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In brief

Complexes of the mitochondrial
respiratory chain can assemble into
supercomplexes (SCs). Garcia-Poyatos
et al. explore the role of Cox7al as a SC
assembly factor and find that it controls
mitochondrial respiration, influencing
skeletal muscle physiology as well as
cardiac injury response.
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SUMMARY

The oxidative phosphorylation (OXPHOS) system is intricately organized, with respiratory complexes forming
super-assembled quaternary structures whose assembly mechanisms and physiological roles remain under
investigation. Cox7a2l, also known as Scaf1, facilitates complex Il and complex IV (CllI-CIV) super-assembly,
enhancing energetic efficiency in various species. We examined the role of Cox7al, another Cox7a family
member, in supercomplex assembly and muscle physiology. Zebrafish lacking Cox7al exhibited reduced
CIV, formation, metabolic alterations, and non-pathological muscle performance decline. Additionally,
cox7a1~’~ hearts displayed a pro-regenerative metabolic profile, impacting cardiac regenerative response.
The distinct phenotypic effects of cox7a1~’~ and cox7a2/~’~ underscore the diverse metabolic and physio-
logical consequences of impaired supercomplex formation, emphasizing the significance of Cox7a1l in mus-

cle maturation within the OXPHOS system.

INTRODUCTION

The oxidative phosphorylation (OXPHOS) system is likely one of
the best-described metabolic pathways. It is composed of four
respiratory complexes (RCs), named complex |-V, two electron
carrier molecules, ubiquinone (UQ or CoQ) and cytochrome ¢
(cyt c), as well as the H*-adenosine triphosphate (ATP) synthase
(complex V). The RCs can be organized as both individual and
super-assembled structures named supercomplexes (SCs)
following the plasticity model."™ In vertebrates, CIV is unique
since it has several isoforms for the same structural protein en-
coded by different genes.* CIV is made up of mitochondrial
as well as nuclear-encoded proteins, including those of the
COXT7A family. Based on BlueDiS-proteomics correlations, we
previously proposed that the COX7A family isoforms (COX7A1,
COX7A2, and COX7A2L/SCAF1) allow different CIV conforma-
tions.® According to our hypothesis, the three isoforms would
occupy the same structural position in the CIV, COX7A2 stabiliz-
ing the monomer form of CIV and COX7A1 stabilizing the dimer-

ization of CIV. By contrast, COX7A2L/SCAF1 would physically
link complexes Il and IV to form the Q-respirasome.®” The pres-
ence of COX7A2L/SCAF1 or, alternatively, COX7A2 would also
define two forms of the N-respirasome (I + lll, + IV).>%°

The role of COX7A2L/SCAF1 in the formation of Q- and
N-respirasome has been confirmed by several studies.” "’
Moreover, the COX7A2L/SCAF1 mediated Ill, + IV interaction
has been shown to drive the adaptation of OXPHOS to different
metabolic fuels.®°~"" This adaptation to metabolic demands
leads to physiological consequences, as reported in several spe-
cies ranging from zebrafish to humans.®'%"?

Mechanistic studies in human cell cultures have confirmed the
role of COX7A2 in the stabilization of CIV monomer.® However,
the low levels of COX7A1 expression in immortalized cell lines
have made them unsuitable to confirm its role in CIV dimerization
and study its impact on physiology.

COX7A1 has been proposed as an embryonic/fetal transition
marker due to its expression beginning after mammal birth.® It
is primarily expressed in striated skeletal and cardiac muscle.
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The heart is an organ with high metabolic demands. In fact, car-
diomyocytes are the cell type with the highest content of mito-
chondria. In a normal heart, mitochondrial respiration is mainly
fueled by fatty acyl-coenzyme A (CoA), the product of fatty
acid (FA) metabolism, and pyruvate, the product of carbohydrate
metabolism."* Both pathways feed the tricarboxylic acid (TCA)
cycle and, ultimately, OXPHOS to produce ATP at a high rate.
Although during maturation and homeostasis the main energy
source in the heart are FAs, in the embryonic heart and in
response to injury, glucose becomes the main energy source,
and its product, pyruvate, is converted to acetyl-CoA. "¢

During heart regeneration, a process that can be completed by
some animals, such as the zebrafish, a strong metabolic adapta-
tion occurs in cardiomyocytes.'” This metabolic rewiring seems
to be a prerequisite for cardiomyocytes to (partially) dedifferen-
tiate and enter the cell cycle. Cardiomyocytes at the border
zone of the injury have been found to upregulate genes involved
in glycolysis.'® Indeed, genetic block of the conversion of pyru-
vate to acetyl-CoA affects cardiomyocyte proliferation, while ge-
netic induction leads to an enhancement of proliferating cardio-
myocytes.'® In the neonatal mouse heart regeneration model,
overexpression of the glucose importer Glut1 enhances heart
regeneration®® and inhibition of the TCA cycle intermediate suc-
cinate has been suggested to lead to a metabolic switch toward
glycolysis with a beneficial effect on heart regeneration.”’ How-
ever, the metabolic changes needed to sustain cardiomyocyte
proliferation appear to be complex. Mitochondrial substrate
use regulates cardiomyocyte cell cycle progression in mammals,
with a shift in the balance from FA to glycolysis-derived pyruvate
utilization for OXPHOS-enhancing cardiomyocyte prolifera-
tion.?? Overall, current literature thus favors the view of a com-
plex metabolic rewiring required to promote heart regeneration.

Here, we explored the role of the Cox7a family member
Cox7al in OXPHOS organization and confirm that it stabilizes
CIV homodimers. Homodimerization increases CIV activity,
and the absence of Cox7a1 reduces CIV-dependent respiration.
This has a non-pathological impact in striated muscle physi-
ology. Although skeletal muscle fitness was reduced, cardiac
function was not overtly affected. However, hearts responded
distinctly to a stress situation such as a cardiac injury. The effect
on heart regeneration in Cox7al and Cox7a2/Scafl mutant
models was different, highlighting the specificity of SC assembly
factors on mitochondrial output with direct consequences to stri-
ated muscle performance and injury response.
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RESULTS

Cox7a1 drives the stabilization of CIV homo-
dimerization

To assess the role of Cox7al in CIV conformations, we gener-
ated a zebrafish null mutant model using CRISPR-Cas9
(Figures S1A-S1E).

We performed blue native gel-electrophoresis (BNGE) of mito-
chondria to study if the distribution of CIV in the different super-
assembled structures was affected in the absence of Cox7a1
(Figure 1). Notably, zebrafish have SCs containing IV, (I + Ill; +
IV, lll> + 1V5) in @a much higher abundance than observed in mam-
mals. %% In cox7a1 mutants (Figure 1A), the bands correspond-
ing to CIV, and the SCs lll; + IV, and | + lll; + IV, were severely
reduced. However, bands corresponding to the monomeric form
of CIV were not affected, and a slight increase in Clll; + CIV was
observed, probably due to the disassembly of a CIV from the SC
Iy + IV, (Figures 1A-1C). Thus, CIV dimer formation is affected in
the absence of cox7a7.

To assess the stability of the remaining CIV, structures, we
performed 2D-BNGE in native conditions using n-dodecyl! B-D-
maltoside (DDM) in the second dimension. DDM detergent
breaks loose interactions such as those made for SC assembly
while maintaining the tight interactions among proteins of mono-
meric complexes.® Although we were able to detect CIV, signal
after DDM in wild types, in cox7a? ™/~ this signal is lost, confirm-
ing that the remaining CIV is less stable (Figure 1D).

Cox7al expression is triggered during the post-natal matura-
tion of striated muscle.?*?° Indeed, CIV super-assembly of
cox7al adult mutants resembled more the pattern of wild-type
embryos than the one of adults (Figure 1E). This suggests that
Cox7a1l is needed for a fully mature OXPHOS super-assembly.

In summary, BNGE analysis showed that Cox7a1 is acting as a
CIV homodimer stabilizer in vivo.

Homo-dimerization of CIV improves its activity

We next inquired if CIV dimerization impacts its activity. To
assess this and to overcome the limitation of tissue amount in ze-
brafish, we used wild-type mouse hearts, whose content in mito-
chondria is very high. We evaluated the oxygen consumption of
IV5 (or IVy) and IV, (or IV,,,) BNGE eluted bands upon the addition
of CIV electron donors. The levels were normalized by CIV con-
tent of each eluted sample, measured by western blot. The
observed 1.5-fold increase in IV, compared with V4 shows

Figure 1. Cox7a1 stabilizes the dimerization of complex IV

(A) BNGE and immunoblotting with the indicated antibodies of cox7a1*/*

and cox7al~’~ of whole zebrafish mitochondria. Shown are representative examples

from a total of 3 technical replicates. Arrowheads mark regions where CIV complexes are missing. VDAC was used as loading control.
(B and C) BNGE plot profile from CIV and ClIl immunodetection with the indicated antibodies.

(D) 2D BNGE digitonin-DDM and immunoblotting with the indicated antibodies of whole zebrafish mitochondria. Shown are representative examples from a total
of 2 technical replicates. Arrowheads, missing CIV staining.

(E) BNGE of adult cox7a7** and cox7a?~/~ whole body mitochondria (pool of n = 5 fish) and 48 hours post fertilization (hpf) deyolked wild-type embryos (pool of
approximately 500 embryos; n = 1 technical replicate). Arrowheads, missing CIV complex.

(F) BNGE band oxygen consumption rate normalized by complex IV sample content measured by MT-CO1 immunoblotting of CIV dimer (CIV4 or CIV,) and
monomer (CIV,, or CIV,) of C57BL/6 mice heart mitochondria (n = 5 biological and technical replicates). Unpaired t test.

(G) CIV enzymatic activity normalized by citrate synthase activity in skeletal muscle zebrafish mitochondria (n = 5 biological and technical replicates). Unpaired
t test.

(H) Oxygraphy of skeletal muscle mitochondria from zebrafish (n = 8 biological replicates, one technical replicate). Asterisk highlights changes between curves.
(1) Oxygraphy of whole-body mitochondria from zebrafish (n = 5 biological and technical replicates). Genotypes were cox7a1~’'~ and wild-type sibling as explained
in the legend. Two-way ANOVA. Ns, non-significant p > 0.05.
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Figure 2. Reduced mitochondrial performance in cox7a1™~ zebrafish
(A) mtDNA content assessed by quantitative PCR on 5 cox7al~’~ or wild-type sibling female hearts and skeletal muscle samples. Shown are median and
quartiles, as well individual data points. Unpaired t test. ns, non-significant.
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that CIV the dimeric form is more active than in its monomeric
form (Figure 1F).

We also measured CIV enzymatic activity in zebrafish skeletal
muscle mitochondria and found a significant reduction in
cox7al™~ compared with wild types (Figure 1G). In addition,
assessment of coupled mitochondrial respiration using isolated
skeletal muscle mitochondria (Figure 1H) or whole-body mito-
chondria (Figure 11) showed a reduction in respiration upon CIV
substrate administration. This reduction was not affecting respi-
ration driven by Cl, ClIl, or Cl + |l substrates.

We next assessed how loss of Cox7al affected overall
mitochondrial biology. mtDNA content was downregulated
to nearly half of the control levels in cox7a? ™/~ heart samples,
but we detected no effect in skeletal muscle of mutants
compared with controls (Figure 2A). To understand the impact
of the observed changes in CIV dimer formation on mitochon-
drial architecture, we used transmission electron microscopy
(TEM) (Figures 2B-2l). Mitochondria size was unaltered in
either of the tissues (Figures 2B-2E), and the shape was
only slightly different in the heart with less rounded mitochon-
dria in cox7a1 mutants (Figures 2B-2E). The electron transport
chain lies within mitochondrial cristae.?® Changing bioener-
getics demands can affect cristae width, whereby an excess
of ADP leads to a swollen intra-cristae space volume and
ADP-limiting conditions lead to a reduction. Furthermore,
changes in cristae width can affect OXPHOS performance.
Given the structure-function relationship between cristae
shape and mitochondrial respiration, we analyzed if changes
in SC formation alter cristae structure (Figure 2F). Skeletal
muscle mitochondria showed a 5% increase in maximal
cristae lumen width compared with controls (Figure 2G). In
the heart, mean cristae width was significantly reduced by
25%, while maximal cristae width was unaffected. Moreover,
we detected a significant increase in mitochondrial number
and size of electrodense particles, compatible with calcium
precipitates, in both tissues of mutant animals (Figures 2B,
2D, and 2H). We confirmed the accumulation of calcium pre-
cipitates in mitochondria by comparing basal concentration of
calcium in isolated mitochondria measured at pH 7.5 with that
measured at pH 6.8 (Figure 2l). Since acidic pH favors the sol-
ubilization of calcium precipitates,?” we could corroborate the
increased calcium in precipitate form in the mutant muscle
and heart mitochondria.

In summary, the destabilization of CIV homo-dimerization by
the lack of Cox7a1 observed in cox7a?™'~ mutants correlated
with a reduction in CIV activity and stability. Furthermore,
absence of Cox7a1l affected mitochondrial structure, including
cristae shape and mitochondrial permeability or pH, leading to
calcium accumulation.
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Cox7a1 loss of function reduces skeletal muscle
performance

We previously demonstrated that null mutants for the lll; + IV
assembly factor cox7a2l/scaf1 display growth retardation and
increased fat accumulation that can be rescued by food supple-
mentation.'® In the case of cox7a7 mutants, we did not observe
differences in growth measured by fish length (Figures 3A and
3B). Instead, cox7a? '~ male and female fish displayed reduced
body weight compared with their wild-type counterparts (Fig-
ure 3C). The lower body weight was due to diminished lateral
muscle mass, determined by histological analysis (Figure 3D)
and confirmed by microcomputed tomography (uCT) imaging,
followed by skeletal muscle volume segmentation (Figures 3E
and 3F). Consistent with the reduction in muscle mass, the exer-
cise performance of cox7al™'~ mutants was reduced. The
maximum swimming capacity of fish lacking Cox7a1 was signif-
icantly poorer in both sexes than in wild-type siblings (Figure 3G).

We also analyzed the skeletal muscle in the absence of
Cox7a2l. In cox7a2l/scafl~’~, the skeletal muscle width (Fig-
ure S1F) and the swimming capacity (Figure S1G) were not
altered in comparison with wild types. Mitochondrial calcium
storage has been associated with muscle function®® and the
accumulation of calcium precipitates in cox7al™’~ correlate
with changes in swimming performance. In line with an absence
of impaired muscle performance in cox7a2l/scaf1~’~, there was
no evidence of altered calcium homeostasis, as assessed by
quantification of electron-dense particles in TEM images (Fig-
ure S1H). Therefore, the reduction in muscle mass and swim-
ming performance is specific to cox7al~’~ fish.

We wondered whether endurance training would be able to
trigger mechanisms to compensate the reduced swimming per-
formance in cox7a?1™'~ and even allow an increase in muscle
mass. Although in controls exercising led to an increase in
body length, even after a 4-week long training regime, neither
body length and weight parameters nor muscle volume were
rescued in cox7al~’~ (Figures S11-S1K).

Altered mitochondrial respiration can lead to an increase in
reactive oxygen species (ROS), which in turn can lead to muscle
atrophy. For this reason, we measured mitochondrial ROS on
freshly dissected skeletal muscle tissue but could not find evi-
dence of increased ROS production in the absence of cox7a1 ™/~
(Figures S1L and S1M).

BNGE analysis had revealed that SC assembly was reflect-
ing a more immature state in cox7a1™’~ (Figure 1E). Addition-
ally, skeletal muscle mass was reduced compared with
wild-type siblings. This could suggest a halted muscle devel-
opment. To study this more in detail, we performed quantita-
tive proteomics using multiplexed isobaric labeling in skeletal
muscle of adult cox7al™~ and adult and juvenile controls

(B-G) Transmission electron microscopy of skeletal muscle and heart from adult fish (n = 3 males per genotype). Arrowheads, calcium precipitates. (B) and (D)
Representative images of skeletal and cardiac muscle mitochondria. (C) and (E) Measurement of mitochondrial size and roundness in skeletal muscle or heart.
Unpaired t test. (F) Zoomed-in views of mitochondria to show segmented cristae lumen. (G) Measurement of maximal cristae lumen width and average cristae
lumen width. On average ~250 cristae were analyzed per biological replicate. Mann-Whitney U test.

(H) Number of calcium particles per mitochondria in heart and skeletal muscle. A minimum of 30 mitochondria per biological sample were measured from 3 to 5
different regions of the section. Biological samples are represented with different color tones. Unpaired t test.

(I) Calcium levels in fresh adult skeletal muscle isolated mitochondria subjected to pH 7.5 (basal dissolved calcium levels) and pH 6.8 (solubilization of calcium
precipitates) (n = 6 male biological replicates per genotype). Shown are individual measurements as well as median and quartiles two-way ANOVA, and Fisher’s

LSD multiple comparison.
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Figure 3. Reduced skeletal muscle mass of cox7a1~~ adult zebrafish
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and eosin-stained sections. Scale bars, 100um.
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(Figures 3H and S2; Data S1 and S2). Principal-component
analysis (PCA) revealed a clear separation of cox7a?~/~ skel-
etal muscle from wild-type controls, with the separation being
even more evident with juvenile wild-type skeletal muscle (Fig-
ure S2A). This shows that cox7a?~’~ animals do not have a
delayed development or immature skeletal muscle phenotype.
Gene set enrichment analysis (GSEA) and Gene Ontology
(GO) overrepresentation analysis revealed a downregulation
of pathways related to the respirasome and upregulation of
pathways related to the extracellular matrix (ECM) in
cox7al™~ (Figures S2B and S2C; Data S2). Overrepresenta-
tion analysis using Reactome database also highlighted a
decrease in genes related to muscle contraction, which corre-
lated with the reduced swimming capacity (Figure S2C). An in-
depth analysis of keywords including muscle or calcium
signaling identified several differentially expressed proteins
within this category (Figures 31 and S3; Data S1). In addition,
the levels of muscle cell-cell and muscle cell-ECM adhesion
proteins were altered (Figures S2 and S3A). In sum, prote-
omics of skeletal muscle indicates that not only is the muscle
mass reduced, but muscle function is altered.

To gain further insight into the reasons of impaired muscle
contractility, we analyzed sarcomeres and found that in the
absence of cox7a1, sarcomeres showed a conserved M and Z
line structure and distance between Z-lines (Figures 3J and 3K)
but with a significant reduction in sarcomere thickness (Fig-
ure 3L). These features may be indicative of a delay in muscle
maturation in a non-pathological range.

Absence of Cox7a1 rewires muscle metabolism

Besides changes in structural muscle proteins, we also observed
profound alterations in proteins involved in metabolism (Figure 4).
GSEA and GO overrepresentation pathway analyses identified a
downregulation in carbohydrate catabolic, pyruvate metabolic,
and glycolytic process, as well as a downregulation in ATP gen-
eration from ADP, NADH regeneration, and nucleotide meta-
bolism (Figures 4A and S2B). We also checked mitochondrial-
specific genes using MITOCARTA?® and found that among the
respiratory chain, there was a specific downregulation of CIV
proteins (Figure S3B; Data S1). Cox7al itself was the most
downregulated protein in cox7a?~/~ skeletal muscle. Interest-
ingly, we observed an upregulation of Cox7a2a in the mutants.
This corroborates the stabilization of the other Cox7a family
member Cox7a2a in the absence of Cox7a1 seen in HEK cells.®
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Noteworthy, the upregulation could not compensate for CIV
dimerization (Figure 1).

We next analyzed the dynamics of glucose levels in blood be-
tween feeding and fasting conditions (Figure 4B). 1 h after
feeding, the levels of blood glucose in control and mutant ani-
mals showed no differences. However, in fasting condition,
and just 2 h post feeding, blood glucose levels were significantly
reduced in cox7a?™~ zebrafish. This finding confirms an
increased glucose uptake and consumption by cox7a? ™~ mu-
tants. In the skeletal muscle, we could not detect evidence of
an elevated use of glucose to be directed toward glycogenogen-
esis. Indeed, periodic acid-Schiff (PAS) staining showed a reduc-
tion in glycogen storage in adult skeletal muscles (Figure 4C).

We additionally performed NMR metabolite detection in skel-
etal muscle of cox7al~’~ and wild-type siblings (Figure 4D).
Phosphocreatine (PCr) and ATP levels were significantly
reduced in the skeletal muscle of cox7a? ™~ animals, suggesting
an increased usage of the energetic muscle molecules to sustain
muscle function or a diminished capacity to store energy due to
the immature energetic metabolism.

The combined alterations in proteomics and metabolomics
profiles supported a reduction of glycogen storage with a drop
in the enzyme a-1,4 glucan phosphorylase (Pgyma) and a drop
in UDP-glucose (Figures 4A and 4D). We noticed that glucose-
6-P, the starting metabolite for glycolysis, glycogenogenesis,
and the pentose phosphate cycle, was reduced in cox7al™’~
muscles, suggesting a higher glucose consumption rate (Fig-
ure 4D). Many proteins involved in glycolysis were also
decreased (Figures 4A and 4D). Correlatively, the glycolysis in-
termediate metabolite fructose-6-P was also reduced (Fig-
ure 4D). Pyruvate, the end product of glycolysis, can be fer-
mented to lactate or imported into the mitochondria to feed the
TCA cycle. Lactate dehydrogenase members Ldhba were
reduced in skeletal muscle from cox7a?~/~ mutants (Figure 4D),
together with a tendency of reduced lactate levels (Figure 4D).
This indicates that lactic fermentation is not the likely fate of
glucose and suggests that the glycolysis-derived pyruvate may
be preferentially used to maintain the generation of acetyl-CoA
in the mitochondria. Indeed, TCA intermediates succinate, fuma-
rate, and malate were not significantly affected by the lack of
cox7al (Figure 4D). The only TCA cycle-related protein that
was significantly upregulated was malate dehydrogenase,
needed in mitochondria to convert malate to oxaloacetate and
in the cytoplasm being part of the malate-aspartate shuttle that

(B and C) Quantification of body length (B) and body weight (C) (n = 15-22, males, n = 22—-14 females). Shown are values of individual animals as well as median

and quartiles. Unpaired t test, ns, non-significant.

(D) Lateral muscle width measured from samples shown in (A) (n = 6-7, males, n = 3-4 females).

(Eand F) uCT scans of a 5 mpf adult male zebrafish body. Maximum intensity projection images of two representative scans (E) and skeletal muscle volume segmented
from 3D scans (F) (n = 5 biological replicates). Shown are values of individual measurements as well as median and quartiles; unpaired t test.Scale bars, 100um.
(G) Maximum swimming capacity represented by body length (BL) per second (n = 10). Shown are values of individual measurements as well as median and

quartiles. Unpaired t test.

(H and 1) Quantitative proteomics of skeletal muscle comparing mutant and wild-type animals (pool of n = 5 biological samples per replicate, n = 3 technical
replicates). (H) Volcano plot of detected proteins with log fold-change (LFC) > +1 p value < 0.05. (I) Heatmap of proteins differentially expressed between

cox7a1*’* (wild-type [WT] siblings) and cox7a1~"~

associated to the keyword “muscle.” Scale shows expression as normalized expression levels. Number in-

dicates that proteins had been also associated to other analyzed pathways, as described in Data S1.
(J-L) Transmission electron microscopy of skeletal muscle sarcomeres (n = 3 males per genotype). Scale bars, 2 pm. (J) Representative images. (K) Quantification
of sarcomere length and (L) sarcomere thickness. Data represented as median and quartiles. I