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ABSTRACT

Background: The heartbeat is triggered by the coordinated release of Ca®" from the ryanodine
receptor type-2 (RyR) in cardiomyocytes. Phosphorylaton of RyR by €Ca’“/ealmodulin-
dependent kinase II6 (CaMKII) fine-tunes this process in health, while hyperphosphorylation
causes excessive, pathological Ca®" release. We investigated how CaMKIIS_is. spatially recruited

and anchored to RyRs to achieve this functional regulation.

Methods: We employed confocal and dSTORM microscopy to investigate the macro- and
nanoscale distribution of CaMKII$ across cardiomyocytes, respectively. We linked positional
rearrangement of the kinase during B-adrenergic stimulation (isoproterenol, Iso) to alterations in
RyR phosphorylation and finction (Ca®" sparks), andthe requirement of the CaMKII§ anchoring
protem AKAP186 by knockdown/knockout.

Results: Confocal microscopy revealed that macroscale CaMKII$ localization was not markedly
altered during Iso treatment, although a narrowing of its distribution around the Z-lines occurred,
where the RyR reside. Higher resolution dSTORM imaging confirmed that local mobilization of
CaMKII6 by Iso decreased the distance from Z-lines and RyRs to the nearest CaMKII$ by 28%
and 12%, respectively. Functionally, kinase translocation into the RyR nanodomain was
accompanied by increased channel phosphorylation and Ca®" spark frequency. These actions
were dependent on” CaMKIId activity, since kinase translocation, RyR phosphorylation, and
activation were all mimicked by the upstream activator of CaMKII6 (8-CPT) and prevented by
direct CaMKII® mhibitors (AIP, N1 peptide). A critical role of AKAP186 i this mechanism was
supported by immunoprecipitation experiments, which showed greater kinase binding to
AKAP186 during Iso stimulation. Furthermore, loss of AKAP186 by viral-mediated AKAP186
knockdown or knockout prevented CaMKIIS translocation to Z-lines. Microtubular disruption
also blocked CaMKIIJ translocation.
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Conclusions: Collectively, our results indicate that nanoscale movement of CaMKIIS is closely
associated with RyR activation following [-adrenergic stimulation. This translocation depends

on an intact microtubular network and kinase binding to AKAP189.

Translational implications:

CaMKII13-driven phosphorylation of RyRs has emerged as an important driver of aberrant Ca®*
homeostasis linked to heart failure and triggered arrhythmias. Understanding and. countering the
channel’s overactivity will require greater insight into how CaMKIIS/is anchored and regulated
at the RyR nanodomain. In this work, we demonstrate that RyR. phosphorylation during
CaMKIIé activation is accompanied by nanoscale translocation .of CaMKIIé towards the RyRs.
We further show that this translocation is dependent .on an intact microtubular network and
AKAP185; a critical CaMKII5 anchor. These data~thus. identify AKAP185 and nanoscale

positioning of CaMKI16 as potential novel therapeutic targets in cardiac disease.

LIST OF ABBREVIATIONS
8-CPT 8-CPT-cAMP
AIP Autocamtide-2-related Inhibitory Peptide
AKAP A-Kinase anchoring protein
AKAP18 A-kinase anchoring protein 18
AKAP18-KD A-kinase anchoring protein 18 knock-down
AKAP18-KO A-kinase anchoring protein 18 y/d knockout
AKAPI186 A-kinase anchoring protein 180
CaM Calmodulin
CaMKIi Ca’*/calmodulin-dependent kinase 11
CaMKII$ Ca?*/calmodulin-dependent kinase 11§
Col Colchicine
dSTORM Direct stochastic optical reconstruction microscopy
Epac Exchange protein activated by cAMP
Epac2 Exchange protein activated by CAMP 2



00 N oo U b~ W

10
11
12
13
14
15
16
17
18

FWHM Full width at half maximum

Iso Isoproterenol

LTCC L-type calcium channels
NND Nearest-Neighbour Distance
Noc Nocodazole

PKA Protein kinase A

PKG Protein kinase G

PLN Phospholamban

RyR Ryanodine Receptor 2
SERCA2 Sarco/endoplasmic Reticulum Ca**-ATPase 2
SR Sarcoplasmic reticulum
B-AR [-adrenergic receptor

1. INTRODUCTION

In cardiomyocytes, the opening of voltage-gated L-type calcium channels (LTCCs) during the
action potential enables Ca”" entry, which in turn triggers a larger release of Ca*" via ryanodine
receptors type-2 (RyRs) in the sarcoplasmic reticulum (SR) membrane. The binding of released
Ca* to troponin C in the myofilaments elicits myocyte contraction. Relaxation is mediated
mainly by the SR Ca’*" ATPase 2 (SERCA2), which recycles Ca>" back into the SR; an action
that is regulated by SERCA2’s endogenous inhibitor, phospholamban (PLN)'2,

Beat-to-beat {Ca?" cycling is fine-tuned by auxiliary proteins, such as Ca**/calmodulin-dependent
protein Kinase I8 (CaMKIIS)’. Each CaMKIIS monomer consists of a C-terminal association
domam, a regulatory domain, and an N-terminal catalytic domain. When the kinase is inactive,
the regulatory domain binds directly to the T-site and the S-site in the catalytic unit, keeping the
kinase in a “closed” autoinhibited conformation®>. During activation, Ca®"/CaM binds to the
regulatory domain and displaces it from the T- and S-site. The kinase then takes on an “open”
conformation which allows it to phosphorylate target proteins, including LTCCs, RyRs, and
PLN, and modify these proteins’ activities®>®. For example, CaMKIIS phosphorylates RyR at
Serine 2814; a modification that results in increased Ca”* sensitivity and a lowered activation

threshold”®. In cardiovascular diseases such as heart faiure, CaMKIIS overactivity drives
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excessive RyR Ca®" leak”™'® and dispersion of channel clusters''"'>. These changes are, in turn,

13,14 11,15

linked to the generation of cardiac arrhythmias and weakened contraction

While the importance of CaMKIIS activity in healthy and diseased hearts is well characterized®*,
less is known about how the kinase reaches its targets. We recently discovered that AKAP189, an
A-kinase anchoring protemn, anchors CaMKII6 to nearby PLN and RyR to enable. the

phosphorylation of these proteins'®.

Importantly, we found that CaMKIIS activity could be
regulated by its binding to distinct domains within AKAP185'°. This raises‘the question of how
CaMKII6 is spatially recruited to these sites. Previous work performed m neuronal cells has
shown that activated CaMKII undergoes translocation to phosphorylate effector proteins'’™'”.
Work by Wood et al revealed that CaMKIIo also exhibits va high degree of mobility in
cardiomyocytes®’. In particular, the authors observed that electrical pacing induced CaMKIIS
translocation away from Z-lines, while reducing intracellular~[Ca®'] by chelators, stabilized
CaMKII6 at Z-lines. Thus, it remains unclear how activated CaMKIIS reaches targets such as

RyRs, since the majority of these channels are located near Z-lines?'.

We presently hypothesized that activation-of CaMKII6 promotes its translocation to RyRs in an
AKAP185-dependent manner. Employing dSTORM super-resolution microscopy, we found that
CaMKII6 exhibited preferential. Z-lme localisation at baseline and exhibited a nanoscale
translocation toward the RyR nanodomain upon P-adrenergic stimulation. This translocation was
accompanied by an inerease m'RyR phosphorylation and Ca®* spark frequency and was blocked
by CaMKII$ inhibitors. Moreover, CaMKIId translocation was observed to require an intact
microtubule network and AKAPI186, suggesting a mechanism by which physical displacement of
the activated kinase enables RyR phosphorylation.

2. MATERIALS AND METHODS

Please see the extended Materials and Methods section in the Supplementary Material for a
detailed description of the methodology.
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2.1 Animal use and ethical approval

All animal experiments were performed with approval from the Norwegian Food Safety
Authorities (approvals no. 15889, 20208, 30114), the equivalent German authority (local
authority: Freie und Hansestad Hamburg Behorde fiir Justiz, approval no. N066/2000), and the
UC Davis Institutional Animal Care and Use Committee. These approvals are n accordance with
the Guide for the Care and Use of Laboratory Animals (NIH publication no. 85-23, revised 2011)
and Directive 2010/63/EU of the European Parliament.

All research animals were housed in a temperature- and humidity- controlled facility on a 12 h:
12 h light-dark cycle with ad libitum access to food and water"For cardiomyocyte isolation,
animals were anesthetized by continuous mnhalation of 5% isoflurane and 95% O, and sacrificed

by excision of the heart (rats and rabbits) or cervical dislocation (mice).

3. RESULTS

3.1 B-adrenergic stimulation causes CaMKIIo translocation to RyRs at the Z-lines

We first investigated the relative positioning of CaMKII§ and RyRs under baseline conditions in
left ventricular rat cardiomyocytes wusing confocal microscopy (Figure 1a). We observed marked
colocalization of these proteins, with a striated pattern consistent with preferential localization at
the Z-lines. Indeed, co-staining of o-actinin and CaMKII6 confirmed this arrangement (Figure
1b). Negative controls performed with secondary antibodies alone showed no such staining

pattern (Figure. S1).

We next investigated whether the cellular distribution of the kinase is affected by acute treatment
with the B-adrenergic agonist Isoproterenol (Iso, 100 nM, 10 min). Confocal imaging revealed no
marked changes in the macroscale CaMKII$ signal relative to Z-lines (Figure 1b-c). However,
closer examination of CaMKIIo distribution revealed a narrowing of fluorescent peaks at the Z-
lnes following Iso treatment, as indicated by fluorescence-intensity profiles (Figure 1d) and
measurements of the full width at half maximum (FWHM) of these signals (Figure le). Thus,
despite the limited resolution of confocal imaging, these observations suggest that CaMKIId may

translocate closer to Z-lines following Iso treatment.
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We used 2-colour dSTORM super resolution microscopy for greater detailed resolution of
CaMKII6 movement in response to Iso. In agreement with our confocal imagng, dSTORM
imaging revealed a shift of CaMKIIo positions towards a-actinin following Iso treatment (Figure
1f). Specifically, quantification of the nearest-neighbour-distance (NND) from o-actnin-to the
closest CaMKII6 confirmed a significant decrease in these values by 28% (= SEM. 6%)
followng 10 min of Iso treatment (Figure 1g). On the other hand, large-scale,  cell-wide
movements of CaMKIId were not apparent (Figure 1h) in both the presence.and absence of Iso.
Here we observed that ~27% of all CaMKII$ clusters remamned within 50 nm ofo-actinin, while
remaining clusters were found at relatively random longitudinal 'distances along the half-
sarcomere. The same was true for overall CaMKIIS area (Figure/S2a); except that roughly half of
the total CaMKIIS area was within that 50 nm of a-actinin, indicating that the Z-line CaMKIIo
clusters are larger on average than those elsewhere. These results were also confirmed in rabbit
cardiomyocytes, where a strong tendency of translocation towards the Z-lines was observed

following Iso treatment, without alterations to the ‘macroscale distribution or area of CaMKII

(Figures S3a-d).

Similar results were obtained for 2-colour:dSTORM imagng of RyR and CaMKII6 (Figure 1i)
as Iso application reduced the distance from the average RyR cluster to the closest CaMKIIo by
12% (+SEM 2%) (Figure 1j). .The overall macroscale distribution of CaMKIId clusters again
remained largely unchanged (Figure 1k) with over half of the CaMKII6 within 150 nm of an
RyR cluster. Furthermore, when we assessed the colocalization of CaMKII3-RyR by a proximity
ligation assay, we found a 36% (= SEM 5%) increase in the colocalization signal following Iso
treatment (Figure 11).- Note that this increase in colocalization is unlikely to result from changing
RyR localisation, since we found no alterations in the nearest a-actinin-RyR distance after Iso
treatment (Figure S2b). Notably, we observed that the nanoscale effects of Iso on CaMKII$
positioning at Z-lines were partially reversible with wash-out (Figure S4a), while the overall
distribution of CaMKIIS across the sarcomere remained unaltered by either Iso or wash-out
(Figure S4b).

Taken together, these data support that acute B-adrenergic receptor (B-AR) stimulation promotes
nanoscale translocation of CaMKII$ towards RyRs located near the Z-lines, without affecting the

broader arrangement of the kinase across the sarcomere. Notably, this Iso-induced coalescence of
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CaMKIIs at Z-lines in these quiescent cells is opposite to effects induced by electrical pacing of
adult ventricular myocytes (Figure S5a, b). This finding is in agreement with a previous confocal
study in adult rabbit ventricular myocytes, where pacing induced CaMKI16 mobility and distance
from Z-lines (Wood et al)*®. However, when Iso was applied together with pacing, the CaMKII&
localization was intermediate (Figure S5a), indicating a competition of influence of Iso vs.

pacing on CaMKII6 localization to the Z-line.

3.2 CaMKIId movement is dependent on kinase activation.

Next, we tested whether CaMKIIo translocation is directly dependent on its activation state. In
cardiomyocytes pre-treated with the selective CaMKII inhibitor~ AIP (Autocamtide-2-related
Inhibitory Peptide, myristoylated, 2 puM, 45 min), acute application of Iso no longer resulted in a
shift in CaMKII15 localisation toward Z-lines (Figure 2a-b) or RyRs (Figure 2c-d). Application of
another peptide inhibitor of CaMKII5 called N1 (AKAP18-N (55-74)*; with a cell-permeable
TAT-tag, 5 puM, 45 min), similarly inhibited Iso-induced translocation of the kinase (Figure S6a-
c). Importantly, neither AIP nor N1 had any effect on the overall baseline NND from a-actinin to
CaMKII5 in the absence of Iso stimulation (Figure S6e). On the other hand, activation of
CaMKI13 via the Exchange protein activated by cAMP 2 (Epac2) pathway®® using 8-CPT-cAMP
(8-CPT, 10 uM, 10 min)** reproduced effects similar to Iso, inducing nanoscale movement of
CaMKIIs towards the Z-lines (Figure 2a-b) and RyRs (Figure 2c-d). At the macroscale, neither
AIP, N1, nor 8-CPT: altered the overall CaMKII5 distribution (Figure 2e, S6d). These results
support that nanoscale CaMKII5 movement toward the RyRs at the Z-lines is dependent on the
activity of the kinase.

It /is well established that CaMKIIo activation during P-AR stimulation causes RyR
phosphorylation at Ser2814°%, and that the resulting channel activation augments spontaneous
Ca™ release events called Ca®" sparks®. In our hands, CaMKII3 translocation towards RyRs
coincidled with expected alterations in RyR phosphorylation status and activity. Indeed,
application of either Iso or 8-CPT significantly increased RyR phosphorylation at Ser2814,
whereas AIP (tendency) or N1 treatment attenuated the effect of Iso (Figure 2f, S6f). Functional
measurements of Ca®” sparks (Figure 2g, S6g) were closely aligned with these effects, as Iso and

8-CPT treatments led to similar increases i spark frequency and size, while AIP and N1 reversed
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the effect of Iso on spark frequency back to control levels and attenuated spark size (Figure 2h-i,
S6h-1). These data raise the possibility that activation of RyRs may be induced by nanoscale
translocation of CaMKIIS to the channels.

CaMKII§ can also be activated by oxidation®®. To test whether this means of kinase activation
has similar effects on its translocation, we exposed cardiomyocytes to H,O, (100uM) for 15 min.
In these cells, no translocation towards Z-lines was observed (Figure S7a); and the broader
distribution of the kinase across the sarcomere remamned unchanged (Figure S7b).~These findings
suggest that control of CaMKIIo positioning is linked to downstream effects of B-AR

stimulation, but not necessarily other mechanisms of kinase activation.

3.3 CaMKII6 anchoring and translocation to the RyR “nanodomain is dependent on

AKAP186

Figure 3a-d shows potential mechanisms by which CaMKIId may translocate and functionally
regulate RyRs. These mechanisms are likely facilitated by AKAP1856 which we have previously
shown to anchor CaMKIIS at RyR'®. We thus hypothesized that the observed CaMKII3 shift
toward RyRs following B-AR ‘or 8-CPT activation is mediated by either the movement of
AKAP1896 itself (Figure 3a), or by the release of CaMKIId from AKAP186 to RyR (Figure 3b) as
CaMKII§ is known to. co-immunoprecipitate with RyR’*7. Alternatively, CaMKII§ could be
recruited to RyR-associated AKAP186 (Figure 3c), or the CaMKIIo position on the AKAP186
protein could be shifted closer to the RyR (Figure 3d), given that there are distinct binding sites
between CaMKIIS and AKAP185'.

We began..by ruling out the possbilty of movement of AKAP18d itself driving kinase
translocation (Figure 3a) since 2-colour dSTORM imaging revealed no shift in the position of
AKAP186 towards the Z-line during Iso treatment (Figure 3e-f). We next tested whether
CaMKII6 is released from AKAP186 following activation, bringing it closer to its site of action
at RyRs (Figure 3b). To test this possibility, we compared the degree of interaction between
CaMKII6 and AKAP180 before and after B-adrenergic stimulation. Immunoprecipitation analysis
revealed that more CaMKIIS co-immunoprecipitated with AKAP188 following Iso stimulation
(Figure 3g), ruling out the release of CaMKII6 from AKAP186 (Figure 3b).
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An alternative explanation is that activated CaMKIIS is critically recruited to AKAP18d (Figure
3c) or that it moves within AKAP186 (Figure 3d) to allow RyR phosphorylation, both in line
with the increased co-immunoprecipitation. To investigate these possibilities, we experimentally
reduced AKAP18d expression by culturing LV cardiomyocytes in the presence of adenovirus
carrying a short hairpin sequence for AKAPI18. In comparison with cells treated with ‘@adenovirus
expressing a scrambled control sequence (SCRM), AKAP18 knockdown (AKAP18-KD)
significantly reduced AKAP18 mRNA from 72 h following transduction (Figure 4a), with further
reduction after 96 h post transduction (Figure 4b-c), where we observed an ~60% decrease in

AKAP186 expression. Antibody specificity was confirmed by a blocking peptide (Figure S8a).

Based on the above results, we employed cardiomyocytes cultured for 96 h to study effects on
CaMKII3 movement using 2-colour dSTORM. Iso-treatment still induced a marked translocation
of CaMKIIS towards the Z-lines, indicating that the mechanism controlling CaMKII$ positioning
remains intact following cell culture (Figure S8b). We also found no alteration in CaMKIIo
location when comparing scrambled virus treatment “to the non-viral control (Figure S8c).
However, we observed a markedly smaller a-actinin to CaMKII$ distance in basal conditions for
AKAP18-KD (vs. SCRM control; Figure 4d-e), which may reflect a population of CaMKIIo that
has become associated with an-alternative binding partner when AKAP186 levels are reduced.
Furthermore, we demonstrated that. the kinase translocation mechanism remained intact n our
SCRM cells treated with Iso but-was lost in AKAP18-KD cells (Figure 4e). At the macroscale,
reduction of AKAP18: did .not disrupt the distribution of CaMKIId clusters, in the presence or
absence of Iso (Figure 4f).

Further evidence for a key role of AKAP188 in controlling CaMKII$ translocation was provided
by experiments employing AKAPI18-knock-out mice (AKAP18-KO). As in viral knockdown
experiments, 2-colour dSTORM revealed that Iso-induced CaMKII$ translocation toward Z-lines
was prevented in AKAP18-KO cardiomyocytes (Figure 4g-h). Similarly, neither AKAP18 KO
nor Iso had any notable effect on the macroscale distribution of CaMKIIS clusters (Figure 4i),
indicating that AKAP186 is not the sole anchor for CaMKII6 along the Z-lines.

Taken together, these findings support a mechanism consistent with those schematically
illustrated in Figures 3¢ or d, where CaMKII6 movement toward the RyR nanodomain is effected
by kinase translocation to AKAP189, or switching of its binding sites within AKAP186. How can

10
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we distinguish between these two possible mechanisms? We hypothesized that directed
CaMKII6 translocation to AKAP186 would reduce the variability in RyR-to-CaMKIIS distances
by recruiting CaMKIId to a common anchoring point close to RyR, whereas site-switching
withn  AKAP186 would rather maintain NND variability (depicted i Figure S9a and b,
respectively). We found that Iso-treatment reduced the distance variability (Figure . S9c),
supporting the translocation mechanism displayed in Figure 3c as the most likely explanation.

3.4 AKAP186 contributes to regulation of basal phosphorylation of RyRs at Ser2814

To examine potential functional consequences of CaMKIIS / translocation, we investigated
whether AKAP18-KD would affect CaMKIIS activity at the . RyRs, as indicated by Ser2814
phosphorylation. Under baseline conditions, we observed. that reduced AKAP183 level tended to
lower Ser2814 phosphorylation (Figure 4j). However, L AKAPI18-KD cells still exhbited a
significant increase in Ser2814 phosphorylationduring. Iso treatment, which resembled the
response observed in cells treated with scrambled control virus. This finding suggests that while
AKAP186 anchors CaMKII6 near RyRs, to. functionally regulate the channels, alternative
mechanisms also facilitate CaMKIId-mediated RyR activity during B-adrenergic stimulation.

3.5 Microtubular integrity is necessary for CaMKIIo translocation

Our results thus far suggest an mmportant anchoring role of AKAP189, although the mechanism
by which CaMKIIS reaches/is transported to these anchor sites remains unclear. Previous work in
neuronal cells has shown that activated CaMKII may bind to microtubules®®. To address whether
CaMKII6+ movement at the nanoscale could be dependent on the cellular network of
microtubules, we disrupted the network using a 2h treatment with either colchicme (Col, 10 puM,
2 h) or nocodazole (Noc, 10 uM, 2 h). Next, we used 2-colour dASTORM imaging to assess
effects on CaMKIId placement and movement. Neither colchicine (Figure 5a-b) nor nocodazole
(Figure 5c-d) altered the basal a-actinin to CaMKII6 NND compared to untreated control cells.
However, the usual Iso-induced reduction in NND from oa-actnin to CaMKII6 was not present

when microtubules were destabilized (Figure Sb, d). Analysis of the macroscale distribution of

11
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CaMKII6 revealed that the overall distribution of CaMKIIS clusters also remained largely
unchanged (Figure Se-f), as did the broader organization of RyRs and AKAP186 (Figure S10).

Taken together, these findings suggest that a stable microtubule network is required for nanoscale
translocation of activated CaMKIId to the Z-lines, although it is unclear whether this happens
through direct transport of CaMKIId along the microtubules, through binding tomicrotubule-

associated protems, or via regulatory microtubule effects at dyadic microdomains.

4. DISCUSSION

In this work, we have employed advanced light microscopy techniques to reveal CaMKII6
translocation within the RyR nanodomain. Specifically, we showed that CaMKIId activation via
the B-AR or Epac signaling pathways induced kinase movement towards RyRs at the Z-lines.
This translocation was prevented by employing CaMKII§“mhibitors. Functionally, we observed
that CaMKII$ activation and movement were accompanied by augmented RyR phosphorylation
at Ser2814 and increased Ca”" spark frequency. Mechanisticall, we observed that CaMKIIS
translocation, and likely activity, within. the  RyR nanodomain was dependent on both its
anchoring by AKAP186 and an intact microtubule network. These data provide new, nanoscale
understanding of the dynamic fole:that CaMKII$ plays in fine-tuning cardiomyocyte Ca’" release

and contractility.

4.1 CaMKII9 localization at baseline and following activation

CaMKII5 phosphorylation of RyR at Ser28147" is expected to require close proximity between
the kinase .andreceptor. Our confocal and dSTORM analysis revealed that the majority of
CaMKII¢ is near Z-lines, where RyR localization is most prominent (Figure la-c), and that Iso-
stimulation_leads to CaMKII6 translocation towards the Z-lines and RyR (Figure 1d-e, g, j). A
similar-.reduction in NND was observed following cellular treatment with the Epac activator 8-
CPT-cAMP (Figure 2a-d). Although 8-CPT-cAMP activates PKA and PKG in addition to
CaMKII5, we observed that treatment with the CaMKIId inhibitors AIP and N1 prior to Iso
stimulation prevented the CaMKII$ translocation (Figure 2a-d, S6a-c). These findings support
that CaMKII$ translocation is linked to the kinase’s activation state. Interestingly, additional data
indicated that the PKA inhibitor H89 (which may also affect other Kinases such as PKG) also
prevented the effect of Iso on CaMKIIS$ translocation (Figure S1la-b). Since PKA is crucial for

12
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mediating an augmentation of Ca®* homeostasis during B-adrenergic stimulation, H89’s effects
likely reflect decreased activation of CaMKI15 by Ca?*. However, we noted that direct activation
of CaMKII§ through oxidation with H,O, did not induce translocation (Figure S7), which
supports that the manner by which CaMKIIS is activated is critical. Given that PKA and
CaMKII5 may have overlapping roles in regulating RyR phosphorylation®®, future work “should

be aimed at unravelling these coordinated functions.

While our findings are novel in cardiomyocytes, previous work in other cells“has shown that
CaMKII5 is translocated to its target proteins in an activity-dependent manner, and that this

translocation is essential for the targets’ phosphorylation®”*°

. Investigations of other kinases have
similarly demonstrated that their translocation to membranous compartments precedes
phosphorylation of target proteins at these locations*!#4, Thus, jphysical recruitment to effector
proteins may be a paradigm that is shared among diverse-kinases. Notably, while previous work

17,40-42

has reported macroscale CaMKII displacement , our findings in cardiomyocytes have

shown nanoscale translocation, which may reflect the very tight geometry of the dyad.

4.2 The role of AKAP186

The preferential localization of CaMKIIS near Z-lines, both at baseline and following Iso
stimulation (Figure la-c).is .consistent with its anchoring at these sites. Based on our recent
work®®, we hypothesized. that AKAP188 might provide such a role. Although Shannon et al
reported mobility ‘0f AKAP18y**, we did not observe alteration in the NND from Z-lines (o-
actinin) to AKAP18o (Figure 3f) following Iso. These results, alongside increased CaMKIIé co-
immunoprecipitation” with  AKAP186 after Iso stimulation (Figure 3g), indicated that AKAP185
serves as a_CaMKII§ anchor at rest, and as a hub that can accommodate additional CaMKIld
molecules. during B-AR stimulation. This mechanism is in line with the mechanism proposed in
Figure 3c. Such a role of AKAPs is already well established for the recruitment and anchoring of
PKA*. Further support for the mechanistic model described in Figure 3c was provided by
AKAP18-KD in cultured rat cardiomyocytes. With the caveat that cell culture induces an
inevitable rounding of cellular edges and partial loss of t-tubules (Figure S12), we nevertheless
observed that AKAP18-KD prevented CaMKII3 translocation (Figure 4e), as did AKAP18y/5-

KO (Figure 4h). However, we still noted preferential localization of the kinase at the Z-lines
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despite AKAP185 removal in both KD and KO models (Figure 4f, 4i). This finding suggests that
AKAP185 is not the only anchoring point for CaMKII§ at the Z-lines, in agreement with
previous work showing that CaMKII5 can be anchored at LTCCs®, o-KAP*®, and at the RyR
complex itsel’. Thus, a secondary anchoring protein, potentially with a weaker CaMKII3
affinity than AKAP185, may serve as a kinase anchor closer to Z-lines following AKAP185
reduction. Such a binding site may provide redundancy in the machinery controlling RyR

phosphorylation.

Interestingly, the KD and KO models displayed differences in baseline CaMKIId positioning
(Figure 4e, 4i), which may reflect the presence of a compensatory mechanism in the KO mouse,
while there was less time for such adaptation following acute AKAP18 KD. Species differences
should also be considered. Notably, the rat heart only expresses the & variant of AKAP18*", while
the mouse heart expresses the y and & isoforms. Both"AKAP18y and & variants contain an
anchoring domain for CaMKII8'® and both were deleted in our knockout mouse model, arguing

against an important role of isoform differences. between species.

4.3 Alternative mechanisms

The above findings pointtowards < AKAP1856 being important for accepting translocating
CaMKII9, as illustratedin Figure 3c. However, since previous work by Carlson et al has shown
that AKAP185 harbours two distinct binding sites for CaMKI118®, an alternative mechanism
could be envisioned where CaMKII5 moves between these two sites, bringing it closer to RyRs
(See Figure.3d). We expect that such site-switching within AKAP1856 would maintain distance
variability between CaMKII6 and RyR (Figure S9a, b). Instead, our measurements showed a
decrease In the variability of this NND (Figure S9c), suggesting that there is in fact kinase
movement to AKAP186 binding close to RyRs (Figure 3c, S9a). Prior to its translocation, this
population of CaMKI15 may either be unbound or bound to other anchors more distal from the
Z-lines/RyRs. These results are further corroborated by the predicted distance between the two
AKAP185-binding sites for CaMKI15. Using AlphaFold?”?® and NGL viewer?®*°, we found that
the binding sites were separated by less than 10 nm; a distance that is shorter than the one
observed for our NND shift in CaMKII3 (Figure 1g, 1j).
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Its also possible that upon CaMKIIS activation, the kinase does not bind differently to
AKAP185, but rather changes its conformation to bring it closer to RyRs. A similar mechanism
has been reported for AKAP-anchored PKA, as flexibility within the AKAP holoenzyme allows
substrate phosphorylation while the kinase remains affixed*®. In the case of CaMKII, plasticity of
the kinase’s structure can include a dynamic transition from a compact to an extended
conformation®. For CaMKIla, kinase plasticity can include a transition from a compact to an
extended conformation in the range of 15 to 35 nm*®. Although such a transition. is in a similar
scale as our measured reduction in RyR-CaMKII56 NND following Iso_stimulation, a very low
proportion of CaMKIllo has been found to exist in the compact conformation, hence arguing
against an importance in our experiments. Furthermore, we expect that-alteration of the CaMKIlId
diameter would not alter the variability in RyR-to-CaMKII6 NND to.the extent observed (Figure
S9c). The observed reduction in this distance is consistent. with greater trafficking of CaMKII3 to
AKAP186 (Figure 3c), further supported by the increase~in CaMKII6 and AKAP185 binding

following Iso stimulation (Figure 3f).

4.4 Functional implications

Regardless of the precise underlying. mechanism, it is highly likely that the provided proximity
between AKAP185-bound CaMKIIS and RyRs enables channel phosphorylation. However, our
previous work showed that binding-of CaMKII6 to AKAP185 also lowers the kinase’s threshold
for Ca®" activation'®. Thus, AKAP185 may facilitate RyR phosphorylation not only by
positioning CaMKII8 ~nearby, but by allowing activation at lower local [Ca®'];. Although we
cannot determine a .causative relationship, we certainly observed that Iso-induced CaMKIIS
translocation was paired with marked increases in RyR phosphorylation (Figure 2f) and Ca*
spark frequency (Figure 2g-h). An intriguing possibility is that RyR activity itself, which is a key
regulator-of CaMKIIS activation, may contribute to control of kinase positioning, perhaps on a
beat-to-beat basis. For example, a positive feedback loop could be envisioned where activated
CaMKIIS is translocated toward Z-lne RyRs, and then maintained there following RyR
activation, where additional Ca®" release can increase CaMKIIS activation. Indeed, our
prelimmary experiments performed with PKA inhibition described above are consistent with
such a mechanism of positive feedback from the RyRs (Figure S11). Under more physiological

conditions, such as during continuous pacing, Ca®" entry via LTCCs and release by RyRs may
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additionally contribute to CaMKII§ activation”> and positioning. These possibilities merit

mvestigation in future work.

As described above, our AKAP18 knockdown and knockout findings (Figure 4e, h) suggest that
there is an alternative anchor that maintains CaMKIId near Z-lines, from which CaMKII5 . may
phosphorylate  RyRs. Such redundancy is supported by previous work showing that
cardiomyocytes from another murine AKAP18 (AKAP7) KO model responded normally to -
AR stimulation®®, although AKAP185 has been shown to anchor PKA at PLN and coordinate
PKA-mediated PLN phosphorylation®*. While AKAP188 could also-serve as a PKA regulator at
RyR, our preliminary work showed that Ser2808 phosphorylation ‘during Iso treatment is
maintained following AKAP18-KD (Figure S8e), further: supporting the possible existence of
alternative CaMKI18/PKA anchors. Future work will be aimed~at untangling what appears to be

multiple mechanisms by which CaMKII6 and PKA regulate RyR activity.

Although the present work was focused on CaMKII$ regulation of RyRs, it should be noted that
AKAP185-bound CaMKII§ additionally regulates PLN, and thus Ca®" reuptake by SERCA2'®.
Since a pool of PLN protein‘is localized near the Z-lines®?, it is plausible that CaMKII&
translocation during B-AR - Stimulation may also facilitate PLN phosphorylation at Thrl7. In
supplementary work, we investigated the effects of AKAP18-KD (96h, ~60 % reduction) on
pThrl7 and did not observe significant changes following Iso treatment in comparison with
scrambled controls (Figure S8d), This lack of effect could reflect the remaining amount of
AKAP185.(~40 %) following KD. Notably, AKAP18-KD did not diminish PKA-dependent
phosphorylation’ of Serl6 either (Figure S8f). Thus, it remains as yet unclear whether CaMKII5

translocation is important or not for PLN regulation.

4.5 Comparison with pacing-induced CaMKI1é translocation, and the role of microtubules

Interestingly, we found that the directionality of Iso- and 8-CPT-induced CaMKII$ translocation
was opposite from the effect of electrical pacing observed by Wood et al?®. We presently
confirmed this movement away from Z-lines during pacing using 2-colour dSTORM imaging,
but also observed that Iso stimulation partly prevented this translocation (Figure S4b, Table S4).
How do these two different stimuli have distinct effects on CaMKIIg positioning? Wood et al
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proposed that the pacing effects resulted from the kinase being released from binding sites at the
Z-lines, allowing it to reach target sites further into the sarcomere. Could Iso stimulation counter
these effects by “trapping” CaMKIIo at the Z-lines? Support for this view comes from previous
work conducted in neuronal cells, which has shown that CaMKII translocation holds the-kinase
at target sites following autophosphorylation'®. In cardiomyocytes, such stickiness might"reflect
the larger size of the open, autophosphorylated configuration of the kinase, which could impede
its drift from the tight confines of the dyad.—Since CaMKII$ autophosphorylation. occurs mainly
during B-AR stimulation, but not during the weaker stimulus of electrical . pacing®, we expect
that during the physiological fight-or-flight response, CaMKII$ “trapping” rat the Z-line might
mitigate the effect of pacing on its movement. The true fight-or=flight response, however,
includes an increase in the pacing frequency, which has not been investigated in this study, but

should be examined in future investigations.

Some caution should be taken in interpreting of our.microtubule disruption experiments. While it
is well established that microtubules facilitate cellular transportation®®, microtubule disruption
has previously been shown to affect both the structural integrity of the SR®® and Ca?* signalling
in cardiomyocytes®®. Such changes could affect CaMKIIS translocation following Iso
stimulation, such as observed" in. Figure 5a-d, or potentially affect the p-adrenergic signalling
pathway at the dyad. Although assessment of the placement of RyR and AKAP186 with confocal
microscopy following <microtubule disruption did not reveal macroscale repositioning of these
proteins (Figure S10), we cannot exclude that nanoscale alterations take place near the dyad,
which inhibit-CaMKII$ translocation.

Regardless of the precise underlying mechanism, distinct CaMKIId translocation during pacing
and ~1so ‘may. reflect the need to prioritize phosphorylation of Z-line RyRs during the high

physiological demand associated with B-AR stimulation.

4.6 Comparison of the effects of acute and prolonged p-adrenergic stimulation

While our study has focused on the acute effects of B-AR signalling, it is well established that
this signalling becomes attenuated following prolonged stimulation''*’. Our preliminary data
mndicate that changes i CaMKIId localization may contribute to this attenuation. In

cardiomyocytes exposed to a long duration (60 min) of B-AR stimulation, we observed that the
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NND from a-actinin to CaMKII6 was no longer reduced (Figure S13a). In fact, these values
tended to be higher than those observed under basal conditions. Since B-AR desensitization
involves internalization and downregulaton of G protein-coupled receptors®’, this retreat of
CaMKIIS from the Z-line may reflect diminishing activity of the kinase. Functionally, we have
previously observed declining RyR phosphorylation during this same timeline, supporting that
there is a tightly regulated system in place to counter the pro-arrhythmic effects of prolonged -

AR stimulation'".

5. Conclusion

In summary, our findings support the view that while CaMKII& " is highly mobile in
cardiomyocytes, Kkinase positioning is under tight, nanoscale control. In the case of B-AR
stimulation, we show that CaMKII§ precisely translocates to.the' RyR nanodomain in a manner
which is dependent on Kkinase activation, the CaMKII& anchor AKAP185, and an intact
microtubular network. While further work is required-to unravel the array of signalling pathways
that appears to control RyR phosphorylationand CaMKII3, our work suggests that spatially-
sensitive regulation of channel activity. may fine-tune cardiomyocyte contractility to meet
physiological demand. Based on our data, we suggest that targeting CaMKII3 localization within
the RyR nanodomain couldprovide -a novel approach to correcting the channel’s aberrant
activity in cardiac disease:
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translocation towards the ryanodine receptor (RyR) nanodomain.

(a) Representative immunofluorescence images of RyR (red), CaMKII$ (cyan) and an overlay with DAPI
(blue) in isolated rat cardiomyocytes. (b-¢) Representative images of a-actinin (orange), CaMKIIS (cyan)
and an overlay at (b) baseline and (c¢) following isoproterenol (Iso, 100 nM, 10 min).
(d) Representative fluorescence intensity profile of CaMKIId from cardiomyocytes with basal (grey) or
Iso treatment (yellow). (e) Quantification of Full-Width-Half-Maximum (FWHM) from CaMKIId
fluorescence peaks corresponding to a-actinin fluorescence peaks. Statistical differences-examined by
nested ANOVA (basal: Nyeqrs = 10, Neeps = 78, I80: Nyears = 11, neers = 63). (f) Representative 2-colour 2D-
dSTORM images of cardiomyocyte labelled with a-actinin (orange) and CaMKII§“(cyan) + Iso. (Q)
Average nearest neighbour distance (NND) from a-actinin to CaMKIIS. (h) CaMKIIS cluster proportions
found within 50 nm increments from Z-line (a-actinin). Inset: Individual data points for-clusters within 50
nm. (i) Representative 2-colour dSTORM images of cardiomyocyte labelled with RyR (red) and
CaMKIIS (cyan). (j) Average NND from RyR to CaMKIIS. (k) CaMKIIS. cluster proportions found within
50 nm increments from RyR. Inset: Individual data points for clusters within 50 nm. Statistical
differences examined by (g, j) Mann-Whitney test or (h, k) two-way-ANOVA (see table S1, S2) (g,h:
basal: Nyearrs = 13, Neerrs = 78, 180: Npears = 10, Neenis = 49, j, K: basal: Nyeaps = 10, Neeps = 75, 150: Npears = 10,
nees = 52). (I) Representative confocal images of proximity ligation assay of RyR and CaMKII$ (yellow)
with nuclei stained by DAPI (blue). Right panel: number of fluorescent ligation events per pm’,
normalized to respective basal treatment. Statistical differences examined by Mann-Whitney test (basal:
Nhearts = 35 Neelts = 40, 180X Npeares = 3, Neents = 47). Bar charts present mean values +SEM with each data point
representing the mean of one cardiomyocyte. XY-charts present mean values +=SD. Normality of
distributions was confirmed by Shapiro-Wilk’s ‘test. A p-value < 0.05 was considered statistically
significant.
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Figure 2: CaMKII® translocation towards the RyR nanodomain is dependent on kinase activation

and is accompanied by increased RyR phosphorylation and Ca”* spark fre quency.
(a-d) Representative 2-colour dASTORM images of (a) a-actinin (orange) and CaMKIIS (cyan), or (¢) RyR

(red) and CaMKII$ (cyan) m isolated rat cardiomyocytes following basal treatment, isoproterenol (Iso,
100 nM, 10 min), AIP (2 puM, 45 min) treatment following Iso stimulation, or 8-CPT (10 pM, 10 min).
NND from (b) a-actinin to CaMKIId or (d) RyR to CaMKIId was compared per cell Statistical
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differences were examined by Kruskal-Wallis test with Dunn’s post hoc correction. (e) Proportion of
CaMKIIb clusters found within 50 nm increments from a-actinin clusters following basal, Iso, AIP+Iso,
and 8-CPT treatment. Inset: individual data points for clusters within 50 nm of a-actinin. Statistical
differences examined by a two-way-ANOVA (see table S8) (b, e: basal: nycans = 13, Neeprs = 78, 1S0: Npearts =
10, neenis = 49, AIPHISO: Npearts = 6, Neetis = 29, 8-CPT: Npearts = 6, Neents = 27, d: basal: Npears = 10, Neepis = 75,
I80: Npears = 10, Neenys = 52, AIP+IS0: Nyears = 3, Neetts = 29, 8-CPT: Npears = 5, Neents = 34). (f) Representative
Western blots and quantification of the relative amount of CaMKIId-phosphorylated RyR- (pSer2814-
RyR) in cardiomyocytes following basal treatment, 8-CPT, Iso or AIP+Iso. Values were normalized to
basal treatment. Statistical differences examined by Kruskal-Wallis test with Dunn’s pest hoc correction
(basal: nyearns = 11, 180: Npeares = 11, AIP+ISO: Npears = 5, 8-CPT: npears = 5). (g) Representative Ca* spark
recordings from Basal, Iso, 8-CPT and AIP+Iso treated cardiomyocytes, and measurements of (h) Ca™*
spark frequency and (i) spark size. Statistical differences examined by Kruskal-Wallis test with Dunn’s
post hoc correction (h: basal: Npeys = 35, Neents = 57, 180 Npeares = 6, Neents =395 AIPHISO: Npegres = 3, Neens = 19,
8-CPT: Nhearts = 3, Neetts = 18, s basal: Npears = 5, Neets = 21, 180: Npears = 6, Neenis = 33, AIPHS0: Npeares = 3,
Neents = 5, 8-CPT: Npeans = 3, Neenis = 13). Bar charts present mean values #SEM with each data point
representing the mean of (b, d, h, i) one cardiomyocyte or (f) heart. XY'-charts present mean values +SD.
Normality of distributions was confirmed by Shapiro-Wilk’s:test.. A" p-value < 0.05 was considered
statistically significant.
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Figure 3: The role of A-kinase anchoring protein 186 (AKAP186) in CaMKIIé anchoring and
translocation.

(a-d) Illustrations of potential roles. of AKAP1856 in CaMKII$ translocation following kinase activation,
mediated via (a) movement of AKAP180, (b) release of CaMKIIS from AKAP185, (¢) recruitment of
CaMKII6 to AKAP185,(d) altered CaMKIIb binding within AKAP183. Note that AKAP 189 is presented
as a monomer for simplicity. The illustration displays a 1:2 stoichiometric relationship between CaMKII
and RyR for ease ‘of presentation, although the true stoichiometry is not known. (e) Representative 2-
colour dSTORM images of a-actinin (orange) and AKAP180 (pink) from basal and Iso treated
cardiomyocytes. (f) NND from oa-actinin to AKAP18Id was compared per cell. Statistical differences
examined’ by Mann-Whitney test (basal: Npeans = 6, Neents = 44, 180! Npeans = 6, Neents = 32). (g)
Immunoprecipitation of CaMKII5-AKAP 186 from basal or Iso-treated cardiomyocyte lysate. Rabbit IgG
was used as‘a negative control. Statistical differences examined by Mann-Whitney test (basal: nyeqs = 7,
[s0! Npears = 7). Bar charts present mean values =SEM with each data point representing the mean of (f)
one cardiomyocyte or (g) heart. Normality of distribution confirmed by Shapiro-Wilk’s test. A p-value <
0:05 was considered statistically significant. (a-d) Created with BioRender.com.
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(a) mRNA expression of AKAP18 at 24 h intervals in isolated cardiomyocytes treated with adenovirus
containing a scrambled control sequence or a short hairpin sequence targeting AKAPI18. Statistical
differences examined by Paired Student’s t-test (* p <0.05, ** p < 0.01, nyq, =2, Ny, = 2, N7y = 4, Nggp, =
7, nppon = 2). (b, ¢) Effect of viral AKAP18-knock-down treatment (AKAP18-KD) on protein levels
compared to a scrambled control virus (SCRM) in cardiomyocytes cultured for (b) 72 h or (¢) 96 h post
viral transduction. Significant differences examined by paired Student’s t-test (b: n = 3, ¢: n = 5). (d)
Representative 2-colour dASTORM images of a-actinin (orange) and CaMKIId (cyan) from basal and
isoproterenol (Iso, 10 min, 100 nM) treatment in rat cardiomyocytes cultured for 96 h with SCRM or
AKAP18-KD virus. Effects of KD were examined on (e) NND from a-actinin to CaMKII9, and (f) the
proportion of CaMKII$ found within 50 nm increments of a-actinin. Inset: individual data.points for
clusters within 50 nm of a-actinin. (g-i) Representative recordings and measurements as in (d-f) in
isolated cardiomyocytes from wild-type (WT) and AKAPI18y/d-knockout- (KO) mice. Statistical
differences were examined by two-way-ANOVA, with results displayed (e, h: Fisher’s LSD test) or in
table S11 and S12 (f; i). (e, f: SCRM-basal: nyeis = 7, Neerrs = 23, AKAP18-KD-basal: nyeoris = 4, Neeyis = 15,
SCRM-Is0: Nyearis = 6, Neepis = 13, AKAP 18-KD-I50: Npearts = 4, Neents = 12,05 1: WT-basal: nyears 4 =, Neeits =
23, KO-basal: npeas = 5, Neents = 30, WT-180: Npears = 4, Neents = 20, KO-180: Npearts = 5, Neetts = 26). (j)
Representative immunoblots and quantification of the relative amount of CaMKIIé-phosphorylated RyR
(pSer2814-RyR) in cardiomyocytes from SCRM or AKAP-KD rat cardiomyocytes treated with basal
treatment or Iso. Licor was used to show equal protein-loading. Values normalized to SCRM basal
treatment. Statistical differences examined by a two-way ANOVA with Fisher’s LSD test (n = 6). Bar
charts present mean values +SEM with each data point representing the mean of (a, b, ¢, j) from one heart
or (e, h) cardiomyocyte. XY-charts present mean values +SD. Normality of distributions confirmed by
Shapiro-Wilk’s test. A p-value < 0.05 was considered statistically significant.
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Figure:5: Microtubular destabilization inhibits Iso-dependent CaMKII translocation.

(a)/ Representative 2-colour dSTORM images of a-actinin (orange) and CaMKII3 (cyan) in isolated
cardiomyocytes treated with basal treatment or colchicine (Col, 10 uM, 2 h) + Isoproterenol (Iso, 100 nM,
10 mm). (b) Effects on NND from a-actnin to CaMKIIS. (¢, d) Representative recordings and
measurements as in (a, b) in cells treated with basal treatment w DMSO (DMSO) or nocodazole (Noc, 10
uM, 2h) = Iso (Noc+Iso). Significant differences examined by Kruskal-Wallis with Dunn’s post hoc
comparisons. (e, f) Proportion of CaMKIIs clusters found within 50 nm increments from a-actinin
clusters. Inset: individual data points from clusters within 50 nm of a-actinin for (e) cells treated with
basal treatment, Col or ColtlIso, or (f) cells treated with DMSO, Noc or Noc+Iso. Statistical differences
examined by a two-way ANOVA (see table S13 and S14) (b, e: Basal: nyeas = 4, Neerts = 26, Col: Nyeares = 4,
Neents = 26: COH—ISO: Dpearts = 47 Neepls = 257 d, f DMSO Dpearts = 4; Neents = 20, Noc: Dhearts = 4; Neerls = 25>
Noc+Is0: Npearts = 4, Neenis = 20). Bar charts present mean values +SEM with each data point representing
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the mean of one cardiomyocyte. XY-charts present mean values £SD. Normality of distribution
confirmed by Shapiro-Wilk’s test. A p-value < 0.05 was considered statistically significant.
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