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Succinate dehydrogenase and human diseases: new
insights into a well-known enzyme
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Inherited defects of the mitochondrial succinate dehydrogenase (SDH) in humans are associated with striking
variable clinical presentations ranging from early-onset devastating encephalomyopathy to tumour
susceptibility in adulthood, or optic atrophy in the elderly. Although different genes encoding the four
subunits of the SDH have been found mutated in association with these different phenotypes, we propose
that the wide clinical spectrum actually originates from the specific roles of the SDH in the respiratory chain
and the mitochondria. In particular, beside its function in the Krebs cycle and the respiratory chain, the
specific redox properties of the enzyme could confer to the SDH a specific function in superoxide handling.
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Introduction
The mitochondrial succinate dehydrogenase (SDH) com-
plex catalyses the oxidation of succinate to fumarate in the
Krebs cycle, and feeds electrons to the respiratory chain
ubiquinone (UQ) pooll'2 (Figure 1). SDH consists of four
nuclearly encoded subunits whose structure and genes
being mostly conserved through evolution. In contrast,
the other respiratory complexes have gained additional
subunits, or conversely can be absent in some organisms,
eg complex I in the yeast Saccharomyces cerevisiae. The
subunits A and B form the SDH sensu stricto. The other two,
subunits C and D, binding a b-type cytochrome, are often
referred to as the anchoring subunits, although they are
actually required for electron transfer from succinate to the
ubiquinone pool as well.

Defects of the succinate dehydrogenase are comparatively
rare in human.® Yet, large differences in clinical presenta-
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tions have been reported in patients harbouring mutations
in one of the four SDH subunit-encoding genes. Mutations
in the flavoprotein subunit, SDHA, the very first mutations
in a nuclear gene reported to cause a mitochondrial RC
defect in mid '90s result in typical mitochondrial encepha-
lopathy, namely Leigh syndrome.*® More recently, muta-
tions in subunits B, C and D have been shown to cause
paraganglioma, generally benign, vascularised tumours in
the head and the neck, or phaeochromocytomas.®~® The
carotid body, the most common tumour site, is a highly
vascular small organ localised at the bifurcation of the
common carotid artery and is a chemoreceptive organ that
senses oxygen levels in the blood. Because of the
occurrence of somatic mutations of these three genes in
tumours, they should be regarded as tumour-suppressor
genes.’

So far, SDH is only known to catalyse a unique reaction,
which requires the participation of its four subunits, and
deleterious mutations in any of the SDH genes should
invariably result in a decreased SDH activity. Therefore, the
striking phenotypic differences associated with mutations in
the four subunits raise puzzling questions. The re-investiga-
tion of the long-known properties of the SDH might help to
shed light on this problem.
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Figure 1 The several functions of the succinate dehydrogenase
in the mitochondria. The succinate dehydrogenase catalyses the
oxidation of succinate into fumarate in the Krebs cycle (1),
derived electrons being fed to the respiratory chain complex lll
to reduce oxygen and form water (2). This builds up an
electrochemical gradient across the mitochondrial inner
membrane allowing for the synthesis of ATP. Alternatively,
electrons can be diverted to reduce the ubiquinone pool (UQ
pool) and provide reducing equivalents necessary to reduce
superoxide anions originating either from an exogenous source
or from the respiratory chain itself (3). A complete lack of
succinate dehydrogenase activity will hamper electron flow to
both respiratory chain complex Ill and the quinone pool,
resulting in a major oxidative stress known to promote tumor
formation in human. UQ: ubiquinone; Cl, Clll, CIV: the various
complexes of the respiratory chain.
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The unique properties of the SDH and its
partnership with the ubiquinone pool

Contrasting with most dehydrogenases feeding electrons to
the RC, SDH is known to be fully activated upon reduction of
the RC and in the presence of ATP, due to dissociation of its
physiological inhibitor, oxaloacetate, at the active site.’” As a
result, in the presence of ATP, the decreased electron flow
from succinate to oxygen is still compatible with a high
reduction of the UQ pool. Additionally, UQ concentration in
the mitochondrial inner membrane, which is rapidly limit-
ing for most substrate oxidation upon UQ extraction, is only
poorly limiting for succinate oxidation.'! This suggests that
the SDH might ‘see’ (requires less) UQ when other dehy-
drogenases do not. In keeping with this, oxygen uptake
measured with isolated mitochondria in the presence of a
combination of NADH and succinate is less than the sum of
the individual rates, mainly because of the reduction of the
electron flow from the NADH dehydrogenase.'? This again
indicated the successful competition of the SDH to reduce
the UQ pool. The powerful reducing activity of the SDH is
also illustrated by its distinctive ability to possibly trigger
reverse electron flow through the respiratory chain complex
I, ultimately resulting in NADH production. Reverse electron
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flow from succinate to NADH has been reported in higher
plants and mammalian cells.">~'> All these observations
support the view that SDH plays a specific role in the
maintenance of the mitochondrial UQ pool reduction.

Ubiquinone, beside its function in the RC as an electron
carrier mediating electron transfer between the various
dehydrogenases and the cytochrome path, is admittedly
working as a powerful antioxidant in biological mem-
branes.'® Possibly for this exact reason, it is in much larger
amounts compared to other electron carriers of the RC,!
including the sum of the dehydrogenases. Then, only a
portion of the UQ pool may be actually involved in electron
transfer depending on dehydrogenases involved. Accord-
ingly, the measurable redox status of the UQ pool should
result from the reducing activity of the different dehydro-
genases, the oxidising activity of complex III and the kinetic
equilibrium in the pool. The UQ pool therefore represents an
electron sink and, when reduced, an antioxidant reservoir in
the mitochondrial inner membrane. However, UQ is a
double-faced compound, possibly working as either an anti-
oxidant when fully reduced to ubiquinol, or a pro-oxidant
when semi-reduced to the unstable ubisemiquinone form.'®
Possibly together with reduced cytochrome b, semi-reduced
quinones constitute the prominent source of superoxides by
the RC under state 4 conditions.® Finally, when defective, the
RC can produce an abnormal amount of superoxides
involving additional RC components, eg flavin radicals of
complex I.'” Delivering electrons for the full reduction of UQ
to UQH; might then be of a tremendous importance for the
control of oxygen toxicity in the mitochondria. Therefore,
the SDH, thanks to its unique redox properties, may be a key
enzyme to control UQ pool redox poise under these
conditions.

SDH deficiencies: reduced electron flow and/or
increased oxygen toxicity

It is noticeable that inherited deficiencies of SDH associated
with SDHA mutations are always associated with relatively
high residual activities, ranging from 25-50% of control
mean values.* As a comparison, less than 5% residual
activity is frequently measured in patients with severe defect
of complex IV or I. However, patients with such SDH defect
present typical Leigh syndrome and thus do not clinically
differ from patients with other RC complex defects.'®
Interestingly enough, a late-onset optic atrophy has also
been ascribed to a heterozygous mutation in SDHA in two
patients with 50% residual SDH activity.!® In none of these
cases was the presence of tumour reported.

Contrasting with the high residual activity measured in
patients with mutations in the SDHA gene, SDH activity is
barely detectable in tumour tissues from patients with
hereditary paraganglioma.?® The total lack of activity
predictably originates from the highly deleterious mutations
identified in the only allele expressed in the tumour. As
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