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ABSTRACT 

 

Mitochondrial Inheritance and Function in the Lifespan Control of Budding Yeast 

José Ricardo McFaline Figueroa 

 

Mitochondria are essential organelles that cannot be synthesized de novo and must be 

inherited by daughter cells. During cell division, mitochondria align along the mother-

daughter axis of the dividing cell, exhibit bidirectional poleward movement and are 

anchored at the cell poles. Mitochondria anchored at the bud tip and thus destined to be 

inherited by the daughter cell, show markers of increased fitness, lower superoxide burden 

and less oxidizing mitochondria, while less fit mitochondria are retained in the mother. In 

this work, the mechanism for anchorage of fit mitochondria to the bud tip and its effect on 

yeast lifespan determination are presented. Mitochondria at the bud tip are associated with 

cortical ER (cER) sheets underlying the plasma membrane. Mmr1p, a member of the DSL1 

family of tethering proteins, mediates anchorage of mitochondria at the bud tip by binding 

to both mitochondria and cER at this site. A conserved protein phosphatase, Ptc1p, 

regulates mitochondrial anchorage by dephosphorylation of Mmr1p.  

 Mitochondrial fitness decreases as a function of age, yet retention of less fit 

mitochondria occurs to the same extent in young and older cells. Disruption of 

mitochondrial anchorage at the bud tip by deletion of MMR1 results in a severe lifespan 

anomaly, such that some cells have drastically reduced lifespan and markers of aged cells, 

while others show increased lifespan and markers of young cells. Loss of anchorage also 

leads to defects in mitochondrial quality control during inheritance and mitochondrial 



fitness correlates to the aging phenotypes observed in mmr1∆ cells. These findings support 

the model that the mitochondrial inheritance machinery promotes retention of lower-

functioning mitochondria in mother cells and that this process contributes to both mother-

daughter age asymmetry and age-associated declines in cellular fitness.  
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Mitochondria are the powerhouse of the cell. This is one of the most popular definitions in 

biology, appearing in thousands of middle-school, high-school and college textbooks. Yet, 

this definition falls short of describing the complexity of the mitochondrion, including its 

many roles in cellular homeostasis and metabolism other than energy production, its 

interactions with other organelles, and its impact on cellular and organismal welfare. For 

my thesis, I focused on a particular aspect of mitochondrial inheritance in budding yeast, 

mitochondrial anchorage and its role in the lifespan control and age asymmetry of the 

daughter cell. In Chapter 1 of this work, I will briefly provide a historical context for this 

research and overview the available literature on mitochondrial structure and function and 

its role in aging. In Chapters 2 and 3, I will describe the mechanism for anchorage of 

mitochondria at the daughter cell tip and the role that anchorage plays in quality control 

during mitochondrial inheritance and its impact on lifespan determination. Finally, I will 

detail how these studies shape the present state of yeast mitochondrial biology and aging 

research and what future directions stem from the results. 

 

Origin of the mitochondrion 

 

The history of mitochondrial research spans a little over 120 years following their original 

description by Altmann in 1890 ([2], reviewed in [3]). Astonishingly, it was at this time 

that Altmann presented the idea that these structures, bioblasts as he called them, were in 

fact unicellular organisms living inside another cell. Thus, the notion of the endosymbiotic 

origin of mitochondria accompanied their first thorough description.  
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 The endosymbiotic theory, formally posited by L. Margulis in 1970, asserts that 

certain organelles, notably mitochondria and chloroplasts, are the descendants of 

prokaryotes that established an endosymbiotic relationship with and within early 

eukaryotes or their ancestors [4]. Through evolution, the genomes of the bacterium were 

partially transferred to the host genome, such that the eukaryotic nucleus now encodes most 

mitochondrial and plastid genes in many species (reviewed in [5, 6]). Analysis of plant 

mitochondrial rRNA led scientists to believe that it was descended from α-protobacteria [5, 

7]. In 1998, Andersson and colleagues published the genome of the α-protobacterium 

Rickettsia prowazekii, an obligate intracellular parasite, and indeed found that it was 

functionally similar to the mitochondrial genome in several important aspects [8]. Both 

Rickettsia and mitochondria lack genes involved in glycolysis and instead encode for 

proteins involved in oxidative phosphorylation and the Krebs cycle. Both lack most genes 

involved in amino acid and nucleoside biosynthesis. Moreover, many nuclear-encoded 

mitochondrial genes of the budding yeast Saccharomyces cerevisiae are close homologues 

of rickettsial genes. Finally, while mitochondria in most eukaryotes move along 

microtubules using molecular motors such as dynein and kinesin (reviewed in [9]), some 

rickettsial species and the mitochondria of budding yeast hijack a nuclear-encoded actin 

nucleating complex, the Arp2/3 complex, to provide a motive force within cells [10, 11] 

(described in detail below). 

 The endosymbiotic origin of mitochondria not only accounts for the presence of a 

distinct mitochondrial genome in eukaryotes, but for the particular architecture of its 

membrane enclosures. These will be described in detail in the section that follows. 
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Structure of mitochondria 

 

Early studies on biological oxidations revealed that these processes were associated with 

insoluble material that could be isolated from cells as catalytically-active particulates ([12], 

reviewed in [3]). Phosphorylation and ATP production were later linked to these 

particulates as well. However, it was not until the advent of subcellular fractionation 

techniques that Hogeboom, Claude and Hotchkiss [13] were able to localize succinoxidase 

(i.e., succinate dehydrogenase) and cytochrome oxidase activity in rat liver to a “heavy” 

fraction enriched with what they correctly identified to be the mitochondrion of earlier 

descriptions. Analysis of the chemical composition of this fraction also revealed that 

mitochondria are protein-rich compartments, with approximately 35% of the total protein 

content of rat liver cells and themselves consisting of 70-75% protein by dry weight [14]. 

The remaining weight was found to be mostly phospholipid.  

 In 1953, Palade [15] and Sjöstrand [16] published the first high-resolution 

micrographs of mitochondria. From these images it became apparent that mitochondria are 

composed of two concentric membranes, the outer mitochondrial membrane and the inner 

mitochondrial membrane. These membranes delineate two spaces within the organelle. The 

matrix is the innermost space and is bound by the inner mitochondrial membrane, whereas 

both the outer and inner mitochondrial membranes bound the intermembrane space. While 

they are not contiguous, there are contact sites between the two membranes and these have 

been linked to various physiological functions, including influx/efflux of metabolites, 

mitochondrial protein import, and mitochondrial fusion (reviewed in [17]).  
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 The mitochondrial outer membrane (OM) is extremely porous in comparison to the 

mitochondrial inner membrane (IM). The most abundant protein in this compartment, 

porin, also known as the voltage-dependent anion channel (VDAC), permits the passive 

diffusion of molecules of 5 kDa or less into the intermembrane space (IMS). Thus, the IMS 

is roughly equivalent in chemical composition to the cytoplasm and is sometimes 

considered continuous with that compartment.  

 In contrast, the IM is relatively impermeable and requires active transport of nearly 

all substances into the matrix, with the exception of small, uncharged molecules such as 

water. The IM is also enriched in cardiolipin, a phospholipid with four acyl-chains found 

almost exclusively in mitochondria in eukaryotic cells [18]. The IM and enclosed 

mitochondrial matrix are the site of oxidative phosphorylation by the electron transport 

chain and the tricarboxylic acid or Krebs cycle, as well as other metabolic pathways. 

 The IM can be subdivided into two regions: the inner boundary membrane (IBM) 

and IM cristae. The IBM is parallel to the OM, while cristae are invaginations of the inner 

membrane into the matrix space. Cristae increase the surface area of the inner membrane 

and along with the double-membrane enclosure, are pathognomonic of mitochondria on 

electron microscopy. The Su e and Su g subunits of the mitochondrial ATP synthase are 

required for maintenance of cristae; deletion of su e and su g lead to defects in cristae 

formation [19-21]. The Su e and Su g subunits are required for dimerization and 

oligomerization of ATP synthase, but not for its ATP synthase activity [20, 22]. Also, 

cardiolipin has been implicated in the maintenance of inner membrane cristae structure 

[23]. 
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 In addition to the membranous and proteinaceous components of mitochondria, this 

organelle contains its own genome (reviewed in [24]). In humans, it encodes 13 

polypeptides, all part of respiratory complexes, two rRNA’s and 35 tRNA’s. Mitochondrial 

DNA (mtDNA) varies in copy number and coding across organisms. In most metazoans, 

mtDNA exists in open circular or supercoiled configurations, can form catenanes or 

circular head-to-tail dimers. In fungi and plants, the latter form predominates. Genomes are 

packaged by proteins into bundles termed nucleoids due to their resemblance to bacterial 

chromosomes. In mammalian cells, the mitochondrial transcription factor TFAM, which 

has high homology to positively charged DNA-binding high-mobility group (HMG) 

proteins, helps package the mtDNA, while its homologue Abf2p has a similar function in 

budding yeast. mtDNA replication is independent of nuclear DNA replication and is 

asynchronous with the cell cycle. The mitochondrial replisome is nuclear-encoded and 

minimally consists of DNA polymerase γ (POLG1), its accessory subunit POLG2, a DNA 

helicase (TWINKLE) and the mitochondrial single-stranded DNA binding protein 

(mtSSB).   

Translocation of mitochondrial genes into the nuclear genome created a 

requirement for import of proteins into the mitochondrion. To meet this need, mitochondria 

have developed a complex system of protein import across the outer and inner membranes 

(reviewed in [25]). Nuclear-encoded proteins with an N-terminal or internal mitochondrial 

targeting sequence are thought to be taken up post-translationally by mitochondria, 

although cotranslational import of proteins into mitochondria cannot be ruled out. The 

translocase of the outer mitochondrial membrane or TOM complex recognizes these signal 

sequences and serves as the pore through which the protein transverses the OM. Proteins 
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that are destined for the matrix do so as preproteins with an N-terminal mitochondrial 

targeting sequence and are translocated through the translocase of the inner mitochondrial 

membrane 23 or TIM23 complex. The TIM23 complex interacts with both the preprotein 

and the TOM40 complex. For matrix proteins, TIM23 associates with the PAM 

(presequence translocase-associated motor) to drive movement of proteins through its pore 

domain. Once in the matrix, the mitochondrial preprotein peptidase (MPP) cleaves the N-

terminal signal sequence. Proteins of the mitochondrial IM with N-terminal signal 

sequences additionally have a hydrophobic sorting sequence that inhibits its complete 

translocation into the matrix and are instead laterally released into the IM. For this type of 

transport, the TIM23 complex requires Tim21. MtDNA-encoded proteins of the IM are 

translocated from the matrix and released to the IM by the OXA complex. 

Transmembrane carrier proteins of the IM, like the ATP/ADP carrier, have internal 

mitochondrial signal sequences and are transported through the OM by the TOM complex. 

However, their translocation and release into the IM is mediated by the TIM22 complex, 

not TIM23. In all cases of transport across the IM, ATP and membrane potential are 

required for protein import [26]. 

Proteins of the IMS are transported by a complex disulfide relay system termed the 

mitochondrial intermembrane space assembly (MIA) machinery (reviewed in [27]). After 

translocation through the OM, oxidized Mia 40 recognizes IMS proteins and forms 

sequential disulfide bonds; when the protein is released it is properly folded with intra-

protein disulfide bonds. This drives net import into the IMS as the oxidized proteins cannot 

translocate back across the OM through TOM40. The now reduced Mia40 is re-oxidized by 

the sulphydryl oxidase Erv1. Protein import to the IMS is coupled to a flow of electrons 
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from the IMS protein to Mia40 to Erv1 and finally to cytochrome c and the respiratory 

chain.  

Finally, proteins of the OM are imported through several mechanisms. β-barrel 

proteins associate with molecular chaperones Tim9 and Tim10 in the IMS after 

translocation through the TOM40 complex and are inserted into the membrane by the 

sorting and assembly machinery or SAM complex. The receptors of the TOM40 complex 

(without the pore constituents) can interact with the SAM complex and along with Mim1 

and other yet unknown proteins of the OM can directly insert OM proteins into the 

membrane.  

 

Interactions with ER create a subdomain in mitochondrial structure: Mitochondria-

associated ER membrane (MAM) refers to physical contact sites between the endoplasmic 

reticulum (ER) and mitochondria, and is functionally significant (reviewed in [28]). 

Mitochondria-ER interactions are important for lipid metabolism: phosphatidylserine (PS) 

is synthesized in the ER lumen and transported to mitochondria at MAM, where it is 

converted to phosphatidylethanolamine (PE). PE is then transported back to the ER lumen 

where it is converted to phosphatidylcholine (PC). The proteins that catalyze these 

reactions, as well as others involved in glucose metabolism, are enriched in MAM. MAM 

also plays a role in regulating mitochondrial calcium levels and in calcium signaling 

between ER and mitochondria. Several enzymes of the tricarboxylic acid (TCA) cycle and 

electron transport chain (detailed below) are Ca2+-dependent, as is the mitochondrial 

reactive oxygen species-scavenger superoxide dismutase. MAM calcium signaling is also 

involved in apoptosis and the ER stress response. 
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 The physical interaction between mitochondria and ER is mediated by protein 

interactions. In yeast, the ER-mitochondria encounter structure (ERMES) was discovered 

through a synthetic biology screen looking for mutants that failed to grow in the absence of 

an artificial ER-mitochondria tether [29]. The screen revealed a four-protein complex 

consisting of an integral ER protein, mitochondrial morphology maintenance 1 (Mmm1p1), 

two integral mitochondrial proteins, mitochondrial distribution and morphology (Mdm) 10 

and 12 and a peripheral mitochondrial protein, Mdm34p.  However, the function of the 

ERMES is complex.  Subunits of the ERMES were originally identified for their function 

in maintenance of mtDNA and mitochondrial morphology [30-32].  Later studies revealed 

that it is required for association of mitochondria with the actin cytoskeleton and for actin-

dependent mitochondrial movement [33]. Moreover, proteins in this complex have also 

been implicated in insertion of beta-barrel proteins in the mitochondrial outer membrane 

[34].  Finally, recent studies indicate that this complex is not required for 

phosphatidylethanolamine biosynthesis, a process that occurs at sites of contact between 

mitochondria and ER [35].  Thus, future studies are required to fully understand the 

function(s) of the ERMES. 

In mammalian cells, several proteins have been implicated in ER-mitochondria 

interactions, including mitofusin 2 (Mfn2), the voltage-gated anion channel (VDAC), the 

inositol 1,4,5-phosphate receptor receptor (IP3R), dynamin-related protein 1 (DRP1) and 

Grp75, among others (reviewed in [28]). In mouse embryonic fibroblasts (MEFs), Mfn2 

localizes to the outer mitochondrial membrane and to sites of mitochondria-ER interaction, 

                                                
1 In yeast nomenclature, genes are abbreviated in italicized, uppercase letters (e.g., 
MMM1), whereas proteins are abbreviated in lowercase letters followed by the letter p 
(e.g., Mmm1p). Knockout strains are abbreviated in italicized, lowercase letters followed 
by the Greek letter ∆ (e.g. mmm1∆). 
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and loss of Mfn2 results in abnormal ER morphology and loss of mitochondria-ER contact 

[36]. Rescue of mitochondria-ER contact in Mfn2-/- MEFs requires mitofusin 2 in the ER 

and either mitofusin 1 or 2 in mitochondria. 

 In Chapter 2, I present a new role for mitochondrial-ER interactions in the 

anchorage of mitochondria at a site of polarized cell surface growth, the yeast bud tip. 
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Essential and non-essential functions of mitochondria 

 

Mitochondria carry out a host of functions within the cell. Here, I provide a brief overview 

of these functions. The most studied of these, energy production through oxidative 

phosphorylation, is discussed in detail in the following section. Still, it is worth mentioning 

at this time that while respiration is essential for metazoans, eukaryotic facultative 

anaerobes like the budding yeast Saccharomyces cerevisiae bypass oxidative 

phosphorylation in favor of fermentation of carbon sources when available. 

 Buffering and storage of calcium is a well-established function of mitochondria 

(reviewed in [37]). Calcium enters the mitochondrial matrix through an inward-rectifying 

calcium channel, while efflux is achieved by Na+/Ca2+ and H+/Ca2+ antiporters. While 

calcium uptake into mitochondria is usually very slow, local increases in cytosolic calcium 

concentration can result in a rapid ten-fold increase in calcium in the mitochondrial matrix 

compared to the cytosol and is dependent on membrane potential across the IM [38, 39]. 

Buffering of cytosolic calcium by mitochondria has important implications for cellular 

function. For example, inhibition of mitochondrial function by treatment of chromaffin 

cells with the mitochondrial uncoupler CCCP (described below) causes an increase in 

cytosolic calcium concentration and hyperexcitability in hormone release [38].  

 Mitochondria are also upstream players in the intrinsic pathway of apoptosis, by 

way of the Bcl-2 family of proteins and possibly by the elusive mitochondrial permeability 

transition in mammalian cells (reviewed in [40]). Most Bcl-2 family proteins have four 

Bcl-2 homology (BH) domains and a transmembrane domain, while some proapototic 

factors like tBid have only a BH3 domain. Under normal conditions, the pro-apoptotic 
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protein Bak is a resident mitochondrial OM protein, while Bax is mostly cytoplasmic, with 

a small fraction in the OM. In response to stress conditions, such as mitochondrial calcium 

overload (acute or chronic), Bax is inserted into the mitochondrial OM where it 

oligomerizes. BH3-only proteins, like tBid, induce these conformational changes in Bax 

and promote its insertion into the OM. Antiapoptotic proteins like Bcl-2 and Bcl-XL bind 

and sequester multi-BH-domain proapoptotic factors like Bax and Bak. Although the 

mechanism is unclear, after Bax activation, Drp1p, a mitochondrial fission protein, is 

recruited to mitochondria from the cytosol. Mitochondrial fission is thus a hallmark of early 

apoptosis. The next step in mammalian apoptosis involves the permeabilization of the 

mitochondrial outer membrane. There are several models for this permeabilization which 

either directly implicate Bax/Bak in the formation of giant pores on the mitochondrial OM, 

or the Bax/Bak modulation of the so called mitochondrial permeability transition pore 

(PTP). The exact protein content of the PTP remains controversial, as is whether the 

permeabilization of the OM is the result of proteinaceous pores (be they PTP, or Bax/Bak 

complexes), or lipidic pores, possibly formed by Drp1-mediated hemifission intermediates. 

Regardless of the exact nature of the pore, permeabilization leads to loss of mitochondrial 

membrane potential, ROS generation and the release of cytochrome c and other 

mitochondrial proteins into the cytosol, including AIF, Smac/DIABLO, and pro-caspase-3 

and -9, among others. Cytochrome c binds Apaf-1 and directly activates pro-caspase-9, 

while AIF induces chromatin condensation and DNA degradation, Smac/DIABLO 

sequesters inhibition of apoptosis proteins (IAPs), while pro-caspases-3 and -9 increase 

cytosolic pools of caspases (reviewed in [41]). Caspases in turn activate a protease pathway 

that terminates in cell death. 
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The role of the mitochondrion in invertebrate apoptosis remains unclear (reviewed 

in [42]). Budding yeast lack Bcl-2 family proteins, as well as traditional caspases, but 

encode for a metacaspase, Mca1p, which contributes to cell death. However, it is possible 

that they have structural and functional analogs for these proteins. As in mammalian cells, 

release of cytochrome c is observed during yeast cell death, but what upstream proteins 

trigger its release or whether it functions in a similar cascade in cell death activation is 

unknown.  The yeast AIF translocates from mitochondria to the nucleus and appears to 

function in DNA degradation during cell death. Two of the yeast proteins analogous to 

mammalian complex I (described below), Ndi1p and Nde1p, are Aif-related proteins and 

have pro-apoptotic activities. Finally, mitochondrial fragmentation accompanies cell death 

in yeast, and is dependent on Dnm1p, the yeast homolog of Drp1, and Mdv1p (which has 

no human homolog).  

Mitochondria are also the major site of Fe-S cluster biosynthesis, pyruvate 

metabolism and the synthesis of heme, amino acids, fatty acids and steroids in eukaryotes. 

In the next two sections, I will focus on another mitochondrial function, mitochondrial 

respiration and mitochondria’s role in generation of oxidative stress. 
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Mitochondrial respiration 

 

Perhaps the most well known function of mitochondria is to convert biochemical energy 

from nutrients into energy that the cell can readily use in the form of the high-energy 

phosphate bonds in ATP. In the cytosol, glucose is broken down through glycolysis into 2 

pyruvate molecules, which are imported into the mitochondrial matrix and converted to 

acetyl-CoenzymeA (Acetyl-CoA). Acetyl-CoA is the main entry point to the tricaboxylic 

acid (TCA), or Krebs, cycle, which produces 1 ATP, 3 NADH and 1 FADH2 per acetyl-

CoA. The latter two entities donate electrons to the electron transport chain (ETC), which 

in turn powers ATP production by the mitochondrial ATP synthase (described in detail 

below). Complete oxidation of glucose by mitochondrial respiration produces 36 to 38 

moles of ATP per mole of glucose, whereas glycolysis only produces 2 moles of ATP per 

mole of glucose. Moreover, free fatty acids that are transported into the mitochondrial 

matrix are converted to acetyl-CoA by β-oxidation and generate ATP through 

mitochondrial respiration. Oxidation of free fatty acids yields nearly twice as much energy 

as oxidation of carbohydrates or proteins. The dramatic increase in the amount and 

efficiency of energy production that mitochondria afford is considered by some one of the 

most important factors in the evolution of multicellular eukaryotes [43]. 

Oxidative phosphorylation refers to the formation of ATP by the mitochondrial 

ATP synthase through the transfer of electrons from NADH and FADH2 to O2 (Fig. 1). 

This transfer of electrons occurs at the IM and is coupled to the pumping of hydrogen ions 

from the mitochondrial matrix to the IMS. The resulting electrochemical gradient (ΔΨ) 
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provides the proton motive force that the ATP synthase uses to drive phosphorylation of 

ADP and ATP formation. 

  

Fig. 1 Oxidative phosphorylation at the mitochondrial inner membrane. Electron transfer 
from NADH and FADH2 through the ETC to molecular oxygen results in the pumping of 
protons across the mitochondrial inner membrane (IM) by complexes I, III and IV. Flow of 
protons through the F1F0-ATPase is coupled to the conversion of ADP and inorganic phosphate 
(Pi) to ATP. The γ-subunit of the F1 unit of ATP synthase is internal to the α and β subunits. 
Note that while FAD+ is presented as being a chemical species of the matrix for simplicity, it is 
part of complex II. IMS: intermembrane space; I to IV: ETC complexes I to IV; Q: ubiquinone; 
Cyt c: cytochrome c; F0: F0 unit of ATP synthase; α: α subunit of the F1 unit of ATP synthase; 
β: β subunit of the F1 unit of the ATP synthase; H+: hydrogen proton concentration (scale 
difference represents concentration difference across the IM); +: positive electrical charge; -: 
negative electrical charge. Black arrows: direction of proton movement. Red arrows: direction of 
electron flow from ETC to molecular oxygen. 
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 The ETC is made up of four integral protein complexes on the IM: NADH-Q 

oxidoreductase (complex I), succinate-Q reductase (complex II), Q-cytochrome c 

oxidoreductase (complex III) and cytochrome c oxidase (complex IV). Iron/sulfur clusters 

or heme groups in these complexes serve as electron acceptors from NADH/FADH2 or 

from the preceding complex and as electron donors to the next complex. In short, 

complexes I and II accept electrons from NADH and succinate (through an FAD cofactor 

in complex II reduced to FADH2), respectively, and reduce ubiquinone. Reduced 

ubiquinone donates electrons to complex III, which in turn reduces cytochrome c. 

Cytochrome c then donates electrons to complex IV where oxygen serves as the final 

electron acceptor and is reduced to water via a 4-electron reduction. Complexes I, III and 

IV, but not II, pump hydrogen ions across the IM. The resulting electrochemical gradient 

(ΔΨ) provides the proton motive force that catalyzes ATP production by the F1F0-ATPase, 

also known as ATP synthase or complex V. Specifically, the flow of protons through the 

pore of ATP synthase powers a molecular motor that generates ATP: in the F1 unit, the γ-

subunit of complex V rotates, inducing structural changes in the β-subunit that result in the 

conversion of ADP to ATP. Thus, proton movement across the IM is coupled with ATP 

production. 

As a facultative anaerobe, the budding yeast Saccharomyces cerevisiae has a 

functional ETC and F1F0-ATPase and is capable of mitochondrial respiration when grown 

on a non-fermentable carbon source.  Unlike conventional complex I, however, yeast 

complex I activity is insensitive to rotenone, a drug that inhibits the transfer of electrons 

from the iron/sulfur cluster of mammalian complex I to ubiquinone [44]. Also, yeast 

mitochondria are able to oxidize both cytosolic and matrix NADH [44]. NADH 



 

 

17 

dehydrogenase activity in the matrix is catalyzed by Ndi1p, an integral IM protein that 

faces the matrix [44, 45]. Cytosolic NADH dehydrogenase activity is carried out by two 

integral IM proteins that face the IMS: Nde1p and Nde2p [46, 47]. Neither Ndi1p, nor 

Nde1p or Nde2p, pump hydrogen ions through the IM to create an electrochemical 

gradient. The yeast mitochondrion can also directly oxidize glycerol 3-phosphate and 

lactate, allowing it to grow on a variety of carbon sources [48, 49]. These enzymes can be 

isolated from disrupted yeast mitochondria as a supramolecular complex [50].  

Drug- or protein-induced movement of protons across the IM can uncouple electron 

transport from ATP production. Mitochondrial uncoupling proteins allow for the flow of 

protons through the IM, generating heat in the process. The brown adipose tissue of 

mammals uses uncoupling protein 1 (UCP1) for thermoregulation (reviewed in [51]). 

UCP2, UCP4 and BMCP1/UCP5 are found in mammalian neuronal tissue and have a role 

in regulation of neuronal function by thermal regulation of synapses, regulation of 

mitochondrial calcium influx/efflux, ATP production and ROS production (reviewed in 

[52]). Chemical uncouplers, such as the widely used FCCP and CCCP (carbonylcyanide p-

trifluoromethoxyphenylhydrazone and carbonylcyanide m-chlorophenylhydrazone, 

respectively), insert themselves into the IM and allow the free exchange of protons, 

dissipating the electrochemical gradient across the IM [53].  

Leakage of electrons from the electron transport chain results in the formation of 

high-energy chemical intermediates that at low levels serve as intracellular signaling 

molecules, but at high concentrations can threaten the welfare of the cell. The formation of 

these reactive oxygen species is discussed in detail in the next section.  
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Mitochondrial production of ROS 

 

Reactive oxygen species (ROS) are highly reactive molecules with an unpaired electron in 

their valence shell and include free radicals. The term ROS is frequently used to refer to 

reactive nitrogen species (RNS) and other reactive molecules containing carbon, sulfur and 

chlorine, as well as those containing oxygen. In this work, we refer only to those chemical 

species derived from oxygen. 

ROS and other free radicals can react with most classes of biological 

macromolecules and alter them irreversibly, e.g. through protein carbonylation, lipid 

peroxidation or modification of guanine to 8-oxoguanine in DNA. However, the effects of 

ROS are not purely detrimental (reviewed in [54]). In the immune system, superoxide and 

nitric oxide production by neutrophils and macrophages, respectively, is necessary for the 

death of phagocytized pathogens. ROS also have a role in cellular signaling. For example, 

platelet-derived growth factor (PDGF)-mediated H2O2 production in smooth vascular 

muscle is linked to PDGF-stimulated tyrosine kinase cascade activation [55]. This form of 

redox regulation of cell signaling is mostly accomplished through the oxidation of cysteine 

residues in the proteins involved in signal transduction or their targets. Also, superoxide is 

able to regulate gene transcription through the transcription factor hypoxia inducible factor-

1α [56].  

The primary endogenous source of ROS in the eukaryotic cell is the mitochondrion. 

During mitochondrial respiration, electrons flowing through the ETC can prematurely react 

with oxygen in a one-electron reaction to create superoxide (O2
�-) at complexes I and III. 

Under physiological conditions, complex III produces most of the mitochondrial ROS [57]. 



 

 

19 

Paraquat, a commonly used herbicide, stimulates superoxide production via complex I both 

through direct reduction of dicationic paraquat to PQ�-, which in turn produces O2
�-, as well 

as indirectly through ΔΨ-dependent reverse electron transport [58]. Reverse electron 

transport refers to the flow of electrons from complex II to complex I and can be observed 

when succinate is used as a substrate of isolated mitochondria [59-61]. In isolated 

mitochondria in the presence of NAD+, the reverse electron flow produces NADH, 

whereas in its absence, oxygen is reduced to superoxide [61]. Depleting ΔΨ inhibits reverse 

electron flow. Consistent with this, incubation of isolated mitochondria from bovine aortic 

endothelial cells with UCP-1 reduces mitochondrial ROS generation in response to 

hyperglycemia [62]. Moreover, mitochondrial ROS production is stimulated in human 

osteosarcoma cells by drug inhibition of ETC complexes I, II, III or IV, loss of mtDNA or 

deletions in mtDNA [63]. Thus, defects in electron flow through the ETC result in 

mitochondrial ROS production. 

Cells have extensive antioxidant defense systems to protect them from damage by 

ROS. Among the enzymes with antioxidant activity, superoxide dismutases (SOD) catalyze 

the conversion of O2
�- to H2O2. Most eukaryotes have a cytosolic SOD with a copper/zinc 

(CuZnSOD or SOD1) catalytic site and a mitochondrial SOD with a manganese catalytic 

site (MnSOD or SOD2). Interestingly and in concordance with the endosymbiotic origin of 

mitochondria, most prokaryotes have a Mn- rather than a CuZn-SOD [64, 65]. H2O2, while 

less reactive than O2
�-, can also lead to oxidative damage as a source of hydroxyl radicals. 

Thus, catalases, cytosolic proteins, protect the cell by catalyzing the conversion of H2O2 to 

H2O and O2. Though not discussed in detail in this work, there are other important cellular 

antioxidants, including, but not limited to, glutathione and glutathione peroxidases, 
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thioredoxin and thioredoxin reductases, flavin mononucleotide oxidoreductases (e.g., old 

yellow enzyme 1 and 2 of yeast), acetyl-L-carnitine, and α-lipoic acid. 

ROS have been implicated in aging through their detrimental effects on cellular 

structure and function. As such, mitochondria, the major source of endogenous ROS within 

cells, are key players in the aging process. In the next two sections, the known role of 

mitochondria in organismal aging is explored, first in humans and various model 

organisms, and then specifically in the aging of the budding yeast Saccharomyces 

cerevisiae.   
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Mitochondrial function in aging 

 

In considering age-associated processes it is helpful to begin with a definition of aging. 

Biological aging is the “progressive decline in the ability of an organism to resist stress, 

damage and disease.” [66] It is defined by 2 criteria: (1) the probability of death of an 

organism increases with time, and (2) there are characteristic phenotypic changes that occur 

in the population over time. These age-associated changes are thought to result from 

repeated biochemical insults to the organism over time, and are exacerbated by a decline in 

the organism’s defenses towards said insults. Ultimately, these deleterious events result in 

the breakdown of the limiting processes that determine longevity, leading to the functional 

senescence of the organism. 

 In 1954, Harman [67] proposed the free radical theory of aging (FRTA). In it, he 

postulated that endogenously-produced free radicals cause cumulative damage to cells that 

result in aging and cellular senescence (reviewed in [68]). The discovery of superoxide 

dismutase (SOD) in 1969 led credibility to the notion that cells produce superoxide 

endogenously [69]. Indeed, an increase in oxidative stress as a function of age has been 

documented in a variety of species, ranging from bacteria to humans [70-74]. Consistent 

with a role for ROS in aging, overexpression of SOD in C. elegans results in increased 

resistance to ingested H2O2 and significantly increased lifespan [75]. Finally, 

overexpression of extracellular SOD in primary mouse embryonic fibroblasts results in 

increased lifespan and decreased rates of telomere shortening, a senescence marker of cells 

in culture [76].   
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In 1972, the FRTA was extended to include recent findings that mitochondria were 

the major cellular source of ROS, suggesting that it was the rate of damage to and 

dysfunction by mitochondria that determined lifespan (reviewed in [68]). Consistent with 

this model, transgenic mice overexpressing mitochondria-targeted human catalase (MCAT) 

showed a 21% increase in mean lifespan, while overexpression of peroxisome-targeted 

human catalase (PCAT) resulted in a modest increase in mean lifespan of 13% and nuclear-

targeted human catalase (NCAT) had no significant effect [77]. Results were similar in a 

second mouse line. Moreover, MCAT mice had a significant increase in maximum 

lifespan, while PCAT and NCAT mice showed no difference in maximum lifespan. The 

aging phenotype of MCAT mice correlated with resistance to the age-dependent increase in 

aconitase inactivation by H2O2 treatment, age-dependent increase in 8-

hydroxydeoxyguanosine in skeletal muscle and age-dependent increase in mtDNA 

deletions. Isolated cardiac mitochondria of MCAT mice also showed decreased H2O2 

production compared to control at 6 months. 

The role of ROS levels in lifespan control is not without its controversies. In 

budding yeast, overexpression of MnSOD results in extended chronological lifespan (i.e., 

survival in stationary phase), but shortens its replicative lifespan (i.e., cumulative number 

of cell divisions) and is associated with defects in mitochondrial inheritance [78]. Also, the 

effect of mtDNA loss on lifespan is variable, such that ρ0 cells (i.e., cells without mtDNA) 

have increased, decreased or no change in replicative lifespan depending on the genetic 

background [79].  

Additionally, induction of low levels of mitochondrial ROS can result in increased 

fitness and lifespan in some model systems. The phenomenon of favorable biological 
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processes in response to exposure to low levels of toxins is called hormesis -- when applied 

to mitochondrial ROS, it is termed mitohormesis. Consistent with this idea, exercise 

induces both mitochondrial metabolism and ROS formation, but its health-promoting 

effects on lifespan can be blocked by antioxidants (reviewed in [80]). Moreover, 

supplementing the diet of C. elegans with 2-deoxy-glucose (DOG), a glycolytic inhibitor, 

extends lifespan and increases both respiration and ROS formation, and use of antioxidants 

inhibits the lifespan-extending effects of DOG and caloric restriction [81]. The mechanism 

for ROS-dependent lifespan extension is thought to be increased resistance to oxidative 

stress, which was indeed observed in DOG-fed nematodes.  

 

Damage to mtDNA may lead to premature aging independent of increases in 

mitochondrial ROS: The vicious cycle theory of mtDNA damage postulates that with 

time, ROS produced by the ETC causes damage to mtDNA, leading to mutations in ETC 

components. The now defective ETC is therefore prone to more ROS production, which 

leads to more mtDNA damage, and so forth.  

To investigate the role of mtDNA mutations on the aging process, two groups [82, 

83] created transgenic mice with a defective POLG1, the mitochondrial DNA polymerase. 

Specifically, the proofreading subunit of POLG1, PolgA, was inactivated by the mutation 

of a critical aspartate to an alanine. The mtDNA mutator mice, as they were called, indeed 

showed increased levels of mtDNA damage, particularly mtDNA deletions and an 

increased mtDNA mutational load at the cytochrome b locus. Moreover, they had severely 

compromised lifespan, almost half of that of wildtype mice. The mtDNA mutator mice 

developed age-associated pathologies earlier than wildtype mice, including hearing loss, 
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kyphosis, loss of adipose tissue, bone mass (osteopenia) and muscle mass (sarcopenia), 

weight loss, splenomegaly, cardiac hypertrophy and anemia. 

Surprisingly, neither group observed a significant increase in oxidative damage to 

proteins or DNA, H2O2 production, H2O2-induced cell death, in vivo ROS production in 

isolated mouse embryonic fibroblasts (MEFs) or expression of glutathione peroxidase or 

SOD2 compared to control mice [82, 84]. Instead, MEFs showed signs of glycolytic 

growth and isolated mitochondria were deficient in respiratory chain function [84]. 

Additionally, caspase activation was found to increase with age in wild-type mice and the 

rate of increase was significantly increased in the mutator mice compared to control [82]. 

These findings suggest that mtDNA damage in this mouse model does not lead to increased 

ROS production by the ETC. Instead, it suggests that the progeroid phenotype of these 

mice is caused by respiratory dysfunction and/or by activation of cell death pathways 

secondary to mitochondrial dysfunction. 

 It should be noted that the physiologic relevance of the mtDNA mutator mouse in 

studying mammalian aging is controversial. Most importantly, the levels of mtDNA 

mutations in the mutator mouse are ten-fold higher than those found in ordinary aged 

human and mouse tissues, and are broadly distributed throughout all tissues, in contrast to 

normally aging individuals [85, 86].  

 Despite these challenges to the FRTA, further evidence that mitochondria with high 

ROS levels are a major aging determinant is presented in Chapter 3. Moreover, 

mitochondria are known to modulate lifespan through several pathways, some of which 

impact mitochondrial ROS production and oxidative damage. 
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Caloric restriction extends lifespan by modulating mitochondrial activity: In 1935, 

McCay and colleagues discovered that a diet that compromised fecundity and fertility, but 

did not result in malnutrition, greatly extended the survival of laboratory rats [87]. This 

drastic decrease in total dietary intake, termed caloric restriction (CR), has been shown to 

increase lifespan in yeast, nematodes, fruit flies, rodents and possibly, in at least one non-

human primate (reviewed in [88]). A recent study on rhesus monkeys revealed that 

moderate CR decreases the incidence of age-associated diseases, including sarcopenia, 

diabetes and insulin insensitivity, neoplasia and cardiovascular disease [89]. Moreover, 

CR-animals who do develop these conditions do so later in life compared to controls fed ad 

libitum (AL). Animals on CR diets also show preservation of gray matter volume compared 

to control animals by MRI. While overall mortality was unaffected in this study, not all 

individuals from CR and control groups were deceased at the conclusion of the study and 

death secondary to age-associated diseases was decreased in the CR group. 

In humans, CR results in physiologic changes that mimic the phenotype observed in 

CR mice and non-human primates, including decreased total plasma cholesterol and 

triglycerides, decreased blood pressure, decreased serum glucose, serum insulin and 

glycosylated hemoglobin and decreased energy expenditure [90-92]. However, no studies 

have clearly indicated whether CR results in lifespan extension in humans. 

During human aging, mitochondrial ATP production by skeletal muscle decreases 

and is correlated with a decrease in mitochondrial DNA and protein content in the muscle, 

as well as increased mtDNA damage [93]. In mice, CR inhibits this age-dependent 

decrease in skeletal muscle oxidative capacity and correlates with higher levels of PGC-1α, 

a regulator of mitochondrial function and biogenesis [94-96]. Similar to PGC-1α, AMPK 
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activity regulates mitochondrial biogenesis, is induced during CR and is capable of 

extending lifespan in nematodes [97, 98], while defects in AMPK signaling are also linked 

to age-dependent neurodegeneration in fruit flies [99]. Finally, rats on a CR diet have 

increased expression of genes involved in free radical scavenging and energy metabolism, 

including CuZnSOD, MnSOD and respiratory chain genes and decreased expression of 

genes involved in stress response [100]. Thus, CR induces mitochondrial biogenesis and 

respiratory function, while increasing antioxidant defenses.     

Other molecular pathways thought to mediate the effects of CR, at least in part, 

include insulin and insulin-like growth factor 1 (IGF-1) signaling, TOR signaling and the 

sirtuins. The contributions of these longevity pathways to aging by modulation of 

mitochondrial function are detailed below.  

 

Insulin/IGF-1 and TOR signaling in lifespan control: Nutrient-sensing pathways are 

known to regulate longevity and their manipulation can extend the lifespan of model 

organisms in the absence of CR. Insulin and insulin-like growth factor 1 (IGF-1) signaling 

inhibits longevity in yeast, worms, flies and mammals (reviewed in[101]). In C. elegans, 

where this phenomenon was discovered, mutations in daf-2, which encodes for an ortholog 

of the insulin/IGF-1 receptor, result in lifespan extension through a PI3-kinase pathway and 

is dependent on the FOXO-family transcription factor daf-16, HSF1, a heat-shock 

transcription factor and on AMPK activity (reviewed above). Decreased signaling through 

this pathway leads to increased resistance to oxidative stress and increased expression of 

MnSOD, and overexpression of MnSOD in nematodes is sufficient to increase lifespan [75, 
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102]. Autophagy is also upregulated in daf-2 mutants and inhibition of autophagy shortens 

the lifespan of daf-2, but not of wild-type worms [103].  

Mammalian target of rapamycin (mTOR) exists in two complexes, TORC1 and 

TORC2. TORC1 coordinates metabolism with nutrient, energy and oxygen availability, as 

well as growth factor signaling, while TORC2 functions in cytoskeletal control (reviewed 

in [104]). TORC1 signaling receives inputs from the insulin/IGF-1 signaling cascade, as 

well as AMPK, thus integrating various longevity pathways. Inhibition or loss of TORC1 

or its downstream target S6-kinase results in lifespan extension in yeast, flies, worms and 

mice (reviewed in [105]). Lifespan extension by TOR inhibition is linked with increased 

autophagy and decreased protein translation [106-110]. In yeast, deletion of TOR1 extends 

lifespan by alleviating glucose-repression of respiration, leads to increased oxygen 

consumption and mitochondrial protein translation, and depends on SCH9, the yeast 

homolog of Akt [111, 112].  

 

Sirtuins and mitochondrial lifespan control: The sirtuins are a conserved family of 

NAD+-dependent protein deacetylases implicated in lifespan control (reviewed in [113]). 

This protein family was first identified in yeast in a screen for genes involved in the 

silencing of a- and alpha-mating type cassettes at HML and HMR loci and the resulting 

genes were named silent information regulator or SIR genes [114]. Deletion of any of the 4 

SIR genes in yeast results in decreased lifespan, but the greatest reduction results from loss 

of SIR2, which is the only one that is highly conserved from bacteria to humans and is most 

similar to human SIRT1 [115]. This defect in lifespan can be partially suppressed by 

deletion of FOB1, a nucleolar protein that binds the rDNA replication fork barrier and is 
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necessary for the formation of extrachromosomal rDNA circles during yeast aging (ERC’s 

are discussed below) [116, 117]. Extra-copies of SIR2 or sir2.1 increase the lifespan of 

yeast and worms, respectively, while activation of Sir2 by resveratrol in fruit flies results in 

Sir2-dependent lifespan extension [115, 118, 119].  

There are seven sirtuins in mammals: two are nuclear (SIRT6 and 7), one is 

cytosolic (SIRT2), three are mitochondrial (SIRT3, 4 and 5) and one, SIRT1, is found 

mostly in the nucleus with a fraction localized to mitochondria [120]. Sirtuins regulate 

mitochondrial function through a variety of mechanisms. SIRT1 and 3 regulate 

mitochondrial biogenesis through PGC-1α and AMPK (reviewed in [113, 121]). In 

pancreatic β cells, SIRT1 stimulates insulin secretion through inhibition of UCP2, while 

SIRT4 represses secretion through glutamate dehydrogenase (reviewed in [113]). SIRT1 

and SIRT6 repress glycolysis by deacetylation of Hif1α, a protein that induces anaerobic 

glycolysis while inhibiting the TCA cycle (reviewed in [113]). SIRT3 enhances the activity 

of complex I and III of the ETC by direct deacetylation of its subunits (reviewed in [113]). 

Cells lacking SIRT3 have increased ROS, while SIRT3 can deacetylate MnSOD and 

stimulate the expression of MnSOD, SCO2, a COX assembly gene, and catalase (reviewed 

in [122]). Finally, SIRT3 and 4 are implicated in mitochondria-mediated apoptosis 

(reviewed in [113]). While these are only a few examples of how sirtuins modulate 

mitochondrial function, they highlight the complex relationship that these proteins have 

with mitochondrial regulation. 

While the precise mechanisms by which these pathways modulate human lifespan 

are not entirely understood, work on model organisms has revealed much about these 
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conserved pathways. Of particular interest for this work, the literature regarding the use of 

budding yeast as a model organism for aging is summarized in the following section.  
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Budding yeast as a model for aging 

 

Despite the vast amount of research currently directed at understanding the aging process in 

mammals, as well as the pathogenesis and treatment of age-related disease, advances have 

been slow. Nonetheless, work on model organisms such as D. melanogaster, C. elegans and 

budding yeast have revealed much about the conserved cellular mechanisms of aging [118, 

123]. Our model system, the budding yeast Saccharomyces cerevisiae, is particularly 

amenable to the study of aging because of its ease for genetic manipulation, quick growth 

and well-characterized organelles.  

Furthermore, several known aging pathways are conserved from yeast to human 

[124]. In fact, the role of the sirtuins in lifespan control was first discovered in yeast [115]. 

Sir2p, the founding member of the sirtuin family, is an NAD-dependent histone deacetylase 

whose activation extends lifespan in yeast [125]. Although the full extent of its actions are 

unknown, Sir2p is implicated in lifespan extension secondary to caloric restriction in yeast 

[125] (see below), inhibits the accumulation of aging determinants [115] and promotes the 

asymmetric segregation of aging determinants [70, 126]. SIRT 1-7, homologues of the yeast 

gene SIR2, are part of a family of histone deacetylases and may provide targets for 

treatment of age-associated disease and even lifespan extension [127, 128] (see above). 

 Aging of a particular yeast genotype can be described in terms of its replicative 

lifespan (RL) or its chronological lifespan (CL) [66]. Replicative lifespan refers to the 

number of times a cell divides to produce a daughter cell and is a reliable measure of cell 

fitness and metabolic capacity. Chronological lifespan refers to the amount of time a yeast 

cell survives in stationary phase and is a measure of stress resistance. Although 
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independent genetic pathways have been identified for both, it is clear that there is some 

overlap between the factors controlling both lifespan subsets. The work presented in 

Chapter 3 of this thesis focuses on replicative lifespan control by the mitochondrial 

inheritance machinery. 

The factors that modulate RL in budding yeast can be divided into two major 

pathways: the retrograde response pathway and the caloric restriction pathway. These 

pathways appear to be genetically distinct, although they may share some of the same 

effectors. The retrograde response is a compensatory pathway that is activated by 

mitochondrial dysfunction and results in a change of nuclear gene expression [129]. 

Specifically, mitochondrial dysfunction leads to the downstream activation of Rtg2p, which 

triggers the translocation of the Rtg1p-Rtg3p complex to the nucleus. The Rtg1p-Rtg3p 

complex, a heterodimeric, basic helix-loop-helix-leucine transcription factor, increases 

expression of genes involved in stress response and the glyoxylate cycle, among others. 

Deletion of RTG2 suppresses lifespan extension in cells that exhibit increased longevity 

upon mtDNA loss [79]. The retrograde response pathway is suppressed by glucose and 

glutamate, stimulated by Ras2p and inhibited by Tor1p. Both Ras2p and Tor1p are 

involved in the response to nutrient availability and in activation of cell growth and play 

roles in lifespan control [130-134].  

Caloric restriction (CR) in yeast refers to a pathway for lifespan extension 

analogous to the one observed in mice on minimal calorie diets. CR is mimicked in this 

model system by limiting glucose or nitrogen supplies in the growth medium and results in 

increased mean and maximum RL [135]. The precise pathway by which CR exerts its 

effects in yeast is still a matter of debate. Sir2p, an NAD-dependent histone deacetylase, is 
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necessary for the life-extending effects of caloric restriction in some genetic backgrounds, 

but not others [125, 136]. Moreover, while some groups show that CR increases 

mitochondrial respiration and is essential for RLS extension by CR, other groups report 

RLS by CR in respiratory-deficient cells [137].  Finally, TOR signaling has also been 

proposed as a modulator or sensor of this response [138].  

In addition to identifying conserved aging pathways, studies in yeast have provided 

valuable insight at the nature and mechanisms of age asymmetry. Age asymmetry refers to 

the phenomenon by which organisms are born young, largely independent of the age of the 

parent. In a unicellular organism like budding yeast, age asymmetry is thought to occur 

through the segregation of damaged cellular components by the mother cell, which results 

in its continued aging, and enrichment of functional components by the daughter cell. 

There is evidence for both. Extrachomosomal ribosomal DNA circles (ERC’s), which 

increase with age and can inhibit longevity, and non-centromeric DNA is retained in 

mother cells during cell division [126]. Septins and Bud6p, a protein involved in the 

establishment of cell polarity, are necessary for this retention [139]. Oxidatively-damaged 

proteins are also retained in mother cells and this retention requires the heat-shock protein 

Hsp104p, the actin cytoskeleton and possibly the polarisome, although the role of the latter 

is controversial [70, 140-143]. This differential protein inheritance may account for the 

superior ROS management by younger cells, as catalase activity is enriched in young cells 

compared to their progenitors despite similar transcript and protein levels [144]. Retention 

of oxidatively-damaged proteins in mother cells, as well as enrichment of catalase activity 

in daughters, is dependent on Sir2p, indicating a role for this protein in the asymmetric 

segregation of aging determinants [70, 144]. 
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There is evidence for the asymmetric segregation of mitochondria as well. 

Mitochondrial membrane potential is diminished in older cells, but young cells have 

consistently higher membrane potential than their mother cells [145]. Asymmetric 

segregation of mitochondria depends on ATP2, which encodes for the β-subunit of the 

mitochondrial F0F1-ATPase (i.e., ATP synthase). atp2∆ cells or cells with a point mutation 

in ATP2 (CS16) show abnormal punctate mitochondrial morphology, thermo-sensitive 

clonal senescence and mitochondrial inheritance defects, and loss of mitochondrial ∆Ψ 

with progression of clonal senescence. Finally, extra copies of the PEX6 gene, a 

peroxisome biogenesis gene, suppress the mitochondrial and clonal senescence defects in 

CS16, possibly by improving import of Atp2p [146]. The mechanism by which Atp2p 

modulates lifespan is not clearly understood. Mitochondrial respiration is not likely the 

cause, as CS16 has no defects in mitochondrial respiration and is able to grow on glycerol. 

Instead, mitochondrial morphology or ultrastructure may be involved in the process. ATP 

synthase is necessary for formation of mitochondrial cristae. Moreover, loss of prohibitins, 

mitochondrial IM chaperones that stabilize newly synthesized proteins, causes defects in 

mitochondrial morphology and cristae structure in mouse embryonic fibroblasts, and causes 

defects in mitochondrial morphology and lifespan in yeast [147, 148].  

Recent studies indicate that the activity of aconitase, a mitochondrial matrix 

protein, is asymmetrically distributed between mother and daughter cells [149]. In this 

study, Aco1p-GFP was transiently expressed in young cells. These cells were allowed to 

grow, and young cells were separated from old cells by several cycles of elutriation. The 

authors found that aconitase activity per unit Aco1p-eGFP is higher in daughter cells 

compared to mother cell. Since aconitase is a mitochondrial matrix protein, they argue that 
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active mitochondria are preferentially inherited by daughter cells. However, the authors fail 

to take into account the role of new synthesis of aconitase from genomic ACO1, so their 

conclusions must be taken carefully.   

In chapter 3, I present evidence that mitochondria within individual yeast cells are 

functionally heterogeneous.  Moreover, I obtained evidence that lower functioning 

mitochondria are preferentially retained in mother cells and higher functioning 

mitochondria are retained in daughter cells.  Furthermore, I obtained evidence that the 

mitochondrial inheritance machinery contributes to mitochondrial quality control during 

cell division and that defects in this process affects daughter cell fitness and age 

asymmetry. 

This work focuses on a novel mechanism for mitochondrial inheritance in budding 

yeast and its role in lifespan determination. Prior to presenting the results of this research in 

Chapters 2 and 3, the known mechanisms of mitochondrial inheritance in budding yeast are 

summarized in the next section.  
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Mitochondrial inheritance in budding yeast 

 

Mitochondria are essential organelles that cannot be synthesized de novo, making 

mitochondrial inheritance during cellular division an essential process. In fact, in budding 

yeast, failure to inherit mitochondrial membranes or mitochondrial DNA leads to the 

activation of a cytokinesis checkpoint and a G1 checkpoint, respectively [150].  

At the start of G1, polarity factors are recruited to the presumptive bud site and actin 

cable assembly is initiated (reviewed in [151]). Briefly, the formins Bni1p and Bnr1p 

nucleate linear actin filaments from the bud tip and the bud neck, respectively, which are 

stabilized by two tropomyosin isoforms and bundled by the actin bundling proteins 

Abp140p and Sac6p into actin cables. These actin cables are oriented along the mother-

daughter axis and define the polarity of the budding yeast cell. Actin cables undergo 

constant movement towards the distal tip of the mother cell, termed retrograde flow. This 

flow is dependent on both the “pushing” force of actin filament polymerization by the 

formins, as well as the “pulling” force of tropomyosin-regulated myosin contraction by the 

type II myosin Myo1p [152, 153].  

 During G1, mitochondria align along the mother-daughter axis and undergo 

bidirectional movement during cell division: anterograde, or bud-directed, movement and 

retrograde, or mother-directed, movement (Fig. 2) [154-156]. Alignment and movement 

occurs through binding of mitochondria to actin cables and requires a protein complex 

consisting of Mdm10p, Mdm12p and Mmm1p [33]. These proteins also interact with 

mtDNA and coordinate cellular division with mtDNA inheritance, so this complex is 

named the mitochore for its analogous function to the nuclear kinetochore. Retrograde 
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movement is a passive process and involves only association with actin cables through the 

mitochore. As such, the speed of retrograde movement is similar to that of retrograde actin 

cable flow.  

 Anterograde movement, however, requires force generation as mitochondria move 

“upstream”, against retrograde actin cable flow. In contrast to other yeast organelles, many 

studies suggest that mitochondria do not use type V myosins for intracellular movement, 

although this view is not without controversy (see Chapter 4 for a detailed discussion). 

While mutations in a type-V myosin and two myosin-binding proteins do lead to defects in 

mitochondrial distribution, they have no effect on the velocity or frequency of 

mitochondrial movement [157-163]. Instead, mitochondria exhibit mitochondrial 

polymerization-based movement. Mitochondria have actin polymerization activity on their 

surface and subunits of the Arp2/3 complex, which polymerizes branched actin filaments, 

is recovered with isolated mitochondria [10]. Moreover, mutations in Arp2p or Arc15p, 

subunits of the Arp2/3 complex, affect the frequency and velocity of mitochondrial 

anterograde, but not retrograde movement [10]. Two pumilio-family proteins, Jsn1p/Puf1p 

and Puf3p, recruit Arp2/3 to mitochondria and mediate the interaction of the Arp2/3 

complex with the mitochore, respectively [164, 165]. As with Arp2/3 complex mutants, 

loss of either Jsn1p or Puf3p results in defects in anterograde, but not retrograde movement. 

Thus, mitochondrial anterograde movement in yeast resembles the motility mechanism of 

the intracellular pathogen Listeria monocytogenes, which hijacks a nuclear-encoded actin 

nucleating complex, the Arp2/3 complex, to provide a motive force within cells [166-168]. 
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 Finally, mitochondria accumulate at two sites during cell division: at the tip of the 

developing daughter cell or bud, and the distal tip of the mother cell (Fig. 2). Defects in 

mitochondrial-cytoskeletal interactions or in the actin cytoskeleton result in defects in 

mother cell tip accumulation [169]. Accumulation of mitochondria at the bud tip requires 

the type V myosin Myo2p, the Rab-type small GTPase Ypt11p and the phosphoprotein 

Mmr1p [158, 163]. In Chapter 2, a novel mechanism for mitochondrial inheritance in yeast, 

accumulation of mitochondria at the bud tip through Mmr1p-mediated association with the 

cortical ER, is explored. 

 

Fig. 2. Mitochondrial inheritance in budding yeast. During G1, mitochondria align along the 
mother-daughter axis. During S, G2 and mitosis, mitochondria exhibit bidirectional poleward 
movement, towards the mother cell and towards the bud or daughter. Mitochondria are 
immobilized at the poles. After mitosis, mitochondria are released. 
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Role of cER and Mmr1p in anchorage of mitochondria at sites of polarized surface 

growth in budding yeast 
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ABSTRACT 

 

Mitochondria undergo actin-dependent accumulation at neuronal and immunological 

synapses and yeast bud tips, and associate with the ER during phospholipid biosynthesis 

and calcium homeostasis. EM and super-resolution structured illumination microscopy 

(SIM) reveal that mitochondria are associated with cortical ER (cER) sheets underlying the 

plasma membrane in the bud tip. Mmr1p, a member of the DSL1 family of tethering 

proteins, localizes to punctate structures on the apical surface of mitochondria underlying 

the bud tip and on the ventral surface of cER sheets at this site, and is recovered with 

isolated mitochondria and ER. Time-lapse imaging reveals that mitochondria are anchored 

at specific sites in the bud tip. Deletion of MMR1 results in and defects in bud tip 

anchorage of mitochondria, but does not affect mitochondrial velocity or cER distribution. 

Deletion of the phosphatase PTC1 results in increased Mmr1p phosphorylation, 

mislocalization of Mmr1p, defects in association of Mmr1p with mitochondria and ER, and 

defects in mitochondrial localization similar to those observed in mmr1∆ cells. These 

findings indicate that Mmr1p is localized to the yeast bud tip, where it contributes to 

mitochondrial inheritance as a mediator of anchorage of mitochondria to cER sheets, and 

that these processes are regulated by Ptc1p-controlled Mmr1p phosphorylation.  
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INTRODUCTION 

 

Mitochondria selectively accumulate at their sites of action, including sites of high ATP 

utilization and/or calcium flux. In neurons, T cells and budding yeast, the three polarized 

cell types where this has been studied most extensively, mitochondria are transported to 

and accumulate at three analogous structures: the neuronal synapse, immunological 

synapse, and tip of the yeast daughter cell or bud [158, 170, 171]. All three are sites of 

establishment and maintenance of cell polarity, regulated secretion and membrane 

recycling. Moreover, the actin cytoskeleton provides structural support and/or force during 

polarized transport of organelles and other cargos at all three sites [158, 171, 172].  

At the immunological synapse, calcium buffering by mitochondria is essential for T 

cell activation [173]. In Drosophila, loss of mitochondria from axon terminals leads to 

defects in movement and cycling of synaptic vesicles, bouton volume, establishment of 

bouton-to-bouton distances, and synaptic transmission and plasticity [174, 175]. In budding 

yeast, mitochondria must be transported to and retained in the bud tip for mitochondrial 

quantity and quality control during inheritance and for control of daughter cell lifespan 

([176], reviewed in [9]). Indeed, recent studies revealed a mitotic exit network-regulated 

checkpoint that inhibits cytokinesis when there are severe defects in mitochondrial 

inheritance [150]. While it is clear that accumulation of mitochondria at sites of polarized 

growth is required for normal cellular function, the mechanism underlying this process is 

not well understood. 

We obtained evidence that mitochondria are anchored to ER in the yeast bud tip. 

There are two populations of ER in yeast. Nuclear ER (nER) is ER comprising the outer 



 

 

41 

nuclear envelope. Cortical ER (cER), which is also known as plasma membrane associated 

ER, consists of a reticular and tubular network that lies beneath the plasma membrane [177, 

178] and is anchored at and accumulates in the bud tip [179]. ER interacts physically with 

mitochondria during phospholipid biosynthesis and mitochondrial fission in budding yeast 

[180-182]. Several proteins have been implicated in linking mitochondria to ER, including 

Mitofusin 2 in mammalian cells [36] and a protein complex consisting of integral 

mitochondrial and ER proteins (Mdm10, Mmm1, Mdm12 and Mdm34) in yeast [29].  

Deletion of MDM10 also affects mitochondrial protein import, morphology, inheritance, 

DNA maintenance, motility and accumulation of mitochondria in the yeast bud tip [29, 

169, 183-185]. 

We also identified a role for Mmr1p in mediating anchorage of mitochondria to cER in 

the bud tip. Mmr1p was originally identified as a protein that binds to the Myo2p tail, is 

required for normal mitochondrial distribution, is recovered with isolated yeast 

mitochondria and co-localizes with mitochondria in the bud [160, 161]. Since Myo2p is a 

type V myosin that drives movement of numerous cargos from mother cells to buds using 

actin cables as tracks [186] and mutation of MYO2 also results in defects in mitochondrial 

distribution [157, 158, 161, 162], these findings raise the possibility that Mmr1p is a 

Myo2p receptor on mitochondria. 

However, several findings indicate that Myo2p does not play a major role in 

mitochondrial movement in budding yeast. Although Myo2p can be recovered with 

mitochondria by subcellular fractionation and can promote mitochondrial inheritance when 

it is artificially targeted to mitochondria [159], Myo2p does not localize to mitochondria in 

living yeast cells [158, 187].  Moreover, mutations in MYO2 that severely impair its force-
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generating function or shorten the length of its lever arm and reduces its velocity of 

movement have no effect on the velocity or frequency of mitochondrial motility [158, 159].  

Rather, mutations in Myo2p inhibit retention of mitochondria in the bud tip and inhibit 

localization of Mmr1p to the bud tip [158, 160, 161]. Moreover, evidence indicates that 

Mmr1p functions in the bud tip and not in the mother cell where mitochondria are highly 

motile. Specifically, MMR1 mRNA localizes to the bud tip, and is transported there using 

the She2p/She3p/Myo4p complex [188]. Here, we provide evidence that Mmr1p mediates 

anchorage of mitochondria to cER in the bud tip. Since Mmr1p is a member of a conserved 

tethering protein family, it is possible that anchorage of mitochondria at sites of polarized 

secretion at the immunological and/or neuronal synapse may occur by a similar 

mechanism.  
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MATERIALS AND METHODS 

 

Yeast strains and growth conditions: Yeast cells were cultivated and manipulated as 

described previously [154].  

Table 1. Yeast strains used in the present study. 
 
Strain* Genotype (plasmid) Source 
BY4741 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Open Biosystems (Huntsville, 

AL) 
4139 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 

mmr1∆::KANMX6 
Open Biosystems (Huntsville, 
AL) 

3702 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
ptc1∆::KANMX6 

Open Biosystems (Huntsville, 
AL) 

14139 MATa his3∆1 leu2∆0 lys2∆0 ura3∆0 
mmr1∆::KANMX6 

Open Biosystems (Huntsville, 
AL) 

BY4741-
CIT1GFP 

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-
GFP 

(Invitrogen, Carlsbad, CA) 

CZY001 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 (pRCLG-
mitoGFP) 

This study 

CZY002 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
mmr1∆::KANMX6 (pRCLG-mitoGFP) 

This study 

CZY036 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 (pB1063-
mitoHcRed) (pJK59- Sec63p-GFP) 

This study 

CZY057 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 MMR1-
13myc-KanMX6 

This study 

CZY089 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
ptc1∆::KANMX6 (pRCLG-mitoGFP) 

This study 

CZY096 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
mmr1∆::KANMX6 (p1182-MMR1) (p14194-
mitoRFP) 

This study 

CZY106 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
ptc1∆::KANMX6 MMR1-13myc-HIS3MX6 

This study 

RMY016 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 MMR1-
13myc-KanMX6 (pJK59- Sec63p-GFP) 

This study 

RMY017 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 MMR1-
13myc-KanMX6 (pB1063-HcRed) 

This study 

RMY020 MATa leu2∆0 met15∆0 ura3∆0 
ypt11∆::His3MX6 MMR1-13myc-KanMX6 
(pJK59- Sec63p-GFP) 

This study 

RMY021 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
ptc1∆::KANMX6 mmr1∆::HIS3MX6 (pB1063-
HcRed) 

This study 

*All other CZY and RMY strains are descendants of BY4741. 
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Tagging of Mmr1p: The coding sequence for GFP was inserted at the 5’ end of the 

Mmr1p coding sequence using a removable tagging cassette derived from pOM43 [189]. 

The cassette was amplified using the following primers: upstream, 5’ AAA TCA AAA 

AAA AAA AAC ACA ACT AAT AAA CTA AAC AAC TAA AAA ATG TGC AGG 

TCG ACA ACC CTT AAT 3’; downstream, 5’ TGA GAG TTT TGG AGT AAG TTG 

TTC CGA TTT CAT TGT TGG AGA ATT GCG GCC GCA TAG GCC ACT 3’. The 

PCR product was transformed into strain BY4741 and transformants were selected using 

the LEU2 selectable marker in the cassette. After selection, the LEU2 marker was excised 

using the Cre-lox system. Cells were transformed with the pSH47 plasmid encoding the 

Cre recombinase under the control of the GAL promoter [190]. Expression of Cre was 

induced by incubation of cells in galactose. Excision of the marker was confirmed by Leu 

auxotrophy and by PCR. Expression of the Mmr1p-GFP fusion protein was confirmed by 

Western blot using monoclonal antibodies against GFP (Roche, Indianapolis, IN). The 

tagged Mmr1p is functional: no mitochondrial morphology defects were observed in cells 

bearing Mmr1p-GFP. Finally, cells expressing fully functional Mmr1p-GFP and has lost 

the pSH47 plasmid were isolated using 5-fluoroorotic acid to select against the URA3 

marker in pSH47. 

 

To generate plasmid-borne MMR1, MMR1 cDNA was obtained from yeast genomic DNA 

and subcloned in the p1182 plasmid (Addgene, Cambridge, MA) using PCR (Primers P1: 

5’ - AGT ATC GCT AGC GGC CGC ATG AAT TCT CCA ACA ATG AAA TCG GAA 
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CAA C -3’; P2: 5'- AGA TAC CTC GAG TCA CAA GTC TTC CTC GGA GAT TAG 

CTT TTG TTC AAG CTT TTT TTC CTT CTT CTC CAC TTG GAC AGG -3').  

 

Deletion of YPT11: To delete YPT11 in a strain bearing myc-tagged MMR1, mid-log 

phase CZ057 cells were transformed with a PCR product derived from the plasmid pFA6-

His3MX6 [191] using YPT11-specific primers (F: 5’-GCA TCA GCA TCT CGT ATA 

TTA GAT ACA TCA TCA AGT CCA TCG GAT CCC CGG GTT AAT TAA-3’; R: 5’-

AAT GGC TGC CTG CGA ATC TTG TTG TAT AAT TTG TCG AAG AGA ATT CGA 

GCT CGT TTA AAC- 3’) using the lithium acetate method [192]. 

 

Deletion of MMR1: To delete MMR1 in a ptc1∆ strain, mid-log phase 3702 cells were 

transformed with a PCR product derived from the plasmid pFA6-His3MX6 [191] using 

MMR1-specific primers (F: 5’- AAA AAA AAA AAC ACA ACT AAT AAA CTA AAC 

AAC TAA AAA ACG GAT CCC CGG GTT AAT TAA -3’; R: 5’- GTT TGT GTA AAA 

TAA GTT AAT TTA ATT TGA AGT TGA CGC TGA ATT CGA GCT CGT TTA AAC 

- 3’) using the lithium acetate method [192]. 

 

Fluorescence microscopy: For visualization of mitochondria, cells were grown to mid-log 

phase in synthetic complete (SC) medium without uracil at 30°C. Fixed and live samples 

were prepared as described previously [154]. Briefly, 3.7% paraformaldehyde was used for 

fixation, and cells were mounted on slides directly. Live cells were mounted on agarose 

pads, and used for no more than 1 hr for visualization. All imaging was performed as 

described previously [154] on one of the following microscope systems: an Axiovert 200M 
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microscope with 100x/1.4 Plan-Apochromat objective (Zeiss, Thornwood, NY) and Orca 

ER cooled charge-coupled device (CCD) camera (Hamamatsu, Bridgewater, NJ); an 

Axioskop 2 microscope with 100x/1.4 Plan-Apochromat objective (Zeiss, Thornwood, 

NY) and an Orca 1 cooled CCD camera (Hamamatsu) or an Axiocam CCD camera (Zeiss, 

Thornwood, NY) with FITC and/or Rhodamine filter sets. Hardware was controlled by 

Openlab and Volocity software (Perkin-Elmer, Waltham, MA). 

 

Structured illumination microscopy (SIM): SIM imaging was carried out on a Nikon N-

SIM microscope system, using a 100x/1.49 Plan-Apochromat objective and an EMCCD 

camera. Reconstruction and rendering were carried out using NIS Elements software. 

 

Electron microscopy and image analysis: Cells were grown to mid-log phase in lactate-

based liquid medium, fixed and processed for ultrastructural analysis as described 

previously [193].  Ultrastructural mitochondria-ER interactions were analyzed using 

digitized electron micrographs in ImageJ. To calculate coverage of the cell perimeter by 

ER, profiles of cortical ER parallel to the cortex were traced and their total length was 

calculated. Percent coverage was calculated by dividing the total length of all cortical ER 

profiles by the total perimeter of plasma membrane in the same section. Mitochondria were 

scored as interacting with cortical ER if 1) they appeared to contact the cER within the 

resolution of the micrograph; or 2) they appeared less than 200 nm from the cER and their 

outer membrane partially paralleled the cER. The same criteria were applied to score 

interactions of mitochondria with plasma membrane.  
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Quantitation of the fluorescence of mitochondria and ER: Relative organelle volume 

was estimated by calculating integrated voxel intensity in thresholded, deconvolved wide-

field z-series of mitochondria-targeted GFP or ER-targeted GFP. Images were deconvolved 

using a constrained iterative restoration algorithm (Volocity, Perkin-Elmer, Waltham, MA). 

Voxels were identified and quantified using Volocity Quantitation software. Bud size and 

zones of mother and bud were identified using corresponding transmitted-light images. 

 

Other methods: Subcellular fractionation was performed by differential centrifugation and 

further purification of mitochondria using Nycodenz gradients using MES buffered 

solution at pH 6.0, as described previously [194]. The bicinchoninic acid assay (Pierce, 

Rockford, IL) was used for protein concentration determinations. Yeast cells were 

transformed using the lithium acetate method. Antibodies on Western blots were detected 

with the SuperSignal West Dura luminescent horseradish peroxidase substrate (Pierce, 

Rockford, IL). Luminescence was recorded with a CCD camera (Kodak Imagestation 

440CF, Carestream Health, Rochester, NY) and analyzed using Kodak 1D software. 

 All p values were determined using a two-tailed Student’s t-test assuming unequal 

variance. Statistical significance was assessed as a p-value of less than 0.05. 
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RESULTS  

 

A role for cER in anchorage of mitochondria in the bud tip: By EM, cER is resolved as 

flattened sacs underlying 28±5% of the plasma membrane (Fig. 1A). 92% of mitochondrial 

profiles at the cell cortex by EM are closely apposed to or are contacting cER. Thus, 

apposition of mitochondria to cER occurs 3.3-fold more frequently than would be expected 

by chance based on the coverage of plasma membrane perimeter by ER. In the bud tip, 

71% of mitochondria are in close proximity to cER.  

Mitochondria that accumulate at the bud tip undergo rapid arbitrary movements at the 

bud tip, but remain associated to the cortex at a limited number of sites [163]. In the image 

shown, a mitochondrion that is closely apposed to cER in the bud tip is deformed into a 

thin tubular extension from its point of contact with cER (Fig. 1A, arrowhead). This 

deformation is consistent with an organelle undergoing movement away from the bud tip 

that is nevertheless immobilized by a contact site with the cER, although a role for 

curvature-generating proteins cannot be rule out. In cases such as this, it is clear that 

mitochondria are not just in close proximity to, but are physically associated with cER. 

These findings indicate that mitochondria accumulate in the bud tip by binding, not to the 

plasma membrane, but rather to cER. 

cER is further subdivided into tubules and sheets [32]. In yeast, reticulons generate 

membrane curvature at tubules and the edges of cER sheets, and the ratio of cER sheets to 

tubules is determined by the abundance of reticulons and membrane surface [195].  Super-

resolution structured illumination microscopy (SIM) reveals mitochondria that are not 

associated with ER near the bud neck and in the center of the mother cell.  SIM also reveals 
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that mitochondria are closely apposed to cER sheets and not tubules in the bud tip (Fig. 

Fig. 1. Interaction of mitochondria with cER sheet at sites of accumulation of 
mitochondria in the yeast bud tip.  (A)  Thin-section transmission electron micrograph of a 
wild-type yeast cell grown in lactate medium. A section through the bud and part of the mother 
(at left) is shown. m, mitochondria; cER, cortical ER. Arrowhead: example of distension of 
mitochondrial membrane at point of contact with cortical ER. Bar, 1 µm.  (B) Volume rendering 
of SIM images of mitochondria, visualized using mitochondria-targeted DsRed (red), and ER, 
visualized using Sec63p-GFP (green), in wild-type yeast cells. Mitochondria are long tubular 
structures that align along the mother-bud axis and are close to cER sheets that underlie the 
plasma membrane both in the bud tip (asterisks) and tip of the mother cell distal to the bud. The 
inset shows slices through the bud tip that are rotated to illustrate the intimate spatial relations of 
mitochondria in the bud tip and their overlying cER sheets. Bar, 1 µm. (C) Volume rendering of 
a deconvolved image of Ds-Red labeled mitochondria and GFP-labeled ER in WT and ypt11∆ 
cells. Bar, 1 µm.  (D) Percentage of total cellular ER in the bud tip as a function of bud size in 
WT and ypt11∆, as assessed by measuring the fluorescence of Sec63p-GFP in volume 
renderings of deconvolved images.  Small, medium and large buds were defined as buds that are 
<33%, 33-50%, or >50% of the diameter of the mother cell, respectively. Asterisks indicate 
statistically significant differences between strains determined by two-tailed Student’s t-test 
assuming unequal variance (p = 0.028, 0.047 and 0.0002 for small, medium and large buds, 
respectively). n = 47 for WT cells; n = 54 for ypt11∆. Error bars are standard error of the mean. 
(E) The amount of mitochondria in the bud tip was determined as for Fig. 1D, using 
mitochondria-targeted DsRed. The percent of mitochondria in the bud tip of ypt11∆ cells 
compared to wild-type cells is shown. The asterisk indicates a statistically significant difference 
with WT determined by two-tailed Student’s t-test assuming unequal variance  (p = 0.043). n = 
47 for WT cells; n = 54 for ypt11∆. Error bars are standard error of the mean. 
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1B). These findings indicate that mitochondria are in contact with cER sheets in the bud 

tip.  

There is also a functional link between mitochondria and cER in the bud tip. Ypt11p is 

a Rab-like protein that localizes to cER in the bud and is required for localization of cER at 

that site [196]. Deletion of YPT11 has no obvious effect on cER morphology (data not 

shown). However, ypt11∆ cells exhibit defects in accumulation of mitochondria and ER in 

the bud tip (Fig. 1C-E), as described previously [158, 196]. The effect on cER is more 

severe than that on mitochondria. Reduced bud tip accumulation of ER is observed in buds 

of all sizes in ypt11∆ cells. In contrast, only small buds of ypt11∆ cells show defective 

accumulation of mitochondria.  These findings support a role for ER in anchorage of 

mitochondria in the yeast bud tip, and suggest that Ypt11p has direct effects on ER, which 

in turn affect bud tip accumulation of mitochondria.  

 

A role for Mmr1p in anchorage of mitochondria in the bud tip: We confirmed that 

mmr1∆ cells have defects in mitochondrial distribution and inheritance (Fig. 2A). The 

greatest defect in mitochondrial distribution in mmr1∆ cells is a defect in accumulation of 

mitochondria in the bud tip (Fig. 2B). Mitochondria in mmr1∆ cells also exhibit an 

abnormal accumulation in the tip of the mother cell distal to the bud. Since expression of 

plasmid-borne wild-type MMR1 in mmr1∆ cells restores normal mitochondrial distribution, 

the bud tip accumulation defect observed in mitochondria of mmr1∆ cells is due to loss of 

Mmr1p.   

In wild-type cells, bud tip mitochondria are resolved as dynamic clusters that move 

arbitrarily, but remain associated with a limited number of sites at the bud cortex 
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Fig. 2. Mmr1p is required for accumulation of mitochondria at the yeast bud tip. (A) 
Mitochondria were visualized using mitochondria-targeted GFP in wild-type cells (BY4741), 
MMR1 deletion cells (mmr1∆), and mmr1∆ cells bearing plasmid-borne MMR1 (pMmr1). Bar = 
1 µm. (B) Mitochondrial distribution in different regions of wild-type and mmr1∆ cells. 
Mitochondrial distribution was analyzed in 5 regions: tip of the mother cell distal to the bud 
neck (distal mother), middle of the mother cell (middle mother), tip of the mother cell adjacent 
to the bud (proximal mother), tip of the bud adjacent to the bud neck (proximal bud), and tip of 
the bud distal to the bud neck (distal bud). Mitochondrial content in each region was assessed by 
measuring the integrated intensity of mitochondria-targeted GFP fluorescence in budded cells as 
described in Materials and Methods. Error bars are standard error of the mean. n >30 cells for 
each strain.   

throughout a 3 min imaging period [163]. We find that deletion of MMR1 results in defects 

in anchorage of mitochondria in the yeast but tip. Mitochondria in the bud tip of mmr1∆ 

cells do not remain associated with sites at the bud cortex or exhibit random movement 

during the 3-min time-course of imaging. Instead, they align along the mother-bud axis and 

oscillate to and from the bud tip. 

The velocities of anterograde and retrograde movement in both the mother cell and 

bud are similar in wild-type cells, mmr1∆ cells and mmr1∆ cells expressing plasmid-borne 

MMR1 [163]. Thus, Mmr1p, like Myo2p, is not required for normal mitochondrial motility 

in the mother cell or bud. Deletion of MMR1 also has no obvious effect on mitochondrial 

morphology or on cER ultrastructure or abundance in the bud (data not shown). However, 

the balance of anterograde and retrograde movement in the bud tip is altered in mmr1∆ 
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cells [163]. In wild-type cells and mmr1∆ cells expressing wild type MMR1, the ratio of 

anterograde to retrograde movement in the bud is ~65:35.  Thus, for every 2 mitochondria 

that undergo anterograde movement into the bud tip, roughly one mitochondrion undergoes 

a retrograde movement out of the bud tip and one mitochondrion remains in the bud tip. In 

contrast, in mmr1∆ cells, the ratio of anterograde to retrograde mitochondrial movement in 

the bud is ~50:50. Thus, Mmr1p is required for anchorage of mitochondria in the bud tip 

and not for mitochondrial movement.   

 

Mmr1p can associate with mitochondria and ER and localizes to opposing surfaces of 

mitochondria and cER in the bud tip. The Protein Families Database (Pfam; 

http://pfam.sanger.ac.uk/) was used to search for Mmr1p homologues. Mmr1p is a member 

of the DSL1 family of proteins (PF08505; e value 3.0 e -196). There is 18.5% amino acid 

identity and 27.2% conserved or semi-conserved amino acid substitutions among Mmr1p 

and Dsl1p (data not shown). The similarity between the proteins occurs over the entire 

sequences and is not limited to the predicted coiled-coil domain [197] near the N terminus 

of Dsl1p [163]. 

Dsl1 and its mammalian ortholog, ZW10, are components of multisubunit tethering 

complexes (MTC) that link Golgi-derived COP-1 vesicles to ER during retrograde 

trafficking: the DSL1 complex and the syntaxin18 complex.  The RZZ complex, which 

links microtubules to the kinetochore, also incorporates the DSL1 family protein ZW10 

[198]. Thus, Mmr1p is a conserved protein that has homology to tethering complex 

proteins. Indeed, previous studies revealed that mutation of Mmr1p in regions that are 

conserved in DSL1 results in defects in association of Mmr1p with mitochondria [161]. For 
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example, residues 61-91 in Mmr1p, a region that is critical for association of Mmr1p with 

mitochondria, show 50% similarity to DSL1.  

We tested whether Mmr1p tethers mitochondria to cER sheets in the bud tip. Previous 

studies indicate that Mmr1p localizes to the bud tip and to mitochondria in the bud [161, 

188]. With the improved resolution of SIM, we find Mmr1p on opposing faces of 

mitochondria and cER sheets in the bud tip (Fig. 3A-B). Moreover, Mmr1p is recovered 

with mitochondria and ER by subcellular fractionation (Fig. 3C). Since there are no 

detectable mitochondrial marker proteins in the ER fraction, Mmr1p in the ER fraction is 

not due to mitochondrial contamination. Thus, Mmr1p has the capacity to interact with 

Fig. 3. Mmr1p can interact with mitochondria and ER and does so at sites of accumulation 
of mitochondria on cER in the bud tip. (A) Volume rendering of SIM images showing the 
localization of mitochondria, visualized using mitochondria-targeted DsRed (red), and myc-
tagged Mmr1p, visualized by indirect immunofluorescence (green), in wild-type yeast cells. 
Mmr1p localizes to punctate structures that localize to the apical surface of mitochondria that 
accumulate in the bud tip.  The coat of Mmr1p on mitochondria in the bud tip is also evident in 
the inset, showing a rotated view of the outside of the bud tip.  Bar = 1 µm. (B) Volume 
rendering of SIM images showing the localization of ER, visualized using Sec63p-GFP (green) 
and myc-tagged Mmr1p, visualized as for Fig. 4A. Localization of Mmr1p in the cER sheet in 
the bud tip is not evident in the en face view.  However, a punctate Mmr1p-containing structure 
that co-localizes with the medial surface of cER in the bud tip is evident when slices from the 
bud tip are rotated revealing the medial surface of the cER sheet. (C) Recovery of Mmr1p and 
mitochondrial (porin) and ER (Sec61p) marker proteins in subcellular fractions that are enriched 
in mitochondria (mito) and ER (ER).  Mmr1p is recovered in the mitochondria fraction and in 
the ER fraction that has no detectable mitochondrial marker protein. 
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both mitochondria and cER and does so at sites where mitochondria are anchored to cER in 

the bud tip.  

 

Deletion of PTC1 results in mislocalization of Mmr1p and defects in accumulation of 

mitochondria in the bud tip: Ptc1p is a type 2C serine/threonine protein phosphatase that 

is activated by two mitogen-activated protein kinase (MAPK) pathways [199-201]. It has 

been implicated in the inheritance of mitochondria, vacuoles, peroxisomes and ER and in 

the distribution of secretory vesicles and mRNA [202-204]. Deletion of PTC1 also results 

Fig. 4. Deletion of PTC1 results in mislocalization of Mmr1p, increased Mmr1p 
phosphorylation, increased velocity of anterograde mitochondrial movement and defects 
in anchorage of mitochondria in the bud tip. (A) Mitochondria and ER were isolated from 
wild-type and ptc1∆ cells as for Fig. 4.  Left panel: The recovery of myc-tagged Mmr1p, porin 
(a mitochondrial marker protein) and Sec61p (an ER marker protein) in whole cell extracts and 
fractions enriched in mitochondria (mito) and ER. Right panel: Quantitation of the amount of 
Mmr1p recovered in mitochondria or ER by subcellular fractionation. Values shown are 
arbitrary units that are normalized to recovery of a mitochondrial marker (porin) or an ER 
marker (Sec61p) for mitochondria and ER fractions, respectively. This underestimates the 
reduction of Mmr1p association with mitochondria, because ptc1∆ cells show more ER recovery 
with mitochondria and more Mmr1p association with ER. (B) ptc1Δ cells have increased 
anterograde mitochondrial velocity. The velocity of anterograde (ant) and retrograde (ret) 
mitochondrial movement in the mother cell and bud of wild-type  and ptc1∆ cells was measured 
as for Fig. 3. Error bars are standard error of the mean. n >100 cells for each strain. * p<0.002. 
(C) Mitochondrial distribution in different regions of wild-type and ptc1∆ cells was determined 
as for Fig. 1. Error bars are standard error of the mean. n ≥ 45 cells for each strain. 
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in failure to localize Myo2p to the bud tip and a reduction in the steady-state levels of 

Vac17p and Inp2p, proteins that link vacuoles and peroxisomes to Myo2p [203].   

Since Mmr1p is a phosphoprotein [205], we tested whether Ptc1p affects Mmr1p 

phosphorylation, localization and function. We confirmed that deletion of PTC1 results in a 

50% reduction in Mmr1p levels and that Mmr1p is a phosphoprotein [163].  2D gel 

analysis also reveals that deletion of PTC1 results in increased phosphorylation of Mmr1p 

[163]. Thus, Ptc1p either directly or indirectly regulates Mmr1p phosphorylation. 

Deletion of PTC1 results in mislocalization of Mmr1p to punctate structures throughout 

mother cells and buds in ptc1∆ cells [163]. It also results in a decrease in association of 

Mmr1p with mitochondria, as assessed by visual analysis of Mmr1p in ptc1∆ cells and 

recovery of Mmr1p with mitochondria by subcellular fractionation ([163], Fig. 4A). 

Interestingly, deletion of PTC1 also results in increased association of Mmr1p with ER, as 

assessed by recovery of Mmr1p with ER upon subcellular fractionation.  

Deletion of PTC1, like deletion of MMR1, does not result in a decrease in the velocity 

of anterograde or retrograde mitochondrial movement [163].  Indeed, there is a 40% 

increase in the velocity of anterograde mitochondrial movement (Fig. 4B). Since deletion 

of PTC1 results in defects in linking cargos including vacuoles and peroxisomes to Myo2p 

[203], it is possible that the reduced density of Myo2p cargos on actin cables in ptc1∆ cells 

allows mitochondria a less restricted path for movement.  Equally important, deletion of 

PTC1 results in defects in mitochondrial distribution that are similar to those observed in 

mmr1∆ cells: a decrease in accumulation of mitochondria in the bud tip and an increase in 

accumulation of mitochondria in the distal tip of the mother cell (Fig. 4C).  
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These findings provide additional evidence that Mmr1p functions in the bud tip and has 

the capacity to bind to both mitochondria and ER.  Moreover, it supports the model that 

PTC1-regulated phosphorylation of Mmr1p affects its localization to the bud tip and its 

association with ER and mitochondria, potentially to promote binding of mitochondria with 

ER in the bud tip and not in other areas in the cell. Finally, cells lacking both MMR1 and 

PTC1 have similar accumulation of mitochondria as cells lacking MMR1 alone (Fig. 5). 

Thus, Ptc1p controls anchorage of mitochondria at the bud tip exclusively through Mmr1p.  

  

 

  

Fig. 5. Ptc1p controls mitochondrial anchorage through Mmr1p alone. Mitochondrial 
distribution in different regions of wild-type and ptc1∆ cells was determined as for Fig. 1. Only 
the distal bud region (bud tip) is shown. Asterisks denote significant differences determined by 
two-tailed Student’s t test assuming unequal variance (*: p = 2x10-16, **: p = 0.002, n.s.: p = 
0.2). Error bars are standard error of the mean. n > 40 cells for all strains. 
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DISCUSSION 

 

A model for anchorage of mitochondria in the bud tip in S. cerevisiae:  We propose a 

model for Mmr1p localization and function that accounts for findings from all studies on 

Mmr1p and Myo2p (Fig. 6). According to this model, Mmr1p localizes to punctate 

structures that undergo actin-, Myo2p- and Ptc1p-dependent localization to the bud. The 

movement of Mmr1p in living yeast cells has not been assessed. However, since Myo2p is 

a motor that drives cargo movement along actin cables in budding yeast, binds directly to 

Mmr1p, is required for localization of Mmr1p to the bud tip but is not required for normal 

velocities of mitochondrial movement, we favor the hypothesis that Myo2p plays a major 

role in mitochondrial distribution as a motor for Mmr1p movement to the bud tip. 

Mmr1p in the bud tip mediates binding of mitochondria to cER sheets. This process is 

also regulated by Ptc1p. Since Mmr1p localizes to opposing surfaces on mitochondria and 

cER sheets in the bud tip, is recovered with isolated mitochondria and ER, and must be 

localized to the bud tip for anchorage of mitochondria at that site, Mmr1p has a direct role 

in binding of mitochondria to cER sheets, which leads to anchorage of mitochondria in the 

bud tip.  Mmr1p is not required for conversion of PE to PS (data not shown). Thus, it is 

likely that Mmr1p mediates a specific mitochondria-cER interaction that leads to anchorage 

of mitochondria in the bud tip, and not a general mitochondria-ER interaction that is 

required for phospholipid biosynthesis.  

Overall, these studies indicate that cytoskeletal function and organelle interactions 

contribute to mitochondrial inheritance through more complex mechanisms than previously 

appreciated. The cytoskeleton is required for movement of mitochondria and factors that 
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mediate bud tip anchorage of mitochondria from mother cell to bud. Newly identified 

interactions between cER sheets in the bud tip and mitochondria, which rely on Mmr1p, are 

also required for anchorage of mitochondria in the bud tip. Since Mmr1p is part of the 

DSL1 family of tethering proteins, similar processes may contribute to accumulation of 

mitochondria at sites of polarized cell growth in neurons and cells of the immune system. 

  

Fig. 6. Model for cER-dependent 
anchorage of mitochondria at the bud 
tip.  
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ABSTRACT 

 

Fluorescence loss in photobleaching experiments and analysis of mitochondrial function 

using superoxide and redox potential biosensors revealed that mitochondria within 

individual yeast cells are physically and functionally distinct. Mitochondria that are 

retained in mother cells during yeast cell division have a significantly more oxidizing redox 

potential and higher superoxide levels compared to mitochondria in buds. Retention of 

mitochondria with more oxidizing redox potential in mother cells occurs to the same extent 

in young and older cells, and can account for the age-associated decline in total cellular 

mitochondrial redox potential in yeast as they age from 0-5 generations. Deletion of 

Mmr1p, a member of the DSL1 family of tethering proteins that localizes to mitochondria 

at the bud tip and is required for normal mitochondrial inheritance, produces defects in 

mitochondrial quality control and heterogeneity in replicative lifespan (RLS). Long-lived 

mmr1∆ cells exhibit prolonged RLS, reduced mean generation times, more reducing 

mitochondrial redox potential and lower mitochondrial superoxide levels compared to 

wild-type cells. Short-lived mmr1∆ cells exhibit the opposite phenotypes. Moreover, short-

lived cells give rise exclusively to short-lived cells, while the majority of daughters of long-

lived cells are long lived. These findings support the model that the mitochondrial 

inheritance machinery promotes retention of lower-functioning mitochondria in mother 

cells and that this process contributes to both mother-daughter age asymmetry and age-

associated declines in cellular fitness. 
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INTRODUCTION 

 

An intuitive concept in human experience is that babies are born young, largely 

independent of the age of their parents.  The finding that a similar mother-daughter age 

asymmetry also occurs in the budding yeast Saccharomyces cerevisiae gave rise to the 

model that age determinants are asymmetrically distributed during yeast cell division, 

which allows for continued aging of mother cells and rejuvenation of daughter cells [126, 

206, 207]. In support of this, oxidatively-damaged proteins, mitochondria with low 

membrane potential (∆ψ) and extrachromosomal rDNA circles were identified as 

senescence factors that are retained in mother cells [70, 126, 145]. Conversely, ROS has 

been linked to mother-daughter age asymmetry, and the activity of cytosolic catalase, an 

antioxidant, is increased in daughter cells after cytokinesis and separation from their 

mother cells [70, 144, 208-211]. Sir2p, the founding member of the Sirtuin family of age-

regulating proteins, is required for asymmetric distribution of aging determinants and 

mother-daughter age asymmetry [70, 115, 144].  

Segregation of mitochondria on the basis of ∆ψ and of an oxidatively damaged 

mitochondrial protein has been linked to mother-daughter age asymmetry [145, 149]. 

Moreover, there are links between mitochondrial ROS and aging in yeast and other cell 

types [75, 77, 149, 212, 213].  Deletion of the mitochondrial MnSOD SOD2 or CCCP 

treatment increase ROS and decrease yeast chronological lifespan [214, 215], while 

reduction of mitochondrial ROS production by overexpression of SOD2, deletion of the 

nuclear protein MRG19p or manipulations that increase respiration result in increased 

chronological lifespan, RLS or both [78, 111, 135, 216-219].  
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While chronological lifespan extension by increased respiration is well 

documented, analysis of the role of respiration for RLS extension by calorie restriction 

yielded conflicting results [137, 218, 220, 221]. The role of mitochondrial metabolic 

activity in RLS in yeast is also a matter of debate. Indeed, deletion of mitochondrial DNA, 

which encodes respiratory chain components, has variable effects on lifespan in different 

yeast strains [79, 137, 210]. Similarly, deletion of mitochondrial metabolic genes that have 

been implicated in lifespan control in Caenorhabditis elegans has no effect on aging in 

yeast [222].  

 Here, we studied the role of mitochondrial inheritance in lifespan control and 

mother-daughter age asymmetry in budding yeast. We find that mitochondria within 

individual yeast cells are variable in superoxide levels and redox potential. In addition, we 

obtained evidence that mitochondria with higher superoxide levels and more oxidizing 

redox potential are preferentially retained in mother cells and that this process may 

contribute to the age-associated decline in mother cell fitness. Finally, we find that a 

mutation that affects mitochondrial quality control during inheritance compromises lifespan 

control and mother-daughter age asymmetry.  
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MATERIALS AND METHODS 

 

Yeast strains and growth conditions: All S. cerevisiae strains used in this study are 

derivatives of the wild type BY4741 strain (MATa his3∆1 leu2∆0 met15∆0 ura3∆0). The 

mmr1∆ strain, 4139 (MATa his3∆1 leu2∆0 met15∆0 ura3∆0 mmr1∆::KANMX6), and the 

sir2∆ strain, 3738 (MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sir21∆::KANMX6) have the 

MMR1 or SIR2 genes replaced by KANMX6 cassettes, respectively.  All three strains are 

from Open Biosystems (Huntsville, AL). The strain RMY003 (MATa his3∆1 leu2∆0 

met15∆0 ura3∆0 mmr1∆::LEU2) has the MMR1 gene replaced by the LEU2 gene in a 

BY4741 background. For labeling of mitochondria, BY4741 and 4139 strains were 

transformed with a centromeric plasmid containing the mitochondrial matrix targeting 

signal sequence of citrate synthase 1 (CIT1) fused to GFP [150]. The resulting strains are 

TSY200: BY4741[pCIT1GFP:URA3] and TSY201: 4139[pCIT1GFP:URA3]. BY4741 

cells expressing a Cit1p-GFP fusion protein from its genomic locus, 95700-YNR001C, 

(MATa his3∆1 leu2∆0 met15∆0 ura3∆0 his5+ CIT1:GFP) are from the Yeast GFP Clone 

Collection ([223]; Invitrogen, Eugene OR). The RMY015 strain (MATa his3∆1 leu2∆0 

met15∆0 ura3∆0 his5+ CIT1:GFP mmr1∆::LEU2) has the MMR1 gene replaced by the 

LEU2 gene in 95700-YNR001C.  Yeast cells were cultivated and manipulated as described 

previously [150].  

To create the plasmid pmito-roGFP1, the mitochondrial-targeting signal sequence 

(MTSS) of ATP9 was obtained by restriction enzyme digestion of plasmid ID# B1063 or 

pTDT104 GAL1+preATP-9-RFP [150] with SpeI and XhoI (New England Biolabs, 

Ipswich, MA). These constructs were gel purified and ligated with T4 ligase (NEB, 
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Ipswich, MA) into the Spe1 and Xho1 sites in yeast shuttle vectors Plasmid ID# 1177 or 

p416 GPD (Addgene, Cambridge, MA).  The ligation product was used to transform 

DH5a-competent bacterial cells (Invitrogen, Carlsbad, CA). Plasmid clones were recovered 

and processed with a MiniPrep kit (Qiagen, Valencia, CA).  The roGFP1 insert was 

amplified using PCR and forward primers 5’-AGA TAC GGA TCC ATG AGT AAA 

GGA GAA GAA CTT TTC ACT GGA G-3’ and reverse primers R 5’-AGA TAC CTC 

GAG CCA TGG TAC CAG CTG CAG ATC TC-3’ (IDT, Coralville, IA) from pRSETB 

[224].  The roGFP1 PCR product and the new plasmid, which contained p416 GPD/ATP9 

MTSS, were then digested with restriction enzymes XhoI and BamHI (NEB, Ipswich, 

MA).  These products were gel purified and ligated using T4 ligase and used to transform 

DH5a competent bacterial cells.  Plasmid clones were recovered and processed with a 

MiniPrep kit. To verify proper plasmid construction, the pmito-roGFP1 plasmid was 

sequence verified with the sequencing primer 5’-CAG CAC GTG TCT TGT AGT TCC 

CG-3’. 

 

Fluorescence microscopy: For visualization of mitochondria, cells were grown to mid-log 

phase in synthetic complete (SC) medium with or without uracil at 30°C. Live cells were 

mounted on glass slides, and used for no more than 20 mins for visualization. For labeling 

with the superoxide indicator, dihydroethidium (DHE) (Invitrogen – Molecular Probes, 

Eugene, Oregon), cells were incubated with 40 µM DHE (dissolved in DMSO) in fresh 

growth medium for 30 min at 30°C, then washed 1x with growth medium and visualized 

without fixation. For determination of relative mitochondrial redox state we transformed 

yeast with a plasmid containing the mitochondrial targeting sequence of ATP9 fused to 
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roGFP1 (mito-roGFP1).  Cells were grown to mid-log phase in SC-Ura, concentrated and 

visualized without fixation. 

All imaging was performed as described previously [150] on one of the following 

microscope systems: an Axiovert 200M microscope with 100x/1.4 Plan-Apochromat 

objective (Zeiss, Thornwood, NY) and Orca ER cooled charge-coupled device (CCD) 

camera (Hamamatsu, Bridgewater, NJ); an Axioskop 2 microscope with 100x/1.4 Plan-

Apochromat objective (Zeiss, Thornwood, NY) and an Orca 1 cooled CCD camera 

(Hamamatsu) or an Axiocam CCD camera (Zeiss, Thornwood, NY) with FITC and/or 

Rhodamine filter sets; an inverted AxioObserver.Z1 microscope with a 100x/1.3 oil EC 

Plan-Neofluar objective (Zeiss, Thornwood, NY) and Orca ER cooled charge-coupled 

device (CCD) camera (Hamamatsu, Bridgewater, NJ), along with an LED Colibri system 

(Zeiss, Thornwood, NY) including LED wavelengths at 365 and 470 nm. Hardware was 

controlled by Openlab, Volocity software (Perkin-Elmer, Waltham, MA) and Axiovision 

software (Zeiss, Thornwood, NY), respectively. 

 

Fluorescence loss in photobleaching (FLIP): FLIP experiments were performed on a 

Nikon A1R-MP laser scanning confocal microscope. Wild-type yeast expressing 

mitochondrial matrix-targeted GFP were mounted on agarose pads as described above. 

Bleaching was performed with the 488-nm laser line on a spot 0.5 µm in diameter. A cycle 

consisting of 125 ms photobleaching and 250 ms imaging was repeated for a total of 12 

sec.  
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Quantitation of the fluorescence of GFP- or DHE-labeled mitochondria: Cells were 

incubated with 40 µM DHE in growth medium for 30 min at 30°C, washed with growth 

medium, and visualized without fixation. To quantify relative fluorescence of GFP and 

DHE in mitochondria, wide-field z-series were collected through a beamsplitter 

(DualView, Photometrics, Inc., Tucson, AZ) that simultaneously projects images of green 

and red fluorescence on a CCD camera. The filters showed negligible crosstalk under the 

conditions used for staining and imaging. Transmitted-light images were collected to 

indicate the location and size of the bud and mother cell. Channel images were aligned in 

ImageJ (US National Institutes of Health, Bethesda, MD, USA) using transmitted light and 

cell background as guides and the Cairn Image Splitter plugin. The obtained images were 

digitally deconvolved by iterative restoration (100% confidence limit, 40 iteration limit). 

Relative mitochondrial volume was estimated by calculating integrated voxel intensity in 

thresholded, deconvolved wide-field z-series of mitochondria-targeted GFP. Images were 

deconvolved using a constrained iterative restoration algorithm (Volocity, Perkin-Elmer, 

Waltham, MA). Voxels were identified and quantified using Volocity Quantitation 

software. Bud size and zones of mother and bud were identified using corresponding 

transmitted-light images.  

The distribution of mitochondrial superoxide relative to mitochondrial mass was 

determined by calculating integrated voxel intensity (F) of DHE in deconvolved z-series. 

The distribution of DHE or GFP in specific regions within the mother or bud was 

normalized as Fregion of interest/Ftotal. The F values for DHE were compared to the 

corresponding F values for GFP in the same region by calculating the DHE/GFP ratio. 
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DHE/GFP ratio was calculated in cells in which the bud length was over 0.50 times the 

mother cell length. 

To test the dynamic range of DHE, we exposed yeast expressing Cit1p-GFP from 

its chromosomal locus to 10mM H2O2 (Fisher Scientific, Pittsburgh, PA) or 50µM 

Tempol (Sigma-Aldrich, St. Louis, MO) for 30 minutes in SC-Ura.  Cultures were 

washed twice with 1 mL of fresh media and visualized along with a control sample. 

 

Quantitation of the fluorescence of reduced-to-oxidized mito-roGFP1: Yeast cells were 

transformed with plasmid pmito-roGFP1 to measure mitochondrial redox state. The 

relative redox state of mito-roGFP1 was determined by calculating the ratio of the 

integrated voxel intensity in background-subtracted, thresholded, deconvolved wide field z-

series of mito-roGFP1 at excitation 470nm and 365nm, reduced to oxidized, respectively.  

Images were deconvolved using a constrained iterative restoration algorithm (Volocity, 

Perkin-Elmer, Waltham, MA). Voxels were identified and quantified using Volocity 

Quantitation software. Bud size and zones of mother and bud were identified using 

corresponding transmitted-light images. 

To determine the ratio of reduced to oxidized mito-roGFP1, z-series were 

collected, deconvolved, background-subtracted and thresholded using Volocity software 

(Perkin Elmer, city, state).  To calculate the reduced to oxidized ratio of mito-roGFP1, we 

divided the reduced channel (λex=470nm, λem=525nm) by the intensity of the oxidized 

channel (λex =365nm, λem =525nm).  To test the dynamic range of mito-roGFP1, we 

incubated yeast expressing mito-roGFP1 in 10mM H2O2 (Fisher Scientific, Pittsburgh, 

PA) or 10mM DTT (Fisher Scientific, Pittsburgh, PA) for 30 minutes in SC-Ura.    
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Cultures were washed twice with 1 mL of fresh media and visualized along with a control 

sample using an inverted epifluorescence microscope equipped with a Colibri LED 

system (Zeiss, Thornwood, NY) and Orca ER CCD camera (Hamamatsu, Bridgewater, 

NJ). 

 

Replicative Lifespan Determination: RLS measurements were performed as described 

previously [209], with or without alpha-factor synchronization. Briefly, frozen yeast strain 

stocks (stored at -80°C) were grown in rich, glucose based solid medium (YPD) at 30°C. 

Single colonies of each yeast strain were suspended in liquid YPD and grown to mid-log 

phase at 30°C with shaking and aeration. If synchronized, cultures were treated with alpha-

factor (100 µg/ml, Genemed Synthesis Inc) for 3 hrs, washed three times with water, and 

resuspended in water. For unsynchronized and synchronized cultures, an aliquot of the cell 

suspension was applied to YPD plates, small budded-cells or shmoos, respectively, were 

isolated and arranged in a matrix using a micromanipulator mounted on a dissecting 

microscope (Zeiss, Thornwood, NY). These small budded cells or shmoos were henceforth 

referred to as the mother cell. After their first round of replication, mother cells were 

removed and discarded, and their daughter cells renamed virgin mother cells. After each 

replication, the time and number of daughter cells produced by each virgin daughter cell 

was recorded until all replication ceased. 

 

ConA-594 labeling for determination of old cells in culture: Yeast cultures were 

grown to mid-log phase and incubated with 100µM concanavalin A, Alexa Fluor-594 
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conjugate (Sigma-Aldrich, St Louis, MO) for 30 min at 30°C, washed with growth 

medium, and propagated in fresh medium. ConA fluorescence was used to identify old 

cells. Cell age was determined by Calcofluor staining of bud scars. Because calcofluor 

staining interferes with mito-roGFP1 imaging, redox potential was measured in separate 

aliquots of cells that were not stained with Calcofluor. 

 

Statistical Methods: All p values were determined using a two-tailed Student’s t-test 

assuming unequal variance. Statistical significance was assessed as a p-value of less than 

0.05. Probability plots for distribution fitting, with associated Anderson-Darling 

goodness-of-fit statistics and p-values, were carried out using Minitab 14 statistical 

analysis software (Minitab Inc., State College, PA, USA).  

 

Other methods   

Yeast cells were transformed using the lithium acetate method [150]. Budding 

index was calculated by dividing the number of budding cells by the total number of cells 

in a mid-log phase culture grown in YPD. 

Viability was determined using the FUN 1 cell stain from the LIVE/DEAD Yeast 

Viability Kit (Invitrogen – Molecular Probes, Eugene, OR) according to the manufacturer’s 

instructions. Briefly, mid-log phase cells grown on YPD were diluted to a concentration of 

approximately 1 x 107 cells/ml, FUN 1 was added to a final concentration of 10 µM and 

samples were incubated at 30°C for 40 minutes with shaking. The conversion of FUN 1 by 

viable cells was quantified by fluorescence microscopy. Cells with prominent fluorescent 
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intravacuolar structures were scored as viable. Cells that lacked these structures and had 

diffuse green or yellow cytosolic fluorescence were scored as non-viable.  

To determine the percent of cells that undergo cytokinesis in under 120 min, cells 

from wild-type and mmr1∆ mid-log phase cultures were isolated and arranged in a matrix 

using a micromanipulator mounted on a dissecting microscope (Zeiss, Thornwood, NY). 

Cytokinesis was determined by assessing separation of daughter and mother cell with the 

micromanipulator at 120 min. 

 

Supplementary Data 

 Supplementary data includes one table and two figures. 

  



 

 

73 

RESULTS 

  

Mitochondria in individual yeast cells are physically and functionally distinct: To 

determine whether mitochondria in budding yeast are heterogeneous in function, we 

assessed mitochondrial redox potential using a redox-sensing GFP-variant (roGFP1) [225] 

and mitochondrial superoxide using dihydroethidium (DHE) (e.g. [212]). In roGFP1, a 

native cysteine is mutated and novel cysteines are introduced near the chromophore (C48S, 

S147C, Q204C). Disulfide formation between these cysteines in oxidizing environments 

promotes protonation of the GFP chromophore, which increases excitation at 400 nm and 

decreases excitation at 490 nm. The ratio of fluorescence upon excitation at 400 and 490 

nm indicates the extent of roGFP1 oxidation and is independent of roGFP1 protein levels. 

Targeting of roGFP1 to mitochondria in HeLa cells revealed that the mitochondrial matrix 

in these cells is highly reducing, with a midpoint potential of -360 mV [224].  

We generated a plasmid-borne fusion protein, mito-roGFP1, that consists of 

roGFP1 fused to the signal sequence of a mitochondrial matrix protein (ATP9) and is 

expressed under control of a strong constitutive promoter. Mito-roGFP1 is targeted 

quantitatively to mitochondria and has no obvious effect on mitochondrial morphology or 

distribution (Fig. 2A). Equally important, mito-roGFP1 undergoes rapid, reversible 

ratiometric changes in fluorescence in response to oxidizing and reducing agents (Fig. 1).   

To visualize mitochondrial ROS in living cells, wild-type yeast cells that express 

mitochondria-targeted GFP (mito-GFP) were stained with DHE. Mitochondrial superoxide 

as a function of mitochondrial mass was determined by comparing the fluorescent signal 

from DHE to that of mito-GFP. In wild type yeast, DHE localizes to structures labeled with 
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mito-GFP (Fig. 2B), and undergoes changes in fluorescence in response to treatment with 

oxidizing agents and ROS scavengers (Fig. 1). 

Both biosensors reveal variability in mitochondrial function within individual yeast 

cells.  Using mito-roGFP1, we detect some mitochondria that are highly reduced and other 

mitochondria that are more oxidized (Fig. 2A-C). Similarly, mitochondria within the same 

cell exhibit strong or weak staining with DHE (Fig. 2B-D), and therefore have high and 

Fig. 1.  Measurement of cellular superoxide and redox state using DHE and mito-roGFP1.  
Wild-type yeast cells were grown at 30°C to mid-log phase in in synthetic complete medium 
with or without uracil. Superoxide levels were measured by staining mid-log phase wild-type 
yeast cells with DHE.  Mitochondrial redox potential was measured in mid-log phase wild-type 
cells expressing mitochondria-targeted roGFP1 (mito-roGFP1). To determine the dynamic range 
of DHE or mito-roGFP1, cells were treated with oxidizing and reducing agents for 30 min at 
30°C. DHE-stained cells were treated with the superoxide scavenger tempol (50 µM, Sigma-
Aldrich, St. Louis, MO), while mito-roGFP1 expressing cells were treated with DTT (10 mM).  
H2O2 (10 mM; Fisher Scientific, Pittsburgh, PA) was used as the oxidizing agent for both DHE-
stained and mito-roGFP1 expressing cells. Mitochondria in the bud have a small, but detectable 
decrease in mitochondrial superoxide and increase in mitochondrial redox potential compared to 
mitochondria in the mother cell. DHE staining decreases upon treatment with tempol and 
increases upon treatment with H2O2. However, with H2O2 treatment, DHE staining localizes to 
nuclei and not mitochondria. This finding is consistent with published reports that DHE that is 
oxidized in the cytosol enters the nucleus and intercalates into DNA [1]. Treatment of cells 
expressing mito-roGFP1 with DTT or H2O2 results in a readily detectable increase and decrease 
in the ratio of reduced to oxidized mito-roGFP1. 
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low superoxide levels, respectively. We observed a good fit with a Gaussian distribution of 

mitochondrial redox potential (Anderson-Darling goodness-of-fit statistic for a normal 

distribution fit: 0.959, p value = 0.015).  In contrast, analysis of the ratio of DHE to mito-

GFP revealed an apparent bimodal distribution of mitochondrial superoxide levels: 

mitochondria with higher superoxide levels (DHE/mito-GFP ratio around 1.1) and 

mitochondria with lower superoxide levels (DHE/mito-GFP ratio around 0.7) (Fig. 2C-D).  

If mitochondria within individual cells are functionally distinct, they are expected to 

be physically distinct. We tested this using fluorescence loss in photobleaching (FLIP) 

experiments on yeast in which GFP is targeted to the mitochondrial matrix. In FLIP, a 

small area is photobleached repeatedly. As diffusion brings fresh fluorophores into the 

targeted area and photobleached fluorophores out of the targeted area, fluorescence is lost 

from all fluorophores that localize to the same membrane-bound compartment.  



 

 

76 

We repeatedly photobleached a 0.5 µm2 spot on mitochondria in the mother cell and 

visualized GFP-labeled mitochondria by laser scanning confocal microscopy (Fig. 3). The 

fluorescence of mito-GFP in the targeted area was lost within < 2 sec. Subsequently, 

Fig. 2. Individual yeast cells display heterogeneity in mitochondrial redox state and ROS 
levels. A-B) Maximum projections of mid-log phase wild-type cells that either express mito-
roGFP1 (A) or express mito-GFP and are stained with DHE (B).  Images shown are 
representative of >200 cells examined. Reduced mito-roGFP1: fluorescence at λex=490 nm.  
Oxidized mito-roGFP1: fluorescence at λex=400 nm. Lighter colors reflect higher fluorescence 
intensity (scale at right). Cell outlines are shown in white. Arrows: mitochondria with more 
reducing redox potential (i.e. high levels of reduced roGFP signal and reduced levels oxidized 
roGFP signal) (A), or reduced superoxide (low DHE staining) (B). Arrowheads: mitochondria 
with more oxidizing redox potential (A) or high superoxide (B). Bar = 1 µm. C-D) Histograms 
of R/O mito-roGFP1 (C) and DHE/ mito-GFP (D) observed in mitochondrial objects separated 
by at least 1 voxel in deconvolved, thresholded fluorescence images of cells expressing mito-
roGFP1 or mito-GFP and stained with DHE. Mitochondrial redox potential and superoxide 
levels are heterogeneous. Superoxide levels fall into two general classes; the red lines indicate 
maximum frequencies of each superoxide level class based on three-point moving average. Solid 
black line: three point moving average. n > 20 cells for C. n= 20 cells for D. 
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fluorescence was also lost from some mitochondria in the mother cell. However, fluo-

rescence persisted in other mitochondria in the mother cell and in all of the mitochondria 

within the bud. These findings indicate that mitochondria in the mother cell can be discrete, 

physically distinct entities. They also show that mitochondria in the bud are physically 

distinct from mitochondria in the mother cell. Thus, mitochondria within individual yeast 

cells can be physically and functionally distinct. 

 

Mitochondria with lower redox potential are preferentially retained by mother cells: 

If mitochondria are a mother-daughter age asymmetry determinant, then mitochondria that 

are functionally distinct should be asymmetrically distributed during yeast cell division. 

Fig. 3. Mitochondria in the mother cell are physically 
distinct. A 0.5 µm2 area was photobleached repeatedly in 
mitochondria in the mother cell of wild-type yeast 
expressing matrix-targeted mito-GFP. A cycle consisting 
of 125 ms photobleaching and 250 ms imaging was 
repeated for a total of 12 sec. A) Shaded volume 
projections of cells before (top) and after (bottom) 
photobleaching. PB: photobleached zone.  ROI B1, ROI 
M1, ROI M2: regions of interest in the bud and the mother 
cell, respectively. B) Mean fluorescence intensity of mito-
GFP as a function of time in the photobleached zone (PB 
area; red), a region of a mother cell mitochondrion that 
exhibits a loss of fluorescence (ROI-M1; blue), a region of 
a mother cell mitochondrion that does not exhibit loss of 
fluorescence (ROI-M2; black) and a region of 
mitochondria that accumulate in the bud tip and do not 
exhibit loss of fluorescence (ROI-B1; orange). Images and 
data are representative from analysis of >25 cells 
examined. 
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Analysis of DHE/mito-GFP ratios shows a small but statistically significant increase in the 

level of mitochondrial ROS in mother cells compared to buds (Fig. 4A). Thus, 

mitochondria with lower ROS are preferentially inherited by daughter cells and 

mitochondria with higher ROS are retained in mother cells. 

To determine whether mitochondria are also segregated on the basis of their redox 

potential, we measured R/O mito-roGFP1 as a function of replicative age. Replicative 

lifespan (RLS) is the cumulative number of mitotic divisions that a cell can undergo and is 

used as a model for aging in cell division-competent cells that undergo reproductive 

senescence. We developed a method to detect old cells in mid-log phase cultures by 

fluorescence microscopy, based on a widely used biotinylation method (e.g. [212]). Mid-

log phase cultures were pulse-labeled with Alexa 594-Concanavalin A (ConA-594), which 

stains the cell wall, and propagated in media without ConA-594. As a result, daughter cells 

produced after the ConA-594 pulse are unstained, and older, ConA-594-stained cells are 

readily distinguished from young cells. Finally, to determine the age of ConA-594 labeled 

cells as a function of time of growth, we used Calcofluor white to visualize bud scars (Fig. 

4B).   

We do not detect import of mito-roGFP into cells > 5 generations, presumably 

because the mito-roGFP has high turnover rates in mitochondria and mitochondrial protein 

import declines with age. Therefore, we measured mitochondrial redox potential in cells as 

they age from 0-5 generations, about 23% of the mean RLS for our wild-type yeast cells. 

We find that mitochondrial redox potential declines with age (Fig. 4C, n=73).  This finding 

is consistent with a recent report that age-associated increases in ROS levels are also 

detectable in young yeast cells that are 5-7 generations in replicative age (Lam et al., 2011).   
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We also detect a subtle but statistically significant decline in the redox potential of 

Fig. 4. Mitochondria with higher superoxide levels and more oxidizing redox potential are 
retained in mother cells in young and old yeast cells. A) Quantitation of DHE/mito-GFP of 
mitochondria in mother cells and buds of mid-log phase yeast cells (n= 57) were obtained as for 
Fig. 2. Asterisks denote significant differences determined by two-tailed Student’s t-test 
assuming unequal variance. Error bars are standard error of the mean. Mitochondrial superoxide 
levels were higher in mother cells compared to buds (p = 0.015). B) ConA-594-labeled cells 
were propagated in glucose-based media, and stained with Calcofluor white.  Upper panels show 
a young cell at t = 1 hr of growth that has uniform ConA-594 labeling and one Calcofluor-
labeled bud scar.  Lower panels show an older cell at t = 17 hr of growth that has non-uniform 
ConA-594 labeling and several Calcofluor-labeled bud scars. Images shown are maximum 
projections of deconvolved z-series. C) Quantitation of R/O mito-roGFP1 in buds and mother 
cells at 0, 2 and 5 generations of replication (n = 35, 31 and 17, respectively) was carried out as 
for Fig. 1. Asterisks denote significant differences determined by two-tailed Student’s t-test 
assuming unequal variance; *: p= 0.00025, **: p=0.003, ***: p=0.04. Error bars are standard 
error of the mean. Old cells have more oxidizing mitochondrial redox potential compared to 
young cells. D) The decrease in mitochondrial redox state from 0-5 generations modeled by the 
equation (R/O)n=0.94n(R/O)n=0. Grey: decline in mitochondrial redox potential predicted by the 
model. Black: observed mitochondrial redox potential. Inset: decline of mitochondrial redox 
potential predicted by the model from 0 to 48 generations, the maximum RLS of the wild-type 
yeast strain. The red line marks theoretical mitochondrial redox state at 22 generations, the 
average RLS of the wild-type strain used.  
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mitochondria in mother cells compared to buds as cells age from 0-5 generations of 

replicative age. That is, the mitochondrial redox potential is consistently 6% higher in the 

bud or developing daughter compared to the mother cell. Though the difference in 

mitochondrial redox potential in mother cells and buds is small, we obtained evidence that 

retention of mitochondria with more oxidizing redox potential in mother cells can 

contribute to mother-daughter age asymmetry (Fig. 4D). We developed a mathematical 

model for age-associated declines in mitochondrial redox potential based exclusively on the 

retention of less fit mitochondria in mother cells as they age from 0-5 generations: 

(R/O)n=0.94n(R/O)n=0, where R/O is R/O mito-roGFP1 and n is the number of cell 

divisions a cell has undergone (Fig. 4D). The constant 0.94 refers to the remaining 

mitochondrial redox potential after the loss of the top 6% of mitochondrial redox potential 

to the daughter cell during the previous cell division. The age-associated decline in total 

cellular mitochondrial redox potential predicted by this model fits well with the observed 

decline in mitochondrial redox potential in mother cells from 0-5 generations of replicative 

age. Moreover, extrapolation of the model from young to old cells predicts a decline in 

mitochondrial redox potential that is compatible with the RLS of the yeast strain used for 

these studies: the redox potential of wild-type cells at mean (22 generations) and maximum 

(48 generations) RLS is 27.3% and 5.5% of that observed in newborn cells, respectively 

(Fig. 4D, inset).  

Together, our findings indicate that the machinery for mitochondrial inheritance has 

the capacity to retain mitochondria with more oxidizing redox potential in mother cells. 

They also indicate that retention of these lower functioning mitochondria in mother cells 
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can be responsible for the decline in mitochondrial redox potential that occurs as yeast cells 

age.  

 

Deletion of MMR1 alters replicative lifespan and mother-daughter age asymmetry: If 

mitochondrial quality control during inheritance affects cell fitness, then mutations that 

compromise mitochondrial inheritance should affect lifespan. Many proteins are required 

for normal mitochondrial inheritance in yeast. However, the vast majority of these proteins 

have been implicated in other processes including actin dynamics and function, 

endocytosis, as well as mitochondrial morphology, DNA maintenance, mRNA trafficking 

or protein assembly (reviewed in [226]).  One exception is Mmr1p. Mmr1p is a member of 

the conserved family of DSL1 tethering proteins.  It localizes to mitochondria in the bud tip 

and is required for mitochondrial inheritance to buds [161]. Indeed, mutation of Mmr1p 

together with Gem1p, a miro-like protein, results in severe defects in mitochondrial 

inheritance and triggers a checkpoint that blocks cytokinesis [150].  

Deletion of SIR2 results in a decrease in mean RLS from 22 to 14 generations and 

maximum RLS from 48 to 30 generations (n=76; p = 8.7 x 10-9 for mean RLS). Deletion of 

MMR1 has a profound effect on RLS (Fig. 5A). mmr1∆ mutant clones give rise to two 

subpopulations of cells (Fig. 5B); separating the subpopulations into two data sets suggests 

that they are statistically different (p = 2.1 x 10-13). One subpopulation exhibits premature 

loss of replicative capacity compared to wild-type cells (p = 1.0 x 10-31 for mean RLS). The 

majority of these cells fail to produce offspring, and the few that do are replication-

competent for a maximum of 5 rounds of cell division (n=51). The other subpopulation 

exhibits a RLS that is 36% greater than that observed in wild-type cells (p = 0.004 for mean 
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RLS), with a mean and maximum RLS of 30 and 52 generations, respectively (n=51) (Fig. 

5A). The observed alteration in RLS in mmr1∆ mutants is not a consequence of genetic 

background, the method used for generating synchronized cells before RLS measurement 

or loss of metabolic activity (Fig. S1, Table S1; data not shown). Thus, a mutation in 

Fig. 5. Deletion of MMR1 affects mother-daughter age asymmetry. (A) Left panel: RLS of 
BY4741 (; n = 73), mmr1∆ ( ; n = 51) and sir2∆ (; n = 76) cells were measured as 
described in Materials and Methods, using pheromone treatment to distinguish virgin mother 
cells from their mothers. The data shown is pooled from 3 independent experiments.  Right 
panel: RLS of wild-type cells () and the long-lived subpopulation of mmr1∆ ( ) cells. Short-
lived mmr1∆ cells, which have a RLS < 5 generations, were removed on the basis of their 
lifespan distribution histogram (B). The remaining cells were corroborated to be long-lived by 
their clustering in a plot of RLS versus mean generation time from 0-10 generations (Fig. S3). 
B) Histogram of the RLS distribution of wild-type (black) and mmr1∆ (grey) cells. C) Mean 
generation time for wild-type (BY4741) (; n = 91), sir2∆ (; n = 55) and long-lived mmr1∆ 
cells ( ; n = 43) as a function of replicative age (generation). The data shown is pooled from 2 
independent experiments. Generation time is the time from the last cell division to mother-bud 
separation, the latter of which was assessed by physically separating mothers from buds using a 
micromanipulator on a dissecting microscope. Generation time was averaged over 10 
generations. Error bars: standard error of the mean. D) Percent of cells with RLS > 5 generations 
in mother cells (M) and their first (D1) and eight (D8) buds in wild-type and mmr1∆ cells. The 
data are pooled from 2 independent experiments, where n = 40 for each cell type studied in each 
experiment. 
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MMR1 that inhibits accumulation of mitochondria in the bud results in defects in lifespan 

determination and the production of cells with either shortened or prolonged RLS. 

Long- and short-lived mmr1∆ mutants also exhibit a phenotype associated with 

aging: altered generation time. Early studies revealed that aging mother cells take 

increasingly longer times to progress through the cell cycle compared to young cells [207, 

227]. Under our growth conditions, the mean generation time of wild-type cells is 90-110 

min during generations 1-10, and increases to 200 min during generations 21-30 (Fig. 5C). 

sir2∆ cells also exhibit an age-associated increase in generation time. In contrast, the 

generation time of long-lived mmr1∆ cells is less than that of young wild-type cells. 

Moreover, it does not increase from generations 1-40, and exhibits a modest increase to 

110 min only after 41-50 replications. This phenotype is also not a consequence of genetic 

background or synchronization method (Fig. S1). Finally, short-lived mmr1∆ cells exhibit a 

mean generation time that is 10-fold greater than that of wild-type cells during the first 1-

10 generations (Fig. 6). Thus, long-lived mmr1∆ cells exhibit a delay in the increase in 

mean generation time as a function of age, a phenotype associated with young cells, and 

short-lived mmr1∆ cells exhibit an increased mean generation time, a phenotype associated 

with old cells.  

Fig. 6. Short-lived mmr1∆ cells display 
increased generation times compared to 
wild-type cells and their long-lived 
counterparts during the first ten 
generations. Mean generation time in wild-
type cells, long-lived and short-lived mmr1∆ 
cells. Error bar are standard error of the mean. 
n > 40 for all strains. 
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Next, we studied the effect of deletion of MMR1 on mother-daughter age 

asymmetry.  A widely used method to assess this process is to compare the mean RLS of 

daughter cells and their mother cells [139, 145].  However, since mmr1∆ daughter cells 

have either long or short RLS, the mean RLS does not provide information regarding short- 

or long-lived mmr1∆ cells. Therefore, we assessed mother-daughter age asymmetry in 

mmr1∆ cells as the frequency of producing short-lived daughter cells from the first (D1) 

and eighth (D8) daughter cells from virgin mother cells (M) (Fig. 5D). Only 2-11% of 

wild-type D1 and D8 cells have RLS <5 generations (n=75, 71 and 60, respectively). In 

contrast, there are significantly more short-lived cells in mmr1∆ mother cells (24%, n = 77) 

and their D1 (50%, n = 66) and D8 (22%, n  58) daughters compared to wild-type cells. 

Moreover, the incidence of short-lived cells is higher in D1 daughters compared to their 

mothers and D8 daughters. This difference likely reflects the fact that short-lived mmr1∆ 

cells do not produce D8 daughters and only produce short-lived daughters (see below). 

Thus, deletion of MMR1 results in defects in mother-daughter age asymmetry.  In contrast 

to wild-type daughter cells, who are born with their full replicative potential, the replicative 

potential of D1 daughter mmr1∆ cells is lower than that of their mothers.  

 

mmr1∆ cells exhibit changes in mitochondrial quality control: To determine whether 

the changes in lifespan and mother-daughter age asymmetry in mmr1∆ cells are linked to 

defects in mitochondrial quality control during inheritance, we studied mitochondrial redox 

potential and ROS in short- and long-lived mmr1∆ cells. As a first step, we found that 

unbudded cells in mmr1∆ mid-log phase cultures exhibit characteristics of short-lived 

mmr1∆ cells (reproductive incompetence and increased mean generation times) and budded 
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mmr1∆ cells have mean generation times consistent with long-lived mmr1∆ cells (Fig. 7A).  

Consistent with this, mmr1∆ cell cultures exhibit higher levels of unbudded cells (36%) 

compared to wild-type cell cultures (18%) (Table S1). Cellular metabolic activity, as 

assessed using FUN-1, is similar in unbudded and budded mmr1∆ and wild-type cells 

(Table S1). Thus, we identified methods to identify cell fractions that are enriched in short- 

and long-lived mmr1∆ cells in mid-log phase yeast cultures.   
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  The total cellular mitochondrial redox potential of unbudded and budded wild-

 Fig. 7. Mitochondrial fitness correlates with lifespan. A) Left panel: Percentage of unbudded 
wild type (black; n = 39) and mmr1∆ (grey; n = 40) cells that generate 5 or more offspring. Right 
panel: percentage of unbudded (U) and budded (B) wild-type (black; n = 157) and mmr1∆ (grey; 
n = 158) cells with a generation time < 120 min. B) Maximum projections of ratiometric images 
of R/O mito-roGFP1 in mid-log phase wild-type and mmr1∆ cells.  Colors reflect the intensity 
of ratio of reduced-to-oxidized mito-roGFP1 (scale at lower left). Cell outlines are shown in 
white. Upper and lower panels: budded and unbudded cells, respectively. Images shown are 
representative from analysis of >400 cells. C) Quantitation of R/O mito-roGFP1 of mitochondria 
in unbudded (U) and budded (B) wild type (black; n = 243) and mmr1∆ (grey; n = 173) cells, 
measured as described in Fig. 2. Asterisks denote significant changes determined by two-tailed 
Student’s t-test assuming unequal variance. Error bars are standard error of the mean. 
Mitochondrial redox potential is higher in budded mmr1∆ cells compared to unbudded mmr1∆ 
cells and in budded wild type cells compared to unbudded mmr1∆ cells (**p  = 0.0003, *p= 
0.0113). D) Maximum projections of mito-GFP and DHE of budded (upper panels) and 
unbudded (lower panels) wild-type and mmr1∆ cells. Colors reflect the intensity of fluorescence 
(scale at lower left). Cell outlines are shown in white. Images shown are representative from 
analysis of >100 cells. E) Quantitation of DHE/mito-GFP of mitochondria in unbudded (U) and 
budded (B) wild-type (black, n=79) and mmr1∆ (grey, n=80) cells, measured as described in 
Fig. 2. Asterisks denote significant changes determined by two-tailed Student’s t-test assuming 
unequal variance. Error bars are standard error of the mean. Mitochondrial superoxide 
production is lower in budded compared to unbudded mmr1∆ cells, and lower in budded mmr1∆ 
cells compared to wild-type cells (**p = 0.007,  *p= 8x10-13). 
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type cells are similar (Fig. 7B-C). In contrast, the mitochondrial redox potential of budded, 

largely long-lived mmr1∆ cells is more reducing than that of unbudded, largely short-lived 

mmr1∆ cells.  Moreover, the mitochondrial redox potential of wild-type cells is more 

reducing than that of unbudded, largely short-lived mid-log phase mmr1∆ cells. We 

obtained similar results upon analysis of mitochondrial superoxide levels in WT and 

mmr1∆ cells (Fig. 7D-E). Superoxide levels of budded, largely long-lived mmr1∆ cells are 

lower than those of wild-type cells and of unbudded, largely short-lived mmr1∆ cells. Thus, 

mitochondrial fitness in mmr1∆ cells, as assessed by redox potential and superoxide levels, 

correlates with cellular fitness and lifespan. 

Further characterization of mmr1∆ cells revealed a correlation between 

mitochondrial superoxide levels and cell fitness in buds of long-lived mmr1∆ cells.  First, 

we found that short-lived mmr1∆ cells always give rise to short-lived cells (Fig. 8A). 

Conversely, although long-lived mmr1∆ cells can give rise to short- and long-lived 

daughter cells, the majority of the daughter cells produced from long-lived mmr1∆ cells are 

long-lived (Fig. 8A). These findings are consistent with a non-genomic heritable cellular 

constituent(s) within mmr1∆ cells that affects the RLS of their daughter cells. 

In addition, we find that deletion of MMR1 results in defects in both the quantity 

and quality control of mitochondrial inheritance.  In contrast to wild-type cells, where 

daughter cells inherit 40% of the total cellular mitochondria from mothers, daughter cells of 

largely long-lived mmr1∆ cells inherit only 18% of the total cellular mitochondria (Fig. 

8B). There is no significant difference in redox potential among mother cells and buds in 

largely long-lived mmr1∆ cells (data not shown). However, mitochondria that are inherited 

by daughters of largely long-lived mmr1∆ cells have significantly lower superoxide levels 
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compared to their mother cells and compared to both mother cells and bud of wild type 

cells (Fig. 8C).  These findings indicate that one important non-genomic but heritable age 

determinant in mmr1∆ cells is mitochondria with low superoxide levels.  
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 Fig. 8. Daughter cell fitness and 
mitochondrial inheritance in mmr1∆ cells.  
A) The 1st and 8th daughter cells produced 
from the same virgin mother cell were 
isolated, and the RLS of these cells and of the 
daughters produced from these cells was 
determined as for Fig. 4.  Short-lived cells 
(SL) were identified as cells with RLSs < 5 
generations, while long-lived cells (LL) were 
identified as cells with RLSs > 5 generations. 
The graph shows the percent SL or LL 
daughter cells produced from short- or long-
lived D1 or D8 mother cells. Short-lived 
mmr1∆ cells give rise to only short-lived 
daughter cells while long-lived mmr1∆ cells 
give rise to short- or long-lived daughter cells. 
The data are pooled from 2 independent 
experiments, where n = 40 for each cell type 
studied in each experiment. B) Mitochondria 
were visualized using mitochondria-targeted 
GFP in wild-type cells (BY4741) and mmr1∆ 
cells, and the amount of GFP- label in 
mitochondria in mother cells and buds was 
measured in cells in which the bud is >60% of 
the size of the mother cell. The relative 
mitochondrial volume was determined by 
calculating integrated voxel intensity in 
thresholded, deconvolved wide-field z-series 
of mitochondria-targeted GFP. Deletion of 
MMR1 results in a decrease in the amount of 
mitochondria that are inherited by daughter 
cells (p = 1.3 x 10-10). Asterisks denote 
significant changes determined by two-tailed 
Student’s t-test assuming unequal variance. 
The data shown is representative data from 3 
experiments (n = 79). C) Quantitation of 
DHE/mito-GFP of mitochondria in the buds 
(B) and mother cells (M) of wild-type (WT, n 
= 57) and long-lived mmr1∆ cells (n = 21), 
measured as described in Fig. 1. While 
mitochondrial superoxide levels are lower in 
bud compared to mother cells in both cell 
types (*p = 0.02; **p = 4 x 10-7), 
mitochondrial superoxide levels in the buds of 
long-lived mmr1∆ cells is significantly lower 
than that observed in wild-type cells (***p = 
0.001).  Asterisks denote significant changes 
determined by two-tailed Student’s t-test 
assuming unequal variance. The data for WT 
cells is the same as for 3A. DHE, 
dihydroethidium.   
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DISCUSSION 

 

Preferential retention of mitochondria with higher superoxide levels and more 

oxidizing redox potential in mother cells as they age: Heterogeneity in mitochondrial 

∆ψ has been detected in yeast, cultured animal cells, neurons and pancreatic beta cells 

[145, 228, 229]. We obtained the first evidence for heterogeneity in mitochondrial 

superoxide levels and redox potential within individual yeast cells. Using DHE as a 

biosensor, we find that some mitochondria within yeast contain low levels of superoxide, 

while others contain high levels of this ROS. Using mito-roGFP1, we find that the 

mitochondrial matrix of budding yeast is a reducing environment. Similar results were 

obtained using mito-roGFP1 in HeLa cells [224]. In addition, we detect heterogeneity in 

mitochondrial redox potential within individual cells. Quantitative analysis of DHE to 

mito-GFP ratios suggests that mitochondrial superoxide levels are not normally distributed. 

Rather, we observed two general classes of mitochondrial superoxide levels.  

Fluorescence recovery after photobleaching studies (FRAP) revealed that 

mitochondria in HeLa cells are discontinuous, allowing them to have distinct functional 

properties [228]. Using FLIP, we detect multiple, physically distinct mitochondria in 

budding yeast. Our studies also reveal that mitochondria in the bud tip can be physically 

distinct from mitochondria in the mother cell. This data provides a structural basis for the 

observed heterogeneity in mitochondrial function. It is also direct evidence that 

mitochondria in budding yeast are not a continuous reticulum. Recent studies indicate that 

mitochondria with extremely low ∆ψ exhibit defects in mitochondrial fusion, which would 

allow this population of low-functioning mitochondria to remain physically distinct from 



 

 

91 

higher functioning mitochondria [230]. In light of the observed heterogeneity in 

mitochondrial function, it is possible that there are mechanisms to ensure that low-

functioning mitochondria are separated from high-functioning mitochondria in yeast. 

In addition, we find that mitochondria with more oxidizing redox potential and 

higher ROS are preferentially retained in mother cells, and mitochondria with more 

reducing redox potential and lower ROS are preferentially inherited by daughter cells.  This 

segregation of higher- from lower-functioning mitochondria during yeast cell division 

occurs at a constant rate as cells undergo replicative aging from 0-5 generations. These 

findings are consistent with previous observations that mitochondria with low ∆ψ and 

oxidatively damaged aconitase are preferentially retained in mother cells [145, 149, 231]. 

Collectively, this data support the model that the machinery for mitochondrial inheritance 

exercises mitochondrial quality control which results in segregation of higher from lower 

functioning mitochondria among mother and daughter yeast cells. 

Equally important, we developed a method to identify cells of known RLS in mid-

log phase cultures using fluorescent ConA to label the yeast cell wall, and find that 

mitochondrial redox potential declines with replicative age and that this decline is evident 

even in young cells from 0-5 generations of replicative age. This decline in mitochondrial 

function in relatively young cells is consistent with the age-dependent increase in 

superoxide levels in young yeast cells described recently [212]. Moreover, we obtained 

evidence that retention of mitochondria with lower redox potential in mother cells can 

contribute to age-associated declines in mitochondrial redox potential. Specifically, we 

developed a mathematical model for age-associated decline in mitochondrial redox 

potential based on the observed decline in this process from 0-5 generations. Extrapolation 
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of the model to old cells revealed a decline of mitochondrial redox potential from 

maximum to minimum levels during a timeframe that is similar to the mean and maximum 

RLS of the yeast strain used for these studies.  Interestingly, this decline depends on the 

initial redox state of mitochondria in a virgin mother cell. Together, these results are 

consistent with a model that retention of lower functioning mitochondria in the mother cell 

results in a mother cell-specific decline in mitochondrial function with age. 

Although mitochondria that are in buds and therefore destined for inheritance by 

daughter cells are higher-functioning compared to mitochondria in mother cells, 

mitochondria in buds also exhibit a decline in redox potential with age. This raises an 

interesting question.  How are daughter cells born young if they inherit low-functioning 

mitochondria from their aging mother cells? Recent studies, which indicate that repair 

mechanisms are preferentially activated in daughter cells after they separate from mother 

cells, provide a possible explanation. Cytosolic catalase of yeast, Ctt1p, has been 

implicated in detoxification of mitochondrial ROS and is required for normal RLS [211, 

232]. Erjavec and Nyström (2007) find that the Ctt1p activity increases in daughter cells 

after they separate from mother cells [144]. The superior ROS management observed in 

newly formed daughter cells requires Sir2-dependent asymmetric protein segregation 

during yeast cell division. Thus, mitochondria with high ROS and more oxidizing redox 

potential that are inherited by daughters from aging mother cells may be repaired and 

rejuvenated by Ctt1p that is activated after daughter cells separate from their mother cells. 

 

Role for the mitochondrial inheritance machinery in mitochondrial quality control 

and mother-daughter age asymmetry: Previous studies indicate that deletion of 
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prohibitins, mitochondrial inner membrane proteases that play a role in protein processing 

and mitochondrial quality control, results in a decrease in yeast RLS and age-dependent 

mitochondrial segregation defects [148, 233]. To further explore the role of mitochondrial 

quality control in lifespan, we studied the effect of deletion of MMR1 on RLS and 

mitochondrial function.  Mmr1p localizes to mitochondria in the bud tip and is required for 

normal mitochondrial inheritance [161] and for anchorage of newly inherited mitochondria 

in the bud tip (our unpublished observations).  

We find that deletion of MMR1 affects mitochondrial quality control and daughter 

cell fitness and mother-daughter age asymmetry. In contrast to wild-type cells, where 

daughter cells are born young, with their full replicative potential, mmr1∆ cells are either 

short-lived or long-lived. The long-lived mmr1∆ cells exhibit phenotypes associated with 

longevity and fitness (delay in the increase in mean generation time with age, reduced 

mitochondrial superoxide levels and increased mitochondrial redox potential), while short-

lived mmr1∆ cells exhibit the opposite phenotypes. The slow growth of short-lived mmr1∆ 

is associated with oxidative damage from elevated superoxide levels and low redox 

potential, and not likely due to reduced mRNA translation observed in the slow-growing 

long-lived cells described by Delaney et al. (2011) [224]. Furthermore, we observe a link 

between mitochondrial redox potential and superoxide levels and cellular fitness: mmr1∆ 

cells with more oxidizing redox potential and high superoxide levels exhibit short RLS 

while mmr1∆ cells with more reducing redox potential and lower superoxide levels exhibit 

long RLS.  Finally, we find that all mmr1∆ daughter cells are not born young: the 

replicative potential of a subset of daughter cells that develop from mother cells is lower 

than that of their mothers.  
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 Quantitative analysis of the heterogeneity of mitochondrial redox potential and 

superoxide levels within individual yeast cells provides an explanation for the 

extraordinary fitness and lack thereof of mitochondria in long- and short-lived mmr1∆ 

cells. In wild-type cells, where 40-50% of total cellular mitochondria are inherited by 

daughter cells, daughter cells inherit a combination of fit and less fit mitochondria, which 

are on average more fit than mitochondria in mother cells. In contrast, mitochondrial 

inheritance and quality control are compromised in mmr1∆ cells.  Since daughter cells 

inherit only 18% of total cellular mitochondria, they are more likely to inherit a 

disproportionate amount of a single functional class of mitochondria (fit or less fit), which 

in turn affects cellular fitness and lifespan.  

In the case of short-lived mmr1∆ cells, whose mitochondria have higher superoxide 

levels compared to mitochondria in wild type cells, all daughter cells inherit less fit 

mitochondria.  As a result, they are less fit and have shortened RLS. In the case of long-

lived mmr1∆ cells, which are endowed with mitochondria with lower superoxide levels 

compared to those found in wild-type cells, the probability of inheriting fitter mitochondria 

is greater.  As a result, the majority of the daughter cells derived from long-lived mmr1∆ 

cells are long-lived.  

Overall, our studies indicate that the machinery for mitochondrial inheritance 

exercises mitochondrial quality control and promotes inheritance of fitter mitochondria by 

daughter cells and retention of less fit mitochondria in mother cells. They support the 

model that mitochondria are aging determinants and that retention of mitochondria with 

higher ROS and more oxidizing redox potential in mother cells contributes not just to 

mother-daughter age asymmetry but also to age-associated declines in mitochondrial redox 
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potential in yeast. Thus, we obtained evidence for a novel mechanism for a decline in 

mitochondrial function with age. Ongoing studies are designed to determine mechanisms 

underlying segregation of higher from lower functioning mitochondria both within 

individual yeast cells and during yeast cell division. 
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SUPPLEMENTARY DATA 

 

Table S1. Budding index and viability of mmr1∆ and WT cells. 

 WT mmr1∆ 
budding index 81 64 
metabolic 
activity 

unbudded cells  99 99 
budded cells 100 99 
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Fig. S1. The RLS and MGT phenotypes observed in mmr1∆ cells are not a consequence of 
genetic background or synchronization.  A) The yeast deletion collection was generated by 
sporulation-driven production of haploid cells from heterozygous diploid cells containing a 
deletion in one copy of the gene of interest.  As a result, the wild-type strain provided with the 
deletion library (BY4741) may have subtle differences in genetic background compared to 
deletion strains.  To confirm that the changes in RLS in mmr1∆ cells is not due to variations in 
genetic background, we deleted MMR1 in BY4741 cells (RMY003). Unbudded cells used for 
these measurements were obtained from mid-log phase cells without alpha-factor 
synchronization. RLS measurement of wild-type cells (black), mmr1∆ (dark grey squares) and 
long-lived mmr1∆ cells (dark grey triangles). B) Mean generation time of wild-type cells 
(black), and mmr1∆ cells (dark grey) derived by deletion of MMR1 in a BY4741 strain 
(RMY003). Error bars denote standard error of the mean. We observe defects in lifespan control, 
mother-daughter age asymmetry and mean generation time in BY4741 cells bearing a deletion in 
MMR1.  
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Fig. S2. Short-lived and long-lived mmr1∆ cells cluster in different sections of a plot of 
RLS versus mean generation time during the first ten generations. Mean generation time as 
a function of RLS in wild-type cells (black squares), mmr1∆ cells (dark grey squares) and sir2∆ 
cells (black crosses). (A) mmr1∆ cells from the MATa deletion set and (B) BY4741 cells 
bearing a deletion in MMR1 (RMY003). Wild-type and sir2∆ cells and mmr1∆ that have short 
RLS cells cluster in an area below generation times of 120 min. In contrast, mmr1∆ cells that 
have short RLS display generation times above 120 min or fail to divide (~50% of mmr1∆ cells 
vs. less than 5% of wild-type cells). 
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Mitochondria are essential organelles that cannot be synthesized de novo and must be 

inherited from mother cells. These organelles play central roles in energy metabolism and 

cellular homeostasis, while their dysfunction results in cellular impairment, aging and 

death. Thus, it is easy to imagine that inheritance of fit mitochondria, those whose 

functions are uncompromised, is necessary for the production of viable daughter cells. The 

data in Chapter 2 shows that, along with association of mitochondria to actin cables and 

recruitment of the Arp2/3 complex to the organelle, anchorage of mitochondria at the 

developing daughter cell is necessary for equal segregation of mitochondria between 

mother and daughter cell. This anchorage is mediated by the phosphoprotein Mmr1p, 

which binds to mitochondria and cER specifically at the bud tip, and is regulated by the 

conserved type 2C protein phosphatase Ptc1p. In Chapter 3, I show that Mmr1p-mediated 

anchorage is necessary for age asymmetry.  Specifically, I show that deletion of MMR1 

results in some daughter cells with severely diminished replicative potential, while some 

daughter cells have increased replicative potential. Moreover, the replicative potential of 

these cells correlates with the quality of their mitochondria, particularly their superoxide 

burden and redox environment. In this final section, I will discuss what these findings mean 

within the current state of mitochondrial and aging research in yeast and present important 

future directions for these studies. 

 

The controversial role of Myo2p through its interactors Mmr1p and Ypt11p during 

mitochondrial inheritance in budding yeast  
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The movement of most organelles in budding yeast requires two unconventional, 

type-V myosins: Myo2p and Myo4p (reviewed in [186]). In fact, mutations in myosin do 

lead to defects in mitochondrial distribution [156-159, 161, 162]. As a result, it was 

inferred that mitochondrial movement was likewise myosin-dependent. However, several 

lines of evidence indicate that this is not the case. Myo2 is recovered with mitochondria by 

subcellular fractionation, but has not been localized to mitochondria in situ [159]. Instead, 

GFP tagging or immunofluorescence of Myo2p localizes it to the cellular bud tip and bud 

neck, so the biochemical evidence may reflect redistribution of the protein during 

fractionation [187, 223]. Furthermore, there is no direct evidence that type V-myosins 

affect mitochondrial motility in yeast. A temperature sensitive mutation in the myosin 

motor domain of Myo2p (myo2-66) alone or in combination with loss of Myo4p, or 

expression of a Myo2p mutant with a vacuolar-binding defect known to affect 

mitochondrial distribution do not affect the velocity of mitochondrial movement [156, 

159]. Moreover, while the length of the Myo2p lever arm is directly proportional to the 

speed of secretory vesicle movement, truncation of the lever arm has no effect on the speed 

of mitochondrial movement [158, 234]. Finally, while an artificial fusion protein of Myo2p 

and the membrane anchor domain of Fis1p, which localizes to the mitochondrial OM, can 

rescue the mitochondrial distribution defect of MYO2 mutants, the physiological relevance 

of this experiment is questionable [159]. 

Instead, work from our laboratory uncovered a mechanism whereby association to 

actin cables drives retrograde or mother-directed movement of the organelle, whereas this 

association and recruitment of an actin filament nucleator complex, the Arp2/3 complex, is 



 

 

105 

necessary for anterograde or bud-directed movement (see Chapter 1). What then is the role 

of myosin in mitochondrial distribution? 

MMR1 was identified as a high-copy suppressor of the mitochondrial distribution 

defect of myo2-573 and Mmr1p was found to bind Myo2p directly [161]. This led to a 

model whereby Mmr1p functions as the receptor for type-V myosin mediated movement 

into the bud. In fact, MMR1 is short for mitochondrial Myo2p receptor-related 1. However, 

as described in Chapter 2, loss of MMR1 has no effect on the velocity of mitochondrial 

movement, in either the anterograde or retrograde direction [163]. Instead, we find a role 

for Mmr1p in mediating the anchorage of mitochondria at the bud tip by association to the 

cER and immobilization of the organelle. Since mutations in MYO2, like loss of MMR1, 

result in anchorage defects at the bud tip and Mmr1p can interact directly with Myo2p, we 

favor a model whereby Myo2p affects mitochondrial distribution by delivering Mmr1p to 

the bud tip (described below). 

Mmr1p and Myo2p are not the only proteins known to play a role in the anchorage 

of mitochondria at the bud tip. Ypt11p was discovered as a high-copy suppressor of the 

mitochondrial distribution defect of myo2-66 [162]. Ypt11p is a Rab family small GTPase 

that can directly bind to Myo2p and binding requires functional effector and GTP 

hydrolysis domains [162]. It too was postulated to be a mitochondrial adaptor for Myo2p-

mediated motility [162]. However, this is not the case. While deletion of YPT11 or a 

Myo2p mutation that inhibits its interaction with Ypt11p result in defects in mitochondrial 

distribution, it is not recovered with mitochondria by subcellular fractionation [162]. 

Instead, Ypt11p localizes to cER in the bud and deletion of YPT11 results in decreased 

accumulation of ER in the bud ([196], confirmed in [163]). Confusingly, recent studies 
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have found a role for Ypt11p as the myosin-receptor for inheritance of late-Golgi elements 

[235]. How do we reconcile these seemingly disparate roles?  

Myosin-dependent movement of late-Golgi vesicles requires binding of Ypt11p to 

Ret2p [235]. Since Ret2p is a subunit of the COPI coatomer complex necessary for 

transport of Golgi-derived vesicles to the ER, it is possible that Ypt11p contributes to cER 

inheritance by mediating the myosin-dependent movement of COP1-coated, ER-recycling 

vesicles to the bud tip [236]. Consistent with this and with a role of cER in mitochondrial 

distribution, mutation of a COP1 coatomer complex subunit, RET1, leads to defects in both 

mitochondrial and ER morphology [237]. Together, these findings suggest that Ypt11p 

functions at cER, and that its effects on mitochondria are indirect.  

Finally, overexpression of Mmr1p results in over-accumulation of mitochondria at 

the bud tip, suggesting that it is the rate-limiting step in mitochondrial anchorage at that 

site. However, overexpression of Ypt11p, whose role in mitochondrial anchorage is likely 

indirect (see above), results in a similar phenotype. The possible role of Ypt11p in the 

inheritance of ER-recycling vesicles, described above, may help explain these findings. It 

is possible that Mmr1p requires binding partners that are found in these ER-recycling 

vesicles and undergo Ypt11p-dependent transport to cER in the bud early during cell 

division. There, Mmr1p-binding partners may recruit or stabilize Mmr1p and vice-versa. 

Indeed, Dsl1p, the founding member of the DSL1 family of proteins, works as a 

heterotrimer to mediate membrane tethering [238]. Together, this model would account 

for the phenotypes observed upon overexpression of Mmr1p or Ypt11p.  

The binding partners of Mmr1p on mitochondria and the cER remain unknown. 

However, given the sequence similarity between Mmr1p and Dsl1p, it is possible that 



 

 

107 

Mmr1p associates with the other subunits of the DSL1 complex at the cER: Tip20p, 

Sec39p, and the snares Use1p and Sec20p. Consistent with this, mutations in USE1 result 

in abnormal mitochondrial morphology [239]. Future work should focus on evaluating 

mutants for these known components of the DSL1 complex for defects in mitochondrial 

morphology or verifying if these co-immunoprecipitate with Mmr1p under physiological 

conditions. 

Future studies should be directed at testing further the dependence of mitochondrial 

inheritance on cER. ER inheritance in yeast is a complex process. While some cER 

accumulation is the result of Myo2p activity, inheritance of bulk cER tubules requires 

Myo4p, but not Myo2p and nER (nER) inheritance is separate of cER and requires 

microtubules [179, 196, 240]. Mitochondrial accumulation at the bud tip should thus be 

examined in cells with mutations in both YPT11 and MYO4 to try to determine if there are 

cER-independent mechanisms for mitochondrial anchorage at this site. 

We believe that the available studies on Mmr1p, Ypt11p and Myo2p favor a model 

whereby myosins mediate the translocation of proteins and organelles that mediate 

anchorage of mitochondria in the bud tip. According to this model, Myo2p binds Ypt11p 

and mediates the transport of COPI ER-recycling vesicles containing Mmr1p-binding 

partners to the cER. Myo2p also mediates the movement of Mmr1p from the mother cell to 

the bud tip, while MMR1 mRNA is transported to the bud tip by the Myo4p-She2p-She3p 

complex and is presumably translated there [188]. At the bud tip, Mmr1p binds to both 

mitochondria and the cER, which results in mitochondrial anchorage at the bud tip. As 

addressed in Chapter 2, the affinity of Mmr1p binding to both organelles is regulated 
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through phosphorylation and depends on the type 2C protein phosphatase Ptc1p and an 

unknown kinase. 

These findings bring us closer to an understanding of the mitochondrial inheritance 

machinery in budding yeast. However, the debate on the possible role of Myo2p as a 

molecular motor for mitochondrial movement will not be settled until a complete 

mechanism for motor-independent movement of mitochondria is elucidated. Work from 

our laboratory revealed that the Arp2/3 complex is recruited to mitochondria by Jsn1p and 

Puf3p, and that defects in the Arp2/3 complex or its recruiters to mitochondria inhibit 

anterograde movement of mitochondria [10, 164, 165]. However, a main focus of future 

research should be the identification of the activator of the Arp2/3 complex on the 

mitochondrial surface. 
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Possible mechanisms for mitochondrial quality control during inheritance 

 

In Chapter 3, we detect that “fitter” mitochondria, with lower levels of superoxide and a 

more reducing mitochondrial matrix, are anchored in the daughter cell with the use of DHE 

and mito-roGFP. However, we do not know what parts of the mitochondrial inheritance 

machinery play a role in mitochondrial quality control. Here I expand on the possible roles 

of mitochondrial dynamics, motility, turnover and anchorage in quality control. 

 

Mitochondrial fusion and fission at the bud tip may contribute to the asymmetric 

segregation of mitochondria on the basis of function: Mitochondrial dynamics in yeast 

involve not only transport and anchorage of the organelle, but frequent fusion and fission 

events. Mitochondrial fusion is mediated by at least three proteins in yeast: the GTPase 

Fzo1p and Ugo1p are thought to mediate OM fusion, while the dynamin-family GTPase 

Mgm1p is implicated in fusion of the IM (reviewed in [241]). Deletion of any of these 

components results in fragmented mitochondria and high rates of mtDNA loss, suggesting 

a role for mitochondrial fusion in mtDNA genome maintenance (reviewed in [241]).  

 Mitochondrial fission in yeast is mediated by the dynamin-related GTPase Dnm1p, 

Fis1p and Mdv1p, and may require interaction with the ER. Fis1p is a mitochondrial OM 

protein that recruits Dnm1p via its adaptor Mdv1p (reviewed in [241]). Dnm1p then forms 

spirals around the organelle that constrict and sever mitochondrial membranes with GTP 

hydrolysis [242]. Interestingly, Dnm1p-mediated fission is preceded by a prior constriction 

event. Previous studies hypothesized that IM fission may precede and promote OM fission 

[243].  However, recent evidence suggests that cER tubules wrap around mitochondria at 
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sites of fission and may constrict mitochondria prior to Dnm1p recruitment [181]. Also, 

Dnm1p localizes to sites of mitochondria-cER contact [181].  

Similar results are observed in mammalian cells. Mitochondrial fission and 

fragmentation is observed early on in apoptosis in yeast and mammalian cells, and requires 

Dnm1p or its mammalian homologue Drp1, respectively [241]. Loss of DNM1 results in 

loss of mitochondrial fission and a continuous mitochondrial network resembling “fish-

nets” [244].  

Preliminary data from the Pon laboratory supports a role for mitochondrial fusion in 

anchorage of mitochondria in the yeast bud tip.  Since mitochondrial morphology and 

distribution are severely compromised by deletion of fusion or fission proteins, these 

studies were carried out with a double mutation that carries a mutation in the fusion protein 

Fzo1p and the fission protein Dnm1p. These cells have normal mitochondrial morphology 

[245]. Quantitation of mitochondrial fluorescence reveals that fzo1∆ dnm1∆ cells have a 

defect in mitochondrial accumulation in the yeast bud tip. This defect is less severe than 

that of cells lacking Mmr1p. Moreover, fluorescence loss in photobleaching (FLIP) reveals 

that most mitochondria in the bud are a continuous reticulum and that mitochondria from 

the mother cell can fuse with mitochondria at the bud tip. This is consistent with a model 

whereby mitochondria accumulate at the bud tip by fusing with mitochondria that are 

anchored to the cER at that site (see Fig. 1).  

Fusion of functional mitochondria into the network of anchored mitochondria at the 

bud tip may ensure that a critical mass of mitochondria is inherited by daughter cells. It is 

also possible that mitochondrial fusion/fission contributes to mitochondrial quality control 

during inheritance. In fact, mitochondrial fusion requires at least one marker of 
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mitochondrial fitness, membrane potential across the mitochondrial IM [246], and a 

continuous mitochondrial network allows for complementation of mitochondrial function 

(reviewed in [247]). Consistent with this idea, yeast cells lacking Dnm1p have 

mitochondria that form a continuous mitochondrial network and exhibit increased 

replicative lifespan [248]. While global loss of fission in yeast cells result in increased 

fitness, its possible that small fission events at the bud tip may help to exclude unfit 

mitochondrial fragments from the bud tip so that they may be removed from the bud tip 

either by transport away from that site or by degradation at that site (see below). Thus, an 

important goal for future studies would be to test whether mitochondrial quality, 

specifically, superoxide load and redox status, modulates fusion or fission activity at the 

bud tip, whether mitochondrial fusion and fission play a role in mitochondrial quality 

control during inheritance and whether this quality control impacts aging.  

It bears mentioning that most of the fusion and fission machinery is conserved from 

yeast to humans, and mutations in these genes lead to human disease (reviewed in [241]). 

Mutations in MFN2, the human homologue of Fzo1p, lead to Charcot-Marie-Tooth type 

2a, while mutations in OPA1, the human homologue of Mgm1, lead to autosomal dominant 

optic atrophy. Mutations in Drp1p, the human homologue of DNM1, lead to abnormal brain 

development, optic atrophy and neonatal fatality. 
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Fig. 1. Expanded model for 
mitochondrial accumulation at the 
bud tip during cell division. In 
addition to cER and Mmr1p-
dependent anchorage of 
mitochondria, fusion of mitochondria 
from the mother cell to anchored 
mitochondria contributes to 
mitochondrial accumulation at the 
bud tip.  
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Do superoxide levels correlate with mitochondrial motility? In exploring the link 

between inheritance of mitochondria in long-lived mmr1∆ cells and the aging phenotype of 

their progeny, which favors long-lived over short-lived daughter cells, we see that 

mitochondria in the bud of long-lived cells have very low superoxide compared to the 

mother cell. This is consistent with a model where superoxide load impacts membrane-

cytoskeletal interactions to promote the inheritance of fitter mitochondria. It will be 

interesting to test whether mitochondria with lower superoxide load exhibit a higher 

frequency and/or velocity of anterograde movements. We know that treatment with the 

superoxide scavenger Tempol decreases the fluorescence of oxidized DHE in yeast 

mitochondria at a concentration that does not affect the growth of wild-type cells (Ch. 3, 

Fig. 1 and data not shown). Thus it will be interesting to see if mitochondria in Tempol-

treated cells display increased frequency or velocity of anterograde movement compared to 

untreated cells.  

 

Does autophagy contribute to mitochondrial quality control in dividing yeast cells? In 

addition to a role for the inheritance machinery, mitochondrial turnover may contribute to 

mitochondrial quality control during inheritance. Autophagy is a catabolic process in which 

a cell engulfs and degrades a portion of its cytoplasm, including the organelles contained 

within. It is a conserved process among all eukaryotes and is a key player in many 

pathologic processes (reviewed in [249]), in cellular control of protein aggregation [250], 

organelle turnover [251], and the cellular starvation response and in innate immunity [252]. 

Autophagy can be selective, targeting specific proteins or organelles for transport to the 

lysosome. Recently, a screen for mutants defective in mitophagy, the selective autophagy 
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of mitochondria, revealed the mitochondrial adaptor for this process, autophagy-related 

gene 32 (ATG32) [253, 254]. Atg32p is a transmembrane protein that localizes to the 

mitochondrial OM, binds Atg11p, which is necessary for all known modes of selective 

autophagy, and is necessary for mitophagy.  

 While investigating the continuity of mitochondria in the bud we discovered that, in 

some cells, fragments of mitochondria in the bud fail to bleach when mitochondria 

anchored at the bud tip were continuously photobleached during FLIP experiments (data 

not shown). This suggests that some mitochondria can be excluded from the continuous 

reticulum of bud tip anchored mitochondria and presents the intriguing possibility that this 

contributes to mitochondrial quality control in the bud. In this model, exclusion of unfit 

mitochondria from the bud’s mitochondrial network, by inhibiting fusion or promoting 

fission, is coupled to spatial regulation of mitophagy in the bud and results in the 

degradation of unfit mitochondria. While mitochondrial fission may not required for 

mitophagy in yeast, at least two studies have shown that loss of Dnm1p inhibits mitophagy, 

providing a functional link between the fission and autophagy machineries [253, 255]. 

Moreover, DNM1 mRNA is targeted to the bud tip during cell division, suggesting a role 

for Dnm1p there [188]. 

 The cytoplasm-to-vacuole targeting (Cvt) pathway and pexophagy, two selective 

forms of autophagy necessary for a maturation of Ape1p and peroxisome degradation, 

respectively, but not macroautophagy, require the actin cytoskeleton [256]. Also, Atg11p, 

required for selective autophagy, has been suggested as an indirect mediator of actin-cable 

dependent transport of the Cvt complex to the phagophore assembly site where autophagy 

is initiated [257]. Thus, the selective autophagy machinery interacts with the actin 
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cytoskeleton and may be spatially organized in an actin-cable dependent manner. This 

brings forth the intriguing possibility that the mitophagy machinery may be transported to 

the daughter cells for degradation of damaged mitochondria.  

 

Possible role of anchorage of mitochondria in the bud tip in segregation of fit from 

less fit mitochondria in dividing yeast cells? Finally, mitochondrial quality may regulate 

Mmr1p-mediated cER binding and anchorage to the yeast bud tip directly. It is possible 

that increased ROS results in damage to the protein machinery that mediates this 

attachment, including Mmr1p. Identification of sites of oxidative damage to Mmr1p upon 

mild mitochondrial oxidative stress in vivo may reveal residues that are important for 

Mmr1p function in mitochondria-cER interactions, and consequently, mitochondrial 

quality control. Additionally, development of an in vitro mitochondria-ER binding study 

may help elucidate this mechanism, although it requires the determination of all factors that 

are necessary and sufficient for this interaction. However, it is possible that binding to the 

cER does not involve a discretionary mechanism for mitochondrial quality control, which 

makes the studies outlined above important areas of future studies.  
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Finally, I want to briefly address regulation and maintenance of mitochondrial quality 

control in aging. Particularly, what pathways control asymmetric segregation of 

mitochondria and how is mitochondrial quality increased in daughters of old mother cells 

to the levels observed in young daughter cells in culture. 

 

Are the pathways that determine longevity in yeast necessary for the asymmetric 

segregation of mitochondria?  

 

The sirtuin, TOR and retrograde response pathways modulate longevity in budding yeast 

(see Chapter 1). SIR2 in particular is necessary for the asymmetric segregation of aging 

determinants. Yeast cells lacking SIR2 show defects in the retention of carbonylated 

proteins in the mother cell during yeast cell division [70]. Our own unpublished findings 

implicate Sir2p in establishing the asymmetry in mitochondrial function between mother 

and daughter cells: deletion of SIR2 results in the loss of the enrichment of more reducing 

mitochondria in the daughter cell during cell division. Thus, we observe a link between a 

known longevity pathway and the asymmetric segregation of functional mitochondria.  

 

Mitochondrial rejuvenation in young cells after cytokinesis 

 

Our results with mito-roGFP1 (Ch. 3, Fig. 3) show that mitochondrial fitness decreases 

with age, but mitochondria are asymmetrically segregated to daughter cells and are 

consistently fitter than those in their mother cells. However, the mitochondrial fitness we 

detect in newly formed daughter cells is less than that of young daughter cells observed in 
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culture, and decreases with the age of the mother cell. These findings are consistent with a 

model whereby mitochondria are “rejuvenated” after cytokinesis. What mechanisms result 

in this mitochondrial rejuvenation? 

 Increased antioxidant activity in the bud after cytokinesis presents an interesting 

option for rejuvenation. Erjavec and colleagues [144] found that catalase activity is two-

fold higher in yeast daughter cells compared to mothers after cytokinesis, despite equal 

catalase protein and transcript levels. This asymmetry depends on Sir2p and the actin 

cytoskeleton. Increased antioxidant activity in the daughter cell may create a favorable 

environment for mitochondrial biogenesis in the daughter cell that boosts mitochondrial 

fitness. Catalase could conceivably halt damage secondary to the inheritance of some unfit 

mitochondria by decreasing the levels of H2O2 produced as a byproduct of superoxide 

dismutation. However, catalase activity alone cannot account for the repair of already 

damaged material, at least not directly. Organelle and protein turnover, described above, 

may work in concert with increased antioxidant activity to increase mitochondrial fitness 

after cytokinesis. 

 Recent work has directly established that cellular rejuvenation can occur in a closed 

system and that lifespan can be reset in cells with aged cellular constituents. Ünal, Kinde 

and Amon [258] discovered that the replicative lifespan of yeast gametes sporulated from 

aged-cells is indistinguishable from those derived from young cells. Gametogenesis or 

sporulation in yeast refers to the formation of 4 gametes or spores from a single cell 

through meiosis. Since cell division is symmetrical, the similarity in lifespan must be a 

result of the rejuvenation of the starting material. Consistently, sporulation leads to a loss of 

Hsp104-associated protein aggregates, ERCs and nucleolar fragmentation in old cells. This 
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rejuvenation depends on IME1, which mediates transcription of meiotic genes early in 

meiosis and NDT80, a meiosis-specific transcription factor, but not on meiotic nuclear 

divisions. Finally, overexpression of NDT80 is sufficient to extend the replicative lifespan 

of both young and old vegetatively (i.e., asymmetrically dividing) growing cells. 

 It will be interesting to see if NDT80 expression is elevated in daughter cells 

compared to mother cells in mitotic yeast, and if overexpression of NDT80 has an effect on 

mitochondrial fitness, particularly if it results in cells with lower superoxide burden and 

more reducing mitochondria. If so, screening for genes that mediate this change may reveal 

a mechanism for rejuvenation of mitochondria during meiosis that may also be active in the 

bud of asymmetrically dividing cells.  
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