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Abstract

Mitochondria have an important role in cell metabolism, being the major site of ATP

production via oxidative phosphorylation (OXPHOS). Accumulation of mtDNA

mutations have been linked to the development of respiratory dysfunction, apoptosis, and

aging. Base excision repair (BER) is the major and the only certain repair pathway

existing in mitochondria that is in responsible for removing and repairing various base

modifications as well as abasic sites (A? sites). In this research, Saccharomyces

cerevisiae (5. cerevisiae) BER gene knockout strains, including 3 single DNA

glycosylase gene knockout strains and Ap endonuclease (Apnlp) knockout strain were

used to examine the importance of this DNA repair pathway to the maintenance of

respiratory function. Here, I show that individual DNA glycosylases are nonessential in

maintenance of normal function in yeast mitochondria, corroborating with previous

research in manmialian experimental models. The yeast strain lacking Apnlp activity

exhibits respiratory deficits, including inefficient and significantly low intracellular ATP

level, which maybe due to partial uncoupling of OXPHOS. Growth of this yeast strain on

respiratory medium is inhibited, but no evidence was found for increased ROS level in

Apnlp mitochondria. This strain also shows an increased cell size, and this observation

combined with an uncoupled OXPHOS may indicate a premature aging in the Apnlp

knockout strain, but more evidence is needed to support this hypothesis. However, the

BER is necessary for maintenance of mitochondrial function in respiring S.cerevisiae.
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1. INTRODUCTION AND LITERATURE REVIEW

The initcx:hondrion is a crucial organelle found in most eukaryotic cells. It is

involved in a range of cellular processes, such as cell signaling, cellular differentiation,

apoptosis, cell cycle and cell growth, but the most important function of mitochondria is

generation of ATP through oxidative phosphorylation (OXPHOS) (Darley-Usmar and

Schapira, 1994; McBride et al, 2006). Reactive oxygen species (ROS) are a normal

byproduct of mitochondrial respiration. Mammalian mitochondria contain their own

DNA which encodes 1 3 proteins of the respiratory chain (Darley-Usmar and Schapira,

1994). Imbalance between the ROS produced and antioxidant defences can lead to

mitochondrial DNA (mtDNA) oxidative damage and mutations, which have been broadly

related to mitochondrial dysfunction, cell death, aging and related diseases (Van Remmen

and Richardson, 2001; Wallace, 2005). The base excision repair (BER) pathway is

thought to be the most important pathway for repair of oxidative DNA damage in

mitochondria (Swanson et al, 1999; Bohr and Anson, 1999; Larsen et al, 2005). The aim

of this literature review is to provide a comprehensive overview of: ( 1 ) mitochondria and

their importance in eukaryotic cells, (2) mitochondrial production of ROS, oxidative

stress and mtDNA damage; (3) repair of mtDNA damage, particularly mtDNA BER.

1.1. Mitochondrial structure and function

Mitochondria are organelles present in the cytoplasm of most eukaryotic cells. Their

main function is to convert the potential energy of food molecules into ATP via
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OXPHOS (Darley-Usmar and Schapira, 1994). Mitochondria are now recognized to exist

as a functional reticulum enclosed by two membranes (McBride et al, 2006). The nature

of the reticulum is dynamic, with ongoing fission and fusion. Nonetheless, mitochondria

have historically been considered as individual ovoid organelles, and I will adopt this

terminology, referring to a 'mitochondrion' as a functional unit of the reticulum.

The outer membrane of a mitochondrion is a relatively simple phospholipid bilayer

that encapsulates the organelle. It contains many channels, formed by the protein porin,

that are essentially porous to low-molecular-mass (20A ~ 30A) components such as

metabolites, but not to proteins (Darley-Usmar and Schapira, 1994). Porin, also known as

voltage dependent anion channel (VDAC) is encoded by nuclear DNA (nDNA). It is the

most abundant protein of the outer membrane (Krimmer et al, 2001). It is also one of the

ten most abundant mitochondrial proteins, and is widely used as a quantitative marker of

mitochondria (Krimmer et al., 2001; Hoepken et al., 2007).

The inner membrane, including cristae, provides an effective permeability barrier

which allows only certain molecules to pass through it, such as oxygen, carbon dioxide,

water, protons, potassium and calcium (Darley-Usmar and Schapir, 1993; Voet and Voet,

2003). It contains all of the complexes of the electron transport system, the ATP synthase

complex, and transport proteins (Darley-Usmar and Schapir, 1993). Recent evidence

shows that the inner membrane is able to change shape and amount rapidly in response to

osmotic or metabolic conditions (Hackenbrock, 1966; Mannella, 2006). The inner
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membrane is organized into cristae, wliich are tubules extending across the matrix (Frey

and Mannella, 2000). These cristae, which are the actual sites of OXPHOS, are

structurally distinct from the peripheral surface of the inner membrane (called the inner

boundary membrane), and evidently form microcompartments. (Frey and Mannella,

2000).

The outer and inner membranes are separated by an intermembrane space (Schapira,

2002). This space plays an important role in OXPHOS (Tedeschi, 1976; Darley-Usmar

and Schapir, 1993). The intracristal compartments communicate with the intermembrane

space freely, but may restrict the diffusion of substrates and ions between these two

spaces, which could help to establish a greater proton gradient across the cristal

membranes and inner membranes that are not part of the cristae (Mannella et al, 1997;

Voet and Voet, 2003; Mannella, 2006). This proton gradient, also called proton-motive

force, provides immediate energy to drive ATP synthesis (Lodish et al, 2003).

Within the space enclosed by the inner boundary membrane is the matrix. The

matrix contains soluble enzymes of the citric acid cycle (Darley-Usmar and Schapira,

1994). The matrix also contains mtDNA though there is evidence that the mitochondrial

genomes are peripherally associated with the inner membrane (Wang and Bogenhagen,

2006). In mammals, mtDNA encodes 13 proteins, all of which are subunits of the large

respiratory complexes that catalyze OXPHOS. Most mitochondrial proteins, however,

are encoded by nuclear genes, synthesized in the cytosol, and subsequently imported into
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mitochondria by large multi-component import complexes (Lee and Wei, 2005; Hood

and Joseph, 2004; Nagley et al, 1992). Nonetheless, the small number of

mtDNA-encoded proteins are essential for OXPHOS.

1.2. Human mtDNA

In human cells, mtDNA is a circular double-stranded DNA molecule of about 16600

base pairs (bp) (Asin-Cayuela and Gustafsson, 2007). It encodes 13 proteins, including

seven subunits of NADH:ubiquinone reductase (complex I), three subunits of

cytochrome c (cyt c) oxidase (complex FV), two subunits of ATP synthase, and

cytochrome b (cyt b) of ubiquinone-cytochrome-c oxidoreductase (complex III)

(Darley-Usmar and Schapira, 1994; Lee and Wei, 2005). It also encodes two ribosomal

RNAs (rRNA) and 22 transfer RNAs (tRNA) that are necessary for protein synthesis in

mitochondria (Nagley et al, 1992). Human mtDNA is highly compacted and contains no

introns (Figure. 1).





mTERF- LSP3

Figure 1. Map of human mtDNA. This map shows regions encoding respiratory

complex proteins (blue), rRNA (red) and regulatory regions (green) (Asin-Cayuela and

Gustafsson, 2007).

In mammalian cells, each mitochondrion usually contains 2-10 copies of mtDNA.

The copy number of human mtDNA varies in different tissues. The replication of mtDNA

in actively dividing cells usually occurs in the late S and G2 phase of the cell cycle.

However, post-mitotic cells are full of mitochondria, which replicate at any time

(Bogenhagen and Clayton, 1977). It has long been stated that mammalian mtDNA

replicates by an asynchronous strand-displacement mechanism involving the two

unidirectional origins: H-strand origin (Oh) and L-strand origin (Ol). According to this

mechanism, human mtDNA replication begins at Oh of the D-loop region, a site close to

the 5 '-end of 12S rRNA gene which is located directly downstream the LSP (Shadel and

Clayton, 1997). Normally, a new daughter H strand is formed by displacement synthesis

and extends away from the rRNA genes. After the new H strand traverses approximately





two-thirds, the Ol is exposed and L strand replication is initiated. Ol is thought to form a

stem-loop structure which actually is a simple inverted repeat DNA sequence. The

stem-loop is a recognition site for a mitochondrial primase to produce a short RNA

primer for the initiation of L strand replication. It also serves as the critical site for

separation of the H- and L strands (Darley-Usmar and Schapira;, 1994, Shadel and

Clayton, 1997; Lee and Wei, 2005;). The final steps of DNA replication include

separation of the two daughter molecules, removal of RNA primers at both origins,

filling and ligation of the remaining gaps in the molecule and at last the superhelical

turns into the covalently closed circular mtDNA (Shadel and Clayton, 1997). However,

recent analysis of mtDNA replication has shown that a clearly bidirectional initiation

occurs in some molecules at sites downstream of Oh in both cultured cells and solid

tissues (Hyavrinen et al, 2007). Some authors suggest that, in mammals, mtDNA

replication can initiate in any site of the entire mitochondrial genome (Hyavrinen et al,

2007). Recent analyses have also revealed that there are two classes of double-stranded

mtDNA replication intermediates (RIs) formed during mtDNA replication. One is formed

by predicted products of conventional strand-coupled replication, and the other consists

of extended RNA segments which incorporate throughout the entire lagging strand. The

maturation of the lagging strand to DNA varies in sites and kinetics in different

organisms (reviewed in Hyavrinen et al, 2007)

There are many factors involved in mammalian mtDNA replication including DNA

polymerase y (Pol-y) subunits A (also known as subunit a, the catalytic subunit) and B
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(also known as subunit p. the accessory subunit), mitochondrial RNA polymerase,

mitochondrial single-stranded DNA (ssDNA) binding protein (mtSSB), mitochondrial

transcription factor A (mtTFA) and RNA processing enzymes (Moraes, 2001). The Pol-y

subunit A has high nucleotide selectivity and exonucleolytic proofreading ability. It also

has the ability to repair DNA damage by processing DNA polymerase, 3 '-5' exonuclease,

and 5' deoxyribose phosphate lyase activities. Thus, it can help to ensure the fidelity of

mtDNA replication (Longley et al, 2006; Graziewicz, 2006). And there is evidence that

Pol-y B contains a DNA replication-related site (DRE) which is associated with genes

involved in nDNA replication and essential for its transcription (Moraes, 2001; Lefai,

2(XX)). The mtSSB binds to the ssDNA, wrapping the displaced ssDNA (the template for

lagging DNA strand), and preventing it from renaturation. It also helps to stimulate the

overall rate of DNA synthesis by increasing the polymerization rate and processivity of

Pol-y (Mikhailov and Bogenhagen, 1996). It was reported that the rate of DNA synthesis

by Drosophila pol-y was increased about 40-fold upon addition of mtSSB (Moraes, 2001).

mtTFA participates in the regulation of gene expression and the structural organization of

chromatin. And RNA polymerase generates an RNA primer that is essential for

replication of mammalian mtDNA (Moraes, 2001).

Human mtDNA transcription is initiated at two promoters PL and PH located within

the non-coding region adjacent to the D-loop (Darley-Usmar and Schapira;, 1994). This

generates polycistronic transcripts that are processed to produce mature rRNAs, tRNAs

and messenger RNAs (mRNA) (Shoubridge, 2002). PL directs the synthesis of a
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transcript that is prcx:essed to one mRNA and eight tRNAs. And the PH is processed to

14 tRNAs, 12 ^mRNAs and the two rRNAs (Darley-Usmar and Schapira;, 1994). Factors

involved in this transcription system include a core RNA polymerase, mtTFA and

mitochondrial transcription factor B (mtTFB). These three factors work together to direct

proper initiation from H- and L- strand promoters (Shoubridge, 2002).

1.3. Yeast mtDNA.

The budding yeast Saccharomyces cerevisiae is an excellent single cell model that

has been widely used to gain a basic understanding of the cellular biology of other more

complex eukaryotic organisms (Barrientos, 2003). Yeast mitochondria exhibit a general

organization and function very similar to mammalian mitochondria (Grandier-Vazeille et

al, 2001). However, the organization of yeast mtDNA differs from that of human mtDNA

in several important aspects. S. cerevisiae mtDNA is larger, at about 85.8-kb (Fig.4). It is

characterized by low gene density, high A+T content (80%) and the presence of introns

(which are absent from human mtDNA) (Foury et al, 2004). Though the genetic map is

circular, S.cerevisiae mtDNA is found mostly as linear molecules (Foury et al, 2004). In

yeast, one mitochondrion usually contains 3-4 copies of mtDNA, depending on growth

conditions and ploidy. The mtDNA contains 8 genes for the respiratory chain, including

cyt c oxidase subunits I, II and IE (coxl, cox2 and cox3), ATP synthase subunits 6, 8 and

9 (atp6, 8, 9), cyt b, a ribosomal protein and several intron-related open reading frames

(ORFs) (Tzagoloff and Myers, 1986; de Zamaroczy and Bernard!, 1986). The coxl and
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cyt b genes contain several introns, some of which are translated independently or in

frame with their upstream exons to produce reverse transcriptases, maturases or

site-specific endonucleases (Tzagoloff and Myers, 1986; Lambowitz and Belfort, 1993).

Moreover, the yeast mtDNA contains seven to eight replication origin-like elements and

encodes 2 IS and 15S rRNAs, 24 tRNAs that can recognize all codons, and the 9SRNA

component of RNase P (de Zamaroczy and Bemardi, 1986, Ricchetti et al, 1999) (Figure.

2).

1

9S«

ORFl
COX2

VAR1

COX1

ATPaseS
ATPase6

ATPdse9 CYTb

Figure 2. Map of yeast S. cerevisiae mtDNA. Filled boxes indicate coding exons, dotted

boxes represent introns. Only major mitochondrial genes are labeled; Locations of tRNA
genes are indicated by sticks with circles (Ricchetti et al, 1999).





S.cerevisiae mtDNA contains seven or eight ori elements, but only oril-ori3 and

ori5 harbour an intact transcriptional promoter and likely represent origins of DNA

replication. These ori are sequences of approximately 280bp that are structurally similar

to the vertebrate Oh, but unlike Oh and Ol in humans, these ori are thought to be

bidrectional (Baldacci et al, 1984; Shadel, 1999). Studies of S.cerevisiae mtDNA show

that RNA transcripts initiated at the ori promoters are used as primers for mtDNA

synthesis. Ori are always formed by three GC clusters, and contain a transcription

initiation site, called r, which is always found upstream of GC clusters in the active

replication origins aril, 3, 5, and only one mtDNA harbours an r promoter (Baldacci and

Bemardi, 1982; Foury et al, 1998). The transcription of yeast mtDNA requires only two

components: a core mitochondrial RNA polymerase and a single transcription factor,

scmtTFB (mtfl) (Shoubridge, 2002). scmtTFB is an additional subunit of Rpo41p, the

catalytic subunit of mtRNA polymerase a in yeast. It is a transcription factor required for

promoter binding and specificity of the catalytic subunit (Shadel and Clayton, 1995).

Yeast has a transcription-dependent mtDNA replication system. First, the r promoter

is used by the RNA polymerase to extend a new RNA chain that would be cleaved by an

RNase H-like activity forming a RNA primer. Then, on the non-r strand, the RNA primer

would be synthesized by a primase, upstream of the promoter r. Finally, these RNA

primers are used by DNA Pol-y to elongate a new DNA chain (Lecrenier and Foury,

2000).
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1.4. Mitochondrial proteins and assembly of the respiratory chain.

The mitochondrial respiratory chain is composed of more than 80 peptides encoded

either by the nuclear genome or by the mtDNA. Most mitochondrial proteins are encoded

by nuclear genes and synthesized as precursors on cytosolic ribosomes after which they

must be imported into the organelle and assembled into functional respiratory complexes

(Wiedemann et al, 2004; Pfanner et al, 2004). Electrons are carried from complexes I and

n to complex ni by coenzyme Q, then from complex HI to complex IV by cyt c, and at

the same time, protons are pumped out of the mitochondrial matrix to form a proton

gradient which provides a free energy for ATP synthesis (Vote and Vote, 2003).

Complex I (NADH: ubiquinone oxidoreductase) is the largest complex of the

respiratory chain in most eukaryotes. This complex catalyzes the transfer of two

electrons from NADH to ubiquinone, linked to the pumping of 4 protons from the matrix.

Complex I consists of at least 43 proteins in mammalian cells; 7 are encoded by mtDNA

including ND 1, 2, 3, 4, 4L, 5, and 6; the remaining proteins are encoded by nDNA

(Darley-Usmar and Schapira, 1994). S. cerevisiae do not have any rotenone-sensitive

Complex I (Grandier-Vazeille et al, 2001). Instead of a complex I, yeast mitochondria

have a rotenone-insensitive matrix-facing NADH-ubiquinone oxidoreductase that is

encoded by the nuclear gene NDII and does not pump protons (Grandier-Vazeille et al,

2001).

Complex II (Flavoprotein succinate: ubiquinone oxidoreductase) is the only enzyme

complex that directly links the citric acid cycle (succinate dehydrogenase) and the
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electron transport chain. It catalyzes oxidation of succinate to fumarate, and transfers the

electrons to ubiquinone. Generally, Complex II contains 4 subunits and all are nuclear

encoded. These subunits include subunits A &B which form succinate dehydrogenase

and subunits C&D which anchor the enzyme to the inner membrane (Darley-Usmar and

Schapira, 1994).

Complex ni (ubiquinolxyt c reductase) is also known as bcl -complex because of

the two cytochromes found within it. Complex III contains 3 redox centres including cyt

b, cyt c and a Rieske FeS protein. It transfers electrons from reduced ubiquinone

(ubiquinol) to cyt c, and this transfer is coupled to the pumping of 2 protons from the

matrix to the inter-membrane space. Complex lU is composed of 11 protein subunits, 10

of which are nuclear encoded, and one encoded in mtDNA (Fisher and Meunier, 2001).

The nuclear subunits include Corel, Core2, cyt cl, Rieske protein, 13.4K, Q binding,

CI hinge, presequence of Rieske protein, CI associated and 6.4K subunit. The

mitochondrial subunit is the cyt b subunit (Darley-Usmar and Schapira;, 1994).

Complex rv (cyt c oxidase) is the terminal complex for electron transfer in the

respiratory chain. The function of this complex is to receive an electron from each of four

cyt c molecules, and transfers them to one oxygen molecule, converting molecular

oxygen to two molecules of water. In the process, it pumps 4 protons from the matrix to

the inter membrane space. Complex IV is composed of 13 protein subunits in

mammalian cells. Subunit I-III are mitochondrial encoded and form the catalytic core of

cytochrome oxidase. The remaining 10 subunits are nuclear encoded. The function of
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these nuclear encoded subunits is not well understood, and they are presumed to play a

structural and regulatory role (Darley-Usmar and Schapira, 1994).

Complex V (ATP synthase) is responsible for ATP synthesis in OXPHOS by using

the proton motive force generated across the inner mitochondrial membrane. It is

comprised of about 16 subunits and is divided into three domains (Abrahams et al, 1994).

The integral membrane component of complex V is the intrinsic membrane domain (Fq)

of the ATP synthase. It is composed of at least seven subunits including 2 mtDNA

encoded subunits: ATPase 6&8. The peripheral moiety of complex V is the matrix

globular domain (Fi) of the ATP synthase. It is composed of 6 nuclear encoded subunits,

and can use the proton gradient to convert ADP to ATP. Between these two domains, the

remaining subunits compose a central stalk which links Fq and F). The proton flux

through Fo is coupled to ATP synthesis in the Fi domain by rotation of the central stalk

(Galante et al, 1979; Darley-Usmar and Schapira, 1994; Schapira, 2002).

1.5. Oxidative phosphorylation

There are two pathways to make ATP inside animal cells (Campbell and Reece,

2005; Solomon, 2005). Glycolysis, a cytosolic pathway, requires no oxygen. During this

step, glucose is broken down into two molecules of pyruvate. ATP synthesis from

anaerobic glycolysis is sufficient for unicellular eukaryotes such as yeast. Yeast

S.cerevisiae uses the alcoholic fermentation pathway to convert pyruvate to ethanol and
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CO: as the main catabolic pathway during growth on sugars no matter whether oxygen is

available or not (Lagunas, 1986). However, the energy yield of glycolysis operating

through fermentation is quite low, with a net yield of only 2 ATP per glucose

(Hoogerheide, 1975), which is too little to sustain metazoan life. In order to produce

sufficient ATP to support cellular activities in metazoans, it is necessary that

mitochondrial OXPHOS continually synthesize ATP.

OXPHOS requires two mitochondrial processes: (1) substrate oxidation and (2)

ATP synthesis (Campbell and Reece, 2005). In the substrate oxidation step, electrons

harvested from oxidized food molecules are used to produce the proton motive force.

In the phosphorylation step, the flux of protons through the ATP synthase drives the

synthesis of ATP from ADP and inorganic phosphate (Pi) (Campbell and Reece, 2005;

Romano and Conway, 1996). The functional organization of OXPHOS is represented in

Figure. 3.
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Figure 3. The electron transport chain in mammalian mitochondria. In stead of

complex I, yeast S.cerevisiae has alternative NADH:ubiquinone oxidoreductases which

are single subunit enzymes. It does not pump proton out of the respiratory membrane,

and contains one molecule of non-covalently bound FAD as redox cofactor (Kerscher et

al, 2001). Two carrier proteins in the inner membrane are required for ATP synthesis

(Voet and Voet, 2003).

1.6. Reactive oxygen species produced by mitochondria

ROS are a normal byproduct of OXPHOS (Turrens, 2003). The term ROS refers to

a variety of molecules derived from molecular oxygen, some of which are free radicals,

such as superoxide (O2 "), and some of which are not, such as hydrogen peroxide (H2O2)

(Turrens, 2003). ROS can cause oxidative damage to DNA, proteins and membrane

phospholipids. In mammalian mitochondria, O2 "
is mainly produced via 'electron leak'

from complexes I and III (Brand et al, 2004). The amount of O2 ~ and H2O2 produced by

mitochondria has been estimated to be around 10"'°M and SxlO'^M respectively

(Cadenas and Davies, 2000). Although O2 ~ is not a strong oxidant, it is a precursor for
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most other ROS (Turrens, 2003). O2 ~can be converted to H2O2 by a family of

metalloenzymes called superoxide dismutases, and then to oxygen and water by catalase

or glutathione peroxidase. When this antioxidant system is not working well, or when the

rate of ROS production is high, substantial amounts of O2 " may escape dismutation and

reduce transition metals such as ferrous ion which in turn can react with H2O2

producing hydroxyl radical ( OH). Furthermore, O2 ~ can react with the nitric oxide (NO)

present in both the matrix and the cytosol to produce peroxynitrite (ONOO"). Both OH

and ONOO" are strong oxidants which can damage proteins, lipids and DNA (Turrens,

2003; Brand etal, 2004).

1.7. Oxidative DNA damage.

DNA is exposed to damaging agents from both endogenous and exogenous sources

constantly. Exogenous agents can include oxidants, alkylating agents, toxic chemicals,

ultraviolet light and other forms of electromagnetic radiation. All of these can damage

DNA bases directly or create breaks in the phosphodiester backbone (Lindahl, 1993).

Almost all of the damaged bases resulting from chemical modification, usually referred

to as "lesions", interfere with the template function of DNA, leading to the introduction

of point mutations during replication. A crude estimate of the number of DNA damage

events suggests that there are 10^-10^ DNA damaging incidents within a single human

cell per day (Scharer, 2003; Larsen et al, 2005). Some of the DNA damaging agents
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could be avoided, however because ROS are endogenously generated as by-products of

cellular respiration they cannot be avoided (Bohr and Dianov., 1999; Mitra et al., 2001).

A low level of respiratory ROS production seems to be unavoidable. The existence

of oxygen in the atmosphere not only makes possible efficient energy transduction via

OXPHOS, it also leads to the formation in cells of ROS (Temple et al, 2005). DNA

damage caused by ROS is the most frequent type encountered by aerobic cells (Bont and

Larebeke, 2(X)4). Oxidative DNA damage can produce a multiplicity of modifications in

DNA including base and sugar lesions, strand breaks, DNA - protein cross-links and base

free sites (Evan et al, 2004). If lesions are not repaired, they can lead to mutations and

result in various cellular dysfunctions (Larsen et al, 2005).

ROS can react with all kinds of DNA bases leading to a wide range of damage to

DNA bases. The highly reactive OH reacts with DNA by addition to double bonds of

DNA bases and by abstraction of an H atom from the methyl group of thymine and each

of the C-H bonds of 2'-deoxyribose (Cooke et al, 2003). Addition to the C5-C6 double

bond of pyrimidines leads to C5-0H and C6-0H adduct radicals which then form DNA

damage products: cytosine glycols and thymine glycols in the absence of oxygen (Cooke

et al, 2003). H atom abstracted from thymine results in the allyl radical. Allyl radicals

react with oxygen also resulting in cytosine glycols and thymine glycols. Moreover, allyl

radicals react with oxygen to yield more DNA damage products including

5-hydroxymethyluracil, 5-formyluracil, and 5-hydroxy-5methylhydantoin (Cooke et al.,

2003)
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DNA damage products of cytosine can result from deamination or dehydration

(Cooke, et al, 2003). These reactions lead to the formation of uracil glycol,

5-hydroxycytosine, 5-hydroxyuracil, 5-hydroxy-6hydrouracil,

6-hydroxy-5-hydropyrimidines, 5-hydroxymethyluracil, and pyrimidine glycols

(Dizdaroglu, 1992; Cooke et al, 2003). Further reactions of C5-OH-6-peroxyl and

C6-OH-5peroxyl radicals of cytosine resulting in formation of

4-amino-5hydroxy-2,6(lH,5H)-pyrimidine,4-amino-6-hydroxy-2,5(lH,6H)-pyrim-idined

ione and the major DNA damage product of cytosine

trans- l-carbamoyl-2-oxo-4,5-dihydroxyimidazolidine (Dizdaroglu, 1993; Cooke et al,

2003).

The main DNA damage product in guanine is 8-hydroxyguanine (8-oxoguanine,

8-OH-Gua) (8-oxoG), and this product may react with 2'deoxyribose in DNA by H

abstraction causing DNA strand breaks (Cooke et al, 2003). Additionally, products of

adenine oxidation include 4,6-diamino-5-formamidopyrimidine, 2-hydroxyadenine, and

7,8-hydroxy-8oxoadenine; and products in purine including 7-hydro-8-hydroxypurines,

8-hydroxypurines and formamidopyrimidines (Dizdaroglu, 1992; Breen and Murphy,

1995).

Another reaction of base radicals is the addition to an aromatic amino acid of

proteins or combination with an amino acid radical, leading to DNA-protein cross link

(Cooke et al, 2003). Moreover, Reactions of OH with the sugar moiety of DNA by H

abstraction give rise to sugar modifications and strand breaks (Cooke et al, 2003).
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Furthermore, apurinic/apyrimidinic sites also called abasic sites (AP sites) are

dangerous lesions in that they are cytotoxic and mutagenic, and could block normal DNA

replication (Sung and Demple, 2006). AP site could be produced by DNA glycosylase

during the repair process of DNA damage or arise spontaneously, and it is one of the

most prevailing lesions in DNA (Sung and Demple, 2(X)6). In mammalian cells, it was

estimated that the spontaneous formation of AP sites through the hydrolytic loss of

purines is as high as 10000 per cell per day, and plus with the number of AP sites caused

by DNA glycosylases, the generation of AP sites should be a larger number than this

(Lindahi and Andersson, 1972; Lindahl and Nyberg, 1972; Sung and Demple, 2(X)6).

1.8. Oxidative damage to mtDNA

mtDNA is believed to sustain more oxidative damage than nDNA (Kang and

Hamasaki, 2003). One reason for this is that mtDNA is physically close to the site of

ROS generation. In addition, unlike nDNA, mtDNA is not protected by histones, and

there appears to be a more limited DNA repair capacity (Wiesner et al, 2006).

Oxidized purine/pyrimidine bases and AP sites are thought to be major ROS-derived

lesions in mtDNA (Evan et al., 2004). These lesions can constitute blocks to DNA

replication, and can also lead to bypass mutagenesis (Foury et al., 2004). In the mtDNA,

8-oxoG, the oxidative DNA damage product of guanine, is important both in quantity and

in induction of mutations. It can mispair with adenine (Figure.4) during DNA replication,

leading to transversion mutations of A/T to C/G and G/C to T/A (Alseth et al., 1999; You
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etal., 1999).

ROS
G 8-oxoG
C C

iS-oxo-dGTP
-A- 8-oxoG

A A.

Figure 4. Transversion mutations derived from 8-oxoG. A. a guanine base (G) in DNA
is oxidized to 8-oxoG 8-oxoG in DNA can pair with adenine (A) or cytosine (C) during

replication, leading to a G/C to T/A transversion mutation; B. a guanine base in a free

nucleotide form also can be oxidized and yields 8-oxo-dGTP. 8-oxo-dGTP can be

incorporated against adenine during replication, resulting in a T/A to G/C transversion

mutation.

In addition to causing mtDNA mutations, unrepaired mtDNA damage also may lead

to blockage of mtDNA transcription or synthesis of mutant transcripts, and this may also

contribute to mitochondrial dysfunction (Kujoth et al, 2007). Mutations causing complete

loss of mitochondrial rRNAs or tRNAs could prevent mitochondrial protein synthesis

(Larsson and Clayton, 1995). In addition, oxidative damage to regulatory regions within

the mtDNA genome could lead to altered mitochondrial gene expression which may

result in an imbalance of subunits for respiratory complexes (Ballinger et al, 2000). Thus,

mitochondrial respiratory chain dysfunction may be the manifestation of either DNA or

RNA mutations, as well as complete inability to replicate mtDNA or synthesize

mtDNA-encoded proteins. Moreover, recent studies suggest that mtDNA damage and
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mutations could trigger apoptosis of cells resulting in loss of crucial irreplaceable cells

and therefore tissue dysfunction (Kujoth et al, 2007). There are two revealed possible

mitochondrial mechanisms that cause cell apoptosis: release of apoptotic factors, such as

cyt c, apoptosis inducing factor, and endonuclease G from the mitochondrial

intermembrane space caused by mtDNA damages and mutations; misfolded

mitochondrial proteins caused by mtDNA mutations with some special proportion might

have the conformation necessary for activation of apoptosis (Kujoth et al, 2007).

1.9. Mitochondrial theory of aging

Deleterious OXPHOS mutations are far more probable in mtDNA because, in

postmitotic cells of the soma, mtDNA has a higher mutation rate than nDNA (Wallace,

1992; Foury et al, 2004). mtDNA has been suggested to be an important link between the

age-related accumulation of oxidative DNA damage caused by ROS and the loss of

physiologic function associated with aging (Wei and Lee, 2002). A prevailing idea is that

oxidative mtDNA damages can lead to accumulation of mtDNA mutations, and these

mutations subsequently lead to loss of mitochondrial function which has been shown to

be a causal role in mammalian aging (Wei and Lee, 2002).

LIO. mtDNA Pol-y.

The nuclear-encoded mtDNA polymerase Pol-y is the only DNA polymerase found

in mitochondria (Graziewicz et al, 2006). It is assumed that Pol-y is responsible for all
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aspects of mtDNA synthesis including replication of the mitochondrial genome, and

repair of DNA damage (Graziewicz et al, 2006).

In all organisms, cells contain multiple copies of mitochondrial genomes, and the

population of genomes is continuously being replicated and degraded as are the

organelles themselves. The half-life of an individual mitochondrial genome has been

measured as between 5 and 31 days in rat tissues (Menzies and Gold, 1971). Thus, it is

important for mitochondria to have an error avoidance and correction system to remove

errors introduced during replication (Vanderstraeten et al, 1998). There are some

mechanisms that can ensure the fidelity of DNA replication, including: selection of the

correct nucleotide depending on the discrimination capacity of the polymerase; 3'—»^5'

exonucleolytic editing, to remove mismatches at the 3' end of the growing DNA chain;

removal of mutagenic lesions and repair of DNA damage bases; and repair of

mismatched bases (Vanderstraeten et al, 1998, Bohr and Anson, 1999).

Complete loss of Pol-y activity leads to a rapid depletion of mtDNA. Several

groups have produced yeast and mice deficient in Pol-y proof-reading activity, due to

mutations in the domain with exonucleolytic activity. Pol-y proofreading deficient mutant

yeast have a 100-200-fold increase in the frequency of mtDNA point mutations

(Vanderstraeten et al, 1998). Increased mtDNA mutation rates were also observed for the

yeast mutant strains with mutator phenotypes of eliciting resistance to chloramphenicol

and olygomycin. Even though these mutator yeast could grow on a respiratory carbon

source such as glycerol, the stability of their mitochondrial genome is significantly lost,
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and a double substitution mutant yeast strain was found to form 30% and more than 90%

of respiratory deficient mutants at 28°C and 37°C respectively in comparison with the

single substitution mutants (Vanderstraeteh et al, 1998). A thermosensitive growth defect

was also found in the double subsititution mutant strain that the growth ability of these

cells were significantly decreased compared to the wild-type at 37°C (Foury and

Vanderstraeten., 1992; Vanderstraeten et al., 1998).

Similar studies of mutator mice expressing a proofreading deficient Pol-y,

performed by Trifunovic's group, showed a three-fold to five-fold increase in the levels

of point mutations, and increased levels of deleted mtDNA. These mtDNA mutations

were associated with a premature aging phenotype characterized by weight loss, reduced

subcutaneous fat, hair loss, kyphosis, osteoporosis, anaemia, reduced fertility, heart

enlargement, and significantly reduced lifespan (Trifunovic et al, 2004). Trifunovic and

colleagues also revealed increased mitochondrial mass, decreased respiratory chain

enzyme activities and lower mitochondrial ATP production rates in the hearts of these

mtDNA-mutator mice. Furthermore, this research group pointed out that the causation of

all of those phenotypes listed above is not due to increased ROS production. (Trifunovic

et al, 2005).

Similar experimental results were reported by Kujoth et al (2005). Their

investigation showed the accumulation of mtDNA mutations happened to mice with a

proofreading deficient version of Pol-y. These mice display features of accelerated aging.

Moreover, their research also revealed that the accumulation of mtDNA mutations was
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not associated with increasing ROS production, but related to the induction of apoptotic

markers. They suggest that the respiratory dysfunction induced by accumulation of

mtDNA mutations triggers a mitochondrial pathway of apoptosis. The appearance of

age-related phenotypes are not due to high level of ROS production, but because the

complete exhaustion of regenerative capacity of tissues (Kujoth et al., 2005). This

hypothesis was consistent with Zhang's research (2003). Zhang et al (2003) reported that

young mice expressing proofreading deficient Pol-y in the heart accumulated mutations

similar to those seen in aged WT mice. While no increased ROS production was found,

these mice experienced ventricular hypertrophy. These authors also hypothesized that the

causation of these consequences may be due to the triggering of a mitochondrial pathway

of apoptosis by high levels of mtDNA mutations (Zhang et al., 2003).

These studies of mtDNA mutator mice have demonstrated that accumulation of

mtDNA mutations can result in some phenotypes that are suggestive of premature aging,

and mtDNA mutations related mitochondrial function is one of the causal factors in aging.

Unrepaired oxidative mtDNA damages could lead to different type of mtDNA mutations.

This brings up an interesting question, do mice with accumulated unrepaired oxidative

mtDNA damages due to dysfunction of the repair ability for mtDNA show the similar

features?

1.11. mtDNA damage repair.

While early observations suggested that the reason for the accumulation of damage
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and mutations in mtDNA is due to the absence of repair, more recent research has shown

that a number of proteins with central roles in nDNA repair processes can also be found

in mitochondria. These include the mismatch repair (MMR) proteins Mlhl and Mshl

(mitochondrial homolog of nuclear MMR protein MutL and MutS), nucleotide excision

repair (NER) protein Rad23, TLS protein Radl8 and the recombinational repair (RER)

proteins Mrell, Rad 50, which suggest that some form of these pathways may also be

present in mitochondria and involved in mtDNA damage repair (Larsen et al, 2005).

In 1992, Yasui and colleagues reported that in S. cerevisiae, a PHRl gene encoded

photolyase which was involved in the direct reversal (DR) pathway of nDNA was found

capable of directly reversing UV-damage to mtDNA (Yasui et al; 1992). Thus, DR

pathway may take place in yeast mitocondria. MGMS is the major repair protein in the

DR pathway, and a DR activity corresponding to MGMT-direct repair in the nucleus, is

present in mammalian mitochondria, and response to removing of methyl and ethyl from

the 0^-position of guanine (Larsen et al, 2005).

MMR activity has been identified in 5. cerevisiae. Cells with inactivation of MSH

1

gene which encode mitochondrial localized MMR protein Mshl were found to have a

large scale of mtDNA rearrangements (Reenan and Kolodner, 1992). Experimental

results of Vanderstraeten' group showed S. cerevisiae cells deficient in Mshl accumulate

transition mutations in mtDNA (Vanderstraeten et al, 1998). Moreover, Mshl-mediated

MMR has been suggested to act on 8-oxoG lesions of mtDNA in 5. cerevisiae cells

(Dzierzbicki et al, 2004). Furthermore, some studies have detected MMR-like activities
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in mitochondria from human cell lines, but certain results that can support this idea

remain to be shown (Mason et al, 2003).

Nuclear translesion synthesis (TLS) protein Radl8 was identified in S. cerevisiae

mitochondria (Larsen et al, 2005), as well as Revlp and VoK, (Zhang et al, 2006), but the

existence of TLS activity in yeast mitochondria is still uncertain. Similarly, even RER

proteins such as Mrell and RadSO were found in yeast mitochondria, and both

homologous recombination and non-homologous DNA end joining activities are present

in vitro in mammalian mitochondria, there still has no conclusion of the presence of RER

for either yeast or marrmialian mtDNA damage (Larsen et al, 2005).

The MgmlOlp protein was previously shown to be required for the maintenance of

mtDNA (Chen et al, 1993). In later studies, it was found to be required for the repair of

oxidative mtDNA damage in S.cerevisiae, and it is possibly involved in BER pathways or

in the recombination-mediated repair pathways (Meeusen et al, 1999).

1.12. BER pathway

The most common types of DNA damage are thought to be base modifications and

AP sites (Sung and Demple, 2006). BER is the main pathway for the removal of DNA

base modifications caused by alkylation, deamination and oxidation (Weissman et al,

2007), and nearly all DNA lesion and single strand breaks induced by oxidation are

repaired by the BER pathway in organisms ranging from Escherichia coli (E.coli) to

humans (Hazra et al., 2007). The entire BER pathway has been identified in
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mitochondria of yeast and mammals, and it is perhaps the most important and efficient

repair pathway in eukaryotic mitochondria (Swanson et al, 1999; Bohr and Anson, 1999;

Larsen et al, 2005).

1.13. The mechanisms ofBER

1.13.1. DNA glycosylases and their functions.

The BER of modified bases is initiated by DNA glycosylases that recognize and

remove the damaged base via catalytic cleavage of the N-glycosidic bond linking it to

the DNA backbone, leaving an AP site (Figure.5) (reviewed in Fromme and Verdine,

2004). The AP site can also be generated spontaneously, by irradiation, or chemically

(Weissman et al, 2007).
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Figure 5. Origin of AP sites. AP sites in DNA are generated by: excision of normal,

inappropriate and damaged bases by DNA glycosylases in BER pathway; spontaneous

hydrolysis of the N-glycosylic bond of normal purines or damaged bases (from Boiteux

and Guillet, 2004).
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Glycosylases can be grouped into two categories, monofunctional and bifunctional,

depending on their catalytic properties (Fromme and Verdine, 2004). Bifunctional

glycosylases have an additional AP-lyase activity that may participate in the AP site

removal step of BER. Such DNA glycosylases include OGGl, NTG (NTGl, 2), and

NEIL (NEILl, 2, 3) (Fortini et al, 2003; Ide and Kotera, 2004; Larsen et al, 2005). In

addition, DNA glycosylases can be divided into 4 groups according to their main

substrate: excision of uracil (eg: UNGl and SMUGl); uracil-containing mismatches (eg:

TDG and MBD4), removal of alkylated bases (eg: AGG), and excision of oxidized bases

(eg: OGGl, MYH, NTGl, NTG2, NEILl) (Fortini et al, 2003; Larsen et al, 2005).

To date, four DNA glycosylases have been identified to have both nuclear and

mitochondrial forms: Uracil-DNA glycosylase UNGl, DNA glycosylases removing

oxidized pyrimidines NTHl (Ntglp in yeast mitochondria), DNA glycosylases removing

oxidized purines OGGl, and a newly identified bi-functional DNA glycosylase with a

broad substrate specificity in vitro NEILl (Weissman et al, 2(X)7).

1.13.2 Removal ofAP sites in BER pathway.

Processing of AP sites is the second step in BER. It is carried out mainly by an AP

(apurinic/apyrimidinic) endonuclease which hydrolyzes the sugar phosphate bond 5' to

the AP site to produce a 3' hydroxyl group and a 5' deoxyribose phosphate. Otherwise,

AP sites can also be cleaved by AP lyases, and bifunctional DNA glycosylases with AP

lyases activity is the most characterized type of these enzymes (Doetsch and
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Cunningham, 1990; Ramotar, 1997). AP lyases cleave on the 3 'side of the AP site,

producing the a,P-unsaturated aldehyde product-(4R)-4-hydroxy-trans-2-pentenal which

can block DNA synthesis repair. This was done through a P-elimination reaction

(Figure.6) (Ramotar, 1997). The aldehyde product can be removed either by the AP

endonucleases using their additional enzymatic activity which is called 3'-diesterase to

produce a 3'-hydroxyl terminus, or by a 5 elimination reaction to form a 3 'phosphate

(Fig.6) (Ramotar, 1997). Moreover, the 3'-diesterase activity of AP endonucleases also

can cleave 3'phosphate and 3'-phosphoglycolate in DNA single strand breaks caused by

oxidative agents (Ramotar, 1997).
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Figure 6. The processing of the AP site by either AP endonuclease or AP lyase

(Ramotar, 1997).Two AP endonucleases presence in nDNA BER pathways of yeast

S.cerevisiae, namely Apnlp and Apn2p, and Apnlp is the major activity of both AP

endonuclease and 3 '-phosphodiesterase (Boiteux and Guillet, 2(K)4).
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1.14. BER pathway in yeast mitochondria.

There are at least three DNA glycosylases able to perform BER in yeast mtDNA

including: Uracil DNA glycosylase Unglp, DNA glycosylases removing oxidized

pyrimidines Ntglp, and 8-oxoG glycosylase Ogglp (Larsen et al, 2005; Wiesner et al,

2006). And only one AP endonuclease, Apnlp is present in mtDNA BER repair pathway.

DNA Pol-y is the only DNA polymerase indentified in yeast mitochondria, and functions

both as the replicative and the repair polymerase. It has a dRP-lyase activity and can

catalyze the 3 '-end processing, which is a very important step for the short-patch BER

(Vanderstraeten et al, 1998, Longley et al, 1998). The BER mechanisms in yeast

mitochondria are thought to be the same as in the nuclear BER pathway.

1.15. mtDNA mutations in BER deficient yeast strains.

Mitochondrial ROS production can lead to more than 100 different types of

nucleotide base modification in DNA (Jaruga and Dizdaroglu, 1996). 8-oxoG is thought

to be the most abundant form of oxidized base, and it can be excised by Oggl. In

addition to 8-oxoG, Ogglp also can repair several other lesions including

2,6-diamino-4-hydroxy-5(N-methyIforamamido) pyrimidine (Fapy),

2,6-diamino-4-hydroxyl -5-formamidopyridine, and 7,8-hydroxy-8oxoadenine opposite a

cytosine or a 5-methyl cytosine (Singh et al, 2001). Deletion of the OGGl gene leads to a

50-fold increase in mtDNA point mutations (Dzierzbicki et al, 2004), and a 2-fold

increase in the frequency of mitochondrial petite mutants containing mtDNA deletions

30





and lacking functional mitochondria (Singh et al, 2001).

S. cerevisiae possesses two functional NTG DNA glycosylase/APlyases, Ntglp and

Ntg2p, encoded by the NTGl and NTG2 genes respectively (You et al, 1999). Studies of

Ntglp and Ntg2p in yeast revealed a widest substrate specificity excising activities of

NTG glycosylases that both proteins can recognize and excise similar types of base

damage product including thymine glycol, dihydrouracil, 5-hydroxy-6-hydrothymine,

5 - hydroxyl - 6 - hydrouracil, 5 - hydroxyl - 5 - methylhydantoin,

5-hydroxyuracil,5-hydroxy-cytosine, Fapy, and AP sites (You et al, 1999). Ntglp also has

been reported to recognize and excise 8-oxoG paired with any of the four DNA base

(Bruner et al, 1998). Recent studies have shown that Ntglp acts on a variety of damaged

substrates leading to generation of mutagenic intermediates in yeast mitochondria. If not

properly repaired, these intermediates of the repair process may give rise to mutations in

DNA, (Phadnis et al, 2006). Loss of Ntglp function results in suppression of frameshift

mutation rates, point mutation rates, UV-induced damage and recombination rates in the

mtDNA (Phadnis et al, 2006).

The presence of uracil in mtDNA may be due to spontaneous deamination of

cytosine, or misincorporation of uracil during replication. Uracil is mutagenic and can be

removed by the Uracil DNA glycosylase (UNGl) via BER pathway (Larsen et al, 2005).

In yeast, Ungl protein (Unglp) is encoded by the UNGl gene, and only one single

isoform of Unglp that localizes to both the nucleus and mitochondria (Chatterjee and

Singh, 2(X)1). Yeast 5. cerevisiae lacking Unglp have an increased frequency of
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mutations in both nuclear and mtDNA (Chatterjee and Singh, 2001).

1.16. Importance ofAP endonuciease in repair of yeast S.cerevisiae mtDNA damage.

As mentioned above, two AP endonucleases were found to exist in yeast cells: Apnlp

and Apn2p. Apnlp is the major activity of both AP-endonuclease and

3'-phosphodiesterase in DNA repair pathways, and localize in both nuclei and

mitochondria. Apn2p is a back up AP endonuciease of Apnlp for the repair of AP sites

(Boiteux and Guillet 2004), however it is found only in the nucleus. Recently, Apnlp has

also been shown to possess a 3'to5' exonuclease activity, which allows it to remove

8-oxoG directly, thus providing a back up to Ogglp and MMR in the repair of 8-oxoG in

S.cerevisiae (Ishchenko et al, 2005). Apnlp knockout yeast are strongly sensitive to

several DNA damaging agents such as methyl- and ethylmethane sulfonate that create AP

sites, and agents such as H2O2 and tert-butyl hydroperoxide that create oxidative DNA

lesions (Ishchenko et al, 2005). Apnlp knockout yeast also exhibit an increased rate of

spontaneous nuclear mutations that are mainly characterized by a 60-fold increase rate of

A,T to C,G transversion (Boiteux and Guillet 2004; Ishchenko et al, 2005). S.cerevisiae

lack of Apn2p does not present growth defects and any mutant phenotype either

spontaneous or as a result of exposure to methyl- and ethylmethane sulfonate or H2O2

(Boiteux and Guillet 2004). Furthermore, yeast are extremely sensitive to DNA

damaging agents, and harbor more mutations either spontaneous or induced by DNA

damage agents (Boiteux and Guillet 2004).
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2. PROJECT OBJECTIVES.

Though for many years it was thought that mitochondria possessed no capacity to

repair their DNA, clear evidence now has been provided for the presence of a fully

functional short-patch BER pathway in animal mitochondria, and the constituents of the

pathway in yeast mitochondria. However, virtually all studies that have been focused on

this area measured mtDNA mutation rates. While these have revealed modest increases

in the incidence of mtDNA mutation in some instances, they are not informative with

respect to whether the essential function of mitochondria, i.e. ATP synthesis, has been

compromised.

The objective of this thesis is therefore to determine whether mtDNA BER is

essential to the maintenance of mitochondrial function and ATP homeostasis. To

accomplish this goal, I have used S. cerevisiae as a model eukaryote. This organism has

the advantage of being viable even in the absence of the major mitochondrial AP

endonuclease activity, as opposed to the situation in mammals where APE 1 gene deletion

is lethal. I will take advantage of the complete genome deletant collection of S. cerevisiae

to systematically eliminate the individual steps in BER and study the consequences on

mitochondrial respiratory function. Using this approach, I will identify critical steps in

BER that are necessary for maintaining respiratory competence, ATP homeostasis and

cell viability.

33





3. MATERIALS AND METHODS

3.1. Reagents

Acetyl-CoA, agar, peptone, sodium dodecyl sulfate (SDS), Tris base, and yeast

extract were obtained from BioShop Canada Inc (Burlington, Ontario, Canada).

5,5'-dithiobis (2-nitro-benzoic) acid, adenosine-5' -diphosphate (ADP), ammonium

persulfate, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), cytochrome

c, isocitrate dehydrogenase, dithiothreitol (DTT), ethylenediaminetetraacetic acid

(EDTA), ethylene glycol tetraacetic acid (EGTA), glycine, lyticase, manganese chloride,

methanol, D-mannitol, P-nicotinamide adenine dinucleotide (NADH), nicotinamide

adenine dinucleotide phosphate (NADP"^), oxaloacetate, l,r-dimethyl-4,4'-bipyridinium

dichloride (paraquat dichloride), phenylmethane sulfonyl fluoride (PMSF), ponceau S,

sodium citrate, sodium nitroprussate dehydrate, sorbitol, and trichloroacetic acid were

purchased from Sigma-Aldrich Canada Ltd (Oakville, Ontario, Canada; including Fluka,

Caledon and Riedel-de Haen). Anhydrous sodium phosphate dibasic, anhydrous sodium

phosphate monobasic, bromophenol blue, HEPES-KOH buffer, hydrogen peroxide,

magnesium chloride, potassium chloride, potassium phosphate dibasic, potassium

phosphate monobasic, sodium chloride, and Triton-X-100, Tween 20, were obtained from

Fisher Scientific Canada, (Ottawa, Ontario, Canada).

0.5mm glass beads for yeast cell disruption were purchased from BioSpec Products,

Inc. (Bartlesville, Oklahoma, USA). ATP kit SL was purchased from BioThema, (Handen,

Sweden). Complete protease inhibitor cocktail tablets were obtained from Roche
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Diagnostic GmbH, (Mannheim, Germany). BioRad protein concentration assay dye

concentrate was obtained from BioRad laboratories, (Hercules, California, USA).

Prestained broad range protein molecular weight markers were purchased from BioLabs

(New England, Massachusetts, USA). Memcode reversible protein stain kit was

purchased from Pierce Biotechnology, (Rockland, Illinois, USA).

Monoclonal antibody for yeast mitochondrial porin was purchased from Molecular

Probes, Inc (Eugene, Oregon, USA). Goat anti-mouse IgG-HRP secondary antibody was

obtained from Santa Cruz Biotechnology, (Santa Cruz, California, USA). IR dye 800

conjugated anti-mouse secondary antibody was purchased from Rockland

Immunochemicals, (Glibertsville, Pennsylvania, USA). The ECL™ Advance Western

Blotting Detection Kit was obtained from Amersham Biosciences Ltd., (Bale d'Urfe,

Quebec, Canada). Carnation skim milk powder was purchased from Zehrs, (St Catharines,

Ontario, Canada).

3.2. Yeast strains used in this study

All yeast strains used in this project were obtained from Open Biosystems

(Huntsville, Alabama, USA). Yeast knock out parent strain Diploid (4741/4742) BY4743

was designated wild-type (WT). Yeast gene deletant strains used in this study include

homozygous diploid HOM 9-F-13 (Biosystems accession ID YAL015C, Clone ID 30393,

Ntglp knockout), homozygous diploid knockout HOM 16-D-lO (Biosystems accession

ID YML060W, Clone ID 30393, Ogglp knockout), homozygous diploid knockout HOM
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4-D-5 (Biosystems accession ID YML021C, Clone ID 36067, Unglp knockout) and

homozygous diploid knockout HOM 12-A-lO (Biosystems accession ID YKL114C,

Clone ED 34964, Apnlp knockout).

3.3. Yeast culture media

The yeast extract/peptone/dextrose (YPD) liquid medium was prepared by mixing

lOg/L yeast extract, 20g/L peptone in Milli-Q water in one bottle. In a separate bottle,

20g/L dextrose in Milli-Q water was prepared. The bottles were autoclaved separately,

allowed to cool to room temperature, and then mixed well. The yeast

extract/peptone/glycerol (YPG) liquid medium contained lOg/L yeast extract, 20g/L

peptone and 30ml/L glycerol in Milli-Q water. YPD agar plates were prepared by mixing

lOg/L yeast extract, 20g/L peptone and 20g/L agar in Milli-Q water in one bottle; 20g/L

dextrose was prepared in another bottle. The two bottles were autoclaved separately,

mixed well and poured onto 10 cm petri plates. YPG plates were made by mixing lOg/L

yeast extract, 20g/L peptone, 20g/L agar, 30ml/L glycerol in Milli-Q-water, autoclaved

and poured.

3.4. Cell culture and growth conditions

Frozen stocks of all yeast strains were streaked onto YPD plates and incubated at 30

°C in a Fisher Scientific Isotemp incubator for 48-56h. Thereafter, these 'starter plates'

were stored at 4°C for up to 1 wk. Liquid cultures were inoculated from YPD plates and
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grown at 30°C, under 200rpm agitation in a New Brunswick Scientific (Edison, N.J,

USA) C25KC incubator shaker using PYREX 250mls flasks containing 25nils YPD

medium. Yeast cultures were grown to exponential phase (ODeoo nm =^ 2.5) or stationary

phase (OD600 nm = 5). Alternatively, yeast were cultured in PYREX 250ml flasks with

50ml YPG medium or in PYREX 2000mL flasks with 500ml YPG medium and grown to

exponential phase (ODeoonm^ 2) or stationary phase (OD6oonm = 4).

3.5. Growth parameters

Culture cell densities were determined using a Fisher siencific cell density meter

model 40 (Ottawa, Ontario, Canada) and a Hausser scientific Bright-line

haemocytometer (Horsham, PA, USA). ODeoo values were measured after 15-18h culture

for cells need to grow to exponential phase, and 24-36h culture for cells need to enter

stationary phase. Cell densities were also estimated by counting four comer squares and

the single middle square within the large middle square in duplicate, and calculating the

per-square average. Cell density was then calculated as follows: cells per milliliter = total

cell count in 5 squares x 5 x dilution factor x 10 .

3.6. Respiratory competence assay

To determine the percentage of cells of a given strain that were capable of respiring,

cells were grown on YPD to stationary phase. Then triplicate aliquots of approximately

250 cells were plated onto YPD or YPG plates, and incubated at 30°C for 3days (YPD)
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or 5days (YPG), after which, colonies were counted on both plates. The percentage of

respiratory competent cells was calculated as the number of colonies forming on YPG

divided by the number of colonies forming on YPD times one hundred.

3.7. Assay of respiratory competence of yeast strains under oxidative or nitrative

stress

To investigate the effects of various oxidative or nitrative stressors on the

respiratory competence of single BER gene deletant yeast strains, cells were grown

overnight on YPD medium to an ODeoo of 1.0. 5ml of each strain (WT and gene

deletant) were aliquoted into each of four 50ml tubes. One tube was untreated, and the

remaining three tubes were treated with one of: 25mM H2O2 (Alvarez-Peral et al, 2002),

2mM sodium nitriprusside (SPN) (Wong et al, 2004), and 50ug/ml paraquat dichloride

(Brennan and Schiestl, 1997; Leith and Hazen, 1988) respectively for 3-3.5h. Cells were

harvested by centrifugation at 600g on an lEC Clinical centrifuge (DAMON/IEC

DIVISION, USA) for 5min, and resuspended in 5ml sterile distilled water, then duplicate

plated onto YPD and YPG plates, and incubated at 30°C for 3 (YPD) to 5 (YPG) days.

Respiratory competence following exposure to stress was calculated as in section 3.6.

3.8. Cell volume Assay

To quantify differences in cell size between WT and apnlA strains, yeast were

cultured on YPD to exponential phase or on YPG to exponential or stationary phase.
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Cells were observed with a Carl ZEISS Axiolab microscope, and cell images were

captured using a SINGER MSM system. Cell images were taken from four comer

squares and one middle square within the large square of a Hausser scientific Bright-line

haemocytometer. Data was collected from three individual samples for each strain,

approximately 450 cells for YPD or YPG media at exponential phase, and 750 cells for

culture on YPG to stationary phase. Cell volume was determined by measuring the radius

of the widest part of each cell and calculating volume as 4/3ot'.

3.9. Measurement of cellular oxygen consumption

For the measurement of cellular oxygen consumption, yeast cells were cultured in

liquid YPD to stationary phase, then transferred to YPG and harvested at either

exponential phase or stationary phase. Cell numbers per milliliter were determined by

haemocytometer as described above. 200|il of cell suspension was added to 1.5ml of

fresh YPG medium in a water jacked respiration chamber attached to a Rank Brothers

Limited Dual digital model 20 oxygen sensing electrode. The temperature of the chamber

was maintained at 30°C using a circulating water bath. The rate of oxygen consumption

was recorded using a Cole Parmer chart recorder with a speed of Icm/min.

3.10. Isolation of yeast mitochondria

Liquid YPD cultures were grown to stationary phase, transferred to YPG and

cultured to exponential phase. Cells were harvested by centrifuging at 2500g for 5min at
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room temperature. Cells were re-suspended in SOOmls distilled water and centrifuged as

above. This step was repeated two additional times. Cells were then suspended in a

pre-spheroblasting buffer containing lOOmM Tris, lOmM DTT (pH 9.4) and incubated at

30°C with gentle shaking for 10 min. The spheroplasts were centrifuged at 2500g for

5min at room temperature, and the pellet re-suspended in spheroblasting (SP) buffer

(1.2M sorbitol and 25mM potassium phosphate, pH 7.4), and centrifuged as above. The

supernatant was decanted, and this step was repeated one more time. Cells were then

re-suspended in SP buffer with lyticase added at 3mg/ml, and incubated at 30°C with

periodic mixing for 10-30min while regularly checking for spheroplasting. This was done

by adding small aliquots to either water or SP buffer. Spheroplasted cells will burst in

water, but not isotonic SP buffer, and the solution will become clear. Once spheroplasting

had occurred, spheroplasts were centrifuged at 2500g, 4°C for lOmin. Pellets were

re-suspended in ice-cold SP buffer, and centrifuged as above. This step was repeated.

Pellets were re-suspended in ice-cold mitochondrial isolation buffer containing 0.6M

sorbitol, 20mM HEPES-KOH (pH 7.4) with complete protease inhibitor tablet added at 1

tablet per 50ml immediately prior to use. Spheroplasts were disrupted with 20 strokes of

a Wheaton Potter-El vejhem glass-teflon homogenizer on ice. The mitochondrial

suspension was centrifuged at lOOOg for lOmin. Supematants were decanted into ice-cold

fresh tubes and the pellets discarded. The supematants were then centrifuged at 1 1 ,000g

for 10 min at 4°C. Pellets were re-suspended in ice-cold SH buffer containing 0.6M

sorbitol and 20mM HEPES-KOH (pH 7.4), and centrifuged at lOOOg, 4°C for lOmin.
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Supernalants were again collected, transferred to an ice-cold fresh tube, and the pellet

discarded. Supematants were centrifuged again at ll,000g, 4°C for lOmin. The resultant

pellets (semi-pure mitochondrial fraction) were re-suspended in a small volume of SH

buffer depending on the size of pellets. An aliquot was taken for determination of protein,

another for measurement of oxygen consumption, and the remaining suspension was

stored at -80°C.

3.11. Measurement of mitochondrial respiration

For the determination of mitochondrial respiratory characteristics, 0.25mg of

mitochondrial protein was added to 1ml respiratory medium (pH 6.8) containing lOmM

Tris, 0.6M mannitol, 0.5M EGTA, 2mM MgCb, lOmM K2HPO4, and 0.1% BSA.

Mitochondrial respiration was initiated by addition of 3mM NADH prepared freshly in

the respiratory medium, and the non-phosphorylating rate of oxygen consumption was

recorded. To fully uncouple respiration, luM of FCCP was then added. Alternatively, for

measurements of phosphorylating rate, 200uM of ADP was added after initiation of

respiration by NADH. Measurements were performed as mentioned in 3.8 with a

constant chamber temperature of 30°C.

3.12. Preparation of yeast cell lysates

For measurements of whole cell enzyme activities, porin levels, ATP levels, or total

protein content, yeast cell lysates were prepared from 6 - 8 individual flasks for each
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yeast strain. To prepare yeast strains for these measurements, single colonies were

inoculated into liquid YPD medium. After aerobic culture to stationary phase on YPD

medium, cells were transferred from YPD to YPG medium (250mls flask with 50mis

YPG medium), and grown to either exponential phase or stationary phase as indicated in

Results. Cells were then harvested by centrifugation at 600g on an lEC CLINICAL

centrifuge (DAMON/IEC DIVISION, USA) for 5min, washed with distilled water and

centrifuged again as above. Cell pellets were transferred to eppendorf tubes, and an equal

volume fresh disruption buffer was added. Cell disruption buffer contained (pH 7.9)

20mM Tris-Cl, lOmM MgCb, ImM EDTA, 5%(V/V)glycerol, ImM DTT, 0.3M

ammonium sulfate, ImM PMSF, 150mM NaCl and Protease inhibitor mix (1 tablet per

25mls) to re-suspend cell pellets. For aconitase assay, 2mM sodium citrate and 0.6mM

MnCb were added to the disruption buffer to protect the aconitase from oxidative

inactivation. Flash-freeze tubes in liquid nitrogen, and stored at -80°C.

Fresh disruption buffer was prepared, and for aconitase assay, this buffer was

bubbled with nitrogen to remove oxygen and prevent aconitase inactivation during

sample preparation. l.Smls eppendorf tubes were pre-chilled on ice. To each tube was

added 400fil glass beads, 400ul disruption buffer, and 300 jil cell mixture thawed on ice.

Tubes were vortexed using a Scientific Industries (Bohemia, N.Y, USA) vortex at

maximum speed for Imin, then placed on ice for 1 minute at 4 °C, and this step repeated

four times. The lysates were centrifuged for lOmin at 4 °C using a Fisher Accuspin

microR centrifuge. The supematants were stored in small aliquots at -80°C.
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3.13. Protein concentration Determination

Protein concentration of cell lysates and mitochondria was determined by the

Bradford method, using the BioRad^'^ assay. This assay was performed using a Varian

Gary 100 Bio UV-Visible Spectrophotometer at 595nm and a standard curve was

prepared using bovine serum albumin.

3.14. Enzyme activity assays

Citrate synthase and cyt c activity assays were performed at 30°C, and aconitase

activity assay was performed at 25°C using a Varian Gary 100 Bio UV-Visible

Spectrophotometer. Aliquots of cell lysates and isolated mitochondria were freshly

thawed on ice.

3.14.1 Citrate synthase activity assay

A reagent solution containing 0.5mM 5,5'-dithiobis (2-nitrobenzoic) acid (DTNB),

O.lnaM acetyl-GoA and 0.05% Triton X-100 was prepared in Tris buffer (pH 8.0). 60[ig

of exponential phase YPG culture cell lysates, 30|ag of YPG culture to stationary phase

cell lysates, or 2|ig of isolated mitochondria were added to the reagent solution. After

recording any background signal, the reaction was initiated by the addition of 0.5mM

oxaloacetate, and the change in absorbance was measured at 412nm. The activity was

then calculated by using an extinction coefficient of 13.6 mM'cm"'.
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3.14.2. cytochrome c oxidase activity assay

Ttie reaction was performed in a reagent solution consisting of lO^g of cell lysates

or 2\ig of isolated mitochondria and 0.5% Tween 20 in 25mM potassium phosphate

buffer (pH 7.2). The solution was incubated for 5 min at room temperature, and after

measuring background, 10^1 of 5mM cyt c was added to initiate the reaction and the

resulting change in absorbance was measured at 550nm, and an extinction coefficient of

19.1 mM'cm' was used to calculate the activity.

3.14.3. Aconitase activity assay

This assay was performed by monitoring absorbance at 340nm in a freshly prepared

reaction mix containing 100|il of 2mM NADP"^, lOO^il of 5mM sodium citrate (pH 7.0),

100^1 of lOunit/mL isocitrate dehydrogenase, 685|al of 50mM Tris-HCl (pH 7.4) plus

0.6mM MnCl2 buffer and I5ul of 10% Triton-XlOO. To start the assay, add 60ng of cell

lysates or 10|ig of isolated mitochondria to the ImL reaction mix pre-incubated at 25 °C.

Activity was calculated by using an extinction coefficient of 6.22 mM" cm"

.

3.15. Intracellular [ATP] assay

Cells were cultured in YPD to exponential phase and on YPG to stationary phase.

Cells were harvested by centrifugation and wash 3 times in distilled water. Cell pellets

were aliquotted into 1.5mLeppendorf tubes, flash-frozen in liquid nitrogen, and stored at

-80°C. The intracellular ATP level was determined using a firefly luciferase assay, with a
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ATP Kit. Luminescence was measured at 560nm using a Varian Cary Eclipse

fluorescence spectrometer. Reagents, including ATP reagent SL, ATP standard and

Tris-EDTA buffer, were prepared following the product instructions and pre-incubated at

room temperature. Cell pellets were freshly thawed on ice, re-suspended in distilled

water, and counted. To prepare samples, cell pellets were diluted in distilled water and

mixed with an equal volume (l|il:lfil) of 10% (WA^) trichloroacetic acid (TCA) at room

temperature for Imin. This sample and Tris-EDTA buffer were added to a 1ml cuvetter to

give a total volume of 8(X)|j,l and the background light emission measured. Then 0.2mL

ATP reagent SL was added and the light emission corresponding to sample ATP was

measured. Then 10|a,l of ATP standard was added and the light emission corresponding to

sample plus standard ATP was measured.

3.16. Western Blot of porin as a marker of mitochondrial abundance in yeast strains

Cell lysates were diluted 1:1 in SDS page sample loading dye containing 2% SDS,

10% glycerol, 0.02% Bromophenol Blue and 2% DTT in 65 mM Tris-HCl (pH 8.0), then

heated at 90°C for lOmin. A lOx Tris-glycine SDS buffer containing 0.25M Trisbase,

1.92M glycine and 1% (w/v) SDS (pH 8.3, do not adjust pH) was prepared; lOx Blotting

buffer per liter consisting of lOOml lOx Tris-glycine SDS buffer, 200mL methanol and

700mL distilled water; lOx PBS per liter was prepared by dissolving 80g NaCl, 2g KCl,

11.5g Na2HP04 in distilled water. Samples were loaded onto a 12% Tris-glycine-SDS gel,

with a pre-stained protein marker added in one lane of the gel. Gels were run in the Owl
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Scientific P8DS™ Emperor Penguin Vertical Electrophoresis System for 1.5h at 120V in

Ix Tris-glycine SDS buffer. Following electrophoresis, gels were transferred to PVDF

membranes at 230mA for 2h in Ix Blotting buffer. Transfers were completed using the

Owl Scientific VEP-2 Bandit™ Mini Tank Electroblotting System. When transfer was

complete, the membranes were treated with Memcode reversible protein stain or ponceau

S staining solution containing 0.1%(w/v) ponceau S in 5% acetic acid to ensure even

transfer and to act as protein loading control. The membranes were then destained and

blocked overnight at 4°C in blocking buffer containing 5% skim milk powder in Ix PBS.

Incubation with primary antibodies for protein porin (Voltage-dependent anion channel;

VDAC) was performed in 5% skim milk IxPBS containing 0.1% Tween 20 for 2hours at

room temperature. Membranes were subsequently washed with PBS containing 0.1%

Tween 20. The incubation with the secondary antibody was performed in 5% skim milk

PBS solution containing 0.1% Tween 20 and was completed over Ih at room temperature.

Incubation with the IR linked secondary antibody required that the membranes be

protected from light. The Membranes were washed with PBS before visualization using

the ECL-Plus kit, which required the membranes be exposed to Kodak BioMax XAR

film obtained from MANDEL scientific company Inc. (Guelph, Ontario, Canada), which

was subsequently developed using the Summit QCR Quality Control Processor

X-Ray-film Processor (Chicago, USA). Alternatively, the membranes were visualized

using the Odyssey infrared imaging system from LI-COR Biosciences (Lincoln,

Nebraska USA).

46





3.17. Statistical Analysis

All assay data was analyzed by means of a Student's T-Test with a two tailed

distribution on Microsoft Excel 2003. Results were considered significantly different if a

p value of less than 0.05 was achieved. In all figures, the error bars represent the standard

error of the mean.
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4. RESULTS

4.1. Effects of single BER gene deletion on respiratory competence

Defective mtDNA BER could lead to an accumulation of unrepaired mtDNA

damage which might compromise mitochondrial respiration by ( 1 ) introducing mutations

into new mtDNA molecules; (2) introducing mutations into transcribed RNA; or (3)

blocking replicative or transcriptional polymerases. Any of these effects would be

expected to manifest as respiratory dysfunction or failure, due to the inability to produce

normal respiratory complexes. A simple method to assess whether BER gene deletions

compromise mitochondrial bioenergetic function is to assay strain respiratory

competence by replicate plating of cells onto fermentable and respiratory media. When

grown on YPD medium, yeast cells acquire energy primarily from glucose fermentation,

which should minimize the selective pressure on mitochondrial genomic stability. Under

this condition, individual yeast cells that accumulation defects in mtDNA may lose the

ability to respire, but still be able to grow on fermentable media such as YPD. Individual

gene deleted yeast strains, including uracil DNA glycosylase (unglA), endonuclease III

homologues (ntglA), oxoguanine DNA glycosylase (ogglA) and apurinic/apyrimidinic

endonucleases (apnlA), as well as the parental WT strain were grown to stationary phase

in liquid YPD medium before transfer to YPD and YPG plates (about 24 population

doublings). Following several days incubation at 30°C, the number of colonies formed

on each plate was counted. Data were analyzed by a two-sample equal variance student's

t-test with two tails and a=0.05. The percentage of respiratory competent cells for each
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WT or gene deletant strain is shown in Figure 7.

Approximately 90% of WT cells that established colonies on YPD also established

colonies on YPG There were no significant differences between WT and ungJA, ntgJA

or ogg/A strains in this assay (p=0.203, p=0.223, p=0.924 respectively). In contrast, only

about 60% of the apnlA colonies transferred to YPD were also able to grow on YPG

plates, indicating a significant loss of respiratory competence in this strain (p=0.002; Fig.

7).
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Figure 7. Proportion of respiratory competent cells following growth on YPD
medium to stationary phase. Data shown are means ± SEM of four experiments, with

three YPD and three YPG plates inoculated for each sample. Error bars represented the

standard error of the mean. '**' = p < 0.01.
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4.2. Respiratory competence of single BER gene deletant yeast strains under

oxidative or nitrative stress

The former results indicated that, while elimination of single DNA glycosylase

genes had no effect on respiratory competence, apnlA significantly reduced viability on

respiratory media. However, these observations were made under non-stress conditions,

while it is known that BER is an important pathway for repair of oxidative, nitrative and

alkylative damage. Thus, it was of interest to investigate the ability of individual BER

gene deletant yeast strains to maintain their normal mitochondrial respiratory function

under stress. For this purpose, WT, single DNA glycosylase null, and apnlA yeast

strains were exposed to H2O2, SNP and paraquat dichloride, as outlined in Materials &

Methods. Following treatments, cells were duplicate transfered to YPD and YPG plates,

so that the percentage of respiratory competent cells could be counted as above. The

results of this analysis are presented in Figure 8.
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APNl gene significantly reduced viability on respiratory medium, and the magnitude of

this effect was increased following treatment with H2O2.

4.3. Effect ofAPNl gene deletion on cellular oxygen consumption

The inability of apnlA yeast to establish colonies on respiratory media suggested

that a deficiency of AP endonuclease activity disrupted respiration. To test this

hypothesis, I measured cellular oxygen consumption in yeast respiring in liquid media

(Figure 9). The oxygen consumption values were analyzed by a two tailed, two-sample

equal variance student's t-test, with a=0.05 to show the difference between WT and

knockout yeast strain. However, this analysis revealed that when cultured on YPD

medium to exponential phase, apnIA cells actually had approximately 50% higher rates

of oxygen consumption than WT, though this difference was not significant (P=0.093).

When grown on YPG medium to exponential phase, however, there was a significant

two-fold increase in the rate of oxygen consumption per cell in apnIA vs WT (P=

2.84E-05).
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Figure 9. Cellular oxygen consumption measurements for WT and apnlA strains. A
and B represent WT and apnIA. cells cultured either in YPD or YPG to exponential phase

respectively. Values are collected from duplicate measurements of six individual samples

of both WT and APNl gene deletant yeast strain, and represented by the mean of each

strain. 16h is the representative of exponential phase. Error bars represent standard error

of the mean. '***' = p < 0.001.

4.4. Measurement of cellular oxygen consumption and mitochondrial abundance in

single DNA glycosylase gene deletant yeast strains.

The cellular oxygen consumption was also measured in single DNA glycosylase

yeast strains that showed a normal ability of establishing colonies on respiratory media,

and results are shown in Figure 10. The oxygen consumption values were analyzed by a

two tailed, two-sample equal variance student's t-test, with a=0.05 to show the difference

between WT and each DNA glycosylase gene knockout yeast strain. This analysis

showed that there were no significant differences between WT and either iinglA, ntglA
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or oggl^ strains, cultured on YPG either to exponential phase (p=0.909, p=0.184,

p=0.354 respectively) or to stationary phase (p=0.059, p=0.491, p=0.201 respectively).
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are characterized by a compensatory proliferation of mitochondria. To assess the

mitochondrial density of individual yeast strains, I measured the maximal activity of the

nuclear encoded citric acid cycle enzyme - citrate synthase (CS). This enzyme activity is

widely used as a proxy of mitochondrial abundance (Gellerich et al, 2002). Results are

shown in figure 1 1 . Data were analyzed using a two tails, two-sample, equal variance

student's t-test with a=0.05. There were no differences in CS activity between WT and

apnl^. strain (16h: Pup„M=0.0639; 48h: Pup„yA=0.2553), indicating that mitochondrial

abundance was the same in both WT and apnlA strains.
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A second method was also used to estimate mitochondrial abundance in the WT and

apnlA strains. Porin, also known as voltage-dependent anion-selective channel (VDAC)

is an integral outer membrane protein helping to regulate diffusion of small metabolites

into and out of mitochondria. It is the most abundant protein located within the outer

membrane, and is encoded by nDNA. Porin has also been used extensively as a

quantitative marker enzyme for mitochondria (egs: Krimmer et al., 2001; Hoepken et al.,

2006). I measured the levels of porin protein in lysates of whole yeast cells by western

blot to determine the mitochondrial content, and to confirm the results of the CS assay.

Representative blots from these analyses are shown in figure 12.
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Figure 12: Western blots of porin performed in whole cell lysates of WT and apnlS.

yeast. A: Whole cell lysates prepared from cells grown on YPD to exponential phase; B:

Whole cell lysates prepared from cells cultured on YPG to exponential or stationary

phase. 16h= cells in exponential phase, 48h= cells in stationary phase. Protein loading

controls were performed by treating membranes with Memcode reversible protein stain

or ponceau stain followed the transfer step. This assay was repeated 5-6 times using

individual samples for each group on different growth condition or different growth

phase.

Band intensity data of WT and apnl A. cells cultured in YPD to exponential phase

were measured using the Bio-Rad Quantity One software version 24.0.0.0, and analyzed

by a two tailed, two-sample equal variance student's t-test, with a=0.05. This analysis

showed that the level of porin in WT cells grown on YPD to exponential phase was
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actually higher than in apniA cells (P= 0.0080). No differences in porin levels were

observed between WT and apnIA yeast grown in YPG medium. Thus, this analysis also

indicated that mitochondrial abundance was not greater in the apnIA strain, which is in

agreement with the citrate synthase activity data from the same samples, and suggests

that mitochondrial volume density is approximately equal in both WT and apnIA strains.

In addition, CS activity was also measured in single DNA glycosylase gene

knockout strains to test if per cell mitochondrial density changed in these deletant strains

(Figure 13). Data were analyzed using a two tails, two-sample, equal variance student's

t-test with a=0.05. This analysis showed that for all DNA glycosylase knockout strains

grown on YPG to exponential or stationary phase, there were no differences in CS

activity between WT and gene deletant strains (16h: Pungia=0-0697, PntgiA=03S60,

Po8giA=0353S; 48h: p„„^/i=0.2759, p„„,/A=0.3927, p„,^/4=0.2584).
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This analysis revealed a significant difference between apnlA and WT cells grown

in YPD to exponential phase (p= 4.59E-17). Similarly, a significant difference between

WT and apnlA was also found when these strains were cultured in YPG to exponential

phase (p= 5.09E-16), or stationary phase (p= 8.19E-19).
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Figure 14: Cell volume of apnlA and WT cells grown on YPD or YPG medium to

exponential or stationary phase. 16h represent cells in exponential phase and 48h

represent cells in stationary phase. '***' = p<0.001. Values were collected from three

individual samples of each strain, and approximately 450 cells for exponential phase

measurements, and 750 cells for stationary phase measurements. Data shown are means

of each group. Error bars are representative of standard error of the mean.

4.7. Cellular respiration rates standardized to cell volume

To control for the bias introduced by differences in cell volume between WT and

apnlA strains, all cellular respiration data was standardized to cell volume, thus giving a

rate of respiration per unit cell volume for each strain. These assays were performed in

cells cultured in either YPD or YPG to exponential phase. The recalculated results are
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shown in figure 15. Data were analyzed by a two tailed, two-sample equal variance

student's t-test, with a=0.05. Similar to the analyzed results of cellular oxygen

consumption assay standardized to individual cells, a statistically significant difference

was observed in the respiration rate / per unit cell volume between apn/A and WT cells

cultured in YPG to exponential phase (p= 0.0013), but a low oxygen consumption rate

was found in apnlA strain compared to WT. However, no significant difference was

found between WT and apnl^ grown on YPD to exponential phase (p= 0.568843).

These data suggest that the increased cellular respiration rates of apnIA yeast could be

due simply to increased cell size, while mitochondrial respiratory function is indeed

deficient.

Figure 15: Cellular oxygen consumption standardized to cell volume. A: cultured in

YPD to exponential phase; B. grown on YPG to exponential phase. Values shown are

means of each strain. Error bars represent standard error of the mean. '**' = p < 0.01

.
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4.8. Respiration measurements in isolated mitochondria

To directly examine mitochondrial respiratory function, measurements of oxygen

consumption were {performed on isolated mitochondria. 5. cerevisiae have an outwardly

directed NADH oxidase (Stuart et al, 2001), allowing intact isolated mitochondria to

respire NADH added directly to the respiratory medium. Therefore, this substrate was

added to initiate mitochondrial respiration, and the non-phosphorylating respiration rates

were measured in the presence of a saturating concentration of NADH (3 mM).

Following establishment of a stable non-phosphorylating rate, FCCP was added to fully

uncouple respiration and allow measurement of a maximal respiratory rate. A respiratory

control ratio was calculated as the fully uncoupled rate divided by the rate with NADH

only. These are presented in Table 1

.

Table 1. Non-phosphorylating and maximally uncoupled rates of respiration in

isolated yeast mitochondria. RCR represents the ratio between maximally uncoupled

rates and non-phosphorylating rates. Data shown are means ± SEM of 5-9 independent

measurements, and expressed by the unit of oxygen consumption in nmol/min/mg

mitochondrial protein. '*'=p<0.05; '**'=p<0.01.





were significantly greater in apnlA compared to WT (p=0.0322), but there was no

significant difference between ogglA and WT (p=0.9088). The maximally uncoupled

rates between either apnlA or ogglA and WT were not significantly different (p=0.8392,

p=0.9346). This analysis of values of the ratio between maximally uncoupled rates and

non-phosphorylating rates showed that a significant difference exist between apnlA and

WT (p=0.0027), and no significant difference between ogglA. and WT (p=0.819).

The respiratory rates of mitochondria with NADH were also determined before and

after addition ofADP (states IV and III). These results are shown in table 2.

Table 2. Non-phosphorylating and phosphorylating rates of respiration in isolated

yeast mitochondria. The non-phosphorylating and phosphorylating rates of respiration

in isolated yeast mitochondria are represented by NADH, NADH+ADP respectively. In

this table RCR represents the ratio between phosphorylating (+ADP) and

non-phosphorylating (-ADP) rates. Data was collected from duplicate or triplicate

measurements of 4-7 individual samples of each strain, and shown as means + SME. Unit

used for respiration rates is oxygen consumption in nmol/min/mg mitochondrial protein.

'*'=p<0.05.





found between apnJA and WT of the data of ratio between phosphorylating and

non-phosphorylating rates (p=0.0287), and no significant difference was found between

oggl^ and WT (p=0.6856).

These data indicate that, while knockout of OGGl gene has no effect on

noitochondrial respiratory function, deletion of APNl does. Mitochondria from apnlA

yeast had similar maximal rates of oxygen consumption with NADH, but they were

partially uncoupled.

4.9. Effects of single BER gene deletion on maximal respiratory complex activities

4.9.1. Respiratory complex activities measured in isolated mitochondria

While similar maximal rates of respiration in fully FCCP uncoupled mitochondia

suggested that mitochondrial respiratory complex activities were unaffected in apnIA

and ogglA strains, maximal activities of individual respiratory complexes cannot be

inferred from the maximal activity of the intact chain. However, this can be done using

spectrophotometric assays under conditions of saturating substrate concentrations. The

majority of the protein encoding sequence in 5. cerevisiae mtDNA is for subunits of

Cytochrome oxidase. This multi-enzyme complex (IV) contains three mtDNA encoded

protein subunits, and coxl is the largest gene in the mitochondrial genome (Foury et al.,

1998). Cytochrome oxidase is typically present in considerable excess in mitochondria

(Lyons et al, 2004), so that even partially compromised Cytochrome oxidase activity

might sustain full respiratory flux under conditions employed above. Therefore, to

64





investigate whether DNA BER deficiencies affected the maximal activity of Cytochrome

oxidase, this was measured spectrophotometrically in isolated mitochondria. In order to

standardize this activity to overall mitochondrial respiration, I also measured the

maximal activity of citrate synthase (CS), which is nuclear encoded, and provides an

indication of mitochondrial recovery following isolation. These results are presented in

Fig. 16.
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Figure 16. CS activity, cyt c oxidase activity and cyt c activity standardized to CS
activity in isolated mitochondria. Isolated mitochondria were prepared from cells of

each strain grown on YPG to exponential phase as mentioned in 3.9. Data shown are

means of duplicate measurements of 5-9 individual isolated mitochondria samples. Error

bars are representative of standard error of the mean. '**'=p<0.01

Data of CS activity and cyt c oxidase activity measured in isolated mitochondria

were analyzed using a two tails, two-sample unequal variance student's t-test with

a=0.05. Values of WT measurements were used as standard. No difference was found
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between apnIA or oggIA and WT in the results of citrate synthase assay (p=0.4171,

p=0.9527 respectively). Similarly, even the cyt c oxidase activity of opniA cells was

higher compare to WT; the t-test analysis did not show any significant difference

between apnlA and WT. Also, no significant difference was found between ogglA and

WT (p=0.1745, p=0.7809). A significant difference between WT and apnlA was found in

the results of cyt c oxidase activity expressed relative to CS activity (p=0.0087), but

nothing between WT and ogglA (p=0.9223).

Thus, while there was no effect of OGGl gene knockout, there was actually an

apparent increase in cyt c oxidase activity per unit mitochondrion in the apnlA strain.

4.9.2. Respiratory complex activities measured in apnlA cells

One concern with using isolated mitochondria for measurements of respiratory

complex activities is that the differential centrifugation used during isolation will select

'good' mitochondria, while leaving any damaged mitochondria (with altered densities)

behind and thus biasing the results. For this reason, activities of Cytochrome oxidase

were measured also in whole cell lysates, which includes all mitochondria within the cell.

Again, CS activity was measured and used to standardize the activity of cytochrome

oxidase such that an estimate of Cytochrome oxidase per unit mitochondrion could be

made. Results of these measurements were analyzed by a two-sample equal variance

student's t-test with two tails, and a=0.05 and are presented in figure 17.
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No significant differences were found between apniA. and WT cells cultured on

YPG to exponential phase (Pup„/^=0.7868). But, a significant increase was found in the

maximal cytochrome oxidase activity per unit mitochondrion in apnlA samples grown

on YPG to stationary phase (p=0.004). Significant differences were found between WT

and apnliS. strains grown on YPG to exponential or stationary phase in the results of cyt c

oxidase activity standardized to CS activity (p=0.0485, p=0.0065 respectively).

Thus, cyt c oxidase activity per unit mitochondrion was greater in apnlts. yeast

whether the measurement was done in isolated mitochondria or cell lysates.

4.9.3. Respiratory complex activities in single DNA glycosylase gene deletant strains

For the same purpose mentioned above, cyt c oxidase was also measured in WT and

individual DNA glycosylase knockout yeast cells and expressed relative to CS activity to

investigate whether these deletant strains have a change of respiratory complex activities.

These results were analyzed by a two-sample equal variance student's t-test with two

tails, and a=0.05, and presented in figure 18.

68





O)

ai6

QM

012

01

Q05

OOS

004

OCO

YPG16h

mint





No significant differences were found between WT and individual DNA glycosylase

gene deletant strains either cultured on YPG to exponential or stationary phase (P < 0.05)).

In addition, cytoC oxidase activity standardized to CS activity also showed no significant

differences between WT and single DNA glycosylase gene null strains (P < 0.05).

4.10. Intracellular [ATP] in the respiratory deficient apnlts. strain

The above analyses provide no evidence that individual DNA glycosylase gene

deletion affects mitochondrial function, though deletion of APNl does affect

mitochondrial properties, increasing cyt c oxidase activity and causing a partial

uncoupling of OXPHOS. I therefore investigated whether the apnllS, yeast were capable

of maintaining ATP homeostasis when grown under conditions that necessitate OXPHOS.

To investigate this, intracellular ATP concentration was measured in WT and apnlA cells

grown in YPD and YPG media. The intracellular ATP concentration was measured

using the bioluminescent firefly luciferase assay, and calculated using a parameter of

7.6x10*^ cells/mg yeast S. cerevisiae (Siro et al, 1982). Due to differences in cell size

between WT and apnlA (see section 4.6), the data collected from the fluorometric

analysis was corrected for cell volume factors. The data was analyzed by a two tails,

two-sample equal variance student's t-test, with a=0.05, and is presented in figure 19.
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When cultured in YPD medium, S.cerevisiae mainly produces energy by

fermentation during exponential growth (including at 16h), and thus the effect on ATP

production by deficient respiratory ability should be minimized. In contrast, yeast cells

growing on YPG medium produce ATP by OXPHOS, and respiratory chain dysfunction

could lead to decreased ATP production. This analysis showed that the intracellular ATP

level in cells grown on YPD to exponential phase was not significantly different between

WT and apnIA (p=0.8678). However, a significant difference was found between WT

and apnlA cells cultured on YPG to stationary phase (p=0.0C)04).

Similar to the analysis of oxygen consumption, in order to eliminate the effect of

cell volume difference on the intracellular ATP concentration, I corrected the original

data of intracellular ATP concentration by standardizing it to cell volume. The analysis

revealed that a significant difference remained between WT and apnlA samples prepared

from cells grown on YPG to stationary phase (p=4.17E-07). Interestingly, a significant

(though lesser) difference was also found between apnlA and WT cultured on YPD to

exponential phase (p=0.0041).

These data indicate that APNl gene deletion severely compromises ATP homeostasis,

particularly under conditions in which ATP is being provided exclusively by OXPHOS.

4.11. Aconitase activity measurement

Unrepaired mtDNA leading to respiration chain dysfunction can be associated with

an overproduction of ROS, which can in turn compromise mitochondrial function,
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perhaps even establishing a 'vicious cycle' of mtDNA damage (Wiesner et al, 2006). To

investigate this possibility aconitase activity was measured spectrophotometrically in

both isolated mitochondria and whole cell lysates of WT and apniA yeast. Aconitase, the

mitochondrial citric acid cycle enzyme, is a member of the family of [4Fe-4S]-containing

(de)hydratases which is particularly susceptible to attack and oxidative inactivation by

Oi' (Fridovich, 1995). Thus, aconitase inactivation is considered a sensitive marker of

mitochondrial ROS production and matrix oxidative stress. For similar reasons to those

described above, these measurements in whole cell lysates were standardized to CS to

account for possible bias caused by variable mitochondrial content.

The data of aconitase activity measured in isolated mitochondria were analyzed by a

two tails, unequal variance two-sample student's t-test, with a=0.05. Results of this

analysis are shown in figure 20. This analysis showed that there were no significant

differences in aconitase activities between apnlA and WT strains (P > 0.05).

The aconitase activity assay of whole cell lysate data was analyzed using a

two-sample equal variance student's t-test with two tails, and a=0.05. This analysis

showed there are no significant differences in aconitase activities between apnJA and

WT either in samples grown on YPG to exponential or stationary phase. Similarly,

differences in aconitase activity standardized by citrate synthase activity between apnJA

and WT at both 16h and 48h were not statistically significant (p=0.4996, p=0.1351

respectively).

Thus, there was no evidence that APNJ gene deletion affected mitochondrial ROS
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production or caused matrix oxidative stress.
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5. DISCUSSION

A mitochondrial theory of cellular degeneration and aging has existed for over 35

years (Harman, 1972). A basic tenet of the theory is that ROS derived from

mitochondrial electron leak damages cells and that accumulation of damage over time

eventually compromises mitochondrial function and thus cell viability. As a proximal

target of mitochondrial ROS, mtDNA has been implicated in this process. Although

methods to quantify mtDNA damage have produced often contradictory results, there is

evidence that it contains high levels of oxidative damage (Richter, 1995). While many

forms of oxidative mtDNA damage are mutagenic, it has been difficult to link their

formation directly to loss of function and cell viability. This was the primary purpose of

this thesis. By eliminating individual mtDNA repair genes and analyzing the resultant

bioenergetic deficits (or lack thereof), I attempted to determine the importance of

mtDNA BER in the maintenance of mitochondrial function. In this study, I have shown

that all individual DNA glycosylase knockout yeast strains had normal growth, retained

their ability to form respiratory competent colonies, and showed no evidence of abberant

OXPHOS.

The initial studies of Ogglp function in S. cerevisiae provided evidence for an

increased incidence of point mutations (Dzierzbicki et al, 2004), and a high incidence of

loss of respiratory competence (Singh et al, 2001). However, the two studies cited above

differ from each other, as well as from the results presented here, in important ways.

While Singh et al (2001) reported no increase in the incidence of point mutations, as
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detected by chloramphenicol and erythromycin resistance, Dzierzbicki et al (2004)

reported a 12-fold increase, based on a similar assay using oligomycin resistance. The

reason for these differences is unclear. Similarly, though Singh et al (2001) reported a

significant increase in loss of respiratory competence in ogglA yeast compared to

wildtype, I found no evidence for this. This discrepancy may result from the different

assays of respiratory competence employed. Singh et al (2001) used a colony color

method to identify respiratory incompetent, or petite, colonies on YPD plates. In my

experiment, yeast cells were plated onto both YPD and YPG plates. By comparing the

number of colonies forming on the respiratory plates (YPG) with that forming on the

non-respiratory (YPD) plates, the percentage of respiratory competent cells were

calculated. This assay provides a direct approach to test the respiratory capacity of yeast

cells. Yeast cells which are respiratory deficient could not grow on YPG, but should have

normal growing ability on YPD media.

Inactivation of Ogglp results in detectable changes in mtDNA sequence fidelity

(though the nature of these differences varies amongst studies). However, in this thesis,

my goal was to investigate whether specific deficiencies in mitochondrial BER actually

impact on mitochondrial bioenergetic function, and to identify mechanisms by which this

occurs. Mitochondria may have a high tolerance of even debilitating mtDNA mutations

due to heteroplasmy and complementation between genomes (DiMauro and Davidzon,

2005). Thus, I also directly measured the respiratory characteristics of oggIA yeast and

mitochondria isolated from them. I found no differences in the rates of cellular
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respiration. Similarly, there were no differences in respiration rates of isolated

mitochondria regardless of state: non-phosphorylating, phosphorylating and maximal

uncoupled respiratory rates were the same in ogglA and WT. The maximal activity of

respiratory complex IV (cyt c oxidase) was the same in ogglA and WT yeast. Taken

together with the observation that oggJA. yeast were equally capable of forming

respiratory competent colonies (under the conditions used here) and grew normally on

respiratory media (data not shown), these results all suggest that Ogglp is dispensable

for the maintenance of mitochondrial function in S. cerevisiac.

OGGl deficiency is similarly without effect on mitochondrial bioenergetic function

in mammals (Stuart et al, 2005). OGGl''' mice appear to have no 8-oxodG incision

activity and accumulate 8-oxodG in mtDNA to levels almost 20-fold above those of WT

mice (de Souza-Pinto et al, 2001). Nonetheless, these mice do not manifest any signs of

mitochondrial dysfunction. OXPHOS is normal in isolated mitochondria, and maximal

respiratory complex activities are the same as in WT mice. Also, there is no evidence of

intracellular oxidative stress or curtailed lifespan. Thus, in both yeast and mammals

Ogg 1 deficiency appears to be well tolerated with respect to mitochondrial function.

There are several possible explanations for observations above: 1) there are backup

pathways for repair of damage that is usually repaired by Ogglp. These backup functions

may be performed by other DNA glycosylases, such as Ntglp, which can remove the

8-oxoG (Bruner et al, 1998). Similarly, Apnlp was also found recently to have the

ability to remove 8-oxoG directly in 5. cerevisiae (Ishchenko et al, 2005). Alternatively,
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however, the damage may be repaired through MMR. Dzierzbicki et al (2004)

demonstrated the ability of Mshlp to prevent point mutations in oggl^ S. cerevisiae. 2)

The mutation load caused by the accumulation of unrepaired pre-mutagenic lesions in

mtDNA does not exceed a threshold value required to cause mitochondrial dysfunction.

Certainly, eukaryotic cells can tolerate high levels of even quite debilitating mutations

before bioenergetic dysfunction occurs (Hayashi et al, 1991; Gropman, 2001).

Like Ogglp, Unglp knockout was without effect on mitochondrial respiratory

parameters in 5. cerevisiae. Maximal respiratory complex IV activity of ungl^ yeast was

not different from that of WT, and this strain grew normally and was not sensitive to

oxidative or nitrative stress. Chatterjee and Singh (2001) reported that in 5. cerevisiae

inactivation of UNGl gene causes an approximately 3-fold increase in the frequency of

mtDNA mutations. However, a later study by Kachhap and Singh (2004), in which

Unglp activity was inhibited by a natural uracil DNA glycosylase inhibitor (UGl)

showed that no spontaneous or induced mutation in mtDNA occurred, and there was no

effects on growth (Kachhap and Singh, 2004). These latter results suggest that the earlier

observation of loss of respiratory competence was related to a nuclear DNA repair defect,

and that there is no effect of Unglp deficiency in mitochondria. My experimental

results are in agreement with those of Kachhap and Singh (2004). Therefore, Unglp

appears to be dispensable for the maintenance of mitochondrial function in 5. cerevisiae.

hivestigation of animal models also demonstrate that knockout of UNO 1 does not

affect mitochondrial function under non-stressed conditions (Nilsen et al, 2000. Endres et
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al, 2004; Page et al, unpublished data). UNGl knockout mice are viable, fertile, and have

no greatly increased spontaneous mutations frequencies (Nilsen et al, 2000, Endres et al,

2004). Page et al (2007) measured maximal respiratory complex activities in UNGl null

mice, finding that neither complex I nor complex FV activities were compromised by

Ungl deficiency. Thus, as in yeast, these results indicated that UNGl function is not

essential for the maintenance of mitochondrial function in mammals in the absence of an

imposed stress (Endres et al, 2(K)5).

However, the UNGl null mice are susceptible to ischemia-reperfusion brain injury

(Endres et al, 2004). These authors found that, in WT mice, UNGl activity in

mitochondria increases markedly following ischemia-reperfusion (right cerebral artery

occlusion), and suggested that mitochondrial vulnerability to oxidative stress in the

absence of UNGl is partially responsible for this phenotype. However, even when fed a

folate deficient diet, which promotes the misincorporation of uracil into mtDNA, and

increases the mtDNA mutation rate (Endres et al, 2005), UNGl knockout mice showed

no evidence of aberrant mitochondrial function (Page et al, unpublished). This is similar

to my finding that neither oxidative nor nitrative stress affected respiratory competence

in 5. cerevisiae. Thus, there is little evidence that Unglp plays a critical role in the

maintenance of mitochondrial function, even in the face of substantial genotoxic

stressors.

The lack of necessity of UNGl might be due to the presence of backup repair

activities in mitochondria. In nDNA repair, other enzymes are present that can remove
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uracil, including the thymine DNA glycosylase (TDG), mismatch specific uracil-DNA

glycosylase (MUG) and the single-stranded monofunctional uracil DNA glycosylase

(SMUG) (Pearl. 2(X)0; Elateri et al, 2003). SMUG is considered to be an important

backup pathway for removal of uracil from nDNA (Elateri et al, 2003). These authors

reported that expression of SMUG in ungl/S. yeast strains could help these cells revert to

the wild-type phenotype. However, experimental results from Akbari et al (2008) showed

that, in mitochondria, UNGl is the only enzyme capable of removing uracil from DNA.

This suggests that the absence of an effect of UNG 1 deficiency is not due to the presence

of backup activities in mitochondria.

Finally, my finding that Ntglp knockout had no effect on yeast viability or

respiratory function is in agreement with a recent report by Phadnis et al (2006), who

showed that loss of Ntglp not only suppresses mitochondrial mutagenesis, but also

suppresses the UV-induced loss of mitochondrial respiration (Phadnis et al, 2006). My

study in this strain showed that absence of Ntglp activity was without negative affect on

mitochondrial function whether under normal conditions or oxidative/nitrative stress.

Thus, Ntglp seems also not to be essential for the maintenance of mitochondrial

bioenergetic function.

All DNA glycosylases produce AP sites, which exhibit considerable genotoxicity as

they not only lack DNA coding information necessary for template-directed DNA

synthesis, but also lead to stalling of replication forks (Loeb and Preston, 1986; Higuchi

et al, 2003). In mitochondria, AP endonuclease is believed to participate in the processing
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of abasic sites produced both spontaneously and due to the actions of DNA glycosylases.

This central position means that AP endonuclease activity is likely necessary for repair of

a very broad range of mtDNA lesions. In yeast, Apnlp has been shown to be the only

mitochondrial AP endonuclease (Boiteux and Guillet, 2004), and lack of Apnlp is not

lethal, so the effect of its absence on mitochondrial function can be studied.

In contrast to the individual DNA glycosylase knockout yeast strains, I observed

significant growth defects and mitochondrial dysfunction in the apnlA strain. This is

consistent with several previous studies of apnll^ yeast showing reduced chronological

lifespans, and sensitivity to both methyl methanesulfonate (alkylating agent) and H2O2

(Maclean et al, 2003; Ramotar et at, 1991). Vongsamphanh et al (2001) showed that

APNl gene deletion had no effect on the occurrence of point mutations in mtDNA.

Phadnis et al (2006) showed that APNl gene deletion actually suppressed point

mutations. However, Maclean et al (2003) found that APNl gene deletion significantly

shortened yeast chronological lifespans, indicating that this deficit is not without

consequence in 5. cerevisiae. My results show that a high proportion ofapnlA yeast cells

lost the ability to grow and form colonies on YPG medium under normal conditions

which indicates that apnlA cells readily lose respiratory competence. Under

oxidative/nitrative stress conditions, the Apnlp null strain was found to be more sensitive

to H2O2, which shows a significantly reduced ability to establish colonies on respiratory

media. This result coincides with Ramotar's group that showed an accumulation of H2O2

induced damage in vivo in apnlA cells (Ramotar et al, 1991). Ramotar and colleagues
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also revealed that the apnl^ strain is hypersensitive to alkylating agents, and this may be

due to unrepaired AP-sites induced by these alkylating agents. These observations

support the idea that removal of AP-sites by Apnlp is the central step in mitochondrial

BER.

I used the apnIA strain to investigate how Apnlp deficiency leads to loss of

respiratory competence. Though I hypothesized that mitochondrial respiration would be

suppressed due to the accumulation of mtDNA damage, this proved to be incorrect.

Surprisingly though, the apnlA strain showed a substantially higher cellular oxygen

consumption rate than WT. However, no increased mitochondrial content per unit

cellular protein was found in these cells. These results suggested that the high oxygen

consumption of apnlA mitochondria was not due to higher mitochondrial density per cell,

but rather a reduced efficiency of OXPHOS in these cells. Interestingly, cyt c oxidase

activity per unit mitochondria was actually slightly higher in apnlA cells than the WT

strain. This indicated a complex mitochondrial phenotype resulting from Apnlp

deficiency. The oxygen consumption rates measured in isolated mitochondria revealed a

similar maximum respiratory rate in both apnlA and WT control strains. But importantly,

the non-phosphorylating rate was higher in apnlA cells indicating that

oxidative-phosphorylation in apnlA mitochondria was substantially uncoupled and the

efficiency of OXPHOS was thus compromised. Thus, the data support the conclusion

that mitochondrial respiration was affected by APNl gene deletion in such a way that the

rate of ATP production was compromised. This could explain the inability of apnlA
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yeast to grow on respiratory medium.

apnlA has previously been associated with reduced chronological lifespan in

S.cerevisiae, and this has therefore been proposed as a model of premature aging

(Maclean et al, 2003). My data provides some evidence supporting this idea. Yeast cells

undergo a number of morphological changes associated with age. One of these changes is

an increased cell size (Egilmez et al, 1990). Motizuki and Tsurugi (1992) observed an

increased cell size in old yeast cells. Their experimental results indicated that a decline of

protein synthetic activity caused by the decrease of ribosome activity leading to an

increased ribosome content, and resulting in an enlarged cell volume (Motizuki and

Tsurugi, 1992, Jorgensen et al, 2004). Alberghina and Vanoni (2004) proposed the

process of aging in yeast cells is initiated at the level of cell wall. The expansion of the

cell wall in yeast mother cells would lead to an accumulation of increasing tension on the

structure of cell wall that cause metabolic and/or chromatin remodeling, and at last

resulting in cell death and/or cell cycle arrest. In my study, the apnIA yeast was also

found to have a significant increase of cell size compared to the WT strain. This result

provides further evidence that apn7A yeast have a premature aging which lead to the

consequence of increased cell size. If so, it also gives a logical explanation for one of my

results that the respiratory rate/per unit cell volume is lower in apnlA strain compare to

WT controls, but the cellular oxygen consumption rate of apnlA strain is substantially

higher than the WT. It was considered that large cells may consume more oxygen simply

because of their greater volume that could be occupied by mitochondria. However, more
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study should be done to address this idea of premature aging occurring in apnl^. cells.

Furthermore, it is also necessary to reveal whether dysfunctional mitochondria lead to

aging prematurely or premature aging cause mitochondrial dysfunction in apnlA yeast

cells?

Advanced chronological age has also been associated with reduced mitochondrial

function. For example, Marcinek et al (2005) reported significant uncoupling of

OXPHOS in aged mouse skeletal muscle mitochondria. These authors found that

mitochondria in aged mouse skeletal muscles produce approximately 50% fewer ATP

molecules per O2 molecule consumed compared to young mouse skeletal muscle cells.

Thus, performance of aged mouse muscle will be limited by this reduced ability to

phosphorylate ADP. Similarly, my results showed that the apnlA strain could not

maintain intracellular [ATP]. Therefore, these results suggest that BER deficiency may

lead to premature aging in apnlA. cells.

It is difficult to connect reduced mtDNA repair directly to the reduced OXPHOS

deficiency phenotype, as the latter is often due to oxidative damage. Accumulation of

oxidative damage caused by high level of ROS to mitochondrial proteins and lipids leads

to membrane damage, resulting in increased permeability of mitochondrial inner

membrane to protons, therefore causes uncoupled OXPHOS. But no evidence of this was

present in apnlls. yeast. My results, i.e. respiratory deficiency associated with premature

aging of apnlA cells without increased ROS production, are similar to results obtained

with transgenic mice expressing proof-reading-deficient mitochondrial Pol-y. These
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mutant mice show high accumulations of mtDNA mutations, mitochondrial respiratory

chain dysfunction and reduced lifespan, but no evidence for increased ROS production

(Trifunovic et al, 2004; Trifunovic et al, 2005; Kujoth et al., 2005). Alternatively, reduced

efficiency of OXPHOS in apnlH^ yeast could also be due to redox slip, i.e. an altered

stoichimometry of electron transfer to proton pumping caused by mutated mtDNA

encoded subunits that function aberrantly. My data do not allow this distinction to be

made.

6. Conclusions and prospectus

In conclusion, data presented in this thesis revealed that no defect in mitochondrial

bioenergetic function was associated with the deletion of any individual

DNA-glycosylase gene, indicating that no individual DNA glycosylase is essential for

the maintenance of normal respiratory function in S.cerevisiae mitochondria. Such

evidence as exists to date suggests that the same is true in mammals. In contrast, I was

able to use the viable apnlA strain to investigate the nature of the reduced viability

associated with loss of this BER enzyme. My results suggest that Apnlp is essential for

the maintenance of normal mitochondrial respiratory function, as well as sustained

viability of cells on respiratory medium. apnlA yeast show a complex phenotype of

mitochondrial and cellular dysfunction characterized by a partial uncoupling of

OXPHOS and a catastrophic decline in cytosolic [ATP], but no associated matrix

oxidative stress. The loss of mitochondrial bioenergetic function may be a critical event
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in the death of opnlA cells on respiratory medium.

However, I am unable to discount the possibility that nuclear genomic instability,

due to the concomitant absence of Apnlp activity on nuclear DNA, underlies the

mitochondrial dysfunction described here. In future work, to address this possibility, it

should be possible to determine whether the apnlA phenotype can be rescued by specific

targeting of Apnlp to either the nuclear or mitochondrial compartment. Yeast Apnlp

exist in both nucleus and mitochondria. The Apnl C-terminus harbours a nuclear

localization signal (NLS) and the Apnlp N-terminus contains a putative mitochondrial

targeting sequence (MTS), which helps Apnlp to translocate to both nucleus and

mitochondria, respectively (Vongsamphanh et al, 2001). Thus, expression of Apnlp

activity in mitochondria of the apnlA yeast strain through construction of a plasmid in

which the NLS of Apnlp was deleted could help to study whether defects of apnlA

mitochondria is due to instability of mtDNA.
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