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ABSTRACT OF THE DISSERTATION

Mitochondrial Dynamics: The Role of Adaptations in the Mitochondrial Proteomic Profile

in Different Cellular Contexts

by

Amanda Lin

Doctor of Philosophy in Molecular, Cellular and Integrative Physiology

University of California, Los Angeles, 2018

Professor Andrea L Hevener, Chair

Mitochondria are critical for regulating metabolism and energy expenditure. These
organelles are comprised of roughly 2,000 proteins. Dysfunction of mitochondria and its
components has been associated with many pathologies including cardiovascular,
neurodegenerative, and metabolic diseases. While previous reports have aimed to
characterize the mitochondrial proteome, the relationship between the mitochondrial
proteome and function has not been experimentally established on a systematic level.
This lack of understanding impedes the contextualization and translation of proteomic

data to the molecular derivations of mitochondrial diseases.



To traverse this knowledge gap, we analyzed the mitochondrial proteomic profile from
four different tissue types — two mitochondrial proteomes from identical genetic codons
(mouse heart and mouse liver), two cardiac mitochondrial proteomes from unique
genomes (mouse heart and human heart), and one well-studied metazoan model
system (drosophila). By linking mitochondrial protein abundance with biochemical
pathways, we were able to identify the core functionalities of these mitochondria. Using
bioinformatics analyses, we identified significant enrichment of disease-associated
genes and their products. Correlational analyses suggested that the mitochondrial
proteome design is primarily driven by cellular environment. Taken together, these
results link the mitochondrial composition with function, providing a prospective
resource for mitochondrial pathophysiology and developing novel therapeutic targets in

medicine.

As mitochondrial dysfunction is exacerbated by dysfunctional protein quality control and
often further contributes to pathology, we addressed the mechanisms underlying the
maintenance of healthy mitochondrial architecture. This requires a steady balance
between protein synthesis and degradation — or turnover. It is well-documented that
mitochondrial autophagy (mitophagy) is the primary mechanism to degrade
dysfunctional mitochondria via lysosomes. However, as failure to contain or replenish
mitochondrial proteins damaged by reactive oxygen species directly underlies many
pathological phenotypes, developing therapies to target mitochondria on an individual
protein level is of interest. Therefore, we designed a metabolic heavy water (*°H.0)

labeling strategy to study individual protein turnover rates in vivo. We calculated the



turnover rates for 458 proteins in mouse cardiac and hepatic mitochondria and revealed
distinct tissue-specific turnover kinetics with protein half-lives spanning from hours to
months. These results indicate that mitochondria are not turned over only as individual
units; excess mitochondrial proteins are synthesized in the cytosol to be imported into
the mitochondria when needed. Therefore, mitochondria possess a mixture of
previously- and newly-synthesized proteins. Our study demonstrates the first large-
scale analysis of mitochondrial protein turnover rates in vivo, with potential applications

in translational research.

To further study the structure of mitochondria, we sought to investigate how alterations
in mitochondrial morphology and dynamics (fission and fusion) affect metabolism and
physiology. Proper mitochondrial function is required to maintain metabolic homeostasis
and cellular energetic capacity and mitochondrial dysfunction has been associated with
the development of insulin resistance in glucoregulatory tissues. Our laboratory has
recently shown that heat shock protein 72 (HSP72) is an important molecular link
between mitochondrial function, cellular metabolism, and insulin action. Indeed, HSP72
protein levels are reduced in muscle from obese and diabetic patients, and HSP72
levels are inversely associated with the degree of insulin resistance and adiposity.
Findings from our laboratory show that HSP72 regulates Parkin action including
mitochondrial quality control and reveal that the deletion of either HSP72 or Parkin
induces mitochondrial dysfunction and skeletal muscle insulin resistance. However, the
molecular phenotypes encompassing the HSP72-mitochondria-glucose homeostasis

paradigm have been to date, exclusively established in male model systems. In contrast



to the obesity-insulin resistance phenotype of male HSP72 knockout (KO) mice, our
findings show that female mice lacking HSP72 possess a lean phenotype with
enhanced insulin sensitivity. Interestingly, loss of HSP72 promotes increased muscle
ERa expression in female mice; this is a likely mediator of improved mitochondrial
function and insulin action in female HSP72 KO mice fed a normal chow diet. Our
studies lay the important foundation for the rational design of novel therapeutic

strategies that can be used to combat metabolic-related diseases in women.

Together, our findings suggest that mitochondria and its proteomic profile are highly
dynamic in composition and kinetics. These properties are dependent on not only the
host organism, but also the organ milieu. In addition, our findings highlight the sex-
specific role of mitochondrial dysfunction in the onset of metabolic diseases. Therefore,
developing therapeutic strategies to target mitochondrial function, health, and dynamics
are crucial to ameliorate complications associated with metabolic diseases, including

type 2 diabetes and insulin resistance in men and women.
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CHAPTER 1

Introduction

*Sections of this chapter are adapted from Zhang et al.,, Perspectives on: SGP
Symposium on Mitochondrial Physiology and Medicine: Mitochondrial proteome design:

From molecular identity to pathophysiological regulation, Journal of General Physiology,
139(6):395-406. http://jgp.rupress.org/content/139/6/395.long



http://jgp.rupress.org/content/139/6/395.long

1.1 The History of Mitochondria

The essence of mitochondria lies within their ability to generate energy, maintain
metabolism, and regulate signaling cascades. As fundamental constituents of numerous
rudimentary cellular processes, the molecular architecture and the proteome of the
mitochondria are critical to intracellular biochemistry. The behavior of the mitochondria
is subjugated to the environment of this organelle; perturbation of mitochondrial

homeostasis can prompt pathophysiological conditions to arise.

The history of mitochondrial research can be traced back to Rudolf Albrecht von Kolliker
in 1857 when he first described the mitochondrion. In 1890, Richard Altmann termed the
mitochondria “bioblasts,” noted their ubiquitous nature, and showed exceptional
foresight when he explained that these bioblasts were living inside cells and were
responsible for “elementary functions.” The endosymbiotic theory was first articulated by
Konstantin Mereschkowski in 1905. Although several hypotheses were put forth to
explain the merger between mitochondria and cells, it was Lynn Margulis who tied the
endosymbiotic theory to biochemical and cytological evidence. Mitochondria are of a-
protobacterial origin, engulfed by cells through endosymbiosis about two billion years
ago. The name “mitochondrion” was first introduced in 1898 by Carl Benda from the
Greek words “mitos” (thread) and “chondros” (granule). The first well-preserved
mitochondria were isolated by Hogeboom et al.[1] in 1948. This approach proved to be
significantly advantageous to mitochondrial research for several decades, in particular,

on the characterization of mitochondrial proteome biology and function which we focus



today. A key finding from the hypothesis of chemiosmosis by Mitchell[2] is an organized
subproteome, i.e., the electron transport complexes, with a dedicated role, supporting
the oxidation and phosphorylation function in the mitochondria. The complexity of the
subproteome was further realized with the introduction of innovative methods to
visualize three-dimensional structures and the role of the mitochondria in cell death
signaling[2]. These discoveries inspired the research efforts to link biological pathways
with their subproteome-based molecular participants in the regulation of mitochondrial
function. Figure 1 summarizes the milestones of the long and fruitful history of

mitochondrial research.

Mitochondria: 1890-2012

Alimann describad (Carl Banda first David Keilin discovered Krebs and Henssleit Bensgley and Hoerr first German biochemist Hogeboom et al first
bisblasts, ublquitous in introduced the name the hange in axidation were the first 1o descover atlempled to isclate Hans Adolph Krebs firs! isolated wellpresenved
nature, resembling “mitochondria” slate of cylochromes the urea cycle mitpehondria recognize the TCA cycle mitochondria

bacieria during respiration
Molloy et al & Boyer first proposed the Luft et al described the Mitchell first described Pullman et al were the Simpsan et al reported Palade and Sjostrand
Schweyen et al conformational first i the Chemi first to isclate synthesss of proteins caplured the 1% high-
first mapped yeast hypothesis of oxidative disease hyper- hypothesis of oxidative mitochondrial ATPase within mitochondria resolution EM picture of
mitochondrial DA phosphorylation i phosphorylatk mitochondria
Mitchell received the Anderson ef al Holt and Wallace Crystal structures Wang reported Boyer and Walker Rabiloud et al
Mabil Prize for complated sequence of identifiad the 1% of ETC CIll, CIV and cytochiome c-induced recaived the Nobel Prize the 1 proteamic Present
Chemigtry on a human mitochondrial pathogenic mutation in F1 ATP gynthaze were mitochondrial apoptosis for Chemigiry on analysiz of human

“The Mitchell Hypothesis®

mDNA associated with
human disease

identified

ATP synthase

placental mitechondna

Figure 1. Milestones in mitochondrial research. Representative milestones in mitochondrial research, including mitochondrial func-
tion, structure, and mitochondrial medicine, are listed in a chronological sequence (1890-current). Our apologies to those not repre-

sented in this timeline.

The relationship between mitochondria and disease has been firmly established, with
one of the first reported mitochondrial diseases by Rolf Luft and colleagues at
Karolinska University

in Stockholm, Sweden. A patient was presented with

hypermetabolism unrelated to thyroid dysfunction. Through morphological (increased



number of mitochondria) and biochemical (loosely coupled mitochondrial oxidative
phosphorylation [OXPHOS]) evidence, this group of investigators concluded that
mitochondria were the source of these symptoms, marking the beginning of an era of
mitochondrial medicine. Throughout the 1970s, other landmark discoveries singled out
specific metabolic as well as enzymatic deficiencies, such as pyruvate dehydrogenase
and carnitine palmitoyltransferase deficiencies. Over 20 years passed between the
discovery of mitochondrial DNA (mtDNA) and its mapping. In 1988, for the first time,
mutations in mtDNA-associated diseases were reported[3]. As the detection of
mitochondrial dysfunctions became more prevalent, the identification of mitochondrial
components, as well as the characterization of mitochondrial proteome dynamics,

increased in relevance.

1.2 Proteins Supporting Mitochondrial Architecture and Biology

The mitochondrion is an organelle comprised of four distinct compartments—the outer
mitochondrial membrane (OMM), the intermembrane space, the inner mitochondrial
membrane (IMM), and the matrix— which are bordered by its unique double-membrane
structure. Production and transportation of electrolytes are facilitated by proteins
embedded within the membranes. Approximately 1,000 proteins have been identified by
several proteomic investigations[4-9] to support mitochondrial structure and function.
Figure 2 summarizes the major mitochondrial cellular processes, their subproteomes,

and their involvements in metabolic diseases.
4



Mitochondrial Subproteomes in Health and Diseases

Oxidative TCA Cycle B-Oxidation Protein Import
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Figure 2. Schematic overview of mitochondrial subproteomes in health and disease. This figure contextualizes mitochondrial pro-
teomes to their biological pathways and the consequences of the proteome compositions to clinical phenotypes. Mitochondrial path-
ways responsible for fundamental cellular functions within the cell, including OXPHOS, TCA cycle, B oxidation, apoptosis, proteolysis,
redox, protein import, and calcium regulation, are detailed. Other mitochondrial functions related to specific cell types are not listed.
Within each mitochondrial subproteome, the first number represents the total number of proteins associated with its function (the
number of proteins was collected in our previous study; Zhang et al., 2008); the next number inside the parentheses (*) signifies the
portion of the total proteins in this particular subproteome reported to be implicated in metabolic diseases.

The majority of proteins comprising the mitochondria are encoded by nuclear DNA.
However, unlike their surrounding organelles, mitochondria possess their own DNA,
which serves as code for the 13 proteins constituting seven proteins for complex I, one
for complex 1ll, three for complex IV, and two for complex V of the electron transport
chain (ETC), also known as the respiratory complexes. In most multicellular organisms,
mtDNA are inherited maternally. Because there are many copies of mtDNA and there
are many mitochondria in all cell types, most mitochondrial mutations often have few
detrimental effects on mitochondrial function until they reach sufficient number, a
“threshold effect.” Not surprisingly, this threshold effect is lower in highly aerobic tissues

such as the eye, brain, and heart[10]. Therefore, these tissues are more susceptible to



mitochondrial dysfunction. To date, proteomic approaches have been successful in
characterizing the subproteome supporting OXPHOS function, including the
identification of 88 proteins from the human heart[8] and 96 proteins from the mouse
heart[4]. These proteins represent 90% or more of the entire OXPHOS subproteome
(nuclear and mDNA combined). The remaining 10% of the OXPHOS proteins are
known only by their genetic information, but are undetected by proteomic methods.
They may have exceptionally low abundance or may carry unique biochemical
properties (e.g., hydrophobic proteins); their protein characterization may require

approaches with higher sensitivity (e.g., antibodies).

As the key energy producer of the cell, the mitochondrion is fundamental for many
metabolic processes. The products of glycolysis enter the mitochondrial matrix to
continue their conversion to energy in the tricarboxylic acid (TCA) cycle, which
possesses a subproteome composed of 11 proteins in the mouse cardiac
mitochondria[4]. Subsequently, NADH and FADH2 proceed to donate electrons to the
ETC components, eventually reducing oxygen to water. An electrochemical gradient is
established and maintained to harness the energy produced by the subsequent flow of

protons back into the matrix to synthesize ATP from ADP and phosphate.

Calcium plays a multifaceted role in mitochondrial function. Mitochondrial calcium
regulation can be denoted by influx, matrix buffering, and efflux[11, 12]. A total of 61
proteins from the mouse heart[4] has been reported to support calcium regulation in

mitochondria. Mitochondria have been implicated in the induction of cell death; two



differential processes have been shown to lyse the cells: necrosis and apoptosis. The
protein identities defining both the necrosis and apoptosis pathways are only partially
understood. Release of apoptotic factors such as cytochrome c, Smac/Diablo, and
apoptosis-induced factors into the cytosol attracts caspase-9 and apoptotic protease-
activating factor 1 to form the apoptosome with ATP. The Bcl-2 family proteins are also
activated during the apoptotic process. A total of 26 proteins in the mouse heart[4] has

been identified to be related to apoptosis.

In parallel, mitochondria produce free radicals by leaking electrons to oxygen in the
process of transferring electrons through the ETC, in particular complexes | and Ill. To
counteract this, endogenous scavenging enzymes and antioxidants are activated to
eliminate reactive oxygen species (ROS); this defense system includes superoxide
dismutases, catalase, peroxidredoxin, glutathione peroxidase, and reduced glutathione.
Currently, 29 proteins in the human heart are affiliated with redox functions[8], whereas

32 proteins were reported in the mouse heart.

Mitochondrial proteases participate not only in protein proteolysis[13], but they also are
emerging as crucial regulators of mitochondrial function. The many types of
mitochondrial proteases include the PIM1/Lon protease, the mitochondrial
intermembrane space protease | and the ClpXP protease in the matrix, and the i-AAA
protease and the m-AAA protease residing in the IMM. Proteases are shown to play
essential roles in mitochondrial morphology maintenance, mitochondrial biogenesis, and

mitochondrial metabolism regulation[14]. Mitochondrial proteases are evolutionarily



conserved from yeast to humans in support of the evolutionary prokaryotic ancestors.
Disturbances of the mitochondrial proteolytic system affect mitochondrial homeostasis.

Thus far, 40 proteases were reported from the mouse heart[4] in the mitochondria.

1.3 Proteomic Profiling of Mitochondria

The mitochondrial proteome is unique, complex, and dynamically regulated as it adapts
to the needs of the tissues or disease states[15, 16]. Over the past decade, tremendous
efforts have been made to explore mitochondrial subproteomes and their
posttranslational modifications (PTMs) in both physiological and pathological
environments. Indeed, mitochondrial proteomes in various organisms and tissues,
including yeast[17], mouse[4-6, 9], human[8, 18], rat[7, 19, 20], and drosophila[21] have
been investigated. Figure 3 deciphers the state-of-the-art experimental workflow used in
mitochondrial proteomic studies, including mitochondrial isolation, purification, mass

spectrometry (MS) identification, and data analyses.

Preparation of pure and functionally viable mitochondria is an important first step to
achieving reliable and reproducible proteomic outputs. Hogeboom et al.[1] developed
the first protocol to isolate rat liver mitochondria based on a differential centrifugation.
Thereafter, isolation methods have been modified and tailored based on different
tissues and species. Mitochondria could be further purified by free-flow electrophoresis

or density gradient centrifugation with either percoll or other dense materials such as
8
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Figure 3. Current state-of-the-art technology platform to characterize mitochondrial proteomes. This figure depicts the current tech-
nology platform used to characterize mitochondrial proteomes from model systems, including mitochondrial preparation, protein/
peptide fractionations, MS instrumentation, protein identification/PTM analyses, protein quantification, and data validation.

metrizamide, sucrose, and nycodenz. Mitochondrial purity and intactness could be
validated by immunoblottings using specific organelle protein markers, membrane
potential measurements, and respiratory control index assessments, as well as electron
microscopy morphology detection[4]. If a particular mitochondrial subproteome, such as
OMM, IMM, or OXPHOS, is the subject of interest, isolation of these subcompartments
is desirable. Sample fractionation has been frequently applied to reduce the complexity
before the sample is subjected to MS analyses. Different approaches have been used,
including gel-based approaches such as one-dimensional SDS-PAGE, two-dimensional
PAGE (2-DE), and blue native PAGE, as well as gel-free—based approaches such as
immunoprecipitation, liquid chromatography (LC), and free-flow electrophoresis.

Different separation approaches are complementary. 2-DE is preferred to separate

soluble and high-abundance proteins but poorly resolves hydrophobic proteins, low-



abundance proteins, and proteins with extreme isoelectric point values. The
combination of a blue native PAGE and a SDS-PAGE could be used to enrich the
identification of OXPHOS protein complexes[20]. Gel-free—based shotgun proteomic
analyses, combining a strong cation exchange LC and a reversed-phased LC, are

beneficial for the detection of proteins with low abundance and high hydrophobicity.

An early study on mitochondrial proteomes by Rabilloud et al.[22] was conducted on
human placental mitochondria using 2-DE followed by MS analyses; they reported a
total of 46 proteins. Subsequently, Taylor and his collaborators[8, 18] characterized the
human cardiac mitochondrial proteome using SDS-PAGE separation and
multidimensional LC coupled with MS analyses, where 722 proteins were reported.
Furthermore, Mootha et al.[9] characterized mitochondrial proteomes from the mouse
brain, heart, liver, and kidney samples. 399 proteins were identified from proteomic
studies and 428 proteins were reported from gene annotation analyses, combining for a
total of 591 distinct proteins from different tissues. Among these 399 proteins, 107
proteins were conserved across tissues. Later, Kislinger et al.[6] performed a global
proteomic survey of four organellar compartments (cytosol, membranes, mitochondria,
and nuclei) in six mouse organs. 4,768 proteins were identified, of which 1,075 proteins
were localized in the brain mitochondria, 667 in the heart mitochondria, 789 in the
kidney mitochondria, 775 in the liver mitochondria, 1,072 in the lung mitochondria, and
901 in the placenta mitochondria. Among these mitochondrial proteins, only 132
proteins were conserved across tissues. Later on, studies by Zhang et al.[4] identified

940 distinct proteins from mouse cardiac mitochondria using functionally validated
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mitochondria, among which 480 proteins were not identified by the aforementioned
major proteomic profiling studies[6, 8, 9]. Additionally, Pagliarini et al.[5] combined MS
analyses with GFP tagging, as well as machine learning, and created a mitochondrial
compendium of 1,098 genes and their protein expressions across 14 different mouse
tissues. By linking the characterized proteins in this inventory to known mitochondrial
pathways, 19 proteins were predicted to be important for the function of ETC complex I,
of which one protein (C80rf38) was further validated. Many methodological issues may
contribute to these mitochondrial proteome differences as reported by their MS-based
identifications. There are issues using mitochondrial samples from different tissues,
including sample preparations, contaminants from abundant proteins, the overall
molecular compositions of the targeted mitochondrial proteome, the dynamic ranges of
protein abundance in the particular mitochondrial proteome of interest, etc. Apart from
these technical factors, it is highly possible that the reported diversity in mitochondrial
proteomes is a result of their tissue specificity. Despite the variability of MS-based
proteomic approaches, the proteomic results from different research groups indicate the
heterogeneity of mitochondrial proteomes among the rat/mouse tissues [6, 7, 16, 19].
These inter-tissue comparisons recognize that the mitochondrial proteomes are tuned to
meet the metabolic and signaling requirements of their environment. For example, heart
mitochondria require a constant and stable supply of ATP to maintain cardiac function,
whereas the liver mitochondria are orientated toward a more biosynthetic role conducive
for metabolic function. In addition, using a combination of comparative genomics and
computational algorithms, the interspecies comparisons support the notion of the

existence of conserved and heterogeneous proteins in the mitochondrial proteome[23].
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The four subcompartments of the mitochondria are comprised of different protein
contents. The matrix incorporates approximately two thirds of the mitochondrial
proteins, with the IMM containing 21%, the intermembrane space occupying ~6%, and
the OMM encompassing a mere 4% of the overall proteins of the mitochondrion[24].
These values are still under investigation as low-abundance proteins are difficult to
detect with the current technology. Using organic acid, Da Cruz and Martinou[25]
extracted the IMM fractions of hepatocytes and found 182 proteins using a 2-DE-LC-
MS/MS. McDonald et al.[26] further identified 348 proteins through three separation
techniques (2D-LC with ProteomelLab PF 2D Protein Fractionation System, 2-DE, and
RP-HPLC). A two-step digestion with trypsin and proteinase K facilitated the detection
of OMM proteins previously unidentified[24]. Another study of Saccharomyces
cerevisiae by Zahedi et al.[27] encountered 112 OMM proteins, including integral and

peripheral membrane proteins.

In parallel to protein identification, two main strategies have been applied to the
guantitative mitochondrial proteomic analyses: an MS-based label-free approach and
differential labeling quantitative techniques. The label-free quantification is based on
either the measurement of the peptide precursor intensity ions of a protein or the
number of fragmented spectra peptides of a protein. This approach has been
successfully used in the comparison of mitochondrial proteome changes under
physiological and pathological conditions in various animal models[7, 16]. Isotope-

labeling experiments include two-dimensional difference in-gel electrophoresis (2D-

12



DIGE), isotope-coded affinity tag, isobaric tags for relative and absolute quantitation
(iITRAQ), and stable isotopic labeling by amino acids in cell culture (SILAC), as well as
stable isotopic labeling in mammals (SILAM). These approaches are more accurate, but

the reagents are costly and require specialized bioinformatics tools.

In recent years, several databases of mitochondrial proteins have been created,
including MitoP2[28], Mitoproteome[29], Mito-Carta[5], MitoMiner[30], as well as
COPaKB, i.e., the Cardiac Organellar Protein Atlas Knowledgebase (http://www
.heartproteome.org). These databases list mitochondrial proteins identified via multiple
approaches, including MS/MS analyses, literature curations, and bioinformatics
evaluations. COPaKB is an integrated resource of proteome biology configured to
specifically focus on cardiovascular biology and medicine. Its first release includes

proteomic data from large-scale proteomic surveys of cardiac mitochondrial proteins.

Defining the mitochondrial proteome is a challenge because of the dynamics of this
organelle. Approximately 293 out of 940 proteins identified were found to contain
mitochondrial targeting sequences[4]. In contrast, a majority of proteins do not bear the
mitochondrial targeting sequences; however, they can travel to multiple subcellular
localizations in parallel to their mitochondrial residency. Some proteins anchor onto the
outer membrane of mitochondria with a loose attachment; they are called mitochondrial-
associated proteins. Targeting sequence prediction cannot be used as a sole strategy to
validate the mitochondrial localization of proteins caused by a higher false-positive

prediction rate as well as multiple protein import mechanisms. Some mitochondrial
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proteins are only expressed in certain developmental stages or specific species.
Furthermore, some mitochondrial proteins are expressed in very low abundances and
do not meet the detection threshold criteria of MS. Collectively, the above issues (the
nature of mitochondrial proteins and the technological limitations) contribute to the

current discrepancy of the existing mitochondrial proteome datasets.

1.4 Mitochondria in the Pathogenesis of Metabolic Dysfunction

As the central hubs of energy production and other important signaling pathways,
mitochondria possess a high susceptibility for being implicated in numerous human
pathological phenotypes. Dysfunction of mitochondrial proteins caused by either
environmental changes or genetic mutations has been shown to be directly associated

with various diseases including insulin resistance and metabolic syndrome.

The development of diabetes mellitus typically accompanies the dysfunction of insulin
production and absorption by the body[31]. Using 2-DE followed by LC-MS/MS
analyses, recent studies from Taurino et al.[32] observed the decreased expression of
the Ndufs3 protein subunit of complex | in steptozotocin-induced type 1 diabetic rats. In
combination with genetic (a decreased mRNA level) as well as biochemical (impaired
catalytic activity of complex I) evidence, this group of investigators concluded that
Ndufs3 is a critical contributor to the onset of diabetic encephalopathy in type 1

diabetes[32]. Through the use of ITRAQ and 2D-DIGE, subsarcolemmal mitochondria
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(SSM) and interfibrillar mitochondria (IFM) were analyzed to determine whether type 1
diabetes influenced the proteomic makeup of these two mitochondrial subpopulations in
the heart[31]. The proteomic makeup of IFM was affected to a greater extent than SSM,
as exemplified by a decrease in fatty acid oxidation and OXPHOS proteins. Compared
with diabetic SSM, the expression levels of adenine nucleotide translocator,
mitochondrial phosphate carrier, mitofilin, inner membrane translocases, and
mitochondrial heat shock protein 70 were decreased in diabetic IFM. The levels of
mitochondrial protein import were unchanged in diabetic SSM, whereas the levels of
mitochondrial protein import were substantially decreased in diabetic IFM[31, 33].
PTMs, specifically protein oxidations and deamidations, were more prevalent within
IFM. Therefore, proteomic alterations were linked to the dysfunction of mitochondrial
protein import such as mitochondrial heat shock protein 70. This evidence underscores
the role of the mitochondrial proteomes underlying pathophysiology of diabetes, insulin

resistance, and metabolic syndrome.

1.5 Sex Differences and Metabolic Regulation

Recently, the scientific community has begun taking steps to address the effect of sex
on preclinical studies[34]. As such, the need to identify metabolic sex differences has
become a critical issue. The effect of genetics (XX and XY in females and males,

respectively) is emphasized by the actions of sex hormones including estrogens,
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progesterone, and androgens which play an influential role in regulating metabolism in

both males and females.

With the exception of reproductive organs, females and males have similar organ
systems; however, women have a smaller muscle mass than men with greater
differences in upper body than lower body muscle mass[35, 36]. The composition of
these muscles is also sexually dimorphic - women tend to have a 27-35% greater Type |
area relative to total fiber area as well as a greater capillary density[37]. Females are
better equipped to regulate glucose homeostasis since more Type | fibers and a greater
capillary density enhance tissue perfusion, providing more blood, oxygen, and
metabolites to the muscles. Since Type | muscle fibers possess more mitochondria, this
also increases the capacity for both glucose and lipid oxidation[37]. In addition, Type |
fiber percentage and capillary density is negatively correlated with insulin resistance
and type 2 diabetes mellitus (T2DM) in both lean and obese individuals[37]. Therefore,
the combination of a greater proportion of Type | fibers and higher estrogen levels play
a large role in how female muscles have enhanced glucose tolerance, likely contributing
to improved oxidative metabolism and enhanced insulin sensitivity. However, previous
literature indicates that women and men do not differ significantly in metabolic activity,
suggesting that a man and woman of comparable muscle mass would have a similar
endurance performance. Therefore, these studies suggest that the primary

differentiating factor for energy consumption is body composition and size[38-40].
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Moreover, under the same moderate intensity endurance workload, women have a
lower respiratory exchange ratio (the ratio of carbon dioxide produced and oxygen
used). This suggests that women have a reduced dependence on carbohydrates and
preferentially oxidize lipids as a fuel source for exercise compared to men[41-46].
Having a higher glycolytic capacity and Type Il fibers allows men to utilize more
glucose[47, 48] in the absence of oxygen, but leads to more lactate accumulation and
therefore, longer recovery times[37]. This indicates that men possess a greater ability
for glycogenolysis and glycolytic flux than women, while women have increased
potential for B-oxidation compared to men[47]. Sex hormones likely contribute to this
difference in substrate metabolism. Furthermore, while skeletal muscle is the main
tissue for glucose uptake, adipose tissue also contributes to blood glucose disposal.
Lipid droplet morphology is sex-specific, with men having fewer but larger lipid droplets
and women possessing a larger quantity of smaller lipid droplets[37]. Lipids are an
advantageous source of fuel for prolonged exercise compared to glucose which is an
ideal source of energy for short durations of intense exercise. CD36, a critical
transporter of lipids to mitochondria for oxidation, is increased in both men and women
after aerobic training, but is higher in women regardless of training status.
Intramyocellular lipids are also elevated in female muscle with a higher percentage of
these lipids in contact with mitochondria after exercise for increased oxidation
potential[37]. This indicates enhanced fatty acid storage and transport[37] in women
compared to men. A greater number of Type | muscle fibers and a reliance on lipids as

a source of fuel suggests that women are more resistant to fatigue than men.
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In addition, body fat distribution and energy substrate utilization patterns are sex-
specific. Compared to males, females possess enhanced insulin sensitivity and less
visceral fat. Since females also possess a greater capacity to store and clear lipids,
females can utilize lipids at an increased rate, allowing for a slower time to fatigue[37,
49]. These benefits may provide females a certain metabolic flexibility to better combat
cellular stressors. On the other hand, males have increased muscle mass and a higher
glycolytic capacity which are beneficial for short, intense bursts of energy[37]. Together,
these findings emphasize the impact of sex on the molecular mechanisms underlying

metabolism.

1.6 The Sex-Specific Relationship Between Mitochondria, HSP72, and Insulin

Sensitivity

Obesity is a critical health and financial burden, and a leading cause of death in the
United States due to secondary complications of T2DM and cardiovascular disease[50].
Obesity is strongly associated with mitochondrial dysfunction and insulin resistance in
metabolically active tissues including muscle, liver and adipose[51-53]. The severity of
T2DM has been correlated with age, genetics, and sex[54]. In particular, men and
women differ in their responsiveness to insulin with men more likely to develop insulin
resistance than pre-menopausal women[55-57]. While there is currently no cure for
T2DM, exercise and diet modification are beneficial strategies for disease management;

however, the precise mechanisms underlying the health benefit of these interventions
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remains incompletely understood[58, 59]. Proper mitochondrial function is required to
maintain metabolic homeostasis and cellular energetic capacity. There is evidence that
males and females differ in their regulation of mitochondrial processes; females have a
higher mitochondrial content and antioxidant activity[60-63]. However, the mechanisms
that contribute to mitochondrial dysfunction and insulin resistance in men and women

remain unclear.

Recent evidence reveals that an impaired heat shock protein (HSP) response to cellular
stress underlies insulin resistance[64-67] in males. A clinical target of interest is heat
shock protein 72 (HSP72), a chaperone protein that facilitates the proper folding of
newly translated and misfolded proteins. HSP72 expression is associated with the
maintenance of insulin sensitivity since a reduction in its protein abundance promotes
dysfunctional mitochondria and insulin resistance in rodents and humans alike[68, 69].
In addition, HSP72 is the most prevalent HSP induced under cellular stress including
acute nutrient excess and endurance exercise[68]. As such, HSP72 expression is

intimately linked to metabolic homeostasis and mitochondrial function.

Previous studies have implicated imbalances in mitochondrial fission-fusion dynamics in
the onset of insulin resistance[70-73]. The equilibrium between mitochondrial fusion and
fission is central to numerous aspects of physiology such as apoptosis and control of
mitochondrial quality and inheritance[74]. Disrupting the balance between fusion and
fission can lead to fused mitochondria that are unable to maintain bioenergetic capacity

and self-regulate mitochondrial quality control[75]. Our laboratory and others have
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demonstrated that chronic hyperfused and fragmented mitochondrial architecture are
correlated with metabolic syndrome[70-73]. The ablation of key fusion and fission
proteins, including mitofusin (Mfn) 2 and dynamin-related protein (Drp) 1, leads to
insulin resistance[76-78]. Mfn2 is an outer mitochondrial membrane protein that
mediates mitochondrial fusion and is a target of the E3 ubiquitin ligase Parkin, a protein
involved in mitochondrial quality control[68]. Drpl, the key regulator of mitochondrial
fission, is a cytosolic protein recruited to the mitochondrial outer membrane. On the
membrane, Drpl interacts with pro-fission proteins including mitochondrial fission
protein 1 (Fisl) to drive the division of a mitochondrion. Drpl expression is associated
with increased mitochondrial fragmentation, resulting in inner mitochondrial membrane
depolarization and decreased ATP production[73, 79]. Smaller, fragmented
mitochondria and increased fission machinery were observed in the skeletal muscle of
mice with genetic and diet-induced obesity[73]. These observations highlight the

importance of mitochondrial fission-fusion dynamics in maintaining insulin sensitivity.

Recently our laboratory found an important function of HSP72 in skeletal muscle
mitochondrial dynamics. HSP72 translocates to depolarized mitochondria and regulates
the functionality of Parkin. Male HSP72 knockout (KO) mice exhibit reduced fatty acid
oxidation, increased reactive oxygen species (ROS) production, and impaired insulin
action[68]. This phenotype occurs as a result of whole body accumulation of
dysfunctional hyperfused mitochondria and impaired Parkin action[74, 80-83]. Without
HSP72, Parkin accumulates in the cytosol (impaired protein autoregulation) and fails to

translocate to mitochondria to induce mitophagy. The impairments in muscle oxidative
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function were paralleled by increased white adipose tissue (WAT) mass in male KO
mice. In contrast, female HSP72 KO mice have decreased WAT mass and enhanced

insulin sensitivity.

Since the male HSP72 KO mice are phenotypically well-characterized at a variety of
ages, we studied female animals which we believe will provide important insight into
both the sexually dimorphic role of HSP72 in regulating glucose homeostasis, as well as

lay the foundation for potential sex-specific therapeutic interventions targeting T2DM.

1.7 The Overall Goal of Our Study

Mitochondrial function and dynamics play a crucial role in physiological cellular
maintenance. Herein, we provide a framework for studying the effects of organism- and
tissue-specificity of the mitochondrial proteomic profile and its associated functions
(Chapter 2). We further study whether tissue-specificity can affect mitochondrial
turnover (biogensis and/or degradation) rates (Chapter 3). Finally, we investigate the
effect of a specific heat shock protein (HSP), HSP72, on insulin sensitivity and
mitochondrial dynamics in males and females (Chapter 4). We believe that data from
our studies will be essential in the development of sex-specific mitochondrial therapeutic

interventions targeting diseases such as T2DM and metabolic syndrome.
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CHAPTER 2
Characterization, Design, and Function of the Mitochondrial Proteome:

From Organs to Organisms

*This chapter is reprinted from Lotz, Lin, Black, Zhang et al., Characterization, Design,
and Function of the Mitochondrial Proteome: From Organs to Organisms, Journal of
Proteome Research, 13(2):433-46. https://pubs.acs.org/doi/10.1021/pr400539j
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ABSTRACT: Mitochondria are a common energy source for
organs and organisms; their diverse functions are specialized
according to the unique phenotypes of their hosting
environment. Perturbation of mitochondrial homeostasis
accompanies significant pathological phenotypes. However,
the connections between mitochondrial proteome properties
and function remain to be experimentally established on a
systematic level. This uncertainty impedes the contextualiza-
tion and translation of proteomic data to the molecular
derivations of mitochondrial diseases. We present a collection
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of mitochondrial features and functions from four model systems, including two cardiac mitochondrial proteomes from distinct
genomes (human and mouse), two unique organ mitochondrial proteomes from identical genetic codons (mouse heart and
mouse liver), as well as a relevant metazoan out-group (drosophila). The data, composed of mitochondrial protein abundance
and their biochemical activities, capture the core functionalities of these mitochondria. This investigation allowed us to redefine
the core mitochondrial proteome from organs and organisms, as well as the relevant contributions from genetic information and
hosting milieu. Qur study has identified significant enrichment of disease-associated genes and their products. Furthermore,
correlational analyses suggest that mitochondrial proteome design is primarily driven by cellular environment. Taken together,
these results connect proteome feature with mitochondrial function, providing a prospective resource for mitochondrial
pathophysiology and developing novel therapeutic targets in medicine.

KEYWORDS: mitochondrial proteome, mitochondrial function, heart diseases, intergenomic, intragenomic, and proteomic comparisons

B INTRODUCTION

Mitochondria are complex and intricately calibrated systems
designed for the inception and perpetuation of life in a majority
of eukaryotic cn'g:un_‘lsms.l_4 They are explicitly engineered to
transect many aspects of cellular biology such as bioenergetics,
metabolism, calcium signaling, reactive oxygen species (ROS)
generation, and apoptosis. Mitochondrial dysfunctions have
emerged as the underlying causes of various complex diseases
including cancer, diabetes, obesity, neurodegenerative diseases,
aging, and multiple forms of ca:djumyopﬂthy.z's_m For
instance, during heart failure, energy production decreases
amid abnormal mitochondrial metabolic activity; however, on a
molecular level, the mitochondrial proteome selectively alters
its expression profile, including the redistribution of respiratory
chain subunit abundances, as well as decreases in fatty acid
oxidation prateins.T'g'“']Fm Therefore, advancing our knowl-

edge of cellular functions in health and disease requires a
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thorough understanding of the mitochondrial proteome and its
definitive relationship to biological function.

Previous studies have reported protein camﬁpusitiuns_uf
mitochondria in yeastu'u as well as in mouse,”> >° human,””**
rat,"* 73! rabbit,** and dmsclp}'u'la““"M tissues. However, it is
evident that there are inconsistencies and discrepancies among
some of the data sets. The direct link between mitochondrial
proteome biology and pathological phenotypic observations
remains ambiguous, which has impeded diagnostic interpreta-
tions of large-scale proteomics data. This lack of dlarity is
partially due to fragmented efforts in assessing mitochondrial
functionalities and proteome heterogeneity in various systems.
Questions of how closely proteome parameters such as

diversity and abundance conform to, or predict, biological
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functions still remain unanswered. It is clear that an unbiased
characterization of the functional proteome of mitochondra
would undoubtedly further our insight into complex mitochon-
drial functions and mitochondrial-associated diseases. In this
regard, experimental proteomics data offer an indispensable
insight into organelle biology in parallel to the transcription-
oriented efforts, alleviating potential issues arising from
algorithms predicting mitochondrial-targeted genes and their
lack of tissue specificity.

In this study, we propose a strategy that combines functional
assays and protein expression measurements through label-free
quantification analyses; using NSAF values™ ™’ to characterize
multiple aspects of mitochondrial pathways has been the only
feasible and economical approach for analyzing large-scale
proteomic data sets from multiple model systems. We utilized
this strategy in mitochondria isolated from human hearts and
compared them with data from mouse hearts because of its
prevalence as a proxy for human hearts; mouse livers, used as a
comparison with organ mitochondria; and drosophila, serving
as both a nonmammalian metazoan out-group and an

experimental model found to correlate with some human
diseases >~ %

Our investigation reveals intergenomic and intragenomic
correlations for proteome diversity, proteome abundance, and
mitochondrial function. Through correlational analyses, we
delineate that the molecular mechanisms of the mitochondrial
proteome are primarily dictated by its cellular environment.
Furthermore, the mitochondrial proteome is predominantly
composed of a small number of vastly abundant proteins
involved in the principal processes of cellular survival, including
oxidative phosphorylation and metabolism. With our most
comprehensive mitochondrial protein repertoire to date, we
established a core mitochondrial proteome of 419 conserved
proteins across four model systems. Additionally, we
determined that fundamental mitochondrial functions are
defined by the evolutionary conservation of a core mitochon-
drial proteome across different species, whereas organ-derived
proteins, whether by novel genetic information or cell-specific
translocation, reflect the diversification in the heterogeneity of
mitochondrial populations. Collectively, this study provides a
useful resource and network for future studies on mitochondrial
biology. The definitive characteristics of mitochondrial
proteomes afford great opportunities in developing targeted
treatment for human disease.

B EXPERIMENTAL PROCEDURES

Experimental procedures on human tissues were approved by
the UCLA Human Subjects Protection Committee (HSPC)
and the UCLA Institutional Review Boards (IRBs). The
experimental procedures on animals were performed in
accordance with the Animal Research Committee guidelines
at UCLA and the Guide for the Care and Use of Laboratory
Animals, published by the National Institutes of Health. An
overview of our experimental workflow is shown in Figure S1 in
the Supporting Information. A comprehensive Methods Section
is available in the Supporting Information.

Tissue Sample Collection

Tissue samples were procured from each model system. Mouse
heart and liver tissue samples were obtained from thirty 8—10
week old ICR strain mice. Human heart samples from the free
anterior left ventricular wall were collected from individuals
(average age = 49 + 8 years, n = 5, 4 males and 1 female)
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previously treated with a left ventricular assist device (LVAD).
These individuals exhibited normal left ventricular end diastolic
dimension (LVEDD) after LVAD treatment. This improve-
ment is featured in Figure S2 in the Supporting Information.
Additionally, approximately 1000 adult wild-type Drosophila
melanogaster (Oregcm R strain) were immobilized by chilling
prior to mitochondria extraction. More information regarding
methods can be found in S2 in the Supporting Information.

Isolation and Purification of Functional, Viable
Mitochondria from Human Heart, Mouse Heart, Mouse
Liver, and Drosophila

Mitochondria were isolated from freshly collected mouse
hearts, mouse livers, human hearts, and Dmizphila melanogaster
by differential centrifugation as described”®*"** The freshly
isolated mitochondria were subjected to a series of functional
and structural validations.?®

Assessment of Mitochondrial Function

The activities of the mitochondrial electron transport chain
(ETC) complexes I (C—I) and V (C—V) were assessed in vitro
by spectrophotometric measurements.** Pharmacological
inhibitors were employed to determine the inhibitor-insensitive
background of each complex. Pyruvate dehydrogenase (PDH)
activity, proteolytic activity, and glutathione reductase activity
assays were performed according to the manufacturer’s
instructions. Mitochondrial O, consumption and the suscept-
ibility of mitochondria to calcium-induced injury were
determined as described®®*" A detailed explanation of the
assay methods is available in the Supporting Information.
Quantitative Proteomic Profiling of Mitochondrial
Proteomes

SDS-PAGE, LC—MS/MS, and spectral analyses were per-
formed as described.”*' Details regarding sample separation,
chromatography, instrumentation settings, database searching,
and protein identification criteria are detailed in the Supporting
Information S4. Mitochondrial protein abundances were
assessed according to normalized spectral abundance factors
(NSAF);*7*! this was then compared across all biological
samples. The spectral counts for peptides shared among
multiple proteins were divided proportionally according to the
total spectral count of each protein’s unique peptides, with
proteins possessing a greater amount of unique spectral counts
acquiring a larger portion of the shared peptide’s spectral count.
Figure 83 in the Supporting Information summarizes the mass
spectrometry (MS) experiments.

Bioinformatics and Statistical Analyses

The molecular properties of the mitochondrial proteome,
including molecular weight (MW), isoelectric point (pI),
transmembrane domains, and mitochondrial target sequences,
were mﬂgzed using the UniProt K.m:lwle|:ige|:|:|sem"""17 and
Target[—".4 Biological information for individual proteins was
extrapolated from gene ontology annotations (biological
processes and molecular functions). Protein orthologs among
human, mouse, and drosophila were identified via BioMart.** In
addition, the involvement of mitochondrial proteins in diseases
was determined by searching through the Online Mendelian
Inheritance in Man (OMIM) and peer-reviewed publications
on PubMed’® Correlational analyses were calculated using
Spearman’s coefficient. Finally, the IntAct database (IntAct
database release 164b)*" was used to determine the known
mitochondrial protein—protein interactions among C~I, C-V,
redox, and their associated partner proteins. Cytoscape 3.0

dx.doiorg/10.1021/pr400539j| L Proteome Res. 2014, 13, 433-446
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Figure 1. Mitochondrial functional characterization. (a) Electron production rate per microgram of mitochondrial proteins was analyzed to
determine ETC complex activity and subsequently normalized to mouse cardiac mitochondria. Mouse liver mitochondria showed lower C—1 activity
and drosophila demonstrated higher C—1 activity compared with the mouse heart. In addition, drosophila exhibited the highest C—V activity overall,
with the lowest C—V activity in human heart mitochondria. These differences in respiratory flux and ATP generation can be attributed to cellular
environment and genetic background. * or # represents p < 0.05 versus mouse heart; n = 4 per group. (b) RCI tracers are presented; they were
measured as a ratio of the oxygen consumption rate by an initial O, concentration of 220 mmol-L™% Drosophila mitochondria were the most tightly
coupled (RCL: 12.0), followed by the human heart (8.9), mouse heart (7.6), and mouse liver (7.0). A higher RCI value indicates tighter coupling of
oxidation and phosphorylation processes. (c) Additional key enzymatic mitochondrial functions revealed similar intra- and intergenomic variability.
Mouse liver mitochondria exhibited the highest proteolytic and glutathione reductase activities, whereas the mouse heart had the highest PDH
activity, which may be explained by the altered production of reducing equivalents. * or # represents p < 0.05 versus mouse heart; n = 4 per group.
(d) Calcium-induced mitochondrial swelling was measured as a reduction of optical density. Mouse liver mitochondria displayed the highest
susceptibility to calcium-induced swelling. * represents p < 0.05 versus mouse heart with calcium overload; n = 4 per group.

Network Data Integration, Analysis, and Visualization soft- capacity, redox regulation, and susceptibility to calcium-induced
ware™® was subsequently employed to depict these interactions. stress (Figure 1).
Swelling assay data and spectra analyses results were reported The activities of ETC C—I (NADH dehydrogenase) and C—
as mean + SEM. Differences among the experimental groups V (F,Fy ATP synthase) were assessed. Results were normalized,
were analyzed using one-way ANOVAs with posthoc contrasts by tissue weight, to mouse cardiac mitochondria for
utilizing the Student’s ¢ test.”® The Mann—Whitney U test was comparison (Figure 1a). Notably, mouse liver mitochondria
used to determine the significance of protein abundance demonstrated substantially lower C—I activity, human heart
distribution differences. Values of p < 0.05 were recognized as mitochondria showed the lowest C—V activity, and drosophila
significant. exhibited the highest Complex activity for C—I and C-V.
These higher activities in drosophila suggest increases in both
B RESULTS the delivery of reducing equivalents and ATP production due to
. . . . . the high energy tumover of insect flight muscles. In addition,
Heterogeneic Programming of Mitochondrial Function the differential C—1 activity levels between mouse heart and
across Organs and Organisms mouse liver indicate that cellular environment plays a significant
We compiled a panel of biochemical assays to evaluate several role in the regulation of ETC function. Together, our data
functional parameters of intact and viable mitochondria isolated highlighted the heterogeneity of these two respiratory
from the four model systems. To assess mitochondrial complexes and underscored the effect of cellular environments
bioenergetics and other biological functions, we determined on functional activities.
the reaction rate of the respiratory chain complexes, the We next examined the RCI as an indicator of coupling
respiratory control index (RCI), PDH activity, proteolytic tightness for the respiratory circuitry. The human heart had an

dx.doiorg/10.1021/pr400539j| L Proteome Res. 2014, 13, 433-446
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Figure 2. Mitochondrial proteome composition among four mitochondrial populations. (a) Protein orthologs were analyzed for each model systems.
The 419 proteins identified in all four model systems represent the conserved core mitochondrial proteome. (b) Proportions of conserved and
nonconserved proteins by protein number were denoted in each proteome. Drosophila demonstrated the highest protein count ratio of both

conserved and nonconserved proteins.

RCI of 8.9, whereas mouse heart and mouse liver had RCI
values of 7.6 and 7.0, respectively (Figure 1b). Drosophila
mitochondria exhibited the highest RCI (12.0), demonstrating
a tighter coupling of oxidation and phosphorylation processes.

To evaluate the energetic functions of mitochondria, we
examined PDH, protease, and glutathione reductase activities to
give a more comprehensive assessment of mitochondrial
biology. We observed that mouse heart had the highest PDH
activity, with significantly lower activity in mouse liver and
human heart (Figure 1c). As anticipated, liver mitochondria
exhibited the highest proteolytic and glutathione reductase
activity. The heterogeneity of the four model systems was also
confirmed by their response to calcium stress-induced injury.
Liver mitochondria demonstrated a drastically higher suscept-
ibility to calcium overload than other mitochondria (Figure
1d), likely reflecting the latter’s lack of constant calcium flux as
a noncontractile organ. These results accentuate the functional
contributions of molecular environment and genetic back-

ground on cellular activity.

Dynamic Mitochondrial Proteome Design across Organs
and Organisms

Mitochondrial Proteome Composition. To examine the
molecular basis of the observed functional heterogeneity in
depth, we profiled the proteome of the four mitochondrial
populations. In total, we identified 1398 unique proteins from
human heart mitochondria, 1620 from mouse heart mitochon-
dria, 1733 from mouse liver mitochondria, and 1015 from
drosophila mitochondria. To our knowledge, these results
represent one of the most comprehensive mitochondrial
protein catalogs for each of these model systems. A complete
list of identified proteins is provided in Table S1 in the
Supporting Information.”* The distributions of biochemical
features, including molecular weight, isoelectric point, as well as
number of transmembrane domains, are shown in Figure $4 in
the Supporting Information, implicating the dynamic properties
of the mitochondrial proteome.

To determine how the mitochondrial proteome was
partitioned among all four model systems into core proteins
that preserved fundamental functions and diversified proteins
that conferred specialized functions, we analyzed the number of
proteins and protein orthologs shared by the four model
systems. If we consider the minimal ortholog set to be common
if varying numbers of homologous genes exist across organisms
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(Figure 2a, Table S2 in Supporting Information), 419
equivalent proteins were conserved across the model systems.
Drosophila possessed the highest percentage of unique proteins
(Figure 2b). Although lack of detection cannot distinguish
protein absence from extremely low abundance, errors in data
acquisition were minimized by comprehensive replications.
Mitochondrial Proteome Abundance. Label-free quanti-
fication analyses performed using the NSAF values of proteins,
yielded the relative abundance of each protein and allowed for
cross-proteome comparison among the model systems.
Although the accuracy of label-free approaches may be limited
by run-to-run variability and redundant peptides among
pmteins,s‘; this technique allowed us to circumvent the
challenge of synthesizing tens of thousands of stable isotope
labeled ;:nzpl:ids:s.56 To ensure accurate quantification, we
conducted exhaustive biological and technical replicates (from
18 replicates of the mouse heart to 29 replicates of the human
heart) and developed an algorithm to proportionally allocate
shared peptides to their corresponding proteins based on the
percentage of unique peptides per protein. Qur analysis showed
that the mitochondrial proteome exhibited a high dynamic
range of protein expression levels, with fractional abundance
spanning more than five orders of magnitude from 10~ to 107
(Figure 3a), although a vast number of proteins possessed a
minimum NSAF value and are in rare abundance. For example,
in mouse heart, the most abundant protein accounted for ~3%
of the total mitochondrial proteome, whereas the least
abundant protein accounted for ~0.00003% of its total
mitochondrial proteome. These examples illustrate a 10°fold
difference in protein abundance. Furthermore, proteins were
ranked according to their abundance (Figure 3b); the top 100
most abundant proteins in each model system represented 57—
83% of the mitochondrial proteome, whereas the bottom 50%
only accounted for <4% of the mitochondrial protein content
(Figure 3b). Conserved proteins were highly abundant,
occupying 64% of mouse heart mitochondrial protein content,
52% of mouse liver mitochondria, 64% of human heart
mitochondria, and 77% of drosophila mitochondria (Figure
3c). Protein abundance distributions between human heart
mitochondria and mouse heart mitochondria were more similar
(Spearman’s p = 0.70) than those between mouse heart and
mouse liver (p = 0.65), further supporting the notion that

dx.doiorg/10.1021/pr400539j| L Proteome Res. 2014, 13, 433-446



Journal of Proteome Research

B Mouse Heart (1620) Mouse Liver (1733)
1071 1 10% mitochondrial content Rank of protein Rank of protein
abundance abundance
© i ) (% total protein) (% total protein)
13 0_2 _ 1% mitochondrial content
$ 1 1-100 (66.3%) 1-100 (57.2%)
) _—y 0.1% mltochondidal content 101-810 (31.4%) 101-867 (38.7%)
£ . 811-1620 (2.3%) 868-1733 (4.1%)
8 Mouse Liver
5 104 — s "
£ Drosophila Mouse Heart
g 105 4 Human Heart (1398) Drosophila (1015)
Q P/ Rank of protein Rank of protein
= 4 abundance abundance
< 106 - Hunvan Heart i (% total protein) (% total protein)
= 1-100 (70.3%) 1-100 (82.9%)
107 Q.00001% soachonddel conteet 101-699 (27.0%) 101-508 (14.7%)

I T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600

Protein Index (Number of Proteins)

700-1398 (2.7%) 509-1015 (2.4%)

c § 100 Non- D
S 90% = conserved
2 0% Partially-
B 70%4 conserved
<
£ 60%=
% 50% = Mouse Liver
O 40% <
G 0%
S 20%+ Conserved Human Heart
E 10% =
o 1 1 % O Drosophila
A 0,}) “0.
Y 80,9 0y
’S’@@(’i@ -'96 4‘-/9
Y 0,?

Figure 3. Mitochondrial proteome abundance. (a) Relative protein abundance was indexed based on NSAF values in descending order. The high
dynamic range of protein expression levels for the mitochondrial proteome spans over five orders of magnitude. Error bar: SEM. (b) Proteins were
ranked according to their abundance. The top 100 proteins in each model system are highly abundant and occupy a majority of the total
mitochondrial protein content. The top 50% of each mitochondrial proteome accounts for over 95% of the total protein abundance, whereas the
bottom 50% constitutes <4%. (c) The proportion of conserved, partially conserved, and unique proteins was illustrated in all four model systems.
The conserved proteins are highly abundant, accounting for 72, 55, 68, and 78% of mitochondrial protein content in the mouse heart, the mouse
liver, the human heart, and drosophila, respectively. Furthermore, nonconserved proteins in drosophila comprise the highest unique protein ratio
among these organs and organisms, alluding to their specialized functionality. (d) Similarity in distribution of mitochondrial protein abundance was
determined. Human heart and mouse heart mitochondrial protein abundance distribution levels are closely related, indicating that mitochondrial
populations in the same organ of different species can demonstrate a stronger correlation than mitochondrial populations within different organs of
the same organism. Moreover, mouse heart and mouse liver mitochondria had similar, but not identical distributions (p = 0.65).

abundance distribution is regulated by cellular environment in TCA metabolic processes were also highly conserved. In

(Figure 3d). contrast, proteins involved in signaling and proteolysis were less
Properties of Mitochondrial Proteome and Function across conserved among the four model systems. The mitochondrial
Organs and Organisms proteome is therefore dominated by proteins involved in key

fundamental metabolic processes.

Mitochondrial Proteome and Functions. Upon catego- We subsequently compared mitochondrial protein abundan-

rizing proteins by biological processes, we observed that high- o . . . .
abundance clusters are particularly enriched in oxidative ces and their involvement in specific functional pathways using

phosphorylation (OXPHOS), metabolism, transport, and NSAF values (‘Flgure 4c). Mouse he?:t mltnchnn‘dua
signaling. Mouse liver possessed the highest abundance value demnnstrate'd higher TCA FYdE P"f'tem CUI'ICEntl'Elt'lﬁl'ls
for the metabolism cluster, reflecting its metabolic and compared with mouse liver mitochondria. The differences in
biosynthetic specializations (Figure 4a). The mitochondrial abundance of TCA cycle proteins among mouse heart, human
proteome subpopulation abundances were analyzed for each heart, and drosophila were indistinguishable; this illustrates the

functional category (Figure 4b). Among the conserved protein variations in TCA activity between contractile and non-
abundances, OXPHOS proteins as well as proteins associated contractile tissues. Similarly, liver mitochondria contained the
with apoptosis and ETC complex assembly were more fewest C—I proteins. However, C—V showed no significant
abundant in all mitochondrial populations. Proteins involved difference in overall protein abundance among the model

dx.doiorg/10.1021/pr400539j| L Proteome Res. 2014, 13, 433-446
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Figure 4. Correlation between the mitochondrial proteome and its functions. (a) Mitochondrial protein abundances were categorized by biological
function. The high-abundance clusters are enriched in oxidative phosphorylation, metabolism, and transport-related proteins. In particular, mouse
liver has the highest abundance values within the metabolism cluster, highlighting a metabolic specialization. Moreover, these conserved proteins are
highly abundant, representing 81.0% of mitochondrial protein content in mouse heart, 59.5% in mouse liver, 79.7% in human heart, and 86.4% in
drosophila. (b) Mitochondrial proteins were characterized by biological processes. Conserved proteins and non/partially conserved proteins in each
category were quantified. Proteins involved in OXPHOS were concentrated in C—II and C—V. Conserved proteins were also found to be highly
involved in apoptosis and TCA metabolism. Structural, signaling, and proteolytic processes have higher proportions of nonshared proteins. (c)
Relative fraction of the proteome involved in specified functional pathways was determined. Mitochondrial proteins were further classified through
bioinformatics analyses based on their involvement in specific functional pathways and then plotted by their NSAF values. *p < 0.05 versus mouse
heart. The mouse heart, human heart, and drosophila models have high TCA cycle protein abundances, while the mouse liver shows significantly
lower protein abundances, denoting the differences in TCA cycle activity between contractile and noncontractile tissues. The mouse liver
mitochondria also contained the lowest abundance of C—I proteins. C—V was not found to have a significant difference in overall protein abundance
among the model systems. Notably, within each Complex, differential subunit abundances spanned over three orders of magnitude. Drosophila had
considerably lower lipid metabolism protein abundances in comparison with mouse liver, implicating liver mitochondria as specialized in the
synthesis and degradation of lipids. In addition, drosophila mitochondria possess the lowest abundance of kinase/phosphatase proteins, suggesting
that there is less phosphorylation regulation. The abundance of calcium-binding proteins was similar across the model systems; this deviates from our
previous finding that shows mouse liver is more susceptible to calcium-induced swelling, indicating limitations in direct connections between
proteomics data and functionality. Statistical significance was determined with a Mann—Whitney U test.

systems. In addition, it was found that within each Complex substantially lower abundances in drosophila when compared
differential subunit abundances spanned over more than two to mouse liver, but more than 89% of the drosophila lipid
orders of magnitude. The most abundant proteins within C—V metabolism proteins were conserved among all model systems.
are subunit # in mouse heart, mouse liver, and drosophila, but In contrast, mouse liver possessed the highest abundance of
subunit @ in human heart. The least abundant proteins within proteins related to lipid metabolism, of which only 19% were
C—V are subunit @ in mouse heart, subunit ¢ in mouse liver, conserved mitochondrial proteins. These results indicated that
and subunit # in human heart and drosophila. Moreover, we specialized pathways exist in mouse liver, Furthermore,
observed that proteins involved in lipid metabolism showed drosophila possessed the lowest abundance of kinase/
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Figure S. Mitochondrial protein—protein interactome analysis. An interactome analysis of C—I, C—V, redox, C—I + redox, and C—V + redox
proteins was performed, and the protein—protein interactions are displayed. Major hubs have been labeled by gene name. The size of each
mitochondrial node represents the number of connections in the protein—protein interaction network, with larger nodes indicating more
interactions. (a) C—I showed NDUFA2 as the primary human mitochondrial protein with the most connections. Mouse mitochondrial proteins
mainly centralized around one partner protein, a-synuclein. In contrast, drosophila proteins did not exhibit a clustered pattern. Three C—V proteins
in human mitochondria, ATPSA1, ATPSB, and ATPSC]1, were more interactive than other C—V proteins; however, only ATPSB was categorized as
a major hub in both mouse and drosophila. (b) Analysis of redox protein—protein mteramons demonstrated similar patterns to C—I with human
and mouse proteins assembled around a single protein, whereas drosophila pr dispersed partnerships among its proteins. (c) Moreover,
examination of C—I + redox and C—V + redox revealed little interaction between these complex proteins and redox proteins. An exception to the
pattern, ATPSB (in C—V), interacted with redox protein PRDX1 in the mouse mitochondria analysis. Finally, the mouse C—I + redox interactome
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Figure 5. continued

revealed an intertwining C—1I and redox protein interaction network, a feature unique to the mouse mitochondrial proteome. The series of
intedocking C—I and redox proteins found in the mouse C—1I + redox interactome have been circled by a dotted line.

phosphatase proteins. Surprisingly, the abundance of calcium-
ion binding proteins in liver mitochondria showed no
significant difference across the model systems.

Mitochondrial-encoded proteins were further analyzed based
on NSAF values. The ETC subunits appeared to be highly
heterogeneous; in particular, mitochondrial-encoded subunits
were found to be less abundant than nuclear-encoded subunits,
primarily in mouse liver and human heart (under-detected).
These subunits may serve as the limiting factors of complex
assembly and may better explain the lower respiratory activities
of C—I in mouse liver mitochondria and in C—V of human
heart mitochondria.

Mitochondrial Interactome and Its Functions. Mito-
chondrial proteins identified in our study were queried within
the IntAct database (IntAct database release 164b) for known
protein—protein interactions to demonstrate associating
partners among C—I, C—V, redox, and their neighboring
proteins in human, mouse, and drosophila data sets. Cytoscape
3.0 Network Data Integration, Analysis, and Visualization
software was then utilized to illustrate documented interactions
among proteins in C—I, C-V, redox, C—I + redox, as well as
C—V + redox. The resulting protein data sets focused on the
differences among human, mouse, and drosophila protein
connections. The size of each mitochondrial node represents
the number of connections in the protein—protein interaction
network, with larger nodes indicating more interactions.
Interestingly, C—I proteins appeared to be centralized around
NADH-ubiquinone oxidoreductase B8 subunit (NDUFA2) in
human and a-synuclein in mouse (Figure Sa). In contrast,
drosophila protein interactome patterns showed small scattered
clusters and fragmented groupings. These results were
indicative of the intergenomic protein—protein properties,
which may have been influenced by the functional annotations
unique to each database. Subsequently, NDUFA2 and a-
synuclein were cross-analyzed for significant interactions in the
mouse and human data sets, respectively. Although not a major
hub, NDUFA2 was found to interact with proteins in the
mouse data; however, a'—synudein was not found within the C—
I human protein interactions. In the C—V interactome, subunit
a (ATP3A1), f# subunit (ATPSB), and subunit ¥ (ATPSC1)
demonstrated the most protein—protein interactions (Figure
5a). Similarly, ATPSB served as the major hub in both the
drosophila and the mouse network, a feature highlighting the
evolutionary importance of ATPSB as a core protein. Redox
proteins (Figure Sb) also portrayed a comparable pattern to
C—I and C—V, with human proteins (ie., Apoptosis Inducing
Factor 1 — AIFm1) tending to serve as central hubs, whereas
mouse and drosophila proteins displayed little affinity for
interaction. Incorporation of both C—I + redox as well as C—V
+ redox revealed a lack of explicit connections between
Complex proteins and redox proteins (Figure Sc). However, a
single C—V protein (ATPSB) interacted with redox proteins —
peroxiredoxin 1 (PRDX1), 2 (PRDX2), and 4 (PRDX4). The
mouse C—I and redox protein integration serves as an
important guide for the knowledge-building process regarding
human protein—protein interactions. Overall, each model
system showed a relatively distinct protein—protein interaction
network with little overlap among the organisms for C—I, C-V,
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redox, C—I + redox, as well as C—V + redox proteins, indicating
that the integration of protein interactions from other model
systems could greatly benefit future investigations of the human
interactome.

Mitochondrial Proteome and Protein Translocation.
To explore the mechanisms promoting nuclear-encoded
protein translocation into mitochondria, we determined the
number of mitochondrial proteins with an N-terminal
mitochondrial targeting sequence (MTS) using TargetP and
the UniProt KnowledgeBase. Interestingly, only a small
subpopulation of mitochondrial proteins possessed an MTS,
ranging from 9.7% in drosophila to 19.9, 20.7, and 22.4% in
mouse liver, human heart, and mouse heart, respectively
(Figure 6a). Analysis of the core proteins demonstrated a
similar pattern (17.4% in drosophila, 37.9% in human heart,
48.7% in mouse liver, and 49.7% in mouse heart) as exemplified
in Figure 6b. Further examination illustrated that mitochondrial
proteins with and without an MTS had similar functional
distributions. A functional perspective demonstrated that
proteins with an MTS were found to be fundamental in
metabolism and biosynthesis and were localized within the
general mitochondrion. Conversely, mitochondrial proteins
essential in metabolism and OXPHOS without an MTS were
primarily localized in nonmitochondrial domains (Figure 6c).
However, the subcellular localization distribution of protein
abundance showed that mitochondrial proteins with an MTS
were predominantly concentrated in both the inner mitochon-
drial membrane (IMM) and the matrix (Figure 6d).

Mitochondrial Proteome and Disease. Mitochondrial
dysfunction has been shown to be associated with the onset of
disease. Literature curation using predefined terms (e.g,
diabetes, obesity, muscular dystrophy, and neurodegeneration)
suggested that human disease-associated genes are enriched in
the conserved mitochondrial proteome, especially in conserved
respiratory chain proteins (Figure 7). The diversified
mitochondrial proteome contains fewer known disease
associations than the conserved mitochondrial proteome but
still has a higher occurrence of disease gene associations than
did the whole human genome (~15%). In addition, a
significant portion of the conserved respiratory proteins
(~27%) and core mitochondrial proteome (~17%) plays a
role in known cardiac diseases, Other conserved proteins are
prime candidates for disease association as well. These data
highlight the central importance of the core mitochondrial
proteome to normal physiological functions.

M DISCUSSION

In summary, we combined biochemistry assays, quantitative
proteomics profiling, and interactome analysis to define four
mitochondrial populations. Our analysis significantly expands
the existing knowledge on the mitochondrial proteome with
approximately 3350 unique proteins identified, including a core
conserved mitochondrial proteome comprised of 419 proteins.
These data portrayed inter- and intraspecies heterogeneities of
mitochondria from both expressional and functional perspec-
tives. Qur data suggest that proteome—function correlations are
subject to complex organizations with protein—protein
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Figure 6. Distribution of proteins with mitochondrial targeting sequences in the mitochondrial proteome. (a) The number of mitochondrial proteins
with an N-terminal mitochondrial targeting sequence (MTS) within the mitochondrial proteome was examined. Only a small percentage of
mitochondrial proteins carried an MTS. Mitochondrial proteins with an MTS accounted for 9.7% of the total mitochondrial proteome in drosophila,
19.9% in mouse heart, 20.7% in human heart, and 22.4% in mouse liver. (b) Analysis of the core proteins demonstrated a similar pattern of
mitochondrial proteins with an MTS — 17.4% in drosophila, 37.9% in human heart, 48.7% in mouse liver, and 49.7% in mouse heart. This suggests
that the mitochondrial proteins without N-terminal targeting sequences are utilizing alternative methods to localize in the mitochondria. (¢) Number
of core mitochondrial proteins with an MTS and without an MTS was determined by their different functionalities and subcellular localizations. A
majority of the mitochondrial proteins with an MTS were involved in metabolism and biosynthesis and were found throughout the mitochondrion
rather than a specific mitochondrial compartment. In contrast, mitochondrial proteins without an MTS were predominantly integral in metabolism
and OXPHOS and were localized in other cellular regions. (d) While the abundance of core mitochondrial proteins with an MTS and core
mitochondrial proteins without an MTS were both highly involved in metabolism, OXPHOS, apoptosis, and biosynthesis, the core mitochondrial
proteins with an MTS were most abundant in the outer and inner mitochondrial membrane, whereas the core mitochondrial proteins without an
MTS were most abundant in the inner mitochondrial membrane, intermembrane space, matrix, and other cellular locations.
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Figure 7. Pathological phenotypes of the mitochondrial proteomes.
The involvement of mitochondrial proteins as well as the OXPHOS
subproteome in disease phenotypes (left) and cardiac disease
phenotypes (right) was determined by literature curation using
predefined search terms. Human disease-associated genes are more
prominent within the conserved mitochondrial proteome, and
dysfunction of conserved respiratory chain proteins is particularly
detrimental with $4% of these proteins implicated in disease. In
contrast, only 15% of the human genome is correlated with causing
disorders. Among these, 27% of conserved OXPHOS proteins and
17% of conserved mitochondrial proteins are directly associated with
cardiac disease. These results illustrate the importance of the core
mitochondrial proteome to physiological functions.

interactions and that concomitant molecular function assess-
ments are essential to contextualize global proteomics data and
locate decisive perturbations.

Mitochondrial Core Proteome Properties

Comparative genomics predicted that ~100 human mitochon-
drial genes have homologues in nine diverse eukaryotes and are
mainly enriched in biological processes related to transport,
metabolism, and signal transduction.’” Indeed, a series of
reports supports the existence of a highly specified, conserved,
and heterogeneous mitochondrial prt:lteu1'r1£:.2“’2'4"“"‘2 Qur
experimental data sets redefined the core mitochondrial
proteome and provided additional evidence of the connection
between conserved proteins and disease phenotypes. The data
suggest a two-tiered architecture of the mitochondrial
proteome, with the 419 conserved proteins in the core
mitochondrial proteome representing essential hubs of protein
networks involved in basal processes.

The Approach to Assess Protein Abundance

Existing MS approaches to assess protein abundance include
label-free qualification and labeled quantification. In this
particular study, we elected to quantify relative protein
abundance through a label-free approach using NSAF values;
this allowed us to overcome the challenge associated with
synthesizing tens of thousands of stable isotope labeled
ps:pl:ides.‘r“S However, we are aware of the limitations of label-
free approaches.™ Specifically, the accuracy of such quantifica-
tions is affected by LC—MS run-to-run variability and the
weight of shared peptides among different proteins. We
implemented specific approaches to address these challenges.
Multiple biological and technical replicates (from 18 replicates
of the mouse heart to 29 replicates of the human heart) were
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performed to gain a reliable evaluation of protein abundance.
Furthermore, an algorithm was developed to proportionally
allocate shared peptides to their corresponding proteins based
on the ratio of unique peptides identified among these proteins.
Within the current technological capabilities, limiting factors
are certainly evident; however, we believe that our approach to
systematically assess relative protein abundance adequately
addresses these shortcomings.

Links Between Mitochondrial Protein Composition and
Function

Although the relationship between protein expression and
functional differences may be affected by multiple factors,
protein abundances are thought to be a selectable trait that
reflects functional attributes, especially in closely related
slznac‘nas.SB The recent demonstration of transcript-level
clustering recapitulates the phylogeny of mammalian lineages
and supports the notability of expression levels in ﬂdaptatinn.59
Interestingly, protein abundance, as calculated using NSAF
values, varied according to their primary functions across the
model systems. The two most abundant proteins in mouse
heart, ADP/ATP translocase 1 and ATP synthase subunit a, are
involved in the generation and transport of bioenergetics.
Similarly, the most abundant proteins in human heart, ATP
synthase subunit & and ATP synthase subunit /3, as well as the
two most abundant proteins in drosophila, ATP synthase
subunit § and ADP/ATP translocase 1, are similarly involved in
bioenergetics. In contrast, carbamoyl phosphate synthase 1 and
3-oxoacyl-CoA thiolase are the two most abundant proteins in
mouse liver and are mainly involved in the urea cycle and f-
oxidation of fatty acids, respectively. The relationship between
the most abundant proteins for each model system and their
respective function implies that abundance is strongly related to
tissue type and mitochondrial location.

Distinct Mitochondrial Metabolic Function among
the Model Systems. Previous studies have reported that
mitochondrial respiratory function is heavily connected to
many pathological processes, including heart failure, ischemic
injury, and ag'lng.l'""su In the current study, variations in
mitochondrial respiratory capacity among the examined
mitochondria were observed in ETC complex activity and
oxygen consumption. Mitochondria in different species/tissues
dramatically differ in their ability to consume oxygen and make
ATP. The higher C—I, C-V, and oxygen consumption activity
seen in drosophila and mouse heart tissue, respectively,
indicates that these model systems have a high NADH delivery
and ATP generation rate. Consistent with our functional data,
we found that C—I subunits in mouse heart are significantly
more abundant compared with mouse liver and human heart.
However, C—V showed no significant differences in protein
abundance, signifying the existence of potential regulatory
mechanisms such as post-translational modifications and
complex assembly, other than protein expression level. C—I
activity and respiratory rates of liver mitochondra are not
particularly reflected in the overall complex subunit abundance
but instead correlate with those of the mitochondrial-encoded
subunits (Figure 4d). Similarly, lower C—V activity in human
heart mitochondria is consistent with the lower abundance of
mitochondrial-encoded C—V proteins. These results suggest
that complex assembly may be significantly restricted by the
abundance of mitochondrial-encoded proteins. Furthermore,
our data emphasize that mitochondria in different species/
tissues are specialized for diverse metabolic duties. The
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metabolism functional group not only contains the most
proteins but also possesses the most nonconserved and
conserved proteins.

Evolved Mitochondrial Phosphorylation Events
among the Model Systems. Phosphorylation signaling
regulated by kinases and phosphatases plays a critical role in
regulating biological processes in all living organisms. However,
identifying the entire phosphoproteome is a daunting task. Due
to its unique evolutionary origin and enriched functionality,
mitochondrial phosphoproteome studies have be; to draw
increasing attention. ' ™% Gnad et al®? compared the
phosphoproteomes of different organisms and found that
serine/threonine phosphorylation in prokaryotes has occurred
relatively recently in evolution. Another study carried out by
Beltrao and n:cnlls::lgues65
interactions change more slowly than transcription factor—
promoter interactions and that protein kinases are an important
source of phenotypic diversity. ALcordjng}y, we observed that
the distribution of kinase/phosphatase in drosophila is scarce in
terms of number and abundance of proteins compared with
other model systems. These findings are consistent with the
notion that phosphorylation rapidly expanded in higher
metazoan lineages as a general mechanism for increased
cellular signaling and mmplexity.s“

Differential Mitochondrial Calcium Regulation among
the Model Systems. Functional assays on calcium-induced
swelling show that liver mitochondria are the most susceptible
to calcium damage. This agrees with previous data®® showing
that rat liver mitochondria have larger uptake of calcium than
heart mitochondria and is probably a reflection of the heart
being an excitable organ under constant calcium flux. At face
value, one might reasonably posit that liver mitochondria, being
in a nonexcitable tissue, would contain fewer calcium binding
proteins. On the contrary, there was no significant difference in
the total expression of calclum-binding proteins between liver
mitochondria and other mitochondria. Although we cannot
differentiate the effect of differing affinities of calcium influx,
efflux, and buffering proteins across organisms, this nevertheless
indicates that protein calcium regulation mechanisms besides
protein expression levels should be taken into account. An
attempt to correlate individual protein abundance with
functional differences proved more promising, as we observed
that liver has a relatively high abundance of calcium uniporters
(MCUs) but almost no mitochondral sodium/calcium ex-
changer (NCX), which taken together would suggest increased
calcium influx and decreased efflux. A recently published study
suggests that the activity and abundance of the mitochondrial
calcium uniporter varies greatly between tissues of different
species; mouse heart and drosophila flight muscle showed low
mitochondrial calcium uniporter activity in comparison with
that of mouse liver, kidney, and brown fat.”” This result is
consistent with the higher susceptibility of liver mitochondria to
calcium overload compared with mitochondria from mouse
heart, human heart, and dmsaphﬂﬂ. In our opinion, these
examples demonstrate the limitations of reducing proteomics
data to simplistic functional categories and the values of
functional assays in augmenting proteomics data.

showed that kinase—substrate

Broadening the Mitochondrial Interactome

There is a need to bridge the translational divide by
determining the protein—protein interactions within the
interactomes of nonhuman organisms as well as highlighting
similar structures in the human interactome. While animal
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models and computational insights remain indispensable, the
success of translational discoveries is fostered by our under-
standing of protein connectivity in human cellular networks.

Each of the model systems characterized in our investigation
demonstrated a distinct protein—protein interaction pattern;
ostensibly these molecular interactions may be limited by the
present knowledge of the scientific community as well as the
IntAct database. A more accurate and comprehensive data set
collecting multiple model systems has yet to be available due to
investigator-specific foci of research, targeting a specific organ,
tissue, disease, or pathway. An integrated framework addressing
protein interactions from different organs, tissues, diseases, and
pathways may elucidate mechanistic insights that play a
fundamental role in targeting disease origins in humans, as
many diseases affect protein partnerships in multiple organ
systems. Proteins whose interactions have not been extensively
studied in humans such as a-synuclein may act as future areas
of research in translational medicine.

Although it was evident that a distinguished pattern arose in
each model system, one major mouse hub emerged among the
C—I protein—protein interactions. Although not a Complex
protein, a-synuclein was found to be central for C-I
mitochondrial proteins in mouse; this differed greatly in the
human C-I interactome, as it was not seen to interact with
human C—I proteins. As a protein heavily involved in signaling,
a-synuclein has been studied extensively in humans and is a key
protein associated with Parkinson’s and other neurodegener-
ative diseases.”® The interaction of a-synuclein with multiple
C—I proteins in the mouse may implicate its important
regulatory role in energy metabolism and therefore be relevant
to human molecular pathways.

In addition, examination of C—I + redox and C—V + redox
protein networks revealed little interaction between C—I and
redox proteins as well as C—V and redox proteins, with the
exception of ATPSB in C—V. This evolutionarily conserved C—
V protein serves as a major hub in human, mouse, and
drosophila. However, in the mouse interactome, ATPSB
interacts with several peroxiredoxin (redox) proteins. PRDX1
and ATP3B have emerged as key proteins in this C—V + redox
protein interaction network. As seen in previous studies, the
centrality of both proteins predisposes them to be highly
associated with the onset of disease. The i:lterm.ingled network
of connections between C—I and redox proteins in the mouse
interactome serves as a proponent for the necessity of analyzing
human protein—protein interactions that have yet to be
investigated. Investigation of proteins highly involved in C~I,
C—V, and redox in nonhuman organisms could facilitate the
identification of new target proteins for translational medicine
and scientific research.

Mitochondrial-Targeted Protein Localization

Mitochondrial targeting sequences facilitate the translocation of
mitochondrial proteins to their designated location. In this
study, we identified mitochondrial proteins with an N-terminal
MTS, specifically focusing on the core conserved proteins. Qur
results suggest that many mitochondrial proteins without an
MTS are utilizing alternative ways of translocating into the
mitochondria, although a sophisticated method of predicting
proteins possessing internal mitochondrial targeting sequences
has yet to be developed. We postulate that these proteins
lacking an MTS may have been imported through various
mechanisms or attracted by biochemical signals (ie.,
cardiolipin, A'¥, motifs, positively charged amino acids
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residues, etc.). These results indicate that some mitochondrial
proteins may either share multiple cellular localizations or only
transiently reside in the mitochondria. Identification of
currently unknown sequence patterns may aid in the
clarification of this issue and provide clinical relevance to the

field of medicine.*”
Involvement of Mitochondrial Proteins in Diseases

As the center of metabolism and energy production,
mitochondrial protein dysfunction, caused by either genetic
or environmental alterations, has been shown to be directly
associated with diseases, specifically cardiomyopathies, neuro-
degenerative disorders, and diabetes.! 607071 Through liter-
ature curation, we found that the 419 conserved mitochondrial
core proteins are heavily involved in disease phenotypes
(~54%). In particular, ~82% of conserved OXPHOS proteins
are related to the development of disease. These data highlight
the evolutionary prominence of these proteins.

The involvement of mitochondrial proteins in cardiovascular
diseases, including ischemic injury, heart failure, and congenital
heart disease, has also been analyzed. Corroborating prior
studies, the dysfunction of a significant portion of core
mitochondrial proteins (>17%) and conserved OXPHOS
proteins (>27%), compared with shared and nonconserved
proteins among the model systems, plays a role in cardiac
diseases. In addition, OXPHOS proteins implicated in these
pathologies have high abundance values and can be considered
a requirement for normal physiological OXPHOS function. A
mutation of one gene-encoded OXPHOS protein might show
multiple clinical symptoms, whereas the mutation of various
OXPHOS proteome genes may cause the same disease; our
data mark the OXPHOS system as an injury-prone
subproteome.

In summary, we conducted a comprehensive analysis to
integrate information from biochemical, proteomic, and
genomic data sets to characterize mitochondrial biology from
a multifaceted perspective. Among the published reports
describing the mitochondrial proteome, our current analysis
uniquely and significantly expands the mitochondrial proteome
pools, highlighting a core mitochondrial proteome from four
model systems. These analyses simultaneously portray the
inter- and intraspecies heterogeneity of mitochondria from both
expressional and functional perspectives. Our study of the
proteome—function correlation confirms previous observations
of mitochondrial biology and contributes new evidence of the
expediency of diagnosing mitochondrial disease through
proteomic parameters. This investigation bridges the knowl-
edge gap between molecular compositions and their accom-
panying functions, which ultimately aids in the translation of
mitochondrial proteomics data to a contextualized under-
standing of complex mitochondrial biology as well as allows for
the acquisition of a prospective source for not only the
diagnosis of mitochondrial pathologies but also the procure-
ment of mitochondrial therapeutic targets.
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Supporting Information

S$1. Materials.

Hepes, percoll, B-nicotinamide adenine dinucleotide, reduced dipotassium salt (NADH), nicotinamide
adenine dinucleotide phosphate sodium salt (NADP), nitro blue tetrazolium (NTB), antimycin A,
diphenyleneiodonium, sodium  succinate, iodoacetamide, phenazine methasulfate, 3,3'-
diaminobenzidine (DAB), cytochrome ¢, phosphoenolpyruvate, n-dodecyl-B-D-maltopyranoside (DDM),
rotenone, pyruvate kinase, lactate dehydrogenase, 3-nitropropionic acid, potassium cyanide (KCN),
oligomycin, protease fluorescent detection kit, and all other chemicals were purchased from Sigma-

Aldrich (St Louis, MO).

S2. Isolation and Purification of Functionally Viable Mitochondria from Mouse Heart, Mouse
Liver, Human Heart, and Drosophila.

Mitochondria were isolated from freshly collected mouse hearts (8-10 week old, ICR strain), mouse
livers (8-10 week old, ICR strain), or human hearts as described" 2. Briefly, the samples were
homogenized in isolation buffer (260mM sucrose, TmM EGTA, 20mM Hepes, pH 7.5) and crude
mitochondria were obtained by differential centrifugation, which were further purified by resuspension in
19% percoll isolation solution, followed by its addition onto two layers of 30% and 60% percoll (v/v).
After centrifugation at 10,000g for 15 minutes, purified mitochondria were collected and washed (3x)
with isolation buffer without EGTA. Drosophila mitochondria were also isolated by differential
centrifugation®. Approximately 1,000 adult wild-type Drosophila Melanogaster were immobilized by
chilling, then pressed 5-6 times with a pre-chilled pestle in a mortar containing isolation buffer. The
homogenate was then centrifuged at 500g for 5 minutes followed by filtering through a layer of surgical
gauze and further centrifugation at 500g for 5 minutes. The resulting supernatant was subjected to
another centrifugation at 9,000g for 30 minutes. The mitochondrial-enriched fraction acquired from the

pellet was then subjected to the percoll purification step as described above. All procedures were
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performed at 4°C. Freshly isolated mitochondria from human hearts, mouse hearts, mouse livers and

drosophila were validated via functional and structural analyses’.

$3. Assessment of Mitochondrial Function.

Mitochondrial electron transport chain (ETC) complex activity assay.

The activities of ETC Cl and CV were assessed as previously described*”. Briefly, for the Cl activity
assay, 15ug mitochondrial lysate was mixed with 100yl of CI reaction buffer (10mM Tris-HCI, pH 7.4,
0.2mg/ml NADH, 2mg/ml NBT, 2uM antimycin A and 2mM KCN) at room temperature. The absorbance
at 550nm was measured at multiple time points to yield a time lapse curve. The ETC CV activity (F1-FO
ATPase) was measured by mixing mitochondrial lysate with reaction buffer (50mM Hepes/KOH, pH 8.0,
5mM MgCl, 350puM NADH, 5mM phosphoenolpyruvate, 4uM rotenone, 4mM KCN, 7units/ml pyruvate
kinase, 15units/ml lactate dehydrogenase, and 5mM ATP) and monitoring the decrease of NADH
absorbance (340nm). Background activites were assayed with the specific inhibitors
diphenyleneiodonium (10uM) for Cl and oligomycin (5uM) for CV. The enzymatic activities were

normalized to that of the mouse heart.

Mitochondrial O, consumption measurement.
Mitochondrial O, consumption was measured continuously by recording the pO.in the buffer using a

fiber optic oxygen sensor inserted through a hole in the cuvette cover during the addition of ADP'.

Mitochondrial pyruvate dehydrogenase (PDH) activity assay.

ELISA-based PDH activity was assayed with a kit (Abcam, Cambridge, MA) according to the
manufacturer's instructions. Briefly, the PDH enzyme was immunocaptured within the wells of the
microplate which contained 100pg of mitochondrial proteins. PDH activity was determined by
monitoring the reduction of NAD" to NADH, coupled with the conversion of a reporter dye to a colored
reaction product (absorbance at 450nm). Mouse heart activity served as the standard for the other

model systems.
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Mitochondrial proteolytic activity assay.

The proteolytic activity of mitochondria was estimated using the Protease Fluorescent Detection Kit
from Sigma-Aldrich®. Briefly, 100ug of isolated mitochondrial lysate were incubated with 100mM ATP
and 10pl of FITC-labeled casein substrates for 2 hours at 37°C in the dark. Undigested proteins were
precipitated by incubation with 150pl 0.6N ftrifluroacetic acid at 37°C for 30min, followed by
centrifugation at 10,000g for 10min. To detect the digested peptides, 10ul of the supernatant was
diluted with 200ul 500mM Tris, pH 8.5, and fluorescence was read at 485/5627nm. We used the
enzymatic activities of the mouse heart to normalize the activity of the mouse liver, human heart, and

drosophila.

Mitochondrial glutathione reductase activity assay.

Using a kit from Bioversion (Milpitas, California), glutathione reductase (GR) activities were assessed in
vitro. Briefly, using oxidized glutathione (GSSG) as a substrate, GR activity was determined
spectrophotometrically by measuring the conversion of GSSG to glutathione (GSH), which was
monitored by the absorbance at 450nm. The enzymatic activiies of the model systems were

standardized to the activity of the mouse heart.

Mitochondrial calcium-induced swelling assay.
The susceptibility of mitochondria to calcium-induced injury was measured spectrophotometrically as a

reduction in absorbance at 520nm attributed to the swelling of the isolated mitochondria® 2.

S4. Proteomic Profiling of Mitochondria from Mouse Heart, Mouse Liver, Human Heart, and
Drosophila.

SDS-PAGE, LC-MS/MS and spectral analyses were performed as previously described™ 2. Purified
mitochondria (200ug) were lysed in isolation buffer supplemented with 0.5% DDM and proteins were
displayed via standard SDS-PAGE. After Commassie G-250 staining, SDS-PAGE gels were sliced into
strips which were subjected to reduction with DTT, alkylation with iodoacetamide and in-gel trypsin

digestion. Resulting peptides were analyzed with MS/MS instruments (LTQ and LTQ-Orbitrap,
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ThermoFisher, Waltham, MA) integrated with capillary reverse-phase chromatography (75pum id x 10cm,
BioBasic C18 5um particle size, New Objectives, Woburn, MA). Mass spectra were collected in data

dependent mode with 5 MS/MS scans following 1 survey MS scan.

Raw spectral data were converted to ms2 format with RawXtract (V1.9.9.2) under default settings,
which then analyzed with the ProLuCID algorithm (V1.3.3)° using the UniProt Databases' as
references. The search parameters for LTQ datasets were set as follows: partial tryptic digestion
allowing two missed cleavages, fixed modification on cysteine with carbamidomethylation (+57.02146
Da) and differential modification on methionine with oxidation (+15.9949 Da), with tolerances for mass
measurement deviations at 1.5 AMU (peptide) and 1.0 AMU (fragment). The tolerance for peptide
precursor measured by the LTQ-Orbitrap was set at 50 ppm. Missed cleavages were unlimited and
protein cleavage chemistry utilized trypsin (KR). Mass spectra derived from the human heart were
analyzed with UniProt human database (06-15-2012 download — 262,274 proteins), drosophila datasets
were analyzed with UniProt drosophila database (07-16-2011 download — 37,596 proteins) and murine
dataset were analyzed with UniProt mouse database (01-19-2012 download — 93,312 proteins) as
references, respectively. Protein analysis proceeded with 2 steps. First, DTASelect (V2.0)"" was used
reverse sequence database to implement a negative control. Secondly, these preliminary results used
Proteininferencer, which was applied to the output to calculate protein and peptide confidence based
the peptide confidence from all the experiments, ensuring a Global False Positive Rate of <1% in the
final protein list (Xu et al. manuscript in preparation). Proteins with at least two peptide identifications

were retained.

Mitochondrial protein abundances were assessed by normalized spectral abundance factors (NSAF)>
1214 For each identified protein, the total peptide spectral count was divided by its length in order to
generate the spectral abundance factor (SAF). The NSAF of each protein was calculated by dividing its
SAF value by the total SAF of all proteins within a proteome; this was then compared across all
biological samples. The spectral counts for peptides shared by multiple proteins were divided into each

of these proteins according to the ratio of spectral counts on their unique peptides, with proteins
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possessing a greater amount of unique spectral counts acquiring a larger portion of the shared

peptide’s spectral count.

$5. Mitochondrial Proteome and Properties

We subsequently compared mitochondrial protein abundances and their involvement in specific
functional pathways via bioinformatics analyses using NSAF values (Figure 4C). Mouse heart
mitochondria demonstrated higher TCA cycle protein concentrations compared to mouse liver
mitochondria, demonstrating an intrinsically higher energy-conversion capacity. The difference in TCA
cycle protein abundance among the mouse heart, human heart, and drosophila were indistinguishable;
this illustrates the variations in TCA activity between contractile and non-contractile tissues. Liver
mitochondria contained the fewest C-l proteins. However, C-V showed no significant difference in
overall protein abundance. Within each complex, differential subunit abundances spanned over three
orders of magnitude. For example, subunit alpha in the human heart and subunit beta in the mouse
heart, mouse liver and drosophila constitute the most abundant proteins within C-V. The least
abundant proteins within C-V are ATP synthase subunit alpha in mouse heart, ATPase subunit
epsilon in mouse liver, and ATP synthase subunit beta located in both human heart and drosophila.
Moreover, we observed that proteins involved in lipid metabolism showed substantially lower
abundance in drosophila compared to mouse liver, but more than 89% of the drosophila lipid
metabolism proteins were conserved among all the model systems. This finding may allude to the
minimum number of proteins fundamental for lipid metabolism. Furthermore, drosophila possessed the
lowest abundance of kinase/phosphatase proteins, evidence of less specialized phosphorylation
signaling in drosophila. Surprisingly, the abundance of calcium-ion binding proteins in liver mitochondria
showed no significant difference across the model systems; this deviates from our calcium-induced
swelling observations that mouse liver mitochondria are more susceptible to swelling under the same

calcium concentration compared to other mitochondria.

S6. The Approach to Assess Protein Abundance.
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Existing MS approaches to assess protein abundance include label-free qualification and
labeled quantification. In this particular study, we elected to quantify relative protein abundance through
a label-free approach using NSAF values; this allowed us to overcome the challenge associated with
synthesizing tens of thousands of stable isotope labeled peptides™. However, we are aware of the
limitations of label-free approaches™. Specifically, the accuracy of such quantifications is affected by
LC-MS run-to-run variability and the weight of shared peptides among different proteins. We
implemented specific approaches to address these challenges. Multiple biological and technical
replicates (from 18 replicates of the mouse heart to 29 replicates of the human heart) were performed
to gain a reliable evaluation of protein abundance. Furthermore, an algorithm was developed to
proportionally allocate shared peptides to their corresponding proteins based on the ratio of unique
peptides identified among these proteins. Within the current technological capabilities, limiting factors
are certainly evident; however, we believe that our approach to systematically assess relative protein

abundance adequately addresses these shortcomings.

Supporting Information Figure Legends

Figure S1. Schematic diagram of experimental workflow. We combined a series of functional
assays with simultaneous proteomic assessments followed by the integration of the proteome with
different analyses of functionality to determine the correlation and variations across mitochondrial

populations.

Figure S2. Functionally-enabled recovery of the individuals. This figure depicts the cardiac
parameter of the individuals. The left ventricular end diastolic dimension (LVEDD) of the 5 individuals
was reversed back to normal values after implantation of a ventricular assist device, as highlighted in

the figure.
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Figure S3. Summary of mass spectrometry experiments. This table summarizes the total biological
replicates as well as technical replicates including LC-MS/MS runs upon using LTQ and Orbitrap on the

various mitochondrial samples of the human heart, mouse heart, mouse liver and drosophila.

Figure S4. Biochemical features of mitochondrial proteins. A depiction of the allocation of
biochemical features among the mouse heart, mouse liver, human heart, and drosophila is presented.
Details regarding the molecular weight, isoelectric point, as well as number of transmembrane domains
are listed, implicating the dynamic characteristics of the mitochondrial proteomes among the model
systems. The molecular weights portray a skewed disposition, either indicating that the lower-
molecular-weight proteins predominantly cover a vast proportion of the mitochondrial proteome, or that
residue from lower recovery of higher-molecular-weight proteins is present in the polyacrylamide gels.
The isoelectric point distribution of the mitochondrial proteins parallels a normalized distribution, with
proteins of higher alkalinity (pls=8) found to be more highly abundant. Ranges from ~16-23% of
mitochondrial proteins identified with a transmembrane domain indicate that the extraction technique

was effective in facilitating the classification of membrane proteins.

Supporting Information Table Legends

Table S1. Proteins identified from mitochondria across organs and organisms. This table
contains four individual spreadsheets listing mitochondrial proteins identified from mouse heart, mouse
liver, human heart, and drosophila, respectively. Each spreadsheet lists the protein identification
parameters, including representative protein UniProt ID#, protein gene name, protein name, peptide
sequences, best XCorr, a total number of unique peptides assigned to the protein, sequence coverage

(%), average NSAF value, standard error of the mean, and all UniProt protein ID# s in this group.

Table S2. Mitochondrial proteome annotation and inter/intra-genomic comparison across

organs and organisms. This table contains the following information listed sequentially: conservation

among the model systems (presence denoted by *), UniProt entry ID, UniProt entry name, gene name,
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protein name, and biological functions of the protein (Swiss Prot and Gene Ontology) for the mouse
heart (blue), mouse liver (green), human heart (peach), and drosophila (purple), respectively. Additional
information as to whether the protein has been found to be associated with disease (presence denoted

by +) and/or cardiac disease (presence denoted by x) in the last two columns is also provided.

*Excerpts of Supporting Information Tables S1 and S2 are shown. Complete
Supporting Information Tables S1 and S2 <can be found at:

https://pubs.acs.org/doi/suppl/10.1021/pr400539j/supp! file/pr400539 si 001.pdf
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Table S1A: Proteins Identified from Mouse Heart Mitochondria

Representative - ” Hol Al Uniprot
CSentate e presentative Protein ) ) ) A Sequence  Average '
Protein UniProt Representative Protein Name Peptide Sequence BestXcorr  Unique SEM  FProteiniD#inthe Occurances
Gene Name Coverage (%)  NSAF
ID# Group
AIBNEE Actnl Actnia pha actinin 13 (Alpha-acinn-1] ACLSMITS S945)GTNMGEAEFAR 38706 7775 0000055 0000042 ATBNGA 7
ALDFIASK 18026
ILAGDKNYITEDELR 29852
KAGTQIENIEEDFRDGLK 39014
LASDLLEWIR 35539
LIDVGK 17377
LLETIDOLYLEYAK 40875
TINEVENQILTR 3.0101
VGWEQLLTTIAR 44018
VLAVNGENEQLM(15 9348)EDYEK 5763
A2a400 Rpl27 RP23-328K2.2-  c1¢ ribosomal protein 127 YSVDIPLDK 23709 1 1034 0000045 o0ooooop  OUWRAPEISSS, 1
004 A28400
Rpl19 RF23-309H19.6- ) )
A28547 o2 605 ribosomal protein L19 ILMEHIHK 22311 3 1340 0000068 0000036  A2AS47;PE4099 2
KVWLDPNETNELANANSR 29565
VWLDPNETNEIANANSR 5.3365
RACQVALDEIKAELEK 33046
Rpn2 RP23-1631206-  Dolichyl-diphosphooligosaccharide-protein Q3USO5;A2ACET;
A2AC67 " EETVLATVQALOTASHLSQQADLR 3.7116 10 2650  0.000050  0.000026 3
002 glycosyltransferase subunit 2 Q208G
FPEEEAPSTVLSQSLFTPK 5.6758
LGKEETVLATVQALOTASHLSQQADLR 50465
LQVSNVLSQPLAQAAVK 59779
NFESLSEAFSVASAARALSQNR 7.1055
NIVEEIEDLVAR 48101
NPILWNVADYVIK 33517
TRFSLVGNVFELNFK 6351
YHVPVVVVPEGSTSDTQEQAILR 7.3313
YLAVLGTVTFLAGNR 27588
A2A608 Myl4 RP23-38H19.3-7  Myosin light chain 4 (Fragment) ALGONPTNAEVLR 37019 12 6302 000278 0000244  QACZISAZAGOR 2
EQGTYEDFVEGLR 33053
ETAKPAAAPAPAASAAPEPLKDSAFDPK 2266
HVLATLGEK 22637
IDFSADQIEEFK 45937
KETAKPAAAPAPAASAAPEPLK 53808
KETAKPAAAPAPAASAAPEPL KDSAFDPK 49842
NKEQGTVEDFVEGLR 56192
PAAAPAPAASAAREPIKDSAFDPK 35605
TLDFEM(15.9942)FLPILQHISR 5.9804
TLDFEMFLPILQHISR 4.4659
VFDKESNGTVM(15.9943)GAELR 4.3663
A2ACHE Sged RP23-43C211-3  Delta-sarcoglycan LEGDSEFLOPLYAK 38244 2 1563 0000035 00DODOO  AZACHGPE2347 1
LLFSADDSEVWVGAER 36615
A28DF7 SIc25234 Gm1369 Solute carrier family 25 member 34 ADGLWGLOK 18491 13 3648 0.000047 0000011 A2ADF7 7
GFVSSVAAVAR 45043
GLAAGLLYQGLMNGVR 2.8663
GLGPAYLR 21473
GOLYGGLADCLVK 2.6801
LGPHTILSM{15 S345)FFWDELR 63921
LGPHTILSM({15.2942) FFWDELRK 2.8951
LGPHTILSMFFWDELR 51161
LGPHTILSMFFWDELRK 45672
LOLOGELOAPGTYPR 57845
LOLOGELOAPGTYPRPYR 33418
LYNQPVDR 21421
VTVGSAAQLATFTSAK 56454
A2AFKS GlpbpS mCG 6724 GTP binding protein 5, isoform CRA_a ELHDAHIEAELEQGR 5.1389 A 19.01 0000023  0.000002 A2AFKS 3
RF24-7ANA 1-3 {Protein GtpbpS)
GGATLYIQUPVGTLVK 2.7996
IVADLSNLGDEYVAALGEAGGK 7.6637
LGOFAIGLSAITGENLEQLLLHLK 51251
NADH dehydrogenase (ubiquinone) complex
A2aIa Neufsfs AFNVELAQVK 30811 14 4414 0000060 0000012 A2AIL4 8
1, assembly factor 6
AFNVELAQVKDSVSEK 5.3439
DLHADHAASHIGK 38025
DVVYDIASQAHLHLK 5.0209
DYESYLCSLLFPAECOR 3.5065
IIDEREKNLDDKAYR 23247
NLDDKAYR 21447
NM(15 5543)LLPLSLYIOSWR 50788
NMLLPLSLYIQSWR 42224
SVAAASGPGIPGSHLYCLELLR 2.5908
SVPAEAFPAFLOTVSLEDYLK 52763
SVPAEAFPAFLOTVSLEDYLKK 4.5087
VAAASGPGIPGSHLYCLELLR 32683
VDFDIFHPSLOOK 41865
Psa774 Tom2 Tropemyosin beta chain AISEELDNALNDITSL 4.6868 2 1021 0000054 0000005  PSE774; AZAIMA 2
TIDDLEDEVYAQK 45183
FEWF36 Map7d1 MAP7 domain-containing protein 1 SLOLSAWESSIVDR 3.2896 3 736 0000005  0.000000  FEWF3S; A2ZAlIL 1
TAEGLLPFAEAEAFLK 34552
YLAAKKAVWLEKEEKAKALREKQLQER 3.5404
A28KD7 Sntal RP23-19213.1-1  Alpha-L-syntrophin GSVPYDAELSFALR 41054 2 601 0000013 0.000000  QE1234;A2AKD7 1
YLEICAADGOIDAVFLR 35584
A28KIS Itgav RP23-111F12.35 Integrin alpha-V light chain FGSAIAPLGDLDQDGFNDIAIAAPYGGEDKK 5.7078 4 724 0000011 0000000  A2AKISP43406 1
FSVHQQOSEM(15.9949)DTSVK 3.8245
10SSNSFDNVSPVVSYK 4011z
LTPITIFM{15 5945)EYR 24533
Muscle-related coiled-coil protein (Muscle-
A2AMMO Mure - screals VASVVDSVOASQK 44157 2 856 0000015 0.000000 A2AMMO 1
restricted coiled-coil protein)
VVIFQEDIPCRASLSVVK 30309
A20PT9 Khde7a Kelch domain-containing protein 74 ADSRPVPCPAALADAPSPGPGPEPLVTGAASR 3.304 3 1061 0000006 0000000 A20PT9 2
DEAANTAGGGASEAASPOPVASPSAPGFSR 5.1017
GTLLPAVLTLPVPDVRQTRY 41653
NADH dehydrogenase [ubiquinone] 1 alpha
n2APYT NufsfS AGFNTLTVDTDEIQUNYPGMFELMEDLK 39056 19 5831 0000123 0000024 n2APYT 14

subcomplex assembly factor 5
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A2AQ17

A2A501

AZASSE

N
o001

Fbn1 RP23-36811.1-1

Agrn Agrin

Ttn

dufafl RP23-22A15 6- Complex | intermediate-associated protein

30. mitochondrial

Fibrillin-1

Agrin [Cleaved into: Agrin N-terminal 110
kDa subunit; Agrin C-terminal 110 kDa
subunit

Titin (EC 2.7.11.1) {Connectin)

ALEQIHYVLKPDGVFVGAMFGGDTLYELR

ALNIFDRELK
CSLQLAETER

CSLOLAFTEREGGFSPHISPFTAVNDLGHLLGR

DFPLALDIGCGR
DTM(15.9949)LAAAAVYR
DTMLAAAAVYR
EGGFSPHISPFTAVNDLGHLLGR
GSATVSFGELAK
GYIAQHLDKETVGK
HISPFTAVNDLGHLLGR
IADRVYDIAR
IFQTDIAEHALK
ISPFTAVNDLGHLLGR
LNDVMSHEK
LNDVMSHEKK
NEDGSIPATFQIYHMIGWK
TAVNDLGHLLGR

(42.0106)IPRGAFERKLSYDWSQFNTLYLR

AIRDEAIEHFR
AIRDEAIEHFRR

DVQGPLVLDK

EKEDLDKWIVTSDK

EVALDAPSPDR
EVALDAPSPDRTPEVSFDK
FFFSNQGR

GGPYWQEVK
GPDGRPLOEVIM(15.9949)EQAR
GPDGRPLOEVIMEQAR
KLSYDWSQFNTLYLR

LKDEIVAHLR

LSYDWSQFNTLYLR
NOM(15.9849)YSYFM(15.9349)FTR
PLOEVIMEQAR

RLKDEIVAHLR
SALLYGTLSSEPPODGDSR
TEEGLAGHDHK
TEEGLQGHDHKEVALDAPSPDR
TPEVSFDK

VRDVOGPLVLDK
GTQCEDINECEVFPGVCK.
PNM(15.9949)CTCPSGQISPSCESR
TGCTDINECEIGAHNCGR
TNVDQOTM(15.9949)CLDINECER

DQCPETCOFNSVCLSR

EPLYVWGGAPDFSK
FDTGSGPAVLTSLVPVEPGR
GM(15.9949)LCGFGAVCEPSVEDPGR
LYVGGLPEEQVATVLDR
M(15.9949)LDINNQQLELSDWQR
SIESTLDDLFR

AANIVGEGEPR
AENEVGIGEPSLPSRPVVAK
AENIGLGLPDTTIPIECQEK
AEPTPSPQFPFADM)(15.9949)PPPDTYK
AGDNIKVEIPVLGRPK
AGDSIVLSAISILGKPLPK
AGTKIELPATVTGKPEPK
ALPQEAAIETTAISSSM(15.9943)VIK
APCSVSVLDTPGPPINFVFEDIRK
APPIEPAPTPIAAPVTAPVVGK
ATNQGGSVSGTASLEVEVPAK
AVNAVGVSEPSEISENVVAK
AVNVAGVGEPGEVTDVIEM(15.9949)K
DAAIIDVTSSFTSLVLONVNR

DATLODM(15.9948)GTYVVM(15.9943)VGAAR

DCGFPDEGEYVWTAGQDK
DDQTLESGDKYDIIADGK
DEVEPPRISMDPKYR
DIRPSDIAQITSTPTSSM({15.9249)LTVK
DKRVDLIHDLPR

DPFEPPDAPDKPIVEDVTSNSM(15.9949)LVK

DSPNIQTSFLDNIATLNIFK
DVTAEDSASIM(15.9949)VK
DVVM(15.9942| TDTSITEEQAGPGEPAAPFFISK
PVVQK
EFM(15.9942)EVEEGTDVNIVAK
EIRPGGNYK

ELPLIFITPLSDVK
EPTHVEESHSQOTTLEYGYK
EPVWYDTHVNK
EQQEVVFNCEVNTEGAK
ETAM({15.9949)LSWDVPENDGGAPVK
FIQPEEPELEPEPEEIPVQEPEPEK
FODEGEYTCLASNEYGK
HLVDTISEEGDTVHLTSSISNAK
HRFIADGKDR
IDSIISQDSAWYTATAINK

IEPLEVALGHLAKFTCEIQGAPNVRFQWFK

IHAENLYGISDPLVSDSM(15.2949)K
ILIQNAQLEDAGSYNCR
IM(15.9949)AENAAGISAPSATSPFYK
INVTDSLDLTTLSIK
IPVWLPEDEGIVTAFASNIK
ISAINDAGVGEPAVIPNVEIVEK
KDSGYYSLTAENSSGSDTOK
KVEERRIIPPK
LDDOQANFNVSLTNHR
LDOAGEVLYQACNAITTAILTVK
LDATGGVDFOQAANVE

55

27211

1954
33874

7.41%

3.6647
38277
3.0071
6.882

4.1612
45208
2.9354
2587

4.1761
53785
17102
22849
3.4555
3.5667

39879

3.5779
3.6775
2.8494
46464
28541
7.5073
2.7255
22922
44198
46784
5.201
3.3855
54231
33901
45602
3.7347
5.8743
3.0718
45573
1.8825
414
3.398
4874
52417
56124

4305

25223
5.3087
36751
3199

36479
3.4309
2.4068
3.3382
54777
3.8056
29319
2987

2.6658
5312

48921
4.5047
3.4322
58719
6.2625
3992

35416

55227
42567
29325
3.6763
2.5997

3.3949

3.8274
4.3974

4.3485

3.6753
15573
53387
52786
26748
3.5786
264
27685
55326
4.3551
2.4369
6.335

3.3044

4.97
7.2414
6.3743
23251
6.0008
4.8175
4762
2.8955
3.0034
5.7454
4.2347

22

100

50.00

244

574

5.14

0.000093

0.000009

0.000116

0.000001

0.000011

0.000005

0.000113

0.000001

A2AQ17;08CWX2

A28Q53

A2AsO1

AZASSE
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A2AST1

AZATIL

A2AVI7

A2BFF8

A3KGU7

Codcl41 CAMDI
mCG_142258 RP23-
RIMIS 241

Plcb4 RP23-7A19.1-1

Rrbpl RP23-77A2.2-
002

Dyncli2 RP23-299A2.1-

6

Spna2 RP23-443G7 6-

004

Coiled-coil protein associated with myosin I
and DISC1 (MCG142258, isoform CRA_a)
{Protein Crdc141)

Protein Plcb4 (Fragment)

Ribosome-binding protein 1

Cytoplasmic dynein 1intermediate chain 2

Spectrin alpha chain, non-erythrocytic 1

LEDAGEVQLTAK
LIVEELPVR
LLWTVVSEDIQACR

LYVEPAAPFSAPTYM(15.9949)PTPEAVSR

M(15.9949)EFTVTSLDENQEYEFR
M(15.2942)INEFGYCSLDYGAAYSR
NAVGVSMPR

NTAGAISAPSESTGTIICKDEYEAPTIVLDPTIK

QFTIGGLLEATEYEFR
QQKPFFKKKLTSLRLK
RIEPLEVALGHLAK
SDIGQYTCDCGTDATSGK
SLDAVITNLTQGEEYLFR
SLSGQYSCTATNPIGSASSGAK
SLSLAYSTK

TFVEDQEFHISSFEER

TIVSTAQISETR
TLETTISGLTAGEEYVFR
TSAQLFVTGIR
VAAENAAGVGEPSEPSVFYR
VAAENAIGOSDYTEIGDSVLAK
VAAENM(15.9949)YGVGEPVOAAPIIAK
VCAVNAAGVGPFSEPSDFYK
VDGLLEGLTYVFR
VEVFDVPGPVLDLKPVWTNR
VFAENAAGLSLPSETSPLVR
VFAENLAGLSNPSPSSDPIK
VKLDOAGEVLYQACNAITTAILTVK
VLAENEIGIGEPCETTEPVK
VLAENEYGIGLPAETAESVK
VLASNEYGIGLPAETAEPVK
VLAVNEAGESDPAHVPEPVLVK
VLDRPGPPEGPVAISGVTAEK
VLDTPGPVADLK
VM(15.9949)AENEFGVGVPTETSDAVK
VM(15.2942)AENEYGVGEPTETTEPVR
VM(15.9949)DFVTDLEFTVPDLVOGK
VMNAESTENNSLLTIK
VNVENTATSTILNINECVR

VREPREPTHVEESHSQQTTLEYGYKEHISTTK

VSAENAAGLSEPSPPSAYQK
VSAENAAGVGEPSPATVYYK
VSAENENGEGTPSEIVVVAK
VSVESTAVNTTLVVYDCOK

VTAVNEYGPGVPTDIPKPVLASDPLSEPDPPR

VTEATITGLIQGEEYSFR
VYAINAAGVGPASLPSDPVTAR
'WEPPLDDGGSEIINYTLEK
YDIIADGK

YGVGEPLESEPVLAVDPYGPPDPPKNPEVTTITK

YTLTIQNVLSAASM(15.9949) TFVWK
YTVVAGGNM(15.9949)STANLFVEGR

IDSLLELLODR

NELELNEVALLPLK
NLQQQLEALELESR
TLOYQIQQVDTYAEK
AM(15.2949)GIETSDIADVPSDTSK
YCEDLFGDLLLK

DALNCATSQVESK

EAEETONSLQAECDQYR
IPEHDLDPNVTIILK
LKELESQVSCLEK
LLATEQEDAAVAK
LOQENSILR
LREAEETQNSLOAECDAYR
LTAEFEEACQR
QLLLESQSOIDEAK

SHVEDGDVAGSPAVPPAEQDPM(15.9949)K

SHVEDGDVAGSPAVPPAEQDPMK
TLQEQLENGPNTQLAR
TLVSTVGSM(15.9949)VFSEGEAQR
VEPAVSSIVNSIQVLASK

EAAVSVOEESDLEK

ETQTPVTAQPKEDEEEEDDVATPKPPVEPEEEK

ADWESWIGEK

AGTFOAFEQFGOQLLAHGHYASPEIK
ALINADELANDVAGAEALLDR
CTELNQAWTSLGK

DLASVQALLR
DLNSQADSLM(15 9349) TSSAFDTSQVE
DLSSVAOTLLTK

DLTGVQNLR

DVDEIEAWISEK

DVTGAEALLER
EAALTNEEVGADLEQVEVLOK
EAFLNTEDKGDSLDSVEALIK
EAIVTSEELGADLEHVEVLOK
EANELQQWITEK
EEEAWINEKMTLVASEDYGDTLAAIQGLLK
EKEPIVGSTDYGKDEDSAEALLK
ELPTAFDYVEFTR

ELVLALYDYQEK
GNAM(15.9949)VEEGHFAAEDVK
HOAFEAELSANQSR

56

3.5799
22737
2.6636

4.0559

5.7981
7.1787
17007

3.7515

4.9562
2.1082
3.3451
7.4586
4.1129
52037
16356
4.3909
3.3186
3.3373
1.9042
41642
7496

4.5859
4.7819
22359
3454

54454
4.3047
6.1126
41741
32298
5.8061
3.2677
5437

2.4866
6.1541
6.0122
55422
24212
42912

2.7624

4.8352
41359
5644

52323

5501

5.3928
6.8308
4.2807
1.9654

3.5671

5.3209
3.5824

32958

2.8879
3.2126
3399
2.5844
33166

32254

5.1581
25628
3.3228
42938
25404
4278

3.5594
41085

2937

3.0372
5.2511
3.2649
7.0906

42972

57359

34686

6.0287
B.8887
3.4457
3.1837
8.3066
39061
1.9035
3.5362
34842
7.4566
5.9005
6.8705
3.8503

4.1256

3.8878
4.0549
2.6958
27706
4.8892

3.40

1236

3181

0.000127

0.000005

0.000017

0.000009

0.000021

0.000120

0.000000

0.000005

0.000000

0.000019

AZAST1

A2AT91,Q91UZ1

AZAVIT;089PL5

A2BFF3;Q3TPIB;0
88487;A2BFF5;A2
BFF8

A3IKGUT



Table $2. Mitochondrial Proteome Annotation and Inter & Intra-Genomic Comparisons Across Organs and Organisms

Note #1: Mitochondrial core proteins are marked with * in Column 1

Note #2: Diseased associated mitochondrial proteins are marked with # in Column 18

Note #3: Cardiac diseased associated mitochondrial proteins are marked with x in Column 19

Mouse Heart Mouse Liver Human Heart Drosophila
cartinc
Core gl .
pr—
Prot- Aasosisted
ein | Represen- || | | == == || foe | ey || e | [ Represent-ative | Functional [ eroteins |
Name] B ative Protein | Gene Name Protein UniProt . Protein UniProt |Gene Name| . Proteins
Protein Name Cluster Protein Name Custer ProteinName |  Cluster Protein Name Quster
UniProt ID 1D# 1D#
Em=eetisy Gap junction beta- Innexin inx2
oy 1 protein Gap junction 2 pep33 | (innexin-2) (Gay
* p2azaz  |ojm1cend3] 43) (0:d3) (Gap | Apoptosis P28230 Gibl . Apoprosis B4DGME il S Apoptasis ELUF3 - *F | Apoptosis
(Connexin-32) protein 54590 | junction protin
junction 43 kDa P =
heart protein) BB
Heat shock 70 kDa Heat shock 70 kDa st shock 704D,
Hspala | protsin 1A (Heat protein 14 [Heat HPALA | Heatshock 70 Hsc704 ::m:’ m:
. 051696 | Hsp703 | shock70kDa | apoptosis 06163 Hpala | shock70kDa | Apoptosis ASKSI0 useal, | iDsprowin | Apoptosis P11147 Hsca ”th e | Aeostoss
Hsp7OAL protsin 3) protein 3] HSPALE 1418 conzet | o )
(HSP70.3) (Hspé8) [HSP70.3) (Hsp&s) =
Heat shock 70 kDa Heat shock 70 kDa st shock 704D,
Hopala | protin 1A (Heat protein 14 [Heat Hemtshock 70 Hscog | FEREshed :
et sho protein cognate
. 6169 | Hsp703 |  shock 70kDa 1 1596 Hspal hock 70 kD: P3a931 HSPALL P11147 Hsca
e 55 shor Apoptosis o8 spala | shor a | apoptasis D prome L] 2P sc Ttanaero | 2o
Hsp7OAL protsin 3) protein3) coues
kDa protein S8E)
(HSP70.3) (Hsps8) [HSP703) (Hsps3)
Heat shock 70 kDa Heat shock 70 kD3
protein L-ike (Heat protein Liike fecrpg |Hestshock70MDs
=
* P16627 = Seiny Apoptosis P16627 Hopap |HetsheckTOKDal P34931 wopay | HetshockTO0 | s P11147 Pl | | +
Hsc70t | protein 10) (Heat protein 1) (Heat KDa protein 1-ike| coaes | estshock70
shock 70 kDa-like shock 70 kDa-fike kDa protein S8E)
protsin 1) protein 1)
Heat shock Heat shock
I = 57; o HSPAS = ‘7: o I L
* PE3017 H p:o TKCaproten | P63017 Hspas e H ; Apopros PL1142 = || == H Ap PLI147 : PR il veees
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Outline of Experimental Design and Outcome

Mitochondrial Isolation, Purification, and Validation

Functional Assessments Proteomic Assessments
(Figure 1) (Figures 2-3, S3)
Bioenergetics Protein Identification
(ETC activity, RCI ratio, PDH activity) (LC-MS/MS, ProLuCID algorithm using Uni-
Key Biological Functions Prot Databases as references)
(Calcium swelling, redox, protease activity) Abundance Quantification
(NSAF calculations)
Integration of Pi with F ion &
Di ion of P i ip
(Figures 4-6)
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CHAPTER 3

Metabolic Labeling Reveals Proteome Dynamics of Mouse Mitochondria

*This chapter is reprinted from Kim, et al., Metabolic Labeling Reveals Proteome
Dynamics of Mouse Mitochondria, Molecular & Cellular Proteomics, 11(12):1586-94.
http://www.mcponline.org/content/11/12/1586.long
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Metabolic Labeling Reveals Proteome
Dynamics of Mouse Mitochondria*=

Tae-Young Kim$§, Ding Wangi§, Allen K. Kim1§, Edward Laut§, Amanda J. Lin§,
David A. Liem§, Jun Zhang§, Nobel C. Zong§, Maggie P. Y. Lam§, and Peipei Ping§1|

Mitochondrial dysfunction is associated with many hu-
man diseases. Mitochondrial damage is exacerbated by
inadequate protein quality control and often further con-
tributes to pathogenesis. The maintenance of mitochon-
drial functions requires a delicate balance of continuous
protein synthesis and degradation, i.e. protein turnover.
To understand mitochondrial protein dynamics in vivo, we
designed a metabolic heavy water (?H,0) labeling strategy
customized to examine individual protein turnover in the
mitochondria in a systematic fashion. Mice were fed with
2H,0 at a minimal level (<5% body water) without physi-
ological impacts. Mitochondrial proteins were analyzed
from 9 mice at each of the 13 time points between 0 and
90 days (d) of labeling. A novel multiparameter fitting
approach computationally determined the normalized
peak areas of peptide mass isotopomers at initial and
steady-state time points and permitted the protein half-
life to be determined without plateau-level ?H incorpora-
tion. We characterized the turnover rates of 458 proteins
in mouse cardiac and hepatic mitochondria and found
median turnover rates of 0.0402 d~*' and 0.163 d™1, re-
spectively, corresponding to median half-lives of 17.2 d
and 4.26 d. Mitochondria in the heart and those in the liver
exhibited distinct turnover kinetics, with limited synchro-
nization within functional clusters. We observed consid-
erable interprotein differences in turnover rates in both
organs, with half-lives spanning from hours to months
(~60 d). Our proteomics platform demonstrates the first
large-scale analysis of mitochondrial protein turnover
rates in vivo, with potential applications in translational
research. Molecular & Cellular Proteomics 11: 10.1074/
mcp.M012.021162, 1586-1594, 2012.

Mitochondrial dysfunctions are observed in disorders such
as neurodegeneration, cardiovascular diseases, and aging
(1-3). It is postulated that the failure to contain or replenish
mitochondrial proteins damaged by reactive oxygen species
directly underlies many pathological phenotypes (4). The de-
velopment of effective treatments for these diseases therefore
relies on understanding the molecular basis of protein dynam-
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ics. Outstanding questions are how the processes of mito-
chondrial proteome dynamics are regulated in different sys-
tems, and how their perturbations could progress to
pathological remodeling of the organelle. Thus far, quantita-
tive proteomics efforts have been predominated by steady-
state measurements, which often provide fragmentary snap-
shots of the proteome that are difficult to comprehend in the
context of other cellular events.

To further understand mitochondrial dynamics in vivo, we
examined the turnover rates of individual heart and liver mi-
tochondrial proteins on a proteome scale. Both the liver and
the heart contain large numbers of mitochondria, but cardiac
and hepatic mitochondria differ in their protein composition,
oxygen consumption, substrate utilization, and disease man-
ifestation. However, these differences are often interpreted
only by protein compositions and steady-state abundance,
without the consideration of protein kinetics in the temporal
dimension. Abnormal protein kinetics may indicate dysfunc-
tions in protein quality control, the accumulation of dam-
aged proteins, misfolding, or other proteinopathies. Protein
dynamics itself is an important intrinsic property of the
proteome, the disruption of which could be causal of cellular
etiologies.

At minimum, a kinetic definition of the proteome requires
knowledge of the rate at which individual proteins are being
replaced. Isotope tracers are particularly useful for tracking
such continual renewal of the proteome in living systems,
because they allow differentiation between preexisting and
newly synthesized proteins (5). Among the available stable
isotope precursors, heavy water (*H,0) labeling offers several
advantages with respect to safety, labeling kinetics, and cost
(6, 7). First, 2H,0 administration to animals and humans at low
enrichment levels is safe for months or even years (8). Sec-
ond, maintaining constant H enrichment levels in body water
following the initial intake of 2H,0Q is easily achieved, because
administrated 2H,0 rapidly equilibrates over all tissues but
decays slowly (9, 10). Third, *H,O labeling is more cost effec-
tive than other stable isotope labeling methods. Importantly,
2H,0 intake induces universal 2H incorporation into biomol-
ecules. Systematic insights into protein turnover in vivo
could therefore be correlated to that of nucleic acids, car-
bohydrates, or lipids, enabling broad applications for this

Molecular & Cellular Proteomics 11.11
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technology in studying mammalian systems,
humans.

A variety of methodologies have been developed to analyze
the extent of H incorporation in proteins following 2H,O
labeling, including GC-MS measurements of hydrolyzed tar-
get proteins (11-14) and peptide analysis in MALDI-TOF MS
(15) and LC-MS (16, 17). More recently, Price et al. described
an approach for measuring protein turnover by calculating the
theoretical number of 2H-labeling sites on a peptide sequence
(18) and reported the turnover rates of ~100 human plasma
proteins. Here we describe another novel strategy to deter-
mine protein turnover rates on a proteomic scale using *H,0
labeling. By computing the parameters needed to deduce
fractional protein synthesis using software we developed, we
were able to obtain protein half-life data without relying on the
asymptotic isotopic abundance of peptide ions. Our approach
also has the unique benefit of automating all steps of isoto-
pomer quantification and postcollection data analysis, and it
does not require knowledge of the exact precursor enrich-
ment or labeling sites of peptides. We observed diverse ki-
netics from 458 liver and heart mitochondrial proteins that
inform essential characteristics of mitochondrial dynamics
and intragenomic differences between the two organs.

including

EXPERIMENTAL PROCEDURES

2H,0 Labeling of Mice and Tissue Collection— All animal experi-
ments were conducted in accordance with the National Research
Council’'s Guide for the Care and Use of Laboratory Animals and
approved by the University of California, Los Angeles. Male Hsd:ICR
(CD-1) outbred mice (8 to 10 weeks of age) (Harlan Laboratories,
Indianapolis, IN) were housed upon arrival in a 12:12 h light-dark cycle
with controlled temperature and humidity and free access to standard
lab chow and natural water. No significant change was observed in
the body weights of mice (~40 g) during the labeling period. 2H,0
labeling was initiated by two intraperitoneal (IP) injections of 99.9%
saline 2H,0 (Cambridge Isotope Laboratories, Andover, MA) spaced
4 h apart; then mice were allowed free access to 8% 2H,0O to maintain
a steady-state labeling level at ~4.5% in body water (Fig. 1A). Heart,
liver, and blood were harvested at 13 time points (0, 0.5, 1, 2,4, 7, 12,
17, 22, 27, 32, 37, and 90 d) from the second IP injection (t = 0). At
each time point, three groups of three mice each were euthanized.
All three groups from each time point were used to determine the
extent of 2H labeling in body water; one group was used to calcu-
late protein turnover rates.

GC-MS Analysis of Serum Water—2H labeling in body water was
measured via GC-MS after exchange with acetone as described
elsewhere (13). Serum was centrifuged for 20 min at 4,000 rpm at
4 °C, and 20 ul of serum or 2H,0 standard for calibration curve was
reacted with 2 ul of 10 N NaOH and 4 ul of 5% (v/v) acetone in
acetonitrile (ACN). After overnight incubation at ambient temperature,
acetone was extracted by adding 500 ul of chloroform and 0.5 g of
anhydrous sodium sulfate, and 300 pl of the extracted solution was
aliquoted and analyzed on a GC" mass spectrometer (Agilent 6890/
5975) with an Agilent J&W DB17-MS capillary column (30 m x 0.25
mm X 0.25 um). The column temperature gradient was as follows:

' The abbreviations used are: GC, gas chromatography; IP, intra-
peritoneal; rcf, relative centrifugal force; XIC, extracted ion chromat-
ogram; HBB-B2, hemoglobin subunit beta-2.

60 °C initial, 20 °C/min increase to 100 °C, 50 °C/min increase to
220°C, and 1 min hold. The mass spectrometer operated in the
electron impact mode (70 eV) and selective ion monitoring at m/z 58
and 59, with a 10 ms dwell time.

Isolation of Cardiac and Hepatic Mitochondria— Mitochondria were
isolated by means of ultracentrifugation as described elsewhere (19).
Hearts and livers were excised from euthanized mice, homogenized in
the homogenization buffer (250 mmol/l sucrose, 10 mmol/l| HEPES, 10
mmol/l Tris-HCI, 1 mmol/l EGTA, protease inhibitors (Roche Com-
plete, 1), phosphatase inhibitors (Sigma Phosphatase Inhibitor Mix-
ture Il and l1l, 1<), and 10 mmol/I of dithiothreitol (Sigma), pH 7.4), and
then centrifuged at 800 relative centrifugal force (rcf) at 4 °C for 7 min.
The supernatant was centrifuged at 4,000 rcf at 4 °C for 20 min. The
pellets were washed, centrifuged again, resuspended in 19% (v/v)
Percoll (Sigma) in the homogenization buffer, overlaid on 30% and
60% Percoll, and ultracentrifuged at 12,000 rcf at 4 °C for 20 min to
remove microsomes. Purified mitochondria were collected from the
30%/60% Percoll interface, washed twice, centrifuged at 4,000 rcf at
4 °C for 20 min, and then lysed by sonication in 10 mmol/l Tris-HCI,
pH 7.4.

Electrophoresis and In-gel Digestion of Proteins— Mitochondrial
proteins were separated via SDS-PAGE; 200 pg of proteins were
denatured at 70 °C in Laemmli sample buffer for 5 min and then
separated on a 12% Tris-glycine acrylamide gel with 6% stacking
gel, at 80 V, at ambient temperature for ~19 h. The gel was
Coomassie-stained and cut into 21 fractions. Each fraction was
digested with 30:1 (w/w) sequencing-grade trypsin (Promega, Mad-
ison, WI) following reduction and alkylation by dithiothreitol and
iodoacetamide (Sigma), respectively.

L C-MS and MS/MS— Peptide identification and mass isotopomer
quantification were performed on an LTQ Orbitrap XL mass spec-
trometer (ThermoFisher Scientific, San Jose, CA), coupled to a nano-
ACQUITY UPLC system (Waters, Manchester, UK). The trapping (30
mm) and analytical (200 mm) columns for peptide separation were
packed in IntegraFrit columns (New Objective, Woburn, MA) (360-m
outer diameter, 75-pm inner diameter) using Jupiter Proteo C,5 resin
(Phencmenex, Torrance, CA) (90-A pore, 4-pm particle). The binary
buffer system consisted of 0.1% formic acid in 2% and 80% ACN for
buffers A and B, respectively. The separation gradient was made by
changing buffer B as follows: 0 min, 2%; 0.1 min, 5%; 70 min, 40%;
90 min, 98%; 100 min, 98%; and 105 min, 2%, with subsequent
equilibrium at 2% for 5 min. Mass spectra were obtained in profile
mode for MS survey scan in the Orbitrap at a resolution of 7,500 and
in centroid mode for MS/MS scan in the LTQ. The top five intense
peaks in the MS scan were subjected to collision-induced dissocia-
tion with an isolation window of 3 Th and a dynamic exclusion of 25 s.

Database Search for Protein Identification—The raw data were
processed uisng BioWorks, version 3.3.1 SP1 (ThermoFisher Scien-
tific), and searched using SEQUEST, version 3.3.1 (ThermoFisher
Scientific), against the UniProt mouse database (July 27, 2011;
55,744 entries). Search parameters included fixed cysteine carbam-
idomethylation and variable methionine oxidation, trypsin enzymatic
specificity, and two missed cleavages. The mass tolerances for the
precursor and the product ions were 100 ppm and 1 Th, respectively.
The minimum redundancy set of proteins was acquired with Scaffold,
version 3.3.3 (Proteome Software, Portland, OR). At least two pep-
tides and 99.0% protein confidence were required for protein identi-
fication, and the global false discovery rate was 0.1%. Peptides
shared by multiple proteins or protein isoforms were excluded from
downstream turnover rate calculations.

Quantification of Mass Isotopomers— H in body water is metabol-
ically incorporated into the C-H bonds of free nonessential amino
acids by multiple enzymes (11). Unlike labile N-H or O-H bonds, the
C-H bonds are stable, and the incorporated 2H in nonessential amino

Molecular & Cellular Proteomics 11.11

65



ASBMB

~
—,
—

MOLECULAR & CELLULAR PROTEOMICS —

P

MC

?H,0-based Large-scale Analysis of in Vivo Protein Turnover

acids do not back-exchange during sample processing. Additionally,
H in the a-carbon of essential amino acids is reversibly accessible to
2H via transamination. The H-labeled amino acids are integrated into
newly synthesized protein via t-RNAs and, with each cycle of tum-
over, into proteins until their ?H content reaches steady-state equi-
librium with surrounding 2H,Q. The rate of protein turnover is deter-
mined by tracking the time evolution of mass isotopomer distributions
(Fig. 1B). To accommodate the determination of the protein turnover
rate on a proteomic scale, in-house software was developed in Java
that contained two modules, one for quantifying the peptide ion mass
isotopomer distribution (IsotoQuan) and the other for curve fitting to
determine the rate constants of protein tumover (RateQuan). RAW
files were converted into mzML format using ProteoWizard (version
2.2.2913) for input. IsotoQuan extracts the extracted ion chromato-
gram (XIC) for each identified peptide ion using retention time and a
mass isolation window of =100 ppm. Then, the peak area under the
XIC is integrated to determine the normalized abundances of all mass
isotopomers corresponding to a peptide ion. At any given time point
t, the normalized peak area for a designated mass isotopomer, A(t),
is determined by dividing the peak area / of the mass isotopomer i
(i.e. I{t), over the summation of peak areas from all mass isotopom-

ers (" pit)).

Al =V 2" 0 (Eq. 1)
where [, is the peak area of the mass isotopomer m; =0, 1,2, ..., N).
Calculation of Protein Tumover Rates—To determine the protein
turnover rate, the nomalized peak intensities at ¢ = 0, A(0), and at full
enrichment, A(x), were defined from the time-series data of each mass
isotopomer via nonlinear fitting into a first-order kinetics equation.

(Eq. 2)

where k is the rate constant, which describes the rate at which
proteins are newly synthesized to replace the existing pool; assuming
equilibrium, it equals the rate at which proteins are degraded. Sub-
sequently, the time-series data of all mass isotopomers from a protein
were transformed into fraction synthesis, f(t), which is the fraction of
total protein newly synthesized through turnover, by rearranging
Equation 2.

Alt) = A(0) + {A(=) — A(Q)H(1 — &™)

fit) ={A®) — AQ)A@) —AO)}=1-e  (Eq.3)

RateQuan excluded data from the curve fitting with an R? value less
than 0.7 or containing fewer than five time points from the calculation
of fractional synthesis. The chosen R? value of 0.7 was adjudged
empirically to balance high accuracy and precision in the measure-
ment of the kinetic data. As A(0) and A(x) are theoretically bound
between 0 and 1, only experimental values between —0.1 and 1.1, in
consideration of experimental errors, were included in fractional syn-
thesis calculation. Finally, fractional syntheses from all of the mass
isotopomers corresponding to a particular protein were fitted to the
first-order kinetics equation (Equation 3) to determine k for protein
turnover.

Statistical Analyses—Uncertainties in rate constants were esti-
mated using the Monte Carlo method. The distribution of the relative
abundance was approximated using the absolute value of the resi-
dues. At each measured time point, a single point was synthetically
generated using random numbers from a Gaussian distribution with
the same width as the distribution of the absolute values of the
residuals and a mean of the model value. New rate constants were
determined for the 10,000 synthetic datasets, and the distribution of
rates was observed to converge approximately to a Gaussian distri-
bution. The width of this distribution (1¢) was reported as the stand-
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Fiz. 1. Metabolic labeling of mice using heavy water. A, sche-
matic of *H,0 labeling of mouse and sample collection. Twelve
groups of 9 mice were given two IP injections of 99.9% 2H,0/saline,
followed by ad libitum drinking of 8% 2H,O to maintain enrichment
levels. Samples were collected at each time point of 0, 0.5, 1,2, 4, 7,
12, 17, 22, 27, 32, 37, and 90 d of labeling. B, ?H,0 labeling intro-
duces 2H-labeled amino acids into the precursor pool for protein
synthesis. Continuous protein turnover increases the ?H enrichment
level in the protein pool until it reaches steady state. Measurement of
2H incorporation during the labeling period provides the information
about protein turnover. C, molar percent enrichment of 2H in mouse
serum during ?H,0 feeding was measured via GC-MS at 13 time
points. Enrichment reached 3.5% within 12 h after two [P injections of
99.9% 2H,0/saline and stayed at ~4.3% throughout the labeling
period with 8% 2H,0 feeding. Each data point represents an average
of three biological replicates; error bar indicates S.E.

ard error of the rate constant. (In principle, there is little difference
between the standard error estimations of the Monte Carlo and non-
linear curve fitting methods. For comparison, the histograms of the
errors in the rate constants for cardiac proteins are given in supple-
mental Fig. $4.) Quantile-quantile plots clearly suggest that degrada-
tion rates of proteins within an organ are not normally distributed. The
significance of differences between groups was thus assessed via the
rank-based, nonparametric Mann-Whitney U test using R. Correla-
tions between variables were denoted by Spearman’s rank-correla-
tion coefficient (p).

RESULTS

Precursor Enrichment in Serum during 2H,O Labeling—
Fractional protein synthesis is calculated based on the pre-
cursor-product relationship, which states that product label-
ing enrichment would reach that of the precursor at steady
state. To quantify the level of precursor ®H incorporation
during labeling, the serum of mice was sampled at all exper-
imental time points. As water quickly equilibrates throughout
the body and permeates cellular compartments, water in the
serum serves as a proxy for H incorporation in all organs.
GC-MS experiments measured the molar percentage of 2H in
serum water, which rapidly reached 3.5% within 12 h follow-
ing two IP injections of 89.9% *H,O (Fig. 1C). Throughout the
labeling period, ad libitum feeding of 8% “H,O maintained *H
enrichment at ~4.3% (Fig. 1C). The speed and stability of 2H
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FiG. 2. Extracting protein turnover rates from the temporal profile of mass isotopomer distribution. A, the profile of the relative

abundances for mass isotopomers of LVESLPQEIK (M+2HF* = 578

.33 m/z) from mitochondrial 39S ribosomal protein L12 as a function of

labeling time. 2H,O labeling for 90 d resulted in a decrease in the normalized peak intensity of m,, (/) and appearances of extra higher mass

isotopomer peaks of m, and ms. The values for Ay(0) = 0.52, Ayl=) =

0.18, and k = 0.066 d ' for m, of the peptide were obtained by fitting

to an exponential curve (R? = 0.99) and then transformed into fractional synthesis f(t) with the following equation: f{t) = {A(f) — A(Q)}{A(=) —
A(0)}. Although the fitting also provides information on the rate constant for protein turnover (k), this parameter is neglected at this stage
because our method determines the k value at the peptide level, not at the mass isotopomer level. B, the protein turnover rate was determined
by fitting the fractional syntheses of mass isotopomers of a protein throughout the labeling period into an exponential curve. Individual data
points represent the mass isotopomers of peptide ions belonging to mitochondrial 39S ribosomal protein L12 at the 13 labeling time points.
The turnover rates for this protein in the heart and the liver are 0.065 = 0.004 d ' (B2 = 0.98) and 0.205 + 0.028 d ' (R = 0.95), respectively.

incorporation in our experiment support the calculation of
fractional synthesis from constant precursor enrichment.
Time Evolution of Mass Isotopomer Abundance Distribution
of 2H-labeled Peptides—Mass isotopomer distributions of
peptide ions change over time as 2H is introduced from the
precursor pool into the protein pool through protein turnover.
Fig. 2A displays the temporal profile (0 to 90 d) of mass isoto-
pomer distributions for a given tryptic peptide LVESLPQEIK,
[M+2H]** = 578.33 m/z, from the mitochondrial 39S ribo-
somal protein L12 (MRPL12). Prior to H,0 labeling (0 d), the
first mass isotopomer (mg) gave the most intense peak. When
the labeling time reached 12 d, the peak intensity of m,
became comparable to that of m,, and one new feature
corresponding to m, was observed. After 90 d of labeling, m,
became the third most intense mass isotopomer, and the
high-mass isotopomer peak m appeared. In summary, 2H,0O
labeling resulted in anticipated changes in isotopomer peak
intensity that allowed protein fractional synthesis to be calcu-
lated. Accordingly, we proceeded with the proteome scale

characterization of protein turnover from the heart and liver
mitochondria isolated from the same animals.

The intensities of mass isotopomers were quantified using
computational software developed to integrate the areas un-
der the peak in the XIC and then normalized by the intensity of
all isotopomers in a particular peptide ion to determine its
relative abundance (Equation 1). For every mass isotopomer
with quantification data at five or more time points, the relative
abundances from all time points were fitted to an exponential
decay equation (Fig. 2A). For a particular mass isotopomer,
multiple normalized peak intensities might exist as a result of
the detection of the identical peptides in multiple gel bands,
different charge states, or the oxidized forms. Identical isoto-
pomers from multiple gel bands were combined but were
otherwise fitted independently. The fitting is extrapolated to
yield the normalized abundance of the mass isotopomer at its
initial (A(0)) and steady (A(x)) states.

In summary, we have applied two distinct criteria for
peptide selections. The first is concerned with the protein
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Fic. 3. Analyses of turnover rates of mitochondrial proteins identified in both heart and liver. The cardiac k. values (red) are plotted
in ascending order on a logarithmic scale and paired with the corresponding hepatic k., values from the same protein (blue). Among the 242
proteins analyzed in both organs, only 3 had smaller turnover rates in the liver than in the heart. Error bars represent S.E.

identification, for which Scaffold was used to validate and
filter peptides based on their confidence levels. The second
addresses the precision of curve fitting by using an R?
threshold filter. Mass isotopomers that met these two cri-
teria (see detailed descriptions in the “Experimental Proce-
dures” section) were accepted for protein turnover rate
calculations.

Rates of Protein Turnover in Cardiac and Hepatic Mitochon-
dria— From the fitted A(0) and A(x) values, all isotopomer data
of a protein were transformed into protein fractional synthesis
using Equation 3. For m, at some early time points, experi-
mentally measured A(t) could be larger than the computation-
ally determined A(0) because of the fitting error, which leads
to a negative fractional synthesis value. We found that filtering
by R? value at this point excluded unquantifiable isotopomers
and improved the accuracy of turnover rate calculation with-
out significantly impacting the number of analyzed proteins.
Fig. 2B shows an example of fractional synthesis time evolu-

tion from the mitochondrial 39S ribosomal protein L12. The
fractional synthesis data were fitted to an exponential curve to
yield the protein turnover rate k. The 39S ribosomal protein
L12 turns over at a rate of 0.065 = 0.004 d ' (R? = 0.98) in the
heart, but turnover is almost three times faster in the liver, at
0.205 = 0.028 d~ ' (R? = 0.95) (Fig. 2B). Such differences in
turnover rates were generally observed between mitochon-
drial proteins in the heart and in the liver; the median turnover
rate was about four times higher in the liver than in the heart
(0.040 d " versus 0.16 d ). With the exception of three
proteins (MRPS24, RAB1A, and SYNJ2BP), all 242 commonly
analyzed proteins demonstrated slower turnover (i.e. longer
half-life) in cardiac mitochondria (Fig. 3). In total, we deduced
the turnover of 314 proteins in cardiac mitochondria and 386
in hepatic mitochondria, of which 458 are distinct. This study
captured mitochondrial proteins in all major functional cate-
gories, spanning 5 orders of magnitude in protein abundance
(see supplemental Fig. S3). The fractional synthesis curves of

68

Molecular & Cellular Proteomics 11.11



ASBMB

~
~,
—

-

MOLECULAR & CELLULAR PROTEOMICS

P

MC

®H,0-based Large-scale Analysis of in Vivo Protein Turnover

A Heart Mito Liver Mito
n=314 n = 386
[ median k =0.040¢*| 100 1 median k =0.163 d"
IQR: 0.030~0.064 d" IQR: 0.130~0.241 d"'
80 80
|72
€
g 60 60
(&)
£
Q
° 40 40
o
FiG. 4. Distributions of protein turn-
over rates and their correlations with Gy 20
functions. A, histograms of protein turn-
over rates in heart and liver mitochon- 0 0
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all proteins are in supplemental Figs. S1 and S2. All kinetic
data are listed in supplemental Table S1.

Fig. 4A shows the distribution of turnover rates in the ana-
lyzed proteins in the liver and the heart. The analyzed protein
kinetics ranged over 2.4 orders of magnitude in total and
spanned 1.8 and 2.2 orders of magnitude in the heart and the
liver, respectively. Between the 5th and 95th percentiles, pro-
tein turnover rates differed by 7.9-fold in the heart and 4.3-fold
in the liver. To determine whether the observed turnover rates
correlated with biological functions, we categorized the ob-
served cardiac and hepatic mitochondrial proteins using Gene
Ontology (Fig. 4B). In both tissues, proteins associated with
protein folding showed relatively faster turnover, whereas
those related to redox turned over rather slowly. In contrast,
proteins involved with biosynthesis and proteolysis displayed
disparate turnover between the two tissues. Biosynthesis pro-
teins had fast turnover in the heart but not in the liver. How-
ever, significant overlaps in turnover rates were observed
among the functional categories in both the liver and the
heart.

DISCUSSION

We demonstrated a novel strategy utilizing *H,0 labeling to
examine the kinetics of mitochondrial proteins in mouse heart

-15 -1.0 -05 00 05
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Log [k(day )]

-20 -15 -10 -05 00 05

Turnover Rate
Log [k(day")]

and liver on a large scale. Our computational approach, cre-
ated in-house, automated the characterization of fractional
protein synthesis and deduced protein half-life without
steady-state isotopomer abundance information. With this
integrated platform of MS and informatics, we successfully
obtained the turnover rates of 458 proteins in mouse cardiac
and hepatic mitochondria.

Data Analysis— A recent investigation by Price and cowork-
ers (18) further elevated the utilities of the *H,O labeling
method in evaluating protein turnovers. In their elegantly de-
signed study, A(=) was determined from the precursor enrich-
ment and the theoretical number of ?H incorporation into a
peptide, derived from its sequence and established labeling
sites for each amino acid. In our approach, the plateau *H
enrichment in the peptide was computationally deduced from
the experimental data points. In addition, all data processing
was fully automated, which enabled us to overcome the lim-
itations in throughput.

In analyzing our large-scale set of data points, we consid-
ered the following when addressing the experimental errors,
which can be contributed by multiple sources. Firstly, the
experimental error is directly linked to experimental condi-
tions, including the reliability of the peak area measurement,
the separation of overlapped chromatographic peaks, spec-
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Fic. 5. Factors affecting mitochondrial protein turnover. A, protein turnover rates in the heart and the liver were significantly correlated

(Spearman’s p = 0.50). B, PEST maotifs and C, intrinsic protein sequence

disorders were not indicative of protein turnover rates. D, comparison

between submitochondrial locations revealed that median turnover is higher in the outer membrane than in the inner membrane. The solid and
dotted lines in B, C, and D denote the median and the interquartile range, respectively.

tral accuracy, and absolute peak intensities. Secondly, our
study makes the assumption of first-order kinetics in our
curve fitting to extract the kinetic information; under the sce-
nario in which this kinetics is forced, a larger error will result.
Ostensibly, the first-order kinetics model that we used in our
study does not hold homogeneously for all experimental data.
In other words, proteins whose turnover deviated from first-
order kinetics would be fitted with a larger error. Thirdly, we
filtered out redundant peptides from known protein isoforms
to ensure that only unique peptides were selected for individ-
ual proteins, and to avoid ambiguity in the protein kinetics
calculation. However, peptides shared by either undocu-
mented or undiscovered isoforms might remain, subsequently
causing an increased error formation in data processing.
Extensive fractionation and enrichment procedures were
conducted to yield functionally viable mitochondria (19). The
majority of the detected proteins are classically established
mitochondria proteins. However, some identified proteins
may be classified as mitochondria-associated proteins,
whereas some nonmitochondrial contaminants inevitably re-
main in a mitochondrial isolation. Because of our stringent
criteria in filtering both protein identification and turnover
data, common contaminant proteins (e.g. keratin) were auto-
matically expunged from the final kinetic data. We surmised
that among the 458 analyzed proteins, 1 protein represented
a highly likely nonmitochondrial contaminant (hemoglobin

subunit beta-2 (HBB-B2)). Incidentally, our approach detected
almost identical turnover rates (k = 0.021 d~") for only
HBB-B2 in liver and heart mitochondria, which suggests the
shared blood origin of the HBB-B2 protein from the two
independent experiments. These data independently validate
the reproducibility of our technology platform.

Rules Governing Turnover Rate of Proteins— Other meta-
bolic labeling studies suggest that protein turnover rates differ
across mammalian organs (20, 21). Our results demonstrate
that such tissue-specific differences are preserved in the mi-
tochondrial proteome (Fig. 3), supporting the hypothesis that
intragenomic differences in organ phenotypes directly con-
strain mitochondrial protein dynamics. The turnover rates
cannot be explained by liver cell turnover, as mouse liver DNA
has a half-life exceeding 300 d (22).

We observed good correlation between protein turnover
rates in the heart and in the liver (Spearman’s p = 0.50, p <
2.2 X 107 '°) (Fig. 5A), suggesting that the determined distri-
bution of protein turnover is robust. However, the correlations
are not without exceptions, which indicates additional layers
of regulatory mechanisms. Several models were proposed in
the literature to explain the diversity in turnover rates, either
within mitochondria or across the whole cell. We further in-
vestigated whether some of these intrinsic protein properties
might account for the turnover rates in our large-scale data-
set. The presence of the PEST motif (23) and intrinsic protein
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sequence disorder (24) have been proposed as determinants
of protein kinetics. We found no proteome-wide evidence of
distinct turnover for both features in either organ (Mann-
Whitney U test, p = 0.05) (Figs. 5B and 5C), corroborating a
recent report (25). Our data support previous observations
that proteins on the outer mitochondrial membrane turn over
faster than those on the inner membrane (Mann-Whitney U
test, heart: p = 5.55 X 10 %; liver: p = 5.21 x 10 ) (Fig. 5D),
suggesting possibilities of greater accessibility to extramito-
chondrial degradation mechanisms (26). A minimal inverse
correlation was observed between half-life and protein abun-
dance in both the heart (p = —0.46 and p < 2.2 x 10 "®) and
the liver (p = —0.19, p = 7.95 x 10 ?) (supplemental Fig. S3),
whereas no significant correlation was observed between
turnover rate and protein molecular weight, isoelectric point,
or hydrophobicity (supplemental Fig. S3). Taken together,
these data argue that protein kinetics, similar to abundance, is
a selectable trait of the proteome subject to cellular
regulations.

Turnover of Multiprotein Complexes— As mentioned above,
protein turnover rates within mitochondrial types are quite
variable. The subunits of multiprotein complexes have been
suggested to have coordinated turnover (20), but notable
exceptions also have been reported (25, 27). In our experi-
ments, subunits of well-defined protein complexes displayed
variable kinetics, but particular members of intermediate sub-
complexes may turn over together in a tighter fashion. For
instance, in the respiratory chain complex |, assembly factors
turned over considerably faster than the protein complex
median. In the heart, NDUFAF2 and NDUFAF3 had k = 0.053
and 0.078 d~ ', compared with the median complex | value of
0.036 = 0.007 d . The assembly factor proteins are integral
to complex | topogenesis but dissociate from the mature
complex. In contrast, the core subunits of the Q subcomplex
(NDUFS2, NDUFS3, NDUFS7, and NDUFS8) turned over sim-
ilarly (heart: k = 0.039 d~',0.036d™",0.042d ", 0.039d™ ).
We suggest that subunits with faster turnover might be more
frequently exposed to or have existed as free monomers
because of assembly sequence or topology (supplemental
Table S1). Under this scenario, turnover rates are influenced
by the stability of the association with the final assembly,
whereas in the synchronized complex model, all constitutive
subunits have similar turnover kinetics. We further examined
the data on the subunit NDUFA9, which has a relatively fast
turnover among all subunits only in the liver (k = 0.27 d~ ), but
not in the heart (k = 0.035 d™ ). In complex | biogenesis, the
Q subcomplex first assembles before NDUFA9 associates
with the mitochondrial-encoded ND1 to initiate the assembly
of the next intermediate (28). ND1 has a considerably lower
abundance in the liver than in the heart relative to other
subunits, a scenario consistent with increased surplus
NDUFA9 free subunits. Likewise, the NDUFA4 and NDUFS7
subunits have above-median turnover in both organs
(NDUFA4: heart, k = 0.047 d ", liver, k = 0.30d " '; NDUFST7:

heart, k = 0.042 d 7, liver, k = 0.028 d ") and are incorpo-
rated only after stable intermediates are formed (28). Future
investigations on protein kinetics are required in order to
determine in-depth mechanistic insights on complex
assembly.

Protein Turnover in Mitochondria—It is known that au-
tophagy can degrade whole mitochondria when induced (29)
and act as a synchronizing mechanism for protein kinetics
inside the organelle. Indeed, the overall range of mitochon-
drial protein tumover rates we observed is much narrower
than that reported for the cellular proteome. Nevertheless, the
observation that individual mitochondrial protein turnover
rates span at least an order of magnitude within an organ
suggests that individual mitochondria cannot be simplistically
assumed to turn over only as single units. In theory, the
assumption of steady-state protein abundance in inferring
turnover from synthesis may be transiently offset by bouts of
occasional mitophagy and remains valid over the labeling
period. However, because we measured protein turnover from
isolated mitochondria, we reason that given the observed
variability in synthesis rates, at any moment each mitochon-
drion contains some proteins that have been more recently
synthesized than others. If mitophagy were predominant in
the process of mitochondrial protein removal, then many mi-
tochondria in the cell would be missing critical components.
As this circumstance is unlikely, a mechanism is necessary to
allow mitochondria with new and old proteins to preserve
homeostasis under mitophagy. Mitochondrial proteins may be
synthesized in excess in the cytosol at variable rates before
entering the mitochondria simultaneously. Alternatively, a
sorting mechanism prior to autophagy could exist such that
some protein species would be preferentially recycled during
fusion-fission cycles. Given that evidence of either possibility
remains scarce, we posit that it is likely that individual sub-
strate proteolysis plays significant roles in mitochondrial dy-
namics. The asynchronous degradation of mitochondrial pro-
teins is attested to by the multiple protease complexes inside
mitochondria. Under this model, measuring total organellar
protein synthesis as a proxy for homeostasis would be an
inadequate means of capturing the details of mitochondrial
protein turnover. Our findings underscore the significance of
obtaining a proteome dynamics map at individual protein
resolution in uncovering signatures of protein quality control
dysfunctions, such as in aging and metabolic perturbation
studies.

In conclusion, we demonstrated the first mitochondrial pro-
teome-wide study of in vivo protein dynamics. The experi-
mental platforms tailored to the analysis of changes in mass
isotopomer distribution enabled us to determine the turnover
rates of 458 murine mitochondrial proteins, spanning over 2
orders of magnitude in half-life. Mitochendrial protein turnover
displayed both organ-specific differences and interprotein
heterogeneity, and subcellular fractionation ensured that the
protein kinetics were free from interference by cytosolic pre-
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cursors. We envision our kinetic data will help elucidate the
mechanisms of mitochondrial homeostasis. Our methodology
has wide applications in the characterization of protein kinet-
ics and temporal proteome changes in mammalian systems.
The safety and economy of 2H,0O labeling also make it prac-
tical for use in measuring human protein dynamics in clinical
studies.
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This online Supplemental Material contains 4 figures and 1 table.

Supplemental Figure S1. Fractional synthesis of analyzed cardiac mitochondrial proteins as a
function of time follows first-order kinetics. This figure contains the individual kinetic curves for all

314 proteins analyzed in cardiac mitochondria.

Supplemental Figure S2. Fractional synthesis of analyzed hepatic mitochondrial proteins as a
function of time follows first-order kinetics. This figure contains the individual kinetic curves for all

386 proteins analyzed in hepatic mitochondria.

Supplemental Figure S3. Correlation between protein turnover rates and biophysical
parameters. This figure plots mitochondrial protein turnover in both organs as functions of four
protein biophysical parameters: relative abundance, molecular weight, isoelectric point, and

hydrophobicity.

Supplemental Figure S4. Histogram of the standard errors in the rate constants for cardiac
mitochondrial proteins. This figure portrays a comparison between the errors in rate constants as

determined by non-linear curve fitting and the Monte Carlo method.

Supplemental Figure S5. Mitochondrial protein turnover rates in the heart and the liver. This
figure shows the protein turnover rates (k) of all analyzed mitochondrial proteins in the heart and the

liver on linear, non-logarithmic scale.

Supplemental Table S1. Raw Kinetic data determined in our mitochondrial protein turnover
study using heavy water. This standalone Excel spreadsheet file contains all the raw kinetic data in

this study as well as relevant information including standard errors and protein annotations.

Supplemental Table S1 can be found at:

http://www.mcponline.org/content/11/12/1586/suppl/DC1
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Supplemental Fig. S1. Fractional synthesis of analyzed cardiac mitochondrial proteins as

a function of time follows first-order kinetics.

The fractional syntheses of all 314 proteins analyzed in cardiac mitochondria are listed. Each
data point represents the experimentally measured relative abundance of a single mass
isotopomer belonging to one of the constituent peptides of the protein at a particular time point.
A first-order kinetics model was fitted to the data points using non-linear least-squares to derive
the rate constant k. The standard error of k was calculated stochastically using the Monte Carlo

method, by assuming a distribution for the absolute value of the residuals from fitting.

24 proteins out of 314 are shown as an example.
Complete Supplemental Fig. S1 can be found at:

http://www.mcponline.org/content/suppl/2012/08/21/M112.021162.DC1/mcp.M112.

021162-1.pdf
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Supplemental Fig. S2. Fractional synthesis of analyzed hepatic mitochondrial proteins as

a function of time follows first-order kinetics.

The fractional syntheses of all 386 proteins analyzed in hepatic mitochondria are listed. Each
data point represents the experimentally measured relative abundance of a single mass
isotopomer belonging to one of the constituent peptides of the protein at a particular time point.
A first-order kinetics model was fitted to the data points using non-linear least-squares to derive
the rate constant k. The standard error of k was calculated stochastically using the Monte Carlo

method, by assuming a distribution for the absolute value of the residuals from fitting.

24 proteins out of 386 are shown as an example.
Complete Supplemental Fig. S2 can be found at:

http://www.mcponline.org/content/suppl/2012/08/21/M112.021162.DC1/mcp.M112.

021162-1.pdf
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Supplemental Fig. S3. Correlation between protein turnover rates and biophysical

parameters.

(A) A weak inverse correlation was observed between protein turnover rate and relative protein
abundance (heart: p = -0.46, P < 2.2 x 107'® and liver: p = -0.19, P = 7.95 x 10®), suggesting
abundant proteins are turned over more slowly in general. The relative abundance of a protein
was determined by the summation of total chromatographic areas of the constituent peptide ion
peaks divided by the areas of all identified peptide ions in the experimental dataset using
Progenesis LC-MS (Ver. 4.0.4441.29989, Nonlinear Dynamics). By contrast, we observed no
significant correlations in either tissue between protein turnover rates and their molecular

weights (B), or their isoelectric points (C), or their hydrophobicities (D).
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Supplemental Fig. S4. Histograms of the standard errors in the rate constants for cardiac

mitochondria proteins.

The standard errors (ok) in the rate constants for cardiac mitochondrial protein turnover were
calculated using both the Monte Carlo and the Non-linear curve fitting methods. The
distributions of the standard errors are not significantly different, although the Monte Carlo

method is more conservative in the estimated errors.
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Supplemental Fig. S5. Mitochondrial protein turnover rates in the heart and the liver.

The protein turnover rates (k) of all analyzed murine mitochondrial proteins in the liver and in the
heart are displayed on linear, non-logarithmic scale based on protein functional categories. The
median turnover rates in the heart and the liver were 0.04 and 0.163 d”, respectively. The
number in the parenthesis represents the total number of proteins belonging to a functional
category. Cardiac and hepatic mitochondrial proteins are indicated in red and blue dots,

respectively.

Total Distinct Protein (458) Heart Protein (314) Liver Protein (386)
Heart Mitochondrial Proteins: Liver Mitochondrial Proteins:
Median of k= 0.040 day"’ Median of k, = 0.163 day'
Interquanilemﬁange 0.030~0.064 day"' Interquartile F%ange 0.130~0.241 day’'
. — .‘.n 2 ".~ ° ° :' """""""""""""""""""""""""
Apopiosie (19 T— ,-.". f". YL ® i @ Cardiac Mitochondrial Protein
R ¢ ; gy . .
Biosynthesis (48) :o .. '.‘l_‘: s " ; ®  Hepatic Mitochondrial Protein
" o “. . [ e
Wk
:’.:. o 5 :' o0 . g
* e 0 . . ¢
e, @® :. .' ‘ a
. o 8o e o .' (Y °

Metabolism (175)

YR o,
-
~

1%

OXPHOS (80)

Protein Folding (15)

Proteolysis (10) F 2 S
Redox (20) ~_ =
Signaling (27) “ ot .
Transport (42) . ° i o
Uncategorized (23) ‘E g
f T T T T T / / 1
0 0.2 0.4 086 0.8 1 1 4

Protein Turnover Rate kﬂeg (Day™)

82




CHAPTER 4
Sexual Dimorphisms in HSP72-mediated Control of Mitochondrial Function and Insulin

Sensitivity
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4.1 Introduction

Insulin resistance is a defining feature of the metabolic syndrome and is an early
underpinning involved in the pathogenesis of type 2 diabetes mellitus (T2DM). Insulin
resistance is characterized by diminished insulin action in peripheral tissues including
skeletal muscle, liver, and adipose tissue[1l-4]. The onset and severity of T2DM has
been correlated with age, genetics, and sex[5]. Since men and women diverge in
susceptibility to insulin resistance and T2DM, with men showing a higher prevalence of
insulin resistance and T2DM vs age-matched premenopausal women[6-8], it is
important to understand the mechanisms underlying sexual dimorphisms in metabolism
and disease susceptibility. Understanding the biology underlying sex differences related
to metabolic disease pathobiology will aid in the development of novel sex-specific

therapeutic interventions for diseases including T2DM.

While the precise molecular mechanisms involved in the etiology of insulin resistance
are not fully understood, many agree that inflammation and stress kinase activation
impair insulin signal transduction[9-14]. The primary cellular defense against metabolic
and inflammatory insult is the rapid synthesis of a family of chaperone proteins (heat
shock proteins, HSPs) by the induction of heat shock transcription factor 1 (HSF1).
Impaired heat shock protein response to cellular stress is thought to underlie chronic
disease susceptibility[15-18], and this notion is supported by the observation that

expression of the inducible HSP isoform, HSP72, is significantly diminished in obese
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patients with T2DM, while conversely, expression levels are elevated in healthy

endurance trained individuals[19-24].

Previous evidence reveals that an impaired HSP response to cellular stress underlies
insulin resistance and T2DM[15-18]. We have shown that HSP72, a protein chaperone
that facilitates the proper folding of newly translated and misfolded proteins, is
associated with the maintenance of insulin sensitivity. Reduced protein abundance of
HSP72 promotes dysfunctional mitochondria and insulin resistance in rodents and is
associated with metabolic dysfunction in humans[20-22]. HSP72 is the most highly
induced HSP in response to cellular stress and chronic endurance exercise[20],
however its precise role in regulating metabolic homeostasis and insulin action is
incompletely understood. We have previously shown that HSP72 translocates to
depolarized mitochondria and regulates the E3 ubiquitin ligase Parkin, a protein
involved in mitochondrial quality control[20]. Male mice with an HSP72 knockout
mutation (HSP72 KO) exhibit reduced fatty acid oxidation, increased reactive oxygen
species (ROS) production, and impaired insulin action[20]. This phenotype occurred at
least in part as a consequence of accumulation of dysfunctional hyperfused
mitochondria and impaired Parkin action in skeletal muscle[25-29]. In the absence of
HSP72, Parkin accumulates in the cytosol and fails to translocate to mitochondria to
promote mitophagy. We attributed the increase in adiposity of HSP72 KO mice to
reduced oxidative metabolism in skeletal muscle. In contrast, in animals with muscle-
specific overexpression of HSP72, we observed protection against genetic- and diet-

induced obesity and insulin resistance[22]. Although strong correlations between

85



HSP72 expression, adiposity, and insulin sensitivity are well-established[19-22], these
observations have only been shown in men and male rodents. Therefore, to improve
our understanding of the effect of sex on HSP72 expression and metabolic
homeostasis, we experimentally reduced HSP72 in female mice and cells by genetic
means to determine whether HSP72 serves a similar role in regulating metabolism
between the sexes. In contrast to male HSP72 KO mice, herein we show that female
HSP72 KO mice are lean, glucose tolerant, and have enhanced insulin sensitivity.
Moreover, although a similar elevation of muscle Parkin was observed in female and
male HSP72 KO mice, females were protected against metabolic dysfunction that we
surmise is a consequence of impaired mitophagy in male KO animals. In female HSP72
KO mice, we observed increased ERa expression and mitochondrial fission signaling.
We show increased muscle oxidative function paralleled by enhanced insulin sensitivity
even under the basal, normal chow-fed condition. Thus, our findings suggest a novel
sex-specific role for HSP72 in the regulation of skeletal muscle mitochondrial function
and insulin action. Our data support the notion that sex is an important biological
variable of important consideration when testing and validating molecular targets of

therapeutic potential.

4.2 Research Design and Methods

Animals
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Female wild-type (WT) and HSP72 KO (global null mutation of Hspala/Hspalb genes;
Mutant Mouse Regional Resource Center Repository; University of California, Davis).
WT and KO animals were confirmed to be of pure C57BL/6 background (The Jackson
Laboratory). Ten cohorts of HSP72 KO mice were bred at the University of California,
Los Angeles (UCLA) and used for in vivo and ex vivo investigation. All procedures were
performed in accordance with the Guide for Care and Use of Laboratory Animals of the
National Institutes of Health and were approved by the Animal Subjects Committee of
UCLA. Animals were studied in the 6-h fasted condition unless otherwise specified, for

example fed or starved (24 h).

Leupeptin Treatment Studies

To assess whether Parkin protein is degraded by the lysosome under basal conditions,
6-h fasted WT mice were treated for 1 h with leupeptin (L2884, Sigma-Aldrich; 40
mg/kg; intraperitoneal injection) to inhibit lysosomal proteases. Quadricep and soleus

muscles were harvested for LC3B immunoblot analyses.

Circulating Factors, Glucose Tolerance, and Ambulatory Movement

The circulating factors insulin, leptin, resistin (Multiplex, Millipore), and adiponectin were
analyzed in the blood of 6-h fasted 8-, 20-, 28-week-old mice. Intraperitoneal glucose
tolerance tests (GTTs; 1 g/kg dextrose) were performed on the 6-h fasted mice[30, 31].
Mice from a separate cohort were acclimated to their metabolic chambers (Columbus
Instruments) for the initial 24 hours, and their ambulatory movement was recorded for

48 hours.
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Hyperinsulinemic-Euglycemic Clamp Studies

At 28 weeks of age, dual catheters were surgically placed in the right jugular vein. 3
days post surgery, glucose clamp studies were performed as previously described[30-

32].

Muscle Fatty Acid Oxidation and Esterification

Fatty acid oxidation and esterification assays were performed on isolated soleus

muscle; detailed methodology previous described in[33].

Primary Skeletal Muscle Cells

Primary skeletal muscle myoblasts were isolated from WT and HSP72 KO mice at 8—12
weeks of age, as previously described[34]. Myoblasts were cultured to confluence then
differentiated to myotubes in Dulbecco’s modified Eagle’s medium (DMEM)/5% horse

serum for 5—7 days prior to experimentation.

Cell Culture and Treatments

C2C12 myoblasts (ATCC) were maintained and proliferated in DMEM/10% FBS and

differentiated in DMEM/2% horse serum.

Insulin-Stimulated 2-Deoxyglucose Uptake Into Myocytes

Glucose uptake was performed on cultured skeletal muscle cell in 12-well culture plates

using the 2-deoxyglucose method in[32].
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Fatty Acid Oxidation and Esterification in Cultured Muscle Cells

Fatty acid oxidation and esterification in cultured skeletal muscle cells were performed

in six-well culture plates, as previously described[32].

Ex Vivo Soleus Muscle Strip Glucose Uptake

Whole muscle ex vivo glucose uptake was analyzed with 2-deoxyglucose, with minor

changes to that described previously[32, 35].

Mitochondria Isolations

Two separate techniques were used to isolate mitochondria from WT and HSP72 KO
skeletal muscle: 1) a Dounce homogenizer and the Mitochondria Isolation Kit for
Cultured Cells (Thermo Scientific) and 2) by percoll density method[36]. Quadriceps
were washed in ice-cold PBS. A Dounce homogenizer (25 strokes) broke up the tissue
and fragments of the cell were pelleted at 800g for 10 min at 4°C. Subsequently,
mitochondria in the supernatant were pelleted at 12,000g for 15 min at 4°C and washed

twice with isolation buffer.

Mitochondrial Respiration from Isolated Mitochondria

Mitochondrial respiration (oxygen consumption) from mitochondria isolated from skeletal
muscle was assessed using an XF96 Extracellular Flux Analyzer (Seahorse
Biosciences). Crude mitochondrial isolations were prepared to maintain high

mitochondrial respiratory function. Mitochondrial respiration was measured using an
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XF96 Extracellular Flux Analyzer. Skeletal muscle were loaded in the XF96 microplate
at 4.5-6 pg/well for Complex I-driven respiration (pyruvate and malate) and 2.5-4 ug/well
for Complex II-driven respiration (succinate and rotenone) in 20 pl of respective
substrates and mitochondrial assay solution (MAS) per well. The plate was centrifuged
2,400 g for 5 minutes at 4°C before 130ul of MAS was carefully added per well and the
plates were incubated at 37°C for 5 min. MAS buffer contained 70mM sucrose, 220mM
mannitol, 5mM KH,PO,4, 5mM MgCI2, 2mM HEPES, 1mM EGTA, 0.1% BSA fatty acid-
free (pH 7.2 adjusted with KOH) and substrates were used at concentrations of: 5mM
pyruvate, 5 mM malate, 5 mM succinate, and 2uM rotenone. Mitochondria were loaded
into the XF96 instrument and the first oxygen consumption measure was taken with
substrates only (State 2) prior to the injection of 2mM ADP to induce State 3 respiration.
Additional injections included 3uM oligomycin from Port B for State 40, 4uM FCCP from
Port C to measure uncoupled respiration, and Antimycin A at 4uM from Port D to inhibit
mitochondrial oxygen consumption. All analyzed oxygen consumption data are

normalized to pg protein loaded per well (pmoles O2/min/ug protein).

Muscle Fiber Respiration

Muscle fibers were separated and permeabilized with saponin. Muscle fibers of similar
masses were placed in an Oroboros Oxygraph-2k (Oroboros Instruments). Substrates
added to assess respiration included malate, octanoylcarnitate, ADP, Cytochrome C,
pyruvate, glutamate, succinate, CCCP, rotenone, and Antimycin A. Samples with
impaired mitochondrial membrane integrity (using a +10% increase threshold in

respiration after cytochrome c addition) were excluded.
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Mass Spectrometry (MS) and Data Analyses

Mitochondria were isolated using the above isolation procedure. Mitochondrial pellets
were resuspended in lysis buffer (0.5% sodium deoxycholate, 12mM sodium lauroyl
sarcosine, and 50mM triethylammonium bicarbonate) prior to in-solution trypic
digestion. Stable-isotopic dimethyl labeling of the peptides was utilized to provide
relative quantitation between male and female proteomes. The samples were
fractionated via strong cation exchange (SCX) chromatography for global proteomic
analysis. Peptides were injected onto a laser-pulled nanobore C18 column with 1.8 um
beads and resolved using a 3 hour gradient optimized on a hybrid quadrupole-Orbitrap
mass spectrometer in dd-MS2 mode. The raw data were analyzed in Proteome
Discoverer 2.1, which provided measurements of abundance for the identified peptides.
Uniprot[37] was used to convert MS IDs to protein IDs. Biological information of
individual proteins was extrapolated from gene ontology (GO) biological processes and
molecular functions annotations. The polarHistogram function in R, a software for
statistical computing and graphics, was used to illustrate proteins significantly changed
between the genotypes in a polar histogram. Data was also run through g:Profiler[38]

and PANTHER[39] for functional profiling of the mitochondrial proteome.

Electron Microscopy

Fresh soleus tissue was harvested and placed in 2% glutaraldehyde in PBS for 2 hours
at room temperature and then at 4°C overnight. Fixed tissues were washed and post-

fixed the following day in a solution of 1% OsO4 for 2 hours. Tissues were dehydrated,
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embedded in pure epon 812, and cured (60°C for 48 hours). Muscle longitudinal
sections of 60 nm thickness were cut using an ultramicrotome (RMC MTX). The tissue
sections were double stained in 8% uranyl acetate for 25 min at 60°C and lead citrate
for 3 min at room temperature. A 100CX JEOL electron microscope was used to

examine the stained slices.

Immunoprecipitation and Immunoblot Analysis

Mouse tissues and cell cultures for immunoblotting were homogenized in RIPA lysis
buffer containing protease and phosphatase inhibitors before being clarified and
resolved by SDS-PAGE. Proteins for immunoprecipitations were solubilized in RIPA
containing deoxycholate, 1% glycerol, and protease inhibitors by rotation at 4°C for 1 h,
then cell debris were pelleted for 10 min at 5,000g. Total protein was measured, and
500 ug of sample was incubated with antibody (HSP72, Enzo Life Sciences) overnight
then immobilized on Pierce™ Protein A/G Magnetic Beads (Thermo Scientific) for 2 h
at 4°C prior to washing 3% in RIPA buffer. Proteins were resolved by SDS-PAGE. All
samples for Western blotting were transferred to polyvinylidene fluoride membranes and
probed with the following antibodies: HSP72 (Stressgen), ERa exon Ill MC-20 (Santa
Cruz), glyceraldehyde-3-phosphate dehydrogenase (Millipore), p62 (ProGen),
phosphatase and tensin homolog-induced putative kinase 1 (PINK1; Cayman
Chemicals), DJ-1/Park7 (R&D Systems), Mfn2 (Abcam), porin/voltage-dependent anion
channel (MitoSciences), Ubiquitin-FK2 (Enzo Life Sciences), HA-mouse (Covance), V5
(Invitrogen), DNAJB2 (Protein Tech Group), and cABL (BD Pharmingen). The following

antibodies were all from Cell Signaling Technologies: pSer473-Akt (#9271), Parkin
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(#2132 & #4211), pan-actin, LC3B, Beclinl, LAMP1, HSP60, HSP90, and HA-rabbit.
Densitometric analyses were performed using BioRad Chemidoc Quantity One image

software.

Muscle Lipid Intermediates and Lipidomics Analyses

Triacylglycerol, diacylglycerol, and ceramides were extracted from the quadriceps
muscle (n = 6 per genotype) and quantified as previously described[40-42]. Lipidomic
analyses were performed by the Baker IDI Lipidomics Core on quadriceps homogenized

in 300 pl PBS buffer, pH 7.47 according to previous methods, with modifications[43].

RNA Extraction, cDNA, and Quantitative RT-PCR

RNA from tissues and cells was extracted using RNeasy columns as per manufacturer’s
instructions (Qiagen). cDNA was synthesized from 1 pg of total RNA using SuperScript
Il as per manufacturer’s instructions (Invitrogen). gqPCR was performed on 20 ng cDNA
on a BioRad MyiQ PCR Detection System using SyBR Green chemistry and analyzed

using 1Q5 Software (BioRad version 2.1) as previously described[32].

Statistics

Values presented are expressed as means + SEM. Statistical analyses were performed
using Student t tests as well as one- and two-way ANOVA with Tukey’s post hoc
comparison for identification of significance within and between groups where
appropriate (SPSS graduate pack, Chicago, IL). Significance was set a priori at p <

0.05.
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4.3 Results

HSP72 Requlates Insulin Action in a Sexually Dimorphic Manner

A global null mutation of Hspala/Hspalb genes was used to create a HSP72 KO
mouse and was compared to WT female littermates under basal normal chow-fed
conditions. In contrast to observations in male HSP72 KO mice[20], female HSP72 KO
mice demonstrated lower total body weight (Figure 2A), and reduced white adipose
tissue (WAT), and liver mass compared to age-matched (8.5-10 months old) wild-type
(WT) female mice (Figure 2B). This phenotype was recapitulated in aged (12.5-15
months old) female mice (Figure 2C-D). Since we observed a difference in body weight
between the genotypes, we chose to perform glucose tolerance testing on weight-
matched animals. Enhanced glucose tolerance was observed in female KO vs. WT
mice (Figure 3A. In parallel to improved glucose tolerance in female KO animals,
insulin signal transduction, phosphorylation of GSK-3, a key regulator of glycogen

synthesis, and at Akt>*""3

, a critical component of the insulin signaling pathway involved
in glucose import, was enhanced in female KO mice (Figure 3B). Enhanced insulin
action was confirmed by the gold standard method for assessment of whole body insulin

sensitivity, the hyperinsulinemic-euglycemic clamp. Female KO mice showed enhanced

insulin sensitivity compared to female WT mice (Figure 3C).
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HSP72 Is Critical for Mitochondrial Morphology, Parkin Regulation, and Autophagic

Signaling

The role of HSP72 in mitochondrial function and health is well-studied[15, 44-46].
However, these molecular phenotypes have been observed only in male model
systems. To investigate the sex-specific relationship between HSP72 and metabolism,
we first assessed parameters of mitochondrial health. We have previously identified
HSP72 as critical in regulating Parkin action. Although Parkin protein expression was
similarly elevated in male and female KO mice (Figure 4A), we found that Parkin was
incapable of mitochondrial translocation and mitophagic turnover in muscle in male
mice. In contrast to the male KO animals, in female HSP72 KOs, Parkin was observed
on the outer mitochondrial membrane of damaged organelles thus indicating the
maintenance of Parkin functionality in females despite the loss of HSP72 (Figure 4B).
Protein expression of mitochondrial fission factor (MFF) and mitochondrial fission 1
protein (FIS1), proteins involved in mitochondrial fission, were higher in female HSP72
KO mice compared with WT. While total dynamin-related protein 1 (Drpl), a key
GTPase involved in of mitochondrial division, was reduced in the KO female animals
compared to WT, phosphorylation of the inhibitory site, serine 637, of Drpl was also
significantly reduced in KO vs. WT (Figure 4C). Of interest, although Drpl protein levels
were identical between the groups, mRNA levels for the gene encoding Drpl, dnmll,
was significantly increased in female KO skeletal muscle (Figure 4D). Protein levels for
fusion components (mitofusin 2, Mfn2) were also reduced in the KOs, supporting an

enhanced mitochondrial fission phenotype (Figure 4E). We assessed mitochondrial
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number using a surrogate marker, mtDNA abundance, between female WT and KO
mice. Interestingly, qPCR revealed that mtDNA abundance was reduced in muscle of
female KO animals (Figure 4F). This reduction was further confirmed by the sensitive
method Digital Droplet PCR. Electron micrographs (EMs) of female KO mouse muscle
showed mitochondria of significantly smaller area and perimeter vs. WT, compared to
the enlarged, tubulated, and highly fused mitochondria observed in male HSP72 KO
skeletal muscle vs. WT (Figure 5). Interestingly, mtDNA abundance was decreased in
female KO mice, as were TFAM and PGC1a protein levels (Figure 6A-B). Furthermore,
MRNA expression of Nrfl, Polgl, and Polrmt was reduced in the female KO skeletal
muscle vs. WT (Figure 6C). Together, these data suggest that mitochondrial biogenesis
is reduced in HSP72 KO females compared with WT. We assessed autophagic flux
using leupeptin, and observed increased accumulation of LC3I and LC3Il in female KO
mice over WT (Figure 6D). These data reflect increased autophagic flux in KO
compared to WT females and this is in sharp contrast to our findings for male animals.
Enhanced fission dynamics and autophagic flux is associated with improved fatty acid
oxidation[47] and diminished ROS production[48, 49] since fission is hypothesized to
improve mitochondrial bioenergetic efficiency[50] and promote the elimination of

dysfunctional mitochondria[51].

Furthermore, to determine the mechanisms underlying improved mitochondrial function,
we took a large-scale approach of the mitochondrial proteome and identified changes in
individual mitochondrial proteins and their expression levels to provide insight into the

remodeling changes in the female WT and KO skeletal muscle mitochondrial proteome

96



(Figure 7). Our proteomic analysis confirmed a decrease in the relative protein
abundance of Mfn2 in female KO mice compared to WT mice (Supplemental Figure
1). Of interest, only 3 out of the 67 significantly changed proteins were higher expressed
in the female KOs: 1) 3-Hydroxybutyrate Dehydrogenase 1(Bdhl) which is a
mitochondrial enzyme involved in fatty acid catabolism, 2) Family With Sequence
Similarity 162 Member A (Fam162a) is involved in apoptosis, cytochrome c release, and
caspase activation, and 3) Nudix Hydrolase 8 (Nudt8) which mediates hydrolysis of
nucleoside diphosphate derivatives. Functional analysis using PANTHER[39] revealed
that proteins significantly changed between the basal female WT and KO skeletal
muscle mitochondria profile were enriched in catalytic activity, binding, structural
molecule activity, and antioxidant activity GO molecular function processes.
Furthermore, the three highest PANTHER[39] pathways these significant proteins were
predominantly involved in were Insulin/IGF pathway-protein kinase B signaling cascade,

P13 kinase pathway, and Gonadotropin-releasing hormone receptor pathway.

HSP72 KO Enhances Compensatory Molecular Mechanisms in Females

Our laboratory has previously shown that in addition to regulating mitochondrial
functionality, HSP72 chaperones the estrogen receptor o (ERa) and controls its protein
expression in skeletal muscle[52]. We find that the abundance of ERa is elevated in
females compared with males, is the predominant receptor expressed in skeletal
muscle, and is highly associated with insulin sensitivity[52]. Next, we examined the
relationship between HSP72, ERa, mitochondrial health, and metabolism. Work from
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our laboratory and others[52, 53] has established that the loss of ERa in both female
and male whole-body and muscle-specific KO (MERKO) mouse results in an
accumulation of lipids, tissue inflammation, and insulin resistance in skeletal muscle.
Interestingly, female and male ERaKO and MERKO skeletal muscle mitochondria
exhibited a dysmorphic, hyperfused phenotype and had impaired respiration[52, 53]. To
complement these studies, we cultured C2C12 myotubes, a mouse myoblast cell line,
with the ERa-selective agonist propyl pyrazole triol (PPT) and showed augmented
fission signaling (Figure 8A). Together, these data suggest that ERa expression is not
only integral in maintaining metabolic homeostasis, but also mitochondrial morphology
and functionality. We assessed ERa expression in the female HSP72 WT and KO mice
and found that female KO mice have both elevated ERa protein and Esrl (Figure 8B)
MRNA levels. In contrast, ERa protein levels were identical between male WT and KO

mice (Figure 8C).

4.4 Discussion

Sex-specific Requlation of Mitochondrial Dynamics

Proper mitochondrial function is required to maintain metabolic homeostasis and cellular
energetic capacity. There is evidence that males and females differ in the regulation of
mitochondrial processes. Females possess a higher mitochondrial content and

antioxidant activity[54-56]. However, the sex-specific mechanisms that contribute to
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mitochondrial dysfunction and insulin resistance in men and women remain unclear.
Therefore, determining the underlying differential mechanisms of insulin resistance in
men and women will aid in the current understanding of metabolic dysfunction and
facilitate the development of novel sex-specific interventions to combat metabolic

syndrome.

Previous studies show that imbalanced mitochondrial fission-fusion dynamics promotes
the onset of insulin resistance[20, 57-59], impairs mitochondrial bioenergetic capacity,
and mitochondrial quality control[51]. The ablation of key fusion and fission proteins,
including Mfn2 and Drpl, leads to insulin resistance[60-62]. Mfn2 is an outer
mitochondrial membrane protein that mediates mitochondrial fusion and is a target of
the E3 ubiquitin ligase Parkin, a protein involved in mitochondrial quality control[21].
Drpl is a cytosolic GTPase recruited to the mitochondrial outer membrane where it
oligomerizes to form high order mitochondrial ribbons around the mitochondrion. Drpl
interacts with pro-fission proteins including mitochondrial fission protein 1 (Fisl) and
mitochondrial fission factor (Mff) on the outer mitochondrial membrane to drive the
division of a mitochondrion to two daughter organelles[57, 63]. Disrupting the fission
and fusion signaling machinery led to obesity and insulin resistance; for example, our
laboratory and others have shown that chronic mitochondrial hyperfusion is correlated
with metabolic dysfunction[54-56]. These observations highlight the importance of

mitochondrial fission-fusion dynamics in maintaining insulin sensitivity.

Sex-specific Regulation of Mitochondrial Dynamics
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Recently our laboratory found an important role for HSP72 in skeletal muscle
mitochondrial dynamics. We observed that HSP72 translocates to depolarized
mitochondria and regulates the functionality of the E3 ubiquitin ligase Parkin. Male
HSP72 KO mice exhibited reduced fatty acid oxidation, increased reactive oxygen
species (ROS) production, and impaired muscle insulin action[21]. The impairment in
muscle oxidative function was paralleled by increased WAT mass in male KO mice.
Metabolic dysfunction occurred as a consequence of the accumulation of dysfunctional
hyperfused mitochondria and impaired mitophagic flux due to impaired Parkin action[25-
29]. In the absence of HSP72, Parkin accumulated in the cytosol (impaired protein
autoregulation) and failed to translocate to depolarized mitochondria to induce

mitophagy.

Interestingly, although we observed a similar increase in Parkin protein in the cytosol in
both HSP72 KO male and female animals, KO female mice showed improved insulin
sensitivity and oxidative function compared with WT mice, thus a sex-specific effect of
HSP72 in the control of oxidative function and insulin action was observed by our
laboratory. The mechanisms underlying these differences in metabolism between males
and females) remain largely unknown. However work in collaboration with Jake
Lusis[64-68] shows that estrogens contribute markedly to the genetic architecture of
insulin sensitivity with females showing enhanced muscle insulin sensitivity over males.
Therefore, sex-specific strategies may be delineated to combat diseases in which

differing mechanisms contribute to disease pathobiology in women compared with men.
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This notion is reinforced by our findings indicating that the loss of HSP72, promotes
opposing sex-specific metabolic alterations. In sharp contrast to male HSP72 KO mice
that show an obese, insulin resistance phenotype compared to WT males, female
HSP72 KO animals relative to WT exhibit reduced adiposity and heightened insulin
sensitivity. We have previously shown that HSP72 is a chaperone of ERa and controls
its protein expression in skeletal muscle[52]. Herein, we show that reduced HSP72
expression in female mice increases skeletal muscle ERa action which we hypothesize
underlies sexually dimorphic outcomes related to mitochondrial function and insulin
action. While a striking accumulation of cytosolic Parkin was noted in both male and
female HSP72 KO mouse skeletal muscle, the remaining molecular phenotypes differed
between the sexes. Specifically, in female KO mice compared to their WT counterparts,
we observed elevated ERa levels, the predominant estrogen receptor in skeletal muscle
that we have previously shown to be involved in the maintenance of mitochondria and

metabolic health[52, 53].

The Absence of HSP72 Increases ERa Expression Levels and Fission Signaling

Two principal forms of ER have been identified to date, ERa and ERpB, encoded by
separate genes - Esrl and Esr2, although ERa is more highly expressed than ERB in
insulin-sensitive tissues. Our lab has previously shown that ERa is a critical
transcription factor in the maintenance of whole body insulin action and protection

against tissue inflammation in both female[53] and male mice[52].
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We have demonstrated in C2C12 myotubes that treatment with propyl pyrazole triol
(PPT), an ERa-selective agonist, induces mitochondrial fission signaling and mtDNA
replication by Polgl. Thus, ERa appears to be a driving factor for mitochondrial division
and mtDNA replication. With this in mind and since mitochondrial morphology was
altered with the loss of HSP72 in male mouse skeletal muscle, we turned our attention
to the morphology of skeletal muscle mitochondria in female HSP72 KO. Electron
micrographs of the skeletal muscle mitochondrial confirmed that the both the area and
perimeter of mitochondria in female KO mice were smaller compared to female WT
mice. In line with findings from EM analyses, we determined that fission signaling and
the expression of fission-related proteins were elevated in muscle of female HSP72 KO

animals.

We next focused on identifying how ERa interacts with mitochondria to promote fission.
Though this mechanism is not fully elucidated, an ERa IP suggests that ERa interacts
with mitochondrial inner membrane fusion regulators OPA1 and OMA1 (Supplemental
Figure 2). Enhanced fission is thought to improve fatty acid oxidation and uncoupling
and reduce ROS production. It is also theorized to improve quality control as a way to
more rapidly eliminate damaged mitochondria and maintain a healthy population of
mitochondria. Elevated fission signaling paired with an increase in autophagic flux seen
in the female KO skeletal muscle suggests an increase in the turnover of damaged
mitochondria. Together with decreased mitochondrial biogenesis signaling, this could
lead to decreased mtDNA copy number as seen in the female KOs, indicating that there

could be fewer mitochondria in the female KOs. These remaining mitochondria,
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however, have enhanced efficiency; respiration measured in individual permeabilized
muscle fibers using an Oroboros Oxygraph-2k (Oroboros Instruments) show that the
female KOs are able to respond to cellular stressors comparatively to WT female mice
(Supplemental Figure 3A). Isolated mitochondria respiration assessed with a
Seahorse XF96 also recapitulated these findings (Supplemental Figure 3B). This is in
stark contrast to male KO primary myotubes which had reduced oxygen consumption
(basal and maximal respiration rates) compared to those from WT mice[20].
Collectively, our findings suggest that the induction of ERa and enhanced mitochondrial
fission and autophagy likely underlie improvements in the health of the mitochondrial

network in female mice.

Since ERa is highly expressed in female skeletal muscle, and HSP72 is a chaperone of
ERa that controls its protein turnover, we hypothesize that ERa may underlie protection
of mitochondrial function and insulin action that we observe in female HSP72 KO mice.
Our data support the notion that increased ERa contributes to compensatory alterations

in metabolic function and the prevention of obesity and insulin resistance in females.

Conclusion

Mitochondria are key organelles in regulating metabolism and energy expenditure,
mitochondrial dysfunction has been associated with the development of insulin
resistance in glucoregulatory tissues[52]. Our laboratory has recently shown that HSP72

is critical for the maintenance of for mitochondrial function, cellular metabolism, and
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insulin action. Importantly, HSP72 protein levels are markedly reduced in muscle from
obese and diabetic patients. In male mice, we have consistently shown that HSP72 is
directly correlated with insulin sensitivity and inversely correlated with adiposity. In
contrast, herein we provide evidence that these relationships for HSP72 are sex-
specific. Considering that small molecule drugs are in development for targeting HSP72
to enhance insulin sensitivity, it is imperative that we understand the role of sex in
regulating metabolism and insulin so that therapeutic strategies are equally as

efficacious in males and females.
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Figure 1: Clinical Rationale for Targeting HSP72. A) Skeletal muscle HSP72 protein
levels are markedly reduced in obese and type 2 diabetic (T2DM) individuals compared
with young and aged healthy individuals. Muscle HSP72 mRNA expression is elevated
in humans after 40 minutes of cycling (B) and in mice after 90 minutes of treadmill

exercise (C). Values are means + SEM. *, significance, p<0.05.

107



40~
N 159 =3 WT
2301 - _ mm KO
e * 2
% e £ 1.0 - *
204 K]
= ]
z -
8 10- % 0.5+
o *
oLl WE=T BNl B
A <
& & *‘v N
C D
30-
1 *
_ — 1.5+
5 O WT
E 20+ @ H KO T %
o £ 1.04
é =
D
3 10 s *
cg % 0.5+
(o)
0 T 0-0 I-_-Il- T
& A <
&« *~O Qg”b @?’ \-/\49’

Figure 2: The Effects of Aging on Body and Organ Weights for Female HSP72 WT
and KO Mice. A) Female 8-10 month KO mice (n=22 mice/genotype) weighed less than
their WT counterparts (n=17 mice/genotype). B) White adipose tissue (WAT) and liver
mass was reduced in female KO mice compared to WT. Heart mass was used as a
control. C-D). The same phenotypes were reflected in aged 13-14 month female KO
(n=9 mice/genotype) mice compared to WT controls (n=5 mice/genotype). Values are

means + SEM. *, significance, p<0.05.
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Figure 3: Glucose Tolerance in Female HSP72 KO Mice. A) Glucose tolerance is
enhanced in KO (closed squares) vs WT (open circles) (n=11-13 mice/genotype). B)
Representative immunoblots and densitometry of insulin signaling in muscle of WT and
HSP72 KO female mice (n=6 mice/genotype). C) Insulin-stimulated glucose disposal

rate is enhanced in female KO vs. WT and mice (n=8 mice/genotype).
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Figure 4: Mitochondrial Fission Signaling in Muscle of HSP72 KO Female Mice. A)
Parkin protein expression levels were elevated in muscle from female HSP72 KO mice
compared to WT (n=6 mice/genotype). B) Parkin protein localization was found in both
the cytosol and mitochondrial fraction of female KO skeletal muscle (n=6
mice/genotype). C) Fission signaling in skeletal muscle of female HSP72 KO mice was
increased compared to WT (n=5-6 mice/genotype). D) Muscle Drpl (dnmll) expression
levels were elevated in KO female mice (n=7-8 mice/genotype). E) Mfn2 protein
expression was reduced in female KO mice compared to WT controls (n=5-6

mice/genotype). F) Mitochondrial DNA (mtDNA) copy number was reduced in female
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HSP72 KO mice (D) (n=7 mice/genotype). Values are means + SEM. *, significance,

p<0.05 between genotypes.
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Figure 5: Smaller and Fragmented Muscle Mitochondria in HSP72 KO Females. A)
Electron micrographs of soleus muscle show smaller, fragmented mitochondria in
HSP72 KO (bottom panels) females compared to WT (top panels), n=2 mice/genotype.
B) Although muscle mitochondrial number was identical between the genotypes, relative
mitochondrial area and perimeter were significantly reduced in HSP72 KO females.

Values are means + SEM. *, significance, p<0.05 between genotypes.
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Figure 6: Mitochondrial Biogenesis and Autophagy Signaling in Female HSP72
WT and KO Skeletal Muscle. Representative immunoblots of TFAM (A) and PGC1a
(B) protein levels in WT and KO female mice (n=6 mice/genotype). C) Expression of
mitochondrial biogenesis genes from quadriceps of WT and KO female mice (n=7-8
mice/genotype). D) Markers of autophagy were increased in HSP72 female KO mice
compared to WT mice following leupeptin, an autophagy inhibitor, treatment. Values are

means + SEM. *, significance, p<0.05, between genotypes.
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Figure 7: Muscle Mitochondrial Proteomic Profile in Female HSP72 WT and KO
Mice. Muscle mitochondrial proteins in female HSP72 WT and KO mice under basal
conditions (n = 6/genotype). This clearly shows that there are marked changes in
female HSP72 WT and KO skeletal muscle mitochondria. Bars are fold change. Blue =

WT. Red = KO. All proteins shown had a significance of p <0.05.
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Figure 8. ERa Expression Levels in Muscle of HSP72 KO Female Mice. A) C2C12
myotubes treated with a vehicle or the ERa-selective agonist, propyl pyrazole triol (PPT)
had increased fission signaling. Muscle ERa protein (B; left) and mRNA (B; right)
expression was elevated in HSP72 KO female mice compared to WT (n=6-8
mice/genotype). C) No change was observed for muscle ERa protein levels between
male WT and KO mice (n=6 mice/genotype). Values are means + SEM. *, significance,

p<0.05, between genotypes.
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Supplemental Figure 1: Bioinformatics Analysis of the Female HSP72 WT and KO
Mitochondrial Proteome. A functional analysis using g:Profiler shows translation as
the top biological process and cytoplasm as the top cellular component based on a
significance, p<0.05. Aminoacyl-tRNA biosynthesis was the top biology pathway

(KEGG).
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Supplemental Figure 2: ERa Binding to Mitochondrial Fusion Proteins. After IP of
skeletal muscle with an ERa antibody or normal rabbit (Rb) IgG, immunoblotting with
the ERa antibody verified that ERa present in the input was recovered in the bound
material. Fusion proteins Opal and Omal were found in higher abundance in the anti-

ERa bound material. For the comparison, a positive control for ERa, ovary, was shown.
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Supplemental Figure 3: Mitochondrial Respiration in Female HSP72 WT and KO
Mice. A) Respiration from individual permeabilized muscle fibers was measured using
an Oroboros Oxygraph-2k (Oroboros Instruments). Mitochondrial membrane integrity
was assessed using a +10% increase threshold in respiration after CytC addition.
OCTC, Octanoylcarnitate. ADP, Adenosine diphosphate. CytC, Cytochrome C. Pyr,
Pyruvate. Glut, Glutamate. Succ, Succinate. CCCP, Carbonyl cyanide m-chlorophenyl
hydrazone. Rot, Rotenone. AntA, Antimycin A. B) Quantification of oxygen consumption

rates (OCR) drive by Complex | (left) and Complex Il (right) in skeletal muscle
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mitochondria isolated from WT and KO female mice. State 3 quantifies respiration
linked to maximal ATP synthesis, State 40, induced with oligomycin (ATP Synthase
inhibitor), determines proton leak, and uncoupled respiration quantifies maximal
electron transport chain activity induced by the chemical uncoupler, FCCP. There were
no statistically significant changes in any respiratory parameter with pyruvate and
malate (Complex I) or succinate and rotenone (Complex Il). Values are means + SEM.

*, significance, p<0.05, between genotypes.
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CHAPTER 5

Conclusion and Future Direction
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5.1 Proteomic Profiling of Mitochondria Reveals Inter- and Intra-species

Heterogeneity From Both Expressional and Functional Perspectives

Contextualization of mitochondrial proteins to their biological pathways and their
corresponding linkages to clinical phenotypes affords great opportunities to advance our
understanding regarding the fundamentals of mitochondrial diseases. Proteomics
investigations in the past 15 years have paved a foundation for future studies to
establish a comprehensive mitochondrial proteome map. Several challenges remain. At
the technology front, these include the identification of proteins in low abundance,
proteins that are associated with mitochondria, or proteins with unique biochemical
features. Future tasks detailing comprehensive and quantitative characterization of the
mitochondrial protein PTMs are also daunting. In the biology arena, functional
information regarding individual components within many mitochondrial subproteomes
is far from completion. Characterization of these proteins may lead to the discovery of
novel mitochondrial functions, of which we are not yet aware. Integrating MS strategies
with other approaches such as computational biology, protein arrays, and biochemical
analyses will facilitate the advancement and completion of a mitochondrial proteome
knowledgebase. The ultimate goal of mitochondrial proteome research is to bridge the
knowledge gap between mitochondrial compositions and their functionalities, therefore
providing potential diagnostic and prognostic targets for mitochondrial-associated

diseases.
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Herein, we characterized the mitochondrial proteomic profile in great detail and
presented rigorous evidence for organ- and organism-specific mitochondrial identity[1].
We analyze the mitochondrial proteome from four different model systems including two
cardiac mitochondrial proteomes from distinct genomes (mouse heart vs human heart)
as well as two unique organ systems from the same genome (mouse heart vs mouse
liver), and a metazoan our-group (drosophila). Assessment of mitochondrial protein
abundance and their biochemical properties reflected core mitochondrial functionalities
specific to each host milieu. Compared to published reports on the mitochondrial
proteome at the time[2-6], we identified the largest mitochondria proteomic pool to date.
Our study of the proteome—function correlation confirms previous observations of
mitochondrial biology and contributes new evidence of the expediency of diagnosing
mitochondrial disease through proteomic parameters. Furthermore, correlational
analyses suggest that mitochondrial proteome design is primarily driven by cellular
environment. This investigation bridges the knowledge gap between molecular
compositions and their accompanying functions, which ultimately aids in the translation
of mitochondrial proteomics data to a contextualized understanding of complex
mitochondrial biology as well as allows for the acquisition of a prospective source for not
only the diagnosis of mitochondrial pathologies but also the procurement of

mitochondrial therapeutic targets.

5.2 Metabolic Heavy Water Labeling of Mitochondrial Proteins Demonstrates

Individualized Protein Turnover Rates
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The maintenance of a healthy network of mitochondria hinges upon the delicate
homeostasis between protein synthesis and degradation, known as the turnover of
proteins. Imbalances in mitochondrial turnover and quality control have been associated
with many diseases. It is well-known that mitochondria are degraded in a whole
organelle fashion through mitochondrial autophagy (mitophagy). However, it was not
known how the process of mitochondrial dynamics was regulated in different cellular
contexts. Furthermore, up to this point, the majority of quantitative proteomics was
dictated by steady-state measurements which served as fragmentary snapshots of the

mitochondrial proteome.

To analyze mitochondrial dynamics in vivo, we used a deuterium (*H,O; heavy water)
labeling strategy to study individual protein turnover in mouse heart and mouse liver[7] —
two organs that contained large quantities of mitochondria, but differed in cellular
composition and function. We saw that individual mitochondrial turnover rates spanned
at least an order of magnitude within an organ. This was conceptually significant
because it suggests that individual mitochondria cannot be assumed to turn over as
single units. Instead, it is likely that mitochondrial proteins are synthesized at variable
rates in the cytosol and enter mitochondria, resulting in mitochondria with old and new
proteins to preserve homeostasis under mitophagy. Our findings underscore the
significance of obtaining a proteome dynamics map at individual protein resolution in
uncovering signatures of protein quality control dysfunctions, such as in aging and

metabolic perturbation studies.
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In conclusion, we demonstrated the first mitochondrial proteome-wide study of in vivo
protein dynamics. Our designed experimental platforms enabled us to calculate the
turnover rates of 458 murine mitochondrial proteins, ranging over 2 orders of magnitude
in half-life[7]. Mitochondrial protein turnover displayed both organ-specific differences
and interprotein heterogeneity, and subcellular fractionation ensured that the protein
kinetics were free from interference by cytosolic pre-cursors. Our methodology has wide
applications in the characterization of protein kinetics and temporal proteome changes

in mammalian systems and clinical studies.

5.3 HSP72 is a Sex-specific Regulator of Insulin Sensitivity and Mitochondrial

Dynamics

The exact involvement of mitochondria in the onset of insulin resistance and metabolic
dysfunction remains a controversial subject. This issue is one worth investigating, as
evidence suggests a causal role for the dysfunction of these organelles in the
pathological response to metabolic syndrome in animal models. As cellular stress
adaptation is essential for the maintenance of metabolic homeostasis, heat shock
proteins (HSPs) are induced in response to stress. We see that expression levels of a
specific HSP, HSP72, are reduced in obese and diabetic human muscle[8], and
increased following exercise training. Moreover, we have shown that the induction of

HSP72 is critical for the protection against genetic- and diet-induced obesity and insulin
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resistance in rodents[9]. Our laboratory has shown that HSP72 is a mitochondrial stress
sensor linking mitochondrial function and cellular metabolism with insulin action[10]. We
have shown that HSP72 overexpression promotes enhanced mitochondrial function and
we have identified HSP72 as a binding partner of the mitochondrial quality control
protein, Parkin. HSP72 deletion impaired Parkin turnover and action, resulting in the
retention of enlarged, dysmorphic mitochondria with reduced respiratory capacity. As a
consequence, KO mice accumulated lipid in muscle and became insulin resistant and
glucose intolerant over time compared with control animals. These findings suggest that
the HSP72-Parkin axis links mitochondrial health with insulin sensitivity; however, these

studies were performed exclusively in males.

Despite similar impairment in Parkin turnover between male and female KOs, in
contrast to males, female KOs remained insulin sensitive and glucose tolerant.
Interestingly, ERa was elevated in muscle from female HSP72 KO mice and this
observation was paralleled by enhanced mitochondrial fission signaling (1Fisl and
MFF) and a reduction in mitochondrial size. We have demonstrated previously that ERa
is critical for mitochondrial function and muscle insulin action; therefore, since HSP72
binds ERa to regulate its protein turnover, we hypothesized that induction of ERa may
compensate for a loss of HSP72 and thus, preserve metabolic homeostasis in female
KO mice. Overall, our findings suggest that sex may control the impact of HSP72 in
regulating mitochondrial health and insulin sensitivity. Our research provides the
important foundation for the rational design of novel therapeutic strategies that can be

used to combat metabolic-related diseases in women.
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