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Abstract

Co-assembly of KCNQ1 with different accessory, or beta, subunits that are members of the KCNE
family results in potassium (K*) channels that conduct functionally distinct currents. The alpha
subunit KCNQ1 conducts a slowly activated delayed rectifier K* current (Iks), a major contributor
to cardiac repolarization, when co-assembled with KCNEL1 and channels that favor the open state
when co-assembled with either KCNE2 or KCNE3. In the heart, stimulation of the sympathetic
nervous system enhances lxs. A macromolecular signaling complex of the Iks channel including the
targeting protein Yotiao coordinates up or downregulation of channel activity by protein kinase A
(PKA) phosphorylation and dephosphorylation of molecules in the complex. B-adrenergic receptor
mediated ls upregulation, a functional consequence of PKA phosphorylation of the KCNQ1 amino
terminus (N-T), requires co-expression of KCNQ1/Yotiao with KCNEL. Here, we report that co-
expression of KCNEZ2, like KCNEZ1, confers a functional channel response to KCNQ1
phosphorylation, but co-expression of KCNE3 does not. Amino acid sequence comparison among
the KCNE peptides, and KCNE1 truncation experiments, reveal a segment of the predicted
intracellular KCNEL1 carboxyl terminus (C-T) that is necessary for functional transduction of PKA
phosphorylated KCNQ1. Moreover, chimera analysis reveals a region of KCNE1 sufficient to confer
cAMP-dependent functional regulation upon the KCNQ1 KCNE3_Yotiao channel. The property
of specific beta subunits to transduce post-translational regulation of alpha subunits of ion channels
adds another dimension to our understanding molecular mechanisms underlying the diversity of
regulation of native K* channels.
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Introduction

Heteromultimeric assembly of Ky, channels and accessory subunits provides a multiplicity of
native K* currents that are important in maintaining the electrical activity in most cells.
KCNQ1, a Ky, channel found in a variety of tissues including the heart, brain, small intestine,
colon and stomach, conducts functionally distinct K* currents.? The tissue specificity of
currents is largely due to assembly of the pore forming KCNQ1 alpha subunit with different
KCNE accessory (beta) subunits. When co-assembled with the beta subunit KCNE1 (minK),
KCNQ1 conducts a slowly-activating delayed rectifier K* current (Iks) that contributes to
cardiac repolarization.#~® KCNQ1 also forms K* channels that heavily favor the open state
when co-assembled with the beta subunits KCNE2 (MiRP1) or KCNE3 (MiRP2).”:8 The
functional consequences of expression with distinct beta subunit variants may contribute to
various physiological responses not only in cardiac cells but also in epithelial cells in which
KCNQ1 is expressed.” In the heart, contributions from diverse heteromultimeric KCNQ1-
KCNE channels to cardiac repolarization is important because inherited mutations in KCNQ1,
KCNE1 and KCNEZ2 have been associated with variants of the heritable long-QT syndrome
(LQT-1, LQT-5 and LQT-6) as well as congenital atrial fibrillation;10:11 and overexpression
of KCNE3 has been shown to alter cardiac repolarization in an animal model.12

Co-assembly of KCNQ1 with different members of the KCNE family may also affect
physiologically critical posttranslational modification of expressed channel activity. In turn,
this may contribute to or underlie distinct regulation of K* channels by a variety of cellular
modulators of the multitude of native K* currents.? This may be particularly important in the
response of these channels to modulation by stimulation of the sympathetic nervous system
(SNS). Control of the cardiac electrical system by the SNS in response to exercise or emotional
stress, a fundamental property of the cardiovascular system, is mediated by the activation of
B-adrenergic receptors that regulate the activity of select ion channels by phosphorylation via
the cCAMP-dependent protein kinase (PKA) pathway. SNS stimulation increases the
intracellular second messenger cCAMP, enhances Ik, and consequently, shortens the cardiac
ventricular action potential duration (APD) to ensure adequate time for inter beat diastolic
filling. SNS mediated APD shortening underlies SNS control of QT intervals in humans.13 The
cAMP-mediated regulation of the Iks channel is particularly important because carriers of
LQT-1 mutations in the Ik alpha subunit are at greatest risk of lethal arrhythmias in the face
of SNS stimulation.14 The regulation is mediated by a macromolecular signaling complex
consisting of KCNQ1, KCNEL and Yotiao that regulates channel activity by phosphorylation
and de-phosphorylation of Ser?” in the N-T of KCNQ1,15 and of Ser43 in the N-T of Yotiao
(AKAP9).16:17 KCNE1, which is not a substrate of PKA-phosphorylation, is required for the
transduction of the functional consequences of the negative charge at Ser2’ in KCNQ1.18
Although it has been shown that KCNEL1 is not required for PKA phosphorylation of
KCNQ1,8 neither the mechanism of the transduction by KCNEZ1 nor roles of other KCNE
variants in the cAMP-mediated regulation via the macromolecular complex have been
explored.

In the present study, we investigated the roles of two other auxiliary subunits of KCNQ1 in
cAMP-dependent regulation of heteromultimeric KCNQ1-KCNE channels in the presence of
Yotiao. We find that expression of KCNQ1 with KCNEZ2, but not KCNE3, also results in
assembled channels that respond functionally to KCNQ1 phosphorylation. In addition, we
show that the KCNE1 C-T domain is necessary for the functional response of KCNQ1_KCNE1
channels to KCNQ1 phosphorylation and is sufficient to transfer functional responses to
KCNQ1_KCNE3 channels when added to the KCNE3 C-T domain in a chimerical construct.
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We previously have shown that the KCNQ1 protein can be PKA phosphorylated in response
to cCAMP independent of co-assembly with KCNEL, but that the functional response of Ik
channels to cAMP requires co-assembly of KCNE1 and KCNQ 1.18 To begin this investigation,
we first tested whether or not PKA-dependent phosphorylation, was affected by co-expression
of KCNQ1 with either KCNE2 or KCNE3. Because we have previously shown that the
response to cAMP of the KCNE1_KCNQ1 channel is phosphorylation of Ser?” in the KCNQ1
N-T, we used a previously described antibody that specifically detects KCNQ1 pSer?” to assay
KCNQ1 phosphorylation in response to cAMP and okadaic acid (OA) application (Methods).
We repeated this measurement when KCNQ1 was expressed with KCNE1, KCNE2 or KCNES3.
The results of these experiments, summarized in Figure 1, indicate that KCNQL1 is
phosphorylated in response to cAMP independent of co-expression of any of these beta
subunits.

To investigate whether KCNE2 or KCNES3, like KCNEL, transduces the phosphorylation-
induced negative charge at Ser?” KCNQ1 into a functional change in expressed channel
activity, we measured perforated patch whole cell currents in CHO cells expressing Yotiao,
the appropriate beta-subunits and a construct that mimics phosphorylated KCNQ1. Co-
expression of KCNE2 or KCNE3 with wild type KCNQ1 results in channels that that
dramatically favor the open state (Fig. 2) consistent other studies.”:® To mimic PKA
phosphorylation of KCNQ1, we replaced KCNQ1 Ser?” by Asp (S27D) to change the charge
at this residue and refer to the construct as pseudo phosphorylated KCNQ1 as we have
previously reported.16:18 Expression of S27D KCNQ1 with KCNE2, but not KCNE3, resulted
inan increase currentamplitudes (Fig. 2A and B). Much like KCNQ1 regulation in the presence
of KCNE1,16 a negative charge at Ser?” is required to cause this increase in channel current.
Ala substitution at Ser?” (S27A) in KCNQ1 did not change the current amplitudes (Fig. 2A)
when co-expressed with KCNE2.

Because Figure 2 suggests that co-expression of KCNE2 and KCNQ1 should result in
functionally responsive channels to cAMP challenges, we next tested whether an external
application of a membrane permeable cAMP (cpt-cAMP) enhances KCNE2/KCNQ1 currents
(note that in all experiments Y otiao was also expressed). In comparison with the time control
without cAMP application, external application of cpt-cAMP for longer than 3 min
significantly increased KCNE2/wild type KCNQL1 currents. The cAMP-induced enhancement
was then reversed by washout of cAMP (Fig. 3A). Addition of CPT-cAMP increased the
KCNE2/KCNQZ1 currents elicited by test pulses to the range between —60 mV and +40 mV
(Fig. 3B). Mutations at KCNQZ1 residue 27 ablated the cAMP-induced enhancement of
KCNE2/KCNQZ1 currents regardless of substituted amino acid residue (Fig. 4), suggesting that
the cAMP-dependent functional regulation is a consequence of PKA-mediated
phosphorylation at Ser2” of KCNQ1.

Amino-acid sequence comparison among the KCNE family (Fig. 5) reveals potential clues for
a molecular mechanism underlying the transduction of a functional response to the negative
charge at KCNQ1 Ser?’ of channels that include KCNE1 and KCNE2 but not KCNE3. The
overall amino acid sequence homology among the KCNE family members is not very high:
KCNE1 and KCNEZ2 have about 28% sequence identity and KCNE1 and KCNE3 show only
about 15% identity. The C-T of these beta-subunits shows very little sequence homology except
for in one potentially important region. The proximal portion of the C-T domains of KCNE1
and KCNE?2 are highly conserved from Arg®’ through Ala®3 whereas there is considerable
divergence in sequence in this region when comparing KCNE1 with KCNE3. Furthermore,
this region of KCNE1 contains 9 known LQT-5 mutations, suggesting that this region could
be very important for channel function.19-22
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We thus hypothesized that the C-T domains of KCNE peptides are critical for transduction of
cAMP-dependent functional regulations of the KCNQZ1 channel co-assembled with appropriate
KCNE peptides. We first tested this hypothesis by employing previously reported KCNE1
deletion mutants lacking amino acid residues 94-129 (Y 94stop) and amino acid residues 79—
129 (N79stop)23 and examined the effects of these mutations on the cAMP-dependent
regulation of the I channel (Fig. 6 and Table 1). As we have previously reported,18 dialysis
of patch-clamped Chinese hamster ovary (CHO) cells co-expressing wild type KCNEL,
KCNQZ1, and Yotiao with cAMP (0.2 mM) and OA (0.2 uM) increases the activity of KCNE1/
KCNQL1 channels that can be quantified by measuring the amplitude of deactivating current
tails (after +100 mV test pulses: -cAMP/OA 72.0 £ 8.7 pA/pF, n = 10; cAMP/OA 133.7 + 10.8
pA/pF, n=10; p <0.05) (Fig. 6A). We took advantage of this regulatory response to the cAMP
stimulation to explore the effects of KCNE1 C-T domain truncations. In cells expressing
Y94stop KCNE1, KCNQ1 and Yotiao (Fig. 6B), dialysis with cAMP/OA increased tail current
amplitudes (after +100 mV test pulses: -cCAMP/OA 28.6 = 11.5 pA/pF, n = 6; cCAMP/OA 68.4
+ 9.0 pA/pF, n = 6; p < 0.05). Although deletion of amino acids 94-129 in KCNE1 decreased
overall tail current densities, dialysis of CAMP/OA increased total current density at every
voltage in which the channel was open. However, in cells expressing N79stop KCNE1, KCNQ1
and Yotiao (Fig. 6B), there was no significant effect of intracellular cCAMP and OA on KCNE1/
KCNQL tail current amplitudes (after +100 mV test pulses: -cCAMP/OA 13.8 + 3.5 pA/pF, n =
6; CAMP/OA 21.2 + 4.2 pA/pF, n = 6; p = N.S). Because the PKA phosphorylation at Ser2’
KCNQ1 is independent of co-expression of KCNE1,18 it is very unlikely that the N79stop
deletion affects the KCNQ1 phosphorylation. The characteristic Ik current seen in Figure 6C
indicates that the truncated KCNE1 successfully co-assembled with KCNQ1, but the N79stop
beta-subunit failed mediate the cAMP-depedent functional effect on the co-assembled channel

In order to confirm the involvement of the KCNEL C-T in the PKA-dependent functional
regulation, we introduced chimeras of the N-T domain and transmembrane regions of KCNE3
(M1-Y92) spliced with the C-T domain of KCNE1 (N79-P129). We refer to this construct as
KCNE3N/1C. We then tested for functional responses of KCNQ1 KCNE3N/1C channels to
cAMP. Figure 7A shows that the 5-min application of 0.5 mM cpt-cAMP, as done for KCNE2
in Figure 3, did not affect current amplitudes over the activating voltages in cells expressing
KCNE3, KCNQL1 and Yotiao, which is consistent with the result using pseudo-phosphorylated
KCNQL1 in Figure 2B. Without cAMP stimulation, current amplitudes recorded from cells
expressing KCNQ1, Yotiao plus KCNE3N/1C were significantly smaller than those in the
KCNQ1/KCNE3/Yatiao channel. In contrast to wild type KCNE3, the application of cpt-
cAMP significantly increased the current amplitude of the KCNQ1 KCNE3N/1C_Yotiao
channels (Fig. 7B), showing that the KCNE1 C-T domain is sufficient to transfer functional
responsiveness to CAMP to the assembled channels. Taken together, our results indicate that
C-T domains of the beta-subunits of the KCNE family are critical determinants of the PKA-
mediated functional regulation of KCNE/KCNQZ1/Yotiao channels.

Discussion

In this study, we demonstrate that the functional response to cAMP of K* channels that consist
of the alpha subunit KCNQ1 assembled with different members of the KCNE family of beta
subunits depends critically on the KCNE1 variant in the expressed channel. We find cAMP-
mediated PKA phosphorylation of KCNQ1 (at residue Ser?’ ) is not affected by its expression
with the KCNE variants KCNE1, KCNE2 or KCNE3. However, only channels that contain
either KCNE1 or KCNE2 respond functionally to KCNQ1 phosphorylation. Comparison of
the distinct functional cCAMP insensitivity of KCNE3 channels with KCNE1 and KCNE2
channels, we were able to identify critical regions of these beta subunits that are necessary for
functional responses of the assembled channels. Comparison of amino acid sequences among
KCNE1, KCNE2 and KCNES3 revealed a distinct difference in their C-T domains. Deletion
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analysis of the KCNE1 C-T domain and a chimeric strategy identified a critical region of
KCNE1, which is sufficient to transfer a functional cCAMP response to KCNQ1 expressed with
the KCNE3N/1C chimera. These results clearly indicate that it is the beta subunit of the
assembled channel that confers functionality of the channel to post translational PKA-
dependent modification of the alpha subunit and it is the C-T domain of the KCNE family
members that is necessary for this critically important physiological response. In the case of
KCNE3/KCNQL1 channels, it is possible that, because KCNE3/KCNQ1 channel currents are
much larger than either KCNQ1_KCNE2 or KCNQ1_KCNEZ1 channel currents, KCNE3
already induces an enhanced kinetic state of the channel that can no longer be further added to
by PKA phosphorylation. However, even if this is the case, our results with the
KCNQ1_KCNE3N/C chimera indicate that the KCNE3 C-T domain plays a critical role in this
functional property of the expressed channels.

Co-assembly of widely expressed homotetrameric KCNQ1 channels?* with different KCNE
peptides may be a major reason for the diverse gating of native K* currents. In the heart, co-
assembly of KCNE1 and KCNQL1 generates a robust functional demonstration as the Ixs
channel, resulting in a major contributor to cardiac repolarization.*=® It is clear from our
previous studies®18 that requirement of KCNE1, which is not a substrate of PKA
phosphorylation, for cAMP-mediated regulation of the Ik channel has a significant impact on
regulation of the cardiac ventricular action potential duration by the SNS stimulation. Here,
we unraveled a molecular mechanism underlying the role of KCNE1 in transduction of KCNQ1
phosphorylation into the functional regulation.

KCNQ1 also conducts almost time-independent K* currents through channels that favor the
open state when co-assembled with KCNE2 or KCNE3, and this clearly contributes to various
physiological responses in distinct tissues.”~® Our results indicate that KCNQ1_KCNE2
channels respond to cAMP in a manner that results in an increase in expressed currents.
Furthermore, we confirm KCNE2 does not mediate KCNQ1 phosphorylation at S27 but rather
mediates the functional consequences of the phosphorylation, similar to the role of KCNEL in
the I channel. Because KCNE2 and KCNES3 are expressed in the heart,2> and KCNE2 has
been linked to long-QT syndromes (LQT-6),10 and overexpression of KCNE3 alters cardiac
repolarization process,12 the results of our study will impact our understanding of K* channel
currents that may contribute to control of cardiac electrical activity in the face of SNS
stimulation. Our results clearly indicate that channels formed by KCNQ1_KCNE2 co-
assembly will respond to SNS stimulation, but will result in component K* channel currents
that are increased that have almost a time-independent voltage-dependence (see also Fig. 3).
26,27 The magnitude of this contribution to current expressed in the heart will, of course, depend
on the relative expression of KCNE2, which occurs at lower levels than KCNE1,2° but also
their promiscuous interaction with Ky, alpha subunits. It is interesting that currents blocked by
the KCNQL1 blocker azimilide recorded from normal canine cardiomyocytes showed purely
Iks-like properties including gating and the cAMP-dependent regulation, but azimilide-
sensitive currents recorded from myocytes in epicardial border zone have a time-independent
and B-adrenergic receptor-sensitive component.28 Our data suggest that KCNE2-KCNQ1
channels might very well conduct this azimilide-sensitive current in border zone tissue. Clearly
additional work is needed to confirm this interesting possibility.

Clarification of a specific role of each KCNE family beta subunit other than KCNEL1 in cardiac
physiology and pathophysiology needs further investigation with such approaches as targeted
genetic deletion and/or RNAI approaches. Recently, KCNE2 knockout mouse has been
introduced to demonstrate that the KCNE2-KCNQ1 channel is essential for cCAMP-dependent
(histaminergic) gastric acid secretion without redundancy.® Although the cardiac phenotype
has not been indicated in the KCNE2 knockout mice, it would be intriguing to consider
involvement of KCNE2-mediated transduction of phosphorylation in gastric secretion. But,
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parietal cells do not have detectable expression of Yotiao (unpublished data by Kurokawa),
although our study shows that KCNE2-mediated transduction occurs in the presence of Y otiao.
It is possible that other A-kinase anchoring protein-mediated regulation?? is involved, but this
remains unsolved. Although mutations in KCNE3 associate with an inherited human disease,
periodic paralysis in skeletal muscle,3C cardiac phenotypes have not been reported.

The experiments we report here extend our previous observations that demonstrated the
requirement of KCNE1-KCNQ1 co-assembly for the well-known functional response of Ik
channels to cAMP,1 by demonstrating a specific region of the KCNE1 C-T domain which is
necessary for this functional transduction in the Ik channel and sufficient to transfer the
functional response to a normally unresponsive KCNQ1_KCNES3 channel. This region of
KCNEL1 is physiologically critical that is reflected by number of LQT-5 mutations reported in
it.19722 The present results are also consistent with our previous finding that the D76N LQT-5
mutation in the KCNE1 C-T domain ablates the functional response of the resulting Iks
channels to cAMP.18

How the KCNE1 C-T domain senses a phosphorylation-induced change in charge at
KCNQ1residue S27 and then modifies gating of the assembled channel remains to be
determined. Clearly our results imply a close proximity of the KCNQZ1 N-T and the KCNE1
(and KCNEZ2) C-T domains, but our results do not prove interactions between the subunits nor
do they provide evidence for proximity of these channel structures. However, others have
provided evidence for KCNE1 modulation of KCNQ1 through the KCNE1 C-T domain.23:
31 Multiple studies have provided evidence either for direct interactions between KCNE1 and
KCNQ1 or for sufficiently close arrangements to permit spontaneous cross linking between
cysteines substituted into the two subunits.32734 Thus it is very likely that the phosphorylation-
induced change in charge at KCNQ1 S27, either directly or indirectly alters interactions
between the KCNQ1 N-T and KCNEL C-T which, in turn cause multiple effects on channel
activity including altered gating, through allosteric interactions that affect channel function
through multiple interaction sites.

Experimental Procedures

Molecular biology

The human cDNA clone KCNE2 and KCNE3 were a gift from Dr. G.W. Abbott (Cornell
University, New York, NY). Insertion of stop codon either at Tyr%* (Y94stop) or at Asn’®
(N79stop) in KCNE1 was performed by plaque-forming unit-based mutagenesis (Quick
Change™ site-directed mutagenesis Kit; Strategene). KCNQ1 mutants at Ser?” were
constructed previously.16 A chimeric KCNE3N/1C fragment was constructed using a PCR-
based approach by joining a part of the C terminus of KCNEZ1 to the N terminus of KCNE3 at
an Xbal site at Ser82 and Arg8? in the cytosolic C terminus of KCNE3. Pairs of primers used
for construction of the KCNE3N/1C cDNA are as follows (restriction sites underlined): 5'-
primer (sense), ACT TGG ATC CAT GGA GAC TAC CAA TGGA, sequence beginning with
KCNE3 Met! including a BamHI restriction site, and 3'-primer (antisense), AGT TTC TAG
AGC GGG TGT ATC CCAG, sequence ending with KCNE3 C terminal Arg®? including an
Xbal restriction site; 5’-primer (sense), ATT CTC TAG AAA AGT GGA CAA GCG TAG
TGA CCC CTA TAA CGT CTA CAT CGA GTCC, sequence overlapping the C terminus of
KCNES3 ending with Tyr%2 and the C terminus of KCNE1 beginning with Asn’? including an
Xbal restriction site, and 3’-primer (antisense), ATC CGA ATT CTC ATG GGG AAG GCT
TCGT, sequence ending with KCNE1 Pro2? including an EcoRlI restriction site. All cDNA
clones for transfection were subcloned into the mammalian vector pcDNA 3.1 (Invitrogen).
All sequence manipulations were confirmed by using the chain termination method in the DNA
Sequencing Facilities either at Tokyo Medical and Dental University or at Columbia
University.
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Biochemistry

Chinese Hamster Ovary (CHO) cells were transfected with cDNAs for KCNQ1 (0.4 pg per
flask) and Yotiao (2.0 pug per flask) as well as KCNE1, KCNE2 or KCNE3 (0.4 ug per flask).
Forty-eight hours after transfection, cells were incubated with 300-uM membrane preamble
cpt-cAMP plus 0.2-uM okadaic acid (OA) for 10 minutes to induce PKA-phosphorylation.
Control experiments were performed without using cpt-cAMP and OA. Cells were lysed in a
2x sample buffer (5% SDS, 75 mM urea, 300 mM sucrose, 50 mM TrisCl (pH 7.4) and 200
mM DTT). The lysates were then incubated at 50°C for 5 min before being fractionized on 4—
20% SDS/PAGE gels. Dual western blots were performed using a rabbit antibody that was
raised to recognize the phosphorylated S27 residue on KCNQL1, and a commercial goat anti-
KCNQ1 antibody (Santa Cruz Biotechnology). An IRDye 800-conjugated donkey anti-rabbit
IgG antibody (Rockland) and an Alexa Fluor 680-conjugated donkey anti-goat 1gG antibody
(Invitrogen) were used as secondary antibodies. Fluorescence signals from both
phosphorylated KCNQ1 and total KCNQ1 were detected simultaneously by an Odyssey
infrared imaging system (Li Cor Bioscience). Western blot results were quantified and
analyzed using the Odyssey Software (Li Cor Bioscience).

Cell culture and transfection

Chinese hamster ovary (CHO) cells (American Type Cell Culture; USA, Riken; Japan) were
cultured in Ham’s F12 medium and transiently transfected with cDNAs for KCNQ1, KCNE1-
3, CD8 and Yotiao (0.4 ug, 0.4 pg, 0.4 ug and 2 pg, respectively) using Lipofect AMINE with
LipofectAMINE-PLUS reagents (Invitrogen) as previously reported by us.18 Transfected cells
were plated in culture dishes and cultured in an incubator with 5% CO» until use (<48 h).
Dynabeads M-450 anti-CD8 beads (Dynal ASA, Oslo, Norway) were used to visually identify
transfected cells.

Electrophysiology

Currents were recorded by either using the whole-cell patch-clamp technique for KCNEL or
using a perforated configuration of patch-clamp technique to minimize run-down of currents
for KCNE2 or KCNE3.18:35 Cells in culture dishes were placed on the stage of an inverted
microscope (IMT-2 or 1X-71, Olympus), and the culture medium was replaced by Tyrode’s
solution (132 mM NaCl/4.8 mM KCI/2 mM CaCl,/1.2 mM MgCl,/5 mM glucose/10 mM
HEPES, pH 7.4) including Dyna-beads M-450 before measurements of currents. All
measurements were made at the room temperature (22 + 2°C). Pipette resistance of borosilicate
glass electrodes was 2-4 MQ when filled with the internal solution composed of 110 mM K-
aspartate, 5 mM ATP-K5, 11 mM EGTA, 1 mM CaCl,, 1 mM MgCl,, 10 mM HEPES (pH
7.3). Inwhole-cell patch-clamp experiments, series resistance was 3.5-8 Mw. Perforated patch-
clamp experiments were performed by adding amphotericin B (0.3 mg/mL; Nacalai, Japan) to
the internal solution.3%:36 Adequate series resistance (<15 M) were usually attained within
3-min of the GQ seal formation.

Currents were recorded with Axopatch 200A or 200B amplifiers (Axon Instruments). Signals
were low-pass filtered at 2 kHz, sampled at 1 kHz, and compensated for cell capacitance. Series
resistance was not compensated, and the liquid junction potential was not corrected. KCNQ1/
KCNEZ1 currents were studied by analysis of peak deactivating tail currents recorded at —40
mV following a broad range of 2-s activating pulses. These isochronal activation curves were
fit to a Boltzmann curve using the equation:

I=1/(1+exp((V12,=V)/k))
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where | is the measured tail current; V is the applied activating voltage; V1o is the apparent
voltage of half activation; and Kk is the slope factor. Deactivating tail currents were fit with
functions containing single exponential time components. KCNQ1/KCNE2, KCNQ1/KCNE3
and KCNQL1/KCNE3N/1C currents were studied by analysis of currents recorded at the end of
a broad range of 2-s activating pulses. Pulse frequency was 0.067 Hz unless otherwise noted.

Cyclic AMP stimulation was performed differently in perforated patch-clamp experiments and
in whole-cell patch-clamp experiments. In perforated patch-clamp experiments for KCNQ1/
KCNE2 or /KCNES3 channels, cpt-cAMP (Sigma) was dissolved with the Tyrode’s solution,
and was applied from the extracellular side of the membrane. After achieving the patch
perforation, channel activity was monitored by analysis of currents recorded by test pulses to
0 mV. In whole-cell patch-clamp experiments for the KCNQ1/KCNE1 channel, after rupture
of the cell membrane, internal solutions without cAMP (control) or with 0.2 mM cAMP plus
0.2-uM okadaic acid (OA) (Calbiochem), a phosphatase inhibitor, were dialyzed for 12 min
before measurements were made. During the dialysis, channel activity was monitored by
analysis of tail currents recorded by test pulses to +60 mV.

Data analysis

All values are presented as mean £ SEM. PCLAMP software Ver. 8 or 9 (Axon Instruments)
was used both to acquire and analyze data for the patch-clamp experiments. Graphical (fitting)
and statistical analyses were carried out using Origin 7.0 software (Microcal, Northhampton,
MA) and InStat program (GraphPad), respectively. Statistical significance was assessed with
Student’s t test for simple comparisons or ANOVA followed by Bonferroni’s post test for
multiple comparisons: differences at p < 0.05 were considered to be significant.
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Abbreviations
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Figure 1.

KCNQL1 (Q1) phosphorylation is independent of co-expressed beta subunit variant. (A) Cells
expressing KCNQ1_KCNE1, KCNQ1 KCNE2 or KCNQ1 KCNQES3 were treated with cpt-
CAMP/OA (+) or none (—, control). Representative western blots for phosphorylated KCNQ1
(p-KCNQ?1) are shown in the upper panels and blots for total KCNQ1 are shown in the lower
panels. (B) Summary western blots, quantified as described in Methods, are plotted as bar
graphs. Signals of the phosphorylated KCNQ1 and total KCNQ1 from the dual western blot
on the same gel were detected and analyzed by an Odyssey machine. Loading differences
between cpt-cCAMP/OA treated cells and control cells were first corrected based on the values
of total KCNQ1. Phosphorylation signals of the treated cells were then measured and
normalized to that of the control cells. Relative phosphorylation values are expressed as mean
+ standard error and plotted. ANOVA test shows no significant difference in phosphorylation
among KCNQ1 KCNE1, KCNQ1_KCNE2 and KCNQ1 KCNE3 (n = 4 for each group).
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Co-expression of KCNE2, but not KCNES3, alters function of pseudo phosphorylated KCNQ1
channels. Whole-cell currents were measured with perforated patch-clamp configuration from
CHO cells transfected with S27D_KCNQ1 and Yotiao plus either KCNE2 (A) or KCNE3 (B).
The S27D mutation was used to mimic the PKA phosphorylation of the I channels at Ser-27
in KCNQ1 in the absence of cAMP26 (see text). Membrane currents were elicited by 2-s test
pulses from —120 mV to 100 mV (20-mV increments) following 2-s pulses to —40 mV. Pulse
frequency was 0.067 Hz. The membranes were held at —65 mV for KCNE2 and —80 mV for
KCNES3. I-V curves (wild type KCNQ1 (WT): open squares, S27D KCNQL1 (SD): blue
squares, S27A KCNQL1 (SA): red squares) were plotted with amplitudes at the first test pulses,
which are pointed by arrows in the representative traces. The numbers of experiments were as
follows: KCNE2 WT, n =15, SD, n =10, and SA, n=7; KCNE3WT,n=6,and SD,n=7.
*p < 0.05 vs. WT KCNQ1, ANOVA for KCNE2 and Student’s t-test for KCNE3.
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Figure 3.

Membrane permeable CPT-cAMP enhances KCNE2/KCNQZ1/Yotiao channel currents.
Whole-cell currents were measured with perforated patch-clamp configuration from CHO cells
transfected with wild type KCNQ1, KCNE2 and Yotiao. (A) Time course of the enhancement
of the KCNE2/KCNQ1/Y otiao currents by membrane permeable cpt-cAMP (0.5 mM). Mean
+ SEM current amplitude (normalized to amplitude recorded at 5-min after start of current
recording, i.e., before cCAMP treatment) is plotted vs. time after start of current recording.
Membrane currents were elicited by test pulses (0 mV, —40 mV return) at 0.067 Hz from a
holding potential of =65 mV. The time course of the plots for the cpt-cAMP application (filled
squares, n = 8) is superimposed with the time course of the plots for time control without cAMP
application (open squares, n = 16). cpt-cAMP was applied from extracellular side of the CHO
cells as indicated by the gray bar above the time course. *p < 0.05 vs. time control, Student’s
t-test. Data for I-V in (B) were obtained during periods indicated by horizontal bars. In
Right, representative current traces before (control) and 7-min after the cpt-cAMP application
were superimposed with 5-min washout of cAMP. (B) Voltage-dependence of the cCAMP-
induced enhancement of the KCNE2/KCNQ1/Yotiao currents. Shown are plots of mean
current amplitude = SEM vs. activating pulse voltage (Left, n = 8) as well as representative
current traces that were obtained by the same protocol as in Figure 2A. The cAMP-induced
changes are described by superimposing 1-V plots before (control, open squares) and after the
cAMP application (cpt-cAMP, filled squares). *p < 0.05 vs. control, Paired Student’s t-test.
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Figure 4.

KCNQL1 Ser-27 is required for functional response of KCNE2/KCNQ1/Yotiao channels to
CAMP. Ser-27 in the KCNQ1 N terminus was mutated to Asp (S27D) and Ala (S27A). CHO
cells were transfected with KCNEZ2, the indicated KCNQ1 construct, and Yotiao. (A)
Substitutions of Ser-27 abolish PKA-dependent regulation of KCNE2/KCNQ1/Yotiao
channels. Filled bars indicate mean + SEM current amplitudes 7-min after cAMP application
(normalized to amplitude before the application), and are compared with time control (open
bars) without application of cpt-cAMP (0.5 mM). Currents were measured, and cpt-CAMP was
applied as described in Figure 3A. Data for WT in Figure 3A is re-plotted as indicated above,
and then is compared with data for S27D and S27A. The numbers of experiments were as
follows: WT, time control, n =8, and cAMP, n = 16; S27D, time control, n =8, and CAMP, n
=7; S27A, time control, n =7, and cAMP, n = 8. *p < 0.05 vs. time control, Student’s t-test.
Representative current traces before the cAMP application (control, black) are superimposed
with the traces after the cAMP application (red) for each KCNQ1 construct. (Scale bars: 10
pA/pF, 1s). (B) S27D (SD) abolishes the PKA-dependent regulation over activating pulse
voltages. Shown are plots of mean current amplitude £ SEM (Left, n = 7) as well as
representative current traces as in Figure 3B for WT KCNQL1 (control; open squares, and cpt-
cAMP; filled squares). (C) S27A (SA) abolishes the PKA-dependent regulation over activating
pulse voltages. Shown are plots of mean current amplitude + SEM (Left, n = 8) as well as
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representative current traces as in Figure 3B for WT KCNQ1 (control; open squares, and cpt-
CAMP; filled squares).
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Figure 5.
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Amino-acid sequence comparison of KCNE1 with KCNE2 and KCNE3. Gray background
indicates amino acid residues that are identical in KCNE1 with KCNE2 (A) and KCNE3 (B).
The bar indicates the predicted transmembrane region. Sites for KCNE1 truncation in Figure

5 are indicated as N79stop and Y94stop. Arrow indicates splice sites used in chimera

construction in Figure 6.
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Figure 6.

Truncation of the KCNEL1 carboxyl terminus impairs cAMP-dependent regulation of the
KCNQ1/KCNEL/Yotiao channel. Whole-cell currents were recorded from patch-clamped
CHO cells co-transfected with KCNE1/KCNQ1/Y otiao with or without cAMP (0.2 mM) and
OA (0.2 uM) dialysis. Data were obtained 12-min after the membrane rupture in the absence
(control) or the presence of cAMP/OA inside (cCAMP/OA). Each KCNEZ1 construct is shown
in Left. Shown are plots of mean tail current £ SEM vs. activating pulse voltage (Center) as
well as mean currents (Right) in the absence (control, black) and presence of cAMP/OA
(cCAMP/OA, red). *p < 0.05 vs. control, Student’s t-test. Mean currents were obtained by +100-
mV pulse (—40-mV return) indicated by arrows in the plots. (A) Full length of WT KCNE1
(Met1-Prol29). Control, n = 10; cAMP/OA, n = 10. (Scale, 100 pA/pF, 1 s). (B) Y94stop
KCNE1 (Met!-Ala%). Control, n = 6; CAMP/OA, n = 6. (Scale, 100 pA/pF, 1 ). (C) N79stop
KCNE1 (Metl-Phe’8). Control, n = 6; cAMP/OA, n = 6. (Scale, 50 pA/pF, 1s).
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A KCNEL carboxyl terminal fragment is sufficient to confer cAMP-dependent regulation of
the KCNQ1/KCNE3/Yotiao channel. Whole-cell currents were measured with perforated
patch-clamp configuration from CHO cells transfected with KCNQ1 and Yotiao plus either

wild type KCNE3 (A) or a chimera of the N terminus KCNE3 (Met!-Tyr%) spliced with the

C terminus KCNE1 (Asn9-Pro129), KCNE3N/1C (B). Each KCNE3 construct is shown in
Left. Shown are plots of mean current amplitude = SEM vs. activating pulse voltage (Center)
as well as representative current traces (Right) that were obtained by the same protocol as in
Figure 2A. The cAMP-induced changes are described by superimposing I-V plots before

(control, open squares) and after the cAMP application (0.5 mM cpt-cAMP, filled squares) as

in Figure 3B for KCNE2. Notably, currents in the presence of KCNE3N/1C were responsive
to the cAMP stimulation. The numbers of experiments were as follows: wild type KCNE3, n

=4, and KCNE3N/1C, n = 5. *p < 0.05 vs. control, Paired Student’s t-test.
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Table 1

Effects of cAMP/OA dialysis on voltage-dependence of activation and time constants of deactivation in KCNE1/
KCNQ1/Yotiao channels

Wild type KCNE1 Y94stop KCNE1 N79stop KCNE1
Activation
Vi (MV) control; 27.7 £ 3.3 (}0) control; 83.6 + 5.5#46) control; 93.2 £ 2.0#é§6)
CAMP/OA; 14.8 £5.3 (10) cAMP/OA,; 60.1 £ 6.2 # (6) CAMP/OA; 91.4 £ 2.47° (6)
k control; 18.5 + 0.7 (10) control; 21.1 £ 1.1 (6) control; 16.2 + o_9§ (6)
cAMP/OA,; 18.5 £ 0.5 (10) CAMP/OA; 18.6 £ 1.2 (6) CAMP/OA,; 16.7 £ 0.4 (6)
Deactivation
T (mMs) control; 878 + 69 (1*0) control; 216 + 18#’§6) control; 120 + 11# ;6)
cAMP/OA;1150 + 105 (10) cAMP/OA,; 297 + 29 # (6) CAMP/OA,; 145 + 117 (6)

Data obtained in Figure 6 are analyzed here. Activation parameters (apparent VV1/2 and slop factor, k) were obtained from data of individual isochronal
activation curves. Deactivation time constants (t) were obtained by fits to deactivating tail currents after test pulses to +100 mV. Numbers of the experiments
are shown in parenthesis following data values.

*
p < 0.05 vs. control, Student’s t-test.
#p < 0.05 vs. wild-type KCNE1, ANOVA.

§p < 0.05 vs. Y94stop KCNE1, ANOVA.
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