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The cytochrome c oxidase (COX) is the terminal enzyme of the respiratory chain. The complex accepts electrons
from cytochrome c and passes them onto molecular oxygen. This process contributes to energy capture in the
form of amembrane potential across the innermembrane. The enzyme complex assembles in a stepwise process
from the threemitochondria-encoded core subunits Cox1, Cox2 and Cox3,which associatewith nuclear-encoded
subunits and cofactors. In the yeast Saccharomyces cerevisiae, the cytochrome c oxidase associates with the bc1-
complex into supercomplexes, allowing efficient energy transduction. Here we report on Cox26 as a protein
found in respiratory chain supercomplexes containing cytochrome c oxidase. Our analyses reveal Cox26 as a
novel stoichiometric structural subunit of the cytochrome c oxidase. A loss of Cox26 affects cytochrome c oxidase
activity and respirasome organization.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Cellular processes require energy to drive chemical, osmotic, and
mechanical work. Mitochondria contribute to cellular energy
homeostasis by production of ATP via oxidative phosphorylation. This
process depends on the respiratory chain in the mitochondrial inner
membrane that transfers electrons from reducing equivalents tomolec-
ular oxygen. The energy of this electron flux is used to generate the
membrane potential across the mitochondrial inner membrane that
drives ATP synthesis by the F1Fo-ATPase. The oxidative phosphorylation
system (OXPHOS) in Saccharomyces cerevisiae consists of single NADH
dehydrogenases and four multi subunit complexes (complexes II–V)
[1–5]. These complexes, with the exception of complex II, are composed
of subunits encoded by both the mitochondrial and nuclear genomes
[6]. Studies on the assembly of complexes III and IV showed a stepwise
association of single components to a core structure of proteins formed
bymitochondrial translation products [7–10].Mitochondrial translation
takes place at the inner mitochondrial membrane and is regulated by
subunit-specific translation activators that interact with the respective
mRNA molecules [11]. The nascent polypeptides are inserted into the
membrane in a co-translational manner with the help of the Oxa1
(oxidase assembling 1 translocase) insertase [12,13]. Nuclear-encoded
assembly factors associate with these translation products and promote
chemistry, University Medical
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further maturation of the respiratory chain complexes. During the as-
sembly process, cofactors need to be incorporated stepwise into the
“growing” enzymes [14]. The assembly factors play a critical role in
these processes defining an assembly line. Similar to the majority of
structural subunits, the assembly factors are translated on cytosolic
ribosomes and transported into mitochondria.

The assembly of respiratory chain complexes is a process that
extends beyond the formation of the mature and functional individual
enzymes. In fact, respiratory chain complexes have been found to
form higher oligomers in the inner membrane termed respirasomes or
supercomplexes [15–18]. In the case of the yeast S. cerevisiae, respirato-
ry chain complexes III and IV form a higher oligomeric structure
consisting of two copies of complex III with one or two copies of com-
plex IV. Respiratory chain supercomplex formation allows efficient en-
ergy transduction between the bc1-complex (complex III) and the
cytochrome c oxidase (complex IV) [19–23]. While cardiolipin has
been found to stabilize respiratory chain complexes, recent studies
have identified Rcf1 as a supercomplex oligomerization factor [24–28].

In a proteomic characterization of purified respiratory chain
supercomplexes we identified an uncharacterized protein YDR119W-A
(Cox26) [26]. Our study verified the supercomplex association of
Cox26. We find that Cox26 is a stoichiometric complex IV subunit.
Cox26-containing complex IV is incorporated into respirasomes by an as-
sociation with the dimer of complex III. This supercomplex formation is
altered in the absence of Cox26 and leads to increased monomeric com-
plex IV and a slight decrease in cytochrome c oxidase enzyme activity.
Our analysis demonstrates that besides the known structural subunits
of complex IV Cox26 is a novel constituent.We conclude that in addition
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to the described complex IV subunits so far unidentified, stoichiometric
and sub-stoichiometric subunits may exist that are necessary to regulate
the enzyme function and proper insertion into respirasomes.
2. Materials and methods

2.1. Yeast strains and growth conditions

Yeast strains used in this study are derivatives of S. cerevisiae strain
YPH499 [29] and are listed in Table 1. Deletion of COX26 was achieved
by homologous recombination of a KANMX6 cassette into the
corresponding locus. Generation of tagged strains was performed by
chromosomal integration [30,31]. Cox4ZZ, cyt1Δ, and cox4Δ were
described previously [26,32]. All yeast strains were grown on rich
medium (1% yeast extract, 2% peptone) supplemented with 3% glycerol
or 2% glucose, unless stated otherwise.Mitochondriawere isolated from
yeast grown at 30 °C in rich liquid medium containing 1% yeast extract,
2% peptone and 3% glycerol, or 2% galactose in the case of strains
affected in respiratory chain function as previously described [33]. For
growth tests, yeast cells from liquid cultures were adjusted to an
OD600 of 0.3 and serial dilutions of the cultures were spotted onto agar
plates containing glucose or glycerol as a carbon source and incubated
at indicated temperatures.
2.2. Fluorescence microscopy

For fluorescence microscopy analysis, yeast cells expressing Cox26-
GFP were grown in minimal medium supplemented with 2% galactose
tomid-log phase at 30 °C. Cells were stainedwith 500 nMMitoTracker®
Orange CMTMRos probe (Invitrogen) for 20min at 30 °C in the dark and
used for fluorescence microscopy. Images were collected by using a
DeltaVision microscope (Olympus IX71, Applied Precision, Issaquah,
WA, USA) and deconvoluted by using Softworx, version 3.5.1 (Great
Falls, MT, USA).
2.3. Protein localization assays

Analyses were performed essentially as previously described [26].
For membrane-association analysis isolated mitochondria containing
Cox26FLAG were subjected to extraction in 0.1 M Na2CO3 (pH 10.8), or
lysedwith 0.1% Triton X-100 supplementedwith 0.4MKCl. Membranes
and soluble fractions were separated by centrifugation for 1 h at
100,000 rpm, 4 °C in a TLA-55 rotor (Beckmann). Samples were precip-
itated with trichloroacetic acid (TCA) and analyzed by SDS-PAGE and
Western-blotting. For protease protection assaysmitochondriawere re-
suspended in iso-osmotic SEM buffer (250 mM sucrose, 1 mM EDTA,
10 mM MOPS, pH 7.2), converted to mitoplasts by hypotonic swelling
in EM buffer (1mMEDTA, 10mMMOPS, pH 7.2), or lysed in 0.2% Triton
X-100 for 20 min on ice and subsequently treated with indicated
amounts of proteinase K (PK) for 10 min on ice. Samples were precipi-
tated with TCA and analyzed by SDS-PAGE and Western-blotting.
Table 1
Yeast strains used in this study.

Strain Genotype

YPH499 MATa, ade2-101, his3-Δ200, leu2-Δ1, ura3-52, trp1-Δ63
Cox26GFP MATa, ade2-101, his3-Δ200, leu2-Δ1, ura3-52, trp1-Δ63
Cox26FLAG MATa, ade2-101, his3-Δ200, leu2-Δ1, ura3-52, trp1-Δ63
Cox26ZZ MATa, ade2-101, his3-Δ200, leu2-Δ1, ura3-52, trp1-Δ63
Cox26BirA MATa, ade2-101, his3-Δ200, leu2-Δ1, ura3-52, trp1-Δ63
cox26Δ MATa, ade2-101, his3-Δ200, leu2-Δ1, ura3-52, trp1-Δ63
Cox4ZZ MATa, ade2-101, his3-Δ200, leu2-Δ1, ura3-52, trp1-Δ63
cyt1Δ MATa, ade2-101, his3-Δ200, leu2-Δ1, ura3-52, trp1-Δ63
cox4Δ MATa, ade2-101, his3- Δ200, leu2-Δ1, ura3-52, trp1-Δ6
2.4. Synthesis of radiolabeled proteins and import into isolated
mitochondria

Open reading frames of COX26, COX13, and RCF1 were amplified
using a forward primer containing the SP6 polymerase binding site
and in the case of COX26 the reverse primer encodes three additional
methionine residues upstream of the stop codon. All constructs were
in vitro transcribed using mMESSAGE mMACHINE SP6 Kit (Life
Technologies). The obtained RNA was used for in vitro translation
using the Flexi Rabbit Reticulocyte Lysate System (Promega) in the
presence of [35S]methionine. The open reading frame of COX5a cloned
into the pTnT™ vector (Promega) was used for lysate production with
TnT® Quick Coupled Transcription/Translation System (Promega).
Radiolabeled proteins were imported into isolated mitochondria ac-
cording to published procedures [34]. In brief, isolated mitochondria
were incubated with radiolabeled precursor proteins at 25 °C in import
buffer (3% BSA, 250 mM sucrose, 80 mM KCl, 5 mM MgCl2, 2 mM
KH2PO4, 5 mMmethionine, 10 mMMOPS/KOH pH 7.2, 3 mM ATP, and
3 mM NADH). For assembly assays import buffer was supplemented
with an ATP-regeneration system (8 mM creatine phosphate and
0.16 mg/ml creatine kinase). The import reactions were stopped on
ice by dissipation of membrane potential with AVO mix (8 mM
antimycin A, 1mMvalinomycin, and 10mMoligomycin) and subjected
to a proteinase K treatment. Mitochondria were analyzed by BN-PAGE
and SDS-PAGE. Gels were dried and exposed on phosphorimager
screens (GE Healthcare) for detection of radioactive signal by digital
autoradiography.

2.5. IgG affinity chromatography

For complex isolation mitochondria from wild-type (WT) and ZZ
tagged strains were solubilized on ice in solubilization buffer (20 mM
Tris/HCl pH 7.4, 0.1 M NaCl, 5% glycerol, 0.5 mM EDTA, 2 mM
phenylmethylsulfonyl fluoride (PMSF), 1% digitonin, or 0.6%
dodecylmaltoside (DDM)) for 30 min. After a clarifying spin (15 min;
16,000 ×g; 4 °C) samples were incubated with IgG Sepharose for 2 h
at 4 °C with mild agitation. After extensive washing with solubilization
buffer containing 0.3% digitonin or 0.6% DDM, samples were eluted
directly with SDS loading buffer and subsequently analyzed by SDS-
PAGE and Western-blotting.

2.6. Oxygen consumption measurements

High-resolution respirometry was assayed in isolated yeast mito-
chondria using Oxygraph-2 k (OROBOROS Instruments, Innsbruck,
Austria) in standard configuration at 30 °C, 750 rpm stirrer speed, and
two-point calibrations of the polarographic oxygen sensors. Oxygen
consumption was measured in 2 ml chambers filled with respiratory
media (70 mM sucrose, 220 mM mannitol, 1 mM EDTA, 5 mM MgCl2,
2 mM HEPES, 10 mM KH2PO4 pH 7.4) in the presence of 1 mM NADH
as a substrate and 1 mM ADP. Data analysis was performed with
DatLab 4.
Reference

, lys2-801 [29]
, lys2-801, cox26::cox26-GFP-KANMX4 This study
, lys2-801, cox26::cox26-FLAG-HIS3MX6 This study
, lys2-801, cox26::cox26-TEV-ProA-7HIS-HIS3MX6 This study
, lys2-801, cox26::cox26-BirA-HIS3MX6 This study
, lys2-801, cox26::loxP This study
, lys2-801, cox4::cox4-TEV-ProA-7HIS-HIS3MX6 [26]
, lys2-801, cyt1::HISMX6 [26]
3, lys2-801, cox4::HISMX6 [32]
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2.7. Mitochondrial enzyme activity measurements

Enzymatic activities were assayed spectrophotometrically essential-
ly as described previously [26]. Malate dehydrogenase activity was
determined by following the oxaloacetate-dependent oxidation of
NADH at 340 nm in assay buffer (100 mM potassium phosphate buffer
pH 7.4, 0.1 mM NADH, and 0.2 mM oxaloacetate). The extinction
coefficient of NADH at 340 nm was 6.3 mM−1 cm−1. NADH–
cytochrome c reductase activity was measured in 40 mM potassium
Fig. 1. Cox26 is a mitochondrial inner membrane protein (A) Yeast cells expressing Cox26GFP w
Cells were analyzed by fluorescence microscopy. (B) Schematic representation of Cox26 prot
assessed by carbonate extraction. Total, (T); pellet, (P); supernatant, (S). (D) Sub-mitochon
untreated, swollen, or Triton X-100 lysed mitochondria. (E) Radiolabeled Cox26 was imported
(Δψ) and subjected to treatment with proteinase K (PK), where indicated. As a control 10%
fragment of the non-imported Cox26.
phosphate buffer pH 7.4, supplemented with 0.5 mM NADH and 0.02%
bovine heart cytochrome c (Sigma-Aldrich) by following cytochrome c
reduction at 550 nm. Prior to the measurement isolated mitochondria
were treated with 10 mM KCN. For cytochrome c oxidase activity
assay mitochondria were suspended in 40 mM potassium phosphate
buffer pH 7.4with 0.02% cytochrome c (reducedwith sodium dithionite
for oxidase activity) and cytochrome c oxidation was measured at
550 nm. Concentrations of reduced/oxidized cytochrome c were deter-
mined using the extinction coefficient at 550 nm of 21.84 mM−1 cm−1.
ere grown in synthetic medium to mid-log phase and stained with MitoTracker Orange.
ein; numbers indicate amino acid residues. (C) Membrane association of Cox26FLAG was
drial localization of Cox26FLAG. Indicated amounts of proteinase K (PK) were added to
into mitochondria for indicated times in the presence or absence of membrane potential
reticulocyte lysate containing radiolabeled Cox26 was applied. * marks a PK resistant
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2.8. In-gel activity staining

In-gel activity staining of OXPHOS complexes was performed ac-
cording to established protocols [35]. In brief, after separation of protein
complexes by BN-PAGE, gel lanes were equilibrated in corresponding
buffer for 15 min and incubated in staining solution at room tempera-
ture until color appeared. Cytochrome c oxidase equilibration buffer
(50 mM potassium phosphate buffer pH 7.2) and staining solution
(equilibration buffer with 0.5 mg/ml diaminobenzidine and 1 mg/ml
bovine heart cytochrome c reduced with sodium dithionite); F1Fo-
ATPase equilibration buffer (35 mM Tris, 270 mM glycine, pH 8.3) and
staining solution (equilibration buffer with 0.2% Pb(NO3)2, 8 mM ATP,
14 mMMgSO4).
2.9. Measurements of mitochondrial ROS production

ROS levels were measured using H2DFFDA (Invitrogen), a molecular
probe that becomes fluorescent upon oxidation by ROS, as previously
described [29]. Change in fluorescence [λex = 495 nm, λem =
525 nm] of 200 μM H2DDFDA in assay buffer (20 mM Tris pH 7.4,
150mMNaCl, 0.1% Triton X-100) supplementedwith isolated yeastmi-
tochondria was recorded with HITACHI F-7000 fluorescence
spectrophotometer.
Fig. 2. Cox26 is a component of the cytochrome c oxidase (A) Cox26ZZ and Cox4ZZ complexeswe
byWestern-blotting. Total, 10%; eluate, 100%. (B)Wild-type (WT) and Cox26ZZmitochondriaw
— peroxidase anti-peroxidase. (C)–(D) As in (A) and (B), but solubilized in DDM. (E) Radiol
presence or absence of a membrane potential (Δψ) for indicated times. Samples were treated
digital autoradiography. For comparison, solubilized mitochondria from corresponding strains
2.10. Miscellaneous

Standard techniques were used for SDS-PAGE andWestern-blotting
to polyvinylidenefluoride (PVDF)membranes. For detection and visual-
ization of antibody-protein complexes, peroxidase-conjugated goat
anti-rabbit and anti-mouse IgG (Jackson ImmunoResearch) and
enhanced chemiluminescence reagent (GE Healthcare) were used. ZZ
tag was visualized with peroxidase-anti peroxidase soluble complex
antibody (Sigma-Aldrich). BN-PAGE protocols followed published
procedures [36]. In brief, mitochondria were solubilized in solubiliza-
tion buffer (20 mM Tris/HCl pH 7.4, 0.1 mM EDTA, 0.1 M NaCl, 10%
glycerol, 2 mM PMSF, 1% digitonin, or 0.6% DDM) for 15 min at 4 °C.
After clarifying spin (15 min; 16,000 g; 4 °C) samples were mixed
with 10× loading dye (5% Coomassie G-250, 0.5 M 6-amino-hexanoic
acid, and 0.1 M Bis-Tris, pH 7.0), and separated on a 4–13% native
polyacrylamide gradient gel.

3. Results and discussion

3.1. Cox26 is a mitochondrial inner membrane protein

Mitochondrial respiratory chain complexes form supercomplexes to
promote efficient electron transport and limit oxidative damage [17,20–
23]. In S. cerevisiae two types of supercomplexes are present, a dimer of
re isolated from digitonin-solubilizedmitochondria via IgG chromatography and analyzed
ere lysed in digitonin buffer, subjected to BN-PAGE, and analyzed byWestern-blotting. PAP
abeled Cox26 was imported into wild-type (WT), cyt1Δ, and cox4Δ mitochondria in the
with proteinase K (PK), solubilized in 1% digitonin buffer, and analyzed by BN-PAGE and
were analyzed by BN-PAGE, followed by Western-blotting.
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complex III (cytochrome c reductase) bound to one or two copies of
complex IV (cytochrome c oxidase — COX). Extensive analyses have
been carried out to define the composition of these assemblies. Several
new components of yeast respirasomes have been identified and
analyzed recently [26–28]. An uncharacterized protein YDR119W-A
was initially seen to co-migrate with supercomplexes in crude mito-
chondrial extracts [37]. We found YDR119W-A by mass spectrometry
in which it copurifies with respirasomes isolated by a tagged complex
III subunit [26]. However, the association of YDR119W-Awith respirato-
ry chain supercomplexes was not confirmed, nor has the function of the
protein been assessed.

To address an exclusive mitochondrial localization of YDR119W-A,
from now on termed Cox26, within the cell, we expressed a Cox26GFP

fusion from the endogenous chromosomal locus. Fluorescence
microscopy analysis of living cells expressing Cox26GFP showed co-
localization of the GFP signal with mitochondria visualized by
MitoTracker staining. (Fig. 1A). This indicated that Cox26 resides
exclusively in mitochondria. For further analysis of the Cox26 protein,
Fig. 3. Cox26 deletion leads to supercomplexes re-arrangement (A) Wild-type (WT), cox4Δ, an
plates and grown at indicated temperatures for 2–5 days. (B) Isolated wild-type (WT) and
(C)–(D) Wild-type (WT) and cox26Δ mitochondria were lysed in 1% digitonin (C) or 0.6% DDM
we generated yeast strains with a C-terminal FLAG or ZZ tag integrated
into the COX26 locus. The primary sequence of Cox26 contains one
predicted transmembrane span (Fig. 1B). In order to test membrane
association of Cox26 we isolated mitochondria from the Cox26FLAG-
expressing cells and subjected them to carbonate extraction. Cox26FLAG

was resistant to alkaline treatment at pH 10.8 and remained in the
sediment fraction after centrifugation together with the integral
membrane protein Tim21, while the peripheral membrane protein
Tim44 was released into the supernatant (Fig. 1C). To determine the
submitochondrial localization of Cox26, we performed protease
protection experiments. The C-terminally FLAG tagged Cox26 remained
stable in intact mitochondria upon protease treatment but became
accessible in mitoplasts after osmotic disruption of the mitochondrial
outer membrane (Fig. 1D). We concluded that Cox26 was an integral
membrane protein of the mitochondrial inner membrane and exposed
its small C-terminus into the intermembrane space (Fig. 1B). To assess
mitochondrial import of Cox26, we synthesized the protein in vitro
using rabbit reticulocyte lysate supplemented with [35S]methionine
d cox26Δ yeast cells were spotted in serial 10-fold dilutions on YP-glucose or YP-glycerol
cox26Δ mitochondria were subjected to SDS-PAGE and analyzed by Western-blotting.
(D) buffer, subjected to BN-PAGE, and analyzed by Western-blotting.
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for radioactive labeling. In addition to the single initial methionine of
the protein we added three methionine residues to the C-terminus of
Cox26 for better detection. After the import reaction, we found that
Cox26 was transported to a protease-protected location within
mitochondria even upon dissipation of the membrane potential (Δψ).
In addition, no processing of Cox26 to a faster migrating mature form
was observed (Fig. 1E). To assess if a very short cleaveable presequence
was present in Cox26 that was processed in vivo but was not resolved
by SDS-PAGE, we isolated Cox26ZZ from Triton X-100 solubilized
mitochondria via IgG affinity chromatography. After removing the tag
by TEV protease cleavage, the purified protein was subjected to SDS-
PAGE and transferred to a nitrocellulose membrane. Following
Coomassie staining themembrane piece containing Cox26 was excised,
dissolved in DMSO and subjected to Edman sequencing to determine
the N-terminal protein sequence. These analyses allowed us to assign
the N-terminus of the authentic Cox26. Cox26 is processed by removal
Fig. 4. Respiratory chain activity in the absence of Cox26 (A) Oxygen consumption rates of wild
of n = 4± SEM). (B) Mitochondrial enzyme activity assays of NADH-cytochrome c reductase,
solubilizedmitochondria fromwild-type (WT) and cox26Δ cells were analyzed by BN-PAGE foll
V) in-gel activity staining (D)Mitochondrial ROS production inwild-type (WT) and cox26Δ strai
Abbreviations: n.s. = not significant, ** = P b 0.01, *** = P b 0.0001.
of the first eight amino acids of the protein leading to a mature Cox26
starting with serine number 9 (Fig. 1B).

3.2. Cox26 associates with respiratory chain supercomplexes via cyto-
chrome c oxidase

To address if Cox26 was indeed a supercomplex-associated protein,
we purified Cox26ZZ together with its interaction partners from
digitonin-solubilized mitochondria by IgG affinity chromatography.
Cox4ZZ was used as a positive control to pull down respiratory chain
complexes. Eluates were analyzed by SDS-PAGE and Western-blotting.
Cox26ZZ co-isolated the tested components of complex IV (Cox1, Cox4,
Cox5, Cox13) and complex III (Qcr8, Rip1) in amounts comparable to
Cox4ZZ, thus confirming Cox26 association with respirasomes (Fig. 2A).

To further support this finding, we analyzed digitonin-solubilized
wild-type and Cox26ZZ mitochondria by BN-PAGE and Western-
-type (WT) and cox26Δmitochondria were determined by oxygraphmeasurement (mean
cytochrome c oxidase, and malate-dehydrogenase (mean of n = 5± SEM). (C) Digitonin-
owed by Coomassie staining, cytochrome c oxidase (complex IV) or F1Fo-ATPase (complex
ns (mean of n=4±SEM). Significance for A, B andDwas calculatedusing Student's t-test.
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blotting. Cox26ZZ was present in two high molecular weight assemblies
that co-migrated with respiratory chain supercomplexes decorated
with antibodies against subunits of complex III (Qcr8) and complex IV
(Cox4) (Fig. 2B). Moreover, supercomplexes in Cox26ZZ mitochondria
appeared shifted in size compared to the wild-type. This shift is likely
due to the extra mass added by the ZZ tag on Cox26. Compared to com-
plex IV-containing supercomplexes the dimer of complex III was not
shifted in size by Cox26ZZ, thereforewe concluded that Cox26was asso-
ciatedwith supercomplexes through complex IV. After long exposure of
the blots, we detected Cox26ZZ also in several complexes between 230
and 440 kDa that likely correspond to monomeric forms of complex IV.
Fig. 5. Cox26 deficient mitochondria accumulate cytochrome c oxidase assembly intermediates
to BN-PAGE, and analyzed by Western-blotting. (B)–(D) Radiolabeled Cox5a (B), Cox13 (C), a
presence or absence of Δψ for indicated times and treated with proteinase K (PK). Samp
autoradiography. COA — cytochrome c oxidase assembly intermediate.
To assess if Cox26was indeed a complex IV component, we repeated
Cox26ZZ isolation from dodecylmaltoside (DDM)-solubilizedmitochon-
dria. Upon DDM solubilization supercomplexes dissociate into complex
IV monomers and complex III dimers [16]. However, under these
conditions Cox26ZZ did not co-isolate components of complex IV in
contrast to Cox4ZZ, which was still associated with the cytochrome c
oxidase (Fig. 2C). Similarly, in BN-PAGE analysis of DDM-solubilized
mitochondria Cox26ZZ was not present in high molecular weight
assemblies (Fig. 2D). This observation suggested that Cox26 dissociates
from supercomplexes under these solubilization conditions. To
overcome this problem, we imported radiolabeled Cox26 into wild-
(A)Wild-type (WT) and cox26Δmitochondria were lysed in 1% digitonin buffer, subjected
nd Rcf1 (D) were imported into purified wild-type (WT) and cox26Δ mitochondria in the
les were lysed in 1% digitonin buffer, analyzed by BN-PAGE, SDS-PAGE, and digital
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type and mutant mitochondria deficient in complex III (cyt1Δ) or
complex IV (cox4Δ) formation. After import, we analyzed protein com-
plexes by BN-PAGE. In the wild-type mitochondria, Cox26 assembled
predominantly into two protein complexes corresponding to the
supercomplexes visualized with the Cox4 antibody (Fig. 2E). Cox26
was imported with similar efficiency into wild-type and mutant mito-
chondria (Fig. 2E, lower panel). However, when Cox26 assembly was
analyzed by BN-PAGE, we could detect two complexes corresponding
to the monomeric forms of complex IV in cyt1Δ mitochondria, in
contrast to the cox4Δ mitochondria, where Cox26 formed no high
molecular weight assemblies. Even in the absence of Rcf1, a factor
involved in complex III complex IV supercomplex formation,
radiolabeled Cox26 remains associated with complex IV (Fig. S1A).
Accordingly, we conclude that Cox26 is a constituent of the cytochrome
c oxidase. Taking the capability of Cox26ZZ to shift the entire cytochrome
c oxidase-containing complexes in size into consideration, we further
conclude that Cox26 is a stoichiometric subunit of complex IV. The dis-
sociation from complex IV upon DDM treatment most likely reflects a
weak association with the complex under these conditions.

3.3. Deletion of COX26 affects assembly of active cytochrome c oxidase into
supercomplexes

To assess the function of Cox26 with regard to respiratory chain ac-
tivity, we generated a cox26Δ mutant. Cox26 was dispensable for yeast
growth on fermentable and non-fermentable carbon sources at various
temperatures in contrast to the tested respiratory-deficient mutant
cox4Δ (Fig. 3A). We compared the steady-state levels of several
mitochondrial proteins in wild-type (WT) and cox26Δ mitochondria
by Western-blotting. However, no differences for any of the tested
proteins was detected (Fig. 3B). Since Cox26 associates with
supercomplexes, we speculated that the absence of Cox26 could affect
supercomplex organization. Hence we performed BN-PAGE analysis of
digitonin-solubilized cox26Δ mitochondria. Mutant mitochondria
displayed reduced amounts of III2IV2 complexes and increased levels
of III2IV. We quantified the amount of the III2IV supercomplex detected
with Cox4 and Rip1 from different experiments. Compared to the wild-
type control, on average we observed an increase to 162% (Cox4) or
142% (Rip1) in cox26Δ mutant mitochondria. Concomitantly, free
complex III2 was apparent in the mutant mitochondria sample (Fig.
3C). This defect could reflect reduced stability of the III2IV2 complexes
in the absence of Cox26 or occur due to reduced levels of complex IV.
To address if the amount of individual respiratory chain complexes
were altered in cox26Δ mitochondria, we solubilized mitochondria in
DDM-containing buffer and separated complexes by BN-PAGE.
Compared to the wild-type, we did not observe any differences in
complex IV or complex III levels in cox26Δ mitochondria (Fig. 3D).
Accordingly, supercomplexes are specifically affected by the absence
of Cox26.

Improper supercomplex formation has been reported to lead to
respiratory defects [29]. Therefore, we assayed O2 consumption in
cox26Δmitochondria with an OROBOROS-2k oxygraph. cox26Δmutant
mitochondria displayed a reproducible mild reduction of the oxygen
consumption rate, to approximately 90% of the wild-type (Fig. 4A).
Similarly, enzyme activity assays demonstrated that cox26Δ cells were
only slightly defective in complex III and IV activity (Fig. 4B). In contrast,
malate dehydrogenase activity was not affected. To visualize active re-
spiratory complexes we performed in-gel activity staining. Digitonin-
solubilized WT and cox26Δ mitochondria were subjected to BN-PAGE
and the corresponding gel strips were analyzed for complex activity or
stained with Coomassie to assess protein levels. Complex IV staining
showed reduced activity of the III2IV2 supercomplex in the mutant
(Fig. 4C), which correlates with the lower supercomplex amount (as
seen in Fig. 3C). Simultaneously, we detected more of the active
complex IV monomer in the cox26Δ sample. The complexes also
appeared to be shifted in size, possibly due to the loss of the cytochrome
c oxidase subunit (Fig. 4C, lane 3 vs. 4). In contrast, the F1Fo-ATPase
activity remained unaltered. Since inefficient supercomplex formation
may lead to the production of reactive oxygen species (ROS) we
addressed ROS generation in mutant mitochondria [29]. We detected
a 10% reduction of mitochondrial ROS production in cox26Δ compared
to wild-type (Fig. 4D).

Since we observed a reduction of III2IV2 supercomplex formation in
the absence of Cox26 (Figs. 3C and 4C), we analyzed if this defect was
due to complex dissociation or a defect in the assembly process. To
test this, we checked the levels of cytochrome c oxidase assembly
factors, such as Shy1, Cox14, and Coa3 by BN-PAGE analysis [38,39].
While the steady-state levels of Shy1, Coa1 and Cox14 were not altered
(Fig. S1B) in cox26Δ mitochondria, we observed an accumulation of
complex IV assembly intermediates (Fig. 5A). A similar phenotype was
observed upon import of Cox5a, an early assembling subunit [8], into
wild-type and cox26Δ mitochondria. BN-PAGE analysis combined with
digital autoradiography revealed higher levels of complex IV assembly
intermediates in Cox26-deficient mitochondria (Fig. 5B). This observa-
tion indicates an alteration in the assembly process, which in turn
may lead to a decrease in supercomplex formation. To further test
this, we monitored assembly of the late complex IV subunits, such as
Cox13 and Rcf1. Radiolabeled proteins were imported into wild-type
and cox26Δ mitochondria and complexes were separated by BN-PAGE.
Both Cox13 and Rcf1 were incorporated into supercomplexes in wild-
type mitochondria. In the mutant, incorporation efficiency was
decreased even considering the changed ratio between supercomplexes
observed at steady state level. These analyses support the conclusion
that the assembly efficiency of Cox13 and Rcf1 is decreased in the
absence of Cox26 (Fig. 5C and D).

4. Conclusions

The cytochrome c oxidase consists of conserved structural subunits
forming the enzymatic core [8,9,40]. In higher eukaryotes tissue-
specific versions of some subunits have been reported, indicating that
the function of the respiratory chain has to be adapted to cellular de-
mands in a cell type and metabolic context-specific manner [41–43].
In addition to structural subunits required for enzymatic function, sup-
plementary factors engage with complex IV e.g. to modulate its
association with complex III into respirasomes [26–28,44]. It is unclear
if the specific mechanisms of respiratory chain supercomplex formation
are similar between yeast and human and if they involve similar
components. Rcf1 has been described as an oligomerization factor for
complex III and complex IV supercomplex organization. Recent studies
suggest novel factors that are involved in the formation of human and
mouse supercomplexes that assemble from single enzyme complexes
(I, III and IV) [45]. It is likely that besides Rcf1 additional factors partic-
ipate in respirasome formation in yeast. Here we identified Cox26 as a
new subunit of complex IV that is not conserved in higher eucaryotes.
Based on our analyses, we propose that Cox26 is a stoichiometric
subunit of complex IV.While a loss of Cox26 onlymildly affects complex
IV under experimental conditions, we find that the protein contributes
to proper enzyme function and efficient incorporation of the complex
into respiratory chain supercomplexes.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2016.04.007.
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