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Abstract. The mitochondrial oxidative phosphorylation
system is responsible for providing the bulk of cellular
ATP molecules. There is a growing body of information
regarding the regulation of this process by a number of
second messenger-mediated signal transduction mecha-
nisms, although direct studies aimed at elucidating this
regulation are limited. The main second messengers af-
fecting mitochondrial signal transduction are cAMP and
calcium. Other second messengers include ceramide and

reactive oxygen species as well as nitric oxide and reac-
tive nitrogen species. This review focuses on available
data on the regulation of the mitochondrial oxidative
phosphorylation system by signal transduction mecha-
nisms and is organised according to the second messen-
gers involved, because of their pivotal role in mitochon-
drial function. Future perspectives for further investiga-
tions regarding these mechanisms in the regulation of the
oxidative phosphorylation system are formulated.
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Introduction

Mitochondria are considered the ‘power houses’ of cells
and are responsible for providing the bulk of cellular ATP
molecules through a series of electron transfer processes
linked with oxidative phosphorylation. This process is up- or
down-regulated according to the needs of the tissue involved.
Metabolic processes do not occur independently but,
rather, are regulated in response to intracellular or extra-
cellular signals, with tight topographic (i.e. localisation
within specific intracellular compartments) and temporal
(short-term, repetitive, long-term) regulatory mecha-
nisms. Cellular response to extracellular signals is medi-
ated by specific mechanisms that are collectively termed
signal transduction pathways. In general, these pathways
consist of the following structure (Fig. 1a): a receptor, lo-
cated on the cell membrane, leads to the production or re-
lease of a second messenger, via the modulation of a G

protein. The second messenger(s) activates a kinase (or
phosphatase) that, in turn, phosphorylates (or dephos-
phorylates, respectively) the target protein (e.g. enzyme,
channel). Research in recent years has shown that kinases
involved in signal transduction also phosphorylate and,
hence, activate or inactivate nuclear transcription factors
that enhance or inhibit, respectively, expression of genes.
Thus, it has been argued that: ‘The reversible phosphory-
lation of proteins regulates nearly every aspect of cell
life’ [1]. In addition, ‘cross-talk’ mechanisms between the
signalling pathways provide a biochemical basis for the
counteracting and/or additive or synergistic roles of these
signalling pathways on cellular functions.

In view of its importance in providing ATP molecules to the
cell under basal conditions and following temporary needs
(such as muscle contraction), the dearth of direct studies to
elucidate the regulatory role of signal transduction mecha-
nisms on the various complexes comprising the mitochon-
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drial oxidative phosphorylation (OXPHOS) system in re-
sponse to energy requirements is intriguing. Nevertheless,
evidence is growing that indicates that these complexes are
indeed regulated by signal transduction mechanisms. This
information is largely derived from indirect measurements
of OXPHOS system activity, or specific inhibition of par-
ticular complexes in studies on the mitochondrial role in
cell growth, malignant transformation and apoptosis.

This review focuses specifically on available data on the
regulation of the OXPHOS system complexes by second
messenger-mediated signal transduction mechanisms. It
is organised according to the second messengers involved,

a
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because of their pivotal role in mitochondrial function.
The main second messengers affecting mitochondrial
signal transduction are cAMP and calcium. Other second
messengers include ceramide, reactive oxygen species,
nitric oxide and reactive nitrogen species. The data are
summarised in Table 1.

The OXPHOS system

The mitochondrial OXPHOS system comprises five multi-
protein complexes located at the inner mitochondrial mem-
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Figure 1. Signal transduction pathways. (a) general structure of signalling pathways. (b)) cAMP and protein kinase A (PKA) signalling
pathway. (¢) Calcium-phospholipid and PKC signalling pathway. (d) Calcium-calcineurin signalling pathway.
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brane. Complexes -1V are responsible for electron trans-
fer and are referred to as the mitochondrial respiratory
chain (MRC). Complex V, ATPase, is responsible for the
eventual production of ATP. In addition, two dissociable
electron carriers, coenzyme Q (ubiquinone) and cy-
tochrome c, play an important role in the function of this
system. Over a hundred genes are responsible for coding
the components of the OXPHOS system, their co-localisa-
tion within the mitochondria and their assembly into five
functional complexes, as well as the two electron carriers.
Of these, 13 genes are located on the mitochondrial DNA.
Complex I (NADH;ubiquinone oxidoreductase), the en-
try point of electrons from NADH into the MRC, is the
largest and the most complex of all the components of the
system. This complex comprises over 47 proteins, 7 of
which are encoded by the mitochondrial DNA, and has an
L-shaped structure with one arm within the inner mito-
chondrial membrane and the other protruding into the mi-
tochondrial matrix. Complex II [succinate-coenzyme Q
(ubiquinone) oxidoreductase], the entry point of elec-
trons from succinate into the MRC, contains the enzyme
succinate dehydrogenase and is encoded exclusively by
nuclear DNA. Complex III (ubiquinone-cytochrome C
oxidoreductase), the electron acceptor for coenzyme Q,
comprises 10 nuclear-encoded subunits and 1 mitochon-
drially encoded unit, cytochrome b. Complex IV (cy-
tochrome oxidase; COX), is a haem-copper respiratory
oxidase which catalyses the coupled acceptance of elec-
trons from cytochrome c to the reduction of O, to water.
Human complex IV contains three mitochondrial (sub-
units I-III) and ten nuclear-encoded subunits, which are
partly expressed in tissue-specific isoforms. Complex V,
F,-F, ATP synthetase, is composed of 12 nuclear and 2
mitochondrially encoded subunits. The F, component spans
the inner mitochondrial membrane. The F, component
protrudes into the matrix. The two components are con-
nected by a ‘stalk’. Complex V catalyses the synthesis of
ATP from ADP and phosphate.

The mitochondrial cAMP and protein kinase A
signal transduction pathway

The cAMP and cAMP-dependent protein kinase (PKA)
signal transduction pathway regulates a wide spectrum of
cellular processes, most notably those in response to hor-
monal stimulation (e.g. glucagon, thyroid hormone, cate-
cholamines). cAMP, the second messenger in this path-
way, is produced by adenylate cyclase following stimula-
tion of a receptor located on the cell membrane, via the
activation of a membranous G protein. cAMP affects cel-
lular function by activating PKA, a tetrameric complex
comprising two regulatory subunits (R subunits) and two
catalytic subunits (C subunits) (Fig. 1b).

Several observations provide the basis for a specific mi-
tochondrial cAMP and PKA signalling pathway, in addi-
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tion to the cytosolic pathway: (i) there are gradients of in-
tracellular cAMP concentrations [2], with higher concen-
trations in specific locations, including the mitochondria,
(i1) cAMP can rapidly enter mitochondria and accumulate
in the matrix [3], and (iii) PKA is ‘anchored’ to specific
intracellular sites by specific proteins (AKAP). The gene
products of AKAP-1 (primarily AKAP121) and AKAP-2
have been identified as critical to the function of PKA in
mitochondria [4—6 and reviewed in refs. 7, 8]). Recent
findings indicate that these AKAPs play a role in the nu-
cleation of additional kinases and phosphatases that are
involved in signalling, including PKC, cAMP-phospho-
diesterases and tyrosine kinase [reviewed in ref. §].

PKA localised to the inner mitochondrial membrane has
been shown to phosphorylate three inner membrane pro-
teins 0of 29, 18 and 6.5 kDa, as determined by SDS-PAGE
[9, 10]. The authors suggested that the 18-kDa protein
phosphorylated by PKA is the ‘18-kDa subunit’ of com-
plex I, a component of the matrix arm of the complex
[11-13]. In a patient with Leigh’s-like syndrome and du-
plication in the cDNA NDUFS-4 gene encoding the 18-
kDa subunit, cAMP-mediated phosphorylation of the 18-
kDa protein was abolished [14]. It was suggested that this
may be the first description of a patient with a mutation
in a gene encoding a component of the OXPHOS system
that leads to abnormal signalling [15].

However, this notion has been recently disputed. Study-
ing bovine heart mitochondria, Chen et al. [16] have
demonstrated cAMP-associated in vitro phosphorylation
of two complex I proteins located in the inner membrane
arm of the complex. They have shown that the phospho-
rylated band migrating at 18 kDa on SDS-PAGE repre-
sents, in fact, three proteins: the 18-kDa subunit, subunit
ESSS and the N-a acetylated subunit, B17. Only the
ESSS subunit was phosphorylated, at serine 20, a site pre-
ceding the transmembrane region [16]. This small pro-
tein, which is encoded by a gene located on the X chro-
mosome, has recently been shown to be essential for the
assembly of mammalian complex I [17], making its phos-
phorylation an attractive putative regulatory mechanism.
However, phosphorylation of this subunit could not be
demonstrated in resting mitochondria using multiplexed
proteomics technology, suggesting that it is not phospho-
rylated significantly in vivo [18]. In addition, the site of
this phosphorylation is not conserved in mammals [16].
Thus, the significance of this phosphorylation in the reg-
ulation of complex I assembly is not clear at present.
Chen et al. [16] have also demonstrated the phosphoryl-
ation of a 10-kDa protein (at serine 55), identified as
complex I subunit MWFE (in rat heart mitochondria, this
protein migrated at 6 kDa [19]). This subunit, found in
bovine cardiac and skeletal muscle, has 80% homology
with the human NDUFA-1 gene product. Zhuchenko et
al. [20] have reported the isolation, mapping, and ge-
nomic organisation of this gene, which is located on the
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X chromosome. The promoter region of the gene contains
a cAMP response element (CRE; see Fig. 1), suggesting
that the expression of this subunit is linked to cAMP sig-
nalling pathways. The phosphorylation site of MWFE is
thought to be located in the mitochondrial intermembrane
space. Originally, this gene was thought to encode an
‘accessory’ protein in complex I but studies have con-
firmed that MWFE is, in fact, essential for the assembly
of the mitochondrially encoded subunits of complex I,
thus making is essential for complex I activity [21-23].
Taken together, current data suggest that two proteins in
complex I, namely ESSS and the NDUFA-1 gene product
MWEFE which are essential for its assembly and function,
may be phosphorylated and potentially regulated by the
cAMP signalling pathway. Since the phosphorylation site
of ESSS is thought to be located on the matrix side and
that of MWEFE is in the intermembrane space, it is theo-
retically plausible that two different cAMP-dependent ki-
nases, possibly anchored to the mitochondria by different
AKAPs are responsible for this phosphorylation. How-
ever, direct evidence for their in vivo cAMP-dependent
phosphorylation and regulation is not available yet and
further studies will be needed to elucidate the signalling
mechanism regulating these proteins.

Recent studies suggest a role for cAMP-dependent phos-
phorylation in the regulation of complex IV activity [24].
There are three consensus sequences for cAMP-depen-
dent phosphorylation in the bovine heart enzyme (in sub-
units I, IIT and Vb) but studies on isolated mitochondria
from bovine heart indicated that the phosphorylation site
in complex IV is only at Ser441 in subunit I [25]. cAMP-
dependent phosphorylation of isolated cytochrome c oxi-
dase from bovine kidney and heart, and of the recon-
stituted heart enzyme, has been shown to switch on the

CERAMIDE — ROS / RNS (NO)
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allosteric inhibition of this complex by ATP at high intra-
mitochondrial ATP/ADP ratios [24]. By contrast, ATP-
mediated inhibition of complex IV is switched off by cal-
cium-induced dephosphorylation of the enzyme (see be-
low). These observations have led to the proposal that the
allosteric ATP inhibition of complex IV activity at high
ATP/ADP ratios acts as a ‘second’ regulatory mechanism
of the function of the OXPHOS system in addition to the
“first’ mechanism of proton gradient across the inner mi-
tochondrial membrane (i.e. membrane potential) [26, 27].
From a signalling perspective, the opposing effects of the
two processes are an example of ‘cross-talk’ between the
two signalling pathways in the physiological regulation of
complex IV activity.

A novel cAMP-mediated signalling pathway that involves
tyrosine phosphorylation in mitochondria has recently
been proposed by Lee et al. [28]. Tyr304 in subunit I of
complex IV, a site that has been shown to be conserved
through evolution, was phosphorylated in the presence of
the phosphodiesterase inhibitor theophylline in mito-
chondria isolated from bovine liver. Concomitantly, com-
plex IV activity was inhibited through modification of its
kinetic characteristics [28]. Glucagon, which leads to
physiological activation of cAMP production through a
receptor/G protein-mediated pathway, and foreskolin,
which activates adenylate cyclase leading to elevated in-
tracellular cAMP concentrations, had a similar effect on
the catalytic activity of the complex. Taken together, the
investigators concluded that this phosphorylation is thus
physiologically significant and proposed that PKA af-
fects cytochrome c oxidase activity indirectly by activat-
ing a tyrosine kinase located at the inter-membrane space
[28]. From a signalling perspective, the physiological ef-
fects of such putative ‘cross-talk’ between pathways lead-

Ca*2

GATA4| |IMEF-2c

Figure 2. Mitochondrial signalling pathways: second messengers, protein kinases, protein phosphatase and transcription factors involved
in the regulation of the OXPHOS system. PKA down-regulates NFAT. All other arrows indicate up-regulation.
CDPK, Ceramide-dependent protein kinase; CAMK, calmodulin kinase; CN, calcineurin.
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ing to tyrosine phosphorylation and those leading to ser-
ine/threonine phosphorylation could be of prime impor-
tance and should be further explored.

In contrast to the mechanism of the putative cAMP and
PKA-mediated regulation of complex I and complex IV,
which involves phosphorylation of subunits of the com-
plexes, the regulation of cytochrome c by this signalling
pathway is mediated by the activation of transcription
factors that regulate the expression of the cytochrome c
gene. Several recognition sites are present on the pro-
moter of the cytochrome c gene, including the cAMP re-
sponse element binding-protein (CREB) and nuclear res-
piratory factor 1 (NRF-1). Both these transcription fac-
tors are activated by phosphorylation of serine residues
(Figs. 1b, 2). In BALB/3T3 cells, cAMP leads to activa-
tion of PKA, which, in turn, activates the transcription
factor CREB and up-regulates the cytochrome c gene [29].
Further studies established that activation of CREB and
NRF-1 in response to serum stimulation of BALB/3T3
cells is sequential, with a rapid activation of CREB, fol-
lowed by a slower activation of NRF-1 [30]. Thus, ele-
vated cAMP levels are hypothesized to lead to rapid
phosphorylation and induction of the CREB site. This, in
turn, leads to a rapid up-regulation of the cytochrome c
gene, in keeping with the role of the cytochrome as a reg-
ulator of cellular respiration [30]. It should be noted,
however, that serum-dependent activation of NRF-1 is
not exclusively cAMP dependent and may be through
casein kinase II (CKII), underscoring, again, possible
cross-talk between signalling pathways in the regulation
of the OXPHOS system. The observation that subunit [V
of complex IV (COX-IV) remained unaffected under
these stimulatory conditions indicates that different con-
trol mechanisms activate cytochrome ¢ and COX-1V [29,
30]. Moreover, enhanced respiratory activity, as shown in
these studies by respirometry, resulted from the specific
transcriptional induction of cytochrome c rather than
through enhancement of the whole MRC [30].

NRF-1 and NRF-2 are involved in the activation of many
of the known nuclear genes that encode components of
the OXPHOS system. NRF-1 activates genes encoding
cytochrome c, at least one subunit of complexes 111, IV
and V, as well as components of the mitochondrial tran-
scription and replication machinery. NRF-2 activates genes
encoding subunit IV and Vb of complex I'V. The observa-
tion that NRF-1 is activated by cAMP suggests that
cAMP signalling could regulate other components of the
OXPHOS system. To date, there is no experimental evi-
dence for such regulation.

The role of calcium as a mitochondrial second
messenger

The role of calcium in cellular signal transduction has
been in the focus of research in recent years. Calcium
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concentrations vary in different subcellular organelles
under quiescent conditions and change following cellu-
lar stimulation. Upon physiological stimulation (e.g.
hormones, ATP consumption), cytosolic calcium con-
centrations increase following its release from the endo-
plasmic reticulum by opening inositol tris-phosphate-
gated channels. This spatio-temporal regulation of intra-
cellular calcium concentrations enables the modulation
of various calcium-dependent signalling cascades, re-
sulting in different cellular responses. Mitochondria
have been shown to rapidly accumulate and release cal-
cium and to respond to calcium-mediated cell stimula-
tions. Thus, mitochondrial calcium concentrations in-
crease in parallel with cytosolic calcium, following cel-
lular stimulation [reviewed in refs. 31, 32]. Topographic
studies in living HeLa cells using three-dimensional im-
ages with green fluorescent proteins have indicated that
mitochondria form a large network that is in close ap-
position and largely linked with the endoplasmic reticu-
lum [33]. Microdomains of high calcium concentrations
were shown in these contact areas and the outer surface
of the inner mitochondrial membrane was exposed to
calcium concentrations that were higher than those
in the cytosol [33]. These findings provide a putative
mechanism for the rapid accumulation of calcium by
mitochondria.

The increase in mitochondrial calcium concentrations is
followed by increased NADH production in various cell
types [reviewed in ref. 32]. Rizzuto’s group has shown
that mitochondrial Ca?" accumulation triggers the activa-
tion of the OXPHOS system leading to increased ATP
synthesis. This activation is dependent on both cell me-
tabolism and substrate supply to mitochondria. They have
demonstrated a so-called ‘cellular memory’ that allows
long-term activation of ATP synthesis, up to 30 min after
the removal of the agonist [34]. They have also shown that
the mitochondrial calcium signals are modulated by PKC
subspecies f, 9, ¢ (see below) [35]. On the other hand, mi-
tochondrial ability to accumulate calcium is abolished
when the OXPHOS system is disrupted, leading to sec-
ondary perturbation of other calcium-dependent mito-
chondrial enzymes that play a role in intermediary me-
tabolism [32]. These observations underlie the reciprocal
relationship between modulation of the OXPHOS system
by calcium and modulation of calcium concentrations by
the OXPHOS system.

The main calcium-dependent signalling pathways opera-
tive in mitochondria are those of calcium-phospholipid-
dependent protein kinase, calcium-calmodulin kinase and
the calcineurin phosphatase (Fig. 2). However, most of
the current information about the role of these signalling
pathways in regulating the OXPHOS system is derived
from studies on apoptosis and malignant transformation
and therefore is indirect and might be speculative. De-
tailed experimental elucidation of these signalling cas-
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cades leading to the regulation of the OXPHOS system
awaits further studies.

The calcium-phospholipid and PKC signal
transduction pathway

The calcium-phospholipid signalling pathway was unrav-
elled following the discovery and characterisation PKC
and has been shown to mediate short- and long-term
physiological functions as well as cell transformation and
apoptosis [36, 37]. The PKC family comprises 11 ubiqui-
tous subspecies of serine-threonine kinases and 2 (or pos-
sibly 3) PKC-related kinases [38]. PKC subspecies are
grouped into classical, novel and atypical PKCs, depend-
ing on their calcium and lipid dependence and protein in-
teractions. Activation of the ‘classical PKCs’ (a, f1, 11,
y) is Ca?*-dependent, whereas that of the ‘novel PKCs’ (4,
€, 1, 0, p) and the ‘atypical PKCs’ (¢, 1) is Ca?*-indepen-
dent [38].

In this signalling pathway, the cell membrane receptor
leads to a G protein-mediated activation of membrane
phospholipase(s) thereby generating second messengers:
diacylglycerol (DAG) and phosphatidylinositol tris-phos-
phate (PIP;). DAG increases the affinity of calcium-de-
pendent PKC subspecies to the second messenger, ren-
dering it active at lower calcium concentrations. PIP,
leads to an elevated cytosolic Ca?* concentration, released
from intracellular stores in the endoplasmic reticulum.
Under quiescent conditions, PKC subspecies are mostly
cytosolic, but following an extracellular signal they
translocate to the membranous compartment of the cell.
Trafficking of PKC subspecies to intracellular membra-
nous organelles is regulated by a group of adaptor pro-
teins, which are collectively called receptors for activated
C kinase (RACKs) [reviewed in ref. 39]. PKC activates
two families of transcription factors, nuclear factor
kappa-B (NFxB) and activating protein-1 (AP-1), through
different pathways (Fig. 1c). One pathway involves trans-
location of NF«B to the nucleus and its activation follow-
ing PKC-mediated phosphorylation of IxB. The other
pathway involves PKC-mediated activation of mitogen
activated protein kinase (MAPK) through activation of its
kinase (MAPKK). The MAPK signalling pathway com-
prises three main branches: c-Jun N-terminal kinases
(JNKs), extracellular signal-regulated kinases (ERKs)
and p38 kinases. Activation of these branches follows
phosphorylation of MAPK kinases: MEKK1, leading to
activation of JNK proteins, Ras/Raf and MEK1/MEK?2
leading to phosphorylation of ERK1 and ERK?2 kinases,
and MKK3 and MKK6 that phosphorylate the p38 ki-
nases. PKC-mediated activation of MAPK leads to up-
regulation of the expression of c-jun and c-fos oncogenes,
which constitute the AP-1 transcription factor. MAPK-
mediated activation of NF«xB through phosphorylation of
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IxB provides a link between the two pathways of PKC-
mediated transcription factor(s) activation.

Evidence for the role of PKC in the regulation of the
OXPHOS system complexes can be indirectly derived
from studies on the cytotoxic effects of anti-tumour com-
pounds. The anti-neoplastic compound cisplatin was
shown to cause decreases in oxidative phosphorylation
and electron transport rate, along with hyperpolarisation
of the mitochondrial membrane of renal proximal tubules
[40]. Activation of PKC-a mediated the sustained de-
crease in mitochondrial membrane hyperpolarisation and
oxidative phosphorylation but not the decrease in elec-
tron transfer rate. Sustained mitochondrial dysfunction
was also affected by ERK1/2, through a PKC-indepen-
dent pathway. These findings suggest that activation of
PKC-a and/or ERK1/2 lead to decreased activity of ATP
synthase, rather than affecting OXPHOS system com-
plexes [40]. Indeed, the a, B, and ¢ subunits of F(1)F(0)-
ATPase have PKC consensus motifs [41]. PKC-a phos-
phorylated the B subunit of F(1)F(0)-ATPase on a serine
residue and decreased F(0)F(1)-ATPase activity, oxida-
tive phosphorylation and ATP production [41].

PKCe has been shown to mediate a twofold enhancement
of complex IV activity in cultured neonatal cardiac my-
ocytes by the phosphorylation of an 18-kDa protein, the
subunit IV of complex IV [42]. The authors suggested
that the binding of PKCe to complex IV causes confor-
mational changes in the complex and enhances its activ-
ity. In yeast cells, a PKC-dependent mechanism inhibit-
ing complex III activity and reactive oxygen species
(ROS) generation is thought to function via interference
with the phosphatidylinositol signal [43].

In addition to calcium, several other second messengers
and regulators of PKC subspecies are also known to reg-
ulate the OXPHOS system. These include sphingosine,
ROS, species, nitric oxide (NO) and reactive nitrogen
species (RNS) (see below). This makes this kinase fam-
ily, in theory, a potential key regulator of OXPHOS sys-
tem function. However, current direct evidence for such a
role is very limited.

The calcium-calcineurin and calmodulin signal
transduction pathways

Calcineurin is a calcium-activated serine/threonine phos-
phatase. It is comprised of a 59- to 63-kDa catalytic sub-
unit (calcineurin A), a 19-kDa calcium-binding protein
(calcineurin B), and the calcium-binding protein (calm-
odulin). The latter is associated with specific kinases,
which are dependent on its activation.

Activated calcineurin dephosphorylates cytoplasmic nu-
clear factor of activated T cells (NFAT), leading to its
translocation to the nucleus and to transcriptional induc-



Cell. Mol. Life Sci.  Vol. 63, 2006

tion of various genes, in concert with other signalling
pathways (Fig. 1d). Kinases such as JNKSs, casein kinase
I and II (CKI and CKII), PKA and others phosphorylate
specific NFAT family members inhibiting their activation
and nuclear translocation. These kinases likely also par-
ticipate in rephosphorylating NFAT within the nucleus.
The mitochondrial calcium-calcineurin signalling path-
way has been associated with cardiac hypertrophy [for an
extensive review see ref. 44]. Sayen et al. [45] hypothe-
sised that the pathogenetic mechanism linking this sig-
nalling pathway and cardiac hypertrophy was through
perturbation of mitochondrial function. This was based
on several previous findings: (i) Electrical pacing of
neonatal rat cardiac myocytes (which may be considered
a ‘first messenger’ in this pathway) leads to ‘physiologi-
cal hypertrophy’. This is preceded by induction of the
transcription factors AP-1 and NRF-1, which enhance the
expression of genes encoding specific OXPHOS system
proteins, as indicated above [46]. (ii) NFAT interacts with
the transcription factors GATA4 and MEF2c, which have
also been shown to regulate the expression of mitochon-
drial proteins [46]. (iii) All four NFAT transcription fac-
tors are expressed in the myocardium. Studying cardiac
mitochondria of transgenic mice with cardiac-specific
expression of an active calcineurin cDNA and measuring
OXPHOS system activity by polarography, Sayen et al.
[45] have shown decreased activity and protein content of
the ND; subunit of complex I and subunit I of complex IV
(both encoded by mitochondrial DNA), as well as subunit
IV of complex IV oxidase (encoded by genomic DNA),
and increased superoxide production. However, it has be-
come apparent that the pathogenic cascade leading to
cardiac hypertrophy involves a cross-talk mechanism be-
tween several signalling pathways as well as several tran-
scription factors [reviewed in ref. 47]. One of the signifi-
cant pathways in this pathogenic cascade is the MAPK
pathway, which has been shown to both affect calci-
neurin-NFAT signalling as well as being affected by it. It
should be noted that although the two pathways have been
shown to play a pivotal role in the pathogenesis of cardiac
hypertrophy, no experimental evidence has been pre-
sented thus far to suggest a regulatory role for MAPK on
OXPHOS system activity.

Increased cytosolic Ca?* concentrations and activation of
Ca?*/calmodulin-dependent protein kinase (CAMK) me-
diate the adaptive response to decreased intracellular ATP
concentrations following contractile activity of muscle
during endurance exercise. This response involves in-
creased glucose transport and fatty acid oxidation, as
sources of energy, along with an increase in OXPHOS
system activity. This process is also mediated by activa-
tion of AMP-kinase [48]. As a result, several transcription
factors are activated: myocyte-enhancing factor 2A (reg-
ulating GLUT4 expression), PPAR-a (up-regulating lev-
els of enzymes of fatty acid B-oxidation), mitochondrial
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transcription factor A (mtTFA; activating the expression
of the mitochondrial genome) and NRF 1 and 2 (up-reg-
ulating OXPHOS system complexes) (Fig. 2). The well-
orchestrated expression of the multitude of proteins in-
volved in these adaptations is probably mediated by the
rapid activation of the peroxisome proliferator-activated
receptor (PPAR)-y co-activator (PGC)-1 [48; and reviewed
in ref. 49].

Evidence for this mechanism has been provided by Wu et
al. [50], who have shown that calcium/calmodulin-depen-
dent protein kinase IV induces the expression of PGC-1
in transgenic mice that selectively express a constitutively
active form of the kinase in skeletal muscle. PGC-1 binds
to various transcription factors to maximize transcrip-
tional activity, and leads to up-regulation of mitochond-
rial enzymes involved in fatty acid metabolism and elec-
tron transport, as well as mitochondrial DNA replication.
Finally, calcium-mediated dephosphorylation turns off
the mechanism of allosteric inhibition of complex IV ac-
tivity by ATP at high ATP/ADP ratios, as mentioned
above [24, 25]. The identity of the cytosolic phosphatase
responsible for this reaction is not clear at present.

Ceramide-mediated signal transduction

Ceramides are the core structures of naturally occurring
sphingolipids, and are produced de novo by the conden-
sation of serine and palmitoyl-CoA or from hydrolysis of
sphingomyelin. Ceramides of various chain length have
long been shown to act as second messengers, mediating
cellular response, particularly in the signal transduction
pathways of cytokines [reviewed in ref. 51]. They have
been shown to have different effects on different PKC
subtypes and are generally thought to cause apoptosis
[52, 53]. They lead to inhibition of the classical PKC sub-
types as well as inhibition of NF«B activity [52], and to
activation of the atypical PKC subtype ¢ [53].

Given their role in apoptosis, several investigators have
studied the effect of ceramides on mitochondrial func-
tion, the OXPHOS system and the production of ROS.
Inasmuch as mitochondrial membrane potential may rep-
resent the overall function of the OXPHOS system, short-
chain (C,)-ceramide led to its dramatic decrease in rat
heart mitochondria and in cerebellar granule cells [54,
55], most likely through targeting complex III [54]. C,-
ceramide enhanced whereas C,s-ceramide inhibited the
activity of complex IV [54]. Garcia-Ruiz et al. [56] have
shown that treatment of liver cells with tumour necrosis
factor (TNF) resulted in an increase in mitochondrial C,-
ceramide concentration, interruption of the electron flow
at the ubiquinone pool of complex III, and an increase in
hydrogen peroxide production. The authors suggested
that the observed dual response to ceramide concentra-
tions could be explained by PKC{ activation. PKC{is ac-



1244 A. Boneh

tivated by ceramide independently of DAG and has been
shown to have a dual, or bifunctional, regulatory role in
various cells. A further study suggested that this process
could be mediated by the ceramide-dependent signalling
pathway, which involves ceramide-activated protein ki-
nase [57].

Thus, short-chain ceramide is hypothesized to mediate
signalling pathways directly, leading to alteration of com-
plex III activity, but its precise pathway is not clear. In
addition, short-chain ceramide may affect the OXPHOS
system activity indirectly, by increasing ROS production
(see below).

ROS-mediated signal transduction

ROS are by-products of the MRC, generated primarily in
complexes I and III but possibly also in complex II [58—
60]. Under stress, ROS production is mediated by several
factors and second messengers, including ceramide, as
indicated above. ROS generation is augmented during hy-
poxia, a process that can be attenuated by site-specific in-
hibition of the mitochondrial electron transport [61].
ROS mediate apoptosis at high intracellular concentra-
tions but recent studies indicate that at lower concentra-
tions, ROS act as intracellular signalling agents. Although
the signalling cascade(s) responsible for the mitochon-
drial response to non-toxic concentrations of ROS is not
fully identified, studies focussing on the adaptation of
cellular respiration to hypoxia/ischaemia and to reoxy-
genation have shed light on the possible steps constituting
these cascades. There is a large body of literature regard-
ing the effects of ROS on mitochondrial function. For rea-
sons of brevity, the following discussion is restricted to
the possible role ROS play in the regulation of the afore-
mentioned signalling pathways in relation to the regula-
tion of the OXPHOS system. ROS have been the focus of
attention in the research on vascular endothelial damage
and the following section is based largely on literature re-
garding this pathophysiological process.

H,0, has been shown to activate PKC by tyrosine phos-
phorylation in a mechanism that seems to be independent
of receptor-coupled generation of lipid second messen-
gers [62]. Further studies indicated that phosphorylation
of PKC¢ at Tyr311 was critical for activation of the kinase
by H,0, [63]. In addition, H,O, also activates phospholi-
pase C [64], leading to PKC activation. Furthermore,
Waypa et al. [59] have shown that a hypoxic insult to rat
pulmonary arterial myocytes leads to the generation of
ROS which, in turn, lead to increases in intracellular cal-
cium concentration. Taken together, these findings sug-
gest that H,0O, can activate PKC in both a second messen-
ger-dependent and independent processes. In addition, it
has also been suggested that activation of MAPK by H,O,
is through (at least in part) activation of PKC [65].

Signal transduction regulation of oxidative phosphorylation

More specifically, PKC8[66, 67] and PKCe [67] have been
shown to translocate to the mitochondria following H,O,
stimulation in a variety of cells. This response was dose de-
pendent in human U-937cells [66]. A possible role for
PKC¢ in regulating OXPHOS system activity is suggested
by the observation that Rottlerin, which has been widely
used as a specific PKC$ inhibitor, uncouples mitochondr-
ial oxidative phosphorylation and decreases cellular ATP
production [68]. It should be noted, however, that the speci-
ficity of Rottlerin as a PKCJ inhibitor may be in doubt
[68]. Finally, Mayr et al. [69] have shown that ROS gener-
ated during ischaemic cardiac preconditioning led to pro-
found changes in the activities of complexes I and V, with
partial fragmentation of these mitochondrial enzymes and
of the E, component of the pyruvate dehydrogenase com-
plex. Using a PKC¢ null mouse model, they have shown
that this PKC subspecies mediates this response.

Recent findings suggest a role for ROS-induced tyrosine
phosphorylation in the regulation of complex IV [re-
viewed in ref. 70]. ROS were found to activate tyrosine
kinases of the Src family in mitochondrial preparations
from osteoclasts [71], placenta and brain [discussed in
ref. 72], leading to up-regulation of complex IV [71]. Po-
tential tyrosine-phosphorylated proteins in several OX-
PHOS complexes (including the 39-kDa subunit of com-
plex I) were identified [72]. The phosphorylation of these
proteins is counteracted by their dephosphorylation by ty-
rosine phosphatases such as Shp-2 [73] and PTP 1B [72].
Important to note is that these studies were done in mito-
chondria-rich preparations and their physiological signif-
icance is not clear at this stage.

NO and RNS

NO has been the focus of numerous studies indicating
that this second messenger is involved in maintaining
homeostasis as well as mediating cytotoxic effects [re-
viewed in refs. 74, 75]. NO is synthesised both in the cy-
tosol and mitochondria from arginine by a group of syn-
thases. Constitutive NO synthase (cNOS) includes all
calcium-dependent NOs species (mainly in endothelial
and neuronal cells) and generates low concentrations of
NO. Inducible NOS (iNOS) is calcium independent, is
constantly activated, is expressed following pro-inflam-
matory signalling, and produces larger amounts of NO,
for longer time periods. NO binds to iron-sulphur loci in
proteins and forms stable nitrosyl complexes through its
reaction with haem-containing proteins. One such haem-
protein is soluble guanylyl cyclase (sGC), which is acti-
vated by NO leading to the conversion of guanosine tris-
phosphate (GTP) into cyclic guanosine monophosphate
(cGMP). A downstream signalling pathway, including
cGMP-dependent kinases and phosphodiesterases, leads,
in turn, to degradation of cAMP [reviewed in ref. 74].
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NO binds to the haem-copper complexes of cytochrome
oxidase, leading to enhanced production of cGMP and
the reversible inhibition of the MRC [reviewed in ref. 76,
77]. Brown and Cooper have shown that low, physiologi-
cal concentrations of NO inhibit oxygen consumption in
nerve synaptosomes from rat brain. NO reversibly inhib-
ited complex IV activity by binding to the oxygen-bind-
ing site in competition with oxygen in mitochondria puri-
fied from beef heart, which could explain the higher ap-
parent K for oxygen in NO-containing tissues [78]. An
additional important observation was reported by Nisoli
et al. [79], who have shown that NO generated by en-
dothelial nitric oxide synthase (eNOS, one of the cNOS
enzymes), plays a role in mitochondrial biogenesis by up-
regulating the production of PGC-1a in a cGMP-depen-
dent manner, thus stimulating expression of NRF-1 and
mTFA. As mentioned above, these transcription factors
initiate the expression of nuclear and mitochondrial genes
that encode mitochondrial proteins. Studying a range of
cell lines, they have shown that overexpression of NO,
c¢GMP or eNOS dramatically increased the numbers of
mitochondria in these cells [79].

Thus, the direct effect of NO on the regulation of oxida-
tive phosphorylation is bi-phasic, with low NO concen-
trations leading to a reversible inhibition of oxygen con-
sumption and complex IV activity, but an increased num-
ber of mitochondria and thus increased capacity of the
OXPHOS system complexes. The indirect effects of NO
on the OXPHOS system are mediated via the production
of RNS.

RNS are generated through the oxidation of NO or through
its reaction with ROS [reviewed in refs. 74, 75], usually
when cellular NO concentrations are high. The most
widely studied RNS compound is peroxynitrite, a potent
oxidative species produced by the reaction between NO
and superoxide. Peroxynitrite has been shown to inhibit
the activities of complex I, complex II and complex V
[80-84].

RNS affect OXPHOS system complexes through several
direct toxic biochemical reactions such as interaction
with glutathione and thiol modifications, interaction with
iron-sulphur sites, nitrosylation of secondary amines, ni-
tration of tyrosine residues and interaction with lipids and
phospholipids [reviewed in refs. 74, 77]. However, sev-
eral lines of evidence suggest that s-nitrosylation could, at
least in theory, alter OXPHOS system function through
its effect on signal transduction. First, s-nitrosylation re-
actions modify G protein-related function, and signalling
through tyrosine kinase, tyrosine phosphatase, PKC and
adenylate cyclase [reviewed in ref. 74]. In addition, non-
toxic levels of peroxynitrite have been shown to activate
phospholipase C [85], thereby modulating PKC activity.
Moreover, s-nitrosylation has been shown to regulate
several transcription factors, including NFxB, AP-1 and
CREB [reviewed in ref. 74]. Taken together, in addition to
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a direct toxic effect on the components of the OXPHOS
system, RNS-induced s-nitrosylation could potentially
alter OXPHOS system function through perturbation of
signal transduction cascades. At present, however, direct
experimental evidence for this hypothetical mechanism is
not available.

Summary and future perspectives

The role of signal transduction mechanisms in the regu-
lation of the OXPHOS system is slowly unfolding. Ex-
perimental evidence suggests that cAMP, calcium, ce-
ramide, ROS, NO and RNS are mediating both intracel-
lular and extracellular signals through activation of PKA,
PKC and other kinases as well as calcineurin and other
phosphatases. These kinases and phosphatases, in turn,
lead to activation of transcription factors and to the regu-
lation of the expression of both nuclear and mitochondr-
ial genes that encode OXPHOS system proteins (Fig. 2).
Alternatively, these kinases and phosphatases phosphoryl-
ate or dephosphorylate specific subunits of the OXPHOS
system complexes, thereby activating or inhibiting them.
Taken together, the diversity of the possibilities of regu-
latory mechanisms within the similarity of the signalling
pathways is enormous (Table 1), and deserves further
study. The data presented in this review are based, by and
large, on studies designed to elucidate the role of mito-
chondrial function in processes leading to cell growth, dif-
ferentiation and death (apoptosis). Thus, studies spec-
ifically designed to characterise the signalling pathways
that modulate the OXPHOS system will enable a better
understanding of the regulation of oxidative phosphory-
lation. These studies could focus on several aspects.
First, the possible regulation of each complex by signal
transduction mechanisms has not been fully explored. In-
deed, several mitochondrial phosphoproteins, in addition
to those discussed above, have been found in bovine
heart, using a fluorescent phosphosensor dye [18, 86] and
tryptic mass mapping of radiolabelled bands from mito-
chondrial membranes [16]. These findings raise the pos-
sibility that signal transduction mechanisms regulate ad-
ditional proteins, which are components of the OXPHOS
system. The identification of the regulatory mechanisms
leading to the phosphorylation of these proteins, and the
elucidation of the biological significance of this phos-
phorylation await further study.

Most of the phosphoproteins that have been associated
with regulation of the OXPHOS system are encoded
by nuclear genes. Future studies could identify proteins
that are mitochondrially encoded and regulated by signal
transduction mechanisms. Moreover, Gopalakrishnan
and Scarpulla [29] suggested that genes encoding pro-
teins of the OXPHOS system are not uniformly regulated
under all physiological conditions. They surmised that there
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might be a difference between the regulation of nuclear
and mitochondrial genes. For example, whilst proteins
encoded and synthetized within the mitochondria are pre-
sumably phosphorylated by mitochondrial PKA, those
that are encoded by the genomic DNA and synthetized in
ribosomes may be phosphorylated by the cytosolic PKA.
Of interest would be to examine whether this phosphory-
lation plays a role in the regulation of complex synthesis
and assembly. Moreover, do other signalling cascades be-
have in the same manner? Are their effects on transcrip-
tion factors regulating the expression of nuclear and mi-
tochondrial genes similar or different?

The integration of signalling pathways in a ‘cross talk’
leading to the regulation of the OXPHOS system under
quiescent conditions as well as following increased needs
(e.g. muscle contraction) or under stress conditions is far
from being elucidated. It is conceivable that different
complex subunits are regulated by different signalling
pathways and that there may be ‘cross-talk’ between these
pathways, leading to additive, synergistic or inhibitory ef-
fects on complex activity (Fig. 2). What are the effectors
of these signalling pathways? Understanding the integra-
tion of the effects of these pathways will enable a better
understanding of the oxidative phosphorylation process
in general and of the function of specific complexes.
Another avenue of research could be the elucidation of
the tissue-specific roles of second messengers, kinases
and transcription factors. Are the mechanisms described
above similar in all tissues? What are the physiological
consequences of these mechanisms with regards to the
function of these tissues?

Finally, studying patient cell lines and tissues will enable
a better understanding of the possible role of the sig-
nalling pathways in the pathogenesis of the phenotypes of
defects in the OXPHOS system, as suggested for other in-
born errors of metabolism [87]. More importantly, it will
provide a better understanding of the normal physiologi-
cal role of the signalling pathways in the regulation of ox-
idative phosphorylation.
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