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Abstract:

Mitochondria are required for cellular respiration, which is essential in the
production of ATP. Mitochondrial genome maintenance is necessary for the continued
function of the mitochondrion. Deletions within the mitochondrial DNA (mtDNA) have
been shown to be associated with a variety of human neuromuscular and age-related
diseases. In this study we investigated the role of the MRX complex and the non-
homologous end joining (NHE]) DNA repair pathway in mitochondrial genome stability
and repair. Specifically, we investigated the role of the MRX complex and the NHE]
pathway in the occurrence of spontaneous mitochondrial direct repeat-mediated deletions,
nuclear direct repeat-mediated deletions, mitochondnal point mutations, nuclear point
mutations, and spontaneous respiration loss using fluctuation analysis in the budding yeast,
Saccharomyces cerevisiae. In this study, we have demonstrated that spontaneous mitochondrial
direct repeat-mediated deletions are reduced 75 fold (p<0.001), and spontaneous
mitochondrial point mutations are reduced 13 fold (p=0.013) in the absence of the MRX
complex and the NHE] pathway. While in the absence of the MRX complex and the NHE]
pathway, spontaneous respiration loss increased 3.54 fold (p<0.003) suggesting that this
pathway 1s required for mitochondrial genome stability. In addition to investigating these
DNA repair pathways, which are known to regulate nuclear genome stability, we localized
the NHE] factor Ku70p to the mitochondria using cellular fractionation and western blot
analysis. This localization data in combination with the wealth of genetic data presented in
this study support our hypothesis that the MRX complex and the NHE] DNA repair
pathway act in concert to stabilize the integrity of the mitochondrial genome.



Background & Significance

The Mitochondrion and Cellular Rcspiratio:.:l

The mitochondrion is the site of cellular respiration and 1s essential for eukaryotic
cell viability. The mitochondrion is a double membrane-bound organelle of approximately 1-
3 um in size. This organelle houses.the chemical reactions involved in the synthesis of
adenosine tri-phosphate (ATP), the primlary biological molecule used in the storage and
transfer of energy. ATP synthesis is accomplished in 4 essential steps, 3 of which occur
within the mitochondrion. The first step in A;I'P synthesis 1s glycolysis, or the oxidation of
glucose to pyruvate, which occurs within the cytosol of a eukaryotic cell, and is then
transported through Porin, a2 multi-pass mitochondrial protein channel, where it is further
oxidized into acetyl coenzyme A. Acetyl coenzyme A then enters into step 2, the
tricarboxylic acid cycle (T CA). The TCA cycle oxidizes carbon atoms into CO, and
temporarily stores or conserves this energy as reduced coenzyme molecules. The 34 step
involved in ATP synthesis is the electron transport chain. The electron transport chain
involves the transfer of electrons from the reduced coenzymes to oxygen. This transfer of
electrons is the source of energy that drives the active transport of protons across the inner
membrane of the mitochondtia, thereby generating the electrochemical proton gradient
necessary for the final stage of ATP synthesis, oxidative phosphorylation. Oxidative
phosphorylation uses the energy of the electrochemical proton gradient to drive ATP
synthesis (Becker at el., 2006). Figure 1 below describes the structure and.seveml key

components of the mitochondrion within the eukaryotic cell.
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Figure 1. Diagram of mitochondrial structure. Applied from kvhs .nbed.nb;ca /-
gallant/biology/mitochondrion.jpg
Additional Cytological Roles of the Mitochondrion

The mitochondrion possesses many cytological roles within the eukaryotic cell in
addition to ATP synthesis. Phospholipid synthesis, fatty acid desaturation, and fatty acid
elongation occur between the inner and outer mitochondrial membranes. Metabolite
transport occurs within the inner membrane of: the mitochondrion, while mitochondrial
DNA (mtDNA) replication, mtDNA transcription, and mtDNA translation occur within the
mitochondrial matrix (Becker et al. 2006).

In higher eukaryotes the mitochondrial membrane is also involved in the activation
and regiﬂ;xtion of apoptotic signal transduction pathways. Upon the sensing of DNA damage

or the removal of specific trophic factors, pro-apoptotic proteins accumulate upon the outer



membrane of the mitochondria. These pro-apoptotic proteins destabilize mitochondral
membrane proteins such as Bcl-2, leadiﬁg to the breakdown of the membrane, and the
release of the Cyctochtome C. The release of Cyctochrome C triggers the caspase cascade
leading to the activation of apoptosis and controlled cell death (Becker et al. 2000).

The mitochondrion and the endoplasmic reticulum have been shown to bé involved
in the storage of free calcium within the cell. Free calcium is taken up into the matrix of the
mitochondrion via a calcium uniporter, and is released back into the cytosol using sodium-
calcium channels. The storage and release of calcium ions in the cell plays an important role
in regulating membrane potential as well as signal transduction and cellular proliferation. The
mitochondrion has also been shown to be involved in the synthesis of heme as well as

steroids in higher eukaryotes. (Becker et al. 2006).

The Mitochondrial Genome

Unlike other organelles, mitochondria possess their own genome housed within the
mitochondrial matrix. The existence of mitochondrial DNA (mtDNA) was discovered in
1963 when Margit and Sylvan Nass discovered a DNAase sensitive molecule within the
mitochondria. Initially these authors desctibed the mitochondrial genome as an intra-
mitochondrial DNA fiber, but due to advances in molecular and biochemical techniques,
considerably more is known to date about the mitochondrial genome. These technological
advances have lead to an extensive increase in our understanding of the structure of
mtDNA, mtDNA nucleoid structure and remodeling, the components of the mitochondtial
genome, mtDNA inheritance patterns, mtDNA replication, mitochondrial genome repait,

and mitochondnial related diseases.



Mitochondrial Genome Structure

Our understanding of the structure of the mitochondtrial genome has increased
considerably since the 1963 discovery of intra-mitochondrial DNA fibers. In 1998 and 2001
the mitochondrial genomes of Saccharomyces cerevisiae and Homo sapiens were mapped. Today it
is known that the structure of the mitochondrial genome of both yeast and man is a double-
stranded circular DNA molecule, and similar to that of bacterial genomes, the mitochondrial
genome lacks iﬂtrons. The human mitochondrial genome is 16,569 nucleotides in length and
possesses 37 genes as well as an origin of replication (ORI). Twenty-eight of these genes are
located on the heavy strand, while the other 9 genes are located on the light strand
. (ncbinlm.nih.gov). The respective terms and “heavy” and “light” strand are applied due to
differences in their molecular weights which vary according to nucleotide composition. The
mitochondrial genome‘ofl Saccharomyces cerevisiae is approximately 78,000 nucleotides in length,
and it possesses several polypeptide-encoding genes required for respiration, as well as the
structural RNAs required for their synthesis. Refer to Figure 2 below for a comparison

between the mitochondrial genomes of Saccharomyces cerevisiae and Homo sapiens.
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Figure 2. A comparative map of the mitochondrial genomes of Saccharomyces
cqrevfsiae and Homo sapiens. Applied from: www.clinsci.ofg

Mitochondrial DNA Nucleoid Structure and Remodeling

The organization of nuclear DNA and nucleosome remodeling has been extensively
studied due to its involvement in the regulation of gene expression. Genomic DNA exists
ptimarily as DNA molecules condensed tightly around an octamer of histones making up
chromatin. Chromatin is further compacted into nucleosomes which must be remodeled to
regulated gene expression, DNA replication, recombination, repait, and chromosomal
segregation during cell division (Ehrenhofer-Murray, 2004).

The mitochondrial genome is organized as compact structures associated with
numerous protein factors known as mtDNA nucleoids. MtDNA nucleoids are made up of

approximately 2 - 5 copies of the mitochondrial genome wrapped around a seties of protein
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co-factors which reside within the inner membrane of the mitochondtion (Grimes et el.
1974). When comparing chromatin and mtDNA nucleoid remodeling, it is clear that
significantly less in understood about mtDNA nucleoid remodeling. Unlike chromatin,
mtDNA nucleoids do not possess histones. In contrast, mtDNA nucleoids are packaged
with high-mobility group |
(HMG)-like proteins whl:ch act as chaperone and scaffolding proteins (Ehretllhofer—Murray,
2004). Examples of members of the HMG-like group of proteins are Abf2p in yeast, and
Tfamp in mammals (Cheng et al., 2005). Abf2p and Tfamp are known to bind mtDNA in a
sequence inspecific manner, and promote resistance to reactive oxygen species (ROS)
induced damage (O'Rourke.et al., 2002). Using chromatin immuno-precipitation expetiments
it has been demonstrated that mtDNA nucleoids have been shown to undergo remodeling
upon glucose and amino-acid ‘starvation (Ehrenhofer-Murray, 2004), yet the exact

mechanisms responsible for mtDNA nucleoid remodeling has yet to be discovered.

Components of the Mitochondrial Genome

As previously mentioned, the mitochondrion possesses numerous functions. The
vast majority of the genes required for mitochondrial function are encoded and transcribed
within the nucleus, translated within the cytosol, and then targeted to the mitochondria via
targeting sequences. Proteins which ate targeted to the mitochondtia are thought to be
captured and chaperoned by the yeast cHSP70p (cytosolic heat shock 70 protein) and MSF
(the mitochondrial stimulation factor) where they are guided through the TOM and TIM
protein complexes, which are located on the outer and inner mitochondrial membranes
(Pfanner and Meijer, 1997). The remaining genes required for ;nitochondrial function are
located in the mitochondrial genome within the matrix along with the molecular machinery

required for there transcription and translation.
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The human mitochondrial genome encodes 37 genes in total. Of these 37 human
genes, 13 encode proteins (polypeptides), while the remaining 24 encode structural RN As.
Of those structural RNAs 2 are ribosomal RNAs, while 20 are transfer RINAs (Alexeyev et
al. 2004). Refer to Table 1 below for a complete list of the 37 genes within the human
mitochondrial genome.

While there are no introns in mtDNA, the human mitochondrial genome is only
68% coding. The remaining 32% of mtDNA encodes the mtDNA origin of replication in
addition to the regulatory sequences. In yeast only 35% of the mitochondral genome is
coding, while the other 65% of mtDNA is comprised of conserved regulatory regions and at
least 7 origins of replication (De Zamaroczy, and Bernardi 1986). Interestingly there is also a
highly conserved mitochondnial coding bias in that GC content makes up only 44% of

human mtDNA (Alexeyev et al. 2004).
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mtDNA Gene Name |Category Function

MT-ND1 polypeptide Components of NADH dehydrogenase

MT-ND2 polypeptide Requred for respiratory complex 1

MT-ND3 polypeptide

MT-ND4 polypeptide

MT-ND5 polypeptide

MT-ND6 polypeptide

MT-CYB polypeptide Coenzyme Q: cytochrome c reductase / Cytochrome b
Required for respiratory complex 3

MT-CO1 polypeptide Component of cytochrome ¢ oxidase

MT-CO2 polypeptide Required for respiratory complex 4

MT-CO3 polypeptide

MT-AP6 polypeptide Component of ATP synthase

MT-AP8 polypeptide '

MT-RNR1 structural RNA 12s rRNA

MT-RNR2 structural RNA 16s rRNA

MT-TA structural RNA Alanine tRNA

MT-TR structural RNA Arginine tRNA

MT-TN structural RNA Asparagine tRNA

MT-TD structural RNA Aspartic acid tRNA

MT-TC structural RNA Cysteine tRNA

MT-TE structural RNA Glutamic acid tRNA

MT-TQ structural RNA Glutamine tRNA

MT-TG structural RNA Glycine tRNA

MT-TH structural RNA Histidine tRNA

MT-TI structural RNA Isoleucine tRNA _

MT-TL1 structural RNA Component of Leucine tRNA

MT-TL2 structural RNA Component of Leucine tRNA

MT-TK structural RNA Lysine tRNA

MT-TM structural RNA Methionine tRNA

MT-TF structural RNA Phenylalanine tRNA

MT-TP structural RNA Proline tRNA

MT-TS1 structural RNA Component of Serine tRNA

MT-TS2 structural RNA Component of Serine tRNA

MT-TT structural RNA Threonine tRNA

MT-TW structural RNA Tryptophan tRNA

MT-TY structural RNA Tyrosine tRNA

MT-TV structural RNA Valine tRNA

Table 1. Genes encoded by the human mitochondrial genome.
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Sources of Mitochondrial Genome Instability

Similar to that of nuclear DNA, mitochondrial DNA is subject to mutation. There
are numerous soutces of mutagens ranging from exogenous to endogenous, some of which
are manmade while others ate naturally occurring. Chemicals such as ethidium bromide are
known to intercalate into double stranded DNA, whereas UV light and ionizing radiation
have been shown to cause DNA damage via the formation of pyrimidine dimers (Gnffiths et
al. 2002).

The soutces for genomic instability that are discussed in this study are the occurrence
of spontaneous point mutations, microsatellite instability and polymerase slippage, and direct
repeat-mediated deletions. Point mutations at the molecular level range from transitions and
transversions to indel mutations. These mutations can result in single base pair substitutions
and can disrupt either the coding or regulatory sequence of DNA resulting in numerous
types of mutations (Griffiths et al. 2002). Microsatellites are a series of repeating nucleotides
that may be the source of polymerase slippage which allows for the expansion of di-
nucleotide repeats into minisatellites, or larger repeating DNA sequences (Griffiths et al.
2002, Schoffner et al. 1989). Direct repeat-mediated deletions are the final source of genomic
instability that will be discussed inthis study. Direct repeat-mediated deletions {DRMDs),
can be defined as a series of directly repeating nucleotides flanking a rt;gion of DNA which
spontaneously undergo a recombination event at the sites of direct repeats. During these
recombination events the excised section of genetic material between these direct repeats is
lost (Schoffner et al. 1989). Refer to Figure 3 below for an example of a mitochondrial direct

repeat-mediate deletion.
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A highly-characterized example of a mtDNA direct repeat-mediated deletion is the
4,977 base pair deletion known to accumulate in aging individuals suffering from Kearns-
Sayre syndrome. This deletion has been shown to reduce the functional activity of
respiratory complex 1 and may occur in up to 50% of mtDNA molecules isolated from
patients suffering from this syndrome (Schoffner et al. 1989). Figure 3 below is a simulated
example of how the mtDNA DRMDs which have been documented in patients suffering

A

from Kearns-Sayre syndrome may occur.

Direct Repeat Mediated Deletions within the
Mitochondrial Genome

Before a spontaneous direct repeat-mediated deletion
the NADH dehydrogenase gene is intact

[ ATACGCGATA | NADH dehydrogenase ‘| ATACGCGATA

|

| AtacGeeata |

After a direct repeat mediated deletion event NADH
dehydrogenase has been excised and can no longer be
expressed

Figure 3. A simulated mitochondrial direct repeat-mediated deletion. The loss of the
NADH dehydrogenase gene along with other members of respiratory complex 1 have
been shown to occur as a result of mitochondrial direct repeat-mediated deletions in
patients suffering from Kearns-Sayre syndrome (Schoffner et al. 1989).

In addition to human direct repeat-mediated deltions, the budding yeast Saccharomyces
cerevisiae has also been shawn to spontaneously acquire large deletions within their
mitochondrial DNA and are referted to as 7ho-. Due to their nature as facultative anaerobic

organisms, yeast cells possess the ability to produce energy through the fermentation

pathway after they have acquired these deletions and lost mitochondtial function (Dujon
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1981). A substantial portion of the mitochondrial DNA deletions that occur within rho- cells

are known to occur as a result of direct repeat-mediated deletion events (Dujon 1981).

Mitochondrial DNA Inheritance Patterns

The inheritance of nuclear DNA from mother to daughter cells i1s well-characterized
and occurs during mitosis and meiosis. The distribution of nuclear DNA is regarded as ‘
equitable, or even, in that each cell receives an equal number of DNA molecules. Whﬂe in
contrast, the inheritance of mitochondrial DNA is not yet as widely characterized.
Mitochondrial DNA is thought to be inherited in a stochastic manner due to the increased
copy number and uneven distribution throughout the cytosol of mother and daughter cells
after the cell divides (Batr et al. 2005). The inheritance pattern of mtDNA varies
considerable from yeast to man. Heteroplasmy, or the presence of mote than type or
variation between mitochondrial DNA molecules, is rare in later stages of cell division prior
to sexual reproduction in fungi where, in contrast, heteroplasmy is more common in animals
ptior to sexual reproduction (Batr et al., 2005). .

In mammals there is a strict system that ensures that the inheritance of mtDNA is
from maternal sources alone. Upon fertilization, but prior to meiosis-1, paternally inherited
mtDNA is labeled with ubiquitin for degradation (Sutovsky et al. 1999). Paternal mtDNA
degradation ensures that materally inherited mtDNA is the only source of mtDNA for
embryogenesis. There are similarities between the occurrence of mitochondtial DNA
heteroplasmy in both yeast and humans. Two examples of potential sources of heteroplasmy
in yeast are infidelity in the replication of mitochondrial genome and meiosis based

recombination. Recombination between mtDNA molecules has been well documented in
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yeast (MacAlpine et. at. 1998), while significantly less is known about the occurrence of
recombination events between mtDNA molecules in higher eukaryotes.

Human heteroplasmy has been well documented in aging individuals, with 50 to
4977bp deletions in patients suffering from Kearns-Sayre syndrome, and gastric
adenocarcinomas. These accumulating deletions or mtDNA heteroplasmy may-atise due to
mitochondrial D-loop mutations, direct repeat-mediated deletions, polymerase slippage and
replication errors, microsatellite instability, and the occurrence of spontaneous point

mutations (Schoffner et al. 1989, Zeviani at al. 1989, and Burgart et al. 1995).

Mitochondrial Genome Replication and Transcription

The regulation of mitochondtial genome replication is contr'ollcd by the systematic
expression and coordination of the mitochondrial DNA polymerase. In I-mmans mtDNA
replication is thought to be coupled tc; mtDNAtranscription because the production of
primers is required for replication during transcription (Krishnan et al. 2008). Both the
human mtDNA polymerase Pol gammap, and the yeast mtDNA polymerase Mip1p are
encoded within the nucleus. In humans there are at least three mtDNA transcription factors,
TFAM, TFB1M, and TFB2M which initiate the transcription process. These transcription
factors bind one of the three mitochondrial promoters, H1 (heavy strand 1), H2 (heavy
strand 2), and L (light strand promoter). The H1 promoter allows for the transcription of the
entire heavy chain on the mtDNA molecule, the L promoter transcribes the light chain,
while the H2 promoter allows for the transcription of the 12S and 16S rRNA molecules. The
ptimers are required for the binding of the mtDNA polymerase and is accomplished by
processing the light strand mtDNA RNAse MRP enzyme (mitochondrial RNA Processing)

(Becker at el., 2006).
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Once the RNA primers have been laid, mtDNA bi-directional replication is initiated
in yeast, birds, and mammals (Giuseppe et al. 1984, Reyes et al. 2005). Mitochondtial
gmome replication is thought to occur through 3 potential mechanisms (Krishnan et al.
2008). Figure 4 below was originally published by Krishnan et al. in 2008, describes the three
potential mechanisms for mtDNA replication. The first mechanism for mtDNA replication
described by these authors is asynchronous mtDNA replication (letters a - ¢ of Figure 4).
The asynchronous method of mtDN;K replication begins at the D-loop at Oy by displacing
the light strand from the heavy strand. The light strand exists as a single stranded DNA until
synthesis of the heavy strand exposes O, (letter a in Figure 4). Replication of the light strand
begins in the alternate direction until both the heavy and light strands have been completely
replicated (lettgrs b - c of Figure 4).

The second proposed mechanism for mtDNA replication described by Krishnan et
al. in 2008 1s SynChIOHOI:lS or coupled mtDNA replication (letter d of Figure 4). In this
model replication initiates from OriZ and occurs bi-directionally via coupled leading and
lagging strand synthesis. |

The final proposed mechanism for mtDNA replication possesses RNA intex;med.iates
and is referred to as RITOLS, or Ribonucleotide Incorporation Throughout the Lagging
Strand model (letter e — f of Figure 4). The RITOLS model of mtDNA replication begins in
the noncoding region at Oy,. In this model the light strand is initially displaced from the
heavy strand. This model functions similat tp‘ that of the asynchronous model of replication,
but RNA intermediates are produced (seen here as dashed lines) on the light strand. These
RNA intermediates are then converted to DNA theteby completing the faithful replication

of mtDNA (Krishnan et al. 2008).



Synchronous RNA intermediates

Figure 4. The Proposed Mechanisms for Mitochondrial Genome Replication.
Published by Krishnan et al. 2008. Nature Genetics 40, 275 — 279.

Mitochondrial DNA Repair Pathways

The DNA molecule is constantly being bombarded with numerous damaging agents.
Ultraviolet light, ionizing radiation, and reactive oxygen species have all been shown to lead
to DNA damage. In the event that DNA damage 1s left unrepaired it may lead to replication
fork blocks and collapse, which may lead to mutation and even cell death. The mtDNA
polymerase MIP1p posse;ses 3’ — 5’ exonuclease activity (Foury et al. 1992), but this singular
function is not sufficient to promote genomic stability. Mitochondrial DNA i1s especially

susceptible to DNA damage due to its close proximity to the synthesis of reactive oxygen
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species within the mitochondria itself. Similar to that of nuclear DNA (nDNA), the cell has
evolved specific repair pathways to preserve the integrity of mtDNA. To date there are at
least 6 distinct pathways that have been shown to repair damaged nDNA, 4 of which have
also been shown to repair mtDNA (Larsen et al. 2005). Refer to Figure 5 below for a

compatison of nuclear DNA and mitochondtial DNA repair pathways published by Larsen

et al. in 2005.
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Figure 5. A comparison of nuclear and mitochondrial DNA repair pathways. Larsen
et al. 2005. Mitochondriomn; 5, Issue 2, 89-108.

In this review of nuclear and mitochondrial DNA repair pathways published in 2005
by Latsen et al., these authors stated that that the primaty mtDNA tepair pathways are
mismatch repair (MMR), base excision repair (BER), direct reversal (DR), and

recombinational repair (RER). In both yeast and humans the mismatch repair pathway relies
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upon the combination of the gene products of MSH2 and MSH6 to generate MutSe, while
the products of MSHZ2 and MSH3 combine to from MutSB."These complexes recognize
single basepair mismatches and insertion deletion loops in a newly synthesized DNA
molecule, and allow for their removal. Mismatch repair is believed to increase t.hc fidelity of
the replication of DNA 1000-fold (Larsen et al. 2005). Base excision repair employs the use
of 2 DNA glycosylase that recognizes a smaller subset of base changes and allows for their
removal. Base excision repair is known to repair reactive oxygen induced damage, therefore
it should come at no surprisr; that the BER pathway functions in the mitochondria. The
nucleotide excision repair (NER) pathway is involved in removing pyrimidine dimers and
bulky DNA adducts that alter the double helix structure of the DNA molecule (Larsen et al.
2005). Recombinational repair (RER) employs the use of either the homologous
recombination pathway, or the MRX complex and the non-homologous end joining pathway
to repair a specific type of DNA damage known as a DNA double strand break (DSB).
Unlike non-homologous end joining, homologous recombination relies upon the use of a
homologous DNA sequence (from 2 homologous chromosome) for the re-synthesis of a
damaged strand of DNA (Larsen et al. 2005). The final mtDNA repair pathway described
by Larsen et al. in Figure 4 is direct reversal (DR). Direct reversal is one of the most efficient
DNA damage repair pathways because it immediately repairs a damaged nucleotide without
its removal upon the cells recogmtion of DNA damage. Direct reversal is known to occur in

bacteria and yeast, but is not present in higher eukaryotes.

Mitochondrial Related Diseases and mtDNA Deletions
In recent years the importance of mitochondrial genome maintenance has come into

the spotlight of the biomedical sciences due to its role in the onset of disease and aging.

-4
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With the advent of the polymierase chain reaction (PCR) in 1983, it became possible to
amplify regions of DNA in order to detect mutations and naturally occurring
polymorphisms. In 1990 PCR was used to amplify specific regions of the mitochondrial
genome isolated from the heart muscle, and brain tissues of stillborn infants and aging
individuals by Cortopassi et al. These scientists discovered that a pottion of the tissue
samples taken from aging individuals possessed specific mtDNA deletions, which were not
present in samples taken from the same tissue types of stillborn infants. These authors went
on to postulate that these deletions may have occurred during the aging process because they
were not present in fetal or juvenile tissue samples (Cortopassi et al. 1990). In 2003
Chromyn and Attardi published a study which suggested that the occurtence of these age-
related mtDNA deletions may possess additional medical relevance due to the possibility
that these deletions may lead to an increased chance of the development of disease. They
theorized that certain age related mtDNA deletions could impair the rate of mitochondrial-
dependent apoptosis by possible altering the production of reactive oxygen species and
thereby altering the homeostatic redox state of the cell. They suggested that this fluctuation
in redox state could potentially reduce the functional activity of apoptosis, and increase the

chances of disease onset in aging individuals (Chomyn and Attardi 2003).

To date, mitochondrial DNA deletions have been shown to be present in patients
suffering from an incredible array of diseases ranging from diabetes and deafness,
cardiomyopat.hy, CPEO, Kearns Sayre’s disease, as well as the occurrence of sudden death
(Solano et al.,2001). Any alteration in the structure or sequence of mtDNA has the potential
to lead to human diseases. Thus it becomes increasingly obvious that any source of genomic

instability can be 2 potential source of human disease. Several examples of mtDNA-related
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human diseases are listed in Table 2 below.

Human disease Affected gene | Source of mutation
Diabetes and deafness |tRNA (leu) Point mutation
Cardiomypatny tRNA (leu) Point mutation
Sudden Death tRNA (leu) Point mutation
CPEO tRNA (Asn) Point mutation
Pearson tRNA (glu) Point mutation

Heptocellular carcinoma [ND5, COX-1  |Microsattelite instability

ND2 - ND5

Kearns-Sayre's Direct repeat-mediated deletion

Table 2. A comparison between mtDNA deletions and human disease. Adapted
from Solano A, Playan A, L6pez-Pérez MJ, Montoya J. Enfermedades genéticas del
mitocondrial humano. Salud Publica Mex 2001; 43: 151-161, Tong Wu 2005, and
Schoffner et al. 1989.

Saccharomyces cerevisiae

Saccharomyces cerevisiae, is a single celled eukaryotic fungi often referred to as the
budding yeast, brewers yeast, or bakers yeast. It possesses both haploid (n) and diploid stages
(2n) 1m its life cycle, allowing for cell division by both mitosis and meiosis. When
environmental conditions are favorable Saccharomyces cerevisiae reproduces through mitosis,
but when conditions become less }favotab}e a diploid cell undergoes meiosis producing 4
haploid spotes, 2 of which are mating type a and 2 are mating type a. These alternate mating
types represent simple sexual differentiation, and when mated produce a diploid organism
that can either divide duougﬁ mitosis, or ‘can sporulate once again generating 4 haploid cells

after meiosis. One of the incredibly unique features of Saccharomyces cerevisiae is that all of the

products of meiosis are contained within an ascus and generate a tetrad. Tetrads can be
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dissected and the resulting spores can be sub-cultured, allowing for samples of each spore to
be harvested and genotyped. Once the genotype of each of each of these spores is
determined, yeast cells of opposite mating types can be mated to generate genotypes of

interest. Refer to Figure 6 below for a diagram of the life cycle of Saccharomyces cerevisiae.
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Saccharomyces cerevisiae also possesses the ability to spontaneously switch mating types.
The regulation of mating type is determined by a single allele (a or «) at a locus known as the
MAT locus (Haber 1998). Mating type switching is accomplished after the HO-endonuclease
gene expresses HO-endonuclease, which is then targeted to the MAT locus. HO-
endonuclease digests double stranded DNA at the HO-endonuclease restriction site at the

MAT locus on chromosome 3 (Haber 1998). In the event that a yeast cell of the a mating
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type undergoes HO-endonuclease digestion at the M AT locus, then exonucleases are
shuttled to this site where they then degrade both ends of the double strand break and the
remaining MAT locus. Following exonuclease digestion, and non-homologous end joining at
the sites of the double strand DNA break, HML. (hidden MAT left) or HMR (Hiden MAT
Right) alleles are brought into frame. HMI_ and HMR genes are siIe-nced previous to HO-
endonuclease digestion, but after HO-endonuclease digestion they are brought into frame

allowing for their expression, and the completion of mating type switching (Haber 1998).

Saccharomyces cerevisiae as a Model Organism

Saccharomyces cerevisiae has become one of the most widely studied model organisms in
the fields of genetics and molecular biolog'yr because it possesses numerous inherent
properties that have become increasingly valuable in a model system. In 1996 Saccharomyces
cerevisiae became the first eukaryote to have its complete genome sequenced via an
international collaboration of scientists from the United States, Canada, the United
Kingdom, Germany, France, Switzetland, Belgium, and Japan. From this work it was
discovered that the Saccharomyces cerevisiae genome contained 12,068 kilobases, which made up
at least 5,885 protein coding genes. In addition to these 5,885 protein coding genes, 140
ribosomal RNA genes, 40 small nuclear RNA genes,land 275 transfer RNA genes were
discovered. In total over 6,000 potential open reading frames were discovered on 16 linear
chromosomes, 25% of these encode genes which ate thought to be consetved from yeast to

humans (Goffeau et al. 1996).

With the wealth of genetic information that became available after the sequencing of
the yeast genome in 1996, the use of Saccharontyces cerevisiae as 2 model eukaryotic organism

expanded incredibly. Saccharomyces cerevisiae possesses several key traits that have become
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incredible valuable in a model organism. Saccharomyces cerévisiae possesses a doubling time of
90 - 180 minutes depending upon the carbon source and nutrient availability of the media it
1s cultured in. This remarkably short doubling time increases the rate at which experiments
can be performed compared to that of higher eukaryotic model systems. In the fields of
genetics and molecular biology gene disruption is one of the most valuable tools used to
E:luc.idate the function of a gene of interest. Therefore the ability to culture Saccharomyces
cerevisiae as a haploid organism increases the ease of the targeted disruption of ﬁeaﬂy all of
the non-essential genes with in its genéme. Saccharomyces cerevisiae possesses a higher rate of
homologous recombination than many other eukatyotes. Scientists have used this
phenomenon to their advantage by using homologous recombination in unison with
knockout cassettes to disrupt genes‘of interest. By July of 2002, 96% of the 6000 open
reading frames had been disrupted using this method of site-directed mutagenesis to assist in
the determination of the function of each of these genes (Giaever et el, 2002). All of: the
current information regarding the yeast genome, individual genes and their protein products
ate available for bioinformatic analysis at the Saccharomyces genome database (SGD) at

yeastgenome.org.

Saccharomyces cerevisiae also possesses valuable traits that allow for researchers to use
this model organism as a system to investigate several highly specialized areas of science. As
previously described Saccharomyces cerevisiae possesses a2 homoplasmic mitochondtrial genome.
A eukaryotic model organism which possesses this trait it is an extremely valuable tool in
investigating the genes or pathways involved in the regulation and maintenance of cellular
respiration, and mitochondrial genome repair. As a facultative anaerobe, Saccharomyces

cerevisiae can produce ATP through fermentation or cellular respiration. Therefore if one
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wanted to investigate the genes or metabolic pathways involved in cellular respiration,
Saccharomyces cerevisiae is one of the only model systems that would allow for the manipulation
or disruption of these genes and still be viable. A homoplasmic mitochondrial genome is also
extremely valuable when investigating mitochondrial genome stability and repair. This
feature allows for the creation of transfermed yeast cells that possess uniform recombinant
mtDNA. Cells that possess uniform mtDNA are of great value to researchers attempting to
incorporate reporter constructs, perform metabolic engineering, and when studying

heteroplasmy.

The Non-homologous End Joining DNA Repair Pathway

When reviewing Figure 5, we see that recombinational repair is a key mechanism
involved in maintaining the stability of both the nuclear and mitochondrial genomes. There
are currently two types of recombinational repair of damaged DNA. The first is homologous
recombination. Homologous recombination relies upon the use of or interaction of DNA
sequences with a high degree or near perfect sequence homology. The second type of
recombinational repair is non-homologous end joining (NHE]). Non-homologous end
joining refers to recombination between sequences of DNA with little or no DNA sequence
homology. Recombinational repair is essential for meiosis, DNA double strand break repair,
and eukaryotic cell viability (Krough and Symington, 2004). In this study we are investigating
the role of the non-homologous end joining DNA repair pathway in maintaining the

integrity of the mitochondrial genome of Saccharomyces cerevisiae.

Non-homologous end joining is one of the most prevalent double strand break
(DSB) repair pathways in higher eukaryotes (Jeggo 1998). The term non-homologous end

joining was initially coined in 1996 by JK Moore and JE Haber due to the NHE] pathway’s
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ability to repair HO-endonuclease induced DNA double strand breaks. The role non-
homologous end joining plays in the processing of DNA double strand breaks is conserved
throughout evolution and is important from maintaining genomic stability in both yeast and
human. The NHE] pathway is required for site-spe;:iﬁc VDJ recombination which is
necessary for T-cells to recoénizc antigens in the adaptive immune response in higher
eukaryotes (Becker et al. 2006). This pathway is also involved in the occutrence of single

" strand annealing, the repair of collapsed or blocked replication forks, and MAT locus

heterozygosity (SGD).

The non-homologous end joining DNA repair pathway functions through 2 multi
protein complexes known as the KU and MRX complexes, which function in combination
with 3 co-factors, Dnl4p, Lif1p, and Nejlp . The KU complex is often reférred to as the
“KU telomeric complex” because it has been shown to function in telomere maintenance
and repair as well as NHE] (SGD). The KU complex is composed of a heterodimer of
Ku70p and Ku80p. Ku70p and Ku80p were initially identified by Feldmann and Winnacker
in 1993 as a HDF-70, and HDF-80 (high affinity DNA binding facto;:) due to their
respective molecular weights, and the ability to bind DNA in 2 sequence in-specific manner
(Feldman and Winnacker, 1993). Ku70p and Ku80p both possess DNA and protein binding
domains which allows for the formation of the Ku70p-Ku80p dimer (KU complex), and the
binding to DNA at sites of double strand breaks (SGD). Ku70p and Ku80p have been
shown to localize to regions surrounding the nucleus in yeast, but upon the sensing of DNA
double strand breaks, the KU com[;lex 1s targeted to these sites for interaction with the
MRX complex and the completion of non-homologous end joining (Krough and Symington,

2004).
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The second mult.i-l;rotein complex involved in non—horﬁo{ogous end joining is the
MRX co;-nplex. Outside of N.HEJ, the MRX complex is involved in the generation of the 3’
overhang necessary for strand invasion prior to homologous recombination during meiosis
and double strand break repair, as well as the degradation of bulky adducts from DNA at the
sites of DNA double strand breaks (SGD).The MRX complex is a2 pentamer, which is
composed of 2 molecules of Rad50p, 2 molecules of Mrellp, and 1 molecﬂe of erZp |
generating a stociometric ratio of 2:2:1. RAD50, MRE71, and XRS2 were identified in 1974
in a genetic screen by Game and Mortimer due to their sensitivity to x-rays and ionizing
radiation (Game and Mortimer, 19;!4). Rad50p is a 152 kDa protein which posse;ses both
DNA and protein binding domains involved in the structural maintenance of telomeres and
chromosomes (SGD). Mrellp is 2 77 kDa protein which possesses 5’-3” exonuclease activity
that has been shown to possess the ability to degrade bulky protein)DNA adducts at the site
of DNA double strand breaks (SGD). The the MRX complex is formed when a dimer of
Mtrellp binds the base of a Rad50p dimer, creating a heterotetramer, which allows for the
binding of Xrs2p. Xrs2p is a 96 kDa protein which is known to be involved in telomere
maintenance and cell cycle checkpoint signaling at the G1-S interface. Xts2p possesses DNA
and protein binding domains which allows for a monomer Of.XISZP to bind to the Mrel1-

Rad50p heterotetramer leading to formation of the MRX complex (SGD).

As previously described, the NHE] pathway relies upon 3 protein co-factors to
repair DNA double strand breaks. The co-factors are Dnl4p, Liflp, and Nejlp. Dnl4p is a
180 kDA ATP dependent DNA ligase. It was initially identified in 1997 due to its ability to
re-circularize linearized plasmids by Schar et al. Liflp was discovered in 1998 as a 48 kDa

protein that interacts in a complex with Dnldp to mediate non-homologous end joining in
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yeast (Hermann et al. 1998). Nej1p (also known as Lif2p) is a 39 kDa protein involved in
nuclear localization and targeting of Lif1p to sites of DNA double strand breaks within the

nucleus (Valencia et al. 2001).

In 2004, in the Annual Review of Genetics, Berit Krogh and Lotraine Symington
published a review article titled “Recombination Proteins in Yeast” which described in detail
the non-homologous end joining DNA repair pathway. In this publication they included a
model for the repair of nuclear DNA double strand breaks by the NHE] pathway in
Saccharomyces cerevisiae. This model for the repair of nuclear DNA double strand breaks is
displayed in Figure 7 below. In this model the initiating event is a DNA double strand
break. Upon the cell’s recognition of the DNA double strand break, 2 copies of the KU
complex are recruited from their position neighboring chromosomal telomeres to the sites
of the DNA double strand break. Once the KU complex has located the double strand
break, each complex stabilizes and tethers one side of the DNA DSB. With both KU
complexes in place, 2 copies of the MRX complex are recruited to the DSB. Each copy of
the MRX complex (with the exonuclease function of Mrel1p) then processes both ends of
the DSB prior to ligation. In the event that the DSB possesses compatible ends, the break is
directly ligated together. If the DSB does not possess compatible ends the MRX complexes
will generate them with the loss of minimal nucleotides. Once both ends have been
positioned and processed for ligation, Liflp (with the assistance of Nejlp) activates and
targets Dnldp to the site of the DNA double strand break. Dnl4p then ligates the gap while
the KU and MRX complexes disassociate from the site of DNA double strand break
(Krough and Symington, 2004). The N HE] pathway is sometimes referred to as an “error

prone DNA repair pathway” because of the potential for loss of genetic material. The
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processing and mediation of DNA double strand breaks by the NHE] pathway as descnbed

by Krogh and Symington is described in Figure 7 below.
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Figure 7. The Non-homologous end joining nuclear DNA double strand break repair
model. Krogh and Symington. (2004). Recombination proteins in Yeast. Annual
Review of Genetics. 2004. 38:233-71.

The Non-homologous End Joining DNA Repair Pathway is Conserved throughout
Evolution .

The non-homologous end joining DNA repair pathway is present in some form in
nearly all eukaryotes ranging from yeast, to mice, to humans. In yeast homologous
recombination is the most prevalent form of recombination-induced repair of DNA double
strand breaks. While in higher eukaryotes, including humans, non-homologous end joining is

the most prevalent form of recombination induced repair of DNA double strand breaks
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(Jeggo PA, 1998). Table 3 below lists all of the Saccharomyces cerevisiae NHE] members and

protein cofactors, and their Homo sapiens homologs.

Saccharomyces cerevisiae | Homo sapiens
NHEJ Members NHEJ Members
Ku70p IKu70p
Ku80p |Ku80p
? |IDNA protein kinases
Rad50p Rad50p
Mre11p Mre11p
Xrs2p Nbs1p
{Dnidp LigiVp
Lif1p Xrccdp
Nej1p ?

Table 3. Yeast non-homologous end joining members and key cofactors, and there
human homologs.

Specific Aims

While much is known regarding the role of the non-homologous end joining DNA
repair pathway in its ability to .repair nuclear DNA DSBs, their has been little work done to
clucidate the role of this pathway in ameliorating mtDNA DSBs. For this reason we
perofmed this study. Working under the guidance of Dr. Rey Sia in collaboration with our
colleagues Dr. Elaine Sia and Lidza Kalifia from the University of Rochester, the focus of
our research is to identify factors that regulate the structure, organization, and repair of the
mitochondrial genome in Saccharomyces cerevisiae. Currently, the immediate focus of the
research in our lab centers around the role of the MRX complex and non-homologous end
joining in mitochondrial genome stability and repair. Deletions within the mitochondrial
genome lead to respiration loss and cell death in higher eukaryotes. Therefore the use of the
facultative anaerobic model organism, Saccharomyces cerevisiae has become an incredibly

powerful tool when investigating the maintenance of the mitochondrial genome. Due to the

33



high rate of the conservation of nuclear DNA repair pathways among eukaryotes, it is our
hope that the insights we make into the mtDNA repair mechanisms in yeast, may lead to_

insights into human mtDNA repair. This study has 2 Specific Aims:

Aim I. Determine the role of the MRX complex and the non-homologous end joining
DNA repair pathway in the occurrence of spontaneous mitochondrial and nuclear
direct repeat-mediated deletions, the occurrence of mitochondrial and nuclear point
mutations, as well as the occurrence of spontaneous respiration loss in the model
otganism Saccharomyces cerevisiae. Advancements in the molecular, genetic, and
pharmacological tools available for use with Saccharomyces cerevisiae allowed us to quantify the
roles of the MRX complex and NHE] in the previously described aspects known to govern
genomic stability. To quantify the roles of the MRX cox;nplex and non-homologous end
joining in these aspects govcmihg genomic stability, knock out straJ:.ns were generated for
RADS50, XR52, MRE11, KU70, and KU80. A KU70-KU80 double mutant, 2 RAD50-
MRET717-XRS2 triple mutant, a RAD50-KU70-KU80 triple 11;utant, and 2 RAD50-MRET1-
XRS2-KU70-KU80 mutant strain were generated to further determine the roles of the MRX
and KU complexes, as well as the entire NHE] pathway in maintaining genomic stability. All
of the strains in this NHE] knock out library were mated with-alternate strains which
possessed nuclear and mitochondrial reporter constructs which allowed for the detection
and quantification of direct repeat-mediated deletions using genetic assays and fluctuation
analysis. The occurrence of spontaneous respiration loss was documented and quantified
using a genetic assay that relies upon the use of specialized media (YPG with 0.2% dextrose)

that allows for the determination and quantification of yeast cells which have lost
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mitochondrial function and the ability to respire. The role of the MRX complex and the
NHE] pathway in the occurrence of spontaneous nuclear and mitochondrial point mutations

was quantified using resistance to the pharmacological agents eanavanine and erythromycin.

Aim II. Localize the non-homologous end joining factor Ku70p to the mitochondria
using cellular fractionation and western blot analysis. Individual components of the cell
can be isolated and purified using differential centrifugation. This process relies upon the
djffcrdj:.nt sedimentation coefficients, or sedimentation rates of the major components of the
cell. By performing a differential centrifugation protocol origina].ly devised by Glick and Pon
in 1995 we were able tg successfully, is;olate mitochondria from Saccharomyces cerevisiae. .
Mitochondria were further purified using discontinuous Nycodenz gradients and
ultracentrifugation. Once mitochondria had been isolated and purified from yeast cells,
western blot analysis was performed to monitor for the presence of the NHE] factor Ku70p.
The successful isolation and purification of mitochondria from lysed cells was verified by
probing mitochondrial fractions for the presence of Cox2p and Histone H4p respectively.
COX2 1s encoded, transcribed, translated, and localized within the mitochondria. Therefore a
significant entichment in the presence c;.)f: Cox2p per unit weight of total protein over a
whole cell lysate control can verify the successful isolation of mitochondtrial fractions from
cell lysates. Histone H4p is known to be localized only within thcl nucleus, therefore the
presence or absence of Histone H4p within isolated mitochondrial fractions can confirm if
mitochondna have been putified from nuclear contaminates. Upon the verification of
successful purification of mitochondrial fractions using western ‘blot analysis, probing for the

presence of NHE] factor Ku70p can then determine whether non-homologous end joining
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factors can be localized to the mitochondria of Saccharomyces cerevisiae. A KU70:FH.A epitope
strain was created and employed in this localization experiment. The use of the KU70:HA
epitope strain and an anti-HA antibody reduces the presence and detection of non-specific
signal, thereby ensuring with gteamr accuracy the validity of this localization experiment.
Once the presence of Ku70:HAp had been verified in purified mitochondrial fractions
sequential proteinase K treatments were performed to further localize the presence of
Ku70:HAp within the mitochondria. |

Tools used in the Investigation of the Role of the MRX Complex and
NHE] in Mitochondrial Genome Stability and Repair

The Direct Repeat-Mediated Deletion Assays

The use of reporter genes when investigating genetic and molecular events within the
cell is becoming increasingly popular. In this study mitochondtrial and nuclear reporters were
employed to determine the rate of direct repeat-mediated deletions as described by Phadnis
et al. in 2005. Both the nuclear and mitochondrial direct repe:at-mediated deletion reporters
have been transformed in yeast cells allowing for both the nuclear and mitochondrial
DRMD assays to be petformed simultaneously. For the ease of description the assays are
described separately below. The rate of nuclear and mitochondrial direct repeat-;nediated
deletions per cell division was then calculated using fluctuation analysis and the method of

the median (Lea and Coulson et al,, 1949).

The Mitochondrial Direct Repeat-Mediated Deletion Reporter
In the mitochondrial direct repeat-mediated deletion assay the nuclear ARG8” gene

has been translocated from its wild-type nuclear locus to the mitochondrial genome within -
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the reading frame of the COX2 gene to monitor for the occurrence of spontaneous direct
repeat-mediated deletions. The nuclear ARGS gene is a required component of the arginine
biosynthetic pathway and is thus required for growth on media lacking arginine. The
structure of ARGS” mitochondrial direct repeat-mediated deletion reporter can be seen in
Figure 8 below. The ARG8™ mitochondrial reporter contains a single ATG start codon
upstream of 96 base pairs of homology to the n-terminus of the COX2 gene which have
been introduced or fused in frame upstream of the ARGE” gene. Directly downstream of
ARGSE" gene is the full length COX2 gene which encodes cytochrome c oxidase subunit 2.
Cox2p is involved in the final stage of the electron transfer chain required to generate the
electrochemical gradient needed to synthesize ATP. Cells which possess the ARG8” reporter
do not possess COX2 function and are respiration deficient, are ARG +, and will not grow
in the presence of glycerol. A precise direct repeat recombination event directly downstream
of the ATG start codon will bring the COXZ2 gene back into frame, restore the function of

COX2, and allow yeast cells to survive in the presence of glycerol as the sole carbon source.
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Figure 8. The mitochondrial direct repeat-mediated deletion reporter. This reporter
contains the ARGS gene flanked by 96 base pairs of homology of the N-terminus of
COX2 gene. Disruption of the reading frame of COX2 gene by the ARGS” gene leads
to respiration deficient cells and prevents growth on media containing glycerol. After
a precise spontangous recombination event at this locus the ARGS8” gene is excised
restoring the reading frame of the COX2 gene generating respiration proficient cells.
Cells which possess direct repeat-mediated deletion events at this locus are selected
for on YPG media. ‘

The Nuclear Direct Repeat Mediated Deletion Reporter

In the nuclear direct repeat-mediated deletion assay the nuclear URA3 gene has
been translocated from its wild-type nuclear locus to interrupt the coding sequence of the
TRPT7 gene to monitor for the occurrence of spontaneous nuclear direct repeat-mediated
deletions. The nuclear TRP7 gene is a required component of the tryptophan biosynthetic
pathway and is thus required for growth on media lacking tryptophan. The structure of
URA3 nuclear direct repeat-mediated deletion reporter can be seen in Figure 9 below. The

URA3 repotter consists of 96 base pairs of homology to the n-terminus of the TRP7 gene
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flanking the URAJ gene with a single ATG start codon. Cells which possess the URA3
reporter will not possess TRP7 function and are TRP1-, and thus will not grow in the
absence of tryptophan. Upon a precise direct repeat recombination event at this locus cells
will be able to restore the function of TRP7, and will sutvive in the absence of tryptophan in

the growth media.

Nuclear Direct Repeat Reporter
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Figure 9. The nuclear direct repeat-mediated deletion reporter. This reporter
contains the URA3 gene flanked by 96 base pairs of homology of the N-terminus of
TRP1 gene. Disruption of the reading frame of TRPI1 gene by the URA3 gene leads
to TRP1 deficient cells and prevents growth on media lacking tryptophan. After a
precise spontanoues recombination event at this locus the URA3 gene is excised

restoring the reading frame of the TRP1 gene generating tryptophan proficient cells.
Cells which possess direct repeat-mediated deletion events at this locus are selected

for on media lacking tryptophan.
The Nuclear Point Mutation Assay

The nuclear point mutation assay relies upon the acute toxicity of canavanine to

yeast cells. Canavanine (CAN) is a molecular mimic to arginine and when it is transported
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into the cell it is incorporated into 2 growing polypeptide chain (in place of arginine)
resulting in cell death. Canavanine is taken up from the environment by yeast cells via the
membrane bound arginine permease, encoded by the CANT gene. Point mutations within
the CANT gene lead to canavanine resistance by preventing canavanine from being
transported into the cell (Fantes and Creanor, 1984). The rate of nuclear point mutations per
cell division was calculated using fluctuation analysis and the method of the median (Lea and

Coulson et al., 1949).

The Mitochondrial Point Mutation Assay

The mitochondrial point mutation assay relies upon the acute toxicity of
erythromycin to yeast ce]lst Erythromycin (ERY) mimics a charged tRINA and when entering
the P site in a mitochondrial ribosome, preventing translation leading to cell death. Point
mutations in 21S' fRNA gene will prevent erythromycin from entering the yeast
mitochondrial ribosome leading to erythromycin resistance. Review Figure 10 below to
further elaborate on the mechanism responsible for the toxicity of erythromycin to yeast
cells. Erythromycin resistance and the mitochondrial point mutation assay were used initially

by Francoise Foﬁry and Sylvie Vanderstraeten in 1992. These authors used ERY resistance

to study the 3-5’ exonuclease activity of the MIP7 gene (the yeast mitochondrial

polymerase).

Thc.;e are at least two specific point mutations in the 21S tRNA gene that have been
documented which lead to erythromycin resistance and cell viability when cultured.on YG
plus 0.4% erythromycin (Sor and Fukuhara, 1982). A copy of the restriction map for the
yeast mitochondrial 21S rfRINA gene listing the sites which lead to erythromycin resistance is

posted in the Appendix following this study. The rate of mitochondrial point mutations per
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cell division was calculated using fluctuation analysis and the method of the median (Lea and

Coulsen et al., 1949).

erythromycin
binds to the P site
Large
ribosomal
subunit

3T

Figure 10. Mechanism for the acute toxicity of erythromycin. Erythromycin
resistance is used as a tool to investigate the occurrence of spontaneous point
mutations in the mitochondrial genome. Erythromycin mimics a charged tRNA and
when entering the P site in a mitochondrial ribosome, it prevents translation leading
to cell death. Image adapted from

http: / /fig.cox.miami.edu/~cmallery /150/cells /ribosome.jpg

The Spontaneous Respiration Loss Assay

The spontaneous respiration loss assay is used to assess the role of specific proteins
and pathways in maintaining mitochondrial function. As previously described Saccharomyces
cerevisiae is a facultative anaerobe and can produce ATP using both fermentation and cellular
respiration depending upon the carbon source provided in the growth media. Yeast cells can
survive with Jarge mtDNA deletions (7h0-) when cultured on a fermentable carbon source
such as YPD (yeast extract, peptone, and dextrose). Yeast cells that are 7ho- are unable to
survive with these deletions when cultured on a growth media with the sole catbon source of
glycerol as in YPG (yeast extract, peptone, and glycerol). These metabolic restricti.ons are the

basis for the peteite phenotype seen in the spontaneous respiration loss assay seen in Figure
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11 below. Yeast cells are initially cultured on YPG to select for respiration proficient cells.
They are then cultured in YPD media which removes the nuttitional requirement for
mitochondrial function and cellular respiration thereby allowing for the occurrence of
spontaneous respiration loss. Cells are then plated on YPG plus 0.2% dextrose which
possess glycerol as the primary carbon source but is supplemented with dextrose. Yeast cells
*which have lost ability to respire (rbo-) will grow in the presence of dextrose but when they
have exhausted the supply of his carbon source will arrest because they are unable to utilize
the remaining glycerol due to the impairment of mitochondrial function. Yeast cells whose
growth has arrested possess the petite phenotype, and appear as colonies which are
significantly reduced in size. Yeast cells which still possess mitochondrial function (r&of) will
continue to grow after they have exhausted the dextrose in the growth media by utilizing the
remaining glycerol via cellular respiration. Rho+ yeast cells possess the grand phenotype
when they are plated on th:s media because they are significantly larger when compared to
rho- yeast cells. The frequency ofi spontaneous respiration loss can then be determined by
counting and scoring y(;ast colonies as either grand (rho+) or petite (rho-), adding the number’
of grand and petite colonies, and then dividing the total number of colonies by the number
of petites. Figure 11 below describes the relationship between the grand and petite
phenotypes, rho+ and rho-, and the ability yeast cells with this phenotype to be cultured in the

presence of dextrose and glycerol.
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Figure 11. Determining respiration proficiency using the spontanoues respiration loss
assay. The frequency of spontaneous respiration loss was calculated by scoring
counting the number of petite non-respiring (rho-) colonies as well as well as wild-
type grande (rhot) respiration proficient colonies when cultured on YPG plus 0.2%
dextrose.

Hypothesis

Our understanding of the molecular mechanisms responsible for regulating
mitochondrial genomic stability is significantly less clear than their nuclear genomic
counterpart. The role of the MRX complex and the non-homologous end joining pathway in
regulating genomic stability in the nucleus has been well characterized, yet it is unclear
exactly what role the MRX complex and NHE] plays in regulating mitochondrial genome
stability and repair. ;I'hcrefore it is our hypothesis that members of the MRX complex and
the NHE] pathway are present in the mitochondria where they are involved in the regulation
of mtDNA stability and repair. Furthermore we hypothesized that the absence of the MRX
complex and non-homologous end joining will alter the overall stability of the mitochondrial

genome, which will be manifested through a change in the occurrence of spontaneous
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mitochondrial direct repeat-mediated deletions, spontaneous mitochondrial point mutations,

and the occurrence of spontaneous respiration loss within Saccharomyces cerevisiae.

Materials & Methods
Yeast strains:

Saccharomyces cerevisiae strains used in this study were isogenic prior to transformation
and are referred to as DFS188. DFS188 possessed the following genotype: Mata ura3-52 leu2-
3, 112 his 3 arg8. All strains were grown in either rich media or synthetic media lacking the
appropriate amino acid to maintain selection of cells of interest. All of the strains used in this
study were provided by our collaborators Dr. Elaine Sia and Lidza Kalifa from The
University of Rochester. All yeast strains were cultured in an environmental growth chamber

at 30 degrees Celsius. Refer to Table 4 for all relevant genotypes.

Yeast media:

Yeast strains were cultured on the following media: YPD, YPG, YPRaff, SD-Trtp,
SD-Utra-Arg, SD-Arg, YPG plus 0.2% dextrose, YG plus 0.4% erythromycin, or SD-Arg
plus 0.006% canavanine. YPD media contains 1% yeast extract, 2% bactopeptone, and 2%
dextrose. YPG and YPRaff media are identical to YPD media except that YPG and YPRaff
contained 2% glycerol or 2% raffinose as the respective carbon source. YG plus
erythromycin media contains 2% yeast extract, 2% glycerol, buffered phosphate solution,
and 4 g/1 erythromycin. Synthetic (SD) media contained 0.17% yeast nitrogen base minus
amino acids, 0.5%ammonium sulfate, 2% dextrose and 0.077% of the appropriate amino
acid dropout mix. SD-Arg plus canavanine media was generated in the same manner as

previously described but was enhanced with 60 mg/1 canavanine.



Table 4: Yeast strains used in this study

Experiment: Direct Repeat-Mediated Deletion Assay

Strain Relevent Genotype

Lky196 (wh) DFS188 Rep96::ARG8m::cox2 Rep96::URA3::trp1

rad50A Lky196 rad50A::KanMX

mrel11A Lky196 mre11A::KanMX

Xrs2A Lky196 xrs2A::KanMX

ku70A Lky196 ku70A::KanMX

kuB0A Lky196 ku80A::KanMX

ku70AkuBOA Lky196 ku70A::KanMXku80A::KanMX

rad50Amre1 1AxXrs2A Lky196 rad50A::KanMXmre11A::KanMXxrs24a::KanMX

rad50Aku70Aku80A Lky196 rad50A::KanMXku70A::KanMXku80A::KanMX
rad50Amre11Axrs2Aku70Aku80A Lky 196 rad50A::KanMXmre11A::KanMXxrs2A::KanMXku70A::KanMXku80A::KanMX
Experiment: ‘Respiration Loss & Erythromycin Resistance Assays
Strain Relevent Genotype

DFS188 (wi) Mat a ura3-52 leu2-3, 112 his 3 arg8

rad50A DFS188 rad50A::KanMX

mrel11A DFS188 mre11A::KanMX

Xrs2A DFS188 xrs2A::KanMX

ku70A DFS188 ku70A::KanMX

ku80A DFS188 kuB0A::KanMX

ku70Aku80A DFS188 ku70A.::KanMXku80A::KanMX

rad50amre11Axrs2A DFS188 rad50A::KanMXku70A::KanMXku80A::KanMX

rad50Aku70Aku80A DFS188 rad50A::KanMXku70A::KanMXku80A::KanMX
rad50Amre11Axrs2Aku70Aku80A DFS188 1ad50A::KanMXmre11A::KanMXxrs25::KanMXkuT0A::KanMXku80A::KanMX
Experiment: Canavinine Resistance

Strain Relevent Genotype

Lky202 (wt) Mata ura3-52 leu2-3, 112 his 3 ARG8

rad50A DFS188 rad50A::KanMX

mrel1A DFS188 mre11A::KanMX

Xrs2A DFS5188 xrs2A::KanMX

ku70A DFS188 ku70A::KanMX

ku80A DFS188 ku80A::KanMX

ku70Aku80A DFS188 ku70A::KanMXku80A::KanMX

rad50Amre11Axrs2A DF5188 rad50A::KanMXku70A::KanMXku80A::KanMX

rad50Aku70Aku80A DFS188 rad50A::KanMXku70A::KanMXku80A::KanMX

‘rad50Amre 11Axrs2aku70Aku80A DFS188 rad50A::KanMXmre11A:KanMXxrs 2A-:KanMXku70A-:KanMXku80A::KanMX
Experiment: Western Analysis

| Strain Relevent Genotype

KU70::HA DFS188 KU70::Citrine::HA
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Direct Repeat-Mediated Deletion Assay:

The direct repeat-mediated deletion (DRMD) assay employs the use of the nuclear
and mitochondnal DRMD repotter constructs in unison v;rith selective and non-selective
media to determine the rate of spontaneous direct repeat-mediated deletion events via
flactuation analysis.

To determine the rate of DRMD per cell division for both the wild type and
knockout strains freezer stocks were patched out onto SD minus Ura minus Axg to select for
cells that possessed the reporter constructs. These cultures were incubated for two nights at
30° C. Inoculum from this plate was taken to streak singles on YPD plates and incubated for
3 over nights at 30° C. 20 independent colonies were collected and a serial dilution was
generated. Independent colonies were transferred into an Eppendotf tube containing 100 pl
of distilled water and vortexed into 2 homogenous solution (“tube A”). 5 pl of this solution
was then transferred into another Eppendorfi tube containing 500 pl of distilled walter and
.vortexed into a2 homogenous solution thereby generating a 107 dilution (“tube B”). 5 ul of
the 107 dilution was then transferred to another Eppendorf tube containing 500 pl of
distilled water and vortexed into 2 homogenous solution thereby generating a 10* dilution
(“tube C”). 95 pl of the solution from “tube A” was then plated on the SD minus Trp plates.
100 pl of the §olution from “tube B” was then plated on the YPG plates. 50 ul of the
solution form “tube C” was then plated on the YPD plates. Solutions wete uniformly spread
across each of the plates by applying 3 mm glass beads to each .of the plates and then
agitating the plates in a horizontal and vertical manner. The glass beads wete then poured off
and the plates were incubated at 30" C for three over nights. Following the incubatio.n
period, plates were removed from the growth chamber and colonies were counted. The rate

of nuclear and mitochondrial direct repeat-mediated deletions per cell division was then

46



calculated using fluctuation analysis and the method of the median (Lea and Coulson et al,,
1949). Refer to table 5. Statistical significance was determined using a students two-tailed T-

test and by calculating 95% confidence limits for two independent trials.

Nuclear Point Mutation Assay:

The nuclear point mutation assay relies upon the acute toxicity of Canavanine to
yeast cells. Canavanine (CAN) is a molecular mimic to arginine and when it is transported
into the cell and incorporated into a growing polypeptide chain (in place of arginine) it
results in cell death. Canavanine is taken up from the environment via the membrane bound
arginine permease, encoded by the CANT gene. Mutations within the C4NT gene lead to
canavanine resistance.

To determine the rate of nuclear point mutations per cell division freezer stocks of
Lky202 and knockout strains were streaked onto SD plates lacking arginin;: to select for cells
that were Arg+. These cultures were incubated for three over nights at 30° C. 15 colonies
were then collected and inoculated into 5 ml of liquid SD minus Arg media and incubated
overnight at 30° C. This culture was spun down and re-suspended in 1ml of distilled water
and a serial dilution was then performed. 50 pl of each of the cultures was transferred to an
Eppcr;do:f tube containing 500 pl of distilled water and vortexed into 2 homogenous
solution (“tube A”). 5 pl of this solution was then transferred into another Eppendotf tube
containing 500 pl of distilled water and vortexed into a homogenous solution thereby
generating a 10° dilution (“tube B”). 5 ul of the 10° dilution was then transferred to another
Eppendotf tube containing 500 pl of distilled water and vortexed into a homogenous
solution thereby generating a 10” dilution (“tube C”). 100 pl of the solution from the
undiluted re-suspended culture was then plated on the SD minus Arg plus Canavanine

plates. 50 pl of the solution from “tube C” was then plated on the SD minus Arg plates.
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Solutions were spread uniformly across each of the plates by applying 3 mm glass beads and
then agitating the plates in a horizontal and vertical manner. The glass beads were then
poured off and the plates were incubat;:d at 30° C for 3 over nights. Following the
incubation period, plates were removed from the gfowth chamber and colonies were
counted. The rate of spontafxeous nuclear point mutations per cell division was then
calculated using fluctuation analysis and the method of the median (Lea and Coulson et al,,
1949). Refer to table 5. Statistical significance was determined using a students two-tailed T-

test and by calculating 95% confidence limits for two independent trials.

i\ditochondrial Point Mutation Assay:

The mitochondrial point mutation assay relies upon the acute toxicity of
erythromycin to yeast cells. Erythromycin (ERY) mimics a charged tRNA and when entering
the P site in 2 mitochondrial ribosome it haults translation leading to cell death. Point
Mutations in the mitochondrial 21S rRNA gene lead to erythromycin resistance and cell
viability. |

To determine the rate of mitochondtial point mutation per cell division, singles were
streaked directly from freezer stocks of DFS188 and knockout strains onto YPG to select
for respiration proficient cells and incubated at 30° C for 3 over nights. 20 independent
colonies were then inoculated into 5 ml of YPG and incubated for 2 over nights at 30" C.
These cultures were spun down and re-suspended in 1 ml of distilled water and a serial -
dilution was then performed in an identical manner to that of the nuclear point mutation
assay. 100 pl of the solution from the undiluted re-suspended culture was then plated on the
YG plus 0.4% erythromycin plates. SO.pl of the solution from “tube C” was then plated on

the YPG plates. Once again the glass bead method was employed to uniformly distribute the
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solution across the plates. The plates were incubated for 7 over nights at 30° C. Following
the incubation petiod, plates were removed from the growth chamber and colonies were
counted. The rate of spontaneous mitochondrial point mutations per cell division was then
calculated using fluctuation analysis and the method of the median (Lea and Coulson et al.,
1949). Refer to table 5 Statistical signiﬁcancﬁe was determined using a student two-tailed T-

test and by calculating 95% confidence limits for two independent trials.

Spontaneous Respiration Loss Assay:

The spontaneous respiration loss assay was used as a tool to determine the potential
role of gene kpockouts in maintaining mitochondrial genome stability (by means of
monitoring mitochondrial dependent oxidative phosphorylation) compared to that of a wild
type controlL. |

To determine the rate of spontaneous respiration loss assay for both the wild type
and knockout strains ‘this assay was performed by patching freezer stocks onto YPG to
select for yeast cells that were respiration proficient. These cultures were incubated at 30° C
for 2 over nights. From this culture singles were streaked onto YPD and incubated at 30" C
for 3 over nights. 10 independent colonies were then collected and then inoculated into 5 ml
of liquid YPD and incubated at 30° C for 1 over night. Cultures were pelleted and re-
suspended in 1 ml of distilled water and a serial dilution was petformed. 50 pl of each of
these 10 cultures was then transferred into an Eppendorf tube containing 500 pl of distilled
water and vortexed into 2 homogenous solution thereby generating 2 10" dilution (“tube
A”). 5 pl of the 10" dilution was then transferred to another Eppendorf tube containing 500
pl of distilled water and vortexed into a homogenous solution thereby generating a 10

dilution (“tube B”). 5 ul of the 10? dilution was then transferred to another Eppendorfitube
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containing 500 pl of distilled water and vortexed into 2 homogenous solution thereby
generating 2 10” dilution (“tul:;e C”). 100 pl of the homogenous solutions from “tube C” was
plated on YPG plus 0.2% dextrose plates. Solutions were uniformly spread across each of
the plates by applying 3 mm glass beads and agitating the plates in a horizontal and vertical
manner. The glass beads were then poured ;:>ff and the plates were incubated at 30" C for
three over nights. Following the incubation period, plates were removed from the growth
chamber and colonies were scored and counted. Yeast colonies whose growth had arrested
were counted and scored as rho- (petite colonies which possess mitochondrial ddeﬁons),
while colonies whose growth had not arrested were counted and scored as 7bo+ (cells which
still possessed mitochondrial function). The frequency of spontaneous respiration loss was
then determined by adding the number of 7ho- and rho+ colonies together and then dividing
this total number-by the number of rho- colonies, and then multiplying by 100 to generate a
percent. Statistical significance was determined using a student stwo-tailed T-test and by

calculating 95% confidence limits for three independent trials.

Calculating the Rate of Mutation:

The method of the median (Lea and Coulson, 1949) was used to determine the rate
of mutations per cell division for the direct repeat-mediated deletion assay and the nuclear
and mitochondrial point mutation assays. Colonies were counted on the control and
experimental plates for all assays and data was recorded using Microsoft Excel. Initially an
average number of colonies per plate were generated for all of the values for the control
plates. Then the average was multiplied by 0.5 and by 2, yielding ¥z and 2 times the average.
At this point any plates which possessed more than two times or less than ¥ the average

*

number of colonies were removed ﬁom the data set and a final average was then calculated.
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This final average was then multiplied by the appropriate dilution factor to generate the
average number of cells plated (either the total number of cells/colony, ot the total number
of cells per culture). The rate of mutation was then determined by calculating the number of
mutations divided by the total number of cells.

The number of mutations is calqua;ed with the assistance of the chart devised by
Lea and Coulson in 1949 (refer to table 5). The median number of colonies was then
determined from all of the experimental plates. The median was then multiplied by the
appropriate dilution factor to generate the ryvalue. The chart is then used to determine the
cortesponding r,/m value for a specific 1, value. Refer to Table 5 for an example of chart
devised by Lea and Coulson in 1949 to generate the rate of mutation. The r,value was then
divided by the 1,/m value generating m, the rate of mutation. M was then divided by the
total number of cells to generate the rate of mutations per cell division.

When an experimental 1, value is not present on the chart because it falls between
two listed r, values, it is calculated mathematically. A sample calculation using the
hypothetical 1, value of 2.5 is listed below. Using the chart provided in'table 5, we see that an
ryvalue of 2.5 falls between an 1, of 2.3 and 2.7. The lower r,value is subtracted from the
derived r,value of 2.5 to generate 0.2. The difference between the two listed r, values of 2.3
and 2.7 is then calculated to yield 0.4 (2.7-2.3). The result of the difference between the
derived r,value and the lower ryvalue (0.2) is then divided by the difference between the two
listed values (0.4), generating 0.5. This quotient is then multiplied by 0.1 yielding 0.05. This
number is then added to the r,/m value directly across from the lower r, value used
previously (2.3) to generate the new r,/m of 1..65 (1.6 + 0.05). The expetimentally derived 1,
value was then divided by the r,/m value generating m, the rate of mutation. M was then

divided by the total number of cells to generate the rate of mutations per cell division.
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Table 5. A representative sample-of the chart described by Lea and Coulson (1949)
used to determine the rate of mutation per cell division.

fo to/m

1.4 1.3
0.2

1.6 14
0.3

1.9 1.5
0.4f -

23 1.6
0.4

2.7 1.7
0.5

32 1.8
0.5 '

3.7 1.9
0.6

4.3 2
0.7

5 21

0.7

5.7 2.2

Whole Cell Lysate Preparation:

Whole cell protein lysates (WCL) were generated for use as a control to identify the
signal associated with the presence of Ku70p, Histone H4p, and Cox2p in purified
mitochondria by western blot analysis. Freezer stocks of the Lky209 and KU70::HA strains
were patched onto YPG and incubated for 3 over nights at 30° C. Samples of these cultures
were inoculated into 50 ml of YPRaff and were cultured at 30° C to mid-log phase. Cultutes
were spun down and treated with 0.5 ml of the B150 lysis buffer and the Protease Inhibitor
Cocktail (Sigma®) at 1:1000. The B150 lysis buffer is composed of 50 mM Tris pH 7.4, 150

mM NaCl, and 0.2% Triton-X 100. 500 micron glass beads were added to an Eppendorf
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tube containing the previously described reagents, and the mixture was vortexed for 30
seconds then placed on ice for 30 seconds. This procedﬁ:c of vortexing for 30 seconds and
then placing tubes on ice of 30 seconds was repeated 5 times. The lysate was spun at 13,000
rpm for 1 minute generating an insoluble and soluble fraction. The soluble fraction was then
removed and frozen at -80" C. The total protein concentration ofi the WCL was determined
using the Bio-Rad® Protein Assay System in combination with a bovine serum albumin

standard.

Mitochondrial Purification Protocol:

In order to localize Ku70p to the mitochondria via western analysis, differential
centrifugation and Nycodenz purification were employed to isolate mitochondria from yeast
cultures. This protocol is 2 modified form published by Glick et al. in 1995. Freezer stocks
of DFS188 and KU70::H.A weze patched onto YPG and cultured at 30° C for 3 over nights.
Samples of these cultures wete inoculated into 2 L of YPRaff and grown to mid-log phase.
Cultures were si)un down at 4000 rpm in a Sorvall centrifuge and washed 1 time with ice
cold distilled water. Cultures were transferred to 50 ml conical tubés and spun again in a
tabletop Sorvall at 2000 rpm and the distilled water was aspirated off. The pellet was then
weighed and re-suspended in Tris-SO, buffer (pH 9.4) 2 ml/g wet weight. Cultures were
rocked for 10 minutes at 30° C. Cultures were spun down at 5000 rpm and washed with MP2
buffer (1.2 M sorbitol, 20 mM KH,PO, pH 7.4), and pelleted at 5000 tpm. The pellet was re-
suspended in MP2 buffer and 3 mg/g zymolyase and rocked for 30 minutes. The culture was
pelleted at 5000 rpm, re-suspended in 13.4 ml/g of dounce buffer (10 mM Tris pH 7.4,
1mM EDTA, 0.2% BSA, Protease Inhibitor Cocktail 1:1000, and 0.6% sorbitol) and
dounced 20 times in a 40 ml dounce homogenizer. The culture was pelleted at 4000 rpm,

and supernatant was removed. The supernatant was spun at 4000 rpm and the supernatant
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was transferred to a fresh tube and spun at 12,000 rpm to pellet mitochondria. The pellet -
was removed, re-suspended in SHE buffer (20 mM HEPES pH 7.4, 0.6 M sorbitol, 1 mM
EDTA), and spun at 4000 rpm. The supernatant was spun at 12,000 rpm again to pellet
mitochondtia. The mitochondrial pellet was re-suspended in 300 pul SHE buffer and the
concentration was determined using spectrophometric analysis according to the methods
described by Glick et al., 1995. Discontinuous Nycodenz (MP Biomedicals®) gradients were
then generated by overlaying 2 ml of 25, 20, 15, 10, and 5 % Nycodenz (in SHE buffer) in
ultracentrifuge tubes. The mitochondtial/SHE buffer solution was suspended on top of the
5 % Nycodenz layer, and samples were loaded into ultracentrifuge and spun at 40,000 tpm
for 35 minutes at 4’ C. 3 - 4 stratified bands were then visible in the Nycodenz gradients and |
were removed individually with a pipette. Individual bands were then diluted -with 25 ml
SHE buffer and spun at 12,000 rpm for 10 minutes. Pellets were re-suspended in 250 pl
SHE buffer and the concentration was determined once again a;s previously described by
Glick et al.,1995. Aliquots wete then frozen at -80° C for proteinase K treatment and

Western Blot analysis.

Proteinase K and PMSF Treatment:

In order to verify that Ku70p resides within the mitochondrial membrane, proteinase
K and PMSF treatment was applied to purified mitochondria prior to Western Blot analysis.
0.5 mg aliquots of purified mitochondria were thawed and washed 1 time with sorbitol
buffer (0.6 M sorbitol, 20 mM HEPES). Purified mitochondria were then re-suspended in
400 pl of sorbitol buffer. 100 pg of purified mitochondria was aliquoted into 5 Eppendorf

tubes labeled samples 1 - 5. 5 separate reactions were set up as Table 6 describes below.
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Table 6: Purified Mitochondria Proteinase K Reaction Conditions

Stages of Protection from Protease Degradation
20mM
Stage of HEPES +
Samples |Protease Sorbitol [20mM  }1% octo- 100 mg/ ml [{200mM  |Protease
Degradation buffer HEPES -|glucopyranoside |BSA PMSF 10 mg / ml
1 Intact Mitos 900ul 10yl 10yl
Mitochondria +  [900pl 10pl 10pl
Protease
3 Mitoplasts (MP) - |g00pl 10l [10pl
4 |Mitoplasts + 900pl 10pl 104l
Protease
5 Ruptured MP +
protease 900ul 10pl

After all of the individual components of all 5 reactions were asseinbled, reactions
were incubated on ice for 30 minutes and vortexed for 2 seconds every 5 minutes. 10 pl of
100 mM PMSF was added to samples 2, 4, and 5, and vortexed again. Eppendotf tubes 1-4
were spun for 5 minutes at 14,000rpm at 4° C in a micro-centrifuge. Pellets were re- .
suspended in sorbitol buffer and then transferred to a new tube, and spun again under the
same parametets. Pellets 1 - 4 were re-suspended in 250 pl sorbitol buffer and 23 pl of 50 %
TCA was added to reactions 1 - 4, and heated to 60" C for 5 minutes to denature proteinase
K. Reactions were then placed on ice for 10 minutes. Reactions 1 - 5 were spun: for 5
minutes at 14,000 rpm at 4’ C and then washed with 500 ul cold acetone, spun again, and
then re-suspended in 50 pl 2X modified sample buffer (1mM HEPES, 1mM PMSEF). All
reactions were then treated with 5X laemmli sample buffer, boiled for 5 minutes, spun

down, and analyzed by Western Blot analysis.
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Westcm-Blot Analysis:

Ku70p sub-cellular localization was verified in purified mitochondrial via Western
Blot analysis. Western Blot analysis was performed by adding 160 pg ofitotal protein from
each sample with the appropriate volume of 5X laemmli sample buffer. Samples were boiled
for '5 minutes, spun down, and loaded onto a 10% polyacrylamide gel, and run at 150 volts
for 1 hour: Gels, nitrocellulose membrane and transfer pads were incubated in semi-dry
transfer buffer (0.58%Ttis base, 0.29% glycine, 0.039% SDS, 20% methanol) for 15 minutes.
Protein was transferred to pure nitrocellulose membranes via a semi-dry transfer apparatus
for 1 hour at 15 volts. Membranes were blocked in 5% milk in TBS-T (0.88% NaCl, 0.02%
KCl, 0.3% ultra pure Tris, 0.05% Tween-20) for 1 hour.

Blots were probed with either anti-HA probe (Santa Cruz Biotechnologies®) at 1:500
to detect the presence of Ku70p:HA, anti-Histone H4 (Abcam®) at 1:1000 to verify the
purification of mitochondria from nuclei, and anti-Cox2 (Invitrogen®) to verify the presence
of mitochondria at 1:1000 in 5% milk in TBS-T overnight. The blots were washed 3 times in
TBS-T for 10 minutes each, and then secondaty goat anti-rabbit-HRP or goat anti-mouse-
HRP antibodies (purchased from Bio-Rad®) were applied at 1:2000 and incubated for 1 hour
at room temperature. The blots were washed again, and 3 ml of the combined Western
Lighting Chemiluminescent Substrate Kit (PerkinElmer®) was added to each blot and
incubated for 1 minute. Signal was detected by exposing X-OMAT AR film (Kodak®) to
blots for 1 - 5 minutes. The blots were then stripped and reprobed for alternate proteins.

The blots were initially washed 3. times in TBS-T, and stripped by incubating blots in
20 ml of stripping buffer (66.8% distilled watet, 12.5% pH 6.8, 2% SDS, 0.7% Beta-
metcaptoethanol) at 65" C for 30 minutes. Blots were re-blocked, re-probed, and signal was

detected as previously described.
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Results

Specific Aim I:

The first specific goal of my research was to determine the role of the individual
membets, as well as the entire MRX compilex and the non-homologous end joining DNA
repair pathway in the occurrence of mitochondrial and nuclear direct repeat-mediated
deletions, mitochondrial and nuclear point mutations, as well as the occurrence of
spontaneous' respiration loss. To accomplish this goal a set of Saccharomyces cerevisiae knock
out strains was generated by our collaborators ijdza Kalfia and Dr. Elaine Sia from the
University of Rochester and provided to us for use in 5 genetic assays that allowed us to
quantify the role each of these genes on these factors involved in regulating genomic
stability. Knock out strains for each of the individual members of the MRX complex and the
NHE] pathway (RAD50, MRE77, XRS2, KU70, and KU80) wete subjected to these 5 assays
to elucidate the individual role of each of theses genes in the occurrence of direct repeat-
mediated deletions, the occurrence of point mutations, as well as the occurrence of
spontaneous respiration loss. A KU70-KUS0 double mutant, a RAD50—MRE 11-XRS2 triple
mutant, 2 RAD50-KU70-KUS80 triple mutant, and 2 RAD50-MRE77-XRS2-KU70- KU80
mutant were also generated am!i subjected to these 5 assays to investigate the epistatic
interactions of these genes.

Non-homologous end joining plays a role in the occurrence of mitochondrial and
nuclear direct-repeat mediated deletions.

Direct repeat-mediated deletions (DRMD) have been shown to lead to

mitochondrial genomic instability and large scale deletions events (Zevian et al. 1989,
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Burgart et al. 1995). Therefore the direct repeat-mediated deletion assay was performed to
determine the role of the NHE] pathway on the occurrence of DRMDs. The nuclear and
mitochondrial direct repeat mediated deletion assays were performed simultaneously, but are

discussed separately below.
Mitochondrial Direct Rep_eat—Mediated Deletions:

The use of: thclARGS mitochondrial direct repeat-mediated deletion reporter allowed
for the quantification of the role of the NHE] pathway in n;jtochondrial DRMDs. Direct
repeat-mediated deletions at this locus restored the coding sequence of the COXZ2 gene and
rescued the function of oxidative phosphorylation. The restoration of oxidative
phosphorylation allowed for growth on YPG, and allowed for the detection and
determination of the rate of spoﬁtaneous mitochondrial direct repeat-mediated deletions per
cell division. The rate of mitochondrial direct repeat mediated deletions per cell division for

all strains in our MRX and NHE] knock out library are complied in Table 7 listed below.
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Yeast |Average rate of mitochondrial direct repeat- |Fold change P value
Strain megliated deletions / cell divison
wild-type 0.000156 1
rad50-A 2.01E-05 -7.75 0.00014
mre11-A 1.56E-05 -10 0.00275
Xrs2-A 3.21E-05 2 -4.84 0.00595
ku70-A 0.000458 2.9 0.00001
ku80-A 0.000144 1.07 0.62445
Ku70-A .
ku80-A 0.000556 3.57 <0.0001
rad50-A \
mrel1-A
Xrs2-A 3.62E-05 -4.29 0.00149
rad50-A .
ku70-A
ku80-A 1.43E-06 -108.48 0.00003
rad50-A
mrel1-A
Xrs2-A
ku70-A
ku80-A 2.07E-06 -75.24 0.00027

Table 7. The role of MRX complex and NHE] members in the occutrence of
mitochondrial direct-repeat medated deletions. The average rate of mitochondrial
direct repeat-mediated deletions was calculated using fluctuation analysis and the
method of the median (Lea and Coulson et al., 1949). Fold change compared to the
wild-type control is reported as positive umless otherwise noted. P values were
determined using a student’s two-tailed t-test. Statistical significance was
determined by calculating 95% confidence limits for two independent trials.

As we compare the wild-type rate of mitochondrial direct repeat mediated deletions
pet eell division to each of the mutants in our MRX complex and NHE] knockout library,
we see that all of the individual genes, with the exception of KUS0 (p=0.62), have a
statistically significant impact on the role of mitochondrial DRMDs (p=0.0001 — 0.006).
Mitochondrial DRMDs are reduced 4 — 10 fold in the absence of RADS50, MRE11, XRS2,
as well as the entire MRX complex (as seen in the RAD50-MRE77-XRS2 triple mutant).
While in contrast the rate of mitochondrial DRMD increazsed approximately 3 fold in the
absence ofi KU70 alone as well as in the KU70-KU80 double mutant. Surprisingly the loss of:
KUS&0 did not have a statistically significant role on mitochondrial direct repeat-mediated

deletions (p=0.6). The absence of the entire MRX complex and NHE] pathway lead to a
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dramatic 75 — 108 fold reduction in the occurrence of mitochondrial direct repeat mediated
deletions per cell division (p<0.001). Refer to Figure 12 below for a graphical representation
of the role of the MRX complex and the NHE] pathway in mitochondnial direct repeat-

mediated deletions.

Mitochondrial Direct Repeat-Medaited Deletions
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Figure 12. Rates of Mitochondrial Direct Repeat-Mediated Deletions. All strains were
plated on YPG, incubated for 3 over nights at 30" C, and then counted. Results shown
are the average rates of mitochondrial DRMDs per 107 cells for at least 2 independent
experiments. Error bats represent positive and negative values of the standard error.
These data suggest that the MRX complex and non-homologous end joining is

involved in the occutrence or regulation of mitochondtial direct repeat-mediated deletions in
Saccharomyces cerevisiae. Mitochondnal direct repeat-mediated deletions are reduced 75 fold
(p<0.001) in the absence of the entire MRX complex and NHE] pathway. One piece of data

that is particularly interesting is that the absence of KU&0 has no effect on the role of

mitochondrial direct repeat mediated deletions. While in contrast KU70 has a dramatic effect
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on the occurrence of mitochondrial DRMDs. This discrepancy is particularly interesting
because the literature states that Ku70p works in unison with Ku80p to repair DNA double
strand breaks, while this genetic data suggests that Ku70p may function without Ku80p in
the regulation of mitochondrial direct repeat mediated deletion events. When these data are
reviewed as 2 whole, we see that the MRX complex and NHE] are involved in regulating the

occurrence of mitochondrial direct repeat-mediated deletion events.

Nuclear Direct Repeat-Mediated Deletions:

The use of the URA3 nuclear direct repeat-mediated deletion reporter allowed for
the quantification of the role of the MRX complex and the NHE] pathway in nuclear
DRMD:s. Direct repeat-mediated deletions at this locus restored the coding sequence of the
TRPT7 gene and rescued the function of the tryptophan biosynthetic pathway, which allowed
for growth on SD-T1p, and the detection and determination of the rate of nuclear direct
repeat-mediated deletions per cell division. The rates of nuclear direct repeat mediated
deletions per cell division for all strains in our MRX and NHE] knock out library are

complied in Table 8 listed below.
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Yeast |Average rate of nulcear direct repeat- |Fold change | P value
Strain mediated deletions / cell divison
wild-type 1.04E-06 1
rad50-A 1.98E-07 -5.27 0.0003
mret1-A 2.88E-07 -3.58 0.0103
Xrs2-A 2.70E-07 -3.83 0.0087
ku70-A 5.51E-07 -1.87 0.0257
Kku80-A 7.19E-07 -1.43 0.0583
ku70-A
ku80-A 1.07E-06 1.03 0.8590
rad50-A
mre11-A
Xrs2-A 1.67E-07 -6.21 0.0008
rad50-A
ku70-A
ku80-A 1.79E-07 -5.76 0.0011
rad50-A
mre11-A
Xrs2-A
Ku70-A
ku80-A 2.41E-07 -4.28 0.0018

Table 8. The role of MRX complex and NHE] members in the occutrence of nuclear
direct-repeat mediated deletions. The average rate of nuclear direct repeat mediated
deletions was calculated using fluctuation analysis and the method of the median
(Lea and Coulson et al., 1949). Fold change compared to the wild-type control is
reported as positive unless otherwise noted. P values were determined using a
student’s two-tailed t-test. Statistical significance was determined by calculating 95%
confidence limits for two independent trials.

Upon comparison of the wild-type rate of nuclear direct repeat mediated deletions
per cell division to each of the mutants in our MRX complex and NHE] knockout library,
we see that all of the individual genes, with the exception of KU80 once again (p=0.058),
have a statistically significant impact on the rate of nuclear DRMD:s per cell division
(p=0.003 — 0.025). Nuclear DRMDs were reduced 3 - 5 fold in the absence of RAD50,
MRET1, XRS2, as well as the entire MRX complex (as seen in the RAD50-MRE71-XRS2
triple mutant). Where as the rate of nuclear DRMD:s per cell division was only slightly
impacted by the loss of KU70 as seen by the 1.87 fold reduction in the occurrence of

spontaneous nuclear DRMDs. Once again it was surprising to discover that the loss of KU80
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did not have a statistically significant role on the occurrence of nuclear direct repeat-
mediated deletions (p=0.058). This trend was further reinforced while reviewing the data for
the KU70-KU80 double mutant. The KU70-KU80 double mutant showed neatly zero change
in the rate of nuclear DRMDs per cell division over that of the wild-type (p=0.85). The
absence of the entire MRX complex and NHE] pathway lead to a dramatic 4 - 5 fold
reduction in the occurrence of nuclear direct repeat-mediated deletions per cell
division(p=0.001). Refer to Figure 13 below for a graphical representation of the role of the
MRX complex and the NHE] pathway in the occurrence of nuclear direct repeat-mediated

deletions.
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Nuclear Direct Repeat-Mediated Deletions
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Figure 13. Rates of Nuclear Direct Repeat-Mediated Deletions. All strains were
plated on SD-T1p, incubated for 3 over nights at 30" C, and then counted. Results
shown are the average rates of nuclear DRMD’s per 107 cells for at least 2
independent experiments. Error bars represent positive and negative values of the
standard error.

These data support the role of the MRX complex and non-homologous end joining
in the occurrence of nuclear direct repeat-mediated deletions in Saccharomyces cerevisiae.
Nuclear direct repeat-mediated deletion events are significantly reduced in the absence of the
MRX complex and the non-homologous end joining pathway by 4 — 5 fold (p=0.001). Once
again we see that KU70 and KUS0 may possess unequal roles in regulating the occurrence of
spontaneous direct repeat mediated deletions. The loss of KU70 results in a significant 1.87
fold decrease in the occurrence of DRMDs, while the loss of KU80 did not (p=0.025 and
p=0.058 respectively.) Furthermore, the absence of the entire KU complex showed neatly

no impact on the regulation of the occurrence of nuclear direct repeat mediated deletion
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events. Yet, when these data are reviewed as 2 whole, we see that the MRX complex and
NHE] is involved in regulating the occurrence of direct repeat meditated deletions.

The non-homologous end joining DNA repair pathway is involved in regulating the
occurrence of spontaneous mitochondrial point mutations.

To determine the role of the MRX complex and non-homologous end joining in the
occutrence of spontaneous mitochondrial point mutations in Saccharonyces cerevisiae the
mitochondrial point mutation assay was performed. Both the wild-type and each of the
mutants in our MRX complex and NHE] library were subjected to this assay at least 2 times,
and the rate of erythromycin resistance when plated on YG plus 0.4% erythromycin was
determined using fluctuation analysis and the method of the median (Lea and Coulson et al,,
1949). The rates of erythromycin resistance for each strain in our MRX and NEH] knock

out library are listed below in Table 9.
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Yeast |Average rate of mitochondrial point  [Fold change P value
Strain mutations / cell division
wild-type 1.06E-07 1
rad50-A 1.79E-07 1.68 0.2380
mre11-A 7.10E-08 -1.48 0.1860
Xrs2-A. 4.77E-08 -2.21 0.0224
ku70-A 1.41E-07 1.33 '] 0.2730
ku80-A 9.64E-08 1.09 0.8245
ku70-A -
ku80-A 1.00E-07 1.05 0.8650
rad50-A
mre11-A
Xrs2-A 7.87E-08 134 0.2905
rad50-A
ku70-A
ku80-A 9.52E-08 -1.11 0.7536
rad50-A
mre11-A
Xrs2-A
ku70-A
ku80-A 7.90E-09 -13.38 0.0126

Table 9. The role of MRX complex and NHE] members in the occurrence of
spontaneous mitochondtial point mutations. The average rate of mitochondrial point
mutations was calculated using fluctuation analysis arid the method of the median-
(Lea and Coulson et al., 1949). Fold change compared to the wild-type control is
reported as positive unless otherwise noted. P values were determined using a
student’s two-tailed t-test. Statistical significance was determined by calculalmg 95%
confidence limits for two independent trials.

As we compare the wild-type rate of spontaneous mitochondrial point mutations per
cell division to each of the mutants in our MRX complex and NHE] knockout library, we
see that XRS2 is the only gene that directly regulates the occurrence of spontaneous
mitochondrial point mutations (p=0.18-0.82). In the absence of XRS2 mitochondral point
mutations were reduced a statistically significant 2.2 fold (0.022). The rate of mitochondrial
point mutations per cell division decreased a significant 13.3 fold in the absence of the entire

NHE] DNA repait pathway as seen in the RAD50-MRE17-XRS2-KU70-KU80 mutant

(p=0.012). Refer to Figure 14 below for a graphical representation of the role of the MRX
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complex and NHE] members in the occurrence of spontaneous mitochondrial point

mutations.

Average Rate of Erythromycin Resistance
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Figure 14. Rates of Erythromycin Resistance. All strains were plated on YG plus 0.4%
Erythromycin, incubated for 7 over nights at 30" C, and then counted. Results shown
are the average rates of erythromycin resistance per 10° cells for at least 2
independent experiments. Error bars represent positive and negative values of the
standard error.

These data suggests that the only member of the NHE] DNA repair pathway that
plays a role in regulating the occurrence of spontaneous mitochondrial point mutations in
Saccharomyces cerevisiae 1s XRS2. When XRS2 is disrupted the rate of erythromycin resistance
decreases 2.2 fold over the wild-type. When the entire NHE] pathway was disrupted (as seen
in the RAD50- MRE77-XRS2 KU70-KUS0 mutant) the rate of erythromycin resistance
decreased 13.4 fold compared to the wild-type control. These data suggest that non-

homologous end joining DNA repair pathway is involved in the regulation of mitochondrial
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point mutations, and supports our hypothesis that this pathway is intricately involved in the

regulation of mitochondrial genome integrity.

' The MRX complex and non-homologous end joining regulates the occurrence of
spontaneous nuclear point mutations.

To determine the role of the MRX complex and non-homologous end joining in the
occurrence of spontaneous nuclear point mutations in Saccharomyces cerevisiae the nuclear point
mutation assay was performed. Both the wild-type and .each of the strains in our MRX
cc;mplcx and NHE] knockout libraty were subjected to this assay at least 2 times, and the
rate of canavanine resistance when plated on SD-Arg plus 0.006% canavanine was
determined using fluctuation ar;alysis and method of the median (Lea and Coulson et al.,
1949). The rates of canavanine resistance for each strain in our MRX and NEH] knock out

library are listed in Table 10 below.
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Yeast |Average rate of nuclear point |Fold change | P value
Strain mutations / cell division
wild-type 2.22E-07 1

rad50-A 9.90E-08 -2.42 0.0010
mre11-A 3.18E-07 1.43 0.0585
. Xrs2-A 4.26E-07 1.92 0.0001
ku70-A 2.19E-07 1.01 0.894
ku80-A 2.12E-07 1.04 0.657
ku70-A

ku80-A 2.31E-07 1.04 0.785
rad50-A
mre11-A _

Xrs2-A 5.38E-07 2.45 0.0037
rad50-A

ku70-A

ku80-A 1.93E-06 8.69 0.0001
rad50-A )
mre11-A

Xrs2-A

ku70-A

ku80-A 4.98E-07 2.24 0.0006

Table 10. The role of MRX complex and NHE] members in the occurrence of
spontaneous nuclear point mutations. The average rate of nuclear point mutations
was calculated using fluctuation analysis and the method of the median (Lea and
Coulson et al., 1949). Fold change compared to the wild-type control is reported as
positive unless otherwise noted. P values were determined using a student’s two-
tailed t-test. Statistical significance was determirnied by calculating 95% confidence
limits for two independent trials.

s

Upon the review of Table 10 we see that the wild-type rate of spontaneous nuclear
point mutations per cell division for each of the mutants in our MRX and NHE] knockout
library, we see that XRS2 and RAD50 directly regulate the occurrence of spontaneous
nuclear point mutations. In the absence of XRS2 nuclear point mutations increase a
statistically significant 1.92 fold (p=0.0001). While in contrast, when RAD50 is disrupted the
rate of spontaneous nuclear point mutations decreases a significant 2.42 fold (p=0.001).
Furthermore the absence of MRE71, KU70, KU80, and both KU70 and KU80 did not have a
significant impact on the rate of canavanine resistance in this study (p=0.058 — 0.89). In the

absence of a functional MRX complex the rate of spontaneous nuclear point mutations
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increases a significant 2.4 fold (p=0.003), and when members of both the MRX and KU
complexes are disrupted (as seen in the RADS50-KU70-KU80 triple mutant) the rate of
spontaneous nuclear point mutations increases a significant 8.6 fold (p=0.0001). Interestingly
when all 5 members of the pathway are disrupted the rate of spontaneous nuclear point
mutations increases only 2.24 fold (p=0.0006). Refer to Figure 15 below for a graphical
representation of the role of the MRX complex and NHE] members in the occurrence of

spontaneous nuclear point mutations.
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Figure 15. Rates of Canavanine Resistance. All strains were plated on SD-
TRP+0.006% canavanine, incubated for 7 over nights at 30° C, and then counted.
Results shown are the average rates of canavanine resistance per 10° cells for at least
2 independent experiments. Error bars represent positive and negative values of the
standard error.

These data suggests that the MRX complex and the non-homologous end joining
DNA repair pathway are involved in the regulation or processing of spontaneous nuclear
point mutations in Saccharoniyces cerevisiae. Taken together, these data support the highly

established role of the MRX complex and non-homologous end joining in maintaining

genomic stability and repair.
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The MRX complex and the non-homologous end joining pathway are required for
maintaining the capacity for cellular respiratory in Saccharomyces cerevisiae.

In order to document the role of the MRX complex and the non-homologous end
joining pathway in maintaining cellular resp-iraﬁon in Saccharomyces cerevisiae the spontaneous
respiration loss assay was performed on each of the strains in our MRX and NHE] knock
out library. Each strain was subjected to this assay at least 3 times and the frequency of
spontaneous respiration loss was then determined. Cells which have spontan;eously lost the
capacity for respiration can be detected using the petite phenotype when plated on YPG plus
0.2% dextrose. The role of each of the members of the MRX complex and the NHE] DNA

repair pathway in the frequency of spontaneous respiration loss in Saccharomyces cerevisiae is

listed in Table 11 below.
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Yeast |Frequency of average median |Fold change | P value
Strain percent respiration loss
wild-type 2.25 1
rad50-A 2.48 1.10 0.6124
mre11-A 298 1.33 0.3477
Xrs2-A 2.86 1.27 0.5333
ku70-A 1.80 -1.25 0.4662
ku80-A 2.01 -1.12 0.6605
ku70-A
ku80-A 1.83 -1.23 0.5028
rad50-A
mre11-A .
Xrs2-A 5.38 2.39 0.0003
rad50-A
ku70-A
ku80-A 7.85 3.49 0.00001
rad50-A
mre11-A
Xrs2-A
ku70-A
ku80-A 7.97 3.54 0.0026

Table 11. The role of MRX complex and NHE] members in the occurrence of
spontaneous respiration loss. The frequency of average median percent respiration
loss was calculated by scoring yeast colonies as either grande or petite and then
dividing the number of petite colonies by the total number of colonies. The median
for'each independent trial was then taken and an average rate of median percent
respiration loss was then determined for at least 4 independent trials. Fold change
compared to the wild-type control is reported as positive unless otherwise noted. P
values were determined using a student’s two-tailed t-test. Statistical significance
was determined by calculating 95% confidence limits for two independent trials.

After carefully reviewing Table 11 we see that none of the individual genes in the
MRX complex and the non-homologous end joining DNA repair pathway are involved in
regulating spontaneous respiration loss in Saccharomyces cerevisiae (p=0.34-0.66). The absence
of the entire KU complex (KU70 and KU&0) once again did not have a significant effect on
the occurrence of spontaneous respiration loss over that of wild-type control (p=0.50). Yet
when the entire MRX complex was compromised the frequency of spontaneous respiration

loss increased a significant 2.39 fold (p=0.0003). In the absence of RAD50, KU70, and

KU80 the observed frequency of spontaneous respiration loss increased a significant 3.49
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fold compared to that of the wild-type control (p=>5.1E-6). The frequency of spontaneous
respiration loss increased 3.54 fold in the absence of all 5 members of the NHE] pathway
over the wild-type control (p=0.002). Refer to Figure 16 below for a graphic representation

of the role of the MRX complex and the NHE] pathway in the occurrence of spontaneous

respiration loss.
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Figure 16. Frequencies of Spontaneous Respiration Loss. All strains were plated on
YPG plus 0.2% dextrose, incubated for 3 over nights at 30° C, and then scored and
counted. Results shown are the average median percent respiration loss of at least 4
independent experiments. Error bars represent positive and negative values of the
standard error.

These data suggests that individual members of the non-homologous end joining
DNA repair pathway do not appear to directly impact the rate of spontaneous respiration
loss in Saccharomyces cerevisiae. However, the absence of the MRX complex and the entire non-

homologous end joining pathway does lead to a significant increase in the observed

frequency of spontaneous respiration loss. These data taken together support our hypotheses
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that the MRX complex and non-homologous end joining regulate cellular respiration, and

mitochondrial genome integrity.

Specific Aim II:

The second goal of this study was to localize non-homologous end joining factor
Ku70p to the mitochondria using a cellular fractionation protocol (devised by Glick and Pon
m 1995) followed by western blot analysis. The localization of a NHE] factor to the
mitochondrial genome of Saccharomyces cerevisiae, combined with the findings presented in
specific aim I of this study would strongly support to our preliminary hypothesis. In order
to perform this task we had to verify that we had isolated and purified mitochondrial
fractions. To determine if mitochondrial fractions have been successfully isolated they were
probed for the presence of Cox2p as a positive control. When equal volumes of total protein
from a whole cell lysate and mitochondnial fractions were analyzed by western blot analysis,
there should be an enrichment of Cox2p within the cellular fraction containing
mitochondria. The enrichment of Cox2p suppotts the purification of mitochondna by
verifying an increased concentration of mitochondrial proteins per unit weight of total
protein. An enrichment in the presence of Cox2p within mitochondrial fractions among
equal amount of total protein from a whole cell lysate were verified by an increase in Cox2p
associated signal using western blot analysis.

After we had determined that Cox2p was enriched within the cellular fractions
corresponding to mitochondria, it became necessary to verify that these fractions did not
possess any nuclear material which may skew these NHE] localization results. In order to

document mitochondtia that these mitochondrial fractions had been purified of all nuclear
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material, they were probed for the presence of nuclear protein Histone H4. The absence of
Histone H4p in mitochondrial fractions can confirm the absence of nuclear proteins within
these fractions, and confirm the successful purification of mitochondria.

In order to localize the NHE] factor Ku70p to the mitochondtia 2 KU70:-HA
epitope strain was generated by our collaborators at the University of Rochester and
provided for our use in this study. This strain allowed for detection of Ku70p using an anti-
HA: antibody. The anti-HA probe was used to monitor for the presence of Ku70:HAp in a
whole cell lysate positive control, and in the 3 — 4 bands present in the discontinuous
Nycodenz gradients following ultracentrifugation which corresponded to purified
mitochondrial fractions. A negative whole cell lysdte control was used in this localization
experiment to verify the specificity of the HA antibody. Once we verified that Ku70:-HAp
can be localized to purified mitochondral fractions, proteinase K treatment was performed
upon these fractions to determine at what stage Ku70:HAp was susceptible to degradation. ™"~
The proteinase K treatment is designed to sequentially remove the outer and inner
mitochondrial membranes, and aide in the determination of the precise location of
Ku70:HAp within the mitochondria. The samples which resulted from the proteinase K
treatment were prc;bcd for the presence of Ku70:HAp to identify the precise-location of this

protein within the mitochondria of Saccharomyces cerevisiae.

Mitochondria can be isolated from cellular fractions in Saccharomyces cerevisiae.
Saccharomyces cerevisiae cultutes were hatrvested, lysed, and fractionated according to the

methods devised by Glick and Pon in 1995. To determine if cellular fractions isolated by the

previously described method were purified mitochondtia, they probed for the presence of

Cox2p in an attempt to verify an enrichment of mitochondria and mitochondrial proteins
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per unit weight of total protein over the whole cell lysate control. A whole cell lysate was
generated for use in determining the banding pattern associated with the presence of Cox2p,
and for use in the relative quantification of the levels of Cox2p in the_ whole cell lysate and
the mitochondrial fractions. Total protein content was determined using the Bio-Rad protein
assay system, and 100 pg of total protein from the whole cell lysate and the mitochondrial
fractions were loaded on a 10% acrylamide gel, and probed for Cox2p. The results are |

displayed in Figure 17 below.

Enrichment of Cox2p within
Mitochondrial Fractions

WCL Mitochondrial Fractions 1 -4

28 kDa

Figure 17. Enrichment of Cox2p in mitochondrial fractions. 100 pg of total protein
was loaded for both the whole cell lysate control in lane 1, and for mitochondrial
fractions 1-4 in lanes 2 — 5 respectively. Samples were loaded on a 10% acrylamide
gel and probed for the presence of Cox2p at 1:1000 dilution.

From Figure 17 it becomes evident that Cox2p is enriched in mitochondrial fractions

1 - 4. Enrichment can be verified due to the knowledge that equal amounts (100 pg) of total

protein were loaded for all samples. From this figure we see 5 robust bands at 28 kDa which
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* is consistent with the size of Cox2p in Saccharomyces cerevisiae (SGD). 100 pg of total protein
from the whole cell lysate control was loaded in lane 1, and from mitochondrial fractions 1 —
4 were loaded in lanes 2 — 5. Lanes 2 - 5 of Figure 17 show a significantly increased signal
associated with the presence of Cox2p over the whole cell lysate control. With the
verification of the enrichment of Cox2p m-tlru.n mitochondsial fractions over the whole cell

lysate control, we can infer that we have successful isolated mitochondria for § accharomyces

cerevisiae.

Histone H4 protein is absent in mitochpndrial fractions.

After the confirmation of the successful isplation of mitochondrial from yeast cells
using the methods devised by Glick and Pon in 1995, it became necessary to verify that these
1solated mitochondrial fractions were free of nuclear containments. To perform this task
mitochondrial fractions were probed for nuclear protein Histone H4 to confirm that these
fractions were free of nuclear prote;;ls. As previously described total protein content of the
whole cell lysate control and mitochondrial fractions wete determined using the Bio-Rad
Protein Assay system, and as described in methods devised by Glick and Pon 1n 1995. 100
pg of total protein were loaded for all samples, which were then run 10% acrylamide gel, and

probed for Histone H4. These results are displayed in Figure 18 below.
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Absence of Histone H4 in
Mitochondrial Fractions 1 - 3

WCL Mitochondrial Fractions 1 -4
Lane 1 2 3 4 5

11 kDa

Figure 18. Absence of nuclear protein Histone H4 in purified mitochondrial
fractions. 100 pg of total protein was loaded for the WCL in lane 1 and mitochondrial
fractions 1—-4 in lanes 2 — 5. Samples were loaded on a 10% acrylamide gel and
probed for Histone H4 protein at 1:500 dilution.

Figure 18 demonstrates that mitochondrial fractions 1 - 3 loaded in lanes 2 — 5 are
devoid of nuclear protein Histone H4, and thus verify the successful purification of
mitochondria from Saccharomyces cerevisiae. In Figure 18 we see a faint band at 11 kDa in lane
1 and lane 5, which is consistent with the size of Histone H4 protein in Saccharomyces cerevisiae
(SGD). Knowing that equal amounts of total protein were loaded for both the whole cell
lysate control and purified mitochondtial fractions 1 - 4, we can be sure that the signal
associated with Histone H4 protein in lanes 1 and 5 (at 11 kDa) is absent in lanes 2, 3, and
4. This lack of signal in lanes 2, 3, and 4 verify the absence of Histone H4 in mitochondtial

fractions 1, 2, and 3, but not 4. Figure 18 verifies that mitochondrial fractions 1 — 3 have

been successfully purified of nuclear protein Histone H4, and we can infer that these
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mitochondrial fractions have been successfully purified according to the methods devised by

Glick and Pon in 1995.

Non-homologous end joining factor Ku70:HA protein can be localized to purified
mitochondria in Saccharomyces cerevisiae.

Now that mitochondrial fractions which were isolated from 506:.5@»?}68; cerevisiae
according to the methods devised by Glick and Pon have been verified as purified
mitochondria, we then set out to verify that the NHE] factor Ku70p can be localized to the
mitochondria. In order to perform this task purified mitochondrial fractions were probed for
Ku70:HAp using the anti-HA antibody. A whole cell lysate positive control derived from the
KU70:HA strain and a whole cell lysate negative control derived from a wild-type strain
which possessed a wild-type Ku70p were used to demonstrate the specificity of the ant-HA
antibody, and to determine the banding pattern associated with the presence of Ku70:HAp.
The negative control ensures that all of signal detected is due to the presence of HA epitope
fused to the NHE] factor Ku70p. As before equal amounts of total protein were loaded for
both of the whole cell lysate controls and purified mitochondrial fractions 1 — 3. 50 pg of
total protein were loaded for all samples on a 10% acrylamide gel, and then probed for the
HA epitope fused to NHE] factor Ku70p at a 1:500 dilution. The results are displayed in

Figure 19 below.
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Presence of NHEJ factor Ku70:HAp
in purified mitochondrial fractions

WCL(+) WCL(-) Mitochondrial fractions 1 -3

Lane

95 kDA

Figure 19. Presence of NHE] factor Ku70:HAp in purified mitochondrial fractions. 50
ng of total protein were loaded for the positive WCL control in lane 1, the negative
WCL control in lane 2, and mitochondrial fractions 1— 3 in lanes 3 - 5. Samples were
loaded on a 10% acrylamide gel and probed for HA epitope at 1:500 dilution.

Figure 19 demonstrates that the non-homologous end joining factor Ku70p can be
localized to the mitochondria in Saccharomyces cerevisiae. In this figure we see bands at 95 kDA
in lanes 1 and 5 which is consistent to size of the Ku70:HA fusion protein. An absence of
signal at 95 kDa 1n lane 2 confirms the specificity of the ant-HA antibody, and verifies that
all of the detected signal is due to the presence of Ku70:HAp. The presence of Ku70:HAp

signal in lane 5 verifies that Ku70p can be localized to mitochondrial fractions, and the

mitochondtia in Saccharomyces cerevisiae.
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Non-homologous end joining factor Ku70:HA protein appears to be localized to the

outer mitochondrial membrane in Saccharomyces cerevisiae.

To further determine the location of NHE] factor Ku70:HAp within the
mitochondria, proteinase K treatment was performed to sequentially remove each of the
mitochondrial membranes according to the protocol adapted by Heather Fuimera at Cotnell
University. Samples taken from mitochondtial fraction 3 which had been verified to contain
Ku70:HAp (see Figure 19), were subjected to the previously described proteinase K
treatment protocol. 50 pg of total protein were loaded for all samples on to a 10% |
acrylamide gel, and probed for the prescnc; of Ku70:HAp using the anti-HA antibody at a

1:500 dilution. These results are displayed in Figure 20 below.
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Ku70:HAp is localized to
the outer mitochondrial membrane

Samples 1 — 5 resulting from protease treatment

WCL (+) WCL(-) *1” 2 13" “4" 5"

Lane
95 kDA

Figure 20. Ku70:HAp is present within the outer mitochondrial membrane. 50 pg of
total protein was loaded in all lanes on a 10% acrylamide gel and probed for
Ku70:HAp at 1:500 dilution. Lane 1 contains a KU70:HA WCL, Lane 2 contains a
wild-type WCL, lane 3 contains untreated purified mitochondria known as “sample
17, lane 4 contains purified mitochondria treated with 20 pl of 5 mg/ml proteinase K
known as “sample 2”7, lane 5 contains mitoplasts (mitochondria lacking the outer
membrane) known as “sample 3”, lane 6 contains mitoplasts plus 20 pl of 5 mg/ml
proteinase K known as “sample 4”, and lane 7 contains ruptured mitoplasts plus 20 ul
of 5 mg/ml proteinase K known as “sample 5”.

Figure 20 demonstrates that NHE] member Ku70:HAp can be localized to the outer
mitochondrial membrane in Saccharomyces cerevisiae. Lane 1 contains 50 pg of total protein
from a whole cell lysate positive control derived from the KU70:HA epitope tagged strain.
Lane 2 contains 50 ug of total protein from a whole cell lysate negative control derived from
the wild-type strain. Lane 3 contains 50 pg of total protein from sample 1 which was treated
with the sorbitol buffer, 100mg/ml BSA, and 200 mM PMSF. Sample 1 contains purified
intact mitochondria, as well as NHE] factor Ku70:HAp. Lane 4 contains 50 pg of total

protein from sample 2 which was treated with the sorbitol buffer, 100mg/ml BSA, and with
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5 mg/ml proteinase K. Ku70:HAp does not appeat to be present in lane 4. Lane 5 contains

" 50 pg of total protein from sample 3 which was treated with the 20 mM HEPES, 100mg/ml
BSA, and 200 mM PMSF. The resulting product in sample 3 are mitoplasts (mitochondria
which have had the outer membrane removed), appears to possess Ku70:HAp. Although the
resulting products from sample 5 are mitoplasts, the outer mitochondrial membrane still
remains fragmented in solution. Lane 6 contains 50 pg of: total protein from sample 4 which
was treated with the 20 mM HEPES, 100mg/ml BSA, and 5 mg/ml proteinase K.
Ku70:HAp does not appear to be I;resent in sample 4. Lane 7 contains 50 pg of total protein
from sample 5 which was treated with the 20 mM HEPES plus 1%octo glucopryanoside,
and 5 mg/ml proteinase K. The resulting product in sample 5 is ruptured mitoplasts which
have been treated with proteinase K. Ku70:HAp is not present in sample 5. From figure 20
we can see that NHE] factor Ku70:HAp is present in purified mitochondria, and appears to

be localized to t'he outer mitochondﬁal membrane of § affban;rﬂjm cerevisiae.

Discussion:

Mitochondrial genome maintenance is required for eukaryotic cell viability. As
previously aescribcd, the mitochondrial genome encodes for several proteins necessary for
oxidative phosphorylation and the ribosomal and transfer RNAs which are required for their
synthesis. Similar to the nuclear genome, the mitochondrial genome is constantly under
insult from exogenous and endogenous factors such as jonizing radiation and reactive
oxygen species which have been shown to reduce its integrity in aging individuals.
Replication errors by the mitochondrial DNA polymerase, the inefficient repair of ROS
induced mtDNA damage, the acquisition of spontaneous mtDNA point mutations, and

spontaneous mitochondrial direct repeat-mediated deletions have all been known to occur

83



within the mitochondrial genome in both yeast and human. Diabetes, deafness, sudden
death, CPEO, Pearsons disease, hepatocellular carcinoma, and Kearns-Sayers disease are all
known to occur as a result of mitochondrial DNA mutations (refer to Table 2). Since the
mitochondrial genome is constantly under mutagenic threats, it relies upon the efficient
targeting of nuclear encoded DNA tepair proteins to the site of mtDNA émage- Ina
review of mtDNA repair pathways it has been suggested that the primary mechanisms for
mtDNA repair are mismatch repair (MMR),-base excision repair (BER), direct reversal (DR),
and recombinational repair (RER) ( Larsen et al, 1995). Refer to Figure 4 for a complete
comparison of the nuclear and mitochondrial DNA repair pathways.

We performed this study because we had a preliminary hypotheses that the MRX
complex and the NHE] pathway function with in the mitochondria to regulate
mitochondrial stability and repair. Furthermore we hypothesize that the absence of the MRX
complex and non-homologous end joining will alter the-ovem]l stability of the mitochondrial
genome. To perform this task we set two Specific Aims. Aim I was to determine the role of
the MRX complex and non-homologous end joining in the occurrence of mitochondrial and
nuclear direct repeat-mediated deletions, the occurrence of mitochondrial and nuclear point
mutations, as well as the occurrence of spontaneous respiration loss within the model
organism, Saccharomyces cerevisiae. Aim 11 was to localize the non-homologous end joining

factor Ku70p to the mitochondria using cellular fractionation and Western blot analysis. The

results of this study will be discussed in subsections witlr regard to Specific Aim 1 and 2.
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Specific Aim I

The MRX complex and the non-homologous end joining DNA repair pathway are
directly involved in the regulation of mitochondrial direct repeat-mediated deletions.

To determine the role of the MRX complex and the NHE]J pathway in the
occutrence of spontaneous direct repeat mediated deletions the direct repeat-mediated
deletions assay was performed upon all of the strains in our NHE] knock out library. Refer
to Table 7 and Figure 12 for the role of MRX complex and NHE] members in the
occurrence of spontaneous mitochondrial DRMDs.

From Table 7 we see that the loss of RAD50, MRE77, and XRS2 all lead to a
significant 4 - 10 fold decrease in the rate of mitochondrial direct repeat-mediated deletions
(p<0.006). While in contrast, in the absence of KU70 the rate of mitochondrial DRMDs
increases 2.9 fold (p=0.0001). This same trend is observed i the absence of both KU7 0 and
. KU&0, but not in the absence of KUS( alone as the absence of KU80 had no effect on the
occurrence of mitochondrial DRMDs (p=0.62). Due to the fact that the loss of KU80 had
little effect on the rate of mitochondrial DRMDs, the increase in mitochondrial DRMDs
observed in the KU70-KUS0 double mutant over the KU70 single mutant may be due to the
loss of KU70 alone. While in contrast, in the absence of RADS50, KU70, and KUS80 as well as
the entire NHEJ DNA repair pathway there is a 70-100 fold decrease in the occurrence of
spontaneous DSB induced mitochondrial direct repeat-mediated deletions (p<0.0003).

The results obtained from our mitochondtial direct repeat-mediated deletion assay
lead me to hypothesize that the KU complex may posses a regulatory role in determining
which DNA double strand break repair pathway is initiated upon the discovery of a mtDNA

DSB with in the cell. Therefore I would like to present three hypotheses regarding the
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mitochondrial DRMD data. First, mitochondrial and nuclear DRMDs occur as a result ;)f
single strand annealing SSA. Second, the KU complex acts to inhibit the occurrence of
mitochondrial single strand annealing which thereby alters the rate of mitochondrial direct
repeat-mediated deletions. Third, Rad50p, Mrel1p, and Xrs2p ate involved in the
occurrence of SSA, therefore the absence of these factors reduces the occurrence of SSA,
and thus reduces the rate of mitochondrial direct repeat-mediated deletions observed in this
study.

Single strand annealing (SSA) is thought to be the leading mechanism for the
occurrence of nuclear direct repeat-mediated deletions, and appears to also be directly
involved in the occurrence of mitochondrial direct repeat-mediated deletions. Single strand
annealing is occurs following a DNA DSB within two directly repeating DINA sequences.
The 3’ ends of one strand on each side of the DNA DSB is processed by an exonuclease
exposing the homologous repeating sequences. These repeating sequences on opposite
strands are complementary and can thus anneal to one another leaving non-homologous
flaps. These non-homologous flaps can then be processed.and the remaining gaps can be
filled. SSA results in the deletion of one of the directly repeating sequences as well as DNA
between these directly sequences (Phadnis et al, 2005). A diagram for the generation of a
direct repeat mediated deletion event due to single strand annealing is presented in Figure 21

below.
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Figure 21. The mechanism for the generation of direct repeat-mediated deletion
events due to single strand annealing. Figure created by Phadnis et al, 2005.
Published by Phadnis et al, 2005. Genetics 171: 1549-1559.

Based upon the previously described hypothesis, the absence of the Ku complex
(and specifically Ku70) would account for the increase in the observed rate of mitochondrial
direct repeat-mediated deletions compared to the wild-type control. In the event that my
hypothesis is correct in that mitochondrial SSA annealing is a source for the occurrence of
mitochondrial direct repeat-mediated deletions, 2 reduction in the functional activity of SSA
would lead to a reduction in the occurrence of mitochondrial direct repeat-mediated
deletions.

In order for the site specific direct repeat-mediated deletion event to occur at our

mitochondrial reporter, a DNA double strand break must occur downstream of the ATG

start codon. After the double strand break has occurred it may be repaired through 3 highly
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compeitive DNA repair mechanisms; single strand annealing (SSA), gene conversion (GS),
and recombinational repair.

The Sacchromyces genome database (SGD) states that direct repeat mediated deletions
occur as a result of single strand annealing (SSA), while others have suggest that SSA
generates DRMDs only 80% of the time (Ivanov et al, 1996). Ivanov et al. induced HO-
endonuclease double strand breaks between directly duplicated E. co/f LacZ genes to
investigate the occurrence of direct repeat-mediated deletions in Sacchromyces cerevisiae. Using
this reporter construct they determined that direct repeat-mediated deletions occurred as the
result ofisingle strand annealing 80% of the time, while these double strand breaks were
tepaired using gene convetsion (ot Holiday junction formation) the remaining 20% of the
time. Although single strand annealing has been well documented, all of the genes involved
in regulating the occurrence of SSA have yet to be discovered. Ivanov et al stated that
RADS2 is required for SSA, while RAD50 and XRS2 are involved in the occurrence of SSA.
In this study R4D50 and XRS2 mutants possessed only 40-50% of the wild-type single
strand annealing capacity.

The role of RAD50 and the MRX complex in the occurrence of single strand
annealing following 2 DNA DSB has been further supported by findings published by
Clerici et al. in 2005. In this study Clerici et al. in 2005 demonstrated that HO-endonuclease
induced DNA DSB residing between two directly repeating DNA sequences showed
impaired single strand annealing in the presence of 2 mutant RADS50 allele. Therefore, from
the work published by Ivanov et al., and Clerici et al., MRX complex members are directly
involved in the occurrence of single strand annealing following a DNA DSB between two

direct repeats.
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In a recent study it was discovered that there is a hierarchy which regulates the
occurrence of the single strand annealing, gene conversion, and non-homologous end
joining. In this article (published by Mansour et al, 2008) it was determined using GFP SSA,
GFP GC, and GFP NHE] reporter constructs, that each of these DNA repair pathways is
competitively regulated at the oc@mce of induced DNA double strand breaks. These
authors discovered that the KU complex (KU70 and KU80) as well as RAD57 possessed the
ability to inhibit the occurrence of single str;.nd annealing and gene conversion (Mansour et
al, 2008). Therefore it is logical that the absence of Ku mediated SSA inhibition would lead
to an increase in the occurrence of single strand annealing. Furthermore, if my hypothesis is
correct in that mitochondtrial DRMDs occur as a result of SSA, the absence of .KU mediated
SSA inhibition would account for the increase in the observed rate of mitochondrial direct
repeat-mediated deletions in the absence of KU70 and KU70 and KUS0.

While the findings of Mansour et al, and the mitochondrial DRMD data presented in
this study, it appears that the KU complex may act to inhibit SSA within the mitochondria in
a manner similar to nuclear KU mediated SSA inhibition. Therefore my hypothesis may be
correct in that the increase in the observed rate of mitochondrial DRMDs associated with
the loss of KU70, as well as KU70 and KU80, may be due to removal of KU mediated SSA
inhibition. Furthermore, if mitochondrial DRMiDs occur due to SSA (as their nuclear
counterparts have been shown to do), this would account for the increase in mitochondrial
DRMDs associated with the loss of the KU complex.

The findings of Ivanov et al,, Clerici et al, and the mitochondrial DRMD data
presented in this study appear to support the hypothesis that the absence of Rad50p,
Mrellp, and X£52p leads to a 4 — 7 fold reduction in the occurrence of mitochondrial

DRMD:s (p<0.006) by decreasing the activity of mitochondrial SSA. Therefore it appears
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that the decrease in mitochondrial DRMD:s associated with the loss of the MRX complex
and the entire NHE] pathway is due to the impairment of single strand annealing following a
mitochondrial DNA double strand break.

In conclusion we have demonstrated that the MRX complex and the non-
homologous end joining DNA repait pathway are directly involved in regulating the
occurrence of mitochondrial direct repeat-mediated deletions, and that the impairment of
this pathway greatly effects the stability of the mitochondrial genome in the I:'rudd'mg yeast,

Saccharomyces cerevisiae.

The MRX complex and the non-homologous end joining DNA repair pathway are
directy involved in the regulation of nuclear direct repeat-mediated deletions. _

To determine the role of the MRX complex and the NHE] pathway in the
occurrence of spontaneous nuclear direct repeat mediated deletions the direct repeat-
mediated deletions assay was performed upon all of the strains in our NHE] knock out
library. Refer to Table 8 and Figure 13 for the role of MRX complex and NHE] members in’
the occurrence of spontaneous nuclear direct repeat-mediated deletions.

While reviewing the data from our nuclear DRMD assay in Tablle 8, we see that the
loss of any of the individual members of the MRX complex as well as the entire NHE]
pathway resulted in an approximate 4 fold reduction in the occurrence of nuclear DRMDs
(p<0.002). When all 3 members of the MRX complex are disrupted there is a 6 fold
decrease in the occurrence of the nuclear DRMD:s (p<0.001). The observed decrease in
nuclear DRMDs seen when RAD50, MRE77, and XRS2 are all disrupted compared to any
single member of the MRX complex appears to be additive in that the rate of nuclear

DRMDs decreases 6 fold in the triple mutant, and approximately 4 fold in any of this single
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mutants. In contrast, when the entire KU complex s disrupted we see near wild-type levels
of nuclear DRMDs

After reviewing the observations regarding the role of the MRX complex and the
NHE] DNA repair pathway in the occurrence of nuclear DRMDs it is my hypothesis that
the reduction in nuclear DRMDs associated with the loss of RAD50, MRE17, XRS2, the
MRX complex, as well as the entire NHE] pathway is due to the impairment of the single
strand annealing pathway.

As described in the previous section of this discussion, the Saccharomyces genome
database, the findings published by Ivanov et al. in 1996, and Phadnis et al. in 2005, suggest
that direct repeat mediated-deletions may occur as a result of single strand annealing
following 2 DNA double strand break between two directly repeating DNA sequences.
Furthermore the work published by Ivanov et al. in 1996, and Clerici et al. in 2005, suggests
that MRX complex membets are directly involved in the occurrence of single strand
annealing following a DNA DSB. Therefore, in the event that single strand annealing is a
mechanism for the occurrence of direct repeat-mediated deletions, and MRX complex
members are involved in the occurrence of SSA, my hypothesis may be correct. Specifically,
a reduction in nuclear DRMDs associated with the loss of RAD50, MRE77, XRS2, the
MRX complex, and the entire NHE] pathway may be due to the impairment of SSA at the
site of our nuclear DRMD repotter.

In conclusion, the nuclear DRMD data presented in this study support our
preliminary hypothesis, and sup-port the well established role of the MRX complex and the

NHE] pathway in the maintenance of genomic stability within the cell.
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The MRX complex and non-homologous end joining play an important role in
regulating the occurrence of spontaneous mitochondrial point mutations.

To determine the role of the MRX complex and non-homologous end joining in the
occurrence of spontaneous mitochondral point mutations we subjected each of the mutants
in our knock out library to the mitochondrial point mutation assay. Yeast cells which
possess mutations in the 21S nibosomal RNA gene encoded within the mitochondrial
genome may possess resistance to the pharmacological agent erythromycin. The rates of
erythromycin resistance for each strain in our MRX and NHE] knockout library s listed in
Table 9, and graphed in Figure 14.

As we review Table 9 and Figure 14, we see that only the gene in our MRX complex
and NHE]J knockout library that directly impacts the rate of spontaneous mitochondrial
point mutations in Saccharomyces cerevisiae 1s XRS2. In the abs.ence of XRS2 the rate of
spontaneous mitochondrial point mutations decreases a significant 2.21 fold (p=0.023).
While XRS2 is the only single gene who loss lead to a significant change in the rate of
erythromycin resistance, the loss of RAD50, MRE11 , XRS52, KU70, and KUS0 lead to a
significant 13 fold reduction in the rate of erythromycin resistance(p<0.013).

From these observations it is my hypothesis that the decrease in erythromycin
resistance associated with the loss of the non-homologous end joining pathway is due to a
reduction'in the occurrence of spontaneous point mutations associated with the potentially
error prone DNA repait aci-:ivity of the NHE] pathway.

Rad50p, Mrellp, Xrs2p, Ku70p, and Ku80p are known to function in numerous
potentially mutagenic DNA repair pathways such as single strand annealing, microhomology
mediated end joining, as well as non-homologous end joining, (SGD). Rad50p, Mrellp, and

X1s2p have all been shown to be involved in the occurrence of spontaneous deletions within
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dicentric plasmids (Tsukamoto et al, 1997), and direct repeat mediated deletions via single
strand annealing (Ivanov et al, 1995). While reviewing the non-homologous end joining
DNA repair pathway (described in Figure 7) we see that an the event that a DNA DSB
occurs with incompatible ends the exonuclease function of Mre11p processes these ends

- generating compatible ends which can then be ligated by Dnl4p. In the event that a DNA
DSB occurs with incompatible ends, the exonucleolitic processing can therefore be
considered mutagenic. (Krough and Symington, 2004). Depending upon the type of DNA
DSB that occurs (compatible vs. incompatible), NHE] can thus be error free, or error prone.

It has also recently been suggested that the KU complex may be involved in micro-
homology end joining, MME] (Yukitaka et al. 2007). MME]J occurs when several base pairs
of homology are used to align and repair a DNA DSB prior to processing. MME] has been
suggested to always generate a small deletion of within one of the homologous sequences
and can therefore be considered mutagenic (Liang et al, 2005).

In order for erythromycin resistance to occur within yeast cells a point mutation
must occur within the 218 ribosomal RNA gene at loci Er 221, and Er 514 (refer to
appendix 2 for complete map of 21S rRNA gene). In order yeast cells to possess resistance
to erythromycin a single base pair substitution, or single base insertion or deletion must
occur at these loci. If NHE] factors were involved in the regulating the occurrence of point
mutations at Ex 221, and Er 514, and that NHE] factors ate known to potenﬁal be
mutagenic due to the production of insertions and deletions, it is possible that the 'abscmc;a of
NHE] factors (and the NHE] pathway) may reduce point mutations at these loci within the
21S tRNA gene, thereby leading to a reduction in a cells resistance to erythromycin.

Another possible explanation for the reduction in erythromycin associated with the

loss of the NHE] pathway could be an up regulation in the expression of homologous
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recombination in the absence of the NHE] pathway, which reduces the frequency of point
mutations occurring within the mitochondrial 21S rRNA gene. Homologous recombination
is commonly thought of as an error-free DNA DSB repair mechanism because it employs
sequence homology on neighboring DNA strands to replace the damaged DNA ‘strand.
Homologous recombination seems like an excellent choice for the repair of damaged
mtDNA because of the fact that there are numerous copies of the mitochondrial genome
wrapped in close proximity to one another with 2 mtDNA nucleoid.

Therefore it appears future work is needed to determine the exact mechanism for the
increase in erythromycin sensitivity associated with the loss of the NHE] before my
hypothesis can be deemed correct. In conclusion we have provided data that strongly -
supports our preliminary hypothesis that the MRX complex and the non-homologous end
joining pathway are involved in maintaining the stability of the mitochondrial genome in

Saccharomyces cerevisiae.

The MRX complex and non-homologous end joining regulate the occurrence of
spontaneous nuclear point mutations.

To determine the role of the MRX complex and non-homologous end joining in the
occurrence of spontaneous nuclear point mutations we subjected each of the mutants in our
knock out library to nuclear point mutation assay. Yeast cells which possessed mutations in
the CANT gene will possess resistance to the pharmacological agent canavanine. The rates
of canavanine resistance for each strain in our MRX and NHE] knockout library 1s listed in

Table 10, and graphed in Figure 15 above.
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As we review Table 10 and Figure 15, we see that the absence of RADS50 and XRS2
have a significant impact on the rate of spontaneous nuclear point mutations in Saccharonyces
cerevisiae. In the absence of RADS50 the rate of canavanine resistance is a reduced a significant
2.4 fold (p=0.001), while the absence of XRS2 causes a significant 1.9 fold increase in the
rate of canavanine resistance (p=0.0001). From Table 10 we see that the loss of MRET77,
XR52, and RAD50 leads to a significant 2.4 fold increase in the rate of canavanine resistance
(p=0.0037). The loss of MRET71 lead to a 1.4 fold increase in canavanine resistance, but this
increase can not be deemed significant (p=0.0585). While the increase in canavanine
resistance associated with the loss of MRE77 alone can not be considered significant, it is
probable that the increase in the rate of canavanine resistance in the MRX triple mutant may
be additive due to the loss of both Mrel1p and Xrs2p. In the absence of RAD50, KU70, and
KU&0 there is significant 8.69 fold increase in the rate spontaneous nuclear point mutations
(p=0.0001). These results are of specific interest due to the fact that the loss of RADS0,

" MRE11, XRS2, KU70, and KUS0 only generated a 2.24 fold .increase in the rate of
canavanine resistance (p=0.0006).

From these observations I have two specific hypotheses regarding the findings
presented in this study for the role of the MRX complex and the NHE] pathway in the
occurrence of nuclear point mutations. First, non-homologous end joining is involved in
maintaining the stability of the nuclear genome of Sacharomyces cerevisiae, and in the absence
of the NHE] pathway leads to an increase in the rate of nuclear point. Second, there is an
epistatic interaction occutring between Mrellp or Xrs2p, and Ku70 and Ku80p which
accounts for difference in canavanine resistance aésociatcd with the loss of RADS50, KU70,

and KUB80 compared to loss of all five members of the NHE] pathway.
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Although the absence of NHE] factors is not lethal to Saccharomyces cerevisiae, the
absence of NHE] factors greatly affect their overall stability on their nuclear genome. In the
absence of KU70 and KUS0, Saccharomyces cerevisiae has been shown to possess a reduction in
the length of telomeres, and transcriptional silencing in regions neighboring the telomeres
(SGD): The absence of MRE77 in §. ambammy:m cerevisiae has been shown to decrease
resistance to radiation, decrease resistal:xce to the DNA damaging agent MMS and
hydroxyurea, increased transposable element transposition, decrease telomeré length, and
decreased chromosomal maintenance (SGD). The absence of RAD50 and XRS2 leads to
increased sensitivity to gamma and x-rays, increases sensitivity to MMS and hydroxyurea,
increases transposable element transposition, and decreased chtomosom;al maintenance
(SGD).

The information provided by the Saccharomyces genome database regarding the
phenotypes present in yeast cells with mutations in the genes required for NHE] function
directly support my hypothesis that the NHE] pathway is required for maintaining the
stability of the nuclear genome in Saccharomyces cerevisiae. The statistically significant 2.4
inctease in the rate of spontaneous nuclear point mutations associated with the loss of the
NHE] pathway presented in this study further supports this hypothesis.

Upon the careful review reviewing of the data presented in Table 11, and Figure 15,
it appears that either MRE77 ot XRS2 function upstream of KU70 and KU80 and therefore
the absence of MRE77 or XRS2 affects the activity of KU70 and KUS80. The epistatic
interaction between MRE77 or XRS2 and KU70 and KU80 is supported by the observation
that the absence of RAD50, KU70, and KUB80 generated 2 8.6 fold (p=0.0037) increase in

spontaneous nuclear point mutations compared to the wild-type control, whete as in the
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absence of all five members of the NHE] pathway the rate of spontaneous nuclear point
mutations 2.2 fold (p=0.0006).

When one compares the functions of Mrel1p and Xrs2p it is logical for one to infer
that the source of the epistatic trend seen above may be due to Xrs2p. Although the |
exonuclease role of Mrel1p may be required for the processi)zlg‘ of DNA DSB with
incompatible ends, it may be mote probable that the DNA damage sensing role of Xrs2p has
a greater relevance to the health of the cell especially in the context of previously described
hierarchy of DNA damage repair pathways. It may be more probable that a protein involved
in sensing DNA damage (Xrs2p) may alter the function of Ku70p and Ku80p which have
been shown to regulate 2 hierarchy of multiple DNA repair pathways, versus an
exonucleolytic protein which functions exclusively within just one of these repair pathways.
The prdbabi.lity that Xrs2p possesses this epistatic role over Mrellp is further supported by
our obsetvation that the loss of XRS2 lead to an extremely significant (p=0.0001) increase in
the rate of canavanine resistance, while the loss of MRE77 did not (p=0.0585).

After extensive research, this epistatic interaction does appear to be documented
within the scientific community, and thus future wotk should be done to further clarify this
interaction. It is my recommendation that colleagues at the University of Rochester should
generate 2a RAD50-MRET1 double mutant, a R4D50-XRS2 double mutant, a MRE77-
KU70-KUS0 triple mutant, and a XRS2-KU70-KUS0 triple mutant, and then subjecting these
strains to this assay. The information generated from this future experiment will provide
evidence that may further support my hypothesis regarding the epistatic interaction between

these non-homologous end joining factors.

97



In conclusion the data resulting from the spontaneous nuclear point mutation assay
strongly suppotts out initial hypothesis that that the MRX complex and non-homologous

end joining is directly involved in maintaining genomic integrity of Saccharomyces cerevisie.

The MRX complex and the non-homologous end joining pathway are required for
maintaining the capacity for respiration in Saccharomyces cerevisiae.

As previously described Saccharomyces cerevisiae 1s a facultative anaerobic organism that
is able to produce ATP through fermentation or cellular respiration. The facultative
anaerobic nature of this organism is an ideal model system for determining the role of gene
or pathway in regulating the ability of yeast cells to undergo cellular respiration, as well as
mitochondrial genome maintenance. To determine the role of the MRX complex and non-
homologous end joining in the occurrence of spontaneous respiration loss we subjected each
of the mutants in our knock out library to the spontaneous respiration loss assay.

The spontaneous respiration loss assay relies upon the formation of a petite
phenotype when yeast cells are plated on media containing a non-fermentable carbon source
such as glycerol that is enriched with a 0.2% of a fermentable carbon soutce such as
dextrose. Yeast cells which posses§ mitochondrial function and are respiration proficient will
consume the dextrose in the media using fermentation, and then switch its metabolic
pathway to cellular respiration to utilize the tremaining non-fermentable carbon source. Yeast
cells which are respiration proficient will continue to grow after they have exhausted the
fermentable carbon source and are scored as grande, while cells that are respiration deficient

will arrest when they have exhauéted the supply of the fermentable carbon source and are
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therefore referred to as petite. Refer to Figure 11 for further explanation on scoring the
respiration capacity of yeast cells.

While reviewing the results of from our spontaneous respiration loss assay described
in Table 11, we see that the loss of MRE77, XRS2, and RAD50 leads to a significant 2.39
fold increase in the frequency of spontaneous respiration loss (p<0.0001). While the loss of
RAD50, KU70, and KU80 as well as RAD50, MRE71, XRS52, KU70, and KU80 lead to an
approximate 3.5 fold increase in spontaneous respiration loss (p<0.003). This significant
increase in occurrence of spontaneous respiration loss over the wild-type frequency
therefore suggests that the MRX complex and NHE] pathway are directly involved in
reguﬂatigg mitochondrial genome stability and repair.

It has been demonstrated that spontaneous respiration loss can occur in Saccharomyces
cerevisiae through direct repeat mediated deletions within mtDNA (Dujon et al, 1981). While
these authots have show that spontaneous respiration loss can be due to mtDNA DRMDs,
the increase in spontaneous respiration loss associated with the disruption of the NHE]
pathway observed in this study does not appeat to be due to mtDNA DRMD:s. In Figure 12
and Figure 13, we have demonstrated that mitochondrial and nuclear DRMD:s are reduced in
the absence of the MRX complex and NHE] pathway. From Figure 12 and 13 we can infer
that the mechanism for the occurrence of spontaneous respiration loss observed due to the
absence of the MRX complex and the NHE] pathway 1s not due to an increase in the rate of
DRMDs. Therefore, there must be several potential mechanisms leading to spontaneous
respiration loss in Saccharomyces cerevisiae.

Another potential mechanism that could lead to an increase in spontaneous
respiration loss would be an increase in the occurrence of spontaneous point mutations

within genes required for cellular respiration. In the event that the rate of spontaneous
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mitochondrial point mutations (ot nuclear DNA point mutations in essential mitochondrial
genes) increased significantly in the absence of the MRX complex and the NHE] pathway it
could lead to an increase in spontaneous respiration loss. Table 9 and Figure 14 demonstrate
that mitochondrial point mutations ate reduced dramatically in the absence of the NHE]
pathway, and thetefore the increase in spontaneous respiration loss associated with the
disruption of the NHE] pathway is not due to an increase in the rate of mitochondrial point
mutations.

In 1990 Alexander Tzagoloff and Carol Dieckmann compiled a list of all of the
genes known to date which when mutated may lead to the petite phenotype. These authors
defined PET genes (or genes that when mutated generate the petite phenotype) as a nuclear
gene having at least one mutant allele that will confer a respiratory deficient phenotype
(Tzagoloff and Dieckmann, 1990). These authors also suggested that this phenotype could
result from a cytoplasmic mutation in mtDNA. The compiled list of PET genes that these
authors generated in their 1990 publication is located in the Appendix following the
conclusion of this study. These authors were investigating only nuclear genes which acted in
regulating mitochondrial function, where as it 1s obvious that any single gene encoded within
the mitochondrial genor;e that when mutated in a large proportion of the mitochondtial
genomes within a cell may lead to respiration deficiency.

From the list of PET genes compiled by Tzagoloff and Dieckmann as well as the
genes encoded within the mitochondrial genome seen in Table 1, it becomes logical that a
mutation in any gene required for the transcription, translation, localization, or assembly of
any gene which function in the mitochondria, may lead to the petite phenotype and

spontaneous respiration loss. Therefore, it is plausible that a significant increase in the rate of
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spontaneous nuclear point mutations associated with the loss of the MRX complex and the
NHE] pathway may lead to an increase in the rate of spontaneous respiration loss.

In Figure 15 we see the absence of the MRX complex and the entire NHE] pathway
leads to a 2 fold increase in the occurrence of spontaneous nuclear point mutations
(p<0.004). Table 10 also demonstrates this, but from Table 10 we see that the actual rate of
spontaneous nucleat point mutations increases from 2.2 E-07 mutations/cell division to 5.38
E-07 mutations/cell division due to the absence of the MRX complex and the NHE]
pathway (p<<0.004). Table 11 demonstrates that the rate of sp‘ontaneous respiration loss
increases from 2.25% to 7.9% in the absence of the entire NHE] pathway (p<0.003). From
this information it appears that although the rate of nuclear point mutations does increase in
the absence of the NHE] pathway, it only increase to 0.0000005 mutations/cell division. Re-
writing this data shows us spontaneous nuclear point mutations occur 0.00002% of the time
in wild-type cells, and in the absence of the NHE] pathway they occur 0.00005% of time.
Thus, although the rate of nuclear point mutations does increase in the absence of the
NHE] pathway, it is most likely not significant enough to lead to spontaneous respiration
loss in 7.9% of yeast cells subject to this assay.

Due to the fact that the increase in spontaneous respiration loss associated with the
disruption of the NHE] pathway does not appear to be due to an increase in the rate of
direct repeat-mediated deletions, or an increase in the rate of spontaneous point mutations, it
is my hypothesis that the MRX complex and the NHE] pathway are involved in replication
induced DNA repair within Saccharomyces cerevisiae. Specifically, it my hypothesis that the
MRX complex and NHE] players are involved in replication induced repair (RIR), and that
the absence of these players reduces the efficiency of RIR, leading to an increase in the

frequency of spontaneous respiration loss.
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In 2002 Shelley Lusetti and Michael Cox published an article about recombinational
repair of DNA at stalled replication forks in the Annular Review of Biochemistry. These authors
stated that replication forks are halted at the site of DNA damage, and unless repaired it can
lead to cell death. These authors went on to state that the rate of replication fork collapse ot
the stalling of replication forks is not know in higher eukaryotes, but replication fork stalling
and replication fork collapse is known to occur in nearly every cell cycle in prokaryotes
under normal oxidative conditions (Lusetti and Cox, 2002). These authors then went on to
state that primary repair mechanism in prokaryotes for replication induced repair is
homologous recombination (HR). Their model for replication induced repair of blocked or

collapsed replication forks by HR is described in Figure 22 below.
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Figure 22. Replication induced repair of replication forks by homologous
recombination. Figure published by Shelley Lusetti and Michael Cox. (2002). The
Bacterial RecA protein and the Recombination DNA Repair of Stalled Replication
Forks. Annual Review of Biochemistry, T1: 71-100.

The homologous recombination pathway is similar between prokatyotes such as
Escherichia coli and Saccharomyces cerevisiae. The eukaryotic homolog to the Rec Ap in béctct:ia 1s
Rad51p. Rad51p and Rec Ap ate required for strand invasion in homologous recombination,
and Holliday junction formation. In order for replication induced repair to occur via
homologous recombination 2 3> DNA end needs to be generated by the MRX complex prior

to strand invasion (Krough and Symington, 2004). Therefore, it becomes apparent that the

MRX complex and NHE] members are required for replication induced repair.
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In a recent study published by Lundin et al. in 2002, it was determined that non-
homologous end joining plays a crucial role in DNA double strand break repair during S-
" phase. In this study these authors exposed cells to hydroxyurea to arrest DNA replication. In
this study Lundin et al. discovered that NHE] is up regulated in the presence of
hydroxyurea, and that NHE] protects the cell from a potentially cytotoxic event such as
replication fork block. The role of the NHE] pathway in the protection of a cell from
replication fork block is strongly supported by the fact that MRE77, XR52, and RAD50
mutants possess significantly decreased resistance to hydroxyurea, and a decrease in
replication induced repair (SGD).

From the information provided by Alexander Tzagoloff and Carol Dieckmann in
1990, we see that there are approximately 100 genes known to be involved in cellular
respiration that when mutagenized lead to the petite phenotype, and limit the respiratory
capacity of Saccharomyces cerevisiae. When this information is taken together with the role of
MRET11, XRS2, and RADS50 in replication induced DNA tepair (as suggested by Lundin et
al. 2002; Lusetti and Cox, 2002; and the Saccharomyces genome database), and the significant
2.4 fold increase in the frequency of spontaneous respiration loss (p<0.003) associated with
the disruption of the MRX complex observed in this study, it appears that my hypothesis
may be correct. These findings appear to support my hypothesis the MRX complex and
NHE] players are involved in replication induced repair (RIR), and that the absence of these
players reduces the efficiency of RIR, leading to an increase in the frequency of spontaneous
respiration loss. Furthermore, in the event that my hypothesis is correct, then the facultative
anaetobic natute of Saccharomyces cerevisiae may make it an excellent model organism in the
investigation of the role of replication induced repair within genes required for

mitochondrial function.
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In conclusion, although the NHE] DNA repair l;athway is not the most prominent
DNA DSB repair pathway in yeast, it is highly conserved throughout evolution, and is
required for the repair of DNA DSBs in higher eukaryotes. We have provided a wealth of
genetic data in Specific Aim 1 that ditectly supports our preliminary hypothesis, in that the
MRX complex and the non-homologous end joining DNA repair pathway are involved in
regulating the stability and repair of the mitochondrial genome of the budding yeast,

Saccharomyces cerevisiae.

Specific Aim II:

The second aim of this study was to localize non-homologous end joining factor
Ku70p to the mitochondria using cellular fractionation and western blot analysis, Using a
modified differential centrifugation protocol devised by Glick and Pon in 1995 we were able
to isolate and purify mitochondria from the budding yeast, Saccharomyces cerevisiae. This
protocol relies upon the use of the varying sedimentation coefficients, or sedimentation rates
of all of the components of a cell to isolate mitochondria. Once mitochondria had been
crudely purified using this method, they wete suspended on to top of Nycodenz gradients
and spun at 40,000 rpm for 30 minutes in an ultracentrifuge. 3 — 4 bands were removed
(which depended upon the degree of zymolase treatment, and the successful completion of
the differential centrifugation protocol), and their total protein concentration was
determined as described by Glick and Pon in 1995. According to these methods the first
band which can be isolated at the 5% - 10% Nycodenz interface was composed of
mitochondrial fragments. The second band was isolated within the 10% Nycodenz fraction

and was composed of mitoplasts. The third band was isolated within the 15% Nycodenz
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fraction and represented purified and active mitochondria. The final band was isolated from
the 15% - 20% Nycodenz interface, and was composed of cell debis.

Once the mitochondrial purification protocol had been completed equal volumes of
total protein were analyzed using SDS-PAGE for both a whole cell lysate (WCL) positive
control and from each of the 4 purified fractions, and the resulting blot was probed for the
presence of Cox2p. From Figure 17 we see that there is an enrichment of mitochondrial
protein Cox2p within purified mitochondrial fractions 1 — 4 over the whole cell lysate
positive control. The enrichment of Cox2p within these fractions supports that we have
successfully isolated mitochondria as there is an increase in mitochondtial proteins per unit
weight of total protein over the WCL control.

We then set out to verify that our mitochondrial fractions were free from nuclear
debris by probing for the nuclear localized protein Histone H4. From Figure 18 we see that
in lanes 1 and 5 there are faint bands at 11 kDA which is consistent with the size of the
Histone H4 protein in Saccharomyces cerevisiae. Although the bands 1 and 5 are faint at 11 kDA
this author chose to incorporate the whole gel as is, instead of cropping the gel to enhance
the presence of these bands. The absence of Histone H4 associated signal at 11 kDA 1n lanes
2, 3, and 4 confirm that mitochondrial fractions 1, 2, and 3, are free of Histone H4, and are
purified mitochondria. The presence of Histone H4 in lane 5, which cotresponds to
mitochondrial fraction 4 is not sutprising as the protocol for gradient purification used in
this study suggests that band 4 may contain cell debris. Thus from Figure 18 we see that
mitochondrial fractions 1 — 3 do not possess Histone H4 proteins, and we can infer that we
have successfully purified mitochondria from Saccharomyces cerevisiae.

Once we had verified that our mitochondsial fractions were pure, we then set out to

localize non-homologous end joining factor Ku70p to the mitochondtia. Equal amounts of
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total protein were loaded for a positive WCL control derived from the KU70:HA strain, a
negative WCL control derived from a wild-type strain lacking the HA epitope, and purified
mitochondrial fractions 1 — 3 on 10% acrylamide gel and analyzed using SDS-PAGE. The
resulting blot was probed for the presence of NHE] factor Ku70:HAp using an antibody
against the HA epitope. While reviewing the results in Figure 19 we see that we there are
bands in lanes 1 and 5. The lack of signal in lane 2 (the negative WCL control) ensures the
specificity of our anti-HA antibody, and confirms that the band at 95 kDA is due to the
presence of NHE] factor Ku70:HAp in our WCL positive control. Wild-type Ku70p in
Saccharomyces cerevisiae is 70 kDA (SGD), while our HA tagged Ku70p is approximately 95
kDA due the addition of a citrine-HA tag. While the presence of Ku70:HAp in lane 5
confirms that Ku70p can be localized to the mitochondria, the lack of signal in lane 4 is
surprising because it was loaded with a sample taken from band 2 in our gradient
purification protocol which suggested that it was composed of mitoplasts. Although this
finding is interesting, it will be discussed in detail within the next section of this discussion
with reference to Figure 20. From Figure 19 we can confitm that NHE] factor Ku70:-HAp
can be localized to the mitochondria, but it does not appear to be localized to the
mitoplasts.

We next attempted to precisely determine the location of NHE] factor Ku70:HAp
within the mitochondrial compartment. To perform this task aliquots of purified
mitochondria from fraction 3 that had previously been shown to possess NHE] factor
Ku70:HAp W;e:re subjected to the protease protection protocol previously desctibed. This
protocol employs the use of 5 reactions that sequentially removes the outer and inner

mitochondrial membranes and allows for the remaining products to be probed for the
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NHE] factor Ku70:HAp using western blot analysis. Please refer to Table 6 for a complete
descrption of the protease reactions.

In Figure 20 we see that there are bands at 95 kDA associated with the presence of
NHE] factor Ku70:HAp in lanes 1 (the positive V&CL control), lane 3 (untreated
mitochondria), and lane 5 (the mitoplast). Once again we see that our anti-HA antibody is
specific for the anti-HA epitope on Ku70:HAp due to the lack of signal in the negative WCL
control loaded in lane 2 when compared to the positive WCL control loaded in lane 1. In
lane 3 we see the Ku70:HAp 1s present in product from the protease reaction number 1. In
reaction number 1 sorbitol buffer was added to osmoticly buffer the outer mitochondrial
membrane, and PMSF was added to protect against naturally occurring yeast proteases and
to hault the enzymatic activity of proteinase K after its desired effect had been
accomplished. Thus reaction number 1 is an internal second control containing purified
intact mitochondria. In lane 4 there is no signal associated with the presence of Ku70:HAp
in the product following protease reaction number 2. Protease reaction number 2 contained
the sorbitol buffer and proteinase k. The product from protease reaction number 2 is a
mitoplast generated from proteinase K treatment. In lane 5 there is signal associated with the
presence of Ku70:HAp in the product following protease reaction number 3. Protease
reaction number 3 contained a non-osmoticly controlled buffer and PMSF once again. The
resulting product from protease reaction number 3 is a mitoplast generated by the lysing of
the outer membrane due to the absence of the sorbitol buffer. Lanes 6 and 7 did not possess
a signal associated with the presence of Ku70:HAp following protease reaction 4 and 5
respectively. Protease reaction 4 and 5 contained mitoplasts treated with the proteinase K,

and ruptured mitoplasts treated with proteinase K.
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After reviewing the effects of protease reactions 1 — 5 it appears that Ku70:HAp can
be localized to the mitochondria, but that it does not appear to make it through the inner
membrane into the mitoplast. Although Ku70:HAp signal can be detected in lane 5
following protease reaction 3, Ku70:HAp can not be localized within the inner
mitochondrial membrane due the lack of signal in lane 4 which results from the product of
protease treatment number 2. The most plausible explanation for the presence of Ku70:HAp
in lane 3, but not lane 2 is that while protease reaction number 2 removed and degraded the
outer mitochondrial membrane (and Ku70:HAp ) using enzymatic digestion, protease
reaction number 3 simply lysed the outer mitochondtial membrane and left Ku70:HAp
undisturbed in solution. While the absence of the sorbitol buffer in protease reaction
number 3 is sufficient to generate a mitoplast, it does not have the ability to prove that
Ku70:HAp is present within the mitoplast. Therefore we see from the absence of
Ku70:HAp signal in lane 4 of Figure 19 and lane 4 of Figure 20, that Ku70:HAp is localized
to the outer mitochondrial membrane, but not the mitoplast.

It is my hypothesis that the inability of Ku70:KAp to be localized within the inner
membrane of the mitochondtia is due to the presence of C-terminal citrine-HA tag. In this
study we used an anti-HA antibody to localize the Ku70:HA fusion protein to the
mitochondria. Although the total size of the fusion protein is only 95 kDDA, it appears that
the citrine-HA tag may be preventing its complete passage through the TOM complex
within the outer mitochondrial membrane. Typically the mitochondrial heat shock protein
(mtHSP70) and mitochondrial import stimulation factor (MSF) facilitates the passage of
proteins being targeted to the mattix of the mitochondtia through the TOM complex on the
outer mitochondrial membrane and the TIM complex on the innet mitochondrial membrane

as seen in Figure 23 below published by Nikolaus Pfanner and Michiel Meijjer in 1997.
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Figure 23. TOM and TIM mitochondrial complexes. Figure created by Nikolaus
Pfanner and Michiel Meijer. Published by Nikolaus Pfanner and Michiel Meijer,
1997. Mitochondrial Biogenesis: The TOM and TIM machine. Current Biology,
R100-103.

T Clrrent Baokogy

From Figure 23 we that the TOM and TIM complexes are both composed of multi
proteiln complexes that may not recognize a foreign epitope such as the citrine-HA epitope.
The HA epitope tag fused to NHE] member Ku70p used in this study is a 10 amino acid
peptide tag from the hemophilis influenza virus (Santa Cruz Biotechnologies), and thus may not
recognized by Saccharomyces cerevisiae. It is logical then that even though the KU70:HA fusion
gene 1s transcribed and translated within this model organism, the resulting protein product
does not have the ability to completely pass through the TOM complex as seen in Figure 23
above. If Ku70:HAp was prevented from completely moving through the TOM complex by

the c-terminus HA tag, it would account for the results observed in this study. In a recent
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study published by Naina Phadnis and Elaine Sia the FLAG epitiope was fused to SED7 and
over expressed in Saccharomyces cerevisiae. In this article they were able to localize Sed1:FLAGp
within the mitochondrial compartment using western blot analysis. Although these authors
did not use the same protease reactions to precisely determine the location of this fusion
protein, they were able to determine that it was resistant to proteinase K treatment and thus
was contained within the mitochondria. According to SGD Sed1p is 34 kDA and is thus one
half of the size of Ku70p. Since these authors were able to localize this protein within the
mitochondria using the FLLAG epitope and in unison with an over expression construct, it
may be beneficial to try to further localize Ku70p within the mitochondria using these
methods.

Although we were not able to localize NHE] factor Ku70p to the mitochondrial
matrix in this study, we have verified that the NHE] DNA repair factor Ku70p can be
localized to the outer mitochondrial membrane: The ability of the NHE] factor Ku?Op to be
localized within the mitochondrial membrane proves that Ku70p is targeted to this organelle
where we can infer it performs its cytological duty as a DNA repair protein. Thus in
conclusion the genetic data presented in specific aim I, and the localization data presented in
specific aim II of this study supports our hypothesis that the MRX complex and the non-
homologous end joining DNA repair pathway are involved in maintaining the integtity of

the mitochondrial genome in Saccharomyces cerevisiae.
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Conclusion

DNA double strand breaks can be toxic to the cell. This toxic nature of DNA
double strand breaks has lead to development of highly efficient DNA double strand break
repair pathways which are conserved throughout evolution. The non-homologous end
joining DNA repair pathway is present in some form in neatly every biological domain.
While this pathway has been investigated thoroughly in its role in maintaining the integtity of
nuclear genome, there has been little work done to elucidate its role in mitochondrial
genome maintenance. In this study we provided a wealth of data supporting the role of the
MRX complex and the non-homologous end joining DNA repair pathway in promoting
mitochondrial genome stability and repair in the model organism, Saccharomyces cerevisiae. It 1s
our hope that the insights that we have made into mitochondrial DNA repair in our model
organism will enhance the scientific communities understanding of mitochondrial genome
maintenance, and allow for the translation of this understanding into a form which can

better our quality of life.
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Appendix:

Appendix 1. PET Genes in Sacchromyces Cerevisia¢. Published by Alexander
Tzagoloff amd Carol Dieckman, 1990. Micorbiological review, vol 54 211-225.

Vou. 54, 1990 PET GENES OF S. CEREVISIAE 213
TABLE 2. PET complementation groups
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G7 C153 22 + CORI 45-kDa subunit of coenzyme QH,-<¢ytochrome ¢ C ATCC, YC 183
reductase

G8 C8 2 + Cytochrome oxidase deficient C F

G C9 10 -  Ccog4 Coenzyme Q deficient

GI0  C33 26 - oz Hi ¥l pyrophospk sfe B

Gll Cl45 7 +  MSKi Mitochondrial lysyl-tRNA synth L G

G2 cC13 25 + RiPI Rieske protein of coenzyme QH,-cytochrome ¢ [ & 5
reductase

G13 C15 14 +  ATPN Assembly ofF, ATPase C H

Glda C17 z — Cytochrome oxidase deficient

Gls €18 13 - Pleiotropic®

G C19 8 * Cytochrome oxidase deficient

Gi7 C83 20 +  COgs Coenzyme Q deficient

GI8 Ci1 7 - Plciotropic

Gl9 C 37 +  COXIo deficient (h g of ORF1 [ I
“in Paracoccus denitrificans cyw:hrmne oxi-
dase operon)

G2 C13 3 - Heme deficient

G21  Clo0 n - Normal® .

G2 C25 5 + Cytochrome oxidase deficient

G13 C26 18 + PET4%4 COXIII mRNA translation factor & 24, 43, 116

Gis Cz7 4 - i ic

G5  C30 17 - Normal y

G Ci 1 +  MSY! Mitochondrial tyrosy-RNA synthelase C 8 |

G271 C34 5 - ATPase deficient E :

G28  C35 10 + CEBFP3 Coenzyme QH-cytoch c bly factor C ATCC, YC 201

G2 1719 7 + Pleiotropic C F

G300 E1Z5 8 + i Pleiotropic ; c K

G331 C39 41 -  CoQ3 3,4-Dihydroxy-5- aprenylt ic acid hyl 59, 166

Gz C4l 5 +  HEM2 B-Aminolevuli dehyd. C ATCC, YC 62,117

Gz C8 1 - Normal

034 Cée 14 + Cytochrome oxidase deficient

Gis  C47 3 = Cytochrome oxidase deficient

Gi -89 ) * CBFP2 Intron bLS splicing factor C ATCC, YC 56, 108

G37  CI55 3 +  MEFI Mitochondrial elongation factor (homolog of pro- c L
caryofic elongation factor G)

G C50 8 + Pleiotropic

G C5l 2 - Pleiotropic

Ga Cs2 2 - Pleiotropic

G4  CITl 8 + scot Cytochrome oxidase deficient c 153

G4z CH n = Heme deficient

G43  C55 41 + OPI ATP-ADF exchange carrier 1,4, 84, 126

Ga4 59 1 - Normal

Gi5 Cl® 2 + cre Cytochrome ¢, heme !ynse M

Gas  Cl0e 18 + COX5a bunit Ya of cy C 32,79,158

G47  Ce2 E + Cytochrome oxidase deficient

G4 C251 6 Pleiotropic

G4s  C249 9 - LIP3 Lipoic acid deficient

G50 C198 43 +  ATPI a subumt of F; ATPase C 72

G511 Ce9 13 o Normal -

G2 CHo 5 - I’]aiotropic .

G513  Cle4 14 + coxii t idase defici h log of ORF3 N
mP dznfr.rtﬁcam :ﬂochmm oxld.ns-: operon)

G54 C75 2 + MRP# Mit | protein (h of ¥
Escherichia coli S2)

G35 Cl6 2 + SDHI Succi dehy

Gs6 C719 1 = . Pleiotropic %

G57  Clo4 16 + ATPI2 F, assembly factor c Bowman

Gs8  C119 41 - Cytochrome oxidase deficient

Gs9  CI51 17 + MS5L1, NAM2 Mitochondrial leucyl-tRNA synthetase C ATCC, YC 71,88,178

Continued on following page
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TABLE 2—Continued

Total
Group ::, no.of Clone*  Gene nsme Gene'product or phenotype Sequence  poosited”  Ref Y
mutants* :

Ge0  Clie 29 + CBF! 5 end p ing factor for cytoch b ]l_e-mRNﬁ C ATCC, YC 36,37
G6l Cn 7 - Normal
G2 C% 7 - Pleiotropic )
G6) C9% 18 - COQ6 Coenzyme Q deficient
G64 28 -  Cog7 Coenzyme Q deficient
G65  Clol 3 - Normal
Ges  Clo2 4 + COxX4 Subunit 1V of cytoch i c B0, 99
G67 €108 5 + COR¢ 14-kDa subunit of coenzyme QHycytochrome ¢ Cc 30, 33, 189

reductase
G68  Cl08 3 = Normal
G69  Cl10 10 + MSTI Mitochondrial th yl-tRNA synth L ATCC,YC 128
G0 Cx25 6 + KGDI a-Ketogh dehydrog L2 ATCC, YC 143
G711 Cin 20 + COX6 Subunit V1 of cytock id c 80, 199
G72  Cl34 B + MSM! Mitochondrial hionyl-tRNA synth C ATCC, YC 182
G73  C125 8 + Cytochrome oxidase deficient
G714 C12% 1 - Cytochrome oxidase deficient g
G715 C130 40 - COQ8 Coenzyme Q deficient
G116 Cl46 2 - Normal
Gl C12 22 + PETHI COX1H mRNA translation factor e 43, 140, 169
G18  Ci®2 8 + Pleiotropic T
G Clad 12 +  MSsHs COXI pre-mRNA processing factor C 156, 157 5
GB0  Cl54 14 - Cytochrome oxidase deficient 3
G81  E135 4 = Normal 3
G82  Cl49 3 + Pleiotropic € 0 =
G813  Cisé 13 +  PET54 COXITI mRNA translation factor c 25, 26, 187 g
Ga4 2 - Normal % 2
G8s Cls8 4 = Pieiotropic E
GBs  C3n2 1 + LR Lipoic acid deficient P E o
a87  Cl161 2 - Normal =
ass  Cl62 1 -  HEM4 Coproporphyrinogen decarboxylase 62 =
G89  Cle7 1 + MRP2 Mitochondrial ril | protein (homolog of c 118 S

E. coli §14) 2
G% Pl 1 = Normal 2
G911 €I 2 - Cytock idase defici C F EIg
G922 (176 11 + Cytochrome oxidase deficient 4 F
G933 C179 4 + v idh i C Q - m
G% E234 2 + M5D] Mitochondrial asp FRNA synth C ATCC, YC 57 a’
G955 N30 T + ATPase deficient P H )
G% Cl199 o +  MS3551 COXI1 pre-mRNA splicing factor c 50 g
Gy Ccan2 5 + Cytochrome oxidase deficiem =
G698  C204 i + Normal -
G C208 9 + i i =1 F =
G100 E220 2 + Pleiotropic: c M
G101 C210 12 +  CYn Cytochrome: ¢, C 30, %0, 150 E
G102z N174 11 + CBPY Coenzyme QH,-cytoch cred : bl (o] M

factor
Glo3 C220 5 + MSEl Glutamyl-tRNA synthetase [ F
G104 E250 3 + KGDz2 Dihydrolipoy! transsuccinylase C ATCC,YC E
Glos C229 1 - Normal
G106 N1 3 + Pieiotropic o F
G107 C235 6 - LIP4 Lipoic acid deficient
G108 E2%0 3 Normal
Gl09 Pls )| - Normal
G110 N160 2 +  PET6 Pleiotropic P F, 170
G111 C260 5 + Cytochrome oxidase deficient
Gliz C261 23 + cYcs Cytochrome ¢ heme lyase C 42, 148, 162
G113 N20S 3 + ATPase deficient [ o H
G114 E177 9 - Normal
G115 C287 2 = COXI mRNA deficient
Glle C297 6 - Pleiotropic
G117 N4l 1 + Pleiotropic {54 F
G113 N266 2 + Cytochrome oxidase deficient
G119 C195 4 + i Normal
G120 C303 ] +  MSFi o subunit of mitochondrial phenylalanyltRNA syn- C ATCC, YC 81

thetase
G121 NB 4 * MNormal

Continued on following page
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TABLE 2—Continued

Mo ol Sequence
Group M. no.of Clone® Gene name Gene product or phenotype i Dep R 3
mutanis®
Gl Eml 6 - Pleiotropic
G123 N3s6 2 * CRSI C};tocllmme & pre-mRNA and mRNA translation G 82, 135, 145
actor
Gl24 Cn7 1 + Normal
G125 Cus 3 - Normal
G126 N363 2 - Normal
G127 N3B0 2 + MRP? Mitochonidrial nbosomal protein (519 homolog?) G o]
G128 N393 8 = Normal
G129 N413 1 - Pleiotropic
G130 N415 1 + TUFm Mitochondrial el tion factor (b log of pro- C 121
caryotic factor EFTu)
G131 N420 + + Normal
G132 N4T2 3 - Normal
G133 NSi8 1 + Pleiotropic c o]
G134 NS20 4 + Cylochrome oxidase deficient
G135 E82 3 - Normal
Gl1is P37 1 = Normal
G137 E384 4 + FBP Fruk 1,6-bisphosph c 146, 155
G138 P39 1 - Normal
G139 E204 2 + Pleiotropic
G140 E205 2 + COXI mRNA deficient
G141 P48 1 - Pleiotropic
Gl42 E252 4 + MIF2 Mitochondrial initiation factor (homolog of pro- F
caryotic factor [F2)
G143  E307 3 + HAP3 Nuclear transcription factor = 68
G144 EI54 4 + COR2 40-kDa subunit of coenzyme QH,-cytochrome ¢ C 30, 127, 1%
reductase
G145 E359 1 = Cytochrome ¢ deficient
Gl46 E203 1 - Normal
G147 E214 1 + COXI mRNA deficient
G148 E241 4 - Pleiotropic
G149 E275 4 + PETI22 COXI1l mRNA translation factor £ 78, 106, 107, 125
G150 E411 7 - Pleiotropic
G151 P65 1 - Normal
G152 E123 1 ” Normal
G153 EM5 2 + CORS 11-kDa subunit of yme QH,-cytoch ¢ 30, 98, 189
G134 E158 3 ) + CBPS Cytoch b mRNA lation factor [= 38
G155 E264 6 = Normal
G156 P68 1 = Normal
G157 E8 T - Cytochrome ¢ deficient
G158 E9 2 x> Normal
G159 ES9 5 - Normal
G160 E57 1 ] Pleiotropic
G161 E64 1 = Cytoch idase defick
G162 E67 5 + CBP? Cytochrome b pre-mRNA and mRNA transiation e 135, 145, Muroff’
CBS2 factor
Gl63 E% 5 - Normal
G164 E280 1 - i i
G165 E103 3 + ATPIO ATPase deficient c ATCC,YC H
Gl66 E128 1 -
G167 E130 ] - Normal
Gl68 E153 1 = Pleiotropic
G169 E358 1 - Pleiotropic
G170 E362 1 = Normal
G171 E32 1 - Pleiotropic
G172 E330 4 - COX1 mRNA deficient
G173 E3M3 1 - Normal
G174 EiT2 2 +  MRFI Mitechondrial release factor C s
G175 E3T4 2 = Pleiotropic
G176 P77 1 - Normal ’
G177 E92 1 + Pleiotropic
G178 P9% 1 - Normal
G179 Es® 7 - Normal
G180 E567 1 = Pleiotropic
Gl81 E569 2 +  MSWI Mitochondrial tryptophanyl-tRNA synth C  ATCC,YC 120

Continued on following page
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TABLE 2—Continued
Mu- Total
Group P no.ul’* Clone®  Gene name Gene product or phenotype obtained® * Deposited” Reference(s)”
mutants
G182 Plo4 1 Normal
G183  Ee2 2 Fleiotropic
G184 ES30 2 - Normal
GI85 Eo49 1 = Cytochrome c deficient
G186 P115 1 .
G187 E68E 1 i Pleiotropic
G188 E708 2 = Cytochrome oxidase deficient
G189 E730 1 * Pleiotropic
G1%0 E7m42 1 ” Normal
G191  E428 i — Cytochrome oxidase deficient
Gl E749 2 Pleiotropic
G193 ETH 1 = Pleiotropic
G194 E783 1 - Normal
G195 E795 1 + MRPI Mitochondrial ribosomal protein C 118
G196 E827 2 = Cytochrome oxidase deficient
G197 EB38 1 x Pleiotropic
G198  ES47 2 + ATP4 Subunit 4 of ATPase (o 132, 191
G199 Es80 1 = Cytochrome oaidase deficient
G200 ES84 1 = Normal
G201 EB88S 2 = KGD3 Deficient in o-ketogh dehydrog
G202 Ess7 2 - FDHI Pyruvate dehydrogenase deficient
G203 Es89 2 - Normal
G204 EB99 1 Pieiotropic
G205 PQ17 1 Pleiotropic
Gl6 El199 1 - Pleiolropic
G207 EB1 4 + PETI23 Mitochondrial rib d p in(7) C R
G208 P235 1 = Normal
Gy mm 1 - Normal
G210 P274 1 = Plel
G111 Py 1 = Pleiotropic
G212 P 1 - Normal
G213 Pl 1 - Normal
G214 P3LT7 1 - Normal
G215 P03 1 - Normal
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Appendix 2. Restriction map of yeast mitochondrial 21s fRINA gene. Published by

Fredrick Sor and Hiroshi Fukuhara. 1983. Complete DNA sequence for the large
ribosomal RNA of yeast mitochondria. Nucleic Acids Research. Vol 11, 339-348.

Nucleic Acids Research
o 3 32 3 I ] kbp

|

mWLdetrmm&thsmmvy
aGCchhstﬁwithﬂaemdacated orientation

and C resistance arker: the intron.
M‘smﬁ“‘:mm o5 the position of laballing (3 or 3) snd the
length of sequence read.
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