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Abstract As we learn more about the factors that govern
cardiac mitochondrial bioenergetics, fission and fusion,
as well as the triggers of apoptotic and necrotic cell
death, there is growing appreciation that these dynamic
processes are finely-tuned by equally dynamic post-
translational modification of proteins in and around the
mitochondrion. In this minireview, we discuss the
evidence that S-nitrosylation, glutathionylation and phos-
phorylation of mitochondrial proteins have important
bioenergetic consequences. A full accounting of these
targets, and the functional impact of their modifications,
will be necessary to determine the extent to which these
processes underlie ischemia/reperfusion injury, cardiopro-
tection by pre/post-conditioning, and the pathogenesis of
heart failure.
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Introduction

Mitochondria are the sites of aerobic metabolism where

energy in the form of nutrition is converted to a more
usable energy currency, ATP. A hallmark of mitochondrial
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function in the heart is its ability to step-up ATP production
promptly in response to increased workloads. Failure to do
so has disastrous consequences. And yet mitochondria are
also capable of much more. Work in diverse fields has led
to the emergence of mitochondria as loci of control within a
cell, at times acting as integrators of intracellular signals,
while at others, they initiate or amplify signals, in turn.
Specifically, mitochondria figure prominently in shaping
two prominent signaling modalities within the cell, redox
balance and protein phosphorylation cascades. In this
minireview, we briefly consider intramitochondrial redox
signaling with emphasis on nitrosylation and glutathiony-
lation, as well as the growing evidence for the importance
of protein phosphorylation by resident kinases. Finally,
inspired by cell signaling literature outside the mitochon-
drion, we consider specific examples of cross-talk that
may hint at a more extensive intramitochondrial redox-
phosphorylation network.

Redox signaling in mitochondria
Reactive oxygen and nitrogen species

The redox balance within the cell results from the balance
of pro-oxidant and anti-oxidant species. Mitochondrial
superoxide (O2°¢) arises from the incomplete reduction of
0O, as a low-level byproduct of aerobic respiration; yields
range from up to 1-2% of oxygen consumed by isolated
mitochondria in vitro, though the yield is likely lower in vivo
(St-Pierre et al. 2002; Turrens 2003). Superoxide undergoes
spontaneous dismutation to yield hydrogen peroxide (H,0,),
which can, in turn, decompose to generate reactive a hydroxyl
radical (OHe) via the Fenton reaction. Collectively, O,
H,0,, and OHe are commonly termed reactive oxygen species
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(ROS). Respiratory complexes I and III have been implicated
as prominent sites of mitochondrial ROS production. In the
heart, a high proportion of superoxide is produced at the Q,
site of complex III as a result of oxidation of the
ubisemiquinone radical during the Q cycle (Brookes et al.
2004). Excessive ROS production is often deleterious to
mitochondrial and cell function. In particular, unchecked OHe
accumulation leads to its indiscriminate reaction with proteins,
lipids and DNA. ROS are, therefore, tightly monitored by
scavenging enzymes. Superoxide from complex III is released
into both the mitochondrial matrix, where it is converted to
H,0, by manganese-dependent superoxide dismutase
(MnSOD), and into the intermembrane space (IMS) where it
is similarly reduced by copper/zinc-dependent superoxide
dismutase (CuZnSOD). Hydrogen peroxide, in turn is quickly
cleared (reduced to water) by the enzymes glutathione
peroxidase, peroxiredoxins, and catalase.

In addition to ROS-scavenging enzymes, the cell is
equipped with low molecular weight antioxidant molecules,
the most abundant of which is the tripeptide, glutathione (y-
Glu-Cys-Gly). It is synthesized in the cytosol and transported
to the mitochondria (Griffith and Meister 1985; Jocelyn 1975;
Jocelyn and Kamminga 1974), where its concentration has
been estimated between 5 and 10 mM (Wahllander et al.
1979). Upon oxidation, glutathione forms a cystine-linked
dimer (GSSG). It is efficiently recycled to the reduced form
through the action of NADPH-dependent glutathione reduc-
tase (GR), of which there are both cytosolic and mitochon-
drial isoforms. GR helps maintain the cellular GSH/GSSG
ratio in the range of 30-100:1 (Hwang et al. 1992). GSH
participates as an antioxidant both by acting as a thiol buffer,
directly reacting with protein thiols and ROS/RNS, and also
by serving as a substrate for the glutathione peroxidases
(Hurd et al. 2005a) that reduce ROS.

The term, reactive nitrogen species (RNS) refers to the
family of compounds derived from nitric oxide (NOe), the
pleiotropic signaling molecule synthesized from L-arginine
by the nitric oxide synthases, nNOS (NOS1), eNOS
(NOS3) and iNOS (NOS2). In the heart, eNOS is found
in the coronary vascular endothelium, while cardiac
myocytes constitutively express eNOS and nNOS; iNOS
expression can be triggered by inflammation, ischemia and
heart failure (Brown and Borutaite 2007; Jones and Bolli
2006). NOe exerts many of its physiological effects,
including classical vasodilation, through a canonical pathway
wherein it binds to guanylyl cyclase, thereby stimulating the
formation of cyclic GMP from GTP, which subsequently
activates PKG (Costa et al. 2008; Schlossmann et al. 2003).
Yet NOe can also be converted, by oxidation or reduction,
into many chemically reactive forms including nitrite (NO5"),
peroxynitrite (ONOQ"), and nitroxyl (HNO), each of which
yields distinct functional consequences (Brown and Borutaite
2007; Burwell and Brookes 2008; Poderoso 2009; Sinha et
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al. 2008; Wink et al. 2003). Under pathological conditions,
peroxynitrite, formed by the reaction of NOe¢ with O,", can
react directly and irreversibly with proteins (on tyrosine),
lipids, and DNA (Burwell and Brookes 2008), a result that is
frequently deleterious. It is now clear, however, that when
properly regulated under physiological conditions, ROS/
RNS, are not purely destructive, but rather, engage in
important signaling functions both in and outside of
mitochondria (Finkel 2003; Jones 2006).

Redox signaling

The term, “redox signaling” describes a process by which
milder physiological levels of ROS/RNS induce modifi-
cations to proteins that are discrete, site-specific and
reversible. Redox signals may abrogate or enhance
activity of the target protein, and have been implicated in
physiological signaling processes that include kinase
signaling, channel function, apoptotic proteolysis, and
regulation of transcription (Hool and Corry 2007; Janssen-
Heininger et al. 2008; Ueda et al. 2002). The tenet of
redox-sensing is that certain proteins undergo reversible
chemical changes in response to changes in local redox
potential. The sulthydryl chemistry of cysteine residues
within proteins is uniquely suited to the task, as they can
adopt multiple oxidation states (Forman et al. 2004;
Winterbourn and Hampton 2008). Moreover, cysteines
that are adjacent to basic amino acids or lie in a local
hydrophobic pocket within a protein’s tertiary structure are
rendered particularly reactive at physiological pH, since
these conditions lower the pKa of the thiol sidechain from
8 to between 5 and 7 (Greco et al. 2006; Hess et al. 2001).
These reactive cysteines can react with ROS/RNS to yield
a number of species including S-nitrosylated proteins
(PSNO), intra- and intermolecular disulfide bonds (PS-
SP), or the formation of mixed disulfides with glutathione
(glutathionylation, PSSG) (Hurd et al. 2005a, b; Janssen-
Heininger et al. 2008).

S-nitrosylation

S-nitrosylation, the addition of NOe to reactive cysteines,
has emerged as an important signaling modality, indepen-
dently of the induction of ¢cGMP production, effectively
acting as a reversible molecular switch analogous to
phosphorylation (Hess et al. 2005). Owing to the com-
plexity of NOe and thiol chemistry, there are many
possible reaction mechanisms that can lead to S-
nitrosylation, though which prevails in vivo is still debated
(Costa et al. 2003; Zhang and Hogg 2005). Removal of the
nitrosyl moiety can result from transnitrosation with GSH,
which yields GSNO, whose accumulation is cleared by
glutathione reductase. Alternately, nucleophilic attack by a
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vicinal protein thiol will yield a disulfide bond and
concomitantly release NO'(Costa et al. 2003; Janssen-
Heininger et al. 2008). Finally, the search for a bona fide
denitrosylase, whose actions would be analogous to the
phosphatases in kinase signaling, has implicated the
cytosolic and mitochondrial isoforms of thioredoxin
(Trx1 and Trx2 respectively) and the reductases that
recharge them TR1 and TR2, which in turn, depend
directly upon the redox potential of NADPH (Benhar et al.
2008; Sengupta et al. 2007).

Prior to considering S-nitrosylation further however, we
digress briefly to consider the best characterized of the
interactions of NOe¢ with mitochondria, namely its interac-
tion with respiratory complex IV, cytochrome C oxidase.
The function of the complex is to accept electrons from
cytochrome C and use them to reduce O, to H,O, while
harnessing the energy to extrude protons from the matrix to
the intermembrane space. NO+ binds the complex at its
oxygen-binding site, the heme a3;-Cup center, and inhibits
respiration. This interaction fulfills many criteria of a redox
signal. NOe binding is fast, reversible and happens under
physiological conditions of low oxygen tension (Brookes et
al. 2002; Brown and Borutaite 2007; Erusalimsky and
Moncada 2007). That binding of NO can compete with O,
has led to the hypothesis that a gradient in the tissue
concentration of NOe, as a function of distance from blood
vessels, effectively extends the diffusibility of O, to distal
tissues (Thomas et al. 2001). Another consequence of NOs
interaction with complex IV is that, depending on the O,

concentration, ROS production may be favored (Brookes et
al. 2002; Brown and Borutaite 2007; Erusalimsky and
Moncada 2007).

A secondary consequence of prolonged exposure of cells
or isolated mitochondria to NOe is inhibition of Complex I
activity and oxidation of the mitochondrial glutathione
pool. Since inhibition could be reversed by exposure to
light and exogenous application of thiols, it was suspected
that NOe exerted its effects by S-nitrosylation (Clementi et
al. 1998). The inferred nitrosylation could be induced by
NO-e and peroxynitrite, though perhaps more rapidly by S-
nitrosothiols like S-nitrosoglutathione (GSNO) (Borutaite et
al. 2000). Direct confirmation of complex I S-nitrosylation
has since been verified using chemiluminescence (Burwell
et al. 2006; Dahm et al. 2006) and “biotin switch” methods
(Burwell et al. 2006). In fact, complex I accounts for
approximately 20% of mitochondrial S-nitrosylation in-
duced by exogenous treatment with GSNO. The nitro-
sylation, up to a stoichiometry of 7 mol/mol appears
confined predominantly to the 75-kDa subunit (Burwell et
al. 2006) and causes a 20-30% reduction in activity
(Burwell et al. 2006; Dahm et al. 2006), though mitochon-
drial respiration could be inhibited by 80% within an hour
of exposure to S-nitrosopenicillamine (SNAP) (Dahm et al.
2006). Inhibition of respiration was accompanied by
increased ROS production (Dahm et al. 2006).

Intriguingly, whether nitrosylation-mediated inhibition
of complex I is ultimately harmful or beneficial may
depend on the source of the mitochondria. In the brain for
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instance, inhibition of complex I, and the high levels of
ROS it engenders, would mimic the oxidative stress that is
a hallmark of neurodegenerative diseases including Hun-
tington’s, Alzheimer’s and Parkinson’s disease (Lin and
Beal 2006; Przedborski and Ischiropoulos 2005). Yet as
noted by Burwell et al. (Burwell et al. 2006), in the heart,
complex III accounts for the bulk of ROS production.
Therefore complex I inhibition, would likely yield lower
ROS levels and serve a protective function. To underscore
the point, they found elevated levels of mitochondrial SNO
in ischemically-preconditioned hearts (Burwell and
Brookes 2008; Burwell et al. 2006).

Indeed, the role of NO- in the cardioprotection afforded
by ischemic preconditioning has been well documented
(Burwell and Brookes 2008; Jones and Bolli 2006). Until
recently however, many studies have centered on eluci-
dating the role of canonical NOe signaling through cGMP
to the mitochondria (Costa et al. 2008). Recent work by
Sun et al., however, showed that ischemic preconditioning
(IPC) of rat hearts caused nitrosylation of proteins
involved in Ca®" handling and energetics (Sun et al.
2006, 2007). Moreover, perfusion of hearts with GSNO
improved left ventricular function and protected against
ischemia. Adapting the biotin switch assay, by using
maleimide-conjugated fluorescent dyes in lieu of HPDP-
biotin, enabled researchers to resolve nitrosylated proteins
by 2D-gel electrophoresis, and subsequently identify them
by mass spectrometry. The results reaffirmed the 75-kDa
subunit of complex I as a nitrosoprotein, but also
identified F1FoATPase « subunit, o-ketoglutarate dehy-
drogenase, among others. S-nitrosylation inhibited
F,FoATPase activity yet activated o-ketoglutarate dehy-
drogenase activity in vitro. These results dove-tail nicely
with early physiological studies indicating that IPC spares
ischemic ATP consumption, and protects against the loss
of «-ketoglutarate activity. Clearly, a full account of the
role of NOe in cardioprotection must now include both
cGMP-dependent and cGMP-independent, redox-
dependent mechanisms.

S-glutathionylation

S-glutathionylation refers to modification of a protein’s
cysteine residues by covalent modification with glutathione,
to form a mixed disulfide species (PS-SG). Typically, under
reducing conditions of the cell where ratios of reduced to
oxidized glutathione are high, glutathionylation is not
favored. Several factors, however, make mitochondria
fertile ground for this modification. Firstly, the protein
thiols lie in proximity of mitochondrial proteins to ROS
derived from the electron transport chain. Secondly
mitochondrial proteins are particularly cysteine rich. Heart
mitochondrial membranes contain about 90 nmol thiol/mg
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proteins, of which it is estimated that 40% are potentially
reactive (Beer et al. 2004). Finally, mitochondrial proteins
within the matrix and inner aspect of the mitochondrial
inner membrane are susceptible to glutathionylation owing
to the alkaline pH of the mitochondrial matrix (~8) that
favors deprotonation of protein thiols.

Glutathionylation can occur by several mechanisms
(Hurd et al. 2005a). The first, is simple reaction of oxidized
glutathione (GSSG) with protein thiolate ion (S°) in a
process called disulfide exchange. This mechanism may
occur when a burst of ROS causes accumulation of GSSG.
Secondly, glutathiolate anion (GS") can scavenge protein
thiyl radicals that arise in response from one-electron
oxidation. Thirdly, GS™ on can react with protein thiols
that have undergone two-electron oxidation to sulfenic acid
(PSOH). Finally, glutathiolate can react with protein nitro-
sothiols (PSNO). Glutathionylation, like S-nitrosylation, is
reversible, and by similar chemistry. For instance, as with
the S-nitrosylated proteins, glutathionylated proteins with
vicinal thiols can form disulfides, and thereby release GS
(Hurd et al. 2005a). In fact, Beer et al. showed that most
mitochondrial proteins are glutathionylated only transiently
before they become disulfide bonded. A much smaller
fraction is persistently glutathionylated. Glutaredoxin is
responsible for deglutathionylation but also reduction of
disulfides, provided the GSH pool is reduced (Beer et al.
2004). Thioredoxin also fulfills this function albeit less
effectively (Jung and Thomas 1996).

S-glutathionylation likely serves two purposes in mito-
chondria, defense against oxidant stress and bona fide
redox signaling. When the mitochondrial glutathione pool
is oxidized, the 75-kDa subunit of complex I, with its
bounty of cysteines, is a prominent target (Beer et al. 2004;
Hurd et al. 2008). Under these conditions it has been
advanced that glutathionylation/oxidation buffer against
ROS, protecting protein thiols from progressive oxidation
to sulfinic acid (PSO,H) and sulfonic acid (PSOs;H) are
steps that could lead to irreversible protein dysfunction
(Hurd et al. 2005b). Intriguingly, glutathionylation of
Complex I, in response to GSH depletion by diamide,
inhibits complex I activity, but unlike nitrosylation on the
same subunit, does not increase ROS (Hurd et al. 2008).

Mitochondrial targets for nitrosylation and glutathiony-
lation continue to accumulate. Purified NADP'-dependent
isocitrate dehydrogenase is glutathionylated at Cys269, in
vitro, which renders it less susceptible to proteolysis.
Glutathionylation was also observed in oxidant-stressed
mitochondria and HEK293 cells (Kil and Park 2005).
Complex II is an interesting example of a protein that is
persistently glutathionylated. After 24 h of perfusion
following 30-min ischemia induced by coronary ligation,
glutathionylation of its 70-kDa subunit was markedly
reduced, an observation that correlated with a loss of
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electron transfer activity. The authors suggest that physio-
logical glutathionylation is required for optimal complex II
function (Chen et al. 2007). Finally West et al. provide
evidence for NOe-induced protein glutathionylation. Treat-
ing COS-7 and rat aortic smooth muscle cells with NOe
donors increased protein glutathionylation, as assessed with
an anti-GSH antibody. Similar results were observed in
acetylcholine-treated aortic rings and in transgenic mouse
hearts that overexpressed iNOS. Among the targets identified
by mass spectrometry were the adenine nucleotide trans-
locator (ANT) and the a subunit of the F;F,ATPase (West et
al. 20006).

Evidence that nitrosylation/glutathionylation/oxidation
also represents a legitimate intramitochondrial redox signal,
distinct from simple buffering function, comes from experi-
ments showing that low concentrations of H,O, and SNAP
cause redox modification of a select group of proteins,
despite little change in the redox status of the global
mitochondrial thiol pool (Hurd et al. 2007). Moreover,
several of these proteins were identified as redox-modified
in response to endogenous mitochondrial ROS formation
caused by reverse electron transport (succinate/antimycin/
FCCP; RET). Targets include pyruvate dehydrogenase
kinase 2 and propionyl-CoA carboxylase among others.
Both enzymes were inhibited by RET-induced oxidation
and could be reactivated by reduction with dithiothreitol.
No doubt one of the take-home messages from the work of
Hurd et al. is that though many mitochondrial proteins can
be thiol-modified under oxidant stress, only a much smaller
subset of these modifications will meet the criteria of a
bona fide physiological redox signal. Since both sets can be
reduced glutaredoxin or thioredoxin, the primary distinction
between them would appear to be site-specificity.

Kinase signaling to, and within, the mitochondrion

It has long been established that phosphorylation plays an
important role in control of mitochondrial metabolism
(Linn et al. 1969); the pyruvate dehydrogenase kinases
regulate the pyruvate dehydrogenase complex, while
branched chain amino acid dehydrogenase kinase regulates
a critical step in metabolism of valine, leucine and
isoleucine (Harris et al. 1997). Yet apart from these
functions, more extensive characterization of the precise
role of mitochondrial phosphorylation has lagged other
avenues of signaling research. Indeed, conventional
wisdom holds that given the prokaryotic ancestry of
mitochondria and that phosphorylation in prokaryotes is
comparatively primitive, then mitochondrial phosphoryla-
tion networks are likely to be similarly primitive. Within
the last decade, however, kinase signaling to, and within,
the mitochondria has emerged as a prominent research

theme as it becomes understood that processes such as
fusion, fission, apoptosis and metabolism must respond to
environmental cues within the cell (Horbinski and Chu
2005; McBride et al. 2006; Pagliarini and Dixon 2006). In
the cardiac realm, mitochondria are the endpoints of cell
survival cascades, triggered by cardioprotective precondi-
tioning, that ultimately forestall the mitochondrial perme-
ability transition that would otherwise lead to cellular
necrosis (Murphy and Steenbergen 2008). Here, we briefly
consider converging lines of cell biological and proteomic
evidence that mitochondrial phosphorylation has an impact
on diverse mitochondrial functions.

Phosphorylation at the mitochondrial periphery

The external face of the outer mitochondrial membrane
(OMM) is adorned with intracellular receptors (scaffolds),
and serves as site for the integration of signals for processes
ranging from fission, apoptosis, cytoprotection, and ener-
getic demand, to steroidogenesis (Pawson and Scott 1997,
Smith et al. 2006). Prominent examples of this type of
scaffold would be the PKA anchoring proteins (AKAPs)
(Wong and Scott 2004), and the PKC-interacting proteins
(Poole et al. 2004), RICKs and RACKs, the receptors for
inactive/active kinases respectively (Mochly-Rosen and
Gordon 1998).

PKA signaling to the mitochondria is mediated by
mitochondrial AKAPs, among them D-AKAPI1, Wavel/
Scar, PAP7 and RAB32. PKA, tethered to the mitochon-
drial outer membrane through D-AKAPI1, confers the pro-
survival effect of IL-3 by phosphorylating the pro-apoptotic
protein BAD, thereby mitigating apoptosis (Harada et al.
1999). Mitochondrially-tethered PKA also appears to
acutely accelerate the transport of cholesterol into mito-
chondria, a rate limiting step in steroidogenesis, either
through the dual specificity AKAP1 (AKAP121) (Dyson et
al. 2008) or the R1-binding AKAP known as PAP7 bound
to the peripheral benzodiazepine receptor (Li et al. 2001;
Liu et al. 2003; Papadopoulos et al. 2007). Rab32, a Ras-
related small molecular weight GTPase, was identified as
an AKAP in a yeast two-hybrid screen using the AKAP-
binding domain of the RII regulatory subunit of PKA as
bait. The dual-function G-protein is localized to mitochon-
dria where it sequesters a portion of the cellular PKA pool
(Alto et al. 2002). Moreover, dynamin-related protein 1
(Drpl), a high molecular weight GTPase that participates
in mitochondrial fission and cell death (Chang and
Blackstone 2007; Cribbs and Strack 2007), is also a sub-
strate for what is presumed to be mitochondrially-tethered
PKA.

Aside from PKA, other kinases that have been shown to
undergo translocation to the mitochondria include Raf
kinases, ERKs and several isoforms of PKC. The Raf
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kinases A-Raf B-Raf and C-Raf are best known for their
role in a growth factor signaling cascade downstream of the
small molecular weight GTPase, Ras, and upstream of the
MAP kinase kinase, MEK. Yet Rafs, C-Raf in particular,
also undergo translocation to the mitochondria (Galmiche
and Fueller 2007). It was first shown that raf-1 (C-Raf), is
recruited to the mitochondria by its interaction with Bcl-2
(Wang et al. 1996a), inviting the analogy that Bcl-2 may
serve a similar role to the AKAPs and RACKSs in PKA and
PKC signaling. Another potential Raf scaffold, Bag-1, was
identified as a BCL-2-binding protein in a yeast two-hybrid
screen (Wang et al. 1996b). Bagl, like BCI-2, localizes a
population of C-Raf to the mitochondrial membrane but
also acts as a co-activator in vitro (Wang et al. 1996b).
There, its pro-survival actions appear to be mediated by its
ability to elicit phosphorylation of BAD (Jin et al. 2005;
Wang et al. 1996a, b).

Several isoforms of PKC have been observed at the
OMM. PKCu is targeted to mitochondria via its interaction
with PICK1 (Wang et al. 2003). The PKC® and PKCe
isoforms of PKC, members of the novel, or Ca’'-
independent, class of PKC isoforms, have received consid-
erable scrutiny as they have emerged as important players
in ischemia reperfusion injury and ischemic precondition-
ing respectively (Churchill and Mochly-rosen 2007;
Mackay and Mochly-Rosen 2001). Though the mitochon-
drial RACK for PKCe is not known, its existence has been
inferred by experiments in cardiomyocytes showing that
peptide inhibitors of the PKC-RACK interaction abolish
cardioprotection from ischemia (Chen et al. 2001) as well
as the associated phosphorylation of mitochondrial targets
(Ogbi and Johnson 2006). PKCe appears to undergo
translocation to the mitochondria where it can interact with,
and phosphorylate VDAC, a putative component of the
permeability transition pore (Baines et al. 2003); phosphor-
ylation correlated with inhibition of the mitochondrial
permeability transition. Moreover, mitochondrial PKCe
was found in complexes with MAPK. Formation of these
complexes correlates with phosphorylation and inactivation
of the aforementioned pro-apoptotic protein BAD (Baines
et al. 2002).

MAP Kinases have also been observed at the mitochon-
drial outer membrane. Steroidogenesis, having already been
shown to require mitochondrial PKA activity, has recently
been shown to involve mitochondrial ERK1/2. Specifically,
ERK1/2 phosphorylates StAR protein, on the outer mito-
chondrial membrane, at Ser232, in a cAMP-dependent
manner. Subsequent mutation of Ser232 to Ala inhibited
progesterone production in MA10 cells (Poderoso et al.
2008). In cardiac myocytes, there is evidence that the
ERK1/2 and p38 SAPK associate with the mitochondrial
outer membrane in a complex with PKCe, though their
substrates have not been defined (Baines et al. 2002).
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Phosphorylation in the mitochondrial intermembrane space

If phosphorylation at the mitochondrial surface appears to
involve regulation of mitochondrial dynamics, control of
steroid import and/or apoptotic protein egress, below the
surface, in the intermembrane space, prime targets for phos-
phorylation would be involved in bioenergetics and apoptosis.
To date, the bulk of phosphorylation characterized in the
IMS appears to be on tyrosine residues. In fact, mitochond-
rially localized tyrosine kinase activity was observed over
20 years ago (Piedimonte et al. 1986). Specifically, brain
mitochondria undergo extensive tyrosine phosphorylation,
in response to tyrosine phosphatase inhibition by sodium
peroxovanadate, in the presence of exogenous ATP (Arachiche
et al. 2008; Lewandrowski et al. 2008; Salvi et al. 2002).
Several labs have also observed the tyrosine phosphatases
Shp-2 and PTPIB (Arachiche et al. 2008; Augereau et al.
2005; Salvi et al. 2004), in either the IMS (Salvi et al. 2004)
or in both the matrix and the inner membrane (Arachiche et
al. 2008). Salvi et al. also found members of the Src family
tyrosine kinases, Src, Fyn (and to a lesser extent Lyn and
Csk) (Salvi et al. 2002). The observation of c-Src in brain
has since been confirmed by others (Arachiche et al. 2008).
In heart and liver, evidence for tyrosine phosphorylation
in the intermembrane space has come from the detailed
study of phosphorylated substrates. Lee ef al. showed that
cytochrome C oxidase (complex IV) is phosphorylated on
tyrosine 304 of the IMS-facing subunit I in a cAMP-
dependent manner, and that phosphorylation both increased
its K, for cytochrome ¢ and decreased V.« (Lee et al.
2005). Tyrosine phosphorylation on this subunit was
subsequently shown to be responsible for TNFx-induced
inhibition of oxidative phosphorylation in hepatocytes
(Samavati et al. 2008). Subunit I is also phosphorylated at
Ser, Thr and Tyr residues on complex IV isolated from rat
hearts (Helling et al. 2008). In studies of myocardial
ischemia-related injury, Prabu et al. (Prabu et al. 2006)
found that that hypoxia reduced complex IV function
coincidentally with hyperphosphorylation of several sub-
units on complex IV, including subunit 1. Complex IV
activity could be rescued by PKA inhibitors. Subsequent
phosphorylation site mapping, by mass spectrometry,
implicated Ser 115/116 of subunit 1 as well as sites within
matrix facing subunits IV and Vb (Fang et al. 2007).
Other prominent proteins of the mitochondrial inter-
membrane space that have emerged as phosphoproteins are
cytochrome c, creatine kinase (CK) and the IMS-facing
cavity of the adenine nucleotide transporter (ANT).
Cytochrome c¢ is tyrosine-phosphorylated in both heart
and liver, albeit at different sites. In heart, cytochrome C is
phosphorylated at Tyr 97, an exposed site within its
membrane-tethering cardiolipin-binding domain (Lee et al.
2006). Creatine kinase from brain is phosphorylated at
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tyrosines, which when modeled onto the octameric crystal
structure, lie at the radial periphery and the ends of the
molecule respectively, prompting Lewandrowski et al.
(Lewandrowski et al. 2008) to speculate that phosphoryla-
tion may mitigate the interaction of CK with cardiolipin in
the mitochondrial membrane. ANT from brain is phosphor-
ylated at tyrosines 190 and 194 within its ADP-binding pit
that is accessible to the IMS. These tyrosines form the basis
of a “tyrosine ladder” that guides ADP towards its binding
site at the bottom of a deep pocket within the protein.
Phosphorylation of ANT at Tyr194 has also been found in
rat hearts preconditioned with isofluorane (Feng et al. 2008).
Given their location, phosphorylation of these tyrosines
might be predicted to influence nucleotide transport
(Lewandrowski et al. 2008).

Phosphorylation in the mitochondrial inner membrane
and matrix

Phosphorylation as a regulatory modality in the mitochon-
drial matrix has been appreciated for some time (Burnett
and Kennedy 1954; Linn et al. 1969). One of primary
targets, under tight regulation, is the pyruvate dehydroge-
nase complex (PDC) that catalyzes the conversion of
pyruvate, a product of glycolysis, to Acetyl-CoA, a
substrate for the Krebs cycle that provides electrons to the
electron transport chain. Specifically, the E1 subunit of
PDC is phosphorylated at Ser264, Ser271, and Ser204
(known as sites 1, 2 and 3) by the pyruvate dehydrogenase
kinases (Patel and Korotchkina 2006). There are 4 isoforms
of the PDKs that are part of the atypical family of Ser/Thr
kinases whose primary sequences are reminiscent of
prokaryotic histidine kinases (Hanks and Hunter 1995;
Popov et al. 1993). Their expression varies by tissue, with
the heart expressing PDK1, PDK2 and PDK4 (Bowker-
Kinley et al. 1998). The action of the PDKs is counteracted
by the pyruvate dehydrogenase phosphatases (PDP1 and
PDP2), which consists of a catalytic and a regulatory
subunit. The PDPs belong to the PP2C family of phospha-
tases that differ from the PPP family (PP1, PP2A & PP2B)
in that they have a requirement for Mg** as a cofactor and
stimulated by Ca®" (Roche et al. 2001).

Catabolism of the branched-chain amino acids valine,
leucine, and isoleucine, is also subject to regulation by
phosphorylation (Harris et al. 1995). The amino acids are
first converted to the alpha-keto acids by branched-chain
aminotransferase, then decarboxylated by the enzyme
branched chain dehydrogenase (BCDH). This enzyme is
regulated by branched chain dehydrogenase kinase, another
member of the atypical kinase family. Far less well
characterized is the antagonizing phosphatase, also whose
biochemical properties would classify as a member of the
PP2C family.

Conventional wisdom has long held that regulation of
PDC and BCDH activity constitutes the alpha and the
omega of kinase/phosphatase action within the mitochon-
drial matrix. However, there is growing evidence from
proteomic studies that there are more mitochondrial
phosphoproteins than previously thought, particularly with-
in the matrix and on the matrix-facing proteins of the inner
mitochondrial membrane (see (Horbinski and Chu 2005;
Pagliarini and Dixon 2006)). Hopper et al. identified 45
phosphoproteins stained with the phosphospecific stain,
ProQ-Diamond (Hopper et al. 2006). Interestingly, a
phosphoproteomic screen of yeast mitochondria identified
80 phosphorylation sites on 48 proteins (Reinders et al.
2007). Both studies identify inner membrane and matrix
proteins falling into several functional categories including
transport, lipid metabolism, chaperones, redox enzymes and
energy metabolism/oxidative phosphorylation. In the latter
category two prominent targets have been F,F,ATPase (see
Kane et al., this issue), and complex 1.

Complex I was posited as a potential phosphoprotein
following the observations that NADH-ubiquinone dehy-
drogenase activity could be stimulated at least two-fold in
fibroblasts treated with the cell-permeant dibutyryl-cAMP
(Scacco et al. 2000). It has since been shown that complex
I, in cells and mitochondria, undergoes cAMP-responsive
phosphorylation on the 18-kDa (NDUFS4) subunit and a
10-kDa subunit (Papa et al. 2008). Phosphorylation site
determination by mass spectrometry revealed that purified
Complex I also has phosphorylation sites on the 42-kDa
subunit, as well as on its B16.6, B14.5a, and B14.5b
subunits (Palmisano 2007). Independent efforts to map the
cAMP-responsive phosphorylation sites indicate that the
ESSS, rather than the NDUFS4 subunit, is the 18-kDa
phosphoprotein, and the 10-kDa target is the MWFE
subunit (Chen et al. 2004). The former is thought to face
the mitochondrial matrix, while that latter likely faces the
intermembrane space (Chen et al. 2004). Interestingly,
despite the cAMP-induced activation of complex I activity
in cultured cells, similar activation was not observed for the
purified complex phosphorylated in vitro. The discrepancy
led to the discovery that cytosolic phosphorylation of
NDUFS4 modulates its import into mitochondria and/or
subsequent assembly of complex I (De Rasmo et al. 2008).
This observation is not unique to Complex 1. Indeed PKA-
mediated targeting of proteins for mitochondrial import has
been observed for p4502B1, cyp2El and glutathione S-
transferase (Anandatheerthavarada et al. 1999; Robin et al.
2002, 2003).

Our understanding of mitochondrial phosphorylation
has also benefited from efforts to understand cardiopro-
tective preconditioning. Two decades of research have
elucidated how the paracrine action of adenosine, brady-
kinin and opioids stimulates pro-survival kinase cascades
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that culminate at the mitochondrion where, by processes
that are still poorly understood, the mitochondrial perme-
ability transition is inhibited (Downey et al. 2007). As
well-characterized as the signaling is, the total impact on
the myocyte proteome is still being addressed. Arrell et al.
used a 2D-gel proteomics strategy to identify changes to
the proteomes of myocytes pharmacologically with Aden-
osine and the potassium channel opener, diazoxide (Arrell
et al. 2006). Mitochondrial proteins constituted the bulk of
the proteins that had been affected by the pharmacological
treatments, some of which exhibited changes in spot
pattern consistent with phosphorylation. This ultimately
led to the identification of 5 new phosphorylation sites on
the  subunit of the FF,ATPase (see Kane et al., this
issue). Like the work of Sun et al. mentioned previously in
the context of S-nitrosylation (Sun et al. 2006, 2007), this
kind of proteomic study reaffirms that preconditioning
entails many modifications rather than a single endpoint.
The trick will ultimately be to sort the causal modifications
from the epiphenomena.

Putting it all together: redox/kinase interplay
in the mitochondrion

To be sure, we are still in the early days of the study of
redox signaling and protein phosphorylation in mitochon-
dria. No doubt the catalogue of nitrosylated, glutathiony-
lated and phosphorylated targets in mitochondria will
continue to grow as high throughput proteomic approaches
are applied (e.g. (Derakhshan et al. 2007; Kettenhofen et al.
2007; Reinders et al. 2007)). Notwithstanding the ground-
work yet to be laid on each front, the early indications
suggest that there is likely to be some degree of interplay
between these two signaling modalities.

As to how they may augment or impinge on each other,
extra-mitochondrial cell signaling research offers several
clues. ROS generation, for example, is a hallmark of
mitogenic signaling to the nucleus, and ROS scavengers
blunt cell proliferation. Part of the reason is that ROS
inactivates cascade-inhibiting tyrosine phosphatases by
targeting conserved reactive cysteines (Janssen-Heininger
et al. 2008; Rhee 2006). Direct interaction between
cytosolic redox enzymes with kinases is another mode of
crosstalk. Specifically, binding of Thioredoxin to Apoptosis
Signal Kinase 1 (ASK1) confers redox sensitivity upon the
kinase (Matsuzawa and Ichijo 2008). In response to
sustained oxidant stress, thioredoxin dissociates, freeing
ASK1 to activate its downstream targets, ultimately leading
to apoptosis. Conversely, phosphorylation can influence the
activity of redox enzymes. Witness the observation that
phosphorylation of peroxiredoxin2 by cdc2 kinase miti-
gates its H,O,-scavenging function (Rhee et al. 2005). To
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what extent might this kind of cross-modulation be at play
within heart mitochondria and to what end? Let us end up
by briefly considering recent examples of redox-mediated
phosphorylation, and, reciprocally, phosphorylation-
mediated ROS regulation in vitro.

One documented example would be modulation of the
mitochondrial fuel mix through regulation of the PDC.
Briefly, the PDKs are acutely responsive to changes to the
local NADH/NAD and Acetyl-CoA/CoA ratios. PDKs are
stimulated by NADH/Acetyl-CoA and inhibited by NAD/
CoA (Bao et al. 2004; Patel and Korotchkina 2006). This
redox balance is important to the mechanism of substrate
feedback inhibition of the PDC in the fatty acid-fed state.
The recent observation that the thiols of PDK are oxidized
by endogenous ROS, thereby inhibiting the enzyme,
provides a second consistent potential mechanism for the
regulation of PDC (Hurd et al. 2007). Thus, bursts of ROS/
RNS might inhibit PDK either directly via thiol modifica-
tion or indirectly by oxidation of the NADH pool which is
sensed by the lipoyl (PDK-activating) moiety on the E2
subunit of PDC.

Secondly, it had been well established that PDC is
activated by Ca®>" through Ca®*-dependent dephosphoryla-
tion. The results by Hopper et al. (Hopper et al. 2006)
indicate that the number of targets for Ca*'-dependent
dephosphorylation is larger than previously thought. Spe-
cifically, matrix-resident MnSOD is dephosphorylated and
activated in response to Ca”". Thus, though elevated Ca*"
increases ROS production, it also activates a scavenging
mechanism which ensures tight control of ROS, using the
phosphorylation state of MnSOD as the intermediary
signal. Similarly, Ca®>" dependent dephosphorylation of
cytochrome c oxidase is thought to activate complex IV,
which could influence mitochondrial ROS production
(Bender and Kadenbach 2000; Lee et al. 2002). That ROS
may be influenced by phosphorylation is also supported
by the observation that incubation of saponin-skinned
myocytes with the catalytic subunit of PKA increased
mitochondrial flavoprotein fluorescence while partially
depolarizing the membrane potential (Nagasaka et al.
2007). Finally, intramitochondrial tyrosine phosphorylation
may also be regulated by ROS, particularly if there are
resident mitochondrial tyrosine phosphatases which harbor
conserved redox-sensitive cysteines.

Conclusion

A fundamental step toward understanding the relative roles
of redox signaling and phosphorylation within heart
mitochondria will be to identify the relevant parties, the
complement of kinases, phosphatases and ROS scavengers.
In the case of phosphorylation, it will be crucial to know
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which kinases and phosphatases are resident in mitochon-
dria, and which are translocated transiently (Foster et al.
2008). Recently-published compendia of mitochondrial
proteins will prove useful for hypothesis testing (Pagliarini
et al. 2008), as will future efforts to mine the margins of the
heart mitochondrial proteome. Technical and technological
advances promise the high-throughput assessment and
quantification of site specific phospho/redox modifications
from which one can look for functional correlates.
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