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Abstract

Background—Mutations in the KCNQ1 and HERG genes cause the Long QT Syndromes, LQTS1
and LQTS2, due to reductions in the cardiac repolarizing ks and Ik, currents, respectively. It was
previously reported that KCNQ1 co-expression modulates HERG function by enhancing membrane
expression of HERG, and that the two proteins co-immunoprecipitate, and co-localize in myocytes.
In vivo studies in genetically modified rabbits also support a HERG-KCNQL1 interaction.

Objective—We sought to determine whether KCNQ1 influences the current characteristics of
HERG genetic variants.

Methods—Expression of HERG and KCNQ1 wild type (WT) and mutant channels in heterologous
systems, combined with whole cell patch clamp analysis and biochemistry.

Results—Supporting the notion that KCNQ1 needs to be trafficking competent to influence HERG
function, we found that although the tail current density of HERG expressed in CHO cells was
approximately doubled by WT KCNQ1 co-expression, it was not altered in the presence of the
trafficking-defective KCNQ1tsg7p Variant. Activation and deactivation kinetics of HERG variants
were not altered. The HERGp1247 Variant, previously shown to be mildly impaired functionally, was
restored to WT levels by KCNQ1-WT but not KCNQLtsg7pm Co-expression. The tail current densities
of the severely trafficking-impaired HERGggp15 and HERGRgggsc Vvariants were only slightly
improved by KCNQ1 co-expression. The trafficking competent, but incompletely processed
HERGs9gq, and a mutation in the selectivity filter, HERGgg2gs, were not improved by KCNQ1
co-expression.

Conclusions—These findings suggest a functional co-dependence of HERG on KCNQL1 during
channel biogenesis. Moreover, KCNQ1 variably modulates LQTS2 mutations with distinct
underlying pathologies.

Corresponding Author: Sabina Kupershmidt, Ph.D., Vanderbilt University School of Medicine, Department of Anesthesiology, 554
Preston Research Bldg., Nashville, TN 37232-6602, ph: (615) 936-2586 Fax: (615) 936-0456, sabina.kupershmidt@vanderbilt.edu.

Conflicts of interest: none for all authors

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hayashi et al.

Keywords

Page 2

arrhythmia; Long QT Syndrome; potassium channel; genetic variants; electrophysiology; trafficking

Introduction

Methods

Plasmids

The delayed rectifier K* current, I _plays a critical role in action potential repolarization in
cardiac myocytes and consists of two components, Ik, and Ixs. The HERG protein, encoded
by the KCNH2 gene, constitutes the pore-forming subunit of ;23 whereas KCNQ1, and its
B subunit KCNE1, form Iks.4"> All three genes are targets for genetic mutations in LQTS.
Mutations in KCNQ1 and HERG cause the congenital LQTS16 and LQTS2,” respectively.

KCNQ1 co-expression with HERG in cultured cells results in increased Igrg density and
HERG and KCNQ1 interact biochemically and co-localize in myocytes.8:9 Expression of
dominant-negative KCNQ1 or HERG transgenes in genetically modified rabbits resulted in
the downregulation of the remaining reciprocal current, indicating that the two proteins interact
in vivo.10

We speculated that KCNQ1 enhances Inerg because of a codependency during biogenesis/
trafficking and compared the effects of WT and the trafficking-deficient KCNQLltsg7m
variant!l on HERG genetic variants. Our findings indicate that there is a functional
interdependence of LQTS2 and LQTS1 mutants, and that the impact of KCNQZ1 will depend
on the underlying patho-physiology of any given HERG variant, as well as on trafficking
functions associated with KCNQL.

The HERG cDNA was subcloned as described.12 Mutations were introduced into the HERG
cDNA in the same vector backbone (pSl, Promega) using recombinant PCR and verified by
sequencing. The triple FLAG-tagged KCNQ1 was as described.1® The KCNA5 cDNA was

contained in pPBKCMV. HA-HERG on vector pSI contains two HA epitopes fused in frame
upstream of the HERG initiator ATG.

Electrophysiology

CHO-K1 cells were transfected with cDNA concentrations listed in the figure legends and
sufficient GFP-Ire carrier DNA to bring the total DNA concentration to a constant amount
using FUGENE 6 (Roche, Indianapolis, IN).

Cells exhibiting green fluorescence associated with KCNQ1-IRES-GFP or the GFP-Ire vector
were chosen for whole cell patch clamp as described.14 Drug effects were recorded in cells
following a pre-drug period where control data were obtained (during pulsing) and a 2 minute
drug wash-in period throughout which the cell was held at —80 mV. For all drug applications,
we used a small bath volume (~1 ml), and fully exchanged the external solution at least 4 times
within a 2-minute time period.

Data were acquired, using pCLAMP software (v 8.2; Axon Instruments, Inc., Foster City, CA)
as described.* Pooled data were expressed as means and standard errors, and statistical
comparisons were made (Origin, Microcal Software, Northampton, MA) with P<0.05
considered significant.
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Immunoprecipitations and Western blotting

Results

Whole cell protein extracts were prepared as described.4 700 pgs of each extract were
immunoprecipitated with EZview Red Anti-FLAG M2 or anti-HA Affinity Gel (Sigma).
Immunoprecipitates were washed three times with 1xTBS (0.9% NaCl, 20 mM Tris, pH 7.4),
followed by resuspension in SDS sample buffer, and prepared for Western blotting with a rabbit
anti-HERG antibody (1:400 dilution, Alomone), goat anti-KCNQ1 antibody (1:200 dilution,
Santa Cruz), or anti-KCNAJ5 (1:400, Alomone) in combination with an HRP-linked anti-goat
secondary antibody (1:5,000 Jackson ImmunoResearch) or anti-rabbit secondary antibody
(1:10,000 dilution, GE Healthcare Bio-Sciences Corp.) using ECL (GE Healthcare Bio-
Sciences Corp.).

Coexpression of WT KCNQL1 increases lygrg Without affecting gating

To assess the effects of KCNQ1 on HERG, we transfected CHO cells with both cDNAs. To
separate KCNQ1 and HERG currents, we used the specific Ik, blocker, dofetilide and
subtracted the dofetilide insensitive component (Ixcno1) from the composite current measured
in the absence of drugs. Only the dofetilide-sensitive (I4grg) COmponent was increased after
KCNQ1 expression (Figure 1B-D). The current—voltage relationship of the activating current
after subtracting the dofetilide insensitive component shows enhanced Iyerg When KCNQ1
is present (Figure 1C, D). The mean amplitude (= SEM) of the tail currents at =50 mV after a
depolarizing test pulse to + 40 mV was 37.5 £ 4.9 pA/pF (n=29) for HERG plus KCNQL1 at a
cDNA ratio of 1:1, versus 19.4 £+ 2.6 pA/pF (n=30) for HERG alone (P<0.05). With increasing
amounts of KCNQ1 cDNA, we observed increasing Ipgrg, suggesting dose-dependency
(Figure 1G): Ata 1:2 ratio of HERG:KCNQ1 cDNAs, the mean amplitude of the tail currents
was 60.1 £ 7.3 pA/pF (n=19, P<0.05 compared to the 1:1 ratio). At a 1:3 ratio, the mean
amplitude was 77.3 £ 13.9 pA/pF (n=12, P=n.s. versus the 1:2 ratio).

The amplitude of the tail currents observed with a 1:1 ratio was plotted as a function of the test
potential and the curve was fitted to a Boltzmann function (Figure 1E). The Vy,, of activation
was 1.7 + 1.4 mV (n=22, slope factor 8.5 + 0.2 mV) for HERG alone, which was comparable
t0 0.0 £ 1.4 mV (n=25, slope factor 9.2 + 0.3 mV) for HERG plus KCNQ1.

Inerg fast and slow deactivation time constants were comparable for HERG alone and HERG
plus KCNQZ1 (Figure 1F). Since HERG kinetics are known to be influenced by temperature,
15 we also assessed the effects of KCNQ1 co-expression on lpgrg at 36° C, but found no
change in activation, deactivation, and inactivation kinetics.

To determine whether the effects of KCNQ1 show specificity for HERG, we co-expressed
KCNQ1 with KCNAS. We first demonstrated that Ixcng Was insensitive to concentrations
of 4-AP known to inhibit Ixcnast® (Figure 2A). Following co-expression, we then subtracted
the component of the current that is insensitive to 2 mM 4-AP (Ixcng1) from the composite
current, to derive values for Ixcnas activating currents. As Figure 2B shows, Ixcnas Was not
altered following KCNQ1 co-expression.

A trafficking defective LQTS1 mutant does not affect Ingrg

Since KCNQL1 increases Ipgrg Without influencing its kinetic properties, and because Ehrlich
et al8 previously suggested that KCNQ1 improves HERG membrane localization, we assessed
the effect of a trafficking defective KCNQ1 mutation (T587M17) on Iygrg. No current was
observed upon KCNQ1y5g7p expression alone, and KCNQ1tsg7pm co-expression did not alter
IHerG levels (Figure 3A-C). The mean amplitude of the tail currents measured at -50 mV after
a depolarizing test pulse to +40 mV was 17.2 + 2.9 pA/pF (n=11) for HERG plus
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KCNQ1tsg7m, significantly smaller than 37.5 £ 4.9 pA/pF (n=29) for HERG plus WT KCNQ1
(P<0.05) (Figure 3C). These results agree with observations made recently by Biliczki et al.®
The current-voltage relationship of normalized tail currents showed that both the V1, and slope
factors were comparable (Figure 3D), indicating no effect on kinetic properties of Iqerg.

HERG mutants are variably rescued by co-expression with WT KCNQ1

We next determined whether co-expression of KCNQ1 affects selected HERG mutants. In
Xenopus oocytes, the acquired LQTS-associated variant HERG1241 showed reduced current
amplitude, although kinetics were not significantly altered.18 Expressed in CHO cells,
HERG\124T current was decreased 2 fold compared to WT (Figures 4A and B). The mean
peak tail currents at =50 mV following a test pulse to + 40 mV for 1 ng of HERG and 1 pg of
HERGM 1241 Were 47.3 £ 6.5 pA/pF (n=12) and 23.8 £ 2.1 pA/pF (n=11), respectively. The
current-voltage relationship of normalized tail currents revealed comparable V1, and slope
factors (Figure 4C). Co-transfection with WT KCNQ1 boosted HERGp1247 current levels to
those observed with WT HERG (compare Figures 4A and 4E, or 4B and 4F).

When we substituted KCNQ1tsg7\m for WT KCNQZ1, this effect was no longer achieved
(Figures 4E and F). The mean amplitude of the tail currents was 45.6 + 8.1 pA/pF (n=9) for
HERGp1241 plus KCNQL1, which was significantly bigger than 19.0 = 5.2 pA/pF (n=8) for
HERGp 1241 Or 20.2 £ 4.5 pA/pF (n = 8) for HERGp1241 plus KCNQLysgzm (Figure 4F).
Mean V4, values for HERGp1241, HERGpM124T plus KCNQL, and HERGpy124T plus
KCNQ1t5g7m Were — 0.4 £ 5.5 mV (n=8, slope factor 8.3 £ 0.9), 5.5 £ 5.9 mV (n=9, slope
factor 7.8 £ 1.1) and 2.2 £ 9.4 mV (n=8, slope factor 9.0 £ 2.2), respectively (Figure 4G).

We next considered whether KCNQL1 selectively improves the defects of trafficking-deficient
LQTS2 mutants. HERG variants G601S and F805C are defective in intracellular trafficking.
19-21 n contrast, HERGggogs affects the pore region; the mutant is fully glycosylated and
reaches the cell surface.2! The amplitudes of the activating currents produced by G601S, F805C
and G628S mutants are too small to evaluate with the pulse protocol shown in Figure 1. For
this reason, we monitored recovery from inactivation (inset, Figure 5A).22:23 KCNQ1 co-
expression with the trafficking defective HERGggg1s!® increased current density from —14.8
+ 2.2 pA/pF (n=12) to —28.1 + 2.8 pA/pF (n=12) (P<0.05) (Figure 5B). Similarly, F805C20
produced tiny currents when expressed by itself (—1.8 + 0.3 pA/pF, n=15), but was partially
rescued after KCNQ1 co-expression (4.3 + 0.7 pA/pF, n=15, P<0.05) (Figure 5C). Co-
expression of KCNQ1 with the pore-mutant HERGggpgs did not improve the phenotype
(Figure 5D).

The HERGp59gg mutation is glycosylation deficient and causes a decrease in Igrg due to
decreased stability at the plasma membrane.2 To determine whether KCNQ1 co-expression
improves the stability of HERG at the membrane, we assessed KCNQ1 effects on
HERGs9gq- Initially, we examined the properties of N598Q channels alone. Mean tail
currents measured at =50 mV for 1 ug of HERG and 1 pg of HERGysggq Were 38.2 + 3.9 pA/
pF (n=17) and 13.1 = 1.5 pA/pF (n=19), respectively (Figure 6A, P<0.01). When tail currents
were plotted as a function of test potential fitted to a Boltzmann function, the V1, for HERG
and HERGpsggg Were —1.9 + 1.9 mV (n=12, slope factors of 7.9 + 0.2) and -11.4 + 2.1 mV
(n=9, slope factor 8.6 + 0.5) respectively, a significant shift to negative potentials (P<0.01,
Figure 6B). Similarly, when the inactivation process was analyzed with the voltage clamp
protocol shown in figure 5A, the V1, of inactivation yielded —70.4 £ 0.7 mV for HERG (n=8§,
slope factor 19.5 £ 0.7) and —77.2 £ 1.6 mV for N598Q (n=9, slope factor 20.2 £ 0.7) (Figure
6C). Thus, steady-state inactivation was shifted to negative potentials (P<0.01, Figure 6C).
The fast and slow deactivation time constants at —100 and —50 mV showed no difference
(Figure 6D). When HERGNs9gq Was coexpressed with KCNQL, the tail currents measured at
—50 mV after a depolarizing test pulse to + 40 mV were —12.3 + 2.6 pA/pF (n=15) for
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HERGs9gq and —12.4 + 1.6 pA/pF (n=15) for HERGpsggq plus KCNQL1 (P = n.s.; Figure
6F). Thus, co-expression of KCNQ1 does not appear to stabilize HERGnsggg at the plasma
membrane.

Effects of KCNQ1 on HERG processing

The glycosylation status of HERG is a frequently used measure of the intracellular processing
of HERG.21:24=28 Multiple HERG-related bands are observed on Western blots of HERG-
expressing cells. The lower M, bands (100-135 kDa) represent incompletely/core glycosylated
forms, while the higher band (155 kDa) represents the fully-glycosylated, mature form at the
plasma membrane. Western blot analysis (Figure 7A) indicated that co-expression of WT
KCNQ1 or KCNQ1tsg7Mm (upper panel) resulted in the identical glycosylation pattern of HERG
(lower panel). Figure 7B addresses the processing of HERG variants in response to KCNQ1
co-transfection. Again, there was no discernible difference: The processing of incompletely
processed variants like F805C, G601S and N598Q does not improve upon co-transfection with
KCNQL.

Co-immunoprecipitation experiments indicate that KCNQ1 associates with all of the co-
expressed HERG variants, regardless of effects on current levels (Figure 7C). Similar findings
were recently reported by Biliczki et al.? To control for unspecific association of HERG protein
to the anti-FLAG linked immunoprecipitating beads, we performed parallel
immunoprecipitations with a 3XFLAG-tagged protein (ARHGAPS6) that does not associate
with HERG (lanes 1, Figure 7C).2° Reciprocal immunoprecipitations directed against HA-
tagged HERG similarly show co-precipitation of KCNQ1 (Figure 7D, lanes 1 and 2) and
KCNQ1t587Mm. Co-immunoprecipitation of HA-HERG plus KCNADS, followed by and Western
blot analysis did not show evidence of interaction (Figure 7E, left lane).

Discussion

The cardiac myocyte current Ik, is composed of two pharmacologically distinguishable
components, Ik, and Ixs, which are co-expressed.30 Considering the prior observation made
by Ehrlich et al.8 that HERG increases membrane localization of KCNQ1 in transfected CHO
cells, we hypothesized that the “Igrg booster” effect mediated by KCNQ1 may be linked to
an event during the biogenesis of the channel, rather than through regulation of HERG
biophysical properties at the membrane. In support of this idea, we demonstrated that KCNQ1
needs to be trafficking-competent before effects on HERG can be observed.

Co-expression of WT KCNQ1 with HERG mutants in mammalian cells can rescue some of
the mutants. HERGp124718 produced current levels comparable to WT HERG after co-
expression with WT KCNQ1 but was not improved in the presence of the trafficking-defective
KCNQ1t5g9Mm- This suggests that a simultaneous diminution of KCNQL1 trafficking function
would aggravate the HERGpy 1247 defect in patients with the acquired LQTS.

The G601S HERG LQT2 mutation results in a trafficking-deficient protein retained within the
ER.19:25 The SERCA inhibitor thapsigargin, as well as Ik, blocking drugs and culture at
decreased temperature can partially rescue G601S.31:32 Qur study shows that HERGggp;3s tail
currents are increased 1.9 fold upon KCNQ1 co-expression. F805C is another trafficking-
deficient mutation?0 that can be rescued by culture at decreased temperature and thapsigargin.
31 1n our experiments, KCNQ1 increases HERGggosc currents 2.4 fold. At the other end of the
spectrum, G628S mutates a strictly conserved glycine within the HERG selectivity filter and
generates no current although it is inserted into the plasma membrane.?! Not surprisingly,
KCNQ1 co-expression did not alleviate the phenotype of this mutant.

Heart Rhythm. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hayashi et al.

Page 6

HERGs9gq represents a third class of variants that is glycosylation deficient but known to
still traffic to the membrane although its stability at the plasma membrane is impaired.2* The
N598Q phenotype was not altered after KCNQ1 co-expression (Figure 6), suggesting that
KCNQL1 co-expression does not simply stabilize HERG at the plasma membrane.

Relation to previous studies

Ehrlich et al® initially described the interaction between HERG and KCNQ1 proteins and
currents in heterologous systems. Although they reported a change in the fast phase of
deactivation of Iyerg upon co-transfection with KCNQ1, we did not observe this (Figure 1F),
either at RT or at 36°C. Indeed, KCNQ1 effects on HERG trafficking alone would not be
expected to result in a change in HERG kinetics.

While our study was being reviewed, Biliczki et al @ reported the effects of KCNQ115g7m 0N
HERG current and membrane localization. In agreement with our studies, they found that
unlike WT KCNQ1, KCNQ1ysg7pm Was not able to increase HERG current, that
KCNQ1ts587m and HERG could be co-immunoprecipitated, and that the glycosylation pattern
of HERG was unaltered. However, these authors determined that the amount of HERG at the
plasma membrane increases with KCNQ1 co-expression.

Another study investigated the combined effects of mutations in HERG and KCNQL1 on total
cell currents33 in Xenopus oocytes where co-expression of HERG and KCNQ1 did not result
in an enhancement of the HERG current and the two mutated channel proteins under
investigation, KCNQ1grs91H and HERGR325¢, showed no functional interaction. Divergent
intracellular processing pathways between Xenopus oocytes and the mammalian CHO cell
expression systems may well account for the observed discrepancies.

Clinical implications

Compound heterozygosity in HERG and KCNQL1 has been observed in multiple LQTS
patients.34:3% We find that KCNQ1 differentially affects LQT2 variants with varying
underlying pathologies. Conversely, only trafficking competent KCNQL1 is able to influence
HERG and variants, indicating that the clinical phenotypes produced by HERG mutations
would be influenced by stimuli, either genetic or environmental, that control KCNQ1
trafficking. The results from our study emphasize the need for attention to KCNQ1/KCNH2
interactions in the course of studies of potential arrhythmia mechanisms and anti-arrhythmia
therapeutics.
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hrs Hours

HERG Human ether-a-go-go-related gene
LQTS Long QT Syndrome

n.s Not significant

WT Wild-type

4-AP 4-aminopyridine
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Figure 1. KCNQL1 co-expression increases HERG current amplitude but does not affect voltage-
dependence or kinetics

(A) Representative current traces with and without 1 uM dofetilide. Amounts of cDNAs
transfected are indicated. Inset, voltage protocol. (B) Current-voltage relationship measured at
the end of the activating pulse for 0.5 ng HERG (n=29) and 0.5 ng HERG + 0.5 ug KCNQ1
(n=25). *, P<0.05 by one-way ANOVA versus HERG alone. Current-voltage relationship of
activating (C) and tail currents (D) for HERG (n=29) and HERG +KCNQ1 (n=25). (E) Mean
amplitudes of normalized tail currents for HERG (n = 24) and HERG+KCNQ1 (n=25). (F)
Deactivation time constants of HERG (n=23) and HERG+KCNQ1 (n=20). Current was
activated by 2 s pulses to +20 mV, followed by a return to test potentials between —50 mV and
—100 mV. (G) Summary data of the tail current density measured at —50 mV after a depolarizing
test pulse to +20 mV of 0.5 ug HERG (n=30), 0.5 pg HERG + 0.5 ng KCNQ1 (n = 29), 0.5
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ug HERG + 1.0 ng KCNQ1 (n = 19), and 0.5 pg HERG + 1.5 ug KCNQ1 (n = 12). *, P< 0.05

versus 0.5 pg HERG alone. T, P< 0.05 versus 0.5 pg HERG + 0.5 ug KCNQ1 (one-way
ANOVA).
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Figure 2. KCNQL1 co-expression does not influence KCNAS current amplitude
(A) Representative current traces from cells transfected with (bottom) and without (top) 2 mM
4-AP. Inset, voltage protocol. (B) Current-voltage relationship of KCNQ1 activating currents
without (n = 6) and with 4-AP (n = 6), and those of KCNAS5 (n = 7) and KCNA5 + KCNQ1

(n = 7) after subtracting the 4-AP insensitive component.

Heart Rhythm. Author manuscript; available in PMC 2011 July 1.

S Y

[

Page 11

—*- KCNAS5
- KCNA5+KCNQ1

50 -40 -20 0 20 40 60

Membrane potential (mW)



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Hayashi et al.

A

faFl

-

Actiwating currest (pA

KCNQ1yeqma 0.5 10 HERG 0.5 ug
EGFF 2.0 ug EGFP 24
— .

® HERG
m HERG+KCNGQA
« HERG+KCNG 11earme

oHERG
s HERG+HKCNG1

CHERG+KCNQ 157

- L L) L EEa
= =4 1141
,'r'?'l:u. . 3 *RTIT
[T N ad 274
-X R s *s
.‘,r S : i ‘::-; h’"_&ﬁ*
,.;}‘,“ Py o e
- : i i
&9 40 F0 @ Hos W B 4 I0 W M e #E

Membrame potential imV) Membrane petential m¥|

1
-

$#d

wrramt

Naormalized

Page 12

HERG 05 pg
KON jggme 0.5 10
EGFP 1.5 ug

o HERG
s HERG+KCNQ1
AHERGHKTNGQ 1 rarm

!.1‘ i
oA
1 i"

(¥
1

Figure 3. The trafficking-deficient KCNQ1 T587M variant has no effect on HERG current
amplitude
(A) Representative currents recorded from CHO cells expressing KCNQ1tsg7m, HERG +
KCNQ1, HERG, or HERG + KCNQ1t587Mm channels. Current-voltage relationships of
activating (B) and tail currents (C) for HERG alone (n=9), HERG + KCNQ1 (n = 10), and
HERG + KCNQ1ysg7m (n = 8), following subtraction of dofetilide insensitive currents. *, P
< 0.05 by one-way ANOVA versus HERG alone. (D) Mean amplitudes of normalized tail
currents for HERG (n=9), HERG + KCNQ1 (n=10), and HERG + KCNQ1y5g7n (n=8).
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Figure 4. KCNQL1 co-expression restores HERG1241 current to WT levels

Peak activating (A) and tail (B) current-voltage relationships for WT HERG (1 pg, n=12) and
HERGpM124T (1 pg, n=11). *, P <0.05 versus WT HERG. (C), Normalized peak tail currents
for HERG (n = 12) and HERG 1247 (n = 11). (D), Representative currents from cells
expressing HERGp 1241, HERG\M1241tKCNQL or HERGp124T +KCNQ1L1sg7Mm. Current-
voltage relationship of activating (E) and tail currents (F) for HERGp1241 (n=8),

HERGp 1247 + WT KCNQ1 (n = 9), and HERGpM1241 + KCNQ1l1s87Mm (n:8). Dofetilide
insensitive component subtracted. *, P < 0.05 versus HERG 1247 (G), Normalized I-V
relationships of peak tail currents for HERGp1241 (n= 8), HERGp1241 + KCNQ1 (n=9), and
HERGm1241 + KCNQ1rsg7m (n=8).
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Figure 5. Effects of KCNQ1 co-expression on current amplitudes of LQT2 mutant channels
Currents were elicited by 5 s depolarizing pulses ranging from —60 mV to +40 mV, peak tail
currents were measured during a 3 s pulse to =120 mV, and plotted as a function of the prepulse
potential; the holding potential was — 80mV. Inset, voltage protocol. Dofetilide sensitive
currents are represented. (A) WT HERG, (B) HERGgg15s, (C) F805C, or (D) G628S co-
expressed with either carrier cONA (EGFP) or with KCNQ1. G601S,n=12; G601S + KCNQL1,
n =12; F805C, n = 15, F805C + KCNQ1, n = 15; G628S, n = 5, G628S + KCNQ1, n =4. *,
P < 0.05 by one-way ANOVA versus HERGggp15 0r HERGEgpsc.
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Figure 6. HERGNsggq with reduced membrane residence time, not rescued by KCNQ1

(A) Tail current density measured at -50 mV after a test pulse to + 20 mV of WT HERG (n =
17) and HERGps98q (n=19). (B), Normalized I-V relationships for tail currents of WT HERG
(n=12) and HERGps5ggq (n=9). (C), Normalized steady-state inactivation curves of WT HERG
(n = 8) and HERGpsggq (n=9). (D), Deactivation time constants of WT HERG (open and
closed circles, n=11) and HERGpsggq (n=9). (E), Representative traces from CHO cells
expressing HERGs9gq, and HERGNs980+KCNQL. Inset, voltage protocol. Current-voltage
relationship of tail currents of HERGnsggq (n=15) and HERGysggq + KCNQ1 (n=15).
Dofetilide sensitive currents only are represented.
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Figure 7. Effects of KCNQL1 co-expression on intracellular processing of HERG and KCNQ1-
HERG-variant interactions

(A) Western blot analysis of whole cell extracts prepared from stable, HERG-expressing CHO
cells transfected with either 4 ugs of EGFP or KCNQ1 (Q1) cDNA. 10 pgs protein loaded.
Cells transfected with KCNQZ1 (lane 1), KCNQ1ysg70m (lane 2), or EGFP (lane 3). Probe: anti-
KCNQ1 (top panel), anti-HERG (bottom panel). (B) 10 ugs of whole cell extracts from
transiently transfected CHO cells, prepared for Western blot. WT, M124T, F805C and G628S
present incompletely- (bottom arrow), as well as fully-glycosylated bands (top arrow). N598Q,
F805C, and G601S show incompletely-glycosylated bands only. (C) Transfected cell extracts
analyzed by Western blots (input) or following immunoprecipitation with antibody (anti-
FLAG) specific for KCNQ1 and probed with anti-HERG. Lanes 1, 3xFLAG-ARHGAP6,2
plus HERG as a negative control. Lanes 2, 3XFLAG-KCNQ1 plus HERG WT; lanes 3, plus
HERG\1247, lanes 4, plus HERGnsggq; lanes 5, plus HERGrgosc; lanes 6, plus
HERGgg23s, lanes 7, plus HERGggg1s. (D) Reciprocal reaction using an anti-HA
immunoprecipitating antibody directed against HA-tagged HERG. Lanes 1, HA-HERG alone;
lanes 2, HA-HERG plus WT KCNQZ1; lanes 3, HA-HERG plus KCNQ1ysg7p; Western
antibody directed against the FLAG epitope of KCNQ1 (anti-FLAG HRP-linked, 1:500,
Sigma). (E) Cells transfected with HA-HERG plus KCNA5 cDNA immunoprecipitated with
anti-HA linked beads. KCNADS does not immunoprecipitate with HA-HERG. Panels D and E
were parallel-processed.
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