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ABSTRACT OF THE DISSERTATION

Regulation of Mammalian Metabolism by Facilitated Transport Across the Inner Mitochondrial
Membrane

by

Nathaniel Martin Vacanti
Doctor of Philosophy in Bioengineering
University of California, San Diego, 2015

Professor Christian M. Metallo, Chair

The enzymes and reactions of the metabolic network provide cells with a means to utilize
the energy stored in substrate chemical bonds and to rearrange those bonds to form biosyn-
thetic building blocks. The chapters of this dissertation are all independent bodies of work
exploring how the metabolic network influences and regulates cellular function or dysfunction.
Chapter 1, titled “Exploring Metabolic Pathways that Contribute to the Stem Cell Phenotype”,
is a case study on how the metabolic network exerts control over, or is perturbed by the cel-
lular phenotype, specifically the stem cell phenotype. Substrate and pathway utilization along
with molecular signals altering metabolism are key regulators of the stem cell phenotype and

influence differentiation status. Chapter 2, titled “Inner Mitochondrial Membrane Transport
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Regulates Cellular Function” explores an under-appreciated node of metabolic regulation: sub-
strate transport across the inner mitochondrial membrane. Mitochondria are the powerhouses
of cells, supplying energy in the form of adenosine triphosphate and crucial building blocks for
biosynthesis. Therefore communication with the cytosol via molecular transport exerts exquisite
control over the metabolic network. This chapter examines the proteins responsible for molec-
ular exchange across the inner mitochondrial membrane with a focus on their regulatory effects
and the methodologies used to investigate them. Many of the highlighted studies examine these
transport proteins in isolation, and much work remains on elucidating their full influence over
cellular function. Chapter 3, titled “Regulation of Substrate Utilization by the Mitochondrial
Pyruvate Carrier” examines how mitochondrial pyruvate transport across the inner mitochon-
drial membrane influences substrate and pathway utilization. Employing 13C tracing allows the
regulatory effects of the mitochondrial pyruvate carrier to be examined in whole-cell systems,
elucidating their altered reliance on fatty acids and amino acids as fuels and biosynthetic pre-
cursors. Finally, Chapter 4, titled “Identification of a Mitochondrial Glutamine Carrier” applies
13C tracing to solve the inverse problem. The effects on the metabolic network of inhibiting a
mitochondrial carrier are used to deduce its substrate. This previously unannotated carrier is

found to transport glutamine across the inner mitochondrial membrane.
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Chapter 1

Exploring Metabolic Pathways that
Contribute to the Stem Cell
Phenotype

Abstract

Background: Stem cells must negotiate their surrounding nutritional and signaling environment
and respond accordingly to perform various functions. Metabolic pathways enable these re-
sponses, providing energy and biosynthetic precursors for cell proliferation, motility, and other
functions. As a result, metabolic enzymes and the molecules which control them are emerging
as attractive targets for the manipulation of stem cells. To exploit these targets a detailed

characterization of metabolic flux regulation is required.

Scope of Review: Here we outline recent advances in our understanding of metabolism in pluripo-
tent stem cells and adult progenitors. We describe the regulation of glycolysis, mitochondrial
metabolism, and the redox state of stem cells, highlighting key enzymes and transcription factors

involved in the control of these pathways.

Major Conclusions: A general description of stem cell metabolism has emerged, involving in-
creased glycolysis, limited oxidative metabolism, and resistance to oxidative damage. Mov-
ing forward, the application of systems-based approaches to stem cells will help shed light on

metabolic pathway utilization in proliferating and quiescent stem cells.



General Significance: Metabolic flux contributes to the unique properties of stem cells and pro-
genitors. This review provides a detailed overview of how stem cells metabolize their surrounding

nutrients to proliferate and maintain lineage homeostasis.

Introduction

Over the last several decades our view of cellular phenotypes within tissues has changed
dramatically. With the identification and characterization of stem cells and progenitors, we now
appreciate the heterogeneity that exists within a specific tissue, organ, or tumor. While individual
cell types interact and support one another (e.g., stroma and epithelia, glia and neurons), cells
within the same lineage can also exhibit varied marker and gene expression patterns. For example,
mammary cells can be sorted from normal tissue based on their CD29'°CD24F or CD24+CD49+
expression status to obtain progenitors capable of regenerating mammary glands (Stingl et al.,
2006; Shackleton et al., 2006). In the hematopoietic system, clusters of differentiation have
been studied for some time, and researchers have long been able to isolate stem cell populations
capable of lineage rescue (Spangrude et al., 1988; Bhatia et al., 1997). This concept has been
extended to tumors as well; whereby researchers can isolate subpopulations of cancer cells that
exhibit enhanced capacity to initiate tumors (e.g., breast, glioblastoma, leukemia) (Diehn et al.,
2009; Li et al., 2009; Wang and Dick, 2005). Breast cancer cells which are CD441CD24'/-
form tumors more readily when transferred to immunocompromised mice (Al-Hajj et al., 2003),
and their gene expression signature correlates with a poor prognosis (Liu et al., 2007). Alter-
natively, aldehyde dehydrogenase (ALDH) enzyme activity or ALDH1 expression are associated
with stem cell populations (Ginestier et al., 2007), though the metabolic consequences of this
property are unclear. Finally, the ability to maintain embryonic stem cells (ESCs) in culture and
induce pluripotency in somatic cells has provided researchers new tools to examine stem cell
behavior (Thomson et al., 1998; Takahashi et al., 2007), as these cells can be studied effectively
in vitro and share some (though not all) characteristics of progenitors in vivo. These systems
are now helping us elucidate the metabolic phenotype of stem cells.

In the body, progenitor cells may take one of several fates: quiescence, proliferation



and self-renewal, transit amplification and terminal differentiation, or programmed cell death
(Figure 1.1). The metabolic needs of cells change significantly as a function of their fate
and function. This is particularly true for cells proliferating rapidly in culture, which require
adenosine triphosphate (ATP), reducing equivalents, and biosynthetic intermediates to grow
and divide (Vander Heiden et al., 2009). These requirements must be continually met through
various metabolic pathways. The energetic and biosynthetic demands of quiescent cells are
expected to be much lower than those of proliferating cells, though evidence suggests that these
populations remain metabolically active (Lemons et al., 2010).

In addition to the internal needs of cells, exogenous cues influence both cellular fate
and metabolic processes. The tissue microenvironment strongly influences the self-renewal and
differentiation of stem cells of various origins. Indeed, the in vivo stem cell niche is thought to
lie in regions of low oxygen (i.e., hypoxia) (Mohyeldin et al., 2010). Such conditions induce stem
cell-like gene expression patterns in cells and can improve the efficiency of induced pluripotent
stem cell (iPSC) generation (Yoshida et al., 2009). Hypoxia itself is a profound regulator
of metabolism (Metallo et al., 2012; Wise et al., 2011; Papandreou et al., 2006; Kim et al.,
2006; Semenza, 2009). Alternatively, the physical and biochemical properties of extracellular
matrices can influence the fate of mesenchymal stem cells (MSCs) and pluripotent stem cells
(PSCs) (Saha et al., 2011; Anderson et al., 2004; Brafman et al., 2010). In other cell types loss
of matrix contact results in significant metabolic defects that can result in cell death (Grassian
et al., 2011; Schafer et al., 2009). Finally, growth factor signaling is required to maintain
stem cells in the undifferentiated state in vitro (Feng et al., 2009; Dang et al., 2008; Maherali
and Hochedlinger, 2008), and the pathways activated in stem cells are interconnected with
metabolism, regulating nutrient uptake and driving flux through glycolysis (Rathmell et al.,
2000; Vander Heiden et al., 2001). Therefore, the metabolic phenotype of a cell is intimately
related to the functional programs it executes, both by necessity and as a result of extracellular
signals.

As most in vitro model systems of stem cells are highly proliferative, the general char-
acteristics of progenitors are bearing remarkable similarity to cancer cells and cancer stem

cells (Ben-Porath et al., 2008; Wong et al., 2008). Given the metabolic needs of actively



dividing cells, these results are not surprising. These similarities are also likely due, in part,
to regulatory molecules like hypoxia inducible factors (HIFs) and c-Myc, which are commonly
activated in stem cells and tumors (see “Molecular Regulators of Metabolism and the Stem
Cell Phenotype” section below). However, metabolic analyses must go deeper, and more de-
tailed characterizations of stem cell metabolism are required to identify differentially regulated
metabolic nodes for therapeutic targeting of “good” and “bad” stem cell populations. Such
characterizations will require a combination of molecular and systems-based approaches (Quek
et al., 2010; Zamboni, 2011). Additionally, as we attempt to engineer and cultivate stem cells
for clinical use (King and Miller, 2007), a clearer understanding of how cell fate and metabolic
processes are intertwined is required.

Here we review recent advances in our understanding of metabolic pathway utilization,
or “flux”, in progenitor cells and their derivatives. Using a collection of different methods and
approaches, significant insights have been made regarding the function and regulation of glucose
metabolism, mitochondrial function, redox metabolism, and lipid biology in stem cells. Where
possible we highlight findings in pluripotent cell systems or in vivo stem cell populations, though
some interesting and seemingly applicable metabolic traits of rapidly proliferating cells have been
uncovered in cancer cell lines. Common threads also emerge between stem cells and cancer when
considering the dual role of regulatory proteins such as c-Myc and HIFs in controlling properties
of “stemness” and metabolic pathways. Much less attention has been paid to non-proliferating,
quiescent cells, as the sorting required to access such populations complicates application of
the most advanced methods for metabolic characterization. Such slow-cycling cells represent an
interesting area of future study. Nevertheless, a picture is emerging which describes the metabolic
phenotype of proliferating stem cells. While this image is likely to evolve significantly over the

next decade, key discoveries discussed herein will frame the directions of future investigations.

Glucose Metabolism

The most commonly cited feature describing the metabolism of stem cells and most

proliferating cells is their glycolytic phenotype. This designation stems from Otto Warburg's
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Figure 1.1: Stem Cell Fate Choices and Metabolic Phenotypes. In response to stimuli
and cues, stem cells can enter a state of proliferation or self-renewal where they maintain a high
glycolytic flux to support biosynthesis. Cells may also be directed to terminally differentiate
where glucose oxidation supports energy generation in mitochondria. Alternatively, cells may
undergo programmed cell death or exit the cell cycle and remain quiescent, a state where the
relative metabolic fluxes are largely uncharacterized.



work in the early 20th century when he demonstrated that tumors and proliferating tissues un-
dergo aerobic glycolysis, consuming high levels of glucose and diverting much of this carbon
to lactate (Hsu and Sabatini, 2008). This phenomenon seems to apply to pluripotent cells in
culture, which are typically maintained in a state of constant proliferation. Direct evidence of
this glycolytic phenotype in stem cells has come in the form of enzyme levels and activities.
Increased levels of hexokinase Il were detected in human embryonic stem cells (hESCs) and
iPSCs relative to teratoma-derived fibroblasts and the parental IMR9O0 fibroblasts used for repro-
gramming (Varum et al., 2011). The product of this reaction, glucose-6-phosphate (G6P), was
present at elevated levels in human pluripotent cells relative to human foreskin fibroblasts when
analyzed by tandem mass spectrometry (Prigione et al., 2011), providing additional evidence of

increased glucose uptake and phosphorylation in stem cells.

Hexosamine Biosynthesis and the Pentose Phosphate Pathway

Upon phosphorylation by hexokinases (HKs), glucose is primarily directed toward three
pathways: glycolysis, the hexosamine biosynthesis pathway (HBP), and the pentose phosphate
pathway (PPP). While flux through glycolysis seems to be highest in proliferating stem cells, the
latter pathways are very important for cell growth, but are less well-studied in stem cell systems.
Hexosamine biosynthesis involves the acetyl coenzyme A (AcCoA) and glutamine-dependent
conversion of fructose-6-phosphate to N-acetylglucosamine (GlcNAc) and other glycosamino-
glycans (Figure 1.2). These metabolites serve as substrates for post-translational modification
of glycoproteins and proteoglycan synthesis. In proliferating cells flux through the HBP is re-
quired to maintain glycosylation and surface expression of receptors, which in turn provide
feedback signals to drive glutamine uptake (Wellen et al., 2010). Glycosylation via HBP is
important for expression of various growth factor receptors, the activation of signaling cascades,
and cellular differentiation (Lau et al., 2007). Flux through this pathway is presumably critical
for stem cell populations which depend upon these signaling pathways to stimulate proliferation
and regulate cell fate choices. Some studies have explored the role of glycobiology in ESCs,
observing changes in levels of hyaluronan, chondroitin sulfate, and heparin sulfate (Nairn et al.,

2007). Alternatively, forced induction of O-GlcNAcylation impaired the cardiac differentiation



of ESCs (Kim et al., 2009a). How the HBP contributes to undifferentiated stem cell growth
and maintenance has yet to be investigated in detail.

The oxidative PPP is critical for supplying ribose to synthesize nucleotides and reducing
equivalents in the form of nicotinamide adenine dinucleotide phosphate (NADPH) in proliferat-
ing cells (Figure 1.2). While flux through the non-oxidative PPP can also generate ribose carbon,
NADPH is regenerated in the cytosol for reductive biosynthesis by glucose-6-phosphate dehydro-
genase (G6PD) and phosphogluconate dehydrogenase (PGD) in the oxidative pathway only. As
discussed in the “Redox Metabolism” section, the redox state is particularly important in stem
cell populations, and NADPH helps regulate the abundance of oxidative species by maintaining
glutathione (GSH) in the reduced state (via glutathione reductase). Cells from G6PD-deficient
patients and mouse embryonic stem cells (mESCs) with G6PD-deleted are viable, but exhibit
increased sensitivity to oxidative treatments (Fico et al., 2004; Efferth et al., 1995). Interest-
ingly, this deficiency seems to influence ESC differentiation, preferentially inducing cells toward
the endodermal lineage (Manganelli et al., 2012). While the high glycolytic flux described in
pluripotent cells would be expected to enhance flux through the PPP, few direct investigations
on regulation of this pathway in stem cells have been completed. Given the growing importance
of redox metabolism in stem cells and progenitors, analysis of PPP regulation is expected to be

a high priority.

Glycolysis

The majority of glucose carbon which enters proliferating cells is secreted as lactate,
and this phenomenon occurs in human pluripotent cells as well. hESCs and iPSCs exhibit
decreased oxygen consumption and increased acidification of media (used as a surrogate for
lactate production) relative to their more differentiated counterparts (Varum et al., 2011; Folmes
et al., 2011; Zhang et al., 2011; Panopoulos et al., 2012), providing evidence for this phenotype.
The use of mitochondrial respiratory chain inhibitors in pluripotent cells suggests that much
of their ATP is derived from glycolysis (Varum et al., 2011). Elevated glycolytic flux and
enzyme activities of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoglycerate
kinase (PGK), phosphoglycerate mutase (PGAM), and enolase (ENO), have been observed in



mESCs relative to mouse embryonic fibroblasts (MEFs) (Kondoh et al., 2007). Intriguingly,
Beach and colleagues were previously able to demonstrate that overexpression of PGAM or
other glycolytic enzymes (e.g., phosphohexose isomerase, PHI; PGK) could increase cellular
lifespan and prevent senescence in MEFs, suggesting that glycolytic flux itself can influence
cell fate (Kondoh et al., 2005). However, the mechanism of this phenomenon has yet to be
elucidated.

Transcriptional analyses of pluripotent cells and their derivatives support the observa-
tions described above, as numerous studies have indicated that glycolytic genes are expressed at
higher levels in pluripotent stem cells compared to more differentiated cells (Varum et al., 2011;
Panopoulos et al., 2012; Prigione and Adjaye, 2010). Furthermore, the gene expression profile of
proliferating versus differentiating mESCs correlates with fluxes calculated from a stoichiometric
model of central carbon metabolism (Sepulveda et al., 2010). Notably, key transcription factors
that are active in stem cell populations and cancer cells are c-Myc and HIFa proteins, both of
which target glycolytic genes and promote flux through this pathway (“Molecular Regulators of
Metabolism and the Stem Cell Phenotype” section) (Dang et al., 2008; Gordan et al., 2007b;
Das et al., 2012). Furthermore, when comparing PSCs to somatic cell types, Panopoulos et al.
(2012) identified many differentially methylated genes that encode enzymes involved in glycoly-
sis, including several aldehyde dehydrogenases, ENO, GAPDH, HKs, pyruvate kinase (PKM?2),
lactate dehydrogenases (LDHB, LDHC), and others. These results suggest that the epigenetic
status of cells influences metabolic gene expression and pathway activity.

The final, ATP-generating, enzymatic step in glycolysis is catalyzed by pyruvate kinase
and encoded by the PKM2 gene in cells outside of the erythroid and hepatocyte lineages (which
use the PKLR gene). Differential splicing of PKM2 exons 9 and 10 gives rise to the M1
(PKM1) and M2 (PKM2) isoforms, respectively; the latter of which is specifically expressed
during embryonic development and in tumor cells (Mazurek et al., 2005; Jurica et al., 1998).
Although expression of PKM2 is associated with higher glycolytic activity and the Warburg effect
in tumors, the activity of this enzyme is lower than that of PKM1 and is decreased upon binding
to phosphotyrosine peptides (Christofk et al., 2008). Some evidence suggests that decreased

PKM2 activity may facilitate flux of glycolytic carbon toward biosynthetic pathways such as



the oxidative PPP and serine biosynthesis in cancer cells (Ye et al., 2012). Although PKM2 is
specifically expressed in embryonic cells (Jurica et al., 1998), the role of PKM2 in maintaining
or regulating stem cell function has yet to be determined.

In order for cells to maintain a high flux through glycolysis, nicotinamide adenine din-
ucleotide (NAD™) must be regenerated to resupply NADH for the GAPDH reaction. Highly
proliferative stem and cancer cells meet this need by converting pyruvate to lactate at high
rates using lactate dehydrogenase (LDH), a tetrameric enzyme encoded by several genes (A, B,
and C) expressed in different combinations in various tissues. The B and C isoforms of LDH
are known to be transcribed at high levels in pluripotent cells (Folmes et al., 2011; Panopoulos
et al., 2012). Meanwhile, LDH-A is highly expressed in tumors and induced by both hypoxia
and c-Myc (Dang et al., 2008). How each isozyme functions differently in stem cells and cancer
is not clear, though post-translational modifications of enzymes may provide a means of reg-
ulating their localization, activity, and responsiveness to exogenous signals (Fan et al., 2011).
Nevertheless, high LDH expression facilitates diversion of glucose carbon away from oxidative
metabolism in proliferating cells, a phenomenon observed both in pluripotent stem cells and
proliferating cancer cell lines.

Serine and glycine can be taken up by cells but also synthesized from the glycolytic
intermediate 3-phosphoglycerate (3PG) (Figure 1.2). These amino acids are important precur-
sors for the biosynthesis of purines, glutathione, and lipid headgroups. Notably, metabolism of
serine by serine hydroxymethyltransferases (SHMTs) generates glycine and one carbon units for
the folate pool. These metabolites are critical for nucleotide synthesis and may also be used
to regenerate methionine, which provides substrates for methylation via s-adenosyl methionine.
Pathways converging on serine and glycine have received increasing attention in the cancer com-
munity due to their roles in biosynthesis, redox metabolism, and methylation (Sreekumar et al.,
2009; Possemato et al., 2011; Locasale et al., 2011; Zhang et al., 2012). The enzymes and
metabolites within this pathway are likely to emerge as key players that are regulated during
stem cell differentiation, though specific results generated in pluripotent and multipotent cell
populations are lacking.

An overriding goal in understanding the metabolic phenotype of stem cells is to exploit
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this information to improve control over cell fates. To this end several groups have attempted
to modulate reprogramming efficiency of human fibroblasts to iPS cells by treatment with com-
pounds that inhibit or stimulate glycolytic metabolism. Inhibition of glucose uptake or glycolytic
enzyme activity using 2-deoxyglucose or 3-bromopyruvate, respectively, decreased pluripotent
cell growth and reprogramming, which is perhaps not surprising given the need for glycolysis
during proliferation (Folmes et al., 2011; Panopoulos et al., 2012). Intriguingly, stimulation
of glycolytic activity with fructose-6-phosphate or fructose-2,6-bisphoshate can significantly en-
hance iPSC colony formation (Panopoulos et al., 2012; Zhu et al., 2010). On the other hand,
knockdown of PGK induces differentiation in mouse C2C12 myoblasts (Bracha et al., 2010),
indicating that direct manipulation of glycolysis can modulate the stem cell phenotype. These
exciting results now raise the question of how glycolytic flux or metabolites alone can mediate

the stem cell phenotype, as the specific mechanism remains unknown.

Mitochondria and Tricarboxylic Acid Metabolism

Mitochondria are a hub of metabolic activity in eukaryotic cells, executing metabolic re-
actions which are absolutely required for autonomous cell growth. The tricarboxylic acid (TCA)
cycle generates reducing equivalents which are consumed during oxidative phosphorylation (OX-
PHOS) to efficiently produce ATP for cellular processes. The main entry point for glycolytic
carbon in the TCA cycle is the pyruvate dehydrogenase (PDH) complex, which oxidizes pyruvate
to generate AcCoA and CO;. AcCoA in the mitochondria condenses with oxaloacetate to form
citrate and is subsequently metabolized further or directed to the cytosol to supply carbon for
lipid biosynthesis (Figure 1.2).

As proliferating cells increase flux through glycolysis, glucose-derived carbon is directed
away from oxidation by PDH (Vander Heiden et al., 2009). This enzyme complex is highly regu-
lated by cofactors, allosteric interactions, and post-translational modifications, and PDH activity
is directly controlled by PDH kinases (PDKs), which phosphorylate and inactivate the enzyme.
PDH phosphorylation and PDK1 levels were observed to be elevated in human pluripotent cells

compared to terminally differentiated fibroblasts (Varum et al., 2011), which is expected to de-
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Figure 1.2: Metabolic Pathways that are Regulated to Support Stem Cell Growth.
Glucose taken up by cells is phosphorylated by HKs and metabolized in glycolysis, the hexosamine
biosynthesis pathway, or the pentose phosphate pathway. Glucose-derived pyruvate is either
diverted to lactate or oxidize in the TCA cycle to support energy generation in mitochondria
or biosynthesis in the cytosol. Reduced glutathione is synthesized from glutamate, cysteine,
and glycine and protects cells from oxidative damage by reacting with ROS. Enzymes which are
differentially regulated in stem cell populations are highlighted in yellow.
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crease oxidation of glucose carbon in the TCA cycle. This result has led to the general conclusion
that pluripotent stem cells exhibit limited oxygen consumption, which has been supported by
oxygen measurements in numerous stem cell model systems (Varum et al., 2011; Zhang et al.,
2011). Additionally, numerous studies have observed decreased expression of genes involved
in OXPHOS, differentially methylated genes along this pathway, and lower levels of complex |
subunits (Varum et al., 2011; Prigione et al., 2011; Panopoulos et al., 2012). This phenotype
is also supported by metabolomics experiments in which the abundances of TCA intermediates
such as AcCoA, citrate, glutamate, and malate were decreased in ESCs and iPSCs compared
to somatic cells (Panopoulos et al., 2012). Additionally, reprogramming of cells in the presence
of dichloroacetate, an inhibitor of PDK activity, decreases pluripotent colony formation (Folmes
et al., 2011). Treatment would be expected to increase pyruvate entry into the mitochondria
and downstream TCA metabolism, which seems to be antagonistic toward the pluripotent state.
Anaplerotic pathways such as glutaminolysis and pyruvate carboxylase are often necessary to
maintain flux through the TCA cycle, and glutamine is a particularly important substrate for
proliferating mouse ESCs (Fernandes et al., 2010). However, the utilization of these pathways
must be more thoroughly explored in stem cells, as cancer cells in hypoxic microenvironments or
those with diminished oxidative mitochondrial activity are more reliant on glutamine consump-
tion (Metallo et al., 2012; Wise et al., 2011; Mullen et al., 2012; Scott et al., 2011).

More recently, Zhang et al. (2011) identified a role for uncoupling protein 2 (UCP2) in
maintaining the energetic state of human iPSCs. By forcing expression during differentiation
or knocking down endogenous expression in undifferentiated cells, they were able to perturb
the switch toward oxidative metabolism during retinoic acid-induced differentiation. In addition
to measuring oxygen consumption and extracellular acidification, the authors utilized stable
isotope tracers and mass spectrometry to investigate TCA metabolism. By quantifying the
incorporation of uniformly 13C-labeled [U-!3Cg]glucose atoms into the glutamate pool, they
observed that glucose oxidation decreases in hESCs upon differentiation with retinoic acid, and
this effect was exacerbated upon forced expression of UCP2 during differentiation. The authors
noted that hESCs do in fact exhibit oxidative mitochondrial metabolism, an active respiratory

chain, and can consume oxygen at maximum capacity.
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Another means of quantifying the relative metabolic rate of mitochondria is the mi-
tochondrial membrane potential (Adp,), which can be measured via fluorescence of tetram-
ethylrhodamine methyl ester (Schieke et al., 2006). To understand the functional relevance of
this readout, mESCs were sorted into populations of high and low Ady,, and their metabolic
profile and behavior were examined. Although the two populations were indistinguishable with
respect to pluripotency marker expression, cells with high Ay, exhibited both elevated oxygen
consumption and lactate secretion (Schieke et al., 2008). Furthermore, sorted populations of
high A, mESCs formed much larger teratomas when implanted into mice, suggesting that the
metabolic state of the cells’ mitochondria influences in vivo growth potential.

Other amino acid and TCA-associated metabolic reactions have also been implicated in
stem cell maintenance or differentiation. Specific point mutations in NADP*-dependent isoci-
trate dehydrogenases 1 and 2 are associated with glioblastoma and acute myeloid leukemia (Dang
et al., 2009; Ward et al., 2010). These changes result in a gain-of-function phenotype, enabling
the enzymes to reductively generate (R)2-hydroxyglutarate (2HG) from a-ketoglutarate (Dang
et al., 2009). Recently these mutant enzymes have been shown to inhibit lineage-specific pro-
genitor cell differentiation by modulating the activity of a-ketoglutarate-dependent demethy-
lases (Lu et al., 2012). Along these lines, 2HG treatment has also been shown to promote iPSC
colony formation during reprogramming (Zhu et al., 2010), highlighting a potential role for this
metabolite in regulating stem cell differentiation. The TCA cycle also supplies AcCoA in the
cytosol for lipogenesis and acetylation, and conditions of nutrient deprivation can cause this sub-
strate to become limited. Such changes have been shown to subsequently affect differentiation
processes in pre-adipocytes by perturbing histone acetylation (Wellen et al., 2009). Therefore,
by regulating the supply of energy, charge, and biosynthetic precursors, mitochondria play key

roles in driving and maintaining the stem cell phenotype.

Redox Metabolism

Reactive oxygen species (ROS), including hydrogen peroxide (H202), superoxide (-O3),

and hydroxyl free radical (-OH), are highly reactive forms of partially reduced molecular oxygen
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(O2). ROS are produced in small quantities under normal metabolic conditions, and acute
inhibition of the electron transport chain or hypoxic environments lead to an increase in their
generation (Chen et al., 2003; Guzy et al., 2005). Cells protect themselves from oxidative
damage using various enzymes and metabolites, including GSH (Figure 1.2). In vivo and in
vitro studies suggest that stem-like cells differentially regulate ROS levels and are protected
from oxidative damage (Ogasawara and Zhang, 2009).

Several investigators have characterized pluripotent cells based on ROS levels, neutraliz-
ing enzymes, and oxidative damage (Prigione et al., 2010; Cho et al., 2006; Saretzki et al., 2004).
hESCs and iPSCs had significantly lower levels of oxidatively modified proteins in comparison
to mature fibroblasts, and these levels increased upon differentiation. Treatment of foreskin fi-
broblasts with H,O» significantly increased levels of 8-hydroxy-2'-deoxyguanosine (8-OHdG), an
oxidized derivative of the nucleotide guanosine, while 8-OHdG staining was nearly undetectable
in both untreated and H>O»-treated iPSCs and ESCs. These results indicate that iPSCs and
ESCs are more resistant to DNA damage by ROS than more differentiated cell types (Prigione
et al., 2010). Additionally, lipid hydroperoxides, which are generated upon reaction of ROS with
unsaturated fatty acids (Blair, 2001), were significantly lower in iPSCs and ESCs compared to
fibroblasts, consistent with previous observations that the stem cells were subjected to less oxida-
tive damage than the differentiated fibroblasts (Prigione et al., 2010). Interestingly, expression
levels of antioxidant enzymes, including superoxide dismutase and glutathione peroxidase, were
reduced in iPSCs and ESCs compared to differentiated fibroblasts supporting the hypothesis that
ROS levels are lower due to decreased mitochondrial activity in the undifferentiated cells (Pri-
gione et al., 2010). However the underlying mechanisms resulting in the added resistance of
pluripotent cells to oxidative stress remain unclear.

The regulation of ROS influences both embryonic (Cho et al., 2006; Guo et al., 2004;
Sauer et al., 2000) and adult (Vieira et al., 2011; Owusu-Ansah and Banerjee, 2009; Wang et al.,
2007; Kanda et al., 2011; Tormos et al., 2011) stem cell differentiation. In ESCs the DNA binding
affinity of Oct-4 was reduced by the oxidizing agent, diamide, and restored by the antioxidant
enzyme, thioredoxin (Guo et al., 2004). Embryoid body differentiation to cardiomyocytes was

enhanced by incubation with H,O2, while antioxidants had the opposite effect (Sauer et al.,
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2000). In adult progenitors, differentiation of human (Tormos et al., 2011) and rat (Kanda
et al.,, 2011) MSCs into adipocytes was inhibited by the presence of antioxidants, but these
effects were reversed in human MSCs by addition of HyO2 (Tormos et al., 2011). Additionally,
neuronal differentiation of rat MSCs was mediated by phosphatidylcholine-specific phospholipase
C through elevation of ROS derived from NADPH oxidase activity (Wang et al., 2007). These
results collectively support the concept that ROS are important for differentiation and a reduced
environment is conducive to “stemness”.

Tumors contain cell populations which exhibit some similarities to adult progenitors and
ESCs (Al-Hajj et al., 2003). Indeed, the redox status of “tumor-initiating cell” or “cancer stem
cell” populations seems to play a role in the sensitivity of tumors to oxidative therapies (Oga-
sawara and Zhang, 2009). Diehn et al. (2009) isolated stem-like cell populations from human
and murine mammary tumors using the Lin"CD447CD247/'°% marker. These cells exhibited
decreased ROS levels and reduced levels of DNA damage after radiation treatment. More im-
portantly, these cells preferentially survived irradiation in intact tumors. Gene expression analysis
of the sorted population indicated that these cells expressed higher levels of mMRNA encoding
glutamate-cysteine ligase (GCLM) and glutathione synthetase (GSS). These enzymes mediate
the synthesis of reduced GSH, which helps maintain the reduced state of cells and mitigates
oxidative damage (Figure 1.2). A similar radioresistance phenotype has been demonstrated in
CD133" glioma stem cells; in this case due to an enhanced DNA-damage response (Bao et al.,
2006). Altogether, these results suggest that the ability to tightly control ROS levels and oxida-
tive reactions is an important property of pluripotent cells, adult progenitors, and cancer stem

cells.

Lipid Metabolism

To more generally characterize the metabolome of ESCs, Yanes et al. (2010) performed
a non-targeted analysis of metabolites present in ESCs and more mature cell types. They de-
tected many lipid molecules present at different levels in the ESCs compared to neurons and

cardiomyocytes, and lipids upregulated in ESCs tended to be more oxidized. Additionally, inhibi-
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tion of enzymes which metabolize unsaturated fatty acids to more complex eicosanoids (e.g., Ab
and A6 desaturases, cyclooxygenases, lipooxygenases) delayed differentiation, as determined by
Oct4 and Nanog mRNA levels. In a separate study, unsaturated fatty acids such as arachidonic,
linoleic, docosapentaenoic, and adrenic acid were present at elevated levels in ESCs compared to
iPSCs, demonstrating that metabolic differences exist between pluripotent cell types (Panopou-
los et al., 2012).

Various lipids and fatty acids can modulate the proliferation and differentiation of
pluripotent stem cells and adult progenitors (Fehér and Gidali, 1974; Kim et al., 2009b; Yun
et al., 2009a), and albumin-associated lipids can promote self-renewal of hESCs (Garcia-Gonzalo
and Belmonte, 2008). Cholesterol biosynthesis can also influence progenitor cell differentiation,
as statins (inhibitors of cholesterol biosynthesis) were found to enhance differentiation of mouse
C2C12 myoblasts (Bracha et al., 2010). Finally, prostaglandin E2 mediates effects in several cell
types, including the regulation of EGF signaling in mESCs (Yun et al., 2009b), Wnt signaling
and proliferation of hematopoietic stem cells (HSCs) (Fehér and Gidali, 1974; Goessling et al.,
2009; Hoggatt et al., 2009), and crypt stem cell survival following radiation (Cohn et al., 1997).
Given the complexity of lipid metabolism in mammals, we have much to learn about the mech-
anisms through which these factors affect different cell types. However, these findings provide

strong evidence that lipid metabolism influences stem cell fate (Das, 2011).

Molecular Regulators of Metabolism and the Stem Cell Phenotype

Although many of the mechanistic details regarding metabolic regulation have not been
investigated directly in stem cells, several key factors involved in stem cell maintenance and
reprogramming are known to control metabolism. For example, the MYC oncogene has been
used as a pluripotency factor in combination with Oct4, Klf4, and Sox2 to induce somatic cells
into the pluripotent state, acting in part as a driver of the stem cell phenotype (Takahashi et al.,
2007). This gene encodes the c-Myc transcription factor which regulates cell cycle progression,
growth, and metabolic pathways. c-Myc drives expression of a large set of genes involved in

biosynthetic processes, replication processes, and non-coding RNAs (Laurenti et al., 2009; Smith
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et al., 2011). Direct targets include enzymes in glycolysis, the PPP, nucleotide synthesis, and
amino acid metabolism. Furthermore, c-Myc controls heterogeneous nuclear ribonucleoproteins
hnRNPA1 and hnRNPA2, which regulate splicing of PKM2 mRNA to the M2 isoform (David
et al., 2010). Intriguingly, PKM2 itself has recently been shown to interact with HIF-1o and
directly phosphorylate Stat3 (often activated in stem cells) in the nucleus (Gao et al., 2012).

Both directly and due to the low oxygen tensions present in the stem cell niche (Mo-
hyeldin et al., 2010), the HIFa transcription factors have been implicated in regulating the stem
cell phenotype and are well known to control metabolic processes. Constitutively expressed
HIFa proteins are hydroxylated on proline residues when oxygen and other nutrients are replete,
resulting in proteasomal degradation of these proteins (lvan et al., 2001; Jaakkola et al., 2001).
In response to metabolic stress this prolyl hydroxylation reaction is inhibited, allowing HIFa
subunits to interact with transcriptional co-activators in the nucleus. The network induced by
HIF stabilization has been well studied and includes many direct targets in glycolysis, including
GLUT1/3, HKs, ALDO, PGK, ENO, and LDHA (Semenza, 2009; Gordan et al., 2007b). These
changes lead to significant transformation of metabolic pathway activity measured using gene
expression, metabolite levels, and flux-based approaches (Metallo et al., 2012; Wise et al., 2011;
Papandreou et al., 2006; Kim et al., 2006). Complicating the interpretation of HIF biology is
the presence of three HIFa proteins (HIF-1a, HIF-2a, and HIF-3a), which exhibit tissue-specific
expression patterns and varied functions. For example, HIF-1oe and HIF-2a exhibit differential
effects on c-Myc-mediated transcription, with HIF-2a. enhancing activity and HIF-1a antagoniz-
ing c-Myc function (Gordan et al., 2007a). However, there are many common metabolic targets
between HIF-1a and HIF-2a, and both are associated with a glycolytic phenotype in cancer cells
and stem cells.

HIF signaling also correlates with cell “stemness”, as HIFa proteins can regulate factors
involved in maintaining pluripotency. HIF-2a has been shown to regulate Oct-4 expression (Cov-
ello et al., 2006), and general application of low oxygen or expression of stable HIFa. mutants
induces a hESC-like transcriptional program in cancer cell lines (Mathieu et al., 2011). Hypoxia is
also known to increase the efficiency of cellular reprogramming to the pluripotent state (Yoshida

et al., 2009), and chemical activators of HIF signaling can increase the yield of iPSC colonies
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during reprogramming (Zhu et al., 2010). Furthermore, hypoxia-mediated regulation of HIF-1a
is required for maintenance of HSCs and the tumorigenicity of glioma stem cells (Li et al., 20009;
Simsek et al., 2010; Takubo et al., 2010). These findings collectively highlight the influence of
HIF signaling on metabolism and stem cell function.

The LKB1 protein has been shown to influence the maintenance and metabolic be-
havior of HSCs. Conditional knockout of this protein in hematopoietic progenitors induces
metabolic activation of HSCs and ultimately causes depletion of the HSC compartment (Gan
et al., 2010; Gurumurthy et al., 2010; Nakada et al., 2010). Results suggest that LKB1 enables
HSCs to remain quiescent in the bone marrow, and loss of this gene affects several metabolic
pathways in HSCs. LKB1 lies upstream of AMP-activated protein kinase and the mammalian
target of rapamycin (mTOR), pathways involved in energy sensing and the coordination of an-
abolic/catabolic metabolism (Shackelford and Shaw, 2009). In the context of pluripotent cell
cultures, mTOR activity directly correlates with the metabolic state and differentiation status
of mESCs, as phosphorylated S6 kinase levels were elevated in mESCs with high Ay, (Schieke
et al., 2008). Furthermore, inhibition of mTOR activity with rapamycin decreased metabolic
activity and induced mesodermal differentiation of mESCs. Similar effects of mTOR inhibition
on differentiation have been observed in hESCs (Zhou et al., 2009).

Regulatory proteins have also been linked to ROS levels in stem cells. The protein
product of the ataxia telangiectasia mutated (Atm) gene ensures genomic stability by activating
a cell cycle check point in response to DNA damage or oxidative stress (Ito et al., 2004; Liu
et al., 2011). Intracellular concentrations of H,O, were higher in hematopoietic progenitors cells
isolated from ATM~/~ mice than those isolated from the wild type (WT) animals, and in vitro
colony formation was far less efficient in ATM~/~ cells. These phenotypes were mostly rescued
by administration of N-acetyl-L-cysteine (NAC). ATM-deficient mice administered NAC showed
reduced signs of long-term bone marrow failure compared to untreated ATM~/~ mice, and NAC
treatment also restored the ability of isolated ATM/~ HSCs to reconstitute the bone marrow
of irradiated mice to the level exhibited by WT cells. Downstream of ATM loss, activation of
the tumor suppressor pl6INK4a and the subsequent failure to inactivate Rb family members in

response to ROS were implicated in the HSC phenotypes described above (Ito et al., 2004).
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ROS levels were also elevated in neural stem cells in mice lacking functional tran-
scripts of Prdm16, a gene preferentially expressed in hematopoietic and neural progenitors,
and genes known to regulate ROS levels, such as hepatocyte growth factor (Hgf) and met-
allothienin2 (Mt2) (Ozaki et al., 2003; West et al., 2008), were expressed at lower levels in
these cells (Chuikov et al., 2010). Therefore, the Prdm16 transcription factor seems to play an
important role in regulating ROS in neural progenitors (Chuikov et al., 2010). Finally, the FoxO
subfamily of transcription factors regulates a diverse array of physiological processes, including
induction of cell cycle arrest, apoptosis, and stress resistance. Their role in ROS management
was investigated in HSCs using an Mx-conditional knockout of the FoxOI, FoxO3, and FoxO4
genes (Tothova et al., 2007). Increased levels of ROS were observed in HSCs lacking FoxO
expression, suggesting that FoxO regulation of ROS plays an important role in maintaining im-
mature bone marrow cell populations. The fraction of HSCs in S, G2, and/or M phase, along
with the ratio of cells in G1 to GO increased in the absence of these genes, indicating an increased
departure from the quiescent state. These phenotypes were all reversed in mice administered
subcutaneous injections of NAC (Tothova et al., 2007), suggesting that FoxOs play a role in

mitigating ROS levels in hematopoietic progenitors.

Conclusions

Stem cell biologists have focused largely on dissecting the molecular genetics which drive
the phenotype of progenitor cells. However, great strides have been made in our understanding of
how stem cell populations are metabolically different than more differentiated cell types. These
changes are due, in part, to the need for biosynthetic precursors to fuel cell growth, as evidenced
by increased flux through glycolysis in stem cell populations. Additional pathways may help
maintain the “privileged” redox state of these cells, but the mechanisms driving this phenotype
must be elucidated in greater detail moving forward. Also, the question of how metabolism
functions in cells that proliferate slowly (e.g., quiescent stem cells) requires significant attention;
as such changes presumably affect all upstream metabolic pathways.

Knowledge of the specific enzymes and metabolites which protect stem cells and cancer
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stem cells may greatly enhance treatments that target such cells. To make these discoveries,
researchers will need to combine more advanced methods of metabolic characterization in order
to identify the most activated pathways in stem cell phenotypes. Technological improvements
in mass spectrometry and NMR are greatly improving the sensitivity, expansiveness, and inter-
pretation of metabolomics measurements in mammalian systems (Dietmair et al., 2010). While
non-targeted metabolomics techniques applied to stem cells can facilitate the discovery of func-
tional biochemical variations in these systems (Yanes et al., 2010), systems-based approaches
such as metabolic flux analysis are required to generate more mechanistic information. The
use of stable isotope tracers allows scientists to make detailed calculations of intracellular fluxes
which cannot be ascertained using stoichiometric models alone (Quek et al., 2010). On the other
hand, genome-scale methods like flux balance analysis (FBA) enable the in silico exploration of
extraordinarily large networks and can direct researchers to new potential targets that might not
be considered otherwise (Folger et al., 2011; Mo and Palsson, 2009). Effective application of
these methods is already occurring in model systems of cancer (Frezza et al., 2011). However,
these approaches have not been extensively applied to investigations of pluripotent cells and
adult progenitors, and significant obstacles must be overcome to effectively apply these tech-
niques to stem cell biology. These challenges include expanding analytical coverage across the
metabolome, obtaining measurements within intracellular compartments, studying cell behavior
in the most relevant environments, and applying techniques to in vivo model systems. An addi-
tional challenge facing researchers as these approaches are applied to stem cell systems is cellular
homogeneity. Stem cells can rapidly differentiate and modulate their state. The time scale of
metabolic reactions complicates the use of traditional sorting methods to separate differentiated
and undifferentiated cell populations from heterogeneous mixtures. Once researchers address
these challenges, clinicians may be offered a vast new toolset to control and engineer stem cell

behavior, as metabolic pathways lie at the core of cell and tissue function.
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Chapter 2

Inner Mitochondrial Membrane
Transport Regulates Cellular Function

Introduction

Metabolic enzymes and the reactions they catalyze allow cells to harvest energy stored
in the chemical bonds of available nutrients and to rearrange those bonds to form the building
blocks and precursors of biosynthetic molecules. Cells utilize energy by hydrolyzing the high
energy phosphate bonds of adenosine triphosphate (ATP). For example, the conformational
change in myosin heavy chain bound to an actin filament results in elevated tension across the
sarcomere, thus is seemingly unfavorable. However this necessary process for muscle contraction
occurs regularly because it is coupled to the very exergonic hydrolysis of ATP. Additionally
synthesis of high energy structural molecules like fatty acids and cholesterol from lower energy
building blocks also requires energy supplied in the form of ATP phosphate bond hydrolysis. Thus
cells require a continuous supply of ATP to maintain homeostasis and perform their specialized
and most basic functions.

The breakdown of glucose to two molecules of pyruvate, via glycolysis in the cytosol,
releases energy that is coupled to the regeneration of ATP from adenosine diphosphate (ADP).
However most of the energy contained within the chemical bonds of the original glucose molecule
is still present in the two molecules of pyruvate. Complete catabolism of pyruvate, in the presence
of oxygen, to carbon dioxide and water releases this energy and is coupled to the formation of

ATP. Considering this accounts for the vast majority of energy released from glucose, it also
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accounts for the vast majority of ATP synthesized.

The universally accepted chemiosmotic hypothesis proposed by Mitchell (1961) states
exergonic oxidation of pyruvate in mitochondria is coupled to the establishment of an electro-
chemical proton gradient across the inner mitochondrial membrane, the dissipation of which
drives the regeneration of ATP. Thus compartmentalization of energy metabolism within the
cytosol and mitochondria is key to generating a continuous supply of ATP. Furthermore cytosolic
products are required for mitochondrial functions and vise versa (Figure 2.1). To achieve this
functional compartmentalization, selective transport of substrates, intermediates, and products
across the inner mitochondrial membrane is essential. Herein the proteins that facilitate this
transport and their regulatory roles in cellular function/dysfunction are reviewed. Inner mem-
brane mitochondrial carriers facilitate the transport of substrates between the intermembrane
space and the matrix. However substrates in the intermembrane space are frequently referred to
as cytosolic, as is the case throughout this review, because small molecules are freely permeable

across the outer mitochondrial membrane.

Annotated SLC25 Mitochondrial Carriers

Background

The human SLC25 family of mitochondrial carriers has 53 members (including one
localized to peroxisomes) that share common structural motifs including including three repeated
regions, each about 100 amino acids long and each containing two transmembrane o-helices.
They are nuclear encoded and guided by a mitochondrial targeting sequence where they are
imported by the translocase of the outer membrane complex and inserted by the translocase
of the inner membrane complex (Gutiérrez—AguiIar and Baines, 2013; Palmieri, 2013). The
mitochondrial members of this family whose substrates are identified are reviewed in this section,
with emphases on the identifications of their substrates, their roles in the metabolic network,

and their influences on cellular function/dysfunction.
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Figure 2.1: Schematic of Select Metabolic Pathways and Mitochondrial Carriers. Mi-
tochondrial metabolism and thus the metabolic network is tightly controlled by mitochondrial
access to substrates and intermediates and cytosolic access to products and precursors.
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ATP/ADP

The adenine nucleotide translocator (ANT) exchanges matrix ATP for cytosolic ADP.
Its four isoforms include ANT1 (SLC25A4), ANT2 (SLC25A5), ANT3 (SLC25A6), and ANT4
(SLC25A31). ANT was the first inner membrane protein whose activity was detected in isolated
mitochondria (Pfaff et al., 1965), the first to be reconstituted into liposomes (Kramer and Klin-
genberg, 1979), the first to be sequenced (Aquila et al., 1982), and the first to be crystallized
with a specific inhibitor (Pebay-Peyroula et al., 2003). The push to characterize and understand
this transporter is driven by its critical role supplying ATP for cytosolic utilization and returning
ADP to mitochondria for phosphorylation by ATP synthase. ANT1 is primarily expressed in
heart and skeletal muscle, ANT2 in proliferating and undifferentiated cells, ANT3 ubiquitously,
and ANT4 in the liver, testis, and brain (Stepien et al., 1992; Chevrollier et al., 2011; Dolce
et al., 2005). Mutations in ANTI are responsible for 4% of incidents of autosomal dominant
progressive external ophthalmoplegia (adPEO), a disease characterized by deletions in mtDNA
with clinical manifestations including ophthalmoplegia, ptosis, and proximal myopathy (Laman-
tea et al., 2002). Reduced protein expression of ANT1 is also associated with Sengers syndrome,
an autosomal recessive disease with clinical manifestations including congenital cataracts, hyper-
trophic cardiomyopathy, mitochondrial myopathy, and lactic acidosis. This disease is not linked
to mutations in ANTI, thus the mechanism is thought to be transcriptional, translational, or
post-translational (Jordens et al., 2002). However mutant ANTI is linked to cardiomyopa-
thy, as ten homozygous null ANTI”/~ patients monitored over six years presented progressive
myocardial thickening, abnormal contractile mechanics and repolarization, cardiomyocyte degen-
eration, and structurally abnormal mitochondria; the severity of which correlated with mtDNA
haplogroup (Strauss et al., 2013).

Cytosolic ATP levels and mitochondrial P; levels are also influenced by the isoforms
of the ATP-Mg? /H,P042 electroneutral antiporter which include APC2 (SLC25A23), APC1
(SLC25A24), and APC3 (SLC25A25). Its activity was observed in isolated mitochondria in the
1980s (Pollak and Sutton, 1980; Austin and Aprille, 1984) and three isoforms of the exchanger

were identified by overexpression in Escherichia coli and liposomal reconstitution in 2004. APC1
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is expressed primarily in the testis, and APC2/3 in many tissues (Fiermonte et al., 2004). APC1
is also believed to be protective against mitochondrial permeability transition induced cell death

in cancer cells (Traba et al., 2012).

Inorganic Phosphate

SLC25A3 encodes the mitochondrial inorganic phosphate carrier (PiC) which transports
H,PO4™ into the matrix for oxidative phosphorylation via electroneutral HoPO4 /OH™ antiport
and proposed, though disputed HoPO4 /H™* symport. In addition, the transporter also futilely
exchanges HoPO4  for HoPO4~ (Stappen and Kramer, 1994). Its activity was recognized in
isolated mitochondria not long after the chemiosmotic hypothesis was proposed (Papa et al.,
1969) and in 1998 the gene was overexpressed in Escherichia coli and the protein reconstituted
into liposomes (Fiermonte et al., 1998a). Alternative splicing produces two variants, PiC,
expressed in heart and skeletal muscle and PiCy expressed ubiquitously (Dolce et al., 1996).
Homozygous inactivation of the heart and skeletal muscle splice variant (PiC,) is lethal; two
siblings each born with homozygous mutations in an exon specific to this variant passed away
within one year of birth. However heterozygous inactivation is non-lethal, as both parents are

carriers of this mutation (Mayr et al., 2007).

Nucleotides

The mitochondrial deoxynucleotide carrier, DNC (tentatively SLC25A19), supplies de-
oxynucleotide diphosphates to mitochondria as precursors to the triphosphate forms used for
mtDNA replication. Dolce et al. (2001) examined the seven genes in Caenorhabditis elegans re-
lated to the mammalian adenine nucleotide transporters (ANTs). Four of these genes were not
ANT isoforms in Caenorhabditis elegans and had a related expressed sequence tag in the human
genome. This human expressed sequence tag was extended and overexpressed in Escherichia
coli and the protein product purified and reconstituted into liposomes. It was found to selec-
tively transport deoxynucleotide diphosphates and to a lesser extent exchange deoxynucleotide
triphosphates for ADP or ATP. However Kang and Samuels (2008) argue that SLC25A19 is

not the DNC, rather the thiamine pyrophosphate (ThPP) carrier. Among other evidence, they



27

cite a study of SLC25A197/~ mice where ThPP levels in embryonic fibroblast mitochondria are
undetectable, but elevated in the post-mitochondrial supernatant relative to control mice, while
quantities of mtDNA are unchanged (Lindhurst et al., 2006).

Amish microcephaly (MCPHA) is a rare metabolic disorder characterized by homozygous
mutations in SLC25A19 and results in death at infancy (Kelley et al., 2002; Rosenberg et al.,
2002). As the function of SLC25A19 is disputed, the MCPHA disease mechanism is as well.
The DNC is also believed to facilitate deleterious mtDNA damage by anti-viral treatment with
nucleoside analogues (Sales et al., 2001), thus a definitive identification of the DNC may lead
to strategies to combat this off-target effect.

Pyrimidine nucleotides also have dedicated carriers for their transport into the mito-
chondria. This activity was first observed when a purified mitochondrial fraction from acute
lymphocytic leukemia cells was reconstituted into liposomes and shown to selectively transport
dCTP (Bridges et al., 1999). The Saccharomyces cerevisiae ortholog, Rim2p, was subsequently
overexpressed in Escherichia coli, the protein product purified and reconstituted into liposomes,
and found to transport pyridine nucleotide and deoxynucleotide di- and tri- phosphates with a
counter exchange mechanism. The authors hypothesize deoxynucleotide monophosphates are
the exchanged substrates (Marobbio et al., 2006). A year later, sequence similarities led to the
discovery of the mouse pyridine nucleotide carrier (Pncl or Slc25a33) which transports UTP
and to a lesser extent CTP and TTP when reconstituted into liposomes (Floyd et al., 2007).
Recently, sequence similarities led to confirmation that SLC25A36 is also a pyrimidine nucleotide
and deoxy nucleotide di- and tri-, along with mono-, phosphate carrier spanning the inner mito-
chondrial membrane (Di Noia et al., 2014). Physiologically, insulin-like growth factor signaling
induces PNC1 and promotes cell growth in transformed cells (Floyd et al., 2007; Favre et al.,

2010).

S-Adenosylmethionine

S-adenosylmethionine (SAM) is synthesized from methionine and ATP outside of the
mitochondria and is required for mitochondrial DNA and protein methylation. Horne et al. (1997)

first observed the activity of a mitochondrial SAM carrier in isolated rat liver mitochondria.
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Subsequently the yeast and human SAM carriers were overexpressed in Escherichia coli and the
protein products reconstituted into liposomes. Yeast lacking the identified transporter, Sambp,
were biotin auxotrophs, as biotin synthesis requires SAM and occurs in yeast exclusively in the
mitochondria. Both the Sam5p and the human protein, SAMC (SLC25A26), transport SAM
when reconstituted into liposomes; the yeast carrier acting as a uniporter and the human carrier
as an exchanger for S-adenosyl homocysteine (Marobbio et al., 2003; Agrimi et al., 2004).
Defective SLC25A26 may be characteristic of Down syndrome as mitochondrial SAM levels are

diminished even though mRNA levels are elevated (Infantino et al., 2011).

Folate

The activity of the mitochondrial folate transporter (MFT) was first observed by Horne
et al. (1992) in isolated rat liver mitochondria. Subsequently MFT (SLC25A32) was cloned
and shown to rescue glycine auxotrophy in Chinese hamster ovary cells deficient in mitochon-
drial folate uptake (Titus and Moran, 2000). Glycine is necessary for translation of mitochon-
drial encoded proteins and folate is required for its synthesis in mitochondria by serine hydrox-
ymethyltransferase 2. Furthermore folate is necessary for formylmethionine synthesis, an amino
acid required for mitochondrial translation initiation. Human MFT also rescues mitochondrial
flavoprotein deficiencies in Saccharomyces cerevisiae resulting from a mutation in the yeast mi-
tochondrial FAD transporter gene FixI1, thus the MFT may also transport FAD (Spaan et al.,
2005).

Several pathological phenotypes are associated with defects in mitochondrial folate
metabolism. Mitochondria isolated from the liver of rats fed chronic quantities of alcohol and
human liver HepG2 cells chronically exposed to alcohol display significantly diminished MFT
expression (Biswas et al., 2012), Chinese hampster ovary cells with a mutated mitochondrial
folate carrier are less equiped to handle oxidative stress (Ye et al., 2010), and rats fed low folate
diets display elevated liver mitochondrial DNA damage and intracellular superoxide levels (Chang

et al., 2007).
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Glycine

SLC25A38 is proposed to be the mitochondrial glycine carrier, however this is yet to be
verified. Mutations in SLC25A38 cause nonsyndromic autosomal recessive congenital sideroblas-
tic anemia, characterized by erythroid precursors containing iron deposits within mitochondria.
The only other gene whose mutation leads to this anemia is 5'-aminolevulinate synthase 2, which
catalyzes the first reaction in mitochondrial heme synthesis from glycine. Furthermore zebrafish
with its suspected orthologs knocked down and Saccharomyces cerevisiae lakcing its putative

ortholog are deficient in hemoglobin and heme biosynthesis respectively (Guernsey et al., 2009).

Oxoadipate

Oxoadipate is an intermediate in the breakdown of lysine and tryptophan, and its passage
to mitochondria allows further breakdown to acetyl coenzyme A and complete oxidation to
carbon dioxide and water. Two isoforms of the yeast mitochondrial oxoadipate carrier were first
identified by Palmieri et al. (2001a) and found to exchange o-ketoglutarate for 2-oxoadipate
when reconstituted into liposomes. Soon after the same group identified a single isoform of the
human ortholog, ODC (Fiermonte et al., 2001) or SLC25A21, with the same counter-exchange
properties as the yeast isoforms. Counter exchange replenishes cytosolic a-ketoglutarate, a
substrate in the first step of lysine catabolism. Defective ODC is a proposed disease mechanism
of 2-oxoadipate acedemia, a disorder characterized by mental disabilities, hypotonia, and/or

seizures (Fiermonte et al., 2001).

Glutamine

Glutamine enters the mitochondria through a mitochondrial glutamine carrier (MQC),
then through the action of glutaminase followed by glutamine dehydrogenase or glutamate
oxaloacetate/pyruvate transaminase, enters the TCA cycle as o-ketoglutarate. Mitochondrial
glutamine is a major source of energy and biosynthetic intermediates for proliferating cells in cul-
ture, and this glutamine addiction is exacerbated when pyruvate oxidation is defective (Vacanti

et al., 2014; Yang et al., 2014). Furthermore mitochondrial glutamine is believed to be a major
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substrate for NADPH production used in reductive biosynthetic reactions and replenishment of
reduced glutathione pools (Wise and Thompson, 2010).

The existence of SLC25A44 was determined using a hidden Markov model seeded with
the known sequences of the SLC25 family members to search available data sets (Haitina et al.,
2006). Its function as the human mitochondrial glutamine carrier, MQC, was discovered by
perfoming 13C tracing on MQC knockdown transformed cell lines and deducing the transporter’s
substrate from differential labeling patterns. TCA cycle intermediates acquired less carbon
from 13C labeled glutamine when MQC was knocked down in human carcinoma cells while
permeabilized cells actually acquired more carbon from 3C labeled glutamate. Furthermore,
increases in glucose anaplerosis upon MQC knockdown are hypothesized to be an adaptation

to inhibited glutamine anaplerosis (Vacanti et al., unpublished).

Glutamate

The mitochondrial glutamate carriers, GC1 (SLC25A22) and GC2 (SLC25A18) cotrans-
port cytosolic glutamate into or out of the mitochondria along with H™. Azzi et al. (1967) first
observed the activity of the glutamate transporters in isolated mitochondria and Fiermonte et al.
(2002) identified the proteins, overexpressed the genes in Escherichia coli, reconstituted the pu-
rified proteins into liposomes, and verified their cotransport properties described above. GCI is
strongly expressed in the brain, liver, pancreas, and testis while GC2 in the brain and testis (Fier-
monte et al., 2002). Glutamate entering mitochondria can be converted to o-ketoglutarate for
oxidation in the TCA cycle, and glutamate synthesized in mitochondria can be exported by the
GC1/2.

Glutamate exported by the mitochodria is a known messanger for glucose stimulated
induction of insulin secrection in pacreatic B-cells (Maechler and Wollheim, 1999) and can be
regulated by GC1 (Casimir et al., 2009). GC1 is also critical for motor function, as a missense
mutation has been identified in a form of autosomal recessive neonatal myoclonic epilepsy. Fur-
thermore, expression analysis reveals GCI is specifically expressed in areas of the brain thought to
contribute to the onset of myoclonic seizures (Molinari et al., 2005). Additionally, dysfunctional

GC1 may be responsible for a form of neonatal encephalopathy (Molinari et al., 2009).
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Glutamate also enters/exits mitochondria through the Ca2* dependent aspar-
tate/glutamate carriers AGC1 (SLC25A12) and AGC2 (SLC25A13). AGC1 was the first Ca%t
dependent mitochondrial transporter described and cloned, though at the time its substrate
was unknown (del Arco and Satrustegui, 1998). A year later the gene that is mutated in adult
onset type Il citrullinaemia was determined to encode the mitochondrial transporter SLC25A13,
thus its substrate was hypothesized to play a role in urea cycle function (Kobayashi et al.,
1999). Subsequently Palmieri et al. (2001b) overexpressed both genes in Escherichia coli,
reconstituted the purified proteins in liposomes, and determined both proteins facilitate the
electrogenic exchange of cytosolic glutamate and H™ for mitochondrial aspartate. Activation by
Ca™ allows for transmission of Ca™ signals to mitochondria resulting in elevated mitochondrial
NADH levels via malate/aspartate shuttle activity. AGCL is also essential for synthesis of

N-acetylaspartate which is required for myelin synthesis in the brain (Satristegui et al., 2007).

Oxoglutarate

The oxoglutarate carrier, OGC (SLC25A11) fascilitates the exchange of a matrix o-
ketoglutarate for a cytosolic dicarboxylate, primarily malate (Palmieri et al., 1972). It is an
integral part of the malate/aspartate shuttle which, in effect, transports ctyosolic NADH into
the mitochondria. Malate dependent oxoglutarate transport across the inner membrane was first
observed in the 1960s (Meijer and Tager, 1966; Chappell, 1968) and the sequence of the protein
responsible for its facilitated transport determined in 1990 (Runswick et al., 1990). Function-
ally, the OGC plays an important role in nutrient stimulated insulin release from pancreatic
islets (Odegaard et al., 2010). Furthermore Chen et al. (2000) found the OGC to tranport
glutathione when reconstituted into lipsomes, however this function of OGC has recently been
disputed (Booty et al., 2015). Finally, physical interactions along with the observed effects of
inhibitors suggest OGC also fascilitates the transport of porphyrin, a precursor to heme (Kabe

et al., 2006).
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Dicarboxylate

The dicarboxylate carrier, DIC (SLC25A10), exchanges matrix malate or succinate for
cytosolic HoPO,4 ™. lts physical interaction with malate dehydrogenase in the matrix allows for
effecicient substrate shuttling to gluconeogenesis. Malate dehydrogenase reduces oxaloacetate
to malate in the matrix which is then effeciently passed to localized DIC for transport to the
cytosol where it is oxidized back to oxaloacetate and is thus a substrate for gluconeogenesis. DIC
also plays an important role in fatty acid synthesis, as it provides a source of cytosolic malate
necessary for exchange with mitochondrial citrate through the citrate carrier, CIC. Cytosolic
citrate then supplies AcCoA building blocks for de novo fatty acid synthesis. This role is
illustrated by the failure of 3T3L-1 adipocytes to accumulate lipids during differentiation when
DIC or CIC is inhibited (Kajimoto et al., 2005).

The kinetics of the dicarboxylate carrier were first characterized by Palmieri et al. (1971).
Decades later the yeast DIC was identified by sequence similarities with the bovine oxoglutarate
carrier (Palmieri et al., 1996), leading to the subsequent identification of the rat DIC (Fiermonte
et al., 1998b). Both of these findings were confirmed by reconstituting the respective protein
into liposomes and observing the aforementioned DIC transport characteristics (Palmieri et al.,
1996; Fiermonte et al., 1998b). Researchers suggest the DIC also transports glutathione (Kamga

et al., 2010; Wilkins et al., 2013), however this is disputed (Booty et al., 2015).

Coenzyme A

SLC25A42 was discovered by using the known SLC25 member sequences as the seeding
set to construct a hidden Markov model. Available data sets were searched against the model and
after filtration and manual curation, 14 new members of the SLC25 family, including SLC25A42,
were identified (Haitina et al., 2006). Subsequently Fiermonte et al. (2009) reconstituted the
transporter into liposomes and determined it exchanges matrix (deoxy)adenine nucleotides or
adenosine 3',5'-diphosphate for cytosolic coenzyme A (CoA). CoA is not synthesized in the
mitochondria and is an important cofactor for mitochondrial reactions including pyruvate dehy-

drogenase/citrate synthase and o-ketoglutarate deyhydrogenase/succinyl CoA hydrolase.
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Graves' disease is an autoimmune disorder characterized by circulating thyroid-
stimulating autoantibodies resulting in symptoms of hyperthyroidism (Kohn et al., 1986).
The Graves' disease carrier (SLC25A16) was identified by screening the protein products
of an expression library derived from a follicular thyroid carcinoma for interactions with
immunoglobulin G from the serum of a patient with Graves' disease (Zarrilli et al., 1989). It is
hypothesized to transport CoA into mitochondria as deletion of the gene encoding the highly
homologous Saccharomyces cerevisiae protein Leu5p caused a 15-fold decline in mitochondrial

CoA that is rescued by expression of the Graves' disease carrier (Prohl et al., 2001).

Citrate

Activity of the citrate carrier (CIC) or tricarboxylate carrier was first observed and its
substrates determined in the 1960s; see LaNoue and Schoolwerth (1979) for a review. Stipani
et al. (1980) later reconstituted the carrier into liposomes and verified it exchanges citrate for
malate or phosphoenolpyruvate. The rat carrier was later cloned and determined to be a member
of the mitochondrial carrier family (Slc25al) (Kaplan et al., 1993). Furthermore CIC interacts
with citrate synthase in yeast, thus facilitating efficient export from mitochondria (Grigorenko
et al., 1990; Sandor et al., 1994) for cytosolic requirements such as fatty acid synthesis.

CIC inhibition induces autophagy (Catalina-Rodriguez et al., 2012) and its expression is
reduced during starvation (Zara and Gnoni, 1995), hypothyroidism (Giudetti et al., 2006), and
type |, though not type Il diabetes (Kaplan et al., 1991a,b). Furthermore the sterol regulatory
element in the CIC promotor allows for up-regulation by insulin (Infantino et al., 2007) and CIC

activity regulates glucose-stimulated insulin secretion (Joseph et al., 2006).

Carnitine/Acylcarnitine

The carnitine/acylcarnitine carrier, CAC (SLC25A20), is part of the carnitine shuttle
which transports fatty acyl-carnitines with 14 or more carbons into mitochondria in exchange
for matrix carnitine. To obtain energy from fat, free fatty acids taken up from the blood are first
converted to fatty acyl-CoA molecules by the acyl-CoA synthetases prior to conversion to fatty

acyl-carnitines by carnitine acyltransferase |. Cytosolic fatty acyl-carnitine is then exchanged
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for matrix carnitine by the CAC. Fatty acyl-carnitine is then reconverted to fatty acyl-CoA by
carnitine acyl transferase Il in the matrix prior to being catabolized in the B-oxidation pathway.

The exchange mechanism of fatty acyl-carnitine for carnitine by CAC reconstituted into
liposomes was determined by Indiveri et al. (1994). Subequently the rat amino acid sequence was
deduced from overlapping cDNA clones generated from polymerase chain reactions with primers
designed based on sequences of internal peptides of the purified protein (Indiveri et al., 1997a).
The rat sequence soon led to the cloning of the human gene by the same group (Huizing et al.,
1997). In the years following, a second carnitine/acylcarnitine carrier, CACL (SLC25A29), was
discovered by researchers interested in genes upregulated during liver regeneration (Sekoguchi
et al.,, 2003). However, recently the group responsible for much of the pioneering work on
CAC has claimed the human SLC25A29 does not transport carnitine or acylcarnitine, rather
arginine, lysine, and to a lesser extent ornithine and histidine (Porcelli et al., 2014). CAC is
highly expressed in the heart, skeletal muscle, and liver and to a much lower extent in the brain,
pancreas, lung, and kidneys (Huizing et al., 1997) while CACL is highly expressed in the heart
but also present in the liver, kidneys, and brain (Sekoguchi et al., 2003).

CAC and CACL expression increases in skeletal muscle with physical activity (Lammers
et al., 2012; McGivney et al., 2010), and in cultured renal cell lines upon administration of statins
or fibrates (lacobazzi et al., 2009). CACL is also induced by fasting (Sekoguchi et al., 2003).
Finally, CAC deficiency is a recessively inherited, life-threatening disorder. Clinical manifestations
include hypoketotic hypoglycemia, cardiomyopathy, liver failure, and muscle weakness (lacobazzi

et al., 2004).

Uncoupling Proteins

The existence of a mechanism to uncouple the respiratory chain from ATP synthesis
has long been suspected (Nicholls, 1976), and the major protein responsible, now known
as UCP1, was discovered nearly four decades ago (Heaton et al., 1978). Currently five
uncoupling proteins have been identified: UCP1/SLC25A7 , UCP2/SLC25A8 (Fleury et al.,
1997), UCP3/SLC25A9 (Boss et al., 1997), UCP4/SLC25A27 (Mao et al.,, 1999), and
UCP5/SLC25A14 (Yu et al., 2000). However the function of UCP2 as an uncoupling protein
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is disputed as expression of the human paralog in yeast at physiological levels does not alter
mitochondrial proton conductance (Stuart et al., 2001). Additionally Vozza et al. (2014) found
UCP2 to exchange malate, oxaloacetate, and aspartate for phosphate and a proton. UCPL1 is
expressed primarily in brown adipose tissue (Bouillaud et al., 1985), UCP2 ubiquitously (Fleury
et al., 1997), UCP3 in skeletal muscle (Boss et al., 1997), and UCP4/5 in the brain (Yu et al.,
2000).

UCPL1 is activated by fatty acids and inhibited by purine nucleotide di- and tri- phos-
phates (Locke et al., 1982). Though the mechanism of fatty acid activation is unknown, three
models have been proposed. In the first, fatty acids act as cofactors embedding their carboxyl
groups into UCP1 to provide a proton-buffering site. In the second model, fatty acids are pro-
tonated on the cytosolic side, “flip-flop” to the matrix side via UCP1, and are deprotonated
in the more alkaline environment. Finally in the third model, fatty acids allosterically prevent
nucleotides from inhibiting proton flux through UCP1 (Divakaruni and Brand, 2011).

Uncoupling respiration from ATP synthesis via proton leak through UCP1 provides a
mechanism for non-shivering thermogenesis. The inefficiencies in maintaining proton separation
across the inner mitochondrial membrane of brown fat cells require the respiratory chain to work
harder and thus produce more heat. This is apparent in UCP1~/~ mice, as they are more sensitive
to cold than control animals (Enerbéck et al., 1997). UCP2 and UCP3 are activated by reactive
oxygen species and covalently inactivated by reduced glutathione. Thus UCP2/3 serve as ROS
sensors and regulators, with their increased activity lowering ROS production by altering the
membrane potential (Mailloux and Harper, 2011). Furthermore UCP2 deficient mice display
elevated glucose stimulated insulin secretion, UCP2 is markedly upregulated in obesity induced
diabetes mouse models, and UCP2 deficiency restores first-phase insulin secretion, increases

serum insulin and lowers serum glucose levels (Zhang et al., 2001).

Iron

Iron is an essential substrate for heme and iron-sulfur cluster synthesis which occur in
mitochondria. Iron-sulfur clusters are integral parts of mitochondrial enzymes such as aconi-

tase, complexes I|-Ill, and ferrochelatase, and additionally for many essential enzymes outside
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of mitochondria including those involved in nucleotide metabolism and DNA repair (Horowitz
and Greenamyre, 2010). Iron enters mitochondria through the carriers MFRN1 (SLC25A37)
and MFRN2 (SLC25A28). Li et al. (2001) discovered the human gene, now known as MFRN2,
homolgous to yeast mrs3/4 which Foury and Roganti (2002) identified as mitochondrial iron
transporters. Subsequently a second mitochondrial iron transporter, Mfrnl, was identified and
shown to be required for murine erythroid cell heme biosynthesis (Shaw et al., 2006). Both
MFRN2 and Mfrnl are ubiquitously expressed with higher levels of MFRNZ2 transcript in the
liver, heart, and skeletal muscle (Li et al., 2001; Shaw et al., 2006). Furthermore Mfrn1 physically

interacts with ferrochelatase, facilitating efficient heme biosynthesis (Chen et al., 2010).

Ornithine

One turn of the urea cycle nets a loss of nitrogen from ammonia and glutamate to urea,
which is excreted. Thus the urea cycle provides a means for cells to dispose of nitrogenous
waste. Nitrogen from ammonia enters the urea cycle as carbamoyl phosphate and condenses
with ornithine in mitochondria, producing citrulline. However urea production regenerates or-
nithine in the cytosol, therefore it must enter mitochondria through ORNT1 (SLC25A15) or
ORNT2 (SLC25A2) to complete the cycle. Furthermore ornithine can only be synthesized in
mitochondria and must be exported through the ORNT proteins for arginine synthesis in the
cytosol.

Indiveri et al. (1992) first purified the ornithine carrier in rat liver mitochondria
and Palmieri et al. (1997) cloned the yeast ortholog, arg-11. Soon after a detailed study
of the carrier reconstituted into liposomes revealed it exchanges ornithine for citrulline and
H* (Indiveri et al., 1997b). The yeast gene sequence allowed for identification of expressed
sequence tag candidates and revealed the human gene, ORNT1 (Camacho et al., 1999).
Finally, a second ornithine transporter, ORNT2, was identified and characterized by two
independent groups (Camacho et al., 2003; Fiermonte et al., 2003). ORNTI is expressed in
many tissues, though most heavily in the liver, pancreas, testis, and lung. ORNT2 is most
heavily expressed in the liver, testis, and lung (Fiermonte et al., 2003).

Hyperornithinaemia-hyperammonaemia-homocitrullinuria (HHH) syndrome is an auto-
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somal recessive disorder with clinical manifestations including arrested growth, seizures, and
homocitrulline in the urine. The metabolic manifestations namesake to the syndrome led re-
searchers to believe it is caused by defective mitochondrial ornithine transport (Fell et al., 1974);
which was confirmed upon identifying the human transporter, ORNT1 (Camacho et al., 1999).
Interestingly, ORNT2 displays functional redundancy as its expression in HHH syndrome patient
fibroblasts partially rescues the disease metabolic phenotype (Camacho et al., 2003) and HHH
syndrome patients with an activating mutation in ORNT2 display less severe symptoms (Cama-

cho et al., 2006).

The Mitochondrial Pyruvate Carrier

Background

Pyruvate transport into mitochondria lies at the crossroads of the two major ATP and
biosynthetic precursor producing metabolic pathways, glycolysis and the TCA cycle; thus influ-
encing carbohydrate, amino acid, lipid, heme, ROS, urea, nucleotide, glucosamine, and folate
metabolism. Dysregulation of the aforementioned pathways contributes to the pathogenesis of
diabetes, obesity, cancer, neurological disorders, cardiovascular disease, myopathies, anemias,
and nutrient deficiencies or toxic accumulations. As such the identity, characteristics, and reg-
ulatory effects of the mitochondrial pyruvate carrier are of great scientific and clinical interest.
The existence of a dedicated carrier to facilitate the transport of pyruvate into the mitochondrial
matrix was first proposed nearly half a century ago. In the decades following, specific inhibitors
were identified and the carrier kinetics characterized (Halestrap and Denton, 1974; Papa et al.,
1971). Finally in 2012 two independent groups identified the genes that encode the proteins
composing the mitochondrial pyruvate carrier (Herzig et al., 2012; Bricker et al., 2012). In the
years following a number of studies have examined the pathological effects and potential clinical

applications of regulating pyruvate transport. These studies are reviewed herein.
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Identification

As part of their effort to characterize mitochondrial proteins conserved through evolu-
tion, Bricker et al. (2012) examined what is now known as the mitochondrial pyruvate carrier
(MPC) family of proteins. The growth defect of mpclA yeast strains in glucose medium lacking
leucine was rescued by human MPC1 but not MPC2, indicating MPC1 function is evolutionarily
conserved. Mpc2 coprecipitates with itself and with Mpcl, but Mpcl does not coprecipitate
with itself, therefore Mpcl and Mpc2 likely form a multimeric complex with Mpc2 being the
major structural unit. Additionally a mutant form of Mpcl was identified that is resistant to the
known mitochondrial pyruvate transport inhibitor UK5099, suggesting Mpcl is a component of
the carrier studied for decades with this inhibitor. Finally, members of two families with defects
in pyruvate oxidation have mutations that map to conserved residues of MPCI, and ectopic
expression of MPC1 partially or completely rescues this defect in patient fibroblasts.

In their simultaneously published study, Herzig et al. (2012) determined Mpcl and
either Mpc2 or Mpc3 are necessary for normal growth of Sacharromyces cerevisiae on amino
acid free medium; however this requirement is mitigated by leucine. This is attributed to leucine
providing a means to generate lipoic acid, a requisite cofactor for pyruvate dehydrogenase and
ketoglutarate dehydrogenase, in the absence of mitochondrial pyruvate transport. Herzig et al.
(2012) also found Mpcl and Mpc2 interact by coimmunoprecipitating the yeast proteins, that
ectopic expression of the mouse genes rescues defects in mpc deletion strains of Sacharromyces
cerevisiae, and ectopic expression of murine Mpcl and Mpc2 causes a fourfold increase in

pyruvate uptake by Lactococcus lactis.

Regulatory Role

The identification of the proteins composing the mitochondrial pyruvate carrier has
opened the door to a host of studies examining its role as a metabolic node impacting insulin
sensitivity and secretion, substrate selection, growth, synthetic lethal targets, and adaptive
responses. The breadth of the MPC's influence over metabolic processes is becoming clear as

studies continue to probe its regulatory effect.
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Given pyruvate is the end product of cytosolic glucose catabolism, many of the initial
studies on the newly identified MPC constituent proteins have focused on its influence over the
insulin response. Divakaruni et al. (2013) found thiazolidinediones (TZDs), a widely used class of
insulin sensitizing drugs, actually inhibit the MPC at clinically relevant concentrations. TZDs are
believed to exert their insulin sensitizing influence via activation of the peroxisome proliferator-
activated receptor y (PPARY) which exhibits control over transcription of genes related to
lipid uptake/synthesis, inflammation, and cell differentiation. Granted this is likely a major
mechanism of TZD influence, as TZDs are known PPARy agonists (Lehmann et al., 1995), the
time-scale of transcriptional regulation does not explain the near immediate impacts of TZDs on
pyruvate oxidation. Within minutes, pyruvate driven respiration is inhibited by administration
of various TZDs to permeabilized proliferating mouse myoblasts, and this effect is overcome
by supplementation with membrane permeable methyl pyruvate. Furthermore administration
MSDC-0160, a TZD with reduced affinity for PPARY, to permeabilized human skeletal muscle
myotubes, neonatal rat ventricular myocytes, and rat cortical neurons causes a similar reduction
in pyruvate driven respiration (Divakaruni et al., 2013). Finally, photo-catalyzable affinity probes
show TZDs physically interact with the MPC (Colca et al., 2013; Rohatgi et al., 2013).

Though insulin sensitizing TZDs appear to inhibit MPC, deficiencies in MPC may not
necessitate an improved insulin response. Vigueira et al. (2014) found mice homozygous for an
N-terminal 16 amino acid truncation in Mpc2, imparting a partial pyruvate oxidation defect,
displayed a normal response to insulin, but a glucose tolerance test yielded elevated plasma
glucose and lactate along with reduced insulin levels compared to control animals. In accord
with these findings, mice and 832/13 B cells administered UK5099, a potent MPC inhibitor,
displayed reduced glucose clearance in intraperitoneal glucose tolerance tests and decreased
glucose stimulated insulin secretion respectively (Patterson et al., 2014).

Two recent, simultaneously published, studies highlight the metabolic plasticity of cells
faced with the challenge of impaired pyruvate oxidation. Genetic or pharmacological impairment
of the MPC does not invoke a growth or respiratory defect in myoblasts and human carcinoma
cells, rather proliferating cells adapt their substrate selection by switching to glutamine and fatty

acids as oxidative fuels. Furthermore, the glutaminolysis pathway is upregulated as a means to
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generate biosynthetic intermediates and, in a human a blastoma cell line, is exposed as a potential
synthetic lethal target (Vacanti et al., 2014; Yang et al., 2014). Vacanti et al. (2014) also found
branched chain amino acids, an early serum marker of insulin resistance, are more heavily oxidized
by human skeletal muscle myotubes when the MPC is pharmacologically inhibited. Finally, these
studies are consistent with earlier findings that Zaprinast, a phosphodiesterase inhibitor and lead
compound for sildenafil (Viagra), inhibits Mpc resulting in an accumulation of aspartate and
increased glutamate oxidation in mouse retina (Du et al., 2013).

A third study, also published simultaneously, highlights the MPC as a regulatory node for
cell growth. Re-expression of MPCI and MPC2 in human colon cancer cell lines impaired colony
formation in soft agar and growth in xenograft tumor models. Additionally, MPCI is within
the most frequently deleted regions among the nearly five-thousand cancer samples surveyed.
Thus obliteration of a necessary component of the MPC contributes to a more “"Warburg-like”
metabolic state and tumorogenesis (Schell et al., 2014).

The MPC is also differentially regulated across varying muscle physiologies. The fastest
twitch muscle fiber in mice, type 2B, contained drastically lower abundances of the MPC complex
relative to fibers with a slower shortening velocity (Murgia et al., 2015) and rats improved muscle
mass retention with age on calorie restricted diets, corresponding with increased muscle fiber
MPC content (Chen et al., 2015).

Finally, yeast vary their subunit expression of Mpc in response to their environment. De-
pending on whether the conditions are oxidative or fermentive, yeast express the Mpcl/Mpc3
or Mpcl/Mpc2 complexes respectively (Timén-Gémez et al., 2013; Bender et al., 2015). Ac-
cordingly Mpcl/Mpc3 complex has a higher transport activity, thus promoting mitochondrial

oxidative phosphorylation when oxygen is abundant (Bender et al., 2015).

Electrolyte Carriers

Background

The universally accepted chemiosmotic hypothesis states ATP synthesis is coupled to

the dissipation of the proton gradient across the inner mitochondrial matrix. In turn this pro-
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ton gradient is restored by coupling the pumping of protons across the inner mitochondrial
matrix to the passage of electrons down the electron transport chain ultimately to molecular
oxygen (Mitchell, 1961). Thus the energy required by ATP synthase is provided in the form of an
electrochemical gradient across the inner mitochondrial matrix, such that a higher concentration
of protons and positive charge accumulates in the intermembrane space (between the inner and
outer mitochondrial membranes). Considering the separation of charge achieved by vectorial
movement of protons by the ETC provides the driving force for ATP synthesis, ion channels
capable of dissipating this separation have a powerful regulatory effect linking mitochondrial

bioenergetics to cytosolic ion homeostasis (O'Rourke, 2007).

Calcium

Ca?* is unique in that its flux into the matrix temporarily depolarizes the membrane
though its presence can actually increase the protonmotive force and ATP synthesis. The
mitochondrial enzymes pyruvate dehydrogenase, iso-citrate dehydrogenase, a-ketoglutarate de-
hydrogenase (McCormack et al., 1990), and ATP synthase (Territo et al., 2001) are all activated
by Ca™2, thus CaT entry facilitates increased production of reduced pyridine nucleotide cofactor
substrates for the ETC, HT flux out of the matrix, and ATP production. While early studies
in isolated mitochondria implicate ADP, ATP, and P; concentrations as regulating ATP syn-
thesis (Chance, 1972), experiments performed under physiological conditions show the rate of
oxidative phosphorylation can change dramatically when ADP and P; levels are relatively con-
stant (Katz et al., 1989), leading investigators to believe mitochondrial Ca?* may be a major
regulator of oxidative phosphorylation (Gunter et al., 2004).

Transport of Ca?t into mitochondria also serves as a buffering mechanism for cyto-
plasmic Ca®* signaling (Rizzuto et al., 2012). Mitochondria sequester Ca?* following neuronal
depolarization in a manner dependent on proximity to the plasma membrane (Pivovarova et al.,
1999), and mitochondrial uptake of Ca?* near synaptic clefts serves to regulate Ca?* induced
neurotransmitter release (Billups and Forsythe, 2002; Medler and Gleason, 2002). Furthermore
mitochondria influence endoplasmic reticulum (ER) Ca* stores as positive feedback activa-

tion of the inositol 1,4,5-triphosphate (IP3) receptor, and subsequent release of ER Ca%t, is
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suppressed by local mitochondrial Ca®t uptake (Hajnéczky et al., 1999). Thus mitochondrial
localization plays a key role in regulating Ca®* signaling and defects in trafficking of these or-
ganelles is thought to contribute to neurological disorders (Chang and Reynolds, 2006). Finally
the control exhibited by mitochondria on cytoplasmic Ca®" acts quickly enough to influence
cardiac myocyte calcium transients on a beat-to-beat basis (Maack et al., 2006), highlighting
the sensitivity of this Ca®T signaling control mechanism.

In addition to regulating oxidative phosphorylation and cytosolic calcium transients,
Ca?* flux into mitochondria also controls cell death by necrosis or apoptosis (Lemasters et al.,
2009). In 1976 Ca®* was first observed to cause a dramatic change in mitochondrial inner
membrane permeability (Hunter et al., 1976) leading to depolarization and uncoupling of the
membrane, a phenomena now known as the mitochondrial permeability transition (MPT). Once
MPT has occurred, large conducting pores open allowing free diffusion of all solutes 1500 Da
or less across the inner mitochondrial membrane (Lemasters et al., 2009). Theories on the
identities of the proteins responsible for forming these pores have evolved over the last decade.
One suggests cyclophilin D from the matrix, the adenine nucleotide translocator from the inner
membrane, and the voltage dependent anion channel from the outer membrane form a large
channel complex (Halestrap and Brenner, 2003). However the MPT has been observed in the
absence of several of these hypothesized constituent proteins (Kokoszka et al., 2004; Krauskopf
et al., 2006). Another theory suggests the pores are formed by mis-folded membrane proteins
damaged by ROS, though the supporting evidence does not amount to definitive proof (He
and Lemasters, 2002). Finally, recent findings indicate the MPT pores are formed by dimers
of the ATP synthase complex (Giorgio et al., 2013). Though much about the mechanism of
pore formation must be investigated, Ca®* influx into mitochondria does contribute to MPT
which can trigger cell death by necrosis from lack of ATP or apoptosis by release of cytochrome
c (Qian et al., 1999).

Finally, transport of Ca?t across the inner mitochondrial membrane exhibits control
over the cellular autophagic response. IP3 receptor activated CaT release and subsequent
mitochondrial Ca%* uptake is required to prevent the cellular autophagic response in nutrient

rich environments. Chicken DT40 B lymphocytes with the IP3 receptors knocked out display
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increased AMPK activation, inactivation of pyruvate dehydrogenase by phosphorylation, and in-
creased autophagy. These effects are attributed to mitochondrial Ca®* transport, as an inhibitor
to the mitochondrial Ca®t uniporter has similar effects on WT cells and no effect on the IP3
receptor knock out cells (Cardenas et al., 2010).

Though the properties of Ca®* transport, including kinetics, inhibitors, and stoichiom-
etry, had all been observed, the identities of the transporters remained a mystery until a string
of recent discoveries. If Ca>* were allowed to reach electrical and chemical equilibrium across
the inner mitochondrial matrix, the Nernst equation provides that the Ca?T concentration in
the matrix would be one-million fold higher than in the intermembrane space (Drago et al.,
2011). As this is physiologically inconceivable, the presence of a rectifying outward Ca?* flux
was sought and observed in 1976 (Puskin et al., 1976). In 2009 Letm1 was putatively identified
as the mitochondrial Ca?*/H* (Jiang et al., 2009) exchanger, and the following year NCLX
was identified as the mitochondrial Ca?*/Na™ exchanger (Palty et al., 2010). However the
role of LETM1 in regulating mitochondrial Ca™ levels has recently been disputed (De Marchi
et al., 2014). Early observations of charge movement across the inner mitochondrial membrane
with Ca* uptake also suggest the existence of a Ca?* uniporter (Rottenberg and Scarpa, 1974;
Bernardi, 1999), and in 2011 the channel forming protein (MCU) was simultaneously identified
by two independent groups (Baughman et al., 2011; De Stefani et al., 2011). Finally, recent
findings suggest the mitochondrial calcium uniporter is a complex of the channel forming pro-
tein, MCU, and regulatory proteins MICU1 (Perocchi et al., 2010), MICU2 (Plovanich et al.,
2013), and EMRE (Sancak et al., 2013).

Potassium

Transport of Kt across the inner mitochondrial membrane primarily serves to maintain
mitochondrial volume homeostasis. This is accomplished through regulation of the mitochon-
drial KT cycle. The electrical potential across the inner membrane generated by expulsion of
protons by the ETC drives K™ flux into the matrix via KT “leak” and through the mitochondrial
ATP-sensitive K™ channel (mitoKatp). This apparent exchange of HT for KT drives up the

alkalinity of the matrix providing a pH gradient to drive H,PO4™ into mitochondria through the
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electroneutral phosphate carrier. The uncoupling is not large enough to significantly affect the
efficiency of the ETC and the net gain of ions by mitochondria causes the matrices to swell
due to additional water uptake. Once a sufficient increase of volume is achieved, K* can be
ejected through the K /H™ antiporter leading to matrix contraction (Garlid and Paucek, 2003).
Thus KT and subsequent water transport across the inner mitochondrial membrane provides a
mechanism to control matrix volume.

The inner membrane is slightly permeable to water, and whether free diffusion of water
across the membrane is solely responsible for matrix volume changes or if aquaporins aid in
the process is debated (Kaasik et al., 2007). AgNOs, a potent aquaporin inhibitor, inhibits
mitochondrial swelling (Lee et al., 2005) and AQP8 (Calamita et al., 2005) and AQP9 (Amiry-
Moghaddam et al., 2005), members of the aquaporin family, are present on the inner mitochon-
drial membrane in rat liver and brain respectively. However comparative measurements suggests
their presence may not contribute to a functional increase in membrane water permeability (Yang
et al., 2006).

Mitochondrial volume control plays an important role in regulating cellular func-
tion (Kaasik et al., 2007). Higher rates of respiration correlate with increased mitochondrial
volume (Lim et al., 2002), enlargement of mitochondria due to K* channel openers induces
the release of apoptosis signaling proteins cytochrome ¢ and adenylate kinase 2 (Kohler et al.,
1999), and increased volume reduces mitochondrial motility in neurons (Safiulina et al., 2006).

Opening of the mitoKaTp channels also provides protection against ischemic injury in
cardiac (Garlid et al., 2003) and neuronal tissues (Liu et al., 2002). The cardiac protective
effects are often credited to ROS signaling, however conflicting reports state active mitoKatp
increases (Carroll et al., 2001; Forbes et al., 2001) and decreases (Dzeja et al., 2003; Ferranti
et al., 2003) ROS levels or their effects. Liu et al. (2002) attribute their observations of neural
protection from ischemic injury to a mechanism involving mitoKarp induced mitochondrial
depolarization. However others contest physiological K influx does not significantly depolarize
the inner mitochondrial membrane (Garlid, 2000). While mitochondrial K transport is clearly
involved in protecting against ischemic insult, many details of the mechanism require further

investigation.
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Though a definitive identification of the K™ /H™ antiporter has not been made, obser-
vations of mutant yeast strains and subsequent rescue experiments suggest the human proteins
LETM1 and LETMD1 may be involved in the antiport activity (Zotova et al., 2010). The
gene(s) encoding the mitochondrial Katp channel is(are) also unidentified, though the channel

activity has been observed in patch clamp experiments on rat liver mitoplasts (Inoue et al.,

1991).

Concluding Remarks

As the powerhouses of the cell, mitochondria exhibit enormous regulatory control over
cellular function. This control is established in the form of altering gradients across the inner
membrane, releasing/taking up signaling molecules, synthesizing precursors and products for use
outside of the matrix, and responding to changes in nutrient availability. Selective transport
of nutrients, intermediates, and electrolytes into/out of the mitochondrial matrix is upstream
of all of these forms of regulatory control, thus regulating mitochondrial carriers is central to
maintaining cellular homeostasis and responding to stress or stimuli, and provides a bounty of

pharmacological targets to correct cellular dysfunction.
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Chapter 3

Regulation of Substrate Utilization by
the Mitochondrial Pyruvate Carrier

Summary

Pyruvate lies at a central biochemical node connecting carbohydrate, amino acid, and
fatty acid metabolism, and the regulation of pyruvate flux into mitochondria represents a critical
step in intermediary metabolism impacting numerous diseases. To characterize changes in mito-
chondrial substrate utilization in the context of compromised mitochondrial pyruvate transport,
we applied 13C metabolic flux analysis (MFA) to cells after transcriptional or pharmacological
inhibition of the mitochondrial pyruvate carrier (MPC). Despite profound suppression of both
glucose and pyruvate oxidation, cell growth, oxygen consumption, and tricarboxylic acid (TCA)
metabolism were surprisingly maintained. Oxidative TCA flux was achieved through enhanced
reliance on glutaminolysis through malic enzyme and pyruvate dehydrogenase (PDH) as well as
fatty acid and branched-chain amino acid oxidation. Thus, in contrast to inhibition of complex
| or PDH, suppression of pyruvate transport induces a form of metabolic flexibility associated

with the use of lipids and amino acids as catabolic and anabolic fuels.

Introduction

Mitochondria execute core metabolic functions in eukaryotes ranging from catabolic en-
ergy conversion to anabolism of biosynthetic intermediates. Cells must negotiate their nutritional

environment to control which substrates are metabolized in mitochondria while continuing to
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meet their bioenergetic and/or biosynthetic needs. Pyruvate lies at the intersection of glycolysis,
gluconeogenesis, and the tricarboxylic acid (TCA) cycle; as such, its transport into the mito-
chondrial matrix influences carbohydrate, fatty acid, and amino acid metabolism. Dysregulation
of these processes contributes to the pathogenesis of numerous diseases, including diabetes and
obesity (DeFronzo and Tripathy, 2009; Sugden et al., 2009), mitochondrial disorders (Kerr,
2013), cardiac failure (Fillmore and Lopaschuk, 2013), neurodegenerative disorders (Cunnane
et al., 2010; Yao et al., 2011), and cancer (Currie et al., 2013; Tennant et al., 2010). Therefore,
strategies that modulate the extent of pyruvate flux into mitochondrial pathways may have ther-
apeutic potential by directly or indirectly affecting glucose, lipid, and/or amino acid homeostasis
in the body.

Existence of a protein carrier to facilitate pyruvate transport into mitochondria has been
recognized for decades (Halestrap and Denton, 1974; Papa et al., 1971). Although activity of
this transporter and sensitivity to inhibitors have been characterized (Clark and Land, 1974,
Halestrap and Denton, 1974; Papa and Paradies, 1974), the genes encoding this complex re-
mained a mystery for many years. Two recent studies revealed strong evidence that the genes,
renamed MPCI and MPC2, encode the multimeric mitochondrial pyruvate carrier (MPC) com-
plex embedded in the inner mitochondrial membrane (Bricker et al., 2012; Herzig et al., 2012).
Indeed, Herzig et al. (2012) observed that coexpression of Mpcl and Mpc2 in Lactococcus lactis
induced a 4-fold increase in pyruvate uptake. Consistent with these results, Bricker et al. (2012)
described the functional redundancy of MPC across several species (yeast, Drosophila, human)
and identified a mutation in MPC1 that confers resistance to inhibition by the a-cyanocinnamate
analog UK5099 (Halestrap, 1975). These discoveries provide an exciting potential drug target
through which mitochondrial substrate utilization may be controlled in the context of metabolic
disorders. In fact, the MPC has emerged as an unanticipated target of thiazolidinediones (Colca
et al., 2013; Divakaruni et al., 2013), a class of insulin sensitizing drugs, and as a regulator of
insulin secretion (Patterson et al., 2014; Vigueira et al., 2014), suggesting that this transporter
plays a central role in substrate selection and metabolic signaling. Moreover, recent work shows
that the phosphodiesterase inhibitor Zaprinast can alter aspartate and glutamate metabolism

via the MPC (Du et al., 2013) and glutaminase (Elhammali et al., 2014).
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The high biosynthetic and energetic demands of skeletal muscle myoblasts render them
an ideal system to characterize the influence of mitochondrial pyruvate carrier function on
metabolic flux and substrate selection. This study examines metabolic flux regulation by MPC
in the context of the metabolic network in intact cells. Mpcl or Mpc2 was chronically suppressed
using lentiviral-mediated delivery of shRNAs and/or pharmacologically inhibited with UK5099
in both proliferating and differentiated mouse C2C12 muscle cells, several human transformed
cell lines, and primary human skeletal myotubes (hSKMs). Surprisingly, proliferating myoblasts
maintained growth and ATP-linked respiration despite profound inhibition of MPC activity;
however, reliance on substrates for energy and biosynthetic metabolism shifted from glucose to
amino acid and fatty acid oxidation. TCA flux and fatty acid synthesis were maintained through
increased glutamine anaplerosis and oxidation, malic enzyme flux, and fatty acid oxidation.
Finally, pharmacological inhibition of MPC activity in hSKMs increased the extent that branched-

chain amino acids (BCAAs) were oxidized in the TCA cycle.

Results

Proliferation and Oxidative Metabolism Are Maintained upon Mpc Depletion

To investigate how metabolism is reprogrammed in response to MPC inhibition, we de-
pleted Mpc levels in C2C12 myoblasts using targeting Mpcl (MpclKD), Mpc2 (Mpc2KD), or
control sequences (control). Stable knockdown was confirmed at the transcriptional and protein
levels (Figures 3.1A and 3.1B). Despite the importance of glucose and pyruvate metabolism for
biosynthesis and ATP generation, cell proliferation rates and ATP-linked respiration were unaf-
fected by the absence of Mpcl and Mpc2 (Figures 3.1C and 3.1D). In fact, Mpc knockdown
only influenced oxygen consumption in the uncoupled state when all substrates were present,
while pyruvate-dependent respiration in permeabilized cells was significantly compromised (Fig-
ure 3.1D). Surprisingly, Mpc knockdown had little effect on glucose and glutamine uptake, as
well as lactate and glutamate secretion, though pyruvate secretion was significantly increased
(Figure 3.1E).

We next performed a targeted metabolomic analysis to gain more insight into the intra-
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Figure 3.1: MPC Knockdown Does Not Affect the Overall Metabolic State of Cells. (A
and B) Relative expression of Mpcl and Mpc2 as determined by gPCR (A) and western blot
(B). (C-E) Proliferation (C), oxygen consumption rates (OCRs; D), and extracellular substrate
fluxes (E) of control, MpclKD, and Mpc2KD cells. (D) ATP-linked and maximal respiration of
intact cells and pyruvate-dependent respiration in permeabilized cells (measured as outlined in
Experimental Procedures). (F) Relative abundance of intracellular metabolites. Error bars rep-
resent minimum and maximum relative expression as calculated by qPCR data analysis software
(A), standard deviation (SD) (C and E), or standard error of the mean (SEM) (D and F). *p <
0.05, **p < 0.01, and ***p < 0.001 by ANOVA with Dunnett's post hoc test.

cellular metabolic changes occurring upon Mpc depletion (Figure 3.1F). Intracellular pyruvate
was elevated upon Mpc knockdown, whereas the abundances of most TCA cycle intermediates
were unaffected. Citrate levels, however, were markedly decreased in MpclKD or Mpc2KD
(Mpcl/2KD) cells, as this metabolite is generated predominantly from pyruvate-derived AcCoA
under normal growth conditions (Metallo et al., 2012). Aspartate and alanine abundances were
significantly increased and decreased, respectively, suggesting that amino acid metabolism was

altered to maintain metabolic homeostasis.

Oxidative Glutaminolysis Supports the TCA Cycle in Cells Lacking Mpc

To gain more detailed insights into mitochondrial substrate utilization, we cultured cells
in the presence of [U-13Cg]glucose for 24 hr and observed steady-state isotopic labeling (Figure
S3.1A). Consistent with the expected decrease in glucose-derived pyruvate oxidation, labeling

of citrate and all TCA intermediates was significantly decreased in Mpcl/2KD cells relative to
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controls (Figures 3.2A and 3.2B). While the relative abundances of fully labeled (M3) lactate and
pyruvate were unchanged in Mpcl/2KD cells, the extent of alanine labeling from [U-13Cg]glucose
was significantly decreased (Figure 3.2C). Additionally, we observed an increase in de novo serine
synthesis from glucose in the cytosol (Figure 3.2D), highlighting potential compartment-specific
shifts in amino acid metabolism (Figure S3.1B).

Next, we cultured C2C12 myoblasts in the presence of [U-13Cs]glutamine to detect
changes in glutamine utilization in the context of decreased Mpc function. The abundance
of fully labeled succinate, fumarate, a-ketoglutarate, and malate increased significantly in
Mpcl/2KD cells (Figure 3.2E), suggesting that cells increase their reliance on glutamine
anaplerosis when mitochondrial pyruvate transport is limited. Isotopic enrichment in citrate
provides additional insight into the reprogramming of TCA metabolism. Increased M5
citrate abundance from [U-!3Cs]glutamine can arise via reductive carboxylation by isocitrate
dehydrogenase (IDH) enzymes, and M6 citrate arises through the combined activity of
glutaminolysis and pyruvate dehydrogenase (Figure 3.2F) (Le et al.,, 2012; Metallo and
Vander Heiden, 2013). In the glutaminolysis pathway, glutamine is oxidized in the mitochondria
and converted to pyruvate via malic enzymes (MEs). AcCoA is then generated by the
PDH complex and condenses with oxaloacetate to form citrate (Figure 3.2F). The relative
abundances of both M5 and M6 mass isotopomers were significantly increased in Mpcl/2KD
cells (Figure 3.2G). Furthermore, the abundance of glutamine-derived alanine was significantly
elevated (Figure 3.2H), consistent with higher flux through mitochondrial MEs as opposed to
reductive carboxylation.

To further highlight the increased role of glutaminolysis in cells with Mpc knockdown,
we measured uncoupled respiration in the absence or presence of the glutaminase inhibitor, bis-2-
(5-phenylacetamido-1,3,4-thiazol-2-yl)ethyl sulfide (BPTES). Uncoupler-stimulated respiration
in Mpcl/2KD cells was more sensitive to BPTES treatment, signifying an increased reliance on
glutamine oxidation in these cells (Figure 3.21). Collectively, these results provide evidence that
cells with depleted Mpcl or Mpc2 increase oxidative glutamine metabolism to maintain flux

through the TCA cycle.
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Figure 3.2: MPC Regulates Mitochondrial Substrate Utilization. (A) Citrate mass iso-
topomer distribution (MID) resulting from culture with [U-13Cg]glucose (UGIc). (B) Percentage
of 13C-labeled metabolites from UGlc. (C) Percentage of fully labeled lactate, pyruvate, and
alanine from UGlc. (D) Serine MID resulting from culture with UGlc. (E) Percentage of fully
labeled metabolites derived from [U-13Cs]glutamine (UGIn). (F) Schematic of UGIn labeling of
carbon atoms in TCA cycle intermediates arising via glutaminoloysis and reductive carboxylation.
Mitochondrion schematic inspired by Lewis et al. (2014). (G and H) Citrate (G) and alanine (H)
MIDs resulting from culture with UGIn. (I) Maximal oxygen consumption rates with or without
3 uM BPTES in medium supplemented with 1 mM pyruvate. (J) Percentage of newly synthe-
sized palmitate as determined by ISA. (K) Contribution of UGIn and UGlc to lipogenic AcCoA
as determined by ISA. (L) Contribution of glutamine to lipogenic AcCoA via glutaminolysis (ISA
using [3-13C]glutamine [3GIn]) and reductive carboxylation (ISA using [5-13C]glutamine [5GIn])
under normoxia and hypoxia. (M) Citrate MID resulting from culture with 3GIn. (N) Contri-
bution of UGIn and exogenous [3-13C]pyruvate (3Pyr) to lipogenic AcCoA. 2KD+-Pyr refers to
Mpc2KD cells cultured with 10 mM extracellular pyruvate. Error bars represent SD (A-E, G, H,
and M), SEM (1), or 95% confidence intervals (J-L, and N). *p < 0.05, **p < 0.01, and ***p
< 0.001 by ANOVA with Dunnett's post hoc test (A-E and G-l) or * indicates significance by
nonoverlapping 95% confidence intervals (J-L and N).
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Mpc Knockdown Induces Substrate Switching for De Novo Lipogenesis

We next quantified isotope enrichment in palmitate and performed isotopomer spectral
analysis (ISA) to determine (1) the percent of newly synthesized palmitate after tracer addition
and (2) the relative contribution of glucose and glutamine to lipogenic AcCoA (Kharroubi et al.,
1992; Metallo et al., 2012). Although we observed no significant change in relative palmitate
synthesis upon Mpc depletion (Figure 3.2J), the extent of glutamine conversion to the lipogenic
AcCoA pool was significantly increased in Mpc2KD cells (Figure 3.2K). Glutamine can contribute
carbon to fatty acid synthesis via reductive carboxylation or oxidative glutaminolysis. The for-
mer pathway is highly active in cells proliferating under hypoxia or those with a compromised
respiratory chain (Metallo et al., 2012; Mullen et al., 2012; Scott et al., 2011; Wise et al., 2011),
while the latter pathway has been observed in B cell lymphoma (Le et al., 2012). While the
contribution of glutamine flux through reductive carboxylation to lipogenesis increased in control
and Mpc2KD cells cultured under hypoxia (measured specifically using [5-'3C]glutamine (Yoo
et al., 2008)), flux through this pathway did not account for the increased glutamine-derived
AcCoA in Mpc2KD cells grown under normoxia. The increased glutamine-derived AcCoA was
almost exclusively attributed to the glutaminolysis pathway, as evidenced by transfer of label
from [3-13C]glutamine to palmitate (Figures 3.2L and S3.1C). We also measured a significant
increase in M2 labeling of citrate in Mpc2KD myoblasts cultured with [3-13C]glutamine (Figure
3.2M), which arises from condensation of labeled oxaloacetate and AcCoA (Figure S3.1C). No
change in labeling was observed in lactate (Figure S3.1D), providing evidence that this ME
flux was catalyzed within the mitochondrial compartment. These results demonstrate that Mpc
knockdown causes metabolic reprogramming that is distinct from hypoxia-associated PDH inhi-
bition (Kim et al., 2006; Papandreou et al., 2006), with an increased proportion of mitochondrial
AcCoA derived from mitochondrial ME and PDH activity rather than reductive carboxylation.

At high concentrations, pyruvate passively enters the matrix, bypassing the MPC (Bakker
and van Dam, 1974; Halestrap, 1975). To further demonstrate that PDH activity is maintained
in Mpc knockdown cells, we quantified how glutamine to AcCoA conversion was affected by

exogenous pyruvate. In the presence of 10 mM extracellular pyruvate, Mpc2KD cells failed to
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increase the contribution of glutamine carbon to palmitate synthesis. Indeed, this difference
was entirely accounted for by the conversion of exogenous [3-13C]pyruvate to lipogenic AcCoA

through the PDH complex (Figure 3.2N).

Amino Acid and B-Oxidation Fuel Mitochondrial Metabolism upon Mpc Knock-

down

To quantify changes in intracellular fluxes in a more unbiased and comprehensive man-
ner, we conducted 13C MFA on Mpc2KD and control cells. Steady-state mass isotopomer
distributions (MIDs) measured in cells cultured with [U-13Cs]glutamine and [1,2-13C;]glucose
along with independently determined uptake/secretion fluxes were incorporated into a model of
central carbon metabolism (Ahn and Antoniewicz, 2011; Murphy et al., 2012). The INCA soft-
ware suite was used to estimate fluxes and associated confidence intervals using an elementary
metabolite unit-based algorithm (Antoniewicz et al., 2006; Young, 2014). Results are illustrated
in Figures 3.3A, S3.2A, and S3.2B and tabulated in Tables S3.1 and S3.2; a detailed description
of the model, data, and assumptions are included in the Supplemental Experimental Procedures
and in Table S3.3. Flux data indicated that mitochondrial pyruvate transport and PDH flux
decreased significantly upon Mpc2 knockdown. Oxidative TCA flux through IDH was also de-
creased with no absolute increase in reductive carboxylation flux, while pyruvate cycling and
glutaminolytic flux were increased. Increased flux through mitochondrial MEs at least partially
sustained AcCoA metabolism. Intriguingly, an acceptable fit for Mpc2 knockdown cells could
only be obtained when an exogenous source of AcCoA was included in the model. Flux from
this AcCoA pool into the TCA cycle increased 5-fold in Mpc2KD cells compared to control cells,
suggesting that oxidation of mitochondrial substrates other than glutamine were also induced
upon Mpc depletion (Figure 3.3A and Tables S3.1 and S3.2). Given the lack of branched-chain
amino acid (BCAA) oxidation to TCA intermediates observed in both control and Mpc2KD
cells (Figure S3.2C), we hypothesized that this AcCoA was derived from B-oxidation. To more
explicitly determine if Mpc knockdown drives an increase in fatty acid oxidation, we cultured
Mpc2KD and control cells in the presence of [U-13Cyg]palmitate bound to BSA and observed *3C

enrichment in TCA intermediates. We observed a significant increase in the relative abundance
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of M2 citrate from this tracer in Mpc2KD compared to control cells (Figure 3.3B). Increased
label incorporation into numerous TCA metabolites downstream of citrate was also detected
(Figure 3.3C), indicating that knockdown of Mpc2 induced a significant increase in fatty acid
oxidation flux in C2C12 myoblasts.

To confirm the observed metabolic shifts in mitochondrial substrate utilization in an
orthogonal manner, we quantified the ATP-linked and maximal respiration of each cell line
in the presence of either or both BPTES and etomoxir. The former compound inhibits glu-
tamine oxidation via glutaminase, whereas the latter inhibits fatty acid oxidation at carnitine
palmitoyltransferase-1 (CPT1). ATP-linked respiration was only affected when all three path-
ways (i.e., pyruvate transport, glutamine, and fatty acid oxidation) were inhibited (Figures 3.1D,
3.3D, and S3.2D for raw values). On the other hand, maximal respiration was significantly de-
creased by each individual treatment, with the most pronounced effect being observed when
BPTES and etomoxir were both added to the culture (Figures 3.1D, 3.3D, and S3.2E for raw
values). The synergistic effect of inhibiting these three mitochondrial substrate oxidation path-
ways highlights the plasticity of mitochondrial metabolism in respiring cells and independently
demonstrates that Mpc depletion potentiates cells to employ fatty acid and amino acid oxidation

to meet their bioenergetic demands.

Small Molecule Inhibition of MPC Enhances Amino Acid and Fatty Acid Oxida-

tion

Pharmacological inhibition of Mpc function rather than shRNAs may provide a more
clinically relevant means of exploiting mitochondrial flexibility. To determine whether small
molecules targeting the Mpc elicit effects similar to that of inhibition at the transcriptional
level, we treated cells with UK5099, which covalently binds to Mpc and blocks pyruvate trans-
port (Hildyard et al., 2004). Culture of proliferating C2C12 cells for 24 hr with 10 uM UK5099
in the presence of [U-13Cg]glucose revealed a relative decrease in glucose flux to the TCA cy-
cle, and results using [U-13Cs]glutamine indicate that glutaminolytic flux through malic enzyme
was significantly increased, as evidenced by the relative abundance of M6 citrate (Figures 3.4A

and 3.4B). As observed in the comparison to hypoxia (Figure 3.2L), the metabolic response to
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UKb5099 treatment is distinct from that occurring in response to complex | inhibition. Whereas
oxidative TCA flux is maintained during UK5099 treatment, rotenone, a potent inhibitor of com-
plex I, shuts down oxidative glutamine metabolism and increases reductive carboxylation activity,
resulting in a dramatic increase in the relative abundance of M5 citrate from [U-13Cs]glutamine
(Figure 3.4B). C2C12 myoblasts also displayed a shift away from glucose to glutamine as a
substrate for fatty acid synthesis in the presence of UK5099 (Figure 3.4C).

Additionally, ATP-linked and uncoupled oxygen consumption were measured when
C2C12 cells were cultured for 24 hr with UK5099 to examine their dependency on different
oxidative substrates. We observed no change in ATP-linked or maximal respiration with
UKb5099 treatment, presumably due to the metabolic plasticity of cells when other pathways
(i.e., glutamine and fatty acid oxidation) were not inhibited (Figures 3.4D, S3.2F, and S3.2G
for raw values). However, when cells were treated with combinations of UK5099, BPTES,
and etomoxir, we detected a significant effect of UK5099 only with combinatorial treatments
(Figures 3.4D, S3.2F, and S3.2G for raw values). These results further highlight the flexibility
of oxidative mitochondrial metabolism that can be induced by Mpc inhibition such that C2C12

cells meet their energetic demands through glutamine and fatty acid oxidation.

Proliferating Human Transformed Cells Reprogram Metabolism upon MPC In-
hibition

To validate these findings in human cells using independent shRNAs, MPC levels
were also depleted in A549 carcinoma cells using shRNAs targeting MPCI (MPC1KD),
MPC2 (MPC2KD), or a control sequence. These cells were cultured with [U-13Cg]glucose,
[U-13Cs]glutamine, and [U-'3Cjg]palmitate-BSA to observe metabolic reprogramming in
response to MPC depletion. Results supported findings in C2C12 myoblasts, as glucose
conversion to citrate, TCA intermediates, and alanine were all significantly decreased in
MPC1/2KD A549 cells (Figures S3.3A-S3.3C). On the other hand, glutamine anaplerosis
and oxidation through malic enzymes were elevated upon MPC knockdown in these cells,

as evidenced by labeling of TCA intermediates (citrate in particular) and alanine from

[U-13Cs]glutamine and [3-13C]glutamine (Figures S3.3D-S3.3G). Finally, we observed that
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Figure 3.5: Mpc Controls Oxidative Substrate Utilization in Myotubes. (A and B) Pro-
tein (A) and mRNA (B) levels of Mpcl and Mpc2. (C) Extracellular substrate fluxes in Control
or Mpc2KD C2C12 myotubes. (D) ATP-linked and maximal OCR of intact C2C12 myotubes
and pyruvate-dependent OCR of permeabilized C2C12 myotubes. (E and F) Percentage of 13C
enrichment resulting from culture of C2C12 myotubes with UGlc (E) and 3Pyr (F) for 2 hr,
with or without 5 uM UK5099. (G) Citrate MID resulting from culture of C2C12 myotubes
with UGIn, with or without 10 uM UK5099. (H) Percentage of 13C enrichment in patient 1
hSKMs cultured with [U-'3Cs]valine, [U-13Cg]leucine, and [U-13Cg]isoleucine (collectively UB-
CAA), with or without 10 uM UK5099. (1) hSKMs glutamate MID resulting from culture with
[U-13Cg]glucose, with or without 10 uM UK5099. Error bars represent minimum and maximum
relative expression as calculated by qPCR data analysis software (B), SD (C and E-1), or SEM
(D). *p < 0.05, **p < 0.01, and ***p < 0.001 by a two-tailed, equal variance, Student’s t test
(C and E-l), or by ANOVA with Dunnett’s post hoc test (D).

MPC1KD A549 cells exhibited an increased reliance on fatty acid oxidation to fuel TCA
cycle metabolism, as '3C labeling of citrate and other TCA metabolites derived from
[U-13Cy¢]palmitate increased significantly (Figures S3.3H and S3.3I). A549 cells also responded
to pharmacological inhibition of MPC by UK5099, as glucose contribution to the TCA cycle
declined (Figure S3.3J) and glutamine oxidation increased (Figure $3.3K). Finally, both A549
cells and the Huh7 human hepatocarcinoma cell line increased their reliance on fatty acid

oxidation to fuel TCA metabolism upon MPC inhibition (Figures S3.3L and S3.3M).

MPC Influences Mitochondrial Substrate Utilization in Differentiated Myotubes

To determine whether Mpc functions similarly in more differentiated cells, we formed

myotubes using control, MpclKD, and Mpc2KD C2C12 cells via 4-day treatments with 2%
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horse serum. Differentiation was confirmed by observing elongation and fusion of myoblasts to
form multinucleated tubes using light microscopy and by immunofluorescent staining of desmin,
a marker of differentiated muscle (Figure S3.4A). Maintenance of the knockdown upon differ-
entiation was confirmed at the protein and mRNA levels (Figures 3.5A and 3.5B). Knockdown
of Mpc did not affect glycolytic flux in C2C12 myotubes, as lactate secretion, glucose uptake,
and the ratio of the two were surprisingly unchanged (Figure 3.5C). Furthermore, respiratory
inhibition of intact cells presented with all substrates was evident only when oxidative phospho-
rylation was uncoupled, yet Mpc activity was clearly compromised as indicated by a decreased
rate of pyruvate-driven respiration in permeabilized myotubes (Figure 3.5D).

Targeted metabolomic analysis revealed increases in intracellular abundances of pyruvate
and aspartate in Mpc2KD myotubes (Figure S3.4B). In contrast to proliferating cells, myotubes
rely primarily on glucose carbon for the generation of TCA intermediates (rather than glutamine)
(Figure S3.4C). To better resolve changes in pyruvate metabolism upon Mpc knockdown or
inhibition, we cultured myotubes in the presence of either [U-13Cgglucose or [3-13C]pyruvate
for 2 hr before quantifying isotopic labeling in TCA intermediates. Enrichment of glucose
and pyruvate carbons in the TCA cycle was significantly decreased in response to UK5099
treatment (Figures 3.5E and 3.5F) or when comparing Mpc2KD to control myotubes (Figures
S3.4D and S3.4E). Importantly, the pool sizes of all intermediates shown was less than or equal
to those quantified in controls. As such, the decreased labeling observed under non-steady-
state conditions is indicative of decreases in metabolic flux (rather than pool size changes).
Additionally, we observed a significant increase in glutaminolysis in C2C12 myotubes treated with
UK5099, as evidenced by steady-state labeling from [U-13Cs]glutamine (Figure 3.5G). Similar
trends were observed in myotubes generated using control or Mpc2KD cells (Figure S3.4F).
Although the lower metabolic rate of nonproliferating myotubes (compared to proliferating cells)
minimized the observed differences and limited our ability to quantify fatty acid oxidation in
these cultures, results indicate that Mpc inhibition induces differentiated myotubes to increase
glutamine oxidation.

Whereas glutamine is an important substrate for proliferating cells, BCAAs are critical

bioenergetic substrates for muscle and other tissues, particularly in the fasted state (Rosenthal
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et al., 1974). BCAAs have recently been demonstrated to accumulate in the context of obesity
and insulin resistance (Adams, 2011; Newgard et al., 2009; Wang et al., 2011), though the
mechanisms leading to this metabolic phenotype (i.e., higher intake, decreased catabolism) are
not yet clear. We failed to detect significant flux through this pathway in any of the C2C12 my-
oblasts (Figure $3.2C), myotubes, or engineered lines generated here using ['3C]BCAA tracers.
To determine whether MPC inhibition promoted BCAA catabolism in a more physiologically
relevant system, we cultured hSKMs in medium containing [U-13Cs]valine, [U-13Cg]leucine, and
[U-13Cg]isoleucine in the presence or absence of UK5099. Notably, 13C enrichment throughout
the TCA cycle was significantly increased in hSKMs treated with 10 uM UK5099 compared
to controls (Figures 3.5H and S3.4G). As expected, glucose oxidation was inhibited in hSKMs
cultured with UK5099 (Figure 3.51). Consistent increases in BCAA oxidation were observed in
hSKMs obtained from two independent subjects (Figures 3.5H and S3.4G). These results suggest
that mitochondrial substrate utilization can be controlled in terminally differentiated hSKMs by

modulating Mpc activity to influence BCAA catabolism.

Discussion

Traditional approaches to modulate eukaryotic cell metabolism have focused on con-
trolling enzyme activity and/or expression. Such treatments can cause bottlenecks and place
constraints on cells that limit metabolism globally. Since metabolic processes in eukaryotes are
segregated within the mitochondrial matrix, cytosol, and other subcellular compartments, an
alternate approach may be to target compartment-specific transporters and exploit the inherent
metabolic flexibility of cells to control substrate utilization. In this manner, cells and tissues
that pathologically rely on particular nutrients (e.g., anabolic glucose metabolism in diabetes,
obesity, and cancer) may be coaxed to shift toward a catabolic state of metabolism while main-
taining enzyme activity throughout the cell. A critical step in this process is to functionally
characterize how substrate utilization and intracellular metabolic activity (i.e., fluxes) are repro-
grammed upon inhibition of specific transporters (Zamboni et al., 2008). Here we have outlined

the metabolic phenotype of cell lines and hSKMs that emerge upon inhibition of the mitochon-
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drial pyruvate transporter encoded by MPC1 and MPC2. The observed changes in substrate
utilization provide some insights through which MPC inhibition can elicit beneficial effects via
reprogramming of mitochondrial metabolism.

Knockdown of either Mpcl or Mpc2 abrogated expression of both proteins, as observed
previously (Divakaruni et al., 2013). Comprehensive 13C MFA integrating data from parallel
tracer experiments using [13C]glucose and [*3C]glutamine were applied to Mpc knockdown cells,
as this modeling approach has been shown to increase flux resolution throughout central carbon
metabolism (Ahn and Antoniewicz, 2012). Although ATP-linked respiration and cell growth
remained unchanged, we identified specific changes in amino acid and fatty acid metabolism
that were recapitulated using the MPC inhibitor UK5099. Glucose metabolism in the TCA cycle
was significantly decreased, but not completely, presumably due to incomplete knockdown,
passive diffusion, or the presence of an alternate or nonfacilitated transport mechanism. Rather
than divert excess cytosolic pyruvate to lactate or alanine, this carbon was either secreted from
cells as pyruvate or converted to serine. This latter activity may be driven by accumulation
of glycolytic intermediates (Chaneton et al., 2012; Ye et al., 2012) or due to increased serine
catabolism in mitochondria (Jain et al., 2012; Lewis et al., 2014). Notably, alanine levels were
significantly decreased in Mpc knockdown cells, highlighting a role for mitochondrial pyruvate
and mitochondrial alanine aminotransferase (ALT2) in mediating glutamine anaplerosis, which
was previously described in cancer cells (Weinberg et al., 2010). The accumulation of aspartate
in these cells provides evidence of the expected switch to rely on oxaloacetate and mitochondrial
glutamic-oxaloacetic transaminase 2 (GOT2) to facilitate this process (Figure S3.1B). A similar
response was observed in isolated retina treated with the MPC inhibitor Zaprinast (Du et al.,
2013).

In addition to these metabolomic changes, we also observed increased amino acid and
fatty acid oxidation upon inhibition of MPC. Elevated glutamine anaplerosis and oxidation are
likely a consequence of decreased citrate synthase and oxidative IDH flux downstream of PDH
while the ETC remained active (Fan et al., 2012; Le et al., 2012). We also observed a significant
increase in BCAA oxidation upon MPC inhibition using hSKM cultures, which are of perhaps

greater physiological relevance than C2C12 cells. Consistent with this change, Bricker et al.
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(2012) and Herzig et al. (2012) both observed growth defects in medium lacking leucine or valine
in their characterizations of yeast with Mpc deletions. Mpc inhibition may potentiate oxidation
of BCAAs or other amino acids that accumulate in the context of insulin resistance (Adams,
2011; Newgard et al., 2009; Wang et al., 2011). Citrate mass isotopomer labeling and flux
estimations also highlighted a significant increase in flux through malic enzyme upon Mpc
knockdown, which could provide additional reducing equivalents (NAD[P]H) within the matrix.
These results are consistent with the severe growth defect previously observed in yeast with
deletions in both mpcl and mitochondrial malic enzyme growing on glucose (Bricker et al.,
2012), highlighting the remarkably conserved nature of metabolism across species.

An initial lack of fit observed in our Mpc knockdown model led us to hypothesize that
fatty acid oxidation was increased under these conditions. This response was validated by tracing
with [13C]palmitate-BSA in myoblasts and cancer cells and using either shRNAs or UK5099 to
inhibit mitochondrial pyruvate transport. Here, B-oxidation was presumably stimulated, in part,
due to decreases in citrate and the downstream lipogenic intermediate malonyl-CoA, which
inhibits CPT1 (McGarry et al., 1983). In this manner, pharmacological inhibition of the MPC
could stimulate catabolic metabolism in muscle or liver.

Our analyses also more explicitly delineate the roles of MPC1 and MPC2 as components
of the mitochondrial pyruvate transporter. Although strong evidence supports this functional-
ity (Bricker et al., 2012; Divakaruni et al., 2013; Herzig et al., 2012), MPC-mediated regulation
of pyruvate dehydrogenase (PDH) complex activity has been suggested as an alternative func-
tion of the MPC proteins (Halestrap, 2012). While our MFA results indicated that overall flux
through PDH was decreased in Mpc2 knockdown cells, supplementation of pyruvate at con-
centrations expected to enter mitochondria through passive diffusion abrogated the increase
in glutamine to fatty acid conversion. Furthermore, conversion of [**C]pyruvate carbons to li-
pogenic AcCoA confirmed that this pyruvate was metabolized by PDH, since carbon atoms in
oxaloacetate do not enter the AcCoA pool without PDH activity.

These results also demonstrate that MPC inhibition elicits a distinct metabolic pheno-
type compared to hypoxia or ETC inhibition. Whereas elevated glycolytic rates and reductive

carboxylation are predominant modes of metabolism under such conditions (Metallo et al.,
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2012; Mullen et al., 2012; Scott et al., 2011; Wise et al., 2011), Mpc inhibition instead pro-
moted oxidative glutaminolysis to fuel the mitochondrial AcCoA pool. Surprisingly, we observed
no increase in reductive carboxylation flux. Fatty acid synthesis rates were also maintained
upon Mpc knockdown, in contrast to that observed when comparing normoxic and hypoxic cell
growth (Kamphorst et al., 2013; Metallo et al., 2012).

It is well established that oxidation of glucose and fatty acids are dynamically balanced
in response to nutrient availability and hormonal control (Keung et al., 2013; Muoio et al.,
2012), and disruptions of these processes are evident in metabolic and heart disease. Extensive
studies support that inhibition of fatty acid oxidation, via genetic manipulation or pharmaco-
logic intervention, can increase the rate of pyruvate oxidation (Fillmore and Lopaschuk, 2013).
However, the converse principle has yet to be shown: that a reduction in pyruvate oxidation
can stimulate B-oxidation. This may be partly due to the lack of a druggable therapeutic tar-
get. Our model, though, suggests that inhibition of mitochondrial pyruvate uptake can rewire
cellular metabolism to boost fatty acid oxidation, which may provide an approach to further
studies on the interplay between carbohydrate and fat metabolism. Given the importance of
this metabolic control point, significant interest in identifying drugs that control MPC activity
has emerged (Colca et al., 2013; Divakaruni et al., 2013; Du et al., 2013). The metabolic
phenotype of MPC inhibition defined here using both shRNAs and UK5099 in cultured cell lines
and hSKMs will provide a roadmap for molecular level validation of new compounds, facilitating
the ability of researchers to identify drugs that target MPC versus other mitochondrial enzymes.
Indeed, the phosphodiesterase inhibitor Zaprinast was recently demonstrated to inhibit mito-
chondrial pyruvate uptake. While Du et al. (2013) similarly observed an increase in aspartate
levels, no evidence of glutaminolysis through malic enzyme was observed, potentially due to
offtarget effects on mitochondrial glutaminase (Elhammali et al., 2014). These findings high-
light the need for systems-level analyses of metabolism to functionally validate gene function
and drug specificity. In turn, the identification of selective compounds that influence mitochon-
drial substrate transport and utilization may provide therapeutic avenues to exploit the exquisite

flexibility of these organelles.
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Experimental Procedures

Cell Culture and 3C Tracing

C2C12, A549, and Huh7 cells were cultured in Dulbecco’s modified Eagle's medium
(DMEM) with 10% fetal bovine serum (FBS). Terminal differentiation of C2C12 cells was ini-
tiated by 4-day culture in DMEM with 2% horse serum. Human skeletal muscle satellite cells
were proliferated in SkFM (Lonza) and then differentiated to myotubes in MEMa supplemented
with 2% FBS as described previously (Henry et al., 1995). For tracer and MFA studies, cus-
tom, phenol red-free DMEM or amino acid-free DMEM/F12 (for hSKMs) was formulated by
replacing the substrate of interest with 13C-labeled glucose, glutamine, pyruvate, or BCAAs
(all from Cambridge Isotopes) with other components unlabeled. Cultures were washed with
PBS before adding tracer media for 15-30 hr unless otherwise specified. Fatty acid oxidation
studies were conducted using [U-13Cyg]palmitate noncovalently bound to fatty acid-free BSA.
[U-13Cy¢]palmitate-BSA was added to culture medium at 5% of the final volume (50 uM final
concentration) with 1 mM carnitine in medium formulated with FBS that was delipidated using

fumed silica (Sigma) according to the manufacturer's instructions.

Metabolic Flux Analysis

MFA was performed using the elementary metabolite unit-based software package INCA.
Inputs to the model include the chemical reactions and atom transitions of central carbon
metabolism, measured substrate extracellular fluxes, the identity of the 13C_labeled tracers, and
mass isotopomer distributions of select intracellular metabolites. Assumptions are listed in the

Supplemental Experimental Procedures.

Oxygen Consumption Measurements

Respiration was measured in adherent monolayers of C2C12 myocytes using a Seahorse
XF96 Analyzer. Myoblasts were plated at 1 x 10* cells/well and grown for 2 days. Cells

were assayed in unbuffered DMEM (Sigma #D5030) supplemented with 8 mM glucose and
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3 mM glutamine. Unless stated in the figure legend, pyruvate was omitted from the assay
medium. ATP-linked respiration was calculated as the oxygen consumption rate sensitive to 2
ng/ml oligomycin. Maximal respiration was calculated as the difference between protonophore-
stimulated respiration (measured as the highest rate from sequential additions of FCCP; final
concentrations between 400 and 800 nM) and nonmitochondrial respiration (measured after ad-
dition of 2 pM rotenone and 2 uM antimycin A). Where indicated, etomoxir (20 pM) or BPTES
(3 uM) was added to the plate 20 min prior to basal respiration measurements. Respiration in
permeabilized cells (1 nM XF PMP, Seahorse Bioscience) was measured in cells offered 5 mM
pyruvate, 0.5 mM malate, 2 mM DCA, 2 pg/ml oligomycin, and 400 nM FCCP. All data are
mean £+ SEM of at least four biological replicates (with a minimum of five technical replicates
per experiment). Statistical analysis was conducted using ANOVA of repeated measures with

Dunnett's post hoc test. Where appropriate, the square root of normalized data was analyzed.

Metabolite Extraction and GC/MS Analysis

At the conclusion of a tracer experiment, the tracer media was removed from the culture
wells, the cells were washed with a saline solution, and the bottom of the well was covered with
cold methanol to lyse the cells and halt metabolism. Water containing norvaline at 5 pg/ml
was charged to each well at a volume ratio of 1:2.5 relative to the methanol. The bottom of
each well was scraped with a 1,000 ul pipette tip, and the cells were collected in 1.5 ml tubes.
Cold chloroform containing 2 pg/ml of heptadodecnaoate was added to each sample at a 1:1
volume ratio relative to the methanol. The mixtures were vortexed, and the polar and nonpolar
layers were separated and evaporated after centrifugation. Details of the derivatization process
can be found in the Supplemental Experimental Procedures.

Derivatized metabolites were analyzed using a DB-35MS column (30 m x 0.25 mm
internal diameter x 0.25 um; Agilent J&W Scientific) in an Agilent 7890A gas chromatograph
coupled to a 5975C mass spectrometer. Details of the chromatography method and mass

spectrometry scanning parameters can be found in the Supplemental Experimental Procedures.
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Human Subjects

All human skeletal muscle biopsies were obtained with approval from the University of
California San Diego's Committee on Human Investigation. All donors provided informed written

consent after listening to an explanation of the protocol.
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Chapter 4

Identification of a Mitochondrial
Glutamine Carrier

Abstract

Herein we report the identification of a mitochondrial glutamine carrier, SLC25A44
(hereafter referred to as MQC). Systematic knockdown of un-annotated putative amino acid
carrier SLC25 family members in human carcinoma cells reveals MQC as essential for growth.
Stable isotope '3C substrate tracing shows intact MQC knockdown (MQCKD) cells increase
reliance on glucose anaplerosis, consistent with elevated MPCI1 transcript levels. Additionally
13C tracing in permeabilized cells reveals MQCKD cells reduce relative glutamine and increase
glutamate driven TCA cycle flux. Furthermore MQC expression is elevated in tissues where
mitochondrial GLS2 is highly expressed. Glutamine utilization as an oxidative substrate or
biosynthetic precursor by mitochondria is believed to contribute to the pathogenesis of cancer,
regulate the urea cycle and gluconeogenesis, and influence nutrient utilization in type Il diabetes
and obesity. Thus identification of MQC is central to understanding metabolic dysfunction in

human disease.

Introduction

Mitochondria serve as the powerhouses of the cell, supplying energy in the form of ATP in
addition to many precursors required for biosynthesis. Cellular homeostasis is intricately linked

to mitochondrial function and central to this relationship is the exchange of fuel substrates,
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signaling molecules, and biosynthetic intermediates across the inner mitochondrial membrane.

Over the past several decades a clearer picture of the proteins involved in regulating inner
membrane transport has emerged. Though there are exceptions (e.g., the pyruvate carrier and
the calcium uniporter), most of these proteins belong to the SLC25 family. The SLC25 family
includes 53 human members sharing a structure with three repeats, each about 100 amino acids
long and containing two membrane spanning o-helices. Those members whose substrates are
annotated play important roles in maintaining physiological and cellular homeostasis (Gutiérrez-
Aguilar and Baines, 2013; Palmieri, 2013).

Herein we report the identification of a mitochondrial glutamine carrier, SLC25A44
(hereafter referred to as MQC). Systematic knockdown of un-annotated putative amino acid
carrier SLC25 family members in human carcinoma cells reveals MQC as essential for growth.
Stable isotope '3C substrate tracing shows intact MQC knockdown (MQCKD) cells increase
reliance on glucose anaplerosis, consistent with elevated MPCI transcript levels. Additionally
13C tracing in permeabilized cells reveals MQCKD cells reduce relative glutamine and increase
glutamate driven TCA cycle flux. Furthermore MQC expression is elevated in tissues where
mitochondrial GLS2 is highly expressed.

Glutamine is heavily oxidized by proliferating transformed cell mitochondria in culture
and is believed to be the primary anaplerotic substrate. It is the obligate nitrogen donor for
nucleotide and glucosamine biosynthesis, is a key substrate for gluconeogenesis in the liver and
kidneys, and a regulator of systemic pH and the urea cycle in the liver. Glutamine flux through
glutaminolysis is also believed to be a major source of biosynthetic NADPH (Wise and Thomp-
son, 2010). Additionally stresses such as impaired pyruvate oxidation (Vacanti et al., 2014; Yang
et al., 2014) or hypoxia (Metallo et al., 2012; Wise et al., 2011; Mullen et al., 2012) increase
reliance on glutaminolysis and reductive carboxylation respectively. Finally, glutamine plays a
major role in the balance of carbohydrates, amino acids, and fatty acids utilized for oxidative
or biosynthetic reactions (Vacanti et al., 2014; Yang et al., 2014). Thus identifying MQC is
fundamental to understanding the physiological dysfunctions of cancer, ammonia detoxification,

and substrate impairment disorders such as type |l diabetes and obesity.
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Results

MQC Knockdown Alters Growth and Overall Metabolism in Proliferating Cells

As part of our efforts to identify the un-annotated SLC25 mitochondrial carriers, MQC
was knocked down in A549 and Huh7 human carcinoma cell lines (producing A549 and Huh7
MQCKD cells respectively) using lentiviral-mediated delivery of a corresponding shRNA hairpin.
Continuous expression of the hairpin was selected for by incubation with puromycin and the
knockdown was verified at the mRNA level (Figure 4.1A). MQC knockdown produces a striking
growth defect in both cell lines, indicating the importance of its function for proliferation (Figures
4.1B and S4.1A). Surprisingly this growth defect does not correspond to differences in glucose,
lactate, glutamine, or glutamate uptake or secretion fluxes, though alanine secretion increases
by an order of magnitude and pyruvate secretion is reduced (Figure 4.1C). This increase in
alanine efflux is likely due to an increase in synthesis, as the steady-state abundance of alanine
is significantly elevated (Figure 4.1D). The decrease in pyruvate efflux may be due to a higher
ananplerotic flux as described below. Interestingly the elevated alanine and reduced aspartate
abundances seen here contrast what is observed in proliferating cells when the mitochondrial
pyruvate carrier (MPC) is knocked down (Vacanti et al., 2014), indicating MQC may transport
an anaplerotic substrate supplementary to pyruvate. The Huh7 cell metabolome has a different
response to MQC knockdown, indicating the two cell lines may adapt differently and steady-state

metabolite abundances do not tell the whole story (Figure S4.1B).

Intact Cell 5N- and '3C- Labeled Substrate Tracing Elucidates MQC Function

Considering MQC is a putative amino acid carrier based on sequence similarities to other
SLC25 family members (Palmieri, 2013), we first cultured A549 cells with [a-1°N]glutamine
(aNQ). The a-nitrogen on glutamine remains after the action of glutaminase produces gluta-
mate. Through the activity of aminotransferases, the labeled nitrogen ends up on a slew of
amino acids (Figure 4.2A), of which we hypothesized MQC knockdown would produce differen-

tial labeling patterns. Consistent with increases in alanine excretion and steady-state abundance,
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Figure 4.1: MQC Knockdown Effects on Growth, Substrate Flux, and Metabolite Pools.
(A) Relative expression of MQC and MPCI as determined by qPCR. (B-D) Proliferation (B),
extracellular fluxes (C), and metabolite abundances (D). All are A549 cells. Error bars indicate
standard deviation (SD). *, ** and *** indicate p < 0.05, 0.01, and 0.001 by t-test. P-
value indicators only provided if significant after correcting for multiple comparisons using the
Holm-Sidak method.
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aNQ preferentially labels alanine in MQCKD Ab549 cells (Figure 4.2B). Furthermore, culture with
[U-13Cg]glucose (UGIc; Figure S4.2A) reveals MQCKD A549 cells increase relative production
of alanine without increasing the relative production of lactate or pyruvate derived from glucose
(Figure 4.2C). Again, this is a striking contrast to proliferating cells with MPC knocked down.
In MPC knockdown Ab549 cells, the abundance of fully labeled alanine derived from UGlc de-
creases without concordant reductions in fully labeled pyruvate or lactate (Vacanti et al., 2014)
indicating glutamate pyruvate transaminase (catalyzes the pyruvate to alanine aminotransferase
reaction) activity occurs primarily in mitochondria. Thus A549 cells are adapting to MQC knock-
down by supplying mitochondria with more pyruvate. This is consistent with elevated MPC1
expression (Figure 4.1A) and decreased pyruvate efflux (Figure 4.1C) upon MQC knockdown.
Furthermore, MQCKD Ab549 cells utilize glucose more as an anaplerotic substrate as indicated
by increased abundances of M3 malate and M5 citrate derived from UGlc (Figure 4.2D), which
is consistent with a higher relative flux of pyruvate into mitochondria. Thus blocking MQC
function likely prevents a key anaplerotic substrate from entering the TCA cycle.

To examine how MQC knockdown affects glutamine anaplerosis, Huh7 and Ab49
MQCKD cells were cultured with [U-13Cs]glutamine (UGIn; Figure S4.2B). Mass isotopomer
abundances indicative of glutamine oxidation were all reduced in Huh7 MQCKD cells (Figure
4.2E) as well as A549 MQCKD cells (Figure S4.2C) with the exception of M5 a-ketoglutarate.
Considering downstream TCA cycle metabolites show reduced glutamine carbon incorporation,
separate pools of o-ketoglutarate unaffected by glutamine oxidation must be predominant in
Ab49 cells.

Glutamine transport into mitochondria lies upstream of mitochondrial glutaminase, thus
glutaminase inhibition is expected to have similar effects on glutamine oxidation as impaired
MQC function. This is indeed the case as MQC knockdown along with administration of the
glutaminase inhibitors BPTES and CB-839 additively decrease incorporation of UGIn carbon
into fumarate (Figure 4.2F). Taken together these data indicate MQC transports an anaplerotic
substrate upstream or immediately downstream of glutaminase into mitochondria. In other

words, MQC is likely a glutamine or glutamate carrier.
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Figure 4.2: 1°N-Glutamine, 13C-Glucose, and 13C-Glutamine Tracing on MQCKD Cells.
(A) Schematic of [a-1°N]glutamine (aNQ) labeling nitrogenous metabolites. (B) A549 alanine
MID resulting from culture with aNQ. (C) A549 lactate, pyruvate, and alanine M3 relative
mass isotopomer abundances resulting from culture with [U-'3Cg]glucose (UGIc). (D) A549
relative mass isotopomer abundances indicating glucose anaplerosis resulting from culture with
UGlc. (E) Huh7 TCA cycle intermediate relative mass isotopomer abundances resulting from
culture with [U-13Cs]glutamine (UGIn). (F) Control and MQCKD A549 M4 fumarate relative
mass isotopomer abundances resulting from culture with UGIn and where indicated, 10 pM
BPTES and 1 uM CB-839. Error bars indicate SD. *, ** and *** indicate p < 0.05, 0.01,
and 0.001 by t-test. P-value indicators only provided if significant after correcting for multiple
comparisons using the Holm-Sidak method (C-F). Significance indicated without correction for
multiple comparisons (B).
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Permeabilized Cell 3C-Glutamine/*3C-Glutamate Tracing Reveals MQC as a

Glutamine Carrier

Glutamine carbon atoms also enter mitochondria independently of direct glutamine im-
port. Cytosolic glutaminase converts glutamine to glutamate, and glutamate passes through
one of the several mitochondrial glutamate carriers. To distinguish between these modes of
entry, we employed *3C-glutamine/*3C-glutamate tracing on permeabilized cells. Recombinant,
mutant perfringolysin O (XF Plasma Membrane Permeabilizer; Seahorse Bioscience) forms large
pores in cholesterol rich plasma membranes, leaving mitochondrial membranes intact. The non-
membrane bound cytoplasmic enzymes along with all of the intracellular small molecules diffuse
out of the cell leaving mitochondria exposed to the extracellular environment (Figure 4.3A).
Mitochondrial metabolism in permeabilized cells is different in that it is driven by ADP supplied
in the medium rather than a demand for ATP. Furthermore permeabilized cells can only oxidize
what is supplied in the medium since the free cytosolic enzymes are not present to convert
substrates.

This system is ideal for examining glutamine oxidation independent of cytosolic glutami-
nase activity. However this assay is not informative if 13C-labeled glutamine is the only substrate
available to mitochondria, as much of the power in stable isotope tracing lies in its ability to
distinguish changes in relative fluxes. If glutamine is the only available substrate, then glutamine
will account for all of the oxidative flux regardless if 90% of the mitochondrial glutamine car-
riers are knocked down. Therefore a competing substrate, in this case malate, must also be
present. Culture of permeabilized MQCKD A549 cells with ADP, malate, and UGIn reveals that
mass isotopomer abundances of TCA cycle intermediates, indicative of glutamine oxidation, are
reduced, and this is most pronounced for malate, the competing substrate (Figure 4.3B).

To further assess glutamine versus glutamate oxidation, permeabilized A549 cell TCA
cycle intermediate labeling resulting from culture with [5-13C]glutamine (5GIn) and malate is
directly compared with the labeling resulting from culture with [5-13C]glutamate (5Glu) and
malate. The presence of the glutaminase inhibitor, BPTES, severely reduces the relative contri-

bution of 5GIn as an oxidative substrate (the ratio of the M1 relative mass isotopomer abundance
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with BPTES to that without BPTES is much less than 100% for fumarate and malate) while it
has no effect on relative 5Glu oxidation (these same ratios are near 100%) (Figure 4.3C). This
is as expected considering glutamine transport into mitochondria is upstream while glutamate
oxidation is downstream of glutaminase in permeabilized cells. Similar results are obtained by
knocking down MQC; a defect in relative 5GIn oxidation is observed, however relative 5Glu
oxidation actually increases (the MQCKD M1 relative mass isotopomer abundances are greater
than the control cell M1 relative mass isotopomer abundances for fumarate and malate) indicat-
ing mitochondria are better equipped to metabolize glutamate when MQC function is impaired
(Figure 4.3D). Finally tissue specific expression of MQC resembles that of GLS2 and GLS (Fig-
ure S4.3A). Taken together these data suggest impairment of MQC restricts glutamine oxidation

independent of mitochondrial glutamate transport.

Discussion

Communication between mitochondria and the cytosol is essential for regulating
metabolism and maintaining cellular homeostasis. Central to this communication is the
exchange of nutrients, intermediates, and signaling molecules between the compartments; thus
the proteins that facilitate this exchange are key regulators of the metabolic network. Numerous
studies have highlighted the regulatory roles of mitochondrial inner membrane transporters
on cellular homeostasis. The mitochondrial pyruvate carrier (MPC) is a node that directs
carbohydrate, amino acid, and fatty acid oxidation (Vacanti et al., 2014; Yang et al., 2006).
The dicarboxylate and tricarboxylate carriers influence adipocyte lipid accumulation (Kajimoto
et al.,, 2005), and the mitochondrial iron carrier, Mfrnl, couples iron transport to heme
synthesis (Chen et al., 2010). Additionally, mitochondrial carrier function influences organism
phenotypes. The uncoupling protein, UCP1, allows for non-shivering thermogenesis and
UCP17/- mice are more sensitive to cold (Enerback et al., 1997). Impairment of the adenine
nucleotide translocator 1 is associated with cardiomyopathies (Jordens et al., 2002; Strauss
et al., 2013), MPC is frequently deleted in cancer (Schell et al., 2014), and the glutamate

carrier, GC1, regulates glucose stimulated insulin release (Casimir et al., 2009).
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Figure 4.3: 13C-Glutamine and !3C-Glutamate Tracing in Permeabilized Cells. (A)
Schematic of a permeabilized cell with cytosolic enzymes absent and mitochondria exposed to the
extracellular environment. (B) Relative mass isotopomer abundances of TCA cycle intermediates
resulting from culture with UGIn and indicative of glutamine oxidation. (C) Ratios of M1 relative
abundances resulting from culture with [5-13C]glutamine (5GIn) and [5-13C]glutamate (5Glu).
Ratios are presented as the M1 relative mass isotopomer abundance with, over that without 10
uM BPTES in the medium. Therefore a value of 100% indicates BPTES has no effect on the
oxidation of the labeled metabolite, values less than 100% indicate BPTES causes a defect in
oxidation of the labeled metabolite, and values greater than 100% indicate BPTES causes the
labeled metabolite to be preferentially oxidized. (D) Analogous to the experiment presented
in (C), except with MQCKD instead of BPTES. All are permeabilized A549 cells. Error bars
indicate standard error of the mean (SEM). *, ** and *** indicate p < 0.05, 0.01, and 0.001
by t-test. P-value indicators only provided if significant after correcting for multiple comparisons
using the Holm-Sidak method.
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Though considered a non-essential amino acid, rapid growth or conditions of stress
can render glutamine conditionally essential (Lacey and Wilmore, 1990). Glutamine is the
obligate nitrogen donor for nucleotide and glucosamine synthesis in the cytosol. In mitochondria,
glutamine is an oxidizable anaplerotic substrate that replenishes TCA cycle intermediates, a
source for biosynthetic NADPH, and supplies glutamate for non-essential amino acid synthesis.
Thus glutamine is believed to be imperative for continued proliferation in many tumors (Wise
and Thompson, 2010; Hensley et al., 2013). Furthermore, inhibiting aminotransferase activity
with amino-oxyacetic acid impairs growth in xenograft tumor models (Thornburg et al., 2008)
and glutaminase inhibition delays growth in lymphoma xenografts (Wang et al., 2010). Thus
activities of glutaminase and aminotransferases, which occur downstream of MQC, are critical
for tumor growth.

Mitochondrial glutamine metabolism is also a key regulator of systemic pH, ammonia
detoxification, and gluconeogenesis in the liver and kidneys. Both renal and hepatic glutaminase
are localized to mitochondria, thus the conversion of glutamine to glutamate requires transport
of glutamine into the mitochondrial matrix, implicating MQC as a key regulatory point. Acidosis
induces renal uptake of glutamine, its subsequent conversion to glutamate and ammonia, and
secretion of ammonia in the urine (van de Poll et al., 2004). Furthermore elevated acidity
decreases hepatic glutaminase activity and ammonia production, thus decreasing urea cycle
flux, bicarbonate consumption, and counteracting rising acidity (Haussinger and Schliess, 2007).
Finally glutamine is a major substrate for glucose production via gluconeogenesis in the liver
and kidneys, with the first step being glutamine transport into mitochondria for conversion to
glutamate (Stumvoll et al., 1999).

The importance of glutamine as an oxidizable substrate, biosynthetic precursor, and
regulator of pH and glucose homeostasis suggests understanding its localization is key to un-
covering the mechanisms contributing to the pathogenesis of metabolic diseases. Identification
of a mitochondrial glutamine carrier is a fundamental discovery which allows further elucidation

of the role glutamine plays in regulating the metabolic network.
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Chapter 5

Conclusions

A central theme to the works presented in this dissertation is that metabolism is a fun-
damental regulator of cellular phenotype. This is presented as a case study in the first chapter,
“Exploring Metabolic Pathways that Contribute to the Stem Cell Phenotype”, examining how
components of the metabolic network support and regulate the stem cell phenotype. Substrate
and pathway utilization are crucial determinants of differentiation status while the interplay be-
tween molecular signaling and metabolism drives stem cell fate. The field of stem cell metabolism
as a whole is in its infancy, and much work remains on determining: how culture conditions af-
fect metabolism, characteristic alterations in pathway utilization as stem cells differentiate down
specific lineages, and the metabolic requirements for remaining in an undifferentiated state.

The second chapter, “Inner Mitochondrial Membrane Transport Regulates Cellular Func-
tion”, takes a more focused look at a very under appreciated aspect of metabolic regulation;
transport of substrates, signaling molecules, and intermediates across the inner mitochondrial
membrane. Mitochondrial carrier activity exhibits elegant control over the metabolic network
and thus cellular homeostasis. Cells adapt to impaired transport by up-regulating parallel or
alternate pathways, modifying carrier utilization in response to stress or signaling molecules,
and adjusting their phenotypes in response to carrier activity. Though many carriers have been
studied extensively, much of this work has been done in isolation. Future work must elucidate
how specific perturbations in transport activity effect the metabolic network as a whole, and
how that translates into altered cellular phenotypes that can correct dysfunctional regulation.

The third chapter, “Regulation of Substrate Utilization by the Mitochondrial Pyruvate
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Carrier”, applies the principle of examining a specific metabolic node as it relates to the network
as a whole. 3C tracing and metabolic flux analysis (MFA) are employed to examine how
perturbations in pyruvate transport into the mitochondrial matrix affect substrate utilization and
flux through alternate pathways. Computational modeling through the application of MFA prove
to be instrumental in guiding experimental design to elucidate metabolic network adaptations to
impaired pyruvate oxidation. Proliferating cells increase glutamine and fatty acid oxidation while
up-regulating utilization of glutamine as a lipogenic precursor via the glutaminolysis pathway.
Furthermore, differentiated human skeletal myotubes rely more heavily on branched chain amino
acids as an oxidative fuel source. Future work must focus on how these adaptations can be
exploited to treat metabolic dysfunctions and elucidating the mechanisms behind others’ findings
including that re-expression of the mitochondrial pyruvate carrier (MPC) impairs growth in
xenograft tumor models (Schell et al., 2014).

The fourth chapter, “ldentification of a Mitochondrial Glutamine Carrier”, solves the
inverse problem of that posed in the third chapter. Rather than determine the regulatory con-
trol exhibited by a known transporter, for the first time 13C tracing is used to elucidate an
unknown transporter’s substrate from its pre-determined regulatory influence. Critical to this
methodology is the ability to examine alterations in fluxes throughout the metabolic network
resulting from inhibition of the node of interest. Furthermore, examining transporter function in
situ rather than as a recombinant protein reconstituted into liposomes circumvents the problem
of promiscuity of carrier proteins under non-physiological conditions. Both the networks of in-
tact cells and those permeabilized to expose mitochondria to the extracellular environment were
studied using 13C tracing. Regulatory responses to impaired SLC25A44 function include: ele-
vated glucose anaplerosis and MPC1 expression and decreased glutamine oxidation in intact cells
along with increased glutamate oxidation and decreased glutamine oxidation in permeabilized
cells. Additionally, SLC25A44 is co-expressed with mitochondrial glutaminase (GLS2). Taken
together, these data indicate SLC25A44 is a mitochondrial glutamine carrier (MQC). Future
work will likely focus on the role this carrier plays in glutamine addicted tumors, urea cycle and
gluconeogenesis regulation, and substrate selection in metabolic disorders such as obesity and

type Il diabetes.
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This dissertation begins with a general case study of metabolic regulation, becomes fo-
cused on mitochondrial transport as a brand of regulation, applies the principles of examining an
intact metabolic network to elucidate the regulatory role of a known transporter, and concludes
by elucidating the function of a previously un-annotated mitochondrial carrier. Highlighted
in these works are the value of methodologies which examine metabolism in intact networks.
Metabolic pathways operate in concert with molecular signaling, the extracellular environment,
and other metabolic pathways. Therefore studying the effects of perturbations in situ is essential

to understanding metabolic function and dysfunction.



Supplement to Chapter 1

Abbreviations

2HG, (R)2-hydroxyglutarate; 2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate; 6PG,
6-phosphogluconate; 6PGL, 6-phosphgluconolactone; 8-OHdG, 8-hydroxy-2'-deoxyguanosine;
AcCoA, acetyl coenzyme A; ACLY, ATP citrate lyase; ACO1, aconitase 1; ACO2, aconitase
2; ALDH, aldehyde dehydrogenase; ALDO, aldolase; ATP, adenosine triphosphate; BPG,
1,3-bisphosphoglycerate; CIT, citrate; CYS, cysteine; DHAP, dihydroxyacetone phosphate;
ENO, enolase; ESCs, embryonic stem cells; F6P, fructose-6-phosphate; FAs, fatty acids;
FBP, fructose-1,6-bisphosphate; FH, fumarate hydratase; FUM, fumarate; G6P, glucose-6-
phosphate; G6PD, glucose-6-phosphate dehydrogenase; GAP, glyceraldehyde-3-phosphate;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GCLC, glutamate-cysteine ligase;
GCLM, glutamate-cysteine ligase modifier subunit; GIcNAc, N-acetylglucosamine; GLN,
glutamine; GLS, glutaminase; GLU, glutamate; Gluc, glucose; GLY, glycine; GSR, glutathione
reductase; GSH, glutathione (reduced); GSS, glutathione synthetase; GSSG, glutathione
(oxidized); HBP, hexosamine biosynthesis pathway; hESCs, human embryonic stem cells;
HIFs, hypoxia inducible factors; HK, hexokinase; HSC, hematopoietic stem cell; ICT,
isocitrate; IDH, isocitrate dehydrogenase; iPSCs, induced pluripotent stem cells; LAC, lactate;
LDH, lactate dehydrogenase; MAL, malate; MalCoA, malonyl coenzyme A; MEETHF,
methylenetetrahydrofolate; MEFs, mouse embryonic fibroblasts; mESCs, mouse embryonic
stem cells; MSCs, mesenchymal stem cells; mTOR, mammalian target of rapamycin;
NAC, N-acetyl-L-cysteine; NAD™, nicotinamide adenine dinucleotide (oxidized); NADH,

nicotinamide adenine dinucleotide (reduced); NADPT, nicotinamide adenine dinucleotide
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phosphate (oxidized); NADPH, nicotinamide adenine dinucleotide phosphate (reduced); OAC,
oxaloacetate; OXPHOS, oxidative phosphorylation; PDH, pyruvate dehydrogenase; PDK,
pyruvate dehydrogenase kinase; PEP, phosphoenolpyruvate; PFK, phosphofructokinase; PGAM,
phosphoglycerate mutase; PGD, phosphogluconate dehydrogenase; PGK, phosphoglycerate
kinase; PHI, phosphohexose isomerase; PKM1, pyruvate kinase M1; PKM2, pyruvate kinase
M2; PPP, pentose phosphate pathway; PSCs, pluripotent stem cells; PYR, pyruvate; R5P,
ribulose-5-phosphate; ROS, reactive oxygen species; SDH, succinate dehydrogenase; SER,
serine; SHMTs, serine hydroxymethyltransferases; SUC, succinate; TALDO, transaldolase;
TCA, tricarboxylic acid; THF, tetrahydrofolate; TKT, transketolase; UCP2, uncoupling protein
2; WT, wild type; aKG, a-ketoglutarate; y-GLU-CYS, y-glutamylcysteine; Ady,, mitochondrial

membrane potential



Supplement to Chapter 3

Supplemental Experimental Procedures

Metabolic Flux Analysis Assumptions
1. Metabolism and isotopic labeling were at steady state.
2. Cells were assumed to grow exponentially.
3. Labeled CO, formed did not reincorporate in carboxylation reactions.

4. Protein turnover occured at a negligible rate compared to glucose and glutamine con-

sumption.

5. Pyruvate, acetyl-CoA, oxaloacetate, malate, fumarate, and aspartate existed in cytosolic
and mitochondrial pools. Malate, and aspartate were allowed to exchange freely between

the compartments.

6. The relative flux of glucose through the pentose phosphate pathway vs. glycolysis was
assumed to be the M1/(M1+M2) ratio of lactate }3C abundances resulting from culture

of C2C12 cells with [1,2-13C;]glucose.

7. The per cell biomass requirements of proliferating C2C12 myoblasts were similar to those

reported previously (Grassian et al., 2014).
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Determination of Extracellular Fluxes

Initial and final quantities of glucose, lactate, glutamine, and glutamate present were
determined using a Yellow Springs Instrument while pyruvate and alanine levels were measured
using GC/MS. The extracellular fluxes, in units of fmol/cell/hour, were determined by solving

the differential equations listed as Equations $3.1-53.3:

dX

—uX 1
gl (53.1)
dN;

L X $3.2
at ¢ (S3.2)
dNGin

d(t” = ¢;X — kNein (S3.3)

where X represents the number of cells present, p the cellular growth rate (in hr‘l), N; the
moles of substrate i present, ¢; the extracellular flux of substrate i (in moles/cell/hr), and &
the degradation rate of glutamine (in hr!). Equations S3.1 and S3.2 were used to solve for
glucose, lactate, glutamate, pyruvate, and alanine extracellular fluxes while Equations S3.1 and
S3.3 (which considers glutamine degradation) were used to solve for the glutamine extracellular
flux. k was set to 0.0045 hr'! (Tritsch and Moore, 1962). Solving Equations $3.1-53.3 yields

Equations $3.4-53.6 respectively.

X = Xopet (S3.4)
- u(Niy = Nip)
0= (53.5)
Nein t — Napm.oe ™
qGin = Cil d Ging -y (S3.6)
(;L—‘rk’) (X - X()e )

where the subscripts 0 and f indicate initial and final values respectively.

Separation and Chemical Derivatization of Polar Metabolites and Fatty Acids

Fatty acid methyl esters (FAMEs) were formed from the extracted fatty acids by adding

500 pL of 2% HySO4 in methanol to the dried contents of the non-polar layer and heating at
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50°C for at least two hours. FAMEs were extracted from the solution by washing with 100 pL
of a saturated NaCl solution and 500 pL of hexane. The hexane layer was removed, evaporated
and re-dissolved with 40 uL of hexane for injection.

Dried polar metabolites were dissolved in 15 plL of 2% (m/v) methoxyamine hydrochlo-
ride in pyridine and incubated for 60 minutes at 37°C. 20 pL of N-tert-butyldimethylsiyl-n-
methyltrifluoroacetamide with 1% tert-butyldimethylchlorosilane was then added and the solu-
tion incubated at 37°C for an additional 30 minutes to form methoxyamine-tert-butyldimethylsiyl

(MOX-tBDMS) derivatives.

Gas Chromatography and Mass Spectrometry

GC/MS analysis was performed using an Agilent 7890A GC connected to an Agilent
5975C MS. 1 pL of sample was injected at 270°C using helium as the carrier gas flowing
at 1 mL/min. Split mode was used to avoid sample overloading. To separate the MOX-
tBDMS derivatized polar metabolites the chromatography oven was held at 100°C for 2 minutes,
increased to 255°C at 3.5°C/min, increased to 320°C at 15°C/min, and held at 320°C for 3
minutes. To separate FAMEs the oven temperature was held at 100°C for 3 minutes, increased
to 205°C at 25°C/min, increased to 230°C at 5°C/min, increased to 300°C at 25°C/min, and
held at 300°C for 2 minutes. The MS operated in electron impact mode with the source and
quadrapole held at 150°C and 230°C respectively and scanned over the range of 100-650 m/z
for methoxyamine-tBDMS dervitized polar metabolites and 100-350 m/z for FAMEs. Mass
isotopomer distributions (MIDs) were determined by integrating ion fragments. When required,
MIDs were corrected for natural abundances using an algorithm adapted from one described
previously (Fernandez et al., 1996). Percent 13C enrichment was calculated from MIDs corrected

for natural isotopic abundances as shown in Equation S3.7.

= 100% > iM; (S3.7)

i=1

E

n

where F is the percent 13C enrichment, i iterates the number of possible 3C labeled carbons

on a metabolite fragment (one to the number of metabolite carbons), n is the number of
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metabolite carbons, and M; is the relative abundance of the mass isotopomer containing i 3C
carbon atoms. The quantity “percent *3C labeled” is 100% minus the percent of a metabolite

containing zero 3C carbon atoms.

Proliferation Assay

C2C12 myoblasts were plated 3000 cells per well in 96 well plates, one plate for each time
point. After cells attached (time=0) and each day after plates were fixed with 4% paraformalde-
hyde and stored at 4°C in PBS. Total biomass over time was quantified by measuring ab-
sorbance at 590 nm after staining using 0.9% crystal violet and re-dissolving with 4:1:1 (v:v:v)

ethanol:methanol:water.

Preparation of BSA-[U-13C;¢]Palmitate Conjugates

BSA-palmitate conjugates were prepared by dissolving sodium palmitate or
[U-13Cy6]sodium palmitate (Cambridge Isotopes) to a concentration of 2.5 mM in a 150 mM
NaCl solution at 70°C. Using a glass pipette, 40 mL palmitate solution were added to 50
mL of a 0.34 mM Ultra Fatty Acid Free BSA (Roche) solution at 37°C. A 1 mM working
BSA-Palmitate conjugate solution was prepared by adjusting the pH to 7.4 and diluting to a

final volume of 100 mL with 150 mM NaCl.

Gene Expression Analysis

Isolation of mMRNA from C2C12 myoblasts and myotubes was performed using a nucleic
acid purification kit (NucleuSpin) per the manufacturer’s instructions. The isolated mRNA was
used to synthesize cDNA using a cDNA synthesis kit (Bio Rad) per the manufacturer’s instruc-
tions. Quantitative polymerase chain reaction (qPCR) analysis was then performed using the
Power SYBR Green PCR Master Mix (Applied Biosystems) per the manufacturer’s instructions.
Relative expression was quantified using the 2-24CT method with B-actin as the endogenous

control.
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Western Blot Analysis

Crude mitochondrial fractions from virally transduced cells were isolated as
in (Divakaruni et al., 2013). Mitochondrial protein was solubilized and separated by SDS-PAGE
on a Laemmli gel. Proteins were transferred to a PVDF membrane by semi-dry transfer
(Bio-Rad), immunoblotted for either MPC1 (Abcam ab74871; 1:1000) or MPC2 (Sigma
SAB4501091; 1:1000), and visualized by chemiluminescence (FluorChem E, ProteinSimple).
After immunoblotting, the PDVF membrane was stripped, Coomassie-stained, and densitometry

was measured post hoc as a protein loading control.

Production of Stable Knockdown Myoblasts and Transformed Cells

Lentival shRNA plasmids targeting mouse Mpcl (NM_018819.3-336slcl: CCG-

GCAAACGAAGTAGCTCAGCTCACTCGAGTGAGCTGAGCTACTTCGTTTGTTTTTT),

mouse Mpc2 (NM_027430.2-474s21cl: CCGGTTGGAGTTTGTTCGCTGTTAACTCGAGT-
TAACAGCGAACA AACTCCAATTTTTG), human MPC1 (AAATCTCGAGATTTAATACTTG-
TAAGGCAGCTTTTT), or a non-targeting/scrambled control construct were packaged in
293FT cells using FUGENE 6 as a transfection agent for the desired pLKO vector, VSV-G,
gag/pol, and rev. The 293FT cell culture medium containing the lentiviral constructs
was collected and filtered (0.45 pum) to remove any cells. Polybrene was added to a
final concentration of 8 pg/mL. Cells in 6-well plates were cultured with 0.5 mL of the
virus-containing medium for 4 hours before addition of 2 mL of virus free medium. Transduced

cells were then selected with 2 pg/mL puromycin.
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Figure S3.1: Probing Carbohydrate and Amino acid Metabolism. (A) Schematic of UGIc
derived carbon atom transitions in the TCA cycle. (B) Schematic of key amino acid metabolism
pathways. (C) Schematic of 3GIn derived carbon atom transitions in the TCA cycle. (D) C2C12
myoblast lactate MID resulting from culture with [3-13C]glutamine (3GIn). Error bars indicate
SD.
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Figure S3.2: Simulation Results and C2C12 Myoblast Branched Chain Amino Acid
Metabolism and Oxygen Consumption. (A, B) Simulated MIDs overlaid with measured input
MIDs for Control (A) and Mpc2KD (B) cell MFA model. Columns 1-12 and 13-21 correspond to
the MIDs resulting from incubation with [U-13Cs]glutamine and [1,2-13C,]glucose respectively.
(C) Relative abundance of MO mass isotopomers resulting from culture with [U-13Cs]valine, [U-
13Cg]leucine, and [U-13Cg]isoleucine (collectively UBCAA). (D) ATP-linked oxygen consumption
rate (OCR). (E) Maximal OCR. (F) ATP-linked OCR. (G) Maximal OCR. Culture medium
supplemented with 0.5 mM carnitine (D-G). Concentrations used: 20 pM etomoxir, 3 pM
BPTES (D-G), 10 uM UK5099 (F,G). Error bars indicate SD (C), SEM (D-G). *, **, and ***
indidcate p<0.05, 0.01, and 0.001 respectively by ANOVA with Dunnett's post-hoc. All are
C2C12 myoblasts.
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Figure S3.3: Human Transformed Cells Respond to MPC Inhibition. (A-C) Citrate MID
(A), % 13C Jabeled TCA cycle intermediates (B), and M3 labeled lactate, pyruvate, and alanine
(C) resulting from culture with UGlc. (D-F) % fully labeled TCA cycle intermediates (D), Citrate
MID (E), and alanine MID (F) resulting from culture with UGIn. (G) Citrate MID resulting from
culture with 3Gln. (H, 1) Citrate MID (H) and % !3C enrichment of TCA cycle intermediates
(1) resulting from culture with UPalm. (J) % 3C labeled TCA cycle intermediates resulting
from culture with UGIc, £10 uM UK5099. (K) Citrate MID resulting from culture with UGIn,
+2 uM UK5099. (L-M) A549 (L) and Huh7 (M) cell citrate MID resulting from culture with
UPalm, £10 pM UK5099. Error bars indicate a standard deviation. *, ** and *** indicate
p<0.05, 0.01, and 0.001 respectively by ANOVA with Dunnett’s post-hoc test (A-F) or by a
two-tailed, equal variance, Student’s t-test (G-M). All are A549 cells unless indicated otherwise.
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Figure S3.4: Myotubes Respond to Mpc Inhibition. (A) Immunofluorescent staining for
desmin, a marker of differentiated myotubes, in Control (top), Mpc1KD (middle), and Mpc2KD
(bottom) C2C12 cells differentiated to myotubes. Scale bar is 100 pm. (B) Relative abundance
of intracellular metabolites in C2C12 myotubes. (C) % 3C enrichment in C2C12 myotubes
and myoblasts resulting from culture with UGlc. (D-E) C2C12 myotube % 3C enrichment 2
hours after incubation with UGlc (D) and 3Pyr (E). (F) Citrate MID resulting from culture of
C2C12 myotubes with UGIn. (G) % 3C enrichment in Patient 2 hSKMs cultured with with [U-
13Cs]valine, [U-13Cg]leucine, and [U-13Cglisoleucine (collectively UBCAA). Error bars represent
a SD. *, ** and *** indidcate p<0.05, 0.01, and 0.001 respectively by a two-tailed, equal
variance Student'’s t-test.
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Table S3.1: Metabolic Flux Analysis on Control C2C12 Myoblasts. A net flux is the
reverse subtracted from the forward flux while an exchange flux is the minimum of the forward
and reverse fluxes. If no type is specified, then the flux is a net flux where the reverse reaction
was not included in the model.

Number Flux Lower bound Upper bound

Pathway/Reaction and Type (fmolicell/hr)  (fmol/cell/hr)  (fmol/cell/hr)

Glycolysis (net fluxes)

Glc.x -> G6P R1 320.6 292.3 3491
G6P -> F6P R2 net 316.2 287.8 344.4
F6P -> DHAP + GAP R3 316 287.9 3441
DHAP -> GAP R4 net 316 287.9 344.1
GAP -> 3PG R5 net 631.8 575.6 688.6
3PG -> PEP R6 631.8 575.6 688.6
PEP -> Pyr.c R7 644.4 575.1 701.7
Pyr.c -> Lac R8 net 537.8 481.5 595.2
Lac -> Lac.x R9 537.8 481.5 595.2
Pyr.c -> Ala R10 12.77 4.349 184
Pyr.m -> Ala R11 8.921 4.688 17.66
Pyr.c -> Pyr.x R12 39.33 33.88 44.79
Ala -> Ala.x R13 9.295 4173 14.42

Pentose Phosphate Pathway (net fluxes)

G6P -> P5P + CO2 R14 4.467 3.511 5.424
P5P + P5P -> S7P + GAP R15 net -0.1144 -0.4894 0.2597
S7P + GAP -> F6P + E4P R16 net -0.1144 -0.4894 0.2597
P5P + E4P -> F6P + GAP R17 net -0.1144 -0.4894 0.2597

Anaplerotic Reactions (net fluxes)

Pyr.c -> Pyr.m R18 54.5 47.35 64.18
Pyr.m + CO2 -> Oac.m R19 2.531 1.946 3.208
Oac.c -> PEP + CO2 R20 12.63 0 17.66
Mal.m -> Pyrm + CO2 R21 4.974 2.562 7.502
Mal.c -> Pyr.c + CO2 R22 1.00x107 0 17.64
Pyr.m -> AcCoA.m + CO2 R23 48.02 41.94 54.41
FAO -> AcCoA.m R24 7.747 5.092 10.58
Glu -> Akg R25 net 21.04 17.63 24.53
GiIn -> Glu R26 net 31.8 28.23 35.45
GIn.x -> GIn R27 38.45 34.51 42.44
Glu -> Glu.x R28 3.001 2.586 3.416

TCA Cycle (net fluxes)

AcCoA.m + Oac.m -> Cit R29 55.77 49.31 62.38
Cit -> Akg + CO2 R30 net 5.042 2.806 6.283
Akg -> Suc + CO2 R31 26.08 22.23 30.16
Suc -> Fum.m R32 net 26.08 22.23 30.16
Fum.m -> Mal.m R33 net 26.08 22.23 30.16
Mal.m -> Oac.m R34 net 24.51 -46.77 79.13
Oac.m -> Asp.m R35 net -28.73 -100.7 26.37
Mal.c -> Oac.c R36 net -3.4 -70.26 0
Oac.c -> Asp.c R37 net 34.7 -18.28 0
Asp.c -> Fum.c R38 1.00x107 -1.02x107"° w0
Mal.c -> Fum.c R39 net -1.00x107 - 0
Mal.c -> Mal.m R40 net 3.4 -68.51 57.39

Asp.m -> Asp.c R41 net -28.73 -100.7 26.37



Table S3.1: Metabolic Flux Analysis on Control C2C12 Myoblasts, continued.

Number Flux Lower bound Upper bound

Pathway/Reaction and Type (fmol/cell/hr)  (fmol/cell/hr) (fmol/cell/hr)

Biomass

Cit -> AcCoA.c + Oac.c R42 50.72 44.62 56.98
0*AcCoA.c + 0*AcCoA.c + 0*AcCoA.c +

0*AcCoA.c + 0*AcCoA.c + 0*AcCoA.c + R43 1.30x10° 0 o
0*AcCoA.c + 0*AcCoA.c -> Palm.s

Palm.d -> Palm.s R44 2.14x10° 0 *
114*Asp.c + 152*Glu + 237*Ala +

127*GIn + 970*AcCoA.c + 92*P5P -> R45 0.05229 0.046 0.05874
Biomass

Dilution/Mixing

0*Pyr.c -> Pyr.mnt R46 0.5438 0.09823 0.7485
0*Pyr.m -> Pyr.mnt R47 0.4562 0.2515 0.9018
0*Mal.c -> Mal.mnt R48 1.00x107 5.00x10°® 1
0*Mal.m -> Mal.mnt R49 1 0 1
0*Asp.c -> Asp.mnt R50 0.004925 5.00x10° 1
0*Asp.m -> Asp.mnt R51 0.9951 0 1
0*Fum.m -> Fum.mnt R52 0.8233 5.00x10°® 1
0*Fum.c -> Fum.mnt R53 0.1767 0 1
Glu.d -> Glu R54 0.1747 0 0.588
Pyr.mnt -> Pyr.fix R55 1 1 1
Asp.mnt -> Asp.fix R56 1 1 1
Mal.mnt -> Mal.fix R57 1 1 1
Fum.mnt -> Fum.fix R58 1 1 1

Glycolysis (exchange fluxes)

G6P <- F6P R2 exch 9.99x10° 0 ©
DHAP <- GAP R4 exch 1.00x107 0 w
GAP <- 3PG R5 exch 5.77x10° 0 -
Pyr.c <- Lac R8 exch 4.33%x10° 0 o
Pentose Phosphate Pathway (exchange fluxes)

P5P + P5P <- S7P + GAP R15 exch 1.00x10" 0.7823 ©
S7P + GAP <- F6P + E4P R16 exch 3.184 0.801 ©
P5P + E4P <- F6P + GAP R17 exch 7.56%x10° 0 ©
Anaplerotic Reactions (exchange fluxes)

Glu <- Akg R25 exch 1756 3541 ©
Gin <- Glu R26 exch 1.227 0 5.287
TCA Cycle (exchange fluxes)

Cit <- Akg + CO2 R30 exch 5.65 4.556 7.607
Suc <- Fum.m R32 exch 0.4795 0 L
Fum.m <- Mal.m R33 exch 1.00x107 0 w0
Mal.m <- Oac.m R34 exch 1.00x107 0 498
Oac.m <-Asp.m R35 exch 6.627 0 o
Mal.c <- Oac.c R36 exch 1.58x10° 0 oo
Oac.c <-Asp.c R37 exch 1.00x107 0 o
Mal.c <- Fum.c R39 exch 5.63x10° 0 ©
Mal.c <- Mal.m R40 exch 118.1 13.26 ©
Asp.m <- Asp.c R41 exch 1.00x107 0 w
SSE =80.4

Expected SSE = [73.1 174.0] (99.9% conf., 117 DOF)
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Table S3.2: Metabolic Flux Analysis on Mpc2KD C2C12 Myoblasts. Net and exchange
fluxes defined as in the caption to Table S3.1.

Pathway/Reaction Number Flux Lower bound Upper bound
and Type (fmol/cell/hr) (fmol/cell/hr) (fmol/cell/hr)
Glycolysis (net fluxes)
Glc.x -> G6P R1 424.2 387.9 460.6
G6P -> F6P R2 net 420.4 384 456.9
F6P -> DHAP + GAP R3 419.8 383.4 456.2
DHAP -> GAP R4 net 419.8 383.4 456.2
GAP -> 3PG R5 net 839.3 766.6 912
3PG -> PEP R6 839.3 766.6 912
PEP -> Pyr.c R7 855.3 766.6 928.4
Pyr.c -> Lac R8 net 611.6 539.6 683.4
Lac -> Lac.x R9 611.6 539.6 683.4
Pyr.c -> Ala R10 9.877 8.258 11.24
Pyr.m -> Ala R11 6.407 5.272 8.178
Pyr.c -> Pyr.x R12 222.7 191.8 253.6
Ala -> Ala.x R13 4.091 2.985 5.199
Pentose Phosphate Pathway (net fluxes)
G6P -> P5P + CO2 R14 3.836 0.9028 6.762
P5P + P5P -> S7P + GAP R15 net -0.2981 -1.294 0.697
S7P + GAP -> F6P + E4P R16 net -0.2981 -1.294 0.697
P5P + E4P -> F6P + GAP R17 net -0.2981 -1.294 0.697
Anaplerotic Reactions (net fluxes)
Pyr.c -> Pyrm R18 11.11 8.024 16.43
Pyr.m + CO2 -> Oac.m R19 6.553 4.699 9.848
Oac.c -> PEP + CO2 R20 16.04 0 22.21
Mal.m -> Pyr.m + CO2 R21 19.53 15.97 23.5
Mal.c -> Pyr.c + CO2 R22 1.00x107 0 22.24
Pyr.m -> AcCoA.m + CO2 R23 17.68 14.18 224
FAO -> AcCoA.m R24 34.79 29.97 39.42
Glu -> Akg R25 net 34.88 29.71 40.29
Gin -> Glu R26 net 45.58 40.31 51.01
GlIn.x -> GIn R27 52.11 46.56 57.75
Glu -> Glu.x R28 3.797 3.271 4.32
TCA Cycle (net fluxes)
AcCoA.m + Oac.m -> Cit R29 52.47 46.49 58.59
Cit -> Akg + CO2 R30 net 2.594 1.178 4.276
Akg -> Suc + CO2 R31 37.47 31.66 43.69
Suc -> Fum.m R32 net 37.47 31.66 43.69
Fum.m -> Mal.m R33 net 37.47 31.66 43.69
Mal.m -> Oac.m R34 net 46.52 -99.13 129.7
Oac.m -> Asp.m R35 net 0.602 -144.3 85.74
Mal.c -> Oac.c R36 net -28.58 -1294 116.6
Oac.c -> Asp.c R37 net 5.266 -79.92 433
Asp.c -> Fum.c R38 1.00x107 0 o0
Mal.c -> Fum.c R39 net -1.00x107 -w0 0
Mal.c -> Mal.m R40 net 28.58 -116.6 112.3
Asp.m -> Asp.c R41 net 0.602 -144.3 85.74



Table S3.2: Metabolic Flux Analysis on Mpc2KD C2C12 Myoblasts, continued.

Number Flux Lower bound Upper bound

Pathway/Reaction and Type (fmol/cell/hr)  (fmol/cell/hr) (fmol/cell/hr)

Biomass

Cit -> AcCoA.c + Oac.c R42 49.88 43.88 55.97
0*AcCoA.c + 0*AcCoA.c + 0*AcCoA.c +

0*AcCoA.c + 0*AcCoA.c + 0*AcCoA.c + R43 0.09072 0 3.20x10°
0*AcCoA.c + 0*AcCoA.c -> Palm.s

Palm.d -> Palm.s R44 0.9542 3.13x107 ©
114*Asp.c + 152*Glu + 237*Ala +

127*GIn + 970*AcCoA.c + 92*P5P -> R45 0.05142 0.04523 0.0577
Biomass

Dilution/Mixing

0*Pyr.c -> Pyr.mnt R46 0.9447 0.9159 0.9699
0*Pyr.m -> Pyr.mnt R47 0.05533 0.03005 0.08414
0*Mal.c -> Mal.mnt R48 0.613 5.00x10° 1
0*Mal.m -> Mal.mnt R49 0.387 0 1
0*Asp.c -> Asp.mnt R50 0.04039 5.00x10°® 1
0*Asp.m -> Asp.mnt R51 0.9596 0 1
0*Fum.m -> Fum.mnt R52 0.5044 5.00x10° 1
0*Fum.c -> Fum.mnt R53 0.4956 0 1
Glu.d -> Glu R54 0.9037 0.4202 1.407
Pyr.mnt -> Pyr.fix R55 1 1 1
Asp.mnt -> Asp.fix R56 1 1 1
Mal.mnt -> Mal.fix R57 1 1 1
Fum.mnt -> Fum.fix R58 1 1 1

Glycolysis (exchange fluxes)

G6P <- F6P R2 exch 1.00x10” 0 w
DHAP <- GAP R4 exch 1.00%107 0 %
GAP <- 3PG R5 exch 0.04608 0 ©
Pyr.c <- Lac R8 exch 1.00x107 0 o0
Pentose Phosphate Pathway (exchange fluxes)

P5P + P5P <- S7P + GAP R15 exch 1.00x107 7.084 =
S7P + GAP <- F6P + E4P R16 exch 10.62 7.084 33.17
P5P + E4P <- F6P + GAP R17 exch 9.92x10° 30.13 °°
Anaplerotic Reactions (exchange fluxes)

Glu <- Akg R25 exch 5677 271.4 L
GIn <- Glu R26 exch 3.357 0 15.52
TCA Cycle (exchange fluxes)

Cit <- Akg + CO2 R30 exch 6.172 4.836 7.573
Suc <- Fum.m R32 exch 0.05958 0 ©
Fum.m <- Mal.m R33 exch 1.00x107 0 oo
Mal.m <- Oac.m R34 exch 1.00x107 0 87.45
Oac.m <- Asp.m R35 exch 1.00x107 0 w
Mal.c <- Oac.c R36 exch 1.00x10’ 97 o
Oac.c <-Asp.c R37 exch 1.00x107 0 0
Mal.c <- Fum.c R39 exch 1.00x107 0 w0
Mal.c <- Mal.m R40 exch 123.7 36.07 0
Asp.m <- Asp.c R41 exch 273.1 0 L

SSE =82.5
Expected SSE = [61.4 155.6] (99.9% conf., 102 DOF)
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Table S3.3: Metabolite Fragments Considered in MFA. “Metabolite” refers to the MOX-
tBDMS derivatized metabolite that was fragmented during GC/MS analysis. “Carbons” refers
to the metabolite carbons that are part of the derivatized metabolite fragment. “Formula” is the
chemical formula, and “m/z" is the mass to charge ratio of the derivatized metabolite fragment.

Metabolite Carbons Formula m/z
Pyruvate 1,2,3 CsH,0;NSi 174
Lactate 2,3 C1oH250,Si, 233
Lactate 1,2,3 C11H,50,Si, 261
Alanine 2,3 C,0H20ONSI, 232
Alanine 1,2,3 C11H»50,NSI, 260
aKG 1,2,3,4,5 C14H2505NSi, 346
Malate 1,234 CigH3005Si5 419

Aspartate 1,2,3,4 C1gH4004NSI; 418
Glutamate  2,3,4,5 C16H360,NSI, 330
Glutamate  1,2,3,4,5 C19H4,04NSI; 432
Glutamine 1,2,3,4,5 C19H4305N,Si; 431
Citrate 1,2,3,4,5,6 C,H300¢Sis 459
Palmitate 1-16 C47H3,0, 270




Supplement to Chapter 4

Experimental Procedures

Cell Culture and Tracing in Intact Cells

A549 and Huh7 cells were cultured in Dulbecco’s modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 ug/ml streptomycin
at 37°C and 5% CO,. For tracer studies, custom, phenol red-free DMEM was formulated by
replacing the substrate of interest with '3C-labeled glucose, 3C-labeled glutamine, or 1°N-
labeled glutamine. All other components were unlabeled. Cultures were washed with phosphate

buffered saline before adding tracer medium and allowing to incubate for 24 hours.

Tracing in Permeabilized Cells

Cells were plated to near confluent in 6-well plates. Basal medium containing 125 mM
sucrose, 65 mM KCI, 5 mM KH,PQO4, 20 mM HEPES, 1 mM MgCl, 0.5 mM EGTA, and 0.2%
bovine serum albumin was prepared in cell culture water. Immediately prior to the experiment,
unlabeled malate and the glutamine or glutamate tracer were each added to a final concentration
of 1 mM, and ADP to a final concentration of 4 mM. 1 ml of tracer medium was charged to
each well and the cells placed in a 37°C incubator without supplemented CO,. The metabolites

were extracted as described below after 20 minutes.
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Metabolite Extraction and GC/MS Analysis

At the conclusion of a tracer experiment, the tracer medium was removed from the
culture wells, intact cells were washed with a saline solution (9 g/L NaCl), permeabilized cells
washed twice with 150 mM NaCl, and the bottom of each well was covered with 400 pl cold
methanol to lyse the cells and halt metabolism. Water containing norvaline at 2.5 pg/ml was
charged to each well at a volume ratio of 1:2.5 relative to the methanol. The bottom of each
well was scraped with a 1,000 pl pipette tip, and the cells were collected in 1.5 ml tubes.
Cold chloroform was added to each sample at a 1:1 volume ratio relative to the methanol.
The mixtures were vortexed, and the polar and nonpolar layers separated and evaporated after

centrifugation.

Determination of Extracellular Fluxes

Initial and final quantities of glucose, lactate, glutamine, and glutamate present were
determined using a Yellow Springs Instrument while pyruvate and alanine levels were measured
using GC/MS. The extracellular fluxes were determined by solving the differential equations

listed as Equations S4.1-54.3:

dX
X S4.1
il (S4.1)
dN;

.4 S4.2
a9 (S4.2)
dNcn

dfl = ¢ X — kNem, (54.3)

where X represents the number of cells present (see normalization described below), u the
cellular growth rate (in hr'!), N; the moles of substrate i present, ¢; the extracellular flux of
substrate 7 (in moles/cell/hr), and k the degradation rate of glutamine (in hr!). Equations S4.1
and S4.2 were used to solve for glucose, lactate, glutamate, pyruvate, and alanine extracellular
fluxes while Equations S4.1 and S4.3 (which considers glutamine degradation) were used to

solve for the glutamine extracellular flux. k was set to 0.003 hrl. Solving Equations S4.1-54.3
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yields Equations S4.4-S4.6 respectively.

X = Xopet (S4.4)
w (Niy — Nip)
= — 1" 4.
q X X, (54.5)
Nein.t — Napm.oe ™
9Gin = Cil J TG0 — (S4.6)
([L+k) (X — Xoe )

where the subscripts 0 and f indicate initial and final values respectively.

Normalization

Extracellular fluxes and metabolite abundances are normalized to a representation of
cell quantity. The quantity of control cells was set to 1 and the quantity of MQCKD cells was
determined by calculating the average fractional abundance of each metabolite fragment (using
gas chromatography/mass spectrometry) relative to the control cells. Extracellular fluxes and

metabolite abundances are presented as relative values.

Separation and Chemical Derivatization of Polar Metabolites

Dried polar metabolites were dissolved in 20 pL of 2% (m/v) methoxyamine hydrochlo-
ride in pyridine and incubated for 60 minutes at 45°C. 20 pL of N-tert-butyldimethylsiyl-n-
methyltrifluoroacetamide with 1% tert-butyldimethylchlorosilane was then added and the solu-
tion incubated at 45°C for an additional 30 minutes to form methoxyamine-tert-butyldimethylsiyl

(MOX-tBDMS) derivatives.

Gas Chromatography and Mass Spectrometry

GC/MS analysis was performed using an Agilent 7890A GC connected to an Agilent
5975C MS. 1 pL of sample was injected at 270°C using helium as the carrier gas flowing at
1 ml/min. To separate the MOX-tBDMS derivatized polar metabolites the chromatography
oven was held at 100°C for 2 minutes, increased to 255°C at 3.5°C/min, increased to 320°C

at 15°C/min, and held at 320°C for 3 minutes. To separate FAMEs the oven temperature was
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held at 100°C for 3 minutes, increased to 205°C at 25°C/min, increased to 230°C at 5°C/min,
increased to 300°C at 25°C/min, and held at 300°C for 2 minutes. The MS operated in electron
impact mode with the source and quadrapole held at 150°C and 230°C respectively and scanned
over the range of 100-650 m/z for methoxyamine-tBDMS dervitized polar metabolites and 100-
350 m/z for FAMEs. Mass isotopomer distributions (MIDs) were determined by integrating
ion fragments. When required, MIDs were corrected for natural abundances using an algorithm

adapted from one described previously (Fernandez et al., 1996).

Growth Assay

Cells were plated in 6-well plates at known densities. At the specified time points, cells

were removed from the wells with trypsin and counted.

Gene Expression Analysis

Isolation of mMRNA from cells was performed using a nucleic acid purification kit (Qi-
agen) per the manufacturer’s instructions. The isolated mRNA was used to synthesize cDNA
using a cDNA synthesis kit (Applied Biosystems) per the manufacturer’s instructions. Quanti-
tative polymerase chain reaction (qPCR) analysis was then performed using the Power SYBR
Green PCR Master Mix (Bio-Rad) per the manufacturer’s instructions. Relative expression was

quantified using the 2" 22T method with ribosomal protein L27 as the endogenous control gene.

Production of Stable Knockdown Transformed Cells

Lentival shRNA plasmids targeting human SLC25A44 (NM_014655.1-467slcl:
CCGGGCCAGAGTAACACAGTCAAATCTCGAGATTTGACTGTGTTACTCTGGCTTTTTTG)
or a non-targeting control construct were packaged in 293FT cells using FUGENE 6 as a
transfection agent for the desired pLKO vector, VSV-G, gag/pol, and rev. The 293FT cell
culture medium containing the lentiviral constructs was collected and filtered (0.45 pm) to
remove any cells. Polybrene was added to a final concentration of 8 pg/ml. Cells in 6-well
plates were cultured with 0.5 ml of the virus-containing medium for 4 hours before addition of

2 ml of virus free medium. Transduced cells were then selected with 2 pg/ml puromycin.



101

Supplemental Figures
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Figure S4.1: MQC Knockdown Effects on Growth and Metabolite Pools. (A-B) Prolifer-
ation (A) and metabolite abundances (B). All are Huh7 cells. Error bars indicate SD. *, **, and
*** indicate p < 0.05, 0.01, and 0.001 by t-test. P-value indicators only provided if significant
after correcting for multiple comparisons using the Holm-Sidak method.
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Figure S4.2: 13C-Glucose and 3C-Glutamine Labeling Schematics and A549 Cell Glu-
tamine Oxidation. (A-B) Schematic of UGIc (A) and UGIn (B) labeling. (C) A549 cell TCA
cycle intermediate relative mass isotopomer abundances resulting from culture with UGIn, and
indicative of glutamine oxidation. Error bars indicate SD. *, ** and *** indicate p < 0.05, 0.01,
and 0.001 by t-test. P-value indicators only provided if significant after correcting for multiple
comparisons using the Holm-Sidak method.



103

I
o
{e}

aulsau| ||lews aulsau| |lews aulissalu| [lews
uojo) uojon uojo)
uleig s|OYpA uleig 8|oypn uleld S|0UM
poo|g 3|0y poo|g 3joym poo|g 8|0y
snia)n snia)n sniayn
eayoel| eayoel] eayoel]
ploAy L ploJAyL ploJAy L
slise| slyse | siisa |
piog |eulds p10D |eulds pi0D |eulds
ajosN\ yloows 9|9sSN|\ yjoows 919SN\ yjoows
unis uns unis
SIOSN|Al [E1RINS SI0SNAl [BISI9NS SI0SNIAl [BI8|9NS
aje)sold ajejsold aje}soid
sealoued sealoued sealoued
Bunq Bun Bun
JOAIT — JOAIT JOAIT
Asupryy Asupry Asupry
HeaH ueaH ueaH
Mmoulepy auog Mol auog MOlJe\ Buog
sojfoodipy so)hoodipy sajhoodipy
I T e EEIEE STl
% W 0 N -~
inopesy 8qold DO inopeay 8qold ¢S19 inopeay 8qold S19

Figure S4.3: Tissue Specific Expression of MQC, GLS2, and GLS. Readouts for MQC,

GLS2, and GLS are from microarray probes “212683_at”, “205531_s_at”, and “203158_s_at”
respectively. Data collected by Su et al. (2004) and accessed from BioGPS (Wu et al., 2009).
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