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PROLOGUE

| entered the world of research in 1993 upon invitation by prof. Tretter LaszI6 to join the group led by
prof. Addm Veronika. After spending one year trying to establish the method for measuring
acetylcholine release from isolated nerve terminals, | arrived to the conclusion that all of my data were
artifacts. This led me to assemble a dossier which | -perhaps arrogantly- named “Christos vs luminol-
enhanced chemiluminescence” and showed it to my superiors; although we did not discuss it
thoroughly, they made it clear that | had a strong case, approved of my perseverance and assigned to
me another project; it was this incident that led me to commit myself to science.
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INTRODUCTION

In the present dissertation | will argue about the critical role of mitochondrial substrate-level
phosphorylation as a means of ATP production within the matrix, preventing mitochondria from
becoming cytosolic ATP consumers during respiratory arrest. Having said that, | should emphasize that
the original intend, i.e. the hypotheses tested upon commencing of this work in 2007 were different
from the research directive outlined in the past few years up to this day. Initially, biochemical pathways
were sought that damage or salvage tissues experiencing metabolic stress; it was later realized that
some of the salvaging pathways could serve the needs of neoplasia mindful that tumor cells are forced
to thrive under adverse micronenvironmental conditions encompassing hypoxia.

In 2007 we aimed to elucidate the components of the mitochondrial permeability transition pore
(mPTP), a multi-component protein complex comprising a mega-channel that disrupts mitochondrial
integrity (Halestrap and Brenner, 2003). The adenine nucleotide translocase (ANT) was considered a
structural -or at least modulatory- constituent in mPTP assembly. Mindful that the mitochondrial
membrane potential (A¥Ym) is also a parameter influencing mPTP and that ANT operation is
electrogenic, | was interested in the relation of AYm and ANT activity as they both affect pore opening.
Exhaustive literature search yielded that there are no easy methods for measuring ANT activity as a
function of AWm, so the task was clear: develop an ANT kinetic assay. In (Chinopoulos et al., 2009) we
described the methodology to measure mitochondrial ADP-ATP exchange rate (scheme 1), and correlate
this rate as a function of A¥m and ApH. The participation of the ANT in mPTP has been proven by the
group of Molkentin (Karch et al., 2019), (Bround et al., 2020). The full list of protein(s) constituting the
mPTP is/are still unknown.

P ¥ Upon describing the above technique
(Chinopoulos et al., 2009), we sought to adapt
this method for measuring ANT activity in
Maz2* environments with competing reactions that
\ ’/1/?' [ g ] interconvert adenine nucleotides, such as in
N {df permeabilized cells that harbor phosphorylases

—_—_— and kinases, ion pumps exhibiting substantial
Scheme 1. ADP-ATP exchange rate mediated by the ATPase activity and myosin ATPase activity. We
ANT embedded in mitochondria (depicted as cyan disc)
could be quantified by measuring the rate of change in
[Mg?*] concentration; the method is based on the
differential affinities (Kd) of ADP and ATP for Mg?*. o . .
The method was described in (Chinopoulos et al., Ut_lllzmg realctlons, except the ANT-mediated
2009), modified for use in permeabilized cells and/or mitochondrial ~ ATP-ADP  exchange. ~ An
tissue homogenates in (Kawamata et al., 2010) and advantage of this modification was that
further improved in (Chinopoulos et al., 2014). mitochondria that may have been also
permeabilized by digitonin do not contribute to ATP consumption by the exposed F1F,-ATPase, due to
its sensitivity to BeFs” and NaszVO.. With this assay, ADP-ATP exchange rate mediated by the ANT in
permeabilized cells (Kawamata et al., 2010) was measured for the entire range of mitochondrial
membrane potential titrated by stepwise additions of an uncoupler, and expressed as a function of
citrate synthase activity per total amount of protein. In (Chinopoulos et al., 2014), the method was
further refined by which the reliability of [Mg?*] conversion to [ATP] and [ADP] was much improved.

ADP %

)

therefore tested the inclusion of BeFs and
NasVOs to media containing digitonin-
permeabilized cells that inhibit all ATP-ADP

Having established the method for measuring ADP-ATP exchange rate mediated by the ANT, two new
perspectives were envisaged: i) to compile a computational model for the ATP-ADP steady-state
exchange rate mediated by the ANT versus mitochondrial membrane potential dependence for the
purpose of predicting kinetic rates, and ii) provide theoretical values of free matrix [ATP] and [ADP].
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Indeed, through a collaboration set with Dr. Eugeniy Metelkin and Prof. Oleg Demin we published a
model of ATP-ADP steady-state exchange rate mediated by the ANT using data obtained from isolated
rat liver mitochondria (Metelkin et al., 2009). In addition to providing several predictions (see Results
section), this work serves as a complete ATP phosphorylation model that could be incorporated in future
versions of larger and more complex models of mitochondrial functions, such as those described
elsewhere (Beard, 2005), (Wu et al., 2007).

Subsequently, by establishing i) the methodology for measuring ADP-ATP exchange rate mediated by
the ANT and ii) the model predicting ANT operation and matrix adenine nucleotide levels, we addressed
the effect of cyclophilin D binding on F,-F; ATP synthase on mitochondrial ATP output. Approximately
one year before publishing our results, the group of Lippe showed that cyclophilin D binds to and
decreases the activity of FoF;-ATP synthase in submitochondrial particles and permeabilized
mitochondria, decreasing both ATP synthesis and hydrolysis rates (Giorgio et al., 2009). In (Chinopoulos
et al., 2011) we not only reaffirmed these findings in intact mitochondria, but also showed that the
modulation of FoF1-ATP synthase by cyclophilin D did not change the ANT-mediated adenine nucleotide
flux rates. We concluded that in mitochondria exhibiting intact inner membranes, the absence of
cyclophilin D or inhibition of its binding to FoF1-ATP synthase by cyclosporin A affects matrix adenine
nucleotides levels but not the ANT.

From then on, the established methodologies and knowledge obtained set stage for a new research
directive; specifically, we aimed to understand the “paradoxical” finding by which in respiration-
inhibited mitochondria, addition of an ANT vs FoF;-ATPase inhibitor (carboxyatractyloside versus
oligomycin) yielded an increase vs a decrease in A¥Ym; this was at odds with the current “dogma”, as it
was universally believed that respiration-inhibited mitochondria exhibit FoF1-ATPase reversal, meaning
that they hydrolyze -instead of generate- ATP, and that this ATP comes from an extramitochondrial
source, primarily glycolysis. This was a totally unexpected and serendipitous finding, because it was a
“product” of not having oligomycin at hand that day and using carboxyatractyloside instead to confer
collapse in A¥Ym, which was not observed. Eventually, in (Chinopoulos et al., 2010) we published that
when the electron transport chain is compromised, the FoF1-ATPase reverses and the membrane
potential is maintained as long as matrix substrate-level phosphorylation (mSLP) substantiated by
succinate CoA ligase is functional, without a concomitant reversal of the ANT (scheme 2).

Further on, mindful of

ATP ADP the role of mSLP
(GTP)  (GDP) substantiated by
Succinate Succinyl-CoA  gyccinate CoA ligase in
CoAS P, respiration-deficient

mitochondria in
Scheme 2. When the ETC is inhibited (red dash) in mitochondria (blue disc), the Maintaining organellar

paradox (yellow question mark) arose as of what could provide ATP to the ATP output, the
FoF:1-ATPase (orange oblong) while the ANT (green disc) is still expelling ATP question arose how
from the matrix. The reaction catalyzed by succinate-CoA ligase (SUCL, right important succinyl-
panel) provides ATP even when the respiratory chain is inhibited. CoA provision was to

this enzyme. To this end, in (Kiss et al., 2013) we examined mSLP in transgenic mice lacking subunits of
KGDHC, the multienzyme complex generating succinyl-CoA and demonstrated ATP consumption in
respiration-impaired isolated and in situ neuronal somal mitochondria. Consequently, we proposed
that KGDHC-associated pathologies are a result of the inability of respiration-impaired mitochondria to
rely on “in-house” mitochondrial ATP reserves.
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Mindful of the reaction catalyzed by KGDHC converting a-ketoglutarate, CoASH and NAD* to succinyl-
CoA, NADH and CO,, the question arose as to the source of NAD* when the electron transport chain is
dysfunctional. It is a textbook definition that NADH generated in the citric acid cycle is oxidized by
complex |, resupplying NAD* to the cycle. In the absence of oxygen or when complexes are not
functional, an excess of NADH in the matrix is expected. Yet, our previous reports showed that without
NADH oxidation by complex | of the respiratory chain, substrate-level phosphorylation was operational
and supported by succinyl-CoA (Chinopoulos et al., 2010), (Kiss et al., 2013), implying KGDHC activity. In
(Kiss et al., 2014) we reported that during anoxia or pharmacological blockade of complex I,
mitochondrial diaphorases oxidized matrix NADH supplying NAD* to KGDHC which in turn yielded
succinyl-CoA, thus supporting mSLP (see figure 8.7, page 214). Diaphorases are flavoenzymes catalyzing
the oxidation of reduced pyridine nucleotides by endogenous or artificial electron acceptors. They are
collectively referred to as 'DT diaphorases' because of their reactivity with both DPNH (NADH) and TPNH
(NADPH) discovered by the group of Lars Ernster (Conover and Ernster, 1960). Such a diaphorase has
also been identified in parallel by Marki and Martius, called "vitamin K reductase" (Maerki and Martius,
1961) and later confirmed to be the same enzyme (Ernster et al., 1962). 'Quinone reductases' with
properties similar to the enzymes described by Ernster and colleagues also appears in earlier literature
by Wosilait and colleagues (Wosilait and Nason, 1954), (Wosilait et al., 1954), as well as a microsomal
"TPNH-neotetrazolium diaphorase", described by Williams and colleagues (Williams et al., 1959), and a
'brain diaphorase' by Giuditta and Strecker (Giuditta and Strecker, 1959), (Giuditta and Strecker, 1961).
Finally, a 'menadione reductase' has been reported by Koli and colleagues (Koli et al., 1969).

A direct extension of the study published in (Kiss et al., 2014) was the work using Nqo1” vs wild-type
littermate mice. Ngo1 (NAD(P)H:quinone oxidoreductase isoform 1) is a diaphorase known to localize in
mitochondria, among several other intracellular compartments (Radjendirane et al., 1998). In (Ravasz
et al.,, 2018), we showed that in rotenone-treated, isolated liver mitochondria, 2-methoxy-1,4-
naphtoquinone (MNQ) was preferentially reduced by matrix Nqo1 yielding NAD* to KGDHC, supporting
mSLP. The results led to the conclusions that i) MNQ is a Nqol-preferred substrate, and ii) in the
presence of suitable quinones, mitochondrially-localized diaphorases other than Ngol support NADH
oxidation when complex | is inhibited. This also confirmed that complex | bypass can occur by quinones
reduced by intramitochondrial diaphorases oxidizing NADH, thus supporting mSLP. Ultimately, this work
may assist in elucidating structure-activity relationships of redox-active quinones with diaphorase
enzymes.

Up to this point, our work pointed to the direction that mSLP substantiated by succinate CoA ligase is
critical for maintaining matrix adenine nucleotide levels during respiratory arrest, preventing
mitochondria from importing and hydrolysing ATP. To this end, provision of NAD* by matrix diaphorases
and -depending on the substrate- Ngol to KGDHC was also shown to be critical. Experimental results
were strongly suggestive of the above claims, but unequivocal proof was lacking. In (Kacso et al., 2016)
we bolstered our claims further by generating transgenic mice deficient in succinate CoA ligase
expression and also experimenting on human fibroblasts from patients with no succinate CoA ligase
activity.

Succinate-CoA ligase (SUCL), also known as succinyl coenzyme A synthetase, or succinate thiokinase is a
heterodimer enzyme composed of an invariant a subunit encoded by SUCLG1 and a substrate-specific
B subunit, encoded by either SUCLA2 or SUCLG2. This dimer combination results in either an ATP-
forming (EC 6.2.1.5) or a GTP-forming SUCL (EC 6.2.1.4). AG of either reaction is ~0.07 kJ/mol and
therefore, reversible (Li et al., 2013). SUCL is located in the mitochondrial matrix catalyzing the
conversion of succinyl-CoA and ADP (or GDP) to CoASH, succinate and ATP (or GTP) (Lambeth et al.,
2004). Being at the intersection of several metabolic pathways (Tretter et al., 2016), it is not surprising
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that its deficiency leads to pleiotropic pathology which is also influenced by the tissue-specific
expression of its subunits: SUCLA2 is strongly expressed in skeletal muscle, brain and heart, whereas
SUCLG2 is barely detected in brain and muscle, but robustly expressed in liver and kidney (Lambeth et
al., 2004). Furthermore, in the human brain SUCLA2 is exclusively expressed in the neurons, whereas
SUCLG2 is only found in cells forming the microvasculature (Dobolyi et al., 2015a), (Dobolyi et al.,
2015b). To date, 51 patients have been reported with SUCLA2 deficiency (Gungor et al., 2016), (Elpeleg
et al., 2005), (Jaberi et al., 2013), (Lamperti et al., 2012), (Matilainen et al., 2015), (Morava et al., 2009),
(Navarro-Sastre et al., 2012), (Nogueira et al., 2015), (Ostergaard et al., 2007b), (Maas et al., 2016),
(Carrozzo et al., 2016), and 21 patients with SUCLG1 deficiency, due to different mutations (Carrozzo et
al., 2016). Patients with SUCLG1 mutations may have an extremely severe phenotype with antenatal
manifestations of the disorder, severe acidosis with lactic aciduria in the first day of life and death within
2—-4 days (Ostergaard, 2008), or a phenotype similar to those of patients with SUCLA2 mutations.
Mutations in the SUCLG2 gene have not been reported so far, and may be incompatible with life. SUCLA2
deficiency (MIM ID#612073) has an incidence of 1 in 1,700 in the Faroe Islands due to a founder effect,
and a carrier frequency of 1 in 33 (Ostergaard et al., 2007b). More recently, evidence of two founder
mutations in the Scandinavian population have also been put forward (Carrozzo et al., 2016). The
symptoms comprise hypotonia, muscle atrophy, hyperkinesia, severe hearing impairment and postnatal
growth retardation. Neuroimaging findings comprise demyelination, central and cortical atrophy
including atrophy of the basal ganglia (Ostergaard et al., 2007b), (Carrozzo et al., 2007). Some of the
patients fulfill the criteria for Leigh syndrome (Ostergaard, 2008). Urine and plasma methylmalonic acid,
C3-carnitine and C4-dicarboxylic carnitine (the latter likely to be a mixture of succinyl- and
methylmalonyl carnitine ester) are elevated (Ostergaard, 2008), (Ostergaard et al., 2007b) while there
are no abnormalities related to liver functions. Median survival is 20 years (Carrozzo et al., 2016); the
longest documented survival is 45 years (Morava et al., 2009). It is being hypothesized that, patients
with missense mutations in SUCLA2 (or SUCLG1) may exhibit some residual SUCL activity which is
associated with longer survivals; however, given the small number of patients and the lack of expression
studies providing direct experimental evidence of residual activity, such postulations must be
interpreted cautiously (Carrozzo et al., 2016). Heterozygous relatives of patients with SUCLA2 deficiency
are asymptomatic (Ostergaard, 2008), (Ostergaard et al., 2007b). Given the role of SUCL in maintaining
mtDNA content, SUCLA2 deficiency patients suffer from mtDNA depletion in muscle (Ostergaard, 2008),
(Ostergaard et al., 2007b), (Navarro-Sastre et al., 2012). Data from heart and brain biopsies are not
available. mtDNA depletion has also been reported in fibroblasts but only from some patients (Carrozzo
et al., 2007), or only after serum deprivation (Miller et al., 2011). mtDNA depletion would influence
many targets in mitochondria, including the electron transport complexes of the respiratory chain
creating a bioenergetic insufficiency that could in turn impair energy-dependent mechanisms. Indeed,
respiratory chain enzyme analysis show decreased complex I, Il and IV activity, whereas complex II,
which is encoded exclusively by nDNA genes shows normal activity (Ostergaard et al., 2007b), (Carrozzo
et al., 2016). There are no data available regarding ETC activities from brain tissue. In fibroblasts, a
slightly decreased complex IV activity has been reported (Ostergaard et al., 2007b).

Until approximately 2015, our work established the critical importance of succinate-CoA ligase in
providing ATP in the matrix through mSLP when ETC components are inhibited. We were therefore
interested if this phenomenon was just an “experimenter-induced artifact” or it could unfold in an actual
pathophysiological setting. Relevant to this, in 2013 the group led by Hiller reported that itaconic acid is
produced in cells of macrophage lineage (Michelucci et al., 2013); this was interesting to us, because it
was known for over 60 years that itaconate is oxidized in the citric acid cycle (Adler et al., 1957) forming
pyruvate and acetyl CoA (Wang et al., 1961); this obviously implied that its catabolism passes through
succinate-CoA ligase; however, at the time, the identity of succinate-CoA ligase (referred to as
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"succinate-activating enzyme", or "P enzyme") and its role in substrate-level phosphorylation was not
yet known (Sanadi et al., 1954), (Labbe et al., 1965), (Ottaway et al., 1981). In (Nemeth et al., 2016) we
investigated the possibility that itaconate exerts an effect on adenine (or guanine) nucleotide
production in the mitochondrial matrix via succinate-CoA ligase. Indeed, itaconate was thwarting mSLP
either by pushing the reversible reaction of succinate-CoA ligase towards itaconyl-CoA formation
associated with ATP (and GTP) hydrolysis, and/or creating a “CoASH trap”, thus impeding KGDHC
operation, the enzyme feeding succinate-CoA ligase with succinyl-CoA (see figure 11.4, page 146).

Having demonstrated that itaconate exerts an effect in mSLP, we reasoned that perhaps other
endogenous metabolites passing through succinate-CoA ligase may affect mSLP. 4-Aminobutyrate, also
known as 4-aminobutanoate, y-aminobutyrate or more frequently, GABA, is most widely known as the
predominant inhibitory or excitatory neurotransmitter in the adult versus neonate brain, respectively
(Cherubini et al., 1991). Since its discovery (Udenfriend, 1950), (Roberts and Frankel, 1950), (Awapara
et al.,, 1950), GABA has been increasingly recognized to participate in processes other than
neurotransmission as it is present in many organs other than the brain, such as pancreas, testes,
gastrointestinal tract, ovaries, placenta, uterus and adrenal medulla (Gladkevich et al., 2006), (Garry et
al., 1987). Most notably though, very high concentrations of GABA have been found in the livers of all
animal species reported, particularly humans (White and Sato, 1978), reviewed in (Minuk, 1993).
Normally, GABA is only catabolized but very little synthesized in the liver, and it originates from the
intestinal flora (Minuk, 1993) finding its way through the portal system; however, hepatic lobular GABA
synthesis increases >300% following partial hepatectomy (Minuk, 1993). Relevant to this, the high GABA
concentration in liver has been implicated in the pathophysiology of hepatic encephalopathy (Schafer
and Jones, 1982). Furthermore, GABA has been long known to operate as a signaling molecule in
dendritic cells (Wolff et al., 1978) and this was later confirmed in a variety of immune cells (reviewed in
(Jinetal., 2013), act as a developmental signal during brain organogenesis (Owens and Kriegstein, 2002),
and even inhibit mitophagy and pexophagy in mammalian cells of various tissues, in an mTOR-sensitive
manner (Lakhani et al., 2014). Finally, GABA’s realm has been recently recognized to extent to plantae,
playing a vital role as a plant-signaling molecule (Gilliham and Tyerman, 2016). In (Ravasz et al., 2017)
we examined the effect of metabolites catabolized through the GABA shunt on mSLP. The rationale for
this undertaking was that catabolism of GABA, succinic semialdehyde or GHB through the shunt should
lead to elevation in matrix succinate concentration, shifting the equilibrium of the reversible reaction
catalyzed by succinate-CoA ligase towards ATP (or GTP) hydrolysis, effectively negating mSLP (see figure
12.1, page 152).

In the same line of thought regarding itaconate and GABA metabolites, we investigated the effect of 2-
ketobutyrate (2-KB) on mSLP. 2-KB is a common metabolic product of threonine, serine and methionine
catabolism, all leading to production of succinyl-CoA. We reasoned that 2-KB catabolism would only
negate the net ATP production from further succinyl-CoA catabolism through succinate-CoA ligase,
without inhibiting the reaction. Indeed, in (Bui et al., 2019) we demonstrated that catabolism of 2-KB
negates mSLP due to the ATP-consuming propionyl-CoA carboxylase step in rotenone-treated, isolated
mouse liver and brain mitochondria (see figure 13.1, page 162).

The above results established the role of mSLP in rescuing mitochondria experiencing hypoxia or anoxia
from becoming ATP sinks. Since mSLP is substantiated by the reaction catalyzed by succinate CoA ligase,
an enzyme exhibiting strong tissue-dependent distribution (Lambeth et al., 2004), we were interested
as to the cell-specific expression of succinate-CoA ligase subunits in human tissues. For this, the
availability of human brain specimens from the Human Brain Tissue Bank maintained by Prof. Palkovits
for which we gained access through Prof. Dobolyi, was instrumental. Because brain tissue is composed
by many different cell types identifiable by suitable markers, it offers the opportunity of correlating cell
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types with the expression of succinate-CoA ligase subunits. It is expected that those cells that exhibit
succinate CoA ligase expression will be afforded with the capacity to withstand better hypoxic events.
In (Dobolyi et al., 2015b) we published that the ATP-forming subunit SUCLA2 of succinate-CoA ligase is
expressed exclusively in the neurons of the human brain. In (Dobolyi et al., 2015b) we also showed that
SUCLG2 is very weakly expressed in the adult human brain, and this expression does not originate from
the neurons. In a subsequent study published in (Dobolyi et al., 2015a) we reported that SUCLG2 exist
only in cells forming the vasculature or its contents in the adult human brain.

The findings published in (Dobolyi et al., 2015b) and (Dobolyi et al., 2015a) showing that succinate CoA
ligase exists only in the neurons of the adult human brain, begged the question: if the enzyme processing
succinyl-CoA exhibits cell-specific expression, does the enzyme producing succinyl CoA follow the same
pattern? This enzyme is the a-ketoglutarate dehydrogenase complex (KGDHC). KGDHC is a multi-subunit
enzyme residing in the mitochondrial matrix (Maas and Bisswanger, 1990). It catalyzes the irreversible
decarboxylation of a-ketoglutarate (c.Kg) to succinyl-CoA while reducing NAD* to NADH. Regulation of
the complex and its overall impact on energy metabolism is reviewed in (Gibson et al., 2010) and
(Starkov, 2013). More recently, the group of Gibson discovered that KGDHC serves as a trans-
succinylase, adding succinyl moieties to lysines of proteins in an aKg-dependent manner (Gibson et al.,
2015). Lysine succinylation is a widespread posttranslational modification occurring on thousands of
lysines residing in hundreds of proteins distributed in the cytosol, nucleus and mitochondria (Zhang et
al., 2011), (Weinert et al., 2013). In the work published in (Dobolyi et al., 2020) we showed that KGDHC-
specific subunits are also absent from glial cells in the adult human brain cortex (see figure 16.19, page
225).

The absence of succinate-CoA ligase and KGDHC from glial cells in the adult human brain sparked a
general interest regarding how much -if at all- do glial cells depend on oxidative metabolism. Our
collaboration with Dr. Dobolyi and Prof. Palkovits continues to this day, mapping the cell-specific
expression of mitochondrial enzymes in the adult human brain.

METHODS

Human brains (for (Dobolyi et al., 2015b)): Human brain samples were collected in accordance with the
Ethical Rules for Using Human Tissues for Medical Research in Hungary (HM 34/1999) and the Code of
Ethics of the World Medical Association (Declaration of Helsinki). Post mortem tissue samples were
taken during brain autopsy. In addition, surgical brain samples were obtained from tissue removed
during brain surgeries at the Department of Neurosurgery Medical School, University of Pécs in the
framework of the Human Brain Tissue Bank, Budapest. For autopsy, brains were removed from the skull
with a post mortem delay of 2—6 h. Prior written informed consent was obtained from the patients or
from the next of kin for autopsies, which included the request to conduct neurochemical analyses. The
protocols including analyses of tissue samples, were approved by institutional ethics committee of the
Semmelweis University and the University of Pécs. The three surgical patients underwent the removal
of brain tumors. The 11 subjects, whose brains were used in the autopsy study died without any known
neurological or affective disorder. The medical history of the subjects was obtained from medical or
hospital records, interviews with family members and relatives, as well as from pathological and
neuropathological reports. All personal identifiers had been removed and samples were coded before
the analyses of tissue. Surgically dissected freshly frozen temporal cortical samples from a 66 year old
woman were used for RT-PCR and the development of in situ hybridization probes. In situ hybridization
histochemistry was performed in temporal cortical samples from this patient as well as in the temporal
cortex from a 64 year old woman. Immunolabeling was performed using frontal cortical sample of a 58
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year old man and temporal cortical samples from the 64 year old and the 66 year old woman; tissue
blocks of the latter two patients were also used for in situ hybridization histochemistry. Surgical samples
that underwent immediate freezing for situ hybridization histochemistry or immediate fixation for
immunolabeling were used in histochemical techniques, because they provided markedly superior
results for visualizing SUCLA2 expression and distribution as compared to post mortem samples. For
western blotting, autopsy samples from different brain regions of 11 subjects were obtained by
microdissection. Individual brain nuclei were microdissected from postmortem brains (that have been
rapidly frozen on dry ice and stored at -80 °C) using the micropunch technique (Palkovits, 1973). Briefly,
brains were cut as 1.0-1.5 mm thick coronal sections, and individual brain regions and nuclei were
removed by special punch needles with an inside diameter of 1.0-3.5 mm, by using either a head
magnifier or a stereomicroscope. The microdissected samples were collected in airtight plastic
(Eppendorf) tubes and stored at -80 °C until further use. The temperature of brain sections and the
microdissected samples was kept under 0 °C during the whole procedure. Human brains (for (Dobolyi et
al., 2020)): Human brain samples were collected in accordance to the Ethical Rules for Using Human
Tissues for Medical Research in Hungary (HM 34/1999) and the Code of Ethics of the World Medical
Association (Declaration of Helsinki). Ethical permission for obtaining surgical brain material for the
specific project has been obtained from the Medical Research Council of Hungary (No: 35302-
5/2017/EKU), and is valid until June 30th, 2020. Post mortem tissue samples were taken during brain
autopsy in the framework of the Human Brain Tissue Bank (HBTB), Budapest, Hungary. HBTB has been
authorized by the Committee of Science and Research Ethic of the Ministry of Health of Hungary (No.
6008/8/2002/ETT) and the Semmelweis University Regional Committee of Science and Research Ethic
(No. 32/1992/TUKEB). For autopsy, brains were removed from the skull with a post mortem delay of 2—
6 h. Prior written informed consent was obtained from the patients or from the next of kin for autopsies
which included the request to conduct neurochemical analyses. The protocols including analyses of
tissue samples were approved by institutional ethics committee of the Semmelweis University. The
surgical patients (all males) underwent the removal of brain tumors; samples were obtained from
normal brain cortical tissue removed during clearing the path for accessing the area of the tumor. All
patients survived the surgery. The subjects whose brains were used in the autopsy study died without
any known neurological or affective disorder. The medical history of the subjects was obtained from
medical or hospital records, interviews with family members and relatives, as well as from pathological
and neuropathological reports. All personal identifiers had been removed and samples were coded
before the analyses of tissue. Surgical samples underwent immediate fixation (immersed in ice-cold 4%
paraformaldehyde in 0.1 M phosphate-buffered saline within a few seconds after their excision from
the brain) for immunolabeling used in histochemical techniques. For western blotting, autopsy samples
from 63 different brain regions of 11 subjects (7 females and 4 males) were obtained by microdissection.
Individual brain nuclei were microdissected from postmortem brains (that have been rapidly frozen on
dry ice and stored at -80 °C) using the micropunch technique (Palkovits, 1973). Briefly, brains were cut
as 1.0-1.5 mm thick coronal sections, and individual brain regions and nuclei were removed by special
punch needles with an inside diameter of 1.0-3.5 mm, by using either a head magnifier or a
stereomicroscope. The microdissected samples were collected in Eppendorf tubes and stored at -80 °C
until further use. The temperature of brain sections and the microdissected samples was kept under 0
°C during the whole procedure.

Tissue collection for immunolabeling: For immunocytochemistry, brains were cut into 5-10 mm thick
coronal slices and immersion fixed in 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS)
for 3-5 days. Subsequently, the blocks were transferred to PBS containing 0.1% sodium azide for 2 days
to remove excess paraformaldehyde. Then the blocks were placed in PBS containing 20% sucrose for 2
days for cryoprotection, after which the blocks were frozen and cut into 50 um thick serial coronal
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sections on a sliding microtome. Sections were collected in PBS containing 0.1% sodium azide and stored
at 4 °C until further processing.

DAB immunolabeling of brain sections: Every fifth free-floating brain section of human temporal and
frontal cortical blocks was immunostained for SUCLA2 and SUCLG2. The antibodies (at dilutions 1:80;
1:320; 1:1280; 1:5120) were applied for 48 h at room temperature, followed by incubation of the
sections in biotinylated anti-rabbit secondary antibody (1:1000 dilution; Vector Laboratories,
Burlingame, CA) and then in avidin-biotin-peroxidase complex (1:500; Vector Laboratories) for 2 h.
Subsequently, the labeling was visualized by incubation in 0.02% 3,3-diaminobenzidine (DAB; Sigma),
0.08% nickel (1) sulfate and 0.001% hydrogen peroxide in PBS, pH=7.4 for 5 minutes. Sections were
mounted, dehydrated and coverslipped with Cytoseal 60 (Stephens Scientific, Riverdale, NJ, USA).

Double labeling of SUCLA2 in brains sections: SUCLA2 was immunolabeled as for single labeling using
1:1000 dilution except for the visualization, which was performed with fluorescein isothiocyanate (FITC)-
tyramide (1:8000) and H20, in 100 mM Trizma buffer (pH 8.0 adjusted with HCI) for 6 min. Subsequently,
sections were placed in mouse anti-subunit d of the Fo-F1 ATP synthase, (1:500), or mouse anti-S100, a
marker of glial cells (1:500; Millipore, cat number MAB079-1) for 48 h at room temperature. The sections
were then incubated in Alexa 594 donkey anti-mouse secondary antibody (1:500; Molecular Probes,
Eugene, OR) for 2 h and washed. For the double labeling with Nissl staining, the sections were incubated
in ‘Neurotrace’ red fluorescent Nissl stain (Molecular Probes) diluted to 1:30 for 2 hours, and washed in
PBS overnight. For double labeling with glial fibrillary acidic protein (GFAP), a marker of glial cells, the
sections were first incubated in mouse anti-GFAP (1:300; Santa Cruz Biotechnology, Delaware, CA, USA;
cat. number: sc-33673) and developed with FITC-tyramide amplification immunofluorescence as
described above for SUCLA2. Then, the anti-SUCLA2 antiserum was used at a 1:350 dilution and
visualized by Alexa 594 donkey anti-rabbit secondary antibody (1:500; Molecular Probes). Finally, all
sections with fluorescent labels were mounted on positively charged slides (Superfrost Plus, Fisher
Scientific, Pittsburgh, PA) and coverslipped in antifade medium (Prolong Antifade Kit, Molecular Probes).

Immunocytochemistry of cell cultures (for (Dobolyi et al., 2015b)): Fibroblasts or HEK293 cell cultures
were first treated with 1 uM Mitotracker Orange (MTO) for 5 min in their culture media, at 37°C in 5%
CO.. Subsequent immunocytochemistry of the cultures was performed by fixing the cells with 4%
paraformaldehyde in PBS for 20 min, followed by permeabilization by 0.1% TX-100 (in PBS) for 10 min
and several washing steps in between with PBS at room temperature. Cultures were treated with 10%
donkey serum overnight at 4 °C followed by bathing in 1% donkey serum and 1 ug/ml anti-SUCLA2
(Proteintech Europe Ltd, Manchester, UK, Cat. No. # 12627-1-AP) or 1 pg/ml anti-SUCLG2 (Abcam,
Cambridge, UK, Cat. No #ab96172) for 1 hour at room temperature. Cells were subsequently decorated
by using the appropriate Cy2- or Alexa 488-linked secondary antibody (1:4,000, donkey anti-rabbit,
Jackson Immunochemicals Europe Ltd, Cambridgeshire, UK) in the presence of 1% donkey serum.

Western blotting (for (Dobolyi et al., 2015b)): Cultured fibroblasts were harvested by trypsinization.
Frozen brain samples were thawn on ice in the presence of radioimmunoprecipitation assay buffer and
a protease cocktail inhibitor containing: 0.5 mM 4-(2-aminoethyl) benzenesulfonyl fluoride
hydrochloride, 150 nM Aprotinin, 1 uM E-64, 0.5 mM EDTA disodium, and 1 uM Leupeptin, and
homogenized with a Teflon pestle. The suspensions were centrifuged once at 10,000 g for 10 min, and
the proteins present in the supernatants were separated by sodium dodecyl sulfate — polyacrylamide
gel electrophoresis (SDS-PAGE). Separated proteins were transferred to a methanol-activated
polyvinylidene difluoride membrane. Immunoblotting was performed as recommended by the
manufacturers of the antibodies. Rabbit polyclonals anti-SUCLG2 (Abcam, Cambridge, UK), and anti-
SUCLA2 primary antibodies were used at concentrations of 1 ug/ml, and rabbit polyclonal anti-B actin
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(Abcam) at 0.1 pg/ml. Immunoreactivity was detected using the appropriate peroxidase-linked
secondary antibody (1:4,000, donkey anti-rabbit, Jackson Immunochemicals Europe Ltd,
Cambridgeshire, UK) and enhanced chemiluminescence detection reagent (ECL system; Amersham
Biosciences GE Healthcare Europe GmbH, Vienna, Austria).

siRNA and cell transfections: The ON-TARGETplus SMARTpool containing four different siRNA
sequences, all specific to human KGDHC-specific components (see under “Results”) and the
corresponding non-targeting control (scrambled RNA), were designed by Thermo Scientific Dharmacon
and synthesized by Sigma-Aldrich. Hela cells were transfected with 100 nM of either siRNA or scrambled
siRNA using Lipofectamine 2000 according to the manufacturer’s instructions, 48 hours before
immunocytochemistry.

RT-PCR: RNA was isolated from surgically dissected human temporal cortex and cultured human
fibroblasts. The surgical brain tissue sample was quickly frozen on dry ice and kept at -80°C until RNA
isolation. The fibroblasts were centrifuged and resuspended in PBS immediately before RNA isolation.
Both the brain surgical samples and the fibroblasts were homogenized in Trizol® Reagent (Invitrogen,
Carlsbad, CA, USA) and RNA was isolated according to the manufacturer’s instructions. After diluting
RNA to 1 pg/ul, it was treated with Amplification Grade DNase | (Invitrogen) and cDNA was synthesized
with a Superscript Il reverse transcriptase kit (Invitrogen) according to the manufacturer’s instructions.
After 10-fold dilution, 2.5 pl of the resulting cDNA was used as template in PCR reactions performed
with iTag DNA polymerase (Bio-Rad Laboratories, Hercules, CA, USA) in total volumes of 12.5 pl under
the following conditions: 95 °C for 3 min, followed by 35 cycles of 95 °C for 0.5 min, 60 °C for 0.5 min
and 72 °C for 1 min. Primers were used at 300 nM final concentration for SUCLA2 (primer pair A:
CCAGCCAACTTCCTTGATGT and TCAGTGCCTTAGCATCATCG, primer pair B: TGCTGAGTCTCCTGAAGCAA
and TCATCTTCCTGGGTCCAGTC, primer pair C: GCAGCAGAAAACATGGTCAA and
CCATCGAGGCCAATGTAGTT), and SUCLG2 (primer pair A: GAAGCTCTCGAGGCTGCTAA and
GTCCATCAGAATTGCCAGGT, primer pair B: CCCTTTGGTGAAACTCCAGA and AATGATGGCACAGTTGACGA,
primer pair C: GGTCCCAGGCAGTTCAATTA and TATCCAAGGCTTCAGCAACC, primer pair D:
CATTGCCTGCTTTGTGAATG and AATGATGGCACAGTTGACGA). The calculated lengths of the PCR
products are 235, 309, and 242 base pairs (bp) for human SUCLA2 (1081-1315, 645-953, and 763-1004
bp of GenBank accession number NM_003850.2), and 279, 387, 366, and 211 bp for human SUCLG2
(227-505, 758-1144, 105-470, and 934-1144 bp of GenBank accession number NM_001177599.1). The
primers were chosen to generate probes that recognize all known RNA species for the particular gene.
The resulting PCR products are intron-spanning, in order to detect potential genomic DNA
contamination by its larger size. PCR products were run on gel and pictures were taken by a digital
camera. Images were cropped and contrast was adjusted using the “levels” command in Adobe
Photoshop CS 8.0.

Preparation of in situ hybridization probes: The PCR products using primer pairs A and B for both SUCLA2
and SUCLG2 were purified from gel in order to obtain non-overlapping probes to demonstrate specific
labeling. The purified PCR products were inserted into TOPO TA cloning vectors (Invitrogen) and
transformed chemically into competent bacteria according to the manufacturer’s instructions. Plasmids
were purified from 5-7 colonies and applied as templates in PCR reactions with the specific primer pairs
to select plasmids containing specific inserts. A positive plasmid for each probe was applied as template
in PCR reactions, using primer pairs specific for the probe and also containing T7 RNA polymerase
recognition site (GTAATACGACTCACTATAGGGCGAATTGGGTA) added to the reverse primers. Finally, the
identities of the cDNA probes were verified by sequencing them with T7 primers.

In situ hybridization histochemistry: Surgically dissected temporal cortical brain samples from 2 patients
were quickly frozen on dry ice, and kept at -80°C. Serial coronal sections (12 um thick) were cut using a
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cryostat, mounted on positively charged slides (Superfrost Plus), dried, and stored at -80°C until use.
[®°>S]UTP-labeled riboprobes were generated from the DNA probes containing T7 RNA polymerase
recognition sites using a MAXlIscript transcription kit (Ambion, Austin, TX, USA). The preparation of tissue
was performed using mRNA locator Kit (Ambion), according to the manufacturer’s instructions. For
hybridization, we used 80 ul hybridization buffer (mMRNA locator Kit; Ambion) and labeled probes of 1
million DPM activity per slide. Washing procedures included a 30 min incubation in RNase A followed by
decreasing concentrations of sodium-citrate buffer (pH=7.4) at room temperature and subsequently at
65°C. Following successive dehydration and drying, the slides were dipped in 'NTB' nuclear track
emulsion (Eastman Kodak, Rochester, NY, USA) and stored at 4°C for 3 weeks. Then the slides were
developed and fixed with Kodak Dektol developer and Kodak fixer, respectively, counterstained with
Giemsa, and coverslipped with Cytoseal 60 (Stephens Scientific). A cell was considered to express
SUCLA2 or SUCLG2 if the number of autoradiography grains accumulated in a seemingly Gaussian
distribution around a center was at least 3 times higher than the background level in an area
corresponding to an average cell size (a circle with a diameter of 25 um) in the same section. The
background typically consisted of 1 -3 grains per cell.

Combination of in situ hybridization histochemistry with Nissl staining: Slide attached sections of fresh
temporal cortical brain tissue were first processed for in situ hybridization, as described above. After
development, the sections were stained with 0.1% cresyl-violet dissolved in PBS, and then immersed in
96% ethanol containing 0.01% acetic acid. Alternatively, the sections were incubated in "Neurotrace’
red fluorescent Nissl stain (Molecular Probes,) diluted to 1:30 for 2 hours, washed in PBS overnight, and
coverslipped in antifade medium (Prolong Antifade Kit, Molecular Probes). A cell was considered glial if
it was dark labeled, and had a small diameter round-shape appearance. In turn, neurons exhibited less
intense labeling, were larger and their shape was less regularly rounded. A cell was considered SUCLA2-
expressing if it met the criteria described above for single label in situ hybridization histochemistry. A
SUCLA2-expressing cell was considered Nissl-labeled if at least 70% of the area of the circle containing
the accumulation of autoradiography grains contained Nissl labeling, and the center of the
autoradiography grains was within the Nissl labeling.

Combination of in situ hybridization histochemistry with S100 immunohistochemistry: Slide-attached
sections (20 um thick) of fixed temporal cortical brain brains were first processed for in situ
hybridization, as described above. Thus, tightly bound RNA-RNA pairs were already formed by the time
immunohistochemistry was performed, immediately before dipping the slides into autoradiographic
emulsion. In addition, the solutions used for perfusion and immunohistochemistry were prepared with
DAPC-treated RNAse-free water, which ensured that the labeling intensity of the in situ hybridization
histochemistry did not decrease significantly. The immunolabeling protocol for S100 was the same as
that described above for double labeling immunohistochemistry. Immunoreactivity was visualized using
DAB reactions, after which the in situ hybridization procedure was continued by dipping the slides into
the emulsion. Each double labeling experiment included controls, which was carried out through the
double labeling procedure without application of radioactive in situ hybridization probes. These controls
demonstrated that the DAB signal did not induce an autoradiography signal. A SUCLA2-expressing cell
was considered S100-immunopositive if at least 70% of the area of the circle containing the
accumulation of autoradiography grains contained immunoreactivity for S100 and the center of the
autoradiography grains was within the immunolabeled cell.

Image processing: The sections were examined using an Olympus BX60 light microscope equipped with
bright-field, dark-field and fluorescence. Images were captured at 2048 x 2048 pixel resolution with a
SPOT Xplorer digital CCD camera (Diagnostic Instruments, Sterling Heights, MI, USA) using a 4x objective
for dark-field images, and 4-40x objectives for bright-field and fluorescent images. Fluorescent sections

20



dc_1961 21

were also evaluated using a Bio-Rad 2100 Rainbow Confocal System (Bio-Rad Laboratories, Inc, CA, USA).
The contrast and sharpness of the images were adjusted using the “levels” and “sharpness” commands
in Adobe Photoshop CS 8.0. Full resolution was maintained until the photomicrographs were finally
cropped at which point the images were adjusted to a resolution of 300 dpi.

Analysis of double immunolabeling: Three 1 x 1 mm areas of double-labeled remote sections from each
brain were randomly selected. The total number of SUCLA2-positive neurons with an identifiable cell
nucleus and the number of double labeled cells was counted using a 20x objective of an Olympus BX60
light microscope equipped with fluorescent epi-illumination and a filter allowing for visualization of both
green and red colors. Subsequently, the number of single labeled cells was also calculated in the area.

Isolation of non-synaptic mitochondria from rat brain: Non-synaptic mitochondria from adult rat brain
were isolated on a Percoll gradient as described previously (Sims, 1990) with minor modifications, as
described in (Chinopoulos et al., 2003) Male 300-350 gr Sprague-Dawley rats were used. All animal
procedures were carried out according to the local animal care and use committee (Egyetemi
Allatkiserleti Bizottsag) guidelines.

Isolation of synaptic mitochondria from rat brain: Synaptic mitochondria from adult rat brain were
isolated as described previously (Brown et al., 2004) with major modifications: Forebrains of four rats
were pooled and synaptosomes were obtained as described previously (Adam-Vizi and Ligeti, 1984);
briefly, cortices obtained from forebrains were chopped and homogenized using a Teflon-glass
homogenizer in ice-cold isolation buffer containing 0.32 M sucrose plus 5 mM Tris with pH adjusted to
7.4 (HCI). The cortex homogenate was centrifuged at 1,900 x g for 10 min, the pellet was discarded, and
the supernatant was centrifuged at 13,300 x g for 20 min. The pellet was resuspended in 0.8 M sucrose
plus 5 mM Tris (pH 7.4 adjusted with HCI) and centrifuged at 10,000 x g for 30 min. The upper fluffy layer
was removed and the supernatant (synaptosomes) was diluted slowly with ice-cold distilled water to a
concentration of 0.32 M (the pellet was discarded). Subsequently, the synaptosomes were pelleted by
centrifugation at 31,000 x g for 20 min. The obtained pellet was suspended in a medium containing 225
mM mannitol, 75 mM sucrose, 5 mM Hepes, 1 mg/ml bovine serum albumin (fatty acid-free) and 1 mM
EDTA with the pH adjusted to 7.4 using Tris. Chelating residual free Mg?* with EDTA renders non-
mitochondrial membranes exquisitely sensitive to disintegration by nitrogen cavitation. Synaptosomes
(~1.5 ml of ~20 mg/ml) were placed inside a nitrogen cell disruption bomb (model 4639, Parr Instrument
Company, Moline, IL, USA) precooled to 4 °C, and subjected to an initial pressure of 1,100 psi by
delivering nitrogen to the bomb interior, under constant stirring. As nitrogen is dissolved within
membranes, bomb pressure dropped by about 50-100 psi and further nitrogen was allowed to enter the
bomb in order to reestablish a final value of 1,100 psi, which was maintained for 10 min. Following this
time period, bomb pressure was decreased by opening the lower valve and ~0.8 ml of the sample was
recovered and mixed with an equal volume of 30% Percoll containing 225 mM mannitol, 75 mM sucrose,
5 mM Hepes, and 1 mM EGTA (pH=7.4 using Tris) and layered on a preformed Percoll gradient (40 and
23%). Subsequently, the procedure was identical as described above for Percoll-purified mitochondria.

Isolation of mitochondria from rat and rabbit liver and heart: Mitochondria from rat heart and liver were
isolated as detailed previously (Chinopoulos et al., 2005). Male 300-350 gr Sprague-Dawley rats and
male 2-2.5 kg New Zealand albino rabbits were used. For all types of mitochondria protein concentration
was determined using the Biuret assay.

Assessment of inner mitochondrial membrane integrity by measuring citrate synthase activity in non-
solubilized mitochondria: Citrate synthase activity was measured as described by (Srere, 1969). 0.1 mg
of mitochondria were added to a 2 ml medium containing 100 mM Tris-HCl, 0.36 mM acetyl-CoA, 0.1
mM dithionitrobenzoic acid (pH 8.0). The reaction was started by adding 0.5 mM oxaloacetate. Changes
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in the absorbance at 412 nm due to 5-thio-2-nitrobenzoic acid formation were monitored in a GBC
UV/VIS 920 spectrophotometer at 25 °C, under constant stirring. Activity was measured in the absence
and in the presence of 0.1% Triton X-100 (v/v, dissolved in 100 mM Tris-HCI, pH 8.0), and calculated as
umol/min/mg protein assuming an extinction coefficient for 5-thio-2-nitrobenzoic acid, of eM= 14.15
mM*cm-1. Since the inner mitochondrial membrane is impermeable to both oxaloacetate and acetyl-
CoA, the fraction of broken mitochondria was estimated from the amount of measured citrate synthase
activity in the absence of Triton X-100, divided by the activity measured from mitochondria solubilized
by this detergent.

Oxygen Consumption: Mitochondrial respiration was recorded at 37 °C with a Clark-type oxygen
electrode (Hansatech, UK). Mitochondria (1 mg) were added to 2 ml of an incubation medium containing
(in mM): KCI 8, K-gluconate 110, NaCl 10, Hepes 10, KH,PO4 10, EGTA 0.005, mannitol 10, MgCl, 1,
N,N,N’,N’-Tetramethyl-p-phenylenediamine (TMPD) 1, K-ascorbate 5, plus 0.5 mg/ml bovine serum
albumin (fatty acid-free), pH 7.25. State 3 respiration was initiated by the addition of 2 mM K-ADP (stock
titrated to pH=6.9 with KOH) to the incubation medium. State 4 respiration was initiated by the addition
of 4 uM carboxyatractyloside (cATR).

Mg?* fluorescence: Mitochondria (1 mg) were added to 2 ml of an incubation medium containing (in
mM): KCI 8, K-gluconate 110, NaCl 10, Hepes 10, KH,P0,10, EGTA 0.005, mannitol 10, MgCl; 1, plus 0.5
mg/ml bovine serum albumin (fatty acid-free), pH 7.25, and 2 uM Magnesium Green 5K* salt. The
following three substrate combinations were used: i) 1 mM or 0.08 mM TMPD (as indicated) plus 5 mM
K-ascorbate; or ii) 5 mM K-glutamate plus 5 mM K-malate; or iii) 5 mM K-succinate plus 1 uM rotenone.
Magnesium Green (MgG) fluorescence was recorded in a PTI Deltascan fluorescence spectrophotometer
at a 5 Hz acquisition rate, using 506 and 530 nm excitation and emission wavelengths, respectively. MgG
exhibits an extremely high quantum yield (EM[MgG]=75,000 M-*cm™), therefore, slits were opened to
widths of no more than 1 nm. Experiments were performed at 37 °C. 2 mM ADP was added, and the
fluorescence (F) was recorded for 25 sec, followed by addition of 4 uM cATR. At the end of each
experiment, minimum fluorescence (Fmin) was measured after addition of 4 mM EDTA, followed by the
recording of maximum fluorescence (Fmax) elicited by addition of 20 mM MgCl,. Free Mg?
concentration ([Mg?]f) was calculated from the equation:

[Mg#]f =(Kd(F-Fmin)/(Fmax-F))-0.055 mM, (Eg.1.1)

assuming a Kd of 0.9 mM for the MgG- Mg?* complex (Leyssens et al., 1996). The correction term -0.055
mM is empirical, and possibly reflects chelation of other ions by EDTA that have an affinity for MgG, and
alter its fluorescence. This term was needed to obtain a reliable [Mg?*] estimate, as determined from
calibration experiments using solutions with known, stepwise increasing, Mg?* concentrations. An
alternative means for converting MgG fluorescence to free [Mg?*] was by fitting the power function:
f=y0+a*x b to MgG fluorescence values obtained by stepwise additions of known amounts of Mg?* to a
medium containing mitochondria. Adventitious Mg* contaminating the medium prior to Mg?* addition
was considered very small and encompassed in the ‘y0’ constant of the power function. ‘x’ is for
calculated free [Mg*], ‘@’ and ‘b’ are constants and ‘f’ represents MgG fluorescence values.

Mitochondrial membrane potential (AWm) determination: AWm was estimated using fluorescence
qguenching of the cationic dye safranine O due to its accumulation inside energized mitochondria
(Akerman and Wikstrom, 1976). Mitochondria (1 mg) were added to 2 ml of an incubation medium
containing (in mM): KCI 8, K-gluconate 110, NaCl 10, Hepes 10, KH,PO4 10, EGTA 0.005, mannitol 10,
MgCl, 1, plus 0.5 mg/ml bovine serum albumin (fatty acid-free), pH 7.25, and 5 uM safranine O.
Substrate combinations used were as mentioned above. Experiments were performed at 37 °C.
Fluorescence was recorded in a PTI Deltascan fluorescence spectrophotometer at a 5 Hz acquisition rate,
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using 495 and 585 nm excitation and emission wavelengths, respectively. To convert Safranine O
fluorescence into millivolts, a voltage-fluorescence calibration curve was constructed. To this end,
Safranine O fluorescence was recorded in the presence of 2 nM valinomycin and stepwise increasing
[K*] (in the 0.2-120 mM range) which allowed calculation of AWm by the Nernst equation assuming a
matrix [K*]=120 mM (Akerman and Wikstrom, 1976).

Estimation of AWm from tetraphenylphosphonium (TPP*) ion distribution was measured using a custom-
made TPP*-selective electrode (Kamo et al., 1979). For these experiments, the assay medium (identical
to that for safranine O experiments) was supplemented with 2 uM TPP*Cl~ and the mitochondrial protein
concentration was 2 mg/ml. The electrode was calibrated by sequential additions of TPP*CI.
Experiments were performed at 37 °C.

Fluorescein-tagged siRNA and cell transfections: The ON-TARGETplus SMARTpool containing four
different siRNA sequences, all specific to murine Irgl and the corresponding non-targeting control
(scrambled siRNA), were designed by Thermo Scientific Dharmacon and synthesized by Sigma-Aldrich.
All four siRNAs and the scrambled siRNA sequences were manufactured to contain a fluorescein tag on
the 5' end of the 'sense’ strand only. RAW264.7 cells were transfected with 100 nM of either siRNA or
scrambled siRNA using Lipofectamine 2000 according to the manufacturer’s instructions, twelve hours
before a subsequent treatment with 5 ug/ml LPS, or vehicle. One day prior to transfections, cells were
plated in their regular media (see above) in the absence of antibiotics. As such, lipofectamine and siRNA
(or scrambled siRNA) were present for 24 hours and LPS for 12 hours prior to any subsequent
measurements.

Irg1-FLAG plasmid transfections: pCMV6-FLAG-Irgl overexpressing plasmid (4.2 pg, Mus musculus
immune responsive gene 1 transfection-ready DNA, OriGene) was transfected into 5*10° RAW-264.7 or
COS7 cells cultures cells using Lipofectamine 2000 (Invitrogen) and further incubated for 24-48 hours.

Mitochondrial matrix pH (pHi) determination: pHi of liver mitochondria was estimated as described
previously (Zolkiewska et al., 1993), with minor modifications. Briefly, mitochondria (20 mg) suspended
in a 2 ml medium containing (in mM): 225 mannitol, 75 sucrose, 5 Hepes, and 0.1 EGTA (pH=7.4 using
Trizma) were incubated with 50 uM BCECF-AM at 30 °C. After 20 min, mitochondria were centrifuged at
10,600 g for 3 min (at 4 °C), washed once and recentrifuged. The final pellet was suspended in 0.2 ml of
the same medium devoid of EGTA and kept on ice until further manipulation. Fluorescence of hydrolyzed
BCECF trapped in the matrix was measured in a Hitachi F-4500 spectrofluorimeter (Hitachi High
Technologies, Berkshire, UK) in a ratiometric mode, using 450/490 nm excitation and 531 nm emission
wavelengths, respectively. Buffer composition and temperature were identical to that used for both
AWm and Mg?* fluorescence determinations. BCECF signal was calibrated using a range of buffers of
known pH in the 6.8-7.8 range, and by equilibrating matrix pH to that of the experimental volume by
250 nM FCCP plus 10 puM nigericin.

Determination of ANT content: The ANT content of mitochondria was estimated from titration curves
obtained by stepwise addition of cATR to isolated mitochondria during state 3 respiration, as described
by Schonfeld (Schonfeld, 1990).

Preparation of cortical neurons: Primary cultures of cortical neurons were prepared from Sprague-
Dawley rats (17th day in utero) as described in (Chinopoulos et al., 2004). All animal procedures were
carried out according to the local animal care and use committee (Egyetemi Allatkiserleti Bizottsag)
guidelines.

COS-7 cells cultures and transfection with the luciferase plasmids: Luciferases targeting the cytosol or
nucleus were constructed by the group of Manfredi (Gajewski et al., 2003). COS-7 cells were grown on
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175 cm? flasks in DMEM plus glutamine plus 10% fetal calf serum plus 1% streptomycin-penicillin. Upon
reaching confluence (15-17-10° cells per flask), cultures were harvested by trypsinization and were
transfected by electroporation according to the manufacturer’s instructions (Amaxa Inc, Gaithersburg,
MD, USA). Briefly, 3 ug of cytosol- or nuclear-targeted luciferase plasmid was electroporated into 5-10°
cells in 100 pl electroporation medium. Then, ~70,000 transfected cells were seeded per 25 mm round
coverslips pre-coated with poly-L-ornithine. Transfection efficiency was in the 25-40 % range, as verified
by immunocytochemistry using a monoclonal antibody raised against luciferase protein from Photinus
pyralis (10 ug primary mouse, Invitrogen, clone CS 17, 1gG1 isotype). Images were evaluated using a Bio-
Rad 2100 Rainbow Confocal System (Bio-Rad Laboratories, Inc, CA, USA)

Measurement of oxygen consumption and extracellular acidification rates in cultured cortical neurons:
Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) measurements were
performed on culture days 11-13 in an XF24 Extracellular Flux Analyzer (Seahorse Bioscience, North
Billerica, MA) in a low buffering capacity medium containing (in mM) 120 NacCl, 3.5 KCI, 1.3 CaCl,, 1
MgCl;, 0.4 KH,PO,4, 1.2 Na;S0,, 15 glucose at pH 7.4 at 37 oC, as detailed previously (Gerencser et al.,
2009b). To prevent excitotoxicity all experiments were performed in the presence of tetrodotoxin (1
pM), MK801 (10 uM), NBQX (10 uM) and nifedipine (1uM).

In situ determination of A¥Ym in neuronal and astrocytic mitochondria: Cortical cultures were grown in
Lab-Tek 8-well chambered coverglasses (Nunc, Rochester, NY). A¥Ym was measured by wide-field
fluorescence imaging. Briefly, the fluorescence of the mitochondrial potentiometric fluorescent dye
tetramethylrhodamine methyl ester (TMRM; 7.5 nM) and an anionic plasma membrane potential
indicator (PMPI) were followed in time over cell bodies. A¥m was calibrated to millivolts by modeling
the redistribution of TMRM across the mitochondrial and plasma membranes (Nicholls, 2006) and PMPI
across the plasma membrane (Gerencser et al., 2009a). Experiments were performed at 37 oC in the
medium used for OCR measurements above, supplemented by NaHCO; (5 mM), TES (20 mM) and
tetraphenylboron (1 uM).

mtDNA content: Total DNA was isolated from 4 pooled tissues from each mouse group using QlAamp
DNA Mini Kit (QIAGEN) following the manufacturer's instructions. Relative mtDNA content was
quantified in triplicate by real time PCR using primers for coxl (forward primer 5’'-
TGCTAGCCGCAGGCATTA C-3° reverse primer 5-GGGTGCCCAAAGAATCAGAAC-3’ and normalized
against the nuclear encoded actinB gene (forward primer 5'GGAAAAGAGCCTCAGGGCAT-3', reverse
primer-5'-GAAGAGCTATGAGCTGCCTGA-3’), as previously described (Ylikallio et al., 2010). DNA was
amplified in an ABI 7900 system as follows: 95°C for 10 min followed by 45 cycles of a two-stage
temperature profile of 95°C for 15 sec and 60°C for 1 min.

Protein purification: The gene sequences for mature human SUCLG1 (residues 29-333, ~33.2 kDa,
GenBank: CAG33420.1) and mature human SUCLG2 (residues 39-432, ~43.6 kDa, GenBank:
AAH68602.1) were sequence optimized for expression in E.coli, synthesized, incorporated in pJ411
plasmids bearing kanamycin resistance, and sequence verified (DNA2.0, Newark, CA, USA). The native
protein sequence in each case was supplemented with a C-terminal hexahistidine tag (GSHHHHHH).
Each pJ411-SUCLG1/2 plasmid was transfected into inducible E.coli BL21 (DE3) strain and the bacteria
were grown in Luria-Bertani medium at 37°C. Protein expression was induced with 1 mM isopropyl B-D-
1-thiogalactopyranoside for 3 hours. The collected bacteria were sonicated in 10 ml lysis buffer (25 mM
Tris (pH 8.5), 150 mM NaCl, 0.5 mg/ml lysozyme, 0.2% Triton X-100) per gram of wet pellet. Both
proteins formed inclusion bodies when overexpressed, with minimal or no presence in the soluble
fraction of the lysate. The proteins were purified in their unfolded state (7M urea, 200 mM NaCl) with
affinity chromatography, after binding to Ni-Sepharose™ 6 Fast Flow resin (GE Healthcare). The eluates
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were diluted 15-fold in 20 mM Tris (pH 8.5), 100 mM NaCl, the precipitated protein was removed, and
the supernatants were dialyzed against the same buffer. The purity of the two proteins was assessed
with SDS PAGE and the final protein concentrations were estimated using the bicinchoninic acid assay
as detailed above. The protein stocks were aliquoted, flash-frozen in liquid nitrogen and stored at -80°C.

Electron transport chain complex and citrate synthase activity assays: Enzymatic activities of rotenone
sensitive NADH CoQ reductase (Complex |), succinate cytochrome c reductase (complex II/lIl), succinate
dehydrogenase (complex Il, SDH ), cytochrome ¢ oxidase (COX complex IV) and citrate synthase (CS), a
mitochondrial marker enzyme, were determined in isolated mitochondria as previously described
(Saada et al., 2004), (Reisch and Elpeleg, 2007).

Determination of succinate-CoA ligase activity: ATP- and GTP-forming succinate-CoA ligase activity in
isolated mitochondria was determined at 30 °C, as described in (Alarcon et al., 2002), with the
modifications detailed in (Lambeth et al., 2004). Mitochondria (0.25 mg) were added in an assay mixture
(2 ml) containing: 20 mM potassium phosphate, pH 7.2, 10 mM MgCl2, and 2 mM ADP or GDP. The
reactions were initiated by adding 0.2 mM succinyl-CoA and 0.2 mM DTNB (5,5'-dithiobis(2-nitrobenzoic
acid)) in quick succession. The molar extinction coefficient value at 412 nm for the 2-nitro-5-
thiobenzoate anion formed upon reaction of DTNB with CoASH was considered as 13,600 M cm™. Rates
of 2-nitro-5-thiobenzoate formation were followed spectrophotometrically during constant stirring.

Determination of acylcarnitines: Multiple reaction monitoring transitions of butyl ester derivatives of
acylcarnitines from dry bloodspots and stable isotope internal standards were analyzed by electrospray
ionization-tandem mass spectrometry (MS-MS) using a Waters Alliance 2795 separations module
coupled to a Waters Micromass quarto micro APl mass spectrometer monitoring for acylcarnitines
(Milford MA USA), as described in (Rashed et al., 1997).

Determination of Sucla2 mRNA by gRT-PCR: mRNA coding for Sucla2 was quantified by qPCR in two
different laboratories using two different 'housekeeping' mRNAs for normalization, B-actin or
proteasome 26S subunit, ATPase 4 (Psmc4). In both cases, total RNA was isolated from the organs (livers,
hearts, brains) of at least four mice per age group and genotype (WT or Sucla2*) with RNeasy Micro Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. 1 pug RNA was reverse
transcribed with QuantiTect Reverse Transcription Kit (Qiagen). Subsequently, quantitative Real-Time
PCR (gRT-PCR) was carried out using predesigned TagMan Gene Expression Assays (Thermo Fisher
Scientific, Waltham, Massachusetts, USA): Sucla2 (Mm01310541_m1) and Actb (Mm00607939_s1).
Real-time reaction was performed on a QuantStudio 7 Flex Real-Time PCR system (Applied Biosystem,
Life Technologies, Carlsbad, California, USA) according to the manufacturer’s protocol. Gene expression
level was normalized to R-actin. Fold change (FC) was calculated using the 2-AACt method [8].
Alternatively, expression level of Sucla2 mRNA was determined by real time PCR using TagMan Gene
Expression assay kit and 7500 Real Time PCR System (Applied Biosystems), using the TagMan Gene
Expression Assays, XS, Sucla2 (AB, 4331182, FAM/MGB-NFQ) kit. Measured values were normalized by
using the TagMan Gene Expression Controls, Psmc4 mouse (AB, 4448489, VIC-MGB) kit, as
recommended by Applied Biosystems for standard gene expression experiments because of their design
criteria.

Fluorescence Imaging: Imaging was performed on an Olympus IX-81 invert microscope equipped with a
UAPO 20x air 0.75NA lens, a Lambda LS Xe-arc light source (175W), Lambda 10-2 excitation and emission
filter wheels (Sutter Instruments, Novato, CA), a ProScan linear encoded xy-stage (Prior, Rockland, MA)
and a Coolsnap HQ cooled digital CCD camera (Photometrics, Tucson, AZ; -30°C, 10 Mhz readout, low
gain, 12 bit depth). Full frames at 4x4 binning (1.3 pum/pixel resolution) were taken in 3 minutes
intervals. 12-30 view fields in 4-6 wells of the Lab-Tek chamber were recorded cyclically using the Multi
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Dimensional Acquisition feature of the Metamorph 6.3 (Molecular Devices, Downingtown, PA). The filter
sets given as excitation — dichroic mirror — emission in nm were: for PMPI 500/24 — 520LP (long pass) —
542/27 (all from Semrock, Rochester, NY); for TMRM: 555 — 475/560LP — 620/40 (all from Chroma,
Rockingham, VT). The cross-talk of TMRM and PMPI emissions were eliminated by linear spectral
unmixing of intensity traces in Mathematica 5.2 (Gerencser et al., 2009a).

Luciferase assay in COS-7 cells: For luciferase assays, 25 mm round coverslips with attached cells were
incubated for 3 minutes in a medium containing: NaCl 120 mM, KCI 3.5 mM, Hepes-Na 20 mM, MgCl, 1
mM, CaCl; 1.3 mM, Glucose 15 mM (where indicated), pyruvate-Na 5 mM (where indicated, together
with 2 mM 2-deoxyglucose) and iodoacetamide 250 uM, pH 7.38. Mitochondrial poisons and luciferin
(1 mM) were added, and luminescence was measured in a Victor®> Wallace plate reader luminometer
(Perkin Elmer, Boston, MA, USA). Luminescence signals were recorded over a 60 min time interval, and
results are shown as the area under the curve of the luminescence intensity.

Western blotting (for isolated mitochondria): Immunoblotting of solubilized mitochondria was
performed as recommended by the manufacturers of the antibodies. Rabbit polyclonal to succinate-CoA
ligase, ADP-forming, beta subunit (Proteintech Europe Ltd, Manchester, UK) primary antibody was used
at 1:1,000. Mouse monoclonal to VDAC-1 (Calbiochem) was used at 1:20,000. Immunoreactivity was
detected using the peroxidase-linked secondary antibodies (1:10,000, Jackson ImmunoResearch) and
enhanced chemiluminescence detection reagent (ECL system, Amersham Biosciences GE Healthcare
Europe GmbH, Vienna, Austria).

Cell-attached electrophysiological recordings: Patch pipettes were pulled from borosilicate glass to
resistances of 6-8 MOhmes. Pipette solution contained: KCI 120 mM, Hepes acid 20 mM, MgCl, 4 mM,
CaCl; 1.3 mM, EGTA 5 mM, pH 7.38 tetrodotoxin 1 pM, MK801 12 uM, CNQX 10 uM, nimodipine 1 uM,
charybdotoxin 100 nM, iberiotoxin 100 nM, apamin 0.5 uM, TRAM-34 1 uM, clotrimazole 100 nM, pH
7.4. Bath solutions contained: NaCl 120 mM, KCl 3.5 mM, Hepes-Na 20 mM, MgCl, 1 mM, CaCl; 1.3 mM,
Glucose 15 mM, pH 7.38, tetrodotoxin 1 uM, MK801 12 uM, CNQX 10 uM, nimodipine 1 uM,
iodoacetamide 250 uM and pinnacidil 100 pM. Cultured neurons were placed into a chamber and
visualized under DIC in a non-perfused manner. Seal resistances of >10 GOhms were routinely obtained
and patches remained stable for tens of minutes. Currents were acquired at 1 kHz amplified using an
Axopatch 200B amplifier (Axon Instruments, Foster City, CA), digitized at a sampling rate of 10 kHz
(Digidata 1322A, Axon Instruments), and recorded using pCLAMP 10 software (Axon Instruments). All
recordings were done at ambient room temperature (~23°C).

Determination of a-ketoglutarate dehydrogenase activity: KGDHC activity in mouse liver and brain
isolated mitochondria and isolated nerve terminals was measured fluorimetrically as detailed in (Starkov
et al., 2004) with minor modifications. The reaction medium was composed of 20 mM HEPES, pH 7.8,
0.3 mM thiamine pyrophosphate, 50 uM CaCl,, 0.2 mM MgCl,, 5 mM a-ketoglutarate, 1 mM
dithiothreitol and 0.5 mM NAD". The reaction was started by adding 0.12 mM CoASH to freeze-thawn
mitochondria (0.1 mg/ml) or synaptosomes (0.5 mg/ml). Reduction of NAD* was followed at 435 nm
emission after excitation at 340 nm. The extinction coefficient (¢340) of NADH fluorescence was
considered as 6,220 M*cm™.

Culturing of myoblasts and preparation of myotubes: Mouse C,Ci; myoblasts (Blau et al., 1983) were
cultured in DMEM containing 10% fetal bovine serum and antibiotic-antimycotic solution at 37°C in 5%
CO,. Cells were plated at 140,000 cells/well in 6 well tissue culture plates. To induce differentiation of
myoblasts into myotubes, culture medium was replaced with differentiation medium containing DMEM
and 2% horse serum when the cells reached >90% confluence. Fusion of myoblasts into elongated and
multinucleated myotubes was evident in 3 to 4 days in differentiation medium. Myotubes were
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processed on the 6™ day for all subsequent experiments. Myotubes were washed once in phosphate-
buffered saline and harvested with 0.1 ml of 0.25% trypsin-EDTA, inactivated by 0.9 ml calf serum,
followed by centrifugation at 1,100 g for 2 minutes. Cells were washed once in a buffer containing, in
mM: KCI 8, K-gluconate 110, NaCl 10, Hepes 10, KH,PO4 10, EGTA 0.005, mannitol 10, MgCl, 0.5-1.5
(where indicated) and 0.5 mg/ml bovine serum albumin (fatty acid-free), pH 7.25 without disturbing the
pellet, prior to resuspension in 0.2 mL of the same buffer including, in mM: glutamate 5, malate 5, Ap5A
0.1, iodoacetamide 0.25, NaF 5, BeSO4 0.2 and Nas3VO4 0.1.

Mitochondrial membrane potential (AWm) determination in in situ mitochondria of permeabilized C,Cy>
cells: AWm was estimated using fluorescence quenching of the cationic dye safranine O due to its
accumulation inside energized mitochondria (Akerman and Wikstrom, 1976). C,Ci, cells were treated
exactly as described for free [Mg?*] determination, except that MgG was replaced by 5 uM safranine O.
Fluorescence was recorded in a Spectramax M5 plate reader at a 0.33 Hz acquisition rate (one
acquisition every 2 sec plus 1 sec for mixing in between each acquisition), using 495 and 585 nm
excitation and emission wavelengths, respectively. Experiments were performed at 37 °C.

Citrate synthase: Citrate synthase activity was measured as described by (Srere, 1969) with minor
modifications. Briefly, 20 pl aliquots (~30 pg of protein) from the 0.2 ml cell suspensions that have been
freeze-thawn were added to a 0.18 ml medium containing 20 mM Hepes pH 7.8, 0.5 mM oxaloacetate
and 0.1 mM dithionitrobenzoic acid. The reaction was started after 3 min preincubation time by adding
0.36 mM acetyl-CoA. Changes in the absorbance at 412 nm due to 5-thio-2-nitrobenzoic acid formation
were monitored in a Spectramax M5 plate reader at 25 °C. Activity was calculated as nmol/min/mg
protein assuming an extinction coefficient for 5-thio-2-nitrobenzoic acid, of eM= 14,150 M*cm™. The
light path for 0.2 ml volume in the well of a 96 plate is 0.5 cm. Protein content was measured by the
bicinchoninic acid assay using bovine serum albumin protein as standards and calibrating by a 3
parameter power function, f=yo+a*x®, where yo is background absorbance in the absence of protein, a
and b are constants, and x is the amount of protein in the unknown samples.

Preparation of sodium orthovanadate (NasVO.) and BeFs: A 25 mM Na3VO, solution was prepared in bi-
distilled water. The pH was set to 8.7 with HCI, upon which the solution turned to yellow. This solution
was boiled until colorless and allowed to cool to room temperature. pH was reassessed, and readjusted
to pH 8.7 with HCI, upon which the solution returned again to yellow color. This solution was boiled
again and this cycle was repeated until the solution remained colorless and at pH 8.7 after boiling and
cooling. Finally, it was brought up to the initial volume with bi-distilled water and stored in aliquots at -
80 °C. This treatment removes all decavanadate ions present in the NasVO, solution. Decavanadate
induces mitochondrial membrane depolarization in addition to inhibiting oxygen consumption
(Aureliano and Crans, 2009). Orthovanadate inhibits the oxidation of only disrupted mammalian
mitochondria (Byczkowski et al., 1979). Likewise, fluoroberyllium nucleoside diphosphate complexes
inhibit only the exposed FiF,-ATPase (Issartel et al., 1991). BeSO4 and NaF are prepared as aqueous
solutions of 0.2 M and 0.5 M respectively, without any additional modifications, and kept at +4 °C. BeFs’
(among other combinations) is formed immediately in solution upon mixing BeSO4 and NaF, provided
that NaF is in excess. Vanadate, beryllium and fluoride salts are highly toxic to tissues and to the
environment, and must be handled and disposed properly. The combination of orthovanadate and BeFs
will inhibit kinases, mutases, phosphatases, and ATPases (Climent et al., 1981), (Ray et al., 1990) . Some
kinases though, will remain uninhibited, such as pyruvate kinase (Lord and Reed, 1990). In this respect,
upon permeabilization of the cells one has to totally separate pyruvate kinase from its substrate,
phosphoenol pyruvate, i.e. there must be no glucose present in the medium prior to permeabilization,
and a few minutes lag time must be allowed prior to ADP-ATP exchange rate measurements in order for
the remaining reactions by kinases to ‘die-out’. The effect of 10 nM cATR blocking completely ADP-ATP
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exchange rates signifies that all adenine nucleotide interconverting reactions have been rendered
inoperable.

Determination of matrix adenine nucleotides by HPLC: 0.25 ml of 65 mg/ml rat liver mitochondria were
added to 1 ml buffer with 5 mM glutamate and 5 mM malate or without substrates (but in the presence
of 1 uM SF 6847) containing (in mM): KCI 8, K-gluconate 110, NaCl 10, Hepes 10, KH,PO4 10, EGTA 0.005,
mannitol 10, MgCl; 1, 0.5 mg/ml bovine serum albumin (fatty acid-free), pH 7.25, and 1 uM Cys A (to
inhibit opening of the permeability transition pore that could lead to loss of matrical adenylate
nucleotide pools) and 50 uM Ay5A for 3 min. Subsequently, 1 ml of this mixture was added to 1 ml of
ice-cold perchloric acid (3 M), and allowed to deproteinise at 0 °C for 5 min. After, 2 ml of 1.5 M KOH
and 0.5 M Tris was added, and allowed for the precipitate to form at 0 °C for 5 more min. Then 0.8 ml
of the supernatant was spun at 25,000 g for 3 min at 4 °C, 0.6 ml was collected, adjusted to pH 6.5-6.7
with perchloric acid or KOH and Tris and respun at 25,000 g for 3 min at 4 °C to remove any remaining
precipitate. Supernatants were immediately frozen with liquid nitrogen and kept at -70 °C for further
use. The chromatographic separation of adenine nucleotides (AMP, ADP and ATP) were carried out using
a C18 reversed-phase column (ODS Hypersyl, 250 mm x 4.6 mm i.d.; particle size 5 um). The mobile
phase was composed of 215 mM sodium dihydrogen phosphate, 2.3 mM tetrabutyammonium
hydroxide, 4% acetonitrile, 0.4 % potassium hydroxide and the flow rate was 1 ml/min. The sample
injection volume was 20 pul and during isocratic acquisition the components were monitored at 260 nm
by a multiwavelength Jasco Pu-2075 Plus Intelligent UV detector connected to a Jasco Pu-2089
Quaternary Gradient pump and Rheodyne sample injector (Jasco, Gross-Umstadt, Germany). Calibration
of the signals was performed by ‘spiking’ the samples with known amounts of AMP, ADP and ATP in a
relevant range of concentrations.

Kinetic model of phosphorylation in mitochondria: Kinetic model of phosphorylation subsystem of
mitochondrial oxidative phosphorylation includes quantitative description of the following processes:
1) ATP synthesis, catalyzed by ATP-ase/ATP-synthase (Vsw); 2) electrogenic translocation of adenine
nucleotides, catalyzed by the adenine nucleotide translocase (Vanr); 3) electroneutral symport of
inorganic phosphate and a proton, as catalyzed by the phosphate carrier; 4) electrogenic transport of
protons from matrix to intermembrane space by electron transport chain (I-IV complexes) with
generation of membrane potential (Voz); 5) K*, H" and other ions leaks across the mitochondrial inner
membrane (Vieak). The transport and synthesis of adenylates can be represented by system of algebra-
differential equations:

d
a Dit = _VSYN +VANT’
T +Df = A.

(3a)

Here, T and D/ stand for concentrations of total ATP and ADP in mitochondrial matrix. Additionally, it
is necessary to take into account the ionic balance in the system. The total ionic current can be
represented as following:

| =F-(20-Vg, ~Vieae =3V —Vanr )

leak

Where “I” stands for total current (positive and negative) of ions transported across the inner membrane
of mitochondria. The positive current direction is from matrix to intramembrane space. The integer
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coefficients of the right hand side of second equation of the system (3) were chosen on the basis of the
knowledge of number of charges transferred or leaked across the inner mitochondrial membrane:

e The electron transport chain transports 20 protons per O, molecule;
e Fo-F; ATPase transports 3 protons per one molecule of ATP synthesized;
e One cycle of transport by ANT leads to transport of one additional charge;
The ionic current across the membrane determines the changes in membrane potential.

dAY,

I=C,
dt

Thus, the changes in membrane potential can be described as:

dA‘Pm F
dt = C—(ZO 'Voz _Vleak _3'VSYN _VANT)

m (3b)

The equations 3a, 3b represent the full system describing the phosphorylation of mitochondria.
The following ion balances have been taken into account in the model:

1) Binding/dissociation of magnesium ions to adenylate nucleotides in mitochondrial matrix and outside

MgADP~, MgATP?*

of mitochondria to form the following complexes ;
Ti ) Mg| To ) Mgo
4 2+ 2- KT"V'Q - ’KTv'V'g -
ATP* +Mg?* = MgATP MgT; MgT, @
_ D -Mg; _ D, -Mg,

K = =
_ _ D,Mg » 'ND,Mg
ADP* + Mg? = MgADP MgD, MgD,
Here, T, and D, stand for concentrations of free ATP and ADP outside of mitochondria. Values of
dissociation constants are listed in Table 4.1.

2) Binding/dissociation of protons to inorganic phosphate to form following complexes

- 2—
H2P04 ! HPO4 in mitochondrial matrix and outside of mitochondria

P2, -H, P2, -H,

HPOZ +H* =H PO, i . -

PlL, P2 Pl ,P2 . . . .
Here, ™"’ and ~ "°' " " are concentrations of twice-protonated and once-protonated inorganic
phosphate in mitochondrial matrix and outside mitochondria, respectively. All these

binding/dissociation processes are assumed to be at equilibrium.

On the basis of equations (4) and (5) we can express concentrations of free adenine nucleotide and their

D;, D! T,

complexes with magnesium in terms of total concentrations of ADP ( "Yand ATP( 2" '1):
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1+ 9i 1+ 9%
KT,Mg KT,Mg
Mg; Mg,
MgT, =T —KTI\';I”Q MgT, =T —KTIJI”Q
1+ 9i 1+ 9o
KT,Mg KT,Mg
D, =D} —— D, =D} ——
1+ Mg, 1+ Mg,
KD,Mg KD,Mg (7)
MgD, = D/ M MgD, = D! M
I I Mg| ° ° Mgo
1+ 1+
KD,Mg KD,Mg

— 2
Using equations (6) we can express concentrations of extramitochondrial H 2 PO4 ! HPO4

t
total concentration of inorganic phosphate ( Po )

in terms of

P2, =P —
1+ -°

KP,H

HO

pL, = Pt e
° H
1+--°

KP,H

(8)

The Pi/H carrier of mitochondria catalyzes the electroneutral symport of twice protonated phosphate

and proton: (HZPO“ )0 + Ho+ = (H2P04 )i + Hi+ . The Vinax Of inorganic phosphate transport is much
higher than the rates of adenylates transport and synthesis (Coty and Pedersen, 1974) and K, is much
lower than the concentrations of Pi in or out of matrix. Thus, the phosphate transport does not limit
oxidative phosphorylation at physiological conditions. According to the rapid-equilibrium approximation

_ 2
H,PO,, HPO, in terms of extramitochondrial phosphate
concentration and pH values in mitochondrial matrix and extramitochondrial space:

we can express concentrations of matrix

PIH _ Plo'Ho
“ P1-H,
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So, taking into account the stoichiometry 1:1 and electroneutrality of Pi/H transport we can conclude

® 7, so we can express the following:

P1, = P1, - 0

Hi

P2, = PL, HP“
‘ (9)

Here H; and H, are proton concentrations in mitochondrial matrix and outside of mitochondria:

H, =10% """ mM
H, =10*"""mMm

The rate equation of the ATP-synthase reaction is based on a minimal kinetic scheme for ATP synthesis
- hydrolysis (Demin et al., 1998):

H Nsyn
_ SYN 0
Vsvn = Csyn *Vinax exp(nSYNZ¢{_K SYN J X
Ho

eq H

MgD; - PL, — MgT, - K™ -exp(- n¢)-(H° J

1
X KSYN

wo - Kor" 1+ MgD; -PL [ H, o N MgT, H; o
Kungo - Kor'i | Kiig" Kugr LK exp(7,0)

FAy K SN _ K SYN K+ mg 107
P=—fnr T e 1077 4K
D.Mg P.H

(10)

Here, RT  and

Values of all parameters of the equation except csyy are taken from (Demin et al., 1998) and (Demin et
al.,, 2001) and listed in Table 4.1 and references therein. csyv is a dimensionless correction factor
characterizing activity of ATP-synthase in the particular mitochondria preparation. This factor has been
estimated through the fitting of the model to experimental data presented in (Metelkin et al., 2009).
The rate equation for adenine nucleotide translocation has been derived in (Metelkin et al., 2006):

Voo =C.oo - ant - ant T - D, _ K ANT D; T,
ANT ANT " AANT | 2 K Sg” 5K TA(\)NT
T D
AT = (1+ o 40 J(Di +q*T.T)
To Do (11)
Here,
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ANT 1 ANT
ANT __ ks KD

°—exp(g),

Kfo' =Ko exp(35,0),
KT%NT = KT/ZNT’O eXp(45T ¢)7
kN = kN0 exp{(—3a, —4a, +a,)d),
kN = kN0 exp{(—4a, —3a, +a,)@}

Values of all parameters of the equation except cant are taken from (Metelkin et al., 2006) and listed in

Table 4.1 and references therein. Value of canr refers to the apparent (not true) concentration of ANT
ANT,0 ANT,0
dimers per mg of total mitochondrial protein. Indeed, values for "2 and 3 have been estimated

(see (Metelkin et al., 2006) for details) on the basis of the experimental data measured on
proteoliposomes. This means that the values of the rate constants are underestimated because some
of ANT proteins may be damaged in that experiment. Consequently, to use the equation of ANT activity
it is necessary to estimate canr for the given mitochondria suspension. In this way the values of:

_ I, ANT,0
= k2

0
kANT+ “Cant

and
0  _|,ANT,0
kANT— - k3 “Cant
can be considered as “true” direct and reversed activities of ANT at zero membrane potential. Only these

values characterize the given suspension of mitochondria but not the value of Can itself. Thus, Can
has been estimated through the fitting of the model to experimental data presented in this paper (see
Results and Discussion section).In order to describe generation/consumption of membrane potential it
is necessary to take into account a variety of processes of ion exchanges and leaks catalyzed by different
enzymes and transporters. Several models have been published serving this purpose (for an example
see (Demin et al., 1998)). However, to simulate ATP synthesis just in respiration states Il, lll, IV, a detailed
description is obviously redundant. In our study, a simple empirical description of membrane potential
of generation/consumption was used. Indeed, we assumed that oxygen consumption rate (Vo,) and rate
of ion leaks through the inner mitochondrial membrane were given by following equations:

V — kOZ
7 1+ Ky, exp(Bo,4)

Vleak = kIeak exp(ﬂleak¢)

There are 5 parameters in these equations. The values of the parameters (Table 4.1) were chosen in
such a way to fit experimentally measured dependence of O, consumption on electric potential
difference depicted in Fig. 4.4A and to allow the model to describe values of respiratory rate at states Il,
lIl and IV. Indeed, our model was verified against following experimental data: State Ill corresponds to
Vo2= 216 nmol/min/mg, AWm= -145 mV. State Il corresponds to Vo,=19 nmol/min/mg, AWm=-170 mV.
State IV (induced by cATR) corresponds to Vo,=17 nmol/min/mg, AWm=-170 mV.

Table 4.1. The parameters of the model

Parameter Value Comment Source
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pH, 7.25 pH in experimental volume
pH. 7.30 pH in matrix under
phosphorylating conditions
Mgf) 1mM Total magnesium concentration
in experimental volume
) Measured or given value
Vv, 2ml Experimental volume
p! 10 mM Total [Pi] concentration in
0
experimental volume
T! D! Dependent on | Concentration of adenine
0 0o
experimental nucleotides (ATP, ADP) in
conditions experimental volume
2+ 0.35mM Buffered magnesium
Mgi L g. (Corkey et al., 1986)
concentration in the matrix
Ait =T+ D! 12 mM (Hagen et al., 2003), (Joyal et
1 1
Total concentration of | al., 1995), (Austin and
adenylates (ATP+ADP) in the | Aprille, 1984), (Nosek et al.,
matrix; (see (Hagen et al., 2003)). | 1990), (Rulfs and Aprille,
1982)
6.31-:10° mM Dissociation constant for H* and
KP,H Calculated from pKa=7.2
phosphate
K 0.114 mM Dissociation constant for Mg*
T,Mg
and ATP
(Chinopoulos et al., 2009)
Ko Mg 0.906 mM Dissociation constant for Mg**
’ and ADP
K SYN 2.23:10* mM . Calculated from AGe'=-30.5
hyd Equilibrium constant of ATP .
hvdrolvsis kJ/mole (Rosing and Slater,
yaroly 1972)
Cant 4.8-10' nmol/ mg Estimated on the basis of
effective coefficient fitting of the model against
our data
kZANT‘O 10.8 min! Constant of direct ANT exchange
k?f*NTvO 21.0 min? Constant of reverse ANT
exchange
i o2
KTANT,O 0.057 mM Dissociation constant of ATP and (Metelkin et al., 2006)
0
ANT
KSNT’O 0.051 mMm Dissociation constant of ADP and
0

ANT
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a 0.268
a, -0.205
2 0.187 Paraﬁmeters of ANT electrostatic
3 profile
O; 0.070
op 0.005
Covn 22 _ Estimated on the basis of
Correction  factor  of = ATP- | fitting of the model against
synthase in mitochondria our data
Ngy 3 H*/ATP ratio (Ferguson, 2000)
0.9
£ Parameters of H*-ATP-synthase
7 0.1 electrostatic profile
n
VSN 1.2:10*
max
nmol/min/mg
K3 3-10° mM (Demin et al., 1998)
SYN 106
KHi 1107 mM Parameters of H*-ATP-synthase
model
K SYN 5.56:10° mM
MgD
KSIN 3.55-10* mM
K SYN 9.26:10 mM
MgT
F 9.64-10* C:mol* Faraday constant
R 8.31 J-moltK? Universal gas constant
T 310K Temperature Measured
Cm 7.8:10° F/mg Capacitance of inner | (Reich and Rohde, 1983)
mitochondrial membrane
ko2 250 nmol/min/mg Fitted to experimental data
Kon 145107 The empirical c.oefficients‘ of
membrane potential generation
602 0.36
kleak 0.438
nmol/min/mg The empirical coefficients of
membrane leak description
6/eak 1.05
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RESULTS
1. Development of a kinetic assay of mitochondrial ATP-ADP exchange rate mediated by the ANT

The adenine nucleotide translocase (ANT) catalyzes the reversible exchange of ADP for ATP with a 1:1
stoichiometry across the inner mitochondrial membrane. It is the most abundant among mitochondrial
carrier family proteins, and in the heart it accounts for as much as 10% of all inner mitochondrial
membrane proteins (Nury et al., 2006) (Pebay-Peyroula and Brandolin, 2004). In humans, there are 4
known isoforms (Palmieri, 2004), (Dolce et al., 2001), all encoded by nuclear DNA (Dahout-Gonzalez et
al., 2006), (Nury et al., 2006). Prior to the more recent discovery of the 4th isoform (ANT-4), it was shown
that rodents lack ANT-3 (T2) (Levy et al., 2000) (Dummler et al., 1996) but possess ANT-1 (T1) and ANT-
2 (T3), sharing a sequence homology of 97-98%, at the amino acid level (Levy et al., 2000). Besides the
canonical role of ANT as an adenine nucleotide exchanger which brings ADP into mitochondria to
support respiration while simultaneously supplying cytosolic energy-consuming processes with ATP, this
protein has many other roles in both physiological and pathological conditions. ADP/ATP exchange
through ANT is reversible (Metelkin et al., 2006); therefore, in cells in which mitochondrial respiration
is compromised, ATP could enter mitochondria to be hydrolyzed by the —also reversible- F,-F; ATPase.
This process can maintain an appreciable protonmotive force (pmf) in the absence of a functional
respiratory chain (Scott and Nicholls, 1980), however, not exceeding the reversal potential of the F,-F;
ATPase (see below). In addition to transporting nucleotides, ANT is also a major conduit of the “proton
leak” (Brand et al., 1994), a passage of protons back into the matrix which bypasses the F,-F1 ATPase
and causes mild uncoupling.

The kinetic assay of mitochondrial ATP-ADP exchange was based on the concept that the ANT transports
Mg?*-free adenine nucleotides. Since the nucleotides exhibit different affinities for Mg?*, by following
[Mg#] concentration one could deduce the absolute [ATP] and [ADP] concentrations using standard
binding equations. The abundance of ANT in mitochondria ensures that the changes in [ATP] and [ADP]
concentrations are sufficiently large so that the changes in [Mg?] concentration are detactable.

1.1. Rationale for using particular buffer and substrate compositions

The ATP-ADP exchange rate was determined in intact isolated mitochondria and the incubation medium
was designed to enhance the specificity and reproducibility of the method. The main modifications, as
compared to ‘standard’ compositions employed elsewhere in studies with isolated mitochondria
(Chinopoulos et al., 2003), were (i) the replacement of a large fraction of [CI] with gluconate, (ii) the use
of 10 mM KH;PO,, and (iii), where indicated, the high concentration (1 mM) of TMPD. Concerning the
estimation of the initial ANT activity rates and the steady-state ATP-ADP exchange rates and their
differences, the reader is referred to a recent comprehensive review by Klingenberg (Klingenberg, 2008).

Total [CIT] in the buffer was ~20 mM, being within the physiological range of intracellular [CI] for all
tissues used as a source of mitochondria in our study. ANT is inhibited at high [CI"]; 140 mM CI" inhibits
ANT activity by ~35%, while with 140 mM gluconate this is only ~7% (Gropp et al., 1999). The
combination of [CI"] and [gluconate] used in our buffer is unlikely to cause substantial inhibition of ANT
activity while maintaining isoosmolarity. Furthermore, we found that mitochondria kept in 20 mM [CI]
exhibit similar respiration rates and membrane potential, but significantly lower steady-state rates of
ROS formation, when compared to mitochondria exposed to 140 mM [CI-] (Chinopoulos et al., 2009).
The phosphate (Pi) concentration in our assay medium was 10 mM for the following reasons: There are
two Pi carrier isoforms in mitochondria with Km values for Pi (on the external membrane surface) of 2.2
and 0.78 mM, respectively (Palmieri, 2004). The high concentration of phosphate achieves 81.97 % and
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92.76 % saturation of the low and high-affinity Pi carrier, respectively. At lower concentrations
extramitochondrial Pi becomes rate-limiting for oxidative phosphorylation (Tager et al., 1983), while at
saturating [Pi] the rate of Pi transport greatly exceeds the net rate of ATP synthesis (Ligeti et al., 1985).
At [Pi] £ 3 mM ATP formation is largely dependent on the Fo-F1 ATPase. Finally, Pi has been shown by
mathematical modeling to play a significant role in stimulating both oxidative phosphorylation and
tricarboxylic acid cycle (Wu et al., 2007), as originally proposed by Bose (Bose et al., 2003). 10 mM
KH,PO, did not affect free [Mg?*] measured by Magnesium Green (Chinopoulos et al., 2009). This is
partly because at pH=7.25, KH,PO, dissociates to H,PO,” and HPO4* (pK,=7.21) and neither of these ions
form a precipitation with Mg?* (PO,* is the only component that forms Mgs(PO.), precipitate, but this
ion is essentially not present at this pH (pKs=12)). On the other hand, Mg* also forms soluble
coordination compounds with phosphate anions (preferably with HPO,%). However, chelation of Mg?*
by HPO.,* in the low millimolar range is negligible, since the textbook definition of the dissociation
constant for the [Mg?*- HPO,*] complex is 210 mM although a much lower value has been reported
elsewhere (Wu et al., 2007). The substrates TMPD (in most cases 1 mM) plus ascorbate were chosen for
the following reasons: at concentrations >0.4 mM TMPD supports direct transfer of electrons to
cytochrome oxidase (Sagi-Eisenberg and Gutman, 1979), (Crinson and Nicholls, 1992), thus, the
availability of cytochrome c (or of any upstream component of the respiratory chain) as an electron
donor is no longer rate limiting. This is advantageous, because due to harsh isolation conditions, the
outer membrane of isolated mitochondria is frequently damaged, leading to a partial loss of cytochrome
¢ (Wojtczak et al., 1972). In addition, ATP-ADP steady-state exchange rates mediated by the ANT of
various types of mitochondria can be normalized to their respective cytochrome oxidase activities. The
use of TMPD plus ascorbate also eliminates a possible confounding factor, due to the binding of either
ADP or ATP to the matrix-facing domain of subunit IV of cytochrome oxidase regulating its’ activity in a
pmf-independent manner (Kadenbach and Arnold, 1999). This mechanism of respiratory control does
not operate when mitochondria are fueled by TMPD plus ascorbate (Arnold and Kadenbach, 1997). This
is important for our assay using intact mitochondria, because ATP-mediated inhibition of cytochrome
oxidase would decrease pmf, the ultimate driving force for ANT-mediated ADP/ATP exchange.
Furthermore, it has been shown that the fraction of ANT molecules which form functional dimers, and
hence contribute to the flux control coefficient of ANT, is maximum if TMPD plus ascorbate is used to
support mitochondrial respiration, as compared to other substrate combinations (Faustin et al., 2004).
The importance of including bovine serum albumin in the assay medium is two-fold: firstly, albumin
binds both fatty acids and their coenzyme A esters, that can inhibit ANT activity (Wojtczak and Zaluska,
1967), (Morel et al., 1974); secondly, fatty acids exhibit uncoupling properties plus inhibitory effects on
respiratory chain components (Wojtczak and Schonfeld, 1993) that decrease pmf —particularly with
succinate as a substrate (Tretter et al., 2007). Finally, the use of 1 mM total [Mg?*] yields 0.32-0.6 mM
free [Mg?*] (depending on the type and amount of adenine nucleotide present in the extramitochondrial
medium, see below), which is within the physiological range of cytosolic free [Mg?*] (Rodriguez-Zavala
and Moreno-Sanchez, 1998), (Rutter et al., 1990), (Jung et al., 1997).

1.2. Establishment of [Mg?*] measurement by MgG fluorescence and determination of Kd for Mg*
bound to ADP or ATP

The ‘core’ of the method for estimating ATP-ADP steady-state exchange rate lies in a reliable estimation
of free [Mg?*] in the range of 0.1-1 mM. Our calibration of MgG fluorescence using Eq. 1.1: ([Mg?']¢
=(K4(F-Fmin)/(Fmax-F))-0.055 mM) gave reasonable estimates of free [Mg?*] ([Mg2*]s); in figure 1.1A, curve
(a) shows the calibrated signal of MgG fluorescence upon adding 0.1 mM MgCl; boluses (arrows) to a
solution initially devoid of Mg?*. Because all Mg?*-sensitive dyes also bind Ca®* (MgG has a K4=4.7 uM for
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Ca”), we tested the response of MgG fluorescence to consecutive boluses of 1 uM CaCl; (figure 1S.1A,
curve (b)). In the presence of 1 mM MgCl, MgG fluorescence, and hence the calculated free [Mg?*] (curve
(b)), was only marginally affected by boluses of CaCl,. Note, that in our buffer the contaminating free
[Ca*] is ~150 nM, as measured by fura-6F (K4=2.47 uM (Chinopoulos et al., 2003), and fura 2 (Ks=0.225
UM in the presence of Mg**).
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Figure 1.1. Estimation of ATP release and verification of [O,] during the experimental time frame. A:
Reconstructed time course of free [Mg?*], calculated from MgG fluorescence using Eq.1.2. Less than 50
seconds prior to the start of the trace 1 mg of non-synaptic mitochondria was added to a 2-ml medium
containing 50 M APsA, 1 mM TMPD, 5 mM ascorbate, 1 mM MgCl,, and 2 piM Magnesium Green 5K*
salt. 2 mM ADP and 4 uM carboxy-atractyloside (cATR) were added where indicated (arrows). B: Time
course of [ATP]: appearing in the medium, calculated from the data in panel A using Eq.1.5. S1 and S2
are slopes obtained by linear regression (r’=0.918 for S1, S.E. of the fit=0.01). Panels A and B are aligned
on the x-axis (time, sec). C: Time course of [O], measured with a Clark electrode in an open chamber. 1
mg of heart mitochondria, 2 mM ADP, and 4 uM cATR were sequentially added, as indicated (arrows),
to a 2-ml medium which contained 50 uM APsA, 1 mM TMPD, 5 mM ascorbate, and 1 mM MgCl,. Rates
of respiration (uM/min) are given in parentheses. D: Rates of O, consumption in various states of
respiration, for the types of mitochondria used in this study (expressed as nmol of O, consumed/mg of
mitochondrial protein/min). State 2 (1 mM TMPD + 5 mM ascorbate, no ADP), State 3 (substrates plus
ADP), State 4 (addition of 4 M cATR).

For the calculation of [ATP] from free [Mg?*] (see Eq. 1.5, below), the apparent Ky values (at our pH of
7.25 and our temperature of 37°C) of Mg?* for ADP and ATP are required. These can be calculated from

37



dc_1961 21

the room-temperature values of the proton dissociation constants of ATP (or ADP) and the association
constants of ATP* and ATPH* (or ADP*  and ADPH?) for Mg?*, by taking into account the dependencies
of these parameters on temperature — all these parameters have been estimated previously by others
(Phillips et al., 1963), (Phillips et al., 1966). However, differing values have been reported for these
constants in different studies, while our calculation of [ATP] from free [Mg*] (Eq. 5) is non-linear in
nature, and even small differences in K4 could result in large errors in [ATP] estimates. Therefore, we
directly determined the apparent Ky of Mg?* for ADP (Kapp) and for ATP (Kare) under our conditions by
stepwise titration of Mg?* with the respective nucleotide (figure 1S.1B, C). ADP and ATP were added in
0.25 mM and 0.2 mM boluses, respectively, to a medium containing a total concentration of 1 mM Mg?*
and the free [Mg?*] was measured using MgG. To obtain Ky values, free [Mg?*] versus total [nucleotide]
plots (Fig. 1S.1B,C; dots) were fitted by least squares (Fig. 15.1B,C; solid lines) to the binding equation

[Mg*], - o.s.([lvlg“]t — K, ~[L], +/(Mg*], — K, ~[L1,) +4Kd[|vlg2+]tj
, (Eq. 1.2)

where [Mg?*]: is the total [Mg*] (1 mM), [L]: is the total concentration of added ADP or ATP, and Ky is
the fitted value of Kapp Or Kate, respectively. From our fits we obtained estimates of Kapp=0.906 + 0.023
mM (Fig. 1S.1B), and Karp=0.114 + 0.005 mM (Fig. 1S.1C). As a comparison, using Martell and Smith's and
Fabiato A. and Fabiato F.’s constants (Fabiato and Fabiato, 1979) predicts apparent Ky values of
Kapp=0.739 mM, and Kap=0.060 mM — in reasonable agreement with our measured values.
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composition) initially
devoid of Mg?, containing 2 M MgG 5K* salt. In curve ‘b’, 1 mM MgCl, was already present in the
medium at the onset, and 1 M CaCl, boluses were added where indicated (arrows). B: Determination
of K4 of ADP for Mg? by sequential addition of 18 boluses of ADP (0.25 mM each) while recording MgG
fluorescence. Dots illustrate calculated free [Mg**] after each bolus. The solid line is a fit to Eq.1.2,
yielding the Ky value shown. C: Determination of K4 of ATP for Mg?* by sequential addition of 10 ATP
boluses (0.2 mM each). Details are as in B. All panels (A, B, C) share the same y-axis, i.e. [Mg?']; (mM).
D: Plot of calculated [ATP]: values as a function of true [ATP]..
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1.2.1 Evaluation of ATP-ADP steady-state exchange rate by calculating the total [ATP] released from
measured free extramitochondrial [Mg*]

Addition of 2 mM ADP to a medium containing mitochondria, APsA (diadenosine pentaphosphate,
adenylate kinase inhibitor), substrates, 1 mM MgCl,, and 2 uM MgG causes an immediate drop in free
[Mg?*], from 1 mM to ~0.39 mM (figure 1.1A), which is in agreement with the calculated value (0.3939
mM) considering the Kapp value estimated above (figure 15.1B and Eqg. 1.2). Under these conditions
oxidative phosphorylation is initiated and for the next 25 sec is maintained, while ADP is replaced in the
medium with ATP. Because ATP binds Mg?* with a higher affinity than does ADP, this process is reflected
by a further gradual decline in the free [Mg*'] (figure 1.1A). Addition of 4 uM cATR, a specific inhibitor
of ANT, immediately stops this progressive decrease in free [Mg?*] (figure 1.1A), consistent with the fact
that under these conditions the ANT is the sole mediator of ADP/ATP exchange. cATR binds to ANT with
a very high affinity (Ks=10® M); because this binding is non-competitive (unlike for atractyloside), ADP
even in high concentrations cannot overcome the inhibition (Vignais et al., 1971). Since one molecule of
cATR binds to one ANT dimer, and mitochondrial preparations contain 0.24-1.8 nmol of ANT per mg
protein (depending on the tissue (Forman and Wilson, 1983), (Rossignol et al., 2000) plus our own
estimates, see below), 4 M cATR is sufficient to inhibit all molecules of ANT in our mitochondrial
suspension (1 mg of mitochondrial protein per 2 ml). Free [Mg?*] also ceased to decline upon addition
of 10 uM oligomycin. Including the adenylate kinase inhibitor APsA into the medium is essential; Mg?*,
which is present in the assay medium, activates adenylate kinase which exhibits an appreciable activity
in some tissues. Significant production of ATP by this enzyme, upon addition of 2 mM ADP, would result
in overestimation of ATP-ADP steady-state exchange rate mediated by the ANT. When APsA was omitted
from the medium, we indeed observed a faster decrease in free [Mg2*] upon ADP addition and free
[Mg#] continued to fall (although at a lower rate) even after addition of cATR (not shown). To convert
measured [Mg?*]s into total [ATP] in the medium ([ATP]:), we assumed that in our medium the system

ADP ATP
ADP-MgZL_é Mg2*§_> Mg*-ATP
KADP KATP

is at equilibrium at any moment. This is a fair assumption, as the rate of Mg?* binding to, and unbinding
from, nucleotides is faster than the rate of ATP/ADP exchange across mitochondrial membranes
(diffusion of ions in solution is several orders of magnitude faster than any conformational transitions
of proteins). Thus, at any moment, [Mg?*]:in the medium is distributed between three equilibrium pools,
free, ADP-bound, and ATP-bound:

[Mg™"],[ADP],  [Mg™"],[ATP],
KADP + [M92+]f KATP + [Mgz+]f

[Mg*], =[Mg*']; +
, (Eq. 1.3)

where [ADP]; and [ATP]; are the total concentrations of ADP and ATP, respectively, in the medium.

Because the ANT exchanges ADP for ATP at a 1:1 stoichiometry, [ADP]++[ATP]: remains constant in the
extramitochondrial compartment throughout the experiment. In particular, at any time point

[ADP], =[ADP], (t = 0) +[ATP],(t=0) — [ATP]t, (Eq. 1.4)
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where [ADP]i(t=0) and [ATP]:(t=0) are [ADP]; and [ATP]; in the medium at time zero (2 mM and 0 mM,
respectively - our ADP stock solution exhibited negligible contamination with ATP). Substituting [ADP]:
from the latter equation into Eqg. 1.3, and rearranging Eq. 1.3 to express [ATP]; we get

[ATP], = (

[Mg?'], _1_[ADP]t(t=0)+[ATP]t(t=O)J/( 1 ) 1 )
[Mg™], Kaos +[Mg™]; Ki +IMG" ] Koo +[Mg™ ], )

1.5).

Equation 1.5 is available for download at: https://semmelweis.hu/biokemia/en/research/christos-
lab/antactivity/. To verify the reliability of the [ATP]: estimates obtained using Eq. 1.5 and measured
values of [Mg?*];, we applied the above algorithm to a series of solutions with known [ATP]; (Fig. 1.1D).
To this end, 0.1 mM ATP boluses were added in a stepwise fashion to a 2-ml aliquot of our bath solution
containing 2 mM ADP and MgG. After each ATP bolus [Mg?]s was determined from MgG fluorescence
using Eqg. 1.2; and [ATP]t was estimated using Eg. 1.5 in which [ADP]i(t=0)+[ATP]:(t=0) was set to 2
mM+i*0.1 mM (i=1, 2, ...7) for the trial following the ith ATP bolus. A plot of calculated [ATP]: values as
a function of true [ATP]; for this series of experiments (Fig. 1S.1D) convinced us that we could predict
[ATP]; in the medium with reasonable accuracy.

1.3 Estimation of ATP release in isolated mitochondria

In our assays of ATP-ADP exchange rate mediated by the ANT we could confidently apply Eq. 1.5 of the
supplementary material (using [Mg?*]: =1 mM, [ADP]«(t=0)=2 mM, [ATP]:(t=0)=0 mM, Kapp=0.906 mM,
and Karp=0.114 mM) to directly convert the recorded time course of [Mg2+]f into the time course of
[ATP]; in the medium (Fig. 1.1B). The fitted slope of this time course (Fig. 1.1B, slope=S1) during
conversion of ADP into ATP by mitochondria reflects ATP-ADP exchange rate mediated by the ANT; S2
is the slope fitted after blocking ANT operation with cATR. For all subsequent estimations of ATP-ADP
exchange rate, S2 has been subtracted from S1. The standard error of the slopes given by the linear
regression analysis were in the 0.01 range and this is further assisted by the ability of the method to
operate at high acquisition rate; this in turn enables performing the linear regression on larger number
of data points and therefore, even though the data look noisy, the slope of the fit provides a robust
determination of ATP production rate. For some of the experiments, the calculated initial [ATP]t values
were not exactly zero, but in the range of ~0.01-0.04 mM. In these cases, we arbitrarily readjusted the
calculated [ATP]t time course to make it start from zero.

1.4 Verification of the maintenance of mitochondrial respiration within the experimental time frame

Even though the experiments are performed in an open chamber, 1 mg of mitochondria in a 2 ml volume
would consume dissolved O, within a few minutes, especially when 1 mM TMPD plus 5 mM ascorbate
is used, a combination that gives very high rates of respiration (figure 1.1D). Furthermore, oxidative
phosphorylation depends on oxygen tension at values lower than 100 uM [O;] (Wilson et al., 1979). In
order to ensure that recordings of free [Mg?*] are performed in mitochondria not depleted from oxygen,
respiration measurements were also performed under the same conditions. As evident from figure 1.1C,
which shows the time course of oxygen consumption by heart mitochondria, there remained sufficient
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oxygen in the medium within our experimental time frame of <40 s, and importantly prior to the addition
of cATR (Fig. 1.1C), to keep cytochrome oxidase saturated. The black arrowhead in Figure 1.1C indicates
the time point at which [0] has reached the lower sensitivity limit of the Clark electrode, which is near
the Km for O, of cytochrome oxidase. Among the types of mitochondria used, those isolated from heart
exhibited the highest respiratory rates (figure 1.1D). As cATR was given 25 sec after the addition of ADP,
we conclude that our experiments were not limited by oxygen depletion.

1.5 Validation of the ATP-ADP exchange rate mediated by the ANT technique

In (Chinopoulos et al., 2009) we described the method for determining the ATP-ADP exchange rate
mediated by the ANT in intact, metabolically competent isolated mitochondria. The same principle
should also be applicable to purified ANT protein reconstituted in liposomes (Kramer, 1986); indeed,
this has been adapted by the group of Pohl (Kreiter et al., 2020). Because the protocol includes only a
single addition of a substance (ADP), this method has the potential for a high-throughput drug screening.
The principle of the method is the measurement of the rate of the cATR-sensitive decline in free [Mg?*]
in the extramitochondrial compartment upon exchange of ADP with ATP. Total [ATP] in the medium is
then calculated from free [Mg?*] using Eq.1.5; and ATP-ADP steady-state exchange rate mediated by the
ANT is expressed as total [ATP] appearing in the medium per unit time per amount of protein. This
technique is viable due to fact that ANT does not transport Mg-ADP or Mg-ATP (Klingenberg, 2008),
(Kramer, 1980) unlike the ATP-Mg?*/P; carrier (Aprille, 1993), and is specific for this exchanger because
all other known nucleotide transporters are insensitive to inhibition by cATR (Vozza et al., 2004), (Dolce
et al., 2001), (Fiermonte et al., 2004), (Palmieri et al., 2001), (Shin et al., 2000). A conceivable limitation
of our method could be the transport of Mg?* across the inner mitochondrial membrane, as well as the
transport of adenine nucleotides by carriers other than ANT. A mitochondrial Mg?* efflux pathway of
unknown molecular identity activated by cAMP has been proposed (Romani et al., 1991), but remained
unconfirmed (Altschuld et al., 1994). In mammalian mitochondria, the only proven mechanisms of Mg?*
transport across the inner mitochondrial membrane are: i) the ATP- Mg2*/Pi carrier (Aprille, 1993) and
ii) a homologue of the Mrs2 protein originally described in yeast which mediates an electrophoretic
uptake of Mg?* (Kolisek et al., 2003). Mrs2p is also found in mice but it exhibits a low level of transcription
(Zsurka et al., 2001). Concerning (i), free [Ca?*] in our media was ~150 nM which prevents the ATP-
Mg?*/Pi carrier from operation (Nosek et al., 1990). Furthermore, the activity of the ATP- Mg?*/Pi carrier
(which can also exchange ADP unbound to Mg* for HPO4? (Nosek and Aprille, 1992) is many-fold lower
than that of the ANT (Aprille, 1993). To address the possible presence of Mg?* transport through some
Mrs2p homologue in our mitochondria, the following experiment was performed: mitochondria were
incubated in a medium in the presence of substrates and cATR, but in the absence of Mg?* plus 20 uM
EDTA to chelate contaminating Mg?*; 1 mM MgCl, was added and the rate of [Mg*] decline was
recorded in the presence or absence of 0.2 uM SF 6847. As measured by MgG fluorescence, the rate of
decline in free extramitochondrial [Mg#] was small, and not significantly affected by the presence of
the uncoupler (0.00055 and 0.000462 mM/min/mg protein, respectively, in the absence and presence
of the uncoupler). In contrast, the rates of decline in free extramitochondrial [Mg?*] due to ADP/ATP
exchange are many fold higher, depending on the type of mitochondria used. Based on the very low
rates of decline in free extramitochondrial [Mg?*] and the lack of effect of the electrophoretic capacity
of mitochondria, it is safe to assume that in our conditions the Mrs2p — if present — contributes only
insignificantly to Mg?* transport. This is in agreement with the fact that in our hands cATR abolished all
changes in free [Mg*] (Fig. 1.1A, B), again indicating that the ANT is the only significant means for
altering extramitochondrial free [Mg?], as a result of ATP-ADP concentration changes. When ANT
molecules are reconstituted in liposomes, and there is only one of the nucleotides present in the extra-
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or intraliposomal compartment, then unidirectional transport can occur (Gropp et al., 1999). Otherwise,
in metabolically competent isolated mitochondria, the concerted exchange of one ADP for one ATP per
ANT dimer is obligatory, ensured by the strong positive cooperativity in the binding of the two
nucleotides (Duyckaerts et al., 1980), (Barbour and Chan, 1981). The high concentration of ADP used
([ADP] falls from a 2 mM starting value to ~1.5 mM until the addition of cATR) serves two purposes.
First, it ensures that ANT is saturated at all times, as its Kn, for ADP is between 1-100 uM (Pfaff et al.,
1969), (Akerboom et al., 1977), (Halestrap and Brenner, 2003), (Palmieri, 2004). In the presence of Mg?*,
the consensus is that the Km for ADP is 4 uM (Abramov and Duchen, 2005). Second, State 3 respiration
strongly depends on [ADP] at concentrations below 0.3 mM (Jacobus et al., 1982), but becomes
insensitive to [ADP] above 0.5-1 mM (Kay et al., 2000). Therefore, the rate of State 3 respiration remains
constant throughout the relevant part of our assay (Fig. 1.1C).

1.6 Comparison of the present method to previously established methods for determination of ATP-ADP
exchange rate mediated by the ANT

Several methods for ATP-ADP steady-state exchange rate mediated by the ANT determination have
been described in the past. Some of these directly measure ADP and/or ATP by 1) thin-layer
chromatography (Pedersen and Catterall, 1979), 2) high-performance liquid chromatography (Hartwick
and Brown, 1975), or 3) using radioactive nucleotides (Duee and Vignais, 1969a). Others employ coupled
reactions which yield an end-product that can be detected either fluorimetrically by 4) monitoring the
reduction of NADP* which occurs in the presence of glucose, hexokinase, glucose-6-phosphate
dehydrogenase and effluxed ATP (Williamson and Corkey, 1979), (Passarella et al., 1988) or 5)
luminometrically, detecting chemiluminescence upon ATP-dependent oxidation of luciferin, catalyzed
by firefly luciferase (Lemasters and Hackenbrock, 1979). Furthermore, there are techniques which
employ fluorescent derivatives of nucleotides (method 6) to evaluate the rate of release of the
fluorescent molecule upon ANT-mediated exchange for ADP (Block et al., 1986). To complement these
functional assays, the amount of ANT protein can be estimated using (method 7) a fluorescent derivative
of atractyloside, or, exploiting the 1:1 stoichiometry of binding of the inhibitor to the translocase, by
(method 8) stepwise titration of State 3-mitochondria with cATR until respiration is completely inhibited
(Schonfeld, 1990). Among these, only methods 4, 5 and perhaps 6 are on-line measurements, while the
rest are end-point assays (although a satisfactory time resolution can be obtained using a large number
of samples as detailed by (Brandolin et al., 1990). Methods 1 and 2 require expertise in specialized
equipment, while method 3 requires handling of radioactive material, conditions which may render
these methods cumbersome to use. However, it must be noted that these are all very sensitive assays
which require small amounts of mitochondrial protein. Methods 6 and 7 rely on materials which are not
commercially available, and are therefore not appealing to the broader scientific community. Method
5, if used as an on-line method, suffers from several drawbacks. First, the lack of constant proportionality
between ATP concentration and luminescence, caused by product inhibition of the luciferase reaction
by oxyluciferin, renders this method at best semi-quantitative. Second, for reliable estimation of the
kinetics of ATP formation, the endogenous ATP concentration prior to the assay has to be determined.
Third, the required use of a low ionic strength medium and room temperature restricts experiments to
conditions which are nowhere near physiological. Fourth, the necessity to maintain [O,] below 50 uM,
needed to avoid significant drifts in luminescence, adds extra effort to any application of this method.
Nevertheless, some of the disadvantages of this method have been overcome by various modifications
(Wibom et al., 1990). Method 4 has two disadvantages. First, there are two mediating coupled reactions
which may affect stoichiometry through product (glucose-6-phosphate) inhibition of hexokinase.
Second, the measured signal -NADP(H) autofluorescence- precludes the simultaneous measurement of
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this mitochondrial parameter, plus the stimulation of mitochondrial respiration by addition of ADP
affects the NAD(P)H steady state. For a comprehensive appraisal of methods to measure ATP-ADP
exchange rates in mitochondria and reconstituted systems, the reader is referred to a recent review by
Martin Klingenberg (Klingenberg, 2008). The advantage of the method described in our study is that it
provides kinetic information at a high acquisition rate while it does not suffer from the drawbacks
described for methods 4, 5 and 6. In addition, our method can be combined with simultaneous recording
of further mitochondrial parameters using other types of fluorescent dyes. As an example, MgG
fluorescence has been used to report changes in intracellular [ATP] in cardiomyocytes combined with
simultaneous recording of NAD(P)H autofluorescence and mitochondrial membrane potential using JC-
1 (Leyssens et al., 1996). A disadvantage of our method is that it requires relatively large amounts of
protein (1 mg per experiment was used here, although for mitochondria which exhibit high rates of
ADP/ATP exchange 0.25 mg mitochondrial protein could be sufficient). Theoretically, special cuvettes
with very small internal volumes (as low as 100 pl) could be employed to decrease the amount of protein
required; however, in such cases care should be taken that mitochondria do not run out of dissolved O,
during the experiment, should the application demand full pmf. On the other hand, 1 mg of total
mitochondrial protein contains an estimated 2-12 ug of ANT protein, depending on the source tissue.
Thus, in a liposome system using purified ANT, protein amounts in the low pg range should yield
exchange rates in the order shown in this study, albeit lower, since transporters in reconstituted systems
are prone to disorientation and partial loss of functionality. Also, this method is not applicable for cases
in which a very high concentration of Ca** (>10 uM, when at least 1 mM Mg?* is present) is necessary,
such as investigation of the Ca?-induced mitochondrial permeability transition (Chinopoulos et al.,
2003); MgG has a Km of 4.7 uM for Ca®*, and substantial Ca®* binding would alter the fluorescent signal
and invalidate the calculation of free [Mg?*] using Eq.1.1. Obviously, the method cannot be applied in
the case where the integrity of the inner mitochondrial membrane has been breached to the extent that
passage of adenine nucleotides in and out of the matrix occurs freely, bypassing the obligatory exchange
by the ANT. Finally, the method described here is not applicable if one needs to exclude Mg? from the
media; relevant to this, the necessity of including Mg?* in the buffer could be a drawback because
divalent cations (Me?") which exhibit a considerable affinity for adenine nucleotides cause a decrease in
the ATP-ADP steady-state exchange rate, exactly because of the formation of Me?*-ADP and Me?*-ATP
complexes (Kramer, 1980). However, the increase in the ADP-ATP steady-state exchange rate observed
in the absence of Mg?* compared to the rate recorded in the presence of Mg can only be
experimentally shown, and bears no pathophysiological relevance, as there are no conditions in situ in
which cytosolic Mg? is absent. By the same token, the ADP-ATP exchange rate mediated by the ANT is
strongly dependent on the [Mg?*];, and it is therefore modulated by the relative concentrations of
extramitochondrial [Mg?]: and its chelators, [ADP] and [ATP]. This is demonstrated in figure 1.2.
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Figure 1.2. Dependence of [Mg?**]sand ADP-ATP exchange rate on [Mg*]: and total [ADP]. 1 mg of liver
mitochondria was added to a 2-ml medium containing 50 uM APsA, 5 mM K-glutamate, 5 mM K-malate,
2 uM Magnesium Green 5K* salt, and MgCl, at concentrations as detailed below ([Mg*]:). ADP was
added at 150 sec in concentrations as indicated below. A, B: Reconstructed time course of free [Mg?],
calculated from MgG fluorescence, aligned on the y-axis ([Mg*], mM). C, D: Time courses of
corresponding [ATP]: appearing in the medium, calculated from the data in panels A and B using Eq.1.5,
(aligned on the y-axis, [ATP].a, mM), indicated asa’, b, ¢, d’, e, b, g and h". All panels are aligned on
the x-axis (time, sec). Concentrations of [Mg*']: (in mM, already present in the medium) were as follows:
a: 0.25, b: 0.5, ¢: 0.75, d: 1. In panel A, 1 mM ADP was added at 150 sec, while [Mg?*]: was varied. In
panel B, media contained 0.5 mM MgCl, and the amount of ADP added was varied as follows (in mM):
e:05,b:1,9:2, h:4.

In these experiments, rat liver mitochondria were energized with glutamate plus malate and [Mg?']s was
recorded in media with increasing concentrations of [Mg?*]; (0.25, 0.5, 0.75 and 1 mM, panel A), and
adding 1 mM ADP at 150 sec, or keeping [Mg*]t constant (at 0.5 mM) and altering the amount of added
ADP (0.5, 1, 2, and 4 mM, panel B). In panel A, it is shown that this produced initial [Mg?*]f of 0.127,
0.27,0.429 and 0.6 mM, for a, b, ¢, and d, respectively. In panel B this produced initial [Mg?*]f of 0.358,
0.27,0.175 and 0.100 mM, for e, b, g, and h, respectively. For both A and B panels, corresponding ADP-
ATP exchange rates are given in panels C and D respectively,asa’, b’, c’,d’, e’, f, g and h". As shown in
panels Cand D, the lower the initial [Mg?*]f, the higher the ADP-ATP exchange rate. However, that comes
at the expense of increased noise of the calculated [ATP] appearing in the medium, due to the nature of
the Eq.1.5, when [Mg?*]f approaches <0.1 mM values. This is a potential limitation of the method, if one
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Figure 1.3. Reversibility of the ANT and estimation of extramitochondrial ATP/ADP ratio.
Reconstructed time course of free [Mg?], calculated from MgG fluorescence using Eq. 1.2. A: 1 mg of
liver mitochondria was added to a 2-ml medium containing 50 M APsA, 5 mM K-glutamate, 5 mM K-
malate, 1 mM MgCl,, and 2 piM Magnesium Green 5K* salt. 0.5 mM ATP and 0.5 mM ADP were
added where indicated. After consumption of ADP, there is no further alteration in free [Mg?]. Upon
addition of 0.1 uM SF 6847 a progressive elevation in free [Mg?*] is observed reflecting a decrease in
extramitochondrial ATP and concurrent increase in ADP. This reaction process continues until ATP is
consumed. B: Time course of [ATP]: in the medium, calculated from the data in panel A using Eq.1.5.
C: Time course of [ATP],/[ADP]; in the medium, calculated from the data in panel B as described in the
text. Panels A, B and C are aligned on the x-axis (time, sec).

order to achieve satisfactory reproducibility, is reflected in the inability to determine the Km of the ANT
for ADP or ATP. In order to determine the Km of the ANT, diluted suspensions of mitochondria are
required (~0.07 mg/ml), concentrations of ADP in the 0.001-0.1 mM range, and concentration of Mg?*
in the ~4 mM range. The reasons for such conditions are explained in (Pfaff et al., 1969), rendering our
assay beyond reliable reproducibility, exactly because of the very dilute amount of functional ANTSs, low
ADP and high Mg*. For example, addition of 0.25 mM ADP causes a 0.1097 mM decrease in [Mg?]f.
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Since the current consensus it that the Km of ANT for ADP is ~ 0.004 mM, in order to verify that with our
method, [ADP] had to be added in that range. However, that would produce a reduction in [Mg*]f
smaller than the noise of the fluorescence signal. It is improbable that the method described in our
manuscript can provide a reliable estimate in the low micromolar range of [ADP] values. This stems from
the Km value of MgG for Mg2*, which is 0.9 mM. This allows for reliable conversion of MgG fluorescence
to [Mg?*] in the 0.1-2.5 mM range. This is depicted in the figure 1S.2, where a calibration curve is shown
(sequential additions of 0.1 mM MgCl, to media containing mitochondria in the presence of ADP plus
cATR). In panel A of the figure 1S.2, the raw trace of MgG fluorescence is shown. In panel B, a calibration
curve is constructed for the entire set of data shown in panel A using a power function as described in
the materials and methods. In the inset of the figure 1S.2B, a calibration curve of the first 6 additions of
the same calibration curve is shown that fits well with a linear regression.

A

Se+5 - Figure 1S.2. Dependence of MgG

fluorescence on [Mg?*]; in the
presence of 1 mM ADP,
mitochondria and cATR. A: Raw
MgG fluorescence as a function of
time. 0.1 mM MgCl, boluses were
added to a 2-ml medium (see
Materials and Methods for
composition) initially devoid of
Mg?*, containing 2 uM MgG 5K*
1e+5 salt. B: Conversion of MgG
0.1 mM MaCla addtions in the presence of 1 mM ADP fluorescence shown in panel A to
0 700 200 300 200 0 [Mg?];, in the 0.1-2.5 mM range
time (sec) using a calibration curve as
B described in the Materials and
Methods. The inset of panel B
shows a linear regression of the
first 6 additions of MgCl, of the
same calibration curve.
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1.7 Measurement of ANT in the
reverse mode and estimation of
the extramitochondrial ATP/ADP
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0.2 0.4 0.6 As mentioned above, mitochondria
1645 |, with a non-functional respiratory
0.0 0.5 1.0 15 2.0 25 chain become ATP consumers,

g2 (mM) maintaining an appreciable pmf by
pumping protons out of the matrix through the Fo-F1 ATPase, at the expense of ATP hydrolysis. Under
these conditions, the ANT reverses, bringing ATP into the matrix in exchange for ADP, driven by a AWYm
less negative than ~-100 mV. ANT reversal can also be achieved in the presence of ATP by application of
an uncoupler. Consumption of ATP by mitochondria in the presence of uncouplers is a well characterized
phenomenon (Budd and Nicholls, 1996). We chose to test the uncoupler SF 6847 (Terada, 1981), as
opposed to the more widely used FCCP, CCCP, or 2,4-dinitrophenol, because i) SF 6847 was the only
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uncoupler that did not quench MgG fluorescence up to a concentration of 1 uM, while 0.1 uM was
sufficient to completely depolarize 1 mg of mitochondria. (SF 6847 is also appropriate to use with
Calcium Green, a Ca?*-sensitive dye, while all the other uncouplers tested also quenched Calcium Green
fluorescence (unpublished observations); this is not unexpected as both Calcium Green and Magnesium
Green are fluorescein derivatives); ii) the uncoupling effect of SF 6847 is resistant to cATR (Skulacheyv,
1998); this is important because many types of uncouplers act by inducing a proton translocation
through the ANT (Lou et al., 2007), possibly jeopardizing its ability to translocate adenine nucleotides.
Figure 1.3 illustrates the effect of SF 6847 on ATP-ADP steady-state exchange rate mediated by the ANT.
Addition of the uncoupler reversed both the time course of free [Mg?*] (Fig. 1.3A), and that of [ATP]t in
the extramitochondrial space (Fig. 1.3B) demonstrating mitochondrial ATP uptake by the ANT. As a
further parameter of potential interest, our method also immediately yields the time course of the
ATP/ADP ratio in the experimental volume (e.g., Fig. 1.3C). This is because the summed concentration
of ATP and ADP in the extramitochondrial compartment ([ATP]t+[ADP]t) is known at the onset and
remains constant throughout the experiment. Therefore, [ADP]t at any time point is given by
([ATP]t(t=0)+[ADP]t(t=0))-[ATP]t, which affords calculation of [ATP]t/[ADP]t (Fig. 1.3C). Values after
consumption of ADP (corresponding to plateau phase of [ATP]t) are not plotted as they would reflect
division by 0.

1.8 Correlation of ATP-ADP exchange rate by the ANT to ADP-induced mitochondrial membrane
depolarization and state 3 respiration

Due to the electrogenic nature of the ANT (a net negative charge is exported in each ADP* import/ATP*
export cycle) and because ATP formation is coupled to the flow of protons back into the matrix, initiation
of state 3 respiration by addition of ADP to mitochondria is associated with a transient depolarization.
This depolarization persists as long as mitochondria undergo oxidative phosphorylation. On the other
hand, AWm contributes to the driving force for the ANT (Alexandre et al., 1978), (Klingenberg, 1980),
(Metelkin et al.,, 2006). Therefore, we were interested to temporally correlate ADP-induced
depolarization to ATP-ADP steady-state exchange rate mediated by the ANT. As shown in figure 1.4,
addition of 1 mM ADP to mitochondria causes a depolarization of 25 mV (panel A). The repolarization
phase correlates with the transition from state 3 to state 4 respiration (indicating ADP consumption,
panel B), as well as to cessation of changes in [ATP]t appearing in the medium (panel C). The fact that
the oxygen consumption and AW m time course correlate with the calculated [ATP] time course provides
additional assurance of the validity of the method.
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Figure 1.4. ATP-ADP exchange rate
mediated by the ANT and O, consumption
during ADP-induced depolarization. A:
Reconstructed time course of A¥p,
calculated from safranine O fluorescence. 1
magq of liver mitochondria was added to a 2-
ml medium and energized by 5 mM K-
glutamate plus 5 mM K-malate. 1 mM ADP
was added where indicated, causing a ~25
mV depolarization. Upon consumption of
ADP, A%, returns to baseline level (-170
mV). B: Time course of [O;], measured with
a Clark electrode in a closed chamber, using
type of mitochondria and conditions as for
(A). C: Time course of [ATP]: in the medium.
In (B) and (C) the same type of mitochondria
and experimental conditions were used as in

(A).

1.9 ‘Normalization’ of ATP-ADP exchange rate mediated
by the ANT to the degree of inner mitochondrial
membrane integrity

So far, the method describing the assessment of ATP-
ADP exchange rate mediated by the ANT, depends on
the compartmentalization of the dye, i.e. MgG must
remain in the extramitochondrial medium (the 5K* salt
of MgG does not penetrate intact bilayers).
Furthermore, the intactness of the inner mitochondrial
membrane is also crucial for nucleotide translocation, as
in its absence there is no pmf to drive i) ATP/ADP
exchange and ii) ATP formation by the Fo-F; ATPase. ATP-
ADP exchange rate mediated by the ANT, expressed as
the concentration of ATP appearing in the
extramitochondrial medium per unit time per mg of
mitochondrial protein, is therefore underestimated due
to the presence of a fraction of damaged mitochondria
(possessing a leaky inner membrane), since the latter
contribute to the amount of protein but not to
nucleotide translocation. We estimated the fraction of
leaky mitochondria in our preparation by measuring the
fractional activity of citrate synthase (a matrix enzyme)
in the medium. To this end, two membrane-
impermeable substrates, oxaloacetate and acetyl-CoA
were added to the medium, and citrate synthase activity
was measured. This activity was then divided by total
citrate synthase activity (figure 1.5A, top panel),
determined by repeating the measurement in the
presence of 0.1% Triton X-100 which disrupts
membranes. The resulting fraction is an index of the
fraction of broken mitochondria (figure 1.5A, bottom
panel, grey shaded bars), while the complementary
fraction indicates the fraction of intact mitochondria
(figure 1.5A, bottom panel, white bars) to which ATP-
ADP exchange rate mediated by the ANT could be
normalized. Figure 1.5B shows this rate normalized to
the amount of intact mitochondrial protein, for each
type of mitochondria fuelled by 1 mM TMPD plus 5 mM
ascorbate. Significantly lower activities were found in
liver, and even more so in heart, as compared to brain
mitochondria. Because ATP-ADP steady-state exchange
rate mediated by the ANT is driven by pmf, which is
different depending on the substrate used for
supporting respiration (Lee et al.,, 1996), ATP-ADP
exchange rate is also expected to depend on this
variable. We indeed obtained differences (figure 1.5C)
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for non-synaptic mitochondria fuelled by different substrate combinations. However, these did not
reach statistical significance, except when compared to mitochondria assayed in the complete absence
of substrates.
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Figure 1.5. Normalization of ATP-ADP steady-state exchange rate mediated by the ANT to inner
mitochondrial intactness. A: Citrate synthase activity in the medium was measured for each type of
mitochondrial preparation in the absence and in the presence of 0.1% Triton X-100. The top panel
shows the absolute values (umol/min/mg protein) of total citrate synthase activity, measured in the
presence of 0.1% Triton X-100. In the bottom panel gray bars indicate the fractional activity in the
absence of detergent (normalized to the total activity shown in the top panel); white bars plot the
complementary ("TX-100 dependent") fraction. B: ATP-ADP exchange rate mediated by the ANT in
different types of mitochondria, normalized to the amount of intact mitochondrial protein estimated
from data shown in A. (S): synaptic, (NS): non-synaptic, (L): liver, (H): heart mitochondria.
Mitochondria were fuelled by 1 mM TMPD plus 5 mM ascorbate. a,b: significantly different from
synaptic and non-synaptic mitochondria (p<0.001); c: significantly different from liver mitochondria
(p=0.003). C: Normalized ATP-ADP steady-state exchange rate mediated by the ANT in non-synaptic
mitochondria fuelled by a variety of mitochondrial substrates. tmpd(h) designates 1 mM TMPD;
tmpd(l) designates 0.08 mM TMPD. a, significantly different from all other conditions (p<0.03).

various origin could differ significantly (Rossignol et al., 2000). Therefore, we caution that the relative
contributions of the Fo-F1 ATPase and the ANT to the differences in ATP efflux rates among mitochondria
of different origin cannot be further dissected. By the same token, using TMPD plus ascorbate the
respiratory flux of the cytochrome oxidase (and consequently of the ATPase and the ANT) likely changes
(Brand et al., 1994). However, cytochrome oxidase activity can be directly measured. This enzyme
exhibits robust tissue-specific kinetic properties (Patel and Katyare, 2005); for this and the previous
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reason, it makes sense to compare ATP-ADP exchange rates with the respective cytochrome oxidase
activity (Forman and Wilson, 1983) from various types of mitochondria. Nonetheless, no correlation
between ATP-ADP exchange rates and cytochrome oxidase activity were observed.

1.11 Correlation of ATP-ADP steady-state exchange rate mediated by the ANT to AYm

As seen in figures 1.6A and B, mitochondria energized with TMPD plus ascorbate, were challenged by
increasing concentrations of the uncoupler SF 6847. Both potentiometric dyes (Safranine O and TMRM)
exhibited spikes of depolarization followed by spontaneous repolarization, sometimes unrelated to the
addition of uncoupler (curves a). This created an obstacle for the subsequent correlation of ATP-ADP
steady-state exchange rate mediated by the ANT to clamped A¥m, but it was not observed if
mitochondria were energized by glutamate plus malate (curves b). Therefore, in subsequent
experiments, mitochondria were energized with glutamate and malate, and the step size of the
uncoupler concentration was increased so as to produce depolarization up to ~-100 mV (panel c). In
parallel experiments, ATP-ADP steady-state exchange rate mediated by the ANT was measured from
mitochondria pretreated with the same amount of uncoupler in the 0-60 nM range. Calculated values
of ATP-ADP steady-state exchange rate mediated by the ANT were plotted versus the applied dose of
the uncoupler (panel D). From the data shown in panels C and D we could reconstruct the dependence
of ATP-ADP steady-state exchange rate mediated by the ANT on A¥Wm (panel E). The open circles
symbols represent the AWYm values reached 20 sec after addition of ADP. In similar conditions, rat liver
mitochondria during state 3 and 4 produce similar A¥Ym values (e.g. see (Azzu et al., 2008)) as opposed
to other kind of mitochondria, such as from pig heart (Bose et al., 2003).
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<100 b SF 6847 \I; of SF 6847 (small arrows, 0.5 nM, long arrows 50 nM each);
‘L d 1 mg of liver mitochondria was added to a 2-ml medium
b and energized in curve a with 1 mM TMPD plus 5 mM K-
-150 f 10 ascorbate; in curve b, 5 mM K-glutamate and 5 mM K-
= malate were added in lieu of TMPD+ascorbate. B: Time

BCECF ratio fluorescence to the pH of the
extracellular volume. Note also that the
presence of 60 nM SF 6847, a
concentration that brings a complete
collapse of A¥Ym does not alter matrix pH
significantly. Note also that at least in our
experimental conditions, ApHmax is only
~0.11. In panel B, a correlation of
measured AWYm during state 3 is depicted
as a function of matrix pH, in the absence
(black circles) or presence of uncoupler at
various concentrations. Note that at
higher pH values than 7.35 (pHout=7.25),
state 4 to state 3 transition causes
smaller depolarization, while the
opposite is observed for matrix pH values
more acidic than 7.35. This is in good

course of changes in TMRM fluorescence ratio, in response
to addition of SF 6847 (small arrows, 1.25 nM each, long
arrows 50 nM each); conditions identical as in (A). Inset:
Time courses of individual TMRM fluorescence of 546/590
and 573/590 wavelengths used to derive the TMIRM ratio
shown in curve a of the same figure. C: Time course of
changes in AY¥,, as calculated from safranine O
fluorescence. 1 mg of liver mitochondria was added to a 2-
ml medium and energized with 5 mM K-glutamate plus 5
mM K-malate. SF 6847 was added where indicated in 30
(a), 40 (b), 50 (c) or 60 (d) nM concentration. 1 mM ADP
was added where indicated. (D). Bar graph of the ATP-ADP
exchange rate mediated by the ANT measured using the
same type of mitochondria and conditions as in (C) vs the
amount of uncoupler used to pretreat the mitochondria. E:
Plot of ATP-ADP exchange rate mediated by the ANT vs
A%y in liver mitochondria depolarized to various voltages,
constructed from the data in panels (C) and (D). The A,
values represent the values obtained after addition of ADP.
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e pHo vs pHi before 60 nM SF 6847 agreement with a mitochondrial energetics
pHo vs pHi after 60 nM SF 6847 model described recently by the group of
""""""""""""""""""""""""""""""""""" ¢ Beard (Wu et al., 2007). In the same panel, it is
[osnssnmennnenisenmsessnens o also apparent that smaller amount of
: ; uncoupler is required at pHin< 7.35 to cause
depolarization than at pHin > 7.35. This is
because the efficiency of any protonophoric
uncoupler (U) exhibits pH dependence. SF

6847 possesses a pKa=6.5. By increasing the

3 : pH, one increases the amount of the

L . . pHout dissociated, U- form of uncoupler outside

6? 68 sl—g 7.0 71 72 7 3 74 7. 5 7. 6-?7 78 mitochondria, thereby more uncoupler is

. ? needed to maintain the same level of

7.8 { —®— 0nM SF 6847 uncoupling (proton flux), as U- form does not
—v— 20 nM SF 6847

= 40 nM SF 6847 ‘ f accumulate in mitochondria. By decreasing

_ 76 : gg m gi 22231-' / l / the pH the opposite is observed —.increasing of

S74 the UH form, so less uncoupler is needed. In

= panel C, the ATP-ADP exchange rate mediate

€72 by the ANT for various matrix pH values is

/ depicted as a function of A¥Ym. For panel C,

707 the dissociation constants of the adenine

a8 d A¥m (mV)in state 3 nucleotides for Mg?* for the quantification of

-80 -100 -120 -140 -160 ATP-ADP exchange rates have been re-

T C estimated for each pH value (not shown).
Q — L .
° 0-6 Likewise, calibrations of safranine O for the
Q s pHi6.836 T [
I same pH range exhibited no deviations amon

g 05 v pHi7.0054 ! ¢ . P & . &
= e pHi7.2153 B IR different pH buffer values in the -170 -40 mV
E_E 04 e pHi 7.3454 A range.
e s pHi7.4968 o o?
< g3l| o pHI76891 a7t
= o pHi7.8739 . .. 6 o5
— o
2 0.2 1 = | 1.13 Estimation of the molecular turnover
g 01 o Tl number of the ANT

. B L)
= L] o] L
0 L J , A¥m (MV) ysing previously published values and our own
80 -80 -100 -120 -140 -160 estimates of the total amount of ANT protein

found in mitochondria of various origins (0.2-
0.24 nmole ANT per mg of total mitochondrial
protein in liver (Winkler and Lehninger, 1968),
(Forman and Wilson, 1983), 1.2 nmole in heart

Figure 1.7. Correlation ATP-ADP steady-state
exchange rate mediated by the ANT with AY,, at
various matrix pH values. A: correlation of matrix pH
to the pH of the experimental volume, before and after
collapse of AW, by SF 6847. B: Correlation of matrix (Halestrap and Brenner, 2003), 1.44 nmole in
pH to clamped values A%, by titration with SF 6847 brain  non-synaptic  mitochondria  (our
during state 3. C: Correlation of ATP-ADP steady-state ~ estimate) and 1.37 nmole in synaptic

exchange rate mediated by the ANT with A%, mitochondria (our estimate), we can calculate
clamped at various matrix pH values by manipulation ~ the rates of ADP/ATP exchange per ANT
of the pH of the experimental volume. molecule. The calculated values of the

ATP/ADP turnover rates for the ANT are between 82 s and 99 s? in liver, 23 s in brain (synaptic
mitochondria), 22 s in brain (non-synaptic), but only 5 s’ in heart. It is of note, that by using substrates
such as glutamate and malate as opposed to TMPD plus ascorbate, heart mitochondria exhibit much
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higher ANT molecular turnover numbers. These values correspond to the ‘forward’ mode of transport
of the ANT and are valid at 37 °C, pHo 7.25, with TMPD (1 mM) plus ascorbate (5 mM) as substrates at
a AWYm of -163 + 3 mV (liver mitochondria), -165 + 2 mV (heart mitochondria), -168 + 3 mV (synaptic
mitochondria), and -167 * 3 mV (non-synaptic mitochondria) in the presence of 1 mM total
extramitochondrial Mg?*'.

2. The ANT kinetic assay can be applied in permeabilized cells

In (Chinopoulos et al., 2009) we described a method to measure ADP-ATP exchange rates in isolated
mitochondria by recording the changes in free extramitochondrial [Mg?] reported by a Mg?*-sensitive
fluorescent indicator, exploiting the differential affinity of ADP and ATP to Mg?*. Subsequently, we
published a modification of this method suited for following ADP-ATP exchange rates in environments
with competing reactions by including BeFs” and NasVO, in the media (Kawamata et al., 2010).

2.1 Rationale for developing a modification of the ADP-ATP exchange assay for permeabilized cells

In isolated mitochondria, the only other reaction that interconverts adenine nucleotides in the
experimental volume is that catalyzed by adenylate kinase, residing in the intermembrane space of
mitochondria (Chinopoulos et al., 2009), but this is effectively inhibited by P!,P*-di(adenosine-5')
pentaphosphate (APsA) (Lienhard and Secemski, 1973). A creatine kinase isoform that also resides in the
intermembrane space remains inoperable for as long as there is no creatine or its phosphate derivatives
present in the medium. However, in permeabilized cells there are a number of additional reactions that
interconvert adenine nucleotides, such as the Na*/K* ATPase, the plasmalemmal and endoplasmic Ca%
ATPase, and in contractile cells the myosin ATPase, in addition to a gamut of phosphorylases,
phosphatases and kinases. Reactions interconverting adenine nucleotides other than the ANT invalidate
the binding equations that are applied on recordings of free [Mg?*] for calculating ADP-ATP exchange
rates of mitochondria (Chinopoulos et al., 2009). In order to apply the method described in (Chinopoulos
et al., 2009) to permeabilized cells, one must inhibit all competing adenine nucleotide interconverting
reactions, except the ANT. BeFs; and vanadium compounds has been successfully used for over 40 years
in many applications as inhibitors of ADP and/or ATP utilizing reactions (Baukrowitz et al., 1994),
(Cantley et al., 1977), (Davies and Hol, 2004), (Gordon, 1991), (Mukherjee, B. et al., 2004), (Robinson et
al., 1986), (Werber et al., 1992). In (Kawamata et al., 2010) we demonstrated a modification of the
original method developed for measuring ADP-ATP exchanges in isolated mitochondria so that it can be
applied in permeabilized cells, using BeFs” and NasVOa.
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2.2. Gaining access to in situ ANT while inhibiting other adenine nucleotide interconverting reactions

In order to gain access to the cell interior and deliver known amounts of ADP, Mg?*, the membrane-
impermeable 5K* salt of the Mg**-sensitive fluorescent indicator, Magnesium Green, BeFs’, NasVOg, APsA
and mitochondrial substrates (the creatine kinase inhibitor iodoacetamide is membrane-permeable)
without compromising the inner mitochondrial membrane integrity, the following experiment was
performed, as shown in figure 2.1A: Oxygen consumption of C,Ci; cells was recorded in cytosol-
mimicking media (the composition of which is described in Materials and Methods) and using succinate
as a mitochondrial respiratory substrate (2 mM) and ADP (2 mM), both being impermeable to the cell
membrane. Stepwise additions of digitonin increased oxygen consumption rates, signifying
permeabilization of the cell membrane and provision of entry points for succinate and ADP to the in situ
mitochondria. Upon reaching a sufficiently high concentration of digitonin, the detergent decreased
oxygen consumption rates, indicative of either disrupting the i) inner mitochondrial membrane integrity
and/or ii) outer mitochondrial membrane integrity causing a leak of cytochrome c. The concentration of
digitonin that produced the highest rate of oxygen consumption was chosen for all further experiments.

Figure 2.1. Validating the method for

A *p=0.001 | =p=0.008 !
.5 230 - T permeabilized cells upon gaining access to
B _g 1 - cell interior. A: Mitochondrial respiration of
g P = C>C1> cells; succ: succinate, 2 mM, ADP: 2
@ lE_ mM, Dig.: digitonin 1 ul of 2.5 mM. B: Time
8 g 10 course of [ATP]. in the medium, calculated
N C from [Mg?*]swee as described in the main text.
o basal succ ADP Dig. Dig. Dig. Dig. Effect ofs't'epwise additign of 2 nM cATR to
B permeabilized cells. C: Time courses of [ATP].
0.5 appearing in the medium, calculated from
0.4 [Mg?*[sree as described in the main text. Effect
= of high concentration of digitonin on in situ
E* 03 mitochondria with inhibited ANT. In the trace
E(D formed by black circles, only ADP, cATR and
= 021} digitonin were added where indicated. In the
< ADP fr trace formed by the open circles, oligomycin
01} \l' /,c:.ATR (olgm) was also added where indicated.
0.0 ; Panels B and C share the same x-axis.
C Digitonin 375 uM . -
In the subsequent experiment shown in figure
031 2.1B, digitonin-permeabilized C,Ci, cells were
% incubated in cytosol-mimicking media in the
o 0.2 ﬁ olgm presence of BeFs, Na3VO., APsA and
o /“‘& 1« iodoacetamide. Addition of ADP resulted in a
E 0.1 ADP 4 559 cATR gradual emergence of ATP in the medium.
‘],.;'gég Subsequent stepwise additions of 2 nM cATR
.oé? i resulted in a complete halt of ATP rise in the
00 /4 , ‘ Ime’ S media after 5 additions, amounting to 10 nM
100 200 300 400 cATR. That attests to the fact that the ANT was

the only entity mediating ADP-ATP exchanges in these permeabilized cells using this cocktail of
inhibitors. Although using this methodology the amount of ANT can be estimated, this amount must be
considerably higher than the K; of cATR for the transporter. Since this K; is in the 1-10 nM range, which
is similar to the amount of cATR required to block ADP-ATP exchanges completely, the estimation of the
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amount of ANT for the amount of cells/in situ mitochondria that are present in the well would be
overestimated. For the same reason, the molecular turnover number of the ANT cannot be estimated
using such a low amount of cells/in situ mitochondria. During the digitonin permeabilization, it is
conceivable that a small (due to digitonin titration during oxygen consumption experiments) but
undetermined fraction of in situ mitochondria would also be permeabilized. This should have exposed
the hydrolytic part of the FiF,-ATPase that in deenergized-permeabilized mitochondria would result in
vigorous ATP hydrolysis. To address this possibility, a large bolus of digitonin (10 times higher amount
than the optimal concentration for selective cell membrane permeabilization) was added to already
permeabilized cells in which their mitochondria have been allowed to phosphorylate 0.285 mM of ADP
to ATP, followed by inhibiting their ANT with 1 UM cATR. As seen in figure 1C (black circles), addition of
0.375 mM digitonin that is expected to permeabilize all in situ mitochondria, resulted in an initial gradual
decrease in ATP that halted within 30-40 seconds. We interpret this lag as the time required for BeFs’
and orthovanadate to interrupt the ATP hydrolysis cycle of the FiF,-ATPase by binding in place of the

A SE SE released hydrolysis product, inorganic phosphate.
05 | SJ'F v y SF Accordingly, if oligomycin (olgm) was added after
SF v SF cATR (open circles), there was no gradual
s 047 ¥ v decrease in ATP upon subsequent addition of
Eﬁ 03l SF \ 0.375 mM  digitonin.  This  experiment
Em Y \ demonstrates that the gradual decrease in ATP
|<—( 0.2} \ that halted within 30-40 seconds was sensitive to
- 01 N\ oligomycin, thus it was attributed to the
' '.-’ hydrolytic action of the exposed FiF,-ATPase.
4
0.0 ‘ ‘ : ‘ :
200 400 600 800 1000 120(
time, & SF 2.3 Estimation of ADP-ATP exchange rates in
B S{’F Sf SWF'I' permeabilized cells as a function of mitochondrial
0 Sf "= membrane potential
SF . .

50l v Among many bioenergetic parameters elaborated
E T /’ in (Metelkin et al., 2009), mitochondrial ADP-ATP
£ S ~~ exchange rate depends steeply on AWYm. It is
> -100 2Ar?1||\3/| SF SJ,F v therefore imperative to provide ADP-ATP
< v Y e exchange rates mediated by the ANT as a function
-150 | — of A¥m. In figure 2.2 panel A, we show the
AN experiment where permeabilized cells were
0 260 460 660 860 10‘00 12'00 incubated in cytosol-mimicking media in the
time, s presence of BeFs, NasVOi APsA and

iodoacetamide, and Magnesium Green
fluorescence was recorded over time,
calibrated to free [Mg?], and calculated to

Figure 2.2. Estimation of ADP-ATP exchange rates
and A¥m in permeabilized cells. A: Time course of
[ATP]. in the medium, calculated from [Mg?* ] as

described in the main text. Effect of membrane extramitochondrial ATP, ([ATP]e). Addition of
depolarization to various voltages by stepwise ADP resulted in a gradual emergence of [ATP]..
addition of 10 nM SF 6847. B: Reconstructed time Subsequent stepwise additions of the
course of AWm, calculated from safranine O uncoupler SF 6847 (10 nM each) resulted in a
fluorescence. Permeabilized cells were challenged progressive decrease in the rate of [ATP],, that
initially by 2 mM ADP, followed by stepwise additions  |eveled off upon addition of the fourth SF 6847
of 10 nM SF 6847. pulse. At this point, the ANT operated at its

“reversal potential”, Erey ant, @ A¥Ym value
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during which there is no net transport of adenine nucleotides across the inner mitochondrial membrane
(Chinopoulos et al., 2010). Further additions of the uncoupler dropped A¥Ym to a sufficiently low level
that resulted in reversal of the ANT, and conversion of mitochondria to ATP consumers (Chinopoulos
and Adam-Vizi, 2010a), (Chinopoulos et al., 2010). In figure 2.2 panel B, permeabilized cells were
incubated in cytosol-mimicking media using the same cocktail of inhibitors, and AWYm was estimated by
using fluorescence quenching of the cationic dye safranine O which accumulates inside energized
mitochondria (Akerman and Wikstrom, 1976). As shown, addition of ADP caused a moderate
depolarization. Subsequent stepwise addition of the uncoupler SF 6847 (10 nM each) caused a stepwise
dissipation of A¥Ym. In isolated mitochondria, safranine O fluorescence can be calibrated to A¥Ym by
applying the Nernst equation assuming a matrix [K*]=120 mM and recording safranine O fluorescence
in the presence of 2 nM valinomycin and stepwise additions of [K*] in the 0.2-120 mM range (Akerman
and Wikstrom, 1976).

This technique is not reproducible in
permeabilized cells. Hereby, we have
adopted three assumptions, in order
to arbitrarily convert safranine O
fluorescence to mV: i) minimum
fluorescence was considered as -180
ALPm, mV mV, ii) maximum fluorescence was
' " considered as 0 mV, and iii) safranine

O fluorescence increases linearly

upon dissipation of A¥Ym. Although

these assumptions are in good

agreement with a large body of

literature, we cannot overemphasize

-100 that this is only an arbitrary
approximation. Nevertheless, using
this approximation, Eey ant falls well
within calibrated values for isolated
mitochondria (Chinopoulos et al.,

+ 100

50

nmol/min/mg

-100 -120 -140 -160

-50

o
3
A
ATP consumption 8 T ATP production
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Figure 2.3. ADP-ATP exchange rate/A¥m profile of in situ
mitochondria of permeabilized cells. Plot of ATP—ADP exchange
rate mediated by ANT versus AWm in in situ mitochondria of . . )
. . . 2010). By linear regression analysis
C.Ci1; permeabilized cells depolarized to various voltages by )
increasing amounts of SF 6847, constructed from the data of 3 of the ADP-ATP exchange rates of in

independent experiments performed as described in figure 2.2. situ mitochondria of permeabilized
cells plotted as a function of AWm

titrated by stepwise additions of an uncoupler, we derived the “ADP-ATP exchange rate/A¥m” profile
depicted in figure 2.3, showing an average plot of 3 independent experiments. By analogy of a current-
voltage relationship of a channel (Offner, 1991) or a transporter (Gadsby and Nakao, 1989), this graph
depicts the rate of transfer of an adenine nucleotide phosphorylated group per mg protein per unit time,
as a function of the potential that exists across the membrane through which the phosphorylation group
transfer takes place. However, if one is to compare different cell types, or samples of the same cell type
but with manipulated mitochondria, comparisons must be made for the same amount of mitochondria.
One intrinsic mitochondrial parameter that is representative of the amount of mitochondria in a cell is
citrate synthase activity. In our hands, citrate synthase specific activity of C;Ci, cells was 436 + 13
nmol/min/mg protein. By comparison, isolated mitochondria from skeletal muscle exhibit 8-10 times
higher citrate synthase specific activity (Chess et al., 2009), (Rasmussen et al., 2003), (Winder et al.,
1975), which is in a good agreement with 8-10 times higher ADP-ATP exchange rates in similar type of
mitochondria (Chinopoulos et al., 2009).
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3. Measurement of ADP-ATP exchange in relation to membrane potential and oxygen consumption in
mitochondria with improved calibration

Above, the method was shown to measure ADP-ATP exchange rates in isolated or in situ mitochondria
of permeabilized cells; below a modification of this method is described by improving a calibration step
minimizing errors introduced during conversion of the dye-emission signal to free extramitochondrial
[Mg?] and further to ATP. Basically, the conversion of dye emission signal to [Mg?*], and subsequently
to ATP, was priorly calibrated by obtaining the maximal fluorescence signal with excess [Mg?*] and the
minimal fluorescence by the addition of the cation chelator, EDTA. However, because Magnesium Green
is a fluorimetric dye with single excitation and emission, it is subject to the potential pitfalls of non-
ratiometric dyes related to variations in dye concentration and/or bleaching. In practice, this introduced
variability in the measurement of ADP-ATP exchange rate and a better calibration was required. Step-
by-step instructions of the improved calibration protocol applied in permeabilized cells and measured
simultaneously to oxygen consumption have been published in (Chinopoulos et al., 2014) and appear
below:

3.1 K4 determination of ATP and ADP for Mg?*

First, one should measure the apparent Ky values of ADP for Mg?* and ATP for Mg?* for the pertaining
conditions (media, temperature, ionic strength, type and amount of cells, etc), steps 1-7.

1) Cells resuspended in 2 ml of buffer C are added to a chamber of an Oroboros Oxygraph-2k. The
presence of cATR and oligomycin in the buffer is only required for the Ky determination.
Magnesium Green fluorescence is recorded by the O2k-Fluorescence LED2-Module at a 1 Hz
acquisition rate. Experiments are performed at 37 °C. Digitonin and Magnesium Green 5K* salt
(MgGr; 1 uM) are subsequently added to the chamber.

2) MgGr fluorescence signal is recorded upon stepwise additions of 0.1 mM MgCl, for a total of 10
additions (about 50 sec of recording time per addition). This is shown in figure 3.1A, on the left
side of the dashed line.

3) Continuing in same cells in the chamber, add 0.25 mM ADP in subsequent steps for a total of 19
steps (about 50 sec of recording time per addition). This is shown in figure 3.1A, on the right
side of the dashed line.

4) Likewise, in a new cell preparation, repeat Steps 1- 3, but with 11 additions of 0.2 mM ATP
instead of ADP, also shown in figure 3.1A.

5) Convert the MgGr signal of both left and right part of figure 3.1A to free [Mg?*]. To do this, plot
the steady-states of MgGr after each addition of MgCl, (as seen in the left part of figure 3.1A)
on the y-axis as a function of [Mg?*] (x-axis) and apply the following fit equation (you can use
either trace): f=y0+a*(1-exp(-b*x)). This is an exponential rise to maximum equation with a 3
parameter function, where y0, a, and b are coefficients. The results are shown in figure 3.1B.

6) Calibrate the right part of figure 3.1A, using the coefficients y0, a, and b determined from step
5, shown in figure 3.1B, by solving the following exponential function for x: x=(-1/b)*In(1-((f-
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y0)/a)). After calibration of MgGr signals obtained in figure 3.1A, it should look like figure 3.1C.
If calibration was performed correctly, the left parts of both traces should be almost identical.

7) Next, from the calibrated right part of figure 3.1C, the K4 of ADP for Mg?* and the K4 of ATP for
Mg?* is estimated by fitting the following equation with the least squares method to the data

points:

M1, =05:([Mg], - K, ~[L],+ {15 ]~ K, ~[L1) 4, [mg" ],

7

where [Mg*]: is the total [Mg?*] (1 mM), [L]: is the total concentration of added ADP (or ATP). The fitted
curves are shown in figure 3.1D for both ADP and ATP. The Ky determined are Ky _ADP=0.914 *- 0.028
mM, and Ky _ATP=0.147 */- 0.008 mM. Since Ky values are now known for the pertaining experimental
conditions, ADP-ATP exchange rates can be calculated from the MgGr recordings.
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Figure 3.1. Magnesium green fluorescence calibration and estimation of K4 of ATP and ADP for Mg**.
A: Reconstructed time-recordings of MgGr raw fluorescence traces in permeabilized HEK293 cells as a
function of extramitochondrial [Mg?] (left part of the traces), and as a function of extramitochondrial
ADP or ATP (right parts of the traces). B: MgGr fluorescence changes are dependent on
extramitochondrial [Mg?*]. C: Calibrated time-recordings of extramitochondrial [Mg?*] (left part of the
traces), and as a function of extramitochondrial ADP and ATP (right parts of the traces) are shown. D:
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Calibrated extramitochondrial Mg?* plots as a function of ADP or ATP are shown, from which we
estimated Ky of ADP and ATP for Mg?* using the least squares method to fit the data.

3.2 [Mg**]free determination from Magnesium Green fluorescence in permeabilized cells and conversion
to ADP-ATP exchange rate

1) Add 1.1 uM of MgGr in 1.8 ml of buffer B. Record MgGr fluorescence for a few minutes and
allow the signal to stabilize. In the meantime, harvest cells by trypsinization as elaborated
above. Cells are washed once with buffer A and then resuspended in 0.2 ml of buffer B.

2) Upon addition of cells to the measuring chamber, wait 3 minutes and resume recording. After 2
minutes, add a known amount of ADP; we suggest 2 mM ADP. When ADP is added, the
fluorescence signal will drop, as shown in figure 3.2A. Subsequently, the uncoupler SF 6847 is
added to the chamber in 10 nM increments (~100 seconds between each interval); this will be
used later on to correlate the ATP efflux rates with membrane potential changes, see below. It
is important to use SF 6847 and not the more widely used FCCP, CCCP, or 2,4-dinitrophenol,
because SF 6847 is the only uncoupler that does not quench Magnesium Green fluorescence up
to a concentration of 1 uM.

3) Figure 3.2B shows the free [Mg*] calibrated from MgGr raw fluorescence. One may notice that
initial total [Mg?*] was measured to be 1.1486 mM, i.e. not exactly 1 mM, which was the actual
amount added into the chamber. After the addition of 2 mM ADP, free [Mg?*] was measured to
attain the value of 0.5553 mM, i.e. not the exact value of 0.3958 mM, which is what would be
expected. The value of 0.3958 mM was derived from the equation below:

[Mg* ], = 0.5([M92*]t K, —[L],+ (Mg ], - K, ~[L1,)" +4K, [Mg“]t)

where [Mg#]; is the total [Mg?*] (1 mM), [L]t is the total concentration of added ADP (or ATP), and Kq is
the fitted value of Kapp or Kare, respectively. These errors stem from the fact that MgGr is not a
ratiometric dye, and thus it is subject to the pitfalls elaborated above. It is therefore necessary to adjust
the whole trace shown in figure 3.2B so that the value just prior to addition of 2 mM ADP is 1 mM [Mg?*]
(the total), and the first value of [Mg?*] after the addition of 2 mM ADP is 0.3958 mM. From figure 3.1B,
it is apparent that the relation between free [Mg?*] and MgGr fluorescence signal in the 0-0.5 mM range
is fairly linear. Thus, one may apply a series of simple arithmetic operations to correct the errors: the
difference between the measured total [Mg#] (1.1486 mM) and the measured first value of [Mg?*] after
the addition of 2 mM ADP (0.5553 mM) is 0.5933 mM, while the difference between the actual total
[Mg#] (1 mM) and the expected first value of [Mg?*] after the addition of 2 mM ADP (0.3958 mM) is
0.6042 mM; therefore, the measured changes in free [Mg?*] are underestimated by a factor of
0.6042/0.5553=1.01837. Thus, the whole trace of figure 3.2B is multiplied by 1.01837. This would
generate a trace in which the value of [Mg*] just prior to addition of 2 mM ADP is 1.169 mM (the
estimated total), and the first value of [Mg?*] after the addition of 2 mM ADP is 0.5655 mM (not shown).
By subtracting the difference of 1.169-1=0.169 mM from this whole trace, the final trace should look
like the one depicted in figure 3.2C. Note that in the trace shown in figure 3.2C the value just prior to
addition of 2 mM ADP is 1 mM [Mg?*] (the total), and the first value of [Mg?*'] after the addition of 2 mM
ADP is 0.3958 mM. The trace depicting the estimated [Mg?*] has therefore been corrected, and the
conversion to ATP appearing in th medium can now be applied, as shown in the next step.
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Figure 3.2. Determination of extramitochondrial [Mg?*] and conversion to ATP. A: Reconstructed time
recording of MgGr raw fluorescence in permeabilized HEK293 cells upon addition of 2 mM ADP (where
indicated), followed by incremental 10 nM additions of the uncoupler SF 6847. B: Calibrated time
recording of extramitochondrial [Mg?*] obtained from panel 2A. C: Corrected calibrated trace of panel
2B, as described in the text. D: Calculated amount of ATP appearing in the medium converted from panel
2C. The rate of ATP appearing in the medium is indicated in umol/min/mg protein.

4) We convert the corrected [Mg?*] values to ATP appearing in the medium, using the equation

below:
[ATP], = ([Mgzl _,_[ADP](t=0)+ [A2T+P]t(t =0) j / ( 1 I 1 § ]
[Mg ]f KADP + [Mg ]f KATP + [Mg ]f KADP + [Mg ]f

The rate of ATP appearing in the medium can be calculated by making a linear regression for the ATP
values as a function of time, as shown in figure 3.2D.
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3.3 Mitochondrial membrane potential (AWm) determination in in situ mitochondria of permeabilized

cells

AWm is estimated using fluorescence quenching of the cationic dye safranin O due to its accumulation
inside energized mitochondria (Akerman and Wikstrom, 1976), also taking into account the
considerations discussed in (Perevoshchikova et al., 2009) and (Figueira et al., 2012).

1)

2)

Cells are treated exactly as described for free [Mg?'] determination, except that MgGr is
replaced by 5 uM safranin O.

Fluorescence is recorded in an Oroboros Oxygraph-2k at a 1 Hz acquisition rate, using the 495
nm excitation and 585 nm emission wavelengths. Experiments are performed at 37 °C. After the
baseline signal has stabilized, 2 mM ADP is added to the chamber and fluorescence is allowed
to stabilize. The raw signal of safranin O fluorescence is shown in figure 3.3A.

After addition of ADP, AWm is further depolarized stepwise by addition of 10 nM SF 6847 until
the signal after depolarization becomes stable (~100 sec). Safranin O fluorescence is converted
to mV (figure 3.3B) using the Nernst equation and assuming a matrix [K*]=120 mM, which was
determined by a voltage-fluorescence calibration curve of safranin O fluorescence in the
presence of 2 nM valinomycin and increasing [K*] (0.2-120 mM; (Akerman and Wikstrom, 1976)).
An important note is that cancer cells express very variable levels of IF-1 (Sanchez-Arago et al.,
2013), which inhibits the ATP-hydrolytic function of the ATPase, thus hindering reversal rates.
Therefore, it is not recommended to study ATP influx rates in mitochondria from cancer cells,
i.e. at very depolarized values. The method is suitable for studying cancer mitochondria during
ATP synthesis.
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A Figure 3.3. Mitochondrial membrane
r potential and oxygen consumption
determination in permeabilized cells. A:
Reconstructed time recording of Safranin
O raw fluorescence in permeabilized
ADP HEK293 cells upon addition of 2 mM ADP
(where indicated), followed by
SF 6847 incremental 10 nM additions of the
uncoupler SF 6847. B: Calibrated time
recording of A¥m obtained from panel
3A. C: Reconstructed time recording of
oxygen concentration in the medium
(black trace) and oxygen flux (grey trace)
recorded simultaneously with either MgGr

Safranin O fluorescence (A.U)

B signal (panel 2A) or Safranin O signal
(panel 3A).
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4. Modeling of ATP-ADP steady- state exchange rate mediated by the adenine nucleotide translocase in
isolated mitochondria

The model (Metelkin et al., 2009) represents the system of three ordinary differential equations and the
basic components included are the ANT, the Fo-F; ATPase, and the phosphate carrier. The model
reproduces quantitatively the relation of mitochondrial membrane potential to the ATP-ADP steady-
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state exchange rate mediated by the ANT operating in the forward mode, with the assumption that the
phosphate carrier functions under rapid equilibrium. Furthermore, the model can simulate the kinetics
of experimentally measured data on mitochondrial membrane potential titrated by an uncoupler.
Verified predictions imply that the ADP influx rate is highly dependent on the mitochondrial membrane
potential, and in the [0 -100] mV range it is close to zero due to extremely low matrical ATP values. In
addition to providing theoretical values of free matrical ATP and ADP, the model explains the diminished
ADP-ATP exchange rate in the presence of nigericin, a condition in which there is hyperpolarization of
the inner mitochondrial membrane at the expense of the mitochondrial DeltapH gradient. The kinetic
model of mitochondrial phosphorylation described below consists of: i) the adenine nucleotides
exchange model across the mitochondrial membrane by (Metelkin et al., 2006), ii) the model of Fo-F;
ATPase developed previously by (Demin et al., 1998), iii) the simple steady-state model of phosphate
carrier and iv) the empirical description of membrane potential formation and ions leak across the inner
mitochondrial membrane.

4.1 Correlation of ATP-ADP steady-state exchange rate mediated by the ANT to AWm

Data for Fig. 4.1 were obtained from the recently
published paper by us (Chinopoulos et al., 2009).
Open circles symbols represent the A¥Ym values
ol reached 20 s after addition of ADP in the presence
/ of increasing concentration of SF 6847 as detailed in
(Chinopoulos et al.,, 2009). SF 6847 is a
protonophoric uncoupler that dissipates AWm in a
dose-dependent manner, by allowing re-entry of

0.6 |

sim.fit /
/14
H
0.2 I~ ,@

ATP efflux rate
(mm of ATP-min—'-mg protein=1)

,,/‘LCH protons into the matrix, bypassing Fo-F1 ATP

00t x0T X . 2 synthase (Terada, 1975). The dotted line shows the
-100 -120 -140 -160 =180 result of the modeling after estimation of the
A%¥m (MV) unknown parameters. The conditions of the

Figure 4.1. Correlation of ATP-ADP steady-state
exchange rate mediated by the ANT with A¥m.
Plot of ATP-ADP exchange rate mediated by the
ANT vs A¥m in liver mitochondria depolarized to
various voltages by different amount of SF 6847.
The dashed line represents the result of the

described set of experimental data (namely the low
concentration of ATP in volume) prevent the reverse
functioning of ANT. In that case the model shows
the synthesis of ATP occurs at potential from -100
mV or higher. It is important to notice that in this
range the mitochondrial ATP production does not

model described in the text. saturate; that means that, within a physiological
range the ATP production is controlled by AWm. At
the membrane potential values from 0 mV to -100 mV the rate of ATP production by mitochondria is

close to zero.

4.2 Calibration of the kinetic model of phosphorylation in mitochondria

There are two parameters of the kinetic model whose values cannot be estimated on the basis of in vitro
data measured for purified enzymes, namely: i) the activity of ATP synthase (csyv) and ii) the amount of
ANT (can7) for a given tissue. These parameters characterize particular suspension of mitochondria (type
of animal, organ, experimental procedure) and require experimental data measured on this
mitochondrial suspension to be identified. To estimate these two parameters we have fitted our model
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against the dependence of ATP-ADP steady-state exchange rate mediated by the ANT on A¥Ym (Fig. 4.1
open cycles) and dependence of these rates on cATR, the non-competitive blocker of the ANT (Fig. 4.2,
filled cycles) measured on suspension of mitochondria respiring on glutamate and malate. Values of csyn
and cant have been chosen (see Table 4.1) in such a way as to provide minimal deviation between
experimental data (circles) and model generated curve. As a criterion of fitness, the following function
was used:

~ \2

f(kj’Kj):Z V'V_V'
' ' (1)

Here, n is the total number of the experimental points, Vi is the experimentally measured value of the

ATP-ADP steady-state exchange rate mediated by the ANT and Vi is the value of the ATP-ADP steady-
state exchange rate mediated by the ANT calculated on the model at a point corresponding to the

experimental ones. To estimate values of unknown parameters the relative error of the model (" f /n
) has been minimized. This procedure was performed in the DBSolve 7 package using the Hooke-Jeeves
method (Mogilevskaya et al., 2009).

Figure 4.2. Titration of ATP-ADP steady-

A . 087 .05 ¢ 40 state exchange rate mediated by the ANT
e 05 N _sim. fit E 0.4 ¢ 80 with cATR and correlation with A¥m. A:
o 2 041 N 03 "#\120 ATP-ADP steady-state exchange rate
® o *\ Qo 02 m mediated by the ANT determined as a
é-I—'E 031 \;\ ' 04 ) ""J;H,:gélo 240 function of cATR concentration. Dashed-line:
> €02 \\ 0.0 M -0 25? 2;0 simulation fit as described in the text. A,
<g 0.1 - l\\ Time (s) inset: A representative experiment showing
< \ the calculated [ATP] appearing in the
E 001 Qe - extramitochondrial medium after addition of
0 1?0 2?0 3?0 4?0 5?0 ADP, in the presence of cATR (in the
B cATR (nm) concentrations indicated in the inset figure,
0 - . in nM). B: Delta phi represents the difference
_ . i 1 maa of A¥m before and after addition of 1 mM
?E 51 : ADP g ADP to liver mitochondria pretreated with
= 10 —145 l I}{f;:‘“““‘"‘”““’”‘ 40 CATR of the same concentration range as in
a . %‘150 ‘;;’ e80T panel (A). B, inset: A representative
8 151 - =-155 |CATR |/ 120 oy periment showing the addition of cATR (in
20 ¢ Z-160) . the concentrations indicated in the inset
$ 165 %300 figure, in nM) on A¥m, as indicated in inset
25 e -170 Co of panel B. Data on panels A and B are shown
125 150 175 200 225

Time (s)

as S.E.M. from 4 independent experiments.

4.3 Nigericin decreases ATP-ADP steady-state exchange rate mediated by the ANT

Nigericin is an ionophore that mediates electrically neutral exchange of potassium ions for protons,
eliminating the pH gradient across the mitochondrial membrane and causing a compensatory increase
in AYm (Shavit and San Pietro, 1967), (Reed, 1979).
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*P=0.012
08 r | As seen in Fig. 4.3, nigericin (10 pM) decreased the ATP-
N = ADP steady-state exchange rate mediated by the ANT
% ?0.4 i - significantly, —even though it hyperpolarized
x '_TE AW ==170 mV A¥m=-185 mV mitochondria by 15 mV. This is also predicted by the
£ E ApH=0.15 ApH=0 model. We have explained this finding in terms of a
Eio_z L | pmf=-179 mV pmf=-185myv| decrease in Pi flux through the inner mitochondrial
£ membrane, due to collapse of ApH by nigericin. This
means that a decrease in [Pi], in turn reducing ATP

0.0 + Nigericin synthase activity, contributes more to steady state

phosphorylation rate than the increase of electric
potential and corresponding increase in ATP-ADP
steady-state exchange rate mediated by the ANT. As
also seen in Fig. 4.3, the calculated values of pmfin the
presence of nigericin are higher than those in the
absence of the ionophore. The calibration of the
safranine O fluorescence signal may be unreliable in the

Figure 4.3. Effect of nigericin on ATP-ADP
steady-state exchange rate mediated by the
ANT. Bar graph of ATP-ADP steady-state
exchange rate mediated by the ANT in the
absence (white bar) and presence (grey bar)
of 10 uM nigericin. Pmf shown in the bars

was calculated as follows: pmf=A%¥m-60ApH
(at 37 °C). Data are shown as S.E.M. from 4 very high polarized range, >-170 mV (Akerman and

independent experiments. Wikstrom, 1976); attempts to produce higher

membrane potentials (such as by addition of nigericin
to fully charged mitochondria) result in deviations from a straight line. This is presumably due to the fact
that estimated extramitochondrial K* is considered as added K*. Thus, A¥Ym will be overestimated at the
point where the concentration of added K" approaches that of K* that has leaked out from the
mitochondria.

4.4 Predictions of the kinetic model of phosphorylation in mitochondria: matrical ATP and ADP values
and the dependence of Pi on ApH

On the basis of the model developed above and verified against experimental data measured on
isolated mitochondria, we have calculated the dependence of matrical concentrations of ADP and ATP
as function of electric potential difference across the inner mitochondrial membrane. As shown in Fig.
4.4A, predictions of our model correspond to experimentally measured (open circles) dependence of O,
consumption (Vo in the model) on electric potential difference (A¥m). Moreover, our model predicts
that concentrations of ADP and ATP (Fig. 4.4B) at State Ill (AWYm is about -145 mV) are equal to 8.7 mM
and 3.3 mM, respectively and transition from State Ill to State IV (AWm is about -170 mV) reverses the
order of the concentrations to 2.2 mM for ADP and 9.8 mM for ATP. In order to compare these predicted
values to experimental data, we measured matrical ATP and ADP concentrations from mitochondrial
matrix extracts by HPLC. Representative traces of HPLC raw data (absorbance at 260 nm versus retention
time), is shown in Fig. 4.4C. AMP, ADP and ATP have been resolved on the basis of different retention
times through the HPLC column, identified and calibrated by “spiking” the samples with known amounts
of AMP, ADP and ATP, individually.
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Figure 4.4. Steady-state simulations of main characteristics of mitochondria using the model
described in the text. Panels A, B: Experimental conditions have been simulated by assigning the
following values to model parameters: ATPout=0 mM, Pout=10 mM, pHout=7.25, pHin=7.35,
Mgin=0.35 mM, Mgouttotal=1 mM. State Ill corresponds to addition of ADP to the experimental
volume (ADPout= 1 mM). The state IV corresponds to addition of cATR at high concentration (full
inhibition of ANT). The uncoupling by SF 6847 (left part of curves) corresponds to increase of
parameter kieqax in the model. A: The dependence of membrane potential generation rate in terms of
02 consumption rate. B: Model predicted dependence of steady-state concentrations of matrical ADP,
ATP on electric potential difference in the -85 — 170 mV A¥m interval. C: Representative traces of
HPLC raw data (from n=4), for the following metabolic conditions: Black line: mitochondria probed
without substrates, in the presence of 1 1M SF 6847. Grey line: mitochondria energized with
glutamate 5 mM and malate 5 mM. D: Model predicted dependence of matrical phosphate
concentration on difference in the pH between matrix and extramitochondrial space at the following
values of model parameters: ADPout=1 mM, ATPout=0 mM, Pout=10 mM, pHout=7.25

Assuming 1 microliter of matrix volume for every mg mitochondrial protein, we estimated the following
values: At 0 mV (no substrates, in the presence of 1 uM SF 6847), rat liver mitochondria have, in mM:
AMP:3.64 +0.34, ADP: 8.23 +0.65, ATP: 0.51 £ 0.05. At-170 mV (mitochondria energized with glutamate
5 mM + malate 5 mM, rat liver mitochondria have, in mM: AMP: 2.57 £ 0.67, ADP: 2.98 + 0.41 (predicted
2.2 mM), ATP: 7.11 + 1.55 (predicted 9.8 mM). Concerning measuring matrical ATP and ADP values
during state 3, this requires addition of ADP to the mitochondrial suspension, followed by conversion of
ATP. That creates a technical challenge, since the matrical volume is 2,000 times smaller than the
experimental volume, and therefore matrical adenylates concentrations are many fold lower than that
appearing in the extramitochondrial compartment. Such obstacles have been addressed by centrifuging
mitochondria while phosphorylating through lipid layers, thus excluding as much as possible the water-
soluble extramitochondrially located nucleotides, with or without accounting for nucleotides residing in
the intermembrane space that would be carried along the lipid layer (e.g. silicon oil). For isolated rat
liver mitochondria and using experimental procedures similar —if not identical- to ours, other
investigators report a wide range of matrical ATP/ADP ratios during state 3, ranging from 0.01 to 4.5
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(Soboll et al., 1978), (Heldt et al., 1972), (Letko et al., 1980) or in the 8-12 range (Wilson et al., 1982),
(Wilson et al., 1983). For mitochondria in situ or in vivo most investigators agree in the 1-3 ratio range
(Schwenke et al., 1981), (Soboll et al., 1984), (Soboll et al., 1980). Those studies that do not pass isolated
mitochondria through silicone oil or do not make corrections for intermembrane space adenine
nucleotide retentions, report matrix ATP/ADP ratios towards the higher values (Shrago et al., 1977).
Also, it is possible that results obtained after separation of intra-and extramitochondrial compartments
are not relevant because of the time used for the separation process and possible interconversion of
adenine nucleotides even in the presence of inhibitors (Pfaff and Klingenberg, 1968). Furthermore, a
great part of the matrix adenine nucleotides is bound to proteins (Albano et al.,, 2002), a notion
supported by the fact that rat liver mitochondria retain more than 50% of their total adenine nucleotide
content after permeabilization by toluene (Matlib et al., 1977). Because of this potential binding of
adenine nucleotides to intramitochondrial proteins (Boyer, 2001), (Senior et al., 2000), (Jault and Allison,
1994), (Harris et al.,, 1973) the relationship between the measured total ATP/ADP ratio to free
intramitochondrial ATP/ADP ratio is difficult to predict. Previous data by Vignais show that a large
fraction (75-80%) of the ATP produced by phosphorylation of added ADP within the inner mitochondrial
membrane is released into the matrix space before being transported out from the mitochondria; only
a small part (20-25%) is released directly outside the mitochondria without penetrating the matrix space
(Vignais et al., 1975). It is therefore inferred that there are separate intramitochondrial pools of adenine
nucleotides, one near the ANT-ATPase, and another located in the bulk of the matrix. The notion of
matrix microcompartmentation of adenine nucleotides emanated from several laboratories (Vignais et
al., 1975), (Murthy and Pande, 1985), (Vignais, 1976), (Hamman and Haynes, 1983), (Out et al., 1976),
but is not accepted unequivocally by several investigators in the field (Heldt and Pfaff, 1969), (Hartung
et al., 1983). Furthermore, microcompartmentation implies the existence of an ATP “synthasome”,
(ATPase:Pi transporter:ANT in 1:1:1 ratio) and that is at odds with an estimated ratio of ANT/Pi-
transporter of 4. The ability of our model to calculate concentrations of intramitochondrial nucleotides
on the basis of AYm value, and values of extramitochondrial ADP and ATP makes it possible to use the
model as tool kit for study of responses of the intramitochondrial characteristics to external influences
(Chinopoulos and Adam-Vizi, 2010a). Furthermore, one more prediction which we have derived on the
basis of the model is the dependence of intramitochondrial concentration of Pi on ApH. As shown at Fig.
4.4D concentration of matrix Pi can be increased substantially due to increase in ApH.

4.5 Predictions of the direct-reverse profile of ADP-ATP exchange by the ANT as a function of AWm

Mitochondria with a non-functional respiratory chain become ATP consumers, maintaining an
appreciable pmf by pumping protons out of the matrix through the Fo-F1-ATPase, at the expense of ATP
hydrolysis. Under these conditions, the ANT reverses, bringing ATP into the matrix in exchange for ADP,
driven by a AWm less negative than ~-100 mV (Metelkin et al., 2006). The directionality of the ANT is
thermodynamically governed by the concentrations of free nucleotides (ATP* and ADP*) across the
inner mitochondrial membrane according to the equation (11).

The concentrations of free ATP* and ADP? can be estimated as follows:

2+ +
L=|L/ |1+ MO 1+ 1
KM,app K

(2).
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Here L denotes ATP#, L, denotes total measured ATP concentration (i.e., ATP*+ ATP-H>+ATP-Mg?+ATP-
H-Mg’), and Mg?* is free magnesium. Ky is the dissociation constant for the reaction ATP-H3 <> ATP* +
H*, and Kw,app is the apparent dissociation constant of MgATP we have measured at pH=7.25 and T=37°C.
Similarly, the concentration of free ADP* can also be obtained using Eq. 1.2, with L denoting ADP*", L;
denoting total ADP concentration (i.e., ADP*+ ADP-H>+ADP-Mg+ADP-H-Mg), and Kw .pp is the apparent
dissociation constant of MgADP we have measured at pH=7.25 and T=37°C. However, the values for K
and Kw,app might be hard to determine for the conditions found inside the matrix. On the basis of the
kinetic model, we can estimate the steady state directionality of the ANT on the basis of any given values
of ATP,, ADP, and A¥Ym (Fig. 4.5A). Relevant to this, it would be useful to construct an experimentally-
derived AWYm vs ADP-ATP exchange rate profile for the 0-100 mV range, however, it is difficult to
establish the relation of A¥Ym to ATP consumption rates, because upon exceeding the reversal potential
of the ANT (indicated by a dotted line in Fig. 4.5B), A¥Ym is not clamped at relatively steady states (Fig.
4.5B, grey curves).

A No transport

25
Figure 4.5. Forward - reverse profile of ATP-ADP

transport and effect of bioenergetic inhibition on
A¥Ym. A: Diagram of directionality of nucleotide
transport in mitochondria. Each point of the curve
corresponds to the values of ADPoyui/ATPou: and A¥m
providing “zero” steady state flux of adenine
nucleotides. Areas above and below the curve
correspond to the values of ADPoui/ATPou: and A¥m
assigning direct and reverse transport of ATP-ADP
exchange, respectively. B: Reconstructed time course
of A¥m, calculated from safranine O fluorescence. 1
-90 -105 -120 -135 -150 -165 mg of liver mitochondria was added to a 2-ml

A¥y (MV) medium and energized by glutamate and malate. 1
B o} mM ADP was added where indicated, causing a ~25

mV depolarization. Upon consumption of ADP, A¥m

SF 6847 returns to approximate baseline level. Increasing
-50 } \l, concentrations of SF 6847 (10, 20, 30 nM for the
lower three black lines from bottom to top, 50, 60,
70 nM for the upper three grey lines, from bottom to
=100 B.iilloiiesisrisnaiesisssnsassslbscassosisssssnses top) are subsequently administered where indicated.
The dotted line represents the reversal potential of
the ANT.
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100 200 300 4.6 Kinetic behavior of the model resulted from
Time{s) consecutive addition of uncoupler and ADP

A¥Ym has been shown to fluctuate as a function of time (Kindmark et al., 2001), (Duchen et al., 1998),
(O'Reilly et al., 2003), (Gerencser and Adam-Vizi, 2005); therefore, we sought to formulate our model in
order it to be capable of simulating the time dependent response of mitochondria to different AYm
values. Titration of AYm to different values was achieved by different doses of uncoupler SF 6847 and
ADP. To test applicability of our model for description of time response, we have calculated time
dependencies of electric potential difference resulted from consecutive addition of uncoupler and ADP
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to mitochondria at State Il, and have compared the results of calculation with experimental data
presented in (Chinopoulos et al., 2009).

As shown in Fig. 4.6A, the model calculated

dependence of A¥Ym on time corresponds to

Figure 4.6. The kinetics of main characteristics of
mitochondria. A: Dependence of electric

SF 6847 {rons ADP membrane potential versus time. Solid black lines
saed g indicate the kinetics of mitochondrial membrane
A potential. Open symbols indicate the calibrated
110 % — d A¥m dqta. B: Dependence of ATP efflux rate
1E versus time. C: Time dependence of O>
mlai 25 " |  consumption rate. D: The kinetics of total matrix
150+ [ [ a ADP concentration. The model parameters have
P Time (s) been chosen in such a way as to simulate
=170 : v ’ ’ . v experimental data presented in Fig. 1 for
60 70 80 90 100 10 120 gifferent doses of uncoupler. Experimental
B conditions have been simulated by assigning the
16007 o T;; following values to model parameters: ATPo,:=0
1200{ S E mM, Pou=10 mM, pHou=7.25, pHin=7.35,
800 % 'IE t a Mgin=0.35 mM, Mgoui°*=1 mM. The initial period
1 a3 \ 2 (0 — 70 seconds) describes steady state
4001 <E  Time (s) corresponding to state Il of mitochondria
0 : - ; i . d. (ADP,.,:=0 mM). After 70 seconds, different doses
60 70 80 90 100 110 120 Of uncoupler SP 6847 have been added. At time
c 90 seconds, the ADP has been added to the
240 1 _ET; g - f experimental volume. Lettersa, b, ¢, d
?gg ELTE O e — correspond to different uncoupler doses: 30 (a),
120 - g E 40 (b), 50 (c), or 60 (d) nM.
80 - gué a
48 —= Time (s) experimental data (open symbols). The period of
60 70 80 90 100 110 120 time from O to 70 seconds corresponds to state II
of mitochondria (ADPow=0 mM). Different
D 12 4 r concentrations of uncoupler (30 (a), 40 (b), 50 (c),
10 4 %T; y g or 60 (d) nM) have been added where indicated.
2 ; % [ I'; 2| ADP (2 mM) was added after SF 6847, where
4 g E indicated. As shown in this figure, the model
2. | _ simulates the steady-state membrane potential
0 . . i T‘nme ©) i J sufficiently well, without any fittings of
60 70 80 90 100 110 120 parameters. There is only a slight difference in

kinetics upon uncoupler addition at high doses. To predict the response of mitochondria at State Il to
consecutive addition of uncoupler and ADP we have calculated the time response of ATP efflux (Fig.
4.6B), O, consumption rate (Fig. 4.6C) and total matrix ADP concentration (Fig. 4.6D). Time response
kinetics of AWm, ATP efflux rate, O, consumption rate and ADP in matrix resulted from uncoupler or
ADP addition depicted in Fig. 4.6 can be characterized by two features: transition time from one steady-
state to another, and levels of the steady-states. Difference between steady state before and after
uncoupler/ADP addition maybe characterized by their amplitude. As shown in Fig. 4.6, the transition
time from one steady-state to another for all characteristics is less than 10 s. As shown in Fig 4.6A, 4.6C
and 4.6D, the amplitude of time response of electric potential difference, O, consumption rate and total
matrix ADP concentration increases with elevation of uncoupler concentration. On the contrary, the
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amplitude of time response of A¥Ym (Fig. 4.6A), Vo, (Fig. 4.6C), ATP efflux rate (Fig. 4.6B) and matrix ADP
(Fig. 4.6D) after ADP (2mM) addition gradually decreases with increasing of the uncoupler
concentration.

5. Modulation of F,-F1 ATP synthase activity by cyclophilin D regulates matrix adenine nucleotide levels
but not the ANT

In (Chinopoulos et al., 2011) we showed that the modulation of FoF1-ATP synthase by cyclophilin D did
not change the ANT-mediated adenine nucleotide flux rates; this was attributed to the ~2.2 times lower
flux control coefficient of the FoF1-ATP synthase than that of ANT, deduced from measurements of
adenine nucleotide flux rates in intact mitochondria. These findings were further supported by our
kinetic model, suggesting that a ~30% change in FoF1-ATP synthase activity in fully energized or fully
deenergized mitochondria affects ADP-ATP exchange rate mediated by the ANT in the range of 1.38-
1.7%.

5.1 ADP-ATP exchange rates in intact mitochondria and ATP hydrolysis rates in permeabilized
mitochondria from cyclophilin D knock-out (CYPD KO) mice

We investigated the ADP-ATP exchange rate mediated by the ANT in intact isolated WT and CYPD KO
mouse liver mitochondria, both in the presence and absence of cyclosporin A (an inhibitor of cyclophilin
D (Basso et al., 2008)), in the -130 -160 mV AWm range, titrated by the uncoupler SF 6847 using different
concentrations, and at 0 mV produced by a maximal dose of the uncoupler. We compared these ADP-
ATP exchange rates mediated by the ANT to those obtained by direct ATP hydrolysis rates by the FoF1-
ATP synthase in mitochondria that have been permeabilized by alamethicin. Mitochondria were
energized by succinate (5 mM) and glutamate (1 mM). ADP was added (2 mM), and small amounts of
the uncoupler SF 6847 was subsequently added (10-30 nM) in order to reduce AWm to not more than -
130 mV, while AWm was recorded as time courses from fluorescence changes due to redistribution of
safranine O across the inner mitochondrial membrane. In parallel experiments, ATP efflux rates were
calculated from measuring extramitochondrial changes in free [Mg2*], by the method developed by the
candidate (Chinopoulos et al., 2009) exploiting the differential affinity of ADP and ATP to Mg?*. ADP-ATP
exchange rates as a function of AWm in the -130 -160 mV range, comparing mitochondria isolated from
the livers of WT versus CYPD KO mice is shown in figure 5.1, panel A. As shown, there was no difference
in ATP efflux-AWm profile of the WT compared to CYPD KO mice. Likewise, when mitochondria were
completely depolarized by 1 uM SF 6847 (figure 5.1, panel B), no statistical significant difference was
observed between mitochondria isolated from WT and CYPD KO mice during ATP influx, irrespective of
the presence of cyclosporin A in the medium.
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o g 1.0} KO o dq" mitochondria and ATP hydrolysis rates in
- 0.8 o ‘KO . permeabilized mitochondria; CYPD binds on
é ? : . - ’._ CYPD FoFi-ATP synthase, in a cys A-inhibitable
- 06 " W smeene <= ( subunit manner in intact mouse liver mitochondria. A:
|°_‘ £ 5 ATP efflux rates as a function of A%¥Ym in intact,
< E v
Z 0.4 energized mouse liver mitochondria isolated
E -130-140-150-160 from WT and CYPD KO mice. B: Bar graphs of
<~ A¥'m (mV) ATP consumption rates in intact, completely

deenergized WT and CYPD KO mouse liver

B mitochondria, and effect of cyclosporin A. C:
& _'qg: Bar graphs of ATP hydrolysis rates in
© S 03l + SF 6847 permeal.)ilized.WT +/- cys Aand CYPD KO
5= mouse liver mitochondria, and effect of
T o502} oligomycin (olgm). *, significant, (Tukey’s test,
§ E p<0.05). D: Lanes 1 and 2 represent CYPD-WT
g z: 01} and KO mitochondria respectively (0.85 ugr
: é each). Lanes 3 and 4 represent co-precipitated
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% © 041 + Sf 68‘37 + alamethicin lower panel for the 3 subunit of FoF1-ATP
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_g _E 0.2 However, if mitochondria were subsequently
_E“}_: 0.1 permeabilized by alamethicin (20 ug),
pE __tolgm mitochondria isolated from CYPD KO mice
< 8 0.0 - RO WT W RO W exhibited a 30.9 + 1.3% faster ATP hydrolysis
= *Cph P rate than WT littermates. The effect of

cyclosporin A was only 14.3 %, but nonetheless, statistically significant (p=0.027). This ATP hydrolysis
rate was 96.7% sensitive to oligomycin, thus affording the assumption that it was almost entirely due to
the FoF1-ATP synthase. In order to provide further assurance that in intact mitochondria the binding of
CYPD to FoF1-ATP synthase occurs and is inhibitable by cyclosporin A (cys A) we incubated mitochondria
with the membrane-permeable cross-linker 3-3’-dithiobis[sulfosuccinimidylpropionate] (DSP) in the
absence or presence of cys A, extracted proteins with 1% digitonin (Giorgio et al., 2009),
immunoprecipitated with anti-Complex V antibodies, and finally tested immunocaptured proteins for
the presence of CYPD using the B subunit of the FoF1-ATP synthase as loading control. As shown in figure
5.1, panel D, digitonin-treated, cross-linked samples pulled down CYPD (lane 3), and cys A reduced the
amount of CYPD bound to FoF1-ATP synthase (lane 4). In lane 1, mitochondria from the liver of a CYPD-
WT mouse and in lane 2 mitochondria from the liver of a CYPD-KO mouse were loaded (0.85 pgr each),
serving as a positive and negative control for the CYPD blot, respectively. It is to be noted that only in
the immunoprecipitates a band of higher molecular weight than CYPD was present, most likely due to
reaction of the secondary antibody with the light chains of the immunoglobulins used for
immunoprecipitation. From the results shown in panel D of figure 5.1, we deduce that the CYPD- FoF;-
ATP synthase interactions can be observed in intact mitochondria, and that cys A disrupts these
interactions.
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5.2 Prediction of alterations in ADP-ATP exchange rate mediated by the ANT caused by alterations in
matrix ATP and ADP levels, due to changes in FoF1-ATP synthase activity by kinetic modeling

Using the model developed by us in (Metelkin et al., 2009), we were able to calculate the changes in T;
and D, (free matrix ATP and ADP concentrations, respectively) assuming an increase in FoF;-ATP
synthase activity by 30%, (due to CYPD ablation), and estimate the impact on ADP-ATP exchange rate
mediated by the ANT for pre-defined values of AYm. Such values of A¥Ym were chosen, as depicted in
figure 5.1A, that were obtained by addition of the uncoupler SF 6847 in different concentrations. The
increase in ADP-ATP exchange rate mediated by the ANT due to a 30% increase in FoF1-ATP synthase
activity was in the range of 1.38-7.7%. Percentage change increased for more depolarized AYm values.
At 0 mV, during which both the ANT and the FoF1-ATP synthase operate in reverse mode, the increase in
ADP-ATP exchange rate mediated by the ANT drops to 1.7%. It is to be noted, that the greatest increase
in ADP-ATP exchange rate mediated by the ANT calculated at -134 mV (7.7%) occurs during the lowest
ADP-ATP exchange rate (figure 5.1A). It is therefore, least likely to observe a statistical significance in
adenine nucleotide flux rates from mitochondria obtained from WT versus CYPD KO littermates. The
above calculations afford the assumption that a 30% increase in FoF1-ATP synthase activity will lead to
an insignificant increase (1.38-1.7%) in ADP-ATP exchange rate mediated by the ANT, in maximally
polarized (forward mode of both ANT and ATPase) and maximally depolarized (reverse mode of both
ANT and ATPase) mitochondria.

5.3 Flux control coefficients of ANT and FoF1-ATP synthase for adenine nucleotide flux rates

In order to strengthen the predictions of the model with experimental evidence on the pertaining
conditions elaborated above, we measured the flux control coefficients of the reactions catalyzed by
the ANT and the FoF:-ATP synthase separately, on ADP-ATP flux rates from energized intact
mitochondria. This coefficient is defined, for infinitesimally small changes, as the percent change in the
steady state rate of the pathway divided by the percent change in the enzyme activity causing the flux
change. The flux control coefficient for ANT and most other mitochondrial bioenergetic entities have
been measured in a variety of conditions, but on respiration rates, not adenine nucleotide flux rates
(Wilson et al., 1979), (Moreno-Sanchez et al., 1991), (Wisniewski et al., 1993), (Tager et al., 1983).
Although no individual step was found to be ‘rate-limiting’ (i.e. having a flux control coefficient equal to
1), the regulatory potential of any particular step is quantitated by its control coefficient. During State
3, ANT exhibits a control coefficient of ~0.4 (Kholodenko, 1984). At 10 mM extramitochondrial P;, the
phosphate carrier exhibits a flux control coefficient of <0.1, and this is also reflected by the predictions
of the model assuming that the carrier operates in rapid equilibrium. The model predictions shown
above would be strengthened if the flux control coefficient of the ANT is sufficiently higher than that of
the FoF1-ATP synthase, for adenine nucleotide flux rates. The determination of the flux control
coefficients (FCCs) was performed by measuring ATP efflux rates, correlating it to the difference of A¥m
before and after addition of ADP (2 mM) to WT and CYPD KO mitochondria, and calculated on the basis
of steady-state titration data by catr and olgm. The activities of ANT and FoF1-ATP synthase were
calculated taking into account the strong irreversible inhibition of ANT and FoF;-ATP synthase by their
respective inhibitors (Kacser and Burns, 1979), (Heinrich and Rapoport, 1974) :

_— CATRm — CATR
ANT CATRm
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where CATR is the concentration of CATR added, CATRm is the
minimal concentration of CATR that corresponds to maximum ANT

inhibition (205 nM of CATR). Qant is the activity of ANT normalized
to initial activity (from 0 to 1). A similar equation was used for FoF;-
ATP synthase activity performing calculations with 35 nM of olgm
for OLGMm.

OLGMm - OLGM
OLGMm

ATPsyn —

The logarithmic values of ATP flux vs. activities were plotted as
shown in panel C of figure 5.2 and analyzed by linear regression.
The FCC values were estimated as the coefficients of the linear
regression according to the definition:

_ aln(VANT)
FCC e = |7
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A similar ADP/ATP exchange rate versus A¥m profile had been
observed in rat liver mitochondria, shown in (Chinopoulos et al.,
2010). The calculated FCC values are shown in panel D of figure 5.2.
As shown, the FCC of both WT and CYPD KO ANT is ~2.2 times
higher than that of the FoF1-ATP synthase.
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Figure 5.2. Determination of flux
control coefficients of ANT and
FoF:-ATP synthase for adenine
nucleotide flux rates. A: ATP-ADP
steady-state exchange rate
mediated by ANT as a function of
Delta phi, for various
carboxyatractyloside (catr)
concentrations. The points
represent the additions of 0, 40,
80, 120, 160, 200, 240 and 280
nM of catr. Data shown as black
circles were obtained from WT
liver mitochondria. Data shown as
open circles were obtained from
CYPD KO liver mitochondria. B:
ATP-ADP steady-state exchange
rate mediated by ANT as a
function of Delta phi, for various
oligomycin (olgm) concentrations.
The points represent the additions
of 0, 5, 10, 15, 20, 25, 30 and 35
nM of olgm. Data shown as black
triangles were obtained from WT
liver mitochondria. Data shown as
open triangles were obtained
from CYPD KO liver mitochondria.
Panels A and B share the same
Delta phi axis. Delta phi
represents the difference of A¥m
before and after addition of 2 mM
ADP to liver mitochondria (using 1
mM total MgCl,) pretreated with
catr or olgm at the above sub-
maximal concentrations. C: The
dependence of ATP transport flux
on ADP-ATP exchange rate
mediated by the ANT (log values).
The black circles represent the
measured values from WT
mitochondria, shown in panel A.
The dashed line represents a
linear regression analysis. D:
Values of flux control coefficients
of ANT and FoF:-ATP synthase for
ADP-ATP exchange rates, for WT
and CYPD KO mice mitochondria,
calculated by linear regression
analysis as depicted in panel C,
from the data shown in panels A
and B.
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5.4 Effect of altering matrix pH on adenine nucleotide exchange rates

It can be argued, that since the uncoupler acidified the matrix, this may have directly affected CYPD
binding to the inner membrane by means of decreasing matrix Pj concentration —which could in turn
affect CYPD binding to FoF1-ATP synthase- and decreased binding of the inhibitory protein IF-1 to ATPase.
IF1is a naturally occurring protein that inhibits the consumption of ATP by a reverse-operating FoF;-ATP
synthase (Pullman and Monroy, 1963), (Campanella et al., 2008), especially during acidic conditions
(Rouslin and Broge, 1996), (Rouslin and Broge, 1993). IF1 would inhibit ATP hydrolysis independent of
the CYPD- FoF1-ATP synthase interaction, and as such mask activation of ATP hydrolysis due to CYPD
ablation or displacement by cyclosporin A. ApH across the inner mitochondrial membrane is inversely
related to the amount of Pi in the medium (Klingenberg and Rottenberg, 1977), (Chance and Mela,
1966), and in the presence of abundant P;, ApH is in the 0.11-0.15 range (Vajda et al.,, 2009),
(Chinopoulos and Adam-Vizi, 2010b).

P=0117

s
i

P=0.645
! Accordingly, at pH,=7.25, pHin in our hands was 7.39

+/- 0.01, far from the 6.8 pH optimum of IF-1.
However, IF-1 also binds to the FoF;-ATP synthase at
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Figure 5.3. ATP efflux (A) and consumption (B) rates in WT and CYPD KO (striped bars)
mitochondria as a function of matrix pH. Matrix pH is shown in the white box within each bar for the
respective condition indicated in the x-axis. a*, significant from WT control. b* significant from WT +
methylamine. c*, significant from KO control. d* significant from KO + methylamine. e*, significant
from WT +SF 6847. f*, significant from WT +SF 6847. g*, significant from WT +SF 6847 +
methylamine. h*, significant from KO +SF 6847. i*, significant from KO +SF 6847 + methylamine.

methylamine or nigericin (n=8, for all data bars). No differences were also observed for ATP efflux rates,
in fully polarized mitochondria (figure 5.3A). The effect of nigericin decreasing ATP efflux rate in
mitochondria even though it yielded a higher membrane potential (at the expense of ApH) has been
explained in (Metelkin et al., 2009). Methylamine did not affect A¥Ym, though in the concomitant
presence of SF 6847, it decreased ATP consumption rates as compared to the effect of SF 6847 alone
(figure 5.3B). Nigericin also decreased ATP consumption rates (figure 5.3B).
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5.5 CYPD decreases reverse H* pumping rate through the FoF;-ATPase in partially energized intact
mitochondria

In order to demonstrate the ability of CYPD to modulate FoF1-ATP synthase -mediated ATP hydrolysis
rates, we de-energized intact mouse liver mitochondria by substrate deprivation in the presence of
rotenone, followed by addition of 2 mM ATP, while recording AYm and compared the WT % cyclosporin
A versus CYPD KO mice. Under these conditions, due to the sufficiently low AWm values prior to ATP
addition, ANT and FoF1-ATP synthase operate in the reverse mode. Provision of exogenous ATP leads to
ATP influx to mitochondria, followed by its hydrolysis by the reversed FoF;-ATP synthase that in turn
pumps protons to the extramitochondrial compartment, establishing AWm to an appreciable extent. In
this setting, the ability of the FoF;-ATP synthase to pump protons out of the matrix represents the only
component opposing the action of an uncoupler. Mindful that CYPD binds to FoF1-ATP synthase only in
the presence of phosphate (Giorgio et al., 2009), we performed the below experiments in the presence
and absence of 10 mM P;.

A ~140r,__
= * —o— WT+10 mm Pi P :
~120 ﬂ“\f'fb X e WT+cys A +10mu As shown in figure 5.4 panel A, in the presence
— 100 ab o ko+10muPi of 10 mM P;, mitochondria isolated from the
:E"' 80 3_\*3,13 livers of CYPD KO mice resisted more the

uncoupler-induced depolarization (open
qguadrangles), than those obtained from WT
—40 littermates (open circles). Cyclosporin A also
-20 exhibited a similar effect on WT mitochondria
0 . N (open triangles) but not on KO mice. These
results also attest to the fact that a possible

E _60 1N
> AN

B _140 acidification-mediated IF1 binding on FoF1-ATP
synthase, in turn masking the relief of inhibition
-120 o WTOPI by CYPD, could not account for the lack of effect
~ =100 —— WT+cy;A 0P on adenine nucleotide flux rates in intact
£ -80 . T koom mitochondria, as shown above. In the absence
£ _g0 Jab of exogenously added P;, this effect was much
% 40 \ less pronounced, figure 5.4 panel B; however,
wya during endogenous ATP hydrolysis in intact
=20 %ﬁ ] mitochondria, it is anticipated that there can be
D{') 55 20 Gﬂ_% 80 a significant production of P; in the vicinity of

SF 6847 (nM) the ATPase within the matrix.

Figure 5.4. Effect of CYPD on FoF:-ATPase-mediated H* pumping due to ATP hydrolysis in intact
mitochondria. A: Safranine O fluorescence values converted to mV in intact, de-energized WT and
CYPD KO mitochondria by substrate deprivation and rotenone, subsequently energized by exogenous
addition of 2 mM ATP (with 1 mM total MgCl, in the buffer), as a function of uncoupler dose (0-80
nM), in the presence of 10 mM P; in the medium. B: same as in A, but in the absence of P; from the
medium. *a, statistically significant, KO significantly different from WT; *b, statistically significant,
WT +cys A significantly different from WT; *c, statistically significant, KO significantly different from
WT+cys A (Tukey’s test, p<0.05).
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5.6 CYPD ablation or its inhibition by Cyclosporin A increases the rate of respiration stimulated by
arsenate in intact mitochondria

Regarding the CYPD—FoFi-ATP synthase interaction and how it affects the efficiency of oxidative
phosphorylation, we measured mitochondria respiration. CYPD ablation or inhibiting the CYPD with
cyclosporin A had no effect on State 4 and State 3 respiration rates and did not affect ADP:O and
respiratory control ratios. Therefore, CYPD interaction with FoF1-ATP synthase does not translate to
changes in the efficiency of oxidative phosphorylation of exogenously added ADP. However, it still may
affect the phosphorylation state of endogenous adenine nucleotides present in the matrix of
mitochondria. To test this hypothesis, we investigated the effect of AsO4 on the rate of respiration of
CYPD KO and WT mitochondria. This approach is based on a well-studied “uncoupling” effect of AsOa
explained by its ability to substitute for Piin the FoF;-ATP synthase catalyzed reaction of phosphorylation
of ADP. However, the AsO3-ADP bond is easily and non-enzymatically water-hydrolysable, which forces
a futile cycle of phosphorylation of matrix ADP by FoF:-ATP synthase and stimulates respiration (ter
Welle and Slater, 1967), (Crane and Lipmann, 1953), (Wadkins, 1960). In these experiments,
mitochondria were resuspended in a buffer supplemented with substrates and 0.2 mM EGTA but
without Pi and ADP. AsO, was titrated to produce the maximum stimulation of the State 4 respiration,
which was observed at 4 mM AsO,. The maximum rate of oxygen consumption was obtained by
supplementing the respiration medium with 400 nmol ADP. We found that CYPD KO mitochondria
exhibited ~10% higher rates of AsO,4 stimulated respiration than WT mitochondria, with no changes in
the maximum rates of respiration. As anticipated, a similar effect was observed with WT mitochondria
treated with cyclosporin A, which stimulated their AsOs-stimulated respiration to the level of CYPD KO
mitochondria. (Table 2).

6. Forward operation of adenine nucleotide translocase during FoF;-ATPase reversal: critical role of
matrix substrate-level phosphorylation

Having established the methodology for measuring ADP-ATP exchange mediated by the ANT and the
model for mitochondrial phosphorylation as a function of membrane potential, we sought to investigate
the finding by which addition of an ANT vs FoF;-ATPase inhibitor (carboxyatractyloside versus
oligomycin) yielded an increase vs a decrease in A¥Ym in respiration-inhibited mitochondria. In
(Chinopoulos et al., 2010), by using thermodynamic assumptions and computer modeling we showed
that mitochondrial membrane potential can be more negative than the reversal potential of the ANT
while more positive than that of the FoF;-ATPase.

6.1 Thermodynamic assumptions and computer modeling of ANT and FoF;-ATPase directionalities, and
general considerations

The mitochondrial FoF1-ATPase is able to synthesize as well as to hydrolyze ATP (Rouslin et al., 1986),
(McMillin and Pauly, 1988), (Petronilli et al., 1988), (Rouslin et al., 1990). Since nucleotide
phosphorylation/dephosphorylation takes place on the matrix side of the ATP synthase, obviously, only
ADP and ATP present in the matrix participate in the production/consumption process.
Extramitochondrial adenine nucleotides can contribute to the matrical adenine nucleotide pool only
through the adenine nucleotide translocase (ANT), and, by a minor fraction, through the ATP-Mg/Pi
carrier (Aprille, 1993). Both ANT and FoF1-ATPase catalyze reversible processes; their directionality is
governed by AWm, and their respective “reversal potential” (Ery), the latter determined by the
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concentrations of the participating reactants. For ANT, this is referred to as Erev_ant, for the FoF1-ATPase
as Erev_atrase and the values (in mV) are given by Eqs.6.1-2:

_23RT ;
== -Iog[([ADP ] free

out

[ATP*]free, ) / ([ADP3'] free, -[ATP*]free, . )J

rev_ANT

(Eq. 6.1)

E =

rev_ATPase

2.3RT - - - 23RT,
_(316/n)—[T/nj-log[[ATP ]free, /([ADP*]free, -[P ]in)]— = {(PH, —pH.) (Eq. 6.2)

P71, =[P.... 1. /(1+10% ) (Eq. 6.3)
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where “0” or “out” signifies outside the matrix, “i” or “in” inside the matrix, “n” is the H*/ATP coupling
ratio, R is the universal gas constant 8.31 J-mol*-K?, F is the Faraday constant 9.64-10* C-mol?, T is

temperature (in Kelvin), [P 1is the free phosphate concentration given by Eq. 6.3, where pK,;=7.2 for
phosphoric acid. When A¥Ym is more negative than Erey_atpase and Erey_ant, ATP is synthesized in the matrix
and ANT operates in the “forward” mode translocating ADP into- and ATP out of the matrix. With AYm
less negative than Erey atpase and Erey ant, ATP is hydrolyzed and ANT operates in the “reverse” mode,
transporting ATP into- and ADP out of the matrix. It is apparent from Eq.6.1 and 6.2 that alterations in
[ATP*]in and [ADP*]i, alter Erey atrase and Erey ant. In fact, these would change inversely; a decrease in
[ATP*]in/[ADP*]in ratio would shift Erey atpase towards more positive and Ee, ant towards more negative
values, and vice versa. [ATP*]in/[ADP*]in ratio is a variable element being dependent on the current
metabolic demand under physiological conditions. In addition, other parameters may also exhibit wide
fluctuations; phosphate (Wu et al., 2008), the coupling ratio “n” (Tomashek and Brusilow, 2000), (Cross
and Muller, 2004) and AWm “flickering”, the latter could be greater than 100 mV (Duchen et al., 1998),
(O'Reilly et al., 2003), (Gerencser and Adam-Vizi, 2005). Decrease in AWm due to electron transport
chain (ETC) inhibition or to an increase in the inner membrane permeability stops ATP synthesis and
allows the ATP synthase to reverse, (reviewed in (Chinopoulos and Adam-Vizi, 2010a)), leading to
bioenergetic failure in cells. Depletion of ATP produced in glycolysis due to an i.e. overly-stimulated
plasmalemmal Na*/K* ATPase is a crucial element in the development of energy crisis, which should
involve the reverse operation of ANT. However, it is a realistic assumption that AWm could be in a range
where ANT and FoF1-ATPase function in opposite direction, in particular under pathological conditions
involving a decrease in the [ATP*]i,/[ADP*], ratio. Therefore, the question arises whether mitochondria
are able to hydrolyze matrical ATP without the assistance of ANT. In this respect alternative ATP sources
potentially available in mitochondria are to be considered. In the mitochondrial matrix, two reactions
are capable of substrate-level phosphorylation; the mitochondrial phosphoenolpyruvate carboxykinase
(PEPCK), and the succinate-CoA ligase (SUCL or succinate thiokinase or succinyl-CoA synthetase).
Mitochondrial PEPCK is thought to participate in the transfer of the phosphorylation potential from the
matrix to cytosol and vice versa (Lambeth et al., 2004), (Ottaway et al., 1981), (Lambeth, 2002), (Wilson
et al., 1983). SUCL catalyses the reversible conversion of succinyl-CoA and ADP or GDP to CoASH,
succinate and ATP or GTP (Johnson et al., 1998). The enzyme is a heterodimer, being composed of an
invariant a subunit encoded by SUCLG1, and a substrate-specific B subunit, encoded by either SUCLA2
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or SUCLG2. This dimer combination results in either an ADP-forming SUCL (A-SUCL, EC 6.2.1.5) or a GDP-
forming SUCL (G-SUCL, EC 6.2.1.4).

6.2 Computational estimations of Eey_atpase and Erev_ant

From Egs. 6.1 and 6.2, the concentration of free ATP* ([L]) can be obtained by Eq. 6.4:

[L]= ([L]t/ (1+ 7['\"}3 2+]ffeeD / (1+ 1°:H) J
M.2pp " 7 (Eq. 6.4)

where [L]; is the total ATP concentration i.e., [ATP*]+[ATP-H*]+[ATP-Mg?]+[ATP-H-Mg], Ky is the
dissociation constant for the reaction ATP-H* <> ATP* + H* and Km.pp is the apparent dissociation
constant of MgATP measured at pH=7.25 and T=37°C (Chinopoulos et al., 2009). Similarly, the
concentration of free ADP* can also be obtained using Eq. 6.4 ([L], free [ADP*]; [L];, total ADP
concentration i.e., [ADP*]+[ADP-H*]+[ADP-Mg ]+[ADP-H-Mg]; Kw,app, apparent dissociation constant of
MgADP measured at pH=7.25 and T=37°C (Chinopoulos et al., 2009)). The values for K. and K, app might
be difficult to determine for the conditions found inside the matrix, and we assume that they are not
different from those found outside the matrix. Because the matrix [Mg?*] and pH; are only slightly
different from the extramitochondrial [Mg**] and pH, (Chinopoulos et al., 2009), it is assumed that both
ANT and the FoF1-ATPase handle the measured free [ATP] and [ADP].

20

In Fig.6.1 we computed
Erev_ant (White triangles) and
Erev aTrase (black triangles) for
a range of free [ATP]i, and
[ADP]in as an input to Eq. 6.1
and 6.2. It follows from Fig.
6.1 that during progressive
depolarization of
mitochondria, AWm could be
in a range (“B” in Fig. 6.1)
where the FoF:-ATPase is
reversed, but ANT still

-150 -100 -50 (O functions in the forward
Figure 6.1. Computational estimation of E e, anr and Eye, arrase at different free [ATP]i./[ADP];, ratios.

Black triangles represent the Ee, atrase; White triangles of Ere, ant. These values were computed for
[ATP]out= 1.2 MM, [ADP]ou= 10 1M, Pir= 0.02 M, n=3.9, pHi= 7.38, pHo= 7.25.
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O

mode. For the estimations other parameters were assumed to be static, specifically those of [ATP]out,
[ADP]out, [Pinlin, n, pHi and pH,. Some of these values have been chosen on the basis of reports on
cytosolic estimations or computational predictions (Mannella et al., 2001).

6.3 Directionality of the function of FoF1-ATPase and ANT in isolated mitochondria during respiratory
chain inhibition

To demonstrate that FoF;-ATPase could indeed hydrolyze ATP without the assistance of the reverse
operation of ANT in mitochondria, a prediction emerging from the model shown in Fig. 6.1, experiments
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were performed on isolated liver mitochondria compromised by targeted ETC inhibition. We measured
A¥Ym and addressed the effect of carboxyatractyloside (cATR) or oligomycin (olgm), specific ANT and

FoF1-ATPase inhibitors, respectively (Fig. 6.2).
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State 3 respiration in glutamate plus malate-
supported mitochondria was initiated by ADP (1
mM) depolarizing mitochondria by ~25 mV, then
complex |, Ill, or IV were inhibited by the specific
inhibitors, rotenone (1 uM), stigmatellin (1.25 uM)
and KCN (1 mM), respectively, which led to a clamp

additions of cATR or oligomycin (olgm). In D, the
effect of oligomycin is shown when added after
CATR. For each panel mitochondria were allowed
to be fully charged by glutamate plus malate and
state 3 respiration was induced by 1 mM ADP
prior to addition of the respiratory chain
inhibitors. At the end of experiments, 200 nM SF
6847 was added to achieve complete
depolarization. E: Western blot of rat brain

synaptic, liver, brain non-synaptic and heart
mitochondria for SUCLA2 and VDACI.

of AYm to ~-100 mV. Subsequent addition of cATR
(black traces) caused a moderate repolarization in
mitochondria inhibited by rotenone at complex |
(Fig. 6.2A and D), and a minor depolarization when complex Ill or complex IV was inhibited by
stigmatellin (Fig. 2B, D) or KCN, respectively (Fig. 6.2C, D). This implied that at ~-100 mV, the ANT was
only minimally functional or it did not reverse. This is in accordance with the ADP-ATP steady-state
exchange activity/AWm relationship shown recently (Metelkin et al., 2009), (Chinopoulos et al., 2009).
In contrast, when oligomycin (red traces) was added instead of cATR, an immediate depolarization was
observed, implying that ATPase was reversed. Oligomycin also caused an abrupt depolarization when
added after cATR (Fig. 6.2D) indicating that FoF;-ATPase could function in reverse, even when ANT is
blocked. Lack of extramitochondrial ATP consumption under identical conditions is also shown in the
figure 6.5.2D). Obviously, under the conditions shown in Fig. 6.2, ATP was available in the matrix from
sources other than ANT. To address whether ATP-forming SUCL is present in mitochondria, we
performed Western blots of rat liver, brain (synaptic and non-synaptic) and heart mitochondria and
observed SUCLA2 immunoreactivity using VDAC isoform 1 immunoreactivity as a reference in these
mitochondria (Fig. 6.2E).
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Figure 6.5.2. Dependence of Erev_ATPase, Erev_ANT and ADP-ATP exchange rate on substrates
combinations. A: Bar plot of Erev_ATPase and Erev_ANT for various substrate combinations. B: ATP-
ADP steady-state exchange rate mediated by ANT as a function of Delta phi. Delta phi represents the
difference of A, before and after addition of 1 mM ADP to liver mitochondria pretreated with cATR
or oligomycin at sub-maximal concentrations. C: Reconstructed time course of AY¥,, calculated from
safranine O fluorescence. 1 mg of liver mitochondria was added to a 2-ml medium and energized by
substrates as indicated in the y-axis. 1 mM ADP was added where indicated, causing a ~25 mV
depolarization. Upon consumption of ADP, A%, returns to approximate baseline level. 10 nM steps of
SF 6847 are subsequently administered where indicated. D: Reconstructed time course of calculated
ATP appearing in the medium after the addition of 1 mM ADP to rat liver mitochondria respiring on
various substrates, and the effect of an ETC inhibitor (rotenone, or stigmatellin, or KCN).

succinate was given after cATR to mitochondria supported by glutamate and malate in the presence of
rotenone (Fig. 3A, trace a), mitochondria were repolarized due to activation of the ETC via complex II.
When ETC was inhibited distal from complex I, by KCN (trace b) or stigmatellin (trace c), succinate
induced an immediate loss of A¥Ym. Under this condition, succinate was shifted towards succinyl-CoA
and ADP (plus P;) formation decreasing matrix ATP levels, and A¥m could no longer be maintained in
the absence of ANT reversal. Essentially similar results were obtained in mitochondria compromised by
stigmatellin or KCN when succinate plus malonate were present together with glutamate and malate
from the start of the experiments, (Fig. 6.3B, traces b and d).
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Figure 6.3. The effect of carboxyatractyloside (cATR) or oligomycin (olgm) on A¥m of mitochondria
compromised at complex |, Ill, or 1V in the presence of different substrate combinations. A: 1 mM
ADP was given where indicated to mitochondria polarized by glutamate plus malate, and
subsequently, complex |, lll, or IV was compromised by rotenone (trace a), stigmatellin (trace c), or
KCN (trace b), respectively; cATR was added where indicated. Subsequently, succinate (5 mM) was
administered, followed by malonate (10 mM), where indicated. In trace a, olgm was also added after
malonate. B: Mitochondria were allowed to be fully charged in the presence of the following
substrate combinations: glutamate plus malate (traces a, c), glutamate plus malate plus succinate
plus malonate (traces b ,d), or glutamate plus malate plus propionate (traces e, f). Stigmatellin was
given for traces a, e, and b; KCN was given in lieu of stigmatellin for traces c, f, and d. C, D:
Mitochondria were polarized by succinate plus rotenone (C) or f-OH butyrate (D). 1 mM ADP was
given where indicated, and subsequently, complex Ill, or IV was compromised by stigmatellin, or KCN,
respectively; cATR or olgm was added where indicated (c/o). At the end of all experiments, 200 nM SF
6847 was added to achieve complete depolarization.

e, f, as compared to traces a, ¢, where no propionate was present) indicating that decrease in SUCL
function involves ANT reversal. With alternative substrates, such as succinate plus rotenone (Fig. 6.3C),
[-OH butyrate (Fig. 6.3D) or B-OH butyrate plus succinate and malonate, which do not support ATP
generation in the SUCL-mediated reaction, A¥Ym collapsed by both oligomycin and cATR added after
inhibiting ETC by stigmatellin or KCN. Erey_atpase and Erey_ant have been estimated for the various substrate
combinations used for Fig. 6.2 and 6.3. In line with the above experiments, ATP efflux rates mediated by
ANT were much slower with substrates unfavoring substrate-level phosphorylation than with those
substrate combinations, which allow substrate-level phosphorylation.
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6.4 Addressing the role of IF-1 on the directionality of FoF1-ATPase and ANT in isolated rabbit heart and

liver mitochondria

There is a naturally occurring protein, termed Inhibitor protein IF-1, that inhibits the consumption of
ATP by the FoF1-ATPase (Pullman and Monroy, 1963). Such a mechanism would pose the obvious
implication that upon extensive mitochondrial depolarization, the ATPase would not reverse. That
would lead to lack of elevation of matrical [ADP] and decrease in [ATP], disfavoring ANT reversal. To
address the contribution of IF-1 in these conditions, we compared mitochondria from rabbit heart to
rabbit liver, to rat heart and rat liver. Rabbit heart exhibits the highest expression of IF-1 with the highest
affinity for the ATPase, while rabbit liver exhibits very low expression of IF-1, almost similar to rat liver
and heart, that exhibits low affinity for the ATPase (Rouslin and Broge, 1996), (Rouslin et al., 1995),

(Rouslin and Broge, 1990), (Rouslin, 1987).
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Figure 6.5.4. Comparison of the effect of graded depolarization by SF 6847 on the ATP/ADP
exchnage in rat liver, rat heart, rabbit liver and rabbit heart mitochondria. A: Reconstructed time
course of calculated ATP appearing in the medium after the addition of 1 mM ADP to rabbit liver vs
rabbit heart mitochondria respiring on glutamate plus malate, and the effect of stepwise addition of
SF 6847. B: Reconstructed time course of calculated ATP appearing in the medium after the addition
of 1 mM ADP to rabbit liver vs rabbit heart mitochondria respiring on glutamate plus malate, and the
effect of and ETC inhibitor (rotenone, stigmatellin or KCN, as indicated). C: Reconstructed time course
of A¥Ym calculated from safranine O fluorescence after the addition of 1 mM ADP to rabbit liver vs
rabbit heart mitochondria respiring on glutamate plus malate, and the effect of stepwise addition of
SF 6847. D: Reconstructed time course of A¥Ym calculated from safranine O fluorescence after the
addition of 1 mM ADP to rabbit liver vs rabbit heart mitochondria respiring on glutamate plus malate,
followed by the addition of oligomycin (olgm) and the effect of stepwise addition of SF 6847.
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As shown in figure 6.5.4, mitochondria from rabbit liver and heart were allowed to respire on glutamate
plus malate and ADP was given where indicated, while recording ATP efflux-influx rates (A) and A¥m
(C). Subsequently, several 10 nM additions of SF 6847 were added, up to complete collapse of A¥Ym.
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under “Materials and Methods”. Vp: pipette potential. CA:
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From panel 6.4A, it is apparent that g/ penclamide. C: Current-voltage relationship of the

rabbit liver mitochondria exhibited unjtary conductance of channels appearing after

symmetric ATP  production and application of stigmatellin and SF 6847 in the cell-attached
consumption rates, as opposed to mode.

mitochondria from rabbit heart that exhibited diminished rates of ATP consumption, compared to ATP
production. That implied impaired ATP consumption processes, consistent with an inhibition of the
ATPase by IF-1. This notion is further supported by the finding that the difference in A¥Ym depolarization
by SF 6847 in rabbit heart and liver mitochondria in the absence of oligomycin is greater than in the
presence of oligomycin (added after ADP), since in the presence of oligomycin the effect of IF-1 is
irrelevant (figure 6.5.4, panels C and D). Nevertheless, inhibition of the respiratory chain by rotenone,
stigmatellin or KCN (all given after ADP) did not cause a reversal of ANT in either mitochondria isolated
from rabbit liver and heart, respiring on glutamate plus malate (figure 6.5.5). From this finding we
inferred that the action of IF-1 would not confound the ANT reversal profile upon inhibition of the
respiratory chain. Indeed, as shown in figure 6.5.5, experiments comparing rabbit liver to rabbit heart
mitochondria and performed similar to those shown in figure 6.2A, B and C, exhibit the same pattern:
addition of catr to mitochondria inhibited at complex I, 1, or IV, by rotenone, stigmatellin, or KCN,

LR 1

respectively causes a small decrease in A¥Ym or even repolarization, revealing slight or no reversal of
the ANT. Addition of olgm in lieu of catr caused an abrupt depolarization, consistent with a reversal of
ATPase. However, addition of catr on rabbit liver mitochondria inhibited by KCN showed an almost
maximal depolarization (figure 6.5.5F).
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Figure 6.5.5. The effect of catr or oligomycin on A¥Ym in rabbit heart or liver mitochondria with a
compromised respiratory chain at complex I, I, or IV by rotenone, stigmatellin, or KCN, respectively.
All mitochondria were energized by glutamate plus malate and 1 mM ADP was given where indicated.
A, G, E: Rabbit heart mitochondria. B, D, F: Rabbit liver mitochondria. At the end of all experiments, 200
nM SF 6847 is added to achieve complete depolarization.
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6.5 K(ATP) channel activity in cell-attached
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Figure 6.5. Effect of rotenone or stigmatellin on oxygen consumption and extracellular acidification
rates in rat cortical cultures with or without oligomycin (olgm). Oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were determined in a microplate format respirometry/pH
assay. Solid bars indicate mean + sem of OCR (gray) and ECAR (white), normalized to resting
conditions, after mixing vehicle, rotenone (2 uM), stigmatellin (1.2 pM) or FCCP (1 uM) to the assay
medium. Hatched bars indicate the above conditions in the presence of oligomycin (2 ug/ml), and
cross hatched bars after addition of FCCP (1 uM). Data are from four independent cell culture
preparations, n=10-12 wells per condition. *a and *b, p<0.05 significance by ANOVA and Tukey’s
post-hoc test as compared the vehicle treatment for OCR and ECAR assays, respectively.

they exhibit K(ATP) channels (Ohno-Shosaku and Yamamoto, 1992), (Tang and Tong, 1995). In this assay,
plasmalemmal K(ATP) channels were rendered hypersensitive to changes in the cytosolic ATP level by
0.1 mM pinnacidil, a sensitizing compound (Sasaki et al., 2001). Creatine kinase was inhibited by the
membrane-permeable inhibitor, iodoacetamide (0.25 mM), which is important for the K(ATP) channel
cytosolic ATP biosensor assay, because the enzyme buffers changes in cytosolic ATP and ADP levels. At
0.25 mM, creatine kinase of isolated brain mitochondria was completely inhibited. As shown in Figure
6.4A, application of either rotenone, stigmatellin or NaCN alone failed to result in K(ATP) channel activity
(top traces). The holding potential of the pipette (Vp) was +20 mV, resulting in plasma membrane
potential of a -60-80 mV, in the cell-attached mode. This is because the plasma membrane potential of
the cells prior to application of the mitochondrial toxins was in the -40-60 mV range (estimated by
current-clamp in the whole-cell mode). The cocktail used in the measurement contained inhibitors of
inward-rectifying channels other than K(ATP) channel which are not sensitive to [ATP] alterations (Bajic
et al., 2002). The presence of channel inhibitors also served the purpose of minimizing the Na* load and
the cytosolic ATP consumption by the Na*/K* ATPase. Subsequent application of the uncoupler
decreased the plasma membrane potential even further, clamping it in the -10-30 mV range. Therefore,
after addition of the uncoupler, the holding potential of the cell would be in the -30-50 mV range.
Subsequent excision of the patch would result in holding the ruptured inside-out patch to +20 mV
(therefore -20 mV outside), but that yielded very low single channel current amplitudes, buried in the
background noise. Elevation of the holding potential to +60 mV reproduced K(ATP) channel activity,
which is abundant due to the absence of ATP from the extracellular medium; accordingly, while in the
inside-out configuration, application of ATP closed the channels immediately. A gap-free recording at
various holding potentials in the cell-attached configuration is shown in Figure 6.4B. In Figure 6.4C, a
current/voltage relationship for K(ATP) single channel conductance is shown, exhibiting inward
rectification. The inward rectification, single-channel amplitude, burst-like openings, sensitivity to ATP
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and glybenclamide, provide enough assurance that the patches contained authentic K(ATP) channels,
and therefore the reporting channel activity was indeed a biosensor assay of cytosolic ATP levels.
Collectively, the patch clamp experiments in the cell-attached mode showed channel activity only in the
presence of an uncoupler. ETC inhibition alone in the in situ mitochondria failed to induce plasmalemmal
K(ATP) channel activity implying that cytosolic ATP level if altered, was below the detection level of the
K(ATP) channels. Since buffering of cytosolic ATP-ADP inter-conversions by creatine kinase were
inhibited, there are two alternative but non-mutually excluding explanations for the lack of decline in
the ATP level: i) cytosolic ATP was not consumed by mitochondria with impaired ETC, and ii)
mitochondria consumed cytosolic ATP but a rebound increase in glycolytic ATP output compensated
adequately, therefore cytosolic ATP level remained unchanged. In order to check for a possible rebound
increase in glycolytic ATP production, i.e. a Pasteur effect, we investigated the acidification rates of the
extracellular space in parallel with O, consumption rates in cortical cultures, which together reliably
reflect the glycolytic activity.

6.6 Extracellular acidification rates, O, consumption and A¥m in cultured cortical neurons and
astrocytes

Cultured cortical neurons and astrocytes were exposed to rotenone (2 uM), stigmatellin (1.2 uM) or
NaCN (5 mM), with or without oligomycin (2 ug/ml) for 3 minutes, then the change in the extracellular
acidification rate (ECAR; shown as normalized ApH) was measured in comparison to the basal rates (Fig.
6.5). All of these tested inhibitor combinations, except for cyanide, triggered a 150-250% increase in the
acidification rates. In the presence of cyanide a gradual, but significant alkalinization of the low buffering
capacity medium (optimized for the ECAR assay) was found, which may be the result of the volatility of
HCN. ECAR results from glycolytic lactate and mitochondrial carbonic acid production (Choi et al., 2009),
which is typical in the case of FCCP. However, in the presence of oligomycin or rotenone/stigmatellin,
when the respiration is strongly suppressed (Fig. 6.5), acidification is mainly due to glycolysis. Rotenone
or stigmatellin did not trigger stronger acidification than oligomycin, suggesting that either mitochondria
do not use cytosolic ATP, or glycolysis runs at maximal capacity under these conditions. FCCP added
after rotenone or stigmatellin did not trigger further acidification, supporting the latter scenario, but
not negating the former. Oligomycin strongly attenuated basal respiration, suggesting that the basal
proton leak is very small (olgm-stigm)/(basal-stigm)= (35-20.5)/(100-20.5) = 18.2%, thus the basal ATP
turnover is accountable for 81.8% of the mitochondrial respiration. This small proton leak is expected
to be further decreased when AWm is partially depolarized in the presence of rotenone (Porter, 2001).
In separate experiments A¥Ym was determined in intact cultured cortical neurons and astrocytes using
fluorescence microscopy. TMRM and PMPI fluorescence of whole cell bodies were followed in time and
A¥Ym was determined in millivolts by deconvoluting the fluorescence intensity time lapses taking in
account the slow, potential-dependent redistribution of the probes. Rotenone (2 uM) or stigmatellin
(1.2 uM) depolarized in situ mitochondria in cortical neurons to ~-85mV from the assumed resting
potential (-150 mV, (Scott and Nicholls, 1980)) and subsequent addition of oligomycin (2 ug/ml) induced
further depolarization (Fig.6.6A, B). In contrast, the ANT inhibitor bongkrekic acid (BKA; 50 uM, cATR
was not used due to its inability to penetrate the cell membrane) first transiently increased
mitochondrial polarization, which was followed by a delayed depolarization to a similar level observed
with oligomycin. Importantly, depolarization in the presence of BKA exhibited asynchrony between cells
and 24% of BKA-treated cells retained the more polarized A¥Ym for the next 30 min (n=233). In contrast,
oligomycin treated cells depolarized synchronously. The BKA-evoked transient repolarization of the
A¥m in the presence of rotenone or stigmatellin can be explained by the alleviation of ATP turnover on
a forward working ANT, or by a decrease in proton leak. Mitochondria of BKA- and oligomycin-treated
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neurons had essentially the same AWYm (-147.9£2.4 mV, n=6 view fields (196 cells) and -146.3£3.2 mV,
n=5 (179 cells), respectively, see supplemental figures 6 and 7 in (Chinopoulos et al., 2010), figures are
too large to be included in the present dissertation format).
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Figure 6.6. Effect of bongkrekic acid (BKA), oligomycin (olgm) and a metabolic condition not
supporting succinate thiokinase reaction on the rotenone- or stigmatellin-evoked depolarization of
A¥m in cultured rat cortical neurons (A, B, E), astrocytes (C, D, F). A¥m was followed in intact cells
with fluorescence microscopy using the potentiometric probes PMPI and TMRM. A¥m was calculated
as millivolts by a compartment model-based, dynamic calibration of single cell fluorescence
intensities (see supplementary material). (A-D) BKA (50 uM,; black circles), oligomycin (2 ug/ml; open
triangles), rotenone (2 uM), stigmatellin (1.2 uM), FCCP (1 uM) were added by mixing into the assay
medium containing 15 mM glucose, and were present as indicated by bars. (E,F) CCIN 500 yM was
added together with (R)-f-OH-butyrate (5 mM; black squares) or with a-ketoglutarate plus L-malate
(both 5 mM; open triangles) in the presence of 5 mM glucose, as marked by “CCIN”. The following
additions were performed as described above. *, p<0.05 significance by Student t-test. Data were
pooled from 3-5 independent cell culture preparations, and data points represent the mean + SEM of
n=6-9 view fields containing 200-300 neurons or 80-150 astrocytes per condition.
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In separate experiments, the effect of oligomycin (2 ug/ml) or BKA (50 uM) on the respiration of cortical
neurons were also identical; the basal respiration was decreased to 35.843.7% (n=8 wells) and
35.9+3.9% (n=6 wells) of the control, respectively, as measured ~10 minutes after drug addition using
the XF24 Extracellular Flux Analyzer. Both in the presence of oligomycin and BKA, mitochondria were in
state 4 with identical A¥m and respiration rates, therefore the proton leak was identical, and could not
be responsible for the repolarization observed with BKA. Moreover, in the presence of ETC inhibition,
when A¥Ym is diminished, the extent of contribution of proton leak to AWYm is 3-12 times smaller than
that obtained in fully charged mitochondria (Porter, 2001). The existence of a subpopulation of cells,
which maintained the repolarized AWYm in the presence of rotenone or stigmatellin plus BKA for a longer
period of time suggests, that these cells are able to maintain AYm without hydrolyzing cytosolic ATP.
Assaying astrocytes that were present in the cortical cultures for AWm vyielded qualitatively similar
results, (Fig. 6.6C and D). Next, mitochondrial pyruvate uptake was inhibited by a-cyano-4-hydroxy-
cinnamate (CCIN, 500 uM), and (R)-B-OH-butyrate (5 mM) or a-ketoglutarate (5 mM) plus L-malate (5
mM) were provided as mitochondrial substrates, both in the presence of 5 mM glucose. The first
combination does not support ATP generation in the SUCL-mediated reaction (as shown above; Fig.
6.3C), and this resulted in a significantly larger drop of A¥Ym upon stigmatellin addition (Fig. 6.6E,F *),
then the latter combination, by 8.6£6.6 mV in neurons and by 10.7+4.4 mV in astrocytes. See raw
fluorescence data and additional control experiments in supplemental figures 6 and 7 in (Chinopoulos
et al., 2010), figures are too large to be included in the present dissertation format).
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6.7 Cytosolic and nuclear ATP pools during ETC inhibition in COS-7 cells

In order to further test the hypothesis that extramitochondrial ATP depletion may not occur during ETC
inhibition, we transfected COS-7 cells with plasmids encoding firefly luciferases that target the cytosol
or nucleus, and performed a bioluminescence assay of intracellular [ATP] originating from the respective
compartments, during metabolic inhibition. COS-7 cells were used due to high transfection efficiencies
compared to those obtained from primary cells probed in different experiments. The targeting of the
luciferases was specific for the intended compartments (Fig. 6.7A-B, insets). All experiments were
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Figure 6.7. Bar graph of integrals of luciferin/luciferase assisted ATP luminescence in COS-7 cells
during various metabolic conditions, transfected with cytosolic- or nuclear-targeted luciferases. A:
Integral of cytosol-targeted firefly luciferase luminescence signal, for various metabolic conditions as
shown below the graph. glc: glucose (15 mM); pyr: pyruvate (5 mM); 2-DG: 2-deoxyglucose (2 mM);
ETCinh: ETC inhibitor. B: Same as in A, but for nuclear-targeted luciferase. For background subtraction
the following metabolic condition (f) was used in both A and B: no glucose + SF6847 + ETC inhibitor +
pyruvate + 2-DG. Data were pooled from 3 independent cell culture preparations; *, p<0.05
significance by ANOVA and Tukey’s post-hoc test as compared to the vehicle treatment. Insets:
confocal micrographs (0.65 um z-sections) of luciferase targeted to the cytosol (upper) or to the
nucleus (lower), stained by with Alexa 647 agglutinin (prior to permeabilization) that decorates the
plasma membrane and the Golgi apparatus (red), DAPI for the nucleus (blue) and antibodies raised
against the luciferase (green).
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shown in Fig. 6.7A, in the presence of glucose, the addition of rotenone or NaCN decreased cytosolic
ATP level, but this failed to reach statistical significance. Concomitant presence of the uncoupler SF 6847
led to a further drop in [ATP].,: that reached statistical significance. However, in the absence of glucose,
where glycolysis is unable to mount a Pasteur effect, the cytosolic ATP level was dropped by the
inhibitors. Concomitant presence of the uncoupler SF 6847 led to a further drop of [ATP]c, and this
condition served as the “background” for baseline subtraction of the luciferase signal. Considering
[ATP]nua (panel 6.7B), the addition of either rotenone or NaCN did not result in a significant drop in
[ATP]nuc levels compared to the absence of the ETC inhibitor, but the effect of stigmatellin was
significant. The decrease of [ATP]nu under conditions of glycolysis plus uncoupling or presence of an
ETC inhibitor or absence of glycolysis are in accord with the interpretation of results obtained by
(Gajewski et al., 2003), showing that [ATP]nu pool may become depleted faster than the [ATP]: pool.
This could suggest that in intact cells certain compartments are in preferential contact with
mitochondria for the transfer of phosphorylation potential. From the above experiments we concluded
that in COS-7 cells inhibition of the respiratory chain may not lead to uniform consumption of cytosolic
and/or nuclear ATP.

7. The negative impact of a-ketoglutarate dehydrogenase complex deficiency on matrix substrate-level
phosphorylation

In (Kiss et al., 2013) we showed ATP consumption in respiration-impaired isolated and in situ neuronal
somal mitochondria from transgenic mice with a deficiency of either dihydrolipoyl succinyltransferase
(DLST) or dihydrolipoyl dehydrogenase (DLD) that exhibit a 20-48% decrease in KGDHC activity. Import
of ATP into the mitochondrial matrix of transgenic mice was attributed to a shift in the reversal potential
of the ANT towards more negative values due to diminished mSLP, causing the translocase to reverse
prematurely. Immunoreactivity of all three subunits of succinyl-CoA ligase and maximal enzymatic
activity were unaffected in transgenic mice as compared to wild-type littermates. Therefore, decreased
matrix substrate-level phosphorylation was due to diminished provision of succinyl-CoA. These results
were further corroborated by the finding that mitochondria from wild-type mice respiring on substrates
supporting substrate-level phosphorylation exhibited ~30% higher ADP-ATP exchange rates compared
to those obtained from DLST* or DLD*" littermates.

7.1 KGDHC: general considerations and potential link to brain pathologies; rationale for implicating mSLP

The a-ketoglutarate dehydrogenase complex (KGDHC) is an enzyme consisting of multiple copies of
three subunits: a-ketoglutarate dehydrogenase (Elk or KGDH, E.C. 1.2.4.2), dihydrolipoyl
succinyltransferase (E2k or DLST, E.C. 2.3.1.61) and dihydrolipoyl dehydrogenase (E3 or DLD, E.C.
1.8.1.4). It participates in the tricarboxylic acid (TCA) cycle where it irreversibly catalyzes the conversion
of a-ketoglutarate, CoASH and NAD* to succinyl-CoA, NADH and CO,. A decline in KGDHC activity has
been associated with a number of neurodegenerative diseases; however, activity decline is not universal
for all TCA cycle enzymes (Bubber et al., 2005), (Gibson et al., 2010), (Bubber et al., 2011). In search of
an association between a decrease in KGDHC activity and incidence of neurodegeneration, two
transgenic mouse strains have been generated, one lacking the DLST subunit (Yang, L. et al., 2009), and
the other lacking the DLD subunit (Johnson et al., 1997). Disruption of both alleles of either gene results
in perigastrulation lethality; heterozygote mice exhibit no apparent behavioral phenotypes. A deficiency
in the DLD or DLST subunit has been shown to cause increased vulnerability to mitochondrial toxins
modeling neurodegenerative diseases (Yang, L. et al., 2009), (Klivenyi et al., 2004), (Browne and Beal,
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2002), and to result in reduced numbers of neural progenitor cells in the hippocampi of adult mice
(Calingasan et al., 2008). In transgenic mice carrying human mutations prompting them to develop
amyloid deposits, DLST deficiency aggravates amyloid plaques burden (Dumont et al., 2009).
Additionally, increased levels of the lipid peroxidation marker, malondialdehyde, was found in DLD*"
(Klivenyi et al., 2004) but not DLST*- mice (Calingasan et al., 2008). KGDHC is known to generate reactive
oxygen species (ROS), and DLD*- mice exhibited diminished rates of ROS production (Starkov et al.,
2004), (Tretter and Adam-Vizi, 2004). Although the above considerations establish a link between
KGDHC deficiency and brain pathology, they stop short in identifying the molecular mechanism(s)
underlying the propensity for neurodegeneration. So far, the focus of this association has been biased
towards diminished provision of reducing equivalents and excess production of reactive oxygen species.
In (Kiss et al., 2013) we demonstrated that in KGDHC-deficient mice the decreased provision of succinyl-
CoA diminishes matrix substrate-level phosphorylation resulting in impaired mitochondrial ATP output
and consumption of cytosolic ATP by respiration-impaired mitochondria, in line with our previous
predictions (Chinopoulos et al., 2010).

7.2 Effect of cATR on A¥m during respiratory inhibition if isolated brain mitochondria from WT, DLD*/",
DLST* and DLD*"/DLST*" mice

As shown in figure 7.2, AYm was measured by safranine O fluorescence in Percoll-purified brain
mitochondria obtained from WT, DLD*", DLST* and DLD*/DLST*" mice. Based on experiments
performed first with liver mitochondria where yields were high, (supplementary figures 1-5 in (Kiss et
al., 2013), figures are too large to be included in the present dissertation format) specific substrates and
their combinations were selected to investigate brain mitochondria where much lower yields are
typically obtained. The sequence of additions, identical for all panels, was the following: mitochondria
were allowed to polarize, followed by the addition of 2 mM ADP, where indicated. ADP would depolarize
mitochondria to a variable level depending on the substrate combinations (Chinopoulos et al., 2009).
After 50 sec during which a substantial amount of ADP has been converted to ATP, complex | was
inhibited by rotenone (1 uM) which ‘clamped’ A¥Ym in the -83 -99 mV range again depending on
substrate combinations. After an additional 150 sec, cATR (2 uM) was added. Towards the end of each
experiment the uncoupler SF 6847 (1 uM) was added in order to completely depolarize mitochondria;
this would assist in the calibration of the safranine O signal. In all panels of figure 7.2, it is evident that
addition of cATR to respiration-impaired mitochondria obtained from WT mice resulted in the gain of
AW¥Ym, indicating that the ANT was operating in forward mode. On the other hand, addition of cATR to
respiration-impaired mitochondria obtained from DLD*, (panel C), and DLD*"/DLST* (panels B and D)
mice resulted in the loss of A¥Ym, implying that the ANT was operating in reverse mode. Therefore, for
the corresponding substrates, respiration-impaired mitochondria of KGDHC-deficient mice imported
extramitochondrial ATP. Addition of succinate to any substrate combination in brain mitochondria of
WT or KGDHC-deficient mice resulted in cATR-induced depolarization, attributed to the shifting of the
succinyl-CoA ligase equilibrium towards ATP consumption, (supplementary figures 1-5 in (Kiss et al.,
2013), figures are too large to be included in the present dissertation format). No swelling was observed
under any circumstances (supplementary figures 8-9 in (Kiss et al., 2013), figures are too large to be
included in the present dissertation format); therefore, the losses of A¥m were not due to opening of
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the permeability transition pore. For other substrate combinations, additions of cATR to KGDHC-
deficient mitochondria was either causing less repolarization (panels A, E and | for DLD* and panels B
and J for DLST*) than WT littermates, no difference compared to WT (panel F), or no effect (panels G
and H, red and green traces, respectively); in the latter case this means that the values of AYm and
Erev_ANT were identical. Results obtained using the cATR 'biosensor' test imply that using substrate
combinations supporting substrate-level phosphorylation in mitochondria obtained from KGDHC
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contributors are the Fo-F1 ATP synthase and the ATP-forming succinyl-CoA ligase. The GTP-forming
succinyl-CoA ligase still contributes to the matrix ATP pools due to the concerted action of nucleoside
diphosphokinase, converting GTP and ADP to GDP and ATP (Kadrmas et al., 1991). The activity of the Fo-
F1 ATP synthase but not of succinyl-CoA ligase strongly depends on AYm (Metelkin et al., 2009), (Demin
et al., 1998), (Chinopoulos et al., 2011). We therefore investigated ATP efflux and respiration rates from
fully energized mitochondria of WT, DLD*, DLST* and DLD*-/DLST*- mice for various substrates in the
absence of confounding factors, such as respiratory inhibition that would lead to membrane
depolarization.

7.3 ATP efflux rates in brain mitochondria from WT, DLD*/-, DLST*- and DLD*-/DLST*" mice

In figure 7.3, ATP efflux rates of isolated brain mitochondria obtained from WT, DLD*/, DLST* and DLD*"
/DLST*" transgenic mice is shown. In DLST*" liver mitochondria all substrates and their combinations
yielded lower ATP efflux rates

WT than WT littermates. It is evident

14| LD+~ that in KGDHC-deficient brain
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Figure 7.3. ATP efflux rates of isolated brain mitochondria of WT, DLD*/-, DLST*" and DLD*/"/ DLST*"
mice as a function of various substrate combinations. Substrate concentrations were: glutamate (glut,
5 mM), malate (mal, 5 mM), S-hydroxybutyrate, (bOH, 2 mM), a-ketoglutarate, (a-Kg, 5 mM), *,
statistically significant, p<0.05 (one-way ANOVA followed by Dunnett’s test post-hoc analysis if
comparing three or more groups; control: results obtained from WT mice). p values for the various
substrate combination groups are as follows: glut+mal: <0.001; a-Kg: <0.001; a-Kg+mal: <0.001.

level phosphorylation (mal+bOH) there was no difference in the ATP efflux rates among WT and KGDHC-
deficient liver mitochondria. However, the substrate combination glut+mal+bOH also did not show a
statistically significant difference in ATP efflux rates among WT and KGDHC-deficient mice, nor for
glut+mal for DLST*" vs WT mice or a-Kg+mal for DLD*" vs WT mice.

7.4 Respiration rates in isolated brain mitochondria from WT, DLD*, DLST*- and DLD*/DLST*- mice

In order to investigate the possibility of cATR-induced alterations in AWm being due to membrane leaks,
we measured mitochondrial respiration. Respiration rates were measured during state 2, state 3
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induced by a small bolus of ADP (0.1 mM), state 4 (upon phosphorylation of the entire amount of ADP),
state 3 re-induced by a large bolus of ADP (2 mM), state 4 induced by cATR, and uncoupled respiration
induced by SF 6847 (50 nM for brain and 170 nm for liver mitochondria). Experiments were performed
forisolated brain and liver (supplementary figure 7 in (Kiss et al., 2013), figure is too large to be included
in the present dissertation format) mitochondria from WT, DLD*/, DLST* and DLD*/DLST*" transgenic
mice for all substrate combinations. Each substrate combination was repeated 4-6 times on
independent occasions. Quantitative data in bar graph format is shown in figure 7.4. It is evident that in
KGDHC-deficient brain mitochondria several substrates and their combinations supporting substrate-
level phosphorylation yielded lower respiration rates than WT littermates (glut+mal, glut+mal+AcAc, a-
Kg, a-Kg+mal, glut+mal+bOH, glut). From these results we concluded that mitochondria deficient in DLD
and/or DLST subunit of KGDHC exhibited diminished respiration rates. For those substrates and their
combinations that support only weakly substrate-level phosphorylation (mal, mal+bOH, mal+AcAc, pyr,
pyr+asp) there was no difference in the respiration rates among WT and KGDHC-deficient brain
mitochondria. These data are in congruence with the ATP efflux data shown in figure 7.3. Furthermore,
state 2 respiration and state 4 respiration (whether induced after phosphorylation of the entire bolus of
ADP given or induced by cATR) was not statistically significantly different for any substrate combination
among WT and KGDHC-deficient mice, arguing against a possible contribution from leaks to the changes
in membrane potential shown in figure 7.2.

7.5 Effect of BKA during respiratory inhibition of in situ synaptic and neuronal somal mitochondria from
WT and transgenic mice

In the above experiments using isolated mitochondria, the choice of substrate was a controlled variable;
we therefore addressed if the differences in ANT directionalities can be demonstrated among WT and
transgenic mice in in situ mitochondria, where substrate is an uncontrolled variable. For this purpose,
isolated nerve terminals (synaptosomes) and cultured cortical neurons were prepared from the brains
of WT, DLD*, DLST*- and DLD*/DLST*" mice. Also, BKA was used to inhibit the ANT instead of cATR,
because the former can penetrate the plasma membrane, but the latter cannot. The same principles as
detailed above apply here for identifying whether in situ synaptic mitochondria consume
extramitochondrial ATP or not. The experimental protocol for the synaptosomes was the following,
(figure 7.5): synaptosomes were incubated in an extracellular-like buffer, supplemented with 15 mM
glucose as the sole energy substrate, and AYm was measured by TMRM fluorescence . Addition of the
uncoupler SF 6847 at the end of each experiment causing the complete collapse of A¥Ym assisted in the
normalization of the TMRM signal of all traces. In this in situ mitochondrial model, mitochondria respire,
albeit sub-maximally (Tretter and Adam-Vizi, 2007b). Application of the complex | inhibitor, rotenone
(1 uM, panels A, C) or the complex Il inhibitor, stigmatellin (1.2 uM, panels B, D) caused a significant
depolarization. Subsequent addition of oligomycin (10 ug/ml, panels A, C, red traces) caused a nearly
complete collapse of A¥Ym, implying that in situ mitochondria relied on ATP hydrolysis by the Fo-F;
ATPase. However, addition of BKA in lieu of oligomycin led to a robust repolarization in WT, DLD*/- and
DLST* mice (black and green traces of panels A, and C), implying that the ANT was still operating in the
forward mode. Only in synaptosomes prepared from DLD**/DLST*- double transgenic mice did BKA
cause almost no repolarization (blue trace of panel C), followed by a delayed minor depolarization.
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Figure 7.4. Respiration rates of isolated brain mitochondria of WT, DLD*, DLST*- and DLD*/ DLST*"
mice for various substrate combinations indicated in the panels. Substrate concentrations were:
glutamate (glut, 5 mM), malate (mal, 5 mM), acetoacetate, (AcAc, 0.5 mM), S-hydroxybutyrate,
(bOH, 2 mM), a-ketoglutarate (a-Kg, 5 mM), pyruvate (pyr, 5 mM), aspartate (asp, 5 mM). At the end
of each experiment, 50 nM SF 6847 was administered. *, statistically significant, p<0.05 one-way
ANOVA followed by Dunnett’s test post-hoc analysis; control: results obtained from WT mice. p-values
were as follows: glut-mal: 0.1 mM ADP bolus: 0.002, 2 mM ADP bolus: 0.002; glut-mal-AcAc: 0.1 mM
ADP bolus: 0.026, 2 mM ADP bolus: 0.006; a-Kg: 0.1 mM ADP bolus: 0.002, 2 mM ADP bolus: <0.001;
a-Kg-mal: 0.1 mM ADP bolus: < 0.001, 2 mM ADP bolus: <0.001; glut+mal+bOH: 0.1 mM ADP bolus:
0.021, 2 mM ADP bolus: 0.015; glut: 0.1 mM ADP bolus: 0.011, 2 mM ADP bolus: 0.022. State 1 (no
mitochondria, no substrates) is shown only in panel (pyr+asp, bottom middle panel).
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This implied that in double transgenic animals, net adenine nucleotide flux through the ANT of rotenone-
treated in situ synaptic mitochondria is near zero, and perhaps importing minor amounts of
synaptoplasmic ATP into the matrix. Synaptosomes of WT mice inhibited by stigmatellin did not exhibit
BKA-induced repolarization (black traces of panels B and D), neither those obtained from DLD*/, DLST*"
and DLD*/DLST*" mice (green and blue traces of panels B and D). It must be emphasized that KGDHC
determinations from synaptosomal preparations (shown in figure 7.7) also involve enzymes from
contaminating isolated mitochondria, the extent of which cannot be reliably estimated from the various
transgenic mouse colonies. So therefore, the results obtained from the TMRM measurements of in situ
mitochondria from the isolated nerve terminals cannot be reliably correlated to the extent of maximal
KGDHC activity from the exact same mitochondria. Results obtained from cultured cortical neurons are
shown in figure 7.6.
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Figure 7.5. Effect of bongkrekic acid (BKA), oligomycin (olgm) on the rotenone- or stigmatellin-evoked
depolarization of A¥m in isolated nerve terminals of WT vs DLD* mice (A, B), or WT vs DLST*" (C, D)
or DLD*/DLST*" mice (B, D). A¥m was followed using the potentiometric probe TMIRM. BKA (20 1iM);
oligomycin (olgm 10 ug/ml), rotenone (rot, 1 uM); stigmatellin (stigm, 1.2 uM). At the end of each
experiment, 1 uM SF 6847 was added to achieve complete depolarization.

Subsequent addition of oligomycin (10 pug/ml) caused a nearly complete collapse of A¥m (green traces),
implying that respiration-impaired in situ mitochondria relied on ATP hydrolysis by the Fo-F1 ATPase.
However, when in situ mitochondria were inhibited by rotenone, subsequent addition of BKA in lieu of
oligomycin led to a repolarization in WT cultures (panels A and C, black traces), unlike in cultures
obtained from DLD*" and DLST*- mice where a depolarization was observed (panels A and C, red traces).
This implied that respiration-impaired in situ neuronal somal mitochondria of DLD*- and DLST** mice
were consuming extramitochondrial ATP. Application of stigmatellin in lieu of rotenone caused a large
depolarization, and subsequent addition of BKA in either WT or transgenic mice neurons did not confer
any repolarization (panels B and D, black traces). The results obtained from in situ somal neuronal
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mitochondria using stigmatellin are supported by results obtained from Percoll-purified (that consist of

both somal neuronal and astrocytic) mitochondria, where a very large depolarization was observed.
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7.6 KGDHC and succinyl-CoA
maximal activities in tissues from WT
and transgenic mice

ligase has been
reported to co-precipitate with
KGDHC (Porpaczy et al., 1983);
therefore, alterations in KGDHC due
to genetic manipulations could have
an impact on succinyl-CoA ligase. To
address  this  possibility, we
measured KGDHC activity and
succinyl-CoA ATP-and GTP-forming
activities in isolated liver and brain
mitochondria and synaptosomes
obtained from WT, and transgenic
mice, as well as immunoreactivities
of all three subunits of succinyl-CoA
ligase. We were unable to measure
KGDHC and succinyl-CoA ligase
activity from cultured neurons, due
to limitations on the available tissue

Succinyl-CoA

(i.e. neurons from one pup brain was
sufficient to cover a single Lab-Tek

Figure 7.6. Effect of bongkrekic acid (BKA), oligomycin (olgm) on the rotenone or stigmatellin-evoked
depolarization of A¥m in cultured mouse cortical neurons of WT vs DLST”" mice (A, B), or WT vs
DLD*" mice (B, D). A¥m was followed in intact cells with confocal (A, B) or epifluorescence (C, D)
microscopy using the potentiometric probe TMRM. BKA (20 uM; black triangles), oligomycin (10
ug/ml; green triangles), rotenone (1 uM, or stigmatellin 1.2 1M, where indicated, red triangles). Data
were pooled from 13 cell culture preparations. Data points obtained by epifluorescent imaging
represent the mean + SEM of 2 view fields per well containing 50-60 neurons per condition. Data
points obtained by confocal imaging represent the mean + SEM of 3 view fields per well containing
90-120 neurons per condition. At the end of each experiment, 5 uM SF 6847 was added to achieve
complete depolarization.

chamber). Succinyl-CoA ligase is a heterodimer enzyme, composed of an invariant a subunit encoded
by SUCLG1 and a substrate-specific B subunit, encoded by either SUCLA2 or SUCLG2. This dimer
combination results in either an ATP-forming SUCL (EC 6.2.1.5) or a GTP-forming SUCL (EC 6.2.1.4).
Results on KGDHC activities are shown in figure 7.7, panel A (isolated brain mitochondria), panel C
(synaptosomes), and panel E (isolated liver mitochondria). Immunoreactivities of SUCLG1, SUCLG2 and
SUCLA2 from the same tissues are shown in figure 7.7, panels F and G. As shown in panel A and
consistent with reports published before (Yang, L. et al., 2009), (Starkov et al., 2004), KGDHC activity of
DLD* and DLST*" brain mitochondria was reduced by 20-48 %, compared to WT littermates. KGDHC
activity of double transgenic DLD*//DLST*" brain and liver isolated mitochondria was reduced by 62%
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and 50%, respectively. On the contrary, succinyl-CoA ATP- or GTP-forming maximal activities were not
different between WT and transgenic mice. This is in accordance to the findings regarding
immunoreactivities of the subunits of the succinyl-CoA ligase enzyme, showing no differences between
WT and any KGDHC transgenic mice, panels F and G. These results strongly suggest that the impact of
genetic manipulations of KGDHC on matrix substrate-level phosphorylation is solely due to decreased
provision of succinyl-CoA.

A “*7 * B
40 * c
'@30 = WT +7‘_
30 < » - g_ === DLD+/-
5 | 2 x| [
201 s 5 - £
| oz I £
E 5 210 4
104 & | 8 £ 7
(= c
210 e m =
g Brain mitochondria G
@
g40C 7 g°
= =] a
gso 5 5 o= DLST+/ g [y DLST+/'
2 £ £ === D" 820
820 EV E" z=z DLD+/-/DLST+/- :é
£ " N (&}
_.E\]O i = 7 = _é'lo
N :
@ Vs S
O 0 Synaptosomes @ 0 0P 5P
a E =z = GDP GDP
g40_ é § Brain Liver
o < N . .
30 g E; Brain mito Liver mito
-
o e s
Y
0 - - \V - SUCLA2
Liver mitochondria
G .
- T
SUCLG1 [ ,
SUCLA2 {\& NN N Ky Ny
CypD H—— O A& N F T
S v & B 5
MnSOD QN9 MR
SEEL s 3
AN )
D' D Q 3V
LR 9
x
Py

*

7.7 Predictions of matrix ATP/ADP
ratios for each  substrate
combination used for isolated
brain mitochondria from WT vs
KGDHC-deficient  mice, after
inhibition by rotenone

From the A¥Ym values extracted
from figure 7.2, the cATR-induced
de- or repolarization for each
substrate combination indicating
the directionality of the ANT we
can predict the range of matrix
ATP/ADP  ratios for these
conditions after inhibition of
complex | of the respiratory chain.
These predictions are depicted in
figure  7.8; panel A for
mitochondria from WT mice, panel
B for mitochondria from DLD*"
mice, panel C for mitochondria
from DLST*”* mice and panel D for
mitochondria from DLD*- /DLST*
mice. Substrates are indicated by a
single letter as detailed in the
legend. For each substrate
combination found in the orange

Figure 7.7. Enzymatic activities of KGDHC, Succinyl-CoA ligase and immunoreactivities of the subunits
of the latter enzyme in isolated liver and brain mitochondria and synaptosomes. A, C, E: KGDHC
activities of isolated brain mitochondria, synaptosomes and isolated liver mitochondria, respectively
of WT, DLST*, DLD*, and DLD*"/DLST*"“transgenic mice. *, statistically significant, p<0.05 (1-way
ANOVA followed by Dunnett’s test post-hoc analysis). B, D: Succinyl-CoA ligase activities (ATP- and
GTP-forming) of isolated liver and brain mitochondria of WT vs DLD*", and WT vs DLST*" mice,
respectively. F, G: Immunoreactivities of SUCLG1, SUCLG2, SUCLAZ2 subunits of Succinyl-CoA ligase,
cyclophilin D (CypD), and Manganese Superoxide Dismutase (MnSOD) of isolated brain and liver
mitochondria (F) and synaptosomes (G) of WT, DLD*, DLST*, and DLD*/DLST*" mice.
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Figure 7.8. Predicted ranges of matrix ATP/ADP ratios (ATP/ADPin) for each substrate combination
used for brain mitochondria from WT vs KGDHC-deficient mice, after inhibition by rotenone;
glutamate (G), malate (M), S-hydroxybutyrate, (b), a-ketoglutarate, (K). For each substrate
combination found in the 'B' (orange) space, the range of values that the matrix ATP/ADP ratio may
attain is from Erev_ANT for the respective membrane potential and upwards. If the substrate
combination is found in the 'C' (grey) space, the range of values that the matrix ATP/ADP ratio may
attain is from Erev_ANT for the respective membrane potential until theoretical zero.

mice, while the substrate combinations appear in the grey (C) space in KGDHC-deficient mice. Substrate
combinations that disfavor substrate-level phosphorylation appear exclusively in the grey (C) space for
both WT and KGDHC-deficient mice.

8 Mitochondrial diaphorases as NAD* donors to segments of the citric acid cycle that support substrate-
level phosphorylation yielding ATP during respiratory inhibition

In (Kiss et al., 2013) we showed that when the electron transport chain is dysfunctional, provision of
succinyl-CoA by the a-ketoglutarate dehydrogenase complex (KGDHC) is crucial for maintaining the
function of succinyl-CoA ligase yielding ATP, preventing the adenine nucleotide translocase from
reversing. Subsequently, in (Kiss et al., 2014) we showed that under these conditions mitochondrial
diaphorases provide NAD* to KGDHC in turn yielding succinyl-CoA, thus supporting mitochondrial
substrate-level phosphorylation.
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8.1 Diaphorases: general considerations

DT diaphorase (EC 1.6.5.2, formerly assigned to EC 1.6.99.2) catalyzes a two-electron reductive
metabolism (unlike other NAD(P)-linked quinone reductases (lyanagi and Yamazaki, 1970a)) detoxifying
qguinones and their derivatives; several isoforms have been identified (Long and Jaiswal, 2000), (Vasiliou
et al., 2006); among them, NQO1 and NQO2 have been most extensively characterized (Long and
Jaiswal, 2000). A striking difference between these two is that NQO2 uses dihydronicotinamide riboside
(NRH) while NQO1 utilizes NAD(P)H as an electron donor (Wu et al., 1997), (Zhao et al., 1997). NQO1
has been found to localize not only in the cytosol, but also in mitochondria from several tissues (Ernster
etal., 1962), (Dong et al., 2013), (Eliasson et al., 1999), (Edlund et al., 1982), (Conover and Ernster, 1962),
(Lind and Hojeberg, 1981). Mitochondrial diaphorase corresponds to 3-15% of total cellular activity and
is localized in the matrix, since it reacts only with intramitochondrial reduced pyridine nucleotides, but
is inaccessible to those added from the outside (Conover and Ernster, 1960), (Conover and Ernster,
1963). However, it must be emphasized that mitochondrial diaphorase activity may not be exclusively
due to NQO1; other mitochondrial enzymes also exhibit diaphorase-like activity as a moonlighting
function; for example, the isolated DLD subunit of KGDHC exhibits diaphorase activity and it is known to
exist in the matrix as such, without being part of the KGDH complex (Massey, 1960), (Reed and Oliver,
1968), (Bando and Aki, 1992).

8.2 Identifying mitochondria as extramitochondrial ATP consumers during anoxia

As elaborated in (Chinopoulos et al.,, 2010) and (Kiss et al., 2013), to label a mitochondrion as an
extramitochondrial ATP consumer its A¥m, matrix ATP/ADP ratio, and reversal potentials of Fo-F1 ATP
synthase and ANT (the AWm values at which there is no ATP generation nor hydrolysis for the former
and no net transfer of ADP-ATP across the inner mitochondrial membrane for the latter) must be
determined, which is an extremely challenging experimental undertaking. Mindful that the reversal
potential of the Fo-F1 ATP synthase is more negative than that of the ANT (Chinopoulos et al., 2010),
(Chinopoulos, 2011b), (Chinopoulos, 2011a), meaning that whenever the ANT has reversed, the ATP
synthase works in reverse too, it is simpler and equally informative to examine the effect of an ANT
inhibitor on A¥Ym during ADP-induced respiration. Since one molecule of ATP* is exchanged for one
molecule of ADP* (both nucleotides being Mg?*-free and deprotonated) by the ANT, the exchange is
electrogenic (Klingenberg, 2008). Therefore, during forward mode of the ANT, abolition of its operation
by a specific inhibitor such as carboxyatractyloside (cATR) leads to an increase in AYm, whereas during
the reverse mode of ANT, the same condition leads to a loss of AWm. In (Kiss et al., 2014) we used this
method in isolated mitochondria subjected to true anoxic conditions and/or specific inhibitors of the
electron transport chain, while sources of NAD* for KGDHC were being sought.
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Figure 8.1. Reconstructed time courses of safranine O signal calibrated to A¥m (solid traces), and
parallel measurements of oxygen concentration in the medium (dotted traces) in isolated mouse liver
mitochondria. Effect of carboxyatractyloside (cATR, 2 uM) or oligomycin (oligo, 5 piM) on A¥m during
anoxia (A, B, C, E) or during compromised respiratory chain by poisons (D), in the presence of different
substrate combinations. ADP (2 mM) was added where indicated. Substrate concentrations were:
glutamate (glut, 5 mM), malate (mal, 5 mM), succinate (succ, 5 mM), [-hydroxybutyrate, (SOH, 1 or 2
mM as indicated). Substrate concentrations were the same for all subsequent experiments shown below.
At the end of each experiment 1 uM SF 6847 was added to achieve complete depolarization (except for
the orange trace in panel A, where 250 nM SF 6847 was added).

Time-lapse recordings of safranine O fluorescence reflecting AWm while measuring oxygen
concentration in the same sample was achieved by using the recently developed O2k-Fluorescence
LED2-Module of the Oxygraph-2k (Oroboros Instruments, Innsbruck, Austria). Mitochondria were
allowed to deplete the oxygen dissolved in the air-sealed chamber and additions of chemicals through
a tiny-bore hole did not allow reoxygenation of the buffer from the ambient atmosphere. Safranine O is
known to increase state 4 respiration (Valle et al., 1986), decrease maximum Ca?* uptake capacity and
exhibit an appreciable non-specific binding component if used at concentrations above 5 uM
(Chinopoulos and Adam-Vizi, 2010b). However, at concentrations below 5 uM, calibration of the
safranine O fluorescence signal to AYm deviates significantly from linearity, thereby more complex
fitting functions are required, decreasing the faithfulness of the conversion. Therefore, for our
experiments we used 5 UM of safranine O at the expense of diminishing the respiratory control ratio by
approximately one unit (from 7.5 to 6.5 using glutamate and malate), but the signal-to-noise ratio was
optimal and the calibration of the fluorescence signal to A¥Ym highly reproducible. TPP* appeared to be
less toxic than safranine O in terms of an effect on mitochondrial respiration; however, the signal-to
noise ratio was not as satisfactory as that obtained from safranine O, and it could not be improved by
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increasing the concentration of TPP* (from a total 2 to a total 6 uM). The non-specific binding component
of safranine O to mitochondria is determined by the mitochondria/safranine O ratio; by using 5 uM of
safranine O for 2 mg of mitochondria the non-specific component is within 10% of the total safranine O
fluorescence signal, estimated by the increase in fluorescence caused by the addition of a detergent to
completely depolarized mitochondria. As such, it was accounted for, during the calibration of the
fluorescence signal to AYm. The result of a typical experiment is shown in figure 8.1. Mouse liver
mitochondria (2 mg) were added in 4 ml of buffer containing substrates indicated in the panels, and
allowed to fully polarize (solid traces). State 3 respiration was initiated by ADP (2 mM) depolarizing
mitochondria by ~25 mV; with a respiration rate of ~60 nmol/min/mg mitochondria run out of oxygen
within 5-6 min as verified by recording 'zero' levels of dissolved oxygen in the chamber at ~400 sec
(dotted traces). Anoxia also coincided with the onset of an additional depolarization leading to a clamp
of A¥m at ~-100 mV. In mitochondria respiring on glutamate and malate, i.e. substrates that support
substrate-level phosphorylation, subsequent addition of cATR (figure 8.1, panel A, black solid trace)
caused a moderate repolarization. This implied that at ~-100 mV, the ANT was still operating in the
forward mode, in accordance with the ADP-ATP steady-state exchange activity/AWm relationship shown
recently (Metelkin et al., 2009), (Chinopoulos et al., 2009). In contrast, when the specific Fo-F1 ATP
synthase inhibitor oligomycin (figure 1, panel A, orange solid trace) was added instead of cATR, an
immediate depolarization was observed, implying that Fo-F; ATP synthase was working in reverse and
generated the residual AWm. This depolarization was complete, since further addition of the uncoupler
SF 6847 (250 nM) yielded no further depolarization. Obviously, under the conditions shown in figure
8.1A, ATP was available in the matrix from sources other than ANT. Our previous results (Chinopoulos
et al., 2010), (Kiss et al., 2013) showed that under this condition, ATP was supplied by matrix substrate-
level phosphorylation mediated by succinyl-CoA ligase. This was further validated by the experiments
shown in panels 8.1B and 8.1C: in panel B, mitochondria respiring on succinate alone (black trace) or
glutamate plus malate plus succinate (olive green trace), both conditions being unfavorable for
substrate-level phosphorylation by succinyl-CoA ligase (succinate would 'push' this reversible reaction
towards ATP or GTP hydrolysis), reacted to cATR with an immediate and complete depolarization in
anoxia. Likewise, in the presence of 2 uM atpenin A5, a specific inhibitor of succinate dehydrogenase
(Miyadera et al., 2003) causing accumulation of succinate in the matrix, cATR induced depolarization in
mitochondria that had been previously respiring on glutamate plus malate and were subject to anoxia
(figure 8.1, panel C, lilac trace). In the presence of atpenin though, onset of anoxia was associated with
a greater depolarization prior to addition of cATR, thus it is possible that the value of A¥Ym exceeded
the value of the reversal potential of the ANT (Erev_ANT). However, when the electron transport chain
was rendered inoperable by rotenone in lieu of anoxia, A¥Ym values were identical prior to addition of
the ANT inhibitor (figure 8.1, panel D, compare black with green trace), but loss of AYm implying ANT
reversal in the presence of atpenin A5 was verified by cATR. From the above experiments we concluded
that in true anoxic conditions the ANT could be maintained in forward mode implying active matrix
substrate-level phosphorylation in isolated mitochondria, similar to the previously published paradigms
with a poisoned respiratory chain (Chinopoulos et al., 2010), (Kiss et al., 2013). Furthermore, the results
obtained in (Kiss et al., 2013) showing that provision of succinyl-CoA by KGDHC is critical for matrix
substrate-level phosphorylation implies an emerging demand of NAD* for KGDHC, a concept that is at
odds with the idea that in anoxia there is shortage of NAD* in the mitochondrial matrix. Indeed, figure
8.1 panel E shows that after elevating matrix NADH/NAD* ratio by 1 or 2 mM B-hydroxybutyrate (leading
to NADH -and acetoacetate- formation through the reaction catalyzed by B-hydroxybutyrate
dehydrogenase) cATR-induced a small depolarization, compared to near repolarization in panels 8.1E,
8.1A and 8.1C (black traces). The same effect with B-hydroxybutyrate was found in mitochondria with
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poisoned respiratory chain (Kiss et al., 2013). These results underline the importance of NAD* for
establishing the conditions for the forward operation of ANT during anoxia.
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Figure 8.2. A: Reconstructed time courses of safranine O signal
calibrated to A¥m (solid traces), and parallel measurements of
oxygen concentration in the medium (dotted traces) in isolated
mouse liver mitochondria. The effect of carboxyatractyloside (cATR, 2
LM) on A¥m of mitochondria during anoxia in the presence or
absence of 2 mM NaAsO; is shown. ADP (2 mM) was added where
indicated. Respiration rates in nmol/min/mg protein are indicated on
the dotted lines. B: Reconstructed time courses of safranine O signal
calibrated to A%¥m in isolated mouse liver mitochondria in an 'open-
chamber'. The effect of carboxyatractyloside (cATR, 2 M) on A¥m
of mitochondria treated with rotenone (rot, 1 1M, where indicated)
in the presence or absence of 2 mM NaASO; (2 mM, red trace) is
shown. ADP (2 mM) was added where indicated. At the end of each
experiment 1 uM SF 6847 was added to achieve complete
depolarization. C: Bar graph of rates of acidification in the
suspending medium of mitochondria respiring on various substrate
combinations indicated in the panel upon addition of different
bioenergetic poisons.
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8.3 The importance of NAD* for a maintained operation of KGDHC during anoxia or respiratory chain
inhibition

In (Kiss et al., 2014) we further addressed the importance of a maintained operation of KGDHC requiring
supply of NAD* in mitochondria during anoxia using arsenite, which enters intact mitochondria in an
energy-dependent manner (Harris and Achenjang, 1977) and inhibits PDHC and KGDHC (Clark and Land,
1979). When mitochondria respire on glutamate plus malate, an effect of arsenite could be attributed
to inhibition of KGDHC. Safranine O fluorescence and oxygen concentration in the medium where
mitochondria underwent anoxia or drug-induced respiratory inhibition was recorded. As shown in figure
2, panel A, the fully polarized mitochondria in the presence of glutamate and malate were depolarized
by ~25 mV by ADP (2 mM, solid black and green traces) consuming within ~6 min the total amount of
oxygen present in the medium (dotted black and green traces) leading to an additional depolarization
to ~-100 mV. Respiration rates are indicated in the panel, in nmol/min/mg protein. The transient
repolarization upon addition of 2 mM sodium arsenite (NaAsO;) at 700 sec was due to the high volume
of the addition (0.08 ml), which contained a significant amount of dissolved oxygen. This is seen as a

102



dc_1961 21

minor elevation in oxygen concentration (figure 8.2 panel A, dotted green line near 700 sec) which
quickly subsided as it was consumed by mitochondria and was also associated with a re-establishment
of AYm to ~-100 mV. Subsequent addition of cATR to mitochondria treated with NaAsO; (figure 8.2
panel A, green solid trace) initiated a drop in A¥Ym as opposed to a moderate repolarization observed
in the absence of arsenite (figure 8.2 panel A, black solid trace). cATR also caused a depolarization when
arsenite was present in the medium prior to addition of mitochondria (figure 8.2 panel A, red solid
trace), which as expected, was associated with a diminished rate of respiration (figure 8.2 panel A, red
dotted trace) leading to a prolongation until complete anoxia was achieved. cATR also caused a
depolarization when arsenite was present in the medium prior to mitochondria (figure 8.2 panel B, red
trace), in which electron transport was halted by inhibiting complex | with rotenone (rot). Subsequent
addition of succinate (succ, 5 mM) fully restored AWm indicating that mitochondria were capable of
electron transport from complex Il when complex | was blocked, in the presence of arsenite. Finally, the
effect of arsenite was investigated on the rate of acidification in weakly-buffered media, in which
mitochondria were treated with a specific set of inhibitors. The concept of this experiment relies on the
fact that mitochondria are net CO, producers acidifying the medium due to the following equilibria: CO;
+ H,0 & H,CO;3 ¢ H* + HCO5'. Depending on the substrate(s) combined with targeted inhibition of
bioenergetic entities, one may deduce the role of arsenite-inhibitable targets. Mitochondria were
suspended in a weakly-buffered medium containing different substrates as indicated in figure 8.2, panel
C. Acidification is indicated as an upward-pointing bar, alkalinization as a downward-pointing bar. The
sequence of additions were: medium (black), mitochondria (2 mg, red), ADP (2 mM, green) rotenone (1
1M, yellow), cATR (2 uM, blue), oligomycin (5 uM, magenta), NaAsO; (2 mM, cyan), and SF 6847 (1 uM,
grey). With substrate combinations bypassing PDHC (glutamate plus malate, a-ketoglutarate plus
malate, or glutamate alone -all at 5 mM-) arsenite caused a statistically significant decrease in
acidification in mitochondria pretreated with rotenone, cATR and oligomycin. We assumed that in
mitochondria in which complex | is blocked by rotenone, the ANT and the Fo-F; ATP synthase are blocked
by cATR and oligomycin, respectively, the arsenite-inhibitable acidification may only stem from KGDHC
generating CO,. The CO, production by KGDHC in respiration-impaired mitochondria suggested the
availability of NAD*. Mindful of the above results we sought for NAD* sources in mitochondria other than
that produced by complex | and considered the possibility of NAD* provision by mitochondrial
diaphorases.

8.4 The effect of diaphorase inhibitors on bioenergetic parameters

As mentioned above, diaphorase activity is attributed to flavoproteins designated as NQOs; depending
on the organism several isoforms and their polymorphisms have been identified (Long and Jaiswal, 2000)
and (Vasiliou et al., 2006). Among these, NQO1 and NQO2 have been most extensively characterized
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Figure 8.5.1. A-F: Bar graphs of the effect of diaphorase inhibitors (colour-coded within panel B) on
A¥Ym (panels A, B and C) and oxygen consumption rates (OCR, panels D, E and F) under state 2 (panel
A), state 3 (+2 mM ADP, panel B) or state 4 (+2 mM ADP + 2 uM cATR, panel C) conditions. G, H:
Reconstructed time courses of NADH autofluorescence in isolated mouse liver mitochondria in the
absence (panel G) and presence of 1 uM rotenone (panel H), and the effect of dicoumarol applied
consecutively in 1.25 M concentrations or that of SF 6847 in 10 nM concentrations, as indicated by
the arrows. Panels G and H share the same y-axis.

(Vasiliou et al., 2006). Although NQO1 is not in the list of mouse or human mitochondrial proteins
(MitoCarta) (Pagliarini et al., 2008) and it was also suggested not to localize in mitochondria of certain
human cancers (Winski et al., 2002), it has been found in mitochondria from different tissues (Dong et
al., 2013), (Bianchet et al., 2004), (Eliasson et al., 1999). To address the contribution of mitochondrial
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diaphorases to provision of NAD* for KGDHC reaction in anoxia, we used an array of pharmacological
inhibitors; however, all of them exhibit uncoupling properties at high concentrations (Conover and
Ernster, 1962), (Martius and Nitz-Litzow, 1953). The potential uncoupling effect of an inhibitor would be
confounding, because in its presence AYm could become less negative than Erev_ANT leading to ANT
reversal (Chinopoulos et al., 2010); in this case, its impact could not be distinguished from a genuine
effect on the diaphorases. Therefore, we first determined the concentration-range in which their
uncoupling effects were negligible. As shown in supplemental figure 8.S.1, the dose-dependent effect
of four different NQO1 inhibitors, -chrysin, 7,8-dihydroxyflavone hydrate (diOH-flavone), phenindione,
and dicoumarol- have been compared to a vehicle (black bars) on A¥m in mitochondria respiring on
glutamate and malate (panel A), after addition of 2 mM ADP (panel B), and after the addition of cATR
(panel C), while simultaneously in the same samples rates of oxygen consumption were also recorded
(panels D, E and F, for state 2, state 3 and state 4c (induced by cATR), respectively). Supplemental figure
8.5.1 shows the effects of eight consecutive additions of chrysin, (2.5 uM each: red bars); diOH-flavone
(5 uM each: green bars); phenindione (2.5 uM each: yellow bars) and dicoumarol (1.25 uM each: blue
bars). From the bar graphs it is apparent that all diaphorase inhibitors exhibited a concentration range
in which they had no significant uncoupling effect. That was for chrysin <5 pM, for phenindione < 20
1M, and for dicoumarol £ 5 uM. diOH-flavone showed a significant quenching effect on the safranine O
signal during state 3 respiration, thus only its effect on oxygen consumption rate was evaluated to
establish the safe use at a concentration below 20 uM. Finally, the effect of diaphorase inhibitors was
compared to that of the uncoupler SF 6847 in decreasing NADH signals in intact isolated mitochondria.
Such an experiment (for dicoumarol) is demonstrated in supplemental figure 8.5.1, panels G and H.
Mouse liver mitochondria (1 mg) were allowed to fully polarize in a medium containing glutamate and
malate, then either vehicle (control) or 1.25 uM dicoumarol or 10 nM SF 6847 were added where
indicated. As shown in supplemental figure 8.5.1, panel G, while SF 6847 dose-dependently decreased
NADH fluorescence, dicoumarol 1.25-5 pM was without an effect. The changes in NADH fluorescence
shown in panel G were largely controlled by complex |, because in the presence of rotenone (panel H),
responses to dicoumarol and SF 6847 were almost completely dampened.

8.5 The effect of diaphorase inhibitors on ANT directionality in anoxic or rotenone-treated mitochondria

Having established the concentration range of the diaphorase inhibitors exhibiting no appreciable
uncoupling activity, we wanted to determine their effects in the 'biosensor' test addressing the direction
of the operation of ANT by recording the effect of cATR on AWm in respiration-impaired mitochondria,
when they are exquisitely dependent on matrix substrate-level phosphorylation (Chinopoulos et al.,
2010). The rationale behind these experiments was that, diaphorases might be responsible for providing
NAD* to KGDHC, which in turn is important for generating succinyl CoA for substrate-level
phosphorylation. The experimental conditions for figure 8.3, panels A-D, were essentially similar to
those shown for figure 8.1, again demonstrating changes of AYm in response to cATR. The anoxia also
coincided with the onset of a depolarization leading to a clamp of A¥Ym to ~-100 mV. As shown in figure
8.3, panels A, B, C, and D black solid traces, addition of cATR in mitochondria made anoxic caused a
repolarization, implying a forward operation of the ANT in spite of the lack of oxygen. However, in the
presence of diaphorase inhibitors (concentration and color-coding detailed in panel A) cATR induced
depolarization (solid traces) without affecting the rate of respiration (figure 8.3, panels A, B, C, and D,
dotted traces), implying ANT reversal. Likewise, in the presence of diaphorase inhibitors (concentration
and color-coding detailed in panel E) rotenone-treated mitochondria (figure 8.3, panels E, F, G and H,
red and orange traces) responded with depolarization to cATR, as compared to their vehicles showing
cATR-induced repolarizations (black and grey traces). From these results we concluded that diaphorases
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were likely to provide NAD* to KGDHC that in turn supported substrate-level phosphorylation via
generating succinyl-CoA during anoxia or inhibition of complex | by rotenone. In order to quasi-quantify
the extent of contribution of NAD* emanating from the mitochondrial diaphorases that can be utilized
by KGDHC during anoxia, we compared the rates of cATR-induced depolarizations (mV/sec) in the
presence of diaphorase inhibitors to the rate of cATR-induced depolarization in the presence of 2 mM
NaAsO,. From the data obtained with 20 uM diOH-flavone, 5 uM dicoumarol, 5 uM chrysin and 20 uM
phenindione, we inferred that mitochondrial diaphorases contributed 26, 41, 37 and 81% to the matrix
NAD* pool during anoxia, respectively.
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Figure 8.3. Reconstructed time courses of safranine O signal calibrated to A¥m (solid traces), and
parallel measurements of oxygen concentration in the medium (dotted traces) in isolated mouse liver
mitochondria supported by glutamate and malate. The effect of diaphorase inhibitors (doses are
color-coded within panel A) on cATR-induced changes of AY¥m during anoxia (A-D) or under complex |
inhibition by rotenone (E-H). Grey traces in panels E-H show the effect of vehicles (either DMSO or
ethanol). At the end of each experiment 1 1M SF 6847 was added to achieve complete depolarization.
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8.6 The effect of diaphorase substrates on ANT directionality of respiration-impaired mitochondria due
to anoxia or rotenone
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Figure 8.5.2. A-G: Reconstructed time courses of safranine O signal calibrated to A%¥m (solid traces),
and parallel measurements of oxygen concentration in the medium (dotted traces) in isolated mouse
liver mitochondria, demonstrating the effect of diaphorase substrates on cATR-induced changes of
A¥Ym during anoxia. Diaphorase substrates are colour-coded as indicated in the figure. H:
Reconstructed time courses of safranine O signal calibrated to A¥m in isolated mouse liver
mitochondria, demonstrating the effect of diaphorase substrates on cATR-induced changes of A%¥m
after complex | inhibition by rotenone. At the end of each experiment 1 pM SF 6847 was added to
achieve complete depolarization.
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To strengthen the above conclusion, next we performed the 'biosensor' test in the presence of known
diaphorase substrates in mitochondria undergoing respiratory inhibition by anoxia or rotenone.
Diaphorase activity mediated by NQO1 exhibits lack of substrate- and electron donor specificity because
its active site can accommodate molecules of varying size and structure (Faig et al., 2001), therefore,
various types of quinoid compounds and their derivatives can be processed by the isolated enzyme (Lind
et al.,, 1990). Furthermore, it is also able to react with different dyes, nitro compounds and some
inorganic substances (Lind et al., 1990). The mitochondrial matrix is a quinone-rich environment,
containing several coenzyme Qs with variable side-chains. Of course, NQO1 exhibits unequal affinities
for them, but it is reasonable to assume that some coenzyme Qs are in the millimolar concentration
range and could be substrates for NQO1. We tested 14 different diaphorase substrates: menadione
(vitamin K3, 10 uM), phylloquinone (vitamin K1, 10 uM), menaquinone (vitamin K2, 10 uM),
duroquinone (DQ, 10-100 uM), mitoquinone (mitoQ, 0.5 uM), p-benzoquinone (BQ, 10 uM), methyl-p-
benzoquinone (MBQ, 10 uM), 2,6-dimethylbenzoquinone (DMBQ, 10-50 uM), 2-chloro-1,4-
benzoquinone (CBQ, 10 uM), 2,6-dichloro-1,4-benzoquinone (DCBQ, 10 uM), 1,2-naphthoquinone (1.2-
NQ 10 uM), 1,4-naphthoquinone (1.4-NQ 10 puM), 2,6-dichloroindophenol (DCIP, 50 pM), and 2-(3,4-
dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one (quercetin, 10 uM). In concentrations exhibiting
no uncoupling or other side-effects on A¥Ym or rate of respiration, mouse liver mitochondria were
treated with ADP and cATR similarly to that demonstrated in figure 8.1. As shown in figure 8.4 panels A-
C (and supplemental figure 8.5.2), when using different substrate combinations supporting respiration,
addition of cATR caused repolarization except when glutamate plus malate plus B-hydroxybutyrate were
used (panel C, black solid trace), a substrate combination that limits the availability of NAD* during
anoxic conditions. In this paradigm, dose-dependent addition of duroquinone during anoxia led to cATR-
induced repolarization (panel C, colored solid traces). Addition of menadione had no effect (panel A,
solid orange trace), while mitoQ even abolished the cATR-induced repolarization (panel B, solid green
trace). By contrast, when respiratory inhibition was achieved by rotenone instead of anoxia,
duroquinone, menadione and mitoQ resulted in a strong cATR-induced repolarization (figure 8.4, panels
D-H). This effect of menadione (vitamin K3) was not shared by vitamins K1 (phylloquinone) and K2
(menaquinone), as shown in panels G and H, respectively. The variable effects of a host of other
guinones in this paradigm are shown in figure 8.S.2. Furthermore, since safranine O may also be a
substrate for diaphorases due to its structural similarity to Janus Green B, which is a genuine diaphorase
substrate (Giuditta and Strecker, 1963), redistribution of tetraphenylphosphonium (TPP) as an index of
A¥Ym was also measured as an alternative, using a TPP electrode, (figure 8.4, panel I). Mitochondria
were allowed to polarize by glutamate and malate then ADP (2 mM) was added, followed by rotenone
that led to a depolarization. Addition of cATR induced a repolarization, like in the above experiment
indicating that safranine O is unlikely to be a diaphorase substrate. From these results we concluded
that mitochondrial diaphorases were not saturated by endogenous quinones and were likely providing
NAD* to KGDHC that in turn yielded succinyl-CoA supporting substrate-level phosphorylation during
anoxia or inhibition of complex | by rotenone. Furthermore, there appeared to be a clear distinction
between true anoxia and rotenone-induced respiratory inhibition; in anoxia, menadione and mitoQ
were not effective in conferring cATR-induced repolarization.
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Figure 8.4. Reconstructed time courses of safranine O signal calibrated to A¥m (solid traces), and
parallel measurements of oxygen concentration in the medium (dotted traces) in isolated mouse liver
mitochondria demonstrating the effect of diaphorase substrates on cATR-induced A¥m changes
during anoxia (A, B, C) or complex | inhibition by rotenone (D-H). Substrate combinations are
indicated in the panels. I: Reconstructed time course of TPP signal (in Volts) in isolated mouse liver
mitochondria supported by glutamate and malate. Additions were as indicated by the arrows. At the
end of each experiment 1 uiM SF 6847 was added to achieve complete depolarization.
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8.7 The role of complex Il in re-oxidizing diaphorase substrates

To address the discrepancy that emerged from the results obtained with rotenone-treated vs anoxia-
treated mitochondria in respect to the effect of diaphorase substrates, we inhibited mitochondrial
respiration with stigmatellin, a specific inhibitor of complex Ill. The rationale behind this relies on several
reports pointing to complex b of complex Il as being capable of re-oxidizing substrates that are reduced
by mitochondrial diaphorases (Conover and Ernster, 1962), (Colpa-Boonstra and Slater, 1958),
(Dedukhova et al., 1986), (Kolesova et al., 1991), (Kolesova et al., 1993), (Ernster et al., 1969).

A B C
|
or | Nt r p‘
—— control —— control control
+ menadione + menadione + menadione
g+ | gluttmal _ mal+B0OH o—Kg+mal
| Stigm stigm / stigm GatSs
o
< A A v v
SF 6847 SF 6847 ADP
2 AT A
3| = £ cATR SF 6847
- time, sec time, sec
(‘! 1 1 1 1 1 1
100 200 300 400 100 200 300 400
D E F
=
°T | —— control e control N =27 — KCN+FerCyan [
+DQ : + stigmatellin | | £ —— KCN
+ mitoQ 18> ‘ stigm+FerrCyan
B+ | mal+pOH ¢ glut+mal 3+ glut+mal
; o || KEN/stiom  CATR .
iy i stign CcATR|{ O \ 4 v/
3L e A v v S| ADMM.?Q
b7 ADP _ o *’J | i
Ay S e
" E A SF6847 L A - 5 /iFerrCyan SF 6847 A
3z cATR [\ SF6847| ©f | SF 6847
' % time, sec | . time, sec A time, sec
! 5 N i e o - L L I L

100 200 300 400 300 600 900 1200 200 400 600 800 1000

Figure 8.5. The effect of diaphorase substrates (menadione: 10 uM, DQ: 50 pM, mitoQ: 0.5 uM) on
cATR-induced changes of A¥m after complex Il inhibition by stigmatellin or complex IV by KCN.
Reconstructed time courses of safranine O signal calibrated to A¥m in isolated mouse liver
mitochondria and oxygen consumption (panel E, dotted lines) are shown. Mitochondria respired by
different substrates as shown in the panels. Additions were as indicated by the arrows. At the end of
each experiment 1 yM SF 6847 was added to achieve complete depolarization. FerrCyan: ferricyanide.

As shown in figure 8.5, panels A-D, in mouse liver mitochondria respiring on different substrate
combinations indicated in the panels, state 3 respiration initiated by ADP (2 mM) was arrested by 0.8
uM stigmatellin (stigm), leading to a clamp of A¥m to ~-100 mV. Subsequent addition of cATR (figure
8.5, panels A, B and C, black solid traces) conferred a depolarization to variable extent, depending on
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the substrates used, indicating that functional complex Il was required for the forward operation of
ANT when it relied on ATP generated by substrate-level phosphorylation. The lack of re-oxidation of the
reduced diaphorase substrate by complex Ill is likely to reflect in the result showing that the presence
of menadione (panels A, B and C, red traces) or mitoQ (panel D, lilac trace), but not duroquinone (panel
D, green trace), conferred a more robust cATR-induced depolarization. In mitochondria undergoing
respiratory arrest by anoxia (panel E), addition of stigmatellin (olive green trace) did not result in cATR-
induced depolarization. However, while respiratory arrest of mitochondria achieved by inhibiting
complex IV with KCN (1 mM) yielded a very small change in A¥Ym by cATR (panel F, green trace), co-
presence of Ksz[Fe(CN)e] (FerrCyan, 1 mM), which can oxidize cytochrome c due to its higher redox
potential (~400 mV vs 247-264 mV for cytochrome c (Flatmark, 1967), (Gopal et al., 1988)) led to a cATR-
induced repolarization (panel F, grey trace). This effect was abolished by stigmatellin (panel F, orange
trace). When FerrCyan was used, it was necessary to titrate A¥Ym back to the same levels as in its
absence, hence SF 6847 (5 nM boluses) were added where indicated (panel F, grey trace). From the
above experiments we concluded that stigmatellin was negating the beneficial effect of diaphorase
substrates assisting in cATR-induced repolarization emphasizing the involvement of complex Il in
mitochondria with respiratory inhibition by rotenone or anoxia. Evidently not all diaphorase substrates
assisted in preventing mitochondria from being extramitochondrial ATP consumers, which meant that
not all of them could be processed by either the diaphorases, and/or re-oxidized by complex lll. Relevant
to this, it is well known that vitamins K1, K2 and Qa0 do not react with the isolated diaphorase (Preusch
and Smalley, 1990), (Haefeli et al., 2011), (Ernster et al.,, 1962); furthermore, while numerous
compounds have been shown to react readily with purified diaphorase (Ernster et al., 1962), (Lind et al.,
1990), there is specificity in the oxidation of the reduced quinone by the respiratory chain (Conover and
Ernster, 1962). Indeed, menadione and duroquinone were previously shown to be processed by the
mitochondrial diaphorases and re-oxidized by complex Ill (Conover and Ernster, 1962), (Kolesova et al.,
1991).

8.8 Lack of the role of diaphorase in the regeneration of NAD* during anoxia in mitochondria from pigeon
liver

The diaphorase activity described for rodent and human tissues has been reported to be absent in the
liver and breast muscle of pigeons (Columba livia domestica) (Maritius and Strufe, 1954). We therefore
reasoned that in mitochondria obtained from pigeon tissues, the diaphorase inhibitors and substrates
would exert no effect. As shown in figure 8.6, panels A-D (black traces), pigeon liver mitochondria
respiring on different substrates were repolarized by cATR added after ADP and rotenone indicating an
ATP generation from the forward operation of the ANT. The lack of diaphorase involvement in this effect
was confirmed by the results that menadione failed to cause a more robust cATR-induced repolarization
(panels A-C, red traces), and none of the diaphorase inhibitors caused cATR-induced depolarization
(figure 8.6, panel D). Accordingly, duroquinone (DQ) was without an effect on cATR-induced changes in
A¥Ym of mitochondria during anoxia (figure 8.6, panel E). These results support the conclusion that the
effects of diaphorase substrates and inhibitors observed in mouse liver mitochondria were likely
mediated through genuine diaphorase activity. Furthermore, it is also apparent that in the absence of a
diaphorase, pigeon liver mitochondria were still able to maintain the KGDHC-succinyl-CoA ligase axis
sustaining substrate-level phosphorylation. Indeed, in figure 8.6, panel F it is shown that the addition of
succinate to pigeon mitochondria reverted the cATR-induced changes in A¥Ym during anoxia from a
repolarization to a depolarization. Furthermore, in pigeon liver mitochondria addition of atpenin A5 -
which is expected to lead to a built-up of succinate in the mitochondrial matrix also led to a cATR-
induced depolarization during anoxia (figure 6, panel G, red trace).
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Figure 8.6. A-C: Reconstructed time courses of safranine O signal calibrated to percentage (solid
traces, the y-axis of all panels is the same as shown for panel E) reflecting A¥m in isolated pigeon
liver mitochondria, demonstrating the effect of various mitochondrial and diaphorase substrates on
cATR-induced changes of A¥m after complex | inhibition by rotenone using different respiratory
substrates as indicated in the panels. For D, diaphorase inhibitors were present as indicated
(dicoumarol: 5 uM, chrysin: 5 uM, diOH-flavone: 20 uM, phenindione: 10 uM), and mitochondria were
supported by glutamate and malate. Oxygen concentrations in the medium (dotted traces) were
measured in panels E, F and G. The effect of duroquinone (DQ, 50 M) is shown in panel E; that of
various substrates in panel F, and that of the inhibitors atpenin A5 and KCN in panel G. At the end of
each experiment 1 1M SF 6847 was added to achieve complete depolarization.

8.9 Alternative sources for NAD* provision in mitochondria during respiratory arrest

From the above data it is apparent that mitochondrial diaphorases are not the sole providers for NAD*
during anoxia or respiratory inhibition by poisons. An obvious possibility for NAD* generation would be
the malate dehydrogenase (MDH) reaction favoring malate formation from oxaloacetate (Chinopoulos,
2013), however, this is very difficult to address. We have compared wild-type C57BL/6J mice with
another strain expressing an isoform of MDH, which yielded insignificantly smaller activity (MDH2?), but
we observed no differences (not shown). A 'transgenic' or 'silencing' approach for MDH inherently
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suffers from the pitfall that this enzyme exhibits an extremely high activity compared to other enzymes
of the citric acid cycle; therefore, one would expect to require very substantial decreases in activity in
order to observe an impact on NAD* provision. The fact that there are no MDH specific inhibitors
hindered the ability of studying the extent of contribution of MDH in our protocols.

To address the extent of contribution of a proton-
translocating transhydrogenase reversibly
exchanging NADP* and NAD* to NADH and NADPH,
respectively (Jackson, 1991) which may potentially
serve as a source of matrix NAD*, we compared
mitochondria obtained from C57BI/6N versus
C57BL/6J mice, because in the latter strain the
gene coding for the transhydrogenase is absent
(Toye et al., 2005), (Freeman et al.,, 2006).
Although  the  catalytic site of the
transhydrogenase for oxidation and reduction of
the nicotinamide nucleotides is facing the matrix,
extramitochondrial pyridine nucleotides are also
required; however, those released from broken
mitochondria in our samples may have been
sufficient for the exchange to materialize. As
shown in figure 8.5.3, cATR-induced repolarization
after anoxia in liver mitochondria from C57BI/6N
mice (black trace) was virtually indistinguishable
from mitochondria obtained from C57BL/6J mice
(red trace). From this result we concluded that in
our isolated mitochondria preparations, provision
of NAD* by the transhydrogenase is not a viable possibility. However, it remains as an option in vivo, at
least in organisms expressing the transhydrogenase.
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Figure 8.5.3. Reconstructed time courses of
safranine O signal calibrated to A¥m (solid
traces), and parallel measurements of oxygen
concentration in the medium (dotted traces) in
isolated liver mitochondria from C57Bl/6J vs 6N
mice, on cATR-induced changes of A¥m during
anoxia.

9. Reduction of 2-methoxy-1,4-naphtoquinone by mitochondrially-localized Nqol vyielding
NAD * supports substrate-level phosphorylation during respiratory inhibition

Above, it was elaborated that when NADH oxidation by complex | is inhibited by rotenone or anoxia,
mitochondrial diaphorases yield NAD*, provided that suitable quinones are present (Kiss et al., 2014). In
(Ravasz et al., 2018) by using Nqo1” vs WT littermate mice we showed that in rotenone-treated, isolated
liver mitochondria, 2-methoxy-1,4-naphtoquinone (MNQ) was preferentially reduced by matrix Nqo1l
yielding NAD* to KGDHC, supporting mSLP. This process was sensitive to inhibition by specific diaphorase
inhibitors. Reduction of idebenone and its analogues MRQ-20 and MRQ-56, menadione, mitoquinone
and duroquinone were unaffected by genetic disruption of the Nqol gene.
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9.1 Determination of NAD(P)H oxidation and quinone reduction capacity in cytosolic extracts vs
permeabilized mitochondria from the livers of WT and Ngo17 mice
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Figure 9.1. Determination of diaphorase activity in cytosolic extracts vs permeabilized mitochondria
from the livers of WT and Nqo1”- mice. Schemes of the reactions involved in the two different
methodologies are depicted on the top of the figure. Upper-row panels (A-E) depict data obtained
from cytosolic extracts. Lower-row panels (F-J) depict data obtained from permeabilized
mitochondria. White bars signify data from WT mice, grey-hatched bars from Nqo1” mice. Panels A,
B, F and G depict data obtained by the DCPIP reduction method using NADH or NADPH as indicated in
the panels. Panels C, D, E, H, | and J depict data obtained by the cytochrome c reduction method using
menadione (MND, 10 uM), duroquinone (DQ, 10 uM) or 2-methoxy-1,4-naphtoquinone (MNQ, 10
1M) as indicated in the panels, in the presence of NADH. All samples were measured in the absence
(control) or presence of 10 uM dicoumarol (DIC). Student’s t-test; * implies p<0.05. ** implies
p<0.001.

The extent of contribution of Nqo1 to overall diaphorase activity in mouse liver was measured using two
different methods: i) by determining the dicoumarol-sensitive rates of DCPIP reduction during either
NADH or NADPH oxidation and ii) by determining the dicoumarol-sensitive rates of cytochrome c
reduction using various quinones in the presence of NADH. The principles of these two methodologies
are depicted in the top schemes in figure 9.1. Data obtained from WT and Ngo1” mice were pooled and
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compared. Ngo1”" mice have been developed by the group of Jaiswal (Radjendirane et al., 1998). As
shown in figure panel 9.1A, the presence of 10 uM dicoumarol (DIC) decreased DCPIP reduction to nearly
zero when using NADH in cytosolic extracts from the livers of WT mice. When NADPH was used instead
of NADH, DCPIP reduction was 100% eliminated by dicoumarol (figure panel 9.1B, white bars). These
two results confirm that the cytosolic NAD(P)H-dependent diaphorase activity is almost 100% sensitive
to dicoumarol. By repeating these experiments but using cytosolic extracts from the livers of Ngo1”"
mice (grey hatched bars) it is obvious that diaphorase activity is largely —but not exclusively- due to
Ngo1l. This methodology relies on the ability of diaphorases (including Nqo1) to reduce DCPIP; however,
different diaphorases exhibit different affinities for electron acceptors, thus we measured cytochrome
c reduction rates in the presence of various quinones (as electron acceptors), which were later used for
other experiments. As shown in figure panels 9.1C, D and E, the rates of cytochrome ¢ reduction and
their sensitivities to dicoumarol varied in the presence of menadione (MND), duroquinone (DQ) or 2-
methoxy-1,4-naphtoquinone (MNQ), using cytosolic extracts from the livers of WT mice. Using this
methodology, a statistically significant decrease in diaphorase activity was demonstrated only by using
MND and MNQ. On the other hand, dicoumarol failed to decrease diaphorase activity in cytosolic
extracts obtained from the livers of Nqo1”- mice. The finding that in the hepatic cytosols of Ngo1”" mice
higher diaphorase activities were observed using the cytochrome c reduction method vs the DCPIP
reduction method reflects the fact that other diaphorases are present in this compartment, which are
not dicoumarol-sensitive and exhibit higher affinities for redox-active compounds other than DCPIP. To
investigate the extent of contribution of mitochondrial Ngo1 to overall diaphorase activity, the same
experiments were performed using freeze-thawn isolated mitochondria from the livers of WT and Ngo1-
’ mice, in the presence of 2 uM rotenone. As shown in figure panel 9.1F, the presence of 10 uM DIC
decreased DCPIP reduction to a small and not significant level, despite the extremely high DCPIP
reduction rate in the presence of NADH, in both types of mitochondria isolated from the livers of WT
and Ngo1”" mice. When NADPH was used in lieu of NADH, a ~20 times lower rate of DCPIP reduction
was recorded, which was also minorly sensitive to DIC. These findings reflect the presence of DCPIP
reduction mechanisms dependent on NADH but not NADPH in mitochondria, a concept which is not at
odds with the very rich redox matrix environment and its dependence on NADH/NAD" ratio. Exclusive
mitochondrial Nqo1 activity can be calculated by subtracting the [control minus DIC-insensitive] DCPIP
reduction rate obtained from WT mice minus the [control minus DIC-insensitive] rate obtained from
Ngol”" mice for either NADH or NADPH. This calculation yielded evanescently small amounts (<1 nmol)
of DCPIP reduced per minute per mg protein in mitochondria, which is in agreement with an average
estimation of <15% of total (Conover and Ernster, 1962), (Ernster et al., 1962), (Stein and Kaplan, 1958),
(Williams et al., 1959), (Dong et al., 2013). By using the cytochrome c reduction method with various
quinones in freeze-thawn isolated mitochondria, a very high reduction rate was recorded for all
guinones tested (figure panels 9.1H, | and J). Notably, if MNQ was the used quinone, there a statistically
significant difference in diaphorase activity was observed by comparing WT with Ngo1”" mice (figure
panel 9.1]). When quinones other than MNQ were used, mitochondria from Ngo17" mice also showed
diminished rates of cytochrome c reduction compared to those obtained from WT mice, albeit these
differences did not reach statistical significance. As for the results obtained from cytosolic extracts, the
mitochondrial matrix also harbors other than Nqol diaphorases which are also not dicoumarol-sensitive
and exhibit higher affinities for redox-active compounds other than DCPIP.
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9.2 Effect of quinones on NADH oxidation capacity of intact liver mitochondria from WT and Ngo1”- mice
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Figure 9.2. Effect of quinones on NADH oxidation (A, B) and respiratory capacity (C, D, E, F) of intact
liver mitochondria from WT and Ngo1”- mice. White bars signify data from WT mice, grey-hatched
bars from Ngol”- mice. The concentrations of quinones used for panels A and B were: 2-methoxy-1,4-
naphtoquinone (MNQ): 100 uM; duroquinone (DQ): 0.2 mM. For panels C and D the concentrations of
substrates were as follows: glutamate (glu): 5 mM; malate (mal): 5 mM; [-hydroxybutyrate (f—OH): 2
mM, a-ketoglutarate (a-Kg): 5 mM. The effect of quinones on mitochondria respiring on glutamate
and malate and p-hydroxybutyrate is depicted on panels E (state 2) and F (state 3). The
concentrations of quinones used for panels E and F were: menadione (MND): 10 yiM; mitoquinone
(mitoQ): 0.5 uM; duroquinone (DQ): 0.1 mM; 2-methoxy-1,4-naphtoquinone (MNQ): 10 piM;
idebenone (IDB): 10 uM. Student’s t-test (comparing two groups) or ANOVA on Ranks (comparing
three or more groups); * implies p<0.05. ** implies p<0.001.
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9.3 Effect of quinones on respiratory capacity of intact mitochondria from WT and Ngo1”" mice

Ngo1”" mice are known to exhibit lower levels of nicotinamide nucleotides in their tissues (Gaikwad et
al., 2001), (Iskander et al., 2005) which could affect the function of several NAD*-dependent proteins
(Asher et al., 2001) and as an extension of this, the overall process of mitochondrial respiration.
However, as shown in figure panels 9.2C and 9.2D, by using four different substrate combinations
(glutamate and malate, glutamate and malate and B-hydroxybutyrate, a-ketoglutarate and malate, a-
ketoglutarate) all being NADH-linked substrates, no differences in either state 2 or state 3 respiration
was observed in intact liver mitochondria from WT vs Ngo1”- mice. Thus, our respiratory capacity data
do not reflect a potential impact of diminished levels of nicotinamide nucleotides in the livers of NQO1"
/ mice compared to controls. To examine the extent of contribution of mitochondrial Ngol on
mitochondrial respiration as a function of exogenous quinones (in the presence of glutamate and malate
and B-hydroxybutyrate), the impact of various quinones on oxygen consumption rates was investigated.
As shown in figure panels 9.2E and 9.2F, some quinones led to a statistically significant increase vs
decrease in state 2 and state 3 respiration, respectively, consistent with previous reports that some
exhibit mitochondrial toxicities on recognized targets other than Ngo1l (Giorgio et al., 2012), (James et
al., 2005). What is also apparent from figure panels 9.2C-F is that the respiratory control ratio (RCR) of
~8.5 (for glutamate and malate and B-hydroxybutyrate) for liver mitochondria obtained from both WT
and Ngo1”" mice affords the assurance that the lack of statistically significant difference in RCR between
them is not due to poor mitochondrial quality that could potentially obliterate any variances.

9.4 Effect of targeted ETC inhibition on quinone-assisted respiration in intact mitochondria of WT and
Ngol” mice

When complex | is fully inhibited, respiration supported by quinones implies that they were reduced to
the corresponding hydroquinone derivative which was later used by complexes Ill and IV. Quinone
reduction may occur by many pathways such as dihydroorotate dehydrogenase (DHODH), glycerol-3-
phosphate dehydrogenase (GPDH), electron-transferring-flavoprotein dehydrogenase (ETFDH),
complex Il, Ngol or other mitochondrial diaphorases. To interrogate the molecular entity reducing the
quinones, we performed the following experiments: as shown in figure panel 9.3A, oxygen consumption
rate of intact mitochondria was recorded, while ADP, rotenone, a quinone and inhibitors were
sequentially added. Substrates (glutamate and malate) were already present in the medium. Dotted
lines indicate oxygen concentration in the medium, and solid lines indicate oxygen consumption rate.
Black line is a representative trace using liver mitochondria from WT mice, while red line represents a
trace obtained by using Nqo1”- mice. Briefly, state 2 respiration was recorded for 50 sec and then ADP
(2 mM) was added leading to >8-fold increase in respiration rates. Subsequently, respiration was halted
by the addition of rotenone (1 uM); the complete cessation of respiration is expected since, glutamate
and malate are NADH-linked substrates, thus relying on NADH oxidation by complex I. Subsequently, a
quinone was added (in panel AMNQ was added) which led to a small, but statistically significant increase
in respiration. Then, the complex Il inhibitor atpenin (atpn) was added that abolished this increase in
respiration. Subsequently, the complex Il and IV inhibitors stigmatellin and KCN, respectively, were
added that led to no further decrease in respiration. The ‘dip’ in respiration rate upon addition of
stigmatellin is artifactual, and it is due to brief introduction of oxygen in the air-tight chamber upon
addition of the inhibitor through the syringe. Results from using menadione (MND), mitoQ, duroquinone
(DQ), MNQ (10 pM), idebenone (IDB) and MNQ (50 pM) are
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Figure 9.3. Effect of targeted ETC inhibition on quinone-assisted respiration in intact mitochondria
of WT and Nqo1”/- mice. White bars or a black trace signify data from WT mice, grey-hatched bars or
a red trace from Ngol”" mice. Panel A depicts a typical experiment recording oxygen concentration
(dotted lines) and calculation of oxygen consumption rate (solid lines) in an air-tight chamber
containing mitochondria and media as described in section 2.1.4. Panels B-G represent cumulated
data of experiments performed as shown in panel A. Mitochondrial respiration was supported by 5
mM glutamate and 5 mM malate. The concentrations of quinones and inhibitors used were:
menadione (MND): 10 uM; mitoquinone (mitoQ): 0.5 uM, duroquinone (DQ): 50 uM; 2-methoxy-1,4-
naphtoquinone (MNQ): 10 or 50 uM as indicated in the panels; idebenone (IDB): 10 piM; rotenone
(rot): 1 uM; atpenin (atpn): 1 uM; stigmatellin (stigm): 1 uM; KCN (CN): 1 mM, dicoumarol (DIC): 5
1M; malonate (min): 5 mM. Student’s t-test; * implies p<0.05. ** implies p<0.001.

further addition of MNQ (compare figure panels 9.3H with 9.3E and 9.3l), albeit a statistically significant
increase was recorded. Due to very low values of respiration after the addition of rotenone, statistical
analysis comparing three groups (MNQ, MNQ+DIC, and MNQ+atpn) would require a very large number
of experiments in order to reveal a statistical significance, and that was not performed. What is also
apparent from all panels shown in figure 9.3 is that the absence of Ngol does not impact on
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mitochondrial respiration supported by quinones in the presence of rotenone, and this was largely due
to reduction of the quinones by complex Il forming quinols, in turn supporting complexes Il and IV.
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Figure 9.4. The contribution of mitochondrial Nqo1 on quinone-induced gain in A¥Ym in rotenone-
treated mitochondria. Reconstructed time courses of safranine O signal calibrated to A¥m in
isolated liver mitochondria of WT (black traces) vs Nqol1” (red traces) mice respiring on 5 mM
glutamate and 5 mM malate. ADP (2 mM) and rotenone (rot, 1 uM) were added where indicated.
Quinones were added after rotenone where indicated. The concentrations of quinones used were:
menadione (MND): 10 pM; mitoquinone (mitoQ): 0.5 uM; duroquinone (DQ): 50 uM; 2-methoxy-1,4-
naphtoquinone (MNQ): 10 uM; idebenone (IDB): 10 uM; dicoumarol (DIC): 5 piM.

activity which led to a further depolarization, ‘clamping’ AWYm around -100 mV. The subsequent addition
of a quinone the identity of which is written in the panels of figure 9.4 led to a small gain in A¥Ym in
mitochondria from WT but not Ngo1”" mice, except if the quinone was idebenone (IDB, figure panel
9.4E). In figure panel 9.4E, the effect of dicoumarol (DIC) is shown, which dampens the effect of MNQ
on inducing AYm gain (compare black traces in figure panels 9.4D with 9.4F).

9.6 Substrate-level phosphorylation supported by non-Ngol dicoumarol-sensitive mitochondrial
diaphorases using endogenous quinones

In order to address the extent of contribution of mitochondrial Nqo1 providing NAD* to KGDHC yielding
succinyl-CoA in turn supporting mSLP, we compared the adenine nucleotide translocase (ANT)
directionalities of rotenone- and anoxia treated mitochondria from WT vs Nqo1” mice.

119



dc_1961 21

A1 glusmal a-KG+mal | glu+mal+fO a-KG As shown in figure panels 9.5A (for
Z 50 rot oAT rotenone-treatment) and 9.5B (anoxia),
£100 P&DP by using four different substrate
150 SE combinations as for figure 9.2,

200 400 600 200 400 600 200 400 600 200 400 600 . © mitochondria were initially allowed to
B time,s g time, s time, s time, s g ) ] ]
3 fully polarize, while recording A¥m;
200 @ .
1502 Subsequently, ADP was added, which
joi]
1005  was allowed to be converted to ATP by
go 3 respiring mitochondria. Then,
[=] . . o
300 600 300 600 300 600 600 12001800 3 respiration was halted either by
= g time, s time, s time, s time, s = )
== Ngo1™” rotenone (figure panel 9.5A) or upon
P - . Py

Cqu *diaphorase inhibitor consumption of all oxygen in the air-
o0 l DIC | CHR | gORF | FHHND @ tight chamber (figure panel 9.5B).
£ -50 rot cAT | ‘ ] / T .
= 100 | app? 4] | s a8 /‘*d Subsequent inhibition of the adenine
-~ i - 1 - .

A 150 ‘\*ﬁ.‘- s‘? /c/ k[el - nucleotide translocase (ANT) by

D 200 400 600 200 400 600 200 400 600 200 400 600 ”S carboxya.tractyloyde (CATR)‘ led to

0y, tmes time, s time, s time,s 2005 nearly identical changes in A¥m

: 3 . .
250 AT 150 2 between WT and Ngol1”, implying that
= y H o . . . oy
E-100 {ADP. ¥/ : 100 mitochondrial Ngol is not critical for
<1150 *(\f ’ WY, e 50 2 + e ; ;
: S O (R S - ~lo 3 NAD* provision when mitochondria

g 300 600 300 600 300 600 300 600 £ utilize endogenous quinones. However,

> time, s time, s - time, s time, s 3 . . . .

o E o E even in mitochondria obtained from
T E © = = =) * p _

s &5 L . e E100 7 Ngol”~ mice, the presence of
= O = 9 . .

2 E10 S Epg 7 7 % dicoumarol or other diaphorase

~ = . L. . .

853 2 & inhibitors (chrysin, dihydroxyflavone,
8273 O £ .4 © 887978 O € & ©

© O & 5 O ’ i i i i

S8 00(\\< & éjg\ @?x\ S8 0055 F & qu\ qu phenindione, green traces in figure

Figure 9.5. Substrate-level phosphorylation supported by non-Nqgo1 mitochondrial diaphorases
using endogenous quinones and their sensitivity to diaphorase inhibitors. Panel A shows
reconstructed time courses of safranine O signal calibrated to A%¥Ym in isolated liver mitochondria of
WT (black traces) vs Ngo1” (red traces) mice treated with rotenone. ADP (2 mM) rotenone (rot, 1
1M) and carboxyatractyloside (cATR, 1 M) were added where indicated on the left-most subpanel,
and the same additions were made in all subsequent subpanels. Respiration substrates used are
shown in the subpanels. Their concentrations were: glutamate (glu): 5 mM; malate (mal): 5 mM; -
hydroxybutyrate (-OH): 2 mM, a-ketoglutarate (a-Kg): 5 mM. Panel B shows reconstructed time
courses of safranine O signal calibrated to A¥m (solid traces) and parallel measurements of oxygen
concentration in the medium (dotted traces) in isolated liver mitochondria of WT (black traces) vs
Ngol” (red traces) mice, and the effect of anoxia. Substrates were as in corresponding subpanels in
panel A. Panels C and D depict the effect of diaphorase inhibitors in reconstructed time courses of
safranine O signal calibrated to A%¥m (solid traces) in isolated liver mitochondria of Ngo1”"mice
treated with rotenone or during anoxia. In red traces, inhibitors were absent. In green traces,
diaphorase inhibitors were present as indicated in the panels, in the following concentrations:
Dicoumarol (DIC): 5 uM; chrysin (CHR): 5 uM; dihydroxyflavone (dOH-F): 20 M, phenindione (PHND):
10 uM. In panel D and all subpanels parallel measurements of oxygen concentration in the medium
(dotted traces) are also shown. At the end of each experiment 1 1M SF 6847 was added to achieve
complete depolarization. In panel E, the effect of diaphorase inhibitors as indicated in the panel
(concentrations used as for panels C and D) on state 2 and state 3 respiration of liver mitochondria
obtained from Ngol”" mice is shown. ANOVA on Ranks (comparing three or more groups); * implies
p<0.05. ** implies p<0.001.
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Figure 9.6. Effect of diaphorase substrates on mSLP of liver mitochondria from WT and Ngo1”- mice.
Panels A-E, F and H depict reconstructed time courses of safranine O signal calibrated to AY¥m in
isolated liver mitochondria of WT vs Ngo1”- mice as indicated in the panels. ADP (2 mM) rotenone
(rot, 1 uM), carboxyatractyloside (cATR, 1 uM) and idebenone (IDB, 10 piM) were added where
indicated. Quinones (green traces) were used at the following concentrations: menadione (MIND): 10
UM, mitoquinone (mitoQ): 0.5 uM, duroquinone (DQ): 50 uM; 2-methoxy-1,4-naphtoquinone (MNQ):
10 uM; idebenone (IDB): 10 uM; MRQ-20: 10 uM; MRQ-56: 10 uM. In panels G and I the effect of
MRQ-20 and MRQ-56 is shown in mitochondria during anoxia. Parallel measurements of oxygen
concentration in the medium are shown in dotted traces. Mitochondrial substrates were common for
all experiments shown in the panels and were glutamate (glu, 5 mM) and malate (mal, 5 mM) and [-
hydroxybutyrate (3-OH, 2 mM). At the end of each experiment 1 uM SF 6847 was added to achieve
complete depolarization.

figure, but mitochondrial substrates were glutamate and malate and 3-hydroxybutyrate, a substrate
combination in which by titrating B-hydroxybutyrate the mitochondrial NADH/NAD* ratio can be
manipulated; as such, it is possible to achieve that by adding cATR after rotenone, no changes in A¥Ym
can be observed because the value of this parameter is nearly identical to that of the reversal potential
of the ANT (Chinopoulos, 2011a), (Chinopoulos, 2011b). This strategy was applied in liver mitochondria
from WT and Ngol”" mice and as shown in figure panels 9.6A-F and 9.6H only MNQ did not show a
rescue of mSLP in Ngo1”" mitochondria (panel 9.6D, green and black trace), among all other quinones
tested. This means, that NAD* provision by Ngol using MNQ as substrate, is preferably used for KGDHC
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Figure 9.7. Effect of diaphorase inhibitors on mSLP of liver mitochondria from WT and Ngo1”- mice.
Panels A and B depict reconstructed time courses of safranine O signal calibrated to AY¥m in isolated
liver mitochondria of WT vs Nqo1”- mice as indicated in the panels. ADP (2 mM) rotenone (rot, 1 uM)
and carboxyatractyloside (cATR, 1 pM) were added where indicated. Mitochondrial substrates were
common for all experiments shown in the panels and were glutamate (glu, 5 mM) and malate (mal, 5
mM) and S-hydroxybutyrate (f—OH, 2 mM). Inhibitors used are indicated in the panels, used in the
following concentrations: Dicoumarol (DIC): 5 piM; chrysin (CHR): 5 uM; dihydroxyflavone (dOH-F): 20
1M, phenindione (PHND): 10 M. When MINQ or DQ were additionally present, their concentrations
were 10 uM. Panels C-G depict reconstructed time courses of safranine O signal calibrated to A¥m
(solid lines) and parallel measurements of oxygen concentration in the medium (dotted lines) in
isolated liver mitochondria of WT vs Ngo1”" mice as indicated in the panels, and the effect of anoxia.
ADP (2 mM) and carboxyatractyloside (cATR, 1 ;M) were added where indicated. Quinones (green
traces) were used at the following concentrations: menadione (MND): 10 piM,; mitoquinone (mitoQ):
0.5 uM; duroquinone (DQ): 100 pM; 2-methoxy-1,4-naphtoquinone (MNQ): 10 uM; idebenone (IDB):
10 uM. At the end of each experiment 1 M SF 6847 was added to achieve complete depolarization.

9.8 Investigating the contribution of diaphorases including NQO1 to mSLP in HepG2 cells

To examine the extent of contribution of diaphorases including NQO1 to mSLP when mitochondria are
in their natural environment, we used HepG2 cells. This cell line is known to express NQO1 at high levels
(Erb et al., 2012). As shown in figure panel 9.8A, cells were permeabilized as described in (Kawamata et
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al., 2010) and mSLP was evaluated by recording safranine O fluorescence signals converted to
percentage and observing ANT directionality as a function of MNQ. Mitochondria were allowed to
polarize by glutamate and malate and o-ketoglutarate (all at 5 mM); subsequently, ADP was added,
leading to a physiological depolarization. Then, respiration was halted by rotenone leading to a further
loss of A¥Ym.

A1oo °:;3£g°' SF6847 B+ MNQ SF‘;S‘” Subsequent inhibition of the ANT by
v = MNQ+0.5 uM DIC kg .
o<°\ 80 -o|gm instead of cAT ;’ ° MNQ+5 UM DIC &fm Carboxyatracty|OSIde (CATR) |ed to
o rot Z rot ad unappreciable changes in safranine
) 60 v v - . .
£ Av ADP A+ fluorescence, implying that HepG2
g 40 app CATRY V&= ATR-
£20f ¥ /01gM Sy of cells in permeabilized mode have lost
0t [ some endogenous quinone (panel
0 200 400 600 800 0 200 400 600 800 9.8A, black circles), and A¥m is near
c time, s D » time, s X | | . A
100 | e control Jm— * contro| the reversa otential of the
2 g0 |7DQ v IDB E P ‘
'35 =DQ+0.5 uM DIC = IDB+0.5 uM DIC / translocase. By repeating the
2 iz rzt‘ﬁ;' rop o~ experiment but including MNQ (10
g Aopp cATRv‘hmx =) il uM) in the media, in situ HepG2
B 22 v SF6847 ot SFesd7 mitochondria exhibited a robust cATR-
s =g . . .
0 200 400 600 800 0 200 400 600 800 induced repolarization (panel 9.8A,
time, s F time, s SF$847 green triangles), implying a strong
100 ¢ . . .
E & v [ *NQOTERNA P mSLP. By replacing cATR  with
& P = 80} vNQO1 siRNA+MNQ . .
& & & O &6 | =SCR+MNQ oligomycin (olgm, 10 uM, panel 9.8A,
oS - — .
NQO1 e smge = % 40\_ADP ’.v red squares), a depolarization was
B-actin e A — £ 20 1 v rgtcATR-:v evoked, confirming that the Fo-F; ATP
? 0 === - synthase operated in reverse as a
G N
100 SR 0 200 400 600 800 result of inhibition of complex | by
& 80 o e 8 rotenone. The effect of MNQ boosting
C
© 60 NQO1 SRNASINGH-OH mSLP in  HepG2 cells through
£ . SIRNA+MNQ+p- .
g 40 ADf ;" % SCRHMNQ+-OH diaphorases was further supported by
g 20 rot o the finding that it was sensitive to
0;""' S0 400 B0 500 inhibition by dicoumarol. As shown in
time, s figure panel 9.8B, the presence of 5

Figure 9.8. Effect of diaphorase substrates or inhibitors or siRNA directed against NQO1 on mSLP in
permeabilized HepG2 cells. All panels (except panel E) depict reconstructed time courses of safranine
O signal expressed in percentage. ADP (2 mM) rotenone (rot, 5 uM) and carboxyatractyloside (cATR,
1 uM) or oligomycin (olgm, 10 uM) were added where indicated. Mitochondrial substrates were
common for all experiments shown in the panels and were glutamate (5 mM) and malate (5 mM) and
a-ketoglutarate (5 mM).BS-hydroxybutyrate (-OH, 4 mM) was additionally present in the
experiments shown in panel G. Dicoumarol (DIC) was present at 5 or 0.5 uM concentration, as
indicated in the panels. MNQ, DQ and IDB were at 10, 50 and 10 uM, respectively, present where
indicated. Cells transfection with NQO1 siRNA or scramble (SCR) is described in section 2.1.9. At the
end of each experiment 0.5 uM SF 6847 was added to achieve complete depolarization. In panel E,

scanned images of Western blots of anti-NQO1 and [-actin for control, NQO1 siRNA and scramble
(SCR)-transfected HepG2 cells is shown.

uM dicoumarol (orange circles) or even 0.5 uM dicoumarol (red squares) abolished the effect of MNQ
on boosting mSLP, i.e. cATR led to small repolarization or depolarization. The exact same effects were
observed by replacing MNQ with duroquinone (DQ, 50 uM, panel 9.8C) or idebenone (IDB, 10 uM, panel
9.8D). Thus, from the experiments shown in figure panels 9.8A-D we concluded that quinones support
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mSLP in a dicoumarol-sensitive manner, in permeabilized HepG2 cells. Of course, under these conditions
it cannot be resolved if this effect was mediated by cytosolic and/or mitochondrial diaphorases. To
address the extent of contribution of diaphorase activity attributed to NQO1, we transfected HepG2
cells with siRNA (or scramble RNA, SCR) directed against NQO1. As shown in the scanned western blots
in figure panel 9.8E, by transfecting cells with siRNA against NQO1 we were able to diminish NQO1
expression to a small extent. It is thus not surprising that by reducing NQO1 expression of this
magnitude, an impact on mSLP supported by MNQ (figure panel 9.8F) cannot be observed, not even
when -OH is present in the media (4 mM) expected to increase matrix NADH/NAD" ratio (figure panel
9.8G), potentially weakening the ability of KGDHC to produce succinyl-CoA for succinate-CoA ligase. A
similar phenomenon has been observed by the group of Gueven (Erb et al., 2012) where HepG2 cells
transduced with lentivirus encoding NQO1-specific shRNA showed only a moderate reduction in
rescuing ATP levels during rotenone treatment.

10 Two transgenic mouse models for B-subunit components of succinate-CoA ligase yielding pleiotropic
metabolic alterations

In (Kacso et al., 2016) we addressed the concept that the directionality of succinate CoA ligase is critical
for maintaining matrix adenine nucleotide levels during respiratory arrest, preventing mitochondria
from importing and hydrolysing ATP that by i) generating two different transgenic mice colonies
deficient in succinate CoA ligase expression and ii) experimenting on human fibroblasts from patients
suffering from complete deletion of a critical subunit of succinate CoA ligase.

10.1 Succinate CoA ligase transgenic mice: general considerations

We generated transgenic mice lacking either one Sucla2 or one Suclg2 allele. Homozygous KO mice for
either gene were never born. Results obtained from embryonic tissues of Sucla2”- mice have been
published in (Donti et al., 2014). In (Kacso et al., 2016) we quantitated the expression of SUCL subunits
in mitochondria isolated from brains, hearts, and livers of 3-, 6- and 12 months old wild type and
heterozygote mice. In the tissues of Sucla2 heterozygote mice we investigated respiration rates and
membrane potential (AWm) for an array of mitochondrial substrates and various metabolic states,
complex I, II, I/l and IV activities, as well as SLP during respiratory inhibition or true anoxia. SLP was
further investigated during submaximal inhibition of SUCL by either itaconate or KM4549SC. We also
compared mtDNA content, ATP-forming and GTP-forming SUCL activities, and blood levels of 20
carnitine esters. Furthermore, we cross-bred Sucla2*- with Suclg2* mice, yielding double heterozygote
Sucla2*-/Suclg2* mice, and investigated the expression of g1, g2 and a2 subunits, mtDNA content,
blood carnitine esters and bioenergetic parameters.

10.2 Generation of Sucla2 mutant mice, Sucla2 mRNA quantification, SUCL subunit expression and
enzymatic activities in WT vs Sucla2*" mice

Mutant Sucla2 mice were generated using a gene-trapping technique (Hansen et al., 2008). Mice (strain
C57BL/6N) were cloned from an ES cell line (IST10208H1; Texas A&M Institute for Genomic Medicine,
TIGM). The ES cell clone contained a retroviral insertion in the Sucla2 gene (intron 4) identified from the
TIGM gene trap database, and was microinjected into C57BL/6 albino host blastocysts to generate
germline chimeras using standard procedures. The retroviral OmniBank Vector 76 contained a splice
acceptor (Figure 10.1A) followed by a selectable neomycin resistance marker/LacZ reporter fusion
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(bGeo) for identification of successful gene trap events further followed by a polyadenylation signal.
Insertion of the retroviral vector into the Sucla2 gene led to the splicing of the endogenous upstream
exons into this cassette to produce a fusion that leads to termination of further transcription of the
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Figure 10.1. Generation of Sucla2 mutant mice and Sucla2 mRNA quantification. A: Gene trap vector
for generating Sucla2 mutant mice. B: Bar graphs of gPCR of Sucla2 mRNA ratioed to [-actin mRNA of
3-, 6- and 12 months old WT and Sucla2+/- mice from liver, heart and brain. C: Bar graphs of qgPCR of
Sucla2 mRNA ratioed to Psmc4 mRNA of 3-, 6- and 12 months old WT and Sucla2+/- mice from liver,
heart and brain. * signifies p<0.05, ** p<0.01 and *** p<0.001. Data are S.E.M. from four different
organs per animal group.

endogenous Sucla2 exons downstream of the insertion. Chimeric males were bred to 129/SvEv females
for germline transmission of the mutant Sucla2 allele. Total RNA was isolated from the livers, hearts and
brains of 3-, 6-, and 12 months old WT and Sucla2*/- mice (four animals per group), and Sucla2 mRNA
was quantified by qPCR, ratioed to B-actin (figure 10.1B) or Psmc4 expression (figure 10.1C). As shown
in figures 10.1B and C, mRNA coding for Sucla2 was significantly decreased (26-71%) in the tissues
obtained from Sucla2*" mice, compared to those obtained from WT littermates. These results are in
accordance to those obtained from immunodetection of Sucla2 subunit by Western blotting. These data
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Figure 10.2. SUCL subunit expression in WT vs Sucla2+/- mice. A, B, C: Scanned images of Western
blotting of purified SUCLG1 and SUCLG2 and mitochondria of 3-, 6- and 12 months old WT and
Sucla2+/- mice from liver, heart and brain. D, E, F: Band density quantification of the scanned
images shown in panels A, B, and C, respectively. Data were arbitrarily normalized to the average
density of the first two bands of WT mice per organ. * signifies p<0.05, ** p<0.01 and *** p<0.001.
Each Western blot lane contains mitochondria (except those containing the purified SUCLG1 or
SUCLG2 proteins) pooled from two or four organs per animal group. Data shown in the bar graphs
are S.E.M.

recombinant SUCLG1 or SUCLG2 protein has been immunodetected. Purified protein has been loaded
in the leftmost lane (30 ng) and in the adjacent right one (3 ng). In the remaining subpanels of figure
10.2A, B and C, 30 ng of either SUCLG1 or SUCLG2 was loaded. From the bands obtained from the
purified proteins in relation to those obtained from the purified mitochondria, we deduce that i) the
bands detected from the mitochondrial samples corresponding to slightly lower though nearly identical
MW presumably due to the hexahistidine tags of the recombinant proteins, genuinely represent the
sought proteins, and ii) the amount of either SUCLG1 or SUCLG2 in 3.75 ug of purified mitochondria
corresponds to between 3-30 ng. The antibody directed against SUCLA2 protein has been validated in
(Dobolyi et al., 2015b) using fibroblasts from a patient with SUCLA2 deletion. Anti-VDAC1 was used as a
loading control. As shown in figure panels 10.2A, B and C and from the quantification of the band
densities in relation to that of VDAC1 shown in figure panels 10.2D, 10.2E and 10.2F, respectively,
Sucla2*/- mice exhibited up to 76% decrease in Sucla2 expression, depending on the tissue and the age
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of the mice. Concomitantly, Sucla2*- mice exhibited up to 66 % reduction in Suclgl protein, but also up
to 177% increase in Suclg2 protein. In agreement with the above results regarding Suclg1/g2/a2 subunit
quantification, ATP-forming activity of Sucla2*- mice decreased, while GTP-forming activity increased,
though only in heart mitochondria, for all ages (figure 10.3). From the above experiments we obtained
the information that deletion of one Sucla2 allele is associated with a decrease in Suclgl expression and
a rebound increase in Suclg2 expression, and this is reflected in reciprocal decrease vs increase in ATP-
forming vs GTP-forming SUCL activity.

1
. W W 10.3 Generation of Suclg2 mutant mice,
‘ . ‘ ‘ I ! 7 I and characterization of SUCL subunit
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LIVER HEART BRAIN intron) identified from the EGTC database,
Figure 10.3. Bar graphs of ATP-forming SUCL activity from ~and was aggregated with morulae from
mitochondria of 3-, 6- and 12 months old WT (solid) and ICR mice to generate germline chimeras

Sucla2+/- (striped) mice from liver, heart and brain. B: Bar ~ using standard procedures. pU21-W
graphs of GTP-forming SUCL activity from mitochondria of (accession number: AB427140, 9333 bp)
3-, 6- and 12 months old WT and Sucla2+/- mice from liver, was a “promoter trap” vector with three
heart and brain. *signifies p<0.05, **p<001 and *** stop codons which were arranged in
p<0.001. Data shown are S.E.M. from two or four pooled  ypstream of the ATG of the beta-geo in all
organs per animal group from four independent

three frames, see figure 10.4A. Insertion of
experiments.

the trap vector into the Suclg2 gene led to
the splicing of the endogenous upstream
exons into this cassette to produce a fusion transcript that leads to termination of further transcription
of the endogenous Suclg2 exons downstream of the insertion. Chimeric males were bred to C57BL/6N
females for germline transmission of the mutant Suclg2 allele. To investigate the expression level of
Suclg2 mRNA of Suclg2 heterozygote, the original ES cell line (Ayu21-KBW131: ) was compared with
the parental strain (KAB6: **). mRNA was purified from parental ES cells (*/*) and 21-KBW131 (*). Suclg2
expression levels of these cells were analyzed by real time PCR using TagMan Gene Expression Assays,
XS, Suclg2 (AB, 4448892, FAM/MGB-NFQ) kit. Heterozygous ES cells showed almost half amount of
Suclg2 mRNA compared to parent cells, figure 10.4B. Mitochondria were prepared from the livers,
hearts and brains of 3-, 6-, and 12 months old WT and Suclg2*- mice and SUCLG1, SUCLA2, SUCLG2 and
VDAC1 were immunodetected by Western blotting. Scanned images of representative Western blots
are shown in figure 10.5A, 10.5B and 10.5C. As shown in the first lane of the left topmost panel in figure
10.5A, purified recombinant SUCLG1 or SUCLG2 protein has been immunodetected. Purified protein has
been loaded in the leftmost lane (30 ng). From the bands obtained from the purified proteins in relation
to those obtained from the purified mitochondria, we deduce that i) the bands detected from the
mitochondrial samples corresponding to slightly lower though nearly identical MW presumably due to
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the hexahistidine tags of the recombinant proteins, genuinely represent the sought proteins, and ii) the
amount of either SUCLG1 or SUCLG2 in 3.75 ng of purified mitochondria corresponds to slightly less than

30 ng.
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Figure 10.4. Generation of Suclg2 mutant mice and Suclg2
mRNA quantification. A: Gene trap vector for generating
Suclg2 mutant mice (adapted from
http://egtc.jp/action/access/vector_detail?vector=pU-
21W). B: Suclg2 heterozygote ES cell line (Ayu21-KBW131:
+/-) was compared with parental strain (KAB6: WT). mRNA

Anti-VDAC1 was used as a loading
control. As shown in figures 10.5A, B and
C and from the quantification of the band
densities in relation to that of VDAC1
shown in figure 10.5D, E, and F,
respectively, Suclg2* mice exhibited an
up to 56% decrease in Suclg2 expression,
a mostly insignificant decrease in Suclgl
expression, and no rebound increase in
Sucla2 expression. The variability in the
decrease in  Suclg2 (and Sucla2)
expression in these transgenic mouse
lines probably reflects the 'leakiness' of
the mutant allele that could produce
wild-type mRNAs by alternative splicing
around the gene trap cassette, as it has
been shown in several similar situations
(Voss et al., 1998), (Gonzalez-Billault et
al., 2000), (Salminen et al., 2000), (Pires-

was purified from parental ES cells (+/+) and Suclg2
heterozygote (+/-). Suclg2 mRNA expression level were
analyzed by real time PCR using TagMan probe for Suclg2
(AB, 4448892, FAM/MGB-NFQ), and normalized by TagMan
probe for [-actin (AB, 4448489, VIC-MGB). *= 0.039. Data
shown are S.E.M. from four independent experiments.

daSilva et al., 2001). From the above
experiments we obtained the
information that deletion of one Suclg2
allele was not associated with the
rebound effects as seen in the Sucla2*
mice. Because of the lack of a rebound
effect on Sucla2 expression in Suclg2*"
mice, in conjunction to the fact that SUCLG2 deficiency has never been reported in humans, this
transgenic strain was further investigated only regarding respiration and SLP during chemical or true
anoxia.

10.4 Characterization of SUCL subunit expression and enzymatic activities of Sucla2*-/Suclg2*- double
heterozygote mice

Since the deletion of one Sucla2 allele led to a rebound increase in Suclg2 expression, we investigated
the effect of combined loss of one allele from each Sucla2 and Suclg2 genes. Thus, we cross-bred
Sucla2* mice with Suclg2*- mice, which yielded viable Sucla2*/Suclg2*- offsprings. The results of
Western blotting of mitochondria isolated from the brains, livers, hearts of 12 months old WT vs Sucla2*"
/Suclg2*/- mice probing for SUCLG1, SUCLG2 and SUCLA2 (and VDAC1 as loading control) are shown in
figure 10.6A. The quantification of the band densities in relation to that of VDAC1 is shown in figure
10.6B. As shown in figure 10.6B, deletion of one Sucla2 allele still yields a rebound increase in Sucgl2
expression in liver, albeit protracted because these mice also lack one Suclg2 allele. By the same token,
the anticipated decrease (due to deletion of one Suclg2 allele) in Suclg2 expression is lost, presumably
because of the effect(s) of deletion of the Sucla2 allele, antagonizing the diminution in expression of
Suclg2. These results are also reflected from the measured ATP- and GTP-forming activities of WT vs
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Sucla2*/Suclg2*”- mice, shown in figures 10.6C, and 10.6D, respectively: ATP-forming activity is
diminished in the double heterozygote mice compared to WT littermates due to loss of one Sucla2 allele,
however, GTP-forming activity remains unaffected, despite the loss of one Suclg2 allele. From these
experiments we deduce that the effect(s) of deleting one Sucla2 allele upregulating Suclg2 expression
are so dominant that adequately antagonize or even supersede the effect(s) of a concomitant loss of
one Suclg2 allele.

3 months old mice
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Figure 10.5. SUCL subunit expression in WT vs Suclg2+/- mice. A, B, C: Scanned images of Western
blotting of purified SUCLG1 and SUCLG2 and mitochondria of 3-, 6- and 12 months old WT and
Suclg2+/- mice from liver, heart and brain. D, E, F: Band density quantification of the scanned images
shown in panels A, B, and C, respectively. Data were arbitrarily normalized to the average density of
the first two bands of WT mice per organ. * signifies p<0.05, ** p<0.01 and *** p<0.001. Each
Western blot lane contains mitochondria (except those containing the purified SUCLG1 or SUCLG2
proteins) pooled from two or four organs per animal group. Data shown in the bar graphs are S.E.M.

tissue of origin per age of mice did not reveal statistically significant differences between WT and
Sucla2*/ mice. From these experiments we concluded that a partial decrease in Sucla2 expression did
not impact negatively on mitochondrial respiration to an appreciable extent. This lack of effect could be
also explained by the rebound increases in Suclg2 expression and associated increases in GTP-forming
SUCL activity that in turn could impact on mitochondrial ATP output through the concerted action of the
nucleotide diphosphate kinase. In addition to this, it is possible that the flux control coefficient of SUCL
regarding mitochondrial respiration is small enough so that inhibition of this enzyme to the extent
observed hereby in the Sucla2* transgenic mice was insufficient to warrant a measurable effect on
mitochondrial respiration.
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10.6 The effect of deleting one Sucla2 allele on A¥m and SLP during inhibition of complex | by rotenone

or true anoxia
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Figure 10.6. Characterization of SUCL subunit expression of Sucla2+/-
/Suclg2+/- mice (dht: double heterozygote) and SUCL enzymatic activities.
A: Scanned images of Western blotting of 12 months old WT and Sucla2
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+/- / Suclg2+/- mice from liver, heart and brain. B: Band density
quantification of the scanned images shown in panel A. Data were

arbitrarily normalized to the average density of the first two bands of WT
mice per organ. * signifies p<0.05, ** p<0.01 and *** p<0.001. Each
Western blot lane contains mitochondria pooled from two or four organs
per animal group. Data shown in the bar graph are S.E.M. C: Bar graphs of
ATP-forming SUCL activity from mitochondria of 12 months old WT (solid)
and Sucla2+/-/Suclg2+/- (double striped) mice from liver. D: Bar graphs of
GTP-forming SUCL activity from mitochondria of 12 months old WT (solid)
and Sucla2+/-/Suclg2+/- (double striped) mice from liver. Data shown in
panels Cand D are S.E.M. from two or four pooled organs per group from

four independent experiments.

In (Kacso et al.,, 2016) we
evaluated  matrix  SLP
during either inhibition of
complex | by rotenone or
during anoxia.
Mitochondria were
prepared from the livers,
hearts and brains of 3-, 6-,
and 12 months old WT
(black traces) and Sucla2*
(red traces) mice and AYm
was evaluated using an
array of substrates. Time-
lapse recordings of
safranine O fluorescence
reflecting A¥Ym (while
measuring oxygen
concentration in the same
sample) was achieved by

using the recently
developed 02k-
Fluorescence LED2-

Module of the Oxygraph-
2k (Oroboros Instruments,
Innsbruck, Austria).
Mitochondria were
allowed to deplete the
oxygen dissolved in the air-
sealed chamber and
additions of chemicals
through a tiny-bore hole
did not allow re-
oxygenation of the buffer

from the ambient atmosphere. The sequences of additions were as follows: Mitochondria were added
in 2 ml of buffer containing substrates as indicated in the panels, and allowed to fully polarize (solid
traces). State 3 respiration was initiated by ADP (2 mM) depolarizing mitochondria; within a few minutes
(depending on the substrates) mitochondria became anoxic as verified by recording 'zero' levels of
dissolved oxygen in the chamber (dotted traces). Anoxia also coincided with the onset of an additional
depolarization leading to a clamp of A¥Ym. Subsequent addition of cATR (1 uM) caused either a
moderate re- or depolarization, implying that the ANT was operating in the forward- or reverse mode,
respectively. Further addition of the uncoupler SF 6847 (1 uM) was subsequently used in order to cause
a complete collapse of A¥Ym and assist in the calibration of the fluorescence signal. As shown in
supplementary figures 10.1A, 10.1B, 10.1C, 10.2C and 10.2D, there were no differences between
mitochondria from WT and Sucla2* mice. Likewise, when SLP was examined during inhibition of the
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Figure 10.7. Bar graphs of measurements of oxygen consumption in
the medium containing isolated mitochondria of -3, 6- and 12
months old WT (solid) and Sucla2+/- (striped) mice from liver, heart

and brain. Substrate combinations used as indicated in the panels, all

at concentration of 5 mM, except [-hydroxybutyrate (SOH) that was
4 mM. St2: state 2 respiration; St3: state 3 respiration. * signifies
p<0.05, ** p<0.01 and *** p<0.001. Data shown are S.E.M. from two
or four pooled organs per animal group from four independent
experiments.

respiratory chain by rotenone
instead of anoxia, no differences
between WT and Sucla2*" mice
mitochondria were observed
(supplementary figures 10.2A,
10.2B, 10.3A, 10.3B and 10.3C).
Similarly to the results obtained
from mitochondrial respiration,
the lack of effect could be also
explained by the rebound
increases in Suclg2 expression
and associated increases in GTP-
forming SUCL activity thatin turn
could impact mitochondrial ATP
output through the concerted
action of the nucleotide
diphosphate kinase or, it is
possible that the flux control
coefficient of SUCL regarding
mitochondrial respiration s
small enough so that inhibition
of this enzyme to the extent
observed hereby in the Sucla2*"
transgenic mice was insufficient
to warrant a measurable effect.
By the same token, no
differences in mitochondrial
respiration or SLP  during
chemical or true anoxia was
observed by comparing Suclg2*"
versus WT littermate mice
(supplementary figures 10.S.4,
10.S.5 and 10.S.6). By comparing
WT vs Sucla2*-/Suclg2*/- double
heterozygote mice, we also
observed no difference in the

ability of SLP to maintain ANT in the forward mode, with the exception of using glutamate + malate + 3-
hydroxybutyrate as substrates (a substrate combination that does not favor SLP) in liver mitochondria,
where we obtained the full spectrum of results, ranging from maintenance of SLP, to its abolition
(supplementary figure 10.5.7). However, a concomitant submaximal inhibition of SUCL by KM4549SC or
itaconate (Nemeth et al., 2016) revealed that mitochondria obtained from Sucla2*”- mice are less able
to perform SLP (figure 10.8A, 10.8B, and supplementary figures 10.5.8, 10.5.9 and 10.5.10). The
argument that SUCLA2 is critical for SLP is also strengthened by the findings where, by applying the 'bio-
sensor test' in permeabilized fibroblasts from a control subject vs a patient suffering from complete
deletion of SUCLAZ2 (Miller et al., 2011), the in situ mitochondria from the patient are unable to perform

SLP during respiratory inhibition by rotenone (figure 10.8C).
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Because of the involvement of SUCL in the maintenance of
mtDNA, we compared the amount of mtDNA in the tissues
60 of WT vs Sucla2* mice. As shown in figure 10.10, relative
40 mtDNA content from the livers, hearts and brains of 3-, 6-
i and 12 months old mice was quantitated by real time-PCR.
)) \ ‘ It is evident that there is a moderate but statistically
§§§§§§ significant decrease in mtDNA in all tissues of 3 months old
mice, and in the brains of 12 months old mice. Furthermore,
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Figure 10.5.4. Bar graphs of measurements of oxygen consumption in the medium containing isolated

mitochondria of -3, 6- and 12 months old WT (solid) and Suclg2+/- (striped) mice from liver. Substrate

combinations used as indicated in the panels, all at concentration of 5 mM, except S-hydroxybutyrate

(f-OH) that was 4 mM. St2: state 2 respiration; St3: state 3 respiration. *a<0.001, *b=0.035, *c=0.001,
*d=0.013, *e=0.022. Data shown are S.E.M. from at least four independent experiments.

by comparing WT vs Sucla2*/-/Suclg2*”- double heterozygote mice, there was a much greater statistically
significant decrease in mtDNA in the livers and brains of double heterozygote mice, compared to wild-
type littermates.

10.9 The effect of deleting one Sucla2 allele on blood carnitine esters

Finally, in view of the association of SUCL activity to the catabolism of a particular group of biomolecules
converging to succinyl-CoA through propionyl-CoA and methylmalonyl-CoA which are in equilibrium
with their carnitine esters, we measured the levels of 20 carnitine esters in the blood of mice. As shown
in figure 10.11, there are statistically significant increases in 36 out of 63 comparisons of carnitine esters
in the blood of Sucla2*- mice from all age groups compared to that from WT mice, but also 6 occasions
in which carnitine esters of Sucla2*- mice is decreased compared to those of WT mice. What is also
noteworthy is that although SUCLA2 deficiency in humans is associated with elevations of C3 and C4-DC
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levels, in the Sucla2*" mice there was elevation of several additional esters including those
encompassing long-chain fatty acid chains (C16-OH, C18:1, C:18, and C18-OH).
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Figure 10.5.5. Reconstructed
time courses of safranine O
signal calibrated to A¥m in
mitochondria of 12 months
old WT (black) and
Suclg2+/- (magenta) mice
isolated from liver. ADP: 2
mM,; carboxyatractyloside

(cATR), 1 uM. Substrates are
indicated in the panels; their
concentrations were:
glutamate (5 mM), malate
(5 mM), a-ketoglutarate (o-
Kg, 5 mM), beta-
hydroxybutyrate (SOH, 4
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Data shown are
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four independent
experiments.
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This may be due to a plausible 'CoASH trap' in the form of succinyl-CoA, depleting mitochondria from
CoASH which is critical for the entry and catabolism of long-chain fatty acids in mitochondria. Indeed, as
seen in oxygen consumption experiments (figure 10.7) when using a-ketoglutarate as substrate, heart
mitochondria (which are dependent on CoASH for optimal catabolism of fatty acids) of Sucla2*/- mice
exhibited smaller state 2 and state 3 respiration rates than WT mice, implying that KGDHC activity may
be impaired, possibly due to insufficient amounts of CoASH. Furthermore, by comparing WT vs Sucla2*"
/Suclg2* double heterozygote mice, there was a greater statistically significant increase in some
carnitine esters of the blood of double heterozygote mice, compared to wild-type littermates.
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Figure 10.5.6. Reconstructed time
courses of safranine O signal
calibrated to A¥m (solid traces), and
parallel measurements of oxygen
concentration in the medium (dotted
traces) in mitochondria of 3-, 6- and
12 months old WT (black) and
Suclg2+/- (magenta) mice isolated
from liver. ADP: 2 mM;
carboxyatractyloside (cATR), 1 uM.
Substrates are indicated in the panels;
their concentrations were: glutamate
(5 mM), malate (5 mM), a-
ketoglutarate (a-Kg, 5 mM), beta-
hydroxybutyrate (fOH, 4 mM). At the
end of each experiment 1 uM SF 6847
was added to achieve complete
depolarization. Data shown are
representative of at least four
independent experiments.
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Figure 10.S.7. Reconstructed time courses
of safranine O signal calibrated to A¥m
in mitochondria of 12 months old WT
(black) and Sucla2+/-/Suclg2+/- (blue)
mice isolated from liver. ADP: 2 mM;
carboxyatractyloside (cATR), 1 uM.
Substrates are indicated in the panels;
their concentrations were: glutamate (5
mM), malate (5 mM), a-ketoglutarate
(a-Kg, 5 mM), beta-hydroxybutyrate
(SOH, 4 mM). Rot: rotenone, 1 uM. At
the end of each experiment 1 M SF 6847
was added to achieve complete
depolarization. Data shown are
representative of at least four
independent experiments.
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Figure 10.5.8. Reconstructed time
courses of safranine O signal calibrated
to A¥m (solid traces), and parallel
measurements of oxygen concentration
in the medium (dotted traces) in
mitochondria of 3-, 6- and 12 months
old WT (black) and Sucla2+/- (red) mice
isolated from liver, heart and brain in
the presence of itaconate
(concentrations indicated in the
panels). The concentration of itaconate
was titrated so that the differences on
substrate-level phosphorylation among
WT and Sucla2 +/- mouse mitochondria
were the greatest. ADP: 2 mM;
carboxyatractyloside (cATR), 1 uM. At
the end of each experiment 1 uM SF
6847 was added to achieve complete
depolarization. Data shown are
representative of at least four
independent experiments.

Figure 10.5.9. Reconstructed time courses
of safranine O signal calibrated to A¥m
(solid traces) of mitochondria from 3-, 6-
and 12 months old WT (black) and
Sucla2+/- (red) mice isolated from liver,
heart and brain in the presence of
itaconate (concentrations indicated in the
panels). The concentration of itaconate
was titrated so that the differences
between WT and Sucla2+/- on substrate-
level phosphorylation were the greatest.
ADP: 2 mM; carboxyatractyloside (cATR), 1
HM. Rot: rotenone, 1 uM. At the end of
each experiment 1 uM SF 6847 was added
to achieve complete depolarization. Data
shown are representative of at least four
independent experiments.
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Figure 10.5.10. Reconstructed time
courses of safranine O signal calibrated
to A¥m (solid traces) of mitochondria
from 3-, 6- and 12 months old WT
(black) and Sucla2+/- (red) mice
isolated from liver, heart and brain in
the presence of 400 nM KM4549SC.
ADP: 2 mM; carboxyatractyloside
(cATR), 1 uM. Rot: rotenone, 1 uM. At
the end of each experiment 1 uM SF
6847 was added to achieve complete
depolarization. Data shown are
representative of at least four
independent experiments.
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Figure 10.8. Reconstructed time courses of
safranine O signal calibrated to A¥m (solid
traces), and parallel measurements of oxygen
concentration in the medium (dotted traces) in
mitochondria of 3- and 12 months old WT (black)
and Sucla2+/- (red) mice isolated from liver, in the
presence of (A) 400 nM KM4549SC or (B)
itaconate (2.5 mM). ADP: 2 mM;
carboxyatractyloside (cATR), 1 uM. Substrate
concentrations were: glutamate (5 mM) and
malate (5 mM). At the end of each experiment 1
1M SF 6847 was added to achieve complete
depolarization. C: Reconstructed time course of
safranine O signal from permeabilized fibroblasts
of a control subject (black dots) and a patient
suffering from complete SUCLAZ2 deletion (green
dots). Rot: rotenone, 1 uM. Data shown are
representative of at least four independent
experiments.
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Figure 10.9. Bar graphs of measurements
of complex |, Il, II+1ll and IV activities (ETC)
ratioed to citrate synthase activity (CS) in
isolated mitochondria of 3-, 6- and 12
months old WT (solid), Sucla2+/- (striped)
mice from liver, heart and brain, and
Sucla2+/-/Suclg2+/- (double striped) mice
from livers of 12 month old mice. * signifies
p<0.05. Data shown are S.E.M. from two or
four pooled organs per animal group from
four independent experiments.

WT (solid) compared to that from Sucla2+/- (striped) mice, and
Sucla2+/-/Suclg2+/- (double striped) mice from livers of 12 month
old mice. ** signifies p<0.01 and *** p<0.001. Data shown are
S.D. from four pooled organs per animal group from four
independent experiments.

’7 Figure 10.10. Bar graphs of relative measurements of mtDNA
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Figure 10.11. Bar graphs of measurements of carnitine and its esters in the blood of 3-, 6- and 12
months old WT (solid) and Sucla2+/- (striped) mice and Sucla2+/-/Suclg2+/- (double striped) from 12
month old mice. * signifies p<0.05, ** p<0.01 and *** p<0.001. Data shown are S.E.M. from four
blood draws per animal group from four mice each. Carnitine (free); C2(Acetyl); C3 (Propionyl); C4
(Butyryl/Isobutyryl); C5 (Isovaleryl/ 2-Methylbutyryl/ Pivaloyl); C4-OH (3-Hydroxybutyryl); C5-OH (3-
Hydroxy isovaleryl/2-Methyl 3-hydroxybutyryl); C3-DC (Malonyl); C10:1 (Decenoyl); C10 (Decanoyl);
C4-DC (Methylmalonyl/succinyl); C5-DC (Glutaryl); C12 (C6-1DS, Dodecanoyl); C14:1 (Tetradecenoyl);
C14 (Myristoyl); C16 (Palmitoyl; C16-OH (3-Hydroxyhexadecenoyl); C18:1 (Oleyl); C18 (Stearoyl); C18-
OH (3-Hydroxystearoyl).
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11 Abolition of mSLP by endogenous itaconate production in cells of murine macrophage lineage

In (Nemeth et al.,, 2016) we demonstrated that the increased itaconate production mediated by
lipopolysaccharide (LPS)-induced stimulation of Irgl in murine bone marrow-derived macrophages
(BMDM) and RAW-264.7 cells abolishes mSLP.

11.1 Itaconate: general considerations

Itaconic acid (2-methylidenebutanedioic acid, methylenesuccinic acid, CAS registry number: 97-65-4) is
an unsaturated dicarboxylic acid. It is produced in industrial scale from cis-aconitate by the
extramitochondrial cis-aconitate decarboxylase, an enzyme encoded by the cadA gene in Aspergillus
terreus (Steiger et al., 2013) and is used as a monomer for the production of a plethora of products
including resins, plastics, paints, and synthetic fibers (Okabe et al., 2009), (Willke and Vorlop, 2001),
reviewed in (Cordes et al., 2015). Itaconic acid has been identified in a small number of metabolomic
studies of mammalian tissue specimens, such as activated macrophages, Mycobacterium tuberculosis-
infected lung tissue, urine and serum samples and glioblastomas (Shin et al., 2011), (Kvitvang et al.,
2011), (Wibom et al., 2010). Human and mouse macrophages produce itaconic acid from cis-aconitate
through an enzyme exhibiting cis-aconitate decarboxylase activity, coded by the immunoresponsive
gene 1 (Irg1, NM_001258406.1 for mice) (Michelucci et al., 2013). The latter finding confirmed earlier
reports suggesting the presence of itaconate in macrophage-like tumor cell lines and primary murine
macrophages in the low millimolar range (Strelko et al., 2011). The expression profile of Irgl is reviewed
in (Cordes et al., 2015). Irgl-mediated itaconate production contributes to the antimicrobial activity of
macrophages by inhibiting isocitrate lyase, a key enzyme of the glyoxylate shunt (Patel and McFadden,
1978), (McFadden and Purohit, 1977). The glyoxylate shunt is not present in animals, but is essential for
the survival of bacteria growing on fatty acids or acetate (Hillier and Charnetzky, 1981). Although the
applications of itaconic acid and its derivatives extend to dental, ophthalmic, and drug delivery fields
(Okabe et al., 2009), and in complexation with benzylammonium it is used to prepare water soluble
coating for food packaging to reduce bacteria contamination, it does not enter the food chain to an
appreciable degree. Still, it was shown to be extensively metabolized when administered per os to cats,
dogs and murine animals (Booth et al., 1952), (Adler et al., 1957).

11.2 The effect of LPS on matrix SLP in macrophage cells

Cells of macrophage lineage express Irgl, the enzyme catalyzing the decarboxylation of cis-aconitate to
itaconate, which is induced by lipopolysaccharide (LPS) (Michelucci et al., 2013), (Strelko et al., 2011).
Prior to investigating the effect of LPS on mSLP in macrophage cells, we sought to establish the
conditions in which we observe Irgl expression. We investigated three types of macrophages: i) murine
bone marrow-derived macrophages (BMDM), ii) macrophage-like RAW-264.7 cells and iii) murine
thioglycollate-induced peritoneal macrophages (TIPM).
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A As shown in figure 11.1A,
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Figure 11.1. LPS-treatment of macrophage cells induces Irg1 expression, abolishing in situ matrix SLP.
A: Scanned western blot images of BMDM, RAW-264.7 and TIPM cells, non-treated versus LPS-treated
(concentrations as indicated in the panel) for 12 hours for Irg1 (using two different antibodies raised
against different epitopes of the Irg1 protein) and S-actin. LPS induces Irg1 expression in BMDM and
RAW-264-7 cells at specific LPS concentrations, but not in TIPM cells. B, C: Effect of BKA on the
rotenone-evoked depolarization of A¥Ym in cultured BMDM (B) and RAW264-7 (C) cells (non-treated,
black triangles, versus LPS-treated, red triangles). A%¥m was followed using the potentiometric probe
TMRM. BKA, 20 1M. Rotenone, 5 M. At the end of each experiment, 5 1M SF 6847 was added to
achieve complete depolarization. Results shown in panel B are from an average of ~170 cells and from
panel C from an average of ~30 cells (error bars: S.E.M). The experiments shown in panels B and C are
representative of 4 independent experiments, each evaluating ~300 BMDM and ~120 RAW-264.7
cells, (untreated, versus LPS-treated, [5 pg/ml for 12 hours] in four individual chambered coverglasses
(Lab-Tek). D: Effect of co-inhibition of complex | by 5 1M rotenone and complex Il by 1 uM atpenin A5,
followed by addition of BKA (20 uM) and SF 6847 (5 uM) in RAW-264.7 cells on TVIRM fluorescence.

nano- to micromolar range, for 1-24 hours (Michelucci et al., 2013), (Strelko et al., 2011), (Hoebe et al.,
2003), (Xaus et al., 2000), (Xu et al., 2012), (Kimura et al., 2009), (Hoentjen et al., 2005), (Liu et al., 2012).
Equal loading of the wells was verified by probing for B-actin. As shown in the scanned blots of panel
11.1A, Irgl expression was detected in BMDM and RAW-264.7 cells, but not in TIPM cells, with an
excellent agreement among results obtained from the two different anti-lrgl antibodies. Perhaps for
TIPM cells a shorter or longer than 12 hours LPS treatment is required to induce Irg1. In BMDM cells,
the blot using antibody ab122624 exhibited a very faint band for cells treated with 10 ng/ml LPS, while
for both Irgl blots band densities peaked for cells treated with 100 ng/ml; fair band densities were
visible for cells treated with 5,000 ng/ml LPS. For RAW-264.7 cells, a band corresponding to Irgl protein
appeared only upon treatment with 5,000 ng/ml LPS. From the results obtained by Western blotting,
we decided to investigate the effect of LPS at 5,000 ng/ml for 12 hours on matrix SLP in BMDM and
RAW-264.7 cells. As shown in panels 11.1B and 11.1C for BMDM and RAW-264.7 cells respectively, we
recorded the effect of the cell-permeable inhibitor of the ANT, bongkrekic acid (BKA, 20 uM) on TMRM
fluorescence (reflecting A¥Ym of in situ mitochondria) in the presence of rotenone (5 uM). Cultures were
bathed in an extracellular-like buffer, supplemented with 15 mM glucose as the sole substrate, and
TMRM fluorescence was recorded. Addition of the uncoupler SF 6847 (5 uM) at the end of each
experiment causing the collapse of A¥Ym assisted in the normalization of the TMRM signal of all traces.
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As it has been extensively addressed in (Chinopoulos et al., 2010), (Kiss et al., 2013), (Chinopoulos,
2011b) the immediate effect of the ANT inhibitor BKA on TMRM fluorescence of rotenone-treated cells
'betrays' the directionality of the translocase at the time of the inhibition, implying the presence or
absence of matrix SLP mediated by succinate-CoA ligase; BKA-induced repolarization during respiratory
chain inhibition implies that succinate-CoA ligase was operating towards ATP (or GTP) formation; by the
same token, BKA-induced depolarization during respiratory chain inhibition implies that succinate-CoA
ligase was operating towards ATP (or GTP) consumption. As shown in figure 11.1B (for BMDM cells) and
11.1C (for RAW-264.7 cells), in non-treated cells (black triangles), BKA caused an increase in TMRM
fluorescence, indicating a repolarization. However, in LPS-treated cells (red triangles), BKA caused a
depolarization. From these experiments we suspected that treatment with LPS induced Irg1 in BMDM
and RAW-264.7 cells causing an increase in itaconate production that abolished matrix SLP. Itaconate is
a weak competitive inhibitor of complex Il -succinate dehydrogenase, SDH- leading to a build-up of
succinate which shifts succinate-CoA ligase equilibrium towards ATP (or GTP) utilization thus thwarting
SLP. We therefore investigated the effect of the known SDH inhibitor atpenin A5 on rotenone-treated
macrophage cells (figure 11.1D). As expected, the concomitant inhibition of complex | by rotenone and
complex Il by atpenin A5 led to a complete collapse of AYm, and therefore BKA and SF 6847 exhibited
no further loss of TMRM fluorescence; under these bioenergetic circumstances the ANT is completely
reversed (Chinopoulos et al., 2010), (Kiss et al., 2013), (Chinopoulos, 2011b), (Chinopoulos, 2011a) and
matrix SLP cannot be addressed.

11.3 The effect of transfecting cells with siRNA directed against Irgl on matrix SLP during treatment with
LPS

In order to verify that LPS treatment impaired matrix SLP by means of itaconate produced by Irgl, we
performed silencing experiments directed against Irg1 expression with siRNA. For these experiments we
used RAW-264.7 cells which typically exhibit high transfection efficiencies (Degrandi et al., 2009), as
opposed to primary cells such as BMDMs.

141



dc_1961 21

>

Fluorescein TMRM Overlay
+LPS

: +LPS +LPS

control

siRNA

scramble

B ) LPS-treated RAW-264.7 cells e
S Qr scramole-transiectec & n. e
control SiRNA (Irg”scramble (OPT'MEM i R i) (OPTIMEM, null-transfected)
— & 02 = L 02 Rot
Irg1 (ab122624) 3 00 a0 E T
Irg1 (ab138627) E 02 Eoz . SF_
f-actin ¥ o
LPS (5 ng/mi) T ] ekt
r'T: 1.0 +  scramble - §410,
" 0 3600 7200 10800 & 0 2600 7200 10800
Time (s) Time (s)
E Flag MTO Overla
&
&
©
F siRNA (Irg1) G NS
scramble 9 ,\o\ v

Flag - —— = & ©
B-actin —-?—_ Irg1 (ab122624) ==

AP IV P D Irg1 (ab138627 fﬂ

Flag —

B-actin -

Indeed, as shown in figure 11.2A, fluorescein-conjugated siRNA or scrambled RNA decorated >90% of
RAW-264.7 cells. The effect of siRNA and scrambled RNA transfecting RAW-264.7 cells on Irgl
expression level as a function of LPS treatment is shown in panel 11.2B. RAW-264.7 cells were divided
in control, siRNA-transfected and scrambled RNA transfected tiers, and subdivided in i) no LPS treated
versus ii) LPS (5 pg/ml) treated, as indicated in the panel 11.2B. Irgl expression was probed by Western
blot using the same two antibodies as in figure 11.1A. Equal loading of the wells was verified by probing
for B-actin. As shown in panel 11.2B, control RAW-264.7 cells exhibited Irgl expression upon LPS
treatment, which was abolished by siRNA transfection directed against Irgl. Transfection with
scrambled RNA did not result in abolition of Irg1 expression. Similarly to panel 11.1A, in the scanned
blots it is apparent that there is an excellent agreement of results obtained from the two different anti-
Irgl antibodies. We next compared the effect of siRNA versus scrambled RNA versus control in LPS-
treated and untreated RAW-264.7 cells on matrix SLP, deduced from the directionality of the ANT during
respiratory inhibition from TMRM fluorescence recordings. As shown in figure 11.2C, RAW-264.7 cells
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Figure 11.2. Effect of transfecting cells with siRNA directed against Irg1 on matrix SLP during
treatment with LPS. A: Epifluorescent images of fluorescein (tagging siRNA and scramble RNA) and
TMRM-loaded (reflecting A¥m) RAW-264.7 cells, and their overlays in the presence and absence of
LPS (5 ug/ml for 12 hours). B: Scanned images of Western blots of RAW-264.7 cells transfected with
SiRNA directed against Irg1 or scramble RNA, further subcategorized in non-treated versus LPS-treated
(5 ug/ml for 12 hours), for Irg1 (using two different antibodies raised against different epitopes of the
Irg1 protein) and p-actin. C: Effect of BKA on the rotenone-evoked depolarization of A¥m in cultured
RAW264-7 cells (LPS-treated, scramble RNA co-transfected, black triangles), versus LPS-treated, siRNA
directed against Irg1 co-transfected (green triangles). D: Effect of BKA on the rotenone-evoked
depolarization of A¥m in cultured RAW264-7 cells (non-treated, null-transfected, black triangles),
versus LPS-treated, null-transfected (red triangles). A¥m was followed using the potentiometric probe
TMRM. BKA, 20 M. Rotenone, 5 uM. At the end of each experiment, 5 1M SF 6847 was added to
achieve complete depolarization. Results shown in panels C and D are from an average of 63-192 cells
(error bars: S.E.M). The experiments shown in panels C and D are representative of 4 independent
experiments, evaluating 274-690 cells. E: Epifluorescent images of immunocytochemistry decorating
Flag-expressing cells (transfected with the pCMV6-FLAG-Irg1 overexpressing plasmid, left) the
mitochondrial network stained with MTO (middle) and the overlays (right). The fluorescence intensity
depicted in the image showing the Flag-expressing cells has been 'thresholded’ to expose only the
Flag-expressing cells, due to a minor cross-talk of the secondary antibody fluorescence (used for FLAG
immunocytochemistry) with the MTO. F: Scanned images of Western blots of RAW-264.7 cells
transfected with siRNA directed against Irg1 or scramble RNA, co-transfected with the pCMV6-FLAG-
Irg1 overexpressing plasmid and further subcategorized in non-treated versus LPS-treated (dose
dependence indicated in the panel) for 12 hours, for the FLAG epitope and [-actin. G: Scanned images
of Western blots of Cos-7 cells transfected with the pCMV6-FLAG-Irg1 overexpressing plasmid, for Irg1
(using two different antibodies raised against different epitopes of the Irg1 protein), the FLAG epitope
and p-actin.

that have been transfected with scrambled RNA unaffecting Irg1 expression, exhibited a BKA-induced
depolarization (black triangles), due to the treatment by LPS. However, cells that have been transfected
with siRNA directed against Irg1, exhibited a BKA-induced repolarization (green triangles). In figure
11.2D, RAW-264.7 cells that have undergone null-transfection treatment (neither siRNA nor scramble
RNA, see under "Materials and Methods") with (red triangles) or without (black triangles) LPS exhibited
similar responses as in figure 11.1C. From these experiments we concluded that LPS treatment caused
areversal in ANT activity of in situ rotenone-inhibited mitochondria due to activation of /Irg1 expression.
Because the signal-to-noise ratio of the blots using both antibodies directed against Irgl were
admittedly small, which in turn could cast doubt on the efficiency of the siRNA treatment as judged by
the western blot, we attempted to maximize Irgl expression in cells where we could more reliably test
the affinity of our antibodies, as well as siRNA treatment efficiency. For that, we transfected RAW-264.7
cells with a pCMV6-FLAG-Irgl plasmid, known to yield high levels of Irgl expression (Michelucci et al.,
2013). The plasmid also encodes a FLAG region, for easier identification of the expressed protein by
immuno-techniques. As shown in figure 11.2E, RAW-264.7 cells were identified by MTO labelling of their
mitochondrial network and co-decorated with antibodies recognizing the FLAG. From the overlay of
such images, we deduced that >90% of cells were successfully transfected with the plasmid. By using
the same transfection protocols, we evaluated the efficiency of the siRNA versus scrambled RNA
treatment in RAW-264.7 cells also treated dose-dependently with LPS, by western blot. As shown in
figure 11.2F, RAW-264.7 cells tested positive for FLAG expression, and those that were co-transfected
with the scrambled RNA against Irgl exhibited a dose-dependent increase in FLAG expression; this is not
surprising, because the CMV promoter (controlling the Irgl expression in the pCMV6-FLAG-Irg1 plasmid)
is known to be affected by LPS through TLR (Lee et al., 2004), which is present in the RAW cells.
Moreover, co-transfection of RAW cells overexpressing FLAG-Irgl with siRNA directed against Irgl
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abolished the dose-dependent increase in FLAG expression by the LPS (right part of figure 11.2F). From
these experiments we concluded that the siRNA could effectively diminish the expression of Irgl in these
cells. In order to address the quality of the anti-Irgl antibodies, we transfected COS-7 cells with the
pCMV6-FLAG-Irgl plasmid exactly as for the RAW-264.7 cells. In these cells we then probed for Irgl
protein and the FLAG by western blot. The results are shown in figure 11.2G. As shown in figure 11.2G,
only the transfected cells exhibited immunoreactivity for the anti-Irgland the anti-FLAG antibodies.
Anti-lrgl ab122624 exhibited a slightly better signal-to-noise ratio as compared to blots shown in panels
11.1Aand 11.2B, in line with an expected increased expression of Irgl protein, but this was not apparent
for antibody ab138627. From this experiment we concluded that the native Irgl expression in BMDM
and RAW-264.7 cells as induced by LPS occurs at lower levels than that compared to those cells that
have been induced to overexpress Irgl by the CMV promoter in the plasmid.

11.4 The effect of LPS treatment on oxygen consumption and extracellular acidification rates in
macrophages

Cellular metabolism and macrophage functional polarization are intricately connected (Zhu et al., 2015);
activation of TLR4 by LPS with numerous downstream effects extending to glycolytic and mitochondrial
respiration pathways are known to occur (Tavakoli et al., 2013), (Everts et al., 2012), (Traves et al., 2012),
(Garedew et al., 2010). We therefore examined the dose-dependent effect of LPS treatment in both
BMDM and RAW-264.7 cells on oxygen consumption rates (OCR) and extracellular acidification rates
(ECAR), the latter parameter partially reflecting glycolytic rates. It cannot be overemphasized that an
additional potential source of extracellular protons is the production of CO, during mitochondrial
substrate oxidation: CO; is hydrated to H,COs, which then dissociates to HCOs and H*; the contribution
of CO,-produced acidification depends on the cell type and substrate, and may vary from 3% to 100% of
the total acidification rate (Mookerjee et al., 2015). Therefore, measurements of extracellular
acidification rates are bound to be affected by CO, production during mitochondrial substrate oxidation.
However, as it will be shown below, increases in ECAR are associated with decreases in OCR, implying
that alterations in ECAR are mostly due to changes in glycolytic fluxes, and not due to changes in CO;
production during mitochondrial substrate oxidation. BMDM cells (panels 11.3B, D, F and H) and RAW-
264.7 cells (panels 11.3A, C, E and G) were probed for OCR (figure 11.3, top panels) and ECAR (figure
11.3, bottom panels) under various, sequential metabolic conditions as indicated in the panels, in the
presence and absence of glucose, and at different concentrations of LPS (0 [black-filled circles], 10 [red-
filled triangles], 100 [green-filled squares] and 5,000 [yellow-filled diamonds] ng/ml, all for 12 hours).
The 'Medium' contained 2 mM glutamine. As shown in figure 11.3C and 11.3D, addition of glucose
resulted in a robust decrease in the basal level of respiration. This response is typical for macrophage
cells upon activation of TLR, switching on aerobic glycolysis in addition to maintaining oxidative
phosphorylation (Krawczyk et al., 2010), (Rodriguez-Prados et al., 2010), an effect that is also
characteristic for tumor cells (Vander Heiden et al., 2009). Addition of 'Medium' in lieu of glucose (panels
11.3A and 11.3B) did not yield similar changes in OCR as glucose, thus serving as a 'vehicle' control.
Subsequently, the inhibition of F,-F; ATP synthase by oligomycin decreased further the OCR (panels
11.3C and 11.3D) and was used to assess oxygen consumption associated to ATP synthesis, and it was
dissociated from the presence or absence of glucose (panels 11.3A and 11.3B).
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Figure 11.3. Effect of LPS (concentrations indicated in panel H) on BMDM and RAW-264.7 cells on
oxygen consumption (upper row panels) and extracellular acidification rates (bottom row panels) in
the presence or absence of glucose, upon addition of various metabolic inhibitors. Oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) were determined in a microplate
format respirometry/pH assay using a Seahorse XF96 Analyzer. Glucose 10 mM, oligomycin 2 uM,
DNP 100 uM, antimycin 1 pM, rotenone 1 uM. The 'Medium' contained 2 mM glutamine. Data are
from three independent cell culture preparations, n=10-12 wells each containing ~ 25,000-50,000
RAW-264.7 cells or n=12-25 wells each containing ~50,000 BMDM cells. Panels A, B, C and D are
aligned in the y-axis (OCR). Whenever error bars are not visible, it is because they are smaller than the
symbol size. Data are presented as mean *+ SEM,; significant differences between groups of data were
evaluated by one way ANOVA followed by Dunnett's posthoc analysis (control= no LPS treatment),
with p < 0.05 considered as significant. *a, *b, *c, *d, *h, *i, *k, *I, *m, *n, *o, *p, *q, *r <0.001,
compared to 100 ng/ml, 5 ug/ml LPS; *e, *f, *g <0.001 compared to 10 ng/ml, 100 ng/ml, 5 ug/ml
LPS; *j =0.006 compared to 5 ug/ml LPS. All other data comparisons exhibited p values in the 0.143-
0.676 range.

Concomitantly, the increases in ECAR (panels 11.3G and 11.3H) upon the injection of glucose and
oligomycin implied a shift in the metabolism from mitochondria to glycolysis. In the absence of glucose,
changes in ECAR were miniscule (panels 11.3E and 11.3F) although still following the anticipated
qualitative changes; uncoupling of BMDM cells by DNP led to statistically significant changes in ECAR,
which were dose-dependently abolished by LPS (panel 3F). Uncoupling of the oxidative phosphorylation
with DNP resulted in maximal respiration in both RAW-264.7 and BMDM cells (panels 11.3C and 11.3D,
respectively); in RAW-264.7 cells, this was unaffected by LPS, at any concentration tested (panel 11.3C);
on the other hand, the DNP-induced maximal respiration was dose-dependently abolished by LPS in
BMDM cells (panel 11.3D). Along the same lines, LPS had a dose-dependent effect on increasing ECAR
in BMDM (panel 11.3G) but not RAW-264.7 cells (panel 11.3H) upon injection of glucose. Co-application
of antimycin A with rotenone (A+R) inhibiting mitochondrial Complex Il and |, respectively, dramatically
suppressed OCR in both cell types. What is also apparent from the above results is that RAW-264.7 cells
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are more reliant on glycolysis for energy production than BMDM cells (compare OCR and ECAR basal
rates between the cell types); this is probably because RAW-264.7 cells already exhibit maximal
upregulation in glycolytic enzymes, as opposed to BMDM cells where an LPS effect in upregulating
glycolysis further, in conjunction to inhibiting mitochondrial oxidation, can be demonstrated. This is not
surprising, as RAW-264.7 cells are tumor-derived, and cancer cells are known to 'rewire' their
bioenergetic pathways favouring a robust hypoxic response which results in upregulation of glycolysis
(Zeng et al., 2015), (Riboldi et al., 2013). Mindful that no significant difference was observed in
mitochondrial and glycolytic parameters between LPS-stimulated and non-stimulated RAW 264.7 cells,
and that in the same cells LPS abolished SLP, we concluded that the effect of LPS on SLP was exclusively
attributed to induction of Irg1 yielding itaconate, and was not due to circumstantial bioenergetic effects
involving glycolysis and/or oxidative phosphorylation. To elaborate further on the exact mechanism(s)
by which itaconate is afforded the property of inhibiting SLP, we investigated the dose-dependent effect
of exogenously added itaconate to isolated mitochondria, under defined metabolic conditions.

11.5 The pathway of itaconate metabolism in murine liver mitochondria

The details of itaconate metabolism in murine liver mitochondria have been the subject of scrutiny by
the group of Henry A. Lardy (Wang et al., 1961); in order to illustrate the purpose of our experiments
using isolated mitochondria, we first show a schematic representation of the relevant pathways merging
with the part of the citric acid cycle and related metabolic reactions that involve SLP.
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Figure 11.4. Schematic representation of itaconate and mesaconate metabolism in relation to a
segment of the citric acid cycle and related reactions. SDH: succinate dehydrogenase; STK: succinate
thiokinase (succinate-CoA ligase); KGDHC: o-ketoglutarate dehydrogenase complex; GDH: glutamate
dehydrogenase; MGTK: methylglutaconase (methylglutaconyl-CoA hydratase); cADC: cis-aconitate
decarboxylase; AC: aconitase (aconitate hydratase).

protein (Steiger et al., 2013); in mammalian cells, an iron-responsive element binding protein exhibiting
aconitase activity has been found in the cytosol (Haile et al., 1992), however, in cells of macrophage
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lineage (where itaconate is formed) cADC associates to mitochondria (Degrandi et al., 2009). cis-
aconitate may arise from either isocitrate or citrate, since the reaction catalyzed by aconitase is
reversible. Exogenously administered itaconate would be further metabolized only after entry into the
mitochondria. Such entry is expected to occur through the dicarboxylate carrier (SLC25A10), although,
to the best of our knowledge, this has not been verified. In the mitochondrial matrix, itaconate could
weakly inhibit succinate dehydrogenase (SDH) in a competitive manner (Booth et al., 1952), (Adler et
al., 1957), (Dervartanian and Veeger, 1964). The work of Lardy showed that itaconate would also
become oxidatively catabolized in the citric acid cycle in a malonate-sensitive manner (Adler et al.,
1957). However, due to the lack of hydrogen on the a-carbon of itaconate, a double bond cannot be
formed; therefore it cannot be processed by SDH as such. Two possibilities by which itaconate is
converted to products suitable for oxidation by the SDH could be envisaged: i) saturation of itaconate
to methylsuccinate is the most likely scenario, in view of the fact that methylsuccinate is known to be
processed by SDH (Abramov and Duchen, 2005), (Abramov and Duchen, 2008); ii) itaconate
hydroxylation yielding hydroxymethyl-succinate is also a viable theoretical possibility, but to the best of
our knowledge this has not been addressed. A possible decarboxylation or isomerisation of itaconate
would yield products that cannot be further metabolized by SDH. On the other hand, in acetone extracts
of murine liver mitochondria, itaconate metabolism was shown to occur extensively in the presence of
ATP, Mg?* and CoASH (Adler et al., 1957). Furthermore, in intact liver mitochondria and in the presence
of ATP and Mg?* but absence of oxygen, itaconate became thioesterified to itaconyl-CoA which was later
converted to citramalyl-CoA through methylglutaconyl-CoA hydratase (Hilz et al., 1958) (EC 4.2.1.18,
also known as methylglutaconase, MGTK). Citramalyl-CoA could be further converted to either
mesaconyl-CoA by MGTK, or to acetyl CoA and pyruvate (Adler et al.,, 1957), (Wang et al., 1961).
Mesaconyl-CoA can loose the CoASH in a reaction catalyzed by succinate-CoA ligase, forming
mesaconate. This also means that mesaconate would exhibit similar effects on SLP as itaconate;
however, mesaconate is much less potent than itaconate (Adler et al., 1957), probably because of a
lower affinity of succinate-CoA ligase for mesaconate than for itaconate. Mindful of the above
considerations, the metabolism of itaconate in mitochondria may hinder SLP since it proceeds at the
expense of ATP (or GTP) hydrolysis. SLP can be investigated in intact isolated mitochondria with an
inhibited respiratory chain using the 'biosensor test' described above.

11.6 Categorization of respiratory substrates used for isolated mitochondria

In the experiments detailed below, it is critical to use adequate substrate combinations to maintain
mitochondrial respiration; some substrates support, and some do not support SLP. Glutamate and a-
ketoglutarate are the two substrates that support SLP to the greatest extent. Malate alone has no effect,
but it assists in the entry into mitochondria of other substrates including glutamate and a-ketoglutarate,
thus indirectly supporting SLP. Acetoacetate (AcAc) is also without a direct effect on SLP; however, AcAc
leads to NAD* regeneration through the reaction catalyzed by 3-hydroxybutyrate dehydrogenase, that
boosts SLP supported by glutamate (or a-ketoglutarate) yielding succinyl-CoA through the a-
ketoglutarate dehydrogenase complex (KGDHC), see (Kiss et al., 2013) and (Kiss et al., 2014); succinate
disfavours SLP.
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11.7 The dose-dependent effect of itaconate on ANT directionality in rotenone-treated isolated

mitochondria

A SF 6847 C SF 6847
v | v
° | qutrmal 1T O | gutrmaltacac |
' |
1
-50 -50
& S
S rot ] £ rot cATR
£ -100 v I E-100. o
> ADP (’~_* 'b B ADP )
< f < v s WN_JC
\\ v__J A a il N b
150, | ¢ cATR 150 | 4 S
J >::“

0 100 200 300 400 500

0 100 200 300 400 500

Time (s) Time (s)
B siegir D SF 6847
L v
. a-kg+mal [ glut+mal r
e ‘
< -90F cATR / —~ -50F- cATR ‘
= ! rot
3 v/ E || v
£_100- ‘ -100- | =
§-100 ‘:DP ___ > -100 iADPr*%:\ L
| Y \ v s 5
150 - ‘ A N -150- | \\Jg
\ | rot ab,.c ‘\J

0 100 200 300 400 500
Time (s)

0 100 200 300 400

Time (s)

Figure 11.5. Reconstructed time courses of safranine O
signal calibrated to A¥m in isolated mouse liver
mitochondria supported by various substrates (indicated in
the panels). The effect of cATR (2 uM) on A¥m of
mitochondria treated with rotenone (rot, 1 uM, where
indicated) in the presence or absence of itaconate (A, B, C)
or mesaconate (D) is shown. ADP (2 mM) was added where
indicated. Itaconate concentrations (present prior to
addition of mitochondria) are as follows: for panel A: 'a’: 0,
'b":0.5mM, 'c': 1 mM, 'd': 2 mM and 'e': 5 mM, for panel B:
‘a0, 'b': 0.25 mM, 'c": 0.375 mM, 'd": 0.5 mM and 'e": 1
mM, for panel C: 'a": 0, 'b": 0.5 mM, 'c": 2 mM. Mesaconate

concentrations in panel D are as follows: 'a’: 0, 'b": 5 mM, 'c':

10 mM. At the end of each experiment 1 uM SF 6847 was

added to achieve complete depolarization.

As shown in figure 11.5, AWYm was
measured by safranine O fluorescence in
mouse liver mitochondria and calibrated
as described in (Chinopoulos et al., 2010).
The sequence of additions, identical for
each panel, was the following:
mitochondria were allowed to polarize,
followed by the addition of 2 mM ADP,
which depolarized mitochondria to a
variable level depending on the substrate
combinations (Chinopoulos et al., 2009),
indicated in the panels. After 100 sec
during which a substantial amount of
ADP has been converted to ATP, complex
| was inhibited by rotenone which
‘clamped’” A¥Ym at ~-100 mV, again
depending on the substrate
combinations. After an additional 150
sec, cCATR was added to block ANT. At the
end of each experiment the uncoupler SF
6847 was added in order to completely
depolarize mitochondria; this would
assist in the calibration of the safranine
O signal. In panel 11.5A, the effect of
itaconate (always present in the media
before addition of mitochondria, 'b": 0.5
mM, 'c': 1 mM, 'd": 2 mM and 'e': 5 mM)
on the ANT operation is shown as
compared to  control 'a', for
mitochondria supported by glutamate (5
mM) and malate (5 mM). It is evident
that the forward operation of ANT
observed in the control tends to be
inhibited, even reversed in the presence
of increasing concentration of itaconate,
indicating an inhibitory action of this

compound on SLP. Similar conclusion is drawn from experiments with other substrate combination. In
panel 11.5B, the effect of itaconate ('b': 0.25 mM, 'c': 0.375 mM, 'd": 0.5 mM and 'e': 1 mM) versus
control 'a' is shown for mitochondria supported by a-ketoglutarate (5 mM) and malate (5 mM). It is
evident that with increasing concentrations of itaconate, cATR resulted in depolarization, compared to
repolarization observed in the absence of this compound. Similar experiments with itaconate ('b": 0.5
mM, 'c': 2 mM) are shown in panel 11.5C for mitochondria supported by glutamate (5 mM) plus malate
(5 mM) plus acetoacetate (AcAc, 0.4 mM). The latter result is consistent with the fact that AcAc increases
[NAD] in the mitochondrial matrix, thus boosting succinyl-CoA production by KGDHC. In panel 11.5D,
the effect of mesaconate ('b': 5 mM, 'c': 10 mM) versus control 'a’ is shown, obtained in the presence of
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glutamate (5 mM) and malate (5 mM). Consistent with the findings by Lardy (Adler et al., 1957), (Wang
et al., 1961), mesaconate was much less potent than itaconate in exerting an impact on SLP. From the
above results we concluded that itaconate abolished SLP in isolated mitochondria in which the
respiratory chain was inhibited.

11.8 The effect of malonate on ANT directionality in rotenone-treated isolated mitochondria

Next, we investigated if the effect of itaconate was due to a mild inhibition of SDH leading to
accumulation of succinate thus shifting the succinate-CoA ligase equilibrium towards ATP (or GTP)
consumption, or due to consumption of ATP (or GTP) for itaconyl-CoA formation, and/or due to an
ensuing 'CoA trap' in the form of itaconyl-CoA which could negatively affect the upstream supply of
succinyl-CoA from the a-ketoglutarate dehydrogenase complex (21), in turn diminishing ATP (or GTP)

) formation through SLP by succinate-CoA
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Figure 11.6. Bar graphs of the effect of itaconate (panel A) and malonate (panel B) on oxygen
consumption rates expressed as nmol/min/mg protein (state 2, grey bars, state 3 induced by 2 mM
ADP, black bars), in isolated mitochondria respiring on succinate (5 mM) in the presence of rotenone
(1 uM). C: Bar graphs of the effect of itaconate and malonate on A%¥m expressed in mV during state 3
(induced by 2 mM ADP), in isolated mitochondria respiring on succinate (5 mM) in the presence of
rotenone (1 uM). Concentrations of itaconate and malonate are indicated in the panel. D:
Reconstructed time courses of safranine O signal calibrated to A¥m in isolated mouse liver
mitochondria supported by glutamate (5 mM) and malate (5 mM). The effect of cATR (2 pM) on A¥m
of mitochondria treated with rotenone (rot, 1 uM, where indicated) in the presence of malonate is
shown. ADP (2 mM) was added where indicated. Control trace 'a' is shown in black. Malonate
concentrations (present prior to addition of mitochondria) are as follows: 'b": 0.0625 mM, 'c’: 0.125
mM, 'd": 0.25 mM, 'e': 0.5 mM, and 'f': 5 mM. At the end of each experiment 1 yM SF 6847 was added
to achieve complete depolarization.
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inhibiting succinate-supported mitochondrial respiration. However, as shown in panel 11.6C, malonate,
in concentrations exhibiting similar effect on O, consumption to those by itaconate, conferred greater
ADP-induced depolarizations than itaconate in mitochondria supported by 5 mM succinate in the
presence of 1 uM rotenone. The effect of malonate (added prior to mitochondria, supported by
glutamate and malate) on cATR-induced changes in A¥Ym in the presence of rotenone is shown in panel
11.6D ('b': 0.0625 mM, 'c': 0.125 mM, 'd": 0.25 mM, 'e': 0.5 mM, and 'f': 5 mM malonate versus control
'a'). It is evident that malonate conferred cATR-induced depolarizations at concentrations in which they
inhibit succinate-supported respiration to the same extent as itaconate. However, at the very same
concentrations, malonate conferred greater ADP-induced depolarizations than itaconate in
mitochondria respiring on succinate in the presence of rotenone. We could not demonstrate itaconate-
mediated respiration as shown by Lardy; however, in their experiments mitochondria was incubated for
several hours with itaconate, which might lead to sufficient conversion to a suitable product further
oxidized by SDH. From the above results we concluded that the abolition of SLP by itaconate cannot be
exclusively attributed to favouring itaconyl-CoA formation requiring ATP (or GTP) for the
thioesterification, or to an ensuing 'CoA trap' in the form of itaconyl-CoA which could negatively affect
the upstream supply of succinyl-CoA from the o-ketoglutarate dehydrogenase complex (Kiss et al.,
2013), in turn diminishing ATP (or GTP) formation through SLP by succinate-CoA ligase, or to inhibition
of complex Il leading to a build-up of succinate which shifts succinate-CoA ligase equilibrium towards
ATP (or GTP) utilization. Finally, it is worth considering that itaconate may also have exerted its effects
on succinate oxidation by means of antagonizing with succinate for the same transporter(s), possibly

the dicarboxylate carrier
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Figure 11.7. Reconstructed time courses of safranine O signal calibrated to A¥m in isolated mouse
liver mitochondria supported by various substrates as indicated in the panels. The effect of cATR (2
1M) on A¥m treated with rotenone (rot, 1 M) in the absence or presence of KM4549SC in 10 (red
traces) or 20 uM (green traces) concentrations is shown. ADP (2 mM) was added where indicated.
Control traces are shown in black. At the end of each experiment 1 uM SF 6847 was added to achieve
complete depolarization. Each panel shares the same 'x' axis as shown in panel F.
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impaired mitochondria. To elucidate this, we used KM4549SC (LY266500, 2-(3-Chloro-4-fluorophenyl)-
3(2H)-isothiazolone, PubChem CID: 615184), an inhibitor of succinate-CoA ligase (Hunger-Glaser et al.,
1999). As shown in figure 11.7, A¥Ym was measured by safranine O fluorescence in mouse liver
mitochondria and calibrated as described in (Chinopoulos et al., 2010). Additions were as described in
figure 11.5. Itis evident that KM4549SC reverted the cATR-induced repolarizations (black traces, control)
to depolarizations (red and green traces, depending on the concentration of the inhibitor as indicated
in the figure) shown in panels A, B, D, and F. In panels C and E the inhibitor did not lead to a cATR-
induced depolarization due to the presence of AcAc, which increases [NAD*] in the mitochondrial matrix,
supporting succinyl-CoA production by KGDHC (Kiss et al., 2013), (Kiss et al., 2014). In the experiments
shown in panel F, AcAc was also present, but glutamate or a-ketoglutarate were absent.

12 Catabolism of GABA, succinic semialdehyde or gamma-hydroxybutyrate through the GABA shunt
impair mitochondrial substrate-level phosphorylation

In (Ravasz et al., 2017) we examined the effect of metabolites catabolized through the GABA shunt on
mSLP. The rationale for this is that GABA, succinic semialdehyde or GHB being catablized through the
shunt lead to elevation in matrix succinate concentration, thus shifting the equilibrium of the reversible
reaction catalyzed by succinate-CoA ligase towards ATP (or GTP) hydrolysis.

12.1 GABA shunt: general considerations

Despite that the participation of GABA in diverse biological processes implies different downstream
effectors responsive to this molecule, its metabolism is rather uniform among all tissues: GABA is
metabolized through the so-called ‘GABA shunt’, a pathway representing an alternative route for
converting a-ketoglutarate to succinate in the citric-acid cycle circumventing succinate-CoA ligase
(Machiyama et al., 1970), (Balazs et al., 1970), and figure 12.1. The ensuing succinate from catabolism
of GABA through the GABA shunt might be of sufficient flux to force the reaction of succinate-CoA ligase
towards ATP (or GTP) hydrolysis, abolishing mitochondrial SLP (Chinopoulos et al., 2010).

12.2 The GABA shunt and relevant reactions pertinent to the experimental design

In order to better outline the rationale of the experiments elaborated below, we depict first the GABA
shunt and relevant reactions, transporters and inhibitors pertaining to the study published in (Ravasz et
al., 2017).
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Figure 12.1. The GABA shunt (outlined by arrows in gold color) and pertinent reactions. SUCL:
succinate-CoA ligase; KGDHC: a-ketoglutarate dehydrogenase complex; GLUD: glutamate
dehydrogenase; GAD: glutamate decarboxylase; GABA: y-aminobutyrate; GABA-T: y»-aminobutyrate
aminotransferase; GOT2: mitochondrial aspartate aminotransferase; SSAR: succinic semialdehyde
reductase; GHB: y-hydroxybutyrate; SSA: succinic semialdehyde; SSADH: succinic semialdehyde
dehydrogenase; HOT: hydroxyacid-oxoacid transhydrogenase; D2HGDH: D-2-hydroxyglutarate
dehydrogenase; ETF: electron-transferring flavoprotein; ETF-QO: electron-transferring flavoprotein
quinone oxidoreductase; SDH: succinate dehydrogenase. *a: glutamate transporters; *b: putative
mitochondrial GABA transporter; *c: putative mitochondrial SSA transporter; *d: putative
mitochondrial GHB transporter; *e: inhibitors for GABA-T used in this study: vigabatrin and AOAA; *f:
inhibitor for GOT2 in this study: AOAA.

As shown in figure 12.1, GABA can be derived from glutamate by glutamate decarboxylase (GAD),
encoded by either GAD65 or GAD67 (Soghomonian and Martin, 1998). Since GAD is a cytosolic enzyme,
glutamate needs to be exported from mitochondria; this may occur through well-characterized
transporters (depicted as a black semi-transparent box *a), reviewed elsewhere (Sluse, 1996), (Monne
and Palmieri, 2014). GABA may also arise by metabolism of putrescine (Sequerra et al., 2007) or
homocarnosine (Pisano et al., 1961), or enter the cytoplasm from the extracellular space (EC). In any
case, in order for GABA to undergo further transamination it must first enter the mitochondrial matrix.
The transport of GABA across the inner mitochondrial membrane (depicted by a blue semi-transparent
box *b) has been proposed to occur by “diffusion of a species with no net charge, at rates which are
able to maintain maximum activity of the GABA shunt” (Brand and Chappell, 1974). However, in plants,
a mitochondrial GABA permease has been identified, termed AtGABP (Michaeli et al., 2011). No such
protein has been identified in animals, but a BLASTp homology search yielded a highly homologous
(94%) predicted protein termed ‘amino acid permease BAT1 (partial) with a sequence ID:
XP_019577258.1 expressed in Rhinolophus sinicus (Chinese rufous horseshoe bat), as well as some other
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proteins from other species but with low homology (below 35%). In mice and humans there is 23-31%
homology of AtGABP to an ‘epithelial-stromal interaction protein 1’, and no homologous proteins were
identified in tissues from rats and guinea pigs. Thus, although several isoforms of plasmalemmal GABA
transporters have been identified (Zhou and Danbolt, 2013), their reversibility documented (Pin and
Bockaert, 1989), (Bernath, 1992), (Belhage et al., 1993), (Minchin and Iversen, 1974), and GABA is known
to permeate murine mitochondria (Brand and Chappell, 1974) and become intramitochondrially
metabolized (Salganicoff and De Robertis, 1963), the means of GABA entry to mitochondria remains
speculative. Once in the matrix, GABA transaminates with a-ketoglutarate to form glutamate and
succinic semialdehyde (SSA) by the mitochondrial GABA transaminase (GABA-T). Succinic semialdehyde
will get dehydrogenated by succinate semialdehyde dehydrogenase (SSADH) yielding succinate and
NADH, and thus enter the citric acid cycle. SSADH is also the enzyme responsible for further metabolism
of aldehyde 4-hydroxy-2-nonenal, an intermediate known to induce oxidant stress (Malaspina et al.,
2009). Glutamate and a-ketoglutarate are in equilibrium with oxaloacetate and aspartate through a
mitochondrial aspartate aminotransferase (GOT2). In our study we used the GABA-T inhibitors
vigabatrin and aminooxyacetic acid (Brand and Chappell, 1974), (Wallach, 1961). The latter compound
is also known to inhibit GOT2 (as well as other pyridoxal phosphate-dependent enzymes) (Kauppinen et
al., 1987), (Wu and Roberts, 1974). Regarding SSA, there are three possible scenarios for its appearance
in the matrix: i) from the extracellular space (EC), transported through the inner mitochondrial
membrane by a protein (depicted by a green semi-transparent box *c) that is yet to be characterized
(Kim et al., 2011); ii) by the action of hydroxyacid-oxoacid transhydrogenase (HOT), encoded by ADHFE1,
transhydrogenating B-hydroxybutyrate (GHB) and a-ketoglutarate to D-2-hydroxyglutarate and SSA; or
iii) by succinic semialdehyde reductase (SSAR, encoded by AKR7A2), converting GHB to SSA in the cytosol
(Kaufman et al., 1979), (Hearl and Churchich, 1985), (Hoffman et al., 1980), (Picklo et al., 2001) and the
latter getting transported into the matrix; however, the equilibrium of the SSAR reaction is strongly
favoured towards GHB formation. The first evidence regarding the existence of HOT came from
(Kaufman et al., 1988b), and its gene identified in (Kardon et al., 2006). Later on, this enzyme was
isolated and characterized from rat tissues (Kaufman et al., 1988a). Subsequently, the existence of
human HOT has been demonstrated in homogenates of human liver and fibroblasts (Struys et al.,
2005a), (Struys et al., 2005b). HOT is not the only enzyme interconverting D-2-hydroxyglutarate and a-
ketoglutarate; D-2-hydroxyglutarate dehydrogenase (D2HGDH) localized in mitochondria (Wanders and
Mooyer, 1995), (Achouri et al., 2004) also performs such an interconversion, but this is coupled to the
electron transfer flavoprotein (ETF) system, eventually donating electrons to complex Il through
ubiquinone. D-2-Hydroxyglutarate is formed as a degradation product of L-hydroxylysine (Lindahl et al.,
1967) and possibly also from &-aminolaevulinate (Chalmers et al., 1980). Interestingly, isocitrate
dehydrogenase (IDH) 1 and 2 mutations confer a novel enzymatic activity that facilitates reduction of a-
ketoglutarate to D-2-hydroxyglutarate impeding oxidative decarboxylation of isocitrate (Dang et al.,
2009), (Pietrak et al., 2011). The accumulation of D-2-hydroxyglutarate due to IDH mutations has been
implicated in tumorigenesis (Losman and Kaelin, 2013); however, accumulation of D-2-hydroxyglutarate
in glutaric acidurias is associated with encephalopathy and cardiomyopathy, but not tumors (Struys,
2006). In our hands, addition of D-2-hydroxyglutarate to isolated mitochondria did not yield any
appreciable A¥Ym, as anticipated that it would occur due to the ETF system. This metabolite is known to
permeate the cell membrane through a sodium-dicarboxylate cotransporter (NaDCs) and an organic
anion transporter (OAT1) (Hagos et al., 2008) but a mitochondrial transport mechanism is yet to be
described. GHB is a neurotransmitter (Roth, 1970) and a psychoactive drug, and it is used in the
treatment of alcohol withdrawal (Andresen et al., 2011), (Crunelli et al., 2006), (Leone et al., 2010). GHB
is also synthesized outside the CNS (Nelson et al., 1981). FDA placed GHB in Schedule | of the Controlled
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Substances Act, since 2000. GHB permeates the plasma membrane through monocarboxylate
transporters (MCTs) (Cui and Morris, 2009), (Wang et al., 2006). Although it is still controversial whether
mitochondrial- and plasma membranes share at least some MCT isoforms (Halestrap, 2013), (Perez-
Escuredo et al., 2016) -though MCT2 and MCT4 were recently reported to localize in mitochondria in
addition to the plasma membrane (Hussien and Brooks, 2011) - it is very likely that GHB crosses the
inner mitochondrial membrane through one or more mitochondrial MCT (purple semi-transparent box
*d).

12.3 GABA, SSA and GHB energize mitochondria in aerobic conditions

The use of GABA and SSA as
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Figure 12.2. The effect of GABA on membrane potential of isolated brain (A, C, D, E) and liver (B, F)
mitochondria. Reconstructed time-courses of safranine O fluorescence (arbitrary fluorescence)
Eindicating A¥Ym. Mitochondria (mito) were added where indicated; 0.25 mg for brain, 0.5 mg for liver.
GABA (1 mM), glutamate (glu, 5 mM), malate (mal, 5 mM), succinate (succ, 5 mM), ADP (2 mM),
rotenone (rot, 1 uM), SF6847 (SF, 1 uM) was added where indicated. In the experiments depicted by
the blue traces in panels E and F vigabatrin (VGBT, 0.3 mM) was present in the medium prior to
addition of mitochondria. In the experiment depicted by the green trace in panel F aminooxyacetic
acid (AOAA, 0.1 mM) was present in the medium prior to addition of mitochondria. Panels to the right
share the same y-axis with panels to the left. Each trace is representative of at least four independent
experiments.

mostly metabolized in astrocytes, not neurons (Schousboe and Waagepetersen, 2007). In order to verify
that in our hands and for the type of mitochondria that we prepared (Percoll-purified mouse brain and
crude liver), GABA and SSA can be metabolized, we investigated the effect of exogenously adding these
compounds on mitochondrial membrane potential (A¥m) and compared it to that obtained from
‘classical’ substrates. As shown in figure 12.2A for brain and 12.2B for liver, mitochondria (mito) were
added in the suspension without exogenously added substrates, and safranine O fluorescence was
recorded. Brain mitochondria do not exhibit a significant pool of endogenous substrates, thus, they
develop only a minor A¥Ym. On the other hand, liver mitochondria contain endogenous substrates to a
higher extent and this is reflected by a more significant polarization, which however, gradually subsides
as these endogenous substrates are consumed. Addition of GABA to both types of mitochondria leads
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to a further polarization, which is quantitatively higher in liver. Further addition of glutamate (5 mM)
and malate (5 mM) leads to an even further polarization, implying that addition of GABA did not lead to
achievement of maximum AWm. Subsequent addition of ADP, rotenone and SF6847 yielded the
expected rise in safranine O fluorescence, implying anticipated responses in decreasing AYm. By adding
GABA after the sequential addition of glutamate and malate (panel12.2C) or succinate (panel 12.2D) to
isolated brain mitochondria, no further polarization was recorded implying that the electron transport
chain generating A¥Ym has been saturated with reducing equivalents, NADH (through SSADH) and/or
FADH, (through SDH). Similar traces were obtained from liver mitochondria. Next, we questioned if the
GABA-induced polarization is genuinely due to the GABA shunt, eventually entering the citric acid cycle
as succinate. To check this, we used vigabatrin, a specific inhibitor of GABA-T. Vigabatrin (VGBT, 0.3
mM), abolished the GABA-induced A¥m generation in both brain (panel 12.2E, blue trace) and liver
(panel 12.2F, blue trace) mitochondria. Likewise, by adding the alternative GABA-T inhibitor,
aminooxyacetic acid (AOAA, 0.1 mM, green trace panel 12.2F), GABA-induced A¥Ym generation was
ameliorated. The results of the above experiments are in agreement with those obtained in (Brand and
Chappell, 1974), (Wallach, 1961) and (Cunningham et al., 1980), showing that GABA supports
mitochondrial respiration, and its oxidation is sensitive to GABA-T inhibition. To address the possibility
that the GABA-induced polarization does not stem from supporting o-ketoglutarate to glutamate
conversion by GABA-T, in turn leading to NAD(P)H formation from glutamate to o-ketoglutarate
conversion by GLUD, we tested the effect of SSA on the membrane potential of isolated mitochondria.
As shown in panel 12.3A for brain, and panel 12.3B for liver mitochondria, addition of SSA (1 mM) in the
absence of exogenously added substrates lead to generation of A¥Ym. Because the subsequent addition
of glutamate and malate did not lead to any further polarization, we concluded that SSA conferred the
maximum AWm achievable. Thus, GABA generates AWYm by transamination to SSA, which is
subsequently dehydrogenated by SSADH, entering the citric acid cycle as succinate. At this junction, the
qguestion arose if A¥Ym generation was due to NADH production by SSADH, or FADH, production
supported by succinate, or both. To address this, we added either rotenone (red traces) or atpenin A5
(lilac trace) or both (orange trace) after SSA and recorded the changes in A¥Ym. When rotenone or
atpenin A5 were added alone, there were no changes in safranine O fluorescence, implying that in the
first case FADH; production from SDH was supporting A¥Ym, and in the latter case, NADH production
from SSADH was responsible for the generation of reducing equivalents. When both complex | and I
inhibitors were present, A¥Ym collapsed, and the same effect was observed by inhibiting complex Il with
stigmatellin (stigm, 1 uM, cyan trace). This implies that A¥Ym generated by SSA is supported by both
FADH, production through SDH, and NADH through SSADH. As expected, the SSA-mediated A¥Ym
generation was insensitive to GABA-T inhibitors, shown in figures 12.3C and 12.3D, for brain and liver
mitochondria, respectively. We attempted to inhibit SSADH using 4-hydroxybenzaldehyde (Cash et al.,
1978) or disulfiram (Ryzlak and Pietruszko, 1988) however both compounds were strongly uncoupling
mitochondria (not shown).
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Figure 12.3. The effect of SSA on membrane potential of isolated brain (A, C) and liver (B, D)
mitochondria. Reconstructed time-courses of safranine O fluorescence (arbitrary fluorescence)
indicating A¥m. Mitochondria (mito) were added where indicated; 0.25 mg for brain, 0.5 mg for liver.
SSA (1 mM), glutamate (glu, 1 mM), malate (mal, 1 mM), rotenone (rot, 1 M), atpenin A5 (atpn, 2
UM), SF6847 (SF, 1 uM) was added where indicated. In the experiments depicted by the blue traces in
panels C and D, vigabatrin (VGBT, 0.3 mM), and in those depicted by green traces, aminooxyacetic
acid (AOOA, 0.1 mM) was present in the medium prior to addition of mitochondria. Panels to the right
share the same y-axis with panels to the left. In panels A and B, red traces, rotenone was added in lieu
of glutamate and malate. In panel B, lilac trace, atpenin A5 was added in lieu of rotenone, and in the
orange trace both rotenone and atpenin A5 were present in lieu of glutamate and malate. In the same
panel, cyan trace, stigmatellin (stigm, 1 1iM) was added where indicated. Each trace is representative
of at least four independent experiments.

permeabilized by alamethicin, yielding a minor decrease in the signal. Further addition of NAD* did not
lead to any appreciable changes. Subsequent addition of 10 mM malonate ensures that SDH was fully
inhibited. Then, addition of 1 mM SSA yielded a strong increase in NADH concentration. Despite the fact
that atpenin A5 has been branded as a specific inhibitor of SDH, we wished to verify that it does not
affect SSADH activity either. Indeed, by including 2 uM atpenin A5 and repeating the experiments (red
traces, panels A and B), traces were nearly identical to those obtained in the absence of this SDH
inhibitor (black traces, figures 12.4A and 12.4B). What is also evident by comparing figure panels 12.4A
and 12.4B is that the extent of NADH production by SSA is nearly 10 times higher in liver than brain
mitochondria. Since liver mitochondria were double the amount of brain mitochondria for these
experiments, it is inferred that SSADH activity in liver is approximately 5 times higher than that in brain
mitochondria. This finding is at odds with those reported by Chambliss et al, showing that the liver
activity for SSADH was about 2/3 of that in rat brain (Chambliss et al., 1995). Perhaps this is due to the
different choice of laboratory animal (rat in Chambliss et al, mice in this study). As expected, addition of
succinate after SSA, did not yield any further increase in NADH autofluorescence. In order to
demonstrate that NADH can be generated by SSA in intact mitochondria, the following experiment was
performed: as shown in figure 12.4C, liver mitochondria were added when indicated, and NADH
autofluorescence was recorded.
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Figure 12.4. The effect of SSA on NADH autofluorescence in permeabilized brain (A) and liver (B) and
intact liver (C) mitochondria. Reconstructed time-courses of calibrated (A, B) and uncalibrated (C)
NADH autofluorescence. Mitochondria (mito) were added where indicated; 0.25 mg for brain, 0.5 mg
for liver. Alamethicin (20 ug), NAD* (1 mM), malonate (10 mM) SSA (1 mM), rotenone (rot, 1 uM),
succinate (succ, 1 mM), SF6847 (SF, 40 nM) was added where indicated. In the experiments depicted
by the red traces in panels A and B, 2 1M atpenin A5 was present in the medium prior to addition of
mitochondria. Panel B shares the same y-axis with panel A. Each trace is representative of at least four
independent experiments.

kinetics. In the case of SSA, the increase in NADH is due to SSADH activity, while in the case of succinate
is probably due to downstream dehydrogenases of the citric acid cycle, thus the timing of NADH increase
is more gradual. The pool of NAD* for the dehydrogenases in the absence of a functional complex | due
to rotenone could be mitochondrial diaphorases, as described previously (Kiss et al., 2014). Regarding
GHB, the catabolism of this molecule by mitochondria was addressed by (Kaufman et al., 1988b) and
(Gibson and Nyhan, 1989). As shown in figure 12.1, GHB transhydrogenates with a-ketoglutarate to SSA
and D-hydroxyglutarate by HOT. However, HOT exhibits a very strong tissue-specific expression; most
notably, HOT is scarcely expressed in the brain (Kim et al., 2007), (Kaufman et al., 1988b), a phenomenon
that may contribute to the lingering neurologically-related effects of GHB acting on specific receptors
(Bay et al., 2014), as it is catabolized very slowly. On the other hand, HOT is abundantly expressed in the
liver (Kaufman et al., 1988b). Thus, exogenously added GHB to mitochondria isolated from brain should
not lead to any appreciable bioenergetic effects; such effects should be observed if liver mitochondria
are used instead. Indeed, as shown in figure 12.5A, addition of 5 mM GHB before addition of 5 uM a-
ketoglutarate (red trace) or addition of 50 uM o-ketoglutarate before GHB (black trace, because freshly
purified brain mitochondria are devoid of endogenous substrates and HOT requires both GHB and a-
ketoglutarate to generate D-hydroxyglutarate and SSA) did not lead to a significant gain of A¥Ym in
Percoll-purified brain mitochondria. Further addition of malate (1 mM) led to full polarization which was
abolished by rotenone (1 uM), implying that these mitochondria were entirely competent to generate
A¥m by substrates other than GHB. In contrast, addition of GHB to isolated liver mitochondria (figure
12.5B) before endogenous substrates were fully consumed (thus, minor amounts of a-ketoglutarate
were expected to exist in the mitochondrial matrix) led to a considerable polarization compared to
vehicle; further addition of a minute amount of a-ketoglutarate (5 uM) led to a further gain of A¥Ym. As
expected, the concomitant presence of GABA-T inhibitors (figure 12.5B) vigabatrin (VGBT, blue trace) or
aminooxyacetic acid (AOAA, green trace) did not affect the GHB-induced polarization in liver
mitochondria, compared to control (black trace).
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Figure 12.5. The effect of GHB on membrane potential of isolated brain (A) and liver (B) mitochondria.
Reconstructed time-courses of safranine O fluorescence (arbitrary fluorescence) indicating A¥m.
Mitochondria (mito) were added where indicated; 0.25 mgq for brain, 0.5 mg for liver. GHB (5 mM), a-
ketoglutarate (a-Kg, 50 or 5 M), malate (mal, 1 mM), rotenone (rot, 1 uM), SF6847 (SF, 1 uM) was
added where indicated. In the experiments depicted by the blue traces in panel B, vigabatrin (VGBT,
0.3 mM), and in those depicted by green trace, aminooxyacetic acid (AOOA, 0.1 mM) was present in
the medium prior to addition of mitochondria. Red trace is a vehicle control for GHB. Each trace is
representative of at least four independent experiments.

the onset of an additional depolarization leading to a clamp of AWYm at around -100 mV. At this
membrane potential, Fo-F1 ATP synthase operated in reverse mode, i.e. pumping protons out of the
matrix at the expense of matrix ATP hydrolysis. In mitochondria respiring on substrates supporting SLP,
as in these experiments, i.e. glutamate and malate, inhibition of the ANT by cATR conferred a moderate
repolarization, implying that the translocase was still operating in the forward mode. In contrast,
mitochondria fueled by glutamate and malate plus GABA, reacted to cATR with a depolarization during
the anoxic period. The effect of GABA, reverting the cATR induced changes from repolarization to
depolarization implying abolition of SLP was antagonized by the GABA-T inhibitors vigabatrin (VGBT, 0.3
mM, blue traces in figures 12.6C for brain and 12.6D for liver) and aminooxyacetic acid (AOAA, 0.1 mM
green traces in figures 12.6E for brain and 12.6F for liver). It is also notable that AOAA diminished state
3 respiration, which is expected because it is an inhibitor of pyridoxal phosphate-dependent enzymes
(Kauppinen et al.,, 1987), (Wu and Roberts, 1974), (Schousboe and Waagepetersen, 2006), most
participating in several bioenergetic pathways.
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Figure 12.6. The effect of GABA on mitochondrial SLP during anoxia. Reconstructed time courses of
safranine O signal calibrated to A¥m (solid traces), and parallel measurements of oxygen
concentration in the medium (dotted traces) in isolated brain (0.5 mg, A, C, E) and liver (1 mg, B, D, F)
mitochondria in the presence of either GABA (5 mM, red traces) or GABA+vigabatrin (VGBT, 0.3 mM,
blue traces), or GABA+aminooxyacetic acid (AOAA, 0.1 mM green traces). ADP: 2 mM;
carboxyatractyloside (cATR), 1 uM. Substrate concentrations were: glutamate (5 mM) and malate (5
mM). At the end of each experiment 1 1M SF 6847 was added to achieve complete depolarization.
Each trace is representative of at least four independent experiments.

the presence of glutamate and malate. However, during the anoxic period the presence of SSA reverted
the cATR induced changes from repolarization to depolarization implying abolition of SLP, but unlike in
the case of GABA, the GABA-T inhibitors vigabatrin (VGBT, 0.3 mM, blue traces in figures 12.7C for brain
and 12.7D for liver) and aminooxyacetic acid (AOAA, 0.1 mM green traces in figures 12.7E for brain and
12.7F for liver) did not ameliorate the effect of SSA. This is expected, because SSA entry to the GABA
shunt is after the GABA-T step (see figure 12.1). Regarding the effect of GHB on SLP, the results of these
experiments are shown in figure 12.8. As shown in figure 12.8A for brain and 12.8B for liver,
mitochondria respired on a-ketoglutarate and malate (black trace), or a- ketoglutarate and malate plus
GHB (red trace) and allowed to fully polarize (solid traces). State 3 respiration was initiated by 2 mM
ADP. The presence of GHB minorly affected the rates of liver but not brain mitochondrial respiration. In
liver mitochondria, during the anoxic period the presence of GHB reverted the cATR induced changes
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from repolarization to
depolarization implying
abolition of SLP, but unlike in
the case of GABA, vigabatrin
(VGBT, 0.3 mM, figure 12.8C
blue trace) or aminooxyacetic
acid (AOAA, 0.1 mM figure
12.8D, green trace) did not
ameliorate the effect of GHB.
This is expected, because GHB
entry to the GABA shunt does
not involve the GABA-T step
(see figure 12.1). Unlike liver
mitochondria, GHB did not
ameliorate SLP in brain
mitochondria (figure 12.8A)
consistent with the fact that
HOT is scarcely expressed in
the brain, precluding the
formation of an appreciable
amount of SSA. From the
above experiments we
concluded that during anoxia,
the beneficial effect of SLP
preventing mitochondria from
becoming extramitochondrial
ATP consumers is abolished by
GABA, SSA and GHB.

Figure 12.7. The effect of SSA on mitochondrial SLP during anoxia. Reconstructed time courses of
safranine O signal calibrated to A¥m (solid traces), and parallel measurements of oxygen
concentration in the medium (dotted traces) in isolated brain (0.5 mg, A, C, E) and liver (1 mg, B, D, F)
mitochondria in the presence of either SSA (1 mM, red traces) or SSA+vigabatrin (VGBT, 0.3 mM, blue
traces), or SSA+aminooxyacetic acid (AOAA, 0.1 mM green traces). ADP: 2 mM,; carboxyatractyloside
(cATR), 1 uM. Substrate concentrations were: glutamate (5 mM) and malate (5 mM). At the end of
each experiment 1 M SF 6847 was added to achieve complete depolarization. Each trace is
representative of at least four independent experiments.
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13 The Effect of 2-Ketobutyrate on Mitochondrial Substrate-Level Phosphorylation

In the mitochondrial matrix, succinyl-CoA can be provided not only by a-ketoglutarate by the reaction
catalyzed by KGDHC, but also by threonine, serine and methionine catabolism through the common
intermediate, 2-ketobutyrate. However, in this case, 2-ketobutyrate will become succinyl-CoA through
propionyl-CoA catabolism, obligatorily passing through an ATP-consuming step substantiated by
propionyl-CoA carboxylase.

13.1 2-ketobutyrate catabolism: general considerations

As shown in figure 13.1, a number of metabolites converge to succinyl-CoA such as glutamine, threonine,
serine, methionine, valine, isoleucine, thymine, cholesterol and of course others originating upstream
from o-ketoglutarate. Dashed arrows imply multiple steps occurring in either inside or outside the
mitochondrial matrix. Catabolism of threonine, serine and methionine lead to 2-KB generation which
would enter the mitochondrial matrix and get converted to propionyl-CoA by the branched-chain keto-
acid dehydrogenase complex (BCKDHC), and then subsequently to D-methylmalonyl-CoA by propionyl-
CoA carboxylase (PCC), consuming ATP. In turn, D-methylmalonyl-CoA racemizes to L-methylmalonyl-
CoA by methylmalonyl-CoA epimerase (MCEE) and then isomerizes to succinyl-CoA by methylmalonyl-
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Figure 13.1. Catabolism of metabolites towards succinyl-CoA. BCKDHC: branched-chain keto-acid

aulwein|o

10S0OLAD

dehydrogenase; BDH: [-hydroxybutyrate dehydrogenase; GLUD: glutamate dehydrogenase; GOT2:
aspartate aminotransferase; KGDHC: ketoglutarate dehydrogenase complex; MCM: methylmalonyl

mutase; MCEE: methylmalonyl racemase; NDPK: nucleoside diphosphokinase; PCC: propionyl-CoA

carboxylase; SAM: S-adenosylmethionine; SDH: succinate dehydrogenase; SDS: L-serine

dehydratase/L-threonine deaminase; SUCL: succinate-coA ligase. Dashed arrows imply multiple steps

which may occur inside or outside the mitochondrial matrix. Entrance of 2-KB into the matrix likely
occurs through the mitochondrial pyruvate carrier (depicted by a grey semi-transparent cylinder).

CoA mutase (MCM), a Bi-dependent enzyme. The aforementioned enzymes reside inside the
mitochondrial matrix, and since they process 2-KB it means that this metabolite traverses the inner
mitochondrial membrane. To date, a 2-KB-specific carrier has not been identified, though it is known to
compete for pyruvate transport through the mitochondrial pyruvate carrier (Bolli et al., 1989), (Paradies
and Papa, 1975), (Hutson and Rannels, 1985) and probably the choline carrier (Michel and Bakovic,
2009). The reaction catalyzed by B-hydroxybutyrate dehydrogenase (BDH) is also shown, demonstrating

the competition between this enzyme complex and KGDHC for NAD*, in the presence of excess -

hydroxybutyrate. This phenomenon is exploited in our experimental settings in order to titrate the
contribution of KGDHC yielding a-ketoglutarate in mitochondria with an inhibited respiratory chain for
the purpose of mSLP. From the above metabolic considerations, we set to investigate if —and to what

extent- 2-KB serves as a fuel for mitochondria, and if so, does it impact on mSLP.
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13.2 2-KB supports generation of A¥m inisolated liver and brain mitochondria by generating both NADH
and FADH;

As shown in figures 13.2 and 13.3 for liver and brain mitochondria, respectively, addition of seven 0.5
mM 2-KB pulses to mitochondria totaling 3.5 mM (panel figures 13.2A and 13.3A) conferred a moderate
decrease in safranine O fluorescence implying development of A¥Ym. In liver mitochondria, AYm was
afterwards becoming gradually lost, as opposed to A¥m in brain mitochondria that remained stable.
Subsequent addition of succinate (succ, 5 mM) led to maximum polarization. Further addition of the
complex | inhibitor rotenone (rot, 1 uM) yielded no (liver mitochondria) or a very small depolarization
implying intact operation of complexes Ill and IV.

A SF B SE At the end of the experiment the uncoupler SF 6847 (SF,

3000 suce rgt s”fc 250 nM) was added in order to achieve a complete loss of
~2000 rcit A¥Ym indicating maximum safranine O fluorescence.
2:. s A $$$¢*$ However, addition of rotenone (figure panels 13.2B and
§1000 "@}Kg E-KB 13.3B for liver and brain, respectively), or the complex Il
§ C'0 :500 1000 o 200 800 inhibitor atpenin (atpn, 1 uM, figure panels 13.2C and
. 5 13.3C for liver and brain, respectively) or the
§ 00 atpn  suce ‘.iF H,AsO, Su,fc SF dehydrogenases inhibitor arsenite (HsAsOs 1 mM, figure
£ e SR rot‘b panels 13.2D and 13.3D for liver and brain, respectively)
%2000 M AL A v abolished the effect of 2-KB conferring A¥Ym to
“ 1000 *Z?Kg rot 4‘4.%4}* mitochondria (with the exception of atpenin in brain
0 2-KB mitochondria, where a mild decrease in safranine O

0 400 8000 400 800 fluorescence was observed upon addition of 2-KB, figure

time, sec panel 13.3C). As expected, subsequent addition of

Figure 13.2. 2-KB as a metabolic fuel in succinate (succ) led to development of A¥m if
mouse liver mitochondria. Reconstructed ~ Mmitochondria were challenged by rotenone or arsenite,
time courses of safranine O signal in but not atpenin. Note that prior to the addition of any
isolated mouse liver mitochondria. The substrates liver mitochondria exhibit an initial, transient

effect of 2-KB pulses (indicated by arrows  polarization which is attributed to consumption of

signifying 0.5 mM each, thus a total of 3.5  endogenous substrates, most likely acyl carnitines. This
mM 2-KB added) is shown. Whenever

indicated, succinate (5 mM) or rotenone (1
1M) or atpenin (atpn 1 M), or arsenite
(HsAsOs, 1 mM) was added. At the end of

transient depolarization proceeds to a complete loss of
A¥Ym within ~1 hour. From the above results we deduced
that 2-KB affords AWYm to mitochondria by mechanisms
each experiment 250 nM SF 6847 was involving both complex | (fueled by NADH, some
added to achieve complete depolarization originating from BCKDHC, an arsenite-sensitive enzyme
(an increase in safranine O fluorescence complex) and complex I (fueled by FADHa).

signal implies depolarization). Wherever

single graphs are presented, they are

representative of at least 4 independent 13.3 2-KB abolishes mSLP conferred by glutamate or
experiments. pyruvate

mSLP was addressed by interrogating the directionality of the ANT in mitochondria with an inhibited
respiratory chain, isolated from mouse liver (figure panels 13.4A and 13.4B) or brain (figure panels 13.4C
and 13.4D). As shown in figure 13.4, mitochondria were added where indicated by the closed circles and
safranine O fluorescence was recorded reflecting AYm. ADP (2 mM) was added where indicated,

initiating respiration and causing a mild depolarization due to forward ANT and F.-F1 ATP synthase
operation.
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Subsequently, oxidative phosphorylation was halted by inhibiting complex | with rotenone (rot). This led
to a further loss of AYm; A¥Ym was now maintained by a reverse-function of F,-F; ATP synthase. Mindful
of the directional synchrony of ANT with SUCL reaction (Chinopoulos, 2011a), Inhibition of the ANT by
carboxyatractyloside hints on the presence of mSLP: repolarization implies that SUCL operates towards
ATP (or GTP) formation thus supporting mSLP, while cATR-induced depolarization means that SUCL was
hydrolyzing ATP (or GTP). Substrates were either glutamate and malate (5 mM each) or glutamate and
malate and 2 mM B-hydroxybutyrate (3-OH) (figure panels 13.4A and 13.4C) or pyruvate and malate (5
mM each) as indicated in the legends of figure 13.4. Dose-dependent addition of 2-KB (0.5, 2 or 5 mM)
converted the cATR-induced changes in safranine O fluorescence from a repolarization to a
depolarization, implying dose-dependent inhibition of mSLP by 2-KB (which was complete at 5 mM, or
2 mM if B-hydroxybutyrate was also present). This concentration range of 2-KB was chosen for
interrogating mSLP mindful of that used in figures 13.2 and 13.3 verifying catabolism of this metabolite.
At the end of each experiment, the uncoupler SF 6847 SF, 250 nM) was added to achieve a completely
depolarized state.

A B
succ SF rot squ SF

3000 Vior ¥ Figure 13.3. -KB as a metabolic fuel in mouse brain
v mitochondria. Reconstructed time courses of safranine O
2000 signal in isolated mouse brain mitochondria. The effect of 2-
1000 | A AM KB pulses (indicated by arrows signifying 0.5 mM each, thus a
0 ?@g total of 3.5 mM 2-KB added) is shown. Whenever indicated,

O 400 800 O 400 800 succinate(5mM)or rotenone (1 uM)or atpenin (atpn 1 M),
or arsenite (H3AsOs;, 1 mM) was added. At the end of each
3000 ! ot experiment 250 nM SF 6847 was added to achieve complete

w v depolarization (an increase in safranine O fluorescence signal
2000 implies depolarization). Wherever single graphs are

Cc SF D
atpn SLiCC v H,AsO, succ SF

Safranin fluorescence (A.U.)

1000 | A %ﬁ*ﬁ ?('J ¢ A 4“1.* presented, they are representative of at least 4 independent
0 Q-KB 2-KB experiments.
0 400 800 O 400 800
time, sec

Figure 13.4. 2-KB abolishes mSLP. Reconstructed
time courses of safranine O signal in isolated mouse
liver (A, B) or brain (C, D) mitochondria.
Mitochondria were added where indicated by the
closed circles. ADP (2 mM) was added where
indicated. The effect of cATR (2 uM) on A%¥m treated
with rotenone (rot, 1 uM) in the absence or dose-
dependent presence of 2-KB as indicated in the
legends is shown. Control traces are shown in black.
0 500 600 0 300 600 At the end of.each experiment 250 r.7M jSF 6847 was
time, sec added to achieve complete depolarization (an

—— glutsmal — pyr+mal increase in safranine O fluorescence signal implies

glut+mal+p-OH —— pyr+mal+0.5 mM 2-KB . . .

glutrmal+(-OH+0.5 mM 2-KB pyremals2 mM 2-kB  depolarization). Wherever single graphs are

glut+mal+(-OH+2 mM 2-KB pyremalsSmM 2-KB - hresented, they are representative of at least 4
—— glut+mal+B-OH+5 mM 2-KB . .

independent experiments.
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14 Exclusive neuronal expression of SUCLA2 in the human brain

In (Dobolyi et al., 2015b) we investigated the cell-specific expression of succinate-CoA ligase subunits;
we published that the ATP-forming subunit SUCLA2 of succinate-CoA ligase is expressed exclusively in
the neurons of the human brain. This is not observesd in the brains of laboratory rodents.

14.1 Subunit composition, tissue-dependent expression and functional considerations of succinate CoA
ligase

Succinyl-CoA ligase ([SUCL], also known as succinyl coenzyme A synthetase [SCS], or succinate thiokinase
[STK]) is a heterodimeric enzyme, composed of an invariant a subunit encoded by SUCLG1 and a
substrate-specific B subunit, encoded by either SUCLA2 or SUCLG2. This dimer combination results in
either an ATP-forming (EC 6.2.1.5) or a GTP-forming SUCL (EC 6.2.1.4). GTP-forming SUCL may support
ATP formation in the matrix through the concerted action with a mitochondrial isoform of a nucleotide
diphosphate kinase known as nm23-H4; this kinase complexes with either ATP- or GTP forming SUCL
(Kadrmas et al., 1991), (Kowluru et al., 2002). Considering the extensive involvement of succinyl-CoA
ligase in vital biochemical pathways, it is not surprising that its deficiency leads to serious pathology.
The disease phenotype matches the tissue-specific expression of its subunits: A-SUCL-B is highly
expressed in skeletal muscle, brain and heart, while G-SUCL-B is barely detected in brain and muscle,
but strongly expressed in liver and kidney J. Biol. Chem. 279:36621. Accordingly, mutations in SUCLA2
(MIM 1D#612073) results in Leigh's or a Leigh-like syndrome with onset of severe hypotonia in early
childhood, muscular atrophy and sensorineural hearing impairment often leading to death during
childhood. Neuroimaging findings include basal ganglia involvement, especially affecting the putamen
and the caudate nuclei (Carrozzo et al., 2007), demyelination and atrophy (Ostergaard et al., 2007b).
SUCLA2 deficient patients show no abnormalities related to liver functions. Mutations in the a subunit-
encoding SUCLG1 gene have been reported in 16 patients (Ostergaard et al., 2007a), (Ostergaard et al.,
2010) and they are associated with a phenotype similar to that seen in patients with SUCLA2 deficiency,
or a fatal infantile lactic acidosis. Mutations in the SUCLG2 gene have not been reported so far, and may
be incompatible with life. SUCL deficiency is associated with mtDNA depletion, characterized by a
massive reduction of mitochondrial DNA content. Relevant to this, we have proposed that the mSLP
biosensor test can be used to predict the severity of neurometabolic disorders stemming from mtDNA
depletion (Chinopoulos, 2020c). Three main clinical presentations of mtDNA depletion syndrome (MDS)
are known: i) myopathic, ii) encephalomyopathic and iii) hepatocerebral, depending on the tissues
affected and their residual mitochondrial DNA levels (Rotig and Poulton, 2009). SUCLA2 deficiency is
associated with the encephalomyopathic tier. mtDNA depletion (15-40% residual amount) was found
in the muscle samples of such patients (Ostergaard, 2008). However, mtDNA depletion was found in
fibroblasts from patients with SUCLAZ2 deficiencies of only two out of four patients in one study (Carrozzo
et al., 2007), while in (Miller et al., 2011) mtDNA depletion was evident only after serum deprivation
which could be ameliorated by supplementation of deoxyribonucleosides. Data on brain biopsies from
SUCLA2 deficiency patients are not available. In the most comprehensive study in terms of extensive
biopsies from patients with MDS, samples were collected from muscle, liver, blood or fibroblasts, but
not brain (Navarro-Sastre et al., 2012). Yet, in SUCLAZ2 deficiency it is the brain that seems to be the most
vulnerable tissue, as SUCLG2 and nm23-H4 are only weakly expressed (Milon et al., 1997), (Lambeth et
al., 2004). SUCL forms a physical complex with nm23-H4, the lack of which hinders the kinase function
leading to a defect in the last step of the mitochondrial nucleotide salvage pathway (Elpeleg et al., 2005),
thus causing mtDNA depletion (Ostergaard et al., 2007a). Fibroblasts and skeletal muscle are
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homogeneous tissues (despite the different categories of muscle fiber types); however, the brain
consists of several different cell types, the major categories being neurons and glial cells. There is an
obvious gap of knowledge regarding the pathophysiology of SUCLA2 deficiency in the brain, the organ
that suffers the most from this inborn error of metabolism. Analysis of expression of SUCLA2 in the
human brain has been reported only once, but in that report cell- or region-specific expression was not
investigated (Lambeth et al., 2004). In (Dobolyi et al., 2015b), we published that SUCLA2 is expressed
exclusively in the neurons of the human brain.

14.2 The specificity of SUCLA2 and SUCLG2 immunoreactivity in human tissues

The specificity of SUCLA2 immunoreactivity was validated using human fibroblasts from a control
subject versus those from a patient suffering from a complete deletion in SUCLA2 gene. The specificity
of SUCLG2 immunoreactivity was validated using HEK293 cells, see figure 14.1. The mitochondrial
network was selectively stained by loading cells with Mitotracker Orange (MTO, 1 uM, red) prior to
fixation, see panels A2 (control fibroblasts), B2 (SUCLA2-deficient fibroblasts) and C2 (HEK293 cells).
Normal human fibroblasts were strongly labeled with the procedure of SUCLA2 immunostaining (panel
Al, green), and there was a robust co-localization with the decoration obtained by MTO (panel A3,
yellow). In contrast, fibroblasts derived from the patient lacking SUCLA2 did not show SUCLA2
immunolabeling (panel B1), while the mitochondrial network outlined by MTO was unremarkable (panel
B2, red), and accordingly there was no SUCLA2 immunoreactivity-MTO co-localization (panel B3). For
validating the antibody raised against SUCLG2 we immunolabeled HEK293 cells which exhibit a very high
expression of this protein (Tanner et al., 2007); confocal images of G-SUCL-3 immunolabeling in these
cells are shown in panel C1 (green). MTO labeling was intense (panel C2, red), and the extent of co-
localization was also evident, shown in panel C3 (yellow). The scale bar is 20 um.

14.3 SUCLA2 immunoreactivity and absence of SUCLG2 immunoreactivity in the human frontal and
temporal cortical samples

SUCLA2 antibody labeled a large number of cells in both the frontal and temporal cortex with no visible
difference between the male and female human brain (Fig. 14.2A). The labeled cells were numerous in
all layers of the cortices except layer |. The labeled cells demonstrated different morphologies. A number
of large pyramidal cells were labeled but smaller cells also showed SUCLA2 immunoreactivity. In general,
SUCLA2 immunoreactivity was present within the cell bodies as well as the proximal dendrites but not
in the nuclei (Fig. 14.2A, B). The same procedure but for SUCLG2 immunoreactivity applied for HEK293
cells or using more concentrated or more diluted antiserum resulted in no specific cellular labeling in
the human frontal and temporal cortical samples (Fig. 14.2C), in accordance to the original report by the
group of Lambeth (Lambeth et al., 2004). It is to be noted that SUCLG2 for humans exhibits transcript
variants. However, all transcripts are identical in the region 1-396, except in position 220 (see
supplemental figure 14.S.1). The antibody that we used to identify SUCLG2 (Abcam, Cat No # ab96172)
was raised by immunizing rabbits with a recombinant fragment corresponding to a region within the N
terminal amino acids 1-204 of human SUCLG2. Therefore, it should not be able to distinguish among
transcript variants.
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Figure 14.1. Co-immunolabeling of human fibroblasts (SUCLA2) and
HEK293 cells (SUCLG2) with Mitotracker Orange (MTO). A1: SUCLA2
immunoreactivity in normal human fibroblasts. Intracellular structures
resembling mitochondria are intensely labeled. A2: MTO labeling
outlining the mitochondrial network in normal human fibroblasts. A3:
Merged image of SUCLA2 immunodecoration with MTO labeling. B1:
Specific labeling for SUCLA2 is absent in fibroblasts derived from the
patient lacking SUCLA2. B2: MITO staining outlining the mitochondrial
network in the fibroblasts obtained from the patient lacking SUCLA2.
B3: Merged image of SUCLA2 immunodecoration with MTO labeling,
revealing lack of co-localization. C1: SUCLG2 labels HEK293 cells. C2:
MTO labeling outlining the mitochondrial network in HEK293 cells. A3:
Merged image of SUCLG2 immunodecoration with MTO labeling in
HEK293 cells. Scale bar = 20 um.

exclusively mitochondrial localization of SUCLA2 (Fig. 14.3A3, B3).

144 The
localization of
immunoreactivity

mitochondrial
SUCLA2

The labeling of SUCLA2 within
the neurons is punctate with
a cellular localization
resembling that of
mitochondria, suggesting the
presence of SUCLA2
immunoreactivity in  this
organelle (Fig. 14.3A1, B1).
Although in situ mitochondria
are normally filamentous,
cellular stress as it maybe the
case during handling of the
specimen or simply
postmortem delay will cause
mitochondrial fragmentation,
yielding a punctate
appearance. To identify the
mitochondrial presence of
SUCLA2, co-localization
studies were performed for
Fo-F1 ATP synthase subunit d.
The distribution of Fo-F; ATP
synthase subunit d
delineated the expected
distribution of mitochondria
(Fig. 14.3A2, B2).
Furthermore, an almost
complete co-localization of
SUCLA2 and Fo-F1 ATP
synthase subunit d and the
absence of singly labeled
structures  indicate  the

14.5 Identification of cell types containing SUCLA2 immunoreactivity in the human temporal cortex

The distribution of SUCLA2-immunoreactive cells is similar to that of neurons: they are present in all
layers of the temporal cortex but their density is small in layer | (Fig. 14.4A1, B1). SUCLA2
immunoreactivity was present in 88% of cells identified as neuron based on its larger, less irregular
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Figure 14.2. Immunolabeling for SUCLA2 but not SUCLGZ2 in the human
temporal cortex. A: SUCLA2-immunoreactive cells with DAB visualization are

evenly distributed in layer V. of the human temporal cortex. B: a large identification of
magnification picture demonstrates distribution of SUCLA2 immunoreactivity  neurons did not label
that resembles to that of mitochondria within a labeled cell. C: SUCLG2 our human brain
immunoreactivity is absent in the human temporal cortex. Scale bars =50 um  ¢actions consistently

for A and C, and 10 um for B. to confirm the

neuronal location of
SUCLA2 immunoreactivity. Instead, we used glial markers to confirm the absence of SUCLA2
immunoreactivity in these cell types. Indeed, a lack of co-localization of SUCLA2 and S100, an astrocyte
marker suggested that SUCLA2 was absent in astrocytes (Fig. 14.4B, C). In addition, the glial marker GFAP
also showed a different distribution from SUCLA2-immunoreactive cells and did not co-localize with
SUCLA2 immunoreactivity (Fig. 14.5).

14.6 The presence of SUCLA2 but not SUCLG2 mRNA in the human temporal cortex

A single band appeared on gels following RT-PCR using all primer pairs specific to SUCLA2 and SUCLG2
when cDNA from human fibroblasts were used (Fig. 14.6A). However, when human temporal cortical
c¢DNA was used, the same molecular weight products appeared only with SUCLA2 primers albeit with a
smaller bandwidth. In contrast, SUCLG2 primers produced extremely faint bands. It must be noted that
a cDNA clone containing a complete ORF for SUCLG2 obtained from the human hippocampus appears
in the literature (Strausberg et al., 2002). In our RT-PCR experiments very weak signals may well originate
from SUCLG2 mRNA of lymphocytes, endothelial cells or pericytes of vessels present in the specimen.
The lengths of the PCR products were consistent with the lengths calculated from the position of the
corresponding primer pair (Fig. 14.6A). PCR reactions without cDNA template were always included, and
we did not detect bands in these negative controls.

14.7 The distribution of mMRNA expression of SUCLA2 in the human temporal cortex

In situ hybridization histochemistry revealed the distribution of mRNA of SUCLAZ2 (Fig. 14.6B), whereas
that of SUCLG2 was not detected in the human temporal cortex (Fig. 14.6C), in agreement with the
immunohistochemistry and RT-PCR results shown above, and the earlier results by the group of Lambeth
(Lambeth et al., 2004). This result also verifies that the absence of G-SUCL-B immunoreactivity is
genuine, and does not reflect a technical limitation of the antibody in our immunohistochemistry and/or
Western blotting protocols. The two antisense probes for SUCLA2 resulted in identical hybridization
patterns. In the temporal cortex, all layers contained SUCLA2 mRNA whereas the corpus callosum did
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Figure 14.3. The mitochondrial localization of SUCLA2
based on its co-localization with the d subunit of the Fo-F;
ATP synthase. A1: SUCLA2 immunoreactivity in the human
temporal cortex visualized by FITC-tyramide amplification
immunofluorescence. Red blood cells in some capillaries
are labeled because of their endogenous peroxidase
activity. B1: a high magnification confocal image
demonstrates the localization of SUCLA2 within a SUCLA2-
positive cell. A2: Distribution of the immunoreactivity of
the mitochondrial marker Fo-F1; ATP synthase subunit d in
the same field as A1. B2: Fo-F; ATP synthase subunit d
immunoreactivity in the same field as B1. A3: Yellow color
indicates co-localization of SUCLA2 and Fo-F; ATP synthase
subunit d. An almost complete absence of singly labeled
structures can be observed except for the red blood cells.
B3: The co-localization of SUCLA2 and Fo-F; ATP synthase
subunit d is predominant even within a cell at high
magnification. Scale bars = 50 um for A1-3 and 20 um for
B1-3.

not show any labeling. The intensity of
labeling was the highest in the pyramidal
layers containing large pyramidal cells (Fig.
14.6B). The intensity of labeling was lower
in layer VI and in the superficial layers. In
particular, layer | contained only a small
number of cells expressing SUCLA2. In the
human temporal cortical brain sections
labeled for SUCLA2 mRNA, Nissl-labeled
cells as well as S100-immunoreactive cells
were present. The distribution of Nissl-
labeled neurons (Fig. 14.7A) was similar to
that of SUCLA2-expressing cells, whereas
S100-immunoreactive glial cells had a
more even distribution pattern (Fig.
14.7B). Furthermore, high magnification
pictures indicated that over 90% of Nissl-
labeled neurons exhibited SUCLA2 mRNA
(Fig. 14.7C) while 95% of SUCLA2 mRNA-
expressing cells were identified as neurons
based on Nissl labeling in the human
temporal cortex. In contrast, the
distribution of SUCLA2 mRNA-expressing
cells was different from that of S100-
immunoreactive cells in high magnification
pictures (Fig. 14.7D) and SUCLA2 mRNA-
expressing cells showed less than 5% co-
localization with S100 immunoreactivity.

14.8 SUCLA2 and SUCLG2
immunoreactivities in homogenates from
various brain regions

The antibody directed against SUCLA2
worked in immunohistochemistry
protocols only from fresh human brain
specimens. However, the antibody
recognized reliably SUCLA2 in samples
that have been preserved in our Brain
Tissue Bank for prolonged periods of time
which were processed for Western
blotting. This provided the opportunity to
examine the presence of SUCLA2 from
several brain regions. As shown in figure
14.8 panel A, homogenate samples
obtained from three different donors

(Tables 1A and B) from temporal cortex, caudate nucleus, putamen, frontal cortex, white matter and
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cerebellar cortex tested positive for
SUCLA2 immunoreactivity. Even
though white matter does not
contain neuronal cell bodies it still
exhibited significant SUCLA2
immunoreactivity, probably
originating from the mitochondria
found along the axons. 'MB' signifies
mouse brain homogenates from four
different animals (numbered as 1, 2,
3 and 4). In this and the other panels
of figure 14.8, B-actin
immunoreactivity served as a
loading control for all lanes. The
specificity of the SUCLA2 antibody is
certified by the blot shown in panel
B, where there was no
immunoreactivity from fibroblasts of
a patient suffering from complete
deletion of the SUCLA2 gene.
SUCLG2 immunoreactivity (panel A)
was extremely weak in the human
brain samples, as compared to the
mouse brain samples, in accordance
with the results of previous Western
blot experiments (Kiss et al., 2013).
As for the case of RT-PCR results,

Figure 14.4. The neuronal localization of SUCLA2 immunoreactivity in the human temporal cortex. Al:
The distribution of SUCLA2-positive cells is similar to that of Nissl-labeled cells (red), both present
throughout the temporal cortex. A2: A higher magnification image reveals that essentially all large
Nissl-labeled cells with irregular shape demonstrate SUCLA2 immunolabeling (yellow cells). In
contrast, small, intensely labeled round-shape cells do not exhibit SUCLA2 immunoreactivity and
remain red (arrowheads). Some blood vessels are labeled green because of the peroxidase activity of
the red blood cells present in the vessels in the non-perfused human tissue. A3: A high magnification
confocal microscopy image demonstrating the punctuate location of SUCLA2 immunoreactivity within
the cytosol of Nissl-labeled neurons whereas small glial cells do not exhibit SUCLA2 immunoreactivity.
B1: The distribution of the glial marker S100 (red) is different from that of SUCLA2-positive cells
(green). B2: A higher magnification image demonstrates lack of co-localization between SUCLA2 and
5100. Glial cells labeled with S100 are indicated by arrowheads. B3: High magnification confocal
picture shows that SUCLA2 and S100 are located in different cell types. Scale bars: 200 um for A1, 50
um for A2, 20 um for A3, 500 um for B1, 50 um for B2, and 20 um for B3.

such weak SUCLG2 immunoreactivity in human brain homogenates may originate from trapped
lymphocytes, endothelial cells or pericytes from vessels present in the specimen, and not being genuine
to neurons or glial cells. Although there are no tissues available with null expression of SUCLG2 (as in
the case for the fibroblasts from the patient suffering from complete deletion of the SUCLA2 gene), the
fact that the bands obtained from mouse tissues and the human specimens appeared at the exact same
molecular weight affords a reasonable degree of assurance that SUCLG2 immunoreactivity is indeed
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genuine. In the rat brain, streptozotocin-induced diabetes upregulates GTP-forming succinyl CoA ligase
activity more than 10 times (Jenkins and Weitzman, 1986). Mindful of this, and assuming that diabetes
may upregulate SUCLG2 expression in the human brain, we compared SUCLG2 (and SUCLA2)
immunoreactivity in brain tissue homogenates from four controls versus four patients that suffered
from diabetes mellitus for several years (Tables 1C and D). The results are shown in panel C of figure
14.8: SUCLG2 immunoreactivity was not increased in the samples from the diabetic patients as
compared to those from control subjects, also verified by densitometric analysis of the bands. This result
affords further c redibility to the claim that SUCLG2 is not expressed in the human brain to a significant

extent.

A fibroblast temporal cortex

SUCLA2 SUCLG2 SUCLA2 SUCLG2 1000 bp

ABCABCDABCA ABCD

- i
b - 300 bp

-

2 100 bp

Figure 14.5. The different cellular localization of
SUCLA2 and GFAP. SUCLA2 labels a number of
evenly distributed cells with punctuate appearance
(red). GFAP-positive glial cells (green) possessing
the characteristic glial processes are also evenly
distributed. These glial cells, however, are not
labeled by SUCLA2 whereas SUCLAZ2 cells are not
labeled by GFAP. Scale bar: 100 um

Figure 14.6. An RT-PCR experiment demonstrates the
expression of SUCLA2 but not SUCLG2 mRNA in the
human temporal cortex by showing PCR products
run on gel. The appearance of appropriate bands on
the gel for primer pairs A-C for SUCLA2 (235, 309,
and 242 bp, respectively) and primer pairs A-D for
SUCLG2 (279, 387, 366, and 211 bp, respectively) in
human fibroblasts indicate SUCLA2 and SUCLG2
expression in this cell type. In contrast, when the
template of the PCR reaction was cDNA prepared
from freshly dissected surgical human temporal
cortex samples, only SUCLA2 but not SUCLG2
resulted in visible bands. B and C: Dark-field
photomicrographs of human temporal cortex labeled
with in situ hybridization histochemistry for SUCLA2
(B), and SUCLG2 (C). The white dots represent
labeled cells. All cortical layers but not the corpus
callosum (cc) is labeled for SUCLA2 (B). The intensity
of labeling is highest in layers IlI-V whereas layers |,
I, and VI contains less intensely labeled cell. In
contrast, SUCLGZ2 labeling above the background is
absent in all layers of the cerebral cortex (C). Scale
bar =1 mm.
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Figure 14.7. The selective SUCLA2 mRNA expression in neurons based on double labeling with in situ
hybridization histochemistry for SUCLA2 and neuronal or glial markers. The distribution of Nissl-
labeled cells (A) and S100-immunoreactive astrocytes (B) is shown in the human temporal cortex. The
tiny autoradiography grains of the in situ hybridization signal are not visible at this low magnification.
High magnification pictures demonstrate the location of autoradiography grains representing SUCLA2
MRNA in relation to Nissl-labeled cells (C), and S100-immunoreactive astrocytes (D). Black arrowheads
indicate double labeled cells. Based on the larger size and fainter Nissl labeling, these cells are
neurons. Above these cells, the number of autoradiography grains is more than 4. In contrast, the
darker, smaller and circular-shaped glial cells indicated by white arrowheads in C are not labeled for
SUCLA2 mRNA. Also, mRNA expression of SUCLAZ2 is absent in S100-immunoreactive astrocytes (white
arrowheads) in D. Scale bars = 500 um for A, B, and 50 um for C, D.
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Figure 14.8. Immunoreactivities of the substrate-specific 8 subunit encoded by either SUCLAZ2 or
SUCLG2 in tissue homogenates. A: MB signifies mouse brain (whole brain homogenates from four
different animals 1, 2, 3 and 4). All other alphanumeric titles signify human brain samples obtained
from regions as indicated in the panels. B: Inmunoreactivity of the substrate-specific 8 subunit
encoded by SUCLA2 in human fibroblasts from a healthy donor and a patient with a complete deletion
of SUCLA2. C: Immunoreactivities of the substrate-specific 8 subunit encoded by either SUCLA2 or
SUCLG2 in human temporal cortex samples from control subjects versus those that suffered from
diabetes mellitus. For all lanes of all panels, immunoreactivity of f-actin was used as a loading

control.
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Figure 14.5.1. : multiple sequence alignment of SUCLG2 [Homo Sapiens] versions and transcript
variants performed by Multalin; output generated by ESPript.
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15 SUCLG2 outlines the human cerebral microvasculature

In (Dobolyi et al., 2015b) we showed that SUCLG2 is very weakly expressed in the adult human brain. In
the subsequent study published in (Dobolyi et al., 2015a) we reported that SUCLG2 exist only in cells
forming the vasculature or its contents in the adult human brain.

15.1 The specificity of SUCLG2 immunoreactivity in human fibroblast cultures

We have used a novel antibody directed against the human SUCLG2 protein that does not distinguish
among various isoforms, different than that we used in (Dobolyi et al., 2015b). The specificity of SUCLG2
immunoreactivity was validated using human fibroblast cells, see figure 15.1. The mitochondrial
network was selectively stained by loading cells with Mitotracker Orange (MTO, 1 uM) prior to fixation
(panel a). Fibroblasts were subsequently labeled with the procedure of SUCLG2 immunostaining (panel
b), and there was a co-localization with the decoration obtained by MTO (panel c). Note that only a
minority of the mitochondrial network was stained by the SUCLG2 antiserum, as opposed to SUCLA2
immunoreactivity in the same cells, in which the majority of the mitochondrial network was stained
(Dobolyi et al., 2015b).

15.2 SUCLA2 and SUCLG2 labeling in the human cerebral cortex

SUCLA2 immunoreactivity appeared in cells located throughout the cerebral cortex (Fig. 15.2a). The
cellular distribution of SUCLA2 labeling suggested that SUCLA2 immunoreactivity is restricted to
mitochondria (see figure 15.3a), exactly as described by us previously (Dobolyi et al.,, 2015b).
Furthermore, the distribution of SUCLA2-immunoreactive cells corresponded to that of neurons in
accordance with the previously described neuronal expression of this protein. In these sections, the
walls of large blood vessels were also labeled with SUCLA2, see upper left corner of figure panel 15.2a.
The distribution of SUCLA2 immunoreactivity differed markedly from that of myelin basic protein as the
latter one was striking in the white matter and labeled radially arranged structures in accordance with
the established localization of myelinated fibers within the cortex (Fig. 15.2b). Indeed, double labeling
confirmed the absence of co-localization between SUCLA2 and myelin basic protein (Fig. 15.2c, 15.3b).
The distribution of Ibal-labeled microglial cells was relatively even within the examined brain section
corresponding to the role of this cell type in immune defense (Fig. 15.2e). Microglial cells had small
somata and several processes (Fig. 15.3a). Thus, the morphology of SUCLA2 and Ibal-labeled cells was
different. Consistent with this, no co-localization of these markers were found in any cortical regions
examined (Fig. 15.3a). SUCLG2 immunoreactivity was found in all layers of the human cerebral cortex.
Its distribution was, however, characteristic of blood vessels suggesting endothelial and/or pericytic
localization. However, we must note that perivascular staining due to the presence of SUCLG2 in
astrocyte end-feet is a viable possibility. The distribution of SUCLG2 immunoreactivity was clearly
different from that of myelin basic protein (Fig. 15.2b) and lbal-positive microglia (Fig. 15.2e), which
was also confirmed by double labeling (Fig. 15.2f). Analysis of high magnification images revealed that
SUCLG2 immunoreactivity present in structures resembling mitochondria appeared in capillary-forming
cells. This is best depicted in the lower left corner (two white arrowheads) and upper right corner (single
white arrowhead) of figure panel 15.3d; note the SUCLG2 decoration pattern forming a tubular structure
around the red blood cells (stained green because of the immunohistochemical procedure) in a
longitudinal (lower left corner) and cross-section (upper right corner) mode delineating a capillary. No
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co-localization was found between SUCLG2 and the
microglia marker Ibal (Fig. 15.3c) and oligodendroglial
marker myelin basic protein (Fig. 15.3d). On the other hand,
SUCLG2 expression has been demonstrated in microglial
cells of post-mortem brains of Alzheimer's disease patients
and age-matched controls (Ramirez et al., 2014). In humans,
SUCLG2 exhibits transcript variants. However, the possibility
that the human glial transcript variant of SUCLG2 is not
recognized by existing antibodies has been ruled out in
(Dobolyi et al., 2015b): all transcripts are identical in the
region 1-396, except in position 220 (Dobolyi et al., 2015b).
The antibody used in (Dobolyi et al., 2015b) to identify
SUCLG2 was raised by immunizing rabbits with a
recombinant fragment corresponding to a region within the
N terminal amino acids 1-204 of human SUCLG2 which is
common among all transcript variants. Furthermore, in
(Dobolyi et al., 2015b) PCR and in situ hybridization for all
known variants have been performed for human brain
material; SUCLG2 mRNA was deduced to be very scarce in
the human brain, while the same probes tested robustly
positive in human fibroblasts.

Figure 15.1. Co-labeling of human fibroblasts (SUCLG2)
with Mitotracker Orange (MTO). a: MTO labeling outlining
the mitochondrial network in normal human fibroblasts. b:
SUCLG2 immunoreactivity in normal human fibroblasts.
Intracellular structures resembling mitochondria are
intensely labeled c: Merged image of SUCLG2
immunodecoration with MTO labeling. Scale bar = 13 um.
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Figure 15.2. Immunocytochemical
identification of succinyl CoA ligase
subunits, oligodendroglia, and microglia
in the human cerebral cortex. The
distribution of SUCLAZ2 (a), myelin basic
protein (b), SUCLG2 (d) and Ibal (e)
immunoreactivities are shown in low
magnification. c: Double labeling (panels
a and b combined) show somewhat
overlapping but still fundamentally
different distributions of SUCLA2 and
myelin basic protein. f: Double labeling
(panels d and e combined) demonstrate
the distinct distributions of SUCLG2 and
Ibal in the cerebral cortex. Scale bar =
500 um.
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Figure 15.3. High magnification
confocal images demonstrate that
SUCLA2 immunoreactivity (green in a
and b) is present in neurons but not in
Ibal-positive microglia cells (red in a)
and in oligodendroglial cells labelled
with basic myelin protein (red in b). In
turn, SUCLG2 immunoreactivity (green
in c and d) does not co-localize with
Ibal (red microglia cells in c) and cells
labelled with basic myelin protein (red
oligodendroglial cells in d). The
arrowheads in d point to red blood cells
within vessels labelled non-specifically
due to their internal peroxidase content.
Scale bar = 20 um.

16 Exclusive neuronal detection of KGDHC-specific subunits in the adult human brain cortex despite
pancellular protein lysine succinylation

In (Dobolyi et al., 2015b) and (Dobolyi et al., 2015a) we published that succinate CoA ligase exists only
in the neurons of the adult human brain, which begged the question: if the enzyme processing succinyl-
CoA exhibits cell-specific expression, does the enzyme producing succinyl CoA follow the same pattern?
this enzyme is the a-ketoglutarate dehydrogenase complex (KGDHC). In the work published in (Dobolyi
et al., 2020) we investigated exactly that and showed that KGDHC-specific subunits are also absent from
glial in the adult human brain cortex.

16.1 KGDHC in the human brain; relation to physiological and pathological states

Mindful of KGDHC'’s involvement in a multitude of biochemical processes it is not surprising that its
deficiency leads to pathology, particularly in the brain: indeed, a decline in KGDHC activity is associated
with Alzheimer's disease (Gibson et al., 1998), (Butterworth and Besnard, 1990), (Mastrogiacoma et al.,
1996), (Terwel et al., 1998), (Bubber et al., 2005), Parkinson’s disease (Gibson et al., 2003), Huntington’s
chorea (Naseri et al., 2015), Wernicke-Korsakoff syndrome (Butterworth et al., 1993) and progressive
supranuclear palsy (Albers et al., 2000), (Park et al., 2001). A reduction of KGDHC activity is not generally
paralleled by all other enzymes of the citric acid cycle (Bubber et al., 2005), (Gibson et al., 2010), (Bubber
et al., 2011). The reason for this selective vulnerability is incompletely understood, but it is likely to be
at least partially due to the ability of KGDHC of both producing and affected by reactive oxygen species
(Tretter and Adam-Vizi, 2004), (Starkov et al., 2004). The molecular mechanism(s) linking KGDHC to
neurodegeneration are largely unknown; it has been proposed that a decrease in complex activity
diminishes glucose uptake and/or metabolism in the brain -a hallmark of Alzheimer’s disease- initiating
a sequence of events culminating in neurodegeneration (Chen and Zhong, 2013), (Sang et al., 2018).
Laboratory mice modeling neurodegenerative diseases cross-bread with those exhibiting KGDHC
subunit-specific genetic modifications yielded considerable insight regarding pathophysiology (Dumont
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et al., 2009) but stopped short in offering a breakthrough regarding therapy or even prevention strategy
in humans. In most neurodegenerative disorders specific regions of the brain are involved, thus, lack of
knowledge on KGDHC expression and activity in a cell-specific manner may well underlie the lack of
progress regarding identifying suitable therapeutic targets. In (Dobolyi et al., 2020) we reported that
KGDHC-specific components were detected in neurons but not glia. However, protein lysine
succinylation was pancellularly evident. The latter finding was unexpected because succinylation
requires succinyl-CoA, the product of KGDHC, while glia cannot obtain it from succinate-CoA ligase as
they also lack this enzyme (Dobolyi et al., 2015b), (Dobolyi et al., 2015a). Potential sources of
extramitochondrial succinyl-CoA have been reviewed in (Chinopoulos, 2021), and are currently under
investigation.

16.2 Antibody selection for detecting all known KGDHC subunit human isoforms

KGDHC consists of multiple copies of three subunits: oxoglutarate dehydrogenase (OGDH) or
oxoglutarate dehydrogenase-like protein (OGDHL), dihydrolipoyl succinyltransferase (DLST), and
dihydrolipoyl dehydrogenase (DLD). OGDHL exhibits 3 isoforms Q9ULDO0-1, Q9ULDO0-2 and Q9ULDO-3;
OGDH 3 isoforms: Q02218-1, Q02218-2 and Q02218-3; DLST 2 isoforms: P36957-1 and P36957-2; and
DLD 3 isoforms: P09622-1, P09622-2 and P09622-3. By knowing the amino acid sequence of each
isoform we could select antibodies raised using epitopes recognizing all isoforms, see Tables 16.1A and
B. Whenever the same antibody is used for more than one isoform, this is because the epitope is within
a 100% aligning region between the isoforms. More antibodies were probed that yielded no staining
and these were excluded from this study.

Table 16.1A: Antibodies used for detecting all known human KGDHC subunit isoforms

Subunit | Isoform Antibody used

Q9ULDO-1 Atlas Antibodies, Cat# HPA052497, RRID:AB_2681853
OGDHL | Q9ULDO-2 Proteintech Group, Cat# 17110-1-AP, RRID:AB_2156767
Q9ULDO0-3 Proteintech Group, Cat# 17110-1-AP, RRID:AB_2156767
Q02218-1 Proteintech Group, Cat# 15212-1-AP, RRID:AB_2156759
OGDH Q02218-2 Proteintech Group, Cat# 15212-1-AP, RRID:AB_2156759
Q02218-3 Atlas Antibodies, Cat# HPA020347, RRID:AB_1854773
DLST P36957-1 | Cell Signaling Technology, Cat# 11954, RRID:AB_2732907
P36957-2 | Cell Signaling Technology, Cat# 11954, RRID:AB_2732907

P09622-1 Abcam, Cat# ab133551, RRID:AB_2732908
DLD P09622-2 Abcam, Cat# ab133551, RRID:AB_2732908
P09622-3 Abcam, Cat# ab133551, RRID:AB_2732908

Table 16.1B: Antibodies directed against other targets used in this study

Target Antibody used

GFAP Santa Cruz Biotech, Cat# sc-33673, RRID:AB_627673
Aldhl1 Abcam, Cat# ab177463, RRID: AB_2811300

Myelin Basic Protein Abcam, Cat# ab24567, RRID:AB_448144
Olig2 Abcam, Cat# ab109186, RRID: AB_10861310
IBA1 Abcam, Cat# ab107159, RRID:AB_10972670
Succinyl lysine NovoPro, Cat# 106768, RRID:AB_ 2732922

VDAC1 Abcam, Cat# ab154856, RRID:AB_2687466
SUCLG1 Abcam, Cat# ab97867, RRID:AB_10678848
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SUCLG2 Atlas Antibodies, Cat# HPA046705, RRID:AB_2679762
SUCLA2 Proteintech Group, Cat# 12627-1-AP, RRID:AB_2271200
B-actin Abcam, Cat# ab6276, RRID:AB_2223210

16.3 Antibody validation

Antibodies directed against KGDHC subunit isoforms were validated by the following protocols: i) >99%
co-localization with mitotracker orange (a dye that stains exclusively mitochondria) in human
fibroblasts; ii) decrease in immunocytochemical staining of siRNA —but not scramble RNA- treated
human cell lines silencing genes that code KGDHC subunit isoforms and decorated by the same
antibodies; iii) emergence of only one band at the expected molecular weight in Western blots probing
purified, recombinant proteins and human brain homogenate samples. As shown in figure 16.1, normal
human fibroblasts were treated with the antibodies indicated on the left and detected with secondary
antibodies conjugated with Alexa 647 fluorophore (left panels, green); their mitochondrial network was
selectively stained by loading cells with Mitotracker Orange (MTO, 1 uM, middle panels, red) prior to
fixation. Co-localization of Alexa 647 and MTO staining is shown in the panels to the right. From the
right-hand panels It is evident that except for antibody HPA052497 directed against isoform 1 of OGDHL
(Q9ULDO-1), all other antibodies yielded >99% of co-localization with the mitochondrial network.
Regarding Q9ULDO-1, at this junction it cannot be distinguished if the lack of co-localization of the
antibody with MTO is due to lack of specificity, or Q9ULDO-1 is not sufficiently expressed in human
fibroblasts. Nonetheless, the robust co-localization of all other antibodies with MTO in these confocal
images proved that the antigens are located within mitochondria. Next, to investigate if the
intramitochondrial decoration is due to antigens belonging to the intended proteins against which the
KGDHC-subunit and isoform specific antibodies were raised, cell lines were transfected with either siRNA
directed against individual subunits belonging to KGDHC or scramble RNA, and subsequently co-stained
with the same antibodies and MTO. For these experiments, cancer cell lines (HeLa and COS-7) were used
instead of fibroblasts because the former exhibit much higher transfection efficiencies than the latter.
COS-7 is a cell line originating from monkey kidney tissue but it was probed for OGDHL isoforms 2 and 3
which are identical to those expressed in humans. Other cell lines tested did not yield a sufficiently clear
mitochondrial network for co-localization studies (not shown). As shown in figure 16.2, Hela cells were
treated with the antibodies indicated on the left and decorated with secondary antibodies conjugated
with Alexa 647 fluorophore (left panels, green); their mitochondrial network was selectively stained by
loading cells with MTO (1 uM, middle panels, red) prior to fixation. Co-localization of Alexa 647 and MTO
staining is shown in the panels to the right. The robust co-localization of all antibodies (except
HPA052497) with MTO in these confocal images proved that the antigens are located within
mitochondria of Hela cells as well. As shown in the top rows of figures 16.3-16.8, cells were treated with
siRNA directed against the respective protein, and in the bottom rows with scramble RNA. Alexa 647
decoration is shown in panels to the left, while MTO staining is shown in the panels to the right. It is
evident that the mitochondrial staining for KGDHC subunits shown in siRNA-treated cells (top-left
images) appears weaker than the scramble RNA-treated cells (bottom-left panels); furthermore, in some
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Antigen: OGDH
Isoforms: Q02218-1, -2
Antibody: ab137773

Antigen: OGDH

Isoform: Q02218-3
Antibody: HPA020347

Antigen: DLST
Isoforms: P3€957-1, -2
Antibody: 11954

Antigen: DLD
Isoforms: P09622-1, -2, -3
Antibody: ab133551

Figure 16.1. OGDHL, OGDH, DLST and DLD immunolabeling (labelling
by Alexa 647) in human fibroblasts in relation to mitotracker orange
(MTO). Mag: 20x.

instances (top left panels in
figures 16.5, 16.6 and 16.8) the
mitochondrial  network  of
siRNA-treated cells is more
fragmented than those treated
with the scramble RNA. The
decrease in staining together
with  the alterations in
mitochondrial  network in
siRNA-treated but not scramble
RNA-treated cells strongly
argue that the antibodies used
are specific for the intended
KGDHC subunit proteins. It must
be noted that in some panels
immunoreactivity with siRNA
may  appear similar to
immunoreactivity without any
intervention, however, by semi-
quantitating  emitted light
intensity of the signal minus the
background, immunoreactivity
presented for sSiRNA s
consistently lower than that for
scramble RNA. Subsequently, to
afford further assurance that
the antibodies used exhibit
monospecificity for the
intended  proteins  -which
cannot be addressed by
immunocytochemistry- and
they vyield reproducible results
from a sufficiently high number
of tissues, we performed
western blotting analysis on
purified, recombinant proteins
(Nemeria et al., 2014), (Ambrus
etal.,2016) and 63 human brain
homogenates obtained from 11
cadaveric brain donors. All

antibodies are  directed

against short stretches of

amino acid sequences (which

was important for selecting

isoform-specific antibodies), thus they were expected to perform equally well in western blotting
protocols where protein folding is lost due to the presence of strong detergents. Antibody-selling

company policies prohibit the publication of the epitopes (to which the

authors of (Dobolyi et al., 2020)

disagree). As shown in figure 16.9, recombinant proteins (shown on the left-most lane) and the brain
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Alexa 647 Mitotracker Orange Merge homogenates were probed for

5 SUCLG1, SUCLG2, SUCLA2, OGDH,
§§§ DLST, DLD, B-actin and VDAC1.
3 g Antibodies directed against OGDHL
gngg isoforms were not suitable for
* 2 Z western blotting. Since the number

of the homogenates used was

g higher than the number of lanes
ég‘; per gel that could be loaded,
2%5 samples loaded in the last four
$8% lanes of each gel was also loaded in
< g g the first four lanes of the next gel.

B-actin and VDAC1 served as

loading markers for total tissue
homogenate and mitochondrial
content, respectively. SUCLG1,
SUCLG2, SUCLA2 correspond to
subunits of succinate-CoA ligase,
the enzyme following KGDHC in the
citric acid cycle. On the top lane,

Antigen: OGDH
Isoforms: Q02218-1,-2
Antibody: ab137773

~
g ..
63 each three-digit number
~N O .
8%; represents a brain homogenate
< .
SES sample from a brain donor. The
£33 . .
<38% exact brain location from where
<<

these homogenates originated is
shown in table 2 (shown in
(Dobolyi et al., 2020), table 2 is too
large to be included in the present
dissertation format). As shown in
the cropped scanned western
blots, the antibodies raised against
OGDH, DLST and DLD vyielded a
band which appeared at the same
molecular  weight as the
recombinant protein. Antibodies
for SUCLG1, SUCLG2 and SUCLA2
have been validated elsewhere
(Dobolyi et al., 2015a), (Dobolyi et
al., 2015b), (Chinopoulos et al.,
2019). Scanned images of whole
blots appear in the supplemental
material in (Dobolyi et al., 2020) (material is too large to appear in print in the current dissertation

Antigen: DLST
Isoforms: P36957-1, -2
Antibody: 11954

Antigen: DLD
Isoforms: P09622-1,-2, -3
Antibody: ab133551

Figure 16.2. OGDHL, OGDH, DLST and DLD immunolabeling
(labelling by Alexa 647) in HeLa cells in relation to mitotracker
orange (MTO). Mag: 40x.

format). In supplemental figure 1 appearing in (Dobolyi et al., 2020) it is shown that antibodies yielded
-in the vast majority of cases- a single band at the expected molecular weight; when the blots were
“overexposed” several new bands appeared that were much fainter than the band corresponding to the
intended protein. From the results shown in western blots and confocal imaging of
immunocytochemistry we concluded that the antibodies raised against KGDHC components are specific
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to the intended proteins. However, it must be emphasized that this did not apply for those raised against
OGDHL isoforms.

Alexa 647 Mitrotracker Orange 16.4 KGDHC subunit- and

isoform-specific

immunoreactivity in

L human brain cortex and

é é = . cell types identification

g %Eozg by  co-staining  with

§§§ neuronal and/or glial
2< markers

By using the above

validated antibodies, we

performed

immunohistochemistry

in human  cerebral

cortical material

e obtained from

% 833 neurosurgical

2 é E 2 interventions. Frontal

$:% g and temporal cortical

3 gé § samples did not show

- any visible difference in

their labeling pattern for

any antibody. The

Figure 16.3. Effect of siRNA vs scramble RNA directed against OGDHL distribution  of  OGDH

isoforms 2 and 3 on OGDHL immunostaining in Hela cells in relation to subunits investigated with

mitotracker orange (MTO). Mag: 20x. antibodies  specific  to

different OGDHL and
OGDH isoforms were similar (Figures 16.10 and 16.11, respectively). Labeled cells were scarce in layer |
of the cerebral cortex. In contrast, a high number of labeled cells were present in all other layers of the
cerebral cortex. The labeling was absent in the nuclei of the cells while it was punctate with occasional
filamentous appearance in the perikarya. Although in situ mitochondria are filamentous, a largely
punctate appearance emerged likely because of the multiple amplification steps. Furthermore,
immunohistochemistry protocols of signal amplification almost always lead to diminished spatial
resolution. Thus, KGDHC staining in the human cerebral cortical tissue did not completely match the
filamentous mitochondrial network commonly observed in cultured fibroblasts and cell lines but its
appearance was still indicative of mitochondrial localization. To identify the type of cells labeled with
the different OGDH subtypes, double labeling was performed. A fluorescent Nissl dye allowed the
analysis of cellular morphology, which suggested the presence of all OGDH subtypes in neurons. In
addition, a high number of smaller cells, also labeled with fluorescent Nissl dye were also present but
did not contain OGDH. Since the smaller size and the even distribution of these cells suggested that they
may be glial cells, we performed double labeling with antibodies recognizing different OGDH subtypes
and the astrocyte markers GFAP (Figures 16.10 and 16.11) and Aldhl1 (Figure 16.12). The results of these
doubly labeling studies indicated the absence of OGDH immunoreactivity in astrocytes. Double labelling
of OGDH subunits with the oligondendrocyte markers Olig2 (Figure 16.12) and myelin basic protein
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Alexa 647 Mitrotracker Orange (Figure 16.13), or the

microglial marker IBA1l

- (Figure 16.13) also

- g; precluded localization of
23t this  KGDHC-specific
égg “ subunit in
- ;g g oligodendroglia and
- microglia cells,
respectively. Other

subunits of KGDHC were

examined in  similar

manner. DLST exhibited

a distribution and

localization resembling

that of OGDH (Figure

J 5% . 16.14). In contrast, DLD
ERY was abundant in layer |
Sg% 52 as well as the deep
f; g f; % layers of both the frontal
< and temporal cortices
(Figure 16.15A). Double

labeling with the

Figure 16.4. Effect of siRNA vs scramble RNA directed against OGDHL fluorescent Nissl dye
isoforms 2 and 3 on OGDHL immunostaining in COS-7 cells in relation to suggested that all cells
mitotracker orange (MTO). Mag: 20x. contain DLD (Figure

16.15B). Indeed,
astrocytes labeled with GFAP were shown to also localize DLD in them (Figure 16.15C).

16.5 Comparison of immunohistochemistry results obtained in this study from KGDHC subunit staining
and those published in the Human Protein Atlas

The Tissue Atlas branch of the Human Protein Atlas aims to map the distribution of all human proteins
in major tissues and organs, including the brain (Uhlen et al., 2015). The Tissue Atlas profiles proteins by
antibodies in a qualitative manner. More specifically, antibodies are labeled with 3,3'-diaminobenzidine
(DAB) yielding a brown discoloration of the stained cell. The section is furthermore counterstained with
hematoxylin and cells are identified by visualizing their microscopical characteristics. With this approach
the spatial distribution, cell type specificity and approximate relative abundance of proteins can be
estimated, in the respective tissues. In table 3 (table 3 is shown in (Dobolyi et al., 2020), it is too large
to be included in the present dissertation format), data from the Human Protein Atlas on brain tissues
is shown when using KGDHC subunit- and isoform-specific antibodies. The Atlas categorizes staining as
‘high’, ‘medium’ or ‘low’, recognizing ‘glial’ and ‘neuronal’ staining. As shown in table 3 (table 3 is shown
in (Dobolyi et al., 2020), it is too large to be included in the present dissertation format), in the human
cortex OGDH, OGDHL and DLST are mostly expressed in neurons (medium or high staining), and they
exhibit a low expression in glia. DLD staining is medium for both neurons and glia. It must be emphasized
that visual identification of neurons versus glia by DAB followed by hematoxylin counterstain is prone
to high false-positive and false-negative results. In the present work cells were identified by Nissl, GFAP,
IBA1 and basic myelin protein, affording a very high level of assurance regarding correct cell
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identification and categorization. Nevertheless, there is an obvious agreement between our data and
those amassed by the Human Protein Atlas, namely that KGDHC specific subunits are expressed in
neurons and little (if at all) in cortical glia.

Alexa 647 Mitrotracker Orange

Figure 16.5. Effect of
SiRNA vs scramble RNA
directed against OGDH
isoforms 1 and 2 on
OGDH immunostaining in
Hela cells in relation to
mitotracker orange
(MTO). Mag: 20x.

siRNA

Antigen: OGDH
Isoforms: Q02218-1,-2
Antibody: ab137773

Antigen: OGDH

Isoforms: Q02218-1,-2
scramble RNA

Antibody: ab137773

16.6 Correlation of immunohistochemistry results obtained in this study from KGDHC subunit staining
and RNA-Seq data published in the Allen Brain Atlas

The Allen Brain Atlas is an integrated spatio-temporal portal for exploring the central nervous system
(Sunkin et al., 2013). It entails RNA-Seq data from intact nuclei derived from frozen human brain
specimens obtained from middle temporal gyri. Specifically, 15,928 nuclei from 8 human tissue donors
ranging in age from 24-66 years were analyzed. As shown in figure 16.16A, RNA-Seq data for OGDH,
OGDHL, DLST and DLD (indicated on the left) are shown as a function of cell subtype (indicated in the x-
axis). These data are pooled exclusively from the exons. It isimmediately apparent that, in non-neuronal
cells —thus including glia- expression of KGDHC components is much less than that in glutamatergic +
GABAergic cells, i.e. collectively neuronal cells. For comparisons, RNA-Seq data for GFAP and Olig2 (glial
markers), SLC17A7 (Solute Carrier Family 1 (Glutamate Transporter), Member 7; it transports L-
glutamate; glutamatergic neuron marker), GAD1: Glutamate Decarboxylase isoform 1; GABA-ergic
neuronal marker and SUCLA2 (component of ATP-forming succinate CoA ligase, neuronal marker) are
also presented. On the other hand, in figure 16.16B, RNA-Seq data from introns only are presented, and
there it is apparent that gene elements coding for KGDHC components are essentially the same between
neuronal vs non-neuronal cells; this practically means that in non-neuronal cells (such as glia) genes
coding for KGDHC components are embedded in intronic regions as a result of some genetic regulation.
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Alexa 647

Mitrotracker Orange

Figure 16.6. Effect of siRNA
vs scramble RNA directed
against OGDH isoform 3 on

23 OGDH immunostaining in
I ®o . .
g8¢< . Hela cells in relation to
=™ .
g g T& mitotracker orange (MTO).
o2EgQ”
288 Mag: 20x.
=2
16.7 Protein lysine
succinylation is pancellularly
03 evident in the human brain
528¢%
5’7 o gz . .
250%2 All cells in the examined
SESE ;
£E8E cerebral  cortices  were
<9z “ . L .
=2 immune-positive for protein

lysine  succinylation as
demonstrated by the lack of
cells singly labelled with the
fluorescent Nissl dye (Figure 16.17). The localization in astrocytes was also confirmed by double labeling
with GFAP as indeed all GFAP-positive glial cells contained immunolabeling for protein lysine
succinylation as well (Figure 16.17). The specificity of the labeling was confirmed by the absence of signal
when the antibody was pre-incubated with succinylated Wheat Germ Agglutinin (WGA, figure panels
16.18B, D) but not WGA without succinylation figure panels 16.18A, C). Specificity of the anti-
succinyllysine antibody was further assured by a similar methodology but in Western blots of
homogenized brains. As shown in Figure 16.18, panels E-H, WB for 12 brain homogenates was
performed. In the same gels, wheat germ agglutinin (WGA) and succinylated WGA were loaded where
indicated. In panel E, blots were probed with anti-succinyllysine antibody; the blot shown in panel F was
treated with anti-succinyllysine antibody plus WGA; the blot shown in panel G was treated with anti-
succinyllysine antibody plus succinylated WGA; and the blot strip shown in panel H depicts the result of
probing for (-actin, as loading control. It is evident that incubation of the anti-succinyllysine antibody
with succinylated WGA but not WGA yields very little staining. WGA contains endogenous succinylated
sites (Zhang, Y. et al., 2017b), thus, a band is visible in the respective lane.
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Figure 16.7. Effect of siRNA vs
scramble RNA directed
against DSLT isoforms 1 and 2
on DSLT immunostaining in
Hela cells in relation to
mitotracker orange (MTO).
Mag: 20x.

Figure 16.8. Effect of siRNA vs
scramble RNA directed against
DLD isoforms 1, 2 and 3 on DLD
immunostaining in Hela cells in
relation to mitotracker orange
(MTO). Mag: 20x.
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proteins indicated on the left in brain tissue

homogenates (indicated on the top;
present dissertation format). The most-left

individual samples coded by a three-digit
detailed in table 2 shown in (Dobolyi et al.,
2020), it is too large to be included in the
lane includes purified, recombinant
proteins (Prot.) for OGDH, DLST and DLD.

Figure 16.9. Immunoreactivities of the
number obtained from brain regions as
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Figure 16.10. OGDHL
immunolabeling in the human
cerebral cortex in relation to
neuronal and glial markers. A:
OGDHL isoform 1-immunoreactive

i cells are present the cerebral cortex,

with higher density in the deep
layers. B: OGDHL isoform 1 (green)
and fluorescent Nissl staining (red)
show many double-labeled yellow
cells in the cerebral cortex. C: A
higher magnification confocal image
of a cerebral cortical section double
stained with OGDHL isoform 1
(green) and fluorescent Nissl
staining (red) demonstrates that
larger, neuronal cells (some of them
indicated with white arrow) are
double labeled. Several small cells
are also present, which are not
labeled with OGDHL isoform 1.
Please, observe the dot-like
intracellular labeling pattern of
OGDHL subunit 1 immunoreactivity.
D: A cerebral cortical section double
labeled with OGDHL isoform 1
(green) and the established
astrocyte marker glial fibrillary
acidic protein (GFAP; red) shows only
single labeled cells positive for
OGDHL isoform 1 or for GFAP
demonstrating that astrocytes are
not labeled with OGDHL isoform 1.
Some of the single labeled astrocytes
are pointed to by white arrowheads.
E: A confocal image of a cerebral
cortical section double stained with
OGDHL isoform 2/3 (green) and
fluorescent Nissl staining (red)
demonstrates that larger, neuronal
cells (some of them indicated with
white arrow) are double labeled.
Several small cells not labeled with
OGDHL isoform 2/3 are also present.
Note the dot-like intracellular
labeling pattern of OGDHL subunit
2/3 immunoreactivity. F: A cerebral
cortical section double labeled with
OGDHL isoform 2/3 (green) and
GFAP (red) shows cells labeled either
with OGDHL or with GFAP
demonstrating that astrocytes are
not labeled with OGDHL isoform 2/3.
Some of the single labeled astrocytes
are pointed to by white arrowheads.
Scale bars = 200 um for A, 300 um
for B, 100 um for C-F.
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Figure 16.11. OGDH
immunolabeling in the human

N cerebral cortex in relation to

neuronal and glial markers. A:
OGDH isoform 1/2 (green)
immunolabeling and fluorescent
Nissl staining (red) show many
double-labeled yellow cells in the
cerebral cortex. B: A high
magnification confocal image of a
cerebral cortical section double
stained with OGDH isoform 1/2
(green) and fluorescent Nissl
staining (red) demonstrates that
larger, neuronal cells indicated
with white arrow are double
labeled. Several small cells are also
present, which are not labeled with
OGDH isoform 1/2. Note the dot-
like intracellular labeling pattern of
OGDH subunit 1/2
immunoreactivity. C: A cerebral
cortical section double labeled with
OGDH isoform 1/2 (green) and the
established astrocyte marker glial
fibrillary acidic protein (GFAP; red)
shows only single labeled cells
positive for OGDH isoform 1/2 or
for GFAP demonstrating that
astrocytes are not labeled with
OGDH isoform 1. D: A high
magnification confocal image
shows separate single OGDH
isoform 1/2 and GFAP-positive
(red, pointed to by arrowheads)
cells. E: A confocal image of a
cerebral cortical section double
stained with OGDH isoform 3
(green) and fluorescent Nissl
staining (red) demonstrates that
larger, neuronal cells (some of
them indicated with white arrow)
are double labeled. Several small
cells not labeled with OGDH
isoform 3 are also present. F: A
cerebral cortical section double
labeled with OGDH isoform 3
(green) and GFAP (red) shows cells
labeled either with OGDH isoform 3
or with GFAP demonstrating that
astrocytes are not labeled with
OGDH isoform 3. Some of the
single labeled astrocytes are
pointed to by white arrowheads.
Scale bars = 200 um for A, 30 um
for B, 100 um for C, 25 um for D,
and 50 um for E and F.
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Figure 16.12. OGDHL and OGDH
immunolabeling in the human cerebral
cortex in relation to glial markers. A:
OGDHL-immunoreactive (green) cells
as well as ALDHL1-positive (red)
astrocytes are both present in the
cerebral cortex without any visible
colocalization. B: A high magnification
confocal image of the area pointed to
by the white arrow in A demonstrates
that OGDHL-ir cells are not labeled
with Aldhl1 and in turn, Aldhl1-ir
astrocytes do not contain OGDHL
immunoreactivity. C: Aldhl1 (red) is
also absent in OGDH-ir cells and their
processes (green). D: The image
demonstrates the lack of colocalization
between OGDHL immunoreactivity
(green) and the oligodendrocyte
marker Olig2 (red). Scale bars = 50 um
for A, C, and D, and 10 um for B.

Figure 16.13. OGDH immunolabeling in the
human cerebral cortex in relation to
microglia and oligodendrocyte markers. A:
OGDH isoform 1/2 (green) and Ibal (red)
immunolabeling suggest a distinct
distribution of OGDH-containing cells and
microglia. In low magnification OGDH- and
IBA1- co-immunoreactivity may appear,
but this notion is rejected in high
magnification microphotographs. B: A high
magnification, optically 1 um thick confocal
image of a cerebral cortical section double
stained with OGDH isoform 1/2 (green) and
Ibal (red) demonstrates that larger,
neuronal cells are single labeled for OGDH
isoform 1/2. Several small cells are IBA1-
positive. These cells are not labeled with
OGDH isoform 1/2 suggesting that that
microglial cells are negative for OGDH
isoform 1/2. C: A cerebral cortical section
double labeled with OGDH isoform 1/2
(green) and the established
oligodendrocyte marker myelin basic
protein (MBP; red). The latter shows the
typical distribution of myelinated fibers in
the cerebral cortex. D: A high magnification
confocal image shows the lack of co-
localization between OGDH isoform 1/2
and MBP-positive structures (red). Scale
bars =200 um for A and C, 25 um for B,
and 50 um for D.



dc_1961 21

' A & > * o : ,"
"-
w) 0y < . a.® &
> 3 5 = é o ~P
< l’ & '%1 53 : : i - 8 2
te. 2 % 0" BT . el : >
N 5% L - i . A A ¥
‘8 \ 2 s " v . &
N . ¢ cr N 'e Y 2
L o f 337 3 .:" e - e A
= £g 1 30y X ?’—P,;"' gloa geé
o '3&' ) i a S ? ~ %‘ %
Ta e ) f £ e G P £
& '? 4 . S ] ) o ‘_
S ‘.' ;‘f\' 8 T N 1 ® 2 Y
5 1 : & v P T . s ;
B T SR R e A
£ c b Y ke e 4 VSR, 2 v
% A s £ Ma
(:Q¢‘. by y ! ‘je » & ," :.‘
PS5 or 3 i & xp
> . ;
?}‘ v N ot g ¢ T
PR R a > @
2w 1. \ .
3 -').._ - ’,\ ) N -

192

Figure 16.14. DLST immunolabeling in the
human cerebral cortex in relation to neuronal
and glial markers. A: DLST-immunoreactive
(DLST-ir) cells are present in the cerebral
cortex. B: DLST (green) and fluorescent Niss/
staining (red) show that many cells are
double-labeled in the cerebral cortex. Arrows
point to double labeled neurons while black
arrowheads point to single-labeled, DLST-
immunonegative cells. Please, note the dot-
like distribution of DLST immunolabeling in
the double labeled neurons. C: A cerebral
cortical section double labeled with DLST
(green) and the established astrocyte marker
glial fibrillary acidic protein (GFAP; red) to
show the lack of double labeling suggesting
that astrocytes are devoid of DLST. White
arrowheads point to single labeled (DLST-ir)
neurons while black arrowheads point to
single labeled (GFAP-ir) astrocytes. Scale bars
=300 um for A, and 30 um for B and C.
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Figure 16.15. DLD immunolabeling in the human cerebral cortex in relation to neuronal and glial
markers. A: DLD-immunoreactive (DLD-ir) cells are present in layer 1 and also in deep layers of the
cerebral cortex. The density of labeled cells is particularly high in layer 1 and the pyramidal layers. B:
DLD (green) and fluorescent Nissl staining (red) show that most cells are yellow, that is double-labeled
in the cerebral cortex. C: A cerebral cortical section double labeled with DLD (green) and the
established astrocyte marker glial fibrillary acidic protein (GFAP; red) to show that most astrocyte
contain DLD. B1-3: A high magnification confocal image of the cerebral cortical section double labeled
with DLD (green) and fluorescent Nissl staining (red) demonstrates double labeling of the cells. The
arrows point to some of the double-labeled cells. B1 shows the green channel, B2 the red channel, and
B3 the merged figure. C1-3: A high magnification confocal image of the cerebral cortical section double
labeled with DLD (green) and GFAP (red) demonstrates the presence of DLD in astrocytes (arrows). The
arrowheads in turn point to neurons, which contain DLD but do not express GFAP. C1 shows the green
channel, B2 the red channel, and B3 the merged figure. Scale bars = 300 um for A, 200 um for B, 100
um for C, and 20 um for B1-3 and C1-3.
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Figure 16.16. RNA-Seq data obtained from the Allen Brain Atlas, looking at the expression of genes
indicated in the laft, as a function of cell types. A: genes found only in exons. B: genes found only in
introns. Image credit: Allen Institute. http://celltypes.brain-map.org/rnaseq/human
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Figure 16.17. succinyl-lysine immunolabeling
in the human cerebral cortex in relation to
neuronal and glial markers. A: succinyl-lysine
-immunoreactive (SUCCLYS-ir) cells are
present in the cerebral cortex. B: succinyl-
lysine (green) and fluorescent Nissl staining
(red) show that essentially all cells are
double-labeled in the cerebral cortex. Arrows
point to some of these double labeled cells.
Please, note the dot-like distribution of
succinyl-lysine immunolabeling in the double
labeled cells. C: A cerebral cortical section
double labeled with succinyl-lysine (green)
and the established astrocyte marker glial
fibrillary acidic protein (GFAP; red) to show
the double labeling of astrocytes. White
arrowheads point to single labeled (SUCCLYS-
ir) neurons. Scale bars = 300 um for A, and
30 um for B and C.
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Figure 16.18. Testing of the specificity of the anti-
succinyl-lysine antibody by absorption in the human
cerebral cortex. A: Preincubation of the anti-
succinyl-lysine antibody with wheat germ agglutinin
does not prevent immunolabeling. The arrow
indicated the area magnified in panel C. B:
Following preincubation of the anti-succinyl-lysine
antibody with succinylated wheat germ agglutinin
eliminates specific immunolabeling in a section
adjacent to the one shown in panel A. C, D: Higher
magnification images demonstrate the effect of
preabsorption with succinylated wheat germ
agglutinin. Note the different types of labelled cells
in C. Scale bars = 200 um for A and B, and 50 um for
Cand D. E: Western blot loaded with 12 brain
homogenates, WGA-loaded lane and succinylated-

<<
[(G) WGA, where indicated, treated with anti-
< ;8 succinyllysine. F: same as for panel E, treated with
4 “;9 7 WGA plus anti-succinyllysine. G: Same as for panel E
E but treated with succinylated-WGA plus anti-
.g succinyllysine. H: S-actin as loading control.
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DISCUSSION
Cyclophilin D regulates matrix adenine nucleotide levels

In (Chinopoulos et al., 2011) we demonstrated that in intact mitochondria, changes in ATP synthesis or
hydrolysis rates of the FoF1-ATP synthase due to CYPD binding does not translate to changes in ADP-ATP
flux rates. This was due to an imposing role of the ANT. Apparently, the ADP-ATP exchange rates by the
ANT are slower than the ADP-ATP interconversions by the FoF1-ATP synthase, an assumption which is
afforded by the more than twice larger flux control coefficient of ANT (0.63 for WT, 0.66 for CYPD KO)
than that of the FoF1-ATP synthase (0.29 for WT, 0.3 for CYPD KO), for adenine nucleotide flux rates. This
is also supported by early findings showing that the ANT is the step with the highest flux control
coefficient in the phosphorylation of externally added ADP to energized mitochondria (Duee and
Vignais, 1969b). However, one could argue that a 30% change in FoF;-ATP synthase activity which
exhibits a ~0.3 flux control coefficient, would alter adenine nucleotide exchange rates in intact
mitochondria by 0.3x0.3=0.09, i.e. 9%. To this we must stress that the flux control coefficient applies for
infinitesimally small changes in the percent change in the steady state rate of the pathway; if changes
are large (e.g. 30%), the flux control coefficient decreases by a factor of ~5, or more (Brand et al., 1993),
(Hafner et al.,, 1990). Thereby, a 30% change in FoFi-ATP synthase activity translates to a
0.3x0.3x0.2=0.018 or less, i.e. 1.8% difference in adenine nucleotide exchange rates in intact
mitochondria. This is in good agreement with the predictions of the kinetic modeling, suggesting that a
30% increase in FoF1-ATP synthase activity yields a 1.38-1.7% increase in ADP-ATP exchange rate
mediated by the ANT in fully polarized or fully depolarized mitochondria. Yet, in substrate-energized
mitochondria an increase in ATP synthesis rate by relieving the inhibition of the FoF1-ATP synthase by
CYPD was reflected by an increase in respiration rates during arsenolysis; likewise, in ATP-energized
mitochondria with a non-functional respiratory chain, abolition of CYPD or its inhibition by cyclosporin
A resulted in an accelerated ATP hydrolysis rate, allowing intact mitochondria to maintain a higher
membrane potential. Our findings in (Chinopoulos et al., 2011) imply that the modulation of FoF;-ATP
synthase activity by CYPD comprises an “in-house” mechanism of regulating matrix adenine nucleotide
levels, that does not transduce outside mitochondria, without evoking a functional correlation between
CYPD and ANT due to a possible direct link (Bernardi, 1992). This was the first documented example of
an intramitochondrial mechanism of adenine nucleotide level regulation, that is not reflected in the
extramitochondrial compartment. Furthermore, we speculate that cyclosporin A or ppif genetic ablation
delays pore opening by providing a more robust A¥Ym. It is well established that the lower the A¥Ym,
the higher the probability for pore opening (Petronilli et al., 1993a), (Bernardi, 1992), (Petronilli et al.,
1993b), (Scorrano et al., 1997). In energized mitochondria, abolition of CYPD or its inhibition by
cyclosporin A would lead to an accelerated ATP synthesis, while in sufficiently depolarized mitochondria
would result in accelerated proton pumping by ATP hydrolysis. However, an alternative explanation
relates to matrix P; which is a product of ATP hydrolysis by a reversed FoF:-ATP synthase, and inhibits
PTP (Basso et al., 2008). It is therefore also reasonable to speculate that in de-energized mitochondria
an increase in matrix P; concentration could mediate the effect of cyclosporin A or CYPD genetic ablation
in delaying PTP opening (Basso et al., 2008).

mSLP dictates ANT directionality

In (Chinopoulos et al., 2010) we demonstrated that during respiratory chain inhibition or submaximal
uncoupling, when mitochondria not only stop synthesizing ATP but work as ATP consumers, FoF1-ATPase
is able to work in reverse without the concomitant reversal of ANT. This phenomenon was demonstrated
on three levels: i) Computational modeling suggested that changes in Erey_ant and in Erey_atrase define a
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AWm range (“B” space), in which FoF1-ATPase runs in reverse, whereas the forward function of ANT is
maintained. Under these conditions, AWm supported by the ATP-hydrolyzing FoF;-ATPase is in a range
more negative than the Er, ant, thereby ANT would not reverse. ii) Experiments with isolated
mitochondria indicated that this phenomenon could indeed exist when respiration of mitochondria is
impaired, or submaximally uncoupled and suggested that matrix substrate-level phosphorylation could
be critical in providing ATP for the reversed FoF;-ATPase. iii) Data obtained with cultured cells supported
the suggestion that also in situ mitochondria are likely to exhibit reversal of FoF1-ATPase but not of ANT,
albeit the contribution of ATP provision by SUCLA2-mediated substrate level phosphorylation in situ has
not been pinpointed. It is clear from both the model and the experiments with in vitro and in situ
mitochondria that when depolarization is severe enough i.e., when AWm is less negative than the
Erev_ant, @ condition observed in the presence of adequate amount of an uncoupler, mitochondria could
consume extramitochondrial ATP translocated from the cytosol by the ANT.

Cytosolic ATP consumption by mitochondria under impaired respiration was reported for isolated nerve
terminals challenged with rotenone and FCCP (Akerman and Nicholls, 1981). This phenomenon is also
characteristic for oxidative stress (Chinopoulos et al., 1999) when inhibition of a-ketoglutarate
dehydrogenase (Tretter and Adam-Vizi, 2000), a key Krebs cycle enzyme, limits the NADH availability
and as a result, the respiratory function of mitochondria. It is a novel concept emerging from our study
that matrix substrate-level phosphorylation could be an endogenous rescue mechanism supporting the
reverse operation of FoF;-ATPase, with the benefit of maintaining AWm at a suboptimal level, where
mitochondria are depolarized, but not sufficiently for the ANT to reverse. This would assist in preserving
of the ATP pool produced by glycolysis, which is evidently crucial for the survival chances of cells due to
maintaining the function of the vital ATP-dependent transporters, such as Na*/K*-ATPase and Ca%-
ATPases. Cells could be saved as long as matrix substrate-level phosphorylation is able to provide ATP
for the FoF1-ATPase in impaired mitochondria. The importance of succinate thiokinase can be better
appreciated by the severe phenotype observed in patients suffering from SUCLA2 (or SUCLGI1)
deficiencies (Ostergaard, 2008). However, it would be difficult to attribute the phenotype exclusively to
the provision of ATP by succinate thiokinase versus other very important metabolic branches, such as
the maintenance of the citric acid cycle (Kaufman et al., 1953), ketone metabolism (Ottaway et al.,
1981), or heme synthesis (Labbe et al., 1965). Nonetheless, it is to note that increasing mitochondrial
substrate-level phosphorylation can rescue respiratory growth of an ATP synthase-deficient yeast
(Schwimmer et al., 2005). It is also noteworthy to mention that recent experiments by the group of
Balaban (Phillips et al., 2009) pointed succinyl-CoA synthetase as a target activated by matrix P;,
contributing to the anaerobic provision of ATP in mitochondria. This would obviously have the
implication of providing ATP for the consuming FoF1-ATPase, thereby maintaining a moderate AWm that
-if more negative than E.., ant- could contribute to sparing cytosolic ATP pools. Along these lines, a
beneficial by-product is the provision of matrix P; from matrix ATP hydrolysis, that could activate
succinyl-CoA synthetase towards extra ATP formation. The finding of Balaban’s group is a strong support
of our concept, suggesting the importance of succinyl-CoA synthase in providing ATP in impaired
mitochondria.

Furthermore, our results are in line with and can explain the repeatedly reported observation that
inhibition of the respiratory chain of in situ mitochondria failed to activate in all cells the cytosolic ATP
sensing mechanisms activated by a drop in [ATP] levels (Sasaki et al., 2001), (Karschin et al., 1998), (Trapp
and Ballanyi, 1995), (Ballanyi et al., 1996). It may well be possible that the energy depletion protocols
used did not permit ANT reversal in all cells. Accordingly, application of uncouplers to cells invariably led
to opening of plasmalemmal K(ATP) channels, in line with sufficient loss of AYm leading to ANT reversal
(Sasaki et al., 2001).
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The ability of mitochondria to enter the “B” space could be essential for the survival of cells when
respiration is impaired in some, but not all in situ mitochondria. This scenario is known to exist in
pathological conditions, when the mitochondrial DNA (mtDNA) pool of individual cells is heteroplasmic
(Taivassalo et al., 1999),(Schnopp et al., 1996), (Coskun et al., 2004), (Wallace et al., 1988). It is
reasonable to assume that the substrate-level phosphorylation by SUCL in respiration deficient
mitochondria could act as a quality-control switch mechanistically involved in gene shifting of
heteroplasmic mtDNA towards wild-type.

Mitochondria have been incriminated in diverse pathologies as ATP consumers. Admittedly, when these
circumstances involve strong uncoupling or compromise of the integrity of the inner mitochondrial
membrane or other —yet to be identified- conditions all characterized by absence of a pmf, Fi1-ATPase
would do what it does best: hydrolyze ATP. But in respiration-impaired mitochondria with intact inner
mitochondrial membranes, if the reverse operation of Fo-F; ATP synthase is sustained by ATP provided
by matrix substrate-level phosphorylation, A¥Ym will be maintained at a value not more negative than
Erev_ATPase, while if only cytosolic ATP reserves are being used, the maximum A¥Ym value attainable
cannot be more negative than that of Erev_ANT, imposing very slow reversal ATP-ADP exchange rates
on the translocase. Apparently, the most crucial (though not solitary) determinant of cytosolic ATP
consumption by intact mitochondria is the value of AYm; like Pythagoras said: “All Is Number”.

Mitochondrial substrate-level phosphorylation (mSLP) and relevance to cancer

The results shown so far argue that mSLP can rescue mitochondria of normal cells experiencing hypoxia
from becoming ATP sinks. By the same token, mSLP can “rescue” cancer cells growing under adverse
micronenvironmental conditions, encompassing hypoxia. Relevant to this, evidence supporting tumor
cells thriving by exploiting non-oxidative branches of metabolism while at the same time perform
glutaminolysis (glutamine catabolism would obligatorily pass through succinate CoA ligase), are
overwhelming. Although tumors are highly heterogeneous structures encompassing many different cell
types with different properties, the metabolic characteristic of non-oxidative catabolism of glutamine is
a “common denominator” for many tumor types. Below, evidence is examined pertaining to brain
tumors and in particular glioblastoma (formerly referred to as glioblastoma multiforme, GBM),
especially because cell-specific expression of enzymes supporting mSLP in normal adult human brain
cells is also being covered in this dissertation.

Glioblastoma: general considerations

Glioblastoma carries the highest mortality rate among primary brain tumors and remains largely
unmanageable. Life expectancy following diagnosis is only about 12-14 months. This has changed little
for decades despite continuing research (Ahmadloo et al., 2013; Alexander and Cloughesy, 2017; Fisher
and Buffler, 2005; Krex et al., 2007; Lawrence et al., 2011; Stupp et al., 2009). Indeed, a recent
reevaluation found that overall survival for GBM is woefully similar to that reported by Cushing almost
a century ago (Fatehi et al., 2018). A defining characteristic of GBM is the ‘secondary structures of
Scherer’, which include diffuse parenchymal growth invasion over the subpial surface, along white
matter tracks, and through the Virchow-Robin spaces (Kleihues and Ohgaki, 1999; Scherer, 1940;
Shelton et al., 2010c; Zagzag et al., 2008);(Laws et al., 1993). The highly invasive nature of GBM makes
most current therapies ineffective (Perry et al., 2017); (Krex et al., 2007); (Cuddapah et al., 2014); (Chang
et al., 2005). Although the introduction of the toxic alkylating agent, temozolomide, has improved
progression free survival slightly, quality of life has also remained poor for most GBM patients especially
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for those receiving radiation alone (Taphoorn et al., 2005); (Flechl et al., 2012); (Stupp et al., 2009). GBM
contains a plethora of morphologically diverse neoplastic cell types that express neural, glial, and
myeloid/mesenchymal markers (Huysentruyt et al., 2011; Karsy et al., 2012; Morantz et al., 1979;
Roggendorf et al., 1996; Rubinstein, 1972; Seyfried, 2001; Wood and Morantz, 1979; Yuan et al., 2004).
Abnormalities in the number, structure, and function of mitochondria in GBM cells are well-recognized.
Several groups have documented GBM cells with reduced or increased numbers of morphologically
abnormal mitochondria with laminations and aberrant or absent cristae (Arismendi-Morillo and
Castellano-Ramirez, 2008; Deighton et al., 2014; Feichtinger et al., 2014; Katsetos et al., 2013; Oudard
et al., 1997; Scheithauer and Bruner, 1987; Seyfried et al., 2017; Sipe et al., 1973). Some mitochondria
in human GBM cells contain few if any cristae (Arismendi-Morillo and Castellano-Ramirez, 2008). A
multitude of findings support the notion that OxPhos is defective in GBM (Dahlberg et al., 2017)
(Bartesaghi et al., 2015) (Feichtinger et al., 2014). Based on the concept that mitochondrial structure
determines mitochondrial function (Lehninger, 1964), these multiple mitochondrial abnormalities,
which are of genetic and/or environmental origin, would be expected to compromise effective energy
production through OxPhos (Seyfried et al., 2015; Seyfried et al., 2014, Seyfried and Shelton, 2010). In
view of the documented abnormalities in GBM mitochondria, alternative energy source(s) to OxPhos
must be in place to maintain cell viability. Accumulating evidence indicates that glucose and glutamine
are the primary fuels used for driving the rapid growth of most tumors, including GBM (Yang, C. et al.,
2009) (DeBerardinis et al., 2007). Abundant levels of glucose and glutamine are also available in cyst
fluid that is often present in GBM and could be used as fuel for the growing tumor cells (Dahlberg et al.,
2017). Other potential metabolic fuels in the tumor microenvironment, e.g., acetate and branched chain
amino acids, are either not present in sufficient quantities to drive growth through fermentation or exert
non-metabolic effects that are yet to be understood (Seyfried et al., 2017) (Jaworski et al., 2016)..
Glucose drives tumor growth through aerobic fermentation (Warburg effect), whereas glutamine drives
tumor growth through glutaminolysis (DeBerardinis and Cheng, 2010; Flavahan et al., 2013; Rhodes et
al.,, 1983; Yang et al., 2017). Metabolism of glucose and glutamine is also responsible for the high
antioxidant capacity of the tumor cells thus making them resistant to chemo-and radiotherapies
(Amores-Sanchez and Medina, 1999);(Seyfried et al., 2017; Xu et al., 2005). It remains unclear, however,
whether glutamine is used primarily as a substrate for citric acid cycle anaplerosis and lipid synthesis, or
if it is also used as a major substrate for energy production through mitochondrial substrate level
phosphorylation (mSLP). In (Chinopoulos and Seyfried, 2018) we reviewed and outlined a framework for
how provision of high-energy phosphates through mSLP could compensate for the loss of energy
production through both glycolysis and OxPhos in GBM. The information is derived form a broad range
of experimental materials including human glioma tissue, validated preclinical models of GBM, and from
cultured glioma cell lines.

Role of glucose and glycolysis in GBM energy metabolism and mSLP

Warburg originally proposed that cancer originated from an irreversible damage to cellular respiration
that was followed by a gradual increase in fermentation, i.e. glucose metabolized through glycolysis,
leading to excessive formation of lactate (Warburg, 1956). The increased fermentation, which was
present even in saturating partial pressures of oxygen, was necessary to compensate for a loss of energy
through OxPhos. Aerobic fermentation is also a metabolic hallmark of GBM (Kirsch et al., 1972) (Oudard
et al., 1997) (Rhodes et al., 1983) (Roslin et al., 2003). Despite the evidence mentioned above showing
that mitochondria are abnormal in GBM tumor tissue, some investigators have claimed that
mitochondria and OxPhos are normal in GBM and other brain tumor types based mostly, but not
exclusively, on in vitro studies of oxygen consumption rates in tumor cells (Yang et al., 2014) (Ward and
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Thompson, 2012) (Maximchik et al.,, 2016) (Elstrom et al., 2004) (Marin-Valencia et al.,, 2012)
(Janiszewska et al., 2012; Wise et al., 2008);(Zhou et al., 2011) (Pike et al., 2011). It is not clear how these
findings can be reconciled in light of the abnormalities reported in the number, structure, and function
of GBM mitochondria obtained from GBM tissue sections. Discrepancies between in vivo and in vitro
studies related to mitochondrial structure and function were not discussed in most of these studies.
Warburg also proposed that oxygen consumption could be similar in tumor cells and normal cells, but
that ATP output from respiration would be less in the former than in the latter. Despite the widely held
view that oxygen consumption in cultured cells is a biomarker for OxPhos activity, many studies have
since established that oxygen consumption is not linked to OxPhos ATP output in various tumor cell lines
(Pacini and Borziani, 2016) (Leznev et al., 2013) (Hall et al., 2013) (Ramanathan et al., 2005) (Arcos et al.,
1969). It is not possible, however, to exclude a complete absence of OxPhos in tumor cells, as Hall et al
showed that coupling was reduced by about 50% even in an “extreme-case” of V600EBRAF-induced
OxPhos dysfunction in melanoma cells (Hall et al., 2013). It is important to emphasize, however, that a
~50% reduction in OxPhos would dissipate the protonmotive force and cause reversal of the F,-F; ATP
synthase (Chinopoulos C. 2011a, Chinopoulos C. 2011b). The F,-F1 ATP synthase generally operates in
forward mode (i.e. generating ATP) only when mitochondria are sufficiently polarized. It would not be
possible for the Fo,-F1 ATP synthase to generate ATP under a loss of ETC operation on the order of 45-
50%, and would actually hydrolyze ATP, pumping protons out of the matrix. Reversal of the ATP synthase
is what affords mitochondrial substrate level phosphorylation the critical role of providing ATP directly
within the matrix when OxPhos becomes inhibited or impaired. Furthermore, the possibility of an
inverse relationship between OxPhos efficiency and tumor aggression has been reported (Solaini et al.,
2011). It is also documented that estimates of mitochondrial OxPhos efficiency can differ between in
vivo and in vitro environments (Suarez et al., 1991) (Kiebish et al., 2009). Viewed collectively, these
studies indicate that oxygen consumption alone cannot be used as a measure of normal respiration in
cultured cells including GBM cells. Another misconception comes from findings that aerobic glycolysis is
required not only for GBM cell proliferation, but also for proliferation of non-transformed cells grown in
vitro, thus giving the impression that aerobic glycolysis is a normal phenomenon of cell proliferation
(Vander Heiden et al., 2009). This phenomenon does not, however, occur in proliferating non-
transformed cells grown in vivo, e.g., regenerating liver cells and normal colon cells, which use fatty
acids and butyrate as fuel, respectively (Hague et al., 1997; Thevananther, 2010; Warburg, 1956). While
it is well recognized that biochemical pathways are reprogramed in GBM and in other cancers (Vander
Heiden et al., 2009; Ward and Thompson, 2012), it remains unclear how GBM cells would generate
sufficient energy with the documented abnormalities in their mitochondria. A re-analysis of how tumor
cells obtain energy and metabolites for growth can help elucidate the origin of energy synthesis in GBM.
The rate of glycolysis is increased in GBM, which is necessary for supporting growth under hypoxic
conditions that commonly occur in the interior of the tumor mass (Roslin et al., 2003), shuttling glycolytic
intermediates for building blocks of new cells. The up-regulation of this pathway is due in part to
hypoxia-induced stabilization of HIF-1a, which amplifies the transcription of genes encoding glucose
transporters and glycolytic enzymes (Semenza, 2010). Oncogenic signaling pathways, including PI3K, can
activate HIF-1a under normoxic conditions (Plas and Thompson, 2005). Mutations in tumor suppressor
proteins such as the von Hippel-Lindau tumor suppressor gene product (VHL) (Kaelin, 2008), succinate
dehydrogenase (SDH) (Selak et al., 2005) and fumarate hydratase (FH) can also activate HIF-1a. (King et
al., 2006). Due to the cellular heterogeneity of GBM, it is likely that individual cells harbor one or more
of these mutations (Soeda et al., 2015). It should also be recognized that the up-regulation of oncogenes
in GBM and most other cancers is necessary to facilitate substrate level phosphorylation when OxPhos
becomes unable to maintain the differentiated state (Seyfried et al., 2014). Relevant to this,
dysregulated tumor cell growth and oncogene expression are often abolished when the cancer nucleus
is placed in a cytoplasm containing normal mitochondria or when normal mitochondria replace tumor
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mitochondria in the cytoplasm (Kaipparettu et al., 2013; Seyfried, 2015) (Seyfried, 2012a) (Seyfried,
2012b). These findings indicate that normal mitochondrial functions can down-regulate oncogenic
signaling pathways restoring normal metabolic programing regardless of the genetic abnormalities
present in the tumor cells. Indeed, recent findings of cancer driver mutations in normal cells seriously
challenge the role of somatic mutations in the origin of cancer (Martincorena et al., 2018). The enhanced
use of glucose is thought to provide essential intermediates for tumor cell growth and proliferation by
diverting metabolites into the pentose phosphate pathway (PPP) (lcard and Lincet, 2012), as well as
providing intermediates for lipid synthesis, the hexosamine pathway, and the synthesis of uridine
diphosphate (UDP)-glucose (Vander Heiden et al., 2009). More recently, it was shown that breast cancer
cells could maintain rapid growth and proliferation by diverting 3-phosphoglycerate from glycolysis to
generate serine and glycine through phosphoglycerate dehydrogenase (PHGDH) (Possemato et al.,
2011). Interestingly, suppression of PHGDH expression decreased cell proliferation, but did not affect
intracellular serine levels. On the other hand, reduced PHGDH expression was associated with reduced
levels of a-ketoglutarate (Possemato et al., 2011), the main precursor for mSLP. This mechanism also
appears to operate in GBM (Liu et al., 2013). It should also be recognized that blood glucose levels are
directly correlated with GBM growth, i.e., the higher the blood glucose, the faster the growth and less
the survival, while the lower the blood glucose, the slower the growth and the greater the survival
(Seyfried et al., 2003) (McGirt et al., 2008) (Derr et al., 2009) (Mayer et al., 2014) (Tieu et al., 2015). In
tumor cells, glycolytic intermediates escape 'leak-down' towards pyruvate formation and subsequent
entry into the mitochondria, being shunted towards subsidiary pathways by the preferential expression
of the dimeric M2 isoform of pyruvate kinase (PKM2). Pyruvate kinase (PK) catalyzes the rate-limiting,
ATP-generating 'pay-off' step of glycolysis in which phosphoenolpyruvate (PEP) is converted to pyruvate
(Mazurek et al., 2005). Multiple isoenzymes of PK exist in mammals. The type L is found in liver and
kidneys, the type R in erythrocytes, type M1 in muscle and brain, and type M2 in embryonic and adult
stem cells (Mazurek et al., 2005). GBM cells appear to switch from the PKM1 to PKM2 isoform (Desai et
al., 2014). Unlike PKM1, which promotes glycolysis and rapid energy generation, PKM2 may attain a
dimeric form that exhibits low affinity to its substrate PEP rendering it inactive at physiological PEP
concentrations (Christofk et al., 2008). The high GBM cellular heterogeneity makes it difficult to deduce
with certainty, which cells exhibit the dimeric vs tetrameric PKM2 form (Desai et al., 2014) (Marin-
Valencia et al., 2012) (Soeda et al., 2015). Preferential expression of PKM2 over PKM1 is mediated by
modulating exon splicing, promoted by the oncoprotein MYC (David et al., 2010). HIF-1a also induces
transcription of PKM2, but not PKM1, and PKM2 serves as a co-transcriptional activator of HIF-1q,
mediated by the proline hydroxylase PHD3 (Luo et al., 2011). A major paradox regarding PKM2 is that
cells expressing it produce more glucose-derived pyruvate than PKM1-expressing cells, despite the
diminished activity of the M2 isoenzyme compared to M1. However, there are many ways for forming
pyruvate bypassing pyruvate kinase, reviewed in (Chinopoulos, 2020b). The fate of pyruvate in GBM is
mostly conversion to lactate, by lactate dehydrogenase (LDH), rather than entry into mitochondria. LDH
is a tetramer composed of two different subunits, LDHA and LDHB, which can assemble into five
different combinations (Markert et al., 1975). Augmented expression of MYC-mediated LDHA is a
hallmark of many tumors, the majority of which are highly glycolytic and are associated with a poor
prognosis (Dang et al., 2008; Koukourakis et al., 2009). LDHA is the predominant isoform in GBM and
most other malignant cancers (Li et al., 2016; Moreno-Sanchez et al., 2009). The association of LDHB
with cancer is more complex (Doherty and Cleveland, 2013), and is not likely to play a major role in GBM
growth. LDHA catabolizes pyruvate to lactate producing NAD®, which is necessary to drive glycolysis by
GAPDH (Li et al.,, 2016) (Dawson et al., 1964). The reaction catalyzed by the cytosolic malate
dehydrogenase (MDH1) was also recently shown to contribute to NAD* provision (Gaude et al., 2018).
Furthermore, lactate acidifies the tumor microenvironment (Fantin et al., 2006; Gillies et al., 2008),
which enhances the activity of several pro-invasive factors (Gimenez-Roqueplo et al., 2008; Parks et al.,
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2013). Recent studies show, however, that it is carbonic anhydrase, and not LDH, that is mostly
responsible for tumor-induced acidification (Swietach et al., 2014). Nonetheless, lactate efflux provokes
a local inflammatory response attracting macrophages that secrete cytokines and growth factors
promoting tumor cell growth and metastasis (Estrella et al., 2013) (Seyfried, 2001). The importance of
LDHA activity in acidifying the microenvironment and creating a local inflammatory response, together
with the provision of NAD* for GAPDH regarding tumor survival, is reflected by the fact that LDHA
inhibitors are becoming promising antitumor agents (Li et al., 2016) (Doherty and Cleveland, 2013)
(Billiard et al., 2013). Relevant to this, downregulation of LDHA in gliomas with mutations in IDH
appeared responsible for slow growth and better prognosis (Chesnelong et al., 2014). This was probably
mediated by increased methylation of the LDHA promoter, because silencing of LDHA in brain tumor
stem cells (BTSCs) exhibiting mutations in IDH was associated with slower growth (Chesnelong et al.,
2014). Fantin et al and Li et al also found that silencing LDHA could reduce tumor progression (Li et al.,
2016). Furthermore, Zhang et al showed that additional epigenetic reprogramming, including immune-
related genes, are likely to be involved in the pathogenesis of gliomas exhibiting mutations in IDH (Zhang
et al., 2016). IDH mutant glioma cells acquire resistance to natural killer (NK) cells through epigenetic
silencing of NKG2D ligands.

Role of pyruvate dehydrogenase complex and pyruvate carboxylase in GBM and mSLP

Physiologically, pyruvate has three fates following entry into the mitochondria in normal cells, i)
conversion to oxaloacetate by pyruvate carboxylase (PC), ii) conversion to acetyl CoA by the pyruvate
dehydrogenase complex (PDHC), iii) transamination with glutamate to a-ketoglutarate and alanine by a
mitochondrial alanine aminotransferase (ALT2). In GBM cells, however, both PDHC and PC are usually
down regulated (Cheng et al., 2011b; Yuen et al., 2016). HIF-1a, MYC, and other tyrosine kinases
activate pyruvate dehydrogenase kinases (PDKs), which phosphorylate and thus inactivate the
mitochondrial pyruvate dehydrogenase complex (Papandreou et al., 2006). Pyruvate carboxylase
activity is suppressed in several cancer cell types (Chang and Morris, 1973), including glioma cells
(Portais et al. 1993). Accordingly, pyruvate carboxylase is induced only when tumors grow in a
glutamine-independent manner (Cheng et al., 2011a). Inhibition of mitochondrial pyruvate catabolism
is critical for tumor survival. Inhibition of PDK1 activates PDHC- with dichloroacetate (DCA), a drug used
for the treatment of hereditary lactic acidosis. This then results in suppression of tumor growth in vitro
and in vivo (Michelakis et al., 2008). In GBM, due to the high cellular heterogeneity, pyruvate metabolism
through PDHC and PC exhibit cell-dependent variability (Marin-Valencia et al., 2012). However, the
consensus is that PDHC, an NAD* and CoASH-requiring enzyme complex, and PC, an ATP-hydrolyzing
enzyme, are down regulated in cancer mitochondria. From these considerations, it is evident that
pyruvate metabolism by mitochondria is limited in GBM, and that the high glycolytic rate may not
generate adequate amounts of ATP due to a hindered pay-off phase. Accordingly, the high glycolytic
rate seen in GBM is needed more for rapid synthesis of growth metabolites than for ATP synthesis.
Relevant to this, no alternative cytosolic pathways are known that could generate sufficient ATP to
replace energy loss through glycolysis and OxPhos.

Role of citrate metabolism in GBM in relation to mSLP

Acetyl-CoA is required for the cytosolic synthesis of fatty acids, cholesterol, and isoprenoid synthesis
(Wakil et al., 1957). Acetyl-CoA cannot be directly exported to the cytoplasm but instead must first
condense with oxaloacetate to form citrate through citrate synthase. Citrate is then converted to either
isocitrate by aconitase, or is exported to the cytosol where it is catabolized to acetyl-CoA and
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oxaloacetate by ATP-citrate lyase (ACL), at the expense of a high-energy phosphate bond provided by
ATP. Acetyl CoA is subsequently carboxylated to malonyl CoA also at the expense of a high-energy
phosphate bond provided by ATP, initiating lipogenesis (Stryer, 1995). The importance of ACL is not only
to catabolize citrate for the purpose of yielding acetyl CoA, the building block for lipid synthesis in the
cytoplasm, but also to decrease the concentration of citrate, which is a major negative allosteric
modulator of phosphofructokinase, a rate-limiting step of glycolysis (Stryer, 1995). Akt facilitates the
appearance of acetyl CoA in the cytosol by phosphorylating and activating ACL (Berwick et al., 2002).
Pharmacologic inhibition or silencing of ACL or acetyl-CoA carboxylase or fatty acid synthase decreases
proliferation of cancer cells (Swinnen et al., 2006), and especially GBM (Lin et al., 2010) (Lee et al., 2012)
(Poteet et al., 2013). It is important to mention however, that ACL is likely to have little importance in
GBM, as GBM cells can acquire fatty acids from the microenvironment thus bypassing an essential need
for fatty acid synthesis (Ta and Seyfried, 2015). However, many cancer cells exhibit a down regulation in
the activity of PDHC, which results in diminished provision of acetyl CoA in the mitochondrial matrix. In
aggregate, it can be deduced that in GBM mitochondria, up-regulations of ACL and acetyl CoA
carboxylase demand an adequate pool of cytosolic ATP.

Role of Isocitrate dehydrogenase in GBM in relation to mSLP

Isocitrate dehydrogenase (IDH) exhibits three isoforms IDH1, IDH2, and IDH3. IDH1 and IDH2 are
homodimeric enzymes found in the cytoplasm and mitochondria, respectively and produce NADPH.
IDH1 and IDH2 are highly homologous but structurally and functionally distinct from the intra-
mitochondrial IDH3, which produces NADH (Stryer, 1995). Many GBM cells exhibit reductive
carboxylation of a-ketoglutarate to isocitrate by reversal of IDH and further isomerisation to citrate by
aconitase, a pathway that was described in the early metabolic literature, (Ochoa, 1948), and has been
investigated as a way to produce citrate for the purpose of lipogenesis from a-ketoglutarate derived
from glutamine (Wise et al., 2011). Furthermore, specific mutations in IDH1 and IDH2 are linked to
tumorigenesis, in particular, GBM and acute myeloid leukemia (AML) (Yan et al., 2009), but not other
tumors (Bleeker et al., 2009). It was shown that these mutations confer to IDH1 and IDH2 the ability to
convert a-ketoglutarate to 2-hydroxyglutarate (2-HG) in a NADPH-dependent manner (Dang et al., 2009)
(Ohka et al., 2014). Conversion of a-ketoglutarate to 2-HG could lower ATP production, as a-
ketoglutarate would be needed as a substrate for mitochondrial substrate level phosphorylation (mSLP)
(see below). As also discussed above, reduced a-ketoglutarate levels and LDHA silencing could explain
in part the more favorable prognosis for those GBM patients harboring IDH mutations (Chesnelong et
al., 2014).

Role of glutamine metabolism in GBM in relation to mSLP

Substantial evidence exists documenting an important role for glutaminolysis and glutamine in cancer
and specifically in GBM (DeBerardinis and Cheng, 2010; Medina, 2001; Newsholme and Board, 1991;
Yuneva, 2008) (Oizel et al., 2017) (Liu et al., 2017) (Maus and Peters, 2017) (Lemberg et al., 2018; Zhang
et al., 2014). It has also been reported that glutaminases may be excellent targets for
pheochromocytomas/paragangliomas (Sarkadi et al., 2020). Since the 1950s, it was recognized that
tumors require large amounts of glutamine for growth and survival (hence the inclusion of glutamine in
most culture media). The high-affinity glutamine transporter Slcla5 (ASCT2) is upregulated in multiple
types of cancer including GBM and has been implicated in mediating net glutamine uptake (Sidoryk et
al., 2004) (Fuchs and Bode, 2005). Even in the early studies, it was deduced that the high rate of
glutamine consumption could not be fully accounted by protein synthesis because it exceeded the need
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for essential amino acids by an order of magnitude (Eagle et al., 1956). Several decades later, it was
recognized that glutamine is a major energy source in tumor cells including GBM (Rossignol et al., 2004)
(Reitzer et al., 1979). The inter-conversion of glutamine and glutamate is bidirectional in normal cells,
with glutamine synthetase catalyzing glutamine formation. In tumors, however, overexpression of
glutaminases and/or suppression of glutamine synthetase favor the forward reaction toward glutamate
(Perez-Gomez et al., 2005). Glutaminase activity correlates well with tumor growth rates in vivo (Knox
et al., 1969), especially for GBM (Shelton et al., 2010b) (Panosyan et al., 2016). Glutaminase activity is
critically important for GBM, as glutaminase and glutamate levels are elevated following treatment with
mMTOR kinase inhibitor (Perez-Gomez et al., 2005). Glutamine-derived glutamate also facilitates GBM
invasion (Takano et al., 2001). We also proposed that the most invasive cells of GBM are derived from
neoplastic microglia/macrophages, which depend heavily on glutamine for growth (Huysentruyt et al.,
2011). Moreover, a decrease in glutaminase activity diminishes growth rates of many tumor cells
including the metastatic VM-M3 GBM model (Shelton et al., 2010b). Implantation of tumor tissue
triggers a rapid increase in muscle glutamine output and a drop in muscle glutamine stores in rodents
(Parry-Billings et al., 1991). A similar burden has been suggested to occur in human tumors (Souba,
1993). The consistency of high glutamine uptake in many tumors led to the development of glutamine
PET tracers showing promise for the imaging of glutaminolysis (Wang et al., 2010) (Qu et al., 2012).
Although glutamine, like glucose, is a major energy metabolite for GBM, the mechanism by which
glutamine generates energy remains unclear especially in tumor cells with abnormalities in the number,
structure and function of their mitochondria. Some have suggested that GBM cells predominantly
oxidize acetate rather than glutamine for growth (Marin-Valencia et al., 2012; Mashimo et al., 2014). As
both acetate and glutamine pass through the common KGDHC ->SUCL->SDH pathway, it remains to be
resolved how acetate, but not-glutamine, is catabolized to citric acid cycle intermediates. Relevant to
this, acetate has been implicated as an epigenetic regulator of posttranslational protein modification,
and might actually have therapeutic potential in cancer management (Jaworski et al., 2016). Thus, the
role of acetate in GBM metabolism remains unclear. The fate of glutamine in normal and tumor cells
varies widely. An active synthesis of nitrogen-containing compounds, specifically nucleotides and non-
essential amino acids (NEAAs), is required for tumor growth. Glutamine is the obligate nitrogen donor
in at least three independent steps for purine synthesis including phosphoribosylpyrophosphate
amidotranferase, phosphoribosylformylglycinamidine synthetase, and GMP synthetase. Glutamine is
also important in two independent enzymatic steps for pyrimidine synthesis, carbamoyl phosphate
synthetase Il and CTP synthetase (Ahluwalia et al., 1990); (Young and Ajami, 2001). Glutamine-derived
glutamate is the primary nitrogen donor for the synthesis of NEAAs including asparagine (Ahluwalia et
al., 1990). This is interesting because asparagine is considered a growth metabolite for GBM and other
tumors (Knott et al., 2018; Panosyan et al., 2017). The glutamine:fructose-6-phosphate
amidotransferase reaction transfers the amide nitrogen of glutamine to form glucosamine-6-phosphate,
a precursor for N-linked and O-linked glycosylation needed for hexosamine synthesis (DeBerardinis and
Cheng, 2010). Although some have considered that glutamine can be metabolized to lactate through
the malic enzyme to produce NADPH for lipid biosynthesis (Qu et al., 2012), other findings indicate that
little glutamine is metabolized to lactate in GBM and other cells (Ta and Seyfried, 2015). In addition to
the above reactions, glutamine also participates in the synthesis of glutathione through glutathione
cysteine ligase, thus playing a major role in the maintenance of cellular redox homeostasis (Le et al.,
2012); (Amores-Sanchez and Medina, 1999). Glutathione (GSH) is comprised of glutamate, cysteine, and
glycine. Glutamate contributes to the uptake of cystine (Sato et al., 1999). Cystine can then be converted
to cysteine inside the cell and used in GSH synthesis (Stryer, 1995). In addition, glutamine induces
synthesis of manganese superoxide dismutase (MnSOD) (Aiken et al., 2008), another powerful
antioxidant system in mitochondria of GBM (Ria et al., 2001; Shwetha et al., 2016). Hence, glucose and
glutamine metabolism can protect GBM from oxidative stress thus making GBM resistant to radio- and
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chemotherapy (Seyfried et al.,, 2017). It is our view that glutamine not only provides nitrogen for
synthesis of nucleotides and NEAAs, but also provides a-ketoglutarate to serve as a precursor for ATP
synthesis through substrate level phosphorylation in the citric acid cycle. The availability of a-
ketoglutarate may occur either through the glutamate dehydrogenase (GLUD1) reaction or through the
transamination reaction (DeBerardinis and Cheng, 2010). Indeed, cells from GBM and other cancers rely
on either GLUD1-mediated glutamate deamination (Sato et al., 1999), or transamination (Weinberg et
al., 2010), thus providing a-ketoglutarate to the cycle. In at least one study, glutamate derived by
transamination was suggested to be the major route (Moreadith and Lehninger, 1984). Furthermore,
selective inhibition of glutamate transamination with aminooxyacetic acid hindered tumor growth in
the absence of nonspecific toxicity of complete inhibition of glutamine metabolism involving GLUD1
(Wise et al., 2008). Oncogenic signals originating from Myc and perhaps also Ras induce all of the above
pathways involved in glutamine entry and ensuing glutaminolysis in tumor cells (DeBerardinis et al.,
2007) (Weinberg et al., 2010). Overall, it can be concluded that the mitochondria in GBM cells strongly
depend on glutamine as a source of a-ketoglutarate that can be used for energy production through
mSLP.

Role of the a-ketoglutarate dehydrogenase complex in GBM in relation to mSLP

The a-ketoglutarate dehydrogenase complex (KGDHC) consists of multiple copies of three subunits: a-
ketoglutarate dehydrogenase (OGDH), dihydrolipoyl succinyltransferase (DLST), and dihydrolipoyl
dehydrogenase (DLD). It catalyzes the conversion of a-ketoglutarate, CoASH and NAD+ to succinyl-CoA,
NADH and CO,. The PDHC and the KGDHC compete for the same pool of CoASH and NAD+ (Kiselevsky et
al., 1990). Even a small decrease in KGDHC activity will lead to a considerable decrease in substrate-level
phosphorylation in the mitochondrial matrix (Chinopoulos et al., 2010) (Kiss et al., 2013) (Kiss et al.,
2014). Hence, the diversion of a-ketoglutarate to 2-hydroxyglutarate could explain in part the improved
overall survival of GBM patients containing the IDH mutations, as this diversion would reduce ATP
synthesis through mSLP thus reducing tumor growth. Apart from tumor metabolism under ischemia
and/or hypoxia there is mounting evidence of pronounced conversion of a-ketoglutarate to succinate
(Hochachka et al., 1975), implying that KGDHC remains operational (Chinopoulos, 2013). However,
during anoxia, when the ability of Complex | to oxidize NADH to NAD*is impaired, the question arises as
to the origin of NAD* for the KGDHC reaction. Under these conditions we reported that mitochondrial
diaphorases oxidize matrix NADH supplying NAD* to KGDHC (Kiss et al., 2014) (Ravasz et al., 2018).
Additional means for NAD* provision in the matrix during anoxia are reviewed by the applicant in
(Chinopoulos, 2020a) and are currently under investigation. Furthermore, we showed that Complex IlI
of the respiratory chain mediated re-oxidation of the reducible substrates for the diaphorases using
endogenous quinones (Kiss et al., 2014). Regarding KGDHC and cancer, it can be deduced that in
hypoxia/anoxia, when the rate of NADH oxidation by complex | is reduced, mitochondrial diaphorases
use endogenous quinones to regenerate NAD* for the KGDHC reaction. This raises the possibility that
downstream provision of succinyl CoA by KGDHC maintains substrate-level phosphorylation yielding ATP
or GTP in the mitochondrial matrix. We propose that mSLP provides the majority of energy needed to
drive GBM growth.

Role of succinate dehydrogenase in relation to mSLP

Succinate dehydrogenase (SDH), also known as respiratory Complex I, is an integral mitochondrial inner
membrane protein complex that oxidizes succinate to fumarate and transfers two electrons to
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coenzyme Q (CoQ). SDH is composed of four subunits: SDHA, SDHB, SDHC and SDHD. The assembly of
SDH requires two factors, SDH assembly factor 1 (SDHAF1) and SDHAF2 (Bardella et al., 2011). Mutations
in some of its subunits or its assembly factors was shown to cause paragangliomas and
pheochromocytomas (Bardella et al., 2011). In these tumors, the resulting inhibition of SDH increases
mitochondrial and cytosolic succinate levels, inhibiting a-ketoglutarate dependent prolyl hydroxylases
(PHDs), thus causing stabilization of HIF-1a (Kurelac et al., 2011). HIF-1a mediates much of the genetic
alterations of enzyme and transporter expressions mentioned above. In this sense, succinate has been
considered a pro-inflammatory 'oncometabolite’ (Selak et al., 2005) (Tannahill et al., 2013) (Tretter et
al., 2016). Succinate and fumarate also inhibit other a-ketoglutarate-dependent dioxygenases, including
the Jumoniji-C histone demethylases (JHDMs) and the TET family of 5-methylcytosine hydroxylases,
resulting in genome-wide alterations of histone and DNA methylation and epigenetic dysregulation
(Xiao et al., 2012). In other words, extranuclear mitochondrial abnormalities would underlie these
nuclear epigenetic changes. Although SDH mutations have not been reported in GBM, an increase in
MRNA coding for SDH subunits has been shown in human GBM cells (Kim et al., 2015). This is most
relevant regarding mSLP, because the accumulation of succinate, as it may occur by high flux through
SUCL will on one hand mediate HIF-1a. stabilization and inhibition of JHDMs and TET 5-methylcytosine
hydroxylases aggravating epigenetic dysregulation, but on the other hand it may push the reversible
SUCL reaction towards ATP (or GTP) consumption. Relevant to this, succinate accumulation also occurs
in ischemia and in all likelihood it originates from mSLP (Chinopoulos, 2019). It is also interesting that
the interaction of SIRT5 (a lysine desuccinylase) with cardiolipin can influence SDH activity and the
efficiency of the electron transport chain (Zhang, Y. et al., 2017a). The cardiolipin abnormalities we
found in murine GBM might therefore influence SIRT5 function leading to enhancement of
glutaminolysis and mSLP (Kiebish et al., 2008; Wang et al., 2018).

Role of fumarate hydratase in relation to mSLP

Fumarate hydratase (FH) converts fumarate to malate in a reversible manner. Homozygous null
mutations in the FH gene are associated with multiple cutaneous and uterine leiomyomatas and
aggressive forms of renal cell cancer (Alam et al., 2003). Although fumarate has also been hypothesized
to inhibit PHDs, stabilization of HIF-1o. was not required for tumorigenesis in FH”~ mice (Adam et al.,
2011). Fumarate is an electrophilic unsaturated dicarboxylic acid, and as such it has the ability to bind
reactive thiol residues of proteins in a process termed protein succination (Alderson et al., 2006).
Succination must not to be confused with succinylation, the latter being a posttranslational modification
of lysine residues using succinyl-CoA (Weinert et al., 2013). Several targets of fumarate have now been
identified, and they include the negative regulator of NRF2, Keap1 (Ooi et al., 2011), aconitase (Ternette
et al., 2013), and glutathione (Sullivan et al., 2013). As such, fumarate has also achieved the status of an
'oncometabolite' (Yang et al., 2012). To the best of my knowledge, FH and its role in GBM have not yet
been addressed. However, it is anticipated that accumulation of fumarate, as it may occur by high flux
through SUCL performing substrate-level phosphorylation followed by the action SDH will mediate
excessive succinations, potentially contributing to tumor progression through increased glutaminolysis
(Wang et al., 2018).

Role of Adenine Nucleotide Translocase (ANT) and Fo-F; ATP synthase in GBM in relation to mSLP

As it has been extensively addressed in our laboratory, substrate-level phosphorylation substantiated
by succinyl CoA ligase generating ATP, assists respiration-impaired mitochondria exhibiting diminished
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values of A¥m to retain high matrix ATP levels, sparing cells from cytosolic/nuclear ATP consumption
(Chinopoulos, 2011b); (Chinopoulos, 2011a). This concept is inherently related to tumor metabolism
generally, and to GBM metabolism specifically, as the likelihood is high that GBM mitochondria exhibit
diminished values of A¥m due to cristolysis and respiratory inhibition. Pinpointing the component(s) of
the respiratory chain exhibiting defects leading to a decrease in respiratory capacity is a daunting task.
This task is further complicated by the fact that the exact site of the defect in the respiratory chain will
dictate whether a cell can be rescued by provision of substrates supporting mSLP (Chinopoulos, 2018).
In any case, respiratory arrest and ensuing decrease in AYm would result in consumption of matrix ATP
by the reverse-operating Fo-F1 ATP synthase. The generation of matrix ATP by succinyl CoA ligase is
instrumental in rescuing cancer cells from cytosolic ATP consumption. On the same line of thought, the
ATPase inhibitory factor 1 (IF1) exhibits stark changes in expression among various types of human
carcinomas (Sanchez-Arago et al., 2013), and has been linked to energy metabolism reprogramming,
signaling the oncogenic phenotypes of cancer (Formentini et al., 2012). The critical information that can
be obtained from this consideration is that substrate-level phosphorylation substantiated by succinyl
CoA ligase generating ATP in the matrix, assists respiration-impaired mitochondria that exhibit
diminished values of A¥Ym in avoiding cytosolic ATP consumption, thus sparing cells from
cytosolic/nuclear ATP depletion. This concept is inherently related to tumor metabolism because cancer
mitochondria frequently exhibit diminished values of A¥Ym, a concept associated with the reverse-
operation of the Fo-F1 ATP synthase and the consumption of matrix ATP. From the considerations
outlined above, we have arrived to the following conclusions regarding GBM metabolism: 1. The net
balance of cytosolic ATP production is low despite having a high rate of glycolysis due to diminished
production by the pay-off phase substantiated by the reaction catalyzed by PKM2. 2. ATP is needed in
the cytosol not only for maintenance of membrane ion pumps, but also for ATP-consuming reactions of
fatty acid synthesis. 3. The mitochondrial Fo-F1 ATP synthase becomes an ATP consumer in pumping
protons out of the matrix due to defects in the electron transport chain (ETC). Consequently, little ATP
is generated from either glycolysis or OxPhos, which increases the danger of mitochondria becoming
net ATP consumers. 4. The branch of the citric acid cycle towards citrate formation becomes diminished
due to lack of intramitochondrial catabolism of pyruvate. On the other hand, the rate of glutamine
catabolism towards the citric acid cycle becomes high. 5. The obligate metabolites formed by this
pathway are a-ketoglutarate, succinyl-CoA, and succinate. 6. This metabolite trio implies that formation
of ATP (or GTP) through succinate-CoA ligase-mediated substrate-level phosphorylation is high.
Maintenance of a high matrix ATP/ADP ratio also assures that the adenine nucleotide translocase
provides ATP to the cytosol while also preventing the Fo-F1 ATP synthase from draining cytosolic ATP
reserves. The concomitant formation of succinate is efficiently shuttled outside the mitochondria but
can also be metabolized to fumarate and malate, the latter supporting exchange of other metabolites
across the inner mitochondrial membrane.

Convergence of metabolites towards succinyl-CoA and mSLP

There are a number of metabolites that catabolize towards the citric acid cycle through succinyl-CoA,
thus leading to ATP (or GTP) formation through succinate-CoA ligase including the amino acids valine,
isoleucine, methionine, histidine, threonine, glutamine, glutamate, and also propionate (Todesco et al.,
1991) (Laurent et al., 1995) (Wong et al., 2006) (Snyder et al., 2015) and thymine (Stryer, 1995), and
odd-chain fatty acids (OC-FAs). Except for glutamate and glutamine, however, the catabolism of all other
metabolites ‘expend’ one or more high-energy phosphates during metabolic inter-conversions before
becoming succinyl-CoA. Support for mSLP can also come from conversion to glutamate (such as proline
and arginine) or from other metabolites that catabolize towards a-ketoglutarate (such as glycine, serine,
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sarcosine, dimethylglycine through pyruvate and fatty acids or leucine through Acetyl-CoA). However,
the concentrations of these metabolites in the plasma or in the microenvironment are far lower than
that of glutamine, and are therefore unlikely to make a major contribution to mSLP (Chinopoulos and
Seyfried, 2018). In addition to the pathways converging towards succinyl-CoA, there are two more ways
for producing high-energy phosphates at the substrate-level: First through the mitochondrial
phosphoenolpyruvate carboxykinase (PEPCKm), inter-converting PEP and GDP to oxaloacetate and GTP
(GTP, GDP, ADP and ADP can inter-convert through nucleoside diphosphate kinase isoforms, NMEs), and
second, through the mono-functional Cl-tetrahydrofolate synthase (MTHFD1L) inter-converting ADP,
phosphate and 10- formyltetrahydrofolate to ATP, formate and tetrahydrofolate (THF). However, the
PEPCKm reaction is strongly favored towards PEP formation (thus consuming GTP) in a process called
pyruvate recycling pathway (Chinopoulos, 2013) (Freidmann et al., 1971) (Cohen, 1987) (Rognstad and
Katz, 1972) (Cerdan et al., 1990) (Haberg et al., 1998; Kunnecke et al., 1993) (Bakken et al., 1997a)
(Bakken et al., 1997b). For this pathway, PEP enters mitochondria through a
phosphate/phosphoenolpyruvate antiporter (McCoy and Doeg, 1975), a protein with isoforms in
members C, D and E of the solute carrier family 35 (Venter et al., 2001) (Gerhard et al., 2004) (Ota et al.,
2004) (Skarnes et al., 2011). Finally, carboxylation of pyruvate by pyruvate carboxylase yielding
oxaloacetate is a thermodynamically reversible reaction, however, backflow towards pyruvate leading
to ATP production may occur only at a very low rate (Freidmann et al., 1971) (McClure et al., 1971a)
(Barden et al., 1972; McClure et al.,, 1971b). Consumption of one ATP in the reaction catalyzed by
pyruvate carboxylase is also the reason why metabolites that converge to pyruvate (glycine, serine,
sarcosine and dimethylglycine) do not yield net ATP (or GTP) from mSLP. To date, the contribution of
MTHFD1L on yielding ATP through substrate-level phosphorylation has not been adequately addressed.

Interactions between oxidative decarboxylation, provision of reducing equivalents, reductive
carboxylation, and mSLP

From the above considerations it is evident that only catabolism of glutamine or glutamate may lead to
net ATP (or GTP) production through mSLP; this is entirely consistent with the extremely high
dependence of many tumors including GBM on glutamine. However, this prompts considering the
following two concepts: i) reductive carboxylation of glutamine towards citrate which exits
mitochondria and is destined for fatty acid synthesis has been well-documented to occur in cancers
(Gaude et al., 2018), and especially in GBM (DeBerardinis et al., 2007) (Ta and Seyfried, 2015) and ii)
oxidative decarboxylation of glutamine/glutamate towards mSLP substantiated by succinate-CoA ligase
demands stable provision of NAD* for KGDHC. Reductive carboxylation vs oxidative decarboxylation of
glutamine/glutamate will ‘branch-out’ at the level of a-ketoglutarate; in the former case it will become
isocitrate by the NADP*-dependent IDH2 and then citrate through reversal of aconitase; in the latter
case o-ketoglutarate will become succinyl-CoA by KGDHC and thus follow mSLP. Although both
pathways start from a-ketoglutarate, they are not mutually exclusive; flux of glutamine/glutamate
towards a-ketoglutarate is sufficiently high to support both pathways (Pike Winer and Wu, 2014).
Interestingly, it was recently shown that in cancer cell lines, the degree of OxPhos defects conferred by
mtDNA mutations dictates whether a-ketoglutarate follows oxidative decarboxylation or reductive
carboxylation (Chen et al., 2018) (Chinopoulos, 2018). On the other hand, regarding oxidative
decarboxylation in the absence of OxPhos during which the ability of Complex | in providing NAD" is
impaired, it has been shown that intra-mitochondrial diaphorases can contribute to the matrix NAD*
pool (Kiss et al., 2014). This reaction was, however, demonstrated only in isolated mitochondria in
artificial conditions. It is currently not known how mitochondria in situ regenerate NAD* in the absence
of OxPhos; it is not even known if a residual, minimal remaining function of Complex | during
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hypoxia/anoxia is sufficient for providing NAD* for KGDHC for supporting mSLP, in view of the fact that
overall respiration has ceased. Apart from mitochondrial diaphorases, there are other pathways that
can adopt this role; the malate-aspartate shuttle can operate in reverse (Bremer and Davis, 1975)
(Chouchani et al., 2014) and lead to a decrease in the matrix NADH/NAD* ratio. For example, conditions
that can led to excessive NADH oxidation in the cytosol may lead to increased formation of oxaloacetate
in the same compartment that will in turn lead to transamination with glutamate to aspartate and a-
ketoglutarate; this will cause the exchange of cytosolic a-ketoglutarate with mitochondrial malate,
shifting the equilibrium of MDH2 towards NADH oxidation, thus yielding NAD* in the matrix.
Furthermore, salvage reactions that can lead to NAD* formation could also play a role (Yang and Sauve,
2016). Moreover, there are other potential intra-mitochondrial reactions that can lead to a decrease in
matrix NADH/NAD* ratio, such as those participating in THF metabolism (Yang and Vousden, 2016). The
group of Vamsi Mootha has published a compendium of 342 reactions utilizing NAD(P)H, termed the
NAD(P)ome (Goodman et al., 2018). Hence, there are likely several mechanisms by which cancer cells
can obtain NAD* in low-oxygen, hyper-reducing conditions.

The Warburg theory revisited in light of mSLP

It is our view that SUCL can provision ATP (and/or GTP) thus 'bailing-in' cancer mitochondria from a
reverse-operating Fo-F1 ATP synthase when ETC function(s) are impaired, but can also assist glycolysis in
providing high-energy phosphates for energy-consuming processes. Relevant to this, computer
modeling of cancer metabolism predicted that a repression of SUCL would cause a significant reduction
in growth rate, relative to known chemotherapeutic targets (Khazaei et al., 2012). It has also not escaped
our attention that mSLP could represent the “missing link” in Warburg’s central theory that OxPhos
insufficiency with compensatory fermentation is the origin of cancer. In addition to cytoplasmic
substrate level phosphorylation, i.e., aerobic fermentation or the Warburg effect, mSLP could also
compensate for insufficient or defective OxPhos.

Considerations for Controlling GBM Cell Growth in relation to mSLP

It is widely recognized that glucose and glutamine are the major energy metabolites that drive GBM
growth and invasion. Glucose and glutamine become the major fermentable fuels for heterogeneous
GBM cells due to the inability of OxPhos to meet energy demands, and for growth in hypoxic
environments. Recent findings indicate that glutamine is the major fuel for GBM cells with mesenchymal
molecular subtype, whereas glucose in the major fuel for GBM cells with proliferative subtype (Oizel et
al., 2017). According to the considerations examined above, control of GBM cell growth could involve
the simultaneous targeting of substrate level phosphorylation reactions in the cytoplasm (glycolysis) and
in the mitochondria (glutaminolysis). A parsimonious consideration would be to restrict availability of
glucose and glutamine to the tumor cells in order to down-regulate both glycolysis and glutaminolysis
simultaneously. This approach was shown to kill GBM and Hela cells in vitro (Mathews et al., 2014;
Shelton, 2010), as would be predicted from ‘ensemble’ modeling of cancer metabolism (Khazaei et al.,
2012). No cell can grow without energy regardless of its genetic composition. Since ketone bodies can
replace glucose as an energy source, prior studies show that glucose levels could be significantly reduced
without harmful effects after first transitioning the body to therapeutic ketosis (Drenick et al., 1972;
Seyfried et al., 2015; Seyfried et al., 2017). This fact was mentioned in the work of Cahill and Veech and
was demonstrated in nine persons that received insulin injection after fasting for two months (Drenick
et al., 1972) (Cahill and Veech, 2003). Indeed, the blood glucose level in one person in the insulin group
reached a as low as 9 mg/dl (0.5 mmoles/liter) without evidence of a hypoglycemic response (Drenick
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et al., 1972). These findings suggest that the glucose needed for GBM cell growth could be majorly
restricted under therapeutic ketosis. Ketone bodies also possess anti-inflammatory potential through
reduction of reactive oxygen species and increase of glutathione peroxidase activity in normal brain cells
(Veech, 2004) (Seyfried and Mukherjee, 2005). Some studies have shown that GBM and other malignant
brain tumors may have a reduced ability to utilize ketone bodies due in part to diminished activity of
succinyl-CoA:3-ketoacid coenzyme A transferase 1 (OXCT1), which is essential for metabolism of ketone
bodies (Zhou et al., 2007) (Fredericks and Ramsey, 1978) (Maurer et al., 2011). Glucose restriction under
therapeutic ketosis or calorie restriction will down-regulate the entire glycolytic pathway from glucose
to pyruvate (Marsh et al., 2008). Glycolytic downregulation will not only deprive tumor cells of growth
metabolites, but will also reduce LDHA activity and lactate production thus reducing angiogenesis and
inflammation in the tumor microenvironment (Husain et al., 2013; Marsh et al., 2008; Mukherjee, P. et
al., 2004; Mukherjee et al., 2002; Mulrooney et al., 2011; Urits et al., 2012; Vergati et al., 2017). Glucose
restriction should also reduce the metabolites needed for serine-derived one-carbon metabolism, which
would further reduce tumor cell anti-oxidant capacity and growth (Meiser and Vazquez, 2016; Semenza,
2017; Zhang, K. et al., 2017). It has been reported that calorie restriction and restricted ketogenic diets,
which lower blood glucose and elevate blood ketone bodies are pro-apoptotic against murine
glioblastoma, neural stem cell tumors (Mukherjee et al., 2002), (Mukherjee, P. et al., 2004), (Shelton et
al., 2010a), (Mukherjee et al., 2019) potentially also beneficial to patients with breast cancers (Seyfried
et al., 2020b). Glucose targeting would also reduce metabolites generated through the pentose
phosphate pathway that would be needed for the synthesis of glutathione and growth metabolites.
From the biochemical point of view, catabolism of ketone bodies obligatorily bypasses mSLP. The ketone
bodies acetoacetate and B-hydroxybutyrate enter mitochondria and eventually the citric acid cycle as
succinate, bypassing mSLP. This is because formation of succinate is not through SUCL, but through
succinyl-CoA:3-ketoacid coenzyme A transferase 1 (OXCT1). By doing so, catabolism of both
acetoacetate and B-hydroxybutyrate do not lead to the formation of high-energy phosphates through
mSLP. Furthermore, B-hydroxybutyrate is expected to decrease mSLP through glutamine/glutamate
even further because it increases NADH/NAD* ratio, thus hindering KGDHC operation (Kiss et al., 2013)
(Kiss et al., 2014). It is also essential to target glucose and glutamine together, as glutamine can be
synthesized from glucose-derived glutamate through the glutamine synthetase activity (Tardito et al.,
2015). Hence, the simultaneous restriction of glucose and glutamine, while under therapeutic ketosis,
could halt growth of GBM cells that are more dependent on substrate level phosphorylation than on
OxPhos for survival.

KGDHC on mSLP

KGDHC is at a cross-road of biochemical pathways and as such, impacts greatly on the overall cell
metabolism. It is therefore not surprising that diminished KGDHC activity of transgenic mice results in
alterations of glucose utilization, a hallmark of metabolic abnormality, albeit depending on the model
(Shi et al., 2009), (Nilsen et al., 2011). Yet, extensive work on transgenic mice for two of the three
subunits of KGDHC failed to pinpoint the exact mechanism(s) responsible. In view of this gap of
information, the most important aim of our study published in (Kiss et al., 2013) was to address the
impact of a decreased KGDHC activity on matrix substrate-level phosphorylation in isolated and in situ
mitochondria with diminished AWm values achieved by respiratory inhibition. The rationale of this aim
is many-fold: i) it is a textbook definition that provision of succinyl-CoA through KGDHC is much higher
than that originating from propionyl-CoA metabolism; ii) matrix substrate-level phosphorylation
provides ATP in the matrix parallel to that by oxidative phosphorylation (Johnson et al., 1998), (Lambeth
et al., 2004), (Nicholls and Bernson, 1977); iii) succinyl-CoA ligase does not require oxygen to produce
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ATP, and it is even activated during hypoxia (Phillips et al., 2009); iv) in ischemia and/or hypoxia, there
is mounting evidence of pronounced conversion of o-ketoglutarate to succinate, implying that KGDHC
is operational (Chinopoulos, 2013), (Pisarenko et al., 1988), (Taegtmeyer, 1978), (Weinberg et al.,
2000b), (Weinberg et al., 2000a); v) brains from patients with autopsy-confirmed Alzheimer’s disease
exhibited significant decreases in the activities of the enzymes in the first part of the citric acid cycle
(pyruvate dehydrogenase complex, - 41%), isocitrate dehydrogenase, - 27%), and KGDHC, - 57%), while
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Figure 7.1. A: Computational estimation of Erev_ANT and Erev_ATPase. A: ATPase forward, ANT
forward; B: ATP reverse, ANT forward; C, C;, Co: ATPase reverse, ANT reverse; D: ATPase forward, ANT
reverse. Black solid triangles represent Erev_ATPase; white solid triangles represent Erev_ANT. Values
were computed for [ATPJout = 1.2 mM, [ADP]out = 10 uM, Pin = 0.01 M, n = 3.7 (2.7 plus 1 for the
electrogenic ATP*/ADP* exchange of the ANT), pHi = 7.38, and pHo = 7.25. White open triangles
represent Erev_ANT values computed for [ATP]Jout = 1.4 mM, and all other parameters as above.
Traces have been computed by Erev estimator. B: Cartoon graph of all safranine O-related
measurement from all kinds of mitochondria and conditions, shown in figure 7.2.

enzyme activities of the second half of the cycle were increased: succinate dehydrogenase, + 44% and
malate dehydrogenase, + 54%) (Bubber et al., 2005), (Gibson et al., 2010). It is as though reactions after
the succinyl-CoA ligase step were upregulated in order to remove succinate and shift the equilibrium
towards ATP formation, given the diminished succinyl-CoA provision; vi) A¥Ym values in neurons are far
from being static; in physiological conditions A¥Ym is regulated between -108 mV and -158 mV by
concerted increases in ATP demand and Ca**-dependent metabolic activation (Gerencser et al., 2012),
a range that would assign mitochondrial phosphorylation within the “A”, “B,” or “C” space of figure 7.1A
(no conditions have been described that are suitable for the “D” space (Chinopoulos, 2011a)); the
implications of the latter statement is that even under physiological conditions, mitochondria are not
only ATP producers, but could also be consumers of ATP arising from the cytosol and/or the matrix,
depending on their A¥m and matrix ATP/ADP ratio pair of values.

Mindful of the above considerations and the results of the work shown in (Kiss et al., 2013), the scenario
that could be unfolding in the presence of diminished KGDHC activity, is the following: (1) KGDHC
exhibits a high flux control coefficient for producing reducing equivalents in the citric acid cycle also
implying that provision of succinyl-CoA would be diminished when the enzyme complex is partially
inhibited (especially because metabolism of propionyl-CoA yields only small amounts of succinyl-CoA);
(2) in turn, this would lead to a decreased production of ATP in the mitochondrial matrix from substrate-
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level phosphorylation. This was reflected in the smaller ATP efflux rates in isolated mitochondria from
DLD*, DLST*- and DLD*-/DLST*" double transgenic mice compared to WT littermates, in the absence of
respiratory inhibitors. (3) The diminished production of ATP in the mitochondrial matrix from substrate-
level phosphorylation results in a decrease in matrix ATP/ADP ratio, which is also a term in equation 3
defining Erev_ANT, thereby shifting its values to the left in the computed graph of figure 7.1A. (4) Since
A¥Ym of mitochondria varies within a wide range even under physiological conditions, the likelihood of
the organelles becoming extramitochondrial ATP consumers increases with shifting Erev_ANT values
towards more negative potentials. Here we have demonstrated the consumption of extramitochondrial
ATP by mitochondria of DLD*-, DLST*- and DLD*"/DLST* double transgenic mice provided with
substrates supporting substrate-level phosphorylation, by clamping AYm in a depolarized range due to
targeted respiratory inhibition; using the same substrates and their combinations, consumption of
extramitochondrial ATP was not observed in isolated mitochondria of WT mice; likewise cytosolic ATP
was consumed by in situ neuronal somal mitochondria of DLD*- and DLST*", but not WT mice. (5) In
addition to the fact that KGDHC-deficient mitochondria exhibit diminished ATP output when fully
polarized, excessive reliance of submaximally polarized mitochondria on extramitochondrial ATP poses
an overall metabolic stress. This renders the cell less capable of dealing with unrelated circumstantial
challenges predisposing to neurodegenerative diseases, as it is already shown to occur in situ
(Chinopoulos et al., 1999), (Tretter and Adam-Vizi, 2000) or in vivo (Yang, L. et al., 2009), (Klivenyi et al.,
2004), (Browne and Beal, 2002).

Mitochondrial diaphorases and mSLP

We have highlighted above the critical importance of matrix substrate-level phosphorylation in
maintaining ANT operation in the forward mode (Chinopoulos et al., 2010) thereby preventing
mitochondria from becoming cytosolic ATP consumers during respiratory arrest (Chinopoulos and
Adam-Vizi, 2010a), (Chinopoulos, 2011b), (Chinopoulos, 2011a). Subsequently, we showed that
succinyl-CoA provision by KGDHC prevented isolated or in situ mitochondria with a dysfunctional
electron transport chain to be dependent on extramitochondrial ATP (Kiss et al., 2013). Relevant to this,
mounting evidence support the pronounced conversion of a-ketoglutarate to succinate in ischemia
and/or hypoxia, implying KGDHC operability (Chinopoulos, 2013). The question arises as to which
metabolic pathway(s) could provide NAD* for KGDHC during respiratory arrest, when the electron
transport chain is dysfunctional and complex | cannot oxidize NADH. Of course, a rotenone-mediated
block in complex | can be by-passed by succinate or a-glycerophosphate (Estabrook and Sacktor, 1958),
substrates that generate FADH,; however, succinate disfavors substrate-level phosphorylation by the
reversible succinyl-CoA ligase due to mass-action, while a-glycerophosphate 'steals’ endogenous
ubiquinones from the diaphorases. In (Kiss et al., 2014) we considered mitochondrial diaphorases and a
finite pool of oxidizable quinones as potential sources of NAD* generated within the mitochondrial
matrix during respiratory arrest caused by anoxia or poisons of electron transport chain, illustrated in
figure 8.7.

The results presented above support the notion that a mitochondrial diaphorase, likely encoded by
NQO1, mediated NAD* regeneration in the mitochondrial matrix during respiratory arrest by anoxia or
inhibition of complex | by rotenone. Inexorably, the classical diaphorase inhibitor dicoumarol suffers
from potential specificity problems acting as a mitochondrial uncoupler in addition to inhibiting other
enzymes such as NADH:cytochrome b5 reductase. We have compared the cATR-induced effects on A¥Ym
in mitochondria during respiratory arrest by rotenone or anoxia from wild-type versus cytochrome b5
reductase isoform 2 knock-out mice, and results were indistinguishable. Furthermore, we titrated

213



dc_1961 21

dicoumarol and other diaphorase inhibitors, and used them at concentrations at which their uncoupling
activity was negligible. Finally, none of the diaphorase inhibitors nor any of the diaphorase substrates
had an effect on pigeon liver mitochondria, where DT-diaphorase activity was absent. On the other
hand, pigeon liver mitochondria did show robust cATR-induced repolarizations during respiratory arrest,
pointing to alternative mechanisms for providing NAD* in the matrix. The absence of diaphorase activity
in pigeon liver is not astounding; 1-4% of the human population exhibit a polymorphic version of NQO1
that deprives them of NAD(P)H: quinone oxidoreductase activity (Traver et al., 1997).
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Figure 8.7. lllustration of the pathway linking ATP production by the succinyl-CoA ligase reaction to
KGDHC activity, diaphorase activity, re-oxidation of diaphorase substrates by complex Ill, re-oxidation
of cytochrome ¢, and re-reduction of a cytosolic oxidant.

It may well be possible that pigeons exhibit the same or similar polymorphic version of NQO in a much
higher percentage of their population. We also sought for the pathway(s) responsible for providing
oxidized substrates to the diaphorase(s). Although various coenzyme Q analogues are maintained in
reduced form by the DT-diaphorase (Beyer et al., 1996), their availability is finite (Lenaz et al., 1985) and
likely requires means of re-oxidation. Such a pathway has been demonstrated in the mitochondrial
matrix; even within the earlier publications by Ernster et al it was noted that electrons provided by
diaphorase substrates enter the electron transport chain at the level of cytochrome b (Conover and
Ernster, 1962), which belongs to complex Ill. Later on, this concept has been entertained by the group
of laguzhinskii, examining the stimulatory effect of various diaphorase substrates during cyanide-
resistant respiration of isolated mitochondria (Kolesova et al., 1991), (Kolesova et al., 1993), (Kolesova
etal., 1987), (Kolesova et al., 1989). Consistent with this, protection in an ischemia model by menadione
was abolished by the complex Il inhibitor myxothiazol (Yue et al., 2001). In the same line of work, the
cytotoxicity caused by complex | inhibition by rotenone but not that caused by complex Ill inhibition by
antimycin could be prevented by coenzyme Q; or menadione (Chan et al., 2002). Furthermore, also
consistent with the substrate selectivity of NQOs in HepG2 cells where NQO1 expression is very high
(Cresteil and Jaiswal, 1991), both idebenone and CoQs, but not CoQjo partially restored cellular ATP
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levels under conditions of impaired complex | function, in an antimycin-sensitive manner (Haefeli et al.,
2011). Cytoprotection from rotenone but not antimycin by CoQi, mediated by NQO1 has also been
shown in primary hepatocytes (Chan et al., 2002) and lymphocytes (Dedukhova et al., 1986). Menadione
had even been shown to support mitochondrial respiration with an inhibited complex | but not complex
Il before DT-diaphorase was discovered (Colpa-Boonstra and Slater, 1958). This was later confirmed to
occur through oxidation of NADH by the intramitochondrial DT diaphorase (Conover and Ernster, 1962).
Our results clearly show that the re-oxidization of substrate(s) being used by the diaphorases for
generation of NAD* during respiratory arrest by rotenone or anoxia is mediated by complex Ill. In the
process, complex Il oxidizes cytochrome c (see figure 8.7). Therefore, the finiteness of the reducible
amount of cytochrome c¢ would contribute to the finiteness of the oxidizable pool of diaphorase
substrates. Indeed, addition of ferricyanide led to cATR-induced repolarization in the presence of
complex IV inhibition by cyanide, but not in the presence of complex lll inhibition by stigmatellin.
However, the question arises, as to what could oxidize cytochrome c naturally, when oxygen is not
available. An attractive candidate is p66Shc, a protein residing in the intermembrane space of
mitochondria known to oxidize cytochrome c (Giorgio et al., 2005).

In summary, our results point to the importance of mitochondrial diaphorase(s) in providing NAD* for
KGDHC during anoxia yielding succinyl CoA, that in turn supports ATP production through substrate-
level phosphorylation. Additionally, the realization of diaphorase(s) as NAD* providers renders them a
likely target for cancer prevention, as they may be the means for energy-harnessing in solid tumors with
anoxic/hypoxic centers. Finally, since diaphorases are upregulated by dietary nutrients such as
sulforaphane (Chapple et al., 2012) through the Nrf2 pathway (Rushmore and Kong, 2002) and a gamut
of dietary elements -mainly quinones of plant origin- are substrates for this enzyme (Gomez-Diaz et al.,
2003), this may be a convenient way for increasing matrix NAD*/NADH ratios which play a role in the
activation of the mitochondrial NAD*-dependent deacetylase sirtuin-3 (Sack and Finkel, 2012), a major
metabolic sensor.

NQO1 and mSLP

The results presented in (Ravasz et al., 2018) can be visualized in the illustration shown in figure 9. As
shown in figure 9, rotenone (thick red line) prevents the oxidation of NADH to NAD* and the reduction
of ubiquinone (Q) to ubiquinol (QH2) by complex |, implied by dashed grey arrows. The ability of complex
Il, electron-transferring-flavoprotein dehydrogenase (ETFDH), glycerol-3-phosphate dehydrogenase
(GPDH) and dihydroorotate dehydrogenase (DHODH) reducing Q to QH; remain intact. Likewise,
complex Ill can still support oxidation of QH, to Q. Complexes lll and IV are able to pump protons outside
the matrix, but the extent of their proton pumping capacity under these conditions is minimal. This is
probably because the flux of electron flow in this ETC segment is weak due to a diminished provision of
ubiquinol to complex Il as mitochondrial diaphorase activity is too small to produce adequate amounts
of QH,. This interpretation is supported by the findings that addition of quinones to rotenone-treated
mitochondria led to a very small gain in respiration rates and A¥m. Provision of ubiquinol (QH,) to
complex lll may occur by complex Il and/or ETFDH and/or DHODH and/or GPDH and/or Ngo1 and/or
other mitochondrial diaphorases. It is not known if provision of more water-soluble quinols (QH,’) could
occur through ETFDH and/or DHODH and/or GPDH. If through Ngo1, then there is concomitant oxidation
of NADH to NAD". If other diaphorases provided QH,’, these could either use NADH or some other
electron donor (e’D). In any case, QH; and QH>’ can be re-oxidized to Q and Q’ respectively, by complex
lll (Kolesova et al., 1991), (Kolesova et al., 1993), (Kolesova et al.,, 1987), (Kolesova et al., 1989).
Alternatively, oxidation of QH,’ to Q" may be redox-coupled to Q/QH,, implied by the double line brown
arrow. The possibility of complex Il reducing cytochrome ¢ or some other cytosolic oxidant has been

215



dc_1961 21

addressed in (Kiss et al., 2014) and (Giorgio et al., 2005). If MNQ is Q’, mostly Nqo1 can catalyze its
reduction. If idebenone (or its analogues), menadione, mitoquinone or duroquinone is Q’, other
diaphorases can perform this catalysis that are coupled to either NADH or e'D oxidation. In either case,
when a suitable Q' and a mitochondrial diaphorase are concomitantly present, regeneration of NAD*
can occur allowing for the KGDHC reaction to proceed yielding succinyl-CoA. In turn, succinyl-CoA and
ADP (or GDP) can be converted to succinate and ATP (or GTP) by succinate-CoA ligase (SUCL). Overall,
bypassing an inhibited complex | with a suitable quinone leads to generation of high-energy phosphates
in the mitochondrial matrix through mSLP.

Implications regarding NQO1 and other mitochondrial diaphorases on non-oxidative mitochondrial
bioenergetics; relevance to mitochondrial pathologies

The most important observations of the work published in (Ravasz et al., 2018) are: i) provision of
mitochondrial NAD* during complex | inhibition was preferentially supported by Nqol diaphorase
activity when MNQ was the substrate ultimately supporting mSLP, and ii) mouse liver mitochondria
harbor other than Ngol dicoumarol-sensitive diaphorases capable of oxidizing NADH or other electron
donors, when suitable quinones are available. Regarding MNQ, this is a naturally occurring
napthoquinone found in garden balsam, Impatiens Balsamina L (Little et al., 1948) but has also been
synthesized over 100 years ago by Thiele and Winter https://doi.org/10.1002/0471264180.0r019.03.
MNQ has been recently added to a list of “complex | bypass factors” as a result of an effort to explore
tool compounds for investigating tissues with an impaired complex | (Vafai et al., 2016). Complex |
deficiency can be due to several mutations in structural subunits or assembly factors (Rodenburg, 2016),
(vVafai and Mootha, 2012) or Parkinson’s disease (Greenamyre et al., 2001), for which a number of
mouse models exist (Irwin et al., 2013). “Complex | bypass” is a strategy followed for treating complex |
deficiency in an attempt to rescue oxidative phosphorylation by recruiting complex I-independent
pathways. Several redox-active quinones are known to possess such an activity, namely idebenone and
its analogues, menadione (vitamin K3), mitoquinone (mitoQ) and duroquinone (Jaber and Polster, 2015),
(Shneyvays et al., 2005), (Isaev et al., 2004), (Kelso et al., 2001), (Ghosh et al., 2011). Among them,
idebenone (2-(10-hydroxydecyl)-5,6-dimethoxy-3-methyl-cyclohexa-2,5-diene-1,4-dione) has been
extensively researched and is approved for the treatment of Leber’s Hereditary Optic Neuropathy
(LHON), a genetic disorder most commonly attributed to mutations in mitochondrial DNA encoding
complex | subunits (La Morgia et al., 2014). Idebenone is more hydrophilic than ubiquinone (Suno and
Nagaoka, 1984), and it is a substrate for NQO1 (Haefeli et al.,, 2011), glycerol-3-phosphate
dehydrogenase, complexes Il and lll, but not complex | (James et al., 2005), (Esposti et al., 1996). Current
consensus is that complex Il, mitochondrial glycerol-3-phosphate dehydrogenase and cytosolic NQO1
reduce idebenone to idebenol which is subsequently oxidized by complex Ill (Esposti et al., 1996).
However, this consensus ignores the possibility that idebenone -and in all likelihood- other quinones are
reduced by mitochondrial NQO1 and/or other matrix diaphorases. Our results unequivocally showed
that idebenone and duroquinone supported mSLP from glutamate implying that there was NAD*
regeneration in the matrix of intact, isolated mouse liver mitochondria; this occurred in the absence of
exogenous pyridine nucleotides and a cytosolic diaphorase, and it was due to a dicoumarol-sensitive
mitochondrial diaphorase activity; furthermore, MNQ was preferentially reduced by Nqol, yielding
matrix NAD*. Regeneration of NAD* in the matrix of mitochondria with an inhibited complex | allowed
KGDHC reaction to occur, eventually providing high-energy phosphates through mSLP (Kiss et al., 2013).
This can at least partly explain why short-chain quinones exhibit ATP rescue abilities under conditions
of a defective complex | (Erb et al., 2012). At this junction it is important to consider that the potential
benefit of quinones protecting mitochondria and the cells that harbor them may not be solely due to
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mSLP, but also from acting as ROS scavengers. Indeed, it has been reported that in rat liver cells, CoQ1H,
formation from CoQl by NQO1 was acting as a ROS scavenger at sufficiently high concentrations,
affording cytoprotection independent from restoring ATP levels (Chan et al., 2002).

Regarding mitochondrial diaphorases responsible for NAD* regeneration not being Nqol, these cannot
be Nqgo2 either because this isoform uses dihydronicotinamide riboside (NRH) and not NAD(P)H as an
electron donor (Wu et al.,, 1997). They could still be responsible though for the respective quinol
oxidation driving complex Il and IV activity supporting respiration and mitochondrial membrane
potential. As already pointed out by Ernster and colleagues, the mitochondrial DT-diaphorase and
complex Il exhibit different preferences and affinities for quinones and corresponding quinols,
respectively (Conover and Ernster, 1962), (Ernster et al., 1962). Thus, it is important to consider not only
which diaphorase oxidizes NADH, but also which quinone is reduced. As we have shown previously,
addition of an exogenous redox-active quinone to isolated, respiration-inhibited mitochondria is not a
requirement for demonstrating KGDHC-mediated provision of succinyl-CoA to succinate-CoA ligase and
the presence of a diaphorase inhibitor abolishes mSLP (Kiss et al., 2014). This means that endogenous
qguinones are available and sufficient to sustain diaphorase activity. It is standard practice to include
menadione or other vitamin K analogues in the chow of laboratory mice; it may well be possible that
these or some other quinones that interconverted in the mouse liver mitochondria accounted for the
redundancy of adding quinones exogenously. Perhaps this is why HepG2 cells did not exhibit an
appreciable mSLP, since standards cell growth media do not contain vitamin K analogues or other
quinones. In rodent mitochondria only CoQl1, CoQ9 and CoQ10 have been identified (Albano et al.,
2002), (Tang et al., 2004). Nqgo1 is able to reduce CoQ1, but CoQ9 and CoQ10 are very poor diaphorase
substrates (Chan et al., 2002), (Dragan et al., 2006), (Haefeli et al., 2011), (Beyer et al., 1996). Thus, CoQ1
could be a candidate quinone for matrix diaphorases. On the other hand, CoQ1 concentration is much
lower than that of CoQ9 and CoQ10; it cannot be excluded that there is some other, yet to be identified
quinone in mitochondria with a sufficiently high hydrophilicity rendering it a suitable substrate for
matrix diaphorases. Alternatively, endogenous quinones may participate in coupled redox reactions
leading to a sequential reduction from the less concentrated, hydrophilic quinone utilized by the matrix-
soluble diaphorases to the more concentrated, lipophilic quinone embedded in the inner mitochondrial
membrane. The possibility of a yet to be identified mitochondrial quinone and the concept of coupled
redox reactions of endogenous quinones (enzymatic or non-enzymatic) are non-mutually exclusive
postulations. It is also important to emphasize that matrix diaphorases reducing quinones are
responsible for oxidizing only a fraction of matrix NADH pools (Kiss et al., 2014); thus, other, non-
diaphorase mediated, perhaps quinone-independent reactions are responsible for providing NAD* to
KGDHC when complex | is inhibited. Relevant to this, the group of Mootha have recently assembled a
compendium of reactions producing or consuming NAD(P)H or NA(D)H, or using them as a redox co-
factorin liver cells (Goodman et al., 2018). Because several of those localize to the mitochondrial matrix,
it would be interesting to explore if they contribute —and to what extent- to NAD* provision for KGDHC
when complex | is inhibited.

Our results contribute to the understanding of the dynamic regulation of nicotinamide adenine
dinucleotide metabolism in mitochondria (Stein and Imai, 2012). NAD*-boosting strategies in particular,
are rapidly becoming intense areas of research involving a wide spectrum of diseases, ranging from
diabetes to cancer (Canto et al., 2015), (Yang and Sauve, 2016). More specifically and in the field of
cancer, NQO1 has been implicated in cancer therapy (Oh and Park, 2015) through multiple, but opposing
processes: i) as it catalyzes a two-electron reduction of quinones avoiding the production of highly
reactive, semiquinone intermediates (lyanagi and Yamazaki, 1970b), inhibition of the enzyme may divert
quinones towards a one-electron transfer by the cytochrome Paso system forming free radicals (Bachur
et al., 1979), (Manoj et al., 2010) that oxidatively damage NQO1-expressing cancer cells (Fiorillo et al.,
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2017); ii) on the other hand, NQO1 converts certain quinones to cytotoxic agents, thus, its induction
could be beneficial for cancer treatment; iii) more recently, NQO1 has been shown to inhibit
proteasomal degradation of p53 and p33ING1b, proteins that are critical for tumor repression (Garate
et al., 2008), (Asher et al., 2002). Relevant to this, NQO1 expression is induced by Nrf2 (Jaiswal, 2004),
a transcription factor that is being increasingly recognized to favor survival of malignant cells (Menegon
etal., 2016), (Sporn and Liby, 2012). To this list of processes, inhibition of NQO1 and other mitochondrial
diaphorases as a chemotherapeutic strategy could be added because it abolishes mSLP, a process by
which cancer cells are likely to rely upon in order to harness energy during adverse conditions of the
tumor microenvironment (Chinopoulos and Seyfried, 2018), (Seyfried et al., 2020a).

Sucla2/g2 transgenic mice

Mitochondrial diseases are collectively considered as a major cause of encephalomyopathies and other
multisystem maladies (Schaefer et al., 2008), (Elliott et al., 2008), (Schaefer et al., 2004). A considerable
fraction of this pool of diseases encompass mtDNA depletion (Graham, 2012). A number of animal
models have been generated to model mtDNA depletion by specifically deleting genes important for
mtDNA replication (Fernandez-Canon et al., 2002), (Kimura et al., 2003), (Hance et al., 2005), (Tyynismaa
et al., 2005), (Akman et al., 2008), (Martinez-Azorin et al., 2008), (Lopez et al., 2009), (Viscomi et al.,
2009), though only one study has addressed the role of succinate-CoA ligase (Donti et al., 2014). In the
latter work by Donti et al, tissues from Sucla2”- mice were examined at an embryonic stage, because -
like in our study- no viable homozygote offsprings were born. Nevertheless, accordance to a large extent
is observed between the results obtained by Donti et al and our study, despite the fact that there,
embryonic tissues of Sucla2” mice were examined as opposed to here where we investigated tissues
from Sucla2*/- heterozygote adult mice, those engineered to lack one Suclg? allele, as well as Sucla2*"
/Suclg2*/- double heterozygotes. Among the striking similarities are the varying degrees of mtDNA
alterations, the reciprocal increase in Suclg2 expression when Sucla2 levels are decreased, elevations in
methylmalonyl esters and a mild increase in succinate dehydrogenase activity. However, unlike in (Donti
et al., 2014), we did not observe alterations in the activities of other than complex Il ETC components,
or any changes in mitochondrial respiration, or SLP.

The most important results of our work published in (Kacso et al., 2016) are those obtained by the
comparisons of wild type to Sucla2 * mice. These can be categorized to: i) rebound increase in Suclg2
expression and associated GTP-forming activity; ii) lack of effect on bioenergetic parameters including
substrate-level phosphorylation; iii) moderate mtDNA decrease; iv) elevation of short- and long-chain
carnitine esters in the blood of heterozygote mice. It is important to emphasize that the rebound
increase in Suclg2 expression in Sucla2 *~ mice seemed to occur mostly in heart mitochondria, also in
brain mitochondria but only from the older (6-12 months old) mice, and not in liver mitochondria.
Furthermore, the increase in GTP-forming activity also seemed heart-specific, as well as the changes in
complex Il activity observed in Sucla2 *- / Suclg2 ** mice. Obviously, the molecular mechanisms
responsible for these rebound effects are tissue-specific and appear to be operational in the heart and
at least some brain-specific cells, but not in the liver. The elucidation of such molecular mechanisms
maybe of great value in setting an example of gene-gene interactions of similar nature.

On the same line, regarding the rebound increase in Suclg2 expression and associated GTP-forming
activity in Sucla2 heterozygote mice, the concept of 'complementation' between Sucla2 and Suclg2 and
-as an extension of this- ATP- and GTP-forming activity has been proposed earlier (Miller et al., 2011).
This has been observed in embryonic tissues of Sucla2”" mice (Donti et al., 2014), but not in fibroblasts
from patients exhibiting mutations in SUCLA2 (Miller et al., 2011). However, as it is evident from our
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results this complementation is sufficient to alleviate only some of the biochemical abnormalities of the
Sucla2 heterozygous mice. Indeed, mitochondrial respiration, AWm, ETC/CS activities and substrate-
level phosphorylation were virtually identical between WT and Sucla2 ** mice, while there was mild
mtDNA depletion but significant alterations in blood carnitine esters. The alterations in mtDNA should
be attributed to alterations in the activity of succinate-CoA ligase with caution; it has been recently
reported that GABA transaminase is essential for mitochondrial nucleoside metabolism and thus is
important for mtDNA maintenance, and it co-immunoprecipitates with SUCLG1, SUCLG2 and SUCLA2
(Besse et al., 2015). The alterations in the carnitine esters concern those with both short- and long-chain.
However, the levels of free carnitine in four heterozygous human carriers for SUCLA2 mutations were
not significantly elevated, compared to reference values (values were 25, 27, 29 and 37, with reference
values of 24-64 mmol/I).

Finally, regarding the rebound increase in Suclg2 expression in Sucla2* mice, it is noteworthy to
emphasize that the concomitant loss of one Suclg2 allele yielding Sucla2*/-/Suclg2*- double transgenic
mice was not sufficient to impose a considerable decrease in Suclg2 expression or GTP-forming
succinate-CoA ligase activity. Apparently, the translational or post-translational mechanism(s)
mediating this effect (as there was no change in Suclg2 transcript, reported in (Donti et al., 2014)),
supersede those occurring at the gene level, and merit further consideration. In aggregate, in (Kacso et
al., 2016) we profiled the metabolism of two transgenic mouse models for beta subunit components of
succinate-CoA ligase; the results presented as well as the availability of these transgenic mouse colonies
to the scientific community is of value in the pursuit for understanding succinate-CoA ligase deficiency.

LPS-induced inflammation, itaconate and mSLP

Iltaconate is a molecule exhibiting promiscuous pharmacological properties. Apart from being a
substrate and a weak competitive inhibitor of SDH, it can be also metabolized to itaconyl-CoA by
succinate-CoA ligase (Booth et al.,, 1952), (Adler et al., 1957), (Wang et al.,, 1961), inhibit
(methyl)isocitrate lyase (Patel and McFadden, 1978), (McFadden and Purohit, 1977), inhibit propionyl-
CoA carboxylase in isocitrate lyase-negative bacteria (Berg et al., 2002) and impair fructose 2,6-
bisphosphate synthesis in rat liver (Sakai et al., 2004). The experimental observations shown above are
associated with its interaction with SDH and succinate-CoA ligase, as well as the concept that succinate-
CoA ligase (while operating opposite to SLP) and the a-ketoglutarate dehydrogenase complex share the
same CoA pool.

In (Kiss et al., 2014) we reported that by inducing Irg1 in BMDM and RAW-264.7 cells with LPS, which is
expected to lead to an increase in endogenous itaconate production (Michelucci et al., 2013), (Strelko
et al., 2011), in situ matrix SLP is also abolished. This is in accordance to recent findings showing that LPS
increased succinate levels (Tannabhill et al., 2013), (Mills and O'Neill, 2014). In the latter studies this was
attributed to i) increased glutamine uptake in LPS-activated macrophages and subsequent anaplerosis
of a-ketoglutarate into the citric acid cycle leading to elevated succinate production, and ii) LPS-induced
upregulation of the 'GABA shunt', a pathway that eventually also led to increased levels of succinate.
However, the possibility of LPS inducing Irgl resulting in itaconate production, which in turn
subsequently inhibits SDH and favours itaconyl CoA production leading to a 'CoA trap' abolishing SLP,
has been overlooked. Our findings shown in (Nemeth et al., 2016) imply that the latter scenarios are
also likely to unfold; moreover, they are not at odds with the possibilities of increased glutamine uptake
leading to elevated succinate production by anaplerosis, or the upregulation of the GABA shunt. The
likelihood of the mechanism operating in cells of macrophage lineage proposed hereby is supported by
our results on exogenously added itaconate to isolated mitochondria; there, in isolated mouse liver
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mitochondria with an inhibited respiratory chain, itaconate dose-dependently reverted the cATR-
induced repolarization to a depolarization, thus implying an abolition of SLP. Because this effect could
be reproduced by malonate, it cannot be determined if it was due to i) succinate build-up shifting
succinate-CoA ligase equilibrium towards ATP (or GTP) utilization, or to ii) favouring itaconyl-CoA
formation hydrolysing ATP (or GTP) for the thioesterification, or due to iii) an ensuing 'CoA trap' in the
form of itaconyl-CoA which could negatively affect the upstream supply of succinyl-CoA from the a-
ketoglutarate dehydrogenase complex, in turn diminishing ATP (or GTP) formation through SLP by
succinate-CoA ligase. In support of ii) and iii), the succinate-CoA ligase inhibitor KM4549SC which does
not inhibit SDH exerted a similar effect as itaconate on AWYm of respiration-inhibited mitochondria.
Regarding the impact of ATP (or GTP) hydrolysis caused by itaconyl-CoA formation versus the
sequestration of CoA negatively affecting the upstream supply of succinyl-CoA from the a-ketoglutarate
dehydrogenase complex and in turn the reaction catalyzed by succinate-CoA ligase towards SLP, the
latter concept is probably more important: the catalytic efficiency of succinate-CoA ligase with itaconate
is likely to be smaller than that for succinate; indeed, bacterial succinate-CoA ligases exhibit 2- to 10-
fold higher K, values for itaconate compared to those for succinate (Nolte et al., 2014). Furthermore,
biosynthesis of one CoA molecule requires the expenditure of four ATP molecules (Theodoulou et al.,
2014). Therefore, the itaconate-induced sequestration of CoA in the form of itaconyl-CoA (which
metabolizes very slowly in mammalian cells) decreasing the upstream supply of succinyl-CoA from the
a-ketoglutarate dehydrogenase complex and in turn affecting the reaction catalyzed by succinate-CoA
ligase towards formation of ATP (or GTP) results in a more pronounced effect diminishing SLP, than that
of hydrolysing ATP (or GTP) for the thioesterification of itaconate by succinate-CoA ligase.

The significance of our findings lie on the notion that, in order to mount an immune defence, cells of
macrophage lineage may lose their capacity of mitochondrial SLP for producing itaconate. Having said
that, the question arises as of what would be the consequences of mitochondrial SLP inhibition during
infection in vivo? This is difficult to address, primarily because that would have been done through
induction of Irgl through LPS (or an appropriate infection), a manoeuvre that inherently induces
concomitant alterations in glycolysis and oxidative phosphorylation. Under these conditions, it would
be challenging to decipher which bioenergetic (or any other) effects are attributed to glycolysis and/or
oxidative phosphorylation and/or mitochondrial substrate-level phosphorylation. Limitations in oxygen
availability (that could greatly upregulate glycolysis and diminish oxidative phosphorylation) where
substrate-level phosphorylation by succinate-CoA ligase is afforded a much more prominent role
regarding mitochondrial bioenergetics (Chinopoulos et al., 2010), (Kiss et al., 2013), (Chinopoulos,
2011b), (Chinopoulos, 2011a), (Weinberg et al., 2000a), could only occur in macrophages infiltrating
oxygen-depleted tissues (i.e. infections with hypoxic cores, or rapidly expanding solid tumors). In such
environments, production of itaconate by infiltrating macrophages would have dual, but opposing roles:
itaconate would decrease the survival of the infective microbes (or the tumor cells, should they rely on
SLP for energy harnessing in view of a pertaining hypoxia) but on the other hand it would also decrease
the ability of the macrophage producing it to cope under the same bioenergetic stress of hypoxia, as
discussed elsewhere (Chinopoulos et al., 2010), (Kiss et al., 2013), (Chinopoulos, 2011b), (Chinopoulos,
2011a), (Weinberg et al., 2000a). Regarding the potential consequences of mitochondrial SLP inhibition
during infection, it is also worth mentioning those for the infective organism. Inhibition of SLP of the
infective organism could be detrimental; indeed, apart from the antimicrobial properties of itaconate
(due to its effect on the glyoxylate shunt), mitochondrial substrate level phosphorylation mediated by
succinate-CoA ligase is essential for growth of procyclic Trypanosoma brucei (Bochud-Allemann and
Schneider, 2002) and likely other microbes relying on this oxygen-independent pathway. Internalization
of macrophage-produced itaconate by the microbe would inhibit its SLP and decrease its chances for
survival, thus thwarting the infection.
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GABA shunt and mSLP

Apart from the main observation in the work published in (Ravasz et al., 2017), i.e. that molecules
catabolized through the GABA shunt ultimately impair SLP, it is important to dwell on ramifications of
these pathways. Specifically, it makes sense to ponder on the following concept: the reaction catalyzed
by SSADH is strongly favored towards succinate formation (Cash et al., 1977), (Blaner and Churchich,
1979). However, in organello, conditions maybe met where SSA concentration is sufficiently low so that
succinate could get diverted towards SSA formation, oxidizing NADH in the process. This is not an
implausible scenario: it is well known that in isolation, the mitochondrial malate dehydrogenase reaction
strongly favors NADH oxidation towards formation of malate from oxaloacetate; yet, under physiological
conditions within the mitochondrial matrix, oxaloacetate concentration is so low that the reaction is
pulled towards NADH formation (Li et al., 2011). Thus, mindful of the possibility that SSADH reaction
could operate in reverse, addition of succinate to mitochondria will lead to NADH oxidation by this
enzyme. By the same token, any substrate combination that yields succinate, would also follow NADH
oxidation through the SSADH branch of metabolism. This notion exerts a considerable impact on a large
body of work regarding succinate and NADH/NAD* pools addressing the so-called ‘reverse electron
transport’, RET. RET is a A¥Ym- and NADH/NAD* ratio-dependent phenomenon (Murphy, 2009), in which
succinate-supported mitochondria exhibit electron flow from complex Il to complex | involving
coenzyme Q (Hinkle et al., 1967). RET is associated with reactive oxygen species formation (ROS) (Tretter
and Adam-Vizi, 2007a), and thus, it is a putative pharmacological target for many pathological situations
involving ROS. On the basis of the results presented in this study, it is at least prudent to consider that
NADH oxidation by SSADH, a nearly ubiquitous enzyme, will be confounding in interpreting RET-related
experiments in which mitochondria are fueled by succinate, and the NADH/NAD" ratio is a critical
determinant of the measured variable. Still on the same line of thought but considering the
thermodynamically favored SSADH reaction flow, the consequences on ROS formation by succinate
originating from SSA obligatorily connected to an increase in NADH/NAD* ratio can be ‘dissected’ from
the status of complex | using rotenone. To put this more simply, the effect(s) of succinate on ROS as a
function of an increased level of NADH (by using SSA) could be addressed in the presence of inhibited
complex I.

An additional ramification of the results outlined in this study stems from the large quantitative
difference of GABA-induced polarization between brain and liver mitochondria. Because SSA conferred
a full AYm in both types of tissues, it is unlikely that this variance is due to a differential SSADH activity,
despite the fact that we report a higher activity of the enzyme in mouse liver compared to mouse brain,
at odds with what has been reported by (Chambiliss et al., 1995). We presume that it is due to either a
differential expression of the GABA transport mechanism (which is yet to be identified), and/or a
difference in GABA-T expression among the two tissues.

The results shown in (Ravasz et al., 2017) argue that GABA, SSA and GHB impair mitochondrial SLP during
anoxia. An important exception is the lack of effect of GHB in brain, most likely due to the very low HOT
expression, the enzyme responsible for GHB catabolism towards the citric acid cycle. Otherwise, the
implications of the results presented in this work extend to a multitude of tissues, because the
expression of enzymes participating in the GABA shunt appear to be widespread (Gladkevich et al.,
2006), (Garry et al., 1987), (White and Sato, 1978), (Minuk, 1993), and not limited to the CNS.
Furthermore, in some cells GABA meta bolism is an inducible system (Stuckey et al., 2005), (Bhat et al.,
2010), (Tannahill et al., 2013). It is therefore, reasonable to assume that in those cells where GABA shunt
is active, mitochondrial SLP is impaired.

221



dc_1961 21

2-ketobutyrate and mSLP

The most important observation of the work published in (Bui et al., 2019) is the abolition of mSLP by 2-
KB in isolated mitochondria with an inhibited respiratory chain. This is likely attributed to ATP
expenditure by PCC, even though 2-KB supports succinate-CoA ligase by providing succinyl-CoA. As a
word of caution though, the effect of BCKDHC stealing NAD* from KGDHC (when glutamate and malate
were the main fuels) could also contribute to abrogation of mSLP. The decrease in NAD* provision to
KGDHC with the aim of diminishing mSLP is the strategy followed by including B-hydroxybutyrate in the
media (supporting NADH generation by B-hydroxybutyrate dehydrogenase) relying on the fact that
KGDHC activity is important for mSLP (Kiss et al., 2013). The effect of 2-KB inhibiting pyruvate oxidation
has been published before (Gibson et al., 1975), albeit this was only observed at very high 2-KB
concentrations (20 mM). This was attributed to a weak inhibitory action of 2-KB on the pyruvate
dehydrogenase complex (Kanzaki et al., 1969), (Blass and Lewis, 1973).

Our work identifies 2-KB (or metabolites converging towards this molecule) as abrogating mSLP in a
physiological manner. In human neutrophils, value ranges of 0.01-0.07 fmol/cell have been reported
(Muhling et al., 2003); mindful that the volume of a human neutrophil is ~ 299 um? (Ting-Beall et al.,
1993), 2-KB cytosolic concentration must be 0.033 - 0.232 mM. In blood plasma and urine, 2-KB
concentration is <0.01 mM but can be elevated ten- or hundred-fold in certain disease states (Yang and
Roth, 1985), (Lee et al., 1998), (Bouatra et al., 2013), thus, the flux of 2-KB production by several
metabolites may indeed reach a threshold upon which mSLP is affected. This can be exploited in a
number of metabolic settings in order to interrogate mSLP as part of the citric acid cycle (Chinopoulos,
2013), further benefitted by it being membrane-permeable. However, it must be emphasized that 2-KB
is also a substrate for lactate dehydrogenase being converted to a-hydroxybutyrate (Sullivan et al.,
2015), thus, the effect of 2-KB in whole cells or tissues may not only be attributed to the mechanisms
outlined in the present study. By the same token, the effects of 2-KB described in (Sullivan et al., 2015)
could be partially ascribed to its ability of negating mSLP. Finally, since the catabolism of other
metabolites converging to succinyl-CoA (except those originating from o-Kg) besides threonine, serine
and methionine also require expenditure of one (such as in case of valine, isoleucine, thymine) or two
(such as with cholesterol) molecules of ATP, it is expected that they will also lead to abolition of mSLP.

SUCLA2 expression in adult human brain

In (Dobolyi et al., 2015b) we investigated the cell-specific expression of SUCLA2 and SUCLG2 in the
human brain. The most important observation was that A-SUCL-$ was present exclusively in neurons,
and not in other cell types. An obvious pathophysiological implication for astrocytes lacking A-SUCL-
and therefore being incapable of ATP provision by matrix substrate-level phosphorylation, is that their
mitochondria are more likely to engage in cytosolic ATP consumption (Chinopoulos et al. 2010) than
neuronal mitochondria, during natural fluctuations of their membrane potentials (Gerencser et al.
2012). As an extension of this, astrocytic mitochondria should be more vulnerable than neuronal
mitochondria in terms of relying on -in house- ATP reserves during energy crisis, such as during brain
ischemia (Chinopoulos and Adam-Vizi, 2010), (Chinopoulos 2011b), (Chinopoulos 2011a). To this end,
the weak expression of nm23-H4 (Milon et al. 1997), together with the lack of G-SUCL-} expression in
astrocytes preclude the possibility of matrix ATP formation through GTP transphosphorylation.

Furthermore, the notion that both ATP- and GTP-forming succinyl-CoA ligase activity should exhibit an
extremely low -if any- rate in human astrocytes, hints at peculiarities of the directionality of citric acid
cycle in these cells (Chinopoulos, 2013). Although the citric acid cycle is branded as a "cycle", it does not
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necessarily operate as one (Chinopoulos, 2013). It is well known, that astrocytes produce and release
large quantities of succinate (Westergaard et al. 1994). Succinate can be the end-product of a 'backflux’
citric acid cycle (Brekke et al. 2012), commencing from pyruvate that is converted to oxaloacetate by
pyruvate carboxylase. Pyruvate carboxylase is mostly expressed in liver and kidneys being part of
gluconeogenesis, but it is also found in the astrocytes of the brain (Shank et al. 1985), (Yu et al. 1983),
playing an important role in lipogenesis and synthesis of neurotransmitters (Wallace et al. 1998),
(Sonnewald and Rae 2010).

Another relevant concept to our findings is that GABA uptake in the neuropil occurs through the GABA
transporter GAT-3, which is exclusively expressed in astrocytes (Minelli et al. 1996), as well as GAT-1 and
-2, which are found both in astrocytic processes and other neuronal- and non-neuronal elements (Conti
et al. 1998), (Conti et al. 1999). GABA metabolism in the astrocytes proceeds through GABA
transaminase (which also requires o-ketoglutarate) yielding succinate semialdehyde (and glutamate)
that is in turn processed by succinate semialdehyde dehydrogenase yielding succinate which enters the
citric acid cycle, thus effectively by-passing the 'missing' succinyl-CoA ligase, since neither SUCLA2 nor
SUCLG2 is expressed in these cells.

Finally, in the absence of either ATP- or GTP-forming succinyl-CoA ligase, succinyl-CoA emerging from
the a-ketoglutarate dehydrogenase complex in astrocytic mitochondria could be further processed
towards heme and/or ketone body metabolism, pathways which are fully operational in astrocytes
(Lopes-Cardozo et al. 1986), (Dringen et al. 2007), or serve as cofactor for lysine succinylation (Zhang et
al. 2011), a wide-spread post-translational modification; this would also prevent a 'coenzyme A trap' in
the form of succinyl-CoA.

In aggregate, our findings presented in this paper have strong physiological implications regarding the
differential metabolism of neurons versus astrocytes in the human brain and pathological implications
related to the impact of SUCLA2 deficiency on brain functions. Furthermore, our study pinpoints SUCLA2
as a reliable marker for neuronal mitochondria. By the same token, any report on the function or activity
of ATP-forming succinyl CoA ligase in brain tissue should not apply for the whole brain, only for neurons.
Finally, and in the same line, intracellular pathological manifestations of the brain caused by SUCLA2
deficiency, such as mtDNA depletion, should only be sought in neurons.

SUCLG2 expression in the microvasculature of the adult human brain

The work published in (Dobolyi et al., 2015a) is a follow-up on the lead provided by our previous work
showing that SUCLG2 is very weakly expressed in the human brain, and it is not found in either neurons
or astrocytes (Dobolyi et al., 2015b). There, the most important finding was that SUCLG2 expression was
further confirmed to be absent from microglia and oligodendroglia, but it was detected in cells forming
the microvasculature, most likely endothelial cells and/or pericytes. An additional finding was that
SUCLG2 staining in human fibroblasts covered only a small fraction of the mitochondrial network. On
the other hand, SUCLAZ2 staining covered the majority of mitochondria in the same cells (Dobolyi et al.,
2015b). Triple-colocalization study of SUCLG2, SUCLA2 and mitotracker orange in the same cell was
performed later on by us, published in (Chinopoulos et al., 2019).
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KGDHC subunits expression in the adult human brain

The two most important observations of the work published in (Dobolyi et al., 2020) are that i) we
detected KGDHC-specific subunits immunoreactivity in neurons but not glia of the human brain, and ii)
protein lysine succinylations were pancellularly observed, thus, in glia, succinyl-CoA is probably a
product of an enzyme other than KGDHC. Furthermore, to the best of our knowledge, our work is the
first to demonstrate protein lysine succinylation in the adult human cortex. DLD subunit was found also
in non-neuronal cells, but this is probably due to its participation in the pyruvate dehydrogenase
complex, branched-chain alpha-keto acid dehydrogenase complex and the glycine cleavage system.
Regarding the finding that KGDHC-specific components were not observed in cells staining positive with
glial markers, it is important to emphasize that our immunohistochemistry protocols included several
amplification steps. This implies that if KGDHC-specific components are expressed in human glia they
are probably at least two orders of magnitude less abundant than those expressed in neurons,
precluding the possibility of an appreciable KGDHC activity in the former cell types. The group of John P
Blass have also published the absence of KGDHC immunoreactivity from glia in the adult human brain;
however, out of perhaps abundance of caution they reported it as “surprisingly, convincing
immunoreactivity was not found in glia” (Ko et al., 2001), even though KGDHC immunoreactivity was
completely absent from all of their microphotographs. In (Dobolyi et al., 2020) we investigated glial cells
exhibiting GFAP, Aldhl1, myelin-basic protein, Olig2 and IBA1, identifying astrocytes, oligodendrocytes
and microglia. However, the human brain harbors hundreds (if not thousands) of cell types and
subtypes. The Human Brain Project aims to identify and catalogue all these cells (Amunts et al., 2016).
Thus, it cannot be excluded that some glial subtypes exhibit KGDHC-specific components to a detectable
level. This is supported by RNA-Seq data obtained from the Allen Brain Atlas, in which positive “hits”
were scarce but still visible in non-neuronal cells. The notion that glia of the adult human brain may not
exhibit KGDHC (nor succinyl-CoA ligase) activity, thus precluding operation of the citric acid cycle as we
know it calling for reconsideration of a textbook definition of a universal metabolic pathway should not
come as a great surprise: mice engineered to lack cytochrome c oxidase in astrocytic mitochondria in
vivo were fully viable in the absence of any signs of glial or neuronal loss even at one year of age (Supplie
et al., 2017). Notably though, KGDHC (detected immunologically by using an antibody generated using
the whole complex as an epitope) has been reported in astrocytes of cerebrum and cerebellum of
newborn mice (Waagepetersen et al., 2006). Furthermore, in (Calingasan et al., 1994), it was shown that
in 3-month old male Fischer 344/Brown Norway F1 hybrid rats immunohistochemistry for KGDHC (using
an anti-rabbit IgG for KGDHC, no further information is provided), KGDHC stained neurons much more
intensely than glia in several brain areas. Perhaps KGDHC is absent (or at least present at an extremely
small level) in human glia so as to assist the glutamate-glutamine cycle by preventing glutamate
catabolism through the citric acid cycle (which necessitates KGDHC activity), instead being shuttled
towards glutamine formation. By the same token, uptaken glutamate from the EC would be shuttled
towards GABA metabolism, also known to operate in glia cells. Relevant to this, in a human embryonic
kidney cell line even a mild reduction (~30%) in KGDHC activity elevated the GABA shunt (Shi et al.,
2009).

Regarding the observation of pancellular lysine succinylation in the adult human cortex in view of the
fact that glia may not exhibit KGDHC nor succinyl-CoA ligase activity implies that these cells must obtain
succinyl-CoA from some other metabolic pathway. In mammals, this high-energy metabolite can be
generated only through KGDHC, succinyl-CoA ligase, catabolism of valine, isoleucine, methionine,
thymine, odd-number chain fatty acids (and perhaps propionate) and through the reaction catalyzed by
OXCT1. Since glia may not exhibit KGDHC nor succinyl-CoA ligase components, provision of succinyl-CoA
is ensured only by the remaining pathways. Mindful of the remaining pathways generating succinyl-CoA
inside the matrix, it is still a mystery how can there be extramitochondrial protein lysine succinylations,
and this has been reviewed in (Chinopoulos, 2021), where the concept of pathways participating in
peroxisomal fatty acid oxidation leading to succinyl-CoA production potentially supporting succinylation
of extramitochondrial proteins, is scrutinized.
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Figure 16.19. Metabolic
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and a glial mitochondrion
(orange box) pertinent to
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mitochondria as well. Thus, we propose the following metabolism pertinent to KGDHC in neurons versus
glia: as shown in figure 16.19, neuronal mitochondria (blue box) perform the citric acid cycle as described
in textbooks. They also receive glutamine (GIn) from the extracellular space (EC), which originated from
glia as part of the so-called “glutamate-glutamine cycle” between neurons and glia (Sonnewald and
Schousboe, 2016). Some neurons will also extrude GABA to the EC which can be taken up by the glia.
Glial mitochondria (orange box), on the other hand, will also take up glutamate from the EC, which has
been released by neurons and further process it by transamination or use it for forming GABA. Succinyl-
CoA in glia can only be produced from valine, isoleucine, methionine, thymine, odd-number chain fatty
acids and perhaps propionate (multiple reactions, omitted for clarity), and from the reaction catalyzed
by OXCT1, an enzyme participating in ketone bodies catabolism; relevant to this, ketone bodies
metabolism is known to occur in human astrocytes (Thevenet et al., 2016).
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ABBREVIATIONS
1,2-NQ 1,2-naphthoquinone
1,4-NQ 1,4-naphthoquinone
2-HG 2-hydroxyglutarate
2-KB 2-ketobutyrate
A+R antimycin A with rotenone
AC aconitase
AcAc acetoacetate
ACL ATP-citrate lyase
a-Kg a-ketoglutarate
ALT2 mitochondrial alanine aminotransferase
AML acute myeloid leukemia
ANT adenine nucleotide translocase
AOAA aminooxyacetic acid
AP5A P1,P5-di(adenosine-) pentaphosphate
asp aspartate
atpn atpenin A5
BCECF 2'7'-bis(carboxyethyl)-5,6-carboxyfluorescein
BCKDHC branched-chain keto-acid dehydrogenase complex
BDH B-hydroxybutyrate dehydrogenase
BKA bongkrekic acid
BMDM bone marrow-derived macrophages
BOH, bOH B-hydroxybutyrate
BQ p-benzoquinone
cADC cis-aconitate decarboxylase
cATR carboxyatractyloside
CBQ 2-chloro-1,4-benzoquinone
CBQ 2-chloro-1,4-benzoquinone
Ccccp carbonyl cyanide 3-chlorophenylhydrazone
CCIN alpha-Cyano-4-hydroxycinnamate
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CHAPS 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate
CoA coenzyme A

CoQ coenzyme Q

COX cytochrome oxidase

Cyb5r2 NADH:cytochrome b5 reductase isoform 2
CypD cyclophilin D

cys A cyclosporin A

DAB 3,3-diaminobenzidine

DCA dichloroacetate

DCBQ 2,6-dichloro-1,4-benzoquinone

DCIP 2,6-dichloroindophenol

DHODH dihydroorotate dehydrogenase

DIC dicoumarol

diOH-flavone | 7,8-dihydroxyflavone hydrate

DLD dihydrolipoyl dehydrogenase

DLST dihydrolipoyl succinyltransferase

DMBQ 2,6-dimethylbenzoquinone

DMEM Dulbecco's Modified Eagle Medium

DNP 2,4-dinitrophenol

DQ duroquinone

A¥Ym mitochondrial membrane potential

EC extracellular space

ECAR extracellular acidification rate

EDTA ethylenediaminetetraacetic acid

EGTA ethylene glycol-bis(2-aminoethylether)-N,N,N?,N?-tetraacetic acid
Erev_ANT Reversal potential of the ANT

Erev_ATPase

Reversal potential of the FO-F1 ATPase

ETF electron transfer flavoprotein
ETFDH electron-transferring-flavoprotein dehydrogenase
FC Fold change
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FCCP carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
FerrCyan Ks[Fe(CN)s]

FH fumarate hydratase

GABA y-Aminobutyric acid

GABA-T GABA transaminase

GAD glutamate decarboxylase

GBM glioblastoma (multiforme)

GHB B-hydroxybutyrate

gin glutamine

glut glutamate

GPDH glycerol-3-phosphate dehydrogenase

GSH glutathione (reduced form)

HBTB Human Brain Tissue Bank

HOT hydroxyacid-oxoacid transhydrogenase
HPLC High Performance Liquid Chromatography
IDB idebenone

IDH Isocitrate dehydrogenase

IF1, IF-1 Inhibitor protein

Irgl immunoresponsive gene 1

Jc1 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolcarbocyanine iodide
JHDM Jumoniji-C histone demethylase

KGDHC ketoglutarate dehydrogenase complex

KO knock out

LDH lactate dehydrogenase

LPS lipopolysaccharide

mal malate

MBQ methyl-p-benzoquinone

MBQ methyl-p-benzoquinone

MCEE methylmalonyl-CoA epimerase

MCM methylmalonyl-CoA mutase
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M-CSF Macrophage colony-stimulating factor

MCT monocarboxylate transporter

MDH malate dehydrogenase

MgG, MgGr magnesium green

MGTK methylglutaconase, methylglutaconyl-CoA hydratase
mito mitochondria

mitoQ mitoquinone

MND menadione

MNQ 2-methoxy-1,4-naphtoquinone

MnSOD Manganese Superoxide Dismutase

mPTP mitochondrial permeability transition pore

mSLP mitochondrial substrate-level phosphorylation
MS-MS electrospray ionization-tandem mass spectrometry
mtDNA mitochondrial DNA

MTO Mitotracker Orange

NEAAs non-essential amino acids

NK natural killer

NQO NAD(P)H:quinone oxidoreductase

OAT1 organic anion transporter

OC-FAs odd-chain fatty acids

OCR oxygen consumption rate

OGDH oxoglutarate dehydrogenase

OGDHL oxoglutarate dehydrogenase-like protein

olgm oligomycin

OXCT1 succinyl-CoA:3-ketoacid coenzyme A transferase 1
OxPhos oxidative phosphorylation

PBS phosphate-buffered saline

PC pyruvate carboxylase

PCC propionyl-CoA carboxylase

PDHC pyruvate dehydrogenase complex
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PDK pyruvate dehydrogenase kinase

PEP phosphoenolpyruvate

PEPCK phosphoEnolPyruvate CarboxyKinase

PHD prolyl hydroxylase

PHGDH phosphoglycerate dehydrogenase

PK pyruvate kinase

PKM2 dimeric M2 isoform of pyruvate kinase

pmf protonmotive force

PPP pentose phosphate pathway

PTP permeability transition pore

pyr pyruvate

RCR respiratory control ratio

RIPA radioimmunoprecipitation assay

ROS reactive oxygen species

rot rotenone

SDH succinate dehydrogenase

SDHAF SDH assembly factor

SF 6847 tyrphostin 9, RG-50872, Malonaben, 3,5-di-tert-butyl-4-
hydroxybenzylidenemalononitrile, 2,6-di-t-butyl-4-(2',2'-dicyanovinyl)phenol

SiRNA short-interfering RNA

SLP substrate-level phosphorylation

SSA succinic semialdehyde

SSADH succinate semialdehyde dehydrogenase

SSAR succinic semialdehyde reductase

stigm stigmatellin

succ succinate

SUCL Succinate-CoA Ligase

TCA tricarboxylic acid (cycle)

TIPM thioglycollate-induced peritoneal macrophages

TLR Toll-like receptor
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TMPD N,N,N,N-Tetramethyl-p-phenylenediamine
TMRM tetramethylrhodamine, methyl ester, perchlorate
TPP tetraphenylphosphonium

TRAM-34 triarylmethane-34

UDP uridine diphosphate

VGBT vigabatrin

VHL von Hippel-Lindau tumor suppressor gene

WGA wheat germ agglutinin

WT wild type

€ extinction coefficient
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