pipette solution contained (mM): 70 potassium aspartate, 50 KCI,
10 KH,PO4, 1 MgCly, 3 Na,-ATP, 0.1 Li,-GTP, 5 EGTA, and 5
HEPES, and pH was adjusted to 7.2 with KOH. Liquid junctional
potential between the test solution and the pipette solution was
measured to be around —10 mV and was corrected. HMR1556 (a
kind gift from Drs. H.J. Lang and J. Piinter, Aventis Pharma
Deutschland GmbH) was added from 10 mM stock solution in
DMSO to the external solution (final DMSO concentration did
not exceed 0.01%).

To obtain the deactivation time constant, the time course of
decaying tail current at ~50 mV were fitted to a single exponential
function:

I(f) = A+ Bexp(—t/1),

where I(f) means the tail current amplitude at time ¢, A and B are
constants, and T is the deactivation time constant.

All data are presented as mean=standard error of the mean
(SEM). Statistical analysis was performed by analysis of variance
(ANOVA) followed by Tukey-Kramer post hoc comparison.
Statistical significance was set at P <0.05.

Cell Preparation and Confocal Imaging

For the immunofluorescence study, we constructed a hemag-
glutinin (HA)-tagged KCNE3 plasmid (wild type [WT] and
mutant). An HA epitope (YPYDVPDYA) was introduced into the
N-terminus of KCNE3 cDNA, using an HA-tagged 5" primer with
a Kpnl restriction site at the 5’ end and a 3 primer with BsrGI at
the 3’ end. The full-length ¢cDNA fragment of human KCNQ] was
subcloned into pCl-neo. COS7 cells were transfected with
1.0 &mug of HA-tagged pCR3.1-KCNE3 (WT or mutant) and
1.0 &mug of pCl-neo-KCNQ1 plasmid in 35-mm glass-bottom
dishes, using Fugene6 (Roche Diagnostics, Basel, Switzerland)
according to the manufacturer’s instructions. At 48Ahr later, the
cells were washed twice with phosphate buffered saline (PBS),
followed by incubation with a mouse anti-HA primary antibody
(1:500) (Covance Research Products, Inc., Berkeley, CA) for
30Aminutes at 37°C. The cells were then washed twice with PBS
and. incubated with an anti-mouse: antibody conjugated to. the
Alexa 488 fluorophore (1:500) (Molecular Probes, Eugene, OR) as
a secondary antibody for 30Aminutes at 37°C. Finally, cells were
washed with and immersed in Opti-Mem, and confocal images
were obtained with a Zeiss LSM 510 (Carl Zeiss GmbH, Jena,
Germany).

Results

Mutation Analysis

In. 485 LQTS probands;. we identified two novel missense
mutations and one SNP:in E3 (Figs. 1 and 2). The first mutation
was. a single. nucleotide alternation (c.296G>A): (Fig.  1A)
resulting: in "an amino  acid: substitution: from an arginine “at
residue 99 with a histidine (p.R99AH). The second mutation was a
single nucleotide change (c.10A > G) (Fig. 2A), causing an amino
acid substitution p.T4A; replacing a threonine at residue 4 with an
alanine. This ' T4A. missense. mutation’ was . identified: in- two
probands. ‘Another. proband: was  found to have a'p.P39R
polymorphism, which: was reported. as an SNP- (rs34604640:
C> G). These three variants were absent in 200 unrelated healthy
individuals (400 alleles): from: the general Japanese population.
They are located in- the N-terminus: (T4A and P39R) and C-
terminus (R99AH), respectively. We further searched for another

mutation in LQTS-related genes in these probands carrying E3
mutations (see Materials and Methods). In one of the KCNE3-
T4A carriers, we identified a KCNH2-p.G572S mutation and in
the proband with the P39R polymorphism a KCNH2-p.W563G
mutation. SNP ¢.198 T> C (r52270676), which causes no amino
acid substitution (p.F66F), was identified heterozygously in
roughly 20% of both LQTS probands and healthy individuals.

Phenotypic Characterization

Patient 1

The novel mutation p.R99AH was found in a 76-year-old female
suffering from drug-induced TdP. Her resting 12-lead electro-
cardiograph (ECG) before administration of disopyramide (Fig.
1B-a) displayed sinus rhythm with normal QTc (438 ms). Because
of repeated paroxysmal AF, she was started on 300Amg of
disopyramide per day. At 10 days after disopyramide intake, her
level of consciousness decreased and ECGs displayed frequent
premature ventricular contractions (PVCs) and TdP (Fig. 1B-b).
Her heart rate was 66 beats per minute (bpm), and her QTc¢ time
was prolonged to 580 ms. Serum K level was within normal range
(4.0mEq/L). Disopyramide was immediately stopped, and
temporary pacing was immediately started at 90 bpm. In 3 days,
TdP attacks ceased and QTc intervals returned within normal
range. She had no family history of sudden cardiac death and
LQTS. We did not conduct genetic analyses on the relatives of this
patient, due to a lack of consent.

Patient 2

A p.T4A mutation was identified in a 16-year-old boy who had
QT prolongation discovered during his school’s annual health
checkup. He had no history of faintness or syncope and no family
history of syncope or sudden death. His resting ECG (Fig. 2B)
revealed bradycardia: for age (48bpm) and QT prolongation
(QTc= 525ms). Genetic analysis on other LQTS-related genes
revealed:a KCNH2-G572S° missense mutation which had been
previously reported [Tester et al;; 2005]. His mother and sister also
remained asymptomatic but had- the same heterozygous set of
genetic variants: (E3-T4A and KCNH2-G572S). Their ECGs also
displayed the prolongation of QTc intervals: 520 ms and 560 ms
(data not shown).

Patient 3

A p.T4A mutation was-also identified’ in- another unrelated
proband; a‘68-year-old female; who"experienced hypokalemia-
induced TdP at'age 60 years. After correction of serum potassium
levels, her' QTc time: was normalized to 430 msec’ (Fig: 2C). Two
years ~ after the TdP event, she was  diagnosed “with cardiac
sarcoidosis and was started on steroid hormone therapy. Though
her daughter. - also - carried’ the  E3-T4A- mutation;. she was
asymptomatic with borderline QTc.

Patient 4

A p.P39R amino acid substitution was identified in a'32-year-
old: female who was also identified to-have a novel KCNH2
missense mutation; p:W563G. She experienced repeated episodes
of late night syncope at ages 15, 21;-and 26 years. Figure 3 displays
her'12-lead: ECG - demonstrating - marked = QT'" prolongation
(QTc=512msec) and notched T waves, suggesting - LQTS type
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Molecular discovery and clinical characterization of R39H-KCNE3. A: DHPLC (insets) and DNA sequence analyses of normal

control and Patient 1. DNA sequencing chromatograms demonstrate an arginine {Arg) to histidine (His) substitution at residue 99. B: ECGs of
Patient 1. {a) 12-lead ECG and {b) monitoring ECG of TdP in a 76-year-old female patient. Scale bars indicate 1 mV and 400 ms. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.)]
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Figure 2. Molecular discovery and clinical characterization of TAA-KCNE3. A: DHPLC {insets) and DNA sequence analysis of normal control
and patient. DNA sequencing chromatograms demonstrate a threonine {Thr) to alanine (Ala} substitution at residue 4. B: The 12-lead ECG of
Patient 2. C: The 12-lead ECG of Patient 3. [Color figure can be viewed in the online issue;, which is available at www.interscience.wiley.com)

2. E3-P39R was reported as an SNP (rs34604640: C> G); however,
P39R was absent in 400 control alleles from healthy. Japanese
cohorts. Therefore, we conducted a functional analysis of three
mutants including P39R.

Biophysical Properties of KCNQ1 Channels Coexpressed
With KCNE3

To clarify - the. functional. consequences of ~these :missense
mutations. (R99AH, T4A, and P39R) on' E3, we assessed  the
biophysical properties of the mutated E3 clone by using the stably
expressing human. KCNQI1-CHO " cell line. Figure 4A" shows
representative examples of whole-cell currents recorded from
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CHO cells stably expressing the Q1 channel transfected with or
without E3 (WT or mutant). Insets to the right of each recording
illustrate expanded views of the tail current elicited after return to
-50mV from test potentials. The current amplitudes were
normalized by cell: capacitances (current densities). Recordings
from cells expressing the QI channel alone (leftpanel of Fig. 4A)
displayed small amplitudes of time-dependent outward currents
during depolarizing test potentials, followed by slowly deactivating
tail currents on return’ to ~50.mV. In contrast, transfection. of
stable Q1 cells with E3-WT . (second panel in Fig. 4A) gave rise to
large amplitudes of currents composed of at least two compo-
nents: 1) a' time-dependent’ outward current. activated during
depolarizing- steps; and 2) a constitutively active background
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current during depolarizing and hyperpolarizing (-50 mV) steps, et al, 2006], both Q1 and Q1+E3 currents were almost totally
as previously reported [Bendahhou et al., 2005; Schroeder et al,,  abolished by only 1 &muM HMRI1556 (lower panels of Fig. 4A).
2000]. After the recordings of Q1 with or without E3 current, we HMRI1556-sensitive current densities at the end of test pulse
applied HMR1556 (1 &muM), a selective Q1 channel blocker. (Fig. 4B) were averaged from data and are plotted as the function
Though the sensitivity on the QI alone and Q1+E3 channel of of test voltage of Q1 (closed square), Q1+E3-WT (closed circle),
chromanol 293B, another Q1 channel blocker, was different {Bett Q1+E3-R99AH (open triangle), Q1 +E3-T4A (open circle), and
QI1+E3-P39R (closed triangle). Currents reconstituted by Ql
alone were activated at potentials greater than —40mV, whereas
patient 4 those by Q1+E3 (WT and all mutants) were active at all test

potentials and exhibited a strong outward rectification with a
reversal potential close to Ex (-84mV as predicted by Nernst
equation). All three E3 mutants, E3-R99AH, E3-T4A, and E3-
P39R, produced membrane currents with properties qualitatively
similar to those of E3-WT. As summarized in Figure 4C, the
current densities for the QI+E3-R99AH current at +40 and
—120mV were 163.7+26.3 and —10.1+2.6 pA/pF, respectively.
These values were significantly smaller than those of the Q1-+E3-
WT (301.6+33.3pA/pF at +40mV and —24.5+4.2pA/pF at
—-120mV, P <0.05). Q1+E3-T4A and Q1+E3-P39R displayed no

. statistically significant difference. The deactivation time constant
aVr . o .
; for tail currents was significantly decreased by coexpression of E3
with Q1, but these three mutations in E3 had no significant effect
aVi on deactivation kinetics (Fig. 4D).
Cellular Immunocytochemistry of KCNE3
aVr

It was reported that no E3 could be expressed on the plasma
membrane in the absence of Q1 [Schroeder et al., 2000]. This was
reconfirmed in our experimental protocol; the two left columns in
Figure 5 show that HA-tagged E3 is not detected by Alexa 488
. cOnjugated HA antibodies in nonpermeabilized COS7 cells in the

Figure 3. The 12-lead ECG of Patient 4 with QT prolongation. The
patient was found to have a KCNE3-SNP, P33R, and a KCNH2-
mutation, W536G.
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Figure 4. - Functional analysis’ of KCNE3 and its mutants in"a CHO cell line stably expressing KCNQ1 channel. A: Whole-cell membrane
currents recorded from stable KCNQ1-CHO cells transfected without (Q1) or-with KCNE3-wild type (Q1+E3-WT), KCNE3-R99AH {Q1-+E3-RIIAH),
KCNE3-T4A {Q1+4E3-T4A), or KCNE3-P39R {Q1+E3-P39R). Cells were held at —80 mV and stepped to various test potentials ranging from =120 to
+40mV in. 10mV steps for.1:sec before (upper panel) and during {lower panel) exposure to HMR1556 (1 1M): Dotted line indicates zero current
level: Scale bars indicate 0.5 sec and 100 pA/pF. Insets to right of each recording illustrate expanded views of tail current elicited after return to
-50mV from test potentials. Scale bar indicates 0.1  sec. B: Current-voltage relationships: for mean values of HMR1556-sensitive currents
measured at the end of test pulses'in CHO cells expressing Q1 (closed square, n'= 5}, Q1+E3-WT (closed circle, n=14), Q1+E3-R99XH {open
triangle, n.= 12);-Q1-+E3-T4A (open circle; n = 12), or Q1+ E3-P39R (closed triangle, n = 10). C: Summary of the current density measured at -+-40
{black bar) and =120 mV {white bar}. Columns. and error bars indicate mean4 SEM. D: Deactivation time constant calculated by fitting a single
exponential function to tail current at =50 mV after. depolarization to +40mV.
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Figure 5.

Cell surface expression of WT and mutant KCNE3 channels in nonpermeabilized cell. Upper panels of each column indicate HA-

tagged KCNE3 (E3) (WT and three variants) with Alexa 488-conjugated antibodies with or without KCNQ1. Lower panels show merge of green
fluorescence and light transmission images. Scale bars indicate 50 &mum in E3-WT and 10 &mum in others.

absence of QI cotransfection. In contrast, HA-tagged E3 could be
visualized in the presence of Ql, which indicates that the Q1
protein is necessary for E3 to be successfully trafficked to the cell
membrane. Q1 plus HA-tagged E3 channels generated currents
similar to those of Q1 plus untagged E3 channels (data not
shown). Figure 5 illustrates representative sets of confocal images.
COS7 cells were transfected with tagged E3 (WT, T4A, and
R99AH) and Q1. All Q1 plus HA-tagged E3 exhibited green
fluorescence in the plasma membrane indicating that these
channels were trafficked to the plasma membrane normally.

Discussion

In the present study, we report three E3 variants found in 485
LQTS probands. One of the two novel mutations, R99AH,
displayed a significant decrease in: outward currents when
coexpressed with Q1. The proband with the E3-R99AH mutation
suffered from drug-induced TdP. After washout of disopyramide,
her QTc time on the ECG returned within normal range. The drug
probably induced remarkable QT prolongation and TdP in the
presence of a reduced repolarization reserve [Roden, 1998], which
was associated with the E3-R99AH mutation.

The expression of E3 was confirmed in the human heart
[Bendahhou et al,, 2005; Lundquist et al., 2005, 2006]. Though
neither the presence nor potential function of Q1+E3 channels in
human cardiac myocytes have been determined, E3 conformed a
functional channel in interaction with Ql, constitutively open
potassium channel [Schroeder et al., 2000]. In addition, azimilide-
sensitive Q1+E3 like currents were recorded in canine myocytes
[Dun and Boyden, 2005]. On account of these results, E3 is
assumed to have a physiological role in human heart. Mazhari
et al. [2002] studied the effects of E3 on action potential duration
(APD) in in vivo transduction of guinea pig ventricular myocytes.
APD of E3-transduced myocytes was significantly reduced
compared to that of control myocytes. Under the assumption
that E3 might interact with KCNH2, they also performed a series
of tests using an Iy, blocker (E-4031) to determine whether the
APD shortening was due to the interaction with E3 and KCNH2.
However, E-4031 did not affect the APD in E3-transduced
myocytes. As a result, the APD shortening appeared to be a result
of the interaction between Q1 and E3. Although ventricular
myocytes are repolarized mainly by Q1+E1 (Ix;) and KCNH2
(Ix:) in human hearts; we believe that the mutant E3 could
prolong APD through interaction with Q1. We recently reported
the knockdown of E3 expression using RNA interference in guinea
pig ventricular myocytes [Toyoda et al., 2008]. The knockdown of
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E3 was found to prolong the APD, suggesting that E3 may play a
physiological role in repolarization of cardiac action potential.

The interaction between KCNH2 and E3 is not established yet.
In the experiments using Xenopus oocytes, KCNH2 currents were
suppressed by coinjection with E3 [Schroeder et al., 2000]. On the
contrary, the interaction in horse hearts could not be displayed by
means of sequential immunoprecipitation and immunoblotting
[Finley et al., 2002]. In addition, the I, blocker did not affect
APD in E3-transduced myocytes in guinea pigs [Mazhari et al,,
2002]. Consequently, we supposed that KCNH2 plus E3 channel
would affect very little for repolarization. We therefore did not
pursue further examination on the interaction with KCNH2 and
E3 using mammalian cell lines.

Regarding the E3-T4A mutation, we postulated that the E3-T4A
has minor effects on the QT prolongation, based on the fact that
no E3-T4A variant was found in our normal control. Though one
of the probands had a KCNH2-G572S mutation [Tester et al,
2005] which' is supposed to be the major reason for the QT
prolongation, another proband had no mutation in major LQTS-
related genes. In our biophysical assay, the mutant caused no
significant difference in Q1+E3-T4A channel currents; therefore
we could not display the association between E3-T4A mutation
and QT prolongation. In patient 3, hypokalemia triggered the
TdP, accordingly reducing extracellular potassium level may affect
the currents through Q1+E3-T4A channels. Or E3 may also
interact with another potassium channel alpha-subunit that affects
the repolarization of cardiac myocytes, and the E3-T4A mutation
may decrease the outward current to prolong QT time. We have to
take into account that E3-T4A is a rare SNP, because the
correlation between phenotype and genotype in our patients was
not common and the number of our control was- smaller
compared to the studied cases.

E3-P39R may also have functional effects on repolarization.
However, our proband with E3-P39R had a compound KCNH2-
W563G mutation, as well as typical symptoms and ECG findings
(Fig. 3) compatible with type 2 LQTS. In addition, functional
analysis of the QI+E3-P39R channel displayed smaller current
densities than those of the Q1+E3-WT channel; however there
was no statistical difference. Therefore we considered E3-P39R as a
rare normal variant in Japanese.

Concerning another o subunit which interacts with KCNE3, Kv4.3
potassium channel encoded by KCND3 produces transient outward
potassium conductance (I,) in the heart and KCNE3 inhibits the
Kv4.3 currents [Lundby and Olesen, 2006; Radicke et al., 2006], even
in the presence of KChIP2. Herice, there is a possibility that our E3
mutants affect the Kv4.3 current and prolong QT interval.
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In conclusion, we identified three E3 variants among 485
Japanese LQTS probands, and one of which significantly reduced
currents by interacting with Q1. Though the proband had
remained asymptomatic in the absence of risk predisposing to
QT prolongation, she fell into highly critical condition by taking
disopyramide for AF at age of 76. Therefore, identification of E3
mutations with possible phenotypic effects provides us with
information for our understanding of the mechanism of LQTS.
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Phenotypic Overlap of Cardiac Sodium Channelopathies
------------ Individual-Specific or Mutation-Specific? -

Naomasa Makita, MD

Mutations in the cardiac sodium channel gene SCNSA are cesponsible for a spectrum of hereditary arrhythmias,
including type-3 tong QT syndrome (LQT3), Brugada syndrome (BrS), conduction disturbance and sinus node
dysfuncuon These syndromes were originally regarded as independent entities with distinct clinical manifesta-
tions and biophysical propemes, but recent evidence shows considerable clinical overlap, implying a new disease
entity known as an overlap syndrome of cardiac sodivi channel opmhv Ctass IC sodium~channel blockers o%ten
induccd the BrS phenotype 1n some patients with LQT3, confirming the climeal overiap of LQT3 3nd 8rS. It also
raises a concern aboul the safety of the class 1C drug and questions aboul the determinants of overlap. Here, an
overview is given of current knowledge on the clinical features, prevalence, and molecular and biophysical mech—
anisras undeslying overlap syndrome 1o gain more insight into this complex issue and generate better therapeunic

strategies for patient management.

(Circ J2009; 73: 810-817)

Key Words: Brugada syndrome; Flecainide; Long QT syndrome; Overlap syndrome: SCNSA

Structure—Function of Cardiac
Sodium Channels

The voltage-gated sodium (Na) channel is responsible
for the rapid upscroke of the aciion potential in most of the
excitable tissues, and plays a pivotil role in the initiation.
propagauion. and makiitenanee of dormal cardiac thythrit.
The cardiac Na channel comprises the most prevalent pores
forming e-subuait (Nav1.$) encoded by the gene SCNSA
facated- an shromosome 3p2l -apd suxitiary § subunits
(Nav 3§~ Ngv 84y encoded by the genes SCN1B-SCN4B,
fively: The gsgubiiitits have 4 4-fold Symmelry mag-
romolecule mmxxtmg of ‘structurally homelogeus domnins
(D1-Dé each contzining 6 membranie-spannting segments.
(Sl —86) :md a reamn (35 Sé ioop)lcomroumv jonseleg-

ly charged S4 segment
of each domam funcnans asa volwg sensorf2

The Na: channels switch between 3 functanal states
(ctos 4, open,-inactivated); 'd“pend;ng onthe membrane
’Mcmbmne dgpolmzaum Cam&s 3 mp)d me m.

vauon of fhe Na channets is transient, be«.ause of inactiva-
tion, another gating process mediated by siructures located
on the cytoplasmic face of the chatnel protein (inainty the:

Z The Na ¢hang oL 7 ;
membmne B repolafized: and ey recover Trom ingé v&—
tion. Membraons’ repolarnauon is achieved by fas: igaciiva-

tion of thie'Na channels and i augmemed by activaiign of
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voltage-pated K channels. Activation, inaclivation, and
recovery from inpctivation occur within a few miltiseconds.
In addition to these rapid gating transitions, the Na channels
are also susceptible 1o slower inactivating processes (slow
inactivation) if the membrane remains depolarized for a
longer time. Thzse slower evenls may conlribute 1o the
availability: of aciive thannels under varions physiological
condiions.

Genetics-of Cardiac Sodivim Channelopathies

Mutations of SCNSA are responsible for 2 spectium of
hereditacy: wrchythmias, ¥ncluding 1ype-3 congemal long
QT syndrome (LQTS: LOTE* acquired LQ)S> Brugada

syndrame: (BrS: BrSEy6 ¢urdiac conduction disturbance
CCD

VY congenital sick sinus syndrome (SSSI¥ atrial stand-
I-IL AV bloek!? sudden infani-death syndrome! ™t and
familial airinl fibrillation 613 ¢Table 1). In addition (o these

peimary electrical diseases, which usually do not-have

sindctoral abnornradifes; SCNSA mutations have also béen
reporied in patients with dilaved cardiomyopathy!6.1% More-

“aver, (eeent genelic. siudies Have indicaled thal mutations

Table 1. - Inberited: Cardige Sodliin Chgnaeiopalivies

Né»a! sxsudstm
AV Blick

Sudw.n mfan( dsihiy

Conggmxat L)(sz QT syvdrome (LQTI0)
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Table 3. Muuionsio: valappkng

Cardiae Sodivim Chonnelopathies

Clisncal magifaitation

SCRSA and SCRIB U | mutgivas

Reterences

BrS+LQT3 (2 CCDY VaiM, DIFIER, WDEX. T3S0, AKIS00, 235, 37, 4246
KKPQ, REGLIP, PIKA
B3+ LQT3 e S8S (2CCD) GIIAYEAPTALY, BI75K, 1795insD 8.32,33,35,40, 41,47, 48
BS 4588 BIAEK, T 1R7E B1225K, 4K 1470, K1ST8ls. R1623X 31,4850
BrS+AS RISIH i
Bi§+ CCD PAISL, TIASEN, RITOH, N406S. G752R, $0-54
FE8112053X, EB6TX, GI3I9V. :
GHOHR, 1650V, SITI0L, SIS 12X, E§7Q". YI79K™ 20.30, 30, S, 35~57
DCH 144+ CCO+ S8S+4F) T2208 RETOW, F85(15, DIITSN, DISISH 9,16, 19
CCD+SSSIAY GHIR §
AS3 AF Ly 10
LGTIACCO PIITIL. ¥ IT6IM, MIT66L, VITTIM, P20USA 34-68

itk siaus syndronie; CCD, vardiac conduction dictucbance: AS,

<f> ﬂl ﬁ“@‘ tégti)’-‘ g
1 2 g m% W3 Mg @2 ke i
69 B 3 o% Aa 30 462 B w2 i

z%
a

S MF W B WS
2 88 w7

’M Mé wm n

)

Figure [, Pedigreas of 15 LQTD fanrlies (A-0)
carrying E1784K arc showa. Probands azz indicated
by an atrow, 10 symplomaiic mulauon carness. shown
by s filed svmbols, had episodes of syncope in=9)
and Hiexplained palpitations {n=1, B, N:2), Asymp-

(amatic mutauon cirders (n=3 1) are shown as symbols

witii a dat; and shaded symbols. are the: mdividuals
with QT profongation who. declined geaets testing
or sudden cardiac death vicurns (SCD; A 1:6 and C.
-y “Indvidusis extubnng ST elevanion in the vight
mczordial jeads, Values Tor QTc intervals are given

1
430 158

sy&i,mmse AATBA KSIRSA

A EPIOMIIC BRI CaThES

O'n'mc##

Ql? uoxmgamm {ehtutno pannt 1esang
& Ny nesic thsing PPM amplaniaivs
SCO  Suden tadiar gealp A Iptani

in the Na channe! 3-subunit génes, SCNTB and SCN4B; arc
associated with \ype-5 BrS complicated with CCD (BrS5)20
and type- 10 LQTS (LQT10). respectively.

Biophysical Properties of Cardiac
Sodium Channelopathies
Congenital LQTS is characierized by prolongalion of
the QT nterval on surface ECGs and an increased risk of

potentially fatal ventriculac arthythmias,especially torsade
de pointes?* The QT interval is deterimined by the cardixc

Cinnddtion Juurnal Vol 73, Moy 3009

Sﬁ):t‘ianlo’u; St rlavaion
Po&m nmvo‘mm st

b neath each symboi. The Na:chanpel provocation 1es
wis positive i individuals wivv e (A, TV ATTTEA,
.9 B, 3 K. 1), und negauive in the mdividuals
witn - (A, L3, B, 1Y B TL2ON, 1Y Individuals with
4 positive dnd aegative, Na-channel blocker provoda-
tion test are shown 35 ¢ and -, respecuvely. (Modified
with permission fram Makita et als J Cline tivest 308,
V18: 221922192y

action potential; which is orchesirated by a fine balance
bewween inward and outward currenis expressed in myotar-
dial cells: Afterihe firscidentification in 1995 of the SCNSA
mutiation AKPQ, comprising. 3 deletion of 3 conserved
armino acids, 1505-1507. in the eytoplasmic D3 -D4 linkery?
more thun 100 distinct SCNSA mutations responsible. for
LQT3 have: been: reporied: The common in vilro conse-
quence of most of these mulations iy o persistent Na current
during the action potential plaieau because of destabilized
fast'Na channel inactivation? This failure of fast inactivation
shifts the ionic balance during the plateau phase toward the
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Figure 2. ECG characterisucs of E1784K mutation carrers. QT prolongation (QTc=470ms) and spontaneous suddie-
back type ST elevation obsecved wn the right precordial leads in a carmer (Figure 1A, U ). (A)ECG recordings before and
after the Na-channcl blocker provocation test. Pilsicmmde (LelL paticnt K, 1:1) induced a coved-type ST clevation 1a Vi
and the QTe was concomuantly shorened (QTc: control 495 ms. pusicarmde 439 is). Ajmaline (Right, paticnt A, W:9} also
induced 3 coved-type ST elevation in Ve and Va and QTe shonening (conteul SOL ms, ajnakine 490ns) (B) SND demon-
strated by a 3.9 seals arrest in 3 carrier (A, L:1). {€) Venn diagram represenuing clectrophysiological manifestation o 41
SCNSA-E1784K mutation carriers: 38 curriers had an abaocmally long QTc: 3 individusls hud a normal QT¢, and 1 exhib-
ited sinws node dysfuaction (SND) only SND and Brugada syndrome were observed 1 15 and § individuals, respectively,
with 4 displaying both pheaotypes, (Madificd withi perrmission ftom Makita et al J Cline huvest 2008; 118: 2219-222941)

tnward current {gain-of-function) and delays repojarization,
thus ncreasing the action potential duration and the corre-
sponding QT inierval. Nu-chunnel blockers, such as mexi-
letine (class IB) or'fecainide (class 1C), shonen the QT in
patients with LQT3 by blocking of this persistent curremz-5
therefore are theoretically ‘useful in 1he management of
atfected patients

BrS is another primary electrical disorder without under-
lying structural heart diseases characterized by (ae coved-
type ST elevanon in e right precordial leads2h2? [ predis-
poses- affected individuals (o ventricular hbriliation (VF).
Mutations in SCNSA are identified in 20-30% patieats with
BrS. and most of the heterologously expiessed mutant Na
channels exhibit biophysical - abnormalities’ resulting 'in
reduced cardiac Na current (foss-of-function)?® Redveed Na
current is thougat (o exaggerale differences in the action
potential durition  belween the inner (endocardium) ind
outer (epicardium) layers of ventricular muscle, thereby
favoring substrare promoting reentrant arrhythmias. Loss-
of-function of ihe cardiac Na channels is either owing 1o (1)
haplo-insufficiency because of non-functional mutations,
(2) impaired atiered channel-gating propenties, including
enhanced inactivation, disruption of activation and impaired
recovery. from: inactivalion, e (3) ympairad: inteacellular
Irafficking and decreased membrane surface expression of
the channel molecules,

Clinical Overlap of Cardiac
Sodium Channelopathies

SCNSA mutations with loss-of-funclion properties have
also been identified in paiients with CCD S589% and arial
standsti}ly and numbers of vepotts have shown that the muta-
tion carriers tend. 1o exhibit overlapping clinical properties
of these syndromes3?93t (Table 2). Tmportantly, such loss-
of-function’ properties. are apparently opposite 1o those
described in LQT3I (gain-of-function), and different SCNSA
mutations were initially linked (0 separate arthythmias syn-
dromes. Surprisingly. some LQT3 patients display ECG
findings chiractenstic of BrS. sugeesting that a single
mulation can be associated with a wide spectrum of disease
phenotypes. Such: phenotypic overlap between LQT3 and
BrS was first reporied in a large multigenerational Dutch
family: with an insertion mutation 1795insD, in which the
mufation carriers showed ECG features of both LQT3 and
BrS, and sinus node dysfunction (SNDY24 3 Importanily; Na
channel block 'in the overlap phenotype shortens: QT, hut
exacerbated the ST segment elevation BrS phenotypé. and
thus enhances arrhythmia risk3? Biophysical studies demon-
sirated that the mutant channels displayed enhancement of
both closed-state inactivation and slow inactivation; which
was Lhought to sensitize carriers to the BrS phenotype during
flecainide therapy3? in addition to the pérsistent Na current,
a hallmark Na channel propeny of LQT3.

The overlap between the LQT3 and BrS phenotypes was
also reported in other SCNSA multations such as AKPQ)5.36

Civeulation journal 161,73, May 2009
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RSi5irx paveses 10.4he P

E1784K

813

Figurz X, Properties of I 784K whole-cell cutrent {A) Representative whole-cell cunent taves obtaned from 18A-201
cells wansfected with gither wild-type tW1's or E1784K Na channels, all studies wese conducted in cells co-transfected
with human sodim channel 1 -subunsts, Currents wer recorded fromn o holding potential of ~120mV and stepped from
=90mV 10 +90mV for J0ms a 10MV increments (B) Current-voltage relauonship. Corent was normalized 1o ccll
capocitance 10 give s measure of Na current densuty, (€) Na currents were recorded with 3 1est pulse potential of ~21mV
frony ¢ holding potentiaf of 120 mV showed prominent etredotaxin-sensitve léte Na current (shown with arrows) and the
faster deeay s FEIBAK. {D) Sreudy-nate uvailability foc fust ymucivaron und the conductance-volisge relauonship were
measured with standard pulse protocols shown in the inset Curves were fit with ihe Boltzmann equanan. The voltage-
dependence of xieady-siate fast inacnvation and attivstos were significantly stifted in the hyperpofanzing {(-15.0mV)
und depolanzing {(+12.5 mV) directions, respectively, (Modified witly permission from Makia et al J Clin Invest 2008;

W18: 23192209

E1784K3¢ and AK1500%7 Prion el al showed the addinonal
evidence for the elusive link between these 2 chinical syn-
dromes by the fact that the ¢lass 1C sodinm channel blocker
flecainide induced §T-seginent elevation in the right pre-
cordial leads not only in patients with BrS, but ulso with
LQT33% Of 13 patients in 7 LQT3 families (SCN3A muta-
tions of V4[1M, TI304M, AKI500. AKPQ, RI626P,
E1784K, P2006A), 6 showed flecainide-induced ST eleva-
tion. However, they failed (o identify the determinants of
flecainide-induced ST clevation 1a paticals with LQT3: in
facq, they assumed Lhat the chinical overlap appeared (0 be
individual-specific, rather than gene-specific or multation-
specific, most likely because the size of their patients was
rather small: Nonetheless, these observations raise a concera
about the safety of class IC diug therapy in LQT3 patients
and questions abou( the underlying mechanisms.

Phenotypic variability in LQT3 has thus far been reported
sporadically or only within a single kindred3233 Therefore,
itis unclear whether development of the BrS phenotype in a
patieat with LQT3 is salely determined by the biophysical
properties of the mutant channel, oc by co-inherited genetic
variations, gender, ethnicity, or other environmental factors.
One approach to dissecting such phenotypic varability is to
perform a clinical assessment of individuals with multiple
pedigrees from genetically heterogeneous popufainons with
the same inntanon.

Clinical Phenotypes in 15 LQT3 Families
With SCN5A-E1784K

From 7 astitations in Japan, Haly, Germany, UK and the

Cinviation Jotirnal Vol 73, May 2009

US, 44 genotyped LQTS3 families with different ethme back-
grounds were enrolled (Asian 20, Caucasian 24). E1784K
was the most prevalent SCNSA mutation, identified in 15
families (349%). Two probands died suddenly. and 56 of
the 93 surviving mejnbers underwent genetic testing. There
were a1 mutation carriers and 25 non-carviers, and QT¢
was significantly prolonged in the carriers:

Spontaneous ST elevation in the right precordial leads
oceurred in 5/4 1 mutation carmers (Figure 15 coved-type:
n=1; saddle-back type: n=4, Figure 2A). Nine mutation car-
ners without diagnostic ST elevalion at baseline underwent
provocation with fecainide, ajmaling, or pilsicainide, and
the test was posilive (coved-type ST elevation, Figure 2B)
in 5 (shown with +in Figure 1). Thus, the diagnosis of BrS
was: esiablished in 9/4 1 muiation carviers. (1. individual
showed: spontancous saddle-back ST elevation which was
converted lo coved-type by ajmaline).

SND was common in the cohort,: presenting: in. 16/41
mutation: carriers (Figure 2C), and 4 of these 16 carriers
with. SND-also exhibited the BrS pherotype (Figures 2B.
D). Moreover, | carier showed SND. without manifesting
QT prolongation or ST elevation. Four patienis received a
permaneént pacemaker and 3 received an implantable car-
diovencr dehbrillator,

Biophysical Properties and: Membrane
Trafficking of E1784K
Whole-cell patch elamp recording showed that E1784K

has the follownig biophysical abnormalities: (1) significanily
smaller peak current deasity, (2) persisteal Na current, (3)
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Figurcd, Tomw block, use-dependent block, and the dose-dependence of Becaimde (A1 Representative current traces of
wild-type (WT), £E{784K, and T1304M belore and after 10umall. flecienide A tratn il 1Y) pubses (o ~1mV for 20ms)
was applied at 2Hz from a holdiag potential of 1 20mV Numbcrs iadicate the 19 (13, 30% (30, and 100" (1003 pulse of
the train. {B) Tune cowze of the peak current levels 2fter applicavon of 11 mal/l. Hecamude, Peak curtent levelsrecarded
with er.ch pulse were normalized 1o the hasel:ne prior 10 Reeainide (€ Representauve steady-state corrent wices 50 WT
and E1784K hefoes and aficr fleedinide (10 2ad 100panal/L) Cells were depolunzed by -2 mV (rom a holding poléntiat
of —15mV (D) Concenteation -response curve for Hecainide-induced tonic block in wild-type (WTY and EE784K ’Ifhn
aeralized peak curcents weie hited to the Hilt cquation, The 1y values. ceprestating dissocilson consianiy fcsc_ eRiag
state werer WT, 15003 umoll., EN784K, 20.4.:m0l/L, Thus, the murant chanael was far more seasitive (0 tonic block by
flecamde (Modied with peemussion from Makiti es at J Chia Jevest 2008, 118: 2219-2229")

Table . Reporied Biaphysical Pruperties of LQT3 Mulations

] B SCN?A mm.mut\( : o
1195insD.  AKPQ ARIA0D | EMIEER  TH0M

+ + ¥ + ¥
+ + * +
¥ + + -
k4
Neégaie.

Pasitiva
Slower

Enfiarced  Eitbiunced
Erhisnged NS

o wilid 1ypu.

$2219=22091

significantly faster macroscopic current decay, (4) hypeipo- 1o the. aforememioned chaages in gating. properties rather
larizing shift of the steady-state inactivation, (5) significant than a change: in'channel density.

depolarizing shift in the voliage-dependence of activation,
and (6) normal recovery from inactivation (Figure 3). Fur-

: ! A Molecular Mechanisms of Enhanced
thermore. using a Na channel plasinid construct: with 4n

extraceltular FLAG. epitope, membrane iralt.cking of Flecainide Sensitivity

EI1784K determined by a confocal luser scanning micros- Class IC drug challenge test: was positive in. 56% patients
copy was comparable 10 the wild-type (WT). These obser- with E1784K. Tonic block and usc-dependent block: by fe-
vations provide sttong: evidence that the loss-of-function cainide in WT and E1784K channels have been investigated,
propentics displayed by E1784K are most likely aitributable and compared with those of T1304M, a mutation that did not

Cirtulaiion Jovol Vol 73, May 2009
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show ST elevanon dunag Necainide challenge 125133 Cells
transfected with WT, E1784K, or T1304M were depolarized
by 2Hz pulse trains in the absence or presence of 10zmol/L
Recarnide. During exposurc to fceainide, peak currents nor-
malized (0 predrug baseline were progressively reduced by
the repetitve pulses (Figures 4A,B). There was a remark-
able difference in the extent of first pulse (tomic) block that
was only 4.5£4.0% for WT, and 7.1£2.7% for Ti304M,
compared with substantial ronic block in E1784K (43.7%
8.0%. P<0.001). Conversely, use-dependent block, deter-
mined by the difference in peak current values between the
13t and 100" 1est pulses relative o the 15 pulse, was shghtly
atienuated in EV784K. The nec effect of flecainide alter a
train of 100 pulses was siznificantly greaier in E1784K than
in WT, but not in T1304M. Moreover, dose-response curves
for Necainide block measured at a holding potential off
=150mV (thus representing drug affinity foc the resting state)
showed that the EI784K channels were 7.5-fold nare sen-
sitive to resting-state block by flecaimide than were the WT
channels (ICsn: WT=150.3 ymol/L, E} 784K =20.4 umol/L)
(Figures 4C. D). These cesults indicate that the E}784K
channels are much more sensitive to blocking by flecaimide
than are the WT and T1304M channels, and (hat this aug-
mented sensilivity is atldbutable (o enhanced lonic block
rather than a change in use-dependent block.

Functional Determinants of LQT3 Associated
With BrS and SND

To explore the: functional determinanis for the phenotypic
ovedap of BrS in LQT3 patients, the biophysical and phar-
macological propenies of reported LQT3 mutations were
compared, and features commonly and specifically observed
in those manifesting a BrS phenotype were sought { Tahle 3).
The overlapping pheaotype (LQTI and: BrS) has been
previously reported for 1795insD3233 AKPQIS.36 AK 1 500)7
and EI784K3S In: contrast, a carvier: of T1304M did not
show ST elevation during a flecainide test3* Symilarly, SND
has been reported in carriers of the same SCNSA mutations,
1795insD¥ AKPQY AK150037 E1784K0 and D1790GH
but not in other SCNSA mutations, including T1304M. Thus,
it is plausible 10 speculate that the biophysical characteds-
tics common to these mutations; but not found in T1304M,
are channel propertics responsible for evoking the-mixed
phenotypes of BrS and SND in patients with LQT3. Table 3
is a comparison of the functional propénies of £1784K, and
those reported for 1795insD, AKPQ, AK 1500, E1784K, and
T1304MP3 Among the biophysical properties listed in
Table 3 both the negative-shiftin steady-state inactivation;
and the enhanced 1onic block by flccainide are common io
1795insD, AKPQ, AK 1500, and EL784K; but not te: T 1304 M:
This negative shifi of insctivation will reduce the svailabil-
iy of the channels at the resting membrane polential, and
ncrease the peoportion of inactivated channels in both the
open and closed state. reducing the Na current and increas-
ing the sensiliviry o Na:channel blockers: A positive shift
in activation is znother “loss-of-function’ peoperty: evideni
in alf the mutants, including T1304M. making it less likely
that this specific channel propeny underlies the mixed clim-
cal phenotypes in LQT3. Other channel properties, such as
curreal decay, recovery from inactivation, $Jow inactivation
or use-dependent block; were notcommon among 1795insD,
AKPQ. AK 1500, and E1784K. :

A negative shift jn inactivation is obsérved in E1 784K,
1795insD. AKPQ, and AK1500, and may play avole 1n the
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overlap of the LQT3 clinical phenotype with BrS and SND
in the mutation cerriers, although the number of LQT3 muta-
tions that fave been evaluated in this detail is still small, the
biophysical and pharmacological propertes presented in a
cultured cell line may not necessacily reflect the sitbation
in vivo, and the effecis of e mutation may be different in
veatricular myocytes vs sinus node cells. Further snidies
that combine clinical and in vitro phenotyping 1n LQT3
mutations with and without overlapping clinical phenotypes
will be required 10 confirm these findings. Nevertheless, a
negative shift in inactivalion and enhanced tonic block are
common biophysical properties observed among SCNSA
mutations in the LQT3/ByS overlapping phenotype.

Conclusions

E1784K is the most common LQT3 mutation. In patients
with (his and other LQT3 mutations, overlap of Br§ and
SND is relatively common. n vitro studies with E1784K
and previous reporis of LQT3 mutations with and without
this clinical ovedap syndrome implicaie a negative shift in
inactivation and enhanced tonic block by drugs as the undec-
lying mechanisms, These findings suggest that patients with
LQT3 mutations displaying these charctedstics in vitro
should not receive class IC drugs. Furthermore, they rein-
force the general concept that in vitro characterization of
the function of ion channel variants is a key component in
generating specific thevapeutic strategies for patient man-
agement.
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Long QT syndrome (LQTS) is a hereditary arrhythmia caused by
mutations in genes for cardiacion channels, including a potassium
channel, KvLQT1. Inheritance of LQTS is usually autosomal-dom-
inant, but autosomal-recessive inheritance can be observed in
patients with LQTS accompanied by hearing loss. In this study, we
investigated the functional alterations caused by KCNQI muta-
tions, a deletion (delV595) and a frameshift (P631fs/19), which
were identified in compound heterozygous state in two patients
with autosomal-recessive LQTS not accompanied by hearing
loss. Functional analyses showed that both mutations impaired
cell surface expression due to trafficking defects. The mutations
severely affected outward potassium currents without apparent
dominant negative effects. It was found that delV595 impaired
subunit binding, whereas P631fs/19 was retained in endoplas-
mic reticulum due to the newly added 19-amino acid sequence
containing two retention motifs (R®*3GR and R®**SLR). This is
the first report of novel mechanisms for trafficking abnormality
of cardiac ion channels, providing us new insights into the
molecular mechanisms of LQTS.

Long QT syndrome (LQTS)? is characterized by prolonga-
tion of QT interval in electrocardiogram (ECG), syncope, and
sudden death due to polymorphic ventricular tachyarrhythmia
(1). From the genetic viewpoints, LQTS is classified into two
subtypes, Jervell and Lange-Nielsen syndrome (Online Mende-
lian Inheritance in Man (OMIM) 220400) and Romano Ward
syndrome (OMIM 192500). The Jervell and Lange-Nielsen syn-
drome is defined as LQTS of the autosomal-recessive genetic
trait, which is often accompanied by sensorineural deafness,
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cation, Culture, Sports, Science; and Technology, Japan; grants from the
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2 The abbreviations used are: LQTS, long QT syndrome; ECG, electrocar-
diogram; ly,, slow component of delayed rectifier potassium current;
ER, endoplasmic reticulum; Iy, rapid component of the delayed rectifier
potassium current; QTc¢, corrected QT; WT, wild-type; aa, amino: acid(s);
EGFP, enhanced green fluorescent protein; co-IP, co-immunoprecipita-
tion; Ab, antibody; PBS, phosphate-buffered saline; HRP; horseradish per-
oxidase; AU, arbitrary units; pF, picofarad; Kys, ATP-sensitive potassium.
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whereas Romano Ward syndrome defines LQTS without deaf-
ness, which is inherited as the autosomal-dominant trait.
Recent genetic analyses have revealed that most of the Jervell
and Lange-Nielsen syndrome patients carried mutations in
KCNQ!1 that encodes the a-subunit of a voltage-gated cardiac
potassium channel, KvLQT1 (2). In contrast, Romano Ward
syndrome can be caused by mutations in genes for potassium
channels, including KvL.QT1 and HERG, sodium channels, a
calcium channel, and other molecules associated with cardiac
ion channels (1, 3-6).

The a-subunit of KvLQT1 has the domain structure com-
posed of six membrane-spanning segments (51-56) containing
a pore region localized at cell membrane and the N-terminal
and C-terminal regions that are localized in the cytoplasm. The
KvLQT1 channel consists of four a-subunits {7) and two 3-sub-
units (MinK) encoded by KCNE1 (8), which generates slow
component of delayed rectifier potassium current (/;.,). Many
KCNQI mutations associated with Jervell and Lange-Nielsen
syndrome and Romano Ward syndrome have been reported,
most of ‘which were found in the membrane-spanning seg-
ments and impaired the channel furiction (1). There are several
other mutations not affecting the pore structure but causing
functional impairment, most of which were identified in the
C-terminal cytoplasmic region. Although the cytoplasmic re-
gion contained several functional domains (9+-12), molecular
mechanisms of KCNQI mutations in the cytoplasmic domain
have not been fully elucidated.

On the other hand, more information is available about the
functional alterations caused by mutations in KCNH2 that
encodes pore-forming a-subunits of another voltage-gated car-
diac potassium channel, HERG: The o-subunits form the tet-
rameric channel complex in the endoplasmic reticulum (ER)
{13-15), and the tetramer is glycosylated in ER and Golgi body
(16) and then transported to and expressed at the cell mem-
brane. The HERG channel generates rapid component of the
delayed rectifier potassium current (/i) (5). With regard to the
functional alterations caused by KCNH2 mutations associated
with Romano Ward syndrome, most mutations in the cytoplas-
mic regions caused trafficking defects due to misfolding in ER
(17) or the failure of transport from ER to:Golgi -body (18).
These functional abnormalities decreased the I, current in'the
cardiomyocytes and led to the prolongation of repolarizing
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TABLE 1
Primers used for cloning

Trafficking Defects Caused by KCNQ1 Mutations

Production Forward primer (5'-3')

Reverse primer (5'-3')

KvLQT1-WT
L1-Myc-KvLQT1

GCTCGGATCCGTTATGGCCGC

AGAGGATCTGCAGTATGCCGCCCTGGC
C terminus KvLQT1
KvLQT1-delV595
KvLQT1-P631fs/19
KvLQT1-AAA/RLR
KvLQT1-RGR/AAA
KvLQT1-P631stop
KvLQT1-P631fs2/34
KvLQT1-R594Q

CGCCTGAACCGAGAAGAC
GCGGCCCCCCCCAGAGAG
CCCCAGGCAGCTGCGGGCCCACATCAC
CCTGCGGCAGTGGGCTGCAGCTCGACC
GCTCGGATCCGTTATGGCCGC
GCGGCCCCCCCCCAGAGAG
CGCCCGCCTGAACCAAGTAGAAG

GCTGTCCACCATCGAGGAGCAGAAACTCATCTCTGA

GGGGATCCATCGGGCCACCATTAAGGTCATT

GGATATCTGCAGAATTCGGC
GCCAGGGCGGCATACTGCAGATCCTCTTCAGAGATGAG
TTTCTGCTCCTCGATGGTGGACAGC
CTTGCGGCCGCCAGCCCCATCCCCTCCTCA
CGTCACCTTGTCTTCTCGG
CCCTCTCTGGGGGGGGCC
GTGGGCCCGCAGCTGCCTGGGGGGGGCC
GCTCAGGGTCGAGCTGCAGCCCACTGC
CCGAATTCTCAGGGGGGGECC
CCCTCTCTGGGGGGGGGCT
ACCTTGTCTTCTACTTGGTTCAG

phase of action potential, manifested with prolonged QT inter-
val in the ECG (19).

In this study, we investigated functional alterations caused by
two mutations, delV595 and P631fs/19, in the C-terminal
region of the KvLQT1 channel, which were found in an LQTS
family of autosomal-recessive inheritance. It was demonstrated
that both mutations lead to trafficking defects, resulting in the
loss of channel function. This is the first report on two novel
mechanisms of channel-trafficking abnormalities: an impaired
subunit binding and a newly generated ER retention signal.

EXPERIMENTAL PROCEDURES

Case Presentation—The proband of the LQTS family was a
10-year-old girl with a history of cardiopulmonary arrest during
exercise. Ventricular fibrillation was confirmed when she was
revived by cardiopulmonary resuscitation. Her ECG showed a
wide T-wave and prolonged corrected QT (QTc) interval (0.55
s). Her eldest brother also suffered from LQTS. He experienced
syncope during-exercise at the age of 13. His ECG after the
event showed T-wave alternans, and prolongation: of QTc¢
interval (0.48 s) was found even at rest. Neither patient had any
history of hearing loss. Prolongation of QTc interval was not
found in the ECGs of either the parents or the second eldest
brother. The: other relatives of this family had no history of
syncope or sudden death.

Genetic Analysis—The research protocol was approved by
the Ethics Reviewing Committee of the Medical Research
Institute,” Tokyo Medical: and Dental University. Genetic
screening was performed for the proband and her family
members. The control subjects were 180 genetically unre-
lated Japanese individuals who were selected at random. Blood
samples’ were obtained from each subject, who provided
informed consent for the clinical and genetic studies. Genomic
DNA was extracted from peripheral blood samples by conven-
tional methods. Each' exon of KCNQI, KCNH2, SCNS5A,
KCNE1, KCNE2, and KCNJZ genes was amplified by PCR. The
PCR products were analyzed by direct sequencing using Big
Dye Terminator chemistry (Applied Biosystems) according to
the manufacturer’s instructions. Sequences of primers used in
the genetic analyses are available on request.

Alignment of Amino Acid Sequences and Prediction of Tertia-
ry-Structure—Amino acid sequences: of human KvLQT1 pro-
tein predicted from nucleotide sequences (GenBank™ NM.
000218) were aligned with those of bovine (XM_001252337), dog
(XM_540790), rat (NM_032073), mouse  (NM_008434), and
chicken (XM 421022}, using GENETIX version 8.1.2 software
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{Genetics, Tokyo, Japan). The tertiary structure of coiled-coil
was predicted by using COILS (available on the World Wide
Web) (20).

Electrophysiological Studies—Wild-type (WT) full-length
KCNQ1 (NM_000218) and KCNE! (NM_000219) cDNA
fragments corresponding to aa 1- 676 and aa 1-129, respec-
tively, were amplified by reverse transcription-PCR from hu-
man heart cDNA. Mutant KCNQI ¢cDNA fragments carrying
deletion of GTA (delV595 mutation) or insertion of C
(P631fs/19 mutation) were generated by the primer-directed
mutagenesis method. The KCNQ1 ¢DNA fragments were
cloned in the bicistronic plasmid pIRES2-EGFP {Clontech,
Mountain View, CA) to make pIRES2-EGFP-KvLQT1 con-
structs, whereas KCNEI ¢cDNA was inserted into the bicis-
tronic plasmid pCD8-IRES to make the pCD8-IRES-MinK
construct: All-of the constructs used in this study: were
sequenced  to - ensure that no error was introduced.
Sequences of the primers used in the plasmid construction
are listed in Table 1.

CHO-K1 cells: were transiently transfected using Lipo-
fectamine (Invitrogen) with a pIRES2-EGFP-KvLQT1 plas-
mid (0.75 pg) of either WT or mutant in combination with
the pCD8-IRES-MinK plasmid (0.75 pg) to visually identify
the cells expressing heterologous KvLQT1 with EGFP under
a fluorescent microscope and MinK with Dynabeads: M-450
CD8. (Invitrogen), respectively. Potassium currents were re-
corded from cells that were positive for both EGFP'and CD8
using ‘the  whole-cell patch: clamp techniques as" described
previously (21). Currents were recorded using an Axopatch
200A amplifier (Axon Instruments, Foster City, CA); and series
resistance errors were reduced by 60-70% using electronic
compensation. Holding potential was —80 mV. All of the sig-
nals were acquired at 5-500 kHz (Digidata 1322, Axon Instru-
ments) with a personal computer running Clampex 9 software
(Axon Instruments) and filtered at 5 kHz with a 4-pole Bessel
low pass filter, Membrane currents were analyzed with Clamp-
fit 9 software (Axon Instruments).

Co-immunoprecipitation  (co-IP) - Assay—The. cDNA  frag-
ments corresponding to the C terminus of KVLQT1 (aa 353~
676) were generated for WT, delV595, and P631fs/19 by PCR
from the KCNQI plasmids described earlier. Another mutant
¢DNA containing a substitution of G with A (R594Q mutation)
was obtained from the KvLQT1-WT construct by the primer-
directed mutagenesis method. The ¢DNA fragments corre-
sponding to the C terminus of KvLQT1 were cloned- into
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Trafficking Defects Caused by KCNQ1 Mutations

pCMV-Tag3C (Stratagene, Cedar Creek, TX) and pBIND (Pro-
mega, Madison, WI).

The co-IP assays were performed as previously described (22,
23). Briefly, COS-7 cells or HEK293 cells were co-transfected
with a combination of pPCMV-Tag3C-KvLQT1 (Myc-tagged C
terminus KvLQT1) and pBIND-KvLQT1 (GAL4-tagged C ter-
minus KvLQT1) constructs to analyze the binding of KvLQT1
subunits. Aliquots of the cellular extracts were collected for
assessing the expression levels, and the remaining supernatants
containing equal amount of proteins were used for the co-IP
assay using the Catch and Release version 2.0 reversible immu-
noprecipitation system, according to the manufacturer’s in-
structions (Millipore, Billerica, MA), with mouse anti-GAL4
monoclonal antibody (Ab) (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA). Eluted samples were separated by SDS-PAGE,
transferred to a nitrocellulose membrane, preincubated with
5% skimmed milk in phosphate-buffered saline (PBS), and incu-
bated with primary rabbit anti-c-Myc polyclonal Ab (1:100;
Santa Cruz Biotechnology, Inc.) or rabbit anti-GAL4 polyclonal
Ab (1:100; Santa Cruz Biotechnology, Inc.) followed by second-
ary goat anti-rabbit (for polyclonal Ab) IgG HRP-conjugated
Ab (1:1000; Dako A/S, Grostrup, Denmark). The signals were
visualized by Immobilon Western Chemiluminescent HRP
substrate (Millipore) and luminescent image analyzer LAS-
3000mini (Fujifilm, Tokyo, Japan). The densitometric intensi-
ties were measured as means by using Multi Gauge version 3.0
(Fujifilm).

Protein Expression. and: Subcellular Fraction Assays—
KvLQT1-WT, -delV595; and -P631fs/19 cDNA fragments were
cloned into pCMV-Tag3B (Stratagene) to add a Myc tag at the
N terminus of KvLQT1 (Nt-Myc-KvLQT1) or into pEGFP-C1
(Clontech) to add a green fluorescent protein (GFP) tag (GEP-
KvLQT1). HEK293 cells (1.0 X 10°) were seeded onto a poly-p-
lysine-coated 60-mm dish (BD Biosciences). After 24 h, 1 iug of
Nt-Myc-KvLQT1 and 1 g of Myc-tagged C terminus KvLQT1
constructs were added to the dish with TransFectin lipid rea-
gent (Bio-Rad). After 12, 24, 48, and 72 h of transfection, the
cells were subjected to sonication in 2% SDS, 250 mM sucrose,
75 mM urea, 1 mm dithiothreitol, and 50 mm Tris-HCI, pH 7.5,
and the protease inhibitor mixture (Sigma). After measuring
the protein concentration by using BCA protein assay regent
(Pierce), equal amounts. of proteins were subjected to:SDS-
PAGE and. experiments. using. Western blotting: The ‘mem-
brane was incubated with primary mouse anti-glyceraldehyde-
3-phosphate dehydrogenase monoclonal Ab (1:100; Santa Cruz
Biotechnology, Inc.) or rabbit anti-c-Myc polyclonal Ab (1:100;
Santa Cruz Biotechnology, Inc.), followed by incubation with
appropriate secondary Ab: rabbit anti-mouse IgG HRP-conju-
gated Ab (1:1000; Dako A/S) or goat anti-rabbit IgG HRP-con-
jugated Ab (1:1000; Dako A/S).

For the subcellular fraction assay, Nt-Myc-KvLQT1 or GFP-
KvLQT1 constructs were transfected into HEK293 cells plated
on a.poly-D-lysine-coated 60-mm dish (BD Biosciences). After
48 h; cells were subjected to brief sonication in 150 mm NaCl, 1
mM EDTA, and 10 mm Tris-HCI, pH 7.6, containing 1% Triton
X-100 and the protease inhibitor mixture. The cell lysates were
centrifuged at 15,000 rpm for 15 min at 4 °C to remove cell
debris, nuclei, and large particulates. The supernatant portion
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containing both the membrane proteins and cytosolic proteins
was collected and further centrifuged at 40,000 rpm for 30 min
at 4 °C to separate the membrane fraction from the cytosolic
fraction as described by Wu et al. (24). The supernatant (cyto-
solic fraction) was removed after the centrifugation, and the
pellet (membrane fraction) was subjected to the sonication in
2% SDS, 250 mm sucrose, 75 mm urea, 1 mM dithiothreitol, and
50 mm Tris-HCI, pH 7.5, and the protease inhibitor mixture.
After measuring the protein concentration by using BCA rea-
gent, equal amounts of proteins were subjected to the SDS-
PAGE and Western blot analysis. The membrane was incu-
bated with primary rabbit anti-c-Myc polyclonal Ab (1:100;
Santa Cruz Biotechnology), mouse anti-GFP monoclonal Ab
(1:1000; Clontech), or mouse anti-caveolin-1 monoclonal Ab
(1:1000; BD Biosciences), followed by the incubation with the
appropriate secondary Ab. Signals were visualized, and the
densitometric intensities were measured as described earlier.

Immunofluorescence Microscopy—Mutant cDNA fragments
containing substitution of AGA with TGA (P631stop muta-
tion) or insertion of CC (P631fs2/34 mutation) were
obtained by the primer-directed mutagenesis method from
the KvLQT1-WT construct. We also constructed the P631fs/
19-mutant carrying AS*3AA + RS*LR, R®3GR + AS*AA, or
ASPAA + AS*°AA by primer-directed mutagenesis from the
KvLQT1-P631fs/19 construct. All of the constructs were
cloned into the pcDNA3.1(+) vector (Invitrogen). To intro-
duce a c-Myc epitope (EQKLISEEDL) into the extracellular
linker 1 (L1) between the S1 and S2 after the position of aa 146
of each KvLQT1 construct, we used a recombination PCR, and
the PCR fragment was introduced into the pcDNA3.1(+)-
based KvLQT1 constructs (L1-Myc-KvLQT1) (25).

HEK?293 cells (7.0 X 10* were seeded onto poly-p-Lysine
8-well culture slides (BD Biosciences), and 24 h later, 0.3 g of
L1-Myc-KvLQTI constructs or 0.15 pg of L1-Myc-KvLQT1
constructs plus 0.15 g of MinK constructs were added into
wells: with 0.6 ul of TransFectin lipid reagent (Bio-Rad).
After 48 h; the cells. were washed with PBS, fixed in 4%
paraformaldehyde and incubated with mouse anti-c-Myc
monoclonal Ab (1:200; Santa Cruz Biotechnology, Inc.). After
washing with PBS, Alexa Fluor 568 goat anti-mouse IgG, Ab
(1:400; Invitrogen) in 3% bovine serum albumin was applied. To
detect the intracellular L1-Myc-KvLQT1 protein, HEK293 cells

fixed in 4% paraformaldehyde were permeabilized with 0.15%

Triton X-100 in PBS with 3% bovine serum albumin: The per-
meabilized cells transfected with L1-Myc-KvLQT1 constructs
were incubated with the primary and secondary Abs. The per-
meabilized cells transfected with L1-Myc-KvLQT1 constructs
were also’ incubated with rabbit anti-calnexin polyclonal Ab
(1:100; Sigma), Alexa Fluor 568 goat anti-mouse IgG; Ab, and
sheep: anti-rabbit IgG fluorescein  isothiocyanate-conjugated
Ab (1:400; Chemicon, Australia). To assess the efficacy, of per-
meabilization, non-permeabilized and permeabilized cells were
incubated with mouse anti-a-tubulin monoclonal Ab (1:1000;
Sigma), and with Alexa Fluor 568 goat anti-mouseIgG, Ab that
detected the intracellular protein a-tubulin only in the perme-
abilized cells. The transfected HEK293 cells were mounted on
cover glass using Mowiol 4-88 reagent (Calbiochem) with or
without 4',6-diamidino-2-phenylindole: Images were collected
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Trafficking Defects Caused by KCNQ1 Mutations

©T s

washing with PBS, the bottoms of
the wells were dipped with Immo-
bilon Western Chemiluminescent
HRP substrate (Millipore), and the
plate was placed in the luminescent
image analyzer LAS-3000mini (Fuji-
film). The intensity of chemilumines-
cence from each well was measured
with a densitometer using Multi
Gauge version 3.0 (Fujifilm) and
expressed as arbitrary units (AU).

Statistical Methods—Numerical
data were expressed as means * S.E.
Statistical differences were analyzed
using one-way analysis of variance
and Student’s t test for paired val-
ues. Means were compared by inde-
pendent sample ¢ tests without cor-
rection for multiple comparisons. A
pvalue of <0.05 was considered sta-
tistically significant.
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Identification of KCNQI Muta-
tions in LQTS—Mutational analysis
of cardiac ion channel genes in the
proband of LQTS family (Fig. 14)
identified two different KCNQI mu-
tations, a deletion of three nucleo-

SN TAITO3-1785 = dolvigy

631 (0).

and analyzed with a laser confocal microscope (LSM510, Carl
Zeiss {Jena, Germany)).

Luminometric Surface Expression Assay—In the luminomet-
ric surface expression assay, we tested L1-Myc-KvLQT1-WT,
-delV595, -P631fs/19, -P631stop, -P631{s2/34; and -P631fs/19
derivatives;  Nt-Myc-KvLQT1-WT; and  Myc(=)-KvLQT1-
WT. The assay was performed as previously described (26).
Briefly, HEK293 cells were seeded at 2.0 X 10% in‘each well of a
poly-D-lysine-coated multiwell plate (BD Biosciences). After
24h, the cells were transfected with 0.6 ug of L1-Myc-KvLQT1
constructs, Nt-Myc-KvLQT1-WT, or Myc(=)-KvLQTI-WT
along with 0.6 ug of MinK cDNA and 1.2 ul of TransFectin lipid
reagent (Bio-Rad). After 48 h of transfection, the living cells
were incubated with primary mouse anti-¢c-Myc monoclonal
Ab (1:200; Santa Cruz Biotechnology) at 37 °C for 2 h, followed
by fixation in 4% paraformaldehyde: After washing three times
with PBS; the cells were incubated with the secondary rabbit
anti-mouse IgG' HRP-conjugated Ab: (1:2000; ‘Dako) in 3%
bovine serum albumin for 40 min at room temperature. After

AT 0N
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FIGURE 1.Pedigree of an LQTS family carrying KCNQT mutations. A, clinical finding, ECG finding, and KCNQT
genotype of each member in the LQTS family. The filled square and filled circle indicate affected male and
female, respectively. The open squares and open circlerepresent unaffected males and female, respectively. The
arrow indicates the proband. The presence or absence of KCNQ7 mutations, delGTA1783-1785 (delV595) and
insC1893-1894 (P631fs/19),is indicated as del+ or del— and fs+ or fs—, respectively. ECGs of V5 lead at rest and
its QT and corrected QT (QTc) intervals are shown. The clinical characteristics of each member are also indi-
cated: y/o, years old; LQT, QT prolongation; PAF, paroxysmal atrial fibrillation; VF, ventricular fibrillation; CPA,
cardiopulmonary arrest. B and C, direct sequencing data from the proband. Deletion of GTA should result in
deletion of valine at codon 595 (B); and insertion of C was predicted to cause a frameshift after proline at codon

tides at position 1783-1785 in exon
15, resulting in the predicted dele-
tion' of valine 595 (delV595) (Fig.
1B) and-an insertion of cytosine
between positions 1893 and 1894 in
exon 16. This resulted in a frame-
shift mutation- after the 631th resi-
due (proline), which replaced- the
original 45 ‘amino acids with 19
novel amino acids (P631fs/19) (Fig.
1C). Both mutations were not detected in 180 unrelated healthy
Japanese individuals: The former mutation is newly described,
whereas the latter mutation has been reported to be a cause of
LQTS (27, 28): No mutation in the other LQT-causing genes,
KCNH2, SCN5A, KCNE1,; KCNE2; and KCNJ2, has been iden-
tified in the proband. A family study revealed that the affected
eldest brother carried both mutations, whereas the unaffected
second eldest brother carried no mutation. Each mutation was
found in each parent: delV595 in the father and P631fs/19in the
mother (Fig. 1A). None of the family members suffered hearing
loss.

Structure and Alignment of C Terminus of KvLQT1 around
the Mutations—Valine 595 was located in four heptad repeats
between aa 588 and 616, and evolutionarily conserved in the
KvLQT1 channel among various species (Fig. 24). Structures of
WT, delV595; and P631fs/19 in this region were predicted by
using the program COILS along with another LQTS-associated
mutation R594Q (28).- Two coiled-coil structures were pre-
dicted for WT, P631fs/19, and R594Q (Fig. 2, B, D, and E,
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A T Assembly damae similar to I, (Fig. 3C). On the other
" dhor o EM& bjy_d - j hand, both KvLQT1-delV595 and
KvLQT1-P631fs/19 produced little
to no current (Fig. 3, D and E,

respectively). Peak current densities

Coled Lol

¥

2uS37.568 9ad

o GO0 measured at the test pulse of +60

1 8a8TH mV were significantly smaller in

“N”"NW cells expressing either delV595

t (2.8 * 0.6 pA/pF, n = 4 p < 0.001),

A, AR P631fs/19 (2.6 = 0.8 pA/pE, n = 4;

Human-¥  SEDBGRRIZ 4] fine):s A1 PIMEIQEL HEHITRCREE p < 0.001), or delV595 + P631fs/19
A SRS e Rt A e G ERA D (5.4 + 2.2 pA/pF, n = 3; p < 0.001)
Rat QR Gt than WT (130.0 £ 15.4 pA/pF, n =
gggigﬁ,t b Qg~ E‘t::::: 23) (Fig. 3F). To investigate whether
' ) ' the mutant KvL.QT1 channels would
Fahin AT exhibit dominant negative suppres-
Hmmmm pm@;mrg mws{;@gm pgmggmn pwrm ; sion effects, KVLQTl—delV595 or
Hoving B &’?ﬁ%;«%‘&’f TRy IR * S KvLQT1-P631fs/19 was co-trans-
§;§ Qgggggg}; CASDER. LIN N AR " fected with an equal amount of
Mouse S RCNEBBOWY ~AIREL T s By an el AL o KvLQT1-WT in the presence of
. co-expression of delV595 or

EBaY P631fs/19 did not affect the peak

; _ current densities of KVLQT1-WT
B G (WT + delV595: 1458 * 33.3

33T Y-gefv585

e

5

BAGTIWT
A pA/pE, p = NS; WT + DP631fs/19:

113.9 + 16.4 pA/pE, p = NS), dem-
onstrating that these mutations did
not exert the dominant negative
suppression (Fig. 3F). In addition,
- we examined the functional proper-
2 ol o £y ties of KVLQT1-P631fs/19 carrying
- ’ ASBAA + ASAA (AAA/AAA)
that lacked both ER retention sig-
nals of R®33GR and R®*°LR (details
are described below). The AAA/
AAA mutant exhibited peak current
density comparable with that of
: KvLQT1-WT, either alone (AAA/
s N : AAA: 946 162pA/pE,n=5p=
v & Fe & ‘gf@} NS): or in combination with
FIGURE 2. Alignment of amino acid sequences around the mutations and predicted coiled-coil structure KvLQTL-WT (WT + AAA/AAA:
of KVvLQT 1 cytoplasmic region. A (fop), schematic representation of KvLQT1 a-subunit that has two coiled- 146.1 £ 272pA/pF,n=11,p = NS)
coil st:juc}:ures (tas:embR/ d.omair}zi in tk:}e C-tem}iaal regi;n.ngrt]t%né the alsiggrtneg; 6c;f am(;?c: a;i;i sequer}ces (Fig. 3F).
fide sequences were aligned with thote from bovine, dog, at, mouse, and chicken, The shadowed bores and _ Altered KvLQT'1 Subunit Binding
black open- squates’ indicate’ hydrophobic' residues constituting heptad repeats.” Additional amino acid ~ Caused by the Mutation delV595—
sequences generated by the P631f5/19 mutation are also aligned. The asterisks, dots, and dashes indicate stop .. To' investigate the functional alter-
codons, identities to the human KvLQT1, and spaces introduced to obtain maximum homology, respectively. ations caused by the KCNQI muta-

B-E, coiled-coil structure was predicted by using the COILS software for the KvLQT 1 C-terminal cytoplasmic
region, as shown for WT (B), delV595 (C), P63 1fs/19 (D), or R594Q (E). The probability at each position is shown . “ tions ' in- the -~ subunit assembly, we

asa linebetween 0 and 1. performed co-IP assays for KVLQT1-
WT: and -mutants.. Myc-tagged: C

respectively), whereas complete destruction of the second - terminus KvLQTI1-WT or -mutant (delV595, P631fs/19;" or
coiled-coil structure was predicted for delv595 (Fig. 2C). R594Q)) constructs were co-transfected into COS-7 cells with
‘Altered: Electrophysiological: Characters Caused by the Mu- GAL4-tagged C terminus KvLQT1-WT or -mutant construct
tations—Whole-cell currents were recorded by a step pulse proto-  (Fig. 4A4). Western blot analyses of whole-cell supernatants
col from cells expressing EGFP and full-length KVLQT1-WT or  demonstrated that these constructs expressed proteins at a
-mutant in' the presence of CD8-MinK' (Fig. 3,-A-and B). similar level (Fig. 4B). To evaluate the binding of each subunit,
KvLQT1-WT: exhibited a slowly activating outward current we measured the amount of Myc-tagged proteins immunopre-
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cipitated by anti-GAL4 monoclonal antibody (Fig. 4, B and C).
The binding of C terminus KvLQT1-delV595 with C terminiis
KvLQT1-WT, -P631£5/19; or -delV595 significantly decreased
when compared with the binding that occurred between two C
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FIGURE 3. Whole-cell patch clamp recording of the KVLQT1 channel. A, schematic representation of full:
length KvLQT1 channel analyzed in the electrophysiological study. B, the pulse protocol of whole-cell patch
clamp recording from CHO-K1 cells transiently transfected: with' the' EGFP-KVLQTT: plasmid. {full-length
KvLQT1-WT or -mutant) in combination. with the CD8-MinK plasmid. C-E; represéntative current traces for
KvLQT1-WT, -delV595, and -P631fs/19, respectively. F, bar graph representing the levels of peak current den-
sities measured at the end of the 2-s test-pulse at +60 mV. Combinations of KvLQT1-WT plasmid with
KvLQT1-WT or-mutant plasmid for transfection are indicated below. AAA/AAA, the ER retention signal-defi-
cient mutant (P631fs/19 cairying A*>AA + AS*SAA). Data are represented asmeans + S.E. %, p < 0.0001 versus

terminus KvLQT1-WTs (0.17 *
0.03,0.07 = 0.02,0r 0.19 = 0.04 AU,
respectively, p < 0.001 in each case).
Although the binding of C terminus
KvLQT1-R594Q with C terminus
KvLQTI-WT increased signifi-
cantly (2.09 = 0.05 AU, p < 0.001),
the binding of C terminus KvLQT1-
P631fs/19 with C  terminus
KvLQT1-WT or -P631£s/19 showed
virtually no change. These data indi-
cated that the delV595 mutation
impaired the subunit assembly.
Altered Localization of KvLQT1
Channel Caused by the Mutations—
To investigate the functional conse-
quence of the KCNQI mutations
further, we examined cell surface
expression and cytoplasmic distri-
bution of mutant KvL.QT1 proteins.
HEK293 cells transfected with L1-
Myc-KvLQT1-WT, -delV595, or
-P631fs/19 constructs (Fig. 5A)
were immunostained using anti-c-
Myc Ab under non-permeabilized
or permeabilized conditions. Under
non-permeabilized conditions in
which a-tubulin was not detected
(Fig. 5B, a), L1-Myc-KvLQT1-WT
was expressed at the cell surface
(Fig. 5D, a), but L1-Myc-KvLQT1-
delV595 showed reduced cell
surface expression (Fig. 5D, b). Un-
der the permeabilized condition in
which a-tubulin was detected (Fig.
5B, b), L1-Myc-KvLQT1-delV595
represented an abnormal intracellu-
lar granular pattern with reduced
fluorescence intensity (Fig. 5D, e
and g), whereas a diffuse reticular
pattern: was found for L1-Myc-
KvLQT1-WT (Fig, 5D, d). L1-Myc-
KvLQT1-P631£s/19 showed abnormal
localization: similar to that of L1-
Myc-KvLQT1-delV595 (Fig. 5D, ¢ f,
and k). The abnormal localizations
caused by the mutations were not
suppressed . by - the . presence  of
MinK, which had a critical chaper-
one-like funiction (Fig. 5E). To cor-
roborate the reduced cell surface
expression of KvLQT1-delV595 and
-P631fs/19, Western: blot analysis
was performed for the:membrane

protein-enriched fraction from cells transfected with Nt-Myc-
IVLQT1 constructs (schematic representation is shown in Fig.
6A). It was demonstrated that the expression of the KvLQT1
channel in the membrane fraction was significantly decreased
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cellular proteins at 12, 24, 48, and
72 h after transfection in HEK293
cells demonstrated that both
Nt-Myc-KvLQT1-delV595  and
-P631fs/19 mutant proteins ex-
pressed statistically lower than the Nt-
Myc-KvLQT1-WT protein, whereas
the Myc-tagged C terminus KvLQT1
proteins expressed at similar levels
(Fig. 6, B and C). In addition, the
amount of mutant proteins de-
creased, especially at 72 h, suggest-
ing that both mutations affected the
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by the delV595 and P631fs/19 mutations (0.49 * 0.06 and
0.09 % 0.06 AU, respectively, p < 0.001 in each case), although
a similar amount of caveolin-1, a marker of the membrane pro-
teins, was detected in the analyzed fractions (Fig. 5F). Because
the reduced expression level of full-length KvLQT1 in the
membrane fraction might be specific to the Myc-tagged
KvLQT1, we examined the expression of mutant KvLQT1 pro-
teins in cells transfected with the GFP-tagged full-length
KvLQT1 constructs and found again the decreased expression
of KvLQT1 carrying each mutation (data not shown).

Altered Stabilization and Subcellular Fraction of KvLQTI
Channel Caused by the Mutations—To investigate further the
expressivity and stability of mutant KvLQT1 proteins, we
examined the expression of Nt-Myc-KvLQT1-WT, -delV595,
and -P631fs/19 proteins (Fig. 64) in the cells co-transfected
with Myc-tagged C terminus KvLQT1-WT, -delV595, and
-P631£s/19 (Fig. 4A), respectively. Western blot analyses of total
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FIGURE 4. Binding of C terminus KvLQT1 proteins. A, schematic representation of constructs used in this
experiment. C-terminal cytoplasmic domain of KVLQT1 protein was tagged with Myc or GAL4. B (top), amounts
of Myc-tagged C terminus KvLQT1 expressed in transfected COS-7 cells as measured by Western blot analysis
of whole-cell supernatants. Middle, amount of Myc-tagged C terminus KvLQT1 after co-IP with GAL4-tagged C
terminus KvLQT1. Bottom, amounts of GAL4-tagged C terminus KvLQT]1 after the co-IP with GAL4-tagged C
terminus KvLQT1. C, ratios of the amount of Myc-tagged C terminus KvLQT1 to that of GAL4-tagged C terminus
KvLQT1 after the co-IP. Densitometric data for Myc-tagged C terminus KvLQT1-WT and GAL4-tagged C termi-
nus KvLQT1-WT were arbitrarily defined as 1.0. Data are represented as means = S.E.(n = 4 foreach case). *,p <

for c-Myc and calnexin (a marker
for ER) under the permeabilized
conditions. Cytoplasmic reticular
distribution of L1-Myc-KvLQT1-
WT was found with calnexin (Fig.
7A, a-c). On the other hand, L1-
Myc-KvLQT1-delV595 and -P631fs/
19 showed reticular and abnormal
intracellular granular patterns
with aggregates, and these aggre-
gates were at least in part co-local-
ized with calnexin (Fig. 74, d—fand
g—i, respectively). These data sug-
gested that both L1-Myc-KvLQT1-
delV595 and -P631fs/19 were local-
ized to the ER and adjacent
organelle, presumably the Golgi
apparatus. In addition, we examined
the cellular distribution of Myc-
tagged C terminus KvLQT1. It was
found that both normal and mutant
Cterminus KvLQT1 proteins did not express on the cell surface
and showed a diffuse intracellular distribution pattern (Fig. 7B).

To investigate the cause of the trafficking defect due to the
P631fs/19 mutation, we made two additional constructs (Fig.
8A). One was P631stop, in which the 19 amino acids generated
by the frameshift were removed, and the other was an artificial
frameshift derived from the insertion of two nucleotides, result-
ing in the addition of 34 amino acids (P631£s2/34). To our sur-
prise, both L1-Myc-KvLQT1-P631stop and -P631£s2/34 were
expressed well at the cell surface under the non-permeabilized
condition (Fig. 8B, a4 and b, respectively). Furthermore, these
KvLQT1 proteins showed cytoplasmic reticular distribution
patterns under the permeabilized condition (Fig. 8B, fand g,
respectively), indicating that the 19 residues in P631fs/19
caused the intracellular aggregation and trafficking defect. We
hypothesized that there might be a retention signal to ER
and/or Golgi in the 19 residues that caused the trafficking
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