[Frontiers in Bioscience, Landmark, 20, 621-634, January 1, 2015]

Respiratory supercomplexes: plasticity and implications
Christina A. Porras1, Yidong Bai1
1

Department of Cellular and Structural Biology, University of Texas Health Science Center at
San Antonio, San Antonio, Texas 78229
TABLE OF CONTENTS
1. Abstract
2. Introduction
3. Supercomplex Assembly
4. Supercomplex Plasticity and Metabolism
5. Supercomplexes, ROS and Aging
6. Future Directions
7. Acknowledgement
8. References
1. ABSTRACT
The plasticity model of the electron
transport chain has slowly begun to replace both the
liquid model of free complexes and the solid model
of supercomplexes. The plasticity model predicts
that respiratory complexes exist and function both
as single complexes and as supercomplexes. The
advantages of this system is an electron transport
train which is able to adapt to changes in its
environment. This review will investigate the current
body of work on supercomplexes including their
assembly, regulation, and plasticity, and particularly
their role in the generation of reactive oxygen
species and aging.

2. INTRODUCTION
Mitochondria play a role in several
cellular processes. They are important for buffering
calcium and controlling the production of ROS.
They can initiate the intrinsic pathway of apoptosis
by releasing cytochrome c, but arguably their
most important function is in the generation of
ATP through oxidative phosphorylation (1). To do
this, mitochondria use four complexes, NADHubiquinone oxidoreductase (Complex I), succinateubiquinone oxidoreductase (Complex II), ubiquinonecytochrome-c oxidoreductase (Complex III), and
cytochrome-c-oxidase (Complex IV) to generate
an electrochemical gradient across the inner
mitochondrial membrane which is then used to power
the conversion of ADP to ATP by ATP synthase
(Complex V) (2). The textbook model of these

complexes as separate, free floating entities which
use cytochrome c and ubiquinone as electron carriers
between them has slowly been rethought in recent
years. The mitochondrial respiratory chain (MRC) is
now thought to contain functional supercomplexes
(SCs) which are formed by individual complexes
coming together in various ratios to form stable, supramolecular structures.
How these SCs are assembled and what
their function is has been an intense debate. Though
there is criticism that these SCs may just be an artifact
that are only observed because of milder detergents
like digitonin, this has largely been abated by evidence
that these SCs are enzymatically active (3, 4). The
plasticity model envisions the MRC as a combination
of free complexes and SCs which are able to adapt
to changing conditions. It accounts for lower SCs
(I/III and III/IV) which may act as intermediates to the
I/III/IV SC or may have functions of their own (5). What
this means however in terms of how the assembly of
SCs is regulated and what roles they may play under
different conditions has yet to be explored.

3. SUPERCOMPLEX ASSEMBLY
Much of the work in recent years has focused
on understanding the assembly of SCs and the
discovery of SC assembly factors. It was determined
that Complex I was dependent on both Complex III
and Complex IV though neither complex was affected
when Complex I was deficient (6-8). These evidences
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Figure 1. Possible pathways of SC assembly and the assembly factors involved are illustrated. The critical difference between the two major
types of pathways is that one predicts that individual complexes assemble and then come together either individually or as the III/IV SC to
form the I/III/IV SC while the other envisions the membrane arm of Complex I as a scaffold that subunits of Complexes III and IV can build
on as Complex I assembly is completed.

led to the theory that Complex I assembly was
dependent on SC assembly and that SC assembly
should therefore follow the assembly of individual
complexes. This process has major biomedical
implications and helps explain threshold effects seen
in mtDNA mutations (9-11). When wildtype mtDNA of
either Complex III or Complex IV is depleted there is
initially no effect on respiration due to excess amounts
of Complex III and Complex IV. When the reserves of
these complexes are depleted however the I/III2/IVn
SCs are unable to assemble. At this point respiration
rapidly diminishes (9). The timing however of SC
assembly has been a matter of contention however.
In mouse fibroblast cells, (35S) methionine-labeled
mtDNA subunits were observed to assemble into
individual complexes and then into various SCs (4). In
contrast, a study in Neurospora crassa observed that
the III/IV SC can assemble separately from Complex I,
that Complex III and Complex IV interact with the
membrane arm of Complex I, and that this interaction
is important for the full assembly of Complex I (12).
Later work supported these observations by depleting
the OXPHOS complexes with doxycycline treatment
and then monitoring the assembly of complexes by
blue-native gel electrophoresis. They observed that
Complex I assembly occurred as previously reported
up to an 830 KDa intermediate which they deemed
the first SC intermediate. At this point Complex III
and then Complex IV subunits begin to attach to
the membrane arm of Complex I. The final step in
this process involves the attachment of the catalytic
subunits NDUFS4 and NDUFV1 of Complex I before
activation of the I/III2/IVn SC (Figure 1) (13).
SC assembly factors have recently been the
focus of most studies on SCs. Originally the existence

of SC assembly factors was only theoretical. It was
proposed that either SCs share assembly factors
with the individual complexes particularly in the
case of Complex I whose late stage assembly factor
NDUFAF2 interacts with the 830 KDa subcomplex in
the insertion of the N module or SCs may have their
own exclusive set of assembly factors which when
lost affect only the levels of SCs but not the levels of
individual complexes (13). These two ideas may not
be mutually exclusive in the sense that there may
be a set of factors common to individual complexes
and SCs as well as a set that is exclusive to SCs. In
terms of classification though, it is simpler to keep
the two separate and only label the second class
as bona fide SC assembly factors. For the purpose
of expanding current knowledge of SC dynamics
the identification of true SC assembly factors is of
paramount importance to allow researchers the
ability to modulate SC assembly under various
conditions.
The biomedical significance of SC
assembly factors is best exemplified by cardiolipin
and its role in Barth Syndrome. Cardiolipin
is a phospholipid which is primarily found in
mitochondrial membranes (14). It is necessary
for the maintenance of membrane potential, ATP
synthesis, and mitochondrial function (15-17).
Barth syndrome is an X-linked disorder which
presents with cardiomyopathy, skeletal myopathy,
and neutropenia and is caused by a mutation in
the taffazin (TAZ) gene which is responsible for
the remodeling of cardiolipin (18-20). It was known
that cardiolipin is essential for electron transfer
between Complex I and Complex III and that
cardiolipin was necessary for the formation of the
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III/IV SC, but the link between cardiolipin, SCs,
and Barth Syndrome was not established until a
landmark study by McKenzie et al in 2006 which
demonstrated that SCs particularly the I/III2/IV
SC were destabilized in Barth Syndrome (21-24).
Additionally it was biochemically determined that
cardiolipin has binding sites for Complexes I, III, IV,
and V (21, 25, 26). To compensate for the changes
in the MRC, it was shown by electron microscopy
that there is an increase in mitochondrial mass
in Barth Syndrome which prevents a dramatic
decrease in respiration, but there is also loss
of intrinsic apoptosis signaling (27). Taken
collectively these studies establish a precedent
for understanding SCs in terms of their possible
biomedical significance.
In 2012, two proteins renamed rcf-1 and
rcf-2 were shown in yeast to interact with Complex
IV and indirectly with Complex III. Additionally this
interaction is necessary for the formation of the
III/IV SC (Figure 1) (28-30). The function of these
proteins was previously unknown except that
they are important for maintaining mitochondrial
function (31, 32). This would suggest that rcf-1 and
rcf-2 are SC assembly factors, but because rcf-1 is
required for the assembly of Cox13 into Complex
IV and for rcf-2 assembly into SCs, it may be more
appropriate at least for rcf-1 to categorize them
as general Complex IV assembly factors (5, 30).
The mammalian orthologs of these proteins are
the hypoxia-induced genes HIG1A and HIG2A.
Knockdown of HIG1A has no effect on the level of
SCs, but loss of HIG2A reduced the levels of all
SCs containing Complex IV without a reduction
in the amount of free Complex IV (28). Therefore
regardless of classification, rcf-1 and rcf-2 are
important players in SC assembly.
In contrast, the cochaperone MCJ/DnaJC15
was discovered to act as a negative regulator of
mitochondrial respiration. MCJ localizes at the
inner mitochondrial membrane where it interacts
with free Complex I and inhibits the formation of
SCs. When MCJ is lost there is an increase in ATP
production, membrane potential, and Complex I
activity possibly due to its incorporation into SCs.
There is not however an increase in ROS which
would normally accompany these increases which
may be explained by the increase in SC formation.
Interestingly under altered metabolic conditions
such as fasting or high-cholesterol diets, the loss of
MCJ prevents lipid accumulation and steatosis by
favoring lipid metabolism and glycogenesis in the

liver (33). This example provides evidence of the
importance of SC assembly in response to altered
metabolic conditions.
The first true SC assembly factor
identified in mammalian cells was identified by
proteomic analysis of MRC bands on a blue-native
gel. The protein Cox7a2l was present in I/III/IV
SCs and III/IV SCs, but not free complexes. This
protein was also found to be mutated in several
common mouse lines. The mutation caused a
short, unstable version of Cox7a2l which ablated
the interaction between Complexes III and IV.
The protein was renamed SC assembly factor 1
(SCAF1). Without SCAF1, Complex IV will not
assemble into SCs; with SCAF1, Complex IV can
assemble into the III/IV SC and the I/III/IV SC
(Figure 1). This effectively creates three pools of
Complex IV: one receiving electrons exclusively
from NADH in the I/III/IV SC, one exclusively from
FADH2 in the III/IV SC, and fee Complex IV which
can receive electrons from either carrier. This
segmentation may prevent competitive inhibition
and allow the cell to maximize oxidation of multiple
substrates by adjusting the SC composition of its
MRC (34). To demonstrate this, mice with and
without the SCAF1 mutation were subjected to 18
hours of starvation to activate fatty acid oxidation.
In fatty acid oxidation the ratio between NADH and
FADH2 decreases, creating a situation where the
mitochondria would need to maximize their ability
to utilize FADH2. Accordingly after starvation it was
observed that the SCAF1+ mice had a reduction
in the amount of Complex III associating with
Complex I. Additionally pyruvate and malate driven
respiration decreased while succinate driven
respiration increased. These results indicate that
when FA oxidation is activated, the NADH only
I/III/IV SC is decreased allowing for maximized
oxidation of FADH2 through the III/IV SC and free
Complexes III and IV pathways (5, 34). This study
demonstrates that metabolic changes can affect
the composition of SCs. It is worth noting however
that in this model it is necessary for cytochrome c
to demonstrate pool behavior acting both as a
channeled substrate in SCs and as a free-diffusing
substrate to interact with free Complex IV. This pool
behavior is still under debate. Electron microscopy
has revealed binding sites for cytochrome c with
a diffusion distance less than 10 nm supporting
the ability of cytochrome c as a channeled
substrate (35, 36). Evidence in yeast however
demonstrated that the observed pool behavior of
cytochrome c is artificially introduced by the use of
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chaotropic agents that disassociate the individual
complexes from a single unit respiratory complex
and thus does not exist under physiological
conditions (37).

4. SUPERCOMPLEX PLASTICITY AND
METABOLISM
One important question that is only just
starting to be answered is whether or not a cell’s
SC composition is fixed or if it can change over time
or in response to different stimuli. The “plasticity” of
SCs may have biomedical implications in that the
loss of SC plasticity may either be an indicator of
or directly cause pathologies. Therefore study of
the mechanisms and regulation of SC plasticity may
lead to the discovery of novel therapeutic targets for
treating mitochondrial dysfunction.
The lipid content of the inner mitochondrial
membrane (IMM) is especially important for
maintenance of SCs. The OXPHOS proteins in the
IMM are densely packed so that the average distance
between complexes is only a few nanometers (38).
At low integral protein concentrations, the
proteins are randomly dispersed in the IMM (39).
Counterintuitively as the protein concentration
increases it becomes more entropically favorable for
the integral proteins to aggregate into SCs because
lipids bound to the proteins are able to return to the
disorganized lipid pool (40). Outer membrane-inner
membrane contacts and the tubular connections
of cristae also favor immobilization of integral
proteins (41, 42). Additionally matrix enzymes are able
to bind to respiratory chain complexes particularly
Complex I which is known to interact with the NADlinked dehydrogenases: pyruvate dehydrogenase,
alpha-ketoglutarate
dehydrogenase,
malate
dehydrogenase,
and
beta-hydroxyacyle-CoA
dehydrogenase forming a “metabolome” where
electrons can pass straight from the dehydrogenases
through the ETC (43, 44). Furthermore lipid
peroxidation causes many changes in the lipid bilayer
including the breakdown of lipid-protein interactions
possibly decreasing the stability of SCs (45, 46).
As described previously, cardiolipin is important for
the stabilization of SCs (47). It was biochemically
determined that the formation of the I/III complex is
determined by the concentration of phospholipids in
that an increase in phospholipids beyond a certain
threshold leads to more free complexes (48, 49).
In contrast, cardiolipin concentration is important
to keep SCs stable. In a yeast mutant lacking
cardiolipin the III2/IV2 SC was present but less

stable than in the parent strain, and this instability
couldn’t be rescued by an increase in other
phospholipids including phosphatidylthanolamine
(PE) and phosphatidylglycerol indicating that they
could not substitute for cardiolipin (47, 50). It was
later determined that lack of PE actually stabilizes
SCs. In yeast mutants lacking PE there was a loss
of membrane potential, defects in protein import,
a decrease in respiration and Complex IV activity,
but lack of PE also increased the assembly of
III/IV SCs (51). These studies indicate that lipid
composition of the IMM is important for the formation
and stability of SCs. Therefore it appears that there
is a very delicate balance between the protein/
lipid ratio and SCs in the IMM in that the overall
concentration of lipids must be low enough to favor
protein aggregation and thus SC formation but the
concentration of cardiolipin specifically must be high
enough (and therefore the concentration of other
phospholipids low enough) to sufficiently stabilize
SCs after their assembly.
Membrane potential may also be
responsible for regulating SC assembly. Studies on
membrane potential control on respiration observed
that in the uncoupled condition Complex IV has a
low reserve capacity and a large control coefficient
which is lost once the mitochondrial electrochemical
potential is established (52, 53). It was suggested
that a high membrane potential would indicate a
low energy demand for the cell. The respirasome
would then break apart into individual complexes
causing a decrease in oxygen consumption. As ATP
is used, the membrane potential would decrease
and the respirasome would reform to satisfy the
requirement for a higher rate of respiration (52).
Similarly low mitochondrial pH and hypoxia were
shown in plants to induce Complex I to disassociate
from the I/III/IV SC causing an increase in the III/IV
SC (54). The changes observed under hypoxia are
especially interesting in regards to cancer and the
Warburg effect (55). It may be that during early
stages of cancer, hypoxia causes a loss of SCs as
the cell switches from OXPHOS to glycolysis based
metabolism.
On the macro level a few processes have
been identified as necessary for SC stability. The
fission/fusion cycle as well as mitophagy are important
quality control mechanisms for the cell. Defects in
these processes have been linked with pathologies
such as Parkinson’s disease (56, 57). During fusion,
cristae reorganization requires that the SCs are
disassembled and then reassembled. Two factors,
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OPA1 and mitofilin are required for maintaining
tight cristae junctions (58-61). By modulating the
expression of OPA1, it was discovered that SC
assembly requires intact cristae junctions (62).
Interestingly mutations in OPA1 can cause dominant
optic atrophy, an optic nerve degeneration disease
characterized by loss of retinal ganglion cells. In a
study of a mouse model of this disease, premature
age-related axonal and myelin degenerations,
increased mitophagy, and SC instability followed by
degeneration and cell death were observed (63).
Further research into the relationship between these
quality control mechanisms and SC stability may
therefore elucidate possible therapeutic targets for
disease.
Post-translational modification of proteins
is an important process for quickly and transiently
modifying the structure of a protein causing changes
in enzyme activity as well as interfering or aiding
protein-protein interactions. To date no work has
specifically analyzed the role of post-translational
modifications in SC assembly or function, but there
is a large body of information on post-translational
modifications of individual respiratory complexes
and other mitochondrial proteins. Three NADdependent deacetylases; SIRT3, SIRT4, and SIRT5;
are localized to the mitochondria. SIRT3 in particular
has been implicated in regulating metabolism by
deacetylating the Complex I subunit NDUFA9 to
maintain ATP levels as well as matrix proteins like the
mitochondrial ribosomal protein MRPL10 to regulate
protein synthesis and the SdhA subunit of succinate
dehydrogenase (Complex II) demonstrating the role
of acetylation/deacetylation in regulating oxidative
phosphorylation (64).
Phosphorylation modification of respiratory
complexes provides an exciting link through kinase
cascades between changes in a cell’s environment
such as endocrine signaling molecules like insulin
and glucagon and changes in the MRC. Kinases and
phosphatases for both serine/threonine and tyrosine
residues are present in mitochondria (65-67). The
activity of Complex I as well as its ROS generating
capacity have been linked to phosphorylation (68-70).
Protein kinase A, a cAMP-dependent kinase, is known
to phosphorylate the Complex I subunits NDUSF7,
NDUFA1, and NDUFS4 (71). Phosphorylation of
NDUFS4 is required for import of this subunit into
mitochondria (72). These phosphorylation events
lead to stabilization of Complex I and a decrease
in ROS generation. Phosphorylation of NDUSF7 by
pyruvate dehydrogenase kinase however has the

opposite effect (71). Complex IV phosphorylation
however has had conflicting results. The Complex IV
subunit COX-I is phosphorylated at Tyrosine-304
after an increase in cAMP which causes a loss of
COX activity. This residue is near the interaction
of this subunit with COX-II and may enhance
monomer-monomer interaction (73). This is the site
of interaction between Complex IV and its partners in
the I/III2/IV SC (74) and may explain the prevalence
of cAMP/PKA dependent phosphorylation in free
Complex IV (75). Other PKA phosphorylation sites
in Complex IV which may affect its ability to bind
with other proteins were found in subunits II, III, IV,
Va, Vb, VIa, VIb, VIc, and VIII (76). Contrastingly
phosphorylation of COXI and COX IVb was shown
to increase respiration and reduce ROS. The study
also identified a soluable-adenylate cyclase specific
to mitochondria that is activated by bicarbonate
produced by CO2 generated in the TCA cycle which
when inhibited reversed the phosphorylation at
these sites as well as the changes in mitochondrial
function (77). Regardless of the conflicting results, it
is clear that phosphorylation particularly by PKA is
important for regulation of oxidative phosphorylation.
Whether or not this regulation also acts on the level
of SCs has yet to be explored.

5. SUPERCOMPLEXES, ROS AND AGING
The mitochondrial theory of aging
predicts that over time oxidative stress causes
mtDNA mutations leading to a loss in the integrity
of respiratory machinery (78). This loss of integrity
inevitably causes an increase in reactive oxygen
species (ROS) which in turn cause mtDNA
mutations in a vicious cycle leading to an overall
decline in mitochondrial function (Figure 2) (79).
This loss of bioenergetic function is predicted to be
the cause of aging and age-associated degenerative
diseases (80). The majority of ROS produced by the
mitochondria comes from Complexes I and III with
Complex I being the major contributor (81, 82). ROS
can have multiple damaging effects besides causing
mtDNA mutations. They can oxidize the complexes
themselves or cause peroxidation of phospholipids
which leads to a dramatic loss of cardiolipin
content (83). Additionally ROS has been shown to
increase with age (82).
It has been proposed that SCs help
decrease the production of ROS by substrate
channeling, which limits the amount of electron
leakage, as well as the sequestering of vulnerable
sites which protects the complexes from oxidative
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Figure 2. Reactive oxygen species can cause three main types of damage in the mitochondria. ROS can peroxidize lipids which in the case
of cardiolipin may be especially damaging to SC stability. ROS can also directly oxidize the complexes possibly affecting their ability to interact
with each other, and finally ROS can cause mtDNA mutations which can affect the integrity of the MRC complexes. These three types of
events over time may cause SCs to become unstable though evidence suggests that the higher order SCs may increase as a compensatory
mechanism. Eventually however enough oxidative damage may make all SCs unstable. Complex I will then disassociate from SCs, and the
amount of ROS produced by Complex I will increase causing a vicious cycle of oxidative damage.

damage (38, 84). A recent study discovered that
mtSODs interact directly with the I/III/IV SC and
may protect it from oxidative damage (85). SCs
have been observed to decline with age in the rat
heart (86). In rat skeletal muscle, the levels of CI,
CIII, and CV in old rats was significantly less than
in young rats, but though there was a decrease in
lower molecular weight SCs, there was an increase
in higher molecular weight SCs. This may be a
compensatory mechanism to prevent further ROS
generation and oxidative damage (87). Similarly
a cytochrome b p.278Y to C mutation causes an
increase in superoxide production and a decrease in
the III2 and III2/IV SCs but an increase in the I/III2/IVn
SCs (88). This switch to higher order SCs (SCs of
higher molecular weights with greater stoichiometric
ratios of complexes e.g. the I/III2/IVn is a higher
order SC compared to the III2IV) may act as a way to
contain Complex I which most likely produces more
ROS in its free state (38). It is tempting to predict
that over time with enough oxidative damage, it’s
possible that these higher order SCs will become
unstable and release Complex I thereby increasing
ROS production (Figure 2), but further study is
needed to determine if this process occurs and if
the switch to higher molecular weight SCs is in fact
a compensatory mechanism to reduce ROS or just

a result of certain SCs being more susceptible to
aging.
In particular the main function of the I/III2 SC
may be to limit the production of ROS from Complex I.
A study in rat cortex observed an age-associated
40% decline in SCs containing Complex I which was
predominately caused by the 58% decline in I/III2
SCs (89). Recently Maranzana et al investigated
this relationship. The site of electron escape from
Complex I is controversial, but two main sites have
been proposed: FMN or the iron sulfur cluster N2.
The N2 site may be predominant when CI is present
in SCs while FMN may only become available after
CI isolation when its loss of stability may cause the
FMN site to become free to interact with oxygen.
Maranzana et al investigated the I/III2 SC in two
different systems, bovine heart mitochondria and
reconstituted proteoliposomes composed of CI
and CIII at different lipid: protein ratios. When the
bovine heart mitochondria were treated with DDM,
a detergent which causes the complexes in SCs
to disassociate, there was a decrease in efficient
energy transfer and an increase in ROS. Similarly
proteoliposomes in a high lipid: protein ratio (30:1)
which prevented I/III2 assembly had enhanced ROS
generation compared to proteoliposomes in a 1:1
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ratio. Treatment of the 1:1 ratio proteoliposomes
with DDM caused an increase in ROS due to the
disassociation of CI from the I/III2 SC. This study
is the first of its kind to directly demonstrate the
relationship between the loss of SCs and an
increase in ROS production from CI (90). How this
increase in ROS relates to aging and the possibility
of modulating this process is an exciting area of
research in the SC field.

6. FUTURE DIRECTIONS
The debate over whether or not SCs are
functional seems to be slowly ending. Mounting
evidence that they are not only functional but
essential members of the MRC has accumulated
in the last couple of years, and their involvement
in various disease pathologies is just beginning
to be understood. To date, only one protein has
been identified as a true SC assembly factor in a
mammalian system, SCAF1 (34). It is unlikely that
this is the only assembly factor necessary for SC
formation. This area of research needs to be explored
because identifying assembly factors that are specific
to SCs is necessary for researchers to modulate the
levels of SC assembly in order to better understand
the physiological consequences of SC depletion.
Without these tools, it will be harder to establish
causal links between SCs and mitochondrial function.
Additionally the pathway of SC assembly is unclear
and requires further investigation. Identification of SC
intermediates is difficult since they are most likely
not present at steady-state levels, but there are two
possibilities that need to be explored. One is that
the complexes are fully assembled and then come
together to form SCs, or as was previously proposed,
SC assembly starts when subunits from different
complexes come together before the whole individual
complexes are formed (13).
The plasticity model predicts that a
cell’s SC composition can change in response
to stimuli. Of particular interest is how the MRC
responds to metabolic changes or signals. This is
likely to depend heavily on cell type. It has been
proposed that SCs may be especially important
for cells like neuron and muscle cells that require
large amounts of ATP and rely predominantly on
OXPHOS instead of glycolysis to acquire this level
of energy (91). Therefore studies on SCs should
primarily be done in these tissues as they are most
likely to heavily depend on their SCs. Moreover
how this process is regulated may have profound
biomedical implications. Of particular interest

may be the effects of various post-translational
modifications of complexes on SC assembly and
function. Phosphorylation in particular provides a
link between changes in the metabolic state of an
organism and possible changes in SCs through
endocrine signaling and kinase cascades.
Finally, SC deficiencies have been linked
to various disorders. Barth syndrome is the most
characterized of these disorders, but SCs have to a
lesser extent been implicated in cancer progression,
neurodegeneration, CI deficiency disorders, as
well as aging. In studying the mechanism for SC
involvement in these diseases one idea has become
very clear. Often the disease or the effect loss of
SCs has on the disease is the result of an increase
in ROS. Substrate channeling and sequestering of
vulnerable sites have been proposed to be the main
reason SCs are able to reduce ROS generation.
This may turn out to be their main purpose. Though
there also tends to be an increase in respiration with
SCs, this reserve energy capacity is not generally
necessary for cell survival. Only when cells are
stressed and need this reserve capacity does
the loss of SCs become a problem (5, 38, 77).
During normal conditions, a shift towards higher
order SCs in response to outside metabolic stimuli
may allow the cell to maximize OXPHOS while
limiting an increase in ROS. It is possible that SC
disorders characterized by ROS may be the result
of a defect in SC plasticity which would prevent the
cells from limiting their ROS production. Overtime
the accumulation of oxidative damage may lead to
neurodegeneration and may play an important step
in the aging process. In conclusion, the study of
SCs is ready to move beyond the debate of whether
or not they are simply artifacts and on to gaining a
better understanding of their role in disease.

7. ACKNOWLEDGEMENTS
The related work carried out in the authors’
lab has been supported by grants from National
Institute of Health (R21 NS072777, and R01
GM109434) to YB.

8. REFERENCES
1.

627

L. Galluzzi, O. Kepp, C. Trojel-Hansen
and G. Kroemer: Mitochondrial control of
cellular life, stress, and death. Circ Res,
111(9), 1198-207 (2012)
DOI: 10.1161/CIRCRESAHA.112.268946
© 1996-2015

Supercomplex

2.

P. Mitchell and J. Moyle: Proton
translocation coupled to ATP hydrolysis
in rat liver mitochondria. Eur J Biochem,
4(4), 530-9 (1968)
DOI: 10.1111/j.1432-1033.1968.tb00245.x

3.

H.
Schagger
and
K.
Pfeiffer:
Supercomplexes in the respiratory chains
of yeast and mammalian mitochondria.
Embo j, 19(8), 1777-83 (2000)
DOI: 10.1093/emboj/19.8.1777

4.

R. Acin-Perez, P. Fernandez-Silva, M.
L. Peleato, A. Perez-Martos and J. A.
Enriquez: Respiratory active mitochondrial
supercomplexes. Mol Cell, 32(4), 529-39
(2008)
DOI: 10.1016/j.molcel.2008.10.021

5.

6.

7.

8.

9.

R. Acin-Perez and J. A. Enriquez:
The
function
of
the
respiratory
supercomplexes: the plasticity model.
Biochim Biophys Acta, 1837(4), 444-50
(2014)
DOI: 10.1016/j.bbabio.2013.12.009
R. Acin-Perez, M. P. Bayona-Bafaluy, P.
Fernandez-Silva, R. Moreno-Loshuertos,
A. Perez-Martos, C. Bruno, C. T. Moraes
and J. A. Enriquez: Respiratory complex
III is required to maintain complex I in
mammalian mitochondria. Mol Cell, 13(6),
805-15 (2004)
DOI: 10.1016/S1097-2765(04)00124-8
F. Diaz, H. Fukui, S. Garcia and C. T.
Moraes: Cytochrome c oxidase is required
for the assembly/stability of respiratory
complex I in mouse fibroblasts. Mol Cell
Biol, 26(13), 4872-81 (2006)
DOI: 10.1128/MCB.01767-05
Y. Li, M. D’Aurelio, J. H. Deng, J. S.
Park, G. Manfredi, P. Hu, J. Lu and Y.
Bai: An assembled complex IV maintains
the stability and activity of complex I in
mammalian mitochondria. J Biol Chem,
282(24), 17557-62 (2007)
DOI: 10.1074/jbc.M701056200

mutant cybrids. Hum Mol Genet, 15(13),
2157-69 (2006)
DOI: 10.1093/hmg/ddl141
10.

S. M. Budde, L. P. van den Heuvel, A. J.
Janssen, R. J. Smeets, C. A. Buskens, L.
DeMeirleir, R. Van Coster, M. Baethmann,
T. Voit, J. M. Trijbels and J. A. Smeitink:
Combined enzymatic complex I and III
deficiency associated with mutations in the
nuclear encoded NDUFS4 gene. Biochem
Biophys Res Commun, 275(1), 63-8 (2000)
DOI: 10.1006/bbrc.2000.3257

11.

M. Moran, L. Marin-Buera, M. C. GilBorlado, H. Rivera, A. Blazquez, S.
Seneca, M. Vazquez-Lopez, J. Arenas,
M. A. Martin and C. Ugalde: Cellular
pathophysiological consequences of
BCS1L mutations in mitochondrial
complex III enzyme deficiency. Hum
Mutat, 31(8), 930-41 (2010)
DOI: 10.1002/humu.21294

12.

I. Marques, N. A. Dencher, A. Videira and
F. Krause: Supramolecular organization
of the respiratory chain in Neurospora
crassa mitochondria. Eukaryot Cell,
6(12), 2391-405 (2007)
DOI: 10.1128/EC.00149-07

13.

D. Moreno-Lastres, F. Fontanesi, I. GarciaConsuegra, M. A. Martin, J. Arenas, A.
Barrientos and C. Ugalde: Mitochondrial
complex I plays an essential role in human
respirasome assembly. Cell Metab, 15(3),
324-35 (2012)
DOI: 10.1016/j.cmet.2012.01.015

14.

S. Fleischer, G. Rouser, B. Fleischer,
A. Casu and G. Kritchevsky: Lipid
composition of mitochondria from bovine
heart, liver, and kidney. J Lipid Res, 8(3),
170-80 (1967)

15.

F. Jiang, M. T. Ryan, M. Schlame, M. Zhao,
Z. Gu, M. Klingenberg, N. Pfanner and M.
L. Greenberg: Absence of cardiolipin in
the crd1 null mutant results in decreased
mitochondrial membrane potential and
reduced mitochondrial function. J Biol
Chem, 275(29), 22387-94 (2000)
DOI: 10.1074/jbc.M909868199

M. D’Aurelio, C. D. Gajewski, G. Lenaz
and G. Manfredi: Respiratory chain
supercomplexes set the threshold for
respiration defects in human mtDNA
628

© 1996-2015

Supercomplex

16.

E. Santiago, N. Lopez-Moratalla and J.
F. Segovia: Correlation between losses
of mitochondrial ATPase activity and
cardiolipin degradation. Biochem Biophys
Res Commun, 53(2), 439-45 (1973)
DOI: 10.1016/0006-291X(73)90681-5

23.

M. McKenzie, M. Lazarou, D. R. Thorburn
and M. T. Ryan: Mitochondrial respiratory
chain supercomplexes are destabilized
in Barth Syndrome patients. J Mol Biol,
361(3), 462-9 (2006)
DOI: 10.1016/j.jmb.2006.06.057

17.

V. M. Gohil, P. Hayes, S. Matsuyama,
H. Schagger, M. Schlame and M. L.
Greenberg: Cardiolipin biosynthesis and
mitochondrial respiratory chain function
are interdependent. J Biol Chem, 279(41),
42612-8 (2004)
DOI: 10.1074/jbc.M402545200

24.

18.

K. H. Orstavik, R. E. Orstavik, A. K.
Naumova, P. D’Adamo, A. Gedeon, P.
A. Bolhuis, P. G. Barth and D. Toniolo:
X chromosome inactivation in carriers of
Barth syndrome. Am J Hum Genet, 63(5),
1457-63 (1998)
DOI: 10.1086/302095

S. Bazan, E. Mileykovskaya, V.
K. Mallampalli, P. Heacock, G. C.
Sparagna and W. Dowhan: Cardiolipindependent reconstitution of respiratory
supercomplexes
from
purified
Saccharomyces cerevisiae complexes
III and IV. J Biol Chem, 288(1), 401-11
(2013)
DOI: 10.1074/jbc.M112.425876

25.

C. Arnarez, J. P. Mazat, J. Elezgaray, S.
J. Marrink and X. Periole: Evidence for
cardiolipin binding sites on the membraneexposed surface of the cytochrome bc1. J
Am Chem Soc, 135(8), 3112-20 (2013)
DOI: 10.1021/ja310577u

26.

C. Arnarez, S. J. Marrink and X. Periole:
Identification of cardiolipin binding sites
on cytochrome c oxidase at the entrance
of proton channels. Sci Rep, 3, 1263
(2013)
DOI: 10.1038/srep01263

27.

F. Gonzalvez, M. D’Aurelio, M. Boutant,
A. Moustapha, J. P. Puech, T. Landes,
L. Arnaune-Pelloquin, G. Vial, N. Taleux,
C. Slomianny, R. J. Wanders, R. H.
Houtkooper, P. Bellenguer, I. M. Moller,
E. Gottlieb, F. M. Vaz, G. Manfredi
and P. X. Petit: Barth syndrome:
cellular compensation of mitochondrial
dysfunction and apoptosis inhibition due
to changes in cardiolipin remodeling
linked to tafazzin (TAZ) gene mutation.
Biochim Biophys Acta, 1832(8), 1194-206
(2013)
DOI: 10.1016/j.bbadis.2013.03.005

28.

Y. C. Chen, E. B. Taylor, N. Dephoure,
J. M. Heo, A. Tonhato, I. Papandreou,
N. Nath, N. C. Denko, S. P. Gygi and J.
Rutter: Identification of a protein mediating
respiratory supercomplex stability. Cell
Metab, 15(3), 348-60 (2012)
DOI: 10.1016/j.cmet.2012.02.006

19.

P. G. Barth, H. R. Scholte, J. A. Berden,
J. M. Van der Klei-Van Moorsel, I. E.
Luyt-Houwen, E. T. Van ‘t Veer-Korthof,
J. J. Van der Harten and M. A. SobotkaPlojhar: An X-linked mitochondrial disease
affecting cardiac muscle, skeletal muscle
and neutrophil leucocytes. J Neurol Sci,
62(1-3), 327-55 (1983)

20.

P. Vreken, F. Valianpour, L. G. Nijtmans,
L. A. Grivell, B. Plecko, R. J. Wanders
and P. G. Barth: Defective remodeling of
cardiolipin and phosphatidylglycerol in
Barth syndrome. Biochem Biophys Res
Commun, 279(2), 378-82 (2000)
DOI: 10.1006/bbrc.2000.3952

21.

M. Fry and D. E. Green: Cardiolipin
requirement for electron transfer in
complex I and III of the mitochondrial
respiratory chain. J Biol Chem, 256(4),
1874-80 (1981)

22.

M. Zhang, E. Mileykovskaya and W.
Dowhan: Cardiolipin is essential for
organization of complexes III and IV
into a supercomplex in intact yeast
mitochondria. J Biol Chem, 280(33),
29403-8 (2005)
DOI: 10.1074/jbc.M504955200

629

© 1996-2015

Supercomplex

29.

V. Strogolova, A. Furness, M. RobbMcGrath, J. Garlich and R. A. Stuart:
Rcf1 and Rcf2, members of the hypoxiainduced gene 1 protein family, are
critical components of the mitochondrial
cytochrome bc1-cytochrome c oxidase
supercomplex. Mol Cell Biol, 32(8), 136373 (2012)
DOI: 10.1128/MCB.06369-11

30.

M. Vukotic, S. Oeljeklaus, S. Wiese, F.
N. Vogtle, C. Meisinger, H. E. Meyer, A.
Zieseniss, D. M. Katschinski, D. C. Jans,
S. Jakobs, B. Warscheid, P. Rehling and
M. Deckers: Rcf1 mediates cytochrome
oxidase assembly and respirasome
formation, revealing heterogeneity of the
enzyme complex. Cell Metab, 15(3), 33647 (2012)
DOI: 10.1016/j.cmet.2012.01.016

31.

D. C. Hess, C. L. Myers, C. Huttenhower,
M. A. Hibbs, A. P. Hayes, J. Paw, J. J. Clore,
R. M. Mendoza, B. S. Luis, C. Nislow, G.
Giaever, M. Costanzo, O. G. Troyanskaya
and A. A. Caudy: Computationally driven,
quantitative experiments discover genes
required for mitochondrial biogenesis.
PLoS Genet, 5(3), e1000407 (2009)
DOI: 10.1371/journal.pgen.1000407

32.

J. Wang, Y. Cao, Y. Chen, Y. Chen, P.
Gardner and D. F. Steiner: Pancreatic beta
cells lack a low glucose and O2-inducible
mitochondrial protein that augments
cell survival. Proc Natl Acad Sci U S A,
103(28), 10636-41 (2006)
DOI: 10.1073/pnas.0604194103

33.

K. M. Hatle, P. Gummadidala, N. Navasa,
E. Bernardo, J. Dodge, B. Silverstrim, K.
Fortner, E. Burg, B. T. Suratt, J. Hammer,
M. Radermacher, D. J. Taatjes, T.
Thornton, J. Anguita and M. Rincon: MCJ/
DnaJC15, an endogenous mitochondrial
repressor of the respiratory chain that
controls metabolic alterations. Mol Cell
Biol, 33(11), 2302-14 (2013)
DOI: 10.1128/MCB.00189-13

34.

E. Lapuente-Brun, R. Moreno-Loshuertos,
R. Acin-Perez, A. Latorre-Pellicer, C.
Colas, E. Balsa, E. Perales-Clemente,

P. M. Quiros, E. Calvo, M. A. RodriguezHernandez, P. Navas, R. Cruz, A.
Carracedo, C. Lopez-Otin, A. PerezMartos, P. Fernandez-Silva, E. FernandezVizarra and J. A. Enriquez: Supercomplex
assembly determines electron flux in the
mitochondrial electron transport chain.
Science, 340(6140), 1567-70 (2013)
DOI: 10.1126/science.1230381
35.

N. V. Dudkina, H. Eubel, W. Keegstra, E.
J. Boekema and H. P. Braun: Structure
of a mitochondrial supercomplex formed
by respiratory-chain complexes I and III.
Proc Natl Acad Sci U S A, 102(9), 3225-9
(2005)
DOI: 10.1073/pnas.0408870102

36.

J. Heinemeyer, H. P. Braun, E. J.
Boekema and R. Kouril: A structural model
of the cytochrome C reductase/oxidase
supercomplex from yeast mitochondria. J
Biol Chem, 282(16), 12240-8 (2007)
DOI: 10.1074/jbc.M610545200

37.

H. Boumans, L. A. Grivell and J. A.
Berden: The respiratory chain in yeast
behaves as a single functional unit. J Biol
Chem, 273(9), 4872-7 (1998)
DOI: 10.1074/jbc.273.9.4872

38.

G. Lenaz and M. L. Genova:
Supramolecular organisation of the
mitochondrial respiratory chain: a new
challenge for the mechanism and control
of oxidative phosphorylation. Adv Exp
Med Biol, 748, 107-44 (2012)
DOI: 10.1007/978-1-4614-3573-0_5

39.

A. G. Lee: How lipids affect the activities
of integral membrane proteins. Biochim
Biophys Acta, 1666(1-2), 62-87 (2004)
DOI: 10.1016/j.bbamem.2004.05.012

40.

V. Helms: Attraction within the membrane.
Forces behind transmembrane protein
folding and supramolecular complex
assembly. EMBO Rep, 3(12), 1133-8
(2002)
DOI: 10.1093/embo-reports/kvf245

41.

D. G. Brdiczka, D. B. Zorov and S. S.
Sheu: Mitochondrial contact sites: their
role in energy metabolism and apoptosis.

630

© 1996-2015

Supercomplex

Biochim Biophys Acta, 1762(2), 148-63
(2006)
DOI: 10.1016/j.bbadis.2005.09.007
42.

C. A. Mannella: The relevance of
mitochondrial membrane topology to
mitochondrial function. Biochim Biophys
Acta, 1762(2), 140-7 (2006)
DOI: 10.1016/j.bbadis.2005.07.001

43.

B. Sumegi and P. A. Srere: Complex I
binds several mitochondrial NAD-coupled
dehydrogenases. J Biol Chem, 259(24),
15040-5 (1984)

44.

J. Ovadi, Y. Huang and H. O. Spivey:
Binding of malate dehydrogenase and
NADH channelling to complex I. J Mol
Recognit, 7(4), 265-72 (1994)
DOI: 10.1002/jmr.300070405

45.

G. Stark: Functional consequences of
oxidative membrane damage. J Membr
Biol, 205(1), 1-16 (2005)
DOI: 10.1007/s00232-005-0753-8

46.

F. M. Megli and K. Sabatini: EPR
studies of phospholipid bilayers after
lipoperoxidation. 1. Inner molecular order
and fluidity gradient. Chem Phys Lipids,
125(2), 161-72 (2003)
DOI: 10.1016/S0009-3084(03)00089-6

47.

K. Pfeiffer, V. Gohil, R. A. Stuart, C.
Hunte, U. Brandt, M. L. Greenberg
and H. Schagger: Cardiolipin stabilizes
respiratory chain supercomplexes. J Biol
Chem, 278(52), 52873-80 (2003)
DOI: 10.1074/jbc.M308366200

48.

49.

C. Heron, C. I. Ragan and B. L. Trumpower:
The interaction between mitochondrial
NADH-ubiquinone oxidoreductase and
ubiquinol-cytochrome c oxidoreductase.
Restoration of ubiquinone-pool behaviour.
Biochem J, 174(3), 791-800 (1978)
M. L. Genova, A. Baracca, A. Biondi, G.
Casalena, M. Faccioli, A. I. Falasca, G.
Formiggini, G. Sgarbi, G. Solaini and G.
Lenaz: Is supercomplex organization
of the respiratory chain required for
optimal electron transfer activity? Biochim
Biophys Acta, 1777(7-8), 740-6 (2008)
DOI: 10.1016/j.bbabio.2008.04.007

50.

M. Zhang, E. Mileykovskaya and W.
Dowhan: Gluing the respiratory chain
together. Cardiolipin is required for
supercomplex formation in the inner
mitochondrial membrane. J Biol Chem,
277(46), 43553-6 (2002)
DOI: 10.1074/jbc.C200551200

51.

L. Bottinger, S. E. Horvath, T. Kleinschroth,
C. Hunte, G. Daum, N. Pfanner and
T. Becker: Phosphatidylethanolamine
and cardiolipin differentially affect the
stability of mitochondrial respiratory chain
supercomplexes. J Mol Biol, 423(5), 67786 (2012)
DOI: 10.1016/j.jmb.2012.09.001

52.

C. Piccoli, R. Scrima, D. Boffoli and
N. Capitanio: Control by cytochrome
c oxidase of the cellular oxidative
phosphorylation system depends on the
mitochondrial energy state. Biochem J,
396(3), 573-83 (2006)
DOI: 10.1042/BJ20060077

53.

M. E. Dalmonte, E. Forte, M. L. Genova,
A. Giuffre, P. Sarti and G. Lenaz: Control
of respiration by cytochrome c oxidase
in intact cells: role of the membrane
potential. J Biol Chem, 284(47), 32331-5
(2009)
DOI: 10.1074/jbc.M109.050146

54.

S. J. Ramirez-Aguilar, M. Keuthe, M.
Rocha, V. V. Fedyaev, K. Kramp, K. J.
Gupta, A. G. Rasmusson, W. X. Schulze
and J. T. van Dongen: The composition
of plant mitochondrial supercomplexes
changes with oxygen availability. J Biol
Chem, 286(50), 43045-53 (2011)
DOI: 10.1074/jbc.M111.252544

55.

I. Samudio, M. Fiegl and M. Andreeff:
Mitochondrial uncoupling and the
Warburg effect: molecular basis for
the reprogramming of cancer cell
metabolism. Cancer Res, 69(6), 2163-6
(2009)
DOI: 10.1158/0008-5472.CAN-08-3722

56.

D. Narendra, A. Tanaka, D. F. Suen and
R. J. Youle: Parkin is recruited selectively
to impaired mitochondria and promotes

631

© 1996-2015

Supercomplex

their autophagy. J Cell Biol, 183(5), 795803 (2008)
DOI: 10.1083/jcb.200809125
57.

C. Vives-Bauza, C. Zhou, Y. Huang, M.
Cui, R. L. de Vries, J. Kim, J. May, M. A.
Tocilescu, W. Liu, H. S. Ko, J. Magrane, D.
J. Moore, V. L. Dawson, R. Grailhe, T. M.
Dawson, C. Li, K. Tieu and S. Przedborski:
PINK1-dependent recruitment of Parkin
to mitochondria in mitophagy. Proc Natl
Acad Sci U S A, 107(1), 378-83 (2010)
DOI: 10.1073/pnas.0911187107

Corrado, S. Cipolat, V. Costa, A. Casarin,
Ligia C. Gomes, E. Perales-Clemente,
L. Salviati, P. Fernandez-Silva, Jose A.
Enriquez and L. Scorrano: Mitochondrial
Cristae Shape Determines Respiratory
Chain Supercomplexes Assembly and
Respiratory Efficiency. Cell, 155(1), 160171 (2013)
DOI: 10.1016/j.cell.2013.08.032
63.

E. Sarzi, C. Angebault, M. Seveno,
N. Gueguen, B. Chaix, G. Bielicki, N.
Boddaert, A. L. Mausset-Bonnefont, C.
Cazevieille, V. Rigau, J. P. Renou, J.
Wang, C. Delettre, P. Brabet, J. L. Puel,
C. P. Hamel, P. Reynier and G. Lenaers:
The human OPA1delTTAG mutation
induces premature age-related systemic
neurodegeneration in mouse. Brain,
135(Pt 12), 3599-613 (2012)
DOI: 10.1093/brain/aws303

64.

H. Cimen, M.-J. Han, Y. Yang, Q. Tong,
H. Koc and E. C. Koc: Regulation of
Succinate Dehydrogenase Activity by
SIRT3 in Mammalian Mitochondria.
Biochemistry, 49(2), 304-311 (2009)
DOI: 10.1021/bi901627u

58.

S. Cipolat, O. M. de Brito, B. Dal Zilio and
L. Scorrano: OPA1 requires mitofusin
1 to promote mitochondrial fusion.
Proceedings of the National Academy of
Sciences of the United States of America,
101(45), 15927-15932 (2004)
DOI: 10.1073/pnas.0407043101

59.

G. B. John, Y. Shang, L. Li, C. Renken, C.
A. Mannella, J. M. Selker, L. Rangell, M.
J. Bennett and J. Zha: The mitochondrial
inner membrane protein mitofilin controls
cristae morphology. Mol Biol Cell, 16(3),
1543-54 (2005)
DOI: 10.1091/mbc.E04-08-0697

60.

S. Cipolat, T. Rudka, D. Hartmann, V. Costa,
L. Serneels, K. Craessaerts, K. Metzger,
C. Frezza, W. Annaert, L. D’Adamio, C.
Derks, T. Dejaegere, L. Pellegrini, R.
D’Hooge, L. Scorrano and B. De Strooper:
Mitochondrial Rhomboid PARL Regulates
Cytochrome c Release during Apoptosis
via OPA1-Dependent Cristae Remodeling.
Cell, 126(1), 163-175 (2006)
DOI: 10.1016/j.cell.2006.06.021

65.

M. Thomson: Evidence of undiscovered cell
regulatory mechanisms: phosphoproteins
and protein kinases in mitochondria. Cell
Mol Life Sci, 59(2), 213-9 (2002)
DOI: 10.1007/s00018-002-8417-7

66.

C. Horbinski and C. T. Chu: Kinase
signaling cascades in the mitochondrion:
a matter of life or death. Free Radic Biol
Med, 38(1), 2-11 (2005)
DOI: 10.1016/j.freeradbiomed.2004.09.030

C. Frezza, S. Cipolat, O. Martins de
Brito, M. Micaroni, G. V. Beznoussenko,
T. Rudka, D. Bartoli, R. S. Polishuck,
N. N. Danial, B. De Strooper and L.
Scorrano: OPA1 Controls Apoptotic
Cristae Remodeling Independently from
Mitochondrial Fusion. Cell, 126(1), 177189 (2006)
DOI: 10.1016/j.cell.2006.06.025

67.

M. Salvi, A. M. Brunati and A. Toninello:
Tyrosine phosphorylation in mitochondria:
a new frontier in mitochondrial signaling.
Free Radic Biol Med, 38(10), 1267-77
(2005)
DOI: 10.1016/j.freeradbiomed.2005.02.006

68.

M. C. Maj, S. Raha, T. Myint and B. H.
Robinson: Regulation of NADH/CoQ
oxidoreductase:
do
phosphorylation
events affect activity? Protein J, 23(1),
25-32 (2004)

61.

62.

S. Cogliati, C. Frezza, Maria E. Soriano,
T. Varanita, R. Quintana-Cabrera, M.
632

© 1996-2015

Supercomplex

69.

70.

F. Bellomo, C. Piccoli, T. Cocco, S.
Scacco, F. Papa, A. Gaballo, D. Boffoli,
A. Signorile, A. D’Aprile, R. Scrima, A.
M. Sardanelli, N. Capitanio and S. Papa:
Regulation by the cAMP cascade of
oxygen free radical balance in mammalian
cells. Antioxid Redox Signal, 8(3-4), 495502 (2006)
DOI: 10.1089/ars.2006.8.495
S. Papa, D. De Rasmo, S. Scacco, A.
Signorile, Z. Technikova-Dobrova, G.
Palmisano, A. M. Sardanelli, F. Papa, D.
Panelli, R. Scaringi and A. Santeramo:
Mammalian complex I: a regulable and
vulnerable pacemaker in mitochondrial
respiratory function. Biochim Biophys
Acta, 1777(7-8), 719-28 (2008)
DOI: 10.1016/j.bbabio.2008.04.005

71.

S. Raha, A. T. Myint, L. Johnstone and
B. H. Robinson: Control of oxygen free
radical formation from mitochondrial
complex I: roles for protein kinase A and
pyruvate dehydrogenase kinase. Free
Radic Biol Med, 32(5), 421-30 (2002)
DOI: 10.1016/S0891-5849(01)00816-4

72.

D. De Rasmo, D. Panelli, A. M. Sardanelli
and S. Papa: cAMP-dependent protein
kinase regulates the mitochondrial import
of the nuclear encoded NDUFS4 subunit
of complex I. Cell Signal, 20(5), 989-97
(2008)
DOI: 10.1016/j.cellsig.2008.01.017

73.

I. Lee, A. R. Salomon, S. Ficarro, I.
Mathes, F. Lottspeich, L. I. Grossman
and M. Huttemann: cAMP-dependent
tyrosine phosphorylation of subunit I
inhibits cytochrome c oxidase activity. J
Biol Chem, 280(7), 6094-100 (2005)
DOI: 10.1074/jbc.M411335200

Normal cardiolipin profile and increased
threonine phosphorylation of complex IV.
Biochimica et Biophysica Acta (BBA) Bioenergetics, 1807(11), 1373-1382
(2011)
DOI: 10.1016/j.bbabio.2011.02.003
76.

S. Helling, S. Vogt, A. Rhiel, R. Ramzan,
L. Wen, K. Marcus and B. Kadenbach:
Phosphorylation
and
kinetics
of
mammalian cytochrome c oxidase. Mol
Cell Proteomics, 7(9), 1714-24 (2008)
DOI: 10.1074/mcp.M800137-MCP200

77.

R. Acin-Perez, E. Salazar, M. Kamenetsky,
J. Buck, L. R. Levin and G. Manfredi:
Cyclic AMP Produced inside Mitochondria
Regulates Oxidative Phosphorylation.
Cell Metabolism, 9(3), 265-276 (2009)
DOI: 10.1016/j.cmet.2009.01.012

78.

A. W. Linnane, S. Marzuki, T. Ozawa and
M. Tanaka: Mitochondrial DNA mutations
as an important contributor to ageing and
degenerative diseases. Lancet, 1(8639),
642-5 (1989)
DOI: 10.1016/S0140-6736(89)92145-4

79.

T. Ozawa: Genetic and functional changes
in mitochondria associated with aging.
Physiol Rev, 77(2), 425-64 (1997)

80.

D. C. Wallace: A mitochondrial paradigm
of metabolic and degenerative diseases,
aging, and cancer: a dawn for evolutionary
medicine. Annu Rev Genet, 39, 359-407
(2005)
DOI: 10.1146/annurev.genet.39.110304.
095751

81.

A. Barrientos and C. T. Moraes: Titrating
the effects of mitochondrial complex I
impairment in the cell physiology. J Biol
Chem, 274(23), 16188-97 (1999)
DOI: 10.1074/jbc.274.23.16188

74.

E. Schafer, N. A. Dencher, J. Vonck and
D. N. Parcej: Three-dimensional structure
of the respiratory chain supercomplex
I1III2IV1 from bovine heart mitochondria.
Biochemistry, 46(44), 12579-85 (2007)
DOI: 10.1021/bi700983h

82.

G. Lenaz, A. Baracca, R. Fato, M. L.
Genova and G. Solaini: New insights into
structure and function of mitochondria and
their role in aging and disease. Antioxid
Redox Signal, 8(3-4), 417-37 (2006)
DOI: 10.1089/ars.2006.8.417

75.

M. Rosca, P. Minkler and C. L. Hoppel:
Cardiac mitochondria in heart failure:

83.

G. Paradies, G. Petrosillo, M. Pistolese
and F. M. Ruggiero: The effect of reactive

633

© 1996-2015

Supercomplex

oxygen species generated from the
mitochondrial electron transport chain
on the cytochrome c oxidase activity and
on the cardiolipin content in bovine heart
submitochondrial particles. FEBS Lett,
466(2-3), 323-6 (2000)

89.

M. Frenzel, H. Rommelspacher, M. D.
Sugawa and N. A. Dencher: Ageing
alters the supramolecular architecture of
OxPhos complexes in rat brain cortex.
Exp Gerontol, 45(7-8), 563-72 (2010)
DOI: 10.1016/j.exger.2010.02.003

84.

G. Lenaz and M. L. Genova: Kinetics
of integrated electron transfer in the
mitochondrial respiratory chain: random
collisions vs. solid state electron
channeling. Am J Physiol Cell Physiol,
292(4), C1221-39 (2007)
DOI: 10.1152/ajpcell.00263.2006

90.

E. Maranzana, G. Barbero, A. I. Falasca,
G. Lenaz and M. L. Genova: Mitochondrial
respiratory supercomplex association
limits production of reactive oxygen
species from complex I. Antioxid Redox
Signal, 19(13), 1469-80 (2013)
DOI: 10.1089/ars.2012.4845

85.

W. Suthammarak, B. H. Somerlot, E.
Opheim, M. Sedensky and P. G. Morgan:
Novel interactions between mitochondrial
superoxide dismutases and the electron
transport chain. Aging Cell, 12(6), 113240 (2013)
DOI: 10.1111/acel.12144

91.

R. Vartak, C. A. Porras and Y. Bai:
Respiratory supercomplexes: structure,
function and assembly. Protein Cell, 4(8),
582-90 (2013)
DOI: 10.1007/s13238-013-3032-y

86.

L. A. Gomez, J. S. Monette, J. D.
Chavez, C. S. Maier and T. M. Hagen:
Supercomplexes of the mitochondrial
electron transport chain decline in the
aging rat heart. Arch Biochem Biophys,
490(1), 30-5 (2009)
DOI: 10.1016/j.abb.2009.08.002

87.

A. Lombardi, E. Silvestri, F. Cioffi, R.
Senese, A. Lanni, F. Goglia, P. de
Lange and M. Moreno: Defining the
transcriptomic and proteomic profiles of
rat ageing skeletal muscle by the use of
a cDNA array, 2D- and Blue native-PAGE
approach. J Proteomics, 72(4), 708-21
(2009)
DOI: 10.1016/j.jprot.2009.02.007

88.

A. Ghelli, C. V. Tropeano, M. A. Calvaruso,
A. Marchesini, L. Iommarini, A. M. Porcelli,
C. Zanna, V. De Nardo, A. Martinuzzi,
F. Wibrand, J. Vissing, I. Kurelac, G.
Gasparre, N. Selamoglu, F. Daldal and
M. Rugolo: The cytochrome b p.278Y>C
mutation causative of a multisystem
disorder enhances superoxide production
and alters supramolecular interactions of
respiratory chain complexes. Hum Mol
Genet, 22(11), 2141-51 (2013)
DOI: 10.1093/hmg/ddt067

Key Words: Supercomplex, Mitochondria,
Respiration, ROS, Review
Send correspondence to: Yidong Bai, 7703
Floyd Curl Drive, San Antonio, Texas 78229,
Tel: 210-567-0561, Fax: 210-567-3803,
E-mail: baiy@uthscsa.edu

634

© 1996-2015

