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Abstract

Heart failure is characterized by metabolic derangements such as altered substrate metabolism
and mitochondrial dysfunction. Mitochondrial supercomplexes, which are higher-order
molecular structures comprised of multi-subunit complexes of the electron transport chain, are
decreased in heart failure. To investigate the supercomplex proteome composition in heart
failure, we used an in vivo myocardial infarction (MI) model in which mice exhibited reduced
cardiac function, confirmed by two-dimensional echocardiography at 4 weeks post-infarction. To
assess proteins within supercomplexes, we used an emerging technique known as complexome
profiling. This technique involved separating out mitochondrial protein complexes using Blue-
Native PAGE combined with mass spectrometry to identify proteins within supercomplex gel
bands. We identified band-dependent decreases or increases in the relative abundance of subunits
of the electron transport chain between MI and sham mice. Decreased abundance of proteins
involved in a-ketoglutarate dehydrogenase metabolism including DLST was also identified in
the supercomplex bands of MI mice compared to sham mice. In addition, decreased abundance
of redox-related proteins such as SOD2 and changes in ribosome protein subunits were identified
in the MI mitochondria. In conclusion, we identified changes in the mitochondrial supercomplex
proteome in a murine model of heart failure, providing insight and novel mechanisms that may

be contributing to the metabolic dysfunction in heart failure.

New and Noteworthy
This study identified novel changes in the proteome of mitochondrial supercomplexes in a

murine model of heart failure including alterations in the relative abundance of metabolic protein
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complexes, redox proteins, and ribosomal proteins. These findings provide new insights into

potential mechanisms that may contribute to metabolic dysfunction in heart failure.

Keywords
Respirasome, Blue-Native PAGE, oxidative phosphorylation, mass spectrometry,

cardiomyopathy
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Introduction

Heart failure is a complex and chronic disease with many underlying factors. Central to the
pathogenesis of this disease are changes in energy metabolism. The oxidative phosphorylation
(OXPHOS) machinery in the inner mitochondrial membrane, which drives ATP production,
consists of four electron transport chain oxidoreductase complexes (CI-CIV) and the ATP
synthase complex (CV). These oxidoreductase complexes assemble as higher-order structures
known as respiratory supercomplexes in multiple stoichiometric arrangements of CI;CIII,CIV .4,
CI,CIII; and CHILCIV,; (1). Since their initial characterization, there has been strong evidence

that SCs assemble in metabolically active tissues such as the heart (2—6).

Disassembly of supercomplexes is observed in many cases of cardiac dysfunction including heart
failure (7), atrial fibrillation (8), ischemic reperfusion (9-11), and aging (4). In contrast,
NDUFABI, an accessory subunit of CI, contributes to supercomplex assembly, and has been
shown to be cardioprotective (5). Myocardial supercomplex assemblies also dynamically
mediate metabolic protection in response to ischemia/reperfusion (12). Earlier work investigating
mechanisms underlying cardioprotective strategies showed no changes in overall supercomplex
abundance but greater levels of cytochrome-c oxidase subunit within supercomplexes in the
cardioprotective conditions (13). Other work has suggested that ex vivo cardiac function is not
impacted by supercomplex assembly (14). Recent work with a point mutant mouse model
disrupting supercomplex assembly demonstrated no changes in bioenergetic capacity in cardiac
mitochondria (15). Altogether, findings highlight complexities and controversies in resolving the

structural and functional implications of mitochondrial supercomplexes in the heart.
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Currently approaches to study mitochondrial supercomplexes involve mild solubilization of
mitochondria followed by gel electrophoresis, a technique known as Blue-Native or Clear-Native
PAGE (2, 16). This gel-based technique is paired with immunoblotting to detect specific
subunits within the electron transport chain or direct incubation with various substrates to
measure in-gel activity of the complexes (17). Technical advances in combining Blue-Native
PAGE and liquid chromatography with tandem mass spectrometry have revealed the proteome
composition of mitochondrial supercomplexes in the murine heart (18, 19), in murine skeletal
muscle in response to exercise (20), and in fibroblasts of patients with mitochondrial disorders
(21). In addition, recent datasets have been developed to comprehensively identify and predict
mitochondrial complexes (22, 23). Our results here serve as the first proteomic resource for
mitochondrial supercomplex proteome composition in heart failure. We identify altered
abundance of electron transport chain, metabolic, redox, and ribosomal proteins in the failing
heart, highlighting novel mechanisms that may contribute to the metabolic landscape of heart

failure.

Methods

Animal studies

All animal studies were approved by the Animal Care Committee of the University of Ottawa
(UOHI-AUP-4381) and conducted with the principles of the Canadian Council of Animal Care.
Male and female CD-1 mice (8 weeks) were obtained from Charles River. All mice were housed
in a 12-hour/12-hour light/dark cycle with ad libitum access to chow (Teklad 2018) and water.

Myocardial infarction (MI) surgery was performed as previously described (24).
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Myocardial infarction model

Myocardial infarction was induced using a surgical model of heart failure involving the
permanent ligation of the left anterior descending coronary artery (LAD). Mice were treated pre-
operatively with 1.2mg/kg buprenorphine (1.2mg/kg; subcutaneous) and meloxicam (5mg/kg)
and treated with meloxicam (5mg/kg) 24hr and 48hr post-surgery. Mice were anesthetized with
isoflurane (2%) and intubated by intra-tracheal insertion of a 20G flexible catheter. The mice

were maintained on a ventilator set to 130 breaths per minute throughout the procedure.

The mouse was positioned supine on a heating pad on the surgical platform. The chest cavity
was opened and maintained open with a chest retractor to expose the heart. The LAD was
visualized underneath a surgical microscope and ligated 1-2mm below the tip of the left atrium
using a 7-0 silk. Infarction was confirmed by the loss of color on the anterior wall of the left
ventricle. The chest retractor was moved, and the muscles and skin were closed with 6-0
absorbable nylon sutures. Sham mice underwent the same procedure without ligation of the
LAD. Mice were moved to a 30°C recovery chamber and returned to housing rooms after

recovery.

2-Dimensional echocardiography
Cardiac functional parameters were measured using a VEVO3100 System (Visual Sonics,
Toronto, Canada). Mice were anesthetized with 2-3% isoflurane and 1.5 L/min of oxygen and

maintained on a heated (37°C) imaging platform. Ejection fraction, end-systolic volume, end-
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diastolic volume, and akinetic area were measured using 2-dimensional parasternal long axis

imaging. All data analysis was completed using VevoLAB (5.10.0).

Mitochondrial isolation

Mitochondrial from the remote zone of the infarcted hearts were isolated using a previously
published protocol (18). Briefly, left ventricle tissue was placed in a pre-chilled petri dish on ice
and gently minced with small dissection scissors in mitochondrial isolation buffer (220mM
mannitol, 70mM sucrose, SmM MOPS, ImM EGTA, pH 7.2 with KOH). Left ventricle
fragments were transferred to 2mL of mitochondrial isolation buffer with 0.2% BSA and
homogenized using a prechilled motor-driven teflon potter-elvehjem tissue homogenizer. The
homogenate was centrifuged at 800g for 10min. The supernatant was collected and centrifuged at
9,000g for 15min. The resulting enriched mitochondrial pellet was resuspended in ImL of
mitochondrial isolation buffer and centrifuged at 10,000g for 10min. The resulting pellet of
mitochondria was resuspended in ImL mitochondrial isolation buffer and mitochondrial protein
concentration was measured using a Pierce BCA Protein Assay kit according to manufacturer’s
protocol. Mitochondrial protein aliquots (50pg) were prepared and snap frozen in liquid nitrogen

for downstream assays.

Blue-Native polyacrylamide gel electrophoresis (BN PAGE)

Sample solubilization

Enriched mitochondrial pellets were resuspended in solubilization buffer (50mM NaCl, 50mM
imidazole/HCl, 2mM 6-aminohexanoic acid, ImM EDTA, pH 7.0) with digitonin (8g digitonin/g

mitochondrial protein) as previously described (25). After solubilization, samples were



143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

centrifuged at 20,000g for 20 min at 4°C. Glycerol and Coomassie G-250 were added to the

resulting supernatant.

Gradient gel preparation

3-13% large gradient gels were hand-cast using the PROTEAN®II xi cell system (BioRad
1651801). Gradient gel composition was calculated according to previously published protocols
(26). Briefly, 16x20cm and 20x20cm glass plate sandwiches were secured with clamps and set
up in casting stands. A leveled gradient former (BioRad 165-4120) was placed on a magnetic stir
plate and attached to thin plastic tubing inserted into each gel sandwich. Gels were cast by
quickly pouring the 3% and 13% acrylamide solutions into the chambers and mixing at a

constant stirring rate while pouring the gels.

Gel electrophoresis

Samples and molecular weight markers (NativeMark LC0725; ThermoFisher) were loaded to in-
house cast 3-13% acrylamide gradient gels for electrophoresis using the PROTEAN™ II xi cell
system (BioRad 1651801). Gels were run at 150V for 1.5hr at 4°C in dark cathode buffer (50
mM Tricine, 7.5mM Imidazole, 0.02% Coomassie blue G-250, pH 7.0), and switched to light
cathode buffer (50 mM Tricine, 7.5mM Imidazole, 0.002% Coomassie blue G-250, pH 7.0) at

200V overnight at 4°C.

Coomassie staining
After gel electrophoresis, gels were immediately transferred to a Coomassie fixing staining

solution (50% (v/v) methanol, 10% (v/v) acetic acid, 0.025% (w/v) Coomassie dye) for 1hr. Gels
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were destained in destaining solution (10% (v/v) acetic acid) for 4hrs. Gels were imaged on a
backlit tray with a camera. Supercomplex bands were excised from the gel using a disposable
grid cutter and mount (MEE2-9-34 and MEF67-9) to excise 11 bands 2mmx9mm in size in the

supercomplex molecular weight region.

In-gel digestion

To ensure consistent profiling of the supercomplex bands across all samples, a gel cutter (MEE2-
9-34 and MEF67-9 Gel Company) was used to excise 11 higher molecular weight supercomplex
bands in each gel lane. Each gel band was cut into 5 smaller (1mm”) pieces and destained with
destaining solution (100mM ammonium bicarbonate, 30% acetonitrile) for 5 min by vortexing.
This was repeated until all pieces were fully destained. Gel pieces were submerged in acetonitrile
to dehydrate, and the gel pieces were left to dry. Trypsin (5ng/uL Promega V511C) in 50mM
ammonium bicarbonate was added to each sample, and gel pieces were incubated overnight at
37°C. The supernatant containing digested peptides was removed the following day and stored at

-80°C. Samples were then processed for liquid chromatography-tandem mass spectrometry.

Liquid chromatography-tandem mass spectrometry

Digested peptides were resuspended in 25mM ABC and 1% formic acid and transferred to a 96
well plate. The plate was loaded onto a nanoflow ultra-high-performance liquid chromatography
(nanoLC) system (reversed-phase UltiMate™ 3000 RSLCnano System with ProFlow Meter
(Thermo Fisher Scientific, Waltham, MA)) coupled with Orbitrap Eclipse™ Tribrid™ mass
spectrometer (Thermo Fisher Scientific). Approximately 0.1 pg of the peptides was injected and

separated on the nanoLC system, which involved cleanup on 3 pm PepMaps® C18 trap (Thermo
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Fisher, 300 um L.D. % 0.5 mm) followed by separation on a 72 min step-wise gradient from 6%
to 85% solvent B (100% acetonitrile and 0.1% formic acid) on a 1.7 pum BEH130C18 nanoLC
column (Waters, Milford, MA, USA, 100 um L.D. x 10 cm). The eluted peptides were ionized by
electrospray ionization in positive ion mode and full MS scans were acquired in the Orbitrap
between 350 and 1800 m/z in profile mode at a 60,000 resolution. This was followed by Higher-
energy Collisional Dissociation fragmentation and data-dependent acquisition (DDA) MS/MS
analysis in the linear ion-trap of the instrument. All data were recorded with Xcalibur software

(Thermo Fisher Scientific).

Bioinformatic analyses

Mass spectrometry data analysis

Raw mass spectrometry data were processed with MaxQuant version 2.6.7.0 using default
settings if not stated otherwise. MS/MS spectra were analyzed using the andromeda search
engine integrated into the MaxQuant environment. Searches were performed against the Uniprot-
mouse reference proteome (UniProt proteome ID UP000000589) containing 45,742 protein
entries. Oxidation (M), Acetyl (Protein N-terminal) were selected as variable modifications and
carbamidomethyl (C) as a fixed modification. Label free quantification (LFQ) and ‘match
between runs’ options were enabled. For peptide and protein identification, the false discovery
rate (FDR) was set to 0.01. Minimal peptide length was set to 7 amino acids, and a maximum of
2 missed cleavages was allowed. The minimum number of razor peptides for protein
identification was 1, and all proteins identified had at least 1 minimum unique peptide. Peptide

and protein identifications were validated using a target-decoy approach in revert mode.

10
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To remove any non-mitochondrial proteins, the resulting dataset was filtered to only include
mitochondrial proteins according to the mouse MitoCarta 3.0 dataset (27). For the annotation of
proteins using the MitoCarta functional annotations, proteins that had multiple annotations were
included in each category in Fig 2E. Proteins that had no functional annotation in MitoCarta
(OCIADI1 and GATD3) were manually assigned to a functional group. To account for batch-to-
batch variability, LFQ intensities were normalized using a median normalization approach
whereby raw LFQ intensities were normalized to the band median and total dataset median (28).
Resulting LFQ intensities were filtered to only include proteins that had values for 2 of 4
samples in each group (sham and MI). LFQ intensities were log, transformed prior to imputation
and statistical analysis. Missing values were imputed using a global imputation strategy by

imputing the group mean of the non-missing values in the sham and MI groups.

For complexome data analysis, Z-scores were calculated in Python using the Pandas and SciPy
libraries (29, 30). Differentially expressed proteins were identified using limma (31) and

visualized using the EnhancedVolcano package (32).

Statistical analysis
Unless stated or specified, all results for in vivo echocardiography and cardiac anatomy are
shown as mean + SEM. Graphpad Prism software 10.2.3 was used to calculate significance using

an unpaired Student’s t-test.

For complexome profiling analyses, Bayesian-modified t-tests with Benjamini-Hochberg

correction were calculated using the limma package (31). Significance for differential expressed

11
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proteins within each band was determined by a log, fold-change cutoff of |0.58| and -log)o

adjusted p-value cutoff of |1.3].

Results

Myocardial infarction surgery induces cardiac dysfunction

To investigate the mitochondrial changes occurring in heart failure, male and female mice were
subjected to MI surgery involving the permanent ligation of the left anterior descending artery
(LAD). At 4 weeks post-MI, 2-dimensional echocardiography was employed to confirm cardiac
dysfunction followed by mitochondrial isolations at 5 weeks post-MI (Fig 1A). Male mice that
underwent MI surgery had increased heart weight to body weight ratios (HW/BW) (Fig 1B) and
decreased ejection fraction (Fig 1C) along with increased end diastolic volume (EDV) (Fig 1D)
and increased end systolic volume (ESV) compared to sham mice (Fig 1E). To quantify MI size,
we measured akinetic length from the parasternal long axis view at 1 week and 4 weeks post-MI
(Fig 1F) with male mice displaying an increased akinetic length at 4 weeks post-MI (Fig 1QG).
Female MI mice exhibited the same cardiac structural remodeling showing increased heart
weight to body weight ratio (Fig S1A). Female MI mice also exhibited changes in cardiac
function including decreased ejection fraction (Fig S1B), increased EDV (Fig S1C), increased

ESV (Fig S1D), and increased akinetic length (Fig S1E-F) at 4wks post-MI.

Complexome profiling identifies diverse mitochondrial proteins within the cardiac

supercomplex proteome

12
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To examine the proteome of supercomplexes in response to myocardial infarction, we employed
an integrated Blue-Native PAGE and mass spectrometry approach, an emerging technique in
mitochondrial research known as complexome profiling (Fig 2A). Mitochondria from the remote
zone of the infarcted hearts were used for analysis as this region is adjacent to the site of direct
infarct and maintains contractile function. To properly extract and solubilize supercomplexes
from mitochondrial samples, the digitonin/mitochondrial protein ratio was optimized to resolve
and maintain the higher molecular weight supercomplex assemblies before loading onto a Blue-
Native PAGE gel (Fig S2A). After Coomassie staining, 11 gel bands from the supercomplex gel
region were excised using a standard gel multi-band cutter and digested followed by LC-MS/MS
to identify proteins within each band (Fig 2B). The majority of proteins identified were
mitochondrial (approximately 83%) along with a small fraction of non-mitochondrial proteins
(e.g., cytosol and endoplasmic reticulum), as expected, due to our use of a differential
centrifugation mitochondrial isolation protocol. As our focus was to resolve mitochondrial
protein complexes, the dataset was filtered using the Mouse MitoCarta3.0 database (27) to
include only mitochondrial proteins present in at least 2 of 4 samples in the sham and MI groups.
We identified between 168-187 mitochondrial proteins in each of the supercomplex bands (Fig
2C). Of these, approximately 96% of proteins were detected in two or more bands, and 70% of
proteins were detected across all bands, indicative of a core set of co-migrating proteins
including the electron transport chain proteins and other mitochondrial proteins. Confirming our
excision of mitochondrial supercomplex bands, OXPHOS proteins made up over 85% of the
protein abundance across all 11 bands as measured by the summed LFQ intensity of all

OXPHOS proteins (Fig 2D). Using the Mouse MitoCarta3.0 biological pathway annotations

13
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(27), we identified proteins involved in diverse functions across the supercomplex bands
including OXPHOS, metabolism, mitochondrial central dogma, mitochondrial dynamics, protein
import, sorting and homeostasis, small molecule transport, and signaling (Fig 2E). To assess the
relative distribution of OXPHOS subunits across the bands, we compared the LFQ intensities of
all OXPHOS proteins, identifying an enrichment of CI and CIII in band 2 and enriched CIV in
band 1 and bands 5-9 in both sham and MI supercomplexes (Fig 3A). CV oligomeric chains co-

migrated with the supercomplexes, as previously described in skeletal muscle (33).

Myocardial infarction induces changes in the relative abundance of OXPHOS, metabolic,

redox and ribosomal proteins within supercomplexes

To investigate the composition of mitochondrial supercomplexes in heart failure, we assessed the
relative abundance of proteins in excised bands from cardiac mitochondria of MI mice compared
to sham mice. Several differences in protein abundance were identified across the 11 bands (Fig
4; Fig S3A). We first identified changes in OXPHOS proteins including increased abundance of
mitochondrially encoded CI subunit, ND2 in bands 5 and 7, and CI subunit, NDUFSS in band 7
(Fig S3A). Noted also were trends for lower abundance of CI subunits NDUFA3 and NDUFB10
in band 2. CIV subunits, COX6A1 and COX7A2 had increased abundance in band 5 and
similarly COX6A2 increased in bands 3, 5, and 8 of MI supercomplexes compared to sham.
Finally, CYCS, a crucial electron carrier protein, had increased abundance in MI supercomplex

band 5 compared to sham.
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In addition to changes in the relative abundance of OXPHOS proteins, multiple metabolic
proteins displayed decreased abundance across MI supercomplexes. One subunit of the a-
ketoglutarate dehydrogenase complex, DLST, had decreased abundance in MI bands 4 and 5
compared to sham supercomplex bands. In addition, trending decreases in OGDH and DLD,
which are other subunits of the a-ketoglutarate dehydrogenase complex, were observed across
the MI supercomplex bands. IDH2, a TCA cycle enzyme that catalyzes isocitrate to o-
ketoglutarate conversion, producing NADPH, which is crucial for mitigating ROS accumulation
and thus protecting against oxidative stress, had decreased abundance in MI band 10 compared
to sham supercomplexes. Other metabolic proteins including PCCB, MCCC1, and MCCC2
decreased in various MI bands compared to sham bands across the dataset. Alongside these
alterations in metabolic protein complexes, we identified a decrease in the relative abundance of
SOD?2, a redox signaling protein that converts the proximal form of mitochondrial ROS (i.e.,
superoxide) to hydrogen peroxide, across bands 2,3, and 10 in MI samples compared to sham
samples. Finally, FAM162A, a protein involved in hypoxia-induced cell death, was increased in

bands 2, 3, and 7 of the MI mitochondria compared to sham mitochondria.

Another class of mitochondrial protein complexes, the mitochondrial ribosomal proteins, were
altered in MI supercomplexes compared to sham supercomplexes. The relative abundance of
large ribosomal subunit proteins including MRPL50 was increased in band 8 and decreased in
band 10 while MRPL12 was decreased in bands 9 and 10. Similarly, the relative abundances of
the mitochondrial small ribosome subunit were changed across bands including an increase in
MRPS16 and decrease in MRPS23, MRPS27, MRPS34, MRPS5, MRPS22, MRPS7 and

MRPS35 across the MI supercomplex bands compared to the sham bands.
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Discussion

In the present study, we employed an emerging technique, complexome profiling, to identify
over 180 mitochondrial proteins in supercomplex bands using Blue-Native PAGE combined with
mass spectrometry. Using this technique to investigate mitochondria from ventricular tissue post-
ischemic injury, we identified changes in the relative abundance of OXPHOS complexes,
metabolic complexes, redox proteins, and ribosomal complexes within higher molecular weight

supercomplex bands.

Heart failure is a complex disease characterized by mitochondrial dysfunction with evidence of
altered supercomplex assembly. In human heart failure, previous work has shown no changes in
CIV supercomplex in-gel activity compared to non-failing hearts but increased supercomplex
activity after treatment with a mitochondrial-targeted tetrapeptide, Elamipretide, which can
decrease the production of reactive oxygen species and stabilize cardiolipin (34, 35). In
mitochondria from a pacing-induced canine model of heart failure, supercomplex assembly was
decreased, as assessed by Blue-Native PAGE and immunoblotting (7). Our data further
highlight how supercomplex remodeling may play a role in heart failure pathology and the
response to mitochondrial-targeted therapeutic interventions. A recent study using quantitative
cross-linking technology to assess protein complex changes in a murine pressure-overload
induced model of heart failure, identified changes in the assembly of metabolic proteins such as
ketone-oxidation enzymes as well as decreased interactions between CIV subunits (36). While
these data provide evidence of changes associated with global ventricular remodeling in a

pressure-overload induced heart failure model, supercomplex formation has also been

16
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investigated in response to ischemia/reperfusion injury where the formation of an extra-large
respirasome, [+I1II, is cardioprotective (12). Our findings showing changes in the abundance of
mitochondrial OXPHOS complexes, metabolic, and redox proteins further highlight the dynamic
nature of supercomplex assembly in an infarct-induced model of heart failure. Our data also
align with recent work showing that supercomplex assembly is responsive to different metabolic
substrates (18), as well as apoptotic stimuli (23), all signaling pathways that are involved in heart
failure. Mitochondrial processes are most affected in the ischemic region of an infarcted heart
compared to the remote or border zone of the heart (37), and the remote zone is enriched for
cardiac contractile signatures compared to all other regions in human hearts post-myocardial
infarction (38). We investigated mitochondria isolated from the remote zone tissue for all
proteomic analyses (Fig 1A) because it is this region that maintains cardiac contraction after
ischemic injury and is thus of key functional significance. In addition to the known remodeling
in the infarct zone, our data support the conclusion that mitochondrial processes in the remote

region are impacted and may contribute to the development of heart failure over time.

Complexome profiling is an emerging technique used to decipher protein complex composition,
novel assembly factors and the active remodeling of these proteins in health and disease. Recent
work in cardiac mitochondria has shown that mitochondrial protein complexes from diverse
functional clusters assemble and can be predicted using advanced statistical correlation tools
(23). Other work in the heart has further supported the involvement of metabolic, redox, and
scaffold proteins within higher order mitochondrial protein complexes (18, 19). In our results, we
identified a reduced abundance of proteins involved in the a-ketoglutarate dehydrogenase

complex in MI supercomplexes. Beyond the production of succinyl CoA, one of the functions of
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the a-ketoglutarate dehydrogenase complex is the shuttling of NADH, which is also produced, to
NNT for NADPH synthesis to protect against oxidative stress (39), which is relevant to
pathogenic mechanisms in heart failure. Indeed, a-ketoglutarate supplementation is protective in
a murine pressure overload model (40, 41). As well, levels of succinyl-CoA are decreased in the
murine myocardium post-infarct (42), and a-ketoglutarate dehydrogenase activity is decreased in
heart tissue from patients with ischemic cardiomyopathy despite no changes in the total protein
levels of this enzyme (43). Our data contribute novel insights into the reduced abundance of a-
ketoglutarate dehydrogenase complex subunits within higher molecular weight complexes (i.e.,
beyond total levels of the protein) in a murine heart failure model. As this complex is a key
metabolic node linking the replenishment of TCA cycle intermediates through anaplerosis and
biosynthetic processes through cataplerosis, our results suggest potential functional

consequences for TCA cycle metabolism.

In addition to changes in intermediary metabolism proteins, we identified a consistent decrease
in the relative abundance of SOD2 across the MI supercomplexes compared to the sham
supercomplexes. SOD2 is a mitochondrial antioxidant enzyme that catalyzes the conversion of
superoxide to hydrogen peroxide, and is thus the first step in the control of ROS produced by
mitochondria (44). Hydrogen peroxide can act as an important redox signal, but sustained high
levels can cause oxidative damage to proteins, lipids and DNA. To prevent damage, it is
subsequently metabolized to water and oxygen by catalases, peroxidases, and peroxiredoxins
(45). Our study and others investigating cardiac supercomplexes have identified SOD2 with
confidence amongst the supercomplex bands (18) or with high likelihood of comigration with CI

and CIII subunits (23). As CI and CIII are major contributors to mitochondrial ROS emission
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(44, 46), decreased abundance of SOD2 within MI supercomplexes may be indicative of
impaired capacity to control ROS and thus may be mechanistically linked to the increased
oxidative stress characteristic of heart failure (47). Another oxidative stress-related protein,
FAMI162A, which is involved in hypoxia and apoptotic signaling, was increased across multiple
MI supercomplex bands compared to sham samples. Consistent with previous findings in
ventricular tissue from patients with ischemic and dilated cardiomyopathy, where FAM162A is
enriched in the peri-infarct region (48), our data further implicate its involvement in

mitochondrial remodeling in heart failure.

Proteins within another functional category that were altered in the MI supercomplex bands
compared to the sham bands were the mitochondrial ribosome proteins. Across almost all 11
bands, we identified both increases and decreases in subunits of the large and small ribosomal
complexes. Disruption of the mitoribosome complex formation, specifically by partial knockout
of MRPSS5, has shown protective effects on cardiomyocyte proliferation (49). In contrast,
complete loss of MRPSS5 leads to cardiac dysfunction and impaired metabolism (50). Although
we did not observe global decreases in mitochondrial-encoded proteins in the MI
supercomplexes, which would indicate a deficit in mitochondrial translation, our data further
implicate abnormal mitoribosome assembly as a potential contributor to heart failure pathology,

such as through decreased capacity for OXPHOS protein synthesis.

While our study provides insights about supercomplexes in heart failure, there are limitations to
be considered. First, only male mice were used for the proteomics analyses. Despite similar

functional changes between male and female mice post-MI, there may be sex-specific
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differences in mitochondrial supercomplexes which we did not address in our study but should
now be prioritized for future study. Due to substantial mass-spectrometry data acquisition and
analysis time associated with profiling each individual gel band across all experimental
replicates, we chose to profile only the supercomplex region bands (around 1000kDa and higher)
rather than the whole gel slice, which would correspond to upwards of 60 bands per gel lane (22,
25). This limited our ability to understand the rearrangement of complexes into monomer or
other lower molecular weight species. In addition, we acknowledge the dynamic nature of
supercomplex assemblies, formed through non-covalent interactions. As such the supercomplex
profiles identified here may represent the most stable interactions and additional transient protein
associations may have not been identified. Finally, we cannot conclude that the proteins
identified in our dataset are forming protein-protein interactions, which requires follow up such
as additional Blue-Native PAGE, co-immunoprecipitation, or cross-linking mass spectrometry.
Future work using these techniques is required to explore the stoichiometric arrangements of
supercomplexes, multimer to monomer ratios of proteins identified and confirm the functional
implications of the incorporation of these proteins into supercomplexes. Rather our data stand as
a proteomics resource and hypothesis-generating dataset to give insight into alterations in
supercomplex formation in heart failure such as altered electron transport chain protein

abundance in supercomplexes and changes in a-ketoglutarate dehydrogenase complex assembly.

In conclusion, our study demonstrates that mitochondrial complexes undergo distinct remodeling
in murine heart failure marked by changes in the relative abundance of electron transport chain,
metabolic, redox and ribosomal proteins, revealing novel changes in the mitochondrial proteome

after myocardial infarction. Findings highlight the importance of investigating mitochondrial
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supercomplex formation in cardiovascular disease to improve the understanding of metabolic

and mitochondrial dysfunction.
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Figure Legends

Figure 1. Cardiac structure and function are altered at 4 weeks post-myocardial infarction.
(A) In vivo study design overview. (Created in BioRender. Fong-McMaster, C. (2025) https://
BioRender.com/44wh05f.) (B) Heart weight/body weight (mg/g) was measured at 4 weeks post-
myocardial infarction (MI) in male mice. (C-E) Cardiac functional parameters including ejection
fraction (C), end-diastolic volume (D), and end-systolic volume (E) were measured at 4 weeks
post-MI in male mice. (F) Representative parasternal long axis image at 1 week and 4 weeks
post-myocardial infarction (MI) with total left ventricle distance in blue and akinetic distance in
green. (G) Akinetic length was calculated as the akinetic distance/total distance x 100%. P-value
calculated by a Student’s t-test or paired t-test for 1 week and 4 week comparison. n=5-10 male
mice per group (MI and sham).

Figure 2. Identification of mitochondrial proteins within high molecular weight complexes
using complexome profiling. (A) Experimental approach to study MI and sham supercomplexes
using Blue-Native PAGE, mass spectrometry and bioinformatic analyses. (Created in BioRender.
Fong-McMaster, C. (2025) https://BioRender.com/k456uvx) (B) Representative Blue-Native
PAGE gel with 11 excised bands from sham (n=4) and MI (n=4) male mice. (C) Number of
mitochondrial proteins identified in sham and MI samples (minimum n=2) per band after
filtering out non-mitochondrial proteins using the Mouse MitoCarta 3.0 database. (D)
Abundance of oxidative phosphorylation (OXPHOS) proteins measured by the summed LFQ
intensity of OXPHOS proteins compared to the summed LFQ intensity of all other proteins in
sham supercomplex bands. (E) Functional annotation of proteins identified with the 11
supercomplex bands in sham and MI samples (minimum n=2) determined by MitoCarta 3.0
annotation. Proteins with multiple functional annotations were included in all relevant annotation
groups.

Figure 3. Distribution of OXPHOS complexes across supercomplex bands. (A) Z-scored plot
of all CI-CV complexes identified across 11 bands for sham and MI groups. Raw LFQ intensities
were z-scored across bands. The maximum scale was set to 3 and minimum scale to -3.

Figure 4. Myocardial infarction-induced changes in supercomplex proteins. (A) Heatmap
plot of log,fold-change of proteins with significant differential relative abundance between MI
and sham supercomplex bands. Differential relative abundance was identified in at least 1
supercomplex band with significance cutoffs of log, fold-change |0.58| and -log;o adjusted p-
value |1.3|. n=4 male mice per group (MI and sham).
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Changes in mitochondrial supercomplexes in murine heart failure
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