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Summary:

LQTS type 2 is caused by mutations in the KCNH?2 gene leading to a reduction of Ik, current
and loss of hERG channel function. We identified three novel KCNH2 mutations, Y493F,
A429P and del234-241, in the index patients with mostly typical ECG features of LQTS2 and
auditory induced syncope interpreted as ‘“seizure” and Sudden Cardiac Death. The
biochemical data revealed a trafficking defect while the biophysical data revealed a loss of
function when mutated hERG channels were co-expressed with the WT.

We concluded that “seizure” must be likely due to cardiac syncope as a consequence of

mutation-induced loss of function of the IKr current.
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Structured Abstract:

Background: The Long QT Syndrome (LQTS) is characterized by QTc-prolongation leading
to Torsades de Pointes and Sudden Cardiac Death. LQTS type 2 (LQTS2) is caused by
mutations in the KCNH?2 gene leading to a reduction of Ik, current and loss of hERG channel
function by different mechanisms. Triggers for life-threatening arrhythmias in LQTS2 are
often auditory stimuli.

Objectives: The aim of this study was to screen KCNH2 for mutations in patients with
LQTS2 on the ECG and auditory induced syncope interpreted as ‘“seizure” and Sudden
Cardiac Death, and to analyse their impact on the channel function in vitro.

Methods: The KCNH2 gene was screened for mutations in the index patients of three
families. The novel mutations were reproduced in vitro using the site directed mutagenesis
and characterized using the Xenopus expression system in voltage clamp mode.

Results: We identified novel KCNH2 mutations, Y493F, A429P and del234-241, in the index
patients with mostly typical ECG features of LQTS2. The biochemical data revealed a
trafficking defect while the biophysical data revealed a loss of function when mutated hERG
channels were co-expressed with the WT.

Conclusions: In all families at least one patient carrying the mutation had a history of
“seizure” after auditory stimuli, which is a major trigger for arrhythmic events in LQTS2. In
conclusion “seizure” must be likely due to cardiac syncope as a consequence of mutation-

induced loss of function of the IKr current.

Keywords: Long QT Syndrome type 2; sudden cardiac death; seizure; KCNH2; potassium

loss of Ik, channel function
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1. Introduction

The Long QT Syndrome (LQTS) is an inherited electrical cardiac disorder characterized by
prolongation of the ventricular repolarization leading to syncope and Sudden Cardiac Death
(SCD) by Torsades des Pointes (TdP) degenerating into ventricular fibrillation. To date, ten
LQTS phenotypes are known that are caused by mutations in the cardiac ion channels and
their linker proteins (http://www.fsm.it/cardmoc/). The second most frequent LQTS
phenotype is the LQTS type 2 (LQTS2), accounting for 35-40% of the LQTS phenotypes and
mutations. LQTS2 is caused by mutations in the KCNH?2 gene, encoding the alpha subunit of
the hERG potassium channel underlying the Ik, current. Functional studies of KCNH2
mutations in in vitro models usually demonstrate a reduction of Ix, currents by different
biophysical mechanisms most often due to trafficking defects (1). A dominant negative effect
results from current reduction of the tetrameric channel complex.

Diagnosis of LQTS2 is made on the 12-lead surface ECG showing a prolonged QTc interval
with low T-wave amplitude and a double notched T-wave morphology (2,3). Specific triggers
can precipitate arrhythmic events in patients with the LQTS, which are auditory stimuli and
noise in the LQTS2 (3). TdP can lead to syncope but could degenerate into ventricular
fibrillation leading to SCD.

The aim of this study was to phenotype and genotype three families with previous history of
seizure and SCD with typical LQTS2 on the 12-lead surface ECG. Mutations analysis of
KCNH? revealed three novel mutations: Y493F, A429P and del234-241. In vitro expression
of the mutations showed a loss of hERG potassium channel function by reduction of the
current, suggesting a dominant-negative effect. The common clinical feature in the families
was the occurrence of seizure triggered by noise (alarm clock or telephone ringing).

Biochemical and biophysical mechanisms leading to the decrease in Ik, are discussed

2. Methods
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2.1. Clinical evaluation and molecular genetics

Written informed consent was obtained from participating members of families 1-3 in
accordance to the study protocol approved by the local ethics committee of the University
Hospital of Basel, Switzerland. The investigation conforms to the principles outlined in the
Declaration of Helsinki. Participating members underwent detailed clinical examinations
including consecutive 12-lead surface ECG’s.

Genomic DNA was extracted from peripheral lymphocytes. In the index patients of families
1-3, all coding exons of KCNH2 were amplified by polymerase chain reaction (PCR) using
primers designed in intronic flanking sequences. Denaturating high performance liquid
chromatography (DHPLC) was performed on DNA-amplification products on at least one
temperature condition. Abnormal DHPLC profiles were analysed by sequence reaction in
both strands of the exon, using a big dye termination mix and analysed by cycle sequencing
using an automated laser fluorescent DNA sequencer (ABI Prism 377, Applied Biosystems,
Foster City, CA, USA). After identification, the specific mutations were directly searched in
the family members by PCR and sequenced in both strands as described above. Mutations

were absent in chromosomes from 200 normal subjects.

2.2. Mutagenesis

hERG mutations were generated using site-directed mutagenesis and were performed on the
hERG-pGH19 (6.9kb) construct provided by Dr. Gail A. Robertson (University of Wisconsin-
Madison Medical School, USA). The following mutagenetic sense and anti-sense primers
were used.

For hERG/del 234-241:

5’-GCACGCAGCGCCGCGC| AGATCGCGCAGGCACTG-3’ and

5’-CAGTGCCTGCGCGATCTT GCGCGGCGCTGCGTGC-3°
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For hERG/A429P:

5’-CTTCACACCCTACTCGCCTGCCTTCCTGCTGAAGG-3’
5’-CCTTCAGCAGGAAGGCAGGCGAGTAGGGTGTGAAG-3’

For hERG/Y493F:

5’-CGCATCGCCGTCCACITCTTCAAGGGCTGGTTC-3’
5’-GAACCAGCCCTTGAAGAAGTGGACGGCGATGCG-3’

Mutagenesis was conducted according to the Quick Change™ kit from Stratagene (La Jolla,
CA) and the mutated sites were confirmed by automatic sequencing. Capped mRNAs of
hERG wild type (WT) and mutated were produced using the SP6 mMESSAGE

mMACHINE™ from Ambion (Austin, TX, USA).

2.3. Oocyte preparation and expression of hERG potassium channels

The preparation of Xenopus oocytes was previously described.(4) Briefly, oocytes were
subjected to collagenase treatment 2 mg/ml during 2.5-3 hours, stage V or VI oocytes were
microinjected with 5 ng capped mRNA encoding either WT, mutant hERG or both. The
oocytes were maintained at 18°C in a 2-fold diluted solution of Leibovitz's L-15 medium
(Gibco, Grand Island, N.Y., USA) enriched with 15 mM 4-(2-hydroxyethyl)-1-piperazine-
methanesulfonic acid (HEPES, pH 7.6, adjusted with NaOH), 1 mM glutamine, and 50 pg/pl
gentamycin. Oocytes were used for experiments 1-3 days after injection. The macroscopic
potassium currents from the mRNA-microinjected oocytes were recorded using voltage-clamp
technique with two 3M KClI-filled microelectrodes. Membrane potential was controlled by a
Warner oocyte clamp (Warner Instrument Corp., Hamden, CT). Voltage commands were
generated by computer using pCLAMP software version 7 (Axon Instruments, Inc., Foster

City, CA). Currents were filtered at 2 kHz (-3 dB; 4 pole Bessel filter).

2.4. Solutions
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The Ringer's bathing solution contained (mM): 116 NaCl, 2 KCI, 1.8 CaCl,, 1.0 MgCl,, 5
HEPES; pH was adjusted to 7.6 at 22°C with NaOH. All experiments were carried out at

room temperature (22°C).

2.5. Analysis of electrophysiological data

A standard two-pulse protocol was applied from a holding potential at =80 mV. A 2 seconds
duration prepulse (P1) to various potentials (Vp;) from —80 to +60 mV in 10 mV increments
was followed by a 2 sec test pulse (P2) to —60 mV (Vp,). The current magnitude at the end of
the first pulse (Ip;) and the peak current amplitude short after the beginning of the second

pulse (Ip;) were measured.

Accounting for the voltage dependence of the endogenous current:
The endogenous current was recorded in non-injected oocytes (e.g.: Figure 4A lower panel).
The endogenous current (Ignpoi) was measured at end of prepulse P1 and at time of peak
hERG current in the test pulse P2 (Ignpoz). Both measurements were well accounted for by
exponential functions of voltage VP1 in prepulse P1:

Ienpor = genpo*exp(Vei/kiv) (1)

Ienpo2 = genpo * fr * exp(Vpi/kav) 2)

with fr being a factor between 0 and -1 reflecting the remaining endogenous current
during pulse P2 after being activated during pulse P1 and taking into account the fact that the
reversal voltage of the endogenous current is positive to the voltage in pulse P2 i.e. -60 mV.
Figure 5A shows the fitting functions (3) and (7) adjusted to the averaged endogenous current
data sets yielding values: gpnpo=3.44 nA; fr=-0.288; k;v=26.8 mV; k,y=23.6 mV. Functions
were included in the next procedure to account for the endogenous current that could corrupt

data analysis of the hERG current.
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Global fitting analysis of features of the hERG current:
The voltage-dependence of total oocyte currents Ip; and Ip, may respectively be described by

the expressions:

y1 = Ienpo1(Ve1) + gherc™(Vei-Erev) * hind(Ve1) * 1(Ve1) 3)
and
¥2 = Ienpo2(Ver) + gnerc™ (Ve2-Erev) * hing (Vp1) 4)
where:

ghErG™ (Ve1-Erev) 5)

expresses the voltage dependence of the fully activated and non-inactivated hERG current.

This expresses the ohmic behaviour of the open hERG channel (5).

hin(Vp1) is the voltage-dependent value of the activation variable at the end of pulse P1:
hind(Ve1) = 1/(1+exp((Vei-Vha)/Ka)) (6)

with Vy, being the half activation potential and k, the slope factor;

r(Vp)) is the voltage dependent rectification function:
1(Vpr) = V(1+exp((Ve1-Vir)/k) (7)

with Vi, being the half rectification potential and k; the slope factor;

Ienpor and Ignpoz are the endogenous oocyte currents that respectively correspond to
functions (1) and (2) where ky; and ky, were both set at a value of 25 mV.

A global fitting procedure simultaneously adjusted functions yl and y2 by a least-squares
algorithm (Simplex) to the experimental series of data couples: Ip; versusVp; and Ip, versus
Vp; of each cell. The reversal voltage of the hERG current E., was fixed at -77 mV,
parameters ggnpo, T, gherG, Vhas Ka, Vir and k; were adjusted for the best simultaneous fit of

both data sets. The values of gngrg, Vha, ka, Vir and k; are reported in Table 1.
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An example of the fitting is given in Figure 5B showing the adequacy of the functions to
represent the data sets.

This analysis is consistent with the theoretical description of Sanguinetti et al (6).

2.6. Western blot analysis

Antibodies used in the present study have been described previously (7). Briefly, The anti-
hERG polyclonal antibody used in Western blots was generated in rabbits against a
glutathione-S-transferase (GST) fusion protein containing the last 112 amino acids of hERG
(residues 1048-1159). hERG antiserum was either purified on an affinity column consisting of
a short COOH-terminal peptide corresponding to hERG residues 1102-1121
(TLTLDSLSQVSQFMACEELP) or the entire fusion protein. Briefly, HEK/hERG cells were
solubilized for 1h at 4°C in lysis buffer containing 150mM NaCl, ImM EDTA, 50mM Tris,
pH 8.8, 1% Triton X-100 and protease inhibitors (Complete, Roche Diagnostics, Indianapolis,
IN, USA). Proteins were separated on SDS polyacrylamid gels, transferred to polyvinylidene
difluoride membranes and developed using hERGbasic antibody followed by ECL plus (GE

Healthcare, Piscataway, NJ, USA).

2.7. Statistical analysis
A Student's t-test on two independent samples was performed to compare parameters of each
of the mutated hERG currents to those of the WT. In figures, the significance of differences

was labelled * for p<0.05, ** for p<0.01 and *** for p<0.01.

3. Results

3.1. Identification of three novel KCNH2 mutations and family screening

9
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We identified three novel KCNH2 mutations in the index patients of the families (patient II-1

of family 1, patient II-1 of family 2, patient II-2 of family 3). In patient II-1 of family 1
(Figure 1A), a heterozygous change of Tyrosin (TAC) to Phenylalanin (TTC) resulted in the
missense mutation Y493F (Figure 1B). Y493F is localized at the end of the S2-S3 linker
region of the hERG potassium channel. In patient II-1 of family 2 (Figure 2A), a heterozygous
change of Alanin (GCT) to Prolin (CCT) resulted in the A429P mutation (Figure 2B). A429P
is localized at the beginning of S1-S2 of the hERG potassium channel. A deletion in exon 2,
del234-341 TGCCGCGC in codon 78 was identified in patient II-2 of family 3 (Figure 3A,
B). This mutation at the beginning of the N-terminal introduces a stop codon 62 amino acids
further the 78 codon. During family screening Y493F was identified in individual III-1 of
family 1, A429P in individuals III-1 and IV-2 and del234-341 was identified in individuals II-

1 and III-3 in family 3.

3.2. Phenotypes of the families

3.2.1. Family 1

The index patient II-1 (male, born 1951) was diagnosed with seizure in childhood. Seizure
always occurred in the morning after auditory stimuli. Diagnosis of LQTS2 was made after
presyncope at the age of 54 yrs. The 12-lead ECG showed typical LQTS2 with QTc 525 ms
(Figure 1C). Family history revealed that his father (I-1) died of rhythm problems at the age
of 52 yrs. The daughter (III-2) died of SCD at the age of 14 yrs; she was diagnosed with
seizure in early childhood. The son of the index patient (III-1), born 1981, was diagnosed with
seizure at the age of 9 yrs. He was treated with carbamazepin. After the age of 18 yrs he had
no symptoms of seizure anymore, still taking carbamazepin. Diagnosis of LQTS2 was made
during family screening with QTc 539 ms and typical T-wave morphology (data not shown).

Patients II-1 and III-1 both showed LQTS2 on the ECG and carried the Y493F KCNH2

10
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mutation; both received an Implantable Cardioverter Defibrillator (ICD). No ICD discharges
were documented in both patients until present.

Data from electroencephalograms (EEG) are available for patient IlI-1. Under therapy with
carbamazepine, the EEG before ICD implantation showed normal baseline activity with

minor functional disturbance bitemporo-occipital.

3.2.2. Family 2

The index patient II-1 (female, born 1930) was diagnosed with LQTS2 at the age of 75 yrs
having TdP during anaesthesia to fix her broken arm. She was diagnosed with auditory reflex
epilepsy in childhood with syncope’s always after telephone ringing. No EEG data were
available at this time. Since childhood she was treated with phenytoin and had about ten
syncopes until the age of 40 yrs. From age 40 to 75 she had no symptoms at all still taking
phenytoin. Above described TdP occurred under phenytoin medication. Her present 12-lead
ECG showed typical LQTS2 with QTc 462ms (Figure 2C). During family screening her only
daughter III-1, born 1970, was diagnosed with LQTS2 with QTc 476 ms (data not shown). In
contrast she had no symptoms. Her daughter (IV-2), born 1999, had one syncope while
standing. Patients II-1, III-1 and IV-2 carry the A429P KCNH2 mutation; they all are being

treated with beta-blocker.

3.2.3. Family 3

In family 3, patient I-2 (female) died at the age of 43 yrs after telephone ringing. The index
patient II-2 (male, born 1966) suffered from syncope during sports in childhood. His 12-lead
ECG showed QTc 467 ms with a broad T-wave, not typical for LQTS2 (Figure 3C). In
contrast his brother II-1 (born 1965) suffered from seizure in childhood and showed typical
LQTS2 on the 12-lead ECG with QTc 464 ms (Figure 3C). During family screening the

daughter (III-3, born 1992) of the index patient was diagnosed with LQTS2 on the ECG,

11
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having a history of dizziness. In patients II-2, II-1 and III-3 the KCNH2 mutation del234-341
was found. Patients II-2 and II-1 received an ICD, while patient III-3 is being treated with

beta-blocker. No EEG data are available for this family.

3.3. Macroscopic recordings of hERG currents

As shown in Figure 4A, the expression of mutation hERG/Y493F yielded a considerably
lower current than the WT. When the mutant hERG was co-expressed with the WT, the
current amplitude was reduced to about half of that in the WT. The two other mutations,
A429P and del234-241, when expressed alone, failed to express more than the endogenous
current observed in non-injected oocytes (Figure 4B and C, middle panels). When co-
expressed with WT hERG (Figure 4B and C, lower panels), each of them developed currents
that were roughly half smaller than when the WT was expressed alone.

In order to accurately evaluate the macroscopic properties of these currents, a global fitting
procedure was used to evaluate steady-state activation versus voltage relation and apparent
steady-state rectification versus voltage relation by simultaneously fitting theoretical functions
to current versus voltage data sets as measured at the end of pulse P1 and at peak current at
the beginning of pulse P2 (see methods). A function accounting for endogenous current, that
had been derived from analysis of the endogenous current in non-injected oocytes, served to
automatically prevent distortions of the hERG currents (see methods).

After applying this procedure to data sets from each of the cells, the endogenous current was
subtracted and average hERG current/voltage relations were plotted in for currents Ip; and Ip;
Figure 5C, D, E and F. This allows direct comparison of the voltage dependent features
between mutated hERG co-expressed with the WT and the WT hERG expressed alone. The
average values of the individual parameters resulting from the global fitting analysis are

reported for each expression case in Table 1.

12
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Co-expression of mutation del234-241 with the WT resulted in a two-fold reduction in the
current at the end of pulse P1 (Figure 5C), in agreement with the half lower maximal hERG
conductance (Table 1). This is in line with the absence of changes in activation (Figure 5D
and Table 1) and rectification parameters (Table 1). When mutation A429P was co-expressed
with the WT, the current during pulse P1 was only decreased by 22% from that of the WT
(Figure 5C) whereas the maximal hERG conductance was reduced two-fold (Table 1). This is
the result of the combination of a negative shift in the voltage for half activation Vi, (Figure
5D and Table 1) and a positive shift in the voltage for half rectification Vi, (Table 1). Both of
these changes, although not statistically significant, caused a larger availability of the current,
while their respective slope factors k, and k, did not differ from those of the WT (Tablel). Of
the three mutations studied here, only mutation Y493F yielded current when expressed alone.
Although the maximal apparent current at the end of pulse P1 was only 40% less than in the
WT (figure 5E), the maximal conductance was 6 times lower than that of the WT (Table 1).
This discrepancy resulted from a shift of the activation curve by 12 mV in the hyperpolarizing
direction (Figure SF and Table 1). There was a slight but significant increase (1.85 mV) in the
value of the negative slope factor k, whereas, for the apparent rectification versus voltage,
only the slope factor k; was affected, i.e. increased by 3.3 mV (Table 1). When mutation
Y493F was co-expressed with the WT, the maximal macroscopic current Ip; was only 27%
less than that of the WT alone (Figure SE) whereas the maximal hERG conductance was
lowered by half as compared to the WT alone (Table 1). This may be related to a shift by 6
mV in the depolarising direction of the half rectification voltage Vy,, which, although not
statistically significant, caused an increase in the availability of the current (Figure 5E), while
the slope factor k; of the rectification curve did not change (Table 1). The voltage for half
activation Vp, was not significantly affected whereas the absolute value of the slope factor k,

was increased by 1.2 mV (Table 1).

13
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3.4. Western blot analysis of hERG mutations

Figure 6 shows Western blots of the hERG mutations compared to the wild type. The hERG
antibody used is described in the methods. As can be seen, hERG Y493F produces a small
amount of fully-glycosylated (fg)cell surface hERG (160 kDa). This is possibly a
hypomorphic mutation that may be rescued by low incubation temperature or a hERG blocker
such as astemizole. However, hERG A429P can only be detected as a core-glycosylated (cg),
endoplasmic reticulum (ER) retained protein of about 135 kDa at 37°C.

Interestingly the hERG deletion (del 234-241) produces quite surprisingly fully-glycosylated
protein as can be seen from the blot. Evidently, the amount of protein is severely reduced

when compared to WT or even to the other missense mutations shown on this blot.

4. Discussion

We report three novel KCNH2 mutations in three families with the LQTS2 and a previous
history of seizure with loud noise as the common trigger. /n vitro expression of the mutations
Y493F, A429P and del234-241 KCNH?2 showed a loss of hERG potassium channel function

by reduction of the current, suggesting a trafficking defect.

Genotype-phenotype correlation and triggers for arrhythmia

Except for patient 1I-2 of family 3, all affected family members showed typical LQTS2 ECG
phenotypes, consistent with the positive KCNH?2 genotype. The ECG of patient II-2 of family
3 shows a broad T-wave with a delayed onset of the upstroke part of the T-wave without
double notch and low amplitude, more consistent with a LQTS type 1 or 3 ECG (Figure
3C).(2) No mutations could be identified in the responsible genes KCNQI (LQTS1) and
SCN5A4 (LQTS3) in this patient (data not shown). An important observation in the LQTS is

the change of the ECG phenotype appearance by recording serial ECG. Still in our patient

14
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repetitive ECG never showed the typical LQTS2 phenotype. This might be due to additional
genetic and other factors influencing the phenotype caused by the major gene mutation.

In at least one member of all families, seizure was diagnosed in childhood. Unfortunately no
EEG data are recorded from this time. Seizure always occurred after telephone or alarm clock
ringing usually in the morning. This is consistent with the known triggers for arrhythmias in
the LQTS2 (3).

Mutations in the Y493 residue of KCNH?2 have previously been found. The first mutation was
Y493X in a family with the LQTS.(8) Lupoglazoff described a heterozygous Y493C mutation
in a patient with fetal bradycardia (9). Functional studies are not available for these mutations.
The interpretation of seizure in these families is likely due to cardiac syncope as a
consequence of malignant ventricular arrhythmias. EEG data of only one patient are available
showing minor functional disturbance bitemporo-occipital. In this patient the question arises
whether the underlying primary cause of seizure might be due to a channel mutation in the
brain. In a recent paper of Gurnett et al. (10) susceptibility gene for human epilepsy include
genes coding for neuronal sodium channels (SCNI4, SCNIB, SCN2A), calcium channels
(CACNAIA, CACNAIH, CACNB4), potassium channels (KCNQ2, KCNQ3, KCNAI), genes
for acetylcholine and GABA receptor and other genes. Mutations in KCNQ2 and KCNQ3
alter the structure of the pore region and/or COOH-terminal cytoplasmic domain (for review,
see (11)). These alterations lead to a potential loss or gain of function, or dominant negative
effects. The hERG gene is expressed in the heart where it is responsible for the Ik, current, but
transcript variants encoding distinct isoforms have been identified in the brain and skeletal
muscle tissues (12,13). The properties of hERG channels match with the gating properties of
Eag-related potassium channels (14). The hERG gene shares similarity in the sequence with
the Dosophila ether-a-go-go (eag) gene. The mutant phenotype of the eag-gene was initially

attributed to an increase in neuronal excitability and transmitter release at the neuromuscular
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junction (15). This observation may explain a possible link between seizure and cardiac

arrhythmias

Pathophysiological implications of mutated hERG macroscopic current properties

Evaluation of the pathophysiological consequences is based on the changes in properties of
macroscopic currents developed when each mutation is co-expressed with the WT hERG, a
situation that mimics the heterozygous condition seen for the present mutations (see §3.1. in
Results section).

None of the two mutated hERG del234-241 and A429P gave any current when expressed
alone in oocytes (Figure 4). Although hERG del234-241 generates no currents some readout
can be seen on the western with this deletion mutant, this was consistent in our four carried
out westerns, more experiments are required to clarify this issue. As compared with WT
injected oocytes, the half lower whole-cell maximal conductance derived for oocytes injected
with either WT + del234-241 or WT + A429P (Table 1) was not accompanied with significant
changes in activation and rectification properties.

It should be noted that, at the most negative voltages, activation is incomplete at the end of the
first pulse of the two-pulse protocol. Whether this would cause a misevaluation of the
characteristics of the activation versus voltage relationship was tested in a computer model of
hERG current in which a function of the time constant of activation versus voltage was set to
reproduce the properties of the WT hERG current (data not shown).

While part of the lower conductance may be due to non-conducting or non- trafficking of the
homotetramers formed with the mutated proteins alone, this part should not exceed 1/ 16™ of
the maximal current if all other tetramers would traffic and conduct as the WT tetramer. As
was previously reported for a number of hERG mutations the lower conductance may be due
to negative dominant effect of the mutated form of hERG on the WT (6,16). Such a decrease

in hERG conductance may suffice to account for the propensity of the subjects bearing these
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mutations to generate arrhythmias, as was confirmed by model simulations (17,18), due to a

delayed repolarization of the ventricular action potential.

Regarding the changes caused by mutation Y493F, the situation is not as simple: a very large
decrease in conductance when the mutation is expressed alone in oocytes suggests that, when
co-expressed with the WT, a small part of the decrease in whole cell conductance shall be due
to homotetramers, again either less conductive or in lower numbers at the membrane, e.g.
partially defective trafficking. The whole cell maximal conductance when mutation Y493F
was co-expressed with the WT was half smaller than for the WT alone. For this mutation,
when co-expressed with the WT only a slight increase in the absolute value of the slope factor
of the activation versus voltage curve was noted. Whether the combination of these effects
would cause a diminished hERG current response during an action potential ought to be tested
within a ventricular cell model.

This was done wusing a ventricular cell model recently developed (19)
(http://dx.doi.org/10.1016/j.pbiomolbio.2007.07.022). None of the kinetic changes related to
voltage-dependence of activation and apparent rectification was able to affect the duration of
the action potential (see Figure 7A) or the amplitude and time-course of the hERG current
(Figure 7B). When the decrease by half of the whole cell hRERG conductance was inserted into
the model, a 9% lengthening of the action potential duration at 90% repolarisation level was
found. This is the likely cause of the observed long QT condition and the resulting

predisposition to arrhythmias and associated syncope.

Influence of antiepileptic drugs on the hERG potassium channel
In our families two patients were treated with antiepileptic drugs: Patient III-1 of family 1
with carbamazepine, patient II-1 of family 2 with phenytoin. Both phenytoin and

carbamazepine have been shown to induce concentration-dependent cardiac arrhythmogenic
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potential.(20) For phenytoin the mechanism is sought to be an Ik, blocking potential in
vitro.(21) The demonstrated loss of channel function caused by the A429P mutation could be
theoretically aggravated by the additionally in vitro Ik, blocking potential of phenytoin in the
patient carrying the mutation. Surprisingly the patient had no cardiac symptoms or seizure for
almost 35 years under phenytoin. On the other hand phenytoin was shown in vivo to
efficiently treat malignant ventricular arrhythmias associated with myocardial infarction (22),
whereas in myocardial infarction the function of the hERG channel is not affected. In addition
fosphenytoin, a prodrug of phenoytoin, is known to prolong the QT interval and have a
possible risk for TdP (http://www.arizonacert.org/). In our patient the QT interval remained
prolonged after stopping phenytoin. Thus it remains unclear why the patient was
asymptomatic for many years, but it might be in line with the wide phenotype heterogeneity

of the LQTS2 influenced by a complex genotype.

Conclusion

We describe in this paper auditory-induced cardiac syncope in three families with the LQTS2
carrying either of the Y493F, A429P and del234-241 hERG mutations. The biochemical data
revealed a trafficking defect while the biophysical data revealed a loss of function of hERG
channels. The clinical, biochemical and biophysical data together demonstrate the severity of
the disease in patients carrying these mutations. Patients with unclear “seizure” following

auditory stimuli should be evaluated for malignant arrhythmias in the context of a LQTS.
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Figure legends

Figure 1

A: Pedigree of family 1. The index patient is marked by an arrow. Individuals with black
squares/circles carry the mutation and the clinical phenotype with symptoms. Patient III-2
died from sudden death at the age of 14 yrs, no genotype- and ECG data are available (grey
filled circle).

B: Identification of the Y493F mutation in exon 6 KCNH?2: a heterozygous change of Tyrosin
(TAC) to Phenylalanin (TTC) resulted in the missense mutation Y493F.

C: ECG of the index patient II-1 with typical LQTS2 with QTc prolongation 525 ms and low

amplitude T-wave with double notch.

Figure 2

A: Pedigree of family 2. The index patient is marked by an arrow. Individuals with black
circles carry the mutation and the clinical phenotype with symptoms. Individual III-1 (grey
filled circle) carries the mutation but has no symptoms.

B: Identification of the A429P mutation in exon 6 KCNH?2: a heterozygous change of Alanin
(GCT) to Prolin (CCT) resulted in the A429P mutation.

C: ECG of the index patient II-1 with typical LQTS2 with QTc prolongation 462 ms and low

amplitude T-wave with double notch.

Figure 3

A: Pedigree of family 3. The index patient is marked by an arrow. Individuals with black
squares/circles carry the mutation and the clinical phenotype with symptoms. Individual I-2
died from sudden death at the age of 43 yrs after telephone ringing; no genetic data were

available (grey-filled circle).
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B: Identification of the deletion 234-241 in exon 2 KCNH2, del234-341 TGCCGCGC in
codon 78.

C: ECG’s of patients II-2 and II-1. The ECG of II-2 does not show typical LQTS2; the T-
wave is broad and a double notch is absent, QTc 467ms. The ECG of II-1 shows typical

LQTS2 with QTc prolongation 464 ms and low amplitude T-wave with double notch.

Figure 4: Representative examples of recordings of currents in response to a classical two-

pulse protocol.

Figure 5: A: Endogenous current values (filled circles) at end of pulse P1 (Ignpo1) and at time
of peak hERG current at the beginning of pulse P2 (Ignpo2). The solid curves result from the
fit by functions (1) and (2) respectively. B: example of the global fitting with functions (3)
and (4) respectively of data series of current measurements at the end of pulse P1 (Ipi,
squares) and current measurements at peak hERG current during pulse P2 (Ip,, circles) as a
function of voltage (Vp;) in pulse P1. C and E: currents measured at the end of pulse P1 were
plotted after subtraction of the endogenous current (as evaluated by the global fitting
procedure) to show the hERG current and allow visual comparison of the voltage-dependent
rectification. D and F: After subtraction of the endogenous current from peak current values
measured at the beginning of pulse P2, currents for each cell were normalized to the
maximum value at positive voltages, allowing visual comparison of steady-state activation

versus voltage relations.
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Figure 6: Western blot comparing hERG WT and hERG/Y493F, hERG/A429P and
hERG/del234-241 transiently expressed in HEK293 cells using Fugene. HEK293 cells were
transfected with 1ug of cDNA. hERG WT is expressed as a fully glycosylated, mature 160-
kDa form (fg) and a core-glycosylated, ER resident 135-kDa form (cg). hERG/Y493F
expresses considerably less fg hERG protein. For A429P the protein as fg is absent.
hERG/del234-241 expresses considerably less hERG protein either as full glycosylated (fg) or

core glycosylated (cg) form than WT hERG protein.

Figure 7: Model study of the effects of changes in hERG properties as induced by the
mutations when co-expressed with the WT on the action potential time course (panel A) and
on the underlying hERG current of the model cell (panel B). When only the changes in
activation and rectification due to mutation Y493F are introduced (WT + Y493F no g change,
yellow thin line), no change is observed on the shape of the action potential (panel A) versus
the WT alone (thick black line). When in turn, a two-fold reduction in the whole cell
conductance of hERG is included (g/2, thin black line); the action potential duration at 90%

repolarisation is lengthened by about 10%.
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