
Abstract Long-QT syndrome (LQTS) may cause syn-
cope and sudden death due to cardiac tachyarrhythmia.
Chromosome 7-linked LQTS (LQT2) has been correlated
with mutations in the human ether-a-go-go-related gene
(HERG). HERG forms voltage-gated K channels that
may be associated with Mink-related peptide 1 (MiRP1),
an auxiliary β-subunit. The channels mediate currents
that resemble native IKr. Mutations in the KCNE2 gene
encoding MiRP1 may also cause LQTS. In this study, the
frequency of mutations in KCNE2 of 150 unrelated LQTS
patients without known genotype and of 100 controls was
analyzed using single-strand conformation polymorphism
analysis and direct sequencing. We identified a novel
missense mutation, V65 M, in the KCNE2 gene of a 
17-year-old female with syncope and LQTS. Expression
studies in Chinese hamster ovary cells revealed that mu-
tant and wild-type MiRP1 co-localized with HERG sub-
units and formed functional channels. However, mutant
HERG/MiRP1V65M channels mediated currents with an
accelerated inactivation time course compared with wild-
type channels. The accelerated inactivation time course of
HERG/MiRP1V65M channels may decrease IKr current
density of myocardial cells, thereby impairing the ability

of myocytes to repolarize in response to sudden mem-
brane depolarizations such as extrasystoles.
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Introduction

The long-QT syndrome (LQTS) is an autosomal domi-
nantly inherited cardiac disorder that is characterized by

Dirk Isbrandt and Patrick Friederich contributed equally to this work

D. Isbrandt (✉ ) · P. Friederich · A. Solth · K. Sauter · O. Pongs
Institute for Neural Signal Transduction, 
Centre for Molecular Neurobiology Hamburg, 
University of Hamburg, Martinistrasse 52, 
20246 Hamburg, Germany
e-mail: isbrandt@uni-hamburg.de
Tel.: +49-40-428036650
Fax: +49-40-428036643

H. Funke · G. Breithardt · E. Schulze-Bahr
Institute for Arteriosclerosis Research, University of Münster,
Münster, Germany

W. Haverkamp · M. Borggrefe · G. Breithardt · E. Schulze-Bahr
Department of Cardiology, University Hospital, 
Münster, Germany

A. Ebneth
GENION Forschungsgesellschaft, Hamburg, Germany

J Mol Med (2002) 80:524–532
DOI 10.1007/s00109-002-0364-0

O R I G I N A L  A RT I C L E

Dirk Isbrandt · Patrick Friederich · Anna Solth
Wilhelm Haverkamp · Andreas Ebneth
Martin Borggrefe · Harald Funke · Kathrin Sauter
Günter Breithardt · Olaf Pongs · Eric Schulze-Bahr

Identification and functional characterization 
of a novel KCNE2 (MiRP1) mutation that alters HERG channel kinetics
Received: 18 December 2001 / Accepted: 30 April 2002 / Published online: 28 June 2002
© Springer-Verlag 2002

PATRICK FRIEDERICH
works as a specialist anaesthe-
siologist at the Clinic of Anaes-
thesiology and Intensive Care
Medicine (Director: Prof. J.
Schulte am Esch) at the Uni-
versity Hospital in Hamburg,
Germany. After graduating
from Medical School in Berlin
he did his doctoral thesis at the
Rheinische-Friedrich-Wilhelms
University Bonn on the interac-
tion of general anaesthetic
agents with human potassium
channels. His current research
work focuses on the impact of
anaesthetic agents on perioper-
ative morbidity with special
reference to inherited and ac-
quired cardiac arrhythmia.

ERIC SCHULZE-BAHR
graduated from the Medical
School of the University of
Göttingen, Germany. He is
presently postdoctoral fellow in
the Department of Cardiology
(Director: Prof. G. Breithardt)
at the University of Münster,
Germany, and on training for
Internal Medicine. His group
“Genetics of Arrhythmias” fo-
cuses on the molecular genetic
basis of cardiac disorders, espe-
cially on inherited arrhythmias,
and the impact of gene modifi-
ers in inherited and acquired
diseases.



525

a prolonged QT interval. It causes increased susceptibili-
ty to ventricular tachyarrhythmias, resulting in syncope
and sudden death of otherwise healthy individuals [1, 2].

Five LQTS-associated genes have hitherto been 
identified. They either encode α-subunits of cardiac 
ion channels, e.g., the sodium channel gene SCN5A
(LQTS3) [3], the potassium channel genes KCNQ1
(LQTS1) [4] and HERG (or KCNH2; LQTS2) [5], or the
auxiliary K channel ß-subunits MinK (KCNE1, LQTS5)
[6, 7] and, recently identified, MiRP1 (KCNE2) [8].
HERG and MiRP1 co-assemble to form functional chan-
nels [8]. Their biophysical and pharmacological proper-
ties resemble native channels, conducting the rapidly ac-
tivating delayed rectifier current IKr [8]. Both HERG and
MiRP1 mutants may affect IKr. This can lead to delayed
myocardial repolarization and thus reduce the individual
repolarization reserve [9], thereby conferring increased
susceptibility to ventricular tachyarrhythmias.

The KCNE2 gene encoding MiRP1 is located on
chromosome 21q22.1, and its open reading frame is not
interrupted by an intron [8]. The deduced MiRP1 protein
sequence predicts a small, 123-amino acid protein with
one putative membrane-spanning domain, an extracellu-
lar N-terminus and an intracellular C-terminus [8]. A
few KCNE2 missense mutations were recently identified
in patients with inherited LQTS or drug-induced LQTS
[8, 10]. When co-expressed with HERG in heterologous
expression systems, the mutant MiRP1 subunits affected
IKr-like K currents, slowed activation, accelerated deacti-
vation, and increased drug sensitivity, respectively [8,
10]. Co-expression of wild-type MiRP1 with HERG sub-
units carrying mutations in the cyclic nucleotide-binding
domain revealed that MiRP1 determined the in vitro phe-
notype of these mutations [11]. Using in vitro systems it
has recently also been shown that MiRP1 has the capa-
bility of interacting with KCNQ1 [12], Kv4.2 [13] or
HCN1 channels [14], although the physiological signifi-
cance of these findings remains uncertain.

In this study, we screened the KCNE2 gene of 150 un-
related LQTS patients without known genotype. Within
all known LQTS genes of a 17-year-old female with a
history of syncope and a prolonged QTc interval on the
surface electrocardiogram (ECG), the only alteration that
was identified was a novel missense mutation (V65 M)
in the KCNE2 gene that was detected in a 17-year-old fe-
male with a history of syncope and a prolonged QTc in-
terval on the surface electrocardiogram (ECG). When
expressed in Chinese hamster ovary (CHO) cells, mutant
MiRP1 co-assembled with HERG in the membrane and
formed channels with altered inactivation kinetics, thus
providing a possible mechanistic link to the observed
clinical phenotype.

Materials and methods

Patients and controls

Venous blood samples of 150 unrelated LQTS patients and of 100
unrelated subjects from the general population with normal QTc

intervals, who served as control group [15], were taken after in-
formed consent had been obtained.

The patient who carried a KCNE2 mutation was a 17-year-old
female, who was admitted to hospital after syncope, which had oc-
curred for the first time in her life. Using 12-lead routine ECG a
prolonged QTc interval was documented (Fig. 1, 480 ms1/2, Lead
II). During exercise ECG, T-wave alternans occurred. Other cardi-
ac examination revealed no evidence of organic heart disease.
There was no family history of sudden cardiac death or symptoms
related to familial LQTS. Her asymptomatic mother showed a bor-
derline QTc interval (460 ms1/2) without the above-mentioned al-
terations in T-wave morphology. Sinus bradycardia (55 bpm), but
normal ventricular repolarization (QTc 360 ms1/2) were found on
the baseline ECG of the father. Additional family members were
not available for analysis.

The study was performed in accordance with the revised forms
of the ethical standards laid down in the Declaration of Helsinki
(World Medical Association [16]) and with recommendations 
given by the Ethics Committee of the University of Münster.

Mutational analysis

Genomic DNA was isolated using standard procedures, and PCR
was performed as previously reported [15]. In the index patient
and her mother, single-strand conformation polymorphism (SSCP)
analysis of all exons of the five known LQT genes was performed
using previously published primers [7,17, 18. 19, 20] that cover
the complete coding sequence and the exon-intron boundaries, in-
cluding the lariat site. Exon 1 of the KCNE2 gene was subdivided
into three amplicons for SSCP analysis; primers for amplicon 1–1
were CCGTTTTCCTAACCTTGTTCG (sense; sequences are giv-
en in 5′–3′ orientation) and AGCATCAACTTTGGCTTGGAG
(antisense), for amplicon 1–2 GTCTTCCGAAGGATTTTTATT-
AC (sense) and GTTCCCGTCTCTTGGATTTCA (antisense), 
and for amplicon 1–3 AATGTTCTCTTTCATCATCG (sense) 
and TGTCTGGACGTCAGATGTTAG (antisense). Routine SSCP
analysis was performed with Cy5-labelled PCR primers, fluoro-
grams were obtained from an A.L.F. DNA sequencer (Amersham-
Pharmacia, Freiburg/Germany). DNA sequencing of PCR-ampli-
fied genomic regions was performed when SSCP analysis revealed
an abnormally migrating DNA fragment (‘shifted fragment’; in
comparison with wild-type conformation, altered fragment mobili-
ty during electrophoresis); standard procedures were used [15].

Cloning of MiRP1 expression vector and in vitro mutagenesis

A fragment encoding the complete open reading frame of the
KCNE2 gene was amplified from human genomic DNA by a stan-
dard PCR reaction employing KCNE2-specific primers. For ex-
pression the PCR fragment was subcloned into the mammalian ex-
pression vector pcDNA6 (Invitrogen, Groningen, The Nether-
lands). The amino acid exchange V65M was introduced into
KCNE2 using the quick change site-directed mutagenesis kit
(Stratagene, La Jolla, USA) according to the supplier’s instruc-
tions with primers KCNE2-V65Mc (sense, 5′-CTCTTTCATCA-
TCATGGCCATCCTGGTGA-3′) and KCNE2-V65Mnc (antisense,
5′-TCACCAGGATGGCCATGATGATGAAAGAG-3′). Successful
mutagenesis and the MiRP1 cDNA sequence were verified by se-
quencing. In order to facilitate detection of the proteins in immu-
nocytochemical experiments (Fig. 2), N-terminal c-myc [21] or 
C-terminal Flag epitope [22, 23] sequences were introduced into
wild-type and mutant MiRP1 and HERG, respectively, using PCR.
The sequences of the resulting constructs were also verified by se-
quencing.

Cell culture, transfection and immunofluorescence of CHO cells

CHO cells or CHO cells stably expressing HERG (carrying a 
C-terminal Flag tag) were grown in Dulbecco’s modified Eagle’s



526

Alpha medium supplemented with 10% fetal calf serum (FCS) and
antibiotics. The stable HERG cell line was shown to express this
channel in every cell analyzed using patch-clamp and immunoflu-
orescence techniques (data not shown). The cells were seeded on
coverslips in a 24-multiwell plate 1 day before transfection, which
was performed using 3 µl of lipofectamine reagent (Gibco-BRL,
Rockville, USA) according to the manufacturer’s protocol and
2 µg of the respective MiRP1 plasmid DNA. One day following
transfection, cells were fixed on coverslips with 2% paraformalde-
hyde. After a blocking incubation [1 h at 37°C with 3% goat se-
rum, 5% bovine serum albumin (Sigma, Deisenhoffen, Germany)
in phosphate-buffered saline (PBS)], immunostaining was per-
formed with the following antibodies: the affinity-purified anti-
myc monoclonal antibody (dilution 1:100; Roche Diagnostics,
Mannheim, Germany) and the polyclonal anti-Flag tag antibody
(dilution 1:250; Zymed, San Francisco, USA). Secondary reagents
for immunofluorescence staining were a Cy2-labelled anti-rabbit
IgG (dilution 1:1,000; AP-biotech, Freiburg, Germany) and a 
Cy3-labelled anti-rabbit IgG (dilution 1:2,000; Mo Bi Tec, Göttin-
gen, Germany). For detection of extracellular myc tags, unfixed
cells were incubated successively at 37°C for 1 h with primary and
secondary antibodies, which were diluted in fresh medium con-
taining 10% FCS. Cells were washed with PBS and finally fixed
with 2% paraformaldehyde. The confocal images were obtained
using a Leica TCS NT laser scanning microscope (Leica, Bens-
heim, Germany).

Whole-cell recordings of CHO cells

Cell culture and transfection of CHO cells for patch-clamp analy-
sis were performed as described above using 1 µg plasmid DNA
of HERG (in pcDNA3) and MiRP1 (in pcDNA6), respectively,
and 0.5 µg of pEGFP (Clontech).

For experiments shown in Figs. 3C and 4E, a CHO cell line
stably expressing HERG was transfected with plasmids (1 µg) en-
coding either wild-type or mutant MiRP1, respectively, and EGFP,
which was coupled to MiRP1 expression by the introduction of the
internal ribosomal entry site (IRES) of the polio virus. Transfected
cells were identified by EGFP expression. Voltage-sensitive K
currents were recorded on the first 2 days after transfection at
room temperature (22–25°C) with an EPC-9 amplifier (HEKA
Elektronik, Lambrecht, Germany) and Pulse software Version 8.11
(HEKA, Elektronik, Lambrecht, Germany) using the whole-cell
patch-clamp technique. Patch electrodes with a pipette resistance
between 2 and 4 MΩ were pulled from borosilicate glass capillary
tubes (World Precision Instruments, Saratoga, USA) and filled
with the following internal solution (mM): KCl 160, MgCl2 0.5,
NaATP 2, HEPES 10, pH 7.2 (with KOH). The extracellular solu-
tion contained (mM): NaCl 135, KCl 5, MgCl2 2, CaCl2 2, sucrose
10, HEPES 5, pH 7.4 (with NaOH). The capacities of the cells
tested did not differ between those expressing HERG/MiRP1 and
those expressing HERG/MiRP1V65M channels, and were on aver-
age 25 pF. Series resistance was actively compensated. It did 
not differ between experiments with HERG/MiRP1 and HERG/
MiRP1V65M channels and was below 4 MΩ. The holding potential
was –80 mV in all experiments. 

Fig. 1 A Fluorograms obtained
after single-strand conforma-
tion polymorphism (SSCP)
analysis of the middle part of
exon 1 of the KCNE2 gene.
The wild-type fragment pattern
is shown in the upper panel; in
contrast, a fragment shift (due
to an altered electrophoretic
mobility) was observed in the
index patient (lower panel). 
B A 12-lead electrocardiogram
(ECG) of the female index pa-
tient carrying a KCNE2 muta-
tion (V65 M) showed a QTc
prolongation (480 ms1/2), a de-
pressed T-wave and an ascend-
ing ST-segment. C Fluoro-
grams obtained after sequenc-
ing of amplicon 2 in the
KCNE2 gene containing the
middle part of exon 1. Both pa-
rental alleles are shown. A het-
erozygous nucleotide exchange
at nucleotide 193 (from G to A)
was found corresponding to the
amino acid exchange V65 M
within the putative transmem-
branous protein domain of
MiRP1. D Hitherto identified
KCNE2 mutations associated
with inherited LQTS and sche-
matic representation of the pre-
dicted membrane topology of
MiRP1. The mutation V65 M
identified in this study is shown
as a filled circle, and mutations
previously identified by others
as open circles [8, 10]
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Steady-state activation was determined by two-pulse tail cur-
rent protocols (Figs. 3A and C) with different lengths of the acti-
vation step. The membrane was depolarized either for 1 s or 30 s
to test potentials between –60 and +60 mV in 10-mV increments
to activate the channels (step 1), and it was then stepped for 2 s to

–40 mV in order to elicit tail currents (step 2). The voltage depen-
dence of channel activation was assayed by measuring the relative
amplitude of the tail current as a function of test potentials in step
1. The activation of channel conductance was fitted with the
Boltzmann function: G(V)/Gmax=1–1/{1+exp[(V1/2–V)/s]}. Data are
given as mean±SEM.

Deactivation properties of HERG/MiRP1 and HERG/MiRP1V65M
currents were investigated after a 1-s depolarizing test pulse to
+20 mV by stepping the membrane potential for 1 s to potentials
between –120 mV and +40 mV in 20-mV increments (Fig. 3B).

The voltage dependence of steady-state inactivation [24] was
measured by a three-step protocol. After a 3-s depolarizing pulse
to +20 mV to activate channels (step 1), the membrane potential
was stepped for 30 ms to various test voltages (step 2) and then to

Fig. 2 Surface expression of MiRP1 and MiRP1V65M in the ab-
sence and presence of HERG. A–I Transient expression of extra-
cellularly myc-tagged wild-type or MiRP1V65M, respectively, in
Chinese hamster ovary (CHO) cells stably expressing HERGflag.

J Control transfection with untagged MiRP1 expression plasmid.
Detection was performed as in K and L. K, L Transient expres-
sion of myc-tagged wild-type or MiRP1V65M, respectively, in CHO
cells in the absence of HERG

Fig. 3 Current traces of HERG/MiRP1 and HERG/MiRP1V65M
channels elicited by the activation (1-s depolarization) (A) or by
the deactivation (B) protocol as shown on the left. Using these
protocols no significant differences in current densities were 
observed. C Conductance-voltage relationship constructed from
the 30-s activation protocol (closed circles HERG/MiRP1; open 
circles HERG/MiRP1V65M; values are shown as mean±SEM)
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Fig. 4 A Current traces of HERG/MiRP1 channels elicited by the
instantaneous test protocol as shown in the inset. The currents
elicited by the instantaneous inactivation protocol closely resem-
ble IKr currents in response to extrasystoles. B Voltage dependence
of inactivation time constants of HERG/MiRP1 and HERG/
MiRP1V65M channels (circles HERG/MiRP1; squares HERG/
MiRP1V65M, values are shown as mean±SEM). The differences
observed were statistically significant between test potentials of
–10 and +50 mV (tested with two-way ANOVA for the whole 
data set (P=0.014) followed by Duncan post test for individual
membrane potentials (P=0.021–0.000005). The values ranged
from τ=2.3±0.13 to 11.16±0.34 ms (n=10) for mutant and
τ=3.52±0.39 ms to 14.61±1.05 ms (n=10) for wild-type HERG/
MiRP1 channels. C Current traces showing inactivation of HERG/
MiRP1 and HERG/MiRP1V65 M channels at +30 mV. The currents

were normalized to the peak current. At +30 mV the inactivation
time constants differed significantly (P≤0.01). The areas under the
traces in the interval between 2 ms and 30 ms were used to calcu-
late the charge flow across the membrane. D Percentage of reduc-
tion in K+ ion flow through mutant IKr channels. The areas under
current traces as shown in A and C were integrated in the interval
between 2 ms and 30 ms. The reduction in charge movement
through HERG/MiRP1V65M channels is given as mean±SEM. 
E Representative wild-type HERG/MiRP1 current traces elicited
using a modified action potential clamp protocol. The response to
the simulated extrasystole is shown enlarged. F Charge movement
across the membrane in response to the protocol shown in E cal-
culated by integrating the area under the current trace between
2 ms and 30 ms. Values are given as mean±SEM; statistical signif-
icance is indicated as follows: *P<0.05, **P<0.01, ***P<0.001



529

a constant membrane potential of +20 mV (step 3). Inactivation
was measured as the relative amplitude of the steady-state current
in step 3 to the maximum current amplitude in step 2.

The instantaneous current-voltage relationship reflecting the
fully activated current [24] was determined as follows: the chan-
nels were exposed to a 2-s test potential at +20 mV, then inactiva-
tion was removed by stepping the test potential for 30 ms to
–80 mV, and currents were elicited for 1 s by the application of
test potentials between –120 mV and +60 mV in 10-mV incre-
ments (Fig. 4A). The decay of instantaneous currents was used to
determine the time constants of inactivation development. Cur-
rents were low-pass filtered at 2 kHz and sampled at 6.6 kHz. In
order to analyzed differences in charge transfer across the mem-
brane, the areas under the instantaneous current traces between the
2nd and 30th ms were integrated.

A modified ramp protocol was applied for the simulation of an
extrasystole following a cardiac action potential. The membrane
was depolarized to +60 mV and repolarized within 1 s to the hold-
ing potential of –80 mV [25]. Subsequently, the membrane was
depolarized for 30 ms to +40 mV. Charge transfer across the mem-
brane was calculated as above.

For graphical representation, current traces were digitally fil-
tered at 400 Hz. A P/4 leak subtraction protocol was used in all
protocols except the ramp protocol and the 30-s activation proto-
col. Statistical analysis was performed with a two-sided hetero-
scedastic t-test (Excel 10, Microsoft, Redmond, USA). For statisti-
cal analysis of instantaneous inactivation time constants in
Fig. 4B, a two-way repeated measures ANOVA test (between fac-
tor: genotype, within factor: membrane potential) with subsequent
Duncan post test (Statistica, Statsoft, USA) was applied.

Results

Mutational analysis of the KCNE2 gene

We screened the KCNE2 gene of 150 unrelated LQTS
patients using SSCP and identified an aberrantly migrat-
ing PCR product (Fig. 1A, bottom) in a 17-year-old fe-
male presenting with syncope and a prolonged QTc inter-
val (Fig. 1B). Sequencing of the PCR product revealed a
heterozygous nucleotide exchange of nucleotide 193
from G to A in the coding sequence of the KCNE2 gene
(Fig. 1C) that was not present in the KCNE2 gene of 100
unrelated controls. This mutation results in an amino ac-
id exchange from valine to methionine at position 65 of
the MiRP1 protein (Fig. 1C) within the hydrophobic,
possibly membrane-spanning segment (Fig. 1D). The
other LQT-linked ion channel genes SCN5A, KCNQ1,
KCNH2 (HERG) and KCNE1 of this index patient did
not have mutations as analyzed by SSCP. The KCNE2
mutation was verified by sequencing a PCR product am-
plified from independently prepared genomic DNA of
this patient. The analyses of the parents’ genotypes
showed that the mutation was transmitted by the asymp-
tomatic father, who had a normal resting ECG besides si-
nus bradycardia. SSCP analysis of all currently known
LQT genes revealed no evidence of a LQTS mutation in
the mother.

Subcellular localization of HERG and MiRP1 subunits

To assess the expression of wild-type and mutant MiRP1
subunits in transfected CHO cells, HERG α-subunits

were tagged with a Flag-tag at the C-terminus and
MiRP1 subunits with a myc-tag at the N-terminus. Next,
expressed HERG subunits were stained with anti-Flag
antibodies and MiRP1 subunits with anti-myc antibod-
ies. The confocal images shown are representative exam-
ples of at least ten recorded images per subunit combina-
tion, all of which showed comparable staining patterns.
Confocal microscopy showed that both the myc-MiRP1
and Flag-HERG immunostaining patterns were concen-
trated on the cell surface (Figs. 2A–I). The overlapping
immunostaining patterns suggested that mutant and wild-
type HERG/MiRP1 channels were similarly targeted to
the plasma membrane. Interestingly, the myc-MiRP1 im-
munostaining patterns were similar in the presence
(Figs. 2A–I) or absence (Figs. 2K, L) of HERG. This
may indicate that the transport of MiRP1 subunits to the
CHO cell surface is independent of HERG α-subunit ex-
pression. Comparable results have previously been ob-
tained for minK (KCNE1) and KCNE3 subunits [26, 27],
respectively.

Expression and electrophysiological characterization
of wild-type and mutant HERG/MiRP1 channels 
in CHO cells

Previously, it has been shown that HERG and HERG/
MiRP1 channels are less rapidly activated by membrane
depolarization than they inactivate when studied in in
vitro expression systems [8, 10, 24, 28]. This distinct
gating behaviour gives rise to inward rectification, as the
channels quickly recover from inactivation at negative
potentials and then close slowly to return to the resting,
closed state. During this time interval, HERG and
HERG/MiRP1 channels may mediate a substantial in-
stantaneous outward current upon renewed depolariza-
tion of the membrane by extrasystoles, for example. We
used previously developed pulse protocols [24, 28] to

Table 1 Biophysical properties of HERG/MiRP1 and HERG/
MiRP1V65M channels. Values are expressed as mean±SEM. No
statistically significant differences were observed (heteroscedastic
t-test) except for instantaneous inactivation time constants
(Fig. 4B, P=0.014, two-way repeated measures ANOVA)

HERG/MiRP1 HERG/MiRPV65M

Vmid activation (mV)
(1 s) 4.6±7.9 0.96±7.0
(30 s) –16.7±2.5 –17.6±2.2

Slope activation
(1 s) 8.5±1.0 9.0±2.1
(30 s) 6.6±0.3 7.2±0.7
Vmid inactivation (mV) –60.7±7.43 –60.6±8.31
Slope inactivation –14.6±2.28 –15.5±1.41
Deactivation τ–120 mV 27±7 and 256±104 28±4 and 224±82
(ms)
Inactivation τ+30 mV (ms) 6.93±2.12 4.92±0.72
P=0.00016a

a Duncan post-hoc test



compare the corresponding properties of the currents
mediated by HERG/MiRP1 and HERG/MiRP1V65M ex-
pressed in CHO cells.

Steady-state activation of HERG/MiRP1 and HERG/
MiRP1V65M-mediated currents did not differ for the two
pulse protocols used (length of the activating pulse 1 s or
30 s, Fig. 3A, C; Table 1). The activation thresholds
were at ~–50 mV and currents reached a maximum am-
plitude at +20 mV. Due to the slow activation kinetics,
the voltage of half-maximal activation (Va1/2) depended
on the length of the activating pulse, as previously re-
ported [29].

The voltage dependence of the inwardly rectifying
currents was bell shaped with a maximal current ampli-
tude at –40 to –30 mV. Two deactivation time constants,
τ1 and τ2 , were fitted to the decay of the inwardly recti-
fying currents obtained at –120 mV. As summarized in
Table 1, they were similar in magnitude and ratio for
HERG/MiRP1 [τ1=27±7 ms and τ2=256±104 ms (n=6)]
and HERG/MiRP1V65M [τ1=28±4 ms and τ2=224±82 ms
(n=6)], respectively. Similarly, the voltage dependence
of steady-state inactivation did not differ between
HERG/MiRP1 [V h,1/2= –60.7±7.43 mV (slope factor
–14.6±2.28, n=7)] and HERG/MiRP1V65M [Vh,1/2=–60.6±
8.31 mV (slope factor –15.5±1.41, n=6)].

Also, the instantaneous current-voltage relationship
was similar for HERG/MiRP1 and HERG/MiRP1V65M
(data not shown). In contrast, the HERG/MiRP1V65M
currents elicited by the instantaneous current protocol in-
activated more rapidly than the HERG/MiRP1 currents
(Figs. 4B and C; Table 1). The difference in inactiva-
tion time constants was statistically significant be-
tween membrane potentials of –10 mV and +50 mV
(P≤0.0001–0.03, n=10) (Figs. 4B and C). The voltage
dependence of instantaneous inactivation was obviously
shifted by ~10 mV to hyperpolarized potentials. The mu-
tation caused a maximum reduction in charge movement
across the membrane of 45% (Fig. 4D).

We modified the action potential clamp protocol [25]
and added a 30-ms depolarizing test pulse to +40 mV in
order to induce currents mediated by HERG/MiRP1 chan-
nels similar to currents in response to an extrasystole oc-
curring at the end of the repolarization phase of the action
potential (Fig. 4E). No differences in peak current densi-
ties were observed between wild-type and mutant IKr
channels (current densities calculated from peak cur-
rent elicited by the AP clamp protocol: HERG/MiRP1:
34.15±11.3 pA/pF, n=7; HERG/MiRP1V65 M: 31.01±12.27
pA/pF, n=6; P=0.64). In addition, no significant differ-
ences were found in charge movements through wild-type
or mutant HERG/MiRP1 channels during the ramp phase
of the AP clamp protocol (HERG/MiRP1: 409.86±
238.5 pC; HERG/MiRP1V65 M:432.1±236.7 pC, P=0.87).
In agreement with our data obtained with the instan-
taneous inactivation protocol (Figs. 4A and B), the 
time course of inactivation was significantly faster 
for the mutant channels, although to a smaller extent 
(wt: τ+40=3.3±0.37 ms; mt: τ+40=2.9±0.15 ms; P<0.05).
Consequently, charge flow across the cell membrane was

diminished in the mutant (Fig. 4F; wt: 2.40±0.36 pC; 
mt: τ+40=2.09±0.14 pC; P<0.05).

Discussion

To study the frequency of mutations in MiRP1, KCNE2
was screened in 150 unrelated individuals with LQTS
and unknown LQT genotype. Using SSCP and sequence
analysis a novel mutation, namely V65 M, was identified
and subsequently verified by direct sequencing. The mu-
tation could be detected neither in KCNE2 of 100 heal-
thy controls nor in the remaining 149 unrelated LQTS
patients. Therefore, it is very unlikely that V65 M repre-
sents a polymorphism. A comparable frequency of muta-
tions in KCNE2 was recently reported by Abbott et al.
[8], who identified two inherited LQTS-related KCNE2
mutations in a group of 250 patients. In a recent study,
one single nucleotide polymorphism but no mutation
were identified by a screen of KCNE2 in 40 unrelated
LQTS patients [30]. These data and our findings collec-
tively suggest that direct involvement of MiRP1 in
LQTS is rare.

Our immunocytochemical experiments suggest that
the MiRP1 mutation V65 M does not impair protein traf-
ficking when expressed in CHO cells. Apparently, wild-
type MiRP1 and MiRP1V65M were correctly targeted to
the cell membranes of CHO cells (Figs. 2K and L).
When co-expressed with HERG, wild-type or mutant
MiRP1 co-localized with HERG at the cell membranes
(Figs. 2F and I). In agreement with these observations,
HERG/MiRP1V65M formed functional channels in CHO
cells comparable to wild-type HERG/MiRP1. Recently,
it has been found that a KCNE2 mutation (M54T) associ-
ated with LQTS accelerated deactivation [8]. Channels
formed by this mutant had an altered voltage dependence
of activation compared with channels formed with wild-
type MiRP1. On the other hand, steady-state inactivation
was not affected. It was proposed that patients carrying
the M54T MiRP1 mutation might have a prolonged 
QTc interval because of a decreased IKr current density.
In our case, HERG channels associated with mutant
MiRP1V65M had very similar activation, deactivation and
steady-state inactivation properties as wild-type chan-
nels. A marked difference was observed when the decay
of instantaneous currents was measured after recovery of
HERG/MiRP1 channels from inactivation or following
the simulation of an action potential. In both protocols
used, mutant channels inactivated more rapidly than
those formed with wild-type HERG/MiRP1 (Figs. 4B, 
C and F) or HERG alone (data not shown). Thus, the
V65 M mutation is not likely to cause a complete loss of
MiRP1 function, but rather alters the function of the IKr
channel complex. The conditions under which we pro-
duced the instantaneous currents through wild-type and
mutant channels simulated those occurring during gener-
ation of a premature beat (Figs. 4A and E). Accordingly,
a reduction (or diminution) of IKr activity during an ex-
trasystole might impair the capacity of myocardial cells
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to fully repolarize and may thus increase the risk of tor-
sade induction. The analysis of the current flow across
the cell membrane in response to the instantaneous puls-
es, reflecting the capacity of HERG/MiRP1 channels to
contribute to repolarization, revealed a significant reduc-
tion in charge movement between test potentials of –10
and +50 mV (Fig. 4D, instantaneous inactivation proto-
col). Furthermore, the time course of instantaneous inac-
tivation of mutant HERG/MiRP1 channels was also sig-
nificantly accelerated, as was the charge movement
through these channels, when we applied the adapted
ramp/extrasystole protocol (Figs. 4E and F). In contrast,
charge movement during the ramp phase of this protocol,
which reflects the IKr contribution to the repolarization
of the normal cardiac action potential, did not differ be-
tween wild-type and mutant channels. As a consequence,
the MiRP1 mutation should have no or only a slight ef-
fect on the action potential duration, as is reflected by
the mildly increased QTc time of the patient’s ECG and
proposed by a recent publication modelling the effects of
mutations in HERG and MiRP1 on the cardiac action po-
tential [31]. Recent studies indicate that MiRP1 may also
interact with other ion channels such as KvLQT1, Kv4.2
or HCN4. These results were obtained from in vitro ex-
pression systems, and their physiological significance re-
mains uncertain. However, we cannot exclude that the
mutant MiRP1 subunit may also interfere with these
channels or even affect other, hitherto unknown MiRP1-
regulated cellular processes not replicated in the heterol-
ogous expression system, which may also contribute to
arrhythmogenesis. In addition, the effect of the V65 M
mutation in the heterozygous state is hard to predict and
was not addressed in our experiments, since the expres-
sion system does not provide exact control over the 
stoichiometry of the expressed subunits.

In the majority of patients with mutations in the
KCNE1 and KCNE2 genes, a less severe clinical course
and incomplete penetrance has been noted so far [6, 8,
32, 33]. KCNE1 mutations have been associated with 
autosomal recessive LQTS (Jervell and Lange-Nielsen
syndrome, together with inner ear deafness) where the
patients’ parents are clinically unaffected obligate muta-
tion carriers [7]. In our case, the KCNE2 mutation was
inherited from the asymptomatic father, who had a nor-
mal QTc interval. Recent findings reporting age-gender
influences on QTc, both in normal individuals and in pa-
tients with mutations in HERG or KCNQ1, respectively,
showed that men generally exhibit shorter mean QTc val-
ues than women and thus a lower propensity towards tor-
sade de pointes [34], which may provide an explanation
why the father did not show symptoms of LQTS. Ex-
tended SSCP analysis of all known LQT genes revealed
no evidence of a mutation in the mother, who showed a
borderline QTc of 460 ms1/2 and had no history of ar-
rhythmia or syncope. Thus, environmental or genetic
factors may influence myocardial repolarization in both
mother and daughter, but only the daughter became
symptomatic due to a possible synergistic effect of the
V65 M mutation in the KCNE2 gene.

In summary, we identified a novel mutation in the
KCNE2 gene that is associated with inherited LQTS. It
causes a change in the inactivation properties of hetero-
logously expressed IKr channels. The mutation may thus
impair an important physiological function of IKr ion
channels, namely the repression of extrasystoles in myo-
cardial cells of the human ventricle.
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