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Abstract. The finding that mitochondria contain sub-
strates for protein kinases lead to the discovery that pro-
tein kinases are located in the mitochondria of certain tis-
sues and species. These include pyruvate dyhydrogenase
kinase, branched-chain a-ketoacid dehydrogenase ki-
nase, protein kinase A, protein kinase C9, stress-activated
kinase and A-Raf as well as unidentified kinases. Recent
evidence suggests that mitochondrial protein kinases may
be involved in physiological processes such as apoptosis

and steroidogenesis. Additionally, the novel finding of
low-molecular-weight GTP-binding proteins in mito-
chondria suggests the possibility that these may interact
with mitochondrial protein kinases to regulate the activ-
ity of mitochondrial effector proteins. The fact that there
are components of cellular regulatory systems in mito-
chondria indicates the exciting possibility of undiscov-
ered systems regulating mitochondrial physiology.
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Introduction

Protein kinases play a vital role in cellular signalling and
can phosphorylate key substrates such as receptors, ion
channels, cytoskeletal elements, nucleic acid regulatory
factors and enzymes [1]. Once reversibly phosphorylated,
kinase substrates can affect various regions of the cell and
have profound effects on cellular functions such as cellu-
lar metabolism, growth and differentiation [2], apoptosis
[1] and steroidogenesis [3, 4].

Protein kinases can be targeted to various parts of the cell
by specific binding proteins and in this way the cell can
ensure that protein phosphorylation occurs at precise cel-
lular locations [5]. Studies conducted over three decades
ago indicated that protein kinase substrates were present
in mitochondria [6]. The finding of protein kinases in mi-
tochondria suggested that protein-kinase-binding pro-
teins were anchoring protein kinases to the organelle.
Data on the types of mitochondrial protein kinase as well

as their substrates and binding proteins in different tis-
sues and species are starting to accumulate. There is still,
however, a paucity of information on the physiological
roles of some mitochondrial protein kinases.

Phosphorylation of mitochondrial proteins

Phosphorylated mitochondrial proteins were first re-
ported in the late 1960s when Linn and colleagues [6] in-
vestigated the effects of phosphorylation on the activity
of the pyruvate dehydrogenase complex. Evidence that
mitochondrial proteins could be phosphorylated by ki-
nases that resided in the mitochondria was obtained when
investigators incubated isolated mitochondria with y3?P-
labelled ATP and detected phosphorylation of protein
substrates [7]. When isolated rat liver mitochondria were
incubated with y3?P-ATP, phosphoproteins of 32 and
42 kDa were detected and identified as two different
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forms of succinyl-CoA synthetase [7]. Additionally, a 35-
kDa mitochondrial protein was shown to be phosphory-
lated in rat hepatocytes in response to glucagon; the iden-
tity of the mitochondrial protein kinase responsible for
the phosphorylation of the 35-kDa protein, however, was
not known [8]. These studies showed that mitochondria
contained enzymes capable of catalysing protein phos-
phorylation.

Protein kinases associated with metabolism
and respiration

Two of the better characterized mitochondrial protein ki-
nases have been studied due to an interest in the metabo-
lism of certain amino acids and carbohydrates. These are
pyruvate deyhydrogenase (PD) kinase (PDK) and
branched-chain a-ketoacid dehydrogenase (BCKD) ki-
nase (BCKDK). The PD complex contains E1 compo-
nents comprised of a and f subunits which catalyse the
production of acetyl-CoA from pyruvate [9]. This oxida-
tive decarboxylation reaction also results in the formation
of NADH from NAD". The activity of the complex is in-
hibited by phosphorylation of E1 on three serine sites by
up to four isoenzymes of PDK which are components of
the PD complex [10]. Activity can be restored by PD
phosphatase, a dimer consisting of catalytic and regula-
tory subunits [11].

The BCKD complex in mammalian mitochondria cataly-
ses the oxidative decarboxylation of branched-chain a-
ketoacids formed from leucine, isoleucine and valine
[12]. The complex contains a thiamine pyrophosphate-
dependent branched-chain a-ketoacid decarboxylase
(E1) that contains a and 8 subunits of 45.5 and 37.5 kDa,
respectively. Like the PD complex, BCKD activity is neg-
atively controlled by phosphorylation, and BCKDK
phosphorylates E1 on serine 293 [13]. This mechanism
appears to regulate metabolism in response to physiolog-
ical requirements. In rats starved of protein, the BCKDK
protein content in the complex increases, levels of BCKD
complex phosphorylation are higher and the activity of
the complex decreases [14].

Interestingly, the amino acid sequences of the four PDK
isoenzymes and BCKDK do not contain a common se-
quence found in other mammalian serine/threonine ki-
nases, but have highly conserved C-terminal regions that
share homology to prokaryotic histidine protein kinases
[15, 16]. These findings led to the proposal that PDK and
BCKDK have evolved from bacterial proteins [10]. If so,
these mammalian mitochondrial protein kinases have
evolved a distinct structural and functional characteristic.
Prokaryotic histidine kinases use ATP to autophosphory-
late histidine residues and the target histidine residue is
thought to interact with the y-phosphate on ATP [17].
This model is dissimilar to that used by PDK and
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BCKDK which phosphorylate serine residues on their
target proteins. PDK can to catalyse the transfer of the y-
phosphate to the side chain of serine on its substrate E1
[18, 19]. Glutamate 243 of PDK appears essential in the
mechanism, by activating the hydroxyl group of the tar-
get serine and thus priming it for interaction with the y-
phosphate [19, 20]. The unique characteristics of PDK
and BCKDK have led to them being described as belong-
ing to a novel mitochondrial protein kinase family [12]
and investigations for their inclusion in the ATPase/ki-
nase superfamily are ongoing [21].

Protein kinase A activity in mitochondria

Early studies identified cAMP-dependent kinase activity
in purified preparations of mitochondria from guinea pig
and rat liver suggesting the presence of mitochondrial
protein kinase A (PKA) [22]. PKA consists of two regu-
latory subunits (R subunits) which bind cAMP and two
catalytic subunits (C subunits) [2, 23]. The complete
holoenzyme is not active, although when cAMP binds to
the R subunits, the C subunits are able to disassociate as
free and active units [24] and can migrate to different ar-
eas of the cell [25, 26].

From the efforts of a number of laboratories, we now
know that in a range of species and tissues, PKA is tar-
geted to the mitochondria. For example, protein kinases
dependent on cAMP have also been detected in mito-
chondria from porcine ovaries [27], bovine heart [28],
yeast [29], human sperm [30], a crustacean [31], human
colon carcinoma [32] and human placenta [33]. The pres-
ence of mitochondrial PKA suggests the possibility of a
PKA-mediated signalling system that is operating inside
the organelle. A logical step in investigating the possibil-
ity of such a signalling system is to look for the substrate
of a mitochondrial PKA. Some substrates of mitochondr-
ial PKAs have already been characterized. In bovine heart
mitochondria, a mitochondrial PKA is responsible for the
phosphorylation of an 18-kDa protein [34]. Furthermore,
mitochondrial PKA in yeast has been shown to phospho-
rylate and retard in vitro the ability of mitochondrial
telomere-binding protein to bind a telomeric oligonu-
cleotide [35]. These important findings herald the com-
ing of many more reports on novel mitochondrial physio-
logical mechanisms. The challenge for the future is to de-
termine how mitochondrial PKAs are stimulated and
what cellular processes they modulate.

PKA anchoring proteins
In the whole cell, the discovery of a family of proteins

that bind PKA and target it to various regions of the cell
led to an understanding of how PKA could have such var-
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ied effects on cellular physiology. A kinase-anchoring
proteins (AKAPs) use amphipathic helix regions to bind
to specific polypeptide regions in the dimerisation do-
main of the R subunits of PKA and localise PKA to vari-
ous regions of the cell [36]. By targeting PKA to specific
cellular regions, AKAPs can regulate the specificity of a
cellular signal in many signal transduction systems
[5, 26, 36]. PKA Rla and RI are usually found in the cy-
toplasm, whereas Rlla and RIIS are usually associated
with organelles. AKAPs can display specificity for RI or
RII subunits or can have a dual specificity (D-AKAP).
The two D-AKAPs (I and II) known to date display in
vitro affinity for Rla, Rlla as well as RIIS, but not
RIS [37].

After the finding of PKA activity in mitochondria from
human placenta, it was proposed that these mitochondria
use an AKAP to localize the protein kinase to the or-
ganelle [33]. In rat and mouse brown adipose tissue
analysed by Western blot, D-AKAP immunoreactivity has
been identified in mitochondrial fractions as well as cy-
tosolic and cell debris fractions [38]. There are two N-ter-
minal splice variants of D-AKAP2, NO and N1. In mouse
fibroblasts, the NO spliced variant is localised in mito-
chondria whereas N1 is localised in the endoplasmic
reticulum. Residues 1-30 at the N-terminal end of the
protein are vital for targeting to the mitochondria [37].
Several groups are also at the stage where they are able to
identify the subtype of mitochondrial AKAPs. S-AKAP84
[39, 40], D-AKAP1 [37] and AKAP149 [41] have also
been localised to mitochondria and are splice variants of a
single gene [26]. These mitochondrial AKAPs have been
proposed to link PKA to the outer mitochondrial mem-
brane in a way that allows phosphorylation of mitochon-
drial proteins including ATP synthase [26].

D-AKAP2 has a putative regulator-of-G-protein-sig-
nalling sequence, although to date, no interaction be-
tween G proteins and D-AKAP2 has been demonstrated
[38]. Therefore, whether the mitochondrial D-AKAP2 in-
teracts with a mitochondrial G protein is still unknown.
Interestingly, there is evidence to suggest that het-
erotrimeric G proteins are present in mitochondria.
Whether these are similar or identical to G-proteins found
in other parts of the cell is not yet established. G,; and G,
immunoreactivity is present in isolated mitochondria
from human placenta [42]. The purification of these mi-
tochondrial G proteins is an important task for the future
and will allow studies on their interaction with signal
transduction molecules in the mitochondria such as D-
AKAP2.

cAMP independent protein kinases

As well as finding cAMP-dependent mitochondrial pro-
tein phosphoprotein, Neymark and colleagues [43] also
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reported the cAMP-independent phosphorylation of a
55-kDa protein. This finding suggested the presence of
an additional mitochondrial kinase other than PKA.
Novel mitochondrial protein kinases other than PKA
were also discovered in a species of yeast which has four
protein kinases, only one of which is cAMP dependent
[44]. In beef heart mitochondria, several studies have
demonstrated the presence of mitochondrial PKA which
phosphorylates mitochondrial proteins of 42, 29, 18 and
6 kDa [34, 45]. Nonetheless, in bovine heart mitochon-
dria, there are also 44-, 39- and 31-kDa, proteins phos-
phorylated by a cAMP-independent mitochondrial pro-
tein kinase [46]. In isolated mitochondria from human
placenta the phosphorylation of a 20-kDa protein is in-
hibited by herbimycin, suggesting that these mitochon-
dria contain a tyrosine kinase [33].

The increase in commercially available antibodies to
many of the known protein kinases has allowed the iden-
tification of several novel species of protein kinase found
in mitochondria. Indeed, the list of protein kinases other
than PDK, BCKDK and PKA in mitochondria has ex-
panded in the last 3 years (see table 1) to include A-Raf
[47], protein kinase C6 (PKCJ) [48] and stress-activated
protein kinases (SAPKSs), also known as c-Jun amino-ter-
minal kinases (JNKs) [49]. Investigators will soon be us-
ing antibodies to known protein kinases to determine the
identity of various cAMP-independent kinases that are
known to interact with substrate mitochondrial proteins
in a range of species.

Table 1. Mammalian mitochondrial protein kinases.

Protein kinase Function

A-Raf may be involved in apoptotic mechanisms [47]

BCKDK well-characterized control of decarboxylation of
a-ketoacids formed from leucine, isoleucine and
valine [14]

PDK well-characterized control of acetyl-CoA forma-
tion [10]

PKA Appears to phosphorylate 6-, 18-, 29-, 42-kDa
mitochondrial proteins in bovine heart [34, 45];
may phosphorylate BAD and down regulate
apoptosis [58]; appears capable of phosphorylat-
ing the StAR protein in steroidogenic tissue

PKCé may be involved in regulation of membrane
potential [48]

SAPK may phosphorylate Bcl-xL and down-regulate the
inhibitory role of Bel-xL on apoptosis [49]

Unidentified  appears to phosphorylate 31-, 39- and 44-kDa

cAMP-inde-  mitochondrial proteins in bovine heart [46]

pendent

protein kinase

Unidentified  may phosphorylate a 20-kDa mitochondrial
tyrosine kinase protein in human placenta [33]
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The role of mitochondrial kinases in apoptosis

Mitochondria play an important role in apoptosis or pre-
programmed cell death. What is not clear, however, is the
extent to which mitochondrial protein kinases are used by
the organelle in the modulation of apoptotic mechanisms.
The process of apoptosis relies on aspartate-specific cys-
teine proteases (caspases) which are synthesised consti-
tuatively as inactive pro-enzymes. Once activated by the
removal of the N-terminal sequence, caspases can acti-
vate more downstream caspases in a cascade sequence
[50]. Downstream caspases are responsible for a number
of attacks on cellular proteins that bring about the death
of the cell. Mitochondria accelerate the caspase-mediated
destruction by releasing cytochrome ¢ [51, 52] which re-
cruits cytosolic apoptotic protein adaptor Apaf-1 [53].
Once activated by cytochrome c, Apaf-1 is able to com-
plex with pro-caspases leading to their activation [52].
Bcl-2 and homologues that make up the Bcl-2-like fam-
ily of proteins have important regulatory effects on apop-
tosis [54]. Recent evidence indicates that mitochondrial
protein kinases are involved in the regulatory process ex-
erted on apoptosis by Bcl-2-like family members. Bcl-2
itself has a protective effect against apoptosis in cells
made susceptible by stimuli including radiation [55], tu-
mour necrosis factor [56] and Epstein-Barr virus infec-
tion [57].

The Bcl-2-related, but pro-apoptotic protein BAD is as-
sociated with the outer mitochondrial membrane. Phos-
phorylation of BAD on serine 112 can be inhibited by a
peptide that inhibits AKAP binding to the R subunit of
PKA [58]. This indicates that BAD is phosphorylated by
a mitochondrial AKAP/PKA complex and a cellular sur-
vival system has been suggested that could use this phos-
phorylation mechanism to inactivate BAD [58].

The protein kinase A-Raf has been located in mitochon-
dria and proposed to phosphorylate proteins which medi-
ate the apoptotic pathway [47]. Additionally, stimuli such
as damage to DNA or heat shock can activate an SAPK,
JNK1 [59], and p38 MAPK [60]. The human monocyte-
like cell line U937 responds to ionizing y-radiation by
targeting SAPK to the mitochondria where it phosphory-
lates a Bel-2-like protein, Bel-x; on threonine residues 47
and 115 [49]. A mutant Bcl-x; in which these two SAPK-
sensitive threonine residues have been replaced with ala-
nine residues, Bcel-x; (A-47, -115) is a more potent in-
hibitor of ionising-radiation-induced apoptosis than na-
tive Bel-x;. As a consequence, Kharbanda et al. [49]
proposed that phosphorylation of Bcl-x; by mitochon-
drial SAPK modulates apoptosis by down-regulating the
inhibitory effect of Bcl-x; on apoptosis (see fig. 1). Thus,
this mitochondrial protein kinase apparently plays an im-
portant part in the apoptotic mechanism. In the future, ex-
periments that fractionate mitochondrial membranes into
inner membrane, outer membrane and contact point vesi-
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Figure 1. Proposed model of the role of mitochondrial SAPK in
apoptosis. Radiation causes damage to nuclear material which trig-
gers an unknown mechanism resulting in translocation of SAPK to
the mitochondria. SAPK phosphorylates Bcl-x,, attenuating its
ability to prevent release of caspase-activating molecules such as
cytochrome c.

cles [61, 62] could be used to determine the mitochon-
drial location of SAPK. Also important will be the char-
acterisation of the cellular mechanism that targets SAPK
to the mitochondria.

Possible roles of mitochondrial kinases
in steroidogenesis

The first and rate-limiting step of steroidogenesis in-
volves the transport of cholesterol from the outer mito-
chondrial membrane to the inner membrane where it is
converted to pregnenolone by cytochrome P450 side
chain cleavage (P450scc) [3, 63]. In adrenal and gonadal
tissue, this step is stimulated by the steroidogenic acute
regulatory (StAR) protein, the expression of which is in-
creased by hormonal stimulation of steroidogenic tissue.
StAR was discovered by Orme-Johnson and colleagues
who showed the appearance of a set of proteins in the mi-
tochondria of adrenal cells [64, 65] and corpus luteum
cells [66] of the rat. Two-dimensional electrophoresis
demonstrated that these proteins resided in the 30—
32 kDa molecular-weight range and were phosphorylated
after the tissue was stimulated with a hormone. Clark and
colleagues purified and named the StAR protein in 1994
[4, 67].

Very little is known about the mechanism by which the
StAR protein stimulates cholesterol flux to the inner
membrane. Most of the authors who have speculated on
the mechanism of StAR agree, however, that StAR likely
facilitates the flow of cholesterol through points of con-
tact between the inner and outer membrane [3, 4, 68, 69].
These contact points contain the voltage-dependent anion
channel, the ATP translocator [70], small GTP-binding
proteins [3, 61, 71] and the peripheral benzodiazepine re-
ceptor (PBr) [68]. These proteins may form a bridge that
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inner
membrane

Figure 2. Proposed model of steroidogenic modulation by mito-
chondrial PKA. As a result of hormonal stimulation at the cell sur-
face, StAR is synthesised and moves towards the mitochondria.
PKA anchored in the mitochondria by AKAP phosphorylates
StAR, increasing its ability to increase cholesterol passage through
the contact point to reach P450 scc.

links the outer and inner membrane and may form the
contact point. Furthermore, PBr has been proposed to
form a tunnel for cholesterol [68]. The discovery that the
phosphorylation status of StAR affects its bioactivity
raises the possibility that mitochondrial kinases regulate
steroidogenesis (see fig. 2).

The StAR protein can be phosphorylated by PKA at ser-
ines 57 and 195 [72]. A mutation which prevents phos-
phorylation of serine 195 results in an attenuation of
StAR activity suggesting that phosphorylation of this
residue is part of a cellular signalling system which can
modulate steroidogenesis. PKA is present in the mito-
chondria of adrenal tissue [73], so future experiments
must determine whether PKA is held in the mitochondria
of steroidogenic tissue by an AKAP. Additionally, future
experiments should determine whether mitochondrial
PKA can phosphorylate StAR once it has reached the mi-
tochondria. Also interesting will be to determine the ex-
tent to which this mechanism can regulate steroidogene-
sis.

The placenta does not contain StAR and does not have an
as acute steroidogenic response to hormonal stimulation
as the adrenal and gonads [3]. There is, however, evidence
to suggest that phosphorylation of mitochondrial proteins
may regulate the development of steroidogenic placental
cells. In the developing placenta which invades the
uterus, only the syncytiotrophoblast develops cellular
machinery to perform steroidogenesis [74]. Interestingly,
the cytotrophoblast mitochondria contain significantly
higher levels of a 16- and 20-kDa tyrosine-phosphopro-
tein which has been proposed to indicate a signal deter-
mining the fate of the trophoblast [33]. As mentioned,
placental mitochondria contain a tyrosine kinase [33] and
it will be important to determine whether this kinase reg-
ulates the development of steroidogenic and non-
steroidogenic cells in the placenta.
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An evolutionary perspective

Mitochondria are believed to have evolved 1.5 billion
years ago from oxidative bacteria taking up residence in
glycolytic proto-eukaryotic cells, and genetic informa-
tion from the genome of the bacterial ancestors of mod-
ern mitochondria is thought to have been lost to the nu-
cleus of the cells that engulfed them [31]. Control of the
mitochondrial protein import including products of these
ex-mitochondrial genes is tightly controlled by the outer
and inner membranes which contain translocases [75]
and channels [70]. Therefore, while the integration of the
mitochondrion into the eukaryotic cell has reached an ad-
vanced level due to its evolutionary history, the mito-
chondrion retains some level of autonomy and control
over its discrete physiology. For the mitochondrion to be
symbiotically receptive to the metabolic needs of the host
cell, however, one would expect mechanisms which allow
messages to be transmitted from the cytoplasm to the mi-
tochondrion. Because the mitochondrion can contain ki-
nase activity and protein substrates, messages may be
conveyed to the mitochondrion via protein kinase/phos-
phorylation systems [76]. To allow such communication,
the mitochondrion utilises protein kinases that may have
distinct evolutionary histories. These mitochondrial pro-
tein kinases may have evolved from primitive bacterial
proteins and more recent proto-eukaryotic cell proteins.

‘Orphan’ cellular molecules, novel regulators
of cell physiology?

A number of low-molecular-weight GTP-binding pro-
teins have recently been located in mitochondria [3, 61,
62, 71], one of which has been identified as the 28-kDa
protein Ran [42]. These mitochondrial GTP-binding pro-
teins appear to be concentrated in the outer mitochondr-
ial membrane and the contact sites [42, 62]. The flow of
cholesterol through the contact point into the steroido-
genic pathway may be regulated by these GTP-binding
proteins [3, 61]. The challenge for the future is to deter-
mine how the mitochondrial GTP-binding proteins are
regulated. In other parts of the cell, low-molecular-weight
GTP-binding proteins interact with protein kinases as
part of cellular signalling systems and in cellular func-
tions [77]. Future studies examining whether mitochon-
drial, GTP-binding proteins and protein kinases can in-
teract would be desirable.

Furthermore, many protein kinases in mitochondria from
numerous tissues and species have not been charac-
terised, and undoubtedly, a large number of mitochondrial
protein kinases have yet to be discovered. Very little is
known about the physiological functions of these mito-
chondrial protein kinases, and there are many ‘orphan’
kinases whose function has still to be discovered. As the
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mitochondria have vital functions in an array of physio-
logical processes including steroidogenesis and apopto-
sis, much work still needs to be done and many benefits
gained from elucidating the functions of mitochondrial
protein kinases.
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