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Thesis Abstract  

The contribution of yeast strain background, specifically auxotrophic markers, to 

stability and fidelity of mtDNA replication was investigated. In summary, the ade2, 

his3D200, and hap1 mutations have complex effects on mitochondrial functions, the 

severity of which appears to depend on other components in the genetic background of 

the strain. These results are important as many commonly used laboratory strains are 

related to the respiratory hampered S288c strain and are used for studies of orthologous 

human mutations associated with various mitochondrial diseases. These observations 

have added to our understanding of fungal mtDNA replication and have informed the 

mitochondrial community of problematic strains that need to be considered when using 

this model organism.  

The function of the yeast mitochondrial DNA polymerase (Mip1p) carboxyl-

terminal extension (CTE) was investigated both in vivo and in vitro by genetically 

engineering various truncations of the CTE. The respiratory competence of mip1D175 

and mip1D205 cells, in which Mip1p lacks the C-terminal 175 and 205 residues 

respectively, are indistinguishable from that of wild-type. In contrast, strains harbouring 

Mip1pD351, Mip1pD279, Mip1pD241, and Mip1pD222 rapidly lose mtDNA. At a low 

frequency, mip1D216 cells grow poorly on glycerol. Fluorescence microscopy and 

Southern blot analysis revealed lower levels of mtDNA in these cells, and rapid loss of 

mtDNA during fermentative growth. Therefore, only the polymerase-proximal segment 

of the Mip1p CTE is necessary for mitochondrial function. 

To determine more precisely the defects associated with polymerase truncation 

variants, these proteins were overexpressed in yeast and used in a novel non-radioactive 
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mtDNA polymerase assay. The threonine-661 and alanine-661 variants, shown by others 

to be responsible for the increased mtDNA mutability of various laboratory yeast strains 

at increased temperature, were examined in combination with CTE-truncations. These 

experiments suggest that exonuclease function is not effected in the alanine-661 variant at 

37
o
C whereas polymerase activity is, and this higher relative level of exonuclease activity 

could be a contributing factor to mtDNA instability in S288c-related strains. Lastly, 

isogenic CTE truncation variants all have less DNA polymerase activity than their 

parental wild-type. Based on these results, several possible roles for the function of the 

CTE in mtDNA replication are suggested. 
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CHAPTER 1 Literature review  

This review will discuss Saccharomyces cerevisiae as a model for studies of 

human disease, DNA polymerases with an emphasis on the catalytic subunit of 

mitochondrial DNA polymerases, and finally mitochondrial DNA replication and 

organization. These topics form a comprehensive background for the studies done in this 

thesis. These studies include effects of yeast auxotrophic markers and the carboxyl-

terminal extension of the mitochondrial DNA polymerase on mtDNA maintenance. 

1.1 Yeast as a model organism to study human mitochondrial disease 

Much of our understanding of mitochondrial biology comes from studies using 

yeast. Saccharomyces cerevisiae is a commonly used model eukaryote for studying 

various aspects of mitochondrial processes such as mitochondrial fusion, division, protein 

import, and mitochondrial DNA (mtDNA) replication (Hoppins et al., 2007, Neupert and 

Herrmann, 2007, Lecrenier and Foury, 2000, Schmitt and Clayton, 1993). These 

mitochondrial processes have been studied in detail due to the ease of yeast genetic 

manipulation. In particular, S. cerevisiae is easily transformed (Gietz and Woods, 2002) 

and collections having genome-wide coverage are available, which include ORF plasmid 

libraries, ORF deletion strains and gene fusion libraries using GFP and other tags 

(Gelperin et al., 2005, Winzeler et al., 1999, Huh et al., 2003, Ghaemmaghami et al., 

2003). Additionally, in yeast, respiratory growth may be bypassed when a fermentable 

carbon source is provided. This makes yeast a powerful organism to study the processes 

of mtDNA transactions, whereby a mutation in a gene for mtDNA replication or 

maintenance in an obligate aerobe would be lethal. Wild-type yeast contain mtDNA 
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(rho
+
) and grow on nonfermentable carbon sources. Mutations may arise in cells which 

can result in large mtDNA deletions or point mutations (rho
ï
), or complete loss of 

mtDNA (rho
o
). These rho

ï
 and rho

o
 cells are termed cytoplasmic petites as defined by 

Boris Ephrussi, while wild-type, rho
+
, are defined as grande (Ephrussi et al., 1966). 

 Is Saccharomyces a good model for human studies? Humans are obligately 

aerobic and contain one hundred to ten thousand circular copies of a 16.6-kb mtDNA 

genome per cell (Stuart et al., 2006). In contrast, yeast are facultative anaerobes and 

contain twenty to one hundred predominantly linear copies of a 85.8-kb mtDNA genome 

(Foury et al., 1998). However, although the sizes of mtDNAs are different between yeast 

and man the coding capacity is similar as both genomes encode components of the 

electron transport chain and the mitochondrial translation machinery. Yeast are believed 

to have a different mechanism or mechanism(s) of mtDNA replication (see below), and 

contain a single mtDNA polymerase subunit (Mip1p), while the human polymerase 

possesses a catalytic core (pol g) and a processivity factor (p55). Nonetheless, orthologs, 

or homologs that have resulted from speciation, of human disease-associated genes are 

found in yeast. Thirty to forty percent of the known human disease-associated genes 

share significant sequence identity with yeast genes (Foury, 1997). In fact more recently, 

yeast has been used to screen for candidate mitochondrial genes associated with human 

diseases (Steinmetz et al., 2002). In this screen, a library of yeast deletion mutants was 

screened for respiratory deficiency and eight human orthologs were identified that were 

known to be associated with diseases for which a mitochondrial pathophysiology was 

plausible, but had not been proven. Additionally, this screen also identified twenty-one 

orthologs known to be implicated in mitochondrial disease. These genes, and six other 
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orthologs associated with human mitochondrial disease, are listed in Table 1.1. Finally, 

the power of using yeast to identify genetic and pharmacological suppressors of 

orthologous mitochondrial disease-associated mutations has also been suggested (see 

below, Schwimmer et al., 2006). These genetic similarities shared between yeast and 

human mitochondria make yeast a powerful model to study mitochondrial disease. 

1.1.1 Examples of yeast orthologs of human mitochondrial disease 

Various human diseases are associated with genes encoding components of the 

machinery that carry out the mitochondrial processes described above (Hoppins et al., 

2007, Neupert and Herrmann, 2007, Copeland, 2008). A specific example of a gene 

encoding a component of the mitochondrial fusion and division machinery is human 

MFN2 (mitofusin 2), which is orthologous to yeast FZO1 (Hoppins et al., 2007). FZO1 

encodes a mitochondrial outermembrane GTPase or dynamin-related protein (DRP), 

which contributes to mitochondrial fusion and fission dynamics (Hoppins et al., 2007, 

Sesaki et al., 2003). Mutations in this gene are associated with defects in long peripheral 

neurons in the neurodegenerative Charcot-Marie-Tooth (CMT) disease. CMT diseases 

are a genetically and clinically assorted group of hereditary sensory and motor 

neuropathies.  Kijima et al. reported patients with either CMT-2A2, or unclassified CMT, 

had mutations located within or immediately upstream of the MFN2 GTPase domain, 

critical for mitofusin 2 function, and within two coiled-coil domains, critical for 

mitochondrial targeting (Kijima et al., 2005). These authors stated that formation of the 

mitochondrial network would be required to maintain functional peripheral nerve axons. 

MFN1 is another human ortholog of FZO1 that exists in the human genome. 
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Table 1.1 Yeast orthologs to known human mitochondrial disease genes
a
 

    Yeast 

gene 

Human 

gene 

Pathophysiologic-

al defect 

Disease 

SDH1 SDHA RCC II subunit Leigh syndrome; Deficiency of succinate 

dehydrogenase 

SDH2 SDHB RCC II subunit Familial extraadrenal Pheochromocytoma 

BCS1 BCS1L RCC III assembly Tubulopathy, encephalopathy, and liver failure due 

to CIII deficiency 

SHY1 SURF1 RCC IV assembly Leigh syndrome 

SCO1 SCO1 RCC IV assembly Hepatic failure, early-onset, and neurologic 

disorder due to cytochrome c oxidase deficiency 

SCO1 SCO2 RCC IV assembly Fatal infantile cardioencephalomyopathy due to 

Cox deficiency 

COX10 COX10 RCC IV assembly Deficiency of complex IV; Leigh syndrome 

LAT1 PDX1 pyruvate DH Pyruvate dehydrogenase E3-binding protein 

deficiency 

PDA1 PDHA1 pyruvate DH Pyruvate dehydrogenase deficiency; Leigh 

syndrome 

PDA1 BCKDH

A 

AA catabolism 

(DH) 

Maple syrup urine disease (MSUD) 

PDB1 BCKDH

B 

AA catabolism 

(DH) 

Maple syrup urine disease (MSUD) 

KGD2 DBT AA catabolism 

(DH) 

Maple syrup urine disease (MSUD) 

LPD1 DLD pyruvate/AA/a-

KGDH 

Dihydrolipoamide dehydrogenase deficiency; 

Leigh syndrome 

MIS1 MTHFD1 AA metabolism Deficiency of MTHFD1; associated with an 

increase in the genetically determined risk that a 

woman will bear a child with a neural tube defect 

GCV3 GCSH AA metabolism Non-ketotic hyperglycinemia, type III (NKH3) 

YHM1 SLC25A1

5 

small-molecule 

transport 

Deficiency of ornithine translocase; 

hyperornithinemia-hyperammonemia-

homocitrullinuria (HHH syndrome) 

 

PET8 SLC25A1

5 

small-molecule 

transport 

Deficiency of ornithine translocase; 

hyperornithinemia-hyperammonemia-

homocitrullinuria (HHH syndrome) 
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Yeast 

gene 

Human 

gene 

Pathophysiologic

al defect 

disease 

FUM1 FH TCA-cycle 

enzyme 

Deficiency of fumarate hydratase; leiomyomatosis 

and renal cell cancer 

 

MIP1 POLG maintenance of 

mtDNA 

Progressive external ophthalmoplegia with 

mitochondrial DNA deletions (PEO); Involved in 

male infertility (MI); Alpers syndrome; ataxia-

neuropathy 

HEM14 PPOX heme biosynthesis Porphyria variegata (VP) 

YTA12 SPG7 ATP-dependent 

protease 

Hereditary spastic paraplegia (HSP) 

CCC2 ATP7B copper-transport 

ATPase 

Wilson disease (WD) 

TAZ1 G4.5 Inner 

mitochondrial 

membrane lipid 

remodeling 

Barth syndrome
b
 

MGM1 OPA1 dynamin related 

GTPase, 

mitochondrial 

division and fusion 

dominant optic atrophy disease
c
 

FZO1 MFN2 dynamin related 

GTPase, 

mitochondrial 

division and fusion 

neurodegenerative Charcot-Marie-Tooth disease-

2A2 (CMT-2A2)
d
 

TIM8 DDP1 Mitochondrial 

protein import 

Mohr-Tranebjaerg syndrome
e
 

tL(UAA

)Q 

tRNA-

Leu 

(UUR) 

mitochondrial 

translation 

mitochondrial encephalomyopathy, lactic acidosis, 

and strokelike episodes (MELAS syndrome)
f
 

YFH1 FRDA mitochondrial iron 

accumulation 

Friedreich ataxia
g
 

a
The table is adapted from (Steinmetz et al., 2002) with the exceptions of b, c, d, e, f and g, 

which were taken from (Ma et al., 2004), (Sesaki et al., 2003), (Hoppins et al., 2007), (Paschen 

et al., 2000), (Feuermann et al., 2003), and (Chen and Kaplan, 2000) respectively. RCC, 

respiratory-chain complex; DH, dehydrogenase; AA, amino acid; KG, ketoglutarate. 
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In vivo single knock-out mutants of either MFN1 or MFN2 in mouse embryonic 

fibroblasts can maintain mitochondrial fusion while double mutants cannot (Hoppins et 

al., 2007). 

Another example of a DRP is the mitochondrial inner  membrane MGM1 of yeast, 

orthologous to human OPA1 (Hoppins et al., 2007). Mutations in OPA1 are associated 

with defects in retinal ganglion neurons in dominant optic atrophy disease. Optic atrophy 

is characterized by an early childhood onset of visual impairment with a range of 

moderate to severe loss of visual acuity, temporal optic disc pallor, colour vision deficits, 

and centrocecal scotoma (a localized defect in the visual field bordered by an area of 

normal vision) of variable density (Votruba et al., 1998). OPA1 mutations are believed to 

affect the integrity of mitochondria resulting in the impairment of ATP generation and 

over time this impairment could affect the survival of retinal ganglion cells (Alexander et 

al., 2000). 

The yeast ortholog of human DDP1, encoding deafness dystonia polypeptide 1, is 

TIM8, a mitochondrial intermembrane space protein, which mediates import and insertion 

of mitochondrial inner membrane proteins (Neupert and Herrmann, 2007). In humans, 

loss-of-function mutations of DDP1 are associated with Mohr-Tranebjaerg (MT) 

syndrome, a progressive neurodegenerative disorder associated with deafness, visual 

disability leading to cortical blindness, dystonia, fractures and mental deficiency 

(Tranebjaerg et al., 1995, Neupert and Herrmann, 2007). Therefore, MT syndrome is 

likely caused by a defect in mitochondrial protein import. 

The human mtDNA polymerase (pol g, encoded by POLG) is orthologous to yeast 

mtDNA polymerase, Mip1p (encoded by MIP1). This enzyme bears the sole 
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responsibility of replicating mtDNA; therefore, it is probably not surprising that 

mutations in this gene are associated with human mitochondrial disease. Nearly ninety 

pathogenic mutations have been found in POLG and are associated with diseases such as 

progressive external ophthalmoplegia (PEO), Alpers syndrome, ataxia-neuropathy, and 

male infertility (Copeland, 2008, and the Human Polymerase Gamma Mutation Database, 

http://dir-apps.niehs.nih.gov/polg).  

PEO is a disease that typically has a later onset in patients between 18 and 40 

years of age. Patients exhibit mtDNA depletion and/or accumulation of mtDNA 

mutations and deletions (Copeland, 2008). Symptoms include ptosis (drooping of upper 

eyelids) and progressive weakening of external eye muscles, resulting in 

ophthalmoparesis (paralysis of the extraocular muscles, which are responsible for eye 

movement). Genetically, PEO may be sporadic, autosomal dominant (ad) or autosomal 

recessive (ar). With one exception, the mutations associated with adPEO are all located in 

the region of POLG encoding the polymerase domain. Parkinsonism has also been 

documented to co-occur with adPEO. Most mutations are arPEO forms, and often 

patients with PEO have two different mutant alleles of POLG (compound heterozygote).  

Alpers syndrome is associated with more than 25 mutations in the POLG gene 

(Copeland, 2008). This autosomal recessive disease is rare, but nonetheless devastating, 

having an early onset, whereby patients typically die within the first decade of life. 

Symptoms of the disease include mtDNA depletion, deafness, progressive cerebral 

degeneration, spastic quadriparesis (weakness of all four limbs), blindness, and liver 

failure. 

http://dir-apps.niehs.nih.gov/polg
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Ataxia-neuropathy syndrome is an autosomal recessive disease associated with 

nonsense and missense mutations in POLG. Symptoms include mtDNA depletion, 

damage to nerves of the peripheral nervous system, speech disorder, cognitive 

impairment, involuntary movements, psychiatric symptoms, involuntary twitching of 

muscles, and seizures (Copeland, 2008). 

Alterations of a polymorphic CAG repeat of 10 codons at the 3ô-end of the POLG 

gene has been reported to be associated with loss of sperm quality and contribute to 5-

10% of the male infertility cases in European populations (reviewed in Copeland, 2008). 

However, other independent studies have not been able to reproduce this association 

(Copeland, 2008). 

1.1.2 Human ortholog complements a yeast mutant with  mitochondrial dysfunction 

S. cerevisiae has been employed as a model to quickly study and characterize a 

number of mitochondrial disease genes in vivo. For example Ma and coworkers showed 

by complementation analysis that the human TAZ gene complements the mitochondrial 

dysfunction of a yeast mutant harbouring a deletion of TAZ1 (Ma et al., 2004 and Table 

1.1). Mutations in the human TAZ gene are associated with Barth syndrome. Symptoms 

of this disease include abnormal mitochondria, cardiomyopathy (weakening of the heart 

muscle), skeletal myopathy, and low amounts of neutrophil granulocytes (type of white 

blood cell) (Barth et al., 1983).  

1.1.3 Genetic and chemical suppressors of orthologus disease genes identified in 

yeast 

In a study by Feuermann et al., the equivalent human mtDNA tRNA-Leu 

mutations, associated with the neurodegenerative disease MELAS were constructed in 

the orthologus yeast mtDNA gene (Feuermann et al., 2003). The resulting mutants 
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showed respiratory defects, accumulated mtDNA deletions at a high frequency, and 

displayed abnormal mitochondrial morphology. Interestingly, these mitochondrial 

dysfunctions could be genetically suppressed by overexpression of EF-Tu (encoded by 

TUF1), a mitochondrial elongation factor. MELAS is characterized by mitochondrial 

myopathy (muscle disease), encephalopathy (disease of the brain), lactic acidosis (build 

up of lactic acid in the body), and stroke-like episodes (Feuermann et al., 2003).  

In a similar screen, CCC1, encoding a putative vacuolar Ca
2+

/Mn
2+

 transporter, 

was found to suppress mitochondrial dysfunction in a yeast model of Friedreichôs Ataxia 

(a YFH1 , yeast Frataxin homolog, deletion mutant) by limiting the accumulation of iron 

in the mitochondria (Chen and Kaplan, 2000). YFH1 encodes Frataxin, which regulates 

iron accumulation in the mitochondria. Friedreichôs ataxia results from a triplet expansion 

in the first intron of the human Frataxin gene, FRDA, and this disorder is lethal affecting 

the nervous system and heart. The resulting mutant FRDA mRNAs are decreased and 

patients exhibit increased iron deposits in heart biopsies and in mitochondria of 

fibroblasts (Chen and Kaplan, 2000).  In the absence of Yfh1p in yeast, iron accumulates 

in the mitochondria and mtDNA mutations accumulate. 

Baruffini et al. studied two orthologus POLG mutations associated with adPEO 

and arPEO, Y955C (Y757C in yeast) and G268A (G224A in yeast) respectively 

(Baruffini et al., 2006). The mip1
Y757C

 haploid strain completely lost mtDNA (rho
o
), 

while 79% of the mip1
G224A

 haploid cells maintained respiratory competence. Similar to 

the phenotypes in humans, the diploid strain MIP1/mip1
Y757C 

showed a dominant negative 

phenotype in comparison to MIP1/MIP1 (68% and 99% of cells maintained respiratory 

competence, respectively), while the MIP1/mip1
G224A

 diploid displayed a recessive 
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phenotype (> 95% respiratory competence). Genetic suppression of the MIP1/mip1
Y757C

 

diploid and  mip1
G224A

 haploid petite phenotypes, was demonstrated by increasing the 

pool of dNTPs via ribonucleotide reductase (RNR1) overexpression and by deletion of its 

inhibitor (SML1) from the yeast genome. Chemical suppression of these phenotypes was 

also demonstrated using the anti-oxidant agent dihydrolipoic acid (Baruffini et al., 2006). 

These authors therefore proposed that patients suffering from PEO may benefit from the 

development of antioxidant therapy. 

1.1.4 Yeast as model to study the pathophysiology of orthologous human mutations 

 The last examples of chemical and genetic suppression of orthologus POLG and 

tRNA-Leu mutations, validates yeast as a model to characterize the cellular consequences 

of human mutations of mitochondrial disease. Interestingly, mutations in other 

components of the human mtDNA replication machinery and a gene encoding an 

ATP/ADP transporter are also associated with PEO. These include the genes encoding 

the pol g accessory subunit (POLG2), the mitochondrial DNA helicase (TWINKLE) and 

the adenine nucleotide transporter (ANT1) (Copeland, 2008). In a study by Fontanesi et 

al., S. cerevisiae was employed to characterize mutations in ANT1 associated with adPEO 

(Fontanesi et al., 2004). In haploid yeast the equivalent human mutations in the yeast 

ortholog AAC2, caused growth defects on non-fermentable carbon sources, reductions in 

cellular respiration, mitochondrial cytochromes, and cytochrome c oxidase activity, and 

led to defects in ADP versus ATP transport compared to wild-type AAC2. This study also 

examined the heterozygous conditions of the wild-type AAC2 with adPEO mutant 

variants of AAC2. The control AAC2 strains harboured either AAC2 or ñhumanized wild-

type variantsò on a centromeric plasmid, and were referred to as homoallelic 
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(homozygous), while the heteroallelic (heterozygous) AAC2 strains harboured the 

equivalent ANT1 adPEO mutations on the plasmid borne AAC2. Dominant traits of 

reduced cytrochome content and increased mtDNA instability were observed in the 

heteroallelic strains. Other studies of PEO- and Alpers-POLG-associated mutations were 

analyzed in yeast models by Stuart et al. and Baruffini et al. (Stuart et al., 2006, Baruffini 

et al., 2007a).  

In summary, analyses in yeast are now common place to quickly assess the 

molecular consequences of mitochondrial disease-associated mutations in vivo. These 

observations are potentially relevant to understanding the pathologies observed in human 

patients afflicted with these disorders (Stuart et al., 2006). However, the model organism 

itself must be well-characterized for these analyses and comparisons among them to be 

valid. 

1.1.5 Choosing the best yeast strain as a model of human mitochondrial disease 

Recent work from several labs has revealed critical differences in common 

laboratory strains. For example, Baruffini et al. reported that a single nucleotide 

polymorphism in the yeast MIP1 changes an evolutionarily conserved threonine at 

position 661 (T661) to an alanine (A661) in S. cerevisiae strains related to S288c (W303-

1B, BY4741, BY4742, and BY4743) (Baruffini et al., 2007b). They showed that an 

alanine residue at position 661 is responsible for an increase in point mutations and 

deletions within the mitochondrial genome. The S288c strain has also been documented 

as being inappropriate for mitochondrial studies due to the mutated HAP1 locus 

(Sherman, 2002). HAP1 encodes a transcription factor that senses cellular heme status 

and increases expression of aerobic genes in response to oxygen (Ter Linde and 
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Steensma, 2002). Also, the contribution of auxotrophic marker genes to the interpretation 

of respiratory phenotypes is exemplified by studies utilizing strains bearing the his3-D200 

allele. This allele harbours a 1036-base pair deletion that removes the entire HIS3 gene 

and a bidirectional promoter required for transcription of MRM1 (Chapter 2), which 

encodes a mitochondrial site-specific ribose methyltransferase (Struhl, 1985, Sirum-

Connolly and Mason, 1993, Rieger et al., 1997). As a result, his3-D200 strains display 

respiratory deficiencies (Zhang et al., 2003, Sirum-Connolly and Mason, 1993, Rieger et 

al., 1997). The vast majority of the examples mentioned above of complementing, 

genetically and chemically suppressing, and studying the pathophysiology of human 

orthologs in yeast employed S288c-, W303-1B- or W303-related strains (Chen and 

Kaplan, 2000 and Table 2.1). Due to these observations, in Chapter 2 we evaluate 

combinations of different auxotrophic markers in two separate genetic background 

strains. In addition, the two Mip1p variants harbouring either the A661 or T661 residue 

are also examined in Chapter 4. 

1.2 Seven families of DNA polymerases 

 The remainder of the work carried out in this thesis focused on a novel region of 

the yeast Mip1p enzyme, the carboxyl-terminal extension. Therefore, a brief introduction 

to DNA polymerases will be presented, followed by details of mtDNA polymerases, 

mtDNA replication, and mtDNA organization into nucleoids. 

 All organisms require enzymes to replicate the genetic information stored in their 

genome and to pass this information on to their offspring. DNA polymerases are found in 

all domains of life (Eukarya, Eubacteria, and Archaea) as well as are encoded by viruses, 

phages, and plasmids. Currently, sixteen DNA polymerases have been identified in 
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humans, while five and nine have been recognized in E. coli and S. cerevisiae 

respectively (Bebenek and Kunkel, 2004). The evolution of the DNA replication 

apparatus is complex and probably involved numerous gene duplications, gene losses, 

and lateral gene transfers between viruses, plasmids and their hosts (Filee et al., 2002). 

Due to this complex evolutionary history, and the wide-spread distribution of DNA 

polymerases, a unified classification of DNA polymerases was established in 1991 (Ito 

and Braithwaite, 1991). This classification system organized over forty DNA 

polymerases known at that time, into four families, Family A, B, C and X. Since this 

analysis, the classification has expanded to a total of seven families with the newly added 

families D, Y, and reverse transcriptase (Filee et al., 2002, Kempeneers et al., 2005). 

1.2.1 Family A DNA polymerases 

 Family A DNA polymerases are DNA-dependent DNA polymerases, which share 

amino acid sequence homology with the first discovered DNA polymerase, E. coli DNA 

polymerase I encoded by the polA gene (Lehman et al., 1958). These enzymes include 

subfamilies of bacterial, baceriophage, eukaryotic and mitochondrial DNA polymerases 

(gamma (g) subfamily, although this group was initially classified as RNA-dependent 

DNA polymerases (Graziewicz et al., 2006)). Also grouped into this family were a few 5ô 

to 3ô exonucleases (ex. T5 and T7 exonucleases) that share sequence homology with E. 

coli DNA polymerase I (Braithwaite and Ito, 1993). Representatives of this family such 

as the Klenow fragment of E. coli DNA polymerase I, Taq DNA polymerase, Bacillus 

stearothermophilus DNA polymerase I, and T7 DNA polymerase have been crystallized 

with various DNA substrates and have contributed to our overall understanding of the 

DNA synthesis reaction (Beese et al., 1993, Eom et al., 1996, Kiefer et al., 1998, Doublie 
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et al., 1998). Two newly identified human family A polymerases, Pol ɗ (theta) and Pol n 

(nu), are predicted to be involved in interstrand cross-link repair based on homology to 

Drosophila mus308 (Bebenek and Kunkel, 2004). Family A polymerases are resistant to 

the drug aphidicolin but are very sensitive to dideoxynucleotide inhibitors. 

1.2.2 Family B DNA polymerases 

 Family B DNA polymerases are DNA-dependent DNA polymerases, which share 

amino acid sequence homology with E. coli DNA polymerase II encoded by the polB 

gene. The family B enzymes comprise gamma proteobacterial, bacteriophage, 

archaebacterial, eukaryotic cell, eukaryotic viral, and eukaryotic linear DNA plasmid-

encoded DNA polymerases (Braithwaite and Ito, 1993). Two categories of polymerases 

can be distinguished in this family due to their DNA priming properties. Category one 

includes RNA/DNA-priming polymerases of Archaea, Eukaryota, Enterobacteria and 

various eukaryotic and prokaryotic viruses. Examples include the three eukaryotic 

polymerases a (alpha), d (delta), and e (epsilon), which are involved in the bulk of the 

nuclear DNA replication. In addition, the eukaryotic polymerase z (zeta), which performs 

translesional DNA replication/bypasses DNA lesions, is also part of this category 

(McCulloch and Kunkel, 2008). Category two includes protein-priming type polymerases 

encoded by linear plasmids of mitochondria (fungi and two plants), bacteriophages, and 

of the eukaryotic Adenovirus (Filee et al., 2002). Most, if not all, Family B DNA 

polymerases are sensitive to aphidicolin and relatively resistant to dideoxynucleotide 

inhibitiors. 
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1.2.3 Family C DNA polymerases 

 Family C DNA polymerases are bacterial DNA-dependent DNA polymerases 

representative of the primary bacterial-chromosome replicative DNA polymerases and E. 

coli dnaQ (MutD, E. coli DNA polymerase III e subunit). Members of this family share 

amino acid sequence homology with the E. coli DNA polymerase III a-subunit encoded 

by the polC gene. Enzymes of this family also include cryptic phages as well as plasmid-

encoded DNA polymerases (Braithwaite and Ito, 1993, Filee et al., 2002). No eukaryotic 

or archaeal representatives have been discovered yet for this family. 

1.2.4 Family D DNA polymerases 

 Family D DNA polymerases (PolD) are archaeal DNA-dependent DNA 

polymerases, which share amino acid sequence homology with Pyrococcus furiosus 

DNA polymerase II of the Euyarchaeota subdomain of the Archaea (Shen et al., 2004). 

PolDs are composed of two subunits: a large DP2 catalytic subunit and a small DP1 

subunit, which has low but significant homology to the eukaryotic DNA polymerase d. 

1.2.5 Family X DNA polymerases 

 Family X DNA polymerases are DNA-dependent DNA polymerases, which share 

amino acid sequence homology with eukaryotic DNA polymerase b (beta) (Ito and 

Braithwaite, 1991). Mammalian enzymes of this family are relatively small and 

inaccurate enzymes involved in DNA repair processes such as such as base excision 

repair (BER) and repair of double-strand breaks (Moon et al., 2007). Within eukaryotes 

two types of family X paralogs seem to be present in a wide variety of metazoans 1) 

DNA polymerase b and 2) terminal deoxynucleotidyl transferase (TdT) (Filee et al., 

2002). TdT is a template-independent polymerase that catalyzes the addition of random 
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dNTPs to the 3ô-hydroxyl terminus of DNA. This process occurs at the junctions of 

immunoglobulin genes during V(D)J recombination (N-regions), which results in 

increased immunological diversity. The family X polymerases have members in the 

Archaea, Eukaryota, and Eubacteria. More recently discovered eukaryotic members 

include Pol l (lambda), Pol m (mu), and Pol s (sigma). Both Pol b and l have DNA 

polymerase activity and 5ô-deoxyribose 5ô-phosphate (dRP) lyase activity required for 

BER. Pols l, m and TdT all have a BRCT domain (similar to BRCA-1 C-terminal 

protein-protein interaction domain) associated with nonhomologous end-joining of 

double-stranded DNA breaks induced by DNA damage and/or during V(D)J 

recombination (Moon et al., 2007). 

1.2.6 Family Y DNA polymerases  

Family Y DNA polymerases are DNA-dependent DNA polymerases, which share 

amino acid sequence homology with E. coli DNA polymerase IV (DinB) and DNA 

polymerase V (UmuDô2C). These family Y enzymes are found in the three domains, 

Archaea, Eukaryota, and Eubacteria as well as in some bacteriophages and plasmids 

(Filee et al., 2002). The Y family polymerases are characterized by their ability to bypass 

the stalling of a replication fork during DNA replication. This ability to synthesize DNA 

past a DNA lesion is referred to as translesion synthesis (TLS, Jarosz et al., 2007). 

Eukaryotic polymerases include h (eta), k (kappa) and i (iota). Rev1, a template-

dependent deoxycytidyl transferase is also part of the Y family (Bebenek and Kunkel, 

2004). 
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1.2.7 Family reverse transcriptase (RT) DNA polymerases 

 Family RT DNA polymerases are RNA-dependent DNA polymerases, which 

share amino acid sequence homology with retroviral reverse transcriptases or eukaryotic 

telomerases (Kempeneers et al., 2005, Nakamura et al., 1997). Because these enzymes 

are RNA-dependent, they are typically analyzed separately from the DNA-dependent 

enzymes. 

 In summary, the known DNA polymerases have been organized into seven 

families: A, B, C, D, X, Y, and RT. Nine DNA-dependent polymerase have been 

identified in Saccharomyces and are representative of family A (Mip1p (g)), family B 

(Pol1p (a), Pol2p (e), Pol3p (d) and Rev3p(z)), family X (Pol4p (l) and Trf4p (s)),  and 

family Y (Rad30p (h) and Rev1p). In addition, a family RT representative is also present 

in yeast, Est2p (reverse transcriptase subunit of the telomerase holoenzyme (Lingner et 

al., 1997)). 

1.3 Mitochondrial DNA polymerases (g-subfamily) 

1.3.1 History of mitochondrial DNA polymerases, specifically yeast Mip1p 

MtDNA polymerases make up the g-subfamily of family A DNA polymerases. 

For mammals it has been estimated that mtDNA polymerase comprises one to five 

percent of the total cellular DNA polymerase activity and mtDNA accounts for one 

percent of the total cellular DNA (Graziewicz et al., 2006). The low natural occurrence of 

these molecules is fascinating as mtDNA maintenance is essential for the life of obligate 

aerobes and mutations in the POLG gene are associated with various human genetic 

diseases. The first cloned and sequenced mtDNA polymerase was isolated from S. 

cerevisiae, MIP1 (MItochondrial DNA Polymerase, Foury, 1989). Foury noted sequence 
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similarities between Mip1p and eukaryotic as well as viral DNA polymerases (Foury, 

1989). This study also showed that the carboxyl-terminal region of Mip1p harbours a 

motif, which has sequence similarity with reverse transcriptases and Mip1p-containing 

fractions had reverse transcriptase activity i.e. the ability to copy adenylate 

ribohomopolymer templates (poly (rA)·oligo(dT)) as was demonstrated for higher 

eukaryotic mitochondrial DNA polymerases in the 1970s (reviewed by Kaguni, 2004).  

Subsequently, the coding sequences for human, mouse, chicken, Xenopus, 

Drosophila, Schizosaccharomyces pombe, and Pychia pastoris pol g were determined 

(Graziewicz et al., 2006). In addition, a database search in 2006 found twenty additional 

fungal homologs of MIP1 (Young et al., 2006). The animal polymerase gammas possess 

two distinct subunits 1) a catalytic core, containing DNA polymerase and 3ô-5ô 

proofreading exonuclease activities and 2) an accessory subunit that enhances catalytic 

activity and serves as a processivity factor (Fan et al., 2006). Processivity is defined as 

the extent of DNA polymerization in a single binding event (Foury and Vanderstraeten, 

1992). Carrodeguas et al. solved the three-dimensional structure of the mouse pol g 

accessory subunit, demonstrating that the subunit crystallized as a dimer (Carrodeguas et 

al., 2001). Accessory subunits share striking sequence and structural similarities with 

class IIa aminoacyl-tRNA synthetases (Fan et al., 1999); however, residues critical for 

ATP binding and anticodon recognition in tRNA synthetases are not present in the 

accessory subunit (Carrodeguas et al., 2001). The relatedness of accessory subunits to 

tRNA synthetases is apparent in surface loops involved in tRNA recognition by tRNA 

synthestases that also appear to be important for the interaction of the mouse accessory 

subunit with ssDNA (Carrodeguas et al., 2001). To date no homolog of an animal 
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accessory subunit has been found in the yeast genome and the Mip1p catalytic subunit 

has been shown to function as a processive monomer (Foury and Vanderstraeten, 1992). 

In addition, a portion of the carboxyl-terminal extension (CTE) of Mip1p, which is 

conserved in ten Saccharomycetales and located proximal to the polymerase domain, is 

essential for mtDNA maintenance (Young et al., 2006, Chapters 3 and 4, Figure 1.1). 

As part of this work examined the fungal-specific CTE of Mip1p (Chapters 3 and 

4) as well as the Mip1p[S] and Mip1p[S] variants that exist in many commonly used 

laboratory strains, this review will focus on the sequence organization and molecular 

structural model of the polymerase catalytic subunit only. 

1.3.2 Sequence organization of pol-g catalytic subunit 

 The Mip1p polypeptide harbours three conserved 3ô-5ô exonuclease motifs and 

three conserved DNA polymerase motifs shared by family A DNA polymerases (Figure 

1.1, Ito and Braithwaite, 1990). Interestingly, Ito and Braithwaite suggested that this 

finding is consistent with the endosymbiotic theory. Briefly, this theory states that 

mitochondria evolved from endocytosis of an ancient bacterium by an ancient anaerobic 

cell and a symbiotic relationship was developed. Theoretically, the aerobic bacterium 

could handle the toxic oxygen for the anaerobic cell and the cell would protect and ingest 

food for the bacterium (Margulis, 1968). Support for this theory comes from the 

observation that yeast mitochondrial RNA and DNA polymerases are homologous to T-

odd (T3 and T7) bacteriophage RNA and DNA polymerases (Ito and Braithwaite, 1990, 

Filee et al., 2002). Recently, it has been suggested that it is possible that some of the 

genes encoding components of the replication machinery may have been acquired as part 

of protomitochondrial genome, in the form of integrated phage genes, which were then 
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transferred to the nucleus. Although there is no evidence that T-odd phage genes laterally 

transferred into mtDNA this theory is supported by the finding that some phage-like 

genes exist in alpha-proteobacterial genomes (reviewed in Shutt and Gray, 2006).  

Alternatively, perhaps the phage genes were acquired by the nucleus from a replicating 

phage genome in an infected endosybiotic bacterium. Whatever the case, three organisms 

should probably be considered for the establishment of mitochondrial endosymbiosis: 

host, bacterium, and phage (Shutt and Gray, 2006). 

 In addition to the exonuclease and polymerase motifs shared among the family A 

polymerases, six conserved elements (g1 to g6) among the g-polymerases have been 

identified (Kaguni, 2004, Chapter 3 and Figure 1.1). Most of the gamma-specific 

elements (g1 to g4) are found within a g-polymerase spacer region, which is almost twice 

as long as the spacer region in other family A polymerases (Graziewicz et al., 2006). It 

has been suggested that the spacer region of mtDNA polymerases may be involved in 

subunit interaction (for animal polymerases), DNA binding, and/or functional coupling 

between activities of the polymerase and exonuclease domains. Luo and Kaguni have 

shown that mutations in three out of four of these elements (g1, g3 and g4) alter 

polymerase activity, processivity, and/or DNA binding affinity of purified mutant 

holoenzymes from Drosophila (Luo and Kaguni, 2005). Deletion mutants lacking g1 and 

g4 had weak interactions with the accessory subunit while all three deletion mutants had 

low DNA polymerase activity. Various site-directed missense mutations in all three 

elements caused reduced processivity. Additionally, human mutations in the spacer 

region have been linked to various diseases including PEO, Alpers, and ataxia-

neuropathy-like syndromes (Luo and Kaguni, 2005).
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Figure 1.1 Fungal mtDNA polymerases. A.  Schematic diagram of Mip1p. I, II, and III 

indicate the location of three conserved exonuclease motifs that define the 3ô-5ô 

exonuclease domain, while A, B, and C indicate the location of the three conserved 

polymerase motifs that define the polymerase domain. Boxes numbered 1-6 indicate the 

positions of the mtDNA polymerase g-specific sequences. The g2 sequence is shaded 

black to delineate it from g1 and g3. ñCTEò indicates the location of the carboxyl-

terminal extension unique to fungal polymerases. Targeting signal refers to the amino-

terminal region of the protein required for proper targeting and import into the 

mitochondrion. B. Conservation among fungal mtDNA polymerases. An alignment of 

full length mtDNA polymerases was generated using PRALINE (Simossis and Heringa, 

2003), and conservation scores are presented. óConsistencyô refers to how consistently an 

amino acid is found at a given position in the final multiple alignment and in pre-

processed alignment blocks (Heringa, 1999). In the 10-point consistency scale, zero 

(blue) indicates the least conserved alignment position, while * (red) indicates the most 

conserved position. Gamma specific sequences (g1 ï g6) and polymerase motifs A, B, 

and C (Pol A, Pol B, and Pol C) are indicated by boxed residues on the alignment. Sc, 

Saccharomyces cerevisiae (S288c); Spa, Saccharomyces paradoxus; Sba, Saccharomyces 

bayanus; Cgl, Candida glabrata; Kwa, Kluveromyces waltii; Debaryomyces_ha, 

Debaryomyces hansenii; Ncr, Neurospora crassa; Ego, Eremothecium gossypi; Klactis, 

Kluyveromyces lactis; Gze, Gibberella zeae; Pan, Podospora anserina; Mgr, 

Magnoporthe grisea; Hca, Histoplasma capsulatum; Calb, Candida albicans; Sca, 

Saccharomyces castellii; Ani, Aspergillus nidulans; Yarrowia_lipoly, Yarrowia 

lipolytica; Ppa, Pichia pastoris; aspfum, Aspergillus fumigatus; Sku, Saccharomyces 
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kudriavzevii. Accession numbers for all of these mtDNA polymerase sequences can be 

found in Table 3.2.



23 

 

A. 



24 

 

 

 

 

B. 



25 

 

 

 

 



26 

 

 

 



27 

 

 

 



28 

 

 

 



29 

 

 

 

g1 

g1 



30 

 

 

 

g2 

g3 

g3 



31 

 

 

 

g4 

g4 



32 

 

 

 

g4 

Pol I 



33 

 

 

 
g5 

Pol II 



34 

 

 

 

g5 

g5 g6 Pol III 



35 

 

 

 

g6 



36 

 

 

 



37 

 

 

 



38 

 

 

 



39 

 

 

  



40 

 

1.3.3 Molecular modeling of pol-g catalytic subunit 

 Currently, an X-ray crystal structure of a mtDNA polymerase catalytic subunit 

does not exist. However, as mentioned above, various crystal structures of family A-type 

polymerases bound to DNA have been solved (Doublie et al., 1998, Eom et al., 1996, 

Kiefer et al., 1998, Beese et al., 1993). Additionally, one study developed a homology 

model of the human mtDNA polymerase catalytic domain in complex with DNA 

(Graziewicz et al., 2004). All of t hese studies suggest that the molecular architecture of a 

polymerase domain is conserved. All of the polymerase domain crystal structures, and the 

homology model of the human g-polymerase domain, resemble a ñright-handò with 

ñfingersò, ñthumbò and ñpalmò subdomains (Figure 1.2 A. Joyce and Steitz, 1995, 

Kaguni, 2004, Graziewicz et al., 2006). A cleft is formed between the polymerase and the 

exonuclease domains of the Klenow fragment and has been shown to bind duplex DNA 

in a DNA-Klenow editing complex (Figure 1.2 B., Beese et al., 1993). 

 The palm subdomain is the location of the polymerase catalytic site. The 

polymerase active site harbours three conserved carboxylates and other polar residues at 

the base of the polymerase cleft. In the human g-polymerase homology model these 

residues are equivalent to D1135 (Klenow D882), E1136 (Klenow E883), and D890 

(Klenow D705), which are located in the Pol A motif (D890) and the Pol C motif (D1135 

and E1136) and are absolutely conserved among mtDNA polymerases. A mechanism of 

phosphoryl transfer for catalysis of the polymerase reaction has been proposed. This 

reaction involves nucleophilic attack by the 3ô hydroxyl of the primer on the dNTP a-

phosphate, with the subsequent release of PPi (Figure 1.3, Joyce and Steitz, 1995).
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Figure 1.2 Klenow fragment of E. coli DNA polymerase I. A. The Klenow fragment 

polymerase domain. The structure of this domain resembles a ñright-handò with 

ñfingersò, ñthumbò and ñpalmò subdomains. a-helices are depicted as cylinders lettered 

from the fragment N-terminus (starting at H) and b-strands are depicted as arrows. The 

exonuclease domain is not depicted to clearly delineate the polymerase domain. The 

approximate position of the exonuclease domain is represented by a dotted circle. B. 

Space filled model of the Klenow fragment with bound duplex DNA. Notice that the 

DNA is bound in a cleft between the polymerase domain and the exonuclease domain. 

The 3ô-end of the primer strand is bound in the exonuclease active site (All panels were 

taken with permission from the following sources: panel A was taken from (Joyce and 

Steitz, 1995), panel B was taken from (Polesky et al., 1990). 
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Figure 1.3 Pentacovalent transition state in the mechanism of the 5ô to 3ô DNA 

polymerase reaction. In this model catalysis is mediated by two divalent magnesium ions 

(Mg
2+

). Carboxylate ligands (COO
-
) are in generic positions as not to represent any 

particular DNA polymerase. In Klenow the side chains harbouring these conserved 

carboxylates are D705, D882, and E883 (Taken with permission from (Joyce and Steitz, 

1995)).
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In this model the three conserved carboxylates anchor two magnesium ions. One 

magnesium promotes deprotonation of the primer strand 3ô hydroxyl while the other 

facilitates formation of the petacovalent transition state at the a-phosphate of the dNTP 

and the release of PPi. Crystal structures of DNA polymerases suggest that as the nascent 

primer strand elongates via DNA polymerase activity, the 3ô-end can shuttle between the 

polymerase active site and the exonuclease active site (Figure 1.4, Joyce and Steitz, 

1995). 

 As was mentioned above a homology model of human pol g catalytic domain in 

complex with DNA was developed based on the sequences of solved family A 

polymerases (Thermus aquaticus DNA polymerase I, Bacillus stearothermophilus DNA 

polymerase I, E. coli DNA polymerase I Klenow fragment, and T7 DNA polymerase) 

and was shown to display well-defined fingers, thumb, and palm subdomains (Figure 1.5, 

Graziewicz et al., 2004). This model has proven to be a useful tool in predicting the 

potential effect of disease mutations as is the case with the two autosomal dominant 

mutations that cause PEO encoding the amino acid substitutions Y995C and R943H. The 

pol g model predicts that the R943H mutation would disrupt the interaction between the 

R943 side chain and the two oxygen atoms of the g-phosphate of the incoming dNTP 

thereby interfering with the nucleotidyl-transfer reaction (Figure 1.5). In vitro this 

substitution caused a decrease  to 0.2% of wild-type polymerase activity and replication 

stalling. The Y995, E895, and Y951 side chains of pol g form a hydrophobic pocket that 

harbours the incoming dNTP. The Y955C mutation is predicted to significantly disrupt 

this interaction and in vitro the Y955C enzyme exhibits the most severe biochemical 

defects with respect to polymerase activity, processivity, and incorrect nucleotide
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Figure 1.4 Cartoon of the Klenow fragment of E. coli DNA polymerase I shuttling 

between editing and polymerization modes. ñPò indicates the polymerization active site 

while ñEò indicates the exonuclease active site (Taken with permission from (Joyce and 

Steitz, 1995)).
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Figure 1.5 Homology model of human DNA pol g polymerase domain. A. Model of 

residues 871 to 1145 of the human pol g polymerase domain. Side chains of residues that 

are mutated in autosomal dominant PEO are coloured green. The side chains of other 

residues involved in catalysis are depicted in white. Residues D890, D1135, and E1136 

harbour the conserved carboxylates suggested to be required for polymerase reaction 

(Figure 1.3). B. The T7 DNA polymerase ternary complex. In both panels, the thumb, 

fingers and palm subdomains are magenta, yellow and blue, respectively. The template 

and primer strands are coloured gray, the incoming ddGTP is coloured red and the 

magnesium ion is shown as a purple sphere. 
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seletion (Graziewicz et al., 2004).  PEO patients with the Y995 mutation also exhibit the 

most severe clinical phenotype. 

1.4 Yeast mitochondrial DNA replication  

 No definitive model of mtDNA replication exists for either yeast or man. In yeast, 

one model is that of the bidirectional origin model (Lecrenier and Foury, 2000), while 

other models of rolling circle replication and recombination-dependent replication via 

DNA priming of 3ô-invading DNA have been proposed (Lecrenier and Foury, 2000, 

Maleszka et al., 1991, Shibata and Ling, 2007). For human mtDNA replication, two 

models have been proposed whereby mtDNA replication is either 1) asymmetric (strand 

displacement model) or it is 2) symmetric, semidiscontinuous DNA replication with 

coupled leading and lagging stand DNA synthesis (strand-coupled model, Graziewicz et 

al., 2006). Only the yeast mtDNA replication models will be discussed here. 

1.4.1 Yeast mitochondrial DNA  

 The yeast mitochondrial genome has been sequenced from the laboratory strain 

FY1679 (isogenic derivative of S288c) and has been determined to be 85.8-kb in size 

(Foury et al., 1998). Unlike the intron-less human mtDNA, the sequenced yeast mtDNA 

contains 13 introns some of which are ñoptionalò or present in some strains but absent in 

others (ex. the Omega intron, Lambowitz and Belfort, 1993). The coding capacity of 

yeast mtDNA is similar to that of human (the main difference being yeast mtDNA does 

not encode components of complex I). The yeast mitochondrial genome encodes three 

subunits of cytochrome c oxidase complex IV (COX1, COX2, COX3), three subunits of 

the ATP synthase complex V (ATP6, ATP8, ATP9), apocytochrome b (COB) subunit of 

complex III, a ribosomal protein (VAR1), several intron-related ORFs, large (21S) and 
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small (15S) ribosomal RNAs, 24 tRNAs that can recognize all codons, and a 9S RNA 

component of RNase P (Foury et al., 1998). Yeast mtDNAs also contain seven or eight 

origin-like (ori) elements, of which three or four are thought to be active bidirectional 

sites of DNA replication initiation (Lecrenier and Foury, 2000). Additionally, these ori 

elements have been proposed to function with Hsp60 in nucleoid division, which is likely 

dependent on membrane association of mtDNA (Kaufman et al., 2003). 

1.4.2 Yeast mitochondrial DNA bidirectional mtDNA model 

 Hmi1p is a mitochondrial-localized helicase required for mtDNA maintenance; 

however, its helicase activity is not essential for maintaining the mitochondrial genome 

(Monroe et al., 2005). It has been suggested that Hmi1p may be required to bind DNA 

and assemble replication proteins on either a collapsed replication fork or at the origin of 

replication (ori). The mtDNA ori sequences are approximately 300 bp long and are 

formed by three GC clusters separated by AT stretches (Figure 1.6). Transcription of the 

r strand is hypothesized to be initiated from the r promoter located upstream of the three 

GC clusters, by the mitochondrial transcription apparatus (Rpo41p, RNA polymerase, 

and Mtf1p, transcription factor for promoter binding and specificity of Rpo41p). An 

RNase MRP activity would then process this transcript into a primer for initiation of non-

r strand synthesis using the r stand template via Mip1p (Lecrenier and Foury, 2000, 

Graves et al., 1998). RNase MRP is a site-specific endoribonuclease found in yeast and 

man. In mammals a portion of RNAse MRP has been shown to localize in mitochondria, 

but this has not been shown in fungi. In vitro RNAs initiated at mtDNA oris from yeast 

and mammals were cleaved by RNase MRP and could then be extended by DNA 

polymerase 
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Figure 1.6 The bidirectional model of the yeast mitochondrial DNA replication fork. I.  

Hmi1p may bind to the replication origin (ori) and assemble replication proteins (circle 

with a question mark). A, B, and C represent the three GC clusters separated by AT 

stretches and r represents the r promoter. The mitochondrial transcription apparatus 

(Rpo41p, mitochondrial RNA polymerase and Mtf1p, TF) is shown bound to the r 

promoter. Single-stranded DNA binding proteins (SSBs, Rim1p, depicted as black dots) 

bind to and stabilize single-stranded DNA during mtDNA replication. II.  The 

mitochondrial transcription apparatus extends a new RNA that would be cleaved by an 

RNase MRP-like activity to form a primer for the mitochondrial DNA polymerase, 

Mip1p. Likewise, a primase activity on the non-r mtDNA strand could form a short 

primer for Mip1p. III.  Separate Mip1p enzymes extend the primers on the r and non-r 

strands while Pif1p may unwind the replication fork ahead of mtDNA synthesis in both 

situations. Before the polymerase reaches the 5ô-end of a primer a 5ô-3ô RNase H would 

have to degrade the RNA primer and Mip1p would fill in the remaining DNA. 

Mitochondrial Cdc9p ligase would then seal the nick completing replication (modified 

from Lecrenier and Foury, 2000).
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activity (reviewed in Lecrenier and Foury, 2000). These observations suggest an 

involvement of RNase MRP in mitochondrial primer generation.  

The Pif1p mtDNA helicase has been shown to associate with mtDNA and either 

protects mtDNA from double-stranded breaks or participates in the repair of double-

stranded breaks. Pif1p has 5ô-3ô DNA helicase activity and may recognize certain DNA 

secondary structures in the regions that form during mtDNA replication (Cheng et al., 

2007). Therefore, Pif1p may be the replicative helicase that unwinds mtDNA ahead of 

the replication fork although this function has not been proven. 

Primer synthesis on the non-r strand has been hypothesized to be generated by a 

primase activity upstream of the r promoter (Lecrenier and Foury, 2000). Subsequently, 

Mip1p would use this primer to replicate a new r strand in the opposite direction as non-r 

strand synthesis (Figure 1.6). Before Mip1p reaches the 5ô-end of the RNA primer a 5ô-3ô 

RNase H would have to degrade the RNA primer. Mip1p could then replicate mtDNA up 

to the first deoxyribonucleotide incorporated in the nascent chain followed by ligation of 

the first and last deoxyribonucleotides in this chain by the bona fide mtDNA ligase, 

Cdc9p (Donahue et al., 2001). 

1.4.3 Yeast rolling circle mtDNA replication and vegetative segregation 

Due to the location of mtDNA near the electron transport chain, which generates 

reactive oxygen species, mtDNA accumulates oxidative damage at a higher rate than 

nuclear DNA. One might expect than that mtDNA would be heterogeneous (or 

heteroplasmic) due to the high copy number and mutation rate. However, within a single 

cell mtDNA copies are typically identical, a state referred to as homoplasmy. In yeast, 

homoplasmy is achieved by a heteroplamic cell during mitotic cell division. After ten to 
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twenty cell divisions most progeny of the heteroplasmic cell are homoplasmic. This 

process of segregating homoplasmic cells (buds) from a heteroplasmic mother cell during 

mitosis is defined as vegetative segregation. Recently Shibata and Ling have proposed a 

model whereby vegetative segregation in S. cerevisiae occurs by partitioning of 

monomeric mtDNA into growing daughter buds via rolling circle mtDNA replication 

from the mother cell (Shibata and Ling, 2007). Rolling circle replication of mtDNA in 

various yeasts has also been suggested based on pulse field gel electrophoresis analysis of 

linear tandem repeats of mtDNA concatamers as well as electron microscopic analysis of 

mtDNA in a lariat form (Maleszka et al., 1991). Similarly, Bendich observed that 

mtDNAs isolated from S. cerevisiae were linear molecules ranging in size from 60-kb to 

several hundreds of kilobases (Bendich, 1996). 

 Analyses of rho
+
 and rho

-
 mtDNA from mother cells indicated that the major 

mtDNA species are concatamers whereas monomers were minor species. In contrast, the 

majority of mtDNA in daughter buds were found to be circular monomers (Ling and 

Shibata, 2002). Evidence supporting a rolling circle-type replication model, came from a 

pulse-chase experiment of [
14

C]deoxythymidine ([
14

C]dTTP) labelled mtDNA during 

mitosis. Because mtDNA is replicated continuously throughout the mitotic cycle in yeast 

(Sena et al., 1975), and nuclear DNA is replicated only during the S (synthesis) phase of 

the cell cycle, mtDNA can be selectively labelled when yeast are arrested at the G1 phase 

of growth with the mating phermone a-factor. In cells arrested at G1 [
14

C]dTTP was 

incorporated into mtDNA concatamers at a much higher density than into mtDNA 

circular monomers. After removal of [
14

C]dTTP and addition of excess deoxythymidine, 

cells were grown for another hour prior to release from G1 arrest and synchronous 
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growth for 1.5 hours. Then mother cells and buds were separated. The daughter buds of 

dividing cells contained monomers as the major species at a similar relative density of 

[
14

C]thymidine as the concatamers in the mother cells. This result indicated that 

concatamers in mother cells are precursors of monomers in buds and supports a rolling 

circle-type replication model (Figure 1.7 Ling and Shibata, 2004). In this model mtDNA 

is transmitted into budding daughter cells via concatamers resulting in a number of clonal 

mtDNA copies within a budding daughter cell. Concatamers are selectively partitioned to 

daughter cell buds by a putative terminase and are processed into circular unit sized 

mtDNAs. Selective partitioning of concatamers formed on a limited number of mtDNAs 

could explain the quick segregation of homoplasmic cells observed in yeast. 

Interestingly, mtDNA maintenance seems to be dependent on homologous 

recombination as double MHR1 CCE1 deletion mutants are completely devoid of 

mtDNA (Ling and Shibata, 2002). MHR1 encodes a mitochondrial matrix protein that 

pairs single-stranded DNA and homologous superhelical closed circular double-stranded 

DNA to form heteroduplex joints in the absence of ATP in vitro. Homologous pairing 

and formation of the heteroduplex joint is essential to homologous DNA recombination. 

CCE1 encodes a mitochondrial cruciform cutting endonuclease that cleaves Holliday 

junctions formed during recombination of mtDNA (Kleff et al., 1992). Cells harbouring 

only a mutant mhr1 allele show a temperature-sensitive phenotype with respect to 

maintenance of mtDNA. When cultured at a nonpermissive temperature some cells 

become rho
o 
but some are rho

-
, indicting rho

-
 mtDNA can be maintained in the absence 

of Mhr1p, albeit at reduced levels (Shibata and Ling, 2007). Cells that harbour only a 

deletion for the active CCE1, exhibit little, if any, increase in the generation of rho
-
 cells.
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Figure 1.7 The rolling circle replication model of yeast mitochondrial DNA. A 

heteroplasmic mother cell is represented as having two different forms of mtDNA, 

indicated by solid and dashed circles. A few mtDNAs are randomly selected as templates 

for rolling circle replication to form concatamers (solid circle). Concatamers are 

transmitted to the daughter bud by putative terminase-like machinery and monomeric 

mtDNA circles are formed during transmission resulting in a homoplamic daughter cell 

(modified from Shibata and Ling, 2007).
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It has been suggested that Mhr1p functions in the initiation of rolling circle 

mtDNA replication (Shibata and Ling, 2007). Support for this assumption is based on the 

observations that 1) mhr1 mutants display a decrease in intracellular concatameric 

mtDNA while 2) overexpression of Mhr1p increased the intracellular concatamers (Ling 

and Shibata, 2004). In this model Mhr1p would catalyze the heteroduplex joint formation 

between a single-stranded region of one mtDNA (a 3ô single-stranded tail derived either 

from a double-stranded breakage or a single-stranded gap) and another intact closed 

circular double-stranded mtDNA to form a joint molecule. Mitochondrial Pif1p helicase 

might participate in the stabilization or resolution of such mtDNA recombination 

intermediates (Cheng et al., 2007).  The paired 3ô terminus could then act as a primer for 

mtDNA synthesis of the double-stranded mtDNA. mtDNA synthesis would continue and 

replace the entire strand, which would eventually be released as a single-strand DNA.  

Rolling circle replication could then initiate and continue while the lagging strand 

could be synthesized as Okazaki fragments (Shibata and Ling, 2007). This is an 

interesting proposition to explain the quick vegetative segregation of mtDNA in yeast; 

however, future experimentation will have to be carried out to add support to this model. 

Future work could address if other proteins, in addition to Mhr1p, are required to initiate 

rolling circle replication. If there is an initiation complex perhaps chemical crosslinking 

followed by co-immunoprecipitation with Mhr1p could identify other rolling circle 

replication initiation factors. Another question is do yeast have a phage-like terminase 

enzyme, which uses concatamers as substrates to package copies of mtDNA into buds? 

Perhaps a G1-arrest and release type of experiment could be employed followed by 

formaldehyde cross-linking to trap terminase-like subunits on mtDNA concatamers, 
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similar to the experiments done to identify protein constituents of the mitochondrial 

nucleoid (Chen et al., 2005). 

Rolling circle replication is an exciting area of mitochondrial research and may 

have relevance to understanding human mtDNA replication, which is also not fully 

understood. MtDNA recombination in human cells has been controversial; however, 

recent examples of this process have been reported (D'Aurelio et al., 2004, Kajander et 

al., 2001). Vegetative segregation occurs in mammals during oogenesis, whereby healthy 

progeny of a heteroplamic mother are homoplasmic (reviewed in Shibata and Ling, 

2007). Therefore, an interesting question arises, do human mtDNAs form concatamers by 

rolling circle replication? Recently, reconstitution of a minimal human mtDNA replisome 

in vitro, consisting of polymerase g (catalytic and accessory subunits), TWINKLE 

helicase, and mtSSB (mitochondrial single-stranded DNA binding protein), on double-

stranded minicircles consisting of a 90-nt oligonucleotide annealed to a 70-nt ssDNA 

minicircle, permitted rolling circle DNA synthesis of single-stranded DNA products 

greater than 15,000 nts long (Korhonen et al., 2004). T-odd bacteriophages generate 

genome concatmers during DNA replication. Perhaps rolling circle replication to 

generate concatamers of mtDNA is reminiscent of the T-odd bacteriophage origin of 

mtDNA replication machinery like the homologous yeast and human mtDNA 

polymerases and mtRNA polymerases (Shutt and Gray, 2006). 

1.5 The mitochondrial nucleoid 

 Mitochondrial nucleoids are mtDNA-protein complexes that exist in the 

mitochondrial matrix and are the heritable units of mtDNA (Kaufman et al., 2003). It has 

been estimated that an average of three to four mtDNA molecules (Miyakawa et al., 
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1987) and twenty-two different proteins (Chen et al., 2005) are present per mitochondrial 

nucleoid. Various observations have led to the hypothesis that an inner membrane-bound 

mtDNA segregation apparatus exists (Meeusen and Nunnari, 2003, Azpiroz and Butow, 

1993). First, within the mitochondrial reticulum of the yeast cell cortex, nucleoids are 

distributed regularly, as visualized by fluorescence microscopy of DAPI-stained punctate 

mtDNA suggesting discrete anchorage points (Nunnari et al., 1997, Meeusen and 

Nunnari, 2003). Second, after fusion of two haploid yeasts during mating, punctate 

mtDNA remained localized to one lobe of the zygotic cell (Nunnari et al., 1997). In 

contrast, when mitochondrial proteins were labelled with different fluorophores prior to 

mating, the mitochondrial proteins rapidly diffused throughout the mitochondrial 

reticulum of the zygote. Therefore, during mating, mitochondria fuse and mitochondrial 

proteins intermix, whereas mtDNA appear to have a regular distribution within the 

mitochondrial reticulum that ensures distribution to daughter cells (Nunnari et al., 1997).  

Although a bona fide inner membrane component of the mtDNA segregation 

apparatus has not yet been discovered, an outer membrane component has, Mmm1p. 

Meeusen and Nunnari have defined this segregation machine as the two membrane-

spanning autonomous mtDNA replisome (TMS, Meeusen and Nunnari, 2003). The TMS 

comprises 1) Mgm101p, a component of the mitochondrial nucleoid (Chen et al., 2005) 

that is essential for mtDNA maintenance and is required for repair of oxidatively 

damaged mtDNA (Meeusen et al., 1999) 2) Mmm1p, a trans-outermembrane protein 

required for mtDNA maintenance that coimmunoprecipitates with Mgm101p and has a 

role in mitochondrial morphology, 3) potentially Mip1p, as shown by colocalization of 

Mip1p-GFP with a Mmm1p-dsRed fusion protein and 4) replicating mtDNA, as shown 
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by association of Mmm1p-GFP and Mgm101p-GFP foci with BrdU foci (Figure 1.8 

Meeusen and Nunnari, 2003).  Extraordinarily, the TMS components (Mip1p-GFP, 

Mgm101p-GFP, and Mmm1p-dsRed) persist and remain colocalized in the absence of 

mtDNA (rho
o
 cells) and TMSs arise through self-replication of existing TMSs, which are 

then faithfully inherited into daughter buds (Meeusen and Nunnari, 2003). Self-

replication was shown by time-lapse analysis of fusion proteins with associated 

fluorophores in rho
o
 and rho

+
 cells. These analyses showed that TMSs arise through self-

replication of existing structures which are then faithfully inherited into daughter buds 

regardless of the presence or absence of mtDNA (Meeusen and Nunnari, 2003). 

Presumably membrane-bound nucleoids harbour proteins needed for mtDNA transactions 

such as DNA replication, repair, and recombination. Indeed Butowôs group discovered 

examples of proteins involved in these processes that bind yeast mtDNA (Figure 1.8, 

Table 1.2, Kaufman et al., 2000, Chen et al., 2005). For example Rim1p, the single-

stranded mtDNA binding protein (Van Dyck et al., 1992), Mgm101p, mentioned above 

for its role in repair of oxidative damage to mtDNA, and Abf2, a high-mobility group 

protein involved in recombination of mtDNA (Zelenaya-Troitskaya et al., 1998) were all 

found to be constituents of the nucleoid (Kaufman et al., 2000, Chen et al., 2005). 

Perhaps the most interesting finding from Butowôs group was that most of the protein 

constituents of the nucleoid are not obviously related to mtDNA transactions. For 

example Chen et al. defined three functional categories of nucleoid proteins with 

functions other than mtDNA transactions: a) protein import and mitochondrial biogenesis 

b) citric acid cycle and upstream glycolytic steps and c) amino acid metabolism (Table 

1.2 and Figure 1.8, Chen et al., 2005). 
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Figure 1.8 Conceptualization of the yeast mitochondrial nucleoid. For simplicity only 

one circular mitochondrial DNA (mtDNA) is shown with associated proteins. The two-

membrane spanning (TMS) complex is depicted interacting with Mgm101p as indicated 

by a thin solid arrow and potentially with Mip1p indicated by a thin dashed arrow. Purple 

shapes represent proteins that are implicated in mtDNA repair, replication, recombination 

and maintenance. Green shapes represent proteins that are required for mtDNA 

replication, recombination, repair and maintenance and have been experimentally shown 

to bind mtDNA. Orange shapes represent proteins that are implicated in protein import 

and have been experimentally shown to bind mtDNA. Blue shapes represent enzymes of 

the tricarboxylic acid (TCA) cycle and upstream glycolytic steps experimentally shown 

to bind mtDNA. Yellow shapes represent enzymes for amino acid metabolism that have 

been experimentally shown to bind to mtDNA with the exception of Arg5,6p. Mnp1p is a 

putative mitochondrial ribosomal subunit and is coloured brown. See Table 1.2 for details 

of each nucleoid protein and references. 
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Table 1.2 Nucleoid proteins and proteins implicated in mitochondrial DNA 

transactions 

   Gene Protein Functions 

Category I: mtDNA Replication, recombination, repair and maintenance 

ABF2* Abf2p mtDNA packaging, rho+ genome 

maintenance, high mobility group protein 

MGM101* Mgm101p Maintenance of rho+ and ori-less mtDNA, 

mtDNA repair, Putative replication initiator 

RIM1* Single-stranded DNA 

binding protein 

mtDNA replication 

RPO41* DNA-directed RNA 

polymerase 

Mitochondrial transcription, rho+ mtDNA 

maintenance 

MTF1**  Transcription factor Structural similarity to S-

adenosylmethionine-dependent 

methyltransferases and functional similarity 

to bacterial sigma-factors, interacts with 

mitochondrial core polymerase Rpo41p 

SLS1* Sls1p  rho+ mtDNA maintenance, Inner membrane 

protein, implicated in mitochondrial 

translation 

YHM2* Mitochondrial carrier 

protein, suppressor of 

abf2 

Mitochondrial DNA-binding protein, 

involved in mtDNA replication and 

segregation of mitochondrial genomes; 

member of the mitochondrial carrier protein 

family 

NUC1* Major mitochondrial 

nuclease 

RNAse and DNA endo- and exonucleolytic 

activities; has roles in mitochondrial 

recombination, apoptosis and maintenance of 

polyploidy 

MIP1**  DNA polymerase g Catalytic subunit of the mitochondrial DNA 

polymerase; conserved C-terminal segment 

is required for the maintenance of 

mitochondrial genome 

CCE1** Cruciform cutting 

endonuclease 

cleaves Holliday junctions formed during 

recombination of mitochondrial DNA 

CDC9** DNA ligase found in the nucleus and mitochondria, an 

essential enzyme that joins Okazaki 

fragments during DNA replication; also acts 

in nucleotide excision repair, base excision 

repair, and recombination 
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Gene Protein Functions 

HMI1**  DNA helicase Required for the maintenance of the 

mitochondrial genome; not required for 

mitochondrial transcription; has homology to 

E. coli helicase uvrD 

MHR1** Mhr1p, mitochondrial 

homologus 

recombination 

Implicated in recombination of mtDNA and 

suggested to initiate rolling cirlcle replication 

MSH1** MutS homolog DNA-binding protein of the mitochondria 

involved in repair of mitochondrial DNA, 

has ATPase activity and binds to DNA 

mismatches 

OGG1** 8-oxoguanine 

glycosylase/lyase 

Excises 7,8-dihydro-8-oxoguanine residues 

located opposite cytosine or thymine residues 

in DNA, repairs oxidative damage to 

mitochondrial DNA 

PIF1* DNA helicase involved in telomere formation and 

elongation; acts as a catalytic inhibitor of 

telomerase; also plays a role in repair and 

recombination of mitochondrial DNA 

Category II: Protein import & mitochondrial biogenesis 

HSP60* mtHsp60p Mitochondrial chaperonin, heat shock protein 

60 

HSP10* mtHsp10p Mitochondrial chaperonin, heat shock protein 

10 

SSC1* mtHsp70p Protein import, heat shock protein 70, 

subunit of Endo.Scel 

ECM10* mtHsp70p Heat shock protein of the Hsp70 family, 

plays a role in protein translocation, interacts 

with Mge1p in an ATP-dependent manner; 

overexpression induces extensive 

mitochondrial DNA aggregations 

ATP1* a-Subunit of F1-

ATPase 

ATP synthesis, protein import 

Category III: Citric acid cycle and upstream glycolytic steps 

ACO1* Mitochondrial aconitase Citric acid cycle 

ALD4* Aldehyde 

dehydrogenase 

Ethanol metabolism 
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Gene Protein Functions 

IDH1* NAD+-dependent 

isocitrate 

dehydrogenase, subunit 

1 

Citric acid cycle 

IDP1* NADP+-dependent 

isocitrate dehydrogenase 

Oxidative decarboxylation of isocitrate 

KGD1* 2-oxoglutarate 

dehydrogenase, E1 

component of KGDC 

Citric acid cycle 

KGD2* 2-oxoglutarate 

dehydrogenase, E2 

component of KGDC 

Citric acid cycle 

LPD1* Dihydrolipoamide 

dehydrogenase, E3 

component of PDHC, 

KGDC, and BCADC 

Citric acid cycle, catabolism of branched-

chain amino acids 

LSC1* Succinate-CoA ligase, a 

subunit 

Citric acid cycle 

PDA1* Pyruvate 

dehydrogenase, E1 a-

subunit of PDHC 

Oxidation of pyruvate 

PDB1* Pyruvate 

dehydrogenase, E1 b-

subunit of PDHC 

Oxidation of pyruvate 

Category IV: Amino Acid metabolism 

ILV5* Acetohydroxyacid 

reductoisomerase 

Biosynthesis of Val, Ile, and Leu 

ILV6* Acetolactate synthase 

regulatory subunit 

Biosynthesis of Val, Ile, and Leu 

CHA1* L-serine/L-threonine 

deaminase 

Catabolism of hydroxyl amino acids, Serine 

and threonine ammonia-lyase 

ARG5,6* acetylglutamate kinase 

and N-acetyl-gamma-

glutamyl-phosphate 

reductase 

Protein that is processed in the 

mitochondrion to yield acetylglutamate 

kinase and N-acetyl-gamma-glutamyl-

phosphate reductase, which catalyze the 2nd 

and 3rd steps in arginine biosynthesis 
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Gene Protein Functions 

Category V: Mitochondrial translation 

MNP1* Putative mitochondrial 

ribosomal subunit 

(similar to E. coli 

L7/L12) 

Required for normal respiratory growth 

* - Bona fide nucleoid components ï Experimentally demonstrated by Cho et al., 

1998, Kaufman et al., 2000, Miyakawa et al., 2000, Sato et al., 2002, Umezaki and 

Miyakawa, 2002, Sakasegawa et al., 2003, Sato and Miyakawa, 2004, Chen et al., 

2005, Cheng et al., 2007, Hall et al., 2004 

** - Other mtDNA interacting proteins (reviewed in Nosek et al., 2006) 
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Out of seventeen proteins, Butowôs group choose to study the role of aconitase 

(ACO1) as a bifunctional nucleoid protein (Chen et al., 2005). MtDNA is very unstable in 

aco1D cells. MtDNA stability was investigated in yeast null mutants of citrate synthase 

(cit1D, cit2D, and cit3D) to block the metabolic flux through the tricarboxylic acid (TCA) 

cycle upstream of aconitase, and in three aco1 mutants harbouring separate mutations to 

alter each of the three cysteine residues necessary for coordination of the iron-sulfur 

center required for enzyme catalysis. These experiments proved that Aco1p contributes to 

mtDNA stability independently of the rate of flux through the TCA cycle and of 

aconitase activity (Chen et al., 2005). When Aco1p and the three cysteine mutants thereof 

were constitutively expressed separately in a mtDNA unstable abf2D mutant, they all 

could rescue the mtDNA unstable phenotype. Therefore, Aco1p is an example of a 

mitochondrial TCA cycle enzyme that moonlights in mtDNA maintenance function. 

Recently, it was suggested that perhaps Aco1p provides mtDNA stability during 

conditions of oxidative stress (Shadel, 2005) and that Aco1p may be involved in 

mitochondrial nucleoid remodelling required due to changes in cellular metabolism 

(Chen et al., 2005). For example during respiratory growth reactive oxygen species 

generated by the electron transport chain complexes I and III are known to damage 

mitochondrial lipids, proteins and mutagenize the mtDNA (Wallace, 2007). Perhaps 

oxidation of aconitase results in reallocation from the TCA cycle to the nucleoid to allow 

stabilization of mtDNA via a type of protective remodelling (Shadel, 2005). In this way 

aconitase could suffer the brunt of the ROS thereby protecting the valuable genes 

encoded by the mitochondrial genome. Clearly, the intricate details of the mitochondrial 

nucleoid and mtDNA replication are just beginning to be understood. 
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1.6 Thesis objectives 

 As was discussed at the beginning of this review, yeast is a commonly used model 

organism for studies of human mitochondrial disease as many orthologous mitochondrial 

disease-associated genes exist between these two species. Because of the wide-spread use 

of yeast as a model organism the first major objective of this thesis was to determine the 

contributions of several logical genes shown to contribute to loss of mtDNA maintenance 

and/or stability. The genes examined in chapter 2 are MIP1, HAP1, ADE2, and 

HIS3/MRM1. The effect of various genes on mitochondrial function was assessed in two 

different parental background strains (either MIP1[S] or MIP1[S]) harbouring all 

combinations of either wild-type or mutant forms of HAP1, ADE2, and HIS3. We 

monitored respiratory competence of yeast cultures at 30 and 37
o
C. Fidelity of mtDNA 

replication was monitored by the erythromycin-resistance assay and stability of mtDNA 

was monitored by fluorescence microscopy of 4ô,6-diamidino-2-phenylindole-stained 

yeast cells. 

One difference between yeast and man that was the focus of this research is that 

of fungal specific CTE of Mip1p. Because yeast is a commonly used model for 

mitochondrial studies it is necessary to fully comprehend the details of mtDNA 

replication including the function of the CTE in this process. To this end, with the 

abundance of genomic sequence data available on the world-wide-web we searched for 

phylogenetic relationships among fungal mtDNA polymerases. The main goals here were 

1) to determine if  other fungal mtDNA polymerases harbour CTEs, 2) to determine if 

they do have CTEs is there any conservation within the amino acid sequence and 

potentially any putative structural regions, and 3) to determine the function of the CTE in 
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vivo. To specifically address goals 1) and 2) phylogenetic analyses were carried out. To 

address goal 3) various truncation mutants were constructed and analyzed for the ability 

of cells harbouring them to respire and maintain mtDNA. 

Based on the observations from chapters 2 and 3, polymerase activities of Mip1p 

variants overexpressed and partially purified from yeast mitochondria were characterized. 

The main goals here were 1) to determine if the CTE contributes to DNA polymerase 

activity and 2) to determine if the alanine-661 substitution in Mip1p[S] detrimentally 

effects DNA polymerase activity compared to the threonine-661 version of Mip1p[S].
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CHAPTER 2 Contributions of the S288c genetic background and common 

auxotrophic markers on mitochondrial DNA maintenance in Saccharomyces 

2.1 Abstract 

Saccharomyces cerevisiae is an excellent model system for the study of many 

eukaryotic processes, including mitochondrial DNA (mtDNA) maintenance. Work from 

several laboratories has shown that the sequenced strain S288c carries alleles of several 

genes that have a negative impact on mitochondrial DNA maintenance. The first of the 

genes considered in the current study is MIP1 that encodes the mtDNA polymerase. 

MIP1[S], found in strain S288c, is associated with increased mtDNA mutation and 

deletion (Baruffini et al., 2007b) and encodes a polymerase in which a conserved 

threonine at position 661 is replaced by an alanine. In contrast MIP1[S], found in strain 

S1278b and harbouring the conserved Mip1p T661 residue, is associated with stable 

maintenance of the mitochondrial genome (Baruffini et al., 2007b). Contributions of 

wild-type and mutant alleles HIS3, ADE2, and HAP1 were then investigated in strains 

expressing Mip1p[S] or Mip1p[S]. Even in the MIP1[S] background, the presence of the 

his3D200 allele, harbouring a deletion of the promoter for MRM1, is associated with loss 

of respiratory competence, but not of mtDNA, at 37
o
C. In contrast, mtDNA loss, and 

error-prone synthesis, measured as the acquisition of erythromycin-resistance, is highest 

in the MIP1[S] background, and is exacerbated by the ade2 mutation. Thus, a complex 

set of genetic factors in commonly used laboratory strains make differential contributions 

to mtDNA maintenance, making strain background an important consideration in 

establishing and comparing yeast model systems.  
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2.2 Introduction 

Saccharomyces cerevisiae is one of the most powerful model eukaryotes to study many 

fundamental biological processes, through biochemical and genetic analyses. S. 

cerevisiae has also emerged as an excellent model system for the study of processes in 

higher eukaryotes, including those associated with human mitochondrial disease (for 

reviews see (Barrientos, 2003, Foury and Kucej, 2002, Schwimmer et al., 2006, 

Lecrenier and Foury, 2000, Shadel, 1999). Recent studies have shown that over twenty 

known human mitochondrial disease genes have yeast orthologs that, when deleted from 

the sequenced S288c yeast genome, cause a respiratory-deficient phenotype (Steinmetz et 

al., 2002, Winzeler et al., 1999, Table 1.1).  

Part of the power of using yeast is the ease of genetic manipulation, which is in part due 

to the array of auxotrophic markers that have been engineered into a plethora of strains 

(see http://wiki.yeastgenome.org/index.php/Commonly_used_strains and Table 2.1). One 

of the most common backgrounds is that of S288c, the strain that was used for 

determining the first yeast genome sequence (Goffeau et al., 1996). S288c-related strains 

have been used subsequently for making ORF libraries (Gelperin et al., 2005), whole-

genome deletion studies (http://sequence-

www.stanford.edu/group/yeast_deletion_project/deletions3.html) (Winzeler et al., 1999), 

GFP-tagging the proteome (Huh et al., 2003), TAP-tagging the proteome 

(Ghaemmaghami et al., 2003) as well as studying human mitochondrial disease 

(Steinmetz et al., 2002, Ma et al., 2004, Stuart et al., 2006, Iida et al., 1998). Other strain 

backgrounds include W303 (Baruffini et al., 2006, Chen and Kaplan, 2000, Barrientos et 

al., 2002) which has been stated to be closely related to S288c (Baruffini et al., 2007b,  

http://wiki.yeastgenome.org/index.php/Commonly_used_strains
http://sequence-www.stanford.edu/group/yeast_deletion_project/deletions3.html
http://sequence-www.stanford.edu/group/yeast_deletion_project/deletions3.html
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Table 2.1 Yeast strains used for mitochondrial studies 

Strain 

Name 

Genotype Background 

Relation 

Relevant Yeast Gene 

Studied 

Human Ortholog Experiment Reference 

aGH1 MATa gal1delta152 leu2-3 

leu2-112 trp1-289  
 HAP1/YLR256W, Zinc 

finger transcription factor 
  Becerra et al., 2002 

aW303d

eltaCOX

10 

MATa ade2-1 his3-11,15 

leu2-3,112 trp1-1 ura3-1 

cox10::HIS3 

W303/S288c-

like 

COX10/YPL172C, Heme 

A:farnesyltransferase 

>gnl|UG|Hs#S1732347 

Homo sapiens COX10 

(yeast) homolog, yeast 

class III
a
 

functional complementation of a yeast cox10 

mutant 

Glerum and 

Tzagoloff, 1994 

BJ3345 MATalpha ade2-101 his3-

delta200 leu2-delta1 lys2-

801 trp1-delta101 ura3-52 

S288c    Derived from 

S288c, John 

Woolford personal 

communication 

BWG1-

7a 

MATa ade1-200 his4-519 

leu2-3,112 ura3-52 

 HAP1/YLR256W, Zinc 

finger transcription factor 

  Mattoon et al., 1990 

BY4741 MATa his3delta1 leu2delta0 

met15delta0 MIP1[S]b 

ura3delta0 

S288c    Brachmann et al., 

1998, Baruffini et 

al., 2007b 

BY4742 MATalpha his3delta1 

leu2delta0 lys2delta0 

MIP1[S] ura3delta0 

S288c    Brachmann et al., 

1998, Baruffini et 

al., 2007b 

BY4743 MATa/MATalpha 

his3delta1/his3delta1 

leu2delta0/leu2delta0 

lys2delta0/+ met15delta0/+ 

MIP1[S]/ MIP1[S] 

ura3delta0/ura3delta0 

S288c    ATCC 201390, 

Baruffini et al., 

2007b 

  

7
4 
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Strain 

Name 

 

Genotype Background 

Relation 

Relevant Yeast Gene 

Studied 

Human Ortholog Experiment Reference 

CG379 MATalpha ade5 his7-2 leu2-

3 leu2-112 trp1-289amber 

ura3-52 [Kil -0] 

S288c    CG379 is closely 

related to S288c, 

Craig N. Giroux 

personal 

communication 

COP161 

U7 

MATalpha ade lys ura3 

[rho+]  

    Sirum-Connolly and 

Mason, 1993 

COP161 

U7 F11 

(or just 

F11) 

MATalpha ade lys ura3 

[rho-]  

    Sirum-Connolly and 

Mason, 1993 

D273-

10B/A1 

MATalpha mal [rho+] 

MIP1[sigma] 

    Sherman, 1964, 

Baruffini et al., 

2007b 

DL1  MATalpha his3ï11,15 leu2ï

3,112 ura3ï251,328,372 

isogenic or 

congenic to 

D273-10B 

CRD1/YDL142C, 

Cardiolipin synthase 

hypothetical protein 

(LOC54675), mRNA, 

yeast class III 

Studied interactions of his3delta-200 and CRD1 

with respect to temperature sensitive phenotypes 

in yeast 

Dunstan et al., 

1997, Zhang et al., 

2003 

DY150 MATa ura3-52 leu2-3 leu2-

112 trp1-1 ade2-1 his3-11 

can1-100 

W303/S288c-

like 

   
 

E134 MATalpha lys2-InsE-A14 

ade5-1 his7-2 leu2-3,112 

trp1-289 ura3-52 

CG379 

(S288c) 

MIP1/YOR330C, Catalytic 

subunit of the 

mitochondrial DNA 

polymerase 

>gnl|UG|Hs#S1727412 

Homo sapiens polymerase 

(DNA directed), gamma 

(POLG), nuclear gene 

encoding mitochondrial 

protein, mRNA, yeast class 

III  

Studied progressive external ophthalmoplegia-

associated mutations in yeast 

isogenic with 

CG379 Jin et al., 

2003, CG379 is 

closely related to 

S288c, Craig N. 

Giroux personal 

communication, 

Stuart et al., 2006 

EM93 MATa/MATalpha 

SUC2/SUC2 GAL2/ga12 

MAL/MAL mel/mel 

CUP1/cup1 FLO1/flo1, 

heterozygous for MIP1 A 

and G at position 1981 

    Parent of S288c 

contributes ~ 90% 

of the S288C 

genome, Mortimer 

and Johnston, 1986, 

Baruffini et al., 

2007b 

FGY2 MATalpha ura3ï52 lys2ï52 

lys2ï801 ade2ï101 trp1-

delta1 his3-delta200 leu2-

delta1 crd1::URA3 

isogenic with 

FGY3, 

CG990/YPH2

74 (S288c) 

TAZ1/YPR140W, Lyso-

phosphatidylcholine 

acyltransferase 

human G4.5 encoding a 

putative acyltransferase 

The human TAZ gene complements 

mitochondrial dysfunction in the yeast taz1Delta 

mutant. Implications for Barth syndrome Ma et 

al., 2004 

Ma et al., 2004 

  

7
5 
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Strain 

Name 

 

Genotype Background 

Relation 

Relevant Yeast Gene 

Studied 

Human Ortholog Experiment Reference 

FGY3 MATalpha ura3ï52 lys2ï52 

lys2ï801 ade2ï101 trp1-

delta1 his3-delta200 leu2-

delta1 

CG990/YPH2

74 (S288c) 

TAZ1/YPR140W, Lyso-

phosphatidylcholine 

acyltransferase 

CRD1/YDL142C, 

Cardiolipin synthase 

human G4.5 encoding a 

putative acyltransferase 

The human TAZ gene complements 

mitochondrial dysfunction in the yeast taz1Delta 

mutant. Implications for Barth syndrome Ma et 

al., 2004 

Ma et al., 2004, 

FGY3 is a spore 

derived from 

CG990 Jiang et al., 

1997, CG990 is Phil 

Hieter's YPH274, 

personal 

communication 

from Craig N. 

Giroux 

FGY3 MATalpha ura3ï52 lys2ï52 

lys2ï801 ade2ï101 trp1-

delta1 his3-delta200 leu2-

delta1 

CG990/YPH2

74 (S288c) 

CRD1/YDL142C, 

Cardiolipin synthase 

Zhong et al., 2004 

Homo sapiens hypothetical 

protein (LOC54675), 

mRNA, yeast class III 

Steinmetz et al., 2002 

Absence of cardiolipin results in temperature 

sensitivity, respiratory defects, and mitochondrial 

DNA instability indepent of pet56 (mrm1) 

Zhong et al., 2004, 

FGY3 is a spore 

derived from 

CG990 Jiang et al., 

1997, CG990 is Phil 

Hieter's YPH274, 

personal 

communication 

from Craig N. 

Giroux 

FL100 MATa MIP1[sigma]     http://wiki.yeastgen

ome.org/index.php/

Commonly_used_st

rains, Baruffini et 

al., 2007b 

HMD22 MATa ura3ï52 leu2ï3,112 

lys2 his3deltaHindIII 

arg8::hisG cox2::ARG8m 

D273-10B CRD1/YDL142C, 

Cardiolipin synthase 

Zhang et al., 2003 

Homo sapiens hypothetical 

protein (LOC54675), 

mRNA, yeast class III 

Steinmetz et al., 2002 

Cardiolipin is not required to maintain 

mitochondrial DNA stability or cell viability for 

Saccharomyces cerevisiae grown at elevated 

temperatures 

Zhang et al., 2003, 

Dunstan et al., 1997 

HSD2 MATa ura3ï52 leu2ï3,112 

lys2 his3deltaHindIII 

arg8::hisG cox2::ARG8m 

crd1delta::HIS3 

D273-10B CRD1/YDL142C, 

Cardiolipin synthase 

Zhang et al., 2003 

Homo sapiens hypothetical 

protein (LOC54675), 

mRNA, yeast class III 

Steinmetz et al., 2002 

Cardiolipin is not required to maintain 

mitochondrial DNA stability or cell viability for 

Saccharomyces cerevisiae grown at elevated 

temperatures 

Zhang et al., 2003 

JWY146

6 

MATa can1 his3-delta200 

leu2-delta1 lys2-801 trp1-

delta101 ura3-52 

S288c    Derived from S288c 

John Woolford 

personal 

communication 

KSY24 

F11 

MATalpha ade lys pet56:: 

URA3 [rho-]  

COP161 U7 

F11 [rho-] 

   Sirum-Connolly and 

Mason, 1993 

KSY35 HIS3 strain, MATa ade2-

101 leu2-D1 lys2-801 trp1-

D101 ura3-52 [rho+]  

MM1403  
 

 Sirum-Connolly and 

Mason, 1993 

7
6 

 

http://wiki.yeastgenome.org/index.php/Commonly_used_strains
http://wiki.yeastgenome.org/index.php/Commonly_used_strains
http://wiki.yeastgenome.org/index.php/Commonly_used_strains
http://wiki.yeastgenome.org/index.php/Commonly_used_strains
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Strain 

Name 

 

Genotype Background 

Relation 

Relevant Yeast Gene 

Studied 

Human Ortholog Experiment Reference 

MB2 MATa/alpha ADE2/ade2-

101ochre his3/his3-delta200 

leu2/leu2-delta1 lys2-

801amber/Iys2-801amber 

trp1-289/TRP1 ura3-

52/ura3-52 

crossing MB1 

and YP102 

Maarse et al., 

1992 

Tim8/YJR135W-A , 

Mitochondrial 

intermembrane space 

protein mediating import 

and insertion of polytopic 

inner membrane proteins 

DDP1 (deafness/dystonia 

peptide 1) gene, associated 

with Mohr-Tranebjaerg 

syndrome 

It is demonstrated that import of human Tim23 

into yeast and rat mitochondria is dependent on a 

high membrane potential. A mechanism to 

explain the pathology of MTS is discussed 

Maarse et al., 1992, 

Paschen et al., 2000 

MCC12

3 

MATa ura3-52 ade2 kar1-1  tL(UAA)Q, Mitochondrial 

tRNA-Leu 

Human tRNA-Leu (UUR) The yeast counterparts of human 'MELAS' 

mutations cause mitochondrial dysfunction that 

can be rescued by overexpression of the 

mitochondrial translation factor EF-Tu 

Feuermann et al., 

2003 

MM140

2 

Mata/Matalpha  ade2-101/+  

canr1/+  his3-delta200/ 

his3-delta200  leu2-

delta1/leu2-delta1  lys2-

801/lys2-801  trp1-

delta101/trp1-delta101 

ura3-52/ura3-52 

rpl16a::TRP1/+  

rpl16b::LEU2/+ 

BJ3345 and 

JWY1466 

(S288c) 

   Genotype, Thomas 

L. Mason personal 

communication, 

MM1402 was 

derived from the 

partent strains 

BJ3345 and 

JWY1466, John 

Woolford personal 

communication 

MM140

3 

MATa ade2-I01 his3-D200 

leu2-D1 lys2-801 trp1-D101 

ura3-52 [rho+]  

MM1402 

(S288c) 

PET56/YOR201C, Ribose 

methyltransferase 

>gnl|UG|Hs#S3438785 

Homo sapiens hypothetical 

protein FLJ22578 

(FLJ22578), mRNA, yeast 

class III Steinmetz et al., 

2002 

Cells reduced in MRM1 activity (his3-delta200) 

were deficient in formation of functional large 

subunits of the mitochondrial ribosome 

Haploid derived 

from MM1402 

Thomas L. Mason 

personal 

communication 

Sirum-Connolly and 

Mason, 1993 

RM11-

1a 

MIP1[S]-like allele but has 

Thr661  

    Baruffini et al., 

2007b 

Sigma12

78b 

MIP1[sigma] directly 

related to 

S288c 

   Winzeler et al., 

2003, Baruffini et 

al., 2007b 

S288c MATalpha SUC2 gal2 mal 

mel flo1 flo8-1 hap1 ho bio1 

bio6, probably MIP1[S] 

    http://wiki.yeastgen

ome.org/index.php/

Commonly_used_st

rains, Baruffini et 

al., 2007b 

W303 

isogenic 

strains 

 W303/S288c-

like 

YFH1/YDL120W, 

Frataxin, regulates 

mitochondrial iron 

accumulation 

>gnl|UG|Hs#S1726774 

Homo sapiens Friedreich 

ataxia (FRDA), mRNA, 

not class III 

CCC1 Suppresses Mitochondrial Damage in the 

Yeast Model of Friedreichôs Ataxia by Limiting 

Mitochondrial Iron Accumulation 

Chen and Kaplan, 

2000 

  

7
7 

 

http://wiki.yeastgenome.org/index.php/Commonly_used_strains
http://wiki.yeastgenome.org/index.php/Commonly_used_strains
http://wiki.yeastgenome.org/index.php/Commonly_used_strains
http://wiki.yeastgenome.org/index.php/Commonly_used_strains
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Strain 

Name 

 

Genotype Background 

Relation 

Relevant Yeast Gene 

Studied 

Human Ortholog Experiment Reference 

W303 MATa/MATalpha ({leu2-

3,112 trp1-1 can1-100 ura3-

1 ade2-1 his3-11,15}) [phi+]  

directly 

related to 

S288c 

SHY1/YGR112W, 

Mitochondrial inner 

membrane protein required 

for assembly of 

cytochrome c oxidase 

>gnl|UG|Hs#S1727967 

Homo sapiens surfeit 1 

(SURF1), mRNA, yeast 

class III 

Shy1p is necessary for full expression of 

mitochondrial COX1 in the yeast model of 

Leighôs syndrome 

Winzeler et al., 

2003, 

http://wiki.yeastgen

ome.org/index.php/

Commonly_used_st

rains, Barrientos et 

al., 2002 

W303 

Dtaz 

MATa/MATalpha ({leu2-

3,112 trp1-1 can1-100 ura3-

1 ade2-1 his3-11,15}) [phi+] 

taz1delta 

W303/S288c-

like 

TAZ1/YPR140W, Lyso-

phosphatidylcholine 

acyltransferase 

human G4.5 encodes a 

putative acyltransferase 

involved in phosphlipid 

biosynthesis 

The human TAZ gene complements 

mitochondrial dysfunction in the yeast taz1Delta 

mutant. Implications for Barth syndrome 

Vaz et al., 2003, Ma 

et al., 2004 

W303-

1A 

MATa leu2-3,112 trp1-1 

can1-100 ura3-1 ade2-1 

his3-11,15 

W303/S288c-

like 

MNP1/YGL068W, Protein 

associated with the 

mitochondrial nucleoid; 

putative mitochondrial 

ribosomal protein 

>gnl|UG|Hs#S1727713 

Homo sapiens 

mitochondrial ribosomal 

protein L12 (MRPL12), 

mRNA, not class III 

null mutation of MNP1 led to a respiratory-

deficient phenotype 

http://wiki.yeastgen

ome.org/index.php/

Commonly_used_st

rains, Sato and 

Miyakawa, 2004 

W303-

1B 

MATalpha leu2-3,112 trp1-1 

can1-100 ura3-1 ade2-1 

his3-11,15 MIP1[S] 

W303/S288c-

like 

MIP1/YOR330C, Catalytic 

subunit of the 

mitochondrial DNA 

polymerase 

>gnl|UG|Hs#S1727412 

Homo sapiens polymerase 

(DNA directed), gamma 

(POLG), nuclear gene 

encoding mitochondrial 

protein, mRNA, yeast class 

III  

Genetic and chemical rescue of the 

Saccharomyces cerevisiae phenotype induced by 

mitochondrial DNA polymerase mutations 

associated with progressive external 

ophthalmoplegia in humans 

http://wiki.yeastgen

ome.org/index.php/

Commonly_used_st

rains, Baruffini et 

al., 2006, Baruffini 

et al., 2007b 

YGM12

8 

MATalpha ura1 ura2 

leu2::KanR,CanR 

 tL(UAA)Q, Mit ochondrial 

tRNA-Leu 

Human tRNA-Leu (UUR) The yeast counterparts of human 'MELAS' 

mutations cause mitochondrial dysfunction that 

can be rescued by overexpression of the 

mitochondrial translation factor EF-Tu 

Feuermann et al., 

2003 

YH747 MATa lys2-A14 ade5-1 his7-

2 leu2-3,112 trp1-289 ura3-

52 

isogenic to 

E134 (S288c) 

   Stuart et al., 2006 

YJM789 MIP1[S]-like allele but has 

Thr661 

    Baruffini et al., 

2007b 

YPH274 MATa/alpha ({ura3-52 lys2-

801amber ade2-101ochre 

trp1-delta1 his3-delta200 

leu2-delta1} 

Derived from 

YNN216 

(congenic 

with S288c) 

   Sikorski and Hieter, 

1989 

YPH499 MATa ura3-52 lys2-

801amber ade2-101ochre 

trp1-delta63 his3-delta200 

leu2-delta1 MIP1[S] 

Derived from 

YNN216 

(congenic 

with S288c) 

CCC2/YDR270W, 

Cu(+2)-transporting P-type 

ATPase 

>gnl|UG|Hs#S1726319 

Homo sapiens ATPase, 

Cu++ transporting, beta 

polypeptide (Wilson 

disease) (ATP7B), mRNA, 

yeast class III 

Analysis of functional domains of Wilson disease 

protein (ATP7B) in Saccharomyces cerevisiae 

Sikorski and Hieter, 

1989, Iida et al., 

1998 

7
8 
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Strain 

Name 

 

Genotype Background 

Relation 

Relevant Yeast Gene 

Studied 

Human Ortholog Experiment Reference 

YPH499 MATa ura3-52 lys2-

801amber ade2-101ochre 

trp1-delta63 his3-delta200 

leu2-delta1 MIP1[S] 

Derived from 

YNN216 

(congenic 

with S288c) 

APT20/YPR020W, 

Subunit g of the 

mitochondrial F1F0 ATP 

synthase 

 Profiling Phosphoproteins of Yeast Mitochondria 

Revealed a Role of Phosphorylation in Assembly 

of the ATP Synthase, 80 phosphorylation sites in 

48 different proteins were identified. These 

mitochondrial phosphoproteins are involved in 

critical mitochondrial functions, including energy 

metabolism, protein biogenesis, fatty acid 

metabolism, metabolite transport, and redox 

regulation. By combining yeast genetics and in 

vitro biochemical analysis, it was found that 

phosphorylation of a serine residue in subunit g 

(Atp20) regulates dimerization of the 

mitochondrial ATP synthase. 

Sikorski and Hieter, 

1989, Reinders et 

al., 2007 

YPH500 MATalpha ura3-52 lys2-

801amber ade2-101ochre 

trp1-delta63 his3-delta200 

leu2-delta1 

Derived from 

YNN216 

(congenic 

with S288c) 

CRD1/YDL142C, 

Cardiolipin synthase 

Homo sapiens hypothetical 

protein (LOC54675), 

mRNA, yeast class III 

Cardiolipin is not required to maintain 

mitochondrial DNA stability or cell viability for 

Saccharomyces cerevisiae grown at elevated 

temperatures 

Sikorski and Hieter, 

1989, Zhang et al., 

2003 

YZD2 MATalpha ura3-52 lys2-

801amber ade2-101ochre 

trp1-delta63 his3-delta200 

leu2-delta1 crd1delta::HIS3 

YPH500, 

Derived from 

YNN216 

(congenic 

with S288c) 

CRD1/YDL142C, 

Cardiolipin synthase 

Homo sapiens hypothetical 

protein (LOC54675), 

mRNA, yeast class III 

Cardiolipin is not required to maintain 

mitochondrial DNA stability or cell viability for 

Saccharomyces cerevisiae grown at elevated 

temperatures 

Zhang et al., 2003 

YZD5 MATalpha his3ï11,15 leu2ï

3,112 ura3ï251,328,372 

crd1delta::HIS3 

DL1 (isogenic 

or congenic to 

D273-10B) 

CRD1/YDL142C, 

Cardiolipin synthase 

Homo sapiens hypothetical 

protein (LOC54675), 

mRNA, yeast class III 

Cardiolipin is not required to maintain 

mitochondrial DNA stability or cell viability for 

Saccharomyces cerevisiae grown at elevated 

temperatures 

Dunstan et al., 

1997, Zhang et al., 

2003 

ZGY1 MATalpha ura3ï52 lys2ï52 

lys2ï801 ade2ï101 trp1-

delta1 his3-delta200 leu2-

delta1 taz1::KanMX4 

isogenic with 

FGY3, 

CG990/YPH2

74 (S288c) 

TAZ1/YPR140W, Lyso-

phosphatidylcholine 

acyltransferase 

human G4.5 encoding a 

putative acyltransferase 

The human TAZ gene complements 

mitochondrial dysfunction in the yeast taz1Delta 

mutant. Implications for Barth syndrome  

Ma et al., 2004 

a
Yeast class III are genes that when deleted cause defects in the fitness of Saccharomyces cerevisiae when grown on nonfermentable carbon sources Steinmetz et al., 2002. 

b MIP1 alleles are either S288c-related, MIP1[S], or Sigma1278b-related, MIP1[sigma], and have been sequenced and defined by Baruffini et al., 2007b or by us in the case of YPH499. 

7
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Winzeler et al., 2003). In many cases only the relevant genotype, but not the background 

of the strain is known or reported (Table 2.1).  

Two issues arise with the use of different strain backgrounds. First, the selectable 

markers therein may influence some of the traits under study. Secondly, the classical 

yeast genetics used for early strain development involved crossing and backcrossing to 

transfer markers from one strain into another. This process has introduced ñgenetic 

baggageò that may not be obvious until a particular trait is studied.  

The contribution of auxotrophic marker genes to the interpretation of phenotypes 

is exemplified by studies utilizing strains bearing the his3-D200 allele. This allele 

harbours a 1036-base pair deletion that removes the entire HIS3 gene and a bidirectional 

promoter required for transcription of MRM1 (PET56, Figure 2.1), which encodes a 

mitochondrial site-specific ribose methyltransferase (Struhl, 1985, Sirum-Connolly and 

Mason, 1993, Rieger et al., 1997). As a result, his3-D200 strains display respiratory 

deficiencies (Zhang et al., 2003, Zhong et al., 2004, Figure 2.2). Zhang et al. (2003) 

studied the deletion of the cardiolipin synthase gene (CRD1) in D273-10B (MRM1) and 

YPH500 (mrm1/his3D200) backgrounds. Ultimately, the authors concluded that 

mitochondrial DNA (mtDNA) instability, loss of cellular viability, and respiratory defects 

exhibited at high temperatures were due to the presence of the mrm1 allele and the 

synergistic effect of crd1D and mrm,  but not the crd1D alone. In contrast, Zhong et al. 

(Zhong et al., 2004) reported that deletion of CRD1 caused temperature sensitivity, 

respiratory defects, and mtDNA instability, independently of mrm1. Interestingly, the 

crd1D strains that maintain the best respiratory competence at the end of both of these 

studies are both prototrophic for ADE2 (a DL1/D273-10B derived strain 
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Figure 2.1 Region of the HIS3 locus of S. cerevisiae.  his3ȹ1 is an allele containing an 

internal 187-bp deletion of the HIS3 gene (663 bp) whereas his3ȹ-200 contains a 1040-bp 

deletion of the entire HIS3 gene as well as the poly (dA-dT) upstream promoter element 

(17 bp), box with arrowheads.  This promoter acts bidirectionally to activate transcription 

of both genes; the direction of transcription is indicated by the arrows (Sirum-Connolly 

and Mason, 1993).
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Figure 2.2 Comparison of respiratory competence. Data from this work (37
o
C, S150 and 

YPH499) are compared with those from DL1, YPH500 (37
o
C, Zhang et al., 2003), 

BY4741 (37
o
C), FGY3 (39

o
C, Zhong et al., 2004) and D273-10B/A1, BY4742 and 

W303-1B (36
o
C, Baruffini et al., 2007b). Data are grouped according to the experimental 

methods, as described in the text. Respiratory competence in mrm1 (his3D200) variants 

are indicated by hatched bars, and the competence of the isogenic MRM1 variants are 

indicated by the total height of the solid and hatched bars. Relevant genotypes are 

indicated below each strain. Question marks indicate that the indicated allele has been 

inferred from whether or not the strain is known to be derived from S288c (hap1 

MIP1[S]) or S1278b (in the case of S150, HAP1 and MIP1[S] ). 
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(Zhang et al., 2003) and a BY4741 strain (Zhong et al., 2004). In contrast the strains that 

did not maintain respiratory competence well (YPH500 (Zhang et al., 2003) and 

FGY3/YPH274 (Zhong et al., 2004)) are both ade2-101ochre auxotrophs (Figure 2.2). 

Thus, synergistic effects may result from the use of multiple markers. 

The issue of ñgenetic baggageò has also been exemplified in studies of 

mitochondrial function. The S288c strain has been documented as being inappropriate for 

mitochondrial studies due to the mutated HAP1 locus (Sherman, 2002). HAP1 encodes a 

transcription factor that senses cellular heme status and increases expression of aerobic 

genes in response to oxygen (Ter Linde and Steensma, 2002). The effect of hap1 

mutations varies from a slight increase in mtDNA instability (rho
ï
) (Mattoon et al., 1990) 

in a BWG1-7a background, to a petite phenotype and diminished respiratory capacity in 

strain aGH1 (Becerra et al., 2002, Table 2.1). 

One possible explanation for this apparent discrepancy could come from a recent 

example provided by Baruffini et al. (Baruffini et al., 2007b). It was shown that a single 

nucleotide polymorphism in the yeast mtDNA polymerase gene (MIP1) changes an 

evolutionarily conserved threonine at position 661 in MIP1[S] to an alanine in S. 

cerevisiae strains related to S288c, MIP1[S] (W303-1B, BY4741, BY4742, and 

BY4743). They showed that an alanine residue at position 661 is responsible for an 

increase in point mutations and deletions within the mitochondrial genome.  

Due to the discrepancies in the literature noted above concerning respiratory 

competence and the wide spread use of S288c, we re-evaluated some of the issues 

pertinent to choice of yeast background strain on respiration and stability of the 

mitochondrial genome. The auxotrophic marker ade2-101ochre is common to the YPH 
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series of strains (Sikorski and Hieter, 1989) and is used for colorimetric determination of 

respiratory competence (Shadel, 1999). In this current study, this marker was examined 

alone and in combination with the his3-D200 (mrm1) mutation discussed above, in 

backgrounds containing wild-type and mutant HAP1 alleles. Finally, the role of the MIP1 

allele was considered by examining these marker alleles in the S288c-related strain 

YPH499 (MIP1[S]), and in S150 (MIP1[S]), Table 2.2 (Sherman et al., 1986). The 

results herein demonstrate that multiple factors contribute to the maintenance of 

mitochondrial function, and that strain background is an important consideration in both 

designing experiments and comparing results obtained by different research groups.  

2.3 Materials and Methods 

2.3.1 General methods 

Restriction digestions were carried out according to manufacturersô procedures. 

General molecular biological procedures were carried out according to Sambrook and 

Russell, 2001 and yeast transformations were carried out according to Gietz and Woods, 

2002. Linear DNA fragments obtained from restriction digestion of plasmids or PCR 

amplification and used for yeast transformation or cloning were gel extracted/purified 

using the QIAquick Gel Extraction Kit (QIAGEN Inc., Mississauga, ON). When 

necessary yeast cells were screened to ensure they were haploid using the rapid 

assessment of S. cerevisiae mating type by PCR (Huxley et al., 1990). 

2.3.2 Media, growth conditions, and genetic methods.  

Yeast were grown on various media including: YPG (1% yeast extract, 2% 

peptone, 3% glycerol); YG-Er (2% yeast extract, 3% glycerol, 50 mM potassium 

phosphate, pH 6.5, 4 g/L erythromycin); YP2D (1% yeast extract, 2% peptone, 2%
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   Table 2.2 Yeast strains used in this study 

 

Strain Genotype 

Source or 

reference 

YPH499 MATa ura3-52 lys2-801amber ade2-101ochre trp1-

D63 his3-D200 leu2-D1 hap1
a
 MIP1[S]

b
, Derived from 

the diploid strain YNN216, which is congenic with 

S288c 

Sikorski and 

Hieter, 1989 

YNN216 MATa/Ŭ ura3-52/ura3-52 lys2-801amber/lys2-

801amber ade2-101ochre/ade2-101ochre, Congenic to 

S288c 

Sikorski and 

Hieter, 1989 

S288c MATŬ SUC2 gal2 mal mel flo1 flo8-1 hap1 ho bio1 

bio6 

Mortimer and 

Johnston, 1986 

S150 MATa leu2-3,112 his3-D1 trp1ï289 ura3-52 MIP1[S] c
 

HAP1 

Steger et al., 

1990 

DACS1 [S150] URA3 This study 

DACS2 [S150] his3-D200 This study 

DACS3 [S150] ade2-101ochre URA3 This study 

DACS4 [S150] ade2-101ochre This study 

DACS5 [S150] his3-D200 ade2-101ochre This study 

DACS6 [S150] his3-D200 URA3 This study 

DACS7 [S150] his3-D200 ade2-101ochre URA3 This study 

DACS8 [S150] his3-D200 ade2-101ochre hap1::caURA3
b
 This study 

DACS9 [S150] hap1::caURA3
b
 This study 

DACY1 [YPH499] ADE2 This study 

DACY2 [YPH499] HIS3 This study 

DACY3 [YPH499] HIS3 ADE2 This study 
aHAP1 or hap1 alleles were determined in YPH499 and S150 by either the presence or absence of a 

PCR product generated with CloneHAP1F/CloneHAP1R primers 
bMIP1 alleles were identified by sequencing and are from either S288c, MIP1[S], or S1278b, MIP1[S], 

background strain as defined by Baruffini et al., 2007b 
ccaURA3 is the Candida albicans ortholog of S. cerevisiae URA3 Sheff and Thorn, 2004 
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dextrose); YP10D (1% yeast extract, 2% peptone, 10% dextrose); SC-URA (0.67% 

Difco
TM

 nitrogen base without amino acids, 4% dextrose, all amino acids except uracil, 

pH 5.6, amino acid concentrations used were as described by (Sherman, 1991); SC-ADE 

(0.67% Difco
TM

 nitrogen base without amino acids, 4% dextrose, all amino acids except 

adenine, pH 5.6); SC-HIS (0.67% Difco
TM

 nitrogen base without amino acids, 4% 

dextrose, all amino acids except histidine, pH 5.6); 5-fluoroorotic acid (SC+FOA) (0.7% 

Difco
TM

 nitrogen base without amino acids, 2% dextrose, 0.1% FOA, 0.007% uracil, and 

all required amino acids). All components were obtained from Fisher Scientific (Ottawa, 

Ontario) except for erythromycin and FOA which were obtained from Research Products 

International Corp. (Mt. Prospect, Illinois) and ZYMO RESEARCH (Orange, USA) 

respectively. Percentages indicate weight per volume and all solid media contained 2% 

Bacto
TM

 agar.  

2.3.3 Strain construction 

S. cerevisiae strains used in this study are listed in Table 2.2. Primers used to 

construct and confirm all strains are listed in Table 2.3. 

 The DACS2 strain, used to construct DACS5 ï 8, was constructed using a 

transplacement vector and a method modified from (Scherer and Davis, 1979, Figure 

2.3A). pBS::URA3 was constructed by Heather McIntosh (Universtiy of Manitoba). 

Briefly, the BglII fragment from pFL34 was inserted into the BamHI site of pBluescript 

to make pBS::URA3. An ~1.1 kb region of the his3-D200 allele was PCR amplified from 

YPH499 genomic DNA using the HUS/HDS primer set (Table 2.3), restriction digested, 

gel purified and inserted directionally into the EcoRI and KpnI sites of pBS::URA3 
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Table 2.3 Primers used in this study  

  

Primer Name Primer Sequence (5ô to 3ô)* Tm 

(
o
C) 

Gene Target 

ADE2DS AAA GGTACCATGAACTGTATCGAAAC

G 

50 ADE2 

ade2DSE AAA GAATTCATGAACTGTATCGAAAC

G 

50 ADE2 

ADE2US AAA GAATTCTATTACAGCTATGCTGA

C 

50 ADE2 

CaURA3F CATCAATTGACGTTGATACC  56 caURA3 

CaURA3R TAATCCAACTCCAGGTGTC  56 caURA3 

CloneHAP1F AAA GGATCCTTAGCAAACCACAGTAC

GAGC 

62 HAP1 

CloneHAP1R AAA GGATCCCAACTTCTTCAACCTCC

AATTAT  

62 HAP1 

DHAPF TTAGATGTCGAATACCCCTTATAATTC

ATCTGTGCCTTCCATTGCATCCATGAC

C TGA GTTTAGCTTGCCTCGTCC  

56 caURA3 of 

pKT209 

DHAPR ATGTCCCTTTCTATTTATACATAAACA

AACCGCATCACTCCCATATTGGAAAAT

C TCGATGAATTCGAGCTCG  

54 caURA3 of 

pKT209 

DScrMIPF GAGGACATGCTGTATCGG  56 MIP1 

DScrMIPR AGCTAACGAGAAGATGCAG  56 MIP1 

GenomicMIP_Se

q1R 

GCACATTCATAGAACGCTTC  58 MIP1 

HDS AAA GAATTCTTCAGTTCATCGACTAT

C 

50 HIS3 

HUS AAA GGTACCTCTGTGATTGGTTCAGG  50 HIS3 

MIPDSofERev GAAGATGTAGATAATCCACTC  58 MIP1 

MIPSeq2R CTGGACTTGCATCGCAAG  56 MIP1 

MIPSeq3bR ACACCTGTGCATTGCAATCC  60 MIP1 

MIPSeq3R CTTTTAAGTAACTGACTCGC  56 MIP1 

MIPSeq4bR GTTGATTTATCTGTGGAAGC  56 MIP1 

MIPSeq4R CTCCTTCGACCATATTACGG  60 MIP1 

MIPSeq5R GTTGTATTCTTCGAGAACCC  58 MIP1 

URA3_INT_FO

R 
AAACG AAGATAAATCATGTCG  56 URA3 

URA3_R TTGTGAGTTTAGTATACATGC  56 URA3 

XMA  TCTGTGCTTGTCCACC  50 HIS3 

XMB TTGCACAGGTGTTGGC  50 HIS3 
*Primer sequences that anneal to the target gene are in bold. Restriction endonuclease recognition sites 

engineered into the 5ô-end of primers are underlined while normal font only represents regions engineered 

into the 5ô-end of primers for recombination into yeast. TGA, represents a stop codon engineered into 

DHAPF.
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Figure 2.3 A. Transplacement vector strategy. The mutant allele of your favorite gene 

(MYFG) was PCR amplified from an appropriate genome using the MUS and MDS 

primer set (purple) then ligated into the pBS::URA3 vector.  This insert is drawn as two 

wavy arrows connected by a dot representing either a point mutation or deletion. I)  The 

recombinant pBS::URA3+MYFG plasmid was transformed into Saccharomyces 

cerevisiae, harbouring YFG (white box) and the single crossover was selected on SC-

URA plates. II)  The single recombination event between the plasmid, right side wavy 

arrow, and the correct YFG chromosomal locus, right side solid arrow, was screened by 

PCR. The left recombination junction (LRJ) was identified by ChrF (top strand) and 

MDS (bottom strand) primers and the right recombination junction (RRJ) was confirmed 

by and MUS (top strand) and ChrR (bottom strand) primers. III)  Strains harbouring the 

integrated plasmid at the YFG locus were plated onto 5-fluroorotic acid plates to select 

for Ura
-
 colonies, which survive by crossing out the URA3 gene for uracil biosynthesis 

(grey box) via a second recombination event upstream of the first, on the left-hand-side 

arrow of both the plasmid and the chromosome. IV)  In the resulting strain the presence of 

the MYFG point mutation or deletion at the YFG locus was identified by PCR using the 

following primer sets: ChrF and MDS; ChrF and ChrR; MUS and ChrR; MUS and MDS. 

B. his3-D200 strains, harbouring the 1036-bp deletion, were confirmed by Southern 

blotting. Yeast genomic DNA was digested with EcoRI and XbaI to identify the genomic 

3439-bp band in three separate isolates harbouring his3-D200 (lanes 1 ï 3). As a control 

the isogenic parent S150 was included to compare his3-D200 to his3-D1 (4288-bp 

fragment, lane 4). Three, four, and five-kb are indicated on the left-hand-side of the blot. 

For ade2-101ochre mutants, the nonfunctional ade2 gene was confirmed by red pigment 
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production on YPD as well as adenine auxotrophy or the inability to grow on SC-ADE 

plates. 
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to make the transplacement vector pBS::URA3::his3-D200. This plasmid was confirmed 

by restriction mapping and sequencing and then transformed into S150 using the standard 

lithium acetate transformation protocol (Gietz and Woods, 2002) and plated onto SC-

URA. Integration of the plasmid at the HIS3 locus in the uracil prototrophs was 

confirmed by PCR across the sites of chromosomal plasmid insertion using the 

HUS/XMB (1.2 kb amplicon) and XMA/HDS (2 kb amplicon) primer sets (Figure 2.3A 

and Table 2.3). The confirmed strains were then grown for two days in SC-URA broth to 

an OD600 of ~1. To screen for colonies in which the cassette had been removed by 

recombination, 1 ml of the SC-URA cultures was centrifuged at 6000 rpm for 2 minutes 

and then 900 ml of supernatent was discarded followed by plating of the cells in the 

remaining 100 ml onto a SC+FOA plate and incubated at 30
o
C. After four days, FOA-

resistant colonies were picked and streaked onto fresh SC+FOA plates, as well as onto 

YPG plates to test for the ability of the colonies to respire. FOA-resistant colonies were 

then screened with XMA/XMB and HUS/HDS primer sets, which should yield either a 

1.2-kb or a 1.1-kb amplicon, respectively, if the his3-D1 allele is replaced with his3-

D200. Southern blot analysis using a HIS3-specific probe was carried out to confirm the 

colony PCR results (Figure 2.3B). This strain was designated DACS2. 

To create ade2 versions of S150 an ~2.2 kb region containing the ade2-101ochre 

locus was PCR amplified from YPH499 genomic DNA using the AUS/ADSE primer set 

(Table 2.3), and restriction digested, gel purified and cloned into the EcoRI site of 

pBluescript creating pBS::ade2-101ochre. The pBS::ade2-101ochre plasmid was then cut 

with EcoRI and the ade2-101ochre fragment was gel purified and subcloned into the 

EcoRI site in the multiple cloning site of pBS::URA3 such that the URA3 ORF was not 
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disrupted, creating the transplacement vector pBS::URA3+ade2-101ochre. The 

transplacement vector was then transformed into S150, DACS1, and DACS2 and 

transformants were plated onto SC-URA. Approximately twenty uracil prototrophic 

colonies were inoculated into FOA broth and allowed to grow for 48 hours at 30
o
C with 

shaking to an OD600 of 2.5 followed by plating for isolated colonies on SC+FOA plates. 

Red colonies, indicative of successful recombination to remove the ADE2 allele (Figure 

2.3A), appeared at a low frequency after four days within the FOA-resistant population 

and these were picked to YPD plates and streaked out for isolated colonies. Single isolate 

adenine auxotrophs from YPD plates were confirmed by the inability to grow on SC-

ADE drop out media. 

URA3 prototrophs were constructed by transformation of S150, DACS2, DACS4, 

and DACS5 with a 0.86-kb gel purified PCR product amplified from pBS::URA3 using 

the primers URA3_R/URA3_INT_FOR (Table 2.3). URA3 transformants were selected 

on SC-URA dropout media. 

The HAP1 gene was disrupted by a PCR-mediated gene disruption. The Candida 

albicans URA3 (caURA3) gene was PCR amplified from the pKT209 plasmid (Sheff and 

Thorn, 2004) using the DHAPF/DHAPR primers (Table 2.3) followed by gel 

purification. Engineered into the 5ô-ends of the primers were 55 nucleotides of homology 

for recombination at the HAP1 locus to remove most of the ORF. Within primer DHAPF 

a stop codon was introduced just after amino acid 17 of the HAP1 ORF to avoid 

engineering a primer within a large AT-rich region just upstream of the start codon. The 

purified PCR product was transformed into the HAP1 wild-type strains S150 and DACS5 

and transformants were selected on SC-URA. The double crossover recombination event 
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was screened using the CLONEHAP1F/CAURA3R and CAURA3F/CLONEHAP1R 

primer sets (Table 2.3) which cover the upstream and downstream region for both 

crossovers.  

The YPH499 background strain was transformed to ADE2 prototrophy by 

replacing the ade2-101ochre locus with the wild-type ADE2 locus. ADE2 was PCR 

amplified from S150 genomic DNA using ADE2US/ADE2DS primers (Table 2.3) and 

gel purified. The PCR product was then used for yeast transformation and YPH499 ADE2 

prototrophs were selected on SC-ADE plates. The his3-D200 allele was replaced with the 

wild-type HIS3 gene including the bidirectional promoter from the plasmid 

pBluescript::HIS3 (BS50, a gift from W. Neupert, University of Munich).  The 1.768-kb 

BamHI genomic fragment harbouring the HIS3 gene was cut out of the BS50 plasmid and 

gel purified as described above, followed by transformation into YPH499 and DACY1 

and HIS+ colonies were selected for on SC-HIS plates to create DACY2 and DACY3 

respectively. Due to the position of the deletion at the his3-D200 allele (-205 to 835, 

relative to the first ATG of the HIS3 ORF, 

http://www.yeastgenome.org/alleletable.shtml), recombination of the HIS3 fragment 

would have to restore the bidirectional promoter as well as the HIS3 ORF. 

2.3.4 Assessment of mtDNA maintenance, replication fidelity  and respiratory 

competence 

Slides for fluorescence microscopy of 4ô,6-diamidino-2-phenylindole (DAPI, 

Sigma-Aldrich, St. Louis, MO, USA) stained cultures were prepared to monitor the 

presence of mtDNA. Cultures grown for 96 hours at 30
o
C or 37

o
C as described for 

respiratory competence were diluted to 0.7 OD600 in 5 ml of YP10D broth and DAPI was 

added to a final concentration of 2.5 mg/ml. Cultures were incubated for 40 minutes at 
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30
o
C with shaking, followed by washing of 1.6 ml of cells with 1 ml ddH2O and 

resuspension in 150 ml ddH2O. 40 ml of the DAPI-stained cells were combined with an 

equal volume of 0.7% low gelling agarose (Mandel, Guelph, ON) made in ddH2O, 

transferred to a slide for observation by Zeiss Epi-fluorescent microscopy.  

Erythromycin-resistance was monitored according to (Young et al., 2006, Hu et 

al., 1995). Briefly, 5 x10
8
 ï 1 x10

9 
cells were spread onto each of two YG-Er plates from 

an overnight culture grown in 30 ml of a 50:50 mixture of YPG:YP2D. Appropriate 

dilutions were also spread onto YPG plates to determine the actual number of respiratory-

competent cells spread on the YG-Er plates. 

Respiratory competence was monitored over 96 hours. Yeast were first grown in 

YPG broth for 48 hours to ensure a 100% respiring culture. Cultures were then diluted to 

0.01 OD600 in YP10D broth for growth with shaking at 30
o
C or 0.16 OD600 for growth 

with shaking at 37
o
C. Cultures were diluted down to 0.01 OD600 (for 30

o
C) or 0.16 OD600 

(for 37
o
C) every 24 hours and glucose levels were continually monitored (Young and 

Court, 2004) to ensure sufficient (> 1%) glucose to avoid selection of respiratory-

competent cells. At 24, 72, and 96 hours of growth, cultures were diluted down and then 

spread plate to give significant plate counts on YP2D plates. Respiratory competence was 

determined by diagnosing respiration deficiency based on Rautôs observation that white 

colonies following growth on tetrazolium plates are unable to respire whereas red 

colonies are respiratory competent (Ogur et al., 1957).  YP2D plates grown at 30
o
C for 

two days were overlaid with 2,3,5-triphenyl tetrazolium chloride (TTC) top agar (1% 

Bacto agar, 0.067 M phosphate buffer, pH 7.0, 0.1% TTC) as described by (Ogur et al., 

1957). Plates were incubated in the dark for at least one hour and percent respiratory 
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competence was calculated as the number of red colonies divided by the total number of 

colonies multiplied by 100. 

2.4 Results 

2.4.1 YPH499 based strains and the his3-D200 S150 strains show temperature-

sensitive loss of respiratory competence. 

To investigate the contributions of ADE2, MRM1 promoter/his3-D200, HAP1, and 

MIP1, cells harbouring different combinations of these alleles (Table 2.2) were grown in 

YPD for four days. Cultures were transferred to fresh media each day to ensure sufficient 

glucose, thereby preventing selection for respiratory competent cells. Due to the 

variability in the data (Table 2.4), median values are presented to show trends (Figure 

2.4). Respiratory competence of YPH499 ranged from 52.2 to 92.9% by the fourth day of 

growth at 30
o
C (Table 2.4). All other strains examined in the study maintained at least 

89% respiratory competence over four days growth at 30
o
C (Table 2.4). As a more 

sensitive assay, we also examined differences in respiratory competence of the various 

strains at 37
o
C. The S150 background strain and two mutants made thereof, DACS4 

(ade2) and DACS9 (hap1), maintained greater than ninety percent respiratory 

competence over the four day period at 37
o
C (Figure 2.4 and Table 2.4). In contrast, the 

presence of the his3-D200 allele in the same background strain (DACS2) caused a slight 

decrease in respiratory competence by day three and a more dramatic decrease was 

observed by day four where the median value was 50%. The loss of ADE2 function in 

DACS5 (ade2) in a S150 his3-D200 background was not associated with any further loss 

of respiration compared to DACS2 (ADE2, his3-D200). Interestingly, when the HAP1 
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Figure 2.4 Respiratory competence of various yeast strains grown for four days at 37
o
C 

in YP10D. Respiratory competence was determined as described in Materials and 

Methods, day 1 (D1), day 3 (D3), and day 4 (D4). The relevant genotypes for each are 

shown below strain names/abbreviations. Y1 (DACY1), Y2 (DACY2), Y3 (DACY3), S2 

(DACS2), S4 (DACS4), S5 (DACS5), S8 (DACS8), and S9 (DACS9). 
a
A representative 

experiment is shown for S150, DACS4 (S4) and DACS9 (S9) as all strains maintained 

median respiratory competence greater than 90% over four days growth in YP10D (Table 

2.4). 
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Table 2.4 Percent respiratory competence for various laboratory strains 

 
 

  

Respiratory Competence (%) 

Strain 

Temp. 

(number 

of 

replicates) 

Incubatio

n (Days) Median Average 

Standard 

Deviation  Range 

YPH499 30
o
C 1 98.7 98.3 2.0 96.1 - 100 

 
(3) 3 86.3 76.7 19.5 89.5 - 54.3 

 
 

4 81.9 75.5 21.4 52.2 - 92.9 

 
      YPH499 37
o
C 1 93.1 87.9 11.3 74.9 - 95.7 

 
(3) 3 40.2 35.4 17.9 15.7 - 50.4 

 
 

4 25.6 29.7 20.8 11.3 - 52.2 

 
      DACY1 30
o
C 1 98.7 99.0 0.6 98.6 - 99.7 

 
(3) 3 97.9 97.3 1.8 98.6 - 95.2 

 
 

4 96.5 94.8 3.6 97.3 - 90.7 

 
      DACY1 37
o
C 1 81.0 79.6 13.4 65.5 - 92.2 

 
(3) 3 36.6 30.1 26.0 1.5 - 52.2 

 
 

4 15.5 26.9 29.8 4.5 - 60.7 

 
      DACY2 30
o
C 1 96.1 95.6 2.8 92.6 - 98.2 

 
(3) 3 92.0 92.0 1.2 90.8 - 93.1 

 
 

4 89.6 90.4 1.5 89.4 - 92.1 

 
      DACY2 37
o
C 1 79.9 79.9 4.9 75.0 - 84.9 

 
(3) 3 47.9 47.8 8.7 39.0 - 56.4 

 
 

4 46.9 38.5 18.4 17.4 - 51.2 

 
      DACY3 30
o
C 1 99.6 99.5 0.7 98.7 - 100 

 
(3) 3 99.0 99.0 0.5 98.0 - 99.5 

 
 

4 98.8 98.4 0.9 97.2 - 98.9 

 
      DACY3 37
o
C 1 95.2 95.4 3.3 92.3 - 98.9 

 
(3) 3 24.3 27.8 26.8 3.0 - 56.3 

 
 

4 11.0 15.3 10.4 7.7-27.2 
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Respiratory Competence (%) 

Strain 

Temp. 

(number 

of 

replicates) 

Incubatio

n (Days) Median Average 

Standard 

Deviation  Range 

S150 30
o
C 1 99.4 99.5 0.5 98.7 - 100 

 
(3) 3 99.2 98.6 1.0 97.4 - 99.2 

 
 

4 98.9 98.6 1.4 97.0 - 99.8 

 
      S150 37
o
C 1 98.7 99.0 0.7 98.7 - 100 

 
(4) 3 92.3 91.7 8.2 82.5 - 99.7 

 
 

4 97.0 93.9 7.4 82.9 - 98.9 

 
      DACS1

a
 30

o
C 1 

 

99.5 

  
 

(1) 3 

 

99.5 

  
 

 

4 

 

98.9 

  
 

      DACS1 37
o
C 1 

 

99.4 

 

98.7 - 100 

 
(2) 3 

 

98.6 

 

97.5 - 99.7 

 
 

4 

 

98.2 

 

97.4 - 98.9 

 
      DACS2 30

o
C 1 99.6 99.4 0.6 98.7 - 99.8 

 
(3) 3 98.0 97.3 0.9 96.5 - 98.7 

 
 

4 98.0 96.6 0.9 92.5 - 99.3 

 
      DACS2 37
o
C 1 96.4 96.4 3.1 93.3 - 99.6 

 
(3) 3 83.4 84.1 6.1 87.4 - 90.5 

 
 

4 50.0 48.9 8.3 40.1 - 56.5 

 
      DACS3 30

o
C 1 

 

96.3 

 

94.7 - 97.9 

 
(2) 3 

 

93.9 

 

89.2 - 96.5 

 
 

4 

 

93.8 

 

88.7 - 98.9 

 
      DACS3 37
o
C 1 

 

96.3 

 

94.7 - 97.9 

 
(2) 3 

 

92.9 

 

89.2 - 96.5 

 
 

4 

 

93.8 

 

88.7 - 98.9 

 
      

DACS4 
30

o
C 1 

2 

replicates 99.0 1.0 98.3-99.6 

 
(3) 3 97.7 97.9 1.2 96.7 - 99.2 

 
 

4 99.5 99.0 0.0 97.9 - 99.6 

 
      DACS4 37

o
C 1 99.6 98.2 2.6 95.3 - 99.8 

 
(3) 3 97.4 91.7 11.4 78.5 - 99.1 

 
 

4 98.1 89.6 15.0 72.3 - 98.4 
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Respiratory Competence (%) 

Strain 

Temp. 

(number 

of 

replicates) 

Incubatio

n (Days) Median Average 

Standard 

Deviation  Range 

DACS5 30
o
C 1 99.6 99.6 0.0 99.1 - 100 

 
(3) 3 99.4 99.3 0.6 98.6 - 99.7 

 
 

4 96.9 95.6 5.2 89.9 - 100 

 
      DACS5 37
o
C 1 97.7 97.4 1.1 97.7 - 98.3 

 
(3) 3 75.2 66.4 17.1 46.7 - 77.3 

 
 

4 52.2 46.7 21.0 23.5 - 64.4 

 
      DACS7 30

o
C 1 

 

95.2 

  
 

(1) 3 

 

100.0 

  
 

 

4 

 

99.3 

  
 

      DACS7 37
o
C 1 

 

98.2 

  
 

(1) 3 

 

85.6 

  
 

 

4 

 

75.8 

  
 

      DACS8 30
o
C 1 99.8 99.8 0.1 99.7 - 100 

 
(3) 3 99.3 99.0 0.6 98.4 - 99.5 

 
 

4 98.7 98.7 1.3 97.3 - 100 

 
      DACS8 37
o
C 1 98.9 98.8 0.7 98.1 - 99.4 

 
(3) 3 24.0 30.4 16.9 17.8 - 49.6 

 
 

4 17.2 12.9 11.4 0 - 21.7 

 
      DACS9 30

o
C 1 100.0 99.7 0.5 99.7 - 100 

 
(3) 3 98.2 98.0 0.4 98.3 - 97.7 

 
 

4 97.4 96.9 1.2 95.6 - 97.8 

 
      DACS9 37
o
C 1 99.8 99.3 1.1 98.0 - 100 

 
(3) 3 95.5 96.4 1.5 95.5 - 98.0 

 
 

4 94.8 95.1 0.7 94.6 - 95.9 

       aOnly one or two replicates were performed for strains highlighted 
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gene was disrupted in the S150 his3-D200 ade2 hap1 strain DACS8, respiratory 

competence was reduced by three-fold on days three and four in comparison to DACS2 

and DACS5.  

After four days at 37
o
C YPH499, DACY1, and DACY3 only maintained median 

levels of 26, 16, and 11% respiratory competence while ~50% of DACY2 cells were 

respiratory competent (Figure 2.4). While it may appear that DACY2 has an increased 

ability to maintain respiratory competence at 37
o
C it is important to note that all YPH499 

backgrounds ranged from ~5 to 61% respiratory competence, suggesting reduced levels 

for all YPH499 derivatives (Table 2.4).  

2.4.2 Loss of respiratory competence is accompanied by loss of mtDNA in the 

YPH499 but not in the S150 background. 

The loss of respiration ability in the YPH499 strain is correlated with a loss of 

mtDNA (Figure 2.5 median of 0 and average of 0.6 punctate mitochondrial nucleoids per 

cell) as indicated by DAPI staining of the cultures grown over four days at 37
o
C. In 

contrast, the loss of respiratory competence in the S150 background strains (DACS5 and 

DACS8) was not accompanied by the loss of mtDNA (Figure 2.5) suggesting different 

mechanisms may be responsible for the loss of respiratory ability in the two genetic 

backgrounds. 

2.4.3 Low levels of point mutations were detected in all S150 background strains, 

DACY1, and DACY3 while higher levels were detected in YPH499 and DACY2. 

Erythromycin-resistance (Er-R) was used as an indication of the level of point 

mutations in the mitochondrial genome. Due to the loss of mtDNA at 37
o
C in the 

YPH499 background, erythromycin-resistance could only be tested in cells grown at 

30
o
C. All strains constructed in the S150 background produced on average 2.2 
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Figure 2.5 mtDNA maintenance in cells grown at 37
o
C for four days. A. DAPI stained 

puncta were counted in thirty DAPI -stained cells of each strain, and the median for each 

strain is shown as a line. B. DAPI staining. After four days growth in YP10D at 37
o
C 

cultures were stained with DAPI for 40 minutes as described previously (Young et al., 

2006) M, punctuate mitochondrial staining; N, nuclear staining. 
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erythromycin-resistance cells/1x10
8
 cells (Figure 2.6 and Table 2.5). YPH499 produced 

the highest level of erythromycin-resistant cells, 15/1x10
8
 on average (Figure 2.6). In this 

background, restoration of the ADE2 gene in DACY1 and DACY3 (HIS3 ADE2) caused 

a decrease (0.5/1x10
8
 and 2.8/1x10

8
 respectively) in erythromycin-resistant cells 

compared to YPH499. Restoration of only the MRM1 promoter in DACY2 did not have 

an effect on the frequency of point mutations when compared to the YPH499 

background, indicating that the ADE2 locus is the contributing factor in decreased 

erythromycin-resistance in DACY3. 

2.5 Discussion 

Recent descriptions of respiratory defects associated with S288c-related strains, 

specifically those harbouring MIP1[S] (Baruffini et al., 2007b) and hap1 (Sherman, 

2002) alleles, impelled us to evaluate the effects of these alleles in combination with 

potentially influential auxotrophic markers, namely ade2-101ochre and his3D-200 

(mrm1). 

We observed a temperature-sensitive phenotype at 37
o
C for the S288c-related 

(YPH499) MIP1[S] strains used in our study. Although different experimental 

approaches were used (see below), less than 40% respiratory competence was detected in 

YPH500, presumably MIP1[S] (Zhang et al., 2003). In comparison, the S150 MIP1[S] 

strain maintained a high level of respiratory competence (>90%) throughout the 

experiment (Figure 2.2). Similarly, greater than 90% of DL1 cells (isogenic or congenic 

to D273-10B, Zhang et al., 2003), presumably MIP1[S], and D273-10B/A1 (MIP1[S] , 

Baruffini et al., 2007b) maintained mitochondrial function after prolonged treatment at 

37
o
C. These data reinforce the conclusion of Baruffini et al., 2007b regarding the 
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Figure 2.6 Point mutations in mtDNA. Relative fidelity of mtDNA replication was 

assessed as described previously (Young et al., 2006). Each of three independent 

transformants for each strain was replicated three times. Averages are shown as open 

bars, with the standard deviation for each, and the median for each strain is displayed as 

solid black bars. óAll S150ô refers to S150 and DACS1 ï DACS9 (Table 2.2). 
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Table 2.5 Erythromycin-Resistance per 10
8 
cells 

 Strain Number 

of 

Replicates 

Median Average Standard 

Deviation  

Range 

YPH499 9 18.0 15.0 8.1 3.9 - 25.2 

      DACY1 13 0.2 0.5 0.6 0.1 - 2.3 

      DACY2 9 5.8 10.0 8.8 1.8 - 24.5 

      DACY3 10 1.0 2.8 3.8 0.1 - 10.4 

      S150 8 2.2 2.6 2.7 0.2 - 8.6 

      DACS1 7 2.1 2.2 2.3 0.2 - 6.6 

      DACS2 9 1 3 3.2 0.4 - 8.2 

      DACS3 7 3.1 3.3 1.8 0.1 - 5.6 

      DACS4 6 1.4 2.3 2.6 0 - 7.1 

      DACS5 4 0.6 1 1 0.24 - 2.4 

      DACS6 6 1.7 2.4 2.3 0.34 - 6.2 

      DACS7 8 1.7 2.1 1.4 0.5 - 3.7 

      DACS8 3 1.1 1.1 0.4 0.7 - 1.6 

      DACS9 3 0.2 0.2 0.2 0 - 0.2 

      All 

S150 60 1.3 2.2 2.2 0 - 8.6 
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contribution of the MIP1 allele to the maintenance of mitochondrial function.  

However, BY4741, BY4742, and W303-1B, all harbouring MIP1[S], displayed 

greater than 85% respiratory competence (Figure 2.2) suggesting that the MRM1 allele 

drastically reduced the effect of the MIP1[S] allele in these strains. This is supported by 

the YPH499 data and the S150 (MIP1[S]) strains harbouring the mrm1 allele, that 

showed decreased mitochondrial function after four days at 37
o
C. However, replacement 

of the mrm1 with MRM1 in YPH499-derived strains did not restore respiratory 

competence to levels observed in S150. Zhang et al. also complemented YPH500 cells 

with MRM1 on a plasmid (Zhang et al., 2003), which resulted in an increase in 

respiratory competence from about 34% to only 68% suggesting a role for other factors 

(see below). A similar approach was taken by Zhong et al. (Zhong et al., 2004), in the 

S288c-related strain FGY3 (parent strain YPH274, Table 2.1). In this case, almost all of 

the cells retained respiratory function after incubation for 96 and 194 hours at 37
o
C in 

both the mrm1 and MRM1-complemented strains. The reason for this discrepancy is not 

clear. 

The HAP1 gene, which encodes a heme-dependant transcription factor, has 

obvious links to mitochondrial status, and it has been suggested by Sherman that HAP1 

strains such as D273-10B be used for mitochondrial studies (Sherman, 2002). 

Nonetheless, strains with the S288c background (hap1) are widely used for this work 

(Table 2.1). The effect of the HAP1 allele may be enhanced by the MIP1[S] allele that is 

present in the S288c-derived strains (Baruffini et al., 2007b). In the MIP1[S] strain used 

in the current study, respiratory incompetence was not observed in DACS9 (hap1D). 
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However, there was a three-fold drop in respiratory competence in DACS8, with 

MIP1[S] in combination with mrm1, hap1D and ade2-101ochre, in comparison to 

DACS2 (mrm1) and DACS5 (mrm1, ade2-101ochre). This drop likely reflects negative 

synergism between hap1D and other genes required for respiration (his3-D200/mrm1). 

The other important consideration is the method used to estimate levels of 

respiratory competence. In the current work, and that of Baruffini et al., 2007b) cells 

were maintained in a replicative state of growth, wherein they were repeatedly 

subcultured (Young and Court, 2004) or replica-plated (Baruffini et al., 2007b). In 

contrast, the methods of Zhong et al., 2004) and Zhang et al., 2003) involve 

chronologically aging the cultures for at least four days in YPD or YPG before plating to 

determine the number of petites. Growing these strains into the post-diauxic and 

stationary phases of growth would select for respiration, due to the fact that cells survive 

by consuming nonfermentable by-products of glucose fermentation (Werner-Washburne 

et al., 1996). Respiring cells may also have a selective advantage when in or entering 

stationary phase. Given the similar levels of respiratory competence between BY4741 

(Zhong et al., 2004) and BY4742 (Baruffini et al., 2007b), these methodological 

difference cannot explain the FGY3 results (Figure 2.2, Zhong et al., 2004). The FGY3 

respiratory competence levels were expected to resemble those of YHP499/500, because 

all three of these strains are derived, through multiple crosses, from YNN216, which is 

congenic to S288c (discussed by Kumar et al., 2003). Thus, it would be expected that 

FGY3 is also MIP1[S] and hap1. However, it has been shown by Kumar (Kumar et al., 

2003), that the parents of YNN216, namely YNN214 and YNN215 are not isogenic, and 

are polymorphic for the ECM38 gene that encodes the ɔ -glutamyl transpeptidase 
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enzyme. Therefore, it is possible that other polymorphisms have been differentially 

propagated in the lineages leading to YPH499/YPH500 and FGY3 (YPH274), and that 

some of these differences may contribute to respiratory competence at high temperature.  

The lack of respiratory competence could reflect a continuum of mutations, from 

the accumulation of point mutations to the complete loss of mtDNA. All strains 

constructed in the S150 background maintained approximately the same level of point 

mutations in the mitochondrial genome, as indicated by the acquisition of erythromycin-

resistance (Figure 2.6). YPH499 and DACY2 (HIS3 ade2-101ochre) had high levels of 

erythromycin-resistance compared to the S150 strains, and to YPH499 strains in which 

the ADE2 allele had been restored, DACY1 (ADE2, p < 0.05) and DACY3 (HIS3 ADE2, 

p < 0.05). Thus, at 30
o
C, the ade2-101ochre allele contributes to the mutational load on 

the mitochondrial genome in the YPH499 background strain. This defect is therefore 

linked to the MIP1[S] allele because there was no obvious difference in erythromycin-

resistance in the any of the S150 ade2-101ochre MIP1[S] strains.  Presumably the less 

effective polymerase is more sensitive to reduced levels of dATP in mitochondria, 

thereby contributing to the moderate increase in point mutations. 

In addition, the allele at the MIP1 locus contributes to the degree of mtDNA loss 

associated with the loss of respiratory competence. In the MIP1[S]  S150 strain, 17% of 

cells are rho
o
 after four days at 37

o
C; this value is increased to around 30% when the 

mrm1 allele is introduced, singly, or in combination with ade2 and/or hap1D (Figure 2.5). 

In contrast, we did observe a dramatic decrease in DAPI-stained mtDNA in YPH499 

background strain (Figure 2.5). Only 23% of the DAPI-stained YPH499 cells grown at 
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37
o
C on day four maintained mtDNA, which is at the level of respiratory competence 

generally observed on the same day (Figures 2.4 and 2.5). In the W303 (MIP1[S], 

MRM1) background ~40% of cells were rho
ï
 and 24% were rho

o
 after five days at 38.5

o
C 

(Baruffini et al., 2007b). These observations again suggest synergistic or additive effects 

of mrm1 with MIP1[S]. 

An interesting observation was made regarding red/white screening using the 

ade2 allele. When six DACS8 white colonies were picked, from YPD plates from the last 

day of the respiratory competence experiment, to YPG plates, these colonies were able to 

grow. In combination with the DAPI-results, this suggests that visible red colour 

development in ade2 strains depends on a threshold level of mitochondrial function.  

In conclusion, the maintenance of mitochondrial function in two different S. 

cerevisiae strains, S150 and the S288c-related strain YPH499, is affected, to different 

degrees, by several genetic factors including mrm1, hap1, MIP1[S], and ade2-101ochre. 

With the accumulation of more strain-specific DNA sequence data, such as that from the 

yeast genome resequencing project 

(http://www.sanger.ac.uk/Teams/Team71/durbin/sgrp/index.shtml), it is likely that other 

strain-specific alleles will be identified that may contribute to mtDNA maintenance. It is 

already clear that this process requires a ñplethoraò of genes (Contamine and Picard, 

2000). With such information strains can be chosen on the basis of robust maintenance of 

mitochondrial function, or strains with mrm1/his3D200, hap1, MIP1[S], and ade2 alleles 

could be used for studies of more subtle effects. Increased knowledge of the genomes of 

individual strains will also enhance comparisons of experimental results obtained by 

different research groups. All yeast strains were not engineered equally!
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CHAPTER 3 The carboxyl-terminal extension on fungal mitochondrial DNA 

polymerases: Identification of a critical region of the enzyme from Saccharomyces 

cerevisiae 

 

Contributions of authors 

Most of the work in this Chapter has been published in  

Young, M.J., Theriault, S.S., Li, M., and Court, D.A. (2006) Yeast 23:101-116.  

Steven Theriault and Mingyi Li began this project, and were responsible for designing the 

original truncation mutants (mip1D175, mipD216, mipD279, mipD351) and generating the 

mutant version of the MIP1 gene. Initial trials of expressing these variants in yeast were 

made by these students, but issues with strain construction were not resolved. This work 

is described in their M.Sc. theses.  

 

All of the yeast strains expressing the truncated polymerases, and the subsequent 

laboratory and bioinformatic analyses were carried out as part of the Ph.D. work 

described in this thesis. The last unpublished mutants were analyzed with the assistance 

of Suman Lakhi (mip1D205, mipD222, mipD241). 
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3.1 Abstract 

Fungal mitochondrial DNA (mtDNA) polymerases, in comparison to their 

metazoan counterparts, harbour unique carboxyl-terminal extensions (CTEs) of varying 

lengths and unknown function. To determine the essential regions of the 279-residue 

CTE of the yeast enzyme (Mip1p), several CTE-truncation variants were expressed in 

Saccharomyces cerevisiae. Respiratory competence of mip1D175 and mip1D205 cells, in 

which Mip1p lacks the C-terminal 175 and 205 residues respectively, were 

indistinguishable from that of wild-type. In contrast, strains harbouring Mip1pD351 and 

Mip1pD279 rapidly lose mtDNA. Likewise mip1D241 and mip1D222 transformants 

lacked the ability to respire. Approximately one in six mip1D216 transformants grew on 

glycerol, albeit poorly. Fluorescence microscopy and Southern blot analysis revealed 

lower levels of mtDNA in mip1D216 cells, and the rapid loss of mtDNA during 

fermentative, but not respiratory growth. Therefore, only the polymerase-proximal 

segment of the Mip1p CTE is necessary for mitochondrial function. Comparison of this 

essential segment with the sequences of other fungal mtDNA polymerases revealed novel 

features shared among the mtDNA polymerases of the Saccharomycetales.  

3.2 Introduction 

Mitochondria are the sites of oxidative phosphorylation in eukaryotic cells. These 

organelles harbour mitochondrial genomes or mitochondrial DNAs (mtDNAs) that 

encode subunits of the respiratory chain, rRNAs, tRNAs, and in some cases, ribosomal 

proteins. In obligately-aerobic organisms, such as humans, base-substitution, deletion, 

and duplication mutations in mtDNA result in a variety of degenerative diseases. These 



 

116 

 

mutations most likely result from errors in mtDNA replication (reviewed by Kaguni, 

2004).  

The ascomycetous fungus Saccharomyces cerevisiae has been used extensively 

for studies of mtDNA replication, due in part to its ability to bypass the need for 

respiration in the presence of fermentable carbon sources. Haploid yeast cells typically 

contain 40-50 copies (Grimes et al., 1974) of an 86-kb mtDNA with a circular genetic 

map (Foury et al., 1998). Studies of mtDNA replication in this organism have revealed a 

complex process that likely includes bidirectional replication from origins (reviewed in 

Lecrenier and Foury, 2000) and/or rolling-circle type replication (Maleszka et al., 1991), 

which may be involved in creating concatamers that are transmitted to developing buds 

during asexual reproduction (Ling and Shibata, 2002; Ling and Shibata, 2004).  

Mitochondrial DNAs in yeast are found in nucleoids, membrane-associated, 

DNA-protein complexes (Williamson and Fennell, 1979; Miyakawa et al., 1987), that 

have been implicated in mitochondrial segregation (Azpiroz and Butow, 1993; Nunnari et 

al., 1997) and are the sites of mtDNA replication (Meeusen and Nunnari, 2003). At least 

20 different proteins can be crosslinked to mtDNA (Kaufman et al., 2000), including the 

soluble DNA binding proteins, Rim1p (single-stranded DNA binding protein) Abf2p, a 

high-mobility group protein involved in maintenance, segregation, recombination and 

copy number control of mtDNA (Diffley and Stillman, 1991; Zelenaya-Troitskaya et al., 

1998; MacAlpine et al., 1998) and Mgm101p, which may be involved in repair of 

oxidative damage to DNA (Meeusen et al., 1999). An intriguing subset of mtDNA 

associated proteins are bifunctional (Kaufman et al., 2000), including Ilv5p, an 

acetohydroxyacid reductoisomerase, that links amino acid starvation to nucleoid number 
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(Zelenaya-Troitskaya et al., 1995; MacAlpine et al., 1998) and mitochondrial aconitase, a 

protein that may be a key link between mitochondrial metabolism and mtDNA 

maintenance, in addition to its enzymatic role in the Krebôs cycle (Chen et al., 2005).  

Nucleoids are physically associated with the mitochondrial inner membrane, but a 

nucleoid specific, inner membrane component has yet to be identified. A subset of 

nucleoids are associated with the integral outer membrane protein Mmm1p (Hobbs et al., 

2001) suggesting a ñtwo membrane spanning complexò (TMS, Meeusen and Nunnari, 

2003). A mtDNA binding protein, Mgm101p, (Meeusen et al., 1999) and Mip1p, the 

mitochondrial DNA polymerase, are also associated with the TMS (Meeusen and 

Nunnari, 2003). Recently, a second outer membrane protein, Mmm2p, was identified that 

is also associated with nucleoids, but appears to be part of a complex distinct from that 

harbouring Mmm1p (Youngman et al., 2004). 

Mip1p is a member of the subclass of gamma (g) or mtDNA polymerases within 

the family A group of DNA polymerases (Ito and Braithwaite, 1990; Blanco et al., 1991). 

Within the polymerase domain of these enzymes exist three conserved sequence motifs: 

Pol A, Pol B, and Pol C (Ito and Braithwaite, 1990; reviewed in Kaguni, 2004; Figure 

3.1A) and a proofreading 3ô-5ô exonuclease domain characterized by three conserved 

sequence motifs, namely Exo I,  Exo II, and Exo III (Bernad et al., 1989), all of which are 

present in the mitochondrial enzymes (reviewed in Kaguni, 2004, Figure 3.1A). MtDNA 

polymerases can be differentiated from other members of family A based on four 

conserved signature sequences (g1 ï g4) that are located within a ñspacer regionò between 

the exonuclease and polymerase domains, and two regions (g5 and g6) that flank the 

carboxyl-terminal polymerase motif (Pol C, Figure 3.1A). Conserved sequence 
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Figure 3.1. Schematic diagram of the wild-type Mip1p (top line) and four truncation 

variants. I, II, and III indicate the location of the three conserved exonuclease motifs that 

define the 3ô-5ô exonuclease domain, while A, B, and C indicate the location of the three 

conserved polymerase motifs that define the polymerase domain (Kaguni, 2004). Boxes 

numbered 1 through 6 in the wild-type Mip1p indicate the positions of the mtDNA 

polymerase g-specific sequences. The locations of g1-g4 are taken from Luo et al., 2005; 

g5 and g6 comprise residues 805-876 and 905-959, respectively, of the Mip1p preprotein 

(L.S. Kaguni, personal communication). The g2 sequence is shaded black to clearly 

delineate it from g1 and g3. ñCTEò indicates the location of the carboxyl-terminal 

extension unique to fungal polymerases. Variants with truncations in this region are 

indicated below. The ñ% Resp Compò column indicates the percentage of between 36 

and 67 independent transformants of each strain that were able to respire after transfer 

from the initial SC-HIS plate to YPG plates. The ñMip1p levelò column indicates the 

relative levels of the Mip1p variants, determined as described in Materials and Methods. 

The value for wild-type Mip1p was arbitrarily set to one. B) Fluorescence of Mip1p-GFP 

variants. The left- and right-hand panels show Mip1p-GFP (G) and dsRED (R) 

fluorescence, respectively, from the same field of view. Truncation variants are indicated 

by the number of amino acid residues removed from the C-terminus; WT indicates wild-

type cells. Images obtained from 0.2 mm slices are presented.  
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elements g1, g3, and g4 may function as part of the polymerase catalytic domain; the roles 

of g5 and g6 have not been investigated (Luo and Kaguni, 2005) .  

In comparison to the other g polymerases, there are two remarkable features of the 

yeast enzyme: the apparent lack of an accessory subunit (for example, Vanderstraeten et 

al., 1998), and the presence of a long extension to the C-terminal side of the g6 region 

(Foury, 1989; Figure 3.1).  g polymerases from Drosophila (Olson et al., 1995),  Xenopus 

(Insdorf and Bogenhagen, 1989), mouse (Johnson et al., 2000) and humans (Gray and 

Wong, 1992) consist of a catalytic core and an accessory subunit, which stimulates 

catalysis and increases the processivity of the catalytic core (reviewed in Kaguni, 2004). 

The carboxyl-terminal regions of the accessory subunits resemble class IIa aminoacyl-

tRNA synthetases, suggesting a role for RNA primer binding during initiation of mtDNA 

synthesis (Carrodeguas and Bogenhagen, 2000; Carrodeguas et al., 1999; Carrodeguas et 

al., 2001; Fan et al., 1999; Fan and Kaguni, 2001; Iyengar et al., 2002).  

The C-terminal extension (CTE) on the fungal enzymes has remained enigmatic. 

The only clue to its function was the analysis of a yeast mtDNA polymerase harbouring a 

single amino acid substitution at residue 1001 of the preprotein (Hu et al., 1995). Cells 

harbouring this mutant, form respiratory incompetent petites at increased levels and have 

a 50-60 fold increase in the frequency of erythromycin-resistant cells, indicative of 

mtDNA point mutations in the 21S rRNA gene (Hu et al., 1995).  

Using the genome sequence data now available, we have carried out a more 

comprehensive search for CTEs in mtDNA polymerases, analyzed the distribution of 

these sequences and examined them for conserved features. Based on the resulting 

information, C-terminal truncation variants of Mip1p were generated and the ability of 
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cells harbouring these mutant polymerases to replicate and maintain mtDNA was 

analysed.  

3.3 Materials and Methods 

3.3.1 Strains and growth conditions 

S150 (leu2-3,112, his3-D1, trp 1-289, ura 3-52, Steger et al., 1990) was the wild-

type strain used for expression of Mip1p truncation variants in this study. Yeast were 

grown on various media including: YPG (1% yeast extract, 2% peptone, 3% glycerol); 

YG-Er (2% yeast extract, 3% glycerol, 50 mM potassium phosphate, pH 6.5, 4 g/L 

erythromycin); YP2D (1% yeast extract, 2% peptone, 2% dextrose); YP10D (1% yeast 

extract, 2% peptone, 10% dextrose); YPL (1% yeast extract, 2% peptone, 2% lactic acid, 

pH 5.2); SC-HIS (0.67% Difco
TM

 nitrogen base without amino acids, 4% dextrose, all 

amino acids except histidine, pH 5.6). 

3.3.2 Strain Construction 

Mutant versions of the mtDNA polymerase gene were generated by site-directed 

mutagenesis (Kunkel et al., 1987) using the Muta-Gene kit from Bio-Rad (Mississauga, 

Canada). Base pairs and amino acid residue numbers refer to the 1254-residue protein 

that would be encoded from the start codon downstream of the transcriptional start point 

identified by Foury (1989). The template DNA was obtained from plasmid 

pBluescript::MIP1-F3, which contains basepairs (bp) 2538 to 3762 of the coding 

sequence for the Mip1p preprotein and extends 31 bp past the stop codon. Primers were 

used to introduce a stop codon [BOLD] followed by a BglII site [underlined] for insertion 

of the selectable marker HIS3 into the MIP1 gene. The stop codons were introduced at 

positions 3114, 2925, and 2709 of the MIP1 coding sequence to create the genes 

mip1D216, mip1D279, and mip1D351, respectively. The primers used for the site-directed 
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mutagenesis were synthesized by Canadian Life Technologies Inc., (Burlington, Canada) 

and are as follows: 

for mip1D351: 5ôGCGAAAAGGACAAATAGATCTCAGAGCTGCTATGG;  

for mip1D279: 5ôATCAATCAACTGCTATAGATCTGACAAATCCAATAG and 

for mip1D216: 5ôGGCTAGAAGATGAGTAGATCTGCGGGAGTGTAC.  

The sequences of the regions to be expressed as part of the mutated polymerases 

were confirmed by DNA sequencing. After mutagenesis, the BglII site was used for the 

insertion of a BamHI fragment containing the HIS3 gene. The mutated sequences were 

released from pBluescript SK
-
 by double digestion with XbaI and PvuII, followed by gel 

purification using the QIAquick® Gel Extraction Kit (QIAGEN Inc, Mississauga, ON). 

Mutated fragments were then transformed into S150 yeast cells using the lithium acetate 

method (Gietz et al., 1997). Insertion of the truncation cassette at the correct position was 

first confirmed by colony PCR according to Sambrook and Russell, 2001) except that the 

colony was first resuspended in water, and then diluted into a standard PCR reaction 

mixture containing 3.1 mM MgSO4. The primers used correspond to base pairs 2585-

2605 of the MIP1 open reading frame for the upstream primer and 11-31 base pairs 

downstream of the wild-type stop codon for the downstream primer. Southern blot 

analysis using a MIP1 specific probe was carried out to confirm correct isolates identified 

by colony PCR. 

To create the coding sequence for mip1D175, a HIS3 marker was ligated into the 

BamHI site (position 3232 bp of the MIP1 gene) in MIP1-F3 cloned in pAS1 (Gietz et 

al., 1997). The resulting disruption construct was transformed into S150 yeast and 

confirmed as described above. The mip1D175 construct encodes an additional ten C-
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terminal amino acids (AARSCSLACT) due to the extension of the reading frame into the 

HIS3 cassette. 

The mip1D175 and mip1D216 yeast mutations were reconstructed and additional 

mutations, mip1D241, mip1D222, and mip1D205, were introduced into yeast using a one 

step gene replacement strategy. D175_209F, D216_209F, DA1_209F, DA2_209F, and 

D205_209F primers (Table 3.1) were engineered to amplify a caURA3 gene from the 

plasmid pKT209 (EUROSCARF, Sheff and Thorn, 2004) when each was used separately 

in a PCR reaction with the DAll_209R primer. In addition, the D175_209F, D216_209F, 

DA1_209F, DA2_209F, and D205_209F primers contain stop codons to truncate the 

ORF encoding Mip1p at 175, 216, 241, 222 or 205 C-terminal residues respectively. The 

1566-bp PCR products were transformed into S150 according to (Gietz and Woods, 

2002) and transformants were selected on SC-URA and SGlycerol-URA. 

MIPDSofE/CaURA3R and DeltaScrMIPRev/CaURA3F primer sets were used to confirm 

upstream and downstream recombination junctions respectively via colony PCR of 

potential transformants as described. 

GFP (green fluorescent protein) ï Mip1p fusions were created as described by 

(Sheff and Thorn, 2004). The template for PCR was the pKT128 vector containing the 

yEGFP open reading frame and the SpHIS5 marker, obtained from EUROSCARF. The 

following MIP1-specific sequences were included in the primers; [F5] and [R3] refer to 

the template specific segments of the primers (Sheff and Thorn, 2004). 

Mip1pD351  5ôCCATGATGAGATTAGATTTTTGGTGAGCGAAAAGGACAAA[F5]  

Mip1pD279  5ôCATTCCTCATGGGGAGGCGCTTGATATCAATCAACTGCTA[F5]   

Mip1pD216  5ôCCAGTCAGATAAGCGCGATGTGAATCGGCTAGAAGATGAG[F5]
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Table 3.1 Primers used in this study 

     

Primer 

Name 

Primer Sequence 5'-3' Tm 

(
o
C) 

Gene/Target Description 

D216_209F  TCTTGCGATGCAAGTCCAGTCAG

ATAAGCGCGATGTGAATCGGCTA

GAAGATGAG TAGGTTTAGCTTGCC

TCGTCC 

56 pKT209 Bold = sequence for recombination at the 

MIP1 locus; italics = engineered stop 

codon to create MIP1D216; normal = 

primer for amplification of caURA3 gene 

from pKT209 

DA1_209F  ATATGCCTATAACTACAGAGAAC

CTGTATTTGAAGAATATAATAAAT

CTTATACT TAGGTTTAGCTTGCCTC

GTCC 

56 pKT209 Bold = sequence for recombination at the 

MIP1 locus; italics = engineered stop 

codon to create MIP1D241; normal = 

primer for amplification of caURA3 gene 

from pKT209 

DA2_209F  AGAGTTCTTAAAATATTTTCTTGC

GATGCAAGTCCAGTCAGATAAGC

GCGATGTG TAGGTTTAGCTTGCCTC

GTCC 

56 pKT209 Bold = sequence for recombination at the 

MIP1 locus; italics = engineered stop 

codon to create MIP1D222; normal = 

primer for amplification of caURA3 gene 

from pKT209 

D175_209F  CTATATAAAGGATGTCGAGAAGG

GCAAAAGGACTAAAGTACGTATT

ATGGGATCC TAGGTTTAGCTTGCCT

CGTCC 

56 pKT209 Bold = sequence for recombination at the 

MIP1 locus; italics = engineered stop 

codon to create MIP1D175; normal = 

primer for amplification of caURA3 gene 

from pKT209 

D205_209F  TGTGAATCGGCTAGAAGATGAGT

ATCTGCGGGAGTGTACATCCAAA

GAATACGCT TAGGTTTAGCTTGCCT

CGTCC 

56 pKT209 Bold = sequence for recombination at the 

MIP1 locus; italics = engineered stop 

codon to create MIP1D205; normal = 

primer for amplification of caURA3 gene 

from pKT209 

 

1
2

4 



 

125 

 

Primer 

Name 

Primer Sequence 5'-3' Tm 

(
o
C) 

Gene/Target Description 

DAll_209R TATTATAATGTGCTGTATATATAA

ATACAAATGCGAAAGCTAATGCA

GATTTTGC TCGATGAATTCGAGCT

CG 

54 pKT209 Bold = sequence for recombination at the 

MIP1 locus; normal = R3 primer (Sheff 

and Thorn, 2004) for amplification of 

caURA3 gene from pKT209 

CaURA3R  TAATCCAACTCCAGGTGTC 56 caURA3 use with MIPDSofE to screen upstream 

recombination junctions at MIP1 locus 

CaURA3F CATCAATTGACGTTGATACC 56 caURA3 use with DeltaScrMIPRev to screen 

downstream recombination junctions at 

MIP1 locus 

DeltaScrMIP

Rev 

AGCTAACGAGAAGATGCAG 56 MIP1 Use with CaURA3F to screen 

downstream recombination junctions at 

MIP1 locus 

MIPDSofE GAGTGGATTATCTACATCTTC 58 MIP1 Use with CaURA3R to screen upstream 

recombination junctions at MIP1 locus 

 

1
2

5 
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Mip1pD175  5ôCGAGAAGGGCAAAAGGACTAAAGTACGTATTATGGGATCC[F5] 

Mip1p 5ôGGTTGAGCTGGAAAGGGACATTACTATTTCTAGAGAGTAC[F5] 

Mip1p Reverse (used for all constructions) 

5ôTAATGTGCTGTATATATAAATACAAATGCGAAAGCTA ATG[R3]. 

The resulting PCR products were transformed into wild-type S150 cells according 

to (Gietz et al., 1997). Colony PCR was used to confirm the upstream and downstream 

recombination junctions and the absence of the  wild-type MIP1 allele. Maintenance of 

respiratory function was indistinguishable in the wild-type cells and those expressing 

Mip1p-GFP, as observed by others (Meeusen and Nunnari, 2003). To visualize 

mitochondria, the resulting cells were transformed with VT100, which encodes a 

mitochondrially-targeted dsRED fluorescent protein (Meeusen and Nunnari, 2003).   

3.3.3 Fluorescence microscopy of cells harbouring Mip1p-GFP fusions 

 A Zeiss Axio Imager Z1 was used for fluorescence microscopy and images were 

collected with an AxioCam Mrm camera. For each field, z-stacks of four 0.2 mm slices 

were obtained. The fluorescence of the Mip1p-GFP variants was normalized to the 

emission from the mitochondrial dsRED, which is imported into mitochondria in the 

absence of mtDNA (Wong et al., 2000). To avoid bias toward mitochondria with GFP 

fluorescence, 15-20 mitochondrial puncta, in at least three different cells, were chosen 

based on dsRED fluorescence only. Fluorescence was then measured in the red and green 

channels separately, corrected for exposure time, and summed for the entire stack. These 

values were used to calculate a ratio of Mip1-GFP (green) to mitochondrial (dsRED) 

fluorescence. The ratio for the wild-type cells was set to 1.   
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3.3.4 Assessment of mtDNA maintenance and replication fidelity 

Respiratory competence was monitored over 96 hours. Yeast were first grown in 

YPL broth for 48 hours to ensure a 100% respiring culture. Cultures were then diluted to 

0.01 OD600 in YP10D broth for growth with shaking at 30
o
C. Subsequently, cultures were 

diluted to 0.01 OD600 every 24 hours and glucose levels were continually monitored 

(Young and Court, 2004) to ensure sufficient (> 1%) glucose to avoid selection of 

respiratory-competent cells.  

Slides for fluorescence microscopy of 4ô,6-diamidino-2-phenylindole (DAPI) 

stained cultures were prepared to monitor the presence of mtDNA during growth. 

Cultures were diluted to 0.7 OD600 in 5 ml of YP10D broth and DAPI was added to a 

final concentration of 2.5 mg/ml. Cultures were incubated for 40 minutes with shaking at 

30
o
C followed by washing with ddH2O and resuspension in a 1/5 dilution of YP10D. The 

DAPI-stained culture was combined with an equal volume of 0.7% low gelling agarose 

(FMC, sold by Mandel, Guelph, ON) made in ddH2O, followed by visualization using 

Zeiss Epi-fluorescent microscopy. At the indicated time points, cells were removed, 

diluted appropriately and spread onto YP2D plates to determine the number of viable 

cells. The resulting colonies were overlayed with 2,3,5-triphenyl tetrazolium chloride 

agar according to (Ogur et al., 1957). Respiratory competence was calculated as the 

number of red, respiring colonies divided by the total number of colonies multiplied by 

100. 

Southern blot analysis was used to estimate relative content of intact mtDNA. 

Cells were harvested by centrifugation from the same cultures used for DAPI-staining 

and frozen at ï60
o
C until used for genomic DNA preparation (Philippsen et al., 1991). A 

980-bp region of the mitochondrially-encoded COX2 locus (bp 52 of the COX2 ORF to 
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275 bp past the stop codon) was cloned into pBluescript SK
-
, and used as a template for 

generation of a digoxigenin-labelled DNA probe (Roche, Laval, PQ). A 1.5-kb HindIII 

genomic fragment harbouring the nuclear RIM1 gene (a generous gift of F. Foury, 

Université Catholique de Louvain, Belgium), was gel purified and used to generate a 

nuclear DNA probe. Hybridization was carried out according to the DIG DNA Labeling 

Kit manual (Roche, Laval, PQ). 

Erythromycin-resistance was monitored according to (Hu et al., 1995) with the 

following modifications. 3.3 ï 13.3 OD600 units (~1 ï 4 x10
8
 cells) were spread onto YG-

Er plates from an overnight culture grown in 20 ml of a 50:50 mixture of YPG:YP2D. 

Appropriate dilutions were also spread onto YPG plates to determine the actual number 

of respiratory-competent cells on the YG-Er plates. This step was necessary due to the 

generation of a high number of spontaneous petites by mip1D216 strains.    

3.3.5 Phylogenetic Analyses 

A total of 25 sequences (Table 3.2) were aligned with ClustalX (Thompson et al., 

1997) and alignments were manually edited with GeneDoc v 2.5.010 (Nicholas and 

Nicholas, 1997). The amino-terminal sequences (S. cerevisiae residues 1-37), containing 

the putative mitochondrial targeting signals, and most of the CTEs (residues 1007 to 

1254) aligned poorly and were removed. In addition, short gaps were introduced by 

ClustalX to several sequences to maintain the overall alignment; the resulting non-

informative positions were also removed. These positions correspond to residues 61 ï 67, 

204, 388, 476, 531 ï 537, 548, 551, 596 ï 638, and 987ï 988 of the S. cerevisiae mtDNA 

polymerase. Parsimony, maximum likelihood (ML), and neighbor-joining (NJ) 

phylogenetic analyses of the mtDNA polymerase sequences were carried out using the 
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Table 3.2 Sources of mitochondrial DNA polymerase primary sequences used for 

phylogenetic analyses.  

 

Organism Accession Number
a
 

Metazoans 

Drosophila melanogaster AAF53338  

Homo sapiens AAH50559  

Basidiomycetes 

Cryptococcus neoformans var 

grubii 

AACO01000141  

translation of nucleotides 185165 ï 183051, 

183048 ï 182818 and 182815 ï 181124
b
 

Phanerochaete chrysosporium proteinId 23153 

Phanerochaete_chrysosporium:gw.121.2.1  

Ascomycetes 

Aspergillus fumigatus contig41 at 

http://www.genedb.org/genedb/asp/ 

665938 ï 662894 

Aspergillus nidulans EAA65359 

Candida albicans AACQ01000065   
translation of nucleotides 77331 ï 81017 

Candida glabrata CAG58839 

Debaryomyces hansenii CAG89264 

Eremothecium gossypii AAS52277 

Gibberella zeae  EAA74646 

Histoplasma capsulatum HISTO_LF.Contig359 at  

www.genome.wustl.edu/blast/histo_client.cgi 

translation of nucleotides 555043-558543 

Kluyveromyces lactis  CAG97904 

Kluyveromyces waltii  AADM01000080  

translation of nucleotides 54465 ï 58145 

Magnaporthe grisea EAA46570 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=7298099
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=29791648
http://www.ebi.ac.uk/cgi-bin/sva/sva.pl?query=AACO01000141&search=Go&snapshot=
http://pedant.gsf.de/cgi-bin/wwwdbp.pl?Db=Phanerochaete_chrysosporium&Name=dynrep&String=186&Title=Phanerochaete_chrysosporium&Cmd=Fetch
http://www.genedb.org/genedb/asp/
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=EAA65359
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=46438312
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=CAG58839
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=CAG89264
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=44983074
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=EAA74646
http://www.genome.wustl.edu/blast/histo_client.cgi
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=49644333
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=45444597
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=EAA46570
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Table 3.2 continued 

 

Neurospora crassa AAD21034.1 

Pichia pastoris AAB17118.1 

Podospora anserina contig_824 at http://podospora.igmors.u-

psud.fr; translation of nucleotides 3994 ï 7461 

Saccharomyces bayanus AACA01000477 (Partial
c
) 

translation of nucleotides 3 ï 3749 

Saccharomyces castellii AACF01000124 (Partial) 

translation of nucleotides 2 ï 3316  

Saccharomyces cerevisiae CAA99652.1 

Saccharomyces kluyveri AACE01000598 (Partial) 

translation of nucleotides 1380 ï 2267  

Saccharomyces kudriavzevii AACI01000043 (Partial
d
) 

translation of nucleotides 2811 ï 34  

Saccharomyces paradoxus AABY01000003 

translation of nucleotides 136136 ï 132363 

Schizosaccharomyces pombe  CAA88012  

Yarrowia lipolytica CAG78428 

 
a
 accession numbers refer to predicted amino-acid sequences, with the exception of those 

that were generated by conceptual translation of the indicated nucleic acid sequence and 

are therefore indicated as ñtranslation of nucleotidesò. The positions given include the 

putative stop codon. 
b
 the indicated contig, when translated, contained three segments detected by TBLASTN 

as being similar to known mitochondrial DNA polymerases. Each of the three segments 

was in a different reading frame; hence a putative mtDNA polymerase reading frame was 

estimated by introducing two 2-bp deletions as indicated.  
c
 partial indicates that a reading frame encoding only part of the expected sequence of a 

mtDNA polymerase was identified. Partial sequences were only used in the analysis in 

Fig. 2A if the entire putative 3ô-5ô exonuclease and polymerase domains could be 

identified 
d
 the S. kluyveri sequence data was used only for the alignment in Fig. 2B as only the 3ô 

sequence including the polymerase domain and the CTE were available 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=AAD21034.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=AAB17118.1
http://podospora.igmors.u-psud.fr/
http://podospora.igmors.u-psud.fr/
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=29364882
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=30987983
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=CAA99652.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=30986938
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=30995292
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http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=1129171
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=49651489
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appropriate programs contained within PHYLIP (Felsenstein, 2002). PROTDIST was 

used in combination with NEIGHBOR to generate the tree presented in Figure 3.2. The 

data were then processed through the bootstrap procedure (Felsenstein, 1985, 

SEQBOOT, 1000 replicates). The resulting bootstrapped replicate-based phylogenetic 

estimates were evaluated using PROTDIST, NEIGHBOR and finally CONSENSE to 

obtain the level of support for the nodes in the NJ tree. Likewise, the bootstrapped dataset 

was analyzed with PROTPARS and PROML to obtain support for parsimony and ML 

phylogenetic trees. 

The PRALINE online server (http://ibivu.cs.vu.nl/programs/pralinewww/; 

Simossis and Heringa, 2003) was employed for the multiple sequence alignment and 

secondary structural predictions outlined in Figure 3.2.  

3.4 Results and Discussion 

3.4.1 Phylogenetic analysis of fungal mitochondrial DNA polymerases 

Carboxyl-terminal extensions were first noted on the mtDNA polymerases of 

Saccharomyces (Hu et al., 1995) and Neurospora (Ko, T. and Bertrand, H., personal 

communication, see Table 3.2). With the wealth of new genome sequence data, it was 

possible to both investigate the phylogenetic relationships among mtDNA polymerases 

and determine the presence of CTEs among the taxonomic groups. The focus of this 

study was the Ascomycota, including members of the pyrenomycetes, the plectomycetes, 

and yeast-like representatives. Mitochondrial DNA polymerase sequences from the club 

fungi (the Basidiomycota) and the metazoans (Drosophila melanogaster and Homo 

sapiens) were used as outgroups. The latter two enzymes do not possess C-terminal 

extensions (Figure 3.2A); therefore, the core regions of the polymerase sequence, 

http://ibivu.cs.vu.nl/programs/pralinewww/
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Figure 3.2. Phylogenetic analysis of mtDNA polymerases. (A) Phylogenetic analysis of 

the ñcoreò polymerase region including the exonuclease and polymerase domains. 

Analysis was carried out as described in Materials and Methods. Taxa are colour-coded: 

metazoans (mz, red), Schizosaccharomyces pombe (green), Saccharomycetales (Sa, 

grey), plectomycete fungi (pl, blue), pyrenomycete fungi (py, purple) and basidomycetes 

(b, brown). Nodes that received support from bootstrap analysis, when combined with 

NJ, ML and Parsimony analyses above 95% are indicated by an asterisk (*), above 85% 

by a number sign (#) and above 75% by a plus sign (+). For lower levels of support, NJ 

values are indicated; ML and parsimony values are presented in square brackets and 

parentheses, respectively. A schematic map to the right of the phylogenetic tree shows 

the lengths of the CTEs for the various polymerases. The CTE has been designated as the 

sequence 26 residues past the end of the predicted polymerase domain (Blanco et al., 

1991); this encompasses residues 975 to 1254 of the S. cerevisiae preprotein. The contig 

containing the S. kudruavzevii MIP1 gene contains the entire sequence used for the 

alignment, but ends before the coding sequence for the CTE; hence the length of the CTE 

is listed as unknown. (B) Comparative analysis of predicted CTE sequences. An 

alignment of the CTEs was generated using PRALINE (Simossis and Heringa, 2003), and 

conservation scores and predicted secondary structures for various yeast CTEs are 

presented. Consistency refers to how consistently an amino acid is found at a given 

position in the final multiple alignment and in pre-processed alignment blocks (Heringa, 

1999). In the ten-point consistency scale, zero (purple) indicates the least conserved 

alignment position, while * (red) indicates the most conserved positions. Only the first 

150 positions of the 328-residue alignment are shown, because the overall similarity 
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among the C-terminal segments is very low. The solid and dashed lines indicate long and 

short structural features that are predicted in at least 8 of 10 sequences. The positions of 

the various truncations are indicated at the top of the alignment. 
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encompassing the 3ô-5ô exonuclease and polymerase domains were used for phylogenetic 

analyses (see Materials and Methods). 

ClustalX alignment of unambiguous positions, followed by parsimony, 

neighbour-joining and most-likelihood analyses, revealed evolutionary relationships 

among the mtDNA polymerases (Figure 3.2A) that mirrored those shown by similar 

analyses of both large (Dujon et al., 2004) and small (Cavalier-Smith, 2001) rDNA 

sequences. Notably, the metazoan enzymes are most distant from those of the fungi and 

those of the Basidiomycetes group separately from the Ascomycetes. 

The CTEs of the various polymerases were defined as all residues to the C-

terminal side of the core enzyme (residues 975 to 1254 of the S. cerevisiae Mip1p 

preprotein). The N-terminus of CTE therefore is 26 amino acids from the end of the 

predicted polymerase domain (Blanco et al., 1991) that terminates at residue 949 and 

includes the pol C motif (Figure 3.1). The CTE also extends 16 residues past the g6 

region described by Kaguni (2004). The lengths of resulting CTEs are plotted alongside 

the phylogenetic tree (Figure 3.2A). Remarkably, the lengths of the CTEs do not correlate 

strictly with the phylogenetic positions of the organisms. For example, the CTE on the 

mtDNA polymerase of Neurospora is almost twice as long as that of the other 

pyrenomycete fungi. Similarly, within the tight grouping of Pichia, Debaromyces, and 

Candida, the lengths of the CTEs vary from 68 to 328 residues. Overall, several size 

classes are apparent:  ñlongò CTEs of about 280 residues found in Neurospora and some 

yeast-like fungi; ñmedium lengthò CTEs of about 150 residues in filamentous fungi, C. 

albicans, and Eremothecium; and ñshortò CTEs of less than 93 residues in the 

ascomycetes Yarrowia, Schizosaccharomyes and Pichia, as well as the basidiomycete 



 

136 

 

Cryptococcus. CTEs in the polymerases from human, Drosophila and the white-rot 

fungus Phanerochaete are less than 22 residues in length. 

BLAST searches of fungal CTEs do not reveal significant similarities with any 

known proteins (data not shown). Therefore, in an attempt to identify important features 

of CTEs, a multiple alignment of all CTEs was performed. No obvious conservation was 

observed across all polymerases. However, when CTEs from ten representatives of the 

Saccharomycetales were aligned with PRALINE (Simossis and Heringa, 2003), a 

gradient of sequence relatedness was observed, with most similarity near the polymerase 

domain (residues 10 ï 69 of the alignment in Figure 3.2B). Some conservation is 

observed between residues 70 and 100, and the remaining sequences are unrelated 

(residues 101-150 in Figure 3.2B and data not shown). Only three residues are absolutely 

conserved, namely arginine at position 29 of the alignment (R1001 of the Mip1p 

preprotein), glutamine at position 52 (Q1024), and lysine at position 99 (K1070). Once 

the function of the CTE is known in more detail, the precise role(s) of these residues can 

be addressed through the analysis of single-residue variants.  

3.4.2 Truncation variants of Saccharomyces mtDNA polymerase 

As an initial approach to determine the importance of the CTE of S. cerevisiae 

Mip1p, a series of truncation variants was generated (Figure 3.1). The largest deletion, in 

Mip1pD351, leaves only five amino acids to the C-terminal side of the conserved 

HDEIRFLV motif in the Pol C domain (Kaguni, 2004). The segment removed includes 

71 well-conserved positions, including the mtDNA polymerase-specific region, g6, and 

therefore is likely to disrupt part of the polymerase domain. The truncation removes all of 

the CTE in Mip1pD279, and its terminus corresponds to the last residues shared between 



 

137 

 

the fungal and metazoan mtDNA polymerases. Mip1pD216 retains most of the highly 

conserved region in fungal CTEs, while Mip1pD175 lacks only the highly variable C-

terminal 63% of the CTE (see Figure 3.2B). Mip1pD205 contains all of the 15-residue 

helix while it is absent in Mip1pD222. Finally, Mip1pD241 lacks all the predicted helices 

in the conserved part of the CTE (Figure 4.1A). The genes encoding the truncation 

variants were transformed into haploid S150 yeast to replace the wild-type MIP1. 

3.4.3 Respiratory competence of Mip1p variants 

Following selection for insertion of the mip1 truncation mutations on SC-HIS 

plates, single colonies were tested for respiration. mip1D351 cells rapidly lost respiratory 

competence; all of the 14 colonies taken directly from the transformation plates from two 

separate experiments did not grow on glycerol-containing medium (Figure 3.1). 

Furthermore, mtDNA was not detected in these cells by DAPI-staining (data not shown). 

These results confirm that the entire polymerase domain, including g6, is required for 

mtDNA polymerase function. The initial cells used for the transformation could respire, 

as indicated by the respiratory ability of transformants in which the HIS3 marker in the 

mip1 truncation plasmids had successfully recombined into the his3D1 locus (data not 

shown). In general, these HIS
+
 cells produced large colonies on the transformation plates, 

while recombination into the MIP1 locus gave rise to small colonies. Similarly, all of 

mip1D279, mip1D241, and mip1D222 colonies obtained from the transformations were 

respiratory incompetent (Figure 3.1 and data not shown) and mtDNA staining was not 

detected for mip1D279 (data not shown). The Mip1pD279 variant retains all of the 

residues conserved between fungal and metazoan polymerases, indicating that all or part 

of the CTE is required for mtDNA maintenance in yeast.  
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To confirm that Mip1pD279 and Mip1pD351 variant polymerases were imported 

into and maintained in mitochondria, fluorescence microscopy of cells harbouring fusions 

of GFP to the truncated C-terminal ends of these polymerases was performed. These 

transformants lacked the ability to respire, as did their mip1D279 and mip1D351 

counterparts. In both Mip1pD279-GFP and Mip1pD351-GFP strains, green fluorescence 

co-localized with red fluorescence from mitochondrially-targeted dsRED (Figure 3.1B). 

Assuming that any reduction in mitochondrial import in petite cells would affect the 

import of both proteins equally, the ratios of GFP and dsRED fluorescence were used to 

estimate the mitochondrial levels of the Mip1p variants relative to that of the wild-type 

protein (Figure 3.1A). The average levels of both truncation variants were lower than that 

of wild-type protein, but given the standard deviations in each dataset, these differences 

are not statistically significant. Thus, the defects in mip1D279 and mip1D351 cells are not 

likely the result of severely reduced levels of mtDNA polymerase; a stabilizing effect of 

the GFP moiety cannot be ruled out.  

mip1D216 transformants were of two types: those unable to respire and those that 

showed weak growth on glycerol-containing plates; the polymerase levels were again 

similar to those in wild-type cells (Figure 3.1A). Therefore, the inclusion of residues 975 

to 1038 only partially compensates for the lack of function in Mip1pD279, and the C-

terminal GFP fusion does not affect the phenotype. To further analyze the poorly 

respiring mip1D216 cultures, respiratory competence was assessed after growth in 

glucose, which is non-selective for mtDNA function. Under these conditions, mip1D216 

cells rapidly lost respiratory competence; after 24 hours growth, approximately 2% of the 
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colonies could respire. In contrast, about 99% of the wild-type cells were respiratory 

competent (data not shown). 

mip1D175 and mip1D205 transformants produced large, respiratory-competent 

colonies. After four days growth at 30
o
C in glucose, almost all cells retained respiratory 

competence (98.2% and 95.9% respectively). For mip1D175 cells mtDNA staining 

(100% of 77 cells), and levels of Mip1pD175-GFP were similar to those of Mip1p-GFP 

in wild-type cells (Figure 3.1A). Therefore, replacement of the terminal part of the CTE 

with another protein does not alter the wild-type phenotype. As mip1D175 and mip1D205 

cells were indistinguishable from wild-type, the entire CTE is not required for mtDNA 

maintenance, and further truncations in the C-terminal region of the CTE were not made. 

 3.4.4 Mutator phenotype of mip1D216 cells 

 The mip1D216 mutant was ideal for further analysis because it was capable of 

long-term respiratory growth on media containing non-fermentable carbon sources, 

indicating that it maintained functional mitochondrial genomes. Therefore, it was 

possible to assess the defects associated with this truncated polymerase. There are several 

possible reasons for the loss of respiratory competence in mip1D216 cells: complete loss 

of mtDNA, major deletions and rearrangements of the mitochondrial genome, or multiple 

point mutations.  

 Because mip1D216 cells can maintain mtDNA under selective pressure, fidelity of 

mtDNA replication can be investigated using the erythromycin-resistance assay (Hu et 

al., 1995). Cultures of wild-type S150 cells produced between 2 and 8 erythromycin-

resistant colonies per 10
8
 cells (Figure 3.3), in the same order of magnitude as observed 

by Hu et al. (1995) for W303-1B. Resistant mip1D175 cells appeared at the same 
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Figure 3.3. Point mutations in mtDNA. The relative fidelity of mtDNA replication in 

wild-type (S150) and mip1D175 (175) cells was assessed as the frequency of 

erythromycin-resistant colony formation per 10
8
 cells, as described by Hu et al., 1995. 

Each strain was analyzed in triplicate and averages and standard deviations are presented. 

Data obtained for three independent isolates of mipD216 (216-1, 216-2, 216-3) are 

presented. 
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frequency, indicating that the 175 C-terminal residues are not involved in replication 

fidelity. Erythromycin-resistance of the mip1D205 mutant was on average in the same 

order of magnitude as S150 and mip1D175. When performed with three separate isolates, 

the erythromycin-resistant colonies per 10
8
 was 2.9, 6.9, and 3.8 (average 4.5, standard 

deviation 2.1). However, each of three independent mip1D216 transformants produced 

highly variable levels of resistant cells in replicate experiments; overall there were 

between 10 and 100 times more resistant cells than seen for the wild-type control (Figure 

3.3). These observations suggest that the Mip1pD216 polymerase is more error-prone 

than the wild-type enzyme. The level of erythromycin-resistance acquired by mip1D216 

cells was similar to that observed for mtDNA polymerases with point mutations in the 

proofreading 3ôĄ5ô exonuclease domain (Hu et al., 1995). For the latter mutants high 

variation between experiments was also observed. In the case of mip1D216 cells, this 

variation likely reflects the reduced mtDNA copy number (see below). Assuming most 

mutations occur in the YPD culture of each isolate prior to plating on erythromycin, cells 

with a low number of mtDNA molecules would have an increased probability of 

transmitting an erythromycin-resistant genome to their progeny cells. Therefore, the 

number of resistant cells in the culture would be greatly influenced by when the mutation 

occurred ï early or late. The variation in total mtDNA levels among the isolates (see 

below) would compound this effect.  

3.4.5 Loss of mitochondrial DNA in mip1D216 cells 

Mitochondrial DNA maintenance by mip1D216 cells was investigated during non-

selective growth on glucose, using both DAPI staining of whole cells and Southern blot 

analysis (Figure 3.4). Cultures were first grown in lactate to ensure respiratory activity at 
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Figure 3.4. Time course analysis of mtDNA maintenance. Each experiment was 

performed with three independent mip1D216 or S150 isolates and a representative 

experiment is shown. (A) DAPI staining. S150 and mip1D216 cells were grown under 

non-selective conditions (YP10D). The presence of mtDNA was assessed by DAPI-

staining of cultures at the indicated time points, which include the 40 min of the staining 

procedure. M, punctate mitochondrial staining; N, nuclear staining. Nuclear staining is 

relatively weak in cells with strong mitochondrial signals. (B) Southern blot analysis. 

Whole cell DNA was isolated from S150 (right) and mip1D216 cells (left) immediately 

after transfer to YP10D (0 hrs) and following 0.67, 2.7, 5.4, 8.3, and 21.9 hrs growth in 

YP10D. DNA was then digested with HindIII and SacII and analyzed by Southern blot 

using probes for mtDNA (COX2) and nuclear DNA (RIM1).
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the start of the experiment. DAPI staining is most effective in glucose-grown cells (data 

not shown); therefore all cells were exposed to glucose for 40 min during staining. After 

staining, almost all wild-type and mip1D216 cells taken directly from the YPL culture 

showed strong, punctate mtDNA staining in the periphery of the cell (Figure 3.4A). 

However, the mip1D216 cells usually contained fewer nucleoids (one to three per focal 

plane) than did the wild-type (at least five). For the wild-type cells, the staining pattern 

remained virtually unchanged through almost 22 hours of growth in glucose (Figure 

3.4A). However, the number of mip1D216 cells with DAPI mtDNA staining was 

drastically reduced (to 29.3%) after only 5.4 hours of growth and none of the cells 

showed staining after 22 hours (Figs. 3.4A and 3.5A). This trend was observed in the 

three strains, each derived from an independent mip1D216 transformant. In similar 

experiments, wild-type and mip1D175 cells maintained high levels of mtDNA staining 

during 96 hours of growth in glucose (data not shown).  

 The loss of intact mtDNA was confirmed by Southern blot analysis (Figure 3.4B) 

of wild-type and mip1D216 cells. Following initial growth in YPL, whole cell DNA from 

both strains contained a single SacII fragment detected by a probe for the mitochondrial 

gene COX2. However, compared to the signal for the nuclear gene RIM1, the relative 

amount of intact mtDNA in the mip1D216 cells was about one-third of that of the wild-

type (Figs. 4B and 5A), in agreement with the DAPI-staining. During non-selective 

growth on glucose, the three independent mip1D216 strains rapidly lost COX2 

hybridization (Figure 3.4B shows a representative). These results also indicate that the 

mip1D216 cells had not acquired suppressor mutations during their initial growth in YPL. 
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Together, the DAPI-staining and Southern blot data revealed mtDNA loss that 

paralleled the growth of the mip1D216 culture (Figure 3.5B). After 0.67 hours of growth 

in glucose, the cells were in early lag phase. At this point, mitochondrial staining was 

observed in about 95% of the mip1D216 cells, but the COX2 hybridization signal was 

reduced from 34% of wild-type levels to only 22% (Figs. 3.4B and 3.5B). Similarly, 

wild-type cells maintained 100% DAPI staining, and a similar reduction of about 30% in 

the relative level of mtDNA was observed. Thus, both cell types appear to undergo a 

reduction in relative mtDNA levels upon transfer to a fermentable carbon source. The 

cells were in stationary phase following growth in YPL, and upon transfer to fresh media, 

nuclear DNA replication during lag phase would result in a reduction in the ratio of 

mtDNA to nuclear DNA, if the rate of nuclear DNA replication exceeds that of mtDNA. 

After 2.7 hours of growth in glucose, the cells were just beginning to emerge from 

lag phase; mtDNA staining was observed in only 74% of the mip1D216 cells, in contrast 

to its presence in virtually all wild-type cells (Figure 3.5A). In comparison to the 0.67 hr 

timepoint, the relative COX2 hybridization signal was reduced from 22% to 15% of wild-

type levels in the mutant cells, and remained unchanged at about 70% of the initial level 

in the S150 cells (Figs. 3.4B and 3.5B). Smearing of the COX2 hybridization band was 

not observed (Figure 3.4B and data not shown), suggesting that large scale DNA 

rearrangements do not accompany mtDNA loss, but the COX2 signal is weak in the 

mip1D216 DNA, and minor alternative forms may not have been detectable.  

In the exponential growth phase, the loss of mtDNA continued in parallel to the 

loss of DAPI staining in mip1D216 cells (Figure 3.5B), suggesting a defect in replication 

rather than in mtDNA distribution. In the latter case, one would expect the maintenance 
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Figure 3.5. Quantitative analysis of mtDNA loss and growth rate. (A) The percentage of 

cells with mtDNA DAPI staining (solid line) and the relative levels of mtDNA (dashed 

lines) are presented for the S150 and mip1D216 isolates shown in Fig. 3.4. Comparative 

mtDNA levels were estimated from the ratio of the COX2 to the RIM1 signals (see panel 

B of Fig. 3.4). The ratio for the S150 cells grown overnight in YPL was set to 1 and used 

to standardize relative mtDNA levels for both S150 (filled squares) and mip1D216 (open 

circles) cells during the time course. (B) mtDNA loss during cell division. The solid lines 

indicate the growth of the cultures used for Fig. 3.4, and dashed lines the relative mtDNA 

levels. Growth was assessed spectrophotometrically at 600 nm. 
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of a few cells with multiple nucleoids resembling those observed at the 0.67 hour 

timepoint. However, a reduction in the number of nucleoids per cell is obvious by 5.4 

hours (Figure 3.4A). Throughout the remainder of the experiment, cells were maintained 

in log phase (see Materials and Methods) and a dilution effect was observed, in that the 

mtDNA levels in mip1D216 cells decreased by about half with each cell division (Figure 

3.5B). For example, in the representative experiment shown in Figure 3.4A, after 5.4 

hours, the mip1D216 cells had doubled, and the levels of mtDNA dropped from 15% (2.7 

hrs) of wild-type levels to 8.7% (Figure 3.5B). Likewise, the fraction of cells with DAPI-

stained mitochondria fell from 74% (2.7 hrs) to 29% (Figure 3.5A). These results suggest 

an almost complete failure of mtDNA replication in mip1D216 cells. In contrast, 

throughout the experiment (21.9 hrs), multiple nucleoids were visible in all of the wild-

type cells, and mtDNA was maintained, albeit at reduced levels (70-40%; Figs. 3.4B and 

3.5A). Similarly reduced levels of mtDNA in glucose-grown S. cerevisiae cells has been 

described previously (Dujon, 1981).  

3.4.6 mtDNA maintenance by mip1D216 cells in non-fermentable carbon sources 

The mip1D216 cells have very different mtDNA maintenance profiles when 

grown in fermentable vs non-fermentable carbon sources: rapid mtDNA loss vs 

maintenance of low levels of mtDNA in all cells. This effect is not related to glucose 

repression, as similar rates of mtDNA loss are observed upon growth in the non-

repressing, fermentable carbon source raffinose (data not shown). One explanation for 

this observation is derived from the growth rates of the wild-type and mip1D216 mutant 

cells. In liquid culture, mip1D216 cells grow more slowly when respiring (doubling time 

of 5.3 +/- 0.6 hours in YPG) than do the wild-type cells (3.6 +/- 0.1 hr). In glucose, both 
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cell types grow rapidly, with doubling times of 2.2 +/- 0.3 and 2.4 +/- 0.3 hours, 

respectively. The reduced respiratory growth rate of mip1D216 cells reflects lower 

respiration and energy production due to the intrinsically lower levels of mtDNA. 

Interestingly, most mip1D216 cells are rho
+
 during growth on glycerol (Figure 3.4A, 0.67 

hr timepoint), suggesting efficient transmission of mtDNA to daughter cells. Perhaps the 

slower growth rate during respiration allows for sufficient replication by the 

compromised polymerase to ensure high enough mtDNA levels for transmission to 

daughter cells. In contrast, the rapid growth rate in glucose may be insufficient for 

replication and partitioning of limited amounts of mtDNA. Investigation of this question 

using in organello measurements of mtDNA replication rates is not practical for two 

reasons. First, the mutant cells appear to harbour near wild-type levels of Mip1pD216 

(Figure 3.1B), but have lower levels of mtDNA (Figure 3.4 and 3.5); thus the ratios of 

mtDNA to polymerase are different than in wild-type cells. Second, the relative levels of 

mtDNA are variable in different YPL cultures derived from a single isolate. For example, 

three cultures derived from a single mip1D216 isolate contained 34-75% of wild-type 

levels of mtDNA, as determined by Southern blotting (data not shown). As a result, the 

polymerase to template ratio is not constant in the mutant cells and valid comparisons 

with the wild-type can not be made. Therefore, future approaches to this question will 

involve biochemical characterization of over-expressed, purified Mip1p variants on 

standardized templates.  

3.4.7 Possible functions of the CTE 

The data presented herein demonstrate that only the g6-proximal 74 residues of 

the CTE (residues 975 to 1049) are sufficient for wild-type polymerase function. This 
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region, maintained in Mip1pD205 but not in Mip1pD279,  is the most highly conserved 

CTE segment among mtDNA polymerases of Saccharomycetales (Figure 3.2B and 

Figure 4.1A), but it is not well-conserved among more distantly-related organisms. The 

sequence of this region does not contain any known motif or predicted secondary 

structure that reveals its potential function. Given the lack of predicted sequence 

similarity between the CTE and the accessory subunits of metazoan mtDNA 

polymerases, it is unlikely that the CTE functions in polymerase loading at primer-

template junctions in the same manner as the metazoan proteins. 

 Examination of the fungal CTE sequences did reveal several salient features. All 

CTEs are very polar (47-71%) and their isoelectric points are 9 or higher, with exception 

of the CTEs from Schizosaccharomyces (4.4), S. castellii (5.0) and Eremothecium (4.5), 

suggesting that these extensions could be involved in non-specific mtDNA binding. An 

arginine residue equivalent to R1001 is also present in all ascomycete CTEs examined. 

Hu et al. (1995) determined that cells harbouring a point mutation converting this 

arginine to isoleucine produced rho
-
 cells at increased frequency (20% at 28

o
C). This 

polymerase also displayed a moderate mutator phenotype (50 erythromycin-resistant 

colonies/10
8 
cells). Mip1pD216 includes this arginine, but produces a more severe 

phenotype, indicating that residues C-terminal to 1038 also contribute to mtDNA 

maintenance and fidelity of replication.  

Secondary structure predictions for the conserved segments of the ascomycete 

CTEs (Figure 3.2B) reveal three potential a-helical regions, one of which contains the 

conserved glutamine residue, Q1024. This putative helix is very hydrophobic, while the 

15-residue helix (Figure 3.2B) contains 13 polar residues and the 7-residue helix is 
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amphipathic. In Mip1pD216 the putative 15-residue helix is interrupted and the smaller 

C-terminal one is completely removed. Mip1pD205 truncates following the putative 15-

residue helix. These cells are indistinguishable from wild-type, indicating the importance 

of this region. 

In addition to DNA binding, there are several other possible functions of the CTE. 

First, it may be required for folding or stability of the mtDNA polymerase. It was 

difficult to use temperature sensitivity of the Mip1pD216 polymerase to assess stability 

because mtDNA loss occurred so rapidly at 30
o
C, and was complete after 24 hours at 

either 30
o
C (Figure 3.4A) or 37

o
C (data not shown). In contrast, mip1D175 and mip1D205 

cells grew and maintained respiratory competence indistinguishably from the wild-type at 

37
o
C, indicating that the C-terminal segment of the CTE is not required for stability of 

the polymerase at 37
o
C. An argument against a possible role in folding or stability is that 

the all of the Mip1p-GFP fusion variants co-localized with mitochondrial dsRED (Figure 

3.1B), indicating that these proteins are stably maintained in mitochondria. However, 

stabilizing effects of the GFP moiety cannot be ruled out.  

 The CTE may be involved in protein-protein interactions with the mtDNA 

replication machinery, the nucleoid structure or the two-membrane spanning complex. 

Several yeast two-hybrid screens using Mip1p as bait (Uetz et al., 2000; Ito et al., 2000; 

Li and Court (unpublished results)), have not revealed any putative mitochondrial 

interaction partners. An interaction with Bur2p was detected, but it is a cytosolic RNA 

polymerase II binding protein, so the nature of the interaction is not clear (Hazbun et al., 

2003). A bacterial two-hybrid screen revealed a more relevant interaction, with Sed1p, 

which was subsequently shown to be required for maintenance of normal levels of Mip1p 
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and mitochondrial genome integrity (Phadnis and Ayres Sia, 2004). Mip1p has been 

shown to colocalize with the TMS protein Mmm1p by fluorescence microscopy 

(Meeusen and Nunnari, 2003), but a direct interaction between the two proteins was not 

demonstrated. Future studies in our lab will include suppressor screens to identify 

putative interactions between the CTE of Mip1p and other components of the 

mitochondrial DNA replication machinery. 
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CHAPTER 4 Deleterious effects of various Mip1p carboxyl-terminal truncations 

and the Mip1p alanine-661 variant on DNA polymerase activity 

4.1 Abstract 

In chapter 2 it was demonstrated that various genetic factors in commonly used 

laboratory strains make differential contributions to mitochondrial DNA (mtDNA) 

maintenance. Similar to Baruffini et al. (2007b) we observed temperature-sensitive 

mtDNA loss and error-prone mtDNA synthesis in strains related to S288c, when 

compared to strains related to S1278b. S288c-related strains encode a variant form of 

Mip1p wherein a conserved threonine, present in S1278b-related strains (MIP1[S]), at 

position 661, is replaced by an alanine (MIP1[S]). In chapter 3 it was demonstrated that 

truncations of the yeast mtDNA polymerase (Mip1p) carboxyl-terminal extension (CTE) 

are associated with mtDNA loss and in one case (MIP1D216) mtDNA instability in vivo. 

To investigate whether or not mtDNA instability and loss in these strains results directly 

from altered DNA polymerase activity, Mip1p variants were overexpressed and partially 

purified from yeast mitochondrial membrane fractions. A non-radioactive DNA 

polymerase assay was used to detect the activity of these enzymes. These results suggest 

that threonine 661 contributes to more robust DNA polymerase activity of Mip1p[S] in 

comparison to Mip1p[S] at 30 and 37
o
C. In addition, these results may also suggest that 

exonuclease function is not affected by the alanine-661 variant at 37
o
C whereas 

polymerase activity is, and this higher ratio of exonuclease activity could be a 

contributing factor to mtDNA instability in S288c-related strains. Lastly, isogenic CTE 

truncation variants all have less DNA polymerase activity compared to their parental 

wild-type polymerases. Based on these results several possible roles for the function of 

the CTE in mtDNA replication are suggested. 
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4.2 Introduction  

Carboxyl-terminal extensions (CTEs) of fungal mitochondrial DNA (mtDNA) 

polymerases were first noted in Saccharomyces (Hu et al., 1995) and Neurospora (Ko T, 

Bertrand H, personal communication); however, the function of the CTEs was unknown. 

We have previously shown that mtDNA polymerases from ascomycetous fungi, 

including yeast-like fungi, pyrenomycetes, and plectomycetes, contain variable length 

CTEs (Young et al., 2006, Chapter 3). We showed that the 279-residue CTE of the 

mitochondrial DNA polymerase (Mip1p) from Saccharomyces cerevisiae is essential for 

respiratory growth and maintenance of mtDNA in vivo. An interesting mutant with 216 

C-terminal residues deleted from Mip1p (encoded by MIP1D216, Figure 4.1 A) 

maintained mtDNA at lower levels when compared to the wild-type, during respiratory 

growth, but could not maintain mtDNA during fermentative growth. Therefore, this 

mutant defined a region essential for mtDNA maintenance between the truncations 

Mip1pD279 and Mip1pD216 (residues 975 to 1038 of Mip1p, Chapter 3, Young et al., 

2006 and Figure 4.1 A). Likewise, the MIP1D216, mutant in combination with another 

truncation mutant, MIP1D205, encoding a polymerase lacking 205 C-terminal residues, 

also defined a region that contributes to mtDNA maintenance and fidelity, as MIP1D205 

cells maintained wild-type levels of respiratory competence and mtDNA point mutations 

(residues 1038 to 1049 of Mip1p, Chapter 3, Young et al., 2006 and Figure 4.1 A). 

A PRALINE alignment of CTEs from ten representatives of the 

Saccharomycetales predicted three conserved alpha-helical regions within the amino-
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Figure 4.1 A. CLUSTALW (http://align.genome.jp/) alignment of Mip1p sequences 

(1254 amino acid residues) obtained from S150 and YPH499 laboratory strains. The 

black triangle at the amino-termini represents the MitoProtII predicted cleavage site, 

between residues 41 and 42, of the mitochondrial targeting sequence (probability of 

export to mitochondria 0.9927 and 0.9946 for S150 and YPH499 respectively, Claros and 

Vincens, 1996). Bold residues in the alignment represent polymorphisms identified by 

sequencing that have been previously defined by Baruffini et al. (2007b). Sequencing 

revealed that S150 has the MIP1[S] version of the gene while YPH499 has the MIP1[S]. 

The strictly conserved threonine 661 residue is indicated by a bold number. Exonuclease 

(Exo) and polymerase (Pol) motifs (white boxes) are as defined by Ito and Braithwaite 

(Ito and Braithwaite, 1990) and gamma specific sequences (g1 ï g6, black line under both 

sequences) are as defined by Luo and Kaguni (2005, and personal communication from 

Laurie S. Kaguni). The conserved residues in g4, SYW, that when substituted with AAA 

in Drosophila polymerase gamma caused an increase in exonuclease activity, are 

highlighted by a black bar above this sequence (Luo and Kaguni, 2005). Within the 

carboxyl-terminal extension (CTE, carboxyl-terminal 279 amino acid residues) black bars 

between the two sequences are predicted alpha-helical regions defined by Young et al. 

(2006). Various truncations are represented as Mip1p and the number of carboxyl-

terminal amino acid residues deleted from the CTE. The two unlabeled arrows above and 

below the sequences delimit the region encoded by the PCR product generated from S150 

genomic DNA using the primers MIP4_F_PolyFix and RevPolyFix. This PCR fragment 

was used to replace the region between AvrII and PstI restriction endonuclease sites 

within the pMIPS28 plasmid; the equivalent region of these restriction sites on the Mip1p 

http://align.genome.jp/
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sequence are shown (see text for details). B. Conceptual translation of the two possible 

Mip1p N-termini and that of the site-directed mutant Mip1p[LongMĄI] -yEGFP. The 

five amino-terminal methionines of the 1280-residue conceptual translation of MIP1 are 

highlighted in bold. The four isoleucines that replaced methionines in the site-directed 

mutant are highlighted in bold italics. pMIP1[Long] represents the N-terminus of the 

Mip1p variant encoded by pMIP1[Long]-yEGFP, pMIP1[Short] represents that of 

pMIP1[Short]-yEGFP, and pMIP1[LongMĄI]  represents Mip1p[LongMĄI] -yEGFP. 
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A.  
 

 

S150_Mip1p    MTKLMVRFECMLRMVRRRPLRVQFCARWFSTKKNAAEAPRINPVGIQYLGESLQRQVFGSCGGKDEVEQSDKLMELSKKSLKDHGLWGKKTLITDPISFPLPPLQGRSLDEHFQKIGRFN 

YPH499_Mip1p  MTKLMVRSECMLRMVRRRPLRVQFCARWFSTKKNTAEAPRINPVGIQYLGESLQRQVFGSCGGKDEVEQSDKLMELSKKSLKDHGLWGKKTLITDPISFPLPPLQGRSLDEHFQKIGRFN 

               

 

 

 

S150_Mip1p    SEPYKSFCEDKFTEMVARPAEWLRKPGWVKYVPGMAPVEVAYPDEELVVFDVETLYNVSDYPTLATALSSTAWYLWCSPFICGGDDPAALIPLNTLNKEQVVIGHNVAYDRARVLEEYNF 

YPH499_Mip1p  SEPYKSFCEDKFTEMVARPAEWLRKPGWVKYVPGMAPVEVAYPDEELVVFDVETLYNVSDYPTLATALSSTAWYLWCSPFICGGDDPAALIPLNTLNKEQVI IGHNVAYDRARVLEEYNF 

               

 

 

 

 

S150_Mip1p    RDSKAFFLDTQSLHIASFGLCSRQRPMFMKNNKKKEAEVESEVHPEISIEDYDDPWLNVSALNSLKDVAKFHCKIDLDKTDRDFFASTDKSTIIENFQKLVNYCATDVTATSQVFDKIFP  

YPH499_Mip1p  RDSKAFFLDTQSLHIASFGLCSRQRPMFMKNNKKKEAEVESEVHPEISIEDYDDPWLNVSALNSLKDVAKFHCKIDLDKTDRDFFASTDKSTIIENFQKLVNYCATDVTATSQVFDEIFP  

               

 

 

 

 

S150_Mip1p    VFLKKCPHPVSFAGLKSLSKCILPTKLNDWNDYLNSSESLYQQSKVQIESKIVQIIKDIVLLKDKPDFYLKDPWLSQLDWTTKPLRLTKKGVPAKCQKLPGFPEWYRQLFPSKDTVEPKI 

YPH499_Mip1p  VFLKKCPHPVSFAGLKSLSKCILPTKLNDWNDYLNSSESLYQQSKVQIESKIVQIIKDIVLLKDKPDFYLKDPWLSQLDWTTKPLRLTKKGVPAKCQKLPGFPEWYRQLFPSKDTVEPKI 

               

 

 

 

 

 

S150_Mip1p    TIKSRIIPILFKLSWENSPVIWSKESGWCFNVPHEQVETYKAKNYVLADSVSQEEEEIRMNNLGLQCTGVLFKVPHPNGPTFNCTNLLTKSYNHFFEKGVLKSESELAHQALQINSSGSY 

YPH499_Mip1p  TIKSRIIPILFKLSWENSPVIWSKESGWCFNVPHEQVETYKAKNYVLADSVSQEEEEIRTHNLGLQCTGVLFKVPHPNGPTFNCTNLLTKSYNHFFEKGVLKSESELAHQALQINSSGSY 

               

 

 

 

 

S150_Mip1p    WMSARERIQSQFVVPNCKFPNEFQSLSAKSSLNNEKTNDLAIIIPKIVPMGTITRRAVENTWLTASNAKANRIGSELKTQVKAPPGYCFVGADVDSEELWIASLVGDSIFNVHGGTAIGW 

YPH499_Mip1p  WMSARERIQSQFVVPSCKFPNEFQSLSAKSSLNNEKTNDLAIIIPKIVPMGTITRRAVENAWLTASNAKANRIGSELKTQVKAPPGYCFVGADVDSEELWIASLVGDSIFNVHGGTAIGW 

               

 

 

 

Exo II  Exo I  

8 35 

222  

357  

540- 541  

616  661  

Exo III  

g1 g2 

g3 g4 

Pol I  

Avr II  

41- 42 

 

1
5
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S150_Mip1p    MCLEGTKNEGTDLHTKTAQILGCSRNEAKIFNYGRIYGAGAKFASQLLKRFNPSLTDEETKKIANKLYENTKGKTKRSKLFKKFWYGGSESILFNKLESIAEQETPKTPVLGCGITYSLM 

YPH499_Mip1p  MCLEGTKNEGTDLHTKTAQILGCSRNEAKIFNYGRIYGAGAKFASQLLKRFNPSLTDEETKKIANKLYENTKGKTKRSKLFKKFWYGGSESILFNKLESIAEQETPKTPVLGCGITYSLM 

               

 

 

 

 

S150_Mip1p    KKNLRANSFLPSRINWAIQSSGVDYLHLLCCSMEYIIKKYNLEARLCISIHDEIRFLVSEKDKYRAAMALQISNIWTRAMFCQQMGINELPQNCAFFSQVDIDSVIRKEVNMDCITPSNK 

YPH499_Mip1p  KKNLRANSFLPSRINWAIQSSGVDYLHLLCCSMEYIIKKYNLEARLCISIHDEIRFLVSEKDKYRAAMALQISNIWTRAMFCQQMGINELPQNCAFFSQVDIDSVIRKEVNMDCITPSNK 

               

 

 

 

 

S150_Mip1p    TAIPHGEALDINQLLDKPNSKLGKPSLDIDSKVSQYAYNYREPVFEEYNKSYTPEFLKYFLAMQVQSDKRDVNRLEDEYLRECTSKEYARDGNTAEYSLLDYIKDVEKGKRTKVRIMGSN 

YPH499_Mip1p  TAIPHGEALDINQLLDKSNSKLGKPNLDIDSKVSQYAYNYREPVFEEYNKSYTPEFLKYFLAMQVQSDKRDVNRLEDEYLRECTSKEYARDGNTAEYSLLDYIKDVEKGKRTKVRIMGSN 

               

 

 

 

 

S150_Mip1p    FLDGTKNAKADQRIRLPVNMPDYPTLHKIANDSAIPEKQLLENRRKKENRIDDENKKKLTRKKNTTPMERKYKRVYGGRKAFEAFYECANKPLDYTLETEKQFFNIPIDGVIDDVLNDKS 

YPH499_Mip1p  FLDGTKNAKADQRIRLPVNMPDYPTLHKIANDSAIPEKQLLENRRKKENRIDDENKKKLTRKKNTTPMERKYKRVYGGRKAFEAFYECANKPLDYTLETEKQFFNIPIDGVIDDVLNDKS 

               

 

 

 

 

S150_Mip1p    NYKKKPSQARTASSSPIRKTAKAVHSKKLPARKSSTTNRNLVELERDITISREY 

YPH499_Mip1p  NYKKKPSQARTASSSPIRKTAKAVHSKKLPARKSSTTNRNLVELERDITISREY 

 

 

B.  
 

pMIP1[Long]               MDYERTVLKKRSRWGLYVVVEQRGTSMTKLMVRSECMLRMVRRRPLRVQFCARWFSTKKNTAEAPRI 

pMIP1[Short]                                        MTKLMVRSECMLRMVRRRPLRVQFCARWFSTKKNTAEAPRI  

pMIP1[LongM ĄI]           MDYERTVLKKRSRWGLYVVVEQRGTS I TKLI VRSECI LRI VRRRPLRVQFCARWFSTKKNTAEAPRI 
 

Mip1pD216 

978  986  

Pol II  

Pol II I  

g5 

g6 

Mip1pD279 Mip1pD241 Mip1pD222 Mip1pD205 Mip1pD175 

Pst I  

CTE 

1
5

9 
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terminal 100 residues of the CTEs (Young et al., 2006, Figure 4.1 A). All three of these 

helices are removed in the respiratory-deficient mutant lacking 279 C-terminal residues, 

MIP1D279 (Figure 4.1 A). Interestingly, within the ORF of MIP1D216 only the predicted 

eleven-residue-helix is maintained, while nearly two-thirds of the largest predicted 15-

residue helix is truncated and the smallest seven-residue helix is completely removed 

(Figure 4.1 A). Further genetic evidence for the requirement of the 15-residue helix was 

gained from 1) a MIP1D222 mutant expressing a truncation of 222 C-terminal residues, 

Mip1pD222, that deletes the entire 15-residue helix and was unable to grow on glycerol 

containing media and 2) MIP1D205 and MIP1D175 in which Mip1p retains that helix in 

both truncations, and both mutants maintained wild-type levels of respiratory competence 

and low levels of point mutations in the mtDNA (Chapter 3 and Figure 4.1 A). 

To further investigate the mechanisms for the maintenance of wild-type levels of 

mtDNA and fidelity in Mip1pD175 and Mip1pD205 and also the loss of mtDNA in 

mutants lacking either all three of the predicted helices (Mip1pD279 and Mip1pD241), 

two of the helices (Mip1pD222) or a truncation within a helix (Mip1D216), we 

overexpressed the wild-type and truncation polymerase variants in yeast. There were two 

additional points to consider. First, during the course of this work a study by Baruffini et 

al. (2007b) identified a single nucleotide polymorphism in the MIP1 gene of strains 

related to S288c that changes a strictly conserved threonine 661 in MIP1[S] to alanine 

(MIP1[S], see Chapter 2). They showed that this change causes an increase in mtDNA 

deletions and point mutations. As all of our plasmid variants encoding various truncation 

mutants were initially constructed with a MIP1 gene cloned from BY4700 (Gelperin et 
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al., 2005), an S288c-related strain (MIP1[S], Baruffini et al., 2007b), each variant was 

changed to the wild-type S1278b MIP1 form (MIP1[S]).  

The second consideration was that yeast nuclear-encoded mitochondrial proteins, 

like Mip1p, are translated in the cytoplasm. Proteins destined for the mitochondrial 

matrix typically contain an N-terminal signal sequences in the peptide, which is initially 

recognized by a translocase of the mitochondrial outer membrane (TOM) for import 

through the mitochondrial outer membrane (Neupert and Herrmann, 2007). N-terminal 

signal sequences specific for targeting proteins to the mitochondrial matrix are also called 

matrix targeting sequences (MTSs). These MTSs in most situations are proteolytically 

cleaved by a mitochondrial processing peptidase (MPP) within the mitochondrial matrix. 

The MIP1 ORF contains five methionine codons located within the first 40 codons 

encoding the N-terminus of the predicted 1280 amino acid Mip1p (Figure 4.1 B). Foury 

demonstrated that transcription of MIP1 occurs after the first putative translational start 

codon of the ORF in vivo, resulting in a predicted 1254-amino acid residue Mip1p 

preprotein, pre-Mip1p (Foury, 1989). Similarly, the MitoProt II computational method 

(http://ihg.gsf.de/ihg/mitoprot.html, Claros and Vincens, 1996) predicts that when Mip1p 

is translated from the second ATG of the ORF there is a probability of 0.9946 for 

targeting of the enzyme to mitochondria and a cleavage site is predicted between residues 

41 and 42 (Figure 4.1 B). In contrast, when translation begins from the first ATG of the 

MIP1 ORF a probability of 0.2294 for targeting is calculated and no MPP cleavage site 

was predicted by the program. To confirm these predictions, short (1254 amino acids) 

and long (1280 amino acids) versions of Mip1p were created and analyzed for import into 

mitochondria. 

http://ihg.gsf.de/ihg/mitoprot.html
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Here we examine overexpressed mitochondrial DNA polymerase variants for the 

following: 1) targeting to mitochondria, 2) association with a mitochondrial membrane 

fraction, and 3) DNA polymerase activity of mitochondrial membrane fractions obtained 

from yeast over-expressing wild-type and truncation variants of both MIP1[S] and 

MIP1[S] forms.  

4.3 Materials and Methods 

4.3.1 General methods 

Restriction digestions were carried out according to manufacturersô procedures. 

General molecular biological procedures were carried out according to (Sambrook and 

Russell, 2001) and yeast transformations were carried out according to (Gietz and 

Woods, 2002). Linear DNA fragments obtained from restriction digestion of plasmids or 

PCR amplification, and used for yeast transformation or cloning, were gel purified using 

the QIAquick Gel Extraction Kit (QIAGEN Inc., Mississauga, ON). Plasmid and PCR 

product sequencing was carried out according to the manufacturersô procedures in the 

BigDye® Terminator v1.1 Cycle Sequencing Kit Protocol manual (Applied Biosystems, 

Foster City, CA). Unless otherwise stated, all centrifugation steps were carried out in a 

SORVALL® pico microfuge (MANDEL, Guelph, Ontario). SDS-PAGE gels were made 

and set up according to the Mini-PROTEAN® II Electrophoresis Cell Instruction Manual 

and Western blotting was carried out according to the Mini-PROTEAN® 3 Cell 

Instruction Manual, both of which were obtained from BIO-RAD (Hercules, CA). 
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4.3.2 Media 

 Escherichia coli cells were grown in Luria-Bertani medium (LB, 1% Bacto-

tryptone, 0.5% Bacto-yeast extract, 1% NaCl and 1.5% Bacto-agar when LB plates were 

made). When transformed with betalactamase-encoding plasmids ampicillin was added to 

LB broth or plates at a final concentration of 100 mg/ml. 

Yeast were grown on various media including: YPG (1% yeast extract, 2% 

peptone, 3% glycerol); YG-Er (2% yeast extract, 3% glycerol, 50 mM potassium 

phosphate, pH 6.5, 4 g/L erythromycin); YP2D (1% yeast extract, 2% peptone, 2% 

dextrose); YP10D (1% yeast extract, 2% peptone, 10% dextrose); various synthetic 

complete media including, SC-TRP, SC-TRP-URA, SC-TRP-LEU, SC-LEU (0.67% 

Difco
TM

 nitrogen base pH 5.6 without amino acids, 4% dextrose, all amino acids except 

the ones indicated after ñSCò where -TRP, -URA, and -LEU indicate the absence of 

tryptophan, uracil, and leucine respectively, and the amino acid concentrations used were 

as described by (Sherman, 1991). SRaff-LEU (0.67% Difco
TM

 nitrogen base pH5.6 

without amino acids, 2% raffinose contains all amino acids except leucine; raffinose was 

made as a filter-sterilized 20% stock solution and was added to media after autoclaving to 

prevent conversion to glucose); 3xYPGal (3% yeast extract, 6% peptone, and 6% 

galactose; galactose was made as a filter-sterilized 20% stock solution and was added to 

the solution after autoclaving). SRaff-TRP-LEU/2% galactose (0.67% Difco
TM

 nitrogen 

base without amino acids, 2% raffinose, all amino acids except tryptophan and leucine, 

pH 5.6; raffinose and galactose were made, filter sterilized, and added to media as 

described above). All components were obtained from Fisher Scientific (Ottawa, Ontario) 

except for erythromycin which was obtained from Research Products International Corp. 
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(Mt. Prospect, Illinois). Percentages indicate weight per volume and all solid media 

contained 2% Bacto
TM

 agar.  

4.3.3 Isolation of yeast genomic DNA 

 Yeast cultures were grown in 5 ml YP10D for 19 to 20 hours at 30
o
C with 

shaking to approximately 15 OD600. 1.4 ml was placed into each of two microfuge tubes 

and centrifuged at 5,000 rpm for 2 min followed by removal of the supernatant. Each 

pellet was washed with 1 ml 1.2 M sorbitol/50 mM EDTA pH 8.5, vortexed briefly and 

centrifuged at 5,000 rpm. The supernatant was removed and the two pellets were 

combined in 1 ml 1.2 M sorbitol/50 mM EDTA pH 8.5/0.113 mg/ml lyticase (276 

units/mg, Sigma-Aldrich, St. Louis, MO), followed by incubation at 30
o
C for one hour 

with gentle shaking. Next, cells were spun for 2 minutes at 5,000 rpm, the supernatant 

was removed and cells were resuspended in 1 ml of 50 mM EDTA, pH 8.5, 0.2% SDS, 

followed by heating at 65
o
C for 15 minutes. 100 ml of 5 M potassium acetate was added 

and samples were mixed and cooled on ice for 10 minutes. Tubes were centrifuged at 

13,000 rpm at 4
o
C for 10 minutes and then approximately 500 ml of supernatant was 

transferred to new microfuge tubes. 1 ml of 95% ethanol and 75 ml 3 M sodium acetate, 

pH 7.0 was then added to each 500 ml sample and tubes were mixed and incubated at -

20
o
C for 1 hour or overnight. Microfuge tubes were centrifuged at 13,000 rpm at 4

o
C for 

15 minutes, and the supernatant was discarded. Pellets were washed with 70% ethanol 

and then dried. Each pellet was dissolved in 30 ml TE (10 mM Tris-Cl, pH 8.0/1 mM 

EDTA) + RNaseA (50 mg/ml). 
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4.3.4 Strain and plasmid construction 

Primers used to construct and confirm strains and plasmids are listed in Table 4.1. 

Plasmids are listed in Table 4.2.  

The TRP1+dsRed gene-disruption cassette was cloned in two steps. First, 

pUC19::TRP1 was created. The TRP1 gene from BS70 (a gift from Walter Neupert, 

Universität München), was cut out with SstI (SacI) and SalI as an 897-bp fragment. The 

TRP1 fragment was then ligated in to pUC19 cut with the same enzymes. Note, TRP1 in 

BS70 is polymorphic compared to the S288c genomic sequence available at the 

Saccharomyces Genome Database (SGD, appendix Figure 6.1). To create the plasmid 

pUC19::TRP1+dsRed, harbouring the disruption cassette, the plasmid pVT100U::dsRed 

(a gift from Jodi M. Nunnari, University of California, Davis) was cut with SphI to 

release the 1695-bp dsRed gene flanked by the ADH1 promoter and 3ô-ADH1 terminator. 

pUC19::TRP1 was also cut with SphI, which does not disrupt the TRP1 gene, and gel 

purified. The 1695-bp dsRed fragment was ligated to pUC19::TRP1 and a clone with both 

genes oriented in the same direction (5ô-3ô) was selected as the template for PCR-

mediated gene disruption in yeast. 

To create a strain in which the MIP1 gene is replaced by dsRED, encoding a 

mitochondrial targeted red fluorescent protein, the gene-disruption cassette was PCR 

amplified from pUC19::TRP1+dsRed using the US_SstI/DS_SphI primer set, followed 

by transformation into the laboratory strain S150 (MATa leu2-3,112 his3-D1 trp1ï289 

ura3-52 MIP1[S] HAP1). Transformants were selected on SC-TRP plates and colonies 

were screened for disruption of MIP1 by: 1) screening recombination junctions using the 

DeltaScrMIPFor/DeltaScrREDRev (1213-bp PCR product, flanking the 5ô-end 

recombination junction) and DsRedFor/DeltaScrMIPRev (1099-bp, flanking the 3ô-end 
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Table 4.1 Primers and oligonucleotides used in this study 

Primer 

Name 

Primer Sequence 5'-3' Tm 

(
o
C) 

Gene/Target Description 

US_SstI GGGTGACCTCGGGCGCACTTTTAGCC

GATACTCAGTAAACAACAATAGGT_ GC

CAGTGAATTCGAGCTC 

56 pUC19::TRP1+dsRed Bold = sequence for recombination at 

the MIP1 locus; normal = primer for 

amplification of TRP1+dsRed 

DS_SphI TAATGTGCTGTATATATAAATACAAAT

GCGAAAGCTAATGCAGATTTTGC_ AC

AGCTATGACCATGATTAC 

56 pUC19::TRP1+dsRed Bold = sequence for recombination at 

the MIP1 locus, normal = primer for 

amplification of TRP1+dsRed 

DeltaScrM

IPFor 

GAGGACATGCTGTATCGG 56 MIP1 Screen mip1D::TRP1+dsRed locus 

DeltaScrM

IPRev 

AGCTAACGAGAAGATGCAG 56 MIP1 Screen mip1D::TRP1+dsRed locus 

DeltaScrR

EDRev 

TGTCATTGCGGATATGGTG 56 dsRed Screen mip1D::TRP1+dsRed locus 

DsRedFor CAGTTCCAGTACGGCTCC 58 dsRed Screen mip1D::TRP1+dsRed locus 

NtermMIP

FixUS 

GTCAAGGAGAAGGAATTATCAACAAGT

TTGTACAAAAAAGCAGGCTACAAA CTC

GAGATGACGAAATTGATGGTTAGATC 

  pBG1805::MIP1 IRO for modification of 5'-end of the 

MIP1 gene relative to transcriptional 

ATG; italics = XhoI site engineered 

into IRO 

NtermMIP

FixDS 

CATCGAGCACAAAACTGCACACGCAGC

GGCCGCCGCCGCACCATTCGCAGCATGC

ATTCAGATCTAACCATCAATTTCGT 

  pBG1805::MIP1 IRO for modification of 5'-end of the 

MIP1 gene relative to transcriptional 

ATG 

BG1805L

EU2F 

AATTTTTTTGATTCGGTAATCTCCGAA

CAGAAGGAAGAACGAAGGAAGGAGC

ACAGACTT _CCTCGAGGAGAACTTCTA

G 

58 LEU2 of YEp13 Bold = pNTBG1805::MIP1 sequence 

for recombination to remove the 

URA3 gene and replace it with LEU2; 

normal = primer for amplification of 

LEU2 from YEp13 

  

1
6

6 
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Primer 

Name 

Primer Sequence 5'-3' Tm 

(
o
C) 

Gene/Target Description 

BG1805L

EU2R 

TACAATTTCCTGATGCGGTATTTTCTC

CTTACGCATCTGTGCGGTATTTCACA

CCGCATA _GTCGACTACGTCGTTAAGG 

58 LEU2 of YEp13 Bold = pNTBG1805::MIP1 sequence 

for recombination to remove the 

URA3 gene and replace it with LEU2; 

normal = primer for amplification of 

LEU2 from YEp13 

MIPDSofE

Rev 

GAAGATGTAGATAATCCACTC 58 MIP1 Sequencing plasmids derived from 

pBG1805::MIP1 

MipSeq1R AGCATAATCAGGAACATCG 54 HA-epitope tag in 

pBG1805::MIP1 

Sequencing plasmids derived from 

pBG1805::MIP1 

MIPSeq2R CTGGACTTGCATCGCAAG 56 MIP1 Sequencing plasmids derived from 

pBG1805::MIP1 

MIPSeq3b

R 

ACACCTGTGCATTGCAATCC 60 MIP1 Sequencing plasmids derived from 

pBG1805::MIP1 

MIPSeq3R CTTTTAAGTAACTGACTCGC 56 MIP1 Sequencing plasmids derived from 

pBG1805::MIP1 

MIPSeq4b

R 

GTTGATTTATCTGTGGAAGC 56 MIP1 Sequencing plasmids derived from 

pBG1805::MIP1 

MIPSeq4R CTCCTTCGACCATATTACGG 60 MIP1 Sequencing plasmids derived from 

pBG1805::MIP1 

MIPSeq5R GTTGTATTCTTCGAGAACCC 58 MIP1 Sequencing plasmids derived from 

pBG1805::MIP1 

  

1
6

7 
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Primer 

Name 

Primer Sequence 5'-3' Tm 

(
o
C) 

Gene/Target Description 

ADH1_For  CATCATCATCACCATCATGGTAGAAT

CTTTTATCCATACGATGTTCCTGATTA

TGCTTGA_CGCCACTTCTAAATAAGCG 

56 ADH1 terminator 

from pKT128, (Sheff 

and Thorn, 2004) 

Bold = pBG1805::MIP1-derived 

sequence for recombination to 

remove the Protease 3C site and the 

Protein A ZZ domain from the 3'-end 

of the gene (Gelperin et al., 2005); 

italics = stop codon engineered into 

IRO; normal = primer for 

amplification and addition of ADH1 

terminator 

GFP_Rev CGGCCAGTGAGCGCGCGTAATACGAC

TCACTATAGGGCGAATTGGGTACCCC

GGCGCGCC_GAGGCAAGCTAAACAGAT

C 

56 ADH1 terminator 

from pKT128, (Sheff 

and Thorn, 2004) 

Bold = pBG1805::MIP1-derived 

sequence for recombination; normal = 

primer for amplification and addition 

of ADH1 terminator 

MIP_TAG

_For  

TTGGTTGAGCTGGAAAGGG 58 MIP1 Sequencing plasmids derived from 

pBG1805::MIP1, to confirm 

modifications made to the 3'-end of 

the gene 

GFP_For  AGCACTACAAATAGAAATTTGGTTGA

GCTGGAAAGGGACATTACTATTTCTA

GAGAGTAC_ GGTGACGGTGCTGGTTTA 

56 pKT128 Bold = pBG1805::MIP1-derived 

sequence for recombination; normal = 

primer for in-frame fusion to yEGFP 

and addition of ADH1 terminator 

OLIdltM_f

or 

GTCGAGATGGGGATTATATGTAGTTGTT

GAGCAACGAGGGACAAGTATTACGAAA

TTGATAGTTAGATCTGAATGCATCC 

  pBG1805::MIP1-

yEGFP+LEU2  

IRO for chaning the 2nd, 3rd, and 4th 

methionines to isoleucines; bold 

italics = mutations introduced into 

IRO 

OLIdltM_r

ev 

GGAGAACCATCGAGCACAAAACTGCAC

ACGCAGCGGCCGCCGCCGCACAATTCG

CAGGATGCATTCAGATCTAACTATCA 

  pBG1805::MIP1-

yEGFP+LEU2  

IRO for chaning the 3rd, 4th, and 5th 

methionines to isoleucines; bold 

italics = mutations introduced into 

IRO 

1
6

8 
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Primer 

Name 

Primer Sequence 5'-3' Tm 

(
o
C) 

Gene/Target Description 

Truncation

_Scrn_R 

Truncation_Scrn_R 56 ADH1 terminator Sequencing primer that binds in 

ADH1 terminator of 

pNTBG1805::MIP1-

ADH1Term+LEU2 variants, to 

confirm various truncation mutants 

BG_delta1

75_F 

GTACAGCCTCCTAGACTATATAAAGGAT

GTCGAGAAGGGCAAAAGGACTAAAGTA

CGTATTATGGGATCCAACCCAGCTT 

  pNTBG1805::MIP1-

ADH1Term+LEU2 

IRO for MIP1D175 truncation of 3'-

end of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

BG_delta1

75_R 

AAAAGATTCTACCATGATGGTGATGATG

ATGTCTAGACACATCAACCACTTTGTAC

AAGAAAGCTGGGTTGGATCCCATA 

  pNTBG1805::MIP1-

ADH1Term+LEU2 

IRO for MIP1D175 truncation of 3'-

end of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

BG_delta2

79_F 

GGACTGCATAACCCCCTCGAACAAAAC

CGCCATTCCTCATGGGGAGGCGCTTGAT

ATCAATCAACTGCTAAACCCAGCTT 

  pNTBG1805::MIP1-

ADH1Term+LEU2 

IRO for MIP1D279 truncation of 3'-

end of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

BG_delta2

79_R 

AAAAGATTCTACCATGATGGTGATGATG

ATGTCTAGACACATCAACCACTTTGTAC

AAGAAAGCTGGGTTTAGCAGTTGA 

  pNTBG1805::MIP1-

ADH1Term+LEU2 

IRO for MIP1D279 truncation of 3'-

end of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

BG_delta2

16_F 

GTTCTTAAAATATTTTCTTGCGATGCAA

GTCCAGTCAGATAAGCGCGATGTGAAT

CGGCTAGAAGATGAGAACCCAGCTT 

  pNTBG1805::MIP1-

ADH1Term+LEU2 

IRO for MIP1D216 truncation of 3'-

end of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

BG_delta2

16_R 

AAAAGATTCTACCATGATGGTGATGATG

ATGTCTAGACACATCAACCACTTTGTAC

AAGAAAGCTGGGTTCTCATCTTCT 

  pNTBG1805::MIP1-

ADH1Term+LEU2 

IRO for MIP1D216 truncation of 3'-

end of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

BG_delta_

alpha1_F 

CAGCAAAGTATCACAATATGCCTATAAC

TACAGAGAACCTGTATTTGAAGAATATA

ATAAATCTTATACTAACCCAGCTT 

  pNTBG1805::MIP1-

ADH1Term+LEU2 

IRO for MIP1D241 truncation of 3'-

end of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

  

1
6

9 
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Primer 

Name 

Primer Sequence 5'-3' Tm 

(
o
C) 

Gene/Target Description 

BG_delta_

alpha1_R 

AAAAGATTCTACCATGATGGTGATGATG

ATGTCTAGACACATCAACCACTTTGTAC

AAGAAAGCTGGGTTAGTATAAGAT 

  pNTBG1805::MIP1-

ADH1Term+LEU2 

IRO for MIP1D241 truncation of 3'-

end of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

BG_delta_

alpha2_F 

TAAATCTTATACTCCAGAGTTCTTAAAA

TATTTTCTTGCGATGCAAGTCCAGTCAG

ATAAGCGCGATGTGAACCCAGCTT 

  pNTBG1805::MIP1-

ADH1Term+LEU2 

IRO for MIP1D222 truncation of 3'-

end of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

BG_delta_

alpha2_R 

AAAAGATTCTACCATGATGGTGATGATG

ATGTCTAGACACATCAACCACTTTGTAC

AAGAAAGCTGGGTTCACATCGCGC 

  pNTBG1805::MIP1-

ADH1Term+LEU2 

IRO for MIP1D222 truncation of 3'-

end of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

D205F GTCAGATAAGCGCGATGTGAATCGGCT

AGAAGATGAGTATCTGCGGGAGTGTAC

ATCCAAAGAATACGCTAACCCAGCTT 

  pNTBG1805::MIP1-

ADH1Term+LEU2 

IRO for MIP1D205 truncation of 3'-

end of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

D205R AAAAGATTCTACCATGATGGTGATGATG

ATGTCTAGACACATCAACCACTTTGTAC

AAGAAAGCTGGGTTAGCGTATTCT 

  pNTBG1805::MIP1-

ADH1Term+LEU2 

IRO for MIP1D205 truncation of 3'-

end of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

MIP4_F_P

olyFix  

CGTAATATGGTCGAAGGAG 56 MIP1 for PCR amplification of the 

polymorphic region including the 

conserved threonine 661 codon of 

MIP1[sigma] from S150 

RevPolyFi

x 

TTCGTTGATCAGCTTTGGC 56 MIP1 for PCR amplification of the 

polymorphic region including the 

conserved threonine 661 codon of 

MIP1[sigma] from S150 

 

1
7

0 

 



 

171 

 

Table 4.2 Plasmids utilized and constructed in this study 

Name Description Plasmid cut with which R.E. to 

create 

Relevant IROs or 

Primers 

Reference 

BS70 pBluescript harbouring TRP1 pBluescript cut with BamHI and a 

BglII TRP1 fragment was cloned 

into this site 

N/A a gift from W. 

Neupert, 

University of 

Munich 

pUC19::TRP1 TRP1 subcloned from BS70 as a 

SstI (SacI)-SalI  897-bp fragment 

puC19 cut with SstI (SacI) and 

SalI  

N/A This work 

pVT100U::dsRed  dsRed fluorescent protein gene 

can be cut out as a cassette with 

SphI 

  N/A a gift from Jodi 

M. Nunnari, 

University of 

California, 

Davis 

pUC19::TRP1+dsRe

d 

dsRed subcloned from 

pVT100U::dsRed; template for 

one step gene replacement 

pUC19::TRP1cut with SphI N/A This work 

pBG1805::MIP1 Open Biosystems Mip1p 

expression plasmid 

N/A N/A Open 

Biosystems 

(Huntsville, 

AL)  

pNTBG1805::MIP1 N-terminus adjusted relative to 

first ATG of transcription 

pBG1805::MIP1with SphI NtermMIPFixUS/Nt

ermMIPFixDS 

This work 

pNTBG1805::MIP1

+LEU2 

Replacement of URA3 with 

LEU2 

pNTBG1805::MIP1 cut with StuI BG1805LEU2F/BG

1805LEU2R 

This work 

pBG1805::MIP1+ 

LEU2 

Replacement of URA3 with 

LEU2 

pBG1805::MIP1cut with StuI BG1805LEU2F/BG

1805LEU2R 

This work 

  

1
7

1 
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Name Description Plasmid cut with which R.E. to 

create 

Relevant IROs or 

Primers 

Reference 

pNTBG1805::MIP1-

ADH1Term+LEU2 

(or pMIPS28) 

Addition of ADH1 terminator 

and removal of the Protease 3C 

site and the Protein A ZZ 

domain from the 3'-end of the 

gene 

pNTBG1805::MIP1+LEU2 cut 

with AscI 

ADH1_For 

/GFP_Rev 

This work 

pBG1805::MIP1-

ADH1Term+ LEU2 

Addition of ADH1 terminator 

and removal of the Protease 3C 

site and the Protein A ZZ 

domain from the 3'-end of the 

gene 

pBG1805::MIP1+ LEU2cut with 

AscI 

ADH1_For 

/GFP_Rev 

This work 

pMIP1[Short]-

yEGFP 

In-frame carboxyl-terminal 

fusion of MIP1 to yEGFP and 

addition of ADH1 terminator 

pNTBG1805::MIP1+LEU2 cut 

with AscI 

GFP_For/GFP_Rev This work 

(Remy-

Martin's 

project) 

pMIP1[Long]-

yEGFP 

In-frame carboxyl-terminal 

fusion of MIP1 to yEGFP and 

addition of ADH1 terminator 

pBG1805::MIP1+ LEU2cut with 

AscI 

GFP_For/GFP_Rev This work 

(Remy-

Martin's 

project) 

pMIP1[LongM-->I]-

yEGFP 

Site directed mutation of the 

2nd, 3rd, 4th, and 5th 

methionines to isoleucine 

pBG1805::MIP1-yEGFP+LEU2 

cut with SphI 

OLIdltM_for/OLIdlt

M_rev 

This work 

(Remy-

Martin's 

project) 

pD175S28 MIP1D175 truncation of 3'-end 

of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

pNTBG1805::MIP1-

ADH1Term+LEU2 cut with BclI 

BG_delta175_F/BG

_delta175_R 

This work 

pD205S28 MIP1D205 truncation of 3'-end 

of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

pNTBG1805::MIP1-

ADH1Term+LEU2 cut with PstI 

D205F/D205R This work 

1
7

2 
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Name Description Plasmid cut with which R.E. to 

create 

Relevant IROs or 

Primers 

Reference 

pD216S28 MIP1D216 truncation of 3'-end 

of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

pNTBG1805::MIP1-

ADH1Term+LEU2 cut with PstI 

BG_delta216_F/BG

_delta216_R 

This work 

pD222S28 MIP1D222 truncation of 3'-end 

of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

pNTBG1805::MIP1-

ADH1Term+LEU2 cut with PstI 

BG_delta_alpha2_F/

BG_delta_alpha2_R 

This work 

pD241S28 MIP1D241 truncation of 3'-end 

of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

pNTBG1805::MIP1-

ADH1Term+LEU2 cut with PstI 

BG_delta_alpha1_F/

BG_delta_alpha1_R 

This work 

pD279S28 MIP1D279 truncation of 3'-end 

of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

pNTBG1805::MIP1-

ADH1Term+LEU2 cut with PstI 

BG_delta279_F/BG

_delta279_R 

This work 

pMIPSig Replacement of the S288c 

alanine 661 polymorphic region 

with threonine from S150 

pNTBG1805::MIP1-

ADH1Term+LEU2 cut with 

AvrII and PstI to remove 1540-bp 

fragment 

MIP4_F_PolyFix/Re

vPolyFix PCR 

product from S150 

genomic DNA 

This work 

pD175Sig Replacement of the S288c 

alanine 661 polymorphic region 

with threonine from S150 and 

MIP1D175 truncation of 3'-end 

of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

pMIPSig cut with BclI BG_delta175_F/BG

_delta175_R 

This work 

pD205Sig Replacement of the S288c 

alanine 661 polymorphic region 

with threonine from S150 and 

MIP1D205 truncation of 3'-end 

of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

pMIPSig cut with PstI D205F/D205R This work 

1
7

3 
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Name Description Plasmid cut with which R.E. to 

create 

Relevant IROs or 

Primers 

Reference 

pD216Sig Replacement of the S288c 

alanine 661 polymorphic region 

with threonine from S150 and 

MIP1D175 truncation of 3'-end 

of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

pMIPSig cut with PstI BG_delta216_F/BG

_delta216_R 

This work 

pD222Sig Replacement of the S288c 

alanine 661 polymorphic region 

with threonine from S150 and 

MIP1D222 truncation of 3'-end 

of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

pMIPSig cut with PstI BG_delta_alpha2_F/

BG_delta_alpha2_R 

This work 

pD241Sig Replacement of the S288c 

alanine 661 polymorphic region 

with threonine from S150 and 

MIP1D241 truncation of 3'-end 

of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

pMIPSig cut with PstI BG_delta_alpha1_F/

BG_delta_alpha1_R 

This work 

pD279Sig Replacement of the S288c 

alanine 661 polymorphic region 

with threonine from S150 and 

MIP1D279 truncation of 3'-end 

of the MIP1 gene; attB2, HIS-6, 

and HA-epitope remain 

pMIPSig cut with PstI BG_delta279_F/BG

_delta279_R 

This work 

 

1
7

4 
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recombination junction) primer sets 2) screening for the absence of the MIP1 gene via 

DeltaScrMIPFor/ DeltaScrMIPFor primers, which generates a 3086-bp PCR product 

when MIP1 is replaced with TRP1+dsRed and 4263-bp product from wild-type MIP1 3) 

the inability of  the PCR-confirmed mip1D strains to grow on YPG and 4) red punctuate 

mitochondrial fluorescence via by Zeiss Epi-fluorescent microscopy, indicating dsRed 

expression. 

The MIP1 plasmid that was modified in this study, pBG1805::MIP1 (Figure 4.2), 

was purchased from Open Biosystems (Huntsville, AL). The ORF was confirmed by 

sequencing using MIPDSofERev and the MipSeq series of primers shown in Table 4.1. 

Variants of pBG1805::MIP1 were constructed using a modification of the elegant delitto 

perfetto method developed by Francesca Storici (Figure 4.3, Storici and Resnick, 2006).  

pNTBG1805::MIP1 

Foury (1989) has previously shown by S1 nuclease mapping of the 5ô-termini of 

MIP1 transcripts that transcription initiates after the first putative translational start codon 

of the ORF (Figure 4.1 A and B) and therefore, results in an enzyme that is 1254 amino 

acid residues long. However, the pBG1805::MIP1 was engineered based on conceptual 

translation starting at the upstream methionine to yield a 1280 amino acid preprotein. 

Therefore, we modified the 5ô-end of the MIP1 ORF in pBG1805::MIP1 linearized with 

SphI (Figure 4.2) to create pNTBG1805::MIP1. This plasmid has 78-bp of the 5ô-region, 

including the first ATG, removed and introduces an XhoI site just upstream of the new 

start codon (the second in-frame methionine codon see Figure 4.1 B). Integrative 

recombinant oligonucleotides (IROs), NtermMIPFixUS and 
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Figure 4.2 pBG1805 Gateway®-type yeast expression plasmid. The plasmid used in this 

study was pBG1805::MIP1 purchased from Open Biosystems, where MIP1 is the open 

reading frame (ORF) flanked by attB sites.  attB1 and attB2, Gateway-modifed att site 

that site-specifically recombine with only attP1 and attP2 respectively; URA3, encodes 

orotidine-5'-phosphate (OMP) decarboxylase required for uracil prototrophy in yeast; bla, 

beta-lactamase gene for ampicillin resistance in E. coli; GAL1, yeast galactose inducible 

promoter. The C-terminal tag consists of the following:  6xHis, hexahistidine-tag for 

protein purification by nickel-nitrilotriacetic acid chromatography; HA, Hemagglutinin 

epitope tag; Protease 3C, protease 3C cleavage site; Protein A (ZZ domain), the 

immunoglobulin G (IgG) binding ZZ domain of protein A from Staphylococcus aureus. 

Taken from yeast_orf_manual.pdf from Open Biosystems with permission from Dr. 

Elizabeth Grayhack who created the plasmid. 
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Figure 4.3 Yeast recombination-based, 3ô-end modification of pMIPS28 harbouring the 

MIP1 gene. The restriction-digested, linearized plasmid was electroporated into S150 

mip1D (leu2 auxotroph, MIP1 gene on chromosome XV removed, represented by a thin 

line) with integrative recombinant oligonucleotides (IROs). The yeast homologous 

recombination machinery recombines the IROs with pMIPS28 (thin lines between IROs 

and pMIPS28) regenerating a circular plasmid and allowing it to replicate via the two 

micron origin of replication (2m) and to complement the  S150 mip1D  leu2 auxotrophy. 

GAL1p, yeast galactose inducible promoter (arrow shows direction of transcription); bla, 

beta-lactamase gene for ampicillin resistance in E. coli; ori, E. coli plasmid origin of 

replication. 
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NtermMIPFixDS, were annealed and extended first by heating to 94
o
C for 1 minute 

followed by incubation at 68
o
C for 3 minutes in the following reaction mixture: 10 ml of 

each IRO (0.1 nmol/ml), 2 ml recombinant Taq polymerase provided by Jack Switala 

(University of Manitoba), 10 ml 10x Invitrogen PCR buffer, 4 ml 10 mM dNTPs, with one 

of 2, 4, or 6 ml 100 mM MgSO4, and ddH2O to bring the final volume to 100 ml. After 

extension all three tubes (2, 4, 6 ml MgSO4) were combined together and precipitated at  

ï20
o
C overnight with two volumes of 95% ethanol and a final concentration of 0.3 M 

sodium acetate pH 5.2. Extended IROs were then centrifuged at 13,000 rpm for 15 

minutes, washed with 70% ethanol, dried, and resuspended in 60 ml ddH2O. 100 ng of 

Antarctic phosphatase (NEB, Ipswich, MA) treated SphI-cut pBG1805::MIP1 was then 

added to 11 ml of extended IROs and brought up to 100 ml, followed by ethanol 

precipitation and washing as described above. The plasmid and IROs mix was then 

resuspended in 9 ml ddH2O and electroporated into S150 mip1D.  

Electroporation conditions were modified from (Thompson et al., 1998) and were 

as follows: S150 mip1D was grown overnight in 20 ml YP10D. Cells were diluted down 

to 0.35 OD600 the next morning and grown to 1 ï 1.5 OD600 in 50 ml YP10D. Next, cells 

were centrifuged at 5,000 rpm in a Sorvall SS-34 rotor for 5 minutes and the pellet was 

resuspended in 16 ml 0.1 M lithium acetate, 10 mM dithiothreitol, 10 mM Tris-Cl, pH 

7.5, 1 mM EDTA and incubated at room temperature for 1 hour. Cells were collected by 

centrifugation at 5,000 rpm in a Sorvall SS-34 rotor for 5 minutes and resuspended in 16 

ml ice-cold ddH2O. This wash step was repeated and then cells were suspended in 6.4 ml 

ice-cold 1 M sorbitol and collected by centrifugation. The pellet was resuspended in 54 ml 

of ice-cold 1 M sorbitol (to give a total volume of approximately 160 ml of cell 
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suspension) and 44 ml of the suspension was combined with 9 ml of the plasmid and IROs 

mix and incubated on ice for 5 minutes. The cell/DNA mix was then transferred to a 0.2 

cm electroporation cuvette and pulsed using the ñSc2ò program with the BioRad 

Micropulser. 1 ml of ice-cold 1 M sorbitol was then added, the solution was mixed, 

followed by transfer to a 1.5 ml microfuge tube. The mixture was centrifuged at 6,000 

rpm for 2 minutes and 800 ml of the supernatant was discarded leaving ~200 ml and the 

cell pellet. The cells were resuspended in the remaining 200 ml and 100 ml was plated in 

duplicate on SC-TRP-URA. After four days of incubation at 30
o
C, DNA was collected 

from the colonies on the plate by a ñsmash-and-grabò crude DNA preparation as 

described in (Hoppins, 2006). This DNA was resuspended in 30 ml TE and 6 ml was 

pulsed with 50 ml electrocompetent DH5a Escherichia coli using the ñEc1ò program of 

the BioRad Micropulser. 1 ml of ice-cold LB was added to the E. coli in the cuvette and 

gently mixed, followed by transfer into a microfuge tube and incubation at 37
o
C with 

gentle mixing for three hours. Cells were centrifuged at 13,000 rpm for 1 minute and 

~900 ml of the supernatant was removed while leaving ~100 ml and the E. coli pellet.  

This remaining 100 ml was then mixed with a pipette tip and spread onto an 

LB/ampicillin (AMP) plate followed by incubating overnight at 37
o
C.  

Small E. coli colonies were inoculated at the end of the next day into 5 ml 

LB/AMP and incubated with shaking overnight at 37
o
C. The slightly turbid cultures were 

diluted early in the morning 1 in 4 into 20 ml LB/AMP and allowed to grow for another 

four hours. 15 ml of the culture was centrifuged at 12,000 rpm in a Sorvall SS-34 rotor 

and plasmid DNA was prepared using the QIAprep® miniprep kit (Mississauga, Ontario) 

with the following modifications.  For 15 ml of culture, the pellet was resuspended in 250 
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ml of P1 buffer (step 1), the QIAprep® spin column was washed with buffer PB (step 7), 

buffer PE was allowed to sit on the membrane for 5 minutes (step 8), and 35 ml 

prewarmed (65
o
C) ddH2O was added, instead of buffer EB, and let stand at room 

temperature for 8 minutes before centrifugation (step 10). 

The potential pNTBG1805::MIP1 plasmids were initially screened by 

linearization of the plasmid with XhoI to confirm introduction of this site via the IRO 

NtermMIPFixUS. Candidate were then sequenced with MIPSeq5R to confirm correct 

recombination at the 5ô-end of the MIP1 gene. 

pNTBG1805::MIP1+LEU2 and pBG1805::MIP1+LEU2 

The second modification to pBG1805::MIP1 constructs was replacement of the 

URA3 gene with LEU2 in pNTBG1805::MIP1 and pBG1805::MIP1 to create 

pNTBG1805::MIP1+LEU2 and pBG1805::MIP1+LEU2. LEU2 was PCR-amplified from 

YEp13 (Broach et al., 1979) using BG1805LEU2F/BG1805LEU2R primers and 

recombination was carried out as described above with pNTBG1805::MIP1 and 

pBG1805::MIP1 linearized with StuI, which cuts in URA3 (Figure 4.2). Approximately 

200 ng of purified PCR product was precipitated with 50 ng of purified dephosphorylated 

vector and this mixture was used for electroporation of S150 mip1D. Transformants 

harboring recombinant plasmids were selected on SC-TRP-LEU. 

pMIP1[Short] -yEGFP, pMIP1[Long] -yEGFP and pMIP1[LongMĄI] -yEGFP 

pMIP1[Short]-yEGFP and pMIP1[Long]-yEGFP plasmids  were constructed to 

see if both the short and long forms of Mip1p, with respect to the amino-terminus, are 

targeted to mitochondria. In all Mip1p-yEGFP constructs created here, the primer 

GFP_For was engineered to fuse the last codon of the MIP1 gene, encoding a tyrosine 
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residue, in-frame with the linker region just upstream of yEGFP described in Sheff and 

Thorn (2004). These constructs therefore lack the attB2 site as well as the 3ô-end 

encoding the carboxyl-terminal 6xHis-HA tag (Figure 4.2). pNTBG1805::MIP1+LEU2 

and pBG1805::MIP1+LEU2 were linearized with AscI, located immediately after the 

stop codon in the plasmids, and a yEGFP-containing PCR product was amplified from 

pKT128 (Sheff and Thorn, 2004) with GFP_For/GFP_Rev for recombination in S150 

mip1D. The correct recombination at the 3ô-end of the MIP1 gene in the plasmid was 

confirmed by sequencing with MIP_TAG_For. 

pMIP1[LongMĄI] -yEGFP was created by cutting pBG1805::MIP1-

yEGFP+LEU2 with SphI (position 111 of MIP1 ORF) to linearize it at the 5ô-end of the 

gene, followed by recombination in yeast with the extended IROs 

OLIdltM_for/OLIdltM_rev to create site-directed mutations of the 2nd, 3rd, 4th, and 5th 

methionine codons to isoleucine codons (Figure 4.1 B). This was done to ensure that 

translation starts from the first ATG. The correct recombination at the 5ô-end of the MIP1 

gene in the plasmid was confirmed by sequencing with MIPSeq5R. 

pMIP1[Short]-yEGFP, pMIP1[Long]-yEGFP and pMIP1[LongMĄI] -yEGFP 

were all electorporated into S150 mip1D as described above and selected for on SC-TRP-

LEU. Transformants were grown overnight in 20 ml SC-TRP-LEU and the next morning 

were centrifuged down at 6,000 rpm in a Sorvall SS-34 rotor and the supernatant was 

discarded. The cells were resuspended in 10 ml SRaff-TRP-LEU/2% galactose at 0.3 

OD600 and grown for 3-4 hours. 1.12 OD600 of cells were washed twice with ddH2O 

followed by resuspension in 150 ml ddH2O (7.5 OD600). 40 ml of this resuspension was 

mixed with 40 ml of 0.7% low-gelling agarose (made in ddH2O) on a glass slide and a 22 
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x 60 mm cover-glass was quickly added and gently pressed on to get an even layer of 

cells. Slides were made in duplicate and sealed with clear nail polish. Fluorescence was 

detected in the green (GFP, Mip1p variants tagged with yEGFP) and red (rhodamine, 

mitochondrial targeted dsRed) channels using a Zeiss Axio Imager Z1 epi-fluorescent 

microscope. This work was performed with the assistance from an honors project student, 

Remy-Martin Gratton. 

pNTBG1805::MIP1-ADH1Term+LEU2 (pMIPS28) and pBG1805::MIP1-

ADH1Term+ LEU2 

To create pMIPS28 and pBG1805::MIP1-ADH1Term+ LEU2, the next 

modification made was the one step addition of a 5ô-end ADH1 terminator PCR product 

(amplified from pKT128, Sheff and Thorn, 2004)  and removal of DNA encoding the 

Protease 3C cleavage site and the Protein A ZZ domain from the 3'-end of the MIP1 gene 

from both plasmids (Figure 4.2). Both plasmids were separately linearized with AscI 

(located immediately downstream of the stop codon) and purified, followed by 

precipitation with the ADH1 PCR product amplified with the ADH1_For /GFP_Rev 

primer set, and electroporated into S150 mip1D. The correct recombination at the 3ô-end 

of the MIP1 gene was confirmed by sequencing with the sequencing primer 

MIP_TAG_For. The final plasmid, pMIPS28, is the wild-type S288c derived MIP1 gene 

used for in vitro analyses and used to construct all other S288c-MIP1-truncation plasmids 

and the Mip1p[S] wild-type plasmid (see below). 
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pD175S28, pD205S28, pD216S28, pD222S28, pD241S28, and pD279S28 

Plasmids were named by deletion in and structure of the MIP1 gene i.e. 

pD205S28 encodes the Mip1p from S288c (Mip1p[S]) with a carboxyl-terminal deletion 

(D) of 205 amino acids. pD205S28, pD216S28, pD222S28, pD241S28, and pD279S28 

were all constructed in a similar manner. pMIPS28 was cut with PstI (located in the 

coding region of the CTE, Figure 4.2) and IROs engineered for the coding sequence in  

MIP1D205, MIP1D216, MIP1D222, MIP1D241, and MIP1D279 (Table 4.1) were 

annealed, extended, mixed with vector, precipitated, and electroporated into yeast. The 

resulting plasmids were collected from yeast, electroporated into E. coli, and DNA was 

prepared as described above. All constructs were confirmed by AscI/SphI restriction 

endonuclease mapping and sequencing using the Truncation_Scrn_R primer to confirm 

the 3ô-end recombination junction. 

pD175S28 was made by cutting pMIPS28, passed through the dam
ï
 E. coli strain 

GM2163, with BclI (blocked by dam methylation and this site is also located in the CTE 

coding region but further downstream than PstI) followed by the same method described 

above but using the MIP1D175 specific IROs. 

pMIPSig, pD175Sig, pD205Sig, pD216Sig, pD222Sig, pD241Sig, and pD279Sig 

 pMIPSig containing the MIP1[S] allele (Baruffini et al., 2007b) was made by 

cutting pMIPS28 with AvrII and PstI to remove the 1540-bp fragment (see Figure 4.1 A) 

followed by recombination in S150 mip1D with the MIP4_F_PolyFix/RevPolyFix PCR 

product generated from S150 (MIP1[S]) genomic DNA. The entire MIP1 gene in this 

plasmid was sequenced.  pD175Sig, pD205Sig, pD216Sig, pD222Sig, pD241Sig, and 
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pD279Sig were created and confirmed exactly as their S288c-counterparts described 

above, except the pMIPSig was the starting plasmid instead of pMIPS28. 

4.3.5 Induction of recombinant Mip1p[S] and Mip1p[S] and variants 

Wild-type S150 was chosen over S150 mip1D as the background strain for 

expression of all Mip1p variants as it gave the best expression and mitochondrial 

membrane protein fractions isolated from untransformed S150 cells gave very little 

background polymerase activity (see results). 

S150 was electroporated with each of the plasmids encoding Mip1p[S], Mip1p[S] 

and truncation variants described above. Transformants were selected on SC-LEU plates 

after three or four days growth at 30
o
C. Cells were collected by pipetting 4 ml of SC-

LEU onto the first plate, followed by collecting colonies with a sterile glass slide to 

obtain a homogenous mixture, and then pipetting this mix to the second plate and 

repeating the process. The mixture of cells was then aliquoted to two microfuge tubes and 

spun at 6,000 rpm. To ensure the same concentration of cells in each aliquot, 

approximately 0.8 ml of supernatant was removed from each replicate tube and then the 

remaining 0.7 ml plus the pellet was mixed and combined together into one microfuge 

tube. This tube was vortexed for 10 seconds to mix cells and then ~0.75 ml was aliquoted 

to each of two screw capped microfuge tubes containing 0.2 ml sterile glycerol. These 

tubes were vortexed and 200 ml aliquots were frozen down at -60
o
C. 

Induction of transcription of the plasmid borne MIP1-variants from the GAL1p 

was carried out according to Gelperin et al. (2005) with the following modifications. One 

aliquot of cells from -60
o
C was allowed to thaw at room temperature and then was 

inoculated into 50 ml SC-LEU and allowed to grow approximately 14 hrs at 30
o
C with 
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shaking at 220 ï 240 rpm. An OD600 was taken and approximately 50 OD600 of cells was 

centrifuged at 6,000 rpm in a Sorvall SS-34 rotor at room temperature for 10 minutes, 

followed by resuspension of the pellet in 50 ml SRaff-LEU. These cells were grown for 

nine hours at 30
o
C and then subcultured into 500 ml SRaff-LEU to give an OD600 of 0.1. 

The cultures were grown for another twelve hours to an OD600 of 1 to 2. Induction of 

recombinant polymerase was initiated by adding 250 ml of 3x YPGal in the morning and 

allowing cultures to grow a final five hours. After induction, the culture was centrifuged 

in two 500 ml centrifuge tubes in a Sorvall GSA rotor at 6,000 rpm for 10 minutes at 4
o
C 

and the supernatant was decanted. Both pellets were resuspended together in 2 ml of 50 

mM Tris-Cl, pH 8.0, 30% glycerol (TG) and then cells were aliquoted to microfuge tubes 

on ice. Cells were centrifuged for 2 minutes at 6,000 rpm in a SORVALL® pico 

microfuge, supernatant was removed and the wet weight of cells in each tube was 

determined. Next, 0.5 ml of TG was added to each pellet and mixed with a 1 ml 

Pipetman
TM

 followed by a 10 second vortex. Cells in 0.5 ml TG were immediately frozen 

down at -60
o
C for preparing mitochondrial membrane proteins. 

4.3.6 Isolation of mitochondria and mitochondrial membrane proteins 

Procedures for isolation of mitochondria and mitochondrial membrane proteins 

were derived from those of Mueller et al. (2004) and Lewandowska et al. (2006). 1 to 2 g 

wet weight of induced frozen cell pellets were thawed at room temperature and then 

immediately put on ice and all subsequent steps were carried out at 4
o
C or on ice. Cells 

were centrifuged at 6,000 rpm for 2 minutes and TG was aspirated off without disturbing 

the cell pellet. The cell pellets were resuspended in one volume of cold yeast breaking 

buffer (YBB, 0.65 M sorbitol, 0.1 M Tris-Cl, 5 mM EDTA, 0.2% BSA, pH 8.0, 1 mM 



 

188 

 

PMSF) and pooled together in a 15-ml conical tube. Two volumes of YBB was then 

added to the cells in the conical tube (total of three volumes of the initial cell pellet) and 

vortexed for 5 seconds. Next, three volumes of glass beads (0.45 ï 0.53 mm) were added 

and the tube was vortexed for 1 minute followed by incubating on ice for 1 minute. This 

step was repeated five more times. Conical tubes were centrifuged at 3,000 rpm for 5 

minutes to remove cell debris and the supernatant was transferred into microfuge tubes 

and kept on ice (Sup 1). The cell pellet was extracted a second time by resuspending in 

2.2 volumes of fresh YBB and vortexing for 1 minute followed by incubation on ice for 1 

minute. Vortexing was repeated twice more followed by centrifugation at 3,000 rpm for 6 

minutes and the resulting pellet was discarded and the supernatant was transferred into 

fresh microfuge tubes and kept on ice (Sup 2). Microfuge tubes containing Sup 1 and Sup 

2 were next centrifuged at 12,000 rpm for 8 minutes to collect mitochondrial pellets.  The 

supernatant obtained from the Sup 2-tubes was discarded, while the more concentrated 

one from the Sup 1-tubes was aliquoted to new microfuge tubes (Sup 3). Each 

mitochondria-containing pellet was washed with 500 ml SEM (250 mM sucrose, 1 mM 

EDTA, 10 mM MOPS, pH 7.5 with KOH) followed by an additional centrifugation at 

3,500 rpm for 4 minutes and the pellets were discarded while the mitochondrial 

supernatant was transferred to fresh microfuge tubes on ice. Sup 3 tubes were centrifuged 

again at 12,000 rpm. These mitochondrial pellets were also washed with SEM and spun 

at low rpm as described. All of the mitochondrial supernatants obtained from the 3,500 

rpm spins were then pelleted at 12,000 rpm for 8 minutes and the SEM was gently 

aspirated off. For every 1.2 g of wet weight cells, mitochondria were resuspended in 0.6 

ml of hypotonic lysis buffer (20 mM MOPS, pH 8.5, 3 mM b-mercaptoethanol, 1 mM 
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PMSF, 1 mg/ml leupeptine, final concentration was typically 2.3 ï 2.5 mg mitochondrial 

protein per 350 ml hypotonic lysis buffer). The volume of mitochondria was estimated by 

measuring the total volume of the resuspension with a 1 ml Pipetman
TM

. A 20 ml aliquot 

of mitochondria was mixed with and equal volume of  2x SDS-PAGE sample buffer 

(0.0625 M Tris-Cl, pH 6.8, 10% glycerol, 2% SDS, 5% b-mercaptoethanol, and 0.05% 

bromophenol blue) for determining the release of mitochondrial matrix proteins (see 

below) and a 3 ml aliquot was frozen at -20
o
C for determining the protein concentration 

of mitochondria via a Bradford assay (Sigma-Aldrich, St. Louis, MO).  

The remaining mitochondria were subjected to homogenization with a 27 ½ G 

needle through eleven cycles of drawing up and expelling the sample. The material was 

vortexed for 30 seconds followed by incubation on ice for 30 seconds and then vortexed 

and incubated on ice again. The homogenization and vortexing was repeated exactly as 

just described. One tenth of the volume of 20 mM MOPS, pH 8.5, 4 M NaCl, 3 mM b-

mercaptoethanol, 1 mM PMSF, and 1 mg/ml leupeptine was added to the homogenized 

mitochondria to bring the salt concentration to 0.4 M. The mitochondria were subjected 

to homogenization with the same 27 ½ G needle through eleven more cycles and then 

vortexed followed by incubation on ice. The sample was vortexed and incubated on ice 

again. The mitochondria were homogenized through a final eleven cycles, this time 

without vortexing. The final volume was measured with a 1 ml Pipetman
TM

 and 3 ml was 

taken for a Bradford assay. A 50 ml-aliquot was taken and centrifuged at 13,000 rpm for 

15 minutes to obtain a supernatant and a pellet fraction to measure the release of 

mitochondrial matrix proteins (see below). The supernatant was mixed with an equal 

volume of 2x SDS-PAGE sample buffer and an equal volume of 2x SDS-PAGE sample 
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buffer was added to the pellet. Both were heated at 95
o
C for 3 minutes and then stored at 

-60
o
C.  

The remaining homogenized mitochondria were loaded onto a sucrose gradient 

(0.25 ml 60%, 0.25 ml 55%, 2.25 ml 18% (wt/wt) sucrose in 20 mM Tris-Cl pH 7.4, 0.5 

mMEDTA, 5 mM b-mercaptoethanol) and centrifuged in a Beckman TLA 100.3 rotor at 

60,000 rpm for 1 hour at 4
o
C. 75 ml fractions containing mitochondrial membrane 

proteins from the interface between 55% and 60% sucrose were collected from the 

bottom portion of the tube (Lewandowska et al., 2006). For each fraction 3 ml and 12 ml 

aliquots were taken for Bradford assay and SDS-PAGE respectively. The remaining ~60 

ml was mixed with 50 ml sterile glycerol and 11 ml aliquots were frozen down at -60
o
C. 

4.3.7 Characterization of the association of Mip1p with the mitochondrial 

membrane 

Mitochondria were isolated from 0.5 g wet weight of S150 cells transformed with 

pMIPS28 as described above. Approximately 0.1 g of cells was aliquoted into each of 

four tubes. After washing mitochondrial pellets in 500 ml SEM and pelleting 

mitochondria at 12,000 rpm for 8 minutes, the mitochondria were resuspended in 20 ml 

SEM each (x 10 pellets) and all tubes were combined. 3 ml was aliquoted out for a 

Bradford assay. For each wash condition 20 ml of 9.9 mg/ml of mitochondria was used. 

Each 20 ml aliquot was centrifuged at 13,000 rpm for 10 minutes and the volume of 

supernatant was measured (15 ml) and discarded. Each pellet was resuspended in 1 ml of 

either 6 M urea, 1 M NaCl, 1% TritonX-100, 0.1 M Na2CO3, or SEM and incubated on 

ice for 30 minutes. Samples were then centrifuged at 13,000 rpm for 30 minutes and 

supernatants were aspirated into new microfuge tubes. 15 ml of 2x SDS-PAGE sample 
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buffer was added to each pellet followed by heating at 95
o
C for 3 minutes and storing 

samples at -60
o
C. Soluble proteins in the supernatants were precipitated with 5% TCA 

(trichloroacetic acid) for NaCl and TritonX-100 treated samples or 10% TCA for urea 

and Na2CO3 treatments. Tubes were then incubated on ice for 12 minutes followed by a 

13,000 rpm centrifugation for 15 minutes. Supernatants were discarded and pellets were 

washed with 1 ml ice cold acetone followed by centrifugation at 13,000 rpm for 10 

minutes. Acetone was aspirated off and pellets were dried in at 56
o
C for 5 minutes. 15 ml 

of 2x SDS-PAGE sample buffer was added to each pellet and pellets were then heated at 

95
o
C for 3 minutes. 5 ml of each sample was loaded onto two 12% SDS-PAGE gels and 

run at 100 mV for 1 hour and 46 minutes followed by Western blotting.  

4.3.8 Western blotting 

12 % SDS-PAGE gels were transferred to nitrocellulose membranes overnight at 

10 mV/30 mA. For the blot shown in Figure 4.6, the membrane was stained with Ponceau 

S (0.2% Ponceau S/3.15% TCA), scanned and then cut into two parts between the 30 and 

40 kDa molecular weight marker of the BenchMark
TM

 Protein Ladder (Invitrogen, 

Carlsbad, California). Next the two pieces of the blot were washed with shaking for 5 

minutes in 1x TBS (10 mM Tris-Cl, pH 7.5, 150 mM NaCl) and then blocked in 

1xTBS/6.5% skim milk for 30 minutes with shaking. The top part of the blot, with 

molecular markers above 120 kDa, was incubated with a 1 in 1000 dilution of Anti-HA 

Tag mouse monoclonal antibody (Applied Biological Material Inc., Richmond, BC) in 1x 

TBS/6.5% skim milk/0.2% Tween-20 for 1 hour. The bottom part of the blot was 

incubated for the same amount of time with 1 in 1000 dilution of anti-Tim17p rabbit 

polyclonal antibody (a gift from K. Hell, Universität München) in 1x TBS/6.5% skim 
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milk/0.05% Tween-20. Next, both pieces were washed twice with 1x TBS/0.3% TritonX-

100 for 25 minutes followed by washing twice with 1x TBS for 8 minutes. The top part 

of the blot was next incubated in a 1 in 6,000 dilution of anti-mouse IgG (whole 

molecule)īalkaline phosphatase antibody produced in goat (Sigma-Aldrich, St. Louis, 

MO, A-3562) in 1x TBS/6.5% skim milk and the bottom part of the blot was incubated in 

a 1 in 2,000 dilution goat anti-rabbit IgG (H + L) alkaline phosphatise conjugate 

(ZYMED, San Francisco, CA) in 1x TBS/6.5% skim milk for 1 hour with shaking. The 

wash steps were repeated. Membranes were equilibrated for 2 minutes in detection buffer 

(0.1 M Tris-Cl, 0.1 M NaCl, pH 9.5) and then 1 ml of a 1 in 100 dilution of CDP-Star 

(Roche Laval, Quebec, Cat. No. 11 685 627 001), made in detection buffer, was rinsed 

over the blot by pipetting five times followed by sandwiching the pieces of the blot in a 

page protector. The blot was detected on Kodak Scientific Imaging Film X-OMAT
TM

 LS 

(Fisher Scientific, Ottawa, Ontario) or using the Alpha Innotech FluorChem 8900 

according to manufacturersô procedures. 

For the Western blot shown in Figure 4.7, the membranes were processed exactly 

the same as decribed above except the Ponceau S stained membrane was cut into three 

pieces, between 30 and 40 kDa and between 80 and 90 kDa of the BenchMark
TM

 Protein 

Ladder, and the middle piece (40 to 80 kDa) was probed with a 1 in 1000 dilution of anti-

Put2p rabbit polyclonal antibody in 1x TBS/6.5% skim milk (a gift from Dr. Debkumar 

Pain, New Jersey Medical School, Newark , NJ). 

4.3.9 Release of mitochondrial matrix proteins from intact mitochondria 

 Disruption of mitochondrial membranes was determined by Western blot analysis 

of mitochondrial fractions using the mitochondrial inner membrane specific anti-Tim17p 
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antibody and the anti-Put2p antibody, which reacts with the soluble mitochondrial matrix 

protein Put2p. 1) Mitochondria resuspended in hypotonic lysis before homogenizing and 

centrifugation, and equivalent amounts of 2) mitochondrial pellet obtained after 

homogenization and centrifugation and 3) mitochondrial supernatant after homogenizing 

and centrifugation were loaded onto a 12% SDS-PAGE gel and analyzed by Western 

blotting as described above. 

4.3.10 DNA polymerase activity measurement of mitochondrial membrane protein 

fractions using the incorporation of Digoxigenin-11-dUTP 

Digoxigenin-11-2'-deoxy-uridine-5'- triphosphate, alkali-stable (DIG-11-dUTP) 

was purchased from Roche (Laval, Quebec Cat. No. 11 093 088 910). A 10x nucleotide 

mixture was made as follows: 1 mM each of dATP, dGTP, dCTP, 0.9125 mM dTTP, 

0.0875 mM DIG-11-dUTP, 10 mM Tris-Cl pH 7.5. An approximately 4-kb plasmid 

(MIPF3RI/SalIpBSDBam, also called pBluescript::MIP1-F3, Young et al., 2006) was 

linearized with EcoRI (Invitrogen, Carlsbad, California) and was used as the template 

DNA. This DNA was boiled for 10 minutes at 100
o
C prior to addition to the polymerase 

reaction. Polymerase reactions were set up in 10 ml volumes as follows: 7 mg of 

mitochondrial membrane protein faction, 675 ng (determined before boiling) linearized, 

boiled template, 1 ml 10x hexanucleotide mix (Roche, Laval, Quebec Cat. No. 11 277 081 

001), 1 ml 10x nucleotide mix, 0.5 ml 1 mg/ml aphidicolin (a 1 in 10 dilution made in 

ddH2O of 10 mg/ml aphidicolin in DMSO). After 5, 10, 15 and 30 minutes, at 30
o
C or 

37
o
C, 2 ml aliquots of each polymerase reaction were mixed with 24.25 mM EDTA/10 

mM Tris pH 8.0 to stop DNA polymerase and samples were stored at -20
o
C. For each 

time point of the experiment l ml samples were spotted in triplicate onto Hybond-N nylon 
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(Fisher Scientific, Ottawa, Ontario) and the dot blot was UV crosslinked for 3 minutes. 

Following crosslinking the blot was equilibrated in malic acid buffer (0.1 M malic acid, 

0.15 M NaCl, pH 7.5) for 2 minutes and then incubated in 40 ml blocking buffer (malic 

acid buffer/1x blocking reagent, Roche Laval, Quebec, Cat. No. 1096176)/0.015% SDS 

with shaking for 30 minutes. Anti-Digoxigenin-AP conjugate (Roche Laval, Quebec, Cat. 

No. 1093274) was then added to the dot blot in blocking buffer/0.015% SDS at a 1 in 

10,000 dilution and it was incubated with shaking for 1 hour. The blot was rinsed three 

times with ddH2O and then twice for 15 minutes each with malic acid buffer/0.3% Tween 

20/0.015% SDS with shaking (rinsed with ddH2O between washes). It was equilibrated 

for 2 minutes in detection buffer (0.1 M Tris-Cl, 0.1 M NaCl, pH 9.5) and then 1 ml of a 

1 in 100 dilution of CDP-Star (Roche Laval, Quebec, Cat. No. 11 685 627 001), made in 

detection buffer, was rinsed over the blot by pipetting five times followed by 

sandwiching the blot in a page protector. Quantitation and detection were carried out 

using the Alpha Innotech FluorChem 8900 according to manufacturersô procedures. 

4.3.11 Nickel-nitrilotriacetic acid chromatography of Mip1p[S]D175-6xHis-HA and 

Mip1p[S]-6xHis-HA 

4.3.11.1 Denaturing conditions 

 Mitochondria were isolated from 0.19 g wet weight of cells expressing 

Mip1p[S]D175-6xHis-HA as described above with the following modification. After the 

SEM wash and centrifugation at 12,000 rpm for 8 minutes, mitochondrial pellets were 

suspended in 57.5 ml SEM, to generate a final volume of 67.5 ml. 400 ml of buffer B (100 

mM NaH2PO4, 10 mM Tris-Cl, 8 M urea, pH 8.0) was added to the mitochondria 

followed by vortexing twice briefly to mix. Mitochondria were then homogenized with a 
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1 cc, 25G 5/8 needle through six cycles of drawing up and expelling the sample. 200 ml 

of a slurry of Nickel-nitrilotriacetic acid (Ni-NTA) resin was washed with 1ml of buffer 

B and centrifuged at 13,000 rpm for 20 seconds followed by aspiration of the supernatant. 

The mitochondria in buffer B were added to the Ni-NTA and mixed at room temperature 

for one hour. Ni-NTA resin was pelleted at 13,000 rpm for 20 seconds and the 

supernatant was removed but saved to run on an SDS-PAGE gel. The Ni-NTA was 

washed three times for 5 minutes each with 1 ml of buffer C (100 mM NaH2PO4, 10 mM 

Tris-Cl, 8 M urea, pH 6.3) followed by centrifugation at 13,000 rpm for 20 seconds and 

discarding the supernatant. To elute protein 30 ml of buffer C/100 mM EDTA was added 

to the resin and the Ni-NTA was mixed for 10 minutes followed by centrifugation at 

13,000 rpm for 20 seconds. Two elutions were obtained; each was mixed with an equal 

volume of 2x SDS-PAGE sample buffer, heated to 95
o
C for three minutes and loaded 

onto a 9% SDS-PAGE gel followed by Western blotting with a 1 in 6000 dilution of 

Anti-HA Tag mouse monoclonal antibody in 1x TBS/6.5% skim milk as described above. 

4.3.11.2 Non-denaturing conditions 

 Mitochondria were prepared from 0.6 g wet weight of cells expressing Mip1p[S]-

6xHis-HA as describe above with the following modification. After the final 

homogenization with a with a 27 ½ G needle, the approximately 250 ml of mitochondria 

were centrifuged at 13,000 rpm for 20 minutes and the supernatant (~200 ml) was 

transferred into a separate microfuge tube from the pellet. Both the supernatant and pellet 

tubes were kept on ice. 200 ml of 20 mM MOPS/pH 8.5/0.4 M NaCl/3 mM b-

mercaptoethanol/1 mM PMSF/1 mg/ml leupeptine (an equal supernatant volume) was 
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added to the pellet and the pellet was resuspended. Two microfuge tubes of 0.5 ml of Ni-

NTA slurry were washed twice with 1 ml of TBG (50 mM Tris-Cl, pH 8.0, 2 mM b-

mercaptoethanol, and 30% glycerol) followed by centrifugation at 13,000 rpm for 20 

seconds and discarding the supernatant. The approximately 200 ml of each of 

mitochondrial supernatant and pellet were added to separate Ni-NTA tubes and mixed for 

one hour at room temperature. The samples were centrifuged at 13,000 rpm for 20 

seconds and the supernatant was discarded. Next the Ni-NTA was washed three times 

with 1 ml TBG for five minutes with mixing followed by centrifugation at 13,000 rpm for 

20 seconds and discarding the supernatant. Protein was eluted off of the Ni-NTA by 

mixing with 50 ml TBG/100 mM imidazole for five minutes followed by centrifugation at 

13,000 rpm for 20 seconds and collecting 45 ml which was then mixed with 45 ml 2x 

SDS-PAGE sample buffer and heated at 95
o
C for three minutes. This process was 

repeated with both TBG/250 mM imidazole and buffer C/100 mM EDTA respectively 

and then samples were loaded onto a 9% SDS-PAGE gel followed by Western blotting 

with a 1 in 5,000 dilution of Anti-HA Tag mouse monoclonal antibody in 1x TBS/6.5% 

skim milk as described above. This protocol was also carried out with homogenized 

mitochondria prepared from 0.6 g wet weight of cells that were not fractionated into 

pellet and supernatant fractions. 

4.4 Results 

4.4.1 GAL1p induction of N-terminal variants of Mip1p-yEGFP expressed from a 2m 

plasmid 

Before a suitable overexpression system could be developed it was important to 

test possible MTSs, as five methionine codons are located early in the 5ô-region of the 
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MIP1 ORF. To determine whether or not Mip1p could be overexpressed and targeted to 

the mitochondria in vivo, genes encoding Mip1p precursors with different potential 

targeting signals were constructed (Materials and Methods). pMIP1[Long]-yEGFP 

encodes the 1280-amino acid Mip1p preprotein (pre-Mip1p) linked at the CTE to yeast 

enhanced green fluorescent protein (yEGFP), while pMIP1[Short]-yEGFP contains the 

MIP1 ORF starting from the second ATG (1254 amino acid pre-Mip1p as defined by 

Foury, 1989, and Figure 4.1 B) linked to yEGFP. The pMIP1[LongMĄI] -yEGFP 

plasmid encodes a yEGFP-linked, 1280-amino acid residue Mip1p, with the four N-

terminal internal methionine codons mutated to isoleucine codons. This construct was 

made to ensure translation started from the first ATG only. These plasmids were created 

by a yeast recombination-based cloning strategy conceptually adapted from Storici and 

Resnick (Figure 4.3, Storici and Resnick, 2006).  

The pMIP1[Long]-yEGFP, pMIP1[Short]-yEGFP, and pMIP1[LongMĄI]-

yEGFP plasmids were separately electroporated into S150 mip1D. S150 mip1D lacks the 

ability to respire, because the MIP1 gene is disrupted with the dsRED gene, encoding a 

mitochondrially-targeted red fluorescent protein, dsRed. This protein can be used for 

fluorescence co-localization studies of proteins imported into mitochondria (Young et al., 

2006, Meeusen and Nunnari, 2003). S150 mip1D transformants, each harbouring separate 

plasmids (pMIP1[Long]-yEGFP, pMIP1[Short]-yEGFP, or pMIP1[LongMĄI]-yEGFP), 

were subjected to galactose induction, followed by fluorescence microscopic analysis of 

potential green and red fluorophores (Figure 4.4). In contrast to our prediction, all three 

Mip1p-yEGFP variants, Mip1p[Long]-yEGFP, Mip1p[Short]-yEGFP, and 

Mip1p[LongMĄI]-yEGFP, formed green puncta that co-localized with mitochondrially-
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targeted dsRed, indicating they were all targeted to mitochondria. However, the 

Mip1p[LongMĄI] -yEGFP transformant appears to have increased cytosolic staining 

relative to pMIP1[Long]-yEGFP and pMIP1[Short]-yEGFP (Figure 4.4) suggesting that 

not all of the overexpressed Mip1p[LongMĄI] -yEGFP is correctly targeted. 

The finding that the long form of Mip1p-yEGFP with the four N-terminal internal 

methionines mutated to isoleucines is targeted to mitochondria was interesting as there is 

no MTS predicted by MitoProt II. However, it was decided to engineer the expression 

plasmids to start transcription from the second start codon, as defined by Foury (1989), 

by deleting 78-bp upstream of the second ATG in all of our constructs (see Materials and 

Methods). 

4.4.2 Association of Mip1p with mitochondrial membranes 

Meeusen and Nunnari have proposed a two membrane-spanning (TMS), 

autonomous mtDNA replisome model (Meeusen and Nunnari, 2003). The TMS 

comprises 1) Mgm101p, a component of the mitochondrial nucleoid (Chen et al., 2005) 

essential for mtDNA maintenance and possibly required for repair of oxidative mtDNA 

damage 2) Mmm1p, a trans-outermembrane protein required for mtDNA maintenance 

that coimmunoprecipitates with Mgm101p and has a role in mitochondrial morphology, 

3) potentially Mip1p, as shown by colocalization with a Mmm1p-dsRed fusion protein 

and 4) replicating mtDNA, as shown by association of Mmm1p-GFP and Mgm101p-GFP 

foci with BrdU foci (Meeusen and Nunnari, 2003). Based on their observation that 

Mip1p-GFP colocalizes with Mmm1p-dsRed of the TMS, and is therefore likely linked to 

the mitochondrial inner membrane, the association of Mip1p with a mitochondrial 

membrane pellet fraction was initially investigated. The efficiency of releasing 



 

199 

 

Figure 4.4 Targeting of Mip1p amino-terminal variants to the mitochondria. Left- and 

right-hand panels show green (Mip1p-yEGFP, Mip1p variants tagged with yEGFP) and 

rhodamine (Mito-dsRed, mitochondrial-targeted dsRed) fluorescence, respectively, from 

the same field of view for S150 mip1D harbouring either A. pMIP1[Short]-yEGFP, B. 

pMIP1[Long]-yEGFP or C. pMIP1[LongMĄI] -yEGFP plasmids. S150 mip1D expresses 

a chromosomal copy of mitochondrial targeted dsRed due to disruption of MIP1 with the 

TRP1+dsRed cassette (see Materials and Methods). Note that because dsRed was 

expressed as a single copy from the genome, red fluorescence was much less intense than 

that of Mip1p-yEGFP variants. Images obtained from 0.2 mm slices using a 100x 

objective are presented. 
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mitochondrial matrix proteins during the preparation of mitochondria was determined 

based on Western blot analysis of the following mitochondrial fractions: 1) mitochondria 

resuspended in hypotonic lysis buffer before homogenization and centrifugation, 2) 

mitochondrial pellets and 3) supernatants obtained after homogenization and 

centrifugation (Figure 4.5). Proteins present in the supernatant fraction (S) include Put2p 

and it was estimated that 80% and 60% of Put2p was released from total mitochondria 

(M) for the Mip1p[S] and Mip1p[S] mitochondria shown in Figure 4.5. Therefore, using 

this method, at least 60% of the soluble mitochondrial proteins were released by this 

method. Nearly all of Tim17p, translocase of the inner mitochondrial membrane, was 

located in the pellet fraction. Likewise all of the polymerase detected by immunoblotting 

was localized only in the pellet fraction (Figure 4.5). 

In an attempt to elucidate the nature of the association of Mip1p with the mitochondrial 

membrane fraction, mitochondria isolated from yeast expressing the Mip1p[S] wild-type 

version were subjected to various washing treatments (Figure 4.6). Peripheral membrane-

associated proteins can typically be released from membranes due to their sensitivity to 

salt washes, while treatment of membranes with urea and Na2CO3 disrupt protein-protein 

interactions (Rodriguez-Cousino et al., 1995, Horazdovsky and Emr, 1993). Detergents 

such as TritonX-100 have been used to disrupt direct associations of proteins with 

cellular membranes (Horazdovsky and Emr, 1993). The majority of the Mip1p[S] and 

Tim17p following Na2CO3 treatment was localized in the pellet fraction, while only a 

very faint band of each was visible in the supernatant fraction (Figure 4.6). In contrast, 

the mitochondrial matrix protein Hep1p, was found only in the supernatant fraction
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Figure 4.5 Release of mitochondrial matrix proteins from intact mitochondria by 

hypotonic lysis and homogenization. Mitochondria resuspended in hypotonic lysis buffer 

before homogenization and centrifugation (M), and corresponding amounts of 

mitochondrial pellet obtained after homogenization and centrifugation (P), and 

supernatant after homogenization and centrifugation (S) were run on a 12% SDS-PAGE 

gel. Mitochondrial membrane fractions (Me) isolated via sucrose gradient centrifugation 

were also loaded onto the gel. Molecular weight markers are indicated on the left-hand 

side of the blot. The blot was cut into three pieces and each piece was separately 

subjected to immunodetection by: 1) anti-HA Tag mouse monoclonal antibody to detect 

the HA-tagged Mip1p[S] and Mip1p[S] (top of blot), 2) the mitochondrial matrix specific 

anti-Put2p rabbit polyclonal antibody (middle panel) and 3) the mitochondrial inner 

membrane specific anti-Tim17p rabbit polyclonal antibody (lower panel). The ratio of 

both Put2p to Tim17p (Put/Tim) and Mip1p to Tim17p (Mip/Tim) are presented below 

the blot. The amount of Put1p and Mip1p for each of Mip1p[S] and Mip1p[S] in the M 

fraction was set to 1.
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