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THESIS ABSTRACT
 

Dietary restriction (DR) is the most powerful intervention known to date

to extend lifespan and improve overall health until death in Saccharomyces

cerevisiae, Caenorhabditis elegans, Drosophila melanogaster and rodents.

Lifespan extension in response to DR has been observed in various model

organisms, it is thought that it acts via a universal underlying mechanism. In

yeast, activation of the NAD*dependenthistone deacetylase Sir2 has been shown

to increase gene silencing at the rDNAlocus. This in turn reduces mitotic rDNA

recombination events and the generation of extra-chromosomal rDNAcircles

(ERCs). Although the appearance of ERCsis a yeast specific ageing phenotype,

the finding that Sirtuins are highly conserved from yeast to mammals lends

support to the hypothesis that activation of Sirtuins is the universal mechanism

which links DR to lifespan extension. Nevertheless, this model is very

controversial and evidence for the suggested mechanismsis not abundant.

It was shown that Sir2-mediated gene silencing was dispensable for the

action of DR, because growing yeast on 0.05% or 0.5% glucose (severe and

moderate CR,respectively) did not increase silencing at either sub-telomeric or

rDNA loci compared to standard (2% glucose) media. Furthermore, rDNA

silencing was unaffected in the hxk24, sch9A and tor1A genetic mimics of DR,

but inhibited by FOB/ deletion.

In contrast, it was found that DR and deletion of the FOB/, HXK2, SCH9

and TORI genes, all significantly reduced rDNA recombination. Therefore,

suppressing rDNA recombination may contribute to DR-mediated lifespan

extension.

With increasing age, oxidatively damaged proteins accumulate inside

cells; the most common modification being the addition of a carbonyl group.

Increased proteotoxicity through the accumulation of high molecular weight

aggregates is thought to be a cause for (yeast) ageing. It has been suggested that

DR ameliorates proteotoxicity. This hypothesis was tested by analysing yeast

lysates which were grown in DRortreated with different stress conditions using

gel filtration chromatography.

Differencesin the elution pattern of the various lysates allowed identifying

changesin protein expression, although the results regarding protein aggregation
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were inconclusive. A slight reduction was observed in the high molecular weight

region of the elution profile from the gel filtration column in 0.05% glucose

compared to the standard growth condition.

Following from there, an unbiased proteomics approach was then chosen

in order to identify novel proteins which are upregulated in low glucose

concentrations, and thus may be necessary for the lifespan extension in response

to DR. This identified two small heatshock proteins which had not been

previously implicated in DR, Hsp12 and Hsp26.

A novel and intriguing role of Hsp12 in DR-mediated lifespan extension

was discovered. The deletion of HSP/12 strongly reduces recombination events at

2% glucose, and lifespan analysis revealed that deletion of HSP/2 produced a

small increase in lifespan under standard conditions (2% glucose). Strikingly,

lifespan extension by moderate DR (0.5% glucose) was abolished in the hsp/24

strain, suggesting that Hsp12 expression is essential for this beneficial effect of

DR.

By meansofan insulin aggregation assay, it was examined whether Hsp12

acts as a molecular chaperone. However, using recombinant GST-Hsp12 in this

approachdid not reveal a reduction of insulin aggregation, therefore, it cannot be

concluded that Hsp12 is a chaperone.
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AD Alzheimer’s Disesae

AMP Adenosine MonoPhosphate

AMPK AMP-activated Protein Kinase
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1.1 A BRIEF INTRODUCTION TO AGEING.

1.1.1. Is ageing still an unsolved problem?

In 1951, Peter B. Medawar gave his inaugural lecture at the University

College London bearing thetitle: “An unsolved problem in biology” (Medawar,

1952). It was of course ageing which he referred to as unsolved problem and

comprehensively discussed in this lecture, and which since has been among the

most influential early works on ageing. Central unsolved questions about ageing

at that time were why ageing happens in the first place, since it blatantly

contradicts the central statement of Darwin’s evolutionary theory, namely

survivalof the fittest. It cannot be said that ageing contributes towards survival of

the individual. Other questions he addressed in this lecture dealt with molecular

mechanisms of ageing, which were unknown at that time. Now,close to sixty

years later, this critical discussion has come of age itself, and among the most

renownedscientists in the ageing field there are a few which consider ageing no

longer an unsolved problem (Hayflick, 2007a; Holliday, 2006).

Medawar’s own ideas about why living organisms age were based on

Darwin’s theories and his own observation that offspring is born to young

animals. Genes or mutations which have negative effects on survival in young

age would be selected against, but when mutations decrease fitness after

reproduction, they are no longer subject to selective pressure. Thus, he proposed

that ageing occurs because of an accumulation of late-acting, detrimental

mutations. Today, his theory is known as the Mutation Accumulation theory.

The currently best accepted evolutionary ageing theory is the Disposable

Soma theory which was proposed by Thomas Kirkwood (Kirkwood, 1977). The

crucial statement of this theory posits that the germline is maintained in excellent

condition while the energy investment in maintenance and repair of somatic cells

is carefully balanced against the cost for reproduction. Somatic cells will suffer

an increasing load of damage to cellular components to an extent which

eventually will impair homeostasis after the organism has reproduced.

Still, there are ongoing debates on what are the causes of ageing in the

animal kingdom; whether they are the result of programmes similar to those

which govern the developmentof a foetus to a young adult, or whether they are
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induced through a Darwinian selection favouring a genetic make-up which only

allowsthe fittest individual to survive. Yet most scientists currently believe that

ageing is a consequence from the failure of appropriate maintenance on

molecular, cellular and tissue levels, resulting from oxidative damageto proteins

and DNA.

In answerto the question introducing this paragraph, whether ageing has

been solved or not, there will be some time before a consensus will have been

reached in this field. However, there is sufficient evidence already to show that

there are many different impacts on ageing (Kirkwood, 2008). What is now

important is to identify the mechanistic details, the signalling pathways and the

genes whichregulate the length of our lifespan.

1.1.2. Definitions ofageing and longevity.

Surprisingly, even after a century of research and discussion about this

topic, the field still lacks a unifying terminology defining exactly what is

described by “ageing” or “longevity”. Only recently, Hayflick attempted to solve

this dilemmaand the resulting problems by defining a common vocabulary.It is

important to understand the distinction between ageing and longevity. Although

they are intimately connected manifestations which can be observed over time

only, they originate from different principles.

Currently accepted definitions of ageing and mortality are based on the

biological observation that there is a loss of vitality as chronological and

physiological age progresses. In termsofa statistical definition this means that

with increasing chronological age the probability to die increases, which can be

graphically depicted by the Gompertz law of mortality, stating that the mortality

rate increases exponentially with age. Over the past century, the human average

lifespan has increased from thirty to over eighty years; which has been attributed

to improved healthcare and nutrition mainly in First World countries. The

maximum lifespan however has not been extended (Gavrilov et al., 2002;

Olshanskyet al., 1990).

The explanation Hayflick chooses to differentiate between ageing and

longevity is based on the Second Law of Thermodynamics. He proposes that

ageing is the result of an increase in entropy in a living system. The effects of
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entropy are described as changes in the energetic state of macromolecules, where

energy is contained in form of chemical bonds, and needs to be preserved.

Changesin the energystate, i. e. the chemical bonds, modulate the properties of

any given molecule, and may in turn affect structure and function in a manner

adversely to its cellular role. For a given period of time, cellular maintenance

systems such as DNA damagerepair or protein removal can counteract these

effects, but in time, the system will become overloaded due to the incessant

action of entropy and eventually maintenance fails to remove all damaged

components. Therefore, ageing cannot be abolished. Every living organism is

subject to the Laws of Thermodynamics,in this particular case, the Second Law

of Thermodynamics.

Longevity describes the lifespan of an organism from birth to death

measured in units of time. Unlike ageing, which occurs, longevity is regulated;

determined by the genomeand its constant exchange with environmental and

cellular inputs and internal cell signalling. In terms of regarding ageing as the

physical manifestation of entropic changes in living organisms, longevity could

be defined as the state of energy of cellular components before they succumb to

ageing, i. e. changes in their energy which eventually lead to an irreparable loss

of function. Therefore, longevity describes the duration of the capacity of an

organism to maintain its physiological functions on a high level before and after

reproduction, and to counteract the entropic deterioration which gnaws away at

the lifespan, until natural death occurs (Hayflick, 2007b). In line with this

definition, “ageing genes” do not exist; rather, these genes are involved in

modulation of longevity.

It may therefore probably be more accurate to refer to longevity or

lifespan regulation rather than ageing when describing the particular phenotypes

which arise between reproduction and death of an organism due to the balancing

act between influences of entropy, and the counteractions of active cellular

maintenance or other mechanisms. However, in order to prevent

misunderstandings, the term ageing theories shall be continued to be used because

that is what they have been referred to traditionally.
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1.2 PRESENT THEORIES ON AGEING AND LONGEVITY.

1.2.1. An anthologyofageing: evolutionary theory.

Until late into the 20" century, most ageing theories were descriptive

hypotheses on the topic. The earliest discussion dates back to 1881 and was

formulated by A. Weismann (reviewed in (Kirkwood and Cremer, 1982). He

drew on Darwin, and Wallace, co-discoverer of the theory of evolution through

natural selection. He proposed that a limited lifespan, senescence and eventually

death of adult organisms were underpositive selection and necessary in order to

free environmental resources for offspring. He wasalso the first to make a clear

distinction between germline and somatic cells. This theory was long accepted,

until Medawarpresented his own theoretical work in 1951 (Medawar, 1952).

Before Medawar were a few more scientists who concerned themselves

with the phenomenon of senescence. Importantly, Elie Metchnikoff coined the

word “gerontology” for the field of ageing biology in 1903, and he also

formulated the first theory on the impact of toxins generated through digestion

and pathogenic bacteria in the bowels on health and lifespan, and how this could

be improved by anincreased intake of probiotic and prebiotic bacteria in the diet,

e. g. yoghurt (reviewed in (Kaufmann, 2008). The next theory with an impact on

research was Pearl’s Rate of Living Theory, where he formulates that the

metabolic rate of an organism is inversely proportional to its longevity (Pearl,

1928).

When Medawar formulated what is now known as the Mutation

Accumulation theory, he was aware of what Weismann hadfailed to see. Namely,

in nature mortality of offspring is high and only few individuals reach adulthood

and reproduce. Therefore, an even smaller, in fact negligible number of animals

would live indefinitely to compete for the resources, which makes the

development of an ageing phenotypefutile, i. e. there is no selection against

ageing. His theory is based on the observation that in nature, offspring is

generally born to young parents. Leading on from there, he assumed thatthere are

early and late acting mutations in an organism. He concluded thatlate-acting,

detrimental mutations are transmitted to offspring, but they will have no effect on

(reproductive) fitness until old age. This meansthat they are not selected against
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and he therefore defined ageing as the accumulation of many late-acting

detrimental mutations. In nature, these mutations are not relevant to the survival

of a species, because most individuals would die before they reach the age where

these mutations becomeapparent.

Only a few years later, Williams (Williams, 1957) formulated his own

theory being unaware of Medawar’s publication. He reasoned that if late acting

mutations would accumulate in an ageing organism, there must have been some

selective pressure early in life on these mutations. He therefore concluded that

there are pleiotropic mutations or genes, which havea beneficial effect on young,

reproducing individuals, but later in life, they prove to be disadvantageous, and

thus result in senescence and definite lifespan. Hamilton in his discussion of

senescence and longevity in terms of population genetics and evolution

(Hamilton, 1966) then showed that both Medawar’s and Hamilton’s theories had

in fact a quantitative basis. This theory is now sometimescalled the Antagonistic

Pleiotropy theory of Ageing.

In 1977, Kirkwood formulated the Disposable Somatheory. This theory is

related to the evolutionary theories of ageing in so far as its origins lay in the

basis that accuracy andstability of macromolecules,i. e. protein synthesis, had to

evolve from no proof-reading or quality control to a state where accuracy and

stability can be maintained during prolonged survival without excessively energy-

consuming mechanisms (Kirkwood, 1977; Kirkwood and Holliday, 1979;

Kirkwood and Franceschi, 1992). In the past thirty years, the Disposable Soma

theory has been extended to include the protein error hypothesis (Rosenberger

and Foskett, 1981; Orgel, 1963; Medawar, 1962), DNA damage theory (Vijg,

1990; Burnet, 1974) and free radicals and oxidative damage (Goldenetal., 2002;

Sohalet al., 2002).

The Disposable Soma theory often distinguishes between maintenance of

the germlinein a pristine condition for sexual reproduction, and somatic cells just

long enough to reach the reproductive age and ideally for several reproductive

cycles. Kirkwood and in collaboration with others (Kirkwood and Rose, 1991;

Kirkwood et al., 1986) have shown that balancing optimal maintenance and

maximum fitness in Darwinian termsresults in a finite lifespan.
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The Disposable Soma theory predicts a negative correlation between

reproduction and longevity, because species which have low extrinsic mortality

can invest more energy in maintenancerather than early reproduction. For model

organism such as rodents and Drosophila and C. elegans, there is experimental

proof for this theory. Lifespan extending mutations, such as reduced insulin

signalling in Drosophila generally produce infertile animals (Giannakou and

Partridge, 2007). The Amesand Snell dwarf mice with impaired growth hormone

signalling enjoy extremely long lifespans, again at the cost of no offspring

(Schaible and Gowen, 1961; Snell, 1929). However, there are exceptions to this

as well, for example the longlived fly mutant indy where the reproductive

potential is not diminished despite an extended lifespan (Roginaet al., 2000), and

in C. elegans, it was shown that the timing of treatments which extendlifespan is

important because it defines whether a worm will reproduce earlier or later,

despite a similar extent of lifespan in both cases (Dillin et al., 2002).

The validity of this model for human populations has been at the centre of

a heated debate over the past decade. There are studies analysing the correlation

between reproduction and lifespan from several populations in the past three

centuries, e. g. British aristocrats, Amish people in the US, or Finnish rural

population under natural and controlled fertility (Helle et al., 2005; Helle et al.,

2004; Helle et al., 2002; Westendorp and Kirkwood, 1998; McArdle et al., 2006).

In some cases, there was indeed a negative correlation (British aristocrats),

whereas in other, no or even a positive correlation was found between the age of

the last birth and longevity (Amish, Finnish people). These studies were reviewed

and the same data reanalysed in some cases with necessary amendments by Le

Bourg (Le Bourg, 2007). Based on his evaluation, he concludedthat it cannot be

unambiguously defined that reproduction shortens female and male lifespan, but

he found that the correlation maypartially be due to the population where it was

studied.

1.2.2. DNA damage and genomestability theory.

DNAwasfirst implicated as a target for damage which leadsto ageing in

1959 bythe physicist Leo Szilard (Szilard, 1959). He stated that the accumulation

of damage to DNAin from of radiation, reactive oxygen species (ROS) or

 



Chapter 1. Introduction
 

chemical agents could inactivate genes and chromosomes and decrease the

genomestability and thus accelerate senescence. There are several observations

in favour of his thesis. The somatic mutation theory explains that a key factor of

ageing is how efficient the DNA damage response is induced (reviewed in

(Garinis, 2008; Promislow, 1994; Vijg and Papaconstantinou, 1990). Segmental

progeroid diseases also validate this theory, e.g. Down’s, Werner’s, Hutchinson-

Gilford’s (progeria), and Cockayne syndromes, which are either due to defects in

DNA maintenance or DNArepair, or mutations in the nuclear envelope protein

lamin A (reviewed in (Martin and Oshima, 2000; Ramirez et al., 2007). Diseases

such as cancer which result from loss of telomere integrity and a decrease of

genome stability in ageing cells (reviewed in (Kipling, 1997; Sinclair and

Oberdoerffer, 2009) also emphasise the importance of correct DNA maintenance

throughoutthe lifespan of an organism.

According to Martin’s classification (Martin, 1978), Down’s syndrome

has the closest similarity to senescent phenotypes, but it is not generally studied

as a progeroid disease. However, individuals suffering from Down’s syndrome

have an increased susceptibility to Alzheimer’s disease and diabetes, and also,

they have early depositions of lipofuscin, a biomarker for senescence (Jungetal.,

2007). Further, one gene identified when mapping the regions of chromosome21

which are responsible for the phenotype was superoxide dismutase (SOD)

(Turrens, 2001; Reeves et al., 1987). It therefore seems that a 50 %

overexpression of SOD and the resulting higher efficiency of removing ROS

disturb homeostasis and is not beneficial to an organism (Kowald and Klipp,

2004).

Werner’s syndromeis probably a better model for premature senescence

because patients are born healthy and disease onset is not until their second or

third decade oflife. The phenotypes of premature ageing in Werner’s syndrome

are increased susceptibility to type II diabetes, osteoporosis, and increased

chromosomal instability as well as mutation frequency has also been shown

(reviewed in (Monnat, 1992; Salk et al., 1981). The defective gene which causes

the symptom was identified to be a RecQ DNA helicase family member, and
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subsequently called WRN (Yuetal., 1996). RecQ helicases unwind DNAin the

3’ to 5’ direction and contain an ATPase domain.

Although it is established that genome stability decreases in ageing

organism,i.e. mice (Vijg, 2000; Dolle et al., 2002), humans(Luetal., 2004), and

yeast (McMurray and Gottschling, 2003), it has not been possible to distinguish

whether these are causes of senescence, or whetherthey are the results of ageing.

One major shortcoming of the DNA damage theory is that it has so far not been

possible to attenuate senescence by improving DNArepair or maintenance by

overexpressing DNArepair genes (Matheuet al., 2007; Zhuet al., 2001).

Recently, the stability of mitochondrial DNAhas beenidentified to play a

role in senescence (reviewed in (Greaves et al., 2009). A positive correlation

between maintenance of mitochondrial DNA and senescence was shown in cells

wherethe function of mitochondrial DNA polymerase was abolished (Trifunovic

et al., 2004). It is thought to be related to an increase in apoptotic events rather

than oxidative damage (reviewed in (Kujoth and Prolla, 2008; Trifunovic etal.,

2005).

1.2.3. Free radical theoryofageing.

In 1956 Harman (Harman, 1956) formulated his theory which was quite

different from the evolutionary approaches to ageing whichat that time ruled the

field. He proposed that reactive oxygen species, such as the hydroxyl ion or the

superoxide anion, contribute to ageing by damaging cellular components

produced for example from ionising radiation. He later advanced his theory

(Harman, 1972b) to include in particular ROS which are generated in the

mitochondrial membraneasa side productof the electron transport chain. If ROS

are not removed by appropriate scavengers, they can damage DNA,protein, and

lipids.

One biomarker of ageing is the increased deposition of the non-soluble

particles called lipofuscin, which contain peroxidised lipids among other

components (reviewed in (Jung et al., 2007); and (Gruneet al., 2004). Another

class of targets of oxidative damage was found in ageing yeast: enzymes involved

in glucose metabolism are increasingly carbonylated (Erjavec et al., 2007). The

same class of proteins were found to be increasingly heat labile in human
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fibroblast cultures (Hayflick, 1980). ROS can also be produced bycertain cell

types, such as macrophages in response to pathogens and therefore play an

importantrole in the immunedefence.

Over the past fifty years, attempts to prove the Free Radical theory of

ageing have generally not been successful, e.g. treating rodents with antioxidants

did not result in lifespan extension (Schneider and Reed 1985). A great amount of

strong experimental evidence has comefrom studies in transgenic mice (reviewed

in (Perez et al., 2009a). Over the past decade, these groups analysed effects of the

loss or overexpression of either Cu/Zn or Mn superoxide dismutase (SOD)

targeted to tissues or globally in transgenic mice on lifespan, muscle performance

and general health of the animal. No manipulations they performed in transgenic

animals significantly changed lifespan compared to wild type mice. Therefore,

there is no direct evidence which links oxidative damage as a direct effector of

lifespan.

Studies from invertebrates demonstrate similar results. In C. elegans, a

report that EUK compounds which mimic SODactivity extended lifespan (Melov

et al., 2000) could not be reproduced later and (Keaneyet al., 2004; Keaney and

Gems, 2003). In yeast, overexpression of the gene SOD/ was not found to

significantly extend lifespan (Kaeberlein et al., 2005b).

Somescientists even go as far as pronouncing this theory as dead (Gems

and Doonan, 2009; Lapointe and Hekimi, 2009).

On the other hand, there is an increase in oxidatively damaged proteins in

ageing cells (reviewed by (Stadtman, 1992). It was also found that the ratio of

SODactivity to specific metabolic turnover in respect to maximum life span and

calculated as calories per gram and day correlates in primates so that longer lived

species have higher specific activity of SOD than short-lived species (Tolmasoff

et al., 1980). Serum of long-lived species contains more of the antioxidant f-

carotene than shorter-lived species (Cutler, 1984).

Oxidative damage accumulates in an ageing organism butit is unlikely

that it is a single cause for ageing, rather, like the DNA damagetheory, it

contributes to the load of impaired processes as age progresses and thus

eventually leads to death.
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1.2.4. Replicative Senescence.

For most of the 20" century, it was believed that cells can proliferate

indefinitely in cell culture, although this had not been generally observed but for

one exception (Parker, 1961; Ebeling, 1942), the famous fibroblast culture from

chick heart tissue of Alexis Carrel, which wasallegedly continued for 34 years by

himself and his associate Ebeling. It was commonly believed that the only reason

why other cell cultures die eventually is because of everybody else’s technical

incompetence.

It was not until 1961, when Hayflick and Moorhead (Hayflick and

Moorhead, 1961) published their observation thatcells in cell culture have limited

lifespan, or in terms ofcell culture, a limited replication potential. This was a

rather heretic thought at that time contradicting the dogmatic belief that cells,

when removed from the whole organism, actually have a lifespan greater than

that of the organism. The long survival rate of the chicken fibroblast culture was

mostlikely based on a technical error of how the experiment was performed.

They speculated that there must be somekind ofbiological clock counting

the number of replications before cells enter senescence and eventually die

because in general, cultures from embryonic cells underwent around 50 doublings

before they stopped dividing. Also, cells which were frozen after a defined

numberofreplications retained count and would only undergo as manycycles as

wereleft to reach fifty replications (Hayflick, 2003).

The hypothesis that this biological clock could be related to the end

replication problem of DNA polymerase to replicate the 3’ end of linear

doublestranded DNA wasfirst formulated by Olovnikov (Olovnikov, 1973). An

important discovery was made in 1978, when Elizabeth Blackburn found that

telomeres have a modular structure of hexameric TTGGGG in Tetrahymena

(Blackburn and Gall, 1978), and in humans, the sequence only varies in one

position: TTAGGG (Moyzis etal., 1988). It was Harley and colleagues who then

discovered that throughout the lifetime of cultured cells, the length of telomeres

decreases by 2-3 kilobasepairs (Harleyet al., 1990). The experimental proof was

delivered when expression of the human telomerase holoenzyme hTERT in

cultured cells extended the replicative potential of telomerase deficient fibroblasts
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and epithelial cells in vitro (Bodnar et al., 1998). The theory has since been

proven correct in cell culture and a mouse-model (Vaziri and Benchimol, 1999;

Zhanget al., 1999; Fenget al., 1995).
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1.3. AGEING IN MODEL ORGANISMS.

Although early studies on longevity were mainly performed in rodents,

invertebrate models have contributed a great deal to the advances in gerontology

in the past twenty years. Below followsa short description of the commonly used

models organisms and major contributions.

1.3.1. Ageing in Saccharomyces cerevisiae.

Budding yeast is an excellent simple eukaryotic model for studying the

biology of a wide variety of processes including cell signalling, DNAstability

and repair, and nutrient metabolism. Beside the obviousthatit is easy to grow in

large cultures, it has a short cell cycle and facile molecular genetics, yeast biology

is in general well understood. The whole genome comprises approximately 6000

genes on 16 chromosomes in a haploid cell, and was completely sequenced

before the turn of the millenium (Goffeau et al., 1996). Many yeast genes have

important conserved homologues in mammalian cells, e.g. nutrient sensing

kinases such as mTOR or JORI/TOR2, or the NAD*- dependent histone

deacetylase SIRT1 and S/R2. In some casesit is possible to study molecular

mechanisms of important human pathologies, such as the segmental progeroid

disease Werner’s syndrome. The yeast homologue for WRN, SGS/, also codes

for a helicase which, if mutated or deleted, causes genome instability and

shortened lifespan (Heoetal., 1999).

Further to the ease of manipulation, there are vast databases and other

resources readily available. In the S288c yeast background strain (Brachmannet

al., 1998), deletions of all genes have been constructed, and it is possible to

obtain almost all genes as GFP-tagged ORFs under their own promoters; or other

tags which are designed for biochemical protein characterisation such as GST.

Also, all sequence data is online, which facilitates designing required mutations

or strain construction if necessary.

The foundation for yeast as an ageing model wassetfifty years ago with

Mortimer’s and Johnston’s discovery that yeast replicative lifespan can be

determined byisolating single cells and removing daughtercells until the mother

cell stops replicating and dies (Mortimer and Johnston, 1959). This was

somewhatcontrary to the existing belief that yeast is immortal; of course as a
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culture, they will proliferate indefinitely provided appropriate resources are

available, but single cells are mortal. The replicative lifespan is not measured in

units of time, but instead by tabulating the number of daughter cells which have

been removed. A typical laboratory strain has a mean lifespan of 20-25

replications, and a maximum of35 replications (Anderson et al., 2003; Mankouri

and Morgan, 2001; Jazwinski, 1990; Mortimer and Johnston, 1959).

Importantly, the replicative lifespan can be modulated. It is possible to

extend or shorten the replicative lifespan, i. e. increase or decrease the numberof

cell cycles or replications a cell undergoes by pharmacological, genetic or

environmental interventions (Steffen et al., 2009; Kaeberlein et al., 2002a;

Kaeberlein et al., 1999; Jazwinski et al., 1989). This property together with a

rather short generation time is extremely useful for studying processes which

govern longevity, and has been extensively explored in recent years as a model

for mitotic tissue, and in particular for answering how dietary restriction increases

longevity (Steffen et al., 2008; Lamminget al., 2005; Kaeberlein et al., 2005c;

Lin et al., 2002)

The yeast lifespan can also been studied chronologically. In contrast to the

replicative lifespan, this lifespan measures the time yeast spend in culture in

stationary phase,i. e. in Go-phase; no longer dividing and without replenishment

of carbon sources. After fixed amounts of time, aliquots are removed andtheir

viability is assessed by plating the cells in a dilution series on solid medium. This

lifespan is commonly regarded as model for postmitotic tissues (Chen et al.,

2005; Maskell et al., 2003; MacLean et al., 2001). However, only recently the

chronological ageing of yeast life span wasattributed to culturing conditions, in

particular the increasing acidity due to acetic acid as an end metabolite of

fermentation (Burtneret al., 2009).

Ageing yeast mother cells are morphologically characterised by an

increase in size and fragility, and a loss of the defined shape. Control over the

silenced mating type is less stringent towards the end of the replicative cycle,

which eventually leadsto sterility, followed by cell death (Smeal et al., 1996).

These changes can easily be observed when determining the replicative lifespan

of a mothercell (Egilmez and Jazwinski, 1989; Egilmez et al., 1990; Shamaetal.,
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1998; Kaeberlein et al., 2005b). The molecular changes which occur during the

replicative lifespan and senescence are well understood. A loss of Sir2-mediated

silencing at the telomeric and the mating typeloci, increasing genomicinstability,

as well as an increase in extrachromosomal rDNA circles (ERCs) are among the

characteristics of ageing cells.

Over the past decade, yeast has also established itself as a valuable model

organism in biogerontology, although with certain caveats (summarised in

(Gershon and Gershon, 2000). One of the major issues is that yeast cells do not

undergo programmed development andspecialisation into different tissues, since

yeast exists as single cell. It is therefore not possible to study homeostasis on

systemic levels, or the influence of neuroendocrine signalling on the senescence

process. Another issue is the phenotypic variance between different commonly

used lab backgroundstrains. Verifying identified longevity genes in multiple

backgrounds and against a S288c-derived strains (i.e. BY4741) has been

recommended (Kaeberlein et al., 2005b). Yet another point is the divergence

between strains which have been passaged in different laboratories for an

extended period of time andstrains isolated from natural environments; however,

this argument can be raised for all model organisms, and cell culture alike. And

last, most mechanisms for cellular maintenance are more intricate in higher

organismsthan they are in yeast. Nevertheless, yeast provides a powerful model

to delve into the abundance of molecular processes during senescence, and the

findings from yeast can betransferred into higher organisms.

Overall, recent advances in molecular mechanisms of ageing can also be

attributed to research in yeast as a model organism for ageing (Partridge, 2009;

Partridge, 2008; Steinkraus et al., 2008). The NAD*- dependent histone

deacetylase Sir2 was originally identified in yeast (Lin et al., 2000; Kennedy et

al., 1997; Rine et al., 1979), and has now been shown to be highly conserved and

be involved in the regulation of lifespan in C. elegans, Drosophila and mammals

(Griswold et al., 2008; Tissenbaum and Guarente, 2001; Vaziri et al., 2001).

Likewise Rpd3, a different histone deacetylase was identified to be crucial for

lifespan regulation in response to dietary restriction, and this has since been

confirmed in Drosophila as well (Jiang et al., 2002; Roginaet al., 2002).
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1.3.2. Ageing in Caenorhabditis elegans.

C. elegans has becomeestablished as a model organism overthe past four

decades. It is a nematode worm in thes Rhabditis family, with a small number of

cells, each visible under the light microscope with distinct somatic and germinal

lineage, and distinctive tissues, e.g. digestive system, muscles, neurons. C.

elegans developmental biology and genetics is well understood (Johnson etal.,

1984; Brenner, 1974). Importantly, any mutations or treatments can be studied

also with respect to worm behaviour. Thus, it provides the necessary complexity

to address questions on the effects of developmental or neuroendocrinesignalling

in longevity for example, which cannotbe studied in yeast.

The whole genome has been sequenced in 1998 with approximately

18,400 identified ORFs, of which a large number are homologues to mammalian

genes (Ruvkun and Hobert, 1998; C.elegans Sequencing Consortium, 1998). As

with yeast, there are extensive online resources readily available. Among the

advantages of this nematode are that it is self-fertilising; this allows for

constructing homozygous mutants without the need for backcrossing with

siblings. Not only are many conserved genes between C. elegans and mammals,

but development is also regulated through largely conserved mechanisms.

Finally, because the cell lineage is the same in any individual animal, it is

possible to perform single cell analysis in the context of a multicellular organism

(Kenyon, 1988).

Once hatched from fertilised egg, the worms undergo four larval stages

(L1-L4) before the final moulting to a reproductive adult. Depending on

environmental clues such as temperature or food availability or daf-22, a

pheromonereporting population density, a genomic programmecan be activated

which diverts the normal larval developmentto the so-called dauer larvae. Thisis

considered an alternative L3 stage, and is similar to fungal spores in that they are

resistant to suboptimal environmental conditions, dehydration, and food

deprivation for an extended amountof time. As soon as survival conditions turn

more favourable, this stage can be reverted, and the larvae progress through to

adulthood. Dauer can only be induced in larvae. Genes regulating the dauer

formation pathway are called “daf’-genes and were also found to be targets of
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other pathways and modulate longevity in adults (Mukhopadhyayetal., 2006;

Halaschek-Wieneret al., 2005; Hsuet al., 2003; Dormanet al., 1995).

C. elegans lifespan assays are easily performed and manipulated like in

yeast by genetical, environmental or pharmaceutical interventions. Age

synchronised worms are grown on solid medium and tested by prodding gently

with a needle. Those animals which do no longer respond to this insult are

deceased and will be removed. The numbers are tabulated (Sutphin and

Kaeberlein, 2009; Berman and Kenyon, 2006; Vanfleteren and Braeckman, 1999;

Lakowski and Hekimi, 1996).

C. elegans is particularly useful for studying developmental processes

whichare linked to longevity, such as formation of dauer larvae, as well as the

involvement of neuroendocrine signalling, in particular insulin signalling on

ageing, which is mediated through DAF-2. A reduction of insulin signalling in

worms extends lifespan in a DAF-16 dependent manner. DAF-16 is a forkhead

box (FOXO) transcription factor regulating the expression of genes for dauer

formation or reproduction (reviewed in (Broughton and Partridge, 2009; Meissner

et al., 2004; Lin et al., 2001a). Recent advances in the neuroendocrine signalling

pathway delved deeper in the mechanisms of insulin signalling and dauer

formation via DAF-2 and longevity, and revealed a novel role of steroid

signalling via DAF-12, an ubiquitous nuclear steroid receptor in the regulation of

lifespan (reviewed in (Kleemann and Murphy, 2009). Worms which are deletion

mutants for tryptophan hydroxylase (TPH), thefirst step and rate limiting enzyme

in the serotonin synthesis, show similar characteristics to DAF-2 mutants, and an

increase of lifespan in an insulin signalling dependent manner (Murakami and

Murakami, 2007).

Signalling from the germline also modulates longevity in worms, possibly

via a connection between the germline stem cells, fat tissue and lipid metabolism

(Wanget al., 2008). It was also foundthat the lifespan is positively or negatively

regulated by olfactory and gustatory neurons in worms (Alcedo and Kenyon,

2004). The reduction of protein synthesis in somatic cells in C. elegans leads to

lifespan extension, mediated via the eukaryotic mRNAtranslation initiation factor
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eIF4E, but deleting the germline specific isoform does not alter lifespan

(Syntichaki et al., 2007; Syntichaki and Tavernarakis, 2006).

Someissues which have to be taken into account when analysing lifespan

in particular in regard to DR or working with C. elegans are the fact that the use

of different food sources at standard concentrations, either axenic (synthetic

mixture of peptone, yeast extract) or monoxenic (E£. coli, and different strains

thereof), or complete removal of food sources have an influence on lifespan

which asks for careful analysis of interpretation of data on the effects of DR on

ageing (Kaeberlein et al., 2006b; Cypseret al., 2006; Lee et al., 2006). The most

commonly used worm strain is the Bristol N2 isolate or derivatives thereof;

therefore, data obtained from different research groups is comparable. However,

the question remains whetheridentified longevity genes are specific for this strain

or whether they also extend lifespan in other strains as well. Nevertheless, over

the past decade this model organism has contributed a great deal to our present

understanding of ageing (Partridge, 2009; Partridge, 2008; Johnson, 2008;

Partridge, 2007).

1.3.3. Ageing in Drosophila melanogaster.

Geneticists celebrate this year the one hundredth anniversary of

Drosophila as a model organism for genetics. In 1909, T.H. Morgan and his

group began with genetic studies in Drososphila (Morgan, 1909); thus wasset the

foundation for scientists to continuously develop tools and methods to dissect

molecular mechanismsofinheritance and recombination, among manyothers, in

the fruitfly. The whole genome was sequenced in 2000 (Adamset al., 2000;

Rubin, 2000). There are ongoing efforts to annotate the genes, and the number

has been estimated to be around 14,000 genes (Yandell et al., 2005), which is a

good 4500 genesless than C. elegans.

This difference constitutes an advantage of the fruitfly over other model

organisms, since the redundancy of similar genes is reduced, thus facilitating

analyses of single genes. There are extensive online resources at hand, and

commercially available mutant strains, which facilitate research on Drosophila.

The degree of knowledge and resources about Drosophila genetics allows for

single cell analysis, and unbiased mutation approaches are a powerful tool for
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dissecting complex processes, such as embryonic development, learning, sensory

perception, neuroendocrine signalling and ageing (Rubin and Lewis, 2000;

Rubin, 1988).

The developmentfrom egg to adult takes approximately ten days. The egg

hatches into the first instar larva, from there the organism passes through the

second andthird instar larva, all of which take one day. It then changes into the

pupa in a span of about three days, and finally, after four days, moults into the

adult fly. Lifespan assays of Drosophila are done by keeping flies separated by

gender at moderate density under required conditions. Dead flies are removed and

counted daily.

Recent advances in Drosophila ageing research include the findings that

the conserved insulin and TORsignalling pathways regulate lifespan (reviewed in

(Lim et al., 2006). Further, because the fruitfly has some specialised tissues that

resemble the organs of vertebrates, tissue-specific senescence can bestudied,

such as in the ageing cardiac tissue in Drosophila, which is characterised by

similar changes as in vertebrates, such as arrhythmias and failure. It was found

that the insulin signalling pathway is involved in regulating the age-dependent

decline of cardiac function (Luonget al., 2006) (and reviewed in (Shawetal.,

2008). The discovery that Drosophila also has self renewing intestinal stem cells

opens a great opportunity to study stem cells and ageing in vivo (Micchelli and

Perrimon, 2006; Ohlstein and Spradling, 2006).

Drosophila also sleeps, and sleep patterns change in olderflies, muchlike

in humansandrecent efforts identified a connection between physiological age

and sleep patterns. This area of research has experienced a lot of interest and

efforts are going into the identification of the precise relationship between ageing

and sleep (reviewed in (Shawetal., 2008); and (Lim etal., 2006).

Besides the genetics, Drosophila has also contributed to a large extent to

our present knowledge on endocrine signalling and ageing (reviewed in

(Toivonen and Partridge, 2009). One major focus is directed towards the

insulin/insulin growth factor signalling pathway (ILS), and cross-talk between

with other signalling pathways, such as dTOR. dTOR is the Drosophila

homologue of the mTOR, mammalian Target of Rapamycin, a highly conserved
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serine/threonine kinase which is involved in regulation of development, growth,

and metabolism in response to nutrient availability and was shown to have a role

in lifespan regulation in from yeast to vertebrates (reviewed in (De Virgilio and

Loewith, 2006). Reducing ILS in Drosophila was also found to extend lifespan,

as in C. elegans. There is novel evidence from Drosophila that the neuroamine

dopamine plays a role in the regulation of longevity and stress resistance

(Carboneet al., 2006).

1.3.4. Ageing in rodents and othervertebrates.

Ageing research in vertebrates such as rodents and primatesis in regard to

specialised mechanisms unique for mammals maybe the most insightful ageing

research. There are challenges to vertebrate experimental models however, such

as the complexity of the whole organism, the long lifespan ranging from three

years in rodents to over twenty years in primates, or the difficulties of generating

transgenic models, to name but a few issues. The advantages are obviously the

close relationship to humans, and findings are transferable between mammalian

species. Amongthe most prevalent models are rodents, and primates, but bats and

birds enjoy increasing attention as model organisms because their lifespan is

longer than that of earthbound mammals of the samesize, e. g. bats can live over

20 years (reviewed in (Munshi-South and Wilkinson, 2009).

Amongthe established mouse models of ageing are the Snell and Ames

dwarf mice, which have an extendedlifespan, although they are obese, and which

are described in some detail below (Schaible and Gowen, 1961; Snell, 1929).

There are a range of recently constructed transgenic mouse strains which are

models for age-related pathologies, such as Alzheimer’s disease, or segmental

progeroid diseases such as Werner ’s syndrome (reviewed in (Treuting etal.,

2002).

Dwarfmice are important models for ageing. Both are homozygousat one

locus on different chromosomes, whose products were identified to be involved

in the correct developmentof the pituitary gland. Snell mice are deficient in Pit-1

protein, and Ames mice lack Prop-1, Prophet ofpit-1, so called because during

embryonic development of the pituitary gland it appears one day before Pit-1

expression is induced. Both mice completely lack the cells (somatotrophs,
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lactotrophs and thyrotrophs) which produce growth hormone (GH), prolactin

(PRL), and thyroid stimulating hormone (TSH) (Sornsonetal., 1996; Li et al.,

1990). Pups from dwarf litters are the same size as normal mice, but subsequently

growth is retarded and adult Snell and Ames miceonly reach about 1/3 of normal

mice. They also have a somewhat differently shaped head and are with some

(male) exceptions notfertile, in particular the female mice. However, they can be

easily obtained from crossing two mice heterogeneousfor this locus (reviewed in

(Bartke et al., 2001).

The reason why these mice are such interesting models for longevity

research is the fact that the absence of GH, PRL, and TSH lead to extreme

longevity, which has only been matched so far by the impressive lifespan

extension through dietary restriction (DR), which is discussed later in this

chapter. This prolonged period of life has mainly been attributed to the lack of

GH and consequently reduced peripheral levels of insulin-like growth factor 1

(IGF-1) (reviewed in (Bartke et al., 1998). Furthermore, in Ames mice liver and

kidney tissue the activity of catalase is significantly increased, and Cu/Zn

superoxide dismutase is upregulated in the hypothalamus (Hauck and Bartke,

2000; Brown-Borg and Rakoczy, 2000). Body core temperature was determined

to be persistently 1.5 °C lower than in normal mice even in conditions which are

known to raise or lower core temperature (Hunteretal., 1999).

Although these dwarf mice lack GH, PRL and TSH, the main impact on

lifespan extension is thought to result from impaired GH signalling, because in

mice where the GH receptor/GH binding gene was disrupted, a significant

lifespan extension was observed as well as a 50% reduction in adult body size

(Coschiganoet al., 2000).

The naked mole rat (MR) is another rodent model that recently gained

spotlight attention of research into mechanisms which determine longevity. The

long lifespan of almost 30 years compared to other rodents of the samesize, and

its enhanced resistance to oxidative damage to proteins make the MRa particular

interesting target biogerontologists. Recent reports compared the levels of protein

stability and resistance to oxidative stress between mice and the naked mole rat

(MR) (Andziak et al., 2006). Their findings are intriguing. MRs are known to
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reach the age of over 28 years, but are similar size to mice which only live about

4 years. They report that oxidative damage to tissue in this longlived species is

overall higher than in mice of comparable age. Proteomic analysis revealed that

proteins from MR have muchhighercysteine contents than those of mice (Perez

et al., 2009b).

The authors speculate that this makes MRs moresusceptible for oxidative

damage to peripheral cysteines, as is shown by the high steady state levels of

protein oxidation in young MRs,but at the same time cysteines which are not

exposed may contribute to enhanced stability and be moreresistant to loss of

structure and function. In MRsthe proteasomeactivity is also higher throughout

the life of the MRsthan that of mice, and even increases in the senescent MRs.

This leads the authors to speculate that superior management of protein quality

control together with a tightly regulated redox-state of proteins are probably

important factors of the exceptional longevity of this animal.
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1.4. MECHANISMS OF LONGEVITY REGULATION.

While manytheories have been formulated about the evolution of ageing,

and the effect of damage on longevity, there is one signalling pathway which

seems to be emerging as the master regulator of lifespan: the insulin/IGF-like

signalling (ILS) pathway. Detailed knowledge of the ILS andits importantrole in

cellular energy distribution and endocrine signalling has been discovered in the

early second half of the twentieth century, but only recently, strong evidenceis

emerging that ILS is also a crucial factor in longevity regulation.

1.4.1. Insulin/ IGF-like signalling (ILS) pathway.

The ILS pathway is highly conserved in higher eukaryotes (Figure 1.1.),

but early precursors offactors in this signalling cascade werealready identified in

such ancient multicellular organisms like sponges from the order Porifera

(Skorokhod et al., 1999), and even yeast has homologues for components of the

ILS pathway, in particular the nutrient sensing branches such as Sch9, the

putative homologue of or maybe precursor for both AKT/PKB and ribosomal

protein S6 kinase, and TOR1 which were found to be involved in the regulation

of longevity (Urbanet al., 2007; Kaeberlein et al., 2005c; Fabrizio et al., 2001).It

may indeed bethat this particular pathway played a role in the development of

multicellular organismsitself (Skorokhodet al., 1999).

The simple key elements of ILS are the insulin receptor, a receptor

tyrosine kinase, which either phosphorylates Insulin Receptor Substrate 1 (IRS1),

or phosphatidylinositol 3 kinase (PI3K), such as AGE-1 in nematodes (Figure

1.1.). The cascade passes along the cell membrane where phosphatidylinositol-

3,4-bisphosphate (PIP2) and then phosphatidylinositol-3,4,5- trisphosphate (PIP3)

are produced. PIP3 is required for the activity of phosphoinositol dependent

protein kinase 1 (PDK1) at the cell membranein orderto activate protein kinases

such as AKT/PKB. From there, the signal can be directed towards different

branches, e. g. TOR kinase or the Ras-activated mitogen signalling pathways, and

eventually is transmitted into the nucleus by translocation of AKT or other

kinases to the nucleus where forkhead box (FOX) transcription factors are

phosphorylated (Daf-16, FOXO or FKHR), upon which they are inactivated and
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Figure 1.1 Key elements of the insulin signalling pathway in mice, Drosophila

and C.elegans.
The species-specific components of ILS are indicated in blue under the

corresponding factors; M, mice; D, Drosophila; C, C. elegans. The Insulin ligand

binds to the IR, which is a receptor tyrosine kinase. Upon binding the ligand, IR

autophosphorylation is induced and the signal is transduced either to AGE-1 in

wormsorflies, or via IRS (worms, flies and mice) to PI3K, which converts PIP2 into

PIP3. This leads to activation of PDK and PK. From there, the signal is transmitted

into the nucleus, where transcription of FOXO genes is switched off by

phoshporylation of the forkhead transcription factors, which leave the nucleus upon

being phosphorylated.
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leave the nucleus. Thus, ILS negatively regulates expression and decreased

insulin signalling increases expression of FOX target genes. Insulin receptors (IR)

and insulin or IGF-1 are expressed in various tissues, importantly also in the

central nervous system (CNS)and there is cross-communication between the ILS

pathwayand othersignalling pathways.

In C. elegans, the insulin/IGF signalling receptor DAF-2 and the catalytic

subunit of PI3K, AGE-1, which is activated in response to insulin binding were

the first longevity genes identified (Dorman et al., 1995; Kenyon et al., 1993).

Deletion mutants have extended lifespans. DAF-16 was later identified as the

FOX-Otranscription factor downstream the insulin signalling pathway (Ogget

al., 1997). The DAF-genes are involved in the dauer formation pathway, which

also governs lifespan, and DAF-16 targets regulate genes which positively

regulate longevity and dauer formation, whereas reproductive developmentis

suppressed (Ohetal., 2006).

In Drosophila, the relationship between ILS and longevity is more

complex. Only some mutants in the insulin signalling pathway extendlifespan,i.

e. mild reductions of Inr (insulin like receptor) or chico (insulin receptor

substrate) increase female lifespan over 50% and cause small flies which are

sterile (Clancy et al., 2001; Tatar et al., 2001). Deletion mutants for Inr are not

viable, unlike in worms, where all DAF-2 knockoutsare longer lived.

Vertebrates have three related insulin receptors: insulin receptor (Insr), the

Igfl receptor (Igf-1R), and insulin receptor related receptor (Inrr), and the

relationship between insulin signalling and longevity is more complex again.

There is good evidence that effects of ILS on lifespan are tissue-specific in

mammals. The reduction of ILS in neuronal and adipose tissue seems to be

mainly responsible for extending lifespan, as was shown for the brain-specific

Insulin receptor substrate 2 (Irs2) knockout mutants. In contrast, global Irs2

deletion causes Diabetes type II, whereas global Irs1 knockout extended lifespan

and improved age-associated functional decline of glucose homeostasis (Taguchi

et al., 2007; Withers et al., 1998). FIRKO mice, fat-specific insulin receptor

knockout, have a 20% longer median and maximal lifespan than controls, and

reduced body fat mass (Bluheret al., 2003; Bluheret al., 2002).
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Recent evidence also highlights the importance of ILS in

neurodegenerative diseases (reviewed in (de la Monte and Wands, 2005). Brain

glucose metabolism andILSsignalling seems to be impaired in ADpatients, but

currently it is not clear what mechanisms evoke this. However, insulin signalling

accelerates beta amyloid peptidetrafficking from the trans-Golgi network into the

plasma membrane, and thus promotes accumulation and formation of plaques

(Gaspariniet al., 2001).

1.4.2. Cellular redox status and ILS.

Although there is no direct experimental evidence that the Free Radical

theory of ageing is the reason and cause for ageing, it cannot be disputed that

endogenous reactive oxygen species play a role in the regulation of lifespan.

There is ample evidence that the redox state of cells is connected to ILS and the

increased load of endogenous ROS in an ageing organism contributes to the

deterioration of (IL-) signalling and a shift in the cellular redox state towards

more oxidative conditions as physiological age progresses (reviewed in (Droge

and Kinscherf, 2008; Giannakou and Partridge, 2007; Kenyon, 2005) and

(Pouyssegur and Mechta-Grigoriou, 2006; Gerald et al., 2004). The first evidence

for a detailed mechanism towards this connection comes from a knockout mouse

where a subunit of the AP-1 transcription factor, junD/, has been deleted

(Laurentet al., 2008). This mutation decreases lifespan, which can be rescued by

supplementation of antioxidants in form of administration of N-acetyl-cysteine

(NAC)in drinking water.

In their work, the authors find that these knockout mice suffer from

consistent hyperinsulinemia which they can attribute to increased angiogenesis in

pancreatic islets. This is caused by an increase in ROSload in pancreatic tissue

found in the junD/ mouse, which upregulates the proangiogenic factor hypoxia

inducible factor 1 a (HIF-1a) signalling and promotes pancreatic vasculature. In

insulin-responsive tissue where JunD is not expressed, the authors found an

increase in tyrosine phosphorylation of IR, and further downstream degradation

of FoxOl.

The proposed pathway ofhow increased ROSsignalling can influence ILS

is as follows. It has been shownpreviously that B cells do not express high levels
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of antioxidants, presumably because ROSsignalling is involved in pancreatic

angiogenesis (Lenzenet al., 1996), and ROS have recently been shown to act as

secondary messengers in glucose-stimulated insulin secretion (Pi et al., 2007).

Accumulation of ROS induces HIF-1a, and this stimulates expression of vascular

endothelial growth factor A (VEGF-A), which in turn promotes angiogenesis, and

vasculature of pancreatic B cell islets. This increases the vesicular basement

membrane which signals back to B cells. This was shown to positively regulate

insulin gene expression (Nikolovaet al., 2006). This circuit presumably increases

insulin secretion, because the authors found increased phosphorylation of insulin

receptor and AKT in liver tissue, which does not express JunD as control

(Laurent et al., 2008). ROS have also been shown to activate the mitogen

activated protein kinase (MAP) Jun N-terminal kinase (JNK), and in Drosophila,

JNK-signalling does regulate stress resistance and lifespan by modulating ILS

(Wanget al., 2005a). This is the first detailed mechanism of how ROSand ILS

interact and may regulate longevity.

In C. elegans, the JNK homologue JNK-1 was shown to be negatively

regulated by DAF-2-mediated insulin signalling. This increases DAF-16

phosphorylation and exit from the nucleus, which correlated with shorter

lifespans and sensitivity to heat and oxidative stress (Neumann-Haefelin etal.,

2008). Activation of JNK signalling increases lifespan and resistance to stress.

The nexus which coordinates ILS versusstress or longevity is the insulin receptor

specific adaptor protein SHC-1, the worm homologue for human p52shc.

1.4.3. Longevity pathwaysin yeast.

Longevity regulation in yeast has been a rather controversial field in the

past decade. Until now around 50 longevity genes have been reported,

(Kaeberlein et al., 2002b). Many of these genes have only been assessed in one

background strain which poses a problem if it is a short lived strain, because in

this case the putative longevity gene may simply rescue the phenotype which

causes the reduction in lifespan (Spencer and Promislow, 2002). Further,

mechanistic details for most of the longevity genes are lacking.

In a comprehensive study using the longlived strain BY4742, Kaeberlein

and colleagues (Kaeberlein et al., 2005b) have attempted to unify and identify
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longevity genes by measuring the replicative lifespan of a large number of

deletion mutants from the gene deletion database. This backgroundstrain is

related to S288c, the yeast strain which was used to sequence the yeast genome

(Cherry et al., 1997). They confirmed few genes which were identified earlier,

and discovered a number of novel genes which negatively regulate lifespan

(Figure 1.2.). When these genes are deleted yeast replicative lifespan is extended,

whichindicates that their function has a negative influence on lifespan.

Kaeberlein et al. identified FOB/, the replication fork barrier protein

whichis localised to the replication fork block in the rDNA and which promotes

mitotic rDNA recombination events. The proposed mechanism by whichit

reduces lifespan is the formation of extrachromosomal rDNA circles (ERCs),

which are formed occasionally during replication when the replication fork is

stalled in an open position at the replication fork block. This promotes

recombination of rDNA tandem repeats due to the highly repetitive structure of

this locus. The recombined repeats are excised and form ERCs. ERCs were

thought to be the cytoplasmic senescence factor which limits the lifespan of

mothercells, and the deletion of FOB/ extends mothercell lifespan by reducing

the formation of ERCs (Defossez et al., 1999; Defossez et al., 1998; Sinclair and

Guarente, 1997).

Further genes which were identified are HXK2, the main hexokinase

isoenzyme during fermentation which is generally regarded as a genetic mimic

for DR due to impaired phosphorylation of glucose for entrance into glycolytic

pathways. The glucose receptor GPR/, the subunit GPA2 of the glucose receptor

associated G protein fall into the same category. SCH9, the putative homologue

for AKT/PKB kinase or S6 ribosomal protein kinase was identified among the

longevity regulating genes as well. These genes are interesting because in yeast,

the reduction of glucose in the growth medium from the standard 2% to 0.5%

(DR) has been shown to extend lifespan in a number of backgroundstrains. The

mechanism of DR-mediated lifespan extension is highly controversial until today

(Kaeberlein et al., 2005c; Anderson et al., 2003; Lin et al., 2002). A number of

other genes, e. g. HSP104 and PNCI/ increased lifespan, although not

significantly.
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Genedeletions Change

whichsignificantly in % of Description of gene function

affect lifespan control

foblA* 42 loss of tDNA recombination and silencing,

rDNAreplication

31 G protein alpha subunit of Gprl1 glucose
gpa2A* receptor; parallel to Ras/PKA/cAMPpathway;

putative DR mimic

gpr1A* 28 G protein coupled glucosereceptor; parallel to
‘ Ras/PKA/cAMPpathway;putative DR mimic

Axk2A* 34 Glucose kinase (glucose-6-phosphate),

putative DR mimic

ia 38 PKB/AKTor ribosomal S6 kinase homologue;
sch9A ; .

putative DR mimic

20 Nutrient- and growth factor-responsive PI3-
torlA . ; .

like kinase; putative DR mimic

0.05% glucose* 21 severe DR

2x SIR? OF* 25 increased silencing, decreased rDNA

recombination

h ‘ -63 increased rDNA recombination, telomeres
prlA ;

maintenance

hpr5sA (srs2A) * -42 increased rDNA recombination, DNA damage
mptsA* -36 decreased rDNAsilencing

rad52A* -62 rDNA recombination; DNA damage

sos1A* -60 yeast homologue for WRN; rDNA

8 recombination, DNA damage
— -30 Sin3-Rpd3 histone deacetylation complex,

sin3A ;
chromosomal maintenance

-47 loss of rDNAsilencing and increased

sir2A* recombination, managementof oxidatively

damaged proteins

-22 RNApolII mediator complex subunit,
sohlA* ;

telomere maintenance

cytlA* -36 electron transport chain

pde2A* -29 high affinity phosphodiesterase

hp lA* -47 mitochondrial inner membrane chaperone;

P"P defective mitochondrial segregation

hb2A* -45 mitochondrial inner membrane chaperone;

P defective mitochondrial segregation
-30 GTP-binding protein; Ras/PKA/cAMP

ras2A* . ;
signalling

-19 activating subunit of Snfl kinase, yeast

snf4A* homologue of AMPKkinase; regulates

responsesto starvation

sodlA* -89 Cu/Zn superoxide dismutase
 

Table 1.1. Genes which affect yeast lifespan.

All genedeletions were tested in the BY4742 backgroundfor the effect on lifespan by Kaeberlein and

colleagues (Kaeberlein et al., 2005b). Gene deletions in green extendlifespan, indicated in red are

mutations which decrease lifespan. Changesin replicative lifespan were matched against a BY4742

parentstrain and expressedas percentof control.
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Genes which shorten lifespan are generally not considered to be genes

which under physiological conditions positively regulate longevity, with the

exception of SZR2. Manyofthe deletions which shorten lifespan can beattributed

to DNA repair and maintenance, such as RAD52, or SGS/. Others are found in

mitochondria, such as CYT/, cytochrome C, or MPT/, an inner mitochondrial

membrane chaperone. The reason for that is becauseit is difficult to differentiate

whether such a mutation is involved in regulation of longevity or whether loss of

this gene leads to an impairmentof function to a degree which disrupts cellular

homeostasis. S/R2 is an exception to that because overexpression of S7R2 extends

lifespan.

SIR2, Silent Information Regulator, was first discovered in yeast as the

crucial component for gene silencing in the mating type and later telomeric and

rDNAloci (Smith and Boeke, 1997; Gottschling et al., 1990; Klar et al., 1979;

Rineet al., 1979). It was later identified to be a novel class of histone deacetylase,

because SIR2 is an NAD’- dependenthistone deacetylase which is notsensitive to

trichostatin A, such as HDAor RPD3 (Smith et al., 2000). The mechanism by

which overexpression of SJR2 extends lifespan is thought to be via an increased

pool of Sir2 protein which is relocalised to the nucleolus. There it increases

rDNAsilencing and improvesstability of this locus. This reduces the formation

of ERCs, and thus promotes longevity of mother cells (Smithet al., 1998).

Further pathways which were suggested to be involved in yeast lifespan

regulation are retrograde signalling between mitochondria and nucleus. This

response is mediated by the transcription factors subunits Rtg] and 3, whereas

Rtg 2 supports the translocation of this transcription factor from the cytosol into

the nucleus. However, in the comprehensive study of longevity regulating genes

the deletions of RZJGI-3 shortened lifespan slightly, which makes an

interpretation of the effect of the retrograde response on lifespan difficult.

Another pathway previously involved in lifespan regulation is Snfl kinase

signalling, the yeast homologue for mammalian AMP-activated protein kinase

(AMPK)(Lin et al., 2003; Ashrafi et al., 2000). In their analysis, the authors find

that the deletion of the gene for Snfl kinase interacting protein S/P2 leads to a

loss of silencing and an increase in ERC formation and promotes an ageing
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phenotype compared to age-matched parent cells. The deletion of SNF4, Snf 1

kinase activating subunit, extends lifespan and alleviates the accelerated ageing

phenotype resulting from sip24 (S/P2 deletion mutation) in the S288c

background. Kaeberlein’s findings that the deletion of SNF4 leadsto a significant

reduction of lifespan, whereas the deletion of S/P2 leads to a slight lifespan

extension despite the similar backgroundstrains are contradictory (Table 1.1.). At

present, there is no valid explanation for these opposing findings. Again, none of

the components in this pathway significantly extended lifespan, which does not

support a general conclusion that these pathways are important regulators of yeast

lifespan (Kaeberlein et al., 2005b)

Mitogen activated protein kinase signalling pathways are conserved even

in yeast, where five MAP-kinase pathways have been identified, among them the

osmolarity responsive Hog1 kinase, which is the yeast homologoue of p38

(Brewster et al., 1993). p38 in higher organismsis involved in stress signalling

(reviewed in (Roux and Blenis, 2004). In yeast, Hog] was shown to recruit the

nutrient sensing protein kinase Sch9 which wasidentified to be a longevity gene

(Pascual-Ahuir and Proft, 2007; Kaeberlein et al., 2005c). Identified downstream

gene targets of the HOG-pathway are for example C7TT/, a cytoplasmic catalase

(Schuller et al., 1994) and the small heat shock protein HSP/2 (Varela etal.,

1995). Hog! was also shown to recruit the histone deacetylase Rpd3 (de Nadalet

al., 2004), which was identified to be involved in dietary restriction (DR)

mediated lifespan extension in yeast (Jiang etal., 2002).
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1.5. SMALL HEAT SHOCK PROTEINS AND THEIR ROLEIN AGEING.

1.5.1. Heat shock proteins: a briefoverview.

Drosophila has been introduced in previous sections as a model organism

which over the past century has contributed to major advances in our

understanding of multiple cellular and physiological processes. It is not surprising

then that heat shock proteins (Hsps) were first characterised in this organism as

well, in cultured cells some thirty years ago (McKenzie and Meselson, 1977;

McKenzie et al., 1975; Tissieres et al., 1974). The heat shock response was

described several years earlier by Ritossa (reviewed in (Ritossa, 1996) when he

discovered that chromosomesexhibited a different puffing pattern when cells had

been exposed to heat. It was found that as the transcription and translation of

most proteins were downregulated, there were a few whose mRNA was

upregulated and that were increasingly present on SDS-PAGE. Heat shock

proteins were then discovered as functionally and structurally conserved proteins

from bacteria to mammals (Mercket al., 1993; Ingolia et al., 1982; Ingolia and

Craig, 1982).

Heat shock proteins are either induced in response to stress or

constitutively expressed in cells and they are found in all cellular compartments.

Generally, the inducible protein is called heat shock protein (Hsp), and the

constitutively expressed version is the heat shock cognate (Hsc). Their tasks

range from assisting the proper folding of newly synthesised polypeptide chains,

controlling correct assembly or disassembly of multimeric protein complexes,

supervising maturation of receptors and escort intracellular trafficking and

membranetranslocation.

Cellular homeostasis depends on proper protein homeostasis, mediated by

heat shockproteins. There is increasing evidence that disturbances in any ofthese

processes characterise many different types of diseases, such as cancer, or

neurodegeneration, and ageing (reviewed in (Tower, 2009; Morimoto, 2008).

Indeed, the previously discussed signalling pathways ILS and JNK,together with

heat shock factor (HSF)signalling, regulate the expression of heat shock proteins

in responseto stress, and there is good evidence for a positive correlation between

stress resistance and longevity (Rattan et al., 2009; Johnsonet al., 2001).
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The expression ofall classes of Hsps is regulated in three ways. They can

be constitutively expressed and regulated during growth and development; they

are constitutively expressed and inducible; or they are only inducible. The

transcription factors involved in the regulation of Hsp-expression are the

universally conserved Heat Shock Factors (Hsf). Invertebrates and yeast have one

(HSF1), whereas mammals have HSF1, 2 and 4, and avians express all four

HSF1-4 (reviewed in (Morimoto, 2008). HSF1 is universally expressed andstress

responsive in all organisms (Moskalev et al., 2009; Singh and Aballay, 2006;

Pirkkala et al., 2001; McMillan et al., 1998). HSF2 is developmentally regulated

and important for neuronal stress resistance, whereas HSF4is cell-type specific

and associated with crystallin-expression (Fujimoto et al., 2004; Sistonen et al.,

1992).

Under physiological conditions HSF1 is retained in the cytosol as a non-

DNAbinding monomerstabilised by Hsp90/70/40 family members.It is thought

upon stress the increase in unfolded or damagedproteinstitrates the Hsps away

from HSF1, thus releasing the monomers upon whichthey translocate to the

nucleus. There, they form homotrimers which recognise and bind to the heat

shock element (HSE) in promoters of heat shock genes. HSF repression or

transcription can be modulated by phosphorylation, sumoylation and acetylation

of the homotrimerat conservedsites (reviewed in (Voellmy, 2004).

Hsps form classes ranging from small, around 10 kDaproteins to over 110

kDa, and their nomenclature is classed according to their molecular weight, e.g.

Hsp70/DnaK.Large classes are highly conserved, whereas small Hsps are not

usually conserved over different species, with the exception of the a-crystallin

family of sHsps which is found in yeast and vertebrates (reviewed in (Morimoto

et al., 1997; Becker and Craig, 1994; Lindquist and Craig, 1988). The currently

best described classes are Hsp100, Hsp90, Hsp70, Hsp40 and the a-crystallin

family members of sHSP. Each class consists of several Hsps some of which are

specific for organelles, e. g. the yeast Kar2 (Hsp70 family member) which is

localised to the endoplasmic reticulum (ER) (Rose et al., 1989), or Sscl to

mitochondria (Liu et al., 2001). Some heat shock proteins are essential, such as
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Kar2, whereas others share redundant functions, such as yeast Ssal, 2, 3 and 4,

members from the same family (Deshaieset al., 1988).

Hsps are thought to recognise exposed hydrophobic stretches of

unfortunate peptide chains which got stuck in energetically unfavourable

conformations. All Hsps can “hold” misfolded peptides, whereas refolding into

the appropriate structure is strictly regulated by the Hsp70 family and by co-

factors such as Hsp40 which control ATP hydrolysis (Obermannet al., 1998;

Freeman and Morimoto, 1996; Langer et al., 1992). Further, folding and

disaggregation is mediated by Hsp104/Hsp60 family members, and in yeast,

Hsp42 and Hsp26 support the disassembly of large protein aggregates (Cashikar

et al., 2005; Haslbeck et al., 2005; Weibezahn etal., 2004).

1.5.2. Regulation ofheat shock protein expressionin yeast.

In yeast, two types of stress-responsive elements, HSE or STRE,are found

in promoters of heat shock genes and other stress responsive genes such as

catalase CTT]. They are recognised either by the conserved Hsfl (HSE), an

essential winged helix-turn-helix DNA binding domaintranscription factor; or the

partially redundant, evolutionarily not conserved, non essential zinc finger

domain DNAbinding Msn2/Msn4transcription factors, which recognise and bind

to the stress response element (STRE) (Martinez-Pastor et al., 1996; Sorger and

Pelham, 1988; Sorger and Pelham, 1987). Larger heat shock proteins in yeast are

mainly induced by Hsfl (Wu andLi, 2008), whereas small Hsps such as Hsp12

or Hsp26 can be regulated by both Hsfl and Msn2/Msn4(Fergusonetal., 2005;

Amorosand Estruch, 2001). Hsfl mainly induces genesin responseto heatstress,

whereas Msn2/Msn4arealso activated by other stresses, such as low glucose or

osmotic stress (Thevelein and de Winde, 1999).

Hsfl binds to strong promoters under physiological conditions and

regulates expression of Hsps which are essential for maintenance of cellular

homeostasis. Msn2/Msn4 are negatively regulated by the Ras/PKA/cAMP

signalling pathways. Recently, this pathway was also found to regulate Hsfl-

induced expression of Hsps, which was shown by different phosphorylation

patterns of Hsfl depending on whether it was activated by heat shock or PKA

signalling (Fergusonetal., 2005). Another important finding of this group was an
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Hsf1-dependent upregulation of sHsps (HSP/2 and HSP26) in cells where PKA

had been deleted. This seemed to be specific only for some Hsps, because

expression of HSP/104 was only marginally increased and no effects on Hsp70

family members such as SSA3 or SSA4 as well as HSP8&2 were detected.

Since the Ras/PKA/cAMP pathway is the classical nutrient sensing

pathway and modulation, i. e. downregulation of PKA signalling by deleting

several catalytic or regulatory subunits of PKA has been used as a genetic mimic

of dietary restriction, this could have potential implications on the mechanismsof

how dietary restriction extends lifespan in yeast, and the role of small heat shock

proteins. In line with this, a recently published study found that Hsf1 antagonises

Torl mediated signalling in yeast. Torl is the nonessential member of two

homologous Torl and Tor2 proteins, which associate in TORC1 and TORC2.

They havepartially overlapping functions, e. g. Tor2 can be part of TORC1, but

not vice versa; but their roles in cellular homeostasis are in general different. Tor1

is involved in metabolic signalling, growth, transcription and translation, whereas

Tor2 is essential in yeast and governs cell cycle progression, and actin

polymerisation (Loewith et al., 2002). Among proteins which were found to be

upregulated in response to rapamycin treatment, a potent Torl-inhibitor (Stan et

al., 1994), were also Hsps, in particular Hsp12 (Bandhakavi et al., 2008), a

member of the sHsp Hsp9/Hsp12 superfamily which does not contain an a-

crystallin domain, and which seems to be uniqueto fungi.

1.5.3. Heat shock proteins in ageing and age-associated pathologies.

As mentioned above, Hsps can be regulated by HSF and FOXO

transcription factors. In C. elegans, Drosophila and mammals, the three

signalling pathways HSF, JNK and ILS converge upon HSF or FOXO to

positively or negatively regulate Hsp-expression. It should not be surprising then

that an importantrole of Hsps, interestingly also of the less conserved small Hsps,

is emerging as guardians of the proteome and regulators of lifespan. The many

roles of Hsps in maintaining cellular homeostasis include removal of oxidatively

damaged or misfolded proteins, activation of the chaperone-mediated autophagy

pathway (CMA), or amelioration of toxic protein aggregates in neurons.
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Consequently, failure of Hsps to properly assist these processes results in

neurodegenerative diseases or impaired autophagy which also reducesthe ability

to dispose of toxic aggregates. These diseases are commonly referred to as

chaperonopathies (Macario and Conway de Macario, 2005). Possible reasons for

a decline in the efficiency of Hsps to perform their functions could be that with

increasing age, the ability of the organism to induce Hsp is declining, as was

shown in rats and mice (Nardai et al., 2002; Vasilaki et al., 2002), and Hsps

themselves become increasingly targets of oxidative damage (Erjavec et al.,

2007).

Cancer has also been associated with heat shock proteins. Upregulated

levels of Hsp72 are found in many human tumoursandpositively correlate with

the type of cancer and poor prognosis (Volloch and Sherman, 1999; Volloch and

Sherman, 1999). It has recently been suggested that Hsp72 has multiple roles,e.

g. in tumorcells expressing either mutant PI3K or oncogenic Ras-isoforms,it is

required to suppress either p53-dependent or p53-independent induced

senescence pathways (Gabai et al., 2009). The exact mechanisms have not been

elucidated yet.

Finally, Hsps were also found to be immunogenic, which can be caused by

structural alterations or posttranslational modifications. If these proteins are

exposed to the immunesystem,this can lead to autoimmunediseases, because for

example antibodies against HSP47 were found in patients with autoimmune

diseases, but not healthy subjects (Macario and Conway de Macario, 2005).

Tight control of Hsp levels is very important, since Hsp-expression at

inappropriate times or in inappropriate tissues can cause devastating effects.

However, the timely induction of Hsps in response to mild stresses has been

strongly associated with extended life and good health and will be discussed in

the next section.

 

36



Chapter 1. Introduction
 

1.6. THE INFLUENCE OF DIETARY RESTRICTION ON LIFESPAN

EXTENSION.

Ageing describes the loss of vitality over time because of an increase of

entropy in a living organism; or the diminishing chances to continue living as

chronological age progresses. Lifespan is not only subject to entropy,it is also

regulated by signalling pathways, as was discussed in earlier sections. These

signalling pathways in turn can be modulated by environmental cues, such as

nutrient availability. Indeed, over the past century dietary restriction has been

identified to be a powerful intervention which can extend health and lifespan to

over 30% ofthe lifespan of control animals.

1.6.1. Beneficial effects ofDR on mammalian model organisms and humans.

The first and most powerful of these interventions is dietary restriction

without malnutrition (DR). A reduction of at least 20% of the daily caloric intake

of an organism has been shown to be the most powerful environmental impact

factor to extend lifespan of invertebrates and vertebrates alike to longer than 30%

of the lifespan under ad libitum conditions (Houthoofd and Vanfleteren, 2006;

Partridge et al., 2005; Jiang et al., 2000; McCayet al., 1935). Although this

phenomenon was first discovered in rodents, most recent advances in the

molecular mechanisms of how DRextends lifespan have been achieved in

invertebrate models.

It is not clear how exactly DR exerts its beneficial effects on an organism,

in particular the question of how it delays the age-specific mortality rate is at the

centre of the debate. There is evidence for either a delayed onset of the age

associated changes (but it does not slow down ageing once it has begun), or a

general slowing down of the ageing process (reviewed in (Masoro, 2006a). One

issue with both explanationsis that so far no general biomarkers of ageing have

been identified, or been agreed on yet, which could pinpoint the “beginning” of

ageing.

Nevertheless, the extension of average and maximum lifespan has been

observed in rodents (McCayet al., 1935) and other model organisms. DR extends

the replicative and chronological lifespan of yeast (Lin et al., 2002; Fabrizio et

al., 2001), it was found in C. elegans (Houthoofd et al., 2002) and Drosophila
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(Rogina et al., 2002) and recently, after completion of a study spanning twenty

years also in primates (Colmanet al., 2009).

The general physiological changes in mammals which are associated with

DRare first of all reduced weight and body fat mass as well as lower body

temperature, and onset of sarcopenia is delayed (Colmanet al., 2008; Raman et

al., 2005; Laneet al., 1996; Weindruchetal., 1986; Yu et al., 1982). Reductions

of incidents of cardiovascular failure and occurrence of cancer are further

pathological changes which correlate with DR (Weindruch and Walford, 1982).

Increased sensitivity towards insulin signalling and better glucose homeostasis,

therefore reduced susceptibility towards diabetes Type II has also been shown

repeatedly in DR-studies (Gres]et al., 2003).

The big question everybodyis interested in is quite obviously whether DR

extends lifespan in humans, followed closely by whether there is any

pharmacological intervention which mimics DR while food intake would not

haveto berestricted below ad libitum levels. There are no data to answer this so

far, although there are preliminary data from people whovoluntarily undergo DR.

Before this is discussed, a few considerations need to be introduced. First ofall,

humanlifespan has increased almost 60% over the past century, mainly because

medical advances,better sanitation and conditionsofliving that reduced mortality

due to infectious diseases. Despite the fact that there is an increasein daily caloric

intake and obesity, life expectancyis still increasing (reviewed in (Everitt and Le

Couteur, 2007).

The preliminary data on the beneficial effects of DR in humansreveal

similar trends in the aforementioned changes which were observed in mammalian

models. A number or studies have been performed in the past decade, and the

findings range from decreased visceral fat/adipose tissue, lowered activity of the

sympathetic nervous system and decrease in core body temperature, decreased

counts of white blood cells, via improved blood glucose levels and insulin

sensitivity, to improved function of the left ventricle (diastolic function)

(reviewed in (Fontana and Klein, 2007) and (Riordanet al., 2008; Fontanaetal.,

2007; Heilbronn et al., 2006; Weiss et al., 2006; Taylor and Keys, 1950).
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Amongthe agents which havea potential to be DR mimetics are naturally

occurring or chemically synthesised compounds such as_ plant-derived

polyphenolic molecules, e. g. resveratrol, or the glycolysis inhibitor 2-deoxy-D-

glucose (Zhuet al., 2005; Ingram et al., 2006). Resveratrol has gained a lot of

attention recently because of its putative activating effect on Sir2/SIRT-family

members, in particular SIRT1, which is thought to mediate at least some of the

beneficial effects of DR on mammals (Bauret al., 2006). Since it is thought that

DRacts beneficially on a large number of metabolic processes,it is difficult to

predict whether compounds which only target one process would result in the

overall improvements whichare observed with DR.

1.6.2. Biological mechanismsofDR.

A numberofhypotheses have been proposed on how DRextendslifespan,

such as growth retardation, and reduction of body fat, reduction of metabolic rate

or attenuation of oxidative damage (Masoro, 2005). One of the currently best

accepted overarching concepts of DR action is the Hormesis hypothesis. When an

insult, such as a toxic chemical is applied at different concentrations, it can evoke

altogether different responses in the same organism. This is the basic concept of

Hormesis. In the context of ageing, Hormesis has been used as a hypothesis to

describe how DRcan extend lifespan, i. e. DR as a mild repeated stress exerts

beneficial effects on cellular homeostasis (Masoro, 2006b; Rattan, 2001).

There is experimental evidence for the hormetic actions of DR in model

organisms via expression of Hspsat beneficial levels. It was found in transgenic

C. elegans that young animals, which had stronger expression of HSP-16.2-GFP

than age-matched wormsin response to a conditioning heat pulse lived longer

(Rea et al., 2005). Further, overexpression of HSP-16.2 alone can increase

lifespan (Walker and Lithgow, 2003). Increased Hsp22 expression correlated with

better stress resistance and longevity in Drosophila strains which were selected

for longer lifespan over approximately 80 days (Kurapati et al., 2000). In support

of these observations, the deletion of Hsp22 was found to decrease lifespan and

stress resistance, whereas moderate overexpression with a GAL4/UASsystem

extended lifespan (Morrowet al., 2004a; Morrowet al., 2004b). Overexpression

of Hsp22 in these studies took place during development and in young animals.
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In contrast, ubiquitous high-level overexpression of Hsp22 with a tet-on system

in Drosophila in adult flies decreased life expectancy andstress resistance (Bhole

et al., 2004). These data indicates that timing and degree of stress and the

corresponding levels of heat shock proteins expression are important. In yeast, the

hormetic effect was shown to extend replicative lifespan by increasing the

expression of a stress-responsive enzyme PNCI which reduces NAM

concentration in the nucleus (Andersonet al., 2003), and among the moststrongly

induced yeast mRNA in response to stress are two small heat shock proteins

HSP12 and HSP26.

The second mechanism which hasgained attention as a target of DR is the

ILS pathway. The early mutations which extend lifespan in worms, Drosophila

and mice were found to be components of the ILS (Bluheret al., 2003; Clancyet

al., 2001; Kenyonet al., 1993). This hypothesis has been extended to include

IGF-1 and GHsignalling since the discovery that in mice, where the growth

hormone receptor/binding protein (GHR/BP) has been disrupted, lifespan is

extended with higher levels ofplasma growth hormoneand reduced plasmalevels

of IGF-1 (Coschiganoet al., 2000).

1.6.3. Molecular mechanismsofDR.

Advancesof the past years in research into the molecular mechanisms of

DR action are mainly thanks to yeast and other invertebrate models. Several

possible pathways and targets of DR have been identified, which have

homologuesin higher eukaryotes, e. g. TOR, and SCH9. The disruption of TOR/

and SCH9signalling in yeast extended replicative lifespan, which could not be

further extended by DR,andthis wasalso foundto be the case in worms andflies

(Hansenet al., 2007; Kaeberlein et al., 2005c; Kapahiet al., 2004). Amongthe

many targets of TOR-signalling which are reduced during DR, a decrease in

ribosomal biogenesis has been proposed to have a major impact on lifespan

extension, which has been found in yeast and C. elegans and whichis thought to

involve SCH9-mediated signalling further downstream to TOR/-signalling, the

yeast homologue for S6 ribosomalprotein kinase (Steffen et al., 2008; Hansen et

al., 2007; Urbanet al., 2007; Kaeberlein et al., 2005c). More direct evidence for

this pathway wasrecently published by Selman and colleagues (Selmanetal.,
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2009), which constructed a transgenic mousestrain where ribosomal S6 kinase 1

had been deleted. Lifespan in these animals was extended, and many ofthe

phenotypes which have been observed in DR animals were found as well in

S6K17/mice such as reduced body fat mass and better physical performance.

This provides strong evidence that a reduction of the anabolic components of ILS

and TOR signalling via S6 kinase integrate several signals, such as nutrient

availability and thus positively or negatively regulate lifespan.

Besides mTOR and ILSsignalling, neurons have been implicated to

mediate lifespan in invertebrates. Studies on sensory perception in C. elegans

have shown that either loss of chemosensory ability in all neurons, or ablation of

olfactory and gustatory neurons can extend lifespan (Alcedo and Kenyon, 2004;

Apfeld and Kenyon, 1999). Further studies on the involvement of neural

perception in DR mediated longevity in C. elegans identified two necessary

afferent neurons in the head of wormscalled ASI neurons, which are required for

integrating information on food availability and cellular energy levels. Ablation

of the ASI neurons prevented the effect of DR in worms (Bishop and Guarente,

2007b). A transcription factor, SKN-1, was identified to be necessary for this

response. SKN-1 is the worm homologue of the mammalian NF-E2 related factor

(Nrf2) proteins, which regulate expression of antioxidant genes (Nguyenetal.,

2009).

However, as was shown in a later study the relationship between several

tissue-specific isoforms of SKN-1 and lifespan extension is complex. Disrupted

DAF-2 signalling led to the accumulation of SKN-1 in intestinal nuclei induced

by AKT mediated phosphorylation, the worm homologue of p38. This was not

observed in the ASI neurons. In agreement with this observation, overexpression

of SKN-1 in intestinal cells lead to lifespan extension in skn-/ deletion mutation

strains (Tullet et al., 2008).

Mechanismsof DRin C. elegans are subject to controversy, since DR can

extend lifespan in the absence of DAF-16, the FOXOtranscription factor whichis

negatively regulated by DAF-2/ILS pathway(Greeret al., 2007; Houthoofdetal.,

2003). This has lead to the suggestion that ILS is in C. elegans not involved in

DR. However, both transcription factors DAF-16 and SKN-1 have overlapping
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target genes. Since SKN-1 is involved in lifespan extension in a tissue-specific

mannerin both ASI neuronsandintestinal cells, perhaps SKN-1 rather than DAF-

16 integrates stimuli from the ILS. Thus, the possibility remains that ILSisstill

involved in DR-mediated lifespan extension in worms via the ASI/SKN-1

connection.

In Drosophila, the peculiar observation was made that when flies which

were kept on DR regime were exposed to odours of food, lifespan was no longer

extended (Libert et al., 2007). The same study also showed that if a

chemoreceptor was deleted which is present in all neurons, lifespan was

significantly extended, and DR in these animals resulted in a smaller increase

compared to wildtype animals. This indicates an underlying partially common

mechanism between DRand neuronalperception of “food”.

The mitochondrial electron transport chain in neurons was also found to

be involved in DR response and lifespan regulation as a modulator of energy

levels, because when the human uncoupling protein UCP2, which uncouples ATP

generation from the proton gradient in the mitochondrial membrane, was

overexpressed in fly neurons, lifespan was also found to be extended (Fridell et

al., 2005).

Research in the past decade, and particularly the past five years have

identified the main framework of the systemic response to DR, many of which are

conserved from yeast or invertebrates to mammals. What is now going to advance

our understanding of these processesis to fill in this framework with precise

mechanisms. Yeast as a well studied model organism with a large number of

conserved genes and processes is at the forefront of research in DR mediated

lifespan extension.
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1.7. MECHANISMS OF DR-MEDIATED LIFESPAN EXTENSIONIN YEAST.

1.7.1. Dietaryrestriction and hypotheticaleffects on yeast ageing.

As wasdiscussed in previous sections, research into ageing in the past

years has provided increasing evidence that universal cellular processes regulate

lifespan in all eukaryotes (Guarente and Kenyon, 2000). The strongest evidence

for this is provided by the findings in various model organisms that dietary

restriction (DR) is able to extend lifespan (Bishop and Guarente, 2007; Merry,

2005; Partridge et al., 2005). However, the precise molecular mechanisms by

which DRincreases longevity in diverse species have not been identified yet.

Although this phenomenon was first discovered in rodents, recent

advances in elucidating the mechanism which regulate this phenomenon have

been achieved in yeast. DR in yeast can be induced by reducing the concentration

of glucose in yeast growth media from the standard 2 % to 0.5 % or below. This

was was shown to increase both replicative and chronological lifespan

irrespective of genetic background (Smith, Jr. et al., 2007; Fabrizio et al., 2005;

Linet al., 2002; Jiang et al., 2000).

The effect of glucose limitation in extending yeast replicative lifespan is not

disputed, but the mechanism remains controversial. Three main models have been

suggested, two of whichcentre on the evolutionarily conserved NAD*-dependent

histone deacetylase, Sir2 (Figure 1.2.). When yeast is grown in glucose-restricted

medium, they induce the moreefficient respiration rather than fermentation. This

was suggested to increase the NAD*:NADHratio, and thus increase Sir2 activity

(Lin et al., 2004; Lin et al., 2002; Lin et al., 2000) (Model 1). Alternatively

(Model 2), it was suggested that DR acts in a more hormetic manner by

increasing expression of the stress-responsive nicotinamidase Pncl. This leads to

the degradation of the endogenousSir2 inhibitor nicotinamide (NAM), whichis

also a side-productof the Sir2 deacetylation reaction. This again upregulates Sir2

activity (Andersonet al., 2003). Both Models then feed into the same downstream

pathway of activation of Sir2 leading to increased rDNAsilencing repeats,

decreasing the formation of extrachromosomal rDNA circles (Sinclair and

Guarente, 1997) and thusretarding ageing.
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Model1 Model 2 Model 3
Lin SJ et al, Anderson RM etal, Kaeberlein M etal,
Nature 2002 Nature 2003 Science 2005

Dietary restriction Dietary restriction Dietary restriction
1

| |
Increased respiration Increased Pncl expression

Increased NAD/NADHratio Decreased nicotinamide levels

= |

 
IncreasedSir2 activity Torl/Sch9 inhibition

¢
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Increasedsilencing ,

’
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secreasedrDNA recombination’
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Decreased ERC generation _,’
a

Lifespan extension y

Figure 1.2. The three praposed pathways of how DRextendslifespanin yeast.
Model 1 and 2 act via tHe same pathway downstream of Sir2 activation, but they
suggest different upstrearn mechanism which lead to an increased activity of Sir2.

The third pathway omits Sir2-mediated gene silencing altogether, but there is

evidence which implicates reduced activity of the nutrient kinase Torl/Sch9

signalling pathways. However, the exact mechanism has not been elucidated yet, as

is indicated by the broken arrow.
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However, there is evidence that DR can extend lifespan in several sir2

deletion strains (Kaeberlein et al., 2004; Jiang et al., 2002). This instigated

research into a third mechanism (Figure 1.2, Model 3), which indeed omits Sir2-

dependentsilencing, but proposes that lifespan is extended via inhibition of the

Tor and Sch9 kinase signalling pathways (Kaeberlein et al., 2005b; Kaeberlein et

al., 2004). The downstream molecular mechanisms of Model 3 which lead to

lifespan extension are not entirely clear, but they have been linked to reduced

ribosomal protein biogenesis (Steffen et al., 2008; Kaeberlein et al., 2005c).

Although these Sir2-independent effects of DR have later been attributed to the

activation of Sir2 homologues, such as Hst2, which were suggested to affect

again the rDNAsilencing and reduced recombination mechanism, no conclusion

has been reached on this proposed mechanism (Medvedik and Sinclair, 2007;

Lamminget al., 2005) (but see (Kaeberlein et al., 2006).

1.7.2. rDNA in cellular senescence.

The yeast rDNA locus has been intimately linked to cellular senescence

since the discovery that Sir2 in ageing cells is redistributed from the telomeres to

the hypothetical AGE locus, which wasidentified to be the nucleolus (Kennedy

and Guarente, 1997). In yeast, the rDNA is the only repetitive locus, unlike the

mammalian genomewhichcontains vast stretches of tandem repeats on multiple

chromosomes (Figure 1.3.). The modular structure of the rRNA genesis

conserved between yeast and higher eukaryotes, therefore, mechanismsregulating

yeast rDNA recombination may also be conserved (reviewed in (Reeder, 1999).

The 9.1 kb rDNA geneexists as a multicopy gene on chromosome XII with up to

200 identical copies in one cell (Petes and Botstein, 1977).

Remarkably, only half of the rDNA copies are actively transcribed in

yeast, and theothersare transcriptionally silenced (Ciociet al., 2003). The whole

array encompasses approximately 15% of the total genome and occupies its own

niche in the nucleus, the nucleolus, a crescent shaped structure which covers

roughly a third of this organelle (Oakes et al., 1993; Oakes et al., 2006). The

nucleolusis also the site of ribosomal biogenesis, which is interesting considering

that translation takes place in the cytosol (Planta and Raue, 1988).
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Figure 1.3. The modular structure of yeast ribosomal DNA located on

chromosome12.

Abbreviations: L, left arm of chromosome; R, right arm of chromosome; CEN12,

centromere of chromosome 12; rDNA, ribosomal DNA, NTS1/2, non transcribed

spacer1 or 2, respectively; ARS, autonomousreplication sequence; RFB,replication

fork block. The arrowsindicate the orientation of the genes.
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The modular structure of the rDNA with the tandem repeats, each one

containing an origin of replication and a replication fork barrier site, renders this

locus very susceptible to double-strand breaks which can induce homologous

replication; hence the maintenance of copy numbers and DNArepairis important

to preserve the stability of this locus (Petes, 1980).

The connection between rDNA and longevity has long been established

(Defossez et al., 1999; Defossez et al., 1998). Extrachromosomal rDNA circles

(ERCs) were first suggested in 1997 as one cause which leads to senescence in

yeast (Sinclair and Guarente, 1997). Double-strand breaks induce the excision of

one or more tandem repeats which form circles, ERCs, with similar properties to

highcopy plasmids. Because of the replication origin, ERCs_ replicate

autonomously during each round of cell replication. They are segregated in

mother cells and not distributed to daughter cells. In old mother cells up to 500

individual ERCs were found.

According to the Models suggested by Lin in 2002 and Anderson in 2003

(Anderson et al., 2003; Lin et al., 2002), the preservation of rDNA stability

induced by increased silencing and consequently reduced recombination events

and ERCsis the key effect of DR leading to increased longevity. However, there

is some controversy regarding ERCsin cellular senescence. Other studies showed

that mutations in DNA replication genes or a hyperrecombinant mutation do

affect rDNA stability and lead to premature senescence, but ERC formationis not

increased in these cases (Hoopes et al., 2002; Merker and Klein, 2002).

Nevertheless, it is generally agreed that rDNA stability is an important factor in

cellular senescence.

Only recently, additional roles of the rDNA locus have been suggested.

Prokopowich (Prokopowichet al., 2003) reported a positive correlation between

rDNA copy numberandtotal genomesize, and, taking this observation even

further, Kobayashi (Kobayashi, 2008) formulated a hypothesis stating that the

high copy number of rDNA genes (of which only 50% are active at any point in

time) has a protective effect on the genome as a whole. These additional, albeit

silenced gene copies lead to an increased susceptibility of this locus to DNA

damage. Therefore, the DNA repair apparatus is constantly involved in rDNA
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repair. Also, this activates checkpoint controls responding to DNA damage.

Hencethe whole system is “primed” and reaction times to damage in non-rDNA

loci are minimised. The precondition for this priming is an unstable region in the

genome, and Kobayashi suggests that this is an additional role for the rDNA

locus, and nucleolus, and thus provides yet again another link between the rDNA,

ageing, and cellular senescence.

1.7.3. Environmental and genetic impacts on rDNA.

Research into yeast ageing over the past decade has revealed a plethora

of environmental and cellular stimuli, signalling pathways, and control points

which contribute to senescence, and alternatively, which can be manipulated to

extend lifespan in all model organisms used for studying ageing (Houthoofd and

Vanfleteren, 2006; Partridge et al., 2005; Warner, 2005; Hekimi et al., 2001;

Guarente and Kenyon, 2000). Particularly in yeast, some of these pathways were

recently found to converge at the level of the rDNA.It was found that the rDNA

is either stabilised by directly modulating the structure via chromatin reassembly

through histone modification or associated complexes, such as Fobl, or the

overexpression of Sir2. Alternatively there is increasing evidence that they

directly control the rate of ribosomal biosynthesis. The evidence for the

correlation between the reduction of ribosomal biosynthesis and increased

lifespan is compelling.

Several gene deletions which were identified by Kaeberlein (Kaeberlein et

al., 2005c) in their comprehensive screen for lifespan extending deletion mutants

have in the meantime been shown to be involved in the rate of ribosome

synthesis, in particular the TOR/ and SCH9 deletion mutants. Classically, the

cAMP/PKA-signalling pathway is the main nutrient-sensing pathway, and a

reduction in PKA signalling has well established to increase lifespan and slow

down the rate of ribosomal biosynthesis. In their study, Kaeberlein et al

(Kaeberlein et al., 2005c) verified also the two kinases Torl and Sch9 as

longevity genes. It may not be surprising that Torl was positively identified in

this work, considering the vast web of cellular functions and signalling pathways

from nutrient availability to stress response that are underits control (Reiling and

Sabatini, 2006). Among manyother processes, the scope of which is too wide to
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be covered here, Torl positively regulates ribosome and protein biosynthesis in

response to nutrient availability (Honma et al., 2006). Torl itself is also

physically associated with the 35s rDNA promoter under normal growth

conditions, and it was found to dissociate from the rDNA andleave the nucleus in

response to starvation, indicating that Torl plays an active role in gene

expression, especially rDNA genes(Liet al., 2006).

Kaeberlein also identified Sch9 kinase as a longevity factor (Kaeberlein et

al., 2005b; Kaeberlein et al., 2005c). A role for Sch9 as a longevity gene was

previously described in the context of chronological lifespan extension as

homologue for the mammalian AKT/PKB kinase. More recently, the model of

Sch9 as AKT/PKB-homologue was somewhatchallenged by evidencethatit is a

major target for Torl, or TORC1 in mammalian cells, and required for correct

transmission of Torl signals to regulate ribosome biogenesis and translation

initiation. This role is covered by S6 kinase in mammalian cells, not by

AKT/PKB,whichis a target for mTORC2 (Urbanetal., 2007). The significance

of this finding that Sch9 is a longevity gene in yeast is highlighted by the recent

study which identified the mammalian S6 kinaseas a crucial regulatorof lifespan

in mice and C. elegans (Selman et al., 2009). Another geneidentified as longevity

gene by Kaeberlein has for a long time been utilised as a genetic mimic for DR:

hexokinase isoenzyme 2, HXK2, which is the main glucose kinase during growth

on glucose and thus acts upstream of any glucose-metabolising pathways.It also

translocates to the nucleus where it suppresses transcription of other glucose

kinases; thus acts as positive regulator for its own expression.

This overwhelming amount of evidence for how DR may exert its

beneficial effect on lifespan seemingly being united at the nucleolus and the

rDNAcasts an important light on the mechanisms of maintenance of rDNA and

nucleolar stability, translation control and consequently silencing and

recombination under physiological and pathophysiological conditions.

Although it is generally assumed that rDNA recombination is held in

check by Sir2-induced rDNAsilencing, it is known from the FOB/ deletion

mutant that silencing and recombination can be uncoupled in the rDNA,e. g. one

of the longestliving strains is a fob/A deletion mutant, despite the loss of Sir2-
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mediated silencing in the rDNA. The protein Fob1l is a member of the RENT

complex, which is exclusively localised to the rDNA, in particular to the non-

transcribed spacer region 1 (NTS1), where the replication fork block is localised.

The RENT (REgulator of Nucleolar silencing and Telophase exit) complex

contains Netl, which is required for Sir2-mediated silencing, Sir2 and Cdcl4, a

phosphatase whosefunction is necessary for telophase exit. In cells lacking Fob],

RENT is no longer localised to NTS1, however, it is still found at NTS2

including Net1 and Sir2 (Huang and Moazed, 2003).

Recently, a novel mechanism of how rDNAis stabilised has been

described (Mekhail et al. 2008). Tethering of rDNA repeats to the inner nuclear

membrane via the CLIP complex was shown to be important for rDNAstability.

Loss of members of the CLIP complex increased recombination without

compromising Sir2-mediated silencing. Members of CLIP are conserved from

yeast to mammalian cells. The model suggests that CLIP-member Heh1 connects

via Lrs4 to Sir2 and the RENT complex. This ensures that the rDNA repeats are

safely secured to the inner nuclear membrane.

Although it has been shown recently that DR reduces rDNA

recombination events (Riesen and Morgan, 2009; Smith et al., 2009), which

emphasises the importance of maintaining the stability of the rDNA, the exact

mechanisms ofhow DR impacts onthis particular locus remain to be elucidated.

 

50



Chapter 1. Introduction
 

1.8. AIMS OF THIS THESIS.

The overarching aim of the work presented here was to identify and

characterise novel pathways which regulate longevity in eukaryotic cells, in

particular in response to DR. To this end, S. cerevisiae was used as a model

organism. In yeast, three controversial mechanisms have been proposed on how

DR extends the replicative lifespan. Two of these mechanisms postulate an

increase in Sir2-mediated gene silencing which ultimately leads to a reduction of

ERCs,although they differ in the activation of Sir2 (Andersonetal., 2003; Lin et

al., 2002). The third mechanism omits Sir2 activity and gene silencing, but

instead suggests a reduction of the nutrient sensing Torl/Sch9- kinase signalling

which reduces the ribosomal biogenesis (Kaeberlein et al., 2005c). However,this

mechanism hasnot been characterised in detail.

Taking these controversial models as a starting point for this thesis, the

first objective was therefore to test the three models and possibly verify the

mechanismsby whichtheyact.

The second objective was based on the observation that in a sir24 deletion

strain, high molecular weight aggregates of oxidatively damagedproteins are no

longer segregated in the mother cell during replication, and that chaperones

sustained elevated oxidative damage in these cells (Aguilaniu et al., 2003;

Erjavec et al., 2007; Erjavec and Nystrom, 2007). An unbiased proteomics based

approach using gelfiltration chromatography was chosen in order to test whether

DRreduces the accumulation of high molecular weight aggregates.

The third objective was to use the above presented approach to identify

proteins which are differentially expressed in response to DR. The rationale

behind this procedure was that proteins whose expression changes, i. e. are

upregulated in response to DR maybenecessary for lifespan extension.

The fourth objective followed on from the previous findings and dealt

with characterisation of phenotypes and protein function of the candidates

identified in the unbiased proteomic approach.

 

51



 

CHAPTER2.

MATERIALS & METHODS

 



Chapter 2. Materials and Methods
 

2.1. CHEMICALS AND REAGENTS.

Yeast strains (TAP-tag, GFP-tag, and deletion mutants) were obtained

from ResGen, now Invitrogen Clones, Paisley, UK, or AutogenBioclear, Calne,

Wilthshire. Chemicals and reagents for yeast culture and transformation were

obtained from the following companies: Foremedium, Strumpshaw, Norwich and

Sigma-Aldrich, Poole, Dorset. Genomic DNA from yeast was extracted using the

Y-DER yeast DNA extraction kit by Perbio Science UK Ltd. Cramlington,

Northumberland. 5’-Fluororotic Acid (FOA) was obtained from Apollo Scientific

Ltd, Stockport, Cheshire. Rapamycin was from Calbiochem, Lutterworth, UK.

GFP-tagged yeast cells were cured with Prolong® Gold antifade from Invitrogen

Paisley, UK. Restriction enzymes were supplied from New England Biolabs,

Hitchin, Hertfordshire or Promega UK Ltd, Southhampton, Hampshire. Reagents

for PCR reactions were obtained from Invitrogen (Taq), or Promega (GoTagq),

and Phusion™ Hot Start High Fidelity DNA polymerase was ordered from

Finnzyme, Espoo, Finland, EU. Hyperladder I as visual reference for DNA

agarose gel, and 5x DNA loading buffer was obtained from Bioline LtD, London,

and the agarose gel was supplemented with SYBRSafe DNA stain from

Invitrogen. Mini-, Midi or Maxiprep, PCR purification, and Gel extraction kits

were used from Qiagen, Crawley, West Sussex UK, or Sigma. Glutathione

sepharose was obtained from GE Healthcare, Little Chalfont, Buckinghamshire

UK.Proteinase inhibitor cocktail tablets with or without EDTA were supplied by

Roche Applied Science, Burgess Hill, West Sussex, UK. Acid-washed glass

beads for yeast lysis were ordered from Sigma. BioRad protein assay solution

from BioRad, Hemel Hempstead, UK was used for the Bradford assay. All

reagents for SDS-PAGE were supplied by National Diagnostics, Atlanta GA,

USA,except the molecular weight markers SeeBlue® Plus2 and Novex® Sharp

prestained markers, which were from Invitrogen. Agarose and acrylamide gels,

and transfer to nitrocellulose were done in systems from BioRad. Blocking buffer

was supplemented with skimmed milk powder from Tesco. Gels and yeastplates

were imaged in a BioRad Universal imager with QuantityOne software. 96 well

plate assays were read in an Emax microplate reader and data was acquired with

Softmax software from Molecular Devices, Sunnyvale, USA. Oligonucleotides
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were synthesised by Sigma Genosys, Havenhill, Suffolk, and plasmids were

sequenced at The Sequencing Service, University of Dundee, Dundee, Scotland.

All other chemicals were obtained from Sigma-Aldrich, Poole, Dorset.

2.2. SOLUTIONS AND BUFFERS.

2.2.1. Yeast culture media.

YPD media (1 1). 20 g Peptone, 10 g yeast extract powder and D-glucose directly

added to the medium or from a 50 % (w/v) stock solution to the required

concentration.

YPD agar (1 1). 20 g Peptone, 10 g yeast extract powder, 20 g agar, and D-

glucose directly added to the medium or from a 50 % (w/v)stock solution to the

required concentration.

Synthetic complete Kaiser mixture (11). 6.7 g of yeast nitrogen base supplemented

with complete or drop-out mixture according to the manufacturer and the required

glucose concentration as above.

2.2.2. Bacterial culture media.

LB medium(11): 5 g NaCl, 10 g Peptone, 5 g yeast extract powder.

LB agar(II): 5 g NaCl, 10 g Peptone, 5 g yeast extract powder, 20 g agar.

SOC medium (Il): 0.5 g NaCl, 20 g peptone, 5 g yeast extract, 16 ml sterile

glucose solution (50 % w/v).

Supermedium (1 1). 5 g NaCl, 15 g Peptone, 25 g yeast extract powder.

2.2.3. Molecular biology and recombinant GST-Hsp12 and GST-Hsp26

purification.

TAE buffer (50x). 2 M TRISbase, 1 M acetic acid, 50 mM EDTA,pH 8

Homemade DNAloading buffer (6x): 0.35 % (w/v) orange G, 0.2% Bromophenol

blue, 30 % (w/v) sucrose.

Breaking buffer. 0.1 M HEPES-KOH pH 7, 5 mM MgCl, 2 mM BME,0.5 M

KCl

Glutathione Elution buffer. 50 mM Tris-HCl pH 8, 10 mM L-glutathione

reduced, 1 mM BME,10 % (v/v) Glycerol
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2.2.4. Yeast lysis and TAP-pulldownassaybuffers.

Yeast non-denaturing lysis buffer (NDLB). 150 mM NaCl, 50 mM TRIZMA base,

pH 8, 10 % glycerol (NDLB10), or 20 % glycerol (NDLB20), with 1 tablet of

protease inhibitor cocktail per 10 ml NDLB, and 5 ul / ml Sigma proteinase

inhibitor cocktail.

NP40 Buffer (TAP pulldown). 6 mM Na,HPO,, 4 mM NaH,PO,*H,0, 1 %

NONIDETP-40, 150 mM NaCl, 2 mM EDTA, 50 mM Naf,4 pg / ml leupeptin,

0.1 mM Na3VOQ,.

Low Salt NP40 Elution Buffer (10 ml). NP40 buffer supplemented with additional

250 mM NaCl(final concentration 400 mM NaCl).

High Salt NP40 Elution Buffer (10 ml). NP40 buffer supplemented with

additional 1 M NaCl(final concentration 1.15 M NaCl).

2.2.5. SDS-PAGE.

Running buffer. 25 mM Tris, 192 mM Glycine, 0.1 % (w/v) SDS,pH 8.3

Resolving gel (0.375 M Tris, pH 8.8, 12 % acrylamide, for 2 gels): 3 ml 30 %

Acrylamide/Bisacrylamide (37.5:1); 4.45 ml H,O; 2.5 ml 1.5 M Tris-HCl pH 8.8;

50 pl SDS 20 % (w/v), 10 pl N,N,N,N-Tetramethylethylenediamine (Temed), 125

ul APS (10 % w/v). Different concentrations of acrylamide were calculated

according to the following formula: Volume of Acrylamide in ml = 10*(X % / 30

%); Volume ofMQH,O in ml = 7.45-[10*(X % / 30 %)].

Stacking gel (0.125 M Tris pH 6.8, 4 % acrylamide, for 2 gels): 1.3 ml

Acrylamide/Bisacrylamide (30 %); 6.2 ml MQH,O; 2.5ml 1.5 M Tris-HCl pH

8.8; 50 pl SDS 20 % (w/v), 10u1 N,N,N,N-Tetramethylethylenediamine (Temed),

125ul APS (10 % w/v).

2x Laemmli buffer. 4 % SDS, 20 % glycerol, 10 % B-mercaptoethanol, 0.004 %

Brompohenolblue, 0.125 M Tris HCl, pH 6.8.

Colloidal Coomassie Blue stain. 1 EtOH : 9 ProtoBlue.

Coomassie Brilliant Blue R (500 ml). 1.5 g Coomassie Brilliant Blue R, 270 ml

MeOH,45 ml Acetic Acid.

Destain solution: 14 % acetic acid, 7 % ethanol.

2.2.6. Western Blotting

Transfer buffer. 25 mM TRIZMA base, 192 mM Glycine, 20 % MeOH.
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Low molecular weight transfer buffer. 25 mM TRIZMA base, 384 mM Glycine,

40 % MeOH.

PBS (1x). 1.9 mM KH,PO,, 8.1 mM Na,HPO, : 7 HO, 150 mM NaCl, pH 7.4.

TBS (1x). 20 mM TRIZMA base, 140 mM NaCl, pH 7.4.

TBS-T (1x). 20 mM TRIZMAbase, 140 mM NaCl, pH 7.4, 0.1 % Tween.

Stripping buffer. 7 mM NaCl, 1 mM Glycine, pH 2.5.

ECL Reagent A (100 ml). 1 ml luminol (0.0443 g / ml DMSO), 440 ul p-coumaric

acid (0.0148 g/ ml DMSO), 10 ml 1 M Tris-HCl pH 8.5.

ECL Reagent B (100 ml). 60 11 HO, (30 %), 10 ml 1 M Tris-HCl pH 8.5.

2.3. YEAST.

2.3.1. Strains usedinthis study.

The genotypesof the strains used in this study are listed in Appendix A,

Table 1. BY4741 parent, deletion mutants, TAP-tagged or GFP-tagged strains

were obtained from ResGen, now Invitrogen Clones, or AutogenBioclear, Calne,

Wiltshire, UK. The strains JS122 and JS128 carrying Ty::mURA3 as a marker

were a kind gift from Jeffrey Smith, University of Virginia, Charlottesville VA.

Strain JS122 has the reporter module inserted in an unidentified location outside

the rDNA, whereas in JS128, the reporter is inserted in the non-transcribed spacer

region 1 (NTS1) of the rDNA (Smith and Boeke, 1997). The strain AEY 1017

was a kind gift from Dr Jessica A. Downs, University of Sussex. The strain

AEY1017 has the URA3 geneinserted in the left telomere of chromosomeVII in

the W303a background (Meijsing and Ehrenhofer-Murray, 2001) (Figure 2.1. a

and b). Localisation of the marker in the rDNA and confirmation of the gene

deletions was performed with PCR using primers indicated in Appendix Table 2.

The expected product sizes for confirmations are listed in Appendix Table 3, and

a representative agarose gel with PCR-products for strain and marker

confirmation is shown in Appendix Figure 1.

2.3.2. Yeast culture media.

Yeast synthetic media were prepared according to the instructions of the

manufacturer and supplemented with D-glucose to the required concentration.

Yeast starter cultures were grown overnightor until they reached the required
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a)
Chromosome VII-L (Telomere)

ADH4
‘ = promoter 

 

b)
rDNA

NTS2 NTS1

— 58 Ty-mURA3 35S ————   

Figure 2.1. Location of URA3 and Ty-mURA3in the telomeric and rDNA

reporterstrains.
The direction of the arrowsindicates the orientation of the marker gene. The models
are notto scale.
a) The URA3 markeris inserted under the control of the ADH4 promoterintheleft
telomere of chromosomeVII (adapted from Gottschling et al. 1990).

b) The optimised URA3 reporter gene with a minimal TRP-promoter (mURA3)is

inserted in the NTS1 of the rDNA (adapted from Smith and Boeke, 1997).
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OD6go0 in a shaking incubator at 30 °C and 300 rpm.Solid selective media

were prepared from synthetic complete Kaiser or dropout media and

supplemented with 0.05 %, 0.5 %, and 2 % D-glucose from a 50 % (w/v) stock

solution. Media for silencing assays (synthetic complete Kaiser (SC), synthetic

uracil drop-out

(-ura), and SC supplemented with FOA (FOA) wereprepared as follows: double

strength stock solutions for solid or liquid media (with or without agar,

respectively) of the required media were prepared, diluted with the respective

amountofsterile MQH,O supplemented with 50 % glucose stock to obtain either

0.05 %, 0.5 %, or 2 %, glucose.

For FOA supplemented media, unless otherwise indicated, solid FOA was

dissolved in sterile-filtered DMSO and added to the growth media to obtain a

final concentration of 1 mg/ml FOAandfinal concentration of 1 % (v/v) DMSO,

i.e. 20 mg FOAin 0.2 ml DMSOin 20 ml medium.

Liquid cultures were routinely grown at 30 °C at 300 rpm,and plates were

incubated at 30 °C for 2 to 4 days.

For drug sensitivity or stress assays, YPD plates were supplemented with

drugsas detailed in Chapters 3 and 5.

2.3.3. Construction ofdeletionstrains.

Deletion strains for the listed chromosomal genes were constructed in the

backgroundstrainsas follows.

In AEY1017: FOB/, HSP12, HXK2, RPD3, SIR2.

In JS122: FOB1, GPR1, HSP12, HXK2, RPD3, SCH, SIR2, and TOR!.

In JS128: FOBI, HEHI, HSP12, HSP26, HXK2, RPD3, SCH9, SIR2, and

TORI.

The BY4741 hsp26A strain was commercially obtained, however, the

hsp26Ahsp12A double deletion mutant was constructed by disrupting the HSP/2

ORF with the HJS3MX6cassette amplified from the plasmid pFA6a-HIS3MX6

as described in Chapter 5 (Wachet al., 1997; Longtineet al., 1998; Wachetal.,

1994; Wach, 1996). The BY4741 sch9A was not available commercially;

therefore, the SCH9 ORF was disrupted by amplifying the cassette from the

plasmid pFA6a-kanMX4 (Wachetal., 1996) as detailed in Chapter3.
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Figure 2.2. The PCR-based ORF disruption strategy from an existing deletion strain.

Blue: chromosomal DNA;orange: wildtype ORF; green; deletion cassette kanMX4

(geneticin resistance); open box: double stranded PCR product.

a) This depicts the ORF (i) and deletion cassette (ii) with corresponding primers.

b) i) Amplification of the deletion cassette from an existing strain.ii) Transformation ofa

parentstrain with the double stranded PCRproduct.iii) Confirmation of successful knock-

out with specific kan primers.
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Figure 2.3. The PCR-based ORF disruption strategy from a plasmid.

Purple: chromosomal DNA;orange: wildtype ORF;green; deletion cassette kanMX4

(geneticin resistance); open box: double stranded PCR product.

i) Amplification of the deletion cassette from a plasmid carrying the kanMX4

cassette with the 45 nucleotides upstream and downstream primersofthe desired

ORF.ii) Transformationofa parent strain with the double stranded PCR product.111)

Confirmation of successful knock-out with specific kan primers.
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Generally, deletion mutants in background strains other than BY4741 were

constructed by PCR-mediated gene disruptions with the kanMX4-deletion

cassette amplified from the BY4741 deletion mutant as described previously

(Schiestl and Gietz, 1989; Gietz et al., 1992; Longtine et al., 1998) (Figures 2.2. a

and b).

Successful disruptions were confirmed by plating the freshly transformed

cells on G418, and nutritional selection. The correct insertion of the inserts was

confirmed by PCR-amplification off genomic DNA with the primers listed in

Appendix Table 2.

Competent cells were prepared as follows in order to receive high

transformation efficiency: Fresh 50 ml YPD was inoculated with 25*10’ cells

from an overnight culture. The cells were grown to a density of at least 2*10’

cells/ml, harvested in 25 ml MQH,O, then washed in 1 ml 100 mM Lithium

Acetate (LiAC) and resuspended in 400 pl 100 mM LiAC. To 50 ul ofthis

solution, 240 pl 50 % PEG, 36 pl 1M LiAC, 50 pl salmon sperm single strand

DNAand 34 ul of the deletion strain PCR-products were addedin this order. The

PCR product does not need to be purified for the transformation. The cells were

vortexed for 1 min, incubated at 30 °C for 30 min, spun down at 7,000 g for 15

sec, resuspended in 1 ml of sterile MQH,O and added to 4 ml of YPD. The

transformed cultures were grown overnight at 30 °C and 300 rpm. The next day,

200 ul of the cultures were plated on G418-supplemented YPD.Also, 2 ml were

spun down, resuspended in 200 pl sterile MQH,O,plated and grown at 30 °C for

three days before the colonies were replica plated onto G418 plates. From there,

the colonies were replicated again on G418 for more stringent selection. After 3

days at 30 °C, colonies from JS122 and 128 backgrounds were once morereplica

plated on SC, FOA, and -ura and supplemented with 2 % glucose for further

phenotypic analysis. From the SC plates three colonies were picked, grown in

liquid -ura medium andprepared for glycerol stocks or genomic DNA-extraction.

Strains were maintained at 4 °C on selective medium for short term storage,or -

80 °C for long term storage.

Insertion of the kanMX4-module was confirmed with forward primer A or

reverse primer D of the respective genes and the reverse kanB (A and kanB) or
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forward kanC (D and kanC) primer located in the kanMX4 deletion cassette

(Figures 2.2. and 3. a and b). The expected sizes of the products are listed in

Appendix A, Table 3. All strains were constructed based on the deletion of the

respective gene in the BY4741 (mating type a) background (ResGen,Invitrogen

clones) with the exception of both BY4741 and JS128 sch9A strain. This

disruption cassette was amplified from a pFA6 with primers encompassing 45

nucleotides upstream and downstream of the ORF aslisted in Appendix Table 2

(Figure 2.3.).

The expected product sizes for all reactions in the parent strain (parent),

the deletion strains (A) and the kanMX4cassette are (in bp) listed in Appendix

Table 3.

The PCR-products were visualised on 0.7 % agarose gels with SYBRSafe DNA

stain.

2.3.4. PCR reactions for amplificationfrom genomic DNA.

PCRreactions for the disruption of an ORF wereset up in a volume of 50

ul with Taq polymerase (Invitrogen, Paisley, UK) as follows:

MQH,O, 29 ul

10x reaction buffer 5 pl

MgCl, 1.5 pl

dNTP (10 mM) 1 pl

forward primer 1 pl

reverse primer 1 pl

genomic DNA template 1 pl

Taq polymerase 0.5 pl

The reaction was performed for both mixtures under the following conditions

unless stated otherwise.

Initial denaturing 94°C 5 min 1 cycle

Denaturing 94°C 45 sec 35 cycles

Annealing S5°C 60 sec 35 cycles

Extension 72°C 3 min 35 cycles

Final extension 72°C 10 min 1 cycle.
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2.3.5. Qualitative spot test assays.

Single colonies were picked from a plate and grown in 5 ml overnight

cultures. The next day, the ODgo9 of 30 ul of culture in 970 pl H,O was

determined and byusing the relationship of absorbance in the linear range a 1 ml

solution with OD¢oo=1 was prepared. 100 yl of this was pipetted into column 1 of

a 96 well plate and ten-fold serially diluted in sterile MQH,Ofor five times to the

right in a final volume of 100 pl, hence for every strain there were six spots in a

row starting from ODgo9=1. These dilutions were plated with a replica plater 8*6

array (Sigma) onto plates. Quantitative silencing assays are described in Chapter

3., and drug sensitivity and stress assays are described in Chapter 3 and 5,

respectively.

Plates were incubated at 30°C for 2 (0.5 % and 2 % glucose) to 4 days

(0.05 % glucose) and imaged in a BioRad Universal Hood II Imager (BioRad).

2.3.6. Quantitative silencing assays.

AEY1017 background cultures were grown overnight in 5 ml YPD,

diluted in sterile MQH,O to OD¢oo=1 in 1ml final volume. For silencing assays

using the parent strains, cultures were then serially diluted in sterile MQH,O to

10°, 5*10°, 10%, 5*10%, and 100ul of each dilution was plated on SC, -ura, and

FOAplates supplemented with the usual glucose concentrations. The plates were

incubated at 30 °C for 2 to 4 days. For silencing assays with the deletion strains

AEY1017 foblA, sir2A, hxk2A, overnight liquid cultures were adjusted to

ODgo0=1 in 1 ml, and serially diluted. On SC and-ura plates, 100 pl of a 10°

dilution were plated, and on FOA,100 ul of a 10° dilution were plated. Colonies

were counted either manually or with a BioRad Universal Hood II Imager and

QuantityOne software (Biorad). Viability of the AEY1017 telomeric reporter

strain on FOA mediumisdirectly proportional to silencing activity (Meijsing and

Ehrenhofer-Murray, 2001). Viability was calculated by dividing the number of

colonies on FOAplates either by the numberof colonies on SC plates (FOA/SC)

or by the total number of colonies on -ura and FOA plates combined (FOA/-

uratFOA), both of which yielded similar results. For JS128 silencing assays,

cultures were grown in -ura and prepared as described above. Viability of the

JS128 rDNAreporterstrain on -ura medium is inversely proportional to silencing

 

63



Chapter 2. Materials and Methods
 

activity (Smith and Boeke, 1997) and was calculated by dividing the number of

colonies on -ura plates by the number of colonies on SC plates (-ura/SC). To

control for synthetic growth effects of selective media at low glucose

concentrations, duplicate assays were performed in parallel on FOA plates and

viability calculated by dividing the number of colonies on FOAplates by the

number of colonies on SC plates. Statistical analysis was performed using

Student’s t-tests and deemedsignificant at P<0.05.

2.3.7. Recombinationassay.

Mitotic stability of the URA3 gene in JS122 and JS128 strains was assayed

using the method of Dror and Winston (Dror and Winston, 2004). Single clones

were picked from either YPD or-ura plates and grown to saturation in -ura liquid

medium. From this culture, 1 pl was transferred into 10 ml fresh YP medium

supplemented with 0.05 %, 0. 5 % or 2 % glucose, and grown to saturation.

Different glucose concentrations reached saturations at different OD¢oo values

between 24 and 48 hours, which was empirically determined as OD¢o9= 1.8 for 2

% glucose, OD¢o9> 1.5 for 0.5 % glucose, and OD¢o0= 1 for 0.05 % glucose. This

procedure was repeated over 9 passages in order to grow the colonies over 120

generations for all cultures. Saturated cultures from passage 9 were adjusted to

OD,oo=1, and 100 pl of an appropriate dilution (between 5*10~ and 1*10%) was

plated on 10 YPD 2 % glucose forall conditions. Plates were grown at 30 °C for

2 to 3 days, and then replica plated onto 10 -ura 2 % glucose plates for assessing

the events of mitotic marker loss. Colonies were manually counted by comparing

the paired YPDto -ura plates and frequency of URA3 marker loss events were

established by dividing the number of cells which did not grow on -ura by the

total number of colonies on the corresponding YPD. Marker loss per generation

was calculated by dividing this value by the total number of mitotic divisions

during the nine serial passages (Coleet al., 2007).

At least two such independent experiments were performed for each

strain/condition. Statistical analysis was performed using Student’s t-tests and

deemedsignificant at P<0.05.
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2.4. MOLECULAR BIOLOGY AND PURIFICATION OF RECOMBINANT

PROTEIN.

2.4.1. Cloning ofN-terminal GST-fusionproteins.

Hsp12 and Hsp26 were constructed as recombinant N- terminally fused

GST-proteins from the respective S. cerevisiae ORFs, using the Invitrogen

Gateway cloning technology. The exact procedureis detailed in Chapter6.

Briefly, the genes were cloned into pGEX6p-B1. Primers for amplifying

Hsp12 and 26 from yeast genomic DNA were designed from the ORF sequences

of the required genes obtained from SGD using Vector NTI, and linked with the

corresponding attB1 and attB2 primer sequence for the construction of the entry

vector via the BP reaction, as listed in Appendix, Table 4. The product from this

reaction was then used in the LR reaction to generate the GST-fusion protein

carrying plasmid.

2.4.2. Visualisation ofDNA.

Products from PCR orvectors were routinely visualised on 0.7% agarose

gels in TAE buffer with a final concentration of 0.01% DNA SYBRsafestain. As

a visual reference for molecular weight and concentration, Hyperladder I (range

0.4-10 kb) was loaded with the samples. For GoTAQ reactions, the reaction

buffer already contained loading buffer and 15 yl of the samples were loaded

straight from the PCRreaction.

For ordinary PCR reactions, the 10 pl sample was mixed with 4 pl 5x DNA

loading buffer andfilled up to 20 wl with MQH,O,or 3 pl 6x loading buffer and

madeup to 18 pl. Gels were run at 80 V for 30 to 40 minutes.

2.4.3. Transformation ofcompetent E.coli.

Competent cells (BL21 for recombinant protein expression or DB 3.1 for

Gateway vector propagation) were removed from -80 °C and briefly thawed at

room temperature, then left on ice. For the transformation, 1-10 ng of plasmid

DNAwasthen pipetted into a 50 yl aliquot ofcells, the tube was gently flicked

and put back on ice for 30 minutes. The cells were then heat shocked at 42 °C for

1 minute, cooled on ice for a further 2 minutes before 350 ml SOC medium was

addedandthe cells were incubated in a shaking incubator at 37 °C at 220 rpm for
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one hour. Between 50 pl -100 pl was then plated depending on the previously

established transformation efficiency.

2.4.4. Expression andpurification ofrecombinant GST-Hsp12 and GST-

Asp26.

Recombinant GST-fusion proteins were purified as previously described

(Hayneset al., 1998). Briefly, a starter culture of transformed BL21 was grown

overnight. The next day, this culture was used to inoculate 1 1 of super media

supplemented with the appropriate antibiotic (ampicillin). The cultures were

shaken at 37 °C at 200 rpm until they had reached an ODgoo of 0.8. The

expression of the recombinant protein was induced by adding 1 mM IPTG for

three hours. The cultures were harvested at 5,000 g for 15 minutes at 4 °C, and

washed twice in 50 ml MQH,O,then resuspended in 15 ml breaking buffer

supplemented with 1 % final concentration Sigma protease inhibitor cocktail and

lysed in a one shot cell disrupter (Constant Systems, Daventry, Northantshire,

UK). Whole cell lysates were cleared of large debris at 5,000 g for 10 min at 4 °C

followed by centrifugation at 33,000 rpm for 1 hourat 4 °C.

In the meantime, 2 ml 1:1 glutathione sepharose slurry was washed 4

times in 10 ml PBS,and equilibrated twice in 10 ml breaking buffer.

After the centrifugation, the supernatant was carefully removed and added

to the prepared beads for 2 hours at 4 °C on a rotator. The unboundfraction was

recovered; the beads were washed 4 times in 10 ml ice cold PBS, each wash was

incubated for 2 minutes on the rotator, before the recombinant protein was eluted

4 times in 2 ml glutathione elution buffer. Each elution wasleft on the rotator for

5 minutes before the beads were spun down at 500 g and the supernatant

recovered. The protein concentrations of the eluates were determined with a

Bradford assay. The beads were kept in PBS 0.02 % Sodium Azideat 4 °C.

2.5. BIOCHEMISTRY

2.5.1. Laemmli yeast whole cell extraction.

10 ml YP was supplemented with 2 %, 0.5 % or 0.05 % glucose,

inoculated with a single colony, grown overnight, and harvested the next day.

Pellets were spun down at 5,000 g for 5 minutes, washed twice in 10 ml MQH,O,
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and weighed. Each pellet was adjusted to approximately 0.03 g, and resuspended

in 100 pl 2x Laemmli buffer. The thick suspension was removed to a 2 ml round-

bottom Corning cryotube. 0.5 mm diameter acid-washed glass beads were added

to the meniscus and the samples were boiled at 100 °C for 5 min. The tubes were

then inserted in a Mikro Dismembrator S (B. Braun Biotech International, now

Sartorius Stedim S.A., Aubagne Cedex, France, EU) and shaken at 2,000 rpm for

2 min, followed by a second incubation at 100 °C for 5 min. The bottom ofthe

tubes were pierced three times with a 27 gauge hypodermic needle and

immediately transferred to a 15 ml Falcon tube. The lysates were recovered by

centrifugation at 5,000 rpm for 5 minutes at 4 °C. The cryotubes were carefully

removed with tweezers; the lysates were transferred to microfuge tubes, and

cleared at 13,000 rpm for 20 minutes at 4 °C. The supernatant was carefully

removed to another tube. 10 yl of each sample were diluted in 40 yl 4x Laemmli

buffer, left at 37 °C for 10 min, and 15 pl per sample were run on SDS-PAGE.

2.5.2. Yeast soluble protein extraction.

Yeast protein of small overnight cultures was extracted using acid washed

glass-beads in a microdismembrator. All steps were performed on ice. Fresh

overnight cultures (10 ml) or pellets were washed once and resuspended in ml

cooled lysis buffer. If frozen pellets were used, they were thawed onice and then

resuspended in 1 ml NDLB. The equivalent of 1 ml of culture (100 pl) was

transferred to a round bottom Corning cryotube and glass-beads were added

carefully until the liquid was covered. The tubes were then shaken in a

Microdismembrator S for 10 minutes at 1,800 rpm at 4 °C, the lysates were

recovered as detailed above, and the lysates were stored at -20 °C until further

use. For protein extraction of large cultures (250 mlto litres), the pellets were

harvested, weighed and resuspended in the same volumeof the required buffer,

e.g. if the pellet weighed 3 g, it was resuspended in 3 ml lysis buffer. Cells were

lysed at 25 kPa in the one shot cell disrupter (Constant Systems, Daventry,

Northantshire, UK). The whole cell lysates were collected in Falcon tubes and

cleared at 5,000 g, 4 °C. The supernatants were then subjected to

ultracentrifugation at 33,000 rpm for 1 hr at 4 °C and stored at -20 °C until further

use.
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2.5.3. Size exclusion chromatography (FPLC).

The size exclusion chromatography was performed on a Pharmacia LKB

Biotech (now GE Healthcare) FPLC® System using a HiLoad™ 16/60

Superdex™200 prep grade column (120 ml). Superdex is the name for highly

cross-linked, porous agarose particles with covalently bound dextran. This

combination results in a stationary phase which is characterised by physical and

chemical stability combined with good resolution properties, because the non-

specific interactions with proteins are minimised. Optimal resolution of this

column ranges between 600 to 10 kDa. The mobile phase carrier was isocratic

buffer. The maximum pressure for the HiLoad™ column wasset to 1.2 MPa.

Separated protein was collected in test tubes in a FRAC-200 model carrousel,

A289 Was monitored with a UV-MII, and the traces were recorded on a REC 111.

The flow rate was set to 1 ml per minute and fractions were collected for 2

minutes at room temperature (NDLB20), or 0.5 ml per minute and 4 minutes in

the cold room (NDLB10), respectively, resulting in 2 ml final volume. The

column wasequilibrated in NDLB20 at room temperature, and the standard curve

was established by fractionating proteins or macromolecules of a known size:

Dextran (2000 kDa), apoferritin (440 kDa), alcohol dehydrogenase (150 kDa),

BSA (67 kDa), and cytochrome C (12 kDa) at room temperature. All further runs

of yeast lysates or GST-Hsp12 or GST-Hsp26 were, unless indicated otherwise,

done in the cold room in isocratic NDLB10 in order to minimise protein

degradation. The volumeinjected on the column waskept as small as possible in

order to maximise the resolution; generally, 500 1 complex yeast lysates were

loaded, or 900 pl purified protein. Every single fraction was manually analysed in

a plate-reader-based Bradford assay. 40 fractions for analysis were collected

between fractions 20 and 60, whichis the range of resolution of the column.

From two consecutive fractions, e.g. 20/21, 500 yl was removed and

combined in a 2 ml microfuge tube for methanol precipitation, 100 yl was

removedfor the Bradford assay and the remaining 1.4 ml werestored at — 80 °C.
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2.5.4. Plate reader based Bradford assayfor determination ofprotein

concentration.

The protein concentrations of samples were determined against a standard

curve of BSA. The blank was 100 yl sample buffer, and the standard curve was

established by adding 1 yg to 6 ug BSA from a 1 pg / ul stock solution made up

to 100 yl sample buffer in duplicates. The samples were added as detailed in the

specific methods section into a 96 well plate in singles, and made up to 100 pl in

the same buffer. 200 yl of 1x BioRad protein assay solution was added to each

well to obtain a final volume of 300 ul, mixed thoroughly and the absorbance

values at A595; were read using an Emax microplate reader (Molecular Devices,

Sunnyvale, USA). The readings weretransferred into Excel and with the function

describing the standard curve the protein concentrations were calculated from the

absorbancereadings.

2.5.5. Insulin aggregation assay

Insulin aggregation in the presence of heatshock proteins was assayed

based on the protocol by Haslbeck and colleagues (Haslbecket al., 1999). Insulin

was prepared in aggregation buffer (40 mM HEPES-KOH, pH 7.5) to a

concentration of approximately 50 1M. Due to the fact that insulin is very

insoluble at pH>3, excess insulin was added to the amount of buffer solution

which was required for the whole assay, and stirred for 10 min, then centrifuged

to remove undissolved protein, followed byfiltering through a 2 um membraneto

remove all particles. The concentration of this solution was determined by

Bradford assay. The aggregation assay wasset up in a 96-well plate with up to 10

ul protein, 1.5 p1 H,O as no aggregation control, or aggregation was induced with

the addition of 1.5 nl 1 M DTT in final volume of 100 1. Measurements were

taken in a Emax microplate reader (Molecular Devices, Sunnyvale, USA) at 405

nm every 10 minutes for 3 hours, then one final reading was obtained the next

day after agitating the plate to disperse any large aggregates.

2.5.6. Protein precipitationin ice cold methanol.

In order to concentrate protein samples, at least the same or a larger

volumeofice-cold methanol than the volumeof the sample to be precipitated was

added to the samples in a 2 ml microfuge tube, vortexed for 30 sec, and stored at
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-20 °C over night. The next morning, the samples were briefly vortexed again

before spun down for 25 min at 13,000 rpm in a cooled centrifuge. The methanol

was carefully removed and the samples wereleft to dry at room temperature for 2

hours. The pellet was then resuspended in 50 yl 2x Laemmli buffer and boiled at

90 °C for 5 minutes.

2.5.7. SDSpolyacrylamide gel electrophoresis.

Proteins were separated according to the standard DISC-SDS PAGE

established by Laemmli (Laemmli et al., 1970), in the BioRad Protean MiniIII

system. The acrylamide concentration varied between 6 % and 15 % depending

on the molecular weight of the proteins to be analysed. 30 %

acrylamide/bisacrylamide stock solution (37.5: 1) was diluted accordingly. Gels

were carefully pipetted between the glassplates to leave sufficient space for

stacking. The mixture was overlaid with 200 wl isopropanol and left to

polymerise at room temperature for at least 1 hour. Once the gel had set, the

isopropanol was rinsed off with ample water and the resolving gel was overlaid

with the stacking gel. 20 pl of sample were loaded, and as a reference 5 or 10 pl

of Seeblue® Plus2 pre-stained marker (range 4 to 250 kDa) or Novex® Sharp

pre-stained protein standard (3.5 to 260 kDa) marker was used. The samples were

stacked at 80 V for 30 minutes and separated at 120 V for approximately an hour

or until the lowest marker band had reached the bottom of the gel. The gels were

either stained overnight with ProtoBlue safe colloidal Coomassie G-250 stain

(National Diagnostics) or Coomassie Brilliant Blue, or transferred to

nitrocellulose membrane.

2.5.8. Westernblotting.

Gels were transferred from SDS-PAGEgels to nitrocellulose (Whatman

Protran BA83, 0.2 um) at 100 V for 45 minutes in transfer buffer in a Trans-blot

Electrophoresis Transfer Cell (BioRad). The efficiency of the transfer was

assessed by the prestained marker and staining the membrane with Ponceau S

solution. The nitrocellulose was washed well with 1x PBS until the Ponceau stain

had disappeared. The membrane wasblocked in 1x TBS-T/ 5 % (w/v) skimmed

milk powder for 1 hour at room temperature on an orbital shaker. When blotting

for Hsp12, the antibody wasleft overnightor for at least 3 hours at 4 °C. All other
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antibodies were left for 1 hour at room temperature. Before the secondary

antibody was added, the membrane was washed in 1x TBS-T three times for 15

minutes. The secondary antibody was routinely a HRP-conjugate and applied at a

concentration of 1:2000 in 1x TBS-T for lhour at room temperature. The

membrane was carefully washed in 1x TBS-T three times for 15 minutes. The

bands were visualised by incubating the membrane with 2 ml homemade ECL

reagent (1:1 reaction mixture of solutions A and B), then exposed in the BioRad

Universal Imager on the chemiluminescencesetting.

2.6. CONFOCAL MICROSCOPY OF GFP-TAGGEDYEASTCELLS.

Fresh overnight cultures were treated as detailed in Chapter 5. The cells

were harvested, washed twice in 2 ml 1x PBS, then fixed in 500 ul 4 %

formaldehyde for 1 hour at room temperature. The cells were spun down, washed

twice in 1 ml 1x PBS,and resuspended in 250 pl 1x PBSto yield a thick slurry.

Such treated cells can be kept at 4 °C for months. Prior to mounting the slides,

Prolong® Gold antifade with or without DAPI were removed from -20 °C and

left to warm up to room temperature. 20 pl of the cell slurry was mixed with 20

ul of Prolong® Gold directly on the slide and covered with a squareglassslip

(22 mm x 22 mm) andleft to cure for 48 hours in the dark at room temperature.

Cells were visualised on a Leica SP2-AOBS® inverted laser scanning confocal

system (Leica Microsystems AG, Wetzlar, Germany), 63x oil immersion

BlueLambdaobjective, numerical aperture 1.4. The optimal pinhole wasset to 1

airy unit; GFP was excited at 488 nm and emission wascollected between 500-

550 nm.

2.7. MALDI-TOF MASS SPECTROMETRY.

Selected FPLC fractions were run on a 12 % precast gel and stained with

Coomassie Brilliant Blue. The bands were cut out and chopped in small plugs.

and digested with trypsin using an in-gel digestion protocol. The plugs were

destained in 50 yp] 50 mM ammoniumbicarbonate/ 50 % acetonitrile at 37 °C for

10 min. The destain was removed with a pipette tip and these steps were repeated

until the plugs were fully destained. Cysteins were reduced in 50 pl 10 mM DTT

at 37 °C for 30 min. The DTT was removedand the samples were and alkylated
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in 50 yl 55 mM iodoacetamidein the dark at 37 °C for 30 min. The supernatant

was discarded. Samples were dehydrated by adding 50 pl 100 % acetonitrile at

37 °C for 15 min, the supernatant was removed andthe gel plugs wereleft to dry

at 37 °C for 10 min. Gels were rehydrated and digested in a 1/10 dilution of

Trypsin (Roche sequencing grade, 25 wg vials) in 250 pl of 50 mM acetic acid

and digested overnight at 37 °C. The reaction was stopped with 5 pl 2.6 M

Formic acid. The samples were desalted with Zip Tips (Amicon, Massachusetts,

USA). 0.5 p11 digest was loaded onto the MALDItarget, mix with 0.5 pl matrix g-

cyano-4-hydroxycinnamic acid saturated solution made up in 50 % acetonitrile

and 0.5 % trifluoroacetic acid. The so prepared samples were analyzed using a

MALDI-ToF mass spectrometer (Voyager DE Pro, Applied Biosystems) in

positive ion reflectron mode over the range of 950-3500 Th. The proteins were

identified by manual searching of MSDB using MASCOT (MatrixScience,

London). The initial search parameters allowed for a single trypsin missed

cleavage, carbamidomethyl modification of cysteine residues, oxidation of

methionine, acetylation of the N-terminus, and an m/z error of+50 ppm.
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Chapter 3. Mechanisms ofDR-Mediated Lifespan Extension I
 

3.1. INTRODUCTION

3.1.1. Models ofDR andlifespan extension.

In recent years, there has been an increasing recognition that similar

fundamental cellular processes underlie ageing in all eukaryotes. Perhaps the

most persuasive evidence that ageing has a commoncellular basis across phyla

comes from studies of dietary limitation, often termed dietary restriction (DR)

(Bishop and Guarente, 2007a). Although data are not available for humansyet,

DRhas been known for over 70 years to increase lifespan in rodents, with more

recent studies confirming the generality of this phenomenon in both vertebrates

and invertebrates (Merry, 2005; Partridge et al., 2005). Despite this, the precise

molecular mechanism by which DR increases longevity in diverse species

remains unclear.

Studies using the budding yeast, Saccharomyces cerevisiae, have been at

the forefront of recent efforts to understand the molecular mechanism ofaction of

DR. Yeast lifespan can be measured in two ways. Replicative lifespan is defined

as the number of buds produced by an individual yeast mother cell and is

independent of calendar time (Muller et al., 1980; Mortimer and Johnston, 1959)

in contrast to the alternative measure of the duration of viability in stationary

phase, termed chronological lifespan (MacLean et al., 2001). Reducing the

concentration of glucose in yeast growth media from the standard 2 % to 0.5 % or

below increases both replicative and chronological lifespan irrespective of genetic

background and has been suggested to be a model of DR (Smith,Jr. et al., 2007;

Lin et al., 2002; Fabrizio et al., 2001; Jiang et al., 2000). It should be noted here

that the chronological lifespan model was challenged in a recent study. The

authors show evidence that chronological ageing is a result of an cell-extrinsic

factor, in particular that the decrease of the pH of the growth medium due to the

increase of acetic acid as a product of ethanol metabolism, causes chronological

ageing of stationary cultures. This is reduced by lowering glucose concentration

in the medium (Burtneretal., 2009).

Although the effect of glucose limitation in extending yeast replicative

lifespan is not disputed, its mechanism of action is the subject of considerable

controversy and heated debate. Three main models have been suggested, two of
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which centre on the evolutionarily conserved NAD-dependent histone

deacetylase, Sir2 (Chapter 1. Figure 2.). Initially, it was proposed that DR causes

a metabolic shift away from fermentation and towardsrespiration, resulting in an

increased NAD*:NADH ratio, and thus increased Sir2 activity (Model 1).

Alternatively (Model 2), it was suggested that DR does not alter the

NAD*:NADHratio, but rather acts by increasing expression of Pncl, which

degrades the endogenousSir2 inhibitor nicotinamide, thus increasing Sir2 activity

(Anderson et al., 2003). In both Models, activation of Sir2 leads to increased

rDNA silencing and a consequent reduction in recombination between rDNA

repeats; this reduces the formation of extrachromosomal rDNA circles (Sinclair

and Guarente, 1997) andso retards ageing.

In contrast, the observation that DR could extend lifespan in somesir2

deletion strains (Kaeberlein et al., 2004; Jiang et al., 2002) led to the proposal of a

third mechanism (Model 3). This postulates that DR extends lifespan in a Sir2-

independent manner via inhibition of the Tor and Sch9 kinase signalling

pathways (Kaeberlein et al., 2005c; Kaeberlein et al., 2004). In this model, the

downstream molecular mechanism effecting longevity is not entirely clear, but

may be related to reduced ribosomal protein biogenesis (Steffen et al., 2008;

Kaeberlein et al., 2005c). Controversially, it has recently been claimed that such

Sir2-independent effects of DR are in fact due to activation of Sir2 homologues

and so simply result in the same increase in rDNAsilencing invoked in Models 1

and 2 (Medvedik and Sinclair, 2007; Lamminget al., 2005)(but see (Kaeberlein

et al., 2006a).

3.1.2. Mechanisms ofrDNA silencing and recombination.

Increased rDNAsilencing has been claimedto be the pre-requisite for DR-

mediated longevity, certainly in yeast. Despite the popularity of Models 1 and 2,

there is surprisingly little published data demonstrating that DR does in fact

increase transcriptional silencing at the rDNA locus (Lin et al., 2002). Indeed,

most published work has exploited ‘genetic mimics’ of DR and assayed rDNA

recombination, rather than directly analysing silencing in response to reduced

glucose levels. Furthermore, it has recently been shown that severe DR has no

effect on transcriptional silencing at telomeres, which is a similarly Sir2-
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dependent process (Kaeberleinet al., 2005a; Kaeberlein et al., 2005c). I therefore

set out to determine the effect of DR and genetic mimics of DR on rDNA

silencing and recombination.
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3.2. METHODS

3.2.1. Construction ofdeletion strains.

The deletion strains were constructed as explained in Chapter 2., with the

exception of sch94 in the BY4741 and JS128 background. In order to construct

this strain, the deletion cassette was PCR amplified from the pFA6KanMX4

plasmid (Longtine et al., 1998) using the SCH9 ORF primers and KanMxX4

primersas listed in Appendix A, Table 2. The resulting PCR product was used to

transform competent cells via the PCR-based disruption strategy (Wach, 1996;

Schiestl and Gietz, 1989). Successful G418-resistant transformants were

confirmed by PCR using gene-specific and KanMX primers (Appendix A, Table

2).

3.2.2. Qualitative silencing assays (spottests).

The silencing assay was prepared as detailed in Chapter 2. for qualitative

spot test assays. Single colonies from AEY1017 and JS128 parent and deletion

strains were picked from a plate and grown overnight in 5 ml liquid -ura medium

containing 2 % glucose. The next morning, cultures were diluted to OD¢o9=1 in

and fivefold serially diluted in sterile MQH,Ofive timesto the right starting from

ODgo0=1 in column 1 to 100 pl final volumeandplated with a replica plater onto

SC, -ura and FOAplates containing 0.05 %, 0.5 % and 2 % glucose. The plates

were incubated at 30 °C for 2 (0.5 % and 2 % glucose) to 4 days (0.05 % glucose)

and imaged in a BioRad Universal HoodII Imager (BioRad).

3.2.3. Quantitative silencing assays.

AEY1017 background cultures were grown overnight in 5 ml YPD,

diluted in sterile MQH,O to ODgoo=1 in 1 ml final volume.Forsilencing assays

using the parent strains, cultures were then serially diluted in sterile MQH,O to

10°, 5*10°, 107, 5*10~, and 100 yl of each dilution was plated on SC,-ura, FOA

plates supplemented with the usual glucose concentrations. The plates were

incubated at 30 °C for 2 to 4 days. For silencing assays with the deletionstrains

AEY1017 fob/A, sir2A, overnight liquid cultures were adjusted to ODgo0=1 in 1

ml, and serially diluted. On SC and -ura plates, 100 pl of a 10% dilution were

plated, and on FOA,100 pl of a 10° dilution were plated. Colonies were counted
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either manually or with a BioRad Universal Hood II Imager and QuantityOne

software (Biorad). Viability of the AEY1017 telomeric reporter strain on FOA

medium is directly proportional to silencing activity (Meijsing and Ehrenhofer-

Murray, 2001). Viability was calculated by dividing the numberof colonies on

FOAplates either by the number of colonies on SC plates (FOA/SC) or by the

total number of colonies on -ura and FOA plates combined (FOA/-ura+FOA),

both of which yielded similar results. For JS128 silencing assays, cultures were

grown in -ura and prepared as described above. Viability of the JS128 rDNA

reporter strain on -ura medium is inversely proportional to silencing activity

(Smith and Boeke, 1997) and was calculated by dividing the number of colonies

on -ura plates by the number of colonies on SCplates (-ura/SC). To control for

synthetic growth effects of selective media at low glucose concentrations,

duplicate assays were performed in parallel on FOA plates and viability

calculated by dividing the number of colonies on FOA plates by the number of

colonies on SCplates. Statistical analysis was performed using Student’st-tests

and deemedsignificant at *= P<0.05.

3.2.4. Recombinationassays.

Mitotic stability of the URA3 gene in JS122 and JS128 strains was assayed

using the method of Dror and Winston (Dror and Winston, 2004). Briefly, single

colonies from —ura plates were grown to saturation in 10 ml YPDat 30 °C. At

this point, the cultures were diluted 1:10,000 in 10 ml fresh YPD and grown to

saturation once more. After nine such saturation passages (equivalent to

approximately 120 generations), each culture was spread onto ten YPDplates at

an appropriate dilution to yield 50-300 colonies/plate. After growth at 30 °C for

2-3 days, each plate wasthen replica plated onto -ura plates and grown for several

days at 30 °C. Frequency of URA3 marker loss by recombination was calculated

by dividing the numberofcolonies that did not grow on —ura plates by thetotal

numberof colonies on replica SC or YPD plates. Marker loss per generation was

calculated by dividing this value by the total number of mitotic divisions during

the nine serial passages (Cole et al., 2007). Ten platings per strain and condition

were used for each recombination assay, and every assay was performed on at

least two independently grown yeast clones. The resulting data were then pooled,
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normalised to the parent strain on 2 % glucoseandstatistical analysis performed

using Student’s ¢-tests.

3.2.5. Drug sensitivity assays in BY4741 parent and deletionstrains.

The strains were grown overnight and the assays were preparedas detailed

in Chapter 2. The cells were then replica plated on the YPD plates supplemented

with the following drugs and listed concentrations: 15 mM caffeine, 200 nM

rapamycin, 3 mM paraquat, 8.8 mM H,O,. The concentrations were sublethal

doses empirically determined during this work or in previousstudies.
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3.3. RESULTS

3.3.1. DR andtelomeric silencing.

In order to investigate the effect of DR on Sir2 activity and hence lifespan

extension according to Models 1 and 2, I first wished to establish whether DR

acts on increasing Sir2 enzymeactivity (Figure 3. 1.). Since Sir2 is requiredatall

silenced loci in yeast, its activity can in theory be measuredat all loci. Recently

however, it has been claimed that severe DR imposed by growth on 0.05 %

glucose has no effect on telomeric silencing in the PSY316 yeast strain

(Kaeberlein et al., 2005a). Therefore this analysis wasstarted by investigating the

effects of both moderate (0.5 % glucose) and severe (0.05 % glucose) DR on

telomeric silencing using a well established reporter strain, AEY1017. This strain

has a URA3 marker integrated into a subtelomeric region of chromosome VII

(Meijsing and Ehrenhofer-Murray, 2001). Expression of the URA3 gene from

non-silenced genomic loci enables growth on media lacking uracil, but prevents

growth on media containing FOA, due to conversion to the toxic product, 5-

fluorouracil. However, integration of URA3 into subtelomeric regions results in

partial silencing of the reporter gene and hence the unusualability to grow both

on media lacking uracil and on media containing FOA.Deletion of the SJR2 gene

inhibits telomeric silencing, resulting in increased expression of the URA3

reporter gene, whichis routinely visualised as decreased growth on FOA.Indeed,

no growth was observed on FOAplates for the sir2 deletion strain (Figure 3.1. a),

thus confirming the validity of this approach for assaying in vivo Sir2 activity. In

contrast to the profound effect of sir2 deletion on silencing, no obvious difference

in growth on FOA plates was seen between 2 %, 0.5 % and 0.05 % glucose

(Figure 3.1. a).

Although DRhad no obviouseffect on telomeric silencing in spottests,it

was possible that subtle effects could have been missed in this simple visual

assay. In order to circumventthis, quantitative silencing assays were performed

by counting the numberofindividual colonies formed on selective FOA plates

relative to the total number of colonies on non-selective media, as previously

described (Kaeberlein et al., 2005a). Increased silencing should result in
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Figure 3.1. DR and telomeric silencing.

a) and b) The assays were prepared as describedin section 3.2.
a) Qualitative assay. The plates were grown for 2 (2 %, 0.5 %) and 3 days (0.05 %). In this

assay, increased growth on FOA compared to SC indicates increased silencing. There is no

qualitative effect on silencing in reduced glucose concentrations.
b) Quantitative silencing assay. Colonies were countedafter 2 days (0.5 % and 2 % glucose)

or 3 days (0.05 % glucose). The data is combined from 6 independent assays. The graph

shows pooled data normalised to the 2 % glucose control value, expressed as mean +

Standard Error of the Mean.Statistical analysis was performed using Student’s t-tests and

deemed significant at *= P<0.05. No statistically significant difference between the

conditions was found for the parent strain. Therefore, telomeric silencing does not change in

response to DR.
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increased viability in this assay, but over a series of 6 independent experiments

totalling more than 60,000 colonies counted, no significant difference was found

between 2 %, 0.5 % and 0.05 % glucose (Figure 3.1. b). Thus, these quantitative

silencing assays confirmed the findings from spot test assays: neither moderate

nor severe DRaffects telomeric silencing.

3.3.2. DR and rDNA silencing.

Although DR had no effect on telomeric silencing, the possibility

remained that there could be a position effect in the rDNA which increases

silencing in a Sir2-dependent manner. In orderto test this possibility the widely

used rDNA reporter strain JS128 was employed, which has a URA3 marker

integrated into the non-transcribed spacer region 1 (NTS1) of the rDNA (Smith

and Boeke, 1997). Again, partial silencing of this reporter gene enables growth on

media lacking uracil and media containing FOA. This assay howeverdiffers from

the telomeric URA3 silencing assay in so far that it is analysed on —ura medium as

selection, not FOA. Deletion of the S7R2 gene inhibits rDNAsilencing, resulting

in increased expression of the URA3 reporter gene, whichis routinely visualised

in such rDNAreporter strains as increased growth on —ura plates (Smith,Jr. etal.,

2007; Smith and Boeke, 1997).

If DR increases rDNAsilencing, this should be seen as decreased growth

on —ura platesrelative to non-selective media. Again, no gross effects were seen

in spot tests using 0.5 % and 0.05 % glucose (Figure 3.2. a). In order to quantify

these effects, a similar approach was taken to that used for the telomeric reporter

assays described above, where the number of viable colonies on —ura plates

relative to non-selective media was calculated. Over a series of 3 independent

experiments with over 50,000 colonies counted, no significant difference in

rDNAsilencing was seen between 2 % and 0.5 % glucose (Figure 3.2. b). In this

case however, a partial reduction in viability on —ura plates was noted at 0.05 %

glucose. This reduced growth on -ura plates could be explained either as

increased rDNA silencing or as a synthetic growth phenotype caused by the

simultaneous imposition of the double stress of limiting glucose and uracil levels.

In order to control for the synthetic effect of the double stress, duplicate assays

were performedin parallel using with —ura and FOAas well, where increased
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Figure 3.2. DR and rDNAsilencing.

a) and b) The assays were prepared as describedin section 3.2.
a) Qualitative assay. The plates were grown for 2 (2 %, 0.5 %) and 3 days (0.05 %). In this

assay, decreased growth on —ura compared to SC indicates increased silencing. There is no

qualitative difference in silencing overthe three glucose concentrations.
b) Quantitative silencing assay. Colonies on —ura and FOA were counted after 2 days (0.5%

and 2 % glucose) or 3 days (0.05 % glucose). 3 biological replicates were performed for each
glucose concentration. The graph showspooled data normalised to the 2 % glucose control

value, expressed as mean + Standard Error of the Mean.Statistical analysis was performed

using Student’s t-tests and deemedsignificant at *= P<0.05. The decrease in growth on —ura

and FOAat 0.05 % glucoseis a synthetic effect of the two selections.
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silencing does not correlate with decreased colony growth (Figure 3.2. b, grey

bars). If rDNA silencing is increased in severe DR, this should bevisible as an

increase in growth on FOA medium comparedto the control. However, this assay

revealed a similar growth inhibition at 0.05 % glucose, and importantly notso at

0.5% glucose, indicating that the partial reduction in viability on -ura media

observedis not due to increased rDNAsilencing.

The artefactual nature of this reduced growth at 0.05 % glucose was

confirmed by comparison with a positive control sir24 strain (Fig 3.2. b), which

exhibited the expected reciprocal relationship between growth on the two media

(increased on —ura, decreased on FOA). This indicates that the partial reduction in

viability on -ura media observedis not due to increased rDNAsilencing,butit is

a synthetic effect of the reduced glucose concentration and the selection medium.

Thus, with both spot test and quantitative silencing assays it was found that

moderate and severe DR have noeffect on rDNAsilencing.

3.3.3. Manipulation ofrDNA silencing which extend lifespan in DR-

independent mechanisms.

It has previously been shown that despite a loss of silencing the replicative

lifespan can be extended in yeast, by means of deleting FOB/ which is an

important memberof the RENT complex and a main regulator of rDNAstability.

Particularly important with FOB/ is that the deletion abolishes silencing, and

increases lifespan by reducing rDNA recombination events and ERC formation

downstream of Sir2 (Kaeberlein et al., 2005a; Defossez et al., 1999). As seen in

Figure 3.3. a, the fob/A strain exhibited enhanced growth on —uraplates, and

decreased growth on FOAplates, indicating a loss of rDNA silencing. Rpd3 is a

class I histone deacetylase which plays an important role in regulating the rDNA

upon entry in the stationary growth phase (Sandmeieret al., 2002). Paradoxically,

the loss of RPD3 leads to an increase in silencing (Figure 3.3. a), seen as

decreased growth on —ura, and increased growth on FOA.This has previously

been reported, and may be dueto the deacetylation of histone 4, H4K5 and K12

respectively, by Rpd3, which seems to inhibit the spreading ofsilent chromatin.

Thus Rpd3 activity has an antagonistic effect towards Sir2 activity in the rDNA
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Figure 3.3. Effects of rDNA silencing which extend lifespan in DR-independent

mechanisms.
a), b) and c). Cells were prepared as described in section 3.2. These spot tests are a

representation of the observations over multiple assays.
a) The rDNAsilencing reporter parent strain, JS128, and isogenic deletion strains, fob/4,

sir2A ,and rpd3A4 were used strains where rDNAsilencing is affected. Plates were imaged

after 2 days (FOA), or 3 days (SC, -ura). Reduced growth on —ura and increased growth on

FOA comparedto SC indicates increased silencingin this assay.

b) The JS122 control strain, where URA3 is integrated in a non-silenced locus, and the

isogenic deletion strain fob/A were tested to show specificity for rDNA in a). Plates were

imagedafter 2 days. Here, the markeris not silenced, hence the strain do not grow on FOA.

c) Effects of the above deletion mutants were tested in the telomeric silencing reporter parent

strain, AEY1017, andits isogenic deletion strains, fob/A and sir24. Plates were imagedafter

3 days at 30 °C. Reduced growth on FOAindicatesless silencing in this assay.
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(Zhouet al., 2009; Sandmeieret al., 2002; Smith et al., 1998). To confirm that the

effects were rDNA-specific, both the HXK2 and FOB/ genes weredeleted in the

control strain JS122 where the URA3 reporter gene is integrated in an unknown

non-silenced genomic locus. Here, there was no difference in growth onselective

media betweenthe parentstrain and its isogenic mutants:all grow on —uraplates,

none grow on FOA(Figure 3.3. b). Finally, it was investigated whether telomeric

silencing was similarly affected by creating deletion mutants in the AEY1017

strain. In spot test assays, the fob/A strain showeda slight reduction of growth on

—ura, which may be dueto a relocalisation of Sir2 to the telomeres away from the

rDNA upon loss of Fobl (Figure 3.3. c). Based on these findings it was

concludedthat this assay allows for the detection of specific effects on rDNA as

seen with deletion ofFOB/ and RPD3.

3.3.4. rDNA recombinationin response to DR.

Despite these different effects on silencing, both Models 1 and 2 postulate

that DR and deletion of FOB/ extend lifespan via inhibition of rDNA

recombination. Therefore mitotic rDNA recombination was assayed by

monitoring the frequency of URA3 marker loss after serial culturing for

approximately 120 generations (Dror and Winston, 2004). Over a series of 8

experiments, the frequency of marker loss in the parent JS128 strain at 2 %

glucose was 1.2*10° + 1.2*10* (SEM)or 7.6*10“(SD)per generation, which is

similar to previously reported values for other strains (Lamming et al., 2005;

Merkerand Klein, 2002). Deletion ofFOB/ reduced the frequency of markerloss

by around 90 %, whereas deletion of SZJR2 caused an approximately 3-fold

increase in marker loss (Figure 3.4. a), consistent with the known pro- and anti-

recombinase functions of Fob1 and Sir2, respectively, at the rDNA (Merker and

Klein, 2002).

These effects on URA3 marker loss were specific for the rDNA locus, as no

marker loss was observed over 120 generations in the JS122 parent strain where

URA3is integrated outside the rDNA,or in its isogenic JS122 fob/A and sir24

strain (Figure 3.4. b). These data confirmed the validity of assaying the frequency

of URA3 marker loss in the JS128 strain as a readout of rDNA recombination

rate, thus enabling the effects of DR to be determined. Both moderate (0.5 %
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glucose) and severe (0.05 % glucose) DR produced significant reduction in

rDNA recombination of around 25 % (Figure 3.5. a). Therefore, both DR and

FOB! deletion act via a silencing-independent mechanism to reduce rDNA

recombination.

3.3.5. rDNA silencing and recombinationin genetic mimicsfor DR.

The correlation between increased rDNA silencing and longevity is

integral to Sirtuin-dependent models of yeast lifespan extension. As there was no

effect of DR on rDNAsilencing, I investigated whether deletion mutations that

reproducibly extend lifespan in multiple yeast background strains alter rDNA

silencing. The genes selected for analysis were genetic mimics for DR,

i. €. nutrient sensing kinases such as SCH9 and TORI, or HXK2, whichis the

main hexokinase in yeast during growth on fermentable carbon sources. Deletion

of HXK2, one of three hexokinases in yeast, limits the entry of glucose into

glycolysis and is routinely used as a genetic mimic of dietary restriction acting

upstream of Sir2/Tor/Sch9. Indeed, like DR, HXK2 deletion has been shown to

increase lifespan in multiple yeast genetic backgrounds (Kaeberlein et al., 2005b;

Lin et al., 2000)

Onceit was established that DR-mediated lifespan extension is not due to

an increased Sir2 activity, the question was addressed whether the Sir2-

independent Sch9/Torl-mediated longevity pathway of Model 3 might also

impact on rDNAsilencing and recombination. Deletion of SCH9 appeared to

slightly improve growth on -ura media relative to non-selective media in

qualitative spot test assays (Figure 3.6. a), similar to the general DR mimic hxk24

(Figure 3.6. a); whereas deletion of TOR/ appeared to slightly decrease growth on

—ura plates (Figure 3.6. a). Although these small effects were also apparent in

quantitative silencing assays (Figure 3.6. b), the differences in viability on —ura

plates between the various deletion mutants and the isogenic parent strain were

notstatistically significant. Therefore, like DR itself, genetic mimics of DR do

not cause significant increases in rDNAsilencing. In contrast, the hxk24, sch94

and tor/A strainsall exhibited significantly reduced rDNA recombination (Figure

3.6. c), even more so than DRitself despite radically different rDNA silencing
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phenotypes, reinforcing the notion that various lifespan-extending interventions

can reduce rDNA recombination independently ofrDNAsilencing.
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Figure 3.4. Mitotic recombination events are specific for the rDNA.

a) and b). Cells were passaged over 120 generations in YPD,plated on YPD andreplicated

onto to selective medium. Plates were assessed for colonies which had lost the marker and

hence do not grow on the selection medium. The recombination assay was prepared as

detailed in section 3.2.

a) Numbersofbiologicalreplicates n for each JS128 strain: parent8,fob/A 2, sir24 4, rpd34

1. The individual experiments are normalised to the corresponding JS128 parent 2% glucose

control value, pooled, and expressed as mean + Standard Error of the Mean.Statistical

analysis was performed using Student’s t-tests and deemedsignificant at *= P<0.05

b) Numbers of individual assays n for each JS122 strain: parent 3, fob/4 2, sir2d 2. No

recombination events were observed outside the rDNA.
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Figure 3.5. Moderate and severe DR reduce rDNA recombination.

Cells were passaged over 120 generations in YPD, plated on YPD and replicated onto to

selective medium. Plates were assessed for colonies which hadlost the marker and hence do
not grow on the selection medium. Numbersofbiological replicates n for each condition: 2

% glucose 8, 0.5 % glucose 6, 0.05 % glucose 8. The individual experiments are normalised
to the corresponding JS128 parent 2 % glucose control value, pooled, and expressed as mean

+ Standard Error of the Mean.Statistical analysis was performed using Student’s t-tests and

deemedsignificant at *= P<0.05. DR reduces mitotic recombination.
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Figure. 3.6. Genetic mimics of DR reduce rDNA recombination independently of rDNA

silencing.
a), b), and c) All assays were prepared and analysedas previously.

a) Qualitative silencing assay. The rDNAsilencing reporter parent strain, JS128, and its

isogenic sch94, torI1A,and hxk2A were plated on SC and —ura. Reduced growth on —ura

compared to SC indicates increasedsilencing in this assay.

b) Quantitative silencing assay. Numbers ofbiological replicates n is 2 for all except the

parent strain 5, normalised to the parent 2% glucose control value, expressed as mean +

Standard Error of the Mean.Statistical analysis was performed using Student’s t-tests (*=

P<0.05). Silencingis not significantly changed in genetic mimics for DR.

c) Recombination assay. Numbersof biological replicates n for each condition: JS128 parent

8, hxk2A 2, sch9A 2, tor1A 2. All assays were normalised to the parent 2% glucose control

value, expressed as mean + Standard Error of the Mean.Statistical analysis was performed

using Student’s t-tests (*= P<0.05).
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3.3.6. Tethering ofrDNA tandem repeats to inner nuclear membrane.

Asdiscovered by Mekhail and colleagues (Mekhailet al., 2008) aberrant

tethering of the rDNA repeats to the inner nuclear membrane leavessilencing

intact but disrupts the control over the recombination events. This is a very

important finding because it once again demonstrates that intact silencing is not a

prerequisite for decreased recombination. These alternative pathways may be a

target of DR. Tethering of the rDNA repeats to the inner nuclear membraneis

achieved bythe collaboration of the CLIP and RENT complex in the rDNA.

Heh! wasidentified as member of the CLIP complex whichis required for

functional tethering. Importantly, the deletion ofHEH/ impairs propertethering,

increases recombination, but does not affect silencing. Therefore, the hehlA

deletion mutant in standard and DR conditions was assessed to gain insight

whether CLIP is a target of DR leading to a reduction of recombination events

during replication for example by enhanced tethering of rDNA to the inner

nuclear membrane(Figure 3.7.).

In their study, the authors (Mekhail et al., 2008) find that silencing is not

affected in responseto the loss of Heh1 (Figure 3.7. a), but I founda slighteffect

on silencing. However, there is an increase in recombination events which

matches the findings of Mekhail and colleagues (Figure 3.7. b). In response to

DR, the RC events are reduced to approximately the level of the parent strain at

2%.

3.3.7. Protection against stress in genetic mimicsfor DR and deletion mutants

which affect rDNA stability.

Stress resistance has been shown to correlate well with lifespan extension

in model organisms (Perez et al., 2009b; Olsen et al., 2006; Broughton etal.,

2005; Shamaet al., 1998). In order to determine whether the mutantstrains in the

long lived BY4741 background are resistant or more sensitive towardsa variety

of commonly used environmental stressors, they were subjected to DR and

pharmacological mimics of DR,as well as heat and oxidativestress.

The first condition tested was DR (Figure 3.8. a). It was found that the

yeast strains grow slightly slower, but none of the strains developed a strong

phenotype towards DR.
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Figure 3.7. DR- induced reduction in recombination is independent of tethering to the

inner nuclear membrane.
All assays were prepared and analysedas previously.
a) Qualitative silencing assay. The rDNA silencing reporter parent strain, JS128, and its
isogenic hehJA and sir2A deletion mutants were plated on SC and —ura. Reduced growth on

—ura compared to SC indicates increased silencing in this assay.
b) Recombination assay. Numbers of individual assays n for each strain at 2 % glucose:
JS128 parent 8, heh1A 2; and for 0.05 % glucose: JS128 parent 8, hehJA 2. All assays were

normalised to the parent 2 % glucose control value, expressed as mean + Standard Error of

the Mean.Statistical analysis was performed using Student’s t-tests (*= P<0.05).
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The pharmacological interventions tested were rapamycin and caffeine.

Rapamycin has been shown tospecifically target Torl (target of rapamycin) in

yeast, whereas Tor2 is resistant. The mode of action involves binding of

rapamycin to the cytosolic protein FPBP12, and this complex interacts with Torl

reducing its activity (Crespo and Hall, 2002; Lorenz and Heitman, 1995; Stan et

al., 1994). The secondintervention tested was caffeine. Original studies proposed

that caffeine may be an activator of the PKA signalling pathway based onresults

showing that caffeine is an in vitro activator of cAMP phosphodiesterase

(Butcher and Potter, 1972). However, caffeine also affects the PKC cell wall

integrity pathway by inducing a rapid phosphorylation of the final MAP kinase

Mpk1 of this pathway (Kuranda et al., 2006). In recent reports, Torl was

discovered to be a primary target of caffeine (Kurandaet al., 2006; Reinkeet al.,

2006) and both drugselicit similar global gene expression responses.

Generally, the results show that the growth rate is reduced on both

treatments. As has been reported, the TOR/ deletion mutantis sensitive to both

rapamycin and caffeine in these spot tests (Figure 3.8. b) (Xie et al., 2005; Lorenz

and Heitman, 1995). This finding is not easily explained, but it may be dueto the

fact that rapamycin could affect other targets in the cell which leads to this

phenotype. There are also reports which show that the loss of Torl function

increases the resistance to both drugs (Wankeet al., 2008). It is important to

notice that the sensitivity to both agents depends also on the backgroundstrain.

For example, unpublished work from this study revealed that the W303 yeast

strain is sensitive to low doses of caffeine (data not shown), which is apparently

attributed to the mutant allele of the SSD gene, ssd/-d, which rendersthis strain

susceptible for treatments whichaffect cell wall integrity (Reinkeet al., 2004).

The sustained sublethal 42 °C heatshock revealed a novel phenotype for

the fob/A strain (Figure 3.9. a). Additionally, the sir24 is affected by this

treatment. This is an intriguing finding because ofall the mutant strains which

modulate rDNAstability, only these two respond to heatshock, whereas rpd34

and hehIA seem to be more resistant to this stress. Also, these findings are

specific to heat stress because growing at 18 °C does not evoke these phenotypes

(Figure 3.9. b).
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Finally, the cells were tested against oxidative stress (Figure 3.10. a and

b). YPD was supplemented with either paraquat or H,O. The Axk24 mutantis the

single genetic mimic for DR which is more sensitive towards paraquat than

gprlA, sch9A, and tor1A, which seem to be able to cope better with this drug than

even the parent strain. Both sgs/A4 and sir24 are susceptible to both reactive

oxygen species generating drugs.
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Figure 3.8. DR and pharmacological interventions do not strongly affect the BY4741

strain andits isogenic deletion mutans.
a) and b). Assays were prepared as described in section 3.2., and cells on YPD were grown

for 1 day.
a) Cells on 0.5 % were grown for 2 days, and 3 days for 0.05 % respectively. A subtle effect

of the growth rate at the reduced glucose concentrations can be observed.
b) Cells on 200 nM rapamycin and 15 mM caffeine were grown for 4 days. The TOR/ is

sensitive towards rapamycin and caffeine. A small reduction the growth rate is apparent for

both drugs.
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Figure 3.9. Temperaturestress affects thefob14 and sir24 in the BY4741 background.

a) and b). Assays were prepared as described in section 3.2., and cells on YPD were grown

for 1 day

a) Cells at 42 °C were grown for 5 days.The fob/A and sir24 deletion mutantsare sensitive

towards heatshock.

b) Cells at 18 °C were grown for 4 days. Cold stress reduces the growth rate but the shown

strains do not suffer from sensitivity to cold stress.
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Figure 3.10. Oxidative stress affects mutant strains in the BY4741 background.

a) and b). Assays were preparedas describedin section 3.2., and cells on YPD were grown

for 1 day

a) Cells on paraquat were grown for 6 days. Interestingly, the hxk24 and sir24 deletion

mutants are more sensitive towards this drug than the parentandthe otherstrainsin thisset.

b) Cells on H,O> were grown for 2 days. Theset of strains which are genetic mimics for DR

are not affected by this dose of a ROS-generating drug, but again sir2/ is sensitive, andso is

sgs1A. Generally the growth rates of the mutants in the lowerpanel are somewhatreduced,

but it is not a strong effect.
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3.4. DISCUSSION

3.4.1. DR and rDNAsilencing

The NAD*-dependent histone deacetylase Sir2 is highly conserved with

functional and structural homologues in all kingdoms. Its role in chromatin

remodelling and genesilencing is crucial and in yeast, Sir2 is the only histone

deacetylase required for silencing at all three loci. The increase in Sir2-mediated

silencing is the crux of the Models put forward by Lin and co-workers and

Anderson and colleagues (Andersonet al., 2003; Lin et al., 2002) of how DRacts

to increase lifespan. However, there is only one published figure (Figure 1.d) in

(Lin et al., 2002) which showsan increase in rDNAsilencing in response to DR.

The figure showsa qualitative assay with the MET/5 markerintegrated in

the NTS1 of the rDNA,i.e. the read-out is based on “increase in brownness” in

0.5 % glucose strain compared to 2 % glucose. This difference in pigmentation is

also observed in strains where the markeris inserted outside the rDNA (Smith et

al., 2009) thus this change in colour seems to be a metabolic effect rather than

induced by increased Sir2 activity in the parentstrain.

Myfindings provide strong evidence against an involvement of Sir2 and

in addition question the importance of silencing in DR-mediated longevity. In an

extensive series of quantitative silencing assays and qualitative spot tests I

reproducibly found that DR, be it moderate or severe, does not increase rDNA

silencing. Furthermore, this finding was confirmed by the genetic mimic for DR,

hxk2A, and surprisingly the same phenotype was discovered in the sch9A and

tor]A mutantstrains.

A recent publication provides evidence that Sch9 may be the long

searched for yeast homologue for S6 kinase (Urban et al., 2007). Earlier work

however reports Sch9 to be the yeast homologue for the glucose-sensing

PKB/AKTkinase, which is in agreement with the data presented here showing

that sch9A under standard growth conditions (YP+2 % glucose) behaveslike the

parent strain in response to severe DR (very slow growth) (Fabrizioet al., 2001).

It may be that the yeast SCH9 is the ancestral precursor for both genes in higher

organisms.
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The results observed, i. e. the changes in silencing in a DR-independent

mannerby the introduction offob/A and rpd3A mutations validate this approach

to test Sir2-activity. The absence of Fob1 disrupts the correct function of the

RENT complex and prevents recruitment of Sir2 to the NTS1 in the rDNA,and

the deletion of FOB/ extends lifespan (Defossez et al., 1999). Whether the

deletion of RPD3 extends lifespan is presently controversial. Jiang and co-

workers(Jiang et al., 2002) reported an increase in lifespan of an rpd34 mutant in

the background YPK9 which was not further extended on DR-medium (0.1 %

glucose). Kaeberlein and colleagues (Kaeberlein et al., 2005b) do not see a

changein lifespan in the BY4742 rpd34, however, the deletion of S7N3 shortens

lifespan of this background strain, suggesting that there is a role for Sin3 rather

than Rpd3. These variations could be due to the respective backgrounds used in

the two studies. The deletion of Rpd3 increases silencing at rDNA and telomeres,

as previously reported (Smith et al., 1999; Sun and Hampsey, 1999; Rundlett et

al., 1996). The mechanismsare notfully elucidated, but it has been suggested that

Rpd3 antagonises the spreading of Sir2-mediated heterochromatin and is involved

in establishing the boundaries between eu- and heterochromatin by competing for

chromatin binding at the subtelomeric locus (Zhou et al., 2009). It seems that

Histone 4 K5is either deacetylated by Rpd3 and thus inhibits spreadingofsilent

chromatin, or in the absence of Rpd3, hyperacetylation of H4KS facilitates Sir2

binding and spreadingofsilent chromatin.

3.4.2. DR, genetic mimics and rDNA recombination

In this study, it was found that DR and the genetic mimics thereof, hxk2A

sch9A and tor1A, do not have an effect on Sir2-mediated silencing but that they

do reduce the events of marker loss via mitotic recombination by approximately

twofold. rDNAstability and, by extension, the rate of rDNA recombination has

long been suggested to be a limiting factor for lifespan extension. These results

confirm that DR, genetic mimics (Axk2A), and reduced kinase signalling (sch9A,

tor1A) initiate changes in rDNA towards a morestable array, and consequently a

reduction of recombination. As discussed above fob/A results in a loss of

silencing based on the absenceof Sir2 in the rDNA,andthis deletion also reduces

mitotic recombination. The lack of Fob1 leads to loss of Sir2-mediated silencing
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as Sir2 is no longer recruited to the rDNA by the RENT-complex. This

reproduces the findings of Huang and Moazed (Huang and Moazed, 2003). This

deletion also totally abolishes recombination because replication forks are no

longer blocked by Fob1 (Kobayashi et al., 1998). This observation leads to

another important conclusion: since Sir2 is lost from the rDNA, asclearly

demonstrated by the loss of silencing, the reduction of recombination occurs

independently of Sir2, and, by extension, silencing: it seems that an as yet

unknown mechanism governs the DR-mediated reduction in rDNA

recombination.

Although the reduction of recombination observed in the other deletion

strains and in response to DRare not as dramatic, it seems likely that even in

these strains it is a Sir2-independent process. In fact, the reduction of

recombination events has been observed in sir24 strains with two different

reporter genes (Smith et al., 2009). In addition, moderate and severe DR were

shown notto differ significantly in their effect on recombination events. Both

reduce marker loss by about the same factor. These results therefore cast a doubt

on whether different degrees of DR mayact over different pathways (Sinclair and

Guarente, 2006; Guarente, 2005).

The reduced formation of ERCs which ensues from the lower

recombination rate in response to DR has been shown only once in cdc25A

(Figure 4. a and b in (Lin et al., 2000) but several studies challenge the hypothesis

that accumulation of ERCs is a cause for senescence. In particular, it has been

found that cells defective in the DNAreplication and repair protein Dna2 show

the characteristic phenotypes of premature senescence but age without

accumulating ERCs (Hoopesetal., 2002). A second study reports that in cells

grown for seven generations the level of ERCs in the wildtype and the sgs/4,

which has a short lifespan, were comparable (Heoetal., 1999).

Furthermore, the deletion of Hprl, a subunit of RNA pol II which is

involved in stabilising rDNA and represses mitotic recombination, leads to an

increase in rDNA recombination and reduced the lifespan, but without the

accumulation of ERCs (Merker and Klein, 2002). ERC levels have been

measured in a sir24hmlA background (Kaeberlein et al., 1999), which showed an
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increase of ERCs at 7 generations compared to youngcells, but it has never been

measured in the context of DR in a strain where Sir2 has been lost (short

lifespan), or overexpressed (extended lifespan). Kaeberlein et al. also report that

the short lifespan of the sir24 cannot be rescued by DR,butthis is possible with

the deletion ofFOB/ (Kaeberlein et al., 2004).

Importantly, in this double deletion strain DR and genetic mimics for DR

(hxk2A4) do extend lifespan. Therefore, in the sir24 mutant, where recombination

is increased, DR does not extend lifespan and this may well be due to the

increased recombination events in absence of Sir2, and in a background with low

rDNA recombination, Sir2 is not required for DR-mediated lifespan extension.

Whether the accumulation of ERCs is indeed the cause for ageing in yeast needs

to be readdressed in the face of the evidence reporting different findings about

ERCaccumulation as discussed above.

3.4.3. Alternative mechanisms ofhow DR stabilised the rDNA repeats.

The findings presented here are obviously not easily brought together with

the Models put forward by (Kaeberlein et al., 2005c; Andersonet al., 2003; Lin et

al., 2002) on how DRextendslifespan. I propose herewith an alternative pathway

which circumvents Sir2-mediated silencing entirely, and by some not yet

specified mechanism reduces rDNA recombination. At that point my view ofhow

DR extendslifespan can be integrated with the existing models, although whether

ERC formation is a cause for ageing remains to be seen and this part of their

theory was not addressed in this work. The Kaeberlein model feeds into a

reduction of ribosomal biosynthesis via a decrease in Torl/Sch9 signalling, but

since here it was found that both tor/A and sch9A reduce rDNA recombination,

this opens the possibility that reduced ribosome biogenesis and reduced

recombination may be due to a common mechanism whichlimits the accessibility

of the rDNA.

What are known alternative mechanisms which could be the targets of

DR? Onepossibility is certainly the modulation of the histone components of the

nucleosomeswhichparticipate in rDNAsilencing. Earlier it was reported that the

histones H2A andB play an important role in rDNAsilencing (Smithet al., 1998;

Bryket al., 1997), additionally to Histone 3 and 4 as in telomeric and mating type
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silencing. The deletion of HTA/-HTB1, the genes encoding these two histones

leads to an impairment of rDNAsilencing. It may be that histone stoichometry in

the silenced loci is subject to differential regulation, and could therefore be a way

of regulating rDNAstability separately in response to DR.

Recent reports of novel mechanisms involved in maintenance of rDNA

repeats offer new angles to tackle this phenomenon. Tsang and co-workers

(Tsang et al., 2007) reported that the morphology of the nucleolus is changed to a

smaller structure in response to nutrient availability, in this case rapamycin as a

pharmacological mimic for DR, and that this change is dependent on the Rpd3-

Sin3 HDAC complex. They suggest that in response to starvation, Rpd3

deacetylates Histone 4 thereby inducing chromatin condensation, shrinking of the

nucleolus and disposition of RNA Pol I which eventually inhibits rDNA

transcription. The same group (Tsang et al., 2003) observed a rapid increase of

condensin loading to the rDNA in the nucleolus in response to starvation and

rapamycin treatment. This process was also shown to require Rpd3-mediated

histone deacetylation for increased chromatin condensation, and it was found to

be independent of Sir2, in a sir2A strain (Tsang et al., 2003). Earlier it was

reported that Torl is physically associated with the 35S and 5S promoter in a

nutrient-dependent fashion, and this interaction is crucial for the expression of

ribosomal genes, and cell growth. Uponstarvation, Tor] leaves the nucleus andis

localised predominantly in the cytosol, and transcription of the 35S and 5S gene

ceases(Liet al., 2006).

Anotherattractive idea is based on the findings of Mekhail et al (Mekhail

et al., 2008). Using an approach unrelated to DR andsilencing, this group also

discovered that silencing and recombination can be separated by studying the

mechanisms of how rDNAis tethered to the inner nuclear membrane. They

identify the CLIP complex as the linker module which secures the repeats to the

INM.In their work they find that in particular that deletion of HEH/ from the

CLIP complex, leads to an increase of recombination events, but their silencing

phenotypeis not affected. This once again showsthat increased silencing is not a

prerequisite for decreased rDNA recombination.
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The hehJA mutant wastested in a recombination assay reasoning that DR

may act via this tethering mechanism. In accordance with the report from

Mekhail et al., in this deletion strain recombination is increased, but not to the

extent of the sir24 mutant. However, DR rescues the recombination events in the

hehIA to the level of the parent strain in 2 % glucose. This finding is intriguing

because it could indicate two mechanisms which control recombination, both in a

DR-dependent and -independent manner. The loss of Heh1 in the rDNAleads to

an increase of recombination foci and hence favours recombination events despite

the presence of Sir2 and the RENT complex. The reduction of recombination

events in response to DR to the observed levels at 2 % glucose is therefore

independent of Hehl. From these two assays, it looks as if the rate of

recombination events is reduced approximately 50 % in this strain compared to

the modest 20 % in the parent strain in response to DR. However, this is

preliminary data and this experiment needs to be repeated again to confirm these

data.

3.4.4. Stress phenotypes.

I was interested in analysing the responseto different formsofstress in the

deletion mutants used in this study, in particular the genetic mimics for DR. The

stress response in yeast has been studied in comprehensive microarray profiling

analysis in the yeast deletion database in response to different conditions (Giaever

et al., 2002; Gaschet al., 2000). It has been shown in their work that upregulated

genes in response to a environmental insult are not actually involved in surviving

this stress but rather prepare the cell for impending adverse conditions. Since DR

has been described as a low-intensity of stress in yeast (Anderson et al., 2003),

the rationale for this was to analyse whether the genetic mimics for DR are more

resistant to secondary stress.

In this analysis it became apparent that the deletion mutants are largely

unaffected by the conditions applied. However, some novel phenotypes were

discovered, notably the sensitivity offob1A and sir24 towardsheatstress. This is

an intriguing finding, because one commonfactor shared between bothstrains is

that Sir2 has been lost from the nucleolus, or the whole cell respectively. The

other mutantstrains on this plate are hehA1, and rpdA3, and these strains show
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the opposite phenotype in response to heat treatment. One possible explanation

for this observation is that in these two latter deletion strains, Sir2 has increased

access to the rDNA because tethering is impaired or Sir2 activity is not

antagonised by Rpd3, respectively. This leads to an increase in silenced rDNA,or

the proportion between eu- and heterochromatin is shifted towards

heterochromatin. However, how this would improve the responseto heatstress is

unclear and needsfurther analysis.

The sensitivity of sir24 and hxk24 towards oxidative stress, or paraquat,

respectively, seem to depend on the growth phase of the cells. In this work, the

deletion of S/R2 clearly results in a phenotype which is sensitive towards

oxidative stress, in contrast to the findings of Fabrizio et al (Fabrizio et al., 2005).

They show that the loss of Sir2 in cells harvested and plated in the stationary

growth phase on day 3, when chronologically ageing cells were studied, in fact

increases the resistance against oxidative and heat stress whereas overexpression

of Sir2 yields the cells highly susceptible to both forms ofstress.

The observation that SZR2 deletion leads to increased sensitivity in

response to oxidative stress during the exponential growth phase could be due to

the fact that Sir2 is involved in retaining oxidatively damaged proteins in the

mother cell during replication (Erjavec and Nystrom, 2007; Erjavec et al., 2007;

Aguilaniu et al., 2003). Impaired management of oxidatively damagedproteins

mayresult in proteotoxicity of high molecular weight aggregates, which can be

rescued by an overexpression of Hsp104.

The sensitivity of hxk24 towards paraquat is slightly more difficult to

interpret. Paraquat is a potent superoxide anion and hydroxyl radical generator.

The hxk2A is a mimic for DR, and glycolysis is impaired in this strain. Therefore,

this strain relies on increased respiration, which in itself increases the production

of ROS.In the context of this genetic background, application of paraquat may

increase the production of ROS above levels which can be safely managed by the

cell. However, H,O, is also a ROS-generating agent, and hxk24 is not sensitive

towards this treatment, whereas the S/R2 deletion mutants do show sensitivity

towards hydrogen peroxide. Lin et al. (Lin et al., 2002) performed a similar

analysis. Their results also show that both DR (0.5 % glucose) and the genetic
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mimic for DR hxk2/ are sensitive towards paraquat but not hydrogen peroxide.

Unlike my findings, they did not identify an increase in sensitivity of the SIR2

deletion mutant towards oxidative stress. One reason for this difference could be

due to the varied H,O, concentration (2 mM versus 8.8 mM inthis analysis,

respectively). In the study presented here, despite the comparable concentration

of paraquat (5 mM versus 3 mM inthis study), there is a difference in the SJR2

deletion strain.

Although H,O, and paraquat are both ROS-generating agents, they may

have side-effects which could account for the differences in findings betweenthis

work and Lin et al additionally to the different yeast backgrounds used for the

analysis (BY4741), and PSY316 (Lin et al., 2002).

3.4.5. Conclusion

In the course ofthis analysis, I found that contrary to the proposed models

of how DR extendsyeast lifespan, Sir2-mediated silencing at the telomeres and

the rDNA is not changed. It was revealed that mitotic rDNA recombination

events are reduced in response to DR, and in genetic mimics for DR. The findings

of this work are summarised in Table 3. 1. It clearly emerges that the correlation

between lifespan extension and reduced recombination is more convincing than

the correlation between lifespan extension and silencing. The proposed Models I

and II about increased silencing extending lifespan fit indeed with Sir2,but for all

other conditions or yeast strains tested this does not hold fast, since silencing is

either not affected or lost. The commonfeature of lifespan extension as compiled

in this table is the reduction of rDNA recombination. Stability of the rDNA may

well be one component which determines longevity, but it is not likely to be the

only one. Other mechanismson different levels of cellular homeostasis, such as

the managementof high molecular weight aggregates, may well form part of the

concerted efforts to maintain a cell fit for a longer life. Therefore it is important to

use different approaches in order to discover all the mechanismsthat contribute to

beneficial effects ofDR on an organism.
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GENE DELETION
MUTANT LIFESPAN RECOMBINATION SILENCING

DR increase reduction not affected

hxk2A increase reduction not affected

sch9A increase reduction not affected

torlA increase reduction not affected

foblA increase reduction loss

sir2A decrease increase loss  
 

Table 3.1. The good correlation oflifespan extension with recombination.
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4.1. INTRODUCTION

4.1.1. The Free Radical TheoryofAgeing in DR.

The work in the last chapter dissected the mechanisms of Sir2-mediated

silencing in response to DR and genetic mimics for DR, with the result that no

correlation was discovered between silencing and DR. However, I consolidated a

positive relationship between the reduction of recombination events and lifespan

extension (Riesen and Morgan, 2009). From there, I turned to study another

hypothetical target of DR; the reduction of protein damage and aggregation. This

idea stems from the accumulating load of damage to molecular and cellular

levels, eventually resulting in whole tissue failures over time. Whether DR

actually reduces the damage and if so, by what mechanism the cell achieves

protection of how DRprotects cellular macromolecules from damageisstill

largely unknown.

The theory of oxidative damage to proteins, or more precisely the free

radical theory of ageing was formulated by Harman (Harman,1956). It states that

ROS,in particular the superoxide anion as a side product from the respiratory

chain in the mitochondrion, are the perpetrators and can damagelipids, proteins,

and DNA (Harman, 1972a; Harman, 1972b). Work on this theory by Stadtman

and colleagues showed that the increase of oxidatively damaged proteins in

ageing cells leads to cellular dysfunction (reviewed by (Stadtman, 2006;

Stadtmanet al., 1992). Generally, oxidative protein damageis assessed in form of

carbonylation (reviewed in (Nystrom, 2005). The load of protein carbonylation

wasalso foundto be increased in segmental progeroid diseases, such as Werner’s

syndrome (Stadtman, 1992) compared to control samples from the same age, and

Alzheimer’s disease (Butterfield, 2004; Butterfield and Lauderback, 2002).

It has to be noted here that the oxidative damage theory of ageing has

taken somehits recently (Gems and Doonan, 2009). Interventions in the pathways

which remove superoxide anions or hydroxyl ions with pharmacological and

genetic meansare difficult to interpret, because there are a number ofstudies

which show that drug treatment with pro-oxidants or antioxidants do not

necessarily always evoke the same responses even in C. elegans. For example, a

large study reported that C. elegans lifespan could be greatly extended by
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compounds which mimic superoxide dismutase and catalase called EUK (Melov

et al., 2000). A later report however, studying the effect of EUK-8 in particular,

did not find this lifespan extension of worms at all. In fact, they found that it

shortened the lifespan in a dose dependent manner (Keaney and Gems,2003).

In yeast, the deletion of SOD/ leads to a dramatic decrease oflifespan, but

not the deletion of SOD2 (Kaeberlein et al., 2005b). Both deletions increase the

sensitivity towards oxidative stress. Another important observation about the

effect of oxidative stress in yeast is that the overexpression of Sod1 combined

with overexpression of catalase T does not actually extend lifespan, as would be

expected if oxidative damage, or ROS, were the primary cause for ageing

(Kirchman et al., 1999). In chronological lifespan, the situation is different:

overexpression of Sod1 and Sod2 together, but not alone was found to extend the

chronological lifespan by about 30 % (Fabrizioet al., 2001).

4.1.2. Oxidative damage and DRinyeast.

In yeast, work which studies the dynamics of oxidative damage to proteins

during the replicative and chronological lifespan has not yet established a causal

relationship between damage and limitations of lifespan. However, it was found

that the segregation of oxidatively damaged proteins in mothercells is strictly

managed during asymmetric replication (Erjavec and Nystrom, 2007; Aguilaniu

et al., 2003). A later study analysing protein damage in old yeastcells identified a

novel important role for Sir2 in segregating oxidatively damaged proteins

together with Hsp104 to the mothercell during the replicative phase of yeast cells

(Erjavecet al., 2007). These authors also identified enzymes involved in glucose

metabolism and heat shock proteins as targets, and they found that catalase T-

activity decreases in ageing cells and that active catalase T is delivered to the

daughtercells.

Another study addressed the question of oxidative damage combined with

DR in yeast discovered intriguing targets (Reverter Branchat, G. et al 2004).

Among the proteins most affected by carbonylation in older cells from both

chronological and replicative lifespan cultures were heat shock proteins and

enzymes involved in glucose metabolism, such as Hsp60 and 70, and alcohol

dehydrogenase and glyceraldehyde-3-P-dehydrogenase. These authors also
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analysed cells from dietary restricted cultures and they found that DR reduces the

damageto the above mentionedtargets.

The work comprised in this chapter therefore deals with an analysis of

yeast cells grown in control and dietary restricted glucose concentrations, and

treated with heat or H,O, in order to identify whether DR hasa protective effect

on cells, and proteins. The methodology selected to approach these questions was

twofold. First, in vivo imaging of GFP-Hsp104 was used in orderto assess protein

aggregation in response to different stress treatments, and DR. Second, lysates

obtained from differently treated cells were subjected to gel filtration

chromatography(alternatively size exclusion chromatography) followed by SDS-

PAGEanalysis. By applying gel filtration chromatography, I used an in vitro

approach to analyse protein aggregation, and to determine if DR modulates the

formation ofhigh molecular weight aggregates.

This approach further led to the identification of the strong induction of a

small heat shock protein in response to DR, which has not been previously

reported.

 

111



Chapter 4. Mechanisms ofDR-Mediated Lifespan ExtensionII
 

4.2. METHODS

4.2.1. Confocal imaging of GFP-tagged heatshock proteins.

From overnight 10 ml cultures in YPD 2 % glucose of GFP-Hsp104, 2 ml

aliquots were removed andeither treated at 50 °C for 30 min, 8.8 m M H,O,

(final concentration) for 1 hour at 30 °C at 300 rpm,or as control 1 hour at 30 °C

at 300 rpm. Additionally, cultures grown in YPD 0.05 % glucose of the same

strains were grown for 2 days. For the extended analysis, cells grown at 0.5 %

glucose were included,as well as cells from 2 % glucose cultures treated at 42 °C

for one hour. The cells were prepared for imaging and visualised as described in

Chapter 2. Briefly, after treatment, the cells were washed in cold PBS, then

resuspended in 4 % paraformaldehyde and fixed at room temperature for 1 hour.

The fixed samples were washed again in cold PBS and resuspended in 200 ul

PBSandstored at 4 °C. Before imaging, 25 pl of a sample was mixedat a ratio of

1:1 with Prolong® Gold antifade directly on the slide and left to cure for at least

24 hrs in the dark. It has to be noticed that this mounting agent is an excellent

medium for imaging; however, when cured, it forms still slightly viscous gel

which allows residual Brownian motion of yeast cells on the slides. It is still

possible to find stationary cells.

4.2.2. Yeast protein extractionsfor FPLC analysis.

10 ml YPD medium was inoculated with a single colony and grown

overnight. For analysis of DR-effects on the soluble proteins in yeast, 10 ml

cultures were grown in 2 %, 0.5 % or 0.05 % glucoseto saturation, harvested and

lysed in NDLB10 using the extraction method with acid-washed glass beads. The

buffers and extraction method are detailed in Chapter 2 under Solutions 2.2.4.1,

and Yeast soluble protein expression, 2.5.2. A 100 wl aliquot from a BY4741 2 %

glucose lysate was subjected to in vitro heat treatment for 1 hour at 42 °C before

analysis on FPLC and SDS-PAGE.

For the treatment with 8.8 mM H,O,;, fresh 10 ml cultures grown to

saturation in 2 % and 0.05 % were spun down,resuspended in 4 ml fresh YPD

with 2 % or 0.05 % glucose. To this was added 30 % HO, (8.82 M)to a final

concentration of 8.8 mM,and the cultures were incubated at 30 °C for 1 hour and

15 minutes before they were harvested and lysed as detailed in Chapter 2. Prior to
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lysis, the pellets were weighed and adjusted so that the 2 % glucose culture was

the same massas the smaller pellet from the 0.05 % glucose culture.

4.2.3. Bradford assayfor determinationofthe protein concentration from

yeastlysates.

The assay wasset up and analysed as described in Chapter 2 in NDLB1O0.

The lysates were diluted either 1:4 (lysates from yeast grown in 2 % or 0.5 %

glucose), or 1:1 (from 0.05 % glucose). Of these dilutions, a concentration series

between 1-4 yl was pipetted, and made up to 100 pul, mixed with 200 ul of 1x

Biorad protein assay solution and the absorbancevalues at Aso; were read.

Generally, the lysates of cultures grown in 0.05 % glucose had the lowest

protein concentrations. Thus they were set as the reference concentration for

equal loading of the FPLC forall runs, i. e. the concentration of the lysates from

0.5 % glucose and 2 % glucose were adjusted to this sample in a final volume of

500 pl, which was loaded onto the column.

4.2.4. Gelfiltration chromatography.

Gel filtration chromatography was performed on a Pharmacia LKB

Biotech (now GE Healthcare) FPLC® System using a HiLoad™ 16/60

Superdex™200 prep grade column (120 ml). Superdex is the name for highly

cross-linked, porous agarose particles with covalently bound dextran. This

combination results in a stationary phase which is characterised by physical and

chemical stability combined with good resolution properties, because the non-

specific interactions with proteins are minimised. This column wastherefore ideal

for the analysis of high molecular weight aggregates. Optimal resolution of this

column ranges between 600 to 10 kDa. The mobile phase carrier was isocratic

NLDBI1O0or 20 buffer. Maximum pressure allowed for this column was 1.2 MPa.

Separated protein was collected in test tubes in a FRAC-200 model carrousel. The

flow rate wasset to 1 ml per minute and fractions were collected for 2 minutesat

room temperature (NDLB20), or 0.5 ml per minute and 4 minutes in the cold

room (NDLB10), respectively, both resulting in 2 ml final volume. The column

was equilibrated in NDLB20 at room temperature, and the standard curve was

established by fractionating proteins or macromolecules of a known size: Dextran

(2000 kDa), apoferritin (440 kDa), alcohol dehydrogenase (150 kDa), BSA (67
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kDa), and cytochrome C (12 kDa) at room temperature. All further runs of yeast

lysates were done in the cold room in isocratic NDLB10 in order to minimise

protein degradation. The volume injected on the column was kept as small as

possible in order to maximise the resolution; generally, 400 pl complex yeast

lysates were loaded.

4.2.5. Bradford assayfor determinationofthe protein concentration from

FPLCfractions.

The assay was set up and analysed as described in Chapter 2 in NDLB10

or 20. Every single fraction was manually analysed in a plate-reader-based

Bradford assay. 40 fractions for analysis were collected between fractions 20 and

60, which is the range of resolution of the column. From two consecutive

fractions, e.g. 20/21, 500 pl was removed and combined in a 2 ml microfuge tube

for methanol precipitation, 100 ul was removed for the Bradford assay and the

remaining 1.4 ml werestored at — 80 °C.

From each FPLCfraction between fraction 20 and 60, 1001 waspipetted

into a 96 well plate, 200 yl of 1x Biorad protein assay solution was added, mixed

and the absorbancevalues at As9; were read.

4.2.6. SDS polyacrylamide gel electrophoresis.

Proteins were separated according to the standard DISC-SDS PAGE

established by Laemmli (Laemmliet al., 1970), in the BioRad Protean MiniIII

system. The acrylamide concentration varied between 6 % and 15 % depending

on the molecular weight of the proteins to be analysed. A 30 %

acrylamide/bisacrylamide stock solution (37.5: 1) was diluted accordingly. 20 pl

of sample were loaded, and as a reference 5 or 10 pl of Seeblue® Plus2 pre-

stained marker (range 4 to 250 kDa) or Novex® Sharp Pre-stained Protein

Standard (3.5 to 260 kDa) marker was run with the samples (as indicated in the

figure legends). The samples were stacked at 80 V for 30 minutes and separated

at 120 V for approximately an hour or until the lowest marker band had reached

the bottom of the gel. The gels were either stained overnight with Colloidal

Coomassie or CoomassieBrilliant Blue.
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4.2.7. MALDI-TOF mass spectrometry.

Selected FPLC fractions were run on a 12 % precast gel and stained with

Coomassie Brilliant Blue. The bands were cut out and digested with trypsin using

an in-gel digestion protocol. Briefly, gel plugs from protein bands of interest were

excised and the proteins were subjected to in-gel tryptic digestion and peptide

extraction. After an overnight digestion at 37 °C, the tryptic peptides were mixed

with matrix, which was g-cyano-4-hydroxycinnamicacid saturated solution made

up in 50 % acetonitrile and 0.5 % trifluoroacetic acid. The so prepared samples

were analyzed using a MALDI-ToF mass spectrometer (Voyager DEPro, Applied

Biosystems) in positive ion reflectron mode over the range of 950-3500 Th. The

proteins were identified by manual searching of MSDB using MASCOT

(MatrixScience, London). The initial search parameters allowed for a single

trypsin missed cleavage, carbamidomethyl modification of cysteine residues,

oxidation of methionine, acetylation of the N terminus, and an m/z error of +50
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4.3. RESULTS

4.3.1. Confocal imaging of GFP-tagged Hsp104 in different conditions.

Yeast is a particularly useful model organism for studying the protein

distribution in response to environmental stressors, because a large number of

yeast proteins have been GFP-tagged (Huhetal., 2003) and can be commercially

obtained. I took advantage ofthis strain collection in order establish a preliminary

experimentin order to study the distribution of heat shock proteins in response to

DR,and oxidative and heat stress. This approach was chosen because of previous

reports that GFP-Hsp104 relocalises to punctae upon stress (Erjavecet al., 2007),

(Lum et al., 2004) and in particular in order to study whether the distribution of

GFP-Hsp104 changes in response to DR.In theory, following the localisation of

GFP-Hsp104 in responseto stress should allow for an in vivo assessmentof high

molecular weight aggregates and whether they are modulated and reduced in

response to DR.

Liquid cultures were grown in 0.05 % glucose for two days, or overnight

in 2 % glucose. From the control culture, 2 ml samples were removedandtreated

with 8.8 mM H,O,at 30 °C and 300 rpm,or at 50 °C. On various localisation

databases, GFP-Hsp104 was found in the nucleus and the cytosol (Huhetal.,

2003). In this analysis however, Hsp104 formed well defined, large punctuate

structures in control and stress conditions (Fig 4.1.). Only upon severe heat stress,

it left the foci and was founddistributed all over the cell. This is not in agreement

with previously published imaging data from Hsp104 (Erjavecet al., 2007; Lum

et al., 2004), but has been found also in a study where localisation of quality

control compartments was analysed (Kaganovichet al., 2008).

This analysis was extended to include the effect of H,O, and milder heat

shock at 42 °C on cells grown under both moderate and severe DR conditions

(performed by Alex Burdyga, under my supervision). The distribution of GFP-

Hsp104 was the sameas had been observed previously. However,sublethal heat

stress at 42 °C led to the formation of several punctae per cell. These structures

may be foci of induced aggregation of heat damaged proteins which required the

action of Hsp104. This was not found during the sublethal oxidative stress,

indicating that Hsp104 may have a minorrole during oxidative stress. Overall,
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there was no obvious effect of moderate or severe DR on GFP-Hsp104

localisation alone or in combination with the oxidative or heat stress conditions.

Therefore, observing the distribution of Hsp104 did not seem to be a sensitive

method for assessing high molecular weight aggregates, therefore, I resorted to

biochemical analysis of protein aggregation.
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Figure 4.1. Confocal and brightfield images of GFP-Hsp104 under different stress

conditions.

Treatments are detailed in section 4.2.1. Set i: 2 % glucose; setii: 0.05% glucose; setiii: 8.8

mM H,0,; set iv: 50 °C.

GFP-Hsp104 was exposed to different treatments which involve Hsp104 function. GFP-

Hsp104 forms defined punctae, which only dissociate fully upon intense (lethal) heat

treatment. Fluorescence was not quantified, but there is no gross change of GFP-Hsp104

localisation in response to DR.
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Figure 4.2. Confocal images of GFP-Hsp104 under different stress conditions

during moderate and severe DR.
Treatments are detailed in section 4.2.1.
This set of images shows more treatmentsin order to study GFP-Hsp104localisation.

GFP-Hsp104 forms defined punctae as seen in Figure 4.1. Set i) Control and DR;

The structures do not seem to changein responseto different glucose concentrations.

Set ii) Heat shock at 42 °C and DR; however, when exposed to combined heat stress

and lower glucose concentrations, the structure of GFP-Hsp104 punctae shifts to

smaller punctae distributed overthe cell.

Set iii) 8 mM H2Q, and DR; combined with DR, exposure to H2O2causesa similar

rearrangement as seen in Setii), although the there still seem to be more defined

punctae in 0.5 % glucose and oxidative stress than were observed in mild heat stress

and 0.05 % glucose.
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4.3.2. Calibration ofFPLC Superdex 200 column and sample preparationfor
SDS-PAGEanalysis.

In order to further single out the protective mechanisms which are

activated in response to DR, lysates encompassing the soluble proteome from

yeast cells were subjected to gel filtration chromatography on an FPLC system

using a Superdex 200™ column, followed by analysing the eluted fractions on

SDS-PAGE.This treatment refines the separation of the complex composition of

soluble proteins on the basis of molecular size and thus allows easier detection of

changesin protein aggregation in DR.

The column was equilibrated with proteins of defined molecular weightin

the range of resolution powerof this column (performed by Alex Burdyga under

my supervision) (Figure 4.3.) The fractions where the elutions of the respective

proteins peaked were plotted on a semi log plot . The good linear relationship

between elutions and molecular weight indicates that the column is well

equilibrated. This graph represented the standard which was used for all

consecutive analyses because the buffer conditions were not changed throughout

this work. Lysates were extracted using a mild buffer devoid of detergents. This

biased the analysis towards the cytosolic or soluble components of the cell. The

cells were ruptured with acid-washed glassbeads, then cleared from debris and

insolubleparticles.

The amounts of protein loaded for each glucose concentration were

adjusted to the protein concentration of the 0.05 % glucose lysates, which as a

rule had the lowest concentrations per same amount of biomass,i. e. same pellet

weight. The lysates were all made up to the same final volume of 400 ul, to

ensure identical loading conditions, and then injected into the Superdex 200

column. The fractions were collected in 2 ml final volume, and for the Bradford

assays, from every single fraction 100 yl were removed in duplicates and

analysed for amountofprotein. For the gels, from two consecutive fractions 1 ml

each were pooled and methanolprecipitated. The pellet was then resuspended in

50 yl Laemmli buffer and 20 yl of this was loaded on SDS-PAGE.The gels were

all run under the same conditions, for the same amountoftime in order to achieve

precisely the same resolution for all samples. This facilitates the comparison of

the band patterns for the different conditions.
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Figure 4.3. Calibration of Superdex 200 FPLC column.

a) Absorption trace ofthe protein standard used for calibration. The column was loaded with

210 pl of a mixture ofproteins of defined molecular weight (peak fraction): Dextran 2000

kDa (21); apoferritin 440 kDa (30); alcohol dehydrogenase 150 kDa (35); bovine serum

albumin 67 kDa (39); cytochrome C 12 kDa (49). The flow rate wasset to 1 ml/min at room

temperature, and fractions were collected for 2 minutes, equalling 2 ml. The proteins eluted

in the labelled fractions

b) Thelinear relationship between molecular weight andfraction plotted in a semi log graph.
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4.3.4. FPLC analysis oflysates treated at 42 °C invitro.

Protein aggregation and the resulting deposits cause the proteotoxicity

which leads to neurodegenerative diseases. DR has been suggested to modify

aggregation and thus reduce the toxicity of protein aggregation. What exactly the

pathways are which act together in order to alleviate aggregation is not fully

elucidated yet. Therefore, one assay was designed to study the aggregation

properties of the fractionated yeast lysates subjected to in vitro heat treatment

(performed by Alex Burdyga, under my supervision). Lysates from cells grown at

2 % glucose were extracted, followed immediately by a one hour treatmentat

42 °C or room temperature as control. The lysate was cleared and subjected to

FPLC.The apparentloss of protein comparedto the control condition is the result

of uncontrolled protein aggregation in large insoluble granules in response to

heat, which sedimentas a clearly visible pellet after centrifugation (Figure 4.4. a

to d).

In order to identify specific target proteins of heat shock, in particular in

the high molecular weight range, FPLC fraction 20 was subjected to a one hour

treatment at 42°C. Specific fractions were preferred for this kind of analysis

compared to the whole cell lysate due to the complexity of proteins in the non-

refined lysates. These fractions were run on a precast 12 % NOVEX gel and

bands were cut out for MALDI-ToF mass spectrometry analysis (Figure 4.5.).

Among the most aggregated proteins from in vitro heat treated lysates were

ribosomalproteins (Table 4.1, sample 1 and 2). The proteins identified were 605

ribosomal protein L3 and one band composed of two proteins 60S ribosomal

protein L2 and 40S ribosomalprotein S1-A.

Oxidative stress was analysed in lysates of cells which were treated in vivo

with 80 mM H,O). One protein was identified: glyceraldehyde-3-phosphate

dehydrogenase. This enzymeis involved in glycolysis, and has been identified as

a target of increased oxidation also in replicative senescence (Table 4.1, sample

4). Metabolic enzymes, in particular those involved in the glucose metabolism

have previously been reported to be targets of oxidative stress (Erjavecet al.,

2007; Reverter-Branchatet al., 2004).
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Figure 4.4. FPLC fractioned lysates from room temperature and in vitro heat treated

lysates at 42 °C.
a) Lysates from cells grown in 2 % glucose were either treated at RT or 42 °C for one hour. Both

samples were spun at 20,000 rpm for 20 min, supernatants were recovered, andthe pellet was

solubilised in 20 pl 4x LB, the supernatants were resuspended in 1:1 in 2x LB. 5 pl of each

preparation was madeupto 20 pl in 2x LB and loaded on 10 % SDS-PAGE.The red arrowheads

indicate heat-labile proteins.

b) From each fraction, 100 pl sample was removed and mixed with 200 pl Bradford solution.

Each sample represents absorbance values from one assay. The molecular weight of the eluted

proteins decreases from left to right.

c and d) The columns were loaded with equal amounts ofprotein in a final volume of 400 pl,

FPLC wasrunin isocratic NDLB10, adjacentfractions were pooled,e. g., 1 ml of fraction 18 and

19, methanolprecipitated, and resuspended in 50 pl 2x Laemmli buffer. 20 jl of this was loaded

on gels. Proteins were visualised with Colloidal Blue staining (Protein marker: Seeblue® Plus2

prestained standard). The heat-induced loss of most proteins, especially in the high molecular

weight region,is striking.
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Figure 4.5. Selected bands and treatments for mass spectrometry analysis.
* indicates that this band is composedofof two proteins which were individually identified.
The indicated fractions were treated with heat or oxidative stress and the bands indicated
with a blue arrowhead wereidentified proteins by MALDI-ToFanalysis (Table 6.1.). Bands
1 and 2 were ribosomal proteins which aggregated in the visible pellet after heat treatment
and are no longer present in the supernatant. Band 3 is a protein which was aggregated in

responseto oxidative treatment and no longerpresentin the supernatant after centrifugation.

 

 

 

 

 

  

Sample ID (MALDI-SCORE) M, (kDa)

1 60S ribosomal protein L3 (71) 43.8

a 60S ribosomal protein L2 and 23:9

40S ribosomalprotein $1-A (104) 28.7

3 Phosphoglycerate mutase 1 (57) 27.5

4 Glyceraldehyde-3-phosphate dehydrogenase 3 (103) 35.8

5 Hsp26 (59) 23.8    
Table 4.1 MALDI-ToFidentifications of samples from differentially treated yeastlysates.

* indicates that this band is composed ofoftwo proteins which were individually identified.
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This findings validated the use of the Superdex 200 ™ column and FPLC

in order to identify changes in abundance and high molecular weight protein

aggregation and was therefore used to analyse lysates from different glucose

concentrations.

4.3.3. FPLC analysis oflysatesfromcells grown underdifferent glucose

concentrations.

The first analysis of cells grown in control and DR-conditions, i.e. 2 %,

0.5 % and 0.05 % glucose concentration, is compiled in Figures 4.6.-8. Every

single fraction was analysed on 15% and 6% SDS-PAGE,and a Bradford assay

(Figure 4.6.-8.). The gels reflect the resolution pattern of the columns, as the

molecular weight of proteins decreases from left to right for all depictions of data.

High molecular weight proteins therefore eluted in fractions 20-23. The bulk of

cytosolic proteins concentrate in the medium molecular weight range, from

fractions 32-45, which represents the range of 440-67 kDa. There are less proteins

in fractions 24-31, and despite the fact that yeast has small molecular weight

proteins, they seem to be underrepresented in this method. The two different

acrylamide concentrations were chosen for optimal resolution of the samples in

the small and high molecular weight range of proteins; this makes it easier to

detect changesin protein expression.

Over the different glucose concentrations, the pattern of protein

distribution remained largely similar which is represented both by the gels and

the Bradford assay. Arrowheads point out proteins which are differentially

expressed in the DR-conditions,; red indicate upregulated, and green

downregulated proteins, respectively. The first immediately obvious strong band

appears in the high molecular range of resolution in fractions 24-29 andit is a

species of around 30 kDa. This protein is in moderate DR, and is even more

expressed in severe DR. Thefact that it peaks in fraction 26 at a theoretical mass

of 500 kDa, but runs at an apparent molecular weight of 30 kDaindicates that as

a native protein, it associates in large multimericstructures.

Comparing the high molecular weight fractions (20-24) between 2 % and

0.05 % glucose on 15 % SDS-PAGEgels (Figure 4.6. a and c), reveals a decrease

of proteins in the DR-samples, which becomes more apparent even on the 6%
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gels (Figure 4.7. a and c), and is reflected in the Bradford assay (Figure 4.8.). The

situation with moderate glucose concentration, 0.5%, is less clear, because the

Bradford assay shows an increase in the amount ofprotein in the heavy weight

range (fractions 20-24, Figure 4.8, red trace), which is apparent on the 15% gels

between the 20-60 kDa markers (Figures 4.6. and 7. b). In fact, there do not seem

to be many changes betweenthe control condition or moderate glucoserestriction

at all, except for one bandin fraction 44/45, whichis intriguingly upregulated in

response to moderate DR, and disappears in severe DR (Figure 4.6 and 7. b, red

arrowhead).

The 6% gels (Figure 4.7. a, b and c) display the range of resolution of the

column as the heavy proteins (> 100 kDa) disappear from left to right. When

evaluating these gels for changes in the high molecular weight proteome over the

glucose concentrations, differences in expression are seen in this set between

control and DR grown cells (see arrowheads in Figures 4.7. a, b and c). The

absence of small molecular weight proteins on the 15% gels makes this analysis

biased to variations in the high molecular range. Indeed, more bands whichalter

were spotted on the 6% gels (compare Figure 4.6. a to c with Figure 4.7. a to c).

The most prominent induction in fraction 26 was subjected to MALDI-

TOFanalysis and it was identified to be Hsp26. This protein is a yeast member of

the a-crystallin family of small heat shock proteins, and it was previously shown

to form large hollow structures made up of 12 dimers at a molecular weight of

around 500 kDa (Stromeret al., 2004; Bentley et al., 1992). The protein is not

present under normal conditions, as has been previously reported (Susek and

Lindquist, 1990). The mRNA of HSP26 is strongly induced in response to

glucose starvation (Amoros and Estruch, 2001), and here the results provide

evidenceforthe first time that also the protein is upregulated in response to DR.
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Figure 4.6. 15 % SDS-PAGE of FPLC-fractioned lysates of cells grown in different glucose

concentrations.

a, b, and c) The columns were loaded with equal amountsofprotein in a final volume of400 pl, FPLC

was run in isocratic NDLB10, adjacent fractions were pooled, e. g., 1 ml of fraction 18 and 19,

methanolprecipitated, and resuspended in 50 pl 2x Laemmlibuffer. 20 pl of this was loaded ongels.

Proteins werevisualised with colloidal Coomassie staining (Seeblue® Plus2 prestained standard). Red

arrowsindicate upregulated, grey arrows downregulated bands, respectively.

a) 2 % glucose. Most proteins are concentrated in the medium molecular weight area between

fractions 30-42 (440 kDato 67 kDa). There are few low molecular weightproteins.

b) 0.5 % glucose. Few changes are apparent comparedto the control, notably a band appearing in

fraction 26/27, and 44/45.

c) 0.05 % glucose. The strong appearance ofthe band in 26/27 is the most obvious induction. There

are also differencesin the fractions betweenfractions 30-38.
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Figure 4.7. 6 % SDS-PAGE of FPLC-fractioned lysates of cells grown in different glucose

concentrations.
a, b, and c) The same samplesasin Figure 4.3. were ran on 6 % gels in order to detect changesin

the high molecular weight composition over the glucose concentrations. Proteins were visualised

with colloidal Coomassie staining (Protein marker: Seeblue® Plus2 prestained standard). Red

arrowsindicate upregulated, grey arrows downregulated bands, respectively.

a) 2 % glucose. Mostproteins are concentrated in the medium molecular weight area between

fractions 30-42 (440 kDa to 67 kDa). There are few low molecular weight proteins.

b) 0.5 % glucose. One band strongly appearsin fractions 40-43 exclusively in 0.5 % glucose.

c) 0.05 % glucose. The main differences to the other conditions are in the apparent reduction of

proteins in the high molecular weight fractions, and stronger bandsin fractions 40-43.
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Figure 4.8. Bradford assay for the different glucose concentrations.
From eachfraction, 100 pl sample was removed and mixed with 200 yl Bradford solution.
Each sample represents absorbance values from 3 assays, pooled and normalised to fraction
37. The molecular weight of the eluted proteins decreases from left to right. Overall, the

traces are rather similar. In the high molecular weight region however,there is an interesting

difference between the two DR-conditions. In 0.5 % glucose (moderate DR,red trace) there
is an increase in absorbance, i.e. protein concentration compared to control(blue trace) and

0.05 % glucose (green trace). Furthermore, there is an increase in protein in 0.5 % and even

stronger in 0.05 % glucose, a shoulderoverfractions 24-28. This induction was seen on the

gels in Figure 4.3. as one strong band appearing below 36 kDa.
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4.3.3. FPLC analysis oflysatesfrom cells treated with 88 mMH2O2in vivo.

Once the changes in DR wereestablished, the attention was focussed on

environmental impacts other than DR which are considered to induce

proteotoxicity. Oxidative stress was chosen in combination with DR to see

whether differences could be found which mayidentify the protective pathways

activated by DR (Figure 4.9. a-c). This sublethal concentration of H,O, was

established by treating the cells for 1 hour at 30 °C and 300 rpm,then streaking

the cells out on YPDplates to assess viability (data not shown).

A first glance over the Bradford assay and the gels does not reveal a great

deal of changes induced by DR and 88 mM H,0). Thepattern for the 2 % glucose

treatment on gels and Bradford assay is largely reminiscent of the 2 % glucose

control (Figure 4.6. a, and Figure 4.8., blue trace). The cells which were grown in

0.05 % glucose prior to treatment with the ROS-generating agent show the

characteristic induction of Hsp26 in response to DR.There is one band induced in

combination with DR and oxidative stress in fraction 44/45 (Figure 4.9. c). This

may bea result of the relative abundanceofthese species, and not necessarily due

to the particular properties of ribosomalproteins.

4.3.4. FPLC analysis ofBY4741 parent and BY4741 hsp26A strain.

Finally, in order to confirm the MALDI-ToF identification of Hsp26 in

vivo, the BY4741 hsp264 was grown in 0.05 % glucose concentration and

subjected to FPLC in the same mannerthe parent strain was treated (Table 4.1,

and Figure 4.10. a to c.) As becomes immediately apparent, the characteristic

shoulder between fractions 24-28 on the Bradford assay is absent (Figure 4.10. a).

Even morestriking is the lack of the putative Hsp26 bandin fraction 26 compared

to the parentstrain for the same glucose concentration (Figure 4.10. a to c), thus

confirming unambiguously the identity of Hsp26.
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Figure 4.9. 15 % SDS-PAGE of FPLCfractioned lysates from lysates of cells grown in

different glucose concentrations before treatment with 88 mM H,0.

a) From each fraction, 100 yl sample was removed and mixed with 200 pl Bradford solution.

Each sample represents the average of duplicate absorbance values from one assay, normalised to

the fraction with the highest absorbance value. The molecular weight of the eluted proteins

decreases from left to right

b and c) The column wasloaded and samples for SDS-PAGEwere prepared exactly as described

for Figure 4.5. 5 yl of input was madeup to 20 pl with 2x Laemmli buffer and loaded onthe gel

(protein marker: Novex® Sharp prestained standard).

b) The bandpattern does not differ significantly from the previousglucose treatments.

c) The induction of Hsp26 peaksin fraction 26. The bandpattern doesnot differ greatly in 0.05%

glucose with the exception ofthe band appearing in fraction 44/45.
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hsp26A grownin 0.05 %glucose.

a) The Bradford assay was performed exactly as described for Figure 4.6.

b and c) The column was loaded and samples for SDS-PAGE were prepared exactly as described for

Figure 4.6.

b) BY4741 parentstrain grown in 0.05 % glucose. Hsp26 peaks in fraction 26 as seen in Figure 4.3.

c) The characteristic induction of Hsp26 in response to severe DR disappears in the deletion strain,

confirming the identity ofthis protein.
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4.4. DISCUSSION

4.4.1. GFP-tagged heat shock proteins have different expression patterns in

responseto stress.

Heat shock proteins are the cellular emergency response units. They are

amongthe first upregulated genes in the ESR andthe proteins are called out to

wherever damagehits the cell (Gaschet al., 2000). Failure of protein maintenance

results in severe damage to the cell and is an underlying problem in many

neurodegenerative and metabolic diseases or even cancer (reviewed in

(Morimoto, 2008). Therefore, as a first assessment of the impact of DR, heat and

oxidative stress on the physiology, the cellular distributions of GFP-Hsp104 was

studied to interesting results.

This punctuate structure of GFP-Hsp104 has not been observed as such

before by other researchers under similar conditions (Figure 4.1. i-iv and 4.2. i-

iii). The usual distribution of Hsp104 has been reported to be more dispersed over

the cytosol with some weak formations, much like my result in Figure 4.1. iv;

only in responseto stress it forms large structures (Erjavec et al., 2007; Lum et

al., 2004). Where these discrepancies between my data and previousdata result

from is presently not clear, but this exact distribution in responseto this treatment

has been observed several times in different biological samples in this lab (data

not shown).

It is possible that different methodologies resulted in these findings. For

example,in the protocol of Lum and colleagues cells were allowed to recover and

they were not fixed before being imaged, whereas in my experiments, cells were

exposed to treatment, harvested and immediately fixed with paraformaldehyde

and cured for imaging with ProLong® Gold antifade (Invitrogen). It may be that

my localisation of Hsp104 is artefactual due to fixing with paraformaldehyde.

However, my dataset showsa difference in localisation in responseto heatstress,

and if there was a methodological issue with fixing, it could be expected that

these cells also show these foci. Also, fixing yeast cells with paraformaldehyde

for confocal imaging is a recognised method and listed in Methods of

Enzymology, Volume 351 Part C, page 21-22 (2002).
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The fact that heat shock is the condition where Hsp104 changes its

localisation is interesting because it is of course one of the heat shock proteins

specialised in rescuing proteins which are denatured by heat shock (Glover and

Lum, 2009; Glover and Lindquist, 1998). One explanation for this result may be

that under non-stressed conditions, Hsp104 is assembled in oneplace inthecell,

from whichit is summonedto loci where denatured proteinsare localised, in heat

shock granules similar to how Hsp26is stored in the cell. There is one report

which reports that Hsp104 is associated with a distinctive quality control

compartmentin the cell called IPOD localised next to the vacuole, which is in

agreement with my finding (Kaganovichet al., 2008).

4.4.2. In vitro heat treatment and in vivo oxidative stress treatment.

Additional stress treatments were performed in order to characterise the

response of the proteometo stress. The first analysis was in vitro heat treatment,

which resulted in a major loss of protein over all, showing that some proteins

enter the insoluble phase andare lost in the pellet during clearance of the lysates.

Preliminary mass spectrometry analysis of these lysates and pellet fractions

showedthat ribosomal proteins are among the most aggregated in response to in

vitro heat treatment (Table 4.1.). This is interesting because ribosomal proteins

have also been shown to beparticularly susceptible to reductive stress (Rand and

Grant, 2006). The evidence points towardsa sensitivity of ribosomal proteins to a

range of factors which disturb cellular homeostasis; this could either be due to

their sheer abundanceor to physico-chemical properties of this type of protein.

Cells grown in control and DR-conditions were also subjected to in vivo

oxidative stress treatment in order to see whether there would be differences in

protein expression which could be attributed to a protective effect of DR. The

results do not reveal a great difference between control and DR, with the

exception of the protein which is upregulated in combination with DR and

oxidative stress (Figure 4.9. c).

4.4.3. Hsp26 is among the most strongly upregulated proteins in response to

DR.

The methods used in this chapter identified some changes in protein

expression, although the overall pattern of protein expression seen on SDS-PAGE
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did not change dramatically in response to the different treatments. Several

proteins did change in response to DR,notably in these conditions the small heat

shock protein Hsp26 was for the first time identified as being strongly

upregulated in DR. This small heat shock protein is a memberofthe a-crystallin

family and has receiveda lot of attention as a temperature sensing protein, and a

component of the Hsp104/70 protein disaggregation and refolding machinery

(Cashikar et al., 2005; Franzmann et al., 2005; Haslbeck et al., 2005), but has

never been implicated in DR. The strong expression of Hsp26 coincides with a

small reduction of proteins in the high molecular weight region in 0.05 %

glucose. This is an interesting observation, but considering the small increase in

proteins present in the high molecular weight region in response to moderate DR,

where Hsp26is also expressed,this result cannot be easily interpreted.

There is a report in C. elegans which suggests that DAF-16 and HSF-1

signalling have different inputs on dealing with protein aggregates (Cohenetal.,

2006). It has to be pointed out that the protein species studied was ABj-4

expressed intracellularly in a worm model for neurodegenerative diseases.

However, their findings maystill be relevant to how an organism deals with

aggregation in response to DR. Generally, the HSF-1 pathwayis preferred in

order to deal with prompt removal of newly formed small toxic aggregates. If this

pathway becomes overloaded, the cell switches to an alternative manner of

dealing with aggregates. Instead of swift removal, aggregation of these species is

allowed to proceed into larger aggregates which are less toxic for a cell, and

whichare dealt with at a later point in time.

Recently, it was reported that disaggregation and proteolysis of high

molecular weight aggregates can be uncoupled from each other in an Alzheimer’s

disease model in C. elegans, and more importantly, disaggregation is reversible if

proteolysis is impaired (Bieschkeet al., 2009).

There is evidence in mice brain that not the numberofinclusions, but their

morphology is in fact the crucial factor that determines toxicity, and this is

achieved by down-regulating the insulin signalling pathway by genetic

manipulation or DR (Dillin, 2009). It has also been shownthat different pathways

of autophagy are selectively activated depending on the type of inclusion. The
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two stress activated pathways are macro-autophagy and chaperone mediated

autophagy (CMA) pathways; in particular the latter is very important in ageing

(reviewed in (Morimoto and Cuervo, 2009).

The evidence seems to point towards different preferred cellular pathways

in dealing with aggregation, depending on the strength of the stress and the

resulting adjustment of the growth rate. My results would therefore point towards

the direction that in response to moderate DR, yeast cells favour larger

aggregates, whereas severe DR speeds up the removal. In regard to the recycling

aspect of protein degradation, perhaps it makes more sense for the cell under

severe DR, whennutrients are scarce, to more efficiently remove aggregates and

thus free resources.

The potential role for Hsp26 in this model could be in accordance with its

known role as a protein whichinserts itself into aggregations, thus “loosens” the

structures somewhat and so improves access for larger heat shock proteins to

clean up the mess (Cashikar et al., 2005; Haslbeck et al., 2005). The fact that

there is a reduction in large molecular weight proteins in severe DR could be

based on its increased abundancein this condition. The increase in moderate DR

maybeattributed to either a different removal pathway, or the fact that there is

less Hsp26 to break up aggregates.

The reduction of high molecular weight proteins could also result from a

technical issue. If aggregates formed surpass the cut-off value for the pre-column

filters, they will be retained before they even reach the column. Alternatively,

they may sediment with the insoluble parts and debris in the centrifugation steps

after lysis (also see below,in vitro heat treatment). If this was the case, then there

would have to be more aggregation than in 0.5 % glucose concentration, which

according to the Bradford assay has the highest amount of high molecular weight

protein (Figure 4.8., red trace).

In conclusion, this analysis showed that with this method changes in

protein expression, induced by different treatments, can be detected. I also found

a difference in the high molecular weight region between the control and DR

conditions. However, in order to establish whether there is indeed a causal

relationship between DR and modulation of proteotoxicity needs further analysis.
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5.1. INTRODUCTION

5.1.1. Analysis ofprotein expression changes in response to DR.

The current hypotheses of how DR extends lifespan in all model

organisms are supported by relatively little mechanistic data. It is generally

accepted that downregulation of the insulin signalling pathway in worms and

fruitflies (reviewed in (Partridge etal., 2005), or nutrient kinase signalling such as

Sch9 and Tor] in yeast (Kaeberlein et al., 2005c) extend lifespan. Sometargets of

these pathways have been identified, but in the grand picture of detailed

mechanismsof action of DR, there are important questions yet to be answered.

The previous Chapters 3. and 4. were examinations of different current

hypotheses of how DR extends lifespan looking from gene silencing to

modulation of proteotoxicity. In Chapter 3., the long standing dogmatic link

between DRandgenesilencing as cause for life span extension was provento be

wrong. In Chapter 4., the results about the effect of DR on protein aggregation

were inconclusive. However, this approach successfully identified the small heat

shock protein Hsp26 to be amongthe abundantly expressed proteins, which is a

novel observation about Hsp26.

This result showed that proteomics is a valuable tool to identify proteins

whose expression correlates with DR. Proteins which are abundant in DR may

have an important function in the lifespan extension in response to DR.In order

to further our understanding of DR andits beneficial effects on an organism, I

therefore chose to continue the analysis of mechanisms by which DR extends

lifespan by using an unbiased approach to identify further proteins whose

expression is regulated by DR.

5.1.2. Microarrayanalyses showtissue-specific gene expression patterns in

response to DR.

Unbiased methodological approachesin order to identify changes in gene

expression in ageing ordietary restricted organisms have previously been chosen

in the form of microarray analysis or Northern blotting. The earliest data was

obtained by using Northern hybridisation, and most of these studies were

performed in liver and brain (Swindell, 2008; Dhahbiet al., 1999; Dhahbietal.,

1998; Dhahbiet al., 1997). In summary, these studies showed that in response to
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DR enzymesinvolved in gluconeogenesis were upregulated, whereas hepatic ER

chaperones were downregulated.

Recently, a review summarised the outcome of a study which aimed at

integrating microarray datasets on DR bygenerating algorithms which allowed

for cross comparing data obtained from different research groups, different

tissues, and mousestrains (Swindell, 2008). Interestingly, these genes which are

currently thought to be amongthecrucial regulators of lifespan extension in DR,

such as, Igf-1 or mTor, were only found to be significantly upregulated in some

tissues analysed, for example mTORin liver and brain. Sirt] was not found to be

upregulated in any ofthe tissuesatall.

Upregulated genes which were commonto five or more tissues were the

period homologue Perl, and two metallothioneins Mtl and Mt2. Period genes

were found to have tumour suppression activity and they modulate the biological

clock (Lee, 2006). The metallothioneins are powerful stress responsive genes in

particular against oxidative stress (Thirumoorthyet al., 2007). Genes which were

found to be downregulated were for example guanine nucleotide binding protein

Gng11 and interestingly also included stress responsive genes, such as Hsp110.

Downregulation of Gngl1 in human fibroblast was found to extend replicative

lifespan (Hossainet al., 2006), and Hsp110 is known to be upregulated in tumors

where it has been linked to an increased resistance of tumor cells against

apoptosis (Hosakaet al., 2006).

This finding is in contrast to microarray data from C. elegans and yeast,

wherein response to DR and ageing heat shock genesare increasingly transcribed

(Hsuet al., 2003; Walker and Lithgow, 2003; Gaschet al., 2000; Lin et al., 2000).

In accordance with findings from vertebrate microarray data, in ageing and DR

wild type yeast, an increase in metabolic enzymes which are involved in

gluconeogenesis was found (Lesur and Campbell, 2004; Nautiyal et al., 2002; Lin

et al., 2002; Lin et al., 2001b).

There is a group of upregulated genes which is repeatedly discovered in

the microarray analyses. They form part of the environmental stress response

(ESR), which is a programmed reaction of a cell in response to various

environmental stressors (Gaschet al., 2000). However, the ESR wasalso found to
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be induced in responseto internal stress, such as DNA damage,failure of nuclear

protein degradation pathway, and telomerase deficient cells (Gardneret al., 2005;

Nautiyal et al., 2002; Gasch et al., 2001). Among the most prevalently

upregulated genes in this response are two small heat shock proteins, HSP/2 and

HSP26.

The fact that these unbiased approaches identified general and specific

differences in gene expression increased the confidence in using a proteomic

approach for analysing whole cell lysates from cells grown in control and DR

conditions. The rationale behind this approach was again to find proteins which

are upregulated in DR, and thus mayplaya role in lifespan extension in response

to DR. The phenotypes of identified candidates were then characterised in terms

of stress resistance, their effect on recombination, and replicative lifespan in

response to DR.
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5.2. METHODS

5.2.1. Strains used inthis study.

Asdetailed in Chapter 2 and listed in Appendix, Table1.

5.2.2. Laemmli yeast whole cell extraction.

10 ml YP was supplemented with 2 %, 0.5 % or 0.05 % glucose,

inoculated with a single colony, grown overnight, and harvested the next day.

Pellets were resuspended in 100 pl 2x Laemmli buffer, and supplemented with

0.5 mm diameter acid-washed glass beads to the meniscus. Pellets were boiled at

100 °C for 5 min, then shaken at 2,000 rpm for 2 min, followed by a second

incubation at 100 °C for 5 min. The supernatant was recovered as described in

Chapter 2., then cleared at 13,000 rpm for 20 minutes at 4 °C. The supernatant

was carefully removed to another tube. 10 pl of each sample were diluted in 40 pl

4x Laemmli buffer, left at 37 °C for 10 min, and 15 ul per sample were run on

SDS-PAGE.

5.2.3. Western blotting against Hsp12.

SDS-PAGEandtransfer to nitrocellulose was performed as described in

Chapter 2. Hsp12 was detected by probing the nitrocellulose with an antibody

raised in rabbit against recombinant Hsp12. This antibody wasa kindgift from P.

Meacock, University of Leicester. The antibody was prepared at 1:1,000 in 1x

PBS, 0.3 % skimmed milk powder, and stored at -20 °C. The labelling was

visualised as using an anti rabbit HRP-conjugated antibody and as detailed in

Chapter2.

5.2.4. Confocal imaging ofGFP-tagged heatshockproteins.

From overnight 10 ml cultures in YPD 2 % glucose of GFP-Hsp12, and

Hsp26, 2 ml aliquots were removed and either treated at 50 °C for 30 min, 8.8

mM H,0,(final concentration) for 1 hour at 30 °C at 300 rpm,or as control 1

hour at 30 °C at 300 rpm. Additionally, cultures grown in YPD 0.05 % glucose of

the samestrains were grown for 2 days. The cells were prepared for imaging and

visualised as described in Chapter 2.
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5.2.5. Construction ofa double deletion strain.

In order to delete the complete HSP/2 ORF in the BY4741 hsp26Astrain,

the HIS3MX6disruption cassette carried by the pFA6a HIS3MX6vector (Wach,

1996) as auxotrophic marker was chosen. Primers to construct the disruption

cassette were the UPstream45 (forward) and DNstream45 (reverse) primers of the

HSP12 ORF aslisted on the Stanford Deletion Project Database, coupled with 20

nucleotides of the HIS3MX6cassette from the start (forward) and stop (reverse)

codon, respectively, so that the start of the cassette was linked with the

UPstream45 primerin the forward orientation, and the stop codon was connected

to the DNstream45 primer in reverse. Note that the H/JS3 gene is the S. kluyveri

HIS3 and not as indicated the S. pombe HIS5 (corrected in (Demariniet al.,

2001).The cassette was amplified from pFA6aHIS3MX6 (Longtineet al., 1998).

The exact primer sequencesare listed in the Appendix, Table 2. Competentcells

were madeandtransformedas detailed in Chapter2.

5.2.6. Qualitative drug sensitivity or stress spot test assays.

Cells were prepared as described in Chapter 2. The drugs assayed were

supplemented to YPD 2 % glucoseat the listed concentrations: 15 mM caffeine,

200 nM rapamycin, 0.02 % and 0.04 % MMS, 13 % (v/v) EtOH, or 3 mM

paraquat, 8.8 mM H,O). Cells were also plated on YPD with 0.5 % or 0.05 %

glucose. Cells grown in cold or heat stress were plated on YPD 2% glucose at

grown 18 °C or 42 °C for 3 to 4 days. All plates were imaged in the BioRad

Universal Imager System using the QuantityOnesoftware.

5.2.7. Lifespan assay ofBY4741 parent and hsp12A.

Cells for the lifespan analysis were grown freshly from glycerol stocks; a

single colony waspicked to inoculate 10 ml of YPD and grown up in appropriate

medium at 30 °C until they had reached an ODgoo 0.6-1. 1 pl of this culture was

streaked on one side of a YP agar plate supplemented with either 2 % or 0.5 %

glucose, and incubated at 30 °C for 1 hour. Micromanipulation was performed

using a Singer MSM System micromanipulator (Watchet, Somerset, UK). Cell

doublets were moved to a new region of the plate. When these cells replicated

again, the new virgin cells were moved to a new location on this plate, and

constituted the mother cells from which all buds were removed and catalogued.
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The plates were kept at 30 °C during work hours and at 4 °C overnight.

Replicative lifespan was defined as the number of daughter cells removed from

the mother cell. For each strain, the lifespan was observed a minimum oftwice,

unless stated otherwise.
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5.3. RESULTS

5.3.1. Analysis ofwhole cell lysates grownin different glucose concentrations.

In Chapter 4., the soluble proteome of yeast grown under standard

condition, moderate and severe DR was analysed by gel filtration

chromatography. These conditions revealed a strong induction of Hsp26 in

response to DR. A reduction of high molecular weight aggregates was also

observed. Following from this procedure, I was interested in analysing wholecell

lysates to see whether differences in global protein expression could be monitored

(Figure 5.1. a).

Lysates from BY4741 parent strain from different glucose concentrations

were run on 10% SDS-PAGE.Theextracts were produced from the starting same

weight of pellets, allowing for a rough quantification of the induced bands. A few

proteins which change in response to DR (Figure 5.1. a) were identified. A low

molecular weight protein with an apparent molecular weight of less than 15 kDa

was found inducedin lane 2 with 0.5 % and strongerin lane 3 at 0.05 % glucose.

This induction of a low molecular weight protein at reduced glucose

concentrations is reminiscent of the reported induction of HSP/J2 mRNA

(Praekelt and Meacock, 1990).

The protein was confidently identified by two approaches. First, whole

cell extractions of BY4741 hsp/24 and GFP-Hsp12 strains at 0.05 % glucose

were included on the gel (Figure 5.1. a), where the strong band at 15 kDa was no

longer apparent in the hsp/24 mutant and GFP-Hsp12 strains. Second, Western

blotting against Hsp12 (Figure 5.1. b) with an antibody raised against

recombinant Hsp12 (a gift from P. Meacock, University of Leicester) also

confirmed the protein as Hsp12. Despite the very strong induction of Hsp12 at

0.05 % glucose, there was no comparatively strong band appearing at 40 kDain

the GFP- tagged strain, although it was expressed as detected by Western

blotting.

Further changes in expression were seen in a band whichis induced in low

glucose migrating at 60 kDa, and a band which disappears in response to low

glucose at 40 kDa (Figure 5.1. a, lane 1 to 3). Interestingly, the band at 40 kDa

reappears again in lane 4 and 5 despite the low glucose, in the absence of Hsp12.
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Strains PARENT hsp12A GFP-Hsp12
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Figure 5.1. 10 % SDS-PAGE of Laemmli wholecell extraction.
a) 10 ml cultures were spun down, resuspended in 100 pl 2x LB, and ruptured with acid-

washed glass beads. The lysates were cleared and 10 pl of the supernatants were

resuspended with 40 11 4x LB, incubated at 37 °C for 10 minutes and 20 yl run on an SDS-

Page(Novex® Sharp prestained standard). Lanes 1 to 3, BY4741 parent; lane 4, BY4741

hsp12A4; lane 5 BY4741 GFP-Hsp12. There are differentially expressed proteins over the

glucose concentrations, and Hsp12 is not presentin lane 4 and 5.

b) Gels were transferred to nitrocellulose, and Hsp12 was probed with an anti rabbit HRP-

coupled antibody. Hsp12 is increasingly present in lower glucose concentrations, cannot be

detected in the BY4741 hAsp/2A strain, and migrates at 40 kDa as GFP-tagged protein.

Loadingofthe gels for transfer was not quantified.
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5.3.2. Confocal imaging ofGFP-tagged small heat shock proteins in different

conditions.

HSP26 mRNAis abundantly present in heat shock and whencells are

treated with ethanol, and accumulated upon entry in stationary growth phase and

whencells prepare to sporulate (Piper et al., 1994; Susek and Lindquist, 1990;

Kurtz and Lindquist, 1986). The protein is present at basal levels in non-stressed

cells, but increasingly translated in response to the tested stressors. It seems to

form structures which could be the heat shock granules as has been reported for

Hsp26 (Rossi and Lindquist, 1989). This was observed in this experiment (Figure

5.2. set i-iv), although the total fluorescence ofthe field was not quantified.

The small heat shock protein in yeast, Hsp12, was analysed as well. It is

one of the major transcribed genes in response to heat, and oxidative stress and

ethanol andit is also present in cells under physiological conditions (Mtwishaet

al., 1998; Varela et al., 1995; Praekelt and Meacock, 1990). The HSP/2 mRNAis

strongly upregulated in DR andalso increasingly in oxidative stress. This was

observed also in the GFP-tagged Hsp12, as a qualitative assessment of

fluorescence (Figure 5.3. set i-iv).
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Figure 5.2. Confocal images of GFP-Hsp26 underdifferent stress conditions.

Treatments are detailed in sections 5.2.4 and Chapter 4.2.1. Set i: 2 % glucose; set ti: 0.05%

glucose; set iii: 8.8 mM H,0,; set iv: 50 °C.

GFP-Hsp26 is distributed over the cytosol, and also forms aggregated structures. It becomes

more abundantin response to heatshockand distributed in the cell much like GFP-Hsp104.It

aggregates in heat shock granules. There seemsto be a small increase in DR and oxidative

stress. Fluorescence wasnot quantified. Images were taken with varying magnification.
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Figure 5.3. Confocal images of GFP-Hsp12 underdifferent stress conditions.

Treatments are detailed in sections 5.2.4. and Chapter 4.2.1. Set i: 2 % glucose;setii:

0.05% glucose;set iii: 8.8 mM HO); set iv: 50 °C.

GFP-Hsp12 is present in the control conditions. It is increasingly expressed in DR

and oxidative stress, and heat shock. Fluorescence was not quantified. Images were

taken with varying magnification.
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5.3.3. Phenotypical analysis ofHsp12 and Hsp26.

For the protein Hsp12, very little work has been published and few

phenotypes have been described. Most studies report changes of Hsp12 at mRNA

expression levels in microarrays, e.g. during the environmental stress response,

the unfolded protein response, or as a result of downregulated RAS/cAMP

signalling pathway (Leberet al., 2004; Jones et al., 2003; Gasch et al., 2000).

Interestingly, HSP/2 mRNA is also found to be upregulated in response to

deletion of SGS/, MMStreatment, and telomere uncapping (Greenallet al., 2008;

Fry et al., 2003; Nautiyal et al., 2002). HSP/2 and HSP26 are also upregulated

whenthe nuclear protein degradation pathway fails (Gardneret al., 2005).

The HSP/2 deletion mutant was reported to be sensitive towards ethanol,

caffeine and Congo Red,and other agents which damagethe integrity of the cell

wall (Motshweneet al., 2004). Strains where HSP26 has been deleted show a

weak decrease in response to ethanol (Yoshikawaet al., 2009), but they are not

sensitive towards heat shock (Cashikaret al., 2005). The single deletions hsp/24,

hsp26A and the double deletion hsp26Ahsp12A mutant strains were subjected to

different treatments and stress conditions. In the course of this analysis novel

phenotypes were identified and reported phenotypes were confirmed.

Despite the very strong induction of both small heat shock proteins in

response to DR,their deletion mutants were not affected by DR, nor rapamycin as

a pharmacological mimic for DR (Figure 5.4., set i and ii). A subtle synthetic

effect in the double deletion mutant strain was noticed. Next, the strains were

subjected to oxidative, and heatstresses (Figure 5.4., set i). In general, the hsp/24

deletion strain seems to be more sensitive towards both types of oxidative

stressors than the hsp26A deletionstrain.

Whilst testing for DNA damaging drugs using MMS,the hsp/2A strain

displayed a sensitive phenotype, much like what can be observed with sir24

(Figure 5.4. set iii). This effect was not noticed in an rpd3A deletion mutant(data

not shown) which may be dueto the loss of the antagonistic effects on histone

deacetylation of Rpd3 towards Sir2, as discussed in Chapter3.

The Asp/2A deletion mutant was found to be sensitive towards osmotic

stress here, whereas the hsp26/ is unaffected. What the synthetic interactions are
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Figure 5.4. Novel functions of heat shock proteins were discovered in this analysis.
i-iii. Assays were prepared as describedin section 3.2., and cells on YPD were grown for 1 day.
i) Cells were grown for: 0.5 % glucose, 2 days; 0.05 % glucose, 3 days; 3 mM paraquat, 6
days; 8.8 mM H,O,, 2 days; 42 °C, 5 days. The synthetic lethality of the hsp26Ahsp124 is a

novel discovery.
ii) Cells were grown for: 200 nM rapamycin,4 days; 15 mM caffeine, 4 days; 18 °C, 4 days;
13 % Ethanol, 4 days; 1 M NaCl, 4 days. This set confirms previously reported phenotypes.
iii) Cells were grown for: 0.04 % MMS4 days. The MMS-sensitive phenotype for hsp/24 has

not previously been discovered.
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which rescue the double deletion strain from the sensitivity towards osmotic

stress is presently unclear, but these phenotypes have been observed in two

independentbiological samples.

Chronic mild heat stress revealed an unprecedented strong phenotype for

the hsp/24 deletion mutant, and a synthetic lethal phenotype for the double

deletion strain. Despite the strong induction of mRNA for HSP26 in response to

heat shock, this deletion mutant is very resilient against heat stress, which has

been previously reported (Cashikar et al., 2005; Petko and Lindquist, 1986). The

sensitivity of the sir24 deletion mutant towards heat shock has been described in

Chapter3.

As has been reported, the hsp/24 deletion mutant wassensitive towards

caffeine, ethanol and high osmolarity, which seemed to be more specific for this

protein, because in the hsp26A these phenotypes werenot observed,or to a lesser

extent on 13 % EtOH. The hsp26Ahsp12A double deletion strain showsa hint of a

change in growth rate on rapamycin, and on caffeine, it displays an intermediate

phenotype between both small heat shock deletion strains (Figure 5.4. set 11).

5.3.4. A novel role ofHsp12 in silencing and recombination.

The phenotype of the hsp/24 strain showed a rather intriguing similarity

to the sir2A deletion strain, i. e. the sensitivity to heat and MMStreatment. This

observation in combination with the finding that Hsp12 is strongly induced in

response to DRledthis study on to investigate whether Hsp12 might affect rDNA

stability.

Both HSP/2 and HSP26 weredeleted in the JS128 background with the

URA3 marker inserted in the NTS1 of the rDNA tandem repeats. Qualitative

silencing assays were set up for the JS128 parent, hsp124 and hsp26A and sir24

deletion strains, and cells were plated on SC, FOA and —ura medium (Figure 5.5.

a). The parent strain showsthe typical intermediate silencing phenotype on —ura,

and the sir24 mutant as control for no silencing grows very well on —ura, due to

the loss of rDNAsilencing, and less well on FOA.In order to establish the typical

silencing phenotypefor the Asp/24 mutant, three isogenic clones were assessed.
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Figure 5.5. Deletion of Hsp12 reduces rDNA recombination.
a), and b) All assays were prepared and analysed as previously described in Chapter 3.2.2.

and 3.2.4.
a) Qualitative silencing assay. The rDNAsilencing reporter parent strain, JS128, and three

clonesofits isogenic hsp/24, and one hsp26A wereplated on SC and —ura. Reduced growth
on —ura compared to SC indicates increased silencing in this assay.

b) Recombination assay. Numbersofbiological replicates n for each condition: JS128 parent
8, hsp12A4 3 and hsp26A 2 for both glucose concentrations. All assays were normalised to the

parent 2 % glucose control value, expressed as mean + Standard Error of the Mean.

Statistical analysis was performed using Student’s t-tests (*= P<0.05). The loss of Hsp12

dramatically reduces recombination events.
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The three hsp124 clones show the same phenotypes, and there may be a weak

increase in silencing compared to the parent strain, and a weaklossofsilencing in

the hsp264 deletion mutant. However, the effects of both gene deletions are

subtle and in order to establish the extent quantitative silencing assays need to be

done.

Since the two heat shock proteins Hsp12 and 26 are strongly produced in

response to DR, and I found that rDNA recombination events are reduced in

response to DR, the recombination assays as described in Chapter 3. were

repeated for hsp124 and hsp26A deletion mutants. The recombination assay

revealed a highly interesting role of Hsp12 (Figure 5.5. b). The parent, hsp/24

and hsp26A4 deletion mutants were assessed on 2 %, 0.5 % and 0.05 %. No

difference in recombination was found between the parent strain and the strain

where HSP26 was deleted, however, intriguingly, the loss of Hsp12 reduces

recombination events to a level comparable to strains where FOB/ was lost

(Chapter 3., Figure 4.). These results report a role in managing the stability of

rDNAfor a small heat shock protein which has not previously been observed.
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5.3.5. The deletion ofHsp12 inhibits lifespan extensionin response to DR.

Theidentification of Hsp12 as strongly induced protein in response to DR

and following characterisation of phenotypes has led to a series of exciting

findings. It was therefore imperative to analyse the effect of Hsp12 on yeast

replicative lifespan in response to DR by using the BY4741 hsp/24 strain (Figure

5.6.). Cells from fresh liquid stocks were streaked out on YPD and grown over

night at 30 °C, from which a single clone was picked andtransferred to fresh

plates supplemented with either 2 % glucose or 0.05 % glucose. Single cells were

movedto defined locations using a micromanipulator, left to bud once and the so

isolated virgin cells were used as mothercells for the lifespan assay performed by

Alan Morgan. Each experiment was performed twice from independentbiological

samples. The average of both experiments was calculated and these data used for

statistical analysis using the Wilcoxon rank-sumtest.

It was found that 0.5 % glucose significantly extends the mean and

maximum lifespan of the BY4741 parent strain (21 and 38 generations in 2 %

glucose versus 31 and 50 generations in DR, respectively) as has previously been

reported (Kaeberlein et al., 2004). Therefore, this condition is a valid model for

DR and thus, the lifespan of the BY4741 hsp/24 was measured under both

control and DR conditions. The loss of Hsp12 leads to a small, but significant

increase of the mean lifespan in 2 % glucose compared to the BY4741 parent

strain (21 versus 26 generations). The maximum lifespan apparently increased

greatly to 53, but it should be pointed out that this was due to a single unusually

long-lived cell. To compensate for the distorting effects of such potential outliers,

the lifespan of the top 25 % of cells was determined. This revealed that 25 % of

hsp12A cells produced 34 buds, whereas only 28 buds were produced by the

longest-lived 25 % ofparent strain cells. Therefore, deletion ofHSP/2 leads to an

increase in both mean and maximumlifespan.

Whenanalysing the BY4741 Asp/24 mutant on DR-plates, an exciting

observation was made. Whereas DR extendsthe lifespan of the parent strain, in

the Asp124 deletion mutant, DR fails to further extend the mean lifespan (26

generations in 2 % glucose versus 25 generations in DR). Although maximum

lifespan wasslightly higherin the hsp/24 deletion mutant at 0.5 % glucose than
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Figure 5.6. Theloss of Hsp12 inhibits replicative lifespan extension in response to DR.

a) and b). Thereplicative lifespan of each condition was established manually by micromanipulation.

For each condition and each strain, two independentbiological samples were analysed. Black circles

represent 2 % glucose, and opencircles 0.5% glucose, respectively. Statistical analysis was performed

using the Wilcoxonrank sum test and results were deemedsignificant at *= P<0.05.

a) Numberof cells analysed in total: 55 cells (2 % glucose), 46 (0.5 % glucose). The replicative

lifespan ofthe parentstrain BY4741 can be significantly extendedin response to moderate DR.

b) Numberofcells analysedin total: 39 (2% glucose); 42 (0.5 % glucose). If Hsp12 has beenlost, the

replicative lifespan of BY4741 hsp/24 can no longer be extended in response to moderate DR.

However, the lifespan of the BY4741 hsp/24 strain on 2% glucose shows a small but significant

extension compared to the BY4741 parent strain on 2% glucose.
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2 % glucose (56 versus 53 generations, respectively), analysis of the top 25 %

longest lived cells indicated no such increase with 34 versus 30 generations. This

suggests that Hsp12 is an essential protein for the lifespan extension in response

to DR. Together with the previous results that Hsp12 has a function in

recombination this finding consolidates an important role of Hsp12 in cellular

homeostasis.

5.3.6. Hsp12 and sequence homologuesfromdifferent organisms.

These remarkable properties of Hsp12 led on to an in silico analysis of the

Hsp12 sequence (Figure 5.7. a). Hsp12 has neither cysteines nor tryptophans, and

out of 109 amino acids 40 are charged (37 %), suggesting that this protein is very

hydrophilic.

By using the amino acid sequence of Hsp12 as query in the NCBI Entrez

protein BLAST search, it was classified as a member of the Hsp9/Hsp12

superfamily with close homologues in Schizosaccharomyces pombe, Candida

albicans, and Aspergillus nidulans (Figure 5.7. b). The sequences were then

aligned using Vector NTI® AlignX.

There are no known exact homologues of Hspl2 in multicellular

eukaryotes, although there are small heat shock proteins, e.g. a-crystallin. Hsp12

is not a memberofthis family. Expanding the analysis towards human databases

returned interesting similarities. Using the Expasy portal, BLAST searches with

the Hsp12 sequence as query returned proteins which were aligned in Vector

NTI® AlignX for easier visualisation.

The proteins which were found to have a consensus sequence with Hsp12

in humans were a Synuclein isoform 1 and B synuclein, the N-terminal sequence

of HIP Hsc70 interacting protein, also known as AAG2 (ageing associated gene

2) or ST13, (suppression of tumorigenicity) and GRP78, glucose regulated

protein 78 kDa or BiP, which is an ER-localised member of the HSP70 family

and involved in the unfolded protein response. The similarities are not enough to

classify the proteins as conserved homologues, but they are exciting candidates

nevertheless.
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a
1 50

Hsp12 S.cerevisiae (1) MSDAGRKGFGEKASEALKPDSOKSYAEQGKEYITDKADKVAGKVQPEDNK

51 100

Hspl2 S.cerevisiae (51) GVFQGVHDSAEKGKDNAEGQGESLADQARDYMGAAKSKLNDAVEYVSGRV

101 109

Hspl2 S.cerevisiae (101) HGEEDPTKK

1 50

Hspl2 S.cerevisiae (1) MSDAGRKGFGEKASEALKPDSQKSYAEQGKEYITDKADKVAGKVQPEDNK

Hsp9 S.pombe (1) MSDPARKSFTEQGKEKMTPDSSKSTLDKAKESITGAYDKVASAFTSDEDK

WHS11 C.albicans (1) MSDLGRKDIGDKIESKLTPDSQKSTPEQFKDKVTDSLDSAAGKATSENDK

HSP A.nidulans (1) MSDFARKDFSTKAKEEITPDASKSTQERVKETVIDTTDRISRGVQPDDOK

Consensus (1) MSD ARKDFGEKAKEKLTPDSSKST EQAKESITDS DKVAGKVTSDDDK

51 100

Hspl2 S.cerevisiae (51) GVFQGVHDSAEKGKDNAEGQGESLADQARDYMGAAKSKLNDAVEYVSGRV

Hsp9 S.pombe (51) STSQEAHDKAQRFVDDKL--~-~------- rrrrrrrrrrrr

WHS11 C.albicans (51) SFVQKASDAIFGDSK-~~-------nrrrrrrr

HSP A.nidulans (51) STTQQAFDKSQRVSDREGHGSTPSLLAIR-~-~----------9-3-9939

Consensus (51) STSQ AHDKAQOR SD R

101

Hsp12 S.cerevisiae (101) HGEEDPTKK-

Hsp9 S.pombe (69) ----------

WHS11 C.albicans (66) ----------

HSP A.nidulans (80) ----------

Consensus (101)

Figure 5.7. Amino acid sequence of Hsp12 and alignment with homologues from other

ascetomyces.

a) Amino acidsare coloured according to their hydrophobicity: nonpolar aminoacids blue;

polar amino acids red; charged amino acids in green; aromatic amino acids orange. The
sequence of Hsp12 was downloadedfrom S. cerevisiae database and edited in EMBL-EBI
protein colourer. It should be noted that Hsp12 does not have a cysteine.
b) Amino acids marked in red are exact matchesin all sequences, in blue are conservative

matches, and in green are weakly similar. The homologues were searched on Entrez Protein,

sequences downloaded and aligned in Vector NTI. Hsp12 is a member of the Hsp9/Hsp12

superfamily and shares great similarity with proteins from other fungi from the division of

ascomycota.
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a
1 50

Hspl2 S.cerevisiae (1) -----------------MSDAGRKGFGEKASEALK-------------PD

a Synuclein (human) (1) MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVVH

B Synuclein (human) (1) MDVFMKGLSMAKEGVVAAAEKTKQGVTEAAEKTKEGVLYVGSKTREGVVQ

Consensus (1) MDVFMKGLS AKEGVVAAAEKTKQGVAEAA KTKEGVLYVGSKTKEGVV

51 100

Hsp12 S.cerevisiae (21) SQKSYAEQGKEYITDKADKVAGKVQPEDNKGVFQGVHDSAEKGKDNAEGQ

a Synuclein (human) (51) GVATVAEKTKEQVTNVGGAVVIGVTAVAOKTVEGAGSIAAATGFVKKDQL

B Synuclein (human) (51) GVASVAEKTKEQASHLGGAVFSG-----------AGNIAAATGLVKREEF

Consensus (51) GVASVAEKTKEQIT LGGAV SGV NK V AG IAAATG VKKE

101 147

Hsp12 S.cerevisiae (71) G-------ESLADQARDYMGAAKSKLNDAVEYVSGRVHGEEDPTKK-

a Synuclein (human) (101) GK-----NEEGAPQEGILEDMPVDPDNEAYEMPSEEGYQDYEPEA--

B Synuclein (human) (90) PTDLKPEEVAQEAAEEPLIEPLMEPEGESYEDPPQEEYQEYEPEA--

Consensus (101) G EA A QE LID MDPDNEAYE PS E YQEYEPEA

b
1 50

Hsp1l2 S.cerevisiae (1) -------nenMSDAGRKGFGEKASEALKPDSOKSY

HIP/AAG2 (human) (1) MDPRKVNELRAFVKMCKQDPSVLHTEEMRFLREWVESMGGKVPPATOKAK

Consensus (1) KFE L P SQKA

51 100

Hsp12 S.cerevisiae (26) AEQGKEYITDKADKVAGKVQPEDN-----------KGVFQGVHDSAEKGK

HIP/AAG2 (human) (51) SEENTKEEKPDSKKVEEDLKADEPSSEESDLEIDKEGVIEPDTDAPQEMG

Consensus (51) AE A KV L DD GV DA

101 150

Hsp12 S.cerevisiae (65) DNAEGQGESLADQARDYMGAAKSKLNDAVEYVSGRVHGEEDPTKK-----

HIP/AAG2 (human) (101) DENAEITEEMMDQANDKKVAAIEALNDGELQKAIDLFTDAIKLNPRLAIL

Consensus (101) D E L DQA D AA LNDA A L D

Cc 301 350
Hsp12 S.cerevisiae (1) cererrrrrrrrrrrrrerrrrnnnMSD

GRP78 (human) (301) QIEVTFEIDVNGILRVTAEDKGTGNKNKITITNDQNRLTPEEIERMVNDA

Consensus (301)

351 400

Hsp1l2 S.cerevisiae (4) AGRKGFGEKASEALKPDSQKSYAEQGKEYITDKADKVAGKVQPEDNKGVF

GRP78 (human) (351) EKFAEEDKKLKERIDTRNELESYAYSLKNQIGDKEKLGGKLSSEDKETME

Consensus (351) K ETI DKLAGKL ED M

401 450

Hsp12 S.cerevisiae (54) QGVHDSAEKGKDNAEGQGESLADQARDYMGAAKSKLNDAVEYVSGRVHGE

GRP78 (human) (401) KAVEEKIEWLESHQDADIEDFKAKKKELEEIVQPIISKLYGSAGPPPTGE

Consensus (401) AVD E DA E KD I GE

451

Hsp12 S.cerevisiae (104) EDPTKK---

GRP78 (human) (451) EDTAEKDEL

Consensus (451) ED K

Figure 5.8. Sequence alignment of Hsp12 with proteins sharing similar domains.
a, b, and c) Amino acids marked in red are exact matches in all sequences, in blue are

conservative matches, in brown are similar, and in green weakly similar amino acids

respectively.

a) The similarities were identified through searching databases with BLASTP (Swiss-Prot),

with Hsp12 as query. The identified sequences were downloaded andaligned in Vector NTI.

The sequence of Hsp12 75.2 % consensus and 9.6 % identical positions to human a

Synuclein isoform | and B synuclein.
b) The similarities were identified and aligned as above. The sequence of Hsp12 shares 19.4

% identical amino acids with the N-terminal sequence Hsc70 interacting protein HIP, also

known as ageingassociated protein 2 AAG2. The consensus sequence encompasses 34.3 %

similarity.

c) The sequences weretreated as above. The sequence of Hsp12 and the C-terminal domain

of a 78kDaheat shock protein, which is known as glucose regulated protein 78 GPR78 have

15.3 % identical amino acids, and a total consensus sequence of 28.6 %.
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5.4. DISCUSSION

5.4.1. Identification ofHsp12 as a strongly induced protein in DR.

The presented approach of analysing changes in yeast protein expression

in response to DR identified another small heat shock protein: Hsp12. In response

to stress the mRNAexpression levels ofHSP26 are usually second to HSP/2, the

other small heat shock protein in yeast massively upregulated in stressed cells,

among them in response to glucose deprivation. Oddly enough, it was not

discovered in the approach in Chapter4.

The absenceofthe protein Hsp12 could be explained in several ways. The

gene is massively transcribed when cells mount the environmental response

(Gaschet al., 2000) or in response to the unfolded protein response (Leberetal.,

2004), but the mRNA may nottranslated immediately, instead segregated into

cytosolic P- or EPG-bodies and stored for later use (Hoyle and Ashe, 2008; Hoyle

et al., 2007). There is also one report where the authors show that very low

glucose concentrations (0.02 % or lower) lead to a rapid repression of HSP/2

mRNA expression, which was shown to be independent of Msn2/Msn4, but

mediated via a STRE-elementin the HSP12 promoter (de Grootet al., 2000).

Notably, that concentration is lower than what was used in this work to

mimic severe DR at 0.05 %. This difference may cause the contradictory report

that low glucose reduces Hsp12-expression. Alternatively, the conditions which

were used for the extraction of the soluble protein were not optimal for Hsp12

purification, which does not seem to be likely considering that Hsp12 is a small,

soluble protein according to primary sequence analysis using ProtParam on the

Expasyportal.

Despite the fact that both proteins are highly soluble, small molecular

weight proteins, Hsp12 was not detected when using an extraction buffer which

mimics cytosolic conditions, and in turn, Hsp26 was not identified as a major

protein in the wholecell extraction using Laemmli buffer. These propertieshint at

differences in the functions of both heat shock proteins. Whereas Hsp26 andits

role in removing protein aggregates together with Hsp70/40 and Hsp104 has been

extensively studied (Cashikaret al., 2005; Franzmann et al., 2008; Franzmann et
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al., 2005; Haslbecket al., 2005), its smaller family memberhasnotreceiveda lot

of attention.

The finding that Hsp12 cannot be extracted with a mild non-detergent

buffer indicates an association with large structures such as membranes,or the

cytoskeleton of a substantial subpopulation of cellular Hsp12. This is in

disagreement to the dispersed cytosolic localisation of GFP-tagged Hsp12

observed in Chapter 4 (Chapter 4., Figure 1.), and the global localisation study by

O’Shealab (Huhetal., 2003) who also found GFP-Hsp12 in the cytosol and the

nucleus. There is some work published however where native and GFP-Hsp12

was found localised to the plasma membrane (Karremanet al., 2007; Karreman

and Lindsey, 2005; Motshweneetal., 2004), which may explain myfindings that

Hsp12 can only be detected with harsh extraction conditions.

It is possible that the large GFP-tag (28 kDa) interferes with the function

and localisation of the comparatively small Hsp12, or that during the processing

for imaging the cellular distribution is changed and the apparent result is an

artefact of the procedure. Western blotting of Hsp12 from the whole cell

extraction using the samepellet weight for all samples showed a strong band for

Hsp12 at low glucose, however, the band detecting GFP-Hsp12 at 0.05 % glucose

was surprisingly weak. Perhaps GFP-Hsp12is not stable, although this does not

explain why in my confocal images GFP-Hsp12 is visibly distributed over the

cytosol, and Motshweneet al. find a clearly defined localisation of Hsp12 at the

plasma membrane.

The localisation of Hsp12 is in agreement with the previously reported

findings from the global localisation dataset of where it was found to have a

cytosolic distribution (Huh et al., 2003). These findings do not match the

localisation studies of (Karreman and Lindsey, 2005; Sales et al., 2000) which

report this protein to be at the plasma membraneorcell wall. It is possible that

the GFP-tag disrupts the targeting to the plasma membrane, whichis discussed by

the authors (Huh et al., 2003). It has also been reported earlier that the

localisation of heat shock proteins depends on the physiological state of the cell,

this is for example the case for Hsp26 (Rossi and Lindquist, 1989). Therefore,
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differences in growth conditions may account for at least some of these

inconsistentfindings.

Thecellular localisation of GFP-Hsp26 does not differ from other studies.

Hsp26 has been reported to expressed at low basal levels in physiological

conditions but upregulated in response to heat stress. Without quantifying the

fluorescence of the whole field there seems to be more expression in heat

treatment. The cellular distribution seen in the heat treated cells is similar to GFP-

Hsp104. This finding coincides with reports that Hsp26 supports the renaturation

process of Hsp104 by integrating itself into the aggregations, thus breaking up

large structures and allowing Hsp104 to gain access to its denatured clients.

5.4.2. Hsp12 reveals a broader range ofphenotypes than Hsp26.

The twoidentified small heat shock proteins were subjected to a range of

different treatments in order to confirm known and discover novel phenotypes,

and in particular for Hsp12 to elucidate its roles in cellular homeostasis. After

confirming that Hsp12 is also translated in response to DR, both single genes

HSP12 and HSP26 weredeleted as well as a double deletion was created in the

BY4741 background. These strains were assessed for stress responsive

phenotypesin a range of drug andheatstress treatments.

Further characterisation included assays which studied the role of small

heat shock proteins outside the traditional portfolio of protecting cells from a

diverse range of stresses, such as recombination and silencing assays. Known

phenotypes include for Hsp12 the sensitivity to caffeine and ethanol (Karreman

and Lindsey, 2005; Motshweneet al., 2004; Sales et al., 2000; Sales et al., 2000).

Novel phenotypes found were the reactions to oxidative stress, heat and,

curiously, to MMS.Thisis the first data showing this phenotypein vivo. The loss

of Hsp26includedsensitivity to oxidative stress, and ethanol, althoughto a lesser

extent than in cells where Hsp12 had beenlost.

It is possible that deletion of single heat shock proteins, for example

Hsp26 leads to an increased production of other heat shock proteins due to the

regulatory mechanisms of Hsfl. Besides the stress responsive genes, Hsfl

controls the expression of a large numberof different genes (WuandLi, 2008).It

is constitutively phosphorylated under non-stressed conditions, but it is retained
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in the cytosol bound to heat shock proteins in an inactive conformation (Sorger,

1990; Sorger and Nelson, 1989; Sorger and Pelham, 1987).

Upon recruitment of heat shock proteins to cellular emergencies, Hsf1 is

released from its hold, translocates to the nucleus where it becomes

hyperphosphorylated and forms active DNA-binding trimers which recognise the

HSE-sequence, thus inducing transcription of heat shock proteins (reviewed in

(Morimoto, 1998). This could explain why the strain where HSP26 has been

deleted withstands heat shock at 42 °C seemingly unharmed, whereas the double

deletion producesa synthetic lethal phenotype.

The data on the transcriptional activation of HSP/2 is controversial, but

currently, there is more evidence pointing to Msn2 because in the promoter

region there are several STRE-binding motives (Wu and Li, 2008). However, in

one study, unlike HSP26, HSP12 promoter was not found to have a HSE-

consensus sequence (Hahn et al., 2004), but there is data where Hsp12 is induced

in a msn24/msn4A deletion strain, and promoter analysis showsthat it is indeed

induced by both Msn2/Msn4 and Hsf1 (Ferguson et al., 2005). There is another

study which showsthat only Hsp12 and Hsp26 are regulated by both transcription

factors, and all other, larger heat shock proteins fall into one class only (Boy-

Marcotte et al., 1999).

Hsp12 displays phenotypes which can be expected from a heat shock

protein, such as sensitivity to oxidative and heat stress. But there are also hints

towards additional functions of Hspl2 which are important for cellular

maintenanceat physiological conditions, as seen in the MMSsensitivity, and later

with the recombination and lifespan assays. The molecular mechanismsof these

functions remain elusive at the moment.

5.4.3. Hsp12 positively regulates recombination events and is requiredfor

lifespan extension in response to DR.

Theresult of the recombination assay for the hsp/24 was unexpected, yet

fascinating. Recombination events are dramatically reduced at 2 % glucose, when

Hsp12 is not strongly expressed, pointing towards an important role of Hsp12 in

cellular homeostasis under normal conditions. There is no preceding data exactly

reporting the positive regulation of rDNAstability by small heat shock proteins in
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any other organism, and this study reporting Hsp1l2 being involved in the

regulation ofrDNA recombination maybethefirst instance.

The abolishment of lifespan extension in the hsp/24 deletion strain in

response to DR is another exciting result which cannot be explained due to the

early stages of characterising the processes of which Hsp12 is in charge.

Furthermore, I have shown previously that rDNA recombination correlates with

lifespan extension in DR (Chapter 3.). This result here constitutes an incident

wherethis correlation does not precisely hold true. Control over recombination in

response to DR is therefore most likely not the only prerequisite for lifespan

extension, since I observed that despite the reduction of recombination events the

replicative yeast lifespan was no longer extended. Although this small heat shock

protein is not necessary in non-stressed conditions, Hsp12 is an essential protein

for lifespan extension in response to DR.

It is presently not possible to formulate a precise mechanism for the role

of Hsp12 in the cellular response to DR; on the other hand, regarding the

regulation of Hsp12-expression there may be some possible avenues. The

expression of the HSP/2 gene is in part regulated by the histone deacetylase

Rpd3, since it was shown that the loss of Rpd3 reduces levels of HSP/2 mRNA

in response to osmotic stress, and heat stress compared to wild type levels (de

Nadalet al., 2004). Data on lifespan extension in rpd3A strain is available, butit

is controversial (Kaeberlein et al., 2005b; Kim et al., 1999). The first group

observes a lifespan extension in the deletion strain, whereas the second group

reports no change. The different background strains used for the studies could

explain this discrepancy. Importantly, both strains were analysed on standard

glucose concentrations, at 2 % glucose.

It is important here to make a distinction between studying genes which

expand lifespan on control medium versus genes which have an effect on the

already extended lifespan on DR medium.Thefirst approach is useful to identify

pathways which regulate the lifespan in response to environmental inputs, e. g.

nutrient sensing, and hence, can act as genetic mimics for DR. The second

approach is important because it will identify genes which are essential during

DR to maintain the extended lifespan.
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As wehaveseen,this is the case for HSP/2, and it was found for RPD3 as

well. The replicative lifespan of the RPD3 deletion strain has been studied in

response to DR (Jiang et al., 2002) with the result that this deletion abolishes the

DR-induced lifespan extension, the same as was found for HSP/2. This is

intriguing, since the replicative lifespan of both strains where HSP/12 or RPD3

has been deleted is extended on 2 % glucose. In Chapter 3 (Chapter 3., Figure 4.),

I showed that the loss of Rpd3 leads to a reduction of rDNA recombination

events already at 2 % glucose. This is matched by the finding that the loss of

Hsp12 also reduces recombination events at the same glucose concentration.

Further, in cells where RPD3 has been deleted, an increased rDNA silencing

phenotype wasobserved (Chapter 3., Figure 4., and (Smith et al., 1999; Rundlett

et al., 1996) which wasalso foundto be the case in the hsp/2A strain, albeit less

strong than in the rpd3J4 deletionstrain.

Furthermore, the Drosophila homologue Rpd3,also a histone deacetylase,

was also shown to be required for DR-mediated lifespan increase in Drosophila

(Rogina et al., 2002). In Drosophila heterozygous for a partial loss or null

mutation of Rpd3 it was found that mean and maximum lifespan on control

medium wasextended. Importantly, DR does not extend the lifespan any further

in these flies. Additionally, SIR2 RNA levels were upregulated in both DR,and in

flies with compromised Rpd3 expression.

Rpd3 as antagonist to Sir2 fine-tunes the deacetylase activity of Sir2 also

in the rDNA.Therefore, all these findings about Hsp12 and Rpd3 convergeat the

level of rDNA again as onelocus in the cell which is given special attention

during timesofstress andis crucial for longevity.

There is one peculiar coincidence when using Hsp12 as a query in the

large scale microarray search engine SPELL (Serial Pattern of Expression Levels

Locator) (Hibbs et al., 2007 ). HSP26 mRNA hasa highly similar expression

pattern to HSP/2 mRNA,but there is one other gene whose expression matches

the one of HSP/2 very closely too, MSC/. It codes for a protein of unknown

function, but importantly it was identified to be involved in meiotic

recombination events, because in the deletion strain, there are increased events of

aberrant sister chromatid recombination (Thompson and Stahl, 1999). However,
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no direct interaction between the two proteins Hsp12 or Mscl have been

identified so far, and there is no work analysing the phenotypes of Msc1 in a way

it was done here for Hsp12.

These findings do not explain how Hsp12is involved, but they may well

provide a starting point for further work on the involvement of Hsp1l2 in

recombination.

5.4.5. Comparative sequence analysis ofHsp12 in Hsp9/Hsp12 superfamily.

Hsp12 is not a memberofthe ubiquitous a crystallin family of small heat

shock proteins, which in yeast are represented by Hsp26 and Hsp42. Instead,it

constitutes its own family of Hsp9/12 heat shock proteins, characterised by a

strong increase in expression upon entry into stationary growth phase, and in

response to stress. This family has members in Saccharomyces cerevisiae,

Schizosaccharomyces pombe, Candida albicans, and Aspergillus nidulans.

Ofthese proteins, only C. albicans WH11 hasbeen characterised in detail.

C. albicans has two developmental growth programmes. The white bud-hypha

transition is when cells change morphology from a round to a hyphal shape. The

second phase, the high frequency phenotype switching, is characterised by

spontaneous and reversible, yet highly controlled switches between general

phenotypes characterised by varying cellular morphologies. The best described

switch is the white-opaquetransition, and it is in the white bud the C. albicans

Hsp12-homologue is strongly induced, whereas it is no longer present in the

opaque phaseandthe white hyphalstate (Srikantha et al., 1997; Schroppeletal.,

1996). As has been reported for Hsp12, Wh11 is distributed in the cytosol. Unlike

Hsp12, Wh11 is not induced by heat shock, and it does not seem to be regulated

by nutrients, such as glucose and lipids but instead the two growth programmes

control Wh11 expression. The deletion of this proteins leads to the formation of

an elongated morphology (Schroppelet al., 1996).

The S. pombe Hsp9 was identified as Scfl, a suppressor of aberrant

cytokinesis and cell cycle arrest in cells with a cdc4-3] mutation (Jang et al.,

1996). CDC4 encodes the myosin light chain present in the contractile ring of F-

actin during cytokinesis, and mutation results in an elongated cellular shape.

Overexpression of Hsp9/Scfl was found to rescue this phenotype, and has thus

 

165



Chapter 5. The Role of sHSPs in DR-Mediated Lifespan Extension
 

been suggested to be associated with components of the cytoskeleton. Due to the

close homology between Hsp12 and Hsp9, it is possible that Hsp12 also

associates with the cytoskeleton. This would explain why it cannot be isolated

with mild buffer conditions. Scfl or Hsp9 is inducible in adverse growth

conditions, like Hsp12.

The homologue in A. nidulans has not been characterised yet, and there

are no records describing anyrole or function.

5.4.6. Comparative sequence analysis ofHsp12 against humanproteins.

In an analogous manner, the amino acid sequence of Hsp12 was used as

query and BLASTed against human protein databases. No strictly conserved

homologue wasidentified, but the best matches identified a- and B synuclein,

HIP, and GPR78/BiP, all of which are involved in regulating aggregation,

mediating degradation or, in the case of GPR78 are involved in unfolded protein

response.

Synuclein is expressed in brain and other mammaliancells, and its biology

is not well understood, but it is thought to be involved in the generation of

neurodegenerative diseases (reviewed in (Lucking and Brice, 2000). It is highly

expressed in neurons, present in the nucleus as well as the cytosol, and it displays

a wide range of interactions with membranes, vesicular structures, among other

proteins. Importantly, a-synuclein is involved in the generation of

neurodegenerative diseases and aggregates substantially in Lewy bodies, the

hallmark of Parkinson’s disease.

A detailed study of synuclein expression in yeast described someaspects

of its biology and pathobiology (Outeiro and Lindquist, 2003). The authors found

that synuclein exists in a very precarious equilibrium in termsofits distribution at

the cell membrane and in the cytosol, and the pathology seems to be induced by

the disruption of this dynamic localisation which results in the accumulation of a

major subpopulation in insoluble cellular inclusions. It was found that

overexpression from a plasmid of the wild type form was enough to induce the

increased occurrence in cytosolic inclusion bodies. Furthermore, misfolded a-

synuclein impaired proteosomal degradation. The authors also confirmed that a-
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synuclein inhibits phospholipase D, that it is involved the regulation of lipid

metabolism, and vesiculartraffic.

In summary, their work showed a range of biologically important

functions of a-synuclein, and especially, if control over the equilibrium in ageing

tissue is lost this leads to a toxic gain of function. How this can be brought

together with my findings of Hsp12 cannot be explained at this stage and needs

more work. However,it was previously found that overexpressing Hsp12 in yeast

from a vector carrying a galactose promoter results in toxicity for cells (A.

Morgan, unpublishedresults).

The second interesting match was the cochaperone Hsc70 interacting

protein HIP. This protein is involved a wide range of processes in both stressed

and non-stressed cells. It has been found to be highly expressed in colon tumor

termed ST13, suppressor of tumorigenicity 13 (Scherzer et al., 2007); it promotes

the functional maturation of glucocorticoid receptor (Nelson et al., 2004). HIP

wasfirst identified as a regulator in the Hsc70 reaction cycle bestabilising the

Hsp40-Hsc70 and unfolded protein complex, thus increasing the efficiency of

refolding (Hohfeld et al., 1995).

HIP also has molecular chaperone function by itself, and it acts as the

carrier of glucocorticoid receptor to the nucleus to ensure correct functional

maturation (Nelsonet al., 2004). HIP is related to the yeast Stil, but Hsp12 does

not share significant structural similarities with this yeast protein.

Hsp12 shares similarity with the N-terminus of HIP. This part contains

tetratricopeptide repeats (TPR), which are known mediators of protein

interactions (Velten et al., 2002). Notably, despite the similarity of Hsp12 with

the N-terminus, it does not have TPR-repeats, but it may be that Hsp12 has more

basic motifs which fulfil a similar function to TPRs.

The last candidate is the 78 kDa glucose regulated protein GRP78, which

is an ER-located chaperone and the main mediator of the unfolded protein

response UPR(Lietal., 2008). The yeast homologue of BiP is Kar2 (Roseetal.,

1989). Hsp12 has some similarity to the C-terminus of GRP78, the glucose

regulated protein of 78 kDa which is a memberof the HSP70 family, also known
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as immunoglobulin heavy chain binding protein BiP. This protein is localised in

the ER where it mediates the unfolded protein response.

Intriguingly, this protein does have a conserved yeast homologue, Kar2,

which does not show anysignificant homology with Hsp12. The C-terminus of

GRP78 preferentially interacts with amino acid sequences which contain

alternating hydrophobic and aromatic residues. The N-terminus of GRP78

contains the ATP-binding domain, which upon hydrolysis of ATP induces

structural changes induceseventually release the peptide substrate.

Only recently, a study was published which measured GRP78activity in

ageing and young mouselivers (Nusset al., 2008). Loss of GRP78 activity in the

ageing tissue was related to several factors. As a chaperone, GRP78 is itself

susceptible to oxidation over time, leading to a decrease in proper chaperone

function. This in turn leads to an accumulation of oxidatively damagedproteins,

which are no longerefficiently removed (Erjavec et al., 2007; Erickson etal.,

2006; Aguilaniu et al., 2003; Rabek et al., 2003). Furthermore, the folding of the

de novo synthesis of proteins is no longer supervised and the frequency of

misfolded proteins increases.

The authors suggest that decreasing chaperone function due to damaged

proteins and an accumulation of misfolded proteins in the ER in particular has

wide ranging effects in the cell, and is perhaps a cause for the loss of tissue

function and thus an intrinsic cause of ageing. This raises of course more

questions- for example whether the beneficial effects of DR ameliorate this

situation, and if so, what the signalling pathways and molecular mechanismsare

which improveor slow down this development. .

The similarities with the described proteins certainly do not makethe role

of Hsp12 in the cellular homeostasis obvious, but amongst themselves they share

internal consistency as two heat shock proteins, and a- and f-synuclein, all

involved in cellular function which have knowneffects in ageing or generation of

age-related pathologies such as neurodegenerative diseases and cancer. These

findings may provide someinsight in the course of ongoing analysis of the

function of Hsp12.
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6.1. INTRODUCTION

6.1.1. Basic characterisation ofHsp12 and Hsp26.

Hsp12 was first described based on the strong induction of mRNA in

response to stress by Praekelt and Meacock (Praekelt and Meacock, 1990). Until

the present, studies on Hsp12 so far have mainly focused on mRNA;indeed,in

microarray analysis, Hsp12 mRNAis a marker for cellular stress and the ESR

(Nisamedtinov et al., 2008), whereas the protein has only received limited

attention, without elaborating on the function of Hsp12 and the mechanismsofits

action.

In the previous chapters, both Hsp12 and Hsp26 were foundto be strongly

induced and expressed in response to DR. In Chapter 5, the in vivoroles of these

proteins were characterised, revealing intriguing phenotypes for Hsp12. As was

shown in Chapter 5, the deletion of Hsp12 reduces recombination events, and the

replicative lifespan of this deletion strain is no longer extended in response to

DR. The hsp/24 strain is sensitive to caffeine, oxidative and heat stress.

Furthermore, a synthetic lethal phenotype with the deletion of HSP26 was

discovered. Thisis the first time these phenotypes have been described for Hsp12.

The molecular mechanisms by which Hsp12 functions in rDNA recombination

andstress resistanceare still unknown.

Following from these findings, the functions of these proteins were further

investigated using biochemical techniques focussing on the less well studied

Hsp12. Both proteins were constructed as recombinant N-terminally fused GST-

proteins, which were used for different assays with the aim of identifying

interaction partners and testing for molecular chaperone functions.

6.1.2. Interaction partners ofHsp12.

The global landscape of protein interactions in the yeast S. cerevisiae in

2006 (Krogan et al., 2006) identified several interaction partners of Hsp12. Five

proteins were selected from the work of Kroganet al. based on these parameters;

LC/MSscores >99.5% and, if available, MALDI > 2. These cut-off values,

chosen to select the highest probability interactions, left the proteins listed in

Table 6.1, and a brief introduction follows below.
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The protein Rfal is a subunit of the highly conservedreplication protein

A, RPA.In multicellular eukaryotes, this protein is named Rpal. It is a

heterotrimeric single-stranded DNA binding complex, which consists of

Rfal, 2, and 3. Mutations in Rfal, in particular the L221P leads to gross

chromosomal rearrangement in yeast (Chen and Kolodner, 1999; Chen et al.,

1998), and in mice, it was shownthat mutations in Rpal lead to defective double

strand repair, chromosomalinstability and cancer (Wangetal., 2005b).

Psy2 is a memberof the Php3-Psy2 phosphatase complex. Recently, a role

as a regulatory factor in Rad53 dephosphorylation and replication fork restart

after MMS induced DNA damagehas been described for this protein (O'Neill et

al., 2007)).

The HSP70 family member Ssb1 has been reported to be a memberofthe

translation machinery and the regulation of ribosomal proteins was shown to be

synchronised with the regulation of Ssb1 expression, i.e. upregulated in response

to glucose addition, and downregulated in response to amino acid starvation and

heat shock (Lopezetal., 1999).

Ssel is a HSP110-class protein which was originally identified as a

multicopy suppressor of an ira/4 deletion mutant which causes constitutively

high PKA activity. It was recently reported to regulate PKA/cAMPsignalling

activity together with Sch9 (Trott et al., 2005).

The function and properties of Hsp31 are largely unknown. A recent

report showedthat this protein is induced by oxidative stress in a Yap1-dependent

manner, whereit has a protective effect against ROS-stress, because the hsp31A

deletion strain was shown to be sensitive against a range of ROS-generating

drugs (Skonecznaetal., 2007).

The reported interactions with the heat shock proteins from the sHSPs,

HSP70 and 90 families may not be surprising, since it is well established that

small heatshock proteins are often co-chaperones of their large counterparts, the

most prominent example being GroES and GroEL. However, the exact nature of

these cooperatives need be detailed.

Considering the reduction of recombination events and the sensitivity to

MMS,the reported interactions with Rfal and Psy2 are intruiging. In general,
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these interactions fit well with the stress phenotypes and the reduction of

recombination events which were discovered in the previous chapters.

6.1.3. Biochemical characterisation ofHsp12.

The major small heat shock proteins in yeast, i. e. Hsp26 and 42 have been

well studied biochemically and in vivo (Cashikar et al., 2005; Haslbecket al.,

2005; Haslbeck et al., 1999) and anti-aggregation properties have been

demonstrated with an insulin aggregation assay (Haslbeck et al., 2005). Since

Hsp26 wasfound to be strongly induced in response to DR (Chapter 4., Figure 8.

c), increased Hsp26-activity in DR may lead to reduced proteotoxicity by

supporting the large chaperones Hsp70/104 to remove high molecular weight

aggregates. In order to identify in vitro chaperone activity of Hsp12, an insulin

aggregation assay adapted from Haslbeck et al. was used and tested both the

purified GST-Hsp12 and GST-26 fortheir ability to prevent protein aggregation.
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. LC/MS

Protein! score MALDI DESCRIPTION
ORF 9 Score

0

Subunit of heterotrimeric Replication Protein

Rfal/ 99.6 3.07 A (RPA); highly conserved single-stranded

YARO007C DNA binding protein; involved in DNA

replication, repair, and recombination.

Cytoplasmic ATPase; member of the HSP70

Ssb1/ 99.6 6.5 family;  ribosome-associated molecular

YDL229W chaperone; may be involved in folding of

newly-made polypeptide chain.

Cytoplasmic ATPase (HSP110); member of

Sse1/ 99.6 ey) the HSP70 family; component of the heat

YPL106C shock protein Hsp90 chaperone complex;

binds unfolded proteins.

Possible chaperone and cysteine protease

Hsp31/ with similarity to E. coli Hsp31; memberof

99.6 n.a, the DJ-1/ThiJ/PfpI superfamily; exists as a
YDR533C , ; sashs

dimer and contains a putative metal-binding

site.

Psy2/ 99.6 na. Putative subunit of an evolutionarily

YNL201C conserved protein phosphatase complex.

Plasma membrane localized protein that

Hsp12/ protects membranes ron Gesiveation,

YFLO14W 99.6 n.a. induced by heat shock, oxidative stress,   osmostress, stationary phase entry, glucose

depletion, oleate and alcohol.
 

Table 6.1. Selected interaction partners for Hsp12.
These proteins were selected and commercially obtained as TAP-tagged versions.

Descriptions of proteins sourced from Saccharomyces GenomeDatabase.
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6.2. METHODS

6.2.1. Gatewayconstruction ofN-terminally GST tagged Hsp12 and Hsp26.

Hsp12 and Hsp26 were constructed as recombinant N- terminally fused

GST-proteins using the Invitrogen Gateway cloning protocol exactly according to

the instruction manual Version C provided by the manufacturer. The vector used

for N-terminal GST-fusion was pGEX6p-B1. Primers for amplifying Hsp12 and

26 from yeast genomic DNA were designed from the ORF sequences of the

required genes obtained from SGD using Vector NTI (Appendix, Table 4). These

primers were then fused with the corresponding attB1 and attB2 primer sequence

for N-terminal fusion with GST as indicated in the Gateway cloning manual. In

order to keep the recommendedreading frame, the same nucleotides as indicated

in the instruction manual were added.

Phusion™HotStart High Fidelity DNA polymerase was used for optimal

accuracy of the sequence dueto its 5’-3” DNA polymerase and 3’-5’ exonuclease

activities:

5x HF Phusion buffer 10 pl

10 mM dNTPs 1 pl

forward primer 2.5 pl

reverse primer 2.5 pl

template DNA (genomic DNA) 1 ul

Phusion DNA polymerase 0.5 pl

MQHZ20to 50 ul.

The conditions of the PCR were adjusted to the size of the insert (in kb) as

indicated below:

Initial denaturing 98°C 60 sec 1 cycle

Denaturing 98 °C 10 sec 35 cycles

Annealing 60 °C 30 sec 35 cycles

Elongation 72 °C 30 sec 35 cycles

Final Extension 72°C 5 min 1 cycle

The product was run out on an agarose gel and recovered using a gel-

purification kit (Qiagen). The amplification with the attB-Hsp12 primers resulted

in products of 400 bp, and 700 bp for attB-Hsp26 respectively. The purified attB-
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products were then cloned into an entry vector, pDONR201, via the BP-reaction.

Estimated concentrations of the inserts were obtained by visually comparing the

band to the Hyperladder I on the gel before purification assuming a 25% loss

during the purification. The concentrations were converted from ng into fmol

according to the following equation, and between 15-150 ng PCR-product were

used in the BP reaction:

ng = x fmol * N bp * (660 fg/1 fmol) * (1 ng/10° fg)

2 ul of attB Hsp12 (20 ng or 40 fmol) / 2 pl of attB Hsp26 (30 ng or 32.4

fmol)

1p] pDONR201 (150 ng/pl)

5 np] MQH,O(to a volumeof8 p11)

2 wl BP clonase mix

These reactions were left at room temperature on the bench over night.

The next day, 1 pl of each BP reaction was transformed into competent E.coli

D.B.31 cells, and plated on LB + Kanamycin plates. The next day, colonies were

picked and grown in 5 ml cultures for minipreps (Sigma). The correct insertion of

the product was confirmed byrestriction digests of the purified pDONR201-

Hsp12 and Hsp26 with unique restriction endonucleases. For Hsp12, the

restriction endonuclease was HindIII, because this enzyme does not cut the

vector, so successful insertion should lead to a linearised vector of 2.4 kb. For

Hsp26, the restriction endonuclease used was Eagl, which was chosen becauseit

was available. There are tworestriction sites in the backbone leading to two

fragments of 1.5 kb and 3.1 kb. The introduction of Hsp26 should leadto a third

fragment appearing at approximately 0.8 kb, and a fourth at 0.6 kb, which was

seen (not shown). The so constructed entry clones were then used in the next step

at a concentration of 30 ng (based on the gel) to transform the Hsp12/26 inserts

into the GST-fusion vectors via the LR-reaction.

2 pl ofpDONR201-Hsp12 / 2 pl ofpDONR201- Hsp26

11 pGBluescript-GST (150 ng/pl) or pGEX6p-B1
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5 pl MQH,O(to a volumeof8 pl)

2 wl LR clonase mix

This reaction was left at room temperature on the bench for 90 minutes

before the reaction was stopped with 1 yl Proteinase K for 15 minutes at 37 °C.

Of this product, 5 yl was transformed into competent E.coli Turbo cells, and

plated on LB-Ampicillin cells at 1/10 and 9/10 of the reaction volume.

6.2.2. Expression and purification ofrecombinant GST-Hsp12 and GST-
Hsp206.

Recombinant GST-fusion proteins were purified as previously described

(Haynes, et al. 1998). Briefly, a starter culture of transformed BL21 was grown

overnight. The next day, this culture was used to inoculate 1 1 of super media

supplemented with ampicillin. The expression of the recombinant protein was

induced by adding 1 mM IPTGfor three hours. The cultures were harvested at

5000 g for 15 minutes at 4 °C, and washed twice in 50 ml MQH,O,then

resuspended in 15 ml breaking buffer supplemented with 1% final concentration

Sigmaprotease inhibitor cocktail and lysed in a one shotcell disrupter (Constant

Systems, Daventry, Northantshire, UK). Whole cell lysates were cleared by

centrifugation at 33,000 rpm for 1 hour at 4 °C. In the meantime, 2 ml 1:1

glutathione sepharose slurry was washed in 10 ml PBS, and equilibrated in

breaking buffer.

After centrifugation, the supernatant was carefully removed and added to

the prepared beads for 2 hours at 4 °C on a rotator. The unbound fraction was

recovered; the beads were washed in ice cold PBS, before the recombinant

protein was eluted 4 times in 2 ml glutathione elution buffer. Each elution was

left on the rotator for 5 minutes before the beads were spun down at 500 g and the

supernatant recovered. The protein concentrations of the eluates were determined

with a Bradford assay. The beads were kept in PBS 0.02% Sodium Azideat 4 °C.

6.2.3. FPLCpurification ofGST-Hsp12 and GST-Hsp26.

In order to obtain a pure GST-recombinant product, 1 ml of eluate 2 for

GST-HSP12, and eluate 1 from GST-Hsp26 from the GST-purification were

treated with 2 mM BME for 5 hours at 4 °C on a rotator in order to reduce
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oligomerisation of GST. The FPLC column (Superdex 200) was equilibrated with

NDLB10 + 2 mM BMEand 900 ul of the pre-treated eluates were run at 4 °C.

Fractions were collected between reaction tube 20 and 40,i.e. 40 ml equivalent of

one volume of the column, after the dead volume had run through. The

concentration was determinedas described in Chapter4.

6.2.4. GST-Pulldownexperiments with GST-Hsp12 and TAP-proteins.

TAP-tagged yeast strains were grown in 100 ml YP liquid culture

supplemented with 0.05 % or 2 % glucose, respectively, harvested in 50 ml

Falcon tubes, washed twice with 25 ml H,O andfrozenat -80°C.Prior to lysis of

the pellets, the glutathione sepharose was prepared with the bait. 3 ml of a 1:1

slurry of glutathione sepharose (GE Healthcare) was washed twice in 10 ml 1x

PBS, and once in 10 ml NDLB10 + 2 mM BME.Theprotein concentration of

FPLC-purified GST-Hsp12 fractions 33 and 34 was determined to 0.5 mg/ml

protein in a Bradford assay. In order to perform each pulldown assay with 400 pl

1:1 slurry and approximately 0.1 mg GST-Hsp12 boundas bait, 2 ml of the

combined fractions 33 and 34 were supplemented with 10 pl Sigma protein

inhibitor cocktail and boundto the equilibrated glutathione sepharose for 1 hr at 4

°C on a rotator. The unbound fraction was recovered, and the beads were washed

three times in 10 ml NP40buffer.

10 ml NP40-buffer was supplemented with 1 tablet of the Roche protease

inhibitor cocktail + EDTA, and left to cool at 4 °C. The pellets were thawed at

room temperature and weighed. The weight of the individual pellets was

approximately 0.3 g for cultures grown in 0.05 % glucose, and 1.8 g in 2 %

glucose, respectively. Each pellet was resuspended in 1 ml NP40 —buffer with 5

ul Sigma protease inhibitor cocktail added, or 2 ml NP40 buffer for the larger

pellets, and all subsequent steps were performed on ice. The pellets were lysed in

the one shotcell disruptor (Constant Systems, Northantshire, UK) at 25 kPa, and

cleared at 13,000 rpm for 20 minutes in a cooled centrifuge. The supernatants

were carefully removed and cleared a second time in a tabletop Eppendorf

centrifuge at 17,000 rpm for 10 minutes. The supernatant was removed into a

fresh microfuge tube, approximately 800 pl, and to each sample, 400 yl of the

glutathione sepharose with GST-Hsp12 was added, and 5 pl / ml Sigma
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proteinase inhibitor cocktail. The beads were incubated for 1 hr at 4 °C ona

rotator, then spun down at 1,000 g and the unbound fraction was carefully

pipetted off and kept at — 80 °C. The beads were washed 5 times in 1 ml NP40

buffer, and the first wash wasretained and stored at — 80 °C. The boundproteins

were eluted first in 0.5 ml low salt NP40 elution buffer supplemented with 250

mM NaCl, incubated at 4 °C on the rotator, and spun down at 1,000 g, followed

by a 0.5 ml high salt elution in NP40 buffer supplemented with 1 M NaCl

incubated at 4 °C on the rotator, and spun down at 1,000 g. The recovered eluates

were precipitated 1 ml in ice-cold methanol overnight; the next day the pellets

were dried, resuspended in 2x Lammli buffer and boiled at 90°C for 5 minutes.

20 ul of each sample was loaded for SDS-PAGE for Coomassie stain or Western

Blotting.

6.2.5. Western blotting against TAP-tagged proteins.

SDS-PAGEandtransfer to nitrocellulose was performed as described in

Chapter 2. The TAP-tag was detected by probing the nitrocellulose with an anti

goat HRP-conjugated antibody, which was raised in rabbit. The Protein A

sequence of the TAP-tag hasa strong affinity to rabbit IgG, hence this antibody

was chosen. After blocking, the rabbit anti goat -HRP antibody wasapplied at a

concentration of 1:2000 in 1x TBS-T for 1 hour at room temperature. The

nitrocellulose was washed three times 15 minutes in 1x TBS-T andthe labelling

wasvisualised as per usual.

Hsp12 was detected as described in Chapter5.

6.2.6. Insulin aggregation assay

The solutions were prepared and the assay was measured as described in

Chapter 2. The assay wasset up in a dose-dependent mannerusing 0.1 yl, 1 pl, 2

ul, 5 pl and 10 pl with eluates 2 and 4 from the purification of GST-Hsp12 and

GST-Hsp26, respectively in GTEB. As positive and negative controls, the

activities of 10 pl CSP, and 10 yl GST-CaBPls were measured in each

experiment. Each sample waspipetted in quadruplicates. The concentrations of

the proteins were determined by Bradford as follows; GST-Hsp12, 8 mg/ml;

GST-Hsp26, 0.15 or 0.25 mg/ml (as indicated); GST-CaBP1s, 15 mg/ml, and

GST-CSP, 1 mg/ml. The efficiencies of prevention of aggregation for each
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protein in Figure 6.7. were calculated as follows. For each well, the amount of

insulin was 25.803 pg (90 pl of 45 uM solution, MW 5734 Da). For each

individual assay, the highest absorbance reading for the aggregation control

(insulin + DTT) was determinedto reflect total aggregation of insulin and set as

100%. All values were normalised to this. The prevention of insulin aggregation

was then calculated by subtracting the aggregated material from each condition

from 100%, expressed as pg and then divided by the respective amount of each

GST-tagged recombinantprotein to determine the anti-aggregation properties per

Lg.
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6.3. RESULTS

6.3.1. Construction and purification ofrecombinant GST-Hsp12 and GST-

Hsp26.

The S. cerevisiae genes HSP12 and HSP26 were inserted in the GST-

carrying pGEX6 vector for expression in transformed E.coli (Figure 6.1. a, and

6.2. a). To assess the quality of purification, samples were removed from each

step and run out on SDS-PAGE(Figure 6.1. b, and 6.2. b). The induction of GST-

Hsp12 by addition of IPTGis faintly visible in lane I, showing a product running

at an apparent molecular weight of around 50 kDa, which is higher than the

expected 38 kDa. This inaccuracy can be explained by the prestained marker used

for these gels (Seeblue® Plus2). Although prestained protein markers allow easy

visualisation of the migration of proteins, it was found that they do not accurately

indicate the molecular weight, and there are differences between protein

standards (compare Seeblue®Plus2, Figure 6.1. to 3. with Novex® Sharp, Figure

6.4.-5.). The purification of recombinant Hsp12 yielded a large amount ofproduct

over four elutions from the glutathione sepharose. In elution 1, most GST-Hsp12

wasretrieved, however, there is a considerable amount of GST and the pattern of

bands appearing below Hsp12 indicates non-mature protein. In the three

following elutions, the ratio between GST-Hsp12 and GST wasroughly 1:1, and

less contamination of other translation products and bacterial proteins was

evident. Despite this, it was shown that recombinant Hsp12 can be very easily

produced andpurified in large amounts using this approach.

GST-Hsp26 was found to be less abundantly purified, although it is

induced as shown in Figure 6.2. b, and running at an apparent molecular weight

of around 60 kDa, compared to the theoretical weight of 52 kDa (Seeblue®

Plus2, see above). Over the four elutions, there were different species and high

GST-contents (Figure 6.2. b). It appears that in most work published on Hsp26,

native protein overexpressed from a high copy vector and purified from yeast

lysates is used, not produced as recombinant protein (Ferreira et al., 2006;

Bentleyet al., 1992) which maybe dueto the low efficiency encountered here.
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Figure 6.1. Construction and purification of recombinant GST-Hsp12.

a) Vector chart. pGEX6-P1-B with HSP/2 inserted.

b) Expression and elution of recombinant GST-Hsp12. U, uninduced E. Coli; I, Induced E.

Coli; CL, cleared lysate; FT, flowthrough: E1, glutathione elution 1; E2, glutathione elution

2; E3, glutathione elution 3, and E4, glutathioneelution 4. 500 pl of U and I, 100 yl of CL

and FT and 50 ul of El through to E4 were resuspended in equal volumes of 2x Laemmli

buffer, and 20 pl loaded on SDS-page (12% acrylamide) and visualised by Coomassie

Brilliant Blue staining. The position of the molecular weight marker is shown onthe left

(Seeblue® Plus2 prestained standard).
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Figure 6.2. Construction and purification of recombinant GST-Hsp26.

a) Vector chart. pGEX6-P1-B with HSP26inserted.
b) Expression and elution of recombinant GST-Hsp26. U, uninduced E.coli; I, Induced E.

Coli; CL, cleared lysate; FT, flowthrough: E1, glutathione elution 1; E2, glutathione elution

2; E3, glutathione elution 3, and E4,glutathione elution 4. 500 pl of U andI, 100 pl of CL

and FT and 50 pl of El through to E4 were resuspended in equal volumes of 2x Laemmli

buffer, and 20 pl loaded on SDS-page (12% acrylamide) and visualised by Coomassie

Brilliant Blue staining. The position of the molecular weight marker is shown ontheleft

(Seeblue® Plus2 prestained standard).
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6.3.2. Purification of GST-Hsp12 and GST-Hsp26 via gelfiltration

chromatography.

In order to generate highly purified recombinantprotein for further structural and

functional characterisation, the second elution of GST-Hsp12 was subjected to

FPLC separation. The fractions were collected, analysed by Bradford assay, and

the elutions containing protein were run out on SDS-Page (6.3. a and b). The

elution profile (Figure 6.3. b) shows the efficiency of the size exclusion during

the gel filtration: between fractions 30 and 35 almost exclusively GST-Hsp12 has

been purified, and concentrations of 1 mg/ml with very little contamination by

GST and non mature proteins. By comparing this profile with the calibration

curve of the Superdex column in Chapter 4 (Chapter 4., Figure 1. b), it was

possible to estimate the size of the pure GST-tagged protein in the range between

300 and 400 kDa. This indicates that Hsp12 forms oligomeric complexes from

several Hsp12 monomers or dimers, similar toHsp26. Since the GST-tag adds

27.7 kDa to each Hsp12, each Hsp12 oligomer could be made up of 10 monomers

or 5 dimers. This also showsthat the N-terminal fusion protein does not interfere

with the oligomerisation. It could interact with itself via its C-terminus, as has

been reported for other sHSPs, e.g. Hsp26.

The purification of GST-Hsp26 proved to be less straightforward than

GST-Hsp12. The elution profile is reflected on the SDS-Page (Figure 6.4. a and

b). A faint band of a species migrating just above 50 kDa can beseen in fraction

22/23, which is close to the void volume of the column andrepresents elutions

containing high molecular mass species, coinciding with a single sharp peak in

the elution profile. Native Hsp26 forms hollow shell like structures of 24 subunits

weighing around 500 kDa (Bentley et al., 1992). This property does not seem to

be disturbed by the GST-tag. However,its elution profile is shifted one fraction to

the left compared to fraction 24-27, where the native Hsp26 understress

conditions elutes (Chapter 4., Figure 8.). 52 kDa is the expected molecular weight

for the GST-Hsp26 monomer(Figure 6.4. a). This band does not appear in a

different fraction. The subtle band migrating at 40 kDa, is probably non-mature

GST-Hsp26. The prominent doublet of bands below 30 kDaare mostlikely GST,

but it is not clear why there are two different isoforms resolving at different

molecular weights. It may be possible that some GST-Hsp26 formed aggregates
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which were filtered in the trap before entering the column, however, since the

concentration of the input was low,this would only account for a minimal loss of

protein.

6.3.3. Confirmationofpreviously reported interaction partners ofHsp12 using
TAP-taggedproteins.

In order to gain mechanistic insight into the roles of Hsp12 of which we

caught a glimpse in the phenotypic analysis in Chapter 5, I decided to confirm the

previously reported interactions (Krogan et al., 2006). An attempt to directly

repeat the TAP-tag pulldowns with TAP-Hsp12 failed, at least in part due to

degradation of TAP-Hsp12 bait over the course of the long purification protocol.

Therefore, GST-Hsp12 was used as bait, and the TAP-tagged versions of

interacting proteins reported by Krogan et al. (Krogan et al., 2006) were

commercially obtained. Yeast strains expressing these tagged proteins were

grown in 0.05 % (data not shown) and 2 % glucose and then detergent-solubilised

lysates prepared from these were used in a pulldown assay using GST-Hsp12 or

GST-CaBP1s. CaBP1s was chosenas a control protein becauseit is a very similar

size to Hsp12 (167 amino acids compared to 109 for Hsp12) but as a mammalian

protein with no sequence homologyto Hsp12, it would not be expected to bind

the various putative yeast binding partners of Hsp12. The SDS-PAGE (Figure

6.5. a) represents the input (lysates) and the low andhigh salt elutions. Equal

inputs were loaded for each column. The same samples were used for Western

blotting. The membrane wasprobed with a secondary antibodyraised in rabbits,

whichreliably detected the Protein A sequence from the TAP tag. The reported

interactions were confirmed in the GST-Hsp12 pull downs (Figure 6.5. b),

unfortunately, the same proteins were also recovered using GST-CaBPlIs as

control (Figure 6.5. c). Therefore, the interactions found by Kroganet al. (Krogan

et al., 2006) proved to be non-specific under the tested conditions.
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Figure 6.3. FPLC purification of GST-Hsp12.

a) 900 pl of E2 was loaded on the Superdex 200 FPLC column, and the Bradford assay

showstheelution profile of each collected fraction.

b) SDS-Page (12% acrylamide) of fractions which correspond to the peaks in the Bradford

assay. Adjacent fractions were pooled, e. g., 1 ml of fraction 30 and 31, methanol

precipitated, and resuspended in 50 pl 2x Laemmli buffer. 20 pl of this was loaded on a gel.

The input which was loaded on the column is shown onthe right: 10 pl of E2 was made up

to 20 pl with 2x Laemmli buffer. Proteins were visualised with Coomassie Brilliant Blue

staining (Seeblue® Plus? prestained standard).
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Figure 6.4. FPLC purification of GST-Hsp26.
a) 900 ul of pooled and concentrated El and 3 was loaded on the Superdex 200 FPLC

column, and the Bradford assay showsthe elution profile of each collected fraction.

b) SDS-Page (12% acrylamide) of fractions which correspond to the peaks in the Bradford

assay. Adjacent fractions were pooled, e. g., 1 ml of fraction 30 and 31, methanol

precipitated, and resuspended in 50 yl 2x Laemmlibuffer. 20 1l of this was loaded ona gel.

The input which was loaded onthe column is shown ontheright: 5 pl of the input was made

up to 50 yl with 2x Laemmli buffer, and 20 pl were loaded on the gel. Proteins were

visualised with Coomassie Brilliant Blue staining (Novex® Sharp prestained standard).
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6.3.4. Identification ofnovel interaction partners ofHsp12 using a large-scale

pulldown approach.

One methodological issue of the approach used by Kroganet al. was the

fact that they only used the standard 2% growth condition, where Hsp12 is not

strongly expressed. I therefore decided to repeat the pulldown assays with lysates

prepared from yeast grown underdietary restriction conditions, with the aim of

identifying novel interactions with DR-induced proteins. Highly purified GST-

Hsp12 from the Superdex FPLC column wasusedasbait at a concentration of 5

mg/ml bound to 2 ml 1:1 glutathione sepharose slurry with a binding capacity of

> 10 mg/ ml. Lysates were prepared from 150 ml cultures of YP+ 2%, 0.5% and

0.05 % glucose. The samples were prepared and the pulldown assays were

performedas described in the section 6.2, and the figure legend (Figure 6.6.). The

columns were loaded with equal amounts of lysates, as shown by Coomassie

staining. Analysing the individual elutions from the pulldowns on SDS-Pages

howeverrevealed no novelinteractions (Figure 6.6. a and b), because the proteins

appearing on the test-pulldowns (Figure 6.6. a) were also found on the control

pulldown (Figure 6.6. b), and hence are not specific for Hsp12. There are also

considerable amounts of what is presumably GST-Hsp12 bait eluting in 0.5 and

0.05%, because they are running at the same molecular weight on the gel, and

these bands do not appearin the control.
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Figure 6.5. Pulldown of TAP-tagged proteins with recombinant GST-Hsp12.

a) SDS-page (8% acrylamide) of the GST-Hsp12 pulldown. 1.5 ml of lysates from TAP-

tagged yeast strains grown in 2 % glucose were incubated with 400 wl 1:1 slurry of

glutathione sepharose beads with GST-Hsp12 ( 0.1 mg protein per sample) in a and b, or

GST-CaBP1s ( 0.1 mg protein per sample) in c, respectively. 5 yl of the input was made up

to 50 pl in 4 x Laemmli buffer, and 500 ul ofthe elutions were methanolprecipitated, and

resuspended in 50 pl Laemmli buffer. 20 pl of the so prepared samples were run on SDS

gels and stained with Coomassie Brilliant Blue. The position of the molecular weight marker

(Novex® Sharp prestained standard) for the gels is shown onthe left or right in a, and the

molecular weight of the prey proteins as indicated below the proteins. The columns were

loaded equally, and the sameinputs (lysates) were used for the pulldown with GST-CaBP1s

as control.

b) and c) Gels weretransferred to nitrocellulose, and the ProtA sequence ofthe TAP tag was

probed with an HRP-coupled antibody raised in rabbit. I, input; LS, low salt elution; HS,

high salt elution. The previously reported interaction partners proved to be non-specific

interactions.
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Figure 6.6. Large scale pulldown of yeast lysates grown in 2 %, 0.5 % and 0.05 %

glucose.
a) and b) 1 ml ofyeast lysate from 0.05 %, 2 ml of 0.5 % and 3 ml of 2 % glucose were

madeupto a final volume of 5 ml in NP40buffer,split in 2.5 ml and incubated with 2 ml 1:1

slurry of glutathione sepharose with 5 mg/ ml recombinant protein (GST-Hsp12 in a, and

GST-CaBP1s in b). The inputs were prepared as described for Figure 6.4. 25 ul of the

elutions were mixed with 25 yl 2 x Laemmli buffer, and 20 pl of these samples were loaded

on SDS-Page (12% acrylamide), and visualised with Coomassie Brilliant Blue. The position

of the molecular weight marker (Novex® sharp prestained standard) is shown ontheleft.

Approximately 3 pg of the bait was run in a volume of 20 ul. I, input; LS, lowsalt elution;

HS,highsalt elution. No novel interactions wereidentified with these conditions.
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6.3.5. Insulin aggregation assay.

Currently it is not known whether the small heat shock protein Hsp12 has

chaperone functions. By means of an assay which measures the aggregation of

insulin in reducing conditions it was studied whether Hsp12 has in vitro

aggregation reduction properties similar to Hsp26 (Haslbeck et al., 2005).

Aggregation of insulin was induced by the addition of 1.5 uM DTT to 45 uM

insulin, and measurements were taken at regular intervals over three hours and

then one endpoint measurement the next morning. This treatment leads to the

reduction of the structurally important disulphide bonds between the A and B

chainsofinsulin, and this disruption induces aggregation, whereas in the absence

ofDTT overthe time course of the experiment, insulin remainsstable (Figure 6.7.

a).

To see whether insulin aggregation can be prevented by the addition of

known chaperone proteins, GST-CSP (Chamberlain and Burgoyne, 1997), a

memberof the DnaJ/Hsp40 family was used as a reference for anti-aggregation

properties, and GST-CaBP1s, a calcium-binding protein (Yanget al., 2002), was

the control for a protein with no known chaperone functions (Figure 6.7. b). As

predicted, GST-CSP prevented aggregation of insulin to a large extent, whereas

in the presence of GST-CaBP1s,insulin aggregates.

Once the assay had been established, the prevention of aggregation was

established as amount of insulin (ug) which is prevented from aggregation in

presence of lug of recombinant protein (Figure 6.8. a). GST-CSP is the most

efficient protein with 1.3 4g compared to GST-Hsp26 with more than twofold

reduced efficiency (0.5 pg). GST-Hsp12 is slightly more and statistically

significantly efficient than GST-CaBPls, but from these data, it cannot be

concluded that Hsp12 has chaperoneactivity.

The differences in activity for GST-Hsp12 and GST-Hsp26 were then

assessed in a dose-dependent manner between Hsp12 and Hsp26 (Figure 6.8. b).

There is a considerable difference in aggregation prevention activity between the

two heat shock proteins considering the highest dose of GST-Hsp26 was2.5 pg,

which reduced the aggregation to approximately 60%, versus 80 pg of GST-

Hsp12 with 90%.
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Figure 6.7. Measurementsofinsulin aggregation.

a) 45 uM insulin were supplemented with 1.5 1] MQH,O (open squares) or 1.5 pl 1 M DTT

(black squares) and the aggregation over time at room temperature was measured at A4os in

an microplate reader. Numbern ofreplicates for each condition, 4.
b) Insulin aggregation was observedin the presence of 10 pg GST-CSP (dark gray squares),

150 pg GST-CaBP1s (light grey squares), insulin with DTT (black squares). For every

measurement, the control values (without DTT) were subtracted. Numbern ofreplicates for

each condition, 4. GST-CSP as a DnaJ family memberprevents aggregation.
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Figure 6.8. Efficiency of aggregation prevention of recombinant heat shock proteins.

a) The anti-aggregation properties of 1 1g of recombinant protein is shown as the amountof

insulin in pg which is prevented from aggregation. This was calculated as described in the

methods, and the assay wasset up as detailed in the legend to Figure 6.7. a, and the method

section. All proteins are eluted from glutathione sepharose by glutathione. Number n of

replicates for GST-Hsp12, 7; GST-Hsp26, 8; GST-CSP, 4; GST-CaBP,4. The difference

between GST-Hsp12 and GST-CaBP was deemedsignificant at p< 0.05 with a Student’s T-

test.

b) Dose-response curves of recombinant GST-Hsp12 and GST-HSP26 depicted as semi-

logarithmic graph. The amounts for each protein from left to right: GST-Hsp26 (black

squares), 0.025, 0.25, 0.5, 1.25 and 2.5 ug; GST-Hsp12 (grey squares), 0.8, 8, 16, 40, and 80

ug. GST-Hsp26reducesinsulin aggregation, whereas GST-Hsp12 hasa subtle effect.
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6.4. DISCUSSION

6.4.1. Production ofrecombinant GST-Hsp12 and GST-Hsp26.

Over the previous chapters, it became apparent that although both Hsp12

and 26 are rather small and hydrophilic proteins, they exhibit considerable

differences in their behaviour. Hsp26 is easily purified with a buffer which

mimics cytosolic conditions, whereas Hsp12 can only be extracted under harsh

conditions, such as a Laemmli whole cell extraction. In contrast, GST-Hsp12 is

very easily expressed in transformed E.coli and can be purified to great extent,

whereas Hsp26is difficult to purify from bacteria.

The purification of recombinant protein produced large amounts of GST-

Hsp12, which via gel filtration chromatography were processed to a very pure

end product in a preparative way for further work, such as pulldown assays.

For GST-Hsp26,the purification of recombinant protein resulted in a low

amount of product which was only sufficient for analytical gel filtration

chromatography.

6.4.2. Interaction partners ofHsp12.

This chapter dealt with the characterisation of properties and function of

Hsp12. By means of a recombinant GST-fusion protein, I tried to confirm

reported and discover unreported interaction partners of Hsp12. Ata first glance,

this seemed to be an unsuccessful endeavour. However, in the course of this

discussion, studies of the properties of small heat shock proteins will be presented

in other organisms than yeast in order to consider the implication of these

findings in light of the existing work.

It is tempting to assume that the proteins which met our cut-off values

were real interaction partners, due to the fact that two proteins are involved in

DNA damagerepair, and three proteins are also heat shock-family members.It

was shown for Psy2 that deletion or mutation result in MMS-sensitivity (O'Neill

et al., 2007) and in Chapter 5, the Asp/24 strain revealed a MMS-sensitivity

phenotype (Chapter 5). The rfal/4 deletion strain also has a MMS-sensitive

phenotype (Herzberg et al., 2006). These findings still lack mechanistic insight,

but it would provide a point from which to begin analysing the role of Hsp12.
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It is also possible that Hsp12 interacts with the reported heat shock

proteins, since small Hsps very often operate as co-chaperones for larger heat

shockproteins (reviewed (Nakamoto and Vigh, 2007). Particularly interesting is

Ssel because of its reported synthetic phenotype of the sse/Asch94 double

deletion mutant at elevated temperatures, which may link in with the stress

resistance phenotype in response to DR.

A possible reason for the outcomeof this pulldown assay could be due to

the mild buffer conditions in this assay. A repeat with optimised conditions and

with additional controls may increase the specificity and confirm at least some of

these interactions. Since my data suggests that these reported interactions are non-

specific, it could be that the earlier reports from Krogan are flawed. The list of

identified interaction partners for Rfal (282 hits) and Psy2 (86 hits) are indeed

very long, which maycast doubt on the specificity of these interactions.

There are in fact reports which point out that RPA (the conserved RFA in

multicellular eukaryotes) interacts with proteins with aromatic and negatively

charged aminoacids, and that in somecasesthe interactions are non-specific, and

thus physiologically not significant (reviewed in (Wold, 1997). Incidentally,

Hsp12 contains a considerable amount of acidic amino-acids, as well as aromatic

residues, which mayresult in non-specific interactions.

6.4.3. Insulin aggregation assay.

In the course of this work, the insulin aggregation assay after Haslbeck

(Haslbeck et al., 2005) was successfully established and the efficiency of

aggregation prevention of GST-Hsp26 and GST-CSP could be confirmed, hence

proving that the assay is sensitive to report differences in aggregation. It is

doubtful however whether chaperone-activity for Hsp12 can be concluded from

the small, albeit significant difference between GST-CaBP and GST-Hsp12.

The lack of an apparent chaperone effect of Hsp12 could be attributed to

the buffer conditions, which may not be optimal for this particular small heat

shock protein. The GST-tag is considerably larger than Hsp12 itself and could

therefore interfere with its function. An attempt to test this directly by removing

the GST-tag with PreScission protease failed because the protease also digested

Hsp12. It may be that Hsp12 has a very specific set of client proteins, and insulin
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does not meet these requirements. Possible clients could be components of the

cytoskeleton, since the S. pombe homologue Hsp9 wassuggested to stabilise the

F-actin contractile ring (Jang et al., 1996).

An overview over the literature reveals that members of the small heat

shock family from other organisms do not as a rule have in vitro chaperone

functions, such as the tetra- and monomeric Hsp12.2, 12.3, and 12.6 from C.

elegans (Kokke et al., 1998), which may indicate that important functions of

small heat shock proteins do not necessarily depend on in vitro chaperone

functions (reviewed in (Nakamoto and Vigh, 2007)

6.4.4. Properties ofHsp12.

Taking the results of this chapter together with the literature, Hsp12 is a

rather elusive memberof the yeast heat shock protein repertoire and posed some

challenges to work with, but in reference to small heat shock proteins from other

organisms,its behaviouris not unusual. In order to further characterise the protein

and identify interactions, the buffer conditions of employed assays need to be

optimised, and membrane, even cell wall proteins may need be included in the

range of proteins analysed.

It was first reported in E.coli, that the small heat shock proteins IbpA and

B sediment with the insoluble membrane fraction, and over the past decade

(Laskowska et al., 1996), evidence has solidified that sHsp from several

organisms associate with the membrane as reviewed in (Horvath et al., 2008;

Nakamoto and Vigh, 2007). In particular, Hsp17 from the blue-green algae

Synechocystis has been very well characterised in terms of its properties as a

membraneprotein. It was found that in response to stress, HSP17 interacts

strongly with the highly saturated monoglucosyldiacylglycerol (MGlcDG), which

has been termed “heat shock lipid” (Balogi et al., 2005). Membraneinteractions

of HSP17 from the blue-green algae Synechocystis, as well as bovine a-crystallin

have been shown to increasethe lipid order of synthetic and cyanobacterial lipids

by interacting with the polar headgroup of the lipids using infrared spectroscopy

(Tsvetkova et al., 2002). This increases the order of the membrane bilayer

especially in response to elevated temperatures. In yeast, the best described

plasma membrane heat shock protein is the small heat shock protein Hsp30,
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which is constitutively integrated, and was shown to be involved in energy-

conservation pathways by regulating the plasma membrane H’-ATPase in

responseto stress (Piperet al., 1997).

The homology search of the Hspl2 amino acid sequence indeed

discovered a weak sequence similarity with phospholipid binding proteins

(Chapter 5). Hsp12 has been reported to be a LEA-like protein localised to the

plasma membrane, providing protection against desiccation, increasing the

barotolerance, and somereports even see Hsp12 on the outer cell wall (Karreman

et al., 2007; Motshweneet al., 2004; Sales et al., 2000). These reports however

are in contrast with the global localisation of GFP-tagged yeast proteins by

O’Shea,et al., which find Hsp12 to be in the cytosol and nucleus (Huh etal.,

2003) as I have confirmed in Chapter 4 or 5. Yet another possibility may be that

Hsp12 is associated with actin filaments and the cytoskeleton, as is its close

homologue S. pombe Hsp9.

6.4.5. Conclusion.

Overthe course of this work, I found that Hsp12 cannot be detected from

cell lysates obtained in buffer with no or mild detergent, such as the conditions

used in the FPLC-analysis of yeast lysates in Chapter 4, which led to the

discovery of Hsp26. Thisis a strong indicator of the fact that at least some Hsp12

may be associated with membranesorinsoluble structures. It was found in the

harsh extraction conditions of the Laemmli whole cell extraction, or the insoluble

fraction of lysates from NDLB10 (data not shown). Together with my findings,

the reports of Hsp12 as a plasma membraneassociated protein and the evidence

of membrane interacting sHsps from other organisms, it can be concluded that a

substantial portion of the Hsp12 population may be associated with the membrane

and/or insoluble structures, and only a subset may be in the cytosol. The

confirmation of this hypothesis will need further work, as does the mechanisms of

how Hsp12 positively regulates recombination and how it provides resistance

against heat, caffeine and MMS.
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7.1. THE DIETARY RESTRICTION AND RDNA CONNECTION.

Dietary restriction is the most powerful intervention known to date to

extend lifespan and improve overall health until death in invertebrates and

vertebrates alike (Masoro, 2005). Although this has been known for nearly a

century and was discovered first in rodents, our understanding of the molecular

mechanisms underlying this phenomenon has advanced considerably only in the

past decade, and results mainly from research in invertebrate model organisms

such as S. cerevisiae, C. elegans and Drosophila (Partridge et al., 2005;

Houthoofd et al., 2005)

In S. cerevisiae, DR extends replicative lifespan by so far unidentified

mechanisms. Although three models have been proposed, they are highly

controversial and evidence for the suggested mechanism is not abundant

(Kaeberlein et al., 2005c; Andersonet al., 2003; Lin et al., 2002). In the first part

of the work presented here, S. cerevisiae was usedto test the proposed models.

7.1.1. DR and the reduction ofribosomal proteins.

The Sir2-mediated link between gene silencing and lifespan extension is

no longer a valid model of the action of DR. However, DR was found to reduce

mitotic rDNA recombination events. The pathways which modulate rDNA

stability and whichlead to a reduction ofrDNA recombination in response to DR

are not identified yet. There is evidence that DR downregulates the activity of the

kinase signalling pathways, such as Torl and Sch9, which reduces the biogenesis

of ribosomal proteins (Steffen et al., 2008; Kaeberlein et al., 2005c). This may be

one link which connects DR and the rDNA that could be exploited in order to

identify targets such astranscription factors or chromatin remodelling factors and

effectors, such as kinases which control the stability of rDNA andallow lifespan

extension. An updated model based on the findings presented in this thesis of

DR-mediated lifespan extension is presented in Figure 7.1.

7.1.2. Induction ofHsp12 in response to DR.

Further to the findings that DR reduces rDNA recombination events, a

novel and highly intriguing correlation between the expression of a small Hsp12

and lifespan extension in response to DR was discovered. Importantly, the

deletion of HSP/2 strongly reduces recombination events at 2 % glucose, where
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Figure 7. 1. Adapted model of how DR extendslifespan.

a) and b) brown arrowsindicate negatively, green arrows point towardspositively regulated

processes; arrows in grey connectprocesses the regulatory nature of which have not been

identified yet. Solid arrows show connections which have been experimentally proven in this

or other studies; dotted arrows link hypothetical connections for which direct evidence has

not yet been produced.
a) DR leads to a reduction of rDNA recombination via reduced nutrient kinase signalling.

Whether the reduced recombination leads to reduced ribosomal biogenesisis notclearyet.

b) The downregulation ofnutrient sensing kinases leads to the induction of Hsp12, whichis

required for increased stress resistance and DR-mediated lifespan extension. The role of

Hsp12 in rDNA recombination in response to DR needs further examination.
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also a small extension of the replicative lifespan in this mutant strain was

observed.

In order to fully understand the role of Hsp12, it will be necessary to

identify how its expression is controlled. Since the RPD3 deletion strain shows a

similar phenotype whenassessed for recombination and lifespan at 2 % and 0.05

% glucose as HSP/2, there could be a possibility that the expression of HSP/2 is

controlled by Rpd3 in response to DR. Loss of Rpd3 would thus lead to the same

phenotype, because HSP/2 is no longer expressed. This can be confirmed by

testing for Hsp12 protein expression in an rpd34 mutantstrain.

The upstream mechanisms which lead to Rpd3 recruitment to chromatin

have been described to some extent by De Nadal and colleagues (de Nadal etal.,

2004), who have shown that Hog1, the yeast MAP kinase and p38 homologue,

recruits Rpd3 to activate osmostress responsive genes, and Hsp12 was among the

targets. It was also shown that the longevity gene and nutrient sensing kinase

Sch9 is a chromatin-remodelling factor which is recruited with Hog1 to osmotic

stress-responsive genes by Rpd3 (Pascual-Ahuir and Proft, 2007).

Osmotic stress responsive genes are a subgroup of genes which are

inducedas part of the ESR in responseto a variety of stressful situations, such as

HSP12 (Gasch et al., 2000). The mammalian stress responsive kinase p38 is a

mediator of stress responsive pathways, and the yeast homologue Hog! hasso far

only been shown to regulate osmotic stress. However, because of the homology

between p38 and Hogl, it may be that Hogl responds to a variety of stress

conditions, rather than osmotic stress only. Alternatively, there may be other

stress/nutrient sensitive kinases that feed into the same downstream mechanism

of Rpd3/Hsp12 activation. This could also explain why Hsp12 and ESR genesin

general are upregulated by a variety of different stress but also lifespan extending

conditions.

Hog] wasnotidentified as a longevity gene by Kaeberlein and colleagues

(Kaeberlein et al., 2005b), but they tested standard growth conditions only. It

would therefore be an imperative experimentto assess the replicative lifespan of

the hog/A mutant on DR-medium.If Hog] is involved in regulating the broad

ESR rather than only osmotic stress, it may be found that DR does no longer
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extend lifespan of this deletion strain. The finding that Sch9 is also a regulatory

player involved in the regulation of stress genes lends further support for

pursuing this approach, and it may expand our understanding ofthe action of DR,

and the further upstream pathways ofhow HSP/2 is induced.

7.1.3. Role ofHsp12 in cellular homeostasis and in response to DR.

Identifying the mechanism of how Hsp12 positively regulates rDNA

recombination and lifespan extension in response to DR will prove more

challenging. The findings in the work presented here strongly point towards a

dual function of Hsp12 in cellular homeostasis under normal conditions, and

stress response as wellas lifespan extension in response to DR.

Under normal growth conditions, Hsp12 was shown to positively regulate

rDNA recombination, since in the deletion strain recombination events were

strongly reduced. These findingsare difficult to interpret. A possible explanation

could be that Hsp12 is required for the function of a DNA-modulating factor

whichis recruited away from DNA/rDNAin response to DR. Should this be the

case, Hsp12-function on DNA-modulation would not be necessary during DR,

only for normal cellular homeostasis.

The hsp124 strain was found to be sensitive to MMS,as was the mutant

rfalA-strain (Herzberg et al., 2006), and both proteins were reported to interactin

the global interaction screen by Krogan and colleagues (Krogan et al., 2006).

Also, it is known from E. coli that heat shock proteins (DnaJ/K) are necessary for

initialising DNA replication by monomerising the RepA-dimers, thus exposing

the DNA-binding domains (Wickneret al., 1991a; Wickneret al., 1991b).

Due to the common MMS-sensitive phenotypes of the RFA/ and HSP/2

deletion mutants, the previously reported interaction of Hsps with RepA protein

could be a potential starting point to look for a mechanism of action of Hsp12.

However, since no protein interactions between Hsp12 and Rfal could be

confirmed in the course of this work, the protein-interaction approach would need

optimisation and it may be more advantageous to choose an in vivo approach to

prove direct interactions.
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7.2. THE ROLE OF SMALL HEAT SHOCK PROTEINSIN DR-MEDITATED

LIFESPAN EXTENSION

The small a-crystallin family member Hsp26 wasalso identified to be

strongly expressed in DR. In order to confirm a crucial role for this protein in

lifespan extension, replicative lifespan data needs to be obtained for the hsp264

deletion strain. Functionally, Hsp26 has been well characterised as a modulator

for protein aggregation in conjunction with Hsp104/42 (Cashikar et al., 2005;

Haslbecket al., 2005). Thus, its role in DR may ameliorate proteotoxicity of

protein aggregates.

In order to characterise the role of Hsp12 in stress response and DR,the

protein interaction and anti-aggregation activity approach proved to be

moderately successful. Optimisation of the previously employed conditions or

different assays, e. g. a chaperone assays which measures recoveryandactivity of

a protein suchasfirefly luciferase may prove moreinsightful.

7.3. CONCLUSION.
In conclusion, rDNAstability as one important target of DR has clearly

emerged from the in-depth analysis of silencing and recombination with the gene

deletions and DR-conditions I worked with. However, for the upstream events

leading down to structural manipulations in the rDNA, an overly simplistic

explanation of how DR affects an organism no longer holds up to all the

contradictory findings even amongst individuals from the same species. To fully

understand this phenomenonit is imperative to adopt a more integrative attitude

towards the different aspects of the physiology of an organism, and the interplay

on and between molecular, cellular, and organ-levels which are affected by DR.

Small heat shock proteins have been shown to be part of the hormetic

action of mild stress on longevity in C. elegans (Walker and Lithgow, 2003), and

in the course of this work also in yeast. The function of these shspsis not clear to

date, but they may act via an antagonistic pleiotropic pathway, because for

example overexpression of hsp22 in Drosophila has been shown to have both

beneficial (improved stress resistance) and detrimental (decreased stress

resistance and reduced lifespan) effects which seem to depend on tissues whereit

is expressed as well as age (Yang and Tower, 2009; Landis and Tower, 2005).
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Overthe past years, it has become apparent that DR affects an organism at

multiple points, i.e. up or downregulation of different pathways; and the

“negative” effects on some aspects of cellular homeostasis which result from

reducing food-intake are most likely outweighed by the “positive” effects this

regime has on different pathways, and hence in total DR ends up as beneficial for

an organism.

Since the first theories about ageing and the discovery that DR extends

lifespan over seventy years ago, our understanding of the involved processes has

advanced considerably. Future work using yeast and other models will reveal at

least someofthe secrets of ageing, and how DRextendslife and healthspan. This

will provide targets for pharmacological intervention; however, until then,

moderation seemsto be the wayto live longer and healthier.
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Background;
Name Genotype Reface

W303-
AEY1017 MATa ade2-1 ura3-I] his3-11,15 leu2-3, 1B;(Meijsing and

PARENT 112 trp1-1 can 1-100 TELVIUIL:: URA3 Ehrenhofer-

Murray, 2001)

AEY1017foblA AEY1017fob14::kanMX4 This study

AEY1017 Axk24 AEY1017 hxk24: :kanMXxX4 This study
AEY1017 sir24 AEY1017 sir24: :kanMxX4 This study

BY4741 MATahis3A1 leu2 A 0 met15 AO ura3_ S288C,(Brachmann

AO et al., 1998)

BY4741 BY4741 hsp264::kanMX4
This study

hsp26Ahsp12A hsp12A::HIS3MX6

BY4741 sch9A BY4741 sch9::kanMxX4 This study
 

GRF167; (Smith

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    
JB740 MAT« his3 A200 leu2 Al ura3-167

and Boeke, 1997)

MATa. his34200 leu241 ura3-167 JB740; (Smith and
selamidaiamaentaian RDNI1(NTS1)::Ty1-mURA3 Boeke, 1997)
JS128foblA JS128foblA::kanMx4 This study
JS128 heh1A JS128 heh1A::kanMXx4 This study
JS128 hsp124 JS128 hsp124::kanMx4 This study
JS128 hsp26A JS128 hsp26A::kanMX4 This study

JS128 hxk24 JS128 hxk24::kanMx4 This study
JS128 rpd3A JS128 rpd3A::kanMxX4 This study
JS128 sch9A JS128 sch9A::kanMx4 This study

JS128 sir24 JS128 sir24::kanMXx4 This study

JS128 torlA JS128 torlA::kanMXxX4 This study
MATa his3A200 leu2A1 ura3-167 JB740; (Smith and

ISRZPSRENT poo.tyl-mURA3 Boeke, 1997)
JS122foblA JS122fob1A::kanMX4 This study
JS122 gprlA JS122 gpr1A::kanMX4 This study

JS122 hxk24 JS122 hxk2A::kanMXxX4 This study
JS122 sir24 JS122 sir24::kanMX4 This study
 

Appendix Table 1. Yeast strains constructedin this study.
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FOB1 forward (A) 5’-TTCATTGTACTCAGCGGTCT

FOB]reverse (D) 5’-CTTGCGGGCAAGATCATAT

GPR1forward (F) 5’-CCCTCTTGTTITTTICTITTTCATTIT

GPR1reverse (R) 5’-ATTATACGAGCACTCATCCATTTTC

HEH]forward (A) 5’-TTTAGGAAGCCCCCTTTGTTTTTG

HEH]reverse (D) 5’-ATGTATTTCTTGGACGTCGACCGA

HSP12 forward (A) 5’-GTATACGCAAGCATTAATACAACCC

HSP12 reverse (D) 5’-AGTGAAATAGAACAATACGCACACA

HSP26 forward (A) 5’-CTCGTAACAGTAAGGTATTCGCACT

HSP26reverse (D) 5’-ACATCCATAGAGATACCTCCAACAG

HXK2forward (A) 5’-GGTCGATCGACATTCGTAC

HXK2reverse (D) 5’-AGGGTTAAAATTGGCGTGC

RPD3 forward (F) 5’-GAGGATACTAAGGITGTCGT

RPD3reverse (R) 5’-CAGCGGTGGGACGAGACGT

SCH9 forward (A) 5’-TACTTATTCACATTACGGGTCCAAT

SCH9 reverse (Dmr) 5’-GGAATGGTGAGGTATAAGCAGTG

SIR2 forward (A) 5'-CTTTTCCAAGCTACATCTACCACTC

SIR2 reverse (D) 5'-ACCTGCCCTTCTTACATTAAGCTAT

TORI forward (A) 5’-TTGAATCCTAATTTCTTGCTCAATC

TORI reverse (D) 5’-AAGGCATATATTGATGCTCAAAAAG

HSP12 UPSTRM 45 5’-TCTCAAACAAACAACTCAAAACAAAAAAAAC
forward TAAATACAACAATG
HSP12 DWNSTRM 45 5’-CATAAAGAAAAAACCATGTAACTACAAAGAGT

reverse TCCGAAAGATTTA

HSP12 UPSTRM 45 5’-TCTCAAACAAACAACTCAAAACAAAAAAAAC
HIS3MX6 forward TAAATACAACAATGGAATTCGAGCTCGTTTAAAC

HSP12 DWNSTRM 45 5’-CATAAAGAAAAAACCATGTAACTACAAAGAGT
HIS3MX6reverse TCCGAAAGATTTAGAAGTCCATATTGTACACCCGG

SCH9 UPSTRM 45 5’-TTATACTCGTATAAGCAAGAAATAAAGATACGA

forward ATATACAATATG
SCH9 DWNSTRM 45 5°-AAAGGAAAAGAAGAGGAAGGGCAAGAGGAGCGAT
reverse TGAGAAATCA

SCH9 UPSTRM 45 5°-TTATACTCGTATAAGCAAGAAATAAAGATACGAAT
kanMX4 forward ATACAATATGGGTAAGGAAAAGACTCACGTTTCGAGG

SCH9 DWNSTRM 45 5°-AAAGGAAAAGAAGAGGAAGGGCAAGAGGAGCGAT
kanMX4reverse TGAGAAATCACTGATTAGAAAAACTCATCGAGCATCA

AATG
skHis3MX6 forward 5’-ATGAATTCGAGCTCGTTTAAAC

skHis3MX6 reverse 5’-GAAGTCCATATTGTACACCCGG
skHis3 B (reverse) 5’-GGATTGAAGAGAGAGATGATTGG

skHis3 C (direct) 5’-CTACATCGTCATCCTTCTTTGC
KanB (reverse) 5'-CTGCAGCGAGGAGCCGTAAT

SCH9KanB (reverse) 5’-GATCGCAGTGGTGAGTAACCA

KanC (forward) 5'-TGATTTTGATGACGAGCGTAAT

KanMX4direct 5’-CCATGGGTAAGGAAAAGACTCACGTTTC

KanMX4reverse 5°-CTGATTAGAAAAACTCATCGAGCATCAAATG

MRJB1168 (NTS1) 5’-CTTTCTAAGTGGGTACTACTGGCAGGA
MRTELVIIleft end 5’-ATTCAGTGTGGCGGTGGATTG

MRJB66 (Ty-specific) 5’-GAGGAGAACTTCTAGTATAT

Ura3B forward (Ura3Bf) 5’-TCATCCTAGTCCTGTTGCTGCC

Ura3B reverse (Ura3Br) 5’-CCGTGTGCATTCGTAATGTCTG  
 

Appendix Table 2. Sequences of primers used for gene disruptions and

confirmation in this study.
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ORF: Systematic Primer combination: Product

name: (bp):
FOBI1 YDR110W Primer A/D (parent) 2297

Primer A/D (A): 2180
Primer A/KanB: 585

Primer KanC/D 937

GPRI1 YDL035C Primer A/D (parent) 3543

Primer A/D (A): 2241

Primer A/KanB: 700

Primer KanC/D 883

HEH! YML034W Primer A/D (parent): 2403

Primer A/D (A): 1977
Primer A/KanB 515

Primer KanC/D 805

HSP12 YFLO14W Primer A/D (parent): 909

Primer A/D (A): 2163

Primer A/KanB 607

Primer KanC/D 898

ASP12 HIS3MX6 Primer A/D (parent): 909
Primer A/D (A): approx. 800
UPSTRM 45/DNSTRM 45 approx. 1500

HSP26 YBRO72W Primer A/D (parent): 1214

Primer A/D (A): 2153

Primer A/KanB 599

Primer KanC/D 896

HXK2 YGL235W Primer A/D (parent) 2236
Primer A/D (A): 2359
Primer A/KanB 687

Primer KanC/D 1014

RPD3 YOL330C Primer A/D (parent) 1974
Primer A/D (A): 2256
Primer A/KanB 683

Primer KanC/D 915

SCH9 YHR205W Primer A/D (parent) 3253

Primer A/Dmr (A) 1700

Primer A/SCH9KanB 600

Primer KanC/Dmr 550

UPSTRM45 / DNSTRM 45 approx. 1000
SIR2 YDL042C Primer A/D (parent) 2236

Primer A/D (A) 2131

Primer A/KanB 613

Primer KanC/D 860

TORI YJRO66W Primer A/D (parent) 8028
Primer A/D (A) 2199

Primer A/KanB 559

Primer KanC/D 982

rDNA MRJB1168/MRJB66 600
rDNA MRJB1168/MRJB66 3000

TelVII left end URA3 MRTELVII left end/ URA3B(r)_| 1300

Ura3 Ura3Bf/Ura3Br 333  
 

Appendix Table 3. Sizes of PCR products for strain constructions. All deletion mutantstrains are

KanMX4-deletions unless indicated otherwise.
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AEY1017
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4 —

3
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JS128
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0.6 —
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Appendix Figure 1. Examples of PCR-controls for strain constructions.

All deletion mutant strains are KanMX4-deletions unless indicated otherwise.

i) Confirmation of markeror deletion cassette; ii) confirmation of constructed deletion strains shown

as example in clone1. In general, three clones were confirmed and kept as glycerol stocks for further

use. All productsizes are indicated in the Appendix, Table 3. M: Hyperladder I marker.

i) AEY1017) TEL-URA3: a-e amplified with MR telomere left end/URA3B (r) primers, a) parent

strain, b)-e) as labelled in figure ii).
JS128: a-f amplified with URA3Bf/r; a) parent strain, b)-f) as labelled in figureii).

BY4741 hsp264) a) PCR product of HSP12- HIS3MX6 deletion cassette amplified with primers

HSP12-skHIS3MX6.
ii) AEY1017 and JS128 1: parent ORF amplified with primers A/D; 2: parent ORF amplified with

primers A/kanB; 3: deletion ORF amplified with primers A/D; 4: deletion ORF amplified with

primers A/kanB; except for *fob/A 1-3: three clones amplified with primers A/kanB because this PCR

did not produce a product in the previous control.

iii) BY474 1hsp264hsp12A: 1: hsp26AkanMX4 ORF amplified with primers A/D; 2: hsp/24HIS3MX6

ORF amplified with primers A/D.
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HSP26atgORFf S’°-ATGTCATTTAACAGTCCATTTTTTGATTTC

HSP26 ORF att r 5’-TTAGTTACCCCACGATTCTTGAGAAG

HSP12 atgORFf 5’°-ATGTCTGACGCAGGTAGAAAAGG

HSP12 ORF att r 5’-TTACTTCTTGGTTGGGTCTTCTTCAC
 

attB1 primer fw 5’°-GGGACAAGTTTGTACAAAAAAGCAGGCTTC
 

fattB2 primer rev 5’°-GGGGACCACTTTGTACAAGAAAGCTGGGTC / CTA
 

attB1-HSP/2 f
5’°-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGT

CTGACGCAGGTAGAAAAGG
 

tN-HSP/2-attB2 r
5’°-GGGGACCAGTTTGTACAAGAAAGCTGGGTCCTATTA
CTTCTTGGTTGGGTCTTCTTCAC
 

attB1-HSP26 f
5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTC
ATTTAACAGTCCATTTTTTGATTTC
 

N-HSP26-attB2 r  5’°-GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATTAGTTACCCCACGATTCTTGAGAAG  
  
Appendix Table 4. Primers for Gateway cloning
+ The attB2 primer rev sequenceis adjusted with or without a stop codon depending on whetherthere
is an N-terminal or C-terminaltag. In case of a C-terminal tag, the stop codon in the ORF hasto be
removedbutthe correct reading frame needs be maintained.
{ This sequencecontains a mistake. The highlighted C should be a G accordingto the sequencelisted
Invitrogen Gateway cloning manual Version C.
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