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ABSTRACT 

 

The mitochondrion is the compartment of the cell most involved in the 

conversion of food into energy. Mitochondria contain a small genome (mtDNA) that is 

highly involved in bioenergetics. Nearly 1 in 5000 people is afflicted with a heritable 

disease associated with mitochondrial dysfunction, and there are no useful treatments 

for most mitochondrial disease.  Furthermore, as we age, we accumulate significant 

amount of damage to mtDNA, raising the possibility that mtDNA damage is a major 

factor in the process of aging. 

 

I have performed studies in the yeast Saccharomyces cerevisiae and in the fly 

Drosophila melanogaster directed toward uncovering new approaches to the treatment 

of diseases caused by mtDNA damage. First, I explored how perturbation of two 

nutrient-sensing pathways can provide significant benefits to cells lacking a 

mitochondrial genome. Second, I have provided further evidence that a decrease in 

cytosolic protein synthesis increases the fitness of cells with catastrophic mtDNA 

damage. In my thesis, I will discuss my results and their potential application to human 

disease. 
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ÖZET 

 

Mitokondri, hücrenin gıdayı enerjiye dönüştürmeden sorumlu tutulan 

organelidir. Mitokondri çoğu biyoenerji ile ilgili genleri barındıran bir genom (mtDNA) 

içermektedir. Yaklaşık her 5000 kişiden 1’i kalıtsal mitokondriyal işlev bozukluğu ile 

bağlantılı bir hastalığa maruz kalmaktadır ve mitokondriyal hastalıklar için faydalı 

tedaviler şu an bulunmamaktadır. Ayrıca, yaşlandıkça mtDNA’daki hasar önemli 

miktarda birikir ve bu nedenle mtDNA’daki hasarın yaşlanma sürecinde önemli bir 

faktör olduğu olasılığını arttırır.  

Mitokondriyal DNA hasarının neden olduğu hastalıkların tedavisi için yeni 

yaklaşımlar ortaya çıkarılması doğrultusunda maya, Saccharomyces cerevisiae, ve 

meyve sineği, Drosophila melanogaster, üzerinde çalışmalar gerçekleştirdim. Birincisi, 

iki korunmuş besin algılama yollarının baskılanmasının mitokondriyal genomu eksik 

hücrelerine nasıl önemli yararlar sağlayabildiğini araştırdım. İkincisi, sitoplazmik 

protein sentezinde bir azalmanın mtDNA hasarlı hücrelerin formunu arttırdığı yönünde 

yeni kanıtlar sağladım. Tezimde sonuçlarımı ve insan hastalıklarını üzerine potansiyel 

uygulamayı tartışacağım. 
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Chapter 1 

 

INTRODUCTION 

 

 

Mitochondria contain their own genome as a relic of its prokaryotic ancestor. 

Mutation of mitochondrial DNA (mtDNA) affects the respiration machinery and energy 

production, which leads to many diseases in various organisms. The amount of 

accumulated mtDNA mutations correlate with age and it may be a partial cause of aging 

process [1].  Blocking the proofreading activity of mitochondrial DNA polymerase 

causes error prone DNA replication and yields mutations in the mtDNA [2]. 

Accumulation of these mutations leads to many deficiencies in mouse and gives a 

premature ageing phenotype [2]. Mutations in the mtDNA of budding yeast are also 

seen during the replicative lifespan in some yeast backgrounds [3]. Moreover, treatment 

of HIV-positive patients with certain anti-retroviral drugs can cause the accumulation of 

mtDNA damage [4]. Additional mutations in mtDNA can be obtained through reactive 

oxygen species created in electron transport chain, environmental factors and drugs that 

were used to treat virus infections and cancer.  

Since many of the proteins functioning in electron transport chain (ETC) are 

generating ΔΨ
mito

, mitochondrial DNA damage severely reduces the mitochondrial 

electrochemical potential (ΔΨ
mito

) [5]. Also the mtDNA mutations impair the 

tricarboxylic acid cycle (TCA) [6] and drive the cell to express alternative pathways to 

produce intermediate metabolites that can be used in cellular processes [7]. Additionally 

cells lacking mtDNA demonstrates an active stress response with heat shock proteins 
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and iron-sulfur clusters [8]. mtDNA loss also results nuclear genome instability [3] and 

even apoptosis [9].    

Saccharomyces cerevisiae offers a background which can proliferate in the 

absence of mitochondrial genome, and this sensitized background can be used to study 

mitochondrial biogenesis. Mitochondrial electrochemical potential and many of the 

processes in mitochondria are essential for cells, however ATP synthesis can be created 

by glycolysis on fermentation media which is sufficient for yeast to use in various 

pathways [5]. Mitochondrial DNA can be depleted by incubating cells in media 

containing ethidium bromide [10] converting wildtype (ρ
+
) cells to mtDNA lacking (ρ

-
) 

cells. Moreover, some of the nuclear encoded genes become essential after the mtDNA 

loss; these genes are called as petite-negative genes. Simultaneous deletion of these 

genes and mtDNA causes lethality. Finding suppressors that can rescue this petite-

negative lethality can offer new interactions that can influence mitochondria biogenesis. 

Mitochondrial biogenesis is regulated by various signaling pathways that are 

sensitive to the internal environment of the cell and to extracellular conditions. We have 

discovered an intriguing connection between conserved proteins functioning in Target 

of Rapamycin (TOR) and Protein Kinase A (PKA) pathways with mitochondrial 

biogenesis. We found that inhibition of phosphatase activity under TOR pathway and of 

upregulation of PKA pathway, which are conserved in mammals, were beneficial for 

budding yeast cells with damaged mtDNA. These mutations were benefiting cell 

proliferation, enhancing mitochondrial protein import and increasing the mitochondrial 

electrochemical potential (∆Ψ
mito

). Interestingly, the yeast ortholog of the mammalian 

AMP-activated protein kinase is essential for the full benefits of phosphatase deletions 

in TOR pathway, however the involvement of SNF1 kinase in PKA pathway is unclear.  

In addition, we also studied ribosomal biogenesis in two different models of 

mitochondrial disease. We showed that increasing ribosomal biogenesis and protein 

translation is harmful, and increasing the ∆Ψ
mito

 is beneficial for mtDNA damaged yeast 

cells. Moreover, preliminary data demonstrated that drugs inhibiting the protein 

synthesis may partially rescue the developmental defect of a mitochondrial disease 



 

 

3 Chapter 1 : Introduction 

model in the fruit fly, Drosophila melanogaster, however reproducibility of this data 

was not possible which is discussed in the results section. Heat shock proteins (HSP) 

were found to be highly expressed both in yeast and in fly as a response to 

mitochondrial damage. Currently we are investigating the transcriptional factors and 

stress conditions affecting for such overexpression in mtDNA damaged yeast. Our 

findings may unveil new interactions between signaling pathways, proteostasis and 

mitochondrial biogenesis that can be used in therapeutic approaches. 

Chapter 2 provides a literature review about the origins of mitochondria and 

mtDNA mutations. Various diseases caused by mtDNA mutations and possible 

therapeutics are discussed in this chapter. Additionally, acquiring of petite phenotype 

and cellular mechanisms to improve the mitochondrial stress under mtDNA mutations 

are explained. 

Chapter 3 elucidates a new approach for the rescue of petite-negative phenotype 

by deletion of conserved phosphatases functioning in the TOR pathway and also by 

deletion of PKA pathway activity, showing the importance of nutrient sensing pathways 

in mitochondrial biogenesis.   

Chapter 4 discusses the effects of reduced or increased ribosomal biogenesis and 

protein translation in mtDNA depleted cells and also in mitoribosomal protein mutant 

fruit flies. Also this chapter aims to clarify why the heat shock proteins are used as a 

response to mitochondrial damage and identify the responsible elements activating 

these chaperones.  
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Chapter 2 

 

LITERATURE REVIEW 

 

 

2.1 Mitochondria and mitochondrial genome originate from bacteria 

 

Mitochondria and chloroplasts have evolved as organelles as a result of an 

endosymbiotic event. One bacterium is hypothesized to engulf the secondary small 

bacterium and converted an organism into an organelle [11]. Chloroplasts and 

mitochondria are distinct organelles with the double membrane in eukaryotes. Aside 

from the membrane that they contained when they were an organism, they were also 

covered with the membrane of the host. Mitochondria-like organelles found in 

Trichomonas vaginalis such as hydrogenosome [12] or small and less functioning 

mitosomes found in Encephalitozoon cuniculi [13], Mastigamoeba balamuthi [14], 

Trachipleistophora hominis [15] also contain double membrane structure. 

Aside from the fact that the engulfed organism’s ability to hold onto its own 

membrane, the new organelle also kept its genome as a relic of endosymbiotic event. 

The amount of mitochondrial genome (mtDNA) is changing from organism to 

organism: Plasmodium falciparum, the parasite that causes malaria, has only 6-kb of 

mtDNA and encodes only three proteins. On the other hand plants contain very long 

mitochondrial genome over 11.000-kb genomes and the most protein rich mitochondrial 

DNA is carried by a protist Reclinomonas americana by expressing 27 proteins 
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[16][17][18]. Surprisingly it is very short in mammalian mitochondria, nearly 16-kb 

[19][20]. Most of the genes encoded in mitochondrial genome contribute to the energy 

generation from various food sources by expressing 13 different proteins that are 

functioning in the electron transport chain (ETC). For complex I (NADH 

dehydrogenase or NADH:ubiquinone oxidoreductase), the human DNA encodes for 

subunits ND1 to ND6 and ND4L, [21] mtDNA in other organisms also encode for ND7 

to ND11 which are either evolutionarily lost or encoded by nuclear DNA [16]. mtDNA 

also encodes for cytochrome b used in Complex III and Cox1p, Cox2p and Cox3p in 

Complex IV. For Complex II, succinate dehydrogenase subunits SDH2-SDH4 were 

expressed in nuclear DNA in yeast or in mammalians [21][16]. For the final complex of 

OXPHOS machinery, ATP6 and ATP8 subunits are encoded by mtDNA to be used in 

Complex V, ATP synthase [16]. Also mtDNA expresses ribosomal RNAs  12S SSU 

(small subunit rRNA) and 16S LSU (large subunit rRNA)[21]. Since mitochondria have 

a different triplet code for its codons and thus for the aminoacids, mitochondria encodes 

for 22 different transfer RNAs (tRNA) that are functioning in the translation of these 

genes [22]. The non-coded locuses of mtDNA contains replication and transcription 

initiation sites [21].    

If the mitochondria is performing energy production or doing other essential 

processes; how does it function with few proteins and why does it contain so few 

genes? The answer is that nearly all of the proteins functioning in the mitochondria are 

encoded in the nuclear genome, translated in the cytoplasm into proteins and then 

imported into the mitochondria [23]. The mitochondrial genes were transferred into 

nuclear genome a process called endosymbiotic gene transfer [24]. Also some of the 

mitochondrial genes were lost and this lead to changes in the protein content of the 

mitochondria. Currently, 85% of the proteins in the mitochondria cannot be found in the 

bacterial ancestors [25]. Such change created high complexity and efficiency with new 

proteins evolved into new protein import and electron transport chain machinery [25]. 

Evolving of the import complexes was the first phase of transition from an 
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endosymbiont to an organelle since the proteins synthesized in cytoplasm can be 

imported into mitochondria [26].  

 

2.2 Mitochondrial DNA mutations cause many diseases 

 

Although most of the proteins functioning in mitochondria are generated outside 

of mitochondria, damage to the mitochondrial DNA causes many diseases in various 

organisms including humans. The first discovered mitochondrial diseases are Kearns-

Sayre syndrome (KSS) [27] and Leber’s hereditary octicus neuropathy (LOHN) [28]. 

For KSS, functional defects were found in Complex I and III which are highly linked to 

the maternal inheritance [27]. The biopsies of muscles of the patients showed large 

scale deletions to almost 7-kb in some tissues however mitochondria isolated from other 

muscles tissues were showing normal length mtDNA [27]. This is due to heteroplasmy 

and will be discussed in later chapters. Since respiration and ATP production is the 

main role of mitochondria, electron transport chain deficiencies also cause diseases like 

mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes 

(MELAS) [29] and Leigh’s syndrome [30][31].  

LOHN is also one of the first mitochondrial diseases to be identified in 1988. It 

is a R320H point mutation found in the ND4 subunit of Complex I [28]. As in KSS, the 

disease is inherited in families with maternal inheritance and this showed the first link 

between neurological diseases and energy production machinery. Also KSS deletions 

may be more relevant to yeast mtDNA deletion work. Two years after the finding of 

KSS and LOHN, mycolinc epilepsy and ragged red fiber disease (MERRF) was 

discovered [32]. Interestingly the mutation that was identified is not in the energy 

production machinery. The tRNA that carries lysine is changed with another point 

mutation which converted conserved alanine residue to guanine. As LOHN, MERRF 

was also heteroplasmic however even a small percentage of wildtype mitochondrial 

DNA was sufficient to delay the effects of this disease to a late age [32]. Although 
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respiration deficiencies cause various diseases, other mutated genes in mtDNA 

encoding tRNAs also cause cardiomyopathy [33], and other research indicates extensive 

deletion of mtDNA also causes cardiomyopathy [34].  

Although cancer cells shutdown the energy production in mitochondria to use 

these carbon products to build more cellular blocks, mtDNA mutations are also 

associating with cancers in many tissues with varying degrees [35][36][37]. However 

not all mitochondrial diseases were originating from mutations in mtDNA, there are 

also genomic DNA mutations evoking mitochondrial related defects. Mutations in 

genes encoding mitochondria GTPase mitofusin 2 causes Charcot-Marie-Tooth 

neuropathy [38]. Mutations in proteins required for iron-sulfer clusters and in 

mitochondrial fusion cause Friedreich’s ataxia and autosomal dominant optic atrophy 

(ADOA) respectively [39][40]. 

 

2.3 There is no treatment found to cure mitochondria associated diseases 

 

Unfortunately, there is no effective way found to cure for most of the diseases 

associated with mitochondria [41]. One approach for treating mitochondrial diseases is 

by Coenzyme Q10 treatments which showed a possible approach to alleviate the 

conditions of Friedriech’s ataxia and Parkinson’s disease [42][43][44]. Since the ETC 

mutations lead to higher concentration of free radicals, usage of antioxidants like 

coenzyme Q10 and N-acetylcycteine were improving OXPHOS conditions and 

reducing free radicals in a mutation that causes neuropathy, ataxia and retinitis 

pigmentosa (NARP) and maternally inherited Leigh’s syndrome (MILS) [45]. Arginine 

is also used against MELAS as a preliminary method; but a controlled experiment is 

still needed for the clinical usage of arginine [46]. Besides the therapeutics, diagnostics 

of the mitochondrial disease in humans is also complex. Unlike genomic DNA which 

has two copies per cell, mitochondria have thousands copies per cell and the ratio of 

mutated mitochondrial genome versus wildtype (heteroplasmy) determines the fate of 
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the cell and the organism [47]. Mostly the COX (cytochorome c oxidase) activity is 

measured in order to detect the heteroplasmy level that can lead to a disease phenotype 

[21].  Most of the mutational genotypes do not have a clear phenotype and due to the 

heteroplasmy, the disease find in one tissue may not reflect the state of the whole body. 

Moreover, some of the mutations curtail the lifespan of the patients to early childhood, 

and many of the patients were deceased prior to diagnostics. Since muscle and neuronal 

tissue are excessively using ATP, a mutation in the respiration deficiency harshly 

affects the muscle and neuron tissues. Muscle biopsies were performed in order to 

visualize and experiment on the tissue containing disease phenotype. Increase in 

technology and usage of the next generation sequencing (NGS) is also shown as a 

direction in terms of diagnosing the mitochondrial diseases with exome sequencing 

[48][49]. However sequencing of the heteroplasmic mtDNA mutation containing tissue 

will not determine the ratio and also it might still give false positives and lead to false 

diagnosis.  

Inheritance of mtDNA associated diseases is also important in therapeutics of a 

disease. Inheritance will be in Mendelian fashion if the mutation is encoded in genomic 

DNA, but if not, it will only be inherited from the mother since maternal mitochondria 

in the only mitochondria in the formation of zygote. So if the mother has a 

mitochondrial disease, it will be likely for the child to inherit the disease depending on 

the heteroplasmy [47]. The inheritance ratio of wildtype to mutant is based on chance 

and the progeny containing higher ratio of the mutant will likely have a more severe 

disease phenotype. Nuclear gene transfer techniques prevents involvement of maternal 

damaged mtDNA with transferring the pronucleus of the fertilized egg cells to another 

oocyte donated by another female which has wildtype mtDNA [21][50]. However there 

is still a chance for entry of the mutant mtDNA while transforming the nucleus into the 

third parent’s egg cell. Also there are ethical concerns restricting a clinical trial for this 

approach.         
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2.4 Yeast studies can elucidate new interactions influencing mitochondrial 

biogenesis 

 

In order to find new possible cures for treating mitochondrial disease, 

Saccharomyces cerevisiae has been studied, due to its ease of genetic modification, 

reproducibility, conservation of genes and ease for using in biochemical assays. One 

advantage about using yeast is that deletion of its entire mitochondrial genome does not 

cause any lethal phenotype. Interestingly, it has been shown that mtDNA can be 

depleted in cultured human cells [51]. mtDNA is not essential for yeast to grow on 

fermentable carbon source and cells lacking their mitochondrial genome are called 

“cytoplasmic petite” and denoted with ρ
0
 for complete mitochondrial loss or ρ

-
 for 

partial loss of mtDNA .  

Petite cells were first found in 1949 during visualization of Saccharomyces 

cerevisiae cell size [52]. In a plate, 1-2% of the cells were giving small colony sizes and 

the rest were giving normal colony size. When the big colonies were re-streaked onto 

another plate, again 1-2% of the cells were giving small colony sizes. However when 

small colonies were streaked to another plate, 100% of the cells were giving small 

cellular size termed petites. Interestingly when wildtype big cells were treated with 

acriflavin, 100% of the cells were petite phenotype. Another interesting finding of 

Ephrussi was that petite colonies were not able to respire on non-fermentable carbon 

source, however big colonies had no problems growing on non-fermentable carbon 

source [52]. Also petites and anaerobic wildtype was growing at the same rate on 

fermentation media. Moreover, when the wildtype cells were crossed to petites, the 

progeny was not demonstrating Mendelian inheritance for colony sizes or respiration 

ability of spores.  

By that time, they were not able to conclude that such difference is caused by 

the mitochondrial DNA mutations. Nevertheless the characterization experiments were 

performed for petites to better understand the genetics and biochemistry behind the 

formation of small size cells with respiration deficiencies. Aside from the knowledge 
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that petite cells were carrying a “cytoplasmic factor”, which is now known as 

mitochondrial DNA, for the phenotype to be inherited [53] and demonstration of a the 

growth defect by petite cells [54], other experiments were also shown that these cells 

were lacking OXPHOS compartments [55][5]. After 15 years, during mitochondrial 

purification studies, DNA has also been found to be co-purifying with mitochondria 

[56]. Also DNA was visualized with electron microscopy inside mitochondria [57]. 

With the finding of ethidium bromide’s ability to destroy entire mtDNA, a new notation 

is created for petites with ρ
0
 which meant complete depletion of DNA [10][58]. 

 

2.5 Genes controlling the ATP distribution and electrochemical potential 

generation become essential after mtDNA depletion 

 

Loss of mitochondrial genome causes the inhibition of expression in the 

subunits of ETC and this leads to inhibition of ATP synthesis and electrochemical 

potential generation [3].  Deletion of entire mitochondrial DNA impairs the electron 

transport machinery since it encodes for many subunits. NADH is generated in 

breakdown of acetyl-CoA in TCA cycle and beta-oxidation of fatty acids [59]. 

Electrons that are carried by NADH is then transferred to Complex I [59]. Deletion of 

NADH dehydrogenase compartments will lead to a deficiency in the electron transport 

chain initiation from NADH to Complex I. With the deletion of mtDNA, electron 

passage is also halted at the cytochorome c oxidase (COX) which accepts electrons 

from cytochorome c [59]. Stopping of energy production through acceptance/donations 

of electrons in the ETC also blocks the hydrogen ion, proton, passages to the IMS since 

that energy is crucial for the proton pumping [59]. As a conclusion a reduced inner 

membrane electrochemical potential is generated (Figure 2.1A and 2.1B). 

Yeast requires some nuclear encoded genes in the absence of its mtDNA which 

are called petite-negative genes. Simultaneous mutation of petite-negative genes and 

deletion of mtDNA causes lethality phenotype, also called as petite-negative phenotype 
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[5]. None of the petite-negative genes is essential for wildtype yeast containing 

mtDNA. Deletion of ADP/ATP antiporter, α and β subunits of F1-ATPase, catalytic and 

regulator subunits of i-AAA protease, outer and inner membrane import proteins, 

prohibitins and many other genes have been found to cause a petite-negative phenotype 

[5][60][61][62][63]. Over the years many suppressors were identified for the rescue of 

lethality, however among them aac2 mutations give the most severe petite-negative 

phenotype with no suppressors have been characterized so far. AAC2 encodes for an 

ADP/ATP antiporter that is responsible for exchanging ATP that is generated inside of 

the mitochondria for ADP in cytoplasm thus supplying ATP to cytoplasm for cellular 

processes. However it also exchanges cytoplasmic ATP for mitochondrial ADP when 

there is no or reduced ATP synthesis in the mitochondria, like the conditions of petite 

yeast [5]. ATP generated by glycolysis inside the cytoplasm has to be imported into the 

mitochondria in mtDNA lacking yeast since many other essential ATP requiring 

reactions continue to proceed inside of the mitochondria. Hence removal of Aac2p or 

adding Aac2p inhibitor bongkrekic acid to mtDNA lacking yeast causes lethality 

[64][65] (Figure 2.1C).  

Since mtDNA lacking cells have disrupted electron transport chain, the 

electrochemical potential (ΔΨ
mito

) is decreased. The ΔΨ
mito

 is crucial for mitochondria 

since many proteins and metabolites that are in the cytoplasm, imported into the 

mitochondria via potential dependent mechanisms. Even in the mtDNA lacking cell, 

there is still a reduced ΔΨ
mito

 around -55 mV [66] compared to -180 mV in wildtype 

cells [67]. This makes mitochondria less efficient for import and proteins with N-

terminal mitochondria localization sequence often localize to cytoplasm [3]. As in the 

case of ATP supplementation, Aac2p again takes the role in ΔΨ
mito 

generation. While 

importing ATP into the mitochondria, Aac2p also increases the mitochondrial 

electrochemical potential since ATP is charged with -4 compared to ADP charged with 

-3. But how does the cell constantly supply ADP
3-

 to the Aac2p? ATP imported into the 

mitochondria is used by F1ATPase to generate more ADP
3- 

[5]. In the presence of 

mitochondrial DNA, F1FO-ATP synthase normally generates ATP through passing the 
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protons inside of the complex machinery and initiating a motor force. α and β subunits 

of F1-ATPase form hexamer structures and γ subunit rotate around the hexamer with the 

force supplied by passage of the proton by the help of FO-ATPase [68]. When the 

mitochondrial DNA is depleted, FO subunit of the ATP synthase is not expressed and 

the ATP synthase is nonfunctional [5]. However cells still need subunits of F1-ATPase 

in order to proliferate in the absence of mitochondrial DNA [5]. Deletion of Also ATP1, 

ATP2 and ATP3, α, β and γ subunits of the F1-ATPase gene lead to petite-negative 

phenotype [5]. The reason cells need F1-ATPase is the need for ADP
3-

 to be generated 

inside of the mitochondria to trade it for ATP
4-

, generated in the cytoplasm, via 

ATP/ADP antiporter (Figure 2.1B and 2.1C) [5]. In budding yeast, mutation of δ 

subunit of the F1-ATPase caused formation of petite colonies by loss of F1-ATPase 

function [69]. These cells also showed a proliferation defect that is linked to the ΔΨ
mito 

[69]. The blocking of F1-ATPase via mutation of δ subunit disabled the hydrolyzation 

of ATP and could not supply ADP
3-

 to Aac2p [69]. Trypanosoma brucei mitochondrial 

DNA is kept in kinetoplast as kinetoplast DNA (kDNA) and mtDNA lacking ρ
-
 yeast 

has a parallel organism as dyskinetoplastic T. brucei [70]. The bloodstream, 

mitochondrial containing form of trypanosomes lacks the Complex III and Complex IV 

and it is impaired for ATP synthesis and electrochemical potential generation. However 

it compensates the loss of ΔΨ
mito

 by pumping the protons via F1FO-ATP synthase 

[71][72]. Dyskinetoplastic T. brucei lacks the FO-ATPase and the question asked was 

how these trypanosomes were alive without generating their potential via F1FO-ATPase 

[70]. The dominant γ subunit mutation in F1-ATPase L262P and A273P were rescuing 

the proliferation defect of the kDNA lacking T. brucei [70]. In addition, a 

hyperactivated ATP/ADP antiporter is needed since bongkrekic acid fed trypanosomes 

could not get the full benefits of the γ subunit mutations [70]. Such finding in 

trypanosomes also fits with the model in the budding yeast. The interaction between F1 

and AAC is not clear, however there are multiple data showing these two complexes 

forming super-complexes in both yeast [73] and Leishmania [74]. This super-complex 

formation may explain the connection between F1 and AAC to generate ΔΨ
mito

 in the 
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absence of mtDNA. Such super-complex formation is also observed between the 

colocalization of Complex III and IV with inner membrane transport complexes, which 

uses the proton gradient generated by ETC complexes to perform protein import [75].  

 

2.6 Petite-negativity phenotype can be used as a sensitized strain to find new 

suppressors 

 

Petite-negative phenotype can be used as a sensitized yeast background in order 

to uncover novel interactions influencing mitochondrial biogenesis. Random 

mutagenesis or library plasmid overexpression screens can be used in order to find new 

pathways influencing mitochondrial biogenesis. Petite-negative gene deletion followed 

by mtDNA depletion leads to a lethal phenotype but insertion of random mutation or 

library overexpression plasmid may lead to living colonies. Suppressors were 

previously identified by complementation assays however nowadays with the 

improvements in next-generation sequencing, finding the random mutagenesis is much 

easier. For the suppressors in overexpression plasmids, it is also easy with sequencing 

the plasmid to unveil the gene(s) that are benefiting mitochondria.       

A hypothesized reason for the cause of lethality of petite-negative phenotype is 

reduced mitochondrial potential [5]. Mutations in specific residues of γ subunit of F1-

ATPase were shown to rescue the lethality of yme1∆ ρ
-
, i-AAA protein functioning for 

the protein quality control and turnover, also a petite-negative gene [76]. Mutating 

similar residues in a different organism, Kluyveromyces lactis, also rescued the lethal 

phenotype [77]. Besides, our lab previously identified that increasing vacuolar pH was 

rescuing the petite-negative phenotype of mgr1∆, subunit of i-AAA and tom70∆, outer 

membrane import protein, cells lacking mtDNA [78]. Although the mechanism behind 

the rescue was unknown, increasing the pH or decreasing the acidity of vacuole was 

also shown to increase the ΔΨ
mito

[78].   
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2.7 Other mitochondrial disease models in higher eukaryotes can also be used to 

find new suppressors and test the findings in yeast in more complex organisms 

 

There are two different approaches that can be used to convert a wildtype yeast 

cell into a petite cell: depleting mtDNA by incubating the yeast in EtBr containing 

media or deleting the most genes encoding mitochondrial ribosomal proteins. 

Unfortunately a higher eukaryote, it is not possible to deleted entire mtDNA of fruit fly, 

Drosophila melanogaster. However a similar mutation at its mitochondrial translational 

machinery can be used as a disease model [79]. tko
25t

 mutation causes reduced 

mitochondrial ribosomal translation and flies show prolonged average eclosion day and 

also go under paralysis after brief mechanical vibration due to impaired 

mechanoreceptor neurons [80][81]. tko
25t

 flies are also can be used as petite-negative 

yeast to search for pathways that can rescue its mitochondria associating defects [79].   
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2.8 Literature Review Figures 
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Figure 2.1 Mitochondrial electrochemical potential generation in (A) wildtype cells, 

(B) cells with impaired ETC and (C) cells lacking mitochondrial DNA. (A) 

Mitochondrial electron transport chain complexes NADH dehydrogenase (I), 

Cytochrome bc1 complex (III) and Cytochrome c oxidase (IV) transfer protons carried 

by NADH and FADH2 from inner membrane (IM) to inter membrane space between IM 

and outer membrane (OM). These protons are then used by ATP synthase (V) to 

generate ATP. (B) In cells having impaired electron transport chain (ETC) function, 

ATP cannot be generated inside of the mitochondria and imported by ATP/ADP 

antiporter AAC complex. This introduces a negative charge into the matrix since ATP 

is charged by -4 compared to -3 by ADP. This ATP
4-

 is then hydrolyzed by F1FO-

ATPase to pump protons to IMS to generate further mitochondrial potential. (C) Cells 

with depleted mitochondrial DNA still have same AAC function as in (B). However 

since they cannot encode for FO portion of the F1FO-ATPase they cannot pump protons 

to the IMS. However they still hydrolyze ATP
4-

 to supplement ADP
3-

 to AAC for 

further exchange process. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

18 
Chapter 3 : Suppression of Defects Following Mitochondrial DNA Loss by 

Modulation of Nutrient Sensing Pathways 

 

 

Chapter 3 

 

SUPPRESSION OF DEFECTS FOLLOWING MITOCHONDRIAL DNA LOSS 

BY MODULATION OF NUTRIENT SENSING PATHWAYS 

 

 

3.1 Introduction 

 

Cells respond to different nutrient conditions and arrange their metabolism 

through various nutrient sensing signals. Cells decide when to grow or halt 

proliferation, when to generate more organelles or recycle organelles to generate energy 

depending on the nutrient sensing machineries [82]. Target of Rapamycin (TOR) 

pathway is core machinery for helping the cell with such decision making. Since TOR 

is the centerpiece of proliferation and homeostatic balance, mutations in TOR pathway 

leads to severe malfunctions in the cellular state and even lead to cancers [82]. TOR 

responds to nutrients, growth factors, stress and energy. TOR Complex I (TORC1) is 

activated when there are nutrients in the environment and drives the anabolism, energy 

generation and consumption, on the other hand, it is in activated in starvation conditions 

which drives macroautophagy [83].  

One of the upstream signal that regulate TOR is the Rheb GTPase which 

interacts with TOR to increase its activity [84]. GTPase activating protein TSC2 

interacts with TSC1 and inhibits Rheb activity to downregulate TOR stimulation [84]. 

In mammalians, TSC1 and TSC2 also plays important role in mammalian since many 
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signaling pathways like AMP-activated protein kinase (AMPK) pathway and 

Akt/Protein Kinase B pathway interact and either activate or inactivate TOR pathway 

through their regulation of TSC1 and TSC2 [85]. GTPase activity of  Rheb is also 

inhibited by BH3 proteins during hypoxia conditions which generally inhibits TOR 

pathway as a stress response [86]. External nutrient signaling can still stimulate TOR 

activity in the absence of TSC1 and TSC2 [87]; moreover, deletion of Akt pathway 

phosphorylation residues in TSC1 and TSC2 still does not change the growth factor 

signaling and the general growth of Drosophila melanogaster [88]. These findings state 

that there are still upstream regulators of TOR pathway remain to be found. Another 

GTPase family that acts on TOR is Rag family with Gtr1p and Gtr2p activating TOR 

upon amino acid signaling [89]. Upon GTPase activation with amino acid sensing, 

RAPTOR or Kog1p in yeast is activated by Gtr and Rag family proteins [90] These two 

proteins also function as subunits of EGO complex, also enable to halt the growth arrest 

furnished by rapamycin [89].  

mTOR (mammalian TOR) is the catalytic subunit of the TORC1 however there 

are additional subunits of this complex in mammalians: regulatory-associated protein of 

mTOR (RAPTOR) and Rapamycin-insensitive companion of mTOR (RICTOR) 

[91][92]. Depletion of regulatory subunit RAPTOR in muscle tissue causes 

mitochondrial dysfunction, reduced activity in OXPHOS machinery and muscle 

dystrophy [93]. Apart from TSC, APMK and Akt also converge upon TOR pathway 

through RAPTOR [84]. AMPK was found to phosphorylate RAPTOR and drives the 

phosphorylation dependent interaction with 14-3-3 inhibitor protein [94]. Akt also 

phosphorylates RAPTOR binding protein PRAS40 and drives the phosphorylation 

dependent recruitment of 14-3-3 inhibitor protein [95]. RAPTOR is also phosphorylated 

at two clusters of serine residues and particularly phosphorylated at S863, when 

stimulated by nutrients and growth factors to activate mTOR in a rapamycin dependent 

manner [96].     

Inactivation of TOR pathway drives mitophagy which is the destruction of 

mitochondria to produce immediate energy [97]. Inactivation of TOR due to lack of 
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nutrients or with rapamycin also drives autophagy and generate energy from already 

generated organelles of the cell rather than external sources [84]. Activation of TORC1 

induces mitochondrial biogenesis and activates the OXPHOS (oxidative 

phosphorylation) machinery [98]. TORC1 forms complex with transcriptional factor 

PGC1α and YY1 and this complex induces the activity of mitochondria [98]. This is not 

the only mechanism by which TOR affects mitochondria. One of the substrates of the 

TORC1 is eIF4E binding protein (4E-BP1) and it is activated in starvation conditions 

where TORC1 is inactivated [99]. Activation of 4E-BP1 leads to selective translation of 

specific mRNAs coding for important mitochondrial oxidative phosphorylation 

machinery subunits [100].  

TOR pathway is also effected by other nutrient signaling pathways. AMP 

activated protein kinase (AMPK) is activated in high AMP/low ATP conditions and 

activation of AMPK leads to the inactivation of TORC1 [101]. Macroautophagy and 

mitophagy are occurring when TORC1 is deactivated to generate rapid ATP and 

balance the AMP to ATP ratio [94]. However other data also suggests that  beta-

guanidinopropionic acid (GPA) led to an increase in AMP to ATP ratio and lead to 

increase in the AMPK activity in muscle tissue and thus stimulation of  the biogenesis 

of mitochondria [102]. SNF1 kinase is the yeast ortholog of mammalian AMPK and it 

is also activated in stress conditions such as oxidative stress, alkaline pH and sodium 

ion stress [103]. Also in hypoxia conditions where OXPHOS is not possible and ATP 

concentration is low, AMPK is activated which then leads to the inactivation of the 

TORC1 [104]. AMPK together with calcium/calmodulin dependent protein kinase-

kinase (CAMKK) also downregulates TOR activity and initiates autophagy upon 

increase in the cytoplasmic Ca
2+ 

levels [105].  

SNF1 kinase is regulated by upstream kinases and phosphatases. Sak1p, Tos3p 

and Elm1p phosphorylate SNF1 kinase on Thr210 [106]. Three different kinases 

impinge on SNF1 kinase under different carbon source and metabolic conditions and 

deletion of all three kinases deplete the SNF1 activity in yeast and in mammalians 

[107][106][108]. SAK1 kinase localizes to vacuole as Sip1p [109] and forms complexes 
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with Snf1p through amino terminal sequence [110][111]. Tos3p is important for Snf1p 

functions since it is the only kinase that is sufficient to activate SNF1 kinase by itself 

under different carbon sources  [112]. SNF1 activity is also downregulated by 

phosphatase Glc7p which is under regulation of Reg1p [113]. Glc7p cleaves the 

phosphate off of SNF1 Thr210 in response to glucose deprivation to activate AMPK 

[114]. However AMPK shows resistance against low glucose and ATP levels in the 

absence of Reg1p activity [108].                

SNF1 protein kinase plays a crucial role while switching media conditions 

[115]. Yeast prefers to live on glucose medium to perform fermentation, and transition 

to another carbon source stimulates expression of different genes including genes 

expressing OXPHOS machinery [116]. SNF1 protein kinase is targeted to downstream 

processes through its interaction with its beta subunits Sip1p, Sip2p and Gal83p [117] 

and each of the beta subunits have distinct N terminal localization signal with driving 

Snf1p to different locations to activate various processes [117]. In high glucose 

conditions in which SNF1 protein kinase is inactive, all three beta subunits localize to 

cytoplasm [118]. However in low glucose conditions, Sip1p localizes to vacuolar 

membrane, Sip2p localizes to cytoplasm and Gal84p localizes to nucleus and drive the 

Snf1p to perform phosphorylations to activate various processes [118].   

Interestingly, mutation of three catalytic subunits of protein kinase A (PKA) 

pathway localizes Sip1p to vacuole even in the presence of high glucose [119]. This 

demonstrates another crosstalk between nutrient sensing pathways with PKA negatively 

regulating the localization of beta subunits of AMPK while there is glucose in the 

environment. Targeting of phosphorylated, active PKA to mitochondrial outer 

membrane by A-kinase anchor protein 121 (AKAP121) shows various phosphorylation 

in outer membrane proteins [120]. Blocking of the targeting by mutation in AKAP121 

leads to apoptosis [120]. PKA also demonstrate an inner membrane (IM) role on 

mitochondrial respiration with localization to IM in matrix of bovine heart mitochondria 

[121]. Such localization also causes phosphorylations of proteins inside the 

mitochondrial matrix and specifically Complex I in OXPHOS machinery. Nuclear 
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encoded NDUFS4 gene is phosphorylated by protein kinase A at its C terminus which 

enhances its activity [121]. Activation of PKA is not always work in favor of 

mitochondria. Constitutively activated PKA in a ras2 mutant, shortens the life-span of 

yeast cells and lead to the production of reactive oxygen species and oxidative protein 

damage [122]. However overexpression of Pde2p, a negative regulator of PKA reverts 

this phenotype in the background of the ras2 mutant [122].  Together TOR, AMPK and 

PKA effects the mitochondrial biogenesis and studying these pathways can unveil new 

interaction influencing mitochondrial diseases. 

The budding yeast has two branches downstream of the TOR pathway. SCH9 

encodes an AGC family protein kinase and Sch9p is the yeast ortholog of mammalian 

S6K [123]. Sch9p is phosphorylated by TORC1 to activate ribosomal biogenesis, 

ribosomal protein synthesis and protein translation [123]. Sch9 kinase or S6K activity is 

downregulated by dephosphorylation by rapamycin treatment or PI3K inhibitors 

[124][125]. However rapamycin and PI3K regulate S6K separately since deletion of 

amino-terminal sequence of S6K gains resistance against rapamycin however the 

sensitivity against PI3K continues [126]. Mutation of SCH9 causes parallel phenotype 

as rapamycin treated cells which causes a decrease in the expression of genes regulating 

ribosomal translation mainly through Rim15p stimulation [124][127]. The beneficial 

effect of calorie restriction by increased lifespan is also seen in TOR1 or SCH9 

mutations. However the longevity of these cells were not increased in the calorie 

restriction  [128]. 

Another branch downstream of TOR pathway is through Tap42p [129]. Tap42p 

regulates the stability and activation of Pph21p and Pph22p, yeast ortholog of PP2A, 

and Sit4p, yeast ortholog of PP6 [130]. Deletion of TAP42 is lethal for wildtype cells 

and temperature sensitive version of TAP42, tap42-11 demonstrates a drastic reduction 

in protein translation [130].  Tap42p is phosphorylated by TORC1 and thus regulated 

for its interaction to the downstream phosphatases with competition to bind to the 

catalytic subunits of PP6 and PP2A [131][132]. Tor2p is also shown for its ability to 

phosphorylate Tap42p [132]. This interaction breaks apart in the presence of rapamycin 
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or absence of nutrients with dephosphorylation of Tap42p [130]. Tap42p itself is not 

affected by rapamycin with tor1 mutants showing resistance to rapamycin still show 

Tap42p phosphorylation [132]. So Tap42p has an inhibitory function against PP2A and 

PP6 [133]. The mammalian version of Tap42p, α4 also binds to the catalytic subunits of 

PP2A and PP6 [134][135]. Again, as Tap42p-Sit4p, the interaction between α4 and 

PP2A is inhibited upon treatment with rapamycin [134]. 

There is also contradictory evidence showing that downregulation of Tap42p 

activity by using temperature sensitive allele at non-permissive temperature shows 

similar transcriptional regulation as rapamycin fed cells [131]. Stress response genes are 

activated when cells were treated with rapamycin since rapamycin blocks the nuclear 

export signal for these genes [136]. Nuclear import of Msn2p is not TOR dependent 

[136] and it is hypothesized that there is a Tap42p-PP2A or Tap42p-PP6 complex that 

exports the Msn2p from nucleus to inhibit the expression of stress response genes [131]. 

Also for nitrogen deprivation pathway (NDP) and retrograde signaling pathway (RTG) 

genes are induced in the presence of rapamycin, however disruption of Tap42p activity 

blocked the expression of these pathways [131]. Transcription factors regulating the 

expression of NDP genes mainly located in the cytoplasm and phosphorylated versions 

of Gln3p and Ure2p localize to nucleus to activate gene expression [137][138]. Sit4 

dephosphorylates Gln3p and Ure2p and when rapamycin is fed and Tap42p activity is 

blocked, it is expected to see dephosphorylated versions of Gln3p and Ure2p [137]. 

However this is not the case. Tap42p, in this case, is not inactivating Sit4p to 

dephosphorylate downstream targets since impaired Tap42p also inactivate Sit4p [131]. 

Interestingly loss of Tap42p and Sit4p or Pph21p/Pph22p generates the same response 

with rapamycin treatment which highlights the concordance of activities of Tap42p and 

PP6 or PP2A [131].  

Another protein that is influencing the Tap42p activity is Tip41p (Tap42p 

interacting protein) which binds and inactivates the Tap42p [139]. Tip41p activation 

increases the PP6 and PP2A activity and Sit4p cleaves the phosphate group on Tip41p 

to tighten the interaction between Tap42p-Tip41 as a feedback loop [139]. Ser/Thr 
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protein kinase NPR1 is activated when TOR pathway is active [133] however 

rapamycin treatment results activation of Sit4p and dephosphorylation of Tip41p to 

influence the dephosphorylation of NPR1 kinase [139]. Tip41p activity increases the 

Sit4p interaction with SAPs (Sit4p associating proteins) to target to downstream 

pathways and deletion of TIP41 lead to reduced Sit4p activity and 

hyperphosphorylation of NPR1 kinase which is also seen when cells are deleted of 

SAP155 [139]. Mammalian TIP41 also was shown to inhibit the TOR activity [140].  

TAP42 forms complexes with PP2A and PP6 to regulate downstream targets 

[130][141]. The budding yeast encodes for orthologs of mammalian PP2A and PP6 as 

redundant activity of Pph21p/Pph22p and Sit4p activity respectively [142] [143]. 

Deletion of one of the redundant Pph21p or Pph22p does not severely affect the cell 

growth however simultaneous deletion causes almost complete suppression of complex 

activity [142]. Both Pph21p and Pph22p perform same functions by participating in a 

heterotrimeric complex also consisting of α and β subunits [144]. The scaffolding and 

stability of the complex is maintained through α subunit which is expressed by TPD3 in 

budding yeast [145]. The beta subunits are expressed by CDC55 and RTS1 which 

perform the catalytic activity for the complex [146][147]. Mammalian PP6 activity is 

furnished by SIT4 in yeast [143]. Like Pph21p/Pph22p, Sit4p associates with SAPs 

(Sap4p, Sap155p, Sap185p and Sap190p) to form complexes to regulate G1 cyclin 

production and initiates the process of G1 in cell cycle [148][149][143]. 

The complex formation between TAP42 and PP6 or PP2A does not depend on 

the associating subunits of PP6 or scaffolding α subunit of PP2A [150][130]. TOR 

pathway activation phosphorylates Tap42p to enhance the interaction between Tap42p 

and PP2A and PP6; such interaction inhibits PP2A and PP6 function [132][130]. Amino 

terminus of Sit4p and Pph21p are highly similar and this region is used to bind to 

Tap42p [141]. Mammalian two hybrid assay also showed that 50 aminoacid residues 

located at the N terminal of PP6 is interacting with α4, mammalian ortholog of TAP42 

[135]. This interaction is halted when cells treated in the presence of rapamycin or in 

the absence of wildtype TOR function [130]. Such abolishment of interaction results the 
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increasing phosphatase activity of PP6 and PP2A which results to dephosphorylation of 

downstream targets NPR1 kinase [133] and transcriptional activator GLN3 [151]. 

Tap42p is also known to block the complex formation between PP2A and its α and β 

subunits through competition for PP2A binding sites [132] and maintains its role as a 

phosphatase inhibitor [139].     

As discussed in Chapter 2: Literature Review, deletion of mitochondrial genome 

via EtBr treatment in budding yeast leads to (i) ATP synthesis deficiency, (ii) reduced 

inner membrane electrochemical potential generation and (iii) reduced mitochondrial 

protein import [5][3][152]. F1β subunit of ATP synthase, ATP2, becomes essential in 

the absence of mitochondrial DNA since it hydrolyze the ATP
4-

 generated in and 

imported from cytoplasm to ADP
3-

 which is then used by ATP/ADP antiporter to 

import more ATP
4-

 to generate more potential [5]. Deletion of ATP2 leads to a petite-

negative phenotype in mtDNA lacking cells. Previous data showed that overexpression 

of Tap42p inhibitor TIP41 gene in high-copy plasmid rescued the proliferation defect of 

mtDNA lacking cells deleted of Atp2 protein [63]. As described above, Tip41p interacts 

and blocks the activity of Tap42p which regulates the activity of PP2A and PP6 [139]. 

We found that temperature-sensitive allele for Tap42p and deletion of phosphatases 

functioning downstream of Tap42p rescued the proliferation defect of the atp2∆ ρ
-
 cells. 

Aside from the rescue we also found that these phosphatase deletions are beneficial for 

the proliferation delay, electrochemical potential generation, mitochondrial protein 

import and wildtype transcriptome level maintenance in mtDNA lacking cells. 

Interestingly we also demonstrated that SNF1 kinase is essential for the rescue of petite-

negative lethality and also contributes to the beneficial effects of phosphatase deletions 

on mtDNA lacking cells.               

Similar to the TIP41 rescue, previous work also showed that a high-copy 

plasmid carrying PDE2 gene has been found rescue the petite-negative phenotype of 

tim18∆ ρ
0
 cells [153]. As TIP41, it also benefits to the proliferation of wildtype (WT) ρ

0
 

cells. Pde2p is a cyclic AMP phosphodiesterase and is a negative regulator of the PKA 

pathway [154]. Since it is a component of the PKA pathway, we investigated the 
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deletion of this gene and the downstream genes participating in the PKA pathway in the 

background of ρ
-
 cells. The beneficial effects seen on ρ

-
 cells by downregulation of 

these two highly conserved pathways can be converging on the same protein/pathway 

or separately benefiting the cells with mtDNA damage. Unfortunately there is no 

therapeutic approach that has been found yet to cure mitochondrial disease [155]. 

However recent findings about how nutrient sensing pathways, such as TORC1 [156] or 

PKA [157], influence the mitochondrial biogenesis and disease may be a direction 

towards curing mitochondrial disease. 

    

3.2 Results 

3.2.1 Petite-negativity phenotype of atp2∆ cells lacking mtDNA rescued by removal 

of type 2A and type2A-like phosphatase activity 

  

We already know that Tip41p overexpression in cells with petite-negative 

phenotype was rescuing both tim18∆ ρ
-
 cells [63], atp2∆ ρ

-
 cells [158] and pde2∆ ρ

-
 

cells [153]. Tip41 protein interacts with Tap42p to regulate the stability and activation 

of the type 2A and type 2A-related phosphatases downstream of the TORC1 [139]. 

Since TAP42 is an essential gene, we used a temperature sensitive allele tap42-17 

which has wildtype Tap42p activity at 24
o
C, impaired activity at 30

o
C and is depleted at 

37
o
C. We demonstrated that the mutant, at semi-permissive temperature at 30

o
C, 

rescued the petite-negative lethality of atp2∆ ρ
-
 cells (Figure 3.1). The rescue states that 

Tip41p and Tap42p were performing opposite functions with Tap42p mutation or 

higher levels of Tip41 lead to beneficial effects on the proliferation of petite-negative 

phenotype.    

 Tap42p is controlling the assembly and folding of downstream phosphatases in 

mammalians such as PP2A, PP4 and PP6 [150]. In S. cerevisiae, PP2A activity is 

generated by Pph21p and Pph22p, PP4 activity is delivered by Pph3p, PP6 activity is 

supplied with Sit4p and PP2A-like phosphatases activity is furnished by Ppg1p. We 

have found that depletion of PP2A and PP6 activity with simultaneous deletion of 
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Pph21p and Pph22p or of Sit4p rescues the petite-negative lethality of atp2∆ ρ
-
 cells 

(Figure 3.2). However blocking of PP4 and PP2A-like phosphatase activity by deleting 

Pph3p and Ppg1p could not suppress the growth defects of atp2∆ ρ
-
 cells. This study 

only focuses on the effects of the rescue of Pph21p/Pph22p and Sit4p; since Pph3p and 

Ppg1p were not influencing the phenotype of atp2∆ ρ
-
 cells, they were not studied 

further. We also had to be sure that these cells were ρ
-
 cells. If the deletion of 

Pph21p/Pph22p or of Sit4p blocking the loss of mitochondria, it was no surprise to see 

the proliferation of atp2∆ ρ
+
 cells. We demonstrated that such deletions were not 

inhibiting EtBr activity and were able to deplete mitochondrial DNA [158].       

 Since we already know that two different petite-negative genes can be rescued 

by the overexpression of TIP41, we wanted to know whether other petite-negative 

genes can be rescued by deletion of Sit4p. Interestingly sit4∆ enabled the proliferation 

of ρ
-
 cells lacking Tom70p, a mitochondrial outer membrane receptor functioning in 

mitochondrial import, or lacking Yme1p, mitochondrial i-AAA protease [158]. 

Previously found mutation raising vacuolar pH was able to suppress Tom70p deletion 

but was not able to suppress the Yme1p deletion [78]. This showed that petite-

negativity phenotypes vary in terms of their severity [78] and Sit4p was able to rescue 

all of petite-negative genes except for Aac2p removal. Deletion of Sit4p was not able to 

rescue the loss of ADP/ATP antiporter loss after mtDNA depletion [158]. 

Mitochondrial ATP/ADP antiporter, Aac2p, becomes essential after mtDNA deletion 

because of its role in supplying ATP into the cell and generating mitochondrial 

electrochemical potential [5]. Deletion of SIT4, PPH21 and PPH22 in the same 

background was impossible since triple mutant lead to synthetic lethality [145][Dunn, 

unpublished data]. Such lethality disabled us from investigating the consequences of 

removing both the PP6 and PP2A activity in atp2∆ ρ
-
 cells.    

 Sit4p is directed toward downstream substrates by four SAPs (Sit4p-Assocaited-

Proteins): Sap4p, Sap155p, Sap185p and Sap190p [148]. We deleted each SAP by itself 

in the background of atp2∆ ρ
-
 cells however single deletions were not able to suppress 

the petite-negative phenotype (Figure 3.3). Single colonies that are visible in cells 
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deleted of SAPs are also seen in atp2∆ ρ
-
 cells which can be a random mutagenesis that 

can rescue the lethality phenotype. Double deletions of specific pairs of SAPs 

suppressed the proliferation defect of atp2∆ ρ
-
 cells (Figure 3.4). Plate assay is a semi-

quantitative approach and quantification can only be done with liquid proliferation 

assay however from the growth that is visualized on plate we can say that atp2∆ 

sap155∆ sap190∆ ρ
-
 cells had similar proliferation rate as atp2∆ sit4∆ ρ

-
 cells (Figure 

3.4). Moreover, atp2∆ sap185∆ sap190∆ ρ
-
 cells also showed a mild proliferation 

compared to high proliferation of atp2∆ sap155∆ sap190∆ ρ
-
 cells (Figure 3.4). As a 

conclusion, we can say that blocking of Sit4p activity leads to the rescue of atp2∆ ρ
-
 

cells is maintained through specific SAP pairs that are influencing on mitochondrial 

function. Similar to Sit4p, Pph21p and Pph22p are also directed toward downstream of 

the pathway via regulatory subunits Cdc55p and Rts1p [159]. Yet again similar to Sit4p, 

single deletions of the regulatory subunits could not suppress the petite-negativity 

phenotype of atp2∆ ρ
-
 cells (Figure 3.5) but when deleted simultaneously, loss of 

regulatory subunits of Pph21p and Pph22p lead to the proliferation of atp2∆ ρ
-
 cells at a 

similar rate as atp2∆ pph21∆ pph22∆ ρ
-
 cells (Figure 3.5). Beneficial effects seen in 

rescuing of petite-negative phenotype is controlled by the downstream associating and 

regulatory subunits of conserved phosphatases Sit4p and Pph21p/Pph22p.  

 

3.2.2 SNF1 kinase activity is required for the rescue of petite-negative gene 

deletion followed by mtDNA loss 

  

We used sit4∆ as a suppression of the petite-negative phenotype in order to 

further analyze the effects seen by Tip41p hyperactivity/Tap42p dysfunction. Previous 

work states that Sit4p is cleaving the phosphorylation of T210 on Snf1p and converts it 

into an inactive state [160]. Snf1 is the catalytic subunit of the SNF1 kinase complex 

which is the yeast ortholog of AMPK complex and deletion of Sit4p would lead to 

constant Snf1p phosphorylation thus the activation. The dephosphorylation ability of 

Sit4p phosphatase could be the reason for the rescue of atp2∆ ρ
-
 cells. Interestingly, we 
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found that atp2∆ sit4∆ snf1∆ cells showed a significant decrease in proliferation rate 

however still showed a viable phenotype (Figure 3.6). This indicated that Snf1p plays a 

crucial role for the rescue of atp2∆ ρ
-
 petite-negative lethality phenotype after Sit4p 

removal however the mild proliferation rate observed means that Sit4p removal also 

benefits petite-negativity phenotype in an alternative pathway. Mig1p is a 

transcriptional repressor in its inactive state and is a well-characterized target of Snf1p 

which phosphorylates Mig1p [161]. Phosphorylation of Mig1p activates the 

transcriptional repressor to be released from the DNA and this leads to transcriptional 

activation of repressed genes controlled by Mig1p. Among the genes whose expression 

is blocked by Mig1p, there are many genes involved in the metabolism of various 

carbon sources except glucose [161]. In order to find whether phosphorylation of Mig1p 

by Snf1p is the key for the petite-negative rescue, we deleted MIG1, and found that the 

atp2∆ sit4∆ snf1∆ mig1∆ ρ
-
 cells can proliferate at the similar rate as atp2∆ sit4∆ ρ

-
 

cells (Figure 3.6). In order for cells to be proliferating in atp2∆ sit4∆, the Mig1p must 

be phosphorylated by Snf1p to activate the expression of one or more genes. However 

mig1∆ could not rescue the proliferation defects of atp2∆ ρ
-
 cells by itself (Figure 3.10). 

This means that impaired PP6 activity is needed to visualize beneficial effects on the 

atp2∆ ρ
-
 cells.  

Also there is no evidence suggesting the hyperactivation of SNF1 kinase is the 

sole reason for the rescue of atp2∆ ρ
-
 cells. Snf1p is also directed toward downstream 

targets by its associated β subunits Sip1p, Sip2p and Gal83p [117]. However, single 

deletions of the associating β subunits did not block the proliferation of atp2∆ sit4∆ ρ
-
 

cells (Figure 3.7). There are also kinases, Sak1p and Tos3p functioning in the upstream 

of the SNF1 kinase in order to activate it [117]. However deletion of the Sak1p or 

Tos3p did not block the rescue of the petite-negative phenotype by sit4∆ (Figure 3.8). 

Deletion of a third kinase, Elm1p, which was functioning in the upstream of Snf1p, 

caused synthetic lethality with sit4∆ which restricted us from studying this gene in our 

studies. Deletion of a phosphatase, Reg1p, which inhibits the Snf1p activation, could 

not rescue atp2∆ ρ
-
 cells (Figure 3.11).   
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Since Snf1p is crucial for the rescue of atp2∆ ρ
-
 cells by deletion of sit4∆, we 

asked whether Snf1p mutant is petite-negative. In fact Snf1p deletion by itself 

demonstrated petite-negative phenotype after loss of mitochondria genome (Figure 3.9). 

Interestingly, the petite-negative phenotype of snf1∆ ρ
-
 cells could not be rescued by 

deletion of Mig1p [158] however it can be rescued by the expression of the ATP3-5 

allele (Figure 3.9) which raises the mitochondrial electrochemical potential in ρ
-
 cells 

[158]. These results indicate that electrochemical potential loss in the snf1∆ cells can be 

the reason for the lethality in the absence of mitochondrial DNA. Rescue of snf1∆ ρ
-
 

cells by Sit4p deletion also supports this idea since deletion of Sit4p also increases the 

ΔΨ
mito

 even in the absence of the SNF1 kinase. 

 

3.2.3 Other possibilities were also investigated to determine the beneficial effects of 

ρ
-
 cells by Sit4p removal 

 

Transcriptional activator Rtg1p and its subcellular localization regulator Rtg2p 

are controlling the retrograde (RTG) signaling and TOR pathway [162]. We wanted to 

block the retrograde signaling pathway since lack of Sit4p and Pph21p/Pph22p prevents 

the full activation of retrograde signaling pathway by rapamycin treatment [131]. 

However deletion of Rtg1p or of Rtg2p does not suppress the lethality of atp2Δ ρ
-
 cells 

(Figure 3.12). 

Npr1p protein kinase is negatively regulated with phosphorylation by TORC1 

[133]. Npr1p is excessively phosphorylated in tap42 mutant in the absence of 

rapamycin which leads to its inactivation or in sit4∆ in the presence of rapamycin. 

However deletion of Npr1p does not enable the proliferation of atp2Δ ρ
-
 cells (Figure 

3.13). Npr1p has a paralog Prr2p that arose from whole genome duplication [163] 

which is also a protein kinase. However as Npr1p, deletion of Prr2p does not enable the 

proliferation of atp2Δ ρ
-
 cells (Figure 3.21). 
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Increased TOR activity were shown to decrease the autophagy and 

macroautophagy [83]. Also deletion of Sit4p decreases the enhanced autophagy by 

rapamycin treatment [164]. However deletion of Atg1p neither suppresses the petite-

negative phenotype of atp2∆ ρ
-
 cells nor blocks the proliferation of atp2∆ sit4∆ ρ

-
 cells 

(Figure 3.14).   

Furthermore, we wanted to inhibit the response to nitrogen starvation signaling 

since lack of Sit4p and Pph21p/Pph22p prevents the full activation of nitrogen 

discrimination pathway by rapamycin treatment [131]. Deletion of transcriptional 

activators of nitrogen catabolite repression genes Gat1p and Gln3p were used to block 

the response to nitrogen limitations [165]. However simultaneous deletion of Gat1p and 

Gln3p does not suppress the petite-negative phenotype of atp2∆ ρ
-
 cells (Figure 3.15). 

We also inhibited G1 cyclins which have role in the cell cycle progression. Sit4p is 

required for full accumulation of G1 cyclins during G1 stage of cell cycle [149]. 

However deletion of Bck2p and Swi4p does not enable the proliferation of atp2∆ ρ
-
 

cells (Figure 3.16). Sit4p also activates multidrug resistance in yeast and deletion of 

Sit4p decreases the levels of Pdr1p and Pdr3p which makes the yeast cells less resistant 

to drugs like cycloheximide and azoles [166]. However loss of pleotropic drug 

resistance pathway by simultaneous deletion of Pdr1p and Pdr3p does not enable the 

proliferation of atp2∆ ρ
-
 cells (Figure 3.17).  

Cory D. Dunn demonstrated via RNAseq experiments that many genes were 

upregulated/downregulated in the absence of Sit4p deletion in the background of 

Mrpl16p deletion, in which mtDNA cannot be translated and give a similar phenotype 

as ρ
-
 cells [158]. Such hyper or hypoactivation of specific proteins may unveil the 

specific interactions in the absence of a protein. Sno1p and Snz1p which are expressed 

during the stationary phase and respond to nutrient limitations and growth arrest [167]. 

Also they are involved in pyridoxine synthesis [168]. However deletions of Sno1p or 

Snz1p do not suppress the lethality of atp2Δ ρ
-
 cells (Figure 3.18). Rim15p is a protein 

kinase that responds to nutrients to regulate cell proliferation and activates genes in the 

stationary phase [169]. Although TOR pathway controls Rim15p in a Sit4p independent 
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fashion, downregulations of stationary phase genes SNO1 and SNZ1 brings the 

question whether Rim15 is essential for the beneficial effects of Sit4p removal 

[170][127]. However deletion of Rim15p does not block the proliferation of atp2Δ sit4Δ 

ρ
-
 cells (Figure 3.28).   

Ornithine carbamoyltransferase, Arg3p is involved in biosynthesis of aminoacid 

arginine by catalyzing the biosynthesis of its precursor citruline [171]. Arg3p is also 

shown to be downregulated in the absence of Sit4p, however deletion of Arg3p does not 

suppress the lethality of atp2Δ ρ
-
 cells (Figure 3.19). Rtc2p, a vacuolar aminoacid 

transporter, exports cationic amino acids from the vacuole and lysine was shown to be 

highly regulated by Rtc2p similar to its mammalian ortholog PQLC2 [172]. RTC2 

expression is also shown to be downregulated in sit4Δ mrpl16Δ, however deletion of 

Rtc2p does not suppress the lethality of atp2Δ ρ
-
 cells (Figure 3.20). 

Moreover, TMT1 expression is downregulated in sit4Δ mrpl16Δ cells. Tmt1p is 

a trans-aconitate methylltransferase to inhibit citric acid cycle and functions in the 

leucine biosynthesis pathway. Deletion of Tmt1p is not found to suppress the lethality 

of atp2Δ ρ
-
 cells (Figure 3.22). ρ

-
 cells show iron starvation phenotype with constantly 

activating genes regulating iron uptake into mitochondria which is tightly linked to 

mitochondrial electrochemical potential [3]. However deletion of Sit4p or of 

Pph21p/Pph22p converts the expression of iron regulon genes back to a similar state as 

wildtype [158]. Blocking of the response to iron starvation by deletion of Aft1p and 

Aft2p did not suppress the proliferation defects of atp2Δ ρ
-
 cells (Figure 3.23). Gene 

encoding general aminoacid permease, GAP1 is also found to be downregulated in sit4Δ 

mrpl16Δ cells. Gap1p is regulated by TOR pathway in its amino acid passage activity, 

however it also as an crucial role for PKA pathway with its aminoacid sensing ability 

which activates PKA upon stimulation [173]. Gap1p is stabilized to remain at the 

plasma membrane by activation through Npr1p [174]. Similar to deletion of Npr1p 

(Figure 3.13), deletion of Gap1p also cannot suppress the petite-negative phenotype of 

atp2Δ ρ
-
 cells (Figure 3.24).  
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Degradation of Tec1p induced by rapamycin treatment is blocked by deletion of 

Sit4p [175]. We demonstrated that deletion of transcriptional factor Tec1p does not 

block the proliferation of atp2Δ sit4Δ ρ
-
 cells (Figure 3.25). One of the substrates of the 

TORC1 is eIF4E binding protein (4E-BP1) [99] and deletion of Sit4p results in the 

hyperphosphorylation and negative regulation of eIF2α [176]. However inhibition of 

translation by hyperphosphorylation of eIF2α by deletion of Gcn2p or mutation of 

serine 51 of eIF2α to alanine does not block the proliferation of atp2Δ sit4Δ ρ
-
 cells 

(Figure 3.26). Hyperphosphorylation of eIF2α also leads to activation of Gcn4p which 

is a transcriptional factor that activates genes involve in aminoacid biosynthesis 

[176][177]. However deletion of Gcn4p does not block the proliferation of atp2Δ sit4Δ 

ρ
-
 cells (Figure 3.27). Shifting a temperature-sensitive allele of TAP42 to the restrictive 

temperature is reported to cause glycogen accumulation [130]. sit4 mutation also causes 

glycogen accumulation [178]. We simultaneously deleted GSY1 and GSY2 in atp2Δ 

sit4Δ ρ
-
 cells to halt the glycogen synthesis, which does not block the proliferation of 

the petite-negative rescue. 

PHO5 encodes for secreted acid phosphatase which is induced in the absence of 

phosphate [179]. Although it is also shown to be upregulated in sit4Δ mrpl16Δ cells, 

deletion of Pho5p does not block the proliferation of atp2Δ sit4Δ ρ
-
 cells (Figure 3.30). 

PHM6 encodes for a protein regulated by phosphate levels  [180]. PHM6 is also found 

to be upregulated in sit4Δ mrpl16Δ cells, however deletion of Phm6p does not block the 

proliferation of atp2Δ sit4Δ ρ
-
 cells (Figure 3.31). Another upregulated gene in sit4Δ 

mrpl16Δ cells is HXK1  that encodes for a cytosolic protein that catalyzes the first 

irreversible step in the glucose metabolism [181]. Deletion of Hxk1p does not block the 

proliferation of atp2Δ sit4Δ ρ
-
 cells (Figure 3.32). 
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3.2.4 Removal of Pde2p generates a petite-negative phenotype however lethality 

can be rescued by increasing mitochondrial electrochemical potential 

 

We already know that overexpression of PDE2 by a high copy plasmid was 

beneficial for ρ
-
 cells and rescuing the petite-negativity of the tim18∆ ρ

-
 cells [153]. 

Also deletion of Pde2p has been shown to be harmful for ρ
-
 cells [153]. We wanted to 

determine whether increasing the mitochondrial potential would benefit to the 

proliferation of the pde2∆ ρ
-
 cells. ATP3-5 allele was, as expected, benefiting the 

wildtype ρ
-
 cells, but surprisingly we have found that increasing the ΔΨ

mito
 by the 

ATP3-5 allele was also rescuing the petite-negative phenotype of Pde2p lacking ρ
-
 cells 

(Figure 3.33). ΔΨ
mito

 was also shown to be increased with mutants of TOR pathway 

phosphatases and TIP41 overexpression. We also showed that a high-copy plasmid 

carrying the TIP41 allele is rescuing the petite-negative phenotype of Pde2p lacking ρ
-
 

cells (Figure 3.33). Rescue by ATP3-5 allele and overexpressed TIP41 are both 

increasing the ΔΨ
mito

 which supports the hypothesis of ΔΨ
mito

 being the main reason for 

petite-negative phenotype.  

Tpk1p, Tpk2p and Tpk3p are protein isoforms that are functioning as the 

catalytic subunit of PKA [182][183]. Two Tpk subunits join to the PKA tetramer 

complex along with to inhibitory subunits that are encoded by BCY1 [184]. PKA is 

activated by cAMP which binds to the negative regulator Bcy1p. Activation of PKA 

leads to Tpk release to activate downstream targets. In order to block PKA activity we 

deleted Tpk1p, Tpk2p and Tpk3p in the background of pde2∆ ρ
-
 cells. However neither 

of the single deletions was able to rescue the petite-negative phenotype (Figure 3.33). 

The double deletion of each Tpk pairs is under construction and future plate assays will 

demonstrate whether deletion of Tpk pairs would rescue the proliferation of the pde2∆ 

ρ
-
 cells. Triple mutation is synthetically lethal [185], and will not be analyzed for future 

experiments.        



 

 

35 
Chapter 3 : Suppression of Defects Following Mitochondrial DNA Loss by 

Modulation of Nutrient Sensing Pathways 

3.3 Discussion 

3.3.1 Raising the electrochemical potential across the inner membrane of 

mitochondria benefits the ρ
-
 cells and by itself can be the cure for petite-negative 

phenotype  

 

Cells lacking mitochondrial DNA show reduced inner membrane 

electrochemical potential [5]. The lethality caused by deletion of the nuclear encoded 

petite-negative genes along with mtDNA depletion can be the ΔΨ
mito

. [76][5]. We 

found that the rescue of the petite-negative phenotype showed an increased ΔΨ
mito

 

phenotype [78][158]. In this study we also showed that deletion of conserved 

phosphatases functioning under TOR pathway not only rescued the proliferation defect 

of petite-negative phenotype but also raised the ΔΨ
mito

. The reason behind such increase 

in membrane potential remains a future goal to determine. Sit4p regulates many 

downstream pathways NPR kinase and GATA transcriptional activator Gln3p and also 

regulate G1 cyclin accumulation during cell cycle stage [133][151][149]. Possibly, 

Sit4p might be regulating another cell cycle protein or pathway since deletion of Sit4p 

has been shown to majorly effect the phosphoproteome levels [186]. Sit4p can raise the 

ΔΨ
mito

 by an unknown mechanism activated during the cell cycle and supply the bud 

with mitochondria with high ΔΨ
mito

. Elm1p also localizes to the bud neck during the 

cell division [187] and concomitant deletion of sit4∆ elm1∆ leads to synthetic lethality 

which can be due to their parallel roles in determining the fitness of mitochondria of the 

next generation. Also Sit4p shown to be in physical interactions with Atp3p, γ subunit 

of F1FO-ATP synthase, and Nde1p, mitochondrial external NADH dehydrogenase 

[188]. Such interactions can be inhibitory for Atp3p and Nde1p and removal of the 

Sit4p activity may prolong the phosphorylated, active state of these subunits that are 

functioning under complex which are generating membrane potential.  

Furthermore, Sit4p or catalytic subunits of PKA may be directly controlling the 

phosphorylation state of proteins that are localizing to mitochondria. At least two SAPS 

have been identified to associate with highly purified mitochondria [189] also catalytic 

portion of PKA (C-PKA) were also shown to be localizing to mitochondria [121]. 
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Deletion of these conserved phosphatases may in fact restrict them from cleaving the 

phosphorylation from the activated protein that is generating the ΔΨ
mito

. Conversely 

reduction of PKA pathway can block the activation of a negative regulator of the 

ΔΨ
mito

.  

Moreover, the super-complex formation of ATP/ADP antiporter with F1FO-ATP 

synthase [73][74] can be under control of Sit4 protein’s phosphatase function. 

Intriguingly, previous work showed that the major ATP/ADP antiporter Aac2p that is 

functioning in mitochondria, has been shown to contain phosphorylation residues [190]. 

Aac2p exchanges ATP
4-

 for ATP
3-

 across the mitochondrial inner membrane to generate 

ΔΨ
mito

 [5]. Also aac2∆ ρ
-
 cells were unable to proliferate in the presence of sit4∆ and 

also aac2∆ ρ
-
 cells could not been rescued in any other known study. So far we still did 

not check overexpressed PDE2 in this background. Downregulated TOR or PKA can 

change the ion mobility and distribution across the mitochondrial inner membrane and 

phosphorylation of the Aac2p may be the key for generation of ΔΨ
mito

 in ρ
-
 cells. 

Alternatively, ΔΨ
mito 

might be generated through more indirect fashion with a post-

translational change in phosphorylation state and changing the substrate preference 

and/or efficiency of the mitochondrial import machinery [133], thereby altering the 

abundance of one or more ion transporters. We are currently investigating the 

phosphorylation state of Aac2p in different backgrounds containing sit4 mutations. As a 

future goal we will perform a Phos-tag gel in which we will run Aac2p with a FLAG 

epitope attached to it in order to investigate whether the protein is phosphorylated in 

wildtype, sit4∆, sit4∆ snf1∆, or sit4∆ snf1∆ mig1∆ ρ
-
 cells.   
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3.3.2 The SNF1 is required for the full benefits of Sit4p removal in cells lacking 

mtDNA 

 

Snf1p causes lethality after mtDNA loss and blocks the rescue of petite-

negativity phenotype by Sit4p removal. We know from previous data that Sit4p cleaves 

the phosphorylation at threonine 210 in Snf1 [160], so whatever protein or pathway that 

is activated in conditions where Sit4p activity is repressed, is activated by Snf1p 

function. Also triple mutant atp2∆ sit4∆ snf1∆ ρ
-
 cells are still proliferating at a low rate 

compared to proliferation of atp2∆ sit4∆ ρ
-
 cells (Figure 3.35). The beneficial activity 

of Sit4p removal does not fully depend on Snf1p, which is also demonstrated with the 

increasing electrochemical potential in sit4∆ snf1∆ ρ
-
 cells or by using a mutated ATP3-

5 allele which hyperactivates F1-ATPase in mtDNA lacking cells [158].  We have also 

investigated many other possible means by which Sit4 deletion benefits ρ
-
 cells. We 

used the substrates and regulators of Sit4p and also the transcriptome data generated in 

[158] to search for biological pathways and processes that may influence the rescue by 

Sit4p removal. However so far we couldn’t isolate any specific interaction except for 

Snf1p. Also we have not yet investigated whether Snf1p is needed for the full benefits 

of the 2µ-PDE2 rescue in tim18∆ ρ
-
 cells. Snf1p may be the converging point for TOR 

and PKA pathways and this experiment will remain as a future goal. 

We will also investigate whether snf1T210A ρ
-
 cells show a petite-negative 

phenotype, and whether snf1T210A blocks the rescue of atp2∆ ρ
-
 cells by Sit4p 

removal. We will introduce a plasmid containing mutated snf1 into a background 

deleted of SNF1 gene. Deletion of Reg1p acting on the SNF1 phosphorylation or 

deletion of upstream kinases of Snf1p in the background of atp2∆ sit4∆ ρ
-
 cells did not 

show any alteration in the proliferation of cells. Possible other roles of Snf1p 

independent of T210 phosphorylation can also be important in the absence of Sit4p. 

Mig1p is not the sole pathway for Snf1 activity in the Sit4p removed rescue since snf1∆ 

mig1∆ ρ
-
 cells are not viable. However deletion of Sit4p enables the proliferation of the 

petite-negativity phenotype of Snf1p deletion, meaning there are alternative roles of 
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Snf1p which is shown as the second branch of my model. Also Snf1p is found to 

localize to highly purified mitochondria which indicates a more direct role for Snf1p, as 

SAPs and catalytic portion of PKA, for influencing the mitochondrial biogenesis [189], 

this indicates a direct role for the SNF1 kinase for the modulation of mitochondrial 

function (Figure 3.35). 

Inviable phenotype of snf1∆ mig1∆ ρ
-
 cells or atp2∆ mig1∆ ρ

-
 cells states that 

Sit4p removal is necessary for proliferation. Constitutive expression of a gene that is 

under transcriptional control of Mig1p (GCM) by removal of Mig1p is not sufficient to 

rescue the petite-negative phenotype. The need for Sit4p removal is maybe due to the 

requirement of prolonged phosphorylated state of GCM which may increase the 

membrane potential. Investigating GCMs may uncover the one branch of potential 

generation pathway and this is the third branch of my model (Figure 3.35).   

 

3.3.3 The transcriptome, protein import and ΔΨ
mito

 go back to wildtype state in 

mtDNA lacking cells in the absence of Sit4p or of Pph21p/Pph22p 

 

Aside from the results that have been shown in this Chapter, there also other 

characterization that has been done by other authors about the mtDNA lacking cells 

with Sit4p or Pph21p/Pph22p deletions. The transcriptome data generated in sit4Δ 

mrpl16Δ and compared to mrpl16Δ also revealed that many of the genes that were 

upregulated/downregulated in the petite phenotype go back to the wildtype state in the 

absence of Sit4p [158]. Also quantitative detection of the ΔΨ
mito

 by flow cytometry 

analysis revealed that ρ
-
 cells have increased mitochondrial electrochemical potential in 

the absence of Sit4p or in the presence of an ATP3-5 allele that generates mitochondrial 

electrochemical potential [158]. Increased ΔΨ
mito

 also rescued the import defects of the 

petite cells with fluorescent protein with N-terminal mitochondrial localization signal 

imported into the mitochondria in the absence of Sit4p and Pph21p/Pph22p [158].      
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3.4 Materials and Methods 

3.4.1 Yeast strains and culture conditions: Yeast media recipes were prepared as 

previously (Adams et al., 1998a). Gene deletions were performed as in [192]. Strain 

genotypes and the details of their construction details, are listed in Table 3.1. 

Oligonucleotides used for strain construction are listed in Table 3.2. All strains are 

congenic with the S288C-based strains described in [193], except for strains CDD619, 

CDD631, and CDD632. EtBr (Thermo Fisher Scientific, Waltham, MA) was used at a 

concentration of 25 μg/ml to rapidly destroy mtDNA [10]. Serial dilution assays were 

performed growing the cultures to log-phase and then diluting these cultures to an 

OD600 of 0.1, then performing three additional five-fold dilutions. 4 μl of each dilution 

was then spotted to YEPD medium. Strains were tested for a petite-negative phenotype 

as in [78]; cells were incubated for 3 d (ρ+) or 4 d (ρ-) at 30°C, except where the 

temperature or incubation time is otherwise noted. 

 

3.4.2 Plasmids: Plasmids M532, containing wild-type TAP42, and M533, encoding 

tap42-17 were constructed in the laboratory of Dr. Kim Arndt and provided by Dr. 

Maria Cardenas-Corona, Duke University. The tap42-17 allele in plasmid M533 

was sequenced, and following mutations are obtained: T61N, L73Q, S100P, E192T, 

K241E, and E353K.   
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3.5 Figure Legends 

 

Figure 3.1 tap42-17 can suppress the petite negative phenotype. The temperature 

sensitive allele of TAP42 gene enables the proliferation of mtDNA lacking cells with 

deleted F1β subunit of the ATP synthase. Strains CDD298 (atp2Δ) and CDD300 (atp2Δ 

tap42-17) were tested for the petite-negative phenotype, except that cells containing 

mtDNA were incubated for 2 d at 30°C.  

 

Figure 3.2 Deletion of Tap42’s client phosphatases rescues the petite-negative lethality. 

Deletion of Sit4p or Pph21p/Pph22p allows the proliferation of atp2Δ ρ- cells. Strains 

CDD275 (atp2Δ), CDD332 (atp2Δ pph21Δ pph22Δ), CDD273 (atp2Δ pph3Δ), CDD277 

(atp2Δ ppg1Δ) and CDD296 (atp2Δ sit4Δ) were assayed for a petite-negative 

phenotype. 

 

Figure 3.3 Deletion of individual adaptor proteins, SAPs, downstream of Sit4p does not 

suppress the petite-negative phenotype of atp2Δ cells. Strains CDD215 (atp2Δ), 

CDD249 (atp2Δ sit4Δ), CDD302 (atp2Δ sap155Δ), CDD303 (atp2Δ sap185Δ), 

CDD304 (atp2Δ sap4Δ) and CDD305 (atp2Δ sap190Δ) were tested for the petite-

negative phenotype.  

 

Figure 3.4 Double deletions of specific adaptor proteins, SAPs, downstream of Sit4p 

rescues the petite-negative phenotype of atp2Δ cells. Strains CDD215 (atp2Δ), CDD249 

(atp2Δ sit4Δ), CDD417 (atp2Δ sap4Δ sap155Δ), CDD418 (atp2Δsap155Δ sap190Δ), 

CDD419 (atp2Δ sap4Δ sap185Δ), CDD420 (atp2Δ sap155Δ sap185Δ), CDD421 (atp2Δ 

sap185Δ sap190Δ) and CDD422 (atp2Δ sap4Δ sap190Δ) were tested for the petite-

negative phenotype.  

 

Figure 3.5 Simultaneous deletion of adaptor proteins Cdc55p and Rts1p functioning 

downstream of Pph21p/Pph22p rescues the proliferation of ρ
-
 cells lacking atp2∆. 
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Strains CDD215 (atp2Δ), CDD332 (atp2Δ pph21Δ pph22Δ), CDD478 (atp2Δ rts1Δ), 

CDD479 (atp2Δ cdc55Δ) and CDD480 (atp2Δ rts1Δ cdc55Δ) were tested for the petite-

negative phenotype. 

 

Figure 3.6 SNF1 kinase is required to inactivate Mig1p for the full benefits of Sit4p 

deletion in atp2Δ ρ- cells. Strains CDD463 (WT), CDD215 (atp2Δ), CDD249 (atp2Δ 

sit4Δ), CDD458 (atp2Δ sit4Δ snf1Δ) and CDD614 (atp2Δ sit4Δ snf1Δ mig1Δ) were 

tested for the petite-negative phenotype. 

 

Figure 3.7 Individual deletion of Snf1p-associated β-subunits does not block the rescue 

of atp2Δ ρ- cells with Sit4p removal. Strains CDD215 (atp2Δ), CDD249 (atp2Δ sit4Δ), 

CDD458 (atp2Δ sit4Δ snf1Δ), CDD626 (atp2Δ sit4Δ sip1Δ), CDD627 (atp2Δ sit4Δ 

sip2Δ) and CDD628 (atp2Δ sit4Δ gal83Δ) were tested for the petite-negative phenotype.  

 

Figure 3.8 Deletion of upstream kinases activating Snf1p does not alter -activating 

kinases leaves the proliferation of atp2Δ sit4Δ ρ- cells unaffected. Strains CDD215 

(atp2Δ), CDD249 (atp2Δ sit4Δ), CDD458 (atp2Δ sit4Δ snf1Δ), CDD629 (atp2Δ sit4Δ 

sak1Δ) and CDD630 (atp2Δ sit4Δ tos3Δ) were tested for the petite-negative phenotype.  

 

Figure 3.9 Increasing ΔΨ
mito

 by insertion of a mutated γ subunit of ATP synthase F1 

sector rescues the petite-negative phenotype of ρ- cells lacking the SNF1 kinase. Strains 

CDD463 (WT) or CDD604 (snf1Δ) were plated as non-transformed and transformed 

with either plasmid M487, encoding ATP3, or plasmid M488, encoding ATP3-5 (Dunn 

et al., 2006). Strains were then tested for a petite negative phenotype. 

 

Figure 3.10 Deletion of the transcription factor Mig1p does not suppress the petite-

negative phenotype of atp2Δ mutants. Strains CDD215 (atp2Δ), CDD249 (atp2Δ sit4Δ) 

and CDD351 (atp2Δ mig1Δ) were tested for a petite-negative phenotype.  
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Figure 3.11 Deletion of the regulatory subunit of protein phosphatase 1, Reg1p, does 

not allow atp2Δ ρ
-
 cells to survive. Strains CDD215 (atp2Δ), CDD249 (atp2Δ sit4Δ) 

and CDD611 (atp2Δ reg1Δ) were tested for the petite-negative phenotype.  

 

Figure 3.12 Blocking retrograde signaling pathway by deletion of Rtg1p or Rtg2p does 

not suppress the lethality of atp2Δ ρ
-
 cells. Strains CDD284 (rtg1Δ atp2Δ), CDD285 

(atp2Δ), CDD286 (atp2Δ sit4Δ), CDD292 (atp2Δ), CDD306 (rtg2Δ atp2Δ), CDD334 

(atp2Δ sit4Δ) were tested for petite-negative phenotype. 

 

Figure 3.13 Deletion of NPR1 protein kinase does not rescue the lethality of ρ
-
 cells 

lacking F1 subunit of ATP synthase. Strains CDD285 (atp2Δ), CDD286 (atp2Δ sit4Δ) 

and CDD287 (npr1Δ atp2Δ) were tested for petite-negative phenotype.  

 

Figure 3.14 Blocking autophagy by deleting Atg1p does not suppress the proliferation 

defect or block the rescue of Sit4p in ρ
-
 cells lacking F1 subunit of ATP synthase. 

Strains CDD291 (atp2Δ atg1Δ), CDD292 (atp2Δ), CDD294 (atp2Δ sit4Δ atg1Δ) and 

CDD334 (atp2Δ sit4Δ) were tested for petite-negative phenotype. 

 

Figure 3.15 Cancellation of response to nitrogen limitations by deletion of Gat1p and 

Gln3p does not rescue the petite-negative phenotype of atp2∆ ρ
-
 cells. CDD292 

(atp2Δ), CDD322 (atp2Δ gln3Δ gat1Δ) and CDD334 (atp2Δ sit4Δ) were tested for 

petite-negative phenotype. 

 

Figure 3.16 Inhibition of cell cycle progression by deletion of Bck2p or of Swi4p does 

not rescue the petite-negative phenotype of atp2∆ ρ
-
 cells. Strains CDD215 (atp2Δ), 

CDD249 (atp2Δ sit4Δ), CDD405 (atp2Δ bck2Δ) and CDD457 (atp2Δ swi1Δ) were 

tested for petite-negative phenotype. 
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Figure 3.17 Inhibition of pleotropic drug resistance pathway by combined deletion of 

PDR1 and PDR3 does not suppress the lethality of atp2∆ petite-negative phenotype. 

Strains CDD215 (atp2Δ), CDD249 (atp2Δ sit4Δ) and CDD423 (atp2Δ pdr1Δ pdr3Δ) 

were tested for petite-negative phenotype. 

 

Figure 3.18 Inhibition of puridoxine metabolism by deletion of SNO1 or of SNZ1 does 

not suppress the lethality of atp2∆ ρ
-
 cells. Strains CDD215 (atp2Δ), CDD249 (atp2Δ 

sit4Δ), CDD525 (atp2Δ sno1Δ) and CDD526 (atp2Δ snz1Δ) were tested for petite-

negative phenotype. 

 

Figure 3.19 Arginine auxotrophy does not allow the survival of atp2∆ ρ
-
 cells. Strains 

CDD215 (atp2Δ), CDD249 (atp2Δ sit4Δ) and CDD586 (atp2Δ arg3Δ) were tested for 

petite-negative phenotype. 

 

Figure 3.20 Deletion of vacuolar aminoacid transporter Rtc2p does not suppress the 

lethality of atp2∆ ρ
-
 cells. Strains CDD292 (atp2Δ), CDD334 (atp2Δ sit4Δ), CDD591 

(atp2Δ rtc2Δ) and CDD526 (atp2Δ snz1Δ) were tested for petite-negative phenotype. 

 

Figure 3.21 Deletion of paralog of NPR1, PRR2 protein kinase does not rescue the 

petite-negative phenotype of atp2∆ ρ
-
 cells. Strains CDD285 (atp2Δ), CDD286 (atp2Δ 

sit4Δ) and CDD593 (atp2Δ prr2Δ) were tested for petite-negative phenotype. 

 

Figure 3.22 Deletion of trans-aconitase methyltransferase, Tmt1p does not suppress the 

lethality of atp2∆ ρ
-
 cells. Strains CDD285 (atp2Δ), CDD286 (atp2Δ sit4Δ) and 

CDD595 (atp2Δ tmt1Δ) were tested for petite-negative phenotype. 

 

Figure 3.23 Blocking of expression of iron starvation responding genes does not 

suppress the lethality of atp2∆ ρ
-
 cells. Strains CDD215 (atp2Δ), CDD249 (atp2Δ 



 

 

44 
Chapter 3 : Suppression of Defects Following Mitochondrial DNA Loss by 

Modulation of Nutrient Sensing Pathways 

sit4Δ), CDD608 (atp2Δ aft1Δ) and CDD616 (atp2Δ aft2Δ) were tested for the petite-

negative phenotype.  

 

Figure 3.24 Deletion of general aminoacid permease Gap1p genes does not suppress 

the lethality of atp2∆ ρ
-
 cells. Strains CDD285 (atp2Δ), CDD286 (atp2Δ sit4Δ) and 

CDD615 (atp2Δ gap1Δ) were tested for petite-negative phenotype. 

 

Figure 3.25 Deletion of transcriptional factor Tec1 does not block the rescue of atp2∆ 

ρ
-
 cells by Sit4 removal. Strains CDD275 (atp2Δ), CDD295 (atp2Δ sit4Δ tec1Δ) and 

CDD296 (atp2Δ sit4Δ) were assayed for a petite-negative phenotype. 

 

Figure 3.26 Blocking of inhibition of translation by eIF2α phosphorylation by deletion 

of GCN2 and mutation of serine 51 to alanine in eIF2α does not block the proliferation 

of atp2∆ sit4∆ ρ
-
 cells. Strains CDD215 (atp2Δ), CDD249 (atp2Δ sit4Δ), CDD403 

(atp2Δ sit4Δ SUI2S51A) and CDD404 (atp2Δ sit4Δ gcn2Δ) were tested for the petite-

negative phenotype.  

 

Figure 3.27 Deletion of Gcn4p, a transcriptional activator of amino acid biosynthetic 

genes, does not block the proliferation of atp2∆ sit4∆ ρ
-
 cells. Strains CDD215 (atp2Δ), 

CDD249 (atp2Δ sit4Δ) and CDD424 (atp2Δ sit4Δ gcn4Δ) were tested for the petite-

negative phenotype.  

 

Figure 3.28 Blocking of Rim15p, a protein kinase involved in cell proliferation and 

establishment of stationary phase does not rescue petite-negative phenotype or block the 

proliferation of atp2∆ sit4∆ ρ
-
 cells. Strains CDD215 (atp2Δ), CDD249 (atp2Δ sit4Δ), 

CDD488 (atp2Δ sit4Δ rim15Δ) and CDD546 (atp2Δ rim15Δ) were tested for the petite-

negative phenotype.   
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Figure 3.29 Depletion of glycogen synthesis with simultaneous deletion of GSY1 and 

GSY2 genes does not block the proliferation of atp2∆ sit4∆ ρ
-
 cells. Strains CDD215 

(atp2Δ), CDD249 (atp2Δ sit4Δ), CDD458 (atp2Δ sit4Δ snf1Δ), CDD463 (WT) and 

CDD489 (atp2Δ sit4Δ gsy1Δ gsy2Δ) were tested for the petite-negative phenotype.   

 

Figure 3.30 The major phosphate-regulated secreted acid phosphatase, Pho5p, is not 

required for Sit4p for the rescue of atp2∆ ρ
-
 cells. Strains CDD601 (atp2Δ), CDD598 

(atp2Δ sit4Δ) and CDD590 (atp2Δ sit4Δ pho5Δ) were tested for the petite-negative 

phenotype. 

 

Figure 3.31 Phm6p, a protein regulated by phosphate levels; removal does not block 

the proliferation of atp2∆ ρ
-
 cells lacking Sit4p. Strains CDD285 (atp2Δ), CDD286 

(atp2Δ sit4Δ) and CDD592 (atp2Δ sit4Δ phm6Δ) were tested for petite-negative 

phenotype.  

 

Figure 3.32 Deletion of hexokinase protein, Hxk1p, did not significantly alter the 

proliferation of atp2∆ ρ
-
 cells lacking Sit4p. Strains CDD587 (atp2Δ), CDD599 (atp2Δ 

sit4Δ) and CDD594 (atp2Δ sit4Δ hxk1Δ) were tested for petite-negative phenotype.   

 

Figure 3.33 Increasing ΔΨ
mito

 by hyperactivation of the ATP synthase F1 sector rescues 

the petite-negative phenotype of ρ
-
 cells lacking the cyclic AMP phosphodiesterase. 

Strains CDD2 (WT) or CDD261 (pde2Δ) were transformed with either plasmid M487, 

encoding ATP3, or plasmid M488, encoding ATP3-5 (Dunn et al., 2006). Transformants 

were then tested for a petite negative phenotype. ρ
+
 and ρ

-
 cells were only cultured on 

solid media for 2 d. 

 

Figure 3.34 Single Tpk deletions could not rescue the petite-negativity phenotype of 

pde2∆ ρ
-
 cells.  Deletion of individual Tpks does not suppress the petite-negative 

phenotype of pde2Δ cells. Strains CDD2 (WT), CDD261 (pde2Δ), CDD751 (pde2Δ 
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tpk1Δ), CDD752 (pde2Δ tpk2Δ) and CDD753 (pde2Δ tpk3Δ) were tested for the petite-

negative phenotype. ρ
+
 and ρ

-
 cells were only cultured on solid media for 2 d. 

 

Figure 3.35 Deletion of conserved phosphatases functioning under Tap42p increases 

the ΔΨ
mito

 of cells lacking mtDNA. Tip41p inhibits Tap42p function and 

overexpression of Tip41p rescues the proliferation defect of atp2∆ petite-negative 

phenotype. Tap42p temperature sensitive allele also rescues the lethality at semi-

permissive temperature and loss of Tap42 function leads to inhibition of Sit4p [150]. 

Blocking of activities of phosphatases Sit4p and Pph21p/Pph22p functioning under 

Tap42p increases the ΔΨ
mito

 of ρ
-
 cells. Specific pairs of deletions of Sit4 associating 

proteins (SAPs) and concomitant deletion of adaptor proteins of Pph21p/Pph21p also 

rescued the proliferation defect of atp2∆ ρ
-
 cells. Snf1p is crucial in order to obtain full 

benefits of the Sit4p deletion, however Sit4p removal increases ΔΨ
mito

 even in the 

absence of Snf1p. Snf1p itself has a role in the enhancement of ΔΨ
mito

 which can be 

verified by the rescue of petite-negative phenotype of snf1∆ ρ
-
 cells in the presence of 

ATP3-5 allele. Snf1p also increases expression of transcriptionally repressed targets (X) 

of Mig1p and quadruple mutant (atp2∆ sit4∆ snf1∆ mig1∆) showed proliferation. 
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3.6 Figures  

Figure 3.1 tap42-17 can suppress the petite negative phenotype of mtDNA lacking 

cells with deleted F1β subunit of the ATP synthase.  

 

 

 

Figure 3.2 Deletion of Tap42’s client phosphatases Pph21p/Pph22p and Sit4p 

rescues the petite-negative lethality.  
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Figure 3.3 Deletion of individual Sit4p associating proteins, SAPs, downstream of 

Sit4p does not suppress the petite-negative phenotype of atp2Δ cells.  
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Figure 3.4 Double deletions of specific adaptor proteins, SAPs, downstream of 

Sit4p rescues the petite-negative phenotype of atp2Δ cells.  

 

 

Figure 3.5 Simultaneous deletion of adaptor proteins Cdc55p and Rts1p 

functioning downstream of Pph21p/Pph22p rescues the proliferation of ρ
-
 cells 

lacking atp2∆.  
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Figure 3.6 SNF1 kinase is required to inactivate Mig1p for the full benefits of Sit4p 

deletion in atp2Δ ρ- cells.  

 

 

 

Figure 3.7 Individual deletion of Snf1p-associated β-subunits does not block the 

rescue of atp2Δ ρ- cells with Sit4p removal. 

 

 

 

 



 

 

51 
Chapter 3 : Suppression of Defects Following Mitochondrial DNA Loss by 

Modulation of Nutrient Sensing Pathways 

Figure 3.8 Deletion of upstream kinases activating Snf1p does not alter -activating 

kinases leaves the proliferation of atp2Δ sit4Δ ρ- cells unaffected.  

 

 

 

Figure 3.9 Increasing ΔΨ
mito

 by insertion of a mutated γ subunit of ATP synthase 

F1 sector rescues the petite-negative phenotype of ρ- cells lacking the SNF1 kinase.  
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Figure 3.10 Deletion of the transcription factor Mig1p does not suppress the petite-

negative phenotype of atp2Δ mutants.  

 

 

 

Figure 3.11 Deletion of the regulatory subunit of protein phosphatase 1, Reg1p, 

does not allow atp2Δ ρ
-
 cells to survive.  
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Figure 3.12 Blocking retrograde signaling pathway by deletion of Rtg1p or Rtg2p 

does not suppress the lethality of atp2Δ ρ
-
 cells.  

 

 

Figure 3.13 Deletion of NPR1 protein kinase does not rescue the lethality of ρ
-
 cells 

lacking F1 subunit of ATP synthase.  
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Figure 3.14 Blocking autophagy by deleting Atg1p does not suppress the 

proliferation defect or block the rescue of Sit4p in ρ
-
 cells lacking F1 subunit of 

ATP synthase.  

 

 

 

Figure 3.15 Cancellation of response to nitrogen limitations by deletion of Gat1p 

and Gln3p does not rescue the petite-negative phenotype of atp2∆ ρ
-
 cells.  
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Figure 3.16 Inhibition of cell cycle progression by deletion of Bck2p or of Swi4p 

does not rescue the petite-negative phenotype of atp2∆ ρ
-
 cells.  

 

 

Figure 3.17 Inhibition of pleotropic drug resistance pathway by combined deletion 

of PDR1 and PDR3 does not suppress the lethality of atp2∆ petite-negative 

phenotype.  
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Figure 3.18 Inhibition of puridoxine metabolism by deletion of SNO1 or of SNZ1 

does not suppress the lethality of atp2∆ ρ
-
 cells.  

 

 

Figure 3.19 Arginine auxotrophy does not allow the survival of atp2∆ ρ
-
 cells.  
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Figure 3.20 Deletion of vacuolar aminoacid transporter Rtc2p does not suppress 

the lethality of atp2∆ ρ
-
 cells.  

 

 

Figure 3.21 Deletion of paralog of NPR1, PRR2 protein kinase does not rescue the 

petite-negative phenotype of atp2∆ ρ
-
 cells.  
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Figure 3.22 Deletion of trans-aconitase methyltransferase, Tmt1p does not 

suppress the lethality of atp2∆ ρ
-
 cells.  

 

 

 

Figure 3.23 Blocking of expression of iron starvation responding genes does not 

suppress the lethality of atp2∆ ρ
-
 cells.  
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Figure 3.24 Deletion of general aminoacid permease Gap1p genes does not 

suppress the lethality of atp2∆ ρ
-
 cells.  

 

 

 

Figure 3.25 Deletion of transcriptional factor Tec1 does not block the rescue of 

atp2∆ ρ
-
 cells by Sit4 removal.  
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Figure 3.26 Blocking of inhibition of translation by eIF2α phosphorylation by 

deletion of GCN2 and mutation of serine 51 to alanine in eIF2α does not block the 

proliferation of atp2∆ sit4∆ ρ
-
 cells.  

 

 

Figure 3.27 Deletion of Gcn4p, a transcriptional activator of amino acid 

biosynthetic genes, does not block the proliferation of atp2∆ sit4∆ ρ
-
 cells.  
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Figure 3.28 Blocking of Rim15p, a protein kinase involved in cell proliferation and 

establishment of stationary phase does not rescue petite-negative phenotype or 

block the proliferation of atp2∆ sit4∆ ρ
-
 cells.  

 

 

Figure 3.29 Depletion of glycogen synthesis with simultaneous deletion of GSY1 

and GSY2 genes does not block the proliferation of atp2∆ sit4∆ ρ
-
 cells.  
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Figure 3.30 The major phosphate-regulated secreted acid phosphatase, Pho5p, is 

not required for Sit4p for the rescue of atp2∆ ρ
-
 cells.  

 

 

Figure 3.31 Phm6p, a protein regulated by phosphate levels; removal does not 

block the proliferation of atp2∆ ρ
-
 cells lacking Sit4p. 
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Figure 3.32 Deletion of hexokinase protein, Hxk1p, did not significantly alter the 

proliferation of atp2∆ ρ
-
 cells lacking Sit4p. 

 

 

Figure 3.33 Increasing ΔΨ
mito

 by hyperactivation of the ATP synthase F1 sector 

rescues the petite-negative phenotype of ρ
-
 cells lacking the cyclic AMP 

phosphodiesterase.  
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Figure 3.34 Single Tpk deletions could not rescue the petite-negativity phenotype 

of pde2∆ ρ
-
 cells.   
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Figure 3.35 Deletion of conserved phosphatases functioning under Tap42p 

increases the ΔΨ
mito

 of cells lacking mtDNA 
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Table 3.1 List of strains used in Chapter 3 

Strain Genotype Source 
Parental 

strain(s) 
Method Used 

BY4741 MATa leu2∆0 met15∆0 ura3∆0 his3∆1 

Brachman 

et al. 

(1998) 
  

BY4742 MATα leu2∆0 met15∆0 ura3∆0 his3∆1 

Brachman 

et al. 

(1998) 
  

RJ1854 

MATα/MATa met15∆0/met15∆0 

his3∆200/his3∆200 leu2∆0/leu2∆0 

trp1∆63/trp1∆63 ura3∆0/ura3∆0 

atp2∆::LEU2/ATP2 sit4∆::HIS3/SIT4 

Dunn et 

al. (2008)   

RJ1921 

MATα/MATa met15∆0/MET15 lys2∆0/LYS2 

his3∆1/his3∆1 leu2∆0/leu2∆0 ura3∆0/ura3∆0 

tap42∆::kanMX4/TAP42 

EUROSC

ARF 

Y20603 
  

RJ2288 

MATα/MATa leu2∆0/leu2∆0 his3∆200/his3∆1 

met15∆0/met15∆0 trp1∆63/TRP1 

ura3∆0/ura3∆0 atp2∆::LEU2/ATP2 

vps16∆::kanMX4/VPS16 

Garipler 

and Dunn 

(2013) 
  

CDD8 

MATα/MATa leu2Δ0/leu2Δ0 lys2Δ0/LYS2 

met15Δ0/MET15 ura3Δ0/ura3Δ0 

his3Δ1/his3Δ1 yme1∆::kanMX4/YME1 

EUROSC

ARF 

Y27144 
  

CDD24 

MATα/MATa leu2Δ0/leu2Δ0 lys2Δ0/LYS2 

met15Δ0/MET15 ura3Δ0/ura3Δ0 

his3Δ1/his3Δ1 tom70∆::kanMX4/TOM70 

EUROSC

ARF 

Y27244 
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RJ97 MATa cry1 lys1 
Robert 

Jensen   

CDD205 
MATa leu2∆0 met15∆0 ura3∆0 his3∆1 

tap42∆::kanMX4 pLEU2-TAP42 
This study RJ1921 

transformed 

RJ1921 with 

plasmid M532 and 

sporulated 

CDD208 
MATa leu2∆0 met15∆0 ura3∆0 his3∆1 

tap42∆::kanMX4 pLEU2-tap42-17 
This study RJ1921 

transformed 

RJ1921 with 

plasmid M533 and 

sporulated 

CDD215 
MATa leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 
This study RJ2288 sporulation 

CDD218 
MATα leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2  
RJ2288 sporulation 

CDD227 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

gap1∆::kanMX4 

EUROSC

ARF 

Y17050 
  

CDD228 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

rtg2∆::kanMX4 

EUROSC

ARF 

Y14619 
  

CDD229 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

rtg1∆::kanMX4 

EUROSC

ARF 

Y11759 
  

CDD230 

MATα/MATa met15∆0/MET15 lys2∆0/LYS2 

his3∆1/his3∆1 leu2∆0/leu2∆0 ura3∆0/ura3∆0 

gln3∆::kanMX4/GLN3 

EUROSC

ARF 

Y20173 
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CDD231 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

npr1∆::kanMX4 

EUROSC

ARF 

Y12029 
  

CDD233 

MATα/MATa met15∆0/MET15 lys2∆0/LYS2 

his3∆1/his3∆1 leu2∆0/leu2∆0 ura3∆0/ura3∆0 

pph21∆::kanMX4/PPH21 

EUROSC

ARF 

Y23831 
  

CDD234 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

pph3∆::kanMX4 

EUROSC

ARF 

Y14010 
  

CDD235 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

ppg1∆::kanMX4 

EUROSC

ARF 

Y15407 
  

CDD236 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

mig1∆::kanMX4 

EUROSC

ARF 

Y14403 
  

CDD239 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

atg1∆::kanMX4 

EUROSC

ARF 

Y14547 
  

CDD240 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

sds23∆::kanMX4 

EUROSC

ARF 

Y14423 
  

CDD241 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

tec1∆::kanMX4 

EUROSC

ARF 

Y17155 
  

CDD246 

MATα/MATa met15∆0/MET15 lys2∆0/LYS2 

his3∆1/his3∆1 leu2∆0/leu2∆0 ura3∆0/ura3∆0 

pph21∆::URA3/PPH21 

This study CDD233 

replaced kanMX4 

with URA3 using 

primers 115/116 

and template 
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pRS306 

CDD247 

MATα/MATa met15∆0/MET15 lys2∆0/LYS2 

his3∆1/his3∆1 leu2∆0/leu2∆0 ura3∆0/ura3∆0 

gln3∆::kanMX4/GLN3 gat1∆::URA3/GAT1 

This study CDD230 

disrupted GAT1 

with URA3 using 

primers 141/142 

and template 

pRS306 

CDD249 
MATa leu2∆0 his3∆200 met15∆0 trp1∆63 

ura3∆0 atp2∆::LEU2 sit4∆::HIS3 
This study RJ1854 sporulation 

CDD250 
MATα met15∆0 his3∆200 leu2∆0 trp1∆63 

ura3∆0 sit4∆::HIS3 

Garipler 

and Dunn 

(2013) 
  

CDD251 
MATα met15Δ0 his3Δ200 leu2Δ0 trp1Δ63 

ura3Δ0 sit4Δ::HIS3 

Garipler 

and Dunn 

(2013) 
  

CDD254 
MATα leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::HIS3 
This study CDD218 

replaced LEU2 with 

HIS3 using primers 

136/137 and 

template pRS303 

CDD255 

MATα/MATa leu2∆0/leu2∆0 met15∆0/met15∆0 

ura3∆0/ura3∆0 his3∆1/his3∆ trp1∆63/TRP1 

atp2∆::HIS3/ATP2 tap42∆::kanMX4/TAP42 

pLEU2-TAP42 

This study 
CDD205, 

CDD254 

mated CDD205 and 

CDD254 

CDD256 

MATα/MATa leu2∆0/leu2∆0 met15∆0/met15∆0 

ura3∆0/ura3∆0 his3∆1/his3∆ trp1∆63/TRP1 

atp2∆::HIS3/ATP2 tap42∆::kanMX4/TAP42 

pLEU2-tap42-17 

This study 
CDD208, 

CDD254 

mated CDD208 and 

CDD254 
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CDD261 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

pde2∆::kanMX4 

EUROSC

ARF 

Y11657 
  

CDD264 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

pph22∆::kanMX4 

EUROSC

ARF 

Y13886 
  

CDD266 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

sap155∆::kanMX4 

EUROSC

ARF 

Y15854 
  

CDD267 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

sap185∆::kanMX4 

EUROSC

ARF 

Y11325 
  

CDD268 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

sap4∆::kanMX4 

EUROSC

ARF 

Y14596 
  

CDD269 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

sap190∆::kanMX4 

EUROSC

ARF 

Y17045 
  

CDD273 
MATa leu2∆0 his3∆ ura3∆0 met15∆0 

atp2∆::LEU2 pph3∆::kanMX4 
This study 

CDD215, 

CDD234 

crossed CDD215 

and CDD234, 

followed by 

sporulation 

CDD275 
MATa leu2∆0 his3∆ ura3∆0 met15∆0 

atp2∆::LEU2 
This study 

CDD215, 

CDD234 

crossed CDD215 

and CDD234, 

followed by 

sporulation 

CDD277 
MATa leu2∆0 his3∆ met15∆0 ura3∆0 

atp2∆::LEU2 ppg1∆::kanMX4 
This study 

CDD215, 

CDD235 

crossed CDD215 

and CDD235, 

followed by 

sporulation 
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CDD278 
MATα met15∆0 lys2∆0 his3∆1 leu2∆0 ura3∆0 

gln3∆::kanMX4 gat1∆::URA3 
This study CDD247 sporulation 

CDD284 
MATα leu2∆0 his3∆ ura3∆0 atp2∆::LEU2 

rtg1∆::kanMX4 
This study 

CDD229, 

CDD249 

crossed CDD229 

and CDD249, 

followed by 

sporulation 

CDD287 MATα leu2∆0 ura3∆0 his3∆ npr1∆::kanMX4 This study 
CDD231, 

CDD249 

crossed CDD231 

and CDD249, 

followed by 

sporulation 

CDD289 MATα leu2∆0 ura3∆0 his3∆ This study 
CDD236, 

CDD249 

crossed CDD236 

and CDD249, 

followed by 

sporulation 

CDD290 MATα leu2∆0 ura3∆0 his3∆ lys2∆0 met15∆0 This study 
CDD239, 

CDD249 

crossed CDD239 

and CDD249, 

followed by 

sporulation 

CDD291 
MATa leu2∆0 ura3∆0 his3∆ lys2∆0 met15∆0 

atg1∆::kanMX4 atp2∆::LEU2 
This study 

CDD239, 

CDD249 

crossed CDD239 

and CDD249, 

followed by 

sporulation 

CDD295 
MATα leu2∆0 ura3∆0 his3∆ met15∆0 

tec1∆::kanMX4 atp2∆::LEU2 
This study 

CDD241, 

CDD249 

crossed CDD241 

and CDD249, 

followed by 

sporulation 

CDD296 
MATa leu2∆0 ura3∆0 his3∆ met15∆0 

sit4∆::HIS3 atp2∆::LEU2 
This study 

CDD241, 

CDD249 

crossed CDD241 

and CDD249, 

followed by 

sporulation 
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CDD298 
MATa leu2∆0 met15∆0 ura3∆0 his3∆ 

atp2∆::HIS3 tap42∆::kanMX4 pLEU2-TAP42 
This study CDD255 sporulation 

CDD300 

MATa leu2∆0 met15∆0 ura3∆0 his3∆ 

atp2∆::HIS3 tap42∆::kanMX4 pLEU2-tap42-

17 

This study CDD256 sporulation 

CDD302 
MATα leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 sap155∆::kanMX4 
This study 

CDD215, 

CDD266 

crossed CDD215 to 

CDD266, followed 

by sporulation 

CDD303 
MATa leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 sap185∆::kanMX4 
This study 

CDD215, 

CDD267 

crossed CDD215 to 

CDD267, followed 

by sporulation 

CDD304 
MATa leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 sap4∆::kanMX4 
This study 

CDD215, 

CDD268 

crossed CDD215 to 

CDD268, followed 

by sporulation 

CDD305 
MATa leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 sap190∆::kanMX4 
This study 

CDD215, 

CDD269 

crossed CDD215 to 

CDD269, followed 

by sporulation 

CDD306 
MATα leu2∆0 his3∆ met15∆0 lys2∆0 ura3∆0 

atp2∆::LEU2 rtg2∆::kanMX4 
This study 

CDD228, 

CDD249 

crossed CDD228 to 

CDD249, followed 

by sporulation 

CDD307 

MATα/MATa leu2∆0/leu2∆0 his3∆1/his3∆1 

ura3∆0/ura3∆0 lys2∆0/LYS2 met15∆0/MET15 

pph21∆::URA3/PPH21 

pph22∆::kanMX4/PPH22 

This study 
CDD246, 

CDD264 

CDD246 was 

sporulated, and a 

MATa URA3 spore 

was mated to 

CDD264 
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CDD308 

MATα/MATa leu2∆0/leu2∆0 his3∆/his3∆1 

ura3∆0/ura3∆0 lys2∆0/LYS2 

met15∆0/met15∆0 trp1∆63/TRP1 

pph21∆::URA3/PPH21 

pph22∆::kanMX4/PPH22 atp2∆::LEU2/ATP2 

This study 
CDD307, 

CDD215 

CDD307 was 

sporulated, and a 

MATα URA3 spore 

that was geneticin-

resistant was mated 

to CDD215 

CDD319 

MATα/MATa met15∆0/met15∆0 

his3∆200/his3∆200 leu2∆0/leu2∆0 

trp1∆63/trp1∆63 ura3∆0/ura3∆0 

atp2∆::LEU2/ATP2 sit4∆::HIS3/SIT4 

pdr1∆::URA3/PDR1 

This study RJ1854 

disrupted PDR1 

with URA3 using 

primers 208/209 

and template 

pRS306 

CDD320 

MATα/MATa met15∆0/met15∆0 

his3∆200/his3∆200 leu2∆0/leu2∆0 

trp1∆63/trp1∆63 ura3∆0/ura3∆0 

atp2∆::LEU2/ATP2 sit4∆::HIS3/SIT4 

mig1∆::URA3/MIG1 

This study RJ1854 

disrupted MIG1 

with URA3 using 

primers 205/206 

and template 

pRS306 

CDD322 
MATa leu2∆0 ura3∆0 his3∆ met15∆0 lys2∆0 

atp2∆::LEU2 gln3∆::kanMX4 gat1∆::URA3 
This study 

CDD278, 

CDD249 

crossed CDD278 to 

CDD249, followed 

by sporulation 

CDD324 

MATα/MATa met15∆0/MET15 his3∆200/his3-

11,15 leu2∆0/leu2-3,112 trp1∆63/trp1∆2 

ura3∆0/ura3-1 ade2-1/ADE2 can1-100/CAN1 

sit4∆::HIS3/SIT4 aac2∆::URA3/AAC2 

Garipler 

and Dunn 

(2013) 
  

CDD325 

MATα/MATa met15∆0/MET15 lys2∆0/LYS2 

his3∆1/his3∆1 leu2∆0/leu2∆0 ura3∆0/ura3∆0 

sds23∆::kanMX4/SDS23 

sds24∆::URA3/SDS24 

This study 
BY4741, 

CDD240 

crossed BY4741 to 

CDD240, then 

disrupted SDS24 

with URA3 using 

primers 190/191 

and template 

pRS306 

CDD329 MATα leu2∆0 ura3∆0 his3∆1 mgr1∆::kanMX4 

Garipler 

and Dunn 

(2013) 
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CDD332 

MATa leu2∆0 his3∆ ura3∆0 met15∆0 

pph21∆::URA3 pph22∆::kanMX4 

atp2∆::LEU2/ATP2 

This study CDD308 sporulation 

CDD333 MATα  leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 This study 
CDD215, 

CDD269 

mated CDD215 and 

CDD269, then 

sporulated the 

resulting diploid 

CDD335 MATα his3∆1 leu2∆0 ura3∆0 sds24∆::URA3 This study CDD325 sporulation 

CDD336 
MATa his3∆1 leu2∆0 ura3∆0 sds23∆::kanMX4 

sds24∆::URA3 
This study CDD325 sporulation 

CDD337 
MATα his3∆1 leu2∆0 ura3∆0 sds23∆::kanMX4 

sds24∆::URA3 
This study CDD325 sporulation 

CDD339 

MATα/MATa leu2Δ0/leu2Δ0 lys2Δ0/LYS2 

met15Δ0/MET15 ura3Δ0/ura3Δ0 

his3Δ1/his3Δ1 mgr1∆::kanMX4/MGR1 

vps16∆::URA3/VPS16 end3∆::LEU2/END3 

Garipler 

and Dunn 

(2013) 
  

CDD351 
MATa met15∆0 his3∆200 leu2∆0 trp1∆63 

ura3∆0 atp2∆::LEU2 mig1∆::URA3 
This study CDD320 sporulation 

CDD352 

MATα/MATa leu2∆0/leu2∆0 his3∆/his3∆ 

ura3∆0/ura3∆0 met15∆0/met15∆0 

trp1∆63/TRP1 pph21∆::URA3/PPH21 

pph22∆::kanMX4/PPH22 atp2∆::LEU2/ATP2 

sit4∆::HIS3/SIT4 

This study 
CDD250, 

CDD332 

mated CDD250 and 

CDD332 
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CDD353 

MATα/MATa leu2Δ0/leu2Δ0 lys2Δ0/LYS2 

met15Δ0/MET15 ura3Δ0/ura3Δ0 

his3Δ1/his3Δ1 yme1∆::kanMX4/YME1 

sit4∆::URA3/SIT4 

This study CDD8 

disrupted SIT4 with 

URA3 using 

primers 133/134 

and template 

pRS306 

CDD354 

MATα/MATa leu2Δ0/leu2Δ0 lys2Δ0/LYS2 

met15Δ0/MET15 ura3Δ0/ura3Δ0 

his3Δ1/his3Δ1 tom70∆::kanMX4/TOM70 

sit4∆::URA3/SIT4 

This study CDD24 

disrupted SIT4 with 

URA3 using 

primers 133/134 

and template 

pRS306 

CDD364 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

mgr1∆::kanMX4 

Garipler 

and Dunn 

(2013) 
  

CDD366 

MATα/MATa leu2∆0/leu2∆0 his3∆/his3∆ 

met15∆0/met15∆0 trp1∆63/trp1∆63 

ura3∆0/ura3∆0 atp2∆::LEU2/ATP2 

This study 
CDD215, 

CDD333 

mated CDD215 to 

CDD333 

CDD377 
MATa leu2Δ0 ura3Δ0 his3Δ1 yme1∆::kanMX4 

sit4∆::URA3 
This study CDD353 sporulation 

CDD378 MATa leu2Δ0 ura3Δ0 his3Δ1 yme1∆::kanMX4 This study CDD353 sporulation 

CDD382 
MATa leu2Δ0 ura3Δ0 his3Δ1 

tom70∆::kanMX4 sit4∆::URA3 
This study CDD354 sporulation 

CDD383 
MATα leu2Δ0 ura3Δ0 his3Δ1 

tom70∆::kanMX4 
This study CDD354 sporulation 
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CDD397 

MATα/MATa met15∆0/met15∆0 

his3∆200/his3∆200 leu2∆0/leu2∆0 

trp1∆63/trp1∆63 ura3∆0/ura3∆0 

atp2∆::LEU2/ATP2 sit4∆::HIS3/SIT4 SUI2-

S51A::URA3/SUI2 

This study RJ1854 

from plasmid b66, a 

portion of SUI2 and 

of URA3 were 

amplified with 

primers 266/267, 

thereby introducing 

the sequence 

encoding a S51A 

mutation into the 

SUI2 gene product.   

SUI2-S51A 

insertion at a SUI2 

locus was 

confirmed by 

sequencing. 

CDD403 
MATα leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 sit4∆::HIS3 SUI2-S51A::URA3 
This study CDD397 Sporulation 

CDD404 

MATa leu2∆0 his3∆200 met15∆0 trp1∆63 

ura3∆0 atp2∆::LEU2 sit4∆::HIS3 

gcn2∆::URA3 

This study RJ1854 

disrupted GCN2 

with URA3 using 

primers 254/255 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD405 
MATα leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 bck2∆::URA3 
This study CDD366 

disrupted BCK2 

with URA3 using 

primers 225/226 

and template 

pRS306, then 

sporulated the 

resulting diploid 
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CDD409 
MATa leu2∆0 his3∆200 met15∆0 trp1∆63 

ura3∆0 mrpl16∆::URA3 
This study RJ1854 

disrupted MRPL16 

with URA3 using 

primers 260/261 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD410 
MATα leu2∆0 his3∆200 met15∆0 trp1∆63 

ura3∆0 mrpl16∆::URA3 
This study RJ1854 

disrupted MRPL16 

with URA3 using 

primers 260/261 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD415 
MATα leu2∆0 his3∆200 met15∆0 trp1∆63 

ura3∆0 sit4∆::HIS3 mrpl16∆::URA3 
This study RJ1854 

disrupted MRPL16 

with URA3 using 

primers 260/261 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD417 
MATα leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 sap155∆::kanMX4 sap4∆::URA3 
This study CDD302 

disrupted SAP4 

with URA3 using 

primers 215/216 

and template 

pRS306 

CDD418 

MATα leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 sap155∆::kanMX4 

sap190∆::URA3 

This study CDD302 

disrupted SAP190 

with URA3 using 

primers 221/222 

and template 

pRS306 
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CDD419 
MATa leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 sap185∆::kanMX4 sap4∆::URA3 
This study CDD303 

disrupted SAP4 

with URA3 using 

primers 215/216 

and template 

pRS306 

CDD420 

MATa leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 sap185∆::kanMX4 

sap155∆::URA3 

This study CDD303 

disrupted SAP155 

with URA3 using 

primers 217/218 

and template 

pRS306 

CDD421 

MATa leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 sap185∆::kanMX4 

sap190∆::URA3 

This study CDD303 

disrupted SAP190 

with URA3 using 

primers 221/222 

and template 

pRS306 

CDD422 
MATa leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 sap190∆::kanMX4 sap4∆::URA3 
This study CDD305 

disrupted SAP4 

with URA3 using 

primers 215/216 

and template 

pRS306 

CDD423 

MATα met15∆0 his3∆200 leu2∆0 trp1∆63 

ura3∆0 atp2∆::LEU2 pdr1∆::URA3 

pdr3∆::TRP1 

This study CDD319 

disrupted PDR3 

with TRP1 using 

primers 213/214 

and template 

pRS304, then 

sporulated the 

resulting diploid 

CDD424 

MATα leu2∆0 his3∆200 met15∆0 trp1∆63 

ura3∆0 atp2∆::LEU2 sit4∆::HIS3 

gcn4∆::URA3 

This study RJ1854 

disrupted GCN4 

with URA3 using 

primers 47/48 and 

template pRS306, 

then sporulated the 

resulting diploid 
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CDD426 

MATa leu2∆0 his3∆200 met15∆0 trp1∆63 

ura3∆0 atp2∆::LEU2 sit4∆::HIS3 

slt2∆::URA3 

This study RJ1854 

disrupted SLT2 

with URA3 using 

primers 257/258 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD450 

MATα leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

sap4∆::URA3 sap190∆::kanMX4 

mrpl16∆::URA3 

This study 
CDD410, 

CDD422 

mated CDD410 and 

CDD422, then 

sporulated the 

resulting diploid 

CDD452 

MATα leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

sap155∆::kanMX4 sap190∆::URA3 

mrpl16∆::URA3 

This study 
CDD409, 

CDD418 

mated CDD409 and 

CDD418, then 

sporulated the 

resulting diploid 

CDD453 
MATα leu2∆0 ura3∆0 his3∆ lys2∆0 met15∆0 

pph21∆::URA3 pph22∆::kanMX4 
This study CDD307 

disrupted MRPL16 

with LEU2 using 

primers 260/261 

and template 

pRS305, then 

sporulated the 

resulting diploid 

CDD454 

MATα leu2∆0 ura3∆0 his3∆ lys2∆0 met15∆0 

pph21∆::URA3 pph22∆::kanMX4 

mrpl16∆::LEU2 

This study CDD307 

disrupted MRPL16 

with LEU2 using 

primers 260/261 

and template 

pRS305, then 

sporulated the 

resulting diploid 

CDD457 
MATα leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 swi4∆::URA3 
This study CDD366 

disrupted SWI4 

with URA3 using 

primers 293/294 

and template 

pRS306, then 
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sporulated the 

resulting diploid 

CDD458 

MATa leu2∆0 his3∆200 met15∆0 trp1∆63 

ura3∆0 atp2∆::LEU2 sit4∆::HIS3 

snf1∆::URA3 

This study RJ1854 

disrupted SNF1 

with URA3 using 

primers 290/291 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD463 
MATa leu2∆0 his3∆200 met15∆0 trp1∆63 

ura3∆0 
This study RJ1854 

disrupted SNF1 

with URA3 using 

primers 290/291 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD478 
MATα leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 rts1∆::URA3 
This study CDD366 

disrupted RTS1 

with URA3 using 

primers 310/311 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD479 
MATa leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 cdc55∆::TRP1 
This study CDD366 

disrupted RTS1 

with URA3 using 

primers 310/311 

and template 

pRS306, then 

sporulated the 

resulting diploid 
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CDD480 
MATα leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 rts1∆::URA3 cdc55∆::TRP1 
This study CDD366 

disrupted RTS1 

with URA3 using 

primers 310/311 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD488 

MATα leu2∆0 his3∆200 met15∆0 trp1∆63 

ura3∆0 atp2∆::LEU2 sit4∆::HIS3 

rim15∆::URA3 

This study RJ1854 

disrupted RIM15 

with URA3 using 

primers 307/308 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD489 

MATα leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 sit4∆::HIS3 gsy1∆::URA3 

gsy2∆::TRP1 

This study CDD366 

disrupted GSY1 

with URA3 using 

primers 284/285 

and template 

pRS306, then 

disrupted GSY2 

with TRP1 using 

primers 287/288 

and template 

pRS304, then 

sporulated the 

resulting diploid 

CDD521 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

mgr1∆::kanMX4 avo2∆::URA3 
This study CDD364 

disrupted AVO2 

with URA3 using 

primers 334/335 

and template 

pRS306 
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CDD522 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

mgr1∆::kanMX4 bit61∆::URA3 
This study CDD364 

disrupted BIT61 

with URA3 using 

primers 337/338 

and template 

pRS306 

CDD523 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

mgr1∆::kanMX4 tco89∆::URA3 
This study CDD364 

disrupted TCO89 

with URA3 using 

primers 299/300 

and template 

pRS306 

CDD524 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

mgr1∆::kanMX4 sit4∆::URA3 
This study CDD364 

disrupted SIT4 with 

URA3 using 

primers 133/134 

and template 

pRS306 

CDD525 
MATα leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 sno1∆::URA3 
This study CDD366 

disrupted SNO1 

with URA3 using 

primers 386/387 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD526 
MATa leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 snz1∆::URA3 
This study CDD366 

disrupted SNZ1 

with URA3 using 

primers 389/390 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD528 MATα leu2∆0 his3∆ ura3∆0 met15∆0 trp1∆63 This study CDD366 

disrupted SNO1 

with URA3 using 

primers 386/387 

and template 

pRS306, then 
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sporulated the 

resulting diploid 

CDD533 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

arg3∆::kanMX4 

EUROSC

ARF 

Y11335 
  

CDD535 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

pho5∆::kanMX4 

EUROSC

ARF 

Y13232 
  

CDD536 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

rtc2∆::kanMX4 

EUROSC

ARF 

Y13286 
  

CDD537 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

phm6∆::kanMX4 

EUROSC

ARF 

Y13640 
  

CDD538 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

prr2∆::kanMX4 

EUROSC

ARF 

Y13912 
  

CDD539 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

hxk1∆::kanMX4 

EUROSC

ARF 

Y15867 
  

CDD540 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

tmt1∆::kanMX4 

EUROSC

ARF 

Y16171 
  

CDD543 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

cpa1∆::kanMX4 

EUROSC

ARF 

Y17337 
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CDD554 

MATα/MATa leu2∆0/leu2∆0 his3∆/his3∆ 

ura3∆0/ura3∆0 met15∆0/met15∆0 

trp1∆63/trp1∆63 atp2∆::LEU2/ATP2 

sit4∆::HIS3/SIT4 slt2∆::URA3/SLT2 

snf1∆::TRP1/SNF1 

This study 
CDD426, 

CDD528 

mated CDD426 and 

CDD528, then 

disrupted SNF1 

with TRP1 using 

primers 290/291 

and template 

pRS304 

CDD557 
MATα leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 sit4∆::HIS3 snf1∆::TRP1 
This study CDD554 sporulation 

CDD563 
MATa leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 sit4∆::HIS3 slt2∆::URA3 
This study CDD554 sporulation 

CDD569 

MATα/MATa met15∆0/met15∆0 

his3∆200/his3∆200 leu2∆0/leu2∆0 

trp1∆63/trp1∆63 ura3∆0/ura3∆0 

atp2∆::LEU2/ATP2 sit4∆::HIS3/SIT4 

mig1∆::URA3/MIG1 snf1∆::TRP1/SNF1 

This study CDD320 

disrupted SNF1 

with TRP1 using 

primers 290/291 

and template 

pRS304 

CDD578 

MATα/MATa leu2∆0/leu2∆0 his3∆/his3∆ 

met15∆0/met15∆0 trp1∆63/trp1∆63 

ura3∆0/ura3∆0 atp2∆::LEU2ATP2 

sit4∆::HIS3/SIT4 snf1∆::TRP1/SNF1 

This study 
CDD463, 

CDD557 

mated CDD463 and 

CDD557 

CDD585 
MATα leu2∆0 lys2∆0 ura3∆0 his3∆1 

hap4∆::kanMX4 

EUROSC

ARF 

Y14959 
  

CDD586 
MATa leu2∆0 ura3∆0 his3∆ met15∆0 trp1∆63  

atp2∆::LEU2 arg3∆::kanMX4 
This study 

CDD533, 

CDD249 

mated CDD533 and 

CDD249, then 

sporulated the 

resulting diploid 
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CDD590 

MATa leu2∆0 ura3∆0 his3∆ met15∆0 trp1∆63 

lys2∆0 atp2∆::LEU2 sit4∆::HIS3 

pho5∆::kanMX4 

This study 
CDD535, 

CDD249 

mated CDD535 and 

CDD249, then 

sporulated the 

resulting diploid 

CDD591 
MATa leu2∆0 ura3∆0 his3∆ met15∆0 lys2∆0 

atp2∆::LEU2 rtc2∆::kanMX4 
This study 

CDD536, 

CDD249 

mated CDD536 and 

CDD249, then 

sporulated the 

resulting diploid 

CDD592 
MATα leu2∆0 ura3∆0 his3∆ atp2∆::LEU2 

sit4∆::HIS3 phm6∆::kanMX4 
This study 

CDD537, 

CDD249 

mated CDD537 and 

CDD249, then 

sporulated the 

resulting diploid 

CDD593 
MATα leu2∆0 ura3∆0 his3∆ atp2∆::LEU2 

prr2∆::kanMX4 
This study 

CDD538, 

CDD249 

mated CDD538 and 

CDD249, then 

sporulated the 

resulting diploid 

CDD594 
MATa leu2∆0 ura3∆0 his3∆ trp1∆63 

atp2∆::LEU2 sit4∆::HIS3 hxk1∆::kanMX4 
This study 

CDD539, 

CDD249 

mated CDD539 and 

CDD249, then 

sporulated the 

resulting diploid 

CDD595 
MATα leu2∆0 ura3∆0 his3∆ atp2∆::LEU2 

tmt1∆::kanMX4 
This study 

CDD540, 

CDD249 

mated CDD540 and 

CDD249, then 

sporulated the 

resulting diploid 

CDD600 
MATa leu2∆0 ura3∆0 his3∆ met15∆0 trp1∆63 

atp2∆::LEU2 cpa1∆::kanMX4 
This study 

CDD543, 

CDD249 

mated CDD543 and 

CDD249, then 

sporulated the 

resulting diploid 

CDD602 
MATa leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

sit4∆::HIS3 snf∆::TRP1 
This study CDD578 

knock in SNF1-

MYC::kanMX6 

using plasmid 

pFA6a-13Myc-

kanMX6 (Longtine 

Yeast 14:953) and 
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primers 423/424, 

then sporulated the 

resulting diploid 

CDD604 
MATa leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

snf∆::TRP1 
This study CDD578 

knock in SNF1-

MYC::kanMX6 

using plasmid 

pFA6a-13Myc-

kanMX6 (Longtine 

Yeast 14:953) and 

primers 423/424, 

then sporulated the 

resulting diploid 

CDD608 
MATa leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 aft1∆::URA3 
This study CDD215 

disrupted AFT1 

with URA3 using 

primers 380/381 

and template 

pRS306 

CDD611 
MATa leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 reg1∆::URA3 
This study CDD578 

disrupted REG1 

with URA3 using 

primers 428/429 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD614 

MATa met15∆0 his3∆200 leu2∆0 trp1∆63 

ura3∆0 atp2∆::LEU2 sit4∆::HIS3 

mig1∆::URA3 snf1∆::TRP1 

This study CDD569 sporulation 

CDD615 
MATa leu2∆0 ura3∆0 his3∆ atp2∆::LEU2 

gap1∆::kanMX4 
This study 

CDD227, 

CDD249 

mated CDD227 and 

CDD249, then 

sporulated the 

resulting diploid 
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CDD616 
MATa leu2∆0 his3∆ met15∆0 trp1∆63 ura3∆0 

atp2∆::LEU2 aft2∆::URA3 
This study CDD215 

disrupted AFT2 

with URA3 using 

primers 383/384 

and template 

pRS306 

CDD619 MATa cry1 lys1 ρ- This study RJ97 

treated CDD49 

with 25μg/ml EtBr, 

then struck for 

single colonies and 

tested for lethality 

on YEPGE 

CDD626 

MATa leu2∆0 his3∆200 met15∆0 trp1∆63 

ura3∆0 atp2∆::LEU2 sit4∆::HIS3 

sip1∆::URA3 

This study RJ1854 

disrupted SIP1 with 

URA3 using 

primers 447/448 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD627 

MATα leu2∆0 his3∆200 met15∆0 trp1∆63 

ura3∆0 atp2∆::LEU2 sit4∆::HIS3 

sip2∆::URA3 

This study RJ1854 

disrupted SIP2 with 

URA3 using 

primers 450/451 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD628 

MATα leu2∆0 his3∆200 met15∆0 trp1∆63 

ura3∆0 atp2∆::LEU2 sit4∆::HIS3 

gal83∆::URA3 

This study RJ1854 

disrupted GAL83 

with URA3 using 

primers 453/454 

and template 

pRS306, then 

sporulated the 

resulting diploid 



 

 

88 
Chapter 3 : Suppression of Defects Following Mitochondrial DNA Loss by 

Modulation of Nutrient Sensing Pathways 

CDD629 

MATα leu2∆0 his3∆200 met15∆0 trp1∆63 

ura3∆0 atp2∆::LEU2 sit4∆::HIS3 

sak1∆::URA3 

This study RJ1854 

disrupted SAK1 

with URA3 using 

primers 431/432 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD630 

MATa leu2∆0 his3∆200 met15∆0 trp1∆63 

ura3∆0 atp2∆::LEU2 sit4∆::HIS3 

tos3∆::URA3 

This study RJ1854 

disrupted TOS3 

with URA3 using 

primers 444/445 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD631 
MATα met15∆0 his3 leu2 trp1 ura3 ade2-1 

can1-100 sit4∆::HIS3 aac2∆::URA3 
This study CDD324 sporulation 

CDD632 
MATa met15∆0 his3 leu2 trp1 ura3 

aac2∆::URA3 
This study CDD324 sporulation 

CDD653 
MATα met15∆0 his3∆200 leu2∆0 trp1∆63 

ura3∆0 mig1∆::URA3 snf1∆::TRP1 
This study CDD569 sporulation 

CDD743 

MATα/a leu2∆0/leu2∆0 lys2∆0/LYS2 

met15∆0/MET15 ura3∆0/ura3∆0 

his3∆1/his3∆1 pde2∆::kanMX4 

This study 
CDD1, 

CDD216 

mated CDD1 and 

CDD216 

CDD745 

MATα/a leu2∆0/leu2∆0 lys2∆0/LYS2 

met15∆0/MET15 ura3∆0/ura3∆0 

his3∆1/his3∆1 pde2∆::kanMX4 tpk1∆::URA3 

This study CDD743 

disrupted TPK1 

with URA3 using 

primers 589/590 

and template 

pRS306, then 
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sporulated the 

resulting diploid 

CDD746 

MATα/a leu2∆0/leu2∆0 lys2∆0/LYS2 

met15∆0/MET15 ura3∆0/ura3∆0 

his3∆1/his3∆1 pde2∆::kanMX4 tpk2∆::URA3 

This study CDD743 

disrupted TPK2 

with URA3 using 

primers 592/593 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD747 

MATα/a leu2∆0/leu2∆0 lys2∆0/LYS2 

met15∆0/MET15 ura3∆0/ura3∆0 

his3∆1/his3∆1 pde2∆::kanMX4 tpk3∆::URA3 

This study CDD743 

disrupted TPK3 

with URA3 using 

primers 595/596 

and template 

pRS306, then 

sporulated the 

resulting diploid 

CDD751 
MAT(?) leu2∆0 lys2∆0 MET15 ura3∆0 his3∆1 

pde2∆::kanMX4 tpk1∆::URA3 
This study CDD745 sporulation 

CDD752 
MAT(?) leu2∆0 lys2∆0 MET15 ura3∆0 his3∆1 

pde2∆::kanMX4 tpk2∆::URA3 
This study CDD746 sporulation 

CDD753 
MAT(?) leu2∆0 lys2∆0 MET15 ura3∆0 his3∆1 

pde2∆::kanMX4 tpk3∆::URA3 
This study CDD747 sporulation 
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Table 3.2 List of oligonucleotides used in Chapter 3.  

Numbe

r Sequence 

47 

CAATTTGTCTGCTCAAGAAAATAAATTAAATACAAATAAAAGATTGTACTGAGAGT 

GCAC 

48 

GAGAATGAAATAAAAAATATAAAATAAAAGGTAAATGAAACTGTGCGGTATTTCA

CACCG 

115 

GGATATAAATTATCGCATAAAACAATAAACAAAAAGAAAAAGATTGTACTG 

AGAGTGCAC 

116 GTGAATATATATCTATATAGATGCATATATGTATACATACctgtgcggtatttcacaccg 

133 TTGAAGCTCAAAAACATCCATAATAAAAGGAACAATAACAagattgtactgagagtgcac 

134 TTATTTTTATTCGTCGAGTTAGGGAGGGCATGCCGTCGTGctgtgcggtatttcacaccg 

136 TATACTGAATCTTTGAGAGAAAACAAAAATAAAAAAAAGAagattgtactgagagtgcac 

137 ATTTCAAATTTTGCTTCCCTTGGTTTAAGCTTTATTTCTTctgtgcggtatttcacaccg 

141 ATATATATAGGTGTGTGCCACTCCCGGCCCCGGTATTAGCagattgtactgagagtgcac 

142 GACATGGAAAGAAGCGAGTACTTTTTTTTTTTTGGGGGATctgtgcggtatttcacaccg 

190 

AACACTTATAGAACAATTACCGTTTCTTCCTTCACACAACAGATTGTACTGAGAGT

GCAC 

191 

AGGGAGAGGGAAACAGCGGGAAAAGACAACGCTGCAAGCCCTGTGCGGTATTTCA 

CACCG 

205 

CGAGAGTTGAGTATAGTGGAGACGACATACTACCATAGCCAGATTGTACTGAGAG

TGCAC 

206 

TCTTTTGATTTATCTGCACCGCCAAAAACTTGTCAGCGTACTGTGCGGTATTTCACA

CCG 

208 

CAGCCAAGAATATACAGAAAAGAATCCAAGAAACTGGAAGAGATTGTACTGAGAG 

TGCAC 

209 

GGAAGTTTTTGAGAACTTTTATCTATACAAACGTATACGTCTGTGCGGTATTTCACA

CCG 

213 

ATCAGCAGTTTTATTAATTTTTTCTTATTGCGTGACCGCAAGATTGTACTGAGAGTG

CAC 

214 

TACTATGGTTATGCTCTGCTTCCCTATTTTCTTTGCGTTTCTGTGCGGTATTTCACAC

CG 

215 

GCTCTCTTGCTTTTCGATAAAGCTAAAATAAAATAAAAATAGATTGTACTGAGAGT

GCAC 
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216 

GGAAAAAAAAAGTCAAAATTGGTTTGACGACTTAACCTAACTGTGCGGTATTTCAC

ACCG 

217 

GAAAAGAAAAAAAAGACGAAAACAACAAGCCAGAGTAAAGAGATTGTACTGAGA

GTGCAC 

218 

ATATATATATACAAATTAAAGAAAAGTACAAAACAATGTACTGTGCGGTATTTCAC

ACCG 

221 

CATTTCTTCATTTACTTAACTGCGAGAAGATTATAATAGCAGATTGTACTGAGAGT

GCAC 

222 

TGAATAAAGGGTGAAAATGTGACAATGTGAATGTTTTAGTCTGTGCGGTATTTCAC

ACCG 

225 

AGCAAGGCAGTCTTGATTTATCGCTCAAAACCAATAGCACAGATTGTACTGAGAGT

GCAC 

226 

TTAGTTGCTATTATCAAAATAAAAAGACTGTAAATTATTACTGTGCGGTATTTCACA

CCG 

254 

TCAATAATTTTCCGTTCCCCTTAACACATACTATGTATAAAGATTGTACTGAGAGTG

CAC 

255 

TTAACTGATGCGTTATAGCGCCGCACAGATCTTTAAAGGCCTGTGCGGTATTTCAC

ACCG 

257 

AGTAGAAATAATTGAAGGGCGTGTATAACAATTCTGGGAGAGATTGTACTGAGAG

TGCAC 

258 

GGTGATTCTATACTTCCCCGGTTACTTATAGTTTTTTGTCCTGTGCGGTATTTCACAC

CG 

260 

TACCTTTCACCAGAGGTACAGAGGAATAGAATTTTGCAACAGATTGTACTGAGAGT

GCAC 

261 CAATAGTTATATACATGTATACATGGTGTGTTCAATCCGTctgtgcggtatttcacaccg 

266 GACAACATTGAAGGTATGATTCTACTAAGTGAATTGgctCGTAGACGTATTAGGTC 

267 CCAATGACAGAAATCACTGCTTACAATGAATAAATTGTTCagattgtactgagagtgcac 

284 

GAAAAAGAAAATAAACTCAGACGCAGCATCACAGCGAAGTAGATTGTACTGAGAG

TGCAC 

285 

GCTAAAAGAGTAAGATATGTTAGCAGAAGTTAAGATGGTTCTGTGCGGTATTTCAC

ACCG 

287 

CTGTGATTGAAGTTTTGACTACCTCAGAGAAAAATTTTGAAGATTGTACTGAGAGT

GCAC 

288 

TGGTAAGATTTTTTTAATACTGTTTATATCCTCATAGGATCTGTGCGGTATTTCACA

CCG 

290 

TTTGTAACAAGTTTTGCTACACTCCCTTAATAAAGTCAACAGATTGTACTGAGAGT

GCAC 

291 

GGGAACTTCCATATCATTCTTTTACGTTCCACCATCAATTCTGTGCGGTATTTCACA

CCG 
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293 

CTCTTGCGTAGTTCTAAAAGGTTGATTTATTCGAGAAATCAGATTGTACTGAGAGT

GCAC 

294 

ATAATATAGTAAAAATTATTGGTACATTGTGAATTAAAATCTGTGCGGTATTTCAC

ACCG 

299 ATTGGGATATATCATATATCCTTACTGAGTAACTATAATTagattgtactgagagtgcac 

300 TAGCTACTCTTTTAAACTGTGTGCTTCGTGTTGGTTGTTTctgtgcggtatttcacaccg 

307 CTCATTTGATAGAATAGATAAGCCCAGTAGAGGAAGACAGagattgtactgagagtgcac 

308 ATTCAGTTATTTTTTTTAATTATCTTTATCTTAAAATTTActgtgcggtatttcacaccg 

310 ATCAATAGGCACGTGCTATTTTCGAACATCCACTTTCAATagattgtactgagagtgcac 

311 AAACTTCCTCACTTCTTCGAGCTTGTAATGAATTGCTGTTctgtgcggtatttcacaccg 

334 

AAAAAACGCCCATTAGAAAAGAGGATATATTGAACAAAAGAGATTGTACTGAGAG

TGCAC 

335 

ACGTAGTAGTCTTCTCAATCTTCTGCACGCGTGTTATTGCCTGTGCGGTATTTCACA

CCG 

337 

AAACGCCAATTGACCTCTGTAGAAATAAAGTTCTTTCATTAGATTGTACTGAGAGT

GCAC 

338 

GATATTAAATAGGAGATTGAAATAAAGTGTTAGATGCTTTCTGTGCGGTATTTCAC

ACCG 

380 

GGAAGGCTTCAATCCGGCTGACATAGAACATGCGTCACCGAGATTGTACTGAGAGT

GCAC 

381 

ATGGACGAGAGATACGTCTAAGTTTGATTTCATCTATATGCTGTGCGGTATTTCACA

CCG 

383 

CTCTGGCGCAAATTAATCAAGAGAAAGCGACCCCCAAGAAAGATTGTACTGAGAG

TGCAC 

384 

CGTGATACCGTTTTAATGAGTTGAAAACTAAATAATTAATCTGTGCGGTATTTCAC

ACCG 

386 

TTCATTTCGTTAAATAGAAAGAAAAACCATATCTTAAAGTAGATTGTACTGAGAGT

GCAC 

387 

AGGTTTTGGTAATATAAAAATGTGGAAAACCGGCGGTATTCTGTGCGGTATTTCAC

ACCG 

389 

AGCAAATATACACAGTACTAATATTCAGTTAATTATCACGAGATTGTACTGAGAGT

GCAC 

390 

GAAAAAGTGTTATAATGCTCAAAATACCTGTTCAAAGAAACTGTGCGGTATTTCAC

ACCG 

423 AAAACTAATTATGGAATTAGCCGTTAACAGTCAAAGCAATcggatccccgggttaattaa 
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424 AAAAAAGGGAACTTCCATATCATTCTTTTACGTTCCACCAgaattcgagctcgtttaaac 

428 

GCAAGCATATTGACGAAGACGAGATAAGAAAAATCCAAAAAGATTGTACTGAGAG

TGCAC 

429 

TTTTTATTTTCTCTTCATGTTGACTTCAAAATTCTTTCTTCTGTGCGGTATTTCACAC

CG 

431 GATAAAACGAAAAGAAGCATATTAATAAGGAGTTTTGAACagattgtactgagagtgcac 

432 TAACATCGTAGTCCGATGGAAATTACTTTGAATTTTACACctgtgcggtatttcacaccg 

444 

GCGCACATATTCTGCATATAAAAAGGAAGCTTTGAAGAATAGATTGTACTGAGAGT

GCAC 

445 

TCATATATTACATCTATTAAAATAATTTACATATATCATGCTGTGCGGTATTTCACA

CCG 

447 

GAAAGTTGAACTGTCATATTATATAGTTGTTGCAGCCGCCAGATTGTACTGAGAGT

GCAC 

448 

GAATTAATAGAGTTCGTGAGAATCATTGCGAATTGAGATTCTGTGCGGTATTTCAC

ACCG 

450 

ATTGTGCTTTTGGAAGGGTACTGAGAGCAGTGAAGTTTCTAGATTGTACTGAGAGT

GCAC 

451 

AAATATATACAATACGCCTTTAAAAAGTAGGAATCCCGGACTGTGCGGTATTTCAC

ACCG 

453 

GGTCGTTTCCTGCACAATAATAAATTATCTACACTGAAATAGATTGTACTGAGAGT

GCAC 

454 

TTTATCTAAAAAGATGTAGCTATAAGCTCTATAATCATATCTGTGCGGTATTTCACA

CCG 

589 

GAATTATAGCTGATTGTGTGAAAGAATCTTTTTTTTGGGTAGATTGTACTGAGAGTG

CAC 

590 

AATATAGATACGAGAGGAAAATACAACAAAACATTAGTCACTGTGCGGTATTTCA

CACCG 

592 

TTCACTCAGGTTAACTCACATACTGTTGAAAATTGTCGGTAGATTGTACTGAGAGT

GCAC 

593 

GTACTTGAAAATTGTTTTTGTGTTTTTTGGTTCATGGAACCTGTGCGGTATTTCACA

CCG 

595 

ATATCGGTGGTTGTACAAGGAAAGAGCGAGCCTGCACAAAAGATTGTACTGAGAG

TGCAC 

596 

CAATTATCCCACTGAACCTCCTTAAAATTCTTTCATTAAACTGTGCGGTATTTCACA

CCG 
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CHAPTER 4 

 

A POTENTIAL RELATIONSHIP BETWEEN CYTOSOLIC PROTEOSIS AND 

MITOCHONDRIAL DYSFUNCTION 

 

 

4.1 Introduction 

 

mtDNA is not essential for Saccharomyces cerevisiae. This enables an easily 

modifiable background for studies on mitochondria related diseases. Cells that are 

subjected to 25 μg/ml ethidium bromide (EtBr) lose their mtDNA [10]. Unlike mtDNA, 

mitochondria itself is essential for yeast since it regulates many processes as heme 

biosynthesis, iron-sulfur cluster biogenesis, calcium sequestration, amino acid 

synthesis, lipid breakdown and ATP synthesis [195][196]. For regulation of these 

processes many proteins and metabolites has to be imported into the mitochondria even 

in the absence of mtDNA.  

Mutation or deletion of mtDNA causes a decrease in the mitochondrial inner 

membrane (IM) electrochemical potential (ΔΨ
mito

). Although import into mitochondria 

can partially occur through potential-independent ways, for potential-dependent 

proteins there occurs an import deficiency [152][3]. Cells with mtDNA mutations have 

growth defects because reduced import of nuclear DNA encoded, cytoplasmic 

translated proteins and metabolites into the mitochondria [60] [78]. Mitochondrial 

proteins that are not properly imported mainly localize to cytoplasm [194] and abundant 
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unimported precursors of mitochondrial proteins were found in cytoplasm [197]. One 

neuromuscular degeneration disease model, autosomal dominant progressive external 

ophthalmoplegia (adPEO), generated by Wang et. al. in yeast via a point mutation in 

ADP/ATP antiporter [197]. The phenotypes of this disease model are caused by low 

activity of ADP/ATP antiporter which results low ADP
3-

 levels and also generate low 

mitochondrial inner membrane potential [198][197]. The yeast ortholog of human 

ant1A114P mutation aac2A128P disrupts the structure of cytosolic gating region [199] 

causing the complex leak protons into mitochondria and uncouple the ΔΨ
mito

 

[200][197]. Decreased ΔΨ
mito 

is also seen in mtDNA-lacking cells and aged cells 

[158][201] which may be the reason for mitochondrial degeneration in adPEO disease 

model [197]. These aged cells also show microcolony formation and stop dividing after 

a certain amount of divisions [128], similarly cells containing aac2 mutant show 

lethality after tenth doubling [197].    

Mutations of genes associating with nutrient signaling pathways, ribosomal 

biogenesis and protein genes were found to rescue the proliferation defect of cells 

lacking wildtype Aac2p activity [197]. Many studies have shown that reduction of 

cytosolic protein translation or calorie restriction benefits the proliferation and may 

delay the ageing phenotype [202][203]. Downregulation of branch of TOR pathway 

responsible for controlling ribosomal biogenesis, Sch9p, [128] and Gcn4 depletion of 

60S subunits yeast ribosomal subunits also increases the replicative lifespan of yeast 

[204]. Moreover, ribosomal proteins Rpl10 and Rps6 were found as proteins affecting 

lifespan [205].  Lifespan of aac2A128P mutant containing cells were prolonged by at 

least 45% when protein synthesis is depreciated by mutations in pathways above [197] 

which highlights the importance of ribosomal biogenesis in mitochondrial disease 

model. We derived a hypothesis based on previous findings that these cytosolically 

translated mitochondrial proteins might be accumulating in the cytoplasm and cause 

cytotoxicity. Accumulation of these proteins may trigger more stress response proteins 

and possibly form aggregates with each other and possibly with other proteins.  
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Another mitochondrial disease model is the Drosophila technical knockout 

(tko
25t

) which is a point mutation, at conserved leucine 85 to histidine, in the 

mitoribosomal protein S12, which furnishes the protein synthesis in mitochondria 

[206][79]. The mutant flies have side effects on respiratory chain deficiencies, paralytic 

seizures upon mechanical stress, stroke-like seizures, hearing loss, hyporeactivity upon 

physical stimulation and antibiotic sensitivity which are the phenotypes that are also 

seen in humans [79]. tko
25t

 only mildly effects the flies, which is the main reason it is 

used as a model disease phenotype to search for new interactions. However complete 

deletion of tko  causes larval lethality [80]. Feeding of (1 mg/mL) mitochondrial protein 

translation inhibitor doxycyclin also gives the same growth retardation phenotype and 

bang sensitivity as tko
25t

 mutation [207]. As many other mitochondrial DNA mutations, 

tko
25t

 also causes oxidative phosphorylation deficiencies with Complex I, III and IV 

showing reduced activation in larval stage [79][80]. Lack of sufficient synthesis of 

mitochondrial genome encoded genes by small subunit mitochondrial ribosome also 

causes developmental retardation. One leading hypothesis state that since reduced 

OXPHOS activity leads to decreased conversion of food source to ATP which then 

leads to delay in the fly development [207]. 

Another phenotype of tko
25t

 mutants is the bang sensitivity phenotype. Flies that 

were subjected to mechanical stress through vortexing for 10 seconds experience 

paralytic seizures and takes a recovery time around 15 seconds to 4 minutes to get back 

to their normal movement [80]. There is no mechanism uncovered for the reason of 

bang sensitivity phenotype, however other mutations that are not linked to mitochondria 

also show bang sensitivity phenotype [208]. Citrate synthase deficiency is shown as one 

of the mitochondrial mutations that causes bang sensitivity phenotype [209]. 

Interestingly Drosophila ortholog of ATP/ADP antiporter sesB mutants also show bang 

sensitivity phenotype [210]. This protein is essential in yeast after mtDNA deletion to 

generate membrane potential and import ATP from cytosol into mitochondria [5] so 

there occurs a link between reduced OXPHOS activity, ATP synthesis and 

electrochemical potential and bang sensitivity phenotype. Deficiency of ATP synthesis 
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through OXPHOS in mechanoreceptor neurons are hypothesized to be one reason of 

bang sensitivity phenotype [79]. Mechanoreceptor failure also causes hearing loss in 

tko
25t

 flies [211]. The male specific courtship deficiency and low behavioral response to 

stimulation by tko
25t

 flies yet remain to be uncharacterized [80].               

I used mtDNA lacking yeast and tko
25t

 flies to investigate whether the 

downregulation of ribosomal biogenesis is beneficial for different mitochondrial disease 

models. I also aimed to find whether there is a connection between heat shock protein 

expression and cytosolic protein stress in mtDNA lacking cells. Here, I represent the 

data obtained from this project so far and describe the outline of my future directions. 

 

4.2 Results for experiments with Saccharomyces cerevisiae 

4.2.1 Increased ribosomal biogenesis and protein translation decreases the 

proliferation of ρ
- 
cells 

 

The regulation of ribosomal biogenesis is maintained through acetylation and 

deacetylation of the histones that are wrapping the genes for ribosomal biogenesis.  

Acetylation of histones removes the positive charge on lysine residue and decreases the 

attraction of negatively charged DNA by positively charged histones [212]. DNA is 

loosened when histones are acetylated and the locus is enabled for transcription. 

Deacetylation converts the residue back into its positively charged form and enables 

tight compaction [213]. DNA is disabled for transcription with deacetylation of 

histones. Rpd3 complex is a histone deacetylase complex that is controlling ribosome 

biogenesis related protein expression [214]. In order to experiment on mitochondria 

with damaged DNA, we treated cells with 25 μg/ml EtBr for 2 days to force mtDNA 

loss [10][215]. RPD3 complex mutations induce expression of high number of 

ribosome and proteins; therefore generating more cytotoxicity. Rpd3p is a subunit of 

RPD3 complex and rpd3∆ is shown to decrease the fitness of ρ
- 
cells (Figure 4.1).  
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Upon activation via nutrient signaling TORC1 activates the expression of 

ribosomal protein genes [216]. TORC1 activation causes the localization of histone 

acetylation protein Esa1p to promoter locus for ribosomal protein genes, and rapamycin 

treatment or downregulation of TOR activity leads to blocking of Esa1p function [216]. 

The acetylated regions are deacetylated by complexes regulated by RPD3 [214]. Rpd3p 

forms two different RPD3 complexes, Rpd3L and Rpd3S respectively [217][214] and 

furnishes the deacetylation and converts the region to transcriptional inactive state. 

Deletion of Rpd3p leads to ribosomal protein synthesis even in the presence of 

rapamycin and reduced TOR activity [216]. In order to determine the effect of two 

different RPD3 complexes on ribosomal biogenesis, subunits of these two complexes 

were deleted. Rpd3L complex deacetylates histones at the gene coding locus [218] and 

Sds3p is the catalytic histone deacetylase subunit of the Rpd3L deacetylase complex 

[219]. Sds3p is required for the structural integrity and catalytic activity of the complex 

and it is involved in transcriptional silencing. sds3∆ mutants showed similar 

proliferation rate as rpd3∆ with a decrease of fitness for cells lacking mtDNA but 

unlike rpd3∆, there is no change for growth for ρ
+
 cells. Rpd3S complex deacetylates 

the histones at the promoter regions [220] and Rco1p is a specific and essential 

component of Rpd3S complex and is required for silencing by deacetylase activity 

[221]. Unlike sds3∆, rco1∆ did not cause any growth deficiency for the ρ
- 

cells. We 

found that mutations of Rpd3L but not Rpd3S components showed growth defect in the 

ρ
- 
cells (Figure 4.1).   

Aside from deacetylation complex, there are also other transcriptional 

repressors, STB3, DOT6, TOD6 that control the expression of ribosomal biogenesis and 

protein translation rate. Deletion of these transcriptional repressors cause expression of 

genes to trigger upregulation of ribosomal biogenesis [222][223]. Deletion of tod6∆ but 

not stb3∆ nor dot6∆ decreased the fitness of ρ
- 
cells and interestingly stb3∆ increased 

the fitness of the ρ
- 
cells (Fig. 4.2). Double deletion of tod6∆ dot6∆ or triple deletion of 

tod6∆ stb3∆ dot6∆ did not show significant difference compared single tod6∆ deletion 

so the effects seen were not additive.  
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As pointed previously in Chapter 3, ρ
- 
cells have lower ΔΨ [158]. Upregulation 

of ribosomal biogenesis leaded to upregulation of protein translation which caused more 

accumulation of proteins in cytoplasm due to low import [3]. In order to revert the ΔΨ, 

we transformed all cells with plasmids containing either wildtype ATP3 (as a control) or 

dominant ATP3-5 allele [224]. The ATP3-5 mutation increased the ΔΨ by increasing 

ATP hydrolysis of F1 sector of ATP synthase [225]. Interestingly reversion of the ΔΨ 

by ATP3-5 allele prevented the growth deficiency of tod6∆ dot6∆ and tod6∆ dot6∆ 

stb3∆ ρ
- 

cells (Figure 4.3). There is also a minor increase in the proliferation rate of 

stb3∆ ρ
- 

cells. Increased electrochemical potential enabled higher import into the 

mitochondria thereby reduced the cytoplasmic accumulation of proteins.  

 

4.2.2 Decreased ribosomal biogenesis with a deletion of transcriptional activator 

partially rescues petite-negativity but not due to the cell size phenotype of sfp1 

mutation  

 

Transcription factor Sfp1p also regulates RP gene expression in response to 

nutrients and stress. Sfp1p is localized to the nucleus and is a positive regulator of 

ribosomal protein gene expression by binding to the promoters of ribosomal protein 

genes [124]. Inhibition of TOR signaling is shown to be beneficial for mitochondrial 

disease phenotype [156] and blocking of phosphatase activity downstream of Tap42p is 

important for the beneficial effects on mtDNA lacking cells [158]. Inhibition of TOR 

also leads to translocation of Sfp1p out of the nucleus, where it no longer binds to the 

promoters of ribosomal protein genes [124]. This leads to low expression of ribosomal 

proteins and causes downregulation in the protein expression. In this aspect, we 

knocked out SFP1 gene in the background of an atp2∆ in order to see whether 

downregulation of the ribosomal biogenesis is the cause of TOR inhibition. In fact, 

sfp1∆ deletion partially rescued the lethality in atp2∆ ρ
-
 cells (Figure 4.4). However 

growth seen in sfp1∆ atp2∆ was not comparable to TOR inhibition as we saw in (Figure 

3.2) since sfp1∆ grows very slowly.    
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The colony size of the sfp1∆ was small since the protein translation is not high 

in cytoplasm. We tried to decrease the colony size of yeast cells by deleting the PEST 

((P) Proline, (E) Glutamic acid, (S) Serine, (T) Threonine) sequence in C terminus of 

CLN3 gene. PEST sequence controls the proteolysis of the Cln3p [226] and when it is 

deleted it causes the stability of the Cln3p [227]. When the proteolysis of protein is 

blocked, the protein will constantly be active and drive the entry into G1 phase of the 

cell division. CLN3 expresses an important G1 cyclin that activates cyclin-dependent 

kinases which is one of the checkpoints for entry into G1 [228]. Constant entry into G1, 

thus constant cell division, causes decreased cell size [229]. The small cell size 

phenotype was not the cause of the rescue since CLN3∆PEST did not rescue the atp2∆ 

ρ
-
 cells.  

 

4.2.3 Cytotoxicity generated by amino acid analogs canavanine and AZC does not 

change the proliferation of mtDNA lacking cells  

 

As a next step, I aimed to generate more misfolded proteins by using canavanine 

and azetidine 2-carboxylic acid (AZC). Canavanine is an amino acid analog with a 

structural shape that is very similar to L-arginine [230] and it generates cytotoxicity by 

incorporating into the arginine’s locus in proteins [231]. Such incorporation disrupts the 

structural integrity of 3D shape of the protein which increases the number of misfolded 

proteins and generates more cytotoxicity [232]. Another amino acid analog AZC was 

also used to incorporate into the locations of proline to disrupt 3D shape of the protein 

to induce misfolding [233]. I aimed to induce this cytotoxicity by subjecting wildtype 

(WT) ρ
+
 and mtDNA lacking, ρ

-
, yeast to different concentrations of canavanine and 

AZC.  

Already there were some accumulated mitochondrial proteins in the cytoplasm 

of ρ
-
 cells because of the import deficiency, so triggering more misfolded proteins by 

canavanine and AZC was expected to generate further growth defects. In both drug 
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treated and untreated cases ρ
-
 cells have higher doubling times compared to the ρ

+
 cells, 

however the difference between drug treated ρ
-
 cells to ρ

+
 cells is not drastic compared 

to untreated samples to conclude the presence of any severe effect of AZC or 

canavanine on mtDNA lacking cells (Table 4.1). 

 

4.2.4 Decreasing the cytosolic protein translation or mitochondrial membrane 

potential couldn’t recover the heat shock protein induction in mtDNA damaged 

cells  

 

Heat hock protein (HSP) overexpression and activation is a main consequence of 

mitochondrial DNA damage in various organisms [8][234][235][236]. HSPs induction 

is a stress reponse to temperature change or oxidative stress and it is a conserved 

process and demonstrate protection of many proteins, cell membranes and nuclear DNA 

[8] . HSPs furnish chaperone activity for unfolded proteins and also used in localization 

of proteins to specific compartments [237]. Importantly, thermotolerance supplied by 

HSP activity protects the mitochondrial ATPase activity [238], and effects seen after 

dissipation of membrane potential are reduced by HSP induction [8] promising 

unknown interaction between heat shock proteins and mitochondria.  

One of the heat shock proteins that is activated in mtDNA lacking cells is 

Hsp26p which is also induced in heat shocked log-phase yeast cultures [3][158][239]. 

However it is also highly expressed in cells that are grown at stationary-phase at normal 

temperature and show more thermotolerance to heat shock compared to log-phase 

cultures [240][241]. Hsp26 show various localizations in different organisms under 

different stress conditions with showing presence in cytoplasmic aggregates in chicken 

cells [242], nuclear localization during heat shock in yeast [239] and in Drosophila 

[243] however in separate studies it also showed a cytoplasmic localization in 

Drosophila [244]. Like Hsp26p, Hsp12p is also another heat shock protein that is highly 

induced in log-phase heat shocked and mtDNA lacking cells (Garipler and Dunn, 

unpublished results)[245]. Hsp12p expressed in an unfolded state but forms helical 
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structure in order to interact with membranes to increase thermotolerance and impinge 

on certain negatively charged lipids [245]. Previous transcriptome data showed that, 

unlike iron starvation genes and RTG pathway elements, Hsp12p and Hsp26p that are 

activated in the absence of mtDNA, does not go back to the wildtype state in the 

presence of petite-negativity rescuing mutations [158][158]. In order to find the cause 

of the increase in heat shock factors in cells with damaged mitochondrial genome, we 

investigated the status of by western blotting for Hsp12p and Hsp26p with a 13MYC 

epitope tag attached to these proteins. 

Since heat shock factors activate when there is an unfolded proteins accumulate 

during heat shock or other stress [246], and since we know that the proteins with 

mitochondrial localization sequence localize to the cytoplasm [78] and hypothetically 

defold or misfold; we hypothesized that decrease in the cytoplasmic translation would 

decrease the cytotoxicity and thus the heat shock protein expression in mtDNA 

damaged cells. Yeast cells were grown in YEPD containing 0.2 µg/mL cycloheximide 

(CHX) to decrease the cytoplasmic translation. CHX blocks cytosolic translation by 

interfering with the translocation step in protein synthesis. In the process of protein 

synthesis tRNAs move from A-site to P site and to the E-site to finish the addition of 

the amino acid that they were carrying [247]. Cycloheximide blocks the movement of 

tRNA molecules which leads to blocking of translation. CHX is used in many other 

studies as protein synthesis inhibitor.  However CHX triggered an induction of Hsp12p 

and Hsp26p, even in ρ
+
 cells (Figure 4.5). Cells showed a stress response to CHX or to 

some other consequence of protein translation inhibition to trigger HSP expression.  

Next, we tried to increase the mitochondrial electrochemical potential by 

transforming ATP3-5 allele containing plasmid into HSP12-MYC and HSP26-MYC 

strains. Previously we showed that cells carrying ATP3-5 allele but not ATP3 wildtype 

copy, can localize proteins with mitochondrial localization presequence to mitochondria 

even in ρ
-
 conditions [78]. Our aim was to recover the import defects of ρ

-
 cells to 

decrease the cytotoxicity. However the plasmid transformation required the cell to be 

grown under specific media lacking the amino acid that the plasmid was carrying. 
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Minimal media conditions affected the heat shock protein induction with no bands 

visualized from the extracts of ρ
-
 cells (Figure 4.6). The rich medium, YEPD, leads to 

higher protein production and generates more cytotoxicity when unfolded proteins 

accumulate in the cytoplasm. However when cells were grown under minimal media 

conditions, reduced protein translation benefits cells with mtDNA damage. Currently 

we are cloning the plasmid ATP3 and ATP3-5 into the yeast genomic DNA. 

Chromosomal ATP3-5 will generate enough ΔΨ for mitochondrial import and allow the 

usage of rich media for future experimentation.                   

 Next, we wanted to impair the ΔΨ by feeding CCCP to the yeast cells. CCCP 

dissipates the membrane potential by carrying protons into the negatively charged inner 

membrane [248]. However 20 mM CCCP did not cause significant increase for the 

Hsp12p, yet slightly increased the Hsp26p in ρ
-
 cells (Figure 4.7). However there was 

no increase in ρ
+
 cells when they were grown in YEPD containing CCCP. 

Mitochondrial potential itself was not the cause of heat shock protein induction, as no 

wildtype ρ
+
 cells were expressing similar levels of heat shock proteins as ρ

-
 cells 

(Figure 4.7). 

 

4.2.5 Heat shock factors start to accumulate in 2
nd

 day of liquid culture and then 

start to adapt to the conditions in 3
rd

 day 

  

Previous western blots were done on culturing the cells to YEPD after 2d 

treatment on YEPD+EtBr plate. We wanted to switch to a system to grow the cells for 

24 hour periods until the log phase. For ρ
-
 cells, we grew them until the log phase for 24 

hours in liquid YEPD containing 25 µg/mL EtBr. For second day the log phase culture 

was diluted again and grown in YEPD and same process was repeated for 3
rd

 day. The 

timeline of HSP induction was important to determine since it is depending on 

accumulation of some target protein(s). We found that the second day is the peak 

expression of Hsp26p (Figure 4.8) and for the 3
rd

 day the cell goes under adaptation or 

selection in culture. These experiments were performed in BY background and 
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experiments will be repeated in W303 background to determine whether there are any 

adaptation differences between the cells. Also day 4, 5, 6, 7 and 8 will be performed in 

cells with less Hsp26p expression to determine whether adaptation remains for 

upcoming days. 

 

4.2.6 Levels of other heat shock proteins or AMP activated protein kinase remain 

stable in mtDNA damaged cells 

 

 Previous data showed that Hsp12p and Hsp26p were highly expressed in ρ
-
 

cells, and we wanted to check other heat shock proteins. HSP104 expresses a 

disaggregase which interferes with protein aggregates and also is activated in stress 

conditions such as heat, ethanol and radiation [249][250]. SSA3 encodes a chaperone 

protein that is a member of a subfamily of HSP70 protein [251] and SNF1 is discussed 

in previous chapter and there is no evidence showing an overexpression in ρ
-
 cells or in 

heat shock conditions. We have found that levels of both Hsp104p and Ssa3p but not 

Snf1p is highly activated in heat shock conditions (Figure 4.9) however the levels of 

Hsp104p and Ssa3p were only slightly affected in ρ
-
 cells compared to Hsp12p and 

Hsp26p. Snf1p is used as a control to show that it is constant in all conditions. 

 

 

4.2.7 Deletion of transcriptional activators partially blocked the heat shock protein 

expression in mtDNA damaged cells 

 

We deleted MSN2 and MSN4 in the background of HSP12-MYC and HSP26-

MYC in order to determine whether the levels go down in ρ
-
 cells. Msn2p and Msn4p 

functions as a transcriptional activator for over 200 genes in the presence of a stress 

condition, such as heat shock, oxidative stress, ethanol and low pH [252][253]. HSP104 

and MSN4 gene itself is also under control of MSN2 and MSN4 genes [254]. We also 

deleted GIS1 in the background of HSP12-MYC and HSP26-MYC, which is another 
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transcriptional factor that is activated during heat shock and glucose starvation 

conditions [255][256]. Since it is an essential gene we did not delete HSF1, which is 

another transcriptional activator under heat shock conditions [257]. The truncated 

versions that were used  in [258] were also inviable in our backgrounds and we are now 

currently constructing our own version. 

 Deletion of MSN2/MSN4 completely blocked the expression of Hsp12p even in 

ρ
+
 cells with 1 hour 42

o
C heat shock (Figure 4.10). However gis1∆ did not alter the 

amount of Hsp12p in ρ
-
 cells nor in ρ

+
 cells with 1h heat shock. Hsp26p still highly 

expressed in ρ
-
 cells in the presence of msn2∆ msn4∆ however the Hsp12p expression in 

wildtype ρ
-
 or ρ

+ 
HS was higher. gis1∆ also did not alter the amount of Hsp26p in ρ

-
 

cells nor in ρ
+
 cells with 1h heat shock (Figure 4.10). 

 

4.2.8 ATP deficiency in ρ
+
 cells showed significant Hsp26p expression 

 

Deletion of mitochondrial DNA halts the respiration and the ATP synthesis 

through TCA cycle. We tried to mimic this condition only through deleting the F1β 

subunit of ATP synthase and blocking the production of ATP in mitochondria. atp2∆ 

cells will go under ATP deficiency since ATP is supplied only through cytoplasmic 

glycolysis as the conditions of ρ
-
 cells. atp2∆ did not significantly increased the Hsp12p 

levels in ρ
+
 cells however the expression level in Hsp26p ρ

+
 cells were similar to 

wildtype ρ
-
 cells (Figure 4.11).  

 

4.3 Results for experiments with Drosophila melanogaster 

4.3.1 Developmental time assay for tko
25t

 flies showed decreased average eclosion 

day for CHX fed flies 

 

We also wanted to determine the effects of ribosomal biogenesis using a disease 

model in a higher eukaryote. We used developmental time assay which is based on the 

average eclosion day to determine the phenotype of tko
25t

 mutants since they are 
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eclosing with a delay of 3-4 days from the pupa [80]. Eclosion date shows the 

metamorphosis of egg cell to larvae to pupa and then to the eclosion of fly and used to 

determine the fitness of the fly under different conditions [79]. 1 day old 30 virgin 

females and 1 day old 15 males are crossed to each other for 24 hours in one vial and 

then transferred into 2
nd

 vial for another 24 hour and then done again for a 3
rd

 and 4
th

 

times. After spending 96 hours in 4 different vials, flies are discarded. After this point 

eclosion of flies are tracked with noting the amount of eclosion everyday for each vial 

until the last fly ecloses. Each eclosed fly must be discarded after it ecloses since it may 

again copulate inside the vial. Always there will be larval death with uneclosed pupils, 

so the number of enclosures (n) is important for each given drug concentration. The fly 

wildtype background, Oregon-R (OR) is used as control for the experiments and the 

average eclosion day is found as 9.0 for females and 9.2 for males. However tko
25t 

mutant females and males have average eclosion days of 12.7 and 13.3 days 

respectively (Table 4.2). Since tko
25t 

is on the X chromosome, homozygous mutants are 

selected for female flies; however there are also female heterozygous mutants with FM7 

balancer in the homolog chromosome. These flies have an average eclosion day of 8.6 

that is similar to OR flies.  

The developmentally delayed tko
25t

 flies partially lose their translation abilities 

for mitochondrial genes and demonstrate impaired OXPHOS machinery [80]. This is a 

similar approach to mtDNA deleted yeast since in both there is an impaired 

mitochondrial protein translation. The developmental delay tko
25t

 flies can be due to the 

cytotoxicity, hence decreased protein production may alleviate the eclosion timeline. 

Cycloheximide is placed in the fly media with differential concentrations in order to 

reduce the amount of protein translation. CHX containing fly media is prepared 

containing 50 and 250 µg/mL for the first phase. Intriguingly, average day of eclosion 

for tko
25t

/tko
25t 

and tko
25t 

/Y flies changed from 12.7 and 13.3 to 11.8 (n=77) and 12.4 

(n=64) in 50 µg/mL CHX containing fly media. On contrary wildtype flies showed 

increasing average day of eclosion for females and males from 9.0 and 9.2 to 10.0 

(n=162) and 9.8 (n=162) respectively in 50 µg/mL CHX. For tko
25t 

/FM7, there is also 
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an increase from 8.6 to 9.4 (n=95) (Table 4.2) with 50 µg/mL CHX. 250 µg/mL CHX 

containing fly media was almost lethal even for the wildtype flies with only 2 eclosion 

for females and 5 for males. However tko
25t

 flies had more eclosion (12 for females and 

7 for males) in CHX compared to OR. 

Secondary experiment is performed with different set of concentrations: 25, 75 

and 125 µg/mL CHX. For each concentration there was a half-day decrease of average 

day of eclosion in the CHX containing media (Table 4.3). However, wildtype flies have 

half to two days of eclosion delay in different CHX concentrations. CHX concentration 

can be further optimized with more developmental time assays however the range that I 

have found can decrease the developmental time delay of tko25t mutants by a half day 

and severely affected the wildtype flies. This experiments were repeated (Kemppainen, 

unpublished) several times however a beneficial effect was not always obtained when 

tko
25t

 flies were subjected to CHX. However a reproducible data obtained which shows 

a resistance for tko
25t

 flies against CHX and also a growth delay obtained from wildtype 

flies whenever they were treated with CHX (Kemppainen, unpublished).    

4.3.2 CHX fed tko25t fly paralysis showed partial suppression however the bang 

sensitivity was not alleviated to wildtype level 

 

Aside from developmental delay, a main signature of tko
25t 

mutants is bang 

sensitivity [79]. Flies go under paralysis after a brief vibration, mainly through a vortex. 

This is mainly caused by failure of mechanoreceptor neurons [81]. Such failure is also 

seen in humans since the whole hearing process depend on the mechanoreceptor 

neurons that are located in inner ear [80].  

Although wildtype flies have almost 2 to 5 second recovery time, tko25t flies 

show ranging bang sensitivities from 10 seconds to 4 minutes of recovery time (Table 

4.4). This was also a known data from previous papers [80]. My aim was to determine 

whether decrease of the developmental delay by CHX uptake would correlate with 

decrease of bang sensitivity of tko
25t 

flies. The bang sensitivities of tko
25t 

flies decreased 

28-52% in all CHX concentrations except for tko
25t 

/ tko
25t 

females in 25 µg/mL CHX 
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which had a partial increase of bang sensitivity for homozygous tko
25t 

females. 

Although there was a partial decrease in the bang sensitivity of tko
25t

 mutants, the 

recovery time was still higher than CHX untreated OR and treated OR. 

 

4.3.3 minute mutants were aimed to cross to tko
25t

 background to decrease 

ribosomal biogenesis 

 

Minute mutants were identified 81 years ago by their unique phenotype with 

having eclosion delay, thick and small bristles, roughen eyes, reduced viability and 

fertility [259]. Also these minute mutations are commonly homozygous lethal. There 

are more than 50 genes whose mutations were identified to give a minute phenotype 

and these genes are all related with ribosomal protein or biogenesis  [260]. The minute 

mutations also have reduced cell size due to their lack of proper ribosomal biogenesis 

and thus the protein translation machinery [261]. Our aim was to cross these minute 

mutations into the tko
25t

 background to determine whether impaired cytosolic protein 

translation would benefit flies with impaired mitochondrial protein translation. We 

picked 4 genes, RpS3, RpS3A, RpL36 and RpLP1 whose mutations yield to minute 

phenotype.  

Rps3, Ribosomal protein S3, is a structural constituent of ribosome and it also 

has RNA binding function along with DNA-(apurinic or apyrimidinic site) lyase 

activity. Also it is involved in many cellular processes such as translation, mitosis and 

DNA repair [262][263]. Its mutation gives a strong minute phenotype with at least 2-3 

days of developmental delay [264]. RpLP1, Ribosomal protein LP1, is also a structural 

constituent of ribosome but it is involved in the elongation step of protein synthesis 

[265]. Mutation of RpLP1 also gives a strong minute phenotype [266]. RpL36, 

Ribosomal protein L36e, is also a structural constituent of ribosome [267]. It is only 

known to be involved in translation and it is less characterized compared to other 

picked minutes but it has more severe minute phenotype than others with having the 
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least viability among all [262]. Also its eclosion is delayed by 3-4 days [264]. Rps3A is 

also another structural constituent of ribosome. It has involved in many cellular 

processes such as translation, oogenesis, mitotic spindle elongation and organization 

[268][269]. It has a medium minute phenotype with 2-3 day of developmental delay 

[264]. Homozygous mutants are lethal at embryonic stage since oogenesis role is 

essential for embryonic stage [270]. 

Drosophila genome has 4 chromosomes and unlike yeast, it is hard to 

manipulate the genome. Generating a mutation in fly background is not easy so usually 

the mutations are ordered from the sources such as Bloomington, FlyORF, VDRC and 

Kyoto. Minutes in this project are all ordered from Bloomington Stock Center (Table 

4.6). In order to generate a double mutant minute and tko
25t

 in same background, flies 

had to be crossed to each other. The crossing scheme for RpLP1 mutant 6399, RpLP1
beo

 

is given in Figure 4.12 which is on the 2
nd

 chromosome. The crossing scheme for three 

different RpS3 alleles, 527 (RpS3
1
), 544 (RpS3

4
), 1696 (RpS3

2
), is given in Figure 4.13. 

RpS3 is located on 3
rd

 chromosome. RpL36 is on the same chromosome with tko
25t

 and 

RpS3A is on the 4
th

 chromosome (the smallest chromosome in Drosophila genome). 

These two genes weren’t crossed to the tko
25t

 background, and only used in qPCR 

analyses.   

 

4.3.4 Minutes couldn’t recover the developmental delay caused by doxycyclin and 

are synthetically lethal with cycloheximide 

 

Doxycyclin (DOX) hinders the mitochondrial translation and mimics the 

phenotype of tko
25t

 flies [80]. As a preliminary experiment, we wanted to observe 

whether minute mutations reduce the developmental delay for DOX-fed flies. RpLP1
beo

 

female and male flies are fed with 100 µg/mL and 500 µg/mL doxycyclin are tested for 

developmental delay. Results showed that minutes cannot recover the developmental 

delay caused by doxycyclin (Table 4.2). Untreated RpLP1
beo

 flies had 1.2-1.4 day more 



 

 

110 
Chapter 4 : A Potential Relationship Between Cytosolic Proteosis and 

Mitochondrial Dysfunction  

delay compared to Oregon-R, wildtype flies. However 100 µg/mL and 500 µg/mL 

doxycyclin fed minutes showed 3-4 days of delay compared DOX fed OR flies. 

Unfortunately, there was no rescue of doxycyclin phenotype by presence of a minute 

mutation and in fact, the minute background is more severely affected by doxycyclin 

than the wildtype background. However the affected background still had high viability 

with 70-80 eclosions even in the samples containing drugs.  

As a side experiment we wanted to know how the minute flies respond to the 

cycloheximide conditions. The same concentrations of cycloheximide given to the tko
25t

 

flies in the first experiment were also given to the minutes. RpLP1
beo

 is found to be 

sensitive to the cycloheximide with showing zero eclosion in the presence of CHX 

(Table 4.2). Also, there was no larvae generation in the vials and further investigations 

can be done to analyze this synthetic interaction.         

 

4.3.5 qPCR for various genes for OR, tko
25t

 and minute female, male and larvae 

was done to characterize the overexpression of six genes for future studies 

 

The drastic changes in transcriptome of Saccharomyces cerevisiae were shown 

in Chapter 3 and such change was also seen in tko
25t

 background for different genes. 

Mitochondrial translation machinery malfunction in tko
25t

 background results 

overproduction of mitochondrial heat shock factor Hsp22 [271][272]. This protein is 

also shown to be highly abundant in aged Drosophila cells [273]. Although there is no 

mechanism showing the actual reason of upregulation of Hsp22, one explanation to 

upregulation can be the regulation of mitochondrial unfolded protein response to protect 

the mitochondria that is already facing translational defects [274]. Also impaired 

OXPHOS machinery or mitochondrial translation can remotely cause overexpression of 

Hsp22 [272][275]. Other evidence also shows that mitochondrial disease model in yeast 

requires chaperone activity to proliferate under impaired electrochemical potential 

conditions [197].    
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Insulin, insulin receptor (InR) and insulin-like peptides and growth factors 

determine the development of the organism with managing the disc growth and 

controlling organ and organism size [276][277]. Disc growth is essential for Drosophila 

since discs are hubs where the development of wing, antenna and legs of fly happen in 

larval stage [277]. It was important to determine the levels of insulin receptor (InR) and 

insulin-like peptides (Ilp3, Ilp5 and Ilp8) in tko
25t

 background since development of the 

fly is delayed and this can be observed in expression of InR and Ilps. Also future cross 

of minutes into tko
25t

 background may alter the expression of InR and Ilps if it is 

rescuing the developmental delay of tko
25t

 flies since there is high correlation between 

lifepsn extension and insulin-like growth factor signaling and ageing of Drosophila, C. 

elegans and human [278]. 

Thor is the Drosophila ortholog of S6K which regulates the ribosomal 

biogenesis under activation through TORC1 [279]. Thor expression is not altered in 

tko
25t

 flies [271]. However since we are also using minutes which have impaired 

cytosolic translation, tracking gene expression of S6K ortholog effecting ribosomal 

biogenesis is important and can be used in future experiments with tko
25t

 minute double 

mutants.        

Expression of 6 different genes mentioned above tracked with measuring their 

mRNA expression in wildtype, tko
25t

 and minutes in different developmental stage and 

sexes. Hsp22, Thor, Ilp3, Ilp5, Ilp8 and InR were picked as the genes to be compared 

between the backgrounds. The main aim was to analyze whether we can decrease the 

effects seen in tko
25t

 with crossing the minutes into the tko
25t

 background. However this 

remained as a future direction since crosses seen in Figure 4.12 and 4.13 were not 

finished.  

In this study we only characterized and compared the different backgrounds with 

each other. For Hsp22 gene, I found that tko
25t

, RpS3
4
, and RpS3A57g mRNA level 

were highly amplified in females and males, but was not accumulated in the larvae 

(Table 4.5). This is maybe due to high requirement for mitochondrial function in adult 

flies compared to larvae and expression of Hsp22 gene is ameliorating the impaired 
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OXPHOS and mitochondrial translation in tko
25t

 flies. Another minute allele of RpS3
2 

does not activate HSP22 gene with showing 25% reduction compared to wildtype. Thor 

expression decreases around 20% for the minutes compared to wildtype but reaches to 

1.5-2 fold for tko
25t 

flies. Ilp3, Ilp5, Ilp8 does not show significant variance between the 

samples except for larval overexpression of Ilp8 mRNA for RpS3
2
, RpS3A

57
g and 

RpLP1
beo

 which is increased by 5.12, 13.6, 32.0 fold of wildtype. Future qPCR results 

for minute tko
25t

 double mutants will show whether gene amplification changes to 

wildtype state or partially decreases to wildtype state.      

  

4.4 Discussion 

4.4.1 Decreased ribosomal biogenesis or increased mitochondrial potential was 

beneficial for mtDNA damaged cells 

 

In chapter 3, downregulation of pKA and TORC1 is found to increase the fitness 

of cells lacking mtDNA. This may be due to the activation of ribosomal biogenesis and 

inactivation of transcriptional repressors Dot6p and Tod6p by TORC1 and PKA [280]. 

So deletion of both PKA and TORC1, aside from other possible rescue by parallel 

mechanism, can decrease the ribosomal biogenesis and protein synthesis via inability to 

inactivate transcriptional repressors. Downregulation of cytosolic protein synthesis 

reduced mitochondria degeneration phenotype [197]. This is also seen in 

Kluyveromyces lactis which can only survive in mtDNA depleted conditions by 

deletion of locus expressing ribosomal DNA [281]. Unimported precursor of nuclear 

encoded mitochondrial proteins localize to cytoplasm [3][78][158]. Aside from the 

electrochemical potential reduction in mtDNA lacking cells, one other theory is that 

unimported proteins localize to the mitochondrial inter membrane space but cannot be 

imported into the mitochondria and thus creating a membrane crowding [5][197]. This 

can explain the petite-negativity phenotype of mutant yme1, which is responsible for the 

quality control and degradation of proteins, and also the need for chaperone activity of 

prohibitins in the mitochondrial disease model aac2A128P [197]. Additionally mutation 



 

 

113 
Chapter 4 : A Potential Relationship Between Cytosolic Proteosis and 

Mitochondrial Dysfunction  

of a gene responsible for synthesis of anionic phospholipids PGS1, also causes petite-

negative phenotype [5]. Pgs1p mutation causes loss of functional integrity and 

structural deficiencies which leads to lethality [64]. 

The protein accumulations in the membrane can be enhanced with increasing 

ribosomal biogenesis by deletion of deacetylation complex Rpd3L which leads to 

ribosomal protein expression. Blocking of TOR activity by rapamycin deactivates 

ribosomal biogenesis by inhibiting Esa1p activity and upregulating RPD3 complex 

activity [216]. Conversely, deletion of transcriptional activator Sfp1 showed beneficial 

effects on cell lacking mtDNA and partially rescued the petite-negative phenotype. 

Proliferation defects in cells lacking deacetylation complex and fitness enhancement by 

deletion of ribosomal biogenesis transcriptional activator is consistent with the 

cytoplasmic accumulation and membrane crowding theory.     

We tried to visualize aggregates with ThioflavinS, however we saw no 

aggregate formation in ρ
-
 cells. However ThioflavinS was only targeting specific 

aggregates called prions so a broader approach to purify all aggregates was used. We 

tried to purify aggregates as in [282], from ρ
+
 and ρ

-
 cells and found more aggregates in 

ρ
-
 cells (Dunn, unpublished). As we will continue to investigate the total amount and 

components of the aggregates as a future goal, a question remains about how to revert 

this phenotype to wildtype state? One possible rescue for this proliferation deficiency 

can be found in mitochondrial potential since introduction of a mutated version of 

gamma subunit of ATP synthase generates higher ΔΨ
mito

 and benefits ρ
-
 cells.  

 

4.4.2 Heat shock proteins were highly produced in the presence of mitochondrial 

DNA damage as a defense mechanism 

 

As a response to the mitochondrial DNA damage, the heat shock proteins are 

highly activated. Since their main aim was to perform chaperone activity, the 

proteostatis of ρ
-
 cells should be under jeopardy to cause such amplification in HSP 

levels. Reduction of chaperone levels in minimal media conditions and in increased 
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mitochondrial import conditions support this hypothesis. Matrix targeted mitochondrial 

proteins are associating with Hsp70p after they are translated in cytoplasm [237] and 

localization of these proteins to cytoplasm may also localize the Hsp70p to cytoplasm. 

Since cytoplasmic translation continues to proceed, there occurs a need for Hsp70p for 

associating with the precursor proteins. Transcriptional activation may play a role with 

driving the HSP expression and transcriptional activators may also express other HSPs, 

Hsp12p  and Hsp26p, encoded in the genome since transcriptional activators are 

responsible for wide range of HSPs [252][258].  It is important to find the 

transcriptional drivers of the heat shock proteins in mtDNA damage conditions for 

potential therapeutic approaches. We deleted MSN2 and MSN4 and also GIS1 in 

different strains containing Hsp12p-Myc and Hsp26p-Myc to investigate the potential 

transcriptional activator of the heat shock proteins. However did not recover full 

depletion of Hsp12p or Hsp26p in cells lacking mtDNA. We will continue to 

investigate this approach since other transcriptional activators like HSF1 and HAP4 are 

also important in chaperone production [258]. 

Also the interaction between Hsp70p and precursor proteins may be abolished 

which would generate an unfolded protein in the cytoplasm and require the presence of 

other HSPs to maintain chaperone activity. This can also lead to Hsp12p and Hsp26 

overexpression. Furthermore oxidative stress shown in mitochondrial disease create 

transcriptional response along with showing responses to various other stresses 

[245][246]. Decreased electrochemical potential can drive HSP expression as a stress 

response or membrane crowding caused by low import due to low ΔΨ
mito

 can 

overexpress Hsp12p which is a membrane bound heat shock protein [245].     

ATPase activity is also crucial for mtDNA lacking cells with atp2∆ ρ
-
 cells 

showing petite-negative phenotype [5]. Heat shock activity is upregulated to protect 

ATPase activity in mtDNA lacking cells [8] and deletion of specific heat shock proteins 

caused lethality in oligomycin treated mtDNA lacking cells. This demonstrates a 

precautionary role for protecting the essential subunits after the mtDNA loss. 
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However the reason for HSP amplification can totally be different than what we 

are hypothesizing. ρ
-
 cells also go under ethanol stress and HSP26 is important for 

ethanol tolerance in Drosophila [283][250]. Yeast is used in making beer since it creates 

and secretes ethanol to the culture that it is growing in. Decreased respiration with 

impaired TCA cycle in ρ
-
 cells increases the ethanol levels in the cell and in the media. 

Preliminary experiments were done in our lab that showed increased Hsp26p production 

in media with increasing ethanol levels (Akdoğan, unpublished results) but further 

experiments showed no correlation between Hsp26p expression and ρ
-
 culture density. 

Although Hsp26p goes up in ethanol, we are still uncertain about whether that is the 

actual reason for expression in the presence of a mtDNA damage.  

  

4.4.3 Decreased cytoplasmic translation is maybe beneficial for Drosophila 

mitochondrial mutant and partially alleviates the bang sensitivity 

 

Aside from yeast studies the same hypothesis was made on Drosophila tko
25t

 

mutant about cytotoxicity. The decreased protein translation via CHX fed tko
25t

 mutants 

gave promising results, and it was repeated 10 times by Howard T. Jacobs’ lab, with 

showing no delay or half day eclosion for tko
25t

 mutant compared to 2-3 day eclosion 

delay for OR flies. The tko
25t

 mutants showed resistance against CHX however it is 

causing developmental delay for the OR flies. The one possibility is that PDR 

(pleiotropic drug resistance) genes are hyperactivated in mtDNA damage conditions 

[284] and this may lead to pumping of this drug out of the Drosophila cells. However 

compared to resistance, the beneficial effects are also seen with 11
th

 day eclosions for 

tko
25t

 mutant when they are treated with CHX. This is unusual since we do not see any 

untreated tko
25t

 mutant eclosions at 11
th
 day. Possibly, there can be a balance between 

reduced cytoplasmic translation and impaired mitochondrial translation which may in 

fact work in favor of the organism with a better stoichiometric balance.  

Additionally CHX treatment can make a selection for flies with higher levels of 

mitochondrial RNA translation due to higher efficiency of the components or 
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mitochondrial DNA copy number. This will work in favor for the cells or organism with 

higher mitochondrial DNA copy numbers. Conversely, it will select against the ones 

that already have low copy mtDNA and further delayed. Selective killing of these low 

copy mtDNA carrying organism will subtract 14
th
-16

th
 day eclosions from the average 

eclosion day and will give a statistically incorrect outcome. 

However beneficial effects of the CHX treatment are also seen in the bang 

sensitivity phenotype. Treating CHX to Drosophila containing ATP/ADP antiporter 

mutation sesB mutants -which also have a bang sensitivity phenotype- can be a future 

direction in order to understand whether CHX is beneficial for general mitochondrial 

disease or only benefits the stoichiometry between nuclear and mitochondrial encoded 

subunits. 

Unfortunately I never had the chance to cross minute mutants into the tko
25t

 

background and the developmental timing of tko
25t

 minute double mutants remains as a 

question. Also the bang sensitivity and the mRNA levels of the stress genes in tko
25t

 

mutant may go back or partially alleviated by the minute mutations.   

 

4.5 Materials and Methods 

 

4.5.1 Saccharomyces cerevisiae Media conditions and Strains: Yeast media were 

prepared as described previously [285]. The genes were manipulated according to 

[286]. Yeast strain genotypes and construction details are listed in Table 4.8. The 

primers used in yeast studies in Part II are listed in Table 4.9. EtBr (Thermo Fisher 

Scientific) was used at 25 µg/mL for serial dilution experiments [10].  Serial dilution 

assays were performed by logarithmic phase of each culture to OD600 of 0.1 followed 

by serially diluting the initial concentration to three additional five fold dilutions. 4 µL 

of each dilution were spotted on YEPD plates. Each background then tested on YEPD 

for their proliferation rates at 30
o
C. Incubation time is 3 d for (ρ

+
) and 4 d for (ρ

-
), if not 

stated in figure legends differently, before plates were imaged using a Colony Doc-It 

system (UVP, Upland, CA).  
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4.5.2 Plasmids: Strains CDD567, CDD575 and CDD576 were transformed with 

pM487 (ATP3) or pM488 (ATP3-5) [225][194]. 

 

4.5.3 Proliferation assay for yeast: In order to obtain ρ
-
 cells, ρ

+
 cells were streaked to 

YEPD + 25 µg/mL EtBr for 2d at 30
o
C. The cells were then cultured in YEPD and were 

grown overnight. Overnight cultures were diluted to an OD600 of 0.05 in YEPD medium 

containing different drug concentrations. The OD600 of samples are measured every two 

hours by a Mecasys Optizen POP UV-VIS spectrophotometer (Mecasys Co. Ltd., 

Daejeon, South Korea). Four to seven measurements in eight to fourteen hours were 

taken in two hour intervals. When the OD600 reached above 1.00, the measurements 

were terminated. Doubling time is calculated as the reciprocal of the slope for the graph 

which has X-axis values as log2 of OD600 measurements and Y-axis values as the 

minutes. The slope is calculated via Microsoft Excel 2007 (Microsoft Corp., Redmond, 

WA).   

 

4.5.4 Growth conditions prior to protein extraction: For the solid medium followed 

by liquid medium approach, ρ
+ 

cells were grown on YEPD containing 25 µg/mL EtBr 

in order to obtain ρ
- 
cells. After 2 days on EtBr containing medium at 30

o
C, a streak of 

cells from EtBr plate was cultured into YEPD to grow overnight at 30
o
C. Then a diluted 

culture started from that overnight liquid culture into YEPD to perform protein 

extraction as soon as it reached to log phase (OD600 between 0.4-1.00). Liquid medium 

approach was intended to obtain more standardization since amount of streaked cells, 

the uptake of EtBr into the cells during 2 day period and reaching to a saturated 

overnight state were mixing unknowns into the experimentation. In secondary 

methodology, a freshly grown wildtype culture was diluted to OD600 around 10
-6

-10
-5

 

cells, in 5 mL YEPD containing 25 µg/mL EtBr for exactly 24 hours for every strain. 

After 24 hours, the OD600 arranged to 2x10
-2

-5x10
-4

 in YEPD for growing another 24 

hours until it reaches to the log phase to perform protein extraction.   
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4.5.5 Protein extraction and BCA assay: Protein extraction methodology is based on 

[287][288]. Cells grown at 5 mL cultures in glass tubes were dipped in 98
o
C preheated 

water bath (WiseCircu, Wisd Laboratory Instruments). Tubes were swirled in water 

bath for 3 min and then left to cool to room temperature. After brief vortex to resuspend 

precipitated cells during cool down, cells were transferred to 15 mL conical to be 

centrifuged at 4.000 g (Allegra X-22R Centrifuge, Beckman Coulter) for 4 min. 

Supernatant is aspirated and pellet is resuspended in 200 µL 1xTE at pH 8.0 and 

transferred to a 1.5 mL microfuge tube. 200 µL 0.2M NaOH was added. Tube was then 

vortexed, incubated at room temperature for 5 min and then centrifuged at 10.000 g 

(Microfuge 22R centrifuge, Beckman Coulter) for 1 min. For Figures 4.5 and 4.6, the 

pellet was resuspended in the amount of [volume (5 mL) times 30 µL times OD600 unit 

of cells] 1xSDS-PAGE sample buffer. The tube is then boiled at 98
o
C at heater (The 

Cube Dry Bath, Cleaver Scientific Ltd) and then centrifuged at 10.000g for 5 min. 20-

30 µL was added for the gel. 

For Figures 4.7 - 4.11, the pellet was resuspended in 100 µL 5% SDS in order to 

perform BCA assay. After 5% SDS was added and the tube is boiled at 98
o
C at heater 

and then centrifuged at 10.000g for 5 min. 2 µL of supernatant was added on top of 1 

mL Working Reagent (WR) (Reagent A:Reagent B (50:1)) (Pierce BCA Protein Assay 

Kit, Thermo Scientific). This solution is then vortexed and mixed for 20-25 min at 30
o
C 

heater (Thermomixer comfort, Eppendorf). Also 1 mg/mL BSA, 5% SDS solution is 

prepared and 1, 2, 4, 8 and 10 µL of this solution was added to separate tubes 

containing same WR in order to calculate the unknown concentration of the extracted 

protein samples according to the linear regression plot calculated through known BSA 

concentrations. After 20-25 min at 30
o
C, OD562 of the cultures were measured and 

samples were diluted with 5% SDS to the sample of lowest concentration. This solution 

is then mixed with 1:1 ratio with 2x SDS sample buffer and 20-30 µL was added for the 

gel. 
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4.5.6 Western Blotting: For big gels 20 mL separating gel (6.60 mL 30% Acrylamide-

Bisacrylamide (29:1) (Sigma Life Sciences), 7.50 mL 1.0 M Tris-HCl (pH8.8), 200 µL 

10% APS (in ddH2O) (Sigma Life Sciences), 10 µL TEMED (Sigma Life Sciences), 

5.69 mL ddH2O) was poured into the plates and n-butanol was used to seal the top in 

order to avoid formation of bubbles. 10 mL stacking gel (1.7 mL 30% Acrylamide-

Bisacrylamide (29:1), 1.26 mL 1.0M Tris-HCl (pH6.8), 100 µL 10% APS (in ddH2O), 

10 µL TEMED, 6.94 mL ddH2O) was poured after the n-butanol was removed with a 

tissue paper. After the solidification 1xSDS Running Buffer (3.02 g Tris Base (Sigma 

Life Sciences), 14.4 g glycine (BioShop), 1 g SDS (Sigma Life Sciences), qs to 1 L 

ddH2O) is prepared, 30 µL of protein extraction was loaded into the gels and run at 

240V 70A for 2-3 hours. The proteins in the gel were then transferred onto a PVDF 

(Thermo Scientific) paper at a wet transfer machine in 1xTransfer Buffer (3.03 g Tris 

Base, 14.4 g glycine, 100 mL 100% Methanol (VWR), qs to 1L ddH2O) or in semi dry 

blotting. When the transfer is complete, PVDF was hanged with a clip to dry. After it 

was dried, it was re-wet with 100% Methanol, and washed 3 times with ddH2O. 

Ponceau S solution (Sigma Life Sciences) is used for visualizing the transfer and 

loading/concentration efficiency and then washed for 3 times. PVDF is then placed in 

15 mL blocking solution for 3 times (0.75 g Nonfat dried milk powder (AppliChem), qs 

to 15 mL with TBST), for 1h at room temperature. Primary antibody solution (0.15 g 

Nonfat dried milk powder, 15 mL TBST, primary antibody), is prepared with following 

antibodies (Table 4.10) for 2 hours at room temperature or overnight at 4
o
C. After 

primary antibody, the PVDF was washed 3 times 10 min with TBST and then 

secondary antibody solution (0.15 g Nonfat dried milk powder, 15 mL TBST, primary 

antibody), is prepared with the following antibodies (Table 4.10). After two times 10 

min washes with TBST and one time 10 min wash with TBS, PVDF is then exposed to 

the ECL reagent SuperSignal West Pico Chemiluminescent or SuperSignal West Femto 

Maximum Sensitivity Substrate (Thermo Scientific), and visualized under the Gel Logic 

2200 Imaging System (Carestream Health) for 5 minutes or until saturation unless it is 

written differently in figure legends.   
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4.5.7 Drosophila melanogaster media conditions and strains: tko
25t

 and Oregon-R 

flies were kept at 25
o
C as a balanced stock with FM7 for tko

25t
. minutes were ordered 

from Bloomington Stock Center. Minute stocks were given in Table 4.6. In order to 

avoid Wolbachia infection, they were kept at quarantine for 3-4 weeks in order to avoid 

contamination to other fly backgrounds [289]. Wolbachia infection is mutualistic for 

flies since it increases the lifespan and reproducibility of the flies [290]. Moreover, it 

also increases the cytosolic protein expression levels, it was crucial to avoid such 

infection at the initial quarantine stages. After spending 3-4 generations in quarantine, 

minutes were then started to be crossed into tko
25t

 background as shown in Figure 4.12 

and Figure 4.13. 

Flies were maintained in fly media containing 1.5% sucrose (Merck), 3% 

glucose (Sigma), 3.5% Instant Dry Baker’s Yeast (European), 1.5% maize flour 

(Oriola), 1% soya flour (Oriola), 1% agar (Oriola) and 3% Lyle’s black treacle (Tate & 

Lyle), 0,1% methyl 4-hydroxybenzoate (Sigma) and 0.5% propionic acid (JT Baker) 

[291]. Differential amount of cycloheximide and doxycyclin were added to the fly 

media while it was still in liquid conditions and kept at room temperature to dry. All of 

the experiments were done in 25
o
C incubator on a 12 hour light/12 hour dark cycle. 

 

4.5.8 Developmental Time Assays: 30 virgin female and 15 males were picked from 

each given genotype and placed in a bottle containing different fly food for 24 hours. 

After 24 hours of copulating and laying eggs, these flies were then transferred into the 

next bottle containing same fly media conditions for another 24 hours and same process 

continues for 2 more times to yield 4 bottles. At the end of 4
th

 day, flies were taken 

away and eclosion time for each fly is noted until the last fly ecloses.  

 

4.5.9 Bang Sensitivity Assays: Bang sensitivity assay was performed one fly at a time 

so after a group of flies with same genotype were collected on CO2 pad, flies were 

placed into different glass vials. After they were taken away from CO2, 1 hour of 
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recovery time is given to the fly in order to lose the carbon dioxide that was taken into 

the system. After 1 hour in 25
o
C, each fly was vortexed for 10 seconds. Flies were then 

flipped upside-down with their backs against the bottom glasss wall. The recovery time 

measured for a fly until it flips back and maintains proper mobility. This recovery time 

states the bang sensitivity of a fly. tko
25t

 flies mainly goes under seizure before waking 

up and even it reaches to normal position, it might still go under seizure which will still 

be included into the recovery time.  

 

4.5.10 RNA extraction: 4 different biological replicates of 1 day old 30 virgin females 

or males and 20 larvae were placed in a microfuge tube and then stored at -80
o
C. RNA 

extraction was done for these samples as in [291]. Frozen flies were crushed using a 

stick in 200 µL Trizol reagent (Invitrogen). After homogenizing the crushed flies in 

Trizol, another 800 µL of Trizol added and the solution was vortexed. The mixture was 

then incubated on ice for 5 min and then 200 µL chloroform was added on the mixture. 

After 3 min of incubation on ice, the microfuge tube was centrifuged for 15 min at 

12.000 g at 4
o
C. The upper phase was then transferred into a new microfuge tube and 

500 µL of isopropanol was added in order to precipitate RNA for 10 min at 25
o
C. The 

centrifugation was performed at 12.000 g for another 10 minutes at 4
o
C. Pellet was then 

washed with 1 mL 75% ethanol then centrifuged again at 12.000g for 10 min at 4
o
C. 

After sucking the ethanol, the pellet was air dried and resuspended in final mixture (89 

µL DEPC-treated H2O, 1 µL DNaseI (Amersham Biosciences), 10 µL DNaseI buffer 

(60 mM MgCl2, 400 mM Tris-HCl, pH 7.5)) and incubated at 37
o
C for 1 h for DNaseI 

activity. Phenol/chloroform extraction was increasing purity but decreasing the yield of 

RNA extraction so unlike [291], no phenol/chloroform extraction step used. 

 

4.5.11 Quantitative RT-PCR: cDNA synthesis was performed with 2 µg of RNA 

samples which were denaturated at 90
o
C. 1 µL of 10 mM dNTP mix (Finnzymes) and 1 

µL of 0.0125 U/ µL random hexamers (Amersham Biosciences) were then added onto 

the RNA samples and mixture was placed on ice. 5 µL reaction buffer (250 mM Tris-
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HCl, 250 mM KCl, 20 mM MgCl2, 50 mM DTT, pH8.3) was added onto the solution 

along with 0.5 U/µL RNase inhibitor (Fermentas) and 2.5 µL of DEPC-treated water 

were added. After 10 minutes at 25
o
C, 2 µL of 20 U/µL MMuLV reverse transcriptase 

(Fermentas) was added and incubation continued at 25
o
C for 10 min and then 37

o
C for 

1 h. Reaction was then halted with raising the temperature to 70
o
C for 10 min.  

After the cDNA concentrations diluted to 100 ng/µL, the amplification reaction 

started in 20 µL containing 5 µL of sample, 10 µL of QuantiTect SYBR Green PCR 

Master Mix (Qiagen) and 1 µL of forward and reverse primers for each gene under 

investigation. Thermal cycle reaction was as follows: 15 min at 95
o
C, 45 cycles of [15 s 

at 95
o
C/ 30 s at 55

o
C / 30s at 72

o
C]. Flourescence was measured at the end of extension 

step at 72
o
C by Roche LightCycler 1.5. Expression of 6 different genes’ mRNA levels 

were measured and compared to the housekeeping genes GAPDH and RPL32.  

 

4.6 Figure Legends 

 

Figure 4.1 Deletion of rpd3∆ and sds3∆ but not rco1∆, decreases the fitness of cells 

lacking mtDNA. Serial dilution assays were performed for strains CDD2 (BY4742), 

CDD509 (rpd3∆), CDD510 (sds3∆) and CDD514 (rco1∆) as in Materials and Methods.  

Incubation time is 3 d for (ρ
+
) and 4 d for (ρ

-
) at 30

o
C. 

  

Figure 4.2 Deletions of transcriptional repressors reduce the proliferation of cells 

lacking mtDNA except for stb3∆. Serial dilution assays were performed for strains 

CDD579 (WT), CDD 580 (dot6∆), CDD581 (tod6∆), CDD582 (stb3∆), CDD567 

(dot6∆ tod6∆), CDD577 (dot6∆ tod6∆ stb3∆) as in Materials and Methods. Incubation 

time is 2 d for (ρ
+
) and 3 d for (ρ

-
) at 30

o
C. 

  

Figure 4.3 In order to increase the ΔΨ, plasmids containing either wildtype ATP3 or 

dominant ATP3-5 allele were transformed into different transcriptional suppressor 

mutations. Introduction of ATP3-5 reversed the proliferation defects of CDD567 (dot6∆ 
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tod6∆) double mutant. There was no effect on CDD575 (stb3∆) or on CDD576 (dot6∆ 

tod6∆ stb3∆). Incubation time is 2 d for (ρ
+
) and 3 d for (ρ

-
) at 30

o
C. 

  

Figure 4.4 Ribosomal biogenesis reduction partially rescues the petite-negativity. Serial 

dilution assays were performed for strains CDD463 (WT), CDD 215 (atp2∆), CDD470 

(sfp1∆ atp2∆), CDD710 (atp2∆ CLN3∆PEST) as in Materials and Methods. Incubation 

time is 3 d for (ρ
+
) and 4 d for (ρ

-
) at 30

o
C. 

 

Figure 4.5 Cells highly express Hsp12p and Hsp26p when they were grown in CHX 

containing media. CDD570 (HSP12-13MYC) and CDD571 (HSP26-13MYC) cells were 

grown in YEPD and YEPD+CHX. Solid medium followed by liquid medium approach 

was used. Primary antibody c-MYC (9E10) mouse monoclonal IgG (1:5000) is used 

followed by secondary antibody anti-mouse IgG, HRP linked antibody (1:10000). 10 % 

seperating gel was used. 

 

Figure 4.6 Hsp12p and Hsp26p shows no overexpression in minimal media conditions. 

CDD570 (HSP12-13MYC) and CDD571 (HSP26-13MYC) cells were transformed with 

b21 (ATP3) and b22 (ATP3-5) containing plasmids and cultured in SC-LEU. 

Untransformed cells were grown in YEPD. Protein extractions were performed in solid 

medium followed by liquid medium approach. Primary antibody c-MYC (9E10) mouse 

monoclonal IgG (1:5000) is used followed by secondary antibody anti-mouse IgG, HRP 

linked antibody (1:10000). 10 % seperating gel was used. 

 

Figure 4.7 Cells highly express Hsp26p when they were grown in CCCP containing 

media. CDD570 (HSP12-13MYC) and CDD571 (HSP26-13MYC) cells were grown in 

YEPD and YEPD+CCCP. Liquid medium approach was used. Primary antibody c-

MYC (9E10) mouse monoclonal IgG (1:5000) is used followed by secondary antibody 

anti-mouse IgG, HRP linked antibody (1:10000). 10 % seperating gel was used. 
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Figure 4.8 mtDNA damaged cells overexpress Hsp26p in day 2. CDD571 (HSP26-

13MYC) cells were grown in EtBr containing media for 1 day and diluted to be grown 

in YEPD for 2
nd

 day and 3
rd

 day. Liquid medium approach was used. Primary antibody 

c-MYC (9E10) mouse monoclonal IgG (1:5000) is used followed by secondary 

antibody anti-mouse IgG, HRP linked antibody (1:10000). 10 % seperating gel was 

used. After the visualization, the PVDF was washed 3 times with TBST and membrane 

blotted for Primary αF1β rabbit monoclonal IgG (1:10000) and followed by secondary 

antibody anti-rabbit IgG, HRP linked antibody (1:10000).   

 

Figure 4.9 Hsp12p and Hsp26p were strongly, Hsp104p and Ssa3p were partially 

expressed in ρ
-
 cells. CDD570 (HSP12-13MYC), CDD571 (HSP26-13MYC), CDD756 

(HSP104-13MYC), CDD757 (SSA3-13MYC) and CDD607 (SNF1-13MYC) cells were 

grown in EtBr containing media for 1 day and diluted to be grown in YEPD for 2
nd

 day 

for liquid medium approach. Primary antibody c-MYC (9E10) mouse monoclonal IgG 

(1:5000) is used followed by secondary antibody anti-mouse IgG, HRP linked antibody 

(1:10000). 10 % seperating gel was used. After the visualization, the PVDF was washed 

3 times with TBST and membrane blotted for Primary αF1β rabbit monoclonal IgG 

(1:10000) and followed by secondary antibody anti-rabbit IgG, HRP linked antibody 

(1:10000).   

 

Figure 4.10 msn2∆ msn4∆ strongly reduces Hsp12p and partially alleviates Hsp26p 

expression in ρ
-
 cells and in ρ

+
 HS cells. CDD570 (HSP12-13MYC), CDD769 (msn2∆ 

msn4∆ HSP12-13MYC), CDD784 (gis1∆ HSP12-13MYC), CDD571 (HSP26-13MYC), 

CDD770 (msn2∆ msn4∆ HSP26-13MYC) and CDD785 (gis1∆ HSP26-13MYC),  cells 

were grown in EtBr containing media for 1 day and diluted to be grown in YEPD for 

2
nd

 day for liquid medium approach. Primary antibody c-MYC (9E10) mouse 

monoclonal IgG (1:5000) is used followed by secondary antibody anti-mouse IgG, HRP 

linked antibody (1:10000). 10 % seperating gel was used. After the visualization, the 

PVDF was washed 3 times with TBST and membrane blotted for Primary αF1β rabbit 
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monoclonal IgG (1:10000) and followed by secondary antibody anti-rabbit IgG, HRP 

linked antibody (1:10000).   

 

Figure 4.11 Deletion of beta subunit of F1 sector of ATP synthase increases Hsp26p 

expression in ρ
+
 cells. CDD783 (HSP12-13MYC), CDD787 (atp2∆ HSP12-13MYC), 

CDD786 (HSP26-13MYC) and CDD788 (atp2∆ HSP26-13MYC)  cells were grown in 

EtBr containing media for 1 day and diluted to be grown in YEPD for 2
nd

 day for liquid 

medium approach. Primary antibody c-MYC (9E10) mouse monoclonal IgG (1:5000) is 

used followed by secondary antibody anti-mouse IgG, HRP linked antibody (1:10000). 

10 % seperating gel was used. After the visualization, the PVDF was washed 3 times 

with TBST and membrane blotted for Primary αF1β rabbit monoclonal IgG (1:10000) 

and followed by secondary antibody anti-rabbit IgG, HRP linked antibody (1:10000).  

The upper band visualized at atp2∆ HSP26-13MYC was probably a non-specific protein 

produced during heat shock since atp2∆ was proven to be a full deletion. Internal 

primers landing to ATP2 coding sequence verified that there was no ATP2 sequence 

since possible ATP2 duplications can be found in S288C background (Dunn C.D., PhD 

Thesis)[292]. 

 

Figure 4.12 The crossing scheme for RpLP1
beo

 into tko
25t 

background. (i) tko
25t 

balancer 

FM7 is firstly crossed into a minute background to obtain a male minute with FM7 on 

its X chromosome. CyO curly wing balancer must be apart from the RpLP1
beo

 since the 

sister 2
nd

 chromosome will segregate. FM7 will give white eye color. So males with 

white eyes and normal wings will be picked.  (ii) This male with FM7 on its X 

chromosome and RpLP1
beo

 on its 2
nd

 chromosome, is then crossed to tko
25t 

heterozygote 

with a curly wing gene on its 2
nd

 chromosome. (iii) Flies containing bean shaped red 

eye (tko
25t 

/FM7), curly wings (CyO) and thick, tiny bristles (RpLP1
beo

) was picked as 

females.White eyed (FM/Y), curly wings (CyO) and thick, tiny bristles (RpLP1
beo

) was 

picked as males. Picked females and males kept as a stock since progeny from this vial 

yielded the same genotype as parents except FM7/FM7 females. (iv) tko
25t 

/FM7 ; 
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RpLP1
beo

 /CyO generated from cross (iii) will then be used to cross tko
25t 

/Y ; 2/CyO as 

an experimental cross. This cross will yield tko
25t 

males and tko
25t 

/ tko
25t 

homozygous 

females with RpLP1
beo

 in its secondary chromosome. This experimental cross was not 

completed and remains as a future direction.           

 

Figure 4.13 Crossing scheme for RpS3 mutants into tko
25t 

background.  (i) White eyed 

(FM7/FM7) females crossed to males with double balancer (GFP protein and thick, tiny 

bristles) containing 3
rd

 chromosome. (ii) FM7 males are then crossed to heterozygous 

tko25t, red, bean eyed fly. (iii) White eyed (FM7/FM7) with 3
rd

 chromosome balancers 

then crossed to RpS3 mutants with only thick, tiny bristle balancer. RpS3 containing 

progeny, no matter which balancer it contains, will have thick tiny bristles due to 

minute phenotype. But only the GFP containing flies will be picked. GFP,Sb/Sb is 

embryonic lethal and eliminated from the progeny. (iv) As a side cross, heterozygous 

tko
25t 

containing GFP, Sb is crossed to FM7 males with GFP, Sb as a stock. (v) Progeny 

from (iv) will be crossed to (iii). This yielded RpS3 mutant cross into tko25t 

heterozygote and FM7 males. This cross is also kept as a stock since it gives the 

parental background. (vii) tko
25t 

heterozygote and tko
25t 

males are then crossed as the 

experimental cross which continuously gives tko
25t 

homozygous and tko25t males. This 

experimental cross was not completed and remains as a future direction.           
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4.7 Figures 

 

Figure 4.1 Deletion of rpd3∆ and sds3∆ but not rco1∆, decreases the fitness of cells 

lacking mtDNA. 

 

 

 

Figure 4.2 Deletions of transcriptional repressors reduce the proliferation of cells 

lacking mtDNA except for stb3∆. 
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Figure 4.3 In order to revert the ΔΨ, plasmids containing either wildtype ATP3 or 

dominant ATP3-5 allele were transformed into different transcriptional 

suppressor mutations. 

 

 

 

Figure 4.4 Ribosomal biogenesis reduction partially rescues the petite-negativity. 
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Figure 4.5 Cells highly express Hsp12p and Hsp26p when they were grown in 

CHX containing media. 
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Figure 4.6 Hsp12p and Hsp26p shows no overexpression in minimal media 

conditions. 
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Figure 4.7 Cells highly express Hsp26p when they were grown in CCCP containing 

media. 
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Figure 4.8 mtDNA damaged cells overexpress Hsp26p in day 2. 
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Figure 4.9 Hsp12p and Hsp26p were strongly, Hsp104p and Ssa3p were partially 

expressed in ρ
-
 cells. 
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Figure 4.10 msn2∆ msn4∆ strongly reduces Hsp12p and partially alleviates Hsp26p 

expression in ρ
-
 cells and in ρ

+
 HS cells. 
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Figure 4.11 Deletion of beta subunit of F1 sector of ATP synthase increases 

Hsp26p expression in ρ
+
 cells. 
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Figure 4.12 The crossing scheme for RpLP1
beo

 into tko
25t 

background. 
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Figure 4.13 Crossing scheme for RpS3 mutants into tko
25t 

background.   
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Table 4.1 Treatment of ρ
+
 and ρ

-
 cells with various concentrations of canavanine and 

AZC did not significantly change the doubling time difference between ρ
+
 and ρ

-
 cells. 

CDD2 (ρ
+
) and CDD2 (ρ

-
) are started at 0.05 OD600 and grown for 600 and 1400 

minutes respectively. OD600 units are measured every 2 hours and doubling time is 

calculated as in [78]. Treated samples have higher doubling time and right column 

shows the fold of wildtype for doubling time of treated sample in order to compare ρ
+
 

and ρ
-
. 

  

Doubling Time Fold of wildtype 

Wildtype Conc. Canavanine AZC Canavanine AZC 

ρ
+
 

0 mM 87,42 87,42 1 1 

2,5 mM 104,91 148,08 1,2 1,69 

7,5 mM 147,39 330,26 1,69 3,78 

12,5 mM 260,67 365,71 2,98 4,18 

17,5 mM 321,11 464,73 3,67 5,32 

ρ
-
  

0 mM 141,44 141,44 1 1 

2,5 mM 174,95 169,37 1,24 1,2 

7,5 mM 231,73 491,04 1,64 3,47 

12,5 mM 344,88 1155,16 2,44 8,17 

17,5 mM 483 894,51 3,41 6,32 
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Table 4.2 Average eclosion day for wildtype (OR), tko
25t 

and RpLP1
beo

 female and male 

flies under media containing different drug concentrations. Average day of eclosion 

(Av. Day of Ec) is the mean day for all flies that have eclosed from 4 different vials. 

Standard deviation (St. Dev) is given, and it is high since eclosion of flies is distributed 

to couple days. Number of flies eclosed (n) is given and there are less or no eclosions 

for different diets.    

 

Normal media 50 µg/mL CHX 
250 µg/mL 

CHX 
100 µg/mL DOX 500 µg/mL DOX 

 

Av. 

Day 

of Ec 

St. 

Dev. N 

Av. 

Day 

of 

Ec 

St. 

Dev

. n 

Av. 

Day 

of Ec 

St. 

Dev

. n 

Av. 

Day 

of Ec 

St. 

Dev

. n 

Av. 

Day 

of Ec 

St. 

Dev

. n 

OR 

(X/Y) 
9,2 0,18 483 9,78 0,07 162 11 0 2 13,02 0.14 134 10,2 0,09 138 

OR 

(X/X) 
9 0,22 574 9,97 0,08 162 12,5 2,12 4 13,06 0,15 126 10,24 0,06 142 

tko
25t 

/ 

tko
25t

 
12,72 0,37 467 

11,7

5 
0,25 77 12,94 0,92 12 19 0,49 74 14,65 0,41 98 

tko
25t 

/FM7 
8,59 0,27 746 9,42 0,12 95 10,5 0,87 7 11,22 0,21 168 10,05 0,11 168 

tko
25t 

/Y 
13,32 0,42 315 

12,4

4 
0,11 64 12,9 0,14 7 19,42 1,23 19 15,51 0,45 57 

RpLP1

beo
 

(X/Y) 

10,47 0,35 242 0 0 0 0 0 0 14,27 0,46 83 13,98 1 88 

RpLP1

beo
 

(X/X) 

10,44 0,36 222 0 0 0 0 0 0 13,85 0,43 71 13,78 0,77 76 
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Table 4.3 Average eclosion day tko
25t 

female and male flies showed reduced average 

eclosion days under media containing 3 different CHX concentrations. Average day of 

eclosion (Av. Day of Ec) is the mean day for all flies that have eclosed from 4 different 

vials. Standard deviation (St. Dev) is given, and it is high since eclosion of flies is 

distributed to couple days. Number of flies eclosed (n) is given and there are less or no 

eclosions for different diets.    

 

 
Normal media 25 µg/mL CHX 75 µg/mL CHX 150 µg/mL CHX 

 

Av. 

Day 

of 

Enc 

St. 

Dev. 
n 

Av. 

Day 

of 

Enc 

St. 

Dev. 
n 

Av. 

Day 

of 

Enc 

St. 

Dev. 
n 

Av. 

Day 

of 

Enc 

St. 

Dev. 
N 

OR 

(X/Y) 
9,44 0,49 442 9,91 0,62 440 10,34 0,78 61 10,95 0,55 19 

OR 

(X/X) 
9,32 0,51 494 9,93 0,67 490 10,65 0,97 62 11,42 0,51 23 

tko
25t 

/ 

tko
25t

 

13,07 0,34 163 12,56 0,69 103 12,54 0,63 150 12,57 0,8 21 

tko
25t 

/FM7 
9,31 0,35 240 9,74 0,51 111 10,11 0,69 108 10,67 0,28 30 

tko
25t 

/Y 
13,66 0,32 108 13,13 0,44 73 13,1 0,61 116 13,22 0,26 13 
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Table 4.4 CHX does not suppress the bang sensitivity phenotype of tko
25t 

flies. The 

recovery time after bang sensitivity assay is performed for OR and tko
25t 

flies that have 

eclosed from the developmental time assay vials with CHX containing media. Recovery 

time is measured in terms of seconds. Standard Deviation (St. Dev.) and the number of 

flies underwent the assay (N) is given in the table. 

 

  

Recovery 

Time(s) 
St. Dev. N 

Normal Diet 

OR 

(X/Y) 
5,3 4,5 20 

OR 

(X/X) 
2,4 1,8 20 

tko
25t 

/ 

tko
25t

 
18 30,5 50 

tko
25t 

/FM7 
1,7 2 20 

tko
25t 

/Y 22,1 27,6 50 

25 µg/mL 

CHX 

tko
25t 

/ 

tko
25t

 
21,2 32,8 40 

tko
25t 

/Y 13,1 19 30 

75 µg/mL 

CHX 

tko
25t 

/ 

tko
25t

 
12,9 18,2 50 

tko
25t 

/Y 14,5 22,8 50 

150 µg/mL 

CHX 

tko
25t 

/ 

tko
25t

 
9,3 14,6 9 

tko
25t 

/Y 10,6 12,2 7 
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Table 4.5 qPCR results in terms of Average Fold Change (Av. FC) for female, male 

and larvae Oregon R, tko
25t

 and minutes. Average of the reads obtained from the Roche 

LightCycler 1.5 was taken for RPL32 and GAPDH. This average was then subtracted 

from the read from an investigated gene; this value is ∆Ct for that read. Average ∆Ct is 

calculated from the average of ∆Ct of Oregon R reads. This value is then subtracted 

from the ∆Ct of each gene to yield ∆∆Ct. 2 to the power of negative ∆∆Ct gives the fold 

change for that particular sample. In order to find average fold change, the average of 

four biological replicates was taken. The standard deviation is calculated according to 

the Microsoft Excel 2007 (Microsoft Corp., Redmond, WA).   

 

 

 

 

 

HSP22 THOR ILP3 ILP5 ILP8 InR 

Av. 

FC 

St. 

Dev. 

Av. 

FC 

St. 

Dev. 

Av. 

FC 

St. 

Dev. 

Av. 

FC 

St. 

Dev. 

Av. 

FC 

St. 

Dev. 

Av. 

FC 

St. 

Dev. 

Fem

ales 

OR 2,33 2,55 1,01 0,13 1,00 0,09 1,00 0,03 1,01 0,13 1,00 0,11 

tko
25t

 
11,8

8 
8,02 1,47 0,28 0,84 0,09 1,00 0,05 0,67 0,11 2,48 0,44 

RpS3
4
 3,52 2,71 1,02 0,11 1,36 0,09 1,50 0,03 1,13 0,82 2,11 0,36 

RpS3A

57g
 

4,75 1,32 0,95 0,08 1,06 0,07 1,19 0,02 1,00 0,44 1,85 0,14 

RpS3
2
 0,42 0,56 0,98 0,10 1,22 0,07 1,15 0,05 0,62 0,31 1,59 0,25 

RpLP1

beo
 

1,45 0,77 0,70 0,09 0,85 0,06 0,92 0,08 0,37 0,10 1,34 0,40 

Mal

es 

OR 2,35 2,88 1,01 0,17 1,00 0,02 1,00 0,03 1,25 0,78 1,01 0,18 

tko
25t

 7,14 2,76 2,08 1,29 0,69 0,17 0,69 0,11 0,56 0,10 1,56 0,74 

RpS3
4
 8,45 7,59 1,03 0,17 1,28 0,13 1,44 0,09 1,02 0,51 1,41 0,34 

RpS3A

57g
 

9,35 0,60 0,85 0,10 0,87 0,13 1,13 0,21 0,67 0,23 1,48 0,22 
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RpS3
2
 0,75 0,07 0,92 0,15 1,12 0,09 1,00 0,13 0,61 0,26 1,26 0,14 

RpL36
y

74k24.1
 

1,63 1,40 1,28 0,10 1,35 0,19 1,72 0,13 1,16 0,38 1,51 0,22 

RpLP1

beo
 

3,21 3,21 0,83 0,00 0,64 0,03 0,82 0,00 0,45 0,08 1,24 0,23 

Lar

vae 

OR 1,73 2,27 1,01 0,16 1,03 0,25 1,05 0,34 1,13 0,72 1,02 0,22 

tko
25t

 2,45 0,75 1,50 0,20 1,78 0,25 1,32 0,33 2,56 1,40 1,26 0,41 

RpS3
4
 1,34 0,24 0,60 0,06 1,14 0,10 1,01 0,11 1,62 0,48 0,64 0,21 

RpS3A

57g
 

1,89 0,51 0,82 0,08 1,37 0,20 1,44 0,16 
13,5

5 

12,8

6 
0,92 0,08 

RpS3
2
 0,76 0,27 0,37 0,05 1,12 0,23 1,10 0,26 5,12 8,19 0,68 0,37 

RpL36
y

74k24.1
 

0,81 0,50 0,61 0,07 1,64 0,20 1,31 0,06 
31,9

7 

35,4

8 
1,04 0,13 
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Table 4.6 Minute mutations ordered from Bloomington Stock Center. 

 

Minute 

Genes 

Bloomington 

Stock 

Number 

Annotation 

in this 

chapter 

Genotype 

 

RpS3 527  RpS3
1
 l(3)ac

1
 e

s
 RpS3

1
/LVM 

RpS3 544  RpS3
4 

 RpS3
4
/In(3R)C, Sb

1
 e

1
 l(3)e

1
 

RpS3 1696  RpS3
2
  RpS3

2
/TM2 

RpS3A 1229  RpS3A
57

g  w
1118

; RpS3A
57g

/In(4)ci
D
, ci

D
 pan

ciD
 

RpL36 3922  RpL36
y74k24.1 

 C(1)DX, y
1
 w

1
 f

1
/Df(1)y74k24.1, 

RpL36
y74k24.1

/Dp(1;Y)y
2
61l 

RpLP1 6399  RpLP1
beo 

 w
1118

; RpLP1
beo

/CyO 

 

Table 4.7 Primers used for drosophila experiments in Chapter 4. 

 

Name Sequence 

Hsp22 F CAATGCGTTCCTTACCGATG 

Hsp22 R GGTAGCGCCACACTCCAAAC 

InR F AAAACAGCGCTTTCGGTGTC 

InR R GTGCGACACCATGTTCCTGA 

Ilp3 F CCATACACACAGAGCTTGGAGAGA 

Ilp3 R CCAGGCCACCATGAAGTTGT 

Ilp5 F CCACTTGGCGGATTTGGA 

Ilp5 R AAATCGCGCCGAATGCT 

Ilp8 F CCACTTGGCGGATTTGGA 

Ilp8 R AAATCGCGCCGAATGCT 

Thor F ATCCAGATGCCCGAGGTGTA 

Thor R TCATGAAAGCCCGCTCGTAG 

http://flybase.org/reports/FBst0000527.html
http://flybase.org/reports/FBst0000544.html
http://flybase.org/reports/FBst0001696.html
http://flybase.org/reports/FBst0001229.html
http://flybase.org/reports/FBst0003922.html
http://flybase.org/reports/FBst0003922.html
http://flybase.org/reports/FBst0006399.html
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Table 4.8 List of yeast strains used in Chapter 4. 

 

Strain Genotype Source 
Parental 

Strains 
Method Used 

BY4742 
MATα hisΔ1 leu2Δ0 lys2Δ0 

ura3Δ0 

(Brachmann 

et al., 1998)   

BY4743 

MATα/MATa hisΔ1/hisΔ1 

leu2Δ0/leu2Δ0 lys2Δ0/lys2Δ0 

ura3Δ0/ura3Δ0 

(Brachmann 

et al., 1998)   

CDD215 
MATa leu2Δ0 his3Δ met15Δ0 

trp1Δ63 ura3Δ0 atp2Δ::LEU2 

(Garipler et 

al., 2014)   

CDD232 

MATα/MATa met15Δ0/MET15 

lys2Δ0/LYS2 his3Δ1/his3Δ1 

leu2Δ0/leu2Δ0 ura3Δ0/ura3Δ0 

msn2Δ::kanMX4/MSN2 

EUROSCA

RF Y27117   

CDD245 

MATα/MATa met15Δ0/met15Δ0 

his3Δ200/his3Δ200 

leu2Δ0/leu2Δ0 trp1Δ63/trp1Δ63 

ura3Δ0/ura3Δ0 

atp2Δ::LEU2/ATP2 

sit4Δ::HIS3/SIT4 

RJ1854 
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CDD248 

MATα/MATa met15Δ0/MET15 

lys2Δ0/LYS2 his3Δ1/his3Δ1 

leu2Δ0/leu2Δ0 ura3Δ0/ura3Δ0 

msn2Δ::kanMX4/MSN2 

msn4Δ::URA3/MSN4 

This study CDD232 

disrupted MSN4 with URA3 

using primers 144/145 and 

template pRS306, then 

sporulated the resulting 

diploid 

CDD281 
MATa met15Δ0 his3Δ1 leu2Δ0 

msn2Δ::kanMX4 msn4Δ::URA3 
This study CDD248 sporulation 

CDD366 

MATα/MATa leu2Δ0/leu2Δ0 

his3Δ/his3Δ met15Δ0/met15Δ0 

trp1Δ63/trp1Δ63 

ura3Δ0/ura3Δ0 

atp2Δ::LEU2/ATP2 

(Garipler et 

al., 2014)   

CDD463 
MATa leu2Δ0 his3Δ200 

met15Δ0 trp1Δ63 ura3Δ0 

(Garipler et 

al., 2014)   

CDD470 

MATa leu2Δ0 his3Δ200 

met15Δ0 trp1Δ63 ura3Δ0 

tco89Δ::LEU2 

This study RJ1854 sporulation 

CDD509 
MATα leu2Δ0 lys2Δ0 ura3Δ0 

his3Δ1 rpd3Δ::kanMX4 

EUROSCA

RF Y11114   

CDD510 
MATα leu2Δ0 lys2Δ0 ura3Δ0 

his3Δ1 sds3Δ::kanMX4 

EUROSCA

RF Y11475   
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CDD514 
MATα leu2Δ0 lys2Δ0 ura3Δ0 

his3Δ1 rco1Δ::kanMX4 

EUROSCA

RF Y16209   

CDD515 
MATα leu2Δ0 lys2Δ0 ura3Δ0 

his3Δ1 dot6Δ::kanMX4 

EUROSCA

RF Y16393   

CDD516 

MATα/MATa met15Δ0/MET15 

lys2Δ0/LYS2 his3Δ1/his3Δ1 

leu2Δ0/leu2Δ0 ura3Δ0/ura3Δ0 

tod6Δ::kanMX4/TOD6 

EUROSCA

RF Y23080   

CDD546 

MATa leu2Δ0 his3Δ met15Δ0 

trp1Δ63 ura3Δ0 

atp2Δ::LEU2/ATP2 

rim15Δ::URA3/RIM15 

This study CDD366 

disrupted RIM15 with URA3 

using primers 307/308 and 

template pRS306, then 

sporulated the resulting 

diploid 

CDD556 

MATα/MATa met15Δ0/MET15 

lys2Δ0/LYS2 his3Δ1/his3Δ1 

leu2Δ0/leu2Δ0 ura3Δ0/ura3Δ0 

dot6Δ::kanMX4/DOT6 

tod6Δ::kanMX4/TOD6 

This study 
CDD515, 

CDD516 

crossed CDD515 and 

CDD516 spore, followed by 

sporulation 

CDD567 
MATa his3Δ1 leu2Δ0 ura3Δ0 

dot6Δ::kanMX4 tod6Δ::kanMX4 
This study CDD556 sporulation 

CDD570 

MATα hisΔ1 leu2Δ0 lys2Δ0 

ura3Δ0 HSP12-

13MYC::KanMx6 

This study BY4742 

knock in HSP12-

13MYC::kanMX6 using 

plasmid pFA6a-13MYC-

kanMX6 (Longtine Yeast 

14:953) and primers 

405/406 
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CDD571 

MATα hisΔ1 leu2Δ0 lys2Δ0 

ura3Δ0 HSP26-

13MYC::KanMx6 

This study BY4742 

knock in HSP26-

13MYC::kanMX6 using 

plasmid pFA6a-13MYC-

kanMX6 (Longtine Yeast 

14:953) and primers 

408/409 

CDD575 
MATa met15Δ0 lys2Δ0 his3Δ1 

leu2Δ0 ura3Δ0 stb3Δ::URA3 
This study CDD556 

disrupted STB3 with URA3 

using primers 402/403 and 

template pRS306, then 

sporulated the resulting 

diploid 

CDD576 

MATa met15Δ0 his3Δ1 leu2Δ0 

ura3Δ0 dot6Δ::kanMX4 

tod6Δ::kanMX4 stb3Δ::URA3 

This study CDD556 

disrupted STB3 with URA3 

using primers 402/403 and 

template pRS306, then 

sporulated the resulting 

diploid 

CDD577 

MATα his3Δ1 leu2Δ0 ura3Δ0 

dot6Δ::kanMX4 tod6Δ::kanMX4 

stb3Δ::URA3 

This study CDD556 

disrupted STB3 with URA3 

using primers 402/403 and 

template pRS306, then 

sporulated the resulting 

diploid 

CDD578 

MATα/MATa leu2Δ0/leu2Δ0 

his3Δ/his3Δ met15Δ0/met15Δ0 

trp1Δ63/trp1Δ63 

ura3Δ0/ura3Δ0 

atp2Δ::LEU2/ATP2 

sit4Δ::HIS3/SIT4 

snf1Δ::TRP1/SNF1 

(Garipler et 

al., 2014)   

CDD579 MATα his3Δ1 leu2Δ0 ura3Δ0 This study CDD556 sporulation 
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CDD580 
MATa his3Δ1 leu2Δ0 ura3Δ0 

dot6Δ::kanMX4 
This study CDD556 sporulation 

CDD581 
MATα his3Δ1 leu2Δ0 ura3Δ0 

tod6Δ::kanMX4 
This study CDD556 sporulation 

CDD582 
MATα his3Δ1 leu2Δ0 ura3Δ0 

stb3Δ::URA3 
This study CDD556 

disrupted STB3 with URA3 

using primers 402/403 and 

template pRS306, then 

sporulated the resulting 

diploid 

CDD607 

MATa leu2Δ0 his3Δ met15Δ0 

trp1Δ63 ura3Δ0 SNF1-

13MYC::kanMX6 

This study CDD578 

knock in SNF1-

13MYC::kanMX6 using 

plasmid pFA6a-13MYC-

kanMX6 (Longtine Yeast 

14:953) and primers 

423/424, then sporulated the 

resulting diploid 

CDD710 

MAT(?) met15Δ0 his3Δ200 

leu2Δ0 trp1Δ63 ura3Δ0 

atp2Δ::LEU2 CLN3ΔPEST-

13MYC::kanMX6 

This study CDD245 

knock in MYC and disrupted 

PEST sequence in CLN3 

using primers 522/523 and 

plasmid pFA6a-13MYC-

kanMX6 (Longtine Yeast 

14:953), then sporulated the 

resulting diploid 

CDD756 

MAT(?) hisΔ1 leu2Δ0 lys2Δ0 

ura3Δ0 HSP104-

13MYC::kanMX6 

This study BY4743 

knock in HSP104-

13MYC::kanMX6 using 

plasmid pFA6a-13MYC-

kanMX6 (Longtine Yeast 

14:953) and primers 

604/605, then sporulated the 
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resulting diploid 

CDD757 
MAT(?) hisΔ1 leu2Δ0 lys2Δ0 

ura3Δ0 SSA3-13MYC::kanMX6 
This study BY4743 

knock in SSA3-

13MYC::kanMX6 using 

plasmid pFA6a-13MYC-

kanMX6 (Longtine Yeast 

14:953) and primers 

607/608, then sporulated the 

resulting diploid 

CDD769 

MAT(?) his3Δ1 leu2Δ0 lys2Δ0 

msn2Δ::kanMX4 msn4Δ::URA3 

HSP12-13MYC::KanMx6 

This study 
CDD281, 

CDD570 

crossed CDD281 and 

CDD570, followed by 

sporulation 

CDD770 

MAT(?) his3Δ1 leu2Δ0 lys2Δ0 

msn2Δ::kanMX4 msn4Δ::URA3 

HSP26-13MYC::KanMx6 

This study 
CDD281, 

CDD571 

crossed CDD281 and 

CDD571, followed by 

sporulation 

CDD783 

MATa leu2Δ0 lys2Δ0 his3Δ 

trp1Δ63 ura3Δ0 HSP12-

13MYC::KanMx6 

This study 
CDD546, 

CDD570 

crossed CDD546 and 

CDD570, disrupted GIS1 

with HIS3 using primers 

618/619 and template 

pRS303, followed by 

sporulation 

CDD784 
MATa leu2Δ0 lys2Δ0 his3Δ 

trp1Δ63 ura3Δ0 gis1Δ::HIS3 
This study 

CDD546, 

CDD570 

crossed CDD546 and 

CDD570, disrupted GIS1 

with HIS3 using primers 

618/619 and template 

pRS303, followed by 

sporulation 
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CDD785 

MATa leu2Δ0 lys2Δ0 his3Δ 

trp1Δ63 ura3Δ0 gis1Δ::HIS3 

HSP26-13MYC::KanMx6 

This study 
CDD546, 

CDD571 

crossed CDD546 and 

CDD570, disrupted GIS1 

with HIS3 using primers 

618/619 and template 

pRS303, followed by 

sporulation 

CDD786 
MATa leu2Δ0 lys2Δ0 his3Δ 

trp1Δ63 ura3Δ0 gis1Δ::HIS3 
This study 

CDD546, 

CDD571 

crossed CDD546 and 

CDD570, disrupted GIS1 

with HIS3 using primers 

618/619 and template 

pRS303, followed by 

sporulation 

CDD787 

MATa leu2Δ0 lys2Δ0 his3Δ 

trp1Δ63 ura3Δ0 atp2Δ::LEU2 

HSP12-13MYC::KanMx6 

This study 
CDD546, 

CDD570 

crossed CDD546 and 

CDD570, disrupted GIS1 

with HIS3 using primers 

618/619 and template 

pRS303, followed by 

sporulation 

CDD788 

MATa leu2Δ0 lys2Δ0 his3Δ 

trp1Δ63 ura3Δ0 atp2Δ::LEU2 

HSP26-13MYC::KanMx6 

This study 
CDD546, 

CDD571 

crossed CDD546 and 

CDD570, disrupted GIS1 

with HIS3 using primers 

618/619 and template 

pRS303, followed by 

sporulation 
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Table 4.9 List of oligonucleotides used in yeast studies in Chapter 4  

 

Number Sequence 

144 
TTCGGCTTTTTTTTCTTTTCTTCTTATTAAAAACAATATAagattgtactga

gagtgcac 

145 
TAGCTTGTCTTGCTTTTATTTGCTTTTGACCTTATTTTTTctgtgcggtattt

cacaccg 

307 
CTCATTTGATAGAATAGATAAGCCCAGTAGAGGAAGACAGagattgta

ctgagagtgcac 

308 
ATTCAGTTATTTTTTTTAATTATCTTTATCTTAAAATTTActgtgcggtattt

cacaccg 

313 
ATTTTTATTTTTCTTCGAAACAGGAAAAGCTTATCTGAGTagattgtactg

agagtgcac 

314 
ATAGCATACTAAATCAATTCAGTAAAGAAACAATTATATCctgtgcggt

atttcacaccg 

402 
ATTTTGAATAAAAAGACATTATTTCAGACTACCACTAATAAGATT

GTACTGAGAGTGCAC 

403 
TACTGTTTTTTTGTTATTTCATGGAACTGGTAAAGAATTCCTGTGC

GGTATTTCACACCG 

405 
TTCCGGTCGTGTCCACGGTGAAGAAGACCCAACCAAGAAGcggatccc

cgggttaattaa 

406 
TAAAGAAAAAACCATGTAACTACAAAGAGTTCCGAAAGATgaattcga

gctcgtttaaac 

408 
CAAGAAGATTGAGGTTTCTTCTCAAGAATCGTGGGGTAACcggatccc

cgggttaattaa 

409 
GGTCCTCGCGAGAGGGACAACACTATAGAGCCAGGTCACTgaattcga

gctcgtttaaac 

423 AAAACTAATTATGGAATTAGCCGTTAACAGTCAAAGCAATcggatccc
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cgggttaattaa 

424 
AAAAAAGGGAACTTCCATATCATTCTTTTACGTTCCACCAgaattcgag

ctcgtttaaac 

522 
TTCACAAGAATTGGAAACCATGTACAATACTATCTTTGCTcggatcccc

gggttaattaa 

523 
CATTTGAGTAAACACAAGTCAATGAATCGCTGTCAAAGGAgaattcga

gctcgtttaaac 

604 
CGATAATGAGGACAGTATGGAAATTGATGATGACCTAGATcggatccc

cgggttaattaa 

605 
ATTCTTGTTCGAAAGTTTTTAAAAATCACACTATATTAAAgaattcgagc

tcgtttaaac 

607 
AGGTGGAGAAGATACAGGTCCAACAGTGGAAGAGGTTGATcggatcc

ccgggttaattaa 

608 
AACATAAAAAGTAGCTAAATAGAACACTATAGAAGAATAAgaattcg

agctcgtttaaac 

618 
GAAGAATAGCTACAAAAACAGACTACAATGGAAATCAAGCagattgta

ctgagagtgcac 

619 
GAACCCATTTTGTATATCATTTTCTTGACCTATGATTCAGctgtgcggtat

ttcacaccg 
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Table 4.10 Antibodies used in Chapter 4 

 

Antibody Company/Origin Details 

Primary c-MYC (9E10) mouse 

monoclonal IgG 

Santa Cruz Biotechnology Lot #J2413 

Primary αFLAG mouse monoclonal 

IgG 

EMBO G882x 25% 

glycerol 

Primary αF1β rabbit monoclonal IgG Thanks to Rob Jensen lab at Johns 

Hopkins University 

JH2617cx 

Secondary Anti-rabbit IgG, HRP 

linked antibody 

Cell Signaling #7074S 

Secondary Anti-mouse IgG, HRP 

linked antibody 

Cell Signaling Technologies CST-7076 
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