
 

 

 

 

 

 

Engineering Mammalian Mitochondrial Genomes 

 

 

 

 

A DISSERTATION 

SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL 

OF THE UNIVERSITY OF MINNESOTA 

BY 

 

 

 

 

Yi-Wei Yang 

 

 

 

 

 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

 

 

 

Michael D. Koob, Ph.D. 

 

 

 

 

JANUARY 2012 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© YI-WEI YANG 2012 

 



 

 i 

Acknowledgements 

 

Living and studying in Minnesota for over six years have been a great journey. I 

was not very confident and worried if I could do it back then, but now, I am glad that I 

made the decision to study aboard and give myself a chance to see a different world and 

to challenge myself. Here in University of Minnesota, I have met many great people who 

helped me to be who I am today. I am fortunate to know them in my life. 

 I am very grateful to have Mike as my advisor who can always see the bright side 

of my project and led me moving forward. Thanks to his support, though my project was 

very challenging, I enjoyed every moment of conquering the technical hurdles. Thanks to 

my colleagues, Young and Kellie, for helping me quickly blend in the new laboratory 

environment and for being very patient to me. I also want to thank Sandi from the Mouse 

Genetics Laboratory for leading me to the world of microinjection and for kindly letting 

me use her injection station before we have ours.  

 Many thanks to my friends here, especially Yi-Wen who made the toughest 

winter days full of fun. I would like to thank my friends in Taiwan as well who always 

support me and encourage me even though we are thousands of miles apart. Thanks to 

Allison, my former conversation partner, for helping me improve my English and 

presentation skills, and for being my mentor of life.  

 As the last kid leaving home, I followed my two sisters’ paths coming to the 

State. Thanks to my lovely parents for supporting me and for their unlimited love that 

protects me and makes me grow stronger on the other side of the planet. Thanks to my 

elder sister for being such an awesome role model and thanks to my second sister for 

sending me warm messages from time to time. Life would be much harder without my 

sisters being in the same country with me. I also want to thank my brother-in-laws for 

caring me as a sister and my nieces and nephews for loving their little aunt so much. I am 

so lucky to have them as my family.  

 The time just passed the midnight of January 1
st
, 2012. I am very excited to see 

where life will lead me to in the future. No matter where my next journey will take me, I 

am very confident that it is going to be a happy new year! 



 

 ii 

Dedication 

 

This dissertation is dedicated to Dad, Mom, Yi-Shan and Yi-Lin. 



 

 iii 

Abstract 

Mutations in mitochondrial genomes can cause dysfunction of mitochondria and disease. 

Studying pathogenic mutations in mitochondrial genomes is difficult due to the lack of suitable tools 

for engineering mitochondrial genomes in mammalian cells. This project aims to solve some of the 

technical hurdles that will allow direct manipulation of mammalian mitochondrial genomes and 

characterization of the biological consequences of specific sequence changes in mammalian 

mitochondrial genomes in vivo. 

Mouse mitochondrial genomes were cloned and stably maintained in E. coli at low copy 

number. Using standard techniques of molecular biology, one full and three deleted mouse 

mitochondrial genome clones carrying a selection marker, γ-ori and yeast COX2 gene flanked by 

duplicated sequences were generated. These mouse mitochondrial genome clones were stably 

maintained as circular monomers being transformed into yeast mitochondria. The exogenous 

sequences used for cloning and screening were removed by homologous recombination in yeast 

mitochondria. Yeast Artificial Mitochondria (YAM) strains were generated that are yeast cells 

carrying only engineered mouse mitochondrial genomes in their mitochondria. 

 In order to evaluate the biological consequences of engineered mouse mitochondrial 

genomes in mouse cells, an artificial cytoplast fusion method was developed for introducing isolated 

mitochondria into mouse tissue culture cells. This is the first method that can deliver large quantities 

of isolated mitochondria into mammalian tissue culture cells. The respiratory deficiency phenotype in 

the recipient cells was rescued by the introduced mouse mitochondria, indicating the procedure can 

preserve the biological activities of isolated mitochondria.  

Isolated YAM were introduced into mouse tissue culture cells by the artificial cytoplast cell 

fusion method. Interestingly, as engineered mouse mitochondrial genomes were actively replicated in 

yeast, these genomes did not replicate efficiently enough to be maintained in mouse cells in long-term 

culture. A competition between the rat mitochondrial genomes co-introduced from the artificial 

cytoplasts (generated from rat oocytes) and the mouse mitochondrial genomes carried in YAM could 

be the cause. In order to test the hypothesis that the mouse mitochondrial genomes could replicated 

more efficiently if the mitochondrial genomes from rat oocytes were eliminated from the same mouse 

cells, artificial heteroplasmic mouse cell lines were generated. By expressing mitochondrial-targeted 

XhoI endonuclease, the mitochondrial genomes from rat oocytes that contained a single XhoI site 

were selectively removed from the mouse cells whereas genomes without an XhoI site continued to 

replicate. The effect of expressing mitochondrial-targeted XhoI endonuclease on XhoI-negative 

engineered mouse mitochondrial genomes in mouse cells will be investigated in the future.   
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The biological roles of mitochondria in eukaryotic cells 

Mitochondria have several important roles in eukaryotic cells. First of all, 

mitochondria are well known as the power houses of eukaryotic cells that generate the 

majority of the cellular energy in the form of adenosine triphosphate (ATP) (Saraste, 

1999). The energy production machinery is located in the inner membrane of 

mitochondria and includes five protein complexes (Hatefi, 1985). Complex I, II, III and 

IV transport electrons from NADH and FADH2 to oxygen and pump protons into the 

intermembrane space of mitochondria (Hatefi, 1985). The generated proton gradients are 

used by complex V to synthesize ATPs through a mechanism called oxidative 

phosphorylation (Saraste, 1999). Mitochondria are also involved in carbohydrate and 

fatty acid metabolism (Butow & Avadhani, 2004), suggesting a critical role of 

mitochondria in cellular energy metabolic networks. 

Calcium is an important secondary messenger that mediates many signaling 

pathways induced by different stimuli (Clapham, 1995). The cellular calcium levels are 

tightly regulated by many different Ca
2+

-transporters and Ca
2+

-binding proteins in 

response to intracellular and extracellular ON/OFF signals (Berridge et al, 2000). 

Mitochondria serve as one of the buffer systems for maintaining cellular Ca
2+

 

concentration (Decuypere et al, 2011; Rasmussen & Barrett, 1984).  During stimulation, 

mitochondria quickly uptake Ca
2+

 released from endoplasmic reticulum to sequester the 

cellular Ca
2+

 as one of the OFF mechanisms during Ca
2+

 signaling development 

(Berridge et al, 2000). The Ca
2+

 stored in mitochondrial matrix is released back to the 

cytosol when the cellular Ca
2+

 level returns to the resting concentration. The uptake of 

Ca
2+

 from cytosol also stimulate mitochondrial metabolism and ATP generation as some 

of the enzymes involved in these pathways are regulated by Ca
2+

 (Berridge et al, 2000; 

McCormack et al, 1990).  

Another well known role for mitochondria is that these organelles are one of the 

key regulators in apoptosis (Green & Reed, 1998). Many molecules involved in apoptosis 

pathways target to or interact with mitochondria (Spierings et al, 2005). Antiapoptotic 

molecules like Bcl2 locate in the mitochondrial outer membrane to inhibit apoptosis by 

preventing the release of cytochrome C (Kluck et al, 1997; Yang et al, 1997).  The 
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activation of proapoptotic proteins such as Bid, Bak and Bax cause the permeabilization 

of mitochondrial outer membrane in response to upstream signals that induce apoptosis 

(Gross et al, 1999; Li et al, 1998). The mitochondrial outer membrane permeabilization, 

or MOMP, leads to the release of apoptotic molecules, including cytochrome C, 

apoptosis inducing factor (AIF) and endonuclease G, from intermembrane space to 

cytosotol, and thus activates downstream signaling pathways of cell death (Newmeyer & 

Ferguson-Miller, 2003). 

Mitochondria participate in the immune function such as antiviral responses and 

regulation of lymphocyte chemotaxis (Campello & Scorrano, 2010; Green et al, 2011; 

Seth et al, 2005). Mitochondrial antiviral signaling, MAVS, is a mitochondrial membrane 

protein that mediates the induction of type 1 interferon expression in response to RNA 

virus infection (Seth et al, 2005). The correct mitochondrial localization of MAVS is 

required for activating the downstream TBK1 and IKK signaling pathways for type 1 

interferon production (Seth et al, 2005). In lymphocyte chemotaxis, mitochondria 

accumulate at the uropon, the posterior end of polarized lymphocytes where adhesion 

molecules and the microtubule organizing center are also located. The uropon-localized 

mitochondria provide ATPs and remove ADPs, which are required for T cell migration 

(Campello et al, 2006; Campello & Scorrano, 2010). 

Mitochondria also contribute to the urea cycle (Meijer et al, 1975), generate a 

majority of the cellular reactive oxygen species (ROS) (Droge, 2002; Finkel & Holbrook, 

2000) and participate in heme (Jones & Jones, 1969) and iron-sulfur cluster synthesis 

(Kispal et al, 1999). In eukaryotic cells, mitochondria are unique organelles not only 

because of the broad functions mitochondria have in different aspects of cellular events, 

but also because of their structure and properties, which will be discussed in details in the 

following sections. 

 

The structure of mitochondria and mitochondrial genomes 

An endosymbiosis between a proto-eukaryotic cell and a bacterium about 1.5 

million years ago gave rise to the earliest  mitochondria (Gray et al, 1999). Mitochondria 

are double-membrane organelles that are a composite of four parts: outer membrane, 
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intermembrane space, inner membrane and matrix. The inner membrane has folding 

structures protruding to the matrix called cristae (Frey & Mannella, 2000).  

Except for plastids in plant cells, mitochondria are the only organelles that carry 

their own genomes in all the eukaryotic cells. During evolution, many of the genes in the 

symbiotic bacterial genomes moved to the nuclear genome of eukaryotic cells (Gray et al, 

1999; van der Giezen & Tovar, 2005). This genetic drift generated much smaller 

mitochondrial genomes compared to their ancient bacterial genome (Gray et al, 1999). 

Moreover, mitochondrial functions are regulated not only by their own genomes, but also 

by the nuclear genomes as the majority of the mitochondrial proteins are encoded from 

the nucleus (Dolezal et al, 2006). The communication between these two genomes is 

critical for regulating mitochondrial functions in response to different cellular demands 

(Ryan & Hoogenraad, 2007). 

Although mitochondrial functions are regulated by the nuclear genome, the timing 

of mitochondrial genome replication does not tightly associate with cell cycle 

(Bogenhagen & Clayton, 1977; Sazer & Sherwood, 1990). Genetically, mitochondrial 

genomes are separated from the nuclear genomes.  However, mitochondrial genome 

replication and gene expression still rely on nuclear gene products (Attardi & Schatz, 

1988). This semi-autonomous feature makes mitochondria unique organelles in 

eukaryotic cells. 

The average size of the mammalian mitochondrial genome is 16.5 kb (Anderson 

et al, 1981; Anderson et al, 1982; Bibb et al, 1981). Thirty-seven genes are present in this 

highly packed, circular, double-stranded genome (Attardi & Schatz, 1988) (Figure 1). 

There are no introns in mammalian mitochondrial genomes (Anderson et al, 1981). The 

only non-transcribed region is the regulatory region called D-loop that contains the 

heavy-strand promoter (HSP), light-strand promoter (LSP) and H-strain origin (OH) 

(Clayton, 1991). The 37 genes include 13-polypeptide genes, two rRNA genes and 22 

tRNA genes (Anderson et al, 1981). Mitochondria use their own transcription and 

translation systems assembled in the matrix to encode these genes (Falkenberg et al, 

2007; Taylor & Turnbull, 2005). The 13 polypeptides all function in the electron 

transport chain, including seven subunits in complex I, one subunit in complex III, three 
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subunits in complex IV and two subunits in complex V (Scarpulla, 2008; Schon et al, 

2010). The two rRNAs (12S and 16S rRNA) and 22 tRNAs are parts of the mitochondrial 

protein synthesis machinery (Taanman, 1999). All the other proteins required for 

mitochondrial function are transcribed from nuclear genomes and transported into 

mitochondria through specialized protein importers (Dolezal et al, 2006; Legros et al, 

2004; Ryan & Hoogenraad, 2007). 

Like nuclear genomes, mitochondrial genomes are also associated with many 

proteins and packed into a special structure called a nucleoid (Garrido et al, 2003; Malka 

et al, 2006; Wang & Bogenhagen, 2006). In human mitochondria, there are 1 to 15 copies 

of mitochondrial genomes per nucleoid (Legros et al, 2004; Satoh & Kuroiwa, 1991). 

Mitochondrial transcription factor A, TFAM, is one of the key components of the 

nucleoid structure (Garrido et al, 2003). TFAM belongs to the high molecular group 

(HMG) proteins and physically binds to mitochondrial DNA with a molar ration of 900-

1000:1 (TFAM:mtDNA) (Ekstrand et al, 2004). The protein levels of TFAM regulate the 

copy numbers of mitochondrial genomes in mammalian cells as the overexpression of 

TFAM increases the copy numbers of mtDNA (Ekstrand et al, 2004).  

Mitochondrial DNA polymerase gamma, POLG, is responsible for the replication 

of mitochondrial genomes (Shadel & Clayton, 1997). In mammals, POLG is a 

heterotrimer protein that comprised of two subunits, A and B (Hudson & Chinnery, 

2006). POLGA is the catalytic subunit that also has 3’-5’ exonuclease activity. POLGB is 

the accessory subunit that functions in determining the copy numbers of mtDNA in 

nucleoids and in D-loop synthesis (Falkenberg et al, 2007).  

In the asymmetric synthesis model (Clayton, 1991; Falkenberg et al, 2007), 

mitochondrial genome replication is initiated at OH in the regulatory D-loop region. 

Mitochondrial-specific RNA polymerase synthesizes RNA primers from the LSP toward 

the D-loop region for PLOG to initiate DNA replication at the OH (Shadel & Clayton, 

1997).  When the replication of the heavy-strand processes two-thirds of the circle, it 

unwinds DNA and exposes the OL and the light strand synthesis is initiated from the 

opposite direction (Shadel & Clayton, 1997). 
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Other proteins, like TWINKLE, the mitochondrial DNA helicase, and 

mitochondrial DNA single strand binding protein (SSB) are also the important 

components of the mtDNA replication machinery and parts of the mtDNA nucleoid 

structure (Falkenberg et al, 2007; St John et al, 2010). Mitochondrial nucleoids associate 

to the inner membrane through protein-protein interactions, although the proteins 

involved are still not fully identified yet (Elachouri et al, 2011; St John et al, 2010; Wang 

& Bogenhagen, 2006).  

 

Protein import into mitochondria 

The protein import machinery for nuclear-encoded proteins targeted to 

mitochondria is complicated due to the double membrane structure and four different 

locations of proteins to be targeted: outer membrane, intermembrane space, inner 

membrane and matrix. Most of the proteins targeting to mitochondria are imported post-

translationally, and in some cases, protein synthesis and translocation are coupled 

(Dolezal et al, 2006; Schleiff & Becker, 2011).  

Mitochondria have specialized protein import apparatuses in both the outer 

membrane (TOM complex) and the inner membrane (TIM complex) (Dolezal et al, 2006; 

Neupert & Herrmann, 2007). Proteins targeting to mitochondria have either N-terminal 

cleavable leader peptide for matrix-localization or internal non-cleavable signal 

sequences for targeting to the other subcompartments of mitochondria (Schleiff & 

Becker, 2011). Some inner membrane and intermembrane proteins have N-terminal 

cleavable leader peptide followed by additional non-cleavable signal sequences (Schleiff 

& Becker, 2011). The signal peptides and signal sequences are recognized by surface 

receptors, TOM20 and TOM70, which are located in the TOM complex in the outer 

membrane of mitochondria (Neupert & Herrmann, 2007). It has been suggested that the 

recognition is not dependent on the primary amino acid sequences of the leader peptides 

or signal sequences, but is more likely dependent on the secondary or tertiary structures, 

or the nature of the sequences (Hurt & Vanloon, 1986; Neupert & Herrmann, 2007).  

TOM complex are composited of receptor proteins (TOM 70, TOM 20 and TOM 

22), a channel-forming protein (TOM 40) and small TOM proteins (TOM 5, TOM 6 and 
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TOM 7) required for the stability of the complex (Neupert & Herrmann, 2007). There are 

two TIM complexes: TIM 17-23 for translocating proteins to the matrix, and TIM 22-54 

which translocates proteins that anchor in the inner membrane (Neupert & Herrmann, 

2007). Many proteins are associated with cytosolic chaperones, mainly the heat shock 

protein HSP 70, after translation in the cytosol. HSP 70 is recognized by TOM 70, and 

then the bound precursor protein is recognized by TOM 20 and TOM22 for bringing it to 

the pore for translocation (Neupert & Herrmann, 2007). Inner membrane translocation is 

usually coupled with outer membrane translocation, although the TOM complex does not 

physically contact TIM complexes. Proteins imported into mitochondria are further 

processed to remove the leader peptide by peptidases and folded into functional 

conformation (Neupert & Herrmann, 2007). 

 

Mitochondrial dynamics 

Mitochondrial morphology is associated with specific cell types and the 

physiological condition of the cell (Chen & Chan, 2010; Lee et al, 2007). The dynamics 

of mitochondrial morphology is regulated by mitochondrial fusion and fisson (Chan, 

2006). More fusion could be beneficial to the cells as it allows exchange of mitochondrial 

genomes and mitochondrial gene products from different mitochondria (Chen & Chan, 

2009; Chen & Chan, 2010). Mitochondrial functional complementation can be achieved 

by fusion to prevent cell defects due to mitochondrial dysfunction (Gilkerson et al, 2008; 

Schon & Gilkerson, 2010). On the other hand, although more fission causes 

mitochondrial fragmentation and usually is linked to stress, disease and apoptosis (Chen 

& Chan, 2009; Chen & Chan, 2010; Perfettini et al, 2005), mitochondrial fission is 

indispensable for proper segregation of mitochondria into daughter cells (Kashatus et al, 

2011; Yamano & Youle, 2011).  

Mitochondrial fusion is a process in which the double membranes of a 

mitochondrion fuse to the double membranes of another mitochondrion (Chan, 2006). It 

provides as an efficient method for cells to transfer information stored in different 

mitochondria in cells (Chen & Chan, 2010). Mitochondrial fusion is a two-step process: 
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first outer membrane fusion followed by inner membrane fusion (Chan, 2006; Koshiba et 

al, 2004). Complete fusion mixes the matrices of the two mitochondria. Fusion can be 

monitored by labeling each mitochondrial matrix with different fluorescent proteins and 

observing the mix of the colors (Yoon et al, 2007). 

The core proteins mediating mitochondrial fusion in mammals are mitofusins and 

OPA1 (Chan, 2006). Mitofusins mediate outer membrane fusion and OPA1 mediates 

inner membrane fusion (Cipolat et al, 2004; Koshiba et al, 2004). There are two 

homologs of mitofusins in mammalian cells: MFN1 and MFN2. Mitofusins are outer 

membrane proteins that have GTPase activity on the N-terminal domain, which is 

required for outer membrane fusion (Koshiba et al, 2004). Mouse embryonic fibroblast 

studies show that MFN1 and MFN2 are functionally redundant because expressing either 

of the mitofusins can rescue mitochondria fragmentation phenotypes in the Mfn-null cells 

(Chen et al, 2003). Although MFN1 and MFN2 share similarities as mediators of 

mitochondrial fusion, mitofusin knock-out mouse studies shows that they function in 

different cell types (Chen & Chan, 2010; Chen et al, 2003). Interestingly, OPA1 is 

functionally dependent on MFN1 but not MFN2 (Cipolat et al, 2004) which might imply 

a critical role of MFN1 in mediating mitochondrial fusion.  

OPA1 is a dynamine-like GTPase protein and is the key mediator for 

mitochondrial inner membrane fusion (Chan, 2006; Song et al, 2007). There are several 

isoforms of OPA1 in mammalian mitochondria (Satoh et al, 2003). Some are present in 

the intermembrane space and some anchor to the inner membrane (Olichon et al, 2002; 

Song et al, 2007). These isoforms are generated from alternative splicing and post-

translational protein cleavage (Satoh et al, 2003; Song et al, 2007). It has been shown that 

the long isoform does not support membrane fusion until protease cleavage exposes the 

functional domains for trans protein-protein interactions (Song et al, 2007).  

Mitochondrial fission is also regulated by dynamine family proteins (Chan, 2006). 

In mammals, dynamine-related protein 1, DRP1, is one of the key components in the 

mitochondrial fission machinery (Smirnova et al, 2001). Mutations in DRP1 cause 

mitochondria to form interconnected tubules (Smirnova et al, 2001). DRP1 has also been 

found wrapped around the dividing sites of mitochondria and is located at the ends of 
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mitochondria after fission (Smirnova et al, 2001). FIS1 is another key component that is 

uniformly distributed in the mitochondrial outer membrane (James et al, 2003). 

Overexpression of FIS1 increases the levels of mitochondria fragmentation and 

cytochrome C release, but these phenotypes are inhibited by the expression of dominant-

negative DRP1(James et al, 2003).  

Mitochondrial trafficking also contributes to mitochondrial dynamics. In 

mammals, mitochondria move along the cytoskeletons in a  mainly microtubule-

dependent manner but can also be actin-dependent (Hollenbeck & Saxton, 2005). In cells, 

mitochondria are not randomly distributed but accumulate at specific subcellular 

localizations where mitochondrial functions are required (e.g. supplying ATP) (Campello 

& Scorrano, 2010). Mitochondrial trafficking is in response to cellular demands and is 

required for mitochondrial segregation during cell division (Yamano & Youle, 2011). 

Mitochondrial movement is also required for mitochondrial fusion as mitochondria have 

to be moved in close proximity to each other in order to initiate fusion by mitofusins 

(Chen et al, 2003). Mitochondrial movement and mitochondrial morphology are highly 

coordinated. In order to move mitochondria driven by motor proteins, mitochondria have 

to be compatible sizes and therefore division of mitochondrial networks by fission is 

necessary (Westermann, 2010; Yamano & Youle, 2011).  

 

Mitochondria and disease 

Because most of the cellular ATPs are generated from mitochondria, dysfunction 

of mitochondria affects cellular energy supply. Tissues usually affected by the 

dysfunction of mitochondria are those requiring high energy supplies for normal function 

specifically the brain, muscle, cardiac, eye, ear and endocrine systems (DiMauro & 

Schon, 2003). Recently, dysfunction of mitochondria has been linked to common 

complex diseases such as cancer, neurodegenerative diseases, aging and diabetes 

(Betarbet et al, 2000; Droge, 2002; Harman, 1981).  

As mitochondrial functions are regulated by both nuclear genome products and 

mitochondrial genome products (Ryan & Hoogenraad, 2007), mutations in both genomes 
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can have significant effects on mitochondrial function (Wallace, 1999). For example, 

mutations in the mitochondrial DNA polymerase γ (POLG) gene may exhibit broader 

effects on mitochondrial function mainly because it is the core enzyme responsible for 

mitochondrial genome replication (Hudson & Chinnery, 2006). Mouse studies show that 

the expression of a proofreading-deficient POLG increases the level of point mutations as 

well as deletions in mouse mitochondrial genome, which are associated with the 

premature-onset aging-related phenotypes (Trifunovic et al, 2004).  

Although mammalian mitochondrial genomes contain only 37 genes, mutations in 

mitochondrial genes can directly interrupt cellular energy supply and thus cause disease 

(DiMauro & Schon, 2003; Taylor & Turnbull, 2005; Wallace, 1999). Clinically, different 

mutations in mitochondrial genomes might give similar symptoms, and in some cases, the 

same mutations might generate different clinical phenotypes (DiMauro & Schon, 2003; 

Tuppen et al, 2010). These features make the diagnosis of mitochondrial diseases 

difficult.  

Unlike nuclear genomes with two copies of genes, mitochondrial genomes are 

polyploid. In mammalian cells, there are 10
3
-10

4
 copies of the mitochondrial genome 

(Legros et al, 2004). In most of the cases, cells contain only one type of mitochondrial 

genome (e.g., wild-type genome) and thus are homoplasmic. During development or at 

some points in life, mutations happen and cells contain more than one type of 

mitochondrial genome (e.g., wild-type and mutated genomes). The status of 

mitochondrial genomes therefore switches to heteroplasmic (Lightowlers et al, 1997; 

Schapira, 2006; Taylor & Turnbull, 2005). Because of the multiple copies of 

mitochondrial genomes, mutations usually do not have significant effects on 

mitochondria function in early stages of disease development. Dysfunction of small 

percentages of mitochondria in the intracellular population can be compensated by other 

functional mitochondria (Chen & Chan, 2010; Schon & Gilkerson, 2010). Therefore, the 

effects of mutations in mitochondrial functions might not show until the levels of mutated 

mitochondrial genomes in the population reach certain percentages, or thresholds. Upon 

reaching or exceeding these thresholds, energy generated from mitochondria is not 
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sufficient to support the cell’s normal functions, and disease or clinical phenotypes 

emerge (Taylor & Turnbull, 2005; Wallace et al, 1975).  

 

Mitochondrial genome engineering: methods and limitations 

Engineering mitochondrial genomes are considered more difficult than 

engineering nuclear genomes due to technical limitations. Most of the techniques used for 

engineering nuclear genomes are not applicable to mitochondrial genomes (Pinkert & 

Trounce, 2002; Tyynismaa & Suomalainen, 2009). This is mainly due to the lack of 

efficient DNA delivery systems that directly transport of DNA  into mammalian 

mitochondria (Tyynismaa & Suomalainen, 2009).  

Since the early 1980s, the mitochondrial genomes of many species have been 

fully sequenced (Anderson et al, 1981; Anderson et al, 1982; Bibb et al, 1981). However, 

without suitable techniques for engineering mitochondrial genomes, fully understanding 

the molecular functionality encrypted in mammalian mitochondrial genomes is hard to 

achieve. Engineering mammalian mitochondrial genomes is also an essential tool for 

studying of the pathophysiology of mitochondrial diseases and for developing therapies 

for mitochondrial diseases (Tyynismaa & Suomalainen, 2009; Wallace, 1999). Therefore, 

there is an urgent need to establish a systematic approach for efficient and effective 

engineering of mammalian mitochondrial genomes. 

There are two major challenges to overcome to develop tools for engineering 

mammalian mitochondrial genomes: engineering the genomes and then transmitting 

engineered mitochondrial genomes into mitochondria in mammalian cells. The first 

challenge was overcome by adding an E.coli replication origin (γ-ori) and a selection 

marker (chloramphenicol resistant gene, Cm
R
) into mouse mitochondrial genomes by in 

vitro transposition (Yoon & Koob, 2003). These modified mouse mitochondrial genomes 

are stably maintained and replicated in E.coli cells as large plasmids at low copy numbers 

(Yoon & Koob, 2003). Because mouse mitochondrial genomes are cloned in E.coli cells, 

manipulating the genomes can be done using standard techniques of molecular biology. 

The engineered mouse mitochondrial genomes were further delivered into yeast 
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mitochondria by biolistic transformation (Bonnefoy & Fox, 2001; Bonnefoy & Fox, 

2007; Fox et al, 1988). Using this method, yeast strains that carry mouse mitochondrial 

genomes were generated. We found the mouse mitochondrial genome clones are stably 

maintained in yeast mitochondria in circular form. We further characterized the genome 

topology in yeast mitochondria and established a method to remove the exogenous 

sequences used for cloning and screening from the mouse mitochondrial genome clones 

in yeast mitochondria. The details of this work are described in chapter 2.  

As mentioned earlier, mitochondrial genomes are packed into nucleoids, which 

are highly organized DNA-protein complexes in the matrix and are associated with the 

inner membrane (Legros et al, 2004; Malka et al, 2006; Wang & Bogenhagen, 2006). In 

order to achieving a more natural form of mouse nucleoids in yeast mitochondria, the 

major yeast nucleoid structure proteins, Abf2p (Diffley & Stillman, 1991), was replaced 

with its mouse homolog, TFAM (Ekstrand et al, 2004; Parisi et al, 1993; Yoon et al, 

2011). Imaging analysis showed that TFAM was correctly targeted to the yeast 

mitochondrial matrix, and the assays also showed that TFAM functionally complemented 

the loss of ABF2 (Yoon et al, 2011). By coupling the E.coli and yeast systems, we have 

developed novel tools that allow us to directly engineer mammalian mitochondrial 

genomes and to further package engineered genomes with functional mammalian 

nucleoid structural proteins in yeast mitochondria.  

Although engineering mammalian mitochondrial genomes is now feasible, 

techniques for directly transferring large DNA molecules into mitochondria in living 

mammalian cells are not yet available.  Circular DNA has been successfully transported 

into isolated mammalian mitochondria by bacterial conjugation (Yoon & Koob, 2005) 

and electroporation (Collombet et al, 1997; Yoon & Koob, 2003). Moreover, 

mitochondria along with the genomes they carry can be delivered into mammalian cells 

by cybrid transfer (Bunn et al, 1974; King & Attadi, 1996) and microinjection (King & 

Attadi, 1996; King & Attardi, 1988; King & Attardi, 1989; Pinkert & Trounce, 2002).  

Conjugation is a mechanism through which bacteria can transfer DNA (Bradley et 

al, 1980; Llosa et al, 2002). In gram-negative bacteria such as E.coli, conjugation 

involves a physical contact between a donor cell carrying conjugative plasmids and a 
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recipient cell which does not contain any conjugative plasmid (Bradley et al, 1980). Gene 

products of the conjugative plasmid in donor cells form conjugation pili from the cell 

surface to recipient cells and bring cells together (Lanka & Wilkins, 1995). Next, TraI, 

which is encoded in the conjugative plasmid, recognizes and nicks the plasmid at the nic 

site at the transfer origin, oriT, and covalently binds to the 5’end of the DNA (Lanka & 

Wilkins, 1995).  The nicked DNA is then unwound by the helicase activity of TraI and is 

transferred into the recipient cells as single-stranded DNA. (Lanka & Wilkins, 1995; 

Llosa et al, 2002). Finally, the complementary strand is synthesized and the double-

strand, circular plasmid is reformed in the recipient cell (Lanka & Wilkins, 1995). 

This method has been used to introduce DNA into isolated mouse mitochondria 

(Yoon & Koob, 2005). This experiment was performed using mitochondria isolated from 

a mouse cell line that expresses mitochondria-targeted T7 RNA polymerase (Tabor & 

Richardson, 1985). The conjugative plasmid in donor bacteria contained a synthetic T7 

promoter, a reporter gene driven by the T7 promoter and an oriT for transfer. After 

conjugation, the transcripts of the reporter gene were detected in the recipient 

mitochondria by RT-PCR (Yoon & Koob, 2005). No transcripts were detected using a 

control plasmid containing all the components except the oriT in the conjugative plasmid 

for conjugation, suggesting the successful delivery of DNA into isolated mitochondria by 

conjugation. This method could be applied to any circular DNA carrying a conjugation 

origin oriT. 

By applying an electric field, electroporation increases the membrane 

permeability of cells and permits the transport of substances into cells (Weaver, 1993). It 

has been commonly used for delivering DNA into cells for nuclear expression (Aihara & 

Miyazaki, 1998; Chu et al, 1987; Collombet et al, 1997; Neumann et al, 1982; Potter et 

al, 1984; Tabata & Nakajima, 2001). Large circular DNA has been transported into 

isolated mammalian mitochondria by electroporation (Collombet et al, 1997; Yoon & 

Koob, 2003). DNA was detected in the matrix or associated with the inner membrane of 

mitochondria after electroporation (Collombet et al, 1997). Transcripts were also detected 

by in organello RNA synthesis assay, suggesting the successful transport of circular 

double strand DNA into isolated mitochondria (Yoon & Koob, 2003). Although these 
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methods provide solutions for delivering DNA into isolated mitochondria, one 

question remains: how to transport isolated mitochondria into mammalian cells? In 

order to understand the function of specific sequences or pathogenesis of mutations in 

mammalian mitochondrial genomes, it is necessary to characterize the biological 

activities or biological consequences of engineered mitochondrial genomes in 

mammalian cells. Therefore, transporting isolated mitochondria is the next step toward 

successful engineering of mammalian mitochondrial genomes.   

Cytoplasmic hybrid cells are generated by cell fusion of enucleated mitochondria 

donor cells to recipient cells (Bunn et al, 1974; King & Attardi, 1996). Cells derived from 

this cybrid transfer technique will carry recipient nuclear background and mixed cellular 

components from both donor and recipient cells. It can be concluded that any change in 

cellular properties of recipient cells after fusion is caused by the components imputed 

from donor cell cytoplasts. One important application for this method is to study the 

pathogenesis of mitochondria-deficiency associated diseases. Many studies have been 

done by fusing enucleated mitochondria-deficiency donor cells to rho0 cells (cells do not 

contain mitochondrial genomes) (Bunn et al, 1974; DiMauro & Schon, 2003; King & 

Attardi, 1996; Trounce et al, 1996; Wallace, 1999; Wallace et al, 1975).  If mitochondria-

deficiency phenotypes are reproduced in the cybrid cells, it is evidence that the phenotype 

is caused by mutations in the mitochondrial genomes comes from the donor cells. On the 

other hand, if mitochondria-deficiency phenotypes do not show in the cybrid cells, the 

nuclear genomes of the donor cells, which does not transfer into the recipient cells, are 

more likely responsible for the phenotypes. 

Although cybrid transfer is a power tool to investigate if mitochondria-deficiency 

phenotypes are linked to mutations in mitochondrial genomes (Hayashi et al, 1991; 

Trounce et al, 1996) , this method has limitations. Studies using cybrid transfer technique 

are limited by identifiable mutations in mitochondrial genomes. It is possible that not all 

of the sequences in the genomes have natural occurring mutations or identifiable 

mutations so that this approach might not apply to study those specific sequences in the 

genomes.  
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Another method for delivering mitochondria into cells is microinjection. 

Microinjection has several advantages. Most importantly, the injected materials are 

directly delivered into the targets (e.g., nuclei or cytosol) (Gordon et al, 1980; Susin et al, 

1999; Wakayama et al, 1998). Because of the improvements in technique and 

equipments, microinjection can be done with very fine control of the movement of 

micropipettes and of the injection volume. The pioneering experiment of injecting 

isolated mitochondria into mammalian cells was done by King and Attardi at 1988 (King 

& Attardi, 1988). Human mitochondria were successfully injected into HeLa cells; 

however the transformation efficiency was low. The cell survival rate was also low even 

though only a small volume of mitochondrial suspension was injected into each cell. It 

was concluded that there was less than one mitochondrion introduced into each cell and 

the direct injection of isolated mitochondria into tissue culture cells was not practical 

(King & Attardi, 1996). These observations would suggest that the ratio of cell size to 

injecting volume might be critical for cell survival from microinjection.  

Isolated mouse mitochondria have successfully been injected into one-cell stage 

mouse embryos (Pinkert & Trounce, 2002; Takeda et al, 2005), which is a much larger 

cell type. Mice carrying injected mitochondrial genomes were obtained after implanting 

mitochondria-injected embryos in pseudopregnant mice (Pinkert & Trounce, 2002). The 

injected mitochondrial genomes were found in the mice derived from mitochondria-

injected embryos and also found in the offspring with transfer efficiencies of 13.5% in 

founder transmitochondrial mice and 1.8% in F1 mice (germline transmission) (Pinkert & 

Trounce, 2002).  Although this strategy showed successful transmission of mitochondrial 

genomes into mouse cells, the endogenous mouse mitochondrial genomes present in the 

embryos used in the injection step could cause background issues. In addition, the time-

consuming process for obtaining transmitochondrial progeny could potentially be a 

disadvantage for this method.  
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Project goal and specific aims 

Engineering mammalian mitochondrial genomes is important for studying the 

pathogenesis of disease mutations in mitochondrial genomes and also for developing 

therapies for mitochondrial diseases. The limitations of currently available techniques for 

engineering mammalian mitochondrial genomes include lack of methods to efficiently 

transmit DNA into mammalian mitochondria, an inability to deliver large quantities of 

isolated mitochondria into mammalian cells and time-consuming selection processes after 

mitochondria and/or mitochondrial genome are transferred into mammalian cells. 

Without suitable techniques to introduce mitochondrial genomes into mammalian cells, 

we are unable to answer basic questions such as the biological impact of specific 

sequence changes in the genomes. More advanced questions include elucidating the 

pathogenesis of mitochondrial disease mutations and developing therapies for 

mitochondrial diseases. Therefore, we proposed that it is essential to establish a 

systematic approach to study engineered mammalian mitochondrial genomes at a 

cell level where informative data can be quickly collected.  

Cloning mouse mitochondrial genomes makes it possible to manipulate the 

genome in vitro (Yoon & Koob, 2003). Mutations including point mutations, deletions 

and insertions can be introduced into mouse mitochondrial genomes by standard 

techniques of molecular biology. It is important and necessary to investigate the 

biological consequences and biological relevance of these mutations in vivo. In order to 

achieve the goal of studying engineered mammalian mitochondrial genomes in vivo, my 

thesis project aims to overcome some of the technical hurdles listed above, to introduce 

engineered mouse mitochondrial genomes into mouse tissue culture cells, and to 

characterize the biological activities of the engineered mouse mitochondria genomes in 

vivo.  

Overall, this project had three stages: Stage I - developing methods for 

engineering mouse mitochondrial genomes (Chapter 2); Stage II – developing methods 

for introducing isolated mitochondria into mouse tissue culture cells (Chapter 3 and 4); 

Stage III – investigating the replication of engineered mouse mitochondrial genomes in 

mouse tissue culture cells (Chapter 5, 6 and 7). 
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Figure 1. Map of the mouse mitochondrial genome. D-loop: the only non-transcribed 

region in the genome and contains the heavy-strand promoter (HSP), the light-strand 

promoter (LSP) and the heavy-strand replication origin (OH); Rnr1: 12S rRNA gene; 

Rnr2:16S rRNA gene; ND: NADH dehydrogenase; COX: cytochrome oxidase; ATP: 

ATPase; CYTB: cytochrome b; Trn: tRNA genes (F: Phenylalanine; V: Valine; L1: 

Leucine 1
UUR

; I: Isoleucine; Q: Glutamine; M: Methionine; A: Alanine; N: Asparagine; 

W, Tryptophan; Y: Tyrosine; C: cycteine; S1: Serine 1
UCN

; D: Aspartic acid; K: Lysine; 

G: Glycine; R: Arginine; L2: Leucine 2
CUN

; H: Histidine; S2: Serine 2
AGY

; E: Glutamic 

acid; T: Threonine; P: Proline). ND6 gene labeled in red is the only polypeptide gene 

encoded in the light strand of the genome. 
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Chapter 2  

 

ENGINEERING MOUSE MITOCHONDRIAL GENOMES 
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Although human and mouse mitochondrial genomes were fully sequenced over 

three decades ago (Anderson et al, 1981; Bibb et al, 1981), and the organization of the 

genomes and gene functions have also been determined, there are still many questions 

that remain to be answered. How to engineer mammalian mitochondrial genomes is one 

of them. As mitochondrial genomic mutations cause severe diseases (DiMauro & Schon, 

2003; Taylor & Turnbull, 2005; Tuppen et al, 2010; Wallace, 1999), it is important to 

understand the pathogenesis of each pathogenic mutation in order to develop therapies for 

these diseases. Generating animal models of human diseases holds great potential to 

accelerate this process. For the purpose of making disease models, introducing specific 

sequence changes (e.g., point mutations, deletions or insertions) into the mitochondrial 

genomes of the model organism is essential. Mouse is widely used in biomedical 

researches as the model organism for many human diseases (Rosenthal & Brown, 2007; 

Wallace, 1999). Mouse and human mitochondrial genomes are highly conserved 

(Anderson et al, 1981; Bibb et al, 1981) suggesting that mouse could be a suitable model 

for studying human mitochondrial diseases. Indeed, there are several transmitochondrial 

mouse models of human mitochondrial diseases generated (Fan et al, 2008; Tyynismaa & 

Suomalainen, 2009; Wallace, 1999). However, the progress in this field is relatively slow 

due to technical limitations, including directly manipulating the mouse mitochondrial 

genome and delivering large pieces of DNA into mitochondria in living mouse cells. 

The mouse mitochondrial genome was successfully cloned by an in vitro 

transposition technique in 2003 (Yoon & Koob, 2003). In brief, a synthetic Tn5 

transposon cassette including an antibiotic selection marker (chloramphenicol resistance 

gene, Cm
R
) and an E. coli replication origin (γ-ori) flanked by Tn5 mosaic ends (ME) 

were synthesized by a PCR reaction. The transposon cassette was inserted into mouse 

mitochondrial genomes isolated from mouse liver via in vitro transposition using a 

hyperactive Tn5 transposase (EZ::TN, Epicentre, Madison, WI). Three clones were 

obtained with the transposon cassette integrated into different locations in the mouse 

mitochondrial genome (p2CγMusMtTN-ND1, p2CγMusMtTN-COXII, and 

p2CγMusMtTN-ND5) after electroporation into E.coli DH5α λatt::pirwt. The stability of 

the cloned mouse mitochondrial genomes was tested in different E.coli strains (Yoon & 
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Koob, 2003). The stability assay showed that when maintained at low copy number (10-

15 copies per cell), the mouse mitochondrial genome clones were stably replicated in E. 

coli cell. On the other hand, when the genomes were maintained at high copy number 

(~200 copies per cell), high frequencies of variable deletions were observed. We 

concluded that mouse mitochondrial genomes can be cloned, and if kept at low copy 

number, the cloned mouse mitochondrial genomes can be stably maintained in E.coli as 

large plasmids (Yoon & Koob, 2003).  

Although this cloning work makes it possible to manipulate or engineer mouse 

mitochondrial genomes using standard techniques of molecular biology, there were still 

many technical hurdles waiting to be solved. One of these hurdles is the lack of suitable 

techniques for introducing large, circular DNA (i.e., mitochondrial genomes) directly into 

mitochondria in living mammalian cells. Notably, successful introduction of DNA into 

yeast mitochondria has been achieved by biolistic bombardment (Bonnefoy & Fox, 2001; 

Bonnefoy & Fox, 2007; Fox et al, 1988). We hypothesized that properly modified 

mammalian mitochondrial genomes could be introduced into yeast mitochondria 

and be replicated by the yeast mtDNA replication system. In order to test this 

hypothesis, we inserted a functional yeast COX2 gene into one of the original mouse 

mitochondrial genome clones between the KpnI site and the SmaI site as a marker for 

screening yeast cells carrying mouse mitochondrial genomes in the mitochondria after 

biolistic transformation. The map of the cloned mouse mitochondrial genome, 

p2CγMusMtTN5-COX2, is shown in Figure 2.  

There are several questions associated with the hypothesis that yeast mitochondria 

can be a mammalian mitochondrial genome carrier. How stable are the mouse 

mitochondrial genomes in yeast mitochondria? What is the topology of mouse 

mitochondrial genomes in yeast mitochondria? Can yeast maintain mouse mitochondrial 

genomes with large fragment deletions? How can we remove the exogenous sequences 

(i.e., Cm
R
, γ-ori, COX2) and recover the wild-type mouse mitochondrial genome 

sequences in yeast mitochondria?  

This chapter first discusses the strategy used for engineering mouse mitochondrial 

genomes based on the previous cloning work described above. The second part of this 
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chapter discusses the method used to generate yeast artificial mitochondria (YAM, yeast 

mitochondria carry mammalian mitochondrial genomes) yeast strains, and the 

characterization of mouse mitochondrial genomes in yeast YAM strains. 

 

Construction of partial ND6 duplicated full-length mouse mitochondrial 

genomes 

In previous work from the Koob laboratory, we introduced three exogenous 

sequences into the full mouse mitochondrial genome including Cm
R
, γ-ori and yeast 

COX2 gene (Figure 2). Because these exogenous sequences might affect mouse 

mitochondrial genome function, and thus could be toxic once inside mouse cells, these 

exogenous sequences need to be removed from the mouse mitochondrial genome clone 

before going into mouse cells. However, those sequences are essential for cloning in 

E.coli and for screening mitochondrial transformation in yeast. They can therefore only 

be removed after the mouse mitochondrial genome clones are introduced into yeast 

mitochondria. Because homologous recombination is highly active in the 

mitochondria of budding yeast (Bernardi, 2005; Bonnefoy & Fox, 2001; Solieri, 

2010), we hypothesized that these exogenous sequences could be removed by 

homologous recombination in yeast mitochondria if the exogenous sequences are 

flanked by duplicated sequences.   

We PCR amplified a fragment from the unique SphI site in the ND4 gene to 

300bp from the 3’ end of the ND6 gene using the p2CγMusMtTN-ND1 clone as the 

template and the primer set SphI-mus-F/3’ND6_300. Because p2CγMusMtTN-ND1 has 

the transposon cassette inserted in the ND1 gene, the rest of the mouse mitochondrial 

genome sequences remain unchanged as wild-type in this clone. We then digested the 

PCR products with SphI and cloned the fragment into SphI and SmaI double digested 

p2CγMusMtTN5-COX2. The exogenous sequences, 5’-yeast Cox2-Cm
R
- γ-ori-3’, were 

flanked by 300bp of the 3’ND6 gene in the final clone, p2Cγ MusMtTN5-COX2-

3’ND6_300 (Figure 3). We tested if the full wild-type mouse mitochondrial genome 
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sequences can be recovered after introducing pMusMtTN5-COX2-3’ND6_300 into yeast 

mitochondria as described latter in this chapter. 

 

Construction of deleted mouse mitochondrial genomes 

For cloning purposes, we designed a series of restriction enzyme recognition sites 

in a forward primer, 5’ Duplication ND6. We also included a modified XhoI site 

(CTCGGG) and 15-nucleotide unique sequences in that primer. The restriction enzyme 

recognition sites allowed us to generate four different deletions in mouse mitochondrial 

genome clones. Using the same PCR strategy described above, we generated the first 

deleted clone, p2CγMusMtTN5DelApaLI-XhoI-COX2-3’ND6_300, which contains a 8.1 

kb-deletion from the ApaLI site to the XhoI site and also contains the same 300 bp-ND6-

duplication flanking the exogenous sequences as in the full clone described in the 

previous section.  

Next, we constructed three additional deleted clones by replacing the fragment 

from NotI site (the junction between Cm
R
 and γ-ori) to each of the restriction enzyme 

recognition sites (PstI, AatII, or BspEI site) in the full clone with the fragment from  

p2CγMusMtTN5DelApaLI-XhoI-COX2-3’ND6_300 (Figure 4a) digested with the same 

restriction enzymes (NotI+PstI, NotI+AatII or NotI+ BspEI). The three deletion clones 

we generated from this cloning were p2CγMusMtTN5DelBspEI-XhoI-COX2-

3’ND6_300 (Figure 4b), p2CγMusMtTN5DelAatII-XhoI-COX2-3’ND6_300 (Figure 4c) 

and p2CγMusMtTN5DelPstI-XhoI-COX2-3’ND6_300 (Figure 4d). The XhoI site 

upstream of the exogenous sequences was modified (CTCGGG) in all of the three newly 

generated deleted mouse mitochondrial genome clones as in the 

p2CγMusMtTN5DelApaLI-XhoI-COX2-3’ND6_300. After introducing these deleted 

genome clones into yeast mitochondria, if homologous recombination occurred, the wild-

type XhoI site would be removed and the modified XhoI site would remain.  
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Generation of yeast artificial mitochondria 

We hypothesized that mammalian mitochondrial genomes could be 

transformed into yeast mitochondria and replicated within these organelles in yeast 

cells. To test this hypothesis, in separated experiments we bombarded a budding yeast 

Saccharomyces cerevisiae rho0 strain, MCC109 rho0 (Bonnefoy & Fox, 2001; Costanzo 

& Fox, 1993), with the full or the deleted mouse mitochondrial genome-ND6 duplication 

clones (rho0 means that the yeast strain did not contain any yeast mitochondrial DNA). 

We first selected cells that received bombarded DNA by the nuclear marker, URA3 gene, 

carried in another plasmid mixed with the mtDNA clones prior to bombardment (Figure 

5-1). Only cells that received the nuclear marker from the biolistic transformation can 

grow on the selective plates (minimal glucose medium-uracil, MGM-ura, plates) (Figure 

5-2).  

The bombarded cells were then mated with a tester strain, MCC124, which has a 

mutated, non-functional cox2 gene and is thus respiration-deficient (Figure 5-3, 5-4). The 

functional COX2 gene we cloned into the full and deleted mouse mitochondrial genome 

clones can rescue the mitochondrial deficient phenotype of MCC124 tester strain after 

mating. Because of the different codon usage between the nucleus and mitochondria 

(Anderson et al, 1981), the COX2 gene can only be expressed in yeast mitochondria. 

Therefore, the mating step was screening cells that have received bombarded full or 

deleted mouse mitochondrial genome clones in yeast mitochondria. Mitochondrial 

function is essential for yeast to grow on non-fermentable medium (Bonnefoy & Fox, 

2001), e.g., YPEG medium with ethanol and glycerol as the carbon source. With that, we 

can screen cells simply by culturing mated cells on YPEG plates (Figure 5-5, 5-6), and 

the candidate clones (mitochondrial transformants) can be picked up from the original 

MGM-ura plates (Figure 5-7).  

We used three PCR assays to check those candidate clones. We first used a PCR 

amplifying the regulatory D-loop region of the  mouse mitochondrial genome to check 

whether those candidate clones had received the mouse mitochondrial genome clones in 

their mitochondria. Next, we checked if the exogenous sequences had been removed from 

the mouse mitochondrial genome clones in yeast as we hypothesized. COX2/γ-ori 
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junction PCR amplifies a fragment crossing the junction of yeast COX2, Cm
R
 and γ-ori. 

If the exogenous sequences are removed, there will be no priming site for the primers and 

this PCR should be negative. We then confirmed the COX2/γ-ori junction PCR results by 

a junction PCR using forward primers annealing to the upstream region of the exogenous 

sequences, and reverse primers annealing to the downstream region of the exogenous 

sequences. By using this PCR, we confirmed the recovery of the mouse mitochondrial 

genome sequences without the interruption of the exogenous sequences. For each clones, 

we did three rounds of screening (three generations) to eliminate any possibility that the 

exogenous sequences might not be fully removed from the yeast cells.  

Next, we performed a Southern blot analysis to determine whether the exogenous 

sequence is truly removed from the mouse mitochondrial genomes in yeast mitochondria 

by comparing the restriction enzyme digestion patterns. We used total genomic DNA 

from mouse rho+ STO cells as the positive control, and pMusMtTN5-COX2-3’ND6_300 

as the negative control. We digested total DNA from yeast strain MCC109rho-

/FullmusmtDNA #19 that carries full mouse mtDNA and the control DNA with BglII and 

PstI at 37°C for 21 hours, separated the fragments in 1% agarose gel, transferred to a 

nylon membrane and probed with radio-labeled ([α-
32

P]) mtDNA-probes. As shown in 

Figure 6, the double digestion of mouse mtDNA in clone # 19 generated 9.4 kb, 3.8 kb 

and 2.8 kb fragments, which are consistent with the digestion pattern of the positive 

control, the mouse mtDNA. Comparing with the negative control (the E. coli clone), the 

removal of the exogenous sequences from the full mouse mitochondrial genomes in yeast 

mitochondria caused the PstI-BglII fragment size to shift from 5.9 kb to 2.8 kb. Sequence 

analysis also confirmed the recovery of wild-type mitochondrial genomic sequences at 

the ND5-ND6 junction.  

In summary, we successfully obtained yeast strains that carry full or deleted 

mouse mitochondrial genomes in the mitochondria by biolistic transformation. PCR 

assays, Southern blot assays and sequence analysis all confirmed the removal of the 

exogenous sequences from the mouse mitochondrial genomes in yeast mitochondria. We 

concluded that yeast mitochondria can be used as mouse mitochondrial genome carriers, 

and the exogenous sequences can be removed by homologous recombination in yeast 
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mitochondria as we hypothesized. We named these special yeast strains as yeast artificial 

mitochondria (YAM) strains.   

  

Characterization of mouse mitochondrial genomes in yeast artificial 

mitochondria (YAM) 

Because yeast mitochondria are not the natural host of mouse mitochondrial 

genomes, it is possible that the topology of mouse mitochondrial genomes might change 

in yeast mitochondria. Characterization studies performed in our lab prior to my work on 

the project found that the mouse mitochondrial genome clones were stably maintained in 

yeast as the restriction digestion pattern of the mouse mitochondrial genome clone 

remained unchanged after propagation in yeast as compared to the original E.coli clone. 

We then found that the mouse mitochondrial genomes were maintained in yeast 

mitochondrial in circular form by a λ exonuclease digestion assay. Here, we further 

characterize the topology of the mouse mitochondrial genomes in yeast mitochondria. 

We asked whether the mouse mitochondrial genomes are maintained in monomers 

as in mouse mitochondria (Berk & Clayton, 1974; Berk & Clayton, 1976) or are 

maintained in concatemers like naturally occurring deleted derivates of yeast 

mitochondrial genomes (rho- genomes) (Bendich, 1996; Maleszka et al, 1991; Solieri, 

2010). 

We determined the topology of mouse mitochondrial genomes in yeast by a MluI 

partial digestion assay. There is only one MluI site in the mouse mitochondrial genome. 

If the mouse mitochondrial genomes are present as monomers in yeast mitochondria, the 

partial MluI digestion would give rise two types of products: uncut circular DNA and cut 

linear DNA. If the mouse mitochondrial genomes are present as multimers in yeast 

mitochondria, the partial MluI digestion would generate at least one extra product 

depending on the number of concatemers (e.g., dimers, trimers or tetramers). By the 

partial digestion pattern, we can determine the topology of the mouse mitochondrial 

genomes in yeast mitochondria. 
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The whole yeast cells were embedded in agarose microbeads (Koob & Szybalski, 

1992) and the total DNA were prepared directly in the microbeads to prevent DNA from 

breakage due to any physical stress. We first digested the DNA with λ exonuclease to 

remove linear DNA. Next, we performed MluI digestion with different units of enzyme at 

37°C for 10 minutes and used pulse-field gel electrophoresis to separate the digested 

DNA. After transferring the DNA to a nylon membrane, we probed the DNA with radio-

labeled ([α-
32

P]) mtDNA-probes.  

As shown in Figure 7, after λ exonuclease digestion, the mouse mitochondrial 

genomes were detected in all the samples, indicating that the genomes are circular. In 

addition, partial MluI digestion generated only two products: the upper uncut, circular 

DNA and the bottom cut, linear mtDNA, whose size is consistent with the fully digested 

mouse mtDNA control. As the increase of the MluI units in the reaction, we observed an 

increase of the cut, linear DNA, but the pattern remained unchanged without any other 

digested products shown. Thus, we concluded that mouse mitochondrial genomes are 

maintained as circular monomers in yeast mitochondria, similar to the topology of mouse 

mitochondrial genomes in mouse mitochondria.  

 

Discussion 

In this chapter, I first described the methods for modifying the original mouse 

mitochondrial genome clones. Both duplications/insertions and deletions of the genomes 

can be achieved by standard techniques of molecular biology. We generated one full and 

three deleted mouse mitochondrial genome clones with partial ND6 duplication flanking 

the exogenous sequences (yeast COX2-Cm
R
-γ-ori) (Figure 3 and 4). Next, we proved that 

yeast mitochondria can be a mouse mitochondrial genome carrier as we hypothesized. In 

addition, the exogenous sequences used in cloning and screening steps can be removed 

by homologous recombination in yeast mitochondria (Figure 6). We also show that the 

mouse mitochondrial genomes were maintained as circular monomers in yeast 

mitochondria (Figure 7). Combined with our previous finding, we concluded that 

engineered mouse mitochondrial genomes can be stably maintained in yeast mitochondria 
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as circular monomers, which is the same topology with which they are maintained in 

mouse mitochondria. 

Direct manipulation of mammalian mitochondrial genomic sequence is one of the 

fundamental steps in engineering this genome. The strategy we described here largely 

relies on the unique restriction enzyme sites present in the mouse mitochondrial genomes. 

In some cases, there might be no suitable restriction enzyme sites close to the target 

sequences. Although this could be solved by subcloning fragments of mitochondrial 

genomes, the limited suitable restriction enzyme sites in the genomes could potentially 

increase the difficulties in modifying specific regions in the genomes.  

Cloning mitochondrial genomes from other mammalian species like human and 

rat is much more difficult due to the tRNA toxicity (Drouin, 1980; Mita et al, 1988). 

Although the mitochondrial genes in mammals are highly conserved (Anderson et al, 

1982; Bibb et al, 1981), there are significant differences in clone stability in E.coli 

system. Several mitochondrial tRNA genes in human mitochondrial genomes are toxic to 

E.coli, presumably due to those tRNAs with the bacterial translational system (Drouin, 

1980; Mita et al, 1988). Because of this toxicity, cloning the full human mitochondrial 

genomes in E.coli has not yet been reported. Similar to human mitochondrial genome, the 

rat mitochondrial genome also has some tRNA species that are toxic for E.coli.  

Currently, we are testing the lambda RED recombination system for engineering 

mouse mitochondrial genomes. Lambda RED recombinase system recognizes short 

homologous sequences and mediates homologous recombination in bacteria (Mythili et 

al, 1996; Smith, 1988; Takahashi & Kobayashi, 1990). Engineering mouse mitochondrial 

genomes could be done simply by transforming linear DNA including modified target 

sequences and neighboring sequences for homologous recombination into an E.coli strain 

that expresses lambda RED recombinase system (Datsenko & Wanner, 2000; Liu et al, 

2003; Poteete, 2001). With this system, it is possible to engineer or modify any location 

in mouse mitochondrial genomes. Moreover, instead of working with the whole 

mitochondrial genome, a relatively smaller genome fragment containing the target 

sequences (e.g., PCR products) can be used. Recently, we tested this approach and we 
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successfully generated a full mouse mitochondrial genome clone that carries a point 

mutation without altering the amino acid sequences.  

In the second part of this chapter, we proved that yeast mitochondria can be 

mouse mitochondrial genome carriers as we hypothesized. With the generation of yeast 

artificial mitochondria, YAM, the engineered mouse mitochondrial genomes are in the 

matrix of yeast mitochondria, surrounded by double layers of membranes (outer 

membrane and inner membrane). All the exogenous sequences used for cloning, selection 

and screening were removed from mouse mitochondrial genomes by homologous 

recombination in yeast mitochondria, and the wild-type sequences were recovered. We 

also found that the mouse mitochondrial genomes were maintained stably as circular 

monomers in yeast mitochondria. Although the mouse mitochondrial genomes are not 

functional in yeast as the YAM strains cannot grow on non-fermentable medium which 

require mitochondrial function (Bonnefoy & Fox, 2001), yeast cells can maintain and 

propagate mouse mitochondrial genomes through generations with high transmission 

rates. It will be interesting to test if this feature also applies to other species, e.g., human 

and rat mitochondrial genomes, if the toxic tRNA issue in cloning can be overcome. 
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Figure 2. Map of p2CγMusMtTN5COX2. The γ-ori and Cm
R
 sequences used for cloning 

in E.coli were inserted into the mouse mitochondrial genomes using in vitro transposition 

(Yoon & Koob, 2003). The functional yeast COX2 gene used for screening mitochondrial 

transformants in yeast was cloned into the genomes between the KpnI and SmaI sites.
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Figure 3. Map of p2CγMusMtTN5-COX2-3’ND6_300. A 300 bp-3’ND6 duplicated 

sequence fragment was inserted into the full mouse mitochondrial genome clone 

p2CγMusMtTN5-COX2 upstream of the yeast COX2 gene. The exogenous sequences 

(yeast COX2, γ-ori and Cm
R
) are flanked by 300bp of the 3’ND6 gene shown in red 

arrows.
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Figure 4. Map of deleted mouse mitochondrial genome clones.  (a) 

p2CγMusMtTN5DelApaLI-XhoI-COX2-3’ND6_300 (made by Y. G. Yoon); (b) 

p2CγMusMtTN5DelBspEI-XhoI-COX2-3’ND6_300; (c) p2CγMusMtTN5DelAatII-

XhoI-COX2-3’ND6_300; (d) p2CγMusMtTN5DelPstI-XhoI-COX2-3’ND6_300. The 

exogenous sequences (yeast COX2, γ-ori and Cm
R
) in all of the deleted genome clones 

are flanked by 300bp of the 3’ND6 gene shown in red arrows. 
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Figure 5. Procedure for generating Yeast Artificial Mitochondria (YAM) strains using 

biolistic transformation. (1) Mix mouse mitochondrial genome clones with a nuclear 

marker plasmid (e.g., URA) and tungsten particles; (2) bombard the DNA-particle 

complexes into yeast MCC109rho0 strain (biolistic transformation); (3) incubate the 

MGM-ura selective plates at 30°C for 4-5 days; (4) mate the colonies with a respiratory-

deficient tester strain MCC124; (5+6) screen for mitochondrial transformants that rescue 

the respiratory function of MCC124 by growing the mated cells on YPEG plates; (7) pick 

up mitochondrial transformant candidates from the original MGM-ura selective plates for 

PCR assays. See the content and Materials and Methods section for details.
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Figure 6. Removal of the exogenous sequences from the mouse mitochondrial genome 

clone by homologous recombination in yeast mitochondria. The size of the PstI-BglII 

fragment containing the exogenous sequences shifts from 5.9 kb in the E.coli clone to 2.8 

kb in the yeast strain. The restriction digestion pattern of mouse mitochondrial genomes 

in yeast is consistent with that of the control mouse mtDNA. 
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Figure 7. Mouse mitochondrial genomes are maintained as circular monomers in yeast 

mitochondria. Digesting the total DNA isolated from MCC109 rho-

/p2CγMusMtTN5XhoICOX2 YAM strain with different units of MluI endonuclease after 

lambda exonuclease digestion to remove the linear DNA, the partial MluI digestion only 

generates single product, whose size is similar to the completely linearized mouse 

mtDNA control, indicating the monomer topology of the cloned mouse mtDNA in yeast 

mitochondria. The top bands (*) are mouse mtDNA trapped in the wells.
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Chapter 3 

 

THE FIRST METHOD FOR INTRODUCING LARGE 

QUANTITIES OF ISOLATED MITOCHONDRIA INTO 

MAMMALIAN TISSUE CULTURE CELLS: GENERATING 

RHO+ CELLS THAT CARRY HOMOPLASMIC 

EXOGENOUS MITOCHONDRIAL GENOMES 
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Direct injection of isolated mitochondria into mammalian cells is difficult with 

only limited numbers of successful cases achieved in the past decades (King & Attardi, 

1988; King & Attardi, 1989; Pinkert & Trounce, 2002; Shitara et al, 2000; Takeda et al, 

2005). Most of the studies were done with injecting mitochondria into mouse eggs, 

zygotes or oocytes, because the large sizes of these cells are more amenable for injection. 

However, mouse eggs are not the best model cells for characterizing many mitochondrial 

biological activities. For example, mitochondrial DNA replication and mitochondrial 

fusion are not very active in mouse eggs at early developmental stages (St John et al, 

2010; Thundathil et al, 2005; Van Blerkom et al, 2002). On the other hand, mouse tissue 

culture cells usually have active mitochondrial function as well as mitochondrial DNA 

replication (Bogenhagen & Clayton, 1974; Davis & Clayton, 1996; Santel et al, 2003; 

Santel & Fuller, 2001). In addition, the infinite life span of immortalized tissue culture 

cell lines (Masters, 2000) allows researchers to perform experiments that require long-

term culture of cells. These features would suggest that mammalian tissue culture cells 

are a more suitable model system for characterizing mitochondrial functions. 

Unfortunately, directly injecting mitochondria into mammalian tissue culture cells is not 

practical (King & Attardi, 1996). In order to transmit isolated mitochondria into 

mammalian tissue culture cells, there is an urgent need to develop new methods to 

overcome this technical hurdle.  

We hypothesized that cytoplasts generated from rodent eggs can be used as a 

vehicle to deliver isolated mitochondria into mouse tissue culture cells. This chapter 

first describes the new method we developed based on the microinjection technique used 

for introducing mitochondria into mouse eggs with several critical modifications. The 

second part of the chapter discusses how we rescue the respiratory deficient phenotype in 

the recipient tissue culture cells by introducing isolated mouse mitochondria using the 

new technique we developed. 

 

Artificial cytoplast cell fusion method 

The method we developed to deliver isolated mitochondria into mammalian cells 

is a two-step process. The first step is generating artificial cytoplasts carrying injected 
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mitochondria, and the second step is fusing these cytoplasts to recipient cells (Figure 8). 

In brief, mouse mitochondria carrying wild-type, functional mitochondrial genomes were 

isolated from STO-mt-GFP cells and were digested with DNase I to remove any DNA 

contaminated during the isolation procedure. The isolated mitochondria were injected 

into one-cell stage mouse embryos using a Piezo-electrically driven micromanipulator 

(Prime Tech LTD., Japan). A cytoplast containing part of the cytoplasm along with 

injected mitochondria was pulled out from the embryo at the far end from the entry point 

right after mitochondria injection and placed in polyvinylpyrrolidone (PVP)/modified 

human tubal fluid (mHTF) microdrops. The recipient rho0 cells (lacking any 

mitochondrial DNA) generated from a Lewis lung carcinoma cell line, LL/2,  were 

incubated briefly in the hemagglutinating virus of Japan envelope (HVJ-E) extract 

(Cosmo Bio Co., LTD., Japan) (Craven et al, 2010; Tachibana et al, 2009) and then 

attached to cytoplasts in PVP/mHTF microdrops. After incubating at 37°C supplied with 

5% CO2, fused cells were sorted to a 96-well plate for single cell culture. 

Figure 9 shows the steps for generating artificial cytoplast from mouse one-cell 

stage embryos. We used fluorescent beads (FluoSpheres, Invitrogen) as the injection 

marker to mimic mitochondria during the procedure shown in this figure. We chose 0.5 

µm beads because the size is similar to isolated mitochondria. Direct injection of 

mitochondria into mammalian cells has been tested but was found to be impractical due 

to the relatively large size of isolated mitochondria and the small size of recipient cells 

(King & Attadi, 1996). In order to obtain consistent and stable flow of mitochondria 

suspension for injection, the opening of injection pipettes has to be several-µm wide, 

which is too big for most of the mammalian cells. Mammalian eggs, either unfertilized 

oocytes or fertilized one-cell embryos, are big enough to use large sizes of needles for 

injection (Craven et al, 2010; Ittner & Goetz, 2007; Takeda et al, 2005; Yoshida & Perry, 

2007). We used commercial needles made for mouse ICSI (Intracytoplasmic Sperm 

Injection, Eppendorf) and were able to obtain good control at microinjecting 

mitochondria into mouse eggs. The injection was performed using a Piezo-driven 

micromanipulator. This type of micromanipulators uses well-controlled electric pulses to 

control microvibrations that allow the needle to penetrate the zona pellucida, the 
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protecting coats of mammalian eggs (Bleil & Wassarman, 1980), and also to break the 

cell membrane locally. This type of equipment has been shown great success in nuclear 

transfer and intra-sperm injection (Perry et al, 1999; Wakayama et al, 2001; Yoshida & 

Perry, 2007), mainly due to the less stress and damage to the eggs during the procedure 

(Desai et al, 2007; Yanagida et al, 1999). 

In our experiment, the zona pellucida was removed using Tyrode’s acidic solution 

(Nicolson et al, 1975) before injection so that cytoplasts can be pulled directly from the 

opposite end of the pipette entry point. After injection (Figure 9, step 1), the injected 

fluorescent beads were pulled into the cytoplast fraction by gently aspirating from the 

holding needle (Figure 9, step 2). The junction of the membrane bridging cytoplast 

fraction and the egg was broken and sealed by passing through the edges of the medium 

drops. The fluorescent bead
+
- cytoplasts were pulled one by one from injected mouse 

eggs and placed in PVP/mHTF microdrops for recovery (Figure 9, step 3).  

The second step for the artificial cytoplast fusion method is to fuse cells to 

cytoplasts as shown in Figure 10. After briefly incubating in HVJ-E solution, recipient 

cells were brought to the cytoplast drops (Figure 10a, step 4), and attached to cytoplasts. 

HVJ-E, the hemagglutinating virus of Japan envelope protein, induces membrane-

membrane fusion and the content of the donor cytoplast directly releases into the 

recipient cells (Craven et al, 2010; Tachibana et al, 2009). Close contact between the 

recipient cells and cytoplasts was ensured by pushing the recipient cells against the 

cytoplasts held by a blunt, sealed needle (Figure 10a, step 5 and 3b). The cytoplast-cell 

pairs were incubated in PVP/mHTF microdrops at 37°C supplied with 5% CO2 (Figure 

10a, step 6) and were checked every 30 minutes or hourly. The fused cells were sorted to 

96-well plates for single cell culture (Figure 10a, step 7). Figure 10c shows several 

examples of cytoplast-fused cells. The presence of fluorescent beads in cells indicates the 

successful fusion of cells to cytoplasts and subsequent transfer of cytoplasm. 

We tested several different mouse cell lines as the recipients and found that 

suspension cells have higher survival rates than attached cells after cytoplast fusion.  This 

is probably due to the significant change in cell morphology of attached cells before and 

after cytoplast fusion. Mammalian eggs are more suspension-like type of cells at early 
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developmental stages (Scott & Smith, 1998; Wong et al, 2010). We were able to obtain 

cytoplast-fused cells using attached cells as the recipient; however, the majority of the 

fused cells did not survive in the subsequent culture. Although some cells attached and 

grew on the culture well over one week, the doubling time was very long and the cells 

were not able to form colonies. These results suggest that the conflict between two 

different types of cell morphology (attaching vs. suspension) cannot support cell growth 

after cytoplast fusion. On the other hand, the morphology of suspension cells is more 

similar to mammalian eggs. We were able to obtain cell clones quickly amplified from 

single cytoplast-fused cells using suspension cells as the recipients. The majority of the 

fused cells continued to divide after fusion as shown in Figure 11. At day 0, the day of 

fusion, the recipient cell received fluorescent beads from the cytoplast indicating 

successful fusion. On the next day, the cell divided and both daughter cells contained 

some of the fluorescent beads. These cells kept dividing through day 6 and day 13 

(shown) and beyond.  

Next, we tested if we can use artificial cytoplasts to deliver isolated mouse 

mitochondria into mouse tissue culture cells. Figure 12 shows introduced isolated mouse 

mitochondria in a recipient mouse cell. GFP-labeled mouse mitochondria were isolated 

from STO-mt-GFP cells and injected into mouse embryos, and artificial cytoplasts were 

generated from the mouse embryos. Cytoplasts carrying injected GFP mitochondria were 

fused to mouse rho0 cells with DsRed-labeled mitochondria attached on a chambered 

cover glass. The cells were incubated at 37°C supplied with 5% CO2 for approximately 3 

hours and were imagined using Olympus Fluoview
®
 FV1000 confocal laser scanning 

microscope. In the cell shown in Figure 12, introduced mitochondria fused to the 

endogenous mitochondrial networks, as shown by the diffusion of the GFP signal and the 

co-localization of the GFP and DsRed signals. This result suggests that mitochondria 

delivered using this procedure retain biological activities that enable them to fuse to 

endogenous mitochondrial networks in recipient cells. This result also shows that we can 

inject and transfer large quantities of isolated mitochondria into mammalian tissue culture 

cells, which has never been achieved before this work.   
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Use of eggs from different rodent species in generating artificial 

cytoplasts 

We showed that cytoplasts generated from mouse embryos can transmit isolated 

mitochondria into mouse tissue culture cells, and cells fused to those cytoplasts can grow. 

Large numbers of mouse mitochondria from mouse embryos are introduced into the 

recipient cells as well. One issue associated with using mouse embryos for injection is 

that we will not be able to distinguish the origins of mitochondrial genomes (i.e. 

endogenous vs. exogenous) unless the exogenous mitochondrial genomes carry 

distinguishable markers. We hypothesized that using eggs from different rodent 

species can solve the background issue based on nuclear-mitochondrial 

compatibility, especially when applying selection pressure for mitochondrial 

function.  

We tested eggs from three rodent species, including Sprague Dawley rats, 

Mongolian gerbils and Golden Syrian hamsters, for mitochondrial injection, cell fusion 

and viability of cells after cytoplast fusion. We compared the quality of artificial 

cytoplasts generated from these rodent species using the method we developed by 

assisting cell growth after cytoplast fusion. We found that artificial cytoplasts from gerbil 

embryos, rat oocytes, and rat embryos can support fused cell growth as well as cytoplasts 

from mouse embryos; however, cytoplasts generated from gerbil oocytes, hamster 

oocytes, and hamster embryos cannot support continued mouse cell growth after fusion. 

We hypothesized that this may be due to signals brought from the cytoplasts to recipient 

cells that inhibit cell cycles. This hypothesis was supported by the study of mouse nuclear 

transfer (Wakayama et al, 2000). Wakayama and colleagues showed that mouse oocytes 

and embryos reacted differently in supporting reconstructed mouse eggs development 

after nuclear transfer, possibly due to the cytoplasm-chromosome interaction (Wakayama 

et al, 2000). 

Gerbil - Figure 13 shows the results of species-specific mitochondrial genomic 

PCR assays of cell clones derived from cytoplast-fused LL/2 rho0 cells. Isolated mouse 

mitochondria were injected into Mongolian gerbil embryos, and artificial cytoplasts were 
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pulled from injected embryos and fused to LL/2 rho0 cells by HVJ-E mediated 

membrane fusion. Fused cells were sorted and cultured from single cells in 96-well 

plates. Species-specific mtDNA PCR assays were performed when colonies were formed, 

about 10 days after cytoplast fusion. Total genomic DNA was extracted from sampled 

cells using proteinase K and an aliquot was directly used as the DNA template for PCR 

assays. We found that two clones derived from Mongolian gerbil cytoplast-fused LL/2 

rho0 cells (LL/2-STOmt-gerbil-G1, A1) carried mouse mitochondrial genomes (Figure 

13a, bottom panel). Interestingly, there was no gerbil mitochondrial genome detected in 

either clone (Figure 13a, top panel). We observed that cells derived from LL/2 rho0 cells 

fused to cytoplasts from buffer-injected gerbil embryos also did not contain any gerbil 

mtDNA. This result suggests that gerbil mitochondrial genomes cannot replicate and/or 

cannot be maintained in mouse cells. In addition, the removal of gerbil mitochondrial 

genomes is not due to the competition between mouse and gerbil mtDNA because gerbil 

mtDNA cannot replicate in the absence of mouse mitochondrial genomes in mouse cells. 

This is an advantage of using gerbil embryos as mitochondria packaging system because 

gerbil mitochondrial genomes will not add unwanted mtDNA “background” to mouse 

cells.  

We tested if LL/2-STOmt-gerbil clones have converted from mit- (no mitochondrial 

function) to mit+
 
(full mitochondrial function)

 
by culturing cells in a growth medium that 

requires mitochondrial function (rho+ medium). As shown in Figure 14, cells from clone 

LL/2-STOmt-gerbil-G1 (shown as clone 1 in the figure, middle row) grew normally in 

rho+ medium. On the other hand, the control, original LL/2 rho0 cells (bottom row) and a 

cytoplast-fusion control clone (LL/2-gerbil-F2, top row) did not grow in rho+ medium. 

This result suggests that the mouse mitochondrial genomes carried in LL/2-STOmt-

gerbil-G1 cells are fully functional and can support cells growing in a medium required 

mitochondrial function.  

Several lines of evidence demonstrate that the LL/2-STOmt-gerbil-G1 cells are 

not mitochondrial donor cells (STO-mt-GFP) inadvertently transferred into and cultured 

from the cytoplast-fused cell samples. G1 cells have very different morphology from 

STO-mt-GFP cells (suspension vs. attached), and the G1 cells cannot grow in a medium 
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containing blasticidin, the antibiotic used for selecting stable STO-mt-GFP clones. 

Moreover, even if there were STO-mt-GFP cells contaminating the mitochondrial 

preparation, the size of the injection needle is too small to pick up a whole cell without 

breaking STO cells. Therefore, we can conclude that STO-mt-GFP cells were not 

transferred during the injection procedure and did not contaminate the following steps in 

this process. Based on the cell morphology, blasticidin-sensitivity and the cell sizes, we 

can rule out the possibility that the rho+, mit+ cells we generated were STO-mt-GFP 

cells. 

Rat – We did the same experiment that introduced isolated mouse mitochondrial 

into mouse rho0 tissue culture cells using Sprague Dawley rat oocytes for generating 

cytoplasts. We obtained four clones of LL/2 cells carrying mouse mitochondrial genomes 

(LL/2-STOmt-rat-A1, A2, B1 and B5; Fig 13b, bottom panel) 10 days after cytoplast 

fusion. These four clones also carried rat mitochondria genomes as shown in Figure 13b 

(top panel). The presence of rat mitochondrial genomes at this stage indicates the 

replication and transmission of mitochondrial DNAs from mitochondria-injected rat 

oocytes to recipient LL/2 rho0 cells. No mouse or rat mitochondrial genomes were 

detected in the original LL/2 rho0 cells (Figure 13b, lane rho0). The co-presence of rat 

and mouse mitochondrial genomes in cells suggests that these cells were heteroplasmic. 

The culture medium we used was a rich medium that does not require mitochondrial 

function (rho0 medium). We hypothesized that these cells would maintain mouse 

mitochondrial genomes rather than rat mitochondrial genomes if we culture cells in 

a selection medium that requires mitochondrial function for growing (rho+ 

medium). We compared cell growth and mitochondrial genome species of clone A2, B1 

and B5 cells cultured in rho0 medium (does not require mitochondrial function) and rho+ 

medium (require mitochondrial function) for another 10 days (Day 20).  

At Day 20, we analyzed these clones by species-specific mtDNA PCR assays. We 

found that clone A2 and B1 had no background of rat mitochondrial genomes, but both 

clones did not grow in rho+ medium. This result might not indicate that the mouse 

mitochondrial genomes carried in clone A2 and B1 were not functional, but more likely 

the nuclear genomes cannot support mitochondria to restore mitochondrial function. The 
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recipient rho0 cells we used in this experiment were generated from mouse Lewis lung 

carcinoma cell line, LL/2 (Bertram & Janik, 1980), eight years ago (Yoon & Koob, 

2003), and had been maintained in a culture condition that did not required mitochondrial 

function. It is possible that some of the cells had mutations in the nuclear genes that are 

essential for mitochondrial function. With these mutations, cells cannot grow in rho+ 

medium even with functional mouse mitochondrial genomes.  

We observed that clone B5 cells grew well in both rho0 and rho+ media and were 

able to maintain mouse mitochondrial genomes. Although the levels of rat mitochondrial 

genomes in cells growing in both media were reduced after 10 days, low levels of rat 

mtDNA was still detected in this clone even in the medium that requires mitochondrial 

function (rho+) (Figure 15). It is possible that there was a mixed culture of cells although 

all the cells were originally derived from one cytoplast-fused cell. Although the number 

of mitochondria segregated into each daughter cell is tightly regulated during cell cycle 

(Yamano & Youle, 2011), mitochondria segregation essentially is a random event during 

cell divisions (Birky, 1983; Birky, 2001). If mitochondria in mother cells are 

heteroplasmic, it is possible that some daughter cells in the population might not receive 

any mouse but rat mitochondria after several cell cycles. In order to survive in rho+ 

medium, these cells might maintain and use rat mitochondrial genomes. This hypothesis 

was supported by the observation that some of the mouse cells carrying only rat 

mitochondrial genomes can grow, but slowly, in rho+ medium.  

 

Spontaneous loss of rat mtDNA from mouse cells 

Next, we tested if rat mitochondrial genomes can be removed from mouse cells if 

there is no selection for mitochondrial function. We used the cells from the B5 clone that 

had been grown in rho0 medium for 10 days (Day 10) and grew them in rho+ medium for 

another 10 days (Day 20). At this time point, the cells maintained low levels of rat 

mitochondrial genomes (Figure 15). We did single-cell culture of the B5 cells to confirm 

the removal of the rat mitochondrial genomes in the population. We obtained 18 

subclones approximately 10 days after starting the culture (Day 30). Interestingly, we did 

not detect rat mitochondrial genomes by species-specific mtDNA PCR assays in these 18 
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clones (Figure 16, bottom panel) and all the clones maintained high levels of mouse 

mitochondrial genomes (Figure 16, top pannel). The removal of rat mitochondrial 

genomes from the B5 clone was confirmed by a Southern blot analysis of the B5 

subclone #6 (not shown). We concluded that the rat mitochondrial genomes are 

spontaneously lost from mouse cells within 30 days after cytoplast-cell fusion, and the 

removal process does not require mitochondrial function.  

 

Cybrid transfer of mitochondrial genomes into rho0 mouse cells 

We performed cybrid transfer (King & Attadi, 1996) to confirm the functionality 

of the mouse mitochondrial genomes in the LL/2-STOmt-gerbil and LL/2-STOmt-rat cell 

lines we generated from the artificial cytoplast fusion procedure. We transferred 

mitochondria from LL/2-STOmt-gerbil and LL/2-STOmt-rat cell lines to an attached 

mouse cell line with stable expression of mitochondria-targeting DsRed (STO-

rho0/cMyc/LTAg-mtDsRed cells, blasticidin-resistant) by HVJ-E mediated cell fusion. 

The blasticidin-resistant clones we obtained from 96-well single cell culture were able to 

grow in rho+ medium, indicating the restoration of mitochondrial function by cybrid 

transfer. The cells have an attached phenotype with mitochondria-targeting DsRed 

expression, which are consistent with the properties of STO-rho0/cMyc/LTAg-mtDsRed. 

These features confirmed that the nuclei were originally from the blasticidin-resistant 

STO rho0 cells. Using a mouse mitochondrial DNA PCR assay, we confirmed the 

presence of mouse mitochondrial DNA in these clones generated from cybrid transfer 

(Figure 17). These results support that our artificial cytoplast fusion procedure can 

transfer isolated mitochondria into mammalian cells, and the transferred mitochondria 

and mitochondrial genomes remain functional.  

 

Discussion 

We report the first practical method for delivering isolated mitochondria into 

mammalian tissue culture cells. The procedure includes mitochondrial injection, cytoplast 

pulling, cell fusion, single cell culture and PCR screening (Figure 8-10). We tested the 
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quality of eggs from three different rodent species (Sprague Dawley rats, Mongolian 

gerbils and Golden Syrian hamsters) to tolerate mitochondria injection and evaluated the 

ability of cytoplasts pulled from these species to support recipient cell growth after fusion 

to rho0 mouse cells. We found that Mongolian gerbil embryos and Sprague Dawley rat 

oocytes tolerated mouse mitochondrial injection and cytoplast pulling the best.  

In supporting recipient cell growth, 30% of the cells fused to gerbil cytoplasts 

survived and amplified quickly in rho0 medium and 50% of the surviving clones carried 

mouse mitochondria genomes. There was no gerbil mitochondrial genome detected in all 

of the clones 10 days after fusion (Figure 13). The respiratory-deficient phenotype of the 

recipient cells were fully rescued by the introduced mouse mitochondrial genomes 

(Figure 14). 70% of the cells fused to rat cytoplasts survived and amplified quickly in 

rho0 medium and 80% of the survived clones carried mouse mitochondrial genomes 

(Figure 13). Although 100% of the surviving clones also carried rat mitochondrial 

genomes 10 days after cytoplast fusion, the rat mitochondrial genomes were 

spontaneously removed from cells within 30 days and the process does not require 

mitochondrial function (Figure 16). This result suggests that in the presence of more than 

one mtDNA species, mouse cells favor mitochondrial genomes from the same origin (i.e., 

mouse mtDNA) over those from different species.  

This result is consistent with a study that looked at the ability of different rodent 

mtDNA genomes to replicate in mouse cells (Yamaoka et al, 2001). It was shown that 

introduced mouse and rat mtDNA can replicate in the absence of mouse mitochondrial 

genomes in mouse cells; however, in the presence of functional mouse mitochondrial 

genomes, there was a limited replication of rat mitochondrial genomes in mouse cells. 

From our artificial cytoplast fusion experiments, we found that the mouse cells can 

maintain rat mitochondrial genomes when there were no mouse mitochondrial genomes 

introduced into the recipient cells at the same time. When the isolated mouse 

mitochondria were introduced into the recipient cells, the cell preferentially replicated 

mouse but not rat mitochondrial genomes. Eventually, the rat mitochondrial genomes 

were removed from the mouse cells. 
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Mitochondria are semi-autonomous organelles that need both nuclear and 

mitochondrial gene products to maintain normal function (Poyton & McEwen, 1996; 

Ryan & Hoogenraad, 2007). During evolution, the interactions between the nuclear gene 

products and mitochondrial genomes become species-specific (Dey et al, 2000; Kenyon 

& Moraes, 1997). Kenyon and Moraes used cybrid fusion technique to introduce 

mitochondria from different primate cell lines (chimpanzee, African green monkey, 

Pigmy chimpanzee, gorilla, orangutan, squirrel monkey and lemur) into rho0 human cells 

(Kenyon & Moraes, 1997).They found that mitochondrial genomes originally from 

chimpanzee, Pigmy chimpanzee and gorilla, but not the rest of primates tested, could 

functionally replace human mitochondrial genomes, and suggested that there might be 

mutations affecting the nuclear-mitochondrial genome interactions during evolution 

(Kenyon & Moraes, 1997). Dey and colleagues also showed by cybrid transfer studies 

that rat mitochondrial genomes can partially restore mouse mitochondrial function in 

mouse cells (Dey et al, 2000).  

In our experiments, we found that rat but not gerbil mitochondrial genomes could 

be maintained in mouse cells in the absence of mouse mitochondrial genomes. As 

functional mouse mitochondrial genomes are also present in the mouse cells, mouse cells 

preferred to keep mouse mitochondrial genomes over the other species (Figure 13 and 

16), probably due to the nuclear-mitochondrial genome interactions as Kenyon and 

Moraes suggested in their primate study. By analyzing mouse-human hybrid cells, 

Defrancesco and colleagues found that the hybrid cells could only maintain one species 

of mitochondrial genomes, depending on the stability of the nuclear genomes 

(Defrancesco et al, 1980). Their results suggest strong functional interactions between the 

nuclear and mitochondrial genomes and the compatibility between the nuclear and 

mitochondrial genomes is critical for cells to maintain specific mitochondrial genome 

species (Defrancesco et al, 1980). This nuclear-mitochondria cognate relationship 

dictates that mouse cells will preferentially maintain mouse mitochondrial genomes and 

mitochondrial genomes from other species will be lost, and matched species specific 

homoplasmic cell lines can be obtained (within 10 days if using gerbil embryos and 

within 30 days if using rat oocytes).  
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Our artificial cytoplast fusion method combines microinjection and cell fusion 

techniques that have several advantages over traditional cybrid transfer techniques. The 

whole procedure can be performed and fused cells can be sorted to single cell culture 

within several hours. No selection of fused cells is required. The presence of introduced 

mitochondrial genomes can be examined by species-specific mtDNA PCR assays within 

two weeks. Positive clones can be amplified or can be split to single cell culture directly 

from the original culture for the following experiments. Direct injection of isolated 

human mitochondria into human cells was found to be impractical due to the relative size 

of the organelles and the recipient cells (King & Attadi, 1996). Our method successfully 

overcomes this limitation. Overall, this is a very efficient, economical, and low lab labor-

intensive method for delivering isolated mitochondria and associated mitochondrial 

genomes into mammalian cells.  
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Figure 8. Overview of the artificial cytoplast fusion method. This is a two-step procedure: 

Step 1 - mitochondria injection and cytoplast generation and Step 2 - cytoplast-cell fusion 

and fused cell culture. The details are shown in Figures 9 and 10. 
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Figure 9. Demonstration of the mitochondrial injection and cytoplast generation step. The 

injection was performed using one-cell stage mouse embryos and fluorescent beads as the 

injection marker. The left panel shows the details of the procedure in cartoon figures, and 

the right panel shows the corresponding cell images.
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Figure 10. Demonstration of the cell-cytoplast fusion step. The procedure is shown as 

cartoon figures in (a) and the corresponding cell images are shown in (b). Examples of 

cytoplast-fused cells are shown in (c). The presence of the fluorescent beads in the cells 

indicates successful cytoplast-cell fusion. 
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Figure 11. Cells divided normally after cytoplast fusion. A mouse cell was cultured in a 

96-well plate after fusing to a cytoplast containing injected fluorescent beads. These cells 

were cultured in DMEM medium supplied with 10% fetal bovine serum, 100 U of 

penicillin, 100 µg of streptomycin, 100 µg/ml pyruvate and 50 µg/ml uridine at 37°C 

with 5% CO2.  
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Figure 12. Introduced GFP-labeled mouse mitochondria fused to endogenous DsRed-

labeled mitochondrial networks in a mouse cell. Cytoplast-fused cells were cultured in a 

chambered cover glass and imaged 3-4 hours after cytoplast fusion using Olympus 

Fluoview
®
 FV1000 confocal laser scanning microscope. A large quantity of isolated 

green mouse mitochondria was introduced into this mouse recipient cell using the 

artificial cytoplast fusion method as shown in the left panel. The co-localization of the 

green and red signals indicates the active fusion of the introduced green mitochondria to 

the endogenous red mouse mitochondria, and the preservation of the biological activity of 

the isolated mitochondria during the procedure. 
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Figure 13. Species-specific mtDNA PCR results from cells after 10 days in culture. (a) 

PCR assay results from LL/2-STOmt-gerbil-clone G1 and A2. Top: gerbil mtDNA PCR 

assay, bottom: mouse mtDNA PCR assay. Mouse but not gerbil mtDNA genomes were 

detected in these two clones analyzed. M: 1kb plus DNA ladder; 1: LL/2-STOmt-gerbil-

G1; 2: LL/2-STOmt-gerbil-A2; rho0: mouse LL/2 rho0 recipient cell; C+: genomic DNA 

from gerbil liver. (b) PCR assay results from LL/2-STOmt-rat clone A1, A2, B1, B2 and 

B5. Top: rat mtDNA PCR assay, bottom: mouse mtDNA PCR assay. Both mouse and rat 

mtDNA genomes were detected in these clones assayed. M: 1kb plus DNA ladder; 1: 

LL/2-STOmt-rat-A1; 2: LL/2-STOmt-rat-A2; 3: LL/2-STOmt-rat-B1; 4: LL/2-STOmt-

rat-B2; 5: LL/2-STOmt-rat-B5; rho0: mouse LL/2 rho0 recipient cell. Mouse mtDNA 

PCR: mouse D-loop PCR; gerbil mtDNA PCR: gerbil ND3/ND4 junction PCR; rat 

mtDNA PCR: rat D-loop PCR. 
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Figure 14. LL/2-STOmt-gerbil-G1 clone is respiratory-sufficient (mit+) but blasticidin 

sensitive. Cells were grown in three culture media: DMEM: DMEM supplied with 10% 

serum, 100 U of penicillin, 100 µg of streptomycin, 100 µg/ml sodium pyruvate and 50 

µg/ml uridine (rho0 medium); Blasticidin medium:  DMEM supplied with 10% serum, 

100 U of penicillin, 100 µg of streptomycin (rho+ medium) and 6 µg/ml blasticidin; 

Mitochondrial function medium: DMEM supplied with 10% serum, 100 U of penicillin 

and 100 µg of streptomycin (rho+ medium). Uninjected cytoplast-fused cells: LL/2-

gerbil-F2 (top row); Clone 1: LL/2-STOmt-gerbil-G1 (middle row); the recipient cells: 

LL/2 rho0 (bottom row). Only clone G1 can grow in the rho+ medium, indicating these 

cells contain functional mitochondria and are respiratory-sufficient. All of the three 

clones did not grow in the blasticidin medium whereas the mitochondrial-donor STO-mt-

GFP cells can grow in this medium. 
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Figure 15. Decrease in rat mtDNA levels in LL/2-STOmt-rat clone B5 20 days in culture. 

Cells from clone B5 culturing in rho0 medium for 10 days after cytoplast fusion (Figure 

13b) were cultured in rho0 medium (does not require mitochondrial function to grow) or 

rho+ medium (requires mitochondrial function to grow) for 10 days, and analyzed by 

species-specific mtDNA PCR assays. Mouse mtDNA was maintained in the cells while 

the levels of rat mtDNA were reduced. M: 1kb plus DNA ladder; 0: rho0 medium; +: 

rho+ medium; C-: mouse rho0 recipient cell. Mouse mtDNA PCR: mouse D-loop PCR; 

rat mtDNA PCR: rat D-loop PCR (The pictures were edited to remove unrelated lanes from the 

original pictures without changing the content of the lanes shown in Figure 15).
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Figure 16. No rat mitochondrial genomes were detected in LL/2-STOmt-rat clone B5 

after 30 days in culture. Species-specific mtDNA PCR assays (amplification of the 

regulatory D-loop region from mouse or rat mtDNA) were performed on 18 of the single-

cell clones from LL/2-STOmt-rat-B5. Mouse but not rat mtDNA genomes were detected 

in all the 18 clones. M: 1kb plus DNA ladder; C-: water control; C+: genomic DNA from 

rat YB2/O cells. Mouse mtDNA PCR: mouse D-loop PCR; rat mtDNA PCR: rat D-loop 

PCR.
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Figure 17. Functional mouse mitochondria that have been introduced using the artificial 

cytoplast method can be transferred into secondary recipient cell line.  STO-A1 2-1 and 

2-3 cell lines were generated from cybrid transfer using LL/2-STOmt-gerbil A1 cells as 

the cytoplast donor and STO-rho0/cMyc-LTAg-mtDsRed cells as the recipient cells. The 

presence of mouse mitochondrial genomes in these cybrid-cell lines was confirmed by 

PCR. Total DNA from each cell line was extracted using proteinase K/1x PCR buffer and 

analyzed using a mouse mtDNA D-loop PCR assay. rho0: total DNA from the recipient 

STO-rho0/cMyc-LTAg-mtDsRed cells. 
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Chapter 4 

 

OPTIMIZING PROCEDURES FOR THE INTRODUCTION 

OF ISOLATED YEAST ARTIFICIAL MITOCHONDRIA 

INTO MAMMALIAN TISSUE CULTURE CELLS 
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Successfully cloning mouse mitochondrial genomes allows us to manipulate 

mouse mitochondrial genomes including introducing point mutations, large fragment 

deletions and also insertions (Yoon & Koob, 2003). In Chapter 2, we described a 

procedure for generating Yeast Artificial Mitochondria (YAM) yeast strains using 

biolistic transformation (Bonnefoy & Fox, 2001; Bonnefoy & Fox, 2007; Fox et al, 1988) 

to deliver engineered mouse mitochondrial genomes into yeast mitochondria. By using 

this procedure, the engineered mouse mitochondrial genomes are now packaged in the 

matrix of yeast mitochondria where the genomes are present as circular monomers, which 

is their natural form (Berk & Clayton, 1974; Berk & Clayton, 1976). Although mouse 

mitochondrial genomes are replicated in yeast mitochondria in yeast cells, these genomes 

do not provide mitochondrial function to the host cells. Mitochondria are semi-

autonomous organelles that rely on both nuclear and mitochondrial gene products for 

function (Poyton & McEwen, 1996; Ryan & Hoogenraad, 2007). Nuclear and 

mitochondrial compatibility is critical for mitochondrial function (Dey et al, 2000; 

Kenyon & Moraes, 1997; Yamaoka et al, 2000). In YAM, the yeast nuclear genomes and 

mouse mitochondrial genomes are not coordinated and thus do not result in yeast 

mitochondrial function. In order to evaluate the biological activities and biological 

consequences of engineered mouse mtDNA genomes, it is essential to transfer YAM into 

mouse cells where the nuclear genomes are fully compatible with the mouse 

mitochondrial genomes.  

In Chapter 3, we described the mitochondrial delivery method we developed for 

introducing large quantities of isolated mouse mitochondria into mouse tissue culture 

cells. Mouse cells might respond to mitochondria isolated from different species 

differently and the mitochondrial transfer protocol needs to be optimized 

accordingly. In this chapter, the culture conditions for yeast YAM strains for 

mitochondria isolation and the purification procedure of YAM for rat oocyte injection are 

discussed in the first part. The modifications we made in the procedure of artificial 

cytoplast-cell fusion method for introducing YAM into mouse cells are described in the 

second part of the chapter.  
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Culture conditions for Yeast Artificial Mitochondrial strains 

Mitochondrial respiratory function is not essential for the budding yeast 

Saccharomyces cerevisae (Tzagoloff & Dieckmann, 1990). Yeast without mitochondria 

function can grow in rich medium with glucose as the carbon source as well as with 

galactose or raffinose as the carbon source (Altmann et al, 2007; Bonnefoy & Fox, 2001). 

When glucose is added in the culture medium, many of the metabolic pathways and 

expression of genes associated with mitochondrial function are repressed through a 

process known as glucose repression (Jayaraman et al, 1966; Ulery et al, 1994). YAM 

strains containing either full or deleted mouse mitochondrial genomes are rho- cells. Rho- 

is a respiratory-deficient phenotype of cells that do contain mitochondrial genomes that, 

however, are not functional (Clarkwalker & Gabormiklos, 1975; Mounolou et al, 1966; 

Stevens, 1981; Yamaoka et al, 2000).  

Although the mouse mitochondrial genomes are not functional in yeast 

mitochondria, it is still possible that the different carbon sources used in the culture 

medium might affect the YAM properties (Pon, 1991; Stevens, 1981). It has been shown 

that budding yeast has simpler mitochondrial networks when growing in culture medium 

containing glucose than in medium containing glycerol in which mitochondria have more 

branched and interconnected networks (Altmann et al, 2007). We examined 

mitochondrial morphologies used matrix-localized GFP as the mitochondria marker in 

three deleted YAM strains (MCC109rho-Tfam2-3B/DelApaLI-XhoI, DelBspEI-XhoI, 

and DelAatII-XhoI) grown in glucose- (YPD) or galactose- (YP-galactose) containing 

medium. These strains contain different deletions in the mouse mitochondrial genomes 

and also has mouse TFAM
hyper 

proteins
 
targeting to the mitochondrial matrix. TFAM

hyper
 

strain was obtained from a screening of yeast strains that can maintain mouse 

mitochondrial genomes better than wild-type TFAM proteins expressed in yeast (Yoon et 

al, 2011).  

Mitochondria in all these three deletion strains had similar morphologies. The 

mitochondria were thick and tubular without many branches when growing in YPD 

medium. On the contrary, the mitochondria formed thin and branched networks in the 

majority of the cells in YP-galactose medium. This suggests that even though YAM 
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strains are rho- cells, the mitochondrial morphology is still affected by the carbon sources 

in the culture medium. This is probably due to the different carbon sources altering the 

expression of nuclear genes which regulate mitochondrial function or mitochondrial 

biogenesis (Egner et al, 2002; Jayaraman et al, 1966). 

In order to enhance cross-species mitochondria fusion of YAM to mouse 

mitochondrial networks in mouse cells, we decorated YAM with mouse mitochondrial 

fusion proteins MFN1 and OPA1 (Chen et al, 2003; Cipolat et al, 2004; Song et al, 2007). 

We transformed the MCC109rho-Tfam2-3B/FullmtDNA and DelmtDNA-YAM strains 

with a plasmid that contains mouse Mfn1 and Opa1 coding sequences under the control 

of inducible GAL1-GAL10 dual promoters (Citron & Donelson, 1984; West et al, 1984) . 

We performed RT-PCR assays to examine the expression of Mfn1 and Opa1 in the YAM 

strains. The results show that there were low levels of transcription of Mfn1 and Opa1 in 

glucose medium in which the GAL promoter should be suppressed. When we induced 

MFN1 and OPA1 expression in MCC109rho-Tfam2-3B/FullmtDNA YAM strain, we 

found that the mouse mitochondrial genomes were lost from the cells within 2 hours after 

growing in galactose-containing medium (Figure 18a). If only MFN1 expression was 

induced, the strain maintained mouse mitochondrial genomes well at least to 6 hours after 

growing in galactose-containing medium. This result suggests that the overexpression of 

both MFN1 and OPA1 in yeast might affect the genome maintenance mechanism of yeast 

mitochondria.  

With the purpose of maintaining mitochondria activities and enhancing cross-

species mitochondrial fusion without losing mouse mitochondrial genomes from the 

YAM strain, we chose raffinose as the carbon source in the culture medium for 

expressing MFN1 and OPA1. Raffinose can induce mitochondrial activities without 

inducing the GAL promoter (Altmann et al, 2007) As expected, the YAM strains we 

examined did maintain mouse mitochondrial genomes well 18-24 hours after switching to 

raffinose-containing medium (Fig 18b) although the yeast cells grew much slower than in 

galactose-containing or glucose-containing medium.  
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Preparation of yeast mitochondria for microinjection 

As shown in chapter 3, we concluded that rat oocytes and gerbil embryos are 

more suitable for generating artificial cytoplasts, fusing to mouse cells and supporting 

cell growth based on the results of the mouse mitochondria injection control experiments. 

Although mitochondria are originally from the same ancestor in all eukaryotes, diverse 

mitochondrial genomes have arisen during evolution (Gray et al, 1999). Moreover, 

nuclear and mitochondrial communication is important for mitochondrial function (Ryan 

& Hoogenraad, 2007). It is possible that rat oocytes or gerbil embryos might respond 

to mitochondria from different species differently. In order to examine if rat oocytes 

or gerbil embryos can tolerate mitochondria from non-mammalian origins, i.e., yeast, we 

injected yeast mitochondria isolated from a YAM strain, MCC109 rho-Tfam2-

3B/FullmusmtDNA, into rat oocytes and gerbil embryos, generated cytoplasts and fused 

to LL/2 rho0 cells. We observed cell death and growth arrest of cells after fusion to 

cytoplasts from both rat oocytes and gerbil embryos. We reasoned this lethal effect might 

be due to the mitochondria prep contaminated with other yeast cellular components that 

are cytotoxic.  

We then used ultracentrifuge to further purify YAM and tested the correlation 

between the purity of YAM and the cytotoxicity to LL/2 rho0 cells after cytoplast fusion. 

Two ultracentrifuge protocols with sucrose gradients in different buffer system were 

compared. We found that YAM purified from sucrose gradients in KEM buffer system 

(Altmann et al, 2007) resulted in significantly higher survival rates than YAM purified 

from sucrose gradients in TEN buffer system (Kaufman et al, 2000). However, this result 

only applied to cells fused to cytoplasts generated from rat oocytes. The purity of YAM 

did not reduce the mortality rate or growth arrest rate of cells fused to cytoplasts 

generated from gerbil embryos. It is possible that YAM or other cellular components 

associated with the YAM fraction in the sucrose gradients are toxic to gerbil embryos. 

The toxic signals brought from gerbil cytoplasts affected the cell cycle of the recipient 

LL/2 rho0 cells and thus caused cell death or growth arrest. Based on these observations, 

we concluded that rat oocytes are more suitable as the carriers to deliver YAM, which are 

purified by sucrose gradients in a KEM buffer system, into mouse cells. 
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Modifications of the artificial cytoplast fusion method 

The protocol of artificial cytoplast fusion method used to introduce YAM into 

mouse cells was modified from the original protocol described in chapter 3. When we 

performed the original protocol with ultracentrifuge-purified YAM and rat oocytes, we 

observed reduced fusion rate of artificial cytoplasts to LL/2 rho0 cells. In order to 

improve the fusion rate, we tested the reagents and the conditions used in several steps in 

the protocol including rat oocyte preparation, HVJ-E treatment and the final cytoplast-

cell attaching step.  

We first determined if the pH of Tyrode’s acidic solution used to remove the 

oocyte zona was critical for efficient cytoplast-LL/2 cell fusion. Tyrode’s acidic solution 

has a pH of 2.5 and was designed for removing zona pellucida from mouse eggs 

(Nicolson et al, 1975). The modified Tyrode’s acidic solution used has a pH adjusted to 

3.5~4.0, which is similar to the solution used in (Brun & Psychoyos, 1972) for removing 

zona pellucida from rat eggs. By comparing the fusion efficiency of cytoplasts prepared 

from oocytes treated with these two solutions, we found that cytoplasts from low pH-

Tyrode’s acidic solution-washed oocytes had higher fusion rate than cytoplasts from high 

pH-Tyrode’s acidic solution-washed oocytes. It could be that the mild condition (high 

pH, 3.5~4.0) does not remove the zona pellucida completely and the remains block the 

interaction of HVJ-envelop proteins to the surface target molecules. Because the mild 

condition requires long incubation time to remove the zona, it is also possible that the 

long incubation in the acidic solution damages the surface target molecules even though 

the condition is milder than the low-pH solution. 

We then examined the effect of HVJ-E incubation procedure on cytoplast fusion 

efficiency. Two key factors, temperature and incubation time, might determine the 

efficiency of HVJ-E incorporation into the membrane and further induces membrane-

membrane fusion according to manufacturer instructions (Cosmo Bio Co., LTD, Japan). 

We also examined whether recipient cells or mitochondria-donor cytoplasts are more 

suitable as the HVJ-E membrane targets. Based on our results, we concluded that treating 

cytoplasts with HVJ-E at low temperature (pre-chilling fusion butter on ice before setting 
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fusion dishes) for a longer incubation time (1-2 minutes vs. 5-8 minutes) gave the best 

fusion rates than the other combinations of these three factors. 

Finally, we examined if the presence of cytochalasin B in the fusion drops 

improves fusion efficiency. Cytochalasin B is an actin inhibitor that is used in enucleation 

of mouse embryos and oocytes (Egli et al, 2007; Kishigami et al, 2006). We found that 

pre-treating oocytes and embryos in injection medium containing 2µg/ml of cytochalasin 

B helped relax the plasma membrane and largely reduced the egg lysis rate during 

mitochondria injection and cytoplast generation. Because the relaxation of cell membrane 

and cytoskeleton are important for efficient membrane fusion of cells induced by 

electrofusion (discussed in the manual of Multiporator, Eppendorf), it is possible that the 

presence of cytochalasin B in the fusion medium could improved cytoplast-cell fusion by 

loosening the cytoskeleton. Three concentrations of cytochalasin B in the fusion medium 

including 0.05 µg/ml, 0.1 µg/ml and 0.2 µg/ml were tested. We observed certain levels of 

cytotoxicity of cytochalasin B to cytoplasts and cells in the final incubation step at 37°C 

supplied with 5% CO2. This toxic effect might not be solely due to the presence of 

cytochalasin B in the fusion medium, but more likely be due to the combining effects of 

YAM injection, HVJ-E incorporating into the cytoplast membrane and cytochalasin B 

activity at 37°C. By comparing the results from three different concentrations of 

cytochalasin B used in the procedure, we found that 0.05 µg/ml of cytochalasin B proved 

to be the least toxic to both cells and cytoplasts while improving the fusion the most.  

To summarize, the modifications we have made in the artificial cytoplast-cell 

fusion procedure including culturing yeast YAM stains in raffinose-containing medium 

for mitochondrial isolation, purifying YAM using sucrose gradients prepared in KEM 

buffer system, using only rat oocytes for YAM injection and generating artificial 

cytoplasts, pretreating zona-free rat oocytes with cytochalasin B, and treating cytoplasts 

with viral envelope proteins at low temperature and long incubation time before attaching 

to recipient mouse tissue culture cells in the presence of cytochalasin B in the fusion 

medium. The modified procedure is summarized in Figure 19. 
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Discussion 

In order to evaluate the biological activities and biological consequences of 

modifying DNA sequences in mouse mitochondrial genomes, it is necessary to transfer 

YAM carrying engineered mouse mitochondrial genomes into mouse cells where the 

nuclear genomes are compatible with the mitochondrial genomes (Dey et al, 2000). We 

used the new method we developed for introducing isolated mitochondrial into mouse 

tissue culture cells with several critical modifications for YAM. The culture conditions 

and the isolation procedure for YAM were also optimized. With those modifications, we 

observed improved cytoplast-cell fusion efficiency using cytoplasts generated from 

YAM-injected rat oocytes.  

Mitochondria are dynamic organelles that are constantly undergoing fission and 

fusion reactions (Chan, 2006). Mitochondrial fusion allows mitochondria to exchange 

materials, including proteins and mitochondrial genomes (Chen & Chan, 2010; Otera & 

Mihara, 2011). We have demonstrated that cross-species mitochondrial fusion can 

happen between human and mouse mitochondria (Yoon et al, 2007). Based on these 

observations, engineered mouse mitochondrial genomes could be transmitted into the 

mouse mitochondrial networks if YAM fuse to mouse mitochondria in recipient cells. We 

hypothesized that with the expression of mouse fusion protein MFN1 and OPA1 (Chen et 

al, 2003; Cipolat et al, 2004) in yeast YAM strains, YAM could potentially fuse to 

endogenous mouse mitochondria.  

When we overexpressed both fusion proteins induced by galactose, the 

engineered mouse mitochondrial genomes were lost from the cells. This is probably due 

to the imbalance between mitochondrial fusion and fission. Mitochondrial fission is 

important for proper segregation of mitochondria into daughter cells during cell cycle 

(Cerveny et al, 2007; Yamano & Youle, 2011). Overexpression of MFN1 and/or OPA1 in 

mouse cells shifts the balance toward fusion and consequently inhibits the fission 

pathway (Cipolat et al, 2004). Moreover, OPA1 has been linked to the maintenance of 

mitochondrial genomes as the potential anchor proteins for the mitochondrial genome 

nucleoids to the inner membrane of mitochondria in human cell (Elachouri et al, 2011). If 

the overexpressed OPA1 keeps engineered mouse mitochondrial genomes at certain spots 
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in yeast mitochondria where fission does not happen properly, the daughter cells might 

receive less mitochondria than normal, and consequently the mitochondrial genomes 

might gradually be titrated out and lost after cell cycles. Considering the doubling time 

for yeast is about 80 minutes in glucose-containing medium, and is longer in galactose- 

or raffinose-containing medium (Lord & Wheals, 1980), it is interesting that the yeast 

cells lost the mouse mitochondrial genomes in about just one generation after growing in 

galactose-containing medium. This suggests that other mechanisms/pathways might also 

be affected by the overexpression of MFN1 and OPA1 in yeast cells. 

We tested two ultracentrifuge protocols to purify YAM and found YAM purified 

from KEM buffered sucrose gradients (Altmann et al, 2007) caused less cell death. 

Although YAM themselves might be toxic to mouse cells since mitochondria play critical 

roles in apoptosis (Newmeyer & Ferguson-Miller, 2003; Spierings et al, 2005), it is more 

likely that the other cellular components co-purified from the same fraction as YAM 

triggered cell death. The ultracentrifuge step significantly improved the viability of 

mouse cells fused to cytoplasts generated from rat oocytes, but not gerbil embryos. It is 

not clear why gerbil embryos are more sensitive to the purity of YAM injected. 

Several modifications were also made in the artificial cytoplast fusion procedure. 

The incorporation of cytochalasin B in the medium and the optimization of the conditions 

for HVJ viral envelope proteins treatment are the two most important changes in the 

method. With those modifications, we successfully transferred isolated YAM into mouse 

tissue culture cells. The evaluation of the biological activities and biological 

consequences of the engineered mouse mitochondrial genomes in the background of 

mouse nuclear genomes is now possible.
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 Figure 18. D-loop PCR analysis for the presence of mouse mtDNA in yeast YAM strains 

or isolated mitochondria. (a) Yeast YAM strains were grown in YP-galactose medium for 

0,2,4,6 hours and an aliquot of cells was taken from each culture for preparing total DNA 

for the D-loop PCR assay. M: 1kb plus DNA ladder; M: MCC109 rho-Tfam2-

3B/FullmusmtDNA/pRS426-Pgal-Mfn1-PHOSTerm; MO: MCC109 rho-Tfam2-

3B/FullmusmtDNA/pRS426-Pgal-Mfn1-PHOSTerm-Pgal-mgma1L-Opa1; C-: water 

control. (b) Mitochondria isolated from MCC109 rho-Tfam2-

3B/FullmusmtDNA/pRS426-Pgal-Mfn1-PHOSTerm-Pgal-mgma1L-Opa1 strain after 

mating with a wild-type yeast strain W4a (top panel) or 3482-1brho0Tfam/ 

PolRmt/COX4LB2 at Mtf1/COX4L-B2 at Cox4 (bottom panel) on YP-raffinose plates; 

C-: water control; C+: rho+ mouse genomic DNA (The pictures were edited to remove unrelated 

lanes from the original pictures without changing the content of the lanes shown in Figure 18).
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Figure 19. Summary of the modified artificial cytoplast cell fusion protocol for 

introducing isolated YAM into mouse tissue culture cells. 
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Chapter 5 

 

REPLICATION OF ENGINEERED MOUSE 

MITOCHONDRIAL GENOMES IN MOUSE TISSUE 

CULTURE CELLS 
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Mouse mitochondrial genomes packaged in yeast mitochondria are not functional.  

The YAM strains we generated are respiratory-deficient and cannot grow on 

nonfermantable medium. Interestingly, the yeast host cells maintain the engineered 

mouse mitochondrial genomes well. On average, we observed more than 50% of the 

progeny contain the mouse mitochondrial genomes, demonstrating active replication of 

engineered mouse mitochondrial genomes occurring in YAM in yeast cells although it 

probably is mediated by a different replication mechanism than occurs in mouse cells 

(Ling et al, 2007; Solieri, 2010). In mammalian cells, mitochondrial genome replication 

is sequences-dependent and RNA-priming-dependent (Clayton, 1991). In Saccharomyces 

cerevisia, the most active mechanism of mitochondrial genome replication is sequence-

independent but double-strand break- and recombination-dependent (Solieri, 2010). 

Although the real mechanism by which yeast replicates mouse mitochondria is not clear 

yet, it is known that the mouse mitochondrial genomes are maintained as circular 

monomers rather than multimer or concatemers, the dominant conformations of DNA in 

yeast mitochondria (Solieri, 2010).  

In order to study the biological activities or the biological consequences of 

sequence changes in engineered mouse mitochondrial genomes, it is essential to 

repopulate engineered mouse mitochondrial genome in mouse cells. To achieve that, 

efficient replication of engineered mouse mitochondrial genomes is necessary. As 

engineered mouse mitochondrial genomes are replicated in YAM in yeast, we asked if 

the genomes are also replicated in YAM after introduction into mouse cells. Because 

different mechanisms might be used to replicate the engineered mouse mitochondrial 

genome in YAM in yeast, it is possible that the replication system might be no longer 

active in YAM after introduction into mouse cells as soon as the yeast proteins required 

for replication are degraded. In this case, the replication can only be rescued by importing 

the components of mouse mtDNA replication machinery. It has been shown that mouse 

DHFR presequence can target the fused protein to yeast mitochondria (Baker & Schatz, 

1987). Thus, we hypothesized that after importing sufficient amounts of mouse 

mitochondrial proteins, YAM could convert to mouse-like mitochondria in a mouse 



 

 71 

cell, and would then either be capable of replicating engineered mouse 

mitochondrial genomes or of fusing to the native mouse mitochondrial network.  

The first part of the chapter addresses the maintenance of engineered mouse 

mitochondrial genomes in mouse cells, followed by the discussion of some issues 

associated with efficient replication of engineered mouse mitochondrial genomes in 

YAM in mouse cells. 

 

The maintenance of engineered mouse mitochondrial genomes in mouse 

tissue culture cells 

YAM introduced into mouse cells via mouse embryo cytoplasts  We 

introduced isolated YAM from several YAM strains into mouse LL/2 rho0 tissue culture 

cells using the artificial cytoplast fusion method we developed (chapter 3 and 4). After 

fusion, the fused cells were sorted to 96-well plates for single cell culture. When colonies 

formed in wells or the culture reaches 40% confluency, samples of the cells were taken 

from wells for extracting DNA using either proteinase K or 0.2% SDS. A deletion 

junction nested PCR assay was used to analyze the presence of engineered mouse 

mitochondrial genomes in each cell clone. These engineered, deleted mouse 

mitochondrial genomes contain a unique sequence and a modified XhoI site in between 

the ND6 gene and the upstream sequences of the deleted region. Using a nested PCR 

assay that first amplifies the fragments containing the deletion junction, and then 

amplifies the deletion junction with the forward primer specific priming to the unique 

sequences, we can analyze for the presence of engineered mouse mitochondrial genomes 

in mouse cells derived from cytoplast-fused cells.  

In the first series of experiments, mouse embryos were used in the artificial 

cytoplast fusion procedure. In order to distinguish the origins of the mtDNA species in 

the recipient cells (endogenous vs. exogenous), isolated YAM carrying engineered mouse 

mitochondrial genomes with specific deletions (DelmusmtDNA-AatII-XhoI and 

DelmusmtDNA-BspEI-XhoI) were used. It has been shown that mitochondrial genomes 

with large fragment deletions replicated faster than wild-type genomes in human cells 
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(Diaz et al, 2002). With this observation, we hypothesized that the engineered mouse 

mitochondrial genomes could replicate faster than wild-type mouse mitochondrial 

genomes brought from mouse embryos and eventually become the dominant 

mtDNA species in mouse cells.  

We obtained one clone (clone B4) that contained the deleted genome originally 

from MCC109 rho-Tfam2-3B/DelmusmtDNA-AatII-XhoII three weeks after cytoplast 

fusion. Although each clone of cells was derived from single cytoplast-fused cell, a 

mixed population of mitochondrial genomes is expected in each progeny because 

mitochondria segregation is stochastic in cell divisions (Birky, 1983; Birky, 2001). Some 

cells might have more engineered mouse mitochondrial genomes and others might have 

less. In order to screen cells that might contain high amounts of engineered mouse 

mitochondrial genomes in the population, we grouped small numbers of cells and 

cultured in 96-well plates. When cell density reached at least 40%, 96-well-deletion 

junction nested PCR assays were performed. 

After two rounds of screening, we obtained two cell clones (clone 8D and 4E) that 

were very likely to have engineered mouse mitochondrial genomes. We sequenced the 

PCR products and found that the sequences matched the unique sequences at the deletion 

junction and also contained the modified XhoI site. The partial ND6 gene sequences 

remained unchanged in both sequences (Figure 20). This result indicates that the deleted 

mouse mitochondrial genomes found in both cell clones were originally from the 

introduced YAM. More importantly, the presence of the engineered mouse mitochondrial 

genomes in mouse cells also suggests the engineered mouse mitochondrial genomes were 

replicated. We then tried to recover cells containing high amount of engineered mouse 

mitochondrial genomes from these two sequence-correct clones by single-cell culture. 

Unfortunately, none of the cell clones contained detectable levels of the engineered 

mouse mitochondrial genomes. 

YAM introduced into mouse cells via rat oocyte cytoplast  We reasoned that 

the loss of the engineered mouse mitochondrial genomes from the cells might be due 

to the competition between high amount of wild-type, functional mouse 

mitochondrial genomes brought from the mouse embryos and the deleted, 
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nonfunctional engineered mouse mitochondrial genomes in YAM in the cells. In 

order to remove the wild-type mouse mtDNA background, we replaced mouse embryos 

with rat oocytes for YAM injection and cytoplast generation. The details are described in 

chapter 3 and chapter 4. 

In chapter 4, we concluded that rat oocytes are more suitable for delivering YAM 

into mouse tissue culture cells. Compared to using gerbil embryos in the artificial 

cytoplast fusion procedure, cytoplasts generated from rat oocytes had higher fusion rates 

and the fused cells had better survival rates. With the advantage of no mouse mtDNA 

background in rat oocytes, YAM are the only source of mouse mitochondrial genomes in 

recipient rho0 mouse cells after cytoplast fusion. Using species-specific mtDNA PCR 

assays, we can distinguish the origins of mtDNA species in mouse cells (mouse vs. rat). 

In addition, we wanted to rule out any replication defect caused by the deletions in the 

engineered mouse mitochondrial genomes, YAM isolated from MCC109rho-Tfam2-

3B/FullmusmtDNA carrying wild-type mouse mitochondrial genomes were used in the 

following experiments.  

Another modification of YAM was also tested as a means to facilitate replication 

of the engineered genomes. We wondered if creating YAM-rat fused mitochondria 

intermediates could facilitate mitochondrial fusion to endogenous mouse mitochondria, 

and thus bring engineered mouse mitochondrial genomes to mouse mitochondria where 

the mouse mtDNA replication apparatus is located. We tested both physical and chemical 

approaches to generate YAM-rat fused mitochondrial intermediates. The physical method 

was co-purifying YAM and rat mitochondria with several spinning steps. We 

hypothesized that these steps could force YAM and rat mitochondria to physically 

contact each other, and these two species of mitochondria might fuse together and 

convert YAM to rat-like mitochondria. The chemical approach was using polyethylene 

glycol (PEG). PEG induces non-specific membrane-membrane fusion (Knutton, 1979; 

Wojcieszyn et al, 1983) and is widely used in cell fusion experiments (Cowan et al, 2005; 

King & Attadi, 1996; Yoon et al, 2007). YAM and rat mitochondria were resuspended in 

20% PEG followed by a brief spin and a wash before microinjection. 
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YAM-rat mitochondria were introduced into mouse LL/2 rho0 cells using the 

artificial cytoplast cell fusion method. Fused cells were sorted to 96-well plates for single 

cell culture. When cell confluency reached 40%, total DNA was extracted from cell 

samples for species-specific mtDNA PCR assays to screen cells that carry mouse 

mitochondrial genomes. We did not detect mouse mitochondrial genomes in any of the 

clones until one month after cytoplast fusion. Clone A2 (from physical approach) and B1 

(from chemical approach) were found to contain mouse mitochondrial genomes; 

however, the levels of the genomes were low (Figure 21a), indicating the replication 

might not be very efficient at this point.  

When pyruvate and uridine are supplied in the culture medium (i.e. rho0 medium) 

(King & Attardi, 1989; King & Attardi, 1996), mitochondrial function is not required for 

cells to grow. On the other hand, cells need mitochondrial function as well as functional 

mitochondrial genomes in order to survive in the absence of pyruvate and uridine in the 

culture medium (i.e. rho+ medium). We thus hypothesized that an increase in the 

levels of mouse mitochondrial genomes could be observed if we place cells in rho+ 

medium.  

We tested this hypothesis by growing cells from clone A2 and B1 as well as the 

other two clones (A3 and B2) obtained from the same cytoplast fusion experiment in 

rho+ medium for 10 days and assayed by species-specific mtDNA PCR assays. This 

time, the full mouse mitochondrial genomes were found in clone B1 and B2 (Figure 21b); 

however, we did not observe a significant increase in the genome levels as we 

hypothesized. We reasoned that the increase in the genome levels might not be seen 

within 10 days if the replication was not efficient. Cone B1 and B2 were cultured in rho+ 

medium and checked the mouse mitochondrial genomes periodically. We observed 

decreasing levels of mouse mitochondrial genomes in both clones, a result that was the 

opposite of what we had hypothesized. Twenty days and 27 days after growing in rho+ 

medium, the mouse mitochondrial genomes were no longer detectable in clone B2 and 

B1, respectively (Figure 21c). Interestingly, the rat mitochondrial genomes were present 

in these mouse cells stably. The species-specific PCR assay cannot distinguish the origins 
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of the rat mitochondrial genomes so that we did not know whether the genomes were 

from the cytoplasts or from the co-injected mitochondria. 

It appears that the mouse cells were not able to maintain or efficiently replicate 

mouse mitochondrial genomes carried in YAM in the presence of rat mitochondrial 

genomes. This observation is opposite to the result that we had observed when 

introducing rho+ mouse mitochondria into LL/2 rho0 mouse cells using rat oocytes in the 

procedure (see chapter 3 for the details). In that experiment, mouse mitochondrial 

genomes were the dominant species in mouse cells and rat mitochondrial genomes were 

removed from the mouse cells in the presence of mouse mitochondrial genomes. 

Comparing the materials and procedures used in both experiments, the major difference 

is where the wild-type mouse mitochondrial genomes were packaged, mouse 

mitochondria or yeast mitochondria (YAM). Therefore, we concluded that the YAM 

might not be optimal for replicating mouse mitochondrial genomes in mouse cells and 

further modification of YAM might be necessary. Three approaches of modifying YAM 

before injection were conducted and we asked if any of the approaches improved the 

maintenance and replication of mouse mitochondrial genomes in YAM in mouse cells. 

The first approach was to improve the respiratory function of YAM. YAM 

strains are respiratory-deficient and might be recognized as dysfunctional 

mitochondria and subject to degradation in mouse cell (Kim et al, 2007). In order to 

rescue this respiratory deficiency phenotype, we switched the rho- state of YAM to rho+ 

state by mating (Clarkwalker & Gabormiklos, 1975) the YAM strain with a wild-type 

rho+ yeast strain (W4a) just before YAM isolation.  

The second approach was to facilitate mtDNA transcription. Because RNA 

primers are essential for initiating mtDNA replication at the OH (Clayton, 1991), 

facilitating mtDNA transcription might help initiate mtDNA replication. We 

introduced mouse mitochondrial RNA polymerase along with the other two transcription 

factors essential for mtDNA transcription, TFB1 and TFB2 (Clayton, 1991; Falkenberg et 

al, 2007), into YAM by mating the YAM strain with yeast strain 3482-

1brho0Tfam/PolRmt/COX4LB2 at Mtf1/COX4L-B2 at Cox4 that expresses these three 

mouse proteins.  
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The third approach was to enhance cross-species mitochondria fusion. MFN1 and 

OPA1 are the key mediators for mouse mitochondrial fusion (Chan, 2006; Chen et al, 

2003; Cipolat et al, 2004). Through fusion, mitochondria can exchange their content, 

including mtDNA and proteins (Chen & Chan, 2009; Otera & Mihara, 2011). Cross-

species mitochondrial fusion between YAM and endogenous mouse mitochondria 

might help YAM quickly convert to mouse-like mitochondria, and consequently, the 

overall environment might be more suitable for mouse mitochondrial genome 

replication. Two modified versions of YAM strains MCC109 rho-Tfam2-

3B/FullmusmtDNA were used to test this approach: MCC109 rho-Tfam2-

3B/FullmusmtDNA/pRS426-Pgal-Mfn1-PHOSTerm (with mouse MFN1 expression) and 

MCC109 rho-Tfam2-3B/FullmusmtDNA/pRS426-Pgal-Mfn1-PHOSTerm-Pgal-mgm1L-

Opa1 (with mouse MFN1 and OPA1 expression).  

Based on the species-specific mtDNA PCR assays on the cell clones derived from 

cytoplast-fused cells carrying modified YAM, none of those approaches improved the 

maintenance or replication of mouse mitochondrial genomes carried in YAM in mouse 

cells. Similar to what we observed in the other replication experiments described above, 

the mouse cells maintained the engineered mouse mitochondrial genomes for one to two 

weeks after cytoplast fusion, but the genomes were lost in the progeny as we continued 

the culture to the third and fourth week. These results suggest that some of the key 

components in the mtDNA replication pathways might be missing in our system and it is 

necessary to optimize the procedure as well as the culture condition. Some possibilities 

are addressed in the discussion section. 

The advantage of using YAM to deliver engineered mouse mitochondrial 

genomes into mouse tissue culture cells is that the genomes are physically present inside 

the mitochondria, packaged in the matrix and surrounded by two layers of membranes 

(mitochondrial outer and inner membrane). We successfully introduced engineered 

mouse mitochondrial genomes carried in YAM into mouse cells by the artificial cytoplast 

fusion method. The mouse mitochondrial genomes can be maintained in mouse cells for 

more than one month but the genome replication does not seem very efficient or active. 
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We concluded that the current version of YAM we designed is not optimal for mouse 

mitochondrial genome replication in mouse cells. 

 

Discussion 

In chapter 3, we showed that mouse mitochondrial genomes carried in isolated 

mouse mitochondria can quickly repopulate rho0 mouse cells and also rescued the 

respiratory deficiency phenotype in the mouse rho0 cells. Mouse mitochondrial genomes 

carried in yeast mitochondria can also be maintained and replicated but are not functional 

in yeast cells. These observations confirm that the interactions between the nuclear and 

the mitochondrial genomes are critical for mitochondrial function (Dey et al, 2000; 

Yamaoka et al, 2001). We thus hypothesized that with mouse nuclei, the mouse 

mitochondrial genomes carried in YAM could regain all the components required for 

mitochondrial function and the respiratory deficiency phenotype of YAM could be 

rescued. In order to restore the respiratory function, the functional mitochondrial genome 

copy number needs to reach or exceed a minimal threshold (DiMauro & Schon, 2003; 

Santra et al, 2004). Therefore, repopulating the genomes in mouse cells is necessary and 

the genome has to be actively and efficiently replicated.   

We first examined the replication of mouse mitochondrial genomes carried in 

YAM in mouse cells. The first series of experiments were done using mouse embryos for 

the artificial cytoplast fusion procedure and with isolated YAM carrying engineered, 

deleted mouse mitochondrial genomes. We found that a slow growing clone, B4, 

contained engineered mouse mitochondrial genomes by deletion junction nested PCR 

assays. Sequence analysis of the subclones confirmed the presence of the unique 

sequences and the modified XhoI sites in the final nested PCR product as shown in 

Figure 20. This is strong evidence showing that the deleted genomes were originally from 

the YAM strain, and the genomes were able to replicate and repopulate in mouse cells. 

We followed the engineered mouse mitochondrial genomes in cells growing in rho0 

medium (where the mitochondrial function is not required for growth) until the genome 

levels reduced to levels that were undetectable by the deletion junction nested PCR assay. 
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The engineered mouse mitochondrial genomes were maintained in the cells for almost 

three months.  

The two sequenced subclones might contain significant amounts of engineered 

mouse mitochondrial genomes according to the robust PCR signals. However, we did not 

obtain any positive cell clone in the subsequent 96-well single cell culture.  It could be 

that those cells contained high amounts of engineered mouse mitochondrial genomes did 

not survive from the single-cell culture. It is also possible that the engineered mouse 

mitochondrial genomes were selectively degraded because they might disrupt the 

mitochondrial function even though the growth medium does not require mitochondrial 

function. It has been shown that damaged mitochondria were selectively degraded in cells 

as a protection mechanism to prevent the cells from severe respiratory deficiency (Kim et 

al, 2007; Twig et al, 2008).  

We also concluded that the high wild-type mouse mitochondrial genome 

background brought from the mouse embryos to the cells was a major issue that affected 

the efficient replication of the engineered mitochondrial genomes. To remove this 

background, we used rat oocytes to generate cytoplasts. Moreover, YAM carrying wild-

type, full mouse mitochondrial genomes were used to rule out any replication defect due 

to the deletions in the engineered mouse mitochondrial genomes. In addition, the 

hypothesis that YAM-rat mitochondrial fusion intermediates could facilitate the fusion to 

endogenous mouse mitochondria was also tested. Cross-species mitochondrial fusion has 

been shown to be highly active between mouse and human in PEG-fused hybrid cells 

(Yoon et al, 2007). It is possible that species with closer relationships in the evolution 

might be more active in cross-species mitochondrial fusion.  

Both physical and chemical approaches of generating YAM-rat mitochondrial 

intermediates were conducted. We detected mouse mitochondrial genomes in two of the 

clones obtained one month after cytoplast fusion, but lost the signals 20-27 days after 

switching to rho+ medium (requires mitochondrial function). The observation was in 

opposite to our hypothesis that rho+ medium could induce the replication of mouse 

mitochondrial genomes to provide mitochondrial function for cells to survive. We thus 

concluded that the YAM might not be optimal for mouse mitochondrial genome 
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replication in mouse cells. Different approaches were taken to modify YAM with 

improvement in three aspects: respiratory function, replication initiation and 

mitochondrial fusion.  Unfortunately, none of the modifications showed promising 

improvement in maintaining or in replicating mouse mitochondrial genomes in YAM in 

cells in long term culture. 

Interestingly, the rat mitochondrial genomes were maintained well in the cells we 

examined. Rat mtDNA can replicate in mouse cells in the absence of mouse 

mitochondrial genomes (Yamaoka et al, 2000); however, limited replication of rat 

mitochondrial genomes in the presence of mouse mitochondrial genome was observed 

(Yamaoka et al, 2001). Our experiment of introducing isolated rho+ mouse mitochondria 

into rho0 mouse cells using rat oocytes in the procedure showed similar results. Rat 

mitochondria genomes were removed from mouse cells in the presence of mouse 

mitochondrial genomes within 30 days. We also concluded that the removal process does 

not require mitochondrial function as the cells were cultured in rho0 medium where the 

mitochondrial function is not required. In the studies of YAM transferring into mouse 

cells, nuclear and mitochondrial genome interactions (Dey et al, 2000; Ryan & 

Hoogenraad, 2007) might contribute to the outcome of well maintained rat mitochondrial 

genomes in mouse cells. Generally, rho+ cells grow better than rho0 cells in rho0 culture 

medium although the medium does not require mitochondrial function, suggesting 

functional mitochondrial can provide growth advantages to cells. In the presence of a 

high amount of rat mitochondrial genomes, rat mitochondrial genomes provide at least 

partial mitochondrial function in mouse cells (Dey et al, 2000; Yamaoka et al, 2000) so 

that cells can grow better, especially when our results suggest that the replication of wild-

type mouse mitochondrial genomes in YAM in mouse cells is not very efficient, at least 

initially, and do not provide a  growth selection advantage over cells with fully functional 

rat mitochondrial genomes. Consequently, the low levels of mouse mitochondrial 

genomes may be lost from the mouse cells. 

If this hypothesis is true, the next question is why the maintenance and the 

replication of YAM mouse mitochondrial genomes did not occur in mouse cells. There 

are several possibilities. First of all, the failure to maintain or replicate mouse 
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mitochondrial genomes might be due to the removal of YAM from the mouse cells by 

mitophagy. Mitophagy is a cell defense mechanism in which damaged mitochondria are 

degraded before causing irreversible damage to cells (Kim et al, 2007; Twig et al, 2008). 

Because YAM were not functional when introduced into mouse cells, it is possible that 

the cells recognized YAM as damaged mitochondria and degraded the YAM by 

mitophagy. This hypothesis is supported by the fact that most of the cell clones did not 

contain mouse mitochondrial genomes carried in YAM after cytoplast fusion. Blocking 

mitophagy in recipient cells before introducing YAM might be able to help YAM survive 

and replicate in cells. 

Second of all, the inefficient replication of mouse mitochondrial genomes might 

be due to the lack of mouse proteins essential for replication in YAM. We found the 

transferred mouse mitochondrial genomes in some of the cell clones growing in rho0 or 

rho+ medium over one month, suggesting the mouse mitochondrial genomes were 

replicating in these cells; however, the replication was not efficient as we did not observe 

significantly increase in the mouse mitochondrial genome levels in these cells. After 

being introduced into mouse cells, the replication of mouse mitochondrial genomes in 

YAM relies mainly on the mouse proteins from the mouse cells. There are two possible 

pathways for mouse proteins to be transport into YAM in mouse cells. One is through 

cross-species mitochondrial fusion, and another is by being imported into YAM via TOM 

and TIM pathway (Dolezal et al, 2006). It is possible that the cross-species mitochondrial 

fusion between YAM and endogenous mouse mitochondria were not efficient, and/or the 

protein import system was not coordinated between mouse proteins and the TOM and 

TIM complexes on YAM membrane. 

In order to improve cross-species mitochondrial fusion, we decorated YAM 

membranes with mouse fusion protein MFN1 and OPA1 (Chan, 2006; Chen et al, 2003; 

Song et al, 2007). The result did not show significant increase in the genome levels 

suggesting decorating YAM with MFN1 and OPA1 might not be enough. We might need 

to express other mouse proteins involved in mitochondrial fusion in YAM strains as well. 

For example, there are evidences shown that MFN2 plays important role in engaging ER 

to mitochondria and is important for mitochondrial fusion (Chen et al, 2003; de Brito & 
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Scorrano, 2008; Merkwirth & Langer, 2008). In addition, expressing yeast fusion 

proteins in recipient mouse cells might help cross-species mitochondrial fusion as well. 

We have generated mouse cell lines that express all the three yeast fusion proteins, 

Mgm1p, Fzo1p and Ugo1p (Hermann et al, 1998; Sesaki & Jensen, 2001; Wong et al, 

2000). We will use this cell line as the recipient cells for cytoplast fusion and test if the 

cross-species mitochondrial fusion is enhanced in this cell line and further improves 

mouse mitochondrial genome replication in YAM in mouse cells. 

It is still not clear if mouse proteins can be imported into YAM in mouse cells. 

We designed a T7 RNA polymerase (Tabor & Richardson, 1985) assay to answer this 

question. The transcription from the T7 promoter constructed in a plasmid carried in 

YAM can only be initiated in the presence of T7 RNA polymerase made in mouse cells. 

In other words, only the T7 RNA polymerase imported into YAM can drive the 

transcription from the T7 promoter. By using this assay, we can analyze if there is active 

import of mouse proteins into YAM in mouse cells.  Our results are not conclusive at this 

point and further studies are needed to conclude if mouse proteins can be imported into 

YAM to support mouse mitochondrial genome replication.  

Third of all, the loss of mitochondrial genomes from mouse cells might be due to 

the titration effect. The mouse recipient cells, LL/2, are quickly dividing cell line that has 

doubling time of 21 hours (Bertram & Janik, 1980). After fusing to rat cytoplasts, most of 

the cell clone remained fast dividing. The quickly dividing property of LL/2 cells could 

titrate out the mouse mitochondrial genomes especially when replication is not efficient, 

and consequently, the copy number of mouse mitochondrial genomes would be reduced 

to below the assay sensitivity.  

Fourth of all, the lack of proper nucleoid structure of mouse mitochondrial 

genomes might not support efficient replication of the genomes in mouse cells. 

Mitochondrial genomes are not freely flowing in the mitochondrial matrix but are 

associated with many proteins to form nucleoid structure that is associated with the inner 

membrane of mitochondria (Falkenberg et al, 2007; Garrido et al, 2003; Malka et al, 

2006). The core proteins for mitochondrial genome replication are associated with or are 

part of the nucleoids (Malka et al, 2006; Wang & Bogenhagen, 2006). It is very likely 
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that mammalian mitochondria recognize nucleoids rather than the mitochondrial genomes 

as the replication units. TFAM is the key component for mouse nucleoid structure and is 

also essential for mouse mtDNA replication, transcription and maintenance (Clayton, 

1991; Ekstrand et al, 2004). However, TFAM itself might not be sufficient to initiate 

mouse mitochondrial genome replication in YAM in mouse cells. TWINKLE, the mouse 

mitochondrial helicase, is also required for mouse mitochondrial genome replication 

(Falkenberg et al, 2007). In vitro studies showed that TWINKLE and mitochondrial DNA 

polymerase, POLG, are the minimal replication apparatus to drive double-strand DNA 

replication (Korhonen et al, 2004). Moreover, the protein level of TWINKLE is 

correlated to the level of mouse mitochondrial genomes (Ylikallio et al, 2010). The co-

presence of TFAM, TWINKLE and POLG might be critical for efficient mouse 

mitochondrial genome replication in YAM in mouse cells. We will test this hypothesis by 

using a TFAM and TWINKLE overexpression cell line as the recipient cells for cytoplast 

fusion.
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Figure 20. Sequence analysis of the nested PCR product from a mouse cell clone (8D) 

containing the engineered mouse mitochondrial genomes carried in YAM. (a) 96-well 

nested PCR result. M: 1kb plus DNA ladder. (b) Sequence result. The modified XhoI site 

(CTCGAGCCCGAG) is labeled in red. The shadow/italic sequences are the partial 

ND6 gene in the mouse mitochondrial genome. The reverse primer sequences used in the 

second round of the nested PCR assay are underlined.    



 

 84 

 

 

 

Figure 21. Inefficient replication of mouse mitochondrial genomes carried in YAM in 

mouse cells. (a) Species-specific mtDNA PCR results of cells growing in rho0 medium 

one month after cytoplast fusion. M: 1kb plus DNA ladder; A2, A3, B1 and B2: 

cytoplast-fused cell clones; C-: water control; C+: genomic DNA from mouse or rat rho+ 

cells. (b) Species-specific mtDNA PCR results of cells from (a) growing in rho+ medium 

for 10 days. (c) Species-specific mtDNA PCR results of cells from (a) growing in rho+ 

medium for 20 days. Mouse mtDNA genomes (arrow) were gradually lost from these 

clones during culture. High amounts of rat mtDNA genomes were detected in the same 

mouse cells assayed (The pictures were edited to remove unrelated lanes from the original pictures 

without changing the content of the lanes shown in Figure 21).



 

 85 

Chapter 6 

 

MODULATING MITOCHONDRIAL HETEROPLASMY BY 

MITOCHONDRIAL-TARGETING OF XHOI 

ENDONUCLEASE 
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In chapter 5, we studied the replication of mouse mitochondrial genomes in YAM 

in mouse cells. We found that the genome replication was not efficient enough for mouse 

cells to maintain the genomes in long term culture. We also observed a high amount of 

rat mitochondrial genomes maintained in the same mouse cells, suggesting preferential 

replication of rat mitochondrial genomes in these cells. We reasoned that it probably was 

because rat mitochondrial genomes can provide a growth advantage to the mouse cells in 

the absence of functional mouse mitochondrial genomes (Dey et al, 2000; Yamaoka et al, 

2000). Therefore, the inefficient replication of mouse mitochondrial genomes in 

YAM in mouse cells could be in part the consequence of selective replication of rat 

mitochondrial genomes. In other words, if there were less or no rat mitochondrial 

genomes, the mouse mitochondrial genomes carried in YAM may replicate more 

efficiently in mouse cells. 

 In order to test this hypothesis, rat mitochondrial genomes need to be selectively 

removed from mouse cells. The ratio of rat and mouse mitochondrial genomes, the 

heteroplasmic state, needs to be shifted towards low percentages of rat mitochondrial 

genomes in mouse cells. Mitochondrial-targeted EcoRI and SmaI have been shown to 

cleavage specific mitochondrial sequences in mammalian cells (Kukat et al, 2008; 

Tanaka et al, 2002). The cleaved mitochondrial genomes were subjected to degradation. 

This strategy, heteroplasmic shifting, was also proposed as a treatment for mitochondrial 

diseases (Bacman et al, 2007; Bayona-Bafaluy et al, 2005; Schon et al, 2010; Tanaka et 

al, 2002). Although mitochondrial gene sequences and gene functions are highly 

conserved in mammals (Clayton, 1991), unique restriction sites are present in 

mitochondrial genomes in different species (Hayashi et al, 1983; Lansman et al, 1981; 

Yamaoka et al, 2000). Moreover, single nucleotide polymorphism also generates unique 

restriction sites among the same species (Cann et al, 1984). For example, Sprague 

Dawley rat mitochondrial genome has one XhoI site that does not exist in the 

mitochondrial genomes in rat YB2/O cells (Figure 22a). Thus, mouse cells containing 

both rat mitochondrial genomes can be used as a model system to test if mitochondrial-

targeting of XhoI endonuclease can modulate the heteroplasmic state of rat mitochondrial 

genomes in mouse cells. 
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In this chapter, I describe the generation of the model mouse cell lines that carry 

heteroplamic rat mitochondrial genomes using artificial cytoplast fusion method. In the 

second part of the chapter, I discuss how the rat mitochondrial genome heteroplasmic 

state was modulated using mitochondrial-targeted XhoI endonuclease. The overview of 

the experimental design is illustrated in Figure 22. 

 

Generation of artificial heteroplasmic mouse cells carrying rat 

mitochondrial genomes 

In order to test if rat mitochondrial genomes can be selectively removed from 

mouse cells, we generated several mouse cell lines that carry rat mitochondrial genomes 

from two different origins, Sprague Dawley (SD) rat oocytes and YB2/O cell line, by 

artificial cytoplast fusion. SD mitochondrial genomes contain an XhoI site (CTCGAG) 

but this site does not exist in YB2/O mitochondrial genomes (CCCGAG) (Figure 23a). 

Mitochondria were isolated from rat YB2/O cells and microinjected into SD rat oocytes. 

Cytoplasts were generated and fused to mouse LL/2 rho0 cells transiently transfected 

with an XhoI endonuclease expression plasmid, pcDNA6-TfamL-GFP-linker-XhoI-8, 

two days before cytoplast fusion. pcDNA6-TfamL-GFP-linker-XhoI-8 expresses 

mitochondrial-targeted XhoI endonuclease with GFP fused in frame to the amino-

terminal end. We placed an 18-nucleotide linker sequences (TCGGGCGGAGGTGGCTC 

T) in between the GFP and the XhoI endonuclease coding sequences that translates six 

amino acids (SGGGS). This linker peptide is flexible in conformation so that the two 

fused proteins do not affect each other (Argos, 1990; Hynes et al, 2004). We used the 

same GFP-linker strategy for mitochondrial-targeted neomycin phosphotransferase 

(NeoR) and hygromycin-B-phosphotransferase (HygR) and showed that the fusion 

proteins correctly targeted to mouse mitochondria and the proteins were functional (Yoon 

& Koob, 2008). 

Only cells with strong mitochondrial-GFP expression were used in cytoplast 

fusion. We obtained three clones of mouse cells carrying only rat mitochondrial genomes. 

We first checked if any of the cell clones were heteroplasmic and contained both SD and 
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YB2/O mitochondrial genomes by an XhoI digestion assay. The region of rat 

mitochondrial genomes that contains the XhoI site was PCR amplified and the PCR 

products were subjected to XhoI endonuclease digestion for three to four hours at 37°C. 

XhoI endonuclease-digested PCR products amplified from SD and YB2/O genomic DNA 

were used as the “cut” and “uncut” marker. As shown in Figure 23b, clone GX-YB-1 

generated both cut and uncut products after a four-hour XhoI endonuclease digestion, 

indicating that the cells were heteroplasmic and contained both mitochondrial genomes. 

This clone of cells also contained more YB2/O mitochondrial genomes than the other two 

clones according to the intensities of the uncut PCR products. We chose clone GX-YB-1 

as the model cell line to examine the effect of mitochondrial-targeted XhoI expression on 

the level of rat mitochondrial genome heteroplasmy.  

 

Modulating rat mitochondrial genome heteroplasmy using 

mitochondrial-targeting of XhoI endonuclease in mouse cells 

Cells from clone GX-YB-1 was transiently transfected with two different XhoI 

endonuclease expression plasmids, pcDNA6-TfamL-GFP-linker-XhoI-8 or pcDNA6-

TfamL-XhoI-2. pcDNA6-TfamL-XhoI-2 encodes mitochondrial-targeted XhoI 

endonuclease; however, about 900 base pairs of pcDNA6 vector (Invitrogen) backbone 

sequence were deleted from the construct, including the polyadenylation site for the XhoI 

endonuclease gene. This construct was co-transfected with pEGFP-C2-LTAgNLS that 

expresses nuclear-targeted GFP as the sorting marker. 

The day after transfection, cells were washed and sorted by GFP signals using 

micromanipulators. Thirty to fifty cells with either mitochondrial-GFP or nuclear-GFP 

were sorted and single-cell cultured in 96-well plates in rho0 medium (does not require 

mitochondrial function). Most of the cells from pcDNA6-TfamL-GFP-linker-XhoI-8 

transfection died in the 96-well plate and only one clone, (GX)
2
-YB-1-1, was obtained 

from this experiment. Six clones were obtained from pcDNA6-TfamL-XhoI-2 

transfection (GX
2
-YB-1-1~1-6). Samples of cells were taken from each well when a 

colony was formed and the total DNA was extracted for a rat XhoI assay PCR. The PCR 
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products were subjected to XhoI or EcoRI digestion to analyze the heteroplasmic state 

(Note: an EcoRI site is present about 20 nt from the XhoI site in the SD genome, but an 

EcoRI site is not present in the corresponding sequence of the YB2/O genome; see Figure 

22.)  

Interestingly, two of the GX
2
-YB clones, 1-3 and 1-4, contained higher levels of 

YB2/O mitochondrial genomes comparing to the original clone, GX-YB-1 (Figure 23b 

and Figure 24a, lane 2 and 3). The result was confirmed by an EcoRI digestion (Figure 

24a, bottom panel), which generated the same digestion pattern as XhoI digestion (Figure 

24a, top panel). The increase in proportion of the uncut genomes was not due to the 

incomplete digestion of XhoI or EcoRI as the majority of the mitochondrial genomes 

from clone GX
2
-YB-1-5 (Figure 23a, lane 4) and from the cut-control SD (Figure 24a, 

lane 6) were digested. The size of the uncut fragments is consistent with the uncut-control 

YB2/O (Figure 24a. lane 5). These results suggest that the mitochondrial-targeted XhoI 

endonuclease linearized the SD rat mitochondrial genomes at the XhoI site and caused 

the degradation of the genomes. The YB2/O mitochondrial genomes remained intact and 

served as the template for replication. Consequently, the levels of SD rat mitochondrial 

genomes decreased and the levels of YB2/O increased in these cell clones. We did not 

observe the same changes in mitochondrial genome levels in clone GX
2
-YB-1-1, 1-2 and 

1-5. The original cells for these three clones might not have been transfected with the 

TfamL-XhoI expression plasmid because we used the nuclear-GFP as the sorting marker, 

which was expressed from the co-transfected plasmid pEGFP-C2-LTAgNLS.  

The SD rat mitochondrial genomes were not completely removed from GX
2
-YB-

1-3 and 1-4 cells at this point. We repeated the co- transfection step to the GX
2
-YB-1-3 

cells with pcDNA6-TfamL-XhoI-2 and obtained two clones, GX
3
-YB-3-1 and 3-2. The 

XhoI and EcoRI digestion assays both showed an increased level of YB/2O mtDNA 

genomes in these cells (Figure 24b, lane 4 and 5). Compared to the digestion pattern of 

GX-YB-1 cells that have been cultured in rho0 medium since cytoplast fusion (Figure 

24b, lane 3), a significant shift of the YB2/O mtDNA genome levels was observed in 

clone GX
3
-YB-3-1 and 3-2 as shown in the figure. Both clones contained very low levels 
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of SD mtDNA genomes after the second round of transiently expressing mitochondrial-

targeted XhoI endonuclease.  

The removal of the mtDNA genomes apparently relies on the activity of the 

mitochondrial-targeted XhoI and the expression duration after transient transfection. 

pcDNA6-TfamL-XhoI-2 has a deletion downstream to the XhoI coding sequence 

including the polyadenylation site. Because the poly(A)-tail is important for mRNA 

stability and translation (Millevoi & Vagner, 2010),  lower expression of XhoI would be 

expected in cells transfected with this plasmid. The advantage of using this deleted 

expression construct is that we will have the ability to fine tune the expression of the 

mitochondrial-targeted XhoI endonuclease in cells. 

In addition, we repeated the transient transfection experiment with another 

heteroplasmic cell line, GX-YB-2 and obtained one clone from pcDNA6-TfamL-GFP-

linker-XhoI-8 transfection. In that clone, the heteroplasmic state was shifted to almost 

100% homoplasmy of YB2/O mtDNA genomes after transiently expressing 

mitochondrial-targeted GFP-XhoI endonuclease (Figure 25). Interestingly, the cell clones 

containing high percentages of YB2/O mtDNA genomes had slow growth rates and 

enlarged cell sizes. These could be the phenotypes associated with the incompatible 

mitochondrial genomes the mouse cells carried.  

In conclusion, by using the artificial cytoplast cell fusion method, we generated 

artificial heteroplasmic mouse cell lines that carry rat mitochondrial genomes from two 

origins: SD rat oocytes and isolated YB2/O mitochondria. Transient expression of 

mitochondrial-targeted XhoI endonuclease in those heteroplasmic cell lines changed the 

ratio of the rat mitochondrial genomes. A decrease in SD mitochondrial genomes and an 

increase in YB2/O mitochondrial genomes were observed. Our results strongly support 

that the SD mitochondrial genomes were selectively removed from the mouse cells by 

mitochondrial-targeted XhoI endonuclease. 

 

Discussion 

Mouse mitochondrial genomes carried in YAM did not replicate efficiently 

enough for mouse cells to maintain the genomes in long term culture. We hypothesized 
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that the rat mitochondrial genomes were able to provide growth advantages to the mouse 

cells (Dey et al, 2000; Yamaoka et al, 2000). In other words, there was a replication 

competition between the mouse mitochondrial genomes in YAM and the rat 

mitochondrial genomes. We further hypothesized that if the rat mitochondrial genomes 

were removed from the mouse cells, the mouse mitochondrial genomes carried in YAM 

could have more chances to replicate and repopulate the cells. Finally, we hypothesized 

that a restriction endonuclease targeted to the mitochondrial matrix could selectively 

remove the rat mtDNA genome. In this chapter, we tested this hypothesis by expressing 

mitochondrial-targeted XhoI endonuclease in mouse cells that can selectively cleave rat 

mitochondrial genomes from Sprague Dawley (SD) rat without damaging the 

mitochondrial genome from rat YB2/O cells. 

We first generated artificial heteroplamic mouse cell lines that carry both SD and 

YB/2O mitochondrial genomes (Figure 23b) in order to testing our hypothesis. In these 

heteroplasmic mouse cells, the majority of the mitochondrial genomes were originally 

from SD rat oocytes, and the minority of the mitochondrial genomes were from the 

injected YB2/O rat mitochondria. This condition mimics what would be seen in mouse 

cells carried YAM since the mouse mitochondrial genomes carried in YAM only 

accounted for a small portion in the mtDNA population in mouse cells after cytoplast 

fusion. Both SD and YB2/O mitochondrial genomes were present in clone GX-YB-1 four 

weeks after the first XhoI digestion assay (Figure 24b, lane3), indicating that the mouse 

cells can maintain both rat mitochondrial genomes in the absence of mouse mitochondrial 

genomes. This also implies that there was an active replication of both rat mitochondrial 

genomes in these mouse cells. We do not think that the mouse cells have any preference 

for replicating one genome over another because the ratio of SD to YB2/O mitochondrial 

genomes shown in Figure 24b (lane 3) is similar to the ratio shown in the Figure 23b 

(lane 1). Therefore, these artificial heteroplasmic mouse cells can be a good model 

system to test if we could modulate the heteroplasmic state by removing the SD 

mitochondrial genomes from the mouse cells and switch the mouse cells to be a more 

suitable environment for replicating mouse mitochondrial genomes carried in YAM. 
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A non-biased PCR reaction was used to amplify the rat mitochondrial genome 

region containing the XhoI site. There are eight polymorphism sites in this region but 

none of them locate at the primer priming sites so that the primers used should have no 

preference between SD and YB2/O mitochondrial genomes. Thus, the ratio of SD to 

YB2/O fragments in the PCR product can reflect the ratio of SD to YB2/O mitochondrial 

genomes in the mouse cells. 

We observed a significant increase in the levels of YB2/O mitochondrial genomes 

in mouse cells expressing mitochondrial-targeted XhoI endonuclease from pcDNA6-

TfamL-XhoI-2 plasmid (Figure 24b). This is strong evidence to support our hypothesis 

that the mouse mitochondrial genomes carried in YAM might replicate more efficiently if 

SD rat mitochondrial genomes could be removed from the mouse cells. The mouse 

mitochondrial genomes we used for cloning in E.coli contain one XhoI site, and this site 

is mutated in our engineered mouse mitochondrial genomes (CTCGGG) without 

changing the amino acid sequences. Similar to YB2/O mitochondrial genomes, this 

modification protects the engineered mouse mitochondrial genomes from XhoI 

endonuclease cleavage. Once introduced into mouse cells, the mitochondrial-targeted 

XhoI endonuclease would digest SD mitochondrial genomes and leave the engineered 

mouse mitochondrial genomes intact in YAM. Eventually the mouse mitochondrial 

genomes would become the dominant and the only mitochondrial genome species in 

mouse cells. Without replication competition, the mouse mitochondrial genomes might 

replicate more efficiently and repopulate the mitochondria in mouse cells.  

As discussed in Chapter 5, the inefficient replication of mouse mitochondrial 

genomes in YAM in mouse cells could be due to the lack of proper mammalian mtDNA 

nucleoid structures in YAM. If the mouse mitochondrial genomes could be brought to 

already established rat mitochondrial genome nucleoid architecture, mouse mitochondrial 

genomes might replicate more efficiently and provide mitochondrial function. 

Eventually, the mouse cells would preferentially replicate mouse mitochondrial genomes 

over rat mitochondrial genomes because of the nuclear-mitochondrial compatibility (Dey 

et al, 2000; Kenyon & Moraes, 1997; Yamaoka et al, 2000).  
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Several lines of evidence support the idea that double-strand break-involved, 

recombination-mediated mtDNA repair mechanisms exist in both human and mouse 

mitochondria (Bacman et al, 2009; D'Aurelio et al, 2004; Kraytsberg et al, 2004; 

Pohjoismaki et al, 2009; Srivastava & Moraes, 2005; Thyagarajan et al, 1996). In yeast, 

the rolling cycle mtDNA replication is initiated with double-strand breaks, followed by 

MHR protein mediated single-strand DNA pairing to the homologous sequences in 

circular double-strand DNA (Ling et al, 2007; Ling & Shibata, 2002; Solieri, 2010). 

Because the XhoI site locates at different locations in the rat and mouse mitochondrial 

genomes, upon the mitochondrial-targeted XhoI endonuclease cleaving rat mitochondrial 

genomes, MHR protein could pair the single-stranded ends of rat mitochondrial genomes 

to the intact, homologous region in the mouse mitochondrial genomes for repair. 

Consequently, the mouse mitochondrial genomes would be incorporated into the rat 

mtDNA nucleoid architecture and the replication of mouse mitochondrial genomes might 

be promoted. We will address this possibility using MHR-expressing mouse cell lines in 

the future. 
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Figure 22. Overview of the experimental design for selective elimination of SD rat 

mtDNA genomes from mouse cells. Mouse rho0 cells were transfected with pcDNA6-

TfamL-GFP-linker-XhoI-8 two days before fusing to cytoplasts carrying rat mitochondria 

genomes from injected YB2/O mitochondria and from SD oocytes. An XhoI assay PCR 

and XhoI digestion assay were used to screen heteroplasmic cell lines carrying both 

mtDNA genomes. The heteroplasmic cells were transfected with two different XhoI 

endonuclease expression plasmids to modulate the heteroplasmic state in the mouse cells. 
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Figure 23. XhoI digestion assay. (a) The sequences of rat mitochondrial genome region 

containing the XhoI and the EcoRI site. The XhoI site and the EcoRI site near this site 

that are present in SD rat mtDNA genomes do not exist in YB2/O mtDNA genomes. (b) 

Analysis of the heteroplasmic state by XhoI digestion. M: 1kb plus DNA ladder; 1: 

mouse artificial heteroplasmic clone GX-YB-1; 2: YB2/O; 3: SD. The PCR products 

were digested with XhoI endonuclease at 37°C for 4 hours. The top band represents the 

uncut PCR products amplified from YB2/0 mtDNA genomes and the other two bands 

represent cut PCR products amplified from SD mtDNA genomes. The weak top band in 

lane 3 was from incomplete digestion of the PCR products amplified from SD mtDNA 

genomes. 
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Figure 24. Selective elimination of the SD rat mtDNA genomes from the heteroplasmic 

clone GX-YB-1. Clone GX-YB-1 was sequentially transfected with pcDNA6-TfamL-

XhoI-2. Total DNA was extracted from cell clones obtained from the first round (GX
2
-

YB, shown in panel a) and the second round (GX
3
-YB, shown in panel b) of transfection 

and analyzed by an XhoI assay PCR. The PCR products were subjected to XhoI or EcoRI 

endonuclease digestion. The top band represents the uncut PCR products amplified from 

YB2/O mtDNA genomes and the other two bands represent cut PCR products amplified 

from SD mtDNA genomes. The heteroplasmic state was shifted towards low SD and high 

YB2/O mtDNA genomes after two rounds of transiently expressing mitochondrial-

targeted XhoI endonuclease. (a) M: 1 kb plus DNA ladder; 1: GX
2
-YB-1-3; 2: GX

2
-YB-

1-4; 3: GX
2
-YB-1-5; 4: YB2/O; 5: SD. (b) M: 1 kb plus DNA ladder; 1: SD; 2: YB2/O; 

3: GX-YB-1; 4: GX
3
-YB-3-1; 5: GX

3
-YB-3-2. Top panel: XhoI digestion; bottom panel: 

EcoRI digestion. 
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Figure 25. Selective elimination of the SD rat mtDNA genomes from the heteroplasmic 

clone GX-YB-2. Clone GX-YB-2 (lane 3) was transfected with pcDNA6-TfamL-GFP-

linker-XhoI-8. Total DNA was extracted from a cell clone (lane 4) obtained and analyzed 

by an XhoI assay PCR. The PCR products were subjected to XhoI or EcoRI 

endonuclease digestion. The top band represents the uncut PCR products amplified from 

YB2/O mtDNA genomes and the other two bands represent cut PCR products amplified 

from SD mtDNA genomes. The heteroplasmic state was shifted to almost 100% of 

YB2/O mtDNA genomes in the cells after transiently expressing mitochondrial-targeted 

GFP-XhoI endonuclease. M: 1 kb plus DNA ladder; 1: SD; 2: YB2/O; 3: GX-YB-2; 4: 

(GX)
2
-YB-2-2. Top panel: XhoI digestion; bottom panel: EcoRI digestion. 
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Chapter 7 

 

ALTERNATIVE APPROACHES FOR INTRODUCING 

ENGINEERED MOUSE MITOCHONDRIAL GENOMES 

INTO MOUSE TISSUE CULTURE CELLS 
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While working on improving YAM properties, we also tested two alternative 

approaches without using yeast mitochondria/YAM in the procedure. The first alternative 

approach is using bacterial conjugation to deliver engineered mouse mitochondrial 

genomes into isolated gerbil mitochondria. The second approach is using electroporation 

to introduce engineered mouse mitochondrial genomes into isolated gerbil mitochondria. 

The experimental details are described in the following two sections. 

 

Alternative approach 1: bacterial conjugation 

We have demonstrated that bacterial conjugation can be used to deliver DNA into 

isolated mouse mitochondria (Yoon & Koob, 2005). In order to improve conjugation 

efficiency for delivering the engineered mouse mitochondrial genomes, we constructed a 

self-conjugation plasmid that contains all the genes required for conjugation from 

pRK2013 (Figurski & Helinski, 1979), the full mouse mitochondrial genome flanked 

with repeated sequences for recombination, a bacterial replication origin (γ-ori), an 

antibiotics resistant gene as the selection marker and the pirwt gene whose product is 

essential for γ-ori replication at low copy numbers in E.coli (Yoon & Koob, 2003).  

Control bacteria-bacteria conjugation experiments showed that the conjugation 

efficiency is almost 100% using the E.coli donor strain carry the self-conjugating 

plasmid. We then performed mitochondrial conjugation using gerbil mitochondria as the 

recipient. We chose gerbil mitochondria as the recipient because the cytoplasts generated 

from gerbil embryos gave zero mtDNA background 10 days after fusing to mouse cells 

(see chapter 3, Figure 13). Three hours after conjugating at 37°C, the recipient 

mitochondria were washed and incubated in ampicillin-containing medium for one hour 

to eliminate the remaining bacteria, followed by DNase I digestion to removed DNA 

contaminants. The mitochondria were cleaned using mini-sucrose gradients and injected 

into rat oocytes for generating cytoplasts for fusing to mouse tissue culture cells (Figure 

26a).  

The survival rate of cells fused to rat cytoplasts containing conjugated gerbil 

mitochondria was 40-50%, which is lower than the other methods (YAM injection and 

electroporation). It could be due to the long procedure of conjugation in which the 
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mitochondria were placed at high temperature (37°C) for most of the time rather than on 

ice. There might be some damages to the mitochondria during the procedure that the 

mitochondria became toxic to the cells after fusion, and consequently caused cell death. 

We obtained one clone, CJ3, that contained a detectable level of engineered 

mouse mitochondrial genomes by mouse mtDNA D-loop PCR assay two weeks after 

cytoplast fusion (Figure 26b); however, we were unable to reproduce the result after 

growing this clone for three more days. When we performed the same assay three weeks 

after cytoplast fusion, the genomes were again detectable but the signal was very weak. 

In order to screen cells that might carry high amount of engineered mouse mitochondrial 

genomes in the cell pool, we group cultured of cells from clone CJ3 in a 96-well plate for 

one week and performed the D-loop PCR assay. Unfortunately, we did not obtain any cell 

clone containing detectable engineered mouse mitochondrial genomes at this stage.   

These results suggest that the genomes were maintained in the mouse cells but the 

level was very low. After several generations, the genomes were titrated out in the 

population and unable to be detected by the D-loop PCR assay. This result could be due 

to inefficient mitochondrial genome replication. At this point, we do not know the 

integrity of the conjugated plasmid in gerbil mitochondria: whether the plasmid has been 

transferred into the gerbil mitochondria completely or partially? We also have no 

information about the structure of the plasmid in gerbil mitochondrial in mouse cells: 

whether the mouse mitochondrial genomes have been recovered by resolving from the 

self-conjugated plasmids by homologous recombination? There are several important 

questions that remain to be answered in order to conclude if bacterial conjugation can be 

applied as an efficient method to deliver engineered mouse mitochondrial genomes into 

mouse cells. We will address these questions in the future. 

 

Alternative approach 2: electroporation 

Although electroporation has been used for introducing exogenous DNA into 

mammalian mitochondria, this work was done with isolated mitochondria (Collombet et 

al, 1997; Yoon & Koob, 2003). It is important to verify the biological activity of DNA 

imported and also the functional integrity of electroporated mitochondria in cells. Direct 
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delivery of a large quantity of isolated mitochondria into mammalian cells was not 

possible until the artificial cytoplast delivering method was developed. With this tool, it 

is now possible to analyze whether electroporated mitochondria can efficiently bring 

mouse mitochondrial genomes into mouse tissue culture cells and whether the mouse 

mitochondrial genomes remain functional. 

The protocol we used for electroporating mammalian mitochondria has been 

shown to successfully deliver circular double stranded DNA into isolated mouse 

mitochondria. The function of the electroporated mitochondria and delivered DNA were 

both preserved during the procedure according to the active transcription from the 

electroporated DNA by an in organello RNA transcription assay (Yoon & Koob, 2003). 

In this alternative approach, full wild-type mouse mitochondrial genomes isolated from 

MCC109rho-Tfam2-3B/FullmusmtDNA strain #3-1 were electroporated into isolated 

gerbil mitochondria. After DNase I treatment to remove DNA contamination, the 

electroporated mitochondria were injected into rat oocytes, cytoplasts were generated and 

fused to LL/2 rho0 cells (Figure 27a). 

We did not observe the same severe lethal effect of manipulated gerbil 

mitochondria to the recipient cells as shown in alternative approach I. More than 65% of 

the cells survived after cytoplast fusion and were able to form colonies for PCR assays. 

We found four of the clones containing electroporated mouse mitochondrial genomes by 

D-loop PCR assays 1-2 weeks after cytoplast fusion (Figure 27b). Similarly to what we 

observed in the alternative approach 1, the mouse mitochondrial genomes were quickly 

reduced to undetectable levels in two of the clones 3-7 days after the first PCR assay. We 

were able to follow the mouse mitochondrial genomes in clone 6 until day 20. However, 

when we group cultured cells from clone 6 in a 96-well plate, none of the subclones 

contained detectable amount of mouse mitochondrial genomes at day 27. These results 

suggest that the electroporated mouse mitochondrial genomes did not replicate well in the 

gerbil mitochondria in mouse cells. We also tested different engineered mouse 

mitochondrial genomes with isolated rat mitochondria but the results were no different. 

With these observations, we conclude that this alternative approach, combining 
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electroporation and cytoplast cell fusion method, might not be optimal for delivering 

engineered mouse mitochondrial genomes into mouse tissue culture cells.  

 

Discussion 

We have demonstrated that bacterial conjugation can deliver DNA into isolated 

mouse mitochondria and transcription from the delivered DNA was observed (Yoon & 

Koob, 2005), suggesting the biological activities of the recipient mitochondria was 

preserved from the bacterial conjugation procedure. In this chapter, we further examined 

if the conjugated mitochondria can be a vehicle to deliver engineered mouse 

mitochondrial genomes into mouse tissue culture cells. In this alternative approach, we 

first performed bacteria-bacteria conjugation to ensure that new bacteria donors were 

generated that would have high conjugation activity. After three hours, the isolated crude 

gerbil mitochondria were added to the reaction for bacterial-mitochondria conjugation for 

another three hours. The bacteria-gerbil mitochondria mixture was treated with ampicillin 

to eliminate the bacteria donor, and the mitochondria were washed and injected into rat 

oocytes for generating cytoplasts for cell fusion.  

In this series of experiments, we found that more than 50% of the cells died 

within several days after cytoplast fusion. On the other hand, more than 65% of the cells 

survived after fusing to cytoplasts containing electroporated gerbil mitochondria. 

Comparing to the procedures, we can conclude that it is either the conjugation procedure 

or the bacterial contamination made the gerbil mitochondria toxic and caused the 

recipient cell death. The current procedure for bacterial conjugation of gerbil 

mitochondria contains three-hour bacterial-mitochondria conjugation and one-hour 

ampicillin treatment at 37°C. At this temperature, bacteria grow well with high 

conjugation activity (Bradley et al, 1980; Ratkowsky et al, 1982). However, proteases 

and nucleases involved in apoptosis are also active at this physiological temperature 

(Matsuyama et al, 2000; Saelens et al, 2004) . If there were any damage in the gerbil 

mitochondria from mitochondria isolation or conjugation procedure, it might trigger 

mitochondria degradation pathways (Kim et al, 2007). If the damage cannot be removed, 
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cell death might be the consequence (Marchetti et al, 1996; Matsuyama et al, 2000). It is 

also possible that there were toxic bacterial debris contaminating in the final 

mitochondrial prep. Optimization of the conjugation procedure is necessary before we 

can conclude whether conjugated mitochondria can deliver engineered mouse 

mitochondrial genomes into mouse tissue culture cells. 

Clone CJ3 was found to contain the engineered mouse mitochondrial genomes 

two weeks after cytoplast fusion by a mouse mtDNA D-loop PCR assay. The genome 

level was reduced to undetectable in three days. Although PCR is a very sensitive assay 

that can detect DNA at low levels (Saiki et al, 1988), it still has its limitation. It is 

possible that the levels of the engineered mouse mitochondrial genomes in this clone 

were at the minimum sensitivity threshold of the PCR assay. If the DNA replication was 

slow but the cell division was fast, the engineered mouse mitochondrial genomes would 

be titrated out in the population and the PCR assay would not be sensitive enough to 

detect the genome. At week three, the genomes were detectable again suggesting the 

genomes were replicating but apparently not very efficiently because the genome level 

reduced to below the detectable level again at week four. 

From chapter 3, we showed that gerbil mitochondrial genomes cannot be 

maintained in mouse cells even in the absence of mouse mitochondrial genomes (Figure 

13). We do not know what the real mechanism is for cell to remove the gerbil 

mitochondrial genomes. It could be that whole gerbil mitochondria were removed or 

there could be no replication of gerbil mitochondrial genomes in mouse cells. Although 

we think the mechanism would be the replication issue for gerbil mitochondrial genomes 

in mouse cells, we cannot rule out the possibility of the removal/degradation of gerbil 

mitochondria. If the gerbil mitochondria degradation was involved, using gerbil 

mitochondria for both bacterial conjugation and electroporation might be a problem. If 

we can follow the gerbil mitochondria after introduction into mouse cells, such as using 

mitochondrial dyes to label gerbil mitochondria (Johnson et al, 1981; Johnson et al, 

1980), we might be able to understand the real mechanism and optimize the experimental 

design.  
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Electroporation is a widely used method for delivering DNA into cells (Chu et al, 

1987; Neumann et al, 1982). This technique has also been applied to deliver DNA into 

isolated plant mitochondria and mammalian mitochondria (Collombet et al, 1997; Farre 

& Araya, 2001; Staudinger & Kempken, 2003; Yoon & Koob, 2003). Electron 

microscopy study showed that electroporated plasmids targeted to the inner membrane or 

the matrix of isolated mouse mitochondria (Collombet et al, 1997). Moreover, oxidative 

phosphorylation and mitochondrial protein synthesis pathways were not affected by 

electroporation (McGregor et al, 2001); however, certain levels of damages to 

mitochondria have been detected (Collombet et al, 1997).  

The electroporated DNA we used was isolated from a yeast YAM strain carrying 

full-length mouse mitochondrial genomes. The purification procedure would remove all 

the proteins associated with the DNA (e.g., TFAM) in the phenol/chloroform extraction 

step. The naked DNA was electroporated into isolated gerbil mitochondria. As discussed 

before, the mtDNA nucleoid structure might be the replication units in mammalian 

mitochondria as many proteins required for replication are associated with the nucleoid 

structure (Garrido et al, 2003; Malka et al, 2006; Wang & Bogenhagen, 2006). Without 

proper packaging, the electroporated mouse mitochondrial genomes could not be 

replicated efficiently. It is also possible that the naked DNA is not stable and might be 

subjected to degradation or be easily damaged. The majority of the cellular reactive 

oxygen species (ROS) are produced in mitochondria and are thought to contribute to the 

high mutation rate of mitochondrial genomes (Finkel & Holbrook, 2000). It has been 

shown that mitochondrial genomes subjected to severe damage and failed to repair were 

degraded in hamster cells and human cells (Shokolenko et al, 2009). Without proteins, 

naked mitochondrial genomes might be attacked by ROS more frequently. Either because 

of a lack of nucleoid structure for replication or because they are subjected to more ROS 

damages, electroporated mtDNA might have less of a chance to be maintained well in the 

mouse cells.  
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Figure 26. Alternative approach I: bacterial conjugation. (a) A bacteria-bacteria 

conjugation was performed to obtain conjugation-active donor 2. Bacteria-mitochondria 

conjugation was then performed using donor 2 and isolated gerbil mitochondria at 37°C 

for 3 hours, followed by ampicillin treatment to eliminate bacteria, DNase I digestion to 

remove DNA contaminated and sucrose gradients to purify mitochondria. The conjugated 

gerbil mitochondria were injected into rat oocytes for generating cytoplasts to fuse to 

mouse rho0 cells. (b) A mouse mtDNA D-loop PCR result. Clone CJ3 contained the 

engineered mouse mitochondrial genomes after two weeks in culture. M: 1kb plus DNA 

ladder; C-: water control; C+: rho+ mouse genomic DNA (The picture was edited to remove 

unrelated lanes from the original picture without changing the content of the lanes showed in Figure 26b).
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Figure 27. Alternative approach II: electroporation. (a) Full mouse mitochondrial 

genomes were isolated from a YAM strain MCC109rho-Tfam2-3B/FullmusmtDNA and 

electroporated into isolated gerbil mitochondria. The electroporated gerbil mitochondria 

were digested with DNase I to remove DNA contaminated, purified with sucrose 

gradients and injected into rat oocytes for generating cytoplasts to fuse to mouse rho0 

cells. (b) A mouse mtDNA D-loop PCR result. Cells from clone 6, 7 and 8 contained 

detectable levels of the electroporated full mouse mitochondrial genomes two weeks after 

cytoplast fusion. M: 1kb plus DNA ladder; C-: water control; C+: rho+ mouse genomic 

DNA (The picture was edited to remove unrelated lanes from the original picture without changing the 

content of the lanes showed in Figure 27b). 
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Chapter 8 

 

CONCLUSION 
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After billion years of co-evolution, mitochondria still maintain part of the 

genomes from their ancestor bacterium (Gray et al, 1999). It is now known that mutations 

in mitochondrial genomes could cause dysfunction of mitochondria and diseases 

(DiMauro & Schon, 2003; Wallace, 1999). What is not yet fully understood is the 

pathogenesis of those mutations in mitochondrial genomes. Unlike nuclear genomes, 

directly manipulating mammalian mitochondrial genomes in vivo is not yet possible. 

Transforming mitochondria has only been achieved in yeast (Bonnefoy & Fox, 2001) but 

not in mammalian cells. Although human and mouse mitochondrial genomes were fully 

sequenced in the early 1980’s and all the coding gene functions have been revealed 

(Anderson et al, 1981; Bibb et al, 1981), a lack of suitable tools for engineering 

mammalian mitochondrial genomes limits the investigation of disease mutations and also 

slows down the development of potential treatment for human mitochondrial diseases. 

Moreover, it is also important to study the biological impacts of specific sequence 

changes in the genomes on mitochondrial functions in vivo. Therefore, it can be 

concluded that there is a need to overcome these technical hurdles for directly 

manipulating mammalian mitochondrial genomes and studying the biological 

consequences of mtDNA sequence changes in mammalian cells. 

Manipulating mouse mitochondrial genomes in vitro using standard techniques of 

molecular biology is now achievable after the genome was cloned and stably maintained 

in E. coli (Yoon & Koob, 2003). The cloned mouse mitochondrial genome was also 

stably maintained in mitochondria as circular monomers after being transformed into 

yeast mitochondria in yeast cells (Yeast Artificial Mitochondria, YAM). This is an 

interesting phenomenon considering the difference in mitochondrial genome organization 

between yeast and mammals, and the different types of DNA replication mechanisms 

used in mouse and yeast mitochondria (Clayton, 1991; Maleszka et al, 1991; Malka et al, 

2006; Solieri, 2010). As discussed in chapter 2, when we introduced a 300 bp duplication 

sequences into the flanking regions of the exogenous sequences (yeast COX2 gene, γ-ori 

and Cm
R
) in the cloned mouse mitochondrial genomes, these exogenous sequences were 

removed by homologous recombination in yeast mitochondria and we thus recovered the 

full, wild-type mouse mitochondrial genomes in yeast. The wild-type mouse 
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mitochondrial genomes were also stably maintained and replicated in yeast without any 

further sequence changes. These observations would imply that it was the 300 bp 

duplication sequences causing the instability of the cloned mouse mitochondrial genomes 

in yeast mitochondria.  

This is in agreement with the observation that high frequency of genome 

recombination occurs in yeast mitochondria, presumably due to the repeat sequences 

carried in yeast mitochondrial genomes (Bernardi, 2005). It is possible that the different 

mitochondrial genome replication mechanisms in yeast and mammalian cells have 

resulted in the selection of distinct genome properties (repeated sequence-rich genomes 

vs. repeated sequence-free genomes). The same results were also obtained by 

transforming yeast mitochondrial with three other engineered mouse mitochondrial 

genomes with the same 300 bp duplication sequences. All of the exogenous sequences 

were removed from the engineered mouse mitochondrial genomes and the recombined 

genomes were stably maintained in yeast mitochondria without further sequence changes. 

Based on these observations, we hypothesized that yeast mitochondria could be a good 

model system to study the replication of mouse mitochondrial genomes. We plan to 

address this hypothesis in the future. 

Although mouse mitochondrial genomes are stably maintained in yeast, the 

genomes are not functional. Several lines of evidence suggest that nuclear and 

mitochondrial genome compatibility is critical for mitochondrial function (Dey et al, 

2000; Kenyon & Moraes, 1997; Yamaoka et al, 2000). Considering that the majority of 

the mitochondrial proteins are encoded from the nuclear genome (Ryan & Hoogenraad, 

2007), the yeast nuclear gene products would not be expected to support mouse 

mitochondrial genome to function in yeast. We thus hypothesized that by introducing 

YAM (yeast mitochondria carrying mouse mitochondrial genomes) into mouse cells, the 

fully compatible mouse nuclear genomes would support the mouse mitochondrial 

genomes to regain respiratory function. In order to test this hypothesis, a new method for 

introducing isolated mitochondria into mouse tissue culture cells was developed.  

We think tissue culture cells are a suitable model system for studying the 

biological impacts of engineered mouse mitochondrial genomes because the mouse 
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mitochondrial genome background can be completely eliminated by using rho0 cells 

(lack of mitochondrial genomes) as the mitochondria recipients. In addition, it is possible 

to manipulate the nuclear genomes in tissue culture cells where the nuclear-mitochondrial 

interactions can be studied. The details of the artificial cytoplast fusion method were 

described in chapter 3.  

Several important technical breakthroughs were achieved in this method. (1) 

Isolated mouse mitochondria can be introduced into mammalian tissue culture cells; (2) 

large quantities of isolated mouse mitochondria can be introduced into mammalian tissue 

culture cells; (3) homoplasmic cells containing only introduced mitochondrial genomes 

can be obtained; (4) the procedure can preserve the biological activities of the isolated 

mitochondria as the introduced mouse mitochondria restore the respiratory function in the 

recipient cells, (5) the cytoplast-cell fusion rate can reach over 50%; (6) selecting 

mitochondria-transferred cells is not necessary as cytoplast-fused cells can be sorted 

directed into culture after the procedure. 

After we had successfully introduced isolated mouse mitochondria into mouse 

tissue culture cells, we proceeded to test if YAM can be introduced into mouse tissue 

culture cells as well. We found that the purify of YAM is critical for the recipient cells to 

survived after cytoplast fusion. The artificial cytoplast fusion method was also optimized 

for introducing YAM into mouse tissue culture cells. The important modifications in the 

procedure were discussed in chapter 4. By using this new method, we were able to 

introduce engineered mouse mitochondrial genomes carried in YAM into mouse tissue 

culture cells in order to characterize the biological consequences of the engineered mouse 

mitochondrial genomes in vivo. 

After introducing the engineered mouse mitochondrial genomes into mouse tissue 

culture cells, it is essential that the genomes we introduced repopulate the mitochondrial 

matrix before we can characterize the biological consequences in cells. To achieve that, 

efficient genome replication is necessary. We investigated the replication of wild-type 

mouse mitochondrial genomes carried in YAM in mouse cells and found that the 

replication was not efficient enough for the mouse cells to maintain the mouse 

mitochondrial genomes in long-term culture (chapter 5). However, when isolated rho+ 
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mouse mitochondria were introduced into mouse cells, the mouse mitochondrial genomes 

were quickly repopulated the mitochondrial network and were functional. These results 

suggest that YAM might not be fully compatible with replication and/or function of the 

mouse mitochondrial genome that they contain. Several approaches were conducted to 

modified YAM including switching YAM to be respiratory-sufficient, attempting to 

promote cross-species mitochondrial fusion and to facilitate replication initiation. 

Unfortunately, none of these approaches showed significant improvement in mouse 

mitochondrial genome replication efficiency. We concluded that factors other than these 

YAM properties might be the major determinant of the replication efficiency of the 

mouse mitochondrial genomes that they carried into the mouse cells. 

The artificial cytoplasts that we used in these experiments were generated from 

YAM-injected rat oocytes and fused to mouse tissue culture cells. As mouse 

mitochondrial genomes carried in YAM did not replicate well in mouse cells, we found 

that the rat mitochondrial genomes were maintained at relatively high levels in the same 

cells during the culture. Although rat mitochondrial genomes cannot fully replace mouse 

mitochondrial genome in mouse cells, respiratory function was observed in mouse cells 

that carried only rat mitochondrial genomes (Dey et al, 2000; Yamaoka et al, 2000). 

Based on these observations, we hypothesized that the rat mitochondrial genomes could 

provide growth advantages to the mouse cells. Under these conditions, the poorly 

replicating and as yet non-functional mouse mitochondrial genomes carried in YAM 

could not compete with partially functional rat mitochondrial genomes and the loss of the 

mouse mitochondrial genomes from mouse cells could be the consequence. 

This would further imply that if the competitive rat mitochondrial genomes could 

be removed from mouse cells, the mouse mitochondrial genomes carried in YAM might 

replicate more efficiently and might repopulate mouse cells. We further hypothesized that 

we might be able to selectively eliminate the rat mitochondrial genome from the cells by 

targeting an appropriate restriction endonuclease to the mitochondrial matrix. To test this 

hypothesis, we generated artificial heteroplasmic mouse cell lines that carry rat 

mitochondrial genomes from two sources: Sprague Dawley (XhoI site positive-

mitochondrial genome) and YB2/O (XhoI site negative-mitochondrial genome). We then 
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expressed mitochondrial-targeted XhoI endonuclease in these heteroplasmic cells and 

found that the heteroplasmic state was modulated. We observed a shift of the genome 

species from high XhoI site-positive to high XhoI site-negative genomes, suggesting that 

the XhoI site-positive rat mitochondrial genomes were selectively removed from the 

mouse cells. The XhoI site-negative rat mitochondrial genomes remained intact and could 

be used as the template for replication and further repopulate the mouse cells. We will 

apply this approach to YAM-introduced mouse cells and test if the removal of rat 

mitochondrial genomes by mitochondria-targeting XhoI endonuclease would favor the 

replication of the mouse mitochondrial genomes carried in YAM.  

If this hypothesis proves to be true and the mouse mitochondrial genomes can 

repopulate and restore mitochondrial function in mouse cells, the goal of investigating the 

biological consequences and biological relevance of engineered mouse mitochondrial 

genomes in vivo can be achieved. This will be the first systematic approach for studying 

the biological impacts of specific sequences changes on mitochondrial function in 

mammalian cells. Cells carrying pathogenic mutations in mouse mitochondrial genomes 

can be generated using the same strategy. These cells could then be used as disease 

models or, more importantly, to generate the animal models of human mitochondrial 

diseases that are needed for studying the pathogenesis of the disease caused by particular 

mutations and ultimately for developing treatments for these diseases.  

 



 

 113 

Chapter 9 

 

MATERIALS AND METHODS 
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Generation of full mouse mtDNA clone with partial ND6 duplication 

The Sph1 site to 3’-300 bp - ND6 region in the mouse mitochondrial genome was 

PCR amplified from pMusMtTN-ND1 clone (Yoon & Koob, 2003) using forward primer 

Sph1-mus-F (5’-TTATCATTCACAACACACACCTTAGACG- 3’) and reverse primer 

3’ND6_300 (5’-GGGATGTTGGTTGTGTTTG-3’). The PCR products were cloned into 

Sph1and SmaI digested p2CγMusMtTN5-COX2 clone (Figure 2) and p2CγMusMtTN5-

COX2-3’ND6_300 that contains 300 bp duplication flanking to the Cm
R
-γ-ori sequences 

were generated (Figure 3). 

Generation of deleted mouse mtDNA clones with partial ND6 duplication 

The unique sequences, specific restriction sites (ApaLI-PstI-AatII-BspEI) and 

modified XhoI site (CTCGGG) were introduced into the upstream of ND6 gene of mouse 

mtDNA by PCR with forward primer 5’ Duplication ND6 

(5’CAGGTGCACCTGCAGACGTCTCCGGAGGACACTGAATTAATCTCGGGTAA

TCTC-3’) and reverse primer 3’ND6_300 (5’-GGGATGTTGGTTGTGTTTG-3’). The 

PCR products were first cloned into the ApaLI and SmaI digested p2CγMusMtTN-ND5-

COX2 clone, and p2CγMusMtTN5-DelApaLI-XhoI-COX2-3’ND6_300 were generated 

(made by Y.G.Yoon). The NotI-PstI, NotI-AatII and NotI-BspEI fragment from 

p2CγMusMtTN5-DelApaLI-XhoI-COX2-3’ND6_300 clone were cloned into NotI and 

PstI, NotI and AatII or NotI and BspEI double digested p2CγMusMtTN5-COX2-

3’ND6_300, and three deletion clones: p2CγMusMtTN5-DelBspEII-XhoI-COX2-

3’ND6_300, p2CγMusMtTN5- DelAatII-XhoI-COX2-3’ND6_300 and p2CγMusMtTN5-

DelPstI-XhoI-COX2-3’ND6_300 were generated (Figure 4). 

Biolistic transformation 

The procedure was based on Bonnefoy and Fox’s protocol (Bonnefoy & Fox, 

2001; Bonnefoy & Fox, 2007). Yeast MCC109 rho0 strain (Costanzo & Fox, 1993) was 

grown in YPG medium (1% yeast extract, 2% peptone, 2% galactose, 0.1 % glucose and 

100 µg/ml adenine) at 30°C for 3 days. Cells were harvested and plated on selective 

minimal glucose medium plates (MGM-ura: 0.67 % yeast nitrogen base, 5% glucose, 100 

µg/ml adenine, 3.3% agar and 1M sorbitol, supplied with synthetic drop-out without 

uracil) before bombardment. DNA particles were prepared by mixing a nuclear marker 
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plasmid (pRS426, URA3+, 1 µg) and either the full or deleted ND6-300bp-duplication-

mtDNA clones (15-30 µg) with sterile tungsten-M5 particles (Bio-Red, Hercules, CA) in 

solution containing 4 µl of 1M spermidine-free base and 100 µl of ice-cold 2.5M CaCl2. 

The DNA-tungsten mixture was incubated on ice for 10 minutes with occasional 

vortexing.  After repeating wash with 100% ethanol, the DNA particles were resuspended 

in 100% ethanol and distributed 10 µl of the DNA-particles to the center of each 

microcarrier placed on a holder. The DNA particles were air dried briefly to allow 

ethanol to evaporate completely. The Bio-Red PDS-1000 apparatus was set up according 

to the manufacturer instruction. The MGM-ura plates were placed at 5 cm below the 

microcarriers in the Bio-Red PDS-1000.  DNA-particles were bombarded into yeast cells 

using 1100 psi-pressure as the vacuum of the chamber reached at least 25.5 inch Hg. The 

bombarded plates were incubated at 30°C for 5 days or until the colonies formed. 

Screen of yeast mitochondria transformants 

The bombarded plates were mated with a tester strain, MCC124, on YPD plates 

(1% yeast extract, 2% peptone, 2% glucose and 2% agar) by replica. Two days after the 

mating, the YPD plates were replicated to YPEG plates (1% yeast extract, 2% peptone, 

3% ethanol, 3% glycerol and 2% agar) and incubated at 30°C for 3 days or until the 

colonies formed. The mitochondrial transformants were picked from the original MGM-

ura plates in which the colony positions matched to those on the YPEG plates. 

PCR assays for screening mitochondria transformants after biolistic transformation 

Samples of cells from each mitochondrial transformant candidates were 

resuspended in 30 µl of 0.2% SDS solution. The cell suspension was incubated at 90°C 

for 5-10 minutes and cooled down to room temperature before spinning at 21,130 g for 1 

minute. The supernatant was transferred to a clean tube and 1µl of the supernatant was 

used as the DNA template for each PCR reaction. 

Three PCR assays were performed to screen mitochondrial transformants: D-loop 

PCR (BglII-mus-H: 5’- ACTAGCCTCCATCTCATACTTCTCAATC-3’/HSPtRNAPhe: 

5’- ACCTTTGTGTTTATGGGATACAATTATCC-3’), yeast COX2/γ-ori junction PCR 

(yeast COX2 Forward: 5’- ACAGGTCATGCAAATATGCC-3’/γ-ori Reverse; 5’- CAA 
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CAAGCCAGGGATGTAAC-3’) and ND5/ND6 junction PCR (ND6 Assay: 5’-TTGGT 

TGTCTTGGGTTAGCA-3’/DelXhoI-Forward: 5’-ACCATCCCAAA ATCCACCT-3’).  

Preparation of yeast genomic DNA microbeads 

Yeast genomic DNA microbeads were prepared according to Koob and Szybalski 

(Koob & Szybalski, 1992). Yeast cells were harvested from 30 ml of the overnight 

culture in YPD medium at 30°C and washed in SCE (1M sorbitol, 0.1 M Sodium Citrate, 

60 mM EDTA, pH 7.0). Cells were suspended in 3 ml of SCE and 2 ml of the cell 

suspension was added into 1% low-melting-point agarose in 50°C water bath. The cell-

agarose mixture was poured into 5 ml of mineral oil pre-warmed at 42°C and vortexed 

vigorously for one minute. The cell-agarose-oil mixture was put in an ice/salt water bath 

for one minute, and washed in 0.1EX (0.01% Triton X-100/ 0.1M EDTA). The 

microbeads were resuspended in 4 ml of Yeast Spheroplast Buffer (YSB = SCE: 0.5M 

EDTA, pH8.0 = 3:2) supplied with 1 mg/ml yeast lytic enzyme and 200 µl of 14.4M β–

mercaptoethanol and incubated at 37°C for one hour. The microbeads were harvested at 

2300g for 5 minutes and resuspended in 4 ml of ESP (1 mg/ml proteinase K in 1% 

sodium N-lauroylsarcosine in 0.5M EDTA) and incubated at 52°C for one hour. The 

microbeads were harvested and wash with 8 ml of TE buffer once, with 4 ml of 

PMSH/TE buffer (1mM PMSF in TE buffer) twice, with 8ml of TE buffer once and with 

2 ml of 0.5M EX once. The microbeads were centrifuged at 2300g for 5 minutes at 4°C 

and stored at 4°C. 

λ exonuclease digestion and MluI partial digestion 

An aliquot of yeast genomic microbeads was washed with TEX (0.01% Triton X-

100 in TE) once and with1x λ exonuclease buffer (without BSA) twice. The washed 

microbeads were digested with 4 units of λ exonuclease in 1x λ exonuclease buffer (with 

50 µg/ml BSA) at 37°C for 3 hours. The digestion was inactivated by adding 1 µl of 

0.5M EDTA and transferred to an ice bath. The digested microbeads were washed with 

TEX twice and with 1x NEB buffer-3 twice. The microbeads were equilibrated in 1x 

NEB buffer-3 at room temperature for at least 30 minutes. The buffer was removed and 

the microbeads were melted at 65°C for 10 minutes. Aliquots of melted microbeads were 

transferred to tubes and digested with 0.25U, 0.5U, 0.6U, 0.8U, 1.0U or 10U of MluI at 
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37°C for 10 minutes. The digestion was inactivated by adding 1 µl of 0.5M EDTA and 

kept at 37°C for Pulse-Field Electrophoresis analysis. 

Pulse-Field Gel Electrophoresis 

MluI digested yeast genomic microbeads were loaded and solidified on the teeth 

of a comb. 5-10 µl of 0.5% of pulse-field gel agarose (Bio-Rad) were layered on the top 

of the solidified microbeads on the comb. A 1% pulse-field gel was made using the 

microbead-comb prepared earlier. The digested genomic DNA fragments were separated 

in the 1% pulse field gel in 0.5% TBE with Block 1 as 4V/cm, 120°, 0.1 sec, 6 min, 

14°C, and Block 2 as 6V/cm, 120°, 1~6 sec initial and final switch time, 14 hours, 14°C. 

Southern blot analysis of the topology of mouse mtDNA clones in yeast mitochondria 

After Pulse-Field gel electrophoresis, the gel was incubated in depurination 

solution (0.2N HCl) for 15 minutes, in deneturation solution (0.5N NaOH, 1.5N NaCl) 

for 45 minutes and in neutralization solution (0.5M Tris-HCl, pH 7.5, 1.5M NaCl) for 30 

minutes followed by another 15 minutes in the neutralization solution. The DNA was 

transferred to a nylon membrane and UV crosslinked to the membrane. The membrane 

was prehybridized in Rapid-hyb buffer (Pharmacia) at 65°C for at least 15 minutes with 

rotation. The radio-labeled ([α-
32

P] dATP) probes were synthesized by random primer 

extension using full-length mouse mtDNA as the template. The probes were synthesized 

using Klenow fragment at 25°C for 3 hours. After denaturing at 100°C for 5 minutes and 

quickly chilled on ice, the probes were mixed with 500 µl of prehybridization buffer and 

transferred to the hybridization tube. Hybridization was performed at 65°C overnight 

with rotation. After incubation, the membrane was washed once with 2x SSC/0.1% SDS 

at room temperature for 20 minutes and washed three times with 0.1x SSC/0.1% SDS at 

65°C for 30 minutes. The signal was exposed to X-ray films for 1-4 hours. 

Southern blot analysis of the removal of exogenous sequences from the full mouse 

mtDNA clone in yeast mitochondria 

Five micrograms of  mouse tail DNA, 2.5 ng of p2CγMusMtTN5-COX2-

3’ND6_300, and 5 µg of total DNA from MCC109 rho- FullmusmtDNA clone #19 were 

digested with BglII and PstI at 37°C for 20-22 hours. The digested DNA fragments were 

separated in 1% agarose gel using Gel Electrophoresis Apparatus GNA-200 (Pharmacia) 
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at 23V for 19 hours with buffer circulation. The DNA was transferred to a nylon 

membrane and hybridized with radio-labeled ([α-
32

P] dATP) probes synthesized by 

random primer extension using full-length mouse mtDNA as the template. The 

membrane was washed and the signal was exposed to X-ray films as described above. 

Animals 

B6D2F1 mice were bred by crossing C57B/6J females with DBA/2J males 

(purchased from Jackson Laboratory, Bar Harbor, Maine). Sprague Dawley rats were 

purchased from Charles River Laboratory (Wilmington, MA) and Harlan Sprague 

Dawley Inc. (Indianapolis, Indiana). Mongolian gerbils and Golden Syrian hamsters were 

purchased from Charles River Laboratory.  

Superovulation 

Mouse  B6D2F1 mice at age of 7-12 weeks old were used in superovulation. Five 

IU of PMSG (EMD) were injected intraperitoneally between 1-2 p.m. Approximately 48 

hours later, 5 IU of hCG (The National Hormone and Peptide Program) were injected 

intraperitoneally between noon to 1 p.m. The females were transferred to the male cages 

for mating (Ittner & Goetz, 2007; Nagy et al, 2003). 

Rat  Sprague Dawley rats at age of 28-35 days old were used in superovulation. 

Fifteen IU of PMSG were injected intraperitoneally between 11 a.m. to 1 p.m. 

Approximately 50 hours later, 30 IU of hCG were injected intraperitoneally. The females 

were housed in the original cages for oocytes production or transferred to the male cages 

in the late afternoon (~ 5 p.m.) for mating (modified from (Popova et al, 2005)). 

Gerbils  Mongolian gerbils at age of 4-7 weeks old were used in superovulation. 

Five IU of PMSG were injected intraperitoneally between 11a.m.-1 p.m. Approximately 

50 hours later, 5 IU of hCG were injected intraperitoneally. The females were housed in 

the original cages for oocytes production or transferred into the male cages right after the 

hCG injection for mating (modified from (Fischer & Fisher, 1975)). 

Hamster  Golden Syrian hamsters at age of 7-10 weeks old were used in 

superovulation. Five IU of PMSG were injected intraperitoneally between 9 a.m.-10 a.m. 

Approximately 56 hours later, 5 IU of hCG were injected intraperitoneally. The females 
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were transferred to the male cages right after hCG injection for mating (modified from 

(Lee et al, 2005)). 

Oocyte and embryo isolation 

The next morning of hCG injection, the donor females were sacrificed using CO2 

euthanasia. Ovaries and oviducts were dissected and placed in mHTF medium. Oocytes 

or embryos were released from the swollen ampulla of the oviducts by tearing the 

ampulla using a pair of forceps. The cell clumps were transferred to a dish containing 300 

µg/ml Hyaluranidase (Sigma, St. Louis, MO) in mHTF and incubated at room 

temperature for several minutes to dissociate the surrounding cumulus cells. After 

incubation, oocytes or embryos were washed by passing through three microdrops of 

mHTF medium and cultured in HTF microdrops in at 37°C supplied with 5% CO2 

(modified from (Nagy et al, 2003)).  

Preparation of rodent eggs for mitochondrial injection 

The zona pellucida of isolated mouse, rat and gerbil eggs were removed by 

incubating in either Tyrode’s acidic solution (Sigma) or in modified Tyrode’s acidic 

solution (adjust pH to ~3.7) at room temperature until the zona disappeared. Zona-free 

eggs were washed by passing through three mHTF drops and incubated in mHTF drops 

containing 2 µg/ml cytochalasin B at room temperature for 10 minutes. 

Cell culture 

Mouse STO cell line, LL/2 cell line and rat YB2/0 cell line were purchased from 

American Type Culture Collection (ATCC, Manassas, VA). Mouse STO cells with stable 

expression of mitochondrial-targeted GFP were generated by transfecting cells with the 

pcDNA6-TfamL-GFP plasmid and by selecting using 6 µg/ml blasticidin (Invitrogen, 

Carlsbad, CA) in Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen) supplied 

with 10% fetal bovine serum (Invitrogen), 100 U of penicillin and 100 µg of 

streptomycin (Invitrogen) for 2 to 4 weeks. Stable clones were obtained by single cell 

culture of blasticidin-resistant cells in 96-well plates. Rat YB2/0 cells, LL/2-STOmt-rat 

and LL/2-STOmt-gerbil cell lines were cultured in DMEM with 10% fetal bovine serum, 

100 U of penicillin and 100 µg of streptomycin (rho+ medium). LL/2 rho0 cells were 

generated as described (Yoon & Koob, 2003). LL/2rho0 cells, LL/2-rat cell lines and 
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LL/2-gerbil cell lines were culture in DMEM supplied with 10% fetal bovine serum, 100 

U of penicillin and 100 µg of streptomycin supplied with 100 µg/ml pyruvate and 50 

µg/ml uridine (rho0 medium). 

Mitochondria isolation 

Mammalian mitochondria isolation was conducted as previously described (Yoon 

& Koob, 2003) with modifications. In brief, mouse STO cells were harvest using 0.05% 

trypsin/EDTA. Cell were washed twice with Cell Washing Buffer (1mM Tris-HCl, pH 

7.0, 0.13 M NaCl, 5 mM KCl, and 7.5 mM MgCl2, pre-chilled on ice) and pelleted at 500 

g for 3 minutes. The cells were resuspended in 100-200 μl of 1/10x Isolation Buffer (4 

mM Tris-HCl, pH 7.4, 2.5 mM NaCl and 0.5 mM MgCl2, pre-chilled on ice) and 

incubated on ice for 1-2 minutes. The cells were then broken using a Pellet Pestle
®
 tissue 

grinder (Kontes Glass Co., Vineland, NJ) with approximate 50 strokes on ice. The 

amount of the 10x Isolation Buffer (400 mM Tris-HCl, pH 7.4, 250 mM NaCl and 50 

mM MgCl2) equal to one-ninth the volume of the original cell suspension was added to 

the homogenate. The homogenate was centrifuged at 500 g for 5 minutes at 4°C to move 

unbroken cells and cell debris. The mitochondria were harvested by centrifuging at 7000 

g for 10 minutes at 4°C and resuspensed in 90 μl of 15% sucrose/TEN (15% sucrose, 10 

mM Tricine-KOH, 0.2 mM EDTA and 50 mM NaCl, pH 7.5) with 1 unit/μl DNase I 

(Roche, Basel Switzerland), 40 mM Tris-HCl, pH 8.0 and 2.5 mM MgCl2. The reaction 

was incubated on ice for 1 hour to digest DNA from broken nuclei or broken 

mitochondria. After one hour incubation, 1 μl of 0.5 M EDTA was added to the reaction 

to inactivate DNase I. The mitochondria were pelleted at 7000 g for 10 minutes at 4°C, 

and washed with 100 μl of pre-chilled Mitochondria Resuspension Buffer (MRB, 225 

mM Mannitol, 75 mM sucrose, 10 mM KCl, 10 mM Tris and 5 mM KH2PO4, pH 7.2 

(Takeda et al, 2005)). The mitochondria were harvested at 7000 g for 10 minutes at 4°C 

and kept on ice. 

Microinjection 

Injection dishes were set up as illustrated in Figure 8. Zona-free eggs were 

transferred from 2 µg/ml cytochalasin B/ mHTF drops to the egg drops (E drop: 2 µg/ml 

cytochalasin B/ 3%PVP/ mHTF) on the dishes. Mitochondria were resuspended in pre-
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chilled MRB immediately before setting the dish. Microinjection was performed in the E 

drops using a mouse ICSI microcapillary (Eppendorf, Hamburg, Germany) driven by a 

Piezo-drill micromanipulator (Prime Tech Piezo Impact Drill PMM-150FU, Prime Tech 

LTD, Japan). Mitochondria were injected close to the left end of the eggs where the eggs 

were held by a homemade needle (with ~20 µm outer-diameter). A gentle aspiration was 

applied from the holding needle to pull cytoplasm along with the injected mitochondria 

into the needle as soon as the injection was finished. Cytoplasts were generated by 

quickly pulling the holding needle away from the eggs or by pulling the eggs passing 

through the drop edges to seal the membrane. The cytoplasts were placed in the cytoplast 

drops (C drops: 3% PVP/mHTF) and incubated at 37°C supplied with 5% CO2 for at least 

15 minutes. 

HVJ-E mediated cell fusion 

LL/2 rho0 cells were harvested from dishes by gently pipetting and washed with 

phosphate buffered saline (PBS). Washed cells were transferred to the cell drop (3% 

PVP/mHTF) on an injection dish shown in Figure 8. HVJ-E stock (GenomOne™-CF EX, 

Cosmo Bio Co., LTD, Japan) was diluted one to four in 1x Fusion Buffer. A homemade 

needle with ~30 µm outer diameter was used to transfer the LL/2 rho0 cell from the cell 

drop to the HVJ-E drop. After brief incubation (1 to 2 minutes), the cells were transferred 

to the cytoplast drops to attach to the cytoplasts. The cell-cytoplast pairs were incubated 

in at 37°C supplied with 5% CO2 until fusion was observed. The fused cells were 

transferred to 96-well plates containing 50 µl of rho0 medium supplied with 1x non-

essential amino acid (Sigma) and 50 µl of HTF for single cell culture.  

Species-Specific mtDNA PCR assays 

The DNA templates were prepared by incubating cells in 100 µg/ml proteinase K 

(Sigma)/1x color-less Go-Taq PCR buffer (Promaga Co., Madison, WI) at 55°C for 1 to 2 

hours, followed by incubating at 90°C for 15 minutes.  The PCR assays used in the 

mtDNA assays were mouse mtDNA D-loop PCR (BglII-mus-H: 5’- ACTAGCCTCCAT 

CTCATACTTCTCAATC-3’/ HSPtRNAPhe: 5’- ACCTTTGTGTTTATGGGATACAAT 

TATCC-3 or BglII-mus-For 2: 5’-TTCCCCAAGCATATAAGCTAGTAC3’ 

/HSPtRNAphe assay: 5’-TGTGTTTATGGGATACAATTATCC-3’), rat mtDNA PCR 
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(Rat-1: 5’CAGTACATAAAATGATATGGACA-3’/Rat-2: 5’ACAGGACTTTGTGCTG 

ACC-3’), and gerbil mtDNA PCR (3’-gerbilmtDNA-ND3-Forward: 5’-CTGCTTTCCTT 

CTCCTTACTT-3’/5’-gerbilmtDNA-ND4-Reverse: 5’-GATAAGAGGGGTCGAGATT 

GGA-3’). The PCR condition used was: 95°C, 5 minutes; 95°C, 30 second, 55 °C, 1 

minute, 72 °C, 1 minute, 30 cycles; 72 °C, 5 minutes. 

Imaging mitochondria in recipient mouse cells 

Mouse STO-rho0-DsRedmt cells were seeded to Lab-Tek™II chambered cover 

glass (Nunc, Rochester, NY)  two days before imaging. Mitochondria injection and 

cytoplasts fusion were conducted as described above. Fused cells were cultured in phenol 

red-free medium for two to three hours at 37°C supplied with 5% CO2. Olympus 

Fluoview
®
 FV1000 confocal laser scanning microscope with a UPLSAPO 100x oil 1.4 

N.A objective lens (Olympus America Inc., Center Valley, PA) was used for imaging 

fluorescent-labeled mitochondria in cells. The microscope was pre-warmed to 33-36°C 

and the temperature was kept through the whole imaging duration. The culture medium 

was supplied with 95% air and 5% O2 during imaging. FV1000 ASW ver2.1.b software 

(Olympus America Inc.) was used for acquiring time-lapse images with 30 second or 1 

minute intervals. The images were processed using Qcapture Pro 6.0 software (Qimaging, 

BC, Canada). 

Genomic DNA isolation 

Genomic DNA from rat YB2/0, mouse LL/2 rho0, LL/2-rat-B1, LL/2-STOmt-rat-

B5-6, LL/2-STOmt-gerbil-G1 cell lines were isolated using Gentra Puregene Cell kit 

(Qiagen, Valencia, CA). Gerbil genomic DNA was isolated from gerbil liver by 

incubating a small piece of gerbil liver (1cm x 1cm) in 100 µg of proteinase K in 500 µl 

of DNA lysis buffer (100mM Tris, pH 8.5, 5mM EDTA, pH 8.0, 0.2% SDS, and 200 mM 

NaCl) at 55°C overnight with rotation, followed by incubating at 75°C for one hour to 

inactivate proteinase K. After incubation, 200 µl of 5M NaCl were added to the DNA 

solution and mixed by vortexing. After centrifugation at 21,130 g for 5 minutes, the 

supernatant was transferred to a clean tube and DNA was precipitated using iso-propanol. 

The DNA was washed in 70% ethanol and dissolved in 100-200 µl of TE buffer (pH 8.0).  
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Southern blot analysis of mtDNA species  

Five micrograms of each genomic DNA was digested with HindIII and BglII at 

37°C overnight. The digested DNA fragments were separated in 1% agarose gel using 

Gel Electrophoresis Apparatus GNA-200 (Pharmacia) at 23V for 19 hours with buffer 

circulation and transferred to a nylon membrane. The DIG-labeled probes were 

synthesized using DIG-Forward primer (5’CTATCTCTAGGCCTAGCATATGAAT3’) 

and DIG-Reverse primer (5’TTGGTAATTATGAACATCATC3’) from cloned full 

mouse mitochondrial genomes followed the manufacturer instruction (Roche). The 

membrane was pre-hybridized in pre-hybridization buffer (DIG Easy Hyb) for at least 

one hour at 42°C and then hybridized with DIG probes at 42°C overnight. After 

hybridization, the membrane was washed and then incubated with alkaline phosphatase-

conjugated anti-DIG antibodies. The probe-target hybrid was visualized using the 

chemiluminescent alkaline-phosphatase substrates, CDP-star, as described in the 

manufacture instruction (Roche). The chemiluminescent signals were exposed to 

ImageQuant LAS4000 (GE, Pittsburgh, PA) or X-ray films. 

Enucleation  

Percoll gradients: Enucleation of LL/2-STOmt-gerbil cell lines was performed 

using Percoll (Sigma-Aldrich
®
) gradients as described in (Trounce et al, 1996). In brief, 

the day before enucleation, Percoll was diluted with rho+ medium in 1:1 ratio and 

equilibrated overnight at 37°C supplied with 5% CO2. The day of enucleation, 2 x 10
7
 

cells were harvest by centrifugation at 1000 rpm for 5 minutes and then resuspended 

thoroughly in 20 ml of pre-equilibrated Percoll medium. The cell suspension was 

transferred to a sterile Nalge 30-ml centrifuge tube (polysulfonate) (Thermo Fisher 

Scientific, Rochester NY). Cytochalasin B was added to the gradients with a final 

concentration of 20 µg/ml. The cells were centrifuged at 44000 g for 70 minutes at 25°C. 

The cytoplast-rich band was collected from the tube and diluted 10-fold with rho+ 

medium. The cytoplasts were centrifuged at 600 rpm for 10 minutes and then 

resuspended in 10 ml of rho+ medium for cybrid transfer. 

Ficoll gradients: Enucleation of LL/2-STOmt-rat cell lines were performed using 

Ficoll (Sigma-Aldrich
®
) step gradients as described in (Trounce et al, 1996). In brief, 
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50% Ficoll stock solution was prepared by adding 25g of Ficoll 400 to 25 ml of water. 

After completely dissolved by stirring overnight with low heat, the Ficoll solution was 

filter sterilized. Five Ficoll gradients (25%, 17%, 16%, 15% and 12.5%) were prepared 

by diluted the 50% stock solution in serum-free rho0 medium. Cytochalasin B was added 

to each gradient with a final concentration of 10 µg/ml. The Ficoll step gradients were 

assembled in ultracentrifuge tubes (2 ml of 25%, 2 ml of 17%, 0.5 ml of 16%, 0.5% of 

15% and 2 ml of 12.5%) (Beckman Coulter, Inc., Brea, CA) and equilibrated overnight at 

37°C supplied with 5% CO2. After equilibration, 4 x 10
7
 cells were harvested by 

centrifugation at 1000 rpm for 5 minutes and suspended in 3 ml of 12.5% Ficoll with 10 

µg/ ml cytochalasin B. The cell suspension was added on top of the pre-equilibrated 

Ficoll gradients. Serum-free medium was added to fill the tube, and the gradients were 

centrifuged at 85,000 g for one hour at 31°C. The cytoplast-rich layer (the visible top 

band) was collected from the tube and diluted in 20 volumes of rho+ medium. The 

cytoplasts were harvested by centrifugation at 600 rpm for 10 minute and then 

resuspended in 10 ml of rho+ medium for cybrid transfer. 

Cybrid transfer 

Recipient STO-rho0/cMyc/LTAg-mtDsRed cells were seeded in 48-well plates 

one or two days before cybrid transfer. Cytoplasts from LL/2-STOmt-gerbil or LL/2-

STOmt-rat cells were prepared as described above. Cytoplasts collected from rho+ 

medium by centrifugation at 700g for 3 minutes were resuspended in 25 µl of 1x Fusion 

Buffer (GenomOne™-CF EX). HVJ-E were added to the cytoplast suspension and mixed 

by gently tapping. After incubating on ice for 5 minutes, the cytoplasts were harvested by 

centrifugation at 700g for 5 minutes at 4°C and resuspended in 1x Fusion Buffer. The 

cytoplast suspension was added to the recipient cells pre-washed with 1x Fusion Buffer. 

After gently mixing, the plate was centrifuged at 1000 rpm for 5 minutes and incubated at 

37°C for 15 minutes. After incubation, the supernatant was removed and rho0 medium 

with 6 µg/ml Blasticidin was added to each well. After incubation overnight at 37°C 

supplied with 5 % CO2, the culture medium was changed to the selection medium (rho+ 

medium with 6 µg/ml Blasticidin). The cells were cultured in the 48-well plate for one to 

two weeks and split to 96-well plates for single cell culture. 
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Yeast strains 

Wild type: W4a rho+ 

YAM strain with mouse TFAM
hyper

 expression:  

MCC109 rho-Tfam2-3B/FullmusmtDNA 

MCC109 rho-Tfam2-3B/DelmusmtDNA-AatII-XhoI 

MCC109 rho-Tfam2-3B/DelmusmtDNA-BspEI-XhoI 

MCC109 rho-Tfam2-3B/DelmusmtDNA-ApaLI-XhoI 

YAM strain with mouse TFAM
hyper

 and MFN1expression: 

MCC109 rho-Tfam2-3B/FullmusmtDNA/pRS426-Pgal-Mfn1-PHOSTerm 

YAM strain with mouse TFAM
hyper

, MFN1 and OPA1 expression: 

MCC109 rho-Tfam2-3B/FullmusmtDNA/pRS426-Pgal-Mfn1-PHOSTerm-Pgal-mgm1L-

Opa1 

Yeast Culture Medium  

YP-raffinose: 1% yeast extract. 2% peptone, 2% raffinose 

YP-galactose: 1% yeast extract, 2% peptone, 2% galactose 

SD-ura: 6.7g/L yeast nitrogen base without amino acid, 1.92 g/L synthetic drop-out 

without uracil, 2% glucose 

SD-ura-raffinose: 6.7g/L yeast nitrogen base without amino acid, 1.92 g/L synthetic drop-

out without uracil, 2% raffinose 

SD-ura-galactose: : 6.7g/L yeast nitrogen base without amino acid, 1.92 g/L synthetic 

drop-out without uracil, 2% galactose 

Yeast Culture Condition 

Yeast cells were cultured in rich or selective medium (with glucose or raffinose) 

at 30°C overnight (18-22 hours) with vigorous shaking (250 rpm). For galactose 

induction, cells were cultured in rich or selective medium with 2% glucose at 30°C 

overnight with vigorous shaking (250 rpm). About 15-18 hours later, the yeast cells were 

harvested and washed with galactose-containing medium to remove remaining glucose. 

The cells were then resuspended in galactose-containing medium and cultured at 30°C for 

4-6 hours with vigorous shaking (250 rpm). 
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Isolation of yeast mitochondria  

Yeast cells were harvested from 100 ml of overnight culture by centrifugation at 

2000 rpm for 5 minutes. Cells were resuspended in β-ME buffer (0.1M β-

mercaptoethanol, 0.02M EDTA, 0.2M Tris pH 8.0, 0.7M KCl) and incubated at 35°C for 

15 minutes. After washed with 0.7M KCl, cells were collected by centrifugation at 2000 

rpm for 5 minutes and resuspended in yeast lytic enzyme/0.7M KCl solution.  After 

incubating at 35°C for 30 minutes, spheroplasts were harvested at 2000 rpm for 5 minutes 

and washed with 0.7 M KCl. Spheroplasts were gently resuspended in 1 ml of buffer B 

(0.6M sorbitol, 20 mM HEPES, pH 7.4, pre-chilled on ice) and brought to a glass Dounce 

homogenizer pre-chilled on ice. Thirty strokes were applied on ice to break cells. The 

homogenate was centrifuged twice at 2000 g for 5 minutes at 4°C to remove unbroken 

cells and cell debris. Mitochondria were harvested at 12,000 g for 10 minutes at 4°C and 

then resuspended in 90 μl of 15% sucrose/ TEN (15% sucrose, 10 mM Tricine-KOH, 0.2 

mM EDTA and 50 mM NaCl, pH 7.5) with 1 unit/μl DNase I, 40 mM Tris-HCl, pH 8.0 

and 2.5 mM MgCl2. The reaction was incubated on ice for 1 hour and inactivated by 

adding 1.1 μl of 0.5 M EDTA. The reaction was centrifuged at 2000 g for one minute and 

the supernatant was transferred to a clean tube. Mitochondria were harvested from the 

supernatant by centrifugation at 12,000 g for 5 minutes at 4°C, washed with buffer B, and 

stored at 4°C overnight before ultracentrifugation. . 

Ultracentrifugation 

Sucrose gradients in KEM buffer system: Sucrose step gradients were set up in 

UltraClear centrifuge tubes (Beckman) with 2 ml of 60%, 50%, 40%, 30% and 20% of 

sucrose (w/w) in KEM buffer (100 mM KCl, 1 mM EDTA, 10 mM 4-

Morpholinepropanesulfonic acid (MOPS), pH 7.2) loaded slowly into tubes without 

disturbing the interfaces. Mitochondria was resuspended in 1 ml of SEM buffer (250 

sucrose, 1 mM EDTA, 10 mM MOP, pH 7.2) and overlaid onto the sucrose gradients. 

The sucrose gradients were centrifuged at 240,000 g at 4°C for 15 minutes in a Beckman 

SW 41 rotor. Mitochondria were harvested from the fractions collected from the 

30%/40% and 40%/50% interface by centrifugation at 12,000 g for 10 minutes at 4°C. 
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The mitochondria were then washed with MRB (225 mM Mannitol, 75 mM sucrose, 10 

mM KCl, 10 mM Tris and 5 mM KH2PO4, pH 7.2) once and stored on ice. 

Sucrose gradients in TEN buffer systems: Mitochondria were resuspended in 1 ml 

of 65% (w/v) sucrose in TEN (15% sucrose, 10 mM Tricine-KOH, 0.2 mM EDTA and 

50 mM NaCl, pH 7.5) and loaded to the bottom of a UltraClear centrifuge tube. 2 ml of 

55%, 43% and 15% (w/v) of sucrose of TEN were overlaid onto the 65% sucrose/TEN. 

The sucrose step gradients were centrifuged at 40,000 g for 90 minutes at 4°C. 

Mitochondria were harvested from the fraction collected from the 43%/55% interface by 

centrifugation at 12,000g for 10 minutes at 4°C. The mitochondria were then washed 

with MRB once and stored on ice. 

Modified cytoplast-cell fusion protocol 

The fusion dishes were set up as shown in Figure 18. Homemade needles with 

~30 µm outer diameter opening were used for transferring cells and cytoplasts. LL/2 rho0 

cells were transferred directly from the culture dishes to the LL/2 rho0/ 3% PVP/ mHTF 

drops on fusion dishes. The cells were transferred to the fusion drops (F drop: 0.05 µg/ml 

cytochalasin B/ 3% PVP/mHTF) and settled to the bottom of the dish by gravity. 

Cytoplasts were transferred to the HVJ-E/1x Fusion Buffer (1 to 4 ratio) drops on fusion 

dishes. The cytoplasts were incubated in the HVJ-E drops at room-temperature for 2-8 

minutes and then transferred to the fusion drops to attach to LL/2 rho cells. The cell-

cytoplast pairs were incubated at 37°C supplied with 5% CO2 until fusion was observed. 

The fused cells were transferred to 96-well plates containing 100 µl of rho0/NEAA/HTF 

medium for single cell culture. 

Construction of inducible Mfn1 and Opa1expression plasmid for yeast expression 

Mouse Mfn1 coding sequences were PCR amplified from yeast MCC109 

fzo1::Mfn1 genomic DNA using forward primer XhoI-Mfn1 5’ (5’-CGACTCGAGAA 

AAACTATA ATGGCAGAAACGGT-3’) and reverse primer EcoRI-Mfn1 3’ (5’-CCG 

AATTCTTAGG ATTCTCCACTGCTC-3’), and cloned into pDAD-1 vector between the 

XhoI and the EcoRI sites (pDAD-1-Mfn1). Gal-promoter-Mfn1-PHOSTerm sequences 

were PCR amplified from pDAD-1-Mfn1 using forward primer SpeI-Gal10-3’ (5’-

TGAACTAGTTTATATTGAATTTTCAAAAATTC-3’) and reverse primer KpnI-
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PHOSTerm-3’ (5’-TAAGGTACCGCAGATTTTAATCTTTCGGC-3’), and clone into 

pRS426 between the SpeI and the KpnI sites (pRS426-GMP). Yeast Mgm1 leader 

peptide-mouse Opa1 fused coding sequences were PCR amplified from yeast MCC109 

mgm1::Opa1genomic DNA using forward primer SpeI-Mgm1L-5’ (5’-TCCACTAGTCT 

GAAAGCATGAGTAATTCTACTT-3’) and reverse primer SacII-SmaI-Opa1-3’ (5’-CC 

ACCGCGGCCCGGGCTACTTCTCCTGGTGAA-3’), and cloned into pRS426-GMP 

between the SpeI and the SacII sites (pRS426-GMP-MO). 

96-well nested PCR assays 

Cell seeded in 96-well plates were cultured until 40% confluency and then gently 

resuspended in the culture medium (~200 µl). Fifty microliters of the cell suspension 

were transferred to 96-well PCR plates. After centrifuging at 1000 rpm for 5 minutes, the 

supernatant was removed and the cells were then resuspended in 5 µl of 100 µg/ml 

proteinase K/1x PCR buffer and incubated at 55°C for 6 hours. The proteinase K was 

then inactivated by incubating the plate at 95°C for 15 minutes. Twenty microliters of the 

PCR premix were added to each well and topped with mineral oil. The primers used for 

this assays were 3’musmtDNA-AatII-For (5’-CCGAGTCGTTCTGCCAATAG-3’) and 

ND6-assay (5’- TTGGTTGTCTTGGGTTACA-3’) for the first PCR, and DelmtDNA 

assay 1 (5’-TCTCCGGAGGACACTGAA-3’) and 3’ND6_300 (5’-GGGATGTTGGTTG 

TGTTTG-3’) for the second PCR. The condition used for the PCR was 95°C, 5 minutes; 

95°C, 30 seconds, 55°C, 1 minute, 72°C, 30 seconds; 25 cycles (1
st
 PCR) or 40 cycles 

(2
nd

 PCR); 72°C, 5 minutes. One microliter of the first PCR products was used as the 

template for the second PCR. 

Yeast mating 

MCC109 rho-Tfam2-3B/FullmusmtDNA/pRS426-Pgal-Mfn1-PHOSTerm-Pgal-

mgma1L-Opa1 strain was grown in 100 ml of SD-ura-raffinose medium, and 3482-1b-

rho0 Tfam/PolRmt/COX4LB2 at Mtf1/COX4L-B2 at Cox4 strain was grown in 100 ml 

of YP-raffinose medium at 30°C overnight (18-22 hours) with vigorous shaking (250 

rpm). Cells from each culture were harvested together by centrifugation at 2000 rpm for 5 

minutes and resuspended in 0.5 ml of YP-raffinose. The cell suspension was spread on an 

YP-raffinose plate by agitating the plate gently. The cells were mated on the plate at 30°C 
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for 1-4 hours. After mating, the cells were removed from the plate using 0.7M KCl and 

mitochondria were isolated as described above. 

Gerbil mitochondria isolation 

The isolation protocol was modified from (Enriquez et al, 1996). Livers from 

adult Mongolian gerbils were placed in isolation buffer pre-chilled on ice. Livers were 

washed several times in isolation buffer and chopped into small pieces. The tissues were 

homogenized using a Dounce glass homogenizer with 3-4 full strokes. The homogenate 

was centrifuged twice at 2000 g for 5 minutes at 4°C to remove unbroken cells and cell 

debris. Mitochondria were harvested from the supernatant by centrifuging at 12,000 g for 

10 minutes at 4°C. Mitochondria were washed in SEM buffer (250 sucrose, 1 mM 

EDTA, 10 mM MOP, pH 7.2) and resuspended in 500 µl of SEM buffer. Aliquots of 50 

µl mitochondria suspension were quickly frozen in liquid nitrogen and stored at -80°C. 

Triparental mating/bacterial conjugation of mitochondria 

Conjugation donor pRKmusMTND6-300 #1 and recipient DH10B were grown in 

3 ml Cm/LB and LB only medium respectively at 37°C overnight with vigorous shaking 

(225 rpm). After the incubation, each culture was diluted 1 to 50 in 1 ml of LB medium 

and incubated at 37°C for one hour with vigorous shaking (250 rpm). A mixture of 100 µl 

of the donor cells and 200 µl of the recipient cells were added to a tube containing 300 µl 

of LB agar block pre-warmed at 37°C. After centrifuging at 2300 g for one minute, the 

supernatant was removed carefully and the tube was incubated at 37°C for 3 hours. After 

3 hour-mating, 10 µl of freshly thawed gerbil mitochondria were added to the mixture. 

Cells and mitochondria were mixed by vortexing briefly and centrifuged at 2300 g for 

one minute. The supernatant was removed and the bacteria-mitochondria mixture was 

incubated at 37°C for another 3 hours. After incubation, the cells and mitochondria were 

resuspended in 100 µl of LB medium containing 400 µg/ml ampicillin by vortexing 

briefly. The suspension was transferred to a clean tube and incubated at 37°C for one 

hour to eliminate bacteria. Mitochondria were harvested at 2300 g for one minute and 

digested with DNase I on ice for one hour. EDTA was added to the tube with a final 

concentration of 5 mM to inactivate DNase I and the reaction was layered on top of mini-

sucrose gradients (500 µl of 50% sucrose/KEM, 200 µl of 40% sucrose/KEM and 200 µl 
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of 30% sucrose/KEM). The gradients were centrifuged at 21,130 g for 10 minutes. 

Mitochondria were collected from the 40%/50% interface and washed with buffer B 

once. The mitochondria were store at 4°C overnight for microinjecting. 

Isolation of mtDNA from YAM strain carrying full mouse mitochondrial genomes 

Crude yeast mitochondria were isolated from MCC109rho-Tfam2-

3B/FullmusmtDNA strain #3-1 growing in YPD medium (2 x 500 ml) at 30°C for ~24 

hours with vigorous shaking (250 rpm). The crude mitochondria prep was isolated and 

digested with DNase I on ice for one hour as described above, and then layered on top of 

sucrose gradients in KEM buffer for ultracentrifugation. Mitochondria collected from the 

30%/40% and the 40%/50% interfaces were resuspended in 500 µl of STE buffer (100 

mM NaCl, 10 mM EDTA and 50 mM Tris-HCl, pH 7.5) with 55 µl of 10% SDS and 10 

µl of 10 mg/ml proteinase K. The reactions were incubated at 55°C for one hour and 

mtDNA was extracted using two times of phenol/chloroform followed by chloroform 

extraction. The mtDNA was precipitated by adding 1 ml of 100% ethanol and 50 µl of 

3M NaOAC, and incubated at -20°C for 30 minutes. The mtDNA was pelleted at 15,000 g 

for 10 minutes, washed with 600 µl of 70% ethanol, air dried and resuspended in 10 µl of 

TE buffer. 

Electroporation of gerbil mitochondria 

One aliquot of crude gerbil mitochondria was thawed slowly on ice and 

centrifuged at 12,000 g for 1 minute. The mitochondria were washed with 200 µl of 1x 

IB (40 mM Tris-HCl, pH 7.4, 25 mM NaCl, 5 mM MgCl2)/10% glycerol once and then 

washed with 200 µl of 0.33M sucrose/10% glycerol. The mitochondria were resuspended 

in 40 µl of 0.33M sucrose/10% glycerol. Two micrograms of mtDNA from MCC109rho-

Tfam2-3B/FullmusmtDNA strain #3-1 were added to the mitochondria suspension and 

the mixture was transferred to a 0.1 cm-gap electroporation cuvette (Bio-Rad) pre-chilled 

on ice. The condition for electroporation was 12 kV/cm, 400Ω and 25 µF using Bio-Rad 

Gene Pulser. Mitochondria were resuspended with 1 ml of 1 x IB/10% glycerol 

immediately after electroporation and transferred to a 1.5 ml tube. After centrifugation at 

21,130 g for 10 minutes, mitochondria were washed with 200 µl of 1x IB /10% glycerol 

three times and digested with DNase I on ice for one hour. The digested mitochondria 
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were layered on top of mini-sucrose gradients (500 µl of 50% sucrose, 200 µl of 40% 

sucrose, 200 µl of 30% sucrose, in KEM buffer) and centrifuged at 21,130 g for 10 

minutes. Mitochondria were collected from the 40%/50% interface and washed with 

MRB (225 mM Mannitol, 75 mM sucrose, 10 mM KCl, 10 mM Tris and 5 mM KH2PO4, 

pH 7.2) before injection. 

Construction of mitochondria-targeting XhoI endonuclease expression plasmids 

pcDNA6-TfamL-XhoI construct: pDAD-COX4L-XhoI plasmid was digested with 

EcoRI and end-filled using T4 DNA polymerase. The linearized plasmid was then 

digested with XbaI to generate the XhoI fragment. pcDNA6-TfamL-DsRed plasmid was 

digested with ApaI and end-filled using T4 DNA polymerase. The linearized plasmid was 

then digested with XbaI to generate the pcDNA6-TfamL fragment. The XhoI fragment 

was ligated to the pcDNA6-Tfam fragment and transformed into DH5α-XhoI methylase 

competent cells. 

pcDNA6-TfamL-GFPlinker-XhoI construct: The TfamL-GFP linker fragment 

was synthesized by a PCR reaction using forward primer 5’ NheI-TfamL-Forward (5’-

GCTGCTAGCGTCGGCCCGAGCGATGGCGC-3’) and reverse primer GFP 3’linker 

(5′-ATCAGAGCCACCTCCGCCCGACTTGTACAGCTCGTCCA-3′ ) with pcDNA6-

TfamL-GFPlinker-NEO as the template. The condition used was: 95°C, 5 minutes; 95°C, 

30 seconds, 55°C, 1 minute, 68°C, 1 minute, 30 cycles; 68°C, 5 minutes. The PCR 

product was digested with NheI and cloned into pcDNA6-sfi vector between the NheI 

site and the EcoRV site (pcDNA6-TfamL-GFPlinker). The XhoI endonuclease coding 

sequences was synthesized by a PCR reaction using forward primer 5RV-XhoI-XhoI 

endo-Forward (5’-ATCCTCGAGATGGCATTGGATCTAGC-3’) and reverse primer 

3’XhoI endo-NotI Reverse (5’-CGAGCGGCCGCCTCAAAAGTTAACGC-3’) with 

pDAD-COX4L-XhoI as the template. The condition used was: 95°C, 5 minutes; 95°C, 30 

seconds, 55°C, 1 minute, 68°C, 1 minute, 30 cycles; 68°C, 5 minutes. The PCR product 

was digested with NotI and cloned into pcDNA6-TfamL-GFPlinker between the EcoRV 

site and the NotI site (pcDNA6-TfamL-GFPlinker-XhoI) 
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Generation of artificial heteroplasmic mouse cells 

Rat YB2/O cells (ATCC number: CRL-1662™) were culture in DMEM supplied 

with 10% fetal bovine serum, 100 U of penicillin and 100 µg of streptomycin at 37°C 

supplied with 5% CO2. Mitochondria were isolated from YB2/O cells using the same 

protocol for mouse mitochondria isolation. YB2/O mitochondria were injected into 

Sprague Dalwey rat oocytes and cytoplasts were generated from the mitochondrial-

injected oocytes. The cytoplasts were fused to LL/2 rho0 cells using the modified 

artificial cytoplast fusion procedure. Fused cells were transferred to 96-well plates for 

single cell culture in rho0/NEAA/HTF medium. 

PEI transfection 

Cells were seeded in 24-well or 96-well plates with at least 50% confluency on 

the day of transfection. The transfection was conducted with polyethylenimine (PEI). 

pcDNA6-TfamL-XhoI-2 and pcDNA6-TfamL-GFPlinker-XhoI-8 were linearized using 

SalI-HF. One microgram (96-well plates) or 3 µg (24-well plates) of linearized DNA was 

used for each transfection. The DNA:PEI (1 mg/ml) ratio used was 1:3 (96-well plates) or 

1:4 (24-well plates). The DNA was first mixed with 50 µl (96-well plates) or 100 µl (24-

well plates) of Opti-MEM (Invitrogen) before mixed with PEI by vortexing. The 

reactions were incubated at room temperature for 15-20 minutes and then distributed 

evenly in the culture medium. The cell-DNA-PEI mixture was incubated at 37°C 

supplied with 5% CO2 for 20-24 hours. After the incubation, the cells were washed once 

with culture medium and then were either incubated in fresh media at 37°C supplied with 

5% CO2 for artificial cytoplast cell fusion or resuspended in the culture medium for cell 

sorting to collect GFP-positive cells. 

Rat XhoI assay PCR 

Cells from each well were transferred to 0.6 ml tubes and harvested by 

centrifugation at 2000 g for 3 minutes. After removing the supernatant, the cells were 

lysed in 0.2% SDS solution and incubated at 95°C for 10 minutes. DNA from the cell 

lysate was precipitated using ethanol, dissolved in TE buffer, incubated at 37°C for at 

least one hour and used as the template for rat XhoI assay PCR. Forward primer 5’tRNA 

assay (5’-CCGATCCATTATCCACCCCA-3’) and reverse primer rat ApaI/ND4 (5’- 



 

 133 

GTGCACATATTGTTAGGCCTGTGATGAG-3’) were used in the PCR reaction. The 

PCR condition used was 95°C, 3 minutes; 95°C, 30 seconds, 55°C, 1 minute, 72°C, 1 

minute and 15 seconds, 35 cycles; 72°C, 5 minutes. 

XhoI and EcoRI digestion assay 

DNA from rat XhoI assay PCR was precipitated using ethanol and then 

resuspended in 50 µl of TE buffer. Two microliters of DNA were used for each digestion. 

The XhoI digestion and EcoRI-HF digestion were conducted in 1x NEB buffer-4 

supplied with BSA and 10 units of the enzyme. The reactions were incubated at 37°C for 

three to four hours and analyzed by electrophoresis in 1.3-1.5% agarose gels. 
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