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Abstract

Diastolic calcium (Ca) leak via cardiac ryanodine receptors (RyR2) can cause arrhythmias and
heart failure (HF). Ca/calmodulin (CaM)-dependent kinase 11 (CaMKII) is upregulated and more
active in HF, promoting RyR2-mediated Ca leak by RyR2-Ser2814 phosphorylation. Here, we
tested a mechanistic hypothesis that RyR2 phosphorylation by CaMKII increases Ca leak by
promoting a pathological RyR2 conformation with reduced CaM affinity. Acute CaMKII
activation in wild-type RyR2, and phosphomimetic RyR2-S2814D (vs. non-phosphorylatable
RyR2-S2814A) knock-in mouse myocytes increased SR Ca leak, reduced CaM-RyR2 affinity, and
caused a pathological shift in RyR2 conformation (detected via increased access of the RyR2
structural peptide DPc10). This same trio of effects was seen in myocytes from rabbits with
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pressure/ volume-overload induced HF. Excess CaM quieted leak and restored control
conformation, consistent with negative allosteric coupling between CaM affinity and DPc10
accessible conformation. Dantrolene (DAN) also restored CaM affinity, reduced DPc10 access,
and suppressed RyR2-mediated Ca leak and ventricular tachycardia in RyR2-S2814D mice. We
propose that a common pathological RyR2 conformational state (low CaM affinity, high DPc10
access, and elevated leak) may be caused by CaMKII-dependent phosphorylation, oxidation, and
HF. Moreover, DAN (or excess CaM) can shift this pathological gating state back to the normal
physiological conformation, a potentially important therapeutic approach.

Keywords

ryanodine receptor; calcium/calmodulin-dependent protein kinase 1I; calmodulin; dantrolene;
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1. Introduction

Heart failure (HF) and sudden cardiac death are leading causes of mortality worldwide.
Almost half of HF patients die of sudden cardiac death due to lethal ventricular arrhythmias
[1]. Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited stress-
induced arrhythmogenic disease caused by mutations in cardiac ryanodine receptor (RyR2),
calsequestrin 2 gene, or calmodulin (CaM) genes [2-4]. Recent research showed that
diastolic Ca2* (Ca) leak from the sarcoplasmic reticulum (SR), via dysfunctional RyR2, is
important in the pathogenesis of HF and lethal arrhythmias such as CPVT [5-8]. This
diastolic RyR2 leak in HF leads to systolic and diastolic dysfunction, and RyR2-mediated
SR Ca leak activates inward Na/Ca exchange current to evoke delayed afterdepolarizations
and arrhythmias [9].

In the heart, Ca/CaM-dependent protein kinase 11 (CaMKII) phosphorylates RyR2 at S2814,
which increases RyR2-mediated SR Ca leak [10] and delayed afterdepolarizations [9].
CaMKII expression, activated state, and phosphorylation of RyR2 at S2814 are increased in
HF [5]. CaMKII inhibition can also quiet SR Ca leak and arrhythmogenic events in HF [5,
11, 12]. Thus CaMKII may play a critical role in increased SR Ca leak in HF and lethal
arrhythmias, but how S2814 phosphorylation alters RyR2 molecular conformation is
unknown. The normal physiological role of CaMKII may be to fine-tune RyR Ca sensitivity
during excitation-contraction coupling [13], and likewise for Ca-ATPase and Ca,1.2 current.
However, HF, reactive oxygen species (ROS), and hyperglycemia all promote chronic
(autonomous) CaMKII activity that can mediate numerous adverse effects [14-16].

We have used the binding of fluorescent DPc10 peptide (F-DPc10; RyR2 residues
2460-2495) as a RyR2 conformational probe [17, 18]. DPc10 is in a RyR2 CPVT mutation
hot-spot and may interfere with (or unzip) normal domain-domain interactions and promote
pathological SR Ca leak like in CPVT and HF [7, 8]. Moreover, re-zipping of these domains
by dantrolene (DAN) can stabilize both skeletal RyR (RyR1) in malignant hyperthermia and
RyR2 in HF [19] and CPVT [8]. CaM binding to RyR2 is reduced in HF [5, 20, 21], CPVT
[22], and by oxidation [18]. Oxidation can also directly promote RyR2 opening [18, 23] and
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CaMKII activation [15], and is involved in RyR2 dysfunction in HF and arrhythmias [24,
25].

CaM is a ubiquitous Ca-binding protein that modulates gating of RyR2, L-type Ca, Na*, and
K* channels, and activates CaMKII. CaM hinds to RyR2 (involving RyR2 residues
3583-3603) with a Kq of 10-20 nM in myocytes [21] and is known to quiet RyR2 opening
[21, 26, 27]. Ca/CaM also activates CaMKII by binding to the CaMKII regulatory domain
with a Kq of 10-70 nM [28, 29]. Recent human CaM mutations are associated with long QT
syndrome [30] and CPVT [3], and the CPVT CaM variants cause arrhythmogenic SR Ca
leak by binding to RyR2 more tightly than wild-type (WT) CaM, and either activating or
failing to quiet RyR2 gating [31]. We recently found that conformational unzipping within
RyR2 reduces CaM-RyR?2 affinity in canine and rat HF models [20, 21] and a CPVT mouse
model (R2474S/*) [22]. Moreover, enhanced CaM-RyR?2 binding can correct contractile
dysfunction in disease models [32]. We also showed negative allosteric coupling between
CaM affinity and binding access to DPc10 [17], where CaM binding reduces DPc10 access
and SR Ca leak, and DPc10 reduces CaM affinity and promotes Ca leak. Thus, CaM can
influence SR Ca leak in HF, independent of CaMKII.

Here we test whether CaMKII-dependent RyR2 phosphorylation and HF might both
increase SR Ca leak by altering both CaM affinity and RyR2 conformation, as assessed by
F-DPc10 access. We measure RyR2-bound CaM in saponin-permeabilized native
cardiomyocytes using fluorescence resonance energy transfer (FRET) between fluorescent
FK506-binding protein 12.6 (F-FKBP) and CaM (F-CaM) and assess RyR2 conformation by
F-DPc10 access [17, 18, 21, 33]. We also use ventricular myocytes from knock-in mice
expressing CaMKII phosphomimetic RyR2-S2814D (S2814D) [34] or non-phosphorylatable
RyR2-S2814A (S2814A) [35], and also HF myocytes from a rabbit non-ischemic HF model,
in which CaMKII activity is elevated, RyR2S2814 is phosphorylated, and is known to
enhance diastolic SR Ca leak [5]. We conclude that CaMKII-dependent RyR2
phosphorylation and HF cause a common shift in RyR2 conformation that has increased leak
and arrhythmogenesis and reduced CaM binding affinity, but that DAN can reverse these
effects.

2. Materials and methods

3. Results

An expanded Materials and Methods section can be found in the Online Data Supplement.

3.1 Endogenous CaMKIl activation decreases F-CaM binding to RyR2

We previously showed that endogenous CaMKII can phosphorylate and activate RyR2 and
promote Ca leak [26], and used that approach here to measure CaM-RyR2 binding after
CaMKII activation in WT myocytes. Notably, under these conditions basal CaMKI|I-
dependent RyR2-S2814 phosphorylation and spark activity was negligible (no different from
negative controls that were pretreated with the selective CaMKII inhibitor, autocamtide-2
related inhibitory peptide [AIP]) [26]. Permeabilized myocytes were exposed for 1 min to
500 nM [Ca]; plus 1 uM exogenous CaM, to activate endogenous CaMKII and RyR2

J Mol Cell Cardiol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Uchinoumi et al. Page 4

phosphorylation [26]. FRET between donor-F-FKBP and acceptor-F-CaM was then
measured to assess CaM-RyR2 binding after activation of endogenous CaMKI|, with or
without selective CaMKII block by 1 pM AIP (Fig. 1). After endogenous CaMKI|I
activation, subsequent wash-off of exogenous CaM, and restoration of low [Ca]; (for 3 min),
we washed in 100 nM F-FKBP (to saturate RyR2) and 20 nM F-CaM (near the K to
optimize detection of binding changes). Fig. 1A-B show that when CaMKII was active, CaM
binding to RyR2 was depressed. Thus CaMKII activation reduces CaM binding to RyR2.

However, these F-CaM measurements are complicated by the washout of exogenous CaM
used to activate CaMKII, and because CaMKII has multiple targets. Moreover, we measured
exogenous CaM washout as only 30% complete in the 3 min period after the 500 nM [Cal];
exposure. Thus the apparent CaMKII-induced decrease in CaM binding in Fig. 1B probably
underestimates the full effect. That is, phosphorylated RyR2 may lose non-fluorescent CaM
faster, which would promote F-CaM binding in the next phase (due to more unoccupied
CaM binding sites).

3.2 Reduced CaM-RyR2 affinity in permeabilized S2814D vs. S2814A myocytes

To simplify protocols and interpretations, and to more selectively test the effect of RyR2
S2814 phosphorylation, we used knock-in mouse myocytes that express only non-
phosphorylatable S2814A or phosphomimetic S2814D. Notably, the Ca spark activity in
S2814A myocytes is no different from that of basal WT or AlIP-treated myocytes, whereas in
phosphomimetic S2814D myocytes Ca spark frequency matched WT myocyte upon
maximal activation of endogenous CaMKII, and was insensitive to AIP (see Fig 2 of [34]).
After washout of endogenous CaM (25 min), we saturated RyR2 with 100 nM donor-F-
FKBP, and varied acceptor-[F-CaM], to reach steady-state binding (20-120 min). FRET (as
sensitized emission) between F-FKBP and F-CaM resolves RyR2-bound CaM from CaM
bound to all other targets (Fig. 2Ai, right) [21]. Total Z-line associated F-CaM is detected by
direct F-CaM excitation (Fig. 2Aii; Agx=543 nm, Ae,=600 nm). Fig. 2A shows that S2814D
myocytes exhibit reduced F-CaM binding both to RyR2 and overall at the Z-line in the Ky
range of [F-CaM] (20 nM), which is similar to the endogenous free [CaM] level in cardiac
myocytes (50-75 nM) [36]. Since most of the Z-line CaM is RyR2-bound [21], it is not
surprising that the total CaM-Z-line binding has similar affinity as the RyR2-bound CaM.
For phosphomimetic S2814D vs. S2814A myocytes, the CaM-RyR2 affinity was reduced 3-
fold (Kg=7249 vs. 20+2 nM), but FRET 5« at saturating 500 nM CaM was unaltered. Thus
CaMKII-dependent RyR2 phosphorylation reduces CaM-RyR2 affinity.

3.3 FKBP12.6 binding at Z-line in permeabilized S2814A and S2814D myocytes

FKBP12.6 can bind to and stabilize RyR2 channel gating, although details are controversial
[37]. We also measured FKBP12.6-RyR2 binding affinity in saponin-permeabilized S2814A
and S2814D myocytes. Confocal image analysis of F-FKBP binding at 100 nM as in Figs.
1-2 indicates no difference in B,y Even at 3 nM F-FKBP (close to the Kq) [38] binding
was unaltered in permeabilized S2814A vs. S2814D myocytes (Online Fig. 1). Thus,
CaMKII-dependent RyR2 phosphorylation does not alter FKBP12.6-RyR2 affinity. DAN
also did not alter FKBP12.6-RyR?2 affinity in permeabilized S2814D myocytes (Online Fig.
1).
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3.4 Faster access of F-DPc10 in permeabilized S2814D vs. S2814A myocytes

We previously showed negative allosteric coupling between CaM binding to RyR2 and
accessibility of the unzipping peptide DPc10 to its RyR2 binding site [17]. That is, DPc10
reduces CaM binding and increases SR Ca leak, whereas CaM quiets SR Ca leak and
inhibits DPc10 access. Fig. 3 assesses whether CaMKII-dependent RyR2 phosphorylation
increases F-DPc10 access, using FRET between F-FKBP and F-DPc10. Fig. 3A shows
kinetics of F-DPc10 binding in permeabilized myocytes from WT, S2814A, S2814D, and
$2814D plus either saturating exogenous CaM (500 nM) or pretreatment with 1 uM DAN.
Fig. 3B shows ty,sh-in Of F-DPc10 as an index of F-DPc10 accessibility to its RyR2 binding
site, and Fig. 3C shows B, of F-DPc10. S2814A myocytes had the same properties as WT
myocytes for both F-DPc10 accessibility and Byax. In S2814D myocytes (pseudo-
phosphorylated RyR2) F-DPc10 binding was 2-fold faster than S2814A myocytes, while
Bmax for F-DPc10 was unaltered in S2814D vs. S2814A myocytes. Both saturating CaM
(500 nM) and 1 uM DAN (which stabilizes the normal zipped conformation), slowed DPc10
wash-in, and lowered By in S2814D myocytes. Taken together, these results indicate that:
(1) CaMKIlI-dependent phosphorylation of RyR2 enhances F-DPc10 access by inducing the
pathological (unzipped) RyR2 conformation; (2) DAN and forced CaM binding can
suppress the S2814D-induced F-DPc10 access by stabilizing the normal healthy (zipped)
RyR2 conformation.

3.5 DAN restores high CaM-RyR2 affinity in permeabilized S2814D myocytes

Since DAN attenuated F-DPc10 access in S2814D myocytes, we tested whether DAN can
also restore CaM-RyR2 affinity. Fig. 4 shows steady-state CaM binding using [F-CaM] at 20
nM CaM (near the Kg) in permeabilized S2814D myocytes, with or without 1 pM DAN.
Representative confocal images show both RyR2-bound CaM measured via FRET (Fig. 4Ai,
right), and total Z-line-bound CaM from fluorescence of directly excited F-CaM (Fig. 4A ii).
1 uM DAN enhances CaM-RyR?2 affinity in permeabilized S2814D myocytes (Fig. 4A
bottom vs. top and 4B; compare to Fig 2Bii).

3.6 DAN or excess CaM reduces SR Ca?* leak in $2814D myocytes

To test whether DAN or saturating CaM binding to RyR2 (which restored normal
conformation) also reduce SR Ca leak, we measured Ca spark frequency (CaSpF) and SR Ca
content (evaluated via rapid 10 mM caffeine application). We used two saponin-
permeabilization protocols [21]. The first protocol used a longer saponin exposure (3 min) to
allow F-CaM diffusion into the cell as in the F-CaM binding experiments above (e.g. Fig. 2).
The second protocol used only brief saponin exposure (30 s) to allow [Ca]; control and Ca
spark measurement, but keep endogenous CaM in the myocyte (verified by prevention of F-
CaM entry) [21]. The latter protocol has the advantage of minimizing the loss of cellular
contents such as CaM, better mimicking the intact myocyte effect of reduced CaM-RyR2
affinity. The normal 3-min permeabilization has the advantage of allowing us to control
intracellular [F-CaM], while washing out endogenous CaM (and other factors). It was
recently reported that CaM is essential for DAN inhibition of RyR1 and RyR2 [39]. We used
the 30-s permeabilization protocol to assess DAN effects on CaSpF with endogenous [CaM]
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levels (except where we saturated RyR2 with CaM — which required the 3-min saponin
exposure).

CaSpF was significantly higher in permeabilized S2814D vs. S2814A myocytes (Fig. 5A-B)
as previously reported [34]. Since CaSpF is highly dependent on SR Ca content, we also
normalized results for SR Ca load, assessed by rapid caffeine-induced SR Ca release (Fig.
5C). Both 1 uM DAN and 500 nM CaM (saturating) reversed the high CaSpF in S2814D
myocytes (Fig. 5A-C). Ca spark characteristics are in Online Table 1.

3.7 Reduced CaM-RyR2 affinity in myocytes of non-ischemic rabbit HF model

We previously reported reduced CaM-RyR?2 affinity in both canine tachycardia-induced non-
ischemic HF [20] and rat post-infarction ischemic HF [21]. We also recently showed that
oxidative stress (50 uM H,0,) reduces CaM-RyR2 affinity in rat myocytes [18].
Furthermore, our non-ischemic HF rabbits exhibit elevated CaMKI|I activation and RyR2
phosphorylation at S2814, and increased SR Ca leak that is reversed by CaMKI|I inhibition
[5]. Fig. 6A-B shows CaM-RyR2 binding in permeabilized HF rabbit myocytes vs. control
(age-matched) (rabbit HF characteristics are in Online Table 2). In HF rabbits the CaM-
RyR2 affinity was ~2 fold lower vs. control rabbits, but FRET 5 Was unaltered (Fig. 6B).
Similar results were found for total Z-line-bound CaM (Fig. 6C).

We previously reported that FKBP12.6-RyR2 affinity is unaltered in a post-infarction rat
ischemic HF model [21]. Here, we measured FKBP12.6-RyR2 binding in the near K4 range
in control and HF rabbit myocytes. There was no significant change in FKBP12.6-RyR2
binding in HF vs. control myocytes (Online Fig. 2).

3.8 CaMKIl inhibition and DAN restore CaM-RyR2 affinity in rabbit HF myocytes

Fig. 6D shows that in control rabbit myocytes, neither the CaMKI|I inhibitor AIP nor DAN
(both at 1 uM) altered CaM-RyR2 binding, but in HF that both AIP and DAN restored
normal CaM binding. These results are consistent with CaMKII being acutely responsible
for the reduced CaM binding in HF, as we found for SR Ca leak and arrhythmogenic Ca
waves [5, 12]. Furthermore, the ability of DAN to selectively reverse the pathological
decrease in CaM-RyR2 binding (Fig. 6D) relates to the ability of DAN to inhibit SR Ca leak
in this HF model [40], and parallel findings on RyR2 conformation and SR leak in a canine
HF model [19].

3.9 Faster F-DPc10 access in rabbit HF vs. control myocytes

Our working hypothesis is that reduced CaM affinity and increased DPc10 accessibility are
functionally linked as part of a pathological RyR2 resting conformation. Here, we tested
whether the reduced CaM affinity in rabbit HF above is accompanied by increased DPc10
accessibility. To specifically detect F-DPc10 binding to RyR2, we monitored the F-DPc10
wash-in kinetics using FRET from donor-F-FKBP to acceptor-F-DPc10. Fig. 7A and 7C
show that DPc10 accessibility is roughly twice as fast in HF vs. control (similar to the shift
for S2814D phosphomimetic in Fig. 3B). Online Fig. 3A-B show that high [Ca];j (500 nM)
only slightly increases accessibility of F-DPc10. The apparent reduction in Byax (ns; Fig.
7D) could be partly due to lower RyR2 expression in HF rabbits [5].
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These results indicate that in this rabbit non-ischemic HF model most RyR2s are in a
structural state that has higher access to DPc10 (more in the pathological unzipped
conformation). As above for CaM affinity, either raising [CaM] (500 nM) to force saturation
of RyR2, adding 1 uM DAN, or inhibiting CaMKII with AIP, all partially restored RyR2
conformation to a lower DPc10 accessibility (Fig. 7B-D). For AIP this was only significant
for the decrease of By, While high [CaM] and DAN both significantly slowed tash-in and
reduced Bmax-

3.10 DAN quiets arrhythmogenic events in intact S2814D myocytes

We previously reported that constitutive CaMKII phosphomimetic S2814D mice exhibit
higher propensity for lethal ventricular arrhythmias and sudden cardiac death [34]. Here we
measured Ca waves or spontaneous Ca transients in the presence of 1 uM isoproterenol after
3 Hz field stimulation in intact S2814A and S2814D myocytes. Fig. 8A-B shows that with
isoproterenol-induced stress, S2814D myocytes have an increased frequency of both Ca
waves and spontaneous Ca transients, which can be suppressed by DAN. These results are
consistent with the DAN-induced correction of pathologic conformational state and SR Ca
leak (above) being able to also suppress arrhythmogenic events at the intact myocyte level.

3.11 DAN suppressed ventricular tachycardia inducibility in S2814D mice

Finally, we tested whether DAN treatment (20 mg/kg/day, i.p. for 10 days) could suppress
ventricular tachycardia (VT) induction in intact S2814D mice. Programmed electrical
stimulation was performed in anesthetized mice to induce VT after isoproterenol injection
(0.5 mg/kg, i.p.). DAN did not alter baseline electrophysiological parameters in S2814D vs.
saline treated S2814D mice (Online Table 3). Programmed ventricular pacing during
isoproterenol was sufficient to induce VT in 100% of saline-treated S2814D mice, but in
DAN-treated S2814D mice VT was only observed in 1 of 6 mice (Fig. 8C-D). DAN
effectively suppressed VT induction in S2814D mice. Thus, restoration of CaM-RyR2
binding, and correction of conformation change and leak in S2814D mice by DAN may
suffice to suppress VT inducibility caused by CaMKII-dependent RyR2 phosphorylation.

4. Discussion

CaMKII is known to increase RyR2 opening and leak [5, 10, 26, 34]. But it was unknown
whether CaMKII-dependent RyR2 phosphorylation alters RyR2 conformation and
sensitivity to CaM and DAN, as described in HF [19, 20], oxidation [18], or DPc10 (or
CPVT) [8, 22]. We propose that CaMKII-dependent phosphorylation of RyR2 (at S2814)
and HF promote a common pathological RyR2 conformation that exhibits reduced CaM
affinity, elevated Ca leak, and increased DPc10 accessibility, and all these effects can be
reversed by DAN (and high [CaM]).

4.1 Multiple pathways may converge to increase Ca2* leak in pathological conditions

Four pathways proposed to promote pathological SR Ca leak in HF and arrhythmias are: (1)
RyR2 structural unzipping between N-terminal and central domains [7, 8]; (2) reduced CaM
binding to RyR2 [20, 22]; (3) oxidation [18]; and (4) increased CaMKII activity [5].
Endogenous CaMKI|I activation and the phosphomimetic S2814D mutant increase SR Ca
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leak and ventricular arrhythmias [26, 34], but the molecular mechanism was unclear. Our
new working paradigm here is that all four of the above pathological RyR2 modifications
converge on a common pathological conformational state in which CaM affinity is reduced
and DPc10 access, SR Ca leakiness, and DAN sensitivity are all increased and functionally
coupled. Our data here are consistent with this unifying working hypothesis, and this may
provide the basis for a novel therapeutic approach.

In contrast, the FKBP12.6 affinity for RyR2 was remarkably unaltered in HF (here and
[21]), in CPVT [8], upon RyR2 oxidation [18], upon phosphorylation by either CaMKII or
Protein kinase A (PKA) [26, 38], or exposure to DPc10 [17]. We conclude that FKBP12.6
affinity changes in RyR2 are functionally unimportant in any of these pathological
conditions. Caffeine and ryanodine may also work differently, strongly promoting RyR2
opening, but only slightly induce the conformational shift that is promoted by CaMKI|,
ROS, DPc10, and HF, and reversed by CaM and dantrolene [17, 41].

4.2 CaMKIl phosphorylation promotes pathological conformational shift (reduces CaM-
RyR2 binding and increased DPc10 access)

We found that both activation of endogenous CaMKII and phosphomimetic RyR2-S2814D
reduced CaM-RyR?2 affinity in situ (Figs. 1-2). This was accompanied by increased DPc10
accessibility that could be reversed by either DAN or excess CaM (Figs. 3-4). This is
consistent with the negative allosteric coupling that we have shown between DPc10 access
and CaM binding in the absence of phosphorylation [17]. Moreover, the roughly 3-fold
reduction in CaM affinity and 2-fold acceleration of DPc10 binding with CaMKII is similar
to that observed with oxidation and HF (and upon DPc10 addition alone). Indeed, three
different HF models (volume/ pressure-overload induced in rabbit (here), tachycardia
induced in dog [20], and post-myocardial infarction in rat [21]) all exhibit very similar
RyR2-CaM binding changes associated with increased SR Ca leak and a more DPc10
accessible pathophysiological conformation.

A parsimonious conclusion is that these conditions can all cause a similar RyR2
conformational state, perhaps a different stable low energy closed state or mode, from which
channel opening occurs more readily, thus causing higher diastolic SR Ca leak. Moreover,
this increased diastolic leak can contribute to systolic and diastolic dysfunction, as well as
arrhythmogenesis. The fact that the elevated leak in rabbit HF can be reversed by acute
CaMKII inhibition [5, 12] is also consistent with CaMKII-dependent RyR2 phosphorylation
being necessary and sufficient to drive RyR2 to this pathological state in HF, even if RyR2
oxidation, CPVT-linked mutations, or other modulators can promote the same altered
structural state.

The explicit molecular mechanism for the CaMKI|I effect is unknown. We suspect that it
increases RyR2 Ca-sensitivity (increased SR Ca release for the same SR Ca content and Ca
current trigger [13]), but in our myocyte studies it is hard to distinguish cytosolic vs. luminal
Ca sensitivity. It is unlikely that CaMKII significantly stabilizes the open state, because the
Ca spark duration is only slightly prolonged [26].
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Although we have shown that S2814 is mainly phosphorylated by CaMKII, and not PKA
(e.g. [42]), PKA might phosphorylate S2814 under some conditions (in addition to its robust
phosphorylation of S2808). However, we find very different functional effects of CaMKII
(or phosphomimetic S2814D) vs. PKA on RyR2 in myocytes. CaMKI|I (or S2814D RyR?2)
strongly activates Ca sparks & waves, depresses CaM affinity, and enhances DPc10 access
(present study, [26], and [34]). In contrast, even strong PKA activation has no detectable
effect on Ca sparks & waves (when phospholamban is absent and SR Ca loading is
prevented [43]).

4.3 DAN can shift the pathological conformation back to normal

In HF, DAN also drove RyR2 conformation back to the normal (zipped) conformation,
restoring CaM affinity and low leak, and preventing triggered arrhythmias in S2814D mice
(with unaltered RyR2 oxidation [18]). RyR2 unzipping and increased DPc10 binding was
first suggested to explain CPVT linked to mutations in the N- and central-domain of RyR2
[8, 17]. As we show for CaMKII phoshomimetic S2814D mice here, DAN also restored
CaM-RyR2 binding and inhibited DPc10 binding, SR Ca leak, and arrhythmias in R2474S
knock-in CPVT mice [8, 22, 44]. Thus, some CPVT mutations may promote the same
unzipped pathological RyR2 conformation as discussed above for CaMKII, HF, and
oxidation. Furthermore, DAN-like drugs could be a tenable therapeutics for treating
CaMKII-mediated arrhythmias in HF.

4.4 CaM plays an important role in RyR2 gating

Ca-free CaM (apo-CaM) and Ca-bound CaM (Ca-CaM) have different conformations, but
both forms of CaM reduce RyR2 opening. Here, we clamped [Ca]; at 50 nM, favoring apo-
CaM vs. Ca-CaM. We found reduced CaM-RyR?2 affinity in canine [20], rat [21], and rabbit
HF models (Fig. 6) and in a R2474S knock-in CPVT mouse model [22]. Enhanced CaM-
RyR2 affinity could be therapeutic in these disease models [32, 45]. Moreover, human
CPVT-associated CaM mutants bind to RyR2 with higher affinity than WT-CaM, but fail to
inhibit RyR2 gating like WT-CaM, resulting in greater arrhythmogenic SR Ca leak [31].
Thus CaM-RyR2 binding importantly modulates RyR2 gating in the heart.

4.5 Pathological RyR2 conformation and high(er)-resolution RyR1 structures

Earlier work proposed an intrinsic structural interaction (zipping) between the N-terminal
(aa 1-600) and central (aa 2000-2500) RyR2 domains, which could be disrupted (unzipped)
by the DPc10 peptide (aa 2460-2495) to cause increased RyR2 opening and SR Ca leak in
pathological conditions such as HF [7], CPVT [8], and oxidation [46]. This concept was
consistent with a prior cryo-EM study suggesting that the N-terminal domain from one RyR
protomer interacts with the central domain of an adjacent protomer (inter- vs. intra-subunit
interaction) [41]. Dantrolene appears to bind to aa 601-620 of RyR2 [47] and corrects
pathological RyR2 channel gating in HF [19, 40] and CPVT [44, 48] but has no effect on
normal RyR2 gating in control healthy conditions [40]. Atomic models of the N-terminal
module of each RyR subunit — consisting of three individual domains, A, B, and C — have
been docked into cryo-EM maps of RyR1, identifying specific interactions between
neighboring RyR subunits [49]. Domains A, B, and C form a central vestibule within the
RyR tetrameric assembly, and dantrolene binding near this region may influence RyR
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functional stability [50]. Previous crystal structures of the RyR phosphorylation domain (aa
2700-29086, containing the sites of phosphorylation by CaMKII and PKA) and docking [51,
52] were updated based on newer cryo-EM maps. The probable location of the
phosphorylation domain is in a density (turret) that is poorly resolved (indicating a dynamic
underlying structure) at the top of the central region of the helical domain [53-56].
Phosphorylation could induce allosteric changes within the neighboring helical domain (aa
2110-2676 and 2981-3527, that includes the locus from which DPc10 is derived), which
directly interacts with the N-terminal domain A [55]. Furthermore, the turret density is also
near the density corresponding to Ca-free CaM previously resolved via cryo-EM [57]. Thus,
CaMKII-dependent phosphorylation of RyR2 might induce RyR2 conformational changes
that influence CaM binding and DPc10 accessibility. The new higher-resolution structural
data published in 2015 [53-56] should help to further understand the structural basis for the
normal and pathological RyR2 conformational states called zipped and unzipped and also
the effects of CaMKII, CaM, and dantrolene.

4.6 Simple working model and therapeutic potential

We propose that the RyR2 has at least two stable baseline conformations or gating modes
(Online Fig. 4). In this model, the “normal” healthy RyR2 conformation (or mode) has high
CaM affinity and low DPc10 binding access, and the channel very rarely opens under resting
physiological conditions. The “pathological” conformation (or mode) has lower CaM
affinity, allows DPc10 to get to its binding site more easily, and exhibits more frequent RyR2
openings under otherwise normal intracellular conditions. Several factors promote shifts of
RyR2 conformation from the normal to the less stable pathological mode, including
CaMKIlI, oxidation, HF, CPVT, and DPc10. Conversely, CaM and DAN appear to shift the
conformation and gating mode back toward the normal state. The pathological RyR
conformation might exist in normal channels, under physiological conditions, but only
becomes significantly populated when the promoting factors above are present. While this
model is surely oversimplified, it provides a useful working framework for drug discovery
and development, targeted at reducing pathological SR Ca leak and its consequent effects on
systolic and diastolic function and arrhythmias. Notably, in our hands FKBP12.6 has no
effect at all on this conformational equilibrium [17, 18]. So, to the extent that FKBP12.6
alters RyR2 gating, it would seem to do so by some other mechanism, not involving DPc10
or CaM binding.

There are attractive aspects of RyR2 conformation shift as a therapeutic target. First, neither
DAN nor CaM, which both shift RyR2 from pathological toward the normal mode, inhibit
normal SR Ca release during excitation-contraction coupling. This differs greatly from
classical ion channel blockers. DAN is a clinically used drug that works as an effective
mode-shifter. That is, DAN has no effect on normal healthy cardiac myocyte Ca transients,
but it supresses pathological RyR2 leak and improves Ca transients [40]. Therefore, a second
advantage is that DAN is already a known drug, used clinically for RyR1 dysfunction in
malignant hyperthermia. A third advantage is that we have developed myocyte fluorescence
assays that are quite sensitive to this conformational change, which can be used for drug
discovery via high-throughput screening [17, 18, 21, 33]. Candidate small-molecule SR-leak
inhibitors should enhance RyR2 F-CaM binding and suppress F-DPc10 access, but these
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effects should only be seen when RyR2 is pushed to the “pathological” state, and have no
effect on “normal” RyR2 (like DAN). These aspects could help screening and development
of novel candidate drugs.

During pathological states, CaMKII can be chronically and autonomously activated [5, 15,
16] strongly phosphorylating RyR2 at S2814, making the S2814D knock-in mouse a good
mimic for this state. Under physiological changes in heart rate and Ca transient the
amplitude the state of CaMKI|I activation can increase [29], and even at physiological heart
rates one might expect RyR2 to have some S2814 phosphorylation. So while the extreme
cases of S2814A- and S2814D-RyR2 have allowed us to identify apparent conformational
and functional extremes, we cannot know how many RyR monomers within a tetramer need
to be phosphorylated to produce the full functional phenotype. Moreover, these effects are
likely graded physiologically, becoming increasingly trapped in the S2814D mode by
progressive autonomous CaMKII activation in pathological states.

5. Conclusion

Novel findings of this study include: (1) CaMKII-dependent RyR2 phosphorylation (at
S2814) reduces CaM-RyR2 affinity and (2) causes a pathological RyR2 conformation
characterized by increased access of DPc10 (unzipping); (3) dantrolene prevents
arrhythmogenic myocyte events by restoring normal RyR2 conformation and CaM-RyR2
affinity, thereby suppressing SR Ca leak; (4) dantrolene suppresses VT inducibility in
S2814D mice; (5) elevated [CaM] (500 nM) can restore normal CaSpF and RyR2
conformation in S2814D mice; and (6) in rabbit non-ischemic HF myocytes, CaM-RyR2
affinity is reduced and RyR2 exhibits the pathological conformation as detected by DPc10
access (unzipping). Our working model is that CaMKII-dependent phosphorylation of RyR2
(at S2814) and HF promote a pathological RyR2 conformation which exhibits reduced CaM
affinity, elevated Ca leak, and increased DPc10 accessibility, and all these effects can be
reversed by dantrolene.
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CaMKIIl  calcium/calmodulin-dependent protein kinase Il
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DAN dantrolene

F fluorescent
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FRET fluorescence resonance energy transfer
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RyR1 skeletal ryanodine receptor

RyR2 cardiac ryanodine receptor

SR sarcoplasmic reticulum

Twash-in wash-in time constant

VT ventricular tachycardia

WT wild-type
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Highlights

. CaMKII-dependent RyR2 phosphorylation reduces CaM affinity and
causes SR Leak.

. RyR2 phosphorylation by CaMKII induces a pathological (unzipped)
conformation.

. Dantrolene restores CaM binding affinity and quiets diastolic SR Ca
leak.

. Dantrolene & CaM shift pathological conformation back to
physiological (normal).

. A common RyR2 pathological state may occur in heart failure, ROS,

and CaMKII.
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Fig. 1.
CaMKI| activation decreases CaM binding in permeabilized wild-type mouse myocytes. A,

Confocal images of effect of AIP on fluorescent CaM (F-CaM) binding at Z-line (ii, Ex 543
nm) and to RyR2 detected by FRET between fluorescent donor FK506-binding protein12.6
(donor-F-FKBP) and acceptor-F-CaM (i, Ex 488 nm) after endogenous CaMKII activation.
B, Analyzed data from A. N values on bars.
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images of 20 nM F-CaM binding at Z-line (ii) and to RyR2 (i). B, Top, Steady-state F-CaM-
RyR2 binding for S2814A (black) and S2814D (red) fit to a single-site binding isotherm
(n=12-23). Bottom, Analysis for 20 and 40 (near Kq), and 500 nM (~FRETnax) [F-CaM]. C,
same analysis as in B for Z-line-bound CaM (n=12-23). N values on bars.
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Fig. 3.

Kignetics of F-DPc10-RyR2 binding for permeabilized S2814A and S2814D myocytes, plus
DAN and saturating [CaM] effects. A, Wash-in time course of F-DPc10-RyR2 binding for
WT (gray), S2814A (black), S2814D (red), S2814D with 500 nM exogenous CaM (pink),
and S2814D with 1 pM DAN (purple). B-C, Summary of tyyash-in and Bmax Values for data
in A. N values on bars.
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Fig. 4.
DAN enhances CaM binding in permeabilized S2814D myocytes. 1 uM DAN was applied 1

hour before saponin-permeabilization and present throughout experiment. A, Confocal
images of F-CaM-Z-line (ii) and F-CaM-RyR2 binding, (i) with or without 1 yM DAN. B,
Analyzed data from A. N values on bars.
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Fig. 5.

E)?ogenous CaM and DAN quiet Ca sparks in S2814D permeabilized myocytes. Some
myocytes were treated with 500 nM exogenous non-fluorescent CaM for 20 min after
saponin-permeabilization. Some intact myocytes were pretreated for 1 hr with 1 uyM DAN
prior to and during experiment. A, Confocal line-scan images of Ca sparks. B, Summarized
data of Ca spark frequency (CaSpF) and SR Ca content. C, CaSpF normalized to SR Ca load
from panel B. N values on bars.
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Fig. 6.

Ce?M binding is reduced in permeabilized rabbit myocytes with HF, and restored by CaMKI|I
inhibition and DAN. A, Confocal images of F-CaM-Z-line (ii) and F-CaM-RyR2 (i) for
control and HF myocytes. B, Top, steady-state F-CaM-RyR2 binding for control (gray) and
HF (black) fit to single-site binding isotherm (n=19-62). Bottom, data from top at 20, 40,
and 500 nM [F-CaM]. C, same analysis as in B, but for Z-line-bound CaM (n=19-62). D,
Analysis of data of DAN and AIP, on F-CaM-RyR2 binding, for control and HF myocytes.
N values on bars.
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Fig. 7.

F-?:)PclO-RyRZ binding kinetics in permeabilized control and heart failure (HF) rabbit
myocytes, and effects of CaMKII inhibition and DAN. A, Wash-in time course of F-DPc10-
RyR2 binding for control (gray) and HF (black) myocytes. B, Similar to A, but for HF
myocytes without (black) or with pretreatment of 1 uM AIP (blue), 1 uM DAN (purple), and
500 nM exogenous CaM (pink). C-D, Mean of ty,sh-in and Bmax for the data in panel A and
B. N values on bars.
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Fig. 8.
DAN suppresses arrhythmias in S2814D-mouse intact myocyte and whole animal. A,
Confocal line-scan images of spontaneous Ca waves (gray allows) and triggered activity
where a wave triggers an action potential (black arrow) in 1 uM isoproterenol-treated intact
S2814A and S2814D myocytes after 3 Hz pacing. Some intact S2814D myocytes were
pretreated for 1 hr with 1 uM DAN before and during experiment. B, Percent of cells with
spontaneous Ca2* waves (left) and showing triggered activity. (events/total cells studied on
bars). C, Representative recordings of surface ECG (lead 1) and ventricular electrograms
from saline-treated (top) and DAN-treated (bottom) S2814D mice reveal that DAN inhibits
pacing-induced VT in S2814D mice. Black arrow indicates overdrive pacing. D, Percent
incidence of pacing-induced VT after 0.5 mg/kg isoproterenol in each group. N values on
bars. Fisher’s exact test.
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