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Abstract

Aging is characterized by a progressive decline in physiological functions that limits
biological processes, increases the risk of disease, and ultimately leads to death. At the
cellular level, aging is associated with accumulation of damaged components, including
proteins, indicating that protein homeostasis (or proteostasis) fails to maintain the integrity
and functionality of the proteome as cells age. Reduced caloric intake elevates proteostasis,
counteracts the accumulation of damage during cellular aging, and prolongs lifespan in
organisms ranging from yeast to primates. Caloric restriction is intimately linked to reduced
signaling through nutrient sensing pathways, including the Target-Of-Rapamycin (TOR) and
Protein Kinase A (PKA) pathways but which downstream targets of these nutrient-signaling

pathways are most important for lifespan control is not known.

In this thesis, using the yeast Saccharomyces cerevisiae as a model organism, I found that the
peroxiredoxin Tsal, which belongs to a family of peroxide scavengers, is a downstream target
of the PKA pathway and acts as a major modulator of aging. I found that Tsal is required for
the resistance to hydrogen peroxide and lifespan extension induced by caloric restriction.
Further, I traced the beneficial role of Tsal in longevity assurance to its involvement in
proteostasis; an involvement linked to the hyperoxidized chaperone-like form of Tsal. This
function of Tsal in proteostasis entails recruitment of other molecular chaperones to
misfolded and damaged proteins under hydrogen peroxide stress and in aged cells, as well as
assistance in the clearance of protein aggregates. Our findings suggest that the cell utilizes
distinct strategies for managing protein aggregates under different stress conditions, as Tsal is
important for the management of protein aggregates under hydrogen peroxide stress but not
upon elevated temperatures. The data also point to hydrogen peroxide and reduced
proteasomal-dependent degradation as contributing factors for the accumulation of protein

aggregates in aged cells.

Keywords: Aging, caloric restriction, oxidative stress, peroxiredoxins, proteostasis, protein

aggregates, ubiquitin-proteasome system



Abbreviations

Prx Peroxiredoxin

Trx Thioredoxin

Grx Glutaredoxin

Srx Sulfiredoxin
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ROS Reactive oxygen species

IGF-1 Insulin growth factor 1

TOR Target of rapamycin
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GPCR G-protein coupled receptor
FRTA Free radical theory of aging

SOD Superoxide dismutase

GPx Glutathione peroxidase

ER Endoplasmic reticulum

GCR Gross chromosomal rearrangements
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HSPs Heat shock proteins

AZC Azetidine-2-carboxylic acid

RLS Replicative lifespan

CLS Chronological lifespan
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ARS Autonomously replicating sequence
NPCs Nuclear pore complexes
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NEFs Nucleotide exchange factors
UPS Ubiquitin-proteasome system
DUBs De-ubiquitinating proteins

SPQC Spatial protein quality control
JUNQ Juxtanuclear quality control compartment
IPOD Insoluble protein deposit
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1. Introduction

Peroxiredoxins (Prxs) are a family of highly conserved antioxidants that use redox-active
cysteines to reduce hydrogen peroxide (H»O,), peroxinitrite, and organic hydroperoxides
(Wood et al., 2003). Prxs were originally identified in yeast (Kim et al., 1988) and have since
then been identified in organisms ranging from bacteria to humans (Wood et al., 2003). Prxs
are divided into 1-Cys Prxs and 2-Cys Prxs based on the number of redox-active cysteines
participating in the catalytic cycle. The basic catalytic mechanism of Prxs involves oxidation
of a redox active cysteine thiol (Cys-SH) into a sulfenic acid (Cys-SOH) and a concomitant
reduction of the peroxide substrate (Wood et al., 2003) (Fig. 1). This redox active cysteine is
located near the N-terminal of the polypeptide and is referred to as the peroxidatic cysteine. 2-
Cys Prxs have one additional active site cysteine, the resolving cysteine in the C-terminal of
the protein, which is involved in the reduction of the enzyme. 2-Cys Prxs are further divided
into typical and atypical based on the mechanism of reduction. Typical 2-Cys Prxs are
homodimers and during their catalytic cycle the resolving cysteine from one subunit attacks
the oxidized peroxidatic cysteine in the other subunit, forming a disulfide bond (Fig. 1). The
disulfide bond is reduced by oxidoreductases e.g. the thioredoxin (Trx) system, which recycle
the Prx to the reduced and native form (Fig. 1). Atypical 2-Cys Prxs have a similar
mechanism of reduction, but as they are functionally monomeric the resolving cysteine is
instead located within the same subunit. 1-Cys Prxs have only the peroxidatic cysteine, which
is directly reduced in a process that is not completely understood, but has been suggested to

include glutaredoxins (Grxs) and Trxs in yeast (Morano et al., 2012).

Typical 2-Cys Prxs can under certain conditions form high molecular weight (HMW)
oligomers (Wood et al., 2003). Factors known to promote this oligomerization include low pH
(Kristensen et al., 1999), high calcium levels (Plishker et al., 1992), heat (Jang et al., 2004),
and oxidative stress (Schroder et al., 2000, Jang et al., 2004). Oxidatively induced
oligomerization is associated with hyperoxidation of the peroxidatic cysteine, which occurs
when the sulfenic acid (Cys-SOH) instead of being reduced by the resolving cysteine is
further oxidized by a second molecule of H,O; into a sulfinic acid (Cys-SOOH) (Fig. 1). The
frequency of hyperoxidation is low under physiological conditions but increases upon
elevated H,O, concentrations. Hyperoxidized Prxs can be reduced by the action of

sulfiredoxins (Srxs) in an ATP-dependent manner (Biteau et al., 2003) (Fig. 1).
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Figure 1. Catalytic cycle of the typical 2-Cys Prx Tsal. H,O, reduction by Tsal converts the
peroxidatic cysteine (Cys48) to a sulfenic acid (SOH), which is followed by disulfide bond formation
between Cys48 and the resolving cysteine (Cysl71) on a second Tsal molecule, and subsequent
reduction by the Trx system, thereby completing the catalytic cycle. The sulfenic acid (SOH) can also
become further oxidized to a peroxide inactive, sulfinic acid (SOOH).

Prxs have, in addition to their role in peroxide scavenging, been implicated in other cellular
processes including protein homeostasis (proteostasis), genome stability, and cellular
signaling (Huang et al., 2003, Jang et al., 2004, Rhee and Woo, 2011). Hyperoxidation and
oligomerization of 2-Cys Prxs is associated with a functional switch in which peroxidase
activity is replaced by chaperone activity, an activity that is central to proteostasis (Jang et al.,
2004). Moreover, deletion of the major yeast Prx TSA4/ leads to increased mutation rates and
double strand breaks, indicating a function in genome maintenance (Huang et al., 2003). Prxs
have also been suggested to function as mediators of H,O,-dependent signaling through
different mechanisms (D'Autreaux and Toledano, 2007, Netto and Antunes, 2016). First, the
hyperoxidation and subsequent peroxidase inactivation permits local accumulation of H,O,,
which in turn could oxidize signaling proteins. Alternatively, oxidation of Prxs could be

transferred to signaling proteins, and/or act through their reducing agent, the Trxs.

Intriguingly, studies have reveal a role for Prxs in aging. Prx-deficiency shortens the lifespan
of yeast, worms, flies, and mice (Timmermann et al., 2010, Olahova et al., 2008, Lee et al.,

2009, Neumann et al., 2003), and increased levels of a neuronal Prx extends lifespan of flies



(Lee et al., 2009). Prxs are also associated with various age-related diseases, including
neurodegenerative diseases, inflammatory diseases, and cancer (Park et al., 2016). The role of
Prxs in cancer remains complex, as they have been proposed to act as both suppressors and
promoters of tumor development (Mishra et al., 2015, Park et al., 2016). Prx-deficiency leads
to increased oncogenesis and overproduction can suppress the development of certain types of
cancer (Neumann et al., 2003, Park et al., 2016). On the other hand, some cancer types,
including breast cancer and lung cancer, display elevated levels of Prxs, which provides
resistance to radiation and chemotherapy (Park et al., 2006, Chen et al., 2006, Mishra et al.,
2015, Park et al., 2016). Srxs are also linked to cancer, with reports of both up-regulated and
down-regulated Srx levels in different types of tumors (Mishra et al., 2015).

1.2 Aim of the thesis

Prxs are fundamental to the process of aging and disease, though the mechanism behind these
effects is mostly unknown. Given the multifunctional nature of Prx, it remains to be
elucidated which function is most critical for their role as modulators of aging and disease.
The primary aim of my PhD studies has been to study Prxs and their role in aging. I have
studied the yeast Saccharomyces cerevisiae and the major Prx Tsal to begin to approach
questions regarding the different functions of Prxs and their contribution to the process of
aging. Much of my work has been dedicated to the role of Tsal in proteostasis under acute
stress, mainly oxidative stress, and in aging. Before going into the details of my results, I will

describe aspects of aging relevant for my research.



2. Cellular mechanisms of aging

Aging is a multifactorial process characterized by a progressive decline of physiological
functions that limits biological processes, increases the risk of disease, and ultimately leads to
death. Aging is the major risk factor of numerous diseases including cardiovascular diseases,
neurodegeneration, and most types of cancer (Lopez-Otin et al., 2013). Studies have identified
cellular pathways central to the process of aging, many of which are connected to
accumulation of damaged cellular components. Nutrient signaling, oxidative stress, genome
stability, and proteostasis have all been linked to cellular aging (Lopez-Otin et al., 2013). I
have summarized the main findings of these aging pathways and included known links to
peroxiredoxins. Special attention has been given to the yeast Saccharomyces cerevisiae, and 1

have concluded with the specific nature of aging and aging factors in this model organism.

2.1 Gerontogenes

Studies of lifespan altering gene mutations have provided insights to cellular pathways linked
to the process of aging. Genes that, when altered one way or the other, extend the lifespan of
an organism are referred to as gerontogenes (Rattan, 1995, Nystrom et al., 2012). The first
gerontogene was identified in a screen for long-lived mutants in the nematode Caenorhabditis
elegans in the early 1980°s (Klass, 1983). A mutation in the gene age-1, encoding a homolog
to the mammalian phosphatidylinositol 3-kinase catalytic subunit, prolonged the lifespan of
the nematode by 40% (Klass, 1983, Friedman and Johnson, 1988). AGE-1 was later found to
be part of an insulin-like pathway involving the FOXO transcription factor DAF-16 (Ogg et
al., 1997). The connection between aging and nutrient signaling proved to be substantial,
since many gerontogenes discovered are involved in various nutrient signaling pathways

(Kenyon, 2010), which will be discussed in subsequent sections.

Sirtuins represent another important class of gerontogenes, as these highly conserved
deacetylases have been shown to influence longevity in several organisms and seem to be a
key factor in many aging pathways (Guarente, 2007). Sirtuins were originally discovered in
yeast due to their role in gene silencing. Sirtuins are NAD'-dependent deacetylases that
mediate genomic silencing of histone H3 and H4, resulting in a more tightly packed and
transcriptionally repressed chromatin. In yeast, regions silenced by the Sirtuins include the
mating type loci, the telomeres, and the repeated ribosomal DNA (rDNA) (Lin et al., 2000).

The first evidence of an age-related function of Sirtuins included the observation that Sir2-



deficient yeast cells have a shortened lifespan, whereas Sir2 overproduction extends lifespan
(Kaeberlein et al., 1999). Experiments from the same study connected this age-related
function of Sir2 to genomic instability, although later studies indicate that this may not be the
sole mechanism by which Sir2 regulates lifespan (discussed below). Sirtuins have been
reported to exhibit anti-aging capabilities also in C. elegans (Tissenbaum and Guarente, 2001)
and the fruit fly Drosophila melanogaster (Rogina and Helfand, 2004), but as in yeast, the
mode of action is not entirely clear due to the connection to several aging pathways, including
nutrient signaling, genome stability, and proteostasis (Guarente, 2007, Kenyon, 2010). The
Prx family is a quite recent addition to the group of gerontogenes and their levels regulates the
lifespan of several model organisms (Nystrom et al., 2012). Prxs are, similar to the Sir
proteins, linked to several aging pathways (Nystrom et al., 2012), complicating the

elucidation of their main function as aging regulators.

2.2 Nutrient signaling

One of the most important discoveries in the aging field came with the observation that life
could be extended in rats by simply lowering the caloric intake without causing malnutrition
(McCay et al., 1989), a phenomenon known as caloric restriction (CR). CR has since then
been shown to extend lifespan of organisms ranging from yeast to primates and is one of the
most well-studied lifespan-extending interventions (Colman et al., 2009, Kenyon, 2010).
Remarkably, organisms subjected to CR do not only live longer, but they also experience
delayed onset of age-related deterioration and diseases. In fact, CR has been associated with a
wide variety of health benefits, including reduced risk of diseases such as cancers,
neurodegenerative disorders, autoimmune diseases, cardiovascular disease, and diabetes

(Fontana et al., 2010, Speakman and Mitchell, 2011).

Studies have established a clear connection between CR and reduced signaling through
nutrient sensing pathways, including the insulin/insulin-like growth factor (IGF-1), the target-
of-rapamycin (TOR), and the protein kinase A (PKA) (Kenyon, 2010, Fontana et al., 2010,
Enns and Ladiges, 2010, Lin et al., 2000). Less is known about the downstream targets of
these signaling pathways, although studies demonstrate that CR is associated with an altered
gene expression program involving a switch from growth and reproduction, towards focus on
maintenance and repair. Many organisms respond to CR with an increased resistance to

oxidative stress, decreased production of reactive oxygen species (ROS), and reduced



accumulation of oxidative damage (Sohal et al., 1994b, Sohal et al., 1994a, Sohal and
Weindruch, 1996, Fontana et al., 2010). Sir2 has been reported as one of the downstream
targets of CR in yeast, worm, flies, and mice, supporting a role for Sirtuins as mediators of
longevity (Lin et al., 2000, Guarente, 2007, Medvedik et al., 2007, Kenyon, 2010). However,
Sir2-independent lifespan extension by CR has also been reported (Kaeberlein et al., 2004),
suggesting that Sir2 and CR may extend lifespan by separate mechanisms, or possibly, that

strain variations contribute to the distinct results seen between the different studies.

2.2.1 Insulin/insulin-like growth factor 1

Insulin and IGF-1 are two structurally similar growth factors involved in various cellular
processes such as cell proliferation, differentiation, and glucose metabolism (Leroith et al.,
2011). The insulin/IGF-1 pathway was first discovered to influence longevity in C. elegans,
where decreased activity of a hormone receptor similar to the insulin/IGF-1 receptors lead to a
prolonged lifespan (Kenyon, 2010). This receptor, called DAF-2, initiates a signaling cascade
resulting in an altered gene expression through the transcription factors DAF-16, HSF-1, and
SKN-1. As mentioned above, DAF-16 is a FOXO transcription factor, which constitutes a
family of transcription factors that are central to signaling pathways regulating stress
responses and longevity (Kenyon, 2010, Webb and Brunet, 2014). DAF-16, together with the
heat shock transcription factor HSF-1 and the oxidative stress transcription factor SKN-1, up-
regulates the expression of a wide range of genes, including stress-response genes, which
ultimately contributes to lifespan extension. The importance of the insulin/IGF-1 pathway in
longevity has proven to be conserved, as connections between the two have been found also
in flies, mice, and humans (Kenyon, 2010). Moreover, CR seems to work in part by
decreasing signaling through the insulin/IGF-1 pathway in at least worms, flies, and mice

(Kenyon, 2010).

2.2.2 Target-of-rapamycin

TOR is a highly conserved protein kinase, originally discovered in the yeast Saccharomyces
cerevisiae due to its role in rapamycin resistance (Wullschleger et al., 2006). TOR signaling is
triggered by nutrients, growth factors, and stress. TOR signaling regulates cell growth by
targeting both protein synthesis and protein degradation. Under normal, non-stressed
conditions, protein synthesis is activated by TOR, while protein degradation by autophagy is

inhibited (Kenyon, 2010). When nutrients are limited or stress levels increased, protein



synthesis is downregulated whereas protein turnover is increased. Reduced TOR activity by
nutrient deprivation or genetic manipulation increases stress resistance and extends lifespan in
many model organisms, including yeast, worms, and mice (Kenyon, 2010). The PHA-
4/FOXO transcription factor is required for TOR-dependent lifespan extension in C. elegans
and the Msn2/4 transcription factors in yeast. Translation is vital for growth and reducing the
activity of this process may leave more resources for maintenance and repair. The potential
importance of this tradeoff is supported by the fact that inhibition of translation by other
means than nutrient deprivation also extends lifespan in yeast, worms, flies, and mice
(Kenyon, 2010). One model for TOR-dependent longevity in yeast suggests that CR and
reduced TOR signaling act through increased activity of Sir2 (Medvedik et al., 2007). In this
view, reduced TOR signaling leads to increased production of the Msn2/4 target Pncl, which

is required for the degradation the Sir2 inhibitor nicotinamide.

2.2.3 Protein Kkinase A

The PKA signaling pathway regulates cellular processes such as cell growth, metabolism, and
stress responses (Tamaki, 2007, Zaman et al., 2008). The PKA pathway is triggered by
glucose, which is sensed by the guanine exchange factor Cdc25 and the G-protein coupled
receptor (GPCR) Gprl (Fig. 2). Cdc25 and Gprl activates the small GTP binding proteins Ras
and Gpa2 respectively. Both Gpa2 and Ras activate Adenylase Cyclase (AC), which
catalyzes the conversion of ATP to cAMP. cAMP is a second messenger that in yeast binds
the regulatory component (Bcyl) of PKA, thus releasing the catalytically active subunit
(TPK). Active PKA forwards the signal by phosphorylation of targets proteins, two of which
are the stress response transcription factors Msn2/4 that are inhibited by PKA phosphorylation
(Zaman et al., 2008).

The PKA pathway has been linked to longevity in both yeast and mice. Lowering the glucose
concentration in the growth medium, or reducing the activity of the pathway responsible for
glucose sensing and import extends lifespan in yeast (Lin et al., 2000). Moreover, genetically
reducing PKA signaling by removing components such as AC and TPK subunits also prolong
lifespan and this extension is not further increased by also limiting glucose availability (Lin
et al., 2000), suggesting that they act in the same pathway. In line with this, elevated PKA
activity achieved by removal of Pde2, a phosphodiesterase that catalyzes the hydrolysis of
cAMP to AMP, shortens yeast lifespan.



Sir2 has been implicated also in PKA-mediated lifespan extension with reports of CR acting
through increased respiration and NAD" levels resulting in a boosted Sir2 activity (Lin et al.,
2000, Lin et al., 2002, Lin et al., 2004). In mice, reduced PKA signaling leads to extended
lifespan and increased health span, demonstrated by reduced body fat as well as an increased

resistance to stress-induced cardiomyopathy (Enns and Ladiges, 2010).
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Figure 2. The PKA signaling pathway. Glucose triggers Cdc25 and Gprl, which activates the small
G-proteins Ras and Gpa2 respectively. Ras and Gpa2 activates adenylase cyclase (Cyrl/Cdc35)
leading to production of the second messenger cAMP. cAMP binds the inhibitory component of PKA,
thereby releasing the catalytically active component, Tpk, which conveys the signal by
phosphorylation of targets proteins. The transcription factors Msn2/4 are two targets that are
negatively regulated by PKA.



2.2.4 Nutrient signaling and peroxiredoxins

Studies in Drosophila have identified a Prx as one important effector of FOXO-mediated
lifespan extension (Lee et al., 2009). Elevated neuronal levels of the 2-Cys Prx, Jafracl,
increased the resistance to the superoxide-generating chemical paraquat, reduced the levels of
ROS, and extended lifespan, in a JINK/FOXO-mediated manner. Moreover, the classical 2-
Cys Prx PRDX-2 is required for lifespan extension associated with the insulin/IGF-1 pathway
in C. elegans (Olahova and Veal, 2015). Additionally, metformin, an antidiabetic drug with
CR mimetic effects has been shown extend lifespan in C. elegans in a Prx-dependent manner
(De Haes et al., 2014). The study demonstrated that PRDX-2 is required for metformin
induced lifespan extension and in contrast to the reduced production of ROS typically seen in
CR-treated organisms, an increased generation of H,O, was observed in long-lived,
metformin-treated worms. This type of positive effect of ROS will be discussed in the

subsequent section.

2.3 Oxidative stress

Oxidative stress refers to a state of elevated oxidative damage, resulting from an imbalance
between generation of ROS and the cellular defences against such species (Halliwell, 2007).
Accumulation of oxidatively damaged molecules can be a consequence of increased
generation of ROS, a decreased ability of the antioxidants system to detoxify ROS, and/or a
reduced capacity to repair/remove oxidatively damaged molecules. Oxidative stress has been
associated with numerous diseases, including cardiovascular diseases, neurodegenerative
diseases, and cancer, and is one of the hallmarks of aging (Sohal and Weindruch, 1996, Finkel

and Holbrook, 2000, Brieger et al., 2012).

2.3.1 Reactive oxygen species

ROS are highly reactive molecules produced during normal oxygen metabolism and include
the superoxide anion (O;"), hydroxyl radical (HO") and hydrogen peroxide (H,O,). ROS is
mainly generated during normal oxidative phosphorylation at the mitochondrial electron
transport chain, although NADPH oxidases and peroxisomes have been identified as other
important sources (Finkel and Holbrook, 2000). The O," is produced by electron reduction of
oxygen, typically at complex I (NADH dehydrogenase) and complex III (ubiquinone-
cytochrome ¢ reductase) in the mitochondrial electron transport chain, whereas H,O, and HO

are produced by secondary reactions (Turrens, 1997). O, and HO" are exceptionally unstable,



while H,O, is comparatively long-lived and freely diffusible (Finkel and Holbrook, 2000).
ROS can react with and oxidize all three of the major cellular constituents; DNA, lipids, and

proteins, often with deleterious outcomes (Halliwell and Gutteridge, 1990, Sohal and

Weindruch, 1996, Finkel and Holbrook, 2000).

The toxicity of ROS and its implication in aging were highlighted already in the 1950s when
Denham Harman proposed the free radical theory of aging (FRTA), in which he proposed that
ROS reacting with cellular macromolecules initiates the deterioration associated with aging
(Harman, 1956). When the mitochondria later were identified as the main source of ROS, the
theory was extended to the mitochondrial theory of aging (Harman, 1972). The FRTA has
since then been subjected to extensive studies and an age-dependent increased mitochondrial
production of both O,” and H,O, has been established in several model organisms (Farmer
and Sohal, 1989, Sohal and Sohal, 1991, Laun et al., 2001, Sohal, 2002, Sasaki et al., 2010).
In line with this, oxidatively damaged DNA, proteins, and lipids have all been found to
increase with age (Fraga et al., 1990, Oliver et al., 1987, Roberts and Reckelhoff, 2001,
Bokov et al., 2004). As mentioned above, lifespan extension by caloric restriction is in many
organisms accompanied with a decreased production of ROS and oxidatively damaged
macromolecules, further supporting the connection between oxidative stress and longevity
(Sohal and Weindruch, 1996). However, experiments with overproduction of antioxidants
have failed to consistently correlate with longevity under standard conditions and upon CR
(Sohal and Orr, 2012). Together with increasing evidence of beneficial effects of ROS
(D'Autreaux and Toledano, 2007, Sohal and Orr, 2012), there is an uncertainty regarding the
validity the free radical theory of aging. However, the extensive correlation between oxidative
stress and aging/age-related diseases suggest that high levels of ROS is detrimental to the cell
and most likely contributes to the process of aging (Finkel and Holbrook, 2000).

2.3.2 Oxidative protein modifications

Proteins are one of the major targets of oxidation and protein oxidation reactions can cleave
the peptide backbone, modify amino acid side chains, or cross-link amino acids to yield high
molecular weight products (Stadtman, 2006). Some oxidative modifications are reversible and
implicated in redox-regulated signaling pathways, conversely, most irreversible oxidations
typically disrupt protein structure leading to loss of protein function (Dahl et al., 2015).

Sulphur-containing amino acids such as cysteine and methionine are particularly susceptible
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to oxidation. Oxidation of cysteine thiols (-SH) leads to the formation of sulfenic acids (-
SOH), sulfinic acids (-SO,H) or sulfonic acids (-SO3;H) (Cremers and Jakob, 2013). A
sulfenic acid (SOH) can also react with a thiol (-SH) forming a disulfide bond (S-S), which
can be reduced by the Trx system and/or the Grx system. The formation of a disulfide bond is
an example of a reversible modification that can have beneficial outcomes. Disulfide
formation in the endoplasmic reticulum (ER) can for example be important for protein folding
and regulation of activity, and disulfide bonds formed from oxidative stress have been shown
to be important for signaling pathways activating stress defenses such as increased antioxidant

production (Cremers and Jakob, 2013).

Protein carbonylation is a type of irreversible oxidation that occurs through a metal ion-
catalyzed oxidation and results in a reactive carbonyl group (aldehyde or ketone) (Stadtman
and Levine, 2000). Carbonyl groups are composed of a carbon atom double-bonded to an
oxygen atom and can be formed on several amino acids including lysine, histidine, arginine,
and proline. Protein carbonylation typically disrupts protein structure and function, leading to
formation of protein aggregates, and is highly connected to oxidative stress and aging

(Levine, 1983, Stadtman and Levine, 2000, Nystrom, 2005, Erjavec et al., 2007).

2.3.3 Oxidative stress and peroxiredoxins

Prxs are part of the cell’s defences against oxidative stress and upregulated together with
other antioxidants such as catalases, superoxide dismutase (SOD), and glutathione peroxides
(GPxs) in response to increased ROS levels. SODs are enzymes that specifically convert O~
into H,O,, whereas catalases reduce H,O, to H,O and O, (Morano et al., 2012). Many
organisms have several isoforms of antioxidants, often specifically localized to different
cellular compartments. For example, mammals have six isoforms of Prxs, including four
typical 2-Cys Prxs in the cytosol, mitochondria, and endoplasmic reticulum (ER), one atypical
2-Cys Prx, and one 1-Cys Prx (Fourquet et al., 2008). The five yeast Prxs include two typical
2-Cys Prxs and one atypical 2-Cys Prx in the cytosol, one nuclear atypical 2-Cys Prx, and the
1-Cys Prx, localized in the mitochondria. The major Prx in yeast is the typical 2-Cys Prx
Tsal, which is highly specific for the reduction of H,O, (Chae et al., 1994, Lee et al., 1999b)
and has been shown to act both freely in the cytosol as well as associated with translating
ribosomes (Trotter et al., 2008). Prx activity is not essential in yeast, though cells lacking all

five variants, together with the three GPxs, are unable to activate gene expression in response
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to H,O, exposure (Fomenko et al., 2011). The main transcriptional activator of the oxidative
stress response in yeast is the transcription factor Yapl. Yapl accumulates in the nucleus in
response to oxidative exposure where it activates the expression of around 30 genes, some of
which require the additional activation assistance of Skn7 (Lee et al., 1999a). TSA! is one of
the genes regulated by the cooperative action of Yapl/Skn7. As a typical 2-Cys Prx, Tsal
have 2 redox active cysteines; the N-terminal peroxidatic cysteine at position 48 and the C-
terminal resolving cysteine at position 171 (Fig. 1). Although the catalytic efficiency of Prxs
is low compared to antioxidants such as catalases and GPxs, their high abundance and
conservation have established them as significant members of the cellular peroxide defense

system (Wood et al., 2003).

Increasing evidence points to beneficial effects of ROS in cellular signaling, gene regulation,
and redox regulation (Sohal and Orr, 2012). This type of positive effect of an otherwise toxic
agent is referred to as hormesis and is characterized by a dose-dependent response, with low
doses increasing survival, while higher doses are detrimental (Calabrese et al., 2015). Low
doses of ROS have been suggested to boost the defense against oxidative stress and thereby
promote cell growth, development, and lifespan extension (D'Autreaux and Toledano, 2007,
Ristow and Zarse, 2010, Dahl et al., 2015, Goulev et al., 2017). Intriguingly, 2-Cys Prxs have
been proposed to act as major mediators of H,O, signaling (D'Autreaux and Toledano, 2007).
A recent study demonstrated that low levels of H,O, extended the lifespan of yeast in a Prx
Tsal-mediated manner, whereas higher levels proved harmful for the cells and instead

shortened their lifespan (Goulev et al., 2017).

Three mechanisms have been described to explain the Prx contribution to H,O, signaling
(Netto and Antunes, 2016). In the first scenario, Prx hyperoxidation and subsequent
peroxidase inactivation leads to a transient and local build-up in H,O, concentrations. In this
view, H,O, reacts directly with signaling proteins such as phosphatases and/or transcription
factors. In a second scenario, the Prx oxidation is selectively transferred to signaling proteins
through protein-protein interactions and disulfide exchange reactions (Netto and Antunes,
2016). This was suggested to be the case for the metformin-induced lifespan extension in
worms, mentioned above, in which PRDX-2 was proposed to activate the MAP-kinase
signaling pathway involved in oxidative stress defense (De Haes et al., 2014). The third
scenario centers around the reducing agents of Prxs; the Trxs. Following Prx reduction, the

Trxs, in their oxidized state, can transfer their oxidative modification to downstream
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regulatory proteins (Netto and Antunes, 2016). Alternatively, hyperoxidized Prxs are no
longer substrates for the Trxs, which render them in their reduced form, free to act on other
substrates (Day et al., 2012, Netto and Antunes, 2016). Altogether, the intracellular H,O,
availability seems vital, as both sub-physiological levels and elevated levels will result in

cellular health defects.

2.4 Genome stability

Being central to life, DNA has since its discovery been linked to the process of aging. DNA is
constantly at risk of becoming damaged by various endogenous and external sources, such as
oxidative stress, radiation, and external mutagens (Vijg and Suh, 2013). A typical cell is
subjected to tens of thousands of lesions every day, including backbone breaks (single and
double stranded), base deletions, and DNA modifications. If DNA damage is not correctly
repaired, lesions can lead to permanent alterations such as mutations (deletions, additions, and
substitutions) and chromosomal rearrangements. For example, replication past the oxidatively
induced modification 8-hydroxyguanine results in incorporation of the wrong base (Vijg and
Suh, 2013). Additionally, mutations can arise as a cause of errors during replication, since the
polymerase occasionally incorporates the incorrect base even though the template is
undamaged. Notably, DNA damage is reversible as it can be restored by the DNA repair
system, whereas mutations are not discovered by this system and thus become permanent

changes in the genome.

Studies of radiation demonstrated the first link between genome stability and aging as it was
shown that low doses of radiation are associated with mutation formation as well as reduced
lifespan (Vijg and Suh, 2013). These radiation studies, together with the discovery of DNA,
led to the hypothesis that aging is caused by the accumulation of somatic DNA mutations
(Szilard, 1959). Numerous studies have since then verified an age-dependent accumulation of
mutations in organisms ranging from yeast to humans (Vijg and Suh, 2013). Additionally,
insufficient DNA repair accelerates aging in mice and is linked to several human age-related
disorders (Vijg and Suh, 2013, Lopez-Otin et al., 2013). For example, the premature aging
syndrome, Werner’s syndrome, is caused by a mutation in the WRN gene, which encodes a

DNA repair protein.
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An additional drawback with the replication process is the so called “end replication
problem”, which refers to the problem of replicating the ends of chromosomes (Kim Sh et al.,
2002). The ends of chromosomes are called telomeres and consists of a DNA-protein stretch
that allows the replication machinery to distinguish between the end of chromosomes and
double-strand breaks. Due to the replication process, telomeres are shortened with each cell
division resulting in progressively shorter chromosomes and eventually genome instability,
cell senescence, and/or cell death (Kim Sh et al., 2002). This phenomenon has been suggested
to function as an internal clock in which the telomere length is a direct measurement of how
many divisions a cell can accomplish. The lifespan of human somatic cells correlates with
telomere length, however other cells, such as germline cells and early embryonic cells avoid
the problem of telomere shorting by carrying a telomere-elongating enzyme called telomerase

(Kim Sh et al., 2002).

2.4.1 Genome stability and peroxiredoxins

Prxs have been implicated in genome stability in various model organisms. A genome wide
screen in yeast identified the Prx Tsal as an important suppressor of both mutations and gross
chromosomal rearrangements (GCRs) (Huang et al., 2003). The significance of Prxs as
protectors of the genome in yeast was also supported by a study demonstrating that Tsal is
maintaining genome stability in cooperation with DNA repair and checkpoint proteins, and
that the human 2-Cys Prxs, PrxI and PrxIl, can complement the genome defects of a 754/
mutant (Iraqui et al., 2008, Iraqui et al., 2009). Moreover, accelerated aging and tumor
development in Prx-deficient mice are accompanied by an increased concentration of
oxidative DNA damage in the form of 8-oxoguanine modifications (Neumann et al., 2003).
Further characterization of Prx-deficient mice revealed a tissue specific accumulation of
diverse DNA modifications and subcellular localization of ROS (Egler et al., 2005). As no
well-defined connection between DNA oxidation and tumor susceptibility of the different
tissues could be made it is not clear if DNA oxidation is the cause of tumor development in
Prx-deficient mice, although the findings clearly pinpoint a protective role of Prx. Prxs are
also linked to telomere homeostasis as Tsal-deficient yeast display altered telomere length,

which is connected the levels of oxidative stress (Lu et al., 2013).
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2.5 Proteostasis

Proteins are responsible for the majority of cellular processes and maintaining the integrity of
the proteome, protein homeostasis or proteostasis, is therefore essential for cell function
(Tyedmers et al., 2010, Hartl et al., 2011, Labbadia and Morimoto, 2015). Most proteins must
fold into a specific three-dimensional structure, or native form, which is crucial for their
biological function and needs to be maintained throughout their cellular lifetime (Fig. 3). The
native form of a protein is determined by the amino acid sequence and the process of folding
is driven by the hydrophobic effect, in which hydrophobic regions is buried inside the
structure (Hartl and Hayer-Hartl, 2002). Small proteins typically acquire their native form
easily, whereas the folding process of larger proteins with multiple domains tend to include
partly folded intermediates which are highly susceptible to misfolding. Some proteins contain
intrinsically disordered regions and are particularly prone to misfolding (Dunker et al., 2008,
Hipp et al., 2014). Additionally, proteins are constantly challenged by factors that accelerates
misfolding such as mutations, translational errors, and environmental stress (Tyedmers et al.,
2010, Hartl et al., 2011, Labbadia and Morimoto, 2015). Changes in temperature, pH, and
oxidative stress can affect protein structures and induce misfolding. Thus, the misfolding
propensity of a protein relies intrinsically on its folding kinetics as well as on its folding
environment. Consequences of protein misfolding include loss of function and/or formation of
potentially toxic aggregates (Fig. 3). Misfolded and aggregated proteins can engage in
inaccurate interactions and disrupt cellular processes. Some proteins form unstructured
disordered aggregates whereas others, glutamine/asparagine rich proteins, form highly
structured aggregates called amyloids characterized by tightly packed B-sheets (Chiti and
Dobson, 2006, Tyedmers et al., 2010, Hartl et al., 2011, Labbadia and Morimoto, 2015).

The system responsible for maintaining proteins intact and functional is collectively referred
to as the proteostasis network (PN) and ensures proper folding, transport, and clearance of
aberrant proteins (Tyedmers et al., 2010, Mitchell Sontag et al., 2017). Upon protein
misfolding, the PN seems to employ three main strategies; refolding/reactivation, degradation,
and/or sequestration into protective inclusions. Molecular chaperones are central to the PN as
they have functions in many, if not all, branches of the system. Chaperones promote folding
of newly synthesized polypeptides, reactivate misfolded/aggregated proteins, assist in the
degradation of aberrant proteins as well as support inclusion formation of misfolded and

aggregated proteins.
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The presence of damaged proteins and protein aggregates indicates proteostasis imbalance
and is considered a hallmark of aging and several aging-related diseases (Oliver et al., 1987,
Stadtman and Levine, 2000, Aguilaniu et al., 2003, David et al., 2010, Lopez-Otin et al.,
2013, Kaushik and Cuervo, 2015, Labbadia and Morimoto, 2015). In fact, numerous human
diseases are associated with the aggregation of a certain protein, often with amyloid-like
characteristics. This includes neurodegenerative diseases such as Alzheimer’s diseases,

Huntington’s disease, Parkinson’s disease, and Amyotrophic Lateral Sclerosis (ALS) (Chiti

and Dobson, 2006, Labbadia and Morimoto, 2015).
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Notably, a-synuclein in Parkinson’s disease and ap/Tau in Alzheimer’s diseases are proteins
with intrinsically disordered regions that form particularly toxic aggregates (Dunker et al.,
2008, Hipp et al., 2014). Additionally, there are many diseases linked to mutations of the PN,
such as chaperones and components of protein degradation systems. ALS can for example be
caused by a mutation in the gene encoding Ubiquilin-2, a ubiquitin-like protein involved in
protein degradation, and mutations in genes encoding small heat shock proteins (sHsps) have
been linked to the development of Charcot-Marie-Tooth disease (Labbadia and Morimoto,
2015).

The accumulation of protein aggregates in aged cells is most likely a combined effect of
elevated levels of protein damaging agents and a decreased capacity to remove damage.
Aging is characterized by, for example, increased mutations, ROS, and vacuolar pH, all of
which could affect protein stability and lead to the formation of aggregates (Vijg and Suh,
2013, Laun et al., 2001, Erjavec and Nystrom, 2007, Hughes and Gottschling, 2012). Age-
associated changes could also affect components of the PN and thereby initiate a gradual loss
of proteostasis (Taylor and Dillin, 2011, Kaushik and Cuervo, 2015). In support of this,
protein degradation by autophagy and the ubiquitin-proteasome system have both been
reported to decline with age (Cuervo and Dice, 2000, Tonoki et al., 2009). Additionally, once
protein aggregates start to accumulate they are likely to themselves disrupt the PN by titrating
out important PN components, further contributing to the loss of proteostasis associated with
aging and disease (Hipp et al., 2014). The significance of proteostasis in aging is strengthened
by the fact that a diminished PN is associated with accelerated aging and, conversely, an
enhanced PN delays aging (Taylor and Dillin, 2011, Nystrom and Liu, 2014, Kaushik and
Cuervo, 2015).

2.5.1 Proteostasis and peroxiredoxins

The chaperone activity of Prxs has been connected to the formation of high molecular weight
(HMW) structures (Jang et al., 2004, Saccoccia et al., 2012, Rhee and Woo, 2011). The
oligomerization of Prxs was first observed in human erythrocytes, where the crystal structure
the 2-Cys Prx TPx-B revealed a ring-shaped HMW structure composed of five hyperoxidized
dimers (Schroder et al., 2000). This type of oligomerization is similar to that of sHsps, ATP-
independent chaperone holdases that form a variety of sphere-like HMW structures upon

different stresses (Haslbeck and Vierling, 2015).
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Studies in yeast demonstrated a heat shock sensitivity of cells lacking the 2-Cys Prxs Tsal
and Tsa2 (Jang et al., 2004). The heat sensitivity of Prx-deficient yeast cells could partly be
rescued with a peroxidase-inactive Tsal. Furthermore, electron micrography of Tsal and
Tsa2 supported the existence of (Prx) HMW structures and that formation of such structures is
associated with a functional switch, in which the in vitro enzyme activity is altered from
peroxidase to chaperone activity (Jang et al., 2004). Low molecular weight (LMW) structures
of the Prx mainly displayed peroxidase activity, whereas chaperone activity dominated in the
HMW form. Both H>O, and heat shock were shown to trigger Tsal oligomerization in vivo.
Further, the peroxidatic Cys48 was essential for HO, induced oligomerization, while the
resolving Cys171 was not. In fact, Prxs lacking active Cys171 did not revert to their LMW
form upon H,O, removal, an observation that was true also for Prxs from cells lacking Srxl1.
Taken together, these data suggest that oxidation of Cys48 is a prerequisite for

oligomerization and chaperone activity under peroxide stress in vivo.

Further characterization of Prxs have identified the C-terminal as critical for hyperoxidation.
It has been reported that a part of the C-terminal, referred to as the YF motif, forms an a-helix
above the active site thereby stabilizing its structure. As local unfolding of the active site is
necessary for the resolution reaction, this stabilization of the active site by the YF motif
enables further oxidation of the active site cysteine (Wood et al., 2003). Indeed, Prxs with
truncated C-terminals have been shown resistant to hyperoxidation (Koo et al., 2002, Wood et
al., 2003). The C-terminal was highlighted also in a structural study of a 2-Cys Prx in the
parasite worm Schistosoma mansoni, in which the HMW structure was found to be a stacked
double decamer (dodecamer) with an unstructured and disordered C-terminal in comparison
to the LMW form, which could be responsible for the chaperone activity (Saccoccia et al.,

2012).

Prx-related chaperone activity has now been reported for several organisms (Noichri et al.,
2015). For example, the human 2-Cys Prxs, PrxI and PrxIl, have been shown to display
chaperone activity associated with structural changes of the enzyme (Moon et al., 2005, Jang
et al., 2006, Park et al., 2011, Pan et al., 2014). Most of the described cases have been
consistent with previous reports of hyperoxidation as a prerequisite for oligomerization. A
recent in vivo study could confirm that the HMW structures of Tsal indeed consist of

hyperoxidized Tsal, assembled into a dodecamer (Noichri et al., 2015).
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An exception from these findings is a mitochondrial Prx from the parasite Leishmania
infantum. This Prx undergoes structural changes in the center of its decameric ring, which
leads to increased surface hydrophobicity and binding/protection of client proteins from
thermal aggregation (Teixeira et al., 2015). In this case, the decamer is formed in a reduced
state during elevated temperature and may therefore represent a chaperone activity distinct

from the one induced by hyperoxidation.

In yeast, Tsal is required for protection against protein aggregation induced by the reducing
agent dithiothreitol (DTT) and the protein misfolding-inducing proline analog azetidine-2-
carboxylic acid (AZC) (Rand and Grant, 2006, Weids and Grant, 2014). Additionally, the
peroxidatic Cys48 of Tsal, but not the resolving Cys171, is important for survival under zinc-
deficiency (MacDiarmid et al., 2013). Zinc is a biological cofactor important for protein
folding and as the peroxidatic cysteine is required for chaperone activity, while the resolving
cysteine is not (Jang et al., 2004), it was suggested that Tsal counteract protein misfolding
under conditions of low zinc. This was further supported by the fact that the growth defect of
Tsal-deficient cells cultivated at low zinc concentrations could be suppressed by

overexpression of the sHsps, Hsp26 and Hsp42.
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3. Aging in Saccharomyces cerevisiae

Saccharomyces cerevisiae, or baker’s yeast, is a unicellular organism that divides
asymmetrically by budding off a daughter cell of a smaller size (Hartwell and Unger, 1977).
Yeast can proliferate in culture indefinitely and was long thought of as immortal and unusable
as a model for aging. However, studies in the 1950°s utilized the nature of asymmetrical
division to distinguish and remove the daughter cell from each budding event, allowing the
division of individual yeast cells to be monitored for the first time. These experiments lead to
the discovery that yeast has a finite lifespan and initiated studies of yeast as a model for
cellular aging (Barton, 1950, Mortimer and Johnston, 1959). Two models are now used to
study the effects of aging in yeast; replicative lifespan (RLS) and chronological lifespan
(CLS). The RLS is defined as the number of daughters generated by each mother cell and is
usable as a model for aging in dividing cells, such as stem cells (Denoth Lippuner et al.,
2014). CLS is in contrast based on the survival of yeast cells in a post-replicative state, which
is thought of as model for aging in non-dividing cells such as neurons (Longo and Fabrizio,
2012). The RLS model has been used exclusively in the works of this thesis and will therefore

be the main focus hereafter.

The mean RLS of yeast is around 25 generations and increased replicative age is associated
with morphological and physiological changes such as increased cell size, altered cell shape,
and an extended generation time (Jazwinski, 1999, Denoth Lippuner et al., 2014).
Remarkably, the daughters of aging mothers are born with a full replicative lifespan potential
without signs of age-associated changes, indicating that aging/senescence factors are retained
in the mother cell during division (Mortimer and Johnston, 1959, Jazwinski et al., 1989,
Kennedy et al., 1994, Aguilaniu et al., 2003, Henderson and Gottschling, 2008). An exception
to this rejuvenation phenomenon is daughters of old cells, which typically inherit some of the

mother’s aging factors and thus have a shorter lifespan.
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3.1 Aging and asymmetric division

Asymmetric division in yeast is tightly linked to the polarity machinery (Higuchi-Sanabria et
al., 2014). The polarity machinery localizes to the bud site before cell division and is
responsible for polarized growth. The polarity machinery includes a large number of
components whose function is to establish a septin ring and a polarized actin cytoskeleton at
the bud site. The polarisome is part of the polarity machinery and constitutes a protein
complex that includes scaffolding proteins and proteins responsible for actin polymerization
(Higuchi-Sanabria et al., 2014, Nystrom and Liu, 2014). The actin cytoskeleton is
polymerizing from the bud tip, generating linearized actin cables spanning from the bud into
the mother during cells division (Fig. 4). These actin cables serve as tracks for transporting
cellular components needed for cell polarity and bud growth. Actin cable-flow is directed
towards the mother, due to actin nucleation at the polarisome, whereas ATP-dependent motor
proteins (myosins) move against the actin cable flow enabling transport into the bud. Studies
suggest that the cell utilizes actin movement in both directions to prevent damaged
components from entering the bud during cell division, discussed further below (Higuchi-

Sanabria et al., 2014, Nystrom and Liu, 2014).

Polarisome

Septinring

Actin cable

Motor protein

Figure 4. Actin dynamics during cell division. The polarity machinery is responsible for
polymerized growth and establishment of a septin ring at the bud neck. The polarisome located at the
bud tip ensures polymerization of actin cables toward the mother cell. Myosins moving against the
cable flow enable transport of cellular constituent into the bud.
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3.2 Yeast aging factors

Four criteria have been described to define aging factors in yeast; an aging factor should (1)
increase with age, (2) be retained in the mother cell during mitosis, (3) accelerate aging when
overproduced, and finally, (4) extend lifespan when its accumulation is reduced (Henderson
and Gottschling, 2008, Denoth Lippuner et al., 2014). Although these definitions might
require modifications as new research emerges, there are currently four factors meeting these
criteria, involving changes to the nucleus, mitochondria, vacuole, and cytoplasm (Denoth

Lippuner et al., 2014, Nystrom and Liu, 2014) (Fig. 5).
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Figure 5. Yeast aging factors and their asymmetric inheritance. A. Sir2-dependent ERC formation
in the nucleus is subjected to asymmetrical inheritance, possibly by association to nuclear pore
complexes. B. Dysfunctional mitochondria, display decreased membrane potential and increased
production of ROS. Mitochondria are associated with actin cables during cell division, and healthy
mitochondria move faster against the cable flow, compared to dysfunctional ones, increasing their
concentration in the daughter cell. C. Vacuolar pH increases early upon replicative aging, disrupting
the storage of amino acids as well as mitochondrial membrane potential. Vacuoles are associated with
actin during cell division and daughters have the capacity to restore vacuolar pH of newly inherited
vacuoles D. Protein aggregates accumulate in aging cells and associate with actin cables, directly
and/or tethered to organelles, and are thus prevented from entering the bud.
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3.2.1 Extrachromosomal ribosomal DNA circles

One of the first aging factors identified in yeast were nuclear extrachromosomal rDNA circles
(ERCs) (Sinclair and Guarente, 1997) (Fig. 5SA). The rDNA locus is located on chromosome
XII and consist of an array of 100-200 copies of a 9.1kb repeat encoding the 35S rRNA and
5S rRNA. Replication of the rDNA repeats is unidirectional due to a Fobl-dependent
replication fork block. This block can cause double-strand breaks and initiation of a reparation
process by homologous recombination which sometimes results in excision of a single repeat
or multiple adjacent repeats of rDNA, resulting in the formation of an ERC. ERCs replicate
autonomously due to the presence of an ARS (autonomously replicating sequence) and
accumulation of ERCs is associated with the fragmented nucleolus seen in aged yeast cells
(Guarente, 1997, Steinkraus et al., 2008). ERCs have been shown to accumulate exponentially
in yeast mother cells, segregate to the mother during cell division, shorten lifespan when
introduced artificially, and extend lifespan when eliminated by the removal of Fob1 (Sinclair

and Guarente, 1997, Defossez et al., 1999).

The deacetylase Sir2 is responsible for silencing of the rDNA locus and Sir2-deficiency leads
to increased recombination and formation of ERCs. As previously described, Sir2 levels are
limiting for yeast RLS, an effect that has been linked to the formation of ERCs (Kaeberlein et
al., 1999). However, sir2AfoblA and foblA cells have equally low levels of ERCs, yet the
Sir2 deficient cells have a shorter lifespan, indicating an additional anti-aging function of Sir2
that is independent of ERCs (Kaeberlein et al., 1999, Erjavec et al., 2007, Kaeberlein, 2010).
The mechanism behind asymmetric division of ERCs is not entirely clear, though one model
suggests that it involves association between the ERCs and the nuclear pore complexes
(NPCs). In this model, the pre-existing NPCs are retained in the mother and the associated
ERCs are therefore prevented from entering the daughter cell. This asymmetry involves a
mechanism based on a diffusion barrier in the outer nuclear membrane (Shcheprova et al.,
2008, Nystrom and Liu, 2014). However, a later study reported that NPCs fail to efficiently
segregate to the mother cell during cell division (Khmelinskii et al., 2010), questioning if

binding to NPCs can fully account for the asymmetric segregation of ERCs.
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3.2.2 Dysfunctional mitochondria

Mitochondria are tubular organelles operating as the main energy supplier in the cell. Studies
in yeast have revealed that replicatively aged cells accumulate fragmented mitochondria with
impaired membrane potential, alterations of the mitochondrial DNA, reduced ATP
production, increased ROS production, and a more oxidized redox state (Scheckhuber et al.,
2007, Higuchi-Sanabria et al., 2014) (Fig. 5B). Mitochondrial dysfunction leads to nuclear
genome instability, which is linked to mitochondrial biogenesis of iron-sulfur clusters (ISC)
that are important co-factors for many proteins involved in DNA repair and maintenance
(Veatch et al., 2009). In agreement with the definitions of yeast aging factors, counteracting
age-related mitochondrial fragmentation by deletion of a gene involved in mitochondrial
fission extends lifespan of yeast mother cells (Scheckhuber et al., 2007). Moreover, daughters
of old yeast cells predominantly inherit higher functioning mitochondria, (Lai et al., 2002,
McFaline-Figueroa et al., 2011). Additionally, cells with impaired mitochondrial F1-ATP
synthase fail to segregate active mitochondria to the daughter cells and this is accompanied
with lost rejuvenation of these daughters, indicating that the process of mitochondrial

segregation is required for age asymmetry in yeast (Lai et al., 2002).

The segregation of mitochondria involves anchorage to motor proteins on actin cables and
subsequent transport towards the bud during cell division (Higuchi et al., 2013). It has been
shown that reduced, healthy mitochondria move faster against the actin cable flow compared
to oxidized, dysfunctional mitochondria, resulting in an accumulation of the latter in the
mother cell (McFaline-Figueroa et al., 2011, Higuchi et al., 2013). Accordingly, modulating
the rate of the actin cable flow alters the balance of active and dysfunctional mitochondria in
the daughter and influences lifespan (McFaline-Figueroa et al., 2011, Higuchi et al., 2013).
The significance of mitochondrial segregation is further supported by the fact that this has
been observed also in mammalian stem cells, where segregation of dysfunctional

mitochondria is essential to maintain stem cell properties (Katajisto et al., 2015).
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3.2.3 Increased vacuolar pH

The yeast vacuole is an acidic, membrane-bound organelle that is involved in amino acid
storage and degradation/recycling of cellular components through autophagy. Autophagy
entails sequestration of cytoplasmic material in double-membrane vesicles followed by
transport and fusion of such vesicles to the vacuole, in which the material is degraded
(Abeliovich and Klionsky, 2001). This type of autophagy is called macroautophagy and is the
most commonly observed. Two other types of autophagy include microautophagy, where
material is directly engulfed into the vacuole, and chaperone-mediated autophagy. Autophagy
is believed to have anti-aging effects as enhanced autophagy is associated with lifespan
extension in worms and flies (Rubinsztein et al., 2011). Similar to mitochondria, yeast
vacuoles deteriorate with age, demonstrated by morphological changes and a failure to
maintain a low pH (Hughes and Gottschling, 2012) (Fig. 5C). Such a declined acidity is
observed early during replicative aging and is contributing to the impaired mitochondrial
membrane potential seen in aged cells (Hughes and Gottschling, 2012). Amino acid storage is
the suggested link between the two organelles, as an increased pH in aging vacuoles disrupts
import of neutral amino acids, which are instead redirected to the mitochondria where they
are normally catabolized. The increased load of amino acids in the mitochondria affects

membrane potential and initiate an age-related decline in mitochondrial function.

Vacuoles are transported via the actin cytoskeleton to the daughter cell during division,
however there does not seem to be a selective process in which pristine vacuoles are
segregated to the daughter (Nystrom and Liu, 2014). Instead, the restored vacuolar pH control
in daughter cells is believed to depend on their intracellular environment: the increased
vacuolar pH was traced back to an asymmetric inheritance of a proton pump in the plasma
membrane, Pmal (Thayer et al., 2014, Henderson et al., 2014). Pmal is responsible for
pumping protons from the cytoplasm over the plasma membrane, thus competing with the
vacuolar proton pump, Vmal. The majority of the Pmal proton pumps are retained in the
mother during cell division, resulting in an increased proton flow out of the cell and depletion
of the cytoplasmic proton pool available for import into the vacuole. As the daughter receives
less Pmal, more protons are accessible for vacuole import and the vacuolar pH is restored.
Increasing vacuolar acidity by overexpressing a vacuolar proton pump suppress mitochondrial
dysfunction and extends lifespan, confirming the role of vacuoles as aging factors (Hughes

and Gottschling, 2012, Nystrom and Liu, 2014).
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3.2.4 Protein aggregates

As described previously, the native form of a protein is essential for proper function and if
lost, misfolded and aggregated proteins can interact with and disrupt cellular processes.
Oxidatively damaged proteins and protein aggregates have been shown to accumulate and
segregate to the mother during replicative aging (Aguilaniu et al., 2003, Erjavec et al., 2007,
Tessarz et al., 2009, Liu et al., 2010, Hill et al., 2014) (Fig. 5D). The asymmetric segregation
of protein aggregates requires the actin cytoskeleton, the deacetylase Sir2, and the protein
disaggregase Hsp104 (Aguilaniu et al., 2003, Erjavec et al., 2007, Tessarz et al., 2009, Liu et
al., 2010). The mechanism involving these three actors is not entirely elucidated, though it
has been suggested to involve protein aggregates interacting with the actin cytoskeleton. The
Sir2 contribution to such a process could be through regulation of chaperonin-mediated
folding of actin (Liu et al., 2010, Erjavec et al., 2007), whereas Hsp104 could be mediating
the interaction between protein aggregates and actin cables (Liu et al., 2011). Hsp104 could
also affect asymmetry through the polarisome complex, as one of its members (Spa2) have

been reported as a Hsp104 substrate (Tessarz et al., 2009).

Another mechanism of protein aggregate retention is linked to the coalescence of misfolded
and aggregated proteins into protective inclusions, which are tethered to organelles that are
themselves subjected to asymmetric segregation (Kaganovich et al., 2008, Spokoini et al.,
2012, Zhou et al., 2014). In addition to being able to retain damaged proteins in the mother,
Sir2-dependent asymmetry can also preferentially deliver more active catalase to the bud, thus
enhancing the daughter cells capacity to combat oxidative stress and contributing to its

rejuvenation (Erjavec and Nystrom, 2007).

Finally, protein aggregates leaking in to the daughter are efficiently removed, either by actin
dependent transportation back to the mother or by disaggregation/degradation by the daughter
proteostasis machinery (Hill et al., 2014). Consistent with the aging factor criteria, deletion of
key PN components leads to accumulation of protein aggregates and accelerates aging
(Erjavec et al., 2007, Kruegel et al., 2011, Oling et al., 2014), and overproduction counteracts
age-dependent protein aggregate formation and extends lifespan (Erjavec et al., 2007, Kruegel
etal., 2011, Hill et al., 2014).
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The process of asymmetric segregation of protein aggregates has been reported in organisms
ranging from bacteria to humans (Ackermann et al., 2003, Nystrém, 2007, Rujano et al.,
2006, Bufalino et al., 2013, Ogrodnik et al., 2014). Interestingly, in Drosophila stem cells, the
segregation of protein aggregates correlated with longevity, as the cell with the shortest
lifecycle inherits most of the protein damage whereas the cell destined for a long life inherits

less damage and is thus rejuvenated (Bufalino et al., 2013).

3.2.5 The interconnectivity of aging pathways

The aging pathways described so far are not to be viewed as competing mechanisms of aging,
but rather highly connected processes that are part of a large network. This is evident when
considering the aging factors in yeast; the asymmetric segregation of a plasma membrane
proton pump leads to increased vacuolar pH, which in turn disrupts mitochondrial membrane
potential resulting in increased production of ROS and nuclear genome instability (Veatch et
al., 2009, Hughes and Gottschling, 2012, Higuchi-Sanabria et al., 2014, Thayer et al., 2014,
Henderson et al., 2014, Gottschling and Nystrom, 2017). ROS can affect both DNA and
protein stability and can thus promote formation of both mutations and protein aggregates
(Sohal and Weindruch, 1996, Finkel and Holbrook, 2000). Furthermore, overproduction of
Vacl7, an adaptor protein involved in vacuole-actin interactions, improves segregation of
protein aggregates (Hill et al., 2016). Additionally, products of both cytoplasmic and
mitochondrial translation contribute to the assembly of the electron transport chain, thus
cytoplasmic proteostasis affects mitochondrial activity (Couvillion et al., 2016). Finally,
caloric restriction extends lifespan in part by counteracting the lost vacuolar acidity and
mitochondrial dysfunction seen in aging cells (Hughes and Gottschling, 2012). Caloric
restriction is a great example of interconnectivity between aging pathways, as many of the
targets of the signaling pathways described above are involved in proteostasis and the defense
against oxidative stress, including chaperones, translational factors, and antioxidants

(Kenyon, 2010, Fontana et al., 2010).

The interconnectivity of different subsystems may seem counteractive, as the breakdown of
one system could affect the function of another, but it could also create a back-up situation in
which the failure of one system is compensated by another (Gottschling and Nystrom, 2017).
Elucidating the interconnectivity of aging pathways is a key aspect of understanding the

process of aging.
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3.3 The yeast proteostasis network

The major task of the proteostasis network (PN) is to maintain a functional proteome and
prevent the accumulation of toxic protein conformers. The fate of a misfolded protein
involves three main routes; (1) refolding/reactivation, (2) degradation, and (3) sequestration
into protective inclusion (Tyedmers et al., 2010, Mitchell Sontag et al., 2017) (Fig. 6).

Molecular chaperones are central to the PN and operate within all three routes.

3.3.1 Molecular chaperones

Molecular chaperones work to prevent protein misfolding during normal growth as well as
under stress conditions (Hartl and Hayer-Hartl, 2002). Accordingly, some chaperones are
constitutively expressed while others are mainly induced under times of stress. The
expression of many chaperones is up-regulated during increased temperature and they are
therefore termed heat shock proteins (Hsps), although their production is elevated during
other types of stress as well. Hsps generally recognize hydrophobic regions, yet the mode of

action varies greatly between different classes.

Small Hsps (sHsps) are ATP-independent chaperones that bind and merge misfolded proteins
and are sometimes referred to as holdases or aggregases (Haslbeck and Vierling, 2015, Mogk
and Bukau, 2017). The sequence and size of sHsps is quite variable, though a few
characteristics are shared within this group; a small molecular mass, a conserved C-terminal
a-crystallin domain, and the ability to form high molecular weight oligomers (Haslbeck and
Vierling, 2015). sHsps are dynamic and shift between a monomeric/dimeric state and an

oligomeric state, typically composed of 12-42 subunits.

The Hsp40 family of chaperones are co-chaperones that bind unfolded proteins and recruit
and stimulate the ATPase activity of Hsp70 chaperones (Kampinga and Craig, 2010). Hsp40s
are often referred to as J-proteins, owing to their signature J-domain which is responsible for
their ATPase stimulating ability. J-proteins are further divided into class I, II and III based on
the presence of certain motifs and domains. Organisms usually have multiple J-proteins and
22 have been identified in yeast. The great number of J-proteins is thought to provide

diversity, in turn, to the assignments of the Hsp70 chaperones (Kampinga and Craig, 2010).
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The Hsp70 chaperones are fundamental participants of the PN, as they are involved in all
divisions of the system. Hsp70’s are ATP-dependent chaperones that can promote de novo
folding, refolding, degradation, and sequestration of their substrates (Erbse et al., 2004, Mayer
and Bukau, 2005, Park et al., 2007, Malinovska et al., 2012, Escusa-Toret et al., 2013). Hsp70
have an ATP-binding domain and a substrate binding domain, and their mode of action
involves cycles of substrate binding and release until the substrate has acquired its native fold
(Mayer and Bukau, 2005). ATP binding leads to an open Hsp70 state and enables substrate
binding, ATP hydrolysis to ADP induces a closed state in which the substrate is locked, and
finally ADP to ATP exchange supports substrate release. Hsp40 chaperones accelerate ATP
hydrolysis whereas nucleotide exchange factors promote ADP to ATP exchange, both
increasing Hsp70 efficiency (Mayer and Bukau, 2005). Hsp110 are structurally related to the
Hsp70 and act as nucleotide exchange factors (NEFs), but have also been shown to prevent

protein aggregation by a chaperone holdase function (Kim et al., 2013).

The disaggregase Hsp104 belongs to the family of Hsp100 AAA+ ATPases and appears to act
primarily on previously aggregated proteins (Glover and Lindquist, 1998, Bosl et al., 2006,
Mogk et al., 2015). Hsp104 contains two nucleotide binding domains and assembles into a
double ring-shaped hexamer. Two models have been proposed to explain the mechanism of
Hsp104 protein disaggregation (Bosl et al., 2006). In the threading model, polypeptides are
extracted from an aggregate followed by ATP-driven translocation through the central
channel. In the crowbar model, an ATP-dependent mechanical force is thought to disrupt the
protein aggregate. In both models, the refolding of polypeptides is achieved by the
Hsp40/Hsp70 chaperones.

The chaperonins are large protein complexes composed of several subunits assembled in two
rings surrounding a central cavity, in which substrate folding take place in an ATP-dependent
manner (Hartl et al., 2011). The chaperonins are divided into two structurally distinct classes,
which in yeast are the Hsp60 and the chaperonin-containing CCT (TCP1). The essential role
of CCT is linked to its folding of certain essential substrates such as actin and tubulin (Spiess
et al., 2004). The Hsp90 family of chaperones promotes de novo folding of many substrates
and while the Hsp70 system act early in the folding process, the Hsp90 are typically active
later (Hartl et al., 2011). Hsp90 recognizes substrates with the help of co-chaperones and is
important for the folding of many proteins involved in signaling pathways, such as kinases

and transcription factors (Taipale et al., 2010).
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Chaperones cooperate to manage misfolded and aggregated proteins (Glover and Lindquist,
1998, Tyedmers et al., 2010, Mogk et al., 2015) (Fig. 6). sHsps bind and merge misfolded
proteins immediately after stress, maintaining substrates in a folding competent state as well
as preventing unspecific aggregation (Mogk and Bukau, 2017). The co-chaperone Hsp40
together with Hsp70 and NEFs bind misfolded proteins in aggregates and target the substrate
to Hsp104 (Tyedmers et al., 2010). Hsp70 recruit and stimulate Hsp104 activity through a
direct physical interaction (Mogk et al., 2015). Moreover, the NEF Hsp110 has recently been
shown to assist in both Hsp70/Hsp104 recruitment to heat-induced protein aggregates as well
as the Hspl04-dependent disaggregation (Kaimal et al., 2017). A protein disaggregation
function of Hspl10, in cooperation with Hsp40 and Hsp70, has been reported also in
mammalian cells, which lack a homolog of Hsp104 (Shorter, 2011). Disaggregated proteins
can either be refolded, degraded, or sequestered into larger inclusions, all of which are
chaperone-mediated processes (Tyedmers et al., 2010, Mitchell Sontag et al., 2017). The
cytosolic J-protein Ydjl and Sisl have been suggested to determine the fate of Hsp70
substrates; Ydjl is thought to support substrate refolding whereas Sisl directs substrates to

the nucleus for degradation (Lu and Cyr, 1998, Park et al., 2013, Shiber et al., 2013).
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Figure 6. Chaperone-mediated management of misfolded and aggregated proteins. sHsps bind
misfolded proteins, maintaining them in a folding competent state and supporting coalescence into
larger inclusions. Hsp40/Hsp70 and NEFs (not shown) localization to misfolded proteins enable
refolding or UPS degradation. Hsp104 performs protein disaggregation after which Hsp70-mediated
refolding or UPS degradation can take place. Misfolded and aggregated proteins are merged into
larger inclusions with the assistance of sHsps, Hsp40, Hsp70, and Hsp104.
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3.3.2 The ubiquitin-proteasome system

The ubiquitin-proteasome system (UPS), together with autophagy, represent two principle
modes of protein degradation in the cell. The proteasome is a large protein complex made up
of a 20S catalytic core particle and one or two 19S regulatory particles (Tanaka, 2009) (Fig.
7). The 19S subunit bound to either one or both ends of the 20S core constitute the 2.4MDa
protein complex referred to as the 26S proteasome. The core particle is arranged in a barrel-
like structure with the proteolytic active sites localized within the internal space of the core
particle (Tanaka, 2009). The 19S consists of a ring-shaped base and a lid, and regulates
substrate entry by opening up a translocation channel through the proteolytic chamber of the
20S core. Proteasome degradation is tightly linked to the ubiquitin system, a cascade of
enzymes that targets proteins in need of degradation with ubiquitin (Finley et al., 2012).
Ubiquitin-targeting is also involved in regulating the activity of various proteins. The fate of a
ubiquitinated protein appears to be determined by the number of ubiquitin modifications
linked to the protein as a polyubiquitin chain typically is required for proteasomal

degradation.

Ubiquitin is covalently linked to proteins in a multi-step process involving four enzymes; E1-
E4 (Finley et al., 2012) (Fig. 7). The reaction is initiated by the ubiquitin-activating enzyme
E1, which binds and activates a ubiquitin (Ub) molecule in an ATP-dependent reaction. The
activated Ub is transferred to the ubiquitin-conjugating enzyme E2, and the E2-Ub complex is
recognized by a substrate-specific ubiquitin ligase E3 which transfers Ub to the substrate.
Multiple rounds of the ubiquitin-conjugation process lead to a polyubiquitin-marked
substrate. E4 are a class of ubiquitin ligases that act by extending the polyubiquitin chain, and
thus exclusively recognize previously ubiquitinated substrates (Finley et al., 2012). Yeast
contains one essential E1 activating enzyme, eleven E2 conjugating enzymes, and 42 E3
ligases thought to confer substrate specificity to the system (Lee et al., 2008). The major E3
ligases in the cytosol appears to be Ubrl, Ubr2, Hull, and Ltnl, which promote degradation
of proteins in cooperation with the Hsp40/Hsp70 chaperone machinery (Esser et al., 2004,
Park et al., 2007, Eisele and Wolf, 2008, Finley et al., 2012).

Polyubiquitin-tagged substrates are recognized by the 19S proteasome subunit which removes

the ubiquitin molecules and partly unfolds the substrates, enabling entry and proteolysis

within the 20S core particle (Tanaka, 2009). Ubiquitin can also be removed by
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deubiquitinating enzymes (DUBs) that are not part of the 19S proteasome. The action of
DUBs is important for recycling of ubiquitin but also provides a regulatory mechanism where

proteins can be rescued from degradation and reactivated (Finley et al., 2012, Oling et al.,
2014).
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Figure 7. Protein degradation by the Ubiquitin Proteasome System (UPS). The ubiquitin-
activating enzyme, El, initiates the ubiquitination process by activating a ubiquitin molecule (Ub) in a
ATP-dependent manner. The ubiquitin-conjugating enzyme, E2, receives the Ub and is subsequently
recognized by the ubiquitin ligase, E3, which transfers Ub to a substrate. E4 ubiquitin ligases extends
the ubiquitin chain. Multiple rounds of this ubiquitination process leads to a polyubiquitin marked
substrate that is recognized by the 19S proteasome subunit. The Hsp40/Hsp70 system works in
cooperation with the ubiquitin system to target substrates for proteasomal degradation.
Deubiquitination is achieved by the 19S proteasome subunit or DUBs (not shown), and is required for
substrate entry and proteolytic degradation within the 20S core particle.

32



3.3.3 Spatial protein quality control

In addition to the temporal proteostasis network described above, yeast has developed a
spatial protein quality control (SPQC) system where misfolded and aggregated proteins are
sequestered into larger inclusions (Fig. 8). Much of the work describing SPQC has been
performed using a set of misfolding proteins as reporters of protein aggregation, including a
destabilized version of the sumo-conjugating enzyme Ubc9, the unassembled von Hippel-
Lindau tumor suppressor (VHL), and a thermolabile luciferase. Immediately upon stress, all
of the above substrates misfold and accumulate in aggregates throughout the cytosol, referred
to as stress foci (also called CytoQ or Q bodies) (Kaganovich et al., 2008, Specht et al., 2011,
Malinovska et al., 2012, Escusa-Toret et al., 2013, Miller et al., 2015). These initial stress foci
coalesce into larger inclusions upon prolonged stress and eventually end up in (at least) two
distinct locations; the juxtanuclear quality control site (JUNQ) and the vacuole-associated,
insoluble protein deposit (IPOD) (Kaganovich et al., 2008, Tyedmers et al., 2010, Chen et al.,
2011). Reports of cytosolic proteins located inside the nucleus lead to the suggestion of re-
naming JUNQ to the intranuclear quality control (INQ) (Miller et al., 2015). As the matter of

localization is not entirely clear, I hereafter refer to this site as JUNQ/INQ.

The sequestration of misfolded and aggregated proteins limits toxic interactions as well as
aids in their clearance. Heat-denatured proteins have been shown to localize to both
JUNQ/INQ and IPOD, whereas amyloidogenic proteins typically are targeted to the IPOD
(Kaganovich et al., 2008, Specht et al., 2011, Escusa-Toret et al., 2013). The initial stress foci
formation and coalescence seems to involve the ER, as well as chaperones, such as sHsps,
Hsp40, Hsp70, and Hsp104 (Kaganovich et al., 2008, Specht et al., 2011, Escusa-Toret et al.,
2013). The JUNQ/INQ deposit is highly dynamic, with rapid protein turnover due to the high
concentration of proteasomes (Kaganovich et al., 2008). The IPOD is in contrast less
dynamic, formed upon prolonged stress, and remains longer after stress relief. The sorting of
proteins to [IPOD and JUNQ/INQ is not fully understood. Ubiquitin was originally proposed
as a sorting mechanism, based on the high levels of ubiquitin-tagged proteins at JUNQ and
ubiquitin-tagged [POD substrates being re-directed to JUNQ (Kaganovich et al., 2008).
However, ubiquitin-independent sorting was later reported, indicating that ubiquitin may not
be a universal sorting mechanism to JUNQ (Miller et al., 2015). The formation of IPOD and
JUNQ/INQ has been found to involve the actin cytoskeleton and a network of chaperones and

sorting factors (Kaganovich et al., 2008, Specht et al., 2011, Malinovska et al., 2012, Escusa-
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Toret et al., 2013). The sHsp Hsp42 is required for sorting proteins into peripheral inclusions
and IPOD, whereas the J-protein Sisl has been shown to deliver misfolded proteins to the
nucleus for degradation (Specht et al., 2011, Park et al., 2013). Moreover, the v-SNARE
binding protein Btn2 and its paralog Curl have also been reported to regulate protein sorting
to inclusions (Malinovska et al., 2012, Miller et al., 2015). It has been suggested that Btn2
binding to Hsp42 directs substrates to IPOD, whereas Btn2 binding to Sisl promotes sorting
to JUNQ/INQ (Malinovska et al., 2012). In this model, Btn2 and Hsp42 are working as
aggregases, supporting inclusion formation of misfolded substrates in the nucleus and
cytoplasm respectively. The role of Curl appears to be regulation of Sisl availability in the
cytosol; Curl binds and recruits Sisl to the nucleus without substrates, thereby leaving
substrates free to interact with Btn2/Hsp42. As mentioned above, inclusion formation is
linked to asymmetric segregation of damaged proteins and factors such as Hsp40s, Hsp70s,
and Hsp104s are therefore essential for damage asymmetry (Erjavec et al., 2007, Spokoini et

al., 2012, Zhou et al., 2014, Coelho et al., 2014).

Studies of SPQC so far involve a limited number of substrates, thus the subcellular locations,
dynamics, and factor dependence may differ for other substrates. Indeed, the formation of
amyloid containing inclusions seem to skip the stress foci formation step and cut directly to
the larger IPOD deposit in a Hsp42-independent manner (Specht et al., 2011, Escusa-Toret et
al., 2013). Additionally, the conditions used are typically heat stress and/or proteasome
inhibition, and it remains to be elucidated how these results translate to the SPQC taking place
during other conditions, such as oxidative stress and aging. A clue to age-related SPQC came
with the notion of a HsplO4-containing deposit formed early during replicative aging
(Saarikangas and Barral, 2015). This age-associated deposit was formed in a Hsp42-
dependent manner and co-localized with Hsp42/Hsp40/Hsp70, but not with Btn2 and Sis1.

Protein inclusion formation has been seen also in multicellular organisms. Mammalian
inclusions or aggresomes, are formed in a microtubule-dependent manner surrounded by
vimentin filaments and enriched for chaperones and proteasomes (Kopito, 2000).
Furthermore, studies of the VHL substrate in mammalian cell lines revealed a vimentin
enclosed JUNQ with active proteasomes that were asymmetrically segregated during division

(Ogrodnik et al., 2014).
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Figure 8. Spatial quality control of misfolded and aggregated proteins. Hsp40 (Ydjl and Sisl),
Hsp70, and the disaggregase Hsp104 bind misfolded proteins and are required for sequestration into
quality control sites. The sHsp Hsp42 together with the sorting factor Btn2 are thought to direct
proteins into the IPOD compartment, whereas Btn2 and Sisl deliver misfolded proteins into the
nuclear JUNQ/INQ site. Sisl levels in the cytosol are regulated through competitive binding by Curl,
which translocate Sisl into the nucleus without misfolded substrates, thus directing Btn2 to assist in
Hsp42-mediated IPOD delivery. Amyloid proteins are believed to localize to IPOD in an Hsp42
independent manner, and it is currently unclear if this site corresponds to the same IPOD inhabited by
non-amyloid proteins. Figure adapted from (Hill et al., 2017).
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4. Results and discussion

4.1 Paper I: Lifespan extension and H,0, resistance elicited by caloric

restriction require the peroxiredoxin Tsal in Saccharomyces cerevisiae

Caloric restriction (CR) is one of the most conserved lifespan extending interventions
(Kenyon, 2010, Fontana et al., 2010). In our first study, we sought to investigate the effects

and downstream targets of CR in yeast.

CR induce H,O; resistance through the PKA signaling pathway

The resistance to oxidative stress seen in many caloric-restricted organisms (Sohal and
Weindruch, 1996, Fontana et al., 2010), has been reported to be absent in yeast (Lin et al.,
2002). In order to test this carefully, we subjected yeast cells to CR by reducing the glucose
concentration in the medium from 2% to 0.5%, grew cells to different cell densities and
scored survival on plates with increasing H,O, concentrations. We found that CR provided
resistance to H,O,, although this was only effective at lower cellular densities (OD), since
cells reaching mid-exponential phase acquired resistance independent on CR. H,O; resistance
by CR at low cell densities or growth to mid-exponential phase were both dependent on the
cAMP/PKA signaling pathway and we were able to establish a resistance to H,O; of cells at
low cell density by reducing PKA signaling genetically; deletion of RAS2, GPA2, GRPI, as
well as overexpression of PDE2 (converts cAMP to AMP) all lead to reduced PKA activity
and resulted in H,O, resistance of cells at low cell densities. Conversely, deletion of PDE2
made cells sensitive to H,O, also in mid-exponential phase. The transcription factors Msn2/4
are inhibited by PKA (Zaman et al., 2008) and the synthesis rate of some of their targets
confirmed that PKA activity correlates negatively with H,O, resistance. Reduced TOR
activity did not affect H,O, sensitivity regardless of cell density, demonstrating that resistance

to H,O is specifically mediated by the PKA pathway.

The redox pair Tsal/Srx1 are downstream targets of PKA-dependent H,O, resistance

We next searched for downstream targets of PKA signaling and identified the transcription
factors Yapl/Skn7 as mediators of H,O, resistance development by low PKA signaling.
Yap1/Skn7 regulate gene expression in response to oxidative stress (Lee et al., 1999a), and
among their targets are the major peroxiredoxin 754 /. The rate of Tsal synthesis increased at

low PKA activity, suggesting that Tsal is a target of reduced PKA signaling. As described
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previously, Tsal belongs to the 2-Cys group of Prxs, which are sensitive to hyperoxidation
and oligomerization upon increased H,O, levels (Wood et al., 2003). Our results revealed that
Tsal accumulated in a hyperoxidized (Tsal-SOOH) form in cells exposed to H,O, with high
PKA activity and, conversely, reduced PKA activity counteracted the accumulation of Tsal-
SOOH upon H,0, exposure. Furthermore, high PKA resulted in a diminished ability to reduce
Tsal-SOOH during H,O; treatment. CR, growth to mid-exponential phase, and reduced PKA

signaling by genetic interventions all induced H,O; resistance in a Tsal-dependent manner.

The peroxidase activity of Tsal involves both the peroxidatic cysteine and the resolving
cysteine, whereas the chaperone activity of Tsal is primarily dependent on the peroxidatic
cysteine (Wood et al., 2003, Jang et al., 2004). We found that CR-induced H,O, resistance is
dependent on both Tsal redox-active cysteines, indicating that this response is mediated by
Tsal peroxidase activity. Cells lacking Srx1 were unable to develop H,O, resistance,
suggesting that reduced levels of Tsal-SOOH achieved by Srx1 are critical for resistance. We
found that PKA inhibited SRX! translation through Gen2, a regulator of translation initiation
factor 2 (elF2), and lowering PKA activity relieved this translational block of SRX/ thereby
increasing the reduction of Tsal-SOOH.

Tsal/Srx1 regulates aging

Next, we asked if the functions of Tsal and Srx1 are important for the regulation of
replicative aging. Removal of 7SA4/ resulted in a shortened lifespan, confirming that Tsal-
deficiency accelerates aging (Timmermann et al., 2010). We observed that hyperoxidized
Tsal accumulated in aged cells, something that has been observed also in rats (Musicco et al.,
2009). Overproducing Srx1 2-fold counteracted this age-associated Tsal hyperoxidation and
extended lifespan by 20%. Furthermore, Tsal and Srx1 were required for lifespan extension
by CR as well as by genetically reduced PKA signaling, supporting a role for Tsal/Srx1 as
regulators of aging. Lifespan extension by Srx1 overproduction were independent of Sir2,

suggesting that this longevity pathway is parallel to Sir2 function.

Our results demonstrate that the budding yeast Saccharomyces cerevisiae responds to CR by
increasing their resistance to oxidative stress, thereby supporting the significance of oxidative
stress in the process of aging and as well as verifying the conservation of the CR response in

yeast. We furthermore present two new targets of CR- and PKA-dependent H,O, resistance
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and lifespan extension; the Tsal/Srx1 redox pair. The peroxidatic cycle of Tsal is required for
PKA-induced H,O; resistance and Tsal-SOOH reduction is regulated by Gen2-mediated
translation of SRX7. We propose that PKA, by inhibiting Gen2, blocks SRX/ translation and
subsequent Tsal-SOOH reduction (Fig. 9). Increased H,O; levels lead to hyperoxidized Tsal
and activate Yapl/Skn7-mediated SRX! transcription, but since SRX/ translation is inhibited,
Tsal accumulates in the hyperoxidized form. CR reduces PKA signaling leading to elevated

SRX] translation and a reduction of Tsal-SOOH, thus promoting longevity.
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Figure 9. PKA dependent regulation of Srx1/Tsal under high and low glucose levels. Under high
glucose levels (left), PKA inhibits the regulator of the translational initiation factor, Gen2. H,0,
activates SRX/ transcription and triggers Tsal-hyperoxidation. As SRX/ mRNA translation is under
Gen2 regulation and thus blocked by PKA, this results in accumulation of Tsal-SOOH. At low
glucose levels (right), PKA activity is reduced, relieving the translational block of SRX/ and
increasing reduction of hyperoxidized Tsal.
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4.2 Paper II: Lifespan control by redox-dependent recruitment of

chaperones to misfolded proteins

The data obtained in paper I supports a role for Tsal in replicative aging and we elaborated
on these findings in our second study to understand how Tsal levels influence aging and

which of its many functions is most critical for this role.

Overproduction of Tsal extends lifespan

Remarkably, overproducing Tsal twofold extended replicative lifespan by 40-50%, in a
partially Srx1-dependent manner. The Msn2/4 transcription factors that are linked to TOR-
associated lifespan extension (Medvedik et al., 2007) were not needed for lifespan extension
by Tsal overproduction. Given the many functions of Prxs, we pursued to explore which of
these functions are most critical for their role in longevity. As H>O, consumption, mutation
rates, and double-strand breaks were unaltered by elevated levels of Tsal we concluded that
peroxide scavenging and protection against DNA damage are most likely not the main
contributors of lifespan extension by Tsal overproduction. Furthermore, CR reduced mutation
rates in cells lacking Tsal and Srx1 (paper II), yet failed to extend lifespan in these strains
(paper 1), indicating that accumulation of mutations is not a determinant for yeast longevity,
which is consistent with recent reports of a poor correlation between mutation rates and aging

patterns (Kaya et al., 2015).

Tsal recruits Hsp70 chaperones and Hsp104 disaggregase to H,O;-induced protein

aggregates

To address the question of which Tsal function that is responsible for its role in longevity, a
genome wide screen searching for genetic interactions of 7847 was performed. The results
confirmed the role of Tsal in protecting the genome, as several of the identified hits
represented enzymes involved in DNA repair and maintenance. The screen also revealed
connections to functions in stress responses, signaling, vacuolar function, and proteostasis.
Among the interactors were genes encoding PN components, including the ubiquitin ligase
complex Ubp3 and Bre5, the Hsp90 regulator Hchl, and the organelle specific Hsp70s Lhsl
(ER) and Ecm10 (mitochondria). Intriguingly, nine of the J-protein family members were

found among the synthetic sick interactions.
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Given the fact that 2-Cys Prxs have in vitro chaperone activity (Jang et al., 2004), we decided
to investigate a potential PN role that could account for the anti-aging capacity of Tsal in
yeast. We used green fluorescent protein (GFP) fusions to explore the proteostasis phenotype
under the microscope. The Hsp70s, Ssal/Ssa2, and the Hspl04 disaggregase localized to
protein aggregates upon heat shock and H>O, exposure in wild type yeast cells, visualized as
distinct GFP foci. However, in tsalA cells, both Hsp104 and Ssal/2 failed to efficiently
associate with protein aggregates induced by H>O,. The misfolding substrates AssCPY *-GFP
(Stolz and Wolf, 2012) and Cdc19-GFP (Narayanaswamy et al., 2009) both accumulated into
aggregates, suggesting that the lack of Ssal/2 and Hspl04 at such aggregates reflects a
reduced recruitment mediated by Tsal and not an absence of aggregation as such. In line with
this, the insoluble protein aggregate fraction induced by H,O, exposure was equal in wild
type and tsalA cells. Ssal/2 and Hsp104 localized to heat-induced protein aggregates in a
Tsal-independent manner, demonstrating that Tsal-dependent recruitment is specific to
protein aggregates produced by H,O,. Furthermore, Tsal localized to Hspl04-associated
protein aggregates under both H,O, and heat stress and in agreement with Tsal-dependent
recruitment of chaperones to H,O,-induced protein aggregates, Hsp104 failed to associate

with AssCPY *-GFP foci in tsal A cells only under H,O; treatment.

Imaging revealed a sequential recruitment of chaperones to protein aggregates under H,O»
exposure: Tsal appears to associate with protein aggregates independently of Ssal/Ssa2 and
Hsp104, Ssal/2 required Tsal but not Hspl04 for their sequestration, and Hspl104 was
dependent on both Tsal and either Ssal or Ssa2 for proper sequestration to protein
aggregates. Taken together, Tsal appears to localize to protein aggregates first. This was also
supported by the observation that Tsal-GFP foci formation peaked rapidly upon H,O, stress,
within 30min, whereas Hspl04 foci formation typically peaked later, after 1-2hrs.
Examination of Tsal and Hsp104 in the same cell confirmed that Tsal was sequestered to
aggregated proteins first, as the Tsal foci emerged before the Hspl104 foci in almost all
studied cells. In contrast, Tsal and Ssal seem to localize to protein aggregates
simultaneously, since the appearance of both foci occurred within the same timeframe. The
co-recruitment of Tsal and Ssal was further supported by a physically interaction, which was
demonstrated biochemically with immunoprecipitation and co-purification of the two

proteins.
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In view of the known spatial quality control ‘compartments’ described before, we decided to
determine if the protein aggregates formed under H,O, stress is similar to the IPOD/JUNQ
deposits generated upon heat stress (Kaganovich et al., 2008). However, as none of the
substrates previously used to study IPOD/JUNQ formation (Ubc9®, VHL, Luciferase)
accumulated into aggregates under H,O, stress, a sequential stress protocol including both
H,0; and heat treatment was applied. Although the spatial quality control may be altered by
this type of dual stress conditions, the localization of Tsal to protein aggregates that also
harbored Ubc9"® indicates that protein aggregates under H,O, stress is sorted into a SPQC

similar to heat-induced aggregates.

Tsal-mediated chaperone recruitment requires hyperoxidation of cysteine 48

In vivo oligomerization and chaperone activity of Tsal have been reported to be dependent on
the peroxidatic Cys48 whereas the peroxidase activity involves both Cys48 and the resolving
Cysl171 (Jang et al., 2004, Wood et al., 2003). Our results revealed that Cys48 but not Cys171
was required for Hspl04 and Ssal localization to protein aggregates under H,O, stress,
indicating that the peroxidase activity of Tsal is dispensable for this function. Furthermore,
we could confirm that removal of the C-terminal YF motif significantly diminished the
hyperoxidation of Cys48 (Koo et al., 2002, Wood et al., 2003) and also decreased Hsp104
recruitment to protein aggregates. As Cys48 hyperoxidation is tightly linked to
oligomerization and chaperone activity (Wood et al., 2003, Noichri et al., 2015), these results
support a role for Tsal chaperone activity in the recruitment of chaperones to misfolded and

aggregated proteins.

Tsal supports prevention of protein aggregate accumulation

We noted that that Tsal-deficient cells accumulated AssCPY*-GFP aggregates upon H,O;
exposure at a faster rate compared to wild type cells. As the Hsp70 chaperones have functions
in preventing protein aggregation; refolding/reactivation and UPS degradation of misfolded
proteins, it seemed reasonable that Tsal could aid in such activities which might account for
the delayed accumulation of protein aggregates in cells containing Tsal. The AssCPY*-LEU
construct, which is stabilized in cells with impaired proteasomal degradation and thus confers
increased growth on medium lacking leucine, has been used as a read-out for UPS activity
(Eisele and Wolf, 2008, Oling et al., 2014). As previously reported, cells lacking Ssal/Ssa2

and the E3 ubiquitin ligase Ubrl grows better on plates without leucine and we found that
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growth of #salA cells was similar to the ssalAssa2A strain. Furthermore, tsalA cells suffered
an increased load of ubiquitinated proteins under H,O, stress, and Tsal overproduction
reduced this accumulation to some extent. Taken together, the data indicate that Tsal, by
aiding Hsp70-mediated proteasomal degradation, contribute to the prevention of aggregate
accumulation under H,0, stress. It remains to be elucidated if Tsal can assist also in Hsp70

mediated folding/refolding.

Resolution of protein aggregates is accelerated by Srx1-dependent reduction of Tsal-
SOOH

Although the recruitment of Hsp104 to H,O;-induced protein aggregates was independent on
Srx1, Tsal-SOOH reduction appears important for efficient resolution of such aggregates.
Resolution of aggregates was impaired in s7x/A cells and this correlated with Tsal-SOOH
reduction. The J-protein Ydjl is required for the resolution of heat-induced protein aggregates
(Glover and Lindquist, 1998), this was confirmed by our data which also revealed that its
presence was dispensable for protein aggregate resolution under H,O, stress. In contrast, the
Hsp40 Sisl was essential for the resolution of H,O, produced protein aggregates,
demonstrating differences between these two classes of Hsp40s. Ydjl and Sisl are members
of Class I and Class II respectively, and one of their distinguishing features is the presence of
a cysteine-rich zinc-finger domains only in Class I J proteins (Kampinga and Craig, 2010). In
the human J-protein, Hdj2, chaperone activity has been reported to be inactivated upon H,O»
treatment due to the oxidization of zinc-finger cysteines (Choi et al., 2006), and such
oxidative inactivation could be a possible explanation for the failure of Ydjl to assist in

disaggregation under H,O, exposure.

Tsal has a role in proteostasis in aged cells

We next sought to determine if Tsal is important also for the management of aged-induced
protein aggregates. Interestingly, as for H,O stress, aged-induced protein aggregates required
Cys48 for the recruitment of Hspl04. Furthermore, aged tsal/A cells accumulated more
protein aggregates and ubiquitinated proteins, and overproducing Tsal mitigated protein
aggregate accumulation in aged cells, similar to what was observed during H,O, exposure.
The proteostasis function of Tsal in aged cells prompted us to examine if this was linked to

the lifespan-extending capability of Tsal.
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Lifespan extension by Tsal overproduction is linked to proteostasis

We analyzed the requirements of certain key components of the proteostasis network and
found that overproduction of Tsal completely failed to extend lifespan in ssalAssa2A cells, as
well as in cells lacking the transcription factor Rpn4; which is responsible for upregulation of
ubiquitin-proteasome components (Mannhaupt et al., 1999). The disaggregase Hsp104 was
only partly required for lifespan extension mediated by Tsal overproduction. This is possibly
due to Hsp70 functions beyond Hsp104-dependent disaggregation, for example refolding and
degradation, in which Tsal could be participating. Sir2 was also required for lifespan
extension by Tsal overproduction, suggesting that Tsal overproduction extends lifespan in a
pathway linked to Sir2 function. Taken together, lifespan extension by Tsal overproduction

appears to be linked to proteostasis.

We propose a model for the management of protein aggregates produced by H,O, stress (Fig.
10). We envision that Tsal, by recruiting Hsp70 to misfolded proteins, contributes to the
prevention of protein aggregation by Hsp70 mediated refolding/reactivation and by
proteasomal degradation. Additionally, the recruitment of Hsp104 promotes protein aggregate
disaggregation and resolution. The redox state of Tsal seems to be central to its proteostasis
functions, as Cys48 hyperoxidation is required for recruitment of chaperones to protein
aggregates and, conversely, Srx1-dependent reduction of Cys48 hyperoxidation is needed for

efficient resolution such species.
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Figure 10. Differential management of misfolded proteins under heat and H,O, exposure. Small
Hsps, Hsp40/Hsp70, and Hspl04 are sequentially recruited to misfolded proteins and protein
aggregates. Misfolded proteins can be refolded, degraded, or aggregated. Heat-induced protein
aggregates (left) are disaggregated by the action of Hsp70 and Hsp104 together with the Hsp40 protein
Ydjl, which binds to protein aggregates and enables refolding or degradation of the extracted
misfolded protein species. Upon H,0, exposure (right), Tsal is hyperoxidized and recruited to
misfolded proteins and protein aggregates along with Hsp70 and Hsp104. Proteins misfolded upon
oxidative stress can be degraded or refolded in a manner supposedly similar to the pathway for heat-
denatured proteins. However, disaggregation of H,O,-induced protein aggregates depends on the core
Hsp70/Hsp104 machinery together with the Hsp40 Sisl, while the heat-related Ydj1 is not required.
Furthermore, disaggregation upon oxidative stress is facilitated by Srxl-dependent reduction of
hyperoxidized Tsal. As for heat stress, these disaggregated proteins can either be refolded or
degraded. Figure adapted from (Hill et al., 2017).
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The fact that Tsal is required for the management of protein aggregates under H,O, exposure
and not under heat stress reflects significant differences between protein aggregates produced
by these two stressors. This is supported by our notion that Tsal-GFP-associated protein
aggregates induced by H,O; stress displayed increased mobility compared to the protein
aggregates formed by heat. A specific, but similar, subset of the proteome has been shown to
aggregate under three distinct stresses (H,O,, arsenite and AZC) (Weids et al., 2016),
indicating that protein species is not what distinguish protein aggregates under different
stressors. Instead, reports of proteins forming different types of aggregates depending on the
denaturing conditions (Ben-Zvi and Goloubinoff, 2002, Wang et al., 2010) suggest that the
stressor could determine the structural nature of the misfolded proteins destined for

aggregation.

H,0, is the only factor known to cause hyperoxidation of Tsal-Cys48 and considering that
Cys48 is required for Hsp104 recruitment to protein aggregates in aged cells, it seems likely
that H,O, contributes to the formation of these protein aggregates. This is consistent with
H,0, accumulating in aged mother cells (Laun et al., 2001, Erjavec and Nystrom, 2007).
Intriguingly, the mobility of Tsal-GFP associated protein aggregates seen in aged mother
cells contained at least two subpopulations, of which one displayed higher mobility and the
other was more stationary. The more mobile protein aggregates could represent H,O; induced
aggregates, in line with H,O, as a contributing factor to age-related protein aggregate
formation. Bearing in mind the different aging pathways in yeast, it seems reasonable that the
collapse of different systems could give rise to different types of protein aggregates. For
example, increased oxidative stress could result in one type of protein aggregate, whereas for
example mutations and changed pH could give rise to distinct types of protein aggregates.
Analysis of protein content, biochemical properties, dynamics, and involvement of PN

components could shed light on the nature of protein aggregation in aged cells.
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4.3 Paper 111: Enhancing protein disaggregation restores proteasome activity in

aged cells

Data from paper II suggests that protein aggregates are form in aged cells, in part, as a result
of oxidative damage. The accumulation of protein aggregates in aged cells could thus be a
consequence of increased oxidative damage or diminished activity of the PN. Certainly, the
activity of the ubiquitin-proteasome system (UPS) is connected to replicative aging in yeast.
Reducing the expression of proteasome components by deletion of RPN4 accelerates
replicative aging and, conversely, Rpn4 stabilization by deletion of the E3 ligase UBR2
elevates proteasome activity and extends lifespan (Kruegel et al., 2011). In our third study, we
wanted to explore the possibility that an age-related decline in UPS function represents one of

the sources of the accumulation of protein aggregates in aged cells.

Proteasome activity regulate the accumulation of protein aggregates

Using GFP-tagged Hspl104 and the UPS substrate AssCPY* (Eisele and Wolf, 2008), we
could confirm that aged cells accumulate protein aggregates (Aguilaniu et al., 2003, Erjavec
et al., 2007, Tessarz et al., 2009, Liu et al., 2010, Hill et al., 2014). To further explore the UPS
and its implication in protein aggregate formation, proteasome activity was reduced by
blocking the proteolytic activity of the 26S proteasome complex or by using a temperature
sensitive version of one of the ATPases in the 19S subunit (Rpt4). Both methods increased the
load of ubiquitinated proteins and/or protein aggregation in young cells, as well as disrupted
the clearance of such aggregates. Moreover, elevated proteasome activity by UBR2 deletion

counteracted the accumulation of protein aggregates under H,O, exposure and in aged cells.

Proteasome activity, but not capacity, declines with replicative age

The accumulation of a UPS substrate in aged cells and the fact that elevated proteasome
activity mitigates age-related protein accumulation suggest that UPS activity affects protein
aggregate accumulation in aged cells. To test this hypothesis, a ubiquitinated 3-galactosidase
UPS substrate was used to analyze proteasome activity in vivo. Although young cells
efficiently degraded ubiquitinated P-galactosidase (Ub-Pro-fBgal), aged cells displayed
impaired degradation. However, this reduced proteasome activity was not a result of
decreased capacity, as the in vitro degradation of aged proteasomes was similar to

proteasomes from young cells.
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Increased protein disaggregation enhances proteasome activity in aged cells

As the proteasome capacity was unaltered in aged cells, we envisioned that protein aggregates
could be disrupting the UPS and thus contributing to age-related UPS decline. Enhancing
protein disaggregation by overproducing Hsp104 significantly accelerated the clearance of
H,0O; induced protein aggregates and reduced the accumulation of protein aggregates in aged
cells. Additionally, Hsp104 overproduction increased proteasome activity almost to the same
degree as young cells without altering proteasome levels or proteasome capacity. However,
Hsp104 overproduction did not extend lifespan, suggesting that its effect on proteasome
activity did not reach that obtained in ubr2A cells, which leads to a robust lifespan extension
(Kruegel et al., 2011). This is supported by the extremely rapid in vivo degradation activity
(paper III) and enhanced in vitro degradation capacity (Kruegel et al., 2011) of ubr2A cells.
The failure of Hspl04 overproduction to prolong lifespan also indicate that protein
disaggregation may not be the most critical event in proteostasis during aging, or possibly that
other factors such as the Hsp70 system or Tsal are limiting Hsp104 function. Taken together,
we propose that protein aggregates disrupt proteasomal degradation in aged cells, and thus

contribute to the declining UPS activity (Fig. 11).

UPS

DISAGGREGATION

Figure 11. Protein degradation by the UPS in young versus aged cells. In young cells (left), the
UPS degrade polyubiquitin marked proteins in cooperation with Hsp40/Hsp70 chaperones. In aged
cells (right), the increased levels of protein aggregate could interfere with the UPS and thus contribute
to its age-dependent decline. Increased protein disaggregation, by overproducing Hsp104, counteract

protein aggregate accumulation and restores proteasome activity in aged cells.
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4.4 Main findings

Paper 1

CR increases cellular H,O; resistance in yeast grown by lowering PKA activity.
Tsal and Srx1 are required for CR-induced H,O, resistance and lifespan extension.

H,0O; resistance by CR is mediated by reduced PKA signaling, leading to increased
Gen2-dependent translation of SRX7 and subsequent reduction of hyperoxidized Tsal.

Counteracting age-dependent Tsal hyperoxidation, by overproduction of Srx1,
extends lifespan.

Paper 11

Tsal overproduction reduces protein aggregate accumulation in aged cells and extends
lifespan in a H,O,-scavenging independent but proteostasis network-dependent
manner.

Tsal recruits chaperones to misfolded and aggregated proteins upon H,O; stress and
in aged cells, as well as aids in their clearance.

Tsal-Cys48 hyperoxidation is required for the recruitment of molecular chaperones to
aggregated proteins and its reduction accelerates protein aggregate resolution.

The requirement of Tsal-Cys48 hyperoxidation for chaperone recruitment to protein
aggregates in aged cells suggest that H,O, contributes to age-related protein
misfolding and aggregation.

Paper 111

48

Protein degradation by the ubiquitin-proteasome system declines during replicative
aging of yeast cells.

Enhanced protein disaggregation counteracts protein aggregate accumulation in aged
cells and restores proteasome activity.



5. Concluding remarks

The multifaceted nature of aging is reflected by its vast connections to various cellular
pathways. Caloric restriction (CR) is one of the most well conserved anti-aging pathways,
although the downstream targets of CR and how it affects longevity mechanistically is not
completely understood. Proteostasis has emerged as one fundamental process responding to
CR in longevity assurance and the proteostasis network is constantly expanding with the
discovery of new components and auxiliary processes being involved in maintaining a
functional proteome. Unraveling the aging network and elucidating the function and
interconnectivity of its components, including the proteostasis network, is essential for
determining their contribution to the process of aging and age-related diseases. With the data
in this thesis, we provide new insight into the aging process by showing that the redox pair
Tsal/Srxl is a member of the yeast proteostasis network acting as a key regulator of

replicative aging.

We found that Tsal and Srx1 are downstream targets of CR and provide a mechanism for
their PKA-mediated regulation; a regulation that bestows the cells with an increased
resistance to hydrogen peroxide (paper I). Furthermore, both Srx1 and Tsal are required for
CR-induced lifespan extension and overproduction of either protein extends lifespan in the
absence of CR (paper I and II). Lifespan extension by Tsal overproduction requires Sir2
(paper II), while Srx1 overproduction extended lifespan independently of Sir2 (paper I),
suggesting that Tsal and Srx1 may mediate lifespan extension partly through different
mechanisms (let’s discuss). Life span extension achieved by Tsal overproduction was linked
to proteostasis (paper II), which may explain its requirement for Sir2, previously connected
to proteostasis (Erjavec et al., 2007, Liu et al., 2010). Srx1 overproduction counteracted age-
dependent hyperoxidation of Tsal (paper I) and it is possible that Tsal is reduced to such a
degree that it is no longer efficient as a chaperone (as this requires hyperoxidation). In this
scenario, H,O, scavenging and/or intracellular signaling could account for the lifespan
extension activities of Tsal upon Srx1 overproduction, which under these circumstances are
Sir2-independent. As Srx1 is important also for protein disaggregation (paper II) it would be
interesting to see if overproducing both Srx1 and Tsal would extend replicative lifespan even
further. Determining the requirement of the redox active cysteines and YF motif for lifespan
extension by the Srx1 and Tsal overproducing strains could clarify the question of different

Tsal-mediated longevity pathways.
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We define an in vivo function of Tsal in proteostasis under oxidative stress and in aged cells.
Tsal recruits molecular chaperones to misfolded and aggregated proteins as well as aid in
their clearance (paper II). This proteostasis function of Tsal centers around its redox state, as
hyperoxidation of redox active Cys48 is required for chaperone recruitment to misfolded and
aggregated proteins and, conversely, Srxl-dependent Cys48-SOOH reduction accelerate
protein disaggregation (paper II). Recruitment of Hsp70 chaperones to misfolded proteins
support prevention of protein aggregate formation by the action of refolding and/or UPS
degradation, whereas Hsp70/Hsp104 recruitment enable resolution of already aggregated
proteins. The broader range of proteostasis functions of Hsp70 compared to Hsp104 could
explain why lifespan extension by Tsal overproduction is only partly dependent on Hsp104,
but completely reliant on the Hsp70s (paper II). Hsp104 and Srx1 are both involved in
protein disaggregation and the fact that neither is essential lifespan extension by Tsal
overproduction (paper II) indicates that prevention of protein aggregation is of more
significance in the context of longevity. This is further supported by the failure of Hsp104
overproduction to extend lifespan (paper III). Our data suggest that H,O, contribute to
protein misfolding in aging cells (paper II) and that protein aggregates accumulate, in part,
due to a reduced proteasome activity (paper III). Additionally, lifespan extension by Tsal
overproduction is accompanied by reduced protein aggregate accumulation in aged cells

(paper II), supporting the significance of protein aggregates as true aging factors.

Moving forward with the role of Tsal in proteostasis, it would be interesting to elucidate the
involvement of Tsal in Hsp70 functions such as folding/refolding and degradation by the
UPS. It would also be interesting to see if Tsal has a role in SPQC and asymmetric
inheritance of protein aggregates under peroxide exposure and in aged cells, which could
contribute to its longevity promoting function. Considering the interconnectivity of aging
pathways, Tsal function in proteostasis may very well affect other aging factors as well, and
thus investigating the role of Tsal in for example vacuole and mitochondrial function may
also be relevant. Ultimately, it would be exciting to explore the possibility of Prxs assisting in
protein aggregate management also in multicellular organisms and if this function is linked to
their role in aging and disease. Similar to Prxs, overexpression of HSP70 chaperones has been
observed in several human tumors, providing cells with increased resistance to hypoxia and
oxidative stress (Morano, 2007). It is possible that Prxs and Hsp70 chaperones act in concert
in proteostasis to promote tumor development and chemotherapy resistance, a relationship

worth pursuing in future studies.
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