, 15 min). Intracellular antigens were visualized on fixed, permeabilized (0.05% saponin) cells 

using the indicated primary Ab: mouse monoclonal anti-HA (1:1000; Covance), rabbit polyclonal 

anti-LAMP1 (1:1000; Abcam, Cambridge, MA), and polyclonal anti-early endosomal antigen 1 

(EEA1; 1:1000; Affinity Bioreagents, Golden, CO). The postendocytic distribution of anti–HA 

labeled hERG (4°C for 60 min) was determined after the indicated chase in the absence of 
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extracellular Ab before indirect immunostaining. Lysosomes were labeled either with Oregon 

488– or Texas red–conjugated dextran (10 kDa, 50 μg/ml; Life Technologies) by overnight fluid-

phase endocytosis and chased for >3 h at 37°C. Alexa 594–labeled transferrin uptake (10 μg/ml, 1 

h at 37°C) was performed as described (Barriere et al., 2006). Alexa-labeled secondary antibodies 

were from Molecular Probes. Epifluorescence images were taken on a Zeiss Observer Z1 

microscope (Carl Zeiss MicroImaging) equipped with an Evolve 512 electron-multiplying charge-

coupled device (EM CCD) camera (Photometrics Technology, Tucson, AZ) and a 63×/1.4 

numerical aperture (NA) Plan Apochromat oil-immersion objective. Confocal images were taken 

sequentially on a LSM710 microscope (Carl Zeiss MicroImaging) equipped with a Plan 

Apochromat 63×/NA 1.4 objective in multitrack mode. Single optical sections or epifluorescence 

images are shown. Image processing was performed with Photoshop CS3 (Adobe). Manders’ 

correlation coefficient for colocalization of hERG with dextran (Figure 4) was calculated using 

ImageJ with JACOP plug-in. 

Fluorescence ratio imaging analysis 

The methodology for FRIA of endocytic vesicles is described in detail by Barriere and Lukacs 

(2008). Cargo labeling was accomplished by incubating the primary and secondary Abs 

sequentially on ice before internalization at 37°C or by loading the complex for 0.5–1 h. Mouse 

monoclonal anti-HA (1:1000; Covance) or concentrated ascites fluid against CD63/LAMP2 1:1 

mixture (1:100, H5C6-c and H4B4; Developmental Studies Hybridoma Bank, University of Iowa, 

Iowa City, IA) were used with FITC-conjugated goat anti-mouse secondary Fab (Jackson 

ImmunoResearch). To monitor the fluid-phase marker, FITC-dextran (10 kDa, 50 μg/ml; 

Molecular Probes), lysosomal delivery, dextran was endocytosed for 1 h and chased for 2 h at 
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37°C. FRIA was performed on a Zeiss Observer Z1 inverted fluorescence microscope (Carl Zeiss 

MicroImaging) equipped with a X-Cite 120Q fluorescence illumination system (Lumen Dynamics 

Group, Canada) and Evolve 512 EM CCD camera (Photometrics Technology ). The acquisition 

was carried out at 495 ± 5nm and 440 ± 10nm excitation wavelengths using a 535 ± 25nm emission 

filter and analyzed with MetaFluor software (Molecular Devices, Canada). 

Statistical analysis 

Data are presented as mean ± SEM at least from three independent experiments. Statistical analysis 

was performed on Prism 5.0 or 6.0 (GraphPad). Significance was calculated at 95% confidence 

levels using one-tailed p values with unpaired ttest. 

 

A1.9: Supplemental Information 

Supplemental information available online at: 

https://www.molbiolcell.org/doi/suppl/10.1091/mbc.e13-07-0417 
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A2.1 Supplemental Methods 

Measurement of CD4 internalization  

CD4 internalization was detected at the PM by cell-surface ELISA as described previously1,2. CD4 

constructs were transiently transfected into COS-7 cells 3 days before the experiment. In 

experiments involving co-expression of ubiquitin variants, CD4 and ub plasmids were co-

transfected at a 1:4 mass ratio. Cell-surface CD4 was labelled with a mouse monoclonal antibody 

recognizing an extracellular epitope (Thermofisher) and chased at 37°C for 5 minutes. Remaining 

cell-surface CD4 was labelled with HRP-conjugated secondary anti-mouse F(ab′)2 antibody 

fragment (Molecular Probes, Eugene OR) and detected using Amplex Red fluorogenic substrate 

(Thermofisher). Non-transfected cells were used to determine the background signal.  

Patch-clamp electrophysiology  

Cells were plated on 8mm coverslips or 35mm plastic tissue culture dishes (pre-coated with 0.1 

g/mL poly-l-lysine) and incubated for 3 h at 37 C to allow for sufficient cellular adhesion. Next, 

cells were placed in the perfusion chamber of an inverted microscope (Zeiss Axiovert S100TV or 

135) and perfused at a rate of 1-2 mL/min with an extracellular solution containing 135mM NaCl, 

5mM KCl, 2mM CaCl2, 1mM MgCl2, and 10mM HEPES (pH 7.4 with NaOH, ~285mOsm). Patch 

pipettes were fabricated using borosilicate glass capillaries (Warner Instruments, Hamden, CT) 

and a microprocessor-controlled, multi-stage micropipette puller (P97, Sutter Instruments), and 

subsequently fire polished (CPM-2, ALA Scientific instruments, Farmingdale, NY). Pipettes with 

resistances of 1.5-3MΩ were backfilled with a pipette solution containing 135mM KCl, 5mM 

EGTA, 1mM MgCl2, and 10mM HEPES (pH 7.2 with KOH, ~285mOsm). The liquid junction 

potential (LJP) between the extracellular solution and pipette solution (1.5mV) was corrected 
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offline using the formula Vmembrane = VPipette - VLJP as described by E. Neher3. All experiments were 

performed at room temperature (~21°C), and all cells were perfused with extracellular solution for 

10 min prior to experimentation to ensure complete replacement of cellular media.  

Whole-cell currents were recorded using an Axopatch 200B amplifier (Axon Instruments, 

Sunnyvale, CA) coupled to a CV 203BU headstage (Axon Instruments) or a VE-2 amplifier 

(Alembic Instruments, Montreal, QC) coupled to a VE-2 headstage (Alembic Instruments). 

Command pulses were generated by a Digidata 1440A (Axon Instruments) via pClamp 10.4 

software or by a Digidata 1322A digitizer (Axon Instruments) via pClamp 10.2 software. Data 

were acquired at 20kHz and low pass filtered at 2kHz or 3kHz.  

Upon the formation of a GΩ seal and prior to membrane rupture, currents were corrected for 

pipette (fast) capacitance. Once ruptured, cell capacitance (picofarad; pF) was determined using a 

30ms, 10mV depolarizing pulse from a holding potential of -80mV, at 2Hz. Currents were 

corrected for whole-cell capacitance and series resistance compensated to 80% (Axopatch) or 

~100% (Alembic).  All presented cells have access resistances below 15MΩ, membrane 

capacitances greater than 10pF, and reversal potentials between -70mV and -90mV (determined 

offline). Cells that did not express hERG, or were characterized as ‘low expressers’ (i.e. 5% of or 

less of mean current), were excluded. All statistical analyses were performed using Graph Pad 

Prism 5.0. Data are expressed as mean  S.E.M. unless noted otherwise. Representative traces are 

presented in pA, current-voltage (I-V) relationships in pA/pF, and τ in ms. 

  



279 
 

Voltage protocols and analysis 

The steady-state I-V relationship and steady-state activation curve were determined using a two-

step protocol. The cells were held at -80mV, stepped in +10mV depolarizing pulses from -60mV 

to +50mV for 4 seconds (P1 pulse), and subsequently stepped to -50mV for 4.5 seconds (P2 pulse). 

The full series of currents obtained using this protocol for HA-hERG-HBH and HA-hERG Control 

are shown in figure Supplemental S4. The steady-state I-V relationship was obtained by plotting 

the peak current at the end of the P1 pulse against the P1 pulse voltage. The steady-state activation 

curve was obtained by plotting the peak tail currents generated at the onset of the P2 pulse against 

the previous P1 pulse voltage. These values were normalized values, and fit with the Boltzmann 

sigmoidal equation (least-squares fit). A statistical comparison using a two-tailed paired t-test 

demonstrated that there was no significant difference (p < 0.05) between the activation curves 

shown in the figure Supplemental S4 for HA-hERG (n = 4) and HA-hERG-HBH (n = 5). In 

addition, the curves describing the kinetics of hERG current activation and inactivation were found 

to be indistinguishable (data not shown). Thus, it is concluded that the addition of the HBH tag to 

the C-terminus of hERG does not affect the expression of the hERG current nor its biophysical 

properties. 

 

  



280 
 

A2.2 Supplemental Tables and Figures 

Supplemental Table 1: hERG contains several sorting sequences in cytosolic regions 

KFERQ-related and tyrosine sorting signals identified in the hERG cytosolic domains. The peptide 

motif is underlined and shown in the context of the five-adjacent flanking amino acids.  

 

  

 Sequence Motif Location 

1) C E L C G Y S R A E V M Q R  Tyrosine-based 54-57 (PAS) 

2) S D L V R Y R T I S K I P Q  Tyrosine-based 327-330 (PAS) 

3) E P L N L Y A R P G K S N G  Tyrosine-based 812-815 (cNBD) 

4) V R A L T Y C D L H K I H R  Tyrosine-based 827-830 (cNBD) 

5) E V L D M Y P E F S D H F W  Tyrosine-based 845-848 (cNBD) 

6) D T I I R K F E G Q S R K F I KFERQ-related 21-25 (PAS) 
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Supplemental figure S1: Inhibition of ubiquitination and clathrin-dependent internalization  

Figure on following page 
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Supplemental figure S1: Inhibition of ubiquitination and clathrin-dependent internalization  

(A) Domain structure of CD4-chimeric constructs. Native CD4 is a single-span transmembrane 

protein with an endogenous dileucine signaling motif (LL). CD4tl: endogenous cytosolic tail 

replaced by flexible linker. CD4tl-ub: CD4-tl construct with C-terminal fused ubiquitin (ub) which 

supports polyubiquitination. CD4-cc-ubΔR: coiled-coil (cc) tetramerization motif and C-terminal 

fused lysine-free ubiquitin (ubΔR). Lys-less ubiquitin does not support polyubiquitination, but 

tetramerized construct mimics multi-mono and poly-ubiquitination1,2. (B) Inhibition of clathrin-

dependent internalization prevents internalization of CD4-ubiquitin chimeras. Clathrin-dependent 

endocytosis inhibited by hypertonic shock in media supplemented with 300mM sucrose (15min at 

37°C followed by 45min at 4°C). Amount of CD4 internalized during 5-minutes measured using 

cell-surface ELISA. (C) Overexpression of dominant-negative ubiquitin suppresses poly-

ubiquitination of CD4-Tl-ubi. CD4 constructs coexpressed with excess empty vector, wild-type 

ubiquitin (ub-WT) or lys-free ubiquitin unable to support formation of linked chains (ub-DN). 

Overexpression of ub-DN but not the WT ubiquitin prevented the internalization of CD4-tl-ub, 

presumably by inhibiting formation of linked chains. Internalization of CD4-cc-ubΔR, which 

mimics polyubiquitinated cargo yet is unsusceptible to linked chain polyubiquitination remains 

unaffected 
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Supplemental figure S2: C-terminal HBH-tagged hERG constructs 

(A) Domain structure of HA-tagged hERG (top) and C-terminal HBH-tagged construct. Indicated 

are the engineered HA epitope tag4, GGGS linker (including engineered AscI cut-site) and his-

biotin-his (HBH) tag. (B-C) DNA and protein sequence of additional linker and HBH tag regions. 

Black: hERG C-terminus region. Orange: GGGS linker including AscI cut site (underlined). Blue: 

HBH tag coding sequence.  

 

A

…ccg ggc agt ggc gcg cca gga gga ggt ggg tct gga ggt gga gga tcc ggt ggg ggt ggg 

tct cat cat cac cac cat cat gct gga aag gcc ggt gaa ggt gaa atc cct gcc cct ctt gct ggt 

acc gtt tct aag ata ctg gta aaa gaa ggt gac act gtt aaa gct gt caa aca gtt ctg gtg ctg 

gag gct atg aaa atg gag aca gaa att aac gct cct act gac gga aaa gtt gaa aag gtg tta 

gtt aag gaa aga gat gct gtt caa ggt ggt caa ggt cta atc aag atc ggc gtt cat cat cac cac 

cat cat taa tga

…PGSGAPGGGGSGGGGSGGGGSHHHHHHAGKAGEGEIPAPLAGTVSKILVKE

GDTVKAGQTVLVLEAMKMETEINAPTDGKVEKVLVKERDAVQGGQGLIKIGVHHH

HHH**   

PAS S1 CNBDS2 S3 S4 S5 S6 GGGS linker HBH 

HA tag

AscI

CN
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HA tag

CN

B
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Supplemental figure S3: Addition of HBH tag does not alter hERG expression or protein 

trafficking 

(A) Protein expression of HA-tagged and C-terminus HBH-tagged WT and PAS-mutant hERG 

assayed by immunoblotting. Note apparent molecular-mass shift due to addition of HBH tag. (B) 

Quantification of mature hERG expression. (C) Metabolic turnover of mature WT and PAS-

mutant HA- and HBH-tagged hERG assayed by immunoblotting following translational inhibition 

with cycloheximide (CHX, 150µg/ml). (D) Quantification of mature hERG turnover. Calnexin 

(CNX) loading control. Representative immunoblots shown. Uncropped immunoblots available in 

Supplemental Fig. S8. Solid line: different parts of the same gel. White space: separate gels. 
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Supplemental figure S4: HBH tag does not affect hERG voltage-dependent properties 

(A) Representative traces of WT-hERG (left) and WT-hERG-HBH (right) evoked from a holding 

potential of -80mV, stepped in +10mV depolarizing pulses from -60mV to +50mV for 4 seconds 

(P1 pulse), and subsequently stepped to -50mV for 4.5 seconds (P2 pulse). (B) Steady state 

activation curve obtained from a plot of normalized P2 peak tail currents (at -50mV) against P1 

voltages for WT-hERG (squares) and WT-hERG-HBH (circles). Normalized plots (mean ± SEM) 

were fit with a Boltzmann function. (C) Steady state current voltage relationship obtained from a 

plot of normalized P1 peak currents against P1 voltages for WT-hERG (squares) and WT-hERG-

HBH (circles). Normalized plots are presented as mean ± SEM. 
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Supplemental figure S5: PAS mutant hERG not subject to K48/K63 linked chain 

polyubiquitination. Figure legend on following page 
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Supplemental figure S5: PAS mutant hERG not subject to K48/K63 linked chain 

polyubiquitination 

(A) PAS mutant hERG do not undergo increased K48/K63 linked chain polyubiquitination under 

steady-state conditions. hERG-HBH was affinity-isolated from stably expressing HeLa cells and 

ubiquitination detected by immunoblotting with antibodies specific against K48 and K63 linked 

chain ubiquitin. Non-specific binding assessed in HeLa cells stably expressing WT-hERG without 

the HBH tag (right lane).  (B-D) Accumulation of misfolded PAS-mutant hERG does not increase 

K48/K63 linked chain polyubiquitination. Cells expressing hERG-HBH were subject to low-

temperature rescue (26°C for 24h) and subsequent unfolding (37°C for 3h) in the presence/absence 

of Bafilomycin A1 (Baf, 200nM). K48/K63 linked-chain poly ubiquitination detected by 

immunoblotting (B) or ELISA (C-D). (E-F) WT-hERG undergoes linked-chain polyubiquitination 

following unfolding by intracellular K+-depletion. HeLa cells stably expressing WT-hERG-HBH 

were treated with Ouabain (Ouab, 300nM) and/or bafilomycin A1 (Baf, 200nM) for 3h. hERG 

ubiquitination detected by immunoblotting (E) or ELISA (F). All panels: representative 

immunoblots shown. Immunoblots for ubiquitin (K48 and K63) are not cropped. Anti-HA and 

calnexin loading control (CNX) immunoblots are the same as those shown in Figure 7.  
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Supplemental figure S6: Potential internalization/sorting signals for PAS-mutant hERG 

(A) Signalling sequences in hERG cytosolic domains. The hERG PAS/cNBD domains contain 5 

tyrosine-based sorting motifs (red) and a KFERQ-related sequence (orange). (B) PAS mutant 

hERG do not appear to aggregate at the cell-surface. Cell-surface hERG labelled using HA 

antibody on-ice prior to fixation and permeabilization. T65P hERG imaged with higher detector 

gain in order to visualize cell-surface distribution. Cell-surface staining of T65P hERG was 

notably weaker than WT (Figure 1E) but the distribution pattern was not appreciably different 

(representative images shown). 
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Supplemental figure S7: hERG mRNA abundance in stably-expressing HeLa cells 

(A) hERG transcript levels in HeLa cells stably expressing WT- and PAS-mutant hERG via 

lentiviral transduction evaluated via rtPCR. hERG mRNA abundance normalized to endogenous 

GAPDH control and expressed as a percentage relative to WT. (B-C) hERG expression data shown 

in Figure 1C and 1E plotted with and without normalization to hERG mRNA. Significance 

determined by 1-way ANOVA with Dunnett post-hoc test for multiple comparison against control. 

* P < 0.05, ** P < 0.01, *** P < 0.001. Data represented as mean ± SEM from at least 3 independent 

experiments. 
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Supplemental figure S8: Full-length (uncropped) images 

Continued on next page 
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Supplemental figure S8: Full-length (uncropped) images 

Continued on next page 
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Supplemental figure S8: Full-length (uncropped) images 

Figure legend on following page
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Supplemental figure S8: Full-length (uncropped) images 

Uncropped immunoblot and autoradiogram images. Where applicable, immature core-

glycosylated (~135kDa) and mature complex-glycosylated (~155kDa) hERG indicated with 

hollow and solid arrows respectively.  Solid line: different parts of the same gel. White space: 

separate gels. Dotted line: location where membrane was cut for blotting multiple substrates. 

Corresponding figure in main text indicated below. 
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A3.1: Supplemental Methods 

Voltage protocols and analysis 

Steady-state activation – determined using a two-step protocol whereby cells are held at -80mV, 

stepped in +10mV depolarizing steps from -60mV to +50mV for 4 seconds (P1 step), and 

subsequently stepped to -50mV for 4.5 seconds (P2 step)1,2. Steady-state activation corresponds to 

peak tail currents (P2 step), which are plotted against the previous P1 voltage, expressed as 

normalized values, and fit with the following Boltzmann sigmoidal equation (least-squares fit):  

   (Eq. 1) 

where X is membrane potential (mV), and Y is normalized current. The Boltzmann fit yields the 

V0.5 of activation3,4, which was used to assess changes in steady-state activation. Data were offline 

leak subtracted by adjusting negative current magnitudes from the -60mV P1 step to 0pA (as hERG 

should  not activate during this step) and applying this quantified addition to all other voltages. 

Positive current values were not leak subtracted.  

Rate of deactivation – determined using a two-step protocol whereby cells are held at -80mV, 

stepped to +40mV for 500ms (P1 step), and subsequently stepped in -10mV increments from -

50mV to -150mV for 2.2s (P2 step)4-6. The decay of the P2 step (at each step) was fit from the 

peak with a bi-exponential (standard) Chebyshev fit5,7:  

   (Eq. 2) 

where n refers to the number of exponential terms, t represents time (independent variable), and I 

represents the time constant for the i’th exponential. Time constants were extracted from bi-

exponential fits, representing the rates of both slow and fast deactivation, and plotted against their 
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respective P2 voltage step. Voltages that largely deactivate by either slow (-60mV) or fast (-

110mV) kinetic processes are presented with their corresponding time constants.  

Rate of inactivation – determined using a three-step protocol whereby cells are held -90mV, 

stepped to +40mV for 500ms (P1 step), stepped to -90mV for 30ms (P2 step; forcing channels into 

the open state but not providing enough time for deactivation), and subsequently stepped from -

60mV to +80mV for 250ms (P3 step). Current decay during the P3 step (Fig. 11), from peak current 

to the end of the step, was fit with a single exponential (standard) Chebyshev fit (Eq. 2, n = 1). The 

extracted time constants are plotted against their respective P3 voltage steps over the range of -

10mV to + 80mV.  

Rate of recovery from inactivation  – determined using a two-step protocol whereby cells are held 

at -80mV, stepped to +40mV for 500ms (P1 step), and subsequently stepped in -10mV increments 

from +40mV to -160mV for 500ms (P2 step)8. Tail currents (P2 step) were fit with a bi-exponential 

(standard) Chebyshev function (Eq. 2, n = 2) from the onset of tail current of P2 step to the plateau 

of the current decay4. Fitting excluded the transient associated with series resistance compensation. 

The fast time constant for each sweep (depicting tail current recovery from inactivation) was 

plotted against each P2 step, and shown over the voltage range of -160mV to -1mV. In addition, 

peak tail currents corresponding to each P2 voltage are presented in the study. Peak tail currents 

were offline leak subtracted by assuming linearity through 0mV (y = mx) and plotting negative 

current magnitudes (y values) at -60mV and -50mV (x values). The derived slope of the line (m) 

was used to determine the theoretical leak current over the voltage range of +40mV to -160mV. 

Peak tail current analysis (channel quantification correction) – channel quantification at the cell 

surface was estimated by peak tail current analysis (at -120mV) using the protocol described in 

‘rate of recovery from inactivation’. A bi-exponential (standard) Chebyshev (Eq. 2, n = 2) fit was 
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applied from the peak of the tail current (P2 step) to the plateau of the decaying portion of the tail 

current, and then extrapolated back to the onset of the P2 step. Extrapolation was applied to correct 

for channel deactivation occurring from onset of hyperpolarizing step to peak of tail current 9. 

Currents (at -120mV) were offline leak subtracted using the linearity method described in ‘steady-

state activation’.  

Rate of activation – determined using a two-step protocol whereby cells are held at -90mV, stepped 

to 0mV for a varied duration (P1 step), and subsequently stepped to -60mV for 100ms (P2 step). 

The duration of the P1 step increased in 20ms increments from 20 to 200ms (first protocol) or in 

50ms increments from 200ms to 650ms (second protocol). The 200ms data point was included 

from the first protocol but excluded in the second. Rate of activation was measured using an 

envelope of tails methodology10 where peak tail currents from every P2 step were plotted against 

their respective P1 durations, and presented as normalized values. Data were offline leak 

subtracted by adjusting negative current magnitudes from the first P2 step (20ms P1 duration) to 

0pA, and applying this quantified addition to all other durations. Positive current magnitudes were 

not leak subtracted.  

Rescue of drug-induced hERG block by DCEBIO and Anagrelide – HeLa cells stably expressing 

WT-hERG were pre-treated with DCEBIO (5µM), Anagrelide (1µM) or DMSO control for 3h. At 

the end of the 3h pre-treatment, cells were held at -80mV and subject to 6 depolarizing pulses to 

+40mV to account for possible use-dependent effects. Cells were then held at -80mV and treated 

with E4031 (30nM) in the presence of rescuer (DCEBIO [5µM], Anagrelide [1µM] or DMSO 

control) for 10 minutes. Peak tail currents at -120mV measured using the ‘peak tail current 

analysis’ protocol and expressed as fraction relative to current prior to drug treatment. Steady-state 
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activation measured using the ‘steady state activation’ protocol following 25 depolarizing pulses 

at +40mV for 500ms.  

 

 

A3.2: Supplemental figures 

Figures and tables start on the following page 
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Supplemental 1: High-throughput screen for candidate hERG rescuers 

Evaluation of assay quality. Z’-factor calculated using overnight treatment with known hERG 

pharmacochaperone E4031 (10µM) or DMSO as positive and negative controls respectively. Mean 

hERG expression, Z’-factor and SEM calculated from 4 independent experiments of 8 replicate 

measurements each.  
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Supplemental 2: Rescuers to not prevent acute hERG block by E4031 

Figure legend on following page 
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Supplemental 2: Rescuers to not prevent acute hERG block by E4031 

(A) Paired sample traces for WT-hERG following 3h pre-treatment with rescuer compounds 

(DCEBIO [5µM], Anagrelide [1µM] or DMSO control) or 3h rescuer pre-treatment followed by 

10-minute incubation with E4031 (30nM). Following drug pre-treatment, cells were subject to 25 

depolarizing pulses to account for use-dependent block. Steady-state activation measured using 

the ‘steady-state activation’ protocol on the 25th pulse. Scale bar is conserved between paired 

traces. (B) Voltage protocol.  
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Supplemental 3: Rescuers do not grossly affect PAS-mutant hERG voltage-dependent 

gating. Figure legend on following page 
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Supplemental 3: Rescuers do not grossly alter PAS-mutant hERG voltage-dependent gating.  

(A-D) Voltage-dependent activation of WT, R56Q, C64Y and M124R hERG under control 

conditions (black) or following overnight treatment with 2µM Anagrelide (orange) or DCEBIO 

(violet). Normalized P2 peak tail currents (at -50mV) recorded in whole-cell configuration using 

the ‘steady-state activation’ protocol and plotted against P1 voltage. Normalized currents were fit 

with a Boltzmann function to derive half-maximal activation voltage (V50) and expressed as mV 

± SEM. WT-hERG data in panel (A) duplicated from Figure 4. (E) Protocol (left) and 

representative trace (right; WT-HERG control) to test ‘rate of recovery from inactivation’. (F-I) 

Voltage-dependent recovery from inactivation of WT, R56Q, C64Y and M124R hERG under 

control conditions (black) or following overnight treatment with 2µM Anagrelide (orange) or 

DCEBIO (violet). Normalized P2 peak tail currents recorded in whole-cell configuration using the 

‘rate of recovery from inactivation’ protocol and plotted against P2 voltage. WT-hERG data in 

panel (F) duplicated from Figure 4. All data presented as mean ± SEM. 
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Supplemental 4: Rescuers do not affect PAS-mutant hERG time-dependent activation.  

(A) Protocol (right) and representative trace (left; WT-hERG control) for ‘rate of activation’ where 

time interval (x) increases in 20ms increments from 20-200ms (protocol 1) or 50ms increments 

from 200-650ms (protocol 2). (B-E) Activation kinetics of WT, R56Q, C64Y and M124R hERG 

under control conditions (black) or following overnight treatment with 2µM Anagrelide (orange) 

or DCEBIO (violet). Normalized P2 tail currents recorded in whole-cell configuration using the 

‘rate of activation’ protocol and plotted against time interval (x). Normalized plots are presented 

as mean ± SEM. WT-hERG data from (B) duplicated from Fig 4.  
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Supplemental 5: rescuers do not affect PAS-mutant hERG inactivation kinetics 

Figure legend on following page  
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Supplemental 5: rescuers do not affect PAS-mutant hERG inactivation kinetics 

(A) Protocol (left) and representative P3 trace (left; WT-hERG control) for ‘rate of inactivation’. 

(B) Protocol (left) and representative P2 current (left; WT-hERG control) for ‘rate of recovery 

from inactivation’. Each trace was fit with a single exponential to generate a time constant (τ) (C-

F) Rate of inactivation and recovery under control conditions (black) or following overnight 

treatment with 2µM Anagrelide (orange) or DCEBIO (violet). Time constant of inactivation (solid 

symbols) and recovery (open symbols) recorded in whole-cell configuration and expressed in ms 

and plotted as a function of membrane potential. τ values in ms (mean ± SEM). WT-hERG data 

from (C) duplicated from Figure 4.  
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Supplemental 6: hERG rate of deactivation protocols 

(A) Protocol (left) and representative P2 trace (left; WT-hERG control) for ‘rate of deactivation’. 

(B) Representative P2 traces for R56Q-hERG under control conditions (left) and following 

overnight treatment with Anagrelide (right). Similar results obtained for DCEBIO (not shown). 

(C, D) Representative traces of WT-hERG during the -60mV (C) and -110mV (E) P2 step of the 

‘rate of deactivation’ protocol. Each trace is fit with a bi-exponential yielding two τ values. 
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Supplemental 7: Impact of rescuers on hERG protein expression and metabolic stability 

Figure legend on following page  
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Supplemental 7: Impact of rescuers on hERG protein expression and metabolic stability 

(A) hERG rescuers minimally impact total (FG + CG) hERG protein expression. HeLa cell stably 

expressing hERG treated overnight with DCEBIO (2µM), Anagrelide (2µM) or E4031 (10µM) 

and total hERG expression determined by immunoblotting (representative immunoblot in Figure 

5C). Mean protein expression expressed as % untreated control. Statistical significance evaluated 

by one-sample T-test with Bonferroni correction for multiple comparisons. (B-C) hERG rescuers 

prevent metabolic turnover of PAS-mutant hERG. Metabolic stability of mature hERG (CG, solid 

arrow) evaluated by immunoblotting in conjunction with translational inhibition with 

cycloheximide (CHX, 3h). DCEBIO (2µM), Anagrelide (2µM) or E4031 (10µM) pre-treated 

overnight and maintained during course of the experiment. Representative immunoblot shown. 

Stability expressed as % mature (FG)-hERG remaining following 3h chase. Statistical significance 

evaluated using one-way ANOVA with post-hoc Dunnett’s Multiple Comparison’s Test. 

Asterisk’s correspond to the post hoc test where * represents p < 0.05 ** represents p < 0.01 *** 

represent p < 0.005 and ‘ns’ represents no significant difference. 
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Supplemental 8: Representative histograms of C64Y and T65P mutant hERG-containing 

endocytic vesicles: Figure legend on following page 
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Supplemental 8: Representative histograms of C64Y and T65P mutant hERG-containing 

endocytic vesicles 

(A-B) hERG endo-lysosomal kinetics measured by FRIA. Anti-HA Ab and FITC-Fab were bound 

on ice and FRIA was performed after 3h chase. HeLa cells stably expressing hERG were pre-

treated overnight with DCEBIO (10µM) or Anagrelide (1µM) and drug treatment was maintained 

throughout the course of the experiment. Representative histograms of hERG endocytic pH 

following 3h chase shown. Peak fits ± standard deviation shown. N = number of vesicles measured.  
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acquired LQT2 
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Supplemental Table 1: Drugs selected for follow-up work 

Summary of 49 candidates selected for follow-up assessment. Candidate compounds were 

numbered 1 – 49 based on location within the drug library. Candidates categorized as either 

clinically-approved drug (drug), investigational compound (chemical), drug precursor (industrial), 

endogenous compound (endogenous), or natural product. Biological effect and clinical usage 

information from manufacturer’s website (see methods and materials for manufacturer 

information). Mean hERG PM expression and viability expressed as % DMSO control  from initial 

drug screen (Figure 1A). 

 

Table begins on following page. 
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Supplemental Table 1: Drugs selected for follow-up work 

No. Name Mean PM 
hERG   

Viability  Type  Biological effect Usage (if applicable) 

1 ARTESUNATE 167 87 Drug Glutathione-S-trans inhibitor Anti-malaria 

2 Cyclosporin A 161 89 Drug Calcineurin inhib, Ca+2 
homeostatis 

Immuno-suppressant 

3 ELLIPTICINE 227 69 Chemical DNA binding, topoisomerase 
inhibitor 

 

4 GOSSYPOL 142 88 Natural product NA 
 

5 2-Cyclooctyl-2-
hydroxyethylamine 
hydrochloride 

164 72 Chemical phenylethanolamine N-
methyltransferase inhibitor 

 

6 Droperidol 138 88 Drug Antidopaminergic Sedative, 
antipsychotic 

7 6,7-Dichloroquinoxaline-2,3-
dione 

184 71 Chemical NMDA receptor antagonist 
 

8 DCEBIO 190 63 Chemical Ca+ channel activator, CFTR 
activator 

Cl efflux 

9 DANAZOL 174 63 Drug Synthetic steroid endometriosis 

10 AC-93253 iodide 277 91 Chemical selective RAR (RARα) agonist, 
interact with BAG1 

 

11 3-Methyl-6-(3-
[trifluoromethyl]phenyl)-
1,2,4-triazolo[4,3-b] 
pyridazine 

154 86 Chemical Nonbenzodiazepine sedative, 
GABA agonist 

 

12 Nifedipine 154 91 Drug L-type Ca channel blocker Anti-anginal, 
antihypertensive, 
vasodilator 

13 Quinacrine dihydrochloride 145 77 Drug Antimalarial 
 

14 PROSTAGLANDIN E2 124 111 Endogenous 
compound 

  

15 RIFAMPICIN 126 96 Drug RNA polymerase inhib. 
(bacterial) 

Antibiotic 

16 SWAINSONINE 132 109 Natural Product Golgi alpha-mannosidase II 
inhibitor 

 

17 TANSHINONE IIA 140 97 Natural product Anti-inflammatory, 
antioxidant 

 

18 TOMATIDINE 148 108 Natural product NF-KB blocker, COX-2 NOS-ii 
blocker 

 

19 VINPOCETINE 180 90 Drug Na+ channel blocker Anti-inflammatory, 
vasodilator 

20 Ritanserin 152 108 Chemical Serotonin antagonist Anti-psychotic 

21 Trifluperidol hydrochloride 136 108 Drug Dopamine receptor 
antagonist 

Schizophrenia 

22 Zardaverine 194 83 Chemical Phosphodiesterase inhibitor 
 

23 SPHONDIN 139 84 Natural product 
  

24 PROTOPINE 140 81 Natural product H1 receptor antagonist 
 

25 EQUILIN 168 90 Drug Estrogen analog Hormone 
replacement therapy 

26 IODOQUINOL 138 104 Drug Iron chelation Anti-amoeba 

27 PYRVINIUM PAMOATE 189 86 Drug UPR inhibitor, ATP synthesis 
inhibition 

Anti-worm 

28 ESTRADIOL ACETATE 166 87 Drug Estrogen analog 
 

29 ANAGRELIDE 
HYDROCHLORIDE 

156 88 Drug Phosphodiesterase inhibitor Thrombocytosis 
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30 PIPENZOLATE BROMIDE 131 100 Drug Muscarinic receptor 
antagnoist 

 

31 SUCCINYLACETONE 137 96 Chemical Inhibits heme synthesis 
 

32 PATULIN 175 72 Natural product Inhibitor of K+ uptake, 
crosslinker 

Mycotoxin 

33 ALOE-EMODINE 134 91 Natural product Antiviral 
 

34 Tetrachloroisophthalonitrile 151 90 Industrial Glutathione consumption Fungicide 

35 Testosterone propionate 155 89 Drug Testosterone analog Anabolic steroid 

36 Norethindrone 161 83 Drug Progesterone analog Contraceptive 

37 Butoconazole nitrate 134 104 Drug Antifungal 
 

38 ACONITINE 142 102 Natural Product Sodium channel activator 
 

39 Yohimbinic acid monohydrate 142 89 Natural product 
  

40 CAFFEIC ACID 141 99 Natural product Antioxidant, inhib LDL 
synthesis 

 

41 Nandrolone 166 83 Drug Anabolic steroid 
 

42 NORHARMANE 137 95 Chemical onhibitor of indoleamine 2,3-
dioxygenase (IDO). 

 

43 PALMATINE 139 106 Natural product 
  

44 GRISEOFULVIN, (+) 134 107 Drug Antifungal, inhibits tubuluin 
 

45 NOSCAPINE, ()- 137 96 Drug Opioid receptor agonist Antitussive 

46 SECURININE 151 93 Natural product GABAa antagonist 
 

47 Azathioprine 184 60 Drug Purine synthesis inhibitor Immunosuppressant 

48 3-Amino-1-propanesulfonic 
acid sodium 

164 80 Chemical GABAa antagonist 
 

49 Diacylglycerol kinase inhibitor 
I 

152 98 Chemical DIAG inhibitor 
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Supplemental Table 2: Summary of secondary screening results 

(First column): Reducibility of initial screening results on WT-hERG and PAS and G601S mutants 

evaluated by cell-surface ELISA (Figure 1D). Reproducibility indicated by Y/N. (Second column): 

Upregulation of F656A binding-site mutant hERG evaluated by PM-ELISA (Figure 2A). Rescue 

indicated by Y/N.  Cases where rescue of WT-hERG positive control was not reproduced indicated 

by asterisk (*). Acute block and functional rescue of hERG current assessed by whole-cell patch 

clamp following acute or overnight drug treatment (Figures 2B-D). In all experiments, drugs were 

used at 2µM. 

 

Table begins on following page. 
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Supplemental Table 2: Summary of secondary screening results 

No. Name 
Reproduce 

rescue 
Rescue F656A  

Commercially 
available 

Absence of block 
(acute) 

Functional rescue 
(overnight) 

1 ARTESUNATE Y *    

2 Cyclosporin A N     

3 ELLIPTICINE N     

4 GOSSYPOL N     

5 2-Cyclooctyl-2-
hydroxyethylamine… 

N     

6 Droperidol Y Y Y N  

7 6,7-Dichloroquinoxaline-2,3-
dione 

Y *    

8 DCEBIO Y Y Y Y Y 

9 DANAZOL Y Y Y Y N 

10 AC-93253 iodide Y Y Y N  

11 3-Methyl-(…)-pyridazine N     

12 Nifedipine N     

13 Quinacrine dihydrochloride Y *    

14 PROSTAGLANDIN E2 Y *    

15 RIFAMPICIN Y *    

16 SWAINSONINE N     

17 TANSHINONE IIA N     

18 TOMATIDINE N     

19 VINPOCETINE Y N    

20 Ritanserin Y N    

21 Trifluperidol hydrochloride Y N    

22 Zardaverine Y Y N   

23 SPHONDIN N     

24 PROTOPINE N     

25 EQUILIN N     

26 IODOQUINOL N     

27 PYRVINIUM PAMOATE Y Y N   

28 ESTRADIOL ACETATE N     

29 ANAGRELIDE HYDROCHLORIDE Y Y Y Y Y 

30 PIPENZOLATE BROMIDE N     

31 SUCCINYLACETONE N     

32 PATULIN N     

33 ALOE-EMODINE N     

34 Tetrachloroisophthalonitrile N     

35 Testosterone propionate N     

36 Norethindrone N     

37 Butoconazole nitrate N     

38 ACONITINE N     
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39 Yohimbinic acid monohydrate N     

40 CAFFEIC ACID N     

41 Nandrolone N     

42 NORHARMANE N     

43 PALMATINE N     

44 GRISEOFULVIN, (+) N     

45 NOSCAPINE, ()- N     

46 SECURININE N     

47 Azathioprine N     

48 3-Amino-1-propanesulfonic acid 
sodium 

N     

49 Diacylglycerol kinase inhibitor I N     

 

 


