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1. Introduction

In eukaryotes, the phosphorylating electron transfer chain is located
in the inner membrane of their mitochondria and uses oxygen as the
terminal sink for electrons. In mammalian respiratory chains, the sole
enzyme that catalyses the transfer of electrons to oxygen to form
water is cytochrome c oxidase (CcO) [1]. A second terminal oxidase,
the alternative ubiquinol oxidase, can also be present in mitochondria
of fungi, yeasts, algae and plants. However, genes for this enzyme
(and those for complex I) have been lost in the yeast Saccharomyces
cerevisiae which, like mammalian systems, relies entirely on CcO for
aerobic respiration. CcO receives electrons from cytochrome c that re-
sides in the intermembrane space. In both mammalian and yeast mito-
chondria the cytochrome c is reduced by complex III, the cytochrome
bc1 complex. However, in yeast mitochondria, cytochrome c can also
be reduced by lactate via L(+)lactate–cytochrome c oxidoreductase
(flavocytochrome b2), a soluble flavin (FMN)- and haem B-containing
enzyme that is co-localised in the intermembrane space [2].

Electrons from four successive cytochrome c oxidations are re-
quired, together with four protons from the mitochondrial matrix, to
reduce molecular oxygen to two water molecules. In CcO, the intra-
protein transfer of these four electrons to the catalytic oxygen
reduction site is also linked to the translocation of four protons from
the matrix into the intermembrane space [3]. This electron transfer-
coupled proton transfer greatly increases the efficiency of the
conversion of energy released by the exergonic chemistry of oxygen
reduction into stored energy in the transmembrane protonmotive
force. The chemistry of oxygen reduction is complex; details and
questions of the intermediates involved have been covered in several
reviews [4–6].

2. Bovine CcO: structure and mechanism

Bovinemitochondrial CcO is a homodimer with each half composed
of the three mtDNA-encoded subunits (I, II and III), together with ten
smaller, nuclear-encoded ‘supernumerary’ polypeptides (IV, Va, Vb,
VIa, VIb, VIc, VIIa, VIIb, VIIc, VIII; Kadenbach nomenclature [7]). Subunits
I, II and III form a catalytic core that is conserved throughout the large
superfamily of homologous eukaryotic and prokaryotic oxidases but ho-
mologues of the additional subunits are not found in prokaryotic forms
of CcO. Atomic structures of several bacterial aa3-type CcOs [8,9] and re-
lated superfamily members such as cytochrome bo [10], ba3 [11] and
cbb3 [12] are known and the structures of their common core subunits
are remarkably similar to those of bovine CcO, the only mitochondrial
CcO structure that has been solved to date [13].

2.1. Core structure and mechanism

The core subunit structures and catalytic mechanism have been
reviewed extensively and will not be covered in detail here. Subunit
II consists of a transmembrane domain of two α-helices, together
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with a globular domainwithin the intermembrane space. This latter do-
main forms part of the docking site for cytochrome c and houses a
dinuclear CuA metal centre that receive its electrons and passes them
to haem a within subunit I. Subunit III has no cofactor but is
nevertheless widely conserved (though absent from some of the more
distant superfamily members, for example Thermus thermophilus c552-
oxidising cytochrome ba3) [11,14]. It has seven transmembrane helices
with short interhelical links. A V-shaped cleft in the folded
helical structure may provide a channel through which substrate oxy-
gen diffuses from the membrane into the catalytic binuclear centre
(BNC) [8,9,13].

Subunit I has twelve membrane-spanning α-helices when viewed
perpendicular to the membrane surface, which are arranged in three
groups of four to forma ‘cloverleaf’ pattern [8]. It contains a bis-histidine
coordinated low spin haem a, together with the BNC that is formed by a
high spin histidine-ligated haem a3 and a copper atom, CuB, that is
ligated by further three histidines. One of these, H240, is covalently
linked through its Nτ nitrogen to a ring meta carbon of adjacent tyro-
sine, Y244 [13], which is thought to act as an electron and proton
donor during catalysis by formation of a neutral tyrosyl radical [4–6].
The covalent linkage also creates a pentameric ring of amino acids
(H240PEVY244), the central glutamic acid (E242 in bovine) of which is
an essential component in internal proton transfer. Several arrays of rel-
atively hydrophilic amino acids and water molecules provide possible
pathways for the protons required for water formation and for those
translocated across the membrane [8,13]. The ‘K’ channel appears to
connect the Negative (N) aqueous phase to the BNC. A second, the ‘D’
channel, leads from the N aqueous phase to the E242 residue that is
deeply buried and close to the edges of both haems. These structures
are clearly evident inmost (but not all) bacterial homologues and in bo-
vine CcO. The consensus view for bacterial CcOs is that the K channel
provides a route for 1–2 of the four substrate protons and that the D
channel is the route of the remaining 3–2 protons required for water
formation as well as providing part of the pathway for all four translo-
cated protons [15]. However, a third structure, the ‘H’ channel, has
been described in bovine CcO. This spans the entire subunit I close to
haem a and has been proposed to provide the route for translocated
protons in bovine CcO [16]. It is also evident in part in bacterial CcOs,
but mutagenesis studies argue against a similar role in bacterial CcOs
[17] although this is still under debate [16]. Current models of coupling
between electron transfer and proton translocation include
electrostatically-driven movement protons from E242 to a temporary
‘trap’ site [4,18], conformationally-retained strain that is released for pro-
ton translocation after the oxygen chemistry has occurred [19] or gated
proton movement through elements of the H channel [16].

2.2. Supernumerary subunits

Bovine CcO has 10 additional supernumerary subunits. They do not
share sequence or structural similarities and so have not arisen by gene
duplication [20]. The absence of homologues in α-proteobacteria or in
the mitochondrial genome of the protozoan Reclinomonas americana
(which has the largest number of genes retained in its mtDNA) further
suggests that they did not evolve from the original promitochondria
[20]. They are not centrally involved in the core catalytic mechanism.
In general, their specific functions are poorly understood. However,
clear homologues of most of them are found in mitochondrial CcOs of
quite distant species [20] and several have isoforms in some organisms
that are differentially-expressed dependent on growth conditions,
tissue type or stage of development.

For example, the heart isoform of subunit VIa (isoform 2, COX6-
A2_BOVIN in Table 1) is expressed in heart and skeletal muscle but
not in smooth muscle [21]. In human foetal heart and skeletal muscle,
expression of both subunits VIa and VIIa switches from liver to heart
isoforms after birth [22]. Furthermore, the N-terminal domain of the
heart isoform (but not the liver isoform) of bovine subunit VIa can
bind ATP or ADP [23]; at high intramitochondrial phosphate potential
in a purified reconstituted system, this resulted in a 50% decrease of
the H+/e− stoichiometry, an effect suggested to be physiologically-
significant [24]. A binding site for ADP involving residues Arg14 and
Arg17 of the heart isoform of subunit VIa was also suggested from
the crystal structure of bovine CcO [13]. Other studies have suggested
additional ATP binding sites on both cytosolic and matrix domains of
subunit IV; its matrix-facing ATP site has been reported to be
modulated itself by factors binding to the nearby domain of subunit
Va [25]. Subunit Vb has a binding site for zinc that is formed by four
cysteine residues. It has also been implicated in mitochondrial dys-
function in spinobulbar muscular atrophy through an interaction
with human androgen receptor [26]. Specific functions of the remain-
ing supernumerary subunits are not well understood but further roles
of some subunits in assembly, stability, monomer/dimer or super-
complex formation seem likely.

3. Yeast CcO: genes, genetics and assembly

The genes encoding the subunits of yeast and bovine CcO are distrib-
uted in the sameway between themitochondrial and nuclear genomes.
The three core subunits, Cox1, Cox2 and Cox3, are encoded by themito-
chondrial genome.Mitochondrial genes are transcribed as polycistronic
RNAs that are then processed and translated on mitochondrial ribo-
somes and immediately inserted into the membrane (see Ref. [27] for
a review on mitochondrial gene expression). All these steps are
practically simultaneous as transcription and translation are coupled
and co-localised near the inner mitochondrial membrane [28]. The
supernumerary subunits are encoded by nuclear genes, translated
within the cytoplasm and imported into mitochondria via the
TOM/TIM machineries [29]. Assembly of the subunits proceeds
immediately to form the full complex. In addition, supermolecular
associations between different mitochondrial complexes, or with the
TIM import machinery and the ADP/ATP carrier, have been reported
[30–33].

CcO biogenesis has been studied in detail in yeast. The nuclear genes
encoding CcO components and many of the extrinsic factors required
for the complex biogenesis have been identified by characterising col-
lections of ‘petite’ mutants (pet mutants), mutants unable to grow on
respiratory medium because of a defective mitochondrial function due
to a nuclear mutation. A large proportion of the PET genes were found
to be involved specifically in the biogenesis of CcO, acting at different
steps of the process: processing of mitochondrial pre-mRNAs, transla-
tion of thematuremRNAs, and post-translational events,mainly assem-
bly of the subunits and cofactors [34,35].More than 30 such factors have
been identified to date; homologues have been identified in humans,
some of which have been linked to diseases [36,37].

Assembly of CcO is a rather complicated process and appears to be
highly regulated. The majority of information has come from studies
of S. cerevisiae though many features appear to be shared by mamma-
lian systems. The mtDNA-encoded Cox1 is the seed or scaffold around
which the other subunits are sequentially assembled. Several assem-
bly intermediates have been characterised, the first of which is
formed with subunit IV in both human and S. cerevisiae forms of
CcO [38]. In S. cerevisiae, unassembled subunits are rapidly degraded
by AAA protease [39,40]. In addition, it has been reported that
synthesis of Cox1 is decreased when other Cox subunits are unavail-
able for assembly. Similarly, Cox1 synthesis was severely attenuated
in mutant cells that could not bind haem to Cox1 [41]. The regulation
of Cox1 translation should prevent the accumulation both of unas-
sembled proteins that might perturb the mitochondrial membrane
and also of possible stalled pre-complexes that could contribute to
the production of pro-oxidant intermediates [42]. Mss51 seems to
play a crucial role in this regulation. This auxiliary factor has a dual
function: it is involved in Cox1 translation and also accompanies the
newly formed Cox1 in the early steps of assembly [43,44]. In



Table 1
Sequence identities of subunits of yeast and bovine cytochrome c oxidases. Subunit sequences were obtained from the SwissProt DataBank and aligned automatically without
manual corrections. Subunits in the heart form of bovine CcO whose structures were used for homology modelling are highlighted in yellow.

a
Kadenbach nomenclature [7].

b
Subunits 5A and 5B, which have 68% sequence identity, are expressed under normoxic and hypoxic conditions respectively [58]. The homology model in Fig. 1 was built using Cox5A.

c
Cox9 has been aligned to subunits VIc, VIIb and VIII for comparison. Although sequence identities with VIc and VIIb are similar, as discussed in Section 5 it is actually distantly

homologous only with subunit VIc.
d In the case of bovine subunit IV, COX_41_BOVIN is isoform 1 and is present in the heart enzyme. E1B8K7_BOVIN is clearly a second isoform — its full length, unprocessed
length of 171 is cited though this probably includes a ~20 amino acid transit peptide.
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S. cerevisiae, CcO assembly is also regulated by other members of the
OXPHOS system as the presence of cytochrome c and of ATP synthase
is required for proper CcO assembly; in humans, disease-related de-
fects in ATP synthase can also be linked to CcO deficiencies (reviewed
in Ref. [43]).

4. Yeast as a model system for mutation of mitochondrial CcO
subunits

Mutant forms of bacterial CcOs have been particularly useful for
addressing specific questions of mechanism and roles of specific
amino acids [5,45]. However, equivalent information on mutant forms
of mitochondrial CcOs is sparse. Particularly problematic is the genera-
tion of mutations in core subunits I, II and III because they are usually
encoded in mtDNA, the genetic manipulation of which is technically
difficult. For mammalian CcO, this has been achieved only in an
immortal cell line system in which mutated forms of bovine subunit I
were incorporated into human CcO to produce chimeric bovine/human
forms [16].

The yeast S. cerevisiae offers a flexible eukaryotic unicellular model
system for the study of the biogenesis and catalytic mechanism of re-
spiratory complexes. It is able to rely exclusively on glucose fermen-
tation for its energy requirement, and so can survive without
oxidative phosphorylation. This means that it is possible to analyse
the consequences of severe defects in respiratory complexes, which
in other organisms would be lethal. More importantly, both nuclear
and mitochondrial genomes are amenable to genetic transformation.
Hence, it is possible to introduce specific mutations into both nuclear-
and mtDNA-encoded subunits of the respiratory complexes.

Furthermore, the subunits of yeast and mammalian forms of CcO
share extensive sequence similarities [20,46–48]. Hence, any insights
into structure/mechanism gained from studies of mutations should
also apply to other mitochondrial forms of CcO. As expected, core sub-
units I, II and III exhibit strong homologies with sequence identities of
59, 43 and 47%, respectively. Table 1 provides a comparative overview
of all yeast and bovine subunits. Five of the eight additional supernu-
merary subunits of yeast CcO have sequence identities of 35% or more
with bovine CcO subunits. The lowest sequence identities were those
between yeast/bovine Cox5A/IV, Cox7/VIIa and Cox9/VIc; these are
discussed in more detail in Section 5.

The yeast system has already provided valuable insights into roles
of the supernumerary subunits, in particular from the effects of gene
deletions [47]. Deletion mutations in any of COX4, COX5A+COX5B,
COX6, COX7, and COX9 genes resulted in the loss of detectable CcO or
its activity. Hence, their corresponding subunits must be essential at
some stage between expression and stable assembly of the functional
enzyme. Null mutants of COX8 resulted in 80% of WT CcO activity levels
and null mutants of COX12 resulted in much more severely diminished
levels of CcO and its activity. In contrast, null mutants of COX13
expressed CcO at normal levels, though the CcO had different responses
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to ionic strength and adenine nucleotides. It has been suggested that
both Cox8 and Cox13 subunits might be involved in enzyme activity
regulation [47]. A suggestion of a regulatory function of Cox13 is
strengthened by the fact that it is a homologue of bovine subunit VIa
which has been implicated in allosteric control by binding of ATP/ADP
[24].

5. A model of yeast CcO based on homology modelling with bovine
CcO

A comparativemodel of the yeast CcO complexwas built usingMod-
eller 9v8 [49] with the structure of fully oxidised bovine CcO at 1.8 Å
resolution as the template (PDB ID: 1V54, [50]). Sequence alignments
between the yeast subunits and the bovine sequences used in the
1V54 structure were prepared as inputs to Modeller. Where the
sequence identity between yeast and corresponding bovine subunit
was high, MAFFT v6.857 multiple alignment was performed [51] of
the sequences of yeast and bovine subunits together with those of mu-
tual orthologues hand selected fromUniProt [52] (yeast subunits 1, 2, 3,
6, 8, and 12). Distant homology between Cox5A and bovine subunit IV,
Cox7 and bovine subunit VIIa, and Cox9 and bovine subunit VIc was
confirmed using the HHpred server (http://toolkit.tuebingen.mpg.de/
hhpred) to search the pdb70_9Jul11 library of hidden Markov models
[53]. Chains D, J and I of PDB ID: 1V54were the topmatches respectively,
with E-values of 0, 1.2e-26 and 0.0081. Where sequence identity be-
tween the yeast and corresponding bovine subunit was low, the HHpred
alignmentwas inspected and considered to be superior to that produced
byMAFFT (yeast subunits 4, 5A, 7, 9, and 13). No template was available
in 1V54 for two substantial N-terminal regions: residues 26–50 of yeast
Cox4 and 10–35 of yeast Cox13. Secondary structure predictions for
these regions were performed using the PSIPRED v3.0 server (http://
bioinf.cs.ucl.ac.uk/psipred/) and a single short α-helix was predicted in
each region [54]. Restraints were applied in Modeller to make these re-
gions of the model alpha helical. However, because their spatial posi-
tions are uncertain, these parts of the sequences of Cox4 and Cox13
have been omitted from Fig. 1. DOPE-based loop refinement was also
applied in Modeller to explore the conformational space available to
Fig. 1. Superposition of homology models of the 11 subunits of yeast CcO on the dimeric b
1V54 [16]) is shown in light grey. Each of the eleven subunits of yeast CcO is modelled on its
The two bovine subunits without homologues in yeast CcO are shown in black.
the remaining loop regions with no template. The N-termini of these
loop regions were initially pinned, using the sequence alignments, to
the N-termini of the bovine chains to promote compactness of the
resulting model. The loop model with the best (lowest) DOPE score
was selected. All relevant ligands in the bovine complex weremodelled
in the yeast complex as rigid bodies. Residue numbers in each chain of
the model were changed so that they correspond to positions in the
UniProt sequences. Model chain to subunit correspondences are A=1,
B=2, C=3, D=4, E=5A, F=6, G=7, H=8, I=9, J=12, and
K=13. The alignments of all subunits used by Modeller, together with
a Table of their sequence identities, are provided in Supplementary in-
formation. In several cases, short gaps are present in these alignments.
It is not unusual to see such gaps in alignments between pairs of func-
tionally equivalent homologues though detailed functional homology
should not be assumed.

The resulting model of the whole monomeric yeast structure (11
subunits with Cox5A isoform) is available for download in PDB format
in Supplementary information. It was overlaid on the dimeric bovine
heart CcO structure (13 subunits in each monomer, heart isoforms
subunits shaded in yellow in Table 1). Two aspects of this homology
model are shown in Fig. 1.

5.1. Core subunits and metal binding sites

As expected for the common core that is conserved across eukary-
otes and prokaryotic haem–copper oxidase, the three core subunits of
yeast CcO are of similar lengths and have high sequence identities
with their bovine homologues. The same number of membrane-
spanning helices (12, 2 and 7, respectively), arranged in roughly the
same positions along the primary sequences, are predicted. An over-
lay of homology-modelled structures of Cox1 and Cox2 on the struc-
tures of the bovine subunits has already been presented by Burke and
Poyton in relation to Cox5A/B isoforms [55]. An overlay of all three
core subunits is shown in Fig. 2A. Since all ligands to the redox centres
are conserved and predicted to be located in roughly the same posi-
tions, the redox cofactors themselves are modelled in similar posi-
tions (Fig. 2B). CcOs also have binding sites for Mg2+ (formed in
ovine CcO structure. The whole, dimeric structure of bovine CcO (drawn from PDB ID:
counterpart in one half of the bovine dimer only and is colour-coded to aid recognition.

http://toolkit.tuebingen.mpg.de/hhpred
http://toolkit.tuebingen.mpg.de/hhpred
http://bioinf.cs.ucl.ac.uk/psipred/
http://bioinf.cs.ucl.ac.uk/psipred/
image of Fig.�1


Fig. 3. Buried hydrophilic amino acids in Cox1 and 2 of yeast CcO in comparison to the
K, D and H channel residues in bovine subunit I. The yeast homology model (in colour)
was superimposed onto bovine CcO (PDB ID: 1V54, white). Residues of the K channel
(in purple) include: S256, Y245, T316 and K319 of Cox1 together with E82, W85 and
T86 of Cox2. Residues of the D channel (in orange) include: N10, Y18, M72, N81,
D92, N99, T154, S155, S157, S158, N164 and E243, all in Cox1. Residues of the H chan-
nel (in green) include: E407, Q411, Q413, S464, T462, S382, S458, S33, M428, S455,
R37, N451, Y371, N56, S52 and N51 of Cox1.
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bovine CcO from H268/D369 of subunit I, E198 of subunit II and wa-
ters) and Ca2+/Na+ (formed in bovine CcO from E40 and backbones
of Q43, G45 and S441 of subunit I). In yeast CcO, the amino acids
that form this Mg2+ binding site are conserved. However, whereas
E40 of the bovine Ca2+/Na+ site is conserved, the Q43 and S441 po-
sitions are different (A42 and P441); hence, the presence of an equiv-
alent Ca2+/Na+ site in yeast CcO remains more questionable.

5.2. Core subunits and hydrophilic channels

Of particular interest in relation to proton coupling mechanism
are the possible hydrophilic channels that provide the necessary
routes for intraprotein proton movements. Superposition of the pre-
dicted yeast and published bovine subunit I structures suggests that
the buried hydrophilic residues in yeast Cox1 map closely onto the
K, D and H hydrophilic channel areas of bovine CcO (Fig. 3).

All residues that form the K pathway in bovine CcO are conserved
in yeast, from E82 of subunit II at its entrance to Y244 at the catalytic
site. The covalent linkage between H240 and Y244 was not imposed
on the yeast structure and, as a result, the N(H240)–C(Y244) distance
is longer in the homology model (2.78 Å vs. 1.37 Å in bovine). Never-
theless, the overall arrangement of the amino acids 241–245 in a pen-
tameric ring was retained. Hydrophilic residues in the D channel are
also conserved, from the D92/N99 pair at its entrance to E243. The
only exception is bovine residue S101, facing tyrosine Y19 (Y18 in
yeast), which is replaced by an A102 in yeast. The corresponding
mutation in Paracoccus denitrificans showed no effect on enzymatic
activity [45], suggesting that the functioning of the D channel is
unaffected by this substitution [56]. Hence, both the K and the D
channels (in purple and orange in Fig. 3, respectively) are clearly ev-
ident in yeast CcO.

Many hydrophilic residues can also be identified in yeast CcO in
the region of the bovine H channel (in green in Fig. 3). These form
in yeast a clear hydrophilic channel that spans the entire subunit I,
though there are significant differences in comparison to the bovine
structure. In bovine CcO, the matrix-facing entrance is formed by
H413, which is H-bonded with two buried water molecules [50] in
yeast, this is replaced by a glutamine (Q413). The mutation of the cor-
responding residue (H448) of P. denitrificans to leucine affected both
oxygen reduction and proton pumping activities [45], suggesting a
need for a hydrophilic group at this location, though its purpose is
still under debate. For instance, in the bovine enzyme, the double mu-
tation M390W/V386L was introduced in order to destabilise and
block the H channel waters above H413, and this resulted in loss of
Fig. 2. Superposition of models of the core subunits of yeast CcO on bovine CcO subunits. C
overlay of the positions of metal centres (see Section 5.3.1).
coupled proton pumping (but not oxygen reduction) [16]. In yeast
CcO, the model suggests that bulkier residues F390 and I386 occupy
this region (similar to P. denitrificans CcO, where these residues are F
and V). The H channel region closer to haem a appears to be more sim-
ilar to the bovine structure. It includes the haem a-ligating H378, S382
(a key residue in the proposed gated mechanism for proton movement
in theH channel), togetherwith S33 (H-bonded to haem a farnesyl) and
R37 (H-bonded to haem a formyl) [50]. In bovine CcO, the top of the H
channel is close to the Ca2+/Na+ binding site and also to a nearby se-
quence (G49–N55) that contains an aspartic acid, D51, that undergoes
a dramatic redox-linked conformational change [57]. This region is
olour-coding and source information are as for Fig. 1. The figure on the right shows an

image of Fig.�3
image of Fig.�2
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not well conserved in yeast CcO: in particular, the D51 and a tyrosine,
Y54, suggested to be a possible proton donor to D51, are altered (to S
and F, respectively). The route for the proton from Y54 to D51 is pro-
posed to involve a tautomerisation of the amide bond between Y440
and S441 with the S441 headgroup also playing a crucial H-bonding
role [16,57]. In yeast CcO, the sequence 432–447 is fully conserved
except, notably, residues Y440 and S441 which are replaced by I440
and P441.

Hence, in summary, it appears that yeast CcO has K and D channel
structures that closely resemble those in other superfamily members.
It also has a series of hydrophilic residues that map into much of the
region proposed to form the H channel of bovine CcO. However, the
model suggests that any H channel in yeast CcO will differ significantly
in some parts of the water-containing regions below haem a and at the
‘top’ of the H channel where the Ca2+/Na+ site and the redox-sensitive
region that contains D51 are located in bovine CcO. Nevertheless, as
pointed out by Shimokata et al. [16], it is possible that such structural
variations could still allow a protonmotive function and further experi-
mental data will be required to resolve this issue of H channel function.

5.3. Supernumerary subunits

5.3.1. Cox4
Cox4wasmodelled onmatrix-located bovine subunit Vb, which li-

gates a zinc atomwith four cysteine residues. Three of these cysteines
are conserved in yeast Cox4 but the fourth is substituted by glycine.
However, in the predicted folded structure, a methionine (M122) is
in close proximity and could provide a fourth ligand. Hence, it seems
likely that Cox4 may have retained this zinc site, though its predicted
position is shifted slightly in relation to the positions of the core sub-
units and redox groups (Fig. 2). Cox4 has a substantial N-terminal ex-
tension (residues 26–50) that is absent from bovine Vb and is not
included in the homology model of Fig. 1. It is predicted to contain
α-helical structure. No specific functions of this subunit or its bound
Zn are known.

5.3.2. Cox5A/5B
Cox5A and Cox5B are the only examples of isoforms of a subunit of

yeast CcO. They share 68% sequence identity and both are homologous
to bovine subunit IV. Bovine subunit IV also has two isoforms, though
there is no obvious additional similarity between specific yeast/bovine
isoforms pairs. In any case, these isoform pairs must have different
functional and control details. In mammals, isoform 1 is expressed at
high levels only in lung whereas isoform 2 is expressed in all tissues
[58]. In contrast, Cox5A and Cox5B are differentially expressed under
normoxic and hypoxic conditions, respectively [59] and it has been
reported that CcO with the Cox5B subunit has 3–4 times greater kcat
than that with Cox5A [60]. A model of these subunits, based on their
homology with bovine subunit IV, has been proposed previously
[55]. It was concluded that the effect on kcat is mediated through an in-
teraction of the single predicted membrane-spanningα-helix of these
subunits with transmembrane helix 12 of Cox1, causing an alteration
in the rate of internal haem–haem electron transfer. In the model of
Fig. 1, the helical region of subunit 5A lies close to both helix 12 and
helix 11 of subunit I. These two helices contain the majority of the
hydrophilic residues that appear to form the equivalent of the bovine
CcO H channel; these residues face inwards, away from Cox5A/B, to
form an internal hydrophilic channel that runs close to haem a.
Hence, the intriguing possibility arises that effects on kcat might be
mediated through modulation of the properties of the H channel.

5.3.3. Cox6
Cox6 is homologous to bovine subunit Va (37% sequence identity),

a subunit that is wholly matrix-located and primarily composed of 5
short α-helices. It interacts closely with part of the large N-terminal
matrix domain of subunit IV and has been suggested to influence
one of its nucleotide binding sites. Cox6 is predicted to have the
same α-helical secondary structure and so had been modelled with
virtually the same topology and location (Fig. 1).

5.3.4. Cox7 and Cox8
Cox7 and Cox8 are homologous to bovine subunits VIIa and VIIc,

respectively. Sequence identity between Cox7 and VIIa is low but dis-
tant homology was confirmed using the HHpred server. In contrast,
Cox8 and bovine subunit VIIc share a high sequence identity of 38%.
In bovine CcO, these two relatively short polypeptides are both com-
posed primarily of a matrix-located N-terminal domain attached to a
single transmembrane α-helix. This domain structure appears to be
conserved in yeast Cox7 and Cox8. Despite the clear structural conser-
vation, no specific function of either of these subunits has been
identified.

5.3.5. Cox9
Cox9 has been suggested previously to share homology with bo-

vine subunit VIc [20,46–48]. However, sequence identity is low with
matched residues spread along the sequences. Distant homology be-
tween Cox9 and bovine subunit VIc was however confirmed using
the HHpred server even though sequence identity when building the
homology model was only 15% (Supplementary Table 1). Cox9 is
predicted to have the same domain structure as bovine VIc, namely
an N-terminal transmembrane α-helix, together with a small
C-terminal domain. Hence, it has been included in the homology
model in Fig. 1 based on the bovine VIc structure. No specific functions
have been identified.

5.3.6. Cox12 and Cox13
Yeast Cox12/VIb shows the highest sequence identity (43%) of any

of the homologous pairs of supernumerary subunits listed in Table 1.
VIb faces the IMS and interacts with the VIb subunit of the opposite
monomer via (presumably ion pairing of) an antiparallel alignment
of a K46GGD sequence located between two short α-helices. When
modelled on bovine VIb, Cox12 is predicted to form the same pair of
α-helices with the bridging K41GxD sequence between them. It also
retains the four cysteine residues that form two disulphide bridges
in bovine VIb.

Yeast Cox13 is homologous in partwith bovine VIa and is predicted
to retain the hydrophobic helix that is presumably similarly posi-
tioned between the monomers. Bovine subunit VIa is also thought to
house an allosteric nucleotide binding site close to its matrix-facing
N-terminus and involving Arg14 and Arg17. However, these residues
are not conserved in yeast Cox13. It does however have an additional
37 amino acid domain extension on its matrix-facing N-terminus that
is not present in VIa. This domain was therefore omitted from the
model shown in Fig. 1. Secondary structure prediction suggests that
it contains a single short α-helix but no ligand binding motif could
be found. It is possible that this domain may provide the yeast CcO
with an as-yet unidentified allosteric regulatory site.

In the bovine structure, subunits VIa and VIb make direct connec-
tions with both halves of the homodimeric structure. Subunits VIb of
each monomer bind to each other, as described in Section 2.2. Subunit
VIa is positioned between helices 4 and 5 of subunit III of onemonomer
and helix 2 of subunit II and helices 7 and 8 of subunit I of the other
monomer. Hence, it seems likely that both of these subunits will
contribute to stability of the dimeric structure [13]. Given the striking
similarities with bovine VIb and VIa, a major function of yeast Cox12
and Cox13 is predicted to also be dimer formation/stability. Early
yeast CcO preparations [61] retained activity but lacked these two sub-
units and they were established only in later preparations as bone fide
components [62,63]. From the above considerations, it seems likely
that these earlier preparations may have become monomeric during
purification, causing (or due to) loss of Cox12 and Cox13.



Table 2
Disease-related mutations introduced into yeast CcO. See Ref. [73] and MITOMAP: A
Human Mitochondrial Genome Database http://www.mitomap.org, 2011 for more ex-
tensive details.

Human CcO mutation
(Residue in WT Yeast)

Related disease Effect on yeast growth
in respiratory medium

Cox1
L196I (L197) Epilepsy No effect
A223S (S224) Multisystem

disorder/polymorphism
No effect

M273T (M273) AISA Mildly deleterious
I280T (I280) AISA Mildly deleterious
G317S (G317) Polymorphism No effect

Cox3
G78S (G86) LHON No effect
A200T (G208) LHON No effect
F251L (F259) MELAS No effect
ΔF94–F98
(F102–F106)

Myoglobinuria Severely deleterious

W249Stop (W257) Encephalopathy Severely deleterious
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5.3.7. Missing subunits
The two bovine subunits that do not appear to have homologues

in the 11-subunit yeast CcO are subunits VIIb and VIII. The positions
of these two supernumerary subunits in bovine CcO are shown in
black in Fig. 1. It is notable that these are rather peripheral and
surface-located in the bovine CcO structure and hence should not dis-
rupt other subunit interactions if absent.

6. Yeast mutations in the core subunits of CcO

Point mutations have been introduced into the core subunits of
CcO with two parallel approaches: (1) screening of random mutants
based on the phenotype; (2) introduction of site-directed mutations
in the mitochondrial genes COX1, 2 and 3, with mutations chosen
on the basis of the available atomic structures, homology models
and catalytic mechanism.

6.1. Screening of random mutants with mutated CcO

Mutants with defective CcO due to random point mutations in the
core mitochondrial subunits, Cox1, Cox2 and Cox3, were generated
with a genetic screening protocol. This procedure was based on the
use of a modified yeast strain in which any deleterious mutations in
the mtDNA are counter-selected, except for those located in the
CYTB (cytochrome b) or COX genes. Positive mutants were then
screened with a genetic test that identified and mapped those with
mutations in the COX1, 2 or 3 genes [64].

Using this random mutagenesis approach, 15 mutants with amino
acid substitutions in Cox1 were obtained. Nine mutations severely
impaired the assembly of the complex as judged by the absence of
spectroscopically-detectable CcO. Six mutations resulted in an assem-
bled but dysfunctional complex: I67N [65], T316K [66], G352D,
V380M, G384D and D445E [67]. For those mutants with a defective
CcO that resulted in a severe respiratory growth defect, revertants
could then be selected with secondary mutations that compensated
the respiratory defect induced by the primary mutation [67]. With
this approach, functional interactions between residues could be
identified in pairs of residues that could be spatially close or quite dis-
tant in the 3D structure.

6.2. Site-directed mutagenesis by mitochondrial transformation

Mitochondrial biolistic transformation bymicroprojectile bombard-
ment, adapted and developed from Ref. [68], was used to introduce
chosen mutations into the yeast COX gene [69]. Briefly, the mutated
DNA coated on tungsten particles is bombarded into recipient cells de-
void of mitochondrial DNA (rho0) and a genetic screen is used to iden-
tify mitochondrial transformants. These are then crossed with a
second recipient strain containing a complete mitochondrial genome
(rho+). The highly active homologous recombination machinery in
yeast mitochondria allows the integration of the mutated gene at its
locus. After a few generations, the cells are homoplasmic i.e. they har-
bour only one population of mitochondrial DNA, either parental or re-
combinant. A further genetic screen allows the identification of cells
with a rho+ recombinant mitochondrial DNA.

Defined cox mutants have already been produced with this tech-
nique, including severalmutations reported to be related to human dis-
eases (Table 2). Three of the five Cox3 mutations had no impact in
yeast: F251L, on the basis of the structure was not expected to hinder
the complex assembly or function; G78S and A200T were also analysed
in the bacterial model Rhodobacter sphaeroides and showed no effect on
CcO activity. The data thus suggested that these changes might not be
the primary cause of mitochondrial dysfunction in the patients. In con-
trast, two of themutations,ΔF94–F98 andW249Stop, had severe effects
and caused a dramatic decrease in CcO levels in yeast cells, which con-
firmed their likely primary pathogenicity in patients.
Of five reported disease-linked mutations in human Cox1, three
were without effect in yeast CcO. G317S occurs as a natural polymor-
phism and, as therefore expected, the change had no effect on yeast
respiratory function. The pathogenicity of A223S is similarly contro-
versial as this change also occurs as a natural polymorphism (MITO-
MAP: A Human Mitochondrial Genome Database. http://www.
mitomap.org, 2011) and indeed in yeast WT this is naturally a serine.
The third mutation, L196I, which is close to the D channel, occurs fre-
quently in asymptomatic relatives of patients suffering from epilepsy
[70]. Therefore, it is likely that this change has at most a weak effect
on the respiratory function, and may not have been detected when
monitoring respiratory growth of the equivalent yeast mutant. In
contrast, subunit I mutations M273T and I280T, both of which are
close to the K channel, have been observed in patients suffering
from sideroblastic anaemia (AISA). When introduced into yeast,
they caused a twofold decrease in CcO activity [71], which confirmed
their likely primary pathogenicity in humans [72].

More recently, amino acid substitutions have been introduced into
regions of Cox1 to explore specific structure/function questions, with
residues to bemutated chosen on the basis of the homologymodel pre-
sented in Section 5. In order to facilitate the large scale purification of
CcO required for detailed biochemical/biophysical analyses of mutated
forms, a six-histidine tag has also been added to the nuclear-encoded
Cox13 subunit (Meunier et al., submitted). The tag did not affect CcO
assembly or activity. To date, mutations have been introduced success-
fully into all three channel structures, including multiple mutations,
and their characterisation is in progress.
7. Conclusions

Comparison of the 11 subunit yeast CcO with its bovine mitochon-
drial counterpart highlights the remarkable overall structural and
functional similarities of both core and supernumerary subunits. The
structural homology model further highlights the likelihood that
many of the atomic structural features of bovine subunit I appear to
be conserved in yeast Cox1, including the presence of a possible H
channel equivalent. Crystallisation and structure determination of
the yeast CcO will now be required in order to confirm and refine
this model and to locate the buried water molecules and conforma-
tional states that are crucial for coupled electron/proton transfer.
The model nevertheless already provides a clear guide as to which
residues should be functionally important and, therefore, should be
targeted by mutagenesis. The ability to prepare purified yeast CcO
with such mutations in core and/or supernumerary subunits provides

http://www.mitomap.org
http://www.mitomap.org
http://www.mitomap.org
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a facile system for the study of structure/function aspects of mito-
chondrial forms of the CcO superfamily.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.bbabio.2011.08.011.
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