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Background: Sustained elevations in catecholaminergic signaling, mediated primarily
through B-adrenergic receptor (B-AR) stimulation, are a hallmark neurohormonal
alteration in heart failure (HF) that contribute to pathophysiologic cardiac remodeling.
An important pathophysiological change during sustained B-AR stimulation is functional
inhibition of the slow delayed rectifier potassium current, Is, which has been
demonstrated to prolong action potential duration (APD) and increase ventricular
arrhythmogenesis in HF. Though functional inhibition of Iks has been consistently
reproduced in cellular, animal, and limited human studies of HF, the mechanisms that

mediate ks inhibition during HF remain poorly understood.

In addition, HF results in aberrant calcium handling that is known to contribute to
the disease. HF has been demonstrated to increase the expression and function of
calcium/calmodulin-dependent protein kinase Il (CaMKIl), a key regulator of calcium
homeostasis and excitation-contraction coupling in cardiomyocytes. Enhanced CaMKI|
signaling has been consistently demonstrated to contribute to increased arrhythmogenesis
in a number of cardiac diseases, including HF. CaMKII is a known pathological
regulator of many cardiac ion channels resulting in APD prolongation and the

development of arrhythmias.
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Objective: This investigation aims to assesses the potential for CaMKII regulation of
KCNQ1 (pore-forming subunit of Iks) during sustained p-AR stimulation and to
characterize the potential functional implications on Iks. Furthermore, this investigation
seeks to elucidate the mechanism underlying CaMKII-mediated Iks inhibition during

sustained B-AR stimulation.

Methods: Phosphorylation of KCNQ1 was assessed using a tandem liquid
chromatography- mass spectrometry/ mass spectrometry (LCMS/MS) approach during
sustained B-AR stimulation via treatment with 100 nM isoproterenol (1SO) for 4-24 hours
and during co-expression with KCNEL1. Whole-cell, voltage-clamp patch clamp
electrophysiology experiments were performed in HEK 293 cells transiently co-
expressing wild-type (WT) or mutant KCNQ1 (mutations conferring mimics of
dephosphorylation and phosphorylation were introduced at phosphorylation sites
identified by LCMS/MS) and KCNEL1 (auxiliary subunit) during 1SO treatment, treatment
with CaMKII or protein kinase A (PKA) inhibitors, or during lentiviral 3CaMKII
overexpression. A robotic peptide synthesizer was used to create fifteen residue peptide
fragments on a nitrocellulose membrane corresponding to KCNQL1 intracellular domains
and the KCNQ1 residues identified via LCMS/MS; membranes were incubated with
activated CaMKII or PKA in the presence of radiolabeled ATP to identify potential sites
of phosphorylation. Bimolecular fluorescence complementation (BiFC) experiments
were performed in HEK 293 cells to assess the impact of CaMKII-mediated KCNQ1
phosphorylation on the interaction of KCNQ1 and KCNEZ1 subunits. Protein immunoblot
experiments were performed to (1) assess CaMKI|I activation during 1SO treatment and

(2) to assess plasma membrane expression of KCNQ1 and KCNEL1 subunits with mimics
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of differential KCNQ1 phosphorylation following a membrane protein biotinylation

procedure.

Results: In Aim 1, we investigated the regulation of the KCNQ1 carboxyl terminus
during sustained B-AR stimulation and assessed the associated functional implications on
Iks. An LCMS/MS approach identified five novel KCNQL1 carboxyl terminal sites that
demonstrated basal phosphorylation, with T482 and S484 having enhanced
phosphorylation during treatment with 100 nM 1SO for 24 hours (p<0.01 at both sites).
Using patch clamp electrophysiology, we demonstrated that treatment with 100 nM 1SO
for 12-24 hours reduced Iks current density (p=0.01) and produced a depolarizing shift in
the voltage dependence of activation (p<0.01) relative to vehicle. Mimics of
phosphorylation (mutations to aspartic acid; Triple-D KCNQ1) at S457, T482, and S484
in combination, meanwhile, reduced Iks activation current density relative to
dephosphorylation (mutations to alanine; Triple-A KCNQ1) mimics (p=0.02) but did not
affect the voltage dependence of activation (p=0.66). Functional assessment of these
sites individually revealed that phosphorylation mimics at S457 (p=0.02) and S484
(p=0.04), but not at T482 (p=0.53), reduced Iks current density relative to mimics of
dephosphorylation. Similarly, the voltage dependence of activation was right-shifted
with phosphorylation mimics at S457 (p=0.03) and S484 (p=0.02), but not at T482

(p=0.99), relative to mimics of dephosphorylation.

The focus of Aim 2 was to assess the potential for CaMKI|I signaling to regulate
increased KCNQ1 phosphorylation and reduced Iks function during sustained B-AR
stimulation. Peptide fragments corresponding to the KCNQ1 carboxyl terminal sites

demonstrating basal phosphorylation via LCMS/MS analysis were synthesized on a
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nitrocellulose membrane and exposed to activated 3CaMKII. Only peptide fragments
corresponding to S484 demonstrated CaMKII phosphorylation. Patch clamp experiments
demonstrated that CaMKII inhibition via the chemical inhibitor KN-93 (p=0.02) and the
peptide inhibitor CN21 (p<0.01) reversed ISO-treatment associated inhibition of Iks
activation current density relative to appropriate controls (KN-92 and CN21-Alanine,
respectively). Inhibition with KN-93 and CN21 (p<0.01 for both) also reversed 1SO-
treatment associated right shifts in the voltage dependence of activation relative to
appropriate controls. The ability of ISO treatment to activate CaMKII in HEK 293 cells
was confirmed via protein immunoblot wherein T287 phosphorylation (CaMKII residue
conferring constitutive activity) was increased during 1SO treatment (p<0.05). Lentiviral
overexpression of 3CaMKII inhibited Iks activation current density with WT Iks (p=0.01)
but not with Triple-A Iks (p=0.20) relative to lentiviral control. Inhibition of Iks
activation current density during 6CaMKII overexpression was attenuated with S484A Iks
(p=0.04) but not with S457A (p=0.99) relative to WT Iks during 6CaMKI|
overexpression. The voltage dependence of activation was also right-shifted during
dCaMKII overexpression relative to lentiviral control (p=0.03). PKA inhibition with the
peptide inhibitor PKI did not reverse 1SO-treatment associated inhibition of Iks activation
current density (p=0.51), and PKA did not phosphorylate peptide fragments

corresponding to any of residues identified via LCMS/MS.

Aim 3 investigated the mechanism through which CaMKII-mediated
phosphorylation at KCNQ1 S484 inhibits Iks function. To assess whether interaction
with KCNE1 affects KCNQ1 phosphorylation, we performed LCMS/MS experiments

during expression of KCNQ1 alone and during co-expression with KCNEL.
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Phosphorylation at S484 was reduced during co-expression with KCNEL1 relative to
expression of KCNQZ1 alone (p<0.01). In addition, mimics of phosphorylation at S484
(S484D) did not affect activation current density (p=0.96) or the voltage dependence of
activation (p=0.51) relative to dephosphorylation mimics (S484A). Based on these
results, we hypothesized that S484 phosphorylation affected the interaction between
KCNQ1 and KCNEL1 subunits; accordingly, we assessed the KCNQ1-KCNEL interaction
using BiFC experiments in HEK 293 cells. In accordance with our hypothesis, Venus
fluorescent intensity (corresponding to KCNQ1-KCNE1 interaction) was reduced during
ISO treatment relative to vehicle (p<0.05) and with S484D KCNQ1 relative to S484A
(p<0.01). The role of CaMKII in mediating this disruption of KCNQ1-KCNE1
interaction was demonstrated BiFC experiments that showed co-treatment with 1SO and
KN-93 attenuated reduced Venus intensity during co-treatment with 1SO and KN-92
(p<0.01). These results were corroborated by BiFC experiments with Long QT
Syndrome Phenotype 1 (LQT1) mutations that demonstrated that an LQT1 mutation
predicted to disrupt CaMKII phosphorylation at S484 (R4811) attenuated reduced Venus
intensity during ISO treatment relative to an LQT1 mutations predicted to not affect
CaMKII regulation of S484 (S484T; p<0.01). The ability of S484 phosphorylation to
affect KCNQ1 and/or KCNEL trafficking was assessed via protein immunoblot
experiments to detect KCNQ1 and KCNEL1 following a biotinylation procedure to isolate
plasma membrane-bound proteins. Biotinylation experiments demonstrated that KCNQ1
and KCNEL1 plasma membrane expression were reduced by ~15% and ~33%,

respectively, with S484D KCNQL relative to S484A (p<0.05 for both).
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Conclusion: CaMKII phosphorylates KCNQ1 S484 during sustained B-AR stimulation
to inhibit Iks function. S484 phosphorylation inhibits Iks function by disrupting the
interaction between KCNQ1 and KCNEL1 subunits and by reducing the plasma membrane
expression of KCNQ1 and KCNE1. Pathological regulation of KCNQ1 by CaMKII (and
subsequent inhibition of Iks) during sustained -AR stimulation may contribute to
increased arrhythmogenesis during physiologic states of chronically increased

catecholaminergic tone, such as during HF.
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INTRODUCTION

Delayed rectifier potassium currents regulate cardiac action potential duration and
arrhythmogenesis

Delayed rectifier potassium currents, which include distinct slow, rapid, and ultra-
rapid components that are encoded by individual genes, contribute repolarizing ionic
currents that function during Phase 11 and Phase 111 of the cardiac action potential.

During Phase |1, delayed rectifiers aid in balancing inward calcium currents to produce
the plateau phase of the action potential (AP) that allows for mechanical responses (i.e.
cardiac muscle contraction) to electrical stimuli; during Phase 111, delayed rectifiers
function to repolarize the membrane to terminate the AP.! The ultra-rapid delayed
rectifier potassium current, Ikur, is expressed exclusively in the atria, while the rapid (Ir)
and slow (Iks) delayed rectifiers are expressed within both atrial and ventricular
cardiomyocytes.> Based on their prominent roles in terminating the ventricular AP, Ik
and Iks play essential roles in regulating cardiac action potential duration (APD).
Accordingly, functional deficits in these currents may result in APD prolongation and the
development of ventricular arrhythmias, including the fatal tachyarrhythmia torsades des
pointes (TdP). Loss-of-function mutations within the genes that encode for the pore-
forming subunits of Ikrand Iks are among the most common causes of congenital long QT
syndrome (LQTS), and are classified as Long QT Syndrome Phenotype Il (LQT2;
mutations in KCNH2 [pore-forming subunit of Ikr]) and Long QT Phenotype | (LQT1;

mutation in KCNQ1 [pore-forming subunit of Iks]), respectively.®*
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The slow delayed rectifier potassium current, Iks

Iksis a voltage-gated potassium current that is mediated by interaction of the pore-
forming subunit (gene product of KCNQ1, located on the short arm of chromosome 11)
with the auxiliary subunit (gene product of KCNE1, located on the long arm of
chromosome 21).> The human KCNQ1 subunit is 676 amino acids in length and contains
a 120 residue intracellular amino terminus and a 325 residue intracellular carboxyl
terminus.® These termini are separated by a transmembrane region with six membrane-
spanning domains, with the region connecting the fifth and sixth segments serving as the
pore and multiple positively charged residues in the fourth segment serving as the voltage
sensor.” Physiologic Iks channels are formed when four KCNQ1 subunits co-assemble
via protein-protein interactions with KCNE1 auxiliary subunits.® The intracellular amino
and carboxyl termini contain residues and domains that are important for channel
regulation, mainly via post-translational protein modifications (e.g. phosphorylation) by
signaling cascades such as protein kinase A (PKA) and protein kinase C (PKC), co-
assembly of KCNQL1 tetramers, and interaction with KCNEL and other interacting

proteins (e.g. calmodulin [CaM]).%*?

Functional significance of Iks

Iks is abundantly expressed in the human ventricle where it plays an essential role
in Phase 111 cardiac repolarization. 131* Iks functions as a repolarization reserve,
contributing modestly to Phase I11 repolarization during rest (during which time Ik is the
predominant repolarizing current) and having the potential to be acutely activated by the
sympathetic nervous system in response to increases in cardiac rate; accordingly,

functional activation of Iksin response to acute neural release of norepinephrine and/or
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other neurotransmitters enhances repolarization to stabilize cardiac conduction during
rapid heart rates (e.g. exercise).’>® Functional activation of Iks during rapid heart rates
involves multiple mechanisms, including enhancement of Iks current amplitude during
individual ventricular depolarizations (i.e. heartbeats) but also via accumulation of Iks
during rapid pacing due to incomplete current deactivation.!” Functional activation of Iks
occurs during acute or intermittent B-AR stimulation via a protein kinase A (PKA)-
dependent signaling complex (DISCUSSED IN MORE DETAIL IN THE “FUNCTIONAL
CHANGES IN Ixs DURING B-AR STIMULATION” SECTION).18-20

Though acute B-AR signaling enhances Iks function by a PKA-dependent
mechanism, it has been consistently demonstrated that sustained f-AR stimulation
functionally inhibits Iks function in a pathologic manner.??? Functional inhibition of ks
has been demonstrated to prolong APD and increase arrhythmia development in both HF

models and in patients carrying LQT1 mutations.?-2

Biology of the KCNQ1 carboxyl terminus

Due to its role as an important regulator of the cardiac action potential, loss of
function mutations in the KCNQL1 gene, called LQT1 mutations, comprise the most
common form of congenital Long QT syndrome.?” While there is a paucity of data
investigating the functional effects of post-translational protein modifications of the
KCNQ1 carboxyl terminus, many investigations have been undertaken to characterize the
functional implications of specific identified LQT1 mutations. These investigations have
revealed valuable insights regarding the physiologic functions of various KCNQ1
domains, including those in the carboxyl terminus. Based on these findings, domains

within the KCNQL1 carboxyl terminus have been demonstrated to play essential roles in
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channel gating, subunit trafficking to the plasma membrane, interaction with KCNE1 and
CaM, subunit tetramerization, and channel regulation by PKC."%1?

Aromolaran, et al. assessed the functional impact of LQT1 mutations in KCNQ1
assembly domains (R555H in helix C; G589D and L619M in helix D) and report that
these mutations inhibit Iks through alterations in biophysical properties and channel
trafficking.® Dvir, et al. also investigated LQT1 mutations in helix C (S546L, R555C,
R555H, K557E, R562E) and helix D (G589D), determining that mutations at these sites
functionally inhibit Iks through disruption of the KCNQ1-KCNEZ1 interaction and channel
regulation by phosphatidylinositol 4,5-bisphosphate (PIP2).° Specifically, they found that
helix C KCNQ1 mutations reduced co-immunoprecipitation with KCNE1, and thereby
reduced Iks function, but did not affect plasma membrane trafficking of KCNQ1 or
KCNEL1.

Studies investigating the functional implications of LQT1mutations in helices A
and B of the KCNQL1 carboxyl terminus have demonstrated that interaction of CaM with
KCNQL is required for normal Iks function. A well characterized LQT1 mutant at
R518X lies in the CaM-binding domain within helix B.22° This mutation inhibits Iks
through alterations in channel gating and disruption of channel tetramerization and
assembly.'® Shamgar et al. have shown that helix A mutations (R366W, A371T, S373P,
and W392R) also disrupt CaM binding and reduce Ixs function by altering channel
assembly, stabilizing inactivation, and decreasing current density.*

Given the propensity for LQT1 mutants in the KCNQ1 carboxyl terminus to

produce functionally significant effects on Ixs across a variety of biophysical parameters,
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post-translational protein modifications, such as phosphorylation, may functionally

impact Iks.

Functional changes in Iks during B-AR stimulation

Though it had long been demonstrated that acute B-AR stimulation functionally
enhances ks to shorten repolarization during rapid heart rates, discovery of the
macromolecular signaling complex responsible for acute Iks enhancement was a key
finding in allowing investigation of the mechanistic basis for Ikschannel regulation. The
work by Marx, et al. utilized co-immunoprecipitation to identify the alpha-kinase
anchoring protein Yotiao (AKAP9), protein phosphatase 1 (PP1), and PKA as a required
signaling complex that targeted S27 on the KCNQZ1 amino terminus to mediate enhanced
Iks function during acute B-AR stimulation.’® Subsequent investigations further
confirmed the necessary nature of this signaling complex. This was evidenced by the fact
that LQT1 mutations that disrupt interaction with Yotiao reduce acute Ixs adrenergic-
responsiveness and that loss-of-function mutations in Yotiao produce long QT; in
addition, these investigations demonstrate that a portion of the KCNE1 carboxyl terminus
is required for formation of the functional Iks complex.31*2 Later, more detailed
molecular mechanisms by which Iksis functionally enhanced have been explored,
demonstrating that a large amount of KCNQ1 subunits exist in subcellular compartments
away from the plasma membrane under basal conditions and that, during periods of
stress, this reserve of KCNQ1 subunits is rapidly trafficked to the plasma membrane to
enhance lks functionality.®® These findings are supported by additional work that
demonstrates RAB-4 GTPase-dependent translocation of KCNQL1 to the plasma

membrane during acute B-AR stimulation, enabling protection from beat-to-beat
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variability during adrenergic stimulation that was absent in a KCNQ1 knock-out model.
34

In contrast to its regulation during acute B-AR stimulation, there is considerably
less known regarding the regulation of Ixsduring sustained p-AR stimulation. While the
bulk of available evidence demonstrates reduced expression and/or function of KCNQ1
and/or KCNEZ1 in human HF tissue and animal HF models, few investigations assess the
mechanistic basis for reduced Iks function during sustained B-AR stimulation. A study by
Aflaki, et al. investigates the functional regulation of Iks during in vivo and ex vivo
sustained treatment with isoproterenol (ISO), a non-specific B1 and f2-AR agonist, in a
guinea pig model.?! The work demonstrates reduced Iks function during sustained B-AR
stimulation and utilizes specific inhibitors to implicate Epac signaling in mediating ks
inhibition via a calcineurin-NFAT signaling pathway that negatively regulates KCNE1
mMRNA and protein expression. The work by Aflaki, et al. also demonstrates that,
contrary to its activating role during acute adrenergic stimulation, PKA does not regulate
Iks during sustained B-AR stimulation. Finally, the investigation found that inhibition of
calcium/calmodulin-dependent protein kinase Il (CaMKIl), a known regulator of aberrant
calcium handling and ion channel function in HF, with the chemical CaMKI|I inhibitor,

KN-93, reversed deficits in Iks function during sustained B-AR stimulation.

Neurohormonal remodeling in heart failure

Heart failure (HF) refers to a clinically heterogeneous group of pathologic
conditions that result in reduced cardiac function and a subsequent reduction in the

systemic circulation of oxygenated blood.*® HF affects nearly 6 million people in the
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United States and constitutes a leading cause of morbidity, mortality, hospitalization, and
healthcare expenditure.®®3” Though HF mortality occurs through a variety of
mechanisms, arrhythmogenic sudden cardiac death (SCD) accounts for up to 40% of
mortality in patients with severe HF.*® HF is a risk factor for ventricular arrhythmias,
such as ventricular tachycardia (VT; including TdP) and ventricular fibrillation (VF), and
HF thereby imparts up to a nine-fold increase in the risk for SCD.® Animal models of
HF as well as cardiomyocytes isolated from failing hearts consistently demonstrate
prolongation of cardiac action potential duration (APD), which is a risk factor for the
development of ventricular arrhythmias, including TdP.®

HF is associated with pathological structural (i.e. changes in the expression of
contractile and extracellular matrix proteins) and electrical (i.e. changes in the expression
and activation of calcium handling proteins, gap junctions, and ion channels) cardiac
remodeling processes that predispose to the development of arrhythmias.*® These
remodeling processes largely result from HF-associated changes in neurohormonal
signaling, with the most pharmacologically relevant being elevated circulating
concentrations of catecholamines and angiotensin Il. Alterations in neurohormonal
signaling during HF are known to be involved in the pathophysiology of the disease, with
therapeutic strategies targeting increased catecholaminergic (beta-adrenergic receptor [B-
AR] blockers) and angiotensin 11 (angiotensin-converting enzyme [ACE] inhibitors or
angiotensin ll-receptor blockers [ARBs]) signaling having demonstrated increased
survival in HF patients.**? While the mechanistic basis for the pathophysiologic role of
alterations in neurohormonal signaling during HF is not fully understood, various

investigations have demonstrated that sustained increases in circulating catecholamines
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and angiotensin Il functionally inhibit a variety of species of ion channels that are
important regulators of the cardiac action potential.** In particular, the potential for
catecholaminergic signaling to inhibit L-type calcium and various species of potassium

currents, including ks (DISCUSSED IN MORE DETAIL IN THE “EFFECTS OF HF-ASSOCIATED
CHANGES IN NEUROHORMONAL SIGNALING ON THE FUNCTION OF DELAYED RECTIFIER

POTASSIUM CURRENTS” SECTION), have been consistently established. 4344

Changes in neurohormonal signaling during HF inhibit delayed rectifier potassium
current function

Given the essential role of delayed rectifier potassium currents in regulating APD,
investigations have been undertaken to assess the potential for HF-associated changes in
neurohormonal signaling to mediate functional inhibition of these currents. Though
conflicting data exist, these investigations have largely found functional deficits in all
species of delayed rectifier potassium currents in limited human studies and in animal
and cellular HF models. Furthermore, isolated ventricular cardiomyocytes from HF
patients demonstrate reduced ks function relative to healthy patients.*®

Specifically, increased angiotensin Il signaling has been demonstrated to
functionally inhibit both the rapid (Ikr) and slow (lks) delayed rectifier potassium
currents.*% Angiotensin 11-dependent inhibition of Iks is mediated through signaling of
the epsilon isoform of protein kinase C (PKC-¢) and involves phosphorylation of two
amino terminal sites on KCNQ1 (S95 and T96) as well as a distal site on KCNE1
(S102).4

Sustained catecholaminergic stimulation, mediated primarily via signaling

through cardiac Bi-adrenergic receptors, has been shown to functionally regulate multiple
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species of delayed rectifier potassium currents.*® Bi-adrenergic receptors (B1-ARS) are
abundantly expressed in both cardiac nodal tissue and cardiomyocytes and comprise the
primary cardiac target for catecholaminergic signaling, transducing cellular signals to
increase the rate and force of cardiac contraction. B-ARS are G-protein coupled receptor
(GPCR) that couple to stimulatory Gs alpha subunits. When the B-AR is stimulated by
binding of a ligand, like various species of catecholamines or isoproterenol (1SO), the Gs
subunit activates adenylate cyclase which catalyzes formation of the second messenger
CAMP from ATP. Increased CAMP concentrations trigger a number of downstream
signaling cascades in cardiomyocytes, including activation of protein kinase A (PKA;
also known as cCAMP-dependent protein kinase) that has been established to regulate both
Ikr and ks (DISCUSSED IN MORE DETAIL IN THE “FUNCTIONAL CHANGES IN Ixs DURING p-
AR STIMULATION” SECTION).%0

In addition, increases in CAMP signaling through the B-AR also activate the
exchange protein activated by cAMP (Epac), a guanine nucleotide exchange factor that
regulates excitation-contraction coupling in cardiomyocytes and has been demonstrated
to be associated with cardiac hypertrophy.® In fact, expression of Epac is increased
during heart failure where it has been shown to modulate key regulators of cardiac
contraction, including the ryanodine receptor (RyR) and CaMKI1.%? Epac signaling has
also been demonstrated to mediate functional inhibition of Iks during sustained B-AR
stimulation within animal and cellular HF models (DISCUSSED IN MORE DETAIL IN THE

“FUNCTIONAL CHANGES IN Ixs DURING B-AR STIMULATION” SECTION).21
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CaMKII as a pathological regulator during HF

CaMKII is a multi-functional serine/threonine kinase that is ubiquitously
expressed throughout the body.>®* CaMKII is able to regulate a wide range of substrates,
and the kinase has many documented regulatory targets both in normal physiology and in
pathophysiologic disease processes.>* The § and y isoforms of CaMKII are expressed in
cardiac tissue, with the ¢ isoform having the highest expression in ventricular
cardiomyocytes and being the isoform implicated in pathologic cardiac remodeling
during sustained B-AR stimulation and HF.%® Classical activation of CaMKII requires the
presence of calcium-bound CaM that causes a conformational change in the enzyme
complex that reveals the catalytic domain. Alternatively, CaMKII can also demonstrate
hyperactive and calcium-bound CaM-independent enzymatic activity either via
autophosphorylation at threonine (T) 287 (on 8CaMKII) or through oxidation at
methionine (M) 281 or 282, nitrosylation at cysteine (C) 273, or glycosylation at $279.°%
% These modes of constitutive enzymatic activity have been shown to be increased in HF
where they contribute to pathologic regulation of ion channels, cardiac hypertrophy, and
a predisposition to the development of arrhythmias.®°

d0CaMKII demonstrates increased functional activation and/or expression in
response to a number of HF-related stimuli, including sustained p-AR stimulation,
increased renin-angiotensin-aldosterone system (RASS) signaling, increased intracellular
calcium handling, and the accumulation of reactive oxygen species (ROS).®* Ligands for
the aa-adrenergic receptor as well as endothelin have also been demonstrated to increase
CaMKII activity.526% Sustained treatment with 1SO has been demonstrated to increase
both CaMKI| activity and T287 autophosphorylation in cardiomyocytes through an Epac-

dependent pathway.5-% Constitutive CaMKII activation causes pathologic regulation of
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many cellular targets that are essential for action potential regulation and cardiac
contraction, including various species of ion channels (DISCUSSED IN MORE DETAIL IN
THE “CAMKII REGULATION OF CARDIAC ION CHANNELS AND APD” SECTION) and calcium
handling proteins like the ryanodine receptor (RyR), phospholamban (PLN), and
potentially the sarcoplasmic reticulum calcium-ATPase (SERCAZ2; DISCUSSED IN MORE
DETAIL IN THE “B-AR STIMULATION ACTIVATES CAMKII THROUGH AN EPAC-DEPENDENT
PATHWAY” SECTION).5® In fact, overexpression of 5CaMKII has been independently
shown to induce dilated cardiomyopathy and reduced cardiac contractility within in a
transgenic mouse model, while genetic deletion of CaMKII prevents the onset of HF
even after physical HF-induction procedures.>%67:68

Through pathologic regulation of ion channels and calcium handling proteins,
CaMKII activation has been linked to the development of arrhythmias in a variety of
cardiac diseases, including HF where it is associated with VT and VF.®* Transgenic
overexpression of CaMKII and calcineurin have been demonstrated to increase
arrhythmogenesis in mouse models, and CaMKII inhibition prevented 1SO-induced
arrhythmias in a dilated cardiomyopathy mouse model.®®7° Increased activation and
expression of CaMKII have also been demonstrated to prolong APD in a mouse HF
model, while inhibition of CaMKII has been shown to reduce APD by preventing
CaMKIl-mediated regulation of the potassium channels lwand Ik1.”*"® Given CaMKII’s
established role as a pathologic regulator in HF that predisposes to arrhythmia
development, the potential for CaMKII-mediated regulation of Iks may contribute to the

increased incidence of arrhythmia development in HF.
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B-AR stimulation activates CaMKII through an Epac-dependent pathway

Since aberrant calcium handling is known to be involved in the pathogenesis of
HF, it was initially believed that increases in intracellular calcium signaling were the
primary mechanism of enhanced CaMKI|I signaling during HF.”* While this classical,
calcium-dependent mechanism of CaMKI| activation likely plays an important role
during HF, a number of investigations have characterized calcium-independent
mechanisms of CaMKII activation in cardiomyocytes that are mediated through Epac
signaling.%®7>"® These investigations have found that, in response to sustained p-AR
stimulation, enhanced Epac activity functionally enhances the action of phospholipase C
epsilon (PLC-¢) that, through Rap-GEF signaling, mediates functional enhancement of
PKC-¢ via enhanced membrane translocation.”® Finally, CaMKII is activated through a
PKC-¢-dependent pathway to regulate calcium-induced calcium release (CICR) and
excitation-contraction coupling in cardiomyocytes through known CaMKII regulatory

sites on RyR (S2815) and PLN (T17).7%"°

CaMKII regulation of cardiac ion channels and APD

While CaMKII activity is essential in regulating intracellular calcium handling in
basal conditions and in response to acute 3-AR stimulation, sustained B-AR stimulation
and HF have been associated with pathological constitutive activation of CaMKI1.8
During constitutive activation, CaMKII is known to aberrantly regulate a wide array of
ion channels and calcium handling proteins to promote APD prolongation and the
development of arrhythmias.8! As previously mentioned, CaMKII has been demonstrated
to manipulate intracellular calcium handling through regulation of the RyR and PLN.>

In addition, CaMKII also influences intracellular calcium handling through direct
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regulation of L-type calcium channels, where CaMKII-dependent phosphorylation has
been demonstrated to mediate calcium-dependent facilitation (CDF), a process by which
L-type calcium current density increases over several heart beats due to slower channel
inactivation.®28% While CDF plays important roles in normal physiological processes
(e.g. during exercise), enhanced CDF, as may occur during HF when CaMKII is
functionally activated, has been demonstrated to have arrhythmogenic consequences.®*
CaMKII has also been demonstrated to regulate T-type calcium channels, wherein
CaMKII phosphorylation functionally enhances current by increasing the open channel
probability.®> While T-type calcium channels are minimally expressed in the ventricle of
healthy individuals, investigations have shown that cardiac hypertrophy and changes in
neurohormonal signaling during HF, such as enhanced endothelin-1 and angiotensin Il
signaling, cause increased ventricular expression of T-type calcium channels. 887
Therefore, functional enhancement of T-type calcium channels by CaMKII may have
arrhythmogenic consequences in HF.8!

In addition to its regulation of calcium channels, CaMKII has been demonstrated
to regulate various types of sodium and potassium channels through phosphorylation of
their pore-forming or auxiliary subunits. Multiple investigations have demonstrated a
role for CaMKII in functionally regulating the cardiac voltage-gated sodium channel
Nav1.5 via direct phosphorylation at T594 and/or S516; CaMKII regulation of Nav1.5
results in functional enhancement of sodium current that has been shown to result in APD
prolongation and arrhythmia development in transgenic rabbit models.8° CaMKII also
regulates inactivation of the transient outward potassium current, lwo, an important

regulator of Phase | of the cardiac action potential that has significant effects on APD.%!
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The precise mechanism of CaMKII regulation of It remains controversial, with some
investigations demonstrating direct phosphorylation of S550 on Kv4.3 (pore-forming
subunit of i) that prolongs open-state inactivation; other studies have shown CaMKII-
mediated downregulation of Kv4.3 in canine cardiomyocytes in response to pacing-
induced HF.%2% Regardless of mechanism, CaMKII regulation of It results in APD
prolongation in transgenic mouse models that are predicted to have pro-arrhythmogenic
consequences.”t CaMKII overexpression and HF have also been independently
demonstrated to reduce expression and function of the inwardly rectifying potassium
current, Ik1, which is an important regulator of cardiomyocyte resting membrane potential
and action potential termination.®*°" Therefore, via aberrant regulation of the
aforementioned ion channels, increased CaMKII activity, as occurs in HF, has been

consistently demonstrated to mediate APD prolongation and arrhythmogenesis.®

Mechanisms of ks inhibition during sustained p-AR stimulation and HF

Although functional inhibition of Iks and APD prolongation during sustained -
AR stimulation and HF have been observed clinically and in cellular and animal HF
models, the mechanism of inhibition remains elusive. Isolated right ventricular
cardiomyocytes from patients with HF demonstrate reduced Iks current density and
subsequent APD prolongation relative to healthy patients.** Findings of reduced Iks
function have been corroborated in various animal and cellular HF models: HF induced
by tachycardiac pacing reduced Iks current density by ~30% in canine atrial
cardiomyocytes??; HF induced by tachycardiac pacing triggered early afterdepolarizations
(EADs), a mechanism for TdP development, and inhibited Ixs current density by 57%,

49%, and 58% in epicardial, midmyocardial, and endocardial cardiomyocytes
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(respectively) isolated from canine left ventricles®®; HF induced by chronic
atrioventricular (AV) nodal blockade reduced KCNQ1 and KCNE1 mRNA (KCNQ1
reduced by 80%, KCNEL reduced by 70%) and protein expression (KCNQ1 reduced by
50%, KCNE1 reduced by 60%) in cardiomyocytes isolated from canine ventricles®®; HF
induced by tachycardiac pacing prolonged APD and functionally inhibited composite Ik
current (primarily a composite of Ikr and Iks) but did not affect MRNA expression of
KCNQ1 and KCNEL1 (or Erg which encodes for the pore-forming subunit of rabbit Ixr) in
cardiomyocytes isolated from rabbit ventricles!®; HF induced from tachycardiac pacing
prolonged action potential duration at the return to 90% of resting membrane potential
(APDgo) and reduced Iks maximum tail current density by ~50% in cardiomyocytes
isolated from rabbit ventricles!®'; HF induced by chronic AV block and bradycardiac or
tachycardiac pacing reduced KCNQ1 and KCNE1 mRNA (~60% reduction in KCNQ1,
50% reduction in KCNE1) and protein (~50% reduction in KCNQZ1, ~30% reduction in
KCNEL) and inhibited Iks maximum tail currents by ~60% in cardiomyocytes isolated
from rabbit ventricles'%?; HF induced by chronic ISO treatment reduced Iks maximum tail
current density by 58% and decreased KCNE1 mRNA and protein expression by 45%
and 51%, respectively (no change in KCNQ1 expression), in cardiomyocytes isolated
from guinea pig ventricles.?!

However, reductions in mRNA and protein expression of KCNQ1 and/or KCNE1
in HF patients and in animal HF models have not been consistently reproduced,
suggesting that another mechanism may mediate reduced Iks function in HF 100102105
Apart from changes in expression of KCNQ1 and/or KCNE1, a number of other

molecular mechanisms could potentially mediate inhibition of Ixs function during
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sustained B-AR stimulation. Aberrant regulation by kinases known to be functionally
activated during sustained p-AR stimulation and HF (e.g. CaMKII, PKC-¢) could alter
KCNQZ1 phosphorylation and thereby regulate Iks via alteration of: (1) the biophysical
properties of the channel (e.g. open channel probability, the rate and/or voltage
dependence of activation or inactivation); (2) plasma membrane trafficking of KCNQ1
and/or KCNEZ1; (3) tetramerization of KCNQ1 subunits; (4) interaction of KCNQ1 with
required auxiliary subunits, such as KCNEL and CaM. Regardless of mechanism, the
arrhythmogenic potential of functional reductions in Iks has been corroborated in animal
experiments that have shown torsades des pointes development with pharmacological
inhibition of Iksand in animal HF models (canine and leporine) wherein Iks is

functionally inhibited.?32>98101.106

Study Rationale

While detailed mechanistic data regarding the potential for CaMKII to regulate Iks
are lacking, it has previously been shown that CaMKII inhibition with the chemical
inhibitor KN-93 attenuates inhibition of Iks during sustained I1SO treatment in guinea pig
cardiomyocytes, suggesting that functional inhibition of Iks during sustained B-AR
stimulation may be mediated through CaMKI1 signaling.?! In addition, the KCNQ1
carboxyl terminus contains CaM-binding domains in helices A and B, and it has been
previously demonstrated that CaM is a required beta subunit for normal Iks function.1%1%7
Finally, the KCNQL1 carboxyl terminus contains a number of putative CaMKI|I
phosphorylation sites.

Multiple investigations have also established CaMKII as a downstream regulator

of Epac signaling.®>">7®"® Since Epac has been demonstrated to mediate pro-
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arrhythmogenic cardiac remodeling during HF, including via regulation of Iks, CaMKI|I
may be a key pathological downstream regulator following Epac activation.>? Given
these pieces of evidence and CaMKII’s role as an established pro-arrhythmogenic
regulator during HF, the potential for CaMKII to mediate functional inhibition of Iks

during sustained B-AR stimulation warrants investigation.

Study Aims & Objectives

The overarching objective of this work is to assess the functional regulation of Iks
during sustained B-AR stimulation, including an assessment of the potential for
regulation of KCNQ1 by CaMKII. Discovery of the molecular mechanism that mediates
Iks inhibition in response to sustained B-AR stimulation may elucidate a therapeutic target
to prevent the development of ventricular arrhythmias in HF. Towards this objective, the
following specific aims were pursued:

Specific Aim 1: Investigate the regulation of the KCNQ1 carboxyl terminus

during sustained B-AR stimulation and the associated changes in Iks function. This
objective utilizes an LCMS/MS phosphoproteomics approach, peptide arrays, and
cellular electrophysiology.

Specific Aim 2: Assess the potential for CaMKII signaling to mediate regulation

of Iks in response to sustained B-AR stimulation and the associated CaMKII-mediated
functional changes in Iks. This objective employs peptide arrays, Western blots to assess
CaMKII activity, and cellular electrophysiology experiments.

Specific Aim 3: Evaluate the molecular mechanism(s) for how CaMKI|I

regulation of KCNQ1 disrupts Iks function. This objective utilizes an LCMS/MS

phosphoproteomics approach, cellular electrophysiology experiments, bimolecular



fluorescence complementation live-cell imaging, and Western blots following surface

biotinylation to isolate membrane-bound proteins.

40
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METHODS

DNA Constructs and Reagents

Complementary DNA (cDNA) encoding for human KCNQ1 and KCNE1
expressed within pPCDNA3.1 (constructs generously provided by the laboratory of Dr.
Robert Kass) were co-transfected into human embryonic kidney cells (HEK 293 cells; a
durable cell line for heterologous expression and electrophysiological investigation of ion
channels) for eukaryotic expression of Iks. Point mutations to alanine (A) and aspartic
acid (D) were performed at S457, T482, and S484 on KCNQL1 alone and in combination
via site-directed mutagenesis (performed commercially by GenScript®) and were verified
via sequencing. Enhanced green fluorescent protein (GFP) that was expressed in pCEP4
was co-transfected with KCNQ1 and KCNEL plasmids and was used to identify cells
transiently expressing KCNQ1 and KCNE1 via microscopic analysis. For experiments
that employed lentiviral overexpression of CaMKI|, activated 6CaMKII (wherein T287
was mutated to an aspartic acid [T287D] to confer constitutive kinase activity) was
inserted into a lentiviral packaging plasmid that contained a fused yellow fluorescent
protein (YFP) tag on the amino terminus. This packaging plasmid was transfected along
with additional viral gene plasmids (pRRE, pRSV-Rev, pCMV-VSV-G) in HEK 293T
cells to generate 3CaMKII-containing lentivirus that was collected and filtered before it
was added to the media of HEK 293 cells in order to stably express T287D 6CaMKII.
The red fluorescent protein tdTomato expressed in pSCSMV was co-transfected along
with KCNQ1 and KCNEL1 plasmids and was used to identify cells transiently expressing
KCNQ1 and KCNEL in YFP-expressing cells. Isoproterenol (Cat. #: 15627) was

purchased from Sigma-Aldrich®. KN-92 (Cat. #: sc-311369) and KN-93 (Cat. #: sc-



42

202199) were purchased from Santa Cruz Biotech®. Myristoylated protein kinase A
inhibitor (Myr-PKI; Cat.#: 476485) was purchased from EMD Millipore®. The CaMKI|I
peptide inhibitor CN21 and the inactive analog, CN21-Alanine, were purchased from
Biopeptide Co. Inc.® along with tat-conjugated versions of each. The catalytic subunit of

protein kinase A (Cat. #: P2645) was purchased from Sigma Aldrich®.

Cell Culture and cDNA Transfection

HEK 293 cells were purchased from American Type and Culture Collection
(ATCC®) and maintained in Modified Essential Medium (MEM) with 10% fetal bovine
serum (FBS) and 1% Pen-Strep (5,000 Units/mL Penicillin; 5,000 pg/mL Streptomycin)
at 37°C and 5% CO2 (complete media). For electrophysiology experiments, HEK 293
cells were subcultured into 35 mm tissue-culture treated culture dishes (Corning®) at ~30-
40% confluence. At 24 hours following subculture, cDNA transfections were performed
(3-8 transfections per experimental group) via the following protocol: cDNAS containing
wild-type or mutated KCNQ1, wild-type KCNE1, and GFP or tdTomato were co-
transfected into HEK 293 cells using Lipofectamine 2000 (ThermoFisher®) in MEM
(without the additives mentioned above) per the manufacturer’s instructions at the
following mass ratio: 750 ng KCNEL, 500 ng KCNQ1, 100 ng GFP. After 4 hours,
transfection media was aspirated and cells were maintained in complete media.
Electrophysiology experiments were performed ~48 hours after transfection on cells
expressing GFP, YFP, or tdTomato as seen by fluorescent microscopy for all
experimental groups.

To achieve B-AR stimulation, isoproterenol (ISO; B1, B2 adrenergic receptor

agonist; Sigma-Aldrich®) was dissolved in water and added directly to complete media at
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a concentration of 100 nM. Iks responsiveness to stimulation of endogenous B-ARs has
been previously demonstrated in HEK cells.!®® For LCMS/MS experiments, separate
plates were incubated with ISO for 3 minutes, 4 hours, 12 hours, and 24 hours before
cultures were lysed and prepared for LCMS/MS experiments. For electrophysiology
experiments, cells were treated with 1SO for 12-24 hours before experiments were
performed. As cells were pre-treated with ISO as described previously, ISO was not
included in the internal (pipette) or external (bath) patch solutions during recording. In
experiments assessing the impact of CaMKII or PKA inhibition, 500 nM KN-93 or KN-
92, 10 uM tat-CN21 or tat-CN21-Alanine, or 1 phM Myr-PKI were added to complete
media 4-6 hours before whole-cell, voltage-clamp experiments were performed. In
experiments utilizing peptide inhibition of CaMKII and PKA, 1 uM CN21 or CN21-

Alanine and Myr-PKI, respectively, were also added to the internal patch solution.

cDNA Amplification and Purification

The cDNAs used in this investigation were amplified via bacterial transformation
into NEB5-alpha competent E. coli (Cat. #: C2988J; New England BioLabs®) using a
heat shocking transformation technique, as follows. ~1 pL of cDNAs were aseptically
added to 150 uL of thawed E. coli competent cell solution in plastic culture tubes and
incubated on ice for 20 minutes. Following this incubation, the mix was heat shocked at
42 °C (via water bath) for 60 seconds before being returned to ice for 2-3 minutes. 500
uL of sterile Luria-Bertani (LB; Cat. #: L3152; Sigma Aldrich®) broth (sterilized by
autoclaving) was aseptically added to the mixture. The mixture was then incubated while
shaking for 40 minutes at 37 °C. Following this incubation, 100 pL of the mixture was

pipetted into culture dishes containing LB agar (Cat. #: L3027; Sigma Aldrich®) to which
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selective antibiotic (kanamycin for pCEP4 plasmid, ampicillin for all others) had been
added at a concentration of 50 pg/mL. The transformation mix was spread around the
plate using a plastic spreader and the plates were incubated overnight in a 37 °C
incubator.

On the next day, 2-3 colonies were selected via pipette tip and placed into culture
tubes containing 5 mL pre-warmed antibiotic-containing (50 pg/mL) LB broth and were
shaken in a 37 °C incubator overnight. On the following day, the bacterial culture was
purified by centrifugation at 8,000 rpm for 10 min on a bench top centrifuge. Following
centrifugation, the supernatant was discarded and replaced by fresh pre-warmed LB broth
with antibiotic. The same centrifugation process was repeated an additional time before
cells were re-suspended in 1 mL of pre-warmed LB broth with antibiotic. 500 pL of the
bacterial culture were then added to were Erlenmeyer flasks containing 50 mL of pre-
warmed LB broth with antibiotic (50 pg/mL) and the flasks were shaken in an incubator
at 37 °C for 8 hours. Finally, 1 mL of the bacterial culture was transferred to Erlenmeyer
flasks containing 1 L of pre-warmed LB broth with antibiotic (50 pug/mL) and were
agitated in an incubator at 37°C overnight.

Plasmid cDNAs were isolated and purified from bacterial cultures using the
NucleoBond® Xtra Maxi Plasmid Purification Kit (Cat. #: 740410.10; Macherey-Nagel®)
or HiSpeed® Plasmid Maxi Kit (Cat. #: 12662; Qiagen®) per the manufacturer’s protocol.
Purified cDNA concentration was determined by a Qubit® 2.0 bench-top fluorometer
using the Qubit® dsDNA BR Assay Kit (Cat. #: Q32850). Purified cDNAs were

aliquoted and stored at 4°C (short-term) or -20 °C (long-term).
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Mass Spectrometry

Enriched membrane preparations (100 pg) were reconstituted in 200 puL of 4 M
urea and reduced and alkylated using 200 pL of a TEP/iodoethanol cocktail as previously
described.9%11% Samples were then incubated at 37°C for 120 min, dried by SpeedVac,
and reconstituted with 100 uL of 100 mM NH4HCOs at pH 8.0. 150 pL aliquots of 20
ug/mL trypsin solution were then added to samples and incubated at 37°C for 3 hours.
Following three hour incubation, another 150 pL of trypsin solution was added and
samples were incubated at 37°C overnight in order to complete digestion.

Following digestion, a linear ion-trap (LTQ) mass spectrometer coupled with a
Surveyor autosampler and MS HPLC system (ThermoFinnigan®) was used to analyzed
samples. Tryptic peptides were injected onto the C18 microbore RP column (Zorbax
SBC18, 1.0 mm x 150 mm) using a flow rate of 50 uL/min. Mobile phases A, B, and C
consisted of the following: 0.1% formic acid in water, 50% acetonitrile with 0.1% formic
acid in water, and 80% acetonitrile with 0.1% formic acid in water, respectively. Samples
were exposed to a gradient elution process as follows: 10% B (90% A) for 5 min, 10—
95% B (90-5% A) for 120 min, 100% C for 5 min, and 10% B (90% A) for 12 min. Data
were collected in the “Triple-Play” (MS scan, Zoom scan, and MS/ MS scan) mode using
a normalized collision energy of 35& within the ESI interface. The dynamic exclusion
settings were set to the following: repeat count equal to 1, repeat duration equal to 30
seconds, exclusion duration equal to 120 seconds, and exclusion mass width equal to 0.75
m/z (low) and 2.0 m/z (high).

Acquired data were queried against the current UniProtKB human database using
the SEQUEST (v.28 rev.12) algorithms within Bioworks software (v.3.3). For this

process, the general parameters were as follows: peptide tolerance equal to 2.0 amu,
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fragment ion tolerance set to 1.0 amu, enzyme limits set as “fully enzymatic - cleaves at
both ends”, and missed cleavage sites set to 2, static modification set at + 44 @C, and
potential modifications set at +80 @STY. Peptides and proteins returned via this search
were validated using PeptideProphet and ProteinProphet in the TransProteomic Pipeline
(http://tools.proteomecenter.org/wiki/index.php?title=Software: TPP).111112 Only proteins
and peptides with protein probability > 0.9000 and peptide probability > 0.8000 were
reported. Protein quantification was performed using a label-free quantification software

package, ldentiQuantXL™ 113

Stable Lentiviral Expression

YFP-tagged constitutively active human 6CaMKII (T287D) was stably
overexpressed in HEK 293 cells by means of lentiviral transduction. The packaging
plasmid with 6CaMKII (20 pg) was co-transfected into HEK 293T cells along with
additional viral gene plasmids [pRRE (10 ug), pRSV-Rev (5 ug), pPCMV-VSV-G (6 ug)]
using polyethylenimine (50 pg) in Opti-MEM (ThermoFisher®) and the media was
refreshed on the day following transfection with complete media (MEM + 10% FBS +
5% penicillin-streptomycin + 1% NEAA + 1% sodium pyruvate). At 36 hours following
transfection, the virus-containing media was aspirated from the transfected cells and
filtered with a 0.45 pum syringe filter (ThermoFisher®). Filtered media was added to low
passage HEK 293 cells along with polybrene (Sigma-Aldrich®; 8 pug: 1 mL viral media)
for 6 hours, after which time the viral media was aspirated and the cells were maintained
in complete media. Effective CaMKII transduction was confirmed by YFP expression at
2 days following HEK 293 cell infection and YFP expression was visualized via

fluorescent microscopy in all cells used in whole-cell patch clamp experiments.
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Cellular Electrophysiology

Functional measurements of Iks were assessed using the whole-cell, patch-clamp
configuration in the voltage-clamp mode at room temperature (~22°C). Activation
currents were measured during an activating voltage step protocol with 10 mV steps from
-60 mV to +60 mV for 4 secs from a holding potential of -80 mV using an EPC-9
amplifier and PatchMaster software (HEKA Elektronik®). The voltage dependence of
activation was assessed through analysis of elicited tail currents when the voltage was
returned to -40 mV after the activating steps described previously. A diagram depicting
how current (1) vs. voltage (V), also called I-V plots, and fractional activation vs. voltage
plots, referred to as activation curves, were constructed from elicited current traces is

shown in Figure 1 below.
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Curves assessing the voltage dependence of activation

(i.e. the relative fraction of channels activated at a
given voltage stimulus) were constructed by

normalizing mean peak tail currents at each test voltage

stimulus to the voltage of maximal activation (+60
mV). Curves were fit using a Boltzmann equation

(Equation 1), and parameters from the equation (V,;
and slope) were compared among experimental groups.

Figure 1. Methods for analysis of electrophysiological data. (Left) Representative
traces of elicited activation and tail currents for WT Iks in control conditions are shown at

test voltages from -50 mV to +60 mV (-60 mV not shown, but was similar to -50 mV).

(Right) Procedures detailing how summary graphics (I-V plots [top] and activation
curves [bottom]) were constructed from raw data.

The internal patch solution (pipette) was composed of (in mM): K-Aspartate 110,

KCI 20, MgCl2+6H20 1.0, HEPES 10, Mg-ATP 5.0, EGTA 5.0, while the external patch

solution (bath) was composed of (in mM): NaCl 140, KCI 5.4, NaH2PO4 0.33,

CaCl22H20 1.8, MgCl2¢6H20 1.0, HEPES 5.0, Glucose 10. The internal solution was
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adjusted to a pH of 7.2 using KOH and the external solution was adjusted to a pH of 7.4
using NaOH. Pipettes were pulled from borosilicate glass (with filament, outer diameter:
1.2 mm, inner diameter: 0.69 mm; Sutter Instruments®) using a Sutter Instruments® P-
2000 Puller. Pipettes were pulled via four loops in a repeating protocol with the Heat
function set to 385, the Filament function set to 4, the Velocity function set to 30, the
Delay function set to 200, and the Pull function set to 0. Pipettes with a resistance in bath
solution of 2-7 MQ were used for patch clamp experiments. The average liquid junctional
potential for all experimental groups was manually estimated to be 14.2 + 2.7 (mean *
SEM) mV using a salt-bridge. Series resistance compensation was not performed during
the collection of any data. The sampling rate was set to 20,000 samples per minute in all
experiments. The average cell capacitance was 18.6 + 0.4 pF and the average series

resistance was 18.1 + 0.5 MQ.

KCNQL1 Peptide Array

Peptides corresponding to intracellular regions of KCNQL, including the full
amino and carboxyl termini as well as the intracellular segments linking S2-S3 and S4-
S5, were constructed using a robotic peptide synthesizer (Intavis® MultiPep). Each
peptide was 15 amino acids in length. For the global KCNQ1 experiment, tiled peptides
were shifted by two amino acids (13 overlapping amino acids per peptide), allowing for
several opportunities for each serine and/or threonine residue(s) to be phosphorylated via
their presence in a number of overlapping peptides. For the peptide array focused on the
spots identified by LCMS analysis, 15-mer peptides containing the putative phospho-
acceptor site at the eighth residue were constructed (1) as in KCNQ1 (columns labeled

wild-type [WT] in Figure 15), (2) with the putative phospho-acceptor spot mutated to an
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alanine (columns labeled alanine [A]), and (3) with all serine and/or threonine residue(s)
on the peptide knocked out via mutation to alanine (columns labeled knockout [KO]).
Immobilized peptides were synthesized on a modified cellulose membrane using
routine Fmoc (N-(9-fluorenyl)methoxycarbonyl) chemistry as previously described 8114
In peptide arrays using CaMKII, CaMKII was activated with Mg-ATP to allow for
autophosphorylation before Mg-[y-*2P]ATP was applied to the membrane.®® In peptide
arrays using PKA, the catalytic subunit of PKA was applied to the membrane.
Phosphorylated peptides were imaged on autoradiographic film or visualized with a

phosphoimager (Fujifilm®) and quantified using MultiGauge version 3.0 (Fujifilm®).

CaMKII Protein Immunoblot

HEK 293 cells were transiently co-transfected with KCNQ1 and KCNEL as
previously described. At 24 hours following transfection, cells were treated with 100 nM
ISO or vehicle (water) before cells were lysed at 48 hours post-transfection using a RIPA
Buffer Lysis System (Cat. #: sc-24948; Santa Cruz Biotechnology®) per the
manufacturer’s instructions. Following lysis, 20 pg of total protein was loaded and run on
10% SDS-polyacrylamide gel in a 25mM Trisma base/ 190 mM glycine/ 0.1% sodium
dodecyl sulfate (SDS) running buffer for 1.25 hours at a constant voltage of 125 V.
Proteins were then transferred to PVDF membranes (ThermoFisher®) at 4°C in a 25 mM
Trisma base/ 190 mM glycine/ 20% methanol transfer buffer for 1 hour at a constant
voltage of 100 V. Membranes were then blocked with 5% bovine serum albumin (BSA;
Cat. #: 2905; EMD Millipore®) in Tris-buffered saline with 0.1% (v/v) Tween 20 (TBST;
Tween 20: Cat. #: P1379; Sigma Aldrich®) for one hour at room temperature before

being exposed to primary CaMKII (1:1000; Cat. #: M03964; Boster Biological
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Technology®) or CaMKI1 Phospho-T287 (1:1000, Cat. #: NBP1-64741; Novus
Biologicals®) antibodies and primary GAPDH (1:2000; Cat. #: FL-335; Santa Cruz
Biotechnology®) antibodies for 12 hours at 4°C. Membranes were then washed with
TBST and exposed to secondary anti-mouse (1:5000; Cat. #: sc-358914; Santa Cruz
Biotechnology®) antibody for one hour at room temperature. Finally, membranes were
washed again before being developed using Pierce ECL Western Blotting Substrate (Cat.
#: 32106; ThermoFisher® and a Chemi-Doc Imager (Bio-Rad®). Images were analyzed

with ImageJ® version 1.4.3.67.

Bimolecular Fluorescence Complementation (BiFC)

The coding regions of WT and mutant KCNQ1 (S484A, S484D, R481l, and
S484T) and WT KCNE1 were subcloned into the multiple cloning sites of BiFC plasmids
to produce expression of the channel subunit followed by a flexible linker region and
complementary halves of the YFP fluorescent protein, Venus. KCNQ1 BiFC plasmids
encoded for the amino half of Venus while KCNE1 BiFC plasmids encoded for the
carboxyl half of Venus. Schematic vector maps of the KCNQ1 coding region (with the
stop codon removed) subcloned between the EcoRI and Xhol sites within the multiple
cloning site of the pBiFC-VN155 plasmid and the KCNE1 coding region (with the stop
codon removed) subcloned between the EcoRI and Xhol sites of the multiple cloning site

of the pBiFC-VC155 plasmid are shown below in Figure 2.
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Figure 2. Vector maps showing the KCNQ1 coding region expressed in the pBIFC-
VN155 plasmid containing the amino half of the fluorescent protein Venus (left) and the
KCNEL1 coding region expressed in the pBIFC-VC155 plasmid containing the carboxyl
half of Venus (right). Maps were created using PlasMapper:
(http://wishart.biology.ualberta.ca/PlasMapper/).

At 24 hours post-subculture, KCNQ1 and KCNE1 BiFC plasmids (500 ng each)
were transiently co-transfected along with 500 ng of a cytosolic variant of the cyan
fluorescent protein, Cerulean, using Lipofectamine 2000 (ThermoFisher®; transfection
protocol detailed previously) in HEK 293 cells plated on 35 mm? glass-bottom
(MatTek®) cell culture dishes. When applicable, cells were treated with 1SO and
CaMKII inhibitors at ~24 hours following transfection for 14-16 hours before
microscopy experiments were initiated. Cells were imaged with a Leica P8 Resonant-
scanning confocal/multiphoton microscope at ~48 hours following transfection. Z-series
were acquired at 0.5 pm increments in the vertical plane, and summed image projections

were created using Fiji software as shown in Figure 3.
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Cerulean Venus

Figure 3. (Top) A series of images showing transient expression of the cytosolic Cerulean
fluorescent protein in HEK 293 cells. Displayed images were taken along the z-plane
(vertical) at 1.5 uM increments. (Bottom) Summed images of the same visual field
showing co-expression of Cerulean (left panel) and Venus fluorescent proteins (middle
panel). A merged image showing both fluorescent proteins is shown in the right panel.
Expression of Venus signals requires interaction of complementary halves of the Venus
protein that are contained within plasmids co-expressing WT or mutant KCNQ1 and WT
KCNEL1. Cerulean is a cytosolic protein that allows resolution of cell boundaries for
analysis and allows normalization of Venus intensity to control for transfection and
expression efficiency.

Data were analyzed as the ratio of Venus fluorescent intensity (indicating

reconstitution of the Venus fluorescent protein by close proximity/interaction of KCNQ1
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and KCNEL1 subunits) to the ratio of Cerulean fluorescent intensity (cytosolic protein
assisting in visualization of cell boundaries and also controlling for
transfection/expression efficiency) in images summing measured intensities throughout
all acquired Z-planes. Regions of interest (ROIs) were drawn freehand around cellular
boundaries and held constant between channels measuring Venus and Cerulean
intensities using the ROI Manager within Fiji. Mean fluorescent intensities of all pixels
within ROIs were tabulated within Fiji, and mean Venus:Cerulean fluorescent intensity
ratios were calculated from these data for each individual cell in the analysis.

The potential for non-specific Venus intensity was assessed in cells in which
Cerulean and only one half of Venus plasmids were transiently co-transfected. Measured
mean Venus intensities in these cells were approximately 3.6% of the intensity of mean
Venus intensities in the vehicle control group. Cerulean detection in cells only
expressing both Venus plasmids was also tested and was also minimal. Finally,
complementary halves of Venus were expressed without KCNQ1 and KCNEL,
respectively, and the resulting Venus intensity was <~10% of mean Venus intensity in the
vehicle control group. Representative summed image projections of these control

experiments are shown in Figure 4.
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Figure 4. Control Experiments for BiFC Methodology. To verify that Venus signals in
our BIiFC experiments were specifically mediated by interaction of expressed KCNQ1
and KCNEL1 subunits with complementary halves of VVenus, we performed the following
control experiments. First, we co-expressed the VN155 (containing the amino half of
Venus without KCNQL1 expressed within the MCS), VC155 (containing the carboxyl half
of Venus without KCNE1 expressed within the MCS), and Cerulean. As shown in the
top panels, HEK 293 cells transiently co-expressing VN155, VC155, and Cerulean
displayed fluorescent signals corresponding to Cerulean expression but not Venus
expression in the absence of KCNQ1 and KCNEL. The middle and bottom panels
displayed merged filters (in which intensities from both Venus and Cerulean signals are
both displayed) for when VNQ, VCE, and Cerulean are co-expressed (middle left;
representative trace for elicited currents during co-expression of VNQ and VCE shown in
middle right), when VNQ and Cerulean are co-expressed (bottom left), when VCE and
Cerulean are co-expressed (bottom center), and when no plasmids are transfected (bottom
right). Together, these panels demonstrate Venus fluorescent signal only when
complementary halves of Venus come in close proximity via interaction of KCNQ1 and
KCNEL1 subunits.
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Cell Surface Biotinylation

Isolation of plasma membrane-bound proteins was performed using the Pierce
Cell Surface Protein Isolation Kit (Cat. #: 89881; ThermoScientific®) on HEK 293 cells
transiently co-expressing (lipofection) WT or mutant KCNQL1 (S484A, S484D, R4811,
S484T) and WT KCNEL. Isolation of cell surface proteins was performed per the
manufacturer’s instructions, and are described in the following.

At ~48 hours following transfection and 12-24 hours following treatment with
ISO (when applicable), complete media was removed, cells were washed with ice-cold
PBS twice, and the Sulfo-NHS-SS-Biotin reagent was dissolved in ice-cold PBS and
exposed (10 mL/10 cm culture dish) to cells for 30 minutes at 4°C on a rocking platform.
Quenching solution (500 pL) was then added to each dish and cells were scraped into 15
mL conical flasks and centrifuged at 500 x g for 3 minutes. The supernatant was
discarded and cells were re-suspended in 5 mL TBS and centrifuged again at 500 x g for
3 minutes to wash them before the supernatant was discarded. Cells were then re-
suspended in lysis buffer (500 pL) with protease inhibitor cocktail added. Cells were
sonicated for five 1-second bursts using a probe sonicator at 35% intensity and then
centrifuged at 10,000 x g for 2 minutes at 4°C. The supernatant was transferred to new
tubes while 500 uL of the NeutrAvidin Agarose reagent was placed into new
biotinylation columns (included in the kit) and centrifuged for 1 minute at 1000 x g and
the flow-through was discarded. Columns were washed with wash buffer twice
(centrifugation at 1000 x g for 1 minute) and then lysate was added to the biotinylation
columns and allowed to incubate a room temperature for 1 hour while rocking. Columns
were then centrifuged at 1000 x g for 1 minute and the flow-through was discarded.

Wash buffer (500 uL) with protease inhibitor cocktail was then added to the columns, the
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columns were centrifuged at 1000 c g for 1 minute, and the flow-through was discarded.
The DTT solution was then reconstituted and 23.7 puL was added to 450 pL SDS-PAGE
Sample Buffer (Cat. #: 161-0791; Bio-Rad®). DTT-sample buffer (400 pL) was then
added to the column and incubated at room temperature for 1 hour while rocking. The
column was then centrifuge at 1000 x g for 2 minutes and then flow-through was
collected. Total protein concentration was assessed via NanoDrop One® (“1 Abs = 1
mg/mL” setting), and protein lysates were stored at -20°C until immunoblot experiments
were performed.

Protein immunoblots for isolated membrane proteins were performed using the
general methods described in the “CaMKII Protein Immunoblot” section. Membranes
were exposed to primary antibodies for KCNQ1 (Cat. #: sc-365186; Santa Cruz
Biotechnology®), KCNEL1 (Cat. #: sc-16796; Santa Cruz Biotechnology®), and Na*/K*-
ATPase (used as loading control for membrane-bound proteins; Cat. #: sc-374050; Santa
Cruz Biotechnology®) overnight at 4°C on a rocking platform and secondary anti-mouse
(Cat. #: sc-516102; Santa Cruz Biotechnology®) and anti-goat (Cat. #: sc-2354; Santa
Cruz Biotechnology®) antibodies for one hour at room temperature on a rocking
platform. All primary and secondary antibodies in his experiment were diluted 1:1000 in

5% (w/v) BSA in TBST.

Data Analysis

Analysis of electrophysiology data was performed using FitMaster software
(Version 2x73.1; HEKA®) and GraphPad Prism (Version 6.03). Mean peak corrected
activation current density at +60 mV (voltage of maximal Iks current density) was

compared among experimental groups by means of one-factor ANOVA with post-hoc
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Tukey’s HSD test or independent sample t-test with Welch correction, as appropriate. A
Boltzmann distribution was used to fit normalized activation curves (analyzed using
normalized tail currents) in GraphPad Prism with the equation:

(Equation 1.) l/lmax = 1/ (1 + exp[(V12- V)/slope]).
The voltages of half-maximal activation (V12) were compared among experimental
groups by one-way ANOVA or t-test as above. V1,25 and slope factors for all
experimental groups are displayed in Supplementary Table 1. Mono-exponential curves
were fit to activation and tail currents in order to estimate mean rate constants of
activation and deactivation, respectively, at each voltage that elicited measurable channel
activation (0 to +60 mV). Rate constants of activation and deactivation were compared
between experimental conditions via Welch corrected t-tests, as above.

Mean protein abundance from LCMS/MS experiments and mean phospho-
stimulated luminescence from CaMKII peptide array experiments were compared via
one-way ANOVA with Tukey’s HSD post-hoc test. Normalized (normalized to GAPDH
band intensity) luminescent intensities for total CaMKII, T287-phopho CaMKI|,
KCNQ1, KCNEL1, and Na*/K*-ATPase bands in Western blots were compared to a
hypothesized pu=1 via one-way T test. All data are expressed as mean + standard error of

the mean (SEM) and the a priori alpha was set to 0.05 for all experiments.
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RESULTS

Specific Aim 1: Investigate the regulation of the KCNQ1 carboxyl terminus during
sustained B-AR stimulation and the associated functional implications on Iks

The KCNQL1 carboxyl terminus demonstrates increased phosphorylation during
sustained p-AR stimulation

The phosphorylation status of the KCNQ1 carboxyl terminus was assessed by
tandem LCMS/MS during sustained 3-AR stimulation via treatment with 100 nM 1SO in
HEK 293 cells transiently co-transfected with plasmids encoding for human KCNQ1 and
KCNE1. Basal phosphorylation of KCNQ1 was identified at five residues on the
carboxyl terminus (S407, S457, T482, S484, T624; n=5 for all experimental conditions;
Figure 5). Phosphorylation was significantly enhanced at four of these resides (S407,
T482, S484, p < 0.01; T624, p = 0.02) following sustained 1SO treatment for 4 hours.
Increased phosphorylation was maintained following 24 hours of 1SO treatment at T482

(p <0.01) and S484 (p = 0.01).
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Figure 5. Basal phosphorylation was identified at five KCNQ1 carboxyl terminal
residues (when co-expressed with KCNE1 in HEK 293 cells) via LCMS/MS: S407,
S457, T482, S484, and T624. Phosphorylation was increased at S407, T482, S484, and
T624 following four hour treatment with the B-AR agonist ISO (100 nM). Increased
phosphorylation was sustained following 24 hour ISO treatment at T482 and S484.
*P<0.05 vs. control conditions
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Sustained B-AR stimulation inhibits lksactivation currents and causes a depolarizing
shift in the voltage dependence of activation

As past investigations have demonstrated functional inhibition of Iks during
sustained B-AR stimulation, including during sustained I1SO treatment, in a variety of
experimental models, we first sought to assess the responsiveness of our HEK 293
expression system to sustained ISO treatment. Of note, the responsiveness of expressed
Iks to endogenous B-ARs has been previously demonstrated in HEK 293 cells.1%
Functional assessment of expressed ks currents, and the potential of Iks to respond to
sustained B-AR stimulation, was investigated within our HEK 293 model using whole-
cell, voltage-clamp cellular electrophysiology experiments in control conditions and
following treatment with 100 nM 1SO for 12-24 hours.

The activating voltage protocol used in these experiments along with
representative current traces are displayed in Figure 6A. As shown in Figure 6B, wild-
type KCNQ1 (when transiently co-expressed with KCNE1) demonstrated reduced mean
peak corrected activation currents at +60 mV (the voltage of maximum activation)
following sustained 1SO treatment (45.6 + 7.9 pA/pF, n = 20 with vehicle vs. 21.5 + 4.0,
n = 14 following ISO treatment, p = 0.01). ISO treatment also resulted in a depolarizing
shift in the voltage dependence of activation, obtained using elicited tail currents from the
same activating voltage protocol (V12 of 20.6 £ 0.8, n = 19 with vehicle vs. 26.1 £ 0.8
mV, n = 12 following ISO treatment, p < 0.01; Figure 6C). Parameter estimates of V1.2

and slopes from fitted Boltzmann distributions are displayed in Table 1. Rate constants
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of activation and deactivation were not different in control cells and those treated with

ISO (Figures 6D and 6E).
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Figure 6. (A) Representative traces of Iks currents from WT KCNQL1 co-expressed with KCNE1
in HEK 293 cells treated with 100 nM ISO or vehicle for 12-24 hours. (B) I-V plots (mean and
SEM), (C) activation curves (normalized to voltage of maximum activation [+60 mV]), and rate
constants of activation (D) and deactivation (E) following treatment with 1SO or vehicle. *p<0.05

vs. control conditions

Table 1. Estimated Boltzmann equation parameters for WT
KCNQL1 during treatment with 100 nM ISO or vehicle.

Mutant/Treatment

WT KCNQI + Vehicle

Vin (mV)
20.61 (0.82)

Slope Factor
16.77 (0.75)

WT KCNQ1 + ISO

26.10 (0.79)

14.80 (0.73)

Since KCNQL1 phosphorylation was highest following 4 hours of 100 nM 1SO

treatment at all identified sites in our LCMS/MS analysis (Figure 5), patch clamp

experiments were performed following 4 hour ISO treatment to assess whether the

functional inhibition of Iks was similar following 4 hour and 12-24 hour 1SO treatment.

As shown in Figure 7B and 7C, Iks activation currents were similar following 4 hour and

12-24 hour 1SO exposure. In addition, experiments with the specific Iks chemical



inhibitor HMR 1556 (100 nM and 10 uM added to the pipette solution) confirm that

measured currents in our HEK 293 expression system are indeed Iks.
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Figure 7. (A) Represenative traces of elicited WT Iks currents during treatment with the
Iks chemical inhibitor, HMR 1556 (100 nM or 10 uM), or vehicle in the pipette solution.

(B) 1-V plots (mean and SEM) and (C) bar graphs of maximum WT Iks current density
during treatment with HMR 1556 or vehicle. *p<0.05 vs. control conditions, ns = not

significant

Mimics of phosphorylation at S457, T482, and S484 in combination decrease Iks

activation currents

Based on LCMS/MS data from Figure 5, cellular electrophysiology experiments

were planned to assess the functional implications of phosphorylation at T482 and S484.

In addition, ScanSite3 (described in detail within the results of Specific Aim 2) identified

S457 as a potential site of CaMKII regulation; resultantly, the functional implications of

phosphorylation at all three sites were investigated by means of patch-clamp experiments

in HEK 293 cells transiently expressing KCNE1 and KCNQ1 mutants conferring mimics

of dephosphorylation or phosphorylation at S457, T482, and S484 in combination: triple-

alanine KCNQL1 (Triple-A; dephosphorylated mimic) and triple-aspartic acid KCNQ1

(Triple-D; phosphorylated mimic).



63

As displayed in Figure 8A and 8B, Triple-A mutants demonstrate increased
mean peak corrected activation currents (50.0 £ 8.7 pA/pF, n = 10 at +60 mV) relative to
Triple-D mutants (24.5 £ 4.2, n =13, p = 0.02). In contrast to the effect seen with wild-
type KCNQ1, sustained treatment with 100 nM ISO for 12-24 hours did not decrease Iks
current amplitude with Triple-A (50.0 + 8.7, n = 10 with vehicle vs. 70.5 £ 13.3,n = 18
following 1SO treatment, p = 0.21) or Triple-D mutants (24.5 + 4.2, n = 13 with vehicle
vs. 32.9 £ 5.1, n = 13 following ISO treatment, p = 0.22; Figure 8B). The voltage
dependence of activation was not different between Triple-A and Triple-D mutants (V12
0f 19.5+ 0.9 mV, n = 10 in Triple-A mutants vs. 20.2 = 1.1, n = 13 in Triple-D mutants,
p = 0.66), and sustained 1SO treatment did not alter the voltage dependence of activation
in Triple-A (V12 0f 19.5 £ 0.9, n = 10 with vehicle vs. 22.3 £ 0.6, n = 18 following 1SO
treatment, p = 0.25) or Triple-D mutants (V12 of 20.2 + 1.1 mV, n = 13 with vehicle vs.
19.2 + 0.6, n = 12 following ISO treatment vs, p = 0.44; Figure 8C). Parameter
estimates of V12 and slopes from fitted Boltzmann distributions are displayed in Table 2.
Rate constants of activation or deactivation were not different between Triple-A and
Triple-D mutants (Figure 8D and 8E).

In summary, these experiments demonstrate that, relative to the combination
dephosphorylated state mimics (Triple-A), the combination phosphorylated state mimics
(Triple-D) demonstrate reduced activation currents in a manner similar to that observed
when wild-type Iks was exposed to sustained f-AR stimulation (Figure 8F). In addition,

the fact that both Triple-A and Triple-D mutants were unresponsive to sustained 1SO
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treatment suggests that the functional changes in Iks in response to 1SO treatment are

mediated specifically through changes in phosphorylation at one or more of these sites.
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Figure 8. (A) Representative traces of Iks activation currents from KCNQ1 combination
mimics of phosphorylation (Triple-D) and dephosphorylation (Triple-D) co-expressed
with KCNEL1 in HEK 293 cells. (B) I-V plots (mean and SEM), (C) activation curves
(normalized to voltage of maximum activation), and rate constants of activation (D) and
deactivation (E) for Triple-A and Triple-D KCNQL. (F) Bar graph of current density at
the voltage of maximum activation (+60 mV) for combination mimic KCNQL1 or for WT
KCNQ1 following treatment with 1SO or vehicle. *p<0.05 for comparison indicated,
*p<0.05 for Triple-A vs. Triple-D, 'p<0.05 for Triple-A+1SO vs. Triple-D+ISO
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Table 2. Estimated Boltzmann equation parameters for Triple-
A and Tripled-D KCNQ1 during treatment with 100 nM 1SO

or vehicle.
Mutant/Treatment Vi (mV) Slope Factor
Triple-A KCNQ1 19.53 (0.90) 16.43 (0.82)
Triple-A KCNQ1 + ISO 22.34 (0.64) 14.38 (0.58)
Triple-D KCNQ1 20.18 (1.12) 18.44 (1.05)
Triple-D KCNQ1 + ISO 19.19 (0.58) 16.19 (0.53)

Mimics of phosphorylation at S457 and S484, but not at T482, decrease Iks activation
currents and positively shift the voltage dependence of activation

To determine the specific KCNQL1 carboxyl terminal residue(s) at which
phosphorylation affects Iks function, we individually investigated mimics of
dephosphorylation and phosphorylation at each residue (S457, T482, and S484). Mimics
of phosphorylation demonstrated significantly decreased Iks mean peak activation
currents relative to dephosphorylation mimics at S457 (40.4 + 4.1 pA/pF,n =19 in
S457D mutants vs. 70.7 £ 12.3, n = 16 in S457A mutants at +60 mV, p = 0.02) and also
right shifted the voltage dependence of activation (V1.2 of 28.6+2.5 mV, n=15 for S457D
vs. 21.6+1.7, n=12 for S457A, p=0.03; Figure 9A). Conversely, activation currents
elicited with mimics of phosphorylation at T482 were not significantly different from
dephosphorylation mimics (64.3 = 11.4, n = 22 in T482D mutants vs. 73.8 + 11.3,n =22
in T482A mutants at +60 mV, p = 0.53) and there was no shift in the voltage dependence
of activation (V12 of 24.8+4.2 mV, n=14 for T482D vs. 24.7+2.2, n=16 for T482A,
p=0.99; Figure 9B). Mimics of phosphorylation at S484 also decreased Iks activation
currents relative to dephosphorylation mimics (61.9 + 10.8, n = 20 in S484D mutants vs.
100.4 £ 13.7, n = 22 in S484A mutants at +60 mV, p = 0.04) and produced a right shift in

the voltage dependence of activation (V12 of 28.3+3.1 mV, n=15 for S484D vs. 19.6+1.8,
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n=11 for S484A, p=0.02; Figure 9C). Parameter estimates of V12 and slopes from fitted

Boltzmann distributions are displayed in Table 3.
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Figure 9. (A) 1-V plots (mean and SEM) of elicited currents during an activating voltage
step protocol, bar graph of maximum Iks current density, and activation curves for WT,
dephosphorylation (S457A), and phosphorylation (S457D) mimics of KCNQL1 at S457
when co-expressed with WT KCNEL1 in HEK 293 cells. (B) I-V plots activation currents,
bar graph of maximum Iks current density, and activation curves for WT,
dephosphorylation (T482A), and phosphorylation (T482D) mimics of KCNQ1 at T482.
(C) 1-V plots activation currents, bar graph of maximum Iks current density, and
activation curves for WT, dephosphorylation (S484A), and phosphorylation (S484D)
mimics of KCNQL1 at S484. *p<0.05 for S457A vs. S457D or S484A vs. S484D



Table 3. Estimated Boltzmann equation parameters for
S457A, S457D, T482A, T482D, S484A, and S484D
KCNQ1 in control conditions.

Mutant/Treatment Vin (mV) Slope Factor
S457A KCNQI1 21.55(1.74) 18.89 (1.46)
S457D KCNQ1 28.55(2.52) 20.83 (1.75)
T482A KCNQ1 24.72 (2.16) 16.92 (1.69)
T482D KCNQ1 24.77 (4.17) 20.56 (3.22)
S484A KCNQ1 19.62 (1.80) 17.41 (1.57)
S484D KCNQI 28.34 (3.05) 18.41 (2.15)
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Specific Aim 2: Assess the potential for CaMKII1-mediated functional regulation of
Iks during sustained B-AR stimulation and the associated functional implications

The KCNQL1 carboxyl terminus contains residues of CaMKII phosphorylation

The ability of Ca?*/CaM-activated human §CaMKII to phosphorylate

immobilized peptide fragments corresponding to the intracellular regions of KCNQL1,

including the entire KCNQL1 carboxyl terminus, was assessed using a KCNQ1 peptide

array. Phospho-stimulated luminescent signals corresponding to CaMKI|

phosphorylation were seen with peptides containing the carboxyl terminal residues T482

and/or S484 (the dashed
boxes in the top, following
four minute exposure to
radiolabeled [y-*2P] ATP
and bottom, following 30
second exposure) in Figure
10; a map containing the
complete peptide sequences
is provided in
Supplementary Table 2).
The precise phosphorylation
site(s) (T482 or S484) could
not be resolved since both
residues were located on the

same three peptide
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Figure 10. Peptide fragments of 15 residues in length
corresponding to the intracellular regions of KCNQ1 were
synthesized on a cellulose membrane and exposed to
Ca?*/calmodulin-activated 3CaMKII for four minutes
(top) and 30 seconds (bottom) with Mg-[y->?P]JATP.
Peptide fragments containing KCNQ1 carboxyl terminal
residues T482 and S484 (indicated by the dashed boxes at
D5-D7) were the strongest substrates for CaMKI|I
phosphorylation. The solid box at F15-F19 in the top
panel contains a mutant autocamtide-2 negative control
(T->A mutation; F15), WT autocamtide-2 positive control
(F17), and Kemptide control (classical PKA substrate;
F19). The arrow in the bottom panel contains an additional
mutant autocamtide-2 negative control. The full peptide
map is shown in Supplementary Table 1.
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fragments in the experiment given their close proximity within the KCNQ1 carboxyl
terminus.

To complement the KCNQ1 peptide array, we utilized ScanSite3 (available at:
http://scansite3.mit.edu/#home), a tool for predicting protein motifs that are kinase
substrates, to assess the potential for CaMKII to regulate the residues identified in our
LCMS/MS and peptide array experiments. Using the broadest stringency setting to
minimize the potential for false negative results, ScanSite3 identified S484 and S457 as
predicted sites of CaMKII phosphorylation. Interestingly, S457 was a residue that
demonstrated basal KCNQ1 phosphorylation in our LCMS/MS analysis and also showed
a large numerical (albeit not statistically significant) increase in phosphorylation during 4
hour 1SO treatment (Figure 5). All three of these residues reside within a loop in the
KCNQ1 carboxyl terminus that connects two known CaM-binding domains in helices A
and B (Figure 11), suggesting the potential for pathological regulation by CaMKI|I

during sustained f-AR stimulation and HF.
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Figure 11. Schematic of KCNQ1 and KCNE1 subunits showing KCNQ1 carboxyl
terminal sites of potential CaMKII regulation during sustained -AR stimulation
and HF.
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CaMKII mediates functional changes in ks during sustained -AR stimulation

The potential for CaMKII signaling to regulate functional inhibition of Iksduring
sustained B-AR stimulation was investigated using whole-cell, voltage clamp patch clamp
experiments as before. Wild-type Iks currents were assessed during sustained treatment
with 100 nM 1SO for 12-24 hours in the presence of the CaMKII chemical inhibitor, KN-
93, or its inactive analogue, KN-92. As shown in Figure 12A and 12B, exposure to 500
nM KN-93 (4 hour incubation in culture media before the start of patch clamp
experiments) attenuated reductions in Iks mean peak activation currents observed during
sustained 1SO treatment versus treatment with 500 nM KN-92 (37.4 £ 5.9 pA/pF, n =17
with KN-93 treatment vs. 21.6 + 2.6, n = 14 with KN-92 treatment, p = 0.02). The
voltage dependence of activation was significantly right-shifted during co-treatment with
ISO and KN-92 relative to co-treatment with 1SO and KN-93 (V12 0f 21.4 £ 0.6 mV, n =
17 with KN-93 treatment vs. 26.4 + 0.8, n = 14 with KN-92 treatment, p < 0.01; Figure
12C). Parameter estimates of V12 and slopes from fitted Boltzmann distributions are
displayed in Table 4.

As KN-93 has been previously been shown to directly block the pore of Ik
currents within rabbit and guinea pig cardiomyocytes, we assessed whether KN-93 or
KN-92 had direct inhibitory effects on Iks currents expressed in our HEK 293 system.11°
As displayed in Figure 12D and 12E, 4 hour incubation with 500 nM KN-92 or KN-93
did not affect Iksactivation currents when compared to vehicle (37.1 + 7.7 pA/pF, n = 6
with KN-93 treatment, 45.3 + 8.8, n = 5 with KN-92 treatment, and 47.7 + 8.4, n=5 with

vehicle, p=0.63) in the absence of co-treatment with 100 nM 1SO for 12-24 hours.
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Figure 12. (A) I-V plots (mean and SEM), (B) peak curent density, and (C) normalized
activation curves for WT KCNQ1/KCNEZ1 following treatment with 100 nM 1SO for 12-
24 hours and 500 nM KN-92 or KN-93 for 4 hours in culture media. (D) I-V plots and
(E) peak current density for WT KCNQ1/KCNEL1 following treatment with 500 nM KN-

92 or KN-93 for 4 hours in culture media. *p<0.05, ns = not significant for comparison
indicated

Table 4. Estimated Boltzmann equation parameters for WT
KCNQZ1 during co-treatment with 100 nM 1SO for 12-24 hours
and 500 nM KN-92 or KN-93 for 4 hours.

Mutant/Treatment Vi, (mV) Slope Factor
WT + ISO + KN-92 26.41 (0.76) 14.97 (0.70)
WT + ISO + KN-93 21.40(0.65) 14.65 (0.59)

Similarly, 4 hour incubation with the CaMKI|I peptide inhibitor CN21, but not its
inactive analogue, CN21-Alanine (10 uM tat-CN21 or tat-CN21-Ala in culture media for

4 hours and 1 uM CN-21 or CN21-Ala in pipette solution), reversed sustained 1SO
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induced reductions in Iks activation currents (71.9 + 5.1 pA/pF, n=10 with CN21 vs. 47.2
+ 5.9, n=12 with CN21-Ala, p<0.01; Figure 13A and 13B). In addition, CN21 co-
treatment, but not CN21-Alanine co-treatment, attenuated the depolarizing shift in the
voltage dependence of activation that was seen during treatment with sustained 1SO (V1.2
of 13.8 + 1.3 mV, n=6 with CN21 vs. 20.2 £ 2.1, n=6 with CN21-Ala, p<0.01; Figure

13C). Parameter estimates of V12 and slopes from fitted Boltzmann distributions are

displayed in Table 5.
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Figure 13. (A) I-V plots (mean and SEM) and (B) peak activation current density for WT
KCNQ1/KCNEZ1 following co-treatment with 1SO (100 nM fir 12-24 hours) and CN21 or
CN21-Ala (10 uM tat-CN21 or tat-CN21-Ala in culture media and 1 pM CN21 or CN21-

Ala in pipette solution during recording). (C) Normalized activation curves following
treatment with ISO and CN21 or CN21-Ala. *p<0.05
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Table 5. Estimated Boltzmann equation parameters for WT
KCNQ1 during co-treatment with 100 nM 1SO for 12-24
hours and CN21 or CN21-Ala (10 puM tat-CN21 or tat-CN21-
Ala in culture media and 1 pM CN21 or CN21-Ala in pipette

solution)
Mutant/Treatment V,n (mV) Slope Factor
WT + 1SO + CN21 13.81(1.33) 18.60 (1.31)
WT + ISO + CN21- 20.21(2.12) 19.67 (1.84)
Alanine

To assess the potential for functional enhancement of CaMKI|I activity in
response to sustained B-AR stimulation, HEK 293 cells co-expressing KCNQ1 and
KCNEZ1 were treated with 100 nM 1SO or vehicle for 24 hours before cells were lysed
and total protein was isolated. Total protein lysates were separated via SDS-PAGE,
transferred to PVDF membranes, and blocked with 5% BSA in TBST. Membranes were
then exposed to primary antibodies for CaMKII, phospho-T287 CaMKII (an antibody
detecting CaMKII phosphorylation at T287, the site wherein auto-phosphorylation
confers constitutive kinase activity), and GAPDH overnight at 4°C. Membranes were
then washed, exposed to secondary anti-rabbit antibodies, washed again, exposed to
enhanced chemiluminescent (ECL) substrate, and imaged on a Bio-Rad ChemiDoc
Imager. As shown in Figure 14, phosphorylation at T287 (and therefore enhanced
CaMKII activity) was increased by 36.8% following 24 hour treatment with 100 nM 1SO
relative to vehicle control, when corrected for GAPDH expression (p<0.05). Total
CaMKII expression, however, was not changed following ISO treatment relative to
vehicle, when corrected for GAPDH expression (-5.6% change with 1SO treatment

relative to vehicle, p=0.49 for one-way T-test with hypothesized p=1).
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Figure 14. Representative protein immunoblots (n=7 per condition) and percent
changes in CaMKII and CaMKII T287 phosphorylation in HEK 293 cells following
treatment with 100 nM ISO for 24 hours. *p<0.05

Taken together, these results suggest that CaMKII is functionally enhanced in
response to sustained B-AR stimulation in our HEK 293 expression system and plays a
role in mediating both the inhibition of Iks activation currents and the right-shift in the
voltage dependence of activation observed when wild-type Iks was exposed to sustained

B-AR stimulation.

CaMKII mediates functional inhibition of Iks through KCNQ1 phosphorylation at
S484 but not S457

In order to determine the specific KCNQ1 carboxyl terminal sites of CaMKI|I
phosphorylation, a peptide array was performed to assess the potential for Ca?*/CaM-
activated dCaMKII to phosphorylate each individual residue identified in our LCMS/MS
analysis (Figure 5). As shown in the labeled rows in Figure 15A, peptide fragments
corresponding to the KCNQ1 carboxyl terminal residues S457 and T624 did not

demonstrate detectable phospho-stimulated luminescent signals (indicating
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phosphorylation) when exposed to activated 5CaMKII. The top row in Figure 15A,
which contains peptide fragments corresponding to S407, displayed weak
phosphorylation signals in WT 15 peptides, which contained S407 in addition to the
nearby potential residues of phosphorylation S402, T404, and S409. When S407 was
mutated to an alanine (shown in the columns with an A), the phosphorylation signals did
not decrease relative to WT, indicating that the signals were due to one or more of the
aforementioned serines or threonines on the 15 residue peptide (51.3 £ 3.4 units of
phospho-stimulated luminescence for S407A vs. 54.1 + 2.6 for S407WT, p = 0.53). The
phosphostimulated luminescent signals decreased significantly in the phosphorylation
knock-outs (shown in the columns with a KO) when all serines and threonines in the
peptide fragment, including S407, were mutated to alanines (23.7 £ 1.2 for S407KO vs.
54.1 £ 2.6 for S407WT, p <0.01). The strongest phosphostimulated luminescent signals
were detected with peptide fragments corresponding to the T482 and S484 regions, as
shown in Figure 15B. By mutating T482 and S484 to alanines individually (as well as
mutating an additional potential phosphorylation site on the fragment [S475]), strong
phosphostimulated luminescent signals were detected at all peptide fragments containing
S484, including the T482KO (Spot 3) in which S484 was the only residue available for
phosphorylation on the fragment. The peptides containing the T482 residue as the lone
potential phosphorylation site (S484A, Spot 5) displayed greatly reduced signals relative
to the peptides containing S484 alone (40.7 + 1.9 for the S484A peptides containing just
T482 vs. 1605.3 + 67.8 for the T482KO peptides containing just S484, p < 0.01; Figure
15B). The peptides containing no serine or threonine sites (5484 KO, Spot 6)

demonstrated negligible 3CaMKII phosphorylation signals (34.5 + 3.4) when all
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phosphorylation sites were removed. Peptide sequences are defined in Supplementary
Table 3. Together, results from our global carboxyl terminal and site-specific peptide

arrays are consistent in demonstrating that KCNQ1 S484 is a site of CaMKI|I

A WT A KO WT A KO WT A KO WI A KO WT A KO

5407
$457
T482"

5484

T624

B wr A ko

$407 Spot 1 (S475,T482,5484)
Spot 2 (S475,5484)
S457

___________ { Spot 3 (S484)

1 *
T482" :o o m Spot 4 (T482,5484)

P ; Spot 5 (T482)
1
5484 'o s e Spot 6 (Neg. Cont.)

T624 0 500 1000 1500 2000
Phosphostimulated Luminescence

Figure 15. (A) Synthesized peptides corresponding to KCNQ1 carboxyl terminal
residues that demonstrated basal phosphorylation were exposed to activated CaMKII.
Each row contains peptides corresponding to the labeled KCNQZ1 residue with columns
for WT, A (phospho-acceptor site mutated to alanine), or KO (all serines and threonines
mutated to alanines with the exception of T482 wherein S484 was not mutated; n=5 for
each condition). (B) Quantification of phosphostimulated luminescence for WT, A, and
KO peptides corresponding to KCNQ1 T482 and S484 during exposure to activated
dCaMKII. *p<0.05

phosphorylation.

To assess the ability of CaMKI| to inhibit Iks function via regulation at S457
and/or S484 (the residues which were previously shown to be critical for Iks function in
Figure 9), constitutively active 6CaMKII (T287D; YFP tagged) was stably expressed via

lentiviral transduction in an HEK 293 cell line in which WT or mutant KCNQ1 with
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KCNEL1 were transiently co-expressed (methodology previously described). To control
lentiviral transduction, a lentiviral vector containing only YFP was stably expressed
within a control HEK 293 cell line. As shown in Figure 16A and 16B, mean peak
corrected activation currents were reduced during CaMKII overexpression relative to the
lentiviral control line when WT KCNQL1 (co-expressed with KCNE1; 67.3 £ 9.3 pA/pF, n
=15 in control vs. 35.8 £ 5.8, n = 15 in CaMKII overexpression at +60 mV, p = 0.01),
while activation currents with the combination dephosphorylated state mimic (Triple-A;
co-expressed with KCNE1) were unchanged relative to the control line (78.2 £ 7.1, n =
14 in control vs. 63.7 = 8.5, n = 15 in CaMKII overexpression at +60 mV, p = 0.20).
Individual mimics of phosphorylation at S457 and S484 showed differential effects when
assessed during CaMKII overexpression. In contrast to the functional inhibition seen
with WT KCNQ1, S484A mutants did not demonstrate reduced activation currents during
CaMKII overexpression (60.9 + 9.1, n =10 for S484A mutants in CaMKII overexpression
vs. 35.8 £ 5.8, n = 15 for wild-type KCNQ1 in CaMKII overexpression, p = 0.04).
Conversely, S457A demonstrated reduced activation currents during CaMKI|
overexpression similar to the inhibition seen with WT KCNQL1 (35.6 = 7.0, n =10 for
S457A mutants in CaMKII overexpression vs. 35.8 £ 5.8, n = 15 for wild-type KCNQ1
in CaMKII overexpression, p = 0.99; Figure 16A and 16B). Relative to the lentiviral
control cell line, the voltage dependence of activation was right-shifted with WT KCNQ1
relative to the T287D 8CaMKII line (V12 0of 18.5 £ 1.4 mV, n =11 in control vs. 22.2 £
0.8, n = 11 in CaMKII overexpression, p = 0.03; Figure 16C). Rate constants of

activation were not different between WT and S484A KCNQ1 when expressed in the



T287D 6CaMKII line (Figure 16D); however, rate constants of deactivation were

significantly reduced in cells expressing WT KCNQ1 relative to S484A (Figure 16E).
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Figure 16. (A) I-V plots (mean and SEM) and (B) peak curent density at +60 V for
elicited currents during an activating voltage protocol when WT or mutant KCNQ1 was
co-expressed with KCNE1 in HEK 293 cells stably overexpressing YFP-tagged
consitutively active (T287D) 6CaMKI|I or YFP-tagged control. (C) Normalized activation
curves for WT KCNQ1 when expressed in CaMKII overexpression and control lines.

Rate constants of activation (D) and deactivation (E) for WT and S484A KCNQ1 when
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expressed in the CaMKII overexpression line +p<0.05 for Control, WT vs. CaMKII, WT,
#<0.05 for CaMKI|I, S484A vs. CaMKII, WT, **p<0.05 for comparison indicated,
*p<0.05 for CaMKII, WT vs. CaMKII, S484A (tau analyses)
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Table 6. Estimated Boltzmann equation parameters for
WT I, when expressed in an HEK 293 cell line

containing T287D 3CaMKI|I or lentiviral control.

Mutant/Treatment V,5n (mV) Slope Factor
WT in Control 18.51(1.37) 16.67 (1.26)
Lentivirus
WT in CaMKII 22.21(0.76) 14.83 (0.70)
Lentivirus

PKA does not mediate functional changes in lks during sustained -AR stimulation

Based on PKA’s established role as a regulator of Iks function in response to acute
B-AR stimulation, we sought to (1) examine whether PKA signaling mediates functional
inhibition of Iks in response to sustained f-AR stimulation and (2) assess whether the
residues we previously identified in our LCMS/MS analysis (Figure 5) are substrates for
PKA phosphorylation.

To assess the potential for PKA inhibition to reverse functional reduction of Iks
activation currents during sustained ISO treatment, HEK 293 cells transiently co-
expressing WT KCNQ1 and KCNE1 were treated with 100 nM ISO for 12-24 hours and
co-treated with the PKA peptide inhibitor myristoylated-PKI (1 uM in culture media for
4 hours and in pipette solution). As shown in Figure 17, PKI treatment did not attenuate
ISO-induced inhibition of Iks activation currents (47.4 £ 7.6 pA/pF, n=10 with myr-PKI
vs. 40.9 £ 5.9, n=10 with 1SO, p=0.51; Figure 17A and 17B). Similarly, co-treatment
with myr-PKI did not reverse the depolarizing shift in the voltage dependence of
activation with I1SO treatment (V12 of 18.3 £ 2.0 mV, n=8 with myr-PKI vs. 20.4 + 2.3,

n=8 with 1SO, p=0.50; Figure 17C).
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Figure 17. (A) I-V plots and (B) peak activation current density for WT KCNQ1/KCNE1
following treatment with vehicle, 1SO, or co-treatment with 1ISO (100 nM for 12-24
hours) and myristoylated PKI (1 uM in culture media and in pipette solution during
recording). (C) Normalized activation curves following treatment with vehicle, 1SO, and
co-treatment with 1SO and myristoylated PKI. *p<0.05

A peptide array was performed to assess the potential for activated PKA to
phosphorylate peptide fragments corresponding to the residues identified in our
LCMS/MS analysis (Figure 5). As shown in the top row of Figure 18, peptides
corresponding to S457, T482, S484, and T624 on KCNQ1 showed negligible
phosphorylation signals relative to kemptide positive control. While the WT S407
fragment displays a weak phosphorylation signal, this signal is not reduced in the S407
KO fragment, indicating a non-specific interaction between the peptide fragments and
PKA. For comparison, the same spots when exposed to activated 3CaMKII are shown

wherein S484 is shown to be a specific site of CaMKII phosphorylation.
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Figure 18. Fifteen residue peptides corresponding to the KCNQ1 carboxyl terminal
residues S407, S457, T482, S484, and T624, positive control (kemptide for PKA and
autocamtide-2 for CaMKII), negative controls (threonine and serine mutated to alanines
on kemptide and autocamtide-2, respectively) were synthesized on a cellulose membrane
and exposed to activated PKA or 6CaMKI|I for 30 seconds with [y-32]ATP. Relative to
kemptide control, peptides corresponding to S457, T482, and S484 (with nearby serines
and threonines mutated to alanines), and T624 do not demonstrate phosphorylation
signals when exposed to activated PKA. While S407 peptides demonstrate weak
phosphorylation signals when exposed to activated PKA, analysis of the S407KO
peptide, wherein all serines and threonines have been mutated to alanines, does not
reduce the phosphorylation signal, indicating that the signal is being produced by a non-
specific interaction of PKA and the peptide fragment. Relative to autocamtide-2 control,
peptides corresponding to S457, T482 (with nearby serines and threonines, including
S484, mutated to alanines), and T624 do not demonstrate phosphorylation signals when
exposed to activated 6CaMKII. S484 (wih nearby serines and threonines, including T482,
mutated to alanines) demonstrates strong phosphorylation signals when exposed to
activated 6CaMKII. While S407 peptides demonstrate weak phosphorylation when
exposed to activated 6CaMKII, analysis of S407A, wherein S407 has been mutated to an
alanine, does not reduce the phosphorylation signal, indicating that the signal is likely
mediated by another serine or threonine on the peptide fragment.

Taken together, these results demonstrate that PKA inhibition does not reverse
sustained 1SO-induced changes in Iks function and that the identified phosphorylation
sites on the KCNQ1 carboxy! terminus are not substrates for PKA phosphorylation using
our in vitro approaches. Therefore, our results indicate that, in contrast to CaMKII, PKA

signaling does not mediate functional inhibition of Iks during sustained B-AR stimulation.
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Specific Aim 3: Evaluate the mechanistic basis for how CaMKII-mediated S484
phosphorylation, in response to sustained B-AR stimulation, inhibits Iks function

As was discussed in the introductory section entitled “molecular mechanisms of
Iks inhibition,” changes in the expression of KCNQ1 and/or KCNE1 mRNA and protein
have not been consistently demonstrated in HF patients or in animal HF models. Likely
potential mechanistic explanations for the inhibition of Iks during sustained -AR
stimulation include: changes in the biophysical properties of KCNQ1 (when expressed
alone) or IKs (co-expression with KCNEL); reduced trafficking and/or plasma membrane
expression of KCNQ1 and/or KCNEZ1,; alteration of the interaction between KCNQ1 and
its required auxiliary subunits (e.g. KCNEL, CaM). In our final specific aim, we
performed experiments investigating the potential for the aforementioned mechanisms to

mediate functional inhibition of Iks during sustained -AR stimulation.

The KCNQL carboxyl terminus is differentially phosphorylated during co-expression
with KCNE1

In order to assess whether functional interaction with KCNEL1 affects the
phosphorylation status of the KCNQ1 carboxyl terminus, we utilized the LCMS/MS
approach that we employed previously to assess phosphorylation at the KCNQL1 residues
that demonstrated basal phosphorylation (S407, S457, T482, S484, T624). cDNAs
encoding for human KCNQ1 (and KCNEL1 in the co-expression group) were transiently
expressed in HEK 293 cells to assess KCNQ1 phosphorylation in the presence and
absence of KCNE1 co-expression. As shown in Figure 19, phosphorylation was
identified at S407, S457, T482, and S484 (phosphorylation was not identified at 624 in
this assay). When KCNQ1 was co-expressed with KCNEL, phosphorylation was

decreased at S457, T482, and S484 relative to KCNQL1 expression alone.
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Figure 19. Phosphorylation was assessed via LCMS/MS at the five KCNQ1 carboxyl
terminal residues that previously demonstrated basal phosphorylation (S407, S457, T482,
S484, T624) in the presence (white bars) and absence (black bars) of co-expression with
KCNEL. Phosphorylation was reduced at S457, T482, and S484 when KCNQ1 was co-
expressed with KCNE1. Phosphorylation at T624 was not detected in the assay. *P<0.05
vs. KCNQZ1 expression alone

Since the functional interaction between KCNQ1 and KCNEL1 involves protein-
protein interactions between the carboxyl termini of KCNQ1 and KCNEL1, these results
suggest that protein-protein interactions with KCNE1 reduce basal phosphorylation of
KCNQ1 in the vicinity of S457 through S484. Based on this finding, we hypothesized
that KCNQ1 phosphorylation at S484 might similarly reduce protein-protein interaction

with KCNE1 and thereby inhibit Iks function.

Mimics of phosphorylation at S484 inhibit KCNQ1 function only during co-expression
with KCNE1

To functionally assess the potential for competition between KCNQ1
phosphorylation at S484 and functional interaction with KCNEL, we performed patch
clamp electrophysiology experiments with differential mimics of phosphorylation at
S484 (S484A and S484D KCNQ1) in the presence and absence of KCNE1 co-

expression. As displayed in Figure 20A and 20B, activation currents were not different
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among WT (23.9 £ 3.0 pA/pF [mean = SEM] at +60 mV, n=15), S484A (22.8 £ 3.8, n-
15), and S484D (23.7 £ 2.6, n=15) KCNQ1 when expressed in HEK 293 cells in the
absence of KCNE1 co-expression (p=0.96). Similarly, the voltage dependence of
activation was not different between WT (V12: 15.9 + 3.8 mV, n=13), S484A (10.6 £ 1.5,
n=15), or S484 (11.6 £ 4.1, n=15) KCNQ1 when expressed with KCNEL1 co-expression

(p=0.51; Figure 20C).
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Figure 20. (A) I-V plots and (B) peak activation current density for WT, S484A, and
S484D KCNQL1 expressed in the absence of KCNEL in HEK 293 cells. (C) Normalized
activation curves for WT, S484A, and S484D KCNQL.

Table 7. Estimated Boltzmann equation parameters for WT,
S484A, and S484D KCNQ1 when expressed in the absence
of KCNE1 in HEK 293 cells.

Mutant Slope Factor
WT 15.9 (3.8) 35.0 (4.5)
S484A 10.6 (1.5) 25.6 (1.8)

S484D 11.6 (4.1) 31.3 (5.4)
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The lack of a functional difference between S484A and S484D KCNQL1 in the
absence of KCNE1 co-expression is in contrast to that seen during co-expression of
KCNEL1 (Figure 9C). This contrast suggests that the phosphorylation at S484 does not
impact the inherent biophysical properties of KCNQ1 channels alone, but instead may
impact the formation of functional protein-protein complexes with KCNEL.
Accordingly, our subsequent experiments pursued methodological techniques to assess
the interaction of KCNQ1 and KCNEL1 in response to S484 phosphorylation and

sustained B-AR stimulation.

Utilizing LQT1 mutations in the vicinity of KCNQ1 S484 as a translational tool to
assess CaMKI I regulation during sustained #-AR stimulation

Large electronic long QT databases, which record mutations observed in genes
known to affect the cardiac QT interval along with the phenotype associated with these
mutations (when available), have been compiled to assist in both clinical and reseach
applications. One such database, maintained by the Zhejiang University Center for
Genetic and Genomic Medicine, contains nearly 850 entries for distinct LQT1 mutations
that have been discovered clinically (database available at:
http://www.genomed.org/lovd2/home.php?select_ db=KCNQ1). In utilizing Scansite 4.0
to predict potential sites for CaMKII phosphorylation in the vicinity of the CaM-binding
domains in KCNQ1 carboxyl terminal helices A and B, the sites of S457 and S484 were
identified. The Zhejiang University database was then scanned for LQT1 mutations in
close proximity to these sites, revealing three LQT1 mutations around S457 (R452W,
H455Y, and G460S) and two LQT1 mutations in the vicinity of S484 (R481l1 and

S484T).
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Immobilized peptides corresponding to the predicted KCNQ1 sites of CaMKI|I
regulation and the surrounding LQT1 sites were then synthesized on a cellulose
membrane and exposed to calcium-CaM-activated CaMKII along with [y-32P] ATP to
identify sites of CaMKII phosphorylation. As shown in Figure 21, S457 was not a
substrate for CaMKII phosphorylation, and the LQT1 mutations around the site,
including G460S which introduced an additional potential phosphorylation site, did not

enhance CaMKII phosphorylation.

$457 R452W G4605S
ERRLDHFSVDGYDSS ERWLDHFSVDGYDSS ERRLDHFSVDSYDSS

H455Y

ERRLDYFSVDGYDSS
Figure 21. Peptide fragments corresponding to S457 on KCNQ1 and LQT1 mutations
surrounding the site (R452W, H455Y, or G460S) did not display phosphorylation signals
when exposed to activated CaMKII and radiolabeled ATP.

In contrast, strong CaMKII phosphorylation signals were seen at S484 (Figure
22). Interestingly, phosphorylation was prevented by the R4811 LQT1 mutation, which
removes an arginine residue from three places before S484, but was unaffected by the
S484T LQT1 mutation. Based upon the differential abilities of these two LQT1
mutations to disrupt CaMKII phosphorylation at S484, these mimics will be used as

experimental tools in assessing the mechanistic basis for S484 phosphorylation to disrupt
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Iks function. In addition, these analyses investigate the functional implications of these

previously uncharacterized mutations on KCNQ1-KCNEZ1 biology.

5484 R481I 54841
PHFMRTNSFAEDLDL PHFMITNSFAEDLDL PHFMRTNTFAEDLDL

Wbl
e

7 Lo A

Figure 22. Peptide fragments corresponding to S484 were
substrates for CaMKII phosphorylation, and CaMKI|
phosphorylation was disrupted by R4811 but not S484T LQT1
mutations.

Sustained B-AR stimulation and mimics of phosphorylation and dephosphorylation at
S484 disrupt the interaction between KCNQ1 and KCNEL1 subunits

Bimolecular fluorescence complementation (BiFC) is a live-cell imaging
technique in which complementary halves of a fluorophore (the yellow fluorescent
protein Venus was used in this series of experiments) are expressed on the termini of
putative interacting proteins. A primary advantage of BiFC relative to classical
techniques to assess protein-protein interactions (e.g. protein-protein co-
immunoprecipitation) is that it allows detection of protein-protein interactions within a
living cell. In these experiments, cDNA plasmids encoding for KCNQ1 and KCNE1
with complementary halves of Venus connected to their carboxyl termini (plasmids with
WT or mutant KCNQ1 contained the amino half of VVenus while plasmids with WT
KCNEL1 contained the carboxyl half of Venus) were transiently co-expressed in HEK 293

cells along with the cytosolic cyan fluorescent protein, Cerulean. Venus fluorescent
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signals were normalized to Cerulean fluorescent signals in all experiments to control for
the efficiency of cDNA transfection and cellular expression of the encoded proteins.

In order to assess the potential for phosphorylation at S484 to disrupt the
intracellular interaction of KCNQ1 and KCNEZ1 proteins, Venus BiFC plasmids encoding
for WT KCNQL (in control conditions and during 1SO treatment), S484A KCNQ1, and
S484D KCNQ1 were transiently co-expressed (Lipofectamine 2000%®) with Venus BiFC
plasmids encoding WT KCNEL1 in HEK 293 cells. Cells were visualized using a Leica®
SP8 Resonant-scanning confocal/multiphoton microscope at ~48 hours follow
transfection using a two sequence procedure that utilized a 405 nm laser to excite
Cerulean followed by a 488 nm laser to excite Venus. Images were taken at 0.5 um
increments in the Z-direction (vertical), and composite images were created that summed
fluorescent intensity for each pixel in all Z planes using Fiji® software. Freehand regions
of interest were used to trace cell boundaries based on Cerulean intensity, and the mean
fluorescent intensity within each region was calculated in Fiji®. The same regions of
interest were used to assess mean Venus and Cerulean intensities in the same cells in all
experiments. Expression of average Venus intensity was normalized to average Cerulean
intensity in each region of interest (cell), and mean Venus:Cerulean ratios were compared
among experimental groups via Student’s t-test (WT vs. WT+ISO; S484A vs. S484D;
WT+ISO+KN-93 vs. WT+ISO+KN-92; R4811+1SO vs. S484T+1SO). Representative
summed images of cells expressing Venus and Cerulean in all experimental groups are
shown in Figure 23-25.

As shown in the bar graph in Figure 23, mean Venus:Cerulean ratios were

decreased with mimics of phosphorylation at S484 (S484D; 0.38 + 0.01 [mean + SEM],
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n=40) relative to mimics of dephosphorylation (S484A; 0.87 + 0.09, n=37; p<0.01).
Similarly, mean Venus:Cerulean ratios were reduced during treatment with 100 nM ISO
for 12-24 hours (0.38 = 0.03, n=50) relative to vehicle control (0.44 + 0.02, n=62;

p<0.05).

WT KCNQ1

WT KCNQ1
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Figure 23. (Left) Representative summed images of HEK 293 cells transiently co-
expressing cytosolic Cerulean fluorescent proteins (cyan) and Venus fluorescent proteins
(yellow) encoded in plasmids containing WT KCNQL1 in control conditions, WT KCNQ1
during treatment with 100 nM ISO for 12-24 hours, S484A KCNQL1 in control
conditions, and S484D KCNQL in control conditions along with WT KCNEL. (Right)
Mean ratios of Venus:Cerulean fluorescent intensities for WT KCNQ1/KCNEZ1 in control
conditions and during 12-24 hour treatment with 100 nM 1SO, S484A KCNQ1/KCNE1,
and S484D KCNQ1/KCNE1. *p<0.05, **p<0.01 for comparison indicated
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CaMKII signaling disrupts the interaction between KCNQ1 and KCNE1 subunits
during sustained #-AR stimulation via regulation at S484

To assess the potential for CaMKII regulation at S484 to mediate the reduced

cellular interaction observed between KCNQ1 and KCNEL1 subunits, we utilized CaMKI|I

WT KCNQI + WT KCNQI +
ISO + KN-93 ISO + KN-92

Cerulean

W-r+lso+KN-93-

WT+ISO+KN-92- H

*¥

o® o¥ s o® o®
Venus: Cerulean Intensity

Venus

Figure 24. (Left) Representative summed images of HEK 293 cells transiently co-
expressing cytosolic Cerulean fluorescent proteins (cyan) and Venus fluorescent proteins
(yellow) encoded in plasmids containing WT KCNQ1 and KCNE1 during 12-24 hour co-
treatment with 100 nM ISO and the specific CaMKII chemical inhibitor, KN-93, or its
inactivate analogue, KN-92 (500 nM for both). (Right) Mean ratios of Venus:Cerulean
fluorescent intensities for WT KCNQ1/KCNEZ1 during co-treatment with 1SO and KN-93
or KN-92. **P<0.01 for comparison indicated

inhibition and R4811 and S484T mutants during ISO treatment. HEK 293 cells
expressing Venus and Cerulean plasmids were co-treated with 100 nM 1SO and 500 nM
of the chemical CaMKII inhibitor KN-93 or KN-92, its inactive control. As shown in the
representative images and bar graph Figure 24, treatment with KN-93 (0.57 + 0.03,
n=33) attenuated 1SO treatment-induced reductions in Venus:Cerulean ratios relative to

KN-92 control (0.45 £ 0.02, n=37); p<0.01).
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The role of CaMKII in mediating reduced KCNQ1-KCNEZ1 interaction via
regulation at S484 was supported by our analyses with the LQT1 mutations R481I1 and
S484T. Since the R4811 mutation was shown to disrupt CaMKII phosphorylation at
S484 in our peptide array experiments (Figure 22), we hypothesized that R4811 KCNQ1
would prevent CaMKII-mediated disruption of the KCNQ1-KCNEL1 interaction during
sustained 1SO treatment. Conversely, we hypothesized S484T KCNQ1 would not
prevent CaMKII-mediated changes during sustained ISO treatment based S484T still
being a site of CaMKII phosphorylation in peptide array experiments. In accordance

with our hypotheses, we found that R4811 KCNQ1 (0.53 + 0.04, n=63) attenuated 1SO
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treatment-induced reductions in Venus:Cerulean ratios relative to S484T KCNQ1 (0.41 +

0.01, n=55; p<0.01; Figure 25).

R4811 KCNQ1 S484T KCNQI1
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Figure 25. (Left) Representative summed images of HEK 293 cells transiently co-
expressing cytosolic Cerulean fluorescent proteins (cyan) and Venus fluorescent proteins
(yellow) encoded in plasmids containing R4811 or S484T KCNQ1 during 12-24 hour
treatment with 100 nM ISO. (Right) Mean ratios of Venus:Cerulean fluorescent

intensities for R4811 or S484T KCNQ1/WT KCNEL1 during treatment with 1SO.
**P<(.01 for comparison indicated

Together, these results illustrate the importance of CaMKI|I regulation at S484 to
mediate disruption of the functional interaction between KCNQ1 and KCNE1 during
sustained B-AR stimulation. When CaMKII is functionally inhibited or when S484 is
unable to be regulated by CaMKII (such as when the arginine at 481 is replaced by an
isoleucine) the effect of sustained 1SO treatment in reducing the interaction of KCNQ1
and KCNEL is blunted, as evidenced by attenuation of VVenus:Cerulean ratios in these

experimental conditions.
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Phosphorylation at S484 reduces plasma membrane expression of KCNQ1 and KCNE1
subunits

To assess the potential for S484 phosphorylation to alter plasma membrane
expression of KCNQ1 and/or KCNE1 subunits, we utilized a commercially available
technique that utilizes N-hydroxy-succinimide reversibly conjugated to avidin to label
and isolate membrane-bound proteins (Pierce Cell Surface Protein Isolation Kit, Cat. #:
89881; ThermoScientific®). S484A and S484D KCNQ1 were transiently co-expressed
along with WT KCNE1 in HEK 293 cells, and labeling and isolation of membrane-bound
proteins was performed at ~48 hours following transfection. Changes in subunit
expression were investigated via protein immunoblot using antibodies against KCNQL1,
KCNEZ1, and the Na*/K*-ATPase (used as a membrane-bound loading control). As
shown in Figure 26, KCNQ1 expression (analyzed as the ratio of KCNQ1 signal [band at
75 kDa] to Na*/K*-ATPase signal [band at 113 kDa]) was reduced by ~15% with S484D
(phosphorylation mimics) relative to S484A (p<0.05, n=6 per condition; Figure 26B).
KCNEL1 expression (analyzed as the ratio of KCNEL signal [band at 17 kDa] to Na*/K*-
ATPase signal [band at 113 kDa]) demonstrated an even greater reduction in expression

(~33%) with S484D mutants relative to S484A (p<0.05, n=6 per condition; Figure 26C).
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Figure 26. (A) Representative protein immunoblot from HEK 293 cells transiently co-
expressing WT KCNQ1/KCNEL1 (no biotinylation), S484A KCNQ1/WT KCNEL1 (after
isolation of plasma membrane-bound proteins via biotinylation), and S484D KCNQL1/WT

KCNEL (after biotinylation) following treatment with KCNQ1, KCNE1, and Na /K -
ATPase (membrane-bound loading control) antibodies. (B) Percent change in

KCNQ1:Na /K -ATPase ratios relative to S484A. (C) Percent change in KCNE1:Na /K -
ATPase ratios relative to S484A. *p<0.05
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DISCUSSION

Regulation of the KCNQL1 carboxyl terminus by CaMKII during sustained f-AR
stimulation

The first specific aim examines the regulation of the KCNQ1 carboxyl terminus
during sustained B-AR stimulation and the associated functional implications on Iks.
Using a phosphoproteomics approach, we identify five KCNQ1 carboxyl terminal sites
(S407, S457, T482, S484, T624) that demonstrate basal phosphorylation when expressed
in HEK 293 cells. By investigating changes in KCNQ1 phosphorylation during 1SO
treatment, we find that two of these residues (T482 and S484) demonstrate increased
phosphorylation during sustained B-AR stimulation. Additionally, we utilized a
bioinformatics approach that predicted two of these residues (S457 and S484) as CaMKI|I
substrates.

Based on these findings, we next investigated the functional implications of
phosphorylation at S457, T482, and S484. Utilizing patch clamp electrophysiology with
mimics of phosphorylation (aspartic acid) and dephosphorylation (alanine), we
demonstrate that combination mimics of phosphorylation at S457, T482, and S484
recapitulate observed functional inhibition of Iks seen during sustained ISO treatment.
When investigating these residues individually, we find that differential phosphorylation
at S457 and S484 affect Iks function by reducing current density and causing a
depolarizing shift in the voltage dependence of activation.

Specific Aim 2 investigated the potential for CaMKII signaling to mediate
functional inhibition of Iks during sustained B-AR stimulation, including the specific

phosphorylation site on KCNQ1. Utilizing protein immunoblot to assess phosphorylation
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at T287 on CaMKI|, an autophosphorylation site that confers constitutive kinase activity,
we demonstrate the CaMKII is functionally enhanced during I1SO treatment. Patch clamp
experiments following co-treatment with ISO and peptide (CN21) or chemical (KN-93)
CaMKII inhibitors demonstrate that CaMKII signaling mediates functional inhibition of
Iks during ISO treatment. To probe for CaMKII phosphorylation sites on the KCNQ1
carboxyl terminus, we utilized peptide array experiments which assessed the potential for
CaMKII to phosphorylate the five KCNQ1 residues that demonstrated basal
phosphorylation via LCMS/MS analysis. These peptide array data demonstrate that S484
is a substrate for CaMKII phosphorylation, and this finding was corroborated by
functional experiments in which we saw that expression of S484A KCNQ1 attenuated
functional inhibition of Iks within a cell line overexpressing CaMKI|.

Taken together, these results demonstrate that, in response to sustained p-AR
stimulation, CaMKII phosphorylates KCNQ1 at S484 to inhibit Iks function. The
inhibition of Iks current density is consistent with the depolarizing (inhibitory) shift in the
voltage dependence of activation observed during ISO treatment and CaMKI|I
overexpression; these inhibitory changes are also consistent with decreases in the rate
constants of activation and deactivation during 1SO treatment, CaMKII overexpression,
and with aspartic acid mutations conferring mimics of phosphorylation. Findings from
our functional analyses are consistent with our proteomic and biochemical analyses,
which demonstrate that phosphorylation at S484 is enhanced during sustained -AR
stimulation and that S484 is a substrate for CaMKII phosphorylation. The
electrophysiological changes seen independently during both CaMKII overexpression

and S484 phosphorylation recapitulate the functional reductions seen during sustained
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ISO treatment. These findings suggest that, at least in our cellular expression system,
CaMKII-mediated phosphorylation of S484 is sufficient to account for the entirety of the
functional changes in Iks during sustained B-AR stimulation.

An additional finding in our investigation is that phosphorylation at KCNQ1
S457, a site that demonstrated basal phosphorylation in our LCMS/MS analysis, also has
inhibitory functional consequences on Iks, including inhibition of activation and tail
current density and a depolarizing shift in the voltage dependence of activation. Further
analyses revealed that S457 is not a site of CaMKII phosphorylation. Therefore, it
remains unclear which signaling pathway regulates phosphorylation at S457 and whether
the site has any pathophysiological relevance in the setting of HF.

The present work investigates the potential for Iks regulation during sustained f3-
AR stimulation by CaMKIlI, a serine/threonine kinase known to pathologically regulate
ion channel function and excitation-contraction coupling in cardiomyocytes during HF.>
Furthermore, CaMKII has been demonstrated to mediate arrhythmia development in a
vast range of cardiac diseases, including HF, through aberrant calcium handling.!6-118
Interestingly, sustained B-AR stimulation has been shown to increase the function and
expression of CaMKI1.11%22 Through regulation of cardiac ion channels, including the
repolarizing potassium channels lw and Ix1, CaMKII mediates increases in both action
potential duration and arrhythmogenic propensity in HF models.®"116:118.123 \Whijle
CaMKII regulation of Iks has not been previously established, investigations of LQT1
mutants in the KCNQL1 carboxyl terminus demonstrate a necessary role for CaM in both

Iks trafficking and channel gating.1028-%0
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Several experiments from the current study suggest that the functional regulation
of Iks by CaMKII occurs via phosphorylation at S484, a residue in the carboxyl terminus
that lies between two CaM-binding domains in helices A and B of KCNQ1. We
demonstrated the site-specific nature of regulation at S484 by means of functional
investigation of Iks in a CaMKII overexpression system with KCNQ1 mutations
preventing phosphorylation at S484 and the demonstration of direct CaMKI|I
phosphorylation with peptide fragments simulating KCNQ1 S484. Interestingly, an
LQT1 mutation has previously been identified at S484 (S484T), but the functional
importance of the site has not been experimentally investigated outside of the present
study.!?* LQT1 mutations have not been identified at the other two identified
phosphorylation sites, S457 or T482, though our functional investigations indicate that
phosphorylation at S457 has the potential to regulate Iks function.

Aflaki, et al. assessed the regulation of Iks during sustained B-AR stimulation in a
guinea pig model using long-term 1SO treatment.? In accordance with our results, they
found significant ks inhibition in response to 1SO treatment for 30 hours. Additionally,
their work demonstrated a role for the exchange protein directly activated by cyclic-AMP
(Epac) pathway in mediating lks inhibition during sustained B-AR stimulation by
systematically inhibiting various elements of the Epac signaling cascade, including
CaMKII. Given the established role of CaMKII as a downstream effector during Epac
activation, it is not surprising that Epac-mediated functional reductions in Iks during
sustained B-AR stimulation were reversed with CaMKII inhibition.%>7>77125 Therefore,
the findings from Aflaki et al. support those of our own analyses which demonstrate that

CaMKII regulates Iks during sustained -AR stimulation. Utilizing a combination of
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proteomic, biochemical, and electrophysiological approaches, we demonstrate novel site-
specific regulation of KCNQ1 at S484 by CaMKII.

This study expands on previous findings to propose a molecular understanding of
how CaMKI|I regulates Iks function during sustained B-AR stimulation, including
experiments that demonstrate site-specific KCNQ1 regulation at S484. Based on its
established role as a pro-arrhythmogenic mediator in HF and its demonstrated ability to
inhibit Iks during sustained -AR stimulation in the present study, increased CaMKI|I
activation may contribute to the increased prevalence of arrhythmogenesis in HF patients.

A 2018 investigation by Gou, et al. demonstrates functional inhibition of Iks
during treatment with angiotensin Il that is mediated by PKC-¢ and involves
phosphorylation of the KCNQ1 amino terminus (S95 and T96) as well as a distal site on
the accessory subunit, KCNE1 (S102).*” Though the authors conclude that “PKC-¢
mediates the inhibitory action of angiotensin Il on Iks by phosphorylating distinct sites on
KCNQ1/KCNEL1,” their analyses only (1) investigate the functional implications of
mimics of phosphorylation at nine residues predicted to be PKC-¢ substrates by
KinasePhos 2.0 and (2) demonstrate that PKC-¢ signaling mediates inhibition of Iks by
angiotensin Il. As the authors do not demonstrate actual PKC-e-mediated
phosphorylation of KCNQL1, it is possible, particularly in the context of the surrounding
literature, that PKC-¢ is actually a mediator of signaling in this pathway rather than the
effector that directly regulates KCNQ1 and thereby Iks. Multiple investigations have
characterized a cellular signaling pathway in the context of sustained f-AR stimulation
and HF that involves activation of Epac, PKC-¢, and finally CaMKII as the effector

during sustained activation of the cardiac P1-AR, as shown in Figure 27 below’®"®;
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therefore, there exists the potential for this Epac>PKC-¢->CaMKII pathway to mediate
the functional results in the Gou, et al. investigation, thus tying angiotensin 11 and
catecholaminergic signaling (the two predominant neurohormonal changes involved in
HF pathophysiology) together into a single cellular signaling pathway. The potential for
crosstalk between the cellular signaling cascades that mediate regulation of KCNQ1
following activation of the B-AR and the angiotensin Il receptor type 1 (AT1) warrants

further investigation.
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Figure 27. Proposed pathway of CaMKII regulation of Iks during sustained -AR
stimulation.

While the present study convincingly demonstrates CaMKII-mediated regulation
of KCNQ1 S484 during sustained B-AR stimulation in an HEK 293 cellular expression
system, further work is warranted to establish the relevance of these findings to human
pathophysiology during HF. Specifically, CaMKII-mediated changes in KCNQ1
phosphorylation and Iks function need to be corroborated in more models more
translatable to human disease, such as cardiomyocytes differentiated from human
inducible pluripotent stem cells (hiPSC-CMs) or in animal models of sustained B-AR

stimulation (rabbit or guinea pig). While hiPSC-CMs have become a popular model for
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cardiac ion channel investigations due to their potential to be genetically manipulated and
their relevance to human disease, Iks expression within hiPSC-CMs is known to be very
low, making cellular electrophysiology experiments difficult and making LCMS/MS
phosphoproteomics approaches virtually impossible. Genetic manipulation of hiPSC-
CMs is both expensive and difficult, requiring synthesis and optimization of mutation-
specific guide RNAs for use with CRISPR/Cas9 approaches on undifferentiated hiPSCs.
Following gene editing, hiPSCs must then be differentiated using specific growth factors
and culture conditions into hiPSC-CMs with appropriate expression of Iks and other ion
channels (if current clamp is to be performed). Animal models of sustained p-AR
stimulation offer a viable alternative to hiPSC-CMs, particularly the use of guinea pigs
which robustly express Iks. While recording of Ixs from isolated guinea pig ventricular
cardiomyocytes can be reliably performed, LCMS/MS phosphoproteomic analyses have
been performed far less frequently. In addition, genetic manipulation of guinea pigs
requires development and maintenance of mutant animal colonies, which is not feasible.
Additional details of our HEK 293 model is that our experiments were performed at room
temperature (~23°C) and in a calcium-free (use of calcium chelation reagents)
environment, which must be considered when interpreting our results in the context of
physiological Iks regulation during HF.

Based on these considerations regarding the experimental model, future planned
experiments towards Aims 1 and 2 will be pursued in HEK 293 cells (for experiments
involving genetic manipulation) and within animal models of sustained B-AR stimulation
(for experiments involving probing of the hypothesized CaMKI|I signaling pathway

during sustained B-AR stimulation). The main experimental objectives will be to: (1)
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corroborate our molecular findings (increased phosphorylation at S484) and functional
findings (reduced Iks current density and a depolarizing shift in the voltage dependence of
activation) in an animal model of sustained B-AR stimulation; (2) assess the impact of
CaMKII-mediated Iks inhibition on changes in APD (via assessment of APDgo) via
current clamp experiments in isolated guinea pig cardiomyocytes from control and I1SO-
treated animals; (3) utilize phosphoproteomics and cellular electrophysiology approaches
to assess the proposed cellular signaling pathway (as shown in Figure 27) on S484
phosphorylation and functional inhibition of Iks, respectively, using inhibition of the
proposed mediators (Epac and PKC-¢); (4) assess constitutive activation of CaMKII in
our guinea pig model of sustained -AR stimulation using protein immunoblot with
CaMKII T286/T287 phospho-specific antibodies (as used in Figure 14) on
cardiomyocyte lysates from ISO-treated animals vs. those treated with vehicle.

While the potential for therapeutic inhibition of CaMKII is promising based on its
pathophysiological role in modulating Iksand other key regulators of excitation-
contraction coupling during HF, clinical development of CaMKII inhibitors has been
complicated by a number of factors, including: the ubiquitous expression of CaMKI|I and
its important role in mediating a number of physiologic important processes (e.g. learning
and memory); and the high degree of conservation between CaMKII isoforms.1?® These
complicating factors contribute to a high potential for off-target, deleterious effects with
therapeutic inhibition of CaMKII. Accordingly, a key future objective of this line of
research is to better characterize the signaling pathway involved in CaMKII activation
during sustained B-AR stimulation to elucidate a more specific therapeutic target to

prevent pathologic regulation of Iks and the expected pro-arrhythmogenic complications.
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Assessing the mechanistic basis through which KCNQ1 S484 phosphorylation
mediates functional inhibition of Iks during sustained p-AR stimulation

In contrast to its enhancement during acute f-AR stimulation, sustained f-AR
stimulation has been demonstrated to reduce Iks function by an unclear mechanism.®2
Functional deficits in Iks stemming from cardiac electrical remodeling contribute to the
increased risk of ventricular arrhythmias in heart failure, and therefore it is critical to
understand the molecular mechanisms that contribute to Ixs regulation during chronic -
AR stimulation.*?” In Aim 1, we identified three sites located in the region connecting the
two alpha-helical CaM-binding domains [helices A (residues 370-389) and B (residues
506-532] on the KCNQZ1 carboxyl terminus that are differentially phosphorylated during
sustained B-AR stimulation. Most notably, we discovered a CaMKII-dependent pathway
that reduced Iks current density during sustained f-AR stimulation through
phosphorylation at S484 on KCNQL1. Given the well-documented arrhythmogenic role of
CaMKIl, its ability to regulate KCNQ1 S484 to inhibit Iks during sustained -AR
stimulation may contribute to arrhythmia development in HF.119-121

Functional inhibition of Iks during sustained -AR stimulation has been observed
in HF patients and in animal HF models. Isolated right ventricular cardiomyocytes from
patients with HF demonstrate reduced Iks function relative to normal hearts.*® Findings
of reduced Iks function have been corroborated in animal HF models induced
pharmacologically or surgically via AV nodal blockade or tachycardiac pacing.2>98-102.106
The previously mentioned work by Aflaki, et al. demonstrated that Epac signaling
mediated reductions in KCNE1 protein expression during sustained B-AR stimulation.?!
However, changes in the protein expression of KCNQ1 or KCNEL in HF patients and in

other animal models of sustained B-AR stimulation and HF have not been consistently
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reproduced, suggesting that another (or an additional) mechanism may mediate reduced
Iks function in HF.100102-105 Apart from changes in expression of KCNQ1 and/or
KCNEZL, observed reductions in ks function during sustained B-AR stimulation and HF
may involve other potential mechanisms, including: biophysical changes in channel
gating; alterations in the interaction of KCNQ1 and KCNEL1 subunits; disruption of
KCNQ1 and/or KCNEL trafficking regulated by post translational modifications; etc.
Given that the arrhythmogenic potential of functional reductions in Iks have been
confirmed in animal experiments that have shown the development of ventricular
arrhythmias during pharmacological inhibition of Ixs, elucidation of the molecular
mechanism through which phosphorylation at S484 inhibits Ixs function may have
important clinical implications for the prevention of arrhythmias in HF patients.232%128
Accordingly, our final aim investigated the mechanistic basis for how S484
phosphorylation inhibits Iks function. Utilizing the LCMS/MS approach, we demonstrate
reduced KCNQL1 phosphorylation at S484 during co-expression with KCNEL1 versus
expression of KCNQL1 alone. In addition, cellular electrophysiology experiments with
mimics of phosphorylation and dephosphorylation at S484 in the presence and absence of
KCNEZ1 demonstrate inhibition of current density with S484D mutants (relative to
S484A) only during co-expression with KCNEL. Taken together, these results suggest
the possibility of competition at the KCNQ1 carboxyl terminus between CaMKII-
mediated S484 phosphorylation and interaction with KCNEL; increased phosphorylation
at S484, as occurs during sustained B-AR stimulation, may reduce protein-protein
interactions between KCNQ1 and KCNEL1 and thereby inhibit Iks function. Since

KCNQL interaction with KCNEZ1 is known to affect both channel gating (movement of
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the voltage sensors) and channel conductance, alteration of the KCNQ1-KCNE1
interaction may account for both functional changes observed during sustained B-AR
stimulation: the inhibitory shift in the voltage dependence of activation and reduced
current density.

This hypothesis was investigated directly in living cells using the live-cell
imaging technique BiFC, which allowed visualization of the interaction between KCNQ1
and KCNEL1 subunits. The basis of this approach is that reconstitution of the fluorescent
protein Venus along with co-expression of the fluorescent protein Cerulean to control for
transfection/expression efficiency. Utilizing mimics of phosphorylation (S484D) and
dephosphorylation (S484A), we found decreases in the Venus:Cerulean ratio, indicating
reduced interaction of KCNQ1 and KCNEL, with S484D (relative to S484A) that
recapitulated reductions in Venus:Cerulean ratios with WT KCNQ1 when treated with
100 nM 1ISO for 12-24 hours. Furthermore, reduced interaction of KCNQ1 and KCNE1
was mediated by CaMKII signaling, as evidenced by treatment with the chemical
CaMKII inhibitor KN-93 attenuating reductions in Venus:Cerulean ratios relative to KN-
92 control.

Finally, we sought to investigate whether CaMKII-mediated regulation of
KCNQL1 during sustained I1SO treatment would impact the trafficking and/or expression
of KCNQ1 and/or KCNEL1 at the plasma membrane. For this investigation, we utilized
biotinylation to selectively tag and isolate membrane-bound proteins with extracellular
lysine residues, including KCNQ1, KCNE1, and the Na*/K*-ATPase (used for loading
control). After plasma membrane protein isolation, we used protein immunoblot to

assess whether the phosphorylation status at KCNQ1 S484 affected plasma membrane of
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expression of KCNQ1 and/or KCNE1. Using mimics of constitutive phosphorylation and
dephosphorylation at S484, we demonstrated that, relative to S484A mutants, S484D
mutants reduced plasma membrane expression of KCNQ1 by ~15% and KCNE1 by
~33%. Reduced plasma membrane expression of KCNQ1 and KCNE1 subunits is
predicted to inhibit Iks function. Interestingly, the 33% reduction we saw in KCNE1
membrane expression is similar to the 37% reduction we observed in Iks activation
currents during treatment with sustained I1SO. Planned biotinylation experiments will
assess: (1) the potential for sustained 1SO treatment to reduce KCNQ1 and/or KCNE1
plasma membrane expression relative to control conditions; and (2) the potential for
CaMKII to mediate changes in KCNQ1 and/or KCNE1 expression during I1SO treatment
via co-treatment with KN-93 and KN-93.

We also utilized KCNQL1 peptide arrays to assess the potential for LQT1
mutations in the vicinity of the residues at which we identified basal phosphorylation to
potentially impact CaMKII phosphorylation at S407, S457, T482, S484, and T624. This
investigation identified two LQT1 sites around S484 that, although they had been
identified in patients with a long QT phenotype, had not been functionally characterized
to assess their potential to impact Iks regulation and function. Since the LQT1 mutations
R4811 and S484T were seen to differentially affect CaMKII phosphorylation at S484
(R4811 disrupted phosphorylation while S484T did not affect phosphorylation), we
utilized these LQT1 mutations during ISO treatment as a translational approach to assess
the impact of S484 phosphorylation on the KCNQ1-KCNEL1 interaction and the plasma
membrane trafficking of KCNQJ1 and/or KCNE1. In accordance with our hypothesis,

R4811 KCNQL1 attenuated reductions in Venus:Cerulean ratios during sustained 1SO
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treatment relative to S484T. We will also assess the ability of R4811 and S484T KCNQ1
to affect KCNQ1 and/or KCNE1 plasma membrane expression during sustained 1SO
treatment via the biotinylation approach performed above.

In summary, our work identifies (1) reduced protein-protein interaction between
KCNQ1 and KCNEL1 subunits and (2) reduced plasma membrane expression of KCNQ1
and KCNEL1 as mechanisms that mediate Ixs functional inhibition via CaMKII-dependent
regulation of KCNQ1 S484 during sustained B-AR stimulation. Protein-protein
interaction between the carboxyl termini of KCNQ1 with KCNEL1 is required for
formation of Iks, and disruption of the KCNQ1-KCNEL interaction is known to result in
disturbances in channel assembly, destabilization of the open-channel state, and altered
kinetics of channel deactivation.!?® Accordingly, a limited amount of investigations have
assessed disruption of the KCNQ1-KCNEL interaction as a potential mechanism to
mediate conditions in which Iks is functionally inhibited, such as with LQT1 or Long QT
Syndrome Phenotype 5 (LQT5; mutations in KCNE1) mutations. One such investigation
by Zheng, et al. demonstrated that identified LQT1 mutations in the KCNQ1 carboxyl
terminus (R366W, T391I, and W392R) reduced interaction of the KCNQ1 and KCNE1
carboxyl termini via protein-protein co-immunoprecipitation and surface plasmon
resonance experiments in heterologous cellular expression systems and thereby inhibited
Iks function.*® Of note, the T3911 and W392R LQT1 mutations reside in the region
connecting the CaM-binding domains in KCNQ1 carboxyl helices A and B along with
S484. A study by Dvir, et al. investigated the functional implications of five LQT1
mutations within helix C of the KCNQ1 carboxyl terminus (S546L, R555C, R555H,

K557E, and R562M), demonstrating that all five LQT1 mutations demonstrated reduced
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Iks current densities, produced depolarizing shifts in the voltage dependence of activation,
demonstrated slower activation kinetics, and produced faster deactivation kinetics when
expressed in Chinese hamster ovary (CHO) cells.® Mechanistically, they demonstrated
that these helix C mutations reduced the KCNQ1-KCNEL interaction (via GST pulldown
assays) but did not affect plasma membrane trafficking of KCNQ1 and KCNEL1 subunits
(using total internal reflection fluorescence [TIRF] microscopy in CHO cells).® In
addition, studies investigating LQT5 variants have also demonstrated the potential to
inhibit Iks function via disruption of the KCNQ1-KCNEZ1 interaction. In particular, the
T58P/L59P double mutation and P127T mutation have been demonstrated to reduce the
KCNQ1-KCNEL interaction via protein-protein co-immunoprecipitation and GST
pulldown assays, respectively. ®*3! As reflected in these LQT1 and LQT5 investigations,
reductions in protein-protein interactions between KCNQ1 and KCNEL1 subunits, as
observed in our BiFC analyses, can profoundly impair Iks function; therefore, disruption
of the KCNQ1-KCNE1 interaction by CaMKII-mediated phosphorylation of S484 may
account for the functional inhibition of Iksseen during sustained B-AR stimulation.
Defects in KCNQ1 plasma membrane trafficking and/or expression constitute one
of the most common mechanisms for how LQT1 mutations disrupt Iks function.’®? LQT1
mutations identified to affect membrane trafficking/expression of KCNQ1 have been
identified in the amino terminus and in various regions throughout the carboxyl terminus
as assessed by fluorescent microscopy and immunocytochemical (detection of epitopes
[e.g. c-Myc] introduced in KCNQ1 extracellular regions) approaches. ©133135 Plasma
membrane trafficking/expression defects in KCNE1 have also been described, with the

LQTS5 mutation L51H demonstrating virtually no plasma membrane trafficking via
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immumocytochemical analysis.?3 While it has been previously demonstrated that
KCNQ1 trafficking is enhanced during co-expression of KCNE1 by a potential co-
trafficking mechanism*3"1%, live-cell imaging approaches have since identified separate
trafficking pathways for KCNQ1 and KCNEL1 subunits in cellular expression systems and
in cultured canine ventricular cardiomyocytes.3**° Therefore, the reduced plasma
membrane expression of KCNQ1 and KCNEL1 subunits observed with mimics of
phosphorylation at S484 via our biotinylation approach is likely mechanistically distinct
from the impaired KCNQ1-KCNE1 interaction demonstrated by our BiFC data, and is an
additional mechanism that may account for functional Iks inhibition by CaMKII-mediated
S484 phosphorylation during sustained B-AR stimulation.

Future directions towards this aim will include assessing our previously
identified mechanisms for how CaMKII-mediated S484 phosphorylation inhibits Iks
function within animal models of sustained f-AR stimulation. To assess the potential for
S484 phosphorylation to disrupt the KCNQ1-KCNEL interaction within a physiologic
system, we will perform protein-protein co-immunoprecipitation experiments on lysates
from isolated guinea pig cardiomyocytes to directly assess association of KCNQ1 and
KCNEL1 subunits. Experiments will be performed in animals treated with ISO or vehicle
via osmotic mini pumps, and we will attempt to reverse expected reductions in KCNQ1-
KCNEL1 protein interactions in ISO-treated animals with ex vivo CaMKII inhibition
(using tat-CN21). In order to assess whether S484 phosphorylation disrupts KCNQ1
and/or KCNE1 plasma membrane trafficking within a physiologic system, we will

perform cell surface biotinylation experiments (as performed previously) to assess
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membrane-bound KCNQ1 and KCNE1 on cardiomyocytes isolated from guinea pigs
treated with 1SO or vehicle.

Multiple investigations have demonstrated that CaM is a required auxiliary
subunit that, through interaction with the CaM-binding domains in helices A and B
within the carboxyl terminus, serves as a chaperone for KCNQL1 folding and channel
assembly and gating.13197 |n addition, there is a growing amount of evidence that
polymorphisms in CaM can independently result in long QT phenotypes via alteration of
the protein-protein interactions between CaM and various ion channel subunits.*4%4! |n
fact, an investigation by Tobelaim, et al. demonstrates a protective effect of the Ca®*-
bound CaM amino lobe in limiting PIP2-mediated inhibition of Iks function.*? Finally, a
crystal structure has been developed to characterize the structural interaction between
CaM and KCNQ1,; this investigation reveals that, during the interaction between CaM
and the CaM-binding domains in KCNQ1 carboxyl terminal helices A and B, the fourth
(carboxyl) lobe of CaM interacts via protein-protein interactions with the KCNQ1
carboxyl terminal region connecting helices A and B and containing S484.14% Given the
essential role of CaM in regulating KCNQ1 function and the close proximity (and,
perhaps, involvement) of S484 in the interaction between KCNQ1 and CaM, the potential
for CaMKII-mediated S484 phosphorylation to disrupt the interaction between KCNQ1
and CaM warrants investigation. Accordingly, we plan to utilize our previously
described BiFC approach to assess changes in the CaM-KCNQL interaction during ISO
treatment, with mimics of differential phosphorylation at S484, and with LQT1 mutations
demonstrated to differentially affect CaMKIlI-regulation at S484 (R4811 and S484T).

Based on the role of CaM as a KCNQL1 chaperone, our assessment of the potential for
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reduced CaM-KCNQ1 interaction may provide mechanistic insights to describe the

reduced KCNQL1 trafficking we observed with mimics of phosphorylation at S484.
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SUMMARY & CONCLUSIONS

To investigate the potential for regulation of Iks in response to sustained p-AR
stimulation, we first utilized an LCMS/MS approach to identify five sites of basal
phosphorylation (S407, S457, T482, S484, and T624) within the carboxyl terminus of
KCNQ1. Following treatment with 1ISO for 24 hours, phosphorylation was enhanced at
two of these sites (T482 and S484). Utilizing patch clamp electrophysiology with WT or
mutant KCNQ1 and KCNEL, we show that mimics of phosphorylation (aspartic acid) at
S457, T482, and S484 in combination demonstrate inhibition of Iks activation current
density and an inhibitory shift in the voltage dependence of activation, relative to
combination mimics of dephosphorylation (alanine), that recapitulates the functional
inhibition seen when WT KCNQL1 is treated with 1SO for 12-24 hours. By investigating
these sites individually, we find that phosphorylation mimics at S457 and S484, but not at
T482, produce functional inhibition of Iks relative to their respective dephosphorylation
mimics.

Next, we investigated the cellular signaling pathway responsible for functional
inhibition of Iks during sustained B-AR stimulation, specifically assessing the potential
for CaMKII and/or PKA signaling to regulate Ixs. Utilizing a phospho-specific antibody
directed against the CaMKII T287 (site that confers constitutive kinase activity), we
demonstrate enhanced T287 phosphorylation during 24 hour ISO treatment relative to
vehicle. We also show that CaMKII inhibition (using both chemical [KN-93] and peptide
[CN21] inhibitors), but not PKA inhibition (using peptide [PKI] inhibition), reverses
functional inhibition of Iks during sustained ISO treatment via patch clamp

electrophysiology. By using individual mimics of dephosphorylation at S457 and S484
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during stable expression of active (T287D) 6CaMKII, we demonstrate that CaMKII
overexpression inhibits Iks function except in S484A mutants, wherein S484 is not
available for regulation. This finding is corroborated by our KCNQ1 peptide array
experiments that indicate that CaMKII, but not PKA, specifically phosphorylates peptide
fragments corresponding to KCNQ1 S484.

Finally, we investigate the mechanistic basis for how CaMKII-mediated
phosphorylation at S484 inhibits Iks function. By performing patch clamp experiments
with mimics of phosphorylation and dephosphorylation at S484 in the presence and
absence of KCNEL1 co-expression with KCNQ1, we find that mimics of phosphorylation
only produce inhibitory functional effects during co-expression with KCNEL. In
addition, LCMS/MS experiments indicate that S484 demonstrates reduced
phosphorylation during co-expression with KCNEL. Based on these experiments, we
hypothesized that CaMKII-mediated phosphorylation at S484, as occurs during sustained
B-AR stimulation, may functionally inhibit Iks by disrupting the functional interaction of
KCNQ1 with KCNEL. To assess KCNQ1-KCNEL interaction, we performed BiFC
imaging experiments during I1SO treatment (with and without chemical CaMKII
inhibition), with differential mimics of phosphorylation at S484, and with LQT1 mutants
identified to differentially affect CaMKII regulation of S484. Our BiFC results
demonstrate that ISO treatment reduces Venus fluorescent intensity (corresponding to
interaction of expressed KCNQ1 and KCNEZ1 subunits) relative to vehicle; mimics of
phosphorylation at S484 also reduced Venus intensity relative to dephosphorylation
mimics. Reduced Venus intensity during 1SO treatment is reversed, however, during

CaMKII inhibition with KN-93 vs. KN-92 inactive control. In addition, LQT1 mutants
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shown to disrupt CaMKII phosphorylation at S484 (R4811) show enhanced Venus
intensity relative to LQT1 mutation predicted not to affect CaMKII phosphorylation
(S484T) during ISO treatment. Finally, biotinylation experiments show that, relative to
mimics of dephosphorylation mimics, phosphorylation mimics at S484 demonstrate
reduced plasma membrane expression of both KCNQ1 and KCNEL1 subunits.

In conclusion, these results demonstrate that, in response to sustained f-AR
stimulation, CaMKII phosphorylates KCNQ1 at S484 to inhibit Iks function.
Mechanistically, S484 phosphorylation inhibits Iks function by disrupting the functional
interaction between KCNQ1 and KCNEL1 subunits and by reducing plasma membrane
expression of both KCNQ1 and KCNE1. Accordingly, CaMKII-mediated regulation of
Iks may contribute to APD prolongation and increased arrhythmogenesis during

pathologic states of chronic B-AR stimulation, such as HF.
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Supplemental Table 1. Best-fit values of voltages of half-maximal activation (V12) and
slope factors from Boltzmann distribution fits of mean normalized activation curves.

Mutant/Treatment | V12 (MV) Slope Factor
WT 20.61 (0.82) 16.77 (0.75)
WT + 1SO 26.10 (0.79) 14.80 (0.73)
Triple-A 19.53 (0.90) 16.43 (0.82)
Triple-A + 1SO 22.34 (0.64) 14.38 (0.58)
Triple-D 20.18 (1.12) 18.44 (1.05)
Triple-D + 1SO 19.19 (0.58) 16.19 (0.53)
S457A 21.55 (1.74) 18.89 (1.46)
S457D 28.55 (2.52) 20.83 (1.75)
T482A 24.72 (2.16) 16.92 (1.69)
T482D 24.77 (4.17) 20.56 (3.22)
S484A 19.62 (1.80) 17.41 (1.57)
S484D 28.34 (3.05) 18.41 (2.15)
WT + ISO + KN-92 26.41 (0.76) 14.97 (0.70)
WT + I1SO + KN-93 21.40 (0.65) 14.65 (0.59)
WT in Control Lentivirus 18.51 (1.37) 16.67 (1.26)
WT in CaMKII Lentivirus 22.21 (0.76) 14.83 (0.70)
WT + 1SO + CN21 13.81 (1.33) 18.60 (1.31)
WT + ISO + CN21- 20.21 (2.12) 19.67 (1.84)
Alanine

WT + 1SO + PKI 18.32 (1.96) 18.38 (1.78)

All data are displayed as: mean (SEM).

Supplemental Table 2. Peptide sequences for global KCNQL1 peptide arrays assessing
dCaMKII phosphorylation of the intracellular regions of KCNQI, as presented in Figure

10.

Row/Column  Peptide Sequence

Al M-A-A-A-S-S-P-P-R-A-E-R-K-R-W
A2 S-S-P-P-R-A-E-R-K-R-W-G-W-G-R
A3 R-A-E-R-K-R-W-G-W-G-R-L-P-G-A
A4 K-R-W-G-W-G-R-L-P-G-A-R-R-G-S
A5 W-G-R-L-P-G-A-R-R-G-5-A-G-L-A
A6 P-G-A-R-R-G-S-A-G-L-A-K-K-C-P
A7 R-G-S-A-G-L-A-K-K-C-P-F-S-L-E
A8 G-L-A-K-K-C-P-F-S-L-E-L-A-E-G
A9 K-C-P-F-S-L-E-L-A-E-G-G-P-A-G
A10 S-L-E-L-A-E-G-G-P-A-G-G-A-L-Y




All A-E-G-G-P-A-G-G-A-L-Y-A-P-I-A
A12 P-A-G-G-A-L-Y-A-P--A-P-G-A-P
A13 A-L-Y-A-P-1-A-P-G-A-P-G-P-A-P
Al4 P-1-A-P-G-A-P-G-P-A-P-P-A-S-P
Al15 G-A-P-G-P-A-P-P-A-S-P-A-A-P-A
Al6 P-A-P-P-A-S-P-A-A-P-A-A-P-P-V
Al7 A-5-P-A-A-P-A-A-P-P-V-A-S-D-L
A18 A-P-A-A-P-P-V-A-S-D-L-G-P-R-P
A19 P-P-V-A-S-D-L-G-P-R-P-P-V-S-L
A20 S-D-L-G-P-R-P-P-V-S-L-D-P-R-V
B1 P-R-P-P-V-S-L-D-P-R-V-S-I-Y-S
B2 V-S-L-D-P-R-V-S-I-Y-S-T-R-R-P
B3 P-R-V-S-I-Y-S-T-R-R-P-V-L-A-R
B4 -Y-S-T-R-R-P-V-L-A-R-T-H-V-Q
B5 R-R-P-V-L-A-R-T-H-V-Q-G-R-V-Y
B6 L-A-R-T-H-V-Q-G-R-V-Y-N-F-L-E
B7 H-V-Q-G-R-V-Y-N-F-L-E-R-P-T-G
B8 V-Q-G-R-V-Y-N-F-L-E-R-P-T-G-W
B9 Y-V-V-R-L-W-S-A-G-C-R-5-K-Y-V
B10 L-W-S-A-G-C-R-S-K-Y-V-G-L-W-G
B11 G-C-R-5-K-Y-V-G-L-W-G-R-L-R-F
B12 K-Y-V-G-L-W-G-R-L-R-F-A-R-K-P
B13 H-V-D-R-Q-G-G-T-W-R-L-L-G-S-V
B14 Q-G-G-T-W-R-L-L-G-S-V-V-F-I-H
B15 W-R-L-L-G-S-V-V-F-I-H-R-Q-E-L
B16 V-Q-Q-K-Q-R-Q-K-H-F-N-R-Q-I-P
B17 Q-R-Q-K-H-F-N-R-Q-I-P-A-A-A-S
B18 H-F-N-R-Q-1-P-A-A-A-5-L-1-Q-T
B19 Q-1-P-A-A-A-5-L-1-Q-T-A-W-R-C
B20 A-A-S-L-1-Q-T-A-W-R-C-Y-A-A-E
C1 1-Q-T-A-W-R-C-Y-A-A-E-N-P-D-S
C2 W-R-C-Y-A-A-E-N-P-D-5-S-T-W-K
C3 A-A-E-N-P-D-S-S-T-W-K-I-Y-I-R
C4 P-D-S-S-T-W-K-I-Y-I-R-K-A-P-R
C5 T-W-K-I-Y-I-R-K-A-P-R-S-H-T-L
C6 Y-I-R-K-A-P-R-S-H-T-L-L-S-P-S
C7 A-P-R-S-H-T-L-L-S-P-S-P-K-P-K
C8 H-T-L-L-S-P-S-P-K-P-K-K-5-V-V
C9 S-P-5-P-K-P-K-K-S-V-V-V-K-K-K
C10 K-P-K-K-S-V-V-V-K-K-K-K-F-K-L
Ci1 S-V-V-V-K-K-K-K-F-K-L-D-K-D-N
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C12 K-K-K-K-F-K-L-D-K-D-N-G-V-T-P
C13 F-K-L-D-K-D-N-G-V-T-P-G-E-K-M
Cl4 K-D-N-G-V-T-P-G-E-K-M-L-T-V-P
C15 V-T-P-G-E-K-M-L-T-V-P-H-I-T-C
C16 E-K-M-L-T-V-P-H-I-T-C-D-P-P-E
C17 T-V-P-H-I-T-C-D-P-P-E-E-R-R-L
C18 |-T-C-D-P-P-E-E-R-R-L-D-H-F-S
C19 P-P-E-E-R-R-L-D-H-F-S-V-D-G-Y
C20 R-R-L-D-H-F-S-V-D-G-Y-D-5-S-V
D1 H-F-S-V-D-G-Y-D-5-S-V-R-K-S-P
D2 D-G-Y-D-$-S-V-R-K-S-P-T-L-L-E
D3 S-S-V-R-K-S-P-T-L-L-E-V-S-M-P
D4 K-S-P-T-L-L-E-V-S-M-P-H-F-M-R
D5 L-L-E-V-5-M-P-H-F-M-R-T-N-S-F
D6 S-M-P-H-F-M-R-T-N-S-F-A-E-D-L
D7 F-M-R-T-N-S-F-A-E-D-L-D-L-E-G
D8 N-S-F-A-E-D-L-D-L-E-G-E-T-L-L
D9 E-D-L-D-L-E-G-E-T-L-L-T-P-I-T
D10 L-E-G-E-T-L-L-T-P-I-T-H-1-5-Q
D11 T-L-L-T-P-I-T-H-1-5-Q-L-R-E-H
D12 P-1-T-H-1-5-Q-L-R-E-H-H-R-A-T
D13 |-S-Q-L-R-E-H-H-R-A-T-I-K-V-|
D14 R-E-H-H-R-A-T-I-K-V-I-R-R-M-Q
D15 R-A-T-I-K-V-I-R-R-M-Q-Y-F-V-A
D16 K-V-1-R-R-M-Q-Y-F-V-A-K-K-K-F
D17 R-M-Q-Y-F-V-A-K-K-K-F-Q-Q-A-R
D18 F-V-A-K-K-K-F-Q-Q-A-R-K-P-Y-D
D19 K-K-F-Q-Q-A-R-K-P-Y-D-V-R-D-V
D20 Q-A-R-K-P-Y-D-V-R-D-V-I-E-Q-Y
E1 P-Y-D-V-R-D-V-I-E-Q-Y-5-Q-G-H
E2 R-D-V-I-E-Q-Y-5-Q-G-H-L-N-L-M
E3 E-Q-Y-5-Q-G-H-L-N-L-M-V-R-I-K
E4 Q-G-H-L-N-L-M-V-R-I-K-E-L-Q-R
E5 N-L-M-V-R-I-K-E-L-Q-R-R-L-D-Q
E6 R-1-K-E-L-Q-R-R-L-D-Q-S-1-G-K
E7 L-Q-R-R-L-D-Q-S-1-G-K-P-S-L-F
E8 L-D-Q-S-1-G-K-P-S-L-F-I-5-V-S

E9 |-G-K-P-S-L-F-I-S-V-S-E-K-S-K
E10 S-L-F-1-S-V-S-E-K-S-K-D-R-G-S
E11 S-V-S-E-K-S-K-D-R-G-S-N-T-I-G
E12 K-S-K-D-R-G-S-N-T-I-G-A-R-L-N
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E13 R-G-S-N-T-1-G-A-R-L-N-R-V-E-D
E14 T-1-G-A-R-L-N-R-V-E-D-K-V-T-Q
E15 R-L-N-R-V-E-D-K-V-T-Q-L-D-Q-R
E16 V-E-D-K-V-T-Q-L-D-Q-R-L-A-L-I
E17 V-T-Q-L-D-Q-R-L-A-L-I-T-D-M-L
E18 D-Q-R-L-A-L-I-T-D-M-L-H-Q-L-L
E19 A-L-I-T-D-M-L-H-Q-L-L-S-L-H-G
E20 D-M-L-H-Q-L-L-S-L-H-G-G-S-T-P
F1 Q-L-L-S-L-H-G-G-S-T-P-G-S-G-G
F2 L-H-G-G-S-T-P-G-S-G-G-P-P-R-E
F3 S-T-P-G-S-G-G-P-P-R-E-G-G-A-H
F4 S-G-G-P-P-R-E-G-G-A-H-I-T-Q-P
F5 P-R-E-G-G-A-H-I-T-Q-P-C-G-5-G
F6 G-A-H-1-T-Q-P-C-G-S-G-G-S-V-D
F7 T-Q-P-C-G-S-G-G-S-V-D-P-E-L-F
F8 G-S-G-G-S-V-D-P-E-L-F-L-P-S-N
F9 S-V-D-P-E-L-F-L-P-S-N-T-L-P-T
F10 E-L-F-L-P-S-N-T-L-P-T-Y-E-Q-L
F11 P-S-N-T-L-P-T-Y-E-Q-L-T-V-P-R
F12 L-P-T-Y-E-Q-L-T-V-P-R-R-G-P-D
F13 Y-E-Q-L-T-V-P-R-R-G-P-D-E-G-S
F14 Blank
F15 (top blot | K-K-A-L-R-R-Q-E-A-V-D-A-L
in Figure 10) | (AC-2 Negative Control)
F16 (top) Blank
F17 (top) K-K-A-L-R-R-Q-E-T-V-D-A-L

(AC-2 Positive Control)
F18 (top) Blank
F19 (top) L-R-R-A-S-L-G

(Kemptide Control[Weak Substrate])
F20 (top) Blank
F15 (bottom Blank
blot in Figure
10)

F16 (bottom)

K-K-A-L-R-R-Q-E-A-V-D-A-L
(AC-2 Negative Control)

F17 (bottom) | Blank
F18 (bottom) | Blank
F19 (bottom) | Blank
F20 (bottom) | Blank
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Supplemental Table 3. Peptide sequences for KCNQI1 peptide array assessing 6CaMKII

phosphorylation of specific identified LCMS sites, as presented in Figure 15.

Residue  Alteration Peptide Sequence
S407 WT P-R-S-H-T-L-L-S-P-S-P-K-P-K-K
S407 A P-R-S-H-T-L-L-A-P-S-P-K-P-K-K
S407 KO P-R-A-H-A-L-L-A-P-A-P-K-P-K-K
S457 WT E-R-R-L-D-H-F-S-V-D-G-Y-D-S-S
S457 A E-R-R-L-D-H-F-A-V-D-G-Y-D-S-S
S457 KO E-R-R-L-D-H-F-A-V-D-G-Y-D-A-A
T482 WT S-M-P-H-F-M-R-T-N-S-F-A-E-D-L
T482 A S-M-P-H-F-M-R-A-N-S-F-A-E-D-L
T482 KO A-M-P-H-F-M-R-A-N-S-F-A-E-D-L
S484 WT P-H-F-M-R-T-N-S-F-A-E-D-L-D-L
S484 A P-H-F-M-R-T-N-A-F-A-E-D-L-D-L
S484 KO P-H-F-M-R-A-N-A-F-A-E-D-L-D-L
T624 WT L-S-L-H-G-G-S-T-P-G-S-G-G-P-P
T624 A L-S-L-H-G-G-S-A-P-G-S-G-G-P-P
T624 KO L-A-L-H-G-G-A-A-P-G-A-G-G-P-P
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