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Abstract

It’s been decades since the synthetic version of an atrial anti-arrhythmic peptide AAP10
and its D-isomer rotigaptide were developed and demonstrated to increase myocardial gap
junction conductance (gj). This increase in cardiomyocyte electrical communication was
linked to PKC activation by ELISA assays, PKC activation by phorbol esters, or attenuation
by biochemical inhibitors of PKCa. Studies in connexin43, -45, or -40 transfected cell lines
further demonstrated that the effects of these gap junction agonists on cardiac g; were
predominantly due to gating effects on Cx43, with some on Cx45, and little or no effect on
Cx40 gap junctions. Since Cx43 is known to be regulated by phosphorylation and *?P was
demonstrated to be incorporated into Cx43 by AAP10, the prevailing hypothesis has been
that these gap junction agonists alter the gating of Cx43 gap junctions by PKC-dependent
phosphorylation mechanisms. However, there are conflicting reports of PKC-
downregulation of Cx43 gap junction communication and the carboxyl tail domain of Cx43
is known to contain at least 19 phosphorylation sites associated with no less than six
different protein kinases. Preliminary studies in primary neonatal mouse ventricular
myocyte (NMVM) cultures demonstrate that PKA and JNK inhibition prevents the acute
increase in gap junction conductance (g;) in NMVM cell pairs. JNK inhibition or 100 nM
rotigaptide treatment both attenuated the 90% decline in NMVM g; observed during
perfusion with 10% normal glucose (0.1 g/L) saline solution. Together, these new
preliminary observations suggest the involvement of a PKA-dependent JNK inhibitory
signaling pathway in the enhancement of cardiac g; by rotigaptide.
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Introduction

It’s been more than a quarter of a century since the discovery of an atrial anti-arrhythmic
peptide and the subsequent synthesis of the synthetic peptide analog AAP10 (Gly-Ala-Gly-
4Hyp-Pro-Tyr-CONH,) (Aonuma, et al. 1982; Dhein, et al, 1994). First thought to have no
direct cardiac membrane electrophysiological effects, AAP10 was the first therapeutic
agent demonstrated to increase cardiac gap junctional coupling (Argentieri, et al. 1989;
Muller, et al. 1997). These initial discoveries led to the development of additional synthetic
peptides designed to increase myocardial intercellular communication via gap junction
channel agonism (Dhein, et al. 2010). Rotigaptide (ZP123, Ac-D-Tyr-D-Pro-D-Hyp-Gly-D-
Ala-Gly-NH.), the most studied synthetic anti-arrhythmic peptide, is known to preserve
myocardial conduction velocity during metabolic stress by acting as a gap junction agonist
(Haugen, et al. 2005; Kjglbye, et al. 2003; Lin, et al. 2008; Mller, et al. 1997; Xing, et al.
2003). While there is direct evidence for the ability of rotigaptide to preserve myocardial
gap junction coupling and prevent reentrant ventricular arrhythmias by increasing or
preserving gap junction conductance (g;), questions remain about the molecular and
cellular mechanisms for this response. The most prominent hypothesis is that AAP10 and
rotigaptide exert their effects on cardiac gap junction communication by activation of
protein kinase Calpha (PKCa) and subsequent phosphorylation of connexin 43 (Cx43), the
predominant connexin in mammalian cardiac ventricular gap junctions (Changri, et al.
2025; Dhein, et al. 2001, 2003; Ni, et al. 2015; Weng, et al. 2002). The functional expression
of Cx43 gap junctions is known to be modulated by phosphorylation and there is a broad
consensus that AAP10 and rotigaptide alter the phosphorylation state of Cx43, though the
exact protein kinases and/or phosphatases involved are not entirely understood (Axelsen,
et al. 2006; Solan and Lampe 2014).

The purpose of this manuscript is to review the modulation of Cx43 gap junctions by AAP10
and rotigaptide in the context of the published evidence for the PKCa modulation of
cardiac gap junction conductance (g;) and present new evidence for the involvement of
other protein kinases in the regulation of cardiac ventricular gap junction g; by rotigaptide.
The new experimental evidence is based on previously published results from this
laboratory on the action of rotigaptide in cardiac gap junctions between isolated pairs of
neonatal mouse ventricular myocytes (NMVM, Lin, et al. 2008). Our previous study focused
on the effects of continuous exposure to 0-350 nM rotigaptide for >24 hrs on the
transjunctional voltage (V;) gating of g;in NMVM pairs. Our results confirmed an
enhancement of cardiac g; with an optimal concentration of 100 nM rotigaptide and a
slowing of the Vj-dependent inactivation kinetics of g;. Our new preliminary results focus on
the acute response of NMVM g; to 100 nM rotigaptide and the ability of rotigaptide to
antagonize the decline in cardiac g; observed during perfusion with 10% normal glucose
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saline. We used a 10% normal glucose (0.1 g/L) saline solution to induce acute metabolic
stress to mimic the experimental conditions utilized in the study published by Haugan et al
(2005). Biochemical non-selective or selective serine/threonine protein kinase inhibition
were also used to explore the roles of various serine/threonine (S/T) protein kinases in the
modulation of cardiac g; by rotigaptide.

Materials and Methods

Cardiomyocyte Dissociation. Breeding colonies of wild-type C57BL/6 (WT) and
homozygous Cx40 knockout (HM Cx40 KO) mice were maintained in the SUNY Upstate
Medical University Department of Laboratory Animal Resources (DLAR) vivarium. Genotype
analysis was performed on all neonatal mice using the Qiagen DNeasy tissue kit (Cat. #
69506) by PCR analysis using published primer sequences for the HM Cx40KO mice
(Simon, et al. 1998). Neonatal mouse hearts were dissociated, and ventricular
cardiomyocytes were cultured using previously described procedures (Lin, et al. 2005,

2008). Briefly, each litter of newborn mice was anesthetized with isoflurane, sacrificed by
decapitation, and their hearts removed using sterile procedures according to protocols
approved by the SUNY Upstate Medical University Institutional Animal Care and Use
Committee (IACUC). The ventricular cardiomyocytes were cultured in 35 mm dishes for
electrophysiological examination 24-72 hrs. later.

Measurement of Gap Junction Conductance. Gap junctional current (l;) recordings were

acquired using previously established dual whole-cell patch clamp procedures with a pair
of Axopatch 200B patch clamp amplifiers (Molecular Devices, LLC, San Jose, CA; Veenstra,
2001; Wei, et al. 2019). Whole-cell input capacitance (Ci,put) Wwas measured using a +5 mV,
10 ms voltage step applied to both cells of a NMVM cell pair from a holding potential of =40
mV. Whole-cell patch electrode (access) resistances (Ren and Rei2) were calculated using
the equation Rei = Tcap/Cinput, Where Teqp is the single-cell capacitive current decay time
constant. The macroscopic junctional conductance (g;) was calculated using the equation:
g =—Al/[(V: + AV) —V,], where |, and |, are whole-cell currents, V, and V, are command
(holding) voltages, (AV) is a voltage step applied to one cell while maintaining the holding
potential (Vi) of the partner cell, Al, is the change in whole-cell current of the partner cell,
and (V1 + AV) — V2 is the transjunctional potential, V;. For all g;experiments, V, =0 mV for
both cells, AV was a 5 s, =20 mV pulse applied four times/min, and g;was normalized by
dividing the time-dependent g; by the initial gg measurement, or G; = g;(time)/gj(initial). For all
perfusion experiments, gj(initial) was calculated as the g; averaged over the first 2 min
preceding perfusion (8 data points). To more accurately calculate gj, the whole-cell patch



electrode resistances, Ren and Rew, were subtracted from the g; = —Al,/Vj calculation where
the actual g;= apparent g;— (1/Ren + 1/Rei2), i.€. the observed r;= actual r; + Reir + Rer).

Bath Perfusion. Bath perfusion was performed by gravity-fed lines and mini-pump

extraction of an equivalent bath volume (1 ml/min, 3 ml bath volume). Solution exposure
was essentially instantaneous and laminar to avoid disruption of the ongoing DWCR
procedures. Continuous solution extraction occurred at the opposite outer edge of the 35
mm culture dish. Tetrodotoxin (30 uM TTX, Sigma) was added to the bath saline (mM: NaCl
142, KCl11.3; CsCl 4, TEACL 2, MgS0, 0.8, NaH,P0O, 0.9, CaCl, 1.8, dextrose 5.5 (=1 g/L),
HEPES 10, pH 7.4 with 1 N NaOH) of each dish to prevent sodium current activation during
the DWCR experiments. The low glucose saline is identical in composition except for the
addition of only 0.1 g/L L-glucose, 10% of normal. Patch pipettes were filled with a KCl
internal pipette solution (IPS KCL, in mM: KCl, 140; MgCl,, 1.0; CaCl,, 3.0; BAPTA, 5.0;
HEPES, 25; pH titrated to 7.4 using 1N KOH; = 200-300 nM free [Ca*]). The final osmolarity
of both external and internal solutions was adjusted to 310 mosm by dilution with 18 MQ-
cm deionized water or salt addition as required by determination using a freezing point
osmometer (Advanced Instruments Model 3W2). All perfusion lines were rinsed with 70%
ethanol and deionized water after daily use.

Pharmacological treatments. Rotigaptide was provided to RDV in powder form by Wyeth

Research and stored desiccated at -80 °C. A 100 uM weekly stock solution of rotigaptide
was prepared and diluted to the optimal concentration of 100 nM based on our previous
study (Lin, et al. 2008). Stock solutions were diluted daily as needed in saline for short-term
and M199 media for long-term (e.g. overnight) treatments.

S/T protein kinase inhibition. All S/T protein kinase inhibitors were purchased from

Calbiochem and the experimental concentrations were determined based on the inhibitory
profiles provided in the Calbiochem Inhibitor SourceBook (2™ Ed.).

H-7: K;= 3.0 uM for PKA; 6 uM for PKC; 5.8 uM for PKG, and 97 uM for MLCK);

H-89: 48 nM =K, for PKA, K, =270 nM, RhoKlIl; > 30 uM for CaMKIll, CK1, PKC, and MLCK;
bisindolylmaleimide | (BIM): PKC ICs, (nM) = 8 (a), 18 (BI), 210 (3), 132 (¢), 5800 (E);

JNK inhibitor Il: ICs = 40 nM for JNK1/2 (MAPK8/9), 90 nM for JNK3 (MAPK10);

JNK inhibitor | peptide: ICso = 1 uM; PKA inhibitor peptide 6-22 amide: K, = 1.7 nM.

Protein phosphatase inhibition: Okadaic acid; K, =100 pM for PP2A; 10-15 nM for PP1, 5 uM
for PP2B.

Phospho-Cx43 immunoblot analysis. Matched control or 10% normal glucose saline and

100 nM rotigaptide treated 60 mm ventricular culture dishes were prepared and cell
samples collected inice cold PBS + Roche mini-EDTA-free protease inhibitors + 1 mM
PMSF, frozen, stored at -80 °C, and immunoblotted for Cx43 phosphoserine analysis using
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phospho-specific Cx43 antibodies developed by Dr. Paul Lampe at the Fred Hutchinson
Cancer Center in Seattle, WA. In these preliminary studies, the Cx43 phosphorylation state
of S262, S279, and S365 were examined in Dr. Lampe’s laboratory using NMVM cultures
after 10 min exposure to normal bath saline, normal saline plus 100 nM rotigaptide (acute
exposure), 10% normal glucose saline, and 10% normal glucose saline =100 nM rotigaptide
pretreatment (overnight + bath saline) (Lampe, et al. 1998; Solan, et al. 2007; Warn-
Cramer, et al. 1996).

Results

The results presented herein are preliminary results from the continuation of a research
project initiated in my laboratory in collaboration with Paul Lampe and the cardiovascular
division of Wyeth Pharmaceutical (Philadelphia, PA) and Zealand Pharma (Soborg,
Denmark) prior to Wyeth’s merger with Pfizer in 2009 and the subsequent shutdown of their
cardiovascular research division. The intent of this manuscriptis to present data and
potential new insights into the signaling mechanisms involved in the agonism of cardiac
gap junctions by rotigaptide in the context of the existing published literature rather than
make formal conclusions as to the molecular mechanisms involved in the functional
upregulation of Cx43 gap junction communication.

Acute perfusion of NMVM cell pairs with 100 nM rotigaptide produced a 5.6% increase in G;
relative to the initial gg measured during a 2-minute control period (Figure 1A, ®,n = 3).
Control perfusions with normal saline in untreated NMVM cell pairs did not produce any
change in G; (B, n=4). Similar experiments performed on NMVM cell pairs isolated from
homozygous connexin40 knockout mice (HM Cx40) hearts produced a 12.8% increase in G;
when perfused with 100 nM rotigaptide (A, n-3). These results indicate that rotigaptide can
open existing Cx43 cardiac gap junction channels and that the trace amounts of Cx40
expressed in ventricular myocytes may impede the rotigaptide response, perhaps by steric
hindrance.

PKCa is proposed to be responsible for the functional upregulation of cardiac gap junction
conductance induced by AAP10 and rotigaptide (reviewed in Dhein, et al. 2010). To
investigate the role of serine/threonine (S/T) protein kinases in the rotigaptide response,
NMVM cultures were preincubated overnight with chemical S/T protein kinase inhibitors
(Figure 1B) and perfused with 100 nM rotigaptide the next day in the continued presence of
the inhibitor. Non-specific S/T kinase inhibition with 12 uM H-7 abolished the acute
response to 100 nM rotigaptide perfusion (9, n=3). However, pretreatment with 100 nM H-
89, a concentration that should be selective for protein kinase A (PKA) inhibition relative to



PKC and other S/T protein kinases, also blocked the acute g;response to 100 nM
rotigaptide perfusion in NMVM cell pairs (¥, n=3).
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Figure 1 Acute perfusion with rotigaptide. (A) Perfusion of neonatal mouse ventricular
cardiomyocyte (NMVM) cell pairs isolated from wild-type (®) and homozygous connexin40
(HM Cx40 KO, A) hearts with 100 nM rotigaptide produced an 6% and =13% in gap
junction conductance, respectively. Control perfusion with normal saline (HB) had no effect
on cardiac gy measured during 5 sec duration, -20 mV transjunctional voltage (V) pulses
applied 4 times per minute and normalized (G;) to the average g; value obtained during the
first 2 min of each experiment. Only NMVM cell pairs with stable baseline G;values were
used for experimental purposes. (B) Non-selective serine/threonine (S/T) protein kinase
inhibition with 12 uM H-7 (@) or selective protein kinase A (PKA) inhibition with 200 nM H-
89 (V) both blocked the response to 100 nM rotigaptide perfusion.

To examine the effect of PKC inhibition on the acute rotigaptide response, NMVM cell
cultures were pre-incubated with 200 or 500 nM bisindolylmaleimide (BIM) and perfused
with 100 nM rotigaptide (Figure 2A). PKC inhibition by 200 nM BIM, which is relatively
selective for PKC isoforms a, 1, 9, and ¢, failed to inhibit the acute rotigaptide response,
though there was a slight delay in the increase in G; (¥, n=2). One experiment performed
with 500 nM BIM effectively prevented the acute increase in G;upon 100 nM rotigaptide
perfusion (€). To further our examination of S/T protein kinase inhibition on the acute effect
of rotigaptide, we applied 200 nM c-Jun N-terminal kinase (JNK)1/2/3 inhibitor overnight
and performed perfusion experiments on NMVM cell pairs as before (Figure 2B). In all three
experiments, JNK inhibitor Il effectively prevented the acute increase in Gjinduced by 100
nM rotigaptide exposure (A). Taken together, these preliminary results indicate a greater
involvement of PKA and JNK S/T protein kinases in the agonism of cardiac ventricular G;
than PKC isoforms.
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Figure 2 Inhibition by protein kinase C (PKC) and Janus N-terminal kinase (JNK). (A) The
increase in G;induced by 100 nM rotigaptide perfusion was at most delayed slightly by
treatment of NMVM cultures with 200 nM bisindolylmaleimide (BIM) to inhibit the a-, -, 0-,
and - forms of PKC (V) but was inhibited by 500 nM BIM (#). (B) Pretreatment with 200 nM
JNK Il'inhibitor (JNKi, A) prevented the acute increase in G; observed during 100 nM
rotigaptide perfusion, suggesting the involvement of JNK in the regulation of cardiac g;.

One disadvantage of chemical S/T protein kinase inhibitors is that their selective inhibitory
effects are concentration-dependent, i.e., they are relatively selective among the various
forms of S/T protein kinases. Thus, we decided to use specific kinase-derived peptide
inhibitors to improve the selective effects of PKA and JNK inhibition on the acute rotigaptide
response. Addition of 5 nM PKA Inhibitor 6-22 amide (PKAIi peptide) to the internal pipette
solution of the whole cell patch pipettes prevented the acute rotigaptide response in two
NMVM cell pairs (Figure 3A, ¥, n = 2). Although the JNK inhibitor | (JNKi) peptide is cell-
permeable, we found this peptide inhibitor to be more effective by adding it to the pipette
solution as was performed with the PKAI peptide. In three experiments, 2 uM JNKi peptide
also prevented the acute increase in G; induced by rotigaptide perfusion of NMVM cell pairs
(Figure 3B, A). In these preliminary experiments, the negative control JNKi peptide was not
tested. These inhibitory protein kinase peptide experiments suggest greater involvement of
PKA and JNK S/T protein kinases in the gap junction agonist response to rotigaptide
treatment than the prevailing PKCao hypothesis.
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Figure 3 PKA and JNK inhibitory peptide inhibition of the acute rotigaptide response. (A)
Selective PKA inhibition by inclusion of 5 nM PKA inhibitor 6-22 amide (PKAi peptide, ¥)in
the whole cell recording patch pipettes blocked the 100 nM rotigaptide induced increase in
G;. (B) Similarly, addition of 2 uM of the JNK inhibitory peptide (A) to the recording patch
pipettes prevented the acute rotigaptide response in NMVM cell pairs. These selective
intracellular peptide inhibitor experiments implicate PKA and JNK in the modulation of
cardiac gjand the response to rotigaptide.

The beneficial effects of rotigaptide are based primarily on the ability to improve
myocardial gap junction communication during myocardial ischemia or metabolic stress
which, in turn, preserves conduction velocity, reduces action potential dispersion, and
possibly reduces infarct size, all of which can suppress myocardial arrhythmogenic activity
(Dhein, et al. 2003; Haugen, et al. 2005, 2006; Hennan, et al. 2006; Kjglbye, et al. 2008;
Shiroshita-Takeshita, et al. 2007; Takemoto, et al. 2012; Xing, et al. 2003). To mimic
metabolic stress on our NMVM preparations, we experimented with low glucose saline
perfusion. Bath perfusion (1 ml/min, =3 ml bath volume) with zero-glucose saline produced
complete g;uncoupling and cell death within minutes that could not be rescued with
normal saline perfusion. Activation of a large outward current, presumably the Karr channel
current, was observed just prior to cell death and loss of the whole cell recordings (data not
shown). Perfusion with 25% normal glucose (0.25 g/L) saline consistently reduced g; by
about 50% (N = 3) whereas 10% normal glucose saline perfusion produced a >90% steady
state reduction in G; within 10 min. Thus, we chose 10% normal glucose saline to test the
effects of rotigaptide and S/T protein kinase inhibition on G; between paired NMVMs.

Figure 4A illustrates the time course of gy uncoupling induced by 10% normal glucose saline
perfusion in NMVM cell pairs. Exposure to 10% normal glucose saline steadily reduced g; by



> 95% within 10 min in NMVM cell pairs (n=4, B). NMVM cell cultures pretreated and
bathed with 100 nM rotigaptide during the 10% normal glucose perfusion experiments
limited the decline in G; during the first 10 min of low glucose perfusion to 40% and the
maximum reduction in G; over the 25 min course of two experiments was limited to 75%
(n=2, ®). These results are consistent with the ability of rotigaptide to reduce myocardial
uncoupling during conditions of metabolic stress (Haugen, et al. 2005; Xing, et al. 2003). To
explore the involvement of S/T protein kinases on the action of rotigaptide, the INK inhibitor
Il (JNKi) experiment was repeated by pretreating and bathing NMVM cell cultures with 200
nM JNK inhibitor Il (JNKi) and perfusing with 10% normal glucose saline (Figure 4B). In two
experiments, the decline in G; was slowed but still achieved 90% uncoupling within 15
minutes of low glucose perfusion (A). Since only a partial response was achieved with the
200 nM JNKi, 100 nM rotigaptide was included in the bath solution along with 200 nM JNKi
and NMVM cell pairs were perfused with 10% normal glucose saline (V, n=2). The
combination of rotigaptide + JNKi closely matched, but did not exceed, the response
achieved with 100 nM rotigaptide treatment and 10% normal glucose saline perfusion. The
effect of 2 mM JNKi peptide on the 10% normal glucose saline induced decline in G; was
examined in two NMVM cell pairs (€, n=2). Inclusion of the JNKi peptide in the whole cell
patch pipettes blocked the G; decline as well as 100 nM rotigaptide alone or in combination
with the JNK Il inhibitor, indicative of a predominant role of INK in the low glucose
uncoupling response.

Since the central hypothesis is that rotigaptide increases myocardial g; by modulating
phosphorylation of Cx43, it follows that S/T protein phosphatases may also affectthe g;
uncoupling induced by low glucose in NMVM cells. To examine the effect of S/T protein
phosphatase inhibition on the uncoupling induced by 10% normal glucose saline
perfusion, NMVM cultures were pretreated overnight with 1 or 30 nM okadaic acid to inhibit
protein phosphatase 2A (PP2A, ICs, = 100 pM) and protein phosphatase 1 (PP1, ICso = 10-15
nM) with minimal effect on protein phosphatase 2B (PP2B, ICs, = 5 uM). Treatment with 1
nM okadaic acid reduced the rate of the G;decay during 10% normal glucose saline
perfusion (x70% after 10 min of perfusion), but it did not match the effect of 100 nM
rotigaptide on the low glucose g; decay (Figure 4C, n=2, A). Increasing the okadaic acid
concentration to 30 nM to inhibit PP1 further reduced the decline in G;induced by 10%
normal glucose saline perfusion (*50% at the 10 min perfusion timepoint, n=2, ¥), but the
effect was still less than the effect of 100 nM rotigaptide. Combining 100 nM rotigaptide
with 30 nM okadaic acid closely matched the 40% decline in G; observed with 100 nM
rotigaptide alone orin combination with 200 nM JNKi (n=2, €). These results are all
consistent with the modulation of S/T phosphorylation being the primary mechanism for
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the regulation of NMVM G; by rotigaptide but are also indicative of a role of INK and
PP1/PP2A in the modulation of myocardial g;.
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Time (min) ~80% over 20 min in the continued presence
of 100 nM rotigaptide during low glucose saline perfusion. (B) Treatment with 200 nM JNK
inhibitor Il (JNKi, A) slowed the low glucose induced decline in G; but the co-application of
100 nm rotigaptide (V') reduced the decline of G;to that observed with rotigaptide
treatment alone. However, addition of 2 uM JNK inhibitor peptide (JNKi peptide, ) to the
recording patch pipettes prevented the low glucose-induced decline in G; as effectively as
the 100 nM rotigaptide treatment with or without the JNKi inhibitor. (C) The effect of S/T
protein phosphatase inhibition on low glucose-induced uncoupling was also examined in
NMVM cell pairs by treatment with 1 nM (A) or 30 nM (V) okadaic acid. Okadaic acid
treatment reduced the decline in low glucose-induced G; in a concentration-dependent
manner, suggesting the involvement of both protein phosphatase 2A (PP2A) and protein
phosphatase 1 (PP1). Contrary to the results with the JNKi peptide + rotigaptide, the effects
of 30 nM okadaic acid plus 100 nM rotigaptide () were additive as observed by the further
reduction of the low glucose-induced decline in cardiac G;
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The modulation of gap junctions by phosphorylation of Cx43 has been expertly reviewed in
Solan and Lampe (2014) and the alteration of some Cx43 phosphorylation sites by
ischemia have also been described (Axelsen, et al. 2006). Based on a body of published
literature, the prevailing hypotheses are that phosphorylation of Cx43 at sites Y247, S262,
S279/282, and S368 by Src-kinase, p34°¢c2, MAPK, and PKC promote gap junction
disassembly and downregulation of g;, whereas Cx43 phosphorylation at sites
S$325/328/330, S373, S364, and S365 by casein kinase 1 (CK1), Akt, and possibly PKA
promote gap junction assembly and g; upregulation (Cooper and Lampe 2002; Kanemitsu,
et al. 1998; Lampe, et al., 1998, 2000; Lin, et al. 2001; Park, et al. 2007; Solan, et al. 2007;
Solan and Lampe, 2014; TenBroeck, et al. 2001; Warn-Cramer, et al. 1996). Particularly
germane to the PKC hypothesis, phosphorylation of S365 is proposed to serve as a “gate-
keeper” to prevent PKC phosphorylation of S368 and subsequent downregulation of Cx43-
mediated gap junction communication (Solan, et al. 2007). Thus, in collaboration with Dr.
Paul Lampe at the Fred Hutchinson Cancer Center, we examined the phosphorylation state
of S262, S279, and S365 of Cx43 using phospho-specific antibodies he’s developed on
NMVM cultures under the experimental conditions presented in this preliminary study.

Two sets of experimental conditions were examined in NMVM cultures, control (untreated)
conditions and 100 nM rotigaptide treatment (10 min), and 10% normal glucose saline
exposure for 10 min in the presence or absence of 100 nM rotigaptide. Immunoblots of
total Cx43 protein and phosphoserine-specific Cx43 from NMVM cultures are shown in
Figure 5. Rotigaptide treatment (100 nM, 10 min) appeared to increase pS365 content and
decrease pS262 and pS279 content, consistent with an upregulatory response of Cx43-
mediated gap junction communication (lanes 1 and 2). Conversely, bath exposure to 10%
normal glucose saline for 10 minutes appeared to reduce Cx43 pS365 content while
increasing pS262 and pS279 content (lane 3), consistent with downregulation of Cx43 g;.
However, 100 nM rotigaptide treatment (overnight plus 10 min bath) apparently reduced
the pS262 and pS279 content and lessened the reduction in pS365 content under low
glucose conditions (lane 4), again consistent with the ability of rotigaptide to reduce the
downregulation of Cx43-mediated gap junction communication during conditions of
metabolic inhibition.

12



=
= - Figure 5 Cx43 total protein and
: - o phosphoserine-specific immunoblots from WT

- a_“mg_ B i o e 1 NMVM cultyrgs. The top panels are the total

. & Cx43 protein immunoblots for S365, S262,
and S279 for the corresponding phospho-
serine specific (pSer, middle panels)
immunoblots and fluorescent images (lower
. panels) of the total Cx43 (Cx43) and
phospho-serine (pSer) immunoblots under
different experimental conditions. Lane 1 is
the Cx43 immunoblot analysis of one 60 mM
NMVM culture dish after 10 min in control
saline and lane 2 is another NMVM culture
dish from the same dissociation after 10 min
treatment with 100 nM rotigaptide. Lane 3
represents a similar experiment where an
NMVM culture dish was exposed to 10% normal glucose saline for 10 min and another
NMVM culture dish was pretreated with 100 nM rotigaptide (overnight) prior to and
during the exposure to 10% normal glucose saline. The arrows indicate relative
increase or decrease in Cx43 phosphoserine content relative to the control conditions
(lane 1, «») under their respective experimental conditions. Lanes 1&2 and 3&4 were
from the same primary myocyte cultures. 100 nM rotigaptide (lane 2) increased (7)
Cx43 pS365 and reduced (V) pS262 and pS279 content relative to control NMVM
culture conditions. Acute exposure to 10% normal glucose saline (lane 3) had the
opposite effect of reducing pS365 and increasing pS262 and pS279 content but these
changes were partially ameliorated by 100 nM rotigaptide pretreatment (overnight, lane
4).
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Discussion

There is substantial evidence that AAP10 and its synthetic D-isomer, rotigaptide, increase
cardiac gap junction g; under normal or conditions of metabolic stress like ischemia
(Haugen, et al. 2005; Kjalbye, et al. 2003; Lin, et al. 2008; Mdller, et al. 1997; Xing, et al.
2003). Despite a lack of effects on action potential duration (APD) or refractoriness, these
synthetic anti-arrhythmic peptides can reduce APD dispersion, preserve or prevent
declines in myocardial conduction velocity during episodes of metabolic stress, and may
limit the development of reentrant ventricular tachycardias and atrial fibrillation during
periods of ischemia (Dhein, et al. 2003; Haugen, et al. 2005, 2006; Hennan, et al. 2006;
Kjalbye, et al. 2008; Shiroshita-Takeshita, et al. 2007; Takemoto, et al. 2012; Xing, et al.
2003). The ability of rotigaptide to reduce infarct size after ischemia/reperfusion injury are
mixed, with some studies reporting reduced infarct size (Haugan, et al. 2006; Hennan, et al.
2006), or none at all (Xing, et al. 2003). These therapeutic effects are largely attributed to
the agonist actions of rotigaptide on existing cardiac gap junctions, i.e. gating, though
increases in Cx43 expression with longer term treatments have also been noted (Stahlhut,
et al. 2006). Ventricular gap junctions are composed predominantly of Cx43 while Cx40 is
also abundantly expressed in the atria and ventricular conduction system (Dauvis, et al.
1995). However, rotigaptide appears to modulate Cx43 gap junctions with negligible effects
on Cx40 or non-myocardial connexin gap junctions composed of Cx26 and Cx32 (Clarke, et
al. 2006; Hagen, et al. 2009). Our preliminary results in NMVM gap junctions are consistent
with this apparent connexin-specificity of rotigaptide for Cx43 gap junctions since the g;
increase in response to 100 nM rotigaptide was enhanced by the knockout of Cx40 in
NMVMs (Fig. 1A).

The hypothesis that AAP10 and rotigaptide increase cardiac g; by activation of PKC is based
primarily on evidence of PKC activation, measured by ELISA assays, in cardiomyocytes or
Hela-Cx43 cells, and the observed increase in g which could be inhibited by PKC inhibitors,
e.g. BIM, HBDDE, or CGP 43545, all of which inhibit PKCo (Dhein, et al. 2001, 2003; Weng,
et al. 2002). Our preliminary results in NMVMs with PKC inhibition by BIM illustrate that the
acute increase in G;upon 100 nM rotigaptide perfusion was inhibited only by higher
concentrations of BIM that would inhibit multiple isoforms of PKC (Fig. 2A). Conversely,
PKA and JNK inhibition by bath applied chemical (H-89, JNK inhibitor Il) or intracellular
selective peptide (PKA inhibitor peptide 6-22 amide, JNK inhibitor | peptide) inhibitors
abolished the acute rotigaptide response (Figs. 1B, 2B, 3A&B). Thus, our preliminary results
from NMVM cell pairs indicate that PKA and JNK are also involved in the control response to
rotigaptide.
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How AAP10 and rotigaptide activate protein kinases in cardiomyocytes remains somewhat
of a mystery. Radioligand binding studies with *C-AAP10 indicated a saturable cardiac
membrane binding site with a K4 of 0.88 nM that exhibited competitive binding with the
natural AAP10 (Gly-Pro-4Hyp-Gly-Ala-Gly, AAPnat) peptide (Anouma, et al. 1982; Weng, et
al., 2002). Attempts to isolate, purify, and identify the apparent 200kDa membrane
receptor were unsuccessful due to low yields. However, the non-hydrolysable GDP analog,
GDP-BS was able to inhibit AAP10-dependent *2P incorporation into Cx43 in HeLa-x43 cells,
indicative of a G-protein coupled receptor (GPCR) as the AAP10 membrane binding site
(Weng, et al. 2002). A competitive binding assay with rotigaptide and radiolabeled ligands
for 80 known GPCRs and ion channels did not demonstrate any high affinity binding to any
of the known membrane receptors or channels (Haugan, et al. 2005). Thus, the molecular
identity of the presumed GPCR for AAP10 and/or rotigaptide remains unknown.

The ability to improve myocardial g; during ischemia or metabolic stress is the major tenet
of the antiarrhythmic action of AAP10 and rotigaptide. Because ischemia is difficult to
replicate in vitro (e.g. hypoxia), we chose to perfuse NMVM cultures with a 10% (0.1 gm/L)
glucose saline solution to induce metabolic stress, which consistently produced a 90%
decline in g; without causing cell death during a 10 min perfusion period. Pretreatment with
100 nM rotigaptide slowed and reduced the magnitude of the low glucose-induced G;
decline in NMVM cell pairs (Fig. 4A). To the best of our knowledge, no other laboratory has
used low glucose conditions to examine the agonistic effect of rotigaptide on
cardiomyocyte gjunder conditions of metabolic stress. Novel observations with chemical
and peptide JNK inhibitors further revealed the ability of selective JNK inhibition to mimic
the effects of 100 nM rotigaptide on NMVM G; under metabolic stress conditions (Fig. 4B).
The combined effects of INK inhibition and rotigaptide treatment were comparable, but not
additive, indicative of convergent mechanisms of action. The inhibition of
dephosphorylation by 1 or 30 nM okadaic acid pretreatment also progressively prevented
the decline in NMVM G; during low glucose saline perfusion, partially indicative of the
involvement of Cx43 dephosphorylation events by PP2A and PP1 in the metabolic stress-
induced decline in cardiac G; (Fig. 4C). The PP2A/PP1 inhibition by 30 nM okadaic acid did
not equal the G; preserving action of 100 nM rotigaptide, and the addition of 100 nM
rotigaptide further opposed the low glucose-induced decline in NMVM G;. The combination
of the two appears to further reduce the decline in G; after > 10 min of low glucose saline
perfusion, suggestive of Cx43 phosphorylation and dephosphorylation events in the
regulation of cardiac g under conditions of metabolic stress.

The first observations of increases in cardiac electrical coupling date back to the 1980s
when B-adrenergic stimulation, known to increase intracellular cAMP levels, intracellular
injection of cAMP, or application of membrane-permeable analogs of cAMP (dibutyryl- and
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8-bromo-cAMP) all increased gap junction conductance or permeability in mammalian
cardiac tissues (Atkinson, et al. 1995; Burt and Spray, 1988; DeMello, 1986; 1989; DeMello
and Van Loon, 1987). While the effects of B-adrenergic stimulation or cAMP analogs on
electrical communication can be observed within minutes, Cx43 mRNA and protein levels
also increase in cardiac tissues over a 4 -24 hr period (Darrow, et al., 1996). Though not
linked to a specific protein kinase, these studies uniformly indicate an upregulation of g; by
cAMP-dependent mechanisms in cardiac myocytes and tissues. The PKC hypothesis for
the gap junction agonism exhibited by AAP10 and rotigaptide is based on the published
observations of concomitant increases in gyand PKC activation with AAP10 and rotigaptide
application to cardiomyocytes or HelLa cells expressing Cx43 (Dhein, et al. 2001, 2003; Ni,
et al. 2015; Weng, et al. 2002). The basis for suggesting the involvement of the PKCa
isoform is based primarily on the relative inhibitory selectivity of the PKC inhibitors used.
While these initial observations are not in question, numerous other studies on the effect
of PKC activation on Cx43 gap junctions have indicated a downregulation of Cx43 gap
junction communication by PKC (e.g. Enomoto and Yamasaki, 1985; Kanemitsu, et al.
1993; Koo, et al. 1997; reviewed in Solan and Lampe, 2005). Two studies have revealed that
PKC activation caused a reduction in the single Cx43 gap junction channel conductance
from the =100 pS to the =50 pS state, consistent with observed reductions in Cx43 g;
(Lampe, et al. 2000; Ek-Vitorin, et al. 2006).

The role of Cx43 phosphorylation state in the assembly and disassembly of gap junctions
has been extensively studied and excellent reviews on the subject have already been
published (Ai, et al. 2021; Solan and Lampe, 2014, 2020). Early studies with Cx43 indicated
that phosphorylation is required for Cx43 to assemble into gap junctions (Musil, et al.
1990), Cx43 gap junction assembly is also promoted by casein kinase 1 (CK1), cAMP-
dependent PKA, and Akt (Cooper and Lampe, 2002; Dunn and Lampe, 2014; Solan, et al.
2007; TenBroek, et al. 2001). Conversely, cell cycle and growth activated kinases like
p34°¢°2 and mitogen-activated protein kinases (MAPKs), PKC, and Src tyrosine kinases are
associated with downregulation of gap junction communication and internalization of
Cx43-containing gap junctions (Doble, et al. 2004; Hossain, et al., 1998; Kanemitsu, et al.
1998; Koo, et al. 1997; Lampe, et al. 2000; Lin, et al. 2001; Solan and Lampe, 2020;
Swenson, et al., 1990; Warn-Cramer, et al. 1996). Many of the protein kinase dependent
Cx43 phosphorylation sites have been identified and those reportedly involved in
promoting gap junction formation include S325/328/330 (CK1; Cooper and Lampe, 2002),
S373 (Akt; Dunn and Lampe, 2014), and S364/365 (PKA; Solan, et al. 2007; TenBroek, et al.
2001). The Cx43 phosphorylation sites linked to Cx43 gap junction disassembly include
S255, S262, and S279/282 (MAPK and p34cdc2; Doble, et al. 2004; Kanemitsu, et al. 1998;
Warn-Cramer, et al. 1996;), S368 (PKC; Hossain, et al., 1998; Koo, et al. 1997; Lampe, et al,
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2000), and Y247 and Y265 (Src; Lin, et al. 2001; Solan and Lampe, 2020; Swenson, et al.,
1990).

Hypoxic and ischemic conditions are known to produce myocardial electrical uncoupling
and Cx43 dephosphorylation of Cx43 sites S325/328/330 and S365 (Beardslee, et al. 2000;
Lampe, et al. 2006; Solan, et al., 2007). It has also been demonstrated that
phosphorylation of the S365 site prevents phosphorylation of the S368 site and
dephosphorylation of S365 in hypoxic hearts is reciprocally correlated with an increase in
pS368 content (Lampe, et al. 2000; Solan, et al. 2007). These observations have prompted
the hypothesis that pS365 serves as a “gatekeeper” to prevent S368 phosphorylation and
protect against PKC-mediated down-regulation of Cx43 gap junction content and function
(Solan, et al., 2007). Thus, we chose to examine the phosphorylation state of key Cx43
upregulatory and downregulatory phosphorylation sites S365 and S262 and S279 under
normal and low glucose conditions in the presence and absence of 100 nM rotigaptide
(Figure 5). Under normal culture conditions, 100 nM rotigaptide increased the pS365
content and reduced the pS262 and pS279 protein content, consistent with an increase in
NMVM Cx43 gap junction function. Ten min exposure to 10% normal glucose saline had the
opposite effect of decreasing pS365 and increasing pS262 and pS279 Cx43 content in
NMVM cell cultures, consistent with the decline in G; observed during the DWCR perfusion
experiments, but pretreatment with 100 nM rotigaptide partially antagonized these
downregulatory phosphorylation responses by preserving some pS365 content and
reducing the increase in pS262 and pS279. These Cx43 phosphorylation responses to 100
nM rotigaptide and low glucose certainly implicate the actions of other S/T protein kinases
in the pharmacological action of rotigaptide and the responses to metabolic stress.

Additional studies of the Cx43 phosphorylation regulation of cardiac gap junction
communication report that: PKCepsilon (PKCg) phosphorylates Cx43 (Bowling, et al. 2001;
Doble and Kardami, 2000); phorbol esters and growth factors activate protein kinases in
addition to PKC (Hossain, et al. 1998, 1999; Sirnes, et al. 2009); cAMP activates both the
exchange protein (Epac)- and PKA-dependent signaling pathways (Kwak, et al. 2008;
Somekawa, et al. 2005); and there are at least three additional Cx43 phosphorylation sites
S296, S297, and S306 that are not linked to any specific kinases yet (Axelsen, et al. 2006;
Solan and Lampe, 2014). Cx43 S297 was observed to become dephosphorylated after 30
min of no-flow ischemia in Langendorff-perfused rat hearts whereas pretreatment with 10
nM rotigaptide could preserve the pS297 after 30 min of ischemia (Axelsen, et al. 2006).
Additionally, cellular stress activates ¢c-Jun N-terminal kinase (JNK), which is known to
downregulate myocardial Cx43 expression, gap junction structure, and function under
pathophysiological conditions (Petrich, et al. 2002). cAMP is known to exert a cardio-
protective effect by PKA- and Epac-dependent signaling pathways that inhibit the stress-
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activated JNK signaling pathway (Chae, et al. 2004; Kwak, et al. 2008; Sassone-Corsi,
2012). In conclusion, it seems feasible that AAP10 and rotigaptide may act via cAMP-
dependent signaling pathways that inhibit the stress-activated JNK pathway which
negatively affects Cx43-mediated myocardial gap junction formation and communication.
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