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Abstract
Background

Sinoatrial node (SAN), the primary pacemaker region in the heart, generates electrical
impulses that propagates throughout the heart. SAN activity is tightly regulated by B-adrenergic
receptor (B-AR) signaling with adenylyl cyclase (AC) as a key enzyme. However, the main
isoform of AC and its functional roles in regulating SAN function remain incompletely
understood. SAN dysfunction is well documented in patients with heart failure (HF), but the
underlying mechanisms are not fully determined. Additionally, the critical roles of endoplasmic
reticulum (ER)-associated degradation (ERAD) in the regulation of cardiac ion channel function
in health and disease are only beginning to be recognized.

To this end, we have identified several critical knowledge gaps in our current understanding
of the regulation of cardiac excitability in health and disease that form the basis of my dissertation
work. Specifically, we tested the hypotheses that distinct AC isoforms are preferentially expressed
in the SAN and compartmentalize within critical microdomains to orchestrate heart rate regulation
during B-AR signaling (Chapter 2); mitochondrial dysfunction in the SAN in HF directly
contribute to SAN dysfunction (Chapter 3); RNF207 regulates human Ether-a-go-go-Related
Gene (hERG) K*' channel through ER-associated degradation (Chapter 4); different human
calmodulin (CaM, a ubiquitous Ca®* sensing protein) mutations, linked to long QT syndrome
(LQTYS), a hereditary disease that predisposes patients to life-threatening cardiac arrhythmias and
sudden cardiac death, disrupt small conductance Ca?*-activated K* channel (SK) channel function

by distinct mechanisms (Chapter 5).



Methods

To test the hypotheses, we utilized multi-disciplinary approaches, from electrophysiology, cell
biology, high resolution imaging to in vivo analysis. Specifically, perforated patch-clamp, whole-
cell voltage clamp recordings, single-cell RT-qPCR, co-immunoprecipitation, proximity ligation
assay, immunofluorescence through confocal microscopy with high resolution Airycan mode,
stimulated emission depletion (STED) super-resolution microscopy, fluorescence resonance
energy transfer (FRET) imaging, whole-cell Ca?" transient and sarcomere shortening
measurements, confocal line scanning, echocardiography and electrocardiography (ECG)

telemetry were used.

Results

We demonstrate that Ca?*-activated AC; is the predominant isoform in SAN that resides in a
functional microdomain with caveolin-3, hyperpolarization-activated cyclic nucleotide-gated
(HCN)4 channel, voltage-gated Ca*" channel 1.2 (Cay1.2), and ryanodine receptor 2 (RyR2), and
is critical in the sustained rise in local cAMP during B-AR stimulation (Chapter 2); impairment of
mitochondria and their microdomain in the SAN contribute to SAN dysfunction in HF (Chapter
3); RNF207 serves an E3 ubiquitin ligase and targets misfolded hERGrg;3v mutant proteins for

degradation (Chapter 4); CaMy,, and CaMy,,5,; mutations linked to LQTS reduce SK currents

through a dominant-negative fashion, while specific mutations of phenylalanine to leucine result

in conformational changes that affect helix packing in the C-lobe of CaM (Chapter 5).

Conclusions

The cumulative work during my graduate studies has elucidated key mechanisms to help

understand cardiac function in normal condition and has demonstrated key mechanisms that may

Vi



be exploited in disease. These pivotal findings establish a foundation for future work in cardiac

physiology and pathophysiology.

vii



CHAPTER 1

Review of cardiac signaling and excitability in normal and diseased hearts

Abstract

The sinoatrial node (SAN) is the primary determinant of heart rate, which generates spontaneous
action potentials (APs) that propagate throughout the heart. SAN automaticity is governed by a
complex system that integrates ion channels and transporters on the cell membrane (membrane
clock) and calcium handling at the subcellular level (Ca** clock). The synchronization of the
couple-clock system and the tight regulation by autonomic system at subcellular microdomains,
enable the SAN to beat rhythmically, in response to physiological demands.

Disease conditions such as heart failure, myocardial ischemia, and mutations of cardiac ion
channels and ion channel interacting proteins have been linked to impairment of pacemaker
activity, cardiac function, Ca?* dysregulation, cardiac arrhythmias, and sudden cardiac death.
Human arrhythmia syndromes, such as Long QT Syndrome (LQTYS), or electrical remodeling from
cardiac hypertrophy or failure, can result from mutations or alteration in the expression of ion
channel or ion channel interacting proteins as well as dysregulation of cardiac ion channels by
chaperone, ion channel interacting proteins, microRNAs, or abnormal pH regulation, culminating
in defects in trafficking, degradation, post-translational modifications, and function.

This Chapter will provide an overview of our current knowledge in the regulation of cardiac
excitability in health and disease and attempt to outline some of the critical gaps in our knowledge

that provide the basis of my dissertation work.



1. Cardiac Excitability

1.1 Cardiac Action Potentials

The average human adult heart beats approximately 72 times a minute, 100,000 times a day,
3.6 million times a year and 2.5 billion times during a lifetime!. The sinoatrial node (SAN) is the
primary pacemaker region in the heart, which produces electrical impulses that propagates across
the atria, through the atrioventricular node (AVN), Bundle of His, and Purkinje fibers to
orchestrate a coordinated and effective contraction. The process of electrical excitation to cardiac
contraction is termed excitation-contraction coupling.?> Cardiac action potentials (APs) critically

depend on the selective permeability of ion channels on the cell membrane. Contractile cardiac

myocytes exhibit five

Phase 2
Phase Tsp lcar

IKur

distinct phases of the AP,

Iks

including phases 0, 1,2, 3 omvi— — — _
and 4. In contrast, APs of INa

pacemaker cells only

] Phase 0
consist of three phases—
0, 3 and 4-.3 Ikach
. . IK1
As  illustrated in
B0MV [l — N — Ll
Phase 4 0.2 seconds

Figure 1.1, inward
Figure 1.1 The cardiac action potential and ion currents during

) depolarization. Modified from Stanley Nattel and Leif Carlsson, 2006.
currents are shown in Nature Reviews Drug Discovery, 5, 1034-1049.

blue boxes and outward currents are shown in gray boxes. During phase 4 or the resting potential
in atrial and ventricular myocytes, the cells are impermeable to Na* and Ca?" ions, but permeable
to K ions. K" ions flow out of the cell through the inward rectifier K* channel or Ik, which cause

the inside of the cell membrane to become more negative, establishing the resting membrane



potential close to the Nernst potential for K ions (Ex). Na influx through voltage-gated Na*
channels is responsible for the rapid upstroke or phase 0 in contractile myocytes, reversing the
membrane potential towards the Nernst potential for Na* ions (Ena), leading to a more positive
membrane voltage (rapid depolarization). During phase 1 of the AP, there is an early repolarization
due to the activation of the transient outward K" current (I,o). This is followed by phase 2, or the
plateau phase, whereby the inward Ca?* and outward K* currents are relatively balanced. Ca?*
enters the cell through L-type Ca?* channel as inward Ca** current, Icar, triggering Ca®" release
from the sarcoplasmic reticulum (SR) in a process termed Ca**-induced Ca?" release (CICR). The
increase of free intracellular Ca®* concentration allows Ca?* to bind to troponin C, which then
elicits contraction.? This is called excitation-contraction coupling. Phase 3 of the AP is the rapid
repolarization phase, which is achieved by the activation of a series of K* currents, including ultra-
rapid (Ikur) in atrial myocytes, rapidly activating (Ik:), and slowly activating (Ixs) delayed-rectifier
currents in atrial and ventricular myocytes.?

In contrast, spontaneous phase 4 diastolic depolarization is a unique feature of pacemaker cells.
For pacemaker cells such as SAN and AVN cells, there is pacemaker current or If, encoded by
hyperpolarization-activated cyclic nucleotide-gated (HCN) channels. In addition to If, other
currents contribute to phase 4 depolarization, such as delayed rectifier K™ current, Na* current,
Na*/Ca?" exchanger (NCX) current, and L- and T-type Ca?" currents (Icar).* In contrast to atrial
and ventricular myocytes, phase 0 of the AP in pacemaking cells are initiated by the influx through

L-type Ca?" currents and phase 2 is nonexistent in pacemaking cells.



1.2 SAN Automaticity

[B-receptor

adenylyl cyclase

Extracellular

Intracellular

SAN Cell

Figure 1.2 The coupled-clock pacemaker system in the SAN. Modified from Edward G. Lakatta,
Victor A. Maltsev, and Tatiana M. Vinogradova, 2010. Circ Res. 2010 Mar 5; 106(4): 659-673.

Automaticity is a
unique feature of the SAN
and AVN. Since the SAN
lacks a stable resting
membrane potential, it is
able to  spontaneously
generate APs. The major
ion channels and
transporters (and their ionic
currents) involved in the

pacemaker activities are the

L-type Ca?* channels (Ica),

T-type Ca?* channels (Icar), HCN channels (Ir), NCX (Incx), delayed rectifier K* channels (Ix), and

Na*/K* ATPase (Ix.).> Spontaneous diastolic depolarization is essential for SAN automaticity. The

ion channels together generate spontaneous APs, which is collectively referred to as the

“membrane clock”. In addition, spontaneous local Ca?* releases from sarcoplasmic reticulum (SR)

via ryanodine receptors (RyR-2) during diastolic depolarization induced by cyclic changes in Ca**

are called the “Ca* clock”.> Ca?" entry occurs via Ca®* channels, which stimulates the release of

Ca?" from the SR via RyR-2. Ca?'is extruded via NCX, which transports 3 Na* in exchange for 1

Ca?*, generating a net inward current, as depicted in Figure 1.2. The NCX current and other ion

channel currents on the SAN cell membrane, synergistically function to generate SAN diastolic

depolarization. The two clocks interact with each other and are modulated by Ca**, membrane



voltage, second messengers, forming a coupled-clock system.> G-protein coupled-receptors

(GPCRs) signaling regulates pacemaker activities by affecting these modulators.

2. Adenylyl Cyclase in the SAN

The SAN is the primary determinant of heart rate® 7 and is tightly regulated by B-adrenergic
receptor (B-AR) signaling.® ® Adenylyl cyclase (AC) is a key enzyme in the B-AR pathway that
converts ATP into 3-,5-cyclic adenosine monophosphate (cAMP) resulting in a cascade of
downstream effects.”!! ACs are genetically diverse and encoded by 10 distinct genes. Nine of
them are G protein-regulated transmembrane ACs (tmACs), while one is a soluble form.!% 2 The
nine tmACs feature variable N-terminal regions, followed by a six transmembrane helices domain,
the first catalytic domain Ci., a second six transmembrane helices domain, and the second catalytic
domain C»,'°. The nine tmACs are relatively conserved in their catalytic domains'> 3, but quite
divergent outside these regions. ACs genetic diversity suggests that different isoforms may serve
distinct functions in different regions of the body. ACs can be directly regulated by G proteins
following the stimulation of GPCRs. Most ACs can be stimulated by Gas, while a subset of ACs
can be inhibited via Goi/o. (Table 1.1)!? Ca?" can inhibit ACv and ACvi, and stimulate AC; and
ACvm by binding to CaM. Some ACs can also be regulated by activated protein kinase, including
protein kinase A (PKA), protein kinase C (PKC), and Ca**/calmodulin-dependent protein kinase
(CaMK).!2

The distribution of the AC isoforms differs significantly between the SAN and ventricular
cardiomyocytes. In ventricular cardiomyocytes, ACy and ACy; are the two main isoforms.'* In
contrast, there is minimal information regarding the main AC isoforms in SAN. One study showed

that AC; is preferentially expressed in guinea pig SAN cells and modulates the funny current



(pacemaker current, Ir)!>. Another study demonstrated that the most abundant AC isoforms in

rabbit SAN are AC; and ACy.'®

G proteins Calcium Kinases
Isoform Gos Gairo GBy Alone CaM PKA PKC CaMK
AC; + - - +
ACq + + +
ACi + - + -
ACwy + + +
ACy + = = = +
ACv + = = = =
ACvn + +
ACvm + = + =
ACix + =

Table 1.1'2 Regulation of transmembrane ACs by G protein, calcium and kinase signaling. +: stimulate; -: inhibit.

Modified from Michelle L. Halls, Dermot M.F. Cooper. Pharmacology & Therapeutics 172 (2017) 171-180.

3. SAN Dysfunction in Heart Failure
Heart failure (HF) is a progressive condition that occurs when the heart can no longer generate
enough cardiac output to meet the metabolic demands of the body!’. Approximately 5.7 million
people in the United States are diagnosed with HF, with 5-year mortality of greater than 50%!%.
One of the known complications that occurs in HF is bradyarrhythmia from SAN dysfunction,

which significantly increases the morbidity and mortality of HF patients'”. Patients diagnosed with



HF and SAN dysfunction have an increased risk of sudden cardiac death!® ', Hence, it is
imperative to develop therapies that specifically target the SAN to improve clinical outcome.
SAN is a highly complex structure consisting of specialized cells which spontaneously fire
action potentials (APs) that propagate throughout the heart. Its automaticity is governed by ion
channels and transporters that contribute to the membrane 2° and Ca?* 2! clocks. These two cyclic
processes are impaired during HF?2, It has been shown that HCN2 and HCN4 expression are
decreased at both the transcript and protein levels in a canine model of HF?3, In rabbits with volume
and pressure overload induced HF, the hyperpolarization-activated “pacemaker” current (/) and
slow component of the delayed rectifier current (/ks) are reduced by 40% and 20%, respectively
24, In a rat model of HF, SAN dysfunction results from an extensive remodeling of ion channels,
gap junction channels, Ca®'-, Na*-, and H*-handling proteins and receptors in the SAN?®, These
studies elegantly show the perturbations of key ion channels and transporters involved in the

membrane and Ca** clocks. Table 1.2 summarized the studies on SAN dysfunction associated with

HF.
No. Intervention
Year Author Title Species /disease Results
1 Changes in sinus node function Sympathetic  predominance in
in a rabbit model of heart failure volume and  normal rabbits is preserved in heart
Opthof et with ventricular arrhythmias and pressure failure. The basic cycle length of
2000 al. ¢ sudden death rabbit  overload HF the isolated sinus node increased.
2 volume and
pressure
Verkerk lonic remodeling of sinoatrial overload- Intrinsic cycle length 1, Ir and Iks
2003 etal.>*  node cells by heart failure rabbit induced HF  density| in HF
3 Anatomic and structural
Remodeling of sinus node remodeling along the crista
Sanders function in patients with symptomatic terminalis with reduced functional
2004 etal. '  congestive heart failure human CHF sinus node reserve in CHF.
4 Sinus node dysfunction and
HCN channel subunit
Zichaet remodeling in a canine heart tachypacing- | HCN2 and HCN4 at protein and
2005 al. % failure model canine induced CHF mRNA levels



5
Du et al.
2007 %7
6
Shinohar
2010 aetal. ?
7
Yanni et
2011 al.?®
8
Verkerk
2015 etal.
9
Chang et
2016 al.?
10
Chan et
2018 al.

Downregulation of neuronal
sodium channel subunits Nay1.1
and Nay1.6 in the sinoatrial node
from volume-overloaded heart
failure rat

Ca?* clock malfunction in a
canine model of pacing-induced
heart failure

Changes in ion channel gene
expression underlying heart
failure-induced sinoatrial node
dysfunction

Ca*" cycling properties are
conserved despite bradycardic
effects of heart failure in
sinoatrial node cells

Heart failure modulates
electropharmacological
characteristics  of
nodes

Heart failure differentially
modulates  the effects of
Ivabradine on the electrical
activity of the sinoatrial node
and pulmonary veins

sinoatrial

rat

canine

rat

rabbit

rabbit

rabbit

Table 1.2. Studies on SAN dysfunction associated with HF.

volume
overload-
induced HF

pacing
induced HF

ligation-
induced HF
volume and
pressure

overload-
induced HF

rapid
ventricular
pacing

ligation
induced HF

| Navl.1 and | Navl.6 contributes
to HF-induced SAN dysfunction

Ca*" clock dysfunction in the
superior SAN in HF.

Extensive remodeling in ion
channel; gap junction channels;
Ca*-, Na'-, and H'-handling
proteins; and SAN receptors in HF
SAN

Slower Ca transient decay and
reduced late diastolic Ca rise
during B-adrenergic stimulation in
HF SAN cells

Ivabradine resulted in a higher
incidence of AP block in HF rabbit
SAN cells. HCN4 and RyR were
lower in HF compared to control.

Ivabradine caused a higher
reduction in HF pacemaker
activity; led to bradycardia and AF
development; induced burst firing
in HF

The remodeling of the membrane and Ca*" clocks may be secondary to, or potentiated by,

alterations that occur within the SAN mitochondria during HF. Spontaneous AP impulses from the

primary pacemaker cells disrupts the ionic gradient within the SAN, which needs to be

reestablished by energy-dependent transporters on a beat-to-beat basis. The mitochondria provide

the bulk energy to fuel the energetically demanding process. Indeed, like ventricular

cardiomyocytes, the SAN has a dense network of mitochondria with a high basal respiratory rate

31, In addition to their primary function of providing energy, they also regulate the life and death

of a cell through their roles in reactive oxygen species (ROS) production®?, Ca?" handling®, and

apoptosis®**. Injury to the mitochondria can thus have detrimental effects to SAN cell viability.



Therefore, it is crucial to investigate the structural and functional changes that occur in the SAN

mitochondria during HF, as this will provide insights into better, site-specific therapeutic options.

4. Potassium Channel Dysfunction in Disease
The congenital long-QT syndrome (LQTS) is a life-threatening cardiac arrhythmia syndrome
that represents a leading cause of sudden death in the young.’> Genetic mutations in cardiac ion
channels, known as cardiac ion channelopathies, have been shown to cause a significant percentage
of LQTS cases.’**’ Currently, it is estimated that 1 in 5,000 people carry a LQTS mutation. Table

1.3 illustrated the mutations that can cause LQTS.

Gene Frequency Protein (Functional Effect)
KCNQI (LQT1) 40-55% Kv7.1 ({)

KCNH?2 (LQT2) 30-45% Kvil.l1 ({)

SCN5A4 (LQT3) 5-10% Navl.5 (1)

ANKB (LQT4) <1% Ankyrin B ({)

KCNEI (LQTS) <1% MinK (V)

KCNE?2 (LQT6) <1% MiRP1 ({)

KCNJ2 (LQT7) <1% Kir2.1 ()

CACNAIC (LQTS) <1% L-type Ca?" channel (1)
CAV3 (LQTI) <1% Caveolin 3 ({)

SCN4B (LQT10) <1% Sodium channel-p4 ({)
AKAPY9 (LQTI11) <1% Yotiao ({)

SNTAI (LQT12) <1% Syntrophin al ({)
KCNJ5 (LQT13) <1% Kir3.4 ()




Table 1.3 Mutations associated with LQTS. Functional effects: | loss-of-function or T gain-of-
function. Modified from Peter J. Schwartz, Lia Crotti, and Roberto Insolia. Circulation:

Arrhythmia and Electrophysiology. 2012;5:868-877. 3

Defects in Ky11.1 channel (also known as human Ether-a-go-go Related Gene, hERG,
encoded by the KCNH?2 gene) are the second leading cause of LQTS. Moreover, hERG channels
represent the most common target for drug-induced LQTS.*!-#74 With the inclusion of drug-
induced or acquired LQTS cases, many of whom have the same genetic ion channel defects as
those with the congenital LQTS disease, it is estimated that the true incidence of LQTS may be as
high as 1 in 1,000.%7- 3% 40 Loss-of-function mutations in hERG channels result in decreased Ik,
causing delayed repolarization and the prolonged QT interval characteristic of LQTS Type 2.4!-44
The fundamental defect in LQTS is prolonged ventricular repolarization, caused by the imbalance
of inward and outward currents, and an increase in occurrences of torsades de pointes polymorphic
ventricular tachycardia, ventricular fibrillation, and sudden cardiac death.?”-3% 4

Recent studies have provided new evidence that LQTS manifests not only from mutations in
cardiac ion channels (as in LQT1, LQT2, and LQT3), but also mutations in ion channel interacting
proteins (such as calmodulin in LQT14-15).3%33 One potential ion channel interacting protein is
RING Finger Protein 207 (RNF207), encoded by its gene located on chromosome 1. RNF207 is a
specialized type of zinc finger protein, shown to be associated with prolongation of the QT
interval.>*>® There is evidence for an interaction between the hERG K* channels and RNF207

proteins via RNF207’s RING domain®. This RING domain, as well as RNF207’s structural

similarity to tripartite motif-containing proteins (TRIM), suggest a potential function of RNF207
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as an E3 ubiquitin ligase and a possible role in facilitating protein degradation®- %°. However, the
exact molecular mechanisms remain unexplored.

Finally, recent studies have provided genetic links between human heritable CaM mutations
and several types of cardiac arrhythmia syndrome leading to sudden cardiac death, including long
QT syndrome (LQTS),*!"% catecholaminergic polymorphic ventricular tachycardia(CPVT),** and
familial idiopathic ventricular fibrillation (IVF).% N54I and N98S mutations in CaM are associated
with cases of CPVT with altered CaM-ryanodine receptor 2 (RyR2) function; FOOL has been
shown to be linked to IVF; and D96V, D130G, and F142L are associated with LQTS. Among the
known CaM targets, small-conductance Ca?*-activated K* (SK) channels are unique, since they
are gated solely by beat-to-beat changes in intracellular Ca*. However, the molecular mechanisms

of how CaM mutations may affect the function of SK channels remain incompletely understood.

In summary, we have identified several critical gaps in our current knowledge on the
regulation of cardiac excitability in health and diseases. Through the following Chapters, I will
outline my dissertation work as well as my contributions to collaborative projects in the laboratory

to fill some of the important knowledge gaps and help to lay foundations for future studies.
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ABSTRACT
Rationale: Sinoatrial node (SAN) cells are the heart's primary pacemaker. Their activity is tightly
regulated by B-adrenergic receptor (B-AR) signaling. Adenylyl cyclase (AC) is a key enzyme in the B-AR
pathway that catalyzes 3',5'-cyclic adenosine monophosphate (cAMP) from ATP to activate a cascade of
downstream effectors important for regulation of pacemaking activity. At present, it is unclear which AC
isoforms are predominant in the SAN and how they regulate the heart's pacemaking activity.
Objective: We hypothesize that distinct AC isoforms are preferentially expressed in the SAN and
compartmentalize within critical microdomains to orchestrate heart rate regulation during B-AR signaling.
Methods and Results: Single-cell RT-PCR showed that in contrast to atrial and ventricular myocytes,
SAN cells express a diverse repertoire of ACs with ACp as the predominant isoform. SmFISH confirmed
the high expression of ACy, but also ACvi, in the SAN cells. Although AC;- mice exhibit normal cardiac
systolic or diastolic function, they experienced SAN dysfunction. Similarly, SAN-specific CRISPR/Cas9-
mediated gene silencing of AC; resulted in sinus bradycardia with evidence of sick sinus syndrome.
Mechanistically, both ryanodine receptor (RyR2) and hyperpolarization-activated cyclic nucleotide-gated
(HCN)4 channels of the coupled clock form functional microdomains almost exclusively with ACy, while
L-type Ca** channels likely compartmentalize with ACr as well as other AC isoforms. Due to its central
characteristic as a Ca®"-activated isoform, AC; is critical in the sustained rise in local cAMP during 3-AR
stimulation.
Conclusions: Our study reveals ACr's critical roles in SAN cells regulation and control of heart rate
under basal and B-AR stimulation. The new insight offers unique therapeutic opportunities to modify
pacemaking activity, without interfering with contractile cardiomyocytes.
Keywords: cardiac electrophysiology, heart rate, sinoatrial node, Ca2*, HCN, microdomain, adenylyl

cyclase
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INTRODUCTION

Sinoatrial node (SAN) dysfunction (SND) results in an inability of the heart's natural pacemaker
cells to produce a normal rthythm. The prevalence is ~1 per 1000 person-years'-2 with a projected incidence
of 172,000 people per year by 2060, due to an aging population. SND has a broad etiologic spectrum and
affects people from the elderly to children with congenital heart diseases.* > More than 50% of patients
with SND require surgical implantations of pacemakers to restore their sinus rhythms. Electronic
pacemakers enable the heart to beat at a regular rate. Still, they exhibit many shortcomings, such as
suboptimal autonomic responsiveness, limited battery life, pocket/lead infections, lead fractures,
electromagnetic interference, and pacing-induced remodeling.® Therefore, research efforts have focused
on developing a fully functional biological pacemaker,” providing patients with a more physiological
response to autonomic stimuli. Significant knowledge gaps in our current understanding of SAN functions
need to be filled before the development of a biological pacemaker can be fully realized.

SAN, the pacemaker of the heart, is the primary determinant of heart rate®® and is tightly regulated
by B-adrenergic receptor (B-AR) signaling.!® ! Adenylyl cyclase (AC) is a key enzyme in the B-AR
pathway that converts ATP into 3',5'-cyclic adenosine monophosphate (cAMP) resulting in a cascade of

downstream effects.!!"13

ACs are genetically diverse and encoded by 10 distinct genes. Nine ACs are G
protein-regulated transmembrane proteins, while one is a soluble form.!> 4 ACs genetic diversity suggests
that different isoforms may serve distinct functions in different regions of the body. The distribution of
the AC isoforms may differ significantly between the SAN and ventricular cardiomyocytes. In ventricular
cardiomyocytes, ACy and ACvyi are the two main isoforms.!® In contrast, there is minimal information
regarding the main AC isoforms in SAN. One study shows that AC; is preferentially expressed in guinea

pig SAN cells and modulates the funny current (pacemaker current, Ir).!¢ Another study shows that the

most abundant AC isoforms in rabbit SAN are AC; and ACv.!” The variability in these studies may be
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species-specific or stem from the techniques employed, wherein PCR was used to amplify cells in the
vicinity of the SAN, which may have included AC isoforms from the surrounding atrial and other
supporting cells.

The function of different isoforms of AC is directly dependent on the concentrations of
intracellular Ca?*: ACy (K¢ = 100 nM)'® and ACvim (Ka = 500 nM)!® are Ca?*-activated isoforms while
physiological concentrations of Ca?" inhibit ACv.v1.?® Ca®" is an essential key modulator of the SAN's
pacemaker potential via the Ca®" clock, 2! during which Ca?" is spontaneously released from the
sarcoplasmic reticulum (SR) via ryanodine receptors (RyR), triggering the extrusion of Ca?* from the
cytosol via Na*-Ca?" exchanger (NCX). NCX exchanges one Ca?" ion for three Na* ions, generating an
overall net inward current that contributes to diastolic depolarization.?! Here, we hypothesize that distinct
AC isoforms are preferentially expressed and compartmentalized in SAN to serve a specialized function.
Specifically, activated AC increases cAMP concentrations, leading to an elevation of intracellular Ca?*
(Ca?*)) through Ca?* channels. The subsequent increase in Ca**j activates ACj in a positive feedback loop,
while the rise in Ca**i provides negative feedback to other AC isoforms such as ACv.y1. Our study aims to
elucidate the critical role of the Ca*"-activated AC; isoform in the SAN that may provide novel insights
into the development of targeted therapeutics, specific to pacemaker cells without interfering with

contractile myocytes.

MATERIALS AND METHODS
Animal Models
Male and female WT and AC;” mice** 23 10-15 weeks old in C57B16/J background were used for
this study. Mice were housed individually in 12 hr light / 12 hr dark environment. The present investigation
conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes
of Health (NIH publication No. 85-23, revised 1985) and was performed in accordance with the protocols

and guidelines approved by the Animal Care and Use Committee of the University of California, Davis.

21



All the experiments were performed in a blinded fashion by different investigators conducting animal
handlings, cardiomyocyte isolations, data collection, and analyses.
SAN Cell Isolation

SAN cells were isolated as described as follows.?*2” Mice were anesthetized by intraperitoneal
injection of 80 mg/kg of ketamine and 5 mg/kg of xylazine. The heart was excised and placed into Tyrode's
solution (35°C) containing (in mM): 140 NaCl, 5.0 HEPES, 5.5 Glucose, 5.4 KCI, 1.8 CaCl, and 1.0
MgClL (pH 7.4). The SAN tissue was dissected based on the landmarks defined by the orifice of superior
vena cava, crista terminalis, and atrial septum.?® SAN tissue was digested in low Ca?* solution containing
(in mM): 140 NaCl, 5.0 HEPES, 5.5 Glucose, 5.4 KCI, 0.2 CaCl; and 0.5 MgCl,, 1.2 KH>PO4, 50 taurine,
pH 6.9, with collagenase B (0.54U/mL, Sigma-Aldrich), elastase (18.9 U/mL, Sigma-Aldrich) and
protease type XIV (1.79 U/mL, Sigma-Aldrich) for 30 mins at 37°C. After digestion, the tissue was washed
three times with Kraft-Bruhe medium containing (in mM): 100 potassium glutamate, 5 HEPES, 20 glucose,
25 KCl, 10 potassium aspartate, 2 MgSQOa, 10 KH>POs, 20 taurine, 5 creatine, 0.5 EGTA, and 1 mg mL™!
BSA (pH 7.4). SAN cells were dissociated with a transfer pipette by mechanically stirring and pipetting
the tissue chunks. Dissociated SAN cells were used for experiments at room temperature (RT, 22-25°C)
or36 £ 0.5 °C.
Single-cell RT-qPCR

Single cells were identified and isolated with patch pipettes under a microscope. RNA was isolated
from single cells using Single Cell-to-CT™ qRT-PCR Kit (Thermo Fisher Scientific, Waltham, MA).
Single-strand ¢cDNA was synthesized using Superscript III. The quantitative real-time reverse
transcription-polymerase chain reaction (qPCR) was performed using predesigned TaqgMan Gene
Expression assays probes (Thermo Fisher Scientific), Adcy 1 (Hs00299832 ml), Adcy 2
(Hs01058848 ml), Adcy 3 (Hs01086502 m1l), Adcy 4 (Hs00934099 ml), Adcy 5 (Hs02890018 ml),
Adcy 6 (Hs00209600 ml), Adcy 7 (Hs00181579 ml), Adcy &8 (Hs00905042 ml), Adcy 9

(Hs00181599 ml), HCN4 (Hs00975492 ml).
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Single-molecule fluorescence in situ hybridization (smFISH)

SmFISH was performed as follows?® in WT and AC; KO SAN sections using probes for ACi, ACy,
and ACvr. Isolated samples were incubated with 4% DEPC-PFA for 24hr, followed by incubation with
30% sucrose for 2-3 days. Samples were then embedded in the OCT compound and cryo-sectioned (10
um) on super-frost slides. RNAscope multiple fluorescent detection reagents v2 (Advanced Cell
Diagnostics, ACD, #323111) were used for the assay. Probe hybridization was performed according to
the manufacturer's instructions (ACD). Sections were immersed in 4% PFA for 15 mins at 4°C and serially
dehydrated in 50%, 70%, and 100% ethanol for 5 mins at RT. Sections were then treated with hydrogen
peroxidase for 10 mins at RT, followed by proteinase digestion using protease 4 for 30 mins at RT. The
following steps were performed at 40°C. Probes were reacted for 2 hours. AMP1, AMP2, AMP3 reagents
were used to amplify the signal. The appropriate HRP reagent and Opal dye were used. HRP blocker was
then added to complete the reaction. Slides were washed twice after every step at RT. Probes for Adcyl
(#451241), Adcy6 (#539861), GAPDH (#4471841), and controls were obtained from ACD. For
subsequent immunofluorescent staining, slides were treated with 10% goat serum for 30 mins at RT,
incubated with primary antibody (hyperpolarization-activated cyclic nucleotide-gated (HCN) 4, 1:500
dilution, Alomone Labs) overnight at 4°C, washed with TBS-0.005% Tween20 three times for 5 mins
each, incubated with secondary antibody (FITC, Life Technologies, 1:500) for 2 hours at RT, and again
washed with TBS-0.005% Tween20 three times for 5 mins each. Slides were incubated in 4',6-diamidino-
2-phenylindole (DAPI) solution for 30 secs at RT to label cell nuclei. They were then mounted on
Fluoromount-G and sealed under a coverslip.

Echocardiography

Echocardiography to assess systolic and diastolic function were performed using Vevo 2100
(VisualSonics, Fujifilm, Toronto, ON, Canada) imaging system and a MS 550D probe (22-55 MHz).3: 3!
Systolic function was assessed using M-mode and two-dimensional measurements in conscious mice.

Diastolic function was assessed in mice anesthetized with 1% isoflurane. The measurements represented
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the average of six selected cardiac cycles from at least two separate scans performed in random-blind
fashion with papillary muscles used as a point of reference for consistency in level of scan. End diastole
was defined as the maximal left ventricular (LV) diastolic dimension and end systole was defined as the
peak of posterior wall motion. Fractional shortening (FS), a surrogate of systolic function, was calculated
from LV dimensions as follows: Fractional shortening (FS), a surrogate of systolic function, was
calculated from LV dimensions as follows: FS = ((EDD-ESD)/EDD) x100%, where EDD and ESD are
LV end diastolic and end systolic dimension, respectively. E/A ratio (E wave/A wave) was measured to
define diastolic function.
Hemodynamic monitoring

Mice were anesthetized by intraperitoneal injection of 80 mg/kg of ketamine and 5 mg/kg of
xylazine and maintained at 37 °C. The arterial catheter was inserted retrogradely into the left ventricle via
carotid artery. The recording of pressure and volume was performed by using Millar Pressure-Volume
System MPVS-300 (Millar, Inc., Houston, TX), Power Lab, and Lab Chart 6.0 software (AD Instruments,
Colorado Springs, CO). The pressure and volume were calibrated before recordings. The volume
calibration used fresh heparinized 37 oC mouse blood and a cuvette (P/N 910-1049, Millar, Inc.). To
change the preload, a gentle and quick abdominal compression was applied to occlude inferior vena cava.
Electrocardiography (ECG) Telemetry

All telemetry placements were performed 1 week before the start of each experiment. Mice were
anesthetized with ketamine/xylazine (80 mg/kg /5 mg/kg) before placement of a transmitter (Data
Sciences International (DSI), New Brighton, MN) into the abdominal cavity with subcutaneous electrodes
in the lead I configuration. Baseline measurements were recorded for 24 hours and followed by
intraperitoneal injection of Isoproterenol (ISO, 0.1 mg/kg, IP) in both AC; KO compared to WT animals.
Atropine (2 mg/kg, ip) and propranolol (1 mg/kg, ip) were used to block the heart's autonomic control.
The analog telemetric ECG signals were digitized at 1 kHz and recorded using PONEMAH software (DSI).

R peaks of the ECG signal were detected, and the mean HR was calculated from the RR interval and
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averaged for 1 min. For baseline recordings, t=0 corresponds to noon, while t=24 corresponds to midnight.
Heart rate variability (HRV) was plotted as RR interval (RR-I) against the next RR interval.
SAN-specific clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9-mediated
gene silencing of ACy

A transgenic mouse model expressing a fluorescent Ca?" indicator (GCaMP8) under the control of
the Hcn4 promoter was previously generated and used for the study.?? CRISPR/Cas9 system containing
3X sgRNA (GeneCopoeia, Rockville, MD) was used to specifically target the AC; isoform, followed by
in vivo delivery using liposome and SAN painting technique.’® 3 A vector containing a scrambled
sequence was used as control. Both the targeting and control vectors contained mCherry and were
encapsulated in liposomes. The liposomal emulsion was painted onto the SAN region under direct
visualization. ECG and echocardiograms were performed 5-7 days after surgery at baseline and after ISO
injection. Light Sheet-Based Fluorescence Microscopy (LSFM) was performed in freshly dissected SAN
to confirm that the in vivo gene delivery was successful. Green fluorescence protein (GFP) and mCherry
signals were simultaneously detected during live SAN imaging.

Light Sheet-Based Fluorescence Microscopy (LSFM)

Freshly dissected tissues were placed in normal Tyrode's solution, immersed in 1.5% agarose in a
capillary tube, and mounted inside the Lattice Lightsheet 7 microscope (Carl Zeiss, Germany). During
experiments, tissue was maintained at 37°C and constantly gassed with 95% 0,/5% CO.. Baseline
measurements were taken before the application of 1 pM of ISO. Imaris software (Bitplane, Switzerland)
was used to perform 3D reconstructions.

Immunofluorescence Confocal Microscopy

Immunofluorescence labeling was performed as follows.!® Isolated SAN cells were allowed to
adhere to coverslips for 10 mins before fixing with 4% PFA. Cells were then washed with PBS (3 x 10
mins). Cells were permeabilized for 10 mins with 1% Triton X-100% and then blocked with 5% donkey

serum for 1h at RT. The following primary antibodies were used to incubate the cells overnight at 4°C: (1)
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anti-HCN4 (Abcam, 1:300 dilution), a polyclonal antibody raised against rat HCN4, (2) anti-AC; (Santa
Cruz, 1:100 dilution), a monoclonal antibody raised against mouse ACi and (3) anti-Caveolin-3 (1:300,
Thermo-Fisher Scientific), a polyclonal antibody raised against rabbit Caveolin-3. Cells were washed with
PBS (3 x 10 mins) and then incubated with anti-rat, anti-mouse, or anti-rabbit secondary antibodies
(Jackson ImmunoResearch, 1:500 dilution) for 1 hour at RT. All the antibodies used were diluted in
blocking solution with 5% donkey serum. Cells were then washed with PBS (3 x 10 mins). Coverslips
were mounted on the slides with ProLong Diamond Antifade Mountant (Thermo Fisher Scientific Inc.).
Control experiments performed by incubation with secondary antibody only did not show positive staining
under the same experimental conditions. Identical settings were used for all specimens. Cells were
sequentially imaged using a Zeiss 900 confocal laser-scanning microscope equipped with an Airyscan
detector module, a Plan-Apo 63% 1.4 NA oil-immersion objective and 488/561/647 lasers. Cells for each
group were imaged using the same acquisition parameters. Images were background subtracted, pseudo-
colored, and analyzed offline using ImageJ. Stimulated emission depletion (STED) microscopy was
performed on a Leica STED (TCS SP8 STED 3X) microscope with an HC PL. APO 100%/1.4 NA STED
objective in STED mode. Using Huygens professional software, deconvolution was limited to 15 iterations
and a signal-to-noise ratio of 4 with a manual evaluation of background intensity.
Electrophysiology

Spontaneous APs and AP firing frequencies in single SAN cells were assessed using the perforated
patch-clamp technique at 36 + 0.5 °C. Whole-cell patch-clamp techniques were used to record Ica and Ir
at baseline and after isoproterenol (ISO, 1 uM).

For AP recordings, Amphotericin B (240 ug/ml) was added into the pipette solution. Spontaneous
APs were recorded in Tyrode's solution with the pipette filled with (in mM): 30 potassium aspartate, 10
NaCl, 10 HEPES, 0.04 CaCly, 2.0 Mg-ATP, 7.0 phosphocreatine, 0.1 Na-GTP, with pH adjusted to 7.2

with KOH.
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Ca?" currents were recorded using conventional whole-cell patch-clamp techniques at RT. Current-
voltage relations were assessed before and after the application of ISO (1 uM). Current-voltage relations
were constructed using a family of voltage steps of 300 ms from a holding potential of -55 mV with an
interpulse interval of 2 seconds and 20 mV increment to record L-type Ica. The holding potential for total
Ica recordings was -80 mV. The pipette (intracellular) solution contained (in mM): 120 CsCl, 10 EGTA,
10 HEPES, 10 tetracthylammonium chloride (TEA), 5.0 phosphocreatine, 3.0 CaCl,, 1.0 Mg- ATP, and
1.0 Na-GTP; pH was adjusted to 7.2 with 1.0 CsOH. The bath (extracellular) solution was comprised of
(in mM): 137 NaCl, 10 HEPES, 10 glucose, 1.8 CaCly, 0.5 MgCl,, and 25 CsCl, and pH was adjusted to
7.4 with NaOH.

For pacemaker current (Ir) recordings, patch pipettes were filled with intracellular solution
containing (in mM): 120 potassium aspartate, 25 KCl, 4.0 MgCl,, 10 EGTA, 4.0 K-ATP, 2.0 Na-GTP, 2.0
phosphocreatine, 5.0 HEPES, 1.0 CaCl,, and pH was adjusted to 7.2 with KOH. The extracellular solution
contained (in mM): 130 NaCl, 5.0 KCl, 2.0 MgCl, 1.8 CaCl,, 5.0 HEPES, and 5.0 glucose; pH was
adjusted to 7.4 with NaOH. 1 mM BaCl, was applied to block K* current. Voltage steps were applied for
2.0 s ranging from —140 mV to —40 mV in 10 mV increments at a holding potential of -35 mV. Ir currents
were recorded at 36 = 0.5 °C.

Proximity Ligation Assay

Protein associations between ACy and caveolin-3, AC; and HCN4, ACy and Cay1.2, AC; and RyR-
2 were detected by a Duolink In Situ PLA kit (Sigma).>® Freshly isolated SAN cells were fixed with 4%
PFA and washed with PBS. Cells were then permeabilized with 0.25% Triton X-100 (10 min), blocked in
1% BSA for 30 mins at RT, and incubated overnight at 4°C with two primary antibodies 1% BSA +0.25%
Triton X-100 PBS solution. The antibodies used were mouse anti-ACi (1:100; Santa Cruz Biotechnology),
rabbit anti-Cav1.2 (1:200; Thermo Fisher Scientific), rabbit anti-HCN4 (1:200; Alomone Labs), and rabbit
anti-RyR-2 (1:200; Alomone Labs). Cells incubated with only one primary antibody were used as negative

controls. PLA probes (anti-mouse MINUS and anti-rabbit PLUS) were used as secondary antibodies to
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bind to primary antibodies. Ligase was added to cells to allow hybridization with the probes, and
polymerase was added for a rolling circle amplification reaction. Coverslips were mounted on a
microscope slide with Duolink mounting medium. The fluorescence signal was detected using a Zeiss
confocal LSM 700 microscope. Images were collected at different optical planes (z-axis step = 0.5 mm).
The stack of images for each sample was combined into a single-intensity projection image used to analyze
the number of puncta/um? per cell. All the data were analyzed in a blinded fashion with the NTH ImageJ
software v1.53c.
Whole-cell Ca?* Transient Measurements

IonOptix contraction system (IonOptix LLC, Westwood, MA) was used to detect spontaneous
Ca?" transient from whole cells. Freshly isolated SAN cells were loaded with 5 uM Fluo-4 AM (F14201,
Molecular Probes) for 15 minutes at RT. Cells were then perfused with Tyrode's solution (36 + 0.5 °C)
continuously. Baseline measurements were taken before ISO was applied in both WT and AC;- mice. The
maximal Fluo-4 fluorescence (F) was measured at peak amplitude and was normalized to Fo, the average
of baseline fluorescence. Background fluorescence was subtracted for each recording.
Local Ca?* Release and Ca2* Transient Detection via Confocal Line Scanning

Freshly isolated SAN cells were loaded with 5 uM Fluo-4 AM for 15 mins at RT. Cells were then
perfused with Tyrode's solution (36 + 0.5 °C) continuously. Line-scan images across the whole cell were
obtained to measure Ca®* signals with 488 nm excitation and 510 nm emission from the SAN cells. Pixel
time was 0.76 ps; line time was 0.91 bms. Pinhole was set at 1.00 AU/50 pm. Baseline recordings were
performed before ISO was applied in both WT and AC;”” mice.
Culture of SAN Cells

SAN cells were first isolated as described above. Glass coverslips (25 mm, size #0, Karl Hecht,
Sondheim, Germany) were coated with 100x diluted laminin (Life Technologies, Grand Island, NY) and
incubated for 4 hours at 37°C in 5% CO,. After 4 hours, coverslips were placed in individual wells in a

24-well plate (Falcon, Tewksbury, MA) and washed 3x with sterile PBS (in mM): 137 NacCl, 2.7 KCl, 10
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NaxHPOy4, 1.8 KH2PO4, pH = 7.4). Isolated SAN cells were resuspended in M1018 medium (10.7 g/L)
supplemented with 1x penicillin-streptomycin-glutamate (PSG), 4 mM NaHCOs, 10 mM HEPES, 10%
fetal bovine serum (FBS), 6.25 uM blebbistatin and plated on the pre-coated laminin coverslips and
incubated for 4 hours at 37°C in 5% CO,, before the media was replaced with serum-free M1018.%¢
Adenoviral Transfection of cAMP Biosensors in SAN Cells and Confocal Imaging

For adenoviral transfection, the media was replaced with 500 pL of serum-free medium containing
adenoviral vectors carrying different versions of the FRET-based cAMP Universal Tag for imaging
experiments (CUTie) sensor.” Accordingly, we employed the cytosolic CUTie, the membrane-targeted
AKAP79-CUTie, and sarcoplasmic reticulum-targeted AKAP183-CUTie. Cells infected with the desired
adenoviral vectors were incubated at 37°C with 5% CO. for 36 to 40 hours. Adenoviral vectors were
produced using the AdEasy system (Qbiogene).’® A Zeiss LSM700 laser scanning confocal microscope
paired with a Zeiss 63x oil immersion lens (numerical aperture = 1.4) was used to collect images at
different optical planes (z-axis steps: 0.4 um) of the YFP fluorescence associated with each FRET
construct to confirm expression and expected localization.
Fluorescence Resonance Energy Transfer (FRET) Imaging and Quantification

Glass coverslips with SAN cells were transferred to a glass-bottom culture dish (MatTek, Ashland,
MA) containing 3 mL PBS at RT. A Leica DMI3000B inverted fluorescence microscope (Leica
Biosystems, Buffalo Grove, IL) equipped with a Hamamatsu Orca-Flash 4.0 digital camera (Bridgewater,
NJ) controlled by Metaflor software (Molecular Devices, Sunnyvale, CA) acquired phase contrast, CFP,
and YFP images. Phase contrast and CFP480 images were collected with 20x and 40x oil immersion
objective lenses, while YFP images were collected using only the 40x oil immersion objective lens.
Images for FRET analysis were recorded by exciting the donor fluorophore at 430-455nm and measuring
emission fluorescence with two filters (475DF40 for cyan and 535DF25 for yellow). Images were
subjected to background subtraction and acquired every 30 s with exposure time of 200 ms for each

channel. The donor/acceptor FRET ratio was calculated and normalized to the ratio value of baseline
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before ISO. Averages of normalized curves and maximal response to stimulation were graphed based on
FRET ratio changes. The binding of cAMP to each FRET biosensor increased the ratio of YFP/CFP and
was interpreted as an increase in cAMP levels. Experiments were performed at RT.
Chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless indicated
otherwise. Laminin (cat no: 23017015) was obtained from Life Technology, Blebbistatin (cat no: 13013)
from Cayman, 3-isobutyl-1-methylxanthine (IBMX, cat no: 2845) from Tocris.
Statistical Analysis

Data were analyzed using GraphPad Prism (San Diego, CA) software and presented as mean +
SEM. Data were assessed for potential outliers using the GraphPad Prism Outlier Test and for normality
of distribution. Statistical significance was then determined using appropriate unpaired two-tailed
Student’s t-test, nonparametric tests, one-way analysis of variance (ANOVA) or two-way ANOVA for
multiple comparisons with appropriate post hoc test. Two-way ANOVA was followed by Holm—Sidak
multiple comparison test. General linear model was used for two-way repeated measures and mixed-effect

model was used when there were missing values. p<0.05 was considered statistically significant.

RESULTS

AC; is the predominant isoform in the SAN, forming microdomains with key Ca** handling
proteins

To determine the relative abundance of the different AC isoforms, we performed single-cell RT-
qPCR. AC; was the most abundant isoform in the SAN, followed by ACv1, ACui, ACrv and ACvi (Figure
2.1A). In contrast, ACyr was the most abundant isoform in both atria and ventricles. In addition to the
morphological differences of SAN cells relative to atrial and ventricular cardiomyocytes, we used the

HCN4 channel as a marker to accurately identify SAN cells. Single-cell RT-qPCR data are corroborated
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by the smFISH experiments (Figure 2.1B). Both AC; and ACyi mRNA expression can be detected in the
SAN tissue. HCN4 was used for counter-staining, and the GAPDH probe was used as a positive control.

Caveolin-3 (Cav-3) is a critical scaffolding protein, involved in the organization of signaling
microdomains.** We have previously shown that ACy isoform localizes and interacts with caveolin-3
(Cav-3) to regulate Ca*" current in ventricular myocytes.!> To determine the protein expression and
localization of AC; with respect to Cav-3 and HCN4 channels, we performed immunofluorescence
imaging of SAN cells, triple labeled for ACi, Cav-3 and HCN4, using confocal microscopy coupled with
an Airyscan module, with a resolution of ~120 nm (Figure 2.1C). AC; colocalizes with Cav-3 and HCN4,
as evidenced by the high Pearson’s correlation coefficient and overlap coefficient (Figures 2.1D-E).
Additionally, stimulated emission depletion (STED) microscopy with a resolution of ~50 nm was used to
document the colocalization at a higher spatial resolution. In agreement with Airyscan images, magnified
STED images of the SAN cells and subsequent Pearson’s correlation coefficient and overlap coefficient
analysis revealed that these proteins form clusters with a high degree of overlap at the plasma membrane
(Figures 2.1F-G). Negative controls are presented in Supplementary Figure 2.1.

Proximity ligation assay (PLA) was further used as a complementary technique to determine if
two proteins are <40 nm apart (Figure 2.1H). Red puncta represent close association of AC; with specific
proteins, and nuclei were stained with DAPI. The numbers of puncta per unit area are significantly
increased when AC; was co-stained with HCN4, Cav-3, voltage-gated Ca?" channel (Cay1.2), or RyR2
compared to negative controls (where only one antibody was used) (Figure 2.11 and Supplementary
Figure 2.1; p<0.001 for all comparisons). Taken together, these results suggest that the predominant AC
isoform in the SAN is ACi, which localizes within microdomains with key Ca?" handling proteins and
HCN4 channels.

ACt knockout mice exhibit sinus node dysfunction
How AC; contributes to overall cardiac function, in addition to the known AC isoforms, remains

unclear.** We took advantage of AC;" mice and used echocardiography to quantify cardiac dimensions
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and function in AC;/” mice compared to wild-type (WT) animals (Supplementary Figure 2.2).
Genotyping was performed in all mice (Supplementary Figure 2.3). To assess systolic function, M-mode
images were acquired at the parasternal short axis in conscious WT and AC;”- mice (Figure 2.2A). Color
and pulse wave Doppler were used to evaluate diastolic function in anesthetized mice, by assessing the
ratio of blood flow velocity through the mitral valve during early diastolic filling (E wave) and late
diastolic filling (A wave) (Figure 2.2A). AC/” mice showed evidence of sinus bradycardia and sinus
arrhythmias (Figure 2.2B, heart rates were 532+15 compared to 587+6 bpm for AC;” and WT mice,
respectively, n=13 and 16, p<0.001). However, there were no significant differences in systolic or diastolic
function between the two groups (Figure 2.2C-D). Normalized heart weight to body weight ratio was not
different between WT and AC;/” mice with no evidence of cardiac fibrosis (Supplementary Figure 2.2).
Additionally, there was no evidence of upregulation of ACy and ACy; isoforms in 4C;” mice compared
to WT controls (Supplementary Figure 2.4).
ACt knockout mice exhibit blunted heart rate responses to f-AR stimulation

Ambulatory ECG recordings were performed to assess baseline heart rate, followed by B-AR
stimulation with isoproterenol (ISO) or autonomic nervous system (ANS) blockade with atropine and
propranolol (Figure 2.2E-F). There were diurnal variations with lower heart rates during the light than
the dark cycles. In addition, heart rates in AC;” mice were significantly lower than WT animals and the
differences were most pronounced during the hours when the mice were active. A representative day time
(7 AM-7 PM) heart rate variability scatter plot shows that there were more variations in heart rates (Figure
2.2G) with significantly higher RR intervals (lower heart rates) in the histogram plots from AC/”
compared to WT mice (Figure 2.2H). Further analyses revealed that this abnormality persisted at night
(7 PM-7 AM), when the mice exhibited the highest activity level (Supplementary Figure 2.5).

To determine the intrinsic heart rate, we administered 2 mg/kg atropine followed by 1 mg/kg
propranolol intraperitoneally (i.p.) (Figure 2.2I). The heart rate after f-AR stimulation (maximum,

minimum, and median HR) and after autonomic nervous system (ANS) blockade (intrinsic HR; 53648
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bpm for WT vs. 482421 bpm for AC/"; p=0.0426) were significantly impaired in AC;”" relative to WT
mice (Figure 2.2J).
SAN-specific CRISPR/Cas9-mediated 4C; gene silencing causes SND

As a complementary experiment to the global knockout model, we took advantage of
CRISPR/Cas9 gene silencing techniques*> *? to generate a SAN-specific knockout of the AC; gene in a
transgenic HCN4-GCaMP8 background (Supplementary Figure 2.3, 2.6 and 2.7). Control constructs
contained scrambled sequences and both constructs contained a reporter gene (mCherry). The constructs
in the liposome were delivered to the SAN region.

Mice treated with the control constructs exhibited normal surface ECG before and after ISO
stimulation. In contrast, mice treated with the ACj-targeted construct experienced SND before and after
ISO injection (Figure 2.2K), with sinus bradycardia and sinus arrhythmias as well as a blunted response
to B-AR stimulation (Figure 2.2L). SAN tissues were then excised (Figure 2.2M), and the mCherry signal
was used to validate successful delivery of the construct in each mouse using Light Sheet fluorescence
microscopy. GFP signal was used as a marker for the SAN region, showing that the SAN region was
successfully transfected in the merged image (Figure 2.2N). SAN-specific AC;-gene silenced mice
showed abnormal Ca®* signaling with reduced beating rates (Figure 2.20-Q). Taken together, AC;”” mice
demonstrate normal cardiac systolic and diastolic function but significant SND with sinus bradycardia and
blunted responses to B-AR stimulation.

ACT” SAN cells exhibit reduced action potential (AP) firing frequency

To determine the mechanistic underpinnings for sinus arrhythmias and SND in AC;” mice, APs
were recorded from SAN cells isolated from WT and 4C;”” mice using the perforated patch configuration
in current-clamp mode. Under basal conditions, SAN cells isolated from 4C;~ mice exhibited periods of
irregularities with bursting activities (Figures 2.3A and 2.3B). The bursting activities were exacerbated
by ISO stimulation. Quantitatively, the beating rate (quantified from within the burst) was lower although

not significant in AC;~ SAN (174.1421.29 bpm) compared to WT SAN (227.5+26.07 bpm) cells (Figure
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2.3C). However, the beating rate in AC;” SAN (281.4+19.03) was significantly lower than WT SAN cells
(433.5+31.46) after ISO challenge (p=0.000289). The abnormal automaticity and responses to B-AR are
consistent with the ECG findings in vivo. There was no significant difference in action potential duration
at 90% repolarization (APDoo, Figure 2.3D), peak potential (Figure 2.3E), or maximum diastolic
potential (Figure 2.3F). Non-firing activity was observed in WT SAN cells as previously described, with
periods of regular firing and non-firing.****> However, the percentage of non-firing duration was
significantly increased in AC/” SAN (20.98+6.046%) compared to WT SAN (8.031£5.789%) cells
(Figure 2.3G; p<0.05). The non-firing pattern was observed in 41.7% of WT compared to 60% of AC;”
SAN cells. ISO completely abolished the non-firing mode in WT and reduced the number of cells with
non-firing activity in AC;* SAN cells (30%, Figure 2.3H).
ACT” SAN cells show impaired global Ca** transients (CaTs) with Ca?* alternans and a complete
lack of response of local Ca?* releases (LCR) to B-AR stimulation

Since AC; is a Ca**-activated AC isoform, we examined global CaT and LCR to determine the
mechanisms underlying the observed SND in 4C;/” mice. Representative traces of global CaTs for WT
and AC;~ SAN cells are depicted in Figure 2.4A. AC;” SAN cells exhibited evidence of Ca®" alternans
both at the basal condition and after ISO application. Moreover, AC;” cells showed irregular firing
frequency consistent with the AP and ECG recordings. Although there was no difference in the time
constant of the rising phase of CaT (Trisc), the time constant of the decay phase of CaT (Tdecay) Was
significantly prolonged in AC;”" compared to WT SAN cells after B-AR stimulation, possibly from a
decrease in SR Ca®* uptake (Figures 2.4B-2.4C). There was no difference in non-firing duration (Figure
2.4D) and peak amplitude (Figure 2.4E). However, the beating rate was significantly decreased in AC/”
compared to WT SAN cells at baseline and after ISO application (Figure 2.4F). Indeed, the percentage

of cells that exhibited irregular CaT behavior was higher in AC;” SAN cells (Figure 2.4G). Trise at 50%,
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70% and 90% and Taecay at 50%, 70%, and 90% of global CaT are summarized in Supplementary Figure
2.8.

Analysis of LCRs was performed using IOCBIO Sparks software*® and a customized interface
implemented in LabVIEW to generate 3D reconstructions of Ca?" sparks and transients, as depicted in
representative images from WT SAN cells (Figure 2.4I). As expected, spark rate, the amplitude of LCR,
full width at half maximum (FWHM), and full duration at half maximum (FDHM) significantly increased
with B-AR stimulation in WT SAN cells. AC;/~ SAN cells showed a significant decrease in LCRs (Figure
2.4H). Remarkably, the effects from B-AR stimulation on LCRs were abolished entirely in 4C;~ SAN
cells (Figure 2.4J-M). Summary data for LCR space rise at 50%, space decay at 50%, Tiise at 50%, and
Tdecay at 50% are shown in Supplementary Figure 2.8. The findings are consistent with the co-localization
of AC within the microdomain of RyR2 as shown in Figure 2.1C-I and support the critical roles of AC;
in mediating the enhancement of the Ca?* clock during B-AR stimulation.

ACT" SAN cells demonstrate blunted responses to f-AR stimulation for L-type but not T-type Ca**
currents

B-AR stimulation significantly regulates Ca** currents (Ica) in the heart. We tested Ica response to
B-AR stimulation in SAN cells isolated from WT and 4C;”” mice. Representative total Ica traces from a
holding potential of -80 mV were shown for both groups at baseline and after 1 uM ISO (Figure 2.5A)
and were superimposed at -25 mV (Figure 2.5B). At basal conditions, the Ic. at -25 mV was not
statistically different between WT and AC;~ SAN cells. However, the response to ISO was significantly
blunted in AC;- compared to WT SAN cells (Figure 2.5C). The current-voltage (I-V) relationship showed
that ISO shifted the peak Ica potential from -15 mV to -25 mV in WT cells (Figure 2.5D), while a leftward
shift was not evident in AC;/” cells (Figure 2.5E). In contrast to the WT SAN cells, the half-activation
voltages (Vi,2) of the normalized conductance of Ic,, fitted with a Boltzmann function, showed a lack of

response to ISO in AC;”~ SAN cells (Supplementary Figure 2.9).
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To determine which component of Ic, may have been affected, we recorded L-type Ica (Icar) from
a holding potential of -55 mV (Figure 2.5F). For direct comparison, representative traces at -10 mV are
shown for all groups in Figure 2.5G. The increase in Icar at -10 mV after ISO application was
significantly blunted in AC;~ SAN cells (Figure 2.5H). Similar to the total Ica, the I-V curve of Ica, 1 for
WT cells was shifted leftwards after ISO administration (Figure 2.5I), but this effect was diminished in
ACr” cells (Figure 2.5J). The normalized conductance for Icar confirmed a significant decrease in the
leftward shift after ISO application in AC;/” SAN cells. V1,2 and slope factors for Icay are summarized in
Supplementary Figure 2.9.

In contrast, ISO significantly increased T-type Ca?" current (Icat) in both groups relative to the
baseline (Figure 2.5K). There were no significant differences in Ic,, T between the two groups either before
or after ISO application. These data suggest AC; regulates L-type but not T-type Ca®" channels in SAN
cells. Indeed, high-resolution imaging and PLA support ACr's localization within the microdomain of L-
type Ca** channel Cay1.2 (Figure 2.1C-F).

ACT” SAN cells show a complete lack of response of pacemaking current to f-AR stimulation

Pacemaking current (Ir), encoded by HCN4 channels, predominantly mediates the slope of phase
4 depolarization and modulates spontaneous AP frequency.*’” We recorded Ir from isolated WT and AC;”
SAN cells using whole-cell patch-clamp recordings, from -140 to -35 mV in 10 mV increments from a
holding potential of -35 mV (Figure 2.6). As expected, B-AR stimulation resulted in a significant
enhancement of Ir in WT SAN cells (Figure 2.6A-C) with a significant depolarization shift in the
normalized conductance (Figure 2.6D-E) and increases in both the fast and slow time constants of
activation (Tfast, Tslow) (Figure 2.6G-H). In contrast, B-AR stimulation failed to enhance the amplitude or
activation kinetics of Ir in AC;” SAN cells (Figures 2.6A-H) with only a minor shift in normalized
conductance (Figure 2.6D-E). Specifically, the depolarization shift in Vi, is significantly more robust in
WT than ACi”- SAN cells (p<0.05). There were no differences in the slope factors or deactivation

kinetics between WT and AC;~ SAN cells at baseline and after B-AR stimulation (Figure 2.6F, I). The
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findings provide strong evidence for the functional compartmentalization of AC; and HCN4 channels in
SAN cells, which is consistent with the subcellular co-localization of ACr within the HCN4 microdomain

(Figure 2.1C-I).

AC; differentially regulates local cAMP signaling at functional microdomains in SAN cells

Since the product of AC activation is cAMP, we exploited the latest cAMP FRET-based biosensors
to elucidate the subcellular mechanism of ACi-mediated heart rate regulation. Single isolated SAN cells
were transfected for 36-40 hrs with cAMP universal tag for imaging experiments (CUTie) sensors
localized to the cytosol, membrane (AKAP79), and sarcoplasmic reticulum (SR, AKAP183) as shown in
representative confocal images (Figure 2.7A). The AC activator forskolin (10 pM) and the
phosphodiesterase (PDE) inhibitor 3-isobutyl-1-methylxanthine (IBMX, 100 uM) were used to determine
the maximal cAMP responses in the three specific regions. Figure 2.7B and Supplementary Figure
2.10A-B show that SAN cells exposed to forskolin + IBMX exhibit similar maximal responses in the
normalized FRET signal (R/Ro), which facilitates comparison of cAMP signal in different subcellular
domains. ISO applied to WT SAN cells expressing the cytosolic, membrane or SR CUTie sensors revealed
distinctive cAMP production in the different subcellular domains (Figure 2.7C). The membrane signal
was the highest, followed by cytosolic, and finally the SR.

In WT SAN cells expressing the cytosolic CUTie sensor, ISO induced a dose-dependent
production of cAMP with an ECsp of 0.51 &= 0.23 nM (Supplementary Figure 2.10C and 2.10E). Genetic
ablation of AC; rightward shifted the ECso of ISO-induced cAMP to 224 + 0.16 nM. Further experiments
examining the time-dependent changes in cAMP after B-AR stimulation, found that the localized increase
in cAMP in the cytosol, at the membrane and SR were significantly blunted in AC;* compared to WT
SAN cells (Figures 2.7D-F). Notably, in AC;~ SAN cells, there was an initial rise followed by a decay

over time after B-AR stimulation, suggesting a lack of sustained ACi-dependent response.
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Next, we pretreated WT (Figure 2.7G) and AC/~ SAN cells (Figure 2.7H) with methyl--
cyclodextrin (MBCD, 100 uM), a cholesterol remover and caveolar disruptor, after transfection with the
three biosensors. MBCD did not significantly alter local cAMP levels at the membrane region but caused
a significant increase in cAMP production in the cytosol and the SR region in WT SAN cells after B-AR
stimulation. In contrast, MBCD pretreatment in AC;”- SAN cells significantly negated the decay in cAMP
levels in the cytosol, at the membrane and the SR regions. Subsequently, simultaneous pretreatment with
cilostamide and rolipram (cilo+roli, 10 uM each), which are PDE3 and PDE4 inhibitors, respectively,
produced similar effects to cAMP levels as MBCD in AC/~ SAN cells (Figures 2.71-J). The results were
not observed when PDE2, PDE3, or PDE4 inhibitors were applied alone (Supplementary Figure 2.11).
These results suggest compartmentalization of multiple PDEs and/or their signaling partners via caveolae
scaffolding is necessary for regulating local cAMP levels. Collectively, these data support ACi's critical
roles in maintaining the sustained increase of local cAMP required for heart rate responses to f-AR

stimulation.

DISCUSSION

There are current gaps in our knowledge regarding the dominant AC isoforms of ACs and the
specific roles of Ca?"-activated ACs in the SAN. We, therefore, took advantage of SAN-specific
CRISPR/Cas9 ACi-targeted gene silencing and 4C; global knockout mice to determine ACy's functional
significance. The novelty of our study stems from pivotal findings utilizing an array of new and
complementary techniques. In stark contrast to atrial and ventricular myocytes, we identify the Ca?*-
activated AC; as the predominant isoform mediating cAMP signaling in SAN that resides within a
functional microdomain with Cav-3, HCN4, Ca,1.2, and RyR-2 (Figure 2.8). Global or SAN-specific
knockout of AC; results in SND and a significant decrease in heart rate regulation by f-AR stimulation.

With pharmacological blockade of the autonomic nervous system in vivo, AC;”” mice show a lower
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intrinsic heart rate. Additionally, maximal B-AR stimulation results in sinus arrhythmia, corroborated by
the CRISPR/Cas9 AC; gene silencing model. The data strongly support ACt's critical role in mediating 3-

AR responses on SAN automaticity.

A diverse repertoire of ACs in SAN compared to atrial and ventricular myocytes: the unique roles
of the Ca**-activated AC isoform in SAN function

cAMP is a critical second messenger that regulates cardiac contractility and chronotropy via
activities of cAMP-responsive ion channels and pumps.*® 4’ Ten known AC isoforms are localized either
in the plasma membrane (transmembrane ACs, ACiix) or in the cytosol (soluble AC, ACx), all of which
produce cAMP. The impact, however, depends on a multitude of factors, including the relative expression
and predominant AC isoforms as well as their compartmentalization with effector proteins. However,
there exists uncertainty regarding the predominant isoforms and their functional roles in the SAN. In
contrast to atrial and ventricular myocytes that express mainly ACy and ACyy isoforms,?° we demonstrate
diverse AC expression at the transcript and protein levels in mouse SAN cells, with AC; as the
predominant isoform, followed by ACvi, ACm, ACrv and ACvu. The relative abundance and differential
expression of the AC isoforms in SAN compared to cardiomyocytes suggest a critical role of ACi in the
SAN function. AC; is known to be critically involved in learning and memory formation.>® Moreover,
ACi-deficient mice were reported to have disrupted retinotopic ordering. The phenotype can be mimicked
by blockade of AP firing.>" 52 Indeed, SAN cells show a higher basal level of cAMP and PKA than
ventricular myocytes.> ACi, which is a Ca?*-activated AC isoform, likely contributes to the higher basal
level of cAMP via positive feedback by intracellular Ca?*.>*
ACY's role in SAN automaticity

Recent evidence suggests that both membrane and Ca?* clocks jointly regulate SAN automaticity,

and ACs significantly contribute to the coupled clock.>* Robinson et al.>> demonstrated the over-

expression of ACi, but not ACvy, increased cellular cAMP concentration and accelerated beating rate in
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cultured neonatal rat ventricular myocytes. AC; overexpression also increased peak Icar, and the
sensitivity of HCN4 to B-AR stimulation.>®> Our current study demonstrates that ACp ablation significantly
blunted B-AR modulation of SAN automaticity (Figure 2.3). Mechanistically, knockout of AC;
significantly impairs B-AR stimulation of LCRs (Figure 2.4), Ic.1. (Figure 2.5), I (Figure 2.6) and AC-
dependent cAMP signaling (Figure 2.7) leading to irregularity in AP firing with significant periods of AP
cessations. The bursting activities of the spontaneous APs observed in the knockout mice are reminiscence
of the behaviors observed in the previously reported NCX knockout mice.® NCX represents the primary
Ca?" extrusion mechanism in SAN cells. A decrease in NCX function results in a gradual accumulation
of local Ca?* concentration and an increase in the activation of small conductance Ca?*-activated K* (SK)
currents, documented to be expressed in pacemaking cells,’ leading to periods of cessation of firing
activities. Future studies are required to decipher the intricate interplay of Ica, NCX, and SK currents in
the bursting activities observed in the AC;~ SAN cells. Additionally, CaTs show evidence of Ca?"
alternans with a significant increase in the time constant of decay (Tdecay) in AC/~ SAN cells. The findings
are consistent with a significant decrease in SR Ca?' reuptake by SR Ca?'-ATPase, as recently
demonstrated in ventricular myocytes.’” Knockout of AC; in SAN cells is expected to decrease cAMP-
mediated, PKA-dependent phosphorylation of SR proteins, including phospholamban, which may be one
of the mechanisms for the increased Taecay.
Functional Compartmentalization of ACj in the SAN

Synchronization of the coupled clock in the SAN is restricted to precise subcellular microdomains
with discrete clusters of ion channels, transporters and regulatory receptors working in concert.>® Caveolin
serves as the scaffolding protein to compartmentalize specialized proteins to initiate diverse molecular
signaling.>® Our group has previously demonstrated that ACvi is localized in the plasma membrane outside
the T-tubule in ventricular myocytes'>. In contrast, ACy is localized mainly in the T-tubular region, and
the direct protein-protein interaction between Cav-3 with ACy and PDEs is responsible for the

compartmentalization of ACy signaling.!> Ca?*-activated ACi and ACvu are localized within lipid raft
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microdomains in the SAN.!7 Mutations in caveolin-1 binding sites impaired ACvm N-linked
glycosylation, and its plasma membrane targeting and functionality.®® Our current study shows co-
localization of ACy and Cav-3, as well as HCN4, Cay1.2, and RyR-2 within microdomains of <40 nm
based on PLA (Figure 2.1). The colocalization was further supported using functional analyses, showing
a significantly blunted response of LCRs, Irand Icar to B-AR stimulation in AC;~ SAN cells. In contrast,
there are no significant changes in B-AR responses for Icat. These data support functional microdomains
that play a critical role in the Ca?"-mediated activation of AC with the coupled clock.

Closer analyses demonstrate that the effects of 4C; ablation on the -AR modulation are distinct
among the three downstream targets in the coupled clock, LCRs, Icar, and It. Specifically, 4AC; knockout
significantly negated the enhancement of LCRs and I, with no changes in spark rates, amplitude, FWHM,
and FDHM for LCRs and no enhancement in current density or activation kinetics of Ir after B-AR
stimulation. In contrast, 4Cr knockout results in only diminished effects on Ic. 1. The findings suggest that
RyR2 and HCN4 channels may form compartmentalization with ACy almost exclusively. In contrast, Ca?*
channels (or possibly different isoforms of Ca?* channels) may form functional units with distinct isoforms
of ACs, including AC;. We have previously shown the functional expression of both Cay1.2 and Cay1.3
L-type Ca** channels in SAN.?® Future studies are required to decipher the functional significance of
compartmentalization of different isoforms of Ca?* channels with ACs.

Critical roles of ACj in the sustained rise of local cAMP under B-AR stimulation

To directly quantify local cAMP levels, we used FRET-based cAMP biosensors localized to the
cytosol, at the plasma membrane or the SR region. The local cAMP responses to B-AR stimulation are
significantly blunted in all three regions in AC;” SAN cells (Figure 2.7). There is an initial rise in local
cAMP levels with B-AR stimulation from other AC isoforms. However, the effects of f-AR stimulation
failed to sustain over time, suggesting ACy's critical roles in sustaining local cAMP in the cytosol, at the

plasma membrane and the SR region.
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The effects of MBCD (Figure 2.7G) on removing cholesterol and disrupting lipid rafts and
caveolar domains®! in WT SAN cells are entirely mirrored by the synergistic effects of PDE3 and PDE4
inhibitors (Figure 2.7I), with a pronounced enhancement of local cAMP at the SR. The findings suggest
that ACr's actions at these functional microdomains are balanced and modulated by the localized effects
of PDE3 and PDE4 that degrade cAMP. In AC;~ SAN cells, the lack of a sustained rise in the local cAMP
by B-AR stimulation is negated by MBCD (Figure 2.7H) or the combination of PDE3 and PDE4 inhibitors
(Figure 2.7J), suggesting additional compartmentalization of other AC isoforms with PDE3 and PDE4.
Future studies are needed to investigate functional microdomains of other AC isoforms in SAN cells.

In conclusion, SAN cells express a diverse repertoire of ACs with ACi as the predominant isoform.
The diversity of ACs in SAN cells likely provides the needed safety factor for the critical pacemaking
activities in the heart. AC; isoform plays exclusive roles in the chronotropic regulation of the heart with
no discernable actions on cardiac systolic or diastolic function. Due to its central characteristic as a Ca?*-
activated isoform, AC; is critical in the sustained rise in local cAMP during -AR stimulation. Both RyR2
and HCN channels of the coupled clock form functional microdomains almost exclusively with ACy, while
L-type Ca?" channels or different isoforms of L-type Ca** channels likely form compartmentalization with
different AC isoforms. Genetic ablation of AC; results in SND in vivo and impaired SAN automaticity in
vitro. Collectively, our data suggest a crucial role for AC; in a functional microdomain with important
Ca?" handling proteins and HCN4 channels, that provide critical feedback to, and are driven by, the Ca**-

activated AC; (Figure 2.8).
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Figure 2.1. AC; is the predominant isoform in the SAN, forming microdomains with key Ca?*
handling proteins and HCN4 channels. Summary data of relative abundance of ACr.vm in single cells
isolated from three regions of the heart. (A) Single-cell RT-qPCR from SAN, atria, and ventricles (n =23,
11, 7 cells, respectively, from n=3-5 mice). (B) Representative smFISH images of ACi, ACv1, and GAPDH
(positive control) mRNA expressions in the SAN tissue. HCN4 (pink) was used as a counterstain for SAN
tissue, and DAPI (yellow) was used to stain the nuclei. (C) Representative high-resolution Airyscan
images of isolated SAN cells stained with anti-HCN4 (red), AC; (green) and Cav-3 (purple) antibodies.
Images at higher magnifications are shown in the second and third rows for each group. Yellow, white
and red scale bars are 10, 0.4 and 0.2 um respectively. (D) Representative scattered plots of colocalization
of AC; with Cav-3 and HCN4 from Airyscan images. (E) Summary data of Pearson’s correlation and
overlap coefficients for AC; and Cav-3 and AC; and HCN4 from Airyscan images. n=10-11 cells from 4
mice. (F) Representative super-resolution STED images of isolated SAN cells triple-labeled for HCN4
(red), AC (green) and Cav-3 (purple). Scale bar: 0.2 um. (G) Upper panel: representative scattered plots
of colocalization of AC; with Cav-3 and HCN4 from STED images. Lower panel: summary data of
Pearson’s correlation and overlap coefficients for AC; and Cav-3 and AC; and HCN4 from STED images,
n=8 cells from 2 mice. (H) Representative images of PLA in SAN cells for AC; with HCN4, Cav-3,
Cay1.2, and RyR-2. Scale bar: 5 um. (I) Summary of PLA data, n=12-24 cells from 4-6 mice per group.
Data are expressed as mean+SEM. * p<0.05 by One-way ANOVA for multiple comparisons, followed by

Kruskal-Wallis post hoc analyses.
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Figure 2.2
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Figure 2.2. AC; knockout and SAN-specific ACj-targeted gene silencing mice exhibit sinus node
dysfunction. (A) Representative M-mode echocardiographic images for WT and AC;”” mice. Summary
data from echocardiography for (B) heart rate, (C) fractional shortening (FS), and (D) mitral valve (MV)
E/A ratio. (E) Representative ECG tracings of WT and 4C;”” mice at baseline and after B-AR stimulation.
(F) Heart rates (bpm) over 24-hour period recordings are plotted for WT and AC,/” mice (data are
expressed as mean+=SEM; n =23 and 19 for WT and AC;” mice, respectively). Heart rates were averaged
after every hour for a 24-hour recording. (G) Heart rate variability, plotted as RR intervals (RR-I) for n
and n+1 in ms. (H) The number of values for each RR-I was plotted as histograms. (I) Representative
heart rate traces of WT and AC;” mice after injection of atropine, followed by propranolol to block
autonomic nervous system. (J) Summary data of the maximum, minimum, median, and intrinsic heart
rates from (I). (K) Representative surface ECG recordings for SAN-specific CRISPR/Cas9 mediated AC}-
targeted gene silencing mice at baseline and after ISO stimulation. Scrambled sequence was used for
control. (L) Summary data for heart rate (bpm) at baseline and after ISO injection (n = 6 for each group).
(M) SAN isolated from liposome-treated mice with the following landmarks. LA = left atrium. RAA =
right atrial appendage. IVC = inferior vena cava. SVC = superior vena cava. (N) Representative images
of SAN tissue with mCherry signal from the reporter gene and GFP signal from the genetically encoded
HCN4-GCaMP8 transgenic mice. (0Q) Ca’’ signal is shown for WT and AC;~ SAN tissue. (P)
Representative CaT traces from SAN-specific CRISPR/Cas9 mediated 4C-targeted gene silencing SAN
tissue compared to control mice (treated with scrambled sequence) at baseline and after ISO stimulation.
(Q) Summary data for CaT frequency (bpm). Summary data in B-D, J, L. and Q are shown as violin plots
with symbols within the plots representing individual data point and median as well as quartiles indicated
as dashed line. *p<0.05, **p<0.01 by student’s ¢-test (Panels B-D and J) or two-way ANOVA with Holm—

Sidak multiple comparison post hoc analyses (Panels L and Q).
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Figure 2.3
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Figure 2.3. AC;” SAN cells exhibit reduced action potential firing frequency.

Representative traces of spontaneous APs at baseline and after ISO from (A) WT and (B) AC;* SAN cells.
(C) Summary data of beating rate (bpm). (D) Action potential duration at 90% repolarization (APDyy),
(E) peak potentials, and (F) maximum diastolic potentials. (G) Percentages of non-firing duration. (H)
Percentages of cells that exhibited non-firing activity. n=10-12 cells from 5-6 mice per group. Data are
expressed as meantSEM. *p<0.05 using two-way ANOVA with Holm—Sidak multiple comparison post

hoc analyses.
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Figure 2.4
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Figure 2.4. AC;- SAN cells show an impaired B-AR response of Ca?" transients (CaTs) and Ca?*
alternans and a complete lack of response of local Ca?* release (LCR) to B-AR stimulation. (A)
Representative whole-cell CaT traces of SAN cells from WT and AC/” mice before and after ISO

application. Summary data of (B) Trise, (C) Tdecay, (D) percentages of non-firing duration, (E) normalized
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peak amplitude, (F) beating rate, and (G) percentage of cells exhibiting non-firing activity. Number of
symbols in the bar graphs represents number of cells. n=19-33 cells from 6-7 mice per group. (H)
Representative LCR recordings from WT and AC;~ SAN cells before and after ISO application. (I)
Representative 3D reconstructions of Ca?* sparks in WT SAN cells. (J) Summary data of spark rate, (K)
amplitude, (L) full width at half maximum (FWHM), and (M) full duration at half maximum (FDHM).
n=6-7 mice per group. 274-421 sparks from 15-20 cells were analyzed per group. Data are expressed as
mean+=SEM. *p<0.05 by two-way ANOVA, followed by Holm—Sidak multiple comparison post hoc

analyses.
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Figure 2.5

Total I,

Baseline

-80 mV

@ WT Baseline

AC/”
_g" — WT Baseline
| _g - :‘:V(;’I'SB(:seline
~— AC;*ISO
60ms M '
0 Baseline 1ISO
z-'u? 0 9o
23 10 e
8% :
- > 220 °
SE
25 e wr
5 -30 o Ac*
O% °
-40 * o
-80 -60

(n=10) (n=10)
O WTISO O AC/* 150 -20
(n=10) o
pofeeede” 0.0
-304 | (PA/PF) -80 -60 -40 -20 0 -30d 1 (eAPF) 80 -60 -40 -20 0
F Voltage (mV) G Voltage (mV)
L-type I,
- — WT Baseline
WT AC, WT 150
& — Aci* baseline
Baseline | % — AC#150
50 ms
H 0 Baseline
25 o
25 5| Lokee
0 Q
ISO w o3 10 8
s c £ o WT
| P4 2o ° Ac
g 5+ -15
50 ms O% 20 R
I J 41
-80 -60 -80 -60 -40
R
@ WT Baseline ® AC;” Baseline
(n=8) (n=7)
O WTISO O AC/”1sO
(n=7) (n=7)

K T-type I,
60

-80 -20

-40

by

-60 -40 -20 0 20

20

4.

80 -80

vy OO

® WT Baseline (n=8)
O WTISO (n=7)

|1 oApF)

4
80 0 Baseline 1ISO
Vv (mv) -E‘uﬁ_ ° '.
a - )
S 51 &5
= 2 -10
® AC;" Baseline (n=7) 5 IS *
O AC*1S0 (n=7 = O
rise e 58 .15
o = e WT L4
1 1(PAF) 204 o Ac#

57



Figure 2.5. AC/~ SAN cells demonstrate a significant decrease in B-AR stimulation of Ica1 but not
Icat. (A) Representative traces of total Ic, at baseline (top panels) and after ISO perfusion (bottom panels)
in WT (left panels) and AC;- SAN cells (right panels). Representative Ic, traces were recorded using 300-
ms test pulses from a holding potential of -80 mV to test potentials between -75 to +70 mV with 5 mV
increments, using whole-cell patch-clamp mode. Representative traces for each group at a test pulse of
-25 mV are shown in panel (B). (C) Summary data of current density at -25 mV. (D, E) Normalized I-V
relationship of total Ca?* currents and normalized conductance-voltage relationship before and after ISO
stimulation in WT (D) and AC;” (E) SAN cells. The normalized conductance-voltage relationship from
D and E were fitted with a Boltzmann function (Vi are -29.6+2.3 and -38.1+2.7 mV (P=0.025423) for
WT SAN cells, while Vi, are -27.9+4.4 and -33.1£3.1 mV (P>0.05) for AC;~ SAN cells, before and after
ISO, respectively. Slope factors are 7.4+0.5 and 3.6+0.4 (p=0.057848) for WT SAN cells and 8.8+2.0 and
6.199+1.281 (P>0.05) for AC/~ SAN cells, before and after ISO, respectively. (F) Representative traces
of Ica at baseline (top panels) and after ISO (bottom panels) in WT (left panels) and AC;” (right panels)
SAN cells. (G) Superimposition of representative traces for each group at a test potential of -10 mV. (H)
Summary data of current density at -10 mV. (I, J) Normalized I-V relationship and normalized
conductance-voltage relationship of Ica1 before and after ISO perfusion in WT (I) and AC/” (J) SAN
cells. The normalized conductance-voltage relationship from I and J are fitted with a Boltzmann function
(Vipare-17.1£1.4 and -32.6+1.4 mV (P=0.000012) for WT SAN cells, while Vi are -16.5+1.8 and -26.3
£2.4 mV (p=0.000898) for AC;~ SAN cells, before and after ISO, respectively). p=0.018206 when
comparing WT ISO with 4C;”~ ISO. Slope factors are 7.1+0.4 and 5.3+0.4 (p=0.02) for WT SAN cells
and 8.5+0.7 and 6.8+0.4 (P=0.02) for AC;”~ SAN cells, before and after ISO, respectively. (K) Normalized
I-V relationship of Icat before and after ISO perfusion in WT and A4C;~ SAN cells are shown. Summary
data of current density at -30 mV for each group are also displayed. All currents were normalized to the
cell capacitance. n=7-10 from 4-5 mice per group. Data are expressed as mean+SEM. *p<0.05 by two-

way ANOVA with Holm—Sidak multiple comparison post hoc analyses.
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Figure 2.6
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Figure 2.6. AC;~ SAN cells show a complete lack of response of pacemaking current to f-AR
stimulation. (A) Representative traces of Ir for WT and AC;/” SAN cells before and after 1ISO
administration. The inset shows a diagram of the voltage-clamp protocol from -140 mV to -40 mV in 10-
mV increments from a holding potential of -35 mV. (B) Superimposed individual It traces from each group
at -100 mV at baseline and after ISO. (C) Summary data of current density at -100 mV. (D) Normalized
conductance at various voltages before and after ISO application, fitted using a Boltzmann function.
Summary data for (E) half-activation voltage (Vi) (F) slope factor, (G) Trst (H) Tsiow, and (I) time
constants of deactivation. n=10-14 cells from 4-5 mice per group. Data are expressed as mean+=SEM in C

and E-I. *p<0.05 by two-way ANOVA, followed by Holm—Sidak multiple comparison post hoc analyses.
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Figure 2.7
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Figure 2.7. AC; differentially regulates local cAMP signaling at functional microdomains in SAN
cells. (A) Representative confocal images of SAN cells expressing CUTie sensors localized to the cytosol,
(cyt) plasma membrane (AKAP79-targeted, 79), and SR (AKAP185-targeted, 185). (B-C) Representative
time course of changes in FRET response (R/Ro) in SAN cells expressing CUTie sensors localized to the
cytosol (cyt, black), plasma membrane (AKAP79 (79); ) and SR (AKAPI185 (183); blue) upon
application of (B) the AC activator forskolin (10 uM) and the PDE inhibitor 3-isobutyl-1-methylxanthine
(IBMX, 100 uM), and (C) the B-AR agonist isoproterenol (ISO, 1 uM). The FRET ratios were normalized
to basal levels before treatment. (D-F) Time course of changes in the magnitude of normalized FRET
responses (R/Rg) in WT (black) and AC;” (red) SAN cells expressing the CUTie sensors after stimulation
with ISO (1 uM). Bar graphs on the right show corresponding summary data for the maximal increase in
the FRET ratio response to ISO. (G-J) Representative time course of changes in the magnitude of
normalized FRET responses (R/Ro) in WT (G and I) and AC/~ (H and J) SAN cells expressing CUTie
sensors localized to the cytosol (cyt), plasma membrane (79) and SR (180) upon application of ISO (1
uM) in control (black) and SAN cells treated with 100 pM methyl-p-cyclodextrin (MBCD) (aqua, G and
H) or 10 uM cilostamide and 10 uM rolipram ( , I and J). Number of symbols in the bar graphs
represents number of cells (n>10) from 4-5 biological replicates (independent SAN isolations). Data are

presented as mean+SEM. *p<0.05 by student’s 7-test.
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Figure 2.8
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Figure 2.8. Model describing the AC; functional microdomain. Schematic illustration of interactions

of molecules that exist within the functional microdomain (generated using BioRender).
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SUPPLEMENTARY FIGURES

Supplementary Figure 2.1
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Supplementary Figure 2.1. ICC and PLA controls. (A) Representative images of AC;" SANCs
stained with HCN4, Cav-3, AC;, or all three antibodies together for ICC. (B) Control was performed
when SANCs were incubated with only secondary antibodies. (C) Images show WT SANCs
incubated with various antibodies and (D) AC;”- SANCs incubated with AC; with other antibodies for
PLA. (E) Summary data showing that these negative controls exhibited low puncta count per surface

area. Data expressed as mean + SEM.
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Supplementary Figure 2.2
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Supplementary Figure 2.2. Cardiac structure and function of 4C;”” mice. (A) Representative

whole heart images of WT and AC;” mice are shown. (B) Hearts were fixed, sectioned, and stained

for Masson’s Trichrome and Picrosirirus red, as depicted. (C) Summary data show heart weight

HW) normalized to body weight (BW). (D) Representative images of WT and AC;”” mice hearts are
( y weig p g

displayed at the parasternal short axis and (E) parasternal long axis. (F) Summary data of corrected

left ventricular (LV) mass and (G) cardiac dimensions are displayed. (H) Hemodynamics parameters

of pressure, volume, and dp/dt are shown for WT (black) and AC;”- mice (purple). (I) Summary data

of pressure and (J) pressure development are displayed. Data expressed as mean + SEM. *p<0.05, **

2<0.01 by unpaired student’s t test, nonparametric test, Mann-Whitney test. Number of points in graph

represent the number of mice used for the experiments.
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Supplementary Figure 2.3
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Supplementary Figure 2.3. Genotype of WT, AC;”- mice and GCaMP8 mice. Left panel:
representative gel image after PCR and DNA electrophoresis of WT and AC;~ mice show a band at 300
bp for WT mice, while AC;- mice did not exhibit a band. Right panel: representative gel image after
PCR and DNA electrophoresis of WT and GCaMP8 mice show a band at 456 bp for GCaMP8 mice,
while WT mice did not exhibit a band. Verification of mice’s genotype was always done prior to further

experiments.
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Supplementary Figure 2.4
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Supplementary Figure 2.4. Single-cell RT-qPCR and smFISH from 4C;”- SANCs. (A) Single-cell
RT-qPCR from WT and AC;~ SANCs (n=6-23 cells from 2-5 mice). ACi, ACvy, ACvrand , ACvm
mRNA expressions were normalized to HCN4. Data expressed as mean £ SEM. * p<0.0001 by
unpaired two-tail t-tests, followed by Mann-Whitney post hoc analyses. (B) Representative smFISH
images of negative control without probes from WT and 4C;”“explants. (C) Representative smFISH
images of GAPDH (positive control), AC;, ACy, ACyi mRNA expressions in the 4C;~ SAN explants.

Scale bar: 20 pm.

67



Supplementary Figure 2.5
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Supplementary Figure 2.5. Heart rate variability (HRV) of AC/” mice. (A) Summary data of the
average and medium RR-Interval, (B) standard deviation of RR-I (SDRR) and root mean square of
successive RR interval differences (RMSSD), (C) standard deviation (SD) 1 and 2, (D) and very-low
frequency (VLF), low-frequency (LF), and high-frequency (HF) bands in WT and AC;”” mice acquired
from day time data (7AM-7PM). Similarly, summary of the (E-H) same parameters are shown for data
obtained at night (7PM-7AM). (I) HRV scatter plot of is shown, as well as the (J) histogram showing
the distribution of the RR-1. Data expressed mean + SEM. *p<0.05, ** p<0.01 by unpaired student’s t
test, nonparametric test, Mann-Whitney test. Number of points in graph represent the number of mice

used for the experiments.
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Supplementary Figure 2.6
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Supplementary Figure 2.6. A map of all-in-one sgRNA plasmid for mouse adcy! gene. mCherry was
used as the reporter gene. The plasmid contained ampicillin resistance gene. The targeting sites are:
GGGGCGCCGCGCGGCCAAGG; GGAGTTCGCGTGCCCCGAGC; and

CCGCGGCTACACGTTGC GGC.
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Supplementary Figure 2.7

Supplementary Figure 2.7. Ca?* signal from the whole SAN explant from a HCN4-GCaMP8
transgenic mouse imaged using Lightsheet microscopy. (A) Ca?" signal from the whole SAN explant
before ISO. left panel: GFP signal; middle panel: differential interference contrast image (DIC); right

panel: merged image. (B) Ca?" signal from the whole SAN explant after ISO.
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Supplementary Figure 2.8
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Supplementary Figure 2.8. (A) Summary data for trise at 50%, 70% and 90% and Tgecay at 50%, 70%,
and 90% of glocal CaT for WT and AC;- SANCs before and after ISO application. n=19-33 cells from
6-7 mice per group. (B) Summary data for LCR space rise at 50%, space decay at 50%, T:ise at 50%, and
Tdecay at 50%. Statistical differences were compared between all data sets, and the asterisk highlights
those with significance. n=6-7 mice per group. 274-421 sparks from 15-20 cells were analyzed per
group. (C) Representative confocal image of a WT SANC loaded with 5 uM Fluo-4. (D) Representative
3D plot of Ca?* transients and LCRs. Arrows indicate LCRs. Data are expressed as mean+SEM.
**p<0.01, **** p<0.0001 by two-way ANOVA, followed by Holm—Sidak multiple comparison post hoc

analyses.
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Supplementary Figure 2.9
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Supplementary Figure 2.9. Summary data for V2 (A) and slope factor (B) from total Ca** current
recordings. Summary data for Vi, (C) and slope factor (D) from L-type Ca?* current recordings. n=7-
10 cells from 4-5 mice per group. Data are expressed as mean+SEM. * p<0.05, **p<0.01, ***p<0.01,

*Fx% p<0.0001 by two-way ANOVA, Holm—Sidak multiple comparison post hoc analyses.

72



Supplementary Figure 2.10
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Supplementary Figure 2.10. (A) Representative pseudocolour wide-field FRET ratio images of SANCs
expressing cytosolic CUTie before (left panel) and after (right panel) 10 uM forskolin + 100 uM IBMX.
(B) Representative time course of changes in the magnitude of normalized FRET responses (R/Ro) in
SAN cells expressing cytosol CUTie upon application of forskolin + IBMX. (C) WT and AC;- SANCs
expressing cytosolic CUTie are stimulated with a set of incremental doses of ISO. Time courses show
cytosolic CUTie FRET responses after stimulation with specified ISO concentration. (D) Normalized
ISO-induced dose response curves of cytosolic CUTie biosensor. Data presented as mean + SEM. n > 10

cells from at least three biological replicates (independent SAN isolations).
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Supplementary Figure 2.11
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Supplementary Figure 2.11. Representative time course of changes in the magnitude of normalized
FRET responses (R/Ro) in WT SANCs expressing cytosolic CUTie, AKAP79-CUTie or AKAP186-
CUTie upon application of ISO (black) in the absence or presence of (A) 10 uM EHNA, (B) 10 uM
cilostamide, (C) 10 uM rolipram, (D) or 10 uM EHNA + cilostamide. Representative time course of
changes in the magnitude of normalized FRET responses (R/Ro) in AC;~ SANCs expressing cytosolic
CUTie, AKAP79-CUTie or AKAP185-CUTie upon application of ISO (black) in the absence or
presence of (E) 10 uM EHNA, (F) 10 uM cilostamide, (G) 10 uM rolipram, (H) 10 uM EHNA +
cilostamide, (I) or 10 uM cilostamide + 10 uM rolipram. Data expressed as mean + SEM. *p<0.05 by
Kruskal-Wallis with Dunn’s multiple comparisons. Statistical differences were compared between all
data sets, and the asterisk highlights those with significance. For all experimental sets n > 10 from at

least three biological replicates (independent SAN isolations).
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ABSTRACT

Introduction: Sinoatrial node (SAN), the primary pacemaker region in the heart, generates
electrical impulses that propagates throughout the heart. To faithfully generate electrical impulses
on a beat-to-beat basis, it relies on a dense network of mitochondria. SAN dysfunction is well
documented in patients with heart failure (HF); however, the underlying mechanisms are not fully
understood. Since the mitochondria partake in multiple cellular processes that determine the life
or death of a cell, we tested the hypothesis that mitochondrial dysfunction in the SAN during HF

directly contribute to SAN dysfunction.

Methods: To test the hypothesis, we subjected C57B1/6] wild-type (WT) mice to either sham-
operation or pressure-overload induced HF by transverse aortic constriction (TAC). We acquired
conscious echocardiography and ECG telemetry recordings. Further mechanistic experiments

were performed after hearts were harvested for fixation or cell isolation.

Results: After 8 weeks, TAC mice exhibited impaired cardiac function, increased heart and lung
weights to body weight ratios, as well as cardiac fibrosis. ECG recordings showed evidence of
sinus bradycardia in TAC mice. Ultrastructural imaging using a transmission electron microscope
(TEM) revealed an elevated number of clusters of small mitochondria in SAN cells (SANCs)
isolated from TAC mice. Functionally, mitochondria from TAC mice exhibited depressed
membrane potential, impaired mitochondrial Ca?" handling, which contributed to a reduction in
energy production and increased production of reactive oxygen species (ROS) in SANCs from

TAC mice. Finally, structural remodeling occurred in the mitochondrial-sarcoplasmic reticulum
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(SR) microdomain. Application of a known mitochondria uncoupler, to test the effects of the

disruption of the microdomains, results in a significant decrease in the firing frequency of SANCs.
Conclusion: Our findings provided evidence that impairment of mitochondria and their
microdomain in the SAN could contribute to SAN dysfunction that occurs during HF. SAN-
specific therapies that target the mitochondria could potentially provide comprehensive care in HF

patients suffering from SAN dysfunction.

Keywords: mitochondria, heart failure, sinoatrial node dysfunction
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INTRODUCTION

Heart failure (HF) is a progressive condition that occurs when the heart can no longer
generate enough cardiac output to meet the metabolic demands of the body !. Approximately 5.7
million people in the United States are diagnosed with HF, with 5-year mortality of greater than
50% 2. One of the known complications that occurs in HF is bradyarrhythmia from sinoatrial node
(SAN) dysfunction, which significantly increases the morbidity and mortality of HF patients 3.
Patients diagnosed with HF and SAN dysfunction have an increased risk of sudden cardiac death
2.3, Hence, it is imperative to develop therapies that specifically target the SAN to improve clinical
outcome.

SAN is a highly complex structure consisting of specialized cells which spontaneously fire
action potentials (APs) that propagate throughout the heart. Its automaticity is governed by ion

2+ 5 clocks. These two cyclic

channels and transporters that contribute to the membrane * and Ca
processes are impaired during HF 6. It has been shown that in a canine model of HF,
hyperpolarization-activated and cyclic nucleotide-gated (HCN)2 and HCN4 expression are
decreased at both the transcript and protein levels ’. In rabbits with volume and pressure overload
induced HF, the hyperpolarization-activated “pacemaker” current (/r) and slow component of the
delayed rectifier current (/ks) are reduced by 40% and 20%, respectively ®. In a rat model of HF,
SAN dysfunction results from an extensive remodeling of ion channels, gap junction channels,
Ca?'-, Na'-, and H'-handling proteins and receptors in the SAN °. These studies elegantly show
the perturbations of key ion channels and transporters involved in the membrane and Ca?* clocks.

However, no study to date has tested the contributions of mitochondrial dysfunction in the SAN

in HF.
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The remodeling of the membrane and Ca** clocks may be secondary to, or potentiated by,
alterations that occur within the SAN mitochondria during HF. Spontaneous AP impulses from the
primary pacemaker cells disrupts the ionic gradient within the SAN, which needs to be
reestablished by energy-dependent transporters on a beat-to-beat basis. The mitochondria provide
the bulk energy to fuel the energetically demanding process. Indeed, like ventricular
cardiomyocytes, the SAN has a dense network of mitochondria with a high basal respiratory rate
19 Tn addition to their primary function of providing energy, they also regulate the life and death
of a cell through their roles in reactive oxygen species (ROS) production !!, Ca?* handling ', and
apoptosis 3. Injury to the mitochondria can thus have detrimental effects to SAN cell viability.
Therefore, it is crucial to investigate the structural and functional changes that occur with the SAN
mitochondria during HF, as this will provide insights into better, site-specific therapeutic options.

The objective of this study was to investigate the structural and functional remodeling that
occurs in the SAN mitochondria during HF. We induced HF in mice using a well-established
pressure overload murine model. Concurrent with the development of HF, the animals show
evidence of SAN dysfunction with sinus bradycardia. High resolution imaging and electron
microscopy demonstrate an accumulation of damaged mitochondria. SAN mitochondria in HF
animals are functionally impaired with decreased mitochondrial membrane potential, reduced Ca?*
uptake, depressed ATP production, and elevated reactive oxygen species (ROS) generation. At the
subcellular level, structural changes within the SAN results in increased distance between
mitochondria with the sarcoplasmic reticulum (SR), suggesting the impairment of the
mitochondrial-SR microdomain. Application of a known mitochondria uncoupler, to test the
effects of the disruption of the mitochondrial-SR microdomains, results in a significant decrease

in local Ca?" release, Ca?* transients and the firing frequency of SANCs. Taken together, the data
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support structural and functional remodeling in mitochondria in SAN in HF, which may contribute,

in part, to the pathogenesis of SAN dysfunction.

MATERIALS AND METHODS

Animal work was performed in accordance with approved protocols of the Institutional Animal
Care and Use Committee at the University of California, Davis, which adheres to the guidelines

published by the US National Institutes of Health (8 Edition).

Transverse Aortic Constriction (TAC) Surgery

10-16-week-old C57Bl/6J mice were used for this study. Mice either underwent sham-operation,
or transverse aortic constriction (TAC) surgery, followed by 8 weeks of recovery. Transverse
aortic constriction was performed as previously described '4. Briefly, the transverse aorta was
visualized, and ligated to the size of a 27-gauge needle. Sham procedure was identical, except for

the ligation.

Echocardiography

We used the Visualsonics Vevo 2100 ultrasound system with the MS 550D probe to perform
echocardiography. Pulse wave doppler was performed at the left and right common carotids after
the first week to determine successful ligation of the aorta. Systolic function (B-mode videos and
M-mode images) was measured in conscious mice, and diastolic function (tissue doppler and

pulse-wave doppler) was measured using 0.5%-1% isoflurane.
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Electrocardiography

Transmitters were implanted in mice to record ECGs as previously described. After surgical
procedure, mice were allowed to recover for at least 4 days before baseline 24-hour recordings
commenced. The next 24-hour recordings were done at 8 weeks, at the time when the TAC mice

developed HF, as verified by echocardiography.

Fibrosis Assessment

After 8 weeks, hearts were harvested, fixed in 4% paraformaldehyde solution in PBS, and
embedded in paraffin. Five micrometer coronal sections were acquired. Sections were
deparaffinized in a series of xylene/alcohol 4. The sections were stained for hematoxylin and eosin
(H&E), Picrosirius Red, and Masson’s Trichrome. Fibrosis quantification was performed blindly
using Imagel. Fibrosis percentage was determined as the percentage of the collagen area (red for

PSR and blue for MT) per total area of left ventricle.

Sinoatrial Node (SAN) Cell Isolation

SANCs were isolated as described previously !°. Mice were anesthetized by intraperitoneal
injection of 80 mg/kg of ketamine and 5 mg/kg of xylazine. The heart was excised and placed into
Tyrode’s solution (35°C) containing (in mM): 140 NaCl, 5.0 HEPEs, 5.5 Glucose, 5.4 KCl, 1.8
CaClz and 1.0 MgClz (pH 7.4). The SAN tissue was dissected out with a dissecting scope according
to the landmarks of the heart defined by the orifice of superior vena cava, crista terminalis, and
atrial septum. SAN tissue was digested in low Ca?* solution (PH 6.9) containing collagenase B
(0.54U/mL, sigma), elastase (18.9 U/mL, sigma) and protease type XIV (1.79 U/mL, sigma) for

30 min at 37°C. After digestion, the tissue was washed with Kraft-Bruhe medium containing (in
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mM): 100 potassium glutamate, 5 HEPESs, 20 glucose, 25 KCI, 10 potassium aspartate, 2 MgSOs,
10 KH,POy4, 20 taurine, 5 creatine, 0.5 EGTA and 1 mg mL™' BSA (pH 7.4) three times and then
SANCs were dissociated with a transfer pipette by mechanically stirring and pipetting the tissue

chunks. Dissociated SANCs were placed at room temperature for study.

Proximity Ligation Assay

A Duolink In Situ PLA kit (Sigma) '® was used to detect complexes consisting of RyR2 and COX
IV, RyR2 and mitofustion-2, RyR2 and DRP-1 in isolated sinoatrial node cells. Briefly, cells were
fixed with 4% paraformaldehyde and permeabilized with 0.25% Triton X-100. Cell were blocked
with 1% BSA for 30 mins at room temperature, and then incubated overnight at 4° C with a specific
combination of two primary antibodies in 1% BSA +0.25% Triton X-100 PBS solution: mouse
anti-RyR2 (1:200, Abcam), rabbit anti-mitofusion-2 (1:100, CST), goat anti-COX-IV (1:200,
Santa Cruz), rabbit anti-DRP-1 (1:200, CST). Cells were incubated with only one primary antibody
as negative controls. PLA probes (anti-mouse MINUS and anti-rabbit PLUS) were used as
secondary antibodies to bind to primary antibodies. Ligase was added to cells to allow
hybridization with the probes and polymerase was added for a rolling circle amplification reaction.
Coverslips were mounted on a microscope slide with Duolink mounting medium. The fluorescence
signal was detected using a Zeiss confocal LSM 700 microscope. Images were collected at
different optical planes (z-axis step = 0.5 mm). The stack of images for each sample was combined
into a single-intensity projection image that was subsequently used for analysis of number of

puncta/um? per cell.

83



Immunofluorescence Confocal Microscopy and Stimulated Emission Depletion (STED)
Microscopy

Immunofluorescence labeling was performed as described previously described 4. The following
primary antibodies were used: mouse anti-RyR2 (1:200, Abcam), rabbit anti-mitofusion-2 (1:100,
CST), goat anti-COX-IV (1:200, Santa Cruz), rabbit anti-DRP-1 (1:200, Sigma). The cells were
treated with primary antibodies overnight at 4° C. Anti-mouse or anti-rabbit secondary antibodies
(Jackson ImmunoResearch, 1:500 dilution) were used to incubate the cells for 1 hour at room
temperature. Slides were imaged using a Zeiss confocal LSM 700 microscope. Control
experiments performed by incubation with secondary antibody only did not show positive staining
under the same experimental conditions. Identical settings were used for all specimens. STED
microscopy was performed on a Leica STED (TCS SP8 STED 3X) microscope. Deconvolution
was done using Huygens Professional software. Colocalization was analyzed by the Imaris

software.

Transmission Electron Microscopy

Hearts were harvested, and the SAN tissues were isolated and placed in fixative containing 2%
paraformaldehyde and 2.5% glutaraldehyde in 0.1M sodium phosphate buffer overnight. The
tissues were then rinsed in 0.1M sodium phosphate buffer twice at 15 minutes each, followed by
45 minutes in 1% osmium tetroxide. After incubation, the tissues were rinsed with ddH,O two
times at 15 minutes each. They then underwent a series of ethanol-induced dehydration, followed
by propylene oxide. Pre-infiltration was performed overnight in half propylene oxide, half
poly/bed Luft resin (Poly/Bed 812, dodecenyl succinic anhydride, nadic methyl anhydride, DMP-

30). Infiltration was done for 5 hours in 100% Poly/Bed Luft resin. We then embedded the tissues
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in fresh Poly/Bed Luft resin, and allowed the resin to polymerize for 24 hours at 60°C. Sections of
the tissues were taken at approximately 100 nm, and collected on copper grids. Sections were
stained with 4% aqueous uranyl acetate, rinsed in water, followed by 0.3% lead citrate in 0.1N
sodium hydroxide before a final rinse in water. FEI Talos L120C was used to image the sections.

Data analysis was done using ImagelJ as described 7.

Mitochondrial Ca?* Uptake

SAN cells were loaded with X-Rhod-1 AM for 40 minutes at 37°C. They were then plated on
cover slips coated with laminin and poly-L-lysine. The cells were initially perfused with 50 pg/ml
of Saponin in intracellular solution containing (in mM): 135 KCI, 0 NaCl, 20 HEPES, 5 pyruvate,
2 glutamate, 2 malate, 0.5 KH2PO4, 0.5 MgCl, , 15 2,3-butanedione monoxime, S EGTA, and 1.86
CaCl; to yield a free [Ca*']i of 100 nM with pH 7.2. The solution was then switched to without
Saponin. Mitochondrial Ca** uptake was monitored by the change in fluorescence intensity,
normalized to the baseline fluorescence intensity, after the addition of 1.35 uM Ca*", 5 uM Ca*",

and 10 uM Ca?*. All measurements were taken at 37°C.

Mitochondrial Membrane Potential

Tetramethylrodamine ester (TMRM; Aex = 514 nm, Aem = 590 nm) was used to assess the
mitochondrial membrane potential 4. SAN cells were incubated with 5 nM TMRM for 30 minutes

at 37°C. Cells were perfused with 5 nM TMRM in intracellular solution at 37°C.

Reactive Oxygen Species (ROS) Production
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Intact SAN cells were loaded with 0.5 puM MitoSox Red (Aex = 488 nm, Aem = 510 nm for 30
minutes at 37°C. ROS generation was monitored under basal conditions and after 1 uM

isoproterenol application in intracellular solution at 37°C.

Mitochondrial ATP Generation

ATP changes were monitored using mag-fluo-4 (Invitrogen, ThermoFisher Scientific) as
previously described '*. ATP hydrolysis is coupled to an increase in [Mg?']i; When there’s an
increase in ATP hydrolysis, there will be an increase in mag-fluo-4 signal intensity. SAN cells
were loaded with 10 uM mag-fluo-4 (Aex = 488 nm, Aem = 565-605 nm) for 30 minutes at 37°C.
To stimulate complex I-mediated respiration, 5 mM pyruvate and 5 mM malate were perfused in
intracellular buffer. To stimulate complex II-mediated respiration, 5 mM succinate was supplied.

All measurements were taken at 37°C.

Electrophysiology

SAN cells were isolated from WT sham, WT TAC, and control mice. Spontaneous single cell
action potentials were recorded in current-clamp mode using the perforated patch configuration at
36 £ 0.5 °C. Amphotericin B (240 pg/ml) was added into the pipette solution to form the perforated
patch to record action potentials (AP). Spontaneous APs were recorded in Tyrode’s solution with
the pipette filled with (in mM): 30 potassium aspartate, 10 NaCl, 10 HEPES, 0.04 CaCl,, 2.0 Mg-
ATP, 7.0 phosphocreatine, 0.1 Na-GTP, with pH adjusted to 7.2 with KOH. 1 uM FCCP was

applied to WT sham SANC:s after the recording is stable.

Western Blot
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SAN, atrial, and ventricular tissue from the same heart were flash frozen in liquid nitrogen for
western blotting experiments. In order to compare relative protein expression levels in SAN, atrial,
and ventricular tissue, samples of all three tissue types were included in each blot, and the same
amount of total protein (10 pg) was loaded in each lane. Membranes were blocked in 5% non-fat
dry milk (Bio-Rad) in TBS for 1 h (room temperature) and then incubated with primary antibodies
1:1000 COX 1V (Santa Cruz), 1:1000 Mitofusin-2 (CST), 1:1000 DRP-1 (Sigma), and 1:10000

GAPDH (Abcam), all in 5% non-fat dry milk in TBS-T overnight at 4°C.

SAN Whole Mount Fluorescent Immunohistochemistry

The SAN whole mount fluorescent immunohistochemistry was done as previously described 8.
Hearts from sham and TAC mice were removed and placed into a dissecting dish containing cold
0.01 M PBS. The left and right atrial walls, appendages, and interatrial septum were separated and
pinned on a silicone pad in a dissecting dish for fixation for 25 mins at 4 °C in 4%
paraformaldehyde (PFA) solution in 0.01 M phosphate buffer (PB, pH 7.4). To decrease tissue
autofluorescence, the flattened tissues were cleared using ethanol with dimethylsulfoxide (20%,
DMSO), hydrogen peroxide in ethanol (6%, H>02), and dehydrated through a graded ethanol
series. The whole-mount preparations were then rehydrated with 10-minute successive washes
through a graded ethanol series and permeabilized in 3 x 10-minute changes of 0.01 M PBS
containing 0.5% Triton X-100. Nonspecific binding was blocked for 2 h in PBS containing 5%
normal donkey serum and 0.5% Triton X-100. The SAN tissues were incubated in a mixture of
anti-HCN4 (rabbit polyclonal, Sigma) and anti-COX IV (goat polyclonal, Santa Cruz) primary
antibodies for 48h at 4 °C. Then they were incubated with Alexa Fluor 488 anti-rabbit and Alexa

Fluor 555 anti-goat secondary antibodies for 4 h in dark at room temperature. Finally, the SAN
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tissues were mounted and STED imaging was done by Olympus microscope system. Z-stack
images were taken and then were analyzed by Imaris. The whole-mount preparations were imaged
under 10x and then stitched together by Olympus software. Imaris was used to make the whole
SAN tissue 3D reconstruction. Zoomed in images were taken under 40x to look at the SAN head,

body and tail.

Statistical Analysis
All data are reported as mean * standard error, unless otherwise stated. Statistical significance was

determined using student paired t test. A value of p<0.05 was considered statistically significant.

RESULTS

Transverse aortic constriction induced heart failure (HF) in mice

Sinoatrial node dysfunction is well described in patients with HF 3. To generate the HF model, we
used a well-established pressure overload model, where the transverse aorta is constricted to the
diameter of approximately 0.4 mm. Validation of constriction was performed by taking the ratio
of the common carotid arteries’ blood flow velocities as previously described 4. Mice were
randomly assigned to undergo either sham operation, or TAC surgery. After 8 weeks, cardiac
function was assessed in both groups. Representative whole heart images from both groups are
shown in Figure 3.1A. As evident, hearts from TAC mice were significantly larger in size and
weight than hearts from sham-operated mice (Figures 3.1A-B, 1H, p<0.0001). Moreover, there
was pulmonary congestion in the TAC mice (Figure 3.1C, p<0.0001). There was an increase in

cardiac fibrosis in HF mice. Indeed, heart sections stained with both Masson’s Trichrome (MT)
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and Picrosirius Red (PSR, Figure 3.1D) revealed increased collagen deposition in TAC mice
(Figure 3.1E, p<0.0.001). Functionally, TAC mice showed depressed systolic function, as seen
by the representative M-mode images taken at the parasternal short axis (Figure 3.1F), and
quantitatively by the fractional shortening (Figure 3.1H, p<0.0001). At this stage of HF, TAC
mice exhibited significant sinus bradycardia compared to sham animals (Figure 3.1G, p<0.05). In
addition, diastolic function was assessed in these mice. Representative tracings of blood flow
velocity through the mitral valve are shown in Figure 3.11. TAC mice showed lower deceleration
time (Figure 3.1J, p<0.05) and elevated E/A ratio (Figure 3.1K, p<0.05), suggesting impaired
diastolic function. Taken together, these results show that after 8§ weeks of TAC, mice developed

impaired cardiac function and experienced cardiac structural remodeling.

HF mice exhibit sinus bradycardia in vivo and isolated SANCs from HF mice show reduced
AP frequency

To examine whether pressure overload HF affected the sinus node function in vivo, ambulatory
ECG recordings were obtained before surgery and 8 weeks after either sham- or TAC operations.
Figure 3.2A shows representative ECG tracings of the two groups at baseline conditions, and after
8 weeks of surgery. As manifested in these tracings, abnormal sinus rhythm occurred when the
mice developed HF. Summary data for the 24-hour recordings demonstrate a significant reduction
in heart rate in the HF mice at almost all time points during the mice’s circadian rhythm (Figure
3.2B). This decrease in HR was corroborated in the conscious echocardiographic findings (Figure
3.1G). Together, the data demonstrate abnormal sinus rhythm in HF, with sinus bradycardia at

basal heart rate.
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Since heart rates are influenced by both intrinsic sinus node function and input from the
autonomic nervous system, we directly determine the spontaneous firing frequency from single
isolated SANC:s that devoid of autonomic nervous system input. Representative AP tracings of
sham and TAC SANCs are shown in Figure 3.2C. Single SANCs isolated from HF show a
significant decrease in AP frequency (Figure 3.2D) as well as a prolongation of the AP duration
(APD) at 90% repolarization (APDgg, Figure 3.2E, p<0.05) and 50% repolarization (APDso,
Figure 3.2F, p<0.05). Peak potential (Figure 3.2G) and maximum diastolic potential (Figure

3.2H) did not change with HF.

Mitochondrial uncoupling results in a decrease firing frequency of SANCs

To directly investigate the effects of observed alterations in structural, functional as well as
mitochondria-SR microdomains in HF on SAN function, we took advantage of a known potent
uncoupler of oxidative phosphorylation in  mitochondria, carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP). FCCP disrupts the mitochondrial proton gradients
resulting in uncoupling of the oxidative phosphorylation and ATP production. Figure 3.21 shows
representative traces of AP recordings before and after application of FCCP (1 uM). FCCP results
in an immediate and significant decrease in the firing frequency of SANCs (Figure 3.2J, p<0.05).
There was a trend towards prolongation of the APD (Figures 3.2K and 3.2L), but peak potential
(Figure 3.2M) was not affected with FCCP application. Maximum diastolic potential (Figure

3.2N, p<0.01), however, was significantly more hyperpolarized in FCCP-treated SANCs.

HF induced structural alterations to SAN mitochondria
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Proper identification and isolation of the SAN tissue and SANCs are important for the success of
this study. Isolation of SAN tissue was performed according to Fenske et al '°>. Whole mount of
SAN regions from sham- and TAC-operated mice were obtained and visualized using HCN4 as a
marker as well as COX IV to label the inner mitochondrial membrane protein. Important
landmarks were identified including superior vena cava (SVC), right atrial appendage (RAA), and
crista terminalis (CT). We then examined three main regions of the SAN tissue—the SAN head,

body, and tail. (Supplementary Figure 3.S1)

To assess the SAN mitochondrial morphological changes that occur with HF, we used transmission
electron microscopy (TEM). Representative images of mitochondria from sham-operated and
TAC-operated mice are seen at x5300, x6700, and x57000 magnifications in Figure 3.3A. We
analyzed many mitochondrial parameters to acquire the overall structural changes that occur with
HF. With HF, there was a significant decrease in mitochondrial area (Figure 3.3B, p<0.001) and
perimeter (Figure 3.3C, p<0.001). Mitochondria from TAC mice had a significant deviation away
from circularity (Figure 3.3D, p<0.05). In addition, skewness, a measure of asymmetry in
distribution, indicated that there was a significant increase in smaller mitochondria in the HF group
(Figure 3.3F, p<0.0001). Indeed, when we plotted the relative frequency distribution, we observed
more smaller mitochondria (area < 0.2 pm?, ~25% of total mitochondria analyzed) in the TAC
group versus the sham group (~10%). When we calculated the length-to-width ratio, or the aspect
ratio, we did not see a significant difference (Figure 3.3G). Feret’s diameter, computed as the
longest distance between two points on the mitochondria, was significantly lower in the TAC
group (Figure 3.3H, p<0.05). Taken together, the morphology of the mitochondria changed

significantly during HF. Our data suggest that there was an increase in the number of smaller
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mitochondria. Furthermore, we observed an increase in the number of damaged mitochondria, as
evident by representative images seen in Figure 3.3A, suggesting that in addition to the
accumulation of smaller mitochondria, the normal-sized or larger-sized mitochondria have

damaged cristae structures, which may impair the mitochondria’s function.

HF reduced mitochondria and SR colocalization

In addition to the structural remodeling that occurred with the SAN mitochondria during HF, we
tested whether spatial proximity between the SAN mitochondria and the sarcoplasmic reticulum
(SR) was altered, since the close distance between the two organelles is crucial for proper crosstalk.
Simultaneous immunolabeling of SANCs with RyR-2 and COX 1V disclosed a pattern of close
proximity and similar spatial organization between SR and mitochondria under sham-operated
conditions (Figure 3.4A). However, with HF, no distinct structural organization can be seen.
Quantification of immunocolocalization degree by Mander’s coefficient analysis revealed a

reduction in the fraction of RyR-2 overlapping with COX IV in TAC mice SANCs (Figure 3.4B).

Alteration of the mitochondria and SR microdomain in SANCs in HF

We then used the proximity ligation assay (PLA) as an additional analytical tool to examine the
association between RyR2 and COX IV, mitofusin-2, or DRP-1. PLA fluorescence puncta are only
observed if proteins of interest are 40 nm or less apart, whereas PLA signal was absent when at
least one primary antibody was omitted. Robust fluorescent spots were detected in SANCs co-
labeled for RyR2 and COX IV, mitofusin-2, or DRP-1 but not in TAC SANCs (Figure 3.5A).
There were significant reductions in the positive amplification puncta in TAC SANCs compared

to sham SANCs (Figure 3.5B). Altogether, these results suggest that in the SANCs, the
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mitochondria are located within nanometer proximity (<~40 nm) with the SR. However, under HF

conditions, the spatial proximity between the mitochondria and SR was greatly diminished.

Mitochondrial function was impaired with HF

The mitochondria are responsible for many vital cellular processes, and their normal functioning
is crucial for cell survival. To assess the changes in mitochondrial function, we examined
mitochondrial membrane potential, Ca?" uptake, ATP production, and ROS production.
Representative images of isolated SAN cells loaded with TMRM, a mitochondrial membrane
potential dye, are shown in Figure 3.6A. Mitochondrial membrane potential, which is an important
determinant of energy production and overall mitochondrial function, was more depolarized in
isolated SAN cells from TAC mice (Figure 3.6B, p<0.001). Moreover, there was a diminished
response in mitochondrial Ca?* uptake (Figures 3.6C-D) when permeabilized TAC SANCs were
challenged with increasing extramitochondrial concentrations of Ca?" (1.35 uM, 5 uM, and 10
uM), relative to SANCs from sham mice, as indicated by the lowered response in X-Rhod-1
fluorescence intensity (p<0.001, Figure 3.6D). When the isolated SANCs from TAC mice were
supplied with complex-I substrates (5 mM glutamate / 5 mM malate, Figures 3.6E, G) and
complex-II substrate (5 mM succinate, Figures 3.6F, G), ATP level was significantly lower than
SANCs from sham mice, as indicated by the level of Mag-Fluo-4 intensity (p<0.001). Furthermore,
the SANCs from TAC mice had an elevated production of superoxide, the predominant ROS, as
depicted by the increased level of MitoSox Red fluorescence after perfusion with isoproterenol
(Figures 3.6H-I), a B-adrenergic receptor agonist. Taken together, our data suggest that overall

mitochondrial function declined with HF.
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DISCUSSION

The heart requires a substantial amount of energy to sustain itself on a beat-to-beat basis.
Hence, it is imperative that cardiomyocytes are populated with a dense network of mitochondria
that supply the bulk energy through oxidative phosphorylation !'* . Normal functioning
mitochondria are therefore crucial to cardiac cell survival, and dysfunctional mitochondria have
been associated with a number of cardiovascular diseases, including ischemia-reperfusion (I/R)
injury, hypertension, diabetic cardiomyopathy, cardiac hypertrophy, and HF 2. Although
mitochondrial dysfunction in HF have been well studied in ventricular cardiomyocytes, where the
energy starvation hypothesis was first proposed 2!, to date, there is a significant gap in our
knowledge in the SAN mitochondria during HF. Since SANCs are non-contractile, autorhythmic
cells with a high density of mitochondria !°, alterations in the SAN mitochondria can contribute to
SAN dysfunction commonly seen with HF 3.

In the present study, the development of HF at 8 weeks corresponded to a decline in heart
rate in TAC mice as depicted in not only the conscious echocardiography recordings, but also in
the 24-hour ECG recordings. Sinus bradycardia observed in vivo was also present in vitro in both
isolated SANCs and isolated SAN tissue with a significant decrease in AP frequency in SANCs
isolated from HF mice. Application of a known potent mitochondrial uncoupler, we observed a
significant decrease in LCR, CaT and AP firing frequency, suggesting that functionally impaired
mitochondria contributed to a decline in SAN function.

Importantly, we observe that with HF, there is an accumulation of damaged mitochondria

in the SAN with reduced ability to uptake Ca?" at increasing extramitochondrial [Ca?*]. This, in
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part, contributes to a reduction in energy generation when they are supplied with either complex I
(glutamate/malate) or complex II (succinate) substrates. Moreover, the structurally damaged and
functionally impaired mitochondria generate significantly more superoxide, the predominant ROS
in mitochondria, after P-adrenergic stimulation. Together, our data demonstrate that the
mitochondria in SANCs from HF mice were functionally compromised, contributing to the

pathogenesis of SAN dysfunction in HF.

Sinus Node Dysfunction During HF

The SAN serves as the primary pacemaking region, generating spontaneous APs that
propagate throughout the heart. During HF, however, its automaticity is impaired, contributing
towards the increase in morbidity and mortality in HF patients % *22. Various components of the
membrane clock and Ca?* clock 2 have been shown to be significantly remodeling during HF. In
a rapid-pacing canine model of HF, the slope of enhanced late diastolic Ca?* was significantly
lower in the superior SAN, and ectopic pacemaking activity occurred in the lower crista terminalis
in the presence and absence of B-adrenergic stimulation 6. Moreover, expression of HCN channel
at both mRNA and protein levels decreased in a similar model of HF 7. With a volume and pressure
overload rabbit HF model, there was a significant increase in the in vitro and in vivo intrinsic cycle
length of the SAN 24, Verkerk et al. also found an increase in intrinsic cycle length, with a
concomitant decrease in diastolic depolarization rate 8. These investigators also reported a decrease
in the pacemaker current, I, without alterations in T- and L-type Ca?" currents. In patients with
congestive HF, the intrinsic cycle length increased with prolongation of sinoatrial conduction time
3. Together, these studies reveal that ionic remodeling impairs SAN function. However, the

establishment of the electrochemical gradients requires the input of energy. Although remodeling
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does indeed occur at the transporter and channel levels, the possible role of the mitochondria in

the pathogenesis cannot be ignored, as these organelles are crucial mediators of cell viability.

Mitochondria’s Fuel to Sustain SAN Automaticity

The mitochondria partake in the SAN’s automaticity, in part, through their involvement in
Ca?" handling and energy production. The spontaneous depolarization of the SAN triggers the
influx of Ca?* through the L-type Ca?" channels, which subsequently stimulates the release of Ca*
through the ryanodine receptors (RYR2) on the SR %25, The release of Ca** from RYR2 results
in localized elevation of intracellular Ca** (Ca®*) at microdomains between the mitochondria and
SR for localized signaling 2% 27. Crosstalk between the mitochondria and the SR ensures coupling
of energy production with the cell’s metabolic needs, which is mediated, in part, by mitochondrial
Ca?* 10.26.28 ‘While inside the mitochondrial matrix, Ca** stimulates mitochondrial enzymes 2°,
producing more reduced equivalents that can be oxidized for energy production .

It has been proposed that the increase in Ca®'; stimulates the plasma membrane Na'/Ca?*
exchanger, generating a net inward current that contributes to the spontaneous depolarization,
termed the Ca?* clock °. The periodic rise and fall of Ca?* requires a beat-to-beat reestablishment
of the ionic gradient, which is fueled primarily by fatty acid oxidation in cardiomyocytes *!. With
the influx of Ca?’, and the rise in Ca?" through Ca?*-induced Ca** release, Ca®" acts as a second
messenger to match energy production with energy demand, which is especially important during
increased sympathetic tone when energy demand is elevated. Thus, although not directly, the
mitochondria participate in the SAN’s automaticity through their involvement in coupling

metabolic supply with demand. As directly demonstrated in this study, application of a known
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mitochondrial uncoupler to isolated SANCs in vitro results in a significant reduction in LCR, CaT

and AP frequency.

Altered Mitochondrial Microdomain with HF

Microdomains that exist between the mitochondria and the SR serve critical roles in spatial,
localized signaling, allowing an interface for proper communication®?. Mitofusin-2, a fusion
protein, has been shown to tether the mitochondria with the sarco-endoplasmic reticulum’?: 34,
Ablation of mitofusin-2 produced mitochondrial fragmentation, and impaired normal cardiac

35, Moreover, mitofusin-2 deficiency reduces the SR-mitochondrial contact length

function
(increased distance between the two organelles) and decreases mitochondrial Ca?* uptake 3¢, With
the disruption of the microdomain, the bioenergetic feedback from Ca**-induced stimulation is
diminished.

In the present study, we demonstrate that the mitochondria and SR were situated in close
proximity (<40 nm) in isolated SANCs from sham-operated animals, probing for mitofusin-2
(fusion) and COX 1V (inner mitochondrial membrane protein) with RYR2 (SR protein). This close
proximity suggests the importance of crosstalk between the mitochondria and SR in the
autorhythmic cells, even though they lack distinct, organized myofibrils. In contrast, SANCs
isolated from TAC mice show a significant increase in the proximity between the SR and
mitochondria, suggesting structural remodeling not only within the mitochondria, but also at the
subcellular level with the disruption of their microdomains. Finally, we demonstrate that with the

reduced microdomains and accumulation of damaged mitochondria, the mitochondrial function

was significantly impaired, which contributes, in part, to the abnormal sinus rhythm observed.
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Conclusions

Taken together, our results show that sinus bradycardia occurs concurrently with the
development of HF in a murine model. The reduced heart rate was not only present in vivo, but it
was also observed in vitro in isolated SANCs and isolated SAN tissue. There is significant
structural remodeling of mitochondria with an accumulation of small mitochondria in the SAN HF
tissue, with abnormal cristae. Functionally, this translated to diminished mitochondrial membrane
potential, depressed mitochondrial energy production, reduced mitochondrial Ca** uptake, and
increased ROS generation. SANCs challenged with a mitochondrial uncoupler exhibit a significant
reduction in LCR, CaT and firing frequency, suggesting that uncoupled, or functionally impaired,
mitochondria affect beating frequency. These findings collectively support the notion that

impaired mitochondria can contribute to sinus bradycardia commonly seen with HF.
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FIGURES

Figure 3.1.
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Figure 3.1. Transverse aortic constriction induced heart failure (HF) in mice. A)

Representative images of hearts taken at 8§ weeks after sham-operation and TAC-operation. B)

With HF, there was an increase in heart weight to body weight ratio and C) lung weight to body

weight ratio. D) Hearts were sliced into 5 uM sections, and stained with Masson’s Trichrome (MT)

and Picrosirius Red (PSR) to assess collagen content. E) With HF, there was an increase in

collagen deposition. Conscious echocardiography was used to determine cardiac structure and

function. F) Representative images taken at the M-mode parasternal short axis reveal severely

dilated left ventricular chamber, thickened left ventricular wall, and significantly depressed

ejection fraction in TAC mice. G) Heart rate was significantly lower in TAC mice. H) HF induced

an increase in left ventricular mass, I) with a concomitant decrease in fractional shortening. I)
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Blood flow through the mitral valve was assessed using pulse wave doppler to capture diastolic
function, as seen in the representative images. J) Quantitatively, mitral valve (MV) deceleration
time significantly decreased with TAC, and the K) MV E/A ratio increased. L) Myocardial
performance index did not change. Data are expressed as mean £ SEM. * p<0.05, ** p<0.01, ***

p<0.001, **** p<0.0001.
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Figure 3.2.
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Figure 3.2. HF mice exhibited bradycardia in vivo and isolated SANCs from HF mice had
reduced AP frequency. A) Representative ECG tracings during the 24-hour recording period at
baseline and at 8 weeks for sham-operated and TAC-operated mice. At the 8-week mark in TAC
mice, there was evidence of abnormal sinus rhythm. B) As manifested by the 24-hour ECG
recordings, heart rate was significantly lower in the TAC (n=6) than the sham-operated mice (n=9)
during most of the mouse’s circadian rhythm. We also examined in vitro to determine the changes

in APs with HF. C) Representative tracings of AP recordings from SAN cells from sham-operated
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mice and TAC mice are shown. D) TAC SANCs exhibited decreased beating frequency, E)
prolonged APDqo, and F) APDso. There was a trend towards a reduced G) peak potential and H)
maximum diastolic potential in TAC SANC:s relative sham SANCs. We then tested whether FCCP,
a potent mitochondrial uncoupler, had any effect on AP. I) Representative tracings show control
SANCs and SANCs perfused with 1 uM FCCP. J) AP beating frequency decreased with FCCP.
K) There was a trend towards prolonged APDogo, and L) APDso. M) Peak potential was not
affected, and N) maximum diastolic potential was more hyperpolarized. Data are expressed as
mean = SEM. n=3 mice for all; n=5 SANCs for sham, n=9 SANCs for TAC, n=4 for control, and

n=5 for FCCP. * p<0.05, ** p<0.01.
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Figure 3.3.
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Figure 3.3. HF induced morphological changes to SAN mitochondria. To assess morphological
parameters, we examined 100 nm sections of SAN tissues under the electron microscope. A)
Representative images at x5300, x6700, and 57000 magnifications are seen. As seen in the higher
magnifications, mitochondrial internal structural integrity was damaged with HF. Quantification
of the different parameters revealed distinct morphological changes to SAN mitochondria during
HF. We assessed B) area, C) perimeter, D) circularity, E) roundness, F) skewness, G) aspect ratio,
and H) Feret’s diameter. n = 3 mice for each group, with multiple EM sections from each group;
n=1100 mitochondria for the sham group and n=980 mitochondria for the TAC group. Data are

expressed as mean + SEM. * p<0.05, *** p<0.001, **** p<0.0001.
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Figure 3.4.
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Figure 3.4. HF reduced mitochondria and SR colocalization. A) Representative 2D and 3D
STED immunofluorescent images of sham and TAC SANCs simultaneously labeled with RyR-2
(green) and COX IV (red) are shown. As manifested from these images, colocalization of the
mitochondria with SR appeared more organized. However, HF disrupted this organization, evident

by an apparent reduction in merged signal. 2D and 3D images are shown at different
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magnifications. B) 2D histograms reveal more colocalization of the mitochondria and SR in the
sham SANCs. C) Quantification using Mander’s coefficient analysis (percentage of RyR-2 that
overlaps with COX IV, with respect total RyR-2 fluorescence) showed that colocalization
decreased significantly in TAC SANCs. n=3 mice for each group; n=12 SANCs for sham group,

and n=11 SANCs for TAC group. Data are represented as mean = SEM. *** p<(.001.
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Figure 3.5. HF disrupted the mitochondria and SR microdomain. A) Representative
fluorescence 3D PLA (red)/DAPI (blue) images from confocal z-stack of SANCs from sham and
TAC mice labeled with RyR-2 + COX IV, RyR-2 + Mitofusin-2, RyR-2 and DRP-1. Positive
cross-reactivity, which reflects an intermolecular distance of 40 nm or less, is shown by the red
amplification spots (puncta), and the nuclei are depicted in blue. B) HF was associated with a
significant reduction in the number of puncta, as evident by the decrease in the number of puncta
per area. Quantification of PLA fluorescent puncta per cell area (puncta/um?) for SANCs labeled
with revealed a decrease in spatial proximity between RyR-2 and COX IV (n=38 SANC:s for sham,
n=24 SANCs for TAC), and RyR-2 and Mitofusin-2 (n=28 SANCs for sham, n=10 SANCs for
TAC, but not with DRP-1 (n=24 SANCs for sham, n=21 SANCs for TAC). We used n=3-4 mice

for each group. Data are expressed as mean + SEM. **** p<(0.0001.
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Figure 3.6.
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Figure 3.6. Mitochondrial function was impaired with HF. A) Representative images of
SANCs from sham and TAC mice loaded with TMRM, a mitochondrial potential dye. TAC
SANCs had more depolarized membrane potential, as evident by not only in the representative
images, but also B) quantitatively. When TAC SANCs were challenged with increasing
extramitochondrial [Ca®"], mitochondrial uptake (monitored by X-Rhod-1 fluorescence) was
significantly lower in all cases relative to sham SANCs, manifested in C) representative tracings
and D) quantitatively of normalized X-Rhod-1 fluorescence intensity (n=14 sham and n=10 TAC

SANCs). E) Application of 5 mM of glutamate and 5 mM malate (n=14 sham and n=7 TAC
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SANCs), and F) 5 mM succinate (n=13 sham and n=8 TAC SANCSs) resulted in more ATP
concentration, as indicated by Mag-Fluo-4 fluorescence. G) The production of ATP was lower in
TAC SANCs under both conditions. H) Measurement of ROS production using MitoSox Red
revealed an increase in ROS production as depicted in the representative tracings. I) When
MitoSox red signal was normalized to baseline, we found that TAC SANCs had more production
of ROS (n=15 sham and n=11 TAC SANCS). Data are expressed as mean = SEM. ** p<0.01, ***

p<0.001.
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Supplementary Figure 3.S1
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Supplementary Figure 3.S1 Whole mount of SAN regions from sham- and TAC-operated mice

were obtained (A) and visualized using HCN4 as a marker as well as COX IV to label the inner
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mitochondrial membrane protein (A and B). Important landmarks were identified including
superior vena cava (SVC), right atrial appendage (RAA), and crista terminalis (CT). We then

examined three main regions of the SAN tissue—the SAN head, body, and tail (B).
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ABSTRACT

Background: Long QT syndrome (LQTS) is a hereditary disease that predisposes patients to life-
threatening cardiac arrhythmias and sudden cardiac death. Our previously study of human ether-
a-go-go related gene (hERG)-encoded K* channel (Ky11.1) supports an association between
hERG and RING Finger Protein 207 (RNF207) variants in aggravating the onset and severity of
LQTS, specifically T613M hERG (hERGre13m) and RNF207 frameshift (RNF20766035) mutations.
However, the underlying mechanistic underpinning remains unknown.

Objective: The purpose of the current study is to test the role of RNF207 on the function of ZERG-
encoded K" channel subunits.

Methods and Results: Here, we demonstrate that RNF207 serves an E3 ubiquitin ligase and
targets misfolded hERGre13m proteins for degradation. RNF207ge03s exhibits decreased activity
and hinders the normal degradation pathway; this increases the levels of hERGrs13m subunits and
their dominant-negative effect on the wild-type (WT) subunits, ultimately resulting in decreased
current density. Finally, the presence of RNF207g603ts with hERGre13m results in significantly
prolonged action potential durations and reduced hERG current in human pluripotent stem cell-
derived cardiomyocytes.

Conclusions: Our study establishes RNF207 as an interacting protein serving as a ubiquitin ligase
for hERG-encoded K™ channel subunits. Normal function of RNF207 is critical for the quality
control of hERG subunits and, consequently, cardiac repolarization. Moreover, our study provides
the first evidence for protein quality control as a new paradigm in life-threatening cardiac

arrhythmias in LQTS patients.
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INTRODUCTION

The pore forming o subunit of the Ky11.1 channel (also known as human Ether-a-go-go
Related gene, hERG, encoded by the KCNH2 gene) underlies the rapid component of the delayed
rectifier K* current (/kr)'. The hERG-encoded K* channel is known to play a critical role in
ventricular repolarization. Indeed, loss-of-function mutations in ZERG-encoded K* channels result
in decreased /Ik:, causing delayed repolarization and the prolonged QT interval characteristic of
Long QT Syndrome (LQTS) Type 2% *°. The fundamental defect in LQTS is prolonged ventricular
repolarization, caused by the imbalance of inward and outward currents, and an increase in
occurrences of torsades de pointes polymorphic ventricular tachycardia, ventricular fibrillation,
and sudden cardiac death””.

Genetic mutations in cardiac ion channels, known collectively as cardiac ion
channelopathies, have been shown to cause a significant percentage of LQTS cases” % 1012,
Currently, it is estimated that 1 in 5,000 people carry a LQTS mutation. Defects in ZERG-encoded
K* channels are the second leading cause of LQTS. Moreover, AERG-encoded K" channels
represent the most common target for drug-induced LQTS.% 46 13-16 With the inclusion of drug-
induced or acquired LQTS cases, many of whom have the same genetic ion channel defects as
those with the congenital LQTS disease, it is estimated that the true incidence of LQTS may be as
high as 1 in 1,0007- 1112,

Previous studies have provided new evidence that LQTS manifests not only from mutations
in cardiac ion channels (as in LQT1, LQT2, and LQT3), but also mutations in ion channel
interacting proteins (such as calmodulin in LQT14-16)!7-22, One potential ion channel interacting

protein is RING Finger Protein 207 (RNF207), encoded by its gene located on chromosome 1.
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RNF207 is a specialized type of zinc finger protein, shown to be associated with prolongation of
the QT interval®*-?7,

Our previous study revealed RNF207 as a potential modifier of the hERG channel.?®
Specifically, a term female infant presented with perinatal LQTS with recurrent life-threatening
ventricular arrhythmias. Using whole-genome sequencing (WGS), a paternally inherited, known
pathogenic variant in KCNH2 leading to a missense mutation (p.T613M, hERGrei3m) was
identified. In addition, WGS revealed a maternally inherited variant of unknown significance in
RNF207 gene (a frameshift mutation, RNF207ce031s). The patient was heterozygous for both
variants, however, neither parent presented with LQTS. The findings suggest that the patient’s
presentation of LQTS may result from the simultaneous inheritance of the heterozygous RNF207
variant with the hERGre13m channel (Fig. 4.1A).

Previous literature has shown that the T613M hERG mutation (hERGrs13Mm, located in the
CpG sequence of the pore helix, Fig. 4.1A) produces no detectable current and very low surface
expression, suggesting a trafficking defect®®. Co-expression of hERGrei3m with wild-type hERG
(hERGwrt) subunits presented very low current density, indicating that hERGre13m may exert a
dominant-negative effect when forming heterotetramers with hERGwr subunit®.

There is evidence for an interaction between the hERGwr and RNF207 proteins via
RNF207’s RING domain®. This RING domain, as well as RNF207’s structural similarity to
tripartite motif-containing proteins (TRIM), suggest a potential function of RNF207 as an E3
ubiquitin ligase and a possible role in facilitating protein degradation®® 3!. However, the exact
molecular mechanisms remain unexplored.

Misfolded hERG proteins are frequently degraded by endoplasmic reticulum (ER)-

associated degradation (ERAD)3% 3234, Following polyubiquitination, proteins are dislocated from
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the ER and degraded by proteasome within the cytosol. Several quality control proteins targeting
hERG-encoded K* channel subunits have been identified. C-terminus of heat shock cognate
protein 70 (HSC70)-Interacting Protein (CHIP), an E3 ubiquitin ligase, has been shown to be
involved in ERAD of hERG proteins through polyubiquitination®*-37. CHIP knockdown, however,
fails to completely abolish hERG polyubiquitination, suggesting that other E3 ligase may account
for the remaining polyubiquitination®**. RNF207 has been shown to interact with chaperones heat
shock protein 70 (Hsp70), Hsc70, and DJA1, which have also been shown to be involved in the
regulation of hERG subunits and CHIP-mediated ERAD.?: 3% 3 Therefore, RNF207 may play a
critical role in ERAD. Through lysosomal degradation, neural precursor cell expressed
developmentally down-regulated protein 4-2 (NEDD4-2) also acts as an ubiquitin ligase for hRERG
subunits, but via mono-ubiquitination®?334%-4! Neither CHIP nor NEDD4-2 is thought to act alone,
and it is likely that multiple ligases act in concert to coordinate the degradation of mutant hERG
subunits.

Here, we demonstrate that RNF207 serves as one of the ubiquitin ligases and targets
misfolded hERGreism proteins for degradation. Mutant RNF207 (RNF207Ge03s) exhibits
decreased activity and hinders the normal degradation pathway; this increases the levels of
hERGre13m subunits and their dominant-negative effect on the WT subunits, ultimately resulting
in decreased current density. Our study provides novel mechanisms whereby dysfunction in
degradation-dependent quality control plays a key role in aggravating the effects of existing LQTS

mutations.
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MATERIALS AND METHODS
Cell Culture and Transfections

Human embryonic kidney (HEK 293) cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM) with 10% fetal bovine serum and 1% penicillin/ streptomycin, at 37 °C
with 5% CO; in a humidified chamber. Cells were transfected at 60-80% confluency, using
Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA). All experiments were conducted
48-60 hours following transfection, as published electrophysiology data suggests that hERG
expression and membrane trafficking are optimal 24-96 hours post transfection*”*. hRERG cDNA
plasmids included green fluorescent protein (GFP) as a reporter gene using pIRES2-EGFP vector
(Takara Bio USA, Inc., Mountain View, CA) to select for transfected cells. The hERG, MiRP1,
and RNF207 plasmids were transfected using a 1:2:3 molar ratio (400 ng: 500 ng: 1000 ng). Total
transfected DNA was held constant at 1900 ng when hERGrs13m and RNF207ge03ts were co-
transfected (200 ng hERGwr: 200 ng hERGt613m: 500 ng MiRP1: 500 ng RNF207wr: 500 ng
RNF207a603f5) and in groups expressing hERG alone. Confocal microscopy was used to evaluate
the transfection efficiency. Native expression of the hERG and RNF207 proteins was also

quantified.
Plasmid Construction

RNF207wt and RNF20766035s (1807-1811P, GGCCT->GCT frameshift mutation) in pEZ-
M14 mammalian expression vector with C-3xFlag were purchased from Genecopoeia (Rockville,
MD) and Thermo Fisher Scientific (GeneArt Gene Synthesis), respectively. The pIRES2-EGFP-
hERG (NM_172056.2) and pIRES2-EGFP-hERGrs13m-Myc (C->T, T613M with Myc tag inserted
between S1-S2 extracellular loop nt 1273-1350, aa 425-450 in cgi-hERG vector) constructs were

purchased from Genecopoeia. The hERGrs13m (C->T T613M) construct was generated from the
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pIRES-EGFP-hERG plasmid using Quickchange II XL Site-Directed Mutagenesis (Agilent
Technologies, Santa Clara, CA). A hemagglutinin (HA) tag was inserted into the extracellular S1-
S2 loop of pIRES2-EGFP hERGwt with CIC-5 CI- channel D1-D2 loop to increase flexibility,** as
we have previously described®. S1-S2 loop amino acid sequences were changed to

TAVFTPYSAAFLSHEYPYDVPDYAVTFEERDKCPEWNCLKETEEGPPATE, with inserted

sequence underlined and epitope shown in bold. The pIRES2-EGFP-hERG-HA plasmid was used
to generate the hERGwr-AN, 404-1159 aa residues; hERGwt-AC, 1-654 aa residues; hERG N-
terminus, 1-403 aa residues; and hERG C-terminus, 660-1160 aa residues. All constructs were

verified by automated sequencing.
Cardiac Myocyte Isolation

Ventricular cardiomyocytes were isolated from New Zealand White rabbits (4 months old)
as well as guinea pigs (2-3 months old, Charles River Laboratories, Wilmington, MA), according
to our previously established methods*¢. All animal care and use were approved by the University
of California, Davis, Institutional Animal Care and Use Committee. Animal use was in accordance
with National Institutes of Health and institutional guidelines. All reagents were obtained from

Sigma-Aldrich (St. Louis, MO) unless stated otherwise.

Immunofluorescence Confocal Microscopy and Stimulated Emission Depletion (STED)

Microscopic Imaging

Immunofluorescence confocal microscopy was performed on isolated guinea pig and rabbit
ventricular cardiomyocytes and HEK293 cells. Primary antibodies used include anti-hERG (1:50
dilution, mouse monoclonal antibody, sc-377388, Santa Cruz) and anti-RNF (1:200 dilution,
HPAO042535, rabbit polyclonal, Sigma-Aldrich, St. Louis, MO) for dual labeling, anti-hERG

(1:200 dilution, APC-062, rabbit polyclonal, Alomone Labs, Jerusalem, Israel) or anti-RNF207
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(1:200 dilution, HPA042535, rabbit polyclonal, Sigma-Aldrich) for dual labeling with anti-o.-
actinin2 (1:300 dilution, mouse monoclonal, a7811, Sigma-Aldrich) in guinea pig ventricular
myocytes. Additional antibodies used include anti-HA (1:100 non-permeabilized; 1:250
permeabilized, H6908, Sigma), and anti-Myc tag (1:100 non-permeabilized; 1:250 permeabilized,
ab18185, Abcam, Cambridge, MA) antibodies.

Cells were fixed in 4% paraformaldehyde, blocked with 1% bovine serum albumin, and
incubated with primary antibodies overnight at 4°C. For permeabilized (P) conditions, cells were
treated with Triton-X. Secondary antibodies included IgG (H+L) Alexa Fluor 555 and Alexa Fluor
647 (Life Technologies, Carlsbad, CA, 1:500 dilution). Non-permeabilized to permeabilized
imaging and quantification was performed as previously described.*”-* Anti-HA and anti-Myc tag
antibodies were used to test non-permeabilized to permeabilized staining in order to quantify the
ratio of hERG channels on the cell membrane over cytosolic hERG channels. Specifically, a 1:100
dilution of anti-HA or anti-Myc tag antibodies were used with Alexa Fluor 555 secondary antibody
(Thermo Fisher Scientific) under non-permeabilized condition to target membrane-bound hERG
channels, followed by permeabilization and a 1:250 dilution of anti-HA or anti-Myc tag primary
antibody and Alexa Fluor 647 secondary antibody (Thermo Fisher Scientific) to target cytosolic
hERG channels. The fluorescence ratio of 555/647 was quantified, as previously described, using
ImageJ FIJT software*”- 48,

For co-localization experiments in rabbit ventricular myocytes (Supp. Fig. S4.2), primary
antibodies were tagged with 1:40 anti-rabbit Fab Alexa Fluor 488 (Jackson ImmunoResearch) and
1:100 anti-rabbit F(ab)2 Alexa Fluor 555 (Life Technologies). Rabbit cardiomyocytes were
blocked with unlabeled Fab antibody (Jackson ImmunoResearch) prior to the addition of each

primary antibody to prevent cross-talk and background labeling of endogenous rabbit antigens
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(Supp. Fig. S4.3). Additional positive and negative controls were used to demonstrate alternate
staining patterns from inaccurate rabbit antibody labeling of endogenous rabbit antigens, as well
as to verify complete blocking of these antigens in the presence of unlabeled Fab antibody.
Coverslips were mounted onto slides using Prolong Gold Antifade Mountant (P32930,
ThermoFisher Scientific) and imaged on an LSM700 Zeiss laser scanning confocal microscope
(Carl Zeiss, Oberkochen, Germany). STED microscopy was performed on a Leica STED (TCS
SP8 STED 3X) microscope. Deconvolution, using Huygens Professional software, was limited to
15 iterations and a signal to noise ratio of 4 with manual evaluation of background intensity.
Proximity ligation assay

A Duolink In Situ proximity ligation assay (PLA) (Sigma-Aldrich) was used to detect
complexes containing AERG-encoded K* channel subunits, RNF207 and a-actinin2 proteins in
freshly isolated guinea pig ventricular myocytes as previously described.*’ Antibodies and dilution
used were the same as in immunofluorescence imaging in guinea pig ventricular myocytes
described above. For control, cells were incubated with a single primary antibody. Ventricular
myocytes were imaged on an LSM700 Zeiss laser scanning confocal microscope and images were
acquired at different optical planes (z-axis of 0.5 mm). Imaging and analysis were performed as
previously described using NIH ImageJ open software®.
Co-Immunoprecipitation Assay and Western Blot

Co-immunoprecipitation (co-IP) was performed on protein isolated from transfected HEK
293 cells. Protein from each group was isolated and combined with Pierce Protein A/G Agarose
Beads (ThermoFisher Scientific), using 2.5 pg of anti-hERG antibody (APC-062, Alomone).
Samples were run on Bio-Rad 8-16% TGX gels at 100 V for 1 hour, transferred to nitrocellulose

membranes, blocked with 3% milk, and incubated overnight at 4 °C using anti-hERG (1:3000,
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Alomone) and anti-FLAG antibodies (1:400, F3040, Sigma-Aldrich) to target the FLAG tag on
the RNF207 construct.

The hERGwt-AN, hERGwt-AC, hERG N-terminus, and hERG C-terminus (tagged with
HA) were co-transfected in HEK 293 cells with RNF207wt-FLAG and co-immunoprecipitated

using 2.5 pg anti-HA antibody (Sigma-Aldrich).
Electrophysiology

Whole-cell patch-clamp experiments were performed on HEK 293 cells and hiPSC-CMs
transfected with hERGwr, hERGt613m, RNF207wt, and RNF207gGe03s. All cells were co-
transfected with the  subunit, MiRP1. All currents were recorded at room temperature using
whole-cell patch-clamp techniques. Bath (external) solution contained (in mM): 140 NaCl, 5.4
KCl, 1 MgCl,, 10 HEPES, 10 Glucose, 2 CaCl, with a pH of 7.4. The pipette (internal) solution
contained (in mM): 140 KCI, 1 MgCl,, 10 HEPES, 5 EGTA, 4 MgATP with a pH of 7.3. Ix: was
elicited using a holding potential of -80 mV with 10-mV depolarizing steps up to 80 mV followed
by a -50 mV step to elicit the tail currents, according to our previously published protocol.>° E-
4031 (1 uM) was used to confirm /k, recordings in transfected HEK 293 cells (see Supp. Fig. 4.4)
and hiPSC-CMs (Fig. 4.8). Series resistance was compensated at 60-80%. Pipette resistances were

between 2-4 MQ and seal resistances were > 2 GQ.

Action potentials of hiPSC-CMs were recorded using perforated patch-clamp techniques at
room temperature. The patch-pipettes were backfilled with amphotericin (200 pug/ml). The pipette
solution contained (in mM): 120 potassium glutamate, 1 MgCl,, 25 KCI, 10 HEPES, 1 CaCl,, pH 7.25,
and the extracellular solution contained (in mM): 138 NaCl, 4 KCl, 1 MgCl,, 2 CaCl,, 0.33 NaH,POs,
10 Glucose, 10 HEPES, pH 7.4. All recordings were performed using 3 M KCI agar bridges.

Recordings were obtained using an Axopatch 200B amplifier and pClamp 10.2 (Molecular
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Devices, Sunnyvale, CA). Currents were filtered at 2 kHz and sampled at 10 kHz and analyzed
using OriginPro 8 (OriginLab, Northampton, MA). All current densities were normalized to cell

capacitance.
Human induced pluripotent stem cell-derived cardiomyocytes

hiPSC-CMs were obtained from Cellular Dynamics International (CDI, Madison, WI) and
maintained according to the manufacturer’s protocol. Briefly, the hiPSC-CM vial was immersed
in a 37°C water bath for 4 minutes, the contents transferred to a 50 ml sterile tube and plating
medium (CDI, Madison, WI) was transferred drop-wise onto the cells. Sample cells were counted
using a hemocytometer to determine the viable cell density. The cells were plated onto 6-well cell
culture plates (Stemcell Technologies, Vancouver, Canada) pre-coated with 0.1% gelatin
(ThermoFisher Scientific) in water at 37°C cell culture incubator for 1 hour. Two days after plating,
non-adherent cells were gently washed off and the hiPSC-CMs were maintained in Maintenance
media (CDI, Madison, WI), replacing the media every other day. Two weeks after plating, the cells
were washed twice with Dulbecco’s Phosphate Buffered Saline (D-PBS, Invitrogen),
enzymatically digested with 0.1% trypsin (Invitrogen) and plated onto gelatin coated plates as
individual cells and utilized for electrophysiology.

Transfection of hiPSCs was conducted using magnetic nanoparticles according to the
methods we previously reported >!. Confocal microscopy was used to evaluate the transfection

efficiency. Native expression of the hERG and RNF207 proteins was also quantified.
Molecular Modeling

The hERG-encoded K* channel structure was previously determined at 3.8 A resolution
using cryo-electron microscopy (cryo-EM).>? We used Rosetta modeling software>->¢ and hERG

cryo-EM structure® as a template to generate the hERG model (Fig. 4.5). It is of interest to note
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that the T613 residue is positioned in close proximity to an a-helix in the pore loop. Molecular
visualization was performed using the University of California, San Francisco Chimera software

package®’.
Auto-ubiquitinylation Assay

E3 ubiquitin ligase activity was quantified using an Auto-Ubiquitinylation Kit (BML-
UWO0970-0001, Enzo Life Sciences, Inc., Farmingdale, NY), according to the manufacturer’s
recommendations. To isolate protein prior to testing, we used 2.5 pug anti-FLAG antibody to pull
down RNF207wr-FLAG and RNF207Ge03s-FLAG and 2.5 pg anti-hERG antibody to pull down

hERGwrt and hERGre13m from transfected HEK 293 cells.
Degradation Assays

Degradation assays were performed on HEK 293 cells transfected with 1) hERGwr:
RNF207wt, 2) hERGwt: hERGtsism: RNF207wr, 3) hERGwr: hERGreism: RNF207wrt:
RNF207a6603t5, and 4) hERGwt: RNF207wt: RNF207G6035. All groups were co-transfected with
the B subunit, MiRP1. At 48 hours following transfection, cells were treated with brefeldin A and
collected at 0, 3, 6, 12, and 24 hours later. Additional groups were treated either MG132 or
bafilomycin Al in addition to brefeldin A. Brefeldin A, MG132, and cell culture media were
purchased from Sigma-Aldrich. Bafilomycin A1 was purchased from Invitrogen (Carlsbad, CA).

All immunoblots were quantified using ImageJ FIJI software.
Statistical Analysis

Data are shown as mean + SEM and analyzed using OriginPro 8.0. One-way analysis of
variance was used with Tukey post-hoc analysis and p < 0.05 considered significant. Number of

technical and biological replicates is based on previously published observations to reached
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statistical differences between datasets following a power analysis with power of 0.8 for an alpha
value of 0.05. We accounted for variability in sample preparation by performing technical
replicates as well as biological replicates. Statistical significance was then determined using
appropriate paired or unpaired Student’s z-test, nonparametric tests or One-way analysis of
variance (ANOVA) for multiple comparisons with Brown-Forsythe or Tukey’s post hoc analyses.

P <0.05 was considered statistically significant (denoted by * in figures).

RESULTS

hERGTs13Mm exerts a dominant-negative effect when co-expressed with hERGwr

HEK 293 cells were transfected with hERG and an accessory subunit, KCNE2 (MiRP1).5%
59 Ik, is known for its signature properties of slow activation, fast inactivation, and rapid recovery
from inactivation.’ In whole-cell voltage-clamp experiments, the hERGrei3m mutant failed to
conduct /k: due to membrane trafficking defects, as shown in both our electrophysiology and
immunofluorescence data (Fig. 4.1B&D, and Fig. 4.3A&C). The hERGre13m failed to traffic to
the membrane on its own and was confined to the endoplasmic reticulum (Supp. Fig. 4.1). Our
data are consistent with previous studies on the T613M mutation®. Co-expression of hERGwr
with hERGre13m only partially rescued k. with significantly reduced current density compared to
the expression of hERGwr subunits alone (Fig. 4.1B-D, p < 0.05). Moreover, the
hERGwt:hERGrT613Mm current exhibited significantly faster time constants for activation and
inactivation and significantly slower time constants for deactivation and recovery from
inactivation (Fig. 4.1E-H, *p < 0.05, **p < 0.01), suggesting the formation of hetero-tetramers

between WT and mutant subunits.
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The hERG-encoded K* channel subunits co-localize with RNF207wr

Immunofluorescence experiments, visualized with confocal microscopy, in guinea pig
ventricular cardiomyocytes showed strong co-localization of hERG and RNF207 proteins as well
as co-localization of hERG and RNF207 with a-actinin2, used to mark the z lines (Fig. 4.2A).
Experiments using confocal and high-resolution microscopy were also performed in rabbit
ventricular myocytes (Supp. Fig. 4.2). Positive and negative controls were used to confirm the
localization of both hERG and RNF207 to the z lines and to eliminate contaminating signal from
endogenous antigens in rabbit ventricular myocytes (Supp. Fig. 4.3). As shown by the co-
localization profile, both hERG and RNF207 proteins localized near the z lines (Fig. 4.2A and Fig.
S4.2C). In accordance with previous literature, hERG channels are expressed predominantly along
the t-tubules®® ¢!, We further used proximity ligation assay (PLA), which detects whether 2
proteins of interest are < 40 nm apart (Fig. 4.2B, C). We have extensively validated this approach
in our prior study*’. Robust PLA signals were observed in guinea pig ventricular myocytes co-
labeled with anti-hERG, anti-RNF207, and anti-o-actinin2 antibodies (Fig. 4.2B). Three-
dimensional (3D) rendering are shown in Online Supplemental Movies. In contrast, PLA signals
were completely absent when one of the primary antibodies was omitted (Fig. 4.2C). The results
further support a close association (< 40 nm) between hZERG-encoded K* channel subunits and
RNF207. Additionally, the findings further support co-localization of A ERG-encoded K" subunits

and RNF207 along the z lines of ventricular myocytes.

RNF207g603f exhibits decreased E3 ubiquitin ligase activity
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Using an auto-ubiquitinylation assay, we demonstrate that RNF207 is, indeed, an E3
ubiquitin ligase (Fig. 4.2D). As compared to the known auto-ubiquitin ligase, MDM2, RNF207wt
displayed strong auto-ubiquitinylation (Fig. 4.2D). When ubiquitin ligase activity was evaluated
in the presence of hERGwrt, we did not observe significant ubiquitination by RNF207wr (Fig. 4.2E,
lane 2). In contrast, incubation of RNF207wt with hERGre13m resulted in significant ubiquitination
of the hERGrei3m subunits (Fig. 4.2E, lane 3). Importantly, RNF207ge03s failed to tag the
hERGrs13m mutant subunit with ubiquitin (Fig. 4.2E, lane 5). Summary data from ubiquitination

assay for RNF207 and hERG wild-type and mutant proteins are shown in Fig. 4.2F.

RNF207wr decreases hERGrs13m membrane-bound population

Using our previously published methods on non-permeabilized (NP) to permeabilized (P)
immunofluorescent staining, an HA tag was inserted into the S1-S2 linker of the hRERGwr plasmid
in order to quantify the ratio of hERG channels on the membrane versus those in the cytosol (Fig.
4.3A, B).*’ In addition, we inserted a Myc tag into the S1-S2 linker of hERGrg13m to distinguish
between WT and mutant hERG subunits on the membrane (Fig. 4.3B). hERGrs13Mm subunits failed
to show fluorescence in non-permeabilized condition, due to trafficking defects (Fig. 4.3A). The
hERGwt:hERGrT613Mm group, however, showed normal fluorescent levels.

We next tested the roles of RNF207wrt and RNF2076603ts on hERG subunit membrane
localization. We tested NP to P fluorescence ratios for HA and MYC tag in order to quantify the
localization of mutant and WT hERG subunits when hERGwt:hERGT613M:RNF207wT Were co-
expressed (Fig. 4.3A&C). Our data shows normal fluorescence for hERGwrt-HA on the membrane,
whereas hERGr613M-MYC was primarily seen in the cytosol, suggesting a greater population of

hERGwr channels on the membrane (Fig. 4.3A&C). The addition of RNF207ge03fs, however,
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resulted in an increase in hERGre13m subunits on the membrane, suggesting decreased degradation

of hERGrts13m by RNF20766031.

RNF207wr increases degradation of hERG7s13m subunits.

Following transfection with hERG and RNF207 WT and mutant proteins, we treated HEK
293 cells with brefeldin A and collected protein lysate at various time points (0, 3, 6, 12, and 24
hours after treatment). Brefeldin A, an inhibitor of ER to Golgi transport, decreased the fully
glycosylated 155 kDa form, while the cytosolic core glycosylated 135 kDa form of hERG subunits
increased over time (Fig. 4.4A). Western blot analyses showed significant accumulation of hERG
subunits when hERGwt:hERGrs13m subunits were co-expressed with RNF207wt:RNF207G6031s
(closed A) compared to the co-expression with RNF207wr (closed O, Fig. 4.4A&B, *P<(.05).
The differences between these two groups were reduced by the addition of MG 132, a proteasome
inhibitor, suggesting that RNF207wr may function through the ubiquitin proteasome system (Fig.
4.4A&C). Similar effects were also seen with the addition of bafilomycin A1, a lysosome inhibitor,

suggesting additional role of lysosomal degradation (Fig. 4.4A&D).

RNF207 interacts with the hERG K* channel subunits via the C terminus
Co-immunoprecipitation ~ experiments  revealed that hERGwr  successfully
immunoprecipitated RNF207wt, suggesting that the two proteins form multi-protein complexes
(Fig. 4.5A). hERGrs13Mm also pulled down RNF207wr, suggesting an interaction between mutant
hERG subunits and the functional RNF207 (Fig. 4.5A). The RNF207ge03rs showed a weaker
interaction with hERGwr, but also interacted with hERGrs13m. Co-immunoprecipitation assays

were performed in triplicate to verify the findings.
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In order to further elucidate the domain necessary for RNF207’s interaction with the hERG
K" channel, we designed four additional hERG-HA constructs: hERG AN (AN), hERG AC (AC),
hERG N-terminus (N¢yt), and hERG C-terminus (Ceyt) (Fig. 4.5B). We co-expressed RNF207wr-
FLAG with the hERG fragments and performed co-immunoprecipitation assays to determine the
interaction domain of the hERG channel with RNF207 (Fig. 4.5C). The lysate samples are show
in Lanes 1-4. The hERG AN and hERG C-terminus were able to successfully immunoprecipitate
RNF207wr (Lanes 5 and 8, Fig. 4.5C, upper panel), while hERG AC and hERG N-terminus failed
to pull down RNF207 (Lanes 6 and 7, Fig. 4.5C, upper panel). The reverse experiments were
performed in the lower panel using anti-FLAG and anti-HA antibodies for immunoprecipitation
and immunoblotting, respectively. There are some nonspecific bands from the immunoprecipitated
samples (Fig. 4.5C, lower panel, Lanes 5-8), however, a distinct band of expected size could be
discerned in Lane 5, corresponding to hERGwt-AN, consistent with the findings obtained using
anti-HA and anti-FLAG antibodies for immunoprecipitation and immunoblotting, respectively
(upper panel). Altogether, the data suggest that the C terminus of hERGwr plays an important role
in its interaction with RNF207wr.

To determine the mechanistic underpinning of hERGrs13Mm on the alterations in the time-
dependent kinetics of the channel (Fig. 4.1E-H), we took advantage of the published cryo-EM
hERG structure 2 using Rosetta modeling software (Fig. 4.5D) to further inform the functional
analyses. The hERG backbone is shown with rainbow color scheme from the N (blue) to C
terminus (red). The T613 residue is seen to position near the extracellular side of the pore, likely

plays critical roles in channel activation and inactivation kinetics as demonstrated in Fig. 4.1E-H.

RNF207G6031 decreases Ik, density
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To directly test our hypothesis that RNF207 plays critical roles in the quality control of
hERG subunits, we conducted whole-cell voltage-clamp experiments to functionally test the
effects of WT compared to mutant RNF207 on hERGwt and hERGre13m (Fig. 4.6A). Expression
of hERGwt with RNF207wr exhibited normal hERG current density (Fig. 4.6A-C, black traces).
Although hERGré13m and hERGwr co-expression produces very low current density with altered
kinetics (Fig. 4.1B-F), the addition of RNF207wr rescued current density to near hRERGwr levels
(Fig. 4.6A-C, red traces), suggesting the enhanced degradation and subsequent decrease in
dominant-negative effects from hERGrtsi3m subunits. Additionally, the time- and voltage-
dependent kinetics were restored to near hRERGwr levels (Fig 4.6D-G) consistent with the notion
that the functional channels consist of mostly hERGwr subunits, in the form of homotetramers
instead of heterotetramers as in Fig. 4.1E-H. In contrast, RNF207ge03¢s failed to restore the current
density, despite the co-expression with RNF207wr (Fig. 4.6 A-C, blue traces). The rectification,
due to the channel’s fast inactivation, also decreased (Fig. 4.6B). The recovery from inactivation
time constant (closed A, Fig. 4.6E) and slow component of deactivation (open A Fig. 4.6G) were
significantly slower in the presence of RNF207ce03ts, while the activation time constant was
significantly faster (Fig. 4.6F). Indeed, alterations in the time-dependent kinetics further support

the formation of heterotetrameric channels consistent with findings shown in Fig. 4.1E-H.

Co-expression of hERGrs13m and RNF207ce6035 in hiPSC-CMs results in prolonged action
potential durations and E-403 1-sensitive currents.

Finally, to test the functional roles of RNF207 under physiological conditions closer to that
seen in the patient, we took advantage of human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs, iCell) as a platform. We co-expressed WT and mutant hERG and

RNF207 proteins to directly compare the effects of WT and mutant RNF207 on cardiac action
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potential durations (APDs). APD at 50% and 90% repolarization (APDso and APDyg), mean
diastolic potential, and peak action potential (AP) amplitude were quantified (Fig. 4.7A-F).

Cells expressing hERGwt:hERGT613M:RNF207wT:RNF207660315 (denoted as the “mutant”
group) showed significantly longer APDs (APDso and APDgy) compared to cells expressing
hERGwTt:RNF207wt (wild-type, “WT” group), or non-transfected cells (“non-TF”) (Fig. 4.7A-C).
More importantly, expression of RNF207wr resulted in the “rescue” of the delayed repolarization
seen in the mutant group (hERGwt:hERGre613M:RNF207wT without the mutant RNF207, denoted
as the “rescue” group) consistent with the findings from Fig 4.6, demonstrating that RNF207 plays
critical roles in the quality control of hERG subunits.

Finally, we recorded the E-4031-sensitive currents from the same three groups of hiPSC-
CMs as in Fig. 4.8. There was a significant decrease in E-403 1-sensitive current in hiPSC-CMs
expressing hERGwt:hERGr613M:RNF207wt:RNF207G603rs compared to hERGwt:RNF207wr.
Importantly, expression of RNF207wr resulted in the “rescue” of the E4031-sensitive hERG
current (hHERGwt:hERGr613M:RNF207wt without the mutant RNF207, denoted as the “rescue”
group) consistent with the findings from AP recordings in Fig. 4.7 as well as data from HEK 293

cells shown in Fig. 4.6.

DISCUSSION

While the majority of LQTS cases are attributed to defects in the ion channels responsible
for shaping the action potential, previous studies have provided new evidence where mutations in
ion channel interacting proteins act as potential culprits in the development of LQTS.

Calmodulin’s role in LQTS Type 14, 15, and 16 is one such example.!” Here, we propose that
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quality control mechanisms play a key role in either aggravating or appeasing existing ion channel

mutations—particularly in cases of variable penetrance or heterozygous inheritance.

Protein quality control as a new paradigm for cardiac arrhythmias in LQTS

In our previously published patient,”® we observed severe LQTS with early onset. WGS
identified that the patient was heterozygous for the hERGre13m and RNF207g60355 variants. The
absence of LQTS symptoms in the parents suggests that the combination of these two mutations
may be responsible for aggravating the LQTS phenotype. Our current study suggests that quality
control mechanisms, including the degradation by ubiquitin ligases like RNF207, are critically
important in regulating the impacts of these ion channel mutations. Indeed, we demonstrate that
RNF207wr rescued the detrimental effects of hERGre13Mm co-expression with hERGwr, while the
addition of RNF207ge03¢s failed to rescue Ik, and aggravate the LQTS phenotype. Several cardiac
ion channels are known to be regulated through ERAD, therefore, our results support the
underlying hypothesis that quality control mechanisms are critical regulators of ion channel

function, and consequently, disorders like LQTS and sudden cardiac death.

Identification of RNF207 as an E3 ubiquitin ligase

We demonstrate, using confocal and high-resolution microscopy, that RNF207 colocalizes
with the hERG channel, near the z lines, in ventricular cardiomyocytes. While RNF207 mainly
colocalizes with hERG (Fig. 4.2A-C), there is also fluorescence between the t-tubules, in the
cytosol. This corroborates with the notion that RNF207, as an E3 ubiquitin ligase, may interact
with several different proteins. It has previously been shown that RNF207 also interacts with
voltage-dependent anion-selective channel protein 1 (VDACI1) in the outer mitochondrial

membrane.%?
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RNF207 displays sequence similarities to tripartite motif-containing proteins (TRIM).3® 3!
In combination with its zinc finger structure, this suggests that it may have ubiquitin ligase activity.
We confirmed RNF207wr functions as an E3 ubiquitin ligase for hRERGre13m, primarily through
the ubiquitin proteasome system. Co-immunoprecipitation experiments confirm that RNF207 and
hERG reside within the same multi-protein complex, while further analyses using C- and N-
terminal fragments of hERG subunits identify the C-terminus of hERG channel as the interacting
domain with RNF207. RNF207wr successfully rescues the hERG current density via
ubiquitination when WT and mutant subunits are co-expressed, whereas RNF207ge031 fails to
ubiquitinate and rescue k.. In future studies, de novo molecular modeling may be used to generate
a potential structure for RNF207 and changes to the structure that result from the RNF207 G603fs
mutation. Specifically, changes to the domain responsible for ubiquitin ligase activity and docking

to the hERG protein would be of particular interest.

Functional roles of T613 residues in the time-dependent kinetics of hERG channels

Previous literature has shown that hERGre13m fails to traffic and produce currents when
expressed alone, but exhibits decreased current density when co-expressed with hERGwr,
consistent with our findings.*® Additionally, hERGre13m, when co-expressed with hERGwr, alters
the time- and voltage-dependent kinetics. Specifically, the activation and inactivation time
constants are significantly faster while the deactivation and recovery from inactivation are
significantly slower when hERGr613m and hERGwr are co-expressed. The changes in inactivation
are in accordance with our molecular model of hERGrs13Mm, as the rectification from the hERG
channel’s inactivation process has been shown to be similar to C-type inactivation, which takes

place near the outer region of the pore helix®3-65,
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We measured activation using the envelope of tails protocol and fit to a single exponential
function. While this was consistent at range of voltages shown (Figs. 4.1&4.6), it was clear that
not all voltages fit with single exponential data analysis. Indeed, it has been suggested that the
hERG channel has a two-step activation process, consisting of voltage-sensitive and voltage-
insensitive steps %> ¢, The activation gate for the hERG channel is located near the cytosolic region
of the S6 helices, although activation kinetics have also been shown to be regulated by the S4-S5
linker and PKA binding domains®’-%°. The enhanced activation in the heterotetrameric channels

are observed together with delayed deactivation, consistent with results seen in previous studies®.

Findings from previous studies

Previous genome-wide association studies have identified single nucleotide
polymorphisms within the gene encoding RNF207 and QT interval prolongation®*2’. Our findings
are consistent with a previous study showing that RNF207 and the ZERG-encoded K" channel
interact and co-localize®. The previous study suggests that RNF207 overexpression significantly
increases hERG protein trafficking, membrane expression, and the current density. Our current
study provides additional evidence for a novel role of RNF207 as channel interacting partner that

serves critical roles in quality control of the proteins.

Future studies

All experiments in our study included the  subunit, MiRP1. However, we limited our
analyses to the hERG 1a isoform. The hERG 1b isoform, which lacks the EAG domain, has been
shown to significantly contribute to Ix,’% 7!, Indeed, the inclusion of hERG 1b in this study may
show effects on changes to the time- and voltage-dependent kinetics, specifically deactivation.

Therefore, both hERG 1a and hERG 1b isoforms will be used in future studies. Additionally, we
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recognize that multiple safeguards are in place to maintain quality control for ion channels, such
as Ky11.1. Indeed, it has been shown that both CHIP and NEDD4-2 also function as ubiquitin
ligases for the hERG channel?>: 3% 3% 3841 These ubiquitin ligases may act in concert, and thus,
further exploration of these interacting proteins will add to our current understanding of cardiac
ion channel dynamics and potential clinical applications®*. Since RNF207 is an E3 ubiquitin ligase,
it likely interacts with multiple proteins in cardiac myocytes. The mutant RNF207g6035 protein
may have additional functional effects on other ion channels, contributing to the long QT
phenotype. Future studies are required to further test the roles of RNF207 in native cells with other
intact ubiquitin ligase systems. Investigations taking advantage of patient-specific hiPSCs will also
provide additional insights into the roles of quality control on cardiac ion channel function in

human arrhythmias.

In summary, knowledge into the intricate and precise regulatory mechanisms of ion
channels will provide an enormous opportunity to uncover new therapeutic targets that may serve
to “fine tune” ion channel function, instead of “blocking” ion channels directly as in our current
forms of anti-arrhythmic drugs, thus, serving as a paradigm shift in our new rationale for

development of anti-arrhythmic therapy.

AUTHOR CONTRIBUTIONS

HAL, LR, PNT, SP, PS, AME, WX, VT, XDZ: executed experiments; collected, analyzed
and interpreted data. JRP, MVP, EAA, VYY, ENY, and NC: provided reagents and access to
equipment, and interpreted data. HAL and NC: conceived and designed experiments, collected,

analyzed, interpreted data and wrote the manuscript.

139



ACKNOWLEDGMENTS

This study was supported in part by Predoctoral Fellowship from NIH/NHLBI Institutional
Training Grant in Basic and Translational Cardiovascular Science NIH T32 HL086350, and NIH
F31 HL136120 Predoctoral Awards (HAL), American Heart Association (AHA) Predoctoral
Fellowship Award (LR), NIH F32 HL149288 (PNT), NIH R56 HL138392 (XDZ), NIH ROl
HLO085727, NIH RO1 HL085844, NIH RO1 HL137228 (NC), NIH R01 HL128537 (VYY), VA
Merit Review Grant 101 BX000576 and 101 CX001490 (NC), NIH R01 DC016099, NIH P01
AGO051443, NIH ROl DCO015135 (ENY), AHA Postdoctoral Fellowship Award, California
Institute for Regenerative Medicine (CIRM) Training Grant to UC Davis, Harold S. Geneen
Charitable Trust Award Program for Coronary Heart Disease Research, AHA Career Development
Award (PS). NC is the holder of the Roger Tatarian Endowed Professorship in Cardiovascular
Medicine. Molecular graphics and analyses performed with UCSF Chimera, developed by the
Resource for Biocomputing, Visualization, and Informatics at the University of California, San

Francisco, with support from NIH P41 GM103311.

140



10.

11.

12.

13.

14.

REFERENCES

Sanguinetti MC, Jiang C, Curran ME, Keating MT. A mechanistic link between an
inherited and an acquired cardiac arrhythmia: HERG encodes the Ix: potassium channel.
Cell Apr 21 1995;81:299-307.

Jonsson MK, van der Heyden MA, van Veen TA. Deciphering hERG channels: molecular
basis of the rapid component of the delayed rectifier potassium current. J Mol Cell Cardiol
Sep 2012;53:369-374.

Trudeau MC, Warmke JW, Ganetzky B, Robertson GA. HERG, a human inward rectifier
in the voltage-gated potassium channel family. Science (New York, NY) Jul 7
1995;269:92-95.

Sanguinetti MC, Tristani-Firouzi M. hERG potassium channels and cardiac arrhythmia.
Nature Mar 23 2006;440:463-469.

Tseng GN. Ik:: the hERG channel. J Mol Cell Cardiol May 2001;33:835-849.

Vandenberg JI, Perry MD, Perrin MJ, Mann SA, Ke Y, Hill AP. hERG K" Channels:
Structure, Function, and Clinical Significance. Physiological Reviews 2012;92:1393-1478.

Ackerman MJ. The Long QT Syndrome: lon Channel Diseases of the Heart. Mayo Clinic
Proceedings 1998;73:250-269.

Kass RS, Moss AJ. Long QT syndrome: novel insights into the mechanisms of cardiac
arrhythmias. Journal of Clinical Investigation 2003;112:810-815.

Roden DM, Lazzara R, Rosen M, Schwartz PJ, Towbin J, Vincent GM, LQTS* ftSFTFo.
Multiple Mechanisms in the Long-QT Syndrome: Current Knowledge, Gaps, and Future
Directions. Circulation October 15, 1996 1996;94:1996-2012.

Schwartz PJ, Ackerman MJ, George AL, Jr., Wilde AA. Impact of genetics on the clinical
management of channelopathies. ] Am Coll Cardiol Jul 16 2013;62:169-180.

Giudicessi JR, Ackerman MJ. Genotype- and phenotype-guided management of congenital
long QT syndrome. Curr Probl Cardiol Oct 2013;38:417-455.

Schwartz PJ, Ackerman MJ. The long QT syndrome: a transatlantic clinical approach to
diagnosis and therapy. Eur Heart J Oct 2013;34:3109-3116.

Fitzgerald PT, Ackerman MJ. Drug-induced torsades de pointes: the evolving role of
pharmacogenetics. Heart Rhythm Nov 2005;2:S30-37.

Perry MD, Ng CA, Mann SA, Sadrieh A, Imtiaz M, Hill AP, Vandenberg JI. Getting to the
heart of hRERG K* channel gating. J Physiol Jun 15 2015;593:2575-2585.

141



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Sanguinetti MC, Jiang C, Curran ME, Keating MT. A mechanistic link between an
inherited and an acquird cardiac arrthytmia: HERG encodes the Ik potassium channel. Cell
4/21/1995;81:299-307.

Curran ME, Splawski I, Timothy KW, Vincent GM, Green ED, Keating MT. A molecular
basis for cardiac arrhythmia: HERG mutations cause long QT syndrome. Cell Mar 10
1995;80:795-803.

Crotti L, Johnson CN, Graf'E, et al. Calmodulin mutations associated with recurrent cardiac
arrest in infants. Circulation Mar 5 2013;127:1009-1017.

Abriel H. Cardiac sodium channel Navl.5 and interacting proteins: Physiology and
pathophysiology. Journal of Molecular and Cellular Cardiology 1// 2010;48:2-11.

Medeiros-Domingo A, Kaku T, Tester DJ, Iturralde-Torres P, Itty A, Ye B, Valdivia C,
Ueda K, Canizales-Quinteros S, Tusié-Luna MT, Makielski JC, Ackerman MJ. SCN4B-
Encoded Sodium Channel B4 Subunit in Congenital Long-QT Syndrome. Circulation
2007;116:134-142.

Limpitikul WB, Dick IE, Joshi-Mukherjee R, Overgaard MT, George Jr AL, Yue DT.
Calmodulin mutations associated with long QT syndrome prevent inactivation of cardiac

L-type Ca®* currents and promote proarrhythmic behavior in ventricular myocytes. J Molec
Cell Cardio 9// 2014;74:115-124.

Nakano Y, Shimizu W. Genetics of long-QT syndrome. Journal of human genetics 2015.

Crotti L, Spazzolini C, Tester DJ, et al. Calmodulin mutations and life-threatening cardiac
arrhythmias: insights from the International Calmodulinopathy Registry. Eur Heart J Sep
14 2019;40:2964-2975.

Andreasen L, Nielsen JB, Christophersen IE, Holst AG, Sajadieh A, Tveit A, Haunse S,
Svendsen JH, Schmitt N, Olesen MS. Genetic Modifier of the QTc Interval Associated
With Early-Onset Atrial Fibrillation. Canadian J Cardio 10// 2013;29:1234-1240.

Han QY, Wang HX, Liu XH, Guo CX, Hua Q, Yu XH, Li N, Yang YZ, Du J, Xia YL, Li
HH. Circulating E3 ligases are novel and sensitive biomarkers for diagnosis of acute
myocardial infarction. Clin Sci (Lond) Jun 2015;128:751-760.

Roder K, Werdich AA, Li W, Liu M, Kim TY, Organ-Darling LE, Moshal KS, Hwang JM,
LuY, Choi BR, MacRae CA, Koren G. RING finger protein RNF207, a novel regulator of
cardiac excitation. J Biol Chem Dec 5 2014;289:33730-33740.

Newton-Cheh C, Eijgelsheim M, Rice KM, et al. Common variants at ten loci influence
QT interval duration in the QTGEN Study. Nat Genet Apr 2009;41:399-406.

142



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Pfeufer A, Sanna S, Arking DE, et al. Common variants at ten loci modulate the QT interval
duration in the QTSCD Study. Nat Genet Apr 2009;41:407-414.

Priest JR, Ceresnak SR, Dewey FE, Malloy-Walton LE, Dunn K, Grove ME, Perez MV,
Maeda K, Dubin AM, Ashley EA. Molecular diagnosis of long QT syndrome at 10 days
of life by rapid whole genome sequencing. Heart Rhythm Oct 2014;11:1707-1713.

Huang FD, Chen J, Lin M, Keating MT, Sanguinetti MC. Long-QT syndrome-associated
missense mutations in the pore helix of the HERG potassium channel. Circulation Aug 28
2001;104:1071-1075.

Gong Q, Keeney DR, Molinari M, Zhou Z. Degradation of trafficking-defective long QT
syndrome type II mutant channels by the ubiquitin-proteasome pathway. J Biol Chem May
13 2005;280:19419-19425.

Marin I. Origin and diversification of TRIM ubiquitin ligases. PLoS One 2012;7:e50030.

Cui Z, Zhang S. Regulation of the human ether-a-go-go-related gene (hERG) channel by
Rab4 protein through neural precursor cell-expressed developmentally down-regulated
protein 4-2 (Nedd4-2). J Biol Chem Jul 26 2013;288:21876-21886.

Guo J, Wang T, Li X, Shallow H, Yang T, Li W, Xu J, Fridman MD, Yang X, Zhang S.
Cell surface expression of human ether-a-go-go-related gene (hERG) channels is regulated
by caveolin-3 protein via the ubiquitin ligase Nedd4-2. J Biol Chem Sep 28
2012;287:33132-33141.

Foo B, Williamson B, Young JC, Lukacs G, Shrier A. hRERG quality control and the long
qt syndrome. J Physiol Dec 31 2015.

Iwai C, Li P, Kurata Y, et al. Hsp90 prevents interaction between CHIP and HERG proteins
to facilitate maturation of wild-type and mutant HERG proteins. Cardiovasc Res Dec 1
2013;100:520-528.

Murata S, Minami Y, Minami M, Chiba T, Tanaka K. CHIP is a chaperone-dependent E3
ligase that ubiquitylates unfolded protein. EMBO reports 2001-12-01 00:00:00
2001;2:1133-1138.

Willis MS, Patterson C. Into the heart: the emerging role of the ubiquitin-proteasome
system. J Mol Cell Cardiol Oct 2006;41:567-579.

Ficker E, Dennis AT, Wang L, Brown AM. Role of the cytosolic chaperones Hsp70 and

Hsp90 in maturation of the cardiac potassium channel HERG. Circ Res Jun 27
2003;92:e87-100.

143



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Walker VE, Wong MJ, Atanasiu R, Hantouche C, Young JC, Shrier A. Hsp40 chaperones
promote degradation of the HERG potassium channel. J Biol Chem Jan 29 2010;285:3319-
3329.

Lamothe SM, Zhang S. The serum- and glucocorticoid-inducible kinases SGK1 and SGK3
regulate hERG channel expression via ubiquitin ligase Nedd4-2 and GTPase Rabl11. J Biol
Chem May 24 2013;288:15075-15084.

Kang Y, Guo J, Yang T, Li W, Zhang S. Regulation of the human ether-a-go-go-related
gene (hERG) potassium channel by Nedd4 family interacting proteins (NDFIPS). Biochem
J2015;472:71-82.

Zhou Z, Gong Q, Epstein ML, January CT. HERG channel dysfunction in human long QT
syndrome. Intracellular transport and functional defects. J Biol Chem Aug 14
1998;273:21061-21066.

Zhou Z, Gong Q, Ye B, Fan Z, Makielski JC, Robertson GA, January CT. Properties of
HERG channels stably expressed in HEK 293 cells studied at physiological temperature.
Biophys J Jan 1998;74:230-241.

Schwake M, Pusch M, Kharkovets T, Jentsch TJ. Surface expression and single channel
properties of KCNQ2/KCNQ3, M-type K™ channels involved in epilepsy. Journal of
Biological Chemistry 2000;275:13343-13348.

Sihn CR, Kim HJ, Woltz RL, Yarov-Yarovoy V, Yang PC, Xu J, Clancy CE, Zhang XD,
Chiamvimonvat N, Yamoah EN. Mechanisms of Calmodulin Regulation of Different
Isoforms of Ky7.4 K* Channels. J Biol Chem Jan 29 2016;291:2499-2509.

LiN, Timofeyev V, Tuteja D, et al. Ablation of a Ca**-activated K* channel (SK2 channel)
results in action potential prolongation in atrial myocytes and atrial fibrillation. J Physiol
Mar 1 2009;587:1087-1100.

Rafizadeh S, Zhang Z, Woltz RL, et al. Functional interaction with filamin A and
intracellular Ca?* enhance the surface membrane expression of a small-conductance Ca?'-

activated K* (SK2) channel. Proceedings of the National Academy of Sciences of the
United States of America Jul 8 2014;111:9989-9994.

Zhang Z, Ledford HA, Park S, et al. Distinct subcellular mechanisms for the enhancement

of the surface membrane expression of SK2 channel by its interacting proteins, o-actinin2
and filamin A. J Physiol Apr 01 2017;595:2271-2284.

Syed AU, Reddy GR, Ghosh D, et al. Adenylyl cyclase 5-generated cAMP controls

cerebral vascular reactivity during diabetic hyperglycemia. J Clin Invest Jun 4
2019;129:3140-3152.

144



50.

S1.

52.

53.

54.

5sS.

56.

57.

S8.

59.

60.

61.

Sharma D, Glatter KA, Timofeyev V, Tuteja D, Zhang Z, Rodriguez J, Tester DJ, Low R,
Scheinman MM, Ackerman MJ, Chiamvimonvat N. Characterization of a
KCNQI/KVLQT1 polymorphism in Asian families with LQT2: implications for genetic
testing. J Mol Cell Cardiol Jul 2004;37:79-89.

Yamoah MA, Moshref M, Sharma J, Chen WC, Ledford HA, Lee JH, Chavez KS, Wang
W, Lopez JE, Lieu DK, Sirish P, Zhang XD. Highly efficient transfection of human
induced pluripotent stem cells using magnetic nanoparticles. Int J Nanomedicine
2018;13:6073-6078.

Wang W, MacKinnon R. Cryo-EM Structure of the Open Human Ether-a-go-go-Related
K+ Channel hERG. Cell 2017/04/20/ 2017;169:422-430.e410.

Rohl CA, Strauss CE, Misura KM, Baker D. Protein structure prediction using Rosetta.
Methods Enzymol 2004;383:66-93.

Yarov-Yarovoy V, Schonbrun J, Baker D. Multipass membrane protein structure
prediction using Rosetta. Proteins Mar 1 2006;62:1010-1025.

Yarov-Yarovoy V, DeCaen PG, Westenbroek RE, Pan CY, Scheuer T, Baker D, Catterall
WA. Structural basis for gating charge movement in the voltage sensor of a sodium
channel. Proceedings of the National Academy of Sciences of the United States of America
Jan 10 2012;109:E93-102.

Wang RY, Song Y, Barad BA, Cheng Y, Fraser JS, DiMaio F. Automated structure
refinement of macromolecular assemblies from cryo-EM maps using Rosetta. Elife Sep 26
2016;5.

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, Ferrin TE.
UCSF Chimera--a visualization system for exploratory research and analysis. Journal of
computational chemistry Oct 2004;25:1605-1612.

Abbott GW. The KCNE2 K* channel regulatory subunit: Ubiquitous influence, complex
pathobiology. Gene Sep 15 2015;569:162-172.

Liu L, Tian J, Lu C, Chen X, Fu Y, Xu B, Zhu C, Sun Y, Zhang Y, Zhao Y, Li Y.
Electrophysiological Characteristics of the LQT2 Syndrome Mutation KCNH2-G572S and
Regulation by Accessory Protein KCNE2. Front Physiol 2016;7:650.

Pond AL, Scheve BK, Benedict AT, Petrecca K, Van Wagoner DR, Shrier A, Nerbonne
JM. Expression of distinct ERG proteins in rat, mouse, and human heart. Relation to

functional I(Kr) channels. J Biol Chem Feb 25 2000;275:5997-6006.

Roti ECR, Myers CD, Ayers RA, Boatman DE, Delfosse SA, Chan EKL, Ackerman MJ,
January CT, Robertson GA. Interaction with GM130 during HERG Ion Channel

145



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Trafficking: Disruption by type 2 congenital long QT syndrome mutations. J Biol Chem
December 6, 2002 2002;277:47779-47785.

Mizushima W, Takahashi H, Watanabe M, et al. The novel heart-specific RING finger
protein 207 is involved in energy metabolism in cardiomyocytes. J] Mol Cell Cardiol Nov
2016;100:43-53.

Spector PS, Curran ME, Zou A, Keating MT, Sanguinetti MC. Fast inactivation causes
rectification of the IKr channel. J Gen Physiol May 1996;107:611-619.

Smith PL, Baukrowitz T, Yellen G. The inward rectification mechanism of the HERG
cardiac potassium channel. Nature Feb 29 1996;379:833-836.

Wang S, Liu S, Morales MJ, Strauss HC, Rasmusson RL. A quantitative analysis of the
activation and inactivation kinetics of HERG expressed in Xenopus oocytes. The Journal
of Physiology 1997;502:45-60.

Zhou Q, Bett GC. Regulation of the voltage-insensitive step of HERG activation by
extracellular pH. American Journal of Physiology-Heart and Circulatory Physiology
2010;298:H1710-H1718.

Ng CA, Perry MD, Tan PS, Hill AP, Kuchel PW, Vandenberg JI. The S4-S5 linker acts as
a signal integrator for HERG K+ channel activation and deactivation gating. PLoS One
2012;7:€31640.

Perrin MJ, Subbiah RN, Vandenberg JI, Hill AP. Human ether-a-go-go related gene
(hERG) K+ channels: function and dysfunction. Progress in biophysics and molecular
biology 2008;98:137-148.

Thomas D, Zhang W, Karle CA, Kathofer S, Schols W, Kiibler W, Kiehn J. Deletion of
Protein Kinase A Phosphorylation Sites in the HERG Potassium Channel Inhibits
Activation Shift by Protein Kinase A. Journal of Biological Chemistry September 24, 1999
1999;274:27457-27462.

Jones DK, Liu F, Vaidyanathan R, Eckhardt LL, Trudeau MC, Robertson GA. hERG 1b is
critical for human cardiac repolarization. Proceedings of the National Academy of Sciences
of the United States of America Dec 16 2014;111:18073-18077.

Jones EM, Roti Roti EC, Wang J, Delfosse SA, Robertson GA. Cardiac IKr channels

minimally comprise hERG 1la and 1b subunits. J Biol Chem Oct 22 2004;279:44690-
44694.

146



Figure 4.1

A

B

human hERG w1 596
human hERGTg13m 596

human RNF207 1
human RNF207 ggp3ts

596
596

human RNF207 w1 631

human RNF207 ggpars 631

human RNF207 wr

Bvnese BeRs kK

%*
YV.ALYFIF.L.VIF.V 630
YVMALYFTFSSLTSVEGFENV 630

%*
A L [LIL \% 630
A 1 Y 1 CEHMEE 630

.............. 634

LANGTEPQEOA LRABTR L BEWTEGCSHBEr F ¥ 665

human RNF207 Geosts 666 F LF LIEWSFAL LERLECNEA ISABHCNLCL LESSHSE 700

human RNF207 ywr

human RNF207 ggp3rs 701 ABASIRVAB | T8A

= hERGwr

—<— hERGs13m

—e— hERGwr: hERG1513m

712

o — ———— -50mV
— 3O MV |——— L

Control

+20 mV E
*%

8040 40 80
V(mV)
E +60 mV F
c
& 207 S _ 18,
1= EOmV g 12}
= 1 y = £ 151
< =15 ey 100 MV £ &
Qo ® =
= ® & €121
S B =&
5 & 104 g 2 9
@ O £ 9
£ o O 64
E 5 2o
= > E 3;
8 [
y y ' ot
0 20 40 60 ¥
V (mV)
G +60 mv 500
51200 o (Il
\E’ — iE’GOO
£3 ™ 5%
28 RS
S 2 e0o] 2 2400/
g0 8O
@© 3004 O © 200
E E
[ =

-140 -130 -120 -110 -100 -90
V (mV)

+50 mV

+30 mv
somy ——

-140 mV

—

*%
.
e
//\/é

A

*

.____ﬁz.ﬁé:;:

147

0+— T : T ; :
-140 -130 -120 -110100 -90

V (mV)



Figure 4.1. Dominant-negative effect and altered channel gating kinetics by hERGr613Mm. A.
Upper panel shows amino acid sequence alignments for hERGwt and hERGrs13Mm (residues 596-
630). The conserved selectivity filter of the hERG subunit, GFG, is underlined. Lower panels show
amino acid sequence alignments for RNF207wt and RNF207Ge035 starting from residue 596 to the
end of the polypeptide. * is shown for mutated residues (613 in hERG sequence, 603 in RNF207
sequence). B. Representative whole-cell voltage-clamp recordings from HEK 293 cells expressing
hERGwr alone (black traces), hERGwt:hERGrts13m (blue traces), hERGre13Mm alone (purple traces),
or non-transfected cells (red traces). C. Summary data for current densities for hERGwr alone
(black traces) compared to hERGwt:hERGrei3m (blue traces) (n= 20-30 cells, *P<0.05). D.
Summary data for voltage-dependent activation using the peak tail current density fitted using
Boltzmann function with Vi, = -3.28 £ 1.53 for hERGwr; 1.55 £ 2.36 for hERGwt: hERGr613Mm
and slope constants = 8.67 + 0.22 for hERGwr; 8.50 + 0.48 for hRERGwt: hERGré13M. E & F. Time
constants of inactivation and recovery from inactivation from hERGwr alone (black traces)
compared to hERGwt:hERGreism (blue traces). G & H. Time constants of activation and
deactivation from hERGwr alone (black traces) compared to hERGwt:hERGré13m (blue traces).
The insets show voltage-clamp protocols and representative current traces (n= 6-11, inactivation;
n=9-11, recovery from inactivation; n = 3, activation; n= 5-10, deactivation). *P <0.05, **P <0.01.

Data shown are mean + S.E.M. Analyses were performed using Student’s t-test.
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Figure 4.2
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Figure 4.2. Colocalization of hERG and RNF207 in guinea pig ventricular cardiomyocytes.
A. Confocal images showing colocalization of a-actinin2 (Alexa Fluor 488)and hERG K" channel
subunits (Alexa Fluor 555), a-actinin2 (Alexa Fluor 488) and RNF207 (Alexa Fluor 555), and
hERG K channel subunits (Alexa Fluor 488) and RNF207 (Alexa Fluor 555). The merged images
are shown in the corresponding lower panels. Right panels show the corresponding fluorescence
intensity profiles perpendicular to the Z lines, demonstrating the colocalization of hERG K*

channel subunits with a-actinin2, RNF207 with a-actinin2, and hERG K" channel subunits with
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RNF207, respectively. Scale bar represents 10 um. B. Proximity ligation assay (PLA) for a-
actinin2 and hERG K™ channel subunits, a-actinin2 and RNF207, and hERG K™ channel subunits
and RNF207. C. Quantification of PLA puncta/um? cell area (¥*p<0.05,n = 15, 11, 15, 10, 9, and
9 cells from left to right bars). D. Auto-ubiquitinylation assay for RNF207wr (lane 3, right) vs.
negative control (lane 1, left) and MDM2, a known E3 ubiquitin ligase (positive control, lane 2).
Transfected HEK 293 cells were immunoprecipitated (IP) for RNF207-FLAG. An auto-
ubiquitinylation assay (Enzo Life Sciences) was conducted on isolated protein, followed by SDS-
PAGE and western Blot analysis (IB). Proteins were incubated in the presence of E1 and E2
ubiquitin enzymes, ubiquitin, and ATP. E. Ubiquitination assay for RNF207 and hERG wild-type
and mutant subunits. Ubiquitinated proteins were absent in the negative control (without RNF207
or hERG, lane 1). The E3-ubiquitin band appeared for hERGre13m incubation with RNF207wr
(lane 3), but not in the presence of RNF207ge03ts (lane 5) or with hERGwrt subunits (either with
RNF207wr (lane 2) or with RNF2076e03s (lane 4). Anti-ubiquitin and anti-hERG antibodies were
performed on separate membranes. F, Quantification of the data from E (*P<0.05, n = 5
independent experiments for each group). Data shown are mean + S.E.M. Analyses were
performed using one-way analysis of variance (ANOVA) for multiple comparisons with Brown-

Forsythe post hoc analyses.
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Figure 4.3
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Figure 4.3. Surface membrane and cytosol expression of hERG K* channel subunits after co-
expression with RNF207wr vs. RNF207c603ts. A. Immunofluorescence confocal microscopic
imaging of HEK 293 cells transfected with different combinations of hERGwt, hERGre13Mm,
RNF207wrt, and RNF207ge03fs. Cells were immunostained using anti-HA (or anti-Myc) antibody
followed by chicken anti-mouse Alexa Fluor 555 secondary antibody with no permeabilization
(NP). Cells were then permeabilized (P) and immunostained using anti-HA (or anti-Myc) antibody
followed by rabbit anti-mouse Alexa Fluor 633 secondary antibody. Scale bar = 10 um. The last
panel in each row represents a higher magnification image from the merged image as outlined in
a red box. B. schematic diagrams of hRERGwt-HA and hERGrs13M-Myc fusion constructs used for

the experiments. C. Summary data of the fluorescence ratios (555 nm/633 nm) from the different
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groups of cells (*P<0.05, **P<0.01, n= 6-10 cells). Data shown are mean + S.E.M. Analyses were
performed using one-way analysis of variance (ANOVA) for multiple comparisons with Tukey’s

post hoc analyses.
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Figure 4.4. Distinct effects of RNFwr vs. RNFgeosts on the degradation of hERG K* channel

subunits. A. Degradation assay for HEK 293 cells collected before brefeldin a (BFA) treatment

(time=0) vs. 3, 6, 12, and 24 hours following treatment. Groups included 1) hERGwt:RNF207wr,

2) hERGWT:hERGT613MIRNF207WT, 3) hERGWTZhERGT613MZRNF207WTZRNF207G603fS, and 4)

hERGwt:RNF207wt:RNF207:6031. Cells were treated with brefeldin A (left panel), brefeldin A +

MG 132 (middle panel), or brefeldin A + bafilomycin A1 (right panel). B. Quantification of BFA

treated groups (p < 0.05). Total protein content was also quantified for groups treated with

proteasome inhibitor, MG132 (C) and lysosome inhibitor, bafilomycin Al (D). Data shown are
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mean = S.E.M. *P<0.05, n =5 different independent experiments. Analyses were performed using

one-way analysis of variance (ANOVA) for multiple comparisons with Tukey’s post hoc analyses.
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Figure 4.5
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Figure 4.5. Multi-protein complexes formed by hERG K* channel subunits and RNF207. A.
Co-immunoprecipitation of hERG and RNF207. Transfected (Tx) HEK 293 cells were

immunoprecipitated (IP) using anti-hERG antibody and western blot analysis (IB) was performed
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using anti-hERG and anti-FLAG antibodies to target the RNF207-FLAG fusion protein. Western
blot analyses from lysates and IP are shown in lanes 1-5 and lanes 6-10, respectively. Negative
control using IgG for IP is shown in lane 11. B. Schematic of hERGwt-AN, hERGwt-AC, hERG
N-terminus, and hERG C-terminus constructs (tagged with HA). C. Co-immunoprecipitation of
hERG-HA fragments that were co-transfected (Tx) in HEK 293 cells with RNF207wr-FLAG.
Immunoprecipitation followed by immunoblotting were performed using anti-HA (IP:HA, upper
panel) and anti-FLAG antibodies (IP:FLAG, uper panel), respectively. The reverse experiments
were performed as shown in the lower panel. Lanes 1-4 are lyste samples (20 pg each) and lanes
5-8 show immunoprecipitated samples transfected with hERGwr-AN, hERGwt-AC, hERG N-
terminus, hERG C-terminus, and IgG negative control. Some nonspecific bands are seen in lanes
5-8 in the lower panel. The blue arrow in Lane 5 in the lower panel shows a band of expected size
for hRERGwt-AN. D. Rosetta model of hERG, from top to bottom: 1) view from the extracellular
side of the membrane, 2) view from the transmembrane side, and 3) view from the intracellular
side of the membrane. Backbone is shown in ribbon representation and colored by rainbow color
scheme from the N-terminus region (blue) to C-terminus region (red). Sidechain of T613 residue

in each subunit is shown using a space filling representation.
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Figure 4.6
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Figure 4.6. Differential effects of RNFwr vs RNFge03ts on hERG current. A. Representative
whole-cell voltage-clamp recordings from HEK 293 cells expressing hRERGwt:RNF207wr (black
traces), hERGwr:hERGreisM:RNF207wr (red traces), or hERGwtT:hERGT613M:RNF207wrt:
RNF207ge03ts (blue traces). B. Summary data for current density for hRERGwt:RNF207wT (black
traces) compared to hERGwt:hERGre13M:RNF207wt (red traces) and hERGwt:hERGrs13Mm:
RNF207wt:RNF20766031s (blue traces) (n= 14-19). C. Summary data for voltage-dependent
activation using the peak tail current density fitted using Boltzmann function with Vi» =-6.13 +
2.99 for hERGwT:RNF207wT; 3.01 + 2.10 for hAERGwT:hERGT1613M:RNF207wT; and 3.78 + 2.10
for hERGwt:hERGT613M:RNF207wT:RNF207G6035s and slope constants = 8.99 + 0.47 for
hERGwt:RNF207wTt; 9.55 + 0.49 for hERGwr:hERGT613M:RNF207wT; and 9.80 + 0.37 for
hERGwt:hERGr613M:RNF207wT:RNF207G603ts. D&E. Time constants of inactivation and
recovery from inactivation for hERGwr:RNF207wr (black traces) compared to
hERGwt:hERGt613M:RNF207wt (red traces) and hERGwt:hERGT613M:RNF207w1:RNF207G6031s
(blue traces). F&G Time constants for activation and deactivation, where closed A, [], and O
represent the fast component and open A, [, and O represent the slow component of deactivation.
n= 5-10 for inactivation; n= 6-12 for recovery from inactivation; n = 3-5 for activation; n= 5-10
for deactivation. *P<0.05, **P<0.01. In panels B and C, **P<0.01 for hERGwt:hERGrs13Mm:
RNF207wt:RNF207g603ts compared to hERGwt:RNF207wt and hERGwt:hERGr613M:RNF207wT
throughout positive voltages and was shown only at the end of the curves for clarity. Data shown
are mean + S.E.M. Analyses were performed using one-way analysis of variance (ANOVA) for

multiple comparisons with Tukey’s post hoc analyses.
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Figure 4.7
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Figure 4.7. Regulation of APDs of hiPSC-CMs by RNF207. A. Representative action potential

recordings (hiCell, Cellular Dynamics) in cells expressing hERGwt:RNF207wr (black trace),

hERGwTt:hERGT613M:RNF207wt (red trace), and hERGwt:hERGT613M:RNF207wT:RNF207 660315

(blue trace) as well as a non transfected cell (grey trace). B-F. Summary data for action potential

recordings in non-transfected cells (labeled “Non-TF”, grey bar) compared to hERGwt:RNF207wt
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(labeled “WT”, black bar), hERGwt:hERGr613M:RNF207w (labeled “Rescue”, red bar) and
hERGwt:hERGrt613M:RNF207wT:RNF20766031 (labeled “Mutant”, blue bar) at baseline (solid bars)
versus 1 uM E-403I(striped bars). Data is shown for average diastolic potential (B), peak action
potential (C), action potential amplitude (D), action potential duration at 50% repolarization or
APD50 (E), and action potential duration at 90% repolarization or APDgo (F). Data shown
represents the average of 5 action potentials per cell, with n= 6-9 cells for baseline recordings and
n=3-5 cells for E-4031 recordings; *P<0.05, **P<0.01, °P< 0.001. Data shown are mean + S.E.M.
*P<0.05. Analyses were performed using one-way analysis of variance (ANOVA) for multiple

comparisons with Tukey’s post hoc analyses.
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Figure 4.8
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Figure 4.8. Regulation of hERG currents by RNF207 in hiPSC-CMs. A. Representative whole-
cell currents recorded from hiPSC-CMs expressing hERGwt:RNF207wt (black traces),
hERGwt:hERGr613M:RNF207wT (red traces), and hERGwt:hERGre13M:RNF207wt: RNF207G603#s
(blue traces). B. Summary data for current density for the three groups of cells (n= 5-6). C.
Summary data for voltage-dependent activation using the peak tail current density fitted using
Boltzmann function with Vin = 2.73 + 2.55 for hERGwr:RNF207wr; -3.06 £+ 2.47 for
hERGwtT:hERGrt613M:RNF207wt; and -15.85 £+ 4.19 for hERGwrT:hERGTs13M: RNF207wr:
RNF207c6e03ts and slope constants = 8.30 + 0.72 for hERGwr:RNF207wr; 9.13 + 0.39 for
hERGwt:hERGT1613M:RNF207wt; and 9.97 + 133 for hERGwt:hERGre13M:RNF207wrt:
RNF207ge03rs (n=5-6). In panel B, *P<0.05 for hERGwt:RNF207wr compared to
hERGwt:hERGT613M: RNF207wT:RNF207660355 throughout positive voltages and was shown only
at the end of the curve for clarity. In panel C, *P<0.05 for hERGwt:RNF207wr and
hERGwt:hERGT1613M:RNF207wt compared to hERGwt:hERGre13M:RNF207w:RNF207 660315
throughout positive voltages and was shown only at the end of the curves for clarity. Analyses
were performed using one-way analysis of variance (ANOVA) for multiple comparisons with
Tukey’s post hoc analyses. D. Schematic diagram of RNF207 interaction with hERG-encoded K*

channels (Ky11.1) with trafficking and degradation pathways (generated using BioRender).
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SUPPLEMENTAL FIGURES

Supplemental Figure 4.1

A GFP DAPI Merge B

Supplemental Figure 4.1. Control experiments for immunofluorescence microscopy. A.
Secondary only controls for immunofluorescence confocal microscopic imaging of HEK 293 cells
transfected with hERGwr. Controls shown are (from top to bottom) Alexa Fluor 555 only, Alexa
Fluor 633 only, and Alexa Fluor 555 with Alexa Fluor 633. Cells were immunostained using a NP
to P protocol identical to that used for Figure 3, except anti-HA and anti-Myc primary antibodies
were not used. Scale bar = 10 um. B. Immunofluorescence confocal imaging of hERGre13M-Myc
with calreticulin, an endoplasmic reticulum (ER) resident protein. Middle panel shows secondary
only control and lower panel represents immunofluorescence staining with anti-MYC and anti-

calreticulin in non-transfected HEK293.
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Supplemental Figure 4.2
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Supplementary Figure 4.2. Colocalization of hERG and RNF207 in rabbit ventricular
cardiomyocytes. A. Confocal images showing the expression of hERG (Alexa Fluor 555 F(ab)2),
RNF207 (Alexa Fluor 488 Fab); the merged image and enlarged section in the red frame were
also shown. Scale bar represents 10 um. B. STED images where the upper panel depicts the same
cell shown in panel A, with hERG (AF 555), RNF207 (AF 488), and the merged image. Lower
panel shows secondary only negative control. Scale bar represents 2 um. C. Plot profile of hERG

(red) and RNF207 (green) localization from STED images in panel B (red line).
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Supplemental Figure 4.3
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Supplemental Figure 4.3: Fab antibodies reduce antibody cross-talk and nonspecific binding
to endogenous antigens. Adult rabbit ventricular cardiomyocytes were wused for
immunofluorescence colocalization experiments in Supplementary Figure 2. Since both primary
antibodies were raised in rabbit, multiple controls were necessary to verify colocalization of the
hERG and RNF207 proteins. A) Schematic diagrams of antibody binding depict (from top to
bottom): 1) Experimental condition used in Figure 2 using Fab block, Fab-AF488 secondary
antibody, and F(ab)2-555 secondary antibody, 2) Condition 1 without Fab blocking of endogenous
rabbit antigens, and 3) Condition 2 with Fab block, AF488 IgG (H+L), and AF555 IgG (H+L)
secondary antibodies. B) Schematic diagrams of antibody binding for experimental controls. From
top to bottom: 1) Control 1 with Fab block and 1:40 rabbit anti-hERG primary antibody and 1:100
F(ab)2-AF555 anti-rabbit secondary antibody, 2) Control 2 with Fab block and 1:40 rabbit anti-
RNF207 primary antibody and 1:40 Fab-AF488 anti-rabbit secondary antibody, and 3) Control 3
with Fab block and secondary antibodies only (anti-rabbit AF488-Fab and AF555-F(ab)2). C)
Immunofluorescence confocal images corresponding to (from top to bottom): 1) Experimental
condition, 2) Condition 1, and 3) Condition 2 from panel A. Images from condition 1 (middle
panels) were taken with 10% higher gain to emphasize alternate staining pattern. D) Line profile
from image taken under experimental conditions shows colocalization. Colocalization factor was
0.902. E) Line profile from condition 1. F) Line profile from image taken under condition 2 shows
complete overlap of AF555 intensity with AF488 intensity. Colocalization factor was 1.000. G)
Immunofluorescence confocal images corresponding to (from top to bottom): 1) Control 1, 2)
Control 2, and 3) Control 3 from panel B. The bottom panel shows mild autofluorescence in the

488 channel. Scale bar denotes 10 pm.
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Supplemental Figure 4.4
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Supplemental Figure 4.4. Inhibitory effects of E-4031 on Ik.. A. HEK 293 cells were transfected
with hERGwt: MiRP1 and whole-cell voltage-clamp recordings were performed before and after
application of 1 uM E-4031, following the same protocol shown in Figure 1. Current density at
the end of the pre-pulse (B) and peak tail current density (C) are shown, where " denotes p < 0.05

and ® denotes p < 0.01.
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Summary
Cardiac small-conductance Ca*'-activated K* (SK) channels are gated solely by beat-to-beat
changes in intracellular Ca?*. Ledford et al. show distinct mechanisms by which human calmodulin

mutants linked to sudden cardiac death regulate SK channels.

Abstract
Calmodulin (CaM) plays a critical role in intracellular signaling and regulation of Ca?'- dependent
proteins and ion channels. Mutations in CaM cause life-threatening cardiac arrhythmias. Among
the known CaM targets, small-conductance Ca**-activated K* (SK) channels are unique, since they
are gated solely by beat-to-beat changes in intracellular Ca**. However, the molecular mechanisms
of how CaM mutations may affect the function of SK channels remain incompletely understood.
To address the structural and functional effects of these mutations, we introduced prototypical
human CaM mutations in human induced pluripotent stem cell-derived cardiomyocyte-like cells
(hiPSC-CMs). Using structural modeling and molecular dynamics simulation, we demonstrate that
human calmodulinopathy-associated CaM mutations disrupt cardiac SK channel function via
distinct mechanisms. CaMposv and CaMpi3oc mutants reduce SK currents through a dominant-
negative fashion. By contrast, specific mutations replacing phenylalanine with leucine result in
conformational changes that affect helix packing in the C- lobe, which disengage the interactions
between apo-CaM and the CaM binding domain of SK channels. Distinct mutant CaMs may result
in a significant reduction in the activation of the SK channels, leading to a decrease of the key
Ca?"-dependent repolarization currents these channels mediate. The findings in this study may be
generalizable to other interactions of mutant CaMs with Ca**-dependent proteins within cardiac

myocytes.
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Introduction

Calmodulin (CaM) is a multifunctional Ca?" binding protein that orchestrates a wide range
of intracellular signaling and critical cellular processes 2. CaM, a 17 kDa protein, is encoded by
3 distinct genes in human, namely CALM1, CALM?2, and CALM3, each of which encodes for an
identical CaM protein. CaM is comprised of N- and C-terminal lobes linked by a flexible helix *
4. Each lobe contains two EF hands, canonical Ca** binding motifs, with the N-lobe having slightly
lower Ca?* binding affinity >7. Ca?* binding to the EF hands results in structural and functional
changes of target molecules 2.

Recent studies have provided genetic links between human heritable CaM mutations and
several types of cardiac arrhythmia syndrome leading to sudden cardiac death, including long QT
syndrome (LQTS) °!!, catecholaminergic polymorphic ventricular tachycardia (CPVT) 2, and
familial idiopathic ventricular fibrillation (IVF) 3. N54I and N98S mutations in CaM are
associated with cases of CPVT with altered CaM-ryanodine receptor 2 (RyR2) function; FOOL has
been shown to be linked to IVF; and D96V, D130G, and F142L are associated with LQTS.

LQTS mutations of CaM have been shown to reside at or near Ca?" coordinating sites
within the EF hands of the C-lobe of CaM * 1>, CALM1-D130G and CALM2-D96V mutations
alter highly conserved aspartic acid residues that bind Ca?* ions in EF-hand domains IV and III,
respectively. The CALM1-F142L mutation results in an alteration of the energetic coupling of Ca®*
binding and the conformational change associated with CaM activation °. All 3 LQTS-associated
mutations show reduced Ca?" affinity in the C-lobe by 5-, 13-, and 53-fold for F142L, D96V, and
D130G, respectively °. These mutations in CaM result in a significant reduction in Ca**-dependent
inactivation (CDI) of Cay1.2 LTCC 618, In contrast, CPVT mutations in CaM impart little-to-mild

reduction of Ca** binding affinity '2.
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Clearly, CaM exerts its function on a number of targets in cardiomyocytes including RyR2
13,1922 'K, 7.1 (or KCNQ1) 2*-2°, L-type Ca*" channels (Cay1.2, Cay1.3) 2628 and small-conductance
Ca**-activated K* (SK) channels 2> 3°. Among the CaM-targets, SK channels are unique because
the channels are voltage-independent and are gated solely by beat-to-beat changes in intracellular
Ca?" (Ca?"j). SK channels harbor a highly conserved CaM-binding domain (CaMBD); the gating
of the channels is controlled by Ca?" binding and unbinding to CaM associated with SK channels
29 Thus, CaM serves as the high affinity Ca?* sensor for SK channels. Studies on human
calmodulinopathy have provided evidence for the critical roles of CaM in the functional regulation
of SK channels 3! 32, However, the mechanistic effects on SK channels by mutations in CaM
remain incompletely understood.

Ca*"-activated K* channels (Kca) can be divided into three main subfamilies based on their
electrophysiological, pharmacological, and molecular phenotypes. These include large-
conductance Ca**- and voltage-activated K" channels (BK), the intermediate-conductance K¢,
channels (IK or SK4), and the small conductance K¢, channels (SK1, 2, and 3) 33-3¢, SK4 channels
have intermediate single-channel conductance and are sensitive to charybdotoxin. In contrast, SK
channels have small single-channel conductance and are sensitive to apamin. Recent cryo-electron
microscopy (cryo-EM) structure of the SK4 channel-CaM complex *7 reveals atomic details of the
SK channel C-terminus interaction with the C-lobe of CaM, demonstrating that the C-lobe binds
to the channel constitutively, while the N-lobe interacts with the S4-S5 linker in a Ca**-dependent
manner. The S4-S5 linker undergoes conformational changes upon CaM binding to open the
channel pore *7. CaM opens SK channels with median effective intracellular concentration of Ca?*

of ~100-400 nM 2 33,
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Here, we take advantage of the SK4 channel-CaM complex structure as a template for
Rosetta molecular modeling, combined with molecular dynamics simulation, biochemical and
functional analyses to test the effects of the known CaM mutations on cardiac SK2 channel
functions. Specifically, we tested the hypothesis that human CaM mutations linked to sudden
cardiac death disrupt SK channel function by distinct mechanisms. Mutations in the Ca?*-binding
domain of CaM (CALM1 D130G, CALM?2 D96V) result in a dominant-negative (DN) effect while
specific mutations with phenylalanine to leucine (CALMI F90L and F142L) disrupt the
interactions between apo-CaM with the CaMBD of SK channels. SK currents have been shown to
be prominently expressed not only in atrial myocytes % 3° but also in cardiac Purkinje cells .
Indeed, Purkinje cells have been shown to be the probable site of origin of cardiac arrhythmias,
including in patients with heritable arrhythmia syndrome 4> 2, Additionally, SK channels have
been shown to be expressed and play important roles in pacemaking cells including sinoatrial and
atrioventricular nodes #* %4, Distinct mutant CaMs may result in a significant reduction in the
activation of the SK channels leading to a decrease of the key Ca**-dependent repolarization

currents mediated by SK channels, exacerbating the effects of CaM mutations in LQTS or IVF.

Materials and Methods
Plasmid construction
Human filamin A (FLNA) in pREP4 vector (Life Technologies, Carlsbad, CA) was a kind
gift from Dr. Paramita M. Ghosh (UC Davis, Davis, CA). a-Actinin2 cDNA in pcDNA3 vector
was a kind gift from Dr. David Fedida (University of British Columbia, Canada) 4. Construction
of SK2 expression plasmids for heterologous expression in human embryonic kidney cells (HEK

293) was as follows: full-length human cardiac SK2 cDNA was subcloned into pIRES2-EGFP
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(Takara Bio USA, Inc., Mountain View, CA) to obtain pSK2-IRES-EGFP plasmid. SK2 channel
fusion constructs were generated harboring CaMwt (hSK2-G4-CaMwrt) or mutant CaMs (hSK2-
Gs-mutant CaM) to specifically occupy the CaMBD of SK2 channels with CaMwrt or mutant CaMs
using flexible linkers (glycine linkers) as previously described by Mori et al. 4.

To study the subcellular localization of SK2 channel subunit, modified human influenza
hemagglutinin (HA) tag was inserted into the extracellular S1-S2 loop of the channel. Specifically,
modified HA epitope was flanked with the CIC-5 chloride channel D1-D2 loop to increase
accessibility and inserted in the end of the S1-S2 loop of SK2 channel subunit as we have described
previously 47, The inserted amino acid sequence was

NSEHYPYDVPDYAVTFEERDKCPEWNC. The epitope is underlined. Epitope tags were

generated by recombination polymerase chain reaction and verified by automated sequencing.

Human embryonic kidney (HEK) 293 cells and plasmid transfection

HEK 293 cells were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum. Cell lines were maintained at 37 °C in a humidified atmosphere
containing 5% COa. All cell culture reagents were purchased from Life Technologies. HEK293
cells were transfected using the following plasmid compositions: pSK2-IRES-EGFP, in
combination with pREP4-FLNA and pcDNA3-a-actinin2, with wild-type (CaMwrt) or mutant
CaM (1 ug for each plasmid), using Lipofectamine™ 2000 (Life Technologies) according to the
manufacturer’s protocol. The 1:1 ratio of the plasmids was determined to be most optimal for SK2
current expression in our prior published studies 3.

Patch-clamp recordings
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Whole-cell Ikca was recorded from transfected HEK293 cells and human induced
pluripotent stem cell (hiPSC)-derived cardiomyocyte-like cells (hiPSC-CMs) at room temperature
using conventional patch-clamp techniques, as previously described %, For current recordings, the
extracellular solution contained (in mmol/liter (mM)): N-methylglucamine (NMG) 140, KCl 4,
MgCl, 1, glucose 5, and HEPES 10, pH 7.4 with HCI. The internal solution contained (in mM):
potassium gluconate 144, MgCl, 1.15, EGTA 5, HEPES 10, and CaCl, yielding a free cytosol Ca**
concentration of 500 nM, using the software by C. Patton of Stanford University
(http://maxchelator.stanford.edu/). The pH was adjusted to 7.25 using KOH. To isolate apamin-
sensitive SK currents, extracellular solution containing apamin (10 nM) was applied during the
recordings, and the difference currents between the control and the apamin-containing solution
were calculated to be the apamin-sensitive currents. The current was elicited from a holding
potential of -55 mV using a ramp voltage-clamp protocol ranging from -120 to +60 mV with a 2
second duration.

For hiPSC-CM recordings, 0.006 mM WT CaM or mutant CaM peptides were added to
the intracellular solution and the recordings were performed 3 minutes after forming whole-cell
recording for compete dialysis of the peptides. Action potentials were recorded using perforated
patch-clamp techniques at room temperature. The patch-pipettes were backfilled with amphotericin
(200 pg/ml). The pipette solution contained (in mM): 120 potassium glutamate, 1 MgCl,, 25 KCI, 10
HEPES, 1 CaCl,, pH 7.25, and the extracellular solution contained (in mM): 138 NaCl, 4 KCI, 1
MgCly, 2 CaCly, 0.33 NaH2POy4, 10 Glucose, 10 HEPES, pH 7.4.

All recordings were performed using 3 M KCI agar bridges. Cell capacitance was
calculated as the ratio of total charge (the integrated area under the current transient) to the
magnitude of the pulse (20 mV). Currents were normalized to cell capacitance to obtain the current

density. The series resistance was compensated electronically. In all experiments, a series
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resistance compensation of >90% was obtained. The currents and membrane potentials were
recorded using Axopatch 200A amplifier (Molecular Devices, LLC., Sunnyvale, CA, USA),
filtered at 1 kHz using a 4-pole Bessel filter and digitized at a sampling frequency of 5 kHz. Data
acquisition and analysis were carried out using pClamp 10 software (Molecular Devices) and
Origin software (OriginLab, Northampton, MA, USA).
Immunofluorescence confocal laser scanning microscopy of HEK 293 cells

HEK?293 cells were co-transfected with human cardiac SK2-HA channel together with a-
actinin and FLNA, using lipofectamine (Life Technologies, Catalog #11668-019), with CaMwr or
mutant CaM as we have previously described *. After blocking with 1% Bovine Serum Albumin
(BSA, Sigma, Catalog #A7030) and no permeabilization (NP), SK2 channels localized on the cell
membrane were labeled with monoclonal anti-HA antibody (Covance, catalog #MMS-101P, 1:100
dilution), by incubating overnight in the humidified chamber (4 °C), followed by treatment with
chicken anti-mouse Alexa Fluor 555 secondary antibody (Life Technologies, Catalog #A-21200,
1:500 dilution) for 1 hour at room temperature. Cells were then permeabilized (P) with 0.01%
Triton X (Fisher) and blocked with 1% BSA again, and intracellular SK2 channels were labeled
with anti-HA antibody (Covance, 1:250 dilution) at 4 °C overnight and a rabbit anti-mouse Alexa
Fluor 633 secondary antibody (Life Technologies, Catalog #21427, 1:500 dilution). Coverslips
were mounted using mounting medium containing 4',6-diamidino-2-phenylindole (DAPI,
VectaMount, catalog #H-5000, Vector Laboratories, Inc.) and imaged under Zeiss LSM 700
confocal laser scanning microscope.

Specifically, to quantify the 555/633 fluorescence ratio, anti-HA antibody and Alexa Fluor
555 secondary antibody were used to label SK2 channel with extracellular hemagglutinin (HA)

tag (SK2-HA) prior to permeabilization. The cells were then permeabilized using Triton-X and
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intracellular SK2 channels were labeled with anti-HA antibody and Alexa Fluor 633 secondary
antibody. Fluorescence ratio of 555/633 then represents the ratio of SK2 channel numbers on cell
membrane over those inside the cells as we have previously described #8. Cells co-transfected with
CaMwrt or mutant forms of CaM were immunolabeled in parallel and all the microscopic settings
were kept the same for all groups. Blind analysis was performed on unaltered images using Fiji
Imagel.

Human induced pluripotent stem cell (hiPSC)-derived cardiomyocyte-like cells (hiPSC-
CMys)

Feeder-free hiPSCs (iPS-D19-9-T7, WiCell, Madison, WI, USA) were cultured with
mTeSR on hiPSC-qualified matrigel. HiPSCs were differentiated into hiPSC-CMs following the
protocols we previously reported 4 3°, We have observed ~80-90% cardiomyocyte as shown
previously #°. HiPSC-CMs at day 40 (maturing cardiomyocytes) were used for experiments.
CaMwr and mutant CaM peptide were used to test the functional changes of endogenous SK
currents in hiPSC-CMs. The effects of WT compared to mutant CaMs were tested on the apamin-
sensitive currents.

Generation of recombinant CaM proteins

WT and mutant CaM proteins were prepared as previously described '3. Briefly, the
recombinant CaM cDNA sub-cloned into a pET15b vector was mutated using QuikChange site
directed mutagenesis (Agilent Technologies, Santa Clara, CA). Proteins were expressed in E. coli
BL21 (DE3) cells and purified by hydrophobic chromatography using a phenyl sepharose column.
Purified protein was dialyzed overnight at 4°C twice in 50 mM HEPES at pH 7.4, 100 mM KCl,

and 5 mM EGTA, and twice more with the same buffer except EGTA was lowered to 0.05 mM to
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remove Ca®*. The molecular mass of all proteins was confirmed using negative electrospray mass
spectroscopy.
Structural modeling of CaM, CaM mutants, and hSK2 channel

Structural modeling of CaMwr, CaMroor, CaMro3r, and CaMri421 and the human SK2
(hSK2) channel was performed using Rosetta loop modeling and relax applications >!->7 based on
the hSK4 bound to apo-CaM cryo-EM structure (PDB: 6CNM) *7 as a template.

First, we directly compared the sequence between hSK2 (UniProt ID: Q9H2S1) with the
cyo-EM structure of hSK4 (PDB ID: 6CNM) that was used as the template for molecular modeling.
The sequence identity between the two structures is 46%, while the sequence similarity is 63%.
We further compared the sequence for the CaMBD (amino acid residues 412-488 in hSK2,
DTQLTKRVKNAAANVLRETWLIYKNTKLVKKIDHAKVRKHQRKFLQAIHQLRSVKME
QRKLNDQANTLVDLAKTQNI). The sequence identity between the two CaMBDs is 47% with
sequence identity of 68%.

HSK2 channel sequence was threaded onto the hSK4 structure. One thousand models of
hSK2 channel were generated using the Rosetta relax application, then clustered; the top model
after clustering was selected as the best hSK2 model. The hSK2 model was used to replace the
hSK4 peptide in the CaMBD based on hSK4-CaM complex structure 7. One thousand models of
the hSK2-CaM complex were generated using the Rosetta relax application, then clustered and the
top model after clustering was selected as the best hSK2-CaM complex model, shown in Fig. 5.6.
To determine the structure of the C-lobe of apo-CaM, CaM was taken from the 6CNM structure,
mutated for the mutant models, relaxed, and finally clustered with the top models shown in Fig.
5.6. The mutant CaM models were created by mutating the CaMwr and then using the Rosetta

relax application to model potential conformational changes, induced by specific CaM mutations.
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Ten thousand models were generated, the 1,000 lowest energy models were clustered, and the top
models after clustering for each CaM mutant were selected as the best model. Molecular graphics
and analyses were performed with the UCSF Chimera package 3.

Molecular dynamics (MD) simulations of WT and mutant CaM

Structures representing WT and mutant apo-CaM were obtained from Rosetta modeling as
described above. The webserver CHARMM-GUI was used to prepare apo-CaM and create the
solvent box *-¢!. The protein was immersed in a TIP3 water box with dimensions of 9 nm on all
sides. Na and Cl ions were added to a final concentration of 150 mM to neutralize charge. In total,
the system was composed of ~15,000 (+ 1,000) atoms %!, Periodic boundary conditions with
dimensions equivalent to the water box were used .

Equilibration and production runs were performed using NAMD 2.13 %2 on a local GPU
cluster using CHARMM36m force fields ®» 6. After 100,000 steps of steepest descent
minimization, MD simulations started with a time step of 1 fs with harmonic restraints initially
applied to protein heavy atoms. These restraints were slowly released over 0.5 ns. These systems
were equilibrated further for 0.2 ns with a time step of 2 fs. In order to use a 2 fs time step, all
bonds to H atoms were constrained using the SHAKE algorithm. All simulations were performed
in NPT ensemble. Temperature is maintained at 303.15 K using Langevin thermostat and constant
pressure at 1 atm is maintained using Nosé-Hoover barostat.

Electrostatic interactions were computed using Particle Mesh Ewald (PME) method ©°.
Non-bonded pair lists were updated every 10 steps with a list cutoff distance of 16 A and a real
space cutoff of 12 A with energy switching starting at 10 A. After equilibration of 1 ns, the
simulation was continued for 1 ps. The full trajectory, including the equilibration and production

steps, was used to calculate the root mean square deviation (RMSD). The 1 ps trajectory of the
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simulation during the production step was saved every 0.2 ns. This trajectory was then used for
analysis.
Root mean square deviation (RMSD)

All measurements and renderings were performed using Visual Molecular Dynamics
(VMD) %, RMSD was calculated every 0.2 ns over the equilibration and production steps aligned
to the first frame in the equilibration step. Specifically, for every 0.2 ns of the production
simulation, the RMSD is calculated for apo-CaMwr and the mutant CaMs. The structures are
clustered and the cluster with the most decoys is selected as the most probable with the center of
the cluster being used as the representative model. Each mutant CaM structure is aligned
individually to the WT CaM representative model using the matchmaker tool in UCSF chimera
and the distance between the C-alpha of each residue is calculated. The averaged distance and the
standard deviation (S.D.) for each comparison for the full C-terminal domain (residues 81-145)
and for Ca®* binding site 4 (residues 131-138) was quantified (Tables 1-2 in Online Supplemental
Data).

Root mean square fluctuation (RMSF)

Per residue root mean square fluctuation (RMSF) was calculated over a sliding average
window of 1 ns time and averaged over the 1 s trajectory. The per residue RMSF is presented as
mean + standard deviations (S.D.).

Ensembles were generated by clustering the MD run as described in structural modeling
section. The top 10 models displayed and aligned with the top cluster model.

Data analysis
Data analysis from patch-clamp recordings was performed by using Origin software

(MicroCal Inc). Current density obtained from cells expressing SK2 with CaMwr or mutant CaM
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was compared by normalizing the currents with cell capacitance. Where appropriate, pooled data
are presented as means + S.E.M. Statistical comparisons were performed using one-way and two-
way analysis of variance combined with Tukey’s post hoc analyses. One-way analysis of
variance (ANOVA) was used to determine statistically significant differences among three or
more groups in Figs. 5.1, 5.2, 5.4 and 5.5. Two-way analysis of variance (ANOVA) was used
to determine statistically significant differences with two independent variables among three or
more groups in Fig. 5.3. Post hoc analyses were performed using Tukey’s test. Statistical analyses
were performed using GraphPad Prism (San Diego, CA) and Origin Software.
Online supplemental material

Fig. S5.1 shows summary data for fluorescence intensity under non-permeabilized (NP,
left bars) and permeabilized (P, right bars) conditions for HEK 293 cells expressing SK2 fusion
protein with HA tag co-expressed with CaMwt or mutant CaMs (N541, FOOL, D96V, N98S, and
D130G). Fig. S5.2 shows RMSD graphs that include the equilibration and production stages. Fig.
S5.3 shows top ten clustered models of apo-CaMroor, apo-CaMresr, and apo-CaMri421 aligned to
represent an ensemble of possible states, illustrating the compact distribution of Helix 3 and Ca®*
binding site 4 regions. Fig S5.4 shows graphical comparisons from MD simulations of the C-lobe
of apo-CaMs showing hydrogen bond in the apo-CaMwrt. The side chain of Asn!'? on the helix 2
in apo-CaMwrt maintains a stable hydrogen bond with the carboxyl oxygen of Ala®® residue on the
helix 1 during the simulations of the apo-CaMwr, which is not observed in the simulations of the
CaM mutants. Fig. S5.5 shows comparison of RMSF of Ca*"-CaMp1421 from MD simulations (A)
and N-H heteronuclear NOE saturated/unsaturated ratio (B, BMRB: 34262) ¢7. There is similar
flexibility including identification of the most flexible amino acid being Lys!!® residue. Table 5.1

shows quantification of RMSD calculated from the production portion of MD, presented in Fig.
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S5.2. Table 2 shows quantification of the differences in RMSD among WT and mutant CaMs,
derived from the C terminal domain (residues 81-145) and Ca?" binding site 4 (residues 131-138),
presented in Fig. 5.8. Movies S1-S3 show morph videos from the top Rosetta model of the C-lobe
of apo-CaMwr to the top Rosetta models of apo-CaMroor, apo-CaMrosr, and apo-CaMri4zr,
respectively. Movies S4-S6 show morph videos from the top MD model of the C-lobe of apo-
CaMwr to the top MD models of apo-CaMroor, apo-CaMro3r, and apo-CaMri421, respectively.
Results

Inhibitory effects of human CaM mutations on SK channels

We first co-express human cardiac SK2 channels with different human mutant CaMs
compared to wild-type CaM (CaMwr) in HEK293 cells. Our previous studies have shown that
cytoskeletal proteins are critical for the proper membrane localization of SK2 channels, therefore,
a-actinin2 and filamin A (FLNA) are also used for co-expression in all groups 43 6869,

As positive controls, we test the roles of the N- and C-lobe mutant CaMs in the regulation
of SK2 currents using CaM » and CaM3 4 where the two Ca?*-binding sites in the N- and C-lobe
are mutated, respectively, as well as a mutant CaM (CaM 2,3 4) that abolishes the four high affinity
Ca®' binding sites ?°. Apamin-sensitive Ca**-activated K* current (/k,ca) is recorded at baseline
(before apamin application, black traces) and after apamin application (10 nM, red traces). Both
EF hands in the N- and C-lobe of CaM play critical roles in activation of the apamin-sensitive
current (Fig. 5.1A). Moreover, CaM 23 4 results in the most significant inhibition on the apamin-
sensitive current compared to CaMi, and CaM34 (Fig. 5.1A). Summary data for the density of
apamin-sensitive currents at the test potentials of -120 and +60 mV are shown in Fig. 5.1B. The
results are distinct from previously reported demonstrating the critical roles of Ca?* binding to the

N- but not the C-lobe of CaM in SK channel gating in oocytes '°. However, our experiments were
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performed in a mammalian expression system with co-expression with a-actinin2 and FLNA.

Furthermore, our previous study has documented binding of a-actinin2 to the CaMBD of SK2
channels 43 6871,

Next, we test the effects of LQTS (CaMbposv, CaMbpi3zoc), CPVT (CaMnsar, CaMnoss), and
IVF (CaMFoor) CaM mutants compared to CaMwr. Fig. 5.1C shows the most prominent inhibitory
effects on the density of apamin-sensitive currents by the two LQTS mutations (CaMpoev and
CaMbi3oc). CaMrooL results in the least inhibitory effects. The current densities at -120 mV and
+60 mV are shown in Fig. 5.1D.
No significant alteration in SK2 channel trafficking by human mutant CaMs

The effects of CaM mutations on SK2 current may result from a decrease in the channel
activation or trafficking to the cell membrane. We, therefore, test if the reduction in the SK2
current density from co-expression of mutant CaMs results from a decrease in membrane
trafficking. Immunofluorescence confocal microscopy is performed using SK2 channels harboring
an HA tag in the extracellular S1-S2 loop (SK2-HA) by employing non-permeabilized (NP)
compared to permeabilized (P) conditions as we have previously described (Fig. 5.2 and
Supplemental Figure S5.1) 8. Our data suggest that the mutant CaM does not alter SK channel
trafficking.
Similar effects of mutant CaMs on SK2 channels revealed by SK2 fusion protein harboring
CaMwr or mutant CaMs via a flexible glycine linker (Gu)

There are some possible caveats inherent in the experiments presented in Fig. 5.1 since
mutations in CaMs may alter the efficiency of CaM expression in HEK293 cells. To circumvent
these possible confounding factors, we generate SK2 channel fusion constructs harboring CaMwr

(hSK2-G4-CaMwr) or mutant CaMs (hSK2-G4-mutant CaM) to specifically occupy the CaMBD
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of SK2 channels with CaMwt or mutant CaMs using flexible linkers (G, linker, Fig. 5.3A), as
previously described by Mori et al.*®. This experimental paradigm enables us to selectively test
the contribution of the mutant CaMs compared to CaMwrt on SK2 channels (Fig. 5.3A).

We first demonstrate that the fusion proteins behave as expected by directly comparing
apamin-sensitive Ik ca recorded from HEK293 cells expressing hSK2-G4-CaMwr vs. hSK2 co-
expressed with CaMwr (Fig. 5.3B). Furthermore, co-expression of DN CaM (CaMi34) with
hSK2-G4-CaMwr fails to knockdown apamin-sensitive current (Fig. 5.3B) in contrast to hSK2 co-
expressed with CaM 234 as shown in Fig. 5.1A.

Having determined that the fusion proteins function as expected, we compare the density
of apamin-sensitive currents between hSK2-G4-mutant CaM and co-expression of SK2 channel
and mutant CaMs (Fig. 5.3C). The density is comparable with the most significant inhibitory
effects on Ik ca by the two LQTS mutations tested (CaMposv and CaMpi3oc) consistent with a DN
effect from these mutations (Fig. 5.3D-E). We further test the effects of two additional mutant
CaMs (F93L and F142L). CaMri421 is shown to be linked to LQTS while F93 residue is predicted
from our molecular model to interact with CaMBD of SK2 channels (described in a later section).
These two mutations produce intermediate effects on Ik ca (Fig. 5.3D-E).

Functional effects of mutant CaMs on SK currents in hiPSC-CMs

The experiments, thus far, have relied on a heterologous expression system. We further
take advantage of human induced pluripotent stem cells-derived cardiomyocyte-like cells (hiPSC-
CMs). The rationale is to determine the functional effects of mutant CaMs on endogenous SK
currents with accompanying ion channel interacting proteins within a human cardiomyocyte-like
cell. Even though hiPSC-CMs are relatively immature, we demonstrate the expression of SK2

channels in hiPSC-CMs using immunofluorescence confocal microscopy (Fig. 5.4A). Fig. 5.4B
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shows apamin-sensitive current in hiPSC-CMs when the cells were dialyzed by WT or mutant
CaM proteins. Dialysis of mutant CaMposv proteins results in the most prominent knockdown of
apamin-sensitive currents in hiPSC-CMs, consistent with its DN effects compared to CaMrooL
(Fig. 5.4C-D).
Altered interaction between SK2 channel and mutant CaMs

Co-IP was performed as we have previously described 7! between SK2-HA channels (Fig.
5.5A) and different mutant CaMs compared to CaMwrt. Since native cells contain a large amount
of CaM, we constructed fusion protein of CaM with FLAG-tag (DYKDDDDK, CaMgfraG) to
enable identification of transfected mutant CaMs versus endogenous CaMwr (Fig. 5.5B). There is
a significant decrease in SK2 channels complexed with mutant CaMroor, in the absence of Ca**
with EGTA (Fig. 5.5C). Negative control experiments are performed using non-transfected (NT)
cells and cells transfected with SK2-HA alone, without CaMrrag. The data suggest a significant
reduction in SK2 channel complexed with apo-CaMroo. compared to other CaM mutants,
supporting the lack of DN effects with relatively modest inhibition of CaMroor on SK2 currents.
Structural modeling of CaMpFoo1, CaMFro3L, and CaMFr1421. mutants and their interactions with
SK2 channels

To explore the potential structural changes induced by CaM mutations, we generated
structural models of the C-lobe of apo-CaMwr, apo-CaMroor, apo-CaMro3r, and apo-CaMFri42
using Rosetta structural modeling. The models of CaM reveal that the Phe—Leu mutations result
in conformational changes that affect helix packing in the C-lobe due to the substitution of a
relatively large phenylalanine side chain to a smaller leucine side chain (Fig. 5.6B-D). Phe® side
chain is surrounded by the following residues in the apo-CaMwr: Arg®” in helix 1, le'®! in loop 1-

2, Val'37 in loop 3-4, and Tyr'*® and Phe'#? in helix 4. Phe®® side chain is surrounded by the
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following residues in the apo-CaMwrt: Ile'®! in loop 1-2, Leu!% and Val'® in helix 2, and Phe!%?,
Met!4, and Met'*® in helix 4. Phe!*? side chain is surrounded by the following residues in the apo-
CaMwr: 11e%, Phe®®, and Phe® in helix 1, Ile'®! in loop 1-2, Leu!® in helix 2, Val'*” in loop 3-4,
and Tyr'3°, Met!'*, and Met'%¢ in helix 4. Notably, Phe®, Phe®?, and Phe'#? are interacting with
each other in the apo-CaMwrt. The conformational effects of the Phe—Leu mutations are further
explored in more detail using molecular dynamics (MD) simulations.

Additionally, we generated a structural model of apo-CaMwr in complex with CaMBD
from SK2 channel based on the cryo-EM structure of SK4 channel in complex with apo-CaM
(PDB: 6CNM)?7. The three phenylalanine residues (Phe®®, Phe®?, and Phe!#?) from the C-lobe of
CaM can be seen interacting with hydrophobic residues from the CaMBD of SK2 channels (Fig.
5.6E-F). Consistent with our hypothesis, we predict that substitution of the phenylalanine side
chain may result in a significant decrease in the interaction of apo-CaM and SK2 CaMBD. Even
though CaMroor and CaMr1421 have previously been described to be linked to human arrhythmias,
CaMgro31 has not been described in patients. Our molecular modeling predicts Phe®? residue to
intimately interact with SK2 CaMBD. Indeed, CaMro3L results in a significant decrease in SK2
current, supported by our functional analyses (Fig. 5.3D-E).

Molecular Dynamics simulations provide insights into the conformational changes of
CaMryoL, CaMro3L, and CaMri421

To further explore potential conformational changes induced by the Phe—Leu mutations
in CaM, we perform molecular dynamics (MD) simulations on the WT and the 3 CaM mutants:
FO0L, F93L and F142L. Each simulation was performed for 1 ps after equilibration. The

simulations for apo-CaMwr was performed twice. Root mean square deviations (RMSD)
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demonstrated that the system equilibrated rapidly and the RMSD had plateaued for the entire runs
(Supplemental Fig. 5.2 and Table 5.1).

Analyses of the root mean square fluctuation (RMSF) show remarkable findings that the
three Phe—Leu mutants affect the per residue structure in similar manners (Fig. 5.7) even though
the mutants are located in different helices of the C lobe of CaM (helix 1 contains Phe®® and Phe®?
and helix 4 contains Phe'#?). Compared to apo-CaMwr from the first simulation, all three CaM
mutants exhibit more flexibility towards the C-terminal end of helix 2 while the C-terminal end of
helix 3 and the Ca?" binding site 4 are less flexible. The largest shifts in RMSF are observed where
the side chains of Phe”, Phe®?, and Phe'#? are contacting helices 2 and 3. This agrees with the
notion that the Phe—Leu mutation creates a void volume, allowing helices 2 and 3 to repack their
side chains and readjust their backbone positions (Fig. 5.8, Supplemental Fig. 5.3, see also Morph
Videos in the Supplemental Data). Differences in the RMSD between an equilibrated apo-CaMwrt
and mutant CaMs shown in Fig. 5.8 are quantified for the C terminal domains as well as for Ca*
binding site 4 (Table 5.2 in Online Supplemental Data).

The RMSD from Simulation 2 of the apo-CaMwr exhibited a transient increase before
returning to the baseline towards the end of the simulation (Supplemental Fig. 5.2). Closer
examinations revealed that the major contributing regions of apo-CaMwr towards the transient
increase in the RMSD in Simulation 2 are in helix 3, just proximal to the Ca?" binding site 4,
similar to the conformational changes we observed in Simulation 1, but to a larger magnitude.
Additionally, Simulation 2 of apo-CaMwr exhibited a similar per residue RMSF pattern to
Simulation 1, albeit less in magnitude as demonstrated in Fig. 5.7. This is consistent with the lower

value of RMSD for Simulation 2 compared to Simulation 1 for the majority of the run. Finally,
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there was a return to the average RMSD after the transient increase, supporting the equilibration
of the simulations.

Consistent with our observation, the side chain of Asn!!? on the helix 2 in apo-CaMwr
maintains a stable hydrogen bond with the carboxyl oxygen of Ala*® residue on the helix 1 during
the simulations of the apo-CaMwr, which is not observed in the simulations of the CaM mutants
(Supplemental Fig. 5.4). This may also, in part, influence the flexibility towards the C-terminal
end of helix 2 of the three mutant CaM as discussed above. We suggest that these observed changes
may result in a decrease in the interaction of apo-CaM and SK2 CaMBD. Finally, to validate the
MD simulations, we directly compare RMSF of Ca?*-CaMri4r from MD simulation with the
publicly available N-H heteronuclear NOE saturated/unsaturated ratio from previously published
NMR structure (BMRB: 34262) %7. Indeed, there is significant similarity in the flexibility including

identification of the most flexible amino acid residue being Lys'!¢ (Supplemental Fig. 5.5).

Discussion

The gating of SK channels relies on Ca?* binding to CaM. Mutations on CaM in human
calmodulinopathy are predicted to have significant effects on SK channel function. In the current
study, we demonstrate a significant reduction in SK currents in the presence of the LQTS CaM
mutants, CaMposv and CaMpi30c. The marked reduction in SK currents in the presence of LQTS
CaM mutants is consistent with their DN effects. Immunofluorescence staining do not show
significant changes in membrane-bound SK2 channels in the presence of wild-type or mutant
CaM, suggesting the effects of these CaM mutants are primarily on the Ca**-CaM-dependent
activation of the channels. The DN effect is predicted to result in a reduction in repolarization

reserve. We confirmed these results using tandem SK2-CaM constructs to circumvent potential
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caveats from endogenous CaM in HEK293 cells and/or changes in CaM expression from mutant
constructs.

In contrast to the marked DN effects of CaMposv and CaMpi3oG, CaMrooL results in only
modest reduction in Ik ca suggesting a distinct mechanism by disrupting the interaction between
apo-CaM and SK channel without the DN effects. Structural modeling and molecular dynamics
simulations reveal the atomistic mechanisms in conformational changes caused by the
phenylalanine to leucine mutation, which affect helix packing in the C-lobe, disrupting the
interactions between apo-CaM with CaMBD of SK channels.

In Fig. 5.1, we show that CaMpoev exhibits the most prominent inhibitory effect while
CaMFrooL exerts only a mild inhibitory effect on apamin-sensitive current. Consistently, dialysis of
mutant CaMpoey proteins in hiPSC-CMs results in the most prominent knockdown of apamin-
sensitive currents in hiPSC-CMs, compared to CaMroor (Fig. 5.4). As expected, the endogenous
SK currents in hiPSC-CMs (Fig. 5.4) are much smaller than the overexpressed SK currents in HEK
293 cells (Fig. 5.1). Therefore, the two systems were used as complementary studies to evaluate
the effects of CaM mutants on the SK currents.

There are six CaM alleles and a mutation in one allele is expected to have only a partial
effect on the overall CaM pool within the cell. Therefore, other possible mechanisms may play a
role including cell-specific differential expression of the different alleles.

Mechanisms of human calmodulinopathy

CaM serves as a Ca?* sensor for many ion channels and transporters, and consequently, has

been shown to play key roles in the regulation of cardiac function; mutations in CaM have been

linked to LQTS, CPVT, and IVF *!!: 72 Studies on calmodulinopathy have provided evidence for
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the critical roles of CaM in the functional regulation of Ca,1.2, RyR2, K\7.1, and SK channels,
among others % 1213.20.22,31,72,

CaMposv and CaMpi3oG occur in highly conserved aspartic acid residues responsible for
chelating Ca?" ions in the C-lobe °. Consequently, CaMpi306 has been shown to have markedly
decreased Ca®" binding affinity '* 2?2, In addition, CaMpi30c was reported to have a decreased
interaction with RyR2, possibly through a DN effect. CaMposv was previously shown to exhibit
an increased Kq for Ca?* binding when compared with CaMwr, although to a lesser extent than
that seen in CaMp1306 22. LQTS mutants (D96V, D130G, and F142L) have been reported to exhibit
reduced Ca?" affinity compared to that of CaMwt and CPVT (N541, N98S) mutants 3. In addition,
the LQTS associated mutants have been shown to suppress Ca?*-dependent inactivation (CDI) of
L-type Ca" currents ',
Potential roles of cardiac SK channels in calmodulinopathy

We have previously identified the expression of SK channels (SK1, SK2, and SK3) in the
heart and demonstrated the critical roles of the channels in mediating action potential

38, SK2 channels physically coupled to a-actinin2,

repolarization in human atrial myocytes
allowing a close association with LTCCs 3% 7!, The subcellular localization of SK channels in close
proximity to LTCC and RyR2 provides immediate Ca** source 73, which, through binding of Ca?*
to CaM, triggers conformational changes to activate SK channels. SK channels may also play
important roles on the feedback mechanism to regulate the activities of LTCCs and RyR2 to
influence the local and global Ca?" signaling.

The roles of SK channels in the heart have been extensively studied in the past decade *°.

Single nucleotide polymorphisms of KCNN genes encoding for SK channels have been shown to

be linked human atrial fibrillation (AF) ™ and SK channels may represent a potential novel
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75, Importantly, SK channels participate in the

therapeutic target against atrial arrhythmias
electrical remodeling in AF and heart failure. SK channels are significantly upregulated in AF
animal models 777 and failing ventricular myocytes 7% 7. However, the mechanisms underlying
SK channel remodeling in diseased heart remain unclear.

SK channels are unique because the channels are solely gated by intracellular Ca?* through
a highly conserved CaMBD. Our data demonstrated the functional effects, structural basis and
molecular mechanisms of the disease-causing CaM mutants in the regulation of cardiac SK2
channels, highlighting the potential contribution of cardiac SK channels to human
calmodulinopathy. LQTS-associated D96V, D130G, and F142L mutants of CaM have been
reported to reduce the Ca?" affinity in the C-lobe of CaM and result in a significant reduction in
Ca*"-dependent inactivation of LTCC causing the prolongation of QT intervals and early after
depolarization °. Even though SK currents are more prominently expressed in atrial compared to
ventricular myocytes 3% 3%, SK currents are known to be upregulated in failing ventricular myocytes
8.7 and during hypokalemia ®. Recent studies have supported their critical roles in cardiac
Purkinje cells #°, which are known to be the potential site of origin of cardiac arrhythmias,

41.42 Moreover, SK channels play critical

including patients with heritable arrhythmia syndrome
roles in the pacemaker activity of sinoatrial and atrioventricular nodes #* 44, Therefore, mutations
in CaMs may result in a significant reduction in the key Ca**-dependent repolarization currents
mediated by SK channels. Even though no SK channel variants have been reported to be associated
with an inherited arrhythmia syndrome to date, there is a recent study that reports a rare variant,

¢.1509C>G (p.F503L), in one KCNN2 allele in a patient who developed drug induced LQTS 3.

Indeed, this is a rapidly expanding area of research.
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Additionally, we have previously shown that SK2 channels co-localized within
microdomains of LTCC and RyR2, that serves as the Ca** source for the activation of SK channels
73, Conversely, activation of SK2 channels provides a direct link between beat-to-beat changes in
intracellular Ca?* and membrane potentials and thus, may serve as the feedback mechanisms to
regulate the activities of the LTCC and RyR2 channels. Functional effects of CaM mutations on
SK channel activation may indirectly disrupt this possible feedback mechanism on LTCC and
RyR2 channels.

Recent studies have evaluated the effects of arrhythmogenic CaM mutations on SK2 and
SK3 channel function in HEK293 cells 3!:32, They similarly observed effects independent of SK2
expression and trafficking, however our study provides new insights by taking advantage of
computational analyses of phenylalanine mutations, FO3L and F142L, and the context of native-
like cells, through our use of hiPSC-CMs as a system. Although the strength of hiPSC-CMs lies
in the study of protein mutations in native-like environments through patient-specific cells, our
study was able to harness hiPSC-CMs to further understand WT and mutant CaM dynamics within
a system that presumably has more cardiac-specific interacting partners for CaM than is found in

HEK 293 cells.

The roles of phenylalanine in the C-lobe of CaM

Apo-CaM binding to the CaMBD of SK channels requires the C-lobe, while binding of
Ca?" to the N-lobe is involved in SK channel gating 7°. Several human CaM mutations affect the
activation of SK channels 3!. However, the exact mechanisms among the different CaM mutations

remain incompletely understood. Our study shows a significant reduction of cardiac SK currents
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by CaMposv and CaMbpizoc, not only in hetero-expression system but also in endogenous SK
currents in hiPSC-CMs, consistent with DN effects on the channel function.

In contrast, phenylalanine mutations in CaM disrupt the interaction between apo-CaM and
SK channel without the DN effects. Rosetta molecular modeling is used by taking advantage of
the recently published cryo-EM structure of the SK4-apo-CaM complex 7. We identify the
interactions of three key phenylalanine residues (Phe”, Phe®?, and Phe'#?) within the C-lobe of
apo-CaM with hydrophobic amino acids in the CaMBD within the C terminus of SK2 channel.
Consistently, CaMri42. shows less reduction in Ca?* affinity compared to other LQTS mutations
(D130G & D96V) °. In addition, previous studies have shown reduced binding affinity to RyR2
by CaMrgoL. Circular dichroism experiments in the same study suggest C-lobe destabilization and
decreased Ca®" binding affinity 2!. Our molecular modeling of the CaMpoo. mutant shows a
significant deviation from CaMwr in C-lobe structure in the Ca*'-free state (Fig. 5.6). Taken
together with biochemical and functional analyses, the results suggest that the Phe mutations
primarily disrupt apo-CaM interactions with the SK2 CaMBD. Indeed, despite significant
conformational changes, there was only modest inhibitory effects on apamin-sensitive currents
(Fig. 5.3) consistent with a lack of DN effects; in contrast to CaMposy and CaMpi3oc mutants.
These critical insights into the distinct mechanisms whereby these CaM mutations exert their
effects on Ca?*-dependent ion channels and cardiac action potential repolarization help to pave the
way for understanding the genotype-phenotype correlations of human calmodulinopathy.
Advancing the atomistic understanding of CaM and SK2 interaction by structural modeling
and MD simulations

The structural modeling and MD simulations provide critical insights into the atomistic

mechanisms of the CaM mutants in human calmodulinopathy. Our findings suggest that all three
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Phe mutations in CaM result in similar conformational changes, including an increase in flexibility
of the C-terminal end of helix 2, decrease in flexibility of the C-terminal end of helix 3, and a
decrease in the flexibility of the Ca?" binding site 4 (Fig. 5.7). The findings support our conclusion
that the three Phe—Leu mutations exhibit a similar mechanism in altering the regulation of the
hSK2 channel, likely through a reduction in the interaction between apo-CaM and CaMBD in SK2
channel.

Limitations and future directions

RMSD as a metric is circumstantial to derive conclusions on the thermodynamic stability
of the WT and mutant CaMs. Nonetheless, we have provided additional analyses of RMSF in the
current study. Future studies are needed to derive free-energy calculations of the mutations
compared to the CaMwr. The alteration in flexibility and the possible effects of the mutations on
Ca?" binding site 4 and their cooperativity with other Ca?* binding sites require further studies as
an underlying mechanism affecting hSK2 regulation. Our findings suggest that all three Phe—Leu
mutations decrease affinity for hSK2. Future studies are needed to test the possible roles of the
hydrogen bonds between side chain of Asn!!'? with the carboxyl oxygen of Ala® residue in apo-
CaMwr, which is lost in all three Phe—Leu mutations based on MD simulations.

Additionally, studies evaluating the effects of CaM mutants in native cells would be ideal,
however, the study of mutant proteins within endogenous cells is not without its difficulties. In
order to circumvent these issues, the study of CaM mutants in cardiomyocyte-like cells may yet
yield valuable information. Consequently, patient specific hiPSC-CMs may provide additional
insights into the effects of CaM mutants on SK channels and action potential profiles. Finally,
future studies using CRISPR/Cas9 gene editing would help to further elucidate the effects of CaM

mutations on SK channel function.
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Figure 5.1. Mutations in N-Lobe and C-lobe of CaM affect the currents of human SK
channels (#SK2) expressed in HEK 293 cells. A. #SK2 channels were co-expressed with CaMwr
or mutant CaMs (CaMi 2, CaM3 4, or CaMi234). B. Summary data at +60 and -120 mV indicating
significant reduction of the SK currents by mutant CaMs (n=12 cells, *p <0.05). C. #/SK2 channels
were co-expressed with CaMwr (black bars), CaMnsar (red bars), CaMroor (green bars), CaMposv
(blue bars), CaMnoss (cyan bars), and CaMpi3oc (magenta bars). Current was recorded before
(black trace) and after (red trace) application of apamin (10 nM). D. Summary data at -120 mV
and +60 mV (n=10-13 cells, *P <0.05). For panels B and D, the colors of the stars (*) denote
comparisons with the corresponding bar graphs of the same colors, using one-way analysis of
variance combined with Tukey's test (At -120 mV, P=0.00001 for all pairwise comparisons except
P=0.04 for CaMns41 vs CaMposy, and P=NS for CaMposy vs CaMpi3oG, and CaMwr vs CaMrooL.

At +60 mV, P=0.00001 for all pairwise comparisons except P=NS for CaMposv vs CaMpi30G).
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Figure 5.2
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Figure 5.2. Trafficking of hSK2 channels after co-expression with CaMwr or mutant CaMs
A. HEK 293 cells expressing SK2 fusion protein with HA tag co-expressed with CaMwt or mutant
CaMs (N541, FOOL, D96V, N98S, and D130G) using non-permeabilized (NP) and permeabilized
(P) conditions. B. Control represents incubation with secondary antibody alone. Scale bars are 10
pum. C. Summary data showing fluorescence intensity under NP/P conditions (555/633 fluorescent
intensity). Data shown represent mean + s.e.m. Statistical analyses were performed using one way

analysis of variance combined with Tukey’s test. n = 15-20 cells, P=NS (not significant).
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Figure 5.3
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Figure 5.3. hSK2-CaM fusion proteins have similar function as that of co-expressed hSK2&
CaM channels. A. Diagram illustrating experimental paradigms using SK2 fusion proteins with
flexible glycine linker (Gn linker) fused to CaMwrt (upper panel) compared to mutant CaMs (lower
panel). B. Current recordings before (black trace) and after (red trace) apamin application (10 nM)
for ASK2 expressed with CaMwr vs. hSK2-G4-CaMwr vs. SK2-G4-CaMwr expressed with DN
CaM;34. C. Summary data at -120 mV and +60 mV. D, E. Summary data for apamin-sensitive
current density in HEK 293 cells co-expressing ASK2 with CaMwrt or mutant CaM constructs (left
bars) compared to SK2-G4-CaMwrt or SK2-G4-CaMwurt (hashed bars on the right) where CaMmur
refer to CaMnsar (red bars), CaMroor (green bars), CaMrosr (purple bars), CaMpoev (blue bars),
CaMnoss (cyan bars), CaMpi3oc (magenta bars), and CaMri421 (yellow bars) at -120 mV (panel D)
and +60 mV (panel E, n = 10-13 cells). Data represent mean + s.e.m. Statistical analysis was

performed using 2-way analysis of variance combined with Tukey’s test. The colors of the stars
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(*) denote comparisons with the corresponding bar graphs of the same colors. *P<0.05. At -120
mV, P=0.00001 for all pairwise comparisons except P=0.04 for CaMnsa1 vs CaMro3L and CaMns4t
vs CaMposv, and P=NS for CaMwt vs CaMrooL, CaMFro3L vs CaMposy, CaMrosL vs CaMpi3oa,
CaMposv vs CaMpi3zog, and CaMnogs vs. CaMrisor. At +60 mV, P=0.00001 for all pairwise
comparisons except P=NS for CaMposv vs CaMbpi3oG, and CaMnoss vs. CaMri42L. There were no
significant differences between #SK2 co-expression with CaM compared to #SK2-G4-CaM for

WT or mutant CaMs (P=NS).
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Figure 5.4
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Figure 5.4. Regulation of endogenous SK currents in hiPSC-CMs by intracellular CaM
peptides. A. hiPSC-CMs expressing SK2 channels (green) and [I-actinin2 (red). DAPI stain is
shown in blue. B. Effects of mutant CaM peptides (CaMns41, CaMrooL, and CaMposy) compared to
CaMwr peptide on apamin-sensitive SK currents in hiPSC-CMs. The current was recorded before
(black trace) and after (red trace) apamin application (10 nM). C. Subtracted apamin-sensitive SK
currents in the presence of CaMwr and mutant CaM peptides. D. Comparisons of the apamin-

sensitive current densities at -120 mV and +60 mV (n = 8-10 cells). Data represent mean =+ s.e.m.
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Statistical analyses were performed using one-way analysis of variance combined with Tukey’s

test, *P =0.012 at -120 mV and *P=0.037 at +60 mV.
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Figure 5.5
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Figure 5.5. Interactions of mutant CaMs with SK2 channels revealed by co-
immunoprecipitation assay. A, B. Diagrams depicting SK2 channel subunit with an HA tag in
the S1-S2 extracellular loop and CaM with a FLAG tag in the C terminus under the CMV promoter
(RBS, ribosome-binding site). C, Co-IP using anti-Flag antibody (a-Flag) to pull down SK2
channels identified using anti-HA antibody (a-HA) in the presence of 2 mM EGTA. The right 2
lanes showed the results from non-transfected HEK 293 cells (NT) and cells transfected with SK2
channels only (SK2) as negative controls. D, Summary data of the findings in C. The background
subtracted intensity for SK2 bands using anti-HA antibody was normalized to CaM bands using
anti-Flag antibody (NIH ImageJ). Data shown represent mean + s.e.m (n=3). Statistical analyses
were performed using one-way analysis of variance combined with Tukey’s test, *P<0.05 for
CaMwr compared to CaMroor, CaMposv, CaMrogs, and CaMpi3og, and *P<0.05 for CaMroor

compared to CaMposv, CaMrogs, and CaMpi3oG (the P values are as follows: CaMwr vs. CaMroor,
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0.00003; CaMwrt vs. CaMpoey, 0.002; CaMwr vs. CaMnoss, 0.004; CaMwrt vs. CaMbpi3oc, 0.004;

CaMFroor vs. CaMposy, 0.03; CaMroor. vs. CaMnoss, 0.02; and CaMroor vs. CaMbi3og, 0.02).
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Figure 5.6
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Figure 5.6. Structural modeling of the interactions between CaM mutants and SK2 CaMBD.
A. Schematic of the 4 a-helices within the C-lobe of CaM. Location of mutations are shown by
labels and colored markers. B-D. Comparisons of CaMwr (green) and CaMroor (red, B), CaMro3.
(yellow, C), and CaMri421 (purple, D). Side chains of key amino acid residues are shown in stick

representation using color scheme shown in panel A. Conformational changes due to CaM
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mutation are indicated by black arrows in each panel. E. C-lobe of apo-CaMwr (colored in green)
bound to the C-terminus of #SK2 channel (colored in light brown). Side chains of key amino acids
are shown using space-filling representation. F. Panel E rotated 90 degrees to the left around the

Y -axis. Molecular modeling was performed in Ca?" free conditions.
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Figure 5.7
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Figure 5.7: Graphs of RMSF showing regional changes in stability. C-lobe of apo-CaMwr is
shown in blue (first simulation) and purple (second simulation) while apo-CaMgroor, apo-CaMro3t,
and apo-CaMFr1421. mutants are shown in red, orange, and green, respectively. Diagrams above the
graphs depict helices 1-4 from the C-lobe together with amino acid residues and are scaled to
match the residue numbering of the graph. Locations of the three mutations are indicated by their
respective colored dot on the graph and above the helices. Ca?* binding sites are indicated with

purple dots together with the numbers for the amino acid residues. Data shown are mean + S.D.
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Figure 5.8
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Figure 5.8: Graphical comparison from MD simulations of the C-lobe of apo-CaMs showing

conformational changes in mutant CaMs with repacking of helices 2 and 3 with highly

flexible Ca?* binding site 4 in apo-CaMwr compared to the CaM mutants confirming the

RMSF results. Top clustered models of the C-lobe of apo-CaMroor (red), apo-CaMrosr (yellow),

and apo-CaMri4r (purple) are aligned with apo-CaMwr (green) in panels A, B, and C,

respectively. Amino acid side chains of Phe” (pink) and FOOL (red) from apo-CaMwr and apo-

CaMgrooL (in A), amino acid side chains of Phe®® (red) and F93L (yellow) from apo-CaMwr and

apo-CaMros1 (in B), and amino acid side chains of Phe!*? (light blue) and F142L (light purple)
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from apo-CaMwr and apo-CaMgoor (in C) are shown in ball and stick. Helix 3 from apo-CaMwr
(magenta) resides at a larger angle in reference to the Y-axis compared to helices 3 from Phe—Leu
mutant CaMs (dark blue) in panels A, B, and C consistent with repacking of the structures.
Quantification of the differences between apo-CaMwrt and mutant CaMs shown in A, B and C are
summarized in Table 2 in Supplemental Data. D. Top ten clustered models of apo-CaMwr aligned
to represent an ensemble of possible states. Amino acid representation and color are conserved
from panels A-C and legend. Helix 3 is in purple. Helix 3 is mostly in a similar angle in reference
to the Y-axis with a much more extreme model present in the distribution. In addition, Ca** binding
site 4 has a wide distribution of states which does not align with those from the mutants (panels

A-C).
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Supplemental Figures

Figure S5.1
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Fig. S5.1. Trafficking of hSK2 channels after co-expression with CaMwr or mutant CaMs.
HEK 293 cells expressing SK2 fusion protein with HA tag co-expressed with CaMwrt or mutant
CaMs (N541, FOOL, D96V, N98S, and D130G) using non-permeabilized (NP) and permeabilized
(P) conditions. Summary data showing fluorescence intensity under NP (left bars) and P (right
bars) conditions (555 and 633 fluorescent intensity in arbitrary units X 1,000) (n = 15-20 cells,

P=NS comparing NP vs. P for each group).
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Figure S5.2
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Fig. S5.2: Graphs of RMSD showing stability throughout the production run. RMSD graphs
include the equilibration and production stages. The RMSD from the C-lobe of apo-CaMwr
(simulation (sim) 1 and 2), apo-CaMFrooL, apo-CaMrosL and apo-CaMri42L are shown in blue, dark
brown, red, yellow, and green, respectively. Runs are slightly different in length due to differences

in equilibration time. The total simulation time is the same in all runs (1 ps).
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Figure S5.3
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Fig. S5.3: Top ten clustered models of apo-CaMprooL, apo-CaMro3L, and apo-CaMFr1421. aligned
to represent an ensemble of possible states showing the compact distribution of Helix 3 and
Ca?" binding site 4 regions. Ensembles of the aligned top ten clusters of the C-lobe of apo-
CaMrooL (A, red), apo-CaMrosL (B, yellow), and apo-CaMri421 (C, purple). Helix 3 is in blue and

Ca®* binding site 4 is the loop immediately following Helix 3 and is labeled.
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Figure S5.4

HELIX 2
<

A89_<<{
HELIX 1(/ N112 _A89

~

HELIX 1

Fig. S5.4: Graphical comparisons from MD simulations of the C-lobe of apo-CaMs showing
hydrogen bond in the apo-CaMwrt. Top clustered models of the C-lobe of apo-CaMwr (green in
A), apo-CaMroor (red in B), apo-CaMgrosr (yellow in C), and apo-CaMri421 (purple in D), are
shown, respectively. Helix 3 from apo-CaMwr is shown in magenta (in A) while helices 3 from
Phe—Leu mutant CaMs are shown in dark blue in panels B-D. The side chain of Asn'!? on the
helix 2 in apo-CaMwt maintains a stable hydrogen bond with the carboxyl oxygen of Ala® residue
on the helix 1 during the simulations of the apo-CaMwr, which is not observed in the simulations

of the CaM mutants.
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Figure S5.5
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Fig. S5.5. Comparison of RMSF of Ca?*-CaMpyi421. from MD simulations (A) and N-H
heteronuclear NOE saturated/ unsaturated ratio (B, BMRB: 34262) (Wang et al., 2018).
There is similar flexibility including identification of the most flexible amino acid being Lys!!®
residue. NOTE: flexibility shown on graphs are inversed with higher values in RMSF and lower

values in heteronuclear NOE denoting higher flexibility.
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Table 1: Quantification of RMSD. Mean and standard deviations (mean = S.D.) of RMSD
calculated from the production portion of MD, presented in Figure S5.2.

Apo-CaMwr Apo-CaMwr Apo-CaMpooL Apo-CaMposL. Apo-CaMr14L
Simulation 1 Simulation 2
39+04 3.0+£0.5 3.8+0.5 49+0.6 39+04

Table 2: Quantification of the differences in RMSD among WT and mutant CaMs. Data are
presented as mean + S.D., derived from the C terminal domain (residues 81-145) and Ca*" binding
site 4 (residues 131-138) as presented in Figure 5.8.

C terminal domain Ca?* binding site 4
WT -> F90L 39+3.0 6.8 £3.9
WT -> F93L 35+24 41+2.0
WT > F142L 3.1+£2.1 52+£29
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CHAPTER 9

Perspectives and Future Directions

9.1 Compartmentalization of AC isoforms in the SAN

Current knowledge gaps exist regarding the dominant AC isoforms and the specific roles
of Ca?"-activated and Ca?*-inhibited ACs in the SAN. In contrast to atrial and ventricular myocytes
that expressed only Ca**-inhibited isoforms of ACs, we have identified Ca**-activated AC; as the
predominant isoform mediating cAMP signaling in SAN, which resides within a functional
microdomain with caveolin-3, HCN4, Ca,1.2, and RyR-2. However, aside from AC;, there are
other AC isoforms, including Ca?*-inhibited ACy and ACv that are highly expressed in the SAN.

Our group has previously demonstrated that ACvr is localized in the plasma membrane
outside the T-tubule in ventricular myocytes. In contrast, ACy is localized mainly in the T-tubular
region, and the direct protein-protein interaction between caveolin-3 with ACy and
phosphodiesterase (PDE) is responsible for the compartmentalization of ACy signaling.! In the
current study, we found AC; is critical in the sustained rise in local cAMP during B-AR stimulation
and the actions of AC; at these functional microdomains are balanced and modulated by the
localized effects of PDE3 and 4 that degrade cAMP.

We have performed preliminary study that indicates the significance of Ca**-inhibited ACy
and ACvi in mediating heart rate regulation. We utilized ACy and 4Cy; global knockout mice and
performed ECG, action potential recordings, and cAMP-FRET experiments. Ablation of ACy and
ACy;resulted in SAN dysfunction in vivo, reduced action potential firing frequencies in vitro and

compromised cAMP response to B-AR stimulation. The mechanism remains to be explored. ACi
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forms compartmentalization almost exclusively with HCN4 and RyR-2 channels and regulate a
subpopulation of L-type Ca*" channels that are localized within caveolae. In contrast, ACr does
not functionally regulate T-type Ca?* channels. Therefore, we hypothesize that different isoforms
of ACs may regulate distinct components of the coupled clocks in the SAN, providing the
necessary safety factors for the regulation of SAN via B-AR signaling. To this end, additional
experiments including super resolution imaging and proximity ligation essay, electrophysiology,
cAMP FRET experiments, are needed to directly decipher the subcellular microdomains of the
Ca**-activated and Ca**-inhibited isoforms of ACs with second messengers, PDEs, different ion
channels and transporters to determine how the expression and subcellular microdomains
contribute to the coupled clocks of SAN. We have previously shown the functional expression of
both Ca,1.2 and Ca,1.3 L-type Ca?" channels in SAN.? Future studies are required to decipher the
functional significance of compartmentalization for different isoforms of Ca?* channels with ACs.
Finally, computational studies are needed to further provide critical insights into the interplay

between local cAMP concentrations and the functional regulation of SAN.

9.2 SAN dysfunction in heart failure

SAN dysfunction is well documented in patients with heart failure (HF); however, the
underlying mechanisms are not fully understood. Our results showed that sinus bradycardia
occurred concurrently with the development of HF in a murine model and provided evidence that
impairment of mitochondria and their microdomain in the SAN could contribute to SAN
dysfunction that occurs during HF.

To achieve a comprehensive understanding of SAN dysfunction in HF, additional approaches

are needed. Mass spectrometry-based proteomics technologies allow us to investigate the
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architecture of protein and signaling networks without biases.?> A previous study demonstrated that
pacemaking and ion channels are differentially expressed between the sinus node and atrial muscle
using proteomics. Importantly, compared to the atria, proteins with higher expression in the sinus
node are also enriched for functions related to actin cytoskeleton, contractile fibers, chromatin,
neurofilament, carbohydrate metabolism, lipid metabolism, collagen and connective tissue.*
Therefore, we proposed to take advantage of mass spectrometry-based proteomics to decipher the
architecture of protein and signaling networks in chronic pressure-induced HF mouse models in

future studies.

The SAN tissue is a highly complex structure with heterogeneous cell types, all of which
are likely to contribute to sinus node physiology and pathophysiology. Further studies are needed
to evaluate the transcriptome in HF SAN cells. Single-cell RNAseq will provide detailed

mechanistic insights into the alterations in connectomics contributing to SAN dysfunction.

In summary, our successive and comprehensive studies have provided critical insights into
the intricate and exquisite balance in the regulation of SAN cells and possible therapeutic targets

for treatement of SAN dysfunction in diseased hearts.
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