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ABSTRACT
Mechanisms Underlying Mitochondrial Quality Control and
Cytokinesis in Budding Yeast

Dana Marie Alessi

This work discusses both mechanisms underlying mitochondrial quality control and
cytokinesis in the budding yeast Saccharomyces cerevisiae. As these topics are quite
different, their presentation has been divided into two parts, “Part |I: Mitochondrial
Remodeling Through the Proteasome is Critical for Mitochondrial Quality Control in
Budding Yeast” and “Part |l: Aim44p Regulates Phosphorylation of Hof1p to Promote
Contractile Ring Closure During Cytokinesis in Budding Yeast.” In Part |, we show that
the proteasome is critical for cellular fithess in response to chronic, low levels of
mitochondrial reactive oxygen species (ROS) in budding yeast. Deleting DOA1, which is
required for ubiquitin-mediated degradation, UFD5, which promotes proteasome gene
expression, or NAS2, which promotes proteasome regulatory particle assembly,
increases the sensitivity of yeast to chronic, low levels of mitochondrial ROS. In
contrast, deleting ATG32, a gene required for mitophagy, other autophagy genes, non-
essential chaperones including prohibitins, or mitochondrial proteins including the Lon
protease (Pim1p) or YME1, does not affect cellular fithess under these conditions.
Doa1p binds with Cdc48p and Vms1p, which associates with mitochondria and
promotes extraction of ubiquitinated proteins from the organelle for proteasomal
degradation in a pathway called mitochondria-associated degradation (MAD). Elevated

mitochondrial ROS increases protein ubiquitination, ubiquitination of the mitochondrial



protein aconitase and expression of key MAD proteins. Interestingly, down-regulating
ER-associated degradation (ERAD), which shares some common proteins with MAD,
can promote cell growth under conditions of elevated mitochondrial ROS. Finally,
deletion of DOAT1 results in increased sensitivity of yeast and yeast mitochondria to
oxidative stress. Mitochondria in doa7A cells are more oxidized than mitochondria in
wild-type or atg32A cells under conditions of elevated mitochondrial ROS. Moreover,
deletion of DOA1 results in a decrease in chronological lifespan. These findings support
a critical role for the proteasome and MAD in mitochondrial quality control, which in turn

affects cellular fitness, in response to chronic, low levels of mitochondrial ROS.

In Part I, we show that the protein product of YPL158C, Aim44p, undergoes septin-
dependent recruitment to the site of cell division. Aim44p co-localizes with Myo1p, the
type Il myosin of the contractile ring, throughout most of the cell cycle. The Aim44p ring
does not contract when the actomyosin ring closes. Instead, it forms a double ring that
associates with septin rings on mother and daughter cells after cell separation. Deletion
of AIM44 results in defects in contractile ring closure. Aim44p co-immunoprecipitates
with Hof1p, a conserved F-BAR protein that binds both septins and type Il myosins and
promotes contractile ring closure. Deletion of AIM44 results in a delay in Hoflp
phosphorylation, and altered Hof1p localization. Finally, overexpression of Dbf2p, a
kinase that phosphorylates Hof1p and is required for re-localization of Hof1p from septin
rings to the contractile ring and for Hof1p-triggered contractile ring closure, rescues the
cytokinesis defect observed in aim44A cells. Our studies reveal a novel role for Aim44p

in regulating contractile ring closure through effects on Hof1p.
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CHAPTER 1 - INTRODUCTION TO PART I: Mitochondrial
Remodeling Through the Proteasome is Critical for

Mitochondrial Quality Control in Budding Yeast



INTRODUCTION

Mitochondria and Age-related Disease

Mitochondria are essential organelles for aerobic energy mobilization, biosynthesis of
amino acids, fatty acids, heme, steroid hormones, pyrimidine, and iron-sulfur
complexes, calcium (Ca®*) storage and buffering, and the regulation of apoptosis.
Increasing evidence also links mitochondria to aging and age-related diseases. Some of
the age-related diseases associated with changes in mitochondria or mutations in
mitochondrial proteins are Parkinson's disease (PD), Alzheimer's disease (AD),
Amyotrophic Lateral Sclerosis (ALS), and Huntington’s disease (HD) (Gibson et al.,
2010). The studies linking these diseases to alterations in mitochondrial morphology,
mitochondrial content, and function include a wide range of observations in human
patients through autopsy analysis and in many model systems, including tissue culture
and rodents. In many cases, it is not clear whether the mitochondrial changes
associated with disease are causal or a consequence of the primary cause of each
disease. Nonetheless, the link between mitochondria and age-related disease is well-

founded.

PD is the second most common neurodegenerative disorder in the world and is thought
to affect about 1% of the population over the age of 60 in industrialized countries (de
Lau and Breteler, 2006). PD is clinically characterized by rigid movements,
bradykinesia, and resting tremor (Beal, 2002; Lin and Beal, 2006). Pathologically, the
disease is associated with degeneration of neurons in the substantia nigra and the

presence of Lewy bodies, which are cytoplasmic aggregates containing a-synuclein and
2



ubiquitin (Lin and Beal, 2006). PD was first linked to mitochondria in the early 1980s
when drug users developed a type of PD as a result of using a “synthetic heroin”
containing 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which produces a
metabolite, 1-methyl-4-phenylpyridinium (MPP"), that inhibits complex | of the
mitochondrial electron transport chain (ETC) (Langston et al., 1983; Canet-Avilés et al.,
2004; Lin and Beal, 2006). Complex | is also the target for inhibition by rotenone in an
animal model for PD (Betarbet et al., 2000; Beal, 2005). Other studies revealed that PD
is associated with mutations in mitochondrial DNA (mtDNA) and nine nuclear genes,
including a-synuclein, Parkin, ubiquitin carboxy-terminal hydrolase L1, phosphatase and
tensin homologue (PTEN)-induced kinase 1 (PINK1), leucine-rich-repeat kinase 2
(LRRK2), DJ-1/Park7, nuclear receptor NURR1, high-temperature requirement A 2
(HTRAZ2), and tau. Parkin, PINK1, LRRK2, HTRAZ2, and DJ-1 are linked to mitochondrial
function, providing additional support for a role for mitochondria in PD (Lin and Beal,

2006; Westerlund et al., 2011).

AD is the most common neurodegenerative disorder in the world and, according to the
World Health Organization, may contribute to 60-70% of all cases of dementia. AD is
clinically characterized by a decline in cognitive function and memory, resulting in
dementia (Beal, 2002; Lin and Beal, 2006). Pathologically, AD is associated with protein
aggregates, called plaques, composed largely of amyloid-B (AB) peptide and
neurofibrillary tangles composed primarily of hyperphosphorylated tau, localized mainly
in the cerebral cortex and hippocampus (Beal, 2002; Lin and Beal, 2006; Gibson et al.,

2010). The amyloid precursor protein (APP) has targeting sequences for endoplasmic

3



reticulum (ER) and mitochondria, and blocks import of proteins into mitochondria in
tissue culture and mouse models (Lin and Beal, 2006). Increased production of the AB
peptide, a hallmark of AD, decreases mitochondrial function by inhibiting cytochrome
oxidase activity and increasing free-radical production (Crouch et al., 2005; Manczak et
al., 2006). There is also a decrease in glucose metabolism in AD brain (Gibson et al.,
2010). The observed decreases in mitochondrial metabolic function may be explained
by the binding of the AR peptide to mitochondrial enzymes, including a-ketoglutarate
dehydrogenase complex (KGDHC), thereby inhibiting their enzymatic functions (Gibson

et al., 2010).

ALS is a fairly rare but very debilitating and terminal disease. It is estimated that one to
two people in 100,000 are diagnosed with ALS within the United States per year (Miller
et al., 2009). ALS is clinically characterized by muscle weakness, muscular atrophy, and
muscle spasms (Beal, 2002; Lin and Beal, 2006). Pathologically, the disease is
associated with death of upper and lower motor neurons in the cortex, brainstem, and
spinal cord (Beal, 2002; Lin and Beal, 2006). In patients with ALS, there are defects in
mitochondrial morphology, amount, and/or localization in the spinal cord, nerves, and
muscle tissue (Lin and Beal, 2006). In a mouse model of ALS, mitochondria have
defects in Ca®" uptake, a phenotype that occurs before symptoms present (Damiano et

al., 2006; Lin and Beal, 2006).

HD occurs in five to ten individuals per 100,000 people worldwide (Driver-Dunckley E,

2007). HD is characterized clinically by involuntary movements, psychotic episodes, and
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dementia (Beal, 2002; Lin and Beal, 2006). Pathologically, the disease is associated
with the death of long projection neurons in the cortex and striatum (Beal, 2002; Lin and
Beal, 2006). HD is associated with an expansion of a CAG trinucleotide repeat in the
huntingtin (HTT) gene, resulting in an expanded polyglutamine region in the translated
protein (Lin and Beal, 2006). Complexes Il and Il of the ETC in brain from HD patients
have decreased activity (Gu et al., 1996; Lin and Beal, 2006). Additionally, lymphoblast
mitochondria from HD patients have decreased membrane potential and are less
capable of storing Ca®* than mitochondria from lymphoblasts derived from control
patients (Panov et al., 2002). This observation was reproduced in brain mitochondria
from a mouse model of HD (Panov et al., 2002). These mitochondrial defects are
thought to be a direct consequence of the mutant huntingtin protein interacting with the
outer mitochondrial membrane (OMM) through its N terminus, an interaction that has
been observed both with immunoelectron microscopy and via subfractionation
experiments (Panov et al., 2002; Choo et al., 2004). Mitochondrial respiration and ATP
production are decreased in striatal cells in HD mouse models (Milakovic and Johnson,
2005; Lin and Beal, 2006). Another explanation for the mitochondrial dysfunctions
associated with HD is the interaction of the mutant huntingtin protein with transcription
factors, including p53, which is a tumor suppressor known to control the expression of
genes involved in mitochondrial functions and oxidative stress (Luthi-Carter and Cha,
2003). Not surprisingly, the mitochondrial poisons malonate and 3-nitroproprionic acid

result in an HD-like disorder in mice (Gibson et al., 2010).



While some individuals live their entire lives with mutations in mitochondrial proteins,
including PINK1 and Parkin, associated with age-related neurodegenerative diseases,
symptoms of disease occur only later in life. This indicates that changes occur in
mitochondria with age that allow disease pathology to emerge. Indeed, aging is the
greatest risk factor for disease with clear mitochondrial defects and dysfunction, such as

AD, PD, ALS, and HD.

Mitochondria and Aging

According to the World Health Organization, increased life expectancy and decreased
fertility rates are contributing to a worldwide increase in the population of individuals
over the age of 60 years, making this cohort the fastest growing age group. Aging is an
intuitive concept for humans and is associated with recognizable phenotypic traits.
However, for the sake of studying this process, a concrete definition of aging is
required. Biological aging is defined as a progressive decrease in the capacity of an
organism to combat stress, damage, and disease, resulting in an increased frequency

of mortality with age (Jazwinski, 2002).

Defects in mitochondrial function have been linked to aging. For example, mutations in
mtDNA, especially point mutations and deletions, can produce aging phenotypes.
Mutations in the mtDNA polymerase (Poly) of mice that affect its proofreading function
but leave its DNA replication function unaltered, resulted in premature aging,
characterized by an inability to gain weight, balding, decreased bone mineral density,

and decreased lifespan (Trifunovic et al., 2004; Kujoth et al., 2005). In these models,
6



the aging phenotypes are due to decreased activity of respiratory enzymes, which
results in decreased ATP production within mitochondria (Trifunovic et al., 2004; Kujoth
et al., 2005). For example, an increase in the amount of point mutations in cytochrome
oxidase in neurons is associated with a decrease in its enzymatic activity and an

increase in aging phenotypes (Lin et al., 2002).

In addition to the specific changes in mitochondria and mitochondrial function that occur
with the age-related diseases discussed above, increased oxidative stress and oxidative
damage also link mitochondria and age-related diseases. In fact, oxidative damage is
associated not only with the pathologies of age-related disease, but also with normal
aging. Oxidative damage as a result of reactive oxygen species (ROS) increases in
aged cells in many organisms including bacteria (Dukan and Nystrom, 1998); yeast
(Stadtman, 1992; Aguilaniu et al., 2003; Reverter-Branchat et al., 2004); and mammals,

including rodents and humans (Hamilton et al., 2001; Gibson et al., 2010).

ROS are highly reactive oxygen-containing molecules with an unpaired electron in their
valence shell. ROS include oxygen ions, free radicals, and peroxides (Fig. 1.1). ROS
react readily with proteins, lipids, and nucleic acids and can irreversibly alter them
through protein carbonylation, lipid peroxidation, or by modifying guanine to 8-
oxoguanine in nucleic acids (Beal, 2002). Enzymes containing iron-sulfur (Fe-S)
clusters, such as aconitase, readily react with O,”, which damages them and renders
them non-functional (Winterbourn, 2008; Merksamer et al., 2013). Protein carbonylation

occurs most commonly by the oxidation of the side chains of arginine, lysine, proline,
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and threonine residues (Berlett et al., 1998). ROS are produced as a part of the normal
catalytic functions of several enzymes, such as NADPH oxidases in the cytosol and
mitochondria, xanthine oxidase, cyclooxygenases, cytochrome p450 enzymes, and
lipoxygenases (Finkel, 2011). ROS are also a by-product of mitochondrial respiration,
making mitochondria the largest endogenous source of ROS (Guarente, 2008). During
oxidative phosphorylation, protons are pumped across the IMM from the matrix to the
IMS and the ETC facilitates the transfer of electrons from a series of complexes and
finally to oxygen, culminating in the synthesis of ATP (Gruber et al., 2013). During the
transfer of electrons through the ETC, there are several opportunities for electrons to be
transferred to oxygen, resulting in ROS production. Among the ETC components,
Complexes | and Ill have the highest incidence of electron transfer to oxygen (Brand et
al., 2004; Gruber et al., 2013). Approximately 1-5% of the oxygen consumed during
oxidative phosphorylation is converted into ROS as a result of electron leakage from the

ETC (Herrero et al., 2008; Westermann, 2008).
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Under conditions of normal physiological levels of ROS production, ROS play important
signaling and regulatory roles. A benefit of H,O, serving as a signaling molecule is its
small size and high diffusion rate (Sundaresan et al., 1995). For example, in metazoans,
ROS play a role in cell signaling in response to growth factors such as platelet-derived
growth factor (PDGF), epidermal growth factor (EGF), and angiotensin Il (Finkel, 2011).
For example, when platelet-derived growth factor PDGF stimulates rat vascular smooth
muscle cells, H,O, concentration increases dramatically 50 to 100-fold for a period of
several minutes (Sundaresan et al., 1995). H,O, then acts as a second messenger, the
downstream response to which includes tyrosine kinase signaling and activation of gene
expression (Sundaresan et al., 1995; Bae et al., 1997). The exact mechanism by which
H,0, induces these changes is not well understood, but it is proposed to be through the

reversible modification of protein tyrosine phosphatases (Hecht and Zick, 1992).



Transiently inhibiting tyrosine phosphatase activity results in a temporary shift in the
normal balance between kinase and phosphatase activity. At least one cysteine residue
is conserved and essential for catalytic activity of tyrosine phosphatases, and formation
of a cysteine-phosphate intermediate in which a covalent thiol phosphate bond occurs
at one of these cysteine residues is an essential part of their catalytic mechanism
(Shibanuma et al., 1990; Rao and Berk, 1992; Ohba et al., 1994). H,0, is proposed to
directly oxidize cysteine sulfhydryl groups within tyrosine phosphatase, inhibiting activity
(Hecht and Zick, 1992; Hockenbery et al., 1993; Sundaresan et al., 1995). Consistent
with this, the addition of a reducing reagent, dithiothreitol (DTT), can reverse the
inhibitory effects of H,O, on tyrosine phosphatase activity in a dose-dependent manner

(Hecht and Zick, 1992).

As detailed above in the example of growth factor response and ROS production, the
regulatory role of ROS is likely mediated through the ability of ROS to introduce
reversible conformational changes in proteins through the oxidation of cysteine residues
(Finkel, 2011). There are many more examples that describe the normal signaling of
ROS within the cell. ROS also play a role in cell signaling in the inflammatory response
(Finkel, 2011). In mammalian cells, the accumulation of mitochondria-produced ROS
activates the NLRP3 inflammasome, which in turn activates innate immune defenses
through a cascade of signaling (Zhou et al., 2011). Many transcription factors are also
regulated by ROS, including Nrf2 and FoxO transcription factors, which control the
expression of genes that encode for antioxidants (Singh et al., 2010; de Keizer et al.,

2011). These processes are reviewed in greater detail elsewhere (Finkel, 2011). Taking
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these examples, into account, it is clear that while ROS do contribute to cellular

damage, some level of ROS within the cell is essential for normal cellular functions.

ROS-induced damage to DNA, lipids, and proteins may result in aging phenotypes and
increased probability of death (Yan et al., 1997; Przybyla-Zawislak et al., 1999; Zhou et
al., 2008). As a result of the wide range of damage that ROS can elicit, the ROS
generated by mitochondria not only have the potential to produce damage locally, but
also throughout the cell. The Free Radical Theory of Aging was first proposed by D.
Harman in the 1950s (Harman, 1956). In this theory, Harman postulates that the free
radicals produced endogenously by the cells of an organism can contribute to the
demise of the organism in the same manner as the irradiation of organisms, which also
produces free radicals, induces mutations, cancer, and aging phenotypes (Hempelmann
and Hoffman, 1953; Harman, 1956). He suggests that the propagation of free radicals
damages cellular components, including nucleic acids, which could result in deleterious
mutations, even causing cancer, and the resulting damage accumulates with age

(Harman, 1956).

Several lines of evidence support the Free Radical Theory of Aging. Indeed, oxidative
damage to proteins increases with age in human muscles, the eye lens, and brain
tissue (Beal, 2002) and oxidative damage is a common feature of age-associated
neurodegenerative pathology (Gibson et al., 2010). Interestingly, there is more damage
from oxidative stress than plaques and tangles of protein aggregates in brain of AD

patients (Calingasan et al., 1999; Gibson et al., 2010) and an increase in superoxides
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occurs prior to plaque formation in mouse models of AD (Gibson et al., 2010).
Importantly, the decrease in glucose metabolism and KGDHC activity in AD brain
(discussed above) may be a result of oxidative stress because KGDHC is particularly

sensitive to oxidative damage (Gibson et al., 2010).

There is also a large body of evidence linking ROS to aging. In a 2006 publication,
Bonawitz, et al. find that a mutant yeast strain with reduced lifespan generates
increased mitochondrial ROS. Overexpression of mitochondria-targeted enzymes, such
as superoxide dismutase or catalase, that break down ROS, expression of enzymes
such as methionine sulphoxide reductase that repair oxidative damage to proteins, or
treatment with antioxidants like vitamin E, reduces ROS levels and extends lifespan in
yeast (Bonawitz et al., 2006), the nematodes Turbatrix aceti (Vinegar eels),
Caenorbabditis elegans, and Caenorhabditis briggsae (Epstein and Gershon, 1972;
Kahn-Thomas and Enesco, 1982; Zuckerman and Geist, 1983; Harrington and Harley,
1988), Drosophila melanogaster (Sun and Tower, 1999) and mice (Schriner et al.,
2005). Moreover, deletion of the gene MRG19, which encodes for a nuclear ubiquitin
protein ligase binding protein that may regulate the utilization of non-fermentable carbon
sources, results in elevated ETC protein expression, decreased mitochondrial ROS, and

lifespan extension in budding yeast (Kharade et al., 2005).

Caloric restriction (CR) has also been shown to increase lifespan and healthspan in
yeast, worms, flies, rodents, and even, though to a lesser extent, monkeys (Fontana et

al., 2010). The mechanism by which CR extends lifespan and decelerates aging
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phenotypes is complex, but it is thought to be partially through increasing resistance to
oxidative stress. Rats exposed to CR had elevated transcription of genes involved in
combating ROS (Sreekumar et al., 2002). Other mechanisms by which CR affects

lifespan are reviewed elsewhere (Fontana et al., 2010; Amigo and Kowaltowski, 2014).

The finding that antioxidant treatment can extend lifespan in model organisms raised
the possibility that antioxidants may serve as therapeutic agents to prevent aging and
age-related diseases. However, antioxidants have been studied in several clinical trials
with varying outcomes (Gruber et al., 2013). MitoQ is a mitochondria-targeted
antioxidant (Gruber et al., 2013). Its antioxidant component is ubiquinone, which
protects against lipid peroxidation (Gruber et al., 2013). The ubiquinone portion of MitoQ
is conjugated to a lipophilic cation, triphenylphosphonium (TPP), which is taken up by
mitochondria due to the relative negative charge of the mitochondrial matrix compared
to the cytoplasm and the hydrophobic phenyl groups surrounding the positively charged
phosphorus atom (Gruber et al., 2013). Administration of MitoQ to PD patients for one
year had no obvious effect on the clinical progression of the disease (Snow et al.,
2010). However, it is possible that the PD symptoms in these patients had progressed
beyond a point from which they could be reversed or halted (Smith and Murphy, 2011;
Gruber et al., 2013). In contrast, treatment of patients with hepatitis C-induced chronic
inflammation with MitoQ results in a decrease in plasma levels of alanine
aminotransferase (ALT), which is a marker of liver damage (Gane et al., 2010). It

remains to be shown whether antioxidants will prove as successful therapeutics for age-
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related diseases, and only further investigation through clinical trials can test this

possibility.

Mitochondrial Quality Control Mechanisms

The total mitochondrial proteome includes over 1,000 different proteins, and considering
the role of mitochondria in carrying out a wide range of essential functions, it is fitting
that mitochondrial protein quality control mechanisms have evolved to maintain
mitochondrial health, and consequently overall cell function and fitness (Prokisch et al.,
2004). With age-associated increases in ROS, quality control mechanisms may become
impaired or overburdened, leading to increased damage to proteins, nucleic acids, and
lipids, and consequently, reduced lifespan (Laun et al., 2001; Deas et al., 2009; Ugidos

et al., 2010).

Several mechanisms to prevent the damaging consequences of ROS exist within
mitochondria. There are four major mitochondrial quality control pathways: (1)
Antioxidants that degrade ROS or repair oxidatively damaged proteins. (2)
Mitochondrial chaperones and proteases that promote re-folding or degradation,
respectively, of misfolded proteins. (3) Mitophagy, the specific degradation of
mitochondria by the vacuole (the lysosome in mammalian cells). (4) A newly identified
pathway, mitochondria-associated degradation (MAD), in which mitochondrial proteins

are ubiquitinated, extracted from the organelle, and degraded by the proteasome.
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The relative contributions of these quality control mechanisms to mitochondrial
maintenance are still not well understood, nor is it known whether they are differentially
activated temporally in response to stress, or whether different types of stress
preferentially activate specific pathways. Each mechanism will be discussed in greater

detail below.

Mitochondrial Antioxidants

Protein sulfhydryl/thiol groups are extremely sensitive to oxidative stress (Herrero et al.,
2008). This is because they can become progressively oxidized (forming sulphenic,
sulphinic, and sulphonic acid groups), eventually reaching a point at which the oxidation
is irreversible, rendering the protein permanently damaged (Herrero et al., 2008).
Antioxidant systems exist throughout the cell to regulate ROS levels, thereby preventing
irreversible oxidative damage to proteins, lipids, and nucleic acids. Antioxidants can be
divided into two groups: (1) enzymes that act directly on ROS to convert them to less
toxic forms and (2) enzymes that control the redox states of protein thiol/sulfhydrl
groups, preventing irreversible oxidative damage. Both types of antioxidants will be

discussed below, with a focus on mitochondrial antioxidant systems.

Superoxide dismutases (SODs) are enzymes with antioxidant activities that catalyze the
conversion of O,” to H,O, (Herrero et al., 2008) (Fig. 1.1). SOD activity depends upon
redox active metal ions (Fridovich, 1995; Culotta et al., 2006). There is a cytosolic SOD
(Sod1p), which depends upon copper and zinc metal ions for activity, and a

mitochondrial matrix SOD (Sod2p), which depends upon a manganese metal ion for
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activity (Culotta et al., 2006). Interestingly, a small portion of Sod1p localizes to the

mitochondrial IMS (Sturtz et al., 2001).

While H,0; is less reactive than O,", it can still cause oxidative damage and it can
diffuse freely throughout the cell. The antioxidant enzyme catalase, which exists in
budding yeast as a cytosolic enzyme (Ctt1p), and as a peroxisome enzyme (Cta1p),
catalyzes the conversion of H,O, to H,O and O, (Herrero et al., 2008) (Fig. 1.1). If H2O»
is not fully reduced to H,O and O, by catalase, it can be partially reduced to the very
reactive oxidant, the hydroxyl radical (‘(OH). The most well-known of these partial
reduction reactions is the Fenton reaction, in which iron is the electron donor (Herrero et

al., 2008) (Fig. 1.1).

Peroxidases have antioxidant enzymatic activities that can reduce inorganic and organic
peroxides into their detoxified alcohols through the use of cysteine thiols in their active
sites (Herrero et al., 2008). Two electron donors function as cofactors in these
reactions, depending on the type of peroxidase. Glutathione peroxidases (GPXs) use
glutathione as the electron donor. Glutathione is the most abundant non-protein thiol
within cells (Hwang et al., 1992). It exists in both its reduced state (GSH), which can
function as an antioxidant, and its oxidized state, glutathione disulfide (GSSG) (Hwang
et al., 1992) (Fig. 1.1). Glutathione reductase catalyzes the reduction of GSSG to GSH,
keeping the intracellular ratio of GSH to GSSG high, generally with more than 99% in
the reduced state (Beer et al., 2004). S-glutathionylation is a reaction in which protein

thiol/sulfhydryl groups react with GSH to form mixed disulphide groups (Herrero et al.,
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2008). The reversibility of this reaction makes it protective, preventing progressive
oxidation of sulphydryl/thiol groups that irreversibly damage proteins under conditions of
oxidative stress (Herrero et al., 2008). There exits both a cytosolic and mitochondrial
GSSG/GSH pool, the redox states of which are independently regulated (Beer et al.,
2004). Interestingly, treating cells with the reduced form of glutathione increases the
lifespan of yeast under conditions of oxidative stress (Nestelbacher et al., 2000).
Thioredoxin peroxidases, also called peroxiredoxins, which will not be discussed in
detail here, function similarly. For a more extensive review of this topic, reference

Herrero et al., 2008.

Mitochondrial Chaperone Proteins

Protein misfolding exposes hydrophobic residues that are normally not exposed and
that can seed the misfolding of other proteins and produce protein aggregates. Protein
aggregates can produce toxic gain-of-function phenotypes and are associated with
disease states, such as AD (aggregation of AB and tau), PD (aggregation of a-
synuclein), HD (aggregation of huntingtin), and prion diseases (aggregation of the prion
protein) (Morimoto, 2006, 2008). Chaperone proteins are diverse families of large
proteins that promote proper folding of newly synthesized proteins, re-folding of
misfolded proteins, stabilization of unfolded proteins, and unfolding of proteins for
degradation by proteolytic machinery (Mayer, 2010). Unlike enzymes that have evolved
to have catalytic sites designed to work on specific substrate proteins, chaperone
proteins have evolved to have more general associations with a wide range of proteins

based on hydrophobic interactions (Saibil, 2013).
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One major class of molecular chaperones is the ATP-dependent chaperone family
called the heat shock proteins (HSPs). While there are several orthologues of these
proteins, including Hsp60p and Hsp70p, localized to various cellular compartments, only
their mitochondrial variants will be discussed in depth here. Hsp60ps, also called
chaperonins, are divided into two groups (Mayer, 2010). Group | is common to all
prokaryotes, mitochondria, and plastids (Gutsche et al., 1999; Spiess et al., 2004).
Group Il is common to archaea and the cytosol of eukaryotes (Gutsche et al., 1999;
Spiess et al., 2004). Group | Hsp60p chaperonins are ATPases that are composed of
two stacked rings, each containing seven subunits, which surround a central
hydrophobic substrate binding pocket (Mayer, 2010). Group | chaperonins also require
a co-chaperone to enclose the substrate within the chamber (Mayer, 2010). In the ATP-
free state, the hydrophobic region of a chaperonin is exposed, and can bind to exposed
hydrophobic regions on an unfolded protein (Mayer, 2010). ATP binding to the first ring
induces conformational changes in the chaperonin which decrease the hydrophobicity
of the protein interior (Mayer, 2010). Refolding of the bound protein occurs upon ATP
hydrolysis, which occurs slowly, allowing time for proper re-folding of the substrate.
Binding of ATP to the second ring results in release of the folded protein. At this stage,
ADP bound to the first ring is also released (Mayer, 2010). If the substrate is not

properly folded, the chaperonin undergoes another ATP cycle (Mayer, 2010).

Hsp70p plays an important role in chaperoning proteins as they translocate across

membranes (Koll et al., 1992). Since the majority of mitochondrial proteins are encoded
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by nuclear genes and imported across one or more mitochondrial membranes, Hsp70p
chaperones are important for mitochondrial protein maintenance. When a protein is
delivered to the mitochondrial matrix, the protein substrate is transferred from Hsp70p to
Hsp60p, which promotes proper folding (Cheng et al., 1989; Ostermann et al., 1989).
However, if the protein is ultimately to be delivered to the intermembrane space (IMS), it
remains bound to Hsp60p until it again traverses the inner mitochondrial membrane
(IMM) (Koll et al., 1992). The deletion of either HSP70 or HSP60 is lethal (Bender et al.,

2011).

The prohibitin (PHB) complex is a conserved protein chaperone composed of the
homologous scaffold proteins Phb1p and Phb2p (Van Aken et al., 2010). While there
are many prohibitin homologues, individual cells contain multiple prohibitin proteins.
Therefore, these proteins may not be fully functionally redundant (Van Aken et al.,
2010). Phb1 was originally identified in 1989 in a screen for possible tumor suppressors
that are normally highly expressed in rat liver cells (McClung et al., 1989; Thuaud et al.,
2013). The prohibitins are known for their diverse roles in many different signaling
pathways involved in the immune response, responses to growth factors and steroid
hormones, and in the regulation of metabolism, mitochondrial biogenesis, cell migration,
and even cell division and survival (Thuaud et al., 2013). However, for the purposes of
this work, the discussion of Phb1p and Phb2p focuses on their roles in mitochondrial

quality control.
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Phb1p and Phb2p bind with each other to form heterodimers that assemble into a
circular supercomplex of 12 to 16 heterodimers. The complex localizes to the IMM
through the hydrophobic N-terminal domains of both Phb1p and Phb2p, and protrudes
into the IMS (Van Aken et al., 2010; Thuaud et al., 2013). Plants in which the prohibitins
are silenced or mutated exhibit stunted growth and abnormal root meristem morphology
(Jiang et al., 2006; Van Aken et al., 2007). Furthermore, mitochondrial morphology may
be regulated by the prohibitins. Tobacco plants and Arabidopsis lacking functional
prohibitins have abnormal mitochondrial cristae and swollen mitochondria, respectively
(Ahn et al., 2006; Van Aken et al., 2007). Silencing PHBs in petunia plants results in
increased respiration rates (Chen et al., 2005). In C. elegans and mice, the prohibitins
are required for embryonic development and embryonic fibroblast proliferation (Artal-

Sanz et al., 2003; Park et al., 2005; 2008; He et al., 2008).

The PHB complex promotes folding of newly synthesized proteins, including ETC
complex | proteins (Nijtmans et al., 2000). The PHB complex may carry out this function
by binding to newly synthesized proteins and preventing their degradation by the
mitochondrial m-AAA protease (Steglich et al., 1999). Phb1p promotes the stability of
mtDNA encoded subunits of the respiratory chain by regulating mtDNA copy number
(Kasashima et al., 2008). Prohibitins may contribute to mtDNA stability through their role
in maintaining normal organization of the IMM, which binds to mtDNA nucleoids (Artal-

Sanz and Tavernarakis, 2009).
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PHB1 and PHBZ2 undergo stress-activated expression and have been implicated in
mitochondrial quality control and aging (Artal-Sanz and Tavernarakis, 2009; Van Aken
et al., 2010). Interestingly, silencing of prohibitins in tobacco plants results in aging
phenotypes including premature leaf senescence, cell death, increased ROS production
and decreased mitochondrial membrane potential, suggesting a role for the prohibitins
in aging (Van Aken et al., 2010). Consistent with this, inhibition of PHB complex
formation results in decreased replicative lifespan and other aging phenotypes in yeast
(Coates et al., 1997; Berger and Yaffe, 1998). There is also evidence that prohibitins
themselves become damaged with age. In rats, PHB1 becomes increasingly
phosphorylated with age and during the initiation of apoptosis (Thompson et al., 1999).
It is speculated that this modification might decrease PHB complex formation by

preventing binding of PHB1 and PHB2 (Van Aken et al., 2010).

Mitochondrial Proteases

Mitochondrial proteases degrade mitochondrial proteins that fail to be properly folded.
Two important classes of age-related proteases found in mitochondria are the ATPases
associated with diverse cellular activities (AAA) proteases, exemplified by Yme1p and

the Lon proteases.

AAA proteases are ATP-dependent metallopeptidases that contain an N-terminal
transmembrane domain, an ATPase domain, and a C-terminal metallopeptidase domain
(Janska et al., 2013). The i- and m-AAA proteases span the IMM and expose their

catalytic domains to the IMS and the mitochondrial matrix, respectively (Janska et al.,
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2013). Both the i- and m-AAA proteases contain a pocket that binds to unfolded, but not
folded proteins (Janska et al., 2013). This structural feature suggests that the AAA
proteases do not recognize specific protein sequences, but rather, they degrade

unstructured and flexible substrates (Janska et al., 2013).

Yme1p is the catalytic subunit of a homooligomeric i-AAA protease complex that acts on
membrane-bound or membrane-associated mitochondrial proteins. Yme1p protease
complex substrates include respiratory chain subunits, unassembled small Tim proteins
(which mediate protein import across the IMM), and Ups1p and Ups2p (mitochondrial
IMS proteins that play a role in phospholipid metabolism) (Potting et al., 2010; Baker
and Haynes, 2011; Bottinger and Becker, 2012; Rugarli and Langer, 2012; Voos, 2013).
Furthermore, yeast cells lacking YME1 accumulate protein aggregates in the IMS,
indicating that Yme1p may play both proteolytic and chaperone roles (Schreiner et al.,
2012). For unknown reasons, cristae morphology is also abnormal in yme1A cells
(Schreiner et al., 2012). Recent studies indicate that Yme1p cleaves the mitophagy
protein, Atg32p, at its C-terminus, allowing Atg32p to efficiently bind Atg11p, which is
necessary for efficient mitochondria-specific autophagy (Wang et al., 2013), a process

that will be discussed below.

The ATP-dependent protease known as the Lon protease was originally shown to
degrade misfolded proteins in Escherichia coli (Ngo et al., 2013). The Lon protease has
three domains, one that binds ATP, another that binds the protein substrate, and a third

that comprises the proteolytic site (Ugarte et al., 2010). While ATP hydrolysis is required
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to unfold proteins for degradation by the Lon protease, ATP hydrolysis is not required to
degrade unfolded proteins, but it does serve to increase the rate of substrate
degradation (Van Melderen et al., 1996; Ondrovicova et al., 2005). The Lon protease

homologue in yeast, Pim1p, localizes to the mitochondrial matrix (Bender et al., 2011).

Phenotypic analysis of Lon protease deletion mutants supports a role for this protein in
mitochondrial quality control. Deletion of PIM1 in yeast results in an increase in 14
carbonylated proteins (most of which are mitochondrial metabolic enzymes or subunits
of the respiratory chain) (Bayot et al., 2010), an increase in ubiquitinated cytosolic
proteins, a decrease in 20S proteasome capacity (Erjavec et al., 2013), and defects in
maintenance of mtDNA and mitochondrial respiratory activity (Van Dyck et al., 1994,
van Dyck et al, 1998). During oxidative stress, Pim1p degrades dihydroxyacid
dehydratase and aconitase (Bender et al., 2011). Under heat stress, Pim1p degrades a
subunit of the F1Fo ATPase and the 3 subunit of MPP[3, a matrix processing peptidase
(Suzuki et al., 1994). In human tissue culture cells, knockdown of the Lon protease
results in mitochondrial dysfunction, mitochondrial morphology defects, accumulation of
electron-dense bodies within mitochondria, and cell death (Levine, 2005; Ngo and
Davies, 2009). Indeed, in human tissue culture models, stress including heath shock,
serum starvation, and oxidative stress, result in an increase in the expression of the Lon

protease (Ngo and Davies, 2009).

Other studies further support a role for the Lon protease in aging. Lon protease mRNAs,

steady-state protein levels, and protease activity decrease in muscle tissue of old mice
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compared to young mice (Lee et al., 1999), in liver of old rats (Bakala et al., 2003), and
in the heart tissue of old rats (Delaval et al., 2004), respectively. Moreover, aged yeast
have a decrease in Pim1p proteolytic activity, and increases in electron-dense inclusion
bodies, oxidative protein damage, and ubiquitinated cytosolic proteins (Erjavec et al.,
2013). Consistent with this link between the Lon protease and aging, yeast lacking PIM1

exhibit a decrease in replicative lifespan (Erjavec et al., 2013).

Peptide products of the AAA proteases are between 10 and 20 amino acids, are usually
about three kDa, and are either exported from the mitochondrion or degraded further by
various oligopeptidases (Janska et al., 2013). A membrane channel called the half-type
ABC-transporter, Mdl1p, in the IMM mediates export of these peptides from the matrix
to the IMS (Young et al., 2001; Augustin et al., 2005; Kambacheld et al., 2005). From
the IMS, peptides less than two kDa diffuse through the semi-permeable outer

mitochondrial membrane (OMM) to the cytosol (Neutzner et al., 2007).

Mitophagy, the Specific Degradation of Mitochondria by the Lysosome/Vacuole

Autophagy is a catabolic process by which lysosomes/vacuoles degrade proteins and
organelles in response to starvation, developmental cues, or defects in protein or
organelle function. The three major types of autophagy are macroautophagy,
microautophagy, and chaperone-mediated autophagy (CMA) (Martinez-Vicente and
Cuervo, 2007). In macroautophagy, a portion of the cytosol or an organelle is engulfed
by a double-membrane compartment called an autophagosome. The contents of the

autophagosome are degraded upon fusion with the lysosome (mammals) or the vacuole
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(yeast). Although up-regulated under stress conditions, macroautophagy is normally
active at a basal level and is essential for the viability of certain cell types, notably
neurons (Hara et al., 2006). Microautophagy involves direct engulfment of cellular
components by the lysosome/vacuole (Martinez-Vicente and Cuervo, 2007). CMA does
not require an autophagosome and is a selective process in which the cargo contains a
specific motif that is recognized by a cytosolic chaperone and allows for autophagy of

the cargo (Martinez-Vicente and Cuervo, 2007).

Several specific types of macroautophagy have been identified. For example,
pexophagy is the selective autophagy of peroxisomes (Dunn et al., 2005) and
mitophagy is the selective autophagy of mitochondria (Kanki et al., 2009b; Okamoto et
al., 2009). In yeast, the autophagy-related (ATG) gene ATG32 is essential for
mitophagy, but is not required for general autophagy or other types of selective
autophagy (Kanki et al., 2009b; Okamoto et al., 2009). Atg32p is an integral OMM
protein and plays a role in mitophagy under starvation conditions (Kanki et al., 2009b;
Okamoto et al., 2009) (Fig. 1.2). Phosphorylation of Atg32p at S114 results in binding of
Atg32p to Atg11p and recruitment of Atg11p to the mitochondrial surface (Aoki et al.,
2011). At the OMM, Atg11p serves as an adaptor protein that recruits other autophagy-
related proteins to the OMM, leading to engulfment of mitochondria by an
autophagosome, and their subsequent transport to and degradation by the vacuole

(Kanki et al., 2009b; Okamoto et al., 2009).
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Another yeast OMM protein, Uth1p, is also necessary for mitophagy (but not general
autophagy) under conditions of nitrogen starvation and rapamycin treatment (Kissova et
al., 2004). The yeast mitochondrial protein Aup1p is a phosphatase localized to the IMS
that is also necessary for efficient mitophagy during stationary phase (Tal et al., 2007;
Abeliovich, 2011). Aup1p plays a role in the retrograde signaling (RTG) pathway,
whereby mitochondria experiencing stress conditions send signals to the nucleus that
prompt downstream stress response signals (Journo et al., 2009). Aup1p regulates the
phosphorylation of Rtg3p, a transcription factor that controls the transcription of genes
involved in the RTG pathway response (Journo et al., 2009). Interestingly, during
stationary phase mitophagy, different mitochondrial matrix proteins undergo vacuolar
degradation at different rates, indicating that there may be distinct compartmentalization
of different proteins that coincides with stationary phase mitophagy (Abeliovich et al.,
2013). Unfortunately, the authors of this work did not investigate whether the distinctly
segregated matrix proteins that undergo vacuolar degradation at varying rates were
distinguishable based on quality, so it remains undetermined whether this mechanism is

related to mitochondrial quality control.

In many cultured mammalian cell models, including primary neurons, cancer cell lines,
such as Hela cells, and mouse embryonic fibroblasts, mitophagy has a direct role in
eliminating severely damaged mitochondria (Narendra and Youle, 2011). Treatment of
these cells with proton ionophores results in loss of mitochondrial membrane potential

(Ay), and with prolonged treatment, apoptosis. Mitochondria in carbonyl cyanide m-
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chlorophenylhydrazone (CCCP)-treated cells are targeted for degradation by the

lysosome (Jin et al., 2010; Vives-Bauza et al., 2010; Narendra and Youle, 2011).

Other studies support a role for PINK1 and Parkin, targets for mutation in familial PD, in
marking damaged mitochondria for degradation by mitophagy. PINK1 accumulates on
the surface of mitochondria with low Ay, which leads to recruitment of Parkin to that site
(Fig. 1.2). The ubiquitination of mitochondrial proteins by Parkin leads to recruitment of
proteins necessary for autophagosome formation, including LC3 Il, to the organelle.
LC3 lI-labeled mitochondria accumulate in the perinuclear region, a subcellular location
associated with autophagy. Parkin has the capacity to ubiquitinate OMM proteins,
including the mitofusins (Mfn1 and 2), mitochondrial Rho GTPases RhoT1 and 2 (Miro
in D. melanogaster), and the voltage dependent transporters VDAC1, 2, and 3 (Wang et

al., 2011b; Sarraf et al., 2013).
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Figure 1.2. (a) In yeast, mitophagy is
activated under starvation conditions.
Mitophagy in yeast requires the integral
mitochondrial protein, Atg32p, which binds
to the adaptor protein Atg11p. (b) In
mammalian cells, mitophagy is required for
red blood cell maturation to produce a
mature red blood cell, which is devoid of
mitochondria. In this scenario, mitophagy is
mediated through NIX. NIX and Atg32p may
be orthologues, as they share the WXXL
binding motif necessary for the binding of
NIX to LC3, and of Atg32p to the LC3 yeast
homologue, Atg8p. (c) Mitophagy plays a
role in mitochondrial quality control in
mammalian cells, targeting severely
damaged mitochondria with low Ay for
lysosomal degradation. This figure s
modified from Youle and Narendra, 2011.




Interestingly, PINK1 and Parkin may act together to modulate mitochondrial
homeostasis through mitochondrial motility. Miro is a protein that anchors kinesin to the
OMM, and is necessary for mitochondrial movement. PINK1 phosphorylates Miro, which
results in its ubiquitination by Parkin and degradation by the proteasome, defects in
recruitment of kinesin to the organelle, and defects in mitochondrial movement (Wang et
al., 2011b). Together, these findings support the model that PINK1 and Parkin target
less fit mitochondria for mitophagy and play a role in mitochondrial quality control in
cultured neurons and other metazoan tissue culture models when mitochondria are

damaged beyond repair.

In other cell types, including yeast and reticulocytes, mitophagy has been implicated in
mitochondrial quantity control, not mitochondrial quality control. In yeast, Atg32p-
mediated mitophagy is activated by nitrogen starvation (Kanki et al., 2009b; Okamoto et
al., 2009). The mitochondria marked for degradation in this pathway are not degraded
because they are damaged or less fit; instead, they are degraded to provide essential
macromolecules for survival during starvation. Elimination of mitochondria when they
are no longer beneficial to the cell also occurs during red blood cell development and is
mediated by the OMM protein Nix. In reticulocytes, Nix mediates the degradation of all
mitochondria to generate the mature organelle-free red blood cell (Kanki, 2010) (Fig.
1.2). Interestingly, Atg32p and Nix share the WXXL motif, which binds to the autophagic
machinery protein LC3A in mammals, and its homologue in yeast, Atg8p. Thus, Atg32p

and Nix may be orthologues that control mitochondrial quantity (Kanki, 2010).
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The Ubiquitin-Proteasome System and Mitochondrial Protein Degradation

Components of the ubiquitin-proteasome system (UPS) include ubiquitin, enzymes that
catalyze the tagging of substrates with ubiquitin, and the proteasome (Fig. 1.2).
Ubiquitin is a 76-amino acid residue polypeptide, containing seven lysine residues, that
covalently binds with proteins in a post-translational modification event (Walczak et al.,
2012; Clague et al., 2013). The proteasome is a protein complex that forms a hollow
cylindrical structure (Alberts et al., 2002). ATPases located near the entrance of the
cylinder unfold the ubiquitinated protein substrate. Proteases that face the interior of the
cylindrical chamber catalyze degradation of unfolded, ubiquitinated proteins (Alberts et
al., 2002). During protein ubiquitination, ubiquitin is first bound to a ubiquitin-activating
enzyme (E1) containing an active-site cysteine that binds to the carboxy-terminal
glycine of ubiquitin via a reactive thioester bond (Walczak et al., 2012). The ubiquitin is
then transferred to a ubiquitin conjugating enzyme (E2) through a similar mechanism
(Lorick et al., 2006; Walczak et al., 2012). E2s mediate the transfer of ubiquitin to E3
ligases, which bind to substrate proteins and catalyze the transfer of ubiquitin to a lysine
residue of the substrate protein or to a chain of ubiquitin monomers bound to a
substrate (Lorick et al., 2006). Polyubiquitination can occur via Lys48 or Lys63 chain
extension. Lys48 is associated with marking substrates for proteasomal degradation,
while Lys63 polyubiquitin chains play a role in signaling for DNA repair, autophagy, and
endocytosis (Sims et al.,, 2012). It is worthy to note that ubiquitination is reversible.
Deubiquitylating enzymes (DUBs) can remove ubiquitin from a protein substrate. This
process contributes to maintaining free ubiquitin levels in cells, reversing the targeting of

a protein for degradation by the proteasome, and regulating the dynamics of other
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processes for which ubiquitination is a signal, such as in endocytosis, which is reviewed

elsewhere (Walczak et al., 2012; Clague et al., 2013).
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Figure 1.3. Major players in the UPS are ubiquitin, enzymes that catalyze the tagging of
substrates with ubiquitin, and the proteasome. The proteasome is a large hollow cylindrical
protein complex. ATPases located near the entrance of the cylinder unfold the ubiquitinated
protein substrate, after which the substrate is degraded by proteases facing the interior of the
chamber. Ubiquitin is first bound to a ubiquitin-activating enzyme (E1), and then transferred
to a ubiquitin conjugating enzyme (E2). E2s mediate the transfer of ubiquitin to E3 ligases,
which bind to substrate proteins and catalyze the transfer of ubiquitin to the substrate protein
or to a chain of ubiquitin monomers bound to a substrate. Deubiquitylating enzymes (DUBs)
can remove ubiquitin from a protein substrate. This figure is from Vucic et al., 2011.

The UPS was originally thought to degrade only cytosolic proteins. However,
degradation of Fzo1p, a yeast integral OMM GTPase that promotes mitochondrial
fusion, depends upon ubiquitin, the activity of the 20S proteasomal core particle, and
the ATPase subunit of the 19S regulatory complex of the proteasome (Escobar-
Henriques et al., 2006; Neutzner et al., 2007). The mammalian mitofusins, Mfn1 and
Mfn2, are also degraded by the UPS (Tanaka et al., 2010). Interestingly, the protein
FK506 (Fpr3p in yeast) anchors the 26S proteasome to membranes of organelles
including mitochondria (Nakagawa et al., 2007). Thus, it is now clear that the UPS also

targets mitochondrial proteins for degradation. Moreover, evidence suggests that
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intramitochondrial proteins, such as the integral mitochondrial IMM uncoupling protein,

Ucp2p, are also degraded by this process (Azzu and Brand, 2010).

Degradation of mitochondrial proteins by the UPS occurs via the mitochondria-
associated degradation pathway (MAD) (Neutzner et al., 2007). MAD is similar to the
pathway by which misfolded proteins in the ER are eliminated, ER-associated
degradation (ERAD) (Werner et al., 1996). Both the ERAD and MAD pathways are
conserved from yeast to mammals. In the ERAD pathway, misfolded proteins in the ER
lumen bind chaperone proteins, are retro-translocated across the ER membrane
through the protein translocating translocon complex (composed of Sec61p, Sbh1p, and
Sss1p) where they are ubiquitinated, and are subsequently pulled from the membrane
and degraded by the proteasome (Neutzner et al., 2007). In MAD, mitochondrial
proteins are also ubiquitinated, either by mitochondrial E3 ligases, such as Mdm30p, or
by cytosolic E3 ligases that are recruited to mitochondria, such as Rsp5p (Neutzner et
al., 2007). The energy necessary to remove the ubiquitinated protein from the
membrane is provided by an AAA ATPase called Cdc48p in yeast or VCP/p97 in
mammals. Currently, the mechanism whereby proteins are retro-translocated across

mitochondrial membranes is not well understood.
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Figure 1.4. In MAD, mitochondrial proteins
are ubiquitinated, either by mitochondrial
E3 ligases or cytosolic E3 ligases that are
recruited to mitochondria. The energy
necessary to remove the ubiquitinated
protein from the membrane is provided by
an AAA ATPase called Cdc48p in yeast or
VCP/p97 in mammals. Once in the
cytosol, ubiquitinated protein substrates
are degraded by the proteasome. This
figure is modified from Heo and Rutter,
2011.

Cdc48p is one subunit of a polyubiquitin-selective segregase complex involved in ERAD
and MAD. It is recruited to ER or mitochondria, extracts ubiquitinated proteins from
these organelles, and presents ubiquitinated proteins to the proteasome for degradation
(Heo et al., 2010). Cdc48p is an essential protein, and therefore, much of its
characterization in yeast has depended on use of a temperature-sensitive mutant (Moir
et al., 1982). In ERAD, Cdc48p binds with Npl4p and Ufd1p, the last of which confers
specificity for ER targeting. In MAD, Cdc48p is thought to bind with Npl4p and Vms1p.
Npldp is a cofactor of the Cdc48p segregase complex that assists in the degradation of

polyubiquitinated proteins by the proteasome (Hitchcock et al., 2001). One group
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postulates that Vms1p confers specificity for mitochondrial targeting of Cdc48p under
certain conditions (Heo et al., 2010; Heo and Rutter, 2011). Heo et al. (2010) find that a
functional Vms1p-GFP fusion protein is cytosolic in glucose-based synthetic medium,
glycerol-based rich and synthetic medium, and raffinose-based rich and synthetic
medium (Heo et al, 2010). However, they found that Vms1p-GFP localizes to
mitochondria in rho® yeast cells that lack mtDNA, in cells lacking the mitochondrial
superoxide dismutase (SOD2), in late log phase yeast, and in yeast treated with
antimycin A, oligomycin, CCCP/FCCP or H,0O, and rapamycin (Heo et al., 2010). Based
on these results, they concluded that low or dissipated Ay and/or oxidative stress
induces Vms1p-GFP to localize to mitochondria (Heo et al., 2010). The Cdc48p-Npl4p-
Vms1p segregase complex colocalizes with mitochondria mainly during stress, but also
to some extent under normal conditions, raising the possibility that MAD plays a role in
mitochondrial protein quality control under all conditions (Heo et al., 2010; Shanbhag et
al., 2012). Finally, Cdc48p can localize to some extent to mitochondria even in cells
lacking VMS1 (Heo et al., 2010). Therefore, Vms1p contributes to but is not essential for

targeting of the Cdc48p segregase complex to the organelle.

Doalp, a protein containing a ubiquitin binding domain, is necessary for ubiquitin-
mediated degradation and interacts physically with Cdc48p (Mullally et al., 2006).
Doa1p, degradation of alpha 1, was originally characterized for its involvement in the
degradation of a yeast transcriptional regulator called the alpha two repressor, that
controls the mating type of budding yeast (Hochstrasser and Varshavsky, 1990). Doa1p

facilitates the formation of the Doa1p-Cdc48p-ubiquitin complex, bringing Cdc48p into
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contact with ubiquitinated substrates (Mullally et al., 2006). The human homologue of
Doa1p, PLAA, plays an analogous role, serving as an ubiquitin cofactor that recruits the
Cdc48p homologue, p97/VCP, to ubiquitinated substrates (Mullally et al., 2006). Doa1p
also plays a role in ubiquitin homeostasis, maintaining total cellular ubiquitin levels (Lis

and Romesberg, 2006).

The human homologue of Cdc48p, VCP or p97, has been linked to diseases of the
nervous system, muscle, and bone, including ALS, Parkinsonisms, frontotemporal
dementia, Paget’s disease, and Charcot-Marie-Tooth Disease (Watts et al., 2004; Weihl
et al., 2007; Badadani et al., 2010; Yamanaka et al., 2012; Feely et al., 2014).
Moreover, recent findings revealed a link between mitochondrial oxidative stress and
ubiquitin-dependent proteolysis in both C. elegans and human cell lines from patients
with defects in mitochondrial metabolism (Segref et al., 2014). C. elegans harboring
mutations that increase levels of mitochondrial ROS are defective in the degradation of
a GFP-based cytosolic protein substrate of the UPS, presumably because the
proteasome is actively engaged in degrading damaged mitochondrial proteins (Segref
et al., 2014). Degradation of the cytosolic proteins by the proteasome under conditions
of mitochondrial oxidative stress can be restored both by antioxidants and
overexpression of proteins that increase the assembly and activity of the 26S

proteasome (Vilchez et al., 2012; Segref et al., 2014).

The Effect of Different Methods of Mitochondrial Stress Induction in Laboratory

Experiments on Our Understanding of Mitochondrial Quality Control Mechanisms

34



Available evidence indicates that mitophagy is activated only during starvation, or when
mitochondria are no longer needed for cellular function, as in the case of erythrocyte
maturation or during the degradation of paternal mitochondria in fertilization, or when
mitochondria are beyond the point of repair in a stressed cell (Schweers et al., 2007,
Sandoval et al., 2008; Kanki et al., 2009b; Okamoto et al., 2009; Al Rawi et al., 2011;
Sato and Sato, 2011; Bhatia-KiS§Sova and Camougrand, 2013; Deffieu et al., 2013). As
described below, there is growing skepticism that mitophagy is used for mitochondrial

quality control during normal cellular homeostasis.

First, many studies use long-term (e.g., 24 hr) treatment with proton ionophores to
induce mitochondrial stress. However, proton ionophores disrupt all membranes in the
cell and induce apoptosis. Thus, it is possible that the autophagy observed under these
conditions is a consequence of cellular pathology and not of perturbation of
mitochondria. Second, recent evidence indicates that bulk autophagy, but not specific
degradation of mitochondria, is increased during conditions of mitochondrial stress in
patients with mitochondrial diseases. This group used skin fibroblast cultures from 11
patients with known, distinct OXPHOS defects (Moran et al., 2014). Interestingly, from
these patients, only two of the 11 cell lines showed decreased mitochondrial Ay (Moran
et al., 2014). Furthermore, these findings lend credence to the already existing
skepticism regarding the finding that mitophagy is a major contributor to mitochondrial
quality control during normal cellular homeostasis. Patient cells with defects in complex
| did have elevated recruitment of Parkin to mitochondria and elevated autophagosome

accumulation (Moran et al., 2014), but this group did not find any increase in mitophagy
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in these cells. Thus, they conclude that mitochondrial defects can induce an increase in
autophagosome formation, suggesting that bulk autophagy may be activated without

activating mitophagy (Moran et al., 2014).

Taking into account the controversy regarding the role of mitophagy in maintaining
mitochondrial quality control, it is evident that greater care should be taken when
studying quality control of mitochondria, particularly regarding the manner and extent to
which mitochondria are stressed in laboratory experiments. Moreover, although multiple
mechanisms for mitochondrial quality control have been identified, their relative
contribution to mitochondrial maintenance under conditions of low-level mitochondrial
stress has not been assessed. Here, we studied the relative contributions of mitophagy,
autophagy, select mitochondrial chaperonins and proteases, and MAD and the
proteasome in mitochondrial quality control under conditions that were designed to
mimic one aspect of aging: chronic low levels of mitochondrial ROS. The agent that we
used for these studies to induce mitochondrial oxidative stress is paraquat (1,1’-

dimethyl-4,4’-bipyridinium) (PQ).

PQ is a small molecule that is taken up across the IMM in a Ay-dependent manner,
making it more mitochondria-specific than proton ionophores (Bus et al., 1976;
Cochemé and Murphy, 2008). PQ is an herbicide that has been etiologically linked as a
factor in PD in humans (Dinis-Oliveira et al., 2006). Mitochondria take up PQ only as the
dication (PQ?*), not the radical monocation (PQ™) (Fig. 1.5) (Cochemé and Murphy,

2008). One of the first effects observed upon PQ treatment is mitochondrial swelling
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(Hirai et al., 1992; Wang et al., 1992). Due to the very negative reduction potential of
PQ, only a very limited number of molecules within the cell are capable of reducing it
(Bus and Gibson, 1984). Inside the mitochondrial matrix, PQ undergoes single-electron
reduction (primarily by NADPH dehydrogenase in yeast and by complex | in mammals)
to form a radical that reacts rapidly with oxygen to form superoxides (Bus et al., 1976;

Cochemé and Murphy, 2008) (Fig. 1.5).

PQ* Figure 1.5. PQ is a small molecule that
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The mitochondrial specificity of PQ is well established. Down-regulation of the

mitochondrial superoxide dismutase in D. melanogaster decreased lifespan and
increased signs of oxidative damage with PQ treatment (Kirby et al., 2002). Mice
deficient in both the mitochondrial superoxide dismutase and glutathione peroxidase 1,
both enzymes with antioxidant properties, were more sensitive to PQ, having decreased
lifespans and also showing signs of oxidative stress (Van Remmen et al., 2004).
Furthermore, overexpressing the mitochondrial catalase in D. melanogaster protected
flies from PQ toxicity more effectively than overexpression of the cytosolic catalase

(Mockett et al., 2003). Similarly, yeast are more efficiently protected from PQ-induced
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toxicity by mitochondrial targeting of the human peroxiredoxin 5 (an antioxidant enzyme
that mitigates hydrogen peroxide and alkyl hydroperoxides) than cytosolic targeting
(Tién Nguyén-nhu and Knoops, 2003). Yeast cells in which the mitochondrial
superoxide dismutase is deleted are also more sensitive to PQ treatment than wild-type
cells (Cochemé and Murphy, 2008). Further supporting the detrimental effect of PQ on
mitochondrial fitness, yeast cells are more sensitive to PQ when grown on non-
fermentable media than when grown on fermentable media (Cochemé and Murphy,

2008).

In these studies, we use mild PQ treatment to induce mild, chronic mitochondria-specific
stress to model stress associated with aging. To identify genes and pathways that are
critical for cellular fitness under conditions of low levels of mitochondrial oxidative
stress, we performed a candidate-based screen to identify genes that, when deleted,
increase the sensitivity of candidate Saccharomyces cerevisiae (budding yeast) to the
growth inhibiting effect of low levels of PQ. We identified the proteasome, and not
mitophagy or select proteases or chaperones, as critical for promoting mitochondrial

health under these conditions.
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CHAPTER 2 - Mitochondrial Remodeling Through the
Proteasome is Critical for Mitochondrial Quality Control in

Budding Yeast
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ABSTRACT

Many pathways can repair or eliminate damaged mitochondria, yet their relative
contributions in response to specific stress conditions are not well understood. We show
that the proteasome is critical for cellular fitness in response to chronic, low levels of
mitochondrial reactive oxygen species (ROS) in the budding yeast Saccharomyces
cerevisiae. Deleting DOA1, which is required for ubiquitin-mediated degradation, UFD5,
which promotes proteasome gene expression, or NAS2, which promotes proteasome
regulatory particle assembly, increases the sensitivity of yeast to chronic, low levels of
mitochondrial ROS. In contrast, deleting ATG32, a gene required for mitophagy, other
autophagy genes, non-essential chaperones including prohibitins, or mitochondrial
proteins including the Lon protease (Pim1p) or YME1, does not affect cellular fitness
under these conditions. Doa1p binds with Cdc48p and Vms1p, which associates with
mitochondria and promotes extraction of ubiquitinated proteins from the organelle for
proteasomal degradation in a pathway called mitochondria-associated degradation
(MAD). Elevated mitochondrial ROS increases protein ubiquitination, ubiquitination of
the mitochondrial protein aconitase and expression of key MAD proteins. Interestingly,
down-regulating ER-associated degradation (ERAD), which shares some common
proteins with MAD, can promote cell growth under conditions of elevated mitochondrial
ROS. Finally, deletion of DOAT results in increased sensitivity of yeast and yeast
mitochondria to oxidative stress. Mitochondria in doa7A cells are more oxidized than
mitochondria in wild-type or atg32A cells under conditions of elevated mitochondrial
ROS. Moreover, deletion of DOA1T results in a decrease in chronological lifespan. These

findings support a critical role for the proteasome and MAD in mitochondrial quality
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control, which in turn affects cellular fitness, in response to chronic, low levels of

mitochondrial ROS.
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INTRODUCTION

Mitochondria are essential organelles for oxidative phosphorylation, the Krebs cycle,
fatty acid biosynthesis, Ca?* storage and buffering, and the regulation of apoptosis.
Increasing evidence also links mitochondria to aging and age-related diseases. Some of
the age-related diseases associated with changes in mitochondria or mutations in
mitochondrial proteins are Parkinson's disease, Alzheimer's disease, Huntington’s
disease, and Amyotrophic Lateral Sclerosis. While some individuals live their entire lives
with mutations in mitochondrial proteins, including Pink1 and Parkin, that are associated
with age-related neurodegenerative diseases, disease symptoms occur only later in life.
This indicates that changes occur in mitochondria with age that allow disease pathology
to emerge. Reactive oxygen species (ROS) are a candidate for linking mitochondria, the
normal progression of aging, and age-related diseases. ROS-induced oxidative damage
increases with age in many cell types (e.g. bacteria: (Dukan and Nystrom, 1998); yeast:
(Stadtman, 1992; Aguilaniu et al., 2003; Reverter-Branchat et al., 2004); mammals,
such as in rodents and humans: (Hamilton et al., 2001; Gibson et al., 2010)). ROS, such
as oxygen ions, free radicals, and peroxides, are a by-product of mitochondrial
respiration, making mitochondria the largest endogenous source of ROS (Guarente,

2008).

Three major quality control pathways for mitochondria are mitochondrial chaperones
and proteases that promote re-folding and degradation, respectively, of misfolded
proteins; mitophagy, the specific autophagic degradation of mitochondria by the vacuole

(the lysosome in metazoans); and the mitochondria-associated degradation pathway
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(MAD) in which mitochondrial proteins are ubiquitinated, extracted from the organelle,
and degraded by the proteasome (Artal-Sanz and Tavernarakis, 2009; Ngo and Davies,
2009; Heo and Rutter, 2011; Narendra and Youle, 2011). However, the relative
contributions of these quality control mechanisms in mitochondrial maintenance are still
not well understood, nor is it known whether they are differentially activated temporally
in response to stress, or whether different types of stress preferentially activate a
specific pathway. Many studies use proton ionophores to induce stress, damaging
mitochondria beyond repair and activating mitophagy in mammalian cells (Narendra and
Youle, 2011). However, recent studies have questioned the primary role of mitophagy
as a response to low-level, repairable mitochondrial damage. These studies suggest
that mitophagy may be activated only when mitochondria are beyond the point of repair
in a stressed cell, during starvation, or when mitochondria are no longer needed for
cellular function, as in the case of erythrocyte maturation or during the degradation of
paternal mitochondria in fertilization (Schweers et al., 2007; Sandoval et al., 2008; Kanki
et al., 2009b; Okamoto et al., 2009; Al Rawi et al., 2011; Sato and Sato, 2011; Bhatia-

KisSova and Camougrand, 2013; Deffieu et al., 2013).

MAD is similar to the pathway by which misfolded proteins in the endoplasmic reticulum
(ER) are eliminated, called the ER-associated degradation pathway (ERAD) (Werner et
al., 1996; Neutzner et al., 2007)). The ERAD and MAD pathways are homologous in
yeast and mammals. In the ERAD pathway, misfolded proteins in the ER lumen bind
chaperone proteins, are retro-translocated across the ER membrane through the protein

translocating translocon complex where they are ubiquitinated, pulled from the
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membrane, and degraded by the proteasome (Neutzner et al., 2007). In MAD,
mitochondrial proteins are also ubiquitinated, either by mitochondrial E3 ligases, such
as Mdm30p, or by cytosolic E3 ligases that are recruited to mitochondria, such as

Rsp5p (Neutzner et al., 2007).

Cdc48p in yeast (VCP/p97 in mammals) is a subunit of a polyubiquitin-selective
segregase complex involved in ERAD and MAD. It is a AAA ATPase that is recruited to
ER or mitochondria, where it generates the energy to extract ubiquitinated proteins from
these organelles and presents ubiquitinated proteins to the proteasome for degradation
(Heo et al., 2010). It is an essential protein and much of its characterization in yeast has
used a temperature-sensitive mutant (Moir et al., 1982). In ERAD, Cdc48p binds with
Npl4p and Ufd1p, the latter of which confers specificity for ER-targeting. In MAD,
Cdc48p is thought to bind with Npl4p and Vms1p. Vms1p facilities but is not essential
for targeting of the Cdc48p-Npl4p-Vms1p segregase complex to mitochondria (Heo et
al., 2010). The Cdc48p-Npldp-Vms1p segregase complex colocalizes with mitochondria
mainly during elevated mitochondrial stress. It also associates with mitochondria under
normal conditions, raising the possibility that MAD plays a role in mitochondrial protein
quality control under all conditions (Heo et al, 2010; Shanbhag et al., 2012).
Importantly, the human homologue of Cdc48p, VCP/p97, has been linked to diseases of
the nervous system, muscle, and bone, including ALS, Parkinsonisms, frontotemporal
dementia, Paget’s disease, and Charcot-Marie-Tooth Disease (Watts et al., 2004; Weihl

et al., 2007; Badadani et al., 2010; Yamanaka et al., 2012; Feely et al., 2014).

44



Doalp, a protein containing a ubiquitin binding domain, is necessary for ubiquitin-
mediated degradation and directly interacts with Cdc48p (Mullally et al., 2006). Doa1p
facilitates the formation of the Doa1p-Cdc48p-ubiquitin complex, bringing Cdc48p into
contact with ubiquitinated substrates (Mullally et al., 2006). The human homologue of
Doa1p, phospholipase A2 activating protein (PLAA), plays an analogous role, serving
as a ubiquitin cofactor that recruits p97/VCP to ubiquitinated substrates (Mullally et al.,
2006). Doa1p also plays a role in ubiquitin homeostasis, recycling ubiquitin from the
proteasome degradation pathway into other pathways, including that of the DNA

damage response (Lis and Romesberg, 2006).

Several recent studies have linked mitochondrial protein quality control to the cytosolic
ubiquitin-proteasome system (UPS). For example, a recent study found that aged yeast
have a decrease in Pim1p proteolytic activity, an increase in electron-dense inclusion
bodies, and increased oxidative protein damage (Erjavec et al., 2013). They also find
that cells lacking PIM1 experience a decrease in replicative lifespan and an increase in
oxidized and ubiquitinated cytosolic proteins and a decrease in 20S proteasome
capacity (Erjavec et al., 2013). Based on these results, the authors propose that the
loss of Pim1p activity may cause a release of damaged mitochondrial proteins to the
cytoplasm by an unknown mechanism, where they are degraded by the 20S
proteasome, which may become overburdened by the increase in ubiquitinated protein
substrates (Erjavec et al., 2013). Another recent study revealed a link between
mitochondrial oxidative stress and ubiquitin-dependent proteolysis in both

Caenorbabditis elegans and human cell tissue culture lines from patients with defects in
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mitochondrial metabolism (Segref et al., 2014). C. elegans harboring mutations that
increase levels of mitochondrial ROS are defective in the degradation of a GFP-based
cytosolic protein substrate of the UPS, presumably because the proteasome is actively
engaged in degrading damaged mitochondrial proteins (Segref et al., 2014). The
decrease in the degradation of the cytosolic GFP-based proteasome substrate under
conditions of elevated ROS can be relieved by antioxidants or by overexpression of
components of the UPS known to increase the assembly and activity of the 26S

proteasome (Vilchez et al., 2012; Segref et al., 2014).

Paraquat (PQ) is a small molecule that is taken up across the mitochondrial inner
membrane (IMM) in a membrane potential (Ay)-dependent manner and undergoes
single-electron reduction (by NADPH dehydrogenases in yeast) to form a radical that
reacts with oxygen to form superoxides (Bus et al., 1976; Cochemé and Murphy, 2008).
In these studies, we use mild PQ treatment to induce mild, chronic mitochondria-specific
stress, to model stress associated with aging. To identify genes and pathways that are
critical for cellular fitness under conditions of low levels of mitochondrial stress, we
performed a candidate screen to identify genes that, when deleted, increase the
sensitivity of yeast cells to the growth-inhibiting effect of low levels of PQ. We find that
the proteasome, and not mitophagy or select proteases or chaperones, is critical for

promoting mitochondrial health under these conditions.
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RESULTS

Paraquat toxicity severely inhibits cell growth rate in cells compromised in the
ubiquitin-proteasome system

Treatment of cells with PQ induces mitochondrial oxidative stress by creating elevated
ROS within the mitochondrial matrix (Bus et al., 1976; Cochemé and Murphy, 2008).
We confirmed that PQ treatment results in a dose-dependent decrease in growth rates
of wild-type (WT) yeast cells (Fig. 2.1 A). Growth is blocked by treatment with 5 mM PQ
and the maximum growth rate is reduced by 40% with 2.5 mM PQ treatment. Therefore,
treatment with 2.5 mM PQ was selected as the condition to induce chronic, yet mild

mitochondrial oxidative stress to model the type of stress associated with aging (Fig. 2.1

B).
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Figure 2.1. Cell growth rate is impaired by PQ treatment, which induces mitochondria-
specific toxicity. Growth rates in nutrient-rich glucose-based medium were monitored by
measuring optical density at 600 nm (ODgqo) every 20 min for 3 days. (A) Dose-dependent
growth inhibition of WT yeast cells by PQ. (B) Growth curves of non-treated WT cells (NT,
dark grey) and cells grown with 2.5 mM PQ (PQ, light grey). (C) Rho° cells, which lack
mtDNA, were generated by the deletion of MGM7101, a gene required for mtDNA
maintenance. Mitochondrial function is required for the effects of low levels of PQ on cell
growth.
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To assess the specificity of PQ for mitochondria, we tested the effect of PQ treatment
on the growth of rho® cells, yeast that have no mitochondrial DNA (mtDNA) and no
mitochondrial respiratory or translational activity. Rho® cells were generated by the
deletion of MGM101, a gene required for mtDNA maintenance, and without which,
mtDNA is lost. PQ at levels < 2.5 mM has no effect on the growth rate of rho® cells (Fig.
2.1 C). Thus, PQ effects on cell growth are dependent upon and therefore specific to

mitochondria.

To investigate the relative contributions of mitophagy, select mitochondrial proteases
and chaperone proteins, and the UPS to mitochondrial quality control under conditions
of chronic, mild mitochondrial oxidative stress, we tested the effect of 2.5 mM PQ
treatment on the growth rate of yeast lacking non-essential genes in these pathways.
We reasoned that loss of factors that maintain and/or repair mitochondria undergoing
oxidative stress would increase the sensitivity of cells to the growth-inhibiting effects of

PQ.

We investigated deletions of eight autophagy genes: atg1A, atgbA, atg7A, atg8A,
atg9A, atg11A, atg124, and atg32A. Atg1p, Atgbp, Atg7p, Atg8p, Atg9p, Atg11p, and
Atg12p are involved in important steps in autophagy, including autophagosome
formation and the cytoplasm-to-vacuole targeting (cvt) pathway, which is itself required
for vacuolar function by contributing to the delivery of at least two hydrolases,
aminopeptidase | and a-mannosidase, to the vacuole, where they are later processed to

their enzymatically active forms (Suzuki and Ohsumi, 2007; May et al., 2012). In
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addition, Atg11p is an adaptor protein for two specific types of macroautophagy:
pexophagy, peroxisome-specific autophagy, and mitophagy, mitochondria-specific
autophagy (Farré et al., 2008; Kanki et al., 2009b; Okamoto et al., 2009). Atg32p is
involved in mitophagy, but not in general autophagy (Kanki et al., 2009b; Okamoto et

al., 2009).

We also screened four mutants involved in the UPS and MAD pathways: vms1A,
doa1A, nas2A, and ufdbA. As described above, Vms1p contributes to but is not
essential for targeting of the Cdc48p-Npl4p-Vms1p segregase complex to mitochondria.
Doalp is a WD repeat protein that is associated with the segregase complex, required
for proteasomal degradation of ubiquitinated proteins, and controls cellular ubiquitin
levels. Ufd5p stimulates the expression of proteasome genes (Mannhaupt et al., 1999;
Ng, 2000; Xie and Varshavsky, 2001; Owsianik et al., 2002). Nas2p promotes the
assembly of the proteasome regulatory particle (Watanabe et al., 1998; Funakoshi et

al., 2009; Saeki et al., 2009).

To examine the role of mitochondrial proteases and chaperone proteins, we studied
seven additional strains: pim1A, yme1A, yta104, yta124A, phb1A, phb2A, and
phb1Aphb2A. Lon proteases (Pim1p in yeast) are evolutionally conserved AAA serine
proteases that usually localize to the mitochondrial matrix. Pim1p is implicated in the
degradation of aggregated mitochondrial polypeptides that accumulate with elevated
ROS (Bender et al., 2011). Yme1p is the catalytic subunit of the i-AAA protease

complex localized to the IMM and is responsible for the degradation of unfolded or
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misfolded proteins (Schnall et al., 1994; Schreiner et al., 2012). Yta10p and Yta12p are
components of the m-AAA protease that are responsible for the degradation of unfolded
or misfolded proteins, and are required for the proper assembly of various mitochondrial
enzyme complexes (Arlt et al, 1996, 1998). Prohibitins are conserved, ubiquitous
membrane proteins that are essential for cell proliferation, development in many
eukaryotes, and lifespan control (Van Aken et al., 2010; Artal-Sanz and Tavernarakis,
2009; Osman et al., J Cell Sci 2009). Deletion of the prohibitins in yeast, PHB1 and
PHB2, results in elevated ROS, defects in mitochondrial morphology, defects in the
organization of mitochondrial nucleoids and cristae, and defects in the phospholipid
composition of mitochondrial membranes. Emerging studies support a role for the
prohibitins as protein and lipid scaffolds for quality control of the IMM (Osman et al.,

2009).

The growth rates of these strains in nutrient-rich, glucose-based medium are very
similar (Fig. 2.2 A). When treated with 2.5 mM PQ, the growth rate of each strain
decreases, as expected (Fig. 2.2 B). Surprisingly, yeast bearing deletions in the
autophagy, mitophagy, mitochondrial proteases, or prohibitin genes do not exhibit a
significant increase in sensitivity to the growth-inhibiting effects of 2.5 mM PQ treatment.
In contrast, deletion of genes associated with the proteasome, DOA71, UFD5, and
NAS2, results in increased sensitivity to chronic low levels of mitochondrial ROS (Fig.
2.2 B). PQ treatment inhibits WT cell growth 2.8 fold. In contrast, PQ-treated doa7A,
nas2A, or ufd5A cells exhibited 51, 24, and 14 fold decreases in growth rates,

respectively. For our work, we continue to study doa7A and atg32A strains as model
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knockout mutants that are very affected and not significantly affected, respectively, by
2.5 mM PQ. Consistent with our previous finding that 2.5 mM PQ induces mitochondrial
specific stress in WT yeast cells, we find that rho® doa1A and atg32A strains are also

more resistant to PQ than their non-rho® controls (Fig. 2.2 C).

To further test whether chronic low levels of mitochondrial oxidative stress induce
mitophagy, we directly probed for the degradation of mitochondria by the vacuole using
a well-established method. In this assay, a mitochondrial protein, Cit1p, was tagged at
its C-terminus with GFP. Whole cell extract from cells expressing Cit1p-GFP under
either nitrogen-starvation conditions or either treated or non-treated with PQ was
collected and analyzed by Western blotting. Due to the protease-resistant nature of
GFP, the appearance of a free-GFP band indicates the occurrence of mitophagy (Kanki
et al., 2009a). As expected, we find that nitrogen starvation at 4, 8, and 12 hr induces
mitophagy (Fig. 2.2 D). Consistent with our finding that cells lacking genes involved in
general autophagy and mitophagy are not more sensitive to PQ treatment than WT

cells, we find that mild PQ treatment does not induce mitophagy (Fig. 2.2 D).
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Figure 2.2. (A) WT and mutant strains grow at very similar rates in nutrient-rich glucose-
based media in the absence of PQ. Growth rate was monitored as described in Fig. 2.1. (B)
Genes of the UPS, but not other quality control pathways, are involved in the cellular
response to PQ stress. Fold change is the ratio of maximum growth rate in 2.5 mM PQ
versus that in the absence of PQ. Growth rates were monitored as described in Fig. 2.1. (C)
Consistent with our findings in Fig. 2.1 C, rho® (indicated by -) doa7A and atg32A cells are
more resistant to 2.5 mM PQ than their non-rho® controls (indicated by +). Rho® cells
construction and cell growth rate measurements were performed as described in Fig. 2.1.
(D) Cells expressing Cit1p-GFP were grown in glucose media before being either exposed
to nitrogen starvation (SD-N) or 2.5 mM PQ. Whole cell extract was collected and analyzed
by Western blotting and probed with anti-GFP and anti-hexokinase antibodies. A band
representing free GFP, which is protease resistant, indicates the occurrence of mitophagy.
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Proteins including mitochondrial aconitase are ubiquitinated and degraded by the
UPS in response to elevated mitochondrial oxidative stress

If the UPS contributes to mitochondrial quality control during elevated oxidative stress in
the organelle, then there should be elevated levels of ubiquitinated proteins under these
conditions and those ubiquitinated proteins should be degraded by the proteasome. To
test this hypothesis, we treated WT cells with the proteasome inhibitor MG132 in the
presence and absence of PQ (Fig. 2.3). We find that PQ treatment results in a 79%
increase in total cellular levels of ubiquitinated proteins. Thus, protein ubiquitination is a
normal response to chronic, mild mitochondrial oxidative stress. Equally important,
treatment with PQ and MG132 results in a 627% increase in ubiquitinated protein levels
(Fig. 2.3). Thus, protein ubiquitination is a response to elevated mitochondrial ROS and
the vast majority of these ubiquitinated proteins are degraded by the proteasome.
Consistent with this, we find that protein ubiquitination in PQ- and MG132-treated doa7A
cells is significantly lower than that observed in WT cells under the same conditions
(Fig. 2.3). These studies provide additional support for a major role for the UPS in
mitochondrial quality control when the organelle is challenged with low levels of chronic

oxidative stress.
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Figure 2.3. Doa1lp-dependent ubiquitination of proteins occurs as a response to PQ
treatment. (A) Western blot of whole-cell extracts from WT and doa7A cells with the
indicated treatments. DMSO is the vehicle for MG132. Cells were incubated with 2.5 mM PQ
for 8 hrs followed by incubation with PQ and either MG132 or DMSO for an additional 4 hrs.
The extract was probed with antibodies to ubiquitin (Ub, upper panel) and hexokinase (Hex,
lower panel), which serves as a loading control. Results are representative of 3 independent
experiments. (B) Densitometric quantitation of Ub levels normalized to hexokinase.

Next, we determined whether a specific mitochondrial protein is ubiquitinated and
degraded by the UPS when yeast cells are challenged with elevated mitochondrial
ROS. Aconitase, Aco2p, is a component of the mitochondrial TCA cycle (Przybyla-
Zawislak et al., 1999) that reacts readily with superoxides (Yan et al., 1997). Oxidative
damage decreases Aco2p enzymatic activity, which is associated with aging and
decreased lifespan (Yan et al., 1997). We tested whether Aco2p undergoes increased
ubiquitination and UPS-mediated degradation with PQ treatment. To do this, we
immunoprecipitated Aco2p tagged with 13Myc from whole cell extracts of WT cells
treated with PQ, MG132, or PQ with MG132 and tested whether the protein was
ubiquitinated by Western blot analysis using antibodies raised against ubiquitin. In cells
treated with PQ, there is a 16% increase in the ubiquitination of Aco2p-13Myc
compared to untreated cells (Fig. 2.4). Treatment with PQ and MG132 results in a 115%

increase in Aco2p ubiquitination. Thus, a mitochondrial protein, Aco2p, is ubiquitinated
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in response to elevated mitochondrial oxidative stress and the proteasome is required
for its degradation. These results further support that mitochondrial proteins that are
damaged by elevated mitochondrial ROS are ubiquitinated and eliminated by UPS-

mediated degradation.
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Figure 2.4. Aco2p, a mitochondrial protein, becomes ubiquitinated with PQ treatment and is
degraded by the proteasome. (A) Western blot of input and immunoprecipitated protein from
whole-cell extracts of WT cells expressing Aco2p-13Myc. Cells were treated with PQ and
MG132 as described in Fig. 2.3. Proteins were immunoprecipitated with an anti-Myc
antibody. Blots were probed with antibodies against Myc and ubiquitin (Ub). Input was also
probed with anti-hexokinase (Hex) as a loading control. The arrow and red asterisks indicate
Ub signal that co-migrates with the Aco2p-13Myc band in the immunoprecipitate. Cells with
no fusion proteins (No Tags) were included as a negative control to demonstrate antibody
specificity. Blot is representative of 3 independent experiments. (B) Quantitation by scanning
densitometry of ubiquitinated aconitase levels in the blot shown in (A).
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Figure 2.5. Growth rates and localizations of fusion proteins used in this
study. (A) Growth rates were monitored as described in Fig. 2.1. A fusion
protein is considered functional if the strain maintains a growth rate
comparable to that of WT cells. Error bars represent standard error of the
mean. (B) Localization of Doa1p-GFP. (C) Localization of Vms1p-GFP. (D)
Localization of Aco2p-GFP. All cells in (B-D) were grown in synthetic
complete glucose-based media and imaged by fluorescence microscopy.
Images were rendered as described in the Methods. Scale bars = 1 ym.

Elevated mitochondrial ROS results in upregulation of MAD proteins

The studies described above focused on the proteasome and ubiquitin in mitochondrial

quality control during chronic, mild oxidative stress. Next, we studied the role of MAD

proteins in that process. We tested whether Cdc48p, the essential component of the

MAD complex, responds to chronic, elevated mitochondrial oxidative stress. To do this,
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we generated strains in which Cdc48p was tagged with either GFP or 13Myc at its C-
terminus (Fig. 2.5). To determine whether the tags compromise function, we assessed
growth rates of yeast expressing tagged proteins in the presence and absence of PQ.
Previous studies revealed that tagging Cdc48p at its C-terminus does not compromise
function (Heo et al., 2010). We find that the growth rate of cells expressing Cdc48p
tagged with 13Myc or GFP in the absence of PQ was indistinguishable from that of
untreated WT cells. However, under more stringent conditions that require defenses
against oxidative stress, we see that tagging of Cdc48p with GFP but not 13Myc may
compromise function: yeast expressing Cdc48p-GFP exhibit increased sensitivity to the
growth-inhibiting effects of PQ. We observe similar results with Doa1p; tagging Doa1p
has no effect on growth in the absence of PQ, but does inhibit growth upon PQ
treatment. This provides evidence for a role for MAD and Doa1p in the cellular response

to elevated mitochondrial ROS.

Since tagging of Cdc48p with 13Myc does not compromise function but tagging of
Cdc48p with GFP does compromise function, we used Cdc48p tagged with 13Myc and
GFP to study the effect of PQ on Cdc48p levels and localization. Cdc48p-13Myc and
Cdc48p-GFP localize as diffuse and punctate structures in both the cytosol and the
nuclear ER (Fig. 2.6 A). Interestingly, on average, the number of punctate structures
formed by Cdc48p-GFP doubles from 4 to 8 upon treatment with PQ (Fig. 2.6 A and B).
Moreover, using Cdc48p-GFP together with mCherry-tagged mitochondrial citrate
synthase (Cit1p) to visualize mitochondria, we find that (1) there is a general increase in

cytosolic as opposed to nuclear ER-associated Cdc48p-GFP; and (2) some of the
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punctate structures formed by Cdc48p-GFP after PQ treatment localize near
mitochondria (Fig. 2.6 C). However, it is difficult to draw any conclusions regarding
Cdc48p localization with respect to mitochondria because Cdc48p is abundant and

localizes throughout the entire cell.

We do, however, observe that the steady-state levels of Cdc48p, Vms1p, and Doa1lp,
components or associates of the components of the MAD segregase complex, increase
with PQ treatment (Fig. 2.6 D and E). We analyzed whole-cell extracts by Western
blotting in cells expressing fusion proteins (Fig. 2.4) Cdc48p-13Myc, Doa1p-3HA, and
Vms1p-GFP and find that these proteins increase in expression with PQ treatment by,
on average, 34, 46, and 45%, respectively (Fig. 4 E). These data further support a role
for MAD in mitochondrial quality control under conditions of chronic, mild elevated

mitochondrial oxidative stress.

Since the ERAD and MAD pathways share Cdc48p, the major component of the
segregase complex, we reasoned that down-regulation of ERAD may promote MAD by
allowing more of the complex to localize with mitochondria instead of ER. To test this
hypothesis, we used a strain in which UBX2, a component of ERAD that does not
overlap with MAD, was deleted. Ubx2p is an integral ER-membrane protein that binds to
the cytosolic Cdc48p complex, physically linking it to the ER (Schuberth et al., 2004;
Neuber et al., 2005; Schuberth and Buchberger, 2005). While the WT and ubx2A strains

grow at very similar rates under non-treated conditions, growth of the ubx2A cells is less
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compromised by PQ than the WT strain (Fig. 2.6 F). These data suggest that promoting

MAD increases cellular fitness in response to elevated mitochondrial ROS.
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Figure 2.6. Proteins of the MAD segregase complex and associated components respond to
elevated mitochondrial ROS. (A) Cdc48p-GFP puncta are more numerous after PQ
treatment. WT cells expressing Cdc48p-GFP are shown in the absence (NT) or presence
(PQ) of paraquat. (B) Quantitation of the number of Cdc48p puncta in cells propagated in the
absence (NT) or presence (PQ) of PQ (average of 3 independent experiments, n = 105
cells). The difference in number of puncta is statistically significant by the Kruskal-Wallis test
(p < 0.0001). Error bars represent standard error of the mean. (C) Cdc48-GFP puncta
partially colocalize with mitochondria after PQ treatment. WT cells expressing Cdc48p-GFP
and the mitochondrial protein Cit1p-mCherry are shown. Cells in (A-C) were grown to mid-
log phase in synthetic complete glucose-based media and imaged by fluorescence
microscopy. Deconvolved maximum intensity projections are shown. (D) Levels of the MAD
segregase complex and associated components increase upon PQ treatment. Cells were
grown in glucose-based medium with or without 2.5 mM PQ for 12 hr. Western blots of
whole-cell extracts were probed with the indicated antibodies. Hexokinase (Hex) is a loading
control. Blot is representative of 5 independent experiments. (E) Quantification of Western
blots from 5 independent experiments carried out as described in (D), by densitometry.
Increases in all three protein levels upon PQ treatment are statistically significant by
Student’s t-test. (p < 0.005) Error bars represent standard error of the mean. (F) Growth
rates of WT and ubx2A strains in the absence (NT) and presence (PQ) of PQ were
determined as for Fig. 2.1. Curves shown are representative of >3 independent experiments.
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The UPS contributes to mitochondrial quality control in response to elevated ROS
in the organelle and this response is linked to aging

Finally, we tested mitochondrial fithess upon PQ treatment and whether the UPS or
mitophagy promote mitochondrial health when there is an increase in mitochondrial
oxidative stress. To address these questions, we used a ratiometric redox biosensor
targeted to the mitochondrial matrix, mito-roGFP1 (Dooley et al., 2004; Hanson et al.,
2004; Vevea et al., 2013). When targeted to the mitochondrial matrix, mito-roGFP1 is
capable of sensing the redox state of mitochondria, which is an indicator of
mitochondrial fitness, since a more oxidizing environment within the mitochondria is less
healthy and indicative of oxidative stress. Using microscopy and ratiometric image
analysis, we assessed the redox state of mitochondria in WT, doa7A, and atg32A cells
under non-treated and PQ-treated conditions. As expected, PQ treatment produced a
more oxidizing environment in mitochondria in each of these strains (Fig. 2.7 A and B).
Interestingly, however, doa7A cells are more sensitive in terms of redox state to 2.5 mM
PQ treatment than either WT or atg32A cells, indicating that they have less healthy
mitochondria under the same stress conditions (Fig. 2.7 A and B). These results further
support a role for the UPS, and not mitophagy, under conditions of chronic, mild

elevated mitochondrial oxidative stress.

Given the known link between elevated oxidative stress and aging, we next sought to
determine whether Doa1p may play a role in aging. Specifically, we tested whether

doa1A cells might have a shorter chronological lifespan (CLS) than WT cells. CLS in
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yeast is a measure of longevity in a population of cells that are no longer replicating,
having reached either the post-diauxic phase or stationary phase, and is thus a
measure of the ability of cells to survive under stress (Fabrizio and Longo, 2003; Longo
et al., 2012). We also included atg32A cells in our CLS studies. Previous studies have
shown that autophagy indeed promotes normal CLS in yeast (Alvers et al., 2009; Longo
et al., 2010; Orozco et al., 2012; Aris et al., 2013). Autophagy has also been show to
extend lifespan in worms (Meléndez et al., 2003). Consistent with this, we find that
atg32A cells have a shorter CLS than WT cells (Fig. 2.7 C). Importantly, we find that the
CLS of doa1A cells is shorter than that of either WT or atg32A cells (Fig. 2.7 C). These

data indicate a role for Doa1p in normal lifespan under stress conditions.
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Figure 2.7. Doalp plays a role in mitochondrial quality control in response to oxidative
stress. (A) WT, doa14, and atg32A cells expressing a plasmid-borne redox-sensitive GFP
targeted to the mitochondrial matrix (mito-roGFP1) were grown in glucose-based media
either with (PQ) or without (NT) 2.5 mM PQ for 12 hr. Cells were imaged during mid-log
phase. The ratio of the reduced to oxidized roGFP signal was calculated and displayed so
that blue represents a more oxidizing environment and red represents a more reducing
environment. Maximume-intensity projections of wide-field z series are shown. Images are
representative of the median values shown in (B). Scale bars = 1 ym. (B) Quantitation of the
ratio of the reduced to oxidized roGFP signal. Horizontal bars indicate statistically significant
differences (p<0.0001, Kruskal-Wallis significance test). n > 100 cells per condition for each
strain. (C) CLS of WT, doa14, and atg32A strains. Cells were grown in synthetic complete
glucose-based media. Survival was measured each day as described in Materials and
Methods. The scatter plot is representative of 3 independent trials. Moving average trend
lines are shown.
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DISCUSSION OF RESULTS

While there are many mechanisms to promote repair of mitochondria or elimination of
the organelle when it is damaged beyond repair, the relative contributions of these
pathways to mitochondrial quality control under conditions that mimic aging are not well
understood. Here, we mimicked one aspect of aging by exposure of yeast cells to
chronic, low levels of elevated mitochondrial ROS and we tested the relative
contributions of autophagy, mitophagy, mitochondrial proteases, mitochondrial
chaperone proteins, and the UPS to the maintenance of the fitness of mitochondria and
of the cells as a whole. Our studies support a role for the UPS and for MAD, a recently
identified system for ubiquitination and extraction of damaged proteins from
mitochondria and targeting them for degradation by the UPS. Indeed, this is the first
study to demonstrate a role for the MAD pathway in repair of specific defects in
mitochondrial proteins. Thus, MAD is an important pathway allowing the repair of
mitochondria by removing damaged components, rather than eliminating the still

repairable organelle.

Second, we find that mitophagy and autophagy do not contribute significantly to
mitochondrial quality control in response to elevated mitochondrial ROS. Previous
studies support a role for autophagy and mitophagy in degradation of mitochondria
under conditions of nitrogen starvation in yeast, elimination of mitochondria to produce
the organelle-free red blood cell, and elimination of mitochondria that are damaged
beyond repair in neurons and other mammalian cells (Schweers et al., 2007; Sandoval

et al., 2008; Kanki et al., 2009b; Okamoto et al., 2009; Al Rawi et al., 2011; Sato and
63



Sato, 2011; Bhatia-KiSSova and Camougrand, 2013; Deffieu et al., 2013). We confirmed
a role for Atg32p in chronological lifespan, a condition where cells are exposed to
severe nutrient limitations and high levels of stressors including oxidative stress. Here,
we provide evidence that mitophagy and autophagy are not critical for the fitness of
mitochondria and overall cell health in response to chronic, low-level increases in

mitochondrial ROS.

We also find that the Lon protease, other mitochondrial proteases, and prohibitins do
not contribute significantly to maintenance of mitochondria with low oxidative stress.
This is surprising in light of the fact that Lon proteases and prohibitins are conserved
and ubiquitous and that the prohibitins are essential for development and implicated in
lifespan control. This raises the possibility that there are other challenges to
mitochondria where these pathways are critical for mitochondrial repair and
maintenance, or perhaps suggests that they too become damaged under conditions of
chronic elevated ROS. Since defects in mitochondrial ATP production and not
mitochondrial ROS have been implicated in aging in a mouse model that exhibits
elevated mutation rates in mtDNA, it is possible that these pathways are critical for
maintenance of IMM proteins including components of the respiratory chain and ATP
synthase. Further studies may reveal if this model is relevant and whether other
challenges require repair by the Lon protease and prohibitins. It also remains to be
determined how damaged proteins are identified in mitochondria and translocated to the

surface of the organelle for ubiquitination and degradation by MAD and the UPS.
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FUTURE DIRECTIONS

The human genome encodes 345 really interesting new gene (RING) finger domain
proteins, which are domains associated with E3 ubiquitin ligases. Of these, 54 have
predicted membrane-spanning domains and nine are localized to mitochondria
(Neutzner et al., 2007). It is predicted that these mitochondrial E3 ubiquitin ligases are
localized such that their catalytic domains face the cytosol, and thus can ubiquitinate
proteins within the mitochondrial membrane, but not within the internal compartments of
the mitochondria (Neutzner et al., 2007). Interestingly, proteins localized within the
mitochondria, such as Ucp2p, an integral IMM protein, and Aco2p, a mitochondrial
matrix enzyme, can nevertheless become ubiquitinated (Azzu and Brand, 2010; Ziv et
al., 2011; Kolawa et al., 2013). Based on the predicted topology of the mitochondrial E3
ubiquitin ligases, it is unclear how internal mitochondrial proteins such as these can

become ubiquitinated. Future work can investigate this phenomenon.

One possibility is that damaged proteins from within the mitochondria may become
mislocalized, and may gain access to other mitochondrial compartments, such as
contact sites between the IMM and the OMM. Proteins that reach contact sites might
translocate to the OMM, bringing them within reach of E3 ubiquitin ligases. Alternatively
or additionally, there may be a mechanism in MAD that is analogous to that which has
been described in ERAD allowing the translocation of a misfolded protein to the OMM
for subsequent ubiquitination and proteasomal degradation. Most membrane proteins,
secretory proteins, and proteins destined for the ER membrane must be translocated

from the cytosol across the ER membrane (Kopito, 1997; Matlack et al., 1998).
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Translocation occurs through a protein translocation channel called the Sec61p
complex (Matlack et al., 1998). Interestingly, the Sec61p complex also functions in the
translocation of misfolded proteins from within the ER lumen to the ER membrane
where they can be ubiquitinated and degraded in a proteasome-dependent manner in
the protein quality control pathway ERAD (discussed in Chapter 1) (Wiertz et al., 1996;
Kopito, 1997; Pilon et al., 1997; Plemper et al., 1997). Mitochondrial proteins are
imported into the mitochondria across the OMM through the translocase of the outer
membrane (TOM) complex and proteins destined for the matrix or IMM are translocated
to their final destinations through the translocase of the inner membrane (TIM) complex
(Hewitt et al., 2014). It is reasonable to speculate that misfolded or loosely folded
mitochondrial proteins from within the mitochondria may be retro-translocated through
the existing TIM and TOM import machineries. It is possible that damaged proteins bind
the import machinery through regions that are not normally exposed when they are
properly folded, such as hydrophobic stretches. Once they reach the OMM, they could
be ubiquitinated by E3 ligases and removed for proteasome-dependent degradation in a

manner similar to the retro-translocation that occurs through the Sec61p complex in ER.

It would additionally be interesting to determine whether some E3 ubiquitin ligases are
responsible for ubiquitinating mitochondrial proteins that are normally (under non-stress
conditions) degraded by the proteasome, while others are responsible for ubiquitinating
mitochondrial proteins that become damaged under stress conditions. To investigate
this question, it would be possible to use strains from the yeast deletion collection in

which mitochondrial E3 ubiquitin ligases are deleted (those that are not lethal upon
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deletion) and to expose these cells to both normal and stress conditions, and to probe
for the levels of ubiquitination of mitochondrial proteins (or a selection of candidate
proteins). Upon deleting select mitochondrial E3 ligases, large scale mass spectrometry
studies could be used to investigate the ubiquitination profile of mitochondrial proteins
under stress and non-stress conditions to gain an understanding of the differences in
the mitochondrial protein ubiquitination profile under the two conditions. An E3 ubiquitin
ligase that plays a critical role in the ubiquitination of damaged mitochondrial proteins
would show a lower level of ubiquitination of these proteins under stress conditions than
the WT strain and would be more sensitive to mitochondrial oxidative stress. For these
studies, it would also be useful to inactivate the machinery that removes ubiquitinated
proteins from the OMM. Identification of an E3 ubiquitin ligase that plays an important
role in ubiquitinating damaged mitochondrial proteins would provide a new target for

therapeutic intervention.

Nas4p (also known as Rpn6p) is a non-ATPase regulatory subunit of the lid portion of
the 26S proteasome that is essential for the assembly and function of the 26S
proteasome (Saito et al., 1997; Finley et al., 1998; Santamaria et al., 2003). Given the
important role of this protein in the UPS, another future experiment would be to
overexpress Nas4p in WT cells and deletion strains that show extreme sensitivity to PQ
(such as doalA, nas2A, and ufd5A cells). NAS4 has been shown to have a positive
genetic interaction with DOA1 and the protein product of NAS4 has been shown to
interact physically with Nas2p (Collins et al., 2007; Saeki et al., 2009). Thus,

overexpression of Nas4p may provide particularly interesting results, as we find that
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strains in which DOA71 and NAS2, respectively, are deleted are the two most PQ-
sensitive strains in our panel (Fig. 2.2 B). It is likely that overexpression of Nas4p may
result in reduced sensitivity of WT, doa14, nas24A, and ufd5A cells to PQ. If
overexpression of these genes that promote the UPS are found to increase resistance
of yeast cells to PQ, our model would predict that this overexpression would also extend
chronological lifespan. Indeed, previous work shows that increasing levels of Ufd5p
(also known as Rpn4p or Son1p), a transcription factor that stimulates the expression of
proteasome genes, increases UPS activity and results in increased resistance of yeast
cells to toxins and extends replicative lifespan (Kruegel et al., 2011). Yeast cells
overexpressing Ump1p, a chaperone that contributes to proper assembly of the 20S
proteasome, are less sensitive to oxidative stress and have extended chronological
lifespan, further supporting a critical role for the proteasome in quality control under

stress conditions (Chen et al., 2006).

While overexpression studies that are designed to increase the capacity of the UPS,
and thus increase resistance to PQ toxicity and perhaps extend chronological lifespan in
yeast would be informative, overexpression studies are often not physiologically
relevant, as they can result in aberrant protein localizations and functions. Therefore,
other strategies should be employed to increase proteasome capacity in a manner less
likely to be disruptive of normal cellular functions. One possibility is through mutation of
Ubr2p and Mub1p, which are both required for the turnover of Rpn4p (discussed
above). Ubr2p is a cytosolic ubiquitin ligase that ubiquitinates Rpn4p and Mub1p is a

Ubr2p-associated protein that aids in this function (Kruegel et al., 2011). Deletion of
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these genes elevates Rpn4p levels, thereby increasing proteasome capacity without the
introduction of an overexpressed plasmid-borne protein (Kruegel et al., 2011). It would
be interesting to test whether deletion of UBR2 and MUB1 could increase resistance of
yeast cells to PQ and extend chronological lifespan. In performing this experiment, one
must keep in mind that the deletion of UBR2 and MUB1 may have unknown
consequences if they are involved in the degradation of other yet unidentified protein
substrates. Additionally, the proteasome components that accumulate upon the deletion
of UBRZ2 and MUB1 may over time become less efficient if they are not turned over at
their normal rates. Regardless of these possible detrimental consequences, it is worth

testing this hypothesis.

Although data from this study clearly supports a critical role for the proteasome, and not
mitophagy, in mitochondrial quality control under conditions of chronic, low levels of
mitochondrial oxidative stress and identifies some major players in this quality control
pathway, other specific genes that also play important roles in mitochondrial quality
control under these conditions can be identified. The screening protocol designed in this
study could be applied to genome-wide or other unbiased screens to aid the discovery

of other factors in mitochondrial quality control.
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MATERIALS AND METHODS

Strains and plasmids

S. cerevisiae strains used in this study are summarized in Supplemental Table 2.1. All
yeast strains were created in the BY4741 wild-type background. Deletion strains were
purchased from Open Biosystems (Huntsville, AL). CDC48, DOA1, and VMS1 were
tagged at the C-terminus with GFP by transformation with a PCR-amplified GFP tagging
cassette from the pFAG6a-GFP system (Addgene, Cambridge, MA) containing HIS3 and
40 bp homology to the endogenous locus. ACO2 was tagged at the C-terminus with
GFP by transformation with a PCR-amplified GFP tagging cassette from the pFAGa-
GFP system (Addgene, Cambridge, MA) containing KanMX6 and 40 bp homology to
the endogenous locus. To tag Cit1p at its C-terminus with mCherry in cells expressing
Cdc48p-GFP, cells were transformed with a PCR-amplified pcY3090-02 plasmid
containing a hphMX4 gene for selection with hygromycin B and 40 bp homology to CIT1
(Young et al., 2012). CDC48 and ACOZ2 were tagged at the C-terminus with 13Myc by
transformation with a PCR-amplified pFA6a-13Myc plasmid containing a His3Mx6 or
KanMX6 gene for selection, respectively, and 40 bp homology to the CDC48 or ACO2
endogenous locus. DOA1 was tagged at the C-terminus with 3HA by transformation
with a PCR-amplified pFA6a-3HA plasmid containing a KanMX6 gene for selection,
respectively, and 40 bp homology to the endogenous locus. The PHB2 genomic locus
was disrupted in phb1A cells by transformation with a PCR-amplified sequence
containing HIS3 from the pFA6a-HIS3MX6 and 40 bp homology to the endogenous
locus. The rho? strains were generated by deleting MGM101 by disrupting its genomic

locus by transformation with a PCR-amplified sequence containing LEU2 from the
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plasmid derived from the pOM cassette system (Tamm, 2009) and 40 bp homology to
the endogenous locus. The mitochondrial-targeted redox sensitive green fluorescent
protein (mito-roGFP1) (Vevea et al., 2013) was transformed into WT, afg324, and

doa1A cells.

Following transformation using the lithium acetate method, cells were selected on solid
media with the appropriate selective solid media (Gietz et al., 1995). In-frame tagging or
disruption of a gene was verified using PCR amplification. E. coli DH5-a competent cells
(Stratagene, USA) were used for amplification of all plasmids used in this study.
Plasmid clones were recovered from bacteria with a MiniPrep kit (Qiagen, Valencia,

CA).

Media, culture conditions, and drug treatments

E. coli was cultivated in Luria-Bertani (LB) medium (1% peptone, 0.5% yeast extract,
1% sodium chloride, pH 7.0) at 37 °C with ampicillin (100 g/L) to select for plasmid-
carrying cells. S. cerevisiae strains were grown in synthetic complete (SC) medium at
30 °C on a rotary shaker at 225 rpm, as previously described (Fehrenbacher et al.,
2004). Synthetic complete (SC) medium, media for selection of auxotrophs, and solid
media were prepared according to Sherman (2002). For selection of antibiotic-resistant
cells, geneticin (G418) sulfate (Invitrogen, Carlsbad, CA) was added at 200 pg/mL for
cells expressing the kanMX6 gene, and at 300 ug/mL for cells expressing hphMX4.

Starvation experiments were performed in synthetic minimal medium lacking nitrogen
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(SD-N), made as previously described (Kanki et al., 2009b). This medium contains

0.17% yeast nitrogen base without amino acids and 2% glucose.

Cells were treated with 2.5 mM paraquat (Santa Cruz Biotechnology, Dallas, TX) for 12
hr, in glucose-based media, unless otherwise stated. Cells that were treated with the
proteasome inhibitor Z-Leu-Leu-Leu-al (MG132) (Sigma, St. Louis, MO) were grown in
synthetic medium (0.17% yeast nitrogenous base without ammonium sulfate)
supplemented with 0.1% proline, amino acids, and 2% glucose. SDS (0.003%) was
added 2 hrs prior to MG132 treatment. Cultures were treated with a final concentration
of 75 yM MG132 in dimethyl sulfoxide (DMSO) (Molecular biology grade, Sigma, St.
Louis, MO), or the vehicle alone, and incubated under normal growth conditions for 4 hr

(Liu et al., 2007).

Growth rate analysis

Cells were grown at 30°C in glucose-based media in a sterile Corning 96-well clear flat
bottom polystyrene TC-treated microplate (Life Sciences, Manassas VA, product
number 3596) with the cover on. Growth rate was measured by optical density (OD)
measurements at 600 nm every 20 min for 3 days using a Tecan Nanoquant plate
reader (Tecan US, Morrisville, NC). The plate reader was operated using Magellan
software. To prepare initial cultures for inoculation, stationary-phase precultures were
diluted and grown to mid-log phase before being diluted to an ODggo of 0.07 in a total of
500 uL. These cultures were further diluted to an ODggo of 0.0035 by adding 10 uL

culture 200 uL of the appropriate media within a single well of the 96-well plate. Cells
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were grown in either standard medium or medium containing 2.5 mM paraquat. Each
sample within the 96-well plate was prepared in quadruplicates, and growth rate

analyses were replicated at least three times.

Chronological lifespan assay

Cultures were inoculated from a single colony into synthetic dextrose complete medium
with 4-fold excess of the supplements for which the BY4741 strain is auxotrophic, and
grown overnight with shaking at 30 °C (Fabrizio and Longo, 2003). The next morning,
cultures were diluted 1:200 into 10 mL of fresh synthetic complete medium with a flask-
to-culture volume ratio of 5:1. This incubation time-point was considered day 0. An
aluminum cap covered each flask to reduce the level of oxygen in the flask. Flasks
were left to shake at 30 °C at 200 rpm to allow cells to grow logarithmically until they
reached the mostly non-dividing high-metabolism postdiauxic phase within 24 hr (Longo
et al., 2012). While traditionally, every two days starting on day 3, an aliquot is removed
from the culture and diluted according to the estimated survival and plated onto yeast
peptone dextrose (YPD) plates, we began our dilutions on day 1 to incorporate more
data points. The plates were incubated at 30°C for 2-3 days. Viability of the cells in the
flask at the time that the yeast cells were plated was assessed by counting colony
forming units (CFU). Traditionally, viability at day 3, when the great majority of the cells
stop dividing, is defined as the initial survival (100%), but for our assay, we defined the

initial survival as survival at day 1.

Microscopy
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Unless otherwise stated, all imaging was performed in live cells. Single slides were not
imaged for more than 15 min. For the localization studies, we used an AxioObserver.Z1
microscope equipped with a Colibri LED excitation source (Carl Zeiss Inc., Thornwood,
NY), a wide-field camera (Orca ER, Hamamatsu Photonics, Bridgewater, NJ), and
Axiovision or ZEN acquisition software (Zeiss). We used a 100x/1.3 NA EC
PlanNeofluar objective (Zeiss) and set the camera to 1x1 binning to optimize spatial
resolution. Three-dimensional images over time were acquired by obtaining z-series
with 0.5-uym spacing. To visualize mCherry, we used an excitation of 570 nm and a
standard rhodamine/RFP filter set. To visualize GFP, we used excitation at 470 nm

(100% LED power) and a standard GFP filter set.

Imaging for the mito-roGFP1 studies was performed as previously described (Vevea et
al., 2013). Briefly, the oxidized and reduced forms were excited with LEDs at 365nm an
470 nm, respectively, and emission was collected through a standard GFP filter set with
the excitation filter removed. For the Cdc48p-GFP studies, imaging was performed on
an Axioskop 2 microscope (Zeiss) with a 100x/1.4 NA Plan-Apochromat objective and
an Orca 1 cooled charge-coupled device (CCD) camera (Hamamatsu) or an E600
microscope (Nikon) with a Plan-Apo 100x/1.4 NA objective and an Orca-ER cooled
CCD camera with FITC filter sets. Hardware was controlled by Openlab software
(Perkin-Elmer, Waltham, MA). Three-dimensional images over time were acquired by
obtaining z series with 0.3-um spacing using a piezoelectric focus motor mounted on
the objective lens (Polytech Pl, Auburn, MA). Images were deconvolved and rendered

using Volocity software (Perkin-Elmer).
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Image processing and analysis

Images were deconvolved using a constrained iterative restoration algorithm in Volocity
software. Maximum projections were reconstructed using Volocity or Imaged (Schneider
et al., 2012). For statistical analysis, p values were calculated with the Student’s t-test

(two-tailed distribution) or the Kruskal-Wallis significance test.

Protein methods

Protein was isolated from yeast cells as previously described (Boldogh et al., 1998).
Protein concentration was determined using the bicinchoninic acid assay (Pierce,
Rockford, IL). Hexokinase was detected using a rabbit polyclonal anti-hexokinase
antibody (Cat. No. LS-C59302) purchased from LifeSpan Biosciences, Inc. (Seattle,
WA). HA-tagged proteins were detected using a monoclonal mouse anti-HA antibody
(clone 16B12, Cat. No. MMS-101P, Covance, Princeton, NJ). GFP was detected using
a rabbit polyclonal anti-GFP antibody (Cat. No. ab290) purchased from Abcam
(Cambridge, MA). Ubiquitin was detected using a mouse monoclonal anti-ubiquitin
antibody (clone Ubi-1/042691GS, Cat. No. MAB1510) purchased from EMD Millipore
(Billerica, MA). Horseradish peroxidase-conjugated secondary antibodies (Promega,
Madison, WI) or DyLight 650 fluorescent secondary antibodies (Rockland, Gilbertsville,
PA) were used for detection of protein bands for Western blotting. Signal was detected
using the Luminata Forte Western Blot HRP substrate (Millipore). Luminescence was
recorded using a ChemiDoc MP imaging system and analyzed using Image Lab

software (Bio-Rad, Hercules, CA).
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Table 2.1. Yeast strains used in this study were constructed as described in the Methods

section. All yeast strains were created in the BY4741 wild-type background.

Strain Genotype Source
BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 Open Biosystems
(Huntsville, AL)
5063 MATa doa1A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems
3985 MATa vms1A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems
3048 MATa pim1A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems
7144 MATa yme1A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems
148 MATa yta10A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems
6224 MATa yta12A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems
4762 MATa phb1A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems
5884 MATa phb2A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems
4547 MATa atg1A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems
2103 MATa atgbA::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems
7090 MATa atg7A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems
3104 MATa atg8A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems
3847 MATa atg9A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems
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Strain

Genotype

Source

5468 MATa atg11A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems

3357 MATa atg12A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems

2305 MATa atg32A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems

3716 MATa ufd5A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems

1399 MATa nas2A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems

6486 MATa fpr3A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems

7022 MATa aco2A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems

DAY019 | MATa phb1A::kanMX6 phb2A::HIS3 leu2A0 met15A0 This study
ura3A0

DAY020 | MATa cit1-GFP::HIS3 leu2A0 met15A0 ura3A0 This study

DAY021 | MATa cdc48-GFP::HIS3 leu2A0 met15A0 ura3A0 This study

DAY022 | cit1-mcherry::hphMX4 cdc48-GFP::HIS3 leu2A0 met15A0 This study
ura3A0

DAY023 | MATa doa1-GFP::HIS3 leu2A0 met15A0 ura3A0 This study

DAY024 | MATa vms1-GFP::HIS3 leu2A0 met15A0 ura3A0 This study

DAY025 | MATa his3A1 leu2A0 met15A0 ura3A0 [p416GPD mito- This study
roGFP::URAS3]

DAY026 | MATa doa1A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 This study
[p416GPD mito-roGFP::URA3]

DAY027 | MATa atg32A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 This study
[p416GPD mito-roGFP::URA3]

DAY028 | MATa cdc48-13Myc::HIS3 leu2A0 met15A0 ura3A0 This study
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Strain Genotype Source
DAY029 | MATa doa1-3HA::KANMX®6 his3A1 leu2A0 met15A0 ura3A0 | This study
DAY030 | MATa doa1-3HA::KanMX6 Cdc48-13Myc::HIS3 leu2A0 This study

met15A0 ura3A0
DAY031 | MATa aco2-13Myc::KanMX6 his3A1 leu2A0 met15A0 This study
ura3A0
DAY032 | MATa aco2-GFP::KanMX6 his3A1 leu2A0 met15A0 ura3A0 | This study
DAY033 | MATa mgm101A::.LEU2 his3A1 leu2A0 met15A0 ura3A0 This study
DAY034 | MATa doa1A::kanMX6 mgm101A::LEU2 his3A1 leu2A0 This study
met15A0 ura3A0
DAY035 | MATa atg32A::kanMX6 mgm101A::LEU2 his3A1 leu2A0 This study

met15A0 ura3A0
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CHAPTER 3 - INTRODUCTION TO PART II: Aim44p Regulates
Phosphorylation of Hof1p to Promote Contractile Ring

Closure During Cytokinesis in Budding Yeast
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INTRODUCTION

A Brief History of the Study of Cytokinesis

Cytokinesis is the division of cytoplasm between dividing cells and thus is a process that
naturally lends itself to be studied closely with karyokinesis, the division of the nucleus
(Beams and Kessel, 1976). The study of cell division is essential to our understanding
of the transmission of genetic material, cell growth, cell differentiation, and malignancy.
As scientists have been interested in cell division for over a century, hundreds of earlier
studies have made use of the light microscope (Beams and Kessel, 1976). However,
new techniques and improvements to older techniques that arose starting in the 1950s,
such as electron microscopy, autoradiography, phase contrast, microdissection, and
chemicals to promote and inhibit cell growth, to name a few, allowed for rapid

progression of the field (Beams and Kessel, 1976).

The fertilized egg and early blastomere of zebrafish and amphibians are some of the
early classic model systems for studying cell division (Beams and Kessel, 1976).
Currently, echinoderm embryos are among the most popular model system for studying
this process. Studies using these models and scanning electron micrographs allowed
for the observation and characterization of the cleavage furrow, the contractile ring, and
spindle fibers (Beams and Kessel, 1976). Other early studies were performed in tissue
culture models, such as HelLa cells (Beams and Kessel, 1976). Despite the fact that the
study of cytokinesis dates back to the 19™ century, the field is expanding considerably

as a major topic of research for researchers not only interested in understanding cell
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division as an essential process for life, but also for investigators interested in studying

its role in human disease, especially cancer (Burgess, 2005).

Among all of the events that occur throughout the cell cycle, it is interesting to note that
cytokinesis may be the most divergent among different cell types. In the most extreme
case exemplifying these differences, some cells do not even undergo cell division
following nuclear division, as in the case of the slime mold Physarum (Hyams, 2005). In
the case of plants and fungi, cell division includes the formation of a cell wall between
the dividing cells (discussed in detail below). Yet even in the case of cell wall formation
during cell division, differences exist in the site of origin and direction in which the wall is
deposited in different cell types (Hyams, 2005). Metazoan cell division does not include
cell wall deposition. Instead, animal cells generally divide through the constriction of an
invagination in the cell membrane called a cleavage furrow (discussed in detail below)
(Hyams, 2005). These unique differences, among others, have presented a challenge in
studying cytokinesis compared to other events throughout the cell cycle, but also

contribute to making this field a broad and intriguing realm of study.

Overview of Key Events in Animal Cell Cytokinesis

Selection of the Site of Cell Division

In metazoan cells, several models have been proposed to explain the role of
microtubules and the mitotic apparatus in selecting the site of the division plane. In
1940, experiments employing microtubule inhibitors and cold temperatures to

depolymerize microtubules revealed a role for microtubules in establishing the position
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of the cleavage furrow (Beams W. H. and Evans T.C., 1940). To discuss current models
of site selection for the cleavage furrow in cytokinesis, it is necessary to understand
different microtubule orientations. Kinetochore microtubules span the chromosomes and
the spindle poles (Fig. 3.1) (Burgess and Chang, 2005). Spindle midzone microtubules
are microtubule bundles that stretch from the centrosomes towards the midzone of the
mitotic apparatus and do not make contact with chromosomes (Fig. 3.1) (Burgess and
Chang, 2005). Equatorial microtubules and polar microtubules are types of astral
microtubules (Fig. 3.1) (Burgess and Chang, 2005). Equatorial astral microtubules stem
from the centrosomes towards the cleavage furrow (Fig. 3.1) (Burgess and Chang,
2005). Polar astral microtubules extend from the centrosomes towards the polar cell

surface, away from the midzone (Fig. 3.1) (Burgess and Chang, 2005).

Figure 3.1. Understanding the current models of
site selection for the cleavage furrow in
cytokinesis requires understanding different types
of microtubules, which are defined for this
purpose in terms of their geometrical
relationships. Kinetochore microtubules span the
chromosomes and the spindle poles (green).
Spindle midzone microtubules are microtubule
bundles that stretch from the centrosomes
towards the midzone of the mitotic apparatus and
do not make contact with the chromosomes (red).
Equatorial astral microtubules stem from the
centrosomes towards the cleavage furrow (blue).

—— Kinetochore MT Polar astral microtubules extend from the

s Spindle midzone MT centrosomes towards the polar cell surface, away

Emmm— Equatorial astral MT from the midzone (yellow). This figure is from
Polar astral MT Burgess and Chang, 2005.

TRENDS in Cell Biology
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In the equatorial stimulation model of cytokinesis, equatorial astral microtubules send
a positive signal to the cortex to induce cleavage furrow formation (Burgess and Chang,
2005). This model is supported by the observation of Ray Rappaport and colleagues in
which they performed micromanipulation experiments on echinoderm eggs and used
brightfield and phase-contrast microscopy to visualize the mitotic apparatus (Burgess
and Chang, 2005). For example, modulating echinoderm eggs into unnatural cylindrical
shapes such that astral rays are unlikely to reach the polar cortex revealed that the
eggs divided at the plane between the spindle poles (Rappaport, 1960). Additionally,
physically blocking the asters from contacting the equatorial region prevents normal
cleavage, further supporting an active role in the microtubule apparatus on cleavage

furrow formation (Rappaport, 1968; Rappaport and Rappaport, 1983).

The polar relaxation model proposes that astral microtubules signal to the polar cortex
to inhibit cortical tension, preventing furrow formation at the poles, yet allowing
formation at the metaphase plate. This model is supported by the observation that
equatorial astral microtubules in egg models are less dense at the cortex of the
cleavage furrow than in the polar areas (Asnes and Schroeder, 1979; White and Borisy,
1983; Dechant and Glotzer, 2003; Yoshigaki, 2003). However, manipulation of the astral
microtubule density did not change the localization of cleavage furrow formation,

arguing against this model (Rappaport, 1960; Rappaport and Rappaport, 1984).

The spindle midzone model proposes that proteins in the midzone, along with

antiparallel, non-kinetochore associated microtubules communicate with the cortex to
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stimulate cleavage furrow formation (Burgess and Chang, 2005). It should be noted that
these models may not be mutually exclusive and future work in this area may build upon

one or more of these models.

Assembly, Contraction, and Disassembly of the Contractile Components

While obvious differences were observed between the early model systems used to
study cell division, a great many commonalities between their cell division processes
were noted, especially regarding the cleavage furrow and the existence of
microfilaments in the region of the cleavage furrow that were likely providing the driving
force for cell-cell separation (Schroeder, 1990). For example, in all systems studied, the
cleavage furrow was identified as a marker of the division site, appearing as an
indentation or ingression on the cell’'s surface that becomes progressively deeper until

the point of cell-cell separation.

The concept that a force ultimately drives cell division was originally proposed by
Douglas Marsland in the early 1950s and later modified by Lewis Wolpert (Marsland
and Landau, 1954; Wolpert, 1960; Schroeder, 1990). By 1960, scientists speculated
that cleavage furrow closure might occur by a mechanism much like that by which
muscle contraction occurs, though there were no experiments that specifically provided
evidence for this idea (Schroeder, 1990). It was not until after this hypothesis was
proposed that actin was eventually identified in non-muscle cells (Schroeder, 1990).
Later, experiments revealed “actin-sized” microfilaments localized in the cleavage

furrow, supporting the hypotheses of Marsland and Wolpert, and within several years,
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the microfilaments were identified biochemically as F-actin (Schroeder, 1990). The
remainder of this section will highlight the great progress made in the field since the
early observations of the cleavage furrow and will discuss the current state of the field in
understanding the molecular composition of the contractile components, as well as their

regulation.

The contractile ring mediates cell division in many cell types. The contractile ring is
composed of F-actin, myosin Il, and about 50 accessory proteins (Wolfe and Gould,
2005). Contractile ring assembly is mediated by a GTP-bound, active pool of RhoA
(Rho1p in budding yeast) molecules (Piekny et al., 2005). The Rho GTPase family of
proteins is made up of small proteins composed of a GTPase domain and an additional
approximately 30 amino acid residues. Some of these additional residues undergo
posttranslational modifications that alter the localization of the protein and promote
interaction with lipid membranes including the plasma membrane, endosomes, and the
Golgi apparatus (Piekny et al., 2005). Rho GTPases play an important role in the
regulation of the actin cytoskeleton and myosin Il dynamics, implicating them in a wide

range of cellular functions, including cytokinesis (Piekny et al., 2005).

In metazoan cells, which will be the focus of this section, RhoA is the main Rho GTPase
that regulates assembly of the contractile ring, the forces that promote its contraction,
and the stability of the contractile ring in late stages of cytokinesis (Piekny et al., 2005).
In fact, inhibiting RhoA through knockdown by RNA interference in Caenorbabditis

elegan embryos and by chemical inhibition in Xenopus embryos resulted in defects in
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cortical ring contraction and furrow formation in most cases (Kishi et al., 1993; Drechsel

et al., 1997; Jantsch-Plunger et al., 2000; Yuce et al., 2005).

The active, GTP-bound form of RhoA promotes cytokinesis by binding to and regulating
effector proteins such as the formin family, the Rho-dependent kinase (ROK) and the
Citron kinase (Piekny et al., 2005). As expected, formins promote the polymerization of
actin essential for the assembly of the contractile ring (Piekny et al., 2005). Specifically,
the formins that regulate cytokinesis are normally auto-inhibited by the binding of their
C- and N-terminal domains (Alberts, 2001). RhoA binds to a region of the formins that
partially overlaps with the C-terminal region normally involved in the autoinhibited-
binding state, thus allowing the formins to promote actin polymerization (Otomo et al.,

2005; Rose et al., 2005).

RhoA activation indirectly regulates contractile ring constriction by directly activating the
kinase activity of ROK, which in turn regulates myosin (Piekny et al., 2005). The
phosphorylation of a conserved serine residue (S19) within one of the regulatory light
chains of myosin Il promotes myosin filament assembly (Piekny et al., 2005). This
activates the actin-dependent ATPase activity of the motor domain and ultimately
provides the driving force for actomyosin ring constriction. While the S19 residue of
myosin can be phosphorylated by other kinases, such as MLCK and Citron kinase,
suggesting some functional redundancy, inhibiting ROK activity results in either a delay
or complete failure of cleavage furrow ingression in human tissue culture cells,

Drosophila melanogaster, and C. elegans (Kosako et al., 2000; Piekny and Mains,
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2002; Royou et al., 2002). Interestingly, ROK not only phosphorylates myosin, but also
prevents its dephosphorylation by inhibiting the phosphatase responsible for
dephosphorylation at the key S19 residue (Kimura et al., 1996; Piekny and Mains,

2002).

The activation of Citron kinase by GTP-bound RhoA plays a role in late stages of ring
closure to varying extents, depending on cell type (Piekny et al., 2005). The localization
of Citron kinase to the cleavage furrow in both human and D. melanogaster depends
upon active RhoA (Eda et al.,, 2001; Shandala et al., 2004). In mice, deleting Citron
kinase produces cytokinesis defects in only a few tissues, having the greatest
detrimental effect on the brain and central nervous system tissues compared to other
tissues (Di Cunto et al., 2000). In contrast, in D. melanogaster, Citron kinase is essential
for cytokinesis in all cell types (Shandala et al., 2004). In flies lacking Citron kinase, the
furrow fully forms and constricts, but later regresses upon becoming unstable,
accompanied by aberrant furrow formation (D’Avino et al., 2004; Echard et al., 2004;
Naim et al., 2004). Although evidence supports a role for activated Citron kinase in the
stabilization of the actomyosin ring in late stages of contraction, an exact mechanism for
this regulatory role is unknown. Interestingly, in vitro studies reveal that Citron kinase
can phosphorylate myosin Il at two residues, Thr18 and Ser19 (Yamashiro et al., 2003).
Moreover, in normal rat kidney epithelial (NRK) cell lines, the di-phosphorylated form of
myosin has a more constrained localization to the cleavage furrow, especially late in

cytokinesis, than the mono-phosphorylated form (Yamashiro et al., 2003).
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In a 1972 publication, Thomas E. Schroeder noted that during the first cleavage in the
eggs of Arbacia punctulata (sea urchin), the contractile ring exists from only about 20
seconds after anaphase to the end of furrow ingression, for a total duration of only
approximately six to seven minutes (Schroeder, 1972). He also noted that during
contraction, the volume of the contractile ring components decreases, indicating that the
contraction of the ring occurs concomitantly with ring disassembly (Schroeder, 1972). In
1995, Gunsalus et al. suggest that the contractile ring disassembles as a result of an
actin-binding protein, such as the cofilin family of proteins that depolymerize actin
filaments and this view remained widely-accepted for another decade (Gunsalus et al.,
1995). In 2005, two publications, one by Murthy and Wadsworth and the other by Wang
and colleagues, find evidence that the myosin ATPase activity is required for actin
disassembly in the contractile ring using cultured mammalian cells (Guha et al., 2005;
Murthy and Wadsworth, 2005). Using fluorescence recovery after photobleaching
(FRAP) experiments, both groups used drug treatments such as blebbistatin to inhibit
the ATPase activity of myosin and observed that this decreased the dynamics of the
fluorescently-labeled actin within the contractile ring (Guha et al., 2005; Murthy and
Wadsworth, 2005). This work provides compelling evidence for the ATPase activity of
myosin Il in the disassembly of the actomyosin ring during ring constriction, an
observation that was made over 40 years ago but which is still not mechanistically well

understood.

The work of Jian-Qiu Wu and Thomas D. Pollard provided the field of cytokinesis with

great insight into not only the composition of the contractile ring, but also its temporal
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regulation. In their work using the fission yeast Schizosaccharomyces pombe, they used
fluorescence microscopy and flow cytometry to measure the amount of nearly 30
cytoskeletal and signaling YFP fusion proteins and to monitor their localizations during
the cell cycle in S. pombe (Wu and Pollard, 2005). Importantly, they verified the
functionality of each fusion protein and used the native promoters of each to ensure
physiological activity and proper stoichiometry during their studies (Wu and Pollard,
2005). The data provided by this study demonstrate just how intricate and coordinated
the role of each protein is within the entire process of cell division and emphasize the
importance of this process in the propagation of genetic inheritance in a population of

dividing cells.

While this section focused on the assembly and constriction of the contractile ring
during cytokinesis in animal cells, it should be noted that this is covered with more
specific relation to the budding yeast Saccharomyces cerevisiae (the model system
used in this work) in greater detail in the Introduction to Chapter 4. Additionally, the
roles of the septins, which also form rings at the start of cell division and play critical
roles in cytokinesis are discussed below, with specific attention given to their functions

in yeast, the organism in which they were discovered.

New Membrane Insertion at the Division Site

Contractile ring constriction is accompanied by the addition of new membrane material
to the division site, allowing for the necessary expansion of this region to accommodate

cell separation (Wolfe and Gould, 2005). In this process, the secretory apparatus is re-
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directed towards the site of cell division (Wolfe and Gould, 2005). The secretory
apparatus, including the exocyst complex, plays a key role in the delivery of secretory
vesicles, generally derived from the Golgi, to the plasma membrane for fusion (Ting et
al., 1995; TerBush et al., 1996; Grindstaff et al., 1998). Treating cells with brefeldin A
(BFA), an Arf GTPase inhibitor that blocks the anterograde transport of vesicles from
the ER, thereby causing Golgi disruption, blocking cytokinesis in its late stages, causing
failure of cell division in the first zygotic division of C. elegan embryos (Donaldson and
Jackson, 2000; Skop et al., 2001). This observation indicates that the membrane
trafficked to the site of cell division, and thus contributing to membrane expansion, is
indeed Golgi-derived. In yeast, cell membrane deposition is also accompanied by the
synthesis and deposition of new cellular wall components in a process called septation,

which will be discussed below.

Cytokinesis in Budding Yeast

In the budding yeast S. cerevisiae, cytokinesis is highly homologous to cytokinesis in
animal cells, sharing both structures and mechanisms (Wloka and Bi, 2012). For
example, actomyosin contractile ring formation and constriction is a homologous
mechanism in yeast and animal cells (Bi et al., 1998). While septation, or cell wall
deposition (discussed in more detail below), occurs in yeast but not in animal cells, this
mechanism is considered analogous to the deposition of the extracellular matrix and its
remodeling that occurs during cell division in mammals (Bi and Park, 2012). Taking
these similarities and differences into account, yeast are an exceptional model organism

for studying cell division because actomyosin contractile ring closure and septation can
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be perturbed in yeast without causing lethality, giving this model organism a major
advantage over animal cells (Rodriguez and Paterson, 1990; Lippincott and Li, 1998b;
Schmidt et al., 2002). Additionally, many conditional lethal mutants have already been
developed for this organism, facilitating studies that would be difficult or impossible in
other organisms. Yeast cells are also readily genetically manipulatable and can be
easily used to generate genetic knockouts and genetically encoded fusion proteins

regulated by their endogenous promoters.

Overview of the Septins in Yeast Cell Division

Septins were first discovered in the budding yeast S. cerevisiae in the early 1970s
during a mutagenesis screen performed by Lee Hartwell to identify genes involved in
cell division (Hartwell, 1971). The protein products of the four septins discovered in this
screen (Cdc3p, Cdc10p, Cdc11p, and Cdc12p) were later determined by fluorescence
microscopy to localize to the mother-bud neck in budding yeast (Haarer and Pringle,
1987; Kim et al., 1991). Septins are highly conserved proteins, existing in all known
eukaryotes except for land plants (Saarikangas and Barral, 2011). However, the number
of septin genes between organisms differs greatly and alternative splicing in some
organisms contributes to further diversity (Cao et al.,, 2007; Pan et al., 2007;
Saarikangas and Barral, 2011). While they are conserved, septins do not share high

sequence homology (Mostowy and Cossart, 2012).

The septins are a subfamily of GTP-binding proteins that form hetero-oligomeric

filament-forming complexes (Pan et al., 2007; Bertin et al., 2008, 2012; Garcia et al.,
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2011). Septins are known for their formation of hetero-complexes which polymerize into
higher-order structures, including filaments, rings, and cage-resembling structures
(Saarikangas and Barral, 2011; Mostowy and Cossart, 2012). It is their ability to form
filamentous structures that has gained them recognition as a noncanonical fourth

component of the cytoskeleton (Mostowy and Cossart, 2012).

The filamentous structures formed by septins are non-polar, similar to the intermediate
filaments of the cytoskeleton, but distinct from actin and microtubule filaments (Mostowy
and Cossart, 2012). During septin polymer formation, septins interact via their GTP-
binding domains and through their N- and C-terminal domains (Sirajuddin et al., 2007,
2009; Bertin et al., 2008; Zent et al., 2011). GTP hydrolysis may regulate septin-septin
binding by stimulating conformational changes in these domains (Sirajuddin et al., 2007,
2009). Interestingly, septins can interact physically with actin (Kinoshita et al., 2002; Joo
et al., 2007), microtubules (Surka et al., 2002; Nagata et al., 2003; Kremer et al., 2005;
Spiliotis et al., 2008; Bowen et al., 2011; Sellin et al., 2011), and phospholipid
membranes (Tanaka-Takiguchi et al., 2009; Bertin et al., 2010), and these interactions
between septins and actin, microtubules, and phospholipids may regulate, promote, and
stabilize septin filament formation (Mostowy and Cossart, 2012). Interaction of septins
with phospholipid membranes may also contribute to their function in modulating
membrane morphology (Tanaka-Takiguchi et al., 2009). Finally, septins are post-
translationally modified by phosphorylation (Barral et al., 1999; Mortensen et al., 2002;
Dobbelaere et al., 2003; Versele and Thorner, 2004; Garcia et al., 2011), sumoylation

(Johnson and Blobel, 1999; Johnson and Gupta, 2001), and ubiquitylation (Zhang et al.,
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2000), and these modifications may also regulate septin filament assembly and/or

disassembly.

The septins provide structural support for assembly and maintenance of the actomyosin
ring at the bud neck, and play a role in primary septum formation in yeast (which will be
discussed in more detail in the following section) (Longtine et al., 1996). Immediately
before bud emergence, the septins localize to the presumptive bud site as unorganized
septin patches. These patches then form an organized, single cortical ring (Fig. 3.2)
(lwase et al., 2006; Merlini and Piatti, 2011). During bud growth, the septin ring forms an
hourglass structure (the septin collar) at the mother-bud neck, and at the onset of
cytokinesis, the mitotic exit network (MEN) signals the septins to form a double ring that
surrounds the actomyosin ring (Cid et al., 2001; Lippincott et al., 2001). The double
septin ring structure is maintained throughout cytokinesis. Thereafter, the mother and

daughter cell each retain a single septin ring at the cell division site (Cid et al., 2001).

Interestingly, fluorescence recovery after photobleaching experiments revealed that the
septin single ring and double ring structures are dynamic, while the septin hourglass
structure is not (Caviston et al., 2003; Dobbelaere et al., 2003). Formation of the septin
hourglass structure is regulated by kinases that are recruited to the bud neck in a
septin-dependent manner (Merlini and Piatti, 2011). Formation of the hourglass
structure requires phosphorylation of several septins by the kinases Cla4p and Gin4p,
which are themselves phosphorylated by EIm1p (Sreenivasan and Kellogg, 1999;

Dobbelaere et al., 2003; Versele and Thorner, 2004). Later, dephosphorylation of the
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septin Shs1p by Rts1p, the catalytic subunit of the protein phosphatase 2A (PP2A) is
necessary for septin reorganization from the hourglass structure to double rings
(Dobbelaere et al., 2003). The septins are organized parallel to the mother-bud axis
within the hourglass structure, and then reorient 90 degrees such that they are
perpendicular to the mother-bud axis in the septin double rings (Vrabioiu and Mitchison,

2006; DeMay et al., 2011).
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Figure 3.2. In budding yeast, immediately before bud emergence, the septins localize to the
presumptive bud site as unorganized septin patches, which rapidly form an organized, single
cortical ring. During bud growth, the septin ring forms an hourglass structure at the mother-
bud neck. At the onset of cytokinesis, the MEN signals the septins to form a double ring that
surrounds the actomyosin ring. The double septin rings are maintained throughout
cytokinesis, after which the mother and daughter cell each retain a single septin ring at the
cell division site. Figure modified from Merlini and Piatti, 2011.

Septins also function as a lateral diffusion barrier during cell division. Specifically,
septins decrease the diffusion rate of membrane-associated molecules, thereby
promoting the asymmetric distribution of proteins critical for cytokinesis to the mother-
bud neck by (Longtine and Bi, 2003; Dobbelaere and Barral, 2004; Saarikangas and

Barral, 2011).
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Finally, septins play a role in ensuring proper chromosome segregation during cell
division. They regulate spindle positioning, in part, through effects on microtubule
capture and shrinkage (Kusch et al, 2002). During this process, cytoplasmic
microtubules emerging from the spindle pole bodies (SPBs) extend, contract, survey the
cell cortex and ultimately make contact with dynein in the bud tip. This in turn leads to
dynein-dependent pulling forces on cytoplasmic microtubules, which is critical for
positioning the nucleus within the bud neck (Palmer et al., 1992; DeZwaan et al., 1997).
Septins are required for the interaction of the microtubules with the bud neck (Kusch et
al., 2002). They are also required for recruitment of kinases including EIm1p, Gin4p,
and Hsl1p to the bud neck, which in turn is necessary for the asymmetric distribution of

dynein at the spindle poles (Merlini and Piatti, 2011).

Recently, septins have also been implicated in regulating the spindle position/orientation
checkpoint (SPOC). This checkpoint is responsible for delaying the exit from mitosis
and cytokinesis if the mitotic spindle is not properly oriented along the axis of cell
division, allowing time for correction of the misalignment (Merlini and Piatti, 2011).
Activation of this checkpoint requires septin ring formation and several kinases that are

recruited to the bud neck in a septin-dependent manner (Fraschini et al., 2006).
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CHAPTER 4 - Aim44p Regulates Phosphorylation of Hof1p to
Promote Contractile Ring Closure During Cytokinesis in

Budding Yeast
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ABSTRACT

While actomyosin and septin ring organization and function in cytokinesis are
thoroughly described, little is known regarding the mechanisms whereby the actomyosin
ring interacts with septins and associated proteins to coordinate cell division. Here, we
show that the protein product of YPL158C, Aim44p, undergoes septin-dependent
recruitment to the site of cell division. Aim44p co-localizes with Myo1p, the type Il
myosin of the contractile ring, throughout most of the cell cycle. The Aim44p ring does
not contract when the actomyosin ring closes. Instead, it forms a double ring that
associates with septin rings on mother and daughter cells after cell separation. Deletion
of AIM44 results in defects in contractile ring closure. Aim44p co-immunoprecipitates
with Hof1p, a conserved F-BAR protein that binds both septins and type Il myosins and
promotes contractile ring closure. Deletion of AIM44 results in a delay in Hoflp
phosphorylation, and altered Hof1p localization. Finally, overexpression of Dbf2p, a
kinase that phosphorylates Hof1p and is required for re-localization of Hof1p from septin
rings to the contractile ring and for Hof1p-triggered contractile ring closure, rescues the
cytokinesis defect observed in aim44A cells. Our studies reveal a novel role for Aim44p

in regulating contractile ring closure through effects on Hof1p.
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INTRODUCTION

Key Events during Cytokinesis in Budding Yeast

In the budding yeast S. cerevisiae, cytokinesis involves actomyosin contractile ring
closure and septum formation at the mother-bud neck (Bi et al., 1998). In the budding
yeast, septin proteins play an instrumental role in establishing the cell division plane and
recruit other components of the cytokinetic machinery (Wolfe and Gould, 2005). In
haploid budding yeast, sites of cell division occur adjacent to each prior division site
(Chant, 1999). In diploid budding yeast, bud emergence on the opposite pole of the
prior site of division (Chant, 1999). The actomyosin ring contains F-actin formed by
formin-dependent processes (Fang et al, 2010; Wloka and Bi, 2012). During
actomyosin ring assembly Myo1p, the only myosin-ll heavy chain in budding yeast, is
recruited to the site of cell division in late G1 by septins (Cdc3p, Cdc10p, Cdc11p,
Cdc12p, and Shs1p/Sep7p), the septin-interacting protein Bni5p, the essential myosin
light chain (Mic1p), and an IQGAP family protein (Igg1p/Cyk1p) in a highly regulated
fashion (Epp and Chant, 1997; Bi et al., 1998; Lippincott and Li, 1998b; Lee et al.,
2002). Constriction of the actomyosin ring provides a force for ingression of the plasma
membrane. During its constriction, Myo1p disassembles from the ring (Tully et al., 2009)
and vesicles containing materials essential for the formation of new plasma membrane

are deposited at the cell division site (Fang et al., 2010).

In yeast cells, cytokinesis also involves septation, the deposition of cell wall between
mother and daughter cells. After actomyosin ring constriction begins, a specialized

extension of the cell wall, the primary septum, begins to form at the bud neck through
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reactions catalyzed by chitin synthase Il (Chs1p) (Sburlati and Cabib, 1986). The
primary septum is completed after contractile ring closure and separation of the plasma
membranes of mother and daughter cells. Thereafter, a secondary septum is laid down
on each side of the primary septum. Finally, hydrolytic enzymes are released from the
daughter cell to degrade the primary septum and part of the secondary septum, allowing
for cell separation (Kuranda and Robbins, 1991; Kovacech et al., 1996; Baladrén et al.,

2002).

Coordination of the Septins and Actomyosin Contractile Ring Closure by Hof1p

Several proteins have been implicated in interactions between the septins and the
actomyosin ring, including Hof1p, an F-BAR protein that regulates contractile ring
closure. F-BAR proteins are membrane-associated proteins that sense membrane
curvature and bind preferentially to curved membranes. F-BAR proteins also can link
the plasma membrane to the actin cytoskeleton in processes such as cytokinesis and
endocytosis (Oh et al., 2013). The localization of Hof1p during cell division is highly
dynamic and tightly regulated. Hof1p binds to septins and type Il myosins (Myo1p in
yeast) and is recruited to septin rings at the mother-bud neck. The N-terminus of Hof1p
interacts with the septin Cdc10p, while the C-terminus of Hof1p interacts with Myo1p
(Meitinger et al., 2013a; Oh et al., 2013). The ring structure formed by Hof1p at the
mother-bud neck first forms on the mother side of the bud neck, after which a second

Hof1p ring forms on the daughter side (Vallen et al., 2000).
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The localization of Hof1p is also regulated by the Mitotic Exit Network (MEN). The MEN
is a GTPase signaling cascade, which includes several key kinase activity events,
originating at the spindle pole body (Wolfe and Gould, 2005). High levels of Cdk1p-
Cyclin-B activity throughout the cell division process prevents premature cytokinesis,
ensuring that this process occurs only after the inheritance of genetic material and
organelles (Wolfe and Gould, 2005). One role of the high levels of Cdc1p-Cyclin-B is to
phosphorylate the MEN protein kinase Cdc15p, preventing its localization to the
daughter poles, which is essential for cytokinesis (Jaspersen and Morgan, 2000;
Menssen et al.,, 2001). Once Cdc1p-Cyclin-B is inactivated, the MEN becomes
activated. Upon activation of the MEN pathway, Cdc14p is released from its prior
nucleolar sequestration (Jaspersen et al., 1998; Stegmeier et al., 2002). Cdc14p is a
conserved protein phosphatase that inactivates Cdc1p-Cyclin-B, further stimulating the

MEN pathway (Visintin et al., 1998; Shou et al., 1999).

One of the most downstream events of MEN activation, which is of particular relevance
to this work, is the translocation of the Dbf2p-Mob1p protein kinase complex (Hwa Lim
et al., 2003; Meitinger et al., 2011). Phosphorylation of Hoflp by the MEN kinase
complex Mob1p-Dbf2p at the S313 residue results in release of Hof1p from septin rings
and association of the protein with the actomyosin ring (Meitinger et al., 2011, 2013a).
Actomyosin ring closure is also regulated by the MEN (Vallen et al., 2000; Lippincott et
al., 2001; Luca et al., 2001). Recent studies indicate that the SH3 domain of Hof1p is
critical for maintaining the symmetry of Myo1p ring constriction during cytokinesis

(Korinek et al., 2000; Vallen et al., 2000; Oh et al., 2013) and that phosphorylation of
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Hof1lp by Mob1p/Dbf2p at S533 and S563 promotes its function in contractile ring
closure (Meitinger et al., 2013a). Hof1p function in contractile ring closure also requires
interaction of Hof1p with Inn1p, an essential protein that localizes to the contractile ring
and is required for coordinating contractile ring closure with plasma membrane

ingression (Sanchez-Diaz et al., 2008).

Evidence also supports a role for Hof1p in septation, deposition of a cell wall at the site
of mother-bud separation. First, there is a temporal link. The single ring formed by
Hof1p does not fully contract, but only partially constricts, during contractile ring closure.
Then, the Hof1p single ring divides to form two rings at the onset of septation (Vallen et
al., 2000). Second, there is a physical link. Hof1p also interacts with the chitin synthase,
Chs2p, an enzyme that is required for primary septum formation. Thus, Hof1p also may
coordinate actomyosin contractile ring closure with primary septum formation (Oh et al.,

2013).

At the end of the cell division cycle, Hof1p is degraded. Hof1p degradation begins in late
mitosis and is mediated by the Grrip E3 ligase (Blondel et al., 2005; Stockstill et al.,
2013). It is possible that Hof1p degradation is related to the regulation of actomyosin
ring closure. However, this link between Hof1p and ring closure is controversial (Blondel

et al., 2005; Stockstill et al., 2013).

A Potential Role for Aim44p in Cytokinesis
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At the onset of these studies, Aim44p, the protein product of YPL158C, was
characterized as a protein of unknown function. However, genome-wide screens
revealed a role for Aim44p in mitochondrial DNA (mtDNA) inheritance (Hess et al.,
2009) and in the cell cycle (Doolin et al., 2001; Wang et al., 2011a). A screen for
mutations leading to altered inheritance of mitochondria (AIM) revealed that yeast cells
lacking YPL158C have an increased loss of mtDNA compared to wild-type cells (Hess
et al., 2009). However, this study revealed no other defects in mitochondrial biogenesis

or inheritance in cells lacking YPL158C.

Other studies revealed a potential role for Aim44p in the cell cycle. A global protein
localization study revealed that the Aim44p protein fused to GFP at the C-terminus
localizes to the mother-bud neck (Huh et al., 2003). Consistent with this, Aim44p has
physical interactions with several cell division proteins, such as Hof1p, Boi1p and Boi2p,
Cyk3p, and Kip3p (Wong et al., 2007; Tonikian et al.,, 2009; Hoppins et al., 2011).
Finally, AIM44 expression is regulated by the yeast transcription factor Swi5p, which
targets genes involved in mating type switching, exit from mitosis, and cell wall function

(Doolin et al., 2001; Cocklin et al., 2011).

While this work was in preparation, another group reported a role for Aim44p in cell
polarity and septation during cell division and renamed the protein GTPase-mediated
polarity switch 1 (Gps1p) (Meitinger et al., 2013b). This group obtained evidence that
Aim44p contributes to maintaining cell polarity in a Rho1p-dependent manner (Meitinger

et al., 2013b). Rho1p is a Rho-GTPase family protein involved in regulating cell polarity
103



and that functions in secondary septum formation and cell-cell separation (Meitinger et
al., 2013b). Meitinger et al. also find a role for Aim44p in preventing premature
activation of Cdc42p, thus preventing a phenotype characterized by “re-budding” inside

the old bud site that they observe in aim44A cells (Meitinger et al., 2013b).

In our work, we show novel functions for Aim44p during the cell division process.
Namely, we find that Aim44p is recruited to the bud neck by the septins, where it
regulates Hof1p phosphorylation and localization, and promotes contractile ring closure,
a process common to cell division in all cell eukaryotes (Wolken et al., 2014). We also
provide evidence that Aim44p interacts physically with Hof1p (Wolken et al., 2014).

Thus, Aim44p is a novel regulator of contractile ring closure in budding yeast.
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RESULTS

aim44A cells exhibit defects in contractile ring closure during cytokinesis

We find that deletion of AIM44 results in a multibudded phenotype, which is a hallmark
of cytokinesis failure. In the wild-type cells used for these studies, 18.8% £ 1.0% cells
examined are multibudded (Garcia-Rodriguez et al., 2009). Deletion of MYO1, a known
mediator of cytokinesis, results in a 69.2% increase in multibudded cells compared to
wild-type cells (61.2% * 13.5%, p = 0.006). Similarly, in aim44A cells, we detect a 69%
increase in multibudded cells compared to wild-type cells (60.7% + 3.6%, p = 4x10)
(Fig. 4.1 A). From these data, we conclude that Aim44p contributes to mother-daughter

separation in S. cerevisiae.

Failure of yeast cells to separate can indicate a defect in contractile ring closure or
septation. To determine whether aim44A cells have septation defects, cells were treated
with zymolyase, an enzyme isolated from Arthrobacter luteus that digests cell wall
polymers (Lippincott and Li, 1998a). Zymolyase treatment results in cell separation in
strains with septation defects, such as cbk7A cells, but not in yeast with defects in
contractile ring closure (Hartwell, 1971). The proportion of cbk1A cells in multibudded
clusters significantly decreases after digestion with zymolyase (before digestion: 34% +
6%; after digestion: 7% * 2%, p = 0.002) (Fig. 4.1 B). In contrast, zymolyase treatment
has no significant effect on the multibudded phenotype of aim44A cells (before
digestion: 44% + 8%; after digestion: 48% * 7%, p = 0.5) (Fig. 4.1 B). Thus, the
multibudded phenotype of aim44A cells is not due to defects in septation that are

sensitive to zymolyase treatment.
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In light of this, we studied the effect of deletion of AIM44 on contractile ring closure.
Myo1p, the type Il myosin of the actomyosin ring, was tagged at its chromosomal locus
using GFP in wild-type and aim44A cells. Previous studies indicate that this tag has no
effect on Myo1p function (Lippincott and Li, 1998b). Deletion of AIM44 does not affect
assembly of Myo1p into a ring at the bud neck (Fig. 4.1 C). However, deletion of AIM44
results in defects in contractile ring closure. In synchronized wild-type cells, contractile
ring closure, visualized as a decrease in the diameter of the Myo1p-GFP-labeled
contractile ring, occurs in 91% of the cells analyzed (n = 66) and is completed within 10
min from the onset of contraction (Fig. 4.1 C). In contrast, the contractile ring fails to
close in 50% of the aim44A cells examined (n = 52) (Fig. 4.1). Notably, in the aim44A
cells that do undergo contractile ring constriction, the rate of ring closure is not
statistically different from that in wild-type cells (p = 0.96). However, in aim44A cells with
contractile ring closure defects, Myo1p-GFP persists as a ring that does not contract
and ultimately dissipates (Fig. 4.1 C). These aim44A cells eventually develop another
bud and become multibudded. These findings are consistent with a role for Aim44p in

regulating contractile ring closure.

106



WT aimd4n 3280, ——

[72]

S 60

[&]

B 40

S

_320

N = B

B = WT  myolA aim44A

Before digestion After digestion

60 mBefore digestion
O After digestion

[8)]
o
-

*

<]
v-
L)
IS
©

0

4
30/
2

=

Cbk1A

o
S
£
[}
o
o
@
e}
o
=1
2
=
=1
=

[
© o

aim44A  cbk1A

O
=
-]
S
)
o
*

Actomyosin Ring

aim44A

Closure (% cells)
N
o

WT aim44A

Figure 4.1. Figure legend on next page.




Figure 4.1. aim44A cells have a defect in contractile ring closure during cytokinesis. (A) Wild-
type and aim44A cells were grown to late-log phase (ODgy = 1.5) in synthetic complete (SC)
glucose-based medium at 30°C and the percentage of cells in multibudded clusters was
determined. Left, transmitted-light image of wild-type cell with a single bud and an aim44A cell
with multiple buds. Right, quantitation of the multibudded phenotype in wild-type, myo7A, and
aim44A cells. myo1A cells, which have defects in contractile ring constriction, exhibit higher
levels of multibudded cells compared to wild-type cells (p = 0.006). The aim44A cells show a
statistically significant increase in the level of multibudded cells over wild-type (p = 4.0 x 107).
Error bars show standard deviations from 3 independent experiments. n = 100 cells per strain
per experiment. Scale bar = 1 ym. (B) The percentage of multibudded cells in aim44A and
cbk1A cells was determined before and after treatment with zymolyase 20T (0.1 mg/ml for 10
min at RT). Left, phase-contrast images of aim44A and cbk1A cells before and after zymolyase
treatment. Right, quantitation of multibudded phenotype before and after treatment. Zymolyase
treatment results in cell separation in the cbk1A septation mutant (p = 0.002), but not in aim44A
cells (p = 0.5). Errors bars show standard deviations from n > 800 cells per strain. Scale bar = 5
pum. (C-D) Wild-type and aim44A cells expressing MYO1 C-terminally tagged at its chromosomal
locus with GFP were grown to mid-log phase and synchronized in G, phase by incubation with
pheromone (10 pM a-factor) for 2 hrs at 30°C. Cells were then washed and placed in fresh
media. The contractile ring was visualized beginning 60 min after release from G, arrest by time-
lapse imaging at 4-min intervals over a 40 min period. (C) Montage of the contractile ring in
single cells over time. In wild-type cells (top panel), contractile ring closure is complete within 10
min. In contrast, in the aim44A cell shown, the contractile ring does not close during the 40-min
imaging period (bottom panel). Scale bar = 0.3 ym. (D) Quantitation of the number of wild-type
and aim44A cells that exhibit contractile ring closure (n = 52 and 66 for wild-type and aim44A
cells, respectively; p = 7 x 107, chi-squared test). Results shown are pooled from 3 independent
time-lapse imaging experiments.

Aim44p-GFP assembles into a ring structure at the bud neck that transiently co-
localizes with the septins and the contractile ring

In yeast and other cell types, proteins that mediate or regulate cytokinesis localize to the
site of cell division and often associate with either the actomyosin contractile ring or
septin rings. High-throughput subcellular localization experiments revealed that Aim44p
localizes to the bud neck (Huh et al., 2003). We tagged endogenous AIM44 at its C-
terminus with GFP and find that Aim44p-GFP is fully functional (Fig. 4.2). Aim44p-GFP
localizes to a ring at the incipient bud site (Fig. 4.3). During early stages of bud

development, Aim44p-GFP forms a single ring extending around the bud neck,
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consistent with the identification of Aim44p as a bud-neck protein (Huh et al., 2003).
After contractile ring closure, the Aim44p-GFP ring thickens and separates into two
rings; each ring remains at the site of cell division on the mother and daughter cells after

cell separation (Fig. 4.3).

60 . Figure 4.2. Aim44p-GFP is a functional fusion
:\550 - protein. The fusion of a C-terminal GFP tag to
e ‘ Aim44p does not produce a multibudded
%40 phenotype in cells in late-log phase liquid
o l culture (SC), indicating that the tag does not
- 30 : . L ;

@ interrupt its normal function in promoting cell
820 division. The percentage of multibudded cells
a | in the Aim44p-GFP expressing cells is not
% 10 ’—{* | statistically different from wild-type cells (p =
=, 0.9, Student's t-test). aim444 cells are

WT aim44A Aim44p-GFP| multibudded compared to wild-type and

Aim44p-GFP expressing cells (p = .0085 and
p = 0.01, respectively, Student’s t-test). Error
bars represent standard deviation of 3
independent experiments. n = 100 cells for
each strain in each independent experiment.
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Aim44p-GFP Figure 4.3. Aim44p-GFP localization
throughout the cell cycle. Cells expressing
AIM44 tagged at its chromosomal locus with
GFP (green) were grown as for Fig. 4.1 and
imaged by fluorescence and phase contrast
microscopy. Micrographs of the fluorescence
images superimposed on transmitted-light
images depict representative cells at different
stages in the cell division cycle. Aim44p-GFP
is recruited to the selected bud site where it
forms a ring structure (a). As the bud emerges
and grows, Aim44p-GFP localizes to a single
ring (b) and later to a double ring (¢ and d,
highlighted with white arrows) at the bud neck.
Finally, Aim44p persists as a ring on newly
separated mother and daughter cells (e and f,
highlighted with white arrows). Scale bar
(bottom right) = 1 um.

Since the localization pattern of Aim44p-GFP during mitosis resembles that of the
septins, we studied the localization of Aim44p-GFP relative to the septin Cdc3p, tagged
at its C-terminus with mCherry, in wild-type yeast cells (Fig. 4.4). At the beginning of the
cell division cycle, Aim44p-GFP and Cdc3p-mCherry are recruited to concentric rings at
the selected bud site. During early bud development, the single Aim44p-GFP and septin
rings partially co-localize. Later in the cell cycle, when septins localize to double rings,
Aim44p-GFP localizes to a single ring between the septin double rings. Later in the cell

cycle, when septin rings decrease in size, Aim44p-GFP localizes to two rings that are
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within and partially overlap with the double septin rings. Finally, after cell separation, the
double septin and Aim44p rings separate such that the mother and daughter cells each

have an Aim44p ring within a septin ring.
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Figure 4.4. Figure legend on next page.
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Figure 4.4. Aim44p undergoes septin dependent assembly into rings that encircled by septin
rings. Wild-type yeast expressing AIM44 tagged at its chromosomal locus with GFP (green)
and plasmid-borne Cdc3p-mCherry (red) were grown to mid-log phase (ODgg = 0.1-0.5) in SC
and imaged by fluorescence microscopy. Representative images show the localization of
Aim44p-GFP and the septin ring marked by Cdc3p-mCherry at the bud neck at various points
throughout the cell division cycle. (A) Projections of deconvolved z-series showing side views
of Aim44p-GFP (green) and Cdc3p-mCherry (red) at the mother-bud neck. Concentric single
rings of Aim44p-GFP and septins during early bud development (a). A single Aim44p ring
between two double septin rings in a cell with a medium to large bud (b). After contractile ring
closure, Aim44p-GFP forms a thick single ring that is concentric and partially overlapping with
the septin rings (c). After cell division, both Aim44p-GFP and Cdc3p-mCherry are present as
rings on both the mother and daughter cells, marking the former site of cell division (d).
Concentric rings of Cdc3p-mCherry and Aim44p-GFP in a cell after cell separation (e). Scale
bar = 0.3 ym. (B) Schematic of the localizations of Aim44p-GFP (green) and the septin rings
(red) throughout the cell division cycle. (C) A temperature-sensitive septin strain, cdc72-6, and
the wild-type parent CDC12 strain expressing Aim44p-GFP (green) and a plasmid-borne
septin Cdc3p-mCherry (red) were grown to mid-log phase at permissive temperature (RT). An
aliquot of each strain was shifted to restrictive temperature (34°C) for 2 hr and all cells were
imaged by fluorescence microscopy. Shift of cdc12-6 mutant cells to restrictive temperature
results in localization of Aim44p-GFP and Cdc3p-mCherry to abnormal diffuse and punctate
cytosolic structures. Cell outlines based on transmitted-light images are shown in white. Scale
bars =5 um.

Since Aim44p colocalizes with the single septin ring early in the cell division cycle and
septins serve as a scaffold for assembly of the contractile ring, we tested whether
Aim44p ring assembly is septin-dependent. We detect both the single and double septin
rings in aim44A cells (Fig. 4.5 A). Thus, septin ring assembly does not require Aim44p.
In contrast, Aim44p-GFP ring assembly is dependent upon septin ring formation.
Specifically, we find that shift of the temperature-sensitive septin mutant cdc72-6 to
restrictive temperatures disrupts Aim44p localization (Fig. 4.4 C). Incubation of wild-type
CDC12 cells at 34°C results in a modest (10.6%) decrease in Aim44p localization to
rings. In contrast, shift of the cdc712-6 mutant from room temperature (RT) to 34°C
results in complete loss of septin rings, as described previously (Cid et al., 2001), and

complete loss of detectable Aim44p rings (rings present in 98.5% of cells at permissive
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temperature and 0% at restrictive temperature; n = 200 for each sample). In cdc12-6
cells at 34°C, Aim44p-GFP and Cdc3p-mCherry localize to punctate cytosolic
structures. From these data, we conclude that septin ring formation is required for

Aim44p ring formation.

We also examined the localization of Aim44p-GFP relative to the contractile ring
component Myo1p, which was tagged at its C-terminus with mCherry. Deletion of MYO1
does not affect Aim44p-GFP ring formation (Fig. 4.5 B). However, Aim44p-GFP co-
localizes with the Myo1p-mCherry-labeled contractile ring when both proteins form rings
at the presumptive bud site and through most of the cell division cycle (Fig. 4.6 A and
B). Interestingly, the ring formed by Aim44p-GFP does not contract when the contractile
ring contracts. Instead, the Aim44p ring thickens and forms a double ring, which
separates concomitant with cell separation such that mother and daughter cells each
retain one Aim44p ring (Fig. 4.6). The relative localization of Cdc3p-mCherry and

Myo1p-GFP during the cell cycle is shown in Fig. 4.7.
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Figure 4.5. Localization of Cdc3p-mCherry and Myo1p-GFP during cell division in wild-type
cells. Cells expressing MYO1 tagged with GFP at its chromosomal locus and plasmid-borne
Cdc3p-mCherry were grown to mid-log phase and imaged by fluorescence microscopy.
Deconvolved projections of representative images of Cdc3p-mCherry (red) and Myo1p-GFP
(green) at the bud neck of cells with small, medium, and large buds (a-c, respectively) and
separated mother and daughter cells (d). (a) Myo1p co-localizes with a single septin ring in a
small-budded cell. (b-c) In cells bearing medium to large buds, the septin ring thickens and
forms 2 rings that surround the single Myo1p ring. (d) After contractile ring closure and cell
separation, mother and daughter cell each have a single septin ring. Scale bar = 0.3 um.
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Aim44p-GFP Myo1p-mCherry Merge

Figure 4.6. Localization of Aim44p-GFP and Myo1p-mCherry during cell division in wild-
type cells. AIM44 and MYO1 were tagged with GFP and mCherry, respectively, at their
chromosomal loci. Representative images show the bud neck of mid-log phase cells
imaged by fluorescence microscopy at different points throughout the cell division cycle. (A)
Projections of deconvolved z-series showing side views of Aim44p-GFP (green) and
Myo1p-mCherry (red). Single rings formed by Aim44p-GFP and Myo1p-mCherry
characteristic of early bud growth (a). Aim44p-GFP remains a single ring that co-localizes
with the actomyosin ring through most of the cell division cycle. During contractile ring
closure, the diameter of the actomyosin ring decreases (b). However, the Aim44p ring does
not contract. Aim44p forms a double ring after contractile ring closure (c). Scale bar = 0.3
pm. (B) Schematic of the localizations of Aim44p-GFP (green) and the actomyosin
contractile ring (red) throughout the cell division cycle. (C) Cells expressing Myo1p-mCherry
and Aim44p-GFP were treated with pheromone as for Fig. 1, immobilized in a microfluidic
chamber such that the mitotic rings were localized parallel to the microscope stage and
imaged 60 — 90 min after release from pheromone-induced G, arrest. Z-series were
obtained every 3 min to observe ring dynamics before, during, and after contractile ring
closure. The Myo1p-mCherry ring contracts, but the Aim44p-GFP ring does not. After
completion of contractile ring closure, Aim44p-GFP forms two rings (marked by 2 white
arrows).
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Figure 4.7. Localization of Cdc3p-mCherry
and Myo1p-GFP during cell division in wild-
type cells. Cells expressing MYO1 tagged
with GFP at its chromosomal locus and
plasmid-borne Cdc3p-mCherry were grown to
mid-log phase and imaged by fluorescence
microscopy. Deconvolved projections of
representative images of Cdc3p-mCherry
(red) and Myo1p-GFP (green) at the bud neck
of cells with small, medium, and large buds
(a-c, respectively) and separated mother and
daughter cells (d). (a) Myo1p co-localizes with
a single septin ring in a small-budded cell. (b-
c) In cells bearing medium to large buds, the
septin ring thickens and forms 2 rings that
surround the single Myo1p ring. (d) After
contractile ring closure and cell separation,
mother and daughter cell each have a single
septin ring. Scale bar = 0.3 pm.

Aim44p co-immunoprecipitates with Hof1p and regulates Hof1p phosphorylation

and localization

Here, we investigated another regulator of contractile ring closure, Hof1p, and obtained

evidence for a role for Aim44p in regulating Hof1p phosphorylation and localization.

First, we confirmed that Hof1p undergoes cell cycle-dependent changes in abundance

and phosphorylation. Specifically, we detect changes in the electrophoretic mobility of

Hof1p over time after release from G4 arrest. The mobility shifts are sensitive to

treatment with calf intestinal alkaline phosphatase, and are therefore due to Hof1p

phosphorylation (Fig. 4.8).
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WT Figure 4.8. The lower-mobility band containing

90 min after release| Hof1p-13Myc is due to phosphorylation of the protein.

from arrest Wild-type and aim44A cells expressing Hof1p tagged
CIP - n with ) 13My(cj: a]’E i;s ch;or;l\osolmal locus werg

* * synchronized as for Figure 1. An aliquot was remove
Hof1p-13Myc | il “l 90 min after release from G, arrest for extraction of
protein. Half of the protein sample was left untreated
Hexokinase l“ and the other half was treated with 10 units of calf
intestinal alkaline phosphatase (CIP) for 1 hr at 37°C.

Western blots are shown in which Hoflp was
detected using anti-Myc antibody and the load
control, hexokinase, was detected using a polyclonal
anti-hexokinase antibody. *, lower mobility band(s) of
Hof1p-13Myc. The Ilower mobility Hof1p-13Myc
band(s) is phosphorylated, as measured by sensitivity

to CIP treatment.

Next, we assessed the effect of deletion of AIM44 on the level and phosphorylation
state of Hof1p. Hof1p-13Myc is phosphorylated 75 min after release from G4 arrest in
wild-type cells and 90 min after release from G4 arrest in aim44A cells (Fig. 4.9 A).
Moreover, in wild-type cells, Hof1p undergoes dephosphorylation 105 min after release
from G4 arrest, but this does not occur until 120 min after release from G4 arrest in
aim44A cells. Thus, deletion of AIM44 results in a delay in cell cycle-regulated

phosphorylation and dephosphorylation of Hof1p.

Total levels of Hof1p are also affected by deletion of AIM44 (Fig. 4.9 B). In wild-type
cells, we detect an increase in the level of Hof1p from 30-75 min after release from
pheromone-induced G4 arrest and a decline in Hoflp levels from 75-120 min after
release from G4 arrest. Deletion of AIM44 alters cell cycle-linked changes in Hof1p
levels. Specifically, we observe a decrease in the rate of cell cycle-linked increases in
Hof1p levels, a delay in the time when maximum Hof1p levels occurs (90-105 min for
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aim44A cells versus 75 min for wild-type cells), and a 22% decrease in the maximum
level of Hof1p. Using spindle length as an indicator of mitotic progression, we find that
deletion of AIM44 has no effect on cell cycle progression (Fig. 4.10). Thus, deletion of
AIM44 affects the abundance and phosphorylation of Hof1p, without affecting overall

rates of cell cycle progression prior to the point of cell division.

A Time after release from arrest (min)

0 15 30 45 60 75 90 105 120
b = e s e oo B il & | Hof1p-13Myg

wT
’ T S S S S w— ‘Hemki"ase

[ S e e e e s it Bl 4 | Hof1 p-13My G

m ‘ Hexokinase

aim44A

[02]
o

- T
-~ aim44A

B
o

N
o

% Increase in Hof1p Levels After
Release From G1 Phase Arrest
o

0 15 30 45 60 75 90 105 120
Time After Release from Arrest (min)

Figure 4.9. Deletion of AIM44 results in defect in cell cycle-linked changes in Hof1p
abundance and phosphorylation. Wild-type and aim44A cells expressing Hof1p tagged with
13 copies of Myc at its chromosomal locus were synchronized as for Figure 6. Aliquots
were removed from cell cultures for protein extraction every 15 min for 120 min after
release from pheromone-induced G; arrest. (A) Western blot decorated with antibodies
against the Myc epitope on Hoflp and the loading control, hexokinase. The shift in
electrophoretic mobility of Hof1p detected at 75-105 min in wild-type cells and 90-105 min
in aim44A cells represents phosphorylation, as determined by sensitivity to treatment with
calf intestinal alkaline phosphatase (Figure 4.8). (B) Relative levels of Hof1p-13Myc were
quantified by scanning densitometry. Quantifications are averages from Western blots from
3 independent experiments. Error bars represent standard error of the mean.
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Figure 4.10. Deletion of AIM44 inhibits
cytokinesis but does not affect rates of cell
cycle progression. Cell cycle progression was
analyzed by quantifying spindle length every
15 min for 90 min after release from
pheromone-induced arrest in G; phase in
wild-type and aim44A cells expressing tubulin
tagged at its C-terminus with GFP. Cells were
fixed using paraformaldehyde and stained
with the DNA-binding dye DAPI and imaged.
0 30 60 g0 | These data are pooled from two independent
Time After Release from Arrest (min) experiments and measurements average n 2
100 cells per strain. Error bars represent
standard error of the mean.
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Since deletion of AIM44 results in defects in phosphorylation of Hof1p and since Dbf2p
catalyzes phosphorylation of Hof1p, we assessed the effect of overexpression of Dbf2p
on cytokinesis in aim44A cells. We confirmed that incubation in galactose-based media
results in overexpression of Dbf2p in wild-type cells and aim44A cells. We also found
that the level of overexpression of Dbf2p is similar in both cell types (Fig. 4.11 A). Next,
we monitored cytokinesis, by quantitation of the number of multibudded cells, in cells
with wild-type or elevated levels of Dbf2p. Overexpression of Dbf2p has no effect on the
level of multibudded cells observed in wild-type cells (p = 0.52). In contrast,
overexpression of Dbf2p results in a decrease in the number of multibudded cells from
55% in aim44A cells to 24% in aim44A cells that overexpress Dbf2p (p = 0.002) (Fig.
4.11 B). Thus, the defect in cytokinesis observed upon deletion of AIM44 can be

rescued by overexpression of a kinase that catalyzes phosphorylation of Hof1p.
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A GAL-inducible Dbf2p-3HA Figure 4.11. The cell division defect of aim44A
overexpression plasmid cells is alleviated with overexpression of the

onl WT aim44A kinase, Dbf2p. Wild-type and aim44A cells were

. s transformed with a plasmid bearing the DBF2
Dbfzp@HA\_“ gene that was tagged with HA and expressed
Hexokinase |we—50 G| e gu— under control of the GAL-inducible promoter. The
cells were grown to late-log phase (ODgyo = 1.5) in
x synthetic complete (SC) glucose-based medium
of galactose-based medium at 30 °C. (A) Western
blots showing the level of Dbf2p-HA detected
using anti-HA antibodies and of the load control,
hexokinase detected with anti-Hxk1p antibody, in
whole cell extracts of glucose or galactose grown
- cells. (B) The percentage of multibudded in wild-
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type and aim44A cells that express either
WT  WTDbf2p aim44A aim44A Dbf2p| endogenous Dbf2p or overexpress Dbf2p was

Overexpression Overexpression determined as for Figure 1. Error bars show
standard deviations from 3 independent
experiments. n = 100 cells per strain per
experiment.

As phosphorylation of Hof1p affects its localization, we carried out time-lapse imaging to
study the effect of deletion of AIM44 on Hof1p dynamics. We confirmed that Hof1p-GFP
localizes to a double ring at the bud neck in a wild-type strain expressing Hof1p C-
terminally tagged at its chromosomal locus with GFP (Fig. 4.12). Later in the cell cycle,
Hof1p localizes to a single, medial ring that undergoes partial constriction as the
actomyosin ring contracts. It then separates into two rings that localize to both mother
and daughter cells after cell division. 85% of wild-type cells examined display this
pattern of Hof1p-GFP dynamics (Fig. 4.12 B). In contrast, 40% of aim44A cells exhibit
defects in Hof1p dynamics (p = 0.0003). In these cells, Hof1p localizes to a double ring
at the bud neck that does not undergo partial contraction during the 3-hr imaging period

(Fig. 4.12 B). aim44A cells that exhibit defects in Hof1p dynamics also do not undergo
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cell separation. Thus, deletion of AIM44 results in defects in Hof1p abundance,

phosphorylation, dynamics and function in promoting contractile ring closure.
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Figure 4.12. Aim44p regulates Hof1p localization and dynamics at the bud neck and co-
immunoprecipitates with Hof1p. (A) Wild-type and aim44A cells expressing Hof1p-GFP were
synchronized as for Figure 6. Hof1p-GFP were imaged every 5 min beginning 60 min after
release from G, arrest for a total time of 3 hrs. Montages showing changes in Hof1p
localization and dynamics at the bud neck as a function of time after release from
pheromone-induced G; arrest in wild-type cells (top panel) and aim44A mutants (bottom
panel). Scale bar = 0.3 ym. (B) Quantitation of wild-type and aim44A cells that exhibit Hof1p-
GFP ring contraction (p = 0.0003, chi-squared test). n = 101 and 120 for wild-type and
aim44A cells, respectively. Data are pooled from 2 independent experiments. (C) Yeast cells
expressing no tagged proteins, Aim44p-3HA, Hof1p-13Myc, or both Aim44p-3HA and Hof1-
13Myc were grown to mid-log phase and treated with pheromone as for Fig. 1. Whole cell
extracts were prepared from each sample 75 min after release from pheromone-induced G;
arrest, and samples were immunoprecipitated using anti-HA antibodies. Western blots show
whole cell extracts and immunoprecipitated proteins detected using anti-HA and anti-Myc
antibodies. Hof1p-Myc co-immunoprecipitates with Aim44p-HA.

122



To further characterize the mechanism of Aim44p function in regulation of Hof1p, we
tested whether the two proteins interact. Previous genome-wide two-hybrid screens
revealed that Hof1p and Aim44p have the capacity to bind to each other (Tonikian et al.,
2009). We tested whether this interaction is physiologically significant. To do so, we
tagged Aim44p and Hof1p at their chromosomal loci in wild-type cells with HA and Myc
epitopes, respectively. Cells were then synchronized and immunoprecipitation was
carried out with whole cell extracts prepared 75 min after release from pheromone-
induced G4 arrest. We find that Aim44p co-immunoprecipitates with Hof1p. Interestingly,

Aim44p associates primarily with the unphosphorylated form of Hof1p (Fig. 4.12 C).
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DISCUSSION OF RESULTS

Our studies support a role for Aim44p in actomyosin contractile ring closure during
cytokinesis. First, the localization of Aim44p is consistent with a role in this process.
Specifically, we find that Aim44p forms a single ring within the single septin ring at the
bud neck early in the cell cycle. The Aim44p ring colocalizes with the actomyosin ring
throughout the cell cycle until contractile ring closure. During contractile ring closure, the
Aim44p ring does not contract. After contractile ring closure, the Aim44p ring appears to
thicken and forms two rings that are within and closely opposed to the double septin
rings. Finally, during cell separation, the double rings of septins and Aim44p also
separate such that a single Aim44p ring remains within a single septin ring on both
mother and daughter cells, marking the site of division. The localization of Aim44p to the
actomyosin ring at the bud neck is dependent upon the septins but not upon Myo1p, the

type Il myosin of the contractile ring in yeast.

Aim44p is not required for assembly of septin or actomyosin rings at the bud neck.
However, it does regulate actomyosin ring closure. Deletion of AIM44 results in a
statistically significant increase in multibudded cells and a decrease in the frequency of
contractile ring closure. In aim44A cells that do undergo contractile ring constriction, the
rate of ring closure is not significantly different from that observed in wild-type cells.
Thus, Aim44p is not required for formation of structures underlying the contractile ring,

but it regulates the efficiency of contractile ring closure.
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Consistent with this, we find that deletion of AIM44 affects the phosphorylation and
localization of Hof1p, a protein that localizes to the bud neck, binds to septins and
Myo1p, regulates contractile ring closure, and is detected as an Aim44p binding partner
in a genome-wide protein interaction screen (Tonikian et al., 2009). We find that cell
cycle-regulated changes in Hof1p abundance and phosphorylation are altered in
aim44A cells. We also detect defects in Hof1p localization in aim44A cells. In wild-type
cells, Hof1p assembles as two rings on septin rings at the bud neck early in the cell
division cycle. In response to a series of phosphorylations, Hof1p then moves from
septin rings to the actomyosin ring. The Hof1p ring undergoes partial contraction with
the actomyosin ring, ultimately associating with septin rings on mother and daughter

cells upon cell separation.

Recent studies indicate that phosphorylation of Hof1p affects its binding to the septins,
which in turn affects septin stability, in addition to its function in regulating actomyosin
ring closure (Meitinger et al., 2013a). Although we find that assembly of the septin ring
at the bud neck is not dependent upon Aim44p, it is possible that the maintenance of a
stable septin scaffold may also be affected by Aim44p regulation of Hoflp

phosphorylation.

However, we find that deletion of AIM44 results in defects in Hof1p localization. In
aim44A cells, Hof1p localizes to two large rings. Therefore, it is likely that Hof1p can
associate with septin rings in aim44A cells. However, in aim44A cells with contractile

ring closure defects, Hof1p does not undergo cell cycle-linked movement from double
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rings to the single actomyosin ring. We also find that Aim44p co-immunoprecipitates
with Hof1p, and that it is recovered primarily with the unphosphorylated form of Hof1p.
Finally, we find that overexpression of Dbf2p, the kinase that catalyzes phosphorylation
of Hof1p which leads to movement of Hof1p from the septin rings to the actomyosin

ring, rescues the contractile ring closure defect in aim44A cells.

These findings support a model for Aim44p regulation of contractile ring closure.
According to this model, Aim44p assembles into a ring at the interface between septin
and actomyosin rings early in the cell division cycle. Later in the cell cycle, as Hof1p
levels increase and it assembles into a ring within the septin ring, Aim44p interacts with
the unphosphorylated form of Hof1p. This interaction then promotes cell cycle-regulated
phosphorylation of Hof1p by Mob1p/Dbf2p, which leads to movement of Hof1p from the
septin rings to the contractile ring and to Hof1p-triggerred contractile ring closure.
Aim44p remains associated with septin rings during contractile ring closure, septation,

and cell-cell separation, as rings that are encircled by septin rings.

During the preparation of this manuscript, Meitinger and coworkers (2013b) found that
wild-type Aim44p (referred to in that work as Gps1p) localizes to structures at the bud
neck that are similar to those that we report and can bind directly to two signal
transduction GTPase proteins, Cdc42p and Rho1p, which also localize to the bud neck
during cytokinesis. They identified a role for Aim44p in regulating secondary septum
formation through effects on Rho1p. They also observe a role for Aim44p in preventing

the activation of Cdc42p at the bud neck after cytokinesis, and find that this mechanism
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insures that new daughter cells are not produced at the site of cytokinesis from the

previous round of cell division.

Meitinger et al. (2013b) argue that Aim44p does not function in contractile ring closure
based on findings that contractile ring closure occurs at wild-type rates in aim44A cells.
We also find that actomyosin ring closure occurs at the wild-type rate in aim44A cells
that do undergo this process. Importantly, however, we find that the actomyosin ring
fails to close in 50% of aim44A cells. Thus, we find that Aim44p regulates the efficiency

of contractile ring closure, rather than the rate of closure.

Moreover, Meitinger et al., (2013b) find that there is a defect in secondary septum
formation in aim44A cells. We find that zymolyase-dependent cell wall degradation
under conditions that allow for cell separation in a known septation mutant, cbk71A, does
not result in separation of multibudded aim44A cells. These findings indicate that
aim44A cells either have a cytokinesis defect that appears prior to the septation defect,

or they have septation defects that are not similar to those of cbk7A cells.

Finally, recent studies indicate that Rho1p and Cdc42p are activated during actomyosin
ring assembly, inactivated during actomyosin ring contraction, and activated again
during septum formation (Atkins et al., 2013; Onishi et al., 2013). Therefore, it is
possible that defects in Rho1p and/or Cdc42p regulation may contribute to the defects

in contractile ring closure in aim44A cells.
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Taken together, this and other recent work indicates that Aim44p has multiple functions
late in the yeast budding process. It functions in contractile ring closure through effects
on Hof1p phosphorylation and localization in addition to its role in septation through
effects on Cdc42p. Indeed, Meitinger et al. (2013b) find that an aim44A hof1A mutant
exhibits more severe growth defects than either aim44A or hof1A single mutant yeast.
This is genetic evidence that Aim44p has Hof1p-independent functions in addition to the
Aim44p- and Hof1p-dependent function in contractile ring closure described here. In
summary, our studies reveal a novel role for Aim44p in contractile ring closure through

effects on Hof1p phosphorylation and localization to the actomyosin ring.
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FUTURE DIRECTIONS

Since Hof1p, septins, and contractile ring components are conserved, it is possible that
there is an unidentified orthologue of Aim44p in other cell types. While cell division can
readily be studied in yeast because either septation or actomyosin contractile ring
closure can be compromised without causing lethality, gene deletion screens to identify
a mutant with phenotypes similar to those of aim44A cells would be unlikely to succeed
as an experimental approach for identifying the potential mammalian orthologue of
Aim44p. However, mutagenesis resulting in partial loss of function in a mammalian
system may allow identification of an orthologue of AIM44. Mutations found by this
approach would be expected to affect the dynamics and localization of the Hof1p
mammalian homolog, and result in the misregulation of its phosphorylation patterns

during cell division.

Another line of future investigation would seek to understand how Aim44p contributes to
the coordinated regulation of the septins and actomyosin ring closure. One important
set of experiments towards this end would be structure-function studies on truncations
of the Aim44p protein, which is about 84.8 kDa in molecular weight and composed of
758 amino acids. Visualization of truncated Aim44p-GFP fusion proteins by
fluorescence microscopy could identify which domain(s) are necessary for bud-neck
localization. Expression of a truncated Aim44p fused to a small tag (such as 3HA, as
was used in this study) in a strain also expressing Hof1p tagged with a small tag (such
as 13Myc, as was used in this study) could elucidate which domain of Aim44p is

necessary for binding of the protein to Hof1p (either directly or indirectly). A truncation of
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Aim44p that prevents binding of the protein to Hof1p would result in the inability to pull

down both proteins via co-immunoprecipitation.
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MATERIALS AND METHODS

Strains, plasmids, and genetic manipulation

S. cerevisiae strains used in this study are summarized in Table 4.1 (see below). All
yeast strains were created in the BY4741 wild-type background except for the
temperature-sensitive septin strain (YEF743 cdc12-6) and the wild-type control

(YEF6866 CDC12). The two YEF strains were kindly provided by Dr. Erfei Bi.

AIM44 was tagged at its C-terminus with GFP by transformation with a PCR-amplified
GFP tagging cassette from the pFA6a-GFP system (Addgene, Cambridge, MA)
containing HIS3 and 40 bp homology to the endogenous locus. The protein Hof1p was
fused with 13 copies of Myc at its C-terminus tag by transformation with a PCR-
amplified pFA6a-13Myc plasmid containing a His3Mx6 gene for selection and 40 bp
homology to HOF1. The AIM44 genomic locus was disrupted in cells expressing
Myo1p-GFP and Hof1p-GFP by transformation with a PCR-amplified cassette from
pFAGa-KanMX6 containing the kanMX selectable marker and 40 bp homology to the
endogenous locus. The AIM44 genomic locus was disrupted in Hof71-13Myc:His3MX6
cells by transformation with a PCR-amplified sequence containing LEU2 derived from
the pOM cassette system (Tamm, 2009) and 40 bp homology to the endogenous locus.
Similarly, the MYO1 genomic locus was disrupted by transformation with a PCR-
amplified sequence containing LEU2 derived from the pOM cassette system and 40 bp
homology to the endogenous locus. To tag Myo1p with mCherry, cells were transformed
with a PCR-amplified pcY3090-02 plasmid containing a hpohMX4 gene for selection with

hygromycin B and 40 bp homology to MYO1 (Young et al., 2012). TUB1 was tagged at
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its C-terminus with GFP by transformation with DNA from the plasmid pTS988 digested
with the restriction enzyme Xbal (New England Biolabs, Ispwich, MA) in wild-type and
aim44A cells. AIM44 was tagged with 3HA at its C-terminus in wild-type and Hof1p-
13Myc expressing cells by transformation with a PCR-amplified cassette from the
pFA6a-3HA system containing kanMX6 and 40 bp homology to the endogenous locus.
Construction of the cbk1A strain (Garcia-Rodriguez et al., 2009), Myo1p-GFP
expression strain (Huckaba et al., 2006), and the myo1A strain (Higuchi et al., 2013) are
described in previous work. In the YEF6866 CDC12 and YEF743 cdc12-6 strains, a C-
terminus GFP tag was fused to AIM44 by transformation with a PCR-amplified kanMX-
encoding cassette from pFAG6a-GFP(S65T)-kanMX6 containing 40 bp homology to the
endogenous locus. These strains were then transformed with the YIP128-CDC3-
mCherry plasmid, kindly provided by Dr. John Pringle (Stanford University, Palo Alto,
CA, USA) aim44A cells and cells expressing Aim44p-GFP and Myo1p-GFP were also
transformed with the YIP128-CDC3-mCherry plasmid. Following transformation using
the lithium acetate method, cells were selected on solid media with the appropriate
selective solid media (Gietz et al., 1995). For the Dbf2p overexpression studies, wild-
type and aim44A cells were transformed with an ORF expression vector plasmid,
pGB1805, with a GAL inducible promoter controlling the overexpression of Dbf2p
tagged with an HA epitope (Thermo Scientific, Pittsburgh, PA). In-frame tagging or
disruption of a gene was verified using PCR amplification. E. coli DH5-a competent cells
(Stratagene, USA) were used for amplification of all plasmids used in this study.
Plasmid clones were recovered from bacteria with a MiniPrep kit (Qiagen, Valencia,

CA).
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Media and culture conditions

E.coli was cultivated in Luria-Bertani (LB) medium (1% peptone, 0.5% yeast extract, 1%
sodium chloride, pH 7.0) at 37 °C with ampicillin (100 g/L) to select for plasmid-carrying
cells. S. cerevisiae strains were grown in synthetic complete (SC) medium at 30 °C on a
rotary shaker at 225 rpm, as previously described (Fehrenbacher et al., 2004). Solid
medium was prepared as above with the addition of agar (2% w/v). For selection of
genetically manipulated cells, SC medium was prepared without histidine for selection
of cells auxotrophic for HIS3, without leucine for selection of cells auxotrophic for LEUZ,
or with the addition of geneticin (G418) sulfate (200 ug/mL, Invitrogen, Carlsbad, CA) for
cells expressing the kanMX6 gene. Media was prepared with galactose instead of
glucose as the carbon source for experiments requiring media containing galactose. For
experiments with temperature-sensitive YEF6866 and YEF743 strains expressing
Aim44p-GFP and Cdc3p-mCherry, cells were grown as described above, but using 20
°C and 34 °C as permissive and restrictive temperatures, respectively. Other yeast

methods were performed as previously described (Sherman, 2002).

Quantification of multibudded cells

To quantify the frequency of multibudded cells, cultures were grown to late-log phase in
SC medium to an optical density (ODgoo) of at least 1.5. Cells were sonicated and
visualized using a light microscope. Data shown was pooled from three independent
experiments. To check for a cytokinesis defect, cells were incubated with zymolyase

20T (0.1 mg/mL) at room temperature for 10 min.
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Synchronization of cells

To induce cell-cycle arrest in G phase, mid-log phase cultures were treated with 10 yM
a-factor (Genemed Synthesis Inc.) in fresh SC for 2 h at 30 °C. Arrest was verified by
light microscopy, indicated by at least 70% of cells exhibiting a schmoo morphology.
Cells were released from arrest by washing 3 times in cold (4 °C) water before

resuspending in fresh SC medium.

Preparation of cells for microscopy, microscopy, and image analysis

For the localization studies in fixed cells, we used an AxioObserver.Z1 microscope
equipped with a Colibri LED excitation source, a wide-field camera (Orca ER,
Hamamatsu Photonics, Bridgewater, NJ), and Axiovision acquisition software. We used
a 100x/1.3NA EC PlanNeofluar objective (Zeiss) and set the camera to 1x1 binning to
optimize spatial resolution. To visualize mCherry, we used an excitation of 570 nm and
a standard rhodamine/RGP filter set with an exposure time of 300 ms for Cdc3p-
mCherry and 100 ms for Myo1p-mCherry. To visualize GFP, we used excitation at 470
nm (100% LED power) and a standard GFP filter set with an exposure time of 500 ms
for Aim44p-GFP and 300 ms for Myo1p-GFP. We acquired z stacks consisting of 13
slices with 0.5 ym spacing. The time-lapse imaging of Hof1p-GFP expressing cells was
also performed using this microscope and the 470 nm LED for excitation with an
exposure time of 125 ms. For this experiment, cells were imaged using the CellASIC

(EMD Millipore, Billerica, MA) microfluidic flow chamber (Y04C plate) controlled by the
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ONIX Control System and software. Cells were imaged every 5 min for 3 hrs beginning

1 h after release from arrest in G4 phase.

For time-lapse imaging wild-type cells expressing Myo1-mCherry and Aim44p-GFP,
cells were held upright in microfluidic chambers composed of polydimethylsiloxane
(PDMS) with a depth of 20 ym and a diameter of 6 ym, such that actomyosin and
Aim44p rings were positioned parallel to the microscope state. Imaging was carried out
using a spinning disk confocal microscope consisting of the CSU-X1 spinning disk
attachment (Yokogawa Electronic Corporation, Tokyo, Japan) on a Nikon Ti Eclipse
inverted microscope (Nikon Inc., Melville, NY) equipped with and EMCCD cameras
(DU-897, Andor Technologies, plc, Belfast, UK; Evolve, Photometrics, Tucson, AZ), 488
and 561 nm, 50 mW lasers and a CFl Plan Apo 100X [1J1.45 NA oil objective (Nikon
Inc., Melville, NY). Aim44p-GFP was imaged using 488 nm excitation illumination with
500 ms exposure times and 20% laser power. Myo1p-mCherry was imaged using 561

nm excitation illumination with 300 ms exposure times and 30% laser power.

Experiments with temperature-sensitive strains were performed using a Nikon Eclipse Ti
microscope with a 60x/1.4NA oil PlanApo Nikon objective and Perfect Focus System,
equipped with a Hamamatsu 10-600 Orca R? camera, an AS| Nano-Drive piezoelectric
focus drive (Applied Scientific Instruments, Eugene, OR), a Lambda smart shutter
controller and emission filter wheel (Sutter Instruments, Novato, CA), spectral LMM5
100 mW lasers, and a Yokogawa (Sugar Land, TX) CSU 10 spinning-disk confocal

attachment upgraded with a Borealis system (Spectral Applied Research, Natick, MA).
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The 491 and 561 nm lasers were used for excitation at 100% with exposure times of

800 and 225 ms for green and red, respectively.

Live-cell imaging for the actomyosin contractile ring studies was performed using
agarose pads as previously described (Fehrenbacher et al., 2004). Imaging was
performed on an Axioskop 2 microscope (Zeiss) with a 100x/1.4 NA Plan-Apochromat
objective and an Orca 1 cooled charge-coupled device (CCD) camera (Hamamatsu) or
an E600 microscope (Nikon) with a Plan-Apo 100x/1.4 NA objective and an Orca-ER
cooled CCD camera with FITC filter sets. Hardware was controlled by Openlab
software. Three-dimensional images over time were acquired by obtaining optical
sections in 0.5 ym spacing using a piezoelectric focus motor mounted on the objective
lens (Polytech PI, Auburn, MA). An exposure time of 250 ms was used to visualize
Myo1p-GFP. Cells were imaged every 4 min for about 48 min beginning 60 min after

release from arrest in G1 phase.

For the cell cycle progression analysis in wild-type and aim44A cells expressing Tub1-
GFP, cells were fixed using 3.6% fixed using paraformaldehyde and stained with the
DNA-binding dye DAPI (4’,6-diamidino-2-phenylindole; Life Technologies, Grand Island,
NY) mixed with Mounting Solution, as described previously (Swayne et al., 2010). Fixed
cells were then imaged on an Axioskop 2 microscope (Zeiss) with a 100x/1.4 NA Plan-
Apochromat objective and an Orca 1 cooled charge-coupled device (CCD) camera

(Hamamatsu). Z-sections with 0.5 um spacing were acquired.
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Image processing and analysis

Images were deconvolved using a constrained iterative restoration algorithm in Volocity
software (Perkin-Elmer, Waltham, MA). Maximum projections were reconstructed using
Volocity software or Imaged (Schneider et al., 2012). Volocity was also used for
measurement of spindle length. For statistical analysis, p values were calculated with
the Student’s t-test (two-tailed distribution), the chi-squared test, or Kruskal-Wallis

analysis.

Protein methods

Protein was isolated from yeast cells as previously described (Boldogh et al., 1998).
Protein concentration was determined using the bicinchoninic acid assay (Pierce,
Rockford, IL). Calf intestinal alkaline phosphatase (New England Biolabs, Ipswich, MA)
treatment was carried out using 10 units of enzyme for 1 h at 37 °C. 13Myc-tagged
proteins were probed on nitrocellulose membrane using a monoclonal anti-Myc (9E10
1-1) primary antibody (Evan et al., 1985) and a horseradish peroxidase-conjugated
secondary antibody (Promega, Madison, WI). HA-tagged proteins were detected using
a monoclonal mouse anti-HA antibody (12CA5, Roche, Nutley, NJ). Hexokinase was
detected using a rabbit polyclonal anti-hexokinase antibody (Cat. No. LS-C59302)
purchased from LifeSpan Biosciences, Inc. (Seattle, WA). Signal was detected using
the SuperSignal West Pico chemiluminescent substrate (Pierce). Luminescence was
recorded using a ChemiDoc MP imaging system and analyzed using Image Lab
software (Bio-Rad, Hercules, CA). For the co-immunoprecipitation experiments, protein

extracts were added to Dynabeads® Protein G (Life Technologies, Grand Island, NY)
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according to the manufacturer’s instructions and incubated with a monoclonal mouse
anti-HA antibody (clone 12CA5, Cat. No. 11 583 816 001, Roche, Nutley, NJ) to
mediate the pull-down of Aim44p-3HA. The antibodies used for probing the
nitrocellulose membrane were a monoclonal rabbit anti-Myc antibody (71D10, Cat. No.
2278, Cell Signaling, Danvers, MA) and a monoclonal mouse anti-HA antibody (clone

16B12, Cat. No. MMS-101P, Covance, Princeton, NJ).

Table 4.1. Yeast strains used in this study were constructed as described in the Methods
section. All yeast strains were created in the BY4741 wild-type background except for the
temperature-sensitive septin strain (YEF743 cdc12-6) and the wild-type control (YEF6866
CDC12). The two YEF strains were kindly provided by Dr. Erfei Bi (The University of

Pennsylvania, Philadelphia, PA, USA).

Strain Genotype Source

BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 Open Biosystems
(Huntsville, AL)

7394 MATa aim44A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 Open Biosystems

ISY007 MATa cbk1A:HIS3 leu2A0 met15A0 ura3A0 (Garcia-
Rodriguez et al.,
2009)

THY158 MATa MYO1-GFP::HIS3 leu2A0 met15A0 ura3A0 (Huckaba et al.,
2006)

RHY045 MATa his3A1 myo1A::LEU2 met15A0 ura3A0 (Higuchi et al.,
2013)

DAYO001 MATa aim44A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 This study
[PYIP128-CDC3-mCherry::LEU2]

DAY002 MATa MYO1-GFP:HIS3 aim44A::kanMX6 leu2A0 met15A0 | This study
ura3A0
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Strain Genotype Source
DAY003 MATa AIM44-GFP::HIS3 leu2A0 met15A0 ura3A0 This study
DAY004 MATa AIM44-GFP::HIS3 leu2A0 met15A0 ura3A0 This study
[pYIP128-CDC3-mCherry::LEU2]

DAY005 MATa AIM44-GFP::HIS3 myo1A::LEU2 met15A0 ura3A0 This study

DAY006 MATa AIM44-GFP::HIS3 MYO1-mCherry::hphMX4 leu2A0 | This study
met15A0 ura3A0

DAY007 MATa MYO1-GFP::HIS3 CDC3-mCherry::hphMX4 leu2A0 | This study
met15A0 ura3A0

DAY008 MATa HOF1-13Myc::HIS3 leu2A0 met15A0 ura3A0 This study

DAY009 MATa HOF1-13Myc::HIS3 aim44A::LEU2 met15A0 ura3A0 | This study

LPY057-1 | MATa HOF1-GFP::HIS3 leu2A0 met15A0 ura3A0 This study

DAY010 MATa aim44A::KANMX6 HOF1-GFP::HIS3 met15A0 This study
ura3A0

DAY011 CDC12+ AIM44-GFP::KanMX®6 ura3 leu2A0 HIS3+ TRP1+ | This study
[PYIP128-CDC3-mCherry::LEU2]

DAY012 cdc12-6 AIM44-GFP::KanMX6 ura3 leu2A0 HIS3+ TRP1+ | This study
[pYIP128-CDC3-mCherry::LEU2]

DAY013 MATa his3A1 TUB1-GFP::LEU2 met15A0 ura3A0 This study

DAY014 MATa aim44A::kanMX6 his3A1 TUB1-GFP::LEU2 met15A0 | This study
ura3A0

DAY015 MATa his3A1 leu2A0 met15A0 ura3A0 [pGB1805- This study
DBF2::URA3]

DAY016 MATa aim44A::kanMX6 his3A1 leu2A0 met15A0 ura3A0 This study
[pGB1805-DBF2::URA3]

DAY017 MATa AIM44-3HA::kanMX6 his3A1 leu2A0 met15A0 | This study

ura3A0
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Strain

Genotype

Source

DAY018

MATa AIM44-3HA::kanMX6 HOF1-13Myc::HIS3 leu2A0

met15A0 ura3A0

This study

140




ACKNOWLEDGEMENTS

We thank the members of the Pon laboratory for technical assistance and valuable discussions,
Dr. John Pringle (Stanford) for yeast strains, Dr. Erfei Bi (University of Pennsylvania) for
plasmids, Zhou Zhou and Dr. Fred Chang (Columbia University) for microfluidic chambers, Dr.
Julie Canman (Columbia University) for valuable guidance and use of her spinning disk confocal
microscope, and Dr. Theresa C. Swayne for assistance during preparation of the manuscript.
We also thank Joseph Mclnnes for his contribution to data acquisition and analysis. This work
was supported by awards from the National Institutes of Health (NIH) (2 TL1 RR 24158-6) to
Dana M. Alessi and the NIH (GM045735, GM045735S1 and GM096445) to Liza A. Pon
GM045735S1 was issued from the NIH under the American Recovery and Reinvestment Act of
2009. Imaging in the Confocal and Specialized Microscopy Shared Resource was supported by

NIH P30 CA13696 to the Herbert Irving Comprehensive Cancer Center at Columbia University.

141



REFERENCES

Abeliovich, H. (2011). Stationary-phase mitophagy in respiring Saccharomyces
cerevisiae. Antioxid. Redox Signal. 14, 2003-2011.

Abeliovich, H., Zarei, M., Rigbolt, K. T. G., Youle, R. J., and Dengjel, J. (2013).
Involvement of mitochondrial dynamics in the segregation of mitochondrial matrix
proteins during stationary phase mitophagy. Nat. Commun. 4, 2789.

Aguilaniu, H., Gustafsson, L., Rigoulet, M., and Nystrom, T. (2003). Asymmetric
inheritance of oxidatively damaged proteins during cytokinesis. Science 299, 1751—
1753.

Ahn, C. S., Lee, J. H.,, Reum Hwang, A., Kim, W. T., and Pai, H.-S. (2006). Prohibitin is
involved in mitochondrial biogenesis in plants. Plant J. 46, 658—667.

Van Aken, O. et al. (2007). Mitochondrial type-I prohibitins of Arabidopsis thaliana are
required for supporting proficient meristem development. Plant J. 52, 850—-864.

Van Aken, O., Whelan, J., and Van Breusegem, F. (2010). Prohibitins: mitochondrial
partners in development and stress response. Trends Plant Sci. 15, 275-282.

Alberts, A. S. (2001). Identification of a carboxyl-terminal diaphanous-related formin
homology protein autoregulatory domain. J. Biol. Chem. 276, 2824-2830.

Alvers, A. L., Wood, M. S., Hu, D., Kaywell, A. C., Dunn, W. A., and Aris, J. P. (2009).
Autophagy is required for extension of yeast chronological life span by rapamycin.
Autophagy 5, 847-849.

Amigo, I., and Kowaltowski, A. J. (2014). Dietary restriction in cerebral bioenergetics
and redox state. Redox Biol. 2, 296—-304.

Aoki, Y., Kanki, T., Hirota, Y., Kurihara, Y., Saigusa, T., Uchiumi, T., and Kang, D.
(2011). Phosphorylation of Serine 114 on Atg32 mediates mitophagy. Mol. Biol. Cell 22,
3206-3217.

Aris, J. P. et al. (2013). Autophagy and leucine promote chronological longevity and
respiration proficiency during calorie restriction in yeast. Exp. Gerontol. 48, 1107-1119.

Arlt, H., Steglich, G., Perryman, R., Guiard, B., Neupert, W., and Langer, T. (1998). The

formation of respiratory chain complexes in mitochondria is under the proteolytic control
of the m-AAA protease. EMBO J. 17, 4837—-4847.

142



Arlt, H., Tauer, R., Feldmann, H., Neupert, W., and Langer, T. (1996). The YTA10-12
complex, an AAA protease with chaperone-like activity in the inner membrane of
mitochondria. Cell 85, 875-885.

Artal-Sanz, M., and Tavernarakis, N. (2009). Prohibitin and mitochondrial biology.
Trends Endocrinol. Metab. 20, 394—401.

Artal-Sanz, M., Tsang, W. Y., Willems, E. M., Grivell, L. A., Lemire, B. D., van der Spek,
H., Nijtmans, L. G. J., and Sanz, M. A. (2003). The mitochondrial prohibitin complex is

essential for embryonic viability and germline function in Caenorhabditis elegans. J.
Biol. Chem. 278, 32091-32099.

Asnes, C. F., and Schroeder, T. E. (1979). Cell cleavage. Ultrastructural evidence
against equatorial stimulation by aster microtubules. Exp. Cell Res. 122, 327-338.

Atkins, B. D., Yoshida, S., Saito, K., Wu, C.-F., Lew, D. J., and Pellman, D. (2013).
Inhibition of Cdc42 during mitotic exit is required for cytokinesis. J. Cell Biol. 202, 231—
240.

Augustin, S., Nolden, M., Mdller, S., Hardt, O., Arnold, I., and Langer, T. (2005).
Characterization of peptides released from mitochondria: evidence for constant
proteolysis and peptide efflux. J. Biol. Chem. 280, 2691-2699.

Azzu, V., and Brand, M. D. (2010). Degradation of an intramitochondrial protein by the
cytosolic proteasome. J. Cell Sci. 123, 578-585.

Badadani, M. et al. (2010). VCP associated inclusion body myopathy and paget disease
of bone knock-in mouse model exhibits tissue pathology typical of human disease.
PLoS One 5.

Bae, Y. S., Kang, S. W, Seo, M. S., Baines, I. C., Tekle, E., Chock, P. B., and Rhee, S.
G. (1997). Epidermal growth factor (EGF)-induced generation of hydrogen peroxide.
Role in EGF receptor-mediated tyrosine phosphorylation. J. Biol. Chem. 272, 217-221.

Bakala, H., Delaval, E., Hamelin, M., Bismuth, J., Borot-Laloi, C., Corman, B., and
Friguet, B. (2003). Changes in rat liver mitochondria with aging. Lon protease-like
reactivity and N(epsilon)-carboxymethyllysine accumulation in the matrix. Eur. J.
Biochem. 270, 2295-2302.

Baker, B. M., and Haynes, C. M. (2011). Mitochondrial protein quality control during
biogenesis and aging. Trends Biochem. Sci. 36, 254—-261.

Baladrén, V., Ufano, S., Duefias, E., Martin-Cuadrado, A. B., del Rey, F., and Vazquez
de Aldana, C. R. (2002). Eng1p, an endo-1,3-beta-glucanase localized at the daughter

143



side of the septum, is involved in cell separation in Saccharomyces cerevisiae.
Eukaryot. Cell 1, 774-786.

Barral, Y., Parra, M., Bidlingmaier, S., and Snyder, M. (1999). Nim1-related kinases
coordinate cell cycle progression with the organization of the peripheral cytoskeleton in
yeast. Genes Dev. 13, 176-187.

Bayot, A., Gareil, M., Rogowska-Wrzesinska, A., Roepstorff, P., Friguet, B., and
Bulteau, A.-L. (2010). Identification of novel oxidized protein substrates and
physiological partners of the mitochondrial ATP-dependent Lon-like protease Pim1. J.
Biol. Chem. 285, 11445-11457.

Beal, M. F. (2002). Oxidatively modified proteins in aging and disease. Free Radic. Biol.
Med. 32, 797-803.

Beal, M. F. (2005). Mitochondria take center stage in aging and neurodegeneration.
Ann. Neurol. 58, 495-505.

Beams, H. W., and Kessel, R. G. (1976). Cytokinesis: A Comparative Study of
Cytoplasmic Division in Animal Cells. Am. Sci. 64, 279-290.

Beams W. H. and Evans T.C. (1940). Some effects of colchicine upon the first cleavage
in Arbacia punctualta. Biol. Bull. 79, 188—198.

Beer, S. M., Taylor, E. R., Brown, S. E., Dahm, C. C., Costa, N. J., Runswick, M. J., and
Murphy, M. P. (2004). Glutaredoxin 2 catalyzes the reversible oxidation and
glutathionylation of mitochondrial membrane thiol proteins: implications for
mitochondrial redox regulation and antioxidant DEFENSE. J. Biol. Chem. 279, 47939
47951.

Bender, T., Lewrenz, |., Franken, S., Baitzel, C., and Voos, W. (2011). Mitochondrial
enzymes are protected from stress-induced aggregation by mitochondrial chaperones
and the Pim1/LON protease. Mol. Biol. Cell 22, 541-554.

Berger, K. H., and Yaffe, M. P. (1998). Prohibitin family members interact genetically
with mitochondrial inheritance components in Saccharomyces cerevisiae. Mol. Cell.
Biol. 718, 4043—-4052.

Berlett, B. S, Levine, R. L., and Stadtman, E. R. (1998). Carbon dioxide stimulates
peroxynitrite-mediated nitration of tyrosine residues and inhibits oxidation of methionine

residues of glutamine synthetase: both modifications mimic effects of adenylylation.
Proc. Natl. Acad. Sci. U. S. A. 95, 2784-27809.

Bertin, A., McMurray, M. A., Grob, P., Park, S.-S., Garcia, G., Patanwala, I., Ng, H.-L.,
Alber, T., Thorner, J., and Nogales, E. (2008). Saccharomyces cerevisiae septins:

144



supramolecular organization of heterooligomers and the mechanism of filament
assembly. Proc. Natl. Acad. Sci. U. S. A. 105, 8274-8279.

Bertin, A., McMurray, M. A., Pierson, J., Thai, L., McDonald, K. L., Zehr, E. A., Garcia,
G., Peters, P., Thorner, J., and Nogales, E. (2012). Three-dimensional ultrastructure of
the septin filament network in Saccharomyces cerevisiae. Mol. Biol. Cell 23, 423—432.

Bertin, A., McMurray, M. A., Thai, L., Garcia, G., Votin, V., Grob, P., Allyn, T., Thorner,
J., and Nogales, E. (2010). Phosphatidylinositol-4,5-bisphosphate promotes budding
yeast septin filament assembly and organization. J. Mol. Biol. 404, 711-731.

Betarbet, R., Sherer, T. B., MacKenzie, G., Garcia-Osuna, M., Panov, A. V, and
Greenamyre, J. T. (2000). Chronic systemic pesticide exposure reproduces features of
Parkinson’s disease. Nat. Neurosci. 3, 1301-1306.

Bhatia-KisSova, I., and Camougrand, N. (2013). Mitophagy is not induced by
mitochondrial damage but plays a role in the regulation of cellular autophagic activity.
Autophagy 9, 1897-1899.

Bi, E., Maddox, P., Lew, D. J., Salmon, E. D., McMillan, J. N., Yeh, E., and Pringle, J. R.
(1998). Involvement of an actomyosin contractile ring in Saccharomyces cerevisiae
cytokinesis. J. Cell Biol. 142, 1301-1312.

Blondel, M., Bach, S., Bamps, S., Dobbelaere, J., Wiget, P., Longaretti, C., Barral, Y.,
Meijer, L., and Peter, M. (2005). Degradation of Hof1 by SCF(Grr1) is important for
actomyosin contraction during cytokinesis in yeast. EMBO J. 24, 1440-1452.

Boldogh, I., Vojtov, N., Karmon, S., and Pon, L. A. (1998). Interaction between
mitochondria and the actin cytoskeleton in budding yeast requires two integral
mitochondrial outer membrane proteins, Mmm1p and Mdm10p. J. Cell Biol. 141, 1371-
1381.

Bonawitz, N. D., Rodeheffer, M. S., and Shadel, G. S. (2006). Defective mitochondrial
gene expression results in reactive oxygen species-mediated inhibition of respiration
and reduction of yeast life span. Mol. Cell. Biol. 26, 4818-4829.

Béttinger, L., and Becker, T. (2012). Protein quality control in the intermembrane space
of mitochondria. J. Mol. Biol. 424, 225-226.

Bowen, J. R., Hwang, D., Bai, X., Roy, D., and Spiliotis, E. T. (2011). Septin GTPases

spatially guide microtubule organization and plus end dynamics in polarizing epithelia. J.
Cell Biol. 194, 187-197.

145



Brand, M. D., Affourtit, C., Esteves, T. C., Green, K., Lambert, A. J., Miwa, S., Pakay, J.
L., and Parker, N. (2004). Mitochondrial superoxide: production, biological effects, and
activation of uncoupling proteins. Free Radic. Biol. Med. 37, 755-767.

Burgess, D. R. (2005). Rounding-up on the TCB Cytokinesis series. Trends Cell Biol.
15, 633-634.

Burgess, D. R., and Chang, F. (2005). Site selection for the cleavage furrow at
cytokinesis. Trends Cell Biol. 15, 156—162.

Bus, J. S., Aust, S. D., and Gibson, J. E. (1976). Paraquat toxicity: proposed
mechanism of action involving lipid peroxidation. Environ. Health Perspect. 16, 139—
146.

Bus, J. S., and Gibson, J. E. (1984). Paraquat: model for oxidant-initiated toxicity.
Environ. Health Perspect. 55, 37-46.

Calingasan, N. Y., Uchida, K., and Gibson, G. E. (1999). Protein-bound acrolein: a
novel marker of oxidative stress in Alzheimer’s disease. J. Neurochem. 72, 751-756.

Canet-Avilés, R. M., Wilson, M. A., Miller, D. W., Ahmad, R., McLendon, C.,
Bandyopadhyay, S., Baptista, M. J., Ringe, D., Petsko, G. A., and Cookson, M. R.
(2004). The Parkinson’s disease protein DJ-1 is neuroprotective due to cysteine-sulfinic
acid-driven mitochondrial localization. Proc. Natl. Acad. Sci. U. S. A. 1071, 9103-9108.

Cao, L., Ding, X., Yu, W., Yang, X., Shen, S., and Yu, L. (2007). Phylogenetic and
evolutionary analysis of the septin protein family in metazoan. FEBS Lett. 587, 5526—
5532.

Caviston, J. P., Longtine, M., Pringle, J. R., and Bi, E. (2003). The role of Cdc42p
GTPase-activating proteins in assembly of the septin ring in yeast. Mol. Biol. Cell 14,
4051-4066.

Chant, J. (1999). Cell polarity in yeast. Annu. Rev. Cell Dev. Biol. 15, 365-391.

Chen, J.-C., Jiang, C.-Z., and Reid, M. S. (2005). Silencing a prohibitin alters plant
development and senescence. Plant J. 44, 16-24.

Chen, Q., Thorpe, J., Dohmen, J. R., Li, F., and Keller, J. N. (2006). Ump1 extends
yeast lifespan and enhances viability during oxidative stress: central role for the
proteasome? Free Radic. Biol. Med. 40, 120-126.

Cheng, M. Y., Hartl, F. U., Martin, J., Pollock, R. A., Kalousek, F., Neupert, W.,
Hallberg, E. M., Hallberg, R. L., and Horwich, A. L. (1989). Mitochondrial heat-shock

146



protein hsp60 is essential for assembly of proteins imported into yeast mitochondria.
Nature 337, 620-625.

Choo, Y. S., Johnson, G. V. W., MacDonald, M., Detloff, P. J., and Lesort, M. (2004).
Mutant huntingtin directly increases susceptibility of mitochondria to the calcium-
induced permeability transition and cytochrome c release. Hum. Mol. Genet. 13, 1407—-
1420.

Cid, V. J., Adamikova, L., Sanchez, M., Molina, M., and Nombela, C. (2001). Cell cycle
control of septin ring dynamics in the budding yeast. Microbiology 747, 1437-1450.

Clague, M. J., Barsukov, I., Coulson, J. M., Liu, H., Rigden, D. J., and Urbé, S. (2013).
Deubiquitylases from genes to organism. Physiol. Rev. 93, 1289-1315.

Coates, P. J., Jamieson, D. J., Smart, K., Prescott, A. R., and Hall, P. A. (1997). The
prohibitin family of mitochondrial proteins regulate replicative lifespan. Curr. Biol. 7,
607-610.

Cochemé, H. M., and Murphy, M. P. (2008). Complex | is the major site of mitochondrial
superoxide production by paraquat. J. Biol. Chem. 283, 1786-1798.

Cocklin, R., Heyen, J., Larry, T., Tyers, M., and Goebl, M. (2011). New insight into the
role of the Cdc34 ubiquitin-conjugating enzyme in cell cycle regulation via Ace2 and
Sic1. Genetics 187, 701-715.

Collins, S. R. et al. (2007). Functional dissection of protein complexes involved in yeast
chromosome biology using a genetic interaction map. Nature 446, 806—810.

Crouch, P. J. et al. (2005). Copper-dependent inhibition of human cytochrome c oxidase
by a dimeric conformer of amyloid-beta1-42. J. Neurosci. 25, 672—679.

Culotta, V. C., Yang, M., and O’Halloran, T. V (2006). Activation of superoxide
dismutases: putting the metal to the pedal. Biochim. Biophys. Acta 1763, 747—758.

Di Cunto, F. et al. (2000). Defective neurogenesis in citron kinase knockout mice by
altered cytokinesis and massive apoptosis. Neuron 28, 115-127.

D’Avino, P. P., Savoian, M. S., and Glover, D. M. (2004). Mutations in sticky lead to
defective organization of the contractile ring during cytokinesis and are enhanced by
Rho and suppressed by Rac. J. Cell Biol. 166, 61-71.

Damiano, M., Starkov, A. A., Petri, S., Kipiani, K., Kiaei, M., Mattiazzi, M., Flint Beal, M.,
and Manfredi, G. (2006). Neural mitochondrial Ca2+ capacity impairment precedes the
onset of motor symptoms in G93A Cu/Zn-superoxide dismutase mutant mice. J.
Neurochem. 96, 1349-1361.

147



Deas, E., Plun-Favreau, H., and Wood, N. W. (2009). PINK1 function in health and
disease. EMBO Mol. Med. 1, 152-165.

Dechant, R., and Glotzer, M. (2003). Centrosome separation and central spindle
assembly act in redundant pathways that regulate microtubule density and trigger
cleavage furrow formation. Dev. Cell 4, 333—-344.

Deffieu, M., Bhatia-KisSova, I., Salin, B., Klionsky, D. J., Pinson, B., Manon, S., and
Camougrand, N. (2013). Increased levels of reduced cytochrome b and mitophagy
components are required to trigger nonspecific autophagy following induced
mitochondrial dysfunction. J. Cell Sci. 126, 415-426.

Delaval, E., Perichon, M., and Friguet, B. (2004). Age-related impairment of
mitochondrial matrix aconitase and ATP-stimulated protease in rat liver and heart. Eur.
J. Biochem. 271, 4559-4564.

DeMay, B. S., Bai, X., Howard, L., Occhipinti, P., Meseroll, R. A., Spiliotis, E. T.,
Oldenbourg, R., and Gladfelter, A. S. (2011). Septin filaments exhibit a dynamic, paired
organization that is conserved from yeast to mammails. J. Cell Biol. 193, 1065-1081.

DeZwaan, T. M., Ellingson, E., Pellman, D., and Roof, D. M. (1997). Kinesin-related
KIP3 of Saccharomyces cerevisiae is required for a distinct step in nuclear migration. J.
Cell Biol. 138, 1023—-1040.

Dinis-Oliveira, R. J., Remiédo, F., Carmo, H., Duarte, J. A., Navarro, A. S., Bastos, M. L.,
and Carvalho, F. (2006). Paraquat exposure as an etiological factor of Parkinson’s
disease. Neurotoxicology 27, 1110-1122.

Dobbelaere, J., and Barral, Y. (2004). Spatial coordination of cytokinetic events by
compartmentalization of the cell cortex. Science 305, 393—396.

Dobbelaere, J., Gentry, M. S., Hallberg, R. L., and Barral, Y. (2003). Phosphorylation-
dependent regulation of septin dynamics during the cell cycle. Dev. Cell 4, 345-357.

Donaldson, J. G., and Jackson, C. L. (2000). Regulators and effectors of the ARF
GTPases. Curr. Opin. Cell Biol. 12, 475-482.

Dooley, C. T., Dore, T. M., Hanson, G. T., Jackson, W. C., Remington, S. J., and Tsien,
R. Y. (2004). Imaging dynamic redox changes in mammalian cells with green
fluorescent protein indicators. J. Biol. Chem. 279, 22284—-22293.

Doolin, M. T., Johnson, A. L., Johnston, L. H., and Butler, G. (2001). Overlapping and

distinct roles of the duplicated yeast transcription factors Ace2p and Swi5p. Mol.
Microbiol. 40, 422-432.

148



Drechsel, D. N., Hyman, A. A., Hall, A., and Glotzer, M. (1997). A requirement for Rho
and Cdc42 during cytokinesis in Xenopus embryos. Curr. Biol. 7, 12-23.

Driver-Dunckley E, C. J. (2007). Neurology and Clinical Neuroscience - ISBN:
9780323033541| US Elsevier Health Bookshop. In: Neurology and Clinical
Neuroscience, ed. A. H. V. Schapira, Elsevier, 879-885.

Dukan, S., and Nystrom, T. (1998). Bacterial senescence: stasis results in increased
and differential oxidation of cytoplasmic proteins leading to developmental induction of
the heat shock regulon. Genes Dev. 712, 3431-3441.

Dunn, W. A, Cregg, J. M., Kiel, J. A. K. W., van der Klei, I. J., Oku, M., Sakai, Y.,
Sibirny, A. A., Stasyk, O. V, and Veenhuis, M. (2005). Pexophagy: the selective
autophagy of peroxisomes. Autophagy 1, 75-83.

Van Dyck, L., Neupert, W., and Langer, T. (1998). The ATP-dependent PIM1 protease
is required for the expression of intron-containing genes in mitochondria. Genes Dev.
12, 1515-1524.

Van Dyck, L., Pearce, D. A., and Sherman, F. (1994). PIM1 encodes a mitochondrial
ATP-dependent protease that is required for mitochondrial function in the yeast
Saccharomyces cerevisiae. J. Biol. Chem. 269, 238—-242.

Echard, A., Hickson, G. R. X,, Foley, E., and O’Farrell, P. H. (2004). Terminal
cytokinesis events uncovered after an RNAI screen. Curr. Biol. 74, 1685-1693.

Eda, M., Yonemura, S., Kato, T., Watanabe, N., Ishizaki, T., Madaule, P., and
Narumiya, S. (2001). Rho-dependent transfer of Citron-kinase to the cleavage furrow of
dividing cells. J. Cell Sci. 114, 3273-3284.

Epp, J. A., and Chant, J. (1997). An IQGAP-related protein controls actin-ring formation
and cytokinesis in yeast. Curr. Biol. 7, 921-929.

Epstein, J., and Gershon, D. (1972). Studies on ageing in nematodes IV. The effect of
anti-oxidants on cellular damage and life span. Mech. Ageing Dev. 1, 257-264.

Erjavec, N., Bayot, A., Gareil, M., Camougrand, N., Nystrom, T., Friguet, B., and
Bulteau, A.-L. (2013). Deletion of the mitochondrial Pim1/Lon protease in yeast results
in accelerated aging and impairment of the proteasome. Free Radic. Biol. Med. 56, 9—
16.

Escobar-Henriques, M., Westermann, B., and Langer, T. (2006). Regulation of
mitochondrial fusion by the F-box protein Mdm30 involves proteasome-independent
turnover of Fzo1. J. Cell Biol. 173, 645-650.

149



Evan, G. |, Lewis, G. K., Ramsay, G., and Bishop, J. M. (1985). Isolation of monoclonal
antibodies specific for human c-myc proto-oncogene product. Mol. Cell. Biol. 5, 3610—
3616.

Fabrizio, P., and Longo, V. D. (2003). The chronological life span of Saccharomyces
cerevisiae. Aging Cell 2, 73-81.

Fang, X., Luo, J., Nishihama, R., Wloka, C., Dravis, C., Travaglia, M., lwase, M., Vallen,
E. A., and Bi, E. (2010). Biphasic targeting and cleavage furrow ingression directed by
the tail of a myosin Il. J. Cell Biol. 191, 1333-1350.

Farré, J.-C., Manjithaya, R., Mathewson, R. D., and Subramani, S. (2008). PpAtg30
tags peroxisomes for turnover by selective autophagy. Dev. Cell 14, 365-376.

Feely, S., Gonzalez, M., Weihl, C., Shy, M., and Zuchner, S. (2014). Novel Mutation in
VCP Causes Charcot-Marie-Tooth Type 2 (CMT2) Phenotype (S46.003). Neurology 82,
S46.003—.

Fehrenbacher, K. L., Yang, H.-C., Gay, A. C., Huckaba, T. M., and Pon, L. A. (2004).
Live cell imaging of mitochondrial movement along actin cables in budding yeast. Curr.
Biol. 74, 1996-2004.

Finkel, T. (2011). Signal transduction by reactive oxygen species. J. Cell Biol. 194, 7—
15.

Finley, D. et al. (1998). Unified nomenclature for subunits of the Saccharomyces
cerevisiae proteasome regulatory particle. Trends Biochem. Sci. 23, 244-245.

Fontana, L., Partridge, L., and Longo, V. D. (2010). Extending healthy life span--from
yeast to humans. Science 328, 321-326.

Fraschini, R., D’Ambrosio, C., Venturetti, M., Lucchini, G., and Piatti, S. (2006).
Disappearance of the budding yeast Bub2-Bfa1 complex from the mother-bound spindle
pole contributes to mitotic exit. J. Cell Biol. 172, 335-346.

Fridovich, I. (1995). Superoxide radical and superoxide dismutases. Annu. Rev.
Biochem. 64, 97-112.

Funakoshi, M., Tomko, R. J., Kobayashi, H., and Hochstrasser, M. (2009). Multiple
assembly chaperones govern biogenesis of the proteasome regulatory particle base.
Cell 137, 887-899.

Gane, E. J., Weilert, F., Orr, D. W., Keogh, G. F., Gibson, M., Lockhart, M. M.,
Frampton, C. M., Taylor, K. M., Smith, R. A. J., and Murphy, M. P. (2010). The

150



mitochondria-targeted anti-oxidant mitoquinone decreases liver damage in a phase Il
study of hepatitis C patients. Liver Int. 30, 1019-1026.

Garcia, G., Bertin, A., Li, Z., Song, Y., McMurray, M. A., Thorner, J., and Nogales, E.
(2011). Subunit-dependent modulation of septin assembly: budding yeast septin Shs1
promotes ring and gauze formation. J. Cell Biol. 195, 993—1004.

Garcia-Rodriguez, L. J., Crider, D. G., Gay, A. C., Salanueva, |. J., Boldogh, I. R., and
Pon, L. A. (2009). Mitochondrial inheritance is required for MEN-regulated cytokinesis in
budding yeast. Curr. Biol. 19, 1730-1735.

Gibson, G. E., Starkov, A., Blass, J. P., Ratan, R. R., and Beal, M. F. (2010). Cause and
consequence: mitochondrial dysfunction initiates and propagates neuronal dysfunction,

neuronal death and behavioral abnormalities in age-associated neurodegenerative
diseases. Biochim. Biophys. Acta 1802, 122—-134.

Gietz, R. D., Schiestl, R. H., Willems, A. R., and Woods, R. A. (1995). Studies on the
transformation of intact yeast cells by the LiAc/SS-DNA/PEG procedure. Yeast 11, 355—
360.

Grindstaff, K. K., Yeaman, C., Anandasabapathy, N., Hsu, S. C., Rodriguez-Boulan, E.,
Scheller, R. H., and Nelson, W. J. (1998). Sec6/8 complex is recruited to cell-cell
contacts and specifies transport vesicle delivery to the basal-lateral membrane in
epithelial cells. Cell 93, 731-740.

Gruber, J., Fong, S., Chen, C.-B., Yoong, S., Pastorin, G., Schaffer, S., Cheah, I., and
Halliwell, B. (2013). Mitochondria-targeted antioxidants and metabolic modulators as
pharmacological interventions to slow ageing. Biotechnol. Adv. 31, 563-592.

Gu, M., Gash, M. T., Mann, V. M., Javoy-Agid, F., Cooper, J. M., and Schapira, A. H.
(1996). Mitochondrial defect in Huntington’s disease caudate nucleus. Ann. Neurol. 39,
385-389.

Guarente, L. (2008). Mitochondria--a nexus for aging, calorie restriction, and sirtuins?
Cell 132, 171-176.

Guha, M., Zhou, M., and Wang, Y.-L. (2005). Cortical actin turnover during cytokinesis
requires myosin Il. Curr. Biol. 15, 732-736.

Gunsalus, K. C., Bonaccorsi, S., Williams, E., Verni, F., Gatti, M., and Goldberg, M. L.
(1995). Mutations in twinstar, a Drosophila gene encoding a cofilin/ADF homologue,
result in defects in centrosome migration and cytokinesis. J. Cell Biol. 131, 1243—1259.

Gutsche, I., Essen, L. O., and Baumeister, W. (1999). Group Il chaperonins: new
TRIC(k)s and turns of a protein folding machine. J. Mol. Biol. 293, 295-312.

151



Haarer, B. K., and Pringle, J. R. (1987). Immunofluorescence localization of the
Saccharomyces cerevisiae CDC12 gene product to the vicinity of the 10-nm filaments in
the mother-bud neck. Mol. Cell. Biol. 7, 3678-3687.

Hamilton, M. L., Van Remmen, H., Drake, J. A., Yang, H., Guo, Z. M., Kewitt, K., Walter,
C. A., and Richardson, A. (2001). Does oxidative damage to DNA increase with age?
Proc. Natl. Acad. Sci. U. S. A. 98, 10469-10474.

Hanson, G. T., Aggeler, R., Oglesbee, D., Cannon, M., Capaldi, R. A., Tsien, R. Y., and
Remington, S. J. (2004). Investigating mitochondrial redox potential with redox-sensitive
green fluorescent protein indicators. J. Biol. Chem. 279, 13044-13053.

Hara, T. et al. (2006). Suppression of basal autophagy in neural cells causes
neurodegenerative disease in mice. Nature 441, 885—-889.

Harman, D. (1956). Aging: a theory based on free radical and radiation chemistry. J.
Gerontol. 11, 298-300.

Harrington, L. A., and Harley, C. B. (1988). Effect of vitamin E on lifespan and
reproduction in Caenorhabditis elegans. Mech. Ageing Dev. 43, 71-78.

Hartwell, L. H. (1971). Genetic control of the cell division cycle in yeast. IV. Genes
controlling bud emergence and cytokinesis. Exp. Cell Res. 69, 265-276.

He, B., Feng, Q., Mukherjee, A., Lonard, D. M., DeMayo, F. J., Katzenellenbogen, B. S.,
Lydon, J. P., and O’Malley, B. W. (2008). A repressive role for prohibitin in estrogen
signaling. Mol. Endocrinol. 22, 344-360.

Hecht, D., and Zick, Y. (1992). Selective inhibition of protein tyrosine phosphatase
activities by H202 and vanadate in vitro. Biochem. Biophys. Res. Commun. 7188, 773—
779.

Hempelmann, L. H., and Hoffman, J. G. (1953). Practical Aspects of Radiation Injury.
Annu. Rev. Nucl. Sci. 3, 369-392.

Heo, J.-M. et al. (2010). A stress-responsive system for mitochondrial protein
degradation. Mol. Cell 40, 465—-480.

Heo, J.-M., and Rutter, J. (2011). Ubiquitin-dependent mitochondrial protein
degradation. Int. J. Biochem. Cell Biol. 43, 1422-1426.

Herrero, E., Ros, J., Belli, G., and Cabiscol, E. (2008). Redox control and oxidative
stress in yeast cells. Biochim. Biophys. Acta 1780, 1217-1235.

152



Hess, D. C. et al. (2009). Computationally driven, quantitative experiments discover
genes required for mitochondrial biogenesis. PLoS Genet. 5, e1000407.

Hewitt, V. L., Gabriel, K., and Traven, A. (2014). The ins and outs of the intermembrane
space: diverse mechanisms and evolutionary rewiring of mitochondrial protein import
routes. Biochim. Biophys. Acta 1840, 1246—1253.

Hirai, K., Ikeda, K., and Wang, G. Y. (1992). Paraquat damage of rat liver mitochondria
by superoxide production depends on extramitochondrial NADH. Toxicology 72, 1-16.

Hitchcock, A. L., Krebber, H., Frietze, S., Lin, A., Latterich, M., and Silver, P. A. (2001).
The conserved npl4 protein complex mediates proteasome-dependent membrane-
bound transcription factor activation. Mol. Biol. Cell 12, 3226—-3241.

Hochstrasser, M., and Varshavsky, A. (1990). In vivo degradation of a transcriptional
regulator: the yeast alpha 2 repressor. Cell 61, 697—708.

Hockenbery, D. M., Oltvai, Z. N., Yin, X. M., Milliman, C. L., and Korsmeyer, S. J.
(1993). Bcl-2 functions in an antioxidant pathway to prevent apoptosis. Cell 75, 241—
251.

Hoppins, S., Collins, S. R., Cassidy-Stone, A., Hummel, E., Devay, R. M., Lackner, L.
L., Westermann, B., Schuldiner, M., Weissman, J. S., and Nunnari, J. (2011). A
mitochondrial-focused genetic interaction map reveals a scaffold-like complex required
for inner membrane organization in mitochondria. J. Cell Biol. 195, 323-340.

Huckaba, T. M., Lipkin, T., and Pon, L. A. (2006). Roles of type Il myosin and a
tropomyosin isoform in retrograde actin flow in budding yeast. J. Cell Biol. 175, 957—
969.

Huh, W.-K,, Falvo, J. V, Gerke, L. C., Carroll, A. S., Howson, R. W., Weissman, J. S.,
and O’Shea, E. K. (2003). Global analysis of protein localization in budding yeast.
Nature 425, 686—691.

Hwa Lim, H., Yeong, F. M., and Surana, U. (2003). Inactivation of mitotic kinase triggers
translocation of MEN components to mother-daughter neck in yeast. Mol. Biol. Cell 74,
4734-4743.

Hwang, C., Sinskey, A. J., and Lodish, H. F. (1992). Oxidized redox state of glutathione
in the endoplasmic reticulum. Science 257, 1496-1502.

Hyams, J. S. (2005). Cytokinesis: the great divide. Trends Cell Biol. 15, 1.

lwase, M., Luo, J., Nagaraj, S., Longtine, M., Kim, H. B., Haarer, B. K., Caruso, C.,
Tong, Z., Pringle, J. R., and Bi, E. (2006). Role of a Cdc42p effector pathway in

153



recruitment of the yeast septins to the presumptive bud site. Mol. Biol. Cell 77, 1110—
1125.

Janska, H., Kwasniak, M., and Szczepanowska, J. (2013). Protein quality control in
organelles - AAA/FtsH story. Biochim. Biophys. Acta 1833, 381-387.

Jantsch-Plunger, V., Génczy, P., Romano, A., Schnabel, H., Hamill, D., Schnabel, R.,
Hyman, A. A., and Glotzer, M. (2000). CYK-4: A Rho family gtpase activating protein
(GAP) required for central spindle formation and cytokinesis. J. Cell Biol. 149, 1391—
1404.

Jaspersen, S. L., Charles, J. F., Tinker-Kulberg, R. L., and Morgan, D. O. (1998). A late
mitotic regulatory network controlling cyclin destruction in Saccharomyces cerevisiae.
Mol. Biol. Cell 9, 2803-2817.

Jaspersen, S. L., and Morgan, D. O. (2000). Cdc14 activates cdc15 to promote mitotic
exit in budding yeast. Curr. Biol. 10, 615-618.

Jazwinski, S. M. (2002). Growing old: metabolic control and yeast aging. Annu. Rev.
Microbiol. 56, 769-792.

Jiang, K., Ballinger, T., Li, D., Zhang, S., and Feldman, L. (2006). A role for
mitochondria in the establishment and maintenance of the maize root quiescent center.
Plant Physiol. 7140, 1118—-1125.

Jin, S. M., Lazarou, M., Wang, C., Kane, L. A., Narendra, D. P., and Youle, R. J. (2010).
Mitochondrial membrane potential regulates PINK1 import and proteolytic
destabilization by PARL. J. Cell Biol. 191, 933-942.

Johnson, E. S., and Blobel, G. (1999). Cell cycle-regulated attachment of the ubiquitin-
related protein SUMO to the yeast septins. J. Cell Biol. 147, 981-994.

Johnson, E. S., and Gupta, A. A. (2001). An E3-like factor that promotes SUMO
conjugation to the yeast septins. Cell 106, 735-744.

Joo, E., Surka, M. C., and Trimble, W. S. (2007). Mammalian SEPT2 is required for
scaffolding nonmuscle myosin Il and its kinases. Dev. Cell 13, 677-690.

Journo, D., Mor, A., and Abeliovich, H. (2009). Aup1-mediated regulation of Rtg3 during
mitophagy. J. Biol. Chem. 284, 35885-35895.

Kahn-Thomas, M., and Enesco, H. E. (1982). Effect of alpha-Tocopherol and Culture
Method on Reproduction of Turbatrix aceti. . Nematol. 14, 496-500.

154



Kambacheld, M., Augustin, S., Tatsuta, T., Mdller, S., and Langer, T. (2005). Role of the
novel metallopeptidase Mop112 and saccharolysin for the complete degradation of
proteins residing in different subcompartments of mitochondria. J. Biol. Chem. 280,
20132-20139.

Kanki, T. (2010). Nix, a receptor protein for mitophagy in mammals. Autophagy 6, 433—
435.

Kanki, T., Kang, D., and Klionsky, D. J. (2009a). Monitoring mitophagy in yeast: the
Om45-GFP processing assay. Autophagy 5, 1186—1189.

Kanki, T., Wang, K., Cao, Y., Baba, M., and Klionsky, D. J. (2009b). Atg32 is a
mitochondrial protein that confers selectivity during mitophagy. Dev. Cell 77, 98—-109.

Kasashima, K., Sumitani, M., Satoh, M., and Endo, H. (2008). Human prohibitin 1
maintains the organization and stability of the mitochondrial nucleoids. Exp. Cell Res.
314, 988-996.

De Keizer, P. L. J., Burgering, B. M. T., and Dansen, T. B. (2011). Forkhead box o as a
sensor, mediator, and regulator of redox signaling. Antioxid. Redox Signal. 74, 1093—
1106.

Kharade, S. V, Mittal, N., Das, S. P., Sinha, P., and Roy, N. (2005). Mrg19 depletion
increases S. cerevisiae lifespan by augmenting ROS defence. FEBS Lett. 579, 6809—
6813.

Kim, H. B., Haarer, B. K., and Pringle, J. R. (1991). Cellular morphogenesis in the
Saccharomyces cerevisiae cell cycle: localization of the CDC3 gene product and the
timing of events at the budding site. J. Cell Biol. 772, 535-544.

Kimura, K. et al. (1996). Regulation of myosin phosphatase by Rho and Rho-associated
kinase (Rho-kinase). Science 273, 245-248.

Kinoshita, M., Field, C. M., Coughlin, M. L., Straight, A. F., and Mitchison, T. J. (2002).
Self- and actin-templated assembly of Mammalian septins. Dev. Cell 3, 791-802.

Kirby, K., Hu, J., Hilliker, A. J., and Phillips, J. P. (2002). RNA interference-mediated
silencing of Sod2 in Drosophila leads to early adult-onset mortality and elevated
endogenous oxidative stress. Proc. Natl. Acad. Sci. U. S. A. 99, 16162-16167.

Kishi, K., Sasaki, T., Kuroda, S., Itoh, T., and Takai, Y. (1993). Regulation of

cytoplasmic division of Xenopus embryo by rho p21 and its inhibitory GDP/GTP
exchange protein (rho GDI). J. Cell Biol. 120, 1187—1195.

155



Kissova, I., Deffieu, M., Manon, S., and Camougrand, N. (2004). Uth1p is involved in
the autophagic degradation of mitochondria. J. Biol. Chem. 279, 39068-39074.

Kolawa, N., Sweredoski, M. J., Graham, R. L. J., Oania, R., Hess, S., and Deshaies, R.
J. (2013). Perturbations to the ubiquitin conjugate proteome in yeast dubx mutants
identify Ubx2 as a regulator of membrane lipid composition. Mol. Cell. Proteomics 12,
2791-2803.

Koll, H., Guiard, B., Rassow, J., Ostermann, J., Horwich, A. L., Neupert, W., and Hartl,
F. U. (1992). Antifolding activity of hsp60 couples protein import into the mitochondrial
matrix with export to the intermembrane space. Cell 68, 1163-1175.

Kopito, R. R. (1997). ER quality control: the cytoplasmic connection. Cell 88, 427-430.

Korinek, W. S., Bi, E., Epp, J. A., Wang, L., Ho, J., and Chant, J. (2000). Cyk3, a novel
SH3-domain protein, affects cytokinesis in yeast. Curr. Biol. 10, 947-950.

Kosako, H., Yoshida, T., Matsumura, F., Ishizaki, T., Narumiya, S., and Inagaki, M.
(2000). Rho-kinase/ROCK is involved in cytokinesis through the phosphorylation of
myosin light chain and not ezrin/radixin/moesin proteins at the cleavage furrow.
Oncogene 19, 6059-6064.

Kovacech, B., Nasmyth, K., and Schuster, T. (1996). EGT2 gene transcription is
induced predominantly by Swi5 in early G1. Mol. Cell. Biol. 16, 3264-3274.

Kremer, B. E., Haystead, T., and Macara, I. G. (2005). Mammalian septins regulate
microtubule stability through interaction with the microtubule-binding protein MAP4. Mol.
Biol. Cell 16, 4648-4659.

Kruegel, U. et al. (2011). Elevated proteasome capacity extends replicative lifespan in
Saccharomyces cerevisiae. PLoS Genet. 7, e1002253.

Kujoth, G. C. et al. (2005). Mitochondrial DNA mutations, oxidative stress, and
apoptosis in mammalian aging. Science 309, 481-484.

Kuranda, M. J., and Robbins, P. W. (1991). Chitinase is required for cell separation
during growth of Saccharomyces cerevisiae. J. Biol. Chem. 266, 19758-19767.

Kusch, J., Meyer, A., Snyder, M. P., and Barral, Y. (2002). Microtubule capture by the
cleavage apparatus is required for proper spindle positioning in yeast. Genes Dev. 16,
1627-1639.

Langston, J. W., Ballard, P., Tetrud, J. W., and Irwin, 1. (1983). Chronic Parkinsonism in
humans due to a product of meperidine-analog synthesis. Science 219, 979-980.

156



De Lau, L. M. L., and Breteler, M. M. B. (2006). Epidemiology of Parkinson’s disease.
Lancet Neurol. 5, 525-535.

Laun, P., Pichova, A., Madeo, F., Fuchs, J., Ellinger, A., Kohlwein, S., Dawes, .,
Frohlich, K. U., and Breitenbach, M. (2001). Aged mother cells of Saccharomyces
cerevisiae show markers of oxidative stress and apoptosis. Mol. Microbiol. 39, 1166—
1173.

Lee, C. K., Klopp, R. G., Weindruch, R., and Prolla, T. A. (1999). Gene expression
profile of aging and its retardation by caloric restriction. Science 285, 1390-1393.

Lee, P. R, Song, S., Ro, H.-S., Park, C. J., Lippincott, J., Li, R., Pringle, J. R., De
Virgilio, C., Longtine, M. S., and Lee, K. S. (2002). Bni5p, a septin-interacting protein, is
required for normal septin function and cytokinesis in Saccharomyces cerevisiae. Mol.
Cell. Biol. 22, 6906—6920.

Levine, R. L. (2005). Commentary on “Downregulation of the human Lon protease
impairs mitochondrial structure and function and causes cell death” by D.A. Bota, J.K.
Ngo, and K.J.A. Davies. Free Radic. Biol. Med. 38, 1445-1446.

Lin, M. T., and Beal, M. F. (2006). Mitochondrial dysfunction and oxidative stress in
neurodegenerative diseases. Nature 443, 787—-795.

Lin, M. T., Simon, D. K., Ahn, C. H., Kim, L. M., and Beal, M. F. (2002). High aggregate
burden of somatic mtDNA point mutations in aging and Alzheimer’s disease brain. Hum.
Mol. Genet. 11, 133—-145.

Lippincott, J., and Li, R. (1998a). Dual function of Cyk2, a cdc15/PSTPIP family protein,
in regulating actomyosin ring dynamics and septin distribution. J. Cell Biol. 143, 1947—
1960.

Lippincott, J., and Li, R. (1998b). Sequential assembly of myosin Il, an IQGAP-like
protein, and filamentous actin to a ring structure involved in budding yeast cytokinesis.
J. Cell Biol. 140, 355-366.

Lippincott, J., Shannon, K. B., Shou, W., Deshaies, R. J., and Li, R. (2001). The Tem1
small GTPase controls actomyosin and septin dynamics during cytokinesis. J. Cell Sci.
114, 1379-1386.

Lis, E. T., and Romesberg, F. E. (2006). Role of Doa1 in the Saccharomyces cerevisiae
DNA damage response. Mol. Cell. Biol. 26, 4122—4133.

Liu, C., Apodaca, J., Davis, L. E., and Rao, H. (2007). Proteasome inhibition in wild-type
yeast Saccharomyces cerevisiae cells. Biotechniques 42, 158, 160, 162.

157



Longo, V. D., Nislow, C., and Fabrizio, P. (2010). Endosomal protein sorting and
autophagy genes contribute to the regulation of yeast life span. Autophagy 6, 1227—
1228.

Longo, V. D., Shadel, G. S., Kaeberlein, M., and Kennedy, B. (2012). Replicative and
chronological aging in Saccharomyces cerevisiae. Cell Metab. 16, 18-31.

Longtine, M. S., and Bi, E. (2003). Regulation of septin organization and function in
yeast. Trends Cell Biol. 13, 403—409.

Longtine, M. S., DeMarini, D. J., Valencik, M. L., Al-Awar, O. S., Fares, H., De Virgilio,
C., and Pringle, J. R. (1996). The septins: roles in cytokinesis and other processes.
Curr. Opin. Cell Biol. 8, 106—119.

Lorick, K. L., Yang, Y., Jensen, J. P., lwai, K., and Weissman, A. M. (2006). Studies of
the ubiquitin proteasome system. Curr. Protoc. Cell Biol. Chapter 15, Unit 15.9.

Luca, F. C., Mody, M., Kurischko, C., Roof, D. M., Giddings, T. H., and Winey, M.
(2001). Saccharomyces cerevisiae Mob1p is required for cytokinesis and mitotic exit.
Mol. Cell. Biol. 21, 6972-6983.

Luthi-Carter, R., and Cha, J.-H. J. (2003). Mechanisms of transcriptional dysregulation
in Huntington’s disease. Clin. Neurosci. Res. 3, 165-177.

Manczak, M., Anekonda, T. S., Henson, E., Park, B. S., Quinn, J., and Reddy, P. H.
(2006). Mitochondria are a direct site of A beta accumulation in Alzheimer’s disease
neurons: implications for free radical generation and oxidative damage in disease
progression. Hum. Mol. Genet. 15, 1437—-1449.

Mannhaupt, G., Schnall, R., Karpov, V., Vetter, I., and Feldmann, H. (1999). Rpn4p acts
as a transcription factor by binding to PACE, a nonamer box found upstream of 26S
proteasomal and other genes in yeast. FEBS Lett. 450, 27-34.

Marsland, D., and Landau, J. V. (1954). The mechanisms of cytokinesis: Temperature-
pressure studies on the cortical gel system in various marine eggs. J. Exp. Zool. 125,
507-539.

Martinez-Vicente, M., and Cuervo, A. M. (2007). Autophagy and neurodegeneration:
when the cleaning crew goes on strike. Lancet Neurol. 6, 352—361.

Matlack, K. E., Mothes, W., and Rapoport, T. A. (1998). Protein translocation: tunnel
vision. Cell 92, 381-390.

158



May, A. |, Devenish, R. J., and Prescott, M. (2012). The many faces of mitochondrial
autophagy: making sense of contrasting observations in recent research. Int. J. Cell
Biol. 2012, 431684.

Mayer, M. P. (2010). Gymnastics of molecular chaperones. Mol. Cell 39, 321-331.

McClung, J. K., Danner, D. B., Stewart, D. A., Smith, J. R., Schneider, E. L., Lumpkin,
C. K., Dell'Orco, R. T., and Nuell, M. J. (1989). Isolation of a cDNA that hybrid selects
antiproliferative mRNA from rat liver. Biochem. Biophys. Res. Commun. 164, 1316—
1322.

Meitinger, F., Boehm, M. E., Hofmann, A., Hub, B., Zentgraf, H., Lehmann, W. D., and
Pereira, G. (2011). Phosphorylation-dependent regulation of the F-BAR protein Hof1
during cytokinesis. Genes Dev. 25, 875-888.

Meitinger, F., Palani, S., Hub, B., and Pereira, G. (2013a). Dual function of the NDR-
kinase Dbf2 in the regulation of the F-BAR protein Hof1 during cytokinesis. Mol. Biol.
Cell 24, 1290-1304.

Meitinger, F., Richter, H., Heisel, S., Hub, B., Seufert, W., and Pereira, G. (2013b). A
Safeguard Mechanism Regulates Rho GTPases to Coordinate Cytokinesis with the
Establishment of Cell Polarity. PLoS Biol. 11, e1001495.

Van Melderen, L., Thi, M. H., Lecchi, P., Gottesman, S., Couturier, M., and Maurizi, M.
R. (1996). ATP-dependent degradation of CcdA by Lon protease. Effects of secondary
structure and heterologous subunit interactions. J. Biol. Chem. 271, 27730-27738.

Meléndez, A., Talléczy, Z., Seaman, M., Eskelinen, E.-L., Hall, D. H., and Levine, B.
(2003). Autophagy genes are essential for dauer development and life-span extension
in C. elegans. Science 301, 1387-1391.

Menssen, R., Neutzner, A., and Seufert, W. (2001). Asymmetric spindle pole
localization of yeast Cdc15 kinase links mitotic exit and cytokinesis. Curr. Biol. 711, 345—
350.

Merksamer, P. |, Liu, Y., He, W., Hirschey, M. D., Chen, D., and Verdin, E. (2013). The
sirtuins, oxidative stress and aging: an emerging link. Aging (Albany. NY). 5, 144-150.

Merlini, L., and Piatti, S. (2011). The mother-bud neck as a signaling platform for the
coordination between spindle position and cytokinesis in budding yeast. Biol. Chem.
392, 805-812.

Milakovic, T., and Johnson, G. V. W. (2005). Mitochondrial respiration and ATP
production are significantly impaired in striatal cells expressing mutant huntingtin. J.
Biol. Chem. 280, 30773-30782.

159



Miller, R. G. et al. (2009). Practice parameter update: the care of the patient with
amyotrophic lateral sclerosis: drug, nutritional, and respiratory therapies (an evidence-
based review): report of the Quality Standards Subcommittee of the American Academy
of Neurology. Neurology 73, 1218-1226.

Mockett, R. J., Bayne, A. C. V, Kwong, L. K., Orr, W. C., and Sohal, R. S. (2003).
Ectopic expression of catalase in Drosophila mitochondria increases stress resistance
but not longevity. Free Radic. Biol. Med. 34, 207-217.

Moir, D., Stewart, S. E., Osmond, B. C., and Botstein, D. (1982). Cold-sensitive cell-
division-cycle mutants of yeast: isolation, properties, and pseudoreversion studies.
Genetics 100, 547-563.

Moran, M., Delmiro, A., Blazquez, A., Ugalde, C., Arenas, J., and Martin, M. A. (2014).
Bulk autophagy, but not mitophagy, is increased in cellular model of mitochondrial
disease. Biochim. Biophys. Acta 7842, 1059-1070.

Morimoto, R. I. (2006). Stress, aging, and neurodegenerative disease. N. Engl. J. Med.
355, 2254-2255.

Morimoto, R. I. (2008). Proteotoxic stress and inducible chaperone networks in
neurodegenerative disease and aging. Genes Dev. 22, 1427-1438.

Mortensen, E. M., McDonald, H., Yates, J., and Kellogg, D. R. (2002). Cell cycle-
dependent assembly of a Gin4-septin complex. Mol. Biol. Cell 13, 2091-2105.

Mostowy, S., and Cossart, P. (2012). Septins: the fourth component of the cytoskeleton.
Nat. Rev. Mol. Cell Biol. 13, 183—-194.

Mullally, J. E., Chernova, T., and Wilkinson, K. D. (2006). Doa1 is a Cdc48 adapter that
possesses a novel ubiquitin binding domain. Mol. Cell. Biol. 26, 822—830.

Murthy, K., and Wadsworth, P. (2005). Myosin-llI-dependent localization and dynamics
of F-actin during cytokinesis. Curr. Biol. 15, 724-731.

Nagata, K.-l. et al. (2003). Filament formation of MSF-A, a mammalian septin, in human
mammary epithelial cells depends on interactions with microtubules. J. Biol. Chem. 278,
18538—18543.

Naim, V., Imarisio, S., Di Cunto, F., Gatti, M., and Bonaccorsi, S. (2004). Drosophila
citron kinase is required for the final steps of cytokinesis. Mol. Biol. Cell 15, 5053-5063.

Nakagawa, T., Shirane, M., lemura, S., Natsume, T., and Nakayama, K. I. (2007).
Anchoring of the 26S proteasome to the organellar membrane by FKBP38. Genes Cells
12, 709-719.

160



Narendra, D. P., and Youle, R. J. (2011). Targeting mitochondrial dysfunction: role for
PINK1 and Parkin in mitochondrial quality control. Antioxid. Redox Signal. 14, 1929—
1938.

Nestelbacher, R., Laun, P., Vondrakova, D., Pichova, A., Schiller, C., and Breitenbach,
M. (2000). The influence of oxygen toxicity on yeast mother cell-specific aging. Exp.
Gerontol. 35, 63—70.

Neuber, O., Jarosch, E., Volkwein, C., Walter, J., and Sommer, T. (2005). Ubx2 links
the Cdc48 complex to ER-associated protein degradation. Nat. Cell Biol. 7, 993—998.

Neutzner, A., Youle, R. J., and Karbowski, M. (2007). Outer mitochondrial membrane
protein degradation by the proteasome. Novartis Found. Symp. 287, 4—14; discussion
14-20.

Ng, D. T. W. (2000). The Unfolded Protein Response Regulates Multiple Aspects of
Secretory and Membrane Protein Biogenesis and Endoplasmic Reticulum Quality
Control. J. Cell Biol. 150, 77-88.

Ngo, J. K., and Davies, K. J. A. (2009). Mitochondrial Lon protease is a human stress
protein. Free Radic. Biol. Med. 46, 1042—1048.

Ngo, J. K., Pomatto, L. C. D., and Davies, K. J. A. (2013). Upregulation of the
mitochondrial Lon Protease allows adaptation to acute oxidative stress but
dysregulation is associated with chronic stress, disease, and aging. Redox Biol. 7, 258—
264.

Nijtmans, L. G., de Jong, L., Artal Sanz, M., Coates, P. J., Berden, J. A., Back, J. W.,
Muijsers, A. O., van der Spek, H., and Grivell, L. A. (2000). Prohibitins act as a
membrane-bound chaperone for the stabilization of mitochondrial proteins. EMBO J. 19,
24442451,

Oh, Y., Schreiter, J., Nishihama, R., Wloka, C., and Bi, E. (2013). Targeting and
functional mechanisms of the cytokinesis-related F-BAR protein Hof1 during the cell
cycle. Mol. Biol. Cell 24, 1305-1320.

Ohba, M., Shibanuma, M., Kuroki, T., and Nose, K. (1994). Production of hydrogen
peroxide by transforming growth factor-beta 1 and its involvement in induction of egr-1
in mouse osteoblastic cells. J. Cell Biol. 726, 1079-1088.

Okamoto, K., Kondo-Okamoto, N., and Ohsumi, Y. (2009). Mitochondria-anchored

receptor Atg32 mediates degradation of mitochondria via selective autophagy. Dev. Cell
17, 87-97.

161



Ondrovicova, G. et al. (2005). Cleavage site selection within a folded substrate by the
ATP-dependent lon protease. J. Biol. Chem. 280, 25103-25110.

Onishi, M., Ko, N., Nishihama, R., and Pringle, J. R. (2013). Distinct roles of Rho1,
Cdc42, and Cyk3 in septum formation and abscission during yeast cytokinesis. J. Cell
Biol. 202, 311-329.

Orozco, H., Matallana, E., and Aranda, A. (2012). Oxidative stress tolerance, adenylate
cyclase, and autophagy are key players in the chronological life span of Saccharomyces
cerevisiae during winemaking. Appl. Environ. Microbiol. 78, 2748-2757.

Osman, C., Merkwirth, C., and Langer, T. (2009). Prohibitins and the functional
compartmentalization of mitochondrial membranes. J. Cell Sci. 122, 3823-3830.

Ostermann, J., Horwich, A. L., Neupert, W., and Hartl, F. U. (1989). Protein folding in
mitochondria requires complex formation with hsp60 and ATP hydrolysis. Nature 347,
125-130.

Otomo, T., Otomo, C., Tomchick, D. R., Machius, M., and Rosen, M. K. (2005).
Structural basis of Rho GTPase-mediated activation of the formin mDia1. Mol. Cell 18,
273-281.

Owsianik, G., Balzi |, L., and Ghislain, M. (2002). Control of 26S proteasome expression
by transcription factors regulating multidrug resistance in Saccharomyces cerevisiae.
Mol. Microbiol. 43, 1295-1308.

Palmer, R. E., Sullivan, D. S., Huffaker, T., and Koshland, D. (1992). Role of astral
microtubules and actin in spindle orientation and migration in the budding yeast,
Saccharomyces cerevisiae. J. Cell Biol. 1719, 583-593.

Pan, F., Malmberg, R. L., and Momany, M. (2007). Analysis of septins across kingdoms
reveals orthology and new motifs. BMC Evol. Biol. 7, 103—120.

Panov, A. V, Gutekunst, C.-A., Leavitt, B. R., Hayden, M. R., Burke, J. R., Strittmatter,
W. J., and Greenamyre, J. T. (2002). Early mitochondrial calcium defects in
Huntington’s disease are a direct effect of polyglutamines. Nat. Neurosci. 5, 731-736.

Park, S.-E., Xu, J., Frolova, A., Liao, L., O’'Malley, B. W., and Katzenellenbogen, B. S.
(2005). Genetic deletion of the repressor of estrogen receptor activity (REA) enhances
the response to estrogen in target tissues in vivo. Mol. Cell. Biol. 25, 1989-1999.

Piekny, A. J., and Mains, P. E. (2002). Rho-binding kinase (LET-502) and myosin

phosphatase (MEL-11) regulate cytokinesis in the early Caenorhabditis elegans
embryo. J. Cell Sci. 115, 2271-2282.

162



Piekny, A., Werner, M., and Glotzer, M. (2005). Cytokinesis: welcome to the Rho zone.
Trends Cell Biol. 15, 651-658.

Pilon, M., Schekman, R., and Romisch, K. (1997). Sec61p mediates export of a
misfolded secretory protein from the endoplasmic reticulum to the cytosol for
degradation. EMBO J. 716, 4540—4548.

Plemper, R. K., Bohmler, S., Bordallo, J., Sommer, T., and Wolf, D. H. (1997). Mutant
analysis links the translocon and BiP to retrograde protein transport for ER degradation.
Nature 388, 891-895.

Potting, C., Wilmes, C., Engmann, T., Osman, C., and Langer, T. (2010). Regulation of
mitochondrial phospholipids by Ups1/PRELI-like proteins depends on proteolysis and
Mdm35. EMBO J. 29, 2888-2898.

Prokisch, H. et al. (2004). Integrative analysis of the mitochondrial proteome in yeast.
PLoS Biol. 2, e160.

Przybyla-Zawislak, B., Gadde, D. M., Ducharme, K., and McCammon, M. T. (1999).
Genetic and biochemical interactions involving tricarboxylic acid cycle (TCA) function
using a collection of mutants defective in all TCA cycle genes. Genetics 152, 153—-166.

Rao, G. N., and Berk, B. C. (1992). Active oxygen species stimulate vascular smooth
muscle cell growth and proto-oncogene expression. Circ. Res. 70, 593-599.

Rappaport, R. (1960). Cleavage of sand dollar eggs under constant tensile stress. J.
Exp. Zool. 144, 225-231.

Rappaport, R. (1968). [Geometrical relations of the cleavage stimulus in flattened,
perforated sea urchin eggs]. Embryologia (Nagoya). 70, 89-104.

Rappaport, R., and Rappaport, B. (1983). Cytokinesis: Effects of blocks between the
mitotic apparatus and the surface on furrow establishment in flattened echinoderm
eggs. J. Exp. Zool. 227, 213-227.

Rappaport, R., and Rappaport, B. N. (1984). Division of constricted and urethane-
treated sand dollar eggs: a test of the polar stimulation hypothesis. J. Exp. Zool. 231,
81-92.

Al Rawi, S., Louvet-Vallée, S., Djeddi, A., Sachse, M., Culetto, E., Hajjar, C., Boyd, L.,

Legouis, R., and Galy, V. (2011). Postfertilization autophagy of sperm organelles
prevents paternal mitochondrial DNA transmission. Science 334, 1144—1147.

163



Van Remmen, H. et al. (2004). Multiple deficiencies in antioxidant enzymes in mice
result in a compound increase in sensitivity to oxidative stress. Free Radic. Biol. Med.
36, 1625-1634.

Reverter-Branchat, G., Cabiscol, E., Tamarit, J., and Ros, J. (2004). Oxidative damage
to specific proteins in replicative and chronological-aged Saccharomyces cerevisiae:
common targets and prevention by calorie restriction. J. Biol. Chem. 279, 31983-31989.

Rodriguez, J. R., and Paterson, B. M. (1990). Yeast myosin heavy chain mutant:
maintenance of the cell type specific budding pattern and the normal deposition of chitin
and cell wall components requires an intact myosin heavy chain gene. Cell Motil.
Cytoskeleton 17, 301-308.

Rose, R., Weyand, M., Lammers, M., Ishizaki, T., Ahmadian, M. R., and Wittinghofer, A.
(2005). Structural and mechanistic insights into the interaction between Rho and
mammalian Dia. Nature 435, 513-518.

Royou, A., Sullivan, W., and Karess, R. (2002). Cortical recruitment of nonmuscle
myosin Il in early syncytial Drosophila embryos: its role in nuclear axial expansion and
its regulation by Cdc2 activity. J. Cell Biol. 168, 127-137.

Rugarli, E. I., and Langer, T. (2012). Mitochondrial quality control: a matter of life and
death for neurons. EMBO J. 31, 1336-1349.

Ryo Higuchi, Jason D. Vevea, Theresa C. Swayne, Robert Chojnowski, Vanessa Hill,
Istvan R. Boldogh, L. A. P. (2013). Actin Dynamics Affect Mitochondrial Quality Control
and Aging in Budding Yeast - 1-s2.0-S0960982213012633-main.pdf. Curr. Biol. 23.

Saarikangas, J., and Barral, Y. (2011). The emerging functions of septins in metazoans.
EMBO Rep. 72, 1118-1126.

Saeki, Y., Toh-E, A., Kudo, T., Kawamura, H., and Tanaka, K. (2009). Multiple
proteasome-interacting proteins assist the assembly of the yeast 19S regulatory
particle. Cell 137, 900-913.

Saibil, H. (2013). Chaperone machines for protein folding, unfolding and disaggregation.
Nat. Rev. Mol. Cell Biol. 74, 630-642.

Saito, A., Watanabe, T. K., Shimada, Y., Fujiwara, T., Slaughter, C. A., DeMartino, G.
N., Tanahashi, N., and Tanaka, K. (1997). cDNA cloning and functional analysis of
p44.5 and p55, two regulatory subunits of the 26S proteasome. Gene 203, 241-250.

Sanchez-Diaz, A., Marchesi, V., Murray, S., Jones, R., Pereira, G., Edmondson, R.,
Allen, T., and Labib, K. (2008). Inn1 couples contraction of the actomyosin ring to
membrane ingression during cytokinesis in budding yeast. Nat. Cell Biol. 10, 395—406.

164



Sandoval, H., Thiagarajan, P., Dasgupta, S. K., Schumacher, A., Prchal, J. T., Chen,
M., and Wang, J. (2008). Essential role for Nix in autophagic maturation of erythroid
cells. Nature 454, 232-235.

Santamaria, P. G., Finley, D., Ballesta, J. P. G., and Remacha, M. (2003). Rpn6p, a
proteasome subunit from Saccharomyces cerevisiae, is essential for the assembly and
activity of the 26 S proteasome. J. Biol. Chem. 278, 6687—-6695.

Sarraf, S. A., Raman, M., Guarani-Pereira, V., Sowa, M. E., Huttlin, E. L., Gygi, S. P.,
and Harper, J. W. (2013). Landscape of the PARKIN-dependent ubiquitylome in
response to mitochondrial depolarization. Nature 496, 372-376.

Sato, M., and Sato, K. (2011). Degradation of paternal mitochondria by fertilization-
triggered autophagy in C. elegans embryos. Science 334, 1141-1144.

Shburlati, A., and Cabib, E. (1986). Chitin synthetase 2, a presumptive participant in
septum formation in Saccharomyces cerevisiae. J. Biol. Chem. 261, 15147—-15152.

Schmidt, M., Bowers, B., Varma, A., Roh, D.-H., and Cabib, E. (2002). In budding yeast,
contraction of the actomyosin ring and formation of the primary septum at cytokinesis
depend on each other. J. Cell Sci. 115, 293-302.

Schnall, R., Mannhaupt, G., Stucka, R., Tauer, R., Ehnle, S., Schwarzlose, C., Vetter, .,
and Feldmann, H. (1994). Identification of a set of yeast genes coding for a novel family
of putative ATPases with high similarity to constituents of the 26S protease complex.
Yeast 10, 1141-1155.

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ: 25
years of image analysis. Nat. Methods 9, 671-675.

Schreiner, B., Westerburg, H., Forné, I., Imhof, A., Neupert, W., and Mokranjac, D.
(2012). Role of the AAA protease Yme1 in folding of proteins in the intermembrane
space of mitochondria. Mol. Biol. Cell 23, 4335-4346.

Schriner, S. E. et al. (2005). Extension of murine life span by overexpression of catalase
targeted to mitochondria. Science 308, 1909-1911.

Schroeder, T. E. (1972). The contractile ring. Il. Determining its brief existence,
volumetric changes, and vital role in cleaving Arbacia eggs. J. Cell Biol. 53, 419-434.

Schroeder, T. E. (1990). The Contractile Ring and Furrowing in Dividing Cells. Ann. N.
Y. Acad. Sci. 582, 78-87.

165



Schuberth, C., and Buchberger, A. (2005). Membrane-bound Ubx2 recruits Cdc48 to
ubiquitin ligases and their substrates to ensure efficient ER-associated protein
degradation. Nat. Cell Biol. 7, 999-1006.

Schuberth, C., Richly, H., Rumpf, S., and Buchberger, A. (2004). Shp1 and Ubx2 are
adaptors of Cdc48 involved in ubiquitin-dependent protein degradation. EMBO Rep. 5,
818-824.

Schweers, R. L. et al. (2007). NIX is required for programmed mitochondrial clearance
during reticulocyte maturation. Proc. Natl. Acad. Sci. U. S. A. 104, 19500-19505.

Segref, A., Kevei, E. Pokrzywa, W., Schmeisser, K., Mansfeld, J., Livhat-Levanon, N.,
Ensenauer, R., Glickman, M. H., Ristow, M., and Hoppe, T. (2014). Pathogenesis of
Human Mitochondrial Diseases Is Modulated by Reduced Activity of the
Ubiquitin/Proteasome System. Cell Metab. 19, 642—652.

Sellin, M. E., Holmfeldt, P., Stenmark, S., and Gullberg, M. (2011). Microtubules support
a disk-like septin arrangement at the plasma membrane of mammalian cells. Mol. Biol.
Cell 22, 4588—4601.

Shanbhag, R., Shi, G., Rujiviphat, J., and McQuibban, G. A. (2012). The emerging role
of proteolysis in mitochondrial quality control and the etiology of Parkinson’s disease.
Parkinsons. Dis. 2012, 382175.

Shandala, T., Gregory, S. L., Dalton, H. E., Smallhorn, M., and Saint, R. (2004). Citron
kinase is an essential effector of the Pbl-activated Rho signalling pathway in Drosophila
melanogaster. Development 137, 5053-5063.

Sherman, F. (2002). Getting started with yeast. Methods Enzymol. 350, 3—41.

Shibanuma, M., Kuroki, T., and Nose, K. (1990). Stimulation by hydrogen peroxide of
DNA synthesis, competence family gene expression and phosphorylation of a specific
protein in quiescent Balb/3T3 cells. Oncogene 5, 1025-1032.

Shou, W., Seol, J. H., Shevchenko, A., Baskerville, C., Moazed, D., Chen, Z. W., Jang,
J., Charbonneau, H., and Deshaies, R. J. (1999). Exit from mitosis is triggered by
Tem1-dependent release of the protein phosphatase Cdc14 from nucleolar RENT
complex. Cell 97, 233-244.

Sims, J. J., Scavone, F., Cooper, E. M., Kane, L. A, Youle, R. J., Boeke, J. D., and

Cohen, R. E. (2012). Polyubiquitin-sensor proteins reveal localization and linkage-type
dependence of cellular ubiquitin signaling. Nat. Methods 9, 303-309.

166



Singh, S., Vrishni, S., Singh, B. K., Rahman, I., and Kakkar, P. (2010). Nrf2-ARE stress
response mechanism: a control point in oxidative stress-mediated dysfunctions and
chronic inflammatory diseases. Free Radic. Res. 44, 1267-1288.

Sirajuddin, M., Farkasovsky, M., Hauer, F., Kihimann, D., Macara, |. G., Weyand, M.,
Stark, H., and Wittinghofer, A. (2007). Structural insight into filament formation by
mammalian septins. Nature 449, 311-315.

Sirajuddin, M., Farkasovsky, M., Zent, E., and Wittinghofer, A. (2009). GTP-induced
conformational changes in septins and implications for function. Proc. Natl. Acad. Sci.
U. S. A. 106, 16592-16597.

Skop, A. R., Bergmann, D., Mohler, W. A., and White, J. G. (2001). Completion of
cytokinesis in C. elegans requires a brefeldin A-sensitive membrane accumulation at
the cleavage furrow apex. Curr. Biol. 11, 735-746.

Smith, R. A. J., and Murphy, M. P. (2011). Mitochondria-targeted antioxidants as
therapies. Discov. Med. 71, 106—114.

Snow, B. J., Rolfe, F. L., Lockhart, M. M., Frampton, C. M., O’Sullivan, J. D., Fung, V.,
Smith, R. A. J., Murphy, M. P., and Taylor, K. M. (2010). A double-blind, placebo-
controlled study to assess the mitochondria-targeted antioxidant MitoQ as a disease-
modifying therapy in Parkinson’s disease. Mov. Disord. 25, 1670—1674.

Spiess, C., Meyer, A. S., Reissmann, S., and Frydman, J. (2004). Mechanism of the
eukaryotic chaperonin: protein folding in the chamber of secrets. Trends Cell Biol. 74,
598-604.

Spiliotis, E. T., Hunt, S. J., Hu, Q., Kinoshita, M., and Nelson, W. J. (2008). Epithelial
polarity requires septin coupling of vesicle transport to polyglutamylated microtubules. J.
Cell Biol. 180, 295-303.

Sreekumar, R., Unnikrishnan, J., Fu, A., Nygren, J., Short, K. R., Schimke, J.,
Barazzoni, R., and Nair, K. S. (2002). Effects of caloric restriction on mitochondrial
function and gene transcripts in rat muscle. Am. J. Physiol. Endocrinol. Metab. 283,
E38-43.

Sreenivasan, A., and Kellogg, D. (1999). The elm1 kinase functions in a mitotic
signaling network in budding yeast. Mol. Cell. Biol. 19, 7983—-7994.

Stadtman, E. R. (1992). Protein oxidation and aging. Science 257, 1220-1224.

Steglich, G., Neupert, W., and Langer, T. (1999). Prohibitins regulate membrane protein
degradation by the m-AAA protease in mitochondria. Mol. Cell. Biol. 19, 3435-3442.

167



Stegmeier, F., Visintin, R., and Amon, A. (2002). Separase, polo kinase, the kinetochore
protein SIk19, and Spo12 function in a network that controls Cdc14 localization during
early anaphase. Cell 708, 207-220.

Stockstill, K. E., Park, J., Wille, R., Bay, G., Joseph, A., and Shannon, K. B. (2013).
Mutation of Hof1 PEST motif phosphorylation sites leads to retention of Hof1 at the bud
neck and a decrease in the rate of myosin contraction. Cell Biol. Int. 37, 314-325.

Sturtz, L. A., Diekert, K., Jensen, L. T., Lill, R., and Culotta, V. C. (2001). A fraction of
yeast Cu,Zn-superoxide dismutase and its metallochaperone, CCS, localize to the
intermembrane space of mitochondria. A physiological role for SOD1 in guarding
against mitochondrial oxidative damage. J. Biol. Chem. 276, 38084—38089.

Sun, J., and Tower, J. (1999). FLP recombinase-mediated induction of Cu/Zn-
superoxide dismutase transgene expression can extend the life span of adult
Drosophila melanogaster flies. Mol. Cell. Biol. 19, 216-228.

Sundaresan, M., Yu, Z. X, Ferrans, V. J., Irani, K., and Finkel, T. (1995). Requirement
for generation of H202 for platelet-derived growth factor signal transduction. Science
270, 296-299.

Surka, M. C., Tsang, C. W., and Trimble, W. S. (2002). The mammalian septin MSF
localizes with microtubules and is required for completion of cytokinesis. Mol. Biol. Cell
13, 3532-3545.

Suzuki, C. K., Suda, K., Wang, N., and Schatz, G. (1994). Requirement for the yeast
gene LON in intramitochondrial proteolysis and maintenance of respiration. Science
264, 891.

Suzuki, K., and Ohsumi, Y. (2007). Molecular machinery of autophagosome formation in
yeast, Saccharomyces cerevisiae. FEBS Lett. 587, 2156-2161.

Swayne, T. C., Boldogh, I. R., and Pon, L. A. (2010). Cytoskeleton Methods and
Protocols. 586, 171-184.

Tal, R., Winter, G., Ecker, N., Klionsky, D. J., and Abeliovich, H. (2007). Aup1p, a yeast
mitochondrial protein phosphatase homolog, is required for efficient stationary phase
mitophagy and cell survival. J. Biol. Chem. 282, 5617-5624.

Tamm, T. (2009). Plasmids with E2 epitope tags: tagging modules for N- and C-terminal

PCR-based gene targeting in both budding and fission yeast, and inducible expression
vectors for fission yeast. Yeast 26, 55-66.

168



Tanaka, A., Cleland, M. M., Xu, S., Narendra, D. P., Suen, D.-F., Karbowski, M., and
Youle, R. J. (2010). Proteasome and p97 mediate mitophagy and degradation of
mitofusins induced by Parkin. J. Cell Biol. 1971, 1367-1380.

Tanaka-Takiguchi, Y., Kinoshita, M., and Takiguchi, K. (2009). Septin-mediated uniform
bracing of phospholipid membranes. Curr. Biol. 19, 140-145.

TerBush, D. R., Maurice, T., Roth, D., and Novick, P. (1996). The Exocyst is a
multiprotein complex required for exocytosis in Saccharomyces cerevisiae. EMBO J. 15,
6483-6494.

Thompson, W. E., Powell, J. M., Whittaker, J. A., Sridaran, R., and Thomas, K. H.
(1999). Immunolocalization and expression of prohibitin, a mitochondrial associated
protein within the rat ovaries. Anat. Rec. 256, 40—48.

Thuaud, F., Ribeiro, N., Nebigil, C. G., and Désaubry, L. (2013). Prohibitin ligands in cell
death and survival: mode of action and therapeutic potential. Chem. Biol. 20, 316-331.

Tién Nguyén-nhu, N., and Knoops, B. (2003). Mitochondrial and cytosolic expression of
human peroxiredoxin 5 in Saccharomyces cerevisiae protect yeast cells from oxidative
stress induced by paraquat. FEBS Lett. 544, 148-152.

Ting, A. E., Hazuka, C. D., Hsu, S. C., Kirk, M. D., Bean, A. J., and Scheller, R. H.
(1995). rSec6 and rSec8, mammalian homologs of yeast proteins essential for
secretion. Proc. Natl. Acad. Sci. U. S. A. 92, 9613-9617.

Tonikian, R. et al. (2009). Bayesian modeling of the yeast SH3 domain interactome
predicts spatiotemporal dynamics of endocytosis proteins. PLoS Biol. 7, e1000218.

Trifunovic, A. et al. (2004). Premature ageing in mice expressing defective
mitochondrial DNA polymerase. Nature 429, 417—-423.

Tully, G. H., Nishihama, R., Pringle, J. R., and Morgan, D. O. (2009). The anaphase-
promoting complex promotes actomyosin-ring disassembly during cytokinesis in yeast.
Mol. Biol. Cell 20, 1201-1212.

Ugarte, N., Petropoulos, I., and Friguet, B. (2010). Oxidized mitochondrial protein
degradation and repair in aging and oxidative stress. Antioxid. Redox Signal. 73, 539—
549.

Ugidos, A., Nystrom, T., and Caballero, A. (2010). Perspectives on the mitochondrial
etiology of replicative aging in yeast. Exp. Gerontol. 45, 512-515.

Vallen, E. A., Caviston, J., and Bi, E. (2000). Roles of Hof1p, Bni1p, Bnr1p, and myo1p
in cytokinesis in Saccharomyces cerevisiae. Mol. Biol. Cell 11, 593—-611.

169



Versele, M., and Thorner, J. (2004). Septin collar formation in budding yeast requires
GTP binding and direct phosphorylation by the PAK, Cla4. J. Cell Biol. 164, 701-715.

Vevea, J. D., Alessi Wolken, D. M., Swayne, T. C., White, A. B., and Pon, L. A. (2013).
Ratiometric Biosensors that Measure Mitochondrial Redox State and ATP in Living
Yeast Cells. J. Vis. Exp., €50633.

Vilchez, D., Morantte, I., Liu, Z., Douglas, P. M., Merkwirth, C., Rodrigues, A. P. C.,
Manning, G., and Dillin, A. (2012). RPN-6 determines C. elegans longevity under
proteotoxic stress conditions. Nature 489, 263—-268.

Visintin, R., Craig, K., Hwang, E. S., Prinz, S., Tyers, M., and Amon, A. (1998). The
phosphatase Cdc14 triggers mitotic exit by reversal of Cdk-dependent phosphorylation.
Mol. Cell 2, 709-718.

Vives-Bauza, C., Tocilescu, M., Devries, R. L. A., Alessi, D. M., Jackson-Lewis, V., and
Przedborski, S. (2010). Control of mitochondrial integrity in Parkinson’s disease. Prog.
Brain Res. 783, 99-113.

Voos, W. (2013). Chaperone-protease networks in mitochondrial protein homeostasis.
Biochim. Biophys. Acta 7833, 388-399.

Vrabioiu, A. M., and Mitchison, T. J. (2006). Structural insights into yeast septin
organization from polarized fluorescence microscopy. Nature 443, 466—469.

Vucic, D., Dixit, V. M., and Wertz, I. E. (2011). Ubiquitylation in apoptosis: a post-
translational modification at the edge of life and death. Nat. Rev. Mol. Cell Biol. 12, 439—
452.

Walczak, H., Iwai, K., and Dikic, I. (2012). Generation and physiological roles of linear
ubiquitin chains. BMC Biol. 10, 23.

Wang, G. Y., Hirai, K., and Shimada, H. (1992). Mitochondrial breakage induced by the
herbicide paraquat in cultured human lung cells. J. Electron Microsc. (Tokyo). 47, 181—
184.

Wang, K., Jin, M., Liu, X., and Klionsky, D. J. (2013). Proteolytic processing of Atg32 by
the mitochondrial i-AAA protease Yme1 regulates mitophagy. Autophagy 9, 1828—-1836.

Wang, L., Hou, L., Qian, M., Li, F., and Deng, M. (2011a). Integrating multiple types of
data to predict novel cell cycle-related genes. BMC Syst. Biol. 5 Supp/ 1, S9.

Wang, X., Winter, D., Ashrafi, G., Schlehe, J., Wong, Y. L., Selkoe, D., Rice, S., Steen,
J., LaVoie, M. J., and Schwarz, T. L. (2011b). PINK1 and Parkin target Miro for
phosphorylation and degradation to arrest mitochondrial motility. Cell 147, 893—906.

170



Watanabe, T. K. et al. (1998). cDNA cloning and characterization of a human
proteasomal modulator subunit, p27 (PSMD9). Genomics 50, 241-250.

Watts, G. D. J., Wymer, J., Kovach, M. J., Mehta, S. G., Mumm, S., Darvish, D.,
Pestronk, A., Whyte, M. P., and Kimonis, V. E. (2004). Inclusion body myopathy
associated with Paget disease of bone and frontotemporal dementia is caused by
mutant valosin-containing protein. Nat. Genet. 36, 377-381.

Weihl, C. C., Miller, S. E., Hanson, P. |., and Pestronk, A. (2007). Transgenic
expression of inclusion body myopathy associated mutant p97/VCP causes weakness
and ubiquitinated protein inclusions in mice. Hum. Mol. Genet. 16, 919-928.

Werner, E. D., Brodsky, J. L., and McCracken, A. A. (1996). Proteasome-dependent
endoplasmic reticulum-associated protein degradation: an unconventional route to a
familiar fate. Proc. Natl. Acad. Sci. U. S. A. 93, 13797-13801.

Westerlund, M. et al. (2011). Altered enzymatic activity and allele frequency of
OMI/HTRAZ in Alzheimer’s disease. FASEB J. 25, 1345-1352.

Westermann, B. (2008). Molecular machinery of mitochondrial fusion and fission. J.
Biol. Chem. 283, 13501-13505.

White, J. G., and Borisy, G. G. (1983). On the mechanisms of cytokinesis in animal
cells. J. Theor. Biol. 701, 289-316.

Wiertz, E. J., Tortorella, D., Bogyo, M., Yu, J., Mothes, W., Jones, T. R., Rapoport, T.
A., and Ploegh, H. L. (1996). Sec61-mediated transfer of a membrane protein from the
endoplasmic reticulum to the proteasome for destruction. Nature 384, 432—-438.

Winterbourn, C. C. (2008). Reconciling the chemistry and biology of reactive oxygen
species. Nat. Chem. Biol. 4, 278-286.

Wiloka, C., and Bi, E. (2012). Mechanisms of cytokinesis in budding yeast. Cytoskeleton
(Hoboken). 69, 710-726.

Wolfe, B. A., and Gould, K. L. (2005). Split decisions: coordinating cytokinesis in yeast.
Trends Cell Biol. 15, 10-18.

Wolken, D. M. A., Mclnnes, J., and Pon, L. A. (2014). Aim44p regulates phosphorylation
of Hof1p to promote contractile ring closure during cytokinesis in budding yeast. Mol.
Biol. Cell 25, 753-762.

Wolpert, L. (1960). INTERNATIONAL REVIEW OF CYTOLOGY, Volume 10 (Google
eBook), Academic Press.

171



Wong, J. et al. (2007). A protein interaction map of the mitotic spindle. Mol. Biol. Cell 18,
3800-3809.

Wu, J.-Q., and Pollard, T. D. (2005). Counting cytokinesis proteins globally and locally
in fission yeast. Science 370, 310-314.

Xie, Y., and Varshavsky, A. (2001). RPN4 is a ligand, substrate, and transcriptional
regulator of the 26S proteasome: a negative feedback circuit. Proc. Natl. Acad. Sci. U.
S. A. 98, 3056-3061.

Yamanaka, K., Sasagawa, Y., and Ogura, T. (2012). Recent advances in
p97/VCP/Cdc48 cellular functions. Biochim. Biophys. Acta 1823, 130-137.

Yamashiro, S., Totsukawa, G., Yamakita, Y., Sasaki, Y., Madaule, P., Ishizaki, T.,
Narumiya, S., and Matsumura, F. (2003). Citron kinase, a Rho-dependent kinase,
induces di-phosphorylation of regulatory light chain of myosin Il. Mol. Biol. Cell 14,
1745-1756.

Yan, L. J., Levine, R. L., and Sohal, R. S. (1997). Oxidative damage during aging
targets mitochondrial aconitase. Proc. Natl. Acad. Sci. U. S. A. 94, 11168-11172.

Yoshigaki, T. (2003). Theoretical evidence that more microtubules reach the cortex at
the pole than at the equator during anaphase in sea urchin eggs. Acta Biotheor. 57, 43—
53.

Young, C. L., Raden, D. L., Caplan, J. L., Czymmek, K. J., and Robinson, A. S. (2012).
Cassette series designed for live-cell imaging of proteins and high-resolution techniques
in yeast. Yeast 29, 119-136.

Young, L., Leonhard, K., Tatsuta, T., Trowsdale, J., and Langer, T. (2001). Role of the
ABC transporter MdI1 in peptide export from mitochondria. Science 291, 2135-2138.

Yice, O., Piekny, A., and Glotzer, M. (2005). An ECT2-centralspindlin complex
regulates the localization and function of RhoA. J. Cell Biol. 170, 571-582.

Zent, E., Vetter, |., and Wittinghofer, A. (2011). Structural and biochemical properties of
Sept7, a unique septin required for filament formation. Biol. Chem. 392, 791-797.

Zhang, Y., Gao, J., Chung, K. K., Huang, H., Dawson, V. L., and Dawson, T. M. (2000).
Parkin functions as an E2-dependent ubiquitin- protein ligase and promotes the
degradation of the synaptic vesicle-associated protein, CDCrel-1. Proc. Natl. Acad. Sci.
U. S. A. 97, 13354-13359.

172



Zhou, C., Huang, Y., Shao, Y., May, J., Prou, D., Perier, C., Dauer, W., Schon, E. A.,
and Przedborski, S. (2008). The kinase domain of mitochondrial PINK1 faces the
cytoplasm. Proc. Natl. Acad. Sci. U. S. A. 105, 12022-12027.

Zhou, R, Yazdi, A. S., Menu, P., and Tschopp, J. (2011). A role for mitochondria in
NLRP3 inflammasome activation. Nature 469, 221-225.

Ziv, |. et al. (2011). A perturbed ubiquitin landscape distinguishes between ubiquitin in
trafficking and in proteolysis. Mol. Cell. Proteomics 70, M111.009753.

Zuckerman, B. M., and Geist, M. A. (1983). Effects of vitamin E on the nematode
Caenorhabditis elegans. Age (Omaha). 6, 1-4.

(2008). Prohibitins control cell proliferation and apoptosis by regulating OPA1-
dependent cristae morphogenesis in mitochondria. Genes Dev. 22, 476—488.

173



