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Abstract

Hereditary Long QT Syndrome is caused by deleterious mutation in one of several genetic loci,
including locus LQT?2 that contains the KCNH2 gene (or hERG), causing faulty cardiac
repolarization. Here, we describe and characterize a novel mutation, p.Asp219Val in the hERG
channel, identified in an 11 year old male with syncope and prolonged QT interval. Genetic
sequencing showed a non-synonymous variation in KCNH2 (c.656A>T: amino acid
p.Asp219Val). p.Asp219Val resides in a region of the channel predicted to be unstructured and
flexible, located between the PAS (Per-Arnt-Sim) domain and its interaction sites in the
transmembrane domain. The p.Asp219Val hERG channel produced K* current that activated with
modest changes in voltage dependence. Mutant channels were also slower to inactivate, recovered
from inactivation more readily and demonstrated a significantly accelerated deactivation rate
compared to the slow deactivation of WT channels. The intermediate nature of the biophysical
perturbation is consistent with the degree of severity in the clinical phenotype. The findings of this
study demonstrate a previously unknown role of the proximal N-terminus in deactivation and
support the hypothesis that the proximal N-terminal domain is essential in maintaining slow hERG
deactivation.
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Introduction

Long QT Syndrome is a cardiac arrhythmia disorder caused by delayed cardiac
repolarization that manifests as a prolonged QT interval on an electrocardiogram (ECG).
This slowed cardiac repolarization increases the risk for polymorphic ventricular tachycardia
(also known as Torsades de Pointes, TdP) that can degenerate into ventricular fibrillation
and sudden death. Long QT Syndrome (LQTS) can be acquired, where delayed cardiac
repolarization is due to drugs or other physiological triggers negatively impacting the
repolarization forces in the heart, or it can be inherited through mutation, causing proteins
that facilitate cardiac repolarization to malfunction.

At least 1 in 2,500 people in the United States have congenital Long QT Syndrome
(Schwartz et al., 2009) and 13 genetic loci have been identified as causative for the
syndrome (Shimizu et al., 2009). However, a majority of hereditary LQTS patients have
mutations in either KCNQ1 (Locus LQT1) or KCNH2 (locus LQT2; MIM# 152427). These
two genes encode proteins that form potassium channels that provide the bulk of
repolarization for the ventricular cardiomyocyte membrane at the end of each action
potential. KCNQL1 encodes the alpha subunit of the potassium channel that, when complexed
with its beta subunit KCNEL, forms the slowly-activating delayed rectifier potassium current
(Iks) (Sanguinetti et al., 1996). KCNH2 (also known as hERG—human Ether-a-go-go
Related Gene) encodes the alpha subunit of the channel that forms the rapidly-activating
delayed rectifier potassium current (I,) (Curran et al., 1995),(Sanguinetti et al., 1995).
Throughout this discussion, KCNH2 will refer to the gene and hERG will be used to refer to
the channel protein product of the KCNH2 gene. Mutations in the KCNQ1 protein causing
LQTS usually lead to a gating or permeation problem in the channel that perturbs proper ion
flux. In contrast, most mutations in KCNH2 result in a trafficking defect, preventing the
channel from reaching the cell surface (Anderson et al., 2006, 2014). In either case, the
mutations usually compromise potassium current in a dominant fashion due to the tetrameric
assembly of both the KCNQ1 and hERG potassium channels. Here we describe a novel
missense KCNH2 mutation (rs587777907, c.656A>T, p.Asp219Val) that resides in an area
of the hERG channel that has received scant attention due to lack of structural data or prior
LQTS mutation. In contrast to most KCNH2 mutations, p.Asp219Val causes malfunction of
the biophysical behavior of the potassium channel. Functional characterization of this
mutant reveals an isolated and selective perturbation in the kinetics of channel gating that is
commensurate with the moderate degree of clinical phenotype.

Materials and Methods

Genetic Analysis

Genetic testing for LQTS mutations was carried out by Transgenomic, Inc. (New Haven,
CT, USA). Genomic DNA was amplified by polymerase chain reaction (PCR) to generate
templates for direct sequencing of the targeted exons, splice junctions, and flanking regions
of the genes KCNQ1, KCNH2, SCN5A, KCNE1L, KCNE2, KCNJ2, CACNALC, CAV3,
SCN4B, AKAP9, and SNTAL. Seven known Andersen-Tawil syndrome associated mutations
in KCNJ2 were not analyzed for in the genetic testing due to an intellectual property issue at
the time of the patient's testing. However, the patient did not demonstrate any phenotypic
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characteristics of Andersen-Tawil syndrome (see Case Report), and we do not believe the
lack of testing impacts the patient diagnosis. Sequencing results were compared to a >1300
member cohort of multi-ethnic, normal healthy volunteers to determine common
polymorphisms (Kapa et al., 2009). A novel SNP: ¢.656A>T, p.Asp219Val was noted in the
KCNH2 locus (MIM# 152427) and is the subject of this study. Nucleotide numbering uses
+1 as the A of the ATG translation initiation codon in the reference sequence
NM_000238.3, with the initial codon as codon 1. This novel SNP was submitted to the
dbSNP database (NM_000238.3:¢.656A>T, SNP_ID: rs587777907, SubSNP_ID:
s51457253113).

Plasmids, Cell Culture and Transfection

The ¢c.656A>T (p.Asp219Val) mutation was introduced into KCNH2 and inserted in the
pCMV-tag-3a vector (Agilent Technologies, Santa Clara, CA, USA) using site-directed
mutagenesis with the following primers: forward 5’- gacagccatggtcaaccacgtg-3’ and reverse
5’-cacgtggttgaccatggctgtc-3’ (IDT, Coralville, 1A, USA). PCR was performed using cloned
Pfu enzyme (Agilent Technologies, Inc, Santa Clara, CA) and the conditions were as
follows: 98°C for 2 minutes for one cycle, followed by 96°C for 1 minute, 65°C for 1
minute and 72°C for 16 minutes, for a total of 18 cycles. Mutated cDNA vectors were
verified by automated bidirectional DNA sequencing.

For electrophysiology, Human Embryonic Kidney (HEK) 293 cells (American Type Culture
Collection, Manassas, VA, USA) were maintained in RPMI 1640 media (HyClone, Logan,
UT, USA) supplemented with 10% Fetal Bovine Serum (HyClone, Logan, UT, USA) and
10,000 IU Penicillin/ Streptomycin under 5% CO, conditions at 37°C. Transiently
transfected cells were maintained at 37°C for 48 hours, split onto glass slides in 35 mm
dishes (ThermoFisher Scientific, Pittsburgh, PA, USA) and then kept at 31°C for ~12 hours
prior to electrophysiology. Stably transfected cells were kept at 37°C, split onto glass cover
slides in 35 mm dishes and moved to 31°C for ~12 hours prior to electrophysiology. We
have used 31°C prior to electrophysiology to prevent cells from over-growing and making
cell-cell contact that prohibits adequate voltage clamp. Initial patch clamp studies at 37°C
and 31°C verified a lack of difference in current amplitude or kinetics. Transient
transfections were done using Fugene 6 (Roche, Basel, Switzerland) at a DNA KCNH2:GFP
ratio of 3:1. All recordings were performed 48-72 hours post transfection at room
temperature (approximately 22°C). Stable line transfections were established through
transient transfection followed by a 2-week positive selection for Neomycin resistance with
G418 (2 mg/mL), and resistant cells were then clonally expanded.

For the immunoblots, HEK 293 cells were transfected in a 1:4 DNA to Fugene 6 ratio and
maintained as described in the cell culture section of this materials and methods section.
Experiments were performed at 48 hours post-transfection.

Immunoblots

Transiently transfected HEK 293 cells were plated on 60 mm dishes (Fisher Scientific,
Pittsburgh, PA, USA). After a 48-hour transfection, HEK 293 cells were lysed with NDET
buffer (1% NP-40, 0.4% Deoxycholic acid, 5 mM EDTA, 25 mM Tris, 150 mM NacCl,
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pH7.5) with complete protease inhibitor (Roche) for 15 minutes at 4°C with gentle agitation.
The lysates were then centrifuged at 13,000 RPM for 5 minutes at 4°C in a microcentrifuge
and the supernatants were mixed with SDS-PAGE loading buffer and incubated at 37°C for
30 minutes. Proteins were then separated on a 6-7.5% SDS-PAGE and transferred to a
nitrocellulose membrane (BioRad Laboratories, Hercules, CA, USA) by a semi-dry blotting
unit (FisherBiotech, Thermo Fisher Scientific, Waltham, MA, USA). The membranes were
blocked with Tris-Buffered Saline with 0.5% Tween-20 (TBS-T) and 5% Nonfat dry milk
for 30 minutes at room temperature. The membranes were then washed 3 times in TBS-T for
5 minutes per wash. Then, the membranes were subject to overnight staining in primary
antibody at 4°C with gentle agitation. Rabbit polyclonal H175 was used to detect hERG
protein (Santa Cruz Biotechnology, Inc, Santa Cruz CA, USA) and mouse polyclonal A6F
(Developmental Studies Hybridoma Bank, lowa City, lowa, USA) was used to detect Na*/
K*-ATPase as a loading control. The membrane was then washed 3 times, 5 minutes per
wash, in TBS-T, and stained with the corresponding infrared-fluorescence IRDye® 800
conjugated goat anti-rabbit, or IRDye®700 conjugated donkey anti mouse secondary
antibodies at a dilution of 1:10,000 in 5% non-fat milk. Membranes were covered and
stained in the dark for 30 minutes at room temperature with gentile agitation, and then
imaged using the Odyssey Detection System (Li-COR biosciences, Lincoln, NE, USA) and
densitometry of the bands was done using Li-COR software. Statistical analysis and images
were done using OriginLabs software (OriginLabs, Northhampton, MA, USA). ANOVA
statistical analysis was used to determine differences between groups, with a p-value <0.05
counted as significant. Post-hoc analysis was done with the Turkey's test at a confidence
interval of 95%, and the details are included in Supp. Table S1.

Electrophysiology

For electrophysiology experiments, transiently or stably transfected HEK 293 cells were
used as indicated. Cells were transfected with either WT KCNH2, 50/50 mix of WT and
p.Asp219Val or p.Asp219Val mutated KCNH2. Channel-expressing cells were plated and
grown on sterile glass cover slips and then placed into an acrylic/ polystyrene perfusion
chamber (Warner Instruments, Hamden, CT, USA). Chambers were mounted on an inverted
microscope equipped with fluorescence optics and patch pipette micromanipulators. All
recordings were done at room temperature (~22°C) and at 48-72 hours post transfection.
Cells were bathed in extracellular solution (150 mM NaCl, 1.8 mM CaCl, 4 mM KClI, 1
mM MgCl,, 5 mM glucose, and 10 mM HEPES buffer pH 7.4) at room temperature.
Intracellular solution filled the micropipette (126 mM KCI, 4 mM Mg-ATP, 2 mM MgSQy,
5mM EGTA, 0.5 mM CaCl,, and 25 mM HEPES buffer pH 7.2). Patch clamp pipettes with
a tip resistance of approximately 2-3 mega-ohms were used to obtain the whole-cell
configuration (Hamill et al., 1981). A MultiClamp 700B amplifier (Molecular Devices,
LLC, Sunnyvale, CA, USA) was utilized and patch-clamp protocols were executed through
the pCLAMP10 acquisition and analysis software (Molecular Devices). Pipette offset
potential was zeroed prior to gigaseal formation on the cell. Whole-cell capacitance was
electronically compensated for through the amplifier. Whole cell resistance was
compensated to 75-85%. A standard holding potential of -80 mV was used for patching and
whole-cell configurations, and figure insets illustrate the voltage command protocol. The
data filtering (8-pole Bessel) at 1.4 kHz and sampling at 5 kHz was done for both the
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activation and deactivation protocols. For inactivation protocols, data were filtered at 2 kHz
with sampled at 10 kHz. All data were analyzed with CLAMPFIT software (Molecular
Devices) and figures were created and statistics were performed using Origin7.5 software
(OriginLab, Northampton, MA). ANOVA statistical analysis was used to determine
differences between groups, with a p-value <0.05 counted as significant. Post-hoc analysis
was done with the Turkey's test at a confidence interval of 95%, and the details are included
in Supp. Table S2 (activation), Supp. Table S3 (inactivation) and Supp. Table S4
(deactivation).

Prediction of Protein Damage due to Mutation

Three different software programs were used to predict the impact of the KCNH2 ¢.656A>T
(p.Asp219Val) mutation on the hERG channel protein. SIFT (Kumar et al., 2009, http://
sift.jevi.org/) PolyPHEN2 (Adzhubei et al., 2010, http://genetics.bwh.harvard.edu/pph2/)
and KvSNP (Stead et al., 2011, http://www.bioinformatics.leeds.ac.uk/KvDB/KvSNP.html)
were all used. To generate predictions from SIFT, first the SIFT Human Protein program
was selected. Then the Ensembl transcript identifier (ENST00000262186) was entered,
along with the mutation of interest (D219V), and a prediction and SIFT score were obtained.
For PolyPHENZ, the Ensembl gene identifier for KCNH2 (ENSG00000055118) along with
the amino acid substitution (D219V) was entered, and the software program generated a
prediction of how damaging the mutation would be to the protein. For KvSNP, the P0386;
KCNH?2 protein was selected. Then, the wild-type residue D (asparagine) was selected,
residue number 219 was entered and the changed amino acid V (valine) was selected.
KVSNP then generated a prediction for the disease-impact of the mutation (both predicted to
be disease-causing (y/n) and probability of causing disease (from 0 to 1)). This was also
repeated for the p.Aspl44Val mutation discussed in the results section.

Protein Structure Prediction

Amino acids 140-280 were entered into the Robetta structure prediction software for 3-D
modeling, using default parameters (Kim et al., 2004, http://robetta.bakerlab.org) for both
Wild-Type and p.Asp219Val hERG. The Robetta-generated PDB files were analyzed in
CHIMERA (Resource for Biocomputing, Visualization, and Information at the University of
California, San Francisco)(Pettersen et al., 2004, http://www.cgl.ucsf.edu/chimera/, Version
1.9). The amino acid contacts were calculated using the CHIMERA program for overlap at >
0.4 angstroms.

Case Presentation

A previously healthy 11-year-old male from Southeast Asia was referred for cardiac
evaluation following a syncopal episode. The episode occurred while the patient was
experiencing fever and nasopharyngeal congestion. He rose from a seated position, felt
nauseated and dizzy, and then collapsed. He reportedly lost consciousness for 3 to 4 minutes
but recovered spontaneously. Emergency medical technicians initially recorded normal vital
signs. His medications at the time of the syncopal episode were Zyrtec and Singulair. These
medications are not known to cause arrythmia or prolongation of the QT interval. An
electrocardiogram demonstrated normal sinus rhythm with a maximal recorded resting QTc
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of approximately 580msec with bifid T-waves (Figure 1A). Holter monitoring showed sinus
rhythm ranging from 51 to 140 beats per minute (bpm) with no arrhythmia. Additional QTc
intervals were reported as long as 553 msec during the hospitalization. An exercise test was
performed with a Bruce protocol (a specified protocol of escalating treadmill grade and
speed of the exercise) and the conclusion from this test was an abnormal response due to the
increased QT interval seen on ECG while exercise was performed, characteristic of Long
QT syndrome. Nadolol 20 mg was started prior to discharge. His physical examination was
normal for an 11-year-old boy and he exhibited no physical manifestations of Andersen-
Tawil syndrome or history of skeletal muscle weakness. The patient was adopted at age 3
months, and his biological family and birth history are unknown.

Six months following his initial presentation, the patient experienced another brief syncopal
episode that occurred after rising from bed. The EEG done by the neurologist demonstrated
left posterotemporal epileptiform discharges, indicating a potential epileptogenic focus.
However, further neurological evaluation failed to demonstrate seizure disorder and seizures
have not occurred in the subsequent 5 years. Nadolol was increased to 40 mg. Subsequent
outpatient QTc intervals have ranged from 400 to 440msec. Genetic screening for LQTS
was performed. A point mutation, ¢.656A>T, was identified in the KCNH2 exon 4, in the
cytoplasmic N-terminal region of hERG, resulting in the p.Asp219Val mutation. This
mutation was reported as a class Il variant, a variant of uncertain significance.

Nadolol 40 mg had been continued, and in the 5 years since the second presentation there
have been no further symptoms of syncope or palpitations. A recent exercise stress test was
performed, and while there were no arrhythmias, the recovery phase demonstrated an
increased QT interval. At baseline, the QT response was 390msec, at 2min 50sec recovery,
the QT response was 470msec and at 10 min recovery, the QT response was 400msec. The
patient has continued to have normal QT intervals on resting ECGs.

Channel Protein Expression

On an immunoblot, the hERG channel protein is visualized as a double band due to post-
translational modifications of the channel that occur in the trans-golgi as the channel is
trafficked to the cell membrane. The 135kD band represents the immature, core glycosylated
form of hERG localized to the ER and cis-golgi. The 155kD band represents the complexly
glycosylated, mature form of hERG located at the cell membrane. The ratio of 155/135kD
bands, therefore, has been accepted as a surrogate marker for surface expression of the
channel (Zhou et al., 1998). The comparison of the 155kD band to the 135 kD band is done
when investigating hERG mutations, as most mutations causative of LQT2 induce a
trafficking defect, significantly reducing the amount of 155kD protein visualized (Anderson,
2006, 2014). However, there were no significant differences between wild type hERG
channels, a 50/50 mixed transfection of p.Asp219Val and WT hERG, and p.Asp219Val
hERG total protein expression (Figure 2B) and no significant differences in the ratio of
mature to immature hERG between these samples (Figure 2C). This result indicates that the
p.Asp219Val mutation in the hERG channel does not impact protein synthesis or channel
trafficking, an unusual characteristic for hERG channel mutations causing Long QT
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Syndrome, type 2. This conclusion was also confirmed through the lack of significant
difference in current density for each of the channel types (WT, 50/50 mix and
p.Asp219Val).

Electrophysiology

To investigate the functional characteristics of the p.Asp219Val mutant hERG channel, the
whole cell patch clamping technique was used. HEK 293 cells were transiently transfected
with either wild-type KCNH2, a 50/50 mix of mutant and wild-type KCNH2, or c.656 A>T
KCNH2 plasmid DNA. Approximately 48-hours post transfection, the cells were studied.
For channel activation, the membrane was stepped from -60 to 60 mV for 1.5s, then
repolarized to -40 mV for 0.5s and finally hyperpolarized to -120 mV for 0.5s. Current
density was determined by normalizing for cell capacitance. The p.Asp219Val mutation did
not significantly impact current density (Figure 3B). Voltage-dependence of activation, as
measured by plotting the peak tail current against the previous voltage step, was fit by a
Boltzmann function: | = 1/(1+exp[(Vy,-V)/K]), where | is the relative tail current amplitude,
V is the applied membrane voltage, V, is the voltage at half-maximal activation, and k is the
slope factor (Figure 3D). The Vy, for WT was —7.83+0.2mV; for 50/50 mix was
-10.66+0.68mV; and for the p.Asp219Val mutant was -0.57+0.47mV. ANOVA analysis
indicated that the p.Asp219Val mutation had a modest but significant (p=<0.001)
depolarizing effect on the voltage dependence of the channel.

To investigate steady-state inactivation of channels with p.Asp219Val mutation the
membrane was held at +20mV and was stepped to test voltages ranging from -120 to
+40mV for 20msec and then back to +20mV(Smith et al., 1996). The peak current at the
onset of the final depolarization step was measured and plotted against the previous step
potential. Rapid deactivation of channels at the negative voltages was corrected by the
method of Smith et al (Smith et al., 1996). A Boltzmann function was then fitted to the data.
The Vqo for WT hERG was -43.46+2.24mV , for 50/50 mix was -18.42 + 1.88 and for the
p.Asp219Val hERG was -19.46+2.11mV. The difference was statistically different
(ANOVA, p=<0.001), indicating that the voltage dependence for steady-state inactivation
was also shifted in a depolarizing direction by the p.Asp219Val mutation alone, and when
expressed in combination with the WT hERG as seen in the 50/50 mix.

To assess the onset of inactivation, the membrane was held at +20mV and a hyperpolarizing
step to -120mV for 6msec was applied to release inactivation, followed by voltage steps
from 70mV to -20mV for 125 msec (Bian et al., 2004). To correct for more rapid
deactivation at negative potentials a separate set of depolarizing/repolarizing steps were
performed to determine the fraction of channel deactivated and correct for a reduction of
current negative to -60mV (Smith et al., 1996). The decline in subsequent current to steady-
state was fitted by a single exponential that reflected the onset of inactivation (Figure 4B).
The p.Asp219Val hERG channel exhibited a trend of slower inactivation onset at all points
that was statistically different from WT between the voltages +30mv to +70mV (unpaired T-
test, p=<0.05). In the 50/50 mix, the mutation seemed to have an intermediate impact. The
differences between all 3 current traces were only significant at 40 mV and 60 mV
(ANOVA, p<0.05).
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The recovery from inactivation was examined from a holding potential of +20mV with steps
to -60mV for varying duration (between 1 and 24.5msec) followed by return to +20mV
(Figure 4C). This was repeated with step potentials to -50mV, -40mV and -30mV. The peak
outward current after each step was plotted against time until the data reached a peak, and a
single exponent was fitted to the these data points. The 50/50 mix and p.Asp219Val hERG
channel had a significantly faster recovery from inactivation. (ANOVA, p<0.05 for -60 and
-50 mV and p<0.001 for -40 and -30 mV). The p.Asp219Val mutation had a drastic impact
on the recovery from inactivation when co-expressed with the WT hERG as seen in the
50/50 mix traces and graphs, demonstrating a more significant impact on current when co-
expressed than when only mutant channel is expressed. This may have clinical
ramifications, as this mutation was heterogeneous.

To investigate deactivation, membrane potential was held at -70mV and a pulse depolarizing
the membrane to +20mV for 1.7s was applied, followed by voltage steps from -40 to
-100mV for 4.9s. Deactivation of the current during the final voltage steps was fitted with a
double-exponential function (I = A + AMPEsexp?™ + AMPg+exp™ | where A, is the
initial amplitude, AMPg and AMPg are the relative amplitudes of the fast and slow
components and tF and tS are the time constants for the Fast Tau and Slow Tau,
respectively) (Sanguinetti, 1995). Compared to the WT channel, p.Asp219Val hERG
deactivates very quickly. In the individual traces seen in Figure 5A, the dramatic difference
in deactivation rate between WT hERG and p.Asp219Val can be seen. The time constants
tau fast and tau slow are shown in Figure 5B, and while there are not significant differences
between the WT, 50/50 mix and mutant slow time constants, there is significant acceleration
of the fast time constants for mutant and 50/50 mix channels (ANOVA, p=<0.05).
Furthermore, relative contribution of the fast time constant to the total deactivation time was
significantly greater in mutant channels and the 50/50 mix when compared to WT channels
(Figure 5C). The differences in contribution of tau fast when compared to the total time
were significant at voltages -70- -40 mV (ANOVA, p<0.05).

Protein Structure Modeling

To investigate the potential structures of the proximal N-terminus of the WT and
p.Asp219Val channels, the amino acid sequences140-280 of both WT and mutant hERG
channel were predicted using the ROBETTA server and numerous potential structural
conformations were examined (Raman et al., 2009). Each of the 5 predicted conformations
demonstrated that the sequence immediately adjacent to the Asp219 site has a high
likelihood of being unstructured. The UCSF CHIMERA structural analysis package
(Pettersen et al., 2004) was used to analyze potential contacts and clashes of the
p.Asp219Val substitution with other amino acids in the predicted structure. While numerous
contacts were predicted in each structure, only a few potential interactions were predicted
between amino acids not immediately adjacent to p.Asp219. One of these potential contacts,
p.Arg269 when mutated to p.Arg269Trp (Itoh et al., 2010) has been implicated in LQTS.
Another potential contact, p.Asp144, when mutated to p.Aspl44Val, is a rare variant of
unknown significance, but is predicted to be disease-causing with a probability of 0.877
(KvSNP, Stead et al., 2011). These contacts may be important in maintaining flexibility of
the region surrounding p.Asp219 thereby allowing for correct movement of the N-terminal
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PAS domain (Amino acids 25-135, see Figure 1b) such that it may interact with the
transmembrane and C-terminal regions, and the p.Asp219Val mutation may disrupt this
interaction. This is supported by the Robetta generated structures of the mutant sequence
that indicate the introduction of alpha helices in each of the 5 predicted conformations of the
mutant protein (Figure 6A).

Discussion

Here we present the functional characterization of the patient-derived p.Asp219Val mutation
in the hERG channel. The p.Asp219Val variant had not been described in dbSNP or the
Exome variant server, but was documented in the EXAC database in 2 separate individuals
of South Asian decent. This allele is a very rare variant, and there is no clinical data with
this documentation of this mutation. Since Southeast Asians are poorly represented in these
databases, it was of particular interest to pursue functional characterization of this variant to
assess its pathogenic potential. Mutation-phenotype prediction databases yielded variable
results [SIFT (Kumar et al., 2009) predicted the mutation to be tolerated (SIFT score 0.11);
Polyphen2 (Adzhubei et al., 2010) predicted a 0.65 probability of damaging effect and
KvSNP (Stead et al., 2011) predicted 0.97 probability of damaging effects]. Since the
proband's clinical phenotype was intermediate in severity, full characterization of the genetic
variant was indicated prior to embarking on life-long therapy.

The hERG channel has unique gating characteristics. Depolarization-dependent activation
occurs at a moderately fast rate (hundreds of milliseconds) (Bian et al., 2001).
Repolarization-dependent deactivation occurs relatively slowly (Curran et al., 1995).
Inactivation takes place during depolarization and releases during repolarization at a very
rapid rate (Smith et al., 1996). Through precise timing of these voltage-dependent processes,
hERG quickly accumulates a population of channels in an open but inactivated state during
the plateau of the depolarized cardiac action potential. As the cell membrane repolarizes and
inactivation is rapidly released, there is a resurgent outward current (due to the slower
process of deactivation) that hastens the membrane repolarization once it has initiated
(Sanguinetti et al., 1995). Through this method, hERG controls the steepness of the
ventricular myocyte repolarizing phase and if this hERG is perturbed, it may lead to an
LQTS phenotype.

The p.Asp219Val mutation did not appreciably alter expression or trafficking of the hERG
channel. This finding is supported by the robust current density carried by the mutant
channels. The functional consequences include a depolarizing “right-shift” in the voltage
dependence of activation. This activation change leads to less current generated for a given
voltage step in the mutant channels. The p.Asp219Val mutation also produced a right shift
in voltage dependence of inactivation, as well as a slower onset of and more rapid recovery
from inactivation. These results suggest that the mutated channel has a less stable
inactivation state than the wild-type channel. The inactivation changes would predict more
current during depolarization for the mutant channel but less resurgent current properties
during the repolarizing period. The most prominent gating effect of the mutation however,
was acceleration of deactivation. Taken together, these data demonstrate that accelerated
deactivation overrides the less stable inactivation effects for mutant and mutant/WT
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heteromultimeric channels with an end result of less effective repolarizing force during the
latter part of the action potential where Iy, activity is most important, leading to a LQT2
phenotype.

hERG deactivation has been shown to be regulated by the PAS domain (amino acids
25-135), which makes contacts with the C-terminal domain and in the transmembrane
domains (Wang et al., 1998; Chen et al.,1999; Viloria et al.,2000; Brown et al.,2008;
Fernandez-Trillo et al.,2011; Ng et al., 2011, 2012, 2014; Gianulis and Trudeau, 2011, 2013;
de la Pena et al., 2013, 2014). The whole EAG domain (N-cap + PAS domain, Figure 1B)
also impacts inactivation (Barros et al., 2012; de la Pena et al., 2013; Gustina and Trudeau,
2013). The mechanism for the complex voltage-dependence of hERG has not been fully
elucidated, but there is evidence that the N-terminal cap (amino acids 1-25) plays a role in
transducing channel activation to the voltage sensing domain (Barros et al., 2012; Tan et al.,
2012). It has also been suggested that the proximal N-terminus may regulate voltage-
dependence of steady-state activation and inactivation (Saenen et al., 2006; Gustina and
Trudeau, 2013). Our results with the p.Asp219Val hERG mutation are similar to mutations
and truncations involving PAS and EAG domains (Chen et al., 1999; Gustina and Trudeau,
2009, 2011, 2013; Gianulis et al., 2011, 2013). However, since it was shown that adding in a
soluble PAS or EAG domain restored WT-like deactivation and inactivation properties to
the truncated protein or LQT2 mutants, it is believed that the region between the EAG
domain and the transmembrane segments was not functionally important in these processes
(Gustina and Trudeau, 2009, 2013; Gianulis and Trudeau, 2011).

How can a mutation in the intervening, unstructured N-terminal segment affect hERG gating
kinetics nearly identical to mutations disrupting PAS and/or EAG domain interactions?
There are several possibilities that can reconcile our observations with prior results. hRERG
gating kinetics are dependent on numerous allosteric contacts, and when one of these
contacts is disrupted, the channel may display a mutant phenotype. A change in charge or
size of these amino acids may change these potential interactions, and prevent the proximal
N-terminus from correct movement, contacts or necessary flexibility, inhibiting potential
distal N-terminal movement and interaction with the rest of the channel protein. The
hypothesis that we favor is that the region surrounding p.Asp219 is unstructured and
flexible, and that it facilitates rapid movement of the EAG domain into the necessary
contacts to maintain correct gating. If the substituted amino acid residues in the region
surrounding p.Asp219 impose structure with less flexibility or cause changes in intra-
molecular side-chain interactions, the EAG region contacts may be hampered. The ultimate
result would be similar to mutations directly within the regulatory EAG domain that perturb
interactions with the C-terminus and/or the transmembrane domains. This hypothesis is
consistent both with the electrophysiology data and the protein structure modeling presented
here.

Although the p.Asp219Val mutation demonstrates a clear importance of the region between
the EAG domain and the transmembrane segments in terms of hERG activation, inactivation
and deactivation, the overall biophysical impact of this mutation is not severe. Mutant
channels and hybrids with co-expressed wild type channels carry ample potassium current,
albeit with temporal differences in gating. This mutation does not demonstrate dominant
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effects in its impact on steady-state activation or inactivation. It does have a dominant effect
in deactivation, aligning with the hypothesis that deactivation is a concerted “all or none”
event (Thomson et al., 2014). The clinical presentation of this p.Asp219Val mutation has
been rather mild, to date. Studies from the Robertson and Trudeau groups increasingly point
to contributions of the hERG1b splice isoform to the Iy, current, which has an abbreviated
N-terminus and faster deactivation (Jones, et.al, 2014). The hERG1b isoforms would not
exhibit the p.Asp219Val mutation and thus would not be functionally affected by this
mutation. It is difficult to predict with accuracy the in vivo impact of the p.Asp219Val
mutant in a complex comprised of hERG1a and hERG1b due to the many possible allelic
expression differences, subunit stoichiometries and relative differences in isoform
expression. Nevertheless, if the hERG1b splice isoform were preferentially of the
p.Asp219Val allele, the phenotype might be milder. However if the hRERG1a isoform is
more represented by the mutant allele, we would predict that there would be a more
pronounced phenotype. The patient has only experienced 2 self-limited syncopal episodes in
6 years. Thus, the biophysical phenotype is in good concordance with the clinical
phenotype. This demonstrates the importance of functionally characterizing the genetic
variants of unknown significance found in LQT patients undergoing genetic screening tests.
Such data can inform the medical approach to the disease in a “personalized” manner (Zhao
et al., 2009).

The functional implications of the p.Asp219Val mutation in the hERG channel highlight the
importance of a previously under-studied segment of hERG. Prior to this study, it was
suspected that this region of the protein did not play an impactful role in the gating of the
hERG channel. Our results, however, suggest that this region is of biophysical and clinical
importance since mutation caused significant changes in voltage-dependence, inactivation
and deactivation. We propose that the flexibility of this predicted unstructured region is
important in facilitating key functional interactions between the EAG domain and other
portions of the channel. Ultimately, this model will require future structural determination to
resolve the varied mechanisms by which LQTS mutations cause biophysical and clinical
phenotypes.
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Figure 1. Patient ECG and Location of p.Asp219Val hERG
A) Leads V5 and Il of a 12 lead ECG obtained at rest from the proband following a syncopal

episode and showing a prolonged QT interval. B) Representation of the hERG protein, with
mutation location denoted by the circle within the proximal N terminus. Grey arrows
indicate interacting regions that affect channel gating. Dashed line shows proposed influence
of the p.Asp219Val mutation.
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Figure 2. Heterologous protein expression of p.Asp219Val hERG
A) Representative Immunoblot shows whole cell lysate of HEK 293 cells transiently

transfected with WT hERG, 50/50 mix or p.Asp219Val hERG plasmid DNA. Antibodies
targeted against hERG and Na*/K*-ATPase (loading control) were used. hERG channel
protein appears as a double band (a discrete 135 kD species and 155 kD broad smear of
heavily glycosylated protein) representing immature and mature hERG, respectively. These
data are a summary of 5 immunaoblots performed and analyzed. B) Histogram showing
summary of total hERG protein from 5 immunoblots, normalized to Na*/K*-ATPase. Graph
shows densitometry quantification of WT hERG and p.Asp219Val hERG and demonstrates
that there was no significant difference between total protein expression. C) Histogram
illustrates relative distribution of immature hERG (135 kD) and mature hERG (155 kD),
normalized to 1 for WT, 50/50 mix of WT and mutant, and p.Asp219Val hERG. This
reflects the ratio of channel protein expressed on the cell membrane to the channel present in
the ER/Golgi. The ratio indicates trafficking success to the surface of the cell. There was no
significant difference between these ratios for each of the samples.
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Figure 3. Effect of p.Asp219Val mutation on hERG channel activation
A) Traces are families of whole cell K* currents from cells expressing the indicated cDNAs

in response to a series of depolarizing steps (Voltage clamp protocol is illustrated below).
HEK 293 cells were transiently transfected with WT hERG, a 50/50 mix of WT and
p.Asp219Val hERG, and p.Asp219Val hERG alone. 9, 8 and 32 cells respectively were
sampled. B) Histogram demonstrates summary of current density for each of the samples.
Current density was measured at peak amplitude at the -40 tail current/cell capacitance.
There is no significant difference between these current densities. C). Graph shows the
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current-voltage relationship of WT, 50/50 mix and p.Asp219Val. Measurements were taken
at the end of the depolarizing phase. D) Normalized voltage-dependent activation curves are
shown for all 3 samples. Curves were fitted using a Boltzman function. V, for WT hERG
was -7.83£0.2mV, 50/50 mix was -10.6+0.68mV and p.Asp219Val hERG was
-0.57+0.47mV. These values were significantly different, with a P value of > 0.001.
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Figure 4. Effect of p.Asp219Val mutation on hERG channel inactivation
A) Data traces show a family of whole cell current recordings of WT hERG, 50/50 mix or

p.Asp219Val hERG undergoing a protocol for steady-state inactivation (protocol is below
traces). Stably transfected WT-hERG and p.Asp219Val hERG HEK cells were used, and
HEK cells transiently transfected with WT hERG and p.Asp219Val hERG plasmids were
used for the 50/50 mix electrophysiology. Peak current was measured at the depolarization
to +20 mV after the test pulses (indicated by the arrowhead), and was graphed against
voltage. Summary data is displayed graphically in the panel to the right. The 50/50 mix and
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p.Asp219Val hERG steady-state of inactivation was right-shifted, and was significantly
different than WT hERG (p= <0.0001). B) Families of whole cell current recordings
demonstrating onset of inactivation are shown for WT, 50/50 mix or p.Asp219Val hERG.
The lines were fitted by a single exponential curve to determine time of inactivation onset,
and time constant was graphed against each respective voltage. The graph demonstrates a
trend that p.Asp219Val hERG and the 50/50 mix have a longer onset of inactivation, with
significantly different points at 40 and 60 mV mV (p=<0.05). C) Whole cell traces of WT,
50/50 mix or p.Asp219Val hERG demonstrating recovery from inactivation. Peak current at
each time was obtained, and a single exponential curve was fitted to these data (to the peak,
indicated by the curved arrow). The resulting time constant was plotted against the voltage.
This protocol was repeated at -60 mV, -50 mV, -40 mV and -30 mV. There was a significant
difference between the time constants for recovery from inactivation at -60- -50 (p<0.05)
and between -40 - -30 mV (p=<0.001) for WT, 50/50 mix and and p.Asp219Val hERG. N=5
for WT hERG, 4 for 50/50 mix and 6 for p.Asp219Val.
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Figure5. p.Asp219Val mutation effects on channel deactivation
A) Whole cell current traces of hERG channels in repose to a deactivation voltage clamp

protocol (protocol is shown below the traces). A combination of stably transfected WT
hERG and p.Asp219Val hERG HEK cells and transiently transfected WT, 50/50 mix and
p.Asp219Val HEK cells were used for these traces. B) Log10 graph demonstrating the time
constants (Tau Fast and Tau Slow) for the WT hERG, 50/50 mix and p.Asp219Val hERG
deactivation. There is no significant difference between the Tau Slow constants of the
samples. The differences in Tau Fast between WT hERG, 50/50 Mix and p.Asp219Val is
significant at all points except -100 (N=5, 5, and 11 for WT, 50/50 and p.Asp219Val
respectively), each with a P-value of <0.05. C) Graphical illustration of relative contribution
of Tau Fast to total deactivation time constant in WT, 50/50 mix and p.Asp219Val. This
shows a decrease in Tau Fast contribution at -70 mV through -40 mV in WT hERG that is
not seen in the p.Asp219Val and 50/50 mix samples.
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Figure 6. Protein secondary structure modeling
Ab inititio modeling of the segment surrounding p.Asp219 of hERG was performed using

ROBETTA software and analyzed in CHIMERA.. A) Demonstration of the top 5 predicted
structures for both the wild-type p.Asp219 (top row) and the mutant p.Asp219Val hERG
(bottom row). The 219 residue side chain is shown in spheres. All WT hERG structures
demonstrated an unstructured area for the segment of the protein surrounding p.Asp219,
while the mutant structures predict that p.Asp219Val lies in a helical formation in the
protein. B) Model of wild type hERG segment adjacent to residue 219 with amino acid
p.Aspl44 (blue) predicted as a potential contact for p. Asp219. C) p.Arg269 (cyan) was also
predicted as a potential contact for p.Asp219 in the wild type structure.
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