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D85N, a KCNE1 Polymorphism, Is a
Disease-Causing Gene Variant in Long QT Syndrome

Yukiko Nishio, MD,* Takeru Makiyama, MD, PuD,* Hideki Itoh, MD, PuD, ¥
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Hiroshi Matsuura, MD, PuD,# Takeshi Kimura, MD, PHD,* Toru Kita, MD, PuD,*
Minoru Horie, MD, PuD¥

Kyoto, Shiga, and Osaka, Japan

Objectives This study aims to address whether D85N, a KCNE1 polymorphism, is a gene variant that causes long QT syn-

drome (LQTS) phenotype.

Background KCNE4 encodes the beta-subunit of cardiac voltage-gated K™ channels and causes LQTS, which is characterized
by the prolongation of the QT interval and torsades de pointes, a lethal arrhythmia. D85N, a KCNE1 polymor-

phism, is known to be a functional variant assoclated with drug-induced LQTS.

Methods In order to elucidate the prevalence and clinical significance of this polymorphism, we performed genetic screen-
Ing in 317 LQTS probands. For comparison, we examined its presence in 496 healthy control subjects. We also

conducted blophysical assays for the D85N varlant in mammalian ceils.

Resulis The aliele frequency for D85N carriers was 0.81% in healthy people. In contrast, among LQTS probands, there
were 1 homozygous and 23 heterozygous carriers (allele frequency 3.9%). Seven of 23 heterozygous carriers
had additional mutations In LQTS-related genes, and 3 female subjects had documented factors predisposing to
the symptom. After excluding these probands, the D85N prevalence was significantly higher compared with con-
trol subjects (allele frequency 2.1%, p < 0.05). In a heterologous expression study with Chinese hamster ovarian
cells, KCNEL-D85N was found to exert significant loss-of-function effects on both KCNQ1- and KCNH2-encoded

channel currents,

Conclusions The KCNE1-D8SN polymorphism was significantly more frequent in our LQTS probands, The functional varlant is

a disease-causing gene variant of LQTS phenotype that functions by interacting with KCNH2 and KCNQ4. Since

its allele frequency was ~1% among control individuals, KCNE1-D85N may be a clinically important genetic

varlant.

(J Am Coll Cardiol 2009;54:812-9) © 2009 by the American College of Cardlology Foundation

Long QT syndrome (ILQTS) is a disorder that is charac-
terized by repolarization abnormalities in the heart, leading
to torsades de pointes (T'dP), syncope, and sudden death.
Among the LQTS-related genes identified to date,
KCNQ1 and KCNE1 are known to encode the alpha and
beta subunits of voltage-gated K* channels, which carry Iy,
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a slowly activating component of delayed rectifier K*
current (1,2). KCNEL1 is also known to regulate KCNH2
(3), which encodes the Kv11.1 protein, the alpha subunit of
rapidly activating delayed rectifier K* current (Iy,) (4-6).

See page 820

A KCNE1 C-terminal polymorphism, D85N, has been
found in the normal population and is known to cause a
G-to-A transition at codon 253 (¢.253G>A), which leads
to the amino acid substitution of aspartic acid for aspara-
gines (7). This has been shown to cause an approximately
50% reduction in KCNQ1-encoded currents in a heterolo-
gous expression system using Xenopus oocytes (8), although
biophysical study data are not available for mammalian cells.
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The allele frequency of the polymorphism is reported to be
0.7% in apparently healthy Asians (7). Paulussen et al. (9)
demonstrated in a European population that the allele
frequency of D85N was 5% in acquired LQT'S patients who
experienced TdP as a result of drug administration, but was
0% in the control group. Iwasa et al. (10) reported that the
allele frequency was 2% in 100 Japanese cases, but their cohort
contained both LQTS patients and normal individuals.

In the present study, we examined the incidence rate of
KCNE1-D85N polymorphisms in 317 LQTS probands
from unrelated families and 496 control healthy individuals.
We identified 23 heterozygous and 1 homozygous probands
(allele frequency 3.9%), described the demographics of these
index patients, and examined the possibility that the D85SN
polymorphism is an LQTS-causing genetic variant. We also
conducted detailed functional assays of the variant while it
was coexpressed with the 2 alpha subunits of cardiac delayed
rectifier K* channels, KCNQ1 and KCNH2, by using a
heterologous expression system involving Chinese hamster
ovarian (CHO) cells.

Methods

Study subjects. Three hundred and seventeeri consccutive
LQTS probands who showed a prolongation of the QT
interval were referred to our laboratory for genetic evaluation
and were enrolled in our analysis. The electrocardiogram
diagnostic criteria of Keating and Sanguinetti (11} included a
corrected QT interval (QT¢) of =470 ms in asymptomatic
individuals and a QTc of >440 ms for male subjects and of
>460 ms for female subjects that had 1 or more of the
following: 1) stress-related syncope; 2) documented 'TdP; or
3) a family history of early sudden cardiac death.

The protocol for genetic analysis was approved by our
institutional ethics committee and was performed under its
guidelines. Informed consent was obtained from all individ-
uals or their guardians before the analysis. The QT intervals
were measured from electrocardiographic lead II or an
available rhythm strip and were corrected for heart rate
according to Bazett's formula. As for the control cohort, we
screened the frequency of the D85SN polymorphism in 496
randomly selected cases, consisting of healthy volunteers
and mutation-negative family members such as probands’
spouses. Their QTc were <440 ms for male subjects and
<460 ms for female subjects.

Genotyping. Genomic deoxyribonucleic acid (DNA) was
isolated from venous blood by use of the QlAamp DNA
midikit (Qiagen, Hilden, Germany). Genetic screening for
KCNE1-D85N was performed by direct polymerase chain
reaction. Other LQTS-related genes, including KCNQI,
KCNH2, SCN5A, KCNE1, KCNE2, and KCNJ2, were
assayed by denaturing high-performance liquid chromatogra-
phy using a WAVE System Model 3500 (Transgenomic,
Omaha, Nebraska). Abnormal conformers were amplified by
polymerase chain reaction. Sequencing was performed with an
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Abbreviations
and Acronyms

CHO = Chinese hamster
ovarlan

ABI PRISM3100 DNA se-
quencer (Applied Biosystems,
Wellesley, Massachusetts).
Site-directed mutagenesis. Com-
plementary deoxyribonucleic acid
(cDNA) for human KCNQI1
(GenBank AF000571) and
KCNE1 (GenBank M26685)
were kindly provided by Dr. J.
Barhanin (Institut de Pharmacolo-
gie Moléculaire et Cellulaire, CNRS, Valbonne, France). The
cDNAs were subcloned into pIRES2-EGFP (for KCNQ1)
and pIRES-CDS (for both wild-type and mutated KCNE1)
vectors. cDNA for human KCNH2 (GenBank AF363636)
was kindly donated by Dr. M. Sanguinetti (University of
Utah, Salt Lake City, Utah). The cDNA was subcloned into
a pRe-CMV vector. A KCNE1-D85N variant was con-
structed using a Quick Change 11 XL Site-Directed Mu-
tagenesis Kit, according to the manufacturer’s instructions
(Stratagene, La Jolla, California). Nucleotide sequence anal-
ysis was performed on each variant construct before the
expression study to confirm their sequences.

Cell transfection. CHO cells were maintained at 37°C in
Dulbecco’s modified Eagle medium and Ham’s F12 nutri-
tional mixture (Gibco-BRL, Rockville, Maryland) contain-
ing 10% fetal bovine serum supplemented with 1% penicil-
lin and 1% streptomycin. Wild-type KCNQ1, KCNH2,
and wild-type and/or variant KCNE1 clones were expressed
transiently in CHO cells using the Lipofect AMINE
method according to the manufacturer’s instructions (In-
vitrogen, Carlsbad, California).

To identify the cells that were positive for KCNH2
expression, CHO cells were cotransfected with 1 pg of
pRe-CMV/KCNH2 vector and 0.5 ug of pEGFP-N1/
CMV vector. Forty-eight to 72 h after transfection, green
fluorescent protein-positive cells and anti-CD8 antibody-
coated bead (Dynabeads CD8, Dynal Biotech, Oslo, Nor-
way) decorated cells were used for the patch-clamp study.
Electrophysiological assays. Whole-cell configuration of
patch-clamp techniques was employed to record membrane
currents at 37°C with an EPC-8 patch-clamp amplifier
(HEKA, Lambrecht, Germany). Pipette resistance ranged
from 2.5 to 4 M£) when filled with the pipette solutions
described in the following text. The series resistance was
electronically compensated for at 70% to 85%. The extra-
cellular solution contained (mmol/l): 140 NaCl, 0.33
NaH,PO,, 54 KCI, 1.8 CaCl,, 0.5 MgCl,, 5.5 glucose,
and 5 HEPES, and the pH was adjusted to 7.4 with NaOH.
The internal (pipette) solution contained (mmol/l): 70
potassium aspartate, 70 KOH, 40 KCI, 10 KH,PO,, 1
Mg,S0,, 3 Nay-ATP, 0.1 Li,-GTP, § EGTA, and 5
HEPES, and the pH was adjusted to 7.2 with KOH.

KCNQ1/KCNE1-encoded currents were measured by
depolarizing pulses from a holding potential of —90 mV to
test potentials between —70 and +50 mV (with a 10-mV
step increment), before being repolarized to —50 mV in

LQTS = long QT syndrome

QTc = corrected QT
interval

TdP = torsades de pointes
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order to monitor tail current amplitude. KCNH2/KCNE1-
encoded currents were clicited by depolarizing pulses from a
holding potential of —80 mV to test potentials between
—60 to +50 mV (with a 10-mV step increment), before
being repolarized to —60 mV in order to monitor tail
current amplitude. Current densities (pA/pF) were calcu-
fated for cach cell studied, by normalizing peak tail current
amplitude to cell capacitance (Cm). The Cm was calculated
by fitting a single exponential function to the decay phase of
the transient capacitive current in response to £ 5 mV
voltage steps (20 ms) from a holding potential of —50 mV.
The liquid junction potential between the test solution and
the pipette solution was measured as approximately —10
mV and was corrected. Data were collected and analyzed
using the Patch master and Igor Pro (WaveMetrics, Lake
Oswego, Oregon).

Data analyses. The voltage-dependence of current activa-
tion was determined by fitting the normalized tail current
(Itail) versus test potential {Vtest) to Boltzmann’s function,
which is expressed by: Itail = 1/(1 + exp [(Vo5 — Vev/k]),
where V5 is the voltage at which the current is half-
activated and k is the slope factor. Time constants for
deactivation (g, and 74,,) were obtained by fitting a
2-exponential function to the time course of the deactivat-
ing tail currents. All data are expressed as mean = standard
error. Statistical comparisons were made using analysis of
variance, followed by a # test, and differences were consid-
ered significant at a value of p < 0.05.

JACC Vol. 54, No. 9, 2009
August 25, 2009:812-9

Resulis

Clinical characteristics and genotyping. Of the 496 con-
trol volunteers, 8 (mean QTc¢ 420.5 *+ 7.5 ms) had het-
erozygous D85SN genotypes (allele frequency 0.81%). In
contrast, 23 of the 317 LQTS probands had heterozygous
D85N genotypes and 1 (Table 1) (Patient #24) had a
homozygous D85N genotype (allele frequency 3.9%). Table
1 and Figure 1 summarize the demographics of the 24 index
patients. Their mean age was 34.8 = 4.4 years, and their
mean QTc was 507.9 % 9.2 ms. Among the D85N-negative
cases, we identified 116 probands that were positive for
other LQTS-related gene mutations (Fig. 1), and their
mean QT¢ was significantly longer (540.6 £ 6.1 ms) than
those of the 24 D85N carriers (p < 0.05).

Seven of the 23 heterozygous probands (30%) had other
LQTS-related gene variants (KCNQI or KCNH2), and 3
female patients (13%; Patients #1, #6, and #10) had docu-
mented predisposing factors, such as electrolyte distur-
bances, QT prolonging drug intake, or bradycardia (Table
1). The allele frequency of the remaining 13 patients
(2.1%) was significantly higher than that in the control
subjects (p < 0.05). Six of these 13 patients (46%) had
syncope and/or TdP while 9 of 10 patients (90%) with
multiple genetic variants or triggering factors were symp-
tomatic (Fig. 1).

The mean onset age of the 6 symptomatic heterozygous
D85N carriers without compromised factors to affect QT

et a0 Clinical Characteristics of the LQTS Probands Who Carried the KCNE:L-DSSN Variant

Patient # Age (F/M) QTYc {ms) Syncope TYdP Compound Varlant Underlying Predisposing Triggers
1 36'(F} 540, + + Driug (b f ypol i
2 9 (M) 478
3 21 (Fy 533 - +: . KCNH2 (&, S706F)* Drug (; h inej, hy
4 42 (Fy 650 + +
5 51 (F) 490 + + ' KCNH2 (a, E58K) Sinus bradycardia
6 73 (F) 493 + - Drug (disopyramide), sinus bradycardia
7 30 (F) 502 +. = KCNH2 (G745fs+55X)*
8 17 (F) 470 - -
9 13\ 462 + ~ 7 KCNH2 (3, 32013
10 41 (Fy 490 - + Hypomagnesemia
11 73(F) 608 + - KONQ (&, S277L) Sinus bradycardia
12 5 (F) 494 + +
13 17 (M) 500 - -
14 13(F) 512 + -
i5 857 (M) 472 - -
16 53 (M) 462 + +
17 17 {F) 520 + -
18 22(F) 472 - -
19 13 (F) 522 - —." KCNH2 (a, R823W)
20 13 (W) 467 + -
21 52 (M) 524 + 4. KCNH2 (a, R9485)* Drug (minor tranquilizer), hypokalemia
22 11 (M) 491 - -
23 51 (M) 493 = e
24 38 (F) 545 - -

*Novel variant.

LQTS = long QV syndrome; QTc = corrected QT interval; TdP = torsades de pointes.




JACC Vol. 54, No. 9, 2009
August 25, 2009:812-9

Nishio et al.
A Functional Common Variant in LQTS

815

LQTS probands; 317

™\

DB85N positive; 24
{(QTe=507.9£9.2)%
#P<0.05

D85N negative; 293

-

v

N

D85N homozygous, 1
(QTc=545.0)

D8S5N heterozygous; 23
(QTc=506.3£94)

with mutation; 116

(QT=540.6+6.1)x  *P<0.05

4

No other mutation and lriggers; 13
(QTc=498.5:13.6)

N

No symptoms; 7
(QTc=482.3 1:46)

Syncope or TdP; 6
(QTe=517.5+28.2)

Summary of LOTS Probands

Other mutation or triggers; 10
(QTe=516.4x12.7)

Syncope or TdP; 9 No symptoms; 1

{QTc=515.8£14.1) {QRe=522.0)

LQTS = long QT syndrome; QTc = corrected QT interval; TdP = torsades de pointes.

interval was 35.5 = 10.4 years. It was significantly older
than the mean onset age of the other genotyped symptom-
atic LQTS patients (21.0 years in our cohort of 94 geno-
typed LQT'S) (Horie M. et al., unpublished data, Septem-
ber 2008). Although the clinical features of KCNE1-
D85N—positive probands differed with respect to the QT
and the onset age from those of other genotyped LQTS
patients, this variant appeared to be a disease-causing gene
variant in congenital LQTS.

Biophysical assays of the genetic variant. KCNE1-D8SN
WITH KCNQ1 In order to confirm that the D85N is a
disease-causing variant, we conducted functional assays
using a heterologous expression system with a mammalian
cell line (CHO cells). In the first line of experiments, we
examined how KCNE1-D85N affected the reconstituted
KCNQI1/KCNE1 currents. Figure 2 depicts representative
current traces recorded from cells that coexpressed KCNQ1
and wild-type (Fig. 2A-a) or D85N (Fig. 2A-b) KCNE1 (1
pg each). Peak tail current densities measured after repo-
larization to —50 mV from various test pulses were calcu-
lated in individual cells and are plotted as a function of test
potential in Figure 2B. Solid circles indicate the mean peak
current densities from 21 cells that were transfected with
KCNQ1 and wild-type KCNEL; open circles indicate the
mean peak current densities from 25 cells that were trans-
fected with KCNQ1 and D85N, and solid triangles indicate
the mean peak current densities from 25 cells that were

transfected with KCNQ1 alone. D85N reduced the peak
tail currents of wild-type KCNQI1/KCNE1-encoded cur-
rents by 28% at 0 mV test potential (p < 0.05 vs. wild type).

In Figure 2C, peak tail current densities have been
normalized using the current densities recorded after a test
pulse to +50 mV and are plotted as a function of test
potential. Fitting of data plots to Boltzmann’s equation
yielded Vi  values of —4.36 + 1.8 mV for the wild type and
0.38 £ 1.7 mV for D85N (p < 0.05), suggesting that the
KCNET1 variant produced a significantly positive shift in
KCNQ1-encoded current activation kinetics (Table 2). The
deactivation process of tail currents could be fitted by 2
exponentials, yielding fast and slow time constants. No
significant difference with respect to the fast time constants
was evident between the wild-type and D85N genotypes;
however, slow deactivation was significantly accelerated by
coexpression of D85N (Table 2).

KCNE1-D8SN WITH KCNH2. In the next line of experiments,
we examined how KCNE1 and its D85N variant influence
KCNH2-encoded cutrents. Figures 3A-a and 3A-b depict
2 sets of current traces recorded from CHO cells that had
been transfected with KCNH2 plus wild-type or D85N
KCNE1 (1 pg each). Peak tail current densities at —~60 mV
were calculated in the respective cells and are plotted as a
function of test potential in Figure 3B. Solid circles and open
circles indicate the mean current densities calculated from 23
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{A) Representative current traces of KCNQ1 coexpression with the wild-type (WT) or DBSN KONEL. (a) KCNQ1 (1 ug) plus WT KONEL (1 pg). (b) KCNQL (1 ug) plus
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25 cells that were transfected with KCNQ1 alone (1 pg). .

and 20 cells, respectively, which were transfected with 1 g of
KCNH2 and 1 pg of wild-type or D85N KCNE1.

D85N reduced the peak tail currents of wild-type
KCNH2/KCNE1-encoded currents by 31% to 36% at test
potentials between 0 and +50 mV (p < 0.005 vs. wild type).
Fitting of normalized data to Boltzmann’s equation yielded
a Vys of —18.33 * 0.8 mV for the wild-type KCNH2/
KCNE1 and of —22.07 * 1.6 mV for KCNH2/KCNE1-
D85N (p < 0.05), suggesting that the KCNE1 variant
causes a significantly negative shift of KCNH2/KCNE1-
encoded current activation kinetics (Fig. 3C, Table 2).
Deactivation of tail currents could be fitted by 2 exponen-
tials, yielding fast and slow time constants. The fast and

slow kinetics were not significantly different between the 2

types of KCNH2 channel currents (Table 2).

Discussion

The present study demonstrates that the allele frequency of
KCNE1-D85N is significantly higher in LQTS patients than
in control subjects after excluding cases with compromised
factors to prolong QT interval (p < 0.05). A biophysical assay
of D85N showed that the variant affected both reconstituted
I and Iy, channel function, leading to a prolongation of the
QTc with D85N working as a disease-causing variant. In a
heterologous expression system with Xenopus oocytes (8),
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i 2 Vo, Slepe Factor k, and 7 Deactivation at +20 mV
n Vo.s Kk Ttast Tolow
KCNQL (WT) 1 pg 25 -20.86 * 1.034 8.223 = 0.424 0.070 * 0.005 0.436 = 0.019
KCNQL (WT) 1 pg/KONEL (WT) 1 g 21 ~4.364 + 1.834* 12.724 = 0,407 0.145 * 0.013* 0.586 = 0,070t
KCNQL (WT) 1 pg/KCNEL (DB5N) 1 pg 25 0382+ 1.747*¢ 12,566 * 0.429* 0141 * 0.043* 0.409 * 0.050%%
KCONH2 (WT) 1 ug/KCNEL (WT) 1 pg 23 --18.326 + 0.775 7.373 + 0.289 0.183 * 0.016 1,077 * 0.102
KCNH2 (WT) 1 1g/KCNEL (D8SN) 1 g 20 —22.069 + 1.560§ 7.037 + 0.389 0.193 * 0.013 1.258 + 0.090

*p < 0.0001 versus KCNQL (wlid type [WT)) 1 pg: 1p = 0.0001 versus KCNQL (WT) 1 ug: 3p < 0.05 versus KCNQL (WT) 1 ng/KCNEL (WT) 1 ug §p < 0.05 versus KCNH2 (WT) 1 ng/KCNEL (WT) 1 pg.

KCNE1-D85N has been reported to cause an approximately
50% reduction in KCNQ1-encoded currents, although data
for mammalian cells is not available. In our experiments using
CHO cells, D85N significantly reduced KCNQI-encoded
currents by 28% (p < 0.05 vs. wild type), although this effect
was smaller than that in Xengpus oocytes.

When KCNH2 was coexpressed with the wild-type or
D85N variant of KCNE1, D85N significantly reduced
wild-type KCNH2/KCNE1-encoded currents by 31% to
36% (p < 0.005 vs. wild type). Regarding the interaction
between KCNE1 and KCNH2, McDonald et al. (3) dem-
onstrated that KCNE1 forms a stable complex with KCNH2 and
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up-regulates Iy -like currents by 50% in CHO cells. Bianchi
et al. (12) also showed interactions between the KCNE1-
D76N mutation and both KCNQJ1 and KCNH2 in HEK
cells, In atrial tumor myocytes that expressed Iy, alone,
Yang et al. (13) demonstrated that antisense oligonucleo-
tides against minK ¢cDNA (KCNE1) significantly reduced
the Iy, by ~62%. More recently, Ohno et al. (14) identified
a missense KCNE1 mutation, A8V, in a sporadic case of
LQTS and reported that the mutation significantly reduced
the magnitude of KCNH2- but not KCNQIl-encoded
currents.

Collectively, it is of clinical importance that the KCNE1-
D85N variant modifies not only KCNQ1- but also
KCNH2-coded channel currents. Furthermore, its inhibi-
tory action on KCNH2 was even stronger than that on
KCNQI. The KCNE1-D85N polymorphism may there-
fore cause phenotypes similar to those observed in type 2
LQTS such as bradycardia (15,16). The deactivation pro-
cess of Iy, plays a significant role in maintaining the appro-
priate rate of pacemakers (17) and, therefore, a decreased Iy,
will lead to sinus bradycardia. In the present study, 3 D8N
carriers (13%) had sinus bradycardia (Table 1).

The mean onset age of 6 symptomatic heterozygous
D85N carriers (Table 1) was 35.5 years, and this was
significantly older than the mean age of other genotyped
symptomatic LQTS patients. Shimizu et al. (18) reported
that in 95 Japanese LQT1 patients with transmembrane
domain mutations or C-terminal domain mutations, the
mean ages of first event were 11 * 8 years and 13 * 9 years.
Nagaoka et al. (19) also demonstrated that in 118 Japanese
LQT?2 patients with pore mutations or nonpore mutations,
the mean ages of first event were 16 = 10 years and 20 *
13 years. In addition, the mean QTc¢ of 13 D85N carriers
was prolonged (498.5 = 13.6 ms) but significantly shorter
than that in 116 probands with other LQTS-related gene
mutations {541 ms) (Fig. 1). These different phenotypes
appear to reflect the fact that D85N causes a milder channel
dysfunction than other LQTS mutations, and reveals a
“forme fruste” phenotype (20).

The allele frequency of the KCNE1-D85N polymor-
phism was 0.81% among apparently healthy control indi-
viduals. We found only 1 report concerning D85N fre-
quency (0.7%) (7) in contro} subjects, which showed
equivalent results to our study. Based on 2008 healthy
French individuals, Gouas et al. (21) demonstrated that the
allele frequency of D85N was significantly higher in the 200
subjects with the longest QTc¢ than in those with the
shortest QTc (3.1% vs. 0.75%), suggesting that this single
nucleotide polymorphism may influence the QTc length in
healthy individuals.

LQTS can remain latent or subclinical because of “repo-
larization reserve” (22}, and can become unmasked upon the
intake of QT-prolonging drugs. Heterozygous D85N car-
riers in the control group may be at a potentially higher risk
of long QT-related arrhythmias. Assuming that genetic
surveys are feasible before drug therapy, D85N carriers may
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be recommended to avoid the secondary factors that pre-
dispose them to further QT prolongation such as QT
prolonging drugs (23) and electrolyte disturbances (23-25).
It is also clinically useful to search for other variants of long
QT-related genes (8,26,27).

Study limitations. In the present study, we screened the
mutations that arc responsible for LQT1, 2, 3,5, 6, and 7.
Therefore, the comorbidity of other types of LQTS was not
completely excluded, although their frequency was quite
low. In general, single nucleotide polymorphisms are thought to
be nonpathological although some may modify the clinical
features of a disease. For example, the KCNH2-K897T
polymorphism is a typical genetic modifier that aggravates
LQTS phenotypes directly by reducing channel function in
association with the KCNH2 mutation A1116V (28). Such
a role for KCNE1-D85N was not addressed in this study
and warrants further study.

Conclusions

KCNE1-D85N was a highly frequent variant in our LQTS
probands and was found to cause loss-of-function effects on
both Iy, and Iy, and work as a disease-causing variant. Since
its allele frequency was 0.81% among control healthy
individuals, KCNE1-D85N may be a clinically important
genetic variant.
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Latent Genetic Backgrounds and Molecular Pathogenesis in
Drug-Induced Long-QT Syndrome

Hideki Itoh, MD; Tomoko Sakaguchi, MD; Wei-Guang Ding, MD; Eiichi Watanabe, MD; Ichiro
Watanabe, MD; Yukiko Nishio, MD; Takeru Makiyama, MD; Seiko Ohno, MD; Masaharu Akao, MD;
Yukei Higashi, MD; Naoko Zenda, MD; Tomoki Kubota, MD; Chikara Mori, MD; Katsunori Okajima,
MD; Tetsuya Haruna, MD; Akashi Miyamoto, MD; Mihoko Kawamura, MD; Katsuya Ishida, MD; Iori

Nagaoka, MD; Yuko Oka, MD; Yuko Nakazawa, MD; Takenori Yao, MD; Hikari Jo, MD; Yoshihisa

Sugimoto, MD; Takashi Ashihara, MD; Hideki Hayashi, MD; Makoto Ito, MD; Keiji Imoto, MD;

Hiroshi Matsuura, MD; Minoru Horie, MD

Background—Drugs with [ -blocking action cause secondary long-QT syndrome. Several cases have been associated
with mutations of genes coding cardiac ion channels, but their frequency among patients affected by drug-induced
long-QT syndrome (dLQTS) and the resultant molecular effects remain unknown.

Methods and Results—Genetic testing was carried out for long-QT syndrome-related genes in 20 subjects with dLQTS
and 176 subjects with congenital long-QT syndrome (¢LQTS); electrophysiological characteristics of dLQTS-associated
mutations were analyzed using a heterologous expression system with Chinese hamster ovary cells together with a
computer simulation model. The positive mutation rate in dLQTS was similar to cLQTS (dLQTS versus cLQTS, 8 of
20 [40%] versus 91 of 176 [52%] subjects, P=0.32). The incidence of mutations was higher in patients with torsades de
pointes induced by nonantiarrhythmic drugs than by antiarrhythmic drugs (antiarrhythmic versus others, 3 of 14 [21%] versus
5 of 6 [83%] subjects, P<<0.05). When reconstituted in Chinese hamster ovary cells, KCNQI and KCNH2 mutant channels
showed complex gating defects without dominant negative effects or a relatively mild decreased current density. Drug
sensitivity for mutant channels was similar to that of the wild-type channel. With the Luo-Rudy simulation model of action
potentials, action potential durations of most mutant channels were between those of wild-type and cLLQTS.

Conclusions—dLQTS had a similar positive mutation rate compared with cLQTS, whereas the functional changes of these
mutations identified in dLQTS were mild. When /i -blocking agents produce excessive QT prolongation (dLQTS), the
underlying genetic background of the dLLQTS subject should also be taken into consideration, as would be the case
with cLQTS; dLQTS can be regarded as a latent form of long-QT syndrome. (Circ Arrhythmia Electrophysiol.
2009;2:511-523.)

Key Words: long-QT syndrome & secondary @ drug @& electrophysiology & ion channel

ongenital long-QT syndrome (cLQTS) is characterized

by abnormally prolonged ventricular repolarization and Clinical Perspective on p 523

familial inheritance, leading to polymorphic ventricular and major tranquilizers.* In patients with drug-induced
tachycardia (torsades de pointes [TdP]), causing sudden long-QT syndrome (dLQTS), after a washout period of the
cardiac death.!? In contrast, secondary long-QT syndrome culprit drugs, the QT interval usually returns to within normal
can be induced by a variety of commercially available drugs, range. Genetic factors may underlie the susceptibility to
including antiarrhythmic drugs, antihistamines, antibiotics, drug-induced serious adverse reactions such as a long QT
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interval and TdP. Sesti et al* demonstrated that a poly-
morphism of the KCNE2 gene (T8A) is present in 1.6% of the
population and is associated with drug-induced TdP related to
quinidine and to sulfamethoxazole/trimethoprim administra-
tion. We have also previously reported that a mutant SCN3SA
channel (L1825P), found in an elderly woman with cisapride-
induced TdP, appeared to have unique electrophysiological
characteristics with both loss and gain of functions for the
cardiac sodium current.’ In addition, there have been several
case reports with long-QT syndrome-associated gene muta-
tions in dLQTS.>-1¢ The accurate prevalence of long-QT
syndrome-related gene mutations in a larger dLQTS cohort,
however, remains unknown, and the relationship between
genotypes and cellular electrophysiology has not been fully
examined. The present study therefore aimed to survey
mutations in long-QT syndrome-related genes responsible
for dLQTS in 20 patients who had been referred to our
institutes consecutively over the past 11 years and analyze the
functional effects induced by these mutations.

Methods
Subjects

Blood samples of 305 subjects with long-QT syndrome, comprising
196 long-QT syndrome probands and {09 family members were
referred to Kyoto University Graduate School of Medicine and Shiga
University of Medical Sciences from March 1996 to January 2006
for genetic analysis. A diagnosis of dLQTS was made in those
subjects who had not previously been diagnosed with long-QT
syndrome and who only developed typical ECG features of QT
prolongation after administration of culprit drugs, A diagnosis of
c¢LQTS was made in those subjects with clinical phenotypes of
long-QT syndrome, but without the involvement of sccondary
factors (eg, drugs, hypokalemia, or bradycardia). Among the sub-
jects, 20 probands had drug-induced cardiac events (10.2% of
long-QT syndrome probands). Their clinical information was col-
lected, including family history of sudden death age 30 years or
younger and long-QT syndrome members, previous syncope, ECGs,
and serum electrolyte levels at the time of cardiac events. TdP was
defined as either nonsustained or sustained ventricular tachycardia
showing variation in the electronic polarity of the QRS complex and
a “short-long-short” initiating sequence.!t Written informed consent
was obtained from all subjects in accordance with the guidelines
approved by our institutional review board. QT intervals were
measured in lead I or Vs, using the Bazett formula,’? before and
after allowing sufficient time for the complete washout of drugs.
Schwartz scores'® were calculated in all probands. A Schwartz
score =4 points indicates that long-QT syndrome is definitely
present, a score of 2 or 3 points indicates there is a strong possibility
that long-QT syndrome is present, whereas a score =l point
indicates a low probability of long-QT syndrome, respectively.!?

Mutation Analysis

The protocol for genetic analysis was approved by and performed
under the guidelines of the Institutional Ethics Committee at Shiga
University of Medical Science. Genomic DNA was isolated from
peripheral white blood cells using conventional methods. Genetic
screening was performed for KCNQI, KCNH2, SCN5A, KCNEI,
KCNE2, and KCNJ2, using polymerase chain reaction/single-strand
conformational polymorphism (PCR-DHPLC, WAVE system,
Transgenomic Inc, Omaha, Neb) analysis.!*!> For the abnormal
DHPLC patterns, we determined the DNA sequences on both strands
with an automated sequencer (PRISM 3130 Sequencer, Perkin
Elmer, Calif),

October 2009

Expression Plasmids

The expression plasmids pIRES2-EGFP/KCNQI(wild type[WT)/
KCNQ!) and pRe-CMV/KCNH2 (wild-type (WTYVKCNH2) were
kindly provided by Dr J. Barhanin (UMR 6097 CNRS and Université
de Nice Sophia Antipolis, Valbonne, France) and Dr M. Sanguinetti
(University of Utah, Salt Lake City, Utah), respectively. The
mutations were introduced using overlap PCR. The mutant plasmids
were constructed by substituting the 857-bp Xhol-Bglll for R231C
and R243H mutants, 287-bp Eagl-BstEHl for the D342V mutant,
794-bp BstEIl-Bg/ll for the H492Y mutant, or 392-bp Bgll-Sphl
fragments for S706F and M756V mutants, respectively, for the
corresponding fragments of WT/KCNQ! or WT/KCNH2,

Cell Transfection

Functional potassium channels were expressed transiently in Chinese
hamster ovary (CHO) cells by transfecting the same amount of «
subunit plasmids (1 ug/mL KCNQI ¢DNA or 2 pg/mL KCNH2
c¢DNA). For the analysis of [y, currents, the same amount of
pIRES/CD8-KCNE! was coexpressed. Cells were trypsinized, di-
luted with Dulbecco Modified Eagle’s Medium (DMEM, Nacalai
Tesque, Kyoto, Japan) supplemented with 10% fetal bovine serum,
30 U/mL penicillin, and 30 pg/mL streptomycin. The DMEM used
for cell culture dishes was changed to OptiMEM (Invitrogen,
Carlsbad, Calif) for transfection, and, after the addition of 10 uL
lipofectamine (Invitrogen) and cDNA, the cells were incubated at
37°C for 3 hours, unless otherwise described. OptiMEM was then
replaced by DMEM and the cells were subjected to electrophysio-
logical measurements 48 to 72 hours after transfection. Cells
expressing the potassium channels were selected through detection
of green fluorescent protein and by decoration with anti-CDS
antibody-coated beads.

Electrophysiology

Whole-cell patch-clamp recordings were made at 37°C, using an
EPC-8 patch-clamp amplifier (HEKA, Lambrecht, Germany) with
pipettes filled with (in mM): 70 aspartate, 70 KOH, 40 KCl, 10
KH,PO,, | MgSO,, 3 Na,-ATP, 0.1 Li,-GTP, 5 HEPES, and 5
EGTA (pH 7.3 with IN KOH), with a resistance of 2.0 to 4.0
mol/LQ. The external superfusate contained (in mM): NaCl 140,
KCl 5.4, MgCl, 0.5, CaCl, 1.8, NaH,PO, 0.33, glucose 5.5, and
HEPES 5 (pH 7.4 with NaOH). Data were filtered at 2 kHz. Data
acquisition was performed using PatchMaster acquisition software
(HEKA). The holding potential was set at —80 mV. Current densities
(pA/pF) were calculated for each cell studied, by normalizing peak
tail current amplitude to cell capacitance. Current-voltage relations
were fitted with the Boltzmann function:

U= U +exp((Vy 5~ Vm)ik))

where V,,, indicates the potential at which the activation or inacti-
vation is half-maximal, Vim the test potential, and k the slope factor.

Drug sensitivities were examined by various concentrations for
erythromycin, disopyramide, and pirmenol (gift from Pfizer Inc,
Groton, Conn). Depolarizing pulses were applied every 15 sec-
onds and peak tail currents at —60 mV after +20 mV test
potential were recorded in the absence or presence of various
concentrations of agent. Percent inhibition was calculated by
dividing the peak amplitude in the presence of drug by control.
Drug concentration-inhibition relations were fitted to the Hill
equation;

Practional drug inhibition= 1/(1+([C5¢/[drugh™

where [Cy, is the amount of drug necessary to produce the haif-
maximal inhibition of Iy, tail currents, and n is the Hill coefficient
for the fit.

Computer Simulation

The dynamic Luo-Rudy model (Clancy and Rudy 2001 model) of a
ventricular cell was used, with recent modifications and action
potentials were simulated using a previously reported model.!s The
ratio of I, and [y conductance of M cell layer was set at 23:7. Based
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on the experimental data of voltage-clamp recordings of KCNQ/ and
KCNH?2 channels heterologously expressed in CHO cells, we con-
structed Markov or Hodgkin-Huxley models for simulated mutant
channels as compared with mutants associated with cLQTS (see
supplemental data 1). To make the mutant channel models, we
decreased the conductance of each channel as appropriate for the
decreased current density and looked for adequate changes tor
mutant channels by changing each coefficient value, in turn, for
gating states associated with impaired gating defects. The simulation
for voltage-clamp experiments was calculated using the 4th-order
Runge-Kutta method with a fixed-time step of 0.020 ms. The
simulation programs (see supplemental data 1) were coded in C++
and implemented for personal computers.

Statistical Analysis

Experimental data are expressed as mean=SE and other clinical data
as mean*SD, and the statistical comparisons were made using the
unpaired Student ¢ test. Differences in the positive mutation rate
between 2 groups were analyzed by x” and Fisher exact probability
test. Statistical significance was considered as P<<0.05.

Results

Molecular Genetics of dLQTS

Table | summarizes the clinical characteristics of 20 subjects
with dLQTS (14 women and 6 men; mean age, 65+ 16 years).
Nineteen subjects had TdP with marked QT prolongation, and
1 had syncope without documented TdP after taking 1 of the
drugs listed in Table 1. The average QT,. interval before
taking drugs, available for 15 subjects, was 44629 ms. The
QT, interval was significantly prolonged to 61691 ms after
taking 1 of the culprit drugs (versus QT interval before
taking drugs, P<<0.001) and significantly shortened to
44133 ms after washout of drugs (versus QT,, interval after
taking drugs, P<<0.001). However, in 3 patients (cases 8, 13,
and 18 in Table 1) a prolonged QT interval of over 480 ms
was maintained after washout. The average R-R interval
immediately before TdP was 1.2%0.4 seconds, and the
average serum potassium level after TdP was 3.9%0.6 mEq/
mL. In the majority of subjects (n=14, 70%), dLQTS was
induced by antiarrhythmic drugs (disopyramide, pirmenol,
cibenzoline, procainamide, and aprindine in 8, 3, 1, 1, and 1
subjects, respectively; cases 1 to 14); the remaining cases
were induced by antihistamines, antibiotics, psychiatric, or
miscellaneous drugs (cases !5 to 20 in Table 1). None had a
family history of long-QT syndrome, whereas 3 subjects
(cases 4, 14, and 20) had unexplained syncope and another
subject (case 17) had a family member with sudden cardiac
death. During a mean follow-up period of 5244 months
after discontinuing drugs, 1 subject without any gene muta-
tions (case 9) had recurrent ventricular fibrillation. Compared
with cLQTS, the age at first cardiac event in subjects
diagnosed with dLQTS was significantly older (dLQTS
versus cLQTS; 6516 versus 19*18 years, P<<0.001). No
subject in the dLQTS group had a family member with
long-QT syndrome (dLQTS versus cLQTS; 0% versus 24%
subjects, P<<0.01). The QT interval in dLQTS subjects was
significantly shorter than in cLQTS subjects (dLQTS versus
cLQTS; 446+29 versus 50771 ms, P<0.001); the
Schwartz score was significantly lower in dLQTS than in
cLQTS (dLQTS versus cLQTS; 0.9%£1.4 versus 4.1x£2.1,
P<0.001).
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In 8 (40%) dLQTS subjects, the genetic analysis identified
8 mutations in LQTS-related genes; 2 KCNQI, 5 KCNH2,
and 1 SCN5A (Table 1). These variants were not observed in
the control subjects (220 chromosomes from non-cLQTS and
non-dLQTS subjects), suggesting that they represented
disease-related mutations. The 91 cLQTS patients also had
gene mutations such as 33 KCNQ/, 36 KCNH?2, 12 SCN3SA,
2 KCNE2, and 8 compound mutations, and the positive
mutation rate was similar between dLQTS and cLQTS
subjects (8 of 20 [40%] versus 91 of 176 [52%] subjects,
respectively, P=0.32, Figure 1A). These mutations were
found in only 3 of 14 (21%) subjects with TdP induced by
antiarrhythmic drugs. In contrast, 5 of 6 subjects with TdP
induced by nonantiarrhythmic drugs had gene mutations
(83%; versus patients with TdP induced by antiarrhythmic
drugs, P<<0.05) (Figure 1B). Seven of the 8 mutations were
located in the nonpore regions (red circles in Figure 1C),
except for the A614V-KCNH2 mutation in a case of
hydroxyzine-induced TdP.!” The green circles in Figure 1C
indicate the location of 8 mutations previously reported in
dLQTS.5-10

Clinical Characteristics of Genotyped

dLQTS Subjects

Detailed subject characteristics are presented in Table 1 and
the supplemental data 2. Case 2 (M756V/KCNHZ2) was a
63-year-old man who was admitted with syncope after taking
pirmenol (300 mg/d). Case 4 (H492Y/KCNH2) was a 52-
year-old woman who had syncope while taking disopyramide
(300 mg/d). She had previously had 1 episode of unexplained
syncope. Case 14 (R243H/KCNQI) was a 52-year-old
woman who had repetitive syncope after taking aprindine (60
mg/d). Case 15 (ST06F/KCNH2) was a 21-year-old woman
who complained of sudden onset of palpitations and dyspnea
atter taking amphetamine and methamphetamine. An SCNSA
mutation (L1825P/SCN5A) (case 16), has been reported
previously®; this concerned a 70-year-cld woman who had
TdP and prolongation of the QT interval after taking cisapride
(5 mg/d) and pirmenol (200 mg/d). Case 17 (D342V/KCNH2)
was a 70-year-old woman who had repetitive syncope due to
erythromycin intake (1200 mg/d). This subject had a 24-ycar-
old sister who had died suddenly, but it is not unknown if her
sister had suffered from LQTS. Case 18 (R231C/KCNQI)
was a 72-year-old woman who had presyncope while taking
probucol (250 mg/d). Case 20 concerned a 34-year-old
woman (AG14V/KCNH2 according to Table 1) who had
syncope and QT prolongation induced by hydroxyzine (3
mg/d).'” None of the 20 subjects in the study had structural
heart disease or a family history of documented LQTS. In
genotyped families, a genetic test for 5 members revealed 1
R243H/KCNQ1 mutation carrier. This carrier had no syncope
and a normal QT interval (QT,, 400 ms). The Schwartz scores
in the 8 subjects with mutations were 1.0+ 1.5 points (range,
0 to 4 points). Thus, among the genotyped dLQTS subjects in
this current study, there was only a low or moderate possi-
bility of LQTS being present, both before taking the drugs or
after their withdrawal.
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Electrophysiological Characteristics of Mutations
Associated With dLQTS

The biophysical effects of the respective KCNQ! and KCNH2
mutations were analyzed using a heterologous expression
systemn with the CHO cell line. The upper panel of Figure 2A
shows representative current traces for WT and 2 mutant
KCNQI channels; the lower panel shows those recorded from
cells cotransfected with WT and each mutant. On their own,
both mutants displayed smaller currents compared with WT,
whereas the R231C channel was a slightly open K leak
channel. Under heterozygous conditions, however, they dis-
played currents comparable to those of WT without dominant
negative effects.

At the end of the depolarizing pulse to -+40 mV, current
densities were smaller than those of WT channels (77.0£10.6
pA/pF) in R231C/WT (39.6%£11.9 pA/pF, P<0.05 versus
WT) but not in R243H/WT (61.9+10.7 pA/pF) (Figure 2B).
On the other hand, the R243H channels showed a significant
positive shift of steady-state activation curve (Figure 2C).
Half activation voltages (V) and k were —8.2£3.1 mV and
12.6%0.6 for WT, —12.8+3.6 mV and 13.6+ 1.3 for R231C/
WT, 1.723.1 mV and 12.920.6 for R243H/WT, respectively
(V20 WT versus R243H/WT, P<0.05). Figure 2D shows
representative families of current traces (left panel) and
time constants (right panel) of deactivation in each chan-
nel. The time course of deactivating kinetics could be
fitted by a single-exponential function. The R243H/WT

Others
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Figure 1. Molecular genetics of gene mutations in
subjects with drug-induced long QT syndrome
(LQTS). A, A pie graph showing the incidence of
mutation carriers in our drug-induced LQTS
cohort. B, Bar graph showing different mutation
detection rates depending on culprit drugs. C,
Schemes indicating the location associated with
drug-induced LQTS. Red circles indicate the sites
of mutations detected in this study; green circles
indicate previously reported mutations.

L1825P

[e]ele )8

channel had faster deactivation process over —60 mV,
whereas this process in the R231C/WT channel was slower
than WT under —90 mV.

Figure 3A shows representative families of current traces
recorded during depolarizing pulses from CHO cells trans-
fected with KCNH2 cDNAs as indicated in the graph. The left
column depicts current traces from cells transfected with each
construct alone and the right column those recorded under
heterozygous conditions except for the uppermost traces (WT
I ug). When expressed alone, D342V was nonfunctional and
3 other mutations displayed functional channels. When coex-
pressed with WT, D342V showed weak dominant negative
effects, whereas the other 3 channels showed nondominant
negative effects. The functional outcome of the remaining
mutation, A614V-KCNH2, '7 has recently been reported.
Using an oocyte expression system, Nakajima et al'®
reported that the A614V channel showed loss of function
in a dominant negative manner, and the results from the
present study were almost identical (18% current density
of WT).

Current densities at the end of a 2-second depolarization
pulse were calculated in multiple cells and plotted as a
function of test potential in Figure 3B. At the end of the
depolarizing pulse to +20 mV, the densities were smaller
than those of WT channels (36.2£6.8 pA/pF) in D342V/WT
(18.7%4.5 pA/pF, P<0.05 versus WT) and STO6F/WT
(21.9%2.7 pA/pF, P=0.055 versus WT). Those in
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Figure 2. Mutations associated with nondominant negative effects of KCNQ? channels. A, Current traces reconstituted in CHO. Current
amplitude was normalized by respective cell capacitance and was indicated as the current density. B, Current-voltage (-V) relation-
ships for amplitudes of steady-state currents at the end of 4-second depolarizing pulses. Gurrents were elicited by depolarizing pulses
from a holding potential of —80 mV to test potential between —50 to +50 mV {(with a 10-mV step increment), followed by repolarization
to —50 mV to monitor tail current amplitude. The voltage-clamp protocol is shown in the inset. Open circles, WT (1 pg); filled squares,
mutant (1 pg); filled circles, WT (0.5 pg) plus mutant {0.5 pg); and dotted lines, WT (0.5 pg). All data were recorded from 10 to 25 cells.
C, Steady-state activation curves for WT and WT plus mutants. D, KCNQT mutants modify deactivation time curse. Left column pres-
ents the time course of deactivation for each channel. Each inset illustrates scale bars of 2-nA and 1-second times. To examine the
deactivation time course, a conditioning pulse to +40 mV for 4 seconds from a holding potential of —80 mV was followed by hyperpo-
larizing test pulses between —120 mV and —20 mV in 10-mV increments (inset in graph on right). Currents were not leak-subtracted.
Deactivation time constants (tau) were measured by fitting deactivating currents during test pulses at each potential with a single expo-

nential. *P<<0.05 versus WT.

H492Y/WT and M756V/WT were also smaller than in the
WT, but the difference did not reach statistical significance.

The mean peak amplitudes of tail currents at —60 mV on
repolarization from various test potentials (2-second dura-
tion) plotted as a function of test potentials are displayed in

Figure 3C. H492Y and M756V channels displayed ampli-
tudes of peak tail currents similar to WT. For example, the
peak tail current densities after a test pulse to +20 mV were
66.2+10.5 pA/pE for WT, 62.1*+13.0 pA/pF for H492Y/WT,
and 58.4%7.7 pA/pF for M756V/WT. On the other hand, the
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Figure 3. KCNH2 mutations identified in drug-induced LQT subjects produced various levels of functional effects. A, Current traces of
I reconstituted in CHO cells. Expression of the respective clones, indicated above each graph, all displayed /-like currents, except
for D342V. Current amplitude was normalized by respective cell capacitance and was indicated as the current density. B, Current-
voltage (I-V) relationships for amplitudes of steady-state currents at the end of 2-second depolarizing pulses. Currents were elicited by
depolarizing pulses from a holding potential of —80 mV to test potential between ~60 to +50 mV (with a 10-mV step increment), fol-
lowed by repolarization to —60 mV to monitor tail current amplitude. The voltage-clamp protoco! is shown in the inset. C, I-V relation-
ships for amplitudes of peak tail currents measured at —60 mV. Open circles, WT (2 pg); filled squares, mutant (2 pg); filled circles, WT
(1 ug) plus mutant (1 pg); and dotted lines, WT (1 ng). All data were recorded from 10 to 25 cells. D, Voltage dependence of activation

for each channel. The data were fitted to a Boltzmann function.

current densities of D342V/WT (1.5x0.9 pA/pF, P<0.001
versus WT) and STOGF/WT (38.9£7.3 pA/pF, P<<0.05 versus
WT) channels were significantly smaller than WT.
D342V/WT channel displayed currents smaller than WT 1 pg
(indicated by dotted line), whereas STOOF/WT currents were
similar to WT | ug in size. Thus, D342V channels had
weakly dominant negative suppression effects on reconsti-
tuted [y,-like currents, whereas S706F had no dominant
negative suppression effect. To examine the voltage depen-
dence for activation, Boltzmann function curves were fitted to
the relationship between peak tail currents and test voltages
under respective conditions and are represented by solid lines
in Figure 3C. Half inactivation voltages (V,,) were

—23.2*1.6 mV for WT, —19.8%3.0 mV for D342V/WT,
—24.6*1.4 mV for H492Y/WT, —26.1x1.5 mV for STO06F/
WT, and —19.8%£1.7 mV for M756V/WT, respectively (Fig-
ure 3D). Therefore, the mutations did not atfect the voltage-
dependent activation of the reconstituted I.-like channel.
‘Whether the mutations affected the inactivation kinetics of
KCNH?2 channels was then assessed. Figure 4A shows the
voltage dependence of availability of WT and mutant chan-
nels measured by a brief repolarization method (inset). With
a l-second depolarizing pulse, peak tail current amplitudes
(arrow in the inset) after short preconditioning voltage pulses
(5 ms) are plotted against the voltage of conditioning pulse.
Mutant channels caused significant voltage shift of channel




