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Abstract:

Aims:

Connexin-based gap junctions are crucial for electrical communication in the heart; they are each
composed of two docked hemichannels, supplied as unpaired channels via the sarcolemma. When
open, an unpaired hemichannel forms a large pore, high-conductance and Ca**-permeable membrane
shunt pathway that may disturb cardiomyocyte function. Hemichannels composed of connexin43, a
major cardiac connexin, can be opened by electrical stimulation but only by very positive membrane
potentials. Here, we investigated the activation of connexin43 hemichannels in murine ventricular
cardiomyocytes voltage-clamped at -70 mV.

Methods and Results:

Using whole-cell patch clamp, Co-IP, Western blot analysis, immunocytochemistry, proximity ligation
assays and protein docking studies, we found that stimulation of ryanodine receptors (RyRs) triggered
unitary currents with a single-channel conductance of ~220 pS, which were strongly reduced by
connexin43 knock-down. Recordings under Ca®*-clamp conditions showed that both RyR activation
and intracellular Ca?* elevation were necessary for hemichannel opening. Proximity ligation studies
indicated close connexind3-RyR2 apposition (<40 nm), and both proteins co-immunoprecipitated
indicating physical interaction. Molecular modeling suggested a strongly conserved RyR-mimicking
peptide sequence (RyRHCIp), which inhibited RyR/Ca** hemichannel activation but not voltage-
triggered activation. The peptide also slowed down action potential repolarization.

Conclusions:
Our results demonstrate that connexin43 hemichannels are intimately linked to RyRs, allowing them
to open at negative diastolic membrane potential in response to RyR activation.

Translational Perspective:

We here provide detailed evidence that Cx43 hemichannels can be opened by concomitant RyR
activation and [Ca’®']; elevation, two fundamental players in cardiomyocyte excitation-contraction
coupling. Recent work in a plakophillin-2 deficient mouse model for ARVC indicated RyR2-linked
Ca®* dysregulations that were suppressed by the Cx43 hemichannel inhibitor Gap19. Our present work
delineates the necessary conditions to activate Cx43 hemichannels in RyR2- and Ca?*-dependent
manners and provides a new peptide tool, RyRHCIp, that inhibits hemichannel opening by acting at
this crucial RyR-hemichannel axis.
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1. Introduction:

Connexin 43 is the most abundant connexin isotype in the heart. It is most prominently located at the
level of the intercalated discs (IDs) of cardiomyocytes where it forms GJs *. GJ channels are formed
by the docking of two hemichannels (HCs) and given the high Cx43 turnover rate, this necessitates
continuous supply of HCs through the perinexal area adjacent to the gap junctional plaques . While
GJs are normally open, HCs are closed under resting conditions; Cx43-based HCs open in response to
various conditions including metabolic inhibition *°, voltage steps to positive membrane potential °’,
alterations in the phosphorylation and redox status ®**, low extracellular Ca®* ***3, or an increase in
intracellular calcium concentration ([Ca®']) "**™°. Importantly, HC opening in response to [Ca®'];
elevation has only been documented by non-electrophysiological methods such as ATP release or dye
uptake hemichannel assays, except for astrocytes where electrophysiological evidence is available *'.
In cardiomyocytes, we previously demonstrated that Cx43 HC opening triggered by electrical
stimulation to positive voltages is modulated by [Ca*"]; elevation, which lowers the voltage threshold
for activation ’. However, the activation voltage threshold remains high (+40 mV) and needs to be
maintained for a sufficient period, leaving the question open whether such conditions can be
realistically achieved during the cardiac action potential. Nothing is currently known concerning HC
activation at negative diastolic membrane potentials and we thus aimed to investigate conditions under
which [Ca?']; elevation could directly trigger Cx43 HC opening in cardiomyocytes.

When open, Cx43 HCs behave as poorly selective channels, with a large pore characterized by a
unitary conductance of ~220 pS, allowing transmembrane exchange of ions and small molecules that
may affect electrochemical and metabolic cell homeostasis "**'%. Connexinopathies involving Cx43
have been related to several cardiac diseases, such as sudden death, myocardial ischemia, ventricular
arrhythmia, ventricular hypertrophy and recently to arrhythmogenic right ventricular cardiomyopathy
(ARVC) %, in most cases linked to altered gap junctional electrical conduction. Here, we combined
single channel electrophysiological approaches and molecular modeling to investigate conditions and
mechanisms leading to Cx43 HC opening in acutely isolated ventricular cardiomyocytes. While
previous work showed that Cx43 HC opening could only be induced by strongly positive membrane
potentials "**, we now demonstrate in cardiomyocytes held at normal negative resting potential that
Cx43 HCs can be opened by moderate [Ca®*]; elevation when combined with activation of RyRs as
e.g. by caffeine. Co-immunoprecipitation as well as proximity ligation assays suggested interaction
between Cx43 and RyR2, which was further pinned down by molecular modeling to a short amino
acid sequence on the P1 domain of type 2 RyRs and the C-terminal tail of Cx43. RyRHClIp, identical
to the predicted RyR2 interaction site, inhibited the combined [Ca®']; elevation/RyR2 activation-
induced HC opening, while scrambled RyRHCIp had no effect.

2. Material and Methods:

An expanded Methods section is available in the Supplementary material online.

2.1 Cardiomyocyte isolation

Animal handling and procedures were approved by the Committee on ethical usage of animals of
Ghent University and conformed to directive 2010/63/EU of the European Parliament.
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Adult C57BL6 mice, between 10 - 16 weeks, were heparinized (5000 IU/kg IP) and sacrificed by
cervical dislocation. Following thoracotomy, the heart was quickly excised and then transferred to a
Langendorff apparatus and perfused at a constant flow (~3 mL/min) and temperature (37°C). The
heart was digested using collagenase and protease and left ventricular isolated cardiomyocytes were
collected. Ca?*-tolerant cells were used for the experiment for the next 6 hours.

In case of Cx43 knockdown (KD) (Cx43°ERM™ and respective control mice (Cre43"") the isolation
procedures were preceded by daily injection of tamoxifen to achieve global knockdown condition %.

2.2 Hela cell culture

HeLa Cells (up to passage 16) stably transfected with Cx43 (HeLa Cx43, %), were maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen, Gent, Belgium) and incubated at 37°C and 10 %
CO..

2.3 Immunocytochemistry and colocalization analysis

Colocalization analysis was performed on acute isolated mouse ventricular cardiomyocytes. The cells
were stained with rabbit anti-Cx43 (Sigma-Aldrich, Cat no. C6219) and mouse anti-RyR C3-33
(Thermo Scientific, Cat no. MA3-916). Afterwards, confocal imaging was performed using a Leica
XPS-8 with a water emersion objective 63X (numerical aperture 1.2). The Manders coefficient was
used to quantify the degree of colocalization ’.

2.4 Proximity Ligation Assay

Adult C57BL6 mice were sacrificed as describe above and hearts were embedded in OCT medium
(Klinipath) and then cut using a cryostat at 3 um thickness. Proximity ligation was done on mouse
ventricular slices according to manufacturer protocol (Sigma-Aldrich, Duolink kit DU092101) to
detect Cx43/RyR2 proximity. Rabbit anti-Cx43 (Sigma-Aldrich, Cat no. C6219) and mouse anti-RyR
C3-33 (Thermo Scientific, Cat no. MA3-916) were used as primary antibodies. For the positive
controls, we used mouse anti-Cx43 clone 4E6.2 (MerckMillipore, Cat no. MAB3067) and rabbit anti-
Cx43.

2.5 Western blot analysis

For Western blots, heart tissue samples collected during cardiomyocyte isolation were lysed and
proteins were resolved in 4-12 % Bis-Tris gels (Invitrogen) and transferred to a nitrocellulose
membrane (Amersham, Buckinghamshire, UK). Blots were probed with a rabbit anti-Cx43 antibody
(Sigma-Aldrich) followed by alkaline phosphatase-conjugated goat anti-rabbit IgG antibody (Sigma-
Aldrich). The blots were then developed with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl-
phosphate reagent (Zymed, Invitrogen). Total protein stains by SYPRO Ruby (Invitrogen) prior to
antibody staining was used as a loading control. Quantification was performed by using ImageJ.

2.6 Immunoprecipitation assay
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Co-immunoprecipitation (Co-IP) experiments were performed as described previously %, Lysates from
both mouse whole hearts and isolated ventricular cardiomyocytes were prepared in lysis buffer.
Determination of total protein was performed by the DC Protein Assay (BioRad, Hercules, CA), after
which 1 mg of the supernatants were used for immunopurification. Proteins were resolved in 8% SDS-
poly-acrylamide (SDS-PAGE) gel and transferred to a nitrocellulose membrane (BioRad, Hercules,
CA). Blots were probed with primary antibodies against RyR2 (C3-33, Sigma-Aldrich), N-cadherin
(H-63, sc-7939; Santa Cruz Biotechnology, Heidelberg, Germany), Cx43 (AB0016) and Calnexin
(AB0041, Sicgen), followed by appropriate horseradish peroxidase-conjugated 1gG antibodies
(BioRad). The proteins of interest were visualized by chemiluminescence using a VersaDoc system
(Bio-Rad).

2.7 Modeling and Docking

To predict putative interactions between the mouse RyR2 and the Cx43 hemichannel (Gjal) homology
modeling and docking studies were performed. A homology model of mouse RyR2 was built with
Modeller °. The model of mouse RyR2 cytoplasmic domain and carboxy-terminal domain of Cx43
were used for docking by ClusPro * to predict binding of Cx43 to mouse RyR2. Homology and
docking results were analyzed and figures were rendered using PyMOL.

2.8 Electrophysiological recording and intracellular calcium recording

Isolated ventricular cardiomyocytes and HelLa-Cx43 cells were studied under whole cell voltage-
clamp to record membrane currents. Details of solution compositions, voltage protocols and current
analysis are provided in the Supplementary material. Patch clamp experiments were conducted at
room temperature (22 + 1 °C).

Fluo-4 (25 pM) was used to detect the [Ca®*]; transients during the current recording.

2.9 Statistical analysis

Data are expressed as mean + s.e.m with n giving the number of cells and N giving the number of
independent experiments. Two groups were compared with a paired or unpaired Student’s t-test and
two-tail P value depending on the experiment design. Multiple groups were compared by one-way
analysis of variance and a Bonferroni posttest, making use of OriginLab software (OriginLab
Corporation, USA). Results were considered statistically significant when P< 0.05 (* for P < 0.05, **
for P <0.01, *** for P < 0.001 and **** for P < 0.0001).

3. Results:

3.1 RyR agonists trigger unitary current activity with properties that resemble Cx43 HC opening

We used two different RyR agonists, caffeine (10 mM) and 4-cmc (1 mM) *, to trigger currents
recorded in whole cell mode from acutely isolated mouse ventricular cardiomyocytes voltage-clamped
at a holding potential of -70 mV. Recordings were done in extracellular normal-Tyrode and
intracellular KAsp based solutions (see Materials and methods). Caffeine (8 s) triggered a large inward
current followed by a recovery phase that is known to be mediated by Na*/Ca*" exchange (NCX) in

5

020z A1enuep Q| Uo Jasn saueiqi] usAna MM AQ £8/8/9S/0VSZAS/IAD/EE0 L 0 | /I0P/A0BIISIE-9]011IE-90UBAPE/SSIOSEAOIPIE /W02 dno olwapese//:sdpy Wol) peapeojumoq



CVR-2019-0975

response to the caffeine-triggered sarcoplasmic reticulum (SR) Ca’* release * (Fig. 1a upper panel).
Superimposed on this macroscopic current were small spiking inward currents that appeared with a
grossly similar amplitude. After subtraction of the NCX current (Fig. 1a, red trace) these unitary
events were more easily appreciated and all-events histogram analysis indicated a unitary conductance
of ~220 pS (assuming ~0 mV reversal potential, confirmed in Fig. 2g), typical of Cx43 HCs ” (Fig. 1b
upper panel). The macroscopic NCX-based current triggered by 4-cmc was somewhat different
(multiphasic) from the caffeine-triggered one, but the unitary current events had similar properties as
those observed with caffeine (Fig. 1a, b lower panels). Cx43 HCs can be opened by modest [Ca'];
elevation in voltage-clamped astrocytes held at -70 mV ' and RyR-triggered [Ca®']; elevation in
response to caffeine/4-cmc may thus play a role in the presently observed unitary current activities. To
investigate whether [Ca®']; elevation by itself is sufficient to trigger unitary events, we performed
experiments without caffeine or 4-cmc and applied low extracellular Na* (1 mM) to reverse the NCX
working mode and let it pump in Ca* to obtain [Ca*]; elevation *. Ryanodine (100 pM) was included
in the pipette solution to avoid Ca®*-induced Ca** release *** (Fig. 1c). In contrast to the caffeine/4-
cmc experiments, no unitary current events were observed under those conditions (Fig. 1d), suggesting
that [Ca*"]; elevation alone is not sufficient to elicit Cx43 HC opening.

3.2 Combined RyR activation/[Ca*"]; elevation is necessary to trigger unitary current activity

Caffeine/4-cmc triggers two combined events, RyR activation and subsequent [Ca®*]; elevation, and
we next aimed to separate both processes. To that purpose, we used a strongly Ca®*-buffered pipette
solution containing 10 mM BAPTA to clamp [Ca?']; to 50 (resting condition), 250, 500 and 1000 nM.
These calculated [Ca®*]; values were verified by ratiometric fura-2 measurements, which resulted in
actual Ca”" concentrations of 49 + 2, 283 + 11, 505 #+ 16 and 781 + 25 nM (N = 3) respectively. For
simplicity, we further refer to the calculated concentrations in the following text. Fig. 2a illustrates a
current trace recorded with the normal pipette solution without added BAPTA (V. = -70 mV),
demonstrating that the first caffeine application triggered a large inward current with superimposed
unitary current activity. However, the second caffeine application did not trigger any unitary current
activity, indicating SR Ca** store depletion. By contrast, recordings with [Ca®*]; clamped to 250 nM
showed quite different responses (Fig. 2b). First, caffeine application did not trigger any NCX current,
which is considered to be a reliable reporter of [Ca*]; in the subsarcolemmal compartment ¢3¢
indicating that [Ca®']; is well clamped and stable. Second, unitary current activity was triggered not
only by the first, but also by the second caffeine application, indicating that the [Ca®']; imposed via the
pipette is sufficient and SR Ca” release is not necessary. In line with this, the RyR inhibitors
ryanodine and dantrolene *3%*° did not inhibit caffeine-induced Cx43 HC activation (supplementary
Fig. S1a). Importantly, in between the two caffeine applications no unitary events occurred with 250
nM [Ca’']; demonstrating that both [Ca®*]; elevation and caffeine activation of RyRs are necessary for
triggering unitary activity. Fig. 2c illustrates experiments with simultaneous fluo-4 (25 uM in the
pipette solution) recording of [Ca®]i, demonstrating absence of unitary events when caffeine
challenges were applied at resting [Ca®']; of 50 nM *' and appearance of unitary activities with
caffeine applied at higher [Ca®*]i. As was already clear from the absence of NCX currents, the fluo-4
recordings were stable during caffeine applications confirming stable [Ca®]; clamp. Histogram
analysis showed a conductance peak at ~ 220 pS (225 + 5 pS) in the 250 nM [Ca®"]; condition, while
double and triple stacked openings superimposed on each other were present mostly at 500 nM [Ca”"];
were the Cx43 HC activity was higher (Fig. 2d). Average charge transfer (Q.) data of these
experiments are shown in Fig. 2e, demonstrating a two-phased [Ca*"]; modulation of HC activity with
[Ca®*]; below ~500 nM activating HC opening and concentrations above ~500 nM reducing HC
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activity. The activation has been linked to calmodulin-dependent signaling **, while the limiting effect
is, based on evidence obtained in non-muscle cells, the result of actomyosin contractility and
disruption of Cx43 cytoplasmic loop/C-terminal tail interactions, which are necessary for HC opening
1842 Thus, Cx43 HCs can be opened by combined RyR/[Ca®']; activation, but opening is counteracted
when [Ca®"]; becomes too high.

We further explored the voltage dependence of the unitary current activities at 250 nM [Ca®']; for
different potentials and found a switch from fast spiking events at negative potential to long-lasting
openings at positive potentials (Fig. 2f); the latter were identical to those described previously for pure
voltage-triggered Cx43 HC openings ’. Interestingly, at positive voltage (+20 and +30 mV) caffeine
was not necessary to obtain HC opening (Supplementary Fig. S1b) while it was indispensable to
trigger HC opening at -70 mV (Fig. 2b). Graphical representation of these distinct opening responses
demonstrated a linear |-V relationship characterized by a reversal potential of ~0 mV and a slope
conductance of 230 £+ 2.8 pS (n = 10) (Fig. 2g), which is in line with the histogram-based conductance
analysis at -70 mV. The 230 pS conductance significantly differs from the 300-400 pS RyR or
polycystin-2-like channel conductance that has previously been proposed to mediate sarcolemmal
caffeine-triggered spiking inward currents *; it also differs from the Panx1 channel conductance
reported to contribute to caffeine-triggered spiking current activity in atrial cells *. Our data show
RyR activation combined with [Ca?']; elevation is necessary to activate Cx43 HC spiking inward
current activity at -70 mV.

3.3 Unitary current activity triggered by combined RyR/[Ca®']; activation is strongly reduced in
cardiomyocytes isolated from Cx43 knockdown animals

We determined whether the unitary event activity was dependent on Cx43 expression and applied the
combined 250 nM [Ca’*]i/caffeine activation protocol on cardiomyocytes isolated from inducible
global Cx43 knockdown animals. Fig. 3a shows typical current traces recorded in Cx43"" control
mice and Cx43° R0 tamoxifen-inducible Cx43 knockdown mice; both strains received tamoxifen
(see materials and methods) and Fig. 3c summarizes average data of these experiments. Charge
transfer related to unitary current activity was on average 4-fold lower in Cx43°*ERMM mice
compared to Cx43"" mice. Western blot analysis of Cx43 expression in ventricular heart lysates
showed a ~10-fold decrease of Cx43 in Cx43“*ERMM relative to Cx43"" animals (Fig. 3b). Taken
together, these experiments demonstrate that the unitary event activity triggered by combined RyR
activation/[Ca’']; elevation is largely mediated by Cx43 HCs. As a control experiment, we tested
whether the strongly decreased Cx43 expression in Cx43°* MM _derived cardiomyocytes influenced
the action potential properties in ventricular cardiomyocytes. We found a shorter APDs, compared to
control mice (Table 1; Fig. 6f), shown previously to be linked to remodeling of K* inward rectifier
(Ik), L-type Ca*" and Nav1.5 channels *.

3.4 Cx43 interacts with RyR2 at the level of the intercalated disc

Since co-activation of RyRs is necessary to trigger Cx43 HC opening by [Ca®']; elevation, we verified
whether an interaction between the two proteins is necessary. Cardiomyocytes express both RyR1 and
RyR2 isoforms; RyR1 is found at mitochondria “* or at IDs *. We here focused on RyR2 as the
most prevalent isoform in cardiac tissue **** and used an antibody strongly reactive for the RyR2
isoform.

We first investigated in situ co-localization of Cx43 and RyR2, and then attempted to detect physical
interactions between both proteins in ventricular cardiomyocytes. Fig. 4a illustrates double label
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immunofluorescence microscopy images of acutely isolated ventricular cardiomyocytes, indicating
that ~24 % of the Cx43 signal co-localized with the RyR2 signal at the level of the ID. Fig. 4b
illustrates the tissue organization of RyR2 and Cx43, with the latter being located at the junctional area
between adjacent cardiomyocytes 22 Proximity ligation DuoLink studies targeting Cx43 and RyR2
showed positive signals between Cx43 and RyR2 at the IDs counterstained by pan-Cadherin
immunostaining, suggesting apposition of the two proteins within less than 40 nm (Fig. 4b). As a
positive control condition, we tested two different Cx43 antibodies recognizing distinct epitopes (Fig.
4c) and found a typical ID-located distribution of the DuoLink signal. Negative control experiments
performed by omitting one of the primary antibodies gave no DuoLink signal (Supplementary Fig.
S2). To complement the immunochemistry-based approaches, we further assessed interactions
between Cx43 and RyR2 by co-immunoprecipitation assays of protein from mouse adult heart lysates.
These experiments demonstrated that RyR2 and N-cadherin co-precipitated with Cx43, both in whole
heart lysates (Fig. 5a left) and lysates isolated from ventricular cardiomyocytes (Fig. 5a right) %.
Overall these results strongly suggest a direct protein-protein interaction between Cx43 and RyR2 at
ID-located areas in mouse cardiomyocytes.

3.5 The RyR2 mimetic peptide RyRHCIp inhibits Cx43 hemichannel opening induced by
combined RyR/[Ca®*]; activation

The interaction between Cx43 and RyR2 was further investigated using ClusPro web server for
protein-protein docking analysis (see Material and Methods). For this study, a mouse RyR2 model
based on the homotetrameric rabbit RyR1 3J8H (Fig. 5b **), and an NMR-based reconstruction of the
C-terminal domain of Cx43 were used **. Following several simulation rounds, a common cluster
region was identified between the P1 domain of RyR2 (sequence KNRRNPRL) and a corresponding
interacting string on Cx43 located at the level of the second alpha helix of the CT domain (sequence
FDFPDDN; Fig. 5c), involving several electrostatic interactions. The RyR2 sequence
KNRRNPRLVPY, part of the RyR2 P1 domain, is fully conserved in human, mice, rat, chicken and
several other species (supplementary Fig. S4). Modification of the second Arg in this sequence to Lys
(Argl1027Lys) is phenotypically associated with primary familial hypertrophic cardiomyopathy. The
RNPRL part of the sequence is furthermore conserved in RyR1. Along the same line, the interacting
FDFPDDN sequence on the Cx43 protein is also well conserved.

Based on these data, we synthetized an 11 amino acid RyR2 mimetic peptide, further called RyRHClp,
that contained the predicted sequence with an additional 3 more residues at its C-terminal end to
increase binding selectivity (KNRRNPRLVPY), and subsequently tested its effect on Cx43 HC
opening induced by [Ca?']; elevation/RyR activation. RyRHCIp (250 pM) was included in the 250 nM
[Ca®*]; pipette solution, allowed to equilibrate for 2 minutes after breaking into the cell and followed
by repetitive assessment of Cx43 HC activity every 30 sec. Fig. 6a-b shows the effect of the peptide
compared to its scrambled version (ScrRyRHCIp) and the control condition without peptide.
RyRHCIp significantly inhibited Cx43 HC opening within 2 min, while ScrRyRHCIp as well as the
control condition had no effect, as illustrated in the Qp, plots.

We next verified whether RyRHCIp would also affect HC activity in HeLa cells stably transfected
with Cx43, which endogenously express RyR2 >, but lack the typical ventricular cardiomyocyte
sarcolemmal organization. As a first experiment we tested whether caffeine (10 mM) could trigger
spiking unitary HC current activity at negative potential, as observed in the preceding ventricular
cardiomyocytes experiments, but this was not the case (see supplementary Fig. S3). Subsequently, we
elicited HC opening by voltage steps to positive V,, (+70 mV), and set [Ca*']; to 250 nM to enhance
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electrically-triggered HC opening . Fig. 6¢ shows representative Cx43 HC current traces and
corresponding all-point histograms demonstrating ~220 pS unitary event activity (Fig. 6d). Summary
Qm data presented in Fig. 6e demonstrate that RyRHCIp had no inhibitory effect on HC currents
activated by voltage steps to positive potentials. Taken together, the spiking mode of HC activation at
-70 mV is only observed in ventricular cardiomyocytes endowed with the necessary cytoarchitectural
organization of RyR and Cx43 proteins, and RyRHCIp only affects HC activity induced by combined
RyR/[Ca?']; activation, i.e. chemically activated HC opening, while not affecting electrically-triggered
HC opening; Table 2 summarizes the differences between these two modes of Cx43 HC activation. In
the last experiment we further tested whether RyRHCIp would affect the action potential properties in
cardiomyocytes and found the peptide to elongate the APDg, (Table 1; Fig. 6f).

4. Discussion:

Besides the canonical role of connexins in GJs, evidence is accruing that normally closed HCs may
open under certain conditions *°. Previous studies demonstrated Cx43 HC activity in cardiomyocytes
in response to positive membrane voltages equal to or larger than +40 mV ’. Here we describe Cx43
HC opening at negative diastolic membrane potential upon challenging ventricular cardiomyocytes
with combined RyR/[Ca®"]; activation (Fig. 2b-c). Comparable caffeine-triggered fast spiking channel
activity has been reported in cardiomyocytes by others® >, but the single channel conductances were
different (RyR, polycystin-2-like channels) from those reported here, were found in atrial
cardiomyocytes (Panx1) or would suffice caffeine stimulation without associated [Ca®']; elevation
(sarcolemmal RyRs). [Ca®]; activation of Cx43 HCs occurs in a physiological range, up to 500 nM
[Ca®™7;, while opening is tempered at higher concentrations and largely decreased at ~800 nM (Fig. 2c-
e). Previous work in cardiomyocytes showed that electrically activated HC openings can be modulated
but not triggered by [Ca®7]; elevation ’. Interestingly, combined RyR/[Ca®']--triggered Cx43 HC
openings at negative membrane potential are very brief (9.02 + 0.36 msec, n = 869; N = 5) compared
to the long openings observed with electrical stimulation at positive voltage, which may last for
hundreds of milliseconds (Fig. 2f-g). This suggests that the [Ca®‘]i-based trigger, which involves
calmodulin signaling ’, activates gating elements that behave differently from those activated by
positive voltages. We found that [Ca*"]; elevations alone were not sufficient to elicit Cx43 HC
opening, but required simultaneous RyR activation (Fig. 2b-e). Interestingly, RyR2 and Cx43 co-
immunoprecipitated (Fig. 5a) and co-localized within less than 40 nm at the level of IDs (Fig. 4a-b).
Such Cx43-RyR2 interaction has been demonstrated to be involved in cardiac ischemia-reperfusion
injury *®. Using a bioinformatics approach, we identified putative RyR2-Cx43 interaction sequences
on both proteins, located in the P1 domain of RyR2 and the CT domain of Cx43 (Fig. 5b,c). The
predicted Cx43 interaction site partially overlaps with the second alpha helical region of Cx43 that has
previously been suggested to affect chemically-induced Cx43 channel gating via CT-CL (loop-tail)
interaction *°. The concerned Cx43 interaction site is largely unexplored in terms of its role in
channel/hemichannel function ®; our data demonstrate involvement of this interaction site in RyR-
linked Ca”" activation of Cx43 HCs. RyRHCIp, which contains the sequence of the predicted P1
domain on RyR2, inhibited the combined RyR/[Ca*"];-triggered opening of Cx43 HCs (Fig. 6a,b).
Molecular modeling suggests that RyRHCIp interacts with the Cx43-located **FDFPDDN**
sequence, rendering it inaccessible for RyR2-linked HC activation. The fact that RyRHCIp did not
affect HC opening in HelLa-Cx43 cells (Fig. 6¢-e), which also express RyR2 *°, is an interesting
observation that needs to be further scrutinized in other non-cardiac cells for potential RyRHCIp
effects outside the heart. The mechanism of how RyR2 activation facilitates HC opening is currently
not clear. Of note, Cx43 HCs necessitate loop-tail (CL-CT) interaction for opening %, (reviewed in
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%). As such, we anticipate that RyR2 activation with caffeine/4-cmc may favor Cx43 loop-tail
interactions through the predicted RyR2-Cx43 linkage. This would bring the Cx43 protein into a state
where HCs become available to open when a trigger condition is present (Fig. 7). Our experiments
suggest that [Ca®']i-elevation acts as the additional signal effectively opening HCs from this available
to open state.

In terms of electrical effects, RyRHCIp increased the APDg, in a way that is similar to observations in
conditional Cx43D378stop mice, which lack the last 5 CT amino acids 82 The latter domain is, like the
presently proposed second alpha helical CT domain, involved in Cx43 HC gating ***°. Given the fact
that Cx43 is, in addition to its channel functions, also a major signaling hub for many proteins, it is
likely that this RyRHCIp effect may involve interaction at the protein level as well.

In conclusion, our data provide the first detailed evidence in ventricular cardiomyocytes that Cx43
HCs can be opened at negative diastolic membrane potential, by concomitant RyR activation and
[Ca®*]; elevation. Intracellular Ca** and RyR are two fundamental factors involved in the excitation-
contraction signaling that leads to cardiac contraction. Caffeine challenging of RyRs is a common
experimental procedure to induce pro-arrhythmogenic conditions whereby altered cardiomyocyte Ca®*
cycling and spontaneous SR Ca®" release events are hallmark events . Such events associated with
diastolic [Ca®']; elevation typically occur in diastolic dysfunction ®, inherited RyR2 mutations ® and
tachycardia ®. Recent work in a plakophillin-2 deficient mouse model for ARVC indicated RyR2-
linked Ca®* dysregulations that were suppressed by the Cx43 HC inhibitor Gap19 %. Our work
delineates the necessary conditions to activate Cx43 HCs in RyR2- and Ca**-dependent manners and
provides a new peptide tool, RyRHCIp, that inhibits HC opening by acting at this crucial RyR-HC
axis.
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Table 1. Electrical properties of ventricular action potentials in Cx4

3 gCreER(T)A

control and Cx4 Cx43 knock-down mice

Condition MDP (mV) APA (mV) APDs, (Msec) APD-, (Msec) APDyg, (Msec)
Cx43" control 10 -78.56 + 1.47 76.07 + 3.63 18.17 + 1.62 23.84+1.94 57.97 +4.99
Cx43"" + RyRHCIp 6 -75.29 + 0.43 81.47 +6.29 18.85 + 2.64 29.52 + 4.74 78.15+7.00"
Cx43"™ + ScrRyRHCIp 6 -75.19 + 1.07 73.08 +4.93 15.79 + 1.96 21.40 +2.72 62.50 + 6.57
Cx43CERMM cx43 KD 7 -78.38 +2.01 88.13+7.55 1158 +1.32 * 16.77 £ 1.60 53.03 + 5.87

MDP, indicates maximal diastolic potential; APA, action potential amplitude and APD, action potential duration. P values refer to difference between
Cx43fl/fl control and the tested condition. * P = 0.013 and * P = 0.022 (N = 6; one-way ANOVA, Bonferroni posttest).

Table 2. Two modes of Cx43 hemichannel activation

Combined RyR/[Ca®*]; activation at resting potential

Fast spiking channel openings lasting ~9 msec

Electrical activation by stepping to positive voltages

Long channel openings lasting 100 msec up to 2 sec

Inhibited by RyRHCIp

Not affected by RyRHCIp
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Figure legends:

Fig. 1. Effect of RyR activation in ventricular cardiomyocytes held at resting membrane
potential. a. Example traces showing unitary current events triggered by RyR agonists at V}, = -70
mV. The expanded traces in red were obtained after subtraction of the macroscopic current, which is
mainly carried by the electrogenic NCX transporter.

b. Transition event histograms of the red traces shown in (a), illustrating a ~220 pS unitary
conductance. O4, O,, Oz indicate 220, 440 and 660 pS respectively.

c. Representative recording of an experiment under low extracellular Na* conditions applied to reverse
the NCX transporter mode resulting in intracellular Ca** elevation. Ryanodine (100 uM) was added to
the pipette solution to keep RyRs closed during recordings. The current trace shown below displayed
no signs of unitary activity under those conditions.

d. All-point histogram of the current trace depicted in (c), showing absence of 220 pS unitary activity.

Fig. 2. Combined RyR activation/[Ca®"]; elevation is necessary to trigger unitary current activity.
a. Repeated caffeine exposure triggers unitary activity at the first but not at the second application.

b. Under conditions of [Ca?']; clamping to 250 nM (10 mM BAPTA), repeated RyR activation
invariably provoked subsequent activation of unitary current activities. In between caffeine
applications, 250 nM [Ca?']; by itself was not sufficient to trigger unitary current activity.

c. Representative current traces depicting unitary current activities obtained upon caffeine applications
at different [Ca®'],. RyR activation with [Ca”"]; set at 50 nM did not trigger unitary current activity,
which only appeared upon elevating [Ca®*]i. The red traces represent associated [Ca®*]; recordings,
illustrating stable [Ca?*]; clamping. [Ca®*]; shown are calculated values; see text for the corresponding
measured values.

d. Transition event histograms of each recording shown in (c). At 500 nM [Ca®*];, increased HC
opening activity can be clearly inferred from the increased frequency of double (O,) and triple (Os)
stacked channel openings and corresponding conductance states, while further elevation to 1 pM
reduced HC activity.

e. Average data of unitary current integration over time representing membrane charge transfer (Qy,) in
the presence of various [Ca®*]; levels (50 nM n =5, 250 nM n = 10,500 nM n =8, 1 pM n = 6; N = 5).
RyR activation at 50 nM clamped [Ca®*]; does not activate HC opening while increasing [Ca?']; to 250
and 500 nM gradually increases the opening response. [Ca®']; 250 nM versus 50 nM P = 0.007
(unpaired Student’s t-test). [Ca**]; 250 nM versus 500 nM P = 0.0187; 1 pM versus 500 nM P = 0.023
(one-way ANOVA, Bonferroni posttest).

f. Examples of current traces triggered by combined RyR activation and 250 nM [Ca®*]; at different
membrane potentials. While negative potentials showed spiking unitary activities, positive potentials
were characterized by much longer lasting outward currents associated with channel opening.

g. Current-voltage plot based on the traces shown in (f), illustrating a slope conductance of 230 + 2.8
pS and a reversal potential close to 0 mV, indicating involvement of a poorly selective channel (n =
10; N = 4).

Fig. 3. Unitary current activity is largely reduced in cardiomyocytes isolated from Cx43
knockdown mice.

a. Example current traces (black) and [Ca?']; levels (red) showing the difference between control
Cx43"™ animals and Cx43 knockdown in Cx43°ERMM animals, both treated with tamoxifen.
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b. Western blot and relative quantification illustrating Cx43 protein levels in ventricular samples
isolated from tamoxifen treated Cx43"" and Cx43“* R animals (n = 3; N = 3). P = 0.002 versus
Cx43" (unpaired Student’s t-test).

c. Summary Q. data illustrating significantly reduced unitary current activity in ventricular
cardiomyocytes from Cx43“*F* MM animals (Cx43"" 50 nM [Ca?']i n = 7, Cx43"" 250 nM [Ca®*]in =
20, Cx43°ERMM 50 n\M [Ca?']i n = 10, Cx43°FRMM 250 nM n = 12; N = 4). Cx43"™ 250 nM versus
Cx43CERMM 950 nM [Ca®]; P = 0.0021; Cx43" 50 nM versus Cx43"" 250 nM [Ca?']; P = 0.0012
(one-way ANOVA, Bonferroni posttest).

Fig. 4. Cx43 colocalizes with RyR2 at the IDs of cardiomyocytes.

a. Cx43 (green) and RyR2 (red) immunocytochemistry of isolated ventricular cardiomyocytes.
Colocalization analysis by Manders coefficient quantification indicated that 24.49 + 3.46 % of the
Cx43 signal overlapped with the RyR2 signal (n = 8; N = 3).

b. Cardiac ventricular cryosections were used for proximity ligation assays to study RyR2-Cx43
approximation (red signal) at the intercalated disc marked by immunostaining for the structural protein
cadherin (white signal).

c. Proximity ligation assays using two Cx43 antibodies with different epitopes was used as positive
control. White dashed insets delineate zoomed regions of interest. Arrows indicate clearly observable
colocalization spots depicted as red dots (proximity ligation signal) on white cadherin signal. Scale
bars, 10 pum.

Fig. 5. Cx43 interacts with RyR2 in cardiomyocytes.

Co-IP and in silico studies of possible interaction sites between Cx43 and RyR2.

a. Co-IP assays on whole heart (left column) and isolated cardiomyocytes lysates (right column). Cx43
co-precipitated with RyR2; N-cadherin was used as a positive control (N = 3). The second ~400 KDa
RyR2 band has been reported to correspond to the C-terminal fraction of the channel "',

b. Structure of rabbit RyR1 (PDB: 3J8H; left panel) and the homology model of mouse RyR2
cytoplasmic domain used for the docking study (1-2905; right panel): N-terminal domain (NTD) in
yellow, SPRY1 domain in gray, P1 domain in orange, SPRY2 domain in violet and SPRY3 domain in
dark red, handle region in teal blue and helical region in lime green. The interaction sequences are
reported in the table.

c. Membrane topology of Cx43 with indication of the predicted binding region of the RyRHCIp
mimetic peptide on the C-terminal tail (CT) (green). The sequence partly overlaps with a second o-
helical CT domain (yellow).

Fig. 6. RyRHCIp inhibits HC activity triggered in cardiomyocytes and affects ventricular action
potential, while it has no effect on electrically triggered HC currents in HeLa Cx43 cells.

a. Time course of RyRHClIp inhibition of Cx43 HC unitary currents activated by RyR/[Ca?']; elevation
in cardiomyocytes. Q,, values were normalized relative to the value at the 30 s timepoint for each
condition. RyRHCIp (250 pM) significantly decreased Cx43 HC opening activity (red), while
scrambled RyRHCIp (ScrRyRHCIp; 250 puM:; blue) had no effect (Control 250 nM [Ca®*]; n = 11,
RyRHCIp n =9, ScrRyRHCIp n =9; N =5). Timepoint 120 sec P = 0.0008, 150 sec P = 0.00003, 180
sec P =0.00006, 210, 240, 270 and 300 sec P = <0.00001 versus t = 30 s (paired Student’s t-test).
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b. Summary graph of non-normalized Q,, data at 30 and 300 s (Control 250 nM [Ca®*]; n = 11,
RyRHCIp n = 9, ScrRyRHCIp n = 9; N = 5). RyRHCIp P = 0.0005, P = 0.040 versus control and
ScrRyRHCIp respectively (one-way ANOVA, Bonferroni posttest).

c. Example current traces recorded in HeLa Cx43 cells in the absence or presence of RyRHCIp (250
1M). Voltage steps to +70 mV were applied to induce Cx43 HC activity.

d. All-point histograms of each set of recordings depicted in (c).

e. Summary Q,, data demonstrating no effect of RyRHCIp on Cx43 HC activity in HeLa Cx43 cells
(control n =18, RyRHCIp n = 20; N = 4).

f. Current clamp recordings of action potentials in cardiomyocytes, demonstrating the effect of Cx43
knockdown in Cx43°* MM mice and of RyRHCIp (250 pM) compared to measurements in Cx43""
control mice (values see Table 1).

Fig. 7. Schematic model summarizing the findings of this study.

a. RyR2 and Cx43 interact and keep the channel in a closed state by preventing loop-tail interaction.

b. Activation of RyR2 facilitates loop-tail interaction (CT-CL) thereby bringing the channel in a
closed but available to open state.

c. [Ca®"]; elevation triggers the actual opening of Cx43 HCs.

d. RyRHCIp competes with RyR2 for binding to the Cx43 CT domain, thereby bringing the channel in
a stabilized closed state.
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