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Respiromics — An integrative analysis linking
mitochondrial bioenergetics to molecular
signatures
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ABSTRACT

Objective: Energy metabolism is challenged upon nutrient stress, eventually leading to a variety of metabolic diseases that represent a major
global health burden.

Methods: Here, we combine quantitative mitochondrial respirometry (Seahorse technology) and proteomics (LC-MS/MS-based total protein
approach) to understand how molecular changes translate to changes in mitochondrial energy transduction during diet-induced obesity (DIO) in
the liver.

Results: The integrative analysis reveals that significantly increased palmitoyl-carnitine respiration is supported by an array of proteins enriching
lipid metabolism pathways. Upstream of the respiratory chain, the increased capacity for ATP synthesis during DIO associates strongest to
mitochondrial uptake of pyruvate, which is routed towards carboxylation. At the respiratory chain, robust increases of complex | are uncovered by
cumulative analysis of single subunit concentrations. Specifically, nuclear-encoded accessory subunits, but not mitochondrial-encoded or core
units, appear to be permissive for enhanced lipid oxidation.

Conclusion: Our integrative analysis, that we dubbed “respiromics”, represents an effective tool to link molecular changes to functional
mechanisms in liver energy metabolism, and, more generally, can be applied for mitochondrial analysis in a variety of metabolic and mito-

chondrial disease models.

© 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Mitochondria play a central role in energy metabolism as they convert
nutrient to cellular energy. In response to physiological and environ-
mental stress, mitochondria require functional adaptation to match
increased ATP demand and to maintain metabolic homeostasis [1]. The
complex adaptation of the organelle is integrated to assure cellular
homeostasis and requires multiple adjustments of signaling pathways
and structural proteins. In a homeostatic system, mitochondrial energy
flux is balanced by two major processes: the reactions that produce
proton motive force at the mitochondrial inner membrane and the re-
actions that consume proton motive force to fuel cellular functions [2].
The production of proton motive force depends on the capacity of the
respiratory chain, substrate preferences, and routes of substrate supply;
multiple distinct metabolic pathways regulate the latter. Proton motive
force is consumed by ATP synthesis or dissipated as heat by the
mitochondrial proton leak [3]. In most cell-types, electron flux is mainly
controlled by ATP turnover, but feedback mechanisms also communi-
cate upstream, regulating substrate supply as documented for the liver

using top-down and elasticity control analyses of mitochondrial and
cellular energy metabolism [4—6]. As cells are always exposed to
fluctuations in energy supply and demand, intrinsic flexibility and allo-
steric control is partially supported by adjustments of protein concen-
trations. However, in particular chronic impairments of energy balance,
such as oversupply (during overnutrition) or the lack of demand (e.g. the
lack of exercise), may reach the limits of intrinsic flexibility and allosteric
regulation, possibly even the limits of proteomic adaptation, thus
establishing pathologies of the metabolic syndrome [7,8].

The enormous complexity of mitochondrial regulation may only be
captured using global molecular and functional analyses. Functional
bioenergetic adjustments can be monitored overall as mitochondrial
oxygen consumption, and partitioning oxygen consumption into func-
tional modules may simplify the metabolic complexity. Respirometry
enables determination of oxidative capacity and substrate preferences
[9]. Using appropriate respiratory chain inhibitors and activators, ox-
ygen consumption rates are instrumental to indirectly estimate con-
sumers of proton motive force such as ATP synthase activity (state 3
respiration) and proton leak (state 4). In particular, state 4 respiration
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measurements bares pitfalls, as state 4 rates inevitably also depend on
substrate oxidation capacity, thus only “estimate” mitochondrial proton
conductance [10]. The ratio of state 3/state 4, termed respiratory
control ratio (RCR), is considered a powerful, internally normalized
parameter to detect defective mitochondrial properties [9]. Further-
more, RCRs may assist in clarifying whether changes of state 4
respiration are changes in proton leak (changing RCR) or in substrate
oxidation capacity (maintaining RCR). Chemical uncouplers such as
lipophilic acids (e.g. DNP, FCCP) are generally used to remove respi-
ratory control and maximize substrate oxidation. However, the respi-
ratory response is dose-sensitive and deleterious effects of chemical
uncouplers could be overseen. Quantitative changes in ATP demand
during physiological adaptation are probably best reflected in changes
of state 3 respiration, which is balanced by substrate supply and ATP
demand. Furthermore, state 3 rates are relatively robust by avoiding
deleterious effects of non-physiological chemical inhibitors.

In the past, bulks of mitochondria were required to measure respiration
in single-chambered Clark-type electrodes [11], hampering efforts to
examine high sample numbers and various conditions in a timely
manner. New technologies such as extracellular flux analyzers in the
24- or 96-well format, also dubbed “Seahorse technology,” referring
to the initial vendor, have been developed to simultaneously analyze
mitochondrial respiration with high sampling sizes in minor quantities
[12]. The automated measurements not only enable screening efforts
(e.g. for drugs) but also increase the statistical power to detect subtle
bioenergetic adjustments, such as those found during physiological
adaptation or multi-factorial metabolic diseases. Most of the molecular
adjustments are controlled by systemic changes of gene programs
rather than of single genes, and the complexity hampers our under-
standing on physiological regulation of mitochondrial energy meta-
bolism. Thus, respiratory changes in response to (patho)physiological
challenges cannot be attributed easily to single proteins or entire
metabolic networks, while the bioenergetic impact of characterized
proteins is assessable by mitochondrial respiration [e.g. 13, 14]. To
identify novel molecular players or signatures, global proteomics is
required. Modern mass spectrometry and the latest approaches in
label-free protein quantification enable quantitative proteomic analysis,
up to the level of absolute protein concentrations [15]. Without a doubt,
the progress in omics-analyses has promoted in-depth understanding
of different types of physiological and pathogenic processes. However,
the inherent problem of all omic datasets is the vast amount of in-
formation (transcripts, proteins, metabolites) that requires processing
and filtering in order to reduce the number of protein candidates for
further detailed analyses. How stress-related adjustments in the pro-
tein network impact cellular function still represents the ultimate
question that drives therapeutic target identification for a variety of
diseases. To the best of our knowledge, proteomic datasets have
mostly been integrated only with other -omics data, such as tran-
scriptomics or metabolomics, in order to characterize complex
metabolic phenotypes [e.g. [16]]. It is clear, however, that the sys-
tematic, unbiased integration of proteomics with functional data would
establish a powerful link between the molecular basis and specific
cellular functions. Thus, the development of workflows to establish
protein-function relationships for energy metabolism in complex sys-
tems such as intact mitochondria may benefit the understanding of
metabolic and mitochondrial disease paradigms. Recently, proteomics
was combined with enzyme Kinetics to characterize tissue-specific
types of the glycolytic and gluconeogenic pathways [17].

In this study, we combine LC-MS/MS-based total protein approach
(TPA) with multi-well respiratory flux analysis of isolated mitochondria to
link absolute protein concentrations with changes in mitochondrial

energy transduction. This integrative analysis aims to identify direct
functional and mechanistic interactions to improve our mechanistic
understanding how molecular key players and networks impact mito-
chondrial bioenergetics, and how cellular energy metabolism adapts to
stress situations. As proof-of-principle for this integrative workflow, that
we dub “respiromics,” we focus on nutrient-stressed energy meta-
bolism in the obese mouse liver, a model of broad medical interest to
elucidate how Western lifestyle and excessive food intake promote
progression from non-alcoholic fatty liver to hepatosteatosis [18] and
the progression from high blood glucose to diabetes.

Instead of analyzing isolated datasets of mitochondrial respiration rates
and of protein lists, we enhance the mechanistic picture using global
correlation analysis. The integrative analysis highlights the mitochon-
drial pyruvate carrier (MPC) as prime element controlling respiration in
the liver. Furthermore, we show that mitochondrial lipid oxidation of DIO
mice is specifically enhanced by an array of (partially novel) disease-
related proteins controlling catabolism of fatty acids and amino acids.
The TPA also enabled quantitative summation and quantification of
multimeric protein complexes. Herein, we found that respiratory com-
plex |, in particular, is elevated by the sum of nuclear-encoded acces-
sory subunits of complex I, rather than by mitochondrial encoded or core
subunits, and associates to enhanced lipid oxidation. This proof-of-
principle study shows that “respiromic” analyses are capable of
revealing functional sets of stress-induced and disease-related proteins
that deserve further investigation as biomarkers or therapeutic targets.

2. MATERIALS AND METHODS

2.1. Animals

C57/Bl6J mice were housed at room temperature (23 °C) in a 12 h-
light/dark cycle. Starting at the age of six weeks, the mice had ad
libitum access to either chow diet (CHOW: Altromin 1310, 14 kcal% fat,
59 kcal% carbohydrate, 27 kcal% protein) or high fat diet (HFD: Surwit
Diet D12331, 58 kcal% fat, 25.5 kcal% carbohydrate, 16.4 kcal%
protein, Research diets) for 15.5 weeks. Animal maintenance and
experimental procedures were approved by the guidelines of the
Institutional Animal Care and Committee of the Helmholtz Center
Munich.

2.2. Mitochondrial isolation

Livers were dissected and immediately placed in ice-cold isolation
buffer (STE; 250 mM Sucrose, 5 mM TRIS, 2 mM EGTA, pH adjusted to
7.4 at 4 °C) for the isolation of mitochondria by differential centrifu-
gation at 4 °C. The livers were washed in STE buffer, cut to small
pieces, washed several times, and homogenized in STE containing
0.5% fatty acid-free BSA (Sigma No: A3803-50G) using a glass dounce
homogenizer. After centrifugation at 800g for 10 min, the supernatant
was filtered and transferred to a fresh tube. The suspension was
centrifuged at 8000g for 10 min for sedimentation of the mitochondrial
fraction. Excessive residual fat was wiped off the tube walls, and the
pellet was resuspended in fresh STE. During the final centrifugation
step, the initial speed of 2000g was increased after 5 min to 40009 for
another 5 min. The final pellet was resuspended in a minimal amount
of STE buffer and the protein content was quantified using Biuret
reagent.

2.3. Mitochondrial respiration

Mitochondrial respiration rates were measured in a XF96 extracellular
flux analyzer (Seahorse Bioscience, Agilent). The measuring buffer
(MAS) consisted of 70 mM sucrose, 220 mM mannitol, 10 mM
KHoP04, 5 mM MgCl,, 2 mM HEPES, 1 mM EGTA, 0.5% fatty acid-free
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BSA and the pH was adjusted to 7.2 at 37 °C. Mitochondria, respiratory
chain substrates, and inhibitors were added as follows: 2.5 ng mito-
chondria per well were incubated with 10 mM succinate and 2 uM
rotenone; 5 |1g mitochondria per well were incubated with 10 mM
pyruvate and 3 mM malate, and 10 png mitochondria per well were
incubated with 50 pM palmitoyl-carnitine and 3 mM malate. After two
initial measurement cycles, ADP was injected at 4 mM (final con-
centration) and a single measurement cycle recorded. Subsequent
injection of 2.5 pg/ml oligomycin shifted mitochondria to state 4
(proton leak respiration), injection of 4 UM FCCP induced maximal
Substrate oxidation, and 4 pM antimycin A blocked mitochondrial
respiration for baseline correction. Every condition per animal was
measured in multiple wells and averaged.

2.4. Complex | activity assay

Complex | activity was measured with a “Complex | Enzyme Activity
Microplate Assay Kit (Colorimetric)” (ab109721) from Abcam according
to the manufacturer’s instructions.

2.5. Protein digestion and peptide fractionation

Sample preparation for mass spectrometry was performed by dena-
turing liver mitochondria with 2% SDS and 100 mM DTT. Protein ly-
sates and extracts containing 100 pig of total protein were processed in
the 30 k filtration units (Microcon, Millipore) centrifuged at 10,000 x g
using the MED-FASP protocol [21]. Endoproteinase Lys-C and trypsin
were used for sequential digestion of proteins. The enzyme to protein
ratios were 1/50. Duplicates of each sample were prepared and
analyzed. Protein and peptide concentrations were assayed using the
‘WF’-assay [22].

2.6. LC-MS/MS analysis

Aliquots containing ~ 4 ng peptide were separated on a reverse phase
column (20 cm x 75 pm inner diameter) packed with 1.8 um C18
particles (Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) using a
3 h acetonitrile gradient in 0.1% formic acid at a flow rate of 250 nl/
min. The LC was coupled to a Q Exactive HF mass spectrometer
(Thermo Fisher Scientific, Germany) via a nanoelectrospray source
(Proxeon Biosystems). The Q Exactive HF was operated in data
dependent mode with survey scans of 300—1650 m/z acquired at a
resolution of 60,000. Up to the top 15 most abundant isotope patterns
with charge m/z > 2 from the survey scan were selected with an
isolation window of 1.4 Th and fragmented by HCD with normalized
collision energies of 25. The maximum ion injection times for the
survey scan and the MS/MS scans were 20 ms and 60 ms, respec-
tively. The ion target value for MS1 and MS2 scan modes were set to
3 x 10%and 1 x 10, respectively. The dynamic exclusion was 30 s.
The raw data have been deposited to the ProteomeXchange Con-
sortium [PMID:24727771] via the PRIDE partner repository with the
dataset identifier PXD002289 (Reviewer account details: Username:
reviewer14529@ebi.ac.uk, Password: dl0046sZ).

2.7. Data analysis

The MS data was analyzed using the software environment MaxQuant
[23] version 1.2.6.20. Proteins were identified by searching of MS and
MS/MS data against UniProtkB/Swiss-Prot database (May 2013)
containing 50,807 sequences. The FDR was derived by analyzing the
decoy database. Carbamidomethylation of cysteines was set as a fixed
modification. The initial allowed mass deviation of the precursor ion
was up to 6 ppm, and for the fragment masses, it was up to 20 ppm.
The maximum false peptide discovery rate was specified as 0.01.
Protein concentrations were calculated on the basis of spectral protein
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intensity using the Total Protein Approach (TPA) [15] using following
equation:

Protein concentration(i) = WS signal (i) {

mol
~ Total MS_signal x MW i)

g total protein

where MS_signal and Total MS_signal refer to total MS1 signal intensity of the
protein i and the total protein MS1 signal.

2.8. Computational filtering for mitochondrial proteins and
molecular mass

In order to exclude confounding effects of non-mitochondrial proteins
in some analyses, the mitochondrial proteome was computationally
filtered for proteins located in mitochondria using the MitoCarta 2.0, a
compendium of proteins that are located in mitochondria [24]. The
experimental proteome and the Mitocarta collection were compared
based on gene-ID (Entrez-ID, retrieved from UniProt [25], April 2016)
and gene symbol (including synonyms). Discrepancies of annotations
were manually curated by comparing the gene descriptions. The total
mass of mitochondrial and non-mitochondrial proteins in the sus-
pension after LC-MS/MS analysis was calculated based on protein
masses retrieved from UniProt (March 2016) and the protein con-
centrations calculated by TPA.

2.9. Gene Set Enrichment Analysis, construction of heatmaps, and
network analysis

Gene Set Enrichment Analysis was performed with GSEA 2.2.1 [26]
with the gene set versions 5.1 of KEGG and GO databases
(c2.cp.kegg.v5.1.symbols.gmt, ¢5.all.v5.1.symbols.gmt). The input for
the main paper was filtered for mitochondrial proteins ahead of
enrichment analysis, GO terms for cellular compartment were not
included but can be generated from the original proteomic data
deposited at the ProteomeXchange Consortium. Gene Symbols were
used as Chip platform, and minimum size for gene sets was set to 5.
For all other parameters, the default settings were used.

Enrichment analysis for KEGG pathways and GO terms irrespective of
group affiliation or protein concentration was performed with Enrichr
[27] with the databases of April 2016.

Enrichment for disease genes was performed using the “Gene
set — diseases” Data mining tool by Fontaine and Andrade-Navarro
[28]. The heat map of the 30 top up- and down-regulated proteins was
generated with GenePattern [29] using default settings. Protein—protein
networks were created using String-db using default settings [30].

2.10. Correlation analysis

State 2, 3, 4, and 3u respiration rates fueled by palmitoyl-carnitine/
malate, pyruvate/malate, or succinate were correlated with every
single protein of the mitochondrial proteome and tested for Spearman
correlation using JMP 12, as not all protein concentrations follow
Gaussian distribution. Respiration rates and complex | activity were
correlated with total respiratory complex concentrations by Pearson
correlation and linear regression analysis was performed using
GraphPad Prism 6.

2.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism 6, JMP 12,
and ‘Perseus’ software (http://www.biochem.mpg.de/5111810/
perseus). Respiratory data and proteomic data, including summed
up concentrations of respiratory complexes, were tested for statistical
significance by t-test. Significance of enrichment was calculated by
GSEA 2.2.1 [26] or Enrichr [27]. Changes in stoichiometry of
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Figure 1: Respirometry of isolated liver mitochondria from chow vs HFD fed mice. (A) The scheme depicts distinct substrate entry points into the respiratory chain. State 2
(substrate only), state 3 (phosphorylating respiration in presence of ADP), state 40 (ATP synthase inhibited by oligomycin), and state 3u (uncoupled respiration) were corrected for
non-mitochondrial oxygen consumption using antimycin A. Respiration rates with (B) pyruvate/malate, (C) palmitoyl-carnitine/malate, and (D) succinate were normalized to
mitochondrial protein concentrations. (E) Mitochondrial energy transduction is controlled by substrates entering the electron transport chain (ETC) produce proton motive force (¢)
which can be used for either ATP production or proton leak activity. In HFD liver mitochondria, lipid oxidation is enhanced. Data are expressed as mean + SEM; n = 8 animals per

group, *p < 0.05, **p < 0.01 by t-test comparing HFD vs chow.
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respiratory complexes were tested for significance by 2-way-ANOVA
with Sidak correction for multiple comparisons.

3. RESULTS

3.1. Obesity increases mitochondrial lipid oxidation in liver
mitochondria

High-fat diet feeding for four months induced obesity in mice
(40.1 g & 1.0 g body mass, about 26% higher than chow-fed controls
(31.8 g = 0.3 g; p < 0.0001; n = 8)). Mitochondrial respiration was
tested for differences in substrate preferences and oxidation rates
(depicted in Figure 1A). Pyruvate and palmitoyl-carnitine (PC) are
catabolized to acetyl-CoA but cannot independently drive tricarboxylic
acid (TCA) cycle flux, thus requiring malate as source of oxaloacetate to
spark the TCA cycle. Initially, mitochondria were incubated with their
respective substrate only (state 2). Then, ADP was injected to induce
phosphorylation (state 3), followed by oligomycin to inhibit the ATP
synthase (state 4) and the chemical uncoupler FCCP to induce maximal
respiration (state 3u). While neither pyruvate/malate nor succinate-
fueled respiration was significantly affected (Figure 1B, C), PC respi-
ration rates were increased in response to HFD (Figure 1D). The
increased proton leak respiration (state 4) with PC is not due to
increased proton conductance but a result of increased substrate (PC)
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oxidation. This is corroborated by unchanged RCR (Suppl. Fig. 1) and
strong trends towards elevated state 3u respiration (p = 0.0564).
Notably, the mitochondrial adjustments at the functional level still
appear subtle, hampering efforts to identify molecular mechanisms.
Collectively, we demonstrate that liver mitochondria of HFD-fed mice
increase the capacity of ATP production through increased lipid
oxidation with minor effects on mitochondrial proton leak (Figure 1E).

3.2. Quantitative liver mitoproteomics

Mitochondrial suspensions of livers from chow- and HFD-fed mice
were analyzed with LC-MS/MS, and protein concentrations were
calculated using the total protein approach (TPA) method. 3565 pro-
teins were identified, encoded by 3529 different genes
(Suppl. Table 1). Classifying proteins with either the Gene Ontology
(GO)-term ‘Mitochondrion’ (Figure 2A) or with the Mitocarta 2.0
database [24] (Figure 2B) uncovered about three-fold higher diversity
of unique non-mitochondrial proteins than of mitochondrial proteins.
However, the TPA method enabled the calculation of cumulative pro-
tein mass, verifying the enrichment of absolute mitochondrial protein
content by the isolation procedure (Figure 2A, B). Similar degrees of
mitochondrial enrichment are seen in the sum of individual protein
concentrations (Suppl. Fig. 2). In order to exclude non-mitochondrial
proteins in the following enrichment analyses geared towards

Number of proteins  protein mass B Number of proteins  protein mass

ProteinID  Gene Symbols
QICR58 Slc25a30
Q8BKY8 Mterfd3
Q6ls41 Slc25a47
Q9QYR9 Acotg
Total=3565 Total=7.998 Total=3565 Te 7. E9Q472 Acacl
He otal=7.995 ug Q8BFP9 bkt
% - Mi i i i Q9JK42 Pdk2
@ GO-Term: Mitochondrion B Included in Mitocarta 2.0 Q8BNS7 E130311K13Rik
Q14DH7 Acss3
Q64516 Gk
. . Q9DA03 Lyrm7
D depleted in HFD enriched in HFD Qs T
P54869 Hmgcs2
Limonene and pinene degradation: | | P32020-2 cp%
Butanoate metabolism Q3v117 cly
n Valine Leucine and |st::;22§ degradation ™ QsRrkz7 Mocs1
0 % PPAR signaling pathway ggg)z(gg ?i?thsl
) ; Prooinoate énemzol(\‘sm Q7TNEL Suget
sine degradation
w e One carbon pool by et [ Beta alanine metabalsm Q3UUS  FamB2a2
>3 da 00 05 1.0 15 20 00 05 1.0 15 gggzzggl S| caZtslaZI
o Normalized enrichment score Normalized enrichment score 035459 Echl
Q92281 Macrod1
Q8Ccss Kiaa0564
Q3u367 Aldh9al
E9QPX3 Ndufs4
Cofactor metabolism P97742 Cﬁtla
Cofactor biosynthesis: Q9DBM2 Ehhadh
Aeohol melabalis Q92208 Mthfd1
ty acid oxidation Q9DC29 Abcb6
o S a bosymihoss QOCWX4  Rpusdd
Lipid metabolism Q8RO33 Lyrm2
Response to organic substance- Q9D964 Gatm
Coenzyme biosynthesis: Q9DB73 Cyb5rl
Coenzyme binding Q9DBA6 Tysnd1
Glucose metabolism Q97269 Htatip2
Oxidoreductase activity 80VL1 Tdrkh
Oxygen and ROS metabolism Q
Lyase activity Q80Y81 Elac2
Cellular lipid catabolism 035435 Dhodh
Lipid catabolism P09528 Fthl
Carbon oxygen lyase activity: E9QLB8 Adck4
ectablichment cﬂce”ullar :eca:a:‘llon Transferase activity (other gmu:sy?rrgr:y:r?\?n:c::;?)l égéfe?)/ o Bﬂe‘tclrbzo
stablishment of cellular localization i i
17 Regulation of molecular function: C?Q?;gﬂjf,;:i m:::ﬁzl:iﬁ Q8BKF1 Polrmt
lon transport- Monocarboxylic acid metabolism Q64133 Maoa
£ Intracellular transport Cellular lipid metabolism Q6PELS Abhd10
- Response to abiotic stimulus: Amine catabolism Q9D0I4 Stx17
) Anti apoptosis Amino acid catabolism Q92204 Pycr2
] Pos. regulation of cellular process- Electron carrier activity Q9CPU4 Mgst3
Pos. regulation of biological process: Fatty acid metabolism Q8BUE4 Aifm2
Q Neg. reguiation of programmed cell death Cofactor binding OJHFS Teirel
0] Neg. regulation of development Cellular carbohydrate metabolism Q cre
Neg. regulation of apoptosis: Organic acid metabolism Q9D620 Alkbh?7
- Iph
osis: Transferase activity (acyl groups) Q9CRAS Golph3 .
Programmed cell death: Nigrogen compound catabolism QocQar9 1110008F13Rik
Cell development Oxidoreductase activity go0016616: 035945 Aldh1a7

Regulation of development: Catabolic process: Q99mM07 Coa5

Regulation of programmed cell death Cellular catabolism Q61171 Prdx2
Regulation of apoptosis Oxidoreductase activity (ch oh group of donors) Q3V3R1 Mthfd1l
00 05 1.0 15 20 00 05 10 15 20
Neraltoad siich et soore Normalized envichment score in/Sample

Figure 2: HFD-induced changes of the liver mitochondrial proteome. The numeric and mass proportion of mitochondrial protein within the isolated suspension was summed
using mitochondrial annotation (A) of the GO database or (B) of the Mitocarta 2.0 database. Specific protein masses were assessed by multiplying protein
concentrations x respective molecular masses retrieved from the UniProt database. (C and D) Gene Set Enrichment Analysis [26] was performed with the mitochondrial protein
subset defined by Mitocarta 2.0. (C) The heat map illustrates top 30 significantly up- and downregulated proteins of the HFD group sorted by fold change. For each protein, the
relative concentration compared to its mean concentration is color-coded on a scale from minimum (blue) to maximum (red) concentration for each sample. (D) KEGG pathways
(upper panels) and GO-terms (lower panels) of significantly depleted (blue, left panels) or enriched (red, right panels) in response to HFD feeding.
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Figure 3: Correlation analysis of mitochondrial respiration and proteome. (A) 976 mitochondrial proteins (as annotated in the Mitocarta 2.0) were correlated with state 3
respiration for different substrates. The numbers in the Venn-diagram depict significantly correlating proteins (Spearman p > 0.5, p < 0.05). The single protein correlating with all
substrates is MPC1. (B) Absolute protein concentrations of Mpc1, Mpc2, and Mpc1 + Mpc2. (C) Routing of mitochondrial pyruvate during HFD-feeding based on proteomic data.
Enhanced imported pyruvate is not decarboxylated, as increased levels of pyruvate dehydrogenase kinases PDK1 and PDK2 inhibit pyruvate dehydrogenase (PDH). Increased
pyruvate carboxylase (PC) levels support enhanced pyruvate carboxylation, forming oxaloacetate for gluconeogenesis, a highly ATP-demanding process driving respiration. (D)
Enrichment analysis for KEGG pathways was performed for proteins significantly correlating with state 3 palmitoyl-carnitine (PC)/malate respiration. The top 10 significantly
enriched KEGG pathways are displayed with their respective combined score calculated by Enrichr. (E) Prediction of proteins controlling lipid respiration in response to nutrient
stress. Protein levels significantly induced by HFD (p < 0.05) were filtered specifically for correlation with HFD-induced PC/malate state 3 respiration. (F) The functional link
between HFD-stress induced proteins is strongly supported by the string-db network [30]. Acads, Cpt2, Hadha (indicated by red circle) were previously identified as disease genes
for inborn errors of lipid metabolism [28]. All data represent n = 8 animals. Boxplots indicate 25—75 percentiles, with the vertical line indicating the median and whiskers from
minimum to maximum (B) or as mean =+ standard error of mean (C). *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001 in a t-test comparing chow vs HFD.
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mechanistic mitochondrial adjustments, the protein list was filtered
using the Mitocarta 2.0 database (Suppl. Table 2). 976 proteins were
confirmed as mitochondrial, of which 161 were significantly altered by
HFD feeding (p < 0.05). The heat map (Figure 2C) illustrates the top 30
significantly induced (upper panel) and reduced (lower panel) protein
concentrations in response to HFD. Gene Set Enrichment Analysis
using GSEA v2.2.1 [7,26] was performed on all mitochondrial proteins
using KEGG (Kyoto Encyclopedia of Genes and Genomes) and GO
databases (based on database version 5.1 in GSEA v2.2.1). The stress-
induced recruitment of metabolic pathways, in particular related to
lipid metabolism, is substantiated by enrichment of eight KEGG
pathways and 38 GO terms for molecular function and biological
processes in HFD mitochondria (p < 0.05) (Figure 2D). In contrast, one
KEGG pathway and 18 GO terms were significantly depleted
(p < 0.05), but these were mostly related to processes such as
apoptosis, development, localization, and proliferation, that are not
directly linked with metabolism (Figure 2D).

3.3. Integration of respiratory and proteomic data

Next, we thought to investigate how changes in mitochondrial oxidative
phosphorylation associate with and are controlled by specific mito-
chondrial proteins. Thus, we integrated substrate-specific respiration
rates with absolute concentrations of all identified mitochondrial pro-
teins (n = 976). These were tested against their respective respiration
rates by correlation analysis, considering Spearman correlation co-
efficients as significant with p < 0.05 (Suppl. Table 3, Suppl. Fig. 3A).
Given the absence of changes in proton conductance, we focused on
physiological meaningful ATP production/turnover rates, represented
by correlations with state 3 respiration. The integrative analysis
associated 192 of 976 mitochondrial proteins to ATP production/
turnover (Figure 3A, Suppl. Table 3), which were depicted in substrate-
specific subsets (Figure 3A, Suppl. Fig. 3B). Proteins correlating
substrate-specifically represent potential factors in the control of
specific substrate supply (pyruvate, succinate or PC), while proteins
correlating with two substrate oxidation rates may control common
pathways (e.g. both pyruvate and PC supply NADH for oxidation). The
control of common pathways would also apply to proteins correlating
with all three substrate oxidation rates. However, the correlation with
respiration irrespective of substrate would rather suggest that the
candidate protein controls or is controlled by ATP demand. Strikingly,
only the mitochondrial pyruvate carrier subunit 1 (MPC1) overlaps with
state 3 rates of all substrates. Notably, the influence of HFD stress on
mitochondrial pyruvate transport is also recovered in the proteomic
approach by significant induction of MPC2, resulting in the significantly
elevated sum of MPC subunits (Figure 3B). While the stoichiometry of
the heterodimeric MPC is not clarified yet [31,32], the proteomic re-
covery suggests a 1:2 ratio (MPC1/2). Given the strong correlation of
MPC1 with all substrates, mitochondrial pyruvate transport appears to
crucial for balancing the production and consumption of proton motive
force. The strong correlation between MPC1 and state 3 oxidation of all
substrates supports a model of ATP demand controlling mitochondrial
pyruvate influx. The proteomic data suggest reduced pyruvate
decarboxylation by elevated pyruvate dehydrogenase kinase (PDK1
and PDK2) levels (Figure 3C) and increased pyruvate carboxylation by
increased pyruvate carboxylase (PC) concentration. This would be in
line with the model, as pyruvate would be rerouted into ATP-
demanding anabolic pathways, such as hepatic gluconeogenesis, a
typical driver for pathologically high blood glucose levels. The energetic
significance of the MPC-dependent funneling of pyruvate is coherent
with recent results reporting the requirement of MPC for liver gluco-
neogenesis [19,20]. Noticeably, from the cellular bioenergetics point of
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view, gluconeogenesis assists in dissipating energy of the nutrient-
overloaded hepatic system, despite all negative effects of gluconeo-
genesis in the sequelae of metabolic disease.

Concerning increased lipid supply during HFD, enhanced lipid oxidation
requires a complex protein network. An array of 155 proteins corre-
lated with lipid-dependent ATP production (Figure 3A, Suppl. Fig. 3C).
Their link to lipid oxidation is confirmed by KEGG pathway enrichment,
elucidating “fatty acid degradation” and “fatty acid metabolism”,
alongside with “valine, leucine and isoleucine degradation”, “prop-
anoate metabolism” and “oxidative phosphorylation” (Figure 3D).
Similarly, GO term enrichment analysis revealed enrichment for “fatty
acid beta oxidation”, “(respiratory) electron transport chain” and
“NADH dehydrogenase (activity)” in this set of proteins (see
Suppl. Fig. 3D). Notably, strong correlations of proteins with state 3
respiration were not necessarily paralleled with significant protein
concentration changes, therefore masking their significance in mito-
chondrial bioenergetics without integrating functional respirometry. To
further filter for nutrient stress-related key proteins from the 155-
protein list, we considered only proteins that are significantly elevated
by HFD and that correlate with PC respiration only under HFD condi-
tions (Suppl. Table 4). Of 46 proteins specifically associating with PC/
malate fueled state 3 respiration in HFD, 19 were significantly
increased by HFD feeding, i.e. represent potential HFD stress-induced
proteins (Figure 3E). Functional interaction between 16 out of 19
proteins is supported by string-db analysis (Figure 3F) [30], including
Acads, Cpt2, and Hadha, which are all implicated in inborn errors of
lipid metabolism according to disease gene enrichment analysis and/or
are demonstrated as regulators of beta oxidation [28,33,34]. Thus,
integrating functional bioenergetics and proteomics appears instru-
mental to effectively and potently filter for disease-relevant proteins.

3.4. Complex I concentration controls mitochondrial lipid oxidation
in the liver

Next, we analyzed in depth the relation between proteomic changes of
the electron transport chain and HFD-induced lipid respiration, based
on evidence from correlation and enrichment analyses (Figure 3A,
Suppl. Table 3, Suppl. Fig. 3C). We find that all ETF (electron transfer
flavoprotein) subunits are increased by HFD feeding, thus contributing
to the increased lipid oxidation in HFD (Figure 4A). During lipid oxidation,
however, energy from lipid oxidation is also donated to complex | via
NADH [35]. Looking into the relative proportions of respiratory com-
plexes, the TPA approach revealed high abundance of respiratory
complexes I, IV and V in liver mitochondria (Figure 4B). However, the
TPA approach also enabled determination of quantitative changes of
entire respiratory complexes by summing up absolute subunit con-
centrations. This analysis enabled the discovery of systemic functional
changes that may be blurred by analyzing subtle changes in single
proteins (Figure 4C). Strikingly, HFD feeding significantly increased the
cumulative concentration of complex | (about 10%) while other respi-
ratory complexes were unchanged. Consistently with PC/malate-fueled
state 3 respiration, complex | activity was also increased and correlated
significantly with complex | concentrations (Figure 4D), thus demon-
strating that the cumulative complex | concentration is functionally
relevant. Not surprisingly, pyruvate respiration rates also correlate with
complex | content (Suppl. Fig. 4A), as decarboxylation of pyruvate and
catabolism of acetyl-CoA in the TCA cycle fully donates pyruvate’s
electrons to NADH and eventually complex |. However, pyruvate
respiration was not significantly changed in response to HFD
(Figure 1B). Of the remaining respiratory complexes, only complex IV
shows association with PC and pyruvate respiration (Suppl. Fig. 4B—E),
but it was not significantly elevated in HFD (Figure 4C). Thus, we
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conclude that at least the HFD-induced lipid oxidation is facilitated
through increased complex | content. Notably, HFD-induced stress
imposed only mild impacts on single subunit concentrations of complex
I (Suppl. Fig. 5A, B), similar to the remaining respiratory complexes
(Suppl. Fig. 5C—F). Pertaining to absolute subunit concentrations, we
observed the induction of Ndufs4, Ndufa2, Ndufab10, as well as
Ndufv2, which is the only complex | core subunit (Figure 4E).

3.5. Obesity impacts nuclear- but not mitochondrial-encoded
subunit concentrations and functional capacity of complex |

Next, we focused on mammalian respiratory complex I, which consists of
seven mitochondrial-encoded subunits, while the residual 37 are
nuclear-encoded [36,37]. Summing up mitochondrial- and nuclear-
encoded subunit concentrations separately demonstrated that the
HFD-induced elevation of entire complex | component concentration is
impacted by nuclear-encoded subunits, but not mitochondrial-encoded
subunits (Figure 4F). Importantly, the amount of nuclear-encoded but
not mitochondrial-encoded subunits correlated strongly with PC and
pyruvate-fueled state 3 respiration (Suppl. Fig. 6A). The impact of
nuclear-encoded subunits on mitochondrial respiration was also
observed through correlations with complex IV (Suppl. Fig. 6C), where
nuclear-control of activity is well established [38]. We found no associ-
ations regarding nuclear-mitochondrial imbalance on complex Ill and V
(Suppl. Fig. 6B, D). The 14 core subunits of complex | are highly
conserved and build the catalytic part of complex I, while the 30
accessory or “supernumerary” subunits are under suspect to control
assembly, regulation, stability, or protection against oxidative stress [39].
Interestingly, only the sum of accessory complex | subunits, but not of
core subunits, was increased upon HFD feeding (Figure 4G) and corre-
lates with PC/malate fueled state 3 respiration (Figure 4H). Notably, the
regulation and function of complex | during obesity is important for some
metabolic disease drugs, such as metformin, which is currently in the
light of structural analyses concerning complex | [40]. Taken together,
these integrative analyses reveal that the increase of nuclear-encoded
accessory complex | subunits may be permissive, if not required, for
increased lipid oxidation in liver mitochondria of HFD fed mice (Figure 4I).
The plasticity of liver mitochondrial respiration per se appears to be
mainly permitted by nuclear regulation of complex | and IV subunits.

4. CONCLUSIONS

Novel technologies such as multi-well, plate-based respirometry and
new analytic developments in mass-spectrometric analysis provide
powerful tools to increase our mechanistic understanding of physio-
logical functions and disease patterns. Here, we demonstrate that the
combination of these technologies and the integrative analysis uncovers
direct links between mitochondrial function and its molecular basis,
with the potential to establish causal relationships for mechanistic
discovery in disease-mechanisms. Importantly, measuring absolute
values for respiration and protein concentrations is required to establish
a robust association between oxidative function and the mitoproteome.
The absolute protein concentration output of the TPA approach enables
to overcome subtle single protein changes by summation to functional
protein modules, thereby enhancing molecular insights into mecha-
nisms. The respiratory complexes provide the ideal proof-of-principle
for this workflow as they are directly related to mitochondrial oxygen
consumption and assembled of multiple subunits. We substantiate in
physiologically-challenged liver mitochondria that this integrative
methodological approach improves the linkage map between cellular
energy metabolism and the molecular protein adjustments in disease
models. We cannot formally exclude an impact of blood cell
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mitochondria, as the mice were not perfused prior to liver dissection.
However, due to vigorous washing steps, the proportion should be small
and differential influence of immune cells was not observed when
inspecting inflammation marker of the background proteome. The
integrative analysis reveals that the mitochondrial pyruvate carrier as-
sociates strongest to mitochondrial energy turnover in the liver, and that
elevated mitochondrial lipid oxidation is specifically associated, and
possibly facilitated, by nuclear-encoded complex | subunits.

First, we confirmed that increased systemic lipid metabolism of HFD
feeding and obesity is reflected by the increase of PC-fueled respiratory
capacity at the level of isolated liver mitochondria [41,42]. The
increased respiratory rates in the mouse liver are in accordance with
data on pre-pathological changes of the human liver before accumu-
lating dysfunctional properties at later stages [18]. Analyzing the mouse
liver mitoproteome, we show that HFD induces numerous quantitative
changes, but the molecular adjustments appear rather subtle when
inspecting single protein concentrations, hampering attempts to
identify distinct molecular signature changes for mitochondrial respi-
ration. Therefore, we hypothesized that functionally-linked protein
subsets are responsible for robust regulation of hepatocyte energy
metabolism during overnutrition, prior to chronic stress-induced
dysfunction that disturbs protein-function relationships. Indeed,
KEGG/GO term-enrichment analyses cluster the majority of upregulated
proteins to metabolism, in particular fatty acid oxidation, including
carnitine palmitoyltransferase 1 (Cpt1, Figure 2C), which is the rate
limiting enzyme for the long chain fatty acid transport into mitochondria
and mitochondrial beta oxidation [43]. While most of the enrichment
data appear to be in accordance with the functional respirometric data,
uncertainty remained as to which proteomic changes control distinct
parts of the oxidative phosphorylation machinery.

While KEGG pathways and GO terms aim to partition the proteome into
functional subsets using a broad collection of various parameters, we
attempted to build specific functional links to directly associate pro-
teins or multimeric complex concentrations with the functional readout
“mitochondrial respiration.” Herein, we deliver lists of single protein
concentrations correlating with substrate-specific or —unspecific
mitochondrial respiration. Strikingly, MPC1 correlates strongest with
ATP-linked state 3 respiration, irrespective of substrate. Therefore,
mitochondrial pyruvate transport appears as master regulator of
mitochondrial energy turnover in the liver, possibly not only controlling
substrate supply, but is also being controlled by ATP demand. The
model relating MPC to ATP demand is further supported by proteomic
data that suggest funneling of pyruvate into gluconeogenesis, a highly
energy demanding process. Similar observations were made in the
liver of the MPC knockout mouse [19,20]. Besides the basic under-
standing of mitochondrial energy metabolism upon physiological
challenge, the integrative approach may also assist to detect disease-
related mechanisms. By systemically filtering the mitoproteome for
proteins related to HFD-induced lipid oxidation, string database anal-
ysis connected a single network, which included genes causing inborn
errors of lipid oxidation (as depicted in Figure 3E). The integrative
analysis further suggested the involvement of multiple respiratory
complex subunits in the response to HFD, particularly complex |
subunits. Taking advantage of absolute quantitation by LC-MS/MS-
based TPA, total subunit concentrations of respective respiratory
complexes were instrumental to substantiate the claim of specific
complex | adjustments by HFD feeding, providing compelling evidence
for the relation between mitochondrial lipid oxidation and nuclear
complex | subunits. Thus, HFD-induced mitochondrial adjustments are
controlled via nucleus-mitochondrion communication rather than being
mitochondrion-autonomous, affecting nuclear transcription and
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translation. The imbalance in mito-nuclear regulation during HFD
feeding may foster cellular stress and disease as shown for mis-
matching mitochondrial and nuclear genotypes [44]. In the case of
aging muscle, nuclear-mitochondrial communication was reported to
be mediated by declining NAD™ in the nucleus, reversible, and PGC-
1alpha/beta-independent [45]. In further expansion to this study, the
integration of global nuclear gene regulation may be feasible to un-
derstand which factors wire mitochondrial biology to nuclear control.
Taken together, the integration of mitochondrial functional analysis and
quantitative proteomic analysis is suitable for revealing molecular
signatures controlling energetic adjustments in diet-induced obesity,
providing a tool to explore proteins that impact mitochondrial respi-
ration and substrate preferences in disease, physiological and envi-
ronmental challenges.
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