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Abstract
Although functional coupling between protein kinase Cε (PKCε) and mitochondria has been
implicated in the genesis of cardioprotection, the signal transduction mechanisms that enable this
link and the identities of the mitochondrial proteins modulated by PKCε remain unknown. Based
on recent evidence that the mitochondrial permeability transition pore may be involved in
ischemia/reperfusion injury, we hypothesized that protein-protein interactions between PKCε and
mitochondrial pore components may serve as a signaling mechanism to modulate pore function
and thus engender cardioprotection. Coimmunoprecipitation and GST-based affinity pull-down
from mouse cardiac mitochondria revealed interaction of PKCε with components of the pore,
namely voltage-dependent anion channel (VDAC), adenine nucleotide translocase (ANT), and
hexokinase II (HKII). VDAC1, ANT1, and HKII were present in the PKCε complex at ≈2%,
≈0.2%, and ≈1% of their total expression, respectively. Moreover, in vitro studies demonstrated
that PKCε can directly bind and phosphorylate VDAC1. Incubation of isolated cardiac
mitochondria with recombinant PKCε resulted in a significant inhibition of Ca2+-induced
mitochondrial swelling, an index of pore opening. Furthermore, cardiac-specific expression of
active PKCε in mice, which is cardioprotective, greatly increased interaction of PKCε with the
pore components and inhibited Ca2+-induced pore opening. In contrast, cardiac expression of
kinase-inactive PKCε did not affect pore opening. Finally, administration of the pore opener
atractyloside significantly attenuated the infarct-sparing effect of PKCε transgenesis. Collectively,
these data demonstrate that PKCε forms physical interactions with components of the cardiac
mitochondrial pore. This in turn inhibits the pathological function of the pore and contributes to
PKCε-induced cardioprotection.
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The mitochondrion has received considerable attention as the target of multiple forms of
protection, such as preconditioning (PC), against myocardial ischemia/reperfusion injury.
Pharmacological studies have implicated a role for mitochondrial KATP channel opening in
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cardioprotection,1–4 and PC has been shown to preserve mitochondrial function5,6 and to
reduce mitochondrial cytochrome c release during ischemia/reperfusion.7,8 In addition to
mitochondria, multiple studies have also demonstrated that activation of protein kinase Cε
(PKCε) is critical for the protective phenotype.9–13 Furthermore, cardioprotective stimuli
can induce translocation of PKCε to mitochondria.14,15 However, little is known regarding
whether this signaling kinase and mitochondria are functionally linked and if so, the specific
manner and the molecular mechanisms by which they exert cardioprotection. Recently, we
have reported mitochondrial localization of PKCε in the mouse heart, and that mitochondrial
PKCε expression and activity were enhanced in mice with cardiac-specific expression of
active PKCε.16 Accordingly, we postulate that mitochondrial proteins are targets for PKCε,
and that PKCε-dependent modulation of these proteins plays a key role in protection against
ischemic injury. However, the molecular identities of the mitochondrial proteins modulated
by PKCε have yet to be ascribed.

One potential target is the mitochondrial permeability transition pore. The mitochondrial
pore is a multiprotein complex formed at the contact sites between the inner and outer
mitochondrial membranes.17–19 Its core components are the voltage-dependent anion
channel (VDAC) in the outer membrane and adenine nucleotide translocase (ANT) in the
inner membrane. The pore complex also includes hexokinase, which binds to VDAC, and
cyclophilin D, which binds to ANT.17–19 The current paradigm is that the VDAC–ANT–
cyclophilin D complex is the functional pore, with hexokinase enabling modulation of the
pore by glucose.17,18 While the physiological role of the pore is still not clear, pathological
opening of the pore is known to cause mitochondrial permeability transition, and
consequently plays a critical role in the progression of both apoptotic and necrotic cell
death.17–19 Pore opening induces mitochondrial swelling, causing outer membrane rupture
and the release of apoptogenic proteins such as cytochrome c and Smac/DIABLO. In
addition, the inner membrane potential collapses, thus inhibiting ATP synthesis, which if
prolonged will instead induce necrotic death.

The conditions that elicit pore opening are identical to those that exist in the ischemic heart,
namely high Ca2+, low glucose and ATP, and high Pi.18,19 Consequently, a role for the
mitochondrial pore in ischemia/reperfusion-induced cardiac cell death has been
proposed.18,19 Several studies report that pore opening may contribute to ischemic injury
and that inhibition of the pore may be involved in cardioprotection.3,8,20–24 Moreover, it has
been shown that protein kinase A (PKA) can phosphorylate VDAC,25,26 and that protein
kinase G (PKG) can inhibit the pore in brain mitochondria,27 suggesting that kinases can
regulate pore opening. Nevertheless, the molecular events by which cardiac protective
stimuli or signaling molecules modulate the mitochondrial pore have never been defined.

Building on the concept of signal transduction being mediated by the formation of
multiprotein complexes,28,29 we hypothesized that mitochondrial PKCε can directly interact
with, and inhibit opening of, the mitochondrial permeability transition pore in the heart, and
that this functional coupling contributes to the cardioprotective actions of PKCε. In the
present study, we determined that PKCε can interact with and phosphorylate key
components of the mitochondrial pore in the mouse heart. Moreover, we found that
transgenic activation of PKCε enhances signaling complex formation between PKCε and
the pore, concomitant with inhibition of pore opening. Finally, prevention of pore inhibition
with atractyloside significantly impairs the cardioprotective effects of PKCε transgenesis
against ischemia/reperfusion injury.
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Materials and Methods
All procedures were performed in accordance with the University of Louisville IACUC
guidelines, which conform with the NIH Guide for the Care and Use of Laboratory Animals.

Antibodies and Chemicals
Anti-PKCε (1:1000) and GST (1:2000) were purchased from BD Pharmingen; anti-VDAC1
(1:2000) from Calbiochem; anti-ANT1 (1:500) and hexokinase II (1:1000) from Santa Cruz
Biotechnology; and anti-cyclophilin D (1:1000) from Affinity Bioreagents. Glucose 6-
phosphate dehydrogenase (G6PDH) and protease inhibitor cocktail were obtained from
Roche Diagnostics, atractyloside from Calbiochem, and recombinant PKCε from BioMol.

PKCε Transgenic Mice
The cardiac-targeted PKCε transgenic mice have been extensively described.13,16,30 The
αMHC promoter was used to drive cardiac expression of either an active (A159E; AE) or a
dominant-negative (K436R and A159E; DN) PKCε mutant in Institute for Cancer Research
mice. Both lines are free of hypertrophy and display normal cardiac function.13,30 Mice
were studied at 9 to 12 weeks.

Constructs and Recombinant Proteins
Mouse heart VDAC1 and ANT1, and rat heart cyclophilin D cDNAs were obtained by RT-
PCR and subcloned into pCDNA3. Mouse hexokinase II cDNA was a generous gift from
Sami Heikkinen (University of Kuopio, Finland) and was subcloned into pCDNA3.
Recombinant [35S]-labeled VDAC1, ANT1, hexokinase II (HKII), and cyclophilin D were
generated by in vitro transcription and translation using the TNT rabbit reticulocyte lysate
system (Promega). VDAC1 was subcloned into pAcGHLT and recombinant glutathione S-
transferase (GST)-VDAC1 fusion protein generated using the baculovirus expression system
(BD Pharmingen). The fusion protein (which contains a His6 tag) was then purified from the
insect cell lysates on a Ni-NTA column. GST-PKCε was generated using the same
system.13,31

Mitochondrial Isolation
Mouse cardiac mitochondria were isolated by differential centrifugation.16 After washing
twice, mitochondria were then either directly used for swelling assays or were incubated in
lysis buffer (150 mmol/L NaCl, 50 mmol/L Tris-HCl [pH 7.4], 1% NP-40, 1 mmol/L
EDTA, 1 mmol/L Na3VO4, and protease inhibitor). Contamination of the mitochondrial
fraction by other subcellular compartments was minimal (data not shown), as determined by
lactate dehydrogenase activity (cytosol), and Western blotting for nuclear mitotic apparatus
protein (nuclei) and the dihydropyridine receptor (sarcolemma). Protein concentrations were
determined using the Bradford method.

Western Blotting
Mitochondrial proteins (50 to 100 μg) were resolved on 10% SDS-PAGE gels and
transferred onto nitrocellulose membranes. After blocking with 5% milk, the membranes
were immunoblotted using the ECL detection system (Amersham). Linearity was
maintained by taking and quantifying multiple exposures of each membrane.

Coimmunoprecipitation
Coimmunoprecipitation was carried out as described.13,16 Briefly, 500 μg mitochondrial
protein was incubated with 1 μg of either PKCε, VDAC1, ANT1, or hexokinase II
antibodies plus 20 μL Protein A/G-Agarose (Santa Cruz) overnight at 4°C. Nonspecific IgG
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was used as a negative control. After washing three times with lysis buffer, the complexes
were subjected to SDS-PAGE and immunoblotting.

GST-Based Affinity Pull-Down Assays
GST-based affinity pull-down assays were performed as previously reported.13,31 Briefly, 1
μg of GST-PKCε or GST-VDAC1 was immobilized on glutathione-Sepharose beads, mixed
with either 50 μL of [35S]-labeled in vitro translation mix or 500 μg cardiac mitochondrial
protein, and incubated in binding buffer (0.2% Triton X-100, 150 mmol/L NaCl, 20 mmol/L
Tris-HCl [pH 7.4], 1 mmol/L EDTA, 1 mmol/L EGTA, 0.2 mmol/L Na3VO4, and protease
inhibitor). GST-null proteins were used as negative controls. The GST-protein complexes
were then washed, resolved by SDS-PAGE, and analyzed via autoradiography or
immunoblotting.

In Vitro Phosphorylation of VDAC
Recombinant PKCε was incubated with GST-VDAC1 in phosphorylation cocktail (50
mmol/L Tris-HCl [pH 7.5], 0.1 mmol/L ATP, 2.3 mmol/L HEPES, 28.8 μg/mL α-
phosphatidyl-L-serine, 3 μg/mL PMA, 7.5 mmol/L DTT, 3 mmol/L CaAc, 5.5 mmol/L
MgCl2, and 0.5 μCi [γ-32P]-ATP) for 15 minutes at 37°C.13,31 Phosphorylation was then
analyzed by SDS-PAGE and autoradiography.

Mitochondrial Hexokinase Activity
Hexokinase activity was determined by analyzing the glucose-6-phosphate–coupled
conversion of NADP to NADPH.32 Ten microliters of mitochondrial extract was added to
990 μL of assay buffer (100 mmol/L Tris-HCl [pH 8.0], 0.5 mmol/L EDTA, 10 mmol/L
ATP, 10 mmol/L MgCl2, 2 mmol/L glucose, 0.1 mmol/L NADP, and 0.1 U/mL G6PDH).
NADPH formation was then followed spectrophotometrically at 340 nm.

Mitochondrial Pore Opening
Opening of the mitochondrial pore was determined by Ca2+-induced swelling of isolated
cardiac mitochondria.20–24 Opening of the pore causes mitochondrial swelling, which is
measured as a reduction in A520. Isolated cardiac mitochondria were resuspended in
swelling buffer (120 mmol/L KCl, 10 mmol/L Tris-HCl [pH 7.4], 20 mmol/L MOPS, and 5
mmol/L KH2PO4) to a final concentration of 0.25 mg/mL. Absorbance was measured
spectrophotometrically at 520 nm and pore opening induced by 200 μmol/L CaCl2. To
confirm that the absorbance decreases were due to opening of the pore, mitochondria were
incubated with either 30 nmol/L cyclosporin A or 10 μmol/L MgCl2, two pore inhibitors, 5
minutes before the addition of CaCl2. In additional experiments, mitochondria were
incubated with 2 μg recombinant PKCε plus 1 μmol/L PMA 15 minutes before the addition
of CaCl2.

Myocardial Infarction
The mouse model of myocardial infarction has been previously described in detail.13,33

Briefly, myocardial infarction was produced in pentobarbital-anesthetized mice by a 30-
minute coronary occlusion followed by a 4-hour reperfusion. Physiological variables,
including temperature, arterial pressure, heart rate, and blood gases, were maintained within
normal limits. At the conclusion of the study, the occluded/reperfused coronary bed and the
infarcted region were identified by postmortem perfusion of pthalo blue and tetrazolium
chloride, respectively. Infarct size was calculated by videoplanimetry and expressed as a
percentage of the ischemic zone. The pore activator atractyloside (25 mg/kg, IV) was
administered 15 minutes before ischemia.
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Statistical Analysis
Data are expressed as mean±SEM. Biochemical data were compared using unpaired t tests,
and infarct size data were compared by one-way ANOVA followed by t test. P<0.05 was
considered significant.

Results
PKCε Interacts With the Mitochondrial Pore In Vivo

Examination of mouse cardiac mitochondria demonstrated robust expression of VDAC1,
ANT1, hexokinase II, and cyclophilin D, alongside PKCε (Figure 1, n=8). Moreover,
immunoprecipitation of mitochondrial PKCε followed by Western blotting revealed the
interaction of PKCε with VDAC1, ANT1, and hexokinase II, but not cyclophilin D (Figure
2, n=8). The amounts of VDAC1, ANT1, and HKII in the PKCε complex were estimated to
be ≈2%, ≈0.2%, and ≈1% of their total mitochondrial expression, respectively.

PKCε Interacts With and Phosphorylates VDAC In Vitro
In order to ascertain which of the pore proteins bound directly to PKCε, [35S]-labeled
recombinant VDAC1, ANT1, hexokinase II, and cyclophilin D were produced by in vitro
translation and incubated with either GST or GST-PKCε (Figure 3A, n=3). GST-PKCε was
able to bind recombinant VDAC1 more efficiently than GST alone, binding 3.1% of
available VDAC1 compared with 0.7%, respectively. In contrast, GST-PKCε and GST
bound equally to ANT1, binding 2.6% and 2.1%, respectively. Binding of GST-PKCε to
hexokinase II and cyclophilin D was negligible. The relatively high nonspecific binding of
ANT1 to GST was somewhat of a concern. However, interaction of ANT with GST-VDAC1
was significantly more robust than GST alone (data not shown), indicating that specific
ANT-protein interactions could still be observed with this system. Analysis of the murine
VDAC1 sequence revealed 8 putative PKC phosphorylation sites, and recombinant PKCε
was able to phosphorylate GST-VDAC1 in a dose-dependent manner (Figure 3B, n=3).

PKCε Inhibits Opening of the Mitochondrial Pore In Vitro
We tested whether binding of PKCε exerts a functional effect on the mitochondrial pore.
Mouse cardiac mitochondria were isolated and Ca2+-induced pore opening assessed by
measuring mitochondrial swelling. Opening of the pore causes swelling of mitochondria,
which is observed as a decrease in absorbance.20–24 In nontreated mitochondria, Ca2+

evoked a large decrease in A520 (Figure 4, n=3). This effect was inhibited by cyclosporin A
and Mg2+, two chemically disparate pore inhibitors, confirming that the decrease in
absorbance was due to pore opening. In mitochondria treated with recombinant PKCε plus
PMA, but neither PKCε nor PMA alone, the absorbance decrease was also significantly
attenuated (Figure 4), demonstrating that PKCε can inhibit the mitochondrial pore.
Moreover, this effect of PKCε was independent of changes in mitochondrial hexokinase
activity (data not shown).

Interaction of PKCε With the Mitochondrial Pore Is Increased in PKCε Transgenic Mice
We next examined the interaction of PKCε with the mitochondrial pore in the active (AE)
and dominant-negative (DN) PKCε mouse lines. The AE line exhibits cardioprotection,
whereas the DN line does not.13,16 Moreover, while mitochondrial expression of PKCε is
increased in both lines, mitochondrial PKCε activity is increased ≈3- to 4-fold in the AE
mice and decreased by about half in the DN mice.16 Western blot analysis revealed no
significant changes in VDAC1, ANT1, and hexokinase II expression in either AE or DN
mitochondria (Figure 5, n=6). Interestingly, cyclophilin D expression was increased in the
AE mice and decreased in the DN mice (1.7±0.3-fold and 0.3±0.1-fold versus non-
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transgenic, respectively). Immunoprecipitation of VDAC1, ANT1, or hexokinase II
followed by blotting for PKCε demonstrated increased interaction of PKCε with these pore
constituents in the AE mice (Figure 6, n=6). This enhanced complex formation between
PKCε and the pore was also evident in the DN mice (Figure 6, n=6), indicating that catalytic
activity is not required for these interactions.

Opening of the Mitochondrial Pore Is Inhibited in PKCε Transgenic Mice
We also examined whether cardiac pore function was modulated in the PKCε transgenic
mice. Analysis of mitochondria isolated from the different mouse lines demonstrated a
reduction in Ca2+-induced swelling in AE mitochondria when compared with mitochondria
isolated from nontransgenic mice (Figure 7, n=4). In contrast, swelling was unaffected in the
DN mitochondria. Mitochondrial hexokinase activity was unchanged in both the AE and DN
hearts (data not shown).

Atractyloside Attenuates Cardioprotection in PKCε Transgenic Mice
Activation of PKCε protects the heart against ischemia/reperfusion injury.9–13 We therefore
examined whether inhibition of the mitochondrial pore by PKCε contributes to the
cardioprotective phenotype observed in the AE mice. In nontransgenic mice subjected to 30
minutes of regional ischemia/4 hours of reperfusion, myocardial infarction was 42.5±4.7%
of the ischemic region (Figure 8, n=5 to 6). In contrast, the degree of infarction was
significantly reduced to 21.7±3.6% in the AE mice. Atractyloside is an ANT ligand that
places the translocase in a conformation that is more conducive to pore opening.18 Thus,
atractyloside would counteract any inhibitory force exerted on the pore. Administration of
atractyloside (25 mg/kg IV) 15 minutes before the ischemic period had no significant effect
on infarction in nontransgenic animals (47.2±6.8%). However, atractyloside markedly
attenuated the protection observed in the AE mice (37.4±2.2%).

Discussion
We have previously demonstrated the constitutive expression of PKCε in cardiac
mitochondria,16 and cardioprotective stimuli induce PKCε translocation to the
mitochondrial compartment.14,15 Together, these data indicate that PKCε interacts with and
modulates multiple mitochondrial proteins. Of these, the mitochondrial permeability
transition pore complex was an attractive candidate as emerging evidence indicates that pore
opening contributes to myocardial ischemic injury.3,8,20–24 Therefore, inhibition of the
mitochondrial pore by PKCε would represent a novel mechanism by which PKCε mediates
cardioprotection.

PKCε Interacts With Mitochondrial Permeability Transition Pore
Coimmunoprecipitation from mouse cardiac mitochondria demonstrated interaction of
PKCε with VDAC1, ANT1, and hexokinase II in vivo. However, we found that only
VDAC1 was a direct binding partner with PKCε in vitro. Consequently, it appears that
PKCε is able to bind to the pore in mitochondria via interaction with VDAC, and that the
ability of ANT and hexokinase to coprecipitate with PKCε is presumably through
interaction with VDAC.17–19 To our knowledge, this is the first time that direct interaction
of a signaling kinase with components of the mitochondrial pore has been demonstrated.
The amounts of VDAC1, ANT1, and hexokinase II in the PKCε complex were estimated to
be very small in relation to their total mitochondrial levels. However, these numbers only
reflect the levels of each pore protein in the PKCε complex under basal conditions, and our
data would indicate that these amounts would be greatly enhanced under conditions where
PKCε is stimulated. Moreover, the numbers of each protein that is physically part of every
pore would only be a fraction of the total pool. Consequently, we believe that the amounts of
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pore-specific VDAC, ANT, and hexokinase II interacting with PKCε are higher than the
figures would indicate and are sufficient to be functionally relevant. In addition to
interacting with the pore, we found that recombinant PKCε could phosphorylate VDAC in a
dose-dependent manner, consistent with previous studies showing that PKA can
phosphorylate this protein.25,26

Signal transduction is mediated by the formation of dynamic complexes between signaling
elements and their effectors,28,29 and we have demonstrated enhanced interactions of PKCε
with multiple proteins within the cardioprotected mouse heart.13,16,31,34 Consequently, if
modulation of the mitochondrial pore by PKCε is critical for cardioprotection, then we
would expect enhanced PKCε-pore interactions in protected hearts. To address this question,
we used a genetic model of cardioprotection engendered by cardiac-specific expression of
an active mutant of PKCε,13,30 in which mitochondrial PKCε expression and activity are
greatly enhanced.16 Coimmunoprecipitation revealed that mitochondrial PKCε interactions
with VDAC, ANT, and hexokinase II were greatly increased in the PKCε transgenic mice
when compared with controls. This enhanced complex formation between PKCε and the
pore proteins was also present in mouse hearts expressing DN PKCε, consistent with our
previous data showing that PKCε interactions are activity-independent.16,31

PKCε Inhibits the Mitochondrial Permeability Transition Pore
A recent study demonstrated that PKG could inhibit the pore in isolated brain
mitochondria,27 suggesting that kinases can regulate pore opening. Therefore, by binding to
and phosphorylating VDAC, PKCε may exert a modulatory effect on the mitochondrial
pore. Incubation of cardiac mitochondria with recombinant PKCε resulted in a small but
significant inhibition of Ca2+-induced mitochondrial swelling, an index of mitochondrial
pore opening, thus demonstrating a direct inhibitory effect of PKCε on the mitochondrial
pore. The small magnitude of the inhibition is presumably a reflection of the artificial
conditions under which PKCε interacts with the mitochondria. For example, the
phosphorylation reaction is reliant on what mitochondrial ATP is available after isolation,
limitations of which would reduce the ability of PKCε to phosphorylate the pore.
Unfortunately, addition of exogenous ATP is precluded as ATP is a strong inhibitor of the
pore.17 The amount of PKCε may also be an issue, as the study in brain mitochondria used
huge amounts of PKG for complete inhibition of the pore.27

To circumvent these issues, pore function was also determined in the PKCε transgenic mice,
where phosphorylation will have occurred before mitochondrial isolation. In keeping with
the in vitro data, we found that mitochondria isolated from hearts expressing active PKCε
exhibited a considerable suppression of Ca2+-induced pore opening. Together, these data
demonstrate that both exogenous and endogenous PKCε activation can inhibit the
mitochondrial permeability transition pore in the mouse myocardium. Moreover, inhibition
of the pore is only associated with the cardioprotective phenotype as pore function in mice
expressing the DN PKCε was no different from controls.

PKCε-Mediated Pore Inhibition Contributes to Cardioprotection
Opening of the mitochondrial pore has been proposed as a mediator of cardiomyocyte death
in response to ischemia/reperfusion.18,19 This is supported by experimental evidence of
reperfusion-induced pore opening in isolated rat hearts.21 Moreover, pore inhibitors prevent
ischemia/reperfusion-induced cell death in isolated cardiomyocytes or whole
hearts.8,20,21,23,24

The present study shows that the cardioprotected phenotype exhibited in the active PKCε
transgenic mice correlated with inhibition of the mitochondrial pore. We therefore wanted to
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test whether these two circumstances were causally linked. The ANT protein exists in two
states: the c-state and m-state in which the ATP/ADP binding site faces either the cytosol
and the matrix, respectively.35 The specific ANT ligand atractyloside places the translocase
into the c-state, facilitating pore opening at high concentrations of the drug.35 Therefore, we
reasoned that the conformational changes induced by atractyloside would counteract the
inhibition by PKCε. Using a dose of atractyloside that did not itself affect myocardial
infarction, protection against ischemia was significantly attenuated in the mice expressing
active PKCε. Thus, inhibition of the mitochondrial pore by PKCε appears to mediate
cardioprotection in these mice.

Mechanism of PKCε-Mediated Inhibition of the Mitochondrial Pore
Although the specific mechanism by which PKCε influences the VDAC protein and
therefore the pore as a whole during cardioprotection is still unknown, several scenarios can
be envisioned. One possibility is that PKCε influences hexokinase activity, which can
modulate pore opening.36,37 However, we saw no changes in hexokinase activity in
mitochondria from PKCε transgenic hearts or those treated with exogenous PKCε. Another
possibility is that phosphorylation of VDAC may inhibit the ion channel itself, thus reducing
pore conductance. A third possibility is that PKCε phosphorylation reduces the ability of
VDAC to interact with ANT and/or hexokinase II, although preliminary studies suggest that
this is not the case. A fourth possibility is that PKCε-induced conformational changes may
impair the Ca2+ sensitivity of the mitochondrial pore. Halestrap’s group has proposed that
binding of cyclophilin D to ANT facilitates opening of the pore by increasing Ca2+

sensitivity.35 As we did not find cyclophilin D in the PKCε-pore complex, PKCε may
induce changes within the pore that prevent binding of cyclophilin D and reduce Ca2+

sensitivity. A final possibility is that PKCε recruits inhibitory proteins into the pore
complex. For example, we have previously shown that activation of a PKCε-ERK module in
mitochondria of the AE transgenic mice leads to inactivation of the proapoptotic protein
Bad.16 Inactivation of Bad would release the antiapoptotic protein Bcl-XL, which can bind
to and inhibit the mitochondrial pore.38 The parallel phosphorylation of VDAC by PKCε
may act to facilitate the binding of Bcl-XL to the pore. Future studies will address these
issues.

Experimental Limitations
There are several experimental limitations that should be taken into account. The first is the
use of the PKCε transgenic model of protection. Classical PC is an acute phenomenon that
relies on posttranslational modifications rather than gene expression. In contrast, the genetic
model is associated with chronic changes in protein expression and activity and therefore
cannot be directly compared with ischemic PC. Indeed, cyclophilin D was upregulated in the
AE mice and down-regulated in the DN mice. While the obvious interpretation is that
cyclophilin D expression is controlled by PKCε activity, what effects these changes have on
pore function are still not clear. Despite this, PC is known to induce mitochondrial PKCε
translocation14,15 and PC’s protection is blocked by atractyloside,8,24 suggesting that PKCε-
induced inhibition of the pore may also contribute to PC. A second limitation is that while
PKCε can directly bind to and phosphorylate VDAC in vitro, this may not reflect what
occurs in vivo. For instance, as PKCε also forms a mitochondrial signaling module with
ERK,16 it is feasible that under in vivo conditions ERK phosphorylates VDAC. The third
limitation is that although we believe that the dose of atractyloside used is specific for ANT,
we cannot completely rule out that its effect in the AE-PKCε mice was due to the metabolic
consequences of ANT inhibition rather than the effect on the pore. Further studies using
non-ANT binding pore activators are warranted.
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Summary
Very little is known about the pore and its regulation in the myocardium. Furthermore, how
intracellular signaling networks couple to the mitochondrial pore has only just begun to be
examined. Consequently, the present study provides new information as to how a signaling
kinase can directly interact with and modulate function of the mitochondrial pore, and
consequently contribute to a specific cardiac phenotype. Application of this paradigm to
other signaling systems and cardiac phenotypes should enable us to gain novel insight into
how mitochondrial dysfunction affects cardiovascular function and disease, and mechanisms
by which this can be prevented.
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Figure 1.
Expression of individual mitochondrial pore proteins in mouse cardiac mitochondria.
Mitochondrial lysates from control mouse hearts were subjected to SDS-PAGE followed by
Western immunoblotting with (from top to bottom) anti-VDAC1, ANT1, HKII, CypD, and
PKCε. Each lane represents an individual heart (n=8). IB indicates immunoblotting.

Baines et al. Page 12

Circ Res. Author manuscript; available in PMC 2013 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
PKCε interacts with mitochondrial pore proteins in vivo. Mitochondrial lysates from control
mouse hearts were immunoprecipitated with anti-PKCε antibody. The complexes were
subjected to SDS-PAGE followed by Western immunoblotting with (from top to bottom)
anti-VDAC1, ANT1, HKII, CypD, and PKCε antibodies. Lanes 1 through 3 contain PKCε
immunoprecipitates from 3 individual hearts; lane 4 is blank; and lane 5 contains cardiac
mitochondrial lysate as positive control (n=8). IP indicates immunoprecipitation; IB,
immunoblotting.
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Figure 3.
PKCε interacts with and phosphorylates VDAC in vitro. A, Equal amounts of recombinant
GST or GST-PKCε fusion proteins conjugated to glutathione-Sepharose beads were
incubated with mixes containing [35S]-labeled VDAC1, ANT1, HKII, or CypD produced by
in vitro translation (IVT). The complexes were pulled down and subjected to SDS-PAGE
and either autoradiography (top 4 panels) or immunoblotting with anti-GST antibody
(bottom panel). Lane 1 contains GST alone plus the respective in vitro translation product;
lane 2 contains GST-PKCε plus the respective in vitro translation product; lane 3 is blank;
and lane 4 contains the respective in vitro translation product as positive control (n=3). B,
Recombinant GST-VDAC1 fusion protein was incubated with γ[32P]-ATP plus increasing
amounts of recombinant PKCε and subjected to SDS-PAGE and either autoradiography (top
panel) or immunoblotting with anti-GST antibody (bottom panel). Lanes 1 through 4 contain
radio-labeled GST-VDAC1 after incubation with 0, 10, 50, and 100 ng of recombinant
PKCε, respectively (n=3). IB indicates immunoblotting.
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Figure 4.
Recombinant PKCε inhibits swelling in mouse cardiac mitochondria. Mitochondria were
isolated from nontransgenic mouse hearts and swelling was induced by 200 μmol/L CaCl2
and measured spectrophotometrically as a decrease in A520. In some experiments,
mitochondria were incubated with either the pore inhibitors cyclosporin A (30 nmol/L) or
MgCl2 (10 μmol/L) 5 minutes before calcium was added, or with recombinant PKCε (2 μg)
plus PMA (1 μmol/L) 15 minutes before calcium was added. Figure shows representative
traces for control, cyclosporin A–, Mg2+-, and PKCε-treated mitochondria (n=3).
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Figure 5.
Expression of PKCε and pore proteins in mitochondria from mice with cardiac-specific
expression of active and inactive PKCε. Mitochondrial lysates from NTG, AE, and DN
mouse hearts were subjected to SDS-PAGE followed by Western immunoblotting with
(from top to bottom) anti-VDAC1, ANT1, HKII, CypD, and PKCε antibodies (n=6). IB
indicates immunoblotting.
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Figure 6.
PKCε interaction with pore proteins is enhanced in mitochondria from mice with cardiac-
specific expression of active and inactive PKCε. A, Mitochondrial lysates from NTG and
AE mouse hearts were immunoprecipitated with anti-VDAC1 (top), ANT1 (middle), or
HKII (bottom) antibodies. The complexes were subjected to SDS-PAGE followed by
Western immunoblotting with anti-VDAC1 (top), ANT1 (middle), and HKII (bottom)
antibodies (n=6). B, Mitochondrial lysates from NTG, AE, and DN mouse hearts were
immunoprecipitated with anti-VDAC1 (top), ANT1 (middle), or HKII (bottom) antibodies.
The complexes were subjected to SDS-PAGE followed by Western immunoblotting with
anti-PKCε antibody (n=6). IP indicates immunoprecipitation; IB, immunoblotting.

Baines et al. Page 17

Circ Res. Author manuscript; available in PMC 2013 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Mitochondrial swelling is inhibited in mice with cardiac-specific expression of active but
not inactive PKCε. Mitochondria were isolated from NTG, AE, and DN hearts, and swelling
was induced by 200 μmol/L CaCl2 and measured spectrophotometrically as a decrease in
A520. Figure shows representative traces for NTG, AE, and DN mitochondria (n=4).
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Figure 8.
Atractyloside inhibits cardioprotection in mice with cardiac-specific expression of active
PKCε. Anesthetized NTG and AE mice were subjected to 30 minutes of coronary occlusion
followed by 4 hours reperfusion, and the resultant infarct size was determined by
postmortem tetrazolium staining. Atractyloside (ATR) was administered as a bolus injection
(25 mg/kg, IV) 15 minutes before the coronary occlusion. Data are represented as mean
±SEM. *P<0.05 compared with NTG (n=5 to 6).
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