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ABSTRACT 

 The purpose of this experiment is to determine the role of KU70, a nuclear 

gene, in maintaining mitochondrial DNA in the model organism Saccharomyces 

cerevisiae, the budding yeast.  The mitochondrion is an organelle in eukaryotes that 

produces much of the ATP used by a cell.  ATP, or adenosine-triphosphate, is a 

molecule within a cell that provides energy for cellular functions via its high energy 

holding phosphate bonds.  Mitochondria have their own genomes, separate from 

nuclear DNA, which encodes many proteins needed for cellular respiration.  

Mutations can occur in the mitochondria of humans that could result in decrease or 

loss of mitochondrial function, which leads to neuromuscular or neurodegenerative 

diseases.  The KU70 gene is actually a subunit of a heterodimer that works in 

coordination with KU80.  These genes function in the stability of the genome during 

DNA double-strand break (DSB) repair through nonhomologous end-joining (NHEJ) 

and telomere maintenance.  The goal of this project is to determine the effects caused 

by the loss of KU70 on the mitochondrial stability.  By completing two different 

assays, respiration loss and direct repeat-mediated deletion (DRMD), the role of the 

gene can be predicted.  The respiration loss assay showed a 1.4-fold decrease 

(p=0.027) in spontaneous respiration loss compared to the wild type strain.  The rate 

of DRMD events in the nuclear and mitochondrial genomes showed 1.42-fold 

decrease (p= 0.014) in spontaneous mutation rates in nuclear DNA and a 1.69-fold 

decrease (p=0.075) in mitochondrial DNA compared to the wild type.  Finally, the 
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induced-DRMD assay showed a 1.23-fold decrease (p=0.029) in homologous 

recombination events compared to the wild type.  These results suggest that Ku-

independent end joining may be a more efficient repair pathway and promote 

mitochondrial stability. 
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INTRODUCTION 

1.1 DNA damage 

 All organisms contain a subset of genes that function to repair damage that 

may occur to their genomes.  In the human genome, over 130 genes have been 

identified as those involved in DNA repair pathways.  While DNA is known to be a 

stable molecule, physical and chemical stressors can cause significant harm to its 

structure.  Depending on the location of these mutations, important processes within 

the cell may be unable to function properly, such as DNA replication, transcription, or 

translation, which ultimately leads to the cell’s death.  Because of this, it has been 

essential for organisms to evolve repair mechanisms to correct the inevitable damage 

that occurs to DNA throughout an organism’s lifetime (Altieri et al. 2008). 

 The two main sources of DNA damage are chemical and physical agents.  

Both of these sources can be either exogenous or endogenous to the cell.  Some 

examples of external sources of DNA damage include ultraviolet light, radiation, or 

chemical compounds.  Cell-intrinsic sources include errors in DNA replication and 

DNA-damaging agents, such as reactive oxygen species (ROS).  Another example of 

a cell-instrinsic source of damage is DNA polymerase slippage, or replication 

slippage.  This mutation occurs during DNA replication when DNA polymerase 

comes across a region of direct repeat sequences.  The DNA polymerase releases 

from the DNA strand causing replication to halt, and when it reattaches, it mistakenly 

adds nucleotides that were previous replicated, causing an insertion of nucleotides 
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(Canceill et al. 1999).  All of these sources can alter DNA in various ways and result 

in single or double stranded breaks, deletions, insertions, gene rearrangements, 

oxidized bases, lesions, mispaired bases, and many more types of mutations (Altieri 

et al. 2008). 

 One specific type of DNA damage is a double-stranded break.  Double-

stranded breaks are very common in eukaryotic cells with an estimation of 10 DSBs 

occurring per day per cell.  Most of these DSBs are pathologic, meaning that they 

accidentally occur within the cell.  These pathologic causes of DSBs include reactive 

oxygen species, natural ionizing radiation from the environment, unintended action of 

nuclear enzymes, and other physical stresses on DNA (Lieber 2010). 

1.2 DNA repair mechanisms 

 DNA damage occurs very frequently within the cell.  Fortunately for the cell, 

many different repair pathways have evolved to correct any errors that are caused by 

the damage.  Three main pathways in DNA repair are direct reversal repair, excision 

repair, and double-strand break repair.  The first two classes of repair pathways are 

involved with mutations that occur on a single strand of DNA, while DSB repair 

pathways are used to correct breaks that involve both DNA strands (Altieri et al. 

2008).   

1.3 Direct reversal repair mechanisms 

 Direct repair of DNA lesions is an efficient method of repairing DNA 

damage; however, this repair mechanism can only be used in very specific types of 
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DNA mutations.  There are specifically two types of mutations which can be 

corrected by direct reversal: pyrimidine dimers and alkylated guanine residues. 

 Pyrimidine dimers is a type of DNA mutation caused by exposure to 

ultraviolet (UV) light.  This type of mutation is characterized by the formation of a 

cyclobutane ring between two pyrimidine bases that are next to each other on the 

same strand of DNA.  When the cyclobutane ring is formed, replication and 

transcription are blocked, and the cell is unable to survive.  To overcome the DNA 

lesion and continue with replication or transcription, the cell utilizes a direct reversal 

repair mechanism called photoreactivation.  In photoreactivation, the bond between 

the two pyrimidine bases is broken using solar energy, while the original bases can 

remain in the DNA and revert to their standard position (Cooper 2000).  Specifically, 

two types of DNA photolyase are able to use the blue-light photons from visible light 

as an energy source and can either repair the cyclobutane ring or repair the 

photoproducts, depending on which photolyase is used (Sancar et al. 2004).  While 

UV light causes these dimers to form in nearly all cell types, this repair mechanism is 

not universal, and many different species, including humans, lack the ability to utilize 

this repair mechanism (Cooper 2000).   

 Another direct reversal repair mechanism involves the enzyme methylguanine 

DNA methyltransferase.  DNA will often interact with alkylating agents, which are 

reactive compounds that cause methyl or ethyl groups to be transferred and bind to a 

DNA base.  The most common methylation mutation occurs at the O
6
 position of the 
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DNA base guanine.  This mutation is particularly damaging because it causes the 

methylated guanine to base pair with thymine instead of cytosine.  Methylguanine 

DNA methyltransferase is able to get rid of the methyl group from guanine, restoring 

the ability of guanine to base pair with cytosine (Cooper 2000).  Unlike 

photoreactivation, this repair mechanism is conserved across all species (Sancar et al. 

2004). 

 1.4 Excision repair mechanisms 

 Though there are many ways to repair DNA when lesions have occurred on 

one strand, the most common repair mechanisms used by prokaryotes and eukaryotes 

is excision repair.  Excision repair is an efficient method of repair because it can be 

used on a wide variety of DNA alterations.  In excision repair pathways, the damage 

is recognized, and then either the bases or nucleotides within that region are removed.   

There are three types of excision repair, base excision repair (BER), nucleotide 

excision repair (NER), and mismatch repair (MMR).   

 BER is a repair pathway involved in correcting mutations that do not distort 

the DNA helix (Altieri et al. 2008).  It also corrects bases on a strand of DNA by 

removing the damaged bases and replacing them with the correct ones (Cooper 2000).  

Many organisms contain enzymes known as glycosylases which recognize and 

remove the incorrect bases.  Some examples of these include oxidized or reduced 

bases, alkylated bases, deaminated base (usually forming uracil), and mismatched 

bases (Altieri et al. 2008).  
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 Similar to BER, NER is a repair mechanism that corrects nucleotides that 

have been damaged and replaces them with the correct nucleotides (Cooper 2000).  It 

repairs the damage that causes the formation of bulky distortions of the helix, such as 

pyrimidine dimers in humans which cannot be corrected by direct reversal repair.  It 

is also able to repair the triplet expansions that may occur during DNA polymerase 

slippage that cause neurodegenerative diseases (Canceill et al. 1999).  Unlike BER, 

which is very specific in forms of damage it can repair, NER is often utilized because 

of its ability to correct a wide variety of DNA mutations.  Furthermore, it is one of the 

most highly conserved repair pathways throughout eukaryotes (Altieri et al. 2008).   

 The third excision repair pathway, MMR, is utilized by the cell during DNA 

replication when an incorrect base is added to the coding strand.  Most mismatched 

bases are removed during replication due to the endonuclease activity of DNA 

polymerase; however, after the newly synthesized strand of DNA is complete, the 

mismatch repair system will scan the strand and recognize and excise any mismatches 

that DNA polymerase may have missed.  The mismatch repair system is unique from 

the other two excision repair pathways because it is able to distinguish between the 

daughter and parent strands of DNA by the methylation of adenine in prokaryotes and 

the presence of single-strand breaks in eukaryotes, which allows MMR to recognize 

base mismatches that have occurred on the new strand (Cooper 2000). 
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1.5 Double-stranded break repair mechanisms 

 As for double-stranded DNA breaks, cell’s have evolved two main pathways 

for repair, homologous recombination (HR) and non-homologous end joining 

(NHEJ).  A third, transitional pathway, known as single-strand annealing is also 

utilized by the cell when a DSB occurs between repeated DNA sequences that have 

the same orientation direction.  Homologous recombination is the preferred repair 

pathway of double-stranded breaks for yeast, while NHEJ is more common in higher 

eukaryotes.  This pathway allows for the exchange between sequences of nucleotides 

to accurately repair the DSB (Altieri et al. 2008).  There are three main steps that 

occur during HR which allow for the genetic recombination to occur and the DSB to 

be repaired.  First, regions at the 5’ ends of the break are resected, which allows for 

strand invasion where the overhanging 3’ ends invade a homologous or an identical 

DNA molecule.  This allows for DNA replication to replace the missing bases, 

causing a Holliday junction to form, which is then resolved via branch migration by 

various proteins (Sancar et al. 2004).  Although there are a set of steps that HR uses 

to repair DSB, there are two primary models that explain how the Holliday junction is 

resolved: double-strand break repair (DSBR) pathway and synthesis-dependent strand 

annealing (SDSA) pathway (Anderson & Sekelksy 2010).   

 The main difference between these two recombination models is that DSBR 

involves a double Holliday junction to repair the DSB, while SDSA only involves one 

junction (Anderson & Sekelsky 2010).  DSBR pathway involves the 5’ ends of DNA 
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being resected while the 3’ ends are invading strands that act as primers for DNA 

replication to repair the break.  These invading 3’ strands form two Holliday 

junctions, which are regions where DNA strands branch or crossover each other.  The 

junctions are then cleaved by resolvases, and the Holliday junction is resolved with 

the DSB being repaired resulting in either crossover or non-crossover products, 

depending on how the junction is resolved.  While the DSBR pathway usually occurs 

during meiosis, the SDSA pathway can occur during meiosis or mitosis and always 

result in non-crossover products.  During this pathway, after the 5’ ends are resected 

and the 3’ strands invade via a DNA polymerase, the Holliday junction is released 

and branch migration occurs.  When this happens, the 3’ end of the invading strand 

anneals to the 3’ overhang of the damaged DNA, following a semiconservative 

pattern of DNA replication, and the two strands are annealed (Pâques & Haber 1999). 

 Although homologous recombination is more favorable in yeast, one 

advantage to NHEJ is that it is a simpler method since it does not require a 

homologous template to repair DNA breaks.  However, this method causes many 

errors in the DNA sequence because it essentially fuses the two ends of DNA together 

at the site of the DSB.  Figure 1 is a simple schematic that shows the proteins 

involved in NHEJ along with their functions to bring together the broken strands of 

DNA.  Due to the error-prone nature of NHEJ, homologous recombination is favored 

and is used in the cell under normal circumstances (Altieri et al. 2008). 
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Non-homologous End Joining in Eukaryotes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 An additional DSB repair mechanism is known as single-strand annealing.  

This pathway is known as the transition between HR and NHEJ and is usually 

stimulated when a DSB occurs between two repeated sequences.  In this repair 

pathway, the ends of DNA at a DSB site undergo exonuclease activity until 

homologous regions on each side of the break are found.  Then, Rad52 binds to the 

ends of these repeated sequences and aligns them so that they can be annealed.  These 
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two homologous regions are then paired while the nonhomologous tails are digested 

by Rad1 and Rad10 proteins, which allows for the ends to be annealed.  Since the 

ends of each side of the break are digested by an endonuclease, this repair mechanism 

often results in information loss, so it is not a favored pathway for repair by most 

organisms (Sancar et al. 2004).  This information loss is believed to occur because 

this pathway initiates direct-repeat mediated deletions.  These deletions have been 

observed to be stimulated in yeast when the Homothallic switching endonuclease 

creates a DSB that occurs between repeated sequences located near the break and 

then SSA causes the direct-repeat mediated deletion that occurs between the flanking 

repeat sequences.  Because this pathways results in deletions, it is considered 

mutagenic (Pâques & Haber 1999). 

1.6 Consequences of disabled repair mechanisms 

 DNA repair mechanisms have proven to be essential for the proper 

functioning of cells and the ability of cells to survive.  Without these repair 

mechanisms, the damage to DNA can cause the cell to undergo cell-cycle arrest, 

apoptosis, or various mutations, while at the level of the organism, DNA damage can 

result in genetic disorders, cancers, and aging.  Likewise, any mutations in the genes 

that code for proteins involved in these repair pathways can lead to a host of 

inheritable diseases, cancers, and accelerated aging.  Many specific diseases have 

been identified as those caused by mutations in the proteins involved with a particular 

repair pathways.  Some examples of these include Xeroderma pigmentosum and 
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Artemis syndrome.  Xeroderma pigmentosum is a skin disease that results in 

hyperphotosensitivity, heighten risk of skin cancer, and neurodegeneration due to 

several types of defects in the NER pathways.  Artemis syndrome is a disease that 

produces the well-known severe combined immunodeficiency (SCID) phenotype 

when the Artemis protein of the NHEJ pathway is mutated (Altieri et al. 2008). 

 Studies have also shown a correlation between defected DNA repair pathways 

and neurological diseases.  Since the brain is the organ that is influenced the most by 

DNA damage, many devastating diseases and disorders arise from oxidative DNA 

damage and dysfunctional repair mechanisms such as Alzheimer’s disease, 

Parkinson’s disease, amyotrophic lateral sclerosis (ALS), and Huntington’s disease.  

All of these heritable diseases are associated with neurodegeneration and neuronal 

cell loss that results from the cells’ inability to repair the damage.  For example, 

Alzheimer’s disease results from defects in the BER and NHEJ repair pathways; 

however, the identification of specific genes or proteins in these affected pathways 

has not been made, and the exact defects are not fully understood (Altieri et al. 2008). 

 When proteins in repair pathways are no longer functioning properly, cells are 

also at a higher risk for sporadic and inherited cancers.  Most cancer cells have at 

least one defect in a major DNA repair pathway, and these defects are often inherited 

mutations passed down through many generations.  One example of this can be seen 

in the BRCA1/BRCA2 proteins that normally function in homologous recombination.  

Mutations of these proteins lead to the cells inability to repair double-stranded breaks, 
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and they are often associated with significantly higher risks of inherited breast and 

ovarian cancers (Altieri et al. 2008). 

 Unfortunately, the genes and proteins involved with all of these repair 

mechanisms are not completely understood.  With increased research on these repair 

proteins, a better understanding of the repair pathways can be obtained and future 

medications or therapies can be developed to treat all of the neurodegenerative 

diseases and cancers associated with DNA damage and defective DNA repair 

mechanisms. 

1.7 Background of KU70 

 For all of these repair pathways, there are many genes that facilitate in the 

repairing.  In the experiments completed for this thesis, the gene KU70, involved in 

NHEJ, was observed in genetic assays performed on the model organism 

Saccharomyces cerevisiae.  KU70 is a nuclear gene that encodes a mitochondrial 

protein in humans.  This gene is a subunit of the Ku heterodimer of polypeptides, 

which works in conjunction with the gene KU80, and is bound to the ends of DNA.  

As Figure 2 shows, the two subunits surround DNA and function together.  
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Ku Heterodimers Interaction with DNA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The Ku protein complex is appealing for research because it is conserved 

throughout eukaryotes and can be seen not only in humans, but in a large number of 

yeast species, mice, rats, birds, horses, various species of fungi, and many other 

eukaryotes.  It is important to note, however, that the protein sequence is more 

conserved than the gene sequence. 
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Protein BLAST of Ku70p 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3 shows the alignment of the Saccharomyces cerevisiae protein 

sequence, obtained from the Saccharomyces Genome Database, after a protein 

BLAST was performed on the amino acid sequence of the budding yeast in the NCBI 

nr database, which is a non-redundant database, meaning it contains non-identical 

sequences that are updated frequently.  BLAST, or Basic Local Alignment Search 

Tool, is a bioinformatics program that allows scientists to compare sequence 

information, such as nucleotide and amino acid sequences, of various organisms.  It is 
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important to understand the similarities between the model organism used in these 

experiments and humans.  The red lines show that the sequence is conserved and has 

a great percent similarity throughout the species that were targeted in the BLAST.  

After this was completed, a protein alignment, shown in Figure 4, was constructed to 

show the similarities of the protein sequences of Ku70p in various species.   

Protein Alignment of Several Species 

 

 

 

 

 

 

 

 From this protein alignment, a phylogenetic tree was generated, which is 

shown in Figure 5.  When observing the phylogenetic tree, it is clear that yeast Ku70p 

is conserved across species because it is close in proximity to the humans.  However, 

this is only seen in the Ku70 protein and not the gene.   
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Phylogenetic Relationship between Various Species 

 

 

 

 

 

 

 

 

 

 Unfortunately, when trying to perform a nucleotide BLAST, the homologies 

that resulted were only various species of yeast.  This shows that the DNA sequence 

is conserved in the yeast species, but it is only somewhat conserved in all eukaryotes.  

This makes sense, because the DNA coding sequences are very specific, and there is 

no room for redundancy, unlike the protein sequence which allows for various codons 

to code for the same amino acid sequences due to a wobble base pair position.  For 

proteins, many different amino acids can have several DNA codons, allowing for 

slight variations in the DNA sequences, while still maintaining homologous protein 

sequences.  In this project, the gene of interest, KU70, is less conserved than the 

protein sequence, because the BLASTn, or nucleotide BLAST, did not provide any 

human mRNA results in the NCBI nr database.  The phylogenetic tree in Figure 5 
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depicts that humans and yeast developed from a more distant common ancestor, so 

some factor must have elicited the need for a change in the DNA sequence. 

 Ku70p is very important for the normal functioning of a cell because it is 

involved in genomic stability by repairing double-strand breaks, one of the most 

lethal forms of DNA damage, by means of non-homologous end joining and 

maintenance of the telomeres.  DSBs are dangerous because, if left unrepaired, they 

cause the cell to undergo programmed cell death, or apoptosis, and cell aging, known 

as senescence (Davis and Chen 2013).  In eukaryotes, the NHEJ repair pathway is 

utilized when the KU heterodimer forms a complex with DNA-dependent protein 

kinase, an enzyme required for NHEJ.  In yeast, however, these DNA-PKcs are 

absent, and the NHEJ depends on the heterodimer and DNA ligase IV (Palmbos et al. 

2008).  Though the necessary proteins are present in yeast to perform NHEJ, more 

often than not, yeast will undergo homologous recombination to repair DNA breaks 

(Doherty et al. 2001).  Homologous recombination is favored by yeast because it is a 

more accurate mechanism to repair DSB and less prone to DNA sequencing errors 

that frequently occur after NHEJ. 

1.8 Function of the mitochondria 

 Since it is hypothesized that Ku70p plays a role in mitochondrial DNA repair, 

it is important to understand the mechanisms of this organelle.  Mitochondria are 

membrane-bound organelles within most eukaryotic cells that house the sites for 

cellular respiration.  Cellular respiration is a process in which ATP, a more useable 
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form of energy for eukaryotes, is produced by breaking down macromolecules such 

as sugars and lipids.  This process is simply glucose being broken down to form ATP 

while releasing other waste products.  Glucose is first broken down in the cytoplasm 

of the cell through a process known as glycolysis.  During glycolysis, one molecule of 

glucose is broken down into two molecules of pyruvate, or two three-carbon 

molecules, and four molecules of ATP are produced.  The pyruvate products from 

glycolysis then undergo oxidative decarboxylation before being transferred to the 

innermembrane space of the mitochondria, known as the matrix, where the Krebs 

cycle and oxidative phosphorylation take place.  During the Krebs cycle, the product 

from the oxidative decarboxylation of pyruvate, two molecules of acetyl-CoA, is 

broken down into four molecules of CO2, two molecules of ATP, and high energy 

electron carriers that will be used during oxidative phosphorylation.  Then, the high 

energy electron carriers, NADH and FADH2, transfer electrons produced from the 

previous steps to the electron transport chain in exchange for ATP.  In this 

mechanism, oxygen is the final electron acceptor and is essential for respiration to 

occur and for a eukaryote to function properly while producing 32 molecules of ATP.  

In the event that oxygen is not present, the cell will undergo anaerobic respiration, 

known as fermentation, which is a process that does not utilize the mitochondria, but 

occurs within the cell’s cytoplasm.  During fermentation, glycolysis occurs normally, 

but instead of transferring the products of glycolysis to the mitochondria, they remain 

in the cytoplasm and are broken down into ethanol or lactic acid.   
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 In addition to the mitochondria’s ability to carry out cellular respiration, they 

also have their own genome, known as mitochondrial DNA (mtDNA).  According to 

the endosymbiotic theory, the mitochondrion was once a prokaryotic cell that was 

engulfed by another prokaryote, thus forming a eukaryote and explaining why the 

mitochondria have their own genomes.  Mitochondrial DNA is organized into 

structures called nucleoids, which usually contain approximately five copies of 

mtDNA and twenty proteins.  Unfortunately, the replication and segregation 

processes of the nucleoids are not fully understood (Bielawski and Gold 2005).  It is 

known, though, that yeast mtDNA replicates using DNA Polymerase gamma, with 

many origins of replication that proceed bidirectionally.  The mtDNA is important 

because it encodes for many proteins that comprise the electron transport chain.  If 

the mtDNA is exposed to reactive oxygen species, it could possibly be damaged and 

contribute to mutations in the mitochondrial genome (Doudican, et al. 2005).  

However, many of the proteins that reside within the mitochondria are encoded by 

nuclear DNA.  In humans, mtDNA mutations may cause various hereditable 

neurodegenerative diseases, as well as cancers, apoptosis, and aging (Kujoth, et al. 

2005).  The figure below is a schematic of the human mitochondrial genome. 
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Circular Mitochondrial Genome 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.9 Saccharomyces cerevisiae as a model organism 

 

 To study the effects of KU70, it is essential that a superior model organism is 

used for research.  Saccharomyces cerevisiae, the budding or baker’s yeast, is an 

excellent model for many reasons.  First, yeast and humans share similar genomes, 

with many genes and proteins functioning the same way in both organisms.  

Likewise, as previous statistics have shown, the percent identity of the Ku70 protein 

is very similar between yeast and humans.  Because of this, any significant findings in 

yeast with this gene and protein will be homologous to the human versions of the 

gene and protein.  Moreover, yeast is a facultative anaerobe, meaning that it can grow 
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and multiply in the absence of oxygen.  When oxygen is not present, yeast proceed 

through a mechanism called fermentation, which does not require the use of the 

mitochondria.  Because of this, it is an ideal model to experiment with and observe 

the effects of mutated mtDNA that is involved in respiration because if mtDNA is 

mutated, the yeast will have to undergo fermentation.  The budding yeast is not only 

an excellent model organism because of its ability to ferment, it is also advantageous 

to study genes involved in respiration because exogenous DNA can be incorporated 

into the yeast mitochondrial genome.  Furthermore, yeast are single-celled organisms, 

so they grow in easily observed colonies.  Usually these colonies are identical 

phenotypically; however, if mtDNA is mutated, yeast are unable to respire and must 

undergo fermentation.  When this occurs, the colonies appear to be smaller and are 

known as “petites,” due to their reduced size.   

 Petite colonies develop through various means.  For example, the entire 

mitochondrial genome could be lost or a deletion mutation in the mtDNA could cause 

these non-respiring colonies to grow.  It has also been shown that direct-repeat 

mediated deletions can cause the yeast to undergo fermentation (Dujon 1981).  This 

occurs when repeated DNA sequences contribute towards a recombination event, 

which can result in a deletion.  Several mechanisms, including DNA polymerase 

slippage, HR, and NHEJ allow for spontaneous direct-repeat mediated deletions 

events to occur.  On the other hand, direct-repeat mediated deletions that are 



Burkhart 27 
 

experimentally induced cannot occur by DNA polymerase slippage (Phadnis et al. 

2005).   

 The goal of this study was to determine the functions of Ku70p in the yeast 

mitochondria.  By performing a knockout of this gene and creating a ku70-Δ strain, 

the effects of this were observed via genetic assays.  In this study, three specific 

assays were completed, respiration loss, direct-repeat mediated deletions (DRMD), 

and induced-DRMD, and the results from these experiments were analyzed. 

 

  



Burkhart 28 
 

2. MATERIALS AND METHODS 

 

2.1 Yeast strains and growth media 

 The yeast strains used in this study are shown in table 1.  Growth media 

included YPG, YPD, YPG + 0.2% dextrose, SD-Trp, SD-Ura-Arg, and SD-Arg.  

Yeast peptone glycerol, or YPG, included the following ingredients:  10 grams of 

yeast extract, 20 grams of bacto peptone, 25 grams of agar, 900 milliliters of 

deionized (DI) water, and 100 milliliters of 20% glycerol.  Yeast peptone dextrose, 

YPD, was made using 10 grams of yeast extract, 20 grams of bacto peptone, 25 grams 

of agar, 1000 milliliters of DI water, and 20 gram of dextrose.  YPG plus 0.2% 

dextrose plates were made with the same ingredients as the YPG plates, however, 2 

grams of dextrose was also added.  Another medium, known as synthetic dextrose 

(SD), was used.  Specifically, SD minus tryptophan (SD-Trp), SD minus uracil and 

arginine (SD-Ura-Arg), and SD minus arginine (SD-Arg) were made.  SD-TRP 

contained 0.74 grams of CSM-Trp, 1.7 grams of yeast nitrogen base, 5 grams of 

ammonium sulfate, 20 grams of dextrose, 25 grams of agar, and 1000 milliliters of DI 

water.  The SD-Ura-Arg and SD-Arg plates contained the same ingredients, however, 

instead of using 0.74 grams of CSM-Trp, 0.74 grams of CSM-Ura-Arg and CSM-Arg 

were used respectively. 
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Table 1.  Strains of yeast used in this study 

Strain Genotype Source 

DFS 188 MATa ura3-52 leu2-3, 112 ly2 his3 arg8::hisG Sia, et al.. (2000) 

NRY 168 DFS 188 ku70-Δ::kanMX R. Sia lab, SUNY Brockport 

LKY 196 DFS 188 Rep96::ARG8M::cox2 Rep96::URA3::trp1 Kalifa, et al.. (2009) 

RCY 373 LKY196 ku70-Δ::kanMX R. Sia lab, SUNY Brockport 

CSY 80 MATa LKY196 Rep96::ARG8M::cox2 Rep96::URA3::trp1, E240 R. Sia lab, SUNY Brockport 

CSY 84 MATa LKY196 Rep96::ARG8M::cox2 Rep96::URA3::trp1, E234 R. Sia lab, SUNY Brockport 

ALY101 RCY373 ku70-Δ::kanMX, Parent ABY001, E240 R. Sia lab, SUNY Brockport 

ALY201 RCY373 ku70-Δ::kanMX, Parent ABY002, E234 R. Sia lab, SUNY Brockport 

 

2.2 Respiration loss assay 

 Wild type (DFS 188) and Δku70 (NRY 168) strains used were patched and 

grown on YPG medium in a 30˚Celsius warm room for one day.  Then, the cells were 

streaked for singles onto a YPD plate.  After the colonies grew for three days in the 

warm room, a single colony was picked and diluted through a series of dilutions to 

the final factor of 10
-5

 as seen in Figure 7. 

Steps of Respiration Loss Assay 
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For each strain, fifteen single colonies were picked for a total of fifteen plates 

per assay.  Fifty microliters of the final dilution solution and 100 microliters of sterile 

water were plated onto YPG + 0.2% dextrose using a micropipette. The plates were 

then placed into a warm room set at 30˚C to grow.  After three days, the number of 

petite colonies and the total number of colonies that grew were counted.  Then, the 

percentage of respiration loss was calculated by dividing the number of petite 

colonies by the total number of colonies and multiplying by 100.   

2.3 Direct-repeat mediated deletions 

 Wild type (LKY 196) and Δku70 (RCY 373) strains were used to measure the 

rates of recombination in nuclear and mitochondrial DRMD events.  To determine 

whether a DRMD event occurred, two genetically engineered reporters, nuclear and 

mitochondrial, were added to the ku70Δ yeast strain.  These strains were patched onto 

an SD-Ura-Arg plate and grown in the 30˚Celsius warm room for one day and then 

streaked for singles on a YPD plate.  After the cells grew on YPD for three days in 

the warm room, a single colony was picked and diluted as shown in Figure 8 below.  

The first dilution was plated on SD-Trp to determine the nuclear recombination rate, 

the second dilution was plated on YPG to determine the mitochondrial recombination 

rate, and the final dilution was plated on YPD to determine the total cell count. 
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Steps of DRMD Assay   

 
 Fifteen plates were used for each dilution in coordination with the fifteen 

individual colonies diluted.  After the plates were stored in the warm room for three 

days, the number of colonies were counted and recorded.  Next, calculations were 

completed to measure the nuclear and mitochondrial recombination rates. 

2.4 Lea and Coulson Method calculations 

 The Lea and Coulson method was used to calculate the nuclear and 

mitochondrial recombination rates for both the wild type and mutant strains.  First, 

the total number of cells, or colonies, was obtained from the YPD plates by counting 

the colonies that grew on each plate for a single assay.  The average was then 

determined for all fifteen plates within a single assay trial.  The average was then 

multiplied by two and divided by two to determine the maximum and minimum 
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number of colonies, respectively, in order to take out any outliers that may have 

skewed the average.   After this was done, a new average was calculated without the 

extreme averages.  Then, the median numbers of colonies grown on the SD-Trp and 

YPG plates were found to determine nuclear and mitochondrial recombination rates 

respectively.  These medians were then used in a series of calculations using the Lea 

Coulson table to determine the number of mutations per cell (Lea and Coulson 1949). 

2.5 Creating Induced Direct-repeat Mediated Deletion Strains 

 To create the strains for the induced DRMD assay, a strain that contained both 

nuclear and mitochondrial reporters was needed.  Because of this, the Δku70 (RCY 

373) strain was used because both reporters were intact and it could be easily 

manipulated in order to remove the nuclear reporter and retain the mitochondrial 

reporter.  The steps used to perform a DRMD assay were first completed; however, 

because only the mitochondrial reporter was of interest and the goal was to lose the 

nuclear reporter, plating only occurred on SD-Trp plates.  Colonies that grew on these 

plates did not contain the nuclear reporter and were then selected to be patched on 

SD-Arg plates to ensure the mitochondrial reporter was still intact.  The resulting 

strain’s phenotype was Trp
+
Ura

-
Arg

+
 and non-respiring.  These patches were then 

frozen in microfuge tubes containing 20% glycerol and labeled as the ABY strain. 

 From the new strains of yeast, a high efficiency yeast transformation was 

performed in order to insert two different plasmids, E234 and E240, into separate 

strains.  In order to insert the plasmids, however, the plasmids had to be isolated from 
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a culture of E. coli cells via plasmid isolation.  One plasmid, E234, contained the live 

intein, while the other, E240, contained a dead intein.  The plasmid containing the 

dead intein was used as a control during the induced-DRMD assay.   

2.6 Plasmid Isolation 

 To begin the plasmid isolation, 1.5 mL of an E. coli cell culture was obtained 

in a microfuge tube and spun in the centrifuge for approximately 15 seconds so that a 

pellet would form.  The supernatant was discarded and the cells were resuspended in 

100 µL of GTE (glucose, Tris, EDTA) buffer.  Then, 200 µL of NaOH/SDS lysis 

solution was added to the tube, mixed, and then left at room temperature for 5 

minutes.  Next, 400 µL of phenol/chloroform was added and mixed, and then the 

solution was spun for 5 minutes in order to pellet the chromosomal DNA and cell 

debris.  After the solution was spun, 800 µL of the supernatant was removed and 

added to a new tube.  Then 1 mL of 100% ethanol was added to the new tube, it was 

vortexed and placed at -20˚C for 10 minutes.  It was then spun for another 5 minutes 

at room temperature and washed with 200 µL of 70% ethanol and spun again for 3 

minutes.  The supernatant was then removed, and the pellet was dried in the speedy 

vacuum.  The pellet was then resuspended in 50 µL of 100ug/mL of RNAse in TE 

buffer.  The solution was then incubated at 37˚C for 15 minutes.  

 After the plasmids were isolated, a high efficiency yeast transformed was 

completed using the new strains that were created and the isolated plasmids.   
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2.7 Yeast Transformation 

 An overnight culture was grown in 5 mL of YPD broth.  The next day, the 

cells were diluted 1:50 in YPD broth and grown to mid-log phase for about three 

hours.  Once the cells were grown, about 50 mL of culture was placed into two tubes 

and spun so that a pellet would form.  The cells were then resuspended in 1 mL of 

distilled water and transferred to a microfuge tube.  They were spun for seven 

seconds and resuspended in 500 μL of 0.1M LiOAc, TE.  To separate microfuge 

tubes, 100 μL of cells, 15 μL of 10mg/mL salmon sperm DNA (carrier DNA), and 7.5 

μL of the appropriate plasmid DNA were added.  The tubes were then incubated on 

the shaker at 30ºC for 30 minutes.  After the incubation was complete, 1 mL of 40% 

PEG, 0.1M LiOAc, TE was added to each tube and mixed by pipetting up and down.  

The tubes were placed on the shaker again and incubated for an additional 30 minutes 

at the same temperature.  They were then heat shocked for 15 minutes at 42ºC.  The 

cells were spun down for 7 seconds and the supernatant was removed by vacuum 

aspiration.  The remaining precipitate was then resuspended in 1 mL of sterile water, 

spun for 7 seconds, and the supernatant was once again removed by vacuum 

aspiration.  Finally, the pellet was resuspended in 200 μL of sterile water and plated 

on selective media to ensure the engineered reporters were intact.  The plates were 

incubated in a 30ºC room overnight, and single colonies were picked and saved in 

microfuge tubes containing 20% glycerol.   
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2.8 Induced Direct-repeat Mediated Deletions 

 Wild type (CYS 80 and CSY 84) and Δku70 (ALY 201 and ALY 101) strains 

were used to measure the rates of recombination when a DRMD event was 

purposefully induced.  Similar to the DRMD assay, to determine whether a DRMD 

event occurred, genetically engineered reporters were used.  Additionally, the Kpn1 

restriction endonuclease, which is located on the plasmid, was used to induce the 

double stranded break.  An intein, which is translated from the middle of the Kpn1 

gene, is usually bound to the Kpn1 enzyme, limiting its ability to interrupt the ARG8
m
 

gene so that respiration can take place.  However, if the temperature is lowered, the 

intein can dissociate from Kpn1, and the double stranded break can be made, 

allowing for respiration.  Because of this, the eight day assay performed was 

temperature sensitive.  An illustration of the protocol can be seen below in Figure 9. 
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Steps of Induced-DRMD Assay 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 To ensure that the intein was released from Kpn1 after being exposed to 19ºC, 

pre-induced and post-induced cultures were plated from an initial culture.  Likewise, 

a strain which contained a plasmid that did not have a functional intein was plated 

alongside strains with functional inteins as a control.  Figure 10 shows the release of 

the intein when exposed to 19ºC and the normal function of Kpn1, which induces the 

DSB that allows for the restoration of COX2 so that cells can undergo respiration. 
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Induced DSB in Mitochondrial Reporter 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 First, the strains were patched onto an SD-Ura-Arg plate and grown at 30ºC 

for two days.  After the strains had grown, they were inoculated into 20 mL of SRaff-

Ura-Arg broth in a 125mL Erlenmeyer flask.  The culture was incubated at 30ºC 

overnight on an orbital shaker set at 200rpms. Next, 1-1.5mL of culture was diluted in 

50 mL of SRaff-Ura-Arg in a 250 mL Erlenmeyer flask and the absorbance was 

measured. In order to determine sufficient growth, the OD600 had to be between 0.07-
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0.08.  After the absorbance was recorded, the new culture, known as the pre-induced 

culture, was incubated at 30ºC for five to six hours.  The pre-induced culture was then 

used to be plated and create the post-induced culture.  A serial dilution of the pre-

induced culture was performed first: 50 μL of the pre-induced culture was pipetted 

into 500 μL of sterile water and vortexed, then 5 μL of that was pipetted into a new 

microfuge tube also containing 500 μL of sterile water.  Once the serial dilatation was 

complete, 50 μL was plated on a YPD plate along with 50 μL of sterile water.  The 

plates were then stored at 30ºC for two days.  To create the post-induced culture, 22.5 

mL of pre-induced culture was added to a 125 mL Erlenmeyer flask with 2.5 mL of 

20% Galactose and 25 μL of 1000x L-Arginine (20mg/ml stock).  The post-induced 

culture was incubated in a water bath shaker for 16-18 hours at 19ºC.  After the 

incubation was completed, a serial dilution was performed on the post-induced 

culture: 5 μL of post-induced cultures was added to a microfuge tube containing 500 

μL of sterile water, then 5 μL of that was added to another tube containing 500 μL of 

sterile water.  Finally, 50 μL was plated onto a YPD plate with 50μL of sterile water.  

The plates were incubated for two days at 30ºC.  After two days, the pre and post-

induced plates were replica plated onto SD-Arg and YPG plates from the YPD plates.  

All plates were then incubated overnight at 30ºC.   

 The plates were quantified on their respective days by counting the total 

number of colonies on the YPD, SD-Arg, YPG plates, and then counting the colonies 

that were both Arg
-
YPG

-
.  To determine the percentage of induced homologous 
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recombination, two calculations were performed.  First, the total number of Arg
-
YPG

-
 

colonies were subtracted from the total number of colonies that grew on YPD plates.  

Then, the total number of colonies that grew on YPG plates was divided by the 

number produced from the first calculation.  The final calculation was multiplied by 

100 in order to produce the percent of induced homologous recombination. 
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3. RESULTS 

 

3.1 Respiration loss showed to be decreased in ku70∆ strain 

 

 Respiration loss assays are used as excellent indicators to determine whether 

the mitochondrion is functioning correctly and is stable in yeast.  If the mtDNA 

becomes mutated, the proteins that are encoded for the electron transport chain may 

not be translated properly, causing incorrect shape and function, or the protein may 

not be translated at all.  When this happens, cells are unable to undergo cellular 

respiration and will either utilize fermentation or die.  Fermentation occurs when the 

yeast can use a fermentable carbon source, such as dextrose or glucose, to convert 

macromolecules to ATP in the absence of oxygen.  By using yeast as the model 

organism, the rate at which yeast must undergo fermentation instead of cellular 

respiration due to sporadic endogenous mutations in mtDNA can be easily measured 

via a respiration loss assay. 

 To measure the loss of respiration in the wild type and ku70Δ strains of yeast, 

a media containing YPG and 0.2% dextrose was selected.  Glycerol, which is in YPG 

plates, is not a fermentable carbon source for yeast to utilize because they are unable 

to metabolize glycerol.  Dextrose, on the other hand, is a good carbon source for yeast 

undergoing fermentation.  Colonies undergoing fermentation will use the dextrose to 

grow; however, since there is only a limited availability of dextrose, 0.2% of the 

carbon source, the yeast colonies’ growth will be inhibited.  This was observed during 

the assay when the respiring colonies, which did not need a fermentable carbon 
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source, were larger in size than the non-respiring colonies.  These non-respiring 

colonies are called petite colonies due to their decreased size.  The colonies in Figure 

11 show this size difference between colonies that undergo cellular respiration and 

those that go through fermentation.  

Respiring versus Non-Respiring Yeast Colonies 

 

 

 

 

 

 

 

 

  

 The results of the respiration loss assays are displayed Figure 12.  Multiple 

trials were completed with the results of the five most precise trials used to calculate 

the average of respiration loss for each strain.  The loss of KU70 showed a 1.4-fold 

decrease in petite colonies compared to the wild type.  The average percentage of 

petite colonies for the wild type was 3.56%, while for the mutant strain, it was 2.89%. 
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 To determine whether the data obtained from the respiration loss assay was 

statistically significant, the p-value was calculated.  The p-value is a calculated 

probability that assists researchers in comparing experimental results to the control 

results.  A p-value of p < 0.05 was set as significant meaning that if the results have a 

p-value less than 0.05, there is only a 5% chance that the results occurred by chance.  

Since the experimental p-value was 0.027, this shows that these results are 

statistically significant.  From these results, it can be concluded that the loss of KU70 

may act to stabilize the mitochondria in yeast since respiration loss is decreased in the 

ku70Δ strain compared to the wild type.  To further explore the affects the loss of 

p=0.027 
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KU70 has on mitochondrial DNA stability, the rate of spontaneous direct-repeat 

mediated deletions (DRMD) events was determined.  This was done by performing a 

DRMD assay. 

3.2 DRMD events showed a decrease in ku70∆ strain 

          In the yeast mitochondrial genome, there are many regions where sequences of 

DNA repeat themselves.  These regions are referred to as direct repeat sequences and 

are known for high frequencies of recombination events because of the redundancy in 

their repetitiveness.  Within mtDNA, many deletions and point mutations occur, and 

these deletions are commonly flanked by direct repeat sequences.  This suggests that 

DRMD events occur within the direct repeat sequences.  Several mechanisms allow 

for DRMD events to occur, including DNA polymerase slippage, HR, and NHEJ 

(Phadnis et al. 2005).   

  To measure the rate at which these events occur in the nucleus and 

mitochondria, two genetically engineered reporters were used.  As Figures 13 and 14 

show, the construct is very similar for each reporter.  For the nuclear reporter, the 

gene URA3 interrupts TRP1.  URA3 is important because it is the nuclear gene that 

encodes for a protein required in the uracil biosynthetic pathway, while TRP1 

encodes for a protein required in the tryptophan biosynthetic pathway.  The URA3 

gene is inserted between two 96 base pair repeat sequences of TRP1.  If a 

recombination event occurs between this repeat sequences, the URA3 gene will be 

removed and TRP1 will regain function.  If cells contain this construct, they are 
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phenotypically Ura
+
 and Trp

-
.  This can be selected for on media that does not 

contain tryptophan.   

 

  

  

 

 

 

 

 

 

 

 

 

  

 The mitochondrial reporter, however, has ARG8
m
 inserted between two 96 

base pair repeat sequences of COX2.   COX2 is a mitochondrial gene that, along with 

many other genes, codes for the protein cytochrome c oxidase, which catalyzes the 

last step of the electron transport chain.  Since COX2 codes for a protein involved in 

the electron transport chain, it is involved in the normal functioning of cellular 

respiration in yeast.   The construct of this reporter inhibits the expression of the 

COX2 gene, so cells that contain this construct are unable to undergo cellular 

respiration and fermentation and are phenotypically Arg
+
.  If a DRMD event occurs 
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though, cells will regain the ability to respire and use glycerol as the only carbon 

source, because the ARG8
m
 gene is excised.  ARG8 is a nuclear gene that codes for a 

protein required in the arginine biosynthetic pathway.  Previously, researchers (Steele 

et al. 1996) were able to mutate ARG8 so that it would be expressed as a 

mitochondrial gene—ARG8
m
.  This form of the ARG8 gene was used so that it could 

be inserted in the mitochondrial reporter. 

 

 

 

 

 

 

 

 

 

 

 

 The ku70Δ strain contained both reporter constructs and was used in the 

DRMD assays to determine whether knocking out KU70 affected these events.  The 

average rate of nuclear recombination events was 9.833 x 10
-7

 for the ku70Δ strain 

and 13.53 x 10
-7 

for the wild type strain, which is a 1.42-fold decrease in spontaneous 

mutation rates.  These calculations were obtained by counting the total number of 
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colonies that grew on SD-Trp plates—plates containing essential amino acids except 

for tryptophan—and then using the Lea and Coulson method to determine the rates of 

recombination.  The results from this assay were statistically significant with a p-

value equal to 0.014, which is less than the set p-value of 0.05.  This data shows that 

the number of recombination events that occur in the nucleus in the absence of KU70 

is lower than those in the wild type strain for reasons other than chance or 

coincidence for those trials. 

 

 

 

 

 

 

 

 

 

 

 

 The results for the mitochondrial recombination rates displays an average of 

2390 x 10
-7

 for the ku70Δ strain compared to the wild type strain which was 4044 x 

10
-7

.  These results showed a 1.69-fold decrease in mitochondrial mutations rates in 
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the ku70Δ strain compared to the wild type.  Similar to the nuclear rates, these results 

were determined by counting the total number of colonies that grew on YPG plates 

and using the Lea and Coulson Method to calculate the rate of recombination in the 

mitochondria.  Unfortunately, because the p-value was 0.075, the results for 

mutations that occur in the mitochondria are not statistically significant.  However, 

we can conclude from this data that the loss of KU70 showed a lower rate of 

mitochondrial mutation rates compared to the wild type, but this could be due to 

chance. 

 

 

 

 

 

 

 

 

 

 

 

3.3 Induced-DRMD events showed a decrease in ku70∆ strain 

 The induced-DRMD assay, though extremely different in methods, was 

similar in concept to the DRMD assay; however, instead of measuring events of 
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recombination in the yeast colonies by waiting for spontaneous DSBs, a DSB was 

induced in order to determine the rates of recombination.  By inducing the DSB, this 

assay focused on recombination events that occur by HR or NHEJ only.  DNA 

polymerase slippage does not account for induced-DRMD events because it only 

occurs during DNA replication. To measure the rates of recombination in induced-

DRMD, a new strain of yeast needed to be created in order to retain the mitochondrial 

reporter and lose the nuclear reporter, because the nuclear reporter and plasmids 

inserted into the new strain have the same marker.  The resulting strain would be 

Trp
+
Ura

-
Arg

+
 and non-respiring.  This new strain was made so that only the rates of 

mitochondrial mutations could be measured and a plasmid containing the gene, Kpn1, 

which codes for a restriction endonuclease to induce the DSB could be inserted. From 

this parent strain, a yeast transformation was performed in order to insert plasmids, 

E234 and E240, that contained either a live or dead intein integrated within the Kpn1 

gene.  The dead intein was used as a control during the experiment to ensure that the 

double stranded break was induced after the cultures were exposed to decreased 

temperatures.  The live intein was expected to show rates of recombination, while the 

dead intein was expected to show 0% of recombination since it was not able to 

catalyze its own removal from the Kpn1 gene.  When the intein is present, it blocks 

the transcription of Kpn1 so the double stranded break cannot be induced.  Figure 17 

depicts the plasmid that was inserted into the yeast genome. 

 



Burkhart 49 
 

Plasmid Inserted into Yeast Strains via Transformation 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Since the intein is temperature sensitive, the DSB is induced when the 

temperature is lowered to 19ºC.  Once the temperature is lowered, the intein catalyzes 

its own removal from Kpn1.  The ARG gene within the mitochondrial reporter 

contains one Kpn1 restriction site, so the location of the DSB occurs at this site in the 
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ARG gene.  Once the DSB is induced, the ARG gene is excised and the cell regains 

the ability to respire after being repaired by HR or NHEJ.   

 To ensure that the intein was removed and the Kpn1 protein induced the DSB, 

pre- and post-induced cultures were replica plated on selective media.  It was 

expected that colonies would not grow on YPG plates for the pre-induced culture 

because the intein would still be integrated within the Kpn1 gene, prohibiting the 

DSB within the ARG gene of the mitochondrial reporter which prevents yeast from 

metabolizing glycerol.  Conversely, the post-induced culture was expected to grow on 

YPG plates because the intein would be absent and the colonies would be able to 

undergo cellular respiration after the DSB induced by Kpn1 in the ARG gene was 

repaired by HR or NHEJ.  Pre-induced and post-induced cultures were plated for the 

wild type and ku70Δ strains, and it was expected that the pre-induced culture would 

show 0% recombination while the post-induced culture would regain the ability to 

metabolize glyercol and recombination rates could be measured.   

 As expected, the results showed that no growth occurred on the YPG plates 

from the pre-induced culture and some cells from the post-induced culture were able 

to grow on YPG.  The percentages of recombination events that occurred in the 

mitochondria of these strains are shown in Figure 18. 
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 Like the results from the DRMD assays, the ku70Δ strain showed a decreased 

rate of homologous recombination compared to the wild type strain.  Specifically, 

there was a 1.23-fold decrease in the ku70Δ strain, which had 56.74% frequency of 

recombination while the wild type had 69.78%.  These results are statistically 

significant because the p-value was 0.029.  The results for the strains containing the 

dead intein, ALY101 and CSY84, were not included in the figure since the expected 

outcome of 0% recombination occurred.  From this data, it can be concluded that the 

presence of KU70 may contribute to the instability of the mitochondria since its 
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absence in the ku70Δ strain resulted in decreased rates of mutation, while the 

presence of KU70 in the wild type strain showed increase rates of mutation. 
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4. DISCUSSION 

 

 The purpose of this project was to determine the role of KU70 on 

mitochondrial genome stability in the budding yeast.  The study of this project is 

important because the proteins involved with DNA repair mechanisms effect cellular 

respiration, which is a vital aspect of a properly functioning metabolic pathway in 

many different organisms.  If these proteins are altered, many problems can occur and 

diseases, such as neurodegenerative illnesses and cancers, may arise.  By studying the 

effects on the mitochondria when certain genes are knocked out, as is the case in this 

project, a better understanding of the morphology and genome stability of this 

organelle can be obtained.   

 The research of mtDNA stability is essential for understanding human 

diseases that occur due to mitochondrial deletions.  A wide range of 

neurodegenerative diseases are caused by mutated mtDNA in humans including 

Parkinson’s, Huntington’s, and Alzheimer’s diseases.  However, many other 

problems may appear when mtDNA becomes destabilized, which include vision and 

hearing loss, as well as other forms of aging (Sia et al.. 2014).  Since little is known 

about the mtDNA repair mechanisms in humans, it is hoped that a better 

understanding of the role of certain nuclear genes that encode mitochondrial proteins 

will be obtained by experimenting with yeast respiration loss, DRMD events, and 

induced-DRMD events.  Furthermore, these experiments are expected to offer 
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answers to the specific mechanisms of these DNA repair pathways, 

neurodegenerative diseases, cancers, and the aging process in humans. 

4.1 KU70 may promote mitochondrial instability 

 Genes that are needed for cellular respiration can be identified by performing 

a respiration loss assay.  The respiration loss assay for ku70Δ suggests that Ku70p 

may actually not play an important role in the stability of the mitochondria for the 

respiration loss assay.  The pairwise t-test showed a p-value less than or equal to 0.05, 

meaning that the data is statistically significant because it was 0.027.  Since the rate 

of respiration loss occurring in yeast was decreased when KU70 was knocked out, 

these results suggest that this gene may not play an integral role in the stability of the 

mitochondria during cellular respiration.  This may occur because the protein may 

allow higher mutation rates in the mtDNA when present.   

4.2 NHEJ may be a redundant DNA repair pathway for Saccharomyces 

cerevisiae 

 Likewise, the decrease in respiration loss could be caused by the decrease in 

DRMD events in the mtDNA when Ku70p is lost.  To determine if the loss of Ku70p 

stabilizes the mitochondrial repetitive DNA sequences, a reporter strain was utilized 

to measure the rates of DRMD events (Phadnis et al.. 2005).  The results from this 

assay showed that both the nuclear and mitochondrial DRMD rates decreased in the 

ku70Δ strain compared to the wild type strain.  Specifically, the nuclear rates 

experienced a 1.42-fold decrease, while the mitochondrial rates decreased by 1.69-
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fold.  Similar to the respiration loss assay, the t-test showed that the results were 

significant for the nuclear mutation rates, because they also produced a p-value less 

than 0.05.  However, the results for mitochondrial mutation rates were not statistically 

significant.  The p-values for the nuclear and mitochondrial DRMD rates were 0.014 

and 0.075, respectively.  Interestingly, the rates of mitochondrial recombination 

displayed a greater decrease in fold than that of the nuclear rate.   

 This data suggests that KU70 plays a lesser role in the nucleus or that an 

alternative repair mechanism may prevail in the nucleus over the mitochondria.  This 

would make sense, because yeast are more likely to undergo homologous 

recombination instead of NHEJ when grown in a laboratory setting, and KU70 is part 

of the NHEJ pathway (Guirouilh-Barbat et al.. 2004).  Overall, since both rates 

decreased in the absence of Ku70p, the Ku complex mediated NHEJ may be a 

redundant pathway for yeast.   

 Similar to the DRMD assay, the induced-DRMD assay measured events of 

recombination in the yeast colonies.  However, instead of waiting for spontaneous 

DSBs, a DSB was induced in order to determine the rates of recombination for this 

new assay.  By inducing the DSB, this assay focused on recombination events that 

occurred by HR or NHEJ only.   This was done by introducing a plasmid containing 

the Kpn1 gene that encodes for a restriction endonuclease, which has a restriction site 

within the ARG gene of the mitochondrial reporter. An intein was also integrated 

within the enzyme’s gene.  Once the intein removed itself, the gene was able to be 
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transcribed, causing a DSB within the mitochondrial reporter and restoring respiration 

for the cells.  Since KU70 is a gene involved in NHEJ, the loss of this gene results in 

decreased or complete loss of function of this repair pathway.  Due to this, it is 

assumed that the yeast colonies are repairing the induced DSB by homologous 

recombination, which is the favored repair mechanism.   

 The results for the induced-DRMD assay showed decreased rates of 

homologous recombination in the ku70Δ strain compared to the wild type.  The ku70Δ 

strain had a 56.74% frequency of recombination, while the wild type strain had 

69.78%.  This is a 1.23-fold decrease, with a statistically significant p-value of 0.029.  

Since the KU70 knock-out strain resulted in decreased rates of mutation, this may 

show that without this gene, the mitochondria may be more stable. 

4.3 Possible model based on results 

 There are many redundant DNA repair pathways to fix double stranded 

breaks, including NHEJ.  In fact, research has even show that some of the proteins 

involved specifically in the NHEJ pathway may be redundant.  The discovery of 

terminal microhomologies at both ends of a DSB may suggest that some of the 

proteins associated with promoting the rejoining of DNA are actually non-essential 

components of NHEJ.  If the ends of DNA share at least four nucleotide overhangs 

that are complementary, then the only proteins needed are XRCC4 and DNA ligase 

IV (Lieber 1999).  Studies have also shown that yeast are still able to undergo NHEJ 

when the Ku complex is absent.  This process is known as Ku-independent end 
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joining.  It has been proposed that in the absence of the Ku complex, terminal 

microhomologies promote the rejoining of DNA strands at a DSB, and XRCC4 and 

DNA ligase are able to repair the damage (Gu et al. 2007).  For this research, it is 

hypothesized that in ku70Δ strains, NHEJ becomes more efficient by utilizing these 

terminal microhomologies, thus, causing the rates of respiration loss and DRMD 

events to decrease compared to the wild type.  When KU70 is absent, Ku-independent 

end joining may be the repair pathway taking over, promoting the stability of mtDNA 

by repairing DSB in the cell. 

4.4 Future work 

 In conclusion, KU70 did show statistically significant results in the respiration 

loss, DRMD, and induced-DRMD assays.  Since no other lab is researching the 

effects of the Ku heterodimer on yeast mitochondrial stability, it is necessary to 

continue on with other assays using KU80, to further investigate the role of the Ku 

heterodimer on the stability of the mitochondria in yeast.  It is hypothesized that 

similar results will be obtained from the ku80Δ assays compared to the ku70Δ data 

since these genes encode proteins that work together as a heterodimer during NHEJ.  

Furthermore, these assays should be completed using other proteins involved in the 

NHEJ repair pathway to see if similar results are obtained. 
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