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Abstract

Compartmentation of cAMP signaling is a critical factor for maintaining the in-
tegrity of receptor-specific responses in cardiac myocytes. This phenomenon re-
lies on various factors limiting cAMP diffusion. Our previous work in adult rat
ventricular myocytes (ARVMs) indicates that PKA regulatory subunits anchored
to the outer membrane of mitochondria play a key role in buffering the move-
ment of cytosolic cCAMP. PKA can be targeted to discrete subcellular locations
through the interaction of both type I and type II regulatory subunits with A-
kinase anchoring proteins (AKAPs). The purpose of this study is to identify which
AKAPs and PKA regulatory subunit isoforms are associated with mitochondria
in ARVMs. Quantitative PCR data demonstrate that mRNA for dual specific
AKAPI and 2 (D-AKAP1 & D-AKAP2), acyl-CoA-binding domain-containing 3
(ACBD3), optic atrophy 1 (OPA1) are most abundant, while Rab32, WAVE-1,
and sphingosine kinase type 1 interacting protein (SPHKAP) were barely detect-
able. Biochemical and immunocytochemical analysis suggests that D-AKAP1, D-
AKAP2, and ACBD3 are the predominant mitochondrial AKAPs exposed to the
cytosolic compartment in these cells. Furthermore, we show that both type I and
type II regulatory subunits of PKA are associated with mitochondria. Taken to-
gether, these data suggest that D-AKAP1, D-AKAP2, and ACBD3 may be respon-
sible for tethering both type I and type II PKA regulatory subunits to the outer
mitochondrial membrane in ARVMs. In addition to regulating PKA-dependent
mitochondrial function, these AKAPs may play an important role by buffering
the movement of cAMP necessary for compartmentation.
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1 | INTRODUCTION (cAMP), a diffusible second messenger involved in
regulating a multitude of responses in a variety of cell
types. In cardiac myocytes, f-adrenergic receptor (8-AR)

activation increases cAMP production, leading to the

Many different G protein-coupled receptors are linked
to the production of cyclic adenosine monophosphate
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activation of effectors such as PKA. This is the canon-
ical signaling pathway involved in controlling many
aspects of excitation—contraction coupling in the heart
(Bernstein et al., 2011). However, this simplistic de-
scription does not satisfy the question of how different
receptors can elicit unique responses when they share
this common second messenger. The classic example
is in cardiac myocytes, where 3-ARs and E-type prosta-
glandin receptors both stimulate cAMP production, but
only B-ARs elicit acute functional responses (Warrier
et al., 2007). If cAMP produced by every GPCR were
able to diffuse freely throughout the cell, it would uni-
formly activate PKA, independent of receptor location.
But this is not always the case. To explain this behavior,
it was originally hypothesized that cAMP signaling is
compartmentalized (Brunton et al., 1979; Corbin et al.,
1977; Hayes et al., 1979). More recently, direct demon-
stration of this phenomenon has been possible with
the use of tools, such as fluorescence resonance energy
transfer (FRET)-based biosensors, that can detect cCAMP
activity in different subcellular locations (Agarwal et al.,
2011, 2018; Nikolaev et al., 2004, 2006; Rudokas et al.,
2021; Warrier et al., 2007; Zaccolo et al., 2000; Zaccolo &
Pozzan, 2002). Studies using these methods have signifi-
cantly advanced our understanding of the basis for this
complex phenomenon. For example, the segregation of
receptors into distinct membrane domains or subcellu-
lar locations contributes to differences in the compart-
mentation of cAMP produced by f3; and f3,-adrenergic
receptors (Agarwal et al., 2011; MacDougall et al., 2012;
Nikolaev et al., 2006; Rudokas et al., 2021) as well as
B,ARs and E-type prostaglandin receptors (Agarwal
etal., 2011; Buxton & Brunton, 1983; Rochais et al., 2006;
Warrier et al., 2007). However, this alone cannot explain
compartmentalized cAMP signaling.

The movement of cAMP throughout the cell must also
be restricted to generate compartmentalized responses. It
has been suggested that the strategic placement of phos-
phodiesterases (PDEs), enzymes that break down cAMP,
can act as functional barriers to its movement throughout
the cell. While there is abundant evidence that PDEs are
essential for creating localized differences in cAMP con-
centration (Jurevicius & Fischmeister, 1996; Leroy et al.,
2008; Mongillo et al., 2004; Nikolaev et al., 2006; Zaccolo
& Pozzan, 2002), they alone are not sufficient to prevent
its free diffusion (Mongillo et al., 2004). Computational
models have predicted that cAMP movement must be
slowed by other factors before PDE activity can affect its
spread, and recent experimental studies support that idea
(Agarwal et al., 2016; Feinstein et al., 2012; Iancu et al.,
2007; Lohse et al., 2017; Saucerman et al., 2006, 2014; Yang
et al., 2016; Zhang et al., 2020). Consistent with this sug-
gestion, we previously demonstrated that the movement

of intracellular cAMP occurs at rates significantly slower
than free diffusion, independent of PDE activity (Agarwal
etal., 2016). Furthermore, we found that this behavior was
due in large part to the binding of cAMP to PKA regu-
latory subunits specifically anchored to the outer mem-
brane of mitochondria.

The PKA holoenzyme is a heterotetrameric structure
consisting of two regulatory (R) and two catalytic (C) sub-
units. The binding of cAMP by the R subunits leads to the
activation of the C subunits, which phosphorylate down-
stream substrates. The regulatory subunits also limit the
ability of cAMP to move freely throughout the cell, espe-
cially when they are immobilized by A-kinase anchoring
proteins (AKAPs). AKAPs are scaffolding proteins that
contain an amphipathic a-helix that binds the regulatory
subunits. They also possess sequences targeting them to
specific subcellular locations. There are over 50 known
AKAPs, at least 7 of which have been associated with
mitochondria in one cell type or another (Diviani et al.,
2016; Wong & Scott, 2004). The goal of the present study
was to identify which AKAP and PKA regulatory subunit
isoforms are associated with mitochondria in adult rat
ventricular myocytes (ARVMs). In this report, we show
that A-kinase anchoring proteins D-AKAP1, D-AKAP2,
ACBD3, and OPA1 are primarily mitochondrial. Moreover,
all PKA regulatory subunit isoforms are associated with
mitochondria, highlighting the importance of considering
all isoforms when studying PKA-dependent cAMP buffer-
ing in ARVMs.

2 | MATERIALS AND METHODS

2.1 | Adult cardiac myocyte isolation
ARVMs were isolated from the hearts of male Sprague
Dawley rats (250-300 g) using enzymatic digestion and
mechanical dispersion following a previously described
procedure (Agarwal et al., 2011). The protocol used was
in accordance with the Guide for the Care and Use of
Laboratory Animals as adopted by the National Institutes
of Health and approved by the Institutional Animal
Care and Use Committee at the University of Nevada,
Reno. Cells were used for experiments on the day of
isolation.

2.2 | RNA preparation and quantitative
real-time polymerase chain reaction
(qPCR)

Total RNA was extracted from acutely isolated car-
diac myocytes (Promega) following the manufacturer's
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instructions. Treatment with DNase was used to elimi-
nate any gDNA contamination. RNA samples were
then reverse transcribed using SuperScript IV Reverse
Transcriptase (Life Technologies) to obtain cDNA. Real-
time PCR was carried out on the 7900HT Fast Real-Time
PCR system (Applied Biosystems) using 500 nM of prim-
ers (Table S1) with iTaq Universal SYBR Green super-
mix (Bio-Rad) following the manufacturer's instructions.
Primer specificity was verified by melt curve analysis. To
determine the relative level of expression, each gene was
normalized to the housekeeping gene, GAPDH, using the
AAC calculation (Danial et al., 2003; Livak & Schmittgen,
2001). Primer efficiencies for the set of primers ranged
from 90% to 100%. Data are expressed as mean + SEM.

2.3 | Mitochondrial protein isolation and
Western immunoblot analysis

The expression level of various AKAPs was measured in
total cell lysates as well as cytosolic and mitochondrial frac-
tions. Total cell lysates were prepared from acutely isolated
cardiac myocytes. Briefly, cells were washed with ice-cold
PBS followed by incubation in RIPA lysis buffer on ice for
30 min. Cell lysates were then centrifuged at 4°C at 16,100 g
for 15 min and the supernatants were collected for analy-
sis. Cytosolic and mitochondrial fractions were obtained
as described previously (Hom et al., 2010). Briefly, isolated
myocytes were washed with cold isolation buffer (320 mM
sucrose, 1 mM EDTA, and 10 mM Tris-HCI, pH 7.4) and
collected by centrifugation at 700 g for 5 min. Cells were
re-suspended in isolation buffer containing protease in-
hibitor cocktail (Sigma-Aldrich), homogenized, and cen-
trifuged at 700 g for 10 min. The supernatant was then
collected, and mitochondrial and cytosolic fractions were
separated by centrifugation at 17,000 g. The pellet (mito-
chondrial protein fraction) was resuspended in lysis buffer
(Cell Signaling Technology) containing 20 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 0.2% SDS, 2.5 mM sodium pyrophosphate,
1 uM B-glycerophosphate, 1 mM NaVO4, 50 mM NaF,
1 mM PMSF, and 1% protease inhibitor cocktail (Sigma-
Aldrich). The protein concentration was determined using
the Bradford method (Bio-Rad). Cell fractions (25-30 pg/
ml) were separated by SDS-PAGE, transferred to PVDF
membranes (Thermo Fisher), and incubated with primary
antibodies (Table 1) overnight at 4°C followed by 1-hour
incubation with HRP-conjugated secondary antibodies;
Peroxidase-AffiniPure Goat Anti-Mouse IgG (Jackson
ImmunoResearch/115-035-003) & Peroxidase AffiniPure
Goat Anti-Rabbit IgG (Jackson ImmunoResearch/111-
035-003). Immunoreactive bands were visualized using a
Bio-Rad Imaging System (Image Lab software). Antibodies
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for a-tubulin and TOMM20 were used as makers for cyto-
solic and mitochondria fractions, respectively.

2.4 | Immunocytochemistry and
confocal imaging

Cardiac myocytes were plated on poly-l-lysine coated
glass-bottom plates for 1 h. These cells were then washed
with PBS, fixed using 4% PFA for 15 min, and permeabi-
lized with 0.2% Triton X-100 for 20 min at room tempera-
ture. Cells were blocked in 1% BSA for 30 min followed by
incubation with designated primary antibodies (Table 1)
overnight at 4°C. The following day, the cells were washed
with PBS and incubated with secondary antibodies Goat
anti-mouse Alexa Fluor 568 (Invitrogen/A11004) & Goat
anti-rabbit Alexa Fluor 647 (Invitrogen/A32733) for 1 h,
followed by counterstaining with DAPI. The slides were
refrigerated until imaged. Samples not treated with pri-
mary antibody were used to test for nonspecific binding of
secondary antibodies (Figure S4).

Confocal images were obtained using an Olympus
Fluoview 1000 microscope with an oil immersion objec-
tive (60X, 1.42 NA) and the following filter sets: DAPI (Ext:
405 nm, Ems: 430-470 nm), Alexa Fluor 568 (543 nm,
560-620 nm), and Alexa Fluor 647 (640 nm, 655-755 nm).
The degree of fluorophore co-localization was quantified
by calculating the Pearson's correlation coefficient (PCC),
which ranges from 1 for perfect co-localization to —1 for
perfect inverse co-localization. The degree of fractional
overlap of fluorophores was quantified by calculating the
Mander's overlap coefficients (MOC) which range from
0 for no co-localization to 1 for perfect co-localization
(Agarwal et al., 2016; Dunn et al., 2011). Autofluorescence
due to excitation parameters at the wavelengths used in
this study was negligible, and experiments were repeated
in multiple cells from at least three different animals to
confirm the consistency of fluorescence patterns.

3 | RESULTS
3.1 | Expression of mitochondrial AKAP
mMmRNAS

Previous studies have identified at least seven different
AKAPs that are associated with mitochondria in various
cell types: dual specific AKAP1 and 2 (D-AKAP1 and D-
AKAP2), acyl-CoA-binding domain-containing 3 (ACBD3),
optic atrophy 1 (OPA1), WAVE-1, Rab32, and sphingosine
kinase type 1-interacting protein (SPHKAP). To evaluate the
relative expression level of mRNA for each of these AKAPs
in ARVMs, we used the quantitative real-time polymerase
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TABLE 1 Information on antibodies used for biochemical studies
Antibody Manufacturer/Catalog number
Primary antibodies

ACBD3 Santa Cruz Biotech sc—101277
D-AKAP1 MyBioSource MBS8243156
D-AKAP2 Abnova H00011216-M04
D-AKAP2 Santa Cruz Biotech sc—98755
OPA1l Santa Cruz Biotech sc—393296
Rab32 Santa Cruz Biotech sc—390178
WAVE—-1 Santa Cruz Biotech sc—271507
SPHKAP Invitrogen PA5-27581

PKA RI-a/f Santa Cruz Biotech sc—271125
PKA RII-a Santa Cruz Biotech sc—137220
PKA RII-§ Santa Cruz Biotech sc—376778
PKA Cat-a/f/y Santa Cruz Biotech sc—365615
TOMM20 Cell Signaling Technology 42406
TOMM20 Abcam ab56783

SERCA2 Invitrogen MA3-919

Na,K-ATPase al Cell Signaling Technology 3010S

Tubulin Sigma Aldrich T5168
Secondary antibodies
Goat anti-mouse Alexa Invitrogen A11004
Fluor 568
Goat anti-rabbit Alexa Invitrogen A32733

Fluor 647

Peroxidase-AffiniPure
Goat Anti-Mouse IgG

Peroxidase AffiniPure
Goat Anti-Rabbit IgG

Jackson ImmunoResearch
115-035-003

Jackson ImmunoResearch
111-035-003

chain reaction (qQPCR). The results indicate that the mRNA
level of OPA1 was most abundant, followed by D-AKAP1,
D-AKAP2, and ACBD3. The mRNA levels of WAVE-1,
Rab32, and SPHKAP were barely detectable (Figure 1).

3.2 | Expression of mitochondrial AKAPs

We then looked for the expression of mitochondrial
AKAPs in total cell lysates, as well as cytosolic and

WB IF
dilution dilution References
1:500 1:100 Teoule et al., 2013; Greninger et al.,
2012; Smola et al., 2020)
1:800 1:100 Fernandez-Araujo et al., 2014)
1:100 Eggers et al., 2009)
1:500
1:500 1:100 Huang et al., 2018; Kim et al., 2021;
Koo & Kang, 2019; Xu et al., 2019;
Lietal., 2019)
1:500 Kalogeropulou et al., 2020; Hu et al.,
2019; Balci et al., 2020)
1:500 Moore et al., 2021; Vassilev et al.,
2017)
1:800
1:500 1:50 Chen et al., 2017; Chiba et al., 2011)
1:500 1:50 Muifoz-Llancao et al., 2017; Clister
etal., 2019)
1:500 1:50 Just-Borras et al., 2020; Garcia et al.,
2019; Chen et al., 2019)
1:500 Tibenska et al., 2020; Pérez-Gomez &
Tasker, 2013; Seward et al., 2013)
1:1000 1:100 Nie et al., 2020; Liu et al., 2019)
1:100 Casey et al., 2000; Tavalin et al., 2002)
1:1000 Rudokas et al., 2021; Hadipour-
Lakmehsari et al., 2019)
1:1000 Lou et al., 2017; Lichy et al., 2019)
1:15000
1:1000
1:1000
1:5000
1:5000

mitochondrial cell fractions, using Western blot analy-
sis (Figure 2a). The specificity of the antibodies used to
probe for D-AKAP1, D-AKAP2, ACBD3, OPA1, WAVE-
1, and RAB32 was previously validated by knockdown
experiments in other cell lines (Eggers et al., 2009;
Fernandez-Araujo et al., 2014; Hu et al., 2019; Huang
et al., 2018; Kalogeropulou et al., 2020; Kim et al.,
2021; Moore et al., 2021; Teoule et al., 2013). Tubulin
and TOMM?20 were used as markers for the cytosolic
and mitochondrial cell fractions, respectively (Figure
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2b). To verify proper mitochondrial enrichment and
assess collected fraction for contamination, we fur-
ther probed our samples for Na,K-ATPase al and the
sarco-endoplasmic reticulum Ca** ATPase 2 (SERCA2)
as markers for surface membrane and the sarcoplasmic
reticulum, respectively (Figure S1). Consistent with our
qPCR data, we found evidence for the protein expression
of all AKAPs except for SPHKAP in the total cell lysates
(Figure 2c). We also detected evidence for the protein
expression of Rab32 and WAVE-1, despite finding lit-
tle mRNA (Figure 1). Upon further analysis, D-AKAPI,
OPA1, and WAVE-1 were found in both cytosolic and
mitochondrial fractions, while D-AKAP2, ACBD3, and
Rab32 were primarily found in mitochondria enriched
fractions. D-AKAP1, ACBD3, and Rab32 appeared as
single bands at the expected molecular weight (Das
Banerjee et al., 2017; Gabrovsek et al., 2020; Hu et al.,
2019; Kacal et al., 2021; Kalogeropulou et al., 2020; Tan
et al., 2021; Teoule et al., 2013). The identification of
multiple immunoreactive bands for D-AKAP2 may be
explained by the existence of splice variants as observed
in mouse brain and lung extracts (Wang et al., 2001).
The same is true for OPA1, which also shows multiple
splice variants (Del Dotto et al., 2017; Haushalter et al.,
2019).
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FIGURE 1 mRNA expression of mitochondria-associated
AKAPs in ARVM. Bar graphs show the mean + S.E.M. expression
value of AKAPs from ARVM normalized to the expression of the
endogenous housekeeping gene, GAPDH; n = 7 independent RNA
extractions analyzed in triplicate for each extraction
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3.3 | Mitochondrial
colocalization of AKAPs

Based on the results of our immunoblot analysis, we
then used immunocytochemistry to verify whether
these AKAPs co-localize with mitochondria in ARVMs.
It should be noted that the goal of these experiments
was not to demonstrate a specific interaction of these
AKAPs with TOMM?20, but rather to assess the degree
of association with the outer mitochondrial membrane,
where TOMM?20 is expressed. Co-staining of each AKAP
with TOMM20 demonstrated that D-AKAP1, D-AKAP2,
ACBD3, and OPA1 localize to mitochondria, consistent
with our immunoblot findings in subcellular fractions.
In order to quantify the degree of colocalization between
AKAPs and mitochondria, we calculated Pearson's cor-
relation coefficient (PCC). The PCC values for colo-
calization with TOMM20 were: D-AKAP1 (0.77 + 0.02,
Figure 3), D-AKAP2 (0.72 + 0.02, Figure 4), ACBD3
(0.56 + 0.02, Figure 5), and OPA1 (0.58 + 0.03, Figure
6). Based on these values, we assume moderate to strong
colocalization of the AKAPs with the mitochondria.
Determination of the fractional overlap was mathemati-
cally expressed through the Mander's overlap coefficient
(MOC), which compares the co-occurrence of fluores-
cence among pixels. In contrast to PCC, MOC represents
the extent to which two probes occupy the same spatial
region (Adler & Parmryd, 2010; Dunn et al., 2011). Our
primary interest was in the fraction of AKAP found in
regions positive for mitochondria, for which the MOC
values were: D-AKAP1 (0.87 + 0.03, Figure 3), D-AKAP2
(0.83 + 0.03, Figure 4), ACBD3 (0.76 + 0.03, Figure 5),
and OPA1 (0.78 + 0.03, Figure 6). Overall, our results
suggest that D-AKAP1, D-AKAP2, ACBD3, and OPA1l
co-localize with the mitochondria to a high degree.
However, the small fraction of each that does not overlap
with mitochondria and may represent the fact that these
AKAPs have also been associated with other cellular
structures (see Discussion).

Attempts to obtain immunofluorescence signals
using Rab32 and WAVE-1 antibodies were not successful
(Figures S2 and S3). The Rab32 antibody has been used
with immunofluorescence techniques in cell lines (Balci
et al.,, 2020; Hu et al., 2019), so levels of Rab32 might
not have been enough for detection in isolated ARVMs.
The WAVE-1 antibody is specific for epitopes near the
N-terminal domain, which in part, regulates subcellu-
lar localization of the protein and could potentially be
masked to the antibody. Ectopic expression of tagged
Rab32 and WAVE-1 would be a potential avenue to get
a better idea of their subcellular localization with an
immunofluorescence-based technique in a single cell
resolution.
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FIGURE 2 Expression levels of mitochondria-associated AKAPs in ARVM. (a) Ponceau S (Pon-S) staining as a loading control. Lanes
represent total cell lysate (T), the cytosolic fraction (C), and the mitochondria enriched fraction (M) from ARVMs. (b) Tubulin was used as a
marker for the cytosolic fraction and TOMM?20 as the specific mitochondrial marker. (c) PVDF membrane was probed for indicated AKAPs.
Molecular weight markers are placed adjacent to the blots. n > 3 independent extractions

@) TOMM20 () D-AKAP1 () Merge
FIGURE 3 Co-localization of D-AKAP1 and mitochondria in ARVM. Representative confocal images of ARVM showing mitochondrial
marker (a) TOMM20 and (b) D-AKAPI. (c) Merged image of TOMM20 (red), D-AKAP1 (green), and DAPI (blue) shows that D-AKAP1

overlaps the mitochondrial marker. PCC = 0.77 + 0.03; N = 4 independent isolations with n = 6 from each isolation. Magnified images are
shown below each corresponding image with the appropriate scale bar
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(a) TOMM20
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FIGURE 4 Co-localization of D-AKAP2 and mitochondria in ARVM. Confocal images of ARVM showing mitochondrial marker (a)
TOMM20 and (b) D-AKAP2, presenting a punctate pattern and overlap with mitochondria. (c) Merged images representing TOMM?20 (red),
D-AKAP?2 (green), and DAPI (blue). PCC = 0.72 + 0.03; N = 4 independent isolations with n = 6 from each isolation. Magnified images are

shown below each corresponding image with the appropriate scale bar

3.4 | Protein expression level of PKA
in mitochondria

Most AKAPs bind specifically to type II PKA regulatory
(RII) subunits. However, ACBD3 binds specifically to
RI subunits, while D-AKAP1 and D-AKAP2 can bind
both RI and RII subunits. To this end, we probed subcel-
lular fractions with the antibodies directed against the
PKA regulatory subunit isoforms RlIa/@3, RIlet, and RIIB
as well as the associated catalytic (Cat-a/f/y) subunit
(Figure 7). The antibody we used to detect RI subunits
did not distinguish between the o or § isoforms, while
RIIa and RIIB were probed using separate antibodies.
Western blot analysis of total cell lysates showed evi-
dence of both RI subunits with the a isoform observed
at ~47 kDa while the 8 isoform was at ~51 kDa, both in
the cytosolic as well as the mitochondrial fraction. RIlx
and RIIP also presented similar immunodetection pat-
terns as RI subunits in the total, cytosolic and mitochon-
drial fraction of ARVMs. Overall, our Western blot data
confirmed that all PKA subunits, RIa/@, RIlc, RIIf, and

Cat-a/f/y can be found in the mitochondrial fraction of
ARVMs.

3.5 | Mitochondrial colocalization
of PKA regulatory subunits

To corroborate our Western blot data on the distribution
of different PKA subunits, we performed confocal imag-
ing of ARVMs co-labeled with antibodies against the PKA
R subunits and TOMM20. The PCC values represented
strong colocalization between the R subunits and mito-
chondria: RIa/f (0.69 + 0.02, Figure 8), RIla (0.63 £ 0.02,
Figure 9), and RIIB (0.61 + 0.02, Figure 10). MOC values
for the fraction of PKA R subunits found in regions posi-
tive for mitochondria was >0.73 for each R subunit tested.
The results demonstrated that a considerable fraction of
the three regulatory subunit antibodies co-localized with
mitochondria marker TOMM20.

In adult cardiac myocytes, the mitochondrial popula-
tion can be defined according to their location, identifiable
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FIGURE 5 Co-labeling of ACBD3 with mitochondria in ARVM. Labeling of the mitochondrial marker, (a) TOMM?20 and (b)
ACBD3 show a similar pattern of immunoreactivity. (c) Merged images of TOMM20 (red), ACBD3 (green), and DAPI (blue) show that
ACBD3 is distributed in a diffuse manner generating a PCC of 0.56 + 0.02; N = 4 independent isolations with n = 6 from each isolation.

Magnified images are shown below each corresponding image with the appropriate scale bar

by electron microscopy. The subsarcolemmal mitochon-
dria lie just beneath the sarcolemma and are thought to
be involved in ion homeostasis or signaling pathways. In
comparison, the intermyofibrillar mitochondria are highly
ordered between rows of contractile proteins and thought
to supply energy for myosin and sarcoplasmic reticulum lo-
calized ATPases (Piquereau et al., 2013; Porter et al., 2011).
Higher magnification images show that among the regula-
tory subunits, PKA RI-a/f3 displayed a generally diffuse sig-
nal with higher intensity at the edges of the cell where one
would expect to find subsarcolemmal mitochondria. This is
similar to mouse ventricular myocytes where PKA Rla was
observed to be enriched within the subsarcolemmal mito-
chondrial fractions of heart tissue (Haushalter et al., 2019).
Also, PKA RI-o/f3 displayed a prominent transverse stri-
ated labeling pattern. For PKA RIla, we observed a staining
pattern more consistent with TOMM?20, while PKA RIIf
labeling displayed a mix of mitochondrial colocalization
and transverse striations as seen with PKA RI-o/f. Studies
have shown other AKAPs, such as AKAP1835 exhibit a
striated pattern overlapping a-actinin labeling and form

a SERCA2-PLN-AKAP185-PKA complex in rat cardiac
myocytes (Henn et al., 2004; Lygren et al., 2007). mAKAP
and Synemin are cardiac AKAPs that localize to the Z-line
and anchor PKA RI and RII, respectively (Greninger et al.,
2012; Schaper et al., 1985).

4 | DISCUSSION
4.1 | Expression of mitochondrial AKAPs
in ARVMs

In the present study, our qPCR data suggest that D-
AKAP1, D-AKAP2, ACBD3, and OPA1 are the predomi-
nant mitochondrial AKAP isoforms expressed in ARVMs.
Furthermore, Western blot analysis indicated that there
is a significant expression of these AKAPs at the protein
level in mitochondrial fractions of the cell, and immu-
nocytochemistry confirmed that they exhibit strong co-
localization with mitochondria. Despite relatively low
message levels, we also detected some evidence for the
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FIGURE 6 Co- labeling of OPA1 with mitochondria in ARVM. Labeling of the mitochondrial marker, (a) TOMM20 and (b) OPA1. (c)
Merged images of TOMM?20 (red), OPA1 (green), and DAPI (blue). PCC = 0.58 + 0.03; N = 4 independent isolations with n = 6 from each
isolation. Magnified images are shown below each corresponding image with the appropriate scale bar

expression of Rab32 and WAVE-1 protein by Western blot.
However, we failed to see evidence for significant expres-
sion in immunolabeled images (Figures S2 and S3). Also,
we found little evidence for the expression of SPHKAP
at either the message or protein level. These results sug-
gest that D-AKAP1, D-AKAP2, ACBD3, and OPA1 are
the main AKAP isoforms associated with mitochondria in
ARVMs.

D-AKAPI1 is a dual-specific AKAP that contains a tar-
geting motif that anchors it to the cytoplasmic face of the
outer mitochondrial membrane. However, alternative
splicing has also been shown to result in the targeting of
this protein to the endoplasmic reticulum (Huang et al.,
1997, 1999). In the present study, we detected a single
D-AKAP1 immunoreactive band at ~121 kDa in both
cytosolic and mitochondrial fractions of the cell (Figure
2c). Furthermore, our immunolabeling experiments
indicate that D-AKAP1 exhibits a high degree of colo-
calization with mitochondria (Figure 3). D-AKAP2 is an-
other dual-specific AKAP that anchors PKA to the outer
mitochondrial membrane, at least in some cell types,
including mouse cardiac myocytes (Wang et al., 2001).
We confirmed this finding in ARVMs with our Western

blot experiments, where we observed two prominent im-
munoreactive bands found exclusively in mitochondrial
fractions of the cell (Figure 2c). The presence of multiple
bands may represent splice variants, which have been re-
ported in other tissues (Eggers et al., 2009; Wang et al.,
2001). Specific targeting to mitochondria was confirmed
by the colocalization of D-AKAP2 with TOMM?20 in im-
aging experiments (Figure 4).

D-AKAP1 & 2 have been subjects of interest due to their
role in cardiac morphology and function. Studies of D-
AKAP1 genetic deletion indicate that it plays a role in lim-
iting the development of cardiac hypertrophy (Schiattarella
etal., 2018). In neonatal cardiac myocytes, knockdown of D-
AKAPI1 induced significant hypertrophy and in adult mice,
deletion of the D-AKAP1 exhibited exacerbation of cardiac
hypertrophy in response to pressure overload (Schiattarella
etal., 2018). For D-AKAP2, genetic polymorphism has been
associated with an increased incidence of heart disease, and
in mice, this mutation was found to produce conduction ab-
normalities associated with changes in the PR interval of
the electrocardiogram (Kammerer et al., 2003). Overall the
function of AKAPs extends beyond just anchoring PKA, but
it is plausible to speculate that the dysfunctional outcomes
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due to AKAP malfunction are manifestations of disrupting
cAMP buffering.
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FIGURE 7 Expression levels of PKA subunits in mitochondria.
Exemplar immunoblot for the expression of PKA regulatory, RIa/(,
RIIa, RIIB, and catalytic (Cat-ot/f/y) subunits are shown in total
cell lysate (T), the cytosolic fraction (C), and mitochondria enriched
fraction (M); n > 3 independent protein extractions
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In the case of ACBD3, a type I PKA (RI) specific AKAP, it
hasbeen linked with several cellular activities, including ste-
roid biosynthesis (Li et al., 2001). In addition to being found
in the outer membrane of mitochondria, ACBD3 has also
been associated with the Golgi (Li et al., 2001; Sohda et al.,
2001). Previous studies have demonstrated that ACDB3 can
be found in cardiac tissue (Li et al., 2001; Liu et al., 2003). In
the present study, we demonstrate that ACBD3 is expressed
in isolated cardiac myocytes, where it is concentrated in the
mitochondrial fraction (Figure 2c) and co-localizes with mi-
tochondria (Figure 5).

OPALl is a dynamin-like protein that has been studied
extensively because of its role in regulating mitochon-
drial dynamics (Del Dotto et al., 2017). Previous studies
have suggested the possibility that OPA1 undergoes post-
transcriptional modification (Herlan etal.,2003; McQuibban
et al., 2003; Sesaki et al., 2003). Our Western data support
this idea with the detection of both long and short isoforms
in mitochondrial fractions (Figure 2c). OPA1 has also been
reported to function as a dual-specific AKAP associated

Merge

FIGURE 8 PKA RIsubunit and mitochondria co-labeling. Representative confocal images of ARVM showing mitochondrial marker (a)
TOMM20 and (b) PKA RI regulatory subunit. (c) Composite image showing strong overlap of TOMM20 (red) and PKA RI subunit (green) in
the subsarcolemmal mitochondria. PKA RI antibody is also seen to label transverse striations. PCC = 0.69 + 0.02, MOC = 0.80 + 0.03; N =4
independent isolations with n = 6 from each isolation. Magnified images are shown below each corresponding image with the appropriate
scale bar
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FIGURE 9 Co-localization of PKA RIla subunit with mitochondria. Representative confocal images of ARVM showing mitochondrial
marker (a) TOMM20 and (b) PKA RII-a subunit. (c) Merged images of TOMM20 (red), PKA RlIla subunit (green), and DAPI (blue).
PCC = 0.63 + 0.02, MOC = 0.80 + 0.02; N = 4 independent isolations with n = 6 from each isolation. Magnified images are shown below

each corresponding image with the appropriate scale bar

with lipid droplets (Pidoux et al., 2011). This may explain
the presence of OPA1 immunoreactive bands in cytosolic
fractions. However, in mitochondria, OPA1 is restricted to
the inner mitochondrial membrane (Olichon et al., 2002),
which suggests that it is unlikely to play a role in anchoring
PKA regulatory subunits involved in limiting cytosolic dif-
fusion of cAMP (Tibenska et al., 2020).

As mentioned before, we were not able to obtain im-
munofluorescence signals from Rab32 and WAVE-1 anti-
bodies (Figures S2 and S3). Previous success with the use
of Rab32 antibody in cell lines suggests that there may
be very low levels of Rab32, unsuitable for detection in
single ARVMs. Issues with immunogenic epitope recog-
nition could have prevented immunofluorescence-based
detection as the antibody specific for WAVE-1 targets the
epitopes near the N-terminal domain. This region regu-
lates the subcellular localization of the protein and also
binds with phosphatidylinositol (4, 5)-bisphosphate and
other anionic phospholipids (Miki et al., 1998; Pollitt &
Insall, 2009; Suetsugu et al., 1999). Due to these reasons,
the epitopes might not be accessible to the antibodies
in formalin-fixed cells but are more readily detectable

under denatured conditions during the Western blotting
procedure.

4.2 | Association of PKA regulatory
subunits with mitochondria in ARVMs

A quintessential role for AKAPs is to anchor the PKA
holoenzyme in close proximity to its effectors to ensure
appropriate phosphorylation. However, AKAP binding of
PKA regulatory subunits may play other important roles
as well, especially when one considers the fact that the
number of regulatory subunits far exceeds the number of
catalytic subunits. Walker-Gray et al. (Walker-Gray et al.,
2017) reported that the number of regulatory subunits is
more than sixfold greater than the number of catalytic
subunits in the rat heart. This observation is significant for
multiple reasons. In addition to ensuring rapid catalytic
subunit re-association, an excess of regulatory subunits,
especially those bound to AKAPs, may contribute signifi-
cantly to the buffering capacity for cAMP, slowing its dif-
fusion throughout the cell.
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FIGURE 10 Co-localization of PKA RII subunit with mitochondria. Representative confocal images of ARVM showing mitochondrial
marker (a) TOMM20 and (b) PKA RII-§ subunit. (c) Merged image shows moderate colocalization between TOMM?20 (red), PKA RII-3
(green), and DAPI (blue). PCC = 0.61 + 0.02, MOC = 0.73 £ 0.02; N = 4 independent isolations/experiments with n = 6 from each isolation.
Magnified images are shown below each corresponding image with the appropriate scale bar

We have previously demonstrated that the diffusion
coefficient of cAMP in ARVMs is significantly slower
than that expected assuming free diffusion (Agarwal
etal., 2016). Loading these cells with fluorescently labeled
cAMP produces a distinct pattern due to co-localization
with mitochondria. Furthermore, blocking AKAP-PKA
regulatory subunit interactions disrupts this pattern and
increases the rate of cAMP diffusion. These results suggest
that the slow diffusion of cAMP is due at least in part to
the buffering effect of PKA bound to the outer mitochon-
drial membrane (Agarwal et al., 2016). Our present results
suggest that D-AKAP1, D-AKAP2, and ACBD3 are most
likely the principal AKAPs responsible for anchoring PKA
regulatory subunits to the outer surface of mitochondria
in ARVMs. Future studies should focus on knocking
down the said mitochondrial AKAPs, individually or as a
group, and assessing functional effects as well as potential
changes in the diffusion coefficients of PKA regulatory
subunits or cAMP.

Another critical question is then, what types of regula-
tory subunits are associated with those AKAPs? Our re-
sults indicate that both RI and RII subunits can be found in

mitochondrial fractions and co-localize with mitochondria.
A previous study showed that PKA RI subunits outnumber
RII subunits 2 to 1 in rat heart (Walker-Gray et al., 2017). Our
initial investigation of the contribution of regulatory subunits
in buffering cAMP movement only considered RII subunits
(Agarwal et al., 2016). However, by disregarding the poten-
tial role of RI subunits anchored to the outer mitochondrial
membrane by either of the dual specific AKAPs, D-AKAP1
and D-AKAP2, or the RI specific ACBD3, we may have
significantly underestimated the effect of PKA-dependent
buffering of cAMP mobility. Future studies should take into
consideration the fact that RI subunits are likely to play at
least as important a role as RII subunits.

Another question yet to be answered is, what pro-
portion of RI and RII subunits are not associated with
catalytic subunits? This becomes important when one
considers the fact that the cAMP affinity of free RI sub-
units is approximately 1.3 nM, while that of the holo-
enzyme is 2.9 uM (Dao et al., 2006). With a basal cAMP
concentration in the vicinity of 1 uM (Iancu et al., 2008),
one would predict that free regulatory subunits may play
a particularly important role in buffering the movement
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of cAMP throughout the cell. For the field of cAMP com-
partmentation, a rigorous investigation of PKA regulatory
units and their state of assembly at different subcellular
locations would be important, especially those anchored
to the surface of mitochondria.

4.3 | Conclusion

Compartmentation of cAMP signaling is critical for
maintaining the integrity of receptor-specific responses,
and it has been hypothesized that slow diffusion of
cAMP, independent of PDE activity, plays an important
role in that process (Agarwal et al., 2016; Feinstein et al.,
2012; Iancu et al., 2007; Lohse et al., 2017; Saucerman
et al., 2006, 2014; Yang et al., 2016; Zhang et al., 2020).
Furthermore, our previous work has demonstrated that
buffering or binding of cCAMP by PKA regulatory sub-
units anchored to mitochondria plays a major role in
slowing cAMP diffusion in cardiac myocytes (Agarwal
et al., 2016).

Mitochondria take up approximately 30% of the cell vol-
ume in an adult ventricular myocyte, where they are packed
tightly beneath the plasma membrane as well as around the
transverse tubule network and contractile proteins (Barth
et al., 1992; Schaper et al., 1985). Because mitochondria
are impermeable to cAMP, they form a network of physi-
cal barriers that cAMP must negotiate. Add to that the fact
that PKA RI and RII subunits, either alone or as part of a
holoenzyme complex, are anchored to the mitochondrial
surface by D-AKAP1, D-AKAP2, and ACBD3, suggests that
this arrangement creates an ideal system for limiting the
movement of cAMP throughout the cell.

ACKNOWLEDGMENTS
The authors thank Andrea Agarwal for her technical
assistance.

CONFLICT OF INTEREST
No conflicts of interest are declared by the authors.

AUTHOR CONTRIBUTIONS

RTS, CF, KM, SRA, and RDH conceived and designed the
research; RTS, CF, KM, MWR, and AW performed ex-
periments; RTS and KM prepared figures; RTS drafted the
manuscript and KM, SRA, and RDH edited and revised
the manuscript. RTS, CF, KM, MWR, SRA, and RDH ap-
proved the final version of the manuscript.

ORCID
Robert D. Harvey © https://orcid.
org/0000-0002-8499-8765

e . . 13 of 17
&\4;9;; ol =V Physiological ReportsJ—O
REFERENCES

Adler, J., & Parmryd, I. (2010). Quantifying colocalization by cor-
relation: the pearson correlation coefficient is superior to the
Mander’s overlap coefficient. Cytometry Part A, 77(8), 733-742.
https://doi.org/10.1002/cyto.a.20896

Agarwal, S. R., Clancy, C. E., & Harvey, R. D. (2016). Mechanisms
restricting diffusion of intracellular cAMP. Scientific Reports,
6(1), 19577. https://doi.org/10.1038/srep19577

Agarwal, S. R., Gratwohl, J., Cozad, M., Yang, P. C., Clancy, C. E., &
Harvey, R. D. (2018). Compartmentalized cAMP signaling asso-
ciated with lipid raft and non-raft membrane domains in adult
ventricular myocytes. Frontiers in Pharmacology, 9. https://doi.
org/10.3389/fphar.2018.00332

Agarwal, S. R., MacDougall, D. A,, Tyser, R., Pugh, S. D., Calaghan,
S. C., & Harvey, R. D. (2011). Effects of cholesterol depletion on
compartmentalized cAMP responses in adult cardiac myocytes.
Journal of Molecular and Cellular Cardiology, 50(3), 500-509.
https://doi.org/10.1016/j.yjmcc.2010.11.015

Balci, A., Solano-Collado, V., Baldassarre, M., & Spano, S. (2020).
VARP and Rab9 Are dispensable for the Rab32/BLOC-3 de-
pendent salmonella killing. Frontiers in Cellular and Infection
Microbiology, 10. https://doi.org/10.3389/fcimb.2020.581024

Barth, E., Stimmler, G., Speiser, B., & Schaper, J. (1992).
Ultrastructural quantitation of mitochondria and myofila-
ments in cardiac muscle from 10 different animal species in-
cluding man. Journal of Molecular and Cellular Cardiology,
24(7), 669-681. https://doi.org/10.1016/0022-2828(92)93381-S

Bernstein, D., Fajardo, G., & Zhao, M. (2011). The role of 3-adrenergic
receptors in heart failure: Differential regulation of cardiotoxic-
ity and cardioprotection. Progress in Pediatric Cardiology, 31(1),
35-38. https://doi.org/10.1016/j.ppedcard.2010.11.007.

Brunton, L. L., Hayes, J. S., & Mayer, S. E. (1979). Hormonally spe-
cific phosphorylation of cardiac troponin I and activation of
glycogen phosphorylase. Nature, 280(5717), 78-80. https://doi.
0rg/10.1038/280078a0

Buxton, I. L. O., & Brunton, L. L. (1983). Compartments of cyclic
AMP and protein kinase in mammalian cardiomyocytes.
Journal of Biological Chemistry, 258(17), 10233-10239. https://
doi.org/10.1016/S0021-9258(17)44447-4

Casey, M., Vaughan, C. J., He, J., Hatcher, C. J., Winter, J. M.,
Weremowicz, S. Montgomery, K., Kucherlapati, R., Morton,
C. C., & Basson, C. T. (2000). Mutations in the protein kinase
A Rla regulatory subunit cause familial cardiac myxomas and
Carney complex. Journal of Clinical Investigation, 106(5), R31-
R38. https://doi.org/10.1172/JC110841

Chen, J., Sun, Y., Xu, X., Wang, D., He, J., Zhou, H., Lu, Y., Zeng, J.,
Du, F,, Gong, A., & Xu, M. (2017). YTH domain family 2 orches-
trates epithelial-mesenchymal transition/proliferation dichot-
omy in pancreatic cancer cells. Cell Cycle, 16(23), 2259-2271.
https://doi.org/10.1080/15384101.2017.1380125

Chen, S. J., Yue, J., Zhang, J. X., Jiang, M., Hu, T. Q., Leng, W. D,
Xiang, L. L, Li, X. Y., Zhang, L., Zheng, F., Yuan, Y., Guo, L.
Y., Pan, Y. M., Yan, Y. W,, Wang, J. N, Chen, S. Y., & Tang, J.
M. (2019). Continuous exposure of isoprenaline inhibits myo-
blast differentiation and fusion through PKA/ERK1/2-FOXO1
signaling pathway. Stem Cell Research & Therapy, 10(1), 70.
https://doi.org/10.1186/s13287-019-1160-x


https://orcid.org/0000-0002-8499-8765
https://orcid.org/0000-0002-8499-8765
https://orcid.org/0000-0002-8499-8765
https://doi.org/10.1002/cyto.a.20896
https://doi.org/10.1038/srep19577
https://doi.org/10.3389/fphar.2018.00332
https://doi.org/10.3389/fphar.2018.00332
https://doi.org/10.1016/j.yjmcc.2010.11.015
https://doi.org/10.3389/fcimb.2020.581024
https://doi.org/10.1016/0022-2828(92)93381-S
https://doi.org/10.1016/j.ppedcard.2010.11.007
https://doi.org/10.1038/280078a0
https://doi.org/10.1038/280078a0
https://doi.org/10.1016/S0021-9258(17)44447-4
https://doi.org/10.1016/S0021-9258(17)44447-4
https://doi.org/10.1172/JCI10841
https://doi.org/10.1080/15384101.2017.1380125
https://doi.org/10.1186/s13287-019-1160-x

£
uI—Physiological Reports gV

SHERPA ET AL.

Chiba, T., Ikeda, M., Umegaki, K., & Tomita, T. (2011). Estrogen-
dependent activation of neutral cholesterol ester hydrolase un-
derlying gender difference of atherogenesis in apoE -/- mice.
Atherosclerosis, 219(2), 545-551. https://doi.org/10.1016/j.ather
osclerosis.2011.08.051

Clister, T., Greenwald, E. C., Baillie, G. S., & Zhang, J. (2019).
AKAP95 organizes a nuclear microdomain to control local
cAMP for regulating nuclear PKA. Cell Chemical Biology, 26(6),
885-891.e4. https://doi.org/10.1016/j.chembiol.2019.03.003

Corbin, J. D., Sugden, P. H., Lincoln, T. M., & Keely, S. L. (1977).
Compartmentalization of adenosine 3’:5-morxophosphate
and adenosine 3’:5-monophosphate-dependent protein kinase
in heart tissue* from the department of physiolog. Journal of
Biological Chemistry, 252.

Danial, N. N., Gramm, C. F,, Scorrano, L., Zhang, C.-Y., Krauss, S.,
Ranger, A. M. et al (2003). BAD and glucokinase reside in a
mitochondrial complex that integrates glycolysis and apopto-
sis. Nature, 424(6951), 952-956. https://doi.org/10.1038/natur
e01825

Dao, K. K., Teigen, K., Kopperud, R., Hodneland, E., Schwede, F.,
Christensen, A. E., Martinez, A., & Deskeland, S. O. (2006).
Epacl and cAMP-dependent protein kinase holoenzyme have
similar cAMP affinity, but their cAMP domains have distinct
structural features and cyclic nucleotide recognition. Journal
of Biological Chemistry, 281(30), 21500-21511. https://doi.
0rg/10.1074/jbc.M603116200

Das Banerjee, T., Dagda, R. Y., Dagda, M., Chu, C. T., Rice, M.,
Vazquez-Mayorga, E., & Dagda, R. K. (2017). PINK1 regu-
lates mitochondrial trafficking in dendrites of cortical neu-
rons through mitochondrial PKA. Journal of Neurochemistry,
142(4), 545-559. https://doi.org/10.1111/jnc.14083

Del Dotto, V., Mishra, P., Vidoni, S., Fogazza, M., Maresca, A.,
Caporali, L., McCaffery, J. M., Cappelletti, M., Baruffini, E.,
Lenaers, G., Chan, D., Rugolo, M., Carelli, V., & Zanna, C.
(2017). OPAL1 isoforms in the hierarchical organization of mi-
tochondrial functions. Cell Reports, 19(12), 2557-2571. https://
doi.org/10.1016/j.celrep.2017.05.073

Diviani, D., Reggi, E., Arambasic, M., Caso, S., & Maric, D. (2016).
Emerging roles of A-kinase anchoring proteins in cardiovas-
cular pathophysiology. Biochimica Et Biophysica Acta (BBA)
- Molecular Cell Research, 1863(7), 1926-1936. https://doi.
org/10.1016/j.bbamcr.2015.11.024

Dunn, K. W., Kamocka, M. M., & McDonald, J. H. (2011). A prac-
tical guide to evaluating colocalization in biological micros-
copy. American Journal of Physiology-Cell Physiology, 300(4),
C723-C742. https://doi.org/10.1152/ajpcell.00462.2010

Eggers, C. T., Schafer, J. C., Goldenring, J. R., & Taylor, S. T. (2009).
D-AKAP2 interacts with Rab4 and Rabl1l throughi its RGS
domains and regulates transferrin receptor recycling. Journal
of Biological Chemistry, 284(47), 32869-32880. https://doi.
0rg/10.1074/jbc.M109.022582

Feinstein, W. P., Zhu, B., Leavesley, S. J., Sayner, S. L., & Rich, T.
C. (2012). Assessment of cellular mechanisms contributing
to cAMP compartmentalization in pulmonary microvascu-
lar endothelial cells. American Journal of Physiology-Cell
Physiology, 302(6), C839-C852. https://doi.org/10.1152/ajpce
11.00361.2011

Fernandez-Araujo, A., Tobio, A., Alfonso, A., & Botana, L. M.
(2014). Role of AKAP 149-PKA-PDE4A complex in cell sur-
vival and cell differentiation processes. International Journal

of Biochemistry & Cell Biology, 53, 89-101. https://doi.
org/10.1016/j.biocel.2014.04.028

Gabrovsek, L., Collins, K. B., Aggarwal, S., Saunders, L. M., Lau,
H.-T., Suh, D., Sancak, Y., Trapnell, C., Ong, S. E., Smith,
F. D., & Scott, J. D. (2020). A-kinase-anchoring protein 1
(dAKAP1)-based signaling complexes coordinate local protein
synthesis at the mitochondrial surface. Journal of Biological
Chemistry, 295(31), 10749-10765. https://doi.org/10.1074/jbc.
RA120.013454

Garcia, N., Balana, C., Lanuza, M. A., Tomas, M., Cilleros-Mané,
V., Just-Borras, L., Tomas, J. (2019). Opposed actions of PKA
isozymes (RI and RII) and PKC isoforms (cPKCfI and nPKCe)
in neuromuscular developmental synapse elimination. Cells,
8(11). https://doi.org/10.3390/cells8111304

Greninger, A. L., Knudsen, G. M., Betegon, M., Burlingame, A. L.,
& Derisi, J. L. (2012). The 3A protein from multiple picorna-
viruses utilizes the golgi adaptor protein ACBD3 to recruit
PI4KIIIB. Journal of Virology, 86(7), 3605-3616. https://doi.
0rg/10.1128/JVI1.06778-11

Hadipour-Lakmehsari, S., Driouchi, A., Lee, S.-H., Kuzmanov, U.,
Callaghan, N. L., Heximer, S. P., Simmons, C. A., Yip, C. M.,
& Gramolini, A. O. (2019). Nanoscale reorganization of sarco-
plasmic reticulum in pressure-overload cardiac hypertrophy vi-
sualized by dSTORM. Scientific Reports, 9(1), 7867. https://doi.
0rg/10.1038/s41598-019-44331-y

Haushalter, K. J., Schilling, J. M., Song, Y., Sastri, M., Perkins, G. A.,
Strack, S., Taylor, S. S., & Patel, H. H. (2019). Cardiac ischemia-
reperfusion injury induces ROS-dependent loss of PKA reg-
ulatory subunit Rla. American Journal of Physiology Heart
and Circulatory Physiology, 317(6), H1231-H1242. https://doi.
org/10.1152/ajpheart.00237.2019

Hayes, J. S., Brunton, L. L., Brown, J. H., Reese, J. B., & Mayer, S.
E. (1979). Hormonally specific expression of cardiac protein ki-
nase activity. Proceedings of the National Academy of Sciences,
76(4), 1570-1574. https://doi.org/10.1073/pnas.76.4.1570

Henn, V., Edemir, B., Stefan, E., Wiesner, B., Lorenz, D., Theilig, F.,
Schmitt, R., Vossebein, L., Tamma, G., Beyermann, M., Krause,
E., Herberg, F. W.,, Valenti, G., Bachmann, S., Rosenthal, W.,
& Klussmann, E. (2004). Identification of a novel A-kinase
anchoring protein 18 isoform and evidence for its role in the
vasopressin-induced aquaporin-2 shuttle in renal principal
cells. Journal of Biological Chemistry, 279(25), 26654-26665.
https://doi.org/10.1074/jbc.M312835200

Herlan, M., Vogel, F., Bornhovd, C., Neupert, W., & Reichert, A. S.
(2003). Processing of Mgm1 by the rhomboid-type protease
Pcpl is required for maintenance of mitochondrial morphol-
ogy and of mitochondrial DNA. Journal of Biological Chemistry,
278(30), 27781-27788. https://doi.org/10.1074/jbc.M211311200

Hom, J., Yu, T., Yoon, Y., Porter, G., & Sheu, S. S. (2010). Regulation
of mitochondrial fission by intracellular Ca2+ in rat ventricular
myocytes. Biochimica Et Biophysica Acta - Bioenerg, 1797(6-7),
913-921.

Hu, Z.-Q.-Q., Rao, C.-L.-L., Tang, M.-L.-L., Zhang, Y., Lu, X.-X.-X.,
Chen, J.-G.-G., Mao, C., Deng, L., Li, Q., & Mao, X. H. (2019).
Rab32 GTPase, as a direct target of miR-30b/c, controls the
intracellular survival of Burkholderia pseudomallei by reg-
ulating phagosome maturation. Oswald E, editor. PLoS Path.
15(6):€1007879. https://doi.org/10.1371/journal.ppat.1007879

Huang, C. Y., Chiang, S. F., Chen, W. T. L., Ke, T. W,, Chen, T. W,,
You, Y. S, Lin, C. Y., Chao, K. S. C., & Huang, C. Y. (2018).


https://doi.org/10.1016/j.atherosclerosis.2011.08.051
https://doi.org/10.1016/j.atherosclerosis.2011.08.051
https://doi.org/10.1016/j.chembiol.2019.03.003
https://doi.org/10.1038/nature01825
https://doi.org/10.1038/nature01825
https://doi.org/10.1074/jbc.M603116200
https://doi.org/10.1074/jbc.M603116200
https://doi.org/10.1111/jnc.14083
https://doi.org/10.1016/j.celrep.2017.05.073
https://doi.org/10.1016/j.celrep.2017.05.073
https://doi.org/10.1016/j.bbamcr.2015.11.024
https://doi.org/10.1016/j.bbamcr.2015.11.024
https://doi.org/10.1152/ajpcell.00462.2010
https://doi.org/10.1074/jbc.M109.022582
https://doi.org/10.1074/jbc.M109.022582
https://doi.org/10.1152/ajpcell.00361.2011
https://doi.org/10.1152/ajpcell.00361.2011
https://doi.org/10.1016/j.biocel.2014.04.028
https://doi.org/10.1016/j.biocel.2014.04.028
https://doi.org/10.1074/jbc.RA120.013454
https://doi.org/10.1074/jbc.RA120.013454
https://doi.org/10.3390/cells8111304
https://doi.org/10.1128/JVI.06778-11
https://doi.org/10.1128/JVI.06778-11
https://doi.org/10.1038/s41598-019-44331-y
https://doi.org/10.1038/s41598-019-44331-y
https://doi.org/10.1152/ajpheart.00237.2019
https://doi.org/10.1152/ajpheart.00237.2019
https://doi.org/10.1073/pnas.76.4.1570
https://doi.org/10.1074/jbc.M312835200
https://doi.org/10.1074/jbc.M211311200
https://doi.org/10.1371/journal.ppat.1007879

SHERPA ET AL.

N/Bosan =) Physiological Report

HMGBI1 promotes ERK-mediated mitochondrial Drpl phos-
phorylation for chemoresistance through RAGE in colorectal
cancer. Cell Death & Disease, 9(10), https://doi.org/10.1038/
$41419-018-1019-6

Huang, L. J. S., Durick, K., Weiner, J. A., Chun, J., & Taylor, S. S.
(1997). Identification of a novel protein kinase A anchoring
protein that binds both type I and type II regulatory subunits.
Journal of Biological Chemistry, 272(12), 8057-8064. https://
doi.org/10.1074/jbc.272.12.8057

Huang, L. J. S., Wang, L., Ma, Y., Durick, K., Perkins, G., Deerinck,
T. J., Ellisman, M. H., & Taylor, S. S. (1999). NH2-terminal
targeting motifs direct dual specificity A-kinase- anchoring
protein 1 (D-AKAPI) to either mitochondria or endoplasmic
reticulum. Journal of Cell Biology, 145(5), 951-959. https://doi.
0rg/10.1083/jcb.145.5.951

Iancu, R. V., Jones, S. W., & Harvey, R. D. (2007). Compartmentation
of cAMP signaling in cardiac myocytes: A computational study.
Biophysical Journal, 92(9), 3317-3331. https://doi.org/10.1529/
biophysj.106.095356

Iancu, R. V., Ramamurthy, G., Warrier, S., Nikolaev, V. O., Lohse,
M. J., Jones, S. W., & Harvey, R. D. (2008). Cytoplasmic cAMP
concentrations in intact cardiac myocytes. American Journal
of Physiology-Cell Physiology, 295(2), C414-C422. https://doi.
org/10.1152/ajpcell.00038.2008

Jurevicius, J., & Fischmeister, R. (1996). cCAMP compartmentation is
responsible for a local activation of cardiac Ca2+ channels by
-adrenergic agonists. Proceedings of the National Academy of
Sciences of the U S A, 93(1), 295-299. https://doi.org/10.1073/
pnas.93.1.295

Just-Borras, L., Hurtado, E., Cilleros-Mafié, V., Biondi, O.,
Charbonnier, F., Tomas, M., Garcia, N., Tomas, J., & Lanuza,
M. A. (2020). Running and swimming prevent the deregulation
of the BDNF/TrkB neurotrophic signalling at the neuromuscu-
lar junction in mice with amyotrophic lateral sclerosis. Cellular
and Molecular Life Sciences, 77(15), 3027-3040. https://doi.
0rg/10.1007/s00018-019-03337-5

Kacal, M., Zhang, B., Hao, Y., Norberg, E., & Vakifahmetoglu-
Norberg, H. (2021). Quantitative proteomic analysis of tem-
poral lysosomal proteome and the impact of the KFERQ-like
motif and LAMP2A in lysosomal targeting. Autophagy, 1-10.
https://doi.org/10.1080/15548627.2021.1876343

Kalogeropulou, A. F., Freemantle, J. B., Lis, P., Vides, E. G., Polinski,
N.K., & Alessi, D. R. (2020). Endogenous Rab29 does not impact
basal or stimulated LRRK2 pathway activity. The Biochemical
Journal, 477(22), 4397-4423. https://doi.org/10.1042/BCJ20
200458

Kammerer, S., Burns-Hamurot, L. L., Ma, Y., Hamon, S. C., Canaves,
J. M., Shi, M. M., Nelson, M. R, Sing, C. F., Cantor, C. R., Taylor,
S. S., & Braun, A. (2003). Amino acid variant in the kinase
binding domain of dual-specific A kinase-anchoring protein
2: A disease susceptibility polymorphism. Proceedings of the
National Academy of Sciences of the U S A, 100(7), 4066-4071.
https://doi.org/10.1073/pnas.2628028100

Kim, D., Votruba, M., & Roy, S. (2021). Opal deficiency promotes
development of retinal vascular lesions in diabetic retinopathy.
International Journal of Molecular Sciences, 22(11). https://doi.
org/10.3390/ijms22115928

Koo, J.-H., & Kang, E.-B. (2019). Effects of treadmill exercise on
the regulatory mechanisms of mitochondrial dynamics and
oxidative stress in the brains of high-fat diet fed rats. Journal

of Exercise Nutrition & Biochemistry, 23(1), 28-35. https://doi.
org/10.20463/jenb.2019.0005

Leroy, J., Abi-Gerges, A., Nikolaev, V. O., Richter, W., Lechéne, P.,
Mazet, J. L., Conti, M., Fischmeister, R., & Vandecasteele, G.
(2008). Spatiotemporal dynamics of @-adrenergic cAMP sig-
nals and L-type Ca2+ channel regulation in adult rat ven-
tricular myocytes: Role of phosphodiesterases. Circulation
Research, 102(9), 1091-1100. https://doi.org/10.1161/CIRCR
ESAHA.107.167817

Li, H., Degenhardt, B., Tobin, D., Yao, Z., Tasken, K. &
Papadopoulos, V. (2001). Identification, localization, and func-
tion in steroidogenesis of PAP7: A peripheral-type benzodiaz-
epine receptor- and PKA (RIa)-associated protein. Molecular
Endocrinology, 15(12), 2211-2228. https://doi.org/10.1210/
mend.15.12.0736

Li, P, Liu, Y, Liu, W, Li, G., Tang, Q., Zhang, Q., Leng, F., Sheng, F.,
Hu, C., Lai, W,, Liu, Y., Zhou, M., Huang, J., Zhou, H., Zhang,
R., & Zhao, Y. (2019). IR-783 inhibits breast cancer cell pro-
liferation and migration by inducing mitochondrial fission.
International Journal of Oncology, 55(2), 415-424. https://doi.
0rg/10.3892/ij0.2019.4821

Lichy, M., Szobi, A., Hrdli¢ka, J., Horvath, C., Kormanova, V., Rajtik,
T., Neckat, J., Kolat, F., & Adameova, A. (2019). Different sig-
nalling in infarcted and non-infarcted areas of rat failing hearts:
Arole of necroptosis and inflammation. Journal of Cellular and
Molecular Medicine, 23(9), 6429-6441. https://doi.org/10.1111/
jemm.14536

Liu, J., Matyakhina, L., Han, Z., Sandrini, F., Bei, T., Stratakis, C. A.,
Papadopoulos, V. (2003). Molecular cloning, chromosomal lo-
calization of human peripheral-type benzodiazepine receptor-
and protein kinase A regulatory subunit type 1A (PRKAR1A)-
associated protein PAP7 and studies in PRKARIA mutant cells
and tissues. The FASEB Journal, 17(9), 1189-1191. https://doi.
org/10.1096/£j.02-1066fje

Liu, Y., Wang, X., Coyne, L. P, Yang, Y., Qi, Y., Middleton, F. A., &
Chen, X. J. (2019). Mitochondrial carrier protein overloading
and misfolding induce aggresomes and proteostatic adapta-
tions in the cytosol. Molecular Biology of the Cell, 30(11), 1272~
1284. https://doi.org/10.1091/mbc.E19-01-0046

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene ex-
pression data using real-time quantitative PCR and the 2-AACT
method. Methods, 25(4), 402-408. https://doi.org/10.1006/
meth.2001.1262

Lohse, C., Bock, A., Maiellaro, I., Hannawacker, A., Schad, L. R.,
Lohse, M. J., & Bauer, W. R. (2017). Experimental and math-
ematical analysis of cAMP nanodomains. PLoS One, 12(4),
€0174856. https://doi.org/10.1371/journal.pone.0174856

Lou, P.-H., Lucchinetti, E., Scott, K. Y., Huang, Y., Gandhi, M.,
Hersberger, M., Clanachan, A. S., Lemieux, H., & Zaugg, M.
(2017). Alterations in fatty acid metabolism and sirtuin signal-
ing characterize early type-2 diabetic hearts of fructose-fed rats.
Physiological Reports, 5(16), e13388. https://doi.org/10.14814/
phy2.13388

Lygren, B., Carlson, C. R., Santamaria, K., Lissandron, V., McSorley,
T., Litzenberg, J., Lorenz, D., Wiesner, B., Rosenthal, W.,
Zaccolo, M., & Taskén, K. (2007). AKAP complex regulates Ca
2+ re-uptake into heart sarcoplasmic reticulum. EMBO Reports,
8(11), 1061-1067. https://doi.org/10.1038/sj.embor.7401081

MacDougall, D. A., Agarwal, S. R., Stopford, E. A., Chu, H., Collins,
J. A., Longster, A. L., Colyer, J., Harvey, R. D., & Calaghan, S.


https://doi.org/10.1038/s41419-018-1019-6
https://doi.org/10.1038/s41419-018-1019-6
https://doi.org/10.1074/jbc.272.12.8057
https://doi.org/10.1074/jbc.272.12.8057
https://doi.org/10.1083/jcb.145.5.951
https://doi.org/10.1083/jcb.145.5.951
https://doi.org/10.1529/biophysj.106.095356
https://doi.org/10.1529/biophysj.106.095356
https://doi.org/10.1152/ajpcell.00038.2008
https://doi.org/10.1152/ajpcell.00038.2008
https://doi.org/10.1073/pnas.93.1.295
https://doi.org/10.1073/pnas.93.1.295
https://doi.org/10.1007/s00018-019-03337-5
https://doi.org/10.1007/s00018-019-03337-5
https://doi.org/10.1080/15548627.2021.1876343
https://doi.org/10.1042/BCJ20200458
https://doi.org/10.1042/BCJ20200458
https://doi.org/10.1073/pnas.2628028100
https://doi.org/10.3390/ijms22115928
https://doi.org/10.3390/ijms22115928
https://doi.org/10.20463/jenb.2019.0005
https://doi.org/10.20463/jenb.2019.0005
https://doi.org/10.1161/CIRCRESAHA.107.167817
https://doi.org/10.1161/CIRCRESAHA.107.167817
https://doi.org/10.1210/mend.15.12.0736
https://doi.org/10.1210/mend.15.12.0736
https://doi.org/10.3892/ijo.2019.4821
https://doi.org/10.3892/ijo.2019.4821
https://doi.org/10.1111/jcmm.14536
https://doi.org/10.1111/jcmm.14536
https://doi.org/10.1096/fj.02-1066fje
https://doi.org/10.1096/fj.02-1066fje
https://doi.org/10.1091/mbc.E19-01-0046
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1371/journal.pone.0174856
https://doi.org/10.14814/phy2.13388
https://doi.org/10.14814/phy2.13388
https://doi.org/10.1038/sj.embor.7401081

16 of 17 . . .
- Physiological Reports g8 N2

SHERPA ET AL.

physiclogical
Sodity.

(2012). Caveolae compartmentalise f2-adrenoceptor signals
by curtailing cAMP production and maintaining phosphatase
activity in the sarcoplasmic reticulum of the adult ventricular
myocyte. Journal of Molecular and Cellular Cardiology, 52(2),
388-400. https://doi.org/10.1016/j.yjmcc.2011.06.014

McQuibban, G. A., Saurya, S., & Freeman, M. (2003). Mitochondrial
membrane remodelling regulated by a conserved rhomboid
protease. Nature, 423(6939), 537-541. https://doi.org/10.1038/
nature01633

Miki, H., Suetsugu, S., & Takenawa, T. (1998). WAVE, a novel WASP-
family protein involved in actin reorganization induced by Rac.
EMBO Journal, 17(23), 6932-6941. https://doi.org/10.1093/
emboj/17.23.6932

Mongillo, M., McSorley, T., Evellin, S., Sood, A., Lissandron, V.,
Terrin, A., Huston, E., Hannawacker, A., Lohse, M. J., Pozzan,
T., Houslay, M. D., & Zaccolo, M. (2004). Fluorescence res-
onance energy transfer-based analysis of cAMP dynamics
in live neonatal rat cardiac myocytes reveals distinct func-
tions of compartmentalized phosphodiesterases. Circulation
Research, 95(1), 67-75. https://doi.org/10.1161/01.RES.00001
34629.84732.11

Moore, A. S., Coscia, S. M., Simpson, C. L., Ortega, F. E., Wait, E. C.,
Heddleston, J. M., Nirschl, J. J., Obara, C. J., Guedes-Dias, P.,
Boecker, C. A., Chew, T. L., Theriot, J. A., Lippincott-Schwartz,
J., & Holzbaur, E. L. F. (2021). Actin cables and comet tails or-
ganize mitochondrial networks in mitosis. Nature, 591(7851),
659-664. https://doi.org/10.1038/541586-021-03309-5

Muiioz-Llancao, P., de Gregorio, C., Las Heras, M., Meinohl, C.,
Noorman, K., Boddeke, E., Cheng, X., Lezoualc'h, F., Schmidt,
M., & Gonzalez-Billault, C. (2017). Microtubule-regulating pro-
teins and cAMP-dependent signaling in neuroblastoma differ-
entiation. Cytoskeleton, 74(3), 143-158. https://doi.org/10.1002/
cm.21355

Nie, H., Ju, H., Fan, J,, Shi, X., Cheng, Y., Cang, X., Zheng, Z., Duan,
X., & Yi, W. (2020). O-GlcNAcylation of PGK1 coordinates
glycolysis and TCA cycle to promote tumor growth. Nature
Communications, 11(1). https://doi.org/10.1038/s41467-019-
13601-8

Nikolaev, V. O., Biinemann, M., Hein, L., Hannawacker, A., & Lohse,
M. J. (2004). Novel single chain cAMP sensors for receptor-
induced signal propagation. Journal of Biological Chemistry,
279(36), 37215-37218. https://doi.org/10.1074/jbc.C400302200

Nikolaev, V. O., Biinemann, M., Schmitteckert, E., Lohse, M. J.,
Engelhardt, S., Biinemann, M. (2006). Cyclic AMP imaging
in adult cardiac myocytes reveals far-reaching 8 1 -adrenergic
but locally confined 2 -adrenergic receptor-mediated sig-
naling. Circulation Research, 99(10), 1084-1091. https://doi.
0rg/10.1161/01.RES.0000250046.69918.d5

Olichon, A., Emorine, L. J., Descoins, E., Pelloquin, L., Brichese,
L., Gas, N., Guillou, E., Delettre, C., Valette, A., Hamel, C.
P., Ducommun, B., Lenaers, G., & Belenguer, P. (2002). The
human dynamin-related protein OPA1 is anchored to the mi-
tochondrial inner membrane facing the inter-membrane space.
FEBS Letters, 523(1-3), 171-176. https://doi.org/10.1016/S0014
-5793(02)02985-X

Pérez-Gomez, A., & Tasker, R. A. (2013). Transient domoic acid
excitotoxicity increases BDNF expression and activates both
MEK- and PKA-dependent neurogenesis in organotypic
hippocampal slices. BMC Neuroscience, 14, 72. https://doi.
0rg/10.1186/1471-2202-14-72

Pidoux, G., Witczak, O., Jarnaess, E., Myrvold, L., Urlaub, H., Stokka,
A. J., Kuntziger, T., & Taskén, K. (2011). Optic atrophy 1 is an
A-kinase anchoring protein on lipid droplets that mediates ad-
renergic control of lipolysis. EMBO Journal, 30(21), 4371-4386.
https://doi.org/10.1038/emboj.2011.365

Piquereau, J., Caffin, F., Novotova, M., Lemaire, C., Veksler,
V., Garnier, A., Ventura-Clapier, R., & Joubert, F. (2013).
Mitochondrial dynamics in the adult cardiomyocytes: Which
roles for a highly specialized cell? Frontiers in Physiology, 4.
https://doi.org/10.3389/fphys.2013.00102

Pollitt, A. Y., & Insall, R. H. (2009). WASP and SCAR/WAVE pro-
teins: The drivers of actin assembly. Journal of Cell Science,
122(15), 2575-2578. https://doi.org/10.1242/jcs.023879

Porter, G. A., Hom, J. R., Hoffman, D. L., Quintanilla, R. A., Bentley,
K. L., & Sheu, S. S.(2011). Bioenergetics, mitochondria, and car-
diac myocyte differentiation. Progress in Pediatric Cardiology,
31(2), 75-81. https://doi.org/10.1016/j.ppedcard.2011.02.002

Rochais, F., Abi-Gerges, A., Horner, K., Lefebvre, F., Cooper, D. M.
F., Conti, M., Fischmeister, R., & Vandecasteele, G. (2006). A
specific pattern of phosphodiesterases controls the cCAMP sig-
nals generated by different Gs-coupled receptors in adult rat
ventricular myocytes. Circulation Research, 98(8), 1081-1088.
https://doi.org/10.1161/01.RES.0000218493.09370.8¢

Rudokas, M. W., Post, J. P., Sataray-Rodriguez, A., Sherpa, R.
T., Moshal, K. S., Agarwal, S. R., Harvey, R. D. (2021).
Compartmentation of $ 2 -adrenergic receptor stimulated
cAMP responses by phosphodiesterases Type 2 and 3 in cardiac
ventricular myocytes. British Journal of Pharmacology, 178(7).
https://doi.org/10.1111/bph.15382

Saucerman, J. J., Greenwald, E. C., & Polanowska-Grabowska, R.
(2014). Mechanisms of cyclic AMP compartmentation re-
vealed by computational models. Journal of General Physiology,
143(1), 39-48. https://doi.org/10.1085/jgp.201311044

Saucerman, J. J., Zhang, J., Martin, J. C., Peng, L. X., Stenbit, A. E.,
Tsien, R. Y., & McCulloch, A. D. (2006). Systems analysis of
PKA-mediated phosphorylation gradients in live cardiac myo-
cytes. Proceedings of the National Academy of Sciences, 103(34),
12923-12928. https://doi.org/10.1073/pnas.0600137103

Schaper, J., Meiser, E., & Stammler, G. (1985). Ultrastructural mor-
phometric analysis of myocardium from dogs, rats, hamsters,
mice, and from human hearts. Circulation Research, 56(3), 377~
391. https://doi.org/10.1161/01.RES.56.3.377

Schiattarella, G. G., Boccella, N., Paolillo, R., Cattaneo, F., Trimarco, V.,
Franzone, A., D’Apice, S., Giugliano, G., Rinaldi, L., Borzacchiello,
D., Gentile, A., Lombardi, A., Feliciello, A., Esposito, G., & Perrino,
C. (2018). Loss of Akapl exacerbates pressure overload-induced
cardiac hypertrophy and heart failure. Frontiers in Physiology, 9,
558. https://doi.org/10.3389/fphys.2018.00558

Sesaki, H., Southard, S. M., Aiken Hobbs, A. E., & Jensen, R. E. (2003).
Cells lacking Pcplp/Ugo2p, a rhomboid-like protease required
for Mgm1p processing, lose mtDNA and mitochondrial struc-
ture in a Dnm1p-dependent manner, but remain competent for
mitochondrial fusion. Biochemical and Biophysical Research
Communications, 308(2), 276-283. https://doi.org/10.1016/
S0006-291X(03)01348-2

Seward, M. E., Swanson, E., Norambuena, A., Reimann, A., Nicholas
Cochran, J., Li, R., Roberson, E. D., & Bloom, G. S. (2013).
Amyloid-f signals through tau to drive ectopic neuronal cell
cycle re-entry in Alzheimer’s disease. Journal of Cell Science,
126(5), 1278-1286. https://doi.org/10.1242/jcs.1125880


https://doi.org/10.1016/j.yjmcc.2011.06.014
https://doi.org/10.1038/nature01633
https://doi.org/10.1038/nature01633
https://doi.org/10.1093/emboj/17.23.6932
https://doi.org/10.1093/emboj/17.23.6932
https://doi.org/10.1161/01.RES.0000134629.84732.11
https://doi.org/10.1161/01.RES.0000134629.84732.11
https://doi.org/10.1038/s41586-021-03309-5
https://doi.org/10.1002/cm.21355
https://doi.org/10.1002/cm.21355
https://doi.org/10.1038/s41467-019-13601-8
https://doi.org/10.1038/s41467-019-13601-8
https://doi.org/10.1074/jbc.C400302200
https://doi.org/10.1161/01.RES.0000250046.69918.d5
https://doi.org/10.1161/01.RES.0000250046.69918.d5
https://doi.org/10.1016/S0014-5793(02)02985-X
https://doi.org/10.1016/S0014-5793(02)02985-X
https://doi.org/10.1186/1471-2202-14-72
https://doi.org/10.1186/1471-2202-14-72
https://doi.org/10.1038/emboj.2011.365
https://doi.org/10.3389/fphys.2013.00102
https://doi.org/10.1242/jcs.023879
https://doi.org/10.1016/j.ppedcard.2011.02.002
https://doi.org/10.1161/01.RES.0000218493.09370.8e
https://doi.org/10.1111/bph.15382
https://doi.org/10.1085/jgp.201311044
https://doi.org/10.1073/pnas.0600137103
https://doi.org/10.1161/01.RES.56.3.377
https://doi.org/10.3389/fphys.2018.00558
https://doi.org/10.1016/S0006-291X(03)01348-2
https://doi.org/10.1016/S0006-291X(03)01348-2
https://doi.org/10.1242/jcs.1125880

SHERPA ET AL.

N/Boss = Physiological Report

Smola, M., Horova, V., Boura, E., & Klima, M. (2020). Structural
basis for hijacking of the host ACBD3 protein by bovine and
porcine enteroviruses and kobuviruses. Archives of Virology,
165(2), 355-366. https://doi.org/10.1007/s00705-019-04490-9

Sohda, M., Misumi, Y., Yamamoto, A., Yano, A., Nakamura, N,
& Tkehara, Y. (2001). Identification and characterization of
a novel golgi protein, GCP60, that interacts with the integral
membrane protein giantin. Journal of Biological Chemistry,
276(48), 45298-45306. https://doi.org/10.1074/jbc.M108961200

Suetsugu, S., Miki, H., & Takenawa, T. (1999). Identification of
two human WAVE/SCAR homologues as general actin regu-
latory molecules which associate with the Arp2/3 complex.
Biochemical and Biophysical Research Communications, 260(1),
296-302. https://doi.org/10.1006/bbrc.1999.0894

Tan, X., Shi, L., Banerjee, P., Liu, X., Guo, H.-F.,, Yu, J., Bota-
Rabassedas, N., Rodriguez, B. L., Gibbons, D. L., Russell, W.
K., Creighton, C. J., & Kurie, J. M. (2021). A protumorigenic
secretory pathway activated by p53 deficiency in lung adeno-
carcinoma. Journal of Clinical Investigation, 131(1), https://doi.
org/10.1172/JCI137186

Tavalin, S. J., Colledge, M., Hell, J. W., Langeberg, L. K., Huganir, R.
L., & Scott, J. D. (2002). Regulation of GluR1 by the A-kinase
anchoring protein 79 (AKAP79) signaling complex shares prop-
erties with long-term depression. Journal of Neuroscience, 22(8),
3044-3051. https://doi.org/10.1523/jneurosci.22-08-03044.2002

Teoule, F., Brisac, C., Pelletier, I., Vidalain, P.-O.-P.-O., Jegouic, S.,
Mirabelli, C., Bessaud, M., Combelas, N., Autret, A., Tangy, F.,
Delpeyroux, F., & Blondel, B. (2013). The golgi protein ACBD3,
an interactor for poliovirus protein 3A, modulates poliovirus
replication. Journal of Virology, 87(20), 11031-11046. https://
doi.org/10.1128/JV1.00304-13

Tibenska, V., Benesova, A., Vebr, P, Liptakova, A., Hejnova, L.,
Elsnicov4, B., Drahota, Z., Hornikova, D., Galatik, F., Kolar, D.,
Vybiral, S., Alanova, P., Novotny, J., Kolar, F., Novakova, O., &
Zurmanova, J. M. (2020). Gradual cold acclimation induces car-
dioprotection without affecting - adrenergic receptor-mediated
adenylyl cyclase signaling. Journal of Applied Physiology, 128(4),
1023-1032. https://doi.org/10.1152/JAPPLPHYSIOL.00511.2019

Vassilev, V., Platek, A., Hiver, S., Enomoto, H., & Takeichi, M. (2017).
Catenins steer cell migration via stabilization of front-rear
polarity. Developmental Cell, 43(4), 463-479.e5. https://doi.
0rg/10.1016/j.devcel.2017.10.014

Walker-Gray, R., Stengel, F., & Gold, M. G. (2017). Mechanisms for
restraining cAMP-dependent protein kinase revealed by sub-
unit quantitation and cross-linking approaches. Proceedings of
the National Academy of Sciences U S A, 114(39), 10414-10419.
https://doi.org/10.1073/pnas.1701782114

Wang, L., Sunahara, R. K., Krumins, A., Perkins, G., Crochiere,
M. L., Mackey, M., Bell, S., Ellisman, M. H., & Taylor, S. S.
(2001). Cloning and mitochondrial localization of full-length
D-AKAP?2, a protein kinase A anchoring protein. Proceedings

of the National Academy of Sciences of the U S A., 98(6), 3220-
3225. https://doi.org/10.1073/pnas.051633398

Warrier, S., Ramamurthy, G., Eckert, R. L., Nikolaev, V. O., Lohse,
M. J., & Harvey, R. D. (2007). cAMP microdomains and L-type
Ca2+ channel regulation in guinea-pig ventricular myocytes.
Journal of Physiology, 580(3), 765-776. https://doi.org/10.1113/
jphysiol.2006.124891

Wong, W., & Scott, J. D. (2004). AKAP signalling complexes: focal
points in space and time. Nature Reviews Molecular Cell Biology,
5(12), 959-970. https://doi.org/10.1038/nrm1527

Xu, X., Wang, D., Zheng, C., Gao, B., Fan, J., Cheng, P., Liu, B., Yang,
L., & Luo, Z. (2019). Progerin accumulation in nucleus pulpo-
sus cells impairs mitochondrial function and induces inter-
vertebral disc degeneration and therapeutic effects of sulfora-
phane. Theranostics, 9(8), 2252-2267. https://doi.org/10.7150/
thno.30658

Yang, P. C,, Boras, B. W,, Jeng, M. T., Docken, S. S., Lewis, T. I,
McCulloch, A. D., Harvey, R. D., & Clancy, C. E. (2016). A com-
putational modeling and simulation approach to investigate
mechanisms of subcellular cAMP compartmentation. PLoS
Computational Biology, 12(7). https://doi.org/10.1371/journ
al.pcbi. 1005005

Zaccolo, M., De Giorgi, F., Cho, C. Y., Feng, L., Knapp, T., Negulescu,
P. A., Taylor, S. S., Tsien, R. Y., & Pozzan, T. (2000). A genetically
encoded, flourescent indicator for cyclic AMP in living cells.
Nature Cell Biology, 2(1), 25-29. https://doi.org/10.1038/71345

Zaccolo, M., & Pozzan, T. (2002). Discrete microdomains with high
concentration of cAMP in stimulated rat neonatal cardiac my-
ocytes. Science, 295(5560), 1711-1715. https://doi.org/10.1126/
science.1069982

Zhang, J. Z., Lu, T. W,, Stolerman, L. M., Tenner, B., Yang, J. R,
Zhang, J. F., Falcke, M., Rangamani, P., Taylor, S. S., Mehta,
S., & Zhang, J. (2020). Phase separation of a PKA regulatory
subunit controls cAMP compartmentation and oncogenic sig-
naling. Cell, 182(6), 1531-1544.e15. https://doi.org/10.1016/j.
cell.2020.07.043

SUPPORTING INFORMATION
Additional supporting information may be found online
in the Supporting Information section.

How to cite this article: Sherpa, R. T., Fiore, C.,
Moshal, K. S., Wadsworth, A., Rudokas, M. W.,
Agarwal, S. R., & Harvey, R. D. (2021).
Mitochondrial A-kinase anchoring proteins in
cardiac ventricular myocytes. Physiological Reports,
9, €15015. https://doi.org/10.14814/phy2.15015



https://doi.org/10.1007/s00705-019-04490-9
https://doi.org/10.1074/jbc.M108961200
https://doi.org/10.1006/bbrc.1999.0894
https://doi.org/10.1172/JCI137186
https://doi.org/10.1172/JCI137186
https://doi.org/10.1523/jneurosci.22-08-03044.2002
https://doi.org/10.1128/JVI.00304-13
https://doi.org/10.1128/JVI.00304-13
https://doi.org/10.1152/JAPPLPHYSIOL.00511.2019
https://doi.org/10.1016/j.devcel.2017.10.014
https://doi.org/10.1016/j.devcel.2017.10.014
https://doi.org/10.1073/pnas.1701782114
https://doi.org/10.1073/pnas.051633398
https://doi.org/10.1113/jphysiol.2006.124891
https://doi.org/10.1113/jphysiol.2006.124891
https://doi.org/10.1038/nrm1527
https://doi.org/10.7150/thno.30658
https://doi.org/10.7150/thno.30658
https://doi.org/10.1371/journal.pcbi.1005005
https://doi.org/10.1371/journal.pcbi.1005005
https://doi.org/10.1038/71345
https://doi.org/10.1126/science.1069982
https://doi.org/10.1126/science.1069982
https://doi.org/10.1016/j.cell.2020.07.043
https://doi.org/10.1016/j.cell.2020.07.043
https://doi.org/10.14814/phy2.15015

