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ABSTRACT

Mitochondria have long been considered to be the powerhouse of the living cell, generating energy in the form of the
molecule ATP via the process of oxidative phosphorylation. In the past 20 years, it has been recognised that they also
play an important role in the implementation of apoptosis, or programmed cell death. More recently it has become
evident that mitochondria also participate in the orchestration of cellular defence responses. At physiological concentrations,
the gaseous molecule nitric oxide (NO) inhibits the mitochondrial enzyme cytochrome ¢ oxidase (complex IV) in
competition with oxygen. This interaction underlies the mitochondrial actions of NO, which range from the physiologi-
cal regulation of cell respiration, through mitochondrial signalling, to the development of “metabolic hypoxia” — a

situation in which, although oxygen is available, the cell is unable to utilise it.
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NO AND MITOCHONDRIAL RESPIRATION

Nitric oxide (NO) plays an important role as an inter-
and intra-cellular messenger, acting in the cardiovascular
system, in the nervous system and as a component of the
immune system [1]. NO is a diatomic free radical which
is a gas at room temperature, making it highly diffusible
within the vasculature. One of its major targets is the
soluble guanylyl cyclase (sGC). The binding of NO to
Fe?* in the haem group of sGC activates the enzyme and
increases the concentration of cGMP (guanosine 3°, 5’-
cyclic monophosphate). The NO/cGMP signalling path-
way has been demonstrated to be important in many bio-
logical systems including blood pressure regulation, platelet
aggregability, smooth muscle relaxation and peripheral and
central neurotransmission.

Recent work has shown that NO, in the nanomolar
concentration range that activates sGC, can also bind to
cytochrome ¢ oxidase (complex 1V) and inhibit it in a
manner that is reversible and in competition with oxygen
[2, 3]. Cytochrome ¢ oxidase is the terminal enzyme of
the mitochondrial respiratory chain and is responsible for
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90% of cellular oxygen consumption in mammals. The
enzyme catalyses the oxidation of cytochrome ¢** to cyto-
chrome ¢*" and the reduction of oxygen to water, which is
coupled to the pumping of protons across the inner mito-
chondrial membrane. Because NO competes with oxygen
at the cytochrome c oxidase, increases in NO concen-
tration can prevent the enzyme from using any available
oxygen, thus causing a kind of “metabolic hypoxia” [4].
Such “metabolic hypoxia” has profound biological
consequences, particularly with regard to the regulation of
the hypoxia-inducible factor (HIF)-1. HIF-1 is a transcrip-
tion factor that plays a major role in the response of tissues
to low partial pressures of oxygen, by upregulating genes
such as those involved in glycolysis and angiogenesis [5].
At normal oxygen concentrations HIF-1 is regulated in an
oxygen dependent manner by a family of prolyl hydroxy-
lases that prevent stabilisation of HIF-1a its subsequent
dimerisation with HIF-1p and the consequent activation of
target genes. At low oxygen concentrations (1-3%) prolyl
hydroxylase activity is inhibited, and HIF-1¢ accumulates,
resulting in the activation of target gene expression.
However, if cells maintained at 1-3% oxygen are exposed
to low concentrations of NO, stabilisation of HIF-1a is
prevented [6]. We have shown that, in hypoxic conditions,
NO and other inhibitors of mitochondrial respiration can
cause redistribution of oxygen away from the electron trans-
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port chain towards non-respiratory oxygen-dependent
targets such as prolyl hydroxylases [7]. Since more than
70 genes (including those involved in erythropoiesis,
angiogenesis and glycolysis) are known to be regulated at
the transcriptional level by HIF-1 [5], NO-mediated
inhibition of respiration may profoundly modify the sig-
nalling consequences of hypoxia.

NO AND THE ENDOPLASMIC RETICULUM
STRESS RESPONSE

Until recently, the main function of mitochondria was
considered to be the production of energy; however mito-
chondria can also play an important role in intracellular
signalling, for example by coupling calcium signalling with
the endoplasmic reticulum (ER) [8-10]. Studies using ge-
netically targeted Ca**-selective probes (such as the bi-
oluminescent protein aequorin) or fluorescent dyes (such
as thod-2) have provided a direct and unambiguous read-
out of mitochondrial Ca** changes in living cells following
receptor stimulation. Recently we found that in NO-
generating cells there is a disruption in the respiratory chain
and a decreased respiration rate that is accompanied by a
mitochondrial Ca®" flux [11]. These findings are in agree-
ment with previous reports showing that exogenous NO
[12] and peroxynitrite [13, 14] can result in the release of
Ca*" from mitochondria. Interestingly, Nowicky and
Duchen reported changes in [Ca®']; and membrane cur-
rents when mitochondrial respiration in dissociated rat hip-
pocampal neurons was impaired by inhibition of cyto-
chrome ¢ oxidase using cyanide, or by hypoxia [15]. It is
possible that disrupting electron transfer at cytochrome c
oxidase may result in ionic readjustment and modulation
of the Ca*" flux between the mitochondria and the ER.
We found that this NO-mediated change in Ca®" flux is
sufficient to activate the Ca**-dependent protease (site-1
protease, S1P) involved in a regulated intermembrane pro-
teolysis (RIP) pathway. S1P, in association with the site-
2 protease located in the Golgi apparatus, cleaves the ER
stress-regulated transmembrane transcription factor p90
ATF6. The resulting soluble transcription factor p5S0 ATF6
is then free to translocate to the nucleus where it subse-
quently activates ER stress-responsive genes, such as glu-
cose regulated protein 78 (Grp78) [11].

Grp78 is a Ca**-binding chaperone protein with
cytoprotective properties. It can be up-regulated by hy-
poxic conditions and by glucose starvation. Grp78 as-
sociates transiently with nascent proteins, facilitating their
translocation into the ER and aiding in their folding and
transport through the ER. Grp78 appears to be a master
switch of the unfolded protein response (UPR) and ER
stress. We found that the NO-mediated up-regulation of
Grp78 provides significant cytoprotection against toxic
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agents including thapsigargin (a selective ER Ca**-ATPase
inhibitor). This cytoprotection is abolished following treat-
ment with cyclosporin A (CsA), which prevents mitochon-
drial Ca* efflux, and BAPTA-AM, an intracellular chelator.
The NO-mediated ER stress response is diminished in 740"
cells that are devoid of mitochondrial DNA. Therefore, our
work has shown that NO signals, via mitochondrial
respiration, to the ER stress response with consequences
for cell survival or death [11].

Apart from Grp78, a number of other genes have been
shown to be regulated by the Ca®"-dependent serine pro-
tease S1P. These include genes for growth factors, tran-
scription factors and viral glycoproteins that are involved
in neurological, cardiovascular and immunological systems.
Our findings suggest that the NO-mediated Ca*" signalling
pathway may well be important in their regulation.

CONCLUSION

The coupling of mitochondrial signalling and the ER is
an emerging area of interest, and a common apoptosis
pathway has recently been described in BAX and BAK
regulation in which the ER and mitochondria are coupled
via Ca®'[16]. It will be important to explore further how
the NO-mediated ER signalling we have described inter-
acts with BAX and BAK pathways to regulate mitochon-
dria-mediated apoptosis.
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