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Figure 5. Complexome profiling identified decreased complex IV levels in COA%® compared with the WT (COA%") isogenic control cell line.

Isolated mitochondrial membranes were solubilised with digitonin, and protein complexes were separated by BN-PAGE followed by quantitative mass spectrometric
analysis. The quantitative data of identified individual subunits were summed up for each oxidative phosphorylation complex and normalised to maximum appearance
between both cell lines. The data are presented as heatmaps and 2D plots, corresponding to protein components of individual oxidative phosphorylation complexes. The
size of the complexes ranges from 10,000 to 10 kD (from left to right). The corresponding complexes were highlighted above the heatmap and 2D plots: fully assembled
complex IV holocomplexes (IV), complex Il dimer (I11,), supercomplexes of complex |1l dimers and complex IV (Ss), and supercomplexes containing complex |, complex |11

dimer (So), and complex IV (S;).

deficiency associated with the COA5 variant was observed in the
patient fibroblasts and skeletal muscle biopsy, firmly supported
by unbiased proteomic profiling of the immortalised COA5
patient fibroblasts as the biochemical signature of COA5 de-
ficiency. Most importantly, a CRISPR/Cas9 COA5%° cell line
enabled further interrogation via complexome profiling, nar-
rowing down the involvement of COAS protein to a specific stage
of CIV biogenesis involving MTCO2 stabilisation and its incor-
poration into the MTCO1-containing subcomplex. This study
pinpoints specific questions that arise with regard to the
functional role of the COAS5 protein as a CIV assembly factor and
its impact on supercomplex formation, which we elaborate on
further below.

Given that the rare c.157G>C, p.Ala53Pro variant was found only in
two incidences where both patients were of Turkish ethnicity, this
could point towards the likelihood of the variant being a founder
pathogenic variant within the Turkish population. However, this
would require further verification through haplotype analysis,
necessitating access to patient-derived samples from the previous
case. Importantly, overlapping clinical and biochemical phenotypes
were observed between the proband in this study and the previ-
ously reported patient by Huigsloot and colleagues back in 2019
(Huigsloot et al, 2011), further strengthening the claim that the
€.157G>C (p.Ala53Pro) COAS5 variant is pathogenic and causative of
an isolated mitochondrial complex IV deficiency, associated with
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loss of steady-state COX proteins and a COX assembly defect in
isolation (Figs 2A-C and 3).

To further characterise the functional impact of COA5, we gen-
erated a CRISPR/Cas9-mediated knockout. The COAS® cells suc-
cessfully replicated the isolated complex IV deficiency observed in
the reported patients by indicating an evident loss of MTCO2
protein (Fig 4A). However, MTCO1was detected at comparable levels
to the isogenic control on SDS-PAGE (Fig 4A). This suggests the
presence of stabilised MTCO1 subunits despite not being assem-
bled into functional holocomplexes, corroborating observations
from previous studies (Bourens et al, 2014; Bourens & Barrientos,
2017; Aich et al, 2018; Lobo-Jarne et al, 2020; Timon-Gomez et al,
2020). The loss of the fully assembled complex IV in COA5C cells
was not only observed in BN-PAGE analysis but also shown in
complexome profiling of the COA5*® cells. Most strikingly, this has
also been similarly observed in a two-dimensional BN-PAGE of a
patient fibroblast cell line in the previous report, which demon-
strated elevated levels of MTCO1 subcomplex but a marked de-
crease in complex IV holocomplex (Huigsloot et al, 2011). Despite
this, the remaining OXPHOS complexes (complex I, I, lll, and V) were
unaffected except for the unusual accumulation of a protein
complex of about 70 kD detected with SDHA, which corresponds to
the size of the individual SDHA protein in the COA5® cell line.

To further infer the role of COA5 protein and its interacting
partner, mitochondrial complexome profiling was employed to
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Figure 6. Accumulation of early-stage complex IV assembly intermediate.
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(A) Following heatmap illustrates the distribution of complex IV subunits, assembly factors, the prohibitin complex (turquoise), complex | (yellow), and complex 1l (red).
The subunits and assembly factors of the assembly modules are cultured as follows: MTCO1 module (green), MTCO2 module (purple), MTCO3 module (orange), and final
subunit (black). The light blue arrows indicate subunits that comigrate with the prohibitin complex. (B) Schematic illustration of the sequential assembly intermediates of

the CIV holocomplex. Adapted from Hock et al (2020).

dissect comigrating mitochondrial OXPHOS complexes in the
COA5© cell line in comparison with its isogenic control. The
complexome data highlighted the sensitivity of the mass
spectrometry-based approach in determining protein abundance
as individual subunits and in higher molecular mass complexes,
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enabling higher throughput and more robust quantification of
changes in protein levels compared with SDS-PAGE and BN-PAGE.
Notably, the knockout of COA5 protein was confirmed using this
method despite the unavailability of a robust antibody for Western
blotting. Most strikingly, complexome profiling of the COA5%C cell
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line presented evidence of the implication of COA5 in early complex
IV assembly, pinpointing its involvement to the stage between
MTCO1 maturation and incorporation of MTCO2 into the early as-
sembly intermediate (Fig 6B). This is supported by the following
observations: the accumulation of MTCO1-containing sub-
complexes (ranging from ~100 to 300 kD), which are absent in the
isogenic control, (ii) the apparent absence of MTCO2 subunit, and
(iii) the loss of fully assembled complex IV (Fig 6A).

Moreover, high molecular mass complexes containing MTCO1
and a number of nuclear-encoded CIV subunits were observed to
colocalise with prohibitin complexes, which may point towards the
likelihood of free complex IV subunits being directed for degra-
dation because complex IV biogenesis was completely obstructed
(Fig 6A). However, this phenomenon has only been described in
yeast, which lacks complex | and therefore does not confer ClI-
containing supercomplexes, which also run at a similar, higher
molecular mass (Steglich et al, 1999; Back et al, 2002; Kohler et al,
2023). A more likely explanation for the high molecular mass
complexes containing MTCO1 submodules in the COA5¥C cell line is
the supercomplex So (Cl+1112). Notably, the association of MTCO1and
other nuclear-encoded CIV subunits with the supercomplex Sg
scaffold has been identified previously via co-immunoprecipitation
and assembly kinetics analyses in the absence of MTCO2 (Lobo-
Jarne et al, 2020; Timon-Gomez et al, 2020). The complexome
profiling of COA5*° cell lines further strengthened our hypothesis
that the MTCO1 submodule could assemble distinctively into
supercomplexes, apart from its assembly into CIV holocomplexes,
for the stabilisation of Sy scaffold before supercomplex [+Il1,+IV
formation.

Furthermore, the higher abundance of complex | subunits, which
was also observed in the SDS-PAGE analysis of COA5*C patient-
derived lysates, suggests an accumulation of supercomplex Sg
(CI+111,), which could not form a full respirasome in the absence of
CIV holocomplexes. In addition, the complete loss of supercomplex
l1l,+IV reinforced the impact of COA5C resulting in complex IV loss,
hence favouring the formation of supercomplexes only containing
complexes | and IlI, to mitigate the OXPHOS defect because of the
absence of complex IV. Lastly, the accumulation of free SDHA was
not seen in the isogenic control. This may either indicate an up-
regulation of SDHA as a compensatory mechanism because of the
OXPHOS defect or an accumulation of a comigrating complex of
SDHA with ClI assembly factors, such as SDHAF1 or SDHAF2
(Martinez-Reyes & Chandel, 2020).

In conclusion, this study provides insights into a distinct mode of
pathological complex IV assembly caused by the assembly factor
COAS5, which specifically disrupts the transitional stage between
MTCO1 maturation and MTCO2 incorporation. We present functional
evidence to support a role of human COAS protein in the early stage
of complex IV assembly, corroborating its pathogenicity that can
contribute to isolated complex IV deficiency. Interestingly, Nyvltova
et al suggested a role of COAS in the stabilisation of what these
authors termed “metallochaperone complexes,” comprising COX-
specific copper chaperones and haem biosynthesis enzymes re-
quired for the maturation and assembly of COX subunits (Nyvltova
et al, 2022). Although beyond the scope of this article, future ex-
periments should focus on interrogating the submitochondrial
localisation of the human COA5 protein to dissect its relevance in
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MTCO2 stabilisation and incorporation during CIV assembly. Overall,
this warrants further investigation to uncover the structural and
functional role of COA5 with new insights into understanding its
specific involvement in complex IV biogenesis.

Materials and Methods

Ethical statement

Written informed consent was obtained from the family for the use
of patient samples in this study in accordance with the Declaration
of Helsinki protocols and ethical approvals of local institutional
review boards.

Whole-exome sequencing

Trio WES (https://www.exeterlaboratory.com/genetics/genome-
sequencing/) was conducted at the Exeter Genomics Laboratory
as previously described (Chen et al, 2023).

Histopathological and biochemical analyses

10 um of frozen skeletal muscle sections was used in each as-
sessment. For histopathological studies, H&E staining was
employed to determine muscle morphology, whereas sequential
COX and SDH histochemistry was used to assess COX activity in
muscle fibres. Spectrophotometric measurements of OXPHOS en-
zyme (complexes I-1V) activities were conducted as described in
Taylor et al (2014) relative to citrate synthase activity. Quadruple
immunofluorescence assays were carried out by measuring
NDUFB8 (Cl) and MTCO1 (Reddy et al, 2015) protein abundance
against the mitochondrial mass marker, porin, using in-house
analysis software as outlined in Taylor et al (2014).

Cell culture

Patient- and age-matched control fibroblasts, as well as U20S cells,
were cultured in High Glucose DMEM supplemented with 10% FBS,
1X non-essential amino acids, 50 pg/ml penicillin, 50 pg/ml
streptomycin, and 50 pg/ml uridine.

SDS-PAGE

Cell pellets were harvested when reaching 80-90% confluency and
resuspended in lysis buffer (50 mM Tris—=HCL [pH 7.5], 130 mM NacCl,
2 mM MgCl,, 1 mM phenylmethanesulphonyl fluoride, 1% [vol/vol]
Nonidet P-40, and 1X EDTA-free protease inhibitor cocktail). The
resuspended cell pellets were incubated on ice for 10 min, before
harvesting the resultant supernatant from centrifugation at 500g at
4°C for 5 min, and the protein concentrations were determined
using the Bradford assay.

Skeletal muscle homogenates were prepared by grinding 20 mg
of frozen muscle section into powder using pestle and mortar in
liquid nitrogen and resuspended in radioimmunoprecipitation
(RIPA) buffer containing 1% IGEPAL, 1.5% Triton X-100, 0.5% sodium
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deoxycholate, 10 mM B-mercaptoethanol, 0.1% SDS, T mM PMSF, and
1X EDTA-free protease inhibitor cocktail. The resuspensions were
subjected to a 45-min incubation on ice followed by three rounds of
15-s homogenisation. The soluble proteins were extracted by
centrifugation at 14,000g at 4°C for 10 min, and protein concen-
trations were estimated using Pierce BCA Protein Assay Kit.

40 pg of protein extracts was resuspended in 1X Laemmli sample
buffer and denatured at either 95°C for 5 min or 37°C for 15 min. The
samples were then subjected to 12% SDS-PAGE with the Mini-
PROTEAN Tetra Cell system and transferred onto a methanol-
activated Immobilon-P polyvinylidene fluoride (PVDF) membrane
using the Mini Trans-Blot Cell system.

BN-PAGE

Cells were pelleted and resuspended in cell homogenisation buffer
comprising 0.6 M mannitol, 1 mM EGTA, 10 mM Tris-HCl, pH 7.4, 1 mM
PMSF, and 0.1% (vol/vol) BSA. The cell suspensions were subjected
to three rounds of 15x homogenisation in Teflon-glass homoge-
nisers at 4° Cwith intermittent differential centrifugation at 400g for
10 min at 4°C to separate cytosolic protein fraction. The mito-
chondrial fractions were pelleted at 11,000g for 10 min at 4°C and
washed in cell homogenisation buffer without BSA.

Approximately 40 mg of skeletal muscle sections was processed
and homogenised in muscle homogenisation buffer (250 mM su-
crose, 20 mM imidazole hydrochloride, and 100 mM PMSF) and
homogenised in Teflon-glass Dounce homogeniser for 15-20
rounds at 4°C. The muscle homogenates were then pelleted at
20,0009 for 10 min at 4°C and washed twice with muscle homog-
enisation buffer before pelleting at 20,000g for 5 min at 4°C.

The final pellets were solubilised in 2% n-dodecyl-B-D-
maltoside (DDM) and subjected to ultracentrifugation at
100,000g for 15 min at 4°C, and the supernatants were extracted for
protein concentration determination using Pierce BCA Protein
Assay Kit. About 10 pg of mitochondrial protein complexes was
loaded and separated in the precast Native PAGE 4-16% Bis-Tris
1.0 mm Mini Protein Gel in XCell SureLock Mini-Cell Electrophoresis
System based on the manufacturer's protocol. The protein com-
plexes were then immobilised onto an Immobilon-P PVDF mem-
brane using the Mini Trans-Blot Cell system.

Immunoblotting analysis

The membranes were blocked in 5% milk for an hour at room
temperature before immunoblotting with specific primary anti-
bodies and corresponding HRP-conjugated secondary antibodies
as listed: OXPHOS cocktail (ab110411; Abcam), MTCO1 (ab14705;
Abcam), MTCO2 (ab110258; Abcam), COXIV (ab14744; Abcam), NDUFB8
(ab110242; Abcam), SDHA (ab14715; Abcam), UQCRC2 (ab14745;
Abcam), ATP5A (ab14748; Abcam), GAPDH (600004; ProteinTech),
VDAC1 (ab14734; Abcam), polyclonal rabbit anti-mouse Ig/HRP
(P0161; Dako), and polyclonal swine anti-rabbit Ig/HRP (P0399;
Dako).

Finally, the resultant signal was detected using SuperSignal West
Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific)
and analysed with ChemiDoc XRS+ Imaging Systems and Imagelab
software (Bio-Rad). Densitometry analysis was conducted using
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Imagelab software (Bio-Rad). A t test was performed on pairwise
comparisons of the signal intensities normalised to loading
control(s).

On-bead precipitation and protein digestion

Cell pellets were lysed with 120 ul RIPA buffer containing protease
and phosphate inhibitors. 10 ug of protein from all cell lysates was
precipitated with 70% acetonitrile onto magnetic beads (MagReSyn
Amine, Resyn Biosciences). The proteins were washed on the beads
with 100% acetonitrile and 70% ethanol and then resuspended in
50 pl 50 mM ammonium bicarbonate containing 10 mM DTT for
reduction of cysteines. Samples were incubated at 37°C for 40 min.
Then, to alkylate proteins, 50 ul of 30 mM IAA in 50 mM ammonium
bicarbonate was added and samples were incubated at RT in the
dark for 30 min. 0.5 pg trypsin was added to each sample for
overnight on-bead protein digestion at 37°C. The resulting peptides
were concentrated and desalted on EVOTIPS for mass spectrometry
analysis according to the standard protocol from EVOSEP.

LC-MS/MS analysis

LC-MS/MS analysis was carried out using an EVOSEP one LC system
(EVOSEP Biosystems) coupled to a timsTOF Pro2 mass spectrom-
eter, using a CaptiveSpray nano-electrospray ion source (Bruker
Corporation).

200 ng of digested peptides was loaded onto a capillary C18
column (15 cm length, 150 um inner diameter, 1.5 ym particle size,
EVOSEP). Peptides were separated at 40°C using the standard 30
sample/day method from EVOSEP.

The timsTOF Pro2 mass spectrometer was operated in DIA-PASEF
mode. Mass spectra for MS were recorded between m/z 100 and
1700. lon mobility resolution was set to 0.85-1.30 V-s/cm overa ramp
time of 100 ms. The MS/MS mass range was limited to m/z 475-1,000
and ion mobility resolution to 0.85-1.27 V s/cm to exclude singly
charged ions. The estimated cycle time was 0.95 s with 8 cycles
using DIA windows of 25 D. Collisional energy was ramped from 20
eV at 0.60 V. s/cm to 59 eV at 1.60 V s/cm.

Raw data files from LC-MS/MS analyses were submitted to DIA-NN
(version 1.8.1) for protein identification and label-free quantification
using the library-free function. The UniProt human database (UniProt
Consortium, European Bioinformatics Institute, EMBL-EBI, UK) was
used to generate library in silico from a human FASTA file. Car-
bamidomethyl (C) was set as a fixed modification. Trypsin without
proline restriction enzyme option was used, with one allowed
miscleavage, and peptide length range was set to 7-30 amino
acids. The mass accuracy was set to 15 ppm, and the precursor
false discovery rate (FDR) allowed was 0.01 (1%).

LC-MS/MS data quality evaluation and statistical analysis were
done using software Perseus ver 1.6.15.0 CRISPR/Cas9 Gene
Knockout.

WT U20S cells were resuspended in room temperature Nucleo-
fector Solution added with a supplement from the Cell Line
Nucleofector Kit V (Lonza) at a density of 1 x 10° cells per nucleo-
fection reaction. COA5-targeting sgRNA (Sigma-Aldrich) was incu-
bated at room temperature with HiFi Cas9 nuclease at a 1:1.2 M
ratio to form ribonucleoprotein complexes. The sgRNA sequence
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designed to mediate CRISPR/Cas9 knockout of the COA5 gene is as
follows: 5'-TTTTGAGTGTAAAAGATCAG-3'. The sgRNA-Cas9 RNP
complexes were nucleofected into WT U20S cells on Nucleofector
2b Device (Lonza). Nucleofected cells were resuspended in growth
media as outlined in the “Cell culture” method section before
transferring to a six-well plate. The cells were incubated at 37°C, 5%
CO2 for 48 h before isolating into single-cell clones using FACSAria
Fusion Flow Cytometer (BD Biosciences) in four 96-well plates.
Sanger sequencing chromatographs of the selected single-cell
clones were analysed using Inference of CRISPR Edit (ICE) analy-
sis (Synthego; https://ice.synthego.com/) to identify isogenic
controls and COA5 knockout cell line.

Complexome profiling (BN-PAGE, trypsin digestion, LC-MS/MS,
quantification)

Enriched mitochondrial proteins were extracted from COA5C
and isogenic control cell lines and solubilised with digitonin as
described in Giese et al (2021). An equal amount of the solu-
bilised mitochondrial protein extracts were subjected to a 3-18%
acrylamide gradient gel (14 x 14 cm) for BN-PAGE as outlined in
Wittig et al (2006). The gel was then stained with Coomassie blue,
cut into equal fractions, and then transferred to 96-well filter
plates. The gel fractions were then destained in 50 mM am-
monium bicarbonate (ABC) followed by protein reduction using
10 mM DTT and alkylation in 20 mM iodoacetamide. Protein di-
gestion was carried out in digestion solution (5 ng trypsin/ul in
50 mM ABC, 10% acetonitrile [ACN], 0.01% [wt/vol] ProteaseMAX
surfactant [Promegal, T mM CaCl,) at 37°C for at least 12 h. After
the recovery in the new 96-well plate, the peptides were dried in
a SpeedVac (Thermo Fisher Scientific) and finally resuspended in
1% ACN and 0.5% formic acid. Nano-liquid chromatography and
mass spectrometry (nanoLC/MS) was carried out on Thermo
Fisher Scientific Q Exactive Plus equipped with an ultra-high-
performance liquid chromatography unit Dionex UltiMate 3000
(Thermo Fisher Scientific) and Nanospray Flex lon Source
(Thermo Fisher Scientific). The MS data were analysed using
MaxQuant software at default settings, and the recorded
intensity-based absolute quantification (iBAQ) values were
normalised to the isogenic control cell line.

Data Availability

The mass spectrometry proteomics data for label-free whole-cell
proteomics and complexome profiling produced in this study have
been deposited to the ProteomeXchange Consortium via the PRIDE
partner repository (Perez-Riverol et al, 2022) and assigned the
dataset identifier PXD050891 and PXD053461, respectively.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202403013.
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