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According to theory, present eukaryotic cells originated from a beneficial association between two free-living
cells. Due to this endosymbiotic event the pre-eukaryotic cell gained access to oxidative phosphorylation
(OXPHOS), which produces more than 15 times as much ATP as glycolysis. Because cellular ATP needs
fluctuate and OXPHOS both requires and produces entities that can be toxic for eukaryotic cells such as ROS or
NADH, we propose that the success of endosymbiosis has largely depended on the regulation of
endosymbiont OXPHOS. Several studies have presented cytochrome c oxidase as a key regulator of OXPHOS;
for example, COX is the only complex of mammalian OXPHOS with known tissue-specific isoforms of nuclear
encoded subunits. We here discuss current knowledge about the origin of nuclear encoded subunits and the
appearance of different isozymes promoted by tissue and cellular environments such as hypoxia. We also
review evidence for recent selective pressure acting on COX among vertebrates, particularly in primate
lineages, and discuss the unique pattern of co-evolution between the nuclear and mitochondrial genomes.
Finally, even though the addition of nuclear encoded subunits was a major event in eukaryotic COX evolution,
this does not lead to emergence of a more efficient COX, as might be expected from an anthropocentric point
of view, for the “higher” organism possessing large brains and muscles. The main function of these subunits
appears to be “only” to control the activity of the mitochondrial subunits. We propose that this control
function is an as yet underappreciated key point of evolution. Moreover, the importance of regulating energy
supply may have caused the addition of subunits encoded by the nucleus in a process comparable to a
“domestication scenario” such that the host tends to control more and more tightly the ancestral activity of
COX performed by the mtDNA encoded subunits. This article is part of a Special Issue entitled: Respiratory
Oxidases.
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1. Introduction

Lynn Margulis' theory about a prokaryotic origin for eukaryotic
mitochondria is now broadly accepted [1-3]. According to this theory,
present eukaryotic cells originated from a beneficial symbiosis
between two free-living cells. Indeed, an a-proteobacterium was
supposedly taken inside the pre-eukaryotic (host) cell and then
formed an obligate endosymbiont.

Due to symbiotic association with the endosymbiont, i.e., the
mitochondrial ancestor, the host cell gained access to oxidative
phosphorylation (OXPHOS), which generates an ATP yield that is
more than 15 times higher than glycolysis. With the exception of
some parasitic organisms (such as Giardia or microsporidia), the
conservation of OXPHOS across most eukaryotic lineages (e.g., plants,
animals, fungi) suggests that this system is crucial for eukaryotic life.
However, besides ATP, OXPHOS also produces reactive oxygen species
(ROS, also sometimes referred to as ‘free radicals’) and heat, and
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requires oxygen and nutrients. Too large or too small an amount of
these substrates and products can be toxic for eukaryotic cells. For
example, an excess of substrate such as NADH can lead to lactic
acidosis by driving lactate dehydrogenase to produce lactate [4]
whereas an excess of products or by-product such as ROS can lead to
apoptosis [5]. OXPHOS activity, therefore, has to be adjusted to take
into account supply of nutrients and demand for energy. Furthermore,
energy requirements differ among different cells from the same
eukaryotic organism and from the same cell during its lifespan. All
things considered, we propose that the success of endosymbiosis has
largely depended on the regulation of OXPHOS activity, implying tight
host-endosymbiont communication.

Several studies have presented complex IV (cytochrome c oxidase,
COX, EC1.9.3.1) as a key regulator of overall respiratory chain activity
in intact mammalian cells: (i) COX has a high control coefficient in
vivo on OXPHOS activity, meaning a decrease of COX activity
decreases ATP production [6-8]; (ii) expression, assembly, and
activity of COX were shown to be highly regulated [9,10]; and
(iii) intrinsic biochemical parameters of COX were shown to be tissue
specific [11] due to different isoform expression; for example, liver-
type COX, which is expressed in tissues that rely fully on aerobic
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energy metabolism but cannot spare more room to increase the
mitochondrial complement, has a higher basal activity compared to
skeletal muscle/heart-type COX [11-16].

Mitochondrial encoded subunits carry out both electron transfer
and proton-pumping functions, but it has been proposed that these
enzymatic activities are mainly regulated through the nuclear
encoded subunits [17]. Here, we discuss how evolutionary events
that adapted OXPHOS activity to cellular requirements increased the
fitness of the two genomes and were then positively selected and
conserved. The importance of regulating energy supply may have
caused a process comparable to a “domestication scenario” such that
the host tends to control more and more tightly the ancestral activity
of COX performed by the mtDNA encoded subunits through the
addition of subunits encoded by the nucleus.

After a brief summary of our current understanding about the
electron transfer and proton-pumping functions, we discuss the origin
of nuclear encoded subunits and the appearance of different isozymes
promoted by tissue and cellular environments such as hypoxia.
Finally, we review evidence for recent selective pressure acting on
COX among vertebrates, particularly in primate lineages, and discuss
the unique pattern of co-evolution between the nuclear and
mitochondrial genomes.

2. Ancestral function of cytochrome c oxidase

The mitochondrial respiratory chain couples the reduction of
molecular oxygen to the translocation of protons across the inner
mitochondrial membrane [18]. In mammals, the first step of the
respiratory chain is the oxidation of NADH or FADH, by, respectively,
complexes I and I, followed by electron transfer to complex IIl via
coenzyme Q, and finally transfer via cytochrome c¢ to complex IV
(COX), which reduces the final acceptor oxygen to water. Complexes I,
III, and IV couple the redox reactions to the translocation of protons
across the inner mitochondrial membrane. These translocations
generate a proton gradient that permits ATP synthase to synthesize
ATP from ADP and inorganic phosphate.
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Mitochondrial COX, the terminal complex of the respiratory chain,
belongs to a large family of heme-copper terminal oxidases, also
containing prokaryotic aas-type COX. Although mammalian mitochon-
drial COX has 13 subunits and prokaryotic aas-type has only three to
four subunits [19,20], the amino acid sequences of the core subunits I
and II of both enzymes are more conserved than is typical between
bacteria and mammalian homologs. For example, there is 52% identity
between Bos taurus and Paracoccus denitrificans subunits 1 (69%
similarity) and 34% identity between subunits II (59% similarity). The
X-ray structures of P. denitrificans and bovine enzymes confirmed that
the structure is also very similar between prokaryotic and mitochondrial
COX [21-24]. Although the proton pumping mechanism is not yet fully
understood, the different models proposed are consistent with both the
mitochondrial and prokaryotic structures.

In mammalian mitochondria COX is embedded in the inner
membrane and reduced cytochrome c binds to COX on the inter-
membrane space side [17]. Electrons from cytochrome c are passed
through the Cu, center located in subunit II (Fig. 1), then go to subunit
I, from heme a to the heme as/Cug center. This is the catalytic center of
the enzyme, which reduces oxygen to water, by consuming electrons
that come initially from cytochrome c and four chemical protons that
are taken up from the matrix. This reaction is exergonic and is coupled
to the translocation of four additional protons from the matrix to the
intermembrane space. The proton gradient generated powers the
conversion of ADP and phosphate to ATP by ATP synthase [25]. At least
two pathways are currently thought to conduct protons inside subunit
I [26-29]: (i) the K pathway (via Lys319, according to bovine
numbering), which leads to the heme a3/Cug (catalytic center), and
(ii) the D pathway (via Asp91 to Glu242, according to bovine
numbering), where protons can be directed to the heme as/Cug
center and/or to the intermembrane space.

As prokaryotic subunits I and II are sufficient to carry out the
electron transfer and proton-pumping functions, COX presumably has
been functional since the initiation of endosymbiosis. However,
because the energetic needs of eukaryotic cells undoubtedly changed
over time, selective pressures would have rapidly appeared to favor
synchronization of energy production to those cellular needs.
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Fig. 1. Mechanism of cytochrome c oxidase, squares symbolize heme and pentagons symbolize coppers. IM space, intermembrane space; IM, inner membrane; gray arrows represent
electron pathway and black arrows represent proton transfer pathway and oxygen reduction.
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3. Addition of nuclear genes

Due to the presence of ten nuclear in addition to the three
mitochondrial encoded COX subunits, their origin and evolution is
likely to be insightful about the regulation of ATP production by
OXPHOS [9,10].

Because many ancestral endosymbiont genes have been trans-
ferred to the nuclear genome [30], the current location of the subunits
is not informative about their possible endosymbiont or host origin.
Indeed, even the three mammalian mitochondrial encoded subunits
have been reported to be completely (COX I, III) or partially (COX I)
encoded by the nucleus in some organism [31-33]. To address this
question about genome origin, Das et al. have looked for homologous
sequences of the nuclear-encoded COX subunits in the Rickettsia
prowazekii genome [34], which is the a-proteobacterium thought
to be the most closely related descendant of the species that became
the ancestral mitochondria [35]. They also searched for the pres-
ence of homologs in the mitochondrial genome of the protozoan
Reclinomonas americana, which contains the largest number of genes
(97) of any mitochondrion studied [36]. Computational searches
failed to find any homolog, which likely suggests that these proteins
were not present in the ancestral endosymbiont even if it does not
exclude some secondary loss.

In contrast, homologs of several human nuclear-encoded COX
subunits have been found in invertebrates (Drosophila melanogaster),
fungi (Saccharomyces cerevisiae), mycetazoan amoeba (Dictyostelium
discoideum), and plants (Arabidopsis thaliana) [34]. These results
suggest that the emergence of nuclear-encoded subunits started
before the radiation of the major eukaryote lineages. However, all
subunits are not present in all organisms [34]; this could be due to a
secondary loss as mentioned above or also be an indicator of the time
of appearance (Fig. 2). Both hypotheses are likely; further complete
genome sequencing will refine our knowledge about the timing of
their appearance. It is worth noting that the largest human subunits
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[37] are the most shared across phyla: subunits IV (about 17 kDa in
human), Vb (about 11 kDa), VIb (about 10 kDa), and VIc (about
8 kDa) are also present in plants or in amoeba, suggesting an old
origin; in contrast, according to Das et al., two of the smallest subunits,
VIIb (about 6 kDa) and VIII (about 5kDa), seem only present in
animals [34,37].

The import of nuclear encoded subunits requires both the
development of a protein import machinery in the endosymbiont
membranes and specific targeting information in nuclear encoded
subunits. How this complex system has emerged is not clear;
however, the presence of a protein import machinery, translocase of
the outer membrane (TOM complex) and translocases of the inner
membrane (TIM complexes) in plants, fungi, and animals, suggests
that the import of host polypeptides was one of the first evolution
steps after the endosymbiotic event [38,39]. The emergence of an
import system has raised the questions of the timing of its emergence
and of whether those systems were derived from the host or from the
endosymbiont genome [40-43].

Regarding the emergence of the “targeting information,” several
studies have proposed a concept of “preadaptations” where pre-
existent proteins with positively charged amino acid sequences would
have been imported "by chance” into the mitochondria by TIM-TOM
complexes [44,45]. This could have been the case for the oldest
nuclear COX subunits.

Once in mitochondria, the most parsimonious scenario would be a
random association due to physicochemical characteristics between
the nuclear and endosymbiont subunits. Then advantageous associ-
ation would have been selected for, fixed, and conserved and
implemented as part of the assembly process. Since the ancestral
endosymbiont COX was already a complex formed by several
subunits, an assembly process was already in existence that the
nuclear encoded subunits could adapt to form their association. Even
if bacterial and human COX assembly are very different, the presence
of homologous assembly genes between human and a-proteobacteria
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Fig. 2. Hypothetical genesis of vertebrate cytochrome c oxidase. Based on Das et al. [34], mitochondrial encoded subunits are represented in blue and nuclear encoded subunits are

represented in green.
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suggests that the eukaryotic assembly process is an evolution of the
prokaryotic assembly process rather than a de novo process [46].
Despite a high conservation of nuclear encoded subunits and of the
copper insertion pathway between yeast and humans, only a few COX
assembly factors are common [47], which suggests that the assembly
process was improved over a long time scale rather than just after the
endosymbiont event.

Interestingly, some nuclear subunits seem to have specific
functions in assembly. For example, in yeast subunit VIb is needed
for assembly but can be removed from the mature enzyme without
any effect on activity [48]. Other mammalian subunits (Vb, VIa, and
VIb) might be involved in the stability of the dimer state [23]. By
increasing or limiting the enzyme amount, the regulation of assembly
and enzyme stability are an important part of the enzyme activity
control [9].

Some nuclear encoded subunits play a more direct role in COX
regulation. Indeed, functional work has shown that nuclear subunits
are central in the complex regulation of enzyme activity. For example,
COX 1V binds ATP, leading to an allosteric inhibition of enzyme activity
[49], and this inhibition can be reversed by binding the thyroid
hormone T2 to subunit Va [50]. This example shows nuclear encoded
subunits' ability to regulate COX activity based on cellular energy
demand (ATP level) and to integrate external stimuli like thyroid
hormone. These new proprieties allow endosymbiont OXPHOS to
respond to intracellular and extracellular stimuli to adapt host
energetics.

4. Addition of tissue specific subunits

In multicellular organisms, the same extracellular stimulus can
require different OXPHOS responses depending of the type of cell. In
mammals, it has been shown that biochemical characteristics of COX
differ regarding the tissue of origin [11,12]. However, given that
mitochondrial encoded subunits, which are responsible for the
catalytic functions, are the same in all tissues, one possible scenario
would be that the observed differences in COX activity can be related
to the emergence of nuclear subunit isoforms. Indeed, isoforms for at
least 5 subunits have been described in mammals: COX subunit IV,
Vla, VIb, Vlla and VIII [15,51-54]. Based on phylogenetic evidence, it
has been proposed that the emergence of these subunit isoforms is
caused by duplications of ancestral subunit coding genes [55]. These
duplications lead to two gene homologues co-existing in the same
genome. Two genes presumed to be derived from a single duplication
event and potentially coding for two isoforms are called paralogous.
Interestingly, among the OXPHOS gene family, setting aside numts
[56], COX has more paralogs than any other OXPHOS complex,
emphasizing the key role of COX in OXPHOS adaptation and
regulation in different tissues [8,55]. In fact, COX and cytochrome c
are the only components of mammalian OXPHOS with known tissue-
specific isoforms (reviewed in [57]).

Despite high conservation of nuclear subunits between yeast and
mammals, the isoforms of homologous subunits between the two taxa
do not share a common origin. Indeed, a recent study has shown that
vertebrate and invertebrate COX subunit isoforms are due to distinct
duplication events [55]. These observations could suggest poor
conservation of paralogous genes once duplicated or recent duplica-
tions. The second hypothesis is supported by the fact that the common
explanation for isoform diversity in vertebrates is the suggested two
rounds of whole-genome duplication [58]. This duplication of
complete genomes was suggested based on the HOX gene cluster
and would have occurred at the stem of the vertebrate lineage [59].
For COX, this old global duplication seems consistent with at least
three subunits, COX IV, COXVIa, and COX VIla, which have two
paralogs in fish and tetrapods [55]. However, some duplication events
appear to be more recent; for example; COX VIb has only two paralogs

in fish and most tetrapods but three isoforms are present in the
primate lineage [55].

After duplication, when the presence of a double copy of the same
gene is not deleterious, selective pressures decrease for at least one
copy. Indeed, one copy can accumulate mutations with only a small
fitness decrease due to the presence of the other “back up” gene copy.
Since constraints are relaxed, the divergence rate between the two
copies is accelerated and new functional properties are allowed to
appear (neofunctionalization). A high divergence rate can also
specialize two copies for two or more different functions previously
done by the ancestral gene (subfunctionalization) [60]. One form of
subfunctionalization is a differential expression pattern depending on
the cellular environment, e.g., tissue-specific isoform expression.
Once this pathway is engaged, selection is reinstated. Indeed,
mutations allowing an optimization of the copy to the new cellular
environment or function are positively selected and deleterious
mutations are negatively selected (due to the absence of the “back-
up copy” doing the new function) [61].

It is unclear how the paralog of each nuclear COX subunit
developed its expression pattern. However, three pairs of subunits,
Vla, Vlla, and VIII, have what was originally called H (heart/skeletal
muscle) type and L (liver) type isoforms. For each subunit the L
isoform is actually ubiquitously expressed whereas H shows devel-
opmental and tissue specificity, being primarily expressed postnatally
in mature contractile muscles [62].

The evolution of this tissue-specific expression has led to a
dichotomy between these two types of tissue: (i) In the first type,
called liver-type tissue based on the COX isozyme expression in
tissues like liver and kidney, the COX enzyme shows a higher basal
activity [12] but lower quantity of enzyme due to a relatively low
number of mitochondria [11]. This is likely so because those tissues
have other specialized functions, which do not allow a further
increase in mitochondrial mass. (ii) The second type, called heart-type
based on the COX isozyme expressed in contractile tissues (e.g., heart
and skeletal muscle), is characterized by a high capacity of COX due to
a high amount of mitochondria [11] coupled with a lower basal COX
activity compared to liver-type COX [12].

This dichotomy allows for different regulatory systems. For
example, in muscle, exercise increases COX complex biogenesis and
then OXPHOS activity [63]. Energy regulation based on complex
amount seems well adapted for muscle cells. Indeed, skeletal muscle
is less size constrained than other tissues, e.g., muscle amount
increases and decreases during lifespan depending on stimulation.
Interestingly, the mammalian brain COX isozyme belongs to the liver-
type [64] and is characterized by an intermediary amount and
intermediary basal COX activity [11]. This last pattern may have been
selected in response to specific-brain constraints like high energy
need despite limited space for mitochondria in neurons.

5. COX adaptation to oxygen

The emergence of nuclear encoded subunit isoforms after the
whole genome duplication became crucial for vertebrate cells to adapt
OXPHOS activity to the cellular oxygen environment. Indeed,
vertebrate cells do not possess the prokaryotic cell's ability to switch
between different respiratory chains in response to the extracellular
environment. In contrast to only one terminal oxidase present in
vertebrates, P. denitrificans or Bacillus subtilis each possess three
different terminal oxidases. The switch between different terminal
oxidases has been shown to be a key regulatory element; for example,
cytochrome bd, present in B. subtilis and Escherichia coli, is involved in
oxygen regulation [65,66]. E. coli possesses two quinol oxidases and
expresses predominantly cytochrome bos in normal aerobic condi-
tions. However, E. coli expresses cytochrome bd at low oxygen
tension, which has a high affinity for oxygen but does not pump
protons [67]. This hypoxic system has a lower efficiency but allows
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OXPHOS to produce some energy and to regenerate NAD™ from
NADH to maintain metabolic flux even at low oxygen tensions.

An alternative terminal oxidase (AOX) that couples ubiquinol
oxidation with oxygen reduction to water without proton pumping
has also been described in plants. In contrast to cytochrome bd of
E. coli, AOX has a lower affinity for oxygen than COX but it is also
regulated by oxygen concentration [68]. By following transcription,
protein amount, and activity of AOX during and after hypoxia, Szal
and collaborators have shown (i) an absence of AOX amount and
activity during hypoxia, and (ii) a similar AOX amount and activity
before and just after hypoxia [68]. AOX transcript levels showed no
significant differences between control, hypoxic, and post-hypoxic
tissue indicating that the regulation of AOX expression by oxygen
availability may take place at the translational level. It has been
suggested that, in plants, AOX could be a part of the post-hypoxic
tissue response characterized by Biermelt and coworkers, who
observed higher respiration rates and an activation of antioxidant
defense systems due to the increase of oxygen concentration [69]. The
physiological role of AOX is still unclear; however, a main function
would be to prevent an over-reduction of ubiquinone and thus limit
ROS production [70]. This function seems to be particularly important
when oxygen concentration changes in hyperoxia and post-hypoxia.

AOX has been well studied in plants and is known to be present in
a few other eukaryotes like parazoa and fungi, but had been supposed
to be absent in animals. However, recent evidence has shown the
presence AOX in metazoans [71]. Surprisingly, AOX appears to have a
broad distribution across all the main metazoan phyla, e.g., Cnidaria,
Annelida, Mollusca, Nematoda and Chordata [72]. Based on this broad
distribution, it is possible to conclude that AOX was present at an early
stage of eukaryotic history and was an element of the original plant,
animal, and fungal respiratory chain (Fig. 3). Despite missing evidence
about the existence of AOX in other eukaryote lineages, e.g. Excavates
and Chromoalveolates, Atteia et al. have found a gene encoding an
AOX homolog in one a-proteobacterium, suggesting an endosymbi-
ont origin of AOX [73,74]. However, a recent gain of AOX due to a
horizontal gene transfer cannot yet be fully excluded.

Despite a great number of genomes analyzed, McDonald and
colleagues failed to show any evidence of AOX in vertebrates [72]. This
result suggests that AOX was lost at the vertebrate stem. Interestingly,
this event is concomitant with the whole genome duplication and the
proposed origin of isoform pairs for three COX nuclear encoded
subunits [55]. Remarkably, one of these new isoform pairs is COX IV
isoform 1 and COX IV isoform 2 [15,75]. The expression pattern of
these two isoforms is well known to be oxygen dependent, although
the precise mechanism remains controversial [ 76,77]. The two COX IV
isoforms also have a tissue expression pattern related to the oxygen
use of the tissue [57], i.e., in mammals COX IV isoform 2 is specifically
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expressed in the well-oxygenated tissues lung and trachea in addition
to placenta [78], the latter being the site for embryonic gas exchange,
which is sometimes referred to as the lung of the embryo. A similar
expression pattern has been observed in zebrafish, with the mRNA for
COX IV isoform 2 more abundant in the gills [55]. This common
expression pattern in oxygen exchange tissues between mammals
and fish suggests an old subfunctionalization for the two isoforms
probably since the stem of vertebrates and concomitant with the loss
of AOX. The pattern of expression of isoform 2 is odd. Indeed, this
isoform is mainly present in tissues with high oxygen like lung, but is
also induced during hypoxia [76,77]. Interestingly, cells expressing
this second isoform produce fewer free radicals, which is similar to
plant cells expressing AOX [76].

We suggest that the ability to change COX IV isoform expression
would become an alternative way to regulate OXPHOS as a function of
oxygen concentration in the absence of AOX in the vertebrate lineage.
Thus, AOX studies could help us to better understand the expression
pattern of COX IV isoforms. For example, in plants, the level of AOX
mRNA has been found high during hypoxia but this does not influence
the protein level, which suggests post-transcriptional regulation [68].
The high amount of mRNA during hypoxia accelerates protein
synthesis during the post-hypoxia response. Despite the fact that
this pattern has been observed in plant cells, which are able to support
much greater variation of oxygen concentration than mammalian
cells, it would be interesting to carry out similar studies for COX IV
isoforms in mammals.

AOX has been lost independently in numerous taxa, as for example
in Saccharomyces cerevisiae [72]. Interestingly, S. cerevisiae possesses
only one pair of COX subunit isoforms. Indeed, only the proposed
homolog of vertebrate COX IV (named COX5 in yeast) is present in
two isoform copies. As in vertebrates, isoform expression is also
regulated by oxygen availability and the hypoxic isoform enhances
the catalytic constant relative to the ‘aerobic’ isoform [79]. This
proposed convergent evolution of oxygen regulation between yeast
and vertebrate ancestors separated by one billion years of evolution
could appear as astonishing. However, with a closer look several
points should limit the enthusiasm about a functional homology
between the mammalian COX IV and the yeast COX V isoform pairs
[77]. First, the promoter sequences do not share any homology.
Secondly, the amino-acid sequence itself is proportionately the least
conserved of the nuclear-encoded subunits, e.g., 9% between
mammals and yeast (39% for mammalian subunit Va, 22% for VIa,
24% for VIb, or 16% for VIIc compared to the corresponding subunits in
yeast), and the homology hypothesis is mostly supported by the
presence of conserved domains [34]. Finally, the yeast hypoxic Vb
gene is induced under strong hypoxia whereas mammals have COX
IV-2 always expressed in lung (a highly oxygenated tissue). Therefore,
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Fig. 3. Branched respiratory chain. Respiratory complexes are represented as gray squares, and gray arrows represent electron transfer. Other reactions are represented with black
arrows. This is presumably the ancestral respiratory chain for plants, fungi, and animals, containing in addition to cytochrome c oxidase of vertebrates an alternative terminal oxidase

(AOX).
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COX 1V-2 appears to be a primary adaptation to a high oxygen
environment.

Additionally, a direct link between subunit IV duplication, AOX
loss, and hypoxia is not universal. For example, the amoeba
Dictyostelium discoideum presents a different pattern of hypoxia
response at the level of COX. Despite this organism's still having AOX,
hypoxia leads to an expression switch between two isoforms
homologous to mammalian subunit VIc (called VIle and VIIs in D.
discoideum) [80,81].

The responses to varying oxygen environments across different
species and different kingdoms underline the importance of the
nuclear encoded subunits as modulators of COX activity and as
modulators of global endosymbiont OXPHOS activity.

6. Evolution

Environment and way of life generate selective pressures that act
not only on regulatory processes but also on intrinsic enzyme activity.
Due to mitochondrial DNA's high mutation rate, mitochondrial
encoded COX subunits are particularly sensitive to new selective
pressures. For example, selection and adaptation of mitochondrial-
encoded subunits has been shown in vertebrate species living in low
oxygen conditions [82,83]. By sequencing the mitochondrial DNA of
pika (Ochotona curzoniae) living at a high altitude Tibetian plateau,
Luo et al. have identified three very specific mutations affecting COX
and COX II amino acid sequences. Because two amino acid re-
placements of COX substitute non-polar to polar residues they
propose that the mutations are functionally significant. Using a
functional approach, Scott et al. have shown that cardiac myocytes of
high altitude geese have reduced COX V,,.x and a higher cytochrome ¢
affinity than geese flying at moderate altitude [82]. The authors
propose that because less reduced cytochrome c is needed to sustain
maximal rates of respiration by COX, “Bar-headed geese may
therefore be capable of sustaining cardiac output during hypoxia
without experiencing large shifts in mitochondrial redox toward a
more reduced state, thus minimizing cellular damage induced by
ROS.” They failed to observe any difference in COX mRNA and protein
amount, suggesting a structural evolution rather than a regulatory
evolution. They then suggested that the replacement of a neutral
residue (tryptophan) at position 116 of COX Il by a positively charged
amino-acid (arginine) could change the structure of COX and explain
their results. However, the authors did not rule out other explanations
such as the possibility of different phosphorylation patterns between
the different species.

During the past decades our group and others have shown
accelerated evolution of the COX enzyme during primate evolution
[84-92]. To date, nine of the thirteen COX subunits have been shown
to have an accelerated amino acid replacement rate in anthropoid
primates [93]. We have also demonstrated that the targeting pre-
sequence does not show accelerated evolution [94]. Because pre-
sequences are subject to the same selection-independent factors, such
as population size and mutation rate, it is possible to conclude that the
evolution rate differences between sequence and pre-sequence are
due to selective pressure. In parallel, functional work has shown a
very specific binding interaction between COX and anthropoid
cytochrome ¢ compared to other primates and mammals [95-97].
Based on structural data regarding the cytochrome c binding site, it
was proposed that accelerated COX evolution particularly affected the
positions binding cytochrome ¢ (27 of the 57 residues that bind
cytochrome ¢ were replaced in the anthropoid lineage). Because 11
charge-bearing residues involved in binding cytochrome c have been
replaced with uncharged residues, it appears that there was a drastic
reduction of the electrostatic interaction between COX and cyto-
chrome c in the anthropoid lineage [98].

Anthropoid primates include New World and Old World monkeys
and apes (including humans). Because the main phenotypic evolution

that occurred on the anthropoid lineage (e.g., longer lifespan, larger
neocortex, and prolonged fetal development) is related to aerobic
energy metabolism, it is tempting to speculate that there is a link
between molecular and phenotypic evolution. Interestingly, we have
also shown evolution of the brain expression pattern of at least one
subunit across primates: COX Va is expressed in cerebral cortical tissue
at a higher level in human than in chimpanzee or gorilla [92].

This co-adaptation of both mitochondrial and nuclear subunits
makes it unlikely that this evolution is due to a random increase of
mutation rate at a few points in the genome. This also emphasizes the
co-evolution between nuclear and mitochondrial subunits. Since
mitochondrial and nuclear DNAs evolve at considerably different rates
[99] the importance of this co-evolution between genomes was
previously demonstrated by studying cybrid cells containing nDNA
and mtDNA from different species. For example, oxidative phosphor-
ylation of mtDNA-depleted human cells can be restored by mtDNA
from common chimpanzee, bonobo, and gorilla but not by mtDNA
from orangutan and representative species of Old World monkeys,
New World monkeys, and strepsirrhines [100]. This incompatibility of
mtDNA from primate species that diverged from humans as recently
as 8-18 mya has specifically been attributed to a COX deficiency.
Indeed, Barrientos et al. have shown that human COX nuclear subunits
and human orangutan mitochondrial subunits are not able to be
assembled together correctly [101]. COX assembly appears to be very
sensitive to small amino acid variation.

By studying the evolution rate of interacting nDNA-encoded and
mtDNA-encoded residues across vertebrates, our group has shown
that nDNA-encoded residues in close physical proximity to mtDNA-
encoded residues evolve more slowly than the other nuclear-encoded
residues [102]. This is due to a greater purifying selection at the inter-
face between subunits and confirms the greater structural-functional
constraints suggested by xeno-cybrid studies. However, mtDNA-
encoded residues in close physical proximity to nDNA-encoded
residues evolve more rapidly than the other mitochondrial-encoded
residues, suggesting that adaptive evolution has occurred at these
residues. It appears that only residues encoded by fast mutating
DNA (mtDNA) have undergone adaptive selection. Thus, we propose
that selective pressures appear and disappear often but each window
is only open during a short period of time (i.e., episodic positive
selection). A fast mitochondrial mutation rate could actually be a
major adaptive advantage when a population changes its way of life or
environment and when this change requires a different ROS, heat, and
energy balance. This is one of many hypotheses that could explain why
the original endosymbiont subunits are still mitochondrially encoded
[103].

7. Conclusion

The addition of nuclear encoded subunits was a major event in
eukaryotic COX evolution, and some of these subunits are very
conserved across eukaryotes. However, they are not directly involved
in the COX catalytic process, and prokaryotic COX is very efficient
without these sub-units. The main function of these subunits appears
to be “only” to control the activity of the mitochondrial subunits. This
control function is perhaps an underappreciated key point of
evolution, especially in multicellular organisms. Indeed, once the
respiratory chain was integrated into the eukaryotic cell the challenge
was no longer to produce more energy but to produce it exactly when
needed, and to conserve resources when less or no energy was
needed. The evolutionary studies point out that selective pressures do
not promote an increase of COX activity but promote a COX activity
more adapted to the needed trade-off between energy, heat, and ROS
production. An important control function that has not been
sufficiently studied as yet is cell signaling. Evidence does exist,
however, that subunit amino-acid evolution affects cell signaling in a
species-specific manner [104]. Several amino acids identified as
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regulatory phosphorylation sites in non-human mammals cannot be
phosphorylated in human [8]. For example, Tyr 11 of COX subunit IV-1
is phosphorylated in cow liver but in humans the corresponding
amino acid is a phenylalanine and thus cannot be phosphorylated.
Inversely, Thr 35 and Thr 38 of COX subunit Va have been shown
phosphorylated in human but are glycines in other species. Unfortu-
nately, studies about evolution of cell signaling pathways targeting
OXPHOS, and especially COX, are still quite rare [105]. Finally,
eukaryotic evolution is not characterized by the emergence of a
more efficient COX, as might be expected from an anthropocentric
point of view, for the “higher” organism possesses a big brain and big
muscles. This failure to find a more efficient COX is perhaps due to the
fact that the basic three subunit prokaryotic COX constitutes a system
that was already fully optimized before the endosymbiotic event and
not much could have been done to improve this system even by
adding other subunits. “Perfection is achieved, not when there is nothing
more to add, but when there is nothing left to take away.” Antoine de
Saint-Exupery, French writer (1900-1944).
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