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Background and Purpose: The synthetic compound efsevin was recently identified

to suppress arrhythmogenesis in models of cardiac arrhythmia, making it a promising

candidate for antiarrhythmic therapy. Its activity was shown to be dependent on the

voltage-dependent anion channel 2 (VDAC2) in the outer mitochondrial membrane.

Here, we investigated the molecular mechanism of the efsevin–VDAC2 interaction.

Experimental Approach: To evaluate the functional interaction of efsevin and

VDAC2, we measured currents through recombinant VDAC2 in planar lipid bilayers.

Using molecular ligand-protein docking and mutational analysis, we identified the

efsevin binding site on VDAC2. Finally, physiological consequences of the efsevin-

induced modulation of VDAC2 were analysed in HL-1 cardiomyocytes.

Key Results: In lipid bilayers, efsevin reduced VDAC2 conductance and shifted the

channel's open probability towards less anion-selective closed states. Efsevin binds

to a binding pocket formed by the inner channel wall and the pore-lining N-terminal

α-helix. Exchange of amino acids N207, K236 and N238 within this pocket for ala-

nines abolished the channel's efsevin-responsiveness. Upon heterologous expression

in HL-1 cardiomyocytes, both channels, wild-type VDAC2 and the efsevin-insensitive

VDAC2AAA restored mitochondrial Ca2+ uptake, but only wild-type VDAC2 was sen-

sitive to efsevin.

Conclusion and Implications: In summary, our data indicate a direct interaction of

efsevin with VDAC2 inside the channel pore that leads to modified gating and results

in enhanced SR-mitochondria Ca2+ transfer. This study sheds new light on the func-

tion of VDAC2 and provides a basis for structure-aided chemical optimization of

efsevin.

Abbreviations: CPVT, catecholaminergic polymorphic ventricular tachycardia; DPhPC, 1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine; hVDAC2, human voltage-dependent anion channel 2;

IRES, internal ribosome entry site; MCU, mitochondrial calcium uniporter; MOI, multiplicity of infection; mVDAC2, mouse voltage-dependent anion channel 2; OMM, outer mitochondrial

membrane; PO, open probability; RuR, ruthenium red; shRNA, short hairpin RNA; SR, sarcoplasmic reticulum; VDAC, voltage-dependent anion channel; zVDAC2, zebrafish voltage-dependent

anion channel 2.
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1 | INTRODUCTION

Cardiovascular diseases represent the primary cause of death and

hospitalization worldwide (Benjamin et al., 2018). Especially, Car-

diac arrhythmias are difficult to treat due to major side effects of

common antiarrhythmic drugs. It is thus a major focus of cardiova-

scular research to identify novel, safer therapies for cardiac

arrhythmia.

Using a chemical suppressor screen on the zebrafish cardiac

arrhythmia model tremblor (Ebert et al., 2005; Langenbacher

et al., 2005), we have previously identified the synthetic compound

efsevin, a dihydropyrrole carboxylic ester compound, which potently

restored rhythmic cardiac contractions in otherwise fibrillating

zebrafish embryonic hearts (Shimizu et al., 2015). We further demon-

strated efficacy of efsevin in translational models for catecholaminer-

gic polymorphic ventricular tachycardia (CPVT; Schweitzer

et al., 2017). Here, efsevin reduced episodes of tachycardia in vivo in

CPVT mice and suppressed arrhythmogenic events in induced pluripo-

tent stem cell-derived cardiomyocytes from a CPVT patient

(Schweitzer et al., 2017). These findings make efsevin a promising lead

structure for human antiarrhythmic therapy.

In a pull-down assay with immobilized efsevin, the outer mito-

chondrial membrane (OMM) voltage-dependent anion channel

2 (VDAC2) was identified as the primary molecular target of efsevin

(Shimizu et al., 2015). Voltage-dependent anion channels are large

pore-forming proteins in the outer mitochondrial membrane. They

represent the main pathway for ions and metabolites over the outer

mitochondrial membrane. Three isoforms of voltage-dependent

anion channels are expressed in vertebrates out of which VDAC2

was described to have a specific role in the heart. While a global

knockout of VDAC2 in mice is embryonically lethal (Cheng, Sheiko,

Fisher, Craigen, & Korsmeyer, 2003), a conditional heart-specific

VDAC2 knockout mouse was reported to develop post-natal cardiac

defects and to die shortly after birth (Raghavan, Sheiko, Graham, &

Craigen, 2012). In cardiomyocytes, VDAC2 was described to inter-

act with the ryanodine receptor (RyR; Min et al., 2012) and to

modulate cytosolic Ca2+ signals (Shimizu et al., 2015; Subedi

et al., 2011). In arrhythmic tremblor zebrafish embryos, efsevin

induced a restoration of rhythmic cardiac contractions. Transient

knock-down of VDAC2 abolished the efsevin induced phenotype

restoration while overexpression of VDAC2 recovered it. In cultured

cells, efsevin enhanced uptake of Ca2+ into mitochondria. A direct

link between the enhanced mitochondrial Ca2+ uptake and efsevin's

anti-arrhythmic properties was established by two lines of experi-

ments: (a) Pharmacological inactivation of mitochondrial Ca2+ uptake

by Ru360, an inhibitor of the mitochondrial Ca2+ uniporter (MCU),

abolished efsevin's protective effect in CPVT cardiomyocytes and

(b) kaempferol, an activator of the mitochondrial Ca2+ uniporter,

reduced arrhythmogenic Ca2+ signals comparable to efsevin

(Schweitzer et al., 2017).

However, biophysical and structural determinants of the

efsevin–VDAC2 interaction have remained unexplored. It is still

unclear whether efsevin directly interacts with the VDAC2 peptide

and thereby modulates the electrophysiological properties of the

channel or if the observed effects require a yet unidentified pro-

tein partner. To address this issue, we expressed and purified

recombinant zebrafish VDAC2 (zVDAC2) protein and inserted it

into planar lipid bilayers. We found a pronounced effect of efsevin

on channel gating and opening probability, indicating a direct effect

of efsevin on the channel. To analyse the structural basis of the

efsevin VDAC2 interaction, we performed computational protein-

ligand docking using the crystal structure of zVDAC2

(Schredelseker et al., 2014). VDAC2 is formed by a barrel-like

structure consisting of 19 antiparallel β-sheets (β-sheets 1-19) and

an N-terminal α-helix lining the inner channel wall (Schredelseker

et al., 2014). We identified an efsevin binding site located in a

groove between the inner channel wall and the pore-lining α-helix

and formed by hydrogen bonds and hydrophobic interactions

between efsevin and the zVDAC2 peptide. Replacement of three

residues (N207, K236 and N238) from this binding site with ala-

nines (zVDAC2AAA) resulted in a complete loss of efsevin sensitiv-

ity. To evaluate the physiological consequence of the observed

efsevin-induced biophysical changes in VDAC2, we heterologously

expressed wild-type zVDAC2 and the efsevin-insensitive

zVDAC2AAA mutant in cultured HL-1 cardiomyocytes. We demon-

strate that the observed changes in zVDAC2 electrophysiology

translate into enhanced mitochondrial Ca2+ uptake and thereby

explain the antiarrhythmic effect of efsevin. Our data provide novel

insights into VDAC2 function and provide a basis for structure-

aided chemical optimization of efsevin as a lead structure for the

development of novel antiarrhythmic drugs.

What is already known

• The synthetic compound efsevin suppresses

arrhythmogenesis in cardiac arrhythmia models.

• Efsevin binds to the mitochondrial voltage-dependent

anion channel anion channel 2 (VDAC2).

What this study adds

• Efsevin binds into a pocket formed by the channel wall

and the pore-lining helix.

• Efsevin facilitates VDAC2 gating into a less anion-

selective state and enhances Ca2+ flux.

What is the clinical significance

• Identification of mode of action and binding

pocket allows for future structure aided-drug

optimization.
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2 | METHODS

2.1 | Expression and purification of zVDAC2

Expression and purification of zVDAC2 were performed as previ-

ously described (Schredelseker et al., 2014) with minor modifica-

tions: Histidine-tagged zVDAC2 was purified on an Äkta pure

chromatography system using a HisPrep FF 16/10 column. After

refolding dialysis, size exclusion chromatography was performed on

a HiLoad 16/600 Superdex200 pg column equilibrated with

150-mM NaCl, 1-mM DTT, 0.1% LDAO, and 20-mm Tris-HCl

(pH = 8.0). Integrity of the purified zVDAC2 was confirmed by

SDS-PAGE analysis on a 12% gel.

2.2 | Planar lipid bilayer recordings

Painted planar lipid bilayers were formed on an Ionovation Bilayer

Explorer lipid bilayer set-up across a 120-μm diameter opening with

1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine (DPhPC) dissolved

in n-decane at 12.5 mg�ml−1. Both chambers were filled with 1-M KCl,

5-mM CaCl2, and 10-mM Tris-HCl (pH = 7.2) To facilitate insertion,

purified zVDAC2 was inserted into lipidic bicelles (Ujwal, 2012). After

formation of a stable bilayer, zVDAC2 containing bicelles were added

to the cis chamber. After insertion of a channel, the membrane was

clamped to 0 mV, and 10 s pulses to test potentials from −60 mV to

+60 mV were applied. The signal was sampled at 10 kHz and filtered

at 2 kHz. Efsevin (50-μM stock in recording solution) was added to

the cis chamber to a final concentration of 8 μM. Data analysis was

performed using Nest-o-Patch (Dr. V. Nesterov, https://sourceforge.

netq/projects/nestopatch/).

zVDAC2 ion selectivity was measured using folded planar mem-

branes formed from opposition of two monolayers made of 5 mg�ml−1

solution of DPhPC in pentane, as described (Rostovtseva, Gurnev,

Chen, & Bezrukov, 2012). Recordings were performed in the buffer

described above. Channel insertion was achieved by adding zVDAC2

in a 2.5% Triton X-100 solution to the cis compartment while stirring.

After single channel was inserted in symmetrical solutions, the cis side

was perfused with Tris-HCl (pH 7.2) buffer solution to achieve 0.2-M

KCl. The exact KCl concentration of 0.2 M in the cis compartment

after perfusion was verified at the end of each selectivity experiment

using a conductivity meter CDM230 (Radiometer analytical). Ion

selectivity of zVDAC2 conductance states was calculated from the

reversal potential (Vrev). Permeability ratio between Cl−, and K+, I−/I+,

was calculated according to the Goldman–Hodgkin–Katz equation

(Hille, 2001):

I−=I+ = 1−
Vrev

kBT
e � lnatrans

acis

 !
� 1+

Vrev
kBT
e � lnatrans

acis

 !−1

,

where kB, T, and e have their usual meaning of Boltzmann constant,

absolute temperature, and electron charge, and KCl solution activities

were acis = 0.144 for 0.2-M KCl and atrans = 0.604 for 1-M KCl,

respectively (Lide, 2006).

2.3 | Molecular docking

The three-dimensional (3D) structure of efsevin was generated

using MarvinSketch (v15.1.9, ChemAxon) and saved in the .pdb for-

mat. The crystal structure of zVDAC2 was obtained from the

Research Collaboratory for Structural Bioinformatics Protein Data

Bank (PDB ID: 4BUM). Gasteiger charges and hydrogens were

added to protein and ligand using AutoDockTools (v1.5.6; Morris

et al., 2009), and AutoDock Vina was used to perform the molecu-

lar docking simulations (Trott & Olson, 2010). The term “indepen-

dent docking experiment” used in this text refers to independent

software runs of AutoDock Vina. Each run starts from a random

conformation that is independent from the previous one and yields

nine likely conformations. To determine the best hypothetical bind-

ing mode of efsevin on zVDAC2, the flexible form of efsevin was

first docked to the rigid zVDAC2 structure. After 15 iterative dock-

ings with a grid centred to ensure coverage of the entire channel,

analysis of 135 binding conformations showed that the binding site

with the lowest binding energy was found in the region between

the inner channel wall and the highly flexible N-terminal α-helix.

Since zVDAC2 might undergo conformational changes upon binding

of efsevin, the side chains facing the potential binding site were

kept flexible for subsequent dockings (N19, Y22, F24, N207, R218,

K236, N238, L242 and L262). The grid box was narrowed to

24 Å × 20 Å × 20 Å to cover this region. After additional 15 itera-

tive dockings with flexible side chains, the best binding poses were

selected based on the predicted binding affinities. Interactions were

analysed with LigPlot+ (Laskowski & Swindells, 2011).

2.4 | Molecular cloning

To introduce N207A, K236A and N238A into pQE60-zVDAC2

for recombinant expression and purification construct pQE60-

zVDAC2AAA was created by two mutagenesis PCR reactions using

pQE60-zVDAC2 (Schredelseker et al., 2014) as a template. The two

PCR fragments were fused by overlap extension PCR and the

resulting product was ligated into pQE60-zVDAC2 with PstI

and NheI.

For the creation of pCClc-CMV-zVDAC2-IRES-nlsEGFP for virus

production and following transduction of zVDAC2 into HL-1 cells,

eGFP with a nuclear localization signal (nls-eGFP) together with an

internal ribosome entry site (IRES) was PCR-amplified from p3E-IRES-

nlsEGFPpA (Kwan et al., 2007) and subcloned into pCS2+ containing

the zVDAC2 open reading frame (Shimizu et al., 2015). The

zVDAC2-IRES-nlsEGFP construct was fused into pCCLc-CMV using

the In-Fusion HD Cloning Kit (TaKaRa).

For the creation of pCClc-CMV-zVDAC2AAA-IRES-nlsEGFP,

zVDAC2 was exchanged for zVDAC2AAA in pCS2+-zVDAC2 (Shimizu
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et al., 2015) by PCR amplification of the zVDAC2AAA open reading

frame from PQE60-zVDAC2AAA following ligation with BamHI and

ClaI. The open reading frame of zVDAC2AAA was PCR-amplified from

pCS2+-zVDAC2AAA fused to the IRES PCR-amplified from pCClc-

CMV-zVDAC2-IRES-nlsEGFP by SOE PCR and the resulting fragment

was fused into pCClc-CMV-zVDAC2-IRES-nlsGFP using the In-Fusion

HD Cloning Kit (TaKaRa).

2.5 | Production of lentiviruses

Recombinant lentiviruses were produced in HEK 293T cells. Briefly,

cells at 40% confluency were cotransfected with pCCLc-CMV-

zVDAC2-IRES-nlsEGFP or pCCLc-CMV-zVDAC2AAA-IRES-nlsEGFP

together with pCMVΔ8.91 (coding for gag, pol, rev) and pCAGGS-

VSV-G at a 5:5:1 ratio using TransIT®-293 (Mirus). Cells were induced

with 10-mM sodium butyrate on the following day. The supernatant

containing the virus was collected on Day 3 after transfection, filtered

through a 0.45-μm syringe filter, and stored at −80�C. Viral titres

were determined using the Lenti-X™ qRT-PCR Titration Kit (Takara).

2.6 | HL-1 culture and creation of cell lines

HL-1 cells were cultured as described previously (Claycomb

et al., 1998). Briefly, HL-1 cells were grown on fibronectin (0.02%)

/ gelatin (10 μg�ml−1) coated flasks in Claycomb medium sup-

plemented with 10% FBS, 100 μg�ml−1 penicillin/streptomycin,

0.1-mM norepinephrine, and 2-mM L-glutamine. Stable knockdown

of the endogenous mVDAC2 in HL-1 cardiomyocytes was per-

formed by lentiviral transduction with shLenti2.4G-mVDAC2 or

shLenti2.4G-Ctrl as described previously (Subedi et al., 2011) In

brief, HL-1 cells were transduced in serum-free Claycomb medium

with lentivirus at a multiplicity of infection (MOI) of 30 in the pres-

ence of 8 μg�ml−1 polybrene. Three days after transduction, cells

were selected with 2 μg�ml−1 puromycin for 10 days and cultured

for additional three passages. For overexpression of zVDAC2 and

zVDAC2AAA, transduction was performed as described above using

a MOI of 25. After 4 days, nlsEGFP-positive cells were selected by

FACS sorting on a BD FACS Aria III.

2.7 | SR-mitochondria Ca2+ transfer

Fluorescence-based measurements of mitochondrial Ca2+ were per-

formed as previously described (Schweitzer et al., 2017). In brief, HL-1

cells (RRID:CVCL_0303) were plated in 96-well plates 1 day prior to

the experiment. To monitor mitochondrial Ca2+, cells were stained

with Rhod-2, AM (Thermo Fisher, Darmstadt, Germany) and perme-

abilized using digitonin. Mitochondrial Ca2+ was constantly monitored

in a fluorescence plate reader (Infinite® 200 PRO multimode reader,

Tecan, Maennedorf, Switzerland), and SR Ca2+ release was induced by

superfusion with 10-mM caffeine.

2.8 | Metabolic stability assay

Efsevin (10 mM in DMSO) was co-incubated with human liver micro-

somes at 37�C at an initial concentration of 1 μM. The reaction was

initiated by addition of 1-mM NADPH; 0, 5, 10, 30, and 60 minutes

after starting the reaction, small aliquots were transferred into ice-

cold acetonitrile and centrifuged at 16000× g for 10 min. Superna-

tants were analysed by LC–MS/MS. Experiments were performed as

contract research at 3D BioOptima Co., Ltd., Suzhuo, China.

2.9 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analysis

in pharmacology (Curtis et al., 2018). zVDAC2 channels were inserted

into lipid bilayers and measured before and after addition of efsevin in

recording solution, thus leading groups of equal size. In some instances,

membranes ruptured during the recording explaining smaller sample size

for recordings with efsevin. The recording before efsevin addition

served as a control. Since efsevin was the only drug investigated and

was added in measuring solution, randomization and blinding were not

applied. All traces were equally analysed for predefined parameters like

average current or open state to exclude operators bias. For Ca2+

uptake experiments on HL-1 cardiomyocytes, wells were randomly

assigned to control, efsevin and ruthenium red (RuR) group to generate

groups of equal size. Wells were microscopically inspected after the

experiment, and those in which cells have detached were excluded from

the analysis. No data transformation or outlier removal was performed,

and all traces were equally analysed for maximum response by a

predefined script to exclude operators bias. Since nature and magnitude

of the effects of efsevin on zVDAC2 were unknown before the experi-

ment and not predictable, a sample size evaluation was not feasible.

Statistical analysis was only performed for sample sizes >5 from

independent experiments (i.e. individual insertions in lipid bilayers, indi-

vidual runs of computational docking, and individual cultures of HL-1

cardiomyocytes), and the obtained data were used for statistical analysis

without normalization and outlier removal. Statistical analysis was per-

formed using Prism 7 (GraphPad Software, San Diego, USA). Data are

presented as mean ± SEM of n individual experiments (no technical rep-

licates). Normality of data was determined by Shapiro–Wilk test. Tests

for statistical significance were conducted as indicated and where

unpaired student's t-test for comparison of two groups with normal dis-

tribution of data, Mann Whitney U test for comparison of two groups

with non-normal distribution of data, and Kruskal-Wallis test with

Dunn's post hoc test for multigroup comparison with non-normal data

distribution. Statistical significance of P < .05 is indicated as *.

2.10 | Materials

Efsevin was synthesized as described before (Henry et al., 2014).

Protein purification was performed on an Äkta pure, and all Äkta
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material was purchased from GE Healthcare, Munich, Germany;

LDAO was obtained from VWR, Darmstadt, Germany. The lipid

bilayer set-up and all consumables including 1,2-diphytanoyl-sn-

glycero-3-phosphatidylcholine (DPhPC) were purchased from

Ionovation, Osnabrück, Germany. Ruthenium red and caffeine used

for the HL-1 Ca2+ uptake assay were purchased from Sigma-Aldrich

(Munich, Germany). Plasmids pCCLc-CMV, pCMVΔ8.91 and

pCAGGS-VSV-G were obtained as a gift from Dr. Donald Kohn,

University of California Los Angeles, USA; plasmid shLenti2.4G-

mVDAC2 and shLenti2.4G-Ctrl were generously provided by

Dr. Yeon Soo Kim from Inje University, Gimhae, South Korea. HL-1

cardiomyocytes were obtained as a gift from Dr. William Claycomb,

Louisiana State University, New Orleans, USA; Claycomb medium

and all cell culture supplies were obtained from Sigma-Aldrich

(Munich, Germany).

2.11 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY (Harding et al., 2018), PHARMACOLOGY.

3 | RESULTS

3.1 | Efsevin reduces currents through zVDAC2

Recombinant zVDAC2 protein was purified from Escherichia coli as

previously described (Schredelseker et al., 2014) and inserted into

diphytanoylphosphatidylcholine (DPhPC) planar lipid bilayers. Cur-

rents were measured in response to 10 s test pulses to potentials

from −60 to +60 mV in 1-M KCl. As shown in Figure 1a, typical aver-

age currents of 41 ± 3pA were recorded at 10 mV, where the channel

almost exclusively resides in its open state (Colombini, 1989;

Schredelseker et al., 2014). VDAC-typical flattening of the current–

voltage relationship (I–V curve) was observed starting at approxi-

mately ±30 mV (Figure 1b), where the channel starts gating until

finally being preferentially in its closed state at potentials above

+50 mV or below −50 mV (Figure 1a,b). The observed I–V curve for

zVDAC2 translates into a bell-shaped conductance–voltage

F IGURE 1 Effects of efsevin on zVDAC2 currents in planar lipid bilayers. (a) Typical current recordings from zVDAC2 inserted into painted
planar DPhPC lipid bilayers in 1-M KCl in response to 10 s test pulses from 0 to 10, 40, and 50 mV, respectively, under control conditions (left)
and after addition of 8-μM efsevin (right) to the same channel. Gating between three major states open (o), closed1 (c1) and closed2 (c2) and few
subconductance states can be observed (pulse protocol in shown in grey). (b) Current–voltage relationship of average zVDAC2 currents before
(n = 9 individual channels, black circles) and after addition of efsevin (n = 6 individual channels, red triangles, Unpaired Student's t-test).
(c) Conductance–voltage relationship of zVDAC2 before (n = 9 individual channels, black circles) and after addition of efsevin (n = 6 individual
channels, red triangles, Unpaired Student's t-test)
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relationship that is characteristic of VDACs (Figure 1c). Strikingly,

addition of 8-μM efsevin destabilized the channel's high conductance

state and dramatically reduced currents through zVDAC2 by about

50% across all voltages.

3.2 | Efsevin reduces zVDAC2 open probability
and shifts the channel towards closed states

Since efsevin profoundly reduced average zVDAC2 conductance,

we further analysed the biophysical properties of zVDAC2 single

channel currents to dissect the effects of efsevin on single channel

conductance versus open probability of the channel. VDAC has

been shown to undergo voltage-dependent gating between an

anion-selective high-conductance state, referred to as the classical

open state and several cation-selective low-conductance states,

referred to as closed states (Colombini, 1989; Guardiani

et al., 2018; Menzel et al., 2009; Mertins et al., 2012). Under

control conditions, we observed gating of the channel between the

classical open state with a conductance 4.2 ± 0.2 ns and two

closed states with conductances of 2.0 ± 0.1 ns for closed state

1 and 1.2 ± 0.04 ns for closed state 2 (Figure 2a,b). Efsevin shifts

the channel mainly into closed states 1 and 2 with only a few

scarce openings of the channel into the open state, already at low

potentials. Conductances of the three states remained comparable

to control conditions (open: 4.1 ± 0.1 ns; closed1: 2.1 ± 0.2 ns;

closed2: 1.0 ± 0.04 ns; Figure 2b). The shift towards the closed

states becomes most obvious when plotting the open probability

(PO) of the channel against voltage (Figure 2c). Interestingly, at the

physiologically relevant low potentials of ±30 mV

(Lemeshko, 2006; Porcelli et al., 2005), the apo-form of the chan-

nel resides mainly in the open state, while the efsevin-bound form

is preferentially closed (Figure 2d). The VDAC closed states were

previously defined as more cation-selective compared to the open

state (Tan & Colombini, 2007; Zachariae et al., 2012). We there-

fore measured the ion selectivity of the dominant states, the open

F IGURE 2 Effects of efsevin on zVDAC2 conductance and open probability (PO). (a) Representative recordings of zVDAC2 in a painted
lipid bilayer under control conditions (upper trace) and after addition of 8-μM efsevin (lower trace) at potentials where typical gating behaviour
between the three states is observed, that is, very low/high potentials under control conditions and moderate potentials after addition of
efsevin. Currents through the open and two distinct closed states of the channel are indicated by dashed lines. (b) Addition of 8-μM efsevin
does not change the conductance of the three distinct conductance states of zVDAC2 (n = 12 individual channels for control and 6 individual

channels after addition of efsevin). (c) Analysis of the open probability (PO) of zVDAC2 shows a significant shift of the channel towards the
closed states across all voltages after addition of efsevin (n = 12 for control and n = 6 for efsevin, Mann–Whitney U test). (d) Representative
conductance histograms from recordings of zVDAC2 with and without efsevin at 30 mV and 60 mV show a shift of the channel from the
classical open state to the closed states. (e,f) Current–voltage plots for the open and the efsevin-induced closed state 1 obtained from
zVDAC2 in a folded lipid bilayer using a 0.2-M to 1-M KCl gradient reveal a shift in the reversal potential (Vrev). (f) Quantitative analysis of
selectivity measurements reveals a significant reduction in anion selectivity for the efsevin-induced closed state 1 (n = 6 for control, n = 5 for
efsevin, Unpaired Student's t- test)
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state of the apo-form and closed state 1 of the efsevin-bound

channel using salt gradient conditions (0.2-M [cis] vs. 1-M [trans]

KCl) and found a change in the Cl− to K+ permeability ratio I−/I+

from 2.38 ± 0.13 for the open state to 1.71 ± 0.14 for the

efsevin-bound closed state 1 (Figure 2e,f). In conclusion, our data

indicate that efsevin binding facilitates channel closure and induces

a shift of zVDAC2 towards the less anion-selective low conduc-

tance states.

3.3 | Molecular docking reveals an efsevin binding
site between the inner channel wall and the pore-
lining N-terminal α-helix

To identify the interaction between efsevin and zVDAC2 at the

molecular level, we performed protein-ligand docking using AutoDock

Vina (Trott & Olson, 2010). By docking the flexible form of efsevin

into the rigid crystal structure of zVDAC2 (Schredelseker et al., 2014),

a binding pocket formed between the inner channel wall and the N-

terminal α-helix of zVDAC2 repeatedly showed the lowest binding

energies in 15 independent dockings yielding 135 conformations

(Figures 3a and S1). To further investigate molecular interactions

between zVDAC2 and efsevin within this pocket, we performed sub-

sequent docking simulations in which residues facing this binding site

were made flexible. We identified multiple conformations with bind-

ing affinities below −8.0 kcal�mol−1 in which the dihydropyrrole of the

efsevin core with the ethoxycarbonyl and phenyl substituents was

always interacting with residues in the channel wall, while the p-tolyl

substituent of the sulphonamide group faces the lumen of the pore

and interacts with the hinge region of the N-terminal α-helix. Interac-

tions of efsevin with zVDAC2 were identified with residues F18, N19,

Y22, G23, F24 and M26 in the N-terminal α-helix and with residues

N207, L208, A209, R218, F219, G220, K236, V237, N238, L242,

G244 and L262 in the β-barrel, whereof asparagine 207, lysine

236 and asparagine 238 were the most prominent interaction part-

ners. Hydrogen bonds and hydrophobic interactions with these three

amino acids were present in the majority of conformations

(Figure 3b). Figure 3c,d shows one representative conformation in

which efsevin is held in place by N207, K236 and N238 in the channel

wall and interacts with the α-helix through hydrophobic interactions

with residues F18, N19, Y22, G23 and F24. To finally investigate

translatability of the docking results to the human channel, we created

F IGURE 3 Predicted binding site of efsevin on zVDAC2 obtained by molecular docking. (a) Side view of the channel (pdb: 4bum, light brown)

displays a binding pocket (red) for efsevin (light blue) located in the interspace between the inner channel wall and the N-terminal pore-lining
α-helix. (b) Analysis of 25 different molecular dockings (rows) reveals interactions between efsevin and 18 amino acid rests of zVDAC2 (columns)
through hydrogen bonds (blue) and hydrophobic interactions (yellow). Residues with the most interactions (N207 in β-sheet 14, K236, and N238
in β-sheet 16 of the barrel) are boxed in red. (c) Detailed view of one representative docking with efsevin binding to the channel through
hydrogen bonds between the most prominent amino acids highlighted in (b) and efsevin. (d) Surface representation of residues forming
hydrophobic interactions in the conformation shown in (c) reveals a cavity that accommodates the p-tolyl group of efsevin on the hinge of the
flexible N-terminal α-helix. Nitrogen is shown in blue, oxygen in red, and sulfur in yellow
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a model of human VDAC2 (hVDAC2) by homology modelling using

SWISS-MODEL (Waterhouse et al., 2018) since no experimentally

determined structure for hVDAC2 is currently available. In eight out

of 10 independent docking experiments, the conformation with the

lowest binding energy was found in the same binding pocket like in

zVDAC2 indicating that this binding pocket is conserved among spe-

cies (Figure S2).

3.4 | Elimination of residues N207, K236 and
N238 abolishes the efsevin sensitivity of zVDAC2

To confirm the predicted efsevin binding site by mutational analysis,

we created a zVDAC2 mutant in which residues N207, K236 and

N238 were substituted by alanine residues, zVDAC2N207A/K236A/N238A

(zVDAC2AAA). Lipid bilayer recordings of this mutant showed that it

forms a functional channel with a similar conductance–voltage rela-

tionship, single channel conductance and PO compared to wild-type

zVDAC2 (Figure S3). Most strikingly however, the channel was insen-

sitive to efsevin, demonstrated by comparable values for the

conductance–voltage relationship, single channel conductance and PO

before and after addition of efsevin (Figure 4).

3.5 | Efsevin mediates SR-mitochondria Ca2+

transfer by binding to the N207/K236/N238 binding
site

To evaluate if the observed efsevin-induced electrophysiological

changes can explain the enhanced mitochondrial Ca2+ uptake

observed previously for HeLa cells and HL-1 cardiomyocytes

(Schweitzer et al., 2017; Shimizu et al., 2015), we developed a heterol-

ogous expression system for zVDAC2. To this aim, we created a stable

HL-1 cardiomyocyte line in which the endogenous mouse VDAC2

(mVDAC2) was knocked down by stable expression of shRNA (Subedi

et al., 2011; Figure S4) and overexpressed shRNA-insensitive zVDAC2

constructs by lentiviral transduction. Ca2+ uptake into mitochondria

upon caffeine-induced Ca2+ release from the sarcoplasmic reticulum

(SR) was then measured in permeabilized Rhod-2 stained cells (Figure

5). In line with previous experiments, knock-down of the endogenous

mVDAC2 eliminated transfer of Ca2+ from the sarcoplasmic reticulum

into mitochondria (Subedi et al., 2011). While wild-type HL-1

cardiomyocytes displayed maximum ΔF/F0 values of 0.14 ± 0.02 that

were enhanced to 0.38 ± 0.03 by 10-μM efsevin, shRNA-expressing

cells displayed ΔF/F0 max values of 0.04 ± 0.03, which were indistin-

guishable from those obtained from cells treated with the mitochon-

drial Ca2+ uptake blocker ruthenium red (RuR; ΔF/F0

max = 0.06 ± 0.02) or efsevin (ΔF/F0 max = 0.06 ± 0.01, not significant).

Though lack of VDAC2 was previously described to induce apoptosis

and we can thus not rule out downstream effects induced by

mVDAC2 knock down in these cells, the shmVDAC2 cell line was sta-

ble for the time of our experiments and thus suitable for heterologous

overexpression experiments. Overexpression of zVDAC2 completely

restored sarcoplasmic reticulum-mitochondria Ca2+ transfer to ΔF/F0

max = 0.14 ± 0.02, which was sensitive to modulation by efsevin

(ΔF/F0 max = 0.34 ± 0.02). Strikingly, zVDAC2AAA likewise restored

mitochondrial Ca2+ uptake to levels indistinguishable from wild-type

zVDAC2 (ΔF/F0 max = 0.15 ± 0.02) but was insensitive to treatment

with efsevin (ΔF/F0 max = 0.16 ± 0.02). These data strongly indicate

that the efsevin induced changes in zVDAC2 electrophysiology

account for the enhanced mitochondrial Ca2+ uptake in

cardiomyocytes.

4 | DISCUSSION

Here, we describe the efsevin–zVDAC2 interaction at a biophysical

and structural level. Efsevin was previously shown to enhance mito-

chondrial Ca2+ uptake and to be a powerful modulator of cardiac

rhythmicity and a potent suppressor of cardiac arrhythmia. Efsevin

suppresses arrhythmogenesis in both, models for Ca2+ overload and

models for inherited arrhythmias like catecholaminergic polymorphic

F IGURE 4 Effects of efsevin on conductance, and open probability (PO) of zVDAC2AAA in lipid bilayers. (a) Conductance–voltage relation of
zVDAC2AAA in painted bilayer recordings reveals a comparable shape before and after addition of 8-μM efsevin. (b) No differences in single
channel conductance for open and closed states of zVDAC2AAA were observed after addition of efsevin. (c) Finally, in zVDAC2AAA, efsevin was
unable to induce the reduction of PO observed for wild-type zVDAC2 (n = 4 individual channels for control and 3 individual channels after
addition of efsevin)
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ventricular tachycardia. In a murine model for CPVT, efsevin signifi-

cantly reduced episodes of ventricular tachycardia, while no adverse

effects of efsevin were observed after up to 8 days of continuous

treatment. VDAC2, which was previously described as an essential

component of the mitochondrial Ca2+ uptake machinery of the heart

(Subedi et al., 2011), was identified as the primary target of efsevin

(Shimizu et al., 2015). These findings make VDAC2-mediated mito-

chondrial Ca2+ uptake a promising therapeutic target for the devel-

opment of a novel class of antiarrhythmic drugs with efsevin as a

lead candidate. However, efsevin was identified in a chemical screen

using 168 newly synthesized diversity-oriented compounds (Shimizu

et al., 2015) without further compound optimization. In our HL-

1-based sarcoplasmic reticulum-mitochondria Ca2+ transfer assay,

efsevin showed a half-maximal activity at 2.2 μM (Figure S5A). Pre-

liminary results on efsevin's pharmacokinetics show that it is

hydrolysed rapidly in liver microsomes (Figure S5B). Furthermore,

binding of efsevin to other targets, including VDAC isoforms 1 and

3, was never tested. Thus, its unknown selectivity, the low stability

of efsevin and the relatively high EC50 value indicate the need for

chemical optimization of the compound before further preclinical

and clinical studies are performed. In this study, we present a

molecular model of the efsevin binding site on zVDAC2 and thereby

provide a basis for structure-based drug optimization in future

experiments.

When discussing VDAC2 as a potential drug target for cardiac

arrhythmia, it should be noted that the transfer of Ca2+ from the sar-

coplasmic reticulum into mitochondria is most likely a specialized role

of VDAC2 in cardiomyocytes, presumably accomplished by a func-

tional or even physical coupling to the ryanodine receptor (Min

et al., 2012; Shimizu et al., 2015; Subedi et al., 2011) and might be less

relevant or maybe accomplished by other VDAC isoforms in other cell

types. In fact, VDAC1 was previously reported to promote Ca2+ trans-

fer from the endoplasmic reticulum into mitochondria in non-excitable

cells through coupling to the IP3 receptor (De Stefani et al., 2012;

Rapizzi et al., 2002; Szabadkai et al., 2006). It is thus conceivable that

despite the ubiquitous expression of VDACs in the body, efsevin-

mediated effects are most pronounced or even limited to

cardiomyocytes due to the specialized role of VDAC2 in this tissue.

This effect might also explain the lack of major side effects that were

observed previously in translational models (Schweitzer et al., 2017).

However, future studies are needed to evaluate the role of the

efsevin-mediated effects on other VDAC2-mediated effects like

F IGURE 5 Sarcoplasmic reticulum (SR)-mitochondria Ca2+ transfer upon heterologous expression of zVDAC2 and zVDAC2AAA in HL-1
cardiomyocytes. (a) Representative recordings of mitochondrial Ca2+ upon application of 10-mM caffeine to induce SR calcium release from
permeabilized HL-1 cardiomyocytes. Traces from control conditions (black), recordings in the presence of 10-μM ruthenium red to block
mitochondrial Ca2+ uptake (RuR, grey) and in the presence of 10-μM efsevin (red) are shown for native HL-1 cells (native), cells transduced with
shRNA targeting the endogenous mouse mVDAC2 (shmVDAC2), and cells overexpressing zVDAC2 and zVDAC2AAA, respectively. (b) Statistical
analysis of SR-mitochondria Ca2+ transfer experiments. While native HL-1 cardiomyocytes showed an efsevin-sensitive uptake of Ca2+ into
mitochondria (n = 21 for control, n = 7 for RuR, and n = 18 for efsevin), this uptake was abolished upon knock-down of the endogenous mVDAC2
(shmVDAC2, n = 24 for control, n = 8 for RuR, n = 15 for efsevin). Subsequent heterologous expression of zVDAC2 (shmVDAC2, n = 21 for
control, n = 7 for RuR, n = 15 for efsevin) and zVDAC2AAA (shmVDAC2AAA, n = 18 for control, n = 6 for RuR, n = 18 for efsevin) revealed
restoration of SR-mitochondria Ca2+ transfer. However, only zVDAC2 but not zVDAC2AAA was sensitive to efsevin (Kruskal–Wallis test with
Dunn's post hoc test)
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apoptosis or regulation of bioenergetics (for a review, see Naghdi &

Hajnóczky, 2016). Furthermore, although VDAC2 was identified as

the primary target of efsevin and efsevin-induced antiarrhythmic

effects were shown to depend on VDAC2 (Shimizu et al., 2015), inter-

action of efsevin with other VDAC isoforms were never investigated.

Given a high sequence conservation of the residues involved in

VDAC2 binding identified in this study, it is conceivable that efsevin

binds to VDAC isoforms 1 and 3. This effect might be less relevant

during short-term treatment of mice and fish but might have long-

term impacts on, for example, bioenergetics and thus needs to be

investigated in future studies.

Using computational docking on the crystal structure of zVDAC2,

we identified a binding pocket formed by the inner channel wall and

the N-terminal helix. The putative binding site was confirmed by

replacing three prominent residues inside the pocket by alanines

which resulted in insensitivity of the channel to efsevin in lipid bila-

yers. It is of note that we used a C-terminal His6-tag for purification

of the channel for subsequent bilayer experiments which is not pre-

sent in the structure used for computational docking. It is thus con-

ceivable that the His6-tag interferes with efsevin and promotes

effects seen in bilayer experiments. However, the His6-tag is located

approximately 25 Å away from the proposed binding site on the

opposed mouth of the channel making interference unlikely. Further-

more, we evaluated the proposed binding site by heterologous

expression of zVDAC2 without the C-terminal His6-tag in HL-1

cardiomyocytes and found that efsevin sensitivity of the channel was

again promoted through the proposed binding site. To prove translat-

ability of the results obtained from zVDAC2, we created a homology

model of hVDAC2 using zVDAC2 as a template and found that the

lowest bind energy was calculated in the same pocket in eight out of

10 individual docking experiments. The mammalian channel includes

additional 11 amino acids on the N-terminus of the channel. Unfortu-

nately, no homologous structures of this additional sequence have

been resolved so far, and coordinates for homology modelling are

missing. It is thus again conceivable that the additional N-terminus in

mammalian channels could interfere with efsevin binding. However, in

HL-1 cardiomyocytes, we observe very similar effects of efsevin on

native cells expressing the endogenous mVDAC2, which includes the

N-terminal extension and heterologously expressed zVDAC2.

Although these data do not rule out the possibility that efsevin pro-

motes its effects on the two distinct channels differently, it argues

against it.

Our data indicate that efsevin binds to the inner wall of the

β-barrel in close proximity to the N-terminal α-helix and thereby

affects channel conductance and gating. Although still not fully

resolved, various models were proposed to explain gating of VDACs.

Almost all models include a role of the N-terminal α-helix ranging from

relatively small movements of the helix inside the barrel (Mertins

et al., 2012; Shuvo, Ferens, & Court, 2016) to a large movement that

place the helix outside of the barrel, which then collapses to induce

channel closure (Choudhary et al., 2010; Zachariae et al., 2012). Fur-

thermore, a fixation of the helix inside the pore through disulfate brid-

ges was reported as a possible mechanism to regulate channel gating

by redox sensing (Okazaki et al., 2015; Reina et al., 2016). Our data

identified a binding pocket for efsevin located in a groove between the

N-terminal α-helix and the inner channel wall. In all our predicted bind-

ing conformations, efsevin is bound to the channel wall through hydro-

gen bonds provided by N19, N207, R218, K236 or N238 plus

additional hydrophobic interactions and interacts with a binding pocket

located on the hinge of the α-helix. Interestingly, one of the residues in

the channel wall, K236, was previously reported to form a hydrogen

bond with F18 in the α-helix (Ujwal et al., 2008), a residue that inter-

acts with efsevin upon efsevin binding. It is thus conceivable that

efsevin interferes with the interaction between the barrel and the helix

in zVDAC2 and consequently affects the movement of the α-helix

required to modulate the channel. However, it should be noted that

the binding of efsevin might induce a conformational change in the

channel, which is not considered in our docking model. Further experi-

mental and computational investigations, like molecular dynamics sim-

ulations and determination of the ligand-bound VDAC2 structure are

thus needed to clarify the exact mode of gating and ion conduction

through the channel in the presence and absence of efsevin.

Using an electrophysiological approach, we found efsevin-

promoted gating of zVDAC2. Already at low potentials, the channel

preferentially gates into the two closed states and only rarely returns

to the open state. We demonstrate that the efsevin-induced low con-

ducting states display less anion selectivity compared to the open

state which translates into a higher Ca2+ flux and consequently into

higher Ca2+ uptake into mitochondria in cardiomyocytes. This is in line

with previous experimental (Tan & Colombini, 2007) and computa-

tional (Zachariae et al., 2012) studies, which have shown the closed

states of VDAC to be more cation-selective. The observed shift from

the open to the closed states is especially relevant at low potentials

ranging from −40 to +40 mV. Though it is still under debate whether

a membrane potential difference exists over the outer mitochondrial

membrane, modelling data suggest a potential of approximately −20

to −27 mV (Lemeshko, 2006) and a study based on pH measurements

suggests a potential of approximately −40 mV (Porcelli et al., 2005).

This most likely explains the enhanced Ca2+ uptake into mitochondria

seen in the presence of efsevin. The data presented in this study are

thus in agreement with the concept of increased Ca2+ flux upon chan-

nel closure.

In this study, we present a binding pocket in zVDAC2 and an

associated biophysical mechanism, namely, a modification of voltage

gating and a shift towards the cation-selective closed states. VDACs

were previously suggested as promising drug targets mainly because

of their prominent role in apoptosis (for a review, see Magrì, Reina, &

De Pinto, 2018). However, it remained unclear whether the role of

VDAC in apoptosis was directly associated with the channel's gating

behaviour or rather with a modified interaction with partner proteins

such as hexokinase or members of the Bcl-2 family. In this study, we

present evidence that the efsevin-induced change in gating facilitates

transfer of Ca2+ from the SR into mitochondria. Interestingly, we

never observed an involvement of the drug in apoptosis, neither in

this study nor in previous studies (Schweitzer et al., 2017; Shimizu

et al., 2015) despite a previously identified isoform-specific role for
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VDAC2 in apoptosis through recruitment of Bax (Lauterwasser

et al., 2016; Ma et al., 2014). Efsevin could thus serve as a tool to dis-

sect these functions in future studies.

Taken together, we provide functional and structural data that

explains the interaction between zVDAC2 and its modulator efsevin

on a molecular basis. Our data provide new insights into VDAC2 func-

tion as well as a basis for computer-aided design of optimized com-

pounds that could serve as research compounds and therapeutics for

cardiac arrhythmia.
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