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13.1 Mitochondria Are Self-Contained Sections in the
Network of Metabolic Pathways

The mitochondrion forms a structural, functional and regulatory compartment
within the cell. Its four structural regions—the outer membrane, inner membrane,
intermembrane space and matrix—allow a sub-compartmentation in order to carry
out its various metabolic actions, essential to the life of most eukaryotic cells. Each
of the regions contains a unique collection of enzymes. Most of these are coded in
the nucleus and imported into the mitochondrion from the cytosol by specialised
protein translocases of the outer and inner membrane.

Each mitochondrion contains multiple copies of a circular double-stranded DNA
located close to the inner membrane. Thirteen proteins encoded in the mitochon-
drion’s own genome serve central functions in the respiratory chain and oxidative
phosphorylation of the inner membrane: seven subunits out of 40 of complex I, one
subunit out of 11 of complex III, three subunits out of 13 of cytochrome oxidase and
two subunits out of 12 of ATP synthase. In contrast, all enzymes for the oxidation of
substrates—e.g. enzymes of the tricarboxylic acid (TCA) cycle, pyruvate dehydro-
genase and B-oxidation—are encoded in the nucleus. Most of these enzymes are
located in the matrix which is enclosed by the folded inner membrane. Hence, the
enzymes of the matrix and the inner membrane are the major energy-producing
team of the mitochondrion (Alberts et al. 2008; Voet and Voet 2011).

Mitochondria are also involved in pathways in intermediary metabolism: a series
of enzyme-catalysed sequential reactions, in which the product of one reaction is
the substrate of the next. The internal environment of the mitochondrion is very
different from the traditional concept of enzymes and substrates in free solution in
the cytosol. For example, it was concluded that the enzymes of the tricarboxylic
acid cycle (TCA) form a metabolon in the matrix which allows more efficient
passing of the intermediary product from one enzyme to the next, thus facilitating
the catabolic function of the TCA cycle (Robinson et al. 1987). The association
does not restrict the supply of important precursors for biosynthetic pathways and
metabolic processes which proceed in the cytosol or other organelles.

Intermediates, such as citrate—a precursor for the cytosolic synthesis of fatty
acids and isoprenoids from acetyl-CoA—must be translocated by means of more or
less substrate-specific carriers in the inner mitochondrial membrane, and equally,
transporters for metabolites trafficking from cytosol to matrix are obligatory. Due to
its focal status in cellular energetics, the ADP-ATP translocator of the inner
mitochondrial membrane is probably one of the best-known and most thoroughly
researched systems (Voet and Voet 2011). In marked contrast, the manner of
transport of pyrimidine ribo- and deoxyribonucleosides and nucleotides (precursors
for mitochondrial metabolism and proliferation) is not fully understood to date.

The synthetic pathway for heme benefits from free diffusion through the outer
mitochondrial membrane since the first step occurs in the mitochondrion through
the addition of succinyl-CoA to glycine by 5-aminolevulinic acid synthase, and,
after a few intermediate steps in cytosol, metabolites return to the organelle where
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Fig. 13.1 Compartmentation of pyrimidine de novo synthesis and urea cycle. Carbamoyl phos-
phate synthetase I (CPS I) in mitochondria initiates the urea cycle (in liver only). Carbamoyl
phosphate synthetase II (CPS II) in cytosol initiates the de novo synthesis of UMP. The CAD
enzyme (CPS II + aspartate transcarbamoylase + dihydroorotase) and the UMP synthase (orotate
phosphoribosyltransferase + orotidine 5’-monophosphate (orotidylate) decarboxylase) are located
in cytosol. The formation of orotate from dihydroorotate is catalysed by the mitochondrial
flavoenzyme dihydroorotate dehydrogenase (DHODH). OM outer membrane, /M inner mem-
brane, /MS intermembrane space

the protoporphyrins take up the iron using ferrochelatase, which is bound to the
inner membrane (overview Gattermann 1999; Wallace 2012). Similarly, the urea
cycle starts with the synthesis of carbamoyl phosphate in the matrix (Fig. 13.1) and
proceeds as a tightly linked pathway in which the three cytoplasmic enzymes are
organised near the mitochondrion for efficiency of channelling of substrates
(Cheung et al. 1989). Transporters convey ornithine and citrulline across the
inner mitochondrial membrane. Finally, the substrates and enzymes for de novo
synthesis of UMP are found in the cytosol except for one enzyme reaction,
dihydroorotate dehydrogenase (DHODH), which is fixed in the mitochondrion
(Fig. 13.1).

13.2 Intracellular Location and Regulation of the Enzymes
of Pyrimidine De Novo Synthesis

Uracil, cytosine and thymine are the pyrimidine bases of ribose-containing nucle-
osides  (uridine, thymidine and cytidine) or deoxyribose-containing
deoxynucleosides and their corresponding (deoxy)ribonucleotides. The diverse
functions of pyrimidines—building blocks for DNA and RNAs; prerequisites for
the synthesis of glycogen, glycoproteins, glycolipids and phospholipids in mem-
branes; and signalling molecules for cell surface receptors in the sympathetic
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nervous system—Iead to the need for permanent and well-balanced pools of these
compounds in cells (review Keppler and Holstege 1982; review Connolly and
Duley 1999).

In animal cells, pyrimidine nucleotides can be formed either by de novo syn-
thesis of uridine monophosphate (UMP) from CO,, glutamine and aspartate or by
salvage/recycling of uridine (Fig. 13.2) (textbooks: Voet and Voet 2011; Grisham
et al. 2008). Enzymes catalysing five reaction steps to UMP are found in the cytosol
and one, DHODH, in the mitochondrion (Fig. 13.1). In contrast to purine synthesis,
the pyrimidine ring is assembled first and is then linked to ribose-5-phosphate
obtained from phosphoribosyl diphosphate (PRPP). As a result of exon shuffling
and gene fusion, only three genes (in humans located on chromosomes 2p21, 16q22
and 3q13, respectively) encode the six enzymes for the synthesis of UMP (Barnes
et al. 1993). The first three enzymes form a single trifunctional polypeptide, CAD:
glutamine-dependent carbamoyl phosphate synthetase II (CPSII)+ aspartate
transcarbamoylase (ATCase)+dihydroorotase (DHOase) (Fig. 13.1). The fifth
and sixth steps—orotate phosphoribosyltransferase (OTCase) and orotidine
monophosphate (OMP) decarboxylase—are combined in the bifunctional uridine
monophosphate synthase (UMPS) (review Jones 1980). In higher eukaryotes as
well as in most unicellular organisms, the fourth enzyme, dihydroorotate dehydro-
genase (DHODH), is located in the inner membrane of the mitochondrion with tight
connection to the electron transport chain (Miller et al. 1968; Chen and Jones 1976;
Loffler and Zameitat 2013). The other enzymes for de novo biosynthesis of cytidine
and thymidine nucleotides (CTP synthase, ribonucleotide reductase (RNR) and
thymidylate synthase) (Fig. 13.2) are located in the cytosol.

The very thorough investigations by Tatibana and Shigesada (1972) identified
the relationship between proliferation and pyrimidine de novo synthesis in rat liver,
and Ito and Uchino (1976) studied phytohaemagglutinin-stimulated lymphocytes as
a model for leukaemia. A rapid ‘upregulation’ of the first steps of the de novo
pathway was identified, but at the time, it was not possible to say whether this
occurred through activation of existing enzyme or through production of new
enzyme molecules. Classically, pyrimidine de novo synthesis is moderated through
the rate-limiting activity of the CPSII in the CAD enzyme. This reaction is
allosterically activated by PRPP and feedback inhibited by UTP, the most abundant
pyrimidine ribonucleotide in cells. Additional growth-related regulation of the
pyrimidine de novo pathway is achieved by phosphorylation reactions. Since the
first demonstration that purified CAD is phosphorylated and CPS 1I is activated by
protein kinase A (Carrey et al. 1985), it has become apparent that several protein
kinases act upon this enzyme in vivo and enhance the production of pyrimidine
precursors for growth and proliferation (Graves et al. 2000; Sigoillot et al. 2002,
2005; Ben-Sahra et al. 2013; Robitaille et al. 2013). On the other hand, two caspase-
3 cleavage sites in the CPSII domain of CAD could explain the loss of CPSII
activity during apoptosis (Huang et al. 2002).
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Fig. 13.2 Overview of paths to and from pyrimidines. The enzymes—given by numbers in the
scheme—perform the biosynthesis (de novo enzymes 1-6), interconversion of UMP to other
ribonucleotides and deoxyribonucleotides (7-13), the salvage of preformed metabolites from
dietary products or catabolism of nucleic acids (14—18), the first steps of catabolism (19-20) and
further catabolism (21-23). Note that most of the enzymes are in the cytosol, a few are in
mitochondria and some isoforms are in cytosol and mitochondria (see text): 1, carbamoyl phos-
phate synthetase; 2, aspartate transcarbamoylase; 3, dihydroorotase; 4, dihydroorotate dehydro-
genase; 5, orotate phosphoribosyltransferase; 6, orotidine 5’-monophosphate decarboxylase;
7, pyrimidine monophosphate kinases; 8, pyrimidine diphosphate kinases; 9, thymidine
monophosphate kinase; 10, cytidine triphosphate synthetase; 11, ribonucleoside diphosphate
reductase; 12, dUDP phosphohydrolase and dUTP pyrophosphohydrolase; 13, thymidylate
synthase; 14, uridine/cytidine kinase; 15, thymidine kinase; 16, deoxycytidine/deoxyuridine
kinase; 17, pyrimidine 5'-nucleotidases; 18, (deoxy)cytidine deaminase; 19, uridine phosphory-
lase; 20, thymidine phosphorylase; 21, dihydropyrimidine dehydrogenase; 22, dihydropyri-
midinase; and 23, ureidopropionase
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13.3 Metabolic Channelling in UMP De Novo Synthesis:
A Paradox?

Multienzyme complexes and multifunctional enzymes, like CAD, UMPS and other
enzymes in the parallel purine de novo pathway, are considered to be of physio-
logical benefit for cells with a high demand for nucleic acid precursors (Zhang
et al. 2008). It was usually assumed that such a benefit is kinetic: close proximity of
enzyme active sites decreases diffusion time and raises local concentration of
substrate while lowering local product concentration (Agius and Sherratt 1997).
A more precise control of several enzyme activities through a single regulatory
region seems most attractive from the perspective of intermediary metabolism.
Further feasible advantages are in minimising side reactions, e.g. removal or
decomposition of intermediates. In view of the low stability of carbamoyl phos-
phate (Irvine et al. 1997) and putative affinity of OMP for 5'-nucleotidase and
orotidine for pyrimidine phosphorylase (Fig. 13.2, enzymes 17, 19) (see Sect. 7),
this assumption seems reasonable. However, the location of the fourth enzyme
DHODH in the mitochondrion suggests a problem if dihydroorotate synthesised in
the cytosol must diffuse across the outer mitochondrial membrane to be oxidised to
orotate, which in turn has to diffuse back into the cytosol to be a substrate for the
bifunctional UMP synthase (Fig. 13.1).

The paradox was resolved following a study undertaken to locate the enzymes of
UMP de novo synthesis (Carrey et al. 2002) using immunofluorescence and
immunoelectron microscopy of spermatozoa and BHK fibroblasts which revealed
the position of CAD and UMPS just around and outside mitochondria. Close
association of the CAD protein with the mitochondrion would contribute to
‘channelling’ dihydroorotate more efficiently as a substrate for DHODH, especially
since the equilibrium of the DHOase-catalysed reaction favours the reverse con-
version of dihydroorotate to carbamoyl aspartate (Christopherson and Jones 1980).
Aspartate may be supplied from the mitochondria for the ATCase reaction. The
analogy with the urea cycle is compelling.

There has been controversy about the location of CAD since an earlier study that
indicated some CAD molecules were cytosolic, possibly associated with the cyto-
skeleton. It was concluded from these findings that CAD could bind to and
translocate along the filaments to mitochondria, which are known to be anchored
to the cytoskeleton network (Evans and Guy 2004). Interestingly, CAD was also
described in the nucleus (Angeletti and Engler 1998; Carrey et al. 2002). It is now
known that relocation of the CAD protein is linked to its phosphorylation. Modi-
fication in vitro by protein kinase A was shown to activate the carbamoyl phosphate
synthetase reaction, rendering it insensitive to feedback inhibition by UTP (Carrey
et al. 1985). In vivo, after activation by MAP kinase, some CAD molecules transfer
to the nucleus in parallel with increased pyrimidine biosynthesis in the cell
(Sigoillot et al. 2005). Similarly, activation by S6 kinase appears to encourage
polymerisation of CAD and causes a ‘punctate distribution’ in the cytoplasm
(Robitaille et al. 2013): increased pyrimidine biosynthesis is accompanied by
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increased carbamoyl aspartate in the cytosol (Ben-Sahra et al. 2013). Nevertheless,
the need for the DHODH step means that the exterior of the mitochondrion remains
the only feasible location for pyrimidine biosynthesis: it seems more likely that
CAD in the nucleus may act as a monitor of external conditions, perhaps through
the known affinity for its allosteric effectors.

A plausible mechanism could involve the feedback inhibitor UTP, which causes
conformational changes in the CAD molecule that tend to prevent access of kinases
(Carrey, 1989). Thus a fall in intracellular UTP concentrations, as RNA synthesis
and other demands accelerate, may allow CAD to be phosphorylated and to exert its
effect by binding to the androgen receptor (Morin et al. 2012) and other sites in the
nucleus or ribosomes (Robitaille et al. 2013, Ben-Sahra et al. 2013) to stimulate
transcription and translation of the CAD gene and others. This model is supported
by similar findings on new roles of enzymes of the cytosolic purine de novo
synthesis in the nucleus—GMP synthetase is involved in transcriptional regulation
of ecdysteroid target genes, and IMP dehydrogenase of D. melanogaster is a
DNA-binding transcription repressor (Kozhevnikova et al. 2012)—hence, it is
reasonable to speculate that the CAD molecules in the nuclei of mammalian cells
could accelerate pyrimidine de novo synthesis but are not directly involved as
catalysts.

The discovery that UMP synthase is a bifunctional protein began with the
identification of orotic aciduria, the first known human genetic disorder of pyrim-
idine biosynthesis. Anaemia, bone marrow defect and immunodeficiency have been
described as clinical manifestations. UMPS deficiency is treatable with lifelong oral
uridine treatment applying several grams per day (review Traut and Jones 1996;
review Webster et al. 2001). Mutations in the DHODH gene were found only
recently in patients with the Miller syndrome and suggested as a putative cause
for this malformation disorder (Ng et al. 2010), perhaps through a link with
transcriptional elongation of crucial genes (White et al. 2011). Hereditary defects
of the CAD enzyme have to date not been found in humans, but zebrafish mutants in
CAD are deficient in cell proliferation and differentiation during growth and
morphogenesis of retina, jaw and pectoral fins (Willer et al. 2005), confirming the
importance of pyrimidine synthesis in de novo DNA synthesis and UDP-dependent
protein glycosylation.

An efficient channelling of steps 5 and 6 in the pyrimidines de novo synthesis
was deduced from experiments on the preferential use by UMPS of orotidylate
(OMP) produced from orotate and PRPP over exogenously added OMP even at a
100-fold excess (review Keppler and Holstege 1982; review Traut and Jones 1996).
The cytosolic location of mammalian UMPS was confirmed by immunofluorescent
microscopy and immunoelectron microscopy which detected the enzyme in close
proximity around and outside the mitochondria (Carrey et al. 2002).

The fourth step of pyrimidine de novo synthesis apparently disrupts the channel-
ling along the complete pathway to UMP. We propose that the persistence of
DHODH in mitochondria during evolution could have a very positive attribute:
the removal of redox equivalent is much more efficient when directly connected to
the constitutively active respiratory chain, rather than transferring hydrogen to any
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other acceptor in the cytosol, e.g. oxygen, fumarate and NAD. These have been
described as co-substrates for soluble non-membrane-bound DHODHs in some
unicellular organisms and gram-positive bacteria (see 1.4). The resulting coproduct
succinate or NADH, respectively, must then be reoxidised by a second enzyme
whose activity could interfere with the DHODH-catalysed reaction and thus risk the
impairment or even inhibition of pyrimidine de novo synthesis.

13.4 The Prominent Position of Dihydroorotate
Dehydrogenase in Mitochondria

Carbamoyl phosphate synthetase II produces the ‘high energy phosphate’-bound
carbamoyl phosphate, using glutamine as donor for the first nitrogen atom of the
pyrimidine ring and requiring the cleavage of two ATP molecules. This input of
energy in the biosynthetic pathway is balanced by the DHODH-catalysed oxidation
of dihydroorotate to orotate in mitochondria, through the intermediate electron
acceptor flavin mononucleotide (FMN) of the enzyme and subsequent reduction
of the second enzyme substrate ubiquinone (CoQ) to ubiquinol (QH,). From QHo,
the electrons continue—yvia complex III—through the electron transport chain to
the final acceptor molecular oxygen (O,) (Fig. 13.3). The electrochemical gradient
obtained from the chain finally enables ATP synthase to provide the energy for ATP
synthesis, irrespective of the electron donor, e.g. succinate or dihydroorotate (Voet
and Voet 2011; Grisham et al. 2008).

The mitochondrially associated oxidation of dihydroorotate was described in
early work (Miller et al. 1968), and the location of the DHODH at the outer surface
of the inner mitochondrial membrane was confirmed by Chen and Jones (1976)
using differential solubilisation procedures.' In default of reliable antibodies, our
localisation approach to the DHODH activity by electron microscopy using cerium
substrate techniques pointed to a matrix-side release of redox equivalents
(Angermiiller and Loffler 1995). Later studies revealed that DHODH of animals
is an integral protein of the inner mitochondrial membrane but exposed to the
intermembrane space (Rawls et al. 2000). These studies showed that the enzyme is
not proteolytically altered during import, neither in vitro nor in vivo, and its uptake
required inner membrane potential and matrix ATP. The adjacent hydrophobic
segment of the mitochondrial DHODH protein acts as a membrane anchor sequence
that holds the protein in the outer surface of the inner membrane. Similarly,
DHODH of gram-negative bacteria—from which mitochondria are presumably

! Some textbooks of biochemistry ignore the ubiquinone-dependent mitochondrial DHODH from
higher eukaryotes, instead referring to the enzyme from gram-positive bacteria, e.g. Clostridium
oroticum (soluble, inducible, NAD-dependent, catabolic). For correct information on the mito-
chondrial DHODH in the biosynthetic pathway, relevant textbooks may be consulted, e.g. Voet
and Voet ‘Biochemistry’ and Grisham, Graham and Graham ‘Biochemistry’.
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and block the electron flow. Hence, inhibition of complex III or IV could result in impairing the
transfer of hydrogen from dihydroorotate to ubiquinone with concomitant decrease of UMP
biosynthesis. Experimentally, the presence of complex III or IV inhibitors allowed the transfer
of hydrogen to artificial electron acceptors, e.g. tetrazolium salts, to give coloured precipitates
(Loffler et al. 1996) and also induced the formation of reactive oxygen species (ROS), which were
captured by cerium ions to give an electron-dense precipitate (Angermiiller and Loffler 1995). In
both cases, specific inhibitors of DHODH (site 3) prevented the histochemical visualisation and
localisation of the enzyme activity. CoQ, ubiquinone; QH,, ubiquinol

descendants—is firmly attached to the cell membrane. The N-terminal sequences
that direct DHODH import and location in mitochondria of higher eukaryotes are
absent from the enzyme protein occurring in a few fungi, e.g. S. cerevisiae, and
gram-positive bacteria, in which DHODH is a cytosolic protein (Jensen and
Bjornberg 1998).

13.5 Dihydroorotate Dehydrogenase and Hypoxia

Since activities of mammalian DHODH with substrates other than dihydroorotate
and ubiquinone have not been reported to date, the DHODH-catalysed reaction is
evidently part of the oxidative metabolism of mitochondria.

The oxygen consumption related to specific activity of DHODH was measured
with a Clark-type oxygen electrode in isolated mitochondria of rat liver, kidney and
heart, allowing direct comparison with the specific activity of the electron transport
chain enzymes (Fig. 13.3) and revealing a tissue-specific capacity and stoichiom-
etry (Jockel et al. 1998). The specific activities evaluated from oxygen consumption
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measurements were 35 nmol NADH/min/mg protein, 17 nmol succinate/min/mg
protein and 2,5 nmol dihydroorotate/min/mg protein. In heart mitochondria, the
difference in activity between respiratory enzymes and DHODH was much more
pronounced, demonstrating the great functional importance of the electron transport
chain for cardiac bioenergetics and the moderate importance of pyrimidine de novo
synthesis for the specialised function of the myocardium (Loffler et al. 1997). A
more recent study on tumour cells (premalignant prostate epithelial cells and
malignant cutaneous keratinocytes) showed a reduction of about 30 % in oxygen
consumption when the cells were treated with the DHODH inhibitor teriflunomide
leading to an approximately 50 % reduction of uridine pools (Hail et al. 2010).

Earlier studies on tumour cells (EAT) cultured under graduated oxygen tension
(20 % t0 0.001 %) in a protective atmosphere were undertaken to elucidate whether
the limited proliferative activity observed under hypoxia could result from an
inadequate supply of nucleic acid precursors (Loffler 1980; Loffler 1989). Rapid
cessation of DNA synthesis through inhibition of replicon initiation (Probst
et al. 1988), insensitivity of G, cells to oxygen shortage and accumulation of
cells before the G1/S transition of the cell cycle as well as dislocation in pyrimidine
deoxynucleotide pools were observed. When this tumour cell line was cultured
under 1 % O,, supplementation with exogenous uridine improved all growth
parameters, whereas the addition of deoxycytidine was necessary for cells kept
under 0.1 % O,. This may be due to the dependence on oxygen for generating the
tyrosyl radical of ribonucleotide reductase (review Follmann 2004). From these and
other experiments, it could be concluded the dihydroorotate dehydrogenase step is
the likely focal point for the hypoxic failure in pyrimidine biosynthesis (Fig. 13.3).
It has recently been shown that transcription of the cad gene is sensitive to hypoxia
(Chen et al. 2005).

Studies with other tumour cell lines, NHIK3025 (Amellem et al. 1994),
suggested that the biosynthetic pathway to pyrimidine(deoxy)nucleotides—through
mitochondrion-coupled DHODH—is a potential link between environmental oxy-
gen tension and the proliferative capacity of cells. Many observations support this
concept: cells defective in the electron transport chain at the stage of complex III or
IV (Fig. 13.3)—through physical limitations, absence of mitochondrion-coded
subunits, mutants and inhibitors, respectively—express impaired DHODH activity
and decreased UMP de novo synthesis (Grégoire et al. 1984; Loffler 1987,
Gattermann et al. 2004; Beuneu et al. 2000; Hail et al. 2010). In permeabilised
cells—L1210, CEM-SS, Raw264, HL60, K562 and U937—a dramatic decrease in
dihydroorotate-dependent oxygen consumption was measured on addition of the
complex IV inhibitor nitric oxide (NO) in parallel with a decrease in orotate
formation. Application of cyanide and the complex III inhibitor antimycin
(Fig. 13.3) as well as the DHODH-specific inhibitor leflunomide caused a compa-
rable effect. In the course of culture experiments, impairments of the electron
transport chain are relieved by uptake and salvage of the nucleoside uridine or by
its ‘hidden’ presence in growth medium components, e.g. serum. In a similar way,
direct inhibition of DHODH in the presence of antiproliferative drugs, such as
leflunomide derivatives, brequinar or aza-dihydroorotate (Loffler 1980; Peters
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et al. 1990; Riickemann et al. 1995; Herrmann et al. 2000; Gattermann et al. 2004),
was neutralised by uridine.

Accordingly, all enzymes of the pyrimidine de novo synthesis pathway have
been considered as promising targets for the development of antiproliferative drugs
(Sect. 6). DHODH is of increasing interest lately as a target for new drugs to reduce
aberrant immunological reactions and to interfere in the multiplication of parasites
and parasitic protozoa in malaria-infected patients and also for new anticancer
strategies (overview Christopherson et al. 2002; Knecht et al. 2000; Boa
et al. 2005; Baumgarten et al. 2006; Zameitat et al. 2007; Hortua et al. 2012).

Although we have described uridine auxotrophy in cells with electron transport
chain defects in vitro, evidence for pyrimidine deficiency in brain on infusion of
mice with azide—which, comparable to cyanide, is an inhibitor of complex IV
(Fig. 13.3) and often used in cell culture experiments to mimic ‘bioenergetic
hypoxia’—could not be shown (Garcia et al. 2005). Likewise, a reduction in
pyrimidine levels and a p53 upregulation were observed when RKO (colonCA)
were treated with the complex III inhibitor myxothiazole or with the DHODH
inhibitor leflunomide but not in the presence of cyanide (Khutornenko et al. 2010).
On the other hand, the visualisation of DHODH activity—Ilike that of succinate
dehydrogenase—in tissue sections, tumour cell smears and cultured cells by appli-
cation of the nitro-blue tetrazolium technique was possible only in the presence of
cyanide (Loffler et al. 1996). As a potent inhibitor of cytochrome oxidase
(Fig. 13.3), cyanide can prevent the flow of electrons—originating from the sub-
strate dihydroorotate or succinate, respectively—along the chain to complex IV and
oxygen.

A direct link between hypoxia-induced cell cycle arrest in G, and early S-phase
in cultured cells and a shortage of pyrimidine nucleotides with concomitant lack of
deoxynucleotide precursors for DNA synthesis may be only part of the story.
Activation of the retinoblastoma protein by dephosphorylation under moderate
hypoxia may also be responsible for the hypoxia-induced cell cycle arrest in
S-phase of human NHIK cells (Amellem et al. 1998). In fibroblasts under chronic
hypoxia, a downregulated CAD expression in response to induced HIF-1a accu-
mulation could be of significance (Chen et al. 2005). Hypoxia-inducible factor
1 was shown to mediate adaptive responses to reduced oxygen availability (chronic
hypoxia) by regulating gene expression (Semenza 2011).

It has always been assumed that the DHODH-catalysed reaction—due to the
involvement of flavin and ubiquinone—could give rise to formation of reactive
oxygen species (ROS) in mitochondria (Forman and Kennedy 1975). The major
intracellular source of oxygen radicals is the electron transport chain, where
superoxide can be produced, e.g. by transfer of one electron to O, from the stable
semiquinone produced during reduction of ubiquinone (coenzyme Q) to ubiquinol
(QH,) by the appropriate enzymes (Drose and Brandt 2008). The study described
above on the synthetic retinoid N-(4-hydroxyphenyl)retinamide (Hail et al. 2010)
implicated DHODH activity in the 4-HPR-induced generation of ROS and apopto-
sis in malignant cells. The drug was suspected to redox cycle within the mitochon-
drial electron transport chain by reacting at coenzyme Q-binding sites. A recent
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study on rat skeletal muscle mitochondria demonstrated that DHODH itself can
generate superoxide/H,0, at a small rate compared to the rates from other sites in
the electron transport chain. When oxidation of ubiquinol was prevented at the
stage of complex III, e.g. by antimycin (Fig. 13.3), the dihydroorotate oxidation led
to ROS production at 10-fold higher rates (Hey-Mogensen et al. 2014). The in situ
DHODH activity in rat kidney and heart was located visually by the ‘cerium capture
technique’, in which the electron-dense precipitate cerium perhydroxide identifies
the location of oxidase activities in tissues and cells by electron microscopy: when
azide was used on complex IV to prevent the flow of electrons along the electron
transport chain, hydrogen peroxide (Fig. 13.3) was produced in an oxidase-like side
reaction on addition of the specific substrate dihydroorotate, but could be switched
off by the DHODH-specific inhibitor brequinar (Angermiiller and Loffler 1995),
which originally was developed as anticancer agent in the 1980s (Peters
et al. 1990).

13.6 The Importance of Mitochondria in the Salvage
of Pyrimidines

Replication of DNA in mitochondria (mt DNA) is independent of the cell cycle.
Since mtDNA is exposed to reactive oxygen species, deoxynucleotides are con-
stantly required for its repair in dividing and nondividing cells. There are two ways
to fulfil this requirement: intramitochondrial salvage of deoxynucleosides or import
of deoxynucleotides from the cytosol. In general, pyrimidine de novo synthesis and
salvage pathways as well as the enzymes for interconversion of (deoxy)nucleoside
mono-, di- and tri- phosphate (Fig. 13.2) ensure all pyrimidine nucleotide and
deoxynucleotide pools in the cytosol of cells. Uridine, (deoxy)cytidine and thymi-
dine originating from daily nutrients or intracellular turnover and breakdown of
nucleic acids are generally rescued from circulation by (deoxy)ribonucleoside
kinases which are located in the cytosol and also in mitochondria. These salvage
kinases for pyrimidine nucleosides (Fig. 13.2, enzymes 14, 15, 16, 17) use ATP as
the major phosphate donor and UTP as a minor donor. The broad substrate
specificity of the cytosolic deoxycytidine kinase (dCK) (Fig. 13.3, enzyme 16),
e.g. phosphorylation of deoxycytidine and deoxyuridine and also deoxyadenosine
and deoxyguanosine (Csapd et al. 2001), enables this enzyme to activate a great
number of clinically important nucleoside analogues in humans under therapy
(review Parker 2009). As can be seen from Table 13.1, the compounds can be
modified in the base or the sugar part of the molecule. Analogues of pyrimidine
bases, purine bases and of appropriate (deoxy)nucleosides have been widely inves-
tigated and developed as chemotherapy. Fluorodeoxyuridine—as 5-FUMP after
phosphorylation—can interfere with thymidylate synthase to restrict DNA synthe-
sis, and 5’-fluorouracil is activated by orotate phosphoribosyl transferase to be
finally incorporated into RNA (review Traut and Jones 1996). The anti HIV drug
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Table 13.1 FDA-approved purine and pyrimidine antimetabolites (Parker 2009)

Drug Generic name Date approved
5-Aza-2'-deoxycytidine Decitabine 2006
0°-Methylarabinofuranosyl guanine Nelarabine 2005
2'-Fluoro-2'-deoxyarabinofuranosyl-2-chloroadenine Clofarabine 2004
5-Azacytidine Vidaza™ 2004
N*-Pentyloxycarbonyl-5'-deoxy-5-fluorocytidine Capecitabine 1998
2,2-Difluoro-2'-deoxycytidine Gemcitabine 1996
2-Chloro-2’-deoxyadenosine Cladribine 1991
Arabinofuranosyl-2-fluoroadenine Fludarabine 1991
2'-Deoxycoformycin Pentostatin 1991
5-Fluoro-2'-deoxyuridine Floxuridine 1970
Arabinofuranosylcytosine Cytarabine 1969
6-Thioguanine 1966
5-Fluorouracil 1962
6-Mercaptopurine 1953

3’-azido-3’deoxythymidine (AZT) is one of several similar compounds which after
phosphorylation by human thymidine kinase interferes with reverse transcriptases
of virus (Shaw and Locarini 1995).

In mouse L cells, the mitochondrial dCTP pool was labelled more efficiently by
incorporation of tritiated uridine than was the whole-cell dCTP pool (Mathews and
Song 2007). This and other experiments suggested that salvage pathways to dNTPs
in mitochondria are most productive. In addition to the well-known cytosolic
TK1 enzyme, cells express a mitochondrial thymidine kinase, TK2, with mitochon-
drial targeting and sorting signals. The TK1 and the TK2 are encoded by two
separate genes located on chromosome 17 and 16, respectively (review Eriksson
et al. 2002), and they differ in tissue distribution, kinetics and substrate specificities
as well as in subcellular location. As a closely S-phase correlated enzyme, TK1 is
present in proliferating cells, in malignant as well as normally growing cells and
tissues. The level of a TK1 in serum of patients has been determined clinically for
prognostics and monitoring of different haematological malignancies and is cur-
rently under further development as biomarker for solid tumours (Chen et al. 2010).
In contrast to TK1, the mitochondrial TK?2 is expressed in most tissues—very likely
in close correlation to the number of mitochondria—and it is not cell cycle-
regulated. The mitochondrial TK2 of cells lacking TK1 can replace the cytosolic
enzyme, exporting thymidine nucleotides from mitochondria when incubated with
exogenous labelled thymidine (Mathews and Song 2007; Rampazzo et al. 2007). In
mitochondria, deoxycytidine and deoxyuridine likewise are phosphorylated by TK2
which is under strict feedback control by dTTP and dCTP (Fig. 13.4) (Wang
et al. 2011).

The existence of a deoxyguanosine kinase in mitochondria (Fig. 13.4) was
known early on (Gower et al. 1979). The mitochondrial enzyme also phosphory-
lates deoxyadenosine, but pyrimidine deoxynucleosides only to a minimal extent.
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Fig. 13.4 Overview of salvage of pyrimidine and purine (deoxy)nucleosides and (deoxy)nucle-
otides in mitochondria. ENT! equilibrative nucleoside transporter, PNC!/ pyrimidine nucleotide
transporter, TK2 mitochondrial thymidine kinase, dGK deoxyguanosine kinase, TMPK2 mito-
chondrial thymidine monophosphate kinase, UMP-CMP-K2 mitochondrial UMP-CMP kinase,
NDPK nucleoside diphosphate kinase, mitochondrial isoform

Like TK2, it is not correlated to cell cycle phases and was found in most cells
including neoplastic tissues (Eriksson et al. 2002). Patients with genetic deficien-
cies in TK2 or dGK activity suffer from severe mitochondrial disorders, skeletal
myopathy and in the case of dGK defects, fatal liver failure and often multiple
organ dysfunction (Saada-Reisch 2004; Wang et al. 2011). In many of these
patients, depletions of mtDNA and quantitative reduction in mtDNA copy number
were diagnosed.

It remains to be clarified whether the salvage enzymes are adequately supplied
with deoxynucleosides via equilibrative nucleoside transporters in the inner mito-
chondrial membrane (Baldwin et al. 2004; Lai et al. 2004) or by a translocation of
phosphorylated deoxynucleosides (ANMPs, dNDPs and dNTPs) from the cytosol to
the mitochondrion as described for uridine nucleotides (Fig. 13.4). Evidence for
involvement of the carrier PNC1 in the mitochondrial trafficking of thymidine
monophosphate was presented for human tumour cell lines (Franzolin
et al. 2012), but in nonproliferating cells and tissues such as the heart, liver and
brain, the deoxynucleosides thymidine and deoxycytidine enter the mitochondria
(review McCann et al. 2012). At present, it is assumed that the deoxynucleoside
salvage pathway to mitochondrial dNTPs is the chief process operating in quiescent
and differentiating cells, while carrier-mediated transport of deoxynucleotides may
be primarily active in proliferating normal and malignant cells (Chen et al. 2008;
Mathews and Song 2007).
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13.7 Pyrimidine Interconversion and Catabolism
in Relation to Mitochondrial Diseases

Several diseases are known to arise from alteration or depletion of mtDNA, in turn
caused by defects in the interconversion of pyrimidine nucleosides and nucleotides.
Cytosolic kinases catalyse the phosphorylation of pyrimidine monophosphates
(Fig. 13.2, enzymes 7, 8, 9) to form the di- and triphosphates. A mitochondrial
thymidine monophosphate kinase (TMPK2) (Fig. 13.4) was characterised in HeLa
cells, and TMPK2 mRNA was detected in erythroblastoma cells and differentiating
macrophages (Chen et al. 2008). Likewise, a human mitochondrial UMP-CMP
kinase (UMP-CMPK2) was shown to phosphorylate dUMP, dCMP, CMP and UMP
(Fig. 13.4) (Xu et al. 2008). These enzymes and a mitochondrial nucleoside
diphosphate kinase with a broad substrate specificity are guarantors for the local
supply of deoxynucleotides as essential precursors for mtDNA replication and
transcription. On the other hand, 5’nucleotidases (Fig. 13.2, enzyme 17) could
oppose the formation of nucleotides. In mitochondria, the only known enzyme of
this group is the mitochondrial 5’-deoxynucleotidase (dANT2) which seems to be
specific for deoxyribonucleotides, predominantly TMP (Rampazzo et al. 2007). A
distinct mitochondrial enzyme, dUTP pyrophosphohydrolase, removes two phos-
phates from dUTP and thus can reduce the risk of deoxyuracil incorporated in
mtDNA (Fig. 13.2) (Ladner and Caradonna 1997; McCann et al. 2012). The
prevention of this kind of DNA damage seems to be of such great importance
that uracil DNA glycosylase is a component of the mitochondrial base excision
repair pathway (Sect. 9) which enables efficient removal of sugar and base lesions
in mtDNA (review Shaw and Locarini 1995). Other effective mechanisms,
e.g. mismatch repair, seem not to play a role in mitochondria (review Stuart and
Brown 2006).

Dysfunction with multiple depletion, deletion and point mutations of mtDNA
were shown in patients with mitochondrial neurogastrointestinal encephalo-
myopathy (MNGIE) (Nishigaki et al. 2013). This disease is characterised by
progressive dysmotility, peripheral neuropathy and extramuscular muscle weak-
ness as a result of inherited loss of thymidine phosphorylase (TP) activity
(Fig. 13.2, enzyme 20). Dramatically elevated thymidine and deoxyuridine levels
in cells and body fluids cause expansion of the dTTP and dUTP pool and contrac-
tion of the dCTP pool in cytosol and also in mitochondria.

Normally, the cleavage of uridine and thymidine by phosphorylases (Fig. 13.2
enzymes 19 and 20) to the appropriate base and ribose-1-phosphate or deoxyribose-
1-phosphate, respectively, is the key reaction to the catabolic pathway. Deoxyri-
bose-1-phosphate is cleaved by deoxyribose-phosphate aldolase to glyceraldehyde-
3-phosphate and acetaldehyde (review Follmann 2004). Ribose-1-phosphate is
converted to ribose-5-phosphate which can be recycled for synthesis of PRPP or
via the pentose-phosphate pathway and glycolysis to provide energy. It should be
mentioned that thymidine phosphorylase is also known as the platelet-derived
endothelial cell growth factor (PD-ECGF). High TPase expression has been related
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to angiogenesis (Bijnsdorp et al. 2011); human uridine phosphorylase was also
surmised to have an additional function as regulator in growth and differentiation
(Zhou et al. 1996).

The final three reactions (Fig. 13.2, enzymes 21, 22, 23) in pyrimidine catabo-
lism begin with the reduction of the uracil and thymine ring by dihydropyrimidine
dehydrogenase (DPD). The complete degradation of the pyrimidine ring, which for
the most part occurs in liver and kidney, generally does not produce problems for
the human body, since the intermediary metabolites B-aminoisobutyric acid or
B-alanine shown in Fig. 13.2 can be excreted in urine or converted to malonyl-
CoA and methylmalonyl-CoA which, by catabolic pathways of amino acid and
fatty acid metabolism, contribute to ATP production in mitochondria. However,
genetic defects in the three catabolic enzymes are associated with fatal neurological
deficits (review Webster et al. 2001), for which no explanation can be given at
present. Since DPD is of fundamental importance for the inactivation of
5-fluorouracil and other pyrimidine analogues prescribed in cancer treatment
(Sect. 6, Table 13.1), even heterozygous patients experienced severe toxicity
from these drugs.

13.8 Modulation of Pyrimidine Pools for Cell Proliferation

Physiological concentrations of all purines and pyrimidines in human and rodent
cells and tissues were reviewed by Traut (1994). Normal (quiescent, resting) cells
typically have a lower concentration of the four nucleotides than mitotic cells.
However, tumour cells have a distinctly greater increase of pyrimidines than of
purines: 686 +542 pM UTP and 402 £252 pM CTP in tumour cells versus
227 4230 pM UTP and 83 £ 133 pM CTP in normal cells and 3,134 £2,135 pM
ATP and 473 £+ 214 GTP in tumour cells versus 2,537 = 1,217 uM ATP and GTP
232 £202 GTP in normal cells. A similar disproportionate nucleotide pool expan-
sion was measured by means of HPLC analyses on mitogen-activated T-cells:
twofold for purines and up to eightfold for pyrimidine pools including
UDP-sugars (Fairbanks et al. 1995). Uptake and distribution analyses of
radiolabelled precursors of the biosynthetic and the salvage pathway confirmed
the importance of pyrimidine de novo synthesis for rapidly dividing lymphoblasts
and the less significant elevation of salvage by which resting T-lymphocytes meet
their metabolic requirements. The importance of pentoses as components of pre-
cursors for nucleic acids has been emphasised by studies on glycolytic pyruvate
kinase type M2. Dimer-tetramer conversion of M2-PKwas shown to determine the
relative amount of glucose directed either to synthetic processes or for glycolytic
ATP production (Mazurek et al. 1997).

The marked increase in pyrimidine nucleotides of tumour cells and activated
lymphocytes may reflect the need to attain a balance between pools of purine and
pyrimidine nucleotides for DNA synthesis and proliferation, since pyrimidine
nucleotides are less abundant in quiescent cells (Reichard 1988). In addition,
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extra pyrimidine ribonucleotides are required for extensive synthesis of membranes
for cell reproduction (Sect. 2).

Elevated activities of de novo pyrimidine biosynthetic enzymes were noted in
early reports of rapidly growing cells such as ascites tumour, hepatoma nodules and
regenerating liver (Calva and Cohen 1959), but an increase in the activities of
salvage pathways (uptake of uridine) also occurs (overview Weber 1983). Intrigu-
ingly, the degradative enzymes uridine and thymidine phosphorylase and also
dihydrouracil dehydrogenase were found to be more abundant in many solid
tumours than in their normal counterparts (Naguib et al. 1985; Watanabe
et al. 1995). In conclusion, a subtle interaction of all paths to and from pyrimidine
pools seems to be a prerequisite for sustaining cell cycle progression of proliferat-
ing cells, whether normal or malignant.

13.9 Deoxynucleotide Pools in Mitochondria: Crucial
for mtDNA

Mitochondrial DNA has neither introns nor protective histones and lacks the
effective repair systems of the nuclear DNA. In close vicinity to the inner mem-
brane with enzymes of electron transport chain and iron metabolism (Sect. 1),
mtDNA is exposed to nearby reactive oxygen species (ROS) (Sect. 4). Unsurpris-
ingly, mutations in mtDNA are about tenfold greater than in nuclear DNA, leading
to mitochondrial diseases or neoplasia (review Naviaux 2000).

Common oxidative mtDNA lesions such as 8-oxo-deoxyguanosine were
assumed to stem from intracellular oxidative stress with increased ROS production
through the electron transport chain (review Stuart and Brown 2006; review
Pieczenik and Neustadt 2007). The search for other mechanisms to impair
mtDNA maintenance stimulated studies on the nature and sources of mitochondrial
DNA precursor pools and also identified uridine uptake as a promising protective
mechanism in neurodegenerative diseases (Cansev et al. 2013; Klivenyi
et al. 2004). Also, in several human disorders, mitochondrial genome instability
or low levels of mtDNA could be correlated with defective enzymes involved in
nucleotide metabolism (review Mathews and Song 2007; review Desler and Ras-
mussen 2012). A recent investigation in C. elegans of the rad-6 gene encoding
UMPS has demonstrated that the reduced lifespan and radiation sensitivity of
mutants arise from defective de novo pyrimidine synthesis and hence a restricted
nuclear DNA repair capacity, even though uridine uptake appears to be
upregulated, possibly as a response to orotate released from DHODH activity
(Merry et al. 2013).

Mutations of mtDNA as well as depletion of mtDNA due to decreased fidelity of
polymerase y were explained as consequences of imbalances between purine and
pyrimidine mitochondrial dNTP pools. The marked elevation of RNR activity in
S-phase of proliferating cells is emphasised by a minimal expression of
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deoxynucleotide triphosphohydrolase (Franzolin et al 2013). This enzyme has been
described as a hitherto unknown regulatory element in keeping the deoxynucleotide
pools low when cells are not replicating their DNA. Unbalanced precursor pools
would decrease the fidelity of DNA polymerase and elevate mutation events. In the
case of damaged nuclear DNA, it was shown that base excision repair (BER) could
not proceed to completion if the synthesis of ANTPs was compromised. Critical
depletion of ANTP pools resulted in the production of long-lived DNA strand
breaks at repairing sites and reduction in the number of sites initiating repair,
whereas elevation of ANTP pools to 10- to 50-fold normal levels did not inhibit
repair of nuclear DNA (Snyder 1988).

Aberrations in dNTP pools in mitochondria arise in patients with TK2, dGK and
TP deficiencies (Sects. 6 and 7). Studies in heterozygous patients with skeletal
muscle involvement revealed that decreased ratios of pyrimidine dNTPs and
deletions of mtDNA precede functional defects in the respiratory chain (Saada-
Reisch 2004). TK2 knockin mice show the essential role of balanced
deoxynucleotide pools for mitochondrial DNA maintenance (Akman et al. 2008).
Cardiovascular complications, hepatic dysfunction, hyperlactatemia and neurotox-
icity were stated in several patients under therapy with AZT (Sect. 6). The prom-
inent inhibition of mitochondrial TK2 by this analogue with concomitant
unbalanced mitochondrial deoxynucleotide pools was proposed to underlie
mtDNA replication errors and deletions (McCann et al. 2012; Wang et al. 2011).
Patients with deleterious mutations of the dGK gene expressed a marked pheno-
type/genotype correlation. Brain and liver were clinically involved and the mito-
chondrial electron transport chain was decreased in heart and muscle (Saada-Reisch
2004). From analyses of cells from patients with thymidine phosphorylase defi-
ciency (Sect. 7), it was concluded that increased levels of thymidine and
deoxyuridine could cause an abnormally high mitochondrial concentration of
dUTP that can substitute for dTTP in mtDNA replication, in turn leading to
mtDNA abnormalities including multiple sequence-specific point mutations
(Nishigaki et al. 2013).

Using DNA polymerase assays and modern HPLC methods, only a few labora-
tories have measured the very small pools of deoxynucleotides in mitochondria,
which have been reported to be less than 10 % of whole-cell deoxynucleotide pools,
e.g. 3 % in quiescent fibroblasts (Ferraro et al. 2005; Mathews and Song 2007,
Desler et al. 2007).

Since changes in the ratio of mitochondrial genome to nuclear genome (Mt/N)
have been reported in many human diseases—cancer, ageing, diabetes and HIV
complications (Malik and Czajka 2013)—the evaluation of mtDNA content in body
fluids and tissue samples was proposed as a biomarker of mitochondrial dysfunc-
tion. Comparison of mitochondria in metastatic cells with those belonging to
nontransformed cells revealed several differences in the structure and function of
these organelles (review Verschoor et al. 2013; Wallace 2012).

The origin of replication and transcriptional promoters are found in a noncoding
region of mtDNA comprising two hypervariable regions within a displacement loop
(p-loop). Mutations in this region of mtDNA, which have been reported in tumours
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on examination, can be expected to result in altered binding affinities of the nuclear
proteins involved in mtDNA replication and transcription (Smiraglia et al. 2008). A
decreased amount of both mtDNA and the mtDNA-encoded subunits of cyto-
chrome c-oxidase were seen in many breast and ovarian tumours.

It would be of interest to find out whether acquired defects in the electron
transport chain might change the activity of dihydroorotate dehydrogenase in
pyrimidine de novo synthesis (Sect. 3) and possibly contribute to tumorigenesis.
DHODH activity might be reduced, with cells surviving through increased uridine
salvage activities, or could be pushed to contribute to superoxide production due to
aberration of the functional electron transport chain (Sect. 4). Alternatively, gene
multiplication and protein overexpression might overcome the putative restrictions.
Enzyme overexpression was observed in DHODH of drug-resistant B-lymphocytes
(Loffler et al. 2004) and in CAD when treated with the transition-state analogue
PALA (Kempe et al. 1976).

The link between mutations in the mitochondrial genome, chromosomal stability
and tumorigenesis has been experimentally approached using model organisms
such as yeast or by generating cell lines depleted of mtDNA (rhoO cells) either
chemically by ethidium bromide or genetically by transfection with the herpes
simplex virus 12.5 gene (Rasmussen et al. 2003; Smiraglia et al. 2008). Cell lines
depleted of mtDNA are auxotroph for pyrimidines and receive uridine from sup-
plementation of the culture medium. Human cervical and breast cancer cells
depleted of mtDNA were shown to contain unbalanced whole-cell dNTP pools,
with great reduction of dTTP and dCTP but not dGTP and dATP (Desler
et al. 2007). The overall repair activities in the nucleus were not substantially
reduced, but chromosomal translocation and rearrangement were characteristically
induced in rhoO cell lines. The tumorigenic phenotype of such cells is reversed after
transfer of wild-type mitochondria (Singh et al. 2005). From these and other
observations, it was concluded that mitochondrial function is fundamental for
maintaining the integrity of the genome. This topical theme deserves specific
attention and is a separate subject of this book (Chap. 10).

Concluding Remarks
This review discusses the dependence of cellular pyrimidine biosynthesis on
functional mitochondria, as well as the contribution of cellular pyrimidine
salvage to the function of mitochondria. The obligate contribution of molec-
ular oxygen to the de novo formation of UMP which is the precursor
compound of all pyrimidine ribo- and deoxyribonucleotides has been
highlighted. Since dNTP pool size is a critical factor to sustain mtDNA
copy number, de novo nucleotide synthesis and salvage pathways in mito-
chondria are required to maintain mtDNA fidelity.

The mitochondrion-bound dihydroorotate dehydrogenase has been postu-
lated to hold a pivotal role during adaptation of the proliferative capacity of

(continued)


http://dx.doi.org/10.1007/978-3-7091-1824-5_10

306 M. Loffler et al.

cells to different conditions of oxygenation, such as the hypoxia that would be
found in growing tumours. We conclude that mitochondria have essential
roles in the salvage and biosynthesis of pyrimidines respectively for quiescent
cells and during proliferation.
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