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Aims Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has
been linked to cardiovascular complications, notably cardiac arrhythmias. The open reading frame (ORF) 3a of the corona-
virus genome encodes for a transmembrane protein that can function as an ion channel. The aim of this study was to inves-
tigate the role of the SARS-CoV-2 ORF 3a protein in COVID-19-associated arrhythmias and its potential as a
pharmacological target.

Methods Human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CM) and cultured human fibroblasts were infected
and results with SARS-CoV-2. Subsequent immunoblotting assays revealed the expression of ORF 3a protein in hiPSC-CM but not
in fibroblasts. After intracytoplasmic injection of RNA encoding ORF 3a proteins into Xenopus laevis oocytes, macroscopic
outward currents could be measured. While class |, I, and IV antiarrhythmic drugs showed minor effects on ORF

3a-mediated currents, a robust inhibition was detected after application of class lll antiarrhythmics. The strongest effects
were observed with dofetilide and amiodarone. Finally, molecular docking simulations and mutagenesis studies identified
key amino acid residues involved in drug binding.

Conclusion Class lll antiarrhythmic drugs are potential inhibitors of ORF 3a-mediated currents, offering new options for the treatment
of COVID-19-related cardiac complications.
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Graphical Abstract

Class lll antiarrhythm ic drugs

ORF 3a protein

Class lll antiarrhythmic drugs are capable of inhibiting SARS-CoV-2 ORF 3a-mediated cation currents, thus offering novel therapeutic avenues for the
management of cardiac arrhythmias associated with COVID-19. Created with the help of DALL-E 2, OpenAl.

Translational perspective

This study aims at exploring the SARS-CoV-2 ORF 3a protein’s role in COVID-19-associated arrhythmias and its interaction with antiarrhythmic
drugs. The findings reveal that hiPSC-derived cardiomyocytes express ORF 3a proteins upon infection with SARS-CoV-2. Further, class Il anti-
arrhythmics were found to significantly inhibit ORF 3a-mediated currents. Molecular docking and mutagenesis studies identified key amino acid
residues crucial for drug binding, enhancing our understanding of the mechanistic basis of ORF 3a’s role in arrhythmogenesis and its potential as a
therapeutic target. This significant finding not only advances our understanding of COVID-19’s impact on cardiovascular health but also points
towards novel pharmacological strategy for treating COVID-19-related cardiac complications.

What’s new?

® When infected with SARS-CoV-2, hiPSC-derived cardiomyocytes
express ORF 3a proteins.

® Class Il antiarrhythmics inhibit SARS-CoV-2 ORF 3a-mediated
currents.

® Key amino acid residues of the ORF 3a protein, identified to mediate
interaction with class Il antiarrhythmics, are highly conserved among
different SARS-CoV-2 strains.

® Taken together, the findings of this study point towards a novel
pharmacological strategy for treating COVID-19-related cardiac
arrhythmias.

Introduction

The medical field has faced numerous challenges due to the emergence
of coronavirus disease 2019 (COVID-19), caused by severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2)."* Among these
challenges, cardiovascular disorders have emerged as a significant extra-
pulmonary manifestation of SARS-CoV-2 infection.” ® Case series from

the early phase of the pandemic reported a frequent occurrence of car-
diac arrhythmias in COVID-19 patients.”'® It was described that
SARS-CoV-2 infection may result in various cardiac arrhythmias, such
as sinus bradycardia or high-grade atrioventricular block, as well as
tachycardia, ranging from increased numbers of supraventricular or
ventricular premature contractions to fatal ventricular arrhythmias. In
particular, atrial fibrillation (AF) was reported to be frequently ob-
served in COVID-19 patients.>® Arrhythmias can pose significant risks,
as they not only complicate treatment of COVID-19 infection but also
carry consequences of their own, such as stroke, heart failure, and even
sudden cardiac death. The causal link between the documented in-
creased incidence of arrhythmias and SARS-CoV-2 infection remains
a subject of ongoing debate.”’™" Since the prevalence of arrhythmias
like AF in elderly populations with cardiovascular risk factors and co-
morbidities is high, a direct causal relationship of COVID-19 and these
arrhythmias has been questioned. It has been discussed whether infec-
tion may primarily act as a trigger for the induction of AF episodes and
that increased medical surveillance during COVID-19 infection may
lead to the clinical diagnosis of previously unrecognized arrhythmias.11
Recent studies indicate that the incidence of AF in COVID-19 may be
comparable to that of influenza.'"'® The aetiology of these arrhythmias
can be attributed to fever, autonomic aberration, hypoxia, systemic
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inflammation, hypercoagulopathy, myocardial ischaemia, mechanical
ventilation strategies, electrolyte abnormalities, medication effects,
or induction of the hepatic cytochrome P450 system, increasing the
bioavailability of QT-prolonging agents.> However, viral infections
have historically been associated with cardiac complications. Cardiac
magnetic resonance imaging in some trials has shown frequent abnormal-
ities indicative of active myocardial inflammation or fibrosis after infec-
tion."31° Moreover, the onset of new arrhythmias has been shown to
independently predict worse outcomes, including in-hospital mortality,
the need for mechanical ventilation, and cardiovascular death.>'"'¢"'®
This finding warrants further investigation. Further, the incidence of
arrhythmias after COVID-19 is observed in up to 10% of cases.'” A
cohort study followed over 1700 discharged COVID-19 patients for
6 months and found that 9.3% experienced palpitations.”® The
COVID-19 virus has been found to enter cells via the angiotensin-
converting enzyme-2 (ACE2), which is present on cardiomyocytes.?’
This has raised concerns about direct cardiac injury and arrhythmogen-
esis, as evidenced by the increase in cardiac biomarkers in a significant
number of COVID-19 patients.

In 2006, it was reported that the open reading frame (ORF) 3a pro-
tein of the coronavirus genome, a viroporin involved in regulation of
autophagy, inflammasome activation, and apoptosis, can function as a
non-selective cation channel.?> The ORF 3a protein of SARS-CoV-2
shares ~72% homology with the SARS coronavirus studied in
2006.% Thus, it was considered whether the COVID-19 3a protein
could also conduct ion currents. If replication of the coronavirus in
cardiomyocytes may result in the integration of SARS-CoV-2 ORF
3a proteins into the sarcolemma, ORF 3a-mediated currents may
contribute to COVID-19-associated arrhythmogenesis by altering
the action potential shape of cardiomyocytes.

Based on this hypothesis, this study was designed to further inves-
tigate the role of ORF 3a in the cardiac complications of COVID-19.
By exploring the expression of ORF 3a proteins in cardiomyocytes
upon SARS-CoV-2 infection, its ion channel activity, and its inter-
action with existing antiarrhythmic drugs, this study aims to elucidate
the mechanisms by which SARS-CoV-2 may predispose to arrhyth-
mias and to explore potential therapeutic strategies to counteract
these effects.

Methods

Ethics statement

Animal experiments were conducted in compliance with guidelines set
forth by the U.S. National Institutes of Health (NIH publication No.
86-23), the EU Directive 2010/63/EU, and German laws for animal protec-
tion. Approval was obtained from the local Animal Welfare Committee
(Regierungspraesidium Karlsruhe, reference number G165/19). Additional
experiments with human tissue samples were approved by the ethics com-
mittee of the University of Heidelberg (Medical Faculty Heidelberg, S-017/
2013) and performed in accordance with the Declaration of Helsinki on
patients who had given their written consent.

Cell culture, differentiation, and maintenance
of human-induced pluripotent stem
cell-derived cardiomyocytes

Human-induced pluripotent stem cells were derived from healthy donors
by the Stanford Cardiovascular Institute Biobank, directed by Jospeh C
Wau, via episomal reprogramming using Sendai-Virus and transferred to
T.S. using a material transfer agreement. The cells were differentiated to
a cardiomyocyte-like phenotype using established protocols.*?> After dif-
ferentiation, they were kept in RPMI 1640 medium (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with B27 (Gibco, Thermo
Fisher Scientific). On Days 25-35, they were seeded for viral infection on
24-culture plates (Sarstedt, Niurmbrecht, Germany).

Culture of human cardiac fibroblasts

Human atrial tissue samples were cut into small pieces (~1 mm?) and placed in
a 25 mm dish with 1 mL medium consisting of DMEM (Gibco, Thermo Fisher
Scientific), 10% foetal calf serum (Gibco, Thermo Fisher Scientific), and 1%
penicillin/streptomycin (Gibco, Thermo Fisher Scientific) and cultured at
37°C, 5% CO,. The medium was changed two times per week, and after
3 weeks of culture, cells were trypsinized, replated, and further cultivated
for 4—-6 weeks before infection.

Viral infection of human-induced pluripotent
stem cell-derived cardiomyocytes and human

cardiac fibroblasts

SARS-CoV-2 (strain BavPat1) was obtained from Prof. Christian Drosten at
the Charité in Berlin, Germany, and provided via the European Virology
Archive. The virus was amplified in Vero E6 cells and used at passage
2. All SARS-CoV-2 infections were performed at the multiplicity of infection
(MOQJ) indicated in the text. Medium was removed from cells, and virus was
added to cells for 1 h at 37°C. Virus was removed, cells were washed 1x
with PBS, and the respective media were added back to the cells.

Protein isolation and immunoblot analysis

Protein immunodetection was performed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting as de-
scribed.** Human-induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CM) and cultured human cardiac fibroblasts (hCFs) were lysed in
radioimmunoprecipitation lysis buffer containing 50 mM Tris—HCI (pH 7.4),
0.5% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA,
1 mM Na3VOy,, 1 mM NaF, and protease inhibitors (cOmplete mini protease
inhibitor cocktail, Roche Diagnostics, Mannheim, Germany). The protein con-
centration was determined using the Pierce bicinchoninic acid protein assay
kit (Thermo Fisher Scientific). Equal amounts of protein were separated using
SDS-PAGE. Nitrocellulose membranes were developed by sequential expos-
ure to blocking reagent containing 5% dry milk and 3% bovine serum albumin,
primary antibodies directed against the SARS ORF 3a protein (1:500; ORF 3a
polyclonal antibody, NCP0019, Bioworld Technology, St. Louis Park, MN,
USA) and appropriate HRP-conjugated secondary antibodies (1:3000,
Anti-Rabbit Na934, Cytiva, Marlborough, MA, USA). Signals were recorded
using the enhanced chemiluminescence assay (VWesternBright ECL HRP sub-
strate, Advansta, San Jose, CA, USA) and quantified with Image] (National
Institutes of Health, Bethesda, MD, USA). Protein content was normalized
to B-actin using monoclonal mouse anti-B-actin antibodies (1:1000; sc-47778;
Santa Cruz Biotechnology, Heidelberg, Germany) and corresponding second-
ary antibodies (1:3000; sc-2005; Santa Cruz Biotechnology) for quantification
of optical density. The complete set of original image data for the immunoblot
membranes is presented in the Supplementary material.

Molecular biology and RNA preparation

Plasmid DNA encoding for the SARS-CoV-2 ORF 3a protein (GenBank
accession number UXU20787.1) was constructed by gene synthesis
(Eurofins Genomics, Ebersberg, Germany) and subcloned to the Xenopus lae-
vis expression vector pMax". For generation of the ORF 3a pore mutants,
site-directed mutagenesis was performed as described previously,?® and
the sequences of the mutant constructs were confirmed bg Sanger sequen-
cing. Copy RNA was prepared as described previously.”**’ In short, after
plasmid linearization and in vitro transcription with mMessage mMachine T7
Transcription Kit (Thermo Fisher Scientific), the integrity of the RNA tran-
script was confirmed by agarose gel electrophoresis. RNA concentrations
were measured via spectrophotometry (ND-2000, peqlLab Biotechnology
GmbH, Erlangen, Germany).

Oocyte preparation

Oocytes were prepared as described.?*?’ In short, ovarian lobes from
X. laevis (Xenopus Express, Vernassal, France) were extracted under tricaine
(Pharmaq, Fordingbridge, UK) anaesthesia (1 g/L, pH 7.5). After manual dis-
section and collagenase treatment (Collagenase D, Roche Diagnostics), col-
lagenase free oocytes were selected and transferred to standard oocyte
solution, containing 100 mM NaCl, 2 mM KCI, 1 mM MgCl,, 1.8 mM
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CaCl,, 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
2.5 mM pyruvic acid, and 50 mg/L gentamicin sulfate, adjusted to pH 7.7
with NaOH. Oocytes were injected by a Nanoject Il system (46 nL per oo-
cyte; Drummond Scientific Company, Broomall, PA, USA) with cRNA of
OREF 3a protein (30 ng/oocyte).

Electrophysiology

Two-electrode voltage clamp (TEVC) recordings from X. laevis oocytes
were performed 24-72 h after injection as described earlier.?*?” Whole
cell currents were measured with an OC-725C amplifier (Warner Instruments,
Hamden, CT, USA) using pCLAMP10 software (Axon Instruments, Foster
City, CA, USA) for data acquisition and analysis. The standard bath solution
contained 100 mM KCl, 1 mM MgCl,, 1.8 mM CaCl,, and 5 mM HEPES, ad-
justed to pH 7.4 with KOH. The microelectrodes were manufactured by
a Flaming/Brown P-87 micropipette puller (Sutter Instruments, Novato,
CA, USA) from glass pipettes (GB 100F-10, Science Products, Hofheim,
Germany). The pipettes were backfilled with a 3 M KCl and had a resistance
between 1.5 and 3.0 MQ. Holding potentials were —80 mV, and the experi-
ments were performed at room temperature (20-22°C). Leak currents
were not subtracted. Unless otherwise stated, steady-state currents were
quantified at the end of the test pulse.

Pharmacological compounds

The test substances were purchased from Bristol Myers Squibb GmbH
(Regensburg, Germany), Cardiome Pharma (Vancouver, Canada),
MedChemExpress (Monmouth Junction, NJ, USA), Sigma-Aldrich (Steinheim,
Germany), and Selleck Chemicals (Cologne, Germany) as listed in Table 1.
Stock solutions of the indicated concentrations were prepared with the indi-
cated solvents and stored at —20°C.

Computational modelling

For the molecular docking of the active compounds into the channel, we
chose the homodimeric model of the protein structure with a nominal
resolution of 2.1 A, which is deposited in the Protein database under the
PDB-code 7KJR 2 This structure got prepared by deleting all water mole-
cules and the two DOPE lipids. Next, the hydrogens were added, charges
assigned, and the best hydrogen bonding arrangement for sidechains con-
taining amide groups selected. Then, the cavities inside this protein struc-
ture were determined and shown with Molcad, as implemented in the
software SYBYL-X1.3 package (Tripos, St. Louis, MO, USA). The big cavity
served as input for the docking algorithm SurflexDock v.2.51 from
BioPharmics IT (Sonoma County, CA, USA) as implemented in the soft-
ware package SYBYL-X1.3 to place the ligands.

Statistical analysis and data visualization

The data acquisition and analysis were performed using the pCLAMP10
software (Axon Instruments), and statistical analysis and visualization
were done using Prism 10 (GraphPad Software, La Jolla, CA, USA).
Visualization of the SARS-CoV-2 ORF 3a 3D cryo-electron microscopy
structure recently revealed by Kern et al.?? (PDB-ID:6XDC) was performed
using the PyMOL Molecular Graphics System, Version 1.8 (Schrédinger
LLC, Cambridge, MA, USA). Data are presented as the mean =+ standard er-
ror of the mean (SEM). Statistical comparisons were made using paired and
unpaired Student’s t-tests, with a significance level of P <0.05. The
Bonferroni method was used to correct for multiple comparisons.

Results

ORF 3a protein expression in
SARS-CoV-2-infected human-induced
pluripotent stem cell-derived

cardiomyocytes

To determine whether ORF 3a proteins are expressed in cardiomyo-
cytes after infection with coronavirus, in vitro cultures of hiPSC-CMs
were infected with a SARS-CoV-2 viral strain from early 2020.

Table 1 Pharmacological compounds—manufacturers,
concentrations, and solvents

Substance Manufacturer Concentration Solvent
of stock
solution in
mmol/L
Ajmaline MedChemExpress 100 DMSO
Amiodarone  Sigma-Aldrich 10 Ethanol absolute
Bisoprolol Selleck Chemicals 100 DMSO
Carvedilol Selleck Chemicals 100 DMSO
Dofetilide Sigma-Aldrich 5 DMSO
Dronedarone  MedChemExpress 50 DMSO
D-Sotalol Bristol Myers 10 Sterile water
Squibb

Etripamil MedChemExpress 100 DMSO
Flecainide MedChemExpress 100 DMSO
Ibutilide Sigma-Aldrich 100 DMSO
Lidocaine Sigma-Aldrich 10 Bath solution
Metoprolol Selleck Chemicals 25 DMSO
Nebivolol Sigma-Aldrich 100 DMSO
Procaine Sigma-Aldrich 100 DMSO
Propafenone  Sigma-Aldrich 100 DMSO
Propranolol  Selleck Chemicals 100 DMSO
Quinidine Sigma-Aldrich 100 DMSO
Ranolazine Selleck Chemicals 100 DMSO
Verapamil Sigma-Aldrich 100 DMSO
Vernakalant ~ Cardiome Pharma 51.8 Sterile water

DMSO, dimethyl sulfoxide.

Following infection at a MOI of 1.0, hiPSC-CMs were harvested at 0—
24 h. Protein lysates were then subjected to immunoblotting to quan-
tify ORF 3a expression, demonstrating protein bands 16- and 24-h
post-infection, as illustrated in Figure TA. In contrast to hiPSC-CM, no
OREF 3a protein was detected in hCFs even with an extended 48-h in-
cubation period, as depicted in Figure 1B.

Functional expression of SARS-CoV-2

ORF 3a protein in X. laevis oocytes

For the ORF 3a protein of the conventional SARS-CoV-1 virus, previ-
ous studies have demonstrated its functionality as an ion channel when
expressed heterologously in X laevis oocytes, resulting in the gener-
ation of macroscopic outward currents.”® Nevertheless, the amino
acid sequence of SARS-CoV-2’s ORF 3a protein reveals only an about
72% similarity with that of SARS-CoV-1’s ORF 3a protein (Figure 2A).
The differences in amino acid sequence are not just limited to the per-
ipheral domains, but also affect the central pore-forming regions
(Figure 2B). To investigate the SARS-CoV-2 ORF 3a protein’s ion chan-
nel capabilities, the gene encoding the ORF 3a protein of the early 2020
SARS-CoV-2 virus was generated by gene synthesis, subcloned, and used
to synthesize copy RNA (cRNA) by in vitro transcription. Macroscopic
cation currents, as shown in Figure 2C, can be derived by conducting
TEVC measurements on X. laevis oocytes 48—72 h after intracytoplasmic
cRNA injection, which differ significantly from background currents, re-
corded from uninjected control cells. To determine the current—voltage
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Figure 1 Time course of ORF 3a protein expression in SARS-CoV-2-infected human-induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs) and human cardiac fibroblasts (hCFs). (A) Human-induced pluripotent stem cell-derived cardiomyocytes were subjected to
SARS-CoV-2 infection [multiplicity of infection (MOI) of 1.0], and cells were harvested at various time points post-infection as specified. The upper
section shows representative immunoblot signals for ORF 3a protein and B-actin as loading control. The lower section depicts the average ORF 3a
protein signals, obtained from n =3 independent experiments, normalized to B-actin and presented in arbitrary units (A.U.). (B) Both hiPSC-CMs
and hCFs were exposed to SARS-CoV-2, and cells were harvested at designated time intervals. The top section illustrates the immunoblot signals
for ORF 3a protein and B-actin from the respective cell lysates. The bottom section presents the average ORF 3a protein signals from n = 3 experi-
ments, adjusted relative to B-actin expression and measured in A.U. Statistical significance is indicated by ***, representinga P < 0.001 from a two-tailed
unpaired Student’s t-test. Data are expressed as mean =+ standard error of the mean.

relationship, 400 ms depolarizing pulses were applied in 10 mV in-
crements from a resting membrane potential of —80 mV to values
of +80 mV according to the voltage protocol shown. The current—
voltage relationship of the macroscopic cation currents, mediated
by ORF 3a, is presented in the right part of Figure 2C (mean value of
n =5 measurements).

Modulation of SARS-CoV-2 ORF 3a
protein-related currents by clinically

employed antiarrhythmic drugs

Based on the observation that SARS-CoV-2 infects hiPSC-CM in vitro
and induces the expression of the ORF 3a protein, and that the
SARS-CoV-2 ORF 3a protein induces macroscopic outward cation cur-
rents upon heterologous expression, it was hypothesized that ORF 3a
protein-mediated currents may affect the electrophysiological properties
of cardiomyocytes in patients with COVID-19 infection and thereby con-
tribute to arrhythmogenesis. To address the question of which clinically
used antiarrhythmic drugs can inhibit ORF 3a protein-mediated currents,
SARS-CoV-2 ORF 3a proteins heterologously expressed in X. laevis
oocytes were subjected to a broad screening involving several clinic-
ally employed antiarrhythmic drugs.

According to the described method, SARS-CoV-2 ORF 3a protein-
expressing X. laevis oocytes were subjected to TEVC measurements.
Macroscopic outward currents were quantified at the end of the
+80 mV test pulse. Cells were stabilized by applying the depicted volt-
age protocol at 2-min intervals until current variance within a 10-min
period was <10%. The appropriate antiarrhythmic drugs were then
added to the extracellular bath solution at a concentration of 100 pM,
and measurements were continued for 30 min. The results of the screen-
ing are shown in Figure 3A and B.

No significant inhibitory effects were observed with the Vaughan
Williams class la (ajmaline and quinidine; n = 3—4), Ib (procaine and lido-
caine; n = 4-5), or Ic (flecainide and propafenone; n = 5) sodium channel
inhibitors. Among the Vaughan Williams class Il beta-blockers, propran-
olol, carvedilol, metoprolol, and bisoprolol were investigated. While pro-
pranolol and bisoprolol had no clear effect on ORF 3a-mediated currents,
application of metoprolol and carvedilol resulted in a trend towards inhib-
ition of ORF 3a currents that did not reach statistical significance. The
Vaughan Williams class Il antiarrhythmic agents, which act as potassium
channel blockers, exhibited the most significant inhibitory effects on the
SARS-CoV-2 ORF 3a protein. Dronedarone, amiodarone, and dofetilide
caused a 454 +4.7% (P=0.004), 49.1 +4.6% (P=0.003), and 65.1 +
6.7% (P =0.01) inhibition of ORF 3a currents, respectively. Slightly lower
inhibitory effects were seen after administering ibutilide (36.4 + 6.6%,
P = 0.04) and p-sotalol (20.6 +4.5%, P = 0.06). As Vaughan Williams class
IV antiarrhythmic agents, the calcium channel blockers verapamil and etri-
pamil were investigated. Verapamil had no significant effect on ORF
3a-mediated currents. Perfusion with 100 pM etripamil resulted in a non-
statistically significant trend towards inhibition of ORF 3a-mediated cur-
rents. Finally, vernakalant and ranolazine, two antiarrhythmic drugs not
traditionally classified in the Vaughan Williams classification system,
were tested to evaluate their interaction with ORF 3a. Both drugs did
not alter ORF 3a-mediated currents significantly.

SARS-CoV-2 ORF 3a current inhibition by

amiodarone and dofetilide

Electrophysiological implications of SARS-CoV-2 ORF 3a current inhibition
by clinically used antiarrhythmic drugs were assessed in detail, focusing on
the class Il antiarrhythmic drugs amiodarone and dofetilide, which had
shown the strongest effects in the previous screening. The time course of
SARS-CoV-2 ORF 3a current inhibition by amiodarone and dofetilide is
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Figure 2 The SARS-CoV-2 ORF 3a protein gives rise to outward potassium currents upon heterologous expression in X. laevis oocytes. (A) Protein
sequence alignment of the ORF 3a protein sequences derived from SARS-CoV-2 and the classic SARS-CoV-1 variant (SARS2018). Differences in the
amino acid sequence are highlighted in red *, conserved amino acid residue; :, conservative amino acid residue exchange; ., semiconservative amino acid
residue exchange. (B) 3D visualization of the SARS-CoV-2 ORF 3a dimer based on the cryo-EM structure recently revealed by Kern et al.** (PDB-ID:
6XDC); again the differences to the SARS-CoV-1 variant are highlighted in red. TM1-3, transmembrane domain 1-3. (C) Representative family of cur-
rent trances recorded from X. laevis oocytes, heterologously expressing SARS-CoV-2 ORF 3a proteins by application of the pulse protocol depicted
and respective uninjected control (ctrl) oocytes. Current—voltage relationship of SARS-CoV-2 ORF 3a protein-mediated current. Current amplitudes
of ORF 3a-expressing X. laevis oocytes were quantified at the end of each 400 ms voltage pulse. Data are expressed as mean =+ standard error of the
mean from n =5 cells. Dotted line represents zero current level, and scale bar is depicted as inset.

shown in Figure 3Cand D. Following a control period with no significant amp-
litude changes, the SARS-CoV-2 ORF 3a protein currents decreased rapidly
upon administration of 100 pM amiodarone or dofetilide (Figure 3C and D).
Interestingly, effects of 100 uM amiodarone were partially reversible and
current amplitudes reached 69.7 + 9.9% (P = 0.04) of the control values fol-
lowing washout. The block by dofetilide persisted upon washout.

Drug effects on SARS-CoV-2 ORF 3a protein current—voltage (I-V)
relationship were investigated under isochronal recording conditions.
Representative families of SARS-CoV-2 ORF 3a protein current traces
are shown for control conditions, after application of 100 pM amiodar-
one or dofetilide for 30 min, and after a 20-min washout period (Figure
3E and F). The current—voltage relationship was not affected by 100 uM
amiodarone or dofetilide (Figure 3E and F). Relative current inhibition
was plotted as function of the test pulse potential in Figure 3E and F.
Reduction of SARS-CoV-2 ORF 3a current was not significantly differ-
ent between +20 and +60 mV or between —80 and —40 mV (Figure 3E
and F). However, the current inhibition was significantly reduced at po-
tentials below the reversal potential compared positive potentials.

Amiodarone inhibits SARS-CoV-2 ORF 3a
currents in a concentration-dependent

manner

To study the concentration-dependent effect of amiodarone on
SARS-CoV-2 ORF 3a currents, different concentrations of amiodarone

were examined in the experimental setting described above (Figure
4A-D). In Figure 4E, currents in the presence of the drug were normal-
ized to their respective control values and plotted as relative current
amplitudes. The ICsq value for amiodarone inhibition of SARS-CoV-2
OREF 3a protein currents yielded 5.8 uM (n = 37 cells per concentra-
tion). It is noteworthy that amiodarone’s inhibition of SARS-CoV-2
OREF 3a protein currents in oocytes remained incomplete, with a max-
imum current reduction of 51.5 + 3.8%.

Structural determinants of SARS-CoV-2
ORF 3a current inhibition by class IlI

antiarrhythmic drugs

To gain a better understanding of the molecular interaction between
the SARS-CoV-2 ORF 3a protein and the antiarrhythmic drugs amio-
darone and dofetilide, the cryo-EM structure (PDB-ID: 7KJR) of the
SARS-CoV-2 ORF 3a protein recently revealed by Kern et al.** was
used for computational docking simulations. The simulations indicated
that amiodarone and dofetilide bind to the intracellular region of the
channel pore, thereby inhibiting ion flux (Figure 5A and B). Almost all
poses of amiodarone showed the charge enhanced hydrogen bond be-
tween the protonated tertiary amine and aspartic acid 142. Also, a
strong interaction between the carbonyl oxygen to lysine 61 was de-
tected. Both of these key interactions are with the same monomer.
Dofetilide sits in the cavity and interacts via hydrogen bonds with
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Figure 3 Effects of clinically employed antiarrhythmic drugs on SARS-CoV-2 ORF 3a protein-mediated currents—class Il antiarrhythmic drugs amio-
darone and dofetilide block SARS-CoV-2 ORF 3a protein-mediated currents. (A) Representative macroscopic currents recorded under control con-
ditions and after application of the respective antiarrhythmic drug as indicated (100 pM, 30 min) (B) Effects of the respective antiarrhythmics on
SARS-CoV-2 ORF 3a protein-mediated currents, quantified at the end of the +80 mV test pulse (n = 3—6 cells). The drugs are arranged according
to Vaughan Williams classes |-IV. Data are expressed as mean = standard error of the mean from. (C and D) Time course of SARS-CoV-2 ORF 3a
current inhibition by amiodarone (C) or dofetilide (D) and the partial reversibility of inhibition upon washout. In the right part of the panel, mean current
levels are depicted: under control conditions, subsequent to a 30-min superfusion with the respective drug, and after a 20-min washout period. (Eand F)
Left: activation curves (total current amplitudes, quantified at the end of the 400 ms test pulse), investigated under isochronal recording conditions for
control conditions and after administration of the respective drug. Center: normalized activation curves, investigated under isochronal recording con-
ditions (current amplitudes normalized to the maximum current), investigated under isochronal recording conditions. Right: fraction of blocked step
currents, plotted as function of the test pulse potential. Data are presented as mean =+ standard error of the mean from n =5 cells. Dotted lines re-
present zero current level, and scale bars are depicted as insets. Statistical significance is indicated by *, representing a P < 0.05 from two-tailed paired
Student’s t-tests followed by Bonferroni correction.
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SARS-CoV-2 ORF 3a-mediated currents

ORF 3a protein «\ﬁ‘

C

Amiodarone

D142A Amiodarone K61A
(100 uM)

Amiodarone
(100 uM)

150 150

=125 =125

75

@
S

Relative current (%)
.
N O
o 38
Relative current (%)

50

At

25 n=7 25 n=5
0 T T [ T T T
0 20 40 0 20 40
Time (min) Time (min)
D142A/K61A Amiodarone
150 (100 uM) Washout 80 Amiodarone (100 pM)

=125

100 %#W

Fe

Relative current (%)
@~
S &
Inhibition (%)
IS
8

N
o o

T T
0 20 40

WT D142A K61A D142A/
Time (min) K61A

Dofetilide
D142A Dofetilide K75A Dofetilide
150 (100uM) | Washout 150 (00w | Washout
= 12! =12
g 5 g 5
;100 ?}i.,-i glOU Eggnand
3 75 3 75
] g
g 50 g 50
5} ©
© 25 n=6 © 25 n=5
0 T T 0 T T T
0 20 40 0 20 40
Time (min) Time (min)
D142A/K75A Dofetilide Dofetilide (100 uM)
150 [ (100uM) | Washout
=125
& =
= S
§ 1007 ey <
375 2
° =]
2 z
K] 50 £
7]
@ 25 n=4
0 T T
0 20 40 WT D142A K75A D142A/
Time (min) K75A

Figure 5 Structural determinants of SARS-CoV-2 ORF 3a protein interaction with amiodarone and dofetilide. (A and B) Computational docking
simulation revealing the interaction of amiodarone (A) and dofetilide (B) with the intracellular channel pore of the SARS-CoV-2 ORF 3a protein dimer.
The simulation is based on the cryo-EM structure delineated by Kern et al.** (PDB-ID: 7K|R). It highlights the critical roles of amino acids lysine 61 (K61)
and aspartic acid 142 (D142) in forming the molecular drug-binding site for amiodarone (A) and the involvement of lysine 75 (K75) along with aspartic
acid 142 (D142) in the interaction site for dofetilide (B). (C) To confirm the contribution of the said amino acids to the drug-binding site, mutant pro-
teins SARS-CoV-2 ORF 3a K61A, D142A, and the double-mutant K61A/D142A were expressed in X. laevis oocytes and exposed to amiodarone
(100 pM; 30 min as described above). (D) In a similar fashion, SARS-CoV-2 ORF 3a-K75A, D142A, and the double-mutant K75A/D142A were super-
fused with dofetilide (100 pM; 30 min as described above) upon heterologous expression in X. laevis oocytes. Data are presented as mean =+ standard
error of the mean. Chemical structures of amiodarone and dofetilide are depicted as insets. Statistical significance is indicated by *, representing a
P < 0.05 from a two-tailed unpaired Student’s t-test vs. WT channels followed by Bonferroni correction.

both aspartic acid 142, i.e. with both monomers of the channel. Here,
the sulfonamide-NH and the protonated tertiary amine of dofetilide are
the respective interaction partners. Another but weaker hydrogen
bond is seen between the sulfonamide oxygens to lysine 75 of one
monomer. Of note, all three amino acids are highly conserved among
different SARS-CoV-2 strains (see Supplementary material online,
Figure S1).

The effects of dofetilide inhibition were evaluated on mutant
SARS-CoV-2 ORF 3a-D142A, SARS-CoV-2 ORF 3a-K75A, and
double-mutant SARS-CoV-2 ORF 3a-D142A/K75A, along with wild-
type (WT) SARS-CoV-2 ORF 3a proteins (Figure 5D). The degree of in-
hibition was determined at the end of the +80 mV test pulse following
30-min perfusion of 100 uM dofetilide. Dofetilide inhibited WT ORF
3a-mediated currents by 65.1+6.7% (P=0.01), while its inhibitory
effects on ORF 3a-D142A, ORF 3a-K75A, and double-mutant ORF
3a-D142A/K75A were 266 +7.1% (P=0.02), 42.7 +59% (P=0.09),
and 12.6 & 18.2% (P = 0.007), respectively. In a similar fashion, amiodarone

inhibited WT SARS-CoV-2 ORF 3a protein-mediated currents by 49.1 +
4.6% (P = 0.003), while inhibitory effects on SARS-CoV-2 ORF 3a protein
D142A, ORF 3a-K61A, and SARS-CoV-2 ORF 3a-D142A/Ké1A protein
were 19.4 + 10.9% (P =0.07), 6.6 + 6.2% (P =0.004), and 11.7 + 8.4%
(P=0.01), respectively (Figure 5C).

Discussion

Cardiac arrhythmias are considered to be among the most important ex-
trapulmonary manifestations of SARS-CoV-2. Therefore, understanding
the mechanisms underlying arrhythmogenesis in COVID-19 is critical to
reduce morbidity and mortality associated with COVID-19.>° This study
aimed to explore the role of the SARS-CoV-2 viroporin ORF 3a in
COVID-19-associated arrhythmias and its potential as a pharmacological
target. To accomplish this goal, a two-fold approach was adopted. First,
this study investigated whether ORF 3a is expressed in hiPSC-derived
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cardiomyocytes upon infection with SARS-CoV-2. Second, this study
evaluated the ion channel activity of the SARS-CoV-2 ORF 3a protein
and characterized its pharmacological fingerprint by assessing its inter-
action with various clinically used antiarrhythmic drugs.

Expression of the SARS-CoV-2 ORF 3a
protein in human-induced pluripotent

stem cell-derived cardiomyocytes

Immunoblot analysis showed that ORF 3a is expressed in hiPSC-
derived cardiomyocytes as quickly as 16 h after SARS-CoV-2 exposure.
This expression was cardiomyocyte specific, as hCF did not express
OREF 3a post-infection. This selective cellular tropism correlates with
expression of ACE2, known to facilitate SARS-CoV-2 entry, which,
while not detectable in fibroblasts, has been shown to be preferentially
expressed in cardiomyocytes.”’ However, further research is needed
to confirm these findings in primary human cardiomyocytes and to in-
vestigate the broader implications of ORF 3a expression in the heart in
patients suffering from COVID-19. To date, the question of whether
coronaviruses replicate in cardiomyocytes has not been conclusively
answered.” In a rabbit model published more than three decades ago,
it was shown that infection with coronaviruses led to viral myocarditis
and heart failure.* Similarly, a more recent model of engineered heart
tissue containing hiPSC-CM, fibroblasts, and macrophages showed
direct cardiomyocyte cell damage under COVID-19 infection.>! In aut-
opsy studies of COVID-19 patients, however, no direct viral presence
in cardiomyocytes was found in most cases, with interstitial macro-
phage infiltration without cardiomyocyte degeneration being observed
in over 80% of cases.>>*> In contrast, studies that have conducted car-
diovascular magnetic resonance imaging on patients who have recov-
ered from COVID-19 but still exhibit cardiac symptoms show a
different result. These studies were able to detect signs of cardiac in-
volvement (myocardial oedema, fibrosis, and impaired right ventricular
function) in 58-78% of patients.'*** It is noteworthy that other studies
have found an incidence of cardiac arrhythmias around 10% in patients
post COVID-19."?

lon channel activity of SARS-CoV-2 ORF

3a proteins

This study demonstrated that ORF 3a forms a cation-permeable ion
channel, displaying mild outwardly rectifying characteristics. This con-
firms previous findings about SARS-CoV-2 ORF 3a and its homologue
in SARS-CoV-1, suggesting a common ion channel activity due to se-
quence similarity. Together with the evidence of ORF 3a protein ex-
pression in hiPSC-CM after SARS-CoV-2 infection, this strengthens
the hypothesis that ion channel activity of ORF 3a contributes to dys-
regulation of cardiac action potential formation upon viral replication
within cardiomyocytes. Since different regions of the heart can be af-
fected by the infection, SARS-CoV-2 infection may lead to the
occurrence of various arrhythmias in the atria or ventricles. If the con-
duction system is affected, bradycardias may also occur. Simultaneous
work performed by others could demonstrate that HEK293T cells
and H9c2 cardiac myoblasts, upon transfection with recombinant
DNA encoding the SARS-CoV-2 ORF 3a, give rise to cation currents
that exhibit electrophysiological properties, similar to the endogenous
transient outward K* current (l.). Computational modelling showed
that integration of the aforementioned current component into exist-
ing mathematical cardiomyocyte models increases the risk of early
afterdepolarization in response to increased heart rate and dysregu-
lated cardiac Ca*" handling as well as action potential formation.>>3¢
Over a decade and a half ago, it was reported that SARS-CoV ORF
3a forms a Ba**-sensitive cation channel when expressed in X. laevis
oocytes.”® In the meantime, other groups have demonstrated this in

X. laevis oocytes*’ ™ HEK293*" and lipid membranes.”*** Recently,
Miller et al.*? published a critical re-evaluation of these findings, question-
ing whether the membrane-spanning pore in the cryo-EM structure is
wide enough to allow for the movement of dehydrated cations. They
also noted the presence of a positively charged aqueous vestibule, which
would not favour cation permeation. After Miller et al™® were unable to
measure ion currents upon heterologous expression in HEK293, X. laevis
oocytes, and vesicle-reconstituted ORF 3a protein, they questioned the
role of the ORF 3a protein as a viroporin. In fact, the pharmacological
profile and single channel conduction properties of the ORF 3a protein
in bilayer experiments were reported to be strikingly different and vary-
ing.44 In the present study, the SARS-CoV-2 ORF 3a protein expressed in
X. laevis oocytes consistently produced macroscopic currents. Further
studies are needed to determine whether differences in the ORF 3a se-
quence or variations in the measurement conditions are responsible for
these discrepancies, or if they are due to interactions with endogenous
proteins of the respective expression systems.

Interaction with antiarrhythmic drugs

Investigation into ORF 3a’s interaction with antiarrhythmic drugs re-
vealed significant inhibition of ORF 3a currents by certain class Il anti-
arrhythmics. Dofetilide and amiodarone, in particular, showed strong
inhibition, highlighting their potential in modulating ORF 3a-mediated
ion currents. Notably, amiodarone’s inhibition was more pronounced
at depolarized potentials, indicating voltage-dependent blocking. The
inhibition was not fully reversible upon washout, especially for dofeti-
lide, possibly due to its entrapment within ORF 3a’s inner cavity.
Using a combined approach of in silico simulations and in vitro experi-
ments on alanine pore mutants, it was possible to identify the
three amino acid residues K61, K75, and D142 as potential components
of the drug-binding site in the SARS-CoV-2 ORF 3a protein.
Substitution of these key amino acid residues with alanine resulted in
decreased inhibitory effects of the substances. All three key amino
acid residues are located in the inner cavity of the transmembrane
region of ORF 3a. The recently published cryo-EM structure of
SARS-CoV-2 ORF 3a shows that the inner cavity resides in the lower
half of the transmembrane region and is continuous with the surround-
ing lipid bilayer through the upper tunnels.? It can thus be hypothesized
that lipophilic molecules such as dofetilide and amiodarone may diffuse
through the cell membrane directly into the inner cavity of ORF 3a and
subsequently interact with the key amino acid residues. In particular,
the negatively charged pore-lining amino acid residue aspartic acid
142, located at the apex of the short alpha helix connecting the trans-
membrane and cytoplasmic domain, appears to play an important role
in mediating interaction with class Ill antiarrhythmic drugs. The three
identified amino acids and their surrounding region appear to be highly
conserved among different common strains of SARS-CoV-2 virus (see
Supplementary material online, Figure ST). A previous study identified
mutations at positions K61 and K75 in only three and two of 2782 sub-
strains analysed, and no mutations in position D142 were reported in
this study.* This suggests that the binding site of class Il antiarrhyth-
mics is highly conserved, and that the described effect could be ex-
pected across strains.

Clinical relevance of SARS-CoV-2 ORF 3a
protein inhibition by class Il

antiarrhythmic drugs

The present study suggests that inhibition of ORF 3a by class Il anti-
arrhythmics, particularly dofetilide and amiodarone, exhibits inhibi-
tory effects on SARS-CoV-2 ORF 3a protein-mediated currents.
During chronic amiodarone therapy, plasma levels ranging from
0.15 to 18.4 uM have been described, with a mean therapeutic range
of 1-3 pM.*~* While the markedly high plasma protein binding of
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~99.8% significantly reduces the free plasma levels of amiodarone, the
pronounced lipophilicity of the compound leads to drug accumulation
in cardiac tissue.***° Regarding the ICs value of ORF 3a protein inhibition
by amiodarone of 5.8 pM, the inhibitory effect of amiodarone on ORF 3a
proteins could be expected to be present at therapeutic plasma levels, es-
pecially considering that the ICsg values in mammalian cell models are up
to 30-fold lower than in X. laevis oocytes.*® Further experiments on con-
centration dependence, performed in mammalian cells, are warranted to
comprehensively clarify this question.

Recently, the polycationic dye ruthenium red and the polyamine
spermidine were likewise identified as blockers of the SARS-CoV-2
ORF 3a protein.22 The affinity of amiodarone is, however, about
10-fold higher than that of ruthenium red (ICso =90 + 10 uM; patch
clamp experiments performed on proteoliposomes) and 1000-fold
higher than spermidine (where the block occurs at concentrations be-
tween 1and 10 mM).2? Notably, class Ill antiarrhythmic drugs were also
identified as off-target blockers of other cation channels such as the Kyp
channels, of which TREK-1 (K,p2.1) is also inhibited by spermidine and
TASK-3 (K4p9.1) is also inhibited by ruthenium red.>'>3 In summary,
the pharmacological profile of SARS-CoV-2 ORF 3a proteins nonethe-
less shows a unique fingerprint.

In vitro experiments have shown that transfection of ORF 3a in eu-
karyotic cells induces apoptosis. Apoptosis markers were significantly
reduced in the presence of pharmacological inhibitors such as 4-AP
or Ba*" or upon induction of the loss of function mutations C133A/
Y160A.*" This suggests that the cationic currents of the ORF 3a pro-
teins, at least by part, directly influence the virulence of SARS-CoV-2.
Furthermore, the attenuation of viral titre and morbidity in murine dis-
ease models was demonstrated by the genomic deletion of the
SARS-CoV-1 or 2 ORF 3a.7>%*%%

lon channels are attractive drug targets, and the mechanism of ion
channel inhibition underlies around 15% of clinically employed drugs.>®
The development of vaccines and antiviral therapies has mainly focused
on the essential virus-encoded spike protein, RNA-dependent RNA
polymerase proteins, and the major protease. The results of this and
other studies indicate that the ORF 3a protein may represent a novel
promising target for the treatment of complications of COVID-19 in-
fection, such as arrhythmias, as well as for the suppression of viral re-
lease.?? The identification and evaluation of such targets are essential
to counteract the possible emergence of resistance and to protect
against new viruses that may emerge in the future. Assessing the impli-
cations of the recently described expression of ORF 3a proteins in
mitochondrial membranes and its consequences for myocardial dam-
age and arrhythmogenesis also requires further studies.>® This study
highlights the potential of SARS-CoV-2 ORF 3a as a pharmacological
target for managing COVID-19-associated arrhythmias. The identifica-
tion of ORF 3a’s potassium channel activity and its inhibition by class Il
antiarrhythmic drugs opens new avenues for therapeutic intervention.
The mechanistic and biophysical insights provided here could facilitate
the development of targeted ORF 3a inhibitors, offering novel strat-
egies in the treatment of arrhythmias in COVID-19 patients. Further
research in larger animal models and clinical studies are warranted to
validate these findings and to explore the full therapeutic potential of
ORF 3a inhibition.

Limitations

The research encountered limitations due to the immature pheno-
type of hiPSC-CMs, which may not fully replicate the properties of
adult cardiomyocytes. Future studies should concentrate on verify-
ing ORF 3a expression and its effects in primary human cardiomyo-
cytes. Additionally, the study relied on the TEVC technique in
X. laevis oocytes, which may underestimate drug potency compared
to mammalian cells. Furthermore, the dual-electrode voltage clamp ex-
periments were performed in a 100 K* solution that did not contain

sodium. This may have compromised the investigation of the effects
of class | antiarrhythmic drugs. Future investigations using mammalian
cell models, pulse protocols that are more physiological than square
pulses like action potential clamping, or current clamp measurements of
action potentials are needed to more accurately assess the role of the
SARS-CoV-2 ORF 3a protein in cardiac electrophysiology and its
pharmacological modulation.

Conclusions

In conclusion, this study has established the expression of the ORF 3a
protein in hiPSC-CMs upon SARS-CoV-2 infection. Further studies are
warranted to assess whether this mechanism actually contributes to
the arrhythmogenesis described in COVID-19 patients. The fact
that SARS-CoV-2 ORF 3a is inhibited by clinically employed class Il
antiarrhythmic drugs may be relevant to the future treatment of
COVID-19-associated arrhythmias. Since the ORF 3a protein is further
implicated in viral release, this observation could even have implications
for the causal therapy of COVID patients.

Supplementary material

Supplementary material is available at Europace online.
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