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Abstract 

 
 
 Over 300 Kv11.1 missense mutations have been linked to type 2 

long QT syndrome (LQT2), a risk factor for sudden cardiac death. The 

dominant loss-of-function mechanism is likely misfolding of Kv11.1 protein 

resulting in impaired trafficking to the cell membrane. Interestingly, many 

can be pharmacologically corrected showing therapeutic potential.   

However, these observations are based on a small percentage of mostly 

transmembrane mutations with most mutations uncharacterized, many of 

which are in intracellular domains. Furthermore, the structural basis for 

Kv11.1 misfolding and defective trafficking is largely unknown. 

Understanding differences between and within domains is important for 

developing targeted therapeutic strategies and may explain why pore 

mutations are more clinically severe. This thesis addresses these issues 

by using immunoblot to perform a comprehensive trafficking analysis of 

170 LQT2-linked mutations in four of Kv11.1’s structural domains 

combined with bioinformatics and electrophysiology. This largely data-

driven approach has yielded new molecular insights into LQT2 including, 

1) defective trafficking is the dominant mechanism for all domains except 

for the distal C-terminus, 2) destabilization of the Per-ARNT-Sim domain 

(PASD) is one major determinant of LQT2 and correlates with trafficking 

phenotype, 3) deficient trafficking of PASD and cyclic nucleotide-binding 

domain (CNBD) mutations can be corrected by second-site suppressor 
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mutations, 4) dominant-negative interactions explain the increased 

severity of pore domain mutations, and 5) pharmacological correction of 

pore mutations is dramatically better for heteromeric channels than it is for 

homomeric channels.  
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Methods 

  
 
LQT2 Mutation Database and Mutagenesis 
 
 
          LQT2-associated Kv11.1 mutations were found from the Inherited 

Arrhythmias Database (IAD) (www.fsm.it/cardmoc), a genotyping study as 

well as several other literature sources found through PubMed searches1. 

Mutations are listed in Table 2-2, 3-1, and 4-1.  All missense mutations 

were made using Stratagene’s QuikChange II XL kit. Primers were 

generated using their primer design program and ordered from Integrated 

DNA Technologies (IDT). A pcDNA3 WT HERG expression vector was 

used as the template. Restriction analysis was used to test the integrity of 

all constructs and mutations were verified by sequencing at the UW-

Biotechnology Center.  

 

Bioinformatics 
 
 
          The C-linker/CNBD structure was generated with Swiss-Model 

using the structure of the C-linker/CNBD from zebrafish EAG-like channel 

(zELK) as a template (PDB 3ukn).2 The initial model scored in the 80th 

percentile using MolProbity (100 % being the best) and improved to the 

95th percentile after energy minimization using UCSF Chimera’s 

minimization function.3,4  For comparison, the Kv11.1 PASD structure 

(PDB 1byw) scored in the 96th percentile. These two models were used for 
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FoldX stability calculations.5 FoldX was run in YASARA using a FoldX 

plugin for YASARA and the FoldXRepair function was performed on both 

models before stability changes (ΔΔG) were calculated.6 ΔΔG > 1.6 

kcal/mol is over the prediction error threshold and considered significant.  

PASD stability was also determined using the web servers: Polyphen, 

MUpro, CUPSAT, Eris, and I-Mutant.7,8,9,10,11  For programs that gave ΔΔG 

values, mutations were binned into descriptors similar to that used by 

Polyphen with mutations ‘probably destabilizing’ having a ΔΔG value 

greater ≥ 2.0, ‘possibly destabilizing’  having a ΔΔG 0 ≥ 2 and no effect for 

mutations with a ΔΔG ≤ 0. Amino-acid conservation scores were 

calculated from 150 unique PASD sequences and 125 unique CNBD 

sequences with ConSurf using default parameters.12 Solvent 

accessibilities were calculated using ASAview.13 Salt bridges and cation-pi 

interactions were predicted using ESBRI and CaPTURE, respectively.14,15   

ΔG predictor, which is based on a biological hydrophobicity scale, was 

used to predict the apparent free energy (ΔGapp) of insertion for LQT2-S5 

and LQT2-S6 TM helices.16  Amino acids T556-A570 and K638-G669 

were used for S5 and S6, respectively based on a report studying a 

sequence alignment of 360 Kv channels.17 ClustalW2 was used for the 

PASD sequence alignment, which was edited in  JalView.18 Pymol was 

used to generate structural figures.19  Paircoil2 was used to predict 

whether LQT2 mutants disrupt the C-terminal coiled coil domain.20  Table 
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Methods-1 lists the various bioinformatics software and web server 

addresses used in these experiments.  

 

Table Methods-1. Bioinformatics tools.  

Server Calculation Website 
Swiss-Model CNBD model http://swissmodel.expasy.org 
Molprobity CNBD model evaluation http://molprobity.biochem.duke.edu 
Polyphen PASD stability http://genetics.bwh.harvard.edu/pph2 
MUPro PASD stability http://mupro.proteomics.ics.uci.edu 
CUPSAT PASD stability http://cupsat.tu-bs.de 
Eris PASD stability http://troll.med.unc.edu/eris 
I-Mutant 2.0 PASD stability http://folding.uib.es/i-mutant/imutant2.0 
ConSurf PASD & CNBD residue 

conservation score 
http://consurf.tau.ac.il 

ASAView PASD & CNBD residue 
solvent accessibility 

http://gibk26.bio.kyutech.ac.jp/jouhou/shandar/neasa
/asaview 

ESBRI salt-bridge prediction http://bioinformatica.isa.cnr.it/ESBRI 
CaPTURE pi-cation prediction http://capture.caltech.edu 
ΔG predictor membrane insertion 

efficiency of TMD 5 & 6 
http://dgpred.cbr.su.se 

Paircoil2 Coiled coil prediction http://paircoil2.csail.mit.edu 
 

 
HEK cell culture and stable-cell lines  
 
 
           HEK cells were cultured in complete MEM (Gibco’s minimum 

essential medium supplemented with sodium pyruvate, pens/strep, and 

non-essential amino acids) at 370C unless otherwise noted.  Transient 

transfections were performed with 3µg of cDNA (homomeric channels) or 

1.5 µg of WT and 1.5 µg LQT2 cDNA (heteromeric channels) with 

SuperFect (Qiagen).  In some experiments, E4031 (Alamone: 100mmol/L 

stock dissolved in water) was added to the culture media for 24 hrs before 

study.  Stably transfected cell lines were generated by switching cells to 

CMEM containing G418 24 hrs after transfection.  After 1-2 weeks, 
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resistant cells were diluted for isolating single colonies, which were 

subsequently screened for expression by immunoblot. 

 
 
Kv11.1 trafficking  
 
 
           HEK cells of similar confluence were transiently transfected with 

SuperFect (Qiagen) and cultured at 370C for 24hrs.  Cells were then 

cultured for another 24 hrs at 370C, in the presence of 10µM E4031, or at 

270C without E4031.  Whole-cell lysates of similarly confluent cultures 

were made by solubilizing cells in NP-40 lysis buffer (1% NP-40, 10% 

glycerol, 150mM NaCl, 5mM EDTA, 50mM Tris-HCl, pH 7.4 and protease 

inhibitor tablet (Roche)) for 30min on ice.  Lysates were spun down for 

10min at 16,000xg to remove insoluble debris. The supernatant containing 

the soluble fraction was mixed with equal volumes of Laemmli sample 

buffer containing 100mM DTT and subjected to 7.5% SDS-PAGE. 

Proteins were then electrophoretically transferred onto nitrocellulose 

membranes and blocked in blocking buffer (PBS containing 0.05% Tween 

and 5% dry milk).  Membranes were incubated with our previously 

published Kv11.1 antibody directed at the C-terminus and washed 4x for 

10min in wash buffer (PBS with 0.05% Tween).21  Membranes were then 

incubated with a HRP-conjugated secondary antibody and washed 4X in 

PBS before detection with the ECL detection kit (Amersham).  

             Classifying the trafficking phenotype of mutations was based on 

the glycosylation state of the channel. Mutations that fail to traffic are core-
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glycosylated in the ER before proteosomal degradation by quality control.  

These channels run as a single 135kD band on immunoblot. By contrast, 

WT channels continue to the Golgi where they are further glycosylated to 

155kD before reaching the cell surface membrane.  Thus, WT channels 

show a doublet on immunoblot with both the 135kD and 155kD bands. 

Mutations that lack or have a diminished 155kD band on immunoblot were 

classified as trafficking deficient.  Mutations that had an increase in 

intensity of the 155kD band after culture at 270C or in 10µM E4031 were 

classified as correctable.  

 
 
PASD solubility assay 
 
 
          Amino acids 1-135 containing the PASD (amino acids 26-135) were 

subcloned into a pET based E.coli expression vector containing a TEV 

cleavable N-terminal 6His tag (gift from Robert Stroud Ph.D. at UCSF) 

using a ligation-independent-cloning (LIC) strategy.22 Constructs were 

transformed into BL21(DE3) cells and single colonies (n≥2) were picked 

for 2ml overnight growths in auto-induction media.  Cells from 1.5ml were 

harvested, washed 1X (25mM Tris, 150mM NaCl, pH 7.5) and 

resuspended in 50µL of wash buffer containing 100µM PMSF and 

benzonase.  Cells were lysed using repeated freeze/thaw or Cell-Lytic 

(Sigma), which gave similar results. Soluble protein was recovered from 

the supernatant after a 10min, 15,000xg spin and mixed with equal 

amounts of Laemmli sample buffer containing 100mM DTT and subjected 
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to 12%  SDS-PAGE.  PASD protein was detected using a His-HRP 

antibody (Santa Cruz Biotech).  Immunoblots were scanned and band 

intensities were compared using Image J.  

 
 
Electrophysiology 
 
               

              Kv11.1 current (IKv11.1) was measured by whole-cell patch-clamp.  

The extracellular bath solution contained 137mM NaCl, 4mM KCl, 1.8mM 

CaCl2, 1mM MgCl2, 10mM glucose, and 10mM HEPES (pH 7.4 with 

NaOH), and the intracellular pipette solution contained 130mM KCl, 1mM 

MgCl2, 5mM EGTA, 5mM MgATP, and 10mM HEPES (pH 7.2 with KOH).  

The same solution stocks were used for all recordings. All voltage-clamp 

experiments were performed at room temperature within 1 to 2 hrs after 

cells were removed from their culture conditions. Data from cells with less 

than 10pA leak current at the holding potential -80mV and stable 

throughout the recording were used for analysis. Patch pipette electrodes 

were fabricated using a Sutter P-87 micropipette puller and fire polished. 

All pipettes had a resistance between ~1.5-3 MΩ.  Series resistance 

compensation was ≥70% in all experiments. Data were acquired with an 

Axopatch-2C amplifier controlled by Clampex 10.0 (Axon Instruments). 

Data analysis was done with pCLAMP 10.0 and Origin 8.5 (OriginLab).  

Voltage protocols with representative current traces for studying current 
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C	  

-50mV 

60mV 

B	  

-70mV 
-50mV 

	  

A	  

1nA	  

50mV 
-120mV 

100ms	  

50mV 

-100mV 

300pA	  
25ms	  

50pA	  
1.5s	  

densities (A), activation and deactivation (B) and inactivation (C) are 

shown in Figure Methods-1.   

Figure Methods-1. Electrophysiology protocols.  

 
 
A. Current Density. From a 
holding potential of -80mV, cells 
were depolarized to 50mV for 
500ms followed by a test pulse 
to -120mV to generate tail 
current. Peak IKv11.1 was 
normalized to cellular 
capacitance to obtain current 
density.  
 
B. Activation and deactivation. 
From a holding potential of -
80mV, cells were depolarized to 
voltages between -70 and 
50mV in 10mV increments for 
3s followed by a step to -50mV 
for 3s to quantify tail current.  
Activation current-voltage (I-V) 
relations were determined by 
normalizing peak tail currents 
(Itail) from each step to the 
maximal peak Itail. The voltage 
at which peak current was half-
maximal (V1/2) and the slope 
factor (k) were determined by 
fitting the normalized I-V 
relationship with the Boltzmann 
function.  The fast (taufast) and 
slow (tauslow) time constants of 

channel deactivation were determined with a double exponential fit of the 
Itail decay from 50mV to -50mV shown in red. 
 
C. Inactivation. From a holding potential of -80mV, cells were depolarized 
to 50mV for 1.5s to open and inactivate channels followed by a short 
10ms step to -100mV to remove inactivation without allowing enough time 
for the channels to deactivate. This was followed by test pulses from -
50mV to 60mV in 10mV increments. Inactivation time constants for each 
step were fit as a single exponential.  
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Statistical Analysis 
 
             Data are presented as mean ± SEM.  Student’s t-test was used  
 
for statistical analysis. P<0.05 considered significant.  
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Chapter I 

Literature Review 

 

 Cardiac Ion Channelopathies 

 The concept of cardiac ion channelopathies has steadily evolved from the 

initial cloning of the first three cardiac ion channel genes linked to Long QT 

Syndrome (LQTS) types 1-3 (LQT1-3) in the mid-1990’s, work founded on the 

prior identification of the inherited Romano Ward and the Jerville and Lange-

Nielsen syndromes, and the Brugagda syndrome.  Today, at least 13 genes have 

been linked to inherited LQTS. Furthermore, at least 12 inherited arrhythmia 

syndromes (LQTS, Brugada, etc) have been described involving more than 1000 

mutations in at least 26 genes, and this grows steadily (for review, see Balijepalli 

et al, 2010)1.  Most of the commonly identified genes encode cardiac ion channel 

proteins (α-subunits, β- or other accessory-subunits, macromolecular complex 

proteins) although some genes encode signaling pathway and Ca2+ regulatory 

proteins.   

 Cardiac ion channels, along with electrogenic transporters, are responsible 

for the electrical activity of heart cells.  Ion channels are selectively permeable to 

Na+, K+, Ca2+, or Cl-.  Multiple genes encode a variety of these channels that 

have unique gating characteristics, densities in the sarcolemma, and varying 

membrane (caveoli, t-tubules, etc) and regional localization (ventricular, atrial, 

nodal) to give rise to the finely tuned interplay of membrane currents that shape 

the cardiac action potential (AP) and govern normal heart rhythm.  Figure 1-1a 
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illustrates a ventricular AP with the associated currents below.  At rest a 

myocyte’s diastolic potential is near the equilibrium potential for K+ (around -

85mV) due mainly to inward rectifier potassium current (IKI).  Currents from 

adjacent myocytes pass through gap junction channels to depolarize the 

sarcolemma activating sodium channels and L-type calcium channels. These 

inward currents (INa and ICa) rapidly drive the membrane  

 

 

 
 

 
 

 

 
 
 
 
 
 
 
 
Figure 1-1.  Ion channels of the cardiac AP and their associated diseases. 
A. Phases 0-4 of the cardiac ventricular action potential are illustrated with 
relative current magnitudes shown below. INa = sodium current (LQT3, BrS1, 
SSS, and CCD).  ICaL = L-type calcium current (BrS3, BrS4).  Ito = transient 
outward current 1.  IK1 = inward rectifier potassium current (LQT7).  IKr = rapidly 
activating delayed rectifier potassium current (LQT1 and LQT5, SQT).  IKs = 
slowly activating delayed rectifier potassium current (LQT1 and LQT5, SQT).  
INaCa = sodium-calcium exchanger current.   If = pacemaker current (SSS).  B.  
Diagram showing mechanism(s) of channel dysfunction modeled using Kv11.1 
(N = number of channels, I = unitary conductance, P0 = probability of channel 
opening).  Mutations that decrease N are Class 2, mutations that alter Po are 
Class 3 and mutations that alter or abolish i are Class 4.  Not shown is class 1, 
which alters protein synthesis.  
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potential to its peak (around +30mV).  INa inactivates quickly whereas L-type ICa 

persists longer with both contributing inward current during the plateau.  

Depolarization activated outward K+ currents from Ito, IKr and IKs eventually 

repolarize the myocyte to its resting potential assisted by recovery of IK1.  In 

some myocytes, If adds to depolarization and electrogenic exchangers may 

contribute current at different times during the AP.  Each ion channel’s 

macroscopic current (I) is proportional to three properties: 1) the number of 

channels at the sarcolemma (N), 2) its unitary conductance (i), and 3) the 

probability of it being open at a given membrane potential (Po).  The cellular 

regulation of each of these properties (N, i, Po), in turn, is complex and 

incompletely understood.  Even modest changes in any of these properties can 

alter the shape of the cardiac AP waveform, its duration, and potentially 

contribute to the generation of cardiac arrhythmias.  (For reviews, see Nerbonne  

and Kass, 2005, Delisle et al. 2004, and Amin et al., 2010)2,3,4. 

 It is now understood that mutations in ion channels can cause changes in 

one or more of these three properties.  This is illustrated in Figure 1-1b for 

several Kv11.1 mutations linked to LQT2.  The three circles represent the 

properties of N, i, and Po.  Some LQT2 mutations are thought to selectively alter 

a single property (e.g., T65P, G628S, and ΔY475, respectively), whereas other 

LQT2 mutations exert combinations of effects illustrated by overlap of the circles.  

This emphasizes the complex biology underlying mutations to cause 

abnormalities of channel biogenesis and biophysics.   However, decreased 

expression of ion channels at the cell surface membrane (decreased N) is 
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increasingly being recognized as an important loss-of-function mechanism with 

the most known about Kv11.1 and Kv7.1 channels.  This trafficking-deficient, or 

reduced membrane expression phenotype is now known to occur with disease-

associated mutations in several cardiac ion channel genes encoding the α-, as 

well as β- subunits for IKr, IKs, IK1, INa, ICaL, and If, (currents described in Figure 1-

1) and linked to LQTS, Brugada Syndrome, Cardiac Conduction Disease and 

Idiopathic Sick Sinus Syndrome. 4,5,6,7,8,9  For one disease, LQT2, abnormal 

protein trafficking is postulated to be the dominant disease causing mechanism.10 

Given the expanding role of protein trafficking defects in cardiac ion 

channelopathies, understanding the mechanisms underlying trafficking failure is 

the key to developing potential therapies.  The rest of the introduction will focus 

on Kv11.1 trafficking with some examples from Kv7.1 for comparison.  

 

Kv11.1 and Kv7.1 Channels 

 Kv11.1 and Kv7.1 are α-subunit proteins for voltage-gated K+ (Kv) channels.  

As tetramers they comprise the rapid (IKr) and slow (IKs) components of the 

delayed rectifier K+ current, respectively.  Each Kv11.1 and Kv7.1 α-subunit 

protein contains six transmembrane (TMD) spanning domains (S1-S6) with a 

pore region (S5-S6) flanked by N- and C-termini intracellular domains.  As shown 

in Figure 1-2, Kv11.1 contains an N-terminal PerArnSim (PASD) domain and a 

C-terminal nucleotide-binding domain (CNBD), which are important in Kv11.1 

deactivation. Both Kv11.1 and Kv7.1 contain C-terminal coiled-coil domains 

(CCD), which serves as a tetramerization and scaffolding domain in Kv7.1 but its  
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Figure 1-2.  Kv11.1, the α-subunit of IKr.  Circles represent amino acids with 
cylinders representing transmembrane segments S1-S6.  Positively charged 
residues in S4 (not shown) make up the voltage sensor and the pore is located 
between S5 and S6. The intracellular PerArntSim (PAS), cyclic nucleotide-
binding domain (CNBD), and coilied-coil domain (CCD) are shown in light blue. 
Black circles show the location of all uncharacterized LQT2-linked mutations, red 
circles indicate trafficking defects, and blue circles indicate normal trafficking.  
The RXR ER retention signal is highlighted in yellow and the glycosylation site at 
N598 is shown as a blue diamond.  
 

 

role in Kv11.1 is unknown.11,12,13 Both channels play a crucial role in 

repolarization of the cardiac AP and the majority of LQTS-linked mutations have 

been identified in these two genes.  Most common are missense mutations which 

account for ~2/3rds of LQTS, followed by mutations that introduced premature 

termination codons (nonsense, frameshifts) as well as deletion, insertion, and 

splice site mutations.14  
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Reducing N:  Role of Channel Co-assembly 

 Co-assembly is a complex molecular process where a functional channel is 

assembled from various subunits.  The dynamics of this is thought to contribute 

to the pathogenicity of ion channelopathies and this is illustrated in Figure 1-3.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-3.  Co-assembly vs misassembly of Kv11.1 subunits.  Illustration 
showing WT only on left and mutant subunit co-assembly on right as described in 
the text.  
 

 

Happloinsufficiency occurs where WT and mutant α-subunits do not co-assemble 

with each other and in its simplest form predicts a 50% reduction in current 

magnitude since only the WT allele contributes to functional channels in the 

sarcolemma (assuming mutant channels contribute no current).  Strategies to 

selectively increase the abundance of WT might be effective at treating mutations 

resulting from haploinsufficiency.  For example, Kv11.1 channel synthesis can be 

increased through increased phosphorylation via PKA.15 Dominant negative 
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effects, in principle, cause a more severe phenotype because WT and mutant 

subunits are able to co-assemble and the presence of even a single mutant 

subunit conveys the negative phenotype.  Figure 1-3 shows the possible 

combinations and probabilities of having zero, one, two, three, or all four α 

subunits of a tetrameric channel being mutant.  For example, if the presence of a 

single mutant α-subunit conveys the negative effect, then only 1/16 of the 

channels would contain four WT α-subunits to function normally, hence causing a 

94% reduction of current density.   

 Kv11.1 and Kv7.1 also co-assemble with β-subunits encoded by the KCNE 

family of genes (see Figure 1-2).16,17,18,19  Although KCNE1 (E1) and KCNE2 

(E2) are promiscuous and associate with several different Kv α-subunits, KCNE1 

and KCNE2 are linked to type 5 and 6 LQTS (LQT5 and LQT6), 

respectively.20,21,22 Studies suggest that the IKs channel minimally consists of 

Kv7.1 and E1 subunits, because Kv7.1 expressed alone generates small rapidly 

activating K+ currents that inactivate, and co-expression of E1 is needed to 

express large slowly activating K+ currents that do not inactivate and resemble 

IKs.  Moreover, E1 traffics more efficiently through the secretory pathway when 

co-assembled with Kv7.1.23   One example is a LQT5 mutation (L51H) which can 

co-assemble with WT-Kv7.1 and prevent its trafficking to the cell surface 

demonstrating the principle that β-subunit mutations also can convey a 

trafficking-deficient phenotype.24 The functional role that E1 and E2 have on the 

trafficking of Kv11.1 is less clear and may depend on the expression system(s) 

used.25  
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Reducing N: Mutations Altering Channel Synthesis.   

 The most common mutation in inherited arrhythmia syndromes is 

missense; single nucleotide changes leading to single amino acid substitutions.  

Less common are nonsense mutations, frameshifts, insertions, deletions and 

splicing errors that can alter markedly gene transcription and RNA stability 

leading to attenuated protein synthesis (class 1) and this is illustrated in Figure 

1-4, Step 1. To highlight just a few examples of each, Gong and co-workers 

reported a LQT2 splice site mutation that creates an in frame 18 amino acid 

insertion in the C-terminal of Kv11.1, which causes dominant-negative 

suppression of WT-Kv11.1.  This insertion disrupts the CNBD shown to be 

required for trafficking.26,27  Similarly, two frameshift mutations, LQT1-linked 

A78fs/105-Kv7.1 and LQT2-linked Y420fs/12-Kv11.1 generate severely truncated 

proteins that co-assemble with WT and cause a dominant-negative trafficking 

defect.28,29   However, not all trafficking-deficient mutations cause dominant-

negative suppression such as the LQT1 mutation P631fs/19-Kv7.1 and two 

deletion mutations (ΔS276 and ΔV595).30,31,32  Interestingly, P631 fs/19-Kv7.1 

was retained in the ER due to the newly added 19-amino acid sequence 

containing two ER retention (R-X-R) signals.  Until recently, nonsense mutations, 

which create premature stop codons, were thought to act predominantly through 

dominant-negative or haploinsufficient effects.33  However, Gong and co-workers 

have shown that nonsense mediated mRNA decay (NMD) is likely responsible 

for reducing N.34  Interestingly, drugs such as aminoglycoside antibiotics can 

cause read-through of premature stop codons resulting from nonsense and fs 
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mutations to produce full-length, functional proteins in the Cystic Fibrosis 

Transmembrane Conductance Regulator Cl- (CFTR), Nav1.5, and Kv11.1 

channels.35,36,37  

 

 
Figure 1-4.  Kv11.1 channel synthesis and trafficking.  The major 
compartments involved Kv11.1 biosynthesis are shown including the nucleus, 
ER, transport vesicles (TV) Golgi, and the sacrolemma.   Degradation is 
mediated by proteasomes and lysosomes.  WT and mutant DNA, mRNA, and 
protein are shown in blue and red, respectively.  A decrease in N can be due to 
haploinsufficiency whereby mutations 1) create premature stop codons, which 
are degraded by NMD or 2) produce mutant channels that fail to co-assemble 
with WT channels.  Alternatively, mutations can act dominant-negatively by 
producing mutant channels that co-assemble with WT and inhibit further 
trafficking. These mutant proteins are thought to misfold and be targeted for ER-
associated degradation (ERAD) by the proteasome.  All channels are core-
glycosylated in the ER (pink circles) and for those that are not degraded, are 
packaged, and trafficked in transport vesicles (TV) to the Golgi for complex 
glycosylation (red circles) and ultimately to the sarcolemma.  Besides decreasing 
N, some mutations make it to the sarcolemma, but with altered function.  The 
tetrameric channels at the surface can be comprised of only WT homotetramers 
due to haploinsufficiency or any combination of heterotetramers (or mutant 
homotetramers) depending on dominant-negative effects.  The tetrameric 
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channels are eventually internalized and degraded by the lysosome. Numerous 
Kv11.1 channel interacting proteins have been identified and Kv11.1 is likely part 
of a macromolecular complex.  
 
 
 
These examples highlight the complex ways that the less frequent types of 

mutations in LQTS can reduce surface expression, some of which might be 

correctable with drugs.  

 

Reducing N: Protein (Mis)Folding and Quality Control 

 Membrane proteins like Kv11.1 are very complex with hydrophillic 

intracellular domains and hydrophobic TM spanning domains, where folding is 

driven by different mechanisms (For review, see Mackenzie 2006).38 Further 

complexity comes from cooperativity between domains that may be necessary 

for proper folding, as well as chaperone molecule interactions (discussed below).  

Figure 1-5 is a schematic cartoon of Kv11.1 trafficking illustrating the various 

steps and interactions that may be important for obtaining a native, trafficking 

competent channel structure.  Over 50 mostly TMD-LQT2 mutations have been 

characterized to some degree and about 80% of these are thought to be 

misfolded, trafficking deficient channels targeted for ER associated degradation 

(ERAD), a well documented cellular mechanism for ‘cleaning up’ misfolded 

proteins.10,39,40 While the molecular mechanisms for Kv11.1 protein misfolding 

are mostly undefined, studies from other disease-associated membrane proteins 

like cystic fibrosis (CFTR), retinitis pigmentosa (ADRP) and many others may 

lend insight into cardiac ion channel misfolding.41,42  
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Figure 1-5. Kv11.1 channel folding and assembly in the ER.  Ribosomal 
synthesis begins with the N-terminus.  The intracellular PAS domain folds first, 
followed by insertion and packing of the TM spanning helices making up the 
voltage sensor and pore domains.  The intracellular C-terminal CNBD folds next, 
followed by oligomerization and then formation of the CCD (only two of four α-
subunits are shown).   Intra-domain interactions (i.e. hydrogen-bonding, salt 
bridges and van der Waals interactions) as well as possible cooperative 
interactions between domains are indicated with double-ended arrows. Some of 
these steps may occur co-translationally, including oligomerization, which may be 
facilitated with biological (ERAD or ERAF proteins) or chemical (E4) chaperones.  
Channels are then exported from the ER. 
 

 

 80% of disease-associated mutations in hydrophillic proteins are 

destabilizing.43 As shown in Figure 1-2, LQT2 mutations are overrepresented in 

the PAS domain, which has been shown to interact with the PAS domain of other 

subunits, the CNBD, and the S4-S5 linker.29,44,45,46   It is therefore probable, that 

loss of stability of the PAS domain causes multiple intra and inter-domain 

disruptions, which are recognized by quality control and targeted for ERAD. In 

fact, this has been shown for several PASD mutations.47 Similar mechanisms 

may apply to the CNBD as evidenced by the fact that all CNBD LQT2 mutations 

characterized to date are trafficking deficient.27    

 TMDs also cause misfolding through destabilization and are more 

susceptible to disease-causing mutations.48,48,50  Formation of the 
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transmembrane domain is a dynamic process of translocon mediated helix 

insertion and helix-helix interactions.51  Only about 15% of TM residues have 

polar side-chains, yet mutations that cause a gain or loss of a polar residue have 

the highest propensity for disease.52 In CFTR, gain of polar residues have been 

shown to alter the TM alignment through non-native H-bonds or in the case of the 

GABAA receptor mutation A322D linked to epilepsy, disrupt membrane insertion 

through loss of TM hydrophobicity.53,54 Similar mechanisms may exist with similar 

Kv11.1 mutations.14  Ionic interactions are important for helix-helix interactions, 

folding, and assembly in the homologous Shaker Kv channel.55,56,57 Kv11.1 

contains many LQT2 mutations of charged residues in the TMD including the 

voltage sensor and several of these have been characterized as trafficking 

deficient.10  

  Finally, formation of the pore seems to be a critical determinant of Kv11.1 

maturation as evidenced by 1) the numerous trafficking deficient mutations 

located there (see Fig 1-2), 2) the second-site suppressor mutation Y652C in the 

pore can reverse trafficking defects, and 3) pore blocking drugs like E4031 not 

only rescue pore mutations, but also those in the PASD and voltage sensor 

domains (VSD).10,58,59  Clearly there is a mechanistic link between the pore, 

PASD, and VSD folding, but the cooperativity between these domains to achieve 

the final fold is not understood.   Interestingly, some Kv11.1 mutations can also 

be corrected through reduced temperature, glycerol, and thapsigargin with 

different correction phenotypes.10,59,60  One interpretation is that mutations cause 

Kv11.1 channels to reach different misfolded states, some which can still fold 
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correctly if stabilized, and this is supported by studies of differentially targeted 

VSD mutations in Shaker Kv channels.61  

 It is less clear whether LQT1 is a misfolding disease to the extent of LQT2. 

Only about a dozen trafficking deficient LQT1 missense mutations have been 

described, strategies used to correct protein misfolding do not enhance trafficking 

deficient LQT1 mutations, and little is known about cellular quality control 

mechanisms that regulate Kv7.1.  In summary, (mis)folding of multidomain 

membrane proteins like Kv11.1 is very complex with numerous helix-helix, 

protein-lipid, as well as chaperone-mediated interactions, which is illustrated in 

Figure 1-5.   

 

 ERADication.    

 Much of what is known about the cellular quality control mechanisms that 

regulate ion channels comes from studies of CFTR.  Approximately 70-80% of 

cystic fibrosis patients have a phenylalanine deletion at residue 508 (ΔF508-

CFTR), which prevents its ER export and cell surface expression.  The 

chaperones calnexin, Hsp40, Hscp70, and Hsp90 all associate with CFTR and 

ΔF508-CFTR.  Several studies suggest that modulation of calnexin, Hsp40, 

Hscp70, and Hsp90 activities can affect the folding and stability of WT and 

ΔF508-CFTR (Amaral 2004).  Proteomic analyses demonstrate that the 

‘chaperome’ for ΔF508-CFTR actually consists of at least 31 different 

chaperones and co-chaperones.   Small interfering (siRNA) strategies directed 

against specific co-chaperones were found to 1) facilitate the degradation of 
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ΔF508-CFTR, 2) increase the stability (but not functional expression) of ΔF508-

CFTR, or 3) increase functional expression of ΔF508-CFTR.63  The data suggest 

that selectively modifying different co-chaperones can facilitate ER Associated 

Folding (ERAF) and ERAD or inhibit ERAD.  Several studies have identified 

similar components for the Kv11.1 chaperome including calnexin, the heat-shock 

proteins Hsp40, Hscp70, Hsp90, FKBP38 (38 kDa FK506-binding protein), 

Sigma 1-receptor, and Caveolin 3.64,65,66,67,68,69 Pharmacological inhibition of 

Hsp90, siRNA knockdown of FKBP38, or overexpression of Hsp40 inhibit the 

trafficking WT-Kv11.1, suggesting that the chaperones and co-chaperones are 

important for ERAF of WT-Kv11.1. Perhaps modulation of the Kv11.1 chaperome 

is one strategy for correcting trafficking deficient Kv11.1 mutants.   

 

Vesicular Transport.   

 In addition to ERAF and ERAD, the trafficking of proteins exiting the ER 

depends on their packaging into transport vesicles. Vesicular transport between 

the ER and Golgi compartments is mainly regulated by coat-associated protein I 

and II (COPI and COPII) vesicles.  In addition to COPI and COPII vesicles, the 

cells also contain other coat associated complexes, such as clathrin or caveolins, 

that regulate the recycling pathway of ion channel proteins between the cell 

surface, endosomes, lysosomes, and Golgi (see Figure 1-4). 

 The recruitment of proteins into COPII vesicles is facilitated by ER export 

sequences (i.e. D-X-E, where X is any amino acid) that are recognized by 

adaptor proteins, which assist the packaging of proteins into COPII vesicles70. 
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The formation of COPI vesicles is a GTP-dependent process that is very similar 

to COPII vesicles.  COPI vesicles are thought to primarily mediate retrograde 

transport of proteins that have ER retention signals (i.e. K-K-X-X or R-X-R) back 

to the ER, but they may also regulate the antegrade transport of proteins to the 

Golgi.  Many studies demonstrate that ion channels contain functional ER export 

and retention signals.  The trafficking of some ion channels appears to rely on 

the “masking” of ER retention signals during channel folding and assembly. For 

example, models for the trafficking of KATP and KIR channels suggest that 14-3-3 

proteins recognize correctly oligomerized K+ channels and mask ER retention 

signals to prevent retrograde transport back to the ER in COPI vesicles.71,72,73  

Other models suggest that once a channel has achieved a native-like 

conformation, ER export signals are exposed, which enables adaptor proteins to 

facilitate packaging into COPII vesicles.70  Moreover, an ER to Golgi adaptor 

protein, GM130, was shown to associate with the carboxy terminus of WT-

Kv11.1 (encompassing amino acid residues 667-1159)74,75. Interestingly two 

trafficking deficient LQT2 mutations (V822M and R823W) do not associate with 

GM130, suggesting that the recruitment of these mutations to COPII vesicles 

may be compromised (Figure 1-4 Step 3).75 Although the ER retention/export 

models appear to be mutually exclusive, the trafficking of K+ channels is likely 

regulated by multiple signals within the same subunit or co-assembled 

subunits.76 

Several ion channels have “non-conventional” vesicular transport properties 

because they rely only on COPI or COP II vesicular transport.  For example, 
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Hasdemir and colleagues have proposed that the A-type Kv subunits, Kv4.2 and 

K+ channel Interacting Protein 1 (KChIP1) traffic in a vesicular pathway that is 

dependent on COPI but not COPII vesicular transport, whereas Yoo and 

colleagues show that the trafficking of CFTR is sensitive to inhibition of COPII but 

not COPI vesicular transport.77,78  Delisle and co-workers recently showed that 

the trafficking of WT-Kv11 is more sensitive to inhibition of COP II vesicular 

transport.79 These data show that various trafficking pathways exist among 

different ion channels.  

   

Internalization & Recycling 

 A study of Kv7.1 suggests that serum- and glucocorticoid-inducible kinase 

(SGK1), together facilitates the recycling of Kv7.1 to the cell surface membrane. 

Thus far three LQT1 (P117L, Y111C, and L114P) and one LQT5 mutation 

(D76N) disrupt SGK1-stimulated plasma membrane insertion of Kv7.1 and 

E1.80,91 These mutations are located in an intracellular juxtamembranous region 

raising the possibility that these regions of Kv7.1 and E1 interact to promote 

trafficking of the heteromeric channel complex.  

 Less is known about the role of internalization as a mechanism for LQT2 

mutations.  However, expression of Kv11.1 in the cell surface is tightly linked to 

extracellular K+ concentration.80,82,83,84 In conditions of low external K+, Kv11.1 is 

rapidly internalized via a caveolin-dependent pathway. These series of studies 

raise the intriguing possibility that QT prolongation associated with hypokalemia 

may be caused by a reduction in IKr due to enhanced internalization of Kv11.1 to 
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reduce N, as illustrated in Figure 1-4.  

 

Reducing N: Drugs Interfering with Channel Trafficking. 

 In addition to mutations, numerous pharmacological inhibitors of trafficking 

have also been discovered, some seemingly specific to Kv11.1.1,85 These 

potentially may cause drug-induced LQTS by disrupting channel trafficking rather 

than direct block of the channel.  For example, Ficker and co-workers discovered 

that high concentrations of cardiac glycosides such as digoxin, which inhibit the 

sarcolemmal Na+/K+ ATPase pump, also block Kv11.1 channel trafficking.86  In 

general, the cellular mechanisms and molecular targets for drugs that disrupt 

tracking are not known, and it is possible that multiple drug binding sites 

representing different steps in protein processing can mediate trafficking 

disruption. 

 

Summary 

 Inherited arrhythmia syndromes, and more broadly genetically based 

diseases, have expanded our understanding of the underlying biology of disease 

mechanisms for the regulation of membrane, as well as non-membrane proteins.  

In this literature review, we have shown examples of inherited mutations that can 

cause failure of Kv11.1 channels to reach the surface by several mechanisms.  

Promisingly, several proof-of-principle experiments show that pharmacological 

strategies might be beneficial to loss of function mutations such as 1) drugs that 

readthrough premature stop codons to correct nonsense and frameshift 



18 

mutations, 2) drugs that upregulate channels synthesis to compensate for 

haploinsufficiency, and 3) drugs that correct misfolding directly through binding 

the channel or indirectly through chaperone modulation.  In addition, drugs may 

alter directly channel activity (Po, “activators”) or modify internalization and 

recycling.  While there are several caveats to each of these approaches; these 

are nevertheless exciting areas for potential therapeutic exploration and 

development.   

 Finally, new experimental models are becoming available.  To date, most of 

our mechanistic insights have come from studies done in heterologous 

expression systems and how well this translates to humans is uncertain.  

Advances in inducible pluripotent stem cell (iPS) technology promise the ability to 

generate cardiomyocytes carrying the genetics of the donor87.  For example, 

Moretti and co-workers created cardiomyocytes from induced pluripotent stem 

cells (iPSCMs) derived LQT1 patients carrying the R190Q mutation in the Kv7.1 

channel that was originally characterized as trafficking deficient.88,89 Interestingly, 

they found a 75% reduction in IKs, supporting reduced surface expression, but 

when they looked at IKr, they did not see any concomitant reduction; a 

mechanism found in over-expression models.90,91  This study highlights the 

potential importance iPS-CMs will have in understanding mechanisms of 

trafficking defects of cardiac channelopathies.   Also, recent advances in genome 

editing should make it possible to study any LQTS iPSCM for comparison with 

cells of the same genetic background.92  

 While a lot of work has been done in understanding the pathogenic 
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mechanisms of LQT2, most of it is based on a small percentage of mostly TMD 

mutations and many unknowns remain.  For example, is deficient trafficking the 

dominant mechanism for all domains?  Is pharmacological correction mostly 

limited to pore mutations?  Why are pore mutations more clinically severe?  What 

is the structural basis of misfolding? To address these questions, a largely data-

driven approach was used. Overall, 170 LQT2-linked missense mutations and 

dozens of engineered mutations covering the PASD, pore, C-linker/CNBD and 

distal C-terminus were characterized.  As a result, several new molecular insights 

into LQT2 were revealed, which are discussed in the following chapters.  
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Chapter II 

PASD LQT2 mutations 

 

Introduction 

 The 354 amino acid N-terminus of Kv11.1 contains a conserved ‘EAG’ 

domain (amino acids 1-135) present in the EAG family of Kv channels.  The first 

25 amino acids contain an amphipathic helix followed by a PASD; a protein 

module found in signaling proteins throughout prokaryotes and eukaryotes.   

 

 

 

 

 

 

 

 

 
 
 
 
Figure 2-1.  The Kv11.1 PASD.  A. Structure of the Kv11.1 PASD with LQT2-
linked residues in blue.  Arrow indicates ligand-binding pocket for most other 
PASDs.  B.  Mechanistic model of how PASD mutations cause LQT2.  
Conformational changes can disrupt interactions between the PASD and CNBD 
resulting in abnormal deactivation or can misfold resulting in deficient trafficking.   
C.  Gating scheme of Kv11.1. Starting from the closed state (C) channels slowly 
activate upon depolarization to the open state (0) and then quickly inactivate (I).  
Upon repolarization, channels quickly recover from inactivation and slowly close.  
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The crystal structure of the Kv11.1 PASD (PDB 1byw) is available and shown in 

Figure 2-1A.1 PASDs generally consist of about 100 amino acids that form a 

structural motif containing a central antiparallel β-sheet flanked by several α-

helices.  In most proteins, they act as a sensor detecting a variety of inputs from 

light to chemicals that are transduced to effector domains but no modulatory 

ligand has been found for the Kv11.1 PASD.2  However, it is important for Kv11.1 

gating.  Specifically, interactions between the PASD, CNBD, and S4-S5 linker 

are thought to give Kv11.1 its slow deactivation property important for its role in 

the cardiac action potential where the probability of a channel being open (Po) is 

greater during repolarization than depolarization (Figure 2-1C).1,3,4,5,6,7,8 From 

this gating scheme it can be seen that mutations that slow or speed deactivation 

can cause gain of function or loss of function, respectively.  For example, one 

mutation, E50D, has recently been identified to slow deactivation and cause 

short QT Syndrome (SQTS) while many others have been identified to speed 

deactivation and cause LQT2 by disrupting interactions between the PASD and 

“core” of the channel including the S4-S5 linker and CNBD (Figure 2-1B)1,7,9  

However, many of these studies were done using a Xenopus Oocyte expression 

model where cells are cultured at non-physiological temperature and many LQT2 

mutations have been found to be temperature sensitive in mammalian 

cells.10,11,12  In fact, many mutations studied in oocytes fail to traffic when 

expressed in HEK cells.    

 As shown in Figure 2-1B, there seems to be two mechanisms (i.e. gating 

or defective trafficking) underlying PASD mutations, each of which likely requires 
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different therapeutic strategies (i.e correcting gating or restoring trafficking).  As 

proof-of-principle, correction of the deactivation mutants R56Q and an EAG 

deletion was achieved by co-expressing the isolated WT PASD or just the EAG 

amphipathic helix in Xenopus Oocytes.13,14  Likewise, trafficking can be restored 

in HEK cells by targeting mutant mRNA for degradation by RNAi or by culturing 

cells in high affinity Kv11.1 pore blockers like E4031.12,15  Developing these 

therapeutic approaches however requires an understanding of the molecular 

basis of these mutations.  A recent study of ten PASD mutations suggests that 

PASD mutations behave differently than TMD mutations. Most were not 

trafficking deficient or correctable with E4031.16 However, the PASD is a 

mutational “hotspot” with at least 61 LQT2 mutations at 47 unique sites (Table 2-

2) . Given the number of mutations and different mechanisms reported within this 

domain, classifying each mutation is needed to further our molecular 

understanding of LQT2 and develop mutant-specific therapies.  

 

Results 

 

Trafficking phenotype of homomeric LQT2 PASD mutations 

 

 Over 60 PASD missense mutations and a few deletion mutations have 

been linked to LQT2, yet most have not been studied.  To determine the 

trafficking phenotype of these LQT2 mutations, immunoblot was performed on 

HEK cells expressing homomeric Kv11.1 cultured at physiological temperature 
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(370C), reduced temperature, (270C) or in the presence of 10µM E4031 (see 

methods). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-2.  Trafficking phenotype of PASD mutations.  Immunoblots of 
transiently transfected HEK cells comparing trafficking under control conditions at 
370C (-), with reduced temperature (270C) or 24 hrs of culture in E4031 (E4). 
Mutations are color-coded as follows: trafficking deficient and uncorrectable in 
red, trafficking deficient but correctable at 270C in yellow, trafficking deficient but 
correctable at 270C and with E4031 in blue and those that traffic similar to WT in 
green.  
 

Figure 2-2 shows representative immunoblots (n≥2) for 57 mutations studied and 

color-coded as follows: trafficking deficient and uncorrectable in red, trafficking 
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deficient but correctable at 270C in yellow, trafficking deficient but correctable at 

270C and with E4031 in blue, and those that traffic similar to WT in green. 

(Summary in Table 2-2)  Most mutations were trafficking deficient with 49/57 

(86%) having a diminished 155kD band on immunoblot when cultured at 370C. 

40 of those 49 (82%) could be corrected by culturing cells at reduced 

temperature and 22 (45%) could be corrected by culturing cells in E4031.  While 

18 mutations were only temperature correctable, none were only E4031 

correctable.  

 

Trafficking phenotype of PASD mutations co-expressed with WT 

  

 Since LQT2 is autosomal dominant where only one abnormal allele is 

present, immunoblots were also performed on HEK cells co-transfected with 

equal amounts of WT and mutant DNA.  Immunoblot analysis showed that nearly 

all mutants exhibited a decrease in the 155kD band intensity compared to WT 

alone (Figure 2-3A) This decrease was comparable to cells transfected with WT 

and empty vector.  Most of the mutations with a 155kD band similar to WT 

showed a weak 155kD band when expressed alone (Figure 2-2).   

 To determine if co-expression changes the trafficking phenotype of E4031 

treated cells, ten mutations were tested and no differences were found. Eight 

mutations remained uncorrectable with E4031 while two positive controls (F106L 

and E58K) were still correctable (Figure 2-3B).  
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Figure 2-3.  Trafficking phenotype of PASD mutations co-expressed with 
WT.  A. Immunoblot analysis of co-expressed channels under control conditions 
of culture at 370C.  B. Immunblot analysis of heteromeric channels under control 
conditions (-) at 370C compared to culture for 24hrs in E4031 (E4).  
 

Structural context of LQT2 PASD mutations 

 

 PASD mutations are located throughout the structure (see Figure 1A). To 

determine if any relationships exist between trafficking phenotype and location, 

mutations were mapped onto the structure (PDB 1byw) (Figure 2-3). While no 

phenotype/location relationship exists for E4031 or 270C, mutations that traffic 
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normally all lie near a hydrophobic surface important for deactivation (Figure 2-

3B).    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4.  Structural context of PASD mutations.  A.  Location of all LQT2 
mutations. Mutations are color-coded as follows: trafficking deficient and 
uncorrectable in red, trafficking deficient but correctable at 270C in yellow, 
trafficking deficient but correctable at 270C and with E4031 in blue and those that 
traffic similar to WT in green.  B.  Surface representation showing the location of 
mutations that traffic normally. Hydrophobic surface colored cyan.  C.  Current 
densities and immunoblots of stably transfected cells and color-coded the same 
as in panel A.   
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For example, N33T and R56Q were reported to have faster deactivation and 

E58D, A57P, V115M, M124T and F125C are located nearby. E130K also traffics 

normally but is not located in the hydrophobic patch.  To determine if these 

trafficking-competent mutations express currents, current densities were 

measured using stably transfected cells for each mutation (except A57P) as well 

as trafficking-deficient V41F and F106L for comparison. V41F (3.7±1.1 pA/pF, 

n=5) and F106L (5.6±4.6 pA/pF, n=5) showed no current while mutations that 

trafficked similar to WT (97.7 ±6.2, n=9) showed large currents (Figure 2-4C). 

See Table 2-1 for values.  M124R, which showed a weak 155kD band on most 

immunoblots expressed some current (21.5 ±5.3 pA/pF, n=7).  Since there is 

variability between different stable cell lines of the same mutation, statistical 

comparisons to WT were not done. To determine if these mutations exhibit 

abnormal gating, activation, deactivation, and inactivation properties were 

studied using stably transfected cells. Values are reported in Table 2-1. 

Statistically significant differences from WT were found for E130K, M124R and 

F125C (Figure 2-5). The V1/2 of E130K was shifted -10mV (Figure 2-5A). 

Deactivation measured at -50mV was faster for M124R and F125C (Figure 2-

5B). E58D had slower inactivation (Figure 2-5C).  The gating properties of 

V115M were similar to WT.  
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Figure 2-5.  Biophysical properties of PASD mutations.   A. I-V relationships 
and slope factors.  B.  Deactivation time constants determined at Vstep to -
50mV.  C.  Inactivation time constants determined at 0mV.  Asterisks indicate 
statistical significance (p<0.05).  
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Table 2-1.  Biophysical properties of Kv11.1 mutations 

Current 
Density  

Activation Deactivation at -50mV Inactivation  
at 0mV  

LQT2 

pA/pF V1/2               
(mv) 

slope  
(mv/e-fold) 

tau slow  (s) tau fast (ms) tau             
(ms) 

WT 97.7±6.2 (9) -8.3±0.4 (5) 6.5 ±0.4 (5) 5.3±0.3 (5) 835±32 (5) 12.4±0.7 (3) 
E58D 62.2±9.7 (8) -8.8±1.5 (7) 7.5±0.3 (7) 4.9±0.3 (8) 746±37 (8) 16.1±0.6* (4) 

V115M 73.1±15.3 (9) -9.2±0.7 (8) 6.8±0.2 (8) 5.1±0.5 (4) 863±48 (4) 12.7±0.1 (3) 
M124R 21.6±5.3 (7) -7.3±1.6 (4) 7.6±0.3 (4) 2.2±0.1* (5) 430±28* (5) n/a 
F125C 54.1±13.7 (9) -11.2±1.4 (9) 6.7±0.1 (9) 3.4±0.2* (9) 615±33* (9) 13.0±0.5 (4) 
E130K 43.2±6.1 (7) -19.4±1.9* (9) 6.6±0.3 (9) 6.9±0.7 (7) 922±65 (7) 10.4±0.3 (6) 
S706C 97.7±6.2 (6) -14.4±2.3 (5) 6.6±0.4 (5) 5.6±0.7 (5) 914±65 (5) 13.4±1.6 (3) 
I711V 45.5±4.0 (4) -5.9±1.8 (4) 7.6±0.6 (4) 3.2±0.2* (4) 512±16* (4) n/a 
D767Y 73.1±9.7 (5) -21.0±1.2* (5) 6.1±0.2 (5) 3.8±0.3* (4) 741±82 (4) 11.4±0.4 (4) 
R791W 105±11 (4) -20.5±1.4* (4) 6.1±0.2 (4) 3.1±0.6* (4) 620±104 (4) 16.0±2.6 (4) 
R835W 17.2±1.8 (5) 7.8±1.6* (5) 9.0±0.6* (5) 1.9±0.2* (4) 416±31* (4) 12.6±0.2 (3) 

R1005Q 97.7±6.2 (7) -14.6±0.5* (7) 6.4±0.3 (7) 4.7±0.3 (6) 823±43 (6) 15.1±0.6* (5) 
L1049P 34.6±4.5 (7) -17.0±2.5* (5) 7.7±0.6 (5) 11.3±1.0* (5) 1440±24* (5) 10.6+0.5 (5) 
L1066V 74.3±8.7 (6) -0.5±0.8* (5) 7.1±0.4 (5) 4.0±0.2 (4) 719±29 (4) 18.9±1.1* (4) 
V644L 62.0±6.4 (12) -10.6±1.7 (7) 6.6±0.4 (7) 4.8±0.3 (4) 790±87 (4) 8.9±0.3* (5) 
I662T 73.1±10.0 (8) -8.4±1.0 (6) 7.3±0.1 (6) 7.5±0.6 (5) 822±57 (5) 10.6±0.6 (4) 

Bold asterisks indicate statistical significance from WT (p<0.05)  

 

PASD mutations are destabilizing 
 
 
 Several LQT2 mutations have been reported to destabilize the PASD. To test 

destabilization as a possible cause for the 49 mutations identified in Figure 2-2, 

several bioinformatics tools were used.   First, evolutionary conserved and buried 

residues have been shown to be important for protein stabilization and occur 

more frequently in disease.17 Using ASAView and ConSurf, the average solvent 

accessibility of LQT2 residues was 26 % compared to 32% for all residues and 

the average conservation score for LQT2 residues was 6.8 (9 being the highest) 

compared to 4.7 for all residues. Values for all LQT2 residues are listed in Table 

2-2. Next, the stability prediction web servers: PolyPhen, MUpro, CUPSAT, Eris, 

and I-Mutant 2.0 in addition to FoldX found that overall, about 75% or more of 
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LQT2 mutations are “possibly to probably destabilizing” (inset Figure 2-6) (see 

methods). Since FoldX was reported to be successful in correlating FoldX energy 

changes with the phenotype of disease-linked rhodopsin mutations, values for 

each mutation were plotted and color-coded based on trafficking phenotype 

(Figure 2-6).18  

 

 

 

 

 

 

 

 

 

 

 
Figure 2-6.  FoldX analysis of PASD mutations.  The more positive DDG is, 
the more destabilizing the mutation is. Mutations are color-coded as follows: 
trafficking deficient and uncorrectable in red, trafficking deficient but correctable 
at 270C in yellow, trafficking deficient but correctable at 270C and with E4031 in 
blue and those that traffic similar to WT in green. Uncharacterized mutations are 
shown in gray.  
 
 

Overall, there is a broad range of stabilities with some correlations. Most of the 

uncorrectable mutations shown in red group near the left (most destabilizing) 

whereas many that traffic normally (green) group near the right (no effect).   
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 To complement the bioinformatics analysis, the solubility of each mutant 

domain expressed in E.coli was used as a qualitative measure of stability (see 

methods). Figure 2-7 shows the total soluble protein for 52 LQT2 mutations 

normalized to WT and color-coded according to their trafficking phenotype. 

Example immunoblots are shown in the inset. In general, solubility correlated 

with trafficking phenotype where the least soluble mutations having the most 

severe trafficking phenotype and vice versa.  In addition, E4031 correctable 

mutations are generally more soluble than uncorrectable ones. To rule out loss of 

protein expression as the reason for less protein on immunoblots, total cell 

lysates were also run and all mutations expressed similarly to WT (inset Figure 

2-7).  

 
 
 
 

 

 
 

 
 

 

 
 
 
Figure 2-7.  Solubility of mutant PASDs.  Inset shows representative 
immunoblots of total protein and soluble protein (in duplicate). Mutations are 
color-coded as follows: trafficking deficient and uncorrectable in red, trafficking 
deficient but correctable at 270C in yellow, trafficking deficient but correctable at 
270C and with E4031 in blue and those that traffic similar to WT in green.  
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PASD second-site suppressor mutations 
 
 
 While PASD misfolding seems to be one major determinant of LQT2, the 

structural basis of misfolding is largely unknown.   Misfolding can be due to many 

factors including over-packing, cavity formation, loss of ionic interactions, etc.  

For example, V41 and C64 are buried buried in the core of the PASD. Since the 

LQT2 mutations V41F and C64Y/W introduce larger hydrophobic side-chains, 

overpacking was tested as a cause for misfolding and deficient trafficking (Figure 

2-8A). Hydrophobic mutations of different sizes were generated at V41 and C64 

to test their trafficking phenotype at 370C and 270C. The trend shows a more 

severe trafficking phenotype as the hydrophobic side-chain size increases 

(Figure 2-8C).  In addition, the solubility of the mutant domains expressed in 

E.coli  decreases as the side-chain size increases (Figure 2-8E).  

 To further support over-packing as the cause of misfolding, nearby side-

chains that likely clash with LQT2-V41F or LQT2-C64W were mutated to smaller 

residues.  Immunoblots in Figure 2-8C show that trafficking of LQT2-V41F was 

improved with C64A, C64G or Q61G at 270C but not 370C.   Immunoblots and 

current densities of stably transfected cells showed that trafficking of LQT2-

C64W (3.8±0.8 pA/pF, n=4) can be improved at 370C with C39G (37.8±3.5 

pA/pF, n=3) or Q61G (69.6±12.7 pA/pF, n=3) (Figure 2-8D).  Immunoblot also 

shows that LQT2-C64Y can also be improved with C39G. Q61G was not tested. 

A sequence alignment with other distantly related PASDs reveals that nearly all 

other PASDs contain a glycine at position 61 in contrast to a glutamine for the 

EAG family of channels (Figure 2-8B).   
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Figure 2-8.  Mechanism and correction of PASD mutations.  A.  Location of 
LQT2 (orange) and suppressor (black) mutations.  B.  Sequence alignment of 
PASDs. LQT2 mutations highlighted in orange and suppressor mutations 
highlighted in gray.  C. Immunblots of V41 and C64 mutations color-coded as 
follows: trafficking deficient and uncorrectable in red, trafficking deficient but 
correctable at 270C in yellow and those that traffic similar to WT in green. D.  
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Current densities of LQT2 mutations with and without suppressor mutations and 
color-coded the same as in panel C.  E.  Immunoblots of recombinant PASDs 
(T=total protein, S=soluble fraction).  F.  FoldX analysis of C64 mutations color- 
coded the same as in C.  Gray indicates uncharacterized.  
 
 

Q61G was then tested on other nearby LQT2 mutations.  Immunoblots and 

current densities of stably transfected cells show that trafficking of LQT2-I42N 

(2.2±0.7 pA/pF, n=3) can be improved at 370C with Q61G (41.9±6.3 pA/pF, n=6) 

(Figure 2-8D). These second-site suppressor mutations also increase the 

solubility and FoldX predicted stability compared to WT (Figure 2-8E and F).  

 Using ESBRI, a program that predicts potential ionic interactions within a 

protein, two highly conserved residues E58 and K101 were identified. Five LQT2-

mutations locate to these two residues (E58A,D,G and K and K101E) and all but 

the conserved E58D mutation are trafficking deficient.  Neither K101E nor K101D 

corrected E58K (data not shown).  Using CaPTURE, a program that predicts 

potential cation-pi interactions within a protein, the highly conserved residues 

R100 and F106 were identified.  Five mutations locate to these two residues 

(F106L,Y and R100G,Q, and W) and all are trafficking deficient but with different 

phenotypes.  R100G,Q and W are correctable by culturing at 270C only whereas 

R100G, F106L and Y are also E4031 correctable. (Figure 2-2). 

 

Trafficking analysis of PASD deletion mutations 

 
 The Kv11.1 PASD also contains two uncharacterized LQT2 deletion 

mutations ΔV113 and Δ82-84 (Figure 2-8A).  Immunoblot analysis of transiently 
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transfected cells shows that both are trafficking deficient (Figure 2-9).  Neither 

can be corrected at 270C or with E4031 (data not shown).   

 

 

 

 

 

Figure 2-9. Site-saturation mutagenesis of ΔV113. Immunoblot analysis under 
control conditions.  
 

 

 

 Unlike missense mutations, which disrupt side-chains (and backbone for 

proline substitutions), deletion mutations might disrupt trafficking from loss of 

backbone interactions, side chain interactions, or both.  Inspired by a similar 

rationale and study of the Δ508 CFTR mutation, site-saturation mutagenesis of 

ΔV113 (except aspartate) revealed that all mutations traffic normally except for 

proline indicating that loss of backbone interactions solely contribute to the 

trafficking-deficient phenotype.19    
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Table 2-2.  Properties of PASD mutations 

LQT2 
PAS 

Class       
2 

27 E4 WT Gen 
Ref 

Phen 
Ref 

Con 
Surf 

ASA 
View 

FoldX Solubility 

S26I Y + + + 1 a 6 83.6 0.87 0.34 
K28E Y + + + 1 a 7 27.2 2.19 0.57 
F29L Y + + + 1 a 7 25.4 1.29 0.59 
I30T Y + + + 2 a 4 0 2.03 0.33 
I31S Y - - + 1 b 8 17.8 4.17 0 
A32T Y + + + 2 a 6 0 4.78 0.66 
N33T N    1 a 9 36.2 1.76 0.93 
V41F Y - - + 2 a 7 0 11.24 0.3 
I42N Y + - + 3 a 6 35.7 1.24 0.49 
Y43C Y + - + 1 a 7 45.4 0.95 0.27 
C44F Y - - + 1 a 7 0 10.53 0.12 
N45Y Y - - + 2 a 9 11.6 2.12 0.36 
G47V Y + - + 1 a 7 14 8.15 0.28 
C49Y Y + - + 1 a 4 11.1 3.21 0.47 
G53D Y + - + 2 a 9 50.8 6.99 0.31 
G53R Y + + + 1 a 9 50.8 4.11 0.31 
Y54H Y + + + 2 a 9 17.3 1.56 0.87 
S55L Y + - + 1 a 3 46.1 0.38 0 
R56Q N    1 a 1 40.6 -0.29 0.95 
A57P N    2 a 1 78 -0.78 0.9 
E58A Y + + + 1 a 8 28.6 0.62 0.44 
E58D N   + 1 a 8 28.6 0.51 0.6 
E58G Y + - + 1 a 8 28.6 1.64 0.22 
E58K Y + - + 1 a 8 28.6 -0.22 0.34 
C64W Y + - + 2 a 6 0.7 18.62 0.38 
C64Y Y + + + 1 a 6 0.7 17.74 0.52 
T65P Y + + + 1 c 9 21.6 -0.33 n/a 
C66G Y + - + 1 a 7 0 1.39 0.43 
F68L Y + - + 1 a 7 18.9 2.05 0.25 
H70N Y + + + 2 a 9 33 0.84 0.25 
H70R Y + + + 1 a 9 33 0.02 0.67 
G71R Y - - + 1 a 7 36.8 9.62 0.06 
P72L Y + + + 2 a 1 85.3 1.23 0.36 
P72Q Y + + + 1 a 1 85.3 1.19 0 
T74M Y - - + 2 a 7 16.6 6.16 0 
T74P Y - - + 2 a 7 16.6 3.91 0.09 
T74R Y - - + 2 a 7 16.6 1.08 0.09 
A78P Y + + + 1 a 2 5.4 0.15 0.59 
A80P n/a    3 n/a 1 50.8 2.84 n/a 
A85V Y + + + 1 a 8 0 3.55 0.37 
L86P Y - - + 2 a 4 8.2 4.46 0.26 
L86R Y + - + 1 a 4 8.2 3.64 0.09 
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L87P Y + - + 1 a 1 8.2 3.4 0.08 
V94G Y + - + 2 a 6 3.9 4.5 0.08 
I96T Y + + + 1 a 6 0.5 3.25 0.78 
F98S Y + - + ? a 9 1 6.14 0.01 
Y99S Y + + + 1 a 8 18.2 5.16 0.52 

R100G Y + + + 1 a 9 19.6 2.95 0.18 
R100Q Y + - + 1 a 9 19.6 2.95 0.02 
R100W Y + - + 2 a 9 19.6 2.98 0.01 
K101E Y - - + 1 a 8 53 1.01 0.15 
D102A n/a    2 n/a 8 82.4 0.41 n/a 
F106L Y + + + 3 a 9 0.5 0.87 0.21 
F106Y Y + + + 2 a 9 0.5 1.84 0.23 
C108R Y - - + 2 a 9 0 12.17 0 
P114S Y + + + 1 a 9 12 3.77 0.13 
V115M N    2 a 7 26.7 -0.58 n/a 
M124R Y + + + 1 a 7 29.5 1.04 0.41 
M124T N    1 a 7 29.5 1.9 0.82 
F125C N    2 a 5 2.5 3.91 0.87 
E130K N    3 a 4 25.8 -0.57 1.1 

 
The column labeled class 2 indicates which mutations are trafficking 
deficient in control (370C) conditions (Y=yes, N=no).  The columns labeled 
27 (270C) and E4 (E4031) indicate the trafficking phenotype of the class 2 
(trafficking deficient) LQT2-Kv11.1 channels in these conditions.  The plus 
(+) indicates an increase in the density of the 155kDa Kv11.1 protein band 
and a minus (-) indicates no change from the control immunoblot pattern.  
The column labeled WT indicates whether a 155kDa band was present or 
not upon co-expression of WT and LQT2-Kv11.1 channels. The ConSurf 
column indicates the ConSurf computed conservation score for each 
residue ranging from 1 (highly variable) to 9 (highly conserved).  The 
ASAView column indicates the ASAView computed % solvent accessibility 
of each residue.  The FoldX column indicates the FoldX computed change 
in stability of each mutation where ΔΔG ≥0 is destabilizing and ΔΔG ≤0 is 
stabilizing.  The solubility column indicates what % of the recombinant 
mutant domain was soluble when expressed in E.coli compared to WT 
(N≥2). The GenRef and PhenRef columns indicate the resources for the 
genotyping and trafficking phenotype classifications.  Refereneces are: (1) 
IAD20, (2), Kapplinger21, (3) other, (a) this study, (b) Anderson12, (c) other.  
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Discussion 

 In contrast to a recent report of 10 PASD mutations by Harley and co-

workers, the 57 mutations characterized in this study show that most PASD 

mutations are indeed trafficking deficient and that many can be corrected by 

E4031.16 This underscores the importance of this comprehensive analysis in 

understanding the molecular properties of PASD mutations.  Also, they found 

that H70R and A78P trafficked normally in contrast to the results shown in 

Figure 2-1. These differences are not surprising, which may reflect the different 

techniques used for characterization.  Immunoblots of H70R and A78P showed a 

weak to strong 155kD band but were less than WT.  Another example is M124T, 

which is trafficking-competent based on immunoblot but shows a 30% current 

reduction using Xenopus oocytes in another study.22 Another example is the 

TMD T421M mutation, which is trafficking-competent in HEK cells but slightly 

trafficking-deficient in a rat cardiomyocyte over-expression model (Figure 2-1).23  

Similarly, E4031 correction is not as reproducible for some mutations.  K28E was 

correctable in this study and in another report but was not reproducible in the 

Harley study.10,16 These examples illustrate that not all mutations show a clear 

phenotype which may reflect the expression model used and/or technique used 

for characterization.  

 Electrophysiological characterization of the trafficking-competent 

mutations revealed that most mutations had a small, if any, effect on Kv11.1 

gating.  The trafficking-deficient M124R and trafficking-competent F125C both 

have faster deactivation similar to other mutations located in the same region.  
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This is consistent with loss-of-function.  Interestingly, the E130K channels open 

sooner and E58D channels have slower inactivation, which predict gain of 

function characteristic of SQTS and V115M had no effect. 24 Possible 

explanations for these confounding results are 1) they are trafficking deficient, 

which is not recapitulated in the HEK model, 2) an unknown mechanism 

accounts for their loss of function, or 3) they are simply benign variants, which 

has been suggested for other LQT2-linked mutations.12,25   

 Despite these few exceptions, a clear loss-of-function mechanism (i.e. 

defective trafficking) was reported for nearly all other mutations.  A few trafficking 

deficient mutations did show a robust 155kD when co-expressed with WT and 

these mutations need to be tested further.  In a study of R56Q, which traffics 

normally and deactivates faster, currents from co-expression of WT Kv11.1 and 

R56Q Kv11.1 subunits had properties intermediate to that form either subunit 

alone.26 

 One interesting and important correlation was that E4031 only corrects 

mutations that are less severe.  That is, most E4031 correctable mutations 1) 

already show a slight 155kD band like H70R and A78P, 2) are all correctable at 

270C,  and 3) are more soluble than uncorrectable mutations.   Supporting this is 

a quantitative analysis done by Harley and co-workers of ten mutations showing 

that trafficking deficient mutations in general are more destabilizing, some with 

decreased folding efficiency. Interestingly they found that F29L and G53R are not 

destabilizing but still fail to traffic normally. Since they lie near a hydrophobic 

surface thought to interact with other parts of the channel, they suggest that 
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these mutations may affect other parts of the channel that lead to misfolding.  

This mechanism has been reported for the TMD mutation N470D.27 Given that at 

least 86% of the mutations are trafficking deficient and most are likely 

destabilizing, one correction strategy might be to identify drugs that target and 

improve PASD stability.  Since many PASD mutations are temperature and 

E4031 correctable, their affect on Kv11.1 misfolding does not seem to be too 

severe and small increases in stabilization might be enough to improve 

trafficking. This strategy has been successful in correcting the misfolding ΔF508 

CFTR mutation, the p53 tumor suppressor protein and others.28,29,30  Strategies 

like these are needed that can improve trafficking without also blocking the 

channel as E4031 does.  
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Chapter III 

C-terminal LQT2 mutations 

 

Introduction 

The C-terminus of Kv11.1 contains a CNBD (amino acids 750-870) coupled to 

the pore through a C-linker (amino acids 666-749).  The crystal structure of 

several CNBDs are available, which all have a similar fold with a β-roll motif that 

binds cyclic nucleotides. Figure 3-1 shows a homology model of the Kv11.1 

CNBD (blue) aligned with that of the recently solved zELK C-linker/CNBD 

structure.1 Unlike hyperpolarization-activated cyclic-nucleotide modulated (HCN) 

channels and cyclic-nucleotide gated (CNG) channels, Kv11.1 is not modulated 

by cyclic nucleotides.2   Instead, the binding pocket likely contains a short β-

strand with F860 and L862 forming an ‘intrinsic ligand’ based on homology to 

zELK.1 Supporting this, mutations in the zELK β-strand shift activation positively, 

which is similar to the effect of cAMP on HCN channels. Interestingly, many 

LQT2 mutations lie near or in this β-strand such as N861I and N861H.  

 While Kv11.1 isn’t directly modulated by nucleotides, it is necessary for 

trafficking and proper functioning of Kv11.1. Deletion of the CNBD and all 

characterized LQT2 mutations located within the CNBD prevent cell surface 

expression (Figure 3-1).3,4 As described in Chapter 2, gating is modulated 

through interactions with the EAG/PASD (for a review, see Gustina and 

Trudeau)5.  Similar to PASD mutations, many engineered CNBD mutations also 

speed deactivation.6,7 Based on the homology model, there is a hydrophobic 
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surface patch located in the β-roll as well as an acidic patch further away, which 

have been suggested to interact with the hydrophobic surface of the PASD and 

positively charged residues of the N-terminal amphipathic helix, respectively (see 

Figure 3-4B).6  

 

 

 

 

 

 

 

 

 
 
Figure 3-1.  The Kv11.1 C-linker/CNBD.  A. Model of the Kv11.1 C-linker/CNBD 
(orange) aligned with that of zELK (gray) with LQT2-linked residues as blue balls 
and the intrinsic ligand residues in magenta.  B.  Mechanistic model of how C-
linker/CNBD mutations cause LQT2. Conformational changes can disrupt 
interactions between the PASD and CNBD resulting in abnormal deactivation or 
can misfold resulting in deficient trafficking. 
 

 

Most of the engineered mutations reported to quicken deactivation are located in 

or near these regions.6,7   Also, two LQT2-linked mutations, R784W and E788K, 

also shift the voltage-dependence of inactivation more positively, which has also 

been reported for a few PASD mutations.8 Since the CNBD acts part and parcel 

with the PAS domain to regulate deactivation, it is surprising that all LQT2 



54 

mutations reported impair trafficking with none solely affecting gating like N33T 

or R56Q in the PASD.  For similar reasons, it is surprising that no CNBD 

mutations have been found to be E4031 correctable. However, many of these 

mutations have been studied in Xenopus oocytes and might be temperature 

sensitive in mammalian cells.  Moreover, the majority of Clinker/CNBD mutations 

are uncharacterized with at least 41 LQT2 mutations at 32 unique sites leaving 

these two possibilities open. A comprehensive analysis will reveal whether the 

molecular mechanisms for CNBD mutations are more similar to the PASD (i.e. 

gating or defective trafficking, see Figure 3-1B). 

 Beyond the CNBD, are the CCD and an ER retention signal (RXR), both 

containing LQT2-linked mutations (Figure 1-1).9,10  The RXR motif is masked by 

a region at the distal C-terminus.  Deletion of the C-terminal 147 amino acids 

impairs trafficking by exposing the RXR, which can be restored by mutating the 

RXR signal.9 Deletion of the CCD and a LQT2-linked insertion mutation that 

disrupts the CCD have been reported to disrupt trafficking in Xenopus oocytes.10 

While two polymorphisms with very subtle gating differences in HEK cells have 

been reported for the CCD, it is unclear what the loss-of-function mechanism(s) 

are for LQT2-linked mutations in these regions.11 

 

Results 

 

Trafficking phenotype of homomeric Clinker/CNBD mutations 
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 Over 40 C-linker/CNBD missense mutations have been linked to LQT2, 

yet most have not been studied.  To determine the trafficking phenotype of these 

LQT2 mutations, immunoblot was performed on HEK cells expressing 

homomeric Kv11.1 cultured at physiological temperature (370C), reduced 

temperature, (270C) or in the presence of 10µM E4031 (see methods).  Figure 3-

2A shows representative immunoblots (n≥2) for 29 mutations and color coded as 

follows: trafficking deficient and uncorrectable in red, trafficking deficient but 

correctable at 270C in yellow, trafficking deficient but correctable at 270C and with 

E4031 in blue, and those that traffic similar to WT in green (Summary in Table 3-

1). Most mutations were trafficking deficient with 24/29 (82%) having a 

diminished 155kD band on immunoblot when cultured at 370C. 15 of those 24 

(62%) could be corrected by culturing cells at reduced temperature and 5 (17%) 

could be corrected by culturing cells in E4031.  While 10 mutations were only 

temperature correctable, no mutations were only E4031 correctable.  Since this 

is the first report of an E4031 correctable C-terminal mutation, the E4031 binding 

site was abolished to see if correction still occurs. F656C, known to disrupt 

E4031 binding, was introduced to make the double mutant F656C/R752Q.  

Immunoblot analysis showed that F656C did indeed abolish E4041 correction 

(Figure 3-2B).  F656C was run as a control to show that it does not affect 

trafficking.  
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Figure 3-2.  Trafficking phenotype of C-linker/CNBD mutations.  A.  
Immunoblots of transiently transfected cells comparing control conditions (-) with 
reduced temperature (270C) or E4031 (E4). Mutations are color-coded as 
follows: trafficking deficient and uncorrectable in red, trafficking deficient but 
correctable at 270C in yellow, trafficking deficient but correctable at 270C and with 
E4031 in blue and those that traffic similar to WT in green. B.  Immunoblot 
analysis of E4 correction of R752Q, a SIDS-linked mutation.12  
 

 

Trafficking phenotype Clinker/CNBD mutations co-expressed with WT 



57 

 

 Since LQT2 is autosomal dominant where only one abnormal allele is 

present, immunoblots were also performed on HEK cells co-transfected with 

equal amounts of WT and mutant DNA.  Similar to the PASD, nearly all mutants 

exhibited a diminished 155kD band compared to WT alone (Figure 3-3A), 

 To determine if co-expression changes the trafficking phenotype of E4031 

treated cells, ten mutations were tested and no differences were found (Figure 3-

3B).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3.  Trafficking phenotype of CNBD mutations co-expressed with 
WT.  A.   Immunoblot analysis of co-expressed channels under control 
conditions. B. Immunoblot analysis of heteromeric channels under control 
conditions (-) compared to E4031 (E4) treated cells.   
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Structural context of LQT2 C-linker/CNBD mutations 

  

 LQT2 mutations are located throughout the C-linker/CNBD structure (Figure 

3-1A). To determine if any relationships exist between trafficking phenotype and 

location, mutations were mapped onto the structural model (Figure 3-3). While 

no phenotype/location relationship exists for E4031 or 270C correction, two of the 

mutations that traffic normally, R791W and D767Y lie in the β-roll near the 

hydrophobic patch found to be important for deactivation (Figure 2-3B). S706C, 

I711V, and R835W lie outside the β-roll and are buried near each other closer to 

the dimer interface. To determine if these trafficking-competent mutations 

express currents, current densities were measured using stably transfected cells 

for each mutation as well as trafficking-deficient E788K for comparison. 

Mutations that traffic similar to WT (except for R835W) all had a 155kD band and 

expressed large currents compared to E788K. Since there is variability between 

different stable cell lines of the same mutation, statistical comparisons to WT 

were not done.  
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Figure 3-4.  Structural context of C-linker/CNBD mutations.  A.  Location of 
all LQT2 mutations. Mutations are color-coded as follows: trafficking deficient and 
uncorrectable in red, trafficking deficient but correctable at 270C in yellow, 
trafficking deficient but correctable at 270C and with E4031 in blue and those that 
traffic similar to WT in green. Uncharacterized mutations shown in gray.  B.  
Surface representation of mutations that traffic normally shown in green. 
Hydrophobic patch shown in light blue and acidic surface residues in red.  C. 
Current densities and immunblots of stably transfected cells.  The WT level 
reported in Chapter 2 is shown with a dashed line. Green indicates normal 
trafficking and yellow indicates trafficking deficient but correctable when cultured 
at 270C.  
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Figure 3-5.  Biophysical properties of C-linker/CNBD mutations.  A. I-V 
relationships and slope factors.  B. Deactivation time constants determined at 
Vstep to -50mV.   C.  Inactivation time constants.  Asterisk indicates statistical 
significance (p<0.05).  
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 To determine if these mutations exhibit abnormal gating, activation, 

deactivation, and inactivation properties were studied using stably transfected 

cells. Values are reported in Table 2-1. Statistically significant differences from 

WT were found for all but S706C. The V1/2 of D767Y and R791W were bothe 

shifted about - 12mV and R835W was shifted positively by 16mV (Figure 2-5A).  

The slow component of deactivation measured at -50mV for D767Y and R791W 

was faster compared to WT and both the fast and slow components of 

deactivation for I711V and R835W were faster than WT (Figure 3-5B). No 

statistically significant differences were found for inactivation.  

 
 
Bioinformatics analysis of C-linker/CNBD LQT2-mutations.  
 
 
 
 To test destabilization as a possible cause for the 24 mutations identified as 

trafficking deficient, a similar bioinformatics analysis was done as for the PASD 

(Figure 2-2). Using ASAView and ConSurf, the average solvent accessibility of 

LQT2 residues was 26 % compared to 32% for all residues and the average 

conservation score for LQT2 residues was 6.8 (9 being the highest) compared to 

4.7 for all residues. Values for LQT2 residues are listed in Table 3-1. Next, FoldX 

was used to calculate the change in stability for all LQT2 mutations, which is 

plotted and color-coded based on trafficking phenotype (Figure 3-6). Overall, 

there is a broad range of stabilities with some correlation.  Eight uncorrectable 

mutations shown in red group to the far left (most destabilizing) but there is less 
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correlation between stability and trafficking than seen for the PASD (Figure 2-6 

and 2-7).  

 

 

 

 
 
 
 

 
 

 

 
 
 
 
 
Figure 3-6.  FoldX analysis of C-linker/CNBD mutations. Mutations are color-
coded as follows: trafficking deficient and uncorrectable in red, trafficking 
deficient but correctable at 270C in yellow, trafficking deficient but correctable at 
270C and with E4031 in blue and those that traffic similar to WT in green.  
Uncharacterized mutations are shown in gray.  
 
 
 
 
 
Correcting a CNBD mutation with a second-site suppressor mutation 
 
 
 The solvent accessibility, conservation and FoldX analysis point to loss of 

stability as a possible cause for some CNBD mutations, the structural basis for 

any mutations is unknown. As mentioned in Chapter 2, several factors can lead 

to loss of stability including loss of ionic interactions.  Using the web server 

ESBRI, E788 and R823 were predicted to form an energetically favorable 
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interaction. No cation-pi interactions were predicted with CaPTURE.  Three LQT2 

mutations locate to these residues (E788D, K and R823W). Surprisingly, R823W 

have a more severe trafficking phenotype (not correctable) than the E788D or the 

charge reversal E788K (temperature correctable) (Figure 3-2A).  FoldX analysis 

correlates to a degree with these findings where R823W and to a lesser extent 

E788D are predicted to be destabilizing where E788K has no effect (Figure 3-6).   

To test loss of the salt-bridge as a cause for destabilization, R823D and R823E 

were introduced to make the double mutations E788K/R823D.  Immunoblot 

analysis of stably transfected cells showed that the second-site mutation R823E 

but not R823D was able to correct E788K (Figure 3-4C). R823K was also not 

able to correct E788D (data not shown). FoldX ΔΔG calculations showed that 

none of the double mutations improved stability (results not shown).  

 

Trafficking analysis of CCD and RXR LQT2-mutations  

 
 LQT2-linked mutations in the distal C-terminus including the CCD and 

RXR signal are mostly uncharacterized.  Immunoblot analysis of transiently 

transfected cells showed that 7 LQT2 mutations, 2 polymorphisms and 1 SIDS 

mutation all lying in or near the CCD and RXR signal (except A913C) traffic 

normally (Figure 3-7B).   

 To test whether any of these mutations disrupt the CCD, the Paircoil2 web 

server identified L1049P, which lies in the hydrophobic region between helices 

similar to L1066V (Figure 3-7A). To determine if these trafficking-competent 

mutations express currents, current densities were measured using stably 
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transfected cells for L1049P, L1066V, and R1005Q. All express currents and 

have a 155kD band on immunoblot (Figure 3-7C).  Activation, deactivation and 

inactivation were also measured and statistically significant differences from WT 

were found for all mutations. The V1/2 of R1005Q shifted -5mV and inactivation 

was slightly slower.  The V1/2 of L1049P shifted -9mV and had slower fast and 

slow components of deactivation.  By contrast, the V1/2 of L1066V shifted 

positively 8mV and had slower inactivation.  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 3-7.  Structural context of distal C-terminus mutations.  A. Helical 
wheel diagram showing location of LQT2 mutations outlined in red, 
polymorphisms outlined in green, and one SIDS mutation outlined in blue.  B.  
Immunoblot analysis of transiently transfected cells and colored green indicating 
normal trafficking. C.  Immunoblot analysis and current densities of stably 
transfected cells. The WT level measured in Chapter 1 is shown with a dashed 
line. Green indicates normal trafficking.  
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Figure 3-8.  Biophysical properties of distal C-terminus mutations.  A.  I-V 
relationships and slope factors.  B.  Deactivation time constants determined at 
Vstep to -50mV.  C. Inactivation time constants measured at 0mV.  Asterisks 
indicate statistical significance (p<0.05).  
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Table 3-1.  Properties of C-linker/CNBD mutations 

LQT2 
PAS 

Class       
2 

27 E4 WT Gen 
Ref 

Phen 
Ref 

Con 
Surf 

ASA 
View 

FoldX 

L678P n/a n/a n/a n/a 2 n/a 4 60.6 -0.04 
H687Y Y + + + 2 a 8 61.5 -0.87 
L693P n/a n/a n/a n/a 2 n/a 7 36.0 0.86 
R696C Y + - + 1 a 9 86.0 0.81 
R696P Y - - + 1 a 9 86.0 1.02 
S706C N    1 a 5 0 1.01 
I711V N    2 a 6 6.5 0.4 
P721L Y - - + 1 a 8 50.0 2.3 
I728F n/a n/a n/a n/a 2 n/a 8 25.4 0.65 
S735L Y - - + 1 a 1 21.3 0.22 
R744P n/a    3  1 100 4.04 
G749V Y + - + 2 a 4 40.7 1.42 
R752Q Y + + + 1 a 6 32.3 -0.03 
R752W Y + - + 1 b 6 32.3 -2.11 
K757N Y + + + 2 a 3 5.3 -0.14 
D767Y N    2 a 9 13.9 3.13 
V770A Y + - + 2 a 5 0 2.28 
D774Y Y - - + 1 a 8 23.5 6.7 
R784W Y + + + 1 a 6 63.3 0.36 
G785V Y - - + 2 a 9 31.7 19.25 
E788D Y + - + 1 a 7 14.3 2.19 
E788K Y + - + 2 a 7 14.3 -1.24 
R791W Y    2 a 1 79.9 1.26 
G800W Y + - + 2 a 2 28 1.33 
F805C Y + - + 1 b 8 0 4.38 
F805S Y - - + 2 a 8 0 5.88 
G806E Y - - + 2 a 9 0 9.92 
G816V n/a n/a n/a n/a 2 n/a 6 1.2 -0.58 
S818L Y - - + 1 b 7 0.9 0.29 
S818P Y - - + 1 a 7 0.9 2.67 
G820R Y + + + 1 a 7 1.2 2.08 
V822M Y - - + 1 b 9 0 -1.13 
R823W Y - - + 1 b 7 48.4 7.13 
R835W Y    1 a 6 11 1.86 
D837G Y + - + 1 a 3 9 -0.55 
D837Y Y - - + 2 a 3 9 -1.14 
P846S Y + - + 2 a 7 63.4 1.93 
N861H Y + - + 1 a 6 32.1 1.34 
N861I Y + - + 1 a 6 32.1 -0.97 

     Columns same as Figure 2-2 
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Discussion 

 In contrast to previous reports in the literature showing that all CNBD 

mutations fail to traffic or correct with E4031, several mutations in this study did 

traffic and some were E4031 correctable. This underscores the importance of 

this comprehensive analysis in understanding the molecular properties of CNBD 

mutations.  Consistent with reports of engineered mutations in the CNBD, several 

of the trafficking-competent mutations had quicker deactivation, which supports 

the model proposed in Figure 3-1B.  Interestingly, there are also differences in 

activation between mutations. R835W channels open at more negative potentials 

relative to WT channels whereas D767Y and R791W channels open at more 

positive potentials relative to WT channels. This may reflect differences in 

location as R835W lies buried in the CNBD dimer while R791W and D767Y lie 

near the hydrophobic patch on the β-roll. S706C is the only mutation that 

behaves similar to WT.  Similar to the discussion in Chapter 2 for a few of the 

PASD mutations, this mutation may be a benign variant or trafficking deficient as 

some immunoblots showed a slightly diminished 155kD band. Also similar to the 

PASD, immunoblot analysis shows that E4031 only corrects mutations that are 

also temperature correctable and that sometimes show a significant 155kD band 

under control conditions.  This suggests that E4031 corrects C-linker/CNBD (and 

PASD) mutations that have a less severe affect on channel trafficking.  

 In contrast to the PASD, pore (see Chapter 4) and C-linker/CNBD, 

mutations in the distal C-terminus affect gating, not trafficking. In fact, they affect 

activation, deactivation and inactivation, which is in agreement with previous 
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reports showing that the C-terminus plays a role in most aspects of Kv11.1 

gating. Interestingly, L1049P and L1066V properties are different but both lie at 

the CCD interface. One possible explanation is disruption of the CCD predicted 

for L1049P but not L1066V. These results are in agreement with previous reports 

showing that the C-terminus plays a role in most aspects of Kv11.1 gating.13 

 Given that at about 82% of the C-linker/CNBD mutations are trafficking 

deficient with some likely destabilizing, one correction strategy might be to 

identify drugs that target CNBD stability and thereby improve trafficking without 

block similar to that discussed in Chapter 2 for the PASD.   In fact, one study 

identified regulators of EAG1 channels that bind to the C-terminal region.14 

Identifying such compounds might reveal stabilizers but also gain-of-function 

modulators, which could be another therapeutic strategy.  For example, several 

different Ginsenoside compounds isolated from ginseng slow deactivation of 

Kv11.1 by directly binding the channel.15 Drugs with similar pharmacology might 

have therapeutic potential for PASD and CNBD mutations that quicken 

deactivation.  
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Chapter IV 

Pore domain LQT2 mutations 

 

Introduction 

 Kv11.1 contains 6 transmembrane spanning helices with the first four (S1-

S4) making up the voltage sensor domain (VSD).  Positive charges in S4 move in 

response to depolarization, which is coupled to opening of the pore allowing K+ 

ions to flow through a selectivity filter conserved among K+ channels.1 Kv11.1 

and the EAG family of channels do contain some differences from most other K+ 

channels. First, they have a much longer S5-pore linker (turret) that contains an 

α-helix important for its fast inactivation property, which is absent in other major 

classes of K+ channels (see Figure 4-5A,B).2  The selectivity filter SVGFG 

(starting at the serine at residue 624), differs slightly by two amino acids from 

other K+ channels (TVGYG).  The S5 domain does not contain highly conserved 

residues unlike the pore helix and S6 domain.3 Finally, the pore is extremely 

promiscuous to drug block, which can lead to drug-induced LQT2.4  As a result, 

numerous drugs have been pulled from the market that block Kv11.1 including 

Terfenadine shown in Figure 4-1.  All drug candidates now have to be screened 

before FDA approval.  In fact, the WT stable cell line used in this study is 

licensed by the Wisconsin Alumni Research Foundation (WARF) to dozens of 

pharmaceutical companies worldwide for screening drug block.  Most drugs that 

block Kv11.1 are largely hydrophobic and often contain a positive charge.  These 
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features are thought to form cation-pi and pi-pi stacking interactions with several 

aromatic amino acids in S6 of the pore (Figure 4-1).5   

 

 

 

 

 

 

 

 

Figure 4-1.  The Kv11.1 pore domain.  Model of terfenadine docked to the open 
state of the Kv11.1 pore.  View is from the outside looking in.  LQT2 residues in 
orange.    
 

 

Mutating Y652 and F656 for example disrupt drug block and abolish E4031 

correction (see Figure 3-4D).6 Interestingly, the mutation Y652C can also correct 

several trafficking deficient mutations.7  As shown in Chapters 2 and 3, pore 

blockers like E4031 can also correct the trafficking defect of many mutations in 

the PASD, CNBD as well as the VSD and pore.8 

 LQT2 mutations in the pore are associated with an increased risk in 

patients of arrhythmia-related cardiac events compared to the other domains.9,10 

Over 30 mutations in the pore have been characterized in the literature and most 

are trafficking deficient. This is similar to the results shown in Chapters 2 and 3 
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for the PASD and CNBD making it unclear why pore mutations are more clinically 

severe.  However, the pore is a mutational “hotspot” containing 1/3 of all LQT2-

linked mutations with at least 98 at 58 unique sites peppered through out the 

domain (Figure 4-1, Figure 4-4, and Table 4-1). Given the large number of 

mutations that remain uncharacterized and different gating processes regulated 

by the pore, a comprehensive mutational analysis should 1) help address why 

pore mutations are more clinically severe, 2) identify interesting gating 

abnormalities since many of these mutations are likely dysfunctional and 3) show 

how robust E4031 correction is to demonstrate the feasibility of using 

pharmacological chaperones as a therapeutic strategy.  

 

Results 

 

Trafficking phenotype of homomeric LQT2-pore mutations 

 

 Nearly 100 pore missense mutations have been linked to LQT2, yet the 

majority of them have not been functionally expressed and studied.  To 

determine the trafficking phenotype of these LQT2 mutations, immunoblot was 

performed on HEK cells expressing homomeric Kv11.1 cultured at physiological 

temperature (370C), reduced temperature, (270C) or in the presence of 10µM 

E4031.   
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Figure 4-2.  Trafficking phenotype of pore mutations.  Immunoblots of 
transiently transfected cells comparing trafficking under control conditions (-) with 
reduced temperature (270C) or E4031 (E4). Mutations are color-coded as 
follows: trafficking deficient and uncorrectable in red, trafficking deficient but 
correctable at 270C in yellow, trafficking deficient but correctable with E4031 in 
orange, trafficking deficient but correctable at 270C and with E4031 in blue, and 
those that traffic similar to WT in green.  
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Figure 4-2 shows representative immunoblots (n≥2) for 74 mutations studied and 

color coded as follows: trafficking deficient and uncorrectable in red, trafficking 

deficient but correctable with E4031 in orange, trafficking deficient but 

correctable at 270C in yellow, trafficking deficient but correctable at 270C and with 

E4031 in blue, and those that traffic similar to WT in green. (Summary in Table 

4-2)  Most mutations were trafficking deficient with 64/74 (86%) having a 

diminished or no 155kD band on immunoblot compared to WT under control 

conditions. 14 of those 64 (20%) could be corrected by culturing cells at 270C 

and 21 (33%) could be corrected by culturing cells in E4031. In contrast to the 

PASD and CNBD, only one mutation, L622F, was correctable by temperature 

only showing a very faint 155kD band.  

 

Trafficking phenotype of pore mutations co-expressed with WT 

 

 Since LQT2 is autosomal dominant where only one abnormal gene is 

needed, immunoblots were also performed on HEK cells co-transfected with 

equal amounts of WT and mutant DNA.  As shown in Figure 4-3, 43/64 (67%) of 

mutations tested show complete loss of the 155kD band compared to WT alone. 

This is in stark contrast to the PASD and C-linker/CNBD where no mutations 

show complete loss of the 155kD band. Thus, in the pore domain the presence 

of mutant α-subunit(s) is strictly dominant negative.   
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Figure 4-3.  Trafficking phenotype of pore mutations co-expressed with WT.  
Immunoblot analysis of co-expressed channels under control conditions. 
Asterisks indicate complete loss of the 155kD band. 
 

 To determine if co-expression changes the trafficking phenotype of cells 

cultured at 270C or in E4031, immunoblot analysis was performed on all 43 

mutations identified in Figure 4-3 that completely impair Kv11.1 trafficking and as 

controls five other mutations previously reported (A561P, A561T, H562P, Y611H, 

and A614V).8   In contrast to the PASD and C-linker/CNBD where 0 of 20 

mutations showed no difference in trafficking phenotype, 38/48 (79%) did show a 
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difference between correction of homomeric and heteromeric channels (Figure 

4-4). Of the 38, 22 mutations could be corrected with 270 and E4 that were not 

correctable as homomeric channels (blue asterisks).  7 mutations could be 

corrected with E4 that were not E4 correctable as homomeric channels (orange 

asterisks).  Finally, 9 mutations could be corrected by culturing cells at 270C, 

which were not temperature correctable as homomeric channels (yellow 

asterisks). Thus, correction of trafficking deficient mutations depends on subunit 

composition for pore mutations but not for PASD or CNBD mutations.  

 

 

  

 

 

 

 

 

 

 

 

 

Figure 4-4.  Correction of heteromeric channels.  Immunoblot analysis of 
heteromeric channels under control conditions at 370C (-) compared to cells 
cultured at 270C or with E4031 (E4).  Yellow, orange, and blue asterisks indicate 
correction at 270C, correction with E4031, or correction with E4031 and at 270C, 
respectively, in contrast to the lack of correction under those conditions for 
homomeric channels.  
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Structural context of pore mutations 

 

 As shown in Figure 4-1, pore domain mutations are located throughout the 

S5, S6, and pore linker regions. To determine if any relationships exist between 

trafficking phenotype and location, mutations were mapped onto a published 

model of the open state.11 (Figure 4-5A,B). Included are a few mutations 

previously reported in the literature (see Table 4-1). A few patterns emerge. First, 

most trafficking-competent mutations are located in S6 (Figure 4-5A).  Second, 

all 14 S5 mutations are trafficking deficient and only two are correctable.  Third, 

most trafficking deficient but correctable mutations lie in the pore between S5 

and S6 (Figure 4-5B).  Finally, many of the LQT2 residues have different 

trafficking phenotypes for different mutations shown in Figure 4-5B with colored 

dots indicating trafficking phenotypes. 

 Of the 13 trafficking-competent mutations, eight lie in S6 and 5 lie in the 

S5-S6 pore linker region.  To determine if these trafficking-competent mutations 

express currents, we generated stably transfected cells for several 

uncharacterized mutations including S649L, V644L, G657R (a conserved 

glycine), and I662T all located in S6 as well as Y616C located in the pore helix 

(see mutations in green Figure 4-5A,B).  Figure 4-5C shows that while all stable 

cell lines show a 155kD band, only V644L, G657R and I662T show large 

currents.  By contrast, two different stable cell lines for Y616C (6.0±1.0 pA/pF, 

n=8) and S649L (2.5±0.6 pA/pF, n=8) showed little to no current. Notably, the 

inward tail current elicited by Vstep to -120mV for G657R is markedly different 
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than WT. (Figure 4-5D). To determine if the trafficking-competent mutations that 

express current exhibit abnormal gating, we studied activation, deactivation, and 

inactivation properties using the stably transfected cells (see methods). Notably, 

when the activation protocol was run for G657R, no currents were recorded at 

any test pulse from -70 to 50mV (Figure 4-5E).  V644L and I662T behaved 

similar to WT with the exception of slightly faster inactivation for V644L (Figure 

4-6).  
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Figure 4-5.  Structural context of pore mutations. A.  Location of all LQT2 
mutations. Mutations are color-coded as follows: trafficking deficient and 
uncorrectable in red, trafficking deficient but correctable at 270C in yellow, 
trafficking deficient but correctable with E4031 in orange, trafficking deficient but 
correctable at 270C and with E4031 in blue, and those that traffic similar to WT in 
green. B. Residues of the pore linker region between S5 and S6.  Dot colors 
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indicate trafficking phenotypes found for homomeric channels. C. Current 
densities and immunoblots of stably transfected cells. WT levels determined in 
Chapter 2 shown with a dashed line. Green indicates normal trafficking.  D.  
Representative current traces of inward tail currents used to measure WT and 
G657R current densities.  E.  Representative current traces from the activation 
protocol.  F. Cartoon illustrating membrane insertion efficiency.  
 

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-6.  Biophysical properties of pore mutations.  A.  I-V relationships 
and slope factors.   B.  Deactivation time constants determined at Vstep to -
50mV.  C.  Inactivation time constants determined at 0mV.  Asterisks indicate 
statistical significance (p<0.05) 
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Membrane insertion efficiency of pore mutations 

 

 Since nonpolar to polar mutations reduce hydrophobicity, membrane 

insertion efficiency, ΔGapp, was calculated for all mutations in S5 and S6 using 

the ΔG predictor (see methods). Table 4-1 shows the values for each mutation 

and ΔΔGapp values showing differences from WT.   Figure 4-5E illustrates the 

predicted shift in equilibrium for several mutations towards less insertion. Nine of 

the S5 mutations have a positive ΔΔGapp with four > 1kcal/mol. Only G657R in S6 

has a ΔΔGapp>1 (Table 4-2).  

 

Table 4-1. S5 and S6 membrane insertion 

S5 LQT2 ΔGapp ΔΔGapp S6 LQT2 ΔGapp ΔΔGapp 
WT 3.150  WT 1.103  

A558E 4.227 1.077 F640L 1.002 -0.101 
A558P 3.913 0.763 F640V 1.354 0.251 
L559H 4.488 1.338 S641F 0.562 -0.541 
A561T 3.364 0.214 V644F 0.906 -0.197 
A561V 3.026 -0.124 M645L 0.767 -0.336 
H562P 2.991 -0.159 M645V 1.090 -0.013 
H562R 2.862 -0.288 G648S 1.242 0.139 
L564P 4.402 1.252 S649L 0.081 -1.022 
A565T 3.628 0.478 F656C 1.317 0.214 
C566S 4.030 0.880 G657R 2.199 1.096 
W568C 2.901 -0.249 G657S 1.368 0.265 
W568R 4.375 1.225 S660L 0.033 -1.07 
Y569H 3.983 0.883 I662T 1.546 0.443 

Larger ΔG values indicate less efficient membrane insertion.  
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Table 4-2. Properties of pore muations 
 

LQT2 
pore 

Class       
2 

27 E4 WT Ref 
Phen 

 

LQT2 
pore 

Class 
2 

27 E4 WT Ref 
Phen  L552S Y + + + 1,a A614V Y - - - 1,b 

A558E Y - - - 2,a L615F Y - + + 1,a 
A558P Y - + - 1,a L615V Y + + + 1,c 
L559H Y - - - 1,a Y616C N    2,a 
A561P Y - - - 1,a S621N Y - - - 1,a 
A561T Y - - - 1,b S621R Y - - - 1,a 
A561V Y - - - 1,b L622F Y - - - 1,a 
H562R Y - - + 2,a T623I Y + + + 1,b 
H562P Y - - + 1,b V625E Y - - - 1,a 
L564P Y - - - 1,a G626A N    1,a 
A565T Y - - - 2,a G626D Y - - - 2,a 
C566S Y - - + 1,a G626S Y - + n/a 1,a 
W568C

CC 
Y - - - 1,a G626V Y - - + 3,a 

W568R
R 

Y - - + 1,a F627L Y + + n/a 1,a 
Y569H Y - + - 1,a G628S N    1,c 
I571L Y + + + 1,b G628V Y - - n/a 1,a 
I571V Y + + + 1,a N629D Y + + - 1,b 
G572C Y - - - 1,a N629I Y - - - 2,a 
G572D Y - - - 1,a N629K Y - - + 1,c 
G572R Y - - - 1,a N629S Y + + - 1,b 
G572S Y - + - 1,b V630A Y + + - 1,b 
G572V Y - - + 2,a V630L Y + + + 1,b 
E575G Y + + - 1,a P632S Y - - - 1,a 
R582C Y + + n/a 1,c N633D N    1,c 
R582L Y + + + 1,a N633S Y + + n/a 1,a 
G584R Y + + - 2,a T634I Y - - - 2,a 
G584S N    1,c N635D Y - + - 1,a 
W585C

C 
Y - - - 1,a N635I Y + + + 1,a 

N588D Y + + + 1,a N635K Y - - - 2,a 
I593G Y - - - 1,a E637D Y - - + 1,a 
I593K Y - - - 2,a E637G Y - - + 3,a 
I593R Y + + - 1,b E637K Y - - + 1,a 
G594D Y - + - 2,a K638E Y - - + 1,a 
P596H Y - + - 2,a K638N Y - - - 1,a 
P596L Y + + - 1,a F640V Y - + + 1,b 
P596R Y + + - 1,a F640L Y - - - 1,a 
Y597C Y - + - 3,a S641F Y - + - 1,a 
S599R Y + + + 2,a V644L N    2,a 
G601C Y + + + 1,a V644F Y - - - 1,a 
G601S Y + + + 1,b M645I N    2,a 
G604S Y - - - 1,a M645L N    1,a 
P605S Y - - - 2,a M645V N    1,a 
P605L Y - - - 2,a G648S N    2,a 
D609G Y - - - 1,a S649L N    1,a 
D609H Y - - - 1,a F656C N    1,a 
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D609N Y - - - 1,a G657R N    2,a 
Y611H Y - - - 1,b G657S Y - + + 2,a 
V612L Y - + + 1,b S660L Y + + + 1,a 
T613M Y - - + 1,a I662T N    2,a 

 Columns same as Table 2-2 

 

 

Discussion 

 Consistent with previous studies, most pore mutations are trafficking 

deficient. However, this comprehensive analysis has revealed several new 

findings showing major differences with the intracellular domains.  First, a higher 

percentage of PASD mutations (45%) compared to pore mutations (33%) are 

E4031 correctable.  This result is surprising since E4031 binds to the pore 

domain; a result suggesting that for most pore mutations, misfolding is too severe 

for E4031 to bind or improve folding. However, PASD misfolding can be 

compensated for through apparent cooperative folding with the pore or some 

other domain.  One possibility is that E4031, which acts post-translationaly, helps 

stabilize tetramerization to allow favorable PASD interactions with other domains 

such as the CNBD.12 This cooperative folding helps stabilize the PASD 

sufficiently to pass quality control.  These results also suggest that PASD 

misfolding has little effect on pore formation since most mutant PASD channels 

still bind E4031.  It is also interesting that unlike the PASD and CNBD, where all 

E4031 correctable mutations are also temperature correctable, several pore 

mutations can be corrected with E4031 alone.  This suggests that there are 

structural differences between PASD / CNBD misfolding and pore misfolding that 

is recognized by quality control.  Also of note, unlike the PASD / CNBD, L622F is 
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the only mutation that is only temperature correctable.  Presumably this mutation 

has a slight misfolding effect that also disrupts E4031 binding.   

  Secondly, the reason why pore mutations are more clinically severe is 

because they have a more severe dominant-negative effect than other domains.  

The majority of pore mutations completely knocked down WT whereas none of 

the PASD or C-linker/CNBD mutations did.   

 Third and contrary to the PASD and C-linker/CNBD domain, E4031 rescue 

is dramatically improved if mutant subunits are co-expressed with WT.  Without 

WT subunits present, only 33% of pore mutations are E4031 correctable, 

whereas with WT subunits, 75% (48/64) are correctable.  This suggests that 

homotetrameric channels are more severely misfolded than heteromeric 

channels, and homotetramers may not be a great model for understanding pore 

mutations in the context of LQT2. This result makes identifying pharmacological 

chaperones that can correct without block much more promising.13 Combined, 

these results underscore the importance of this large-scale analysis in 

understanding the molecular properties of LQT2 mutations.  
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Chapter V 
 
 

Future Directions 
 
 
Future Directions 
 
 This large-scale analysis of 170 Kv11.1 mutations revealed several 

molecular insights into LQT2. The main findings were 1) defective trafficking is 

the dominant loss-of-function mechanism for all structural domains except for the 

distal C-terminus, 2) destabilization of the PASD is one major determinant of 

LQT2, which can be corrected with second-site suppressor mutations, 3) E4031 

correction also occurs in the C-terminus, 4) dominant-negative interactions are 

more severe for pore mutations explaining their increased clinical severity, and 5) 

pharmacological correction of pore mutations is dramatically better for 

heteromeric channels than it is for homomeric channels. Based on these results 

and reports in the literature, a model of Kv11.1 biogenesis and correction is 

proposed to illustrate differences between domains and trafficking phenotypes. 

Future experiments should help validate and increase the resolution of this 

model.  
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Figure 5-1.  Model of Kv11.1 biogenesis and correction.  A.  The most 
destabilizing PASD and CNBD mutations (red) fail to make it to step 2 (dashed 
outlines) and instead undergo ERAD. These are uncorrectable at 270 or with E4.   
As a result, only WT  channels (green) are present at the membrane. B.  PASD 
and CNBD mutations that are less destabilizing (yellow) make it further along the 
folding pathway (step 2) allowing 270 correction but not E4 correction.  These 
channels co-assemble with WT resulting in heteromeric channels at the 
membrane. C.  PASD and CNBD mutations only slightly destabilizing (blue) 
make it to step 3 and form interactions with WT.  E4031, which acts 
posttranslationally1, is able to correct these through favorable interactions 
between subunits resulting in heteromeric channels at membrane. D. Most pore 
mutations (orange) are stable enough to make it to step 4 but result in dominant-
negative behavior causing both WT and mutant to undergo ERAD.  These 
channels fail to make it to step   5 (dashed outlines) required for ER exit and 
trafficking to the membrane.   
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Structural basis of PASD misfolding 

  

 As illustrated in Figure 5-1, trafficking correlates with stability.  This is 

supported partly by the FoldX analysis but more convincingly by the solubility 

screen.  However, quantitative measures of mutant PASD stability are needed to 

validate this conclusion.2   Not shown in Figure 5-1 is the result that introducing 

mutations at a second-site can also improve solubility and trafficking.  This 

strategy could be applied to other mutations to gain insight into the structural 

basis of misfolding.  For example, E58K-K101 was predicted to form a salt-bridge 

by ESBRI but other engineered “salt-bridges” between those residues did not 

traffic.3 Perhaps E58 and K101, which are conserved across PASDs, are 

important during PASD folding and less so for the final folded structure. This 

could be tested using double-mutant cycle analysis for example.4 The most 

straightforward approach to understand the structural basis for misfolding of 

these domains would be X-ray crystallography or NMR.5,6.   

 

Kv11.1 co-assembly dynamics 

 

 Figure 5-2A shows that trafficking deficient channels, which are 

ununcorrectable cause loss of function through haploinsufficiency. Although no 

direct evidence was provided, reports in the literature have demonstrated this for 

the PASD.7  Co-assembly with WT has been shown for a CNBD mutation but the 
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immunoblot results shown in Chapter 3 do not support their conclusion, which 

showed no difference in current densities between WT channels and WT/CNBD 

mutant channels.8  Directly assessing co-assembly using co-

immunoprecipitation, imaging, or electrophysiology is needed to help validate this 

model.  Moreover, if channels do co-assemble, then gating might play a role in 

loss-of-function as well.  However, trafficking defects likely contribute more to the 

prolonged action potential duration for PASD and CNBD mutations. A study 

using the Luo-Rudy dynamic model showed a 2-fold reduction in current density 

prolonged the action potential more than even a 5-fold decrease in the time 

constants of deactivation.9,10  

 

Correcting Kv11.1 trafficking defects without block 

  

 One of the more interesting results is that in contrast to homomeric 

channels, most heteromeric channels with pore mutations were E4031 

correctable (Figure 5-1D).  Finding pharmacological chaperones that correct 

misfolding is a major goal for several diseases.11.  However, E4031 blocks the 

pore and so while it is a promising result showing that most of the mutations 

might be amenable to correction, drugs that do not block the channel are 

needed.  Based on these results, one approach might be to identify drugs that 

stabilize the PASD or CNBD.  This could be done using a high throughput small-

molecule screen coupled with ThermoFluor analysis.12 An alternative strategy 

might be to screen Kv11.1 channel trafficking with the drug binding domain 
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knocked out. (e.g. LQT2 mutant / F656C).  Immunoblot would be relatively low 

throughput but perhaps a more high throughput approach could be developed 

using imaging or a functional assay.  

 

Studying Kv11.1 in native cells 

 

 One major limitation to all the work done in understanding LQT2 is the use 

of heterologous sytems.  It is largely unknown whether the mechanisms identified 

in these various models occur in native cells. Recent advances in iPS technology 

combined with new genome editing techniques should make this possible.  

 
 
References 
 
 
1.    Zhou Z, Gong Q, January CT.  Correction of defective protein trafficking of a 
mutant HERG potassium channel in human long QT syndrome.  Pharmacological 
and temperature effects.  J Biol Chem.  1999;274(44):31123-31136.   
 
2.  Harley CA, Jesus CS, Carvalho R, Brito RM, Morais-Cabral JH.  Changes in 
channel trafficking and protein stability caused by LQT2 mutations in the PAS 
domain of the  HERG channel.  PLoS One.  2012;7(3):e32654.  
 
3.   Costantini S, Colonna G, Facchiano AM.  ESBRI: a web server for evaluating 
salt bridges in proteins.  Bioinformation.  2008;3(3):137-138. 
 
4.    Serrano L, Horovitz A, Avron B, Bycroft M, Fersht AR.  Estimating the 
contributions of engineered surface electrostatic interactions to protein stability 
by using double-mutant cycles.  Biochemistry.  1990;29(40):9343-9352.  
 
5.    Gayen S, Li Q, Chen AS, Nguyen TH, Huang Q, Hill J, Kang C.  An NMR 
study of the N-terminal domain of wilde-type hERG and a T65P trafficking 
deficient hERG mutant.  Proteins.  2011;79(8):2557-2565.   
 



92 

6.   Morais-Cabral JH, Lee A, Cohen SL, Chait BT, Li M, Mackinnon R. Crystal 
structure and functional analysis of the HERG potassium channel N terminus: a 
eukaryotic PAS domain.  Cell.  1998;95(5):649-55. 
 
7.   Paulussen A, Raes A, Matthijs G, Snyders DJ, Cohen N, Aerssens J.   A 
novel mutation   (T65P) in the PAS domain of the human potassium channel 
HERG results in the long QT syndrome by trafficking deficiency.  J Biol Chem.  
2002;277(50):48610 
 
8.    Cui J, Kagan A, Qin D, Mathew J, Melman YF, McDonald TV.  Analysis of 
the cyclic nucleotide-binding domain of the HERG potassium channel and 
interactions with KCNE2.  J Biol Chem.  2001;276(20):17244-51.  
 
9.    Rossenbacker T, Mubagwa K, Jongbloed RJ, Vereecke J, Devriendt K, 
Gewillig M, Carmeliet E, Collen D, Heidbuchel H, Carmeliet P.   Novel mutation in 
the Per-Arnt-Sim domain of KCNH2 causes a malignant form of long-QT 
syndrome.  Circulation.  2005;111:961-968.   
 
10.  Clancy CE, Rudy Y.  Linking a genetic defect to its cellular phenotype in a 
cardiac arrhythmia.   Nature.  1999;400:566-569.  
 
11.  Sampson HM, Robert R, Liao J, Matthes E, Carlile GW, Hanrahan JW, 
Thomas DY.     Identification of a NBD1-binding pharmacological chaperone that 
corrects the trafficking defect of F508del-CFTR.  Chem and Bio.  2011:18:231-
242.  
 
12. Cummings MD, Farnum MA, Nelen MI.  Universal screening methods and 
applications of ThermoFluor.  J Biomol Screen.  2006;11(7):854-863.  
 
13.  Zhang J, Wilson GF, Soerens AG, Koonce CH, Yu J, Palacek SP, Thomson 
JA, Kamp TJ.  Functional cardiomyocytes derived from human induced 
pluripotent stem cells.  Circ Res.  2009;104(4)e30-41.  
 
14.  Soldner F, Laganiere Josee, Cheng AW, Hockemeyer D, Gao Q, Alagappan 
R, Khurana V, Golbe LI, Myers RH, Lidquist S, Zhang L, Guschin D, Fong LK, Vu 
BJ, Meng X, Urnov FD, Rebar EJ, Gregory PD, Zhang HS, Jaenisch R.  
Generation of isogenic pluripotent stem cells differing exclusively at two early 
onset Parkinson point mutations.  Cell.  2011;146;318-331.   


