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Summary

Cardiovascular diseases remain the number one cause for morbidity and mortality
worldwide with an estimated half of cardiovascular disease-related deaths being
attributed to cardiac arrhythmia. Despite this enormous importance for public health,
existing antiarrhythmic drugs are still far from being ideal as they display perilous
side effects and can not be administered over extended time periods. It is thus a
major endeavor of cardiovascular research to identify novel safer drug targets and

therapeutic strategies for the treatment of cardiac arrhythmia.

Since cardiac rhythmicity is directly dependent on a tight regulation of
intracellular Ca®>" and cardiac arrhythmia is often associated with disturbances in
Ca’" homeostasis, we used an unbiased approach to identify novel regulators of
cardiac Ca®" handling and modulators thereof. A library of newly synthesized,
organic-like compounds was screened for their ability to restore rhythmic cardiac
contractions in a zebrafish model for cardiac fibrillation. From this screen we
identified the small ester compound efsevin, which binds to the voltage-dependent
anion channel 2 (VDAC2) in the outer mitochondrial membrane. We demonstrated
that treatment with efsevin enhances mitochondrial Ca®" uptake and thereby prevents
propagation of spontaneous intracellular Ca®" release events in cardiomyocytes, the
triggers for ectopic excitations and arrhythmia. Since this work presented a novel role
for VDAC2 in cardiomyocytes we analyzed the structure of VDAC2 by
crystallography to identify elements that promote specificity of this isoform over
VDAC1 and VDACS3. Though we could not detect large structural differences, we
identified moieties that interact with regulatory proteins, which differ between the
isoforms, and could thus explain the distinct role of VDAC2 in cardiomyocytes. We

then used the crystal structure of VDAC2 to identify the binding site of efsevin by
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computational modeling and identified a binding pocket located between the wall of
the VDAC2 pore and the pore-lining o helix, that was previously suggested to
promote channel gating. In planar lipid bilayers we demonstrated that efsevin
promotes gating of the channel from an anion-selective high conductance state into a
more cation-selective low conductance state, thereby explaining the enhanced

mitochondrial Ca*" uptake induced by efsevin.

To analyze the translational potential of efsevin, we tested efsevin in experimental
models for the human cardiac arrhythmia catecholaminergic polymorphic ventricular
tachycardia (CPVT). Efsevin reduced spontaneous diastolic Ca®" signals and action
potentials in cardiomyocytes isolated from CPVT mice and significantly reduced
episodes of ventricular tachycardia in in wvivo. Furthermore, efsevin reduced
spontaneous, diastolic Ca’’ signals in induced pluripotent stem cell derived
cardiomyocytes from a CPVT patient. Because efsevin lacks several features essential
for druggability like e.g. a nanomolar affinity to the target and key pharmacokinetic
properties like oral bioavailability, we then screened a library of clinically approved
compounds for additional mitochondrial Ca®" uptake enhancers. We identified
increased uptake of Ca’" into mitochondria of cardiomyocytes upon treatment with
either the cholesterol uptake inhibitor ezetimbe or disulfiram, used for the treatment
of alcohol abuse. Both were active at significantly lower concentrations compared to

efsevin and showed efficacy experimental models for cardiac arrhythmia.

Taken together, this thesis (i) establishes the outer mitochondrial membrane as a
regulated barrier for Ca®', (ii) establishes mitochondrial Ca®" uptake as a novel
regulator of cardiac rhythmicity and (iii) provides a novel candidate structure and

lead substances for the development of a treatment for human cardiac arrhythmia.
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Introduction

Therapy of cardiac arrhythmia

Cardiovascular diseases (CVDs) continue to dominate mortality and morbidity
rates worldwide (Nichols et al., 2012; Benjamin et al., 2018). Despite a general decline
of CVD-associated deaths over the last years, mortality rates for cardiac arrhythmia
in particular are still increasing (Klawki et al., 2018). Almost half of all CVD related
deaths are attributed to sudden cardiac death mainly caused by ventricular
tachyarrythmias (Mehra, 2007). This is in part due to the insufficiency of currently
used antiarrhythmic drugs, which display perilous side effects and are thus difficult to
apply.

Cardiac arrhythmias originate at focal areas in the myocardium induced by
structural abnormalities, such as infarct wounds and anatomical obstructions, or as a
result of physiological abnormalities such as a disturbed cellular ion homeostasis
(Figure 1). The latter might be caused by maladaptations of the mycardium to
preexisting conditions like heart failure, ion channel mutations, or drug intake. The
resulting focal activity of the myocardium gives rise to a propagating ectopic
excitation wave along the heart and creates a reentry circuit, the physiological

underpinning of tachycardias.

Commonly used antiarrhythmic drugs of Vaughan Williams classes I-IV and
cardiac glycosides directly or indirectly target ion channels in the cardiomyocyte
membrane to modify the cardiac conduction system and thereby block expansion of
ectopic excitations along the myocardium (Figure 1). However, by blocking cardiac

de- or repolarization and thereby modulating cardiac conduction speed all of these
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drugs, with the exception of beta blockers, are prone to proarrhythmic and negative
inotropic side effects. It is thus a major focus of cardiovascular research to identify

novel targets and strategies for a safer treatment of cardiac arrhythmia.

A major line of research for the development of such therapies lies on intracellular
target structures, in particular the cellular Ca®" handling network, but not only
because cardiac arrhythmias are often associated with disturbances in cellular Ca®’.
Also, by targeting intracellular structures the cardiac action potential is expected to
remain unaffected and therapies targeting intracellular structures could thus be less

prone to proarrhythmic side effects.

Vaughan-Williams class 11,1V

NCX 3xNa*t Ca?*

Mitochondrium

Figure 1. Cardiac arrhythmogenesis and treatment. Ca* -associated arrhythmias
are triggered by the spontaneous release of Ca*" during diastole (1). This spontaneous Ca*"
release triggers the influr of Na® (2) through NCX and finally a spontaneous depolarization
of the cardiomyocyte (8). This diastolic excitation is propagated along the electrical
syncytium of the myocardium and triggers an ectopic beat (4). Currently used
antiarrhythmic drugs of Vaughan-Williams classes LIII, and IV target ion channels in the
myocardium to prevent propagation of the excitation (8,4) rather then targeting the
intracellular origin of the arrhythmia (1).
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Cardiac Ca** cycling and arrhythmia

Cardiac rhythmicity and contractility critically depend on a tight regulation of
intracellular Ca®" in the cells of the myocardium, the cardiomyocytes. During diastole
the concentration of resting Ca®" inside the cell is in the low nanomolar range, while
the cell is extracellularly surrounded by approximately 2 mM Ca*" (Bers, 2008;
Fearnley et al., 2011). In this phase the cell maintains a membrane potential of
approximately -80mV. During systolic excitation the cell is depolarized to roughly 20-
30 mV causing L-type Ca®" channels to open and Ca*" to passively enter the cell. The
L-type Ca’" channels are located in clusters inside the t-tubuli, deep invaginations of
the cell membrane into the cellular lumen. The t-tubular membrane is tightly coupled
to the membrane of the sarcoplasmic reticulum (SR), the main Ca*" store inside
cardiac muscle cell. Inside these couplons the L-type Ca®" channel clusters in the t-
tubular membrane are closely juxtaposed to clusters of ryanodine receptors (RyRs)
on the surface of the SR. In a process called Ca*'-induced Ca*" release (CICR) Ca*"
entering the cell through L-type channels binds to RyRs causing them to open and to
release large amounts of Ca®" from the SR into the cytosol. The transient rise in
intracellular Ca®" leads to activation of the myofilaments and consecutively muscle
contraction. Thereafter, Ca*" is actively extruded from the cell by the sarcolemmal
Na'/Ca®" exchanger NCX and pumped back into the SR by the sarco-/endoplasmatic
reticulum Ca*' pump (SERCA) to return to resting conditions (for a review see Bers,

2002).

Certain conditions such as mutations in ion channels, imbalances in ion
homeostasis or defects in post-translational regulation can lead to uncontrolled Ca*"
fluxes in the cell. Erratic Ca*" release during diastole induced by mutations in RyR or

due to elevated cytosolic Ca’" levels can be the trigger for severe arrhythmias
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(Figure 1). Specifically, individual clusters of RyRs on the surface of the SR
spontaneously activate during diastole and release small quantities of Ca®" from the
SR as a locally restricted event. These elementary Ca®" release events were first
discovered by using Ca®" sensitive dyes and were contiguously named Ca*" sparks
(Cheng et al., 1993). Once the rate of Ca’" sparks reaches a certain threshold, Ca*"
from one spark activates the neighboring cluster of RyRs and a saltatory expansion of
Ca”" inside the cells occurs, called a Ca?" wave. The elevated level of Ca®" inside the
cell drives NCX through which Na' enters the cell in a 1:3 Ca® over Na' ratio,
yielding a net influx of positive charges, and thus depolarization of the cell (Allen et
al., 1984). If sufficiently large these delayed afterdepolarizations (DADs) can spread

along the myocardium and cause ectopic excitations and finally arrhythmia.

Regulation of cardiac Ca** cycling

Apart from these main players, a plethora of regulatory proteins and pathways
fine tune intracellular Ca’" handling to guarantee a meticulously regulated Ca*"

homeostasis at rest and during adaption to higher workload.

These Ca*" regulatory mechanisms range from post-translational modifications of
the key players such as the L-type Ca®" channel or the RyR, to additional regulatory
proteins such as subunits of these channels or structural proteins, which anchor the
essential cell compartments together to finally entire organelles that interact with the
aforementioned cellular structures. For example, lysosomes and mitochondria were
both described to form close contacts to the SR at Ca®" release sites and to vividly
interact with the SR (Hajnoczky et al., 2000; Aston et al., 2017). Especially
mitochondria were shown to be capable of sequestering large amounts of Ca®" into

their matrix (Hajnoczky et al., 2000).

10
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These regulatory mechanisms are still under intensive research and while some of
them are well described, others were just recently discovered and are still poorly
understood. However, these intracellular regulatory mechanisms bare the potential to
serve as novel drug targets, since they have the power to modulate and regulate Ca?"
release and by this to suppress erratic Ca’ release without affecting the cardiac

conduction system.

The central thesis of the project

In this work we present mitochondrial Ca®' uptake as a novel regulatory

mechanism of cardiac rhythmicity and a potential drug target.

By applying an unbiased screening approach we identified the novel compound
efsevin by its ability to restore rhythmic cardiac contractions in otherwise fibrillating
heart of a zebrafish arrhythmia model (Shimizu et al., 2015). A pull-down assay
identified the voltage-dependent anion channel 2 (VDAC?2) to be the target of efsevin.
VDAC2 is a large pore forming protein in the outer mitochondrial membrane, which
in cardiomyocytes is positioned in close proximity to the Ca®" release sites of the SR.
It is composed of a [-sheet barrel and a pore-lining o-helix that was proposed to be
responsible for channel gating (Schredelseker et al., 2014). Efsevin binds to the hinge
region of this helix and facilitates gating of VDAC2 from the open state into less
anion selective gated states and thereby enhances influx of Ca®" into mitochondria

(Wilting et al., 2020).

With this data, we formulated the following central hypothesis: Arrhythmogenic
signals in cardiomyocytes are generated by erratic diastolic Ca*" release starting with

a Ca®" spark, the spontaneous opening of a single cluster of RyRs (Figure 2). Under

11
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pathological conditions Ca’' released from this elementary event triggers opening of
neighboring Ca®" release sites to initiate an arrhythmogenic Ca*" wave, which
propagates along the cardiomyocyte. Mitochondria, which are located in close
proximity to the Ca’" release sites of the SR, have the ability to take up Ca®" and
thereby provide a Ca?®" buffering compartment to shape cellular Ca®' signals. When
mitochondrial Ca®" uptake is pharmacological activated a fraction of the released Ca*"
is buffered into mitochondria leading to a spacial and temporal restriction of the

spark. By this mechanism the cell can tolerate a higher spark frequency without

generation of arrhythmogenic Ca’" waves (Figure 2).

@cc SRR @voacz (F)mcu

—> Ca”" flux

= Ca®" flux with
enhanced mitochondrial
Ca?* uptake

Cell membrane

; SR membrane

Inner and outer
mitochondrial membrane

Figure 2. Model for mitochondrial Ca®" uptake mediated suppression of
arrhythmia. Ca”’ released by the spontaneous opening of a cluster of ryanodine receptors
(RyR) during diastole diffuse laterally inside the cytoplasm and induces saltatoric
propagation of a Ca*" wave by activating neighboring Ca®" release units (orange arrow).
Upon activation of mitochondrial Ca*’ uptake the Ca*’ signal is buffered into mitochondria
and the saltatoric propagation is interrupted (green arrow).

To prove this hypothesis we evaluated the effect of efsevin on Ca*" sparks and
waves in ventricular cardiomyocytes. Indeed, efsevin enhanced cytosolic Ca*'

clearance and thus led to a spatial and temporal restriction of individual Ca®" sparks

12
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(Shimizu et al., 2015; Schweitzer et al., 2017). Thereby it suppressed the generation of
Ca’" waves and finally arrhythmogenic action potentials in these cells. This effect was
blocked in the presence of the mitochondrial Ca*" uptake inhibitor Ru360. To prove
the general validity of this hypothesis we identified and tested distinct enhancers of
mitochondrial Ca®" uptake (MiCUps) acting on different proteins within the
mitochodrial Ca’" uptake complex (Schweitzer et al., 2017, Sander et al., submitted).
Independent of the molecular target all of these enhancers suppressed arrhythmogenic

Ca’" waves in cardiomyocytes.

This mechanism was potent enough to suppress arrhythmogenesis also in
translational models for human cardiac arrhythmias (Schweitzer et al., 2017, Sander
et al., submitted). In catecholaminergic polymorphic ventricular tachycardia (CPVT)
a increased propensity of spontaneous SR Ca’" release induced by mutations in RyR
leads to the occurrence of episodes of life-threatening ventricular tachycardia under
physical or emotional stress. In cardiomyocytes from a CPVT mouse model MiCUps
significantly suppressed arrhythmogenic Ca®" waves and action potentials. MiCUps
also reduced episodes of ventricular tachycardia in CPVT mice in-vivo and efficiently
suppressed arrhythmogenic Ca?" waves in induced pluripotent stem cell derived

cardiomyocytes from a CPVT patient.

Taken together, this thesis presents a mnovel regulatory mechanism in
cardiomyocytes which can be pharmacologically activated to suppress
arrhythmogenesis. It is potent enough to suppress arrhythmia in translational
arrhythmia models and is thus a promising candidate for future pre-clininal and

clinical studies.

In the following chapter the key steps leading to the success of the project are

discussed coherently.

13
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Coherent discussion of individual project related

publications

Identification of VDAC2 as a novel regulator of cardiac

rhythmicity

Shimizu, H.*, Schredelseker, J.*, Huang, J.*, Lu, K.*, Naghdi, S., Lu, F., Franklin, S., Fiji, H.
D., Wang, K., Zhu, H., Tian, C., Lin, B., Nakano, H., Ehrlich, A., Nakai, J., Stieg, A. Z,,
Gimzewski, J. K., Nakano, A., Goldhaber, J. I., Vondriska, T. M., Hajnéczky, G., Kwon, O., and
Chen, J.-N. (2015) Mitochondrial Ca** uptake by the voltage-dependent anion channel 2
regulates cardiac rhythmicity. Elife. 4, e04801 (*...shared first authorship)

With the aim to identify novel candidate structures for a safer antiarrhythmic
therapy, we set out to screen for novel cellular regulators of cardiac rhythmicity and
chemical modulators thereof through an unbiased approach. To this aim we used the
zebrafish cardiac fibrillation model tremblor (tre'*'®). Homozygous tremblor embryos
carry a null-mutation for a cardiac specific isoform of the Na“/Ca*" exchanger NCX
(Ebert et al., 2005; Langenbacher et al., 2005) and are characterized by a hyper-
contracted myocardium with only chaotic contractions. We used these embryos to
screen a diversity-oriented library of approximately 200 newly synthesized organic-like
compounds. One compound, hereafter called efsevin, potently restored rhythmic
cardiac contractions in tremblor hearts. Using a pull-down assay with immobilized
efsevin on embryonic protein lysate we identified the voltage-dependent anion channel
2 (VDAC2) as the protein target of efsevin. Transient knockdown of VDAC2 in
tremblor embryos abolished the efsevin induced phenotype rescue, while transient
VDAC2 overexpression phenocopied it, confirming VDAC2 as the effective target of

efsevin.

14
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VDACs are the most abundant proteins in the outer mitochondrial membrane
(OMM). They are large pore-forming channels that mediate the transfer of
metabolites and ions over the OMM. Although they are often considered freely
permeable due to their large pore diameter an increasing number of reports present
VDACs as regulated barrier in the OMM (Rapizzi et al., 2002; Bathori et al., 2006).
In cardiomyocytes the OMM is in close contact with the SR and and intensive
crosstalk between the two organelles exist (Hajnoczky et al., 2000; Ruiz-Meana et al.,
2010). Molecular tethers link mitochondria to the SR (Garcia-Pérez et al., 2008) in
close vicinity to the SR Ca’ release units (De la Fuente et al., 2016) and
mitochondria express several distinct transporters and channels for Ca®" uptake and
release. A gradual rise in mitochondrial matrix Ca*" was reported to enhance enzymes
of the TCA cycle under higher workload (Brandes and Bers, 1997), however, the role

of an observed rapid beat-to-beat Ca*" uptake remains elusive.

We therefore rationalized that the Ca®" uptake of mitochondria could be altered by
efsevin binding and that this could explain the antiarrhythmic effect of efsevin.
Indeed efsevin as well as overexpression of VDAC2 enhanced mitochondrial Ca*'
uptake in HeLa cells. To investigate the effect of the enhanced mitochondrial Ca*"
uptake on mechanisms of arrhythmogenesis in cardiomyocytes we recorded cytosolic
Ca’' signals in isolated murine cardiomyocytes. The elementary Ca”" release event in
cardiomyocytes is the Ca*" spark that is induced by the opening of one cluster of
RyRs (Cheng et al., 1993). We found that in murine cardiomyocytes efsevin had no
influence on the frequency or amplitude of Ca®" sparks indicating no effect on SR
Ca’' release. Most strikingly however, the decay of the Ca® spark was significantly
accelerated leading to shorter and narrower sparks. To test if this spacial and
temporal restriction of Ca*" sparks could prevent saltatory expansion of Ca*" release

inside the cardiomyocyte we induced spontaneous Ca’*" waves in cardiomyocytes by

15
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raising extracellular Ca?". We found a significant, dose-dependent reduction in
spontaneous Ca®"  waves with efsevin. Since Ca*" waves underlie delayed
afterdepolarizations and thus arrhythmia this effect explains the antiarrhythmic effect

of efsevin.

Based on our results we formulated the following research hypothesis: Fast uptake
of Ca’" into mitochondria represents a buffering compartment adjacent to the Ca*"
release sites of the sarcoplasmic reticulum, which can be enhanced by pharmacological
activation of VDAC2 as a molecular compartment of the mitochondrial Ca*" uptake
complex. Arrhythmogenic signals in cardiomyocytes are generated under conditions
where RyRs become leaky, e.g. by elevated intracelluar Ca®' levels. Under these
conditions the spark frequency raises until a certain threshold is reached after which
Ca’" released from a spark triggers opening of neighboring Ca?" release sites to
initiate a Ca*" wave. By activating mitochodrial Ca*" uptake in close vicinity to the
spark, a fraction of the released Ca*" is transported into mitochondria leading to a
spacial and temporal restriction of the spark. By this mechanism the cell can tolerate

a higher spark frequency without generation of arrhythmogenic Ca*" waves.

This study identified VDAC2 and mitochondrial Ca®" uptake in general as a potent
regulator of cardiac rhythmicity and a potential drug target for arrhythmia. Against
the common perception that VDAC constitutes freely permeable pores in the OMM,
we present evidence that the uptake of Ca’" into mitochondria is already regulated at
the OMM. Furthermore, this study suggests an isoform-specific role for VDAC2 in
cardiomyocytes. We therefore set out to investigate VDAC2 on a structural level with
the aim to identify differences between VDAC2 and VDACI1 that could explain its

specific role in Ca®" transport.

16
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The structure of VDAC?2

Schredelseker, J., Paz, A., Lépez, C. J., Altenbach, C., Leung, C. S., Drexler, M. K., Chen, J.-
N., Hubbell, W. L., and Abramson, J. (2014) High-Resolution Structure and Double Electron-
Electron Resonance of the Zebrafish Voltage Dependent Anion Channel 2 Reveal an Oligomeric
Population. J. Biol. Chem. 289, 1256677

After our discovery of VDAC2 as a regulator of cardiomyocyte Ca®" handling and
cardiac rhythmicity, we set out to investigate the molecular basis for the cardiac-
specific role of VDAC2. Three isoforms of VDAC are expressed in higher animals and
expression patterns between cell types vary. Although the distinct physiological roles
of the three isoforms are not fully understood, evidence points towards considerable
differences between the three isoforms. Especially VDAC2 was repeatedly described
to fulfill several strictly isoform-specific roles: most strikingly, VDAC2 knock-out mice
are embryonic lethal (Cheng et al., 2003), while knock-out mice for VDAC1 and
VDACS3 display relatively mild phenotypes (Anflous et al., 2001; Sampson et al.,
2001). Furthermore, VDAC2 was shown to exclusively mediate mitochondrial import
of pro-apoptotic Bcl-2 family members thereby inhibiting apoptosis (Naghdi et al.,
2015). Most relevant for us was the finding that VDAC2 specifically mediates transfer
of Ca’" from the sarcoplasmic reticulum into mitochondrial in cardiomyocytes by us

and others (Subedi et al., 2011; Min et al., 2012; Shimizu et al., 2015).

We therefore set out to investigate the molecular structure of VDAC2 with the aim
to identify structural elements that could explain the unique physiological features of
VDAC2 compared to isoforms 1 and 3. Using X-ray crystallography we resolved the
structure of zebrafish VDAC2 at a 2.8 A resolution. Comparable to VDAC1, VDAC2
forms a [-barrel composed from 19 antiparralel -sheets, exept for sheets 1 and 19

which align parallel, and an N-terminal o-helix lining the pore. However, we did not

17



Habilitation thesis
“Targeting cardiac arrhythmia by enhancing mitochondrial Ca?* uptake” Johann Schredelseker

find major structural differences between VDAC1 and VDAC2, which could explain
the different physiological behavior of the channel. Recent studies however propose
that isoform differences could be attributed to differences in molecular interaction
partners (Caterino et al., 2017) such as Bcl2 family members (Cheng et al., 2003).
Indeed, we identified several structural elements that could serve as docking sites for
molecular interactions partners which vary between the isoforms, mainly the loop
connecting [-sheets 1 and 2 which is displaced by 712 A compared to VDAC1 and an

electropositive cluster within the same loop which is electronegative in VDACT.

In an effort to identify the efsevin binding site we also set out to co-crystallize
VDAC2 together with efsevin. However, the limited solubility of efsevin did not allow
us to achieve a molar amount of efsevin in the experimental setup high enough to
efficiently bind one efsevin molecule to each molecule of VDAC2. Consistently the

structure of efsevin could not be resolved in the co-crystallization attempts.

However, this work set the basis for a follow-up study in which we used purified
VDAC2, generated with the protocol established here, and the determined VDAC2
structure to characterize the efsevin-VDAC2 interaction on a biophysical and

structural level.

18
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The VDAC2-efsevin interaction

Wilting F., Kopp R., Gurnev P.A., Schedel A., Dupper N. J., Kwon O., Nicke A., Gudermann T.,
and Schredelseker J. (2020) The antiarrhythmic compound efsevin directly modulates voltage-

dependent anion channel 2 by binding to its inner wall and enhancing mitochondrial Ca?* uptake,
Br J Pharmacol. doi: 10.1111/bph.15022

After identifying efsevin as a potent suppressor of cardiac arrhythmia in zebrafish
and isolated murine cardiomyocytes and subsequent determination of the VDAC2
structure we set out to investigate the efsevin mode-of-action on a molecular level.
Therefore we inserted purified recombinant VDAC2 into planar lipid bilayers and
measured single channel currents in response to 10s voltage steps from -60 to +60
mV. In line with previous reports on other VDAC isoforms, VDAC2 showed a single
channel conductance of approx. 4 ns in the open state in 1M KCl (Colombini, 1989;
Ujwal et al., 2008). At low potentials between -20 and +20 mV the channel almost
exclusively resided in this 4 nS-open state, but displays vigorous gating behavior
between the open state and two distinct gated states with conductances of 2 and 1 nS
respectively at intermediate potentials around £30 mV. At very low or high
potentials below -40 mV or above +40 the channel is mostly gated and only scarcely
opens into the open state. This translates into a bell-shaped conductance-voltage
relationship that is typical for VDAC and is consistent with previous observations on
other VDAC isoforms. Strikingly addition of efsevin strongly facilitated gating and
significantly reduced the open probability of the channel. Even at the physiologically
relevant low potentials the channel mainly shifts between the two gated states. We
then measured ion selectivity of the open state and the efsevin-induced gated state
and found that anion selectivity is reduced upon efsevin binding explaining the

enhanced mitochondrial Ca®" uptake observed previously.
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To identify potential efsevin binding sites we used the previously solved molecular
structure of VDAC2 (Schredelseker et al.,, 2014) for computational docking
experiments and identified a pocket formed between the barrel wall and the hinge
region of the N-terminal pore-lining helix. Since the N-terminal helix was repeatedly
proposed to be involved in channel gating and since this would be in line with our
electrophysiological data, we further validated this potential binding site by a
mutagenesis approach. By mutating three key residues from the identified pocket to
alanines, we completely eliminated efsevin-sensitivity of VDAC2 in planar lipid

bilayer recordings.

To finally proof the hypothesis that efsevin enhances mitochondrial Ca*" uptake by
binding to this pocket and changing the ion selectivity of the channel, we established
a heterologous expression system in cultured HL-1 cardiomyocytes. Therefore we first
knocked down expression of the endogenous mVDAC2 by shRNA. Knock-down of
mVDAC2 completely abolished SR-mitochondria Ca®" transfer as analyzed by
recording the intra-mitochondrial Ca*" level during caffeine-induced SR Ca’®" release.
Strikingly subsequent heterologous expression of VDAC2 or the efsevin-insensitive
mutant zVDAC2*** completely restored SR-mitochondria Ca*" transfer but only wild-

type zZVDAC2 was sensitive to efsevin.

Taken together, this study describes the efsevin-VDAC?2 interaction on a molecular
level. We show that efsevin binds through a pocket located inside the channel pore
and shifts the channel into a more cation selective state leading to enhanced transfer
of Ca*>" from the SR into mitochondria. This supports our initial hypothesis that
efsevin activates a mitochondrial buffering system to blunt cytosolic Ca®" signals and

to suppress arrhythmia.
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The translational potential of enhancing mitochondrial Ca*"

uptake for the treatment of arrhythmia

Schweitzer, M. K., Wilting, F., Sedej, S., Dreizehnter, L., Dupper, N. J., Tian, Q., Moretti, A.,
My, 1., Kwon, O., Priori, S. G., Laugwitz, K.-L., Storch, U., Lipp, P., Breit, A., Mederos y
Schnitzler, M., Gudermann, T., and Schredelseker, J. (2017) Suppression of Arrhythmia by
Enhancing Mitochondrial Ca?" Uptake in Catecholaminergic Ventricular Tachycardia Models.
JACC Basic to Transl. Sci. 2, 737-746

After we had identified the mode of action of efsevin on a physiological and
structural level, we next evaluated the translational potential of this novel
pharmacological concept in experimental models for a human cardiac arrhythmia. To
this aim we used two models for catecholaminergic polymorphic ventricular
tachycardia (CPVT) as an example for a Ca® -triggered arrhythmia (Cerrone et al.,
2009). CPVT is characterized by episodes of ventricular tachycardia in response to
catecholaminergic stimulation induced by physical or emotional stress and is
associated with mutations in cardiac Ca®  handling proteins, predominantly RyR2

(CPVT1) or calsequestrin (CPVT2).

Mice heterozygous for a R4496C conversion in RyR2 (RyR2*“VT) " a homolog to
the human R4497C mutation associated with CPVT, recapitulate the human CPVT
phenotype and show episodes of bidirectional ventricular tachycardia upon
catecholaminergic stimulation (Cerrone et al., 2005). We recorded intracellular Ca*'
in freshly isolated cardiomyocytes of RyR2%%““T mice and analyzed diastolic Ca*'
activity immediately after stopping rhythmic electrical stimulation of the cells. In line
with the CPVT phenotype, isoproterenol induced the occurrence of spontaneous Ca*"
waves, the molecular basis for arrhythmogenesis within this diastolic phase. Strikingly

efsevin completely abolished isoproterenol-induced diastolic Ca®" waves without
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affecting systolic Ca®" transients. The diastolic Ca’" waves are considered to trigger a
transient sodium influx through the Na'/Ca’" exchanger initiating depolarization of
the cell and thus spontaneous activity in form of a delayed afterdepolarization
(DAD). To evaluate if efsevin can suppress DADs, we patch-clamped RyR2%4%6¢/WT
cardiomyocytes and found a significant reduction of spontaneous diastolic action
potentials after superfusion with efsevin. To evaluate our hypothesis that efsevin
exerts its therapeutic effect by enhancing mitochondrial Ca®" uptake we applied both,
a loss-of-function and a gain-of-function approach. For the loss-of-function approach
we repeated the above experiment in the presence of Ru360 a specific blocker of the
mitochondrial Ca’" uniporter (MCU) in the inner mitochondrial membrane. Indeed,
in the presence of Ru360 efsevin was unable to suppress isoproterenol-induced
diastolic Ca*" waves. Vice-versa, we used a previously described enhancer of MCU, to
prove the general concept that pharmacological enhancement of mitochondrial Ca*'
uptake could suppress arrhythmogenesis. Kaempferol, a naturally occurring flavonoid,
was reported to enhance mitochondrial Ca*" uptake in HeLa cells (Montero et al.,
2004). After confirming that kaempferol enhances transfer of Ca®" from the SR into
mitochondria using our HL-1 cardiomyocyte mitochondrial Ca*" uptake assay, we
tested it on RyR2™““WYT cardiomyocytes and found that kaempferol suppresses
diastolic Ca*" waves comparable to efsevin. These results demonstrate that enhancing
mitochondrial Ca®" uptake could serve as a general pharmacological concept for the
treatment of arrhythmia and is independent of the molecular target, which is VDAC2

for efsevin and MCU for kaempferol.

We then used both mitochondrial Ca®" uptake enhancers (MiCUps), efsevin and
kaempferol, in-vivo in RyR2%%“WT mice. Mice were implanted with an osmotic
minipump releasing a constant dose of drug into the blood flow 3 days prior to

undergoing an ECG recording. During the ECG recording mice were injected with a
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bolus of epinephrine and caffeine to induce catecholaminergic stress and the ECG was
evaluated for the occurrence of bidirectional ventricular tachycardia. Strikingly, all
mice receiving vehicle control but only half of the mice treated with either efsevin or

kaempferol developed ventricular tachyarrhythmia.

To finally prove efficacy of efsevin in human tissue we used pluripotent stem cell-
derived cardiomyocytes from a CPVT patient (Jung et al., 2012) and again recorded
spontaneous Ca’'" activity as a measure for arrhythmogenesis. Comparable to the data
obtained from RyR2™%““T mice, we found that both MiCUps, efsevin and

kaempferol, significantly reduced spontaneous diastolic Ca*" waves.

Taken together, our data from this study highlights the translational potential of
enhancing mitochondrial Ca®" uptake as a therapeutic concept for the treatment and
prevention of Ca?'-triggered cardiac arrhythmias. Through targeting different
components of the mitochondrial Ca*" uptake complex, both MiCUps, efsevin and
kaempferol, significantly suppressed arrhythmia in a murine and a human model for
cardiac arrhythmia. However, both substances are still very experimental and not
optimized for the wuse in human. For example, basic pharmacokinetic and
pharmacodynamic parameters are largely undetermined or suggest impracticality for
the use as drugs in human. We therefore set out to identify additional substances

which activate mitochondrial Ca®" uptake in a follow-up study.
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Novel mitochondrial Ca®*" uptake enhancers

Sander P., Arduino D., Schweitzer M. K., Wilting F., Gutenthaler S., Dreizehnter L., Moretti A.,
Gudermann T., Perocchi F., and Schredelseker J. (2020) Approved drugs ezetimibe and

disulfiram enhance mitochondrial Ca®* uptake and suppress cardiac arrhythmogenesis, submitted

After we demonstrated that the two MiCUps efsevin and kaempferol significantly
reduce arrhythmogenesis in translational models for human Ca*'-triggered cardiac
arrhythmia, we questioned if these substances are druggable for pre-clinical and
clinical studies and finally the use as therapeutics. Analysis of the dose response
curves of efsevin and kaempferol revealed an EC;, of approximately 2-5 ntM for both
drugs in our SR-mitochondria Ca®" transfer assay, which is relatively high for the use
as therapeutics since it makes binding of the drugs to unspecific targets likely. In this
regard very little is known about efsevin. Though we identified VDAC2 as the
primary target of efsevin relevant for the reduction of arrhythmogenesis, selectivity of
the drug was never systematically addressed. Kaempferol was suggested to act on
different targets including the NF-kB (Kadioglu et al., 2015), the fibroblast growth
factor (Lee et al., 2018), and other signaling pathways (Yao et al., 2014; Kim et al.,
2015; Wu et al., 2017).

To circumvent problems associated with the high EC; of these drugs, we
selectively screened a library of FDA and EMA approved drugs for their ability to
enhance mitochondrial Ca*" uptake using a HeLa based high-throughput assay
(Arduino et al., 2017). From this screen we identified four substances, which enhanced
mitochondrial Ca®" uptake greater then 2.5-fold compared to control and have never
been associated with mitochondrial Ca’" before. We then validated these hits at

different concentrations in HeLa cells and excluded cefatrizine as a false-positive.
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Since we previously identified cardiac SR-mitochondria Ca*" transfer as the molecular
foundation for the antiarrhythmogenic activity of MiCUPs we evaluated the
remaining three substances in our HL-1 cardiomyocyte Ca®" transfer assay. In this
assay two substances, namely ezetimibe, used to lower cholesterol and disulfiram,
used for the treatment of alcohol abuse, significantly enhanced SR-mitochondria Ca?'
transfer at significantly lower concentrations compared to our previously established
MiCUps efsevin and kaempferol. Interestingly, the natural compound honokiol, which
scored highest in the HeLa assay failed to enhance SR-mitochondria Ca®" transfer in
cardiomyocytes, which might be explained by differences in the subunit composition
(Raffaello et al., 2013; Patron et al., 2019) or subcellar localization (De la Fuente et

al., 2016) of the mitochondrial Ca®" uptake complex in this cell type.

We then tested ezetimbe and disulfiram for their antiarrhythmogenic activity in
different arrhythmia models. As a first assay we tested both substances in tremblor
zebrafish embryos as an in-vivo model for Ca®" overload induced arrhythmia. Both
significantly restored rhythmic cardiac contractions in tremblor comparable to efsevin
(Shimizu et al., 2015) but at significantly lower concentrations. As a next step we
tested ezetimibe and disulfiram for their potential to suppress arrhythmogenic

QRMIC/WT  mice and human

diastolic Ca’" waves in CPVT cardiomyocytes of RyR
iPSC-derived cardiomyocytes (Schweitzer et al., 2017). Both significantly suppressed
isoproterenol-induced diastolic Ca’" waves dose-dependently and again at lower
concentrations then efsevin and kaempferol. Interestingly, disulfiram induced side-
effects in all tested models. Fish displayed severe malformations and cells displayed
elevated cytosolic baseline Ca’' concentrations and increased spontaneous activity,

indicating that although effective, care has to be taking when disulfiram is used in

pre-clinical and clinical applications.
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This study presents two FDA and EMA approved drugs as novel enhancers of
mitochondrial Ca?*" uptake. Both substances effectively suppress arrhythmia in
experimental models for human arrhythmia, however disulfiram shows indications of
severe side effects. Both substances are promising candidates for future pre-clinical
and clinical studies to evaluate the therapeutic potential of MiCUps for arrhythmia

therapy.

Relevance of the work for the scientific field

Mitochondrial Ca®’" uptake as a regulator of cardiac
rhythmicity

Already in the early 60s researchers noted that mitochondria can take up vast
amounts of Ca®" inside the mitochondrial matrix (DeLuca and Engstrom, 1961) but
the physiological role of this uptake was discussed ever since. In principle, two
mechanisms, a high affinity low conductance pathway for gradual Ca’" uptake in
response to changes in basal cytosolic Ca?" levels and a low affinity high conductance
pathway for the rapid uptake of Ca*" were discussed (Waldeck-Weiermair et al.,
2013). Today, it is widely appreciated that a slow and gradual uptake of Ca®" into
mitochondria stimulates enzymes of the TCA cycle to enhance energy production
(McCormack and Denton, 1989; Brandes and Bers, 1997), while the role of the fast
mitochondrial Ca’" uptake remains elusive. Several reports suggest that the fast
mitochondrial Ca’" uptake represents a local buffering mechanism to shape

intracellular Ca®" signals (Hoth et al., 2000; Montero et al., 2000).

Rapid mitochondrial Ca®" uptake was particularly investigated in cardiomyocytes,

which constantly undergo rapid and large changes in intracellular Ca*" levels and
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where Ca’" signaling represents a central part of the cell’s physiology. In
cardiomyocytes mitochondria comprise approximately 30% of the total cell volume
(Barth et al., 1992; Kim et al., 1994) primarily to cover the high energy demand of
the working myocardium. Conspicuously often however, they are located in close
proximity to the Ca’' release sites of the SR, and are tightly tethered to the SR
membrane (Boncompagni et al., 2009; Hayashi et al., 2009). An extensive cross-talk
between the two organelles exists (Garcia-Pérez et al., 2008; Dorn and Scorrano,
2010) and mitochondria were reported to play an essential role in shaping

intracellular Ca®" signals (Parekh, 2003).

In this thesis we identified an immediate physiological role for rapid mitochondrial
Ca?" uptake in cardiomyocytes as a so far unappreciated important regulator of
cardiac rhythmicity. We propose a mechanism in which spatially defined
mitochondrial Ca*" uptake in close vicinity to the cardiac Ca®" release sites spatially
and temporally restricts erratic diastolic Ca*" sparks and thereby inhibits saltatory
expansion of the signal in form of a Ca?  wave. This hypothesis is supported by a
previous report in which inhibition of mitochondrial Ca*" uptake increased the
propensity for propagating Ca’" waves in cardiomyocytes (Seguchi et al., 2005) and
the finding that VDAC2 closely interacts with the RyR (Subedi et al., 2011; Min et
al., 2012). Our data thus supports the notion that rapid mitochondrial Ca®" uptake is
used to shape intracellular Ca®" signals. Moreover, our study adds additional
relevance to this mechanism, since we present this mechanism to be relevant for the

pathogenesis and treatment of a human disease.

Surprisingly, in our experiments activation of mitochondrial Ca®" uptake activates
a mechanism to protect the cell during diastole while it has limited effects on systolic

Ca’" signals. This poses the question why mitochondrial Ca®" uptake is limited under
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physiological conditions. Future experiments are needed to address this question in
long-term experiments and a detailed analysis of systolic Ca*" transients at rest and

under higher workload.

The mitochondrial outer membrane as a regulated Ca®**

barrier

Ever since mitochondrial Ca*" uptake was first described in the 1960s (DeLuca and
Engstrom, 1961) various studies speculated on the molecular entities mediating this
large and highly selective current described as MCU (Kirichok et al., 2004).
Numerous targets in the inner mitochondrial membrane were suggested to be involved
in mitochondrial Ca’" uptake including mitochondrial uncoupling proteins 2/3,
Letm1, and RyR (Trenker et al., 2007; Waldeck-Weiermair et al., 2011). The picture
changed in 2011 when the molecular identity of MCU was reported by two
independent groups (Baughman et al., 2011; De Stefani et al., 2011). After this
discovery, research on mitochondrial Ca?" uptake has experienced a revival and new
research tools, like gene-modified mice (Pan et al., 2013), became available. Numerous

regulatory subunits of MCU were identified and intensively investigated.

However, on its way into mitochondria, Ca®" has to pass two membranes, the outer
and inner mitochondrial membrane. The transfer route of Ca?" over the outer
mitochondrial membrane is generally believed to be constituted by VDACs. Because
of their large pore diameter of approx. 15 A and their conductivity for large
metabolites such as ATP and NADPH they were often depicted as unselective pores
leading to the assumption that the outer mitochondrial membrane would be freely
permeable for ions. However, several observations challenge this general belief and

establish VDAC in the OMM as a second regulated barrier for Ca’" in addition to
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MCU: (i) VDAC was shown to be localized in close proximity to ER/SR Ca’" release
sites and even a direct link to Ca’*" release channels was proposed (Szabadkai et al.,
2006; Min et al., 2012). (ii) Overexpression of VDAC1 enhanced transfer of Ca*" from
microdomains into mitochondria (Rapizzi et al., 2002). (iii) VDAC gating is
modulated by Ca’" (Bathori et al., 2006) and (iv) Ca®' permeability through the

VDAC pore depends on the the open state of the channel (Tan and Colombini, 2007).

In this thesis we demonstrate that pharmacological modulation of the outer
mitochondrial membrane channel VDAC2 by efsevin enhances transfer of Ca®" into
mitochondria. This data supports the idea that uptake of Ca*" into mitochondria is
regulated already at the outer mitochondrial membrane, specifically through VDAC.
Moreover, we present evidence that this regulatory step is highly relevant for the
physiological regulation of the cell. In cardiomyocytes VDAC2 limits uptake of Ca*"
into mitochondria. Enhancement of VDAC2 Ca*" conductance by efsevin enhances
mitochondrial Ca’" uptake and thereby creates an additional Ca*" buffering

compartment that protects the cell from arrhythmogenic diastolic Ca?®" signals.

Against the common belief that MCU is the sole regulator of mitochondrial Ca*"
uptake, we propose a situation in which VDAC2 works together with MCU in the
inner mitochondrial membrane as a mitochondrial Ca*" uptake supercomplex. We
present evidence that overexpression of VDAC2 just like overexpression of MCU
restores rhythmic cardiac contractions in tremblor embryos, while knockdown of MCU
abolishes the rescuing effect of VDAC2 overexpression and vice-versa (Shimizu et al.,
2015). This demonstrates that both channel depend on each other and regulate
mitochondrial Ca®" uptake in form of a two membrane tunnel. This idea is further
supported by a recently identified physical interaction between VDAC and MCU
(Liao et al., 2015).
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Beyond this interaction, several studies suggest that the mitochondrial Ca*" uptake
complex is part of a bigger complex involving the Ca*" release channel of the
sarcoplasmic reticulum, i.e. the IP; receptor in non-excitable cells and the RyR in
cardiomyocytes respectively (Rizzuto et al., 1998; Marchi et al., 2018; Xu et al.,
2018). This is supported by the notion that due to the low-affinity of the MCU for
Ca’" , a threshold of approximately 1 pM - 3 pM Ca?’' is required for opening of the
channel (Csordas et al., 2013), which is not reached by bulk cytosolic Ca’*" but only
within nandomains in close proximity to the Ca®" release sites of the ER/SR. Within
these contact sites the outer mitochondrial membrane VDAC is tethered to the ER
presumably through the anchoring protein GRP75 (Szabadkai et al., 2006), to form

the center of the complex.

Taken together, this thesis together with other reports provides evidence that not
MCU alone, but a macromolecular complex between the SR Ca®" release channel,
VDAC in the outer membrane, and MCU in the inner membrane regulates
mitochondrial Ca’" uptake. Therefore, care should be taken when investigating effects
of mitochondrial Ca*" uptake on cellular physiology solely by genetic or physiological
manipulation of MCU under the assumption that the outer mitochondrial membrane
is freely permeable to Ca®'. Instead, VDAC and MCU should be treated as a complex
spanning both membranes to regulate Ca*" uptake in two consecutive steps. Future
studies are needed however to investigate the nature of this complex in different
tissues and the relative contribution of the outer and inner mitochondrial membrane

to the regulation of mitochondrial Ca®" uptake.
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Mitochondrial Ca*" uptake as a therapeutic strategy

By describing mitochondrial Ca’" uptake as a pharmacologically targetable
mechanism for the regulation of cardiac rhythmicity, this thesis presents an entirely
new candidate structure for the development of novel antiarrhythmic therapies. We
present four different candidate substances, out of which two are FDA and EMA
approved drugs, which could serve as lead compounds for the generation of novel
drugs. Furthermore, we show efficacy of this approach in models for cardiac
arrhythmias including a Ca*" overload model and models for inherited arrhythmias
and including several species, namely in-vivo experiments on fish and mice and

experiments on human cells.

Common antiarrhythmic therapies using Na™, K, and Ca?" channel blockers aim
at inhibiting the propagation of an ectopic excitation along the myocardium by
blocking channels of the cardiac conduction system. As such they influence cardiac
de- or repolarization and are thus prone to proarrhythmic side effects. Because
MiCUps target intracellular structures to suppress the generation of ectopic
depolarizations and do not influence the cardiac action potential, they are expected

be less prone to these proarrhythmic effects.

However, several further studies must be conducted before MiCUps can be used for
clinical testing. Efsevin the first substance identified in our studies is a newly
synthesized compound and basic pharmacokinetic parameters like oral bioavailability,
plasma half-life time or volume of distribution are not known and need to be
determined. While most of these parameters are known for kaempferol, both
substances, efsevin and kaempferol, showed fairly high EC;, values in the low nM
range in our mitochondrial Ca®" uptake assay suggesting that fairly high amounts of

the drugs need to be administered to achieve a therapeutic effect. At these high
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concentrations binding of the drug to other targets becomes likely. While specificity of
efsevin to other targets has never been assessed, kaempferol was suggested to interact
with numerous proteins including the NF-kB (Kadioglu et al., 2015), the fibroblast
growth factor (Lee et al., 2018), and other signaling pathways (Yao et al., 2014; Kim
et al., 2015; Wu et al., 2017), suggesting that side effects are to be expected. In
contrast, ezetimibe and disulfiram are clinically approved and EC,, values of
mitochondrial Ca®" uptake in our assay are in the low nM range, a range that is well
suitable for their use as therapeutics. However, both substances have been approved
for other indications based on their effect on their primary targets, i.e. the cholesterol
transporter Niemann-Pick Cl-like 1 (NPCI1L1) for ezetimibe and the acetaldehyde
dehydrogenase for disulfiram. Affinity of the drug for the mitochondrial Ca*" uptake

complex versus their primary targets has to be determined.

Furthermore it should be noted that mitochondrial Ca®' uptake is a process
presumably taking place in every cell of the body and not limited to cardiomyocytes.
Though we assume that a special situation exists in cardiomyocytes due to the
specific subcellular localization of the mitochondrial Ca*" uptake complex in these
cells (De la Fuente et al., 2016; De La Fuente et al., 2018) and the subunit
composition of MCU (Raffaello et al., 2013; Lambert et al., 2019; Patron et al., 2019),
effects of enhanced mitochondrial Ca®" uptake in other tissues need to be excluded

prior to clinical experiments.

For the above reasons, the identified drugs might need to be optimized through
chemical modification. Our study identified the binding site for efsevin on the VDAC2
protein and thus provides a structural basis for the optimization of efsevin through

structure-aided drug design. The protein target of kaempferol, ezetimbe and
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disulfiram within the mitochondrial Ca*" uptake complex still need to be determined,

however, our work provides the tools to successfully address this question.

Taken together, this thesis provides the basis for the development of a novel
generation of antiarrhythmic drugs, but also opens the door for a number of studies

before clinical experiments can be started.
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Mitochondrial Ca?* uptake by the
voltage-dependent anion channel 2
regulates cardiac rhythmicity
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Abstract Tightly regulated Ca?* homeostasis is a prerequisite for proper cardiac function.
To dissect the regulatory network of cardiac Ca?* handling, we performed a chemical suppressor
screen on zebrafish tremblor embryos, which suffer from Ca?* extrusion defects. Efsevin was
identified based on its potent activity to restore coordinated contractions in tremblor. We
show that efsevin binds to VDAC2, potentiates mitochondrial Ca?* uptake and accelerates the
transfer of Ca?* from intracellular stores into mitochondria. In cardiomyocytes, efsevin restricts
the temporal and spatial boundaries of Ca?* sparks and thereby inhibits Ca?* overload-induced
erratic Ca?* waves and irregular contractions. We further show that overexpression of VDAC2
recapitulates the suppressive effect of efsevin on tremblor embryos whereas VDAC2 deficiency
attenuates efsevin's rescue effect and that VDAC2 functions synergistically with MCU to
suppress cardiac fibrillation in tremblor. Together, these findings demonstrate a critical
modulatory role for VDAC2-dependent mitochondrial Ca?* uptake in the regulation of cardiac
rhythmicity.

DOI: 10.7554/eLife.04801.001

Introduction

During development, well-orchestrated cellular processes guide cells from diverse lineages to
integrate into the primitive heart tube and establish rhythmic and coordinated contractions. While
many genes and pathways important for cardiac morphogenesis have been identified, molecular

Shimizu et al. eLife 2015;4:e04801. DOI: 10.7554/eLife.04801 1 0of 20
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elLife digest The heart is a large muscle that pumps blood around the body by maintaining a
regular rhythm of contraction and relaxation. If the heart loses this regular rhythm it works less
efficiently, which can lead to life-threatening conditions.

Regular heart rhythms are maintained by changes in the concentration of calcium ions in the
cytoplasm of the heart muscle cells. These changes are synchronised so that the heart cells contract
in a controlled manner. In each cell, a contraction begins when calcium ions from outside the cell
enter the cytoplasm by passing through a channel protein in the membrane that surrounds the
cell. This triggers the release of even more calcium ions into the cytoplasm from stores within the
cell. For the cells to relax, the calcium ions must then be pumped out of the cytoplasm to lower
the calcium ion concentration back to the original level.

Shimizu et al. studied a zebrafish mutant—called tremblor—that has irregular heart rhythms
because its heart muscle cells are unable to efficiently remove calcium ions from the cytoplasm.
Embryos of the tremblor mutant were treated with a wide variety of chemical compounds with the
aim of finding some that could correct the heart defect.

A compound called efsevin restores regular heart rhythms in tremblor mutants. Efsevin binds to
a pump protein called VDAC2, which is found in compartments called mitochondria within the cell.
Although mitochondria are best known for their role in supplying energy for the cell, they also act
as internal stores for calcium. By binding to VDAC2, efsevin increases the rate at which calcium ions
are pumped from the cytoplasm into the mitochondria. This restores rhythmic calcium ion cycling in
the cytoplasm and enables the heart muscle cells to develop regular rhythms of contraction and
relaxation. Increasing the levels of VDAC2 or another similar calcium ion pump protein in the heart
cells can also restore a regular heart rhythm.

Efsevin can also correct irregular heart rhythms in human and mouse heart muscle cells, therefore
the new role for mitochondria in controlling heart rhythms found by Shimizu et al. appears to be
shared in other animals. The experiments have also identified the VDAC family of proteins as
potential new targets for drug therapies to treat people with irregular heart rhythms.

DOI: 10.7554/eLife.04801.002

mechanisms governing embryonic cardiac rhythmicity are poorly understood. The findings that Ca2?*
waves traveling across the heart soon after the formation of the primitive heart tube (Chi et al.,
2008) and that loss of function of key Ca?" regulatory proteins, such as the L-type Ca?* channel,
Na/K-ATPase and sodium-calcium exchanger 1 (NCX1), severely impairs normal cardiac function
(Rottbauer et al., 2001; Shu et al., 2003; Ebert et al., 2005; Langenbacher et al., 2005), indicate
an essential role for Ca?* handling in the regulation of embryonic cardiac function.

Ca? homoeostasis in cardiac muscle cells is tightly regulated at the temporal and spatial level by
a subcellular network involving multiple proteins, pathways, and organelles. The release and reup-
take of Ca?* by the sarcoplasmic reticulum (SR), the largest Ca?* store in cardiomyocytes, constitutes
the primary mechanism governing the contraction and relaxation of the heart. Ca?* influx after acti-
vation of the L-type Ca?" channel in the plasma membrane induces the release of Ca?" from the SR
via ryanodine receptor (RyR) channels, which leads to an increase of the intracellular Ca?* concentra-
tion and cardiac contraction. During diastolic relaxation, Ca?* is transferred back into the SR by the
SR Ca?* pump or extruded from the cell through NCX1. Defects in cardiac Ca** handling and Ca?*
overload, for example during cardiac ischemia/reperfusion or in long QT syndrome, are well known
causes of contractile dysfunction and many types of arrhythmias including early and delayed after-
depolarizations and Torsade des pointes (Bers, 2002; Choi et al., 2002; Yano et al., 2008; Greiser
et al.,, 2011).

Ca?* crosstalk between mitochondria and ER/SR has been noted in many cell types and the voltage-
dependent anion channel (VDAC) and the mitochondrial Ca?* uniporter (MCU) serve as primary routes
for Ca?* entry through the outer and inner mitochondrial membranes, respectively (Rapizzi et al.,
2002; Bathori et al., 2006, Shoshan-Barmatz et al., 2010; Baughman et al., 2011; De Stefani et al.,
2011). In the heart, mitochondria are tethered to the SR and are located in close proximity to Ca?*
release sites (Garcia-Pérez et al., 2008; Boncompagni et al., 2009, Hayashi et al., 2009). This subcel-
lular architecture exposes the mitochondria near the Ca?* release sites to a high local Ca?* concentration
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Figure 1. Efsevin restores rhythmic cardiac contractions in zebrafish tremblor embryos. (A) Line scans across the atria of Tg(myl7:GFP) embryonic hearts
at 48 hpf. Rhythmically alternating systoles and diastoles are recorded from vehicle- (upper left) or efsevin- treated wild type (upper right) and efsevin-
treated tre (lower right) embryos, while only sporadic unsynchronized contractions are recorded from vehicle-treated tre embryos (lower left). (B, C)
Fractional shortening (FS) deduced from the line-scan traces. While cardiac contraction was not observed in tre, efsevin-treated wild type and tre hearts
have similar levels of FS to those observed in control hearts. Ventricular FS of wild type v.s. wild type + efsevin vs tre + efsevin: 39 = 0.6%, n = 8 vs 39 = 1%,
n=10vs 35+ 3%, n=6;and Atrial FS: 37 £ 1%, n =11 vs 35 + 2%, n = 11 vs 33 = 2%, n = 15. (D) While efsevin restored a heart rate of 46 + 2 beats
per minute (bpm) in tre embryos, same treatment does not affect the heart rate in wild type embryos (126 + 2 bpm in vehicle-treated embryos vs
123 + 3 bpm in efsevin-treated wild-type embryos). ***, p < 0.001 by one-way ANOVA. (E) Dose-dependence curve for efsevin. The tre embryos were
treated with various concentrations of efsevin from 24 hpf and cardiac contractions were analyzed at 48 hpf. (F-H) Representative time traces of local
field potentials for wild type (F), tre (G) and efsevin-treated tre (H) embryos clearly display periods of regular, irregular, and restored periodic electrical
activity. (I) In vivo optical maps of Ca?* activation represented by isochronal lines every 33 ms recorded from 36 hpf wild type (left), tre (center) and
efsevin-treated tre (right) embryos.

DOI: 10.7554/eLife.04801.003

that is sufficient to overcome the low Ca?* affinity of MCU and facilitates Ca?* crosstalk between SR
and mitochondria (Garcia-Pérez et al., 2008; Dorn and Scorrano, 2010; Kohlhaas and Maack, 2013).
Increase of the mitochondrial Ca?* concentration enhances energy production during higher workload and
dysregulation of SR-mitochondrial Ca?* signaling results in energetic deficits and oxidative stress in the
heart and may trigger programmed cell death (Brandes and Bers, 1997, Maack et al., 2006; Kohlhaas
and Maack, 2013). However, whether SR-mitochondrial Ca?* crosstalk also contributes significantly to
cardiac Ca?* signaling during excitation-contraction coupling requires further investigation.

In zebrafish, the tremblor (tre) locus encodes a cardiac-specific isoform of the Na*/Ca?* exchanger 1,
NCX1h (also known as slc8a1a) (Ebert et al., 2005; Langenbacher et al., 2005). The tre mutant hearts
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Video 1. The video shows a heart of a wild-type
zebrafish embryo at 2 dpf. Robust rhythmic contractions
can be observed in atrium and ventricle.

DOI: 10.7554/eLife.04801.004

Video 2. This video shows a heart of a tremblor embryo
at 2 dpf. Embryos of the mutant line tremblor display
only local, unsynchronized contractions, comparable to
cardiac fibrillation.

DOI: 10.7554/eLife.04801.005

Video 3. This video shows a heart of a tremblor embryo
at 2 dpf treated with efsevin. Treatment of tremblor
embryos with efsevin restores rhythmic contractions
with comparable atrial fractional shortening compared
to wild-type embryos and approximately 40% of
wild-type heart rate.

DOI: 10.7554/eLife.04801.006
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lack rhythmic Ca?* transients and display chaotic
Ca?" signals in the myocardium leading to unsyn-
chronized contractions resembling cardiac fibril-
lation (Langenbacher et al., 2005). In this study,
we used tre as an animal model for aberrant Ca?*
handling-induced cardiac dysfunction and took
a chemical genetic approach to dissect the Ca?*
regulatory network important for maintaining car-
diac rhythmicity. A synthetic compound named
efsevin was identified from a suppressor screen
due to its potent ability to restore coordinated
contractions in tre. Using biochemical and genetic
approaches we show that efsevin interacts with
VDAC2 and potentiates its mitochondrial Ca?*
transporting activity and spatially and tempo-
rally modulates cytosolic Ca?* signals in cardio-
myocytes. The important role of mitochondrial
Ca?* uptake in regulating cardiac rhythmicity is
further supported by the suppressive effect of
VDAC2 and MCU overexpression on cardiac fibril-
lation in tre.

Results and discussion

Identification of a chemical
suppressor of tre cardiac
dysfunction

Homozygous tre mutant embryos suffer from Ca?*
extrusion defects and manifest chaotic cardiac
contractions resembling fibrillation (Ebert et al.,
2005; Langenbacher et al., 2005). To dissect
the regulatory network of Ca?* handling in car-
diomyocytes and to identify mechanisms control-
ling embryonic cardiac rhythmicity, we screened
the BioMol library and a collection of synthetic
compounds for chemicals that are capable of
restoring heartbeat either completely or partially
in tre embryos. A dihydropyrrole carboxylic ester
compound named efsevin was identified based
on its ability to restore persistent and rhythmic
cardiac contractions in tre mutant embryos in
a dose-dependent manner (Figure 1A,E, and
Videos 1-4). To validate the effect of efsevin, we
assessed cardiac performance of wild type, tre
and efsevin-treated tre embryos (Nguyen et al.,
2009). Fractional shortening of efsevin treated
tre mutant hearts was comparable to that of their
wild type siblings and heart rate was restored
to approximately 40% of that observed in con-
trols (Figure 1B-D). Periodic local field potentials
accompanying each heartbeat were detected in

wild type and efsevin-treated tre embryos using a microelectrode array (Figure 1F-H). Furthermore,
while only sporadic Ca?* signals were detected in tre hearts, in vivo Ca?" imaging revealed steady
Ca?" waves propagating through efsevin-treated tre hearts (Figure 11, Videos 5-7), demonstrating
that cardiomyocytes are functionally coupled and that efsevin treatment restores regular Ca?" tran-

sients in tre hearts.
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Efsevin suppresses Ca?*
overload-induced irregular
contraction

We next examined whether efsevin could suppress
aberrant Ca?* homeostasis-induced arrhythmic
responses in mammalian cardiomyocytes. Mouse
embryonic stem cell-derived cardiomyocytes
(mESC-CMs) establish a regular contraction pattern
with rhythmic Ca?* transients (Figure 2A,B,E,F).
Mimicking Ca?* overload by increasing extracel-

Video 4. The video shows a heart of a wild-type lular Ca?* levels was sufficient to disrupt normal
zebrafish embryo at 2 dpf treated with efsevin.

) ! vin- Ca?* cycling and induce irregular contractions in
Treatment .of wild-type embryo§ with efsevin did not mESC-CMs (Figure 2C,E,F). Remarkably, efsevin
affect cardiac performance, indicated by robust, . 2 N
: ) treatment restored rhythmic Ca?* transients and

rhythmic contractions comparable to untreated X X . i

; cardiac contractions in these cells (Figure 2D-F).
wild-type embryos. o . ;
DOI- 10.7554/cLife.04801 007 Similar effect was observed in human embryonic
stem cell-derived cardiomyocytes (hESC-CMs)
(Figure 2G). Together, these findings suggest
that efsevin targets a conserved Ca?* regulatory
mechanism critical for maintaining rhythmic car-
diac contraction in fish, mice and humans.

VDAC2 mediates the suppressive
effect of efsevin on tre

To identify the protein target of efsevin, we gen-
erated a N-Boc-protected 2-aminoethoxyeth-
oxyethylamine linker-attached efsevin (efsevint)
(Figure 3A,C). This modified compound retained
the activity of efsevin to restore cardiac contrac-
tions in ncx1h deficient embryos (Figure 3B,D) and
was used to create efsevin-conjugated agarose
beads (efsevin'®). A 32kD protein species was
detected from zebrafish lysate due to its binding
ability to efsevin'® and OK-C125'8, an active efsevin
derivative conjugated to beads, but not to beads
capped with ethanolamine alone or beads conju-
gated with an inactive efsevin analog (OK-C19'€)
(Figure 3A-E). Furthermore, preincubation of
old wild type heart. zebrafish Iysate.with excess .efsevin prev.ented
DOI: 10.7554/eLife. 04801 008 the 32kD protein from binding to efsevin'® or
OK-C125'® (Figure 3E). Mass spectrometry anal-
ysis revealed that this 32kD band represents a
zebrafish homologue of the mitochondrial voltage-dependent anion channel 2 (VDAC2) (Figure 3F
and Figure 3—figure supplement 1).

VDAC?2 is expressed in the developing zebrafish heart (Figure 4A), making it a good candidate for
mediating efsevin’s effect on cardiac Ca?* handling. To examine this possibility, we injected in vitro
synthesized VDAC2 RNA into tre embryos and found that the majority of these embryos had coordi-
nated cardiac contractions similar to those subjected to efsevin treatment (Figure 4B, Videos 8-11).
In addition, we generated myl7:VDAC2 transgenic fish in which VDAC2 expression can be induced in
the heart by tebufenozide (TBF) (Figure 4C). Knocking down NCX1h in myl7:VDAC2 embryos results
in chaotic cardiac movement similar to tre. Like efsevin treatment, induction of VDAC2 expression by
TBF treatment restored coordinated and rhythmic contractions in myl7:VDAC2;NCX1h MO hearts
(Figure 4D, Videos 12,13). Conversely, knocking down VDAC2 in tre hearts attenuated the suppres-
sive effect of efsevin (Figure 4E, Videos 14-16). Furthermore, we generated VDAC2 null embryos by
the Zinc Finger Nuclease gene targeting approach (Figure 4G). Similar to that observed in morpholino
knockdown embryos, homozygous VDAC2%2?% embryos do not exhibit noticeable morphological

Video 5. Heat map of Ca?* transients recorded in 1 day
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Video 6. Heat map of Ca?* transients recorded in 1 day
old tremblor heart.
DOI: 10.7554/eLife.04801.009

Video 7. Heat map of Ca?* transients recorded in 1 day

old efsevin treated tremblor heart.
DOI: 10.7554/eLife.04801.010
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defects, but the suppressive effect of efsevin was
attenuated in homozygous VDAC2422%; NCXTMO
embryos (Figure 4F). These findings demonstrate
that VDAC2 is a major mediator for efsevin’s effect
on ncxTh deficient hearts.

VDAC2-dependent effect of
efsevin on mitochondrial Ca?*
uptake
VDAC is an abundant channel located on the
outer mitochondrial membrane serving as a primary
passageway for metabolites and ions (Figure 5A)
(Rapizzi et al., 2002; Bathori et al., 2006;
Shoshan-Barmatz et al., 2010). At its close state,
VDAC favours Ca?* flux (Tan and Colombini, 2007).
To examine whether efsevin would modulate mito-
chondrial Ca?* uptake via VDAC2, we transfected
Hela cells with VDAC2. We noted increased mito-
chondrial Ca?* uptake in permeabilized VDAC2
transfected and efsevin-treated cells after the addi-
tion of Ca?* and the combined treatment further
enhanced mitochondrial Ca?* levels (Figure 5B).
Mitochondria are located in close proximity
to Ca?* release sites of the ER/SR and an exten-
sive crosstalk between the two organelles exists
(Garcia-Pérez et al., 2008; Hayashi et al., 2009,
Brown and O'Rourke, 2010; Dorn and Scorrano,
2010; Kohlhaas and Maack, 2013). We examined
whether Ca?* released from intracellular stores
could be locally transported into mitochondria
through VDAC2 in VDAC1/VDAC3 double knock-
out (V1/V3DKO) MEFs where VDAC2 is the
only VDAC isoform being expressed (Roy et al.,
2009a). While treatments with ATP, an IP3-linked
agonist, and thapsigargin, a SERCA inhibitor,
stimulated similar global cytoplasmic [Ca?*] ele-
vation in intact cells, only ATP induced a rapid
mitochondrial matrix [Ca?*] rise (Figure 5—figure
supplement 1). This finding is consistent with
observations obtained in other cell types (Rizzuto
et al., 1994; Hajnéczky et al., 1995) and sug-
gests that Ca?* was locally transferred from IP3
receptors to mitochondria through VDAC2 at
the close ER-mitochondrial associations. We next
investigated whether this process could be mod-
ulated by efsevin. In permeabilized V1/V3DKO
MEFs, treatment with efsevin increased the
amount of Ca?* transferred into mitochondria

during IPs-induced Ca?* release (Figure 5C). Also, in intact V1/V3 DKO MEFs, efsevin accelerated
the transfer of Ca? released from intracellular stores into mitochondria during stimulation with ATP

(Figure 5D, E).

Efsevin modulates Ca?* sparks and suppresses erratic Ca?* waves in

cardiomyocytes

We next examined the effect of efsevin on cytosolic Ca?* signals in isolated adult murine cardiomyo-
cytes. We found that efsevin treatment induced faster inactivation kinetics without affecting the

Shimizu et al. eLife 2015;4:e04801. DOI: 10.7554/eLife.04801
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Figure 2. Efsevin reduces arrhythmogenic events in ES cell-derived cardiomyocytes. (A) Line-scan analysis of
Ca? transients in mESC-CMs after 10 days of differentiation. (B-D) Representative graph of Ca?* transients
detected in mESC-CMs (B). After treatment with 10 mM Ca?* for 10 min, the EB showed an irregular pattern of
Ca?" transients (C). Efsevin treatment restores regular Ca?" transients under Ca®" overload conditions in mESC-CMs
(D). (E) Plotted intervals between peaks of Ca?* signals detected in mESC-CMs prior to treatment (control), in
10 mM Ca?,,, (Ca?*) and in 10 mM Ca?..+10 UM efsevin (Ca?*+efsevin). (F, G) Plotted intervals of contractions
detected in EBs prior to treatment (control), in 10 mM Ca?*,,, (Ca?*) and in 10 mM Ca?",, + 10 uM efsevin
(Ca?** + efsevin) for mouse ESC-CMs (F) and 5 mM Ca?*,, (Ca?*) and in 5 mM Ca?*,,, + 5 UM efsevin (Ca?* + efsevin)
for human ESC-CMs (G). ***, p < 0.001 by F-test.

DOI: 10.7554/eLife.04801.011

amplitude or time to peak of paced Ca?* transients (Figure 6A). Similarly, efsevin treatment did not signif-
icantly alter the frequency, amplitude or Ca?* release flux of spontaneous Ca?* sparks, local Ca?* release
events, but accelerated the decay phase resulting in sparks with a shorter duration and a narrower
width (Figure 6B). These results indicate that by activating mitochondrial Ca?* uptake, efsevin acceler-
ates Ca?* removal from the cytosol in cardiomyocytes and thereby restricts local cytosolic Ca?* sparks
to a narrower domain for a shorter period of time without affecting SR Ca?* load or RyR Ca?* release.
Under conditions of Ca?* overload, single Ca*" sparks can trigger opening of neighbouring Ca?* release
units and thus induce the formation of erratic Ca?* waves (Figure 6C). Efsevin treatment significantly
reduced the number of propagating Ca?" waves in a dosage-dependent manner (Figure 6C,D), demon-
strating a potent suppressive effect of efsevin on the propagation of Ca?* overload-induced Ca?* waves
and suggesting that efsevin could serve as a pharmacological tool to manipulate local Ca?* signals.

Shimizu et al. eLife 2015;4:e04801. DOI: 10.7554/eLife.04801 7 of 20
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Figure 3. VDAC2 is a protein target of efsevin. (A) Structures of efsevin and two derivatives, OK-C125 and OK-C19. (B) Efsevin and OK-C125 restored
rhythmic contractions in the majority of tremblor embryos, whereas OK-C19 failed to rescue the tremblor phenotype. (C) Structures of linker-attached
compounds (indicated by superscript L). (D) Compounds efsevint and OK-C125" retained their ability to restore rhythmic contractions in NCX1ThMO
injected embryos, while the inactive derivative OK-C19" was still unable to induce rhythmic contraction. (E) Affinity agarose beads covalently linked

with efsevin (efsevin‘®) or OK-C125 (OK-C125) pulled down 2 protein species from zebrafish embryonic lysate, whereof one, the 32 kD upper band, was
sensitive to competition with a 100-fold excess free efsevin“. The 32 kD band was not detected in proteins eluted from beads capped with ethanolamine
alone (beads®) or beads linked to OK-C19 (OK-C19'%). Arrowheads point to the 32kD bands. (F) Mass Spectrometry identifies the 32kD band as VDAC2.
Peptides identified by mass spectrometry (underlined) account for 30% of the total sequence.

DOI: 10.7554/eLife.04801.012

The following figure supplement is available for figure 3:

Figure supplement 1. Mass Spectometry identifies VDAC2 as the target of efsevin.

DOI: 10.7554/eLife.04801.013

Mitochondrial Ca?* uptake modulates embryonic cardiac rhythmicity

We hypothesize that efsevin treatment/VDAC2 overexpression suppresses aberrant Ca?* handling-
associated arrhythmic cardiac contractions by buffering excess Ca?* into mitochondria. This hypo-
thesis predicts that activating other mitochondrial Ca?* uptake molecules would likewise restore
coordinated contractions in tre. To test this model, we cloned zebrafish MCU and MICU1, an inner
mitochondrial membrane Ca?* transporter and its regulator (Perocchi et al., 2010; Baughman et al.,
2011; De Stefani et al., 2011, Mallilankaraman et al., 2012; Csordas et al., 2013). In situ hybrid-
ization showed that MCU and MICU1 were expressed in the developing zebrafish heart (Figure 7A)
and their expression levels were comparable between the wild type and tre hearts (Figure 7—figure
supplement 1). Overexpression of MCU restored coordinated contractions in tre, akin to what was
observed with VDAC2 (Figure 7B). In addition, tre embryos injected with suboptimal concentra-
tions of MCU or VDAC2 had a fibrillating heart, but embryos receiving both VDAC2 and MCU at
the suboptimal concentration manifested coordinated contractions (Figure 7C), demonstrating a
synergistic effect of these proteins. Furthermore, overexpression of MCU failed to suppress the tre
phenotype in the absence of VDAC2 activity and VDAC2 could not restore coordinated contrac-
tions in tre without functional MCU (Figure 7B,D). Similar results were observed by manipulating
MICU1 activity (Figure 7E,F). Together, these findings indicate that mitochondrial Ca?* uptake
mechanisms on outer and inner mitochondrial membranes act cooperatively to regulate cardiac
rhythmicity.

Conclusion

In summary, we conducted a chemical suppressor screen in zebrafish to dissect the regulatory network
critical for maintaining rhythmic cardiac contractions and to identify mechanisms underlying aberrant

Shimizu et al. eLife 2015;4:e04801. DOI: 10.7554/eLife.04801 8 of 20
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Figure 4. VDAC?2 restores rhythmic cardiac contractions in tre. (A) In situ hybridization analysis showed that VDAC2 is expressed in embryonic hearts at
36 hpf (upper image) and 48 hpf (lower image). (B) Injection of 25 pg in vitro synthesized VDAC2 mRNA restored cardiac contractions in 52.9 + 12.1%

(n = 78) of 1-day-old tre embryos, compared to 21.8 + 5.1% in uninjected siblings (n = 111). (C) Schematic diagram of myl7:VDAC2 construct (top). In situ
hybridization analysis showed that TBF treatment induces VDAC2 expression in the heart (lower panel). (D) While only ~20% of myl7:VDAC2;NCX1hMO
embryos have coordinated contractions (n = 116), 52.3 £ 2.4% of these embryos established persistent, rhythmic contractions after TBF induction of
VDAC2 (n = 154). (E) On average, 71.2 + 8.8% efsevin treated embryos have coordinated cardiac contractions (n = 131). Morpholino antisense oligonu-
cleotide knockdown of VDAC2 (MOYPA®?) attenuates the ability of efsevin to suppress cardiac fibrillation in tre embryos (45.3 + 7.4% embryos with
coordinated contractions, n = 94). (F) Efsevin treatment restores coordinated cardiac contractions in 76.2 + 8.7% NCX1TMO embryos, only 54.1 + 3.6%
VDAC2##,NCXTMO embryos have coordinated contractions (n = 250). (G) Diagram of Zinc finger target sites. VDAC2## carries a 34 bp deletion in
exon 3 which results in a premature stop codon (red asterisk). In situ hybridization analysis showing loss of VDAC2 transcripts in VDAC2##" embryos.
White arrowheads point to the developing heart.

DOI: 10.7554/eLife.04801.014

Ca? handling-induced cardiac dysfunction. We
show that activation of VDAC2 through overex-
pression or efsevin treatment potently restores
rhythmic contractions in NCX1h deficient zebrafish
hearts and effectively suppresses Ca?* over-
load-induced arrhythmogenic Ca?* events and
irregular contractions in mouse and human cardi-
omyocytes. We provide evidence that potentiat-
ing VDAC2 activity enhances mitochondrial Ca?*
uptake, accelerates Ca?* transfer from intracel-

Video 8. This video shows a heart of a wild-type lular stores into mitochondria and spatially and
zebrafish embryo at 1 dpf. Robust rhythmic contractions ~ temporally restricts single Ca?* sparks in cardio-
can be observed in atrium and ventricle. myocytes. The crucial role of mitochondria in the
DOI: 10.7554/eLife.04801.015 regulation of cardiac rhythmicity is further sup-

ported by the findings that VDAC2 functions in
concert with MCU; these genes have a strong synergistic effect on suppressing cardiac fibrillation and
loss of function of either gene abrogates the rescue effect of the other in tre.

Shimizu et al. eLife 2015;4:e04801. DOI: 10.7554/eLife.04801 9 of 20
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Video 9. This video shows a heart of a wild-type
zebrafish embryo injected with zebrafish VDAC2 mRNA
at 1 dpf. Robust rhythmic contractions can be observed
in atrium and ventricle.

DOI: 10.7554/eLife.04801.016

Video 10. This video shows a heart of a tremblor
embryo at 1 dpf. Tremblor embryos display only local,
unsynchronized contractions, comparable to cardiac
fibrillation.

DOI: 10.7554/eLife.04801.017

Video 11. This video shows a heart of a tremblor
embryo injected with zebrafish VDAC2 mRNA at 1 dpf.
Overexpression of zebrafish VDAC2 mRNA restores
rhythmic contractions in tremblor embryos.

DOI: 10.7554/eLife.04801.018
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The regulatory roles of mitochondrial Ca2* in
cardiac metabolism, cell survival and fate have
been studied extensively (Brown and O'Rourke,
2010; Dorn and Scorrano, 2010, Doenst et al.,
2013; Kasahara et al., 2013; Kohlhaas and
Maack, 2013; Luo and Anderson, 2013). Our
study provides genetic and physiologic evidence
supporting an additional role for mitochondria in
regulating cardiac rhythmicity and reveals VDAC2
as a modulator of Ca?* handling in cardiomyo-
cytes. Our findings, together with recent reports
of the physical interaction between VDAC2 and
RyR2 (Min et al., 2012) and the close proximity
of outer and inner mitochondrial membranes at
the contact sites between the mitochondria and
the SR (Garcia-Pérez et al., 2011), suggest an
intriguing model. We propose that mitochondria
facilitate an efficient clearance mechanism in the
Ca?* microdomain, which modulates Ca?" hand-
ling without affecting global Ca?* signals in car-
diomyocytes. In this model, VDAC facilitates
mitochondrial Ca?* uptake via MCU complex and
thereby controls the duration and the diffusion
of cytosolic Ca?* near the Ca?* release sites to
ensure rhythmic cardiac contractions. This model
is consistent with our observation that efsevin
treatment induces faster inactivation kinetics of
cytosolic Ca?* transients without affecting the
amplitude or the time to peak in cardiomyocytes
and the reports that blocking mitochondrial Ca?*
uptake has little impact on cytosolic Ca?* tran-
sients (Maack et al., 2006, Kohlhaas et al.,
2010). Further support for this model comes from
the observation of the Ca?* peaks on the OMM
(Drago et al., 2012) and the finding that down-
regulating VDAC2 extends Ca?* sparks (Subedi
et al., 2011, Min et al., 2012) and that blocking
mitochondrial Ca?" uptake by Ru360 leads to an
increased number of spontaneous propagating
Ca?" waves (Seguchi et al., 2005). Future studies
on the kinetics of VDAC2-dependent mitochon-
drial Ca?" uptake and exploring potential regula-
tory molecules for VDAC2 activity will provide
insights into how the crosstalk between SR and
mitochondria contributes to Ca?* handling and
cardiac rhythmicity.

Aberrant Ca?* handling is associated with
many cardiac dysfunctions including arrhythmia.
Establishing animal models to study molecular

mechanisms and develop new therapeutic strategies are therefore major preclinical needs. Our chem-
ical suppressor screen identified a potent effect of efsevin and its biological target VDAC2 on manipu-
lating cardiac Ca?* handling and restoring regular cardiac contractions in fish and mouse and human
cardiomyocytes. This success indicates that fundamental mechanisms regulating cardiac function are
conserved among vertebrates despite the existence of species-specific features and suggests a new
paradigm of using zebrafish cardiac disease models for the dissection of critical genetic pathways and
the discovery of new therapeutic approaches. Future studies examining the effects of efsevin on other

Shimizu et al. eLife 2015;4:e04801. DOI: 10.7554/eLife.04801
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Video 12. This video shows a heart of a 2 dpf

Tg-VDAC2 embryo injected with a morpholino
targeting NCX1h. Morpholino knock-down of

NCX1h results in a fibrillating heart.

DOI: 10.7554/eLife.04801.019

Video 13. This video shows a heart of a 2 dpf NCX1h
morphant in the Tg-VDAC2 genetic background. TBF
treatment induces VDAC2 expression and restores
coordinated cardiac contractions.

DOI: 10.7554/eLife.04801.020

Video 14. This video shows a heart of a 2 dpf wild type
zebrafish embryo injected with a morpholino targeting
VDAC2. Morpholino knockdown of VDAC2 did not have
obvious effects on cardiac performance.

DOI: 10.7554/eLife.04801.021
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arrhythmia models would further elucidate the
potential for efsevin as a pharmacological tool to
treat cardiac arrhythmia associated with aberrant
Ca?* handling.

Materials and methods

Zebrafish husbandry and
transgenic lines

Zebrafish of the mutant line tremblor (tret3'd)
were maintained and bred as described previ-
ously (Langenbacher et al., 2005). Transgenic
lines, myl7:gCaMP4.1%212% and myl7:VDAC2423%?
were created using the Tol2kit (Esengil et al.,
2007: Kwan et al., 2007; Shindo et al., 2010).
The VDAC222% was created using the zinc fin-
ger array OZ523 and OZ524 generated by the
zebrafish Zinc Finger Consortium (Foley et al.,
2009a, 2009Db).

Molecular Biology

Full length VDAC2 cDNA was purchased from
Open Biosystems (Huntsville, AL) and cloned into
pCS2+ or pCS2+3XFLAG. Full length cDNA
fragments of zebrafish MCU (Accession number:
JX424822) and MICU1 (JX42823) were amplified
from 2 dpf embryos and cloned into pCS2+. For
mRNA synthesis, plasmids were linearized and
mRNA was synthesized using the SP6 mMES-
SAGE mMachine kit according to the manufac-
turers manual (Ambion, Austin, TX.).

Zebrafish injections

VDAC2 mRNA and morpholino antisense oligos
(5'-GGGAACGGCCATTTTATCTGTTAAA-3')
(Genetools, Philomath, OR) were injected into
one-cell stage embryos collected from crosses of
tret3’® heterozygotes. Cardiac performance was
analyzed by visual inspection on 1 dpf. The tre
mutant embryos were identified either by observ-
ing the fibrillation phenotype at 2-3 dpf or by
genotyping as previously described (Langenbacher
et al., 2005).

Chemical screen

Chemicals from a synthetic library (Castellano
et al., 2007; Choi et al., 2011; Cruz et al., 2011)
and from Biomol International LP (Farmingdale,
NY) were screened for their ability to partially
or completely restore persistent heartbeat in tre
embryos. 12 embryos collected from crosses of

tre*3'® heterozygotes were raised in the presence of individual compounds at a concentration of 10 pM
from 4 hpf (Choi et al., 2011). Cardiac function was analyzed by visual inspection at 1 and 2 dpf. The
hearts of tret*”® embryos manifest a chaotic movement resembling cardiac fibrillation with intermittent
contractions in rare occasion (Ebert et al., 2005; Langenbacher et al., 2005). Compounds that elicit
persistent coordinated cardiac contractions were validated on large number of tre mutant embryos

and NCX1h morphants (>500 embryos).

Shimizu et al. eLife 2015;4:e04801. DOI: 10.7554/eLife.04801
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Zebrafish cardiac imaging

Videos of GFP-labelled myl7:GFP hearts were
taken at 30 frames per second. Line-scan anal-
ysis was performed along a line through the atria
or the ventricles of these hearts (Nguyen et al.,
2009). Fraction of shortening was deduced from
the ratio of diastolic and systolic width and heart
rate was determined by beats per minute. Cardiac
parameters were analyzed in tremblor®¥'® and
VDAC2422% at 2 dpf.

Video 15. This video shows a heart of a 2 dpf tremblor

mutant embryo injected with a morpholino targeting Zebrafish optical mapping
VDAC2.

36 hpf myl7:gCaMP4.1 embryos were imaged at
DOI: 10.7554/eLife.04801.022

a frame rate of 30 ms/frame. Electromechanical
isolation was achieved by tnnt2MO (Milan et al.,
2006). The fluorescence intensity of each pixel
in a 2D map was normalize to generate heat
maps and isochronal lines at 33 ms intervals were
obtained by identifying the maximal spatial gra-
dient for a given time point (Chi et al., 2008).

Mouse and human embryonic
stem cells

The mouse E14Tg2a ESC and human H9 ESC line
were cultured and differentiated as previously
described (Blin et al., 2010; Arshi et al., 2013).
Video 16. This video shows a heart of a 2 dpf tremblor At day 10 of differentiation, beating mouse EBs

mutant embryo injected with a morpholino targeting were exposed to external solution containing
VDAC2. Efsevin treatment cannot restore coordinated 10 mM CaCl, for 10 min before DMSO or efsevin
cardiac contractions in the absence of VDAC2. (10 uM) treatment. Human EBs were differenti-
DOI: 10.7554/eLife.04801.023 ated for 15 days and treated with 5 mM CaCl,

for 10 min before DMSO or efsevin (5 uM) treat-
ment. Images of beating EBs were acquired at a
rate of 30 frames/s and analyzed by motion-detection software. For calcium recording, the EBs were
loaded with 10 pM fluo-4 AM in culture media for 30 min at 37°C. Line-scan analysis was performed
and fluorescent signals were acquired by a Zeiss LSM510 confocal microscope.

Microelectrode array measurements

2-day-old wild type, tre, and efsevin-treated tre embryos were placed on uncoated, microelectrode
arrays (MEAs) containing 120 integrated TiN electrodes (30 pm diameter, 200 pm interelectrode spac-
ing). Local field potentials (LFPs) at each electrode were collected for three trials per embryo type over
a period of three minutes at a sampling rate of 1 kHz using the MEA2100-HS120 system (Multichannel
Systems, Reutiligen, Germany). Raw data was low-pass filtered at a cutoff frequency of 10 Hz using a
third-order Butterworth filter. Data analysis was carried out using the MC_DataTool (Multichannel
Systems) and Matlab (MathWorks).

Ca?* imaging

Murine ventricular cardiomyocytes were isolated as previously described (Reuter et al., 2004). Cells
were loaded with 5 pM fluo-4 AM in external solution containing: 138.2 mM NaCl, 4.6 mM KCI, 1.2 mM
MgCl, 15 mM glucose, 20 mM HEPES for 1 hr and imaged in external solution supplemented with
2, 5 or 10 mM CaCl,. For the recording of Ca?* sparks and transients, the external solution contained
2 mM CaCl,. For Ca?* transients, cells were field stimulated at 0.5 Hz with a 5 ms pulse at a voltage
of 20% above contraction threshold. For all measurements, efsevin was added 2 hr prior to the actual
experiment. Images were recorded on a Zeiss LSM 5 Pascal confocal microscope. Data analysis was
carried out using the Zeiss LSM Image Browser and ImageJ with the SparkMaster plugin (Picht et al.,
2007). Cells were visually inspected prior to and after each recording. Only those recordings from
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Figure 5. Efsevin enhances mitochondrial Ca?* uptake. (A) Hela cells were transfected with a flag-tagged zebrafish
VDAC2 (VDAC2™9), immunostained against the flag epitope and counterstained for mitochondria with MitoTracker
Orange and for nuclei with DAPI. (B) Representative traces of mitochondrial matrix [Ca?*] ([Ca?*],.) detected by
Figure 5. Continued on next page
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Figure 5. Continued

Rhod2. Arrows denote the addition of Ca?*. Mitochondrial Ca?* uptake was assessed when VDAC2 was overex-
pressed (left), cells were treated with 1 uM efsevin (middle) and combination of both at suboptimal doses (right).
Control-traces with ruthenium red (RuRed) show mitochondrial specificity of the signal. (C) Representative traces
of cytosolic [Ca?*] ([Ca?*],) changes upon the application of 7.5 uM IP; in the presence (+) or absence (=) of RuRed.
Mitochondrial Ca?" uptake was assessed by the difference of the — and + RuRed conditions normalized to the
total release (n = 4; mean + SE). (D) MEFs overexpressing zebrafish VDAC2 (polycistronic with mCherry) were
stimulated with 1 M ATP in a nominally Ca?* free buffer. Changes in [Ca?*]. and [Ca?*],, were imaged using fura2
and mitochondria-targeted inverse pericam, respectively. Black and gray traces show the [Ca%]. (in nM) and [Ca*'],,
(Fo/F mtpericam) time courses in the absence (left) or present (right) of efsevin. (E) Bar charts: Cell population
averages for the peak [Ca?']. (left), the corresponding [Ca?],, (middle), and the coupling time (time interval between
the maximal [Ca?']. and [Ca?*],, responses) in the presence (black, n = 24) or absence (gray, n = 28) of efsevin.

DOI: 10.7554/elife.04801.024

The following figure supplement is available for figure 5:

Figure supplement 1. Local Ca?* delivery between IP3 receptors and VDAC2.
DOI: 10.7554/eLife.04801.025

healthy looking cells with distinct borders, uniform striations and no membrane blebs or granularity
were included in the analysis.

Biochemistry

For pull down assays mono-N-Boc protected 2,2'-(ethylenedioxy)bis(ethylamine) was attached to the
carboxylic ester of efsevin and its derivatives through the amide bond. After removal of the Boc group
using TFA, the primary amine was coupled to the carboxylic acid of Affi-Gel 10 Gel (Biorad, Hercules,
CA). 2-day-old zebrafish embryos were deyolked by centrifugation before being lysed with Rubinfeld's
lysis buffer (Rubinfeld et al., 1993). The lysate was precleaned by incubation with Affi-Gel 10 Gel to
eliminate non-specific binding. Precleaned lysate was incubated with affinity beads overnight.
Proteins were eluted from the affinity beads and separated on SDS-PAGE. Protein bands of interest
were excised. Gel plugs were dehydrated in acetonitrile (ACN) and dried completely in a Speedvac.
Samples were reduced and alkylated with 10 mM dithiotreitol and 10 mM TCEP solution in 50 mM
NH,HCO; (30 min at 56°C) and 100 mM iodoacetamide (45 min in dark), respectively. Gel plugs were
washed with 50 mM NH,HCO;, dehydrated with ACN, and dried down in a Speedvac. Gel pieces were
then swollen in digestion buffer containing 50 mM NH,HCO;, and 20.0 ng/pl of chymotrypsin (25°C,
overnight). Peptides were extracted with 0.1% TFA in 50% ACN solution, dried down and resus-
pended in LC buffer A (0.1% formic acid, 2% ACN).

Mass spectrometry analyses and database searching

Extracted peptides were analyzed by nano-flow LC/MS/MS on a Thermo Orbitrap with dedicated
Eksigent nanopump using a reversed phase column (New Objective, Woburn, MA). The flow rate
was 200 nl/min for separation: mobile phase A contained 0.1% formic acid, 2% ACN in water, and
mobile phase B contained 0.1% formic acid, 20% water in ACN. The gradient used for analyses was
linear from 5% B to 50% B over 60 min, then to 95% B over 15 min, and finally keeping constant
95% B for 10 min. Spectra were acquired in data-dependent mode with dynamic exclusion where
the instrument selects the top six most abundant ions in the parent spectra for fragmentation. Data
were searched against the Danio rerio IP| database v3.45 using the SEQUEST algorithm in the BioWorks
software program version 3.3.1 SP1. All spectra used for identification had deltaCN>0.1 and met
the following Xcorr criteria: >2 (+1), >3 (+2), >4 (+3), and >5 (+4). Searches required full cleavage with
the enzyme, <4 missed cleavages and were performed with the differential modifications of carbami-
domethylation on cysteine and methionine oxidation.

In situ hybridization
In situ hybridization was performed as previously described (Chen and Fishman, 1996). DIG-labeled
RNA probe was synthesized using the DIG RNA labeling kit (Roche, Indianapolis, IN).

Immunostaining
Hela cells were transfected with a C-terminally flag-tagged zebrafish VDAC1 or VDAC2 in plasmid
pCS2+ using Lipofectamine 2000 (Invitrogen). After staining with MitoTracker Orange (Invitrogen)
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Figure 6 . Effects of efsevin on isolated cardiomyocytes. @A) Electrically paced C&* transients at 0.5 Hz (top).
Normalized quanti cation of Ca 2* transient parameters reveals no difference for transient amplitude (efsevin-treated
at 98.6 + 4.5% of vehicle-treated) and time to peak (95 + 3.9%), but a signi cant decrease for the rate of decay
(82.8 = 4% of vehicle- for efsevin-treated) (lower panel). B) Representation of typical Ca?* sparks of vehicle- and
efsevin treated cardiomyocytes (top). No differences were observed for spark frequency (101.1 + 7.7% for efsevin-
compared to vehicle-treated), maximum spark amplitude (101.6 + 2.5%) and C&* release ux (98.7 + 2.8%). In
contrast, the decay phase of the single spark was sgni cantly faster in efsevin treated cells (82.5 + 2.1% of
vehicle-treated). Consequently, total duration of the spark was reduced to 85.7 £ 2% and the total width was
reduced to 89.5 + 1.4% of vehicle-treated cells. *, p < 0.05; ***, p < 0.001. (C) Increasing concentrations of
extracellular Ca?* induced a higher frequency of spontaneous propagating Ca ?* waves in isolated adult murine
ventricular cardiomyocytes. Efsevin treatment reduced Ca?* waves in a dose-dependent manner. O) Quantitative
analysis of spontaneous C&* waves spanning more than half of the entire cell. Addition of 1 uM efsevin reduced
Ca?* waves to approximately half. Increasing the concentration of efsevin to 10 uM further reduced the number
of spontaneous Ca?* waves and 25 UM efsevin almost entirely blocked the formation of Ca?* waves.

DOI: 10.7554/eLife.04801.026

cells were xed in 3.7% formaldehyde and permeabilized with acetone. Immunostaining was per-
formed using primary antibody ANTI-FLAG M2 (Sigma Aldrich, St. Luis, MO) at 1:100 and secondary
antibody Anti-Mouse IgG1-FITC (Southern Biotechnology Associates, Birmingham, AL) at 1:200. Cells
were mounted and counterstained using Vectashield Hard Set with DAPI (Vector Laboratories, UK).

Mitochondria Ca %' uptake assay in HelLa cells

Hela cells were transfected with zebra sh VDAC2 usi ng Lipofectamine 2000 (Invitrogen, Carlsbad, CA).
36 hrs after transfection, cells were loaded with 5 puM Rhod2-AM (Invitrogen), a Ca?* indicator preferen-
tially localized in mitochondria, for 1 hr at 15°C followed by a 30 min de-esteri cation period at 37°C.
Subsequently, cells were permeabilized with 100 uM digitonin for 1 min at room temperature.
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