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Proper control of lipid metabolism in the endoplasmic reticulum, lipid bodies,
peroxisomes and mitochondria is essential for longevity regulation. However, the
molecular mechanisms linking longevity and lipid metabolism in these orgaheNes
not been dined prior to studies described hefde establishment of such mechanisms
operating in chronologically aging yeast was the objective of my thesis.

To develop a tool for quantitative monitoring of the agkated dynamics of
changes in the cellar and organellar lipidomes of chronologically aging yeast, | was
able to solve the inherent limitations of the currently used methods for lipidomic analysis
(including the limitations characteristic of mass spectrometised techniquey by
devising a srvey-scanelectrospray ionization mass spectrometgthodfor quantitative
lipidomics. This novel method enables within a very limited period of time and using a
very low number of cells to resolve, unequivocally identify and accurately quantitate all
molecular forms of lipid species composing yeast lipidome and the majority of molecular
forms of lipid species composing the lipidome of cultured human cells.

Using a combination of the functional genetic, cell biological, electron and
fluoresceme microscopical, proteomic, lipidomic, and metabolomic analyses, |
establishedhree molecular mechanisms linking longevity &ipadl metabolismconfined
to the endoplasmic reticulum, lipid bodies, peroxisomes and mitochoi@ine of these

mechanisms uredlies the ability of a caloric restriction diet to extend longevity of



chronologically aging yeast by specifically remodelihgmetabolism of neutral lipids in
theendoplasmic reticulum, lipid bodiesidperoxisomesThe other mechanism underlies
the alility of lithocholic acid, a novel antaging compound that my research enabled to
identify, to extend yeast chronological life span by targeting the longeeftying
aspects of lipid metabolism confined to teedoplasmic reticulum, lipid bodiesnd
peroxisomes The third mechanism underlies the ability of lithocholic acid to extend
yeast chronological life span under caloric restriction conditions by remodedidg
metabolism in the mitochondrial membrane, thereby altering the repertoire of membran
lipids in mitochondria and influencingeveral longevitydefining processes confined to

these organelles.
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1. Introduction
1.1. A complexity of biological aging

Aging is a highly complex biological phenomenon, whatithe organismal level
manifests itself as the progressive decline in the ability of an organism to resist stress,
damage and disease {14]. At the demographic level, aging can be defined as an
exponential increase in the mortality rate with the agthefcohort [1, 4, 5]. Aging of
multicellular eukaryotic organisms affects numerous processes within cells §2 10].
Some of these processes damage cellular macromolecules and organelles, while the
others prevent the collapse of cellular homeostagisepairing the damage [1,-3]. A
lifelong accumulation of unrepaired cellular damage increases a risk of disease and death
[1, 4, 6, 11]. A challenge is to understand how the spatiotemporal organization of
damageproducing and damagepairing proce®s influences longevity and how cells
integrate and control these processes. The most important unanswered question is
whether aging is the final step of a developmental program governed by a certain
signaling network [12 18] or merely a result of thefélong accumulation of unrepaired

cellular and molecular damage [1, 5, 19].

1.2. An evolutionarily conserved signaling network regulates longevity

Growing evidence supports the view that the fundamental mechanisms of aging are
conserved across phyfla, 3, 5, 20- 23]. The identification of singlgene mutations that
extend life span in yeast, worms, flies and mice revealed numerous proteins that regulate
longevity. These proteins have been implicated in a wide array of cellular processes

including cdl cycle, cell growth, stress response, protein folding, apoptosis, autophagy,



proteasomal protein degradation, actin organization, signal transduction, nuclear DNA
replication, chromatin assembly and maintenance, ribosome biogenesis and translation,
lipid and carbohydrate metabolism, oxidative metabolism in mitochondria, "NAD
homeostasis, amino acid biosynthesis and degradation, and ammonium and amino acid
uptake [24, 7, 22- 25]. The spatiotemporal organization of all these numerous cellular
processes ahtheir functional states are governed by a limited number of nutaedt
energysensing signaling pathways that are conserved across phyla and include the
insulin/IGF1, AMPK/TOR and cAMP/PKA pathway&igure 1.1) [7, 26, 27].

In response toraendocrine signal that monitors the nutritional status of the whole
organism, the insulin/insulihke growth factor 1 (IGFL) pathway regulates longevity in
worms, fruit flies and mic€Figure 1.1) [28].If activated by an insulHike ligand, this
pathway operates through a phosphatidylinosidinase (PI3K) and a cascade of
protein kinases to ultimately cause phosphorylation of a Forkhead box type O (FoxO)
family transcription factor, thereby sequestering it in the cyt¢28| 30]. Reduced
signalingthrough the insulin/IGA pathway increases the life spans of worms, fruit flies
and mice by inhibiting phosphorylation of their FoxO transcription factors (D&\F
dFOXO and FoxO1, respectively), thus allowing their translocation into the ni8Hus
Within the nucleus, FoxO orchestrates a-lprggevity transcriptional program by
activating or repressing transcription af number ofgenes involved in signaling,
development, transcription, translation, metabolism, detoxification, stress response and
apopbsis[32, 33].

Unlike the insulin/IGF1 signaling pathway regulating longevity in response to the

nutritional status of the whole organism, the Ald&ivated protein kinase/target of



rapamycin (AMPK/TOR) pathway functions as an intracellular aefgr the nutrient
and energy status (Figure 1.1) [34, 3Hjis pathway regulates longevity in yeast, worms,
fruit flies and mammalf27, 36- 38]. Activated under low nutrient or energy conditions,
AMPK responds to the high AMP:ATP ratio by inhibitingDR protein kinase that
associates with several other proteins into the TOR complex 1 (TORZ135]. The
resulting inhibition of TORC1 slows down the enexpnsuming processes of cellular
growth, ribosome biogenesis and protein translation, orchesteat@sclongevity
translational program by causing a switch from -dapendent to camdependent
translation, promotes nutrierdnd energyproducing autophagy aimed at the removal of
damaged macromolecules and organelles, activates mitochondrial tcemefatixidative
phosphorylation subunits, and alters mitochondrial gene expression [34,439
Noteworthy, under low levels of amino acids, the-&fgending inhibition of TORC1 can
be also achieved in an AMPiIKdependent manndd2 - 45]. Moreover, uder low
nutrient or energy conditions, the phosphorylation of AMPK by the LKB1 protein kinase
increases the life span of worms in a TOR@dependent fashion by decelerating
hydrolysis of the neutral lipids triacylglycerols (TA{Z6].

The cAMP/potein kinase A (CAMP/PKA) pathway regulates longevity in yeast
and mice.In yeast, glucose deprivation reduces cAMP/PKA signaling by attenuating
several activators of adenylate cyclase Cyrlp, including the G paapled receptor
Gprlp, GU mpanativeesmall GGpndirdg proteins, Raslp and Ras2p (Figure
1.1) [47, 48]. Reduced signaling through the cAMP/PKA pathway inhibits
phosphorylation of the protein kinase Rim15p and stress response transcription factors

Msn2p and Msn4p by PKA in the cytdsdhereby restoring the kinase activity of



Rim15p and allowing the translocation of Msn2p and Msn4p into the nucleuss49

Upon entering the nucleus, Msn2p and Msn4p orchestratea Riml15pdependent
fashion- a prelongevity transcriptional progna by activating transcription of a number

of genes involved in stress protection, reactive oxygen species (ROS) detoxification,
proteolysis, the tricarboxylic acid cycle, carbohydrate metabolism, trehalose biosynthesis
and cell growth regulation [52 55]. The resulting establishment of a gamgevity
transcriptional pattern increases yeast chronological life span (CLS), which is measured
by the length of time a yeast cells remains viable in a nondividing atdteeminiscent

of the life span of a postnaitic cell in a multicellular organism [56Dne of the longevity
genes whose transcription in the nucleus is activated by Msn2p and Msn4p encodes the
nicotinamidasePnclp [49]. The Pnclplependent degradation of nicotinamide, an
inhibitor of the sirtuins B2p and Hst2p, enhances their ability to stabilize arrayed repeats
of the ribosomal DNA (rDNA) locus in the nucle[%/]. The resulting attenuation of the
formation of toxic extrachromosomal circular forms of rDNA increases yeast replicative
life span (RLIS), which is defined by the maximum number of daughter cells that a
mother cell can produce before senesceacd reminiscent of the life span of a
mitotically active cell in a multicellular organism [8h mice, the cAMP/PKA signaling
pathway regulatesohgevity in response to cAMP produced by the AC5 isoform of
adenylate cyclase, which is highly abundant in the heart and brain Regjuced
cAMP/PKA signaling in mice lacking AC5 attenuates the inhibitory effect of PKA on the
Raf/MEK/ERK protein kinase sgadg58]. The resulting activation of the protein kinase
ERK enhances the susceptibility of mice to oxidative stress (perhaps, due to the observed

increase in the abundance of the ROS scavenging enzyme manganese superoxide



dismutase) and apoptosis, uléitely extending longevity and delaying agéated
degenerative processes in the heart and bone (&8hote, the Stellp/Ste7p/Ksslp
protein kinase cascade in yeasthich is homologous to the Raf/MEK/ERK cascade in
mammals- may also regulate yeast chiogical life span in response to cAMP/PKA
signaling [58], thereby modulating yeast longevity synergistically with the other
downstream effectors of PKA€., Rim15p, Msn2p and Msn4p). iecently reported life
span extension in mice lacking a regulatenpunit of PKA and the observed in these
mice - and in mice lacking its catalytic suburiitsignificant attenuation of ageelated
pathologies[59 - 60] further support the essential role for cAMP/PKA in regulating
longevity and modulatinghysiologicalprocesses underlying healthy aging

By sharing a compendium of protein kinases and adaptor proteins, the insulin/IGF
1, AMPK/TOR and cAMP/PKA pathways in yeast, worms, fruit fies and mammals
converge into a complex network regulating longeVi#y 26, 27, 34, 35]. It is
conceivable that thisetwork may also include several protein components that currently
are not viewed as being in any of these three pathways (Rtg2p in yeast;, CER1,
JNK, MST-1, PHA4, Rictor/TORC2/SGKL, SIR2.1, SKN1 and SMK-1 in worms;
dSir2 and JNK in fruit flies; and MCLK, P8 SIRT1, SIRT6, and SIRT7 in mammals)
[7, 27, 61- 63]. Moreover, this network responds to the -agkated partial mitochondrial
dysfunction and is modulated by mitochondrially produced R®S 34, 62, 64]By
sensing the nutritional status of the whole organism as well as the intracellular nutrient
and energy status, functional state of mitochondria, and concentration of ROS produced
in mitochondria, the longevity network regulates life spaross species by coordinating

information flow along its convergent, divergent and multiply branched signaling



pathwaysThese pathways function as biochemical logic circuits that process information
via positive and negative feedback and fémwvard reyulatory loops, duatontrol

switches, and protein scaffolds.
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Figure 1.1. The spatiotemporal organization of numerous longendtgited cellular processes and their
functional states are governed by a limited number of nuiréerdt energysensing signiang pathways that
are conserved across phyla and include the insulirlGEMPK/TOR and cAMP/PKA pathways (see text
in section 1.2 for details). Reproduced fréwntana, L., Partridge, L. and Longo, V.D. (201Bytending
healthy life span from yeast® humansScience328:321326.



1.3. Certain diets and pharmacological interventions can extend longevity

By defining the organismal and intracellular nutrient and energy status, nutrient
intake plays an important role in modulating life span andi@mites a wide spectrum of
agerelated pathologies [9, 6567]. Two dietary regimens are known to have the most
profound lifeextending effects across species and, in some cases, to improve overall
health by delaying the onset of ageated diseases. Theeslietary interventions extend
life span in evolutionarily distant organisms ranging from yeast to rhesus monkeys and
include: 1) caloric restriction (CR), a diet in which only calorie intake is reduced but the
supply of amino acids, vitamins and otherrrautts is not compromised [6659]; and 2)
dietary restriction (DR), in which the intake of nutrients (but not necessarily of calories)
is reduced by limiting food supply without causing malnutrition (Figure 1.2) [65, 70
72].

I n a -chefT"QR i c0 vVview of l ongevity regul ati
extending and heakimproving effects of CR/DR by: 1) integrating the flow of
information on the organismal and intracellular nutrient and energy status from the
protan kinases AMPK, PKA, PKB/AKT (the insulin/IGE pathway) and ERK1/2 (the
Raf/MEK/ERK cascade) as well as from the mitochondrial redox proteiri"P6H
sensing the intracellular levels of amino acids in an AMRIependent manner; and 3)
operating as aantrol center which, based on the information it has gathered and
processed, modulates a plethora of longengtgted processes in a sirtdimdependent
fashion [737 75]. The inability of CR to increase the replicative life spans of yeast
mutants lackingcomponents of the TOR signaling pathway [76] and the lack of the

beneficial effect of DR on life span in worms with reduced TOR signaling [77, 78]



support the proposed central role for TOR in orchestrating theXtending effect of
CR/DR in these twoadngevity paradigmsMoreover, although the postulated by the
TOR-centric model dispensability of sirtuins for the longevity benefit associated with DR
has been confirmed in worms [78], the importance of the sirtuin Sir2p in mediating the
life-extending eféct of CR in replicatively aging yeast is controversial [79, 80]. Some
data imply that Sir2p is not required for such effect under severe CR conditions [76, 81].
In contrast, other data demonstrate that Sir2p plays an essential role in the extension of
yeast replicative life span under moderate CR [82, 83], perhaps by being a downstream
effector of the nutrieatand energysensing CAMP/PKA signaling pathway acting parallel
to TOR [49].

It should be stressed thathile TOR is a central regulataf the life-extending
effect of CR inreplicatively aging yeasthe longevity benefit associated with CR in
chronologically aging yeast is mediated by a signaling network that includes: 1) the TOR
andcAMP/PKA pathways converged on the protein kinase Fippivhich therefore acts
as a nutritional integrator; and 2) some other, currently unknown signaling pathways that
are not centered on Rim15p [26]. Considering the -estfhblished convergence of the
insulin/IGF1, AMPK/TOR and cAMP/PKA signaling pathwayso a complex network
regulating longevity in worms, fruit flies and mammdlg 9, 27, 34, 35],it is
conceivable thai akin to TORT the insulin/IGF1 and cAMP/PKA pathways may
contribute to the beneficial effect of CR/DR on their longevAithough ®me data
supports the involvement of the insulin/I&Fpathway in the longevity benefit associated
with CR/DR [7, 84 - 87], other data imply that such benefit is independent of

insulin/IGF1 signaling in worms, fruit fies and mammg88 - 93]. The role &



CAMP/PKA signaling in the lifeextending effect of CR/DR in these multicellular
eukaryotes remains to be testddshould be stressed that a recently reported in worms
involvement of both independent and overlapping pathways in life span extension by
different DR regimens [94] supports the notion that the longevity benefit associated with
nutrient limitation is meidted by a signaling network that regulates longevity by
coordinating information flow along its convergent, divergent and multiply branched
signaling pathways.

Akin to CR and DR regimengertain pharmacological interventions caxtend
life span across phylaand in some casesmprove overall health by beneficially
influencing ageelated pathologied=(gure 1.2. Many of the currently known aréiging
compounds increase life span and, some of them, promote healthy aging by targeting the
AMPKI/TOR signaling pathway responsive to the intracellular nutrient and energy status.
By activating AMPK and thereby reducing TORC1 signaling, the type 2 diabetes
therapeutics metformin extends longevity in worms [95] and mice [H&. glutamine
synthetase inbitor methionine sulfoximine decreases the intracellular level of
glutamine, an activator of TORC1, thus attenuating TORC1 signaling and extending the
chronological life span of yeast [97, 98]. By inhibiting upstream TORC1 activators PI3K
and MEK, LY2940@ and U0126 (respectively) increase the replicative life span of
cultured human fibrosarcoma cells by lowering TORC1 signaling [99]. Through its
FKBP12mediated inhibition of TORC1, the potent Héatending compound rapamycin
extends 1) the replicative @rchronological life spans of yeast [49, 98, 100]; 2) the
replicative life spans of cultured rodent fibroblasts, human epithelium cells and human

fibrosarcoma cells [101]; and 3) longevity in fruit flies and mice [36, 38]. The xanthine



alkaloid caffeine inreases yeast chronological life span by decreasing the catalytic
activity of Torlp [102].

Mianserin, aserotonin receptor antagonist used as an antidepressant in humans
increass life spanin worms by modulating an upstream step in the insi@f-1
signaling pathway responsive to the organismal nutrient status, perhapsnloking a
DR-like physiological statehrough the inhibition oheurotransmission related to food
sensing[103]. In contrast, valproic acid, a mood stabilizer and an amtideant in
humans, targets a downstream step in this pathway by promoting the translocation of the
FoxO transcriptional factor DAEG into the nucleus [104].

Several antaging compounds increase life span and, some of them, promote
healthy agng by targeting a compendium of longewigtated processes that currently are
not assigned to the insulin/IGE AMPK/TOR and/or cAMP/PKA pathway$eing
specifically modulated by such IHextending compounds, these processes extend
longevity due to thei integration intoa longevity signaling networkhat coordinates
information flow along its convergent, divergent and multiply branched signaling
pathways.One of these compounds is resveratByl.activating the protein deacetylase
activities of the sidins Sir2p (yeast), SRR.1 (worms), dSir2 (fruit flies) and SIRT1
(mammals)[79, 105] the ability of resveratrol to activate sirtuims vivo is disputed
[106, 107])and/or by interacting witand modulating activities of its many other protein
targets 108, 109], resveratr@xtends 1) the replicative, but not chronological, life span
of yeast[110]; 2) the replicative life span of cultured human fibrobld4tkl]; and 3)
longevity in worms, fruit flies, fishes and mi¢él2 - 115]. The lifeextending ad

healthimproving effects of resveratrol across species are due to its ability to modulate a
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plethora of longevityrelated processed10, 113, 115- 119]. Longevity can also be
extended by a pharmacological interventibatraises the intracellular level of a sirtuin.
In fact, the ability of sodium nitroprusside to increase the replicative life span of cultured
humanperipheral blood mononuclear ce(RMBC) correlates with its ability to activate
expression of the sirtuinlBT1; the resulting enhancement of SIRddpendent histone
H4 lysine 16 deacetylation mapduce an amntaging pattern of transcription [120].
Another antiaging compound that increases life span by reducing the extent of histone
acetylation is spermidindhis natural polyamine extends 1) the chronological life span
of yeast; 2) the replicative life span of cultured human PMBC; and 3) longevity in worms
and fruit flies [121]. The lifeextending effect of spermidine is due to its ability to inhibit
histoneacetyltransferasesnd promotehistone H3 deacetylatioithe resulting activation
of transcription of numerous autophaggfated genes suppresses-egjated necrotic cell
death [105, 121]. Moreover, histone modification is also modulated hyhiantiaging
compound in worms and a mood stabilizer in humans, that influences thelatge
chromatin reorganization by altering transcription of genes involved in histone
methylation, nucleosome composition and chromatin structure [122].

The plastquinone derivate SkQ1 extends longevityfumgi, daphniasand fruit
flies as well as increases life span and promotes healthy agimgcenby influencing
longevityrelated processes confined to mitochondria [123], organelles whose functional
state modulies a complex signaling network governing longevity regulation [27, 62, 64,
124]. Following itsspecific targehg to mitochondriaSkQ1lacts as an antioxidatiat
prevens oxidative damage tonitochondrial proteins and lipids, altermitochondrial

morphdogy, and redues hydrogen peroxidénduced apoptosis and necrosintrolled
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by mitochondria [123]. Moreover, the thermal stress mimetics lipoic acid, propyl gallate,

trolox and taxifolin function as antioxidants that increase life span in worms (aki) t

and fruit flies (lipoic acid), perhaps bgetoxifying free radicals and/or enhancing

resistance to ageslated oxidative stre$25, 126].
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Figure 1.2. Certain diets and pharmacological interventions can extend longawityimprove overall

health by delaying the onset of aggated diseases in evolutionarily distant organisms (see text in section
1.3 for details). Reproduced frofontana, L., Partridge, L. and Longo, V.D. (201jtending healthy life

span- from yeasto humansScience328:321326.
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All of the currently known artaging compounds increase life span under@én
or nonDR conditions. Undesuchconditions, many of these molecules have been shown
to 1) provide the longevity and health benefissociated with CR and DR, but without
restricting caloric and nutrient intake; and 2) mimic numerousektending effects of
CR and DR on gene expression pattern, metabolic and physiological processes, and stress
response pathways. Therefore, the nam&R mi meti cso and ADR mim
coined for such lifeextending compound§l27 - 129]. Importantly, nearly all CR
mimetics and DR mimetics are known to target the signaling pathways that modulate
longevity in response to the organismal and inthalee nutrient andenergy status,
including theinsulin/IGF1 and AMPK/TOR pathways as well as the sirtegoverned
protein deacetylation module of thengevity signaling networkintegrating these
pathways. Furthermore, such compounds as resveratroformigt and mianserin
increase life span only under r@R or noRDR conditions, but are unable to do so if the
supply of calories or nutrients is limited [95, 103, 110, 112, 113]. Hence, one could
envision thatmost, if not all, of theexistinglongevity mthways- currently knownand
those that, perhaps, remain to be discovéredr e fadapt abel, thatthdyy nat |
modulate longevity only in response tertain changes in thextracellular and
intracellular nutent and energy statusf an organismHowever, Li in worms and
rapamycin infruits flies have beerrecently showrto extend life span even under DR
conditions[38, 122]. It is conceivable therefore that certain longevity pathways could be
Aconst ot utiihweas ek eepi n g dhat thgy 1)nrmodulate dongevityh a t [
irrespective of the organismal and intracellular nutrient and energy status; do@y)

overlap (or only partially overlap)with the longevity pathways thatare under the
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stringent control of calorie and/or nutrient awaility. The challenge is to identify such
housekeeping longevity pathway(s), perhaps by using a chemical screen fagiagti
compounds that can extend longevity even under CR/DR conditions. Because under such
conditions the adaptable paging pathwaysvould be fully suppressed and the adaptable
antiaging pathways would be fully activated, a compound that can further increase life
span is expected to target the housekeeping longevity pathway(s). It seems conceivable
that such a compound can also inceelfe span under ne@R or norDR conditions,
although perhaps to a lesser extent than it does if the supply of calories or nutrients is

limited.

1.4. Yeast is a valuable model organism fostudying the basic biology of aging and
revealing longevity regulaticn mechanisms in multicellular eukaryotes

The budding yeasBaccharomyces cerevisjaa genetically and biochemically
manipulable unicellular eukaryote with annotated genome, is a valuable model for
unveiling mechanisms of cellular aging in multicellular eukaryi&® - 132]. Yeast
aging can be measured in two different ways. Replieatigingis defined by the
maximum number of daughter cells that a mother cell can produce before senascence
models aging of mitotically active cell in a multicellular organisfRigure 1.3) [131,
133]. In contrast, chronological aging is measured Iy kength of time a yeast cell
remains viable in a nondividing state and models aging of postmitotic mammalian cells

(e.g, neuronsjFigure 1.3) [56, 131, 132]n a simple clonogenic assay for measuring
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Figure 1.3. Two different ways to monitor yeaaging and ageelated macromolecular damage to yeast
cells. Yeast replicative aging is measured by the maximum number of daughter cells that a mother cell can
produce before senescence, thereby modeling aging of a mitotically active cell in a multieakalgotic
organism. Yeast chronological aging is measured by the length of time a yeast cell remains viable in a
nondividing state, thereby modeling aging of postmitotic mammalian aells (eurons) (See text in

section 1.4 for details). Reproducedrh Kaeberlein, M. (2010)Lessons on longevity from budding yeast.
Nature 464:51%19.
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yeast chronological aging, the percentage of viable yeast cells in their aging population is
monitored at different time points before and after this population ethersonprolife-

rative stationary phase [56Both replicative and chronological aging of yeast can be
decelerated by calarirestriction (CR), a lowcalorie dietary regimen that extends life
span invarious multicellular eukaryotic organismasd delaystte onsetor reduces the
incidenceof manyagerelated diseases mice and primatef66 - 69, 131, 134 136].
Becausdhe fundamental mechanisms of aging are conserved across phyla [1, 3, 5, 20
23], the relatively short and easily measured life span of yeastombination with their
amenability to comprehensive biochemical, genetic, cell biological, chemical biological
and system biological analysesnabled for the first time to identify numeslongevity
genes later shown to govern aging process in multicellular eukaryotes, defimeguhe

of the molecular damage to biological macromolecules that contributes to aging and age
related disorders in higher eukaryotic organisms, and reveal @otiaging compounds

later demonstrated to extend longevitya wide range of eukaryotic organisfis30 -

137].

1.5. The deposition and lipolytic degradation of neutral lipids contribute to
longevity regulation and agerelated pathologies
Proper control of the deposition and mobilization of neutral lipids is mandatory for
maintaining energy homeostasasid thus, mayplay an important role in longevity
regulation [138- 141]. The molecular and cellulamechanisms linking metabolisof
neutal lipids and longevity are yet to be definethe establishment of such mechanisms

operating in chronologically aging yeast was one of the major objectives of my thesis.
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Triacylglycerols (TAG) and ergosteryl esters (EE) are the two major spetie
neutral lipids that in yeast cells are deposited wealted lipid bodies (LBs) [142 144].
TAG and EE serve as the main storage molecules for free fatty acids (FFA),
diacylglycerols (DAG) and ergosterol (ERG). Lipolysis of TAG generates FFA, which
can be either incorporated into newly synthesized phospholipids and cardiolipins or
degr ade d -oxidatioroin thehperbxisome of yeast [143, 144]. Lipolysis of TAG
also produces various DAG species, which not only serve as building blocks for synthesi
of the phospholipids phosphatidylethanolamine (PE) and phosphatidylcholine (PC) but
also operate as potent signaling molecules modulating a protein kinase C- (PKC)
dependent signal transduction network governing multiple stress respaddengevity
related processes [145, 146]. Lipolysis of EE in yeast results in the formation of FFA and
ERG, a sterol lipid known to play an important role in numerous essential functions of
cellular membranes [142 144, 147, 148]Thus, the ability of yeast to modulatiee
biosynthesis and degradation of neutral lipids is crucial for regulating 1) energy
homeostasis; 2) phospholipid and cardiolipin biosynthesis; 3) neutralization of excessive
amounts of membrangerturbing species of FFA, ERG and TAG,; 4) the FRAd DAG
induced lipoapoptotic and necrotic forms of cell death; and 5) a-B¥w@ulated, PKE
dependent signal transduction network that governs multiple stress res@muse
longevity-related processes [142148]. All these processes are currently viewed as vital
for modulating the aging process in evolutionarily distant organisms-[188, 145, 146,
149- 151].

Neutral lipid synthesis in yeast cells takes place in the endoplasmic reticulum (ER)

[143, 144, 147, 152]. TAG is formed through several aayh and dephosphorylation
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steps from lysophosphatidic acid (LPA), which itself can be formed in one of the
following two ways: 1) acylation of glycer@-phosphate by either Gpt2p or Sctlp
protein or 2) acylation of dihydroxyacetone phosphate (DHAPY, laysGpt2p or Sctlp,
followed by reduction of -acyFDHAP in an Ayrlpcatalyzed reaction [143, 144, 147,
152]. Another acyl group is transferred to #me2 position of LPA to form phosphatidic
acid (PA). PA is then dephosphorylated by one of three depbogpses, Pahlp, Dpplp

or Lpplp, to form DAG; DAG can also be formed from glycerophospholipids by removal
of the head grouphosphate. TAG is formed from DAG by acylation of §m83 position
either with acyiCoA (catalyzed by Dgalp, Arelp or Are2p) ortlwiacyl groups
transferred from glycerophospholipids (catalyzed by Lrolp). EE synthesis in the ER is
driven by Arelp or Are2p, which catalyze the transfer of an acyl group fronCagyito

ERG [143, 144, 147, 152].

TAG degradation in yeast celtakes place in LBs and is driven by the Tgl2p,
Tgl3p, Tgld4p and Tgl5p lipases, whereas EE hydrolysis occurs either within the plasma
membrane in a Yeh2patalyzed reaction or within LBs in a reaction that is catalyzed by
the Tgllp lipase [143, 144, 147,25

Growing evidence supports the view that the deposition and lipolytic degradation
of neutral lipids in LBs of fat storage tissues define longevity of multicellular eukaryotic
organisms [153]. Found in most eukaryotic and some prokaryoti¢c t8 have been
also referred to as lipid droplets, lipid particles, oil bodies and by many other different
names that reflect their cellular and biochemical context in various biological systems
[154, 155]. LBshave long been viewed aslatively inert oganellar compartments [156,

157]. They were believed to function only as a site for storing excess energy and
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stockpiling FFA and sterols in the form of neutral lipids, mainly TAG and steryl esters
[154, 160, 161]. Surrounded by a monolayer of phosphalipidl associated proteins, the
neutral lipid core of LBs can be hydrolyzed in a regulated fashion by lipases [160, 161].
The resulting retrieval of stored FFA, phospholipids and sterols provides energy via fatty
acid oxidation during times of nutrient scdly, maintains the homeostasis of membrane
lipids during cell growth and division, and modulates the levels of free sterols inside and
outside of the cell [154161].

An important recent advance in our understanding of the cell biology ofd. fB&
they constitute highly dynamic organellar compartments whose protein and lipid
compositionde novoformation from the ER template, growth, fragmentation, shrinkage
due to lipolysis, movement, and association with other organelles is regulated by a
complex network of protein machines [15159, 161- 172]. It has also become clear
that LBs are dynamically integrated into several vital processes and carbsténas an
intracellular signaling compartment and as an organizing platform orchestriatiag t
processedn yeast, the phosphorylation and activation of the-BBsociated lipase Tgl4p
by cyclindependent kinase 1 controls egjcle progression by mobilizing
triacylglycerols, thereby providing fatty acids and phospholipids for the secretsicles
dependent bud formation and ultimately enabling the G1/S phase transition [173].
Furthermoreit appears thdtBs in white adipose tissue (WAT) of mice function as a hub
in a regulatory networkhat, by modulating the synthesis and secretion ofokthes and
the lipokine C16:1npalmitoleate, is central to the multiple defects in metabolic
homeostasis associated with obesity, insulin resistdppe, 2 diabetes, atherosclerosis

and inflammatory disorders [165, 16774 - 178. Moreover, by recruitig certain
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proteins from other cellular locations, temporally housing them, managing their
availability and modulating their activities, LBs have been proposed to play important
roles in the regulation of various cellular processes [157, 167, 171]. lebasshggested
that, by sequestering proteins, LBgiction as an organizing platform tha) removes
excess proteins from other organellar compartments, inactivates them and/or stores them
for later use; 2) promotes the refolding of unfolded proteinstegige LBs by recruiting
molecular chaperones from the cytosol; 3) provides a surface for the ordgradadion

of partially unfoldedand misfolded LBsound proteins that otherwise can form toxic
aggregates in the cytosol; and 4) delivers some-d€3®@ted proteins to their target
organellar compartments via permanent or transient contact sites [157, 167, 171, 179
181].

One of therecently discovered new and unexpected functiond Bs is the
essential role they play in longevity regulatidhappears thatarious interventions that
inhibit the deposition oheutral lipids in LBs or activate their lipolytic degradation in fat
storage tissues of the nemato@menorhabditis elegansthe fruit fly Drosophila
melanogastepor laboratory mice alsextend the life spans of these organisinsfact,
presently unknown humoral signals produced and secreted by somatic cells in the gonad
of C. elegangpromote the nuclear localization of thekbead transcription factor DAF
16 in intestinal cells, the principal site of neutral lipid storage in this organism [182].
DAF-16 then induces the expression of a gene encoding a specific lipase, thereby
promoting the lipolysis of neutral lipids stored liBs of intestinal cells and extending
longevity by a yeto-be establishednechanism[182]. Furthermore, the elimination of

LBs-associated lipases Brummer or ATGL (adipose triacylglycerol lipase) in the fat body
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of flies or WAT of mice, respectively, sherts life span [183, 184]. Moreover, by greatly
diminishing the levels of stored neutral lipids in WAT, both the elimination of WAT
specific insulin receptor and the replacement of the CEEEFCAAT/enhancebinding
protein) protein with its paralogue C/EBP ext end | ongewvil87y i n
Importantly,a low-calorie dietary regimeknown ascaloric restriction (CR extends life

span in a wide spectrum of organisms and delays the onset -oélatgel diseases in
rodent model$174]. The lifeextending #ect of CR in worms and flies is mediated by
so-called sirtuinsa family of NAD'-dependent protein deacetylases and ADP ribosylases
[174, 186]. In mice, CR diet increases the abundance o$ithen SIRTI1 which has

been shown to repress transcriptiohgenes that are required for the L8snfined
accumulation of neutral lipids in WAT [174, 188]. It has been therefore proposed that
SIRT1delays aging of CR mice by shifting a balance between the opposing processes of
LBs6 formati on a ntdwardseligolyter degradatmmof rieutral Wpldin

this fat storage tissue [174, 188].

Altogether, these findings imply that the L-Bsnfined deposition and lipolytic
degradation of neutral lipids in fat storage tissues define longevity of cellutar
eukaryotic organisms. A key challenge for the future will be to establish the molecular
mechanisms by which a delicate balance between the opposing processes of neutral lipids
accumulation and their lipolytic degradation regulates longevity iseth@ganisms.
Recent studies suggested three such mechanisms (Figures 1.4, 1.5 and 1.6). First, the size
of LBs in WAT of mice modulates the ability of the ER in this tissue to synthesize and
send for secretion various afyperglycaemic and prbypergly@emic protein

hormones that control metabolic homeostasis in other tissues [174, 175, 189, 190]. In
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intestine of worms, LBs that accumulate in this fat storage tissue contribute sterols for the
biosynthesis in the ER and the subsequent secretion of tbphilie hormones
dafachronic acids and pregnenolone, both of which delay cellular aging in other tissues
[190]. Thus, it is conceivable that the dynamics of {dBsfined deposition and lipolytic
degradation of neutral lipids in fat storage tissues modutatsr ability to synthesize in

the ER and then secrete humoral signals that control longelétied processes in other

tissues (Figure 1.4).
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Figure 1.4. The first possible mechanism by which the deposition and lipolytic degradation of neutral

lipids in lipid bodies (LBs) of fat storage tissues define longevity of multicellular eukaryotic
organisms. The size of Bs in white adipose tissue (WAT) of mice modulates the ability of the
endoplasmic reticulum (ER) in this tissue to synthesize and send fetiseosarious preand antiaging
adipokines that control longevitglated processes in other tissues. OverloadBgih WAT with neutral

lipids results in the recruitment of macrophages to this fat storage tissue. Macrophages that infiltrate WAT
secre¢ some of the praging adipokines, whereas adipocytes of WAT secrete others. In intestine of
worms, LBs that accumulate in this fat storage tissue contribute sterols for the biosynthesis in the ER and
the subsequent secretion of the lipophilic hormondactieonic acids and pregnenolone, both of which

delay cellular aging in other tissues.

22



Second, the lipolysis of LBleposited neutral lipids results in the release of the
lipokine C16:1n7palmitoleate, an unsaturated FFA, from WAT of mice [174)is
recently discovered lipid hormone regulates systemic carbohydrate and lipid homeostasis
in muscle and liver by promoting muscle insulin sensitivity and attenuating hepatic
steatosis [177]. Hence, the LBerived C16:1npalmitoleate produced in andeth
secreted by WAT of mice could function as a signaling molecule that plays an important

role in longevity regulation (Figure 1.5).
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Figure 1.5. The second possible mechanism by which the deposition and lipolytic degradation of
neutral lipids in lipid bodies (LBs) of fat storage tissues define longevity of multicellular eukaryotic
organisms. The lipolysis of IB-deposited neutral lipids results in the release of the lipokine C16:1n7
palmitoleate, an unsaturated fatty acid, from WAT of mice. Thésdkrived lipid hormone regulates

longevity-related processes in muscle and liver.

Third, in response to enhanced lipolysis of-t&posited neutral lipids, WAT of mice and

the fat body of flies activate certanegulatory network that stimulate mitochondrial

bio g e n e s i-axidation df FBA in mitochondria [178, 187, 191]. This, in turn,
decreases the levels of saturated FFA secreted by these fat storage tissues, thereby
reducing the risk of lipotoxicity in other tissues and preventing muscle insulin resistance
and hepatic steatosis [176178, 192]. Importantly, such stimulation of mitochondrial

bi ogeneskxsdanhdoh of FFA in WAT of mice exp
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increases their life span [187]. Therefore, it is likely that this third mechawikrah is
confined to fat storage tissues, plays an important role in delaying cellular aging in

peripheral tissues and increasing longevity of the entire organism (Figure 1.6).
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Figure 1.6. The third possible mechanism by which the deposition and lipolgt degradation of

neutral lipids in lipid bodies (LBs) of fat storage tissues define longevity of multicellular eukaryotic
organisms.In response to enhanced lipolysis of-dBposited neutral lipids, adipocytes in WAT of mice
increase the level of the Gagteina stimulatory subunit (Gs), whereas cells in the fat body of flies activate
transcription of numerous genes positively regulated by the hepatocyte nuclear factor 4. This, in turn,
stimul ates mit oc h ooxidatian afl freebfattp acel (FEAS in snitoehandria, fihereby
decreasing the levels of saturated FFA secreted by these fat storage tissues. Saturated FFA are lipotoxic in
peripheral tissues and cause muscle insulin resistance and hepatic steatosis. Thus, the stimulation of
mitochondra | bi ogen e s-dxislatioa mdfat stoFage tibsues displaying enhanced lipolysis of
neutral lipids plays an important role in delaying cellular aging in peripheral tissues. Other abbreviations:
Ac-CoA, acetylCoA.

1.6. Cardiolipin lipid species in the miochondrial membrane modulate
mitochondria-governed processes whose dysfunction underlies aging and age

related pathologies
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Cardiolipin (CL) is the mitochondrapecific dimeric glycerophospholipid, which
contains three glycerol backbones and four acyinshand almost exclusively localized

in the mitochondrial inner membran&9B - 20(. Various molecular species of this
signature lipid of the mitochondrial inner membradreve been shown to 1) associate
with and modulate activities of all five complexdsioe mitochondrialespiratory chain

also promoting their organization into supramolecular assemblies; 2) bind to and
modulate the activity of cytochrome c, a heoaoataining mobile component of the
mitochondrial respiratory chainalso known for its ess#ial role in mitochondria
controlled apoptosis; 3) associate with and regulate the activity of the adenine nucleotide
translocator; 4) play an essential role in maintainiiveg electrochemical gradient across
the mitochondrial inner membrar); confer flidity and stability to the inner membrane

of mitochondria 6) be primary targets of an R&Slicted damage because of their
highly unsaturated acyl chains; 7) regulate the protein import into mitochdad88a

200]. Due to its ability to interact by mecovalent bonds with a number of unrelated
proteins in the mitochondri@inermembrane, CL operates as a molecular chapéhae
governs the assembly of a number of protein assemblies involved in a plethora of
biological processes [194200]. Moreoverthe conversion of CL to phosphatidic acid
(PA) is essential for mitochondrial fission and fusion [2@D3].

Because of the involvement of CL in all these basic biological processes, specific
alterations in its content and/or composition h&éeen reported in pathological states
characteristic of various disorders. A distinct set of mutations in the tafazzin gene, which
in humans encodes an enzyme involved in the remodeling of CL acyl chains, causes so

called Barth Syndrome by reducing total Qévels, elevating monolysocardiolipin
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concentrations and decreasing the levels of unsaturated fatty acyl species of CL [193,
195, 198]. The clinical manifestations of this-likked recessive disorder include
cardioskeletal myopathy, neutropenia and abmbrgrowth [193, 195]. Furthermore,
reduced levels of CL and the resulting accumulation of dysfunctional mitochondria are
characteristic of the early stages of aging in rodents and humans [194, 195, 198]. It
should be stressed that CL is particularly susbkpto the ageelated accumulation of
mitochondrially produced ROGdue to its high content of oxidative damagenerable
unsaturated fatty acids and its proximity to the sites of ROS generation in mitochondria
[194, 196- 199]. Moreover, alterationgn CL content and/or composition have been
linked to several other disorders, including Tangier disease, diabetic cardiomyopathy,
dilated cardiomyopathy with ataxia and raligoholic fatty liver disease [195, 198].

Little is known about the moletar mechanisms underlying the essential role of
CL in regulating variousnitochondriagoverned processes whose dysfunction underlies
aging and ageelated pathologiedt has been proposed that CL modulates the ability of
prohibitins Phblp and Phb2ptwo evolutionarily conserved proteins that form large
complexes with each other in the mitochondrial inner membratee maintain the
organization and functional integrity @ghis membrane[197, 200, 204 - 207]. The
multimeric, highmolecular weight complexes of prohibitins function as protein scaffolds
that control the integrity and functionality ¢tie mitochondriainner membrang197,
200, 204 - 207]. Such scaffolding function of prohibitins ret on their ability to
coordinate activities of numerous protein componentshefmitochondrialinner and
outer membrans. These physically and/or functionally interacting protein partners of

prohibitins include: 1) proteins that function in the assenoblghe respiratory chain; 2)
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proteins that are essential for both the maintenance of mitochondrial morphology and the
a s s e mb-bayrel prétein in the outer membrane; 3) tRAAA protease, an ATP
dependent protease with a critical role in protein iguatontrol within the inner
mitochondrial membrane; and 4) proteins that regulate, in a highly coordinated fashion,
the levels of CL and the glycerophospholipid phosphatidylethamak (PE) [197, 200,

204 - 207]. One of the major objectives of my thesias therefore to define the
molecular mechanisms underlying the essential role of CL in regulating longevity of

chronologically aging yeast.

1.7. Thesis outline and contributions of colleagues

Chapter 2 describemy successful attempt teolve the inherent rhaitations of the
currently used methods for lipidomic analysis (including the limitations characteristic of
the mass spectrometiyased analysjsby developng a surveyscan method for
guantitative assessment dlhe entire complement of lipids inyeast cdb using
electrospray ionization mass spectroscopy (ES)). The surveyscan ESI/MS method of
lipidomic analysis that | developed demonstrated that: 1) yessta relatively simple
lipidome with 7 major lipid classes; 2) the majority of individual moleecubrms within
each of these different lipid classes have chain lengit6adr 18 carbon atomsand 3)
the fatty acyl moietief all of lipid species composing yeast lipidorue either mono
unsaturated or saturatggerhaps due to the presence of glsiracyl desaturase enzyme
in yeast Furthermore, thenethodthat | developeds highly sensitive as it is: 19ensitive
to the low puM rang€0.6 to 2 uM depending on lipid clgs®r all lipid species tested;

and 2) linear to the hundreds of UM range, with the concentration linearity spreading over
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2 to 3 orders of magnitud®oreover, thanethodthat | develope@&nables very accurate
guantitation of different lipid specieswithin a wide range folipid concentrations
Importantly, if compared to the currently used BEfMS-basedmethod of lipidomic
analysis my methodhas the following important advantages: 1) unlike the MSIMS-
basedmethod, it can be carried out within a very limited pemddime, 2) unlike the
ESIMS-MS-based method, it does not requioemaintain stable spray conditions at the
ESI source for long periods time; 3) unlike the ESMS-MS-basedmethod, it does not
have a bias towards certain lipid species, thereby beirfficisatly sensitive to
unexpected changes lipid spectra of analyzed cells) 4 is more sensitive than the
ESIMS-MS-basedmethod and, thus, does n@quire abundant quantities of cells for
lipid extraction and analysis; and 5) it hiasver than theESIMS-MS-basedmethod
limits of detection and quantitation for all yeast lipid spediémve successfully applied
this methodo quantitatively asses®t onlythe lipidome of whole yeast celland their
highly purified organelles, but also the enta@mplement of lipids in cultured human
microglial cells.My findings presented in Chaptersipport the notion that the survey
scan ESI/MS method of lipidomic analysis that | developed enables within a very limited
period of time and using a very low numb# cells to resolve, unequivocally identify
and accurately quantitate all molecular forms of lipid species composing yeast lipidome
and the majority of molecular forms of lipid species composing the lipidome of cultured
human microglial cells.

Chapter 3describesiow | useda combination of functional genetic, cell biological,
electron and fluorescence microscopical, proteomic, lipidomic, and metabolomic

analyses to establish the molecular mechanism underlying the ability of CR to extend
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longevity of chronologically aging yeast by specifically remodelling lipid metabolism in
the ER, LBs and peroxisomes. In this mechanism, ibBgast cellfunction as a hub in
a regulatory network that modulates neutral lipids synthesis in the ER apndhdatt
oxidation in peroxisomesEthanol accumulated in yeast placed arcalorierich diet
represses the synthesis of Fox1lp, Fox2p and Fox3p, thetgipressg peroxisomal
oxidation of FFA that originate fromlAG synthesized in the ER and deposited imith
LBs. The resultingouild-up of arrays ofFFA (called gnarlswithin LBs of nonCR yeast
initiates several negative feedback loops regulating the metaboli3iAGf Due to the
action of these negative feedback loogs;onologicallyaging nonCR yeastnot only
amass TAG in LBs but also accumulate FFA and DAG in the HR\ and DAG
regulate longevity by two different mechanisms that operate at two different stages of the
aging process. One mechanism involves sensing the concentration of DAG maintained by
cells (in a diet and genotypelependent fashion) during diauxic (D) and pdisuxic
(PD) growth phases. DAG concentration during D and PD phases programs cell viability
during the norproliferative stationary (ST) growth phase by modulating the -Fkid
DAG-induced necrotic cell death pathway, but not by influencing the mitochendria
controlled apoptotic pathway of cell death. Another mechanism involves sensing the
concentrations of FFA and DAG during ST phase. Any digjemretic manipulation that
causeshte build-up of these two lipids during ST phase shortens the chronological life
span of yeast in part by promoting rapid mitochorddatrolled apoptotic cell death, but
not by activating FFAand DAGinduced necrotic cell death pathway.

Chapterd describesiow | useda combination of functional genetic, cell biological,

electron and fluorescence microscopical, proteomic, lipidomic, and metabolomic
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analyses to find a shelived mutant strain most suitable for conductiaghigh
throughput screenf novel antiaging compounds that can extend longevity by altering
lipid metabolismunder CR conditions. Based on my findings, | proposed tpesgdas

such mutant strain. As describedGhapter 41 found thatin yeast placed on a CR diet

this mutation leads to: 1) increase in FFA, DAG, TAG and EE and their fupldih the

ER and LBs; 2) excessive accumulation of the ER membranes awdidtfiated LBS;

and 3) enhanced susceptibility to necrotic cell death caused to aeshorexposure to
exogenoushadded FFA and DAG. Using the shéivied pex22mutant strain, Alexander
Gol dberg i n Dr. Tit or en-+4hmadgbkputiscebnoof navel@anty ¢ on
aging compounds that can extend the chronological life span (CLS) of yeast by targeting
these longevitydefining aspects of lipid metabolistmder CR conditions. One of the
life-extending compounds identified in such screen was lithocholic acid (LCA), a bile
acid. LCA greatly extends the CLS of wilgpe (WT) strain of yeast placed on a CR diet.

As described in Chapter 4, by elucidating how L@Auences the metabolism of lipids

as well as ageelated forms of necrotic and apoptotic death in chronologically aging
yeast and how it alters yeast proteome, | established the molecular mechaaésiving

the ability of LCA to extend yeastLS by tamgetingthese longevitydefining aspects of

lipid metabolism confined to the ER, LBs and peroxisomes. In such mechanism, under
CR conditions LCA accelerates the biosynthesis of TAG from FFA and DAG in the ER
as well as decelerates the FFand DAGgeneratig lipolysis of TAG in LBs. The
resulting reduction of the ERand LB-confined levels of FFA and DAG during diauxic

(D), postdiauxic (PD) and stationary (ST) growth phases affects both mechanisms by

which these two lipid species regulate longevity. Fibst,lowering the intracellular
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concentration of DAG during D and PD phases, LCA attenuates the &tADAG
induced necrotic cell death pathwayhereby impairing the agelated form of necrotic

cell death and ultimately extending longevity of chronolaliycaging yeast placed on a

CR diet. Second, by reducing the intracellular concentrations of FFA and DAG during ST
phase, LCA attenuates the mitochondmamtrolled apoptotic cell death pathway
thereby impairing the agelated form of apoptotic cell déh and ultimately extending
longevity of chronologically aging yeast under CR conditions.

Chapter 5 describd®w | useda combination of functional genetic, cell biological,
electron and fluorescence microscopical, and lipidomic analyses &bligst the
molecular mechanism underlying the abilityldA to extend yeast life span bgrgeting
the metabolism of membrane lipids in mitochondria. My findings imply that under CR
conditionsLCA extends yeast longevity blgmodelingthe composition of mochondrial
membrane lipidandtherebymodulating longevitydefining processes confined to and/or
governed bymitochondria | concluded that CA extends theCLS of WT yeast by: 1)
increasing the level of phosphatidylserine Xi#6the mitochondrial memhne, thereby
enhancing its positive effect on longevidgfining processes in this membrane; 2)
decreasinghe level ofphosphatidylethanolamine (PE) in the mitochondrial membrane,
thereby weakening its negative effect on longedig§ining processes inigimembrane;
and 3) proportionally decreasing the levels of PE aodrdiolipin (CL) in the
mitochondrial membrane, therelxycreasing PS/CL and PS/PE ratios but maintaining
PE/CL ratio of mitochondrial membrane lipidsd causing some longevigxtending
changes in this membrane. My analysis of the biological implications of these LCA

driven specific changes in mitochondrial membrane lipids revealed thatidoing the

31



levels of PS, CL and PE,QA: 1) changes the curvature of the inner mitochondrial
membane; and 2) enhances the positive effect of PS and wetieenegative effect of

PE on membrane proteins whose activity depends on these twepipaies- thereby
enhancing the ability of the inner mitochondrial membrane to form castdactivating
protein machines involved in mitochondrial respiration, the maintenance of mitochondrial
membrane potential and ROS production in mitochondria.

Some of he findings described in Chapter 2 have bedlished inTheJournal of
Visualized Experiments [Bourque, S.D. andTitorenko, V.I. (2009). A quantitative
assessment of the yeast lipidome using electrospray ionization mass spectranvesry.

Exp 30:1-3]. | carried out all experiments described in this publication and prepared the
first draft of the manuscript. Dr. V. Titorenko provided intellectual leadership of this
project and edited the manuscript. Furthermore, my presented in Chapter 2 data on
characteristic changes in the lipidome of human microglia exposed to various pro
inflammatoryand antiinflammatoryinterventionsconstitute an integral part of a setmn

be submitted t6-ASEB Journamanuscrip{Khatchadourian, A., Bourque, S.[Richard,

V.R., Titorenko, V.I. and Maysinger, @orresponding authd2011). LPS induces lipid
droplet accumulation and perilipia expression in microglidFASEB Journgl | carried

out and supervised about 50% of the work on lipidomic analysis of human microglia
described in this publication and prepared the first draft of sections relevant to my work.
Dr. Maysingerand Dr. V. Titorenko provided intellectual leadership of this project and
edited the manuscript. Moreovemost of he findings described in Chapter de
presented in the manuscript of a pap@ourque, S.D.Richard, V.R, Beach, A. and

Titorenko, V.I. Analysis of theSaccharomyces cerevisidipidome using survegcan
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electrosprayonization mass spectroscdaiat is currently in preparation for submission
to The Journal otipid Re®arch | expect this manuscript to be submittedgablication
in late April or early May 2011.

Some of he findings described in Chapt& have beenpublished inThe
Biochenncal Sogety Transactiors [Goldberg, A.A., Bourque, S.D., Kyryakov, P., Boukh
Viner, T., Gregg, C., Beach, A., Burstein, M. Machkalyan, G., Richard, V.,
Rampersad, S. anidtorenko, V.1.(2009).A novel function of lipid droplets in regulating
longevity. Biochem. Soc. Trans37:10501059 and Experimental Gerontology
[Goldberg, A.A., Bourque, S.D., Kyryakov, B5regg, C.,BoukhViner, T., Beach, A.,
Burstein, M.T., Machkalyan, G., Richard, V., RampersadC$r, D., Milijevic, S.and
Titorenko, V.l. (2009). Effect of calorie restriction on the metabolic history of
chronologically aging yeasExp. Gerontal 44:555571]. | carried out and supervised
more than 30% of all of the work described in each of these publications and prepared the
first draft of sections relevant to my work. | amexgually contributed first cauthoron
both these publications. Dr. V. Titorenkarovided intellectual leadership of these
projects and edited both manuscripts. Moreover, mosthef findings described in
Chapter3 are presented in the manuscript of a papaufque, S.D.Richard, V.R,
Beach, A., Burstein, M.T., Goldberg, A.A., Kykav, P. andTitorenko, V.I. A
mechanism linking lipid metabolism and longevity in chronologically aging yeast] that is
currently in preparation for submission@ell Metabolism| expect this manuscript to be
submitted for publication in late July or gaAugust 2011.

Some of he findings described in Chaptdr have beenpublished inAging

[Goldberg, A.A. Richard,V.R., Kyryakov, P.,Bourque,S.D.,Beach A., Burstein,M.T.,
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Glebov, A., Koupaki, O.,BoukhViner, T., Gregg, C., Juneau,M., English, A.M.,
Thomas D.Y. and Titorenko, V.l.(2010).Chemical genetic screen identifighocholic

acid as an antaging compound that extends yeast chronological life span in a TOR
independent manner, by modulating housekeeping longevity assymauessesAging
2:393414). | carried out and supervised approximately 25% of the work described in this
publication and prepared the first draft of sections relevant to my Wwark. anequally
contributed first ceauthoron this publicationDr. V. Titorenko provided intellectual
leadership of this project and edited the manuscript. Moreawest of he findings
described in Chapted4 are presented in the manuscript of a pdBsurque, S.D.,
Richard, V.R, Beach, A., Burstein, M.T., Goldberg, A.A., Ksakov, P. andlitorenko,

V.l. Lithocholic acidextend yeastlongevity in partby targetingthe longevity-defining
aspects of lipid metabolism confined to the endoplasmic reticulum, lipid bodies and
peroxisomeg that is currently in preparation for submdss to Developmental Celll
expect this manuscript to be submitted for publication in late September or early October
2011.

Findings described in Chapter 5 are presented in the manuscript of a paper
[Bourque, S.D.Richard, V.R, Beach, A.Burstein, M.T., Koupaki, O., Goldberg, A.A.,
Kyryakov, P. andTitorenko, V.. Lithocholic acidextend yeastlongevity in partby
altering the composition of mitochondrial membrane lipidsat is currently in
preparation for submission ithe Journal of €ll Biology. | expect this manuscript to be
submitted for publication in late October or early November 2011. | am the first author
on this manuscript. | carried out and supervised approximately 40% of the work

described in it and prepared the first draft sections relevant to my work. Dr. V.
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Titorenko provided intellectual leadership of this project and is currently editing the
manuscript.
All abbreviations, citations, and the numbering of figures and tables that have been

used in the published paper and in the manuscripts in preparation have been changed to

the format of this thesis.
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2. Development of a method for quantitative assesnent of the lipidomes of yeast

and cultured human cells using surveyscan electrospray ionization mass

spectrometry (ESI/MS)
2.1. Abstract

Existing methods for lipid identification andigntification- such adluorescence

microscopy, high performae liquid chromatography (HPLC), thlayer
chromatography (TLC) and gas chromatography followed by mass spectrometry
(GC/MS) - are well established but suffer from low sensitivity, are time consuming,
insufficiently separate various molecular forms ofdgandrequire lipid derivatization
prior to analysis. In order to overcome these inherent limitations ofutrently used
methods for lipidomic analysis, | have devised a method for quantitative assessment of
thethe entire complement of lipids yeas cells using survegcan ESI/MSThis method
exceeds currently available methods for lipid identification aadntfication in the
ability to resolvevarious molecular forms of lipids, sensitivity, and spekdave
successfully applied this metheal quantitatively assessot onlythe lipidomes of whole
yeast celland their highly purified organelles, but also the entire complement of lipids in

cultured human microglial cells.

2.2. Introduction

Lipids are one of the major classes of biomolecaled play important roles in
membrane dynamics, energy storage and signaling {2281]. The budding yeast
Saccharomyces cerevisja@ genetically and biochemically manipulable unicellular

eukaryote with annotated genome and very simple lipidome, isuablal model for
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studying biological functions of various lipid species in multicellular eukaryotes [208,
211, 212].S. cerevisiadas a relatively simple lipidome, with the normal compliment of
glycerophospholipids, neutral lipids and ceramid2%3, 214].Due to the presence of
only one acyl desaturase enzyme in yeastfattg acyl moietief all of its lipid species

are either monainsaturated or saturat¢d12 - 215]. Furthermore about 95% ofthe
glycerophospholipid and neutral lipgppecies found igeast cells have chain length 18

or 18 carbon atomig12 - 215]. Of note, the lipid makeups of yeast and mammalian cells
have somalifferences Specifically, yeast hasrgosterol and ergostgresters instead of
cholesterol and cholestgrestersfound in mammalian cells [212 215]. In addition,
unlike glucosylbased sphingolipids in mammalian cells, sphingolipids in yeast cells
carry mannosyl residuef213 - 215]. Despite these differences, the pathways of lipid
synthesis and degradation are amotme most evolutionarily conserved metabolic
pathways known [212216].

Existing methods for lipid identification andigntification- such adluorescence
microscopy, HPLC, TLC and GC/MSare well established but have low sensitivity,
insufficiently separate various molecular forms of lipids, require lipid derivatization prior
to analysis and are quite time consuming. Electrospray ionization mass spectroscopy
(ESVYMS) is particularly suited to lipid analysis due to its high sensitivity, tgbib
distinguish between different lipid species, ease of sample preparation andX&ed
214]. This method is advantageous for quantitative lipidomics becausehel)
decomposition spectra of the major lipid classes are esthblished [217]; and 2)
although he head groupsf different molecular forms of the same lipid species and the

degrees of unsaturation dadlengths of theiracyl chairs lengthsvary and thuscan
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complicate the acquisition of quantitative data, these pitfalls are easily tomeizy
using specific and well established protocols for sample preparation and lipid standards
selection [213, 214, 217 219]. However, it should be stressed that the ESIMWE
based quantitative assessment of lipidomes has the following limitations and
disadvantageas a method relying on the use of tandem §ASt is time consuming?) it
requiresto maintain stable spray conditions at the ESI source for long peridioise; 3)
because it relies on lipid decomposition, it has a bias towards somespipaesi
thereby being insufficiently sensitive unexpected chang@s lipid spectra of analyzed
cells; 4 it has a limit of sensitivity and hencequiresabundant quantities of cells for
lipid extraction and analysis; and 5) it Hagly high limits of detection and quantitation

for some lipid species [213220]. | decided to solve these inherent limitations of the
currently used methods for lipidomic analysis (including the limitations characteristic of
the ESIMS-MS-basedanalysis) by developing aurveyscan method for quantitative
assessment of thibe entire complement of lipids yeast and cultured human cells using

ESI/MS.

2.3. Materials and Methods

Reagents

Various molecular forms of the glycerampholipids phosphatidylcholine (PC)
phosphatylethanolamineg(PE), phosphatidylinositol (P])phosphatidylserine (PS) and
phosphatidic acidPA), as well as otardiolipin (CL), were from Avanti Polar Lipid

(Alabaster, AL,USA). Different species ofrée fatty aciddFFA) and triacylglycerols
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(TAG) werefrom Larodan (Malmo, Sweden). Bioteginade chloroform and methanol

wereform SigmaAldrich (St. Louis, MO, USA).

Yeast strains and growth conditions

The wildtype strain BY4742NIA T U [h les2® lys200 ura3) and singlegene
deletion mutant stras in the BY4742 genetic background (all from Open Biosystems;
Huntsville, AL, USA) were grown in rich YEPD medium (1% yeast extract, 2% peptone,
2% glucose). Cells were cultured at°GOwith rotational shaking at 200 rpm in

Erl enmeyer f lodaukne /ane dda uiimf Ivodkume o rati o of

Collection and storage of yeast cells for lipid extraction

A 50-ml culture of yeast cells was harvested by centrifugation at 3000 xx g for 5 min and
then washed twice with 25 ml of i®ld water. The cell pellet was tespended in 1.5

ml of ice-cold water, and the resulting cell suspension was transferred to Eppendorf tube.
Cells were harvested by centrifugation at 16, 000 x g for 2 min, the supernatant was
discarded, and the cell pellet was frozer88fC until use. Fofreezing cells quickly, a

beaker of isopropyl alcohol kept in ti&0°C freezer was used.

Lipid extraction from yeast cells

Lipids were extracted using modification of the protocol described by Bligh and Dyer
[221]. All manipulations with extractedgids were performedusing glass pipettes or
syringesbecause a contact plasticswith chloroform resulted ira large background

signal. The exact volumes chloroform and MeOH used for lipid extraction weret
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critical as long as the ratios of 1:2:(8d2:2:1.8 for chloroform MeOH - H,O at the
described belowtes 3 and 7 (respectively) of lipid extractiavereconserved.
Lipid extraction was performed as follows:
1. Resuspend frozen cells in 1.6 ml of-am@d distilled HO.
2. Transfer 1.6 ml of the cell suspensiorigh-speed glass centrifuge tubes
3. Add 6 ml ofchloroform and MeOH1(:2) mix and 0.8 ml of glass beads to the cell
suspension.
4. Vortex the cell suspension with glass beads two times for 1 min.
5. Add 2 mlof chloroformand mix gently.
6. Incubate for 5 min at room temperature with occasional mixing.
7. Add 2 ml of distilled HO and mix gently.
8. Incubate for 5 min at room temperature with occasional mixing.
9. Centrifuge for 5 min at 3000g at room tempmture.
10. Collect the entire liquid phase into a negh-speed glass centrifuge tube.
11.Add 3.2 ml ofchloroformto the cell pellets from step 9.
12. Vortex two times for 1 min.
13. Centrifuge for 5 min at 3000g at room temperature.
14. Add the sugrnatant to the liquid phase from step 10.
15. Centrifuge for 5 min at 3000g at room temperature.
16. Discard the upper (aqueous) phase and transfer the lower (organic) phase into a new
high-speed glass centrifuge tube.
17. Centrifuge for 5 min at 3000g at room temperature.

18. Transfer the entire supernatant into a glass vial and dry under nitrogen.
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19. Dissolve the lipid film ir50-200 pl of freshchloroform place in a glass viaind store

at-20°Cfor a maximum of two weeks

Analysis of lipids by ESI/MS
A stock mix of lipid standards in chloroform was prepared beforehand as per Table 2.1,
as well as a stock solution of MeOHchloroform (1:1) with 0.1% (v/v) ammonium
hydroxide, all in glass vials.

The ESI/MS analysis was performed akoiws:
1. Prior to injection, combine 10 pl of a sample with 10 pl of the standard mix of lipids in
200 pl of MeOH- chloroform (1:1) with 0.1% ammonium hydroxide. The standard to
sample ratio can be changed as needed.
2. Resolve lipids using a MicromassTQF 2 mass spectrometer equipped with a nano
electrosprays our ce operating at a flow rate of
advantage of the high resolution of aTQF type of mass spectrometer, it is not a
mandatory requirement. Exact instrument patansewill vary from instrument to
instrument. See Tabl2.2 for the settings for a MicromassTQF 2 (Waters, Milford,
MA, USA) equipped with a narelectrospragource. To analyze PC and TAtBe cone
voltage was set to 28 andthe capillary voltage to .8 kv in positive mode. For the
analysis of FFA, CL, PE, PS, PA and PI, the cone voltage was set to 30 v and the
capillary voltage to 3.2 kv in negative mode. In both modes, the collision gas was set to
10 (arbitrary units). Survey MS data were acquiredujp to 3 minutes or until the ion

count of the standards was above 2 % 10
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Postprocessing of MS data

After acquisition, the mass spectra were smoothed and background subtracted and
centred using the MassLynx software pagk&dWaters, Milford, MA, USA). The peak

list was then imported into Microsoft Excel for deconvolution and deisotoping. The list
was first searched using equatidid to determine the peaks of intereBhe resulting

peak list was then deconvoluted and dgiped using a lookup tablevhich represented

the relative intensities of the isotope peakee( Table2.2). The peak listwas first
scanned specifically fo€CL species and, using the isotope, the contribution dhese

lipid species to isobaric peakgs determined and subtracted. The peak list was then
scanned for other lipid classes from low to high mass, the peaks deisotoped and the
contribution to isobaric isotope peaks subtracted. Peak intensities were then normalized
to the internal standard of tregpropriate lipid classThe molecular forms of various

lipid classes detected following lipid extraction from whole yeast cells are listed in Table

2.3.

Table 2.1. Internal lipid standards, their concentrations in the standard mix and the MS mode for their

analysis.
Lipid class Standard chain  Mass of  Concentration MS
composition standard (ng/ml) mode

Phosphatidic acid 14:0/14:0 591.40 100 Negative
Phosphatidylethanolamin 14:0/14:0 634.45 200 Negative
Phosphatidylinositol N/A N/A N/A Negative
Phosphatidylserine 14:0/14:0 622.37 40 Negative
Cardiolipin 4x14:0 619.92 100 Negative
Free fatty acids 19:0 297.28 100 Negative
Phosphatidylcholine 14:0/14.0 650.48 100 Positive
Triacylglycerols 13:0/13:0/13:0 698.63 200 Positive
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Table 2.2. Instrument settings for a MicromassT@F 2 (Waters, Milford, MA, USA)equipped with a

nanoelectrospragource.

Flow rate Cone voltage Capillary Collision gas
voltage
Positive mode Lpl/min -28 v 3.0 kv 10
Negative mode Lpl/min 30v -32 kv 10

Equation 2.1. The following Excel function was used to search the column LookUpVector and return the

corresponding value in the column ResultsVector, whiclwéten the range LookUpValue +Error:
=IF(ISNA(LOOKUP(1,1/(ABS(LookUpVectot.ookUpValue)

<=Error),ResultsVector)),0,LOOKUP(1,1/(ABS(LookUpVectarokUpValue)

<=Error),ResultsVector))

Table 2.3. The molecular forms of various lipid classes detected fafigWipid extaction from whole yeast

cellsand their exact masses.
Chain

Lipid Class . Mass
Composition

38:0 731.55

38:1 729.54

38:2 727.52

38:4 723.49

36:0 703.52

36:1 701.51

36:2 699.49

34.0 675.49

34:1 673.48

PA 34:2 671.46
32:0 647.46

32:1 645.44

32:2 643.43

30:0 619.43

30:1 617.42

30:2 615.40

28:0 591.40

28:1 589.39

28:2 587.37

38:0 774.60

PE 38:1 772.59
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38:2 770.57
38:4 766.54
36:0 746.57
36:1 744.55
36:2 742.53
34:0 718.53
34:1 716.52
34:2 714.51
32:0 690.51
32:1 688.49
32:2 686.48
30:0 662.48
30:1 660.46
30:2 658.45
28:0 634.45
28:1 632.43
28:2 630.41
38:0 893.61
38:1 891.60
38:2 889.58
38:4 885.55
36:0 865.58
36:1 863.56
36:2 861.55
34:0 837.55
34:1 835.53
Pl 34:2 833.52
32:0 809.52
32:1 807.50
32:2 805.49
30:0 781.49
30:1 779.47
30:2 777.46
28:0 753.46
28:1 751.44
28:2 749.42
38:0 790.56
38:1 788.54
38:2 786.53
36:0 762.53
36:1 760.51
PS 36:2 758.50
34:0 734.50
34:1 732.48
34:2 730.47
32:0 706.47
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32:1 704.45
32:2 702.43
30:0 678.43
30:1 676.42
30:2 674.40
28:0 650.40
28:1 648.39
28:2 646.37
26:0 622.37
C10:0 171.13
C10:1 169.12
C12:0 199.17
Cl2:1 197.15
C14:.0 227.20
Cl4:1 225.19
C16:0 255.23
FFA Cl6:1 253.22
C18:0 283.26
C18:1 281.25
C20:0 311.29
C20:1 309.28
C22:0 339.33
C22:1 337.31
56:0 619.92
64:4 671.95
64:3 672.96
64:2 673.96
64:1 674.97
64:0 675.98
66:4 685.96
66:3 686.97
66:2 687.98
66:1 688.99
66:0 689.99
CL 68:4 699.99
68:3 700.99
68:2 701.99
68:1 703.00
68:0 704.01
70:4 713.99
70:3 715.00
70:2 716.01
70:1 717.01
70:0 718.02
72:4 728.01
72:3 729.02
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72:2 730.03
721 731.0335
72:0 732.0413
38:0 818.6637
381 816.6481
382 814.6325
36:0 790.6325
361 788.6169
362 786.6013
34:0 762.6013
341 760.5857
342 758.5701

PC 32:0 734.5701
321 732.5545
32:2 730.5389
30:0 706.5389
301 704.5233
302 702.5077
28:0 678.5077
281 676.4921
28:2 674.4765
26:0 650.4765
39:0 698.6298
42:0 740.6765
48:0 824.7706
481 822.755
48:2 820.7394
483 818.7238
50:0 852.8018
501 850.7862
502 848.7706
503 846.755
52:0 880.833
52:1 878.8174

TAG 52:2 876.8018
523 874.7862
540 908.8642
541 906.8486
54:2 904.833
54:3 902.8174
560 936.8954
56:1 934.8798
562 932.8642
56:3 930.8486
58:0 964.9266
581 962.911
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58:2 960.8954

58:3 958.8798
60:0 992.9578
60:1 990.9422
60:2 988.9266
60:3 986.911

2.4. Results

2.4.1. Survey-scan ESI/MS enables to resolve and unequivocally identify

all molecular forms of lipid species extracted from whole yeast cells

Figure 2.1shows the typicahegative(A) and positive (B) massspectra oflipid
species extracted from whole yeast cells and identified using ssceeyESI/MS; the
positions of various molecular forms of these lipids are indicated. Confirming previously
published data [212219], the survesscan ESI/MS method of lipidomic dwgsis that |
developed demonstrated that the y&asterevisiadas a relatively simple lipidomaith
7 major lipid classes, namely PA, PE, PS, PI, CL, PC and TAG (Figure 2.1).
Furthermore, my survegcan ESI/MS method of lipidomic analysis revealed that
majority of individual molecular forms within each of these different lipid classes have
chain length ofL6 or 18 carbon atom$igure 2.1). Moreover, my survescan ESI/MS
lipidomic analysis showed that tliatty acyl moietiesof all of lipid speciescomposing
yeast lipidomeare either monainsaturated or saturatédigure 2.1), perhaps due to the
presence of a single acyl desaturase enzyme in yeast PAB? In sum, the survegcan
ESI/MS method of lipidomic analysis that | developsthbleswithin a very limited
period of time and using a very low number of yeast ¢ellesolve and unequivocally

identify all molecular forms of lipid specieemposing the lipidome of yeast. Of note,
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Figure 2.1. The typicalnegative(A) and positive (B) mas spectra of lipid species extracted from whole

yeast cells and identified using survesan ESI/MS. The positions of various molecular forms of

phosphatidic acid (PA), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI),

cardolipin (CL), phosphatidylcholine (PC) and triacylglycerols (TAG) are indicated.

this method allows thenequivocalidentification ofall molecular forms of yeast lipid

speciesdespite the following two theoretically possible casessobaric peak overfa

within the S. cerevisiaelipidome 1) an overlapbetween PS and PE speciedue to the

fact thatthe difference in mass between itheead groups is equivalent to 3 carbon

atoms; the observed lack of overlap between yeast species of PS and PE (E)gtae 2.

be attributed to the fact thédtty acyl chain moieties with odd numbers of carlatams

are not naturally present in eukaryof@d?2 - 215]; and 2) an overlapetweendoubly

charged C speciesand some species &fA, PE and PSto bypass this ouwdap, the
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surveyscan ESI/MS method of lipidomic analysiat | developed usdke | isotopeof

CL for deconvolution.

2.4.2. The surveyscan ESI/MS method of lipidomic analysis is highly
sensitive

To determine the limit of sensitivity for theurveyscanESI/MS method of lipidomic
analysis | used it to determine concentrations of commercially available standard lipids
within a very wide concentration range. The commercially available standard lipids, each
belonging to a different major class of yeastdgiwere added to a whetell yeast lipid
extract in known concentrations spreading over 2 to 3 orders of magnitude. For each
standard lipid, he limit of detection(LOD) was determined as 3 SBtandard deviation)
of the background and the limit of quaation (LOQ) as 10SD of the backgroundréable
2.4). | found that thesurveyscan ESI/MS method of lipidomic analysisat | developed
is 1) sensitiveto the low pM rang€0.6 to 2 pM depending on lipid clgstr all lipid
species tested; and 2) linearthe hundreds of uM range, with the concentration linearity
spreading over 2 to 3 orders of magnitude; of note, the useful quantitative range for each

lipid species tested was different (Figures 2.2 and 2.3).

2.4.3. The surveyscan ESI/MS method of lipidomicanalysis enables very
accurate lipid quantitation within a wide range of lipid concentrations
To determine the accuracy and precision of the suseap ESI/MS method of lipidomic
analysisthe experimentally determined concentrations of the standaad (yphich were

added to a whoteell yeast lipid extract as described in section 2.48je plotted
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against the known concentrations (Figug2 and 2.3 For dl lipid species tested,
observed 1)inearity througha wide range of the lipi¢oncentrabns used;and2) avery
good fit to the linear regression curve (R20:98) and, thus, arexcellent precision
throughout(Figures 2.2 and 2.3) Importantly, the glycerdmospholipidspeciesPE, PS,
PA andPC alldisplayedsimilar ionization efficienesregardless of the head group, with
a slope of 1 +/0.05(Figures 2.2 and 2.3)In contrast, some (but not all) molecular forms
of CL and TAG hadvariable slops, thereby makinghe quantitationof these forms a
challenging task. However, it should Istressed thathe experimental to known
concentrationgatio was constantfor all molecular species of CL and TAG, thereby
enabling thequantitative comparisorof their concentrationsn different biological
samples(Figures 2.2 and 2.3) Of note, becauseppropriate Pl standards are not
commercially availablethe quantitative analysis of this lipid class cannot be performed.
However, | found that thd®l speciespresent in wholeell extracts of yeast lipids
displayedinearity througha range of the ext dilutionsusedand, thus, that the relative
concentrations of these lipid speciesdifferent biological samplescan bedetermined

semiquantitatively

2.4.4. Survey-scan ESI/MS enablesigh-throughput quantitative analysis
of the lipidome of cultured human microglial cells
Withina f r amewor k of Dr. Titor enDusicdMaysngegoi ng
in the Department of Pharmacology and TherapeuatsMcGill University, | am
successfully using theurveyscan ESI/MS method of lipidomic analysigt | developed

to resolve, unequivocally identify and accurately quantitatéhin a very limited period
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of time and using a very low number of cellthe majority of molecular forms of lipid

species composing the lipidome of cultured human microglels My data on
characteristic changes in the lipidome of human microglia exposed to various pro
inflammatory and antiinflammatory interventionsconstitute an integral part:ol) a
soonto-be submitted t&-ASEB Journamanuscript Khatchadourian, A., 8urque, S.D.,

Richard, V.R., Titorenko, V.I. and Maysinger, Ebrresponding authof2011) LPS

induces lipid droplet accumulation and perilf@inexpression in microgliaFASEB

Journal); and 2) an ongoing collaborative project withDru s i ¢ a Mdapmatoryger 6 s
on opposite and opposing effects thpbpolysaccharide (a primflammatoryendotoxin

produced by gramegative bacteria) andocosahexaenoic aci@n antrinflammatory

omegas3 fatty acig have in cultured human microglial cells.

2.5. Discussion

To solve the inherent limitations of the currently used methods for lipidomic
analysis (including the limitations characteristic of the ESHMS-based analysis; see
section2.2), | havedevelogd a surveyscanmethod forquantitative assessment of the
the entirecomplement of lipids iryeast cells using ESI/MShe surveyscan ESI/MS
method of lipidomic analysis that | developed demonstrated that: 1)hasastrelatively
simple lipidomewith 7 major lipid classes, nameBA, PE, PS, PI, CL, PC and TAG,; 2)
the majority of individual molecular forms within each of these different lipid classes

have chain length df6 or 18 carbon atomand 3) thdatty acyl moietie®f all of lipid

Table 2.4.The limits of detection (LOD) and quantitation (LOQ) for different lipid classes. The LOD is 3
SD (standard deviation) of the background signal, whereas the LOQ is 10 SD of the backdfaunot
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applicable (becausappropriate Pl standards are not coencielly available, the quantitative analysis of

this lipid class cannot be performed

Lipid class LOD (& M) LOQ (& M)
Phosphatidic acigPA) 0.2 0.6
Phosphatidylethanolamine (PE) | 0.2 0.6
Phosphatidylinositol (P1) N/A N/A
Phosphatidylserine (PS) 0.3 1.1
Cardiolipin (CL) 0.3 0.9
Free fatty acids (FFA) 0.6 2.0
Phosphatidylcholine (PC) 0.4 1.2
Triacylglycerols (TAG) 0.6 2.0

species composing yeast lipidome either monainsaturated or saturateperhaps due

to the presence of a single adgsaturase enzyme in yeast [21215]. Furthermore, the
methodthat | developeds highly sensitive as it is: 19ensitiveto the low uM rang€0.6

to 2 uM depending on lipid clasor all lipid species tested; and 2) linear to the hundreds
of uM range,with the concentration linearity spreading over 2 to 3 orders of magnitude.
Moreover, themethodthat | developedenables very accurate quantitatiohdifferent

lipid specieswithin a wide range of lipid concentratiarismportantly, if compared to the
currently usedeESIMS-MS-basedmethod of lipidomicanalysis[213 - 220], my method

has the followingmportant advantages: inlike theESIMS-MS-basedmethod it can

be carried outvithin a very limited period of time2) unlike theESIMS-MS-based
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Figure 2.2. Calibration curves for PA, PC, PE and PS. Peak areaimdofidual lipid spikes were
normalized to an internal standard of the same lipid ckesT@ble2.1). For a 36:2 species &fA spike,

slope = 0.92 and R2 = 1.00. For a 30:0 specid¥adpike,slope=1.04andR2 = 1.00. For a 34:0 species

of PE slope= 1.03 and R2 = 1.@. For a 32:0 species &?S spike slope = 1.0 and R2 = 1.®.
Experimentally determined concentrations (in uM) are on the ordinate axis and known concentrations (in

pUM) on the abscissa. Error bars repres¢gmdard deviations.
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Figure 2.3. Calibration curves for CL, FFA and TAMeak areas ofndividual lipid spikes were
normalized to an internal standard of the same lipid clesT@ble2.1). For a 72:4 species of CL spike,
slope =1.70andR2 = 1.®. For an 18:1 species of FFA spike (dashed Islepe = 0.7AandR2 = 1.M; for

a 16:1 species of FFA spike (solid linelppe = 0.56, R2= 10 For a 36:0 species GiAG spike(dashed

line), dope = 1.23andR2 = 1.00. For a 42:0 species ®AG spike(solid line),slope = 0.26andR2 = 1.0
Experimentally determined concentrations (in uM) are on the ordinate axis and known concentrations (in

HM) on the absciss&rror bars represestandard déations.

method it does not requirto maintain stable spray conditions at the ESI source for long
periodsof time; 3) unlike the ESMS-MS-basedmethod, it does not have a bias towards

certain lipid species, thereby being sufficiently sensitoveineyected changeis lipid
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spectra of analyzed cell8) it is more sensitive than tHeSIMS-MS-basedmethod and,
thus,does notequireabundant quantities of cells for lipid extraction and analysis; and 5)
it haslower than theESIMS-MS-basedmethodlimits of detection and quantitation for

all yeast lipid species.

2.6. Conclusions

My findings support the notion that the suraaan ESI/MS method of lipidomic
analysis that | developeshables within a very limited period of time and using a very
low number of cells to resolve, unequivocally identify and accurately quantitate all
molecular forms of lipid species composing yeast lipidome and the majority of molecular

forms of lipid species composing the lipidome of cultured human microglial cells.
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3. A mechanism underlying the ability of caloric restriction to extend yeast
longevity by remodeling lipid metabolism

3.1. Abstract

Growing evidence supports the view that the deposition and lipolytic degradation
of neutral lipidsplay an importantale in longevity regulatioracross phyla [18, 138
141, 153, 177, 182 192, 222, 223]. In yeast, longevity can be extendectdlgric
restriction (CR), a lowcalorie dietary regimen that extends life span in a wide spectrum
of organisms and delays thesenor reduces the incidenc# manyagerelated diseases
in rodents and primatd65 - 72, 131, 134 136]. A CR diet can be imposed in yeast by
reducing the glucose concentration from 2% to 0.5% [8f Molecular and cellular
mechanismslinking longevity-defining changes in lipid metabolism and longevity
extending effect of CRare yet to becharacterizd. The establishment of such
mechanisms operating in chronologically aging yeast was the objective of my
experiments described in this Chapter.

| first elucidatedthe effect of CR on the metabolic history of chronologically aging
yeast.My comparison of the metabolic histories of ldhgd CR yeast and shelitved
nonCR yeast suggests that, by designing aspetific pattern dlipid metabolsmin the
endoplasmic reticulum (ER), lipid bodies (LBs) and peroxisopréx to entry into a
nonproliferative state, yeast define their letegm viability. | therefore proposkthat
longevity in chronologically aging yeass programmed by the level aihetabolic
capacity andorganelle organization they developed, in a-dpcific fashion, prior to

reproductive maturation.
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Using a combination of functional genetic, cell biological, electron and
fluorescence microscopical, proteomic, lipidomiand metabolomic experimental
approaches, | deciphered the molecular mechanism underlying the essential role of lipid
metabolism in modulating programmed by calorie availability chronological aging in
yeast. In this mechanism, LBs yeast cell§unctionas a hub in a regulatory network that
modulates neutral lipids synthesis in the ER and fatty acid oxidation in peroxisomes.
Ethanol accumulated in yeast placed arcalorierich diet represses the synthesis of
Fox1lp, Fox2p and Fox3p, therelspppressg peroxisomal oxidation ofFFA that
originate fromtriacylglycerols(TAG) synthesized in the ER and deposited withBs.

The resultingouild-up of arrays of free fatty acidgnarls)within LBs of nonCR yeast
initiates several negative feedback loops regqgathe metabolism of AG. Due to the
action of these negative feedback loogs;onologicallyaging nonCR yeastnot only
amass TAG in LBs but also accumulate FFA diatylglycerol(DAG) in the ER FFA
and DAG regulate longevity by two different meclsans that operate at two different
stages of the aging process. One mechanism involves sensing the concentration of DAG
maintained by cells (in a dieand genotypelependent fashion) during diauxic (D) and
postdiauxic (PD) growth phases. DAG concentratthming D and PD phases programs
cell viability during stationary (ST) growth phase by modulating the -F&ifd DAG
induced necrotic cell death pathway, but not by influencing the mitochecwinizolled
apoptotic pathway of cell death. Another mechaniswolires sensing the concentrations
of FFA and DAG during ST phase. Any diet genetic manipulation that causes the

build-up of these two lipids during ST phase shortens the chronological life span of yeast
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in part by promoting rapid mitochondramntrolled apoptotic cell death, but not by
activating FFA and DAGinduced necrotic cell death pathway.
3.2. Introduction

Aging is a highly complex biological phenomenon, which affects numerous
processes within cellsl[- 10]. These cellular processes inckucell cycle, cell growth,
stress response, protein folding, apoptosis, autophagy, proteasomal protein degradation,
actin organization, signal transduction, nuclear DNA replication, chromatin assembly and
maintenance, ribosome biogenesis and translatioi, dpd carbohydrate metabolism,
oxidative metabolism in mitochondria, NAIMomeostasis, amino acid biosynthesis and
degradation, and ammonium and amino acid uptaké [2, 22- 25]. Some of these
processes damage cellular macromolecules and organellés,teh others prevent the
collapse of cellular homeostasis by repairing the damage [1,53 A lifelong
accumulation of unrepaired cellular damage increases a risk of disease and death [1, 4, 6,
11]. A challenge is to understand how the spatiotempamghnization of damage
producing and damagepairing processes influences longevity and how cells integrate
and control these processes. The most important unanswered question is whether aging is
the final step of a developmental program governed by aicesignaling network [12
18] or merely a result of the lifelong accumulation of unrepaired cellular and molecular
damage [1, 5, 19]To identify the cellular processes that play a critical role in longevity
regulation and to rank their relative contfilbms to aging, the concepts and
methodologies of scalled metabolic control analysis (MCA) can be usét@i - 225].
It has been envisioned that the application of these concepts and methodologies to the

analysis of empirical data on the cell metababistories of model organisms will enable
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to 1) infer the relative contributions of various cellular processes to aging; and 2) define
how interventions such aletary restrictiordelay aging by modulating these processes
[224- 225].

The buddingyeast Saccharomyces cerevisiaa genetically and biochemically
manipulable unicellular eukaryote with annotated genome, is a valuable model for
unveiling mechanisms of cellular aging in multicellular eukary¢1&® - 132]. Yeast
aging can be measured two different ways. Replicative aging defined by the
maximum number of daughter cells that a mother cell can produce before senascence
models aging ofa mitotically active cell in a multicellular organisfia31, 133].In
contrast, chronological aginis measured by the length of time a yeast cell remains
viable in a nondividing state and models aging of postmitotic mammalian ealls (
neurons)56, 131, 132]In a simple clonogenic assay for measuring yeast chronological
aging, the percentage ofable yeast cells in their aging population is monitored at
different time points before and after this population enters thepraiferative
stationary phase [56]Both replicative and chronological aging of yeast can be
decelerated by CR, a leealorie dietary regimen that extends life span various
multicellular eukaryotic organismend delays the onset reduces the incidencé many
agerelated diseases mice and primatef66 - 69, 131, 134 136].

In studies described in this chapter, | madesa step towards the use of MCA for
defining the molecular causes of cellular aging by elucidating the effect of CR on the
metabolic history of chronologically aging yeasly comparison of the mabolic
histories of longived CR yeast and shelived nonCR yeasied me to the conclusion

that longevity in chronologically aging yeast programmed by the level of metabolic
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capacity andorganelle organization they developed, in a-dmcific fashon, prior to
reproductive maturatiorl.found that the developmental program of chronological aging

in yeast is governed, in part, by a specific pattern of lipid metabolism in the ER, LBs and
peroxisomes that yeast design in a -diependent fashion pridio entry into a non
proliferative state. | therefore focused my study on establishing the molecular mechanism
underlying the essential role of lipid metabolism in modulating programmed by calorie

availability chronological aging in yeast.

3.3. Materials and Methods

Strains and media

The wildtype strainSaccharomyces cerevisi@' 4742 MATa his30L leu2l0 lys220
ura3f0) and mutant strainspexlD (MATa his30L leu20 lys20 ura3f0
pex1D:kanMX4), pex2D (MATa his30L leu20 lys200 ura3fD pexd:kanMX4), pexeD
(MATa his30L leu200 lys200 ura3D pex@:kanMX4), pex7D (MATa his30L leu200
lys2[0 ura3fD pexD:kanMX4), fox1ID (MATa his30L leu2ZD lys2ZD ura3[0
fox1D:kanMX4), ctalD (MATa his30L leu20D lys200 ura3l0 ctalD:kanMX4), fox2D
(MATa his30L leu2D lys200 ura3f0 fox2D0:kanMX4), fox3D (MATa his30L leu2ZD
lys200 ura3fD fox3D:kanMX4), adhlD (MATa his30L leu200 lys200 ura3f0
adhlD:kanMX4), adh2D(MATa his30L leu200 lys220 ura3f0 adh20:kanMX4), gpt2D
(MATa his30L leu200 lys200 ura3D gpt20:kanMX4), sctlD (MATa his30L leu2D
lys20 ura3D sctlD:kanMX4), ayrlD (MATa his30L leu2D lys20 ura3fD
ayrlD:kanMX4), slclD (MATa his30L leu2D lys200 ura300 slclD:kanMX4), lpplD

(MATa his30L leu22D lys200 ura3f0 IpplD:kanMX4), dpplD (MATa his30L leu2ZD
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lys20 ura3® mdh3:kanMX4), fox3D (MATa his3OL leu2D lys20 ura3fD

dpplD:kanMX4)

dgalD (MATa his30L leu200 lys200 ura3f0 dgalD:kanMX4), arelD (MATa his30L
leu200 lys200 ura3D arelD:kanMX4), are2D (MATa his30L leu200 lys200 ura300
are2D:kanMX4), IrolD (MATa his30L leu200 lys200 ura3[D IrolD:kanMX4), tgl1D
(MATa his30L leu20 lys200 ura3[D tgllD:kanMX4), tgl2D (MATa his30L leu200
lys2[0 ura3f0 tgl2D:kanMX4), tgl3D (MATa his30L leu20 lys200 ura3fD
rgl30:kanMX4), tgldD (MATa his30L leu2D lys200 ura3fD tgldD:kanMX4), and
tgl50 (MATa his30L leu2D lys200 ura3D tgl50:kanMX4) were used in this study.
Media components were &allows: 1) YEPD (0.2% Glucose), 1% yeast extract, 2%

peptone, 0.2% glucose; and 2) YEPD (2% Glucose), 1% yeast extract, 2% peptone, 2%

glucose.

A plating assay for the analysis of chronological life span

Cells were grown in YEPD (0.2% Glucose) mediun8&C with rotational shaking at

200 rpm in Erlenmeyer flasks at a flask volume/medium volume ratio of 5:1. A sample of
cells was removed from each culture at various time points. A fraction of the cell sample
was diluted in order to determine the totahther of cells per ml of culture using a
hemacytometer. 1@ of serial dilutions (1:10 to 1:Ep of cells were applied to the
hemacytometer, where each large square is calibrated to hattl THHe number of cells

in 4 large squares was then counted amé\serage was taken in order to ensure greater

accuracy. The concentration of cells was calculated as follows: number of cells per large
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square x dilution factox 10 x 1,000 = total number of cells per ml of culture. A second
fraction of the cell sample as diluted and serial dilutions (14® 1:10) of cells were
plated onto YEPD (2% Glucose) plates in triplicate in order to count the number of viable
cells per ml of each culture. 10 of diluted culture was plated onto each plate. After a
48-h incubdion at 30C, the number of colonies per plate was counted. The number of
colony forming units (CFU) equals to the number of viable cells in a sample. Therefore,
the number of viable cells was calculated as follows: number of colsmistion factor

x 10 = number of viable cells per ml. For each culture assayed, % viability of the cells
was calculated as follows: number of viable cells per ml / total number of cells per ml
100%. The % viability of cells in mitbgarithmic phase was set at 100% viapifir that

particular culture.

Plating assays for the analysis of resistance to various stresses
For the analysis of hydrogen peroxide resistance, serial dilutions (m:lol(f’) of wild-
type and mutant cells removed from nhadjarithmic phase (day 1and from diauxic
phase (days 2 and 3) in YEPD (0.2% Glucose) were spotted onto two sets of plates. One
set of plates contained YEPD (2% Glucose) medium alone, whereas the other set
contained YEPD (2% Glucose) medium supplemented with 5 mM hydrogen peroxide
Pictures were taken after eddy incubation at 3.

For the analysis of oxidative stress resistance, serial dilutions’ (ﬂIl’DlOr’) of
wild-type andmutant cells removed from midgarithmic phase (day 1) and from
diauxic phase (days 2nd 3) in YEPD (0.2% Glucose) were spotted onto two sets of

plates. One set of plates contained YEPD (2% Glucose) medium alone, whereas the other

62



set contained YEPD (2% Glucose) medium supplemented with 2.5 mM of the
superoxide/hydrogen peroxidgeneratingagent paraquat. Pictures were taken after a 3
day incubation at 3C.

For the analysis of heahock resistance, serial dilutions (10:10 1:105) of wild-
type and mutant cells removed from nhadjarithmic phase (day 1) and from diauxic
phase(days 2 and 3) in YEPD (0.2% Glucose) were spotted onto two sets of YEPD (2%
Glucose) plates. One set of plates was incubated at 300C. The other set of plates was
initially incubated at 5% for 30 min, and was then transferred t6GOPictures were
takenafter a 3day incubation at 3.

For the analysis of salt stress resistance, serial dilutionso(ﬂ:xmlcf‘) of wild-
type and mutant cells removed from nhadjarithmic phase (day 1) and from diauxic
phase (days 2 and 3) in YEPD (0.2% Glugasere spotted onto two sets of plates. One
set of plates contained YEPD (2% Glucose) medium alone, whereas the other set
contained YEPD (2% Glucose) medium supplemented with 0.5 M NaCl. Pictures were
taken after a-8lay incubation at 3.

For the analysis of osmotic stress resistance, serial dilutions’ (ﬂ:l’OlOr’) of
wild-type and mutant cells removed from mrhagjarithmic phase (day 1) and from
diauxic phase (days 2 and 3) in YEPD (0.2% Glucose) were spotted onto two sets of
plates. One set of plates contained YEPD (2% Glucose) medium alone, whereas the other
set contained YEPD (2% Glucose) medium supplemented with 1 M sorbitol. Pictures

were taken after a-8ay incubation at 3C.

Monitoring the formation of ROS
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Wild-type and mutant cells grown in YEPD (0.2% Glucose) were tested microscopically
for the production of ROS by incubation with dihydrorhodamine ((X3R). In the cell,

this nonfluorescent compound can be oxidized to the fluorescent chromophore rhodamine
123 by ROSCells were also probed with a fluorescent counterstain Calcofluor White
M2R (CW), which stains the yeast cell walls fluorescent blue. CW was added to each
sample in order to label all cells for their proper visualization. DHR was stored in the
dark ati 20°C as 50m aliquots of a 1 mg/ml solution in ethanol. CW was stored in the
dark ati 20°C as the 5 mM stock solution in anhydrous DMSO (dimethylsulfoxide).

The concurrent staining of cells with DHR and CW was carried out as follows. The
requiredamounts of the 561 DHR aliquots (1 mg/ml) and of the 5 mM stock solution of
CW were taken out of the freezer and warmed to room temperature. The solutions of
DHR and CW were then centrifuged at 21,60@ for 5 min in order to clear them of any
aggregate of fluorophores. For cell cultures with a titre of ~' t@lls/ml, 100m was
taken out of the culture to be treated. If the cell titre was lower, proportionally larger
volumes were used. @ of the 1 mg/ml DHR and i of the 5 mM CW solutions were
adced to each 100v aliquot of culture. After a -h incubation in the dark at room
temperature, the samples were centrifuged at 21009 for 5 min. Pellets were
resuspended in 1@ of PBS buffer (20 mM KHPO,/KOH, pH 7.5, and 150 mM NaCl).

Each sample washen supplemented with 51 of mounting medium, added to a
microscope slide, covered with a coverslip, and sealed using nail polish. Once the slides
were prepared, they were visualized under the Zeiss Axioplan fluorescence microscope
mounted with a SPOThkight 2 megapixel color mosaic digital camera. Several pictures

of the cells on each slide were taken, with two pictures taken of each frame. One of the
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two pictures was of the cells seen through a rhodamine filter in order to detect cells dyed
with DHR. The second picture was of the cells seen through a DAPI filter in order to
visualize CW, and therefore all the cells present in the frame.

For evaluating the percentage of DiBsitive cells, the UTHSCSA Image Tool
(Version 3.0) software was uséd calculate both the total number of cells and the
number of stained cells. Fluorescence of individual EpdRitive cells in arbitrary units
was determined by using the UTHSCSA Image Tool software (Version 3.0). In each of 3
5 independent experimentsetiialue of median fluorescence was calculated by analyzing
at least 80000 cells that were collected at each time point. The median fluorescence

values were plotted as a function of the number of days cells were cultured.

Visualization of intracellular lipid bodies (LBs)
Wild-type and mutant cells grown in YEPD (0.2% Glucose) were tested microscopically
for the presence of intracellular BBy incubation with BODIPY 493/503. Cells were
also probed with a fluorescent counterstain CW in order to visualizcells in the
population. BODIPY 493/503 was stored in the dark2°C as 100m aliquots of a 1
mM solution in ethanol. CW was stored in the dark2@’C as the 5 mM stock solution
in anhydrous DMSO.

The concurrent staining of cells wiBODIPY 493/503 and CW was carried out as
follows. The required amounts of the 16DBODIPY 493/503 aliquots (1 mM) and of
the 5 mM stock solution of CW were taken out of the freezer and warmed to room
temperature. The solutions of DHR and CW were thenrifeged at 21,000< g for 5

min in order to clear them of any aggregates of fluorophores. For cell cultures with a titre
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of ~ 10 cells/ml, 100 was taken out of the culture to be treated. If the cell titre was
lower, proportionally larger volumes wetsed. The samples were then centrifuged at
21,000x g for 1 min, and pelleted cells were resuspended inmMl@® TNT buffer (25

mM Tris/HCI (pH 7.5), 150 mM NaCl and 0.2 % Triton-200). After a 16min
incubation at room temperature, the samples wergittgyed at 21,000« g for 1 min.
Pellets were then resuspended in D@@f TN buffer (25 mM Tris/HCI (pH 7.5), 150

mM NaCl), and the samples were subjected to centrifugation at 2%,00for 1 min.
Pelleted cells were finally resuspended in Dd®f TN buffer. Each 1001 aliquot of
cells was then supplemented wit hnolthesl of
mM CW solutions. After a Bin incubation in the dark at room temperature, the
samples were centrifuged at 21,009 for 5 min. Pellets werresuspended in 100 of

TN buffer. The samples were centrifuged again at 21>09®or 5 min, and pellets were
resuspended in 10@ of TN buffer. 10m of the BODIPY 493/503and CWtreated cell
suspension was then added to a microscope slide andedavigh a coverslip. The slides
were then sealed using nail polish. Once the slides were prepared, they were visualized
under the Zeiss Axioplan fluorescence microscope mounted with a SPOT Insight 2
megapixel color mosaic digital camera. Several pictafake cells on each slide were
taken, with two pictures taken of each frame. One of the two pictures was of the cells
seen through a fluorescein filter in order to detect cells dyed with BODIPY 493/503. The
second picture was of the cells seen throu@ARI filter in order to visualize CW, and
therefore all the cells present in the frame. For evaluating the percentage of BODIPY
493/503positive cells, the UTHSCSA Image Tool (Version 3.0) software was used to

calculate both the total number of cells amel htumber of stained cells.
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Immunofluorescence microscopy

Cell cultures were fixed in 3.7% formaldehyde for 45 min at room temperature. The cells
were washed in solution B (100 mM KIPO4/KOH pH 7.5, 1.2 M sorbitol), treated with
Zymolyase 100T (MBi omedi cal s, 1 g Zymolyas% 100T/
and then processed as previously descriié®d. Monoclonal antibody raised against
porin (lnvitrogen, 0.25 ¢€eg/ ¢l i n TBSB buff
1mg/ml BSA]) was used asm@imary antibody. Alexa Fluor 568 goat antbuse IgG
(I'nvitrogen, 2 egl ¢l in TBSB buffer) was
samples were mounted in mounting solution (16.7 mM Tris/HCI pH 9.0, 1.7 npg/ml
phenylenediamine, 83% glycerol). Imagevere collected with a Zeiss Axioplan
fluorescence microscope (Zeiss) mounted with a SPOT Insight 2 megapixel color mosaic

digital camera (Spot Diagnostic Instruments).

Oxygen consumption assay

The rate of oxygen consumption by yeast cells recoveradiraus time points was
measured continuously in an@ stirred chamber using a custatasigned biological
oxygen monitor (Science Technical Center of Concordia University) equipped with a
Clark-type oxygen electrode. 1 ml of YEPD medium supplemented Qvitho glucose

was added to the electrode for approximately 5 minutes to obtain a baseline. Cultured
cells of a known titre were spun down at 3,809 for 5 minutes. The resulting pellet was
resuspended in YEPD medium supplemented with 0.2% glucose anddtied to the
electrode with the medium that was used to obtain a baseline. The resulting slope was

used to calculate the rate of oxygen consumption# ©min* x 10° cells.
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Electron microscopy and morphometric analysis

Cells were fixed in 1.5% KMn@for 20 min at room temperature, dehydrated by
successive incubations in increasing concentrations of ethanol, and embedded in
Poly/Bed 812 epoxy resin (Polysciences). Ultrathin sections were cut using asCutitra

E Microtome (Reicherfung). Silver/goldhin sections from the embedded blocks were
examined in a JEOL JEMOOOFX transmission electron microscope. For morphometric
analysis of random electron microscopic sections of cells, digitized images were analyzed
using the UTHSCSA Image Tool (Version B.Software. In each of 2 independent
experiments, the percentage of cells that contain pexopodia and/or accumulate gnarled
LBswas calculated by analyzing at least 300 cells that were collected at each time point.
The values of the percentage of cells eonihg pexopodia and/or accumulating gnarled

LBswere plotted as a function of the number of days cells were cultured.

Preparation of total cell lysates

An aliquot containing 1 x T0cells was centrifuged for 7 min at 3,000 rpm at room
temperature. Pellet cells were washed twice with distilled water and further centrifuged

for 3 min at 16,000 x g at room temperature. The recovered cell pellet was then
resuspended in 500 ¢l of 4% CHAPS in 25 mM
for 15 sec at 16,008 g at room temperature. The cells were then washed again, first by
resuspending them in 500 ¢l of 4% CHAPS in
by centrifuging for 15 sec at 16,000 x g at room temperature. The pellet of washed cells

was then resugmded in 1 ml of iceold 4% CHAPS in 25 mM Tris/HCI buffer (pH 8.5),

divided into 5 equal aliquots of 200 ¢l e ¢
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Each 200 ¢l aliguot was supplemented with

times for 1 mnute. Apart from the vortexing steps, the samples were kept on ice at all
times. Glass beads and cell debris were then pelleted by 5 min centrifugation at 16,000 x
g at £C. The resulting supernatant of the glass bead lysate was immediately transferred

into a prechilled Eppendorf tube and stored-26°C for further analysis.

Isolation of the crudemitochondrial fraction

Yeast cells were pelleted at 3,000 x g for 5 min at room temperature, washed twice with
distilled water, resuspended in DTT buffer (160M Tris-H,SO,, pH 9.4, 10 mM
dithiothreitol [DTT]), and incubated for 20 min at°@Dto weaken the cell wall. The cells
were then washed with Zymolyase buffer (1.2 M sorbitol, 20 mM potassium phosphate,
pH 7.4), centrifuged at 3,000 x g for 5 min at rotemperature, and incubated with 3
mg/g (wet wt) of Zymolyas@00T in 7 ml/g (wet wt) Zymolyase buffer for 45 min at
30°C. Following an 8min centrifugationat 2,200 x g at “C, the isolated spheroplasts
were washed in iceold homogenization buffer (5 mgly (0.6 M sorbitol, 10 mM Tris

HCI, pH7.4, 1 mM EDTA, 0.2% (w/v) BSA) and then centrifuged at 2,200 x g for 8 min
at £C. Washed spheroplasts were homogenized heott homogenization buffer using

15 strokes. The cell debris was removed by centrifugmegrésulting homogenates at
1,500 x g for 5 min at°*€. The supernatant was further centrifuged at 3,000 x g for 5
min at £C to remove residual cell debris. The resulting supernatant was then centrifuged
at 12,000 x g for 15 min at 4°C to pellet mitochoad The remnant cell debris was
removed by centrifuging the mitochondrial fraction at 3,000 x g for 5 mirtGt Bhe

resulting supernatant was then centrifuged2000 x g for 15 min at°€ to obtain the
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crude mitochondrial pellet, which was then regmmled in 3 ml of SEM Buffer (250 mM
sucrose, 1 mM EDTA, 10 mM MOPS, pH 7.2) and used for ghefication of

mitochondriaas described belaw

Purification of mitochondria devoid of microsomal and cytosolic contaminations

A sucrose gradient was made byetally overlaying 1.5 ml of 60% sucrose with 4 ml of
32% sucrose, 1.5 ml of 23% sucrose, and then 1.5 ml of 15% sucrose (all in EM buffer; 1
mM EDTA, 10 mM MOPS, pH 7.2). Finally, a8l aliquot of the crude mitochondrial
fraction in SEM buffer was applieto the gradient and centrifuged at 134,000 x g
(33,000 rpm) overnight at 2°C in vacuum (Rotor SW50Ti, Beckman). The purified
mitochondria found at the 60%/32% sucrose interface were carefully removed and stored

at- 80°C.

Purification of the ER

Reagentsand solutions

1. TSD reduction buffel0.1 M Tris/Sulfate (pH 9.4), 10 mM DTT

2. HEPES lysis buffer: 20 mM HEPES/KOH, pH 6.8, 50 mM KCI, 200 mM sorbitol, 2
mM EDTA, 1 mM DTT

3. Spheroplast medium A (pH 7.9):67% yeast nitrogen base (w/o) amino acid%p 2
(w/v) glucose, 1 M sorbitol, 20 mM Tris/HCI (pH 7.5)

4. Spheroplast medium B).67% yeast nitrogen base (w/0) amino acids, 2 % (w/v)
glucose, 1 M sorbitol

5. 1.2 M sucrose/ HEPES, 36% (w/w): 7.2 g sucrose + 12.8 ml HEPES lysis buffer
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6.1.5 M sucrose/ HEBES, 43%w/w): 8.6 g sucrose + 11.4 ml HEPES lysis buffer

7. MES buffer 1 (MES breaking buffed0 mM MES/Tris (pH 6.9), 12 % (w/w) Ficoll
400, 0.2 mM EDTA

8. MES buffer 210 mM MES/Tris (pH 6.9), 8 % (w/w) Ficoll 400, 0.2 mM EDTA

9. MES buffer 3:10 mM MES/Tris (pH 6.9), 0.6 M sorbitol, 8 % (w/w) Ficoll 400, 0.2
mM EDTA

10. MES buffer 410 mM MES/Tris (pH 6.9), 0.25 M sorbitol, 0.2 mM EDTA

11. KPi buffer (pH 7.4)20 mM KH,POJ/KOH (pH 7.4), 1.2 M sorbitol

Procedure

Wild-type and mutant cells were grown YEPD (0.2% glucose) medium. Cultures were
harvested at migxponential and diauxic phases, checked for contamination by -bright
field microscopy and used to measure cell density ap§€Dhe norcontaminated wild
type and mutant cells were pelleted4ad00 x g for 5 min at room temperature. Cells
were then resuspended at 10 dyunits/ml in TSD reduction buffer, incubated for 10
min at room temperature ammentrifuged for 5 min at 4,008 g at room temperature
Pelleted cells were then resuspended0aO©Dsqo units/ml in Spheroplast medium A and
supplemented with Zymolyase 100T at a concentration g frer ORoo units of cells.

10 ¢l of each cell suspension was then removed, diluted inc9®® H,O and used to
measure the Odgo The remaining cklsuspensions were incubated at 30°C for 30 min
and the efficiency of cell wall removal was monitored by measuring thg.OTell wall
digestion was allowed to proceed until the gPmeasurement of the diluted cell

suspension became 5% of the origindueawith the total digestion time not exceeding 1
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hour. Spheroplasts were then harvested by centrifugation at 2,§@0r 5 min at room
temperature, followed by resuspending at 1 to Bdetnits/ml in Spheroplast medium B

by gentle swirling of the tuber gentle stirring with a glass rod. Spheroplasts were then
harvested by centrifugation at 1,580g for 5 min at 4°C and then resuspended at a
concentration of 1,000 Qfgy units/ml of icecold HEPES lysis buffer with freshigdded

DTT. Spheroplasts wertnen homogenized using 20 strokes and resulting lysates were
centrifuged at 1, 008 g for 10 min at 4°C. The supernatantso(§ were subjected to
another round of centrifugation at 1, 060 g for 10 min at 4°C, and resulting
supernatants were furtherntgfuged at 27,000x g for 10 min at 4°C. The pelleted
membranes (B o9 were resuspended in 1.0 ml of HEPES lysis buffer (5,00Q06D
equivalents per ml) using a trimmednl pipette tip and carefully layered on top of a
sucrose gradient prepared in advance (2.1 ml of 1.5 M sucrose/HEPES solution was
deposited to the bottom of a Beckman Ul@izar centrifuge tube for the Beckman MLS

50 rotor, and then overlaid with 2.1 ml of 1.2 M sucrose/HEPES solution). The gradient
tubes were then placed in the jotelled swinging bucket Beckman MESD rotor and
centrifuged at 100,008 g (36,000 rpm) for 1 hr at 4°C using the slow acceleration and
deceleration setting to minimize disruption of gradients. 18 gradient fractions afl 227
each were then collected starting from the top of the sucrose gradient and st208@ at

for further analyses.

Purification of LBs

Reagents and solutions

1. TSD eduction buffer: 0.1 M Tris/Sulfate (pH 9.4), 10 mM DTT
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2. HEPES lysis buffer: 20 mM HEPES/KOH, pH 6.8, 50 mM KCI, 200 mM sorbitol, 2
mM EDTA, 1 mM DTT

3. Spheroplast medium A (pH 7.5): 0.67% yeast nitrogen base (w/0) amino acids, 2 %
(w/v) glucose, 1 M sitol, 20 mM Tris/HCI (pH 7.5)

4. Spheroplast medium B: 0.67% yeast nitrogen base (w/o) amino acids, 2 % (w/v)
glucose, 1 M sorbitol

5. 1.2 M sucrose/ HEPES, 36% (w/w): 7.2 g sucrose + 12.8 ml HEPES lysis buffer

6.1.5 M sucrose/ HEPES, 43(#/w): 8.6 g sicrose + 11.4 ml HEPES lysis buffer

7. MES buffer 1 (MES breaking buffer): 10 mM MES/Tris (pH 6.9), 12 % (w/w) Ficoll
400, 0.2 mM EDTA

8. MES buffer 2: 10 mM MES/Tris (pH 6.9), 8 % (w/w) Ficoll 400, 0.2 mM EDTA

9. MES buffer 3: 10 mM MES/Tris (pH 6.9), OM sorbitol, 8 % (w/w) Ficoll 400, 0.2

mM EDTA

10. MES buffer 4: 10 mM MES/Tris (pH 6.9), 0.25 M sorbitol, 0.2 mM EDTA

11. KPi buffer (pH 7.4): 20 mM KKHPOW/KOH (pH 7.4), 1.2 M sorbitol

Procedure

Wild-type and mutant cells were grown in YEPD (0.2% glurasedium. Cultures were
harvested at migxponential and diauxic phases, checked for contamination by -bright
field microscopy and used to measure cell density af§Dhe norcontaminated wildl

type and mutant cells were pelleted at 4,8@pfor 5 min at room temperature. The cells
were then washed once with distilled water and resuspended in the TSD reduction buffer

at 10 x ORgp units/ml. Following a 1émin incubation at room temperature, the cells

73



were pelleted by centrifugation at 4,080g for 5min at room temperature and then
washed once in Spheroplasts medium A. The cells were then resuspended in Spheroplasts
medium A at 20x ODgoo units/ml, supplemented with Zymolyase 100T at a concentration
of 2.5 @oanitpotaells,@md icubated at 30°C for 45 min on a shaker set at 75
rom. Spheroplasts were then pelleted by 5min centrifugation at X5@0at room
temperature, resuspended in thecodd Spheroplasts medium B atx50Dgoo units/ml

using pipettes with cut tips, and centgéd for 5 min at 1,508 g at £4C. Spheroplasts
were then washed twice by resuspending the pellets htoide KPi buffer at a
concentration of 5 Oy units/ml followed by centrifugation for 5 min at 1,5680g at

4°C. After the second wash and centriftiga step, clean spheroplasts weesuspended

in ice-cold MES Buffer 1 at a concentration of 1,000 dgfunits/ml using pipettes with
non-cut tips. Spheroplasts were then lysed in a homogenizer using 20 strokes at 4°C.
Lysates werecentrifuged for 5 min @5,000x g at 4°C and the resulting supernatants
(Ss009 were transferred to piehilled centrifuge tubes kept on iceBs were then
purified by subjecting the spheroplast lysates to a series of flotation gradient
centrifugations using a MLS 50 swingirmucket rotor (Beckman). The firgtotation
gradient was prepared by placing 2.5 ml of thgy§raction to the bottom of a centrifuge
tube (UltraClear Beckman tubes for MLS 50 rotor) and overlaying it with 2.5 ml of ice
cold MES Buffer 1. Following 1 dur centrifugation at 100,0009g (36,000 rpm) at 4°C,

the floating layer from the top portions of the gradients was collected with a cut tip and
transferred to the bottom of a new centrifuge tube, which was then supplemented with
MES buffer 2 to a totalolume of 2.5 ml and gently mixed by pipetting. Resulting

suspension was overlaid with 2.5 ml of-wald MES buffer 2 and then centrifuged for 1
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hr at 100,000< g (36,000 rpm) at 4°C. The floating layer from the top portions of the
gradients was again detted with a cut tip and transferred to the bottom of a new
centrifuge tube, which was then supplemented with MES buffer 3 to a total volume of 2.5
ml and gently mixed by pipetting. Resulting suspension was overlaid with 2.5 m} of ice
cold MES buffer 4 ath then centrifuged for 1 hr at 100,08@ (36,000 rpm) at 4°C. The
floating layer from the top portions of the gradients was collected with a cut tip and

purified lipid bodies were store@0°C for further analyses.

Protein precipitation, SDSPAGE and slver staining of gels

Protein concentration was determined using the RC DC protein assay kiR&B)o
according to the manufacturer's instructions. Proteins were precipitated by adding
trichloroacetic acid (TCA) to the final concentration of 10%, incedban ice for 30 min,
pelleted by centrifugation, and then washed withcolel 80% acetone. Dried protein
pellets were then resuspended in the $SIA&E sample buffer and the pH was adjusted

to neutral using 2 M Tris/HCI (pH 8.8). The samples were boied5f min at 63°C,
centrifuged for 30 sec at 16,000 x g, loaded onto a 7.5%, 10%, 12.5% or 16% gel and
resolved by SDEAGE. Following an overnight incubation of the gels in 50% methanol,
proteins were visualized by silver staining using the mass spectyeocoehpatible silver
staining kit (BeRad Si |l ver Staining Plus) according
The Bio-Rad unstained molecular marker and a 0.1 mg/ml solution of BSA in the SDS
PAGE sample buffer were also subjected to SIM&E. The proteisn were then

visualized by silver staining.
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Analysis of proteins by mass spectrometry

Proteins were resolved by SBPFAGE and visualized by silver staining [226]. Protein
bands were excised from the gel, reduced, alkylated agelidigested with trypsin

[226]. The proteins were identified by matassisted laser desorption/ionization mass
spectrometric (MALDI MS) peptide mapping [227], using a Micromass M@LDI-bfre

flight (TOF) mass spectrometer (Waters). Database searching using peptide masses was
performed with the Mascot welased search engine. For evaluating relative levels of
individual proteins recovered in total cell lysates or purified mitochondria, a selected
protein band was excised from the sibggsined gel and placed into an Eppendorf tube.

A band of BSA containing 2 €©€g of this prot
stained gel, was added to each of the protein bands to be analyzed. Protein bands were
reduced, alkylated and-mel digested with trypsin [226]. The desalted peptide mixture
was added to the surface of a MALDI target plate and allowed to air dry. ifipdesspot

was then overlaid with MALDI matrix solution containing the Angiotensin | peptide
standard (1:1 ratio). The presence of Angiotensin | in the sample carrying the analyzed
mixture of peptides provided an additional estimate of the mass measuamoeracy

after calibration, giving an opportunity to calculate the valupegtide mass tolerance

for each individual mass spectrum. Aftee desalted peptide mixture wasalyzed by

MALDI -TOF, the monoisotopic massekrecovered BSA peptides and théemmsities of

their monoisotopic peaks were grouped separately from the masses and intensities of
peptides originated from the protein of interest. These data provided an additional
estimate of the mass measurement accuracy and were used for the guanfitaiative

levels of the same protein recovered in different samples. For evaluating relative levels of
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the protein of interest found in the samples to be comparedy at i o fit he i nte

monoisotopic peak of a peptide originated from the praiéinterest/the intensity of the
monoisotopic peak of a BSA peptide with the monoisotopic mass closest to the mass of
the peptide of interesto was calcul ated
interest. Based on these data, the average Valueelative levels of the protein of
interest found in the two compared samples was calculated. The methedlioating
relative levels of the protein of interest recovered in different samples was validated by
calculating relative levels of several mtiard proteins in the samplsspplemented with

different quantities of each of these proteins.

Analysis of lipids by mass spectrometry

1 x 10° cells were harvested by centrifugation and washed three times with cold water.
The lipids were extracted by resuspending the cells in 3.8 ml of chloreforathanol-

water (1:2:0.8) and by vortexing the cell suspension with glass beads two timesifior 1 m

1 ml of chloroform was then added, and the extract was incubated for 5 min with
occasional mixing. 1 ml of water was then added, and the extract was incubated for 5 min
with occasional mixing. The extract was centrifuged and the entire supernatant was
collected. The pellet was resuspended in 1.6 ml of chloroform, and the lipids were
extracted by vortexing the suspension with glass beads two times for 1 min. The extract
was then centrifuged and the entire supernatant was collected. The pooled sugernatant
were centrifuged and the organic phase was collected. The lipid extract was dried under
nitrogen. The | ipid film was- mehasos@l)ved

containing either 3 mM ammonium hydroxide for posiige analysesr no additive for
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negativeion measurements. Mass spectrometric analyses were performed with a
Micromass QTOF 2 mass spectrometer equipped with a relactrospraysource
operating at a flow rate of 1 e-dtagemnass. The
spectrometry rmade for positiveor negativeion analyses as described in Chapter 2 of this

thesis. Forquantification of individual lipid molecular species, theommercially

available lipids (Avanti Polar Lipids, Larodan AB and Sigma) with-natural fatty acid
composiions were used as internal standards that do not occur in a sigraficannt in

the sample to be analyzed. Lipidamtification was performeas described in Chapter 2

of this thesis.

Miscellaneous procedures

SDSPAGE and immunoblotting using a TraBtt SD semidry electrophoretic transfer
system (BieRad) were performed as previously described [228]. Blots were decorated
with monoclonal antibodies raised against actin (Abcam) or porin (Invitrogen) or
polyclonal antisera raised against Acolp (kind gifDr. Ronald A. Butow, Universitpf
Texas Southwestern Medical Center) or cytochrome c (kind gift of Dr. Roland Lill,
Philipps Universitat Marbung Antigenantibody complexes were detected by enhanced
chemiluminescence using an Amersham ECL Westenttitg detection reagents (GE
Healthcare). Enzymatic activities oftytochrome ¢ oxidase[229], succinate
dehydrogenasf230] andaconitasg231] were determined by established methods. For
measuring ethanol and acetic acid concentratioms| dliquots ofyeast cultures were
centrifuged and supernatants frozen-&@°C. The supernatants were subjected to gas

chromatography using an Agilent 6890 Networked GC system equipped with a Supelco
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Equity-1 (0.32 mm x 30 cm) column and FID detector. Ethanol and aeei
concentrations were calculated using the Chemstation 3 software (Agilent). Protocols for
lipid extraction, separation by TLC, visualization B9 phosphomolybdic acid in
ethano] and quantitation by densitometric analysis of TLC plates have beenbéedsc
elsewhere [232]. Preparation of cellular extracts and microanalytic biochemical assays
for measuring ATP, glucose, trehalose and glycogen concentrations was performed as

previously described [233].

3.4. Results

3.4.1. CR extends the chronological life span ofgast
To study the effect of CR on the chronological life span, | incubated thetyp#d(\WT)
strain BY4742 in rich YP medium initially containing 0.2%, 0.5%, 1% or 2% glucose.
The full growth cycle of WT culture in each of these four media began withitiogec
(L) phase and progressed through diauxic (D) and-giasixic (PD) phases to stationary
(ST) phase (Figure 3.1A). Notably, the rates of growth (Figure 3.1A) and glucose
consumption (Figure 3.1B) in L phase were similar for WT cells cultured iroaitye
four media, whereas the maximum cell density ingB@se cultures varied within a-28
range and correlated with the initial glucose concentration (Figure 3.1A). CR cells of WT
grown on 0.2% or 0.5% glucose lived significantly longer than WT cedis/ig under
nonCR conditions on 1% or 2% glucose (Figure 3.1C). The mean chronological life span
of cells grown on 0.2% glucose was extended by more than 60% and that of cells grown
on 0.5% glucose was extended by alme#il@, as compared to the mean ahological

life span of cells grown on 2% glucose (Figure 3.1D). Of notey&Rtgrown on 0.5%

79



3 - = -
A . B 41 <] ¢
24 1.0 0.5 0.2
€25 <
S 20y g '
x 8
2 1513 31{ 0.5{ 0.25{ 0.1
O 10 ©-0.5%| ©
5 —A-1.0% i 1 i
ofi 2228 ol ol pol o
0 5 10 15 20 25 30 b 0 6 12 18 24 30 36
Days in culture Hours in culture
LDPD ST 30
S --0.2% B —
100 -0-0.5% % 25
<o O ~
S 80 - 1.0% 22 20
g% <-2.0% 3
8 60 5 ::; 15
() <
> S o
= 40
= c » 10
20 2 5
0 = 0
0 5 10 15 20 25 30 35 02 05 10 20
Days in culture Glucose (%)
Eol 00.2%
2 20.5%
o 3 1 01.0%
3 ° T " 2.0%
7 Z .0%
21 é
~— 2| VA
o 1- 2 %
= 4 %
< ? é
Day Day Day Day Day Day Day Day
1 2 7 9 11 14 17 21
L ST

Figure 3.1.CR extends the chronological life span of yeast. (A and B) Kinetics of growth (A) and glucose
consumption (B) for ta WT strain BY4742. Each plot shows a representative experiment repe@ted 4
times in triplicate with similar results. (C) Survival of chronologically aging WT cells. Data are presented
as mearf SEM (n = 1628). p < 0.001 at days 10 to 33 for cells grawm0.2% or 0.5% glucose vs. cells
grown on 2% glucose. (D) The mean chronological life spans of WT cells. Data are presented as mean
SEM (n = 1628); *p < 0.01, *p < 0.001. (E) ATP levels in chronologically aging WT cells. Data are
presented as mednSEM (n = 35). (A-E) Cells were cultured in YP medium containing 0.2%, 0.5%, 1%
or 2% glucoseAbbreviations Diauxic (D), logarithmic (L), postliauxic (PD) or stationary (ST) phase.
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glucose lived longer than CR yeast grown on 0.2% glucose (Figure 3.1D).

Noteworthy, unlike yeast cells grown in the nutriéntited SC medium [234,
235], cells cultured in the nutriench YP medium with 0.5% glucose lived longer than
cells cultured in YP medium containing 0.05% glucose (Figure 3.2). Thus, tlestlarg
increase in the chronological life span of yeast grown under CR conditions in YP medium
occurs at 0.5% glucose. The observed difference in the lowest concentration of glucose
that is optimal for lifespan extension under CR conditions between yeasingiro SC or
YP medium could be due to at least two factors. First, YP medium is enriched, as
compared to SC medium, in amino acids, nucleotides, vitamins and other essential
nutrients. It is conceivable that at least some of these nutrients could madelatéct
of different glucose concentrations on chronological life span by influencing certain
metabolic and/or nutriergensing signaling pathways operating in CR yeast. Second, the
initial pH in yeast cultures grown in SC medium was-8® [236], wherasin yeast
cultures grown in YP medium it was 6.9 (Figure 3.3). Furthermore, both the dynamics of
agerelated changes in the pH of culture medium and the final medium pH reached after
several days of growth in SC with 0.5% or 0.05% glucose [236] diffan fthose
observed for yeast that aged chronologically in YP medium containing either of these two
glucose concentrations (Figure 3.3). It is feasible that such differences between SC and
YP in the initial pH and/or its agelated homeostasis could cohtrie to the observed
difference between these two media in the lowest concentration of glucose at which the
highest beneficial effect of CR on chronological life span can be achieved.

Importantly, ATP levels and the dynamics of their change ducimronological

aging were very similar for CR and n@R yeast (Figure 3.1E). Thus, CR yeast are not
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medium initially containing 2% glucose or in YP medium with 2% glucose to which HEKRES buffer

(pH 7.0) was added at day 1 to the final concentration of 25 mM. Data are presented asSE&aN =

22 for cells grown on 2%lucose; n = 3 for cells grown on 2% glucose and supplemented with a pH 7
HEPES buffer at day 1Abbreviations Diauxic (D), logarithmic (L), postliauxic (PD) or stationary (ST)

phase.

starving. Based on this important conclusion, | hypothesized Ih&R yeast remodel
their metabolism in order to match the level of ATP produced inGRryeast; and 2)

such specific remodeling of metabolism in CR yeast prolongs their life span.

3.4.2. CR promotes theconsumption of neutral lipids deposited inLBs
| sought b define a specific pattern of metabolism that is responsible for thaging
effect of CR. In laboratory mice, the biosynthesis and degradation of TAG in white
adipose tissue and mitochondrial fatty acid oxidation in skeletal muscle may play a role
in longevity regulation [138141, 185- 187]. | therefore assessed the dynamics of age
dependent changes in levels of TAG and ergosteryl esters (EE), the two major neutral
lipids that in yeast are synthesized in the ER and then depositdgkif212]. TAG anl
EE serve as the main storage moleculesfo%&, DAG and ergosterol (ERGhence, the
ability of yeast to modulate the biosynthesis and degradation of neutral lipids is crucial
for regulating 1) energy homeostasis; 2) phospholipid and cardiolipin biesysittB)
neutralization of excessive amounts of membiaeurbing species of FFA and ERG; 4)
FFA- and DAGinduced lipoapoptosis or necrosis; and 5) Dé&€pendent signal
transduction networks [148, 212, 222].

Using TLC for measuring total celpids, | found that the concentrations of neutral

lipids in WT cells increased graduallylmgarithmic () anddiauxic O) phases, reaching
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Figure 34. CR promotes the consumption of neutral lipids deposited in LBsA) Spectra of lipids
extracted from equal numbers of WT cells aamblyzed by TLC. A representative of 4 independent
experiments is showr{B) WT cells were visualized using Calcofluor White M2R (CW) and stained with

BODIPY 493/503 to detect neutral lgs of lipid bodies (LB). (C) Percent of cells that contain lipid bodies.

Images similar to the representative images shown in (B) were quantitated. Data are presented as mean
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SEM (n = 5). p < 0.001 at days 5 to 21 for cells grown on 0.2% or 0.5% glusosells grown on 2%

glucose. (DG) Lipid species shown in (A) were quantitated by densitometric analysis of TLC plates. Data

are presented as mearsEM (n = 4). p < 0.001 at days 2 to 21 (for TAG, EE and FFA) or at days 5 to 21

(for DAG) for cells grownon 0.2% or 0.5% glucose vs. cells grown on 2% glucose. (H and I) Spectra of
l'ipids (H) that were extracted from purified ER an
ER proteins and 20 e€g of | i pi dnabeact timepaind Liggds wese was u
analyzed by TLC andjuantitated by densitometric analysis of TLC plates (I). Each plot shows a
representative experiment repeated 3 times with similar results. {8) Cells were cultured in YP

medium containing 0.2%, Ob, 1% or 2% glucose. (B, H and 1) Cells were cultured in YP medium
containing 0.2% or 2% glucoséAbbreviations: DAG, diacylglycerols; EE, ergosteryl esters; ERG,
ergosterol; FFA, free fatty acids; TAG, triacylglycerols.

higher levels in noiCR yeast tham CR yeas(Figures 3.4A, 3.4D and 3.4H)uring the
subsequenipostdiauxic PD) phase, CR yeast completely consumed neutral lipids,
whereas noiCR yeast continued to accumulate thémcontrast to yeast under CR, ron
CR yeast began to consume theipagted neutral lipids only after they have entered
stationary (ST) phase (Figures 3.4A, 3.4D and 3.4E). The data of TLC analysis were
supported by a quantitative assessment of thedagendent changes in levels of 55
different species of TAG, predomingnpresent as the 16:1/16:1/16:1, 16:1/16:1/18:1
and 16:1/18:1/18:1 molecular forms, with the help of electrospray ionization mass
spectrometry (ESI/MS; Figure 3.5)ivie-cell fluorescence microscogyrther supported
the notion that CR accelerates the ssamption of neutral lipids deposited in lipid bodies
(Figures 3.4B and 3.4C).

| then examined the spatial dynamics of lipids in aging y€astsistent with the
ER origin of LBs [160], eutral lipids were synthesized in the ER during L and D gdas
prior to being relocated to and accumulated_-Bs (Figures 3.4H and 3.4ICR yeast

completely consumed neutral lipids during the following PD phase, whereaSRion
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yeast continued to deposit themLBs. The agedependent buildup of neutral lipids in

LBs of nonCR yeast coincided with the deceleration of their exit from thefkRuteto
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Figure 35. CR decreases thelevels of various molecular species of triacylglycerols (TAG) in
chronologically aging WT cells. Different molecular forms of TAG were identified and quantitated using
electrospray ionization mass spectrometry. The plot shows a representative experiment repeated 3 times
with similar results. Cells were cultured in rich YP medium initially containing 0.2%, ,013%0r 2%

glucose.
LBs (Figures 3.4H and 3.41).

The biosynthesis of FFA and DAG during early D phase was followed by their
incorporation into TAG within the ER during late D phéBeyures 3.4F3.4l). Soon after
their relocation from the ER toBs, TAG in CR yeast were hydrolyzed to yield FFA and
DAG, both of which were rapidly degraded during PD phésgures 3.4F3.41).

Alternatively, norRCR yeast accumulated both FFA and DAG within the (ERjures

3.4F3.41). The data of TLC analysis werepported by the ESI/M&ssisted quantitative
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assessment of the agependent changes in concentrations of 25 different forms of FFA,

with 16:0, 16:1, 18:0 and 18:1 being the most abundant molecular species (Figure 3.6).
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Figure 3.6. CR decreases the levels of various molecular species of free fatty acids (FFA) in
chronologically aging WT cells.Different molecular forms of FFA were identified and quantitated using
electrospray ionization mass spectrometry. The plot shows a eepatge experiment repeated 3 times
with similar results. Cells were cultured in rich YP medium initially containing 0.2%, 0.5%, 1% or 2%

glucose.

My findings suggest that, due to the deceleration of the exit of TAG from and their
resulting buildup witin the ER, significant quantities of both FFA and DAG in 1&R
yeast were unable to be used for the biosynthesis of TAG, perhaps because of a feedback

inhibition of this process.

3.4.3. CR alters the levels of proteins that function in carbohydrate and

lipid metabolism
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The describedn section 3.4.2neasuremendf lipids revealed that CR yeast undergo
specific remodeling of lipid metabolism prior to entry into the -pooliferative ST
phase.My MS-based quantitative proteomics of aging CR and-@Bnyeast furthe
supportedhis notion (Figure 37; Tables3.1 and3.2). In fact, as one can expect judging
from the agedependent dynamics of neutral lipids, | found that CR elevates the levels of
enzymes that function in the degradation of these lipid species witlindoBcomitantly
lowering the levels of ERand LB-confined enzymes involved in their biosynthesis
(Figure 3.7B). Moreover, the fact that CR elevated the levels of enzymes functioning in
the formation of CoA esters of fatty acids (&A) and in their uptee and oxidation by
peroxisomes (Figure 3B) can satisfactorily explain our observation that CR promoted
fatty acids consumption during D and PD phases (Figures 2A and 2Fprd#omic
analysis also implies that aging CR yeastdesign carbohydrate metdison.
Specifically,| found thatthe CR diet increaseahe levels of key enzymes that function in

the biosynthesis of trehalose and glycogen, concurrently decreasing the levels of key
enzymes catalyzing their degradation (Figur@B3 My data on the agdependent
dynamics of trehalose and glycogen (Figur&83and3.8C) support the notion that CR
promotes the accumulation of these two major glucose stores in aging yeast. Furthermore,
by decreasing the level of Adhlp, an enzyme thatdsired for ethanol synthesis, and

by increasing the level of Adh2p, an enzyme that catalyzes ethanol degradation (Figure
3.7B), CR greatly accelerated the depletion of ethanol from yeast cells (B@Dg
Moreover, | found that CR elevate the levels of the three key enzymes of
gluconeogenesis, a reverse to glycolysis process of synthesizing glucose from pyruvate

(Figure3.7B). The resulting shift of CR yeast toward glucose formation, away from its
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Figure 3.7.CR yeast undergo remodeling of carbohydrate and lipid metabolism prior to entry into the non

proliferative ST phase. (AThe spectra of proteins recovered in total lysate¥Vaf cells. Cells were
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cultured in YP medium containing 0.2%, 0.5%, 1% or 2% gdacé representative of 2 independent
experiments is showr(B) Relative levels (fold difference relative to that on 2% glucose) of proteins
recovered in total lysates 8T cells. Proteins were identified and quantitated using mass spectrometry.
The compéte list of proteins and their relative levels are provided in Tables 3.1 and 3.2, respg@iyvely.
Outline of metabolic pathways and interorganellar communications that were accelerated (red arrows) or
decelerated (green arrows) by CR prior to entry theononproliferative ST phaseAbbreviations:AcOH,

acetic acid; AeCoA, acetyiCoA; DAG, diacylglycerols; EE, ergosteryl esters; ERG, ergosterol; EtOH,
ethanol; FACo0A, CoA esters of fatty acids; FFA, free fatty acids; LB, lipid bodies; ROS, reactygeiox

species; TAG, triacylglycerols.

Table 3.1. List of proteins recovered in total lysatesWwT cells cultured in YP medium initially containing
0.2%, 0.5%, 1% or 2% glucose. For making total lysates, cells were collected at day 1 (L phase), day 2 (D
phase), day 4 (PD phase) and day 9 (ST phase). Proteins were identified usingassidgted laser

desorption/ionization mass spectrometric (MALDI MS) peptide mapping.

Protein | NCBI Function Number | Sequencg Mowse | Expectation
accession of coverage | scoré | valué
no. identified | (%)

peptides
YP + 0.2% glucose; Day 1 (L phase)
Tpslp NP_009684| Trehalose biosynthesis 7 18 114 6e- 08
Tps2p NP_010359| Trehalose biosynthesis 9 9 115 1.7e - 05
Athlp NP_015351] Trehalose degradation 10 8 122 9.5e -09
Nthlp NP_010284| Trehalose degradation 8 11 108 2.4e - 07
Nth2p NP_009555| Trehalose degradation 9 13 127 3e- 09
Glg2p NP_012398 Glycogen biosynthesis 7 18 120 1.5e - 08
Glc3p NP_010905| Glycogen biosynthesis 10 15 143 2.7e -08
Gsy2p | NP_013359 Glycogen biosynthesis 9 14 131 1.2e -09
Gphlp | NP _015486| Glycogen degradation 12 15 164 6e-13
Gpt2p NP_012993| Biosynthesis of TAG 10 14 135 4.8¢e -10
Ayrlp NP_012142| Biosynthesis of TAG 6 28 112 9.5e - 08
Slclp NP_010231] Biosynthesis of TAG 8 32 138 2.4e -10
Pahlp | NP _013888| Biosynthesiof TAG 7 9 97 2.9e - 06
Lpplp NP_010791] Biosynthesis of TAG 5 19 93 8.3e - 06
Dgalp | NP _014888| Biosynthesis of TAG 6 17 102 9.5e - 07
Are2p NP_014416| Biosynthesis of TAG and EE | 7 10 106 3.8e - 07
Tgllp NP_012782| Degradation of EE 6 15 103 7.6e - 07
Tgl3p NP_014044| Degradation of TAG 7 12 105 4.8e - 07
Tgldp NP_013015| Degradation of TAG 9 12 128 2.4e -09
Tgl5p NP_014724| Degradation of TAG 7 10 96 3.4e - 06
Yehlp | NP_013089 Degradation of EE 6 13 94 5.7e - 06
Fatlp NP_009597| Conversion of FFA to FA 5 10 74 0.00057
CoA

Faalp NP_014962| Conversion of FFA to FA 6 10 89 1.9e -05
CoA

Faazp NP_010931| Conversion of FFA to FA 7 12 102 9.5e - 07
CoA
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Faadp | NP_013974| Conversion of FFA to FA 10 15 147 3e-11
CoA

Foxlp NP_011310| Peroxisomal oxidation of FA | 7 11 93 7.6e - 06
CoA

Fox2p NP_012934| Peroxisomal oxidation of FA | 8 12 115 4.8e - 08
CoA

Fox3p NP_012106| Peroxisomal oxidation of FA | 6 21 105 4.8e - 07
CoA

Adhlp | NP_014555| Ethanol biosynthesis 8 27 145 48e -11

Adh2p | NP_014032| Ethanol oxidation 9 29 142 9.5e - 11

Pyclp NP_011453] Gluconeogenesis 8 9 98 2.3e - 06

Pcklp | NP_013023| Gluconeogenesis 7 17 115 4.8e - 08

Fbplp | NP_013481| Gluconeogenesis 6 22 107 3e- 07

Pdalp | NP_011105 Mitochondrial PDH complex | 7 17 109 1.9e - 07

Acolp NP_013407| Mitochondrial TCA cycle 11 17 160 1.5e -12

Ndilp NP_013586| Mitochondrial ETC 8 18 128 2.4e -09

Sdhlp | NP_012774| Mitochondrial TCA cycle and| 7 12 105 4.8e - 07
ETC

Cytlp NP_014708| Mitochondrial ETC 6 26 113 7.6e - 08

Hem14p| NP_010930| Heme synthesis in 9 20 140 1.5e - 10
mitochondria

Cyc3p NP_009361| Heme attachment to apo 6 22 113 7.6e - 08
cytochrome ¢

Ssqlp | NP_013473 Assembly of Fe/S clusters int{ 7 12 102 9.5e - 07
proteins

Sod2p | NP_011872| Detoxification of ROS in 6 30 119 1.9e - 08
mitochondria

Prx1p NP_009489| Detoxification of ROS in 5 21 93 6.9¢e - 06
mitochondria

Atplp NP_009453| Mitochondrial ATP synthase | 8 19 132 9.5e - 10

Atp2p NP_012655| Mitochondrial ATP synthase | 7 17 116 3.8e -08

Pet9p NP_009523| Mitochondrial ADP/ATP 6 20 102 9.5e - 07
carrier

Mirlp NP_012611| Mitochondrial phosphate 5 20 93 7.2e - 06
carrier

YP + 0.5% glucose; Day 1 (L phase)

Tpslp NP_009684| Trehalose biosynthesis 8 18 133 7.6e - 10

Tps2p NP_010359| Trehalose biosynthesis 7 8 90 1l.4e -05

Athlp NP_015351| Trehalose degradation 9 7 113 7.6e - 08

Nthlp NP_010284| Trehalosedegradation 10 13 137 3e-10

Nth2p NP_009555| Trehalose degradation 8 12 117 3e-08

Glg2p NP_012398| Glycogen biosynthesis 8 22 140 1.5e -10

Glc3p NP_010905| Glycogen biosynthesis 9 13 133 7.6e -10

Gsy2p | NP_013359| Glycogen biosynthesis 10 16 149 1.9e -11

Gphlp | NP_015486| Glycogen degradation 9 12 127 3e- 09

Gpt2p NP_012993| Biosynthesis of TAG 8 11 110 1.5e - 07

Ayrlp NP_012142| Biosynthesis of TAG 5 25 97 3.2e - 06

Slclp NP_010231] Biosynthesis of TAG 7 28 126 3.8e -09

Pahlp | NP_013888| Biosynthesis of TAG 6 8 86 3.5e - 05

Lpplp NP_010791] Biosynthesis of TAG 4 16 76 0.0004

Dgalp | NP_014888| Biosynthesis of TAG 7 19 121 1.2e - 08

Are2p NP_014416| Biosynthesis of TAG and EE | 5 7 76 0.00041

Tgllp NP_012782| Degradation of EE 5 12 83 8.1e - 05

Tgl3p NP_014044| Degradation oTAG 6 10 92 8.9e - 06
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Tgldp NP_013015| Degradation of TAG 11 14 154 6e-12

Tgl5p NP_014724| Degradation of TAG 6 9 84 6.7e - 05

Yehlp | NP_013089 Degradation of EE 5 11 81 0.00012

Fatlp NP_009597| Conversion of FFA to FA 7 13 108 2.4e - 07
CoA

Faalp NP_014962| Conversion of FFA to FA 5 9 76 0.00035
CoA

Faazp NP_010931| Conversion of FFA to FA 6 10 90 1.3e -05
CoA

Faadp NP_013974| Conversion of FFA to FA 8 13 121 1.2e -08
CoA

Fox1p NP_011310| Peroxisomal oxidation of FA | 6 9 85 4.7e -05
CoA

Fox2p NP_012934| Peroxisomal oxidation of FA | 7 11 102 9.5e - 07
CoA

Fox3p NP_012106| Peroxisomal oxidation of FA | 7 23 125 4.8e -09
CoA

Adhlp | NP_014555 Ethanol biosynthesis 6 21 110 1.5e - 07

Adh2p | NP_014032| Ethanol oxidation 8 27 145 4.8e -11

Pyclp NP_011453] Gluconeogenesis 7 8 90 1.6e - 05

Pcklp NP_013023] Gluconeogenesis 9 20 146 3.8e -11

Fbplp | NP_013481| Gluconeogenesis 5 20 92 8.9e - 06

Pdalp | NP 011105 Mitochondrial PDH complex | 6 15 91 1.2e -05

Acolp | NP_013407| Mitochondrial TCA cycle 9 14 134 6e- 10

Ndilp NP_013586| Mitochondrial ETC 6 15 98 2.7e - 06

Sdhlp | NP_012774| Mitochondrial TCA cycle and| 9 15 134 6e-10
ETC

Cytlp NP_014708 Mitochondrial ETC 5 28 99 1.8e - 06

Hem14p| NP_010930| Heme synthesis in 8 18 125 4.8e - 09
mitochondria

Cyc3p NP_009361| Heme attachment tapoc 5 19 95 5.2e - 06
cytochrome ¢

Ssqlp NP_013473| Assembly of Fe/S clusters int{ 9 14 128 2.4e - 09
proteins

Sod2p | NP_011872| Detoxification of ROS in 5 26 100 1.7e - 06
mitochondria

Prx1p NP_009489| Detoxification of ROS in 4 18 75 0.00046
mitochondria

Atplp NP_009453| Mitochondrial ATP synthase | 7 17 116 3.8e -08

Atp2p NP_012655| Mitochondrial ATP synthase | 6 15 100 1.6e - 06

Pet9p NP_009523| Mitochondrial ADP/ATP 5 17 85 5.2e - 05
carrier

Mirlp NP_012611 Mitochondrial phosphate 7 26 129 1.9e -09
carrier

YP + 1% glucose; Day 1 (L phase)

Tpslp NP_009684| Trehalose biosynthesis 6 15 100 1.6e - 06

Tps2p NP_010359| Trehalose biosynthesis 8 8 107 3e- 07

Athlp NP_015351] Trehalose degradation 9 7 110 1.5e - 07

Nthlp NP_010284| Trehalose degradation 6 9 84 5.9e - 05

Nth2p NP_009555| Trehalose degradation 10 14 145 4.8¢e -11

Glg2p NP_012398 Glycogen biosynthesis 6 17 105 4.8e - 07

Glc3p NP_010905| Glycogen biosynthesis 8 12 115 4.8e - 08

Gsy2p | NP_013359 Glycogen biosynthesis 7 12 106 3.8e - 07

Gphlp | NP _015486| Glycogen degradation 10 13 141 1.2e -10
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Gpt2p NP_012993| Biosynthesis of TAG 8 11 116 3.8e -08

Ayrlp NP_012142| Biosynthesis of TAG 7 34 135 4.8e -10

Slclp NP_010231| Biosynthesis of TAG 6 26 107 3e- 07

Pahlp | NP_013888| Biosynthesis of TAG 8 11 114 6e- 08

Lpplp NP_010791] Biosynthesis of TAG 4 16 76 0.00041

Dgalp | NP _014888| Biosynthesis of TAG 7 19 121 1.2e -08

Are2p NP_014416| Biosynthesis of TAG and EE | 6 9 91 1.2e - 05

Tgllp NP_012782| Degradation of EE 5 13 83 7.6e - 05

Tgl3p NP_014044| Degradation of TAG 6 10 92 8.9e - 06

Tgldp NP_013015| Degradation of TAG 10 14 141 1.2e -10

Tgl5p NP_014724| Degradation of TAG 5 7 69 0.0017

Yehlp | NP_013089 Degradation of EE 8 17 129 1.9e - 09

Fatlp NP_009597| Conversion of FFA to FA 7 14 109 1.9e -07
CoA

Faalp NP_014962 Conversion of FFAo FA- 5 9 77 0.00032
CoA

Faazp NP_010931| Conversion of FFA to FA 6 11 92 l.1le -05
CoA

Faadp NP_013974| Conversion of FFA to FA 9 14 135 4.8e -10
CoA

Fox1p NP_011310| Peroxisomal oxidation of FA | 9 14 124 6e- 09
CoA

Fox2p NP_012934| Peroxisomal oxidation dfA- | 7 11 102 9.5e - 07
CoA

Fox3p NP_012106| Peroxisomal oxidation of FA | 4 16 74 0.00064
CoA

Adhlp | NP_014555 Ethanol biosynthesis 6 22 110 1.5e - 07

Adh2p | NP_014032| Ethanol oxidation 8 27 145 4.8e -11

Pyclp NP_011453] Gluconeogenesis 10 10 127 3e- 09

Pcklp NP_013023| Gluconeogenesis 6 14 99 1.9e - 06

Fbplp | NP_013481| Gluconeogenesis 5 18 92 1l.1e - 05

Pdalp | NP 011105 Mitochondrial PDH complex | 7 17 109 1.9e - 07

Acolp | NP_013407| Mitochondrial TCA cycle 10 15 143 7.6e -11

Ndilp NP_013586| Mitochondrial ETC 6 14 97 3.2e - 06

Sdhlp | NP_012774| Mitochondrial TCA cycle and| 9 15 134 6e- 10
ETC

Cytlp NP_014708| Mitochondrial ETC 5 23 95 4.8e - 06

Hem14p| NP_010930| Heme synthesis in 11 23 169 1.9e -13
mitochondria

Cyc3p NP_009361| Heme attachment to apo 5 18 94 5.6e - 06
cytochrome ¢

Ssqlp NP_013473| Assembly of Fe/S clusters int{ 9 15 129 1.9e -09
proteins

Sod2p | NP_011872| Detoxification of ROS in 5 26 99 1.7e - 06
mitochondria

Prx1p NP_009489| Detoxification of ROS in 8 31 148 24e -11
mitochondria

Atplp NP_009453] Mitochondrial ATP synthase | 7 17 116 3.8e -08

Atp2p NP_012655| Mitochondrial ATP synthase | 9 20 148 2.4e -11

Pet9p NP_009523| Mitochondrial ADP/ATP 5 17 85 5.2e - 05
carrier

Mirlp NP_012611 Mitochondrial phosphate 7 27 130 1.5e -09

carrier

YP + 2% glucose; Day 1 (L phase)
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Tpslp NP_009684| Trehalose biosynthesis 7 18 117 3e- 08
Tps2p NP_010359| Trehalose biosynthesis 8 8 107 3e- 07
Athlp NP_015351| Trehalose degradation 9 7 113 7.6e - 08
Nthlp NP_010284| Trehalose degradation 8 11 111 1.2e - 07
Nth2p NP_009555| Trehalose degradation 7 11 101 1.2e - 06
Glg2p NP_012398| Glycogen biosynthesis 9 21 139 1.9e - 10
Glc3p NP_010905| Glycogen biosynthesis 10 15 146 3.8e -11
Gsy2p | NP_013359| Glycogen biosynthesis 7 12 106 3.8e - 07
Gphlp | NP_015486| Glycogen degradation 10 13 141 1.2e -10
Gpt2p NP_012993| Biosynthesis of TAG 8 11 110 1.5e - 07
Ayrlp NP_012142| Biosynthesis of TAG 7 34 135 4.8e -10
Slclp NP_010231| Biosynthesis of TAG 8 32 142 9.5e -11
Pahlp | NP _013888| Biosynthesis of TAG 6 8 86 3.6e - 05
Lpplp NP_010791] Biosynthesis of TAG 5 19 94 5.7e - 06
Dgalp | NP_014888| Biosynthesis of TAG 8 20 136 3.8e - 10
Are2p NP_014416| Biosynthesis of TAG and EE | 6 9 91 1.2e -05
Tgllp NP_012782 Degradation of EE 5 12 83 8.1e - 05
Tgl3p NP_014044| Degradatiorof TAG 5 8 76 0.00041
Tgldp NP_013015| Degradation of TAG 8 11 114 6e- 08
Tgl5p NP_014724| Degradation of TAG 6 9 84 6.7e - 05
Yehlp | NP_013089| Degradation of EE 8 16 128 2.4e -09
Fatlp NP_009597| Conversion of FFA to FA 5 10 77 0.0003
CoA
Faalp NP_014962 Conversion of FFA to FA 8 12 120 1.5e - 08
CoA
Faazp NP_010931| Conversion of FFA to FA 7 12 106 3.8e - 07
CoA
Faadp NP_013974] Conversion of FFA to FA 9 14 135 4.8e -10
CoA
Fox1p NP_011310| Peroxisomal oxidation of FA | 9 13 125 4.8e - 09
CoA
Fox2p NP_012934| Peroxisomal oxidation of FA | 7 11 102 9.5e - 07
CoA
Fox3p NP_012106| Peroxisomal oxidation of FA | 6 21 108 2.4e - 07
CoA
Adhlp | NP_014555 Ethanol biosynthesis 7 24 127 3e- 09
Adh2p | NP_014032| Ethanol oxidation 11 37 199 1.9e -16
Pyclp NP_011453] Gluconeogenesis 10 10 126 3.8e -09
Pcklp NP_013023| Gluconeogenesis 6 15 99 1.7e - 06
Fbplp | NP_013481| Gluconeogenesis 8 27 145 4.8e -11
Pdalp | NP 011105 Mitochondrial PDH complex | 6 14 96 4.2e - 06
Acolp | NP_013407| Mitochondrial TCA cycle 10 15 145 4.8e -11
Ndilp NP_013586| Mitochondrial ETC 7 16 113 7.6e - 08
Sdhlp | NP_012774| Mitochondrial TCA cycle and| 10 17 147 3e-11
ETC
Cytlp NP_014708 Mitochondrial ETC 5 22 94 5.5e - 06
Hem14p| NP_010930| Heme synthesis in 8 18 124 6e- 09
mitochondria
Cyc3p | NP_009361] Heme attachment to apo 5 19 95 5.2e - 06
cytochrome ¢
Ssqlp NP_013473 Assembly of Fe/S clusters int{ 10 16 145 4.8e -11
proteins
Sod2p | NP_011872| Detoxification of ROS in 5 29 102 9.5e - 07

mitochondria
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Prx1p NP_009489| Detoxification ofROS in 8 30 147 3e-11
mitochondria
Atplp NP_009453] Mitochondrial ATP synthase | 10 22 164 6e-13
Atp2p NP_012655| Mitochondrial ATP synthase | 6 15 100 1.6e - 06
Pet9p NP_009523| Mitochondrial ADP/ATP 8 27 136 8.1e - 08
carrier
Mirlp NP_012611| Mitochondrial phosphate 7 26 129 1.9e - 09
carrier
YP + 0.2% glucose; Day 2 (D phase)
Tpslp NP_009684| Trehalose biosynthesis 7 18 117 3e- 08
Tps2p NP_010359| Trehalose biosynthesis 7 8 90 1l.4e - 05
Athlp NP_015351] Trehalose degradation 9 7 110 1.5e - 07
Nthlp NP_010284| Trehalose degradation 8 11 109 2e- 07
Nth2p NP_009555| Trehalose degradation 9 13 122 1.2e - 09
Glg2p NP_012398| Glycogen biosynthesis 8 22 141 l.1le -10
Glc3p NP_010905| Glycogen biosynthesis 10 15 143 2.7e - 08
Gsy2p | NP_013359| Glycogenbiosynthesis 7 12 106 3.8e - 07
Gphlp | NP_015486| Glycogen degradation 10 13 142 1.5e - 10
Gpt2p NP_012993| Biosynthesis of TAG 10 14 136 5.4e - 10
Ayrlp NP_012142| Biosynthesis of TAG 5 25 99 4.1e - 06
Slclp NP_010231| Biosynthesis of TAG 8 32 140 4.8e -10
Pahlp | NP _013888| Biosynthesis of TAG 7 9 99 3.9e - 06
Lpplp NP_010791] Biosynthesis of TAG 5 19 94 5.7e - 06
Dgalp | NP _014888| Biosynthesis of TAG 8 20 129 1l.4e -09
Are2p NP_014416| Biosynthesis of TAG and EE | 5 7 76 0.00041
Tgllp NP_012782| Degradation of EE 5 12 83 8.1e - 05
Tgl3p NP_014044| Degradation of TAG 6 10 92 8.9e - 06
Tgldp NP_013015| Degradation of TAG 11 14 154 6e- 12
Tgl5p NP_014724| Degradation of TAG 5 7 69 0.0017
Yehlp | NP_013089 Degradation of EE 8 17 129 2.1e -09
Fatlp NP_009597| Conversion of FFA tdé-A- 7 13 108 2.4e -07
CoA
Faalp NP_014962| Conversion of FFA to FA 5 9 77 0.00032
CoA
Faazp NP_010931| Conversion of FFA to FA 6 11 91 1.2e -05
CoA
Faadp NP_013974| Conversion of FFA to FA 10 15 147 3e-11
CoA
Fox1p NP_011310| Peroxisomal oxidation of FA | 9 14 125 5.4e -09
CoA
Fox2p NP_012934| Peroxisomal oxidation of FA | 7 11 102 9.5e - 07
CoA
Fox3p NP_012106| Peroxisomal oxidation of FA | 7 22 110 4.8e -08
CoA
Adhlp | NP_014555| Ethanol biosynthesis 7 23 119 2.5e -08
Adh2p | NP_014032| Ethanol oxidation 9 29 142 9.5e -11
Pyclp NP_011453| Gluconeogenesis 10 10 126 3.8e -09
Pcklp NP_013023| Gluconeogenesis 9 20 146 3.8e -11
Fbplp | NP_013481| Gluconeogenesis 5 20 92 8.9e - 06
Pdalp | NP_011105 Mitochondrial PDH complex | 6 15 91 1.2e -05
Acolp | NP_013407| Mitochondrial TCAcycle 10 15 144 2.6e -11
Ndilp NP_013586| Mitochondrial ETC 8 18 128 2.4e -09
Sdhlp | NP_012774| Mitochondrial TCA cycle and| 9 15 134 6e- 10

ETC
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Cytlp NP_014708 Mitochondrial ETC 5 23 95 4.8e - 06

Hem14p| NP_010930| Heme synthesis in 8 18 125 5.4e - 09
mitochondria

Cyc3p NP_009361] Heme attachment to apo 6 22 113 7.6e - 08
cytochrome ¢

Ssqlp | NP_013473| Assembly of Fe/S clusters int{ 9 15 129 1.9e - 09
proteins

Prx1p NP_009489| Detoxification of ROS in 4 18 75 0.00046
mitochondria

Atplp NP_009453] Mitochondrial ATP synthase | 7 17 116 3.8e -08

Atp2p NP_012655| Mitochondrial ATP synthase | 9 20 148 24e -11

Pet9p NP_009523 Mitochondrial ADP/ATP 5 17 85 5.2e - 05
carrier

Mirlp NP_012611| Mitochondrial phosphate 5 20 93 7.2e - 06
carrier

YP + 0.5% glucoseDay 2 (D phase)

Tpslp NP_009684| Trehalose biosynthesis 7 18 115 4.6e - 08

Tps2p NP_010359 Trehalose biosynthesis 7 8 90 1l.4e -05

Athlp NP_015351] Trehalose degradation 9 7 110 1.5e - 07

Nthlp NP_010284| Trehalose degradation 8 11 109 1.8e - 07

Nth2p NP_009555| Trehalose degradation 8 12 117 3e- 08

Glg2p NP_012398 Glycogen biosynthesis 7 18 120 1.5e - 08

Glc3p NP_010905| Glycogen biosynthesis 10 15 146 3.8e -11

Gsy2p | NP_013359| Glycogen biosynthesis 10 16 149 1.9e -11

Gphlp | NP _015486| Glycogen degradation 12 15 164 6e-13

Gpt2p NP_012993| Biosynthesis of TAG 10 14 135 4.8¢e -10

Ayrlp NP_012142| Biosynthesis of TAG 5 25 97 3.2e - 06

Slclp NP_010231] Biosynthesis of TAG 8 32 138 2.4e -10

Pahlp | NP _013888| Biosynthesis of TAG 6 8 86 3.5e - 05

Lpplp NP_010791| Biosynthesis oTAG 5 19 94 5.7e - 06

Dgalp | NP _014888| Biosynthesis of TAG 7 19 121 1.2e -08

Are2p NP_014416| Biosynthesis of TAG and EE | 7 10 106 3.8e - 07

Tgllp NP_012782| Degradation of EE 5 12 83 8.1e - 05

Tgl3p NP_014044| Degradation of TAG 5 8 76 0.00041

Tgldp NP_013015| Degradation of TAG 9 12 128 2.4e -09

Tgl5p NP_014724| Degradation of TAG 6 9 84 6.7e - 05

Yehlp | NP_013089 Degradation of EE 8 17 129 1.9e - 09

Fatlp NP_009597| Conversion of FFA to FA 7 14 109 1.9e -07
CoA

Faalp NP_014962| Conversion of FFA to FA 6 10 89 1.9e -05
CoA

Faazp NP_010931| Conversion of FFA to FA 7 12 106 3.8e - 07
CoA

Faadp | NP_013974| Conversion of FFA to FA 8 13 121 1.2e -08
CoA

Fox1p NP_011310| Peroxisomal oxidation of FA | 9 13 125 4.8e -09
CoA

Fox2p NP_012934| Peroxisomal oxidation of FA | 8 12 115 4.8e -08
CoA

Fox3p NP_012106| Peroxisomal oxidation of FA | 6 21 108 2.4e -07
CoA

Adhlp | NP_014555 Ethanol biosynthesis 6 22 110 1.5e - 07

Adh2p | NP_014032| Ethanol oxidation 11 37 199 1.9e - 16

Pyclp NP_011453] Gluconeogenesis 10 10 126 3.8e -09
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Pcklp NP_013023| Gluconeogenesis 7 17 115 4.8e - 08
Fbplp | NP_013481| Gluconeogenesis 5 20 92 8.9e - 06
Pdalp | NP_011105| Mitochondrial PDH complex | 6 14 96 4.2e - 06
Acolp | NP_013407| Mitochondrial TCA cycle 11 17 160 1.5e -12
Ndilp NP_013586| Mitochondrial ETC 6 15 98 2.7e - 06
Sdhlp | NP_012774| Mitochondrial TCA cycle and| 9 15 134 6e- 10
ETC
Cytlp NP_014708 Mitochondrial ETC 5 22 94 5.5e - 06
Hem14p| NP_010930| Heme synthesis in 9 20 140 1.5e - 10
mitochondria
Cyc3p NP_009361| Heme attachment to apo 5 18 94 5.6e - 06
cytochrome ¢
Ssqlp | NP_013473| Assembly of Fe/S clusters int{ 9 14 128 2.4e -09
proteins
Sod2p | NP_011872| Detoxification of ROS in 5 29 102 9.5e - 07
mitochondria
Prx1p NP_009489| Detoxification of ROS in 5 21 93 6.9e - 06
mitochondria
Atplp NP_009453] Mitochondrial ATP synthase | 7 17 116 3.8e -08
Atp2p NP_012655| Mitochondrial ATP synthase | 6 15 100 1.6e - 06
Pet9p NP_009523| Mitochondrial ADP/ATP 8 27 136 8.1e - 08
carrier
Mirlp NP_012611| Mitochondrial phosphate 7 27 130 1.5e -09
carrier
YP + 1% glucose;Day 2 (D phase)
Tpslp NP_009684| Trehalose biosynthesis 6 15 100 1.6e - 06
Tps2p NP_010359 Trehalose biosynthesis 7 8 90 1l.4e -05
Athlp NP_015351] Trehalose degradation 9 7 110 1.5e - 07
Nthlp NP_010284| Trehalose degradation 8 11 111 1.2e - 07
Nth2p NP_009555| Trehalose degradation 8 12 117 3e- 08
Glg2p NP_012398| Glycogen biosynthesis 7 18 120 1.5e - 08
Glc3p NP_010905| Glycogen biosynthesis 10 15 146 3.8e -11
Gsy2p | NP_013359| Glycogen biosynthesis 10 16 149 1.9e -11
Gphlp | NP_015486| Glycogen degradation 12 15 164 6e-13
Gpt2p NP_012993| Biosynthesis of TAG 8 11 110 1.5e - 07
Ayrlp NP_012142| Biosynthesis of TAG 6 28 112 9.5e - 08
Slclp NP_010231] Biosynthesis of TAG 7 28 126 3.8e -09
Pahlp | NP _013888| Biosynthesis of TAG 7 9 97 2.9e - 06
Lpplp NP_010791] Biosynthesis of TAG 5 19 94 5.7e - 06
Dgalp | NP _014888| Biosynthesis of TAG 8 20 136 3.8e -10
Are2p NP_014416| Biosynthesis of TAG and EE | 5 7 76 0.00041
Tgllp NP_012782 Degradation of EE 6 15 103 7.6e - 07
Tgl3p NP_014044| Degradation of TAG 5 8 76 0.00041
Tgldp NP_013015| Degradation of TAG 10 14 141 1.2e -10
Tgl5p NP_014724| Degradation of TAG 6 9 84 6.7e - 05
Yehlp | NP_013089 Degradation of EE 6 13 94 5.7e - 06
Fatlp NP_009597| Conversion of FFA to FA 5 10 77 0.0003
CoA
Faalp | NP_014962| Conversion of FFAo FA- 6 10 89 1.9e - 05
CoA
Faa?p | NP_010931] Conversion of FFA to FA 7 12 106 3.8e -07
CoA
Faadp | NP_013974| Conversion of FFA to FA 8 13 121 1.2e -08
CoA
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Foxlp NP_011310| Peroxisomal oxidation of FA | 9 14 124 6e- 09
CoA
Fox2p NP_012934| Peroxisomal oxidationf FA- | 7 11 102 9.5e - 07
CoA
Fox3p NP_012106| Peroxisomal oxidation of FA | 7 23 125 4.8e - 09
CoA
Adhlp | NP_014555| Ethanol biosynthesis 8 27 145 4.8¢e -11
Adh2p | NP_014032| Ethanol oxidation 11 37 199 1.9e - 16
Pyclp NP_011453| Gluconeogenesis 8 9 98 2.3e - 06
Pcklp NP_013023| Gluconeogenesis 6 14 99 1.9e - 06
Fbplp | NP 013481 Gluconeogenesis 5 20 92 8.9e - 06
Pdalp | NP 011105 Mitochondrial PDH complex | 6 15 91 1.2e - 05
Acolp | NP_013407| Mitochondrial TCA cycle 10 15 145 4.8¢e -11
Ndilp NP_013586| Mitochondrial ETC 6 15 98 2.7e - 06
Sdhlp | NP_012774] Mitochondrial TCA cycle and| 7 12 105 4.8e - 07
ETC
Cytlp NP_014708| Mitochondrial ETC 5 22 94 5.5e - 06
Hem14p| NP_010930| Heme synthesis in 8 18 125 4.8e - 09
mitochondria
Cyc3p NP_009361] Heme attachment to apo 5 19 95 5.2e - 06
cytochrome ¢
Ssqlp | NP_013473| Assembly of Fe/S clusters int{ 9 14 128 2.4e -09
proteins
Sod2p | NP_011872| Detoxification of ROS in 5 26 99 1.7e - 06
mitochondria
Prx1p NP_009489| Detoxification of ROS in 5 21 93 6.9e - 06
mitochondria
Atplp NP_009453] Mitochondrial ATP synthase | 10 22 164 6e- 13
Atp2p NP_012655| Mitochondrial ATP synthase | 7 17 116 3.8e -08
Pet9p NP_009523| Mitochondrial ADP/ATP 5 17 85 5.2e - 05
carrier
Mirlp NP_012611| Mitochondrial phosphate 7 26 129 1.9e -09
carrier
YP + 2% glucose;Day 2 (D phase)
Tpslp NP_009684| Trehalose biosynthesis 7 18 117 3e-08
Tps2p NP_010359| Trehalose biosynthesis 9 9 115 1.7e -05
Athlp NP_015351| Trehalose degradation 9 7 113 7.6e - 08
Nthlp NP_010284| Trehalose degradation 8 11 108 2.4e - 07
Nth2p NP_009555| Trehalose degradation 7 11 101 1.2e -06
Glg2p NP_012398| Glycogen biosynthesis 8 22 140 1.5e -10
Glc3p NP_010905| Glycogen biosynthesis 9 13 133 7.6e - 10
Gsy2p | NP_013359| Glycogen biosynthesis 9 14 131 1.2e -09
Gphlp | NP_015486| Glycogen degradation 10 13 141 1.2e -10
Gpt2p NP_012993| Biosynthesis of TAG 8 11 110 1.5e - 07
Ayrlp NP_012142| Biosynthesis of TAG 6 28 112 9.5e - 08
Slclp NP_010231] Biosynthesis of TAG 8 32 142 9.5e -11
Pahlp | NP_013888| Biosynthesis of TAG 6 8 86 3.5e - 05
Lpplp NP_010791] Biosynthesis of TAG 5 19 93 8.3e - 06
Dgalp | NP_014888| Biosynthesis of TAG 8 20 136 3.8e -10
Are2p NP_014416| Biosynthesis of TAG and EE | 5 7 76 0.00041
Tgllp NP_012782| Degradation of EE 6 15 103 7.6e - 07
Tgl3p NP_014044| Degradation of TAG 6 10 92 8.9e - 06
Tgl4p NP_013015| Degradation of TAG 9 12 128 2.4e -09
Tgl5p NP_014724| Degradation of TAG 6 9 84 6.7e - 05
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Yehlp | NP_013089 Degradation of EE 8 17 129 1.9e - 09

Fatlp NP_009597| Conversion of FFA to FA 7 13 108 2.4e - 07
CoA

Faalp NP_014962| Conversion of FFA té-A- 8 12 120 1.5e - 08
CoA

Faazp NP_010931| Conversion of FFA to FA 7 12 102 9.5e - 07
CoA

Faadp NP_013974| Conversion of FFA to FA 8 13 121 1.2e -08
CoA

Fox1p NP_011310| Peroxisomal oxidation of FA | 6 9 85 4.7e -05
CoA

Fox2p NP_012934| Peroxisomal oxidationf FA- | 8 12 115 4.8¢e - 08
CoA

Fox3p NP_012106| Peroxisomal oxidation of FA | 7 23 125 4.8e -09
CoA

Adhlp | NP_014555 Ethanol biosynthesis 8 27 145 4.8e -11

Adh2p | NP_014032| Ethanol oxidation 11 37 199 1.9e -16

Pyclp NP_011453] Gluconeogenesis 7 8 90 1.6e - 05

Pcklp NP_013023] Gluconeogenesis 9 20 146 3.8e -11

Fbplp | NP_013481| Gluconeogenesis 6 22 107 3e- 07

Pdalp | NP_011105| Mitochondrial PDH complex | 6 14 96 4.2e - 06

Acolp NP_013407| Mitochondrial TCA cycle 11 17 160 1.5e -12

Ndilp NP_013586| Mitochondrial ETC 7 16 113 7.6e - 08

Sdhlp | NP_012774| Mitochondrial TCA cycle and| 7 12 105 4.8e - 07
ETC

Cytlp NP 014708 Mitochondrial ETC 5 22 94 5.5e - 06

Hem14p| NP_010930| Heme synthesis in 11 23 169 1.9e -13
mitochondria

Cyc3p NP_009361| Heme attachment to apo 6 22 113 7.6e - 08
cytochrome ¢

Ssqlp NP_013473] Assembly of Fe/S clusters int| 10 16 145 4.8e -11
proteins

Sod2p | NP_011872| Detoxification of ROS in 5 26 99 1.7e - 06
mitochondria

Prx1p NP_009489| Detoxification of ROS in 8 31 148 24e -11
mitochondria

Atplp NP_009453| Mitochondrial ATP synthase | 7 17 116 3.8e -08

Atp2p NP_012655| Mitochondrial ATP synthase | 6 15 100 1.6e - 06

Pet9p NP_009523| Mitochondrial ADP/ATP 6 20 102 9.5e - 07
carrier

Mirlp NP_012611| Mitochondrial phosphate 5 20 93 7.2e - 06
carrier

YP + 0.2% glucose;Day 4 (PD phase)

Tpslp NP_009684| Trehalose biosynthesis 7 18 117 3e- 08

Tps2p NP_010359 Trehalose biosynthesis 9 9 115 1.7e - 05

Athlp NP_015351] Trehalose degradation 10 8 122 9.5e -09

Nthlp NP_010284| Trehalose degradation 8 11 111 1.2e - 07

Nth2p NP_009555| Trehalose degradation 8 12 117 3e- 08

Glg2p NP_012398 Glycogen biosynthesis 9 21 139 1.9e - 10

Glc3p NP_010905| Glycogen biosynthesis 10 15 143 2.7e -08

Gsy2p | NP_013359| Glycogen biosynthesis 10 16 149 1.9e -11

Gphlp | NP _015486| Glycogen degradation 10 13 141 1.2e -10

Gpt2p NP_012993| Biosynthesis of TAG 10 14 135 4.8¢e -10

Ayrlp NP_012142| Biosynthesis of TAG 7 34 135 4.8e -10
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Slclp NP_010231] Biosynthesis of TAG 8 32 138 2.4e -10

Pahlp | NP_013888| Biosynthesis of TAG 6 8 86 3.5e - 05

Lpplp NP_010791] Biosynthesis of TAG 4 16 76 0.00041

Dgalp | NP _014888| Biosynthesis of TAG 6 17 102 9.5e - 07

Are2p NP_014416| Biosynthesis of TAG and EE | 5 7 76 0.00041

Tgllp NP_012782| Degradation of EE 6 15 103 7.6e - 07

Tgl3p NP_014044| Degradation of TAG 7 12 105 4.8e - 07

Tgldp NP_013015| Degradation of TAG 1 14 154 6e-12

Tgl5p NP_014724| Degradation of TAG 6 9 84 6.7e - 05

Yehlp | NP_013089 Degradation of EE 6 13 94 5.7e - 06

Fatlp NP_009597| Conversion of FFA to FA 7 13 108 2.4e - 07
CoA

Faalp NP_014962| Conversion of FFA té-A- 6 10 89 1.9e -05
CoA

Faazp NP_010931| Conversion of FFA to FA 7 12 106 3.8e - 07
CoA

Faadp NP_013974| Conversion of FFA to FA 9 14 135 4.8e -10
CoA

Fox1p NP_011310| Peroxisomal oxidation of FA | 6 9 85 4.7e -05
CoA

Fox2p NP_012934| Peroxisomal oxidation dfA- | 8 12 115 4.8e - 08
CoA

Fox3p NP_012106| Peroxisomal oxidation of FA | 6 21 108 2.4e - 07
CoA

Adhlp | NP_014555 Ethanol biosynthesis 7 24 127 3e- 09

Adh2p | NP_014032| Ethanol oxidation 9 29 142 9.5e -11

Pyclp NP_011453] Gluconeogenesis 8 9 98 2.3e - 06

Pcklp NP_013023] Gluconeogenesis 6 14 99 1.9e - 06

Fbplp | NP_013481| Gluconeogenesis 5 20 92 8.9e - 06

Pdalp | NP 011105 Mitochondrial PDH complex | 6 14 96 4.2e - 06

Acolp NP_013407| Mitochondrial TCA cycle 1 17 160 1.5e -12

Ndilp NP_013586| Mitochondrial ETC 6 14 97 3.2e - 06

Sdhlp | NP_012774| Mitochondrial TCA cycle and| 7 12 105 4.8e - 07
ETC

Cytlp NP_014708 Mitochondrial ETC 5 28 99 1.8e - 06

Hem14p| NP_010930| Heme synthesis in 8 18 125 4.8e - 09
mitochondria

Cyc3p NP_009361| Heme attachment to apo 5 18 94 5.6e - 06
cytochrome ¢

Ssqlp NP_013473| Assembly of Fe/S clusters int{ 7 12 102 9.5e - 07
proteins

Sod2p | NP_011872| Detoxification of ROS in 5 29 102 9.5e - 07
mitochondria

Prx1p NP_009489| Detoxification of ROS in 8 31 148 24e -11
mitochondria

Atplp NP_009453] Mitochondrial ATP synthase | 8 19 132 9.5e - 10

Atp2p NP_012655| Mitochondrial ATP synthase | 9 20 148 2.4e -11

Pet9p NP_009523| Mitochondrial ADP/ATP 5 17 85 5.2e - 05
carrier

Mirlp NP_012611 Mitochondrial phosphate 7 26 129 1.9e -09
carrier

YP + 0.5% glucose; Day 4 (PD phase)
Tpslp NP_009684| Trehalose biosynthesis 7 18 115 5.2e -08
Tps2p NP_010359 Trehalose biosynthesis 7 8 90 1l.4e -05
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Athlp NP_015351| Trehalose degradation 9 7 111 1.2e - 07

Nthlp NP_010284| Trehalose degradation 6 9 84 5.9e - 05

Nth2p NP_009555| Trehalose degradation 7 11 101 1.2e - 06

Glg2p NP_012398| Glycogen biosynthesis 8 22 140 1.5e - 10

Glc3p NP_010905| Glycogen biosynthesis 10 15 146 3.8e -11

Gsy2p | NP_013359| Glycogen biosynthesis 10 16 149 1.9e -11

Gphlp | NP_015486| Glycogendegradation 9 12 127 3e- 09

Gpt2p NP_012993| Biosynthesis of TAG 8 11 110 1.5e - 07

Ayrlp NP_012142| Biosynthesis of TAG 6 28 112 9.5e - 08

Slclp NP_010231| Biosynthesis of TAG 6 26 107 3e- 07

Pahlp | NP _013888| Biosynthesis of TAG 6 8 86 3.5e - 05

Lpplp NP_010791] Biosynthesis of TAG 5 19 93 8.3e - 06

Dgalp | NP _014888| Biosynthesis of TAG 6 17 102 9.5e - 07

Are2p NP_014416| Biosynthesis of TAG and EE | 6 9 91 1.2e - 05

Tgllp NP_012782 Degradation of EE 5 13 83 7.6e - 05

Tgl3p NP_014044| Degradation of TAG 7 12 105 4.8e - 07

Tgldp NP_013015| Degradation of TAG 11 14 154 6e- 12

Tgl5p NP_014724| Degradation of TAG 5 7 69 0.0017

Yehlp | NP 013089 Degradation of EE 8 16 128 2.4e - 09

Fatlp NP_009597| Conversion of FFA to FA 7 13 108 2.4e -07
CoA

Faalp NP_014962 Conversion of FFA to FA 6 10 89 1.9e -05
CoA

Faazp NP_010931| Conversion of FFA to FA 7 12 106 3.8e - 07
CoA

Faadp NP_013974] Conversion of FFA to FA 10 15 147 3e-11
CoA

Fox1lp NP_011310| Peroxisomal oxidation of FA | 9 13 125 4.8e - 09
CoA

Fox2p NP_012934| Peroxisomal oxidation of FA | 8 12 115 4.8e - 08
CoA

Fox3p NP_012106| Peroxisomal oxidation of FA | 7 23 125 4.8e -09
CoA

Adhlp | NP_014555 Ethanol biosynthesis 8 27 145 4.8e -11

Adh2p | NP_014032| Ethanol oxidation 11 37 199 1.9e -16

Pyclp NP_011453] Gluconeogenesis 7 8 90 1.6e - 05

Pcklp NP_013023| Gluconeogenesis 6 14 99 1.9e - 06

Fbplp | NP_013481| Gluconeogenesis 6 22 107 3e- 07

Pdalp | NP 011105 Mitochondrial PDH complex | 6 15 91 1.2e -05

Acolp | NP_013407| Mitochondrial TCA cycle 10 15 145 4.8e -11

Ndilp NP_013586| Mitochondrial ETC 6 15 98 2.7e - 06

Sdhlp | NP_012774| Mitochondrial TCA cycle and| 7 12 105 4.8e -07
ETC

Cytlp NP_014708| Mitochondrial ETC 5 22 94 5.5e - 06

Hem14p| NP_010930| Heme synthesis in 9 20 140 1.5e - 10
mitochondria

Cyc3p | NP_009361| Heme attachment tapo 5 18 94 5.6e - 06
cytochrome ¢

Ssqlp NP_013473 Assembly of Fe/S clusters int{ 10 16 145 4.8e -11
proteins

Sod2p | NP_011872| Detoxification of ROS in 6 30 119 1.9e - 08
mitochondria

Prx1p NP_009489| Detoxification of ROS in 4 18 75 0.00046

mitochondria
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Atplp NP_009453] Mitochondrial ATP synthase | 7 17 116 3.8e -08
Atp2p NP_012655| Mitochondrial ATP synthase | 7 17 116 3.8e -08
Pet9p NP_009523| Mitochondrial ADP/ATP 5 17 85 5.2e - 05
carrier
Mirlp NP_012611| Mitochondrial phosphate 7 27 130 1.5e - 09
carrier
YP + 1% glucose; Day 4 (PD phase)
Tpslp NP_009684| Trehalose biosynthesis 6 15 100 1.6e - 06
Tps2p NP_010359| Trehalose biosynthesis 8 8 107 3e- 07
Athlp NP_015351| Trehalose degradation 10 8 122 9.5e -09
Nthlp NP_010284| Trehalose degradation 6 9 84 5.9e - 05
Nth2p NP_009555| Trehalose degradation 10 14 145 4.8¢e -11
Glg2p NP_012398| Glycogen biosynthesis 7 18 120 1.5e - 08
Glc3p NP_010905| Glycogen biosynthesis 8 12 115 4.8e - 08
Gsy2p | NP_013359| Glycogen biosynthesis 7 12 106 3.8e - 07
Gphlp | NP_015486| Glycogen degradation 9 12 127 3e-09
Gpt2p NP_012993| Biosynthesis of TAG 8 11 110 1.5e - 07
Ayrlp NP_012142| Biosynthesis of TAG 6 28 112 9.5e - 08
Slclp NP_010231| Biosynthesis of TAG 6 26 107 3e-07
Pahlp | NP_013888| Biosynthesis of TAG 8 11 114 6e- 08
Lpplp NP_010791| Biosynthesis of TAG 5 19 93 8.3e - 06
Dgalp | NP_014888| Biosynthesis of TAG 6 17 102 9.5e - 07
Are2p NP_014416| Biosynthesis of TAG and EE | 5 7 76 0.00041
Tgllp NP_012782 Degradation of EE 6 15 103 7.6e - 07
Tgl3p NP_014044| Degradation of TAG 6 10 92 8.9¢e - 06
Tgldp NP_013015| Degradation of TAG 9 12 128 2.4e - 09
Tgl5p NP_014724| Degradation of TAG 6 9 84 6.7e - 05
Yehlp | NP 013089 Degradation of EE 5 11 81 0.00012
Fatlp NP_009597| Conversion of FFA to FA 7 13 108 2.4e - 07
CoA
Faalp NP_014962| Conversion of FFA to FA 8 12 120 1.5e - 08
CoA
Faazp NP_010931| Conversion of FFA to FA 7 12 102 9.5e - 07
CoA
Faadp NP_013974] Conversion of FFA to FA 8 13 121 1.2e -08
CoA
Fox1p NP_011310| Peroxisomal oxidation of FA | 7 11 93 7.6e - 06
CoA
Fox2p NP_012934| Peroxisomal oxidation of FA | 7 11 102 9.5e - 07
CoA
Fox3p NP_012106| Peroxisomal oxidation of FA | 6 21 105 4.8e - 07
CoA
Adhlp | NP_014555| Ethanol biosynthesis 6 22 110 1.5e - 07
Adh2p | NP_014032| Ethanol oxidation 9 29 142 9.5e -11
Pyclp NP_011453] Gluconeogenesis 7 8 90 1.6e - 05
Pcklp NP_013023| Gluconeogenesis 9 20 146 3.8e -11
Fbplp | NP_013481| Gluconeogenesis 8 27 145 4.8e -11
Pdalp | NP_011105 Mitochondrial PDH complex | 6 15 91 1.2e -05
Acolp | NP_013407| Mitochondrial TCA cycle 10 15 145 4.8e -11
Ndilp NP_013586| Mitochondrial ETC 8 18 128 2.4e -09
Sdhlp | NP_012774| Mitochondrial TCA cycle and| 9 15 134 6e- 10
ETC
Cytlp NP_014708 Mitochondrial ETC 5 22 94 5.5e - 06
Hem14p| NP_010930| Heme synthesis in 9 20 140 1.5e - 10
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mitochondria

Cyc3p NP_009361| Heme attachment to apo 5 18 94 5.6e - 06
cytochrome ¢

Ssqlp | NP_013473| Assembly of Fe/S clusters int{ 7 12 102 9.5e - 07
proteins

Sod2p | NP_011872 Detoxification of ROS in 6 30 119 1.9e - 08
mitochondria

Prx1p NP_009489| Detoxification of ROS in 8 31 148 2.4e -11
mitochondria

Atplp NP_009453] Mitochondrial ATP synthase | 7 17 116 3.8e -08

Atp2p NP_012655| Mitochondrial ATP synthase | 7 17 116 3.8e -08

Pet9p NP_009523| Mitochondrial ADP/ATP 5 17 85 5.2e - 05
carrier

Mirlp NP_012611| Mitochondrial phosphate 5 20 93 7.2e - 06
carrier

YP + 2% glucose; Day 4 (PD phase)

Tpslp NP_009684| Trehalose biosynthesis 7 18 114 6e- 08

Tps2p NP_010359 Trehalose biosynthesis 9 9 115 1.7e - 05

Athlp NP_015351] Trehalose degradation 9 7 113 7.6e - 08

Nthlp NP_010284| Trehalose degradation 8 11 108 2.4e - 07

Nth2p NP_009555| Trehalose degradation 7 11 101 1.2e - 06

Glg2p NP_012398 Glycogen biosynthesis 8 22 140 1.5e -10

Glc3p NP_010905| Glycogen biosynthesis 10 15 146 3.8e -11

Gsy2p | NP_013359 Glycogen biosynthesis 9 14 131 1.2e -09

Gphlp | NP _015486| Glycogen degradation 9 12 127 3e-09

Gpt2p NP_012993| Biosynthesis of TAG 10 14 135 4.8¢e -10

Ayrlp NP_012142| Biosynthesis of TAG 7 34 135 4.8e -10

Slclp NP_010231] Biosynthesis of TAG 6 26 107 3e- 07

Pahlp | NP _013888| Biosynthesis of TAG 6 8 86 3.5e - 05

Lpplp NP_010791] Biosynthesis of TAG 5 19 94 5.7e - 06

Dgalp | NP _014888| Biosynthesis of TAG 6 17 102 9.5e - 07

Are2p NP_014416| Biosynthesis of TAG and EE | 5 7 76 0.00041

Tgllp NP_012782| Degradation of EE 6 15 103 7.6e - 07

Tgl3p NP_014044| Degradatiorof TAG 6 10 92 8.9e - 06

Tgldp NP_013015| Degradation of TAG 8 11 114 6e- 08

Tgl5p NP_014724| Degradation of TAG 7 10 96 3.4e - 06

Yehlp | NP_013089 Degradation of EE 6 13 94 5.7e - 06

Fatlp NP_009597| Conversion of FFA to FA 7 13 108 2.4e -07
CoA

Faalp NP_014962| Conversion of FFA to FA 6 10 89 1.9e -05
CoA

Faazp NP_010931| Conversion of FFA to FA 7 12 106 3.8e - 07
CoA

Faadp NP_013974| Conversion of FFA to FA 10 15 147 3e-11
CoA

Fox1p NP_011310| Peroxisomal oxidation of FA | 6 9 85 4.7e -05
CoA

Fox2p NP_012934| Peroxisomal oxidation of FA | 7 11 102 9.5e - 07
CoA

Fox3p NP_012106| Peroxisomal oxidation of FA | 6 21 108 2.4e -07
CoA

Adhlp | NP_014555 Ethanol biosynthesis 8 27 145 4.8e -11

Adh2p | NP_014032| Ethanol oxidation 8 27 145 4.8e -11

Pyclp NP_011453] Gluconeogenesis 8 9 98 2.3e - 06
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Pcklp NP_013023| Gluconeogenesis 6 14 99 1.9e - 06
Fbplp | NP_013481| Gluconeogenesis 6 22 107 3e- 07
Pdalp | NP_011105| Mitochondrial PDH complex | 6 14 96 4.2e - 06
Acolp | NP_013407| Mitochondrial TCA cycle 11 17 160 1.5e -12
Ndilp NP_013586| Mitochondrial ETC 7 16 113 7.6e - 08
Sdhlp | NP_012774| Mitochondrial TCA cycle and| 7 12 105 4.8e - 07
ETC
Cytlp NP_014708 Mitochondrial ETC 5 28 99 1.8e - 06
Hem14p| NP_010930| Heme synthesis in 8 18 124 6e- 09
mitochondria
Cyc3p NP_009361| Hemeattachment to apo 6 22 113 7.6e - 08
cytochrome ¢
Ssqlp | NP_013473| Assembly of Fe/S clusters int{ 7 12 102 9.5e - 07
proteins
Sod2p | NP_011872| Detoxification of ROS in 5 29 102 9.5e - 07
mitochondria
Prx1p NP_009489| Detoxification of ROS in 4 18 75 0.00046
mitochondria
Atplp NP_009453] Mitochondrial ATP synthase | 8 19 132 9.5e - 10
Atp2p NP_012655| Mitochondrial ATP synthase | 9 20 148 2.4e -11
Pet9p NP_009523| Mitochondrial ADP/ATP 5 17 85 5.2e - 05
carrier
Mirlp NP_012611| Mitochondrial phosphate 7 27 130 1.5e -09
carrier
YP + 0.2% glucose; Day 9 (ST phase)
Tpslp NP_009684| Trehalose biosynthesis 7 18 114 6e- 08
Tps2p NP_010359 Trehalose biosynthesis 9 9 115 1.7e - 05
Athlp NP_015351] Trehalose degradation 9 7 110 1.5e - 07
Nthlp NP_010284| Trehalose degradation 6 9 84 5.9e - 05
Nth2p NP_009555| Trehalose degradation 7 11 101 1.2e - 06
Glg2p NP_012398| Glycogen biosynthesis 7 18 120 1.5e - 08
Glc3p NP_010905| Glycogen biosynthesis 9 13 133 7.6e - 10
Gsy2p | NP_013359 Glycogen hiosynthesis 9 14 131 1.2e -09
Gphlp | NP_015486| Glycogen degradation 10 13 141 1.2e -10
Gpt2p NP_012993| Biosynthesis of TAG 8 11 116 3.8e -08
Ayrlp NP_012142| Biosynthesis of TAG 6 28 112 9.5e - 08
Slclp NP_010231] Biosynthesis of TAG 6 26 107 3e- 07
Pahlp | NP _013888| Biosynthesis of TAG 7 9 97 2.9e - 06
Lpplp NP_010791] Biosynthesis of TAG 5 19 94 5.7e - 06
Dgalp | NP _014888| Biosynthesis of TAG 6 17 102 9.5e - 07
Are2p NP_014416| Biosynthesis of TAG and EE | 5 7 76 0.00041
Tgllp NP_012782 Degradation of EE 6 15 103 7.6e - 07
Tgl3p NP_014044| Degradation of TAG 5 8 76 0.00041
Tgldp NP_013015| Degradation of TAG 11 14 154 6e- 12
Tgl5p NP_014724| Degradation of TAG 6 9 84 6.7e - 05
Yehlp | NP_013089 Degradation of EE 6 13 94 5.7e - 06
Fatlp NP_009597| Conversion of FFA to FA 5 10 77 0.0003
CoA
Faalp | NP_014962 Conversion of FFA to FA 5 9 76 0.00035
CoA
Faa?p | NP_010931] Conversion of FFA to FA 7 12 106 3.8e -07
CoA
Faa4dp NP_013974| Conversion of FFA to FA 10 15 147 3e-11

CoA
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Foxlp NP_011310| Peroxisomal oxidation of FA | 6 9 85 4.7e - 05
CoA
Fox2p NP_012934| Peroxisomal oxidation of FA | 8 12 115 4.8e - 08
CoA
Fox3p NP_012106| Peroxisomal oxidation of FA | 6 21 105 4.8e - 07
CoA
Adhlp | NP_014555| Ethanol biosynthesis 8 27 145 4.8¢e -11
Adh2p | NP_014032| Ethanol oxidation 11 37 199 1.9e - 16
Pyclp NP_011453| Gluconeogenesis 7 8 90 1.6e - 05
Pcklp NP_013023| Gluconeogenesis 9 20 146 3.8e -11
Fbplp | NP 013481 Gluconeogenesis 6 22 107 3e- 07
Pdalp | NP 011105 Mitochondrial PDH complex | 6 14 96 4.2e - 06
Acolp | NP_013407| Mitochondrial TCA cycle 10 15 143 7.6e -11
Ndilp NP_013586| Mitochondrial ETC 8 18 128 2.4e -09
Sdhlp | NP_012774] Mitochondrial TCA cycle and| 10 17 147 3e-11
ETC
Cytlp NP_014708| Mitochondrial ETC 6 26 113 7.6e - 08
Hem14p| NP_010930| Heme synthesis in 8 18 125 4.8e - 09
mitochondria
Cyc3p NP_009361| Heme attachment t@po 5 19 95 5.2e - 06
cytochrome ¢
Ssqlp | NP_013473 Assembly of Fe/S clusters int{ 7 12 102 9.5e - 07
proteins
Sod2p | NP_011872| Detoxification of ROS in 5 29 102 9.5e - 07
mitochondria
Prx1p NP_009489| Detoxification of ROS in 5 21 93 6.9e - 06
mitochondria
Atplp NP_009453| Mitochondrial ATP synthase | 7 17 116 3.8e -08
Atp2p NP_012655| Mitochondrial ATP synthase | 6 15 100 1.6e - 06
Pet9p NP_009523| Mitochondrial ADP/ATP 8 27 136 8.1e - 08
carrier
Mirlp NP_012611| Mitochondrial phosphate 5 20 93 7.2e - 06
carrier
YP + 0.5% glucose; Day 9 (ST phase)
Tpslp NP_009684| Trehalose biosynthesis 6 15 100 1.6e - 06
Tps2p NP_010359| Trehalose biosynthesis 7 8 90 1l.4e -05
Athlp NP_015351| Trehalose degradation 10 8 122 9.5e - 09
Nthlp NP_010284| Trehalose degradation 6 9 84 5.9e - 05
Nth2p NP_009555| Trehalose degradation 8 12 117 3e-08
Glg2p NP_012398| Glycogen biosynthesis 6 17 105 4.8e - 07
Glc3p NP_010905| Glycogen biosynthesis 10 15 143 2.7e - 08
Gsy2p | NP_013359| Glycogen biosynthesis 7 12 106 3.8e - 07
Gphlp | NP_015486| Glycogendegradation 9 12 127 3e- 09
Gpt2p NP_012993| Biosynthesis of TAG 8 11 116 3.8e -08
Ayrlp NP_012142| Biosynthesis of TAG 6 28 112 9.5e - 08
Slclp NP_010231] Biosynthesis of TAG 8 32 142 9.5e -11
Pahlp | NP_013888| Biosynthesis of TAG 6 8 86 3.5e - 05
Lpplp NP_010791] Biosynthesis of TAG 5 19 94 5.7e - 06
Dgalp | NP_014888| Biosynthesis of TAG 6 17 102 9.5e - 07
Are2p NP_014416| Biosynthesis of TAG and EE | 6 9 91 1.2e -05
Tgllp NP_012782| Degradation of EE 6 15 103 7.6e - 07
Tgl3p NP_014044| Degradation of TAG 6 10 92 8.9e - 06
Tgl4p NP_013015| Degradation of TAG 10 14 141 1.2e -10
Tgl5p NP_014724| Degradation of TAG 7 10 96 3.4e - 06
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Yehlp | NP_013089 Degradation of EE 8 16 128 2.4e -09

Fatlp NP_009597| Conversion of FFA to FA 7 14 109 1.9e -07
CoA

Faalp NP_014962| Conversion of FFA to FA 6 10 89 1.9e -05
CoA

Faazp NP_010931| Conversion of FFA to FA 7 12 106 3.8e - 07
CoA

Faadp NP_013974| Conversion of FFA to FA 8 13 121 1.2e -08
CoA

Fox1p NP_011310| Peroxisomal oxidation of FA | 7 11 93 7.6e - 06
CoA

Fox2p NP_012934| Peroxisomal oxidation of FA | 7 11 102 9.5e - 07
CoA

Fox3p NP_012106| Peroxisomal oxidation of FA | 4 16 74 0.00064
CoA

Adhlp | NP_014555 Ethanol biosynthesis 8 27 145 4.8e -11

Adh2p | NP_014032| Ethanol oxidation 11 37 199 1.9e -16

Pyclp NP_011453] Gluconeogenesis 8 9 98 2.3e - 06

Pcklp NP_013023] Gluconeogenesis 9 20 146 3.8e -11

Fbplp | NP_013481| Gluconeogenesis 6 22 107 3e- 07

Pdalp | NP_011105| Mitochondrial PDH complex | 6 14 96 4.2e - 06

Acolp | NP_013407| Mitochondrial TCA cycle 10 15 143 7.6e -11

Ndilp NP_013586| Mitochondrial ETC 7 16 113 7.6e - 08

Sdhlp | NP_012774| Mitochondrial TCA cycle and| 7 12 105 4.8e - 07
ETC

Cytlp NP_014708 Mitochondrial ETC 5 28 99 1.8e - 06

Hem14p| NP_010930| Heme synthesis in 8 18 124 6e- 09
mitochondria

Cyc3p NP_009361| Heme attachment tapoc 5 18 94 5.6e - 06
cytochrome ¢

Ssqlp NP_013473| Assembly of Fe/S clusters int{ 7 12 102 9.5e - 07
proteins

Sod2p | NP_011872| Detoxification of ROS in 5 29 102 9.5e - 07
mitochondria

Prx1p NP_009489| Detoxification of ROS in 8 31 148 24e -11
mitochondria

Atplp NP_009453] Mitochondrial ATP synthase | 10 22 164 6e- 13

Atp2p NP_012655| Mitochondrial ATP synthase | 7 17 116 3.8e -08

Pet9p NP_009523| Mitochondrial ADP/ATP 5 17 85 5.2e - 05
carrier

Mirlp NP_012611| Mitochondrial phosphate 7 26 129 1.9e -09
carrier

YP + 1% glucose; Day 9 (ST phase)

Tpslp NP_009684| Trehalose biosynthesis 7 18 117 3e- 08

Tps2p NP_010359 Trehalose biosynthesis 9 9 115 1.7e - 05

Athlp NP_015351] Trehalose degradation 9 7 113 7.6e - 08

Nthlp NP_010284| Trehalose degradation 6 9 84 5.9e - 05

Nth2p NP_009555| Trehalose degradation 7 11 101 1.2e - 06

Glg2p NP_012398 Glycogen biosynthesis 7 18 120 1.5e - 08

Glc3p NP_010905| Glycogen biosynthesis 8 12 115 4.8e - 08

Gsy2p | NP_013359 Glycogen biosynthesis 9 14 131 1.2e -09

Gphlp | NP_015486| Glycogendegradation 10 13 141 1.2e -10

Gpt2p NP_012993| Biosynthesis of TAG 8 11 116 3.8e -08

Ayrlp NP_012142| Biosynthesis of TAG 6 28 112 9.5e - 08
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Slclp NP_010231] Biosynthesis of TAG 8 32 142 9.5e -11

Pahlp | NP_013888| Biosynthesis of TAG 6 8 86 3.5e - 05

Lpplp NP_010791] Biosynthesis of TAG 5 19 94 5.7e - 06

Dgalp | NP _014888| Biosynthesis of TAG 6 17 102 9.5e - 07

Are2p NP_014416| Biosynthesis of TAG and EE | 5 7 76 0.00041

Tgllp NP_012782| Degradation of EE 6 15 103 7.6e - 07

Tgl3p NP_014044| Degradation of TAG 5 8 76 0.00041

Tgldp NP_013015| Degradation of TAG 10 14 141 1.2e -10

Tgl5p NP_014724| Degradation of TAG 5 7 69 0.0017

Yehlp | NP_013089 Degradation of EE 8 17 129 1.9e - 09

Fatlp NP_009597| Conversion of FFA to FA 7 13 108 2.4e - 07
CoA

Faalp NP_014962| Conversion of FFA to FA 6 10 89 1.9e -05
CoA

Faazp NP_010931| Conversion of FFA to FA 7 12 106 3.8e - 07
CoA

Faadp NP_013974| Conversion of FFA to FA 8 13 121 1.2e -08
CoA

Fox1p NP_011310| Peroxisomal oxidation of FA | 7 11 93 7.6e - 06
CoA

Fox2p NP_012934| Peroxisomal oxidation of FA | 7 11 102 9.5e - 07
CoA

Fox3p NP_012106| Peroxisomal oxidation of FA | 4 16 74 0.00064
CoA

Adhlp | NP_014555 Ethanol biosynthesis 8 27 145 4.8e -11

Adh2p | NP_014032| Ethanol oxidation 11 37 199 1.9e -16

Pyclp NP_011453] Gluconeogenesis 8 9 98 2.3e - 06

Pcklp NP_013023] Gluconeogenesis 9 20 146 3.8e -11

Fbplp | NP_013481| Gluconeogenesis 6 22 107 3e- 07

Pdalp | NP 011105 Mitochondrial PDH complex | 7 17 109 1.9e - 07

Acolp | NP_013407| Mitochondrial TCA cycle 10 15 145 4.8e -11

Ndilp NP_013586| Mitochondrial ETC 6 15 98 2.7e - 06

Sdhlp | NP_012774| Mitochondrial TCA cycle and| 10 17 147 3e-11
ETC

Cytlp NP_014708| Mitochondrial ETC 6 26 113 7.6e - 08

Hem14p| NP_010930| Heme synthesis in 11 23 169 1.9e -13
mitochondria

Cyc3p NP_009361| Heme attachment tapoc 6 22 113 7.6e - 08
cytochrome ¢

Ssqlp NP_013473] Assembly of Fe/S clusters int| 10 16 145 4.8e -11
proteins

Sod2p | NP_011872| Detoxification of ROS in 5 26 99 1.7e - 06
mitochondria

Prx1p NP_009489| Detoxification of ROS in 8 31 148 24e -11
mitochondria

Atplp NP_009453] Mitochondrial ATP synthase | 8 19 132 9.5e - 10

Atp2p NP_012655| Mitochondrial ATP synthase | 9 20 148 2.4e -11

Pet9p NP_009523| Mitochondrial ADP/ATP 6 20 102 9.5e - 07
carrier

Mirlp NP_012611 Mitochondrial phosphate 7 27 130 1.5e -09
carrier

YP + 2% glucose; Day 9 (ST phase)
Tpslp NP_009684| Trehalose biosynthesis 6 15 100 1.6e - 06
Tps2p NP_010359 Trehalose biosynthesis 8 8 107 3e- 07




Athlp NP_015351| Trehalose degradation 10 8 122 9.5e - 09

Nthlp NP_010284| Trehalose degradation 8 11 108 2.4e - 07

Nth2p NP_009555| Trehalose degradation 10 14 145 4.8¢e -11

Glg2p NP_012398| Glycogen biosynthesis 6 17 105 4.8e - 07

Glc3p NP_010905| Glycogen biosynthesis 8 12 115 4.8e - 08

Gsy2p | NP_013359| Glycogen biosynthesis 9 14 131 1.2e - 09

Gphlp | NP_015486| Glycogen degradation 12 15 164 6e-13

Gpt2p NP_012993| Biosynthesis of TAG 8 11 110 1.5e - 07

Ayrlp NP_012142| Biosynthesis of TAG 7 34 135 4.8e -10

Slclp NP_010231| Biosynthesis of TAG 8 32 138 2.4e -10

Pahlp | NP _013888| Biosynthesis of TAG 8 11 114 6e- 08

Lpplp NP_010791] Biosynthesis of TAG 4 16 76 0.00041

Dgalp | NP _014888| Biosynthesis of TAG 7 19 121 1.2e -08

Are2p NP_014416| Biosynthesis of TAG and EE | 5 7 76 0.00041

Tgllp NP_012782 Degradation of EE 5 12 83 8.1e - 05

Tgl3p NP_014044| Degradation of TAG 5 8 76 0.00041

Tgldp NP_013015| Degradation of TAG 8 11 114 6e- 08

Tgl5p NP_014724| Degradation of TAG 7 10 96 3.4e - 06

Yehlp | NP 013089 Degradation of EE 6 13 94 5.7e - 06

Fatlp NP_009597| Conversion of FFA to FA 5 10 74 0.00057
CoA

Faalp NP_014962 Conversion of FFA to FA 8 12 120 1.5e - 08
CoA

Faazp NP_010931| Conversion of FFA to FA 6 10 90 1.3e -05
CoA

Faadp NP_013974] Conversion of FFA to FA 8 13 121 1.2e -08
CoA

Fox1lp NP_011310| Peroxisomal oxidation of FA | 9 13 125 4.8e - 09
CoA

Fox2p NP_012934| Peroxisomal oxidation of FA | 8 12 115 4.8e - 08
CoA

Fox3p NP_012106| Peroxisomal oxidation of FA | 6 21 108 2.4e - 07
CoA

Adhlp | NP_014555 Ethanol biosynthesis 7 24 127 3e- 09

Adh2p | NP_014032| Ethanol oxidation 11 37 199 1.9e -16

Pyclp NP_011453] Gluconeogenesis 8 9 98 2.3e - 06

Pcklp NP_013023| Gluconeogenesis 7 17 115 4.8e - 08

Fbplp | NP_013481| Gluconeogenesis 5 18 92 1l.1e - 05

Pdalp | NP 011105 Mitochondrial PDH complex | 7 17 109 1.9e - 07

Acolp | NP_013407| Mitochondrial TCA cycle 10 15 143 7.6e -11

Ndilp NP_013586| Mitochondrial ETC 6 14 97 3.2e - 06

Sdhlp | NP_012774| Mitochondrial TCA cycle and| 9 15 134 6e- 10
ETC

Cytlp NP_014708| Mitochondrial ETC 5 28 99 1.8e - 06

Hem14p| NP_010930| Heme synthesis in 8 18 124 6e- 09
mitochondria

Cyc3p | NP_009361 Hemeattachment to apo 5 19 95 5.2e - 06
cytochrome ¢

Ssqlp | NP_013473| Assembly of Fe/S clusters int{ 7 12 102 9.5e - 07
proteins

Sod2p | NP_011872| Detoxification of ROS in 6 30 119 1.9e - 08
mitochondria

Prx1p NP_009489| Detoxification of ROS in 8 30 147 3e-11

mitochondria
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Atplp NP_009453] Mitochondrial ATP synthase | 8 19 132 9.5e - 10

Atp2p NP_012655| Mitochondrial ATP synthase | 9 20 148 2.4e -11

Pet9p NP_009523| Mitochondrial ADP/ATP 5 17 85 5.2e - 05
carrier

Mirlp NP_012611| Mitochondrial phosphate 7 26 129 1.9e - 09
carrier

The probability based Mowse score for comparing the calculated peptide masses for each entry in the

sequence database with the set of experimental mass spectrometry data; Mowse scores greater than 54 are

significant (p < 0.0%)

*The expectatin value for the matching peptides, which provides the number of matches with equal or

better Mowse scores that are expected to occur by chance alone

Table 3.2. Relative levels oproteins recovered in total lysateswT cells cultured in YP medium itiélly

containing 0.2%, 0.5%, 1% or 2% glucose. For making total lysates, cells were collected at day 1 (L phase),

day 2 (D phase), day 4 (PD phase) and day 9 (ST phase). Proteins were identified and quantified using

MALDI MS peptide mapping. Relative prih levels are presented as fold difference relative to that on 2%

glucose.
Protein | NCBI Function Protein level

accession Glucose concentration (%)

no. 0.2 | 0.5 [ 1 | 2

Day 1 (L phase)

Tpslp NP_009684| Trehalose biosynthesis 122+0.31 | 1.42+0.13 | 1.14+043 | 1
Tps2p NP_010359| Trehalose biosynthesis 0.92+0.13 |1.34+0.32 |1.21+024 |1
Athlp NP_015351| Trehalose degradation 0.80+0.22 |1.12+043 |1.36+0.12 |1
Nthlp NP_010284| Trehalose degradation 0.37+0.04 | 068+0.11 |0.91+0.15 |1
Nth2p NP_009555| Trehalose degradation 1.14+0.29 | 0.86+0.18 | 0.88+0.11 | 1
Glg2p NP_012398| Glycogen biosynthesis 1.25+0.21 | 1.37+0.30 | 1.18+0.24 | 1
Glc3p NP_010905| Glycogen biosynthesis 0.89+0.14 | 1.18+0.27 | 0.93+0.17 |1
Gsy2p | NP_013359| Glycogenbiosynthesis 1.26+0.33 | 1.19+0.46 | 0.88+0.28 | 1
Gphlp | NP_015486| Glycogen degradation 0.79+0.17 | 093+0.28 |1.28+0.24 |1
Gpt2p NP_012993| Biosynthesis of TAG 0.41+0.07 | 0.28+0.09 | 0.87+0.13 |1
Ayrlp NP_012142| Biosynthesis of TAG 0.92+0.18 | 0.88+0.29 |1.19+0.33 |1
Slclp NP_010231| Biosynthesis of TAG 0.30+0.08 | 0.22+0.06 | 0.92+0.21 |1
Pahlp | NP_013888| Biosynthesis of TAG 1.08+£0.26 | 0.82+0.22 | 1.21+£0.15 |1
Lpplp NP_010791] Biosynthesis of TAG 0.44+0.07 | 0.26+£0.09 | 0.83+0.21 |1
Dgalp | NP_014888| Biosynthesis of TAG 0.71+0.24 | 035+£0.04 |1.32+041 |1
Are2p NP_014416| Biosynthesis of TAG and EE 0.26+0.11 | 0.21+£0.05 | 0.81+0.22 |1
Tgllp NP_012782| Degradation of EE 1.31+0.33 | 251+0.23 | 1.19+0.13 |1
Tgl3p NP_014044| Degradation oTAG 273+£0.15 | 3.46+0.32 | 1.42+0.25 |1
Tgldp NP_013015| Degradation of TAG 1.69+£0.27 | 278+041 [ 1.29+0.23 |1
Tgl5p NP_014724| Degradation of TAG 148+034 |1.72+0.23 [ 1.07+£041 |1
Yehlp | NP_013089 Degradation of EE 281+042 | 3.69+0.31 |1.46+0.33 |1
Fatlp NP_009597| Conversion of FFA to FACOA 0.44+0.12 | 0.88+0.20 | 1.14+0.27 |1
Faalp NP_014962| Conversion of FFA to FACOA 1.72+0.33 | 249+0.28 {091+£0.29 |1
Faazp NP_010931| Conversion of FFA to FACOA 143+0.28 |167+041 [ 1.22+032 |1
Faadp NP_013974| Conversion of FFA to FACOA 159+0.33 | 283+0.19 [1.30+£041 |1
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Foxlp NP_011310| Peroxisomal oxidation of FA0A 1.77+0.21 | 1.59+0.32 | 1.17+0.19 |1
Fox2p NP_012934| Peroxisomal oxidation of FA0A 1.19+0.13 | 1.31+042 | 0.79+0.18 | 1
Fox3p NP_012106| Peroxisomal oxidation of FA0A 162+031 | 1.47+0.19 | 1.31+042 |1
Adhlp | NP_014555| Ethanol biosynthesis 0.29+0.08 | 0.37+0.11 | 0.88+0.13 |1
Adh2p | NP_014032| Ethanol oxidation 521+053 | 573+0.39 |228+0.21 |1
Pyclp NP_011453| Gluconeogenesis 239+031 |1.76+0.17 | 1.27+£032 |1
Pcklp NP_013023| Gluconeogenesis 1.33+0.15 | 1.47+0.29 [ 0.84+0.12 | 1
Fbplp | NP_013481| Gluconeogenesis 1.79+0.27 | 1.56+0.18 | 1.31+0.37 | 1
Pdalp | NP_011105| Mitochondrial PDH complex 249+0.31 | 1.72+0.31 |1.19+0.25 |1
Acolp | NP_013407| Mitochondrial TCA cycle 273+0.23 | 159+0.16 |1.24+0.13 |1
Ndilp NP_013586| Mitochondrial ETC 1.89+0.29 [1.28+0.31 |0.89+0.16 |1
Sdhlp | NP_012774| Mitochondrial TCA cycle and ETC 1.43+0.13 | 1.22+0.22 | 1.17+0.33 |1
Cytlp NP_014708| Mitochondrial ETC 158+0.24 [139+0.18 | 1.28+0.29 |1
Hem14p| NP_010930| Heme synthesis in mitochondria 1.65+0.19 | 1.43+0.28 | 1.41+0.21 |1
Cyc3p NP_009361| Heme attachment to aytochrome ¢ | 0.89+0.13 | 1.21+£0.24 | 0.91+0.17 | 1
Ssqlp NP_013473| Assembly of Fe/S clusters into protei 1.33+0.32 | 1.19+£0.21 | 1.41+0.31 | 1
Sod2p | NP_011872| Detoxification of ROS in mitochondrig 0.79 +0.08 | 0.83+£0.19 | 1.22+0.24 | 1
Prx1p NP_009489| Detoxification of ROS in mitochondrig 1.42 +0.32 | 1.76 £0.23 | 0.81+0.17 | 1
Atplp NP_009453| Mitochondrial ATP synthase 1.17+0.16 |153+0.29 |1.33+0.32 |1
Atp2p NP_012655| Mitochondrial ATP synthase 1.34+0.27 | 147+0.33 |0.79+0.09 | 1
Pet9p NP_009523| Mitochondrial ADP/ATP carrier 1.39+0.12 | 145+0.31 |1.08+0.21 |1
Mirlp NP_012611| Mitochondrial phosphate carrier 159+0.21 |1.32+0.28 [0.86+0.16 |1
Day 2 (D phase
Tpslp NP_009684| Trehalose biosynthesis 1.79+£0.33 | 2.67+0.29 | 1.28+£0.18 |1
Tps2p NP_010359| Trehalose biosynthesis 1.34+£0.22 | 282+034 {091+£0.21 |1
Athlp NP_015351| Trehalose degradation 0.87+0.13 | 0.76£0.26 | 1.23+0.17 | 1
Nthlp NP_010284| Trehalose degradation 0.38+0.08 | 0.81+£0.21 |1.34+0.32 | 1
Nth2p NP_009555| Trehalose degradation 0.69+0.13 | 1.23+£0.30 | 0.93+0.14 | 1
Glg2p NP_012398| Glycogen biosynthesis 1.71+£0.21 |256+0.15 [ 144+£033 |1
Glc3p NP_010905| Glycogen biosynthesis 185+0.13 | 2.78+0.31 | 1.19+0.19 |1
Gsy2p | NP_013359| Glycogen biosynthesis 3.59+0.61 |4.72+052 | 224+021 |1
Gphlp | NP_015486| Glycogen degradation 0.38+0.11 | 043+£0.34 | 0.82+0.17 | 1
Gpt2p NP_012993| Biosynthesis of TAG 0.28+0.08 | 0.21+£0.06 | 0.45+0.07 |1
Ayrlp NP_012142| Biosynthesis of TAG 0.34+0.05 | 0.22+0.03 | 0.76+0.18 | 1
Slclp NP_010231| Biosynthesis of TAG 0.21+0.06 | 0.25+0.09 | 0.85+0.21 |1
Pahlp | NP_013888| Biosynthesis of TAG 0.44+0.09 | 0.29+0.05 | 1.21+0.33 |1
Lpplp NP_010791| Biosynthesis of TAG 0.26 +0.03 | 0.22+0.07 | 0.87+0.20 | 1
Dgalp | NP_014888| Biosynthesis of TAG 0.47+0.13 | 0.31+£0.08 | 0.93+0.32 |1
Are2p NP_014416| Biosynthesis of TAG and EE 0.20+0.05 | 0.24+0.07 | 046+0.12 | 1
Tgllp NP_012782| Degradation of EE 3.63+0.51 | 459+044 |1.28+0.26 |1
Tgl3p NP_014044| Degradation of TAG 484+0.32 | 566+058 |1.17+0.15 |1
Tgldp NP_013015| Degradation of TAG 3.47+042 | 479+031 |0.89+0.11 |1
Tgl5p NP_014724| Degradation of TAG 1.67+0.23 [233+0.31 |1.28+0.19 |1
Yehlp | NP_013089| Degradation of EE 478+0.43 | 529+0.67 |1.67+0.32 |1
Fatlp NP_009597| Conversion of FFA to FACoA 2.87+0.33 |345+049 |1.34+021 |1
Faalp | NP_014962| Conversion of FFA to FACOA 3.59+054 | 584+066 |1.74+0.19 |1
Faa2p | NP_010931| Conversion of FFA to FACOA 277+0.34 | 383+049 |1.36+0.31 |1
Faadp | NP_013974| Conversion of FFA to FACOA 4.39+053 | 567+0.71 | 1.73+049 |1
Fox1p NP_011310| Peroxisomal oxidation of FAC0A 3.87+0.45 | 3.39+053 | 1.19+0.32 | 1
Fox2p NP_012934| Peroxisomal oxidation of FAC0A 278+0.33 | 1.81+0.16 | 1.34+043 |1
Fox3p NP_012106| Peroxisomal oxidation dfA-CoA 345+056 | 2.73+0.44 | 1.44+0.17 |1
Adhlp | NP_014555| Ethanol biosynthesis 0.22+0.04 | 0.29+0.09 | 087+0.11 |1
Adh2p | NP_014032| Ethanol oxidation 587+056 | 595+0.33 | 2.31+047 |1

11C




Pyclp NP_011453| Gluconeogenesis 569+049 | 437+052 | 223+031 |1
Pcklp NP_013023| Gluconeogenesis 449+0.32 |425+056 |1.36+£0.23 |1
Fbplp | NP_013481| Gluconeogenesis 569+0.67 | 448+052 | 223+0.37 |1
Pdalp | NP_011105| Mitochondrial PDH complex 3.34+042 | 259+0.30 |1.23+0.13 |1
Acolp | NP_013407| Mitochondrial TCA cycle 3.69+0.39 | 2.78+0.41 | 1.36+0.20 | 1
Ndilp NP_013586| Mitochondrial ETC 449+0.13 | 2.34+0.32 |1.25+0.17 |1
Sdhlp | NP_012774| Mitochondrial TCA cycle and ETC 254+0.33 | 149+0.21 | 0.87+0.15 |1
Cytlp NP_014708| MitochondrialETC 276+0.39 | 1.39+044 | 0.74+0.19 |1
Hem14p| NP_010930] Heme synthesis in mitochondria 287+037 | 256+043 | 1.33+0.21 |1
Cyc3p NP_009361| Heme attachment to agmytochrome ¢ | 2.91+0.18 | 1.67 £0.32 | 1.18+£0.21 | 1
Ssqlp | NP_013473] Assembly of Fe/Slusters into proteing 4.45+0.80 | 2.67+£0.28 | 0.81+£0.19 |1
Sod2p | NP_011872| Detoxification of ROS in mitochondrig 1.76 £+ 0.45 | 2.80+0.39 | 1.19+0.16 | 1
Prx1p NP_009489| Detoxification of ROS in mitochondrig 2.34 +0.34 | 2.67£0.48 | 0.76 £0.15 | 1
Atplp NP_009453| Mitochondrial ATP synthase 259+041 | 2.73+054 |1.43+0.23 |1
Atp2p NP_012655| Mitochondrial ATP synthase 276+053 | 259+0.33 |1.14+0.19 |1
Pet9p NP_009523| Mitochondrial ADP/ATP carrier 269+0.34 | 3.76+045 | 0.87+0.11 |1
Mirlp NP_012611| Mitochondrial phosphate carrier 2.83+044 | 359+056 |1.34+£0.17 |1
Day 4 (PD phase)
Tpslp NP_009684| Trehalose biosynthesis 278+0.33 | 356+041 |1.29+£0.23 |1
Tps2p NP_010359| Trehalose biosynthesis 289+044 |3.77+023 |1.17+£0.19 |1
Athlp NP_015351| Trehalose degradation 0.35+0.09 | 041+£0.05 |1.25+0.11 |1
Nthlp NP_010284| Trehalose degradation 0.27+0.06 | 0.38+£0.04 | 0.87+0.09 | 1
Nth2p NP_009555| Trehalose degradation 0.39+0.09 | 081+£0.11 |1.23+0.12 |1
Glg2p NP_012398| Glycogen biosynthesis 265+0.22 | 419+0.15 | 0.78+0.23 |1
Glc3p NP_010905| Glycogen biosynthesis 278+0.31 | 3.65+0.22 | 1.34+£0.17 |1
Gsy2p | NP_013359| Glycogen biosynthesis 478+0.61 | 564+£043 |1.45+024 |1
Gphlp | NP_015486| Glycogen degradation 0.30+£0.10 | 0.41+£0.08 |0.88+0.12 | 1
Gpt2p NP_012993| Biosynthesis of TAG 0.27+0.06 | 0.22+0.04 | 045+0.13 |1
Ayrlp NP_012142| Biosynthesis of TAG 0.35+0.08 | 0.41+£0.09 | 0.86+0.16 |1
Siclp NP_010231| Biosynthesis of TAG 0.21+0.04 | 0.17+0.05 | 091+0.21 |1
Pahlp | NP_013888| Biosynthesis of TAG 0.38+0.09 | 0.26+£0.07 | 1.23+0.13 | 1
Lpplp | NP_010791] Biosynthesis of TAG 0.34+0.06 | 0.29+0.04 | 0.88+0.17 |1
Dgalp | NP_014888| Biosynthesis of TAG 0.28+0.03 | 0.22+0.09 | 091+0.28 |1
Are2p NP_014416| Biosynthesis of TAG and EE 0.21+0.04 | 0.14+£0.02 | 0.77+0.31 |1
Tgllp NP_012782| Degradation of EE 467+061 | 591+052 |134+0.26 |1
Tgl3p NP_014044| Degradation of TAG 3.77+043 | 429+031 |1.29+0.13 | 1
Tgldp NP_013015| Degradation of TAG 3.56+0.21 |4.77+049 |159+0.19 |1
Tgl5p NP_014724| Degradation of TAG 449+060 | 573+£053 [1.12+0.21 |1
Yehlp | NP_013089| Degradation of EE 276+0.32 | 334+041 |0.83+0.27 |1
Fatlp NP_009597| Conversion of FFA to FACOA 481+056 | 576+0.38 | 1.53+0.33 |1
Faalp | NP_014962| Conversion of FFA to FACOA 272+0.34 | 349+043 |1.71+041 |1
Faa2p | NP_010931| Conversion of FFA to FACOA 4.34+052 | 567+0.35 |119+0.23 |1
Faadp | NP_013974| Conversion of FFA to FACOA 3.56+041 | 449+0.22 |0.84+0.11 |1
Fox1p NP_011310| Peroxisomal oxidation of FAC0A 559+0.53 | 587+041 | 1.37+0.23 |1
Fox2p NP_012934| Peroxisomal oxidation of FAL0A 5.83+0.61 | 561+0.22 | 1.71+041 |1
Fox3p NP_012106| Peroxisomal oxidation of FA0A 5.19+0.33 | 549+0.28 | 1.29+0.12 |1
Adhlp | NP_014555| Ethanol biosynthesis 0.22+0.07 | 0.29+0.04 | 0.78+0.17 |1
Adh2p | NP_014032| Ethanol oxidation 478+0.49 | 456+0.37 | 2.23+0.22 |1
Pyclp NP_011453| Gluconeogenesis 449+051 | 277+£0.24 |1.34+0.19 |1
Pcklp NP_013023| Gluconeogenesis 483+0.25 | 244+0.19 |086+0.22 |1
Fbplp | NP_013481| Gluconeogenesis 478+0.61 |481+052 |1.39+0.21 |1
Pdalp | NP_011105| Mitochondrial PDH complex 463+057 |3.72+0.33 |1.17+0.23 |1
Acolp | NP_013407| Mitochondrial TCA cycle 3.48+0.35 |2.71+0.22 |0.76+0.23 |1
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Ndilp NP_013586| Mitochondrial ETC 445+052 | 3.59+0.18 | 1.18+0.17 |1
Sdhlp | NP_012774| Mitochondrial TCA cycle and ETC 488+0.38 | 3.32+042 | 084+024 |1
Cytlp NP_014708| MitochondrialETC 456+051 | 3.83+£0.23 | 1.32+0.19 |1
Hem14p| NP_010930] Heme synthesis in mitochondria 4.28+0.33 | 3.49+0.37 | 0.87+£0.28 |1
Cyc3p NP_009361| Heme attachment to agmytochrome ¢ | 3.77 £+ 0.44 | 2.85+0.20 | 0.79+£0.34 | 1
Ssqlp | NP_013473] Assembly of Fe/S clusters into protein 4.55+0.26 | 3.74+£0.42 | 0.92+0.33 | 1
Sod2p | NP_011872| Detoxification of ROS in mitochondrig 2.89+0.32 | 453+0.56 | 1.42+0.29 |1
Prx1p NP_009489| Detoxification of ROS in mitochondrig 3.65+0.41 | 4.79+0.39 | 1.23+0.17 | 1
Atplp NP_009453| Mitochondrial ATP synthase 3.56+0.24 | 445+050 |1.38+0.21 |1
Atp2p NP_012655| Mitochondrial ATP synthase 3.79+0.38 | 493+0.27 |1.67+034 |1
Pet9p NP_009523| Mitochondrial ADP/ATP carrier 3.88+0.23 | 357+0.36 | 0.85+0.19 |1
Mirlp NP_012611| Mitochondrial phosphate carrier 3.56+0.38 | 3.74+0.41 | 0.92+0.23 | 1
Day 9 (ST phase)
Tpslp NP_009684| Trehalose biosynthesis 548+0.34 | 472+0.23 | 1.87+0.28 | 1
Tps2p NP_010359| Trehalose biosynthesis 554+0.21 |441+042 |229+£033 |1
Athlp NP_015351| Trehalose degradation 0.36£0.06 | 0.86+0.18 | 1.16+0.34 | 1
Nthlp NP_010284| Trehalose degradation 0.42+0.08 | 0.79£0.26 | 1.29+0.46 | 1
Nth2p NP_009555| Trehalose degradation 0.27+0.05 | 0.42+£0.08 | 0.83+0.20 | 1
Glg2p NP_012398| Glycogen biosynthesis 167+045 | 1.89+0.22 | 1.24+0.17 |1
Glc3p NP_010905| Glycogen biosynthesis 1.78+0.33 |1.65+0.16 | 1.15+£0.22 |1
Gsy2p | NP_013359| Glycogen biosynthesis 3.67+041 | 2.78+0.23 | 1.45+0.11 |1
Gphlp | NP_015486| Glycogen degradation 1.34+£0.25 | 2.89+0.16 | 1.31+£0.24 |1
Gpt2p NP_012993| Biosynthesis of TAG 0.75+0.12 | 0.36+0.28 | 1.29+0.37 |1
Ayrlp NP_012142| Biosynthesis of TAG 0.83+0.11 | 0.76 £0.23 | 1.37+0.29 |1
Slclp NP_010231| Biosynthesis of TAG 0.34+0.04 | 0.42+0.09 | 0.85+0.12 |1
Pahlp | NP_013888| Biosynthesis of TAG 0.43+0.06 | 0.35+£0.04 | 1.24+0.09 |1
Lpplp NP_010791| Biosynthesis of TAG 0.77+0.16 | 0.42+0.07 | 0.92+0.22 |1
Dgalp | NP_014888| Biosynthesis of TAG 0.89+0.12 | 0.35+0.05 | 1.56+0.17 |1
Are2p NP_014416| Biosynthesis of TAG and EE 0.34+0.07 | 0.46+0.09 | 0.83+0.22 |1
Tgllp NP_012782| Degradation of EE 2.87+0.18 | 295+0.34 | 2.28+0.13 | 1
Tgl3p NP_014044| Degradation of TAG 1.82+0.27 |273+042 | 1.57+0.38 |1
Tgldp NP_013015| Degradation of TAG 1.78+0.31 [1.86+0.23 |0.76+0.12 | 1
Tgl5p NP_014724| Degradation oTAG 287+0.42 | 379+054 |159+033 |1
Yehlp | NP_013089| Degradation of EE 1.43+021 [184+0.36 |1.17+0.21 |1
Fatlp NP_009597| Conversion of FFA to FACOA 269+0.37 | 3.77+045 | 1.56+0.30 | 1
Faalp | NP_014962| Conversion of FFA to FACOA 156+022 [187+0.34 |1.29+0.18 | 1
Faa2p | NP_010931| Conversion of FFA to FACOA 286+041 | 2.73+042 |1.18+0.16 | 1
Faadp | NP_013974| Conversion of FFA to FACOA 1.39+0.23 [292+0.37 | 0.67+0.11 | 1
Fox1p NP_011310| Peroxisomal oxidation of FALOA 445+0.67 | 576+0.73 | 223+052 |1
Fox2p NP_012934| Peroxisomal oxidation of FALOA 469+043 | 473+£055 |1.72+0.23 |1
Fox3p NP_012106| Peroxisomal oxidation of FALOA 446+0.61 | 557+£0.38 | 2.34+0.32 | 1
Adhlp | NP_014555| Ethanol biosynthesis 0.21+0.06 | 0.29+0.09 | 042+0.13 |1
Adh2p | NP_014032| Ethanol oxidation 4.67+062 | 485+054 |248+0.29 |1
Pyclp NP_011453| Gluconeogenesis 268+035 |1.73+0.27 [ 0.82+0.18 |1
Pcklp NP_013023| Gluconeogenesis 1.77+0.23 | 1.59+0.31 | 0.67+0.13 | 1
Fbplp | NP_013481| Gluconeogenesis 274+035 | 1.86+0.25 | 0.79+0.26 |1
Pdalp | NP_011105| Mitochondrial PDH complex 275+044 | 237+0.39 | 1.12+0.19 | 1
Acolp | NP_013407| Mitochondrial TCA cycle 263+0.37 | 242+042 | 0.73+£0.15 | 1
Ndilp NP_013586| Mitochondrial ETC 2771054 |2.84+0.28 |1.23+0.26 |1
Sdhlp | NP_012774| Mitochondrial TCA cycle and ETC 3.86+0.61 | 2.73+0.39 |1.35+0.22 |1
Cytlp NP_014708| MitochondrialETC 3.65+0.27 | 249+0.16 | 1.19+0.34 |1
Hem14p| NP_010930] Heme synthesis in mitochondria 284+0.34 | 1.59+0.23 | 0.73+0.16 | 1
Cyc3p NP_009361] Heme attachment to afmytochrome ¢ | 3.67 £+ 0.45 | 2.85+0.42 | 1.35+0.27 |1
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Ssqlp | NP_013473] Assembly of Fe/S clusters into protein 2.76 + 0.37 | 2.43+0.18 | 1.28+0.32 | 1
Sod2p | NP_011872| Detoxification of ROS irmitochondria | 2.89+0.21 | 445+0.33 | 1.64+0.19 |1
Prx1p NP_009489| Detoxification of ROS in mitochondrig 2.57 + 0.36 | 4.87 £0.52 | 1.57+0.13 | 1
Atplp NP_009453| Mitochondrial ATP synthase 3.76 £0.44 | 459+£0.60 |1.72+0.21 |1
Atp2p NP_012655| MitochondrialATP synthase 3.68+051 |474+£043 | 1.34+£032 |1
Pet9p NP_009523| Mitochondrial ADP/ATP carrier 245+037 | 3.87+£049 |1.29+£0.17 |1
Mirlp NP_012611| Mitochondrial phosphate carrier 287+043 | 3.71+0.22 | 1.66+0.24 |1
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Figure 3.8. CR remodelstrehalose andjlycogen metabolism andacceleratesethanol catabolism. (A)
Outline of metabolic pathways and interorganellar communications operating in chronologically aging
yeast. (BD) The dynamics of agdependent changes in tlatracellular levels of trehalose (B) and
glycogen (C) and in the extracellular concentrations of ethanol (D) during chronological aging of WT cells.
Cells were cultured in rich YP medium initially containing 0.2%, 0.5%, 1% or 2% glucose. Data are
presentd as meaf SEM (n = 35). For trehalose and glycogen levels, p < 0.001 at days 3 to 21 for cells
grown on 0.2% or 0.5% glucose versus cells grown on 2% glucose. For ethanol levels, p < 0.001 at days 1
to 9 for cells grown on 0.2% or 0.5% glucose versls grown on 2% glucose. Abbreviations:-S0A,
acetylCoA; AcOH, acetic acid; CL, cardiolipins; DAG, diacylglycerols; EE, ethyl esters; ER, endoplasmic
reticulum; EtOH, ethanol; F&L0A, CoA esters of fatty acids; FFA, free fatty acids; LB, lipid bod®is;
phospholipids; TAG, triacylglycerals

glycolytic oxidation, can adequately explain the observed dynamics edleggmndent
changes in levels of trehalose and glyco@@gures3.8B and3.8C). Finally, | also found
that CR increases the levels of mitooldrial proteins serving the formation of acetyl
CoA and its subsequent oxidation via the tricarboxylic acid (TCA) cycle, electron
transport and oxidative phosphorylation coupled to ATP synthesis, as well as the
detoxification of mitochondrially formed retive oxygen species (ROS) (Figure 3.7B).
Taken together, my lipidomic, proteomic and metabolomic analyses suggest the
following scenario for the CRRromoted remodeling of carbohydrate and lipid
metabolism that yeast undergo prior to entry i® nonproliferative ST phase (Figure
3.7C). Chronologically aging CR yeast shift carbohydrate metabolism toward glucose
formation via gluconeogenesis. By activating the synthesis of enzymes catalyzing the
biosynthesis of trehalose and glycogen and by regspg the synthesis of enzymes
required for their degradation, CR promotes the accumulation of these two major glucose
stores. In contrast, the deposited in LBs neutral lipids TAG and EE, the two major lipid
stores, are rapidly hydrolyzed by CR yeasbptob entry into the noproliferative ST

phase. The rapid lipolysis of neutral lipids in CR yeast produces substantial amounts of
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FFA. FFA are rapidly converted to FBOA that are then oxidized to acebA via a
peroxisomeconfined pathway greatly aceehted by CR. The subsequent oxidation of
the peroxisomelerived acetylCoA in mitochondria generates the bulk of ATP in CR
yeast. This process also generates considerable quantities of mitochondrial ROS (see data
presented further in this Chapter of theedis). Within the mitochondrion, ROS are
decomposed in GRromoted antioxidant scavenger reactions catalyzed by superoxide
dismutase Sod2p and peroxiredoxin Prx1p, both of which are induced by CR (Figure
3.7B). In contrast to CR yeast, chronologicallyreaghorCR yeast generate the bulk of
ATP via glycolytic oxidation of glycogederived glucose. The glycolytic oxidation of
glucose to pyruvate in ne@R yeast is followed by its conversion to ethanol, which
accumulates in ne@R yeastOn the contrary, CReast avoid ethanol accumulation by
modulating the quantities of Adhlp and Adh2p, the two alcohol dehydrogenase isozymes
that catalyze ethanol synthesis and degradation, respectively. The importance of this
effect of CR on ethanol concentration for longgvs discussed further in this Chapter of

the thesis.

3.4.4. Concentration of ethanol is one of the key factors influencing
chronological aging
| found that the steaestate level of ethanol depends on a balance of enzymatic activities
of the Adhlp and Adh2p isozymes of alcohol dehydrogenase (Figure 3.9A). Both
isozymes are under the control of CR. In fact, by decreasing the level of Adhlp and by

increasing the level of Adh2p (Figure 3.7B), CR greatly accelerated the depletion of
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Figure 3.9.Ethanol is one of the key factors regulating longevity. (A) Outline of metabolic pathways and

interorganellar communications operating in chronologically aging yeast cels. TBe dynamics of age

dependent changes in the extracellular concentratiorthainel for WT, adh1D and adh20 Data are
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presented as me@&nSEM (n = 35). (F and G) Survival (F) and the mean chronological life spans (G) of
WT, adhlDandadh2D Data are presented as m&a8EM (n = 35); *p < 0.3, **p < 0.006. (Hand I) A
doseresporse relationship between the mean chronological life span and the degree of CR faathAZT,
andadh2D Data are presented as mé&a8EM (n = 35). (B-l) Cells were cultured in YP medium initially

containing 0.2%, 0.5%, 1% or 2% glucose.

ethanol from yeaggrown on 0.2% or 0.5% glucose (Figure 3.8I).evaluate the effect
of endogenously produced ethanol on longevity, | incubated &dhlD and adh2D
strains in media containing different glucose concentrationsmonitored the
chronological life spans of &se strains and assessed the dynamics of changes in ethanol
concentration during their aging. When yeast were placed on the CR diet by incubating
them on 0.2% or 0.5% glucose, lack of Adhlp or Adh2p did not affect ethanol
concentration (Figures 3.9B and9@8) or chronological life span (Figures 3.9F and
3.9G). Conversely, lack of Adhlp substantially decreased ethanol concentration when
yeast were grown on 1% or 2% glucose (Figures 3.9D and 3.94E), prolonging their life
span (Figures 3.9F and 3.9G). Furthere) lack of Adh2p led to a considerable rise of
ethanol concentration in néDR yeast grown on 1% or 2% glucose (Figures 3.9D and
3.9E), shortening their life span (Figures 3.9F and 3.9G). By extending life span-of non
CR yeast,adhlD to a great extent alished the positive effect of CR on longevity
(Figures 3.9H and 3.91). Alternatively, by shortening life span of@Bnyeastadh2D
enhanced the benefit of CR for longevity (Figures 3.9H and 3.91).

My data also strongly suggest that ethanol uhatgs the dynamics of trehalose,
glycogen, neutral lipids, FFA and DAG in chronologically aging yeast. In fact, by
decreasing ethanol concentration in R yeastadhlDremodelled the metabolism of

these key for longevity compounds in RGR yeast by miang it similar to the metabolic
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(B), glycogen (C), TAG (E), EE (F), FFA (G) axAG (H) during chronological aging of WBdh1Dand
adh2D Data are presented as meaiSEM (n = 34). (D) Percent of WTadhlD and adh2D cells that
contain lipid bodies. Data are presented as nie&EM (n = 4). (BH) Cells were cultured in rich YP
mediuminitially containing 2% glucose. Abbreviations: AAnA, acetylCoA; AcOH, acetic acid; DAG,
diacylglycerols; EE, ethyl esters; ER, endoplasmic reticulumCBA, CoA esters of fatty acids; FFA, free
fatty acids; LB, lipid bodies; PL, phospholipids; TA@atylglycerols.

design of CR yeast. Specifically, taeh1lD mutation 1) increased the level of trehalose
(Figure 3.10B); 2) redesigned glycogen metabolism by promoting glycogen accumulation
in PD phase and delaying its consumption until ST phase (FQLe£); 3) accelerated
the lipolytic consumption of lipid bodiedeposited neutral lipids (Figures 3.1:30L0F);
4) accelerated the consumption of FFA and DAG during late PD and early ST phases
(Figures 3.10G and 3.10H). In contrast, by elevating ethivel in norCR yeast,
adh2D enhanced the negative effect of a caloiwd diet on longevity by further
decreasing trehalose concentration, accelerating glycogen consumption, slowing down
neutral lipids lipolysis, and decelerating FFA and DAG consumgiajure 3.10).

In sum, based on the findings presented in Ch&tied, | concludedhat ethanol
is one of the key factors regulating longevity by specifically modulating the metabolism

of trehalose, glycogen, neutral lipids, FFA and DAG in obitogically aging yeast.

3.4.5. Ethanol decelerates theconsumption of neutral lipids deposited in
lipid bodies(LBs) by slowing down fatty acid oxidation in peroxisomes
that are associated with LBs
| sought to define a mechanism by which ethanol modulates the dynamics of neutral

lipids, FFA and DAG in chronologically aging yeast. Importantly, | found that the



observed rapid depletion of ethanol seen in CR yeast (Figure 3.8D) coincides with 1)
elevatel levels of Fox1p, Fox2p and Fox3p (Figure 3.7B), all of which are the core
enzymes of per o-oxidationni287]; afda) rapid coasurnption bf FFA
during PD phase (Figure 3.4F). Of note, it has been previously shown that in the yeast
speciesthat need peroxisomes to utilize methanol as a sole carbon source for growth,
ethanol suppresses the synthesis of peroxisomal enzymes catalyzing methanol oxidation
[238]. Based on these findings, | hypothesized that the accumulation of ethanot in non
CR yaast cultures (Figure 3.8D) suppresses peroxisomal oxidation of FFA by repressing
the synthesis of Foxlp, Fox2p and Fox3p, thereby causing the accumulation of FFA
during PD phase (Figure 3.4F). This hypothesis was confirmed by my finding that a
premature daletion of ethanol from ne@R cells ofadh1D(Figures 3.9D and 3.9E) led

to an early synthesis of Foxlp, Fox2p and Fox3p in PD phase (Figure 3.11B) and
promoted FFA consumption (Figure 3.10G). In addition, | found that a postponed
depletion of ethanol fim nonCR cells ofadh2D (Figures 3.9D and 3.9E) delays the
synthesis of Fox1p, Fox2p and Fox3p (Figure 3.11B) and slows down FFA consumption
(Figure 3.10G).

How exactly ethanol modulates the dynamics of neutral lipids in chronologically
aging yeat? By substantially decreasing ethanol concentration irQRIyeastadhlD
accelerated not only the consumption of FFA but also the lipolysis of neutral lipids
deposited in LBs (Figures 3.188010G). Moreover, by elevating ethanol level in 1©R

yeastadh2Ddecelerated both these processes (Figures 3310W5).These findings
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Figure 3.11. By suppressingfatty acid oxidation in peroxisomes that are associated withdl bodies

(LBs), ethanol andox1D, fox2Dandfox3D mutationsdecelerate thépolytic consumption ofheutrallipids
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deposited inLBs. (A) Outline of metabolic pathways and interorganellar communications operating in
chronologically aging yeast cells. (B) Western blot analysis of Fox1p, Fox2p, Fox3p and actin in aging
WT, adhlDandadh2Dcultured in YP medium initially containing 0.2%, 0.5%, 1% or 2% glucose. Protein
recovered in total cell lysates were resolved by $I2&E and detected by immunoblotting. (C) Survival

of WT, fox1D fox2D andfox3D Data are presented as m&aSEM (n = 4).(D) Percent of WTfox1D,
fox2Dandfox3Dcells that contain lipid bodies. Data are presented as m&&M (n = 4).(E-G) TAG (E),

EE (F) and FFA (G) levels in aging Wiigx1D, fox2Dandfox30 Data are presented as méagSEM (n =

5-6). (H) Spectra ofipids that were extracted from purified ER and lipid bodies of Y&X10, fox2Dand

fox3Dc el | s . The equivalent of 200 e©€g of ER proteins
extraction at each time point. Lipids wemealyzed by TLC. A repeentative of 3 independent experiments

is shown (l) Transmission electron micrographs of agfoglDcells recovered at day 7. Panels show two

magni fications of the (3andk Percert of oelisrtteatpcontain Beaopaglia (J)1 & m.

and/or gnarls (K). Images similar to the representative image shown in (I) were quantitated. Data are
presented as medn SEM (n = 3).(C-K) Cells were cultured in YP medium initially containing 0.2%

glucose.

strongly suggest that any diet or genetic manipahatinat decelerates peroxisomal
oxidation of FFA by Fox1p, Fox2p and/or Fox3p could also decelerate the lipolysis of
neutral lipids in LBs, perhaps due to a feedback inhibition of the lipolysis by the
concentrations of FFA or FE0A exceeding a critical \&l. This suggestion was further
supported by my finding that lack of Fox1p, Fox2p or Fox3p abolishes the lipolysis of
LB-deposited neutral lipids even in CR yeast (Figures 3:3.10F).Importantly, | found
that lack of Fox1lp, Fox2p or Fox3p shortens theonological life span of CR yeast
(Figure 3.11C), implying that both the lipolysis of neutral lipids in LBs and the
subsequent oxidation of FFA in peroxisomes are mandatory for the observed extension of
life span by CR.

The proposed feedback hibition of the lipolysis of neutral lipids by the
concentrations of FFA or F&E0A exceeding a critical level could be due to a recently

described extensive physical contact existing between LBs and peroxisomes [239]. Such

122



tight contact has been shown tormailate the lipolysis of neutral lipids within LBs,
thereby initiatingthe import of the newly formed FFA into and their oxidation within
peroxisomeq239]. The LBsperoxisome association can lead to peroxisome invasion
into the lipid core of LBs, therebgenerating saalled pexopodia [239]. Importantly,
pexopodia of the yeast mutants that are unable to oxidize FFA due to the absence of
Fox1p, Fox2p or Fox3p cause the accumulation of electemse arrays of FFA (called
gnarls) within LBs (Figure 3.111;239]). | found that, during D phase, all Wibx1D,

fox2D and fox3D grown on 0.2% glucose accumulate pexopodia (Figure 3.11J).
Pexopodia in WT cells disappeared during the subsequent PD phase, concomitantly with
the complete consumption of FFA within LBs of these cells (Figures 3311G).In
contrast, pexopodia in prextturely agingox1D, fox2Dandfox3Dcontinued to proliferate
during PD phase, eventually becoming very abundant (Figure 3.11J). By the end of PD
phase and in the beginning of ST phase, with the number of pexopodia in their cells
reached a plateau (Figu®11J),fox1D fox2D and fox3D began accumulating FFA
(Figure 3.11G)These FFA were formed due to the lipolysis of limited amounts of ER
originated neutral lipids within LBs of the mutant strains (Figure 3.11H). | found that the
accumulation of FFA withinLBs of thesefox mutants coincide with the buHdp of

gnarls (Figures 3.111 and 3.11K), which represent organized arrays of FFA [239]. Of
not e, the closer to t heoxidatomg pathway the reaotibn t h e
missing in afox mutant was (fgure 3.11A), the more pexopodia and, eventually, gnarls
accumulated within its LBs (Figures 3.11J and 3.11K). Altogether, my findings suggest
that the buildup of gnarls within LBs of aging ne@R yeast initiates severakgative

feedback loops regulatindpe biosynthesis and degradation of TAGthe ER and LBs
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(Figure 3.12. Due to the action of these negative feedback I¢Bmpire 3.13, aging

nonCR yeast accumulate FFA and DAEHdures 3.4F and 3.4G

Glycerol-3-P

FFA[ T

CoA

Peroxisome
(Pexopodium)

|
Gnarls (Arrays of FFA)

Figure 3.12.Severalnegative feedback loops regulate the biosynthesis and degradation of triacylglycerols
(TAG) in the ER and lipid bodies (LBs). In chronologically aging yeast placed on a eadbridiet, the
accumulation of electredense arrays of free fatty acids (edll gnarls) within LBs initiates several
negative feedback loops that regulate the biosynthesis and degradation of TAG in the ER and LBs. Due to
the action of these negative feedback loops, yeast placed on a-calodéet accumulate FFA and DAG.
Abbreviations: DAG, diacylglycerols; ER, endoplasmic reticulum; F®A, CoA esters of fatty acids;

FFA, free fatty acids; LB, lipid bodies; TAG, triacylglycerols.

3.4.6. Peroxisomalfatty acid oxidation could regulatelongevity viathree
different mechanisms
As | found, lack of Fox1p, Fox2p or Fox3p shortens the chronological life span of CR
yeast (Figure 3.11C) but has no effect on longevity of-@Bnyeast (Figure 3.14A).
Hence, peroxisomal oxidation of FFA is mandatory for-$§ipan extension by CR. At

leag three aspects of FFA oxidation in peroxisomes could influence longevity of WT
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yeast under CR. First, the formation of hydrogen peroxide in the Fadeg@ndent
reaction of fatty acid oxidation in peroxisomes (Figure 3.13A) could generate the bulk
quantites of this ROS molecule, which is known for its essential role in regulating
longevity [223, 240- 244]. Second, the formation of ace@bA via FFA oxidation in
peroxisomes followed by its delivery to mitochondria for the oxidation via the TCA cycle
(Figure 3.13A) could be responsible for the synthesis of the bulk quantities of ATP in
mitochondria and could affect other longewigfated mitochondrial processes. Third, by
regulating the biosynthesis and degradation of TihGhe ER and LBs via several
negdive feedback loopsfatty acid oxidation in peroxisomes controls the levels of FFA
and DAG (Figures 3.11 and 3.12jnportantly, a shoriterm exposure to exogenously
added FFAi(e., palmitoleic acid and oleic acid) and DAuces necrotic cell death in
chronologically aging yeast (Figure 3.15) [222]. Furthermore, DAG aledulates a
signal transduction network affecting multiplengevity-related cellular targets[245,

246]. It is conceivable therefore th#dte accumulation of FA and DAG in aging yeast
that have low rate of peroxisomal fatty acid oxidatwmould triggertheir necrotic cell

deathand, perhaps, other processes shortening their life span.

3.4.7. ROS produced in peroxisomes duringfatty acid oxidation do not
influence longevity
Although the bulk of ROS is produced in mitochondria, they are also formed during
peroxisomal oxidation of FFA [223, 237, 240]. The only chemical reaction in yeast
peroxisomes that generates hydrogen peroxide, the most abundant ROS molecule in the

cell [241], is catalyzed by Fox1p (Figure 3.13A). Importantly, the peroxisomal isoform
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Ctalp of catalase decomposes hydrogen peroxide inside the organelle (Figure 3.13A),
thereby protecting yeast from oxidative damage by this ROS molecule [223, 237]. Hence,
the steadstate level of hydrogen peroxide in the peroxisome depends on a balance of
enzymatic activities of Fox1p and Ctalp. To elucidate the importance of peroxisome
produced ROS in the chronological aging of CR yeast, | compared the life spans of WT,
fox1DandctalDgrown on 0.2% glucose. | reasoned that if peroxisomal ROS modulate
longevity, thefox1D mutation would prolong life span by decreasing ROS level in the
peroxisome, whereas tltalD mutation would have an opposite effect on life span by
raising the concentration of peroxisomal ROS. However, as | mentioned earlier, lack of
ROSgenerating Fox1p shortened life span (Figure 3.13C) for a reason discussed in the
next section of this Chapter of my thesis. Furthermore, | found that lack of ROS
deconposing Ctalp has no effect on the life span of CR yeast (Figure 3.13C). | therefore
concluded that ROS that are made during FFA oxidation in peroxisomes of
chronologically aging yeast do not influence their longevity. Moreover, it appeared that
FFA oxidaton in peroxisomes does not produce a considerable fraction of ROS
generated in yeast celn fact, | found that lack of RO8ecomposing Ctalp has no
effect on the intracellular concentration of ROS formed in CR yeast (Figures 3.13D and
3.13E). Furthermordhe observed during D phase spike in the intracellular level of ROS
in the fox1O mutant Figures 3.13D and 3.136Ewhich lacks the only RO§enerating
peroxisomal enzyme, further supports the notion that peroxisomes do not produce
significant amounts oROS in CR yeast. The sharp rise of ROS and its following rapid
decline in CR cells ofox1D, a pattern that was also seerfar2Dandfox30, was due to

an important role that peroxisomal FFA oxidation plays in modulating essential processes
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taking placein ROSproducing mitochondria (see next section of this Chapter of my

thesis).

3.4.8. Fatty acid oxidation in peroxisomescontrols longevity in part by
modulating essentialprocessesn mitochondria

As soon as CR cells of prematurely agioglD, fox2D and fox3D entered ST phase, a
rapid decline in the percentage of viable cells occurred (Figure 3.11C). | found that such
premature aging of the thréex mutants during ST phase precedes by a sharp decrease in
oxygen consumption by their mitochondria (Figure 3.18%#) by an abrupt decline in the
steadystate level of mitochondrially synthesized ATP during PD phase (Figure 3.13B). |
therefore concluded that, during PD phase, CR yeast synthesize the bulk of their ATP in
mitochondria by oxidizing the pool of ace{@bA that has been generated in peroxisomes
via Fox1p, Fox2p and Fox3pdependent FFA oxidation. In contrast, the pools of acetyl
CoA formed via oxidation of pyruvate in mitochondria or cytosol (Figure 3.13A) are not
the major sources of NADH and FADRIfbr oxidative phosphorylation that takes place in
mitochondria of aging CR yeast.

My conclusion that peroxisomal FFA oxidation in CR yeast controls longevity in
part by modulating ATP synthesis in mitochondria prompted me to examine if the
efficiency of acetylCoA formation in peroxisomes influences any other essential
processes in mitochondria. | found that lack of Fox1p, Fox2p or Fox3p: 1) in CR yeast
entering D phase, dramatically increases the amplitude of the observed spike in the rates
of oxygenconsumption and ROS generation by mitochondria (Figures 3.13D and 3.13F);

and 2) in CR yeast entering PD phase, results in a sharp decrease of oxygen consumption
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operating in chronologically aging yeast cells. (B) ATP levels in WaX10, fox2D andfox3D cells. Data

are presented as mearSEM (n = 3); *p < 0.6, fp < 0.0®. (C) Survival of WT,fox1DandctalD.Data

are presented as mearSEM (n = 4). (D) ROS levels in aging Wibx1DandctalD. ROS were visualized
using the fluorescent dye Dihydrorhodamit23 (DHR). At least 800 cells were used for quantitati
DHR staining for each of 4 independent experiments. Data are presented a$ BEklh(n = 4). (E)
Representative images of Wigx1D and ctalD cells stained with DHR. ROS were visualized using
fluorescence microscopy. (F) Rates of oxygen consumptyoaging WT,fox1D fox2D and fox3D cells.
Data are presented as méa8S8EM (n = 5). (G and H) Enzymatic activities of cytochrome ¢ oxidase (CCO;
G) and succinate dehydrogenase (H; SDH) in mitochondria purified from agingdd¥I) fox2D and
fox30 Data ae presented as medrSEM (n = 3). (I) Morphology of mitochondria in WT afok1Dcells.
Mitochondria were visualized by indirect immunofluorescence microscopy using monoclonpbmti
primary antibodies and Alexa Fluor 568njugated goat anthouse I§ secondary antibodies.
Representative images are shown. (J) Representative images of Vibk BidndctalDcells stained with
rhodamine 123 (R123) for monitoring the mitochondrial membrane potebdlif living cells.DY was
visualized using fluorescence microscopy. (K) Enzymatic activities of aconitase (ACO) in total cell lysates
of aging WT andox1D The ACO activity was measured with or without the reactivation ageftsaife
Na,S. Data are presented as mésBEM (n= 3). (L) Western blot analysis of porin and actin in aging WT,
fox1D fox2Dandfox3D Protein recovered in total cell lysates were resolved by-BBRSE and detected

by immunoblotting. (M)DY values for aging WTfox1D, fox2D andfox30 DY was visualizedusing the
fluorescent dye R123. At least 1000 cells were used for quantitation of R123 staining for each of 3
independent experiments. Data are presented as m&&M (n = 3). (BM) Cells were cultured in YP

medium initially containing 0.2% glucos@bbreviations: AU, arbitrary units; BF, bright field.

and ROS production by mitochondria (Figures 3.13D and 3.13F). Thus, the efficiency of
acetylCoA formation via peroxisomal FFA oxidation modulates the efficiencies of
electron flow through the mitochondri@lectron transport chain (ETC) and of the ROS
generating transfer of a single electron to oxygen.

It seems that the observed early spike in ROS production by mitochondria of all
threefox mutants irreversibly damaged some key mitochondriakprst In fact, | found
that lack of any of the three Fox proteins resulted in rapid inactivation of cytochrome ¢

oxidase (CCO), succinate dehydrogenase (SDH) and aconitase (ACO) in mitochondria of
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Figure 3.14.Lack of Fox1p, F&2p or Fox3p shortens the chronological life span of yeast only under CR
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hydrogen peroxide or acetic acid, but does not alter their susceptibility todeath induced by
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Data are presented as mé&asSEM (n = 45); fp < 0.005. Cells were cultured in YP medium containing
0.2%, 0.5%, 1% or 2% glucose. {B) Viability of WT, fox1D, fox2Dandfox3Dcells treated with different
concentrations of hydrogen peroxide (B), acetic acid (C), palmitoleic acid (D), oleic acid BHL®r
diacylglycerol (F). Data are presented as me&BEM (n = 34); p < 0.005. Cells were cultured in YP

medium containing 0.2% glucose.
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the prematurely aginfipx mutants entering PD phase (Figures 3.13G, 3.13H and 3.13K).
Each of these three mitocharal proteins is a key target for the oxidative damage by
ROS [18, 240, 247].

| next used fluorescence microscopy to monitor the mitochondrial membrane
potential DY) in living cells of WT andiox mutant strains, all placed on the CR diet. |
found that lack of Fox1lp, Fox2p or Fox3p: 1) in cells entering D phase, drastically
increasesDY, thereby leading to the hyppolarization of the inner mitochondrial
membrane (Figures 3.13J and 3.13M); and 2) in cells entering PD phase, results in an
abruptdecline of DY (Figures 3.13J and 3.13M), thereby rapidly abrogatingCitie
dependent processes in mitochondria, including the transport of solutes and the synthesis
of ATP.

It should be stressed that, although the inability of each of the fihweeutants to
form acetylCoA via peroxisomal FFA oxidation caused the aboveratged changes in
essential mitochondrial processes, it did not affect the abundance of mitochondria in CR
yeast. Indeed, the levels of porin, one of the most abundant witdiéal proteins, were
very similar in WT, fox1D fox2D and fox3D cells (Figure 3.13L). However, the
morphology of mitochondria in CR cells of thex mutants was alteredlitochondria in
chronologically aging WT formed a tubular network (Figure 3.13lxcdntrast, in each
of the threefox mutants, this network was fragmented into individual mitochondria

(Figure 3.13I). Thus, the efficiency with which peroxisomes supply aCaiy for its
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DIC Annexin V

L -- 0.25 mM Palmitoleic acid (C16:1)

Figure 3.15. A shortterm exposure to exogenously added FFA andsDxauses necrotic, not apoptotic,

cell death. Fluorescence microscopy of WT yeast treated for 2 h with 0.25 mM palmitoleic acid, 0.6 mM
oleic acid or 4.0 mM DiC8 diacylglycerol. Cells were-gtained with 1) Annexin V for visualizing the

externalization ofphosphatidylserine, a hallmark event of apoptosis; and 2) propidium iodide (PI) for
visualizing the loss of plasma membrane integrity, a hallmark event of necrosis. Abbreviations: DIC,

differential interference contrast.

oxidation via the TCA cycle in itochondria modulates, by a y&tbe established
mechanism, the balance of fission and fusion of mitochondrial tubules. Such delicate
balance plays a pivotal role in establishing and maintaining the shape of mitochondria
[248, 249]. Notably, a balance beten the opposing processes of mitochondrial fission
and fusion modulates the ability of yeast to survive a dbom exposure to hydrogen
peroxide or acetic acid, each of which induces a mitochordn&olled, caspase
dependent pathway of apoptosis §25252]. In fact, mitochondrial fragmentation due to

excessive mitochondrial fission plays a casual role in this form of programmed cell death
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[252 - 254]. Importantly, the observed fragmentation of the mitochondrial network in
cells of each of théhreeprematurely agingox mutants coincided with their increased
susceptibility to mitochondriaontrolled hydrogen peroxideand acetic aciihduced

apoptosigFigures 3.14B and 3.14¢

3.4.9. Freefatty acids (FFA) and diacylglycerol (DAG) r egulatelongevity

by two different mechanisms thatoperate attwo different stages of the

aging process
As | found, a shofterm exposure to exogenously added FE&, (palmitoleic acid and
oleic acid) and DAGnduces necrotic cell death in chronologically aging yeast (Figure
3.15) [222]. To test the validity of my hypothesis (see section 3.4.8 of this Chapter) that
the accumulation of FFA and DAG in yeastortens their chronological life span by
triggering cell death (apoptotic and/or necrotic), | first compared the suskgptib
WT, fox1D, fox2D and fox3D to a shortterm exposure to exogenous FAd DAG.
Under CR conditions, each of the thfee& mutations caused the builgp of both these
lipids in LBs as soon as cells entered ST phase (Figures 3.11G and 3.11H). drivedbbs
during ST phase rapid accumulation of FFA and DAG in LBs of fthemutants
coincided with a prompt decline in the percentage of their viable cells during this phase
(Figure 3.11C). Importantly, despite the observed buddbf FFA and DAG irfox cels
beginning of ST phase, none of tfex mutations had an effect dhe susceptibility of
yeast tonecroticcell deathinduced in response to their shtgtm exposure to exogenous
FFA or DAG (Figures 3.14£3.14F). In contrast, as | found (see section 3.4.8 of this

Chapter), all thredox mutationsincreasedthe susceptibility of yeast tmitochondria
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controlled hydrogenperoxide and acetic ackihduced apoptosi¢Figures 3.14B and
3.140Q. Importantly, unlike CR cells of each of the threx mutants that reached ST
phase, CR cells of these mutants during PD phase did not accumulate FFA or DAG
(Figures 3.11G and 3.11Hpa were viable (Figure 3.11C), and did not differ from WT
cells in their susceptibility to cell death induced by exogenous FFA or DAG (Figures
3.14D-3.146F, left panels). Altogether, these findings suggest that the observed during
ST phase rapid buitdp d FFA and DAG in LBs of thefox mutants causes their
premature aging by promoting mitochondc@ntrolled apoptotic cell death, but not by
activating FFA and DAGinduced necrotic cell death pathway.

As a further test of the validity of my hypeatis (see section 3.4.8 of this Chapter)
ontheessential negative role of FFA and DAG in regulating longdwtpromoting cell
death, | then measuredhe chronological life spans of mutants impaired tire
biosynthesis odegradationof TAG (Figure 3.16. Importantly, most of the enzymes
involved in these metabolic pathwagee redundanand allof these redundant enzymes
are not essential proteijBigure 3.16) [212, 255]. reasoedthat, in the absence of any
of them,cells would still be able to prodie FFA and DAGHowever, lack of any of
them would change the concentrationeath of theséwo lipid species Eigure 3.16. |
expeced therefore that, ifmy hypothesis is correct, any mutatidhat reduces the
concentration of a critical lipidi.e., FFA and/or DAG) by eliminating a redundant
enzyme would extend the life span of CR ye@smversely, anynutationthatincreases
the concentration of a critical lipid by eliminating a redundant enaymeéd shortenthe
life span of CR yeas€Concomitantly withmeasuringhe life spans of the mutariecking

individual redundant enzymes of the metabolic pathways depictdeélgire 3.16 |
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monitored theirFFA and DAG levels at different stages of the aging proaadsheir
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the biosynthesis or degradation of triacylglycerols (TAG) extends the life span of CR yeast. (A and D)
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of WT strain and singkgenedeletion mutant strains, each lacking a redundant enzyme involved in the
biosynthesis (B and C) or degradation (E) of TAG. Data are presented a$ ®Edh(n = 3).Some of the
mutations increaseé() the concentrations of diacylglycerol (DAG), free fatty acids (FFA) or TAG,
whereas the other mutations decreasé¢ them. Cells were cultured in YP medium initially containing
0.2% glucose.

susceptibility toFFA- and DAG-inducedcell death

| found that any mutation that reduces the level of OAGeliminating a redundant
enzymeextends the life span of CR yeast, regardless of its effect on the level of FFA
(Figure 3.16). In fact, the ability of mutations eimating individual redundant enzymes
of DAG biosynthesis or TAG degradation to extend life span coincided with their ability
to decrease DAG concentration but did not correlate with the specific changes in the
concentration of FAA they caused (Figures B1&hd 3.16E). Moreover, any mutation
that increases the level of DAG by eliminat@mgedundant enzymaf TAG biosynthesis
from DAG shortens the life span of CR yeast (Figure 3.16C). Noteworthy, the effect of
all of these lifespan shortening mutations tre level of FFA was very similar to that of
the lifespan extending mutations eliminating individual redundant enzymes of DAG
biosynthesis (compare Figures 3.16B and 3.16C). It should be stressed that, although any
mutation that eliminates a redundant yne involved inthe biosynthesis ailegradation
of TAG extended or shortened life span by increasing or decreasing cell viability during
ST phase (Figure 3.16), it altered the concentrations of FFA and DAG only during the
preceding D and PD phases (FigBt&7).Indeed, akin to WT cells, cells of the mutant
strains carrying any of these mutations entirely consumed both FFA and DAG prior to
entry into ST phase (Figure 3.17). | therefore concluded that the viability of yeast during

ST phase could be programmed, artpby the concentration of DAG that yeast are able
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Figure 3.17.Any mutation that eliminates a redundant enzyme involved in the biosynthesis or degradation

of triacylglycerols (TAG) alters the concentrations of FFA and DA@nd) growth phases preceding the

non-proliferative ST phase. The dynamics of @agpendent changes in the levels of diacylglycerol (DAG)
(A, D and G), free fatty acids (FFA) (B, E and H) and TAG (C, F and I) during chronological aging of WT

strain and sigle-genedeletion mutant strains, each lacking a redundant enzyme involved in the

biosynthesis (A F) or degradation (G1) of TAG. Data are presented as méa8EM (n = 3). Cells were

cultured in rich YP medium containing 0.2% glucose.

to maintain dumg D and PD phase in a digind genotyp&ependent fashiorOn the

contrary, my findings imply that the concentration of FFA during D and PD phase does
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not influence the viability of CR yeast during ST phase. Furthermore, the observed lack
of correlationbetween the life spans of mutant strains missing individual redundant

enzymes of DAG biosynthesis or TAG degradation and the levels of TAG maintained
during D, PD and ST phases in their cells (Figures 3.16 and 3.17) implies that TAG
species do not regulalengevity.

| then examined how tHpp1D Irol Dandtgl4DOmutations, each having a different
effect on the intracellular levels of FFA and DAG in CR yeast during D and PD phases
by eliminating adifferentredundant enzymmvolvedin the biosyhesis ordegradation
of TAG, influences the susceptibility of CR yeast to 1) mitochorciiarolled apoptotic
cell death caused by their shtetm exposure to exogenous hydrogen peroxide or acetic
acid; and 2) necrotic cell death caused by their dleom exposure to exogenous FFA or
DAG. The results of this kind of analysis are outlined below.

ThelpplDOmutation: 1) increases the chronological life span (Figure 3.16B) of CR
yeast; 2) reduces the intracellular concentration of DAG during DP&nghases (Figure
3.17A): 3) increases the intracellular concentration of FFA during D and PD phases
(Figure 3.17B); and 4) does not prevent the complete consumption of the intracellular
pools of DAG and FFA prior to entry into ST phase (Figures 3.17A3ahaB). | found
that thelpplDOmutation: 1) does not alter the susceptibility of CR yeast to mitochendria
controlled apoptotic cell death caused by their stesrh exposure to exogenous
hydrogen peroxide or acetic acid (Figures 3.18A and 3.18B); bunh@pases the
resistance of CR yeast to necrotic cell death caused by atshmortexposure to

exogenous FFA or DAG (Figures 3.18C, 3.18D and 3.18E).
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Figure 3.18.The singlegenedeletion mutations that alter DAG concentration prior to entry into ST phase
have no effect on the mitochondrial pathway of programmed cell death, but alter the susceptibility of CR
yeast to the programmed necrotic death. Viability of Wpp1D IrolD and tgl4D cells treated with
different concentrations of hydrogen peroxide (A), acetic acid (B), palmitoleic acid (C), oleic acid (D) or
DiC8 diacylglycerol (E). Data are presented as nfe&EM (n = 3).*p < 0.05, fp < 0.005.Cells were

cultured in YP medium containing 0.2% glucose.

The lrolDOmutation: 1) shortens the chronological life span (Figure 3.16C) of CR



yeast; 2) increases the intracellular concentration of DAG during D and PD phases
(Figure 3.17D): 3) increases the intrlar concentration of FFA during D and PD
phases (Figure 3.17E); and 4) does not prevent the complete consumption of the
intracellular pools of DAG and FFA prior to entry into ST phase (Figures 3.17D and
3.17E). | found that throlDOmutation: 1) doesot alter the susceptibility of CR yeast to
mitochondriacontrolled apoptotic cell death caused by their stesrh exposure to
exogenous hydrogen peroxide or acetic acid (Figures 3.18A and 3.18B); but 2) reduces
the resistance of CR yeast to necrotic celhth caused by a shderm exposure to
exogenous FFA or DAG (Figures 3.18C, 3.18D and 3.18E).

Thetgl4dDmutation: 1) increases the chronological life span (Figure 3.16E) of CR
yeast; 2) reduces the intracellular concentration of DAG duringdCPé&hphases (Figure
3.17G): 3) reduces the intracellular concentration of FFA during D and PD phases
(Figure 3.17H); and 4) does not prevent the complete consumption of the intracellular
pools of DAG and FFA prior to entry into ST phase (Figures 3.17G&dki&H). | found
that thetgl4Dmutation: 1) does not alter the susceptibility of CR yeast to mitochendria
controlled apoptotic cell death caused by their stesrh exposure to exogenous
hydrogen peroxide or acetic acid (Figures 3.18A and 3.18B); but @gases the
resistance of CR yeast to necrotic cell death caused by atshortexposure to
exogenous FFA or DAG (Figures 3.18C, 3.18D and 3.18E).

Altogether, my findings imply that FFA and DAG regulate longevity by two
different mechanisms thaoperate at two different stages of the aging process. One
mechanism involves sensing the concentration of DAG maintained by cells (ir andiet

genotypedependent fashion) during D and PD growth phases. DAG concentration during
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D and PD phases programell viability during ST growth phase by modulating the FFA
and DAGinduced necrotic cell death pathway, but not by influencing the mitochendria
controlled apoptotic pathway of cell death. Another mechanism involves sensing the
concentrations of FFA andAG during ST phase. Any diet genetic manipulation that
causes théuild-up of these two lipids during ST phase shortens the chronological life
span of yeast in part by promoting rapid mitochordaatrolled apoptotic cell death, but

not by activating=FA- and DAGinduced necrotic cell death pathway.

3.5. Discussion

Using a combination of functional genetic, cell biological, electron and fluorescence
microscopical, proteomic, lipidomic, and metabolomic analyses, | established the
molecular mechanism undeirtg the ability of CR to extend longevity of chronologically
aging yeast by specifically remodelling lipid metabolism in the ER, LBs and
peroxisomes. In this mechanisioBs in yeast cellsfunction as a hub in a regulatory
network that modulates neutrippids synthesis in the ER and fatty acid oxidation in
peroxisomesEthanol accumulated in yeast placed amalorierich diet represses the
synthesis of Fox1p, Fox2p and Fox3p, therslyypresisg peroxisomal oxidation dFFA

that originate fromlr'AG synthesized in the ER and deposited withiBs. The resulting
build-up of arrays ofFFA (called gnarlswithin LBs of nonCR yeastinitiates several
negative feedback loops regulating the metabolisfAE. Due to the action of these
negative feedback loopshronologically aging nonCR yeastnot only amass TAG in

LBs but also accumulate FFA and DAG in the.HRA and DAG regulate longevity by

two different mechanisms that operate at two different stages of the aging process. One
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mechanism involves sensing thencentration of DAG maintained by cells (in a ditd
genotypedependent fashion) during D and PD growth phases. DAG concentration during
D and PD phases programs cell viability during the-pantiferative ST growth phase by
modulating the FFA and DAGinduced necrotic cell death pathway, but not by
influencing the mitochondrigontrolled apoptotic pathway of cell death. Another
mechanism involves sensing the concentrations of FFA and DAG during ST phase. Any
diet orgenetic manipulation that causes theld-up of these two lipids during ST phase
shortens the chronological life span of yeast in part by promoting rapid mitochondria
controlled apoptotic cell death, but not by activating FleAd DAGinduced necrotic

cell death pathway.

The proposd above mechanisoan satisfactorily explaimy data on the observed
effects of various dietary and genetic interventions that | examined erelaged lipid
dynamics and longevity. My explanations of these effects for each intervention | used are
outlined below within the framework of the proposed here mechanism.

Chronologically aging WT cells placed @ncalorierich dietgenerate the bulk of
ATP via glycolytic oxidation of glycogerand trehaloselerived glucose (Figure 3.19A).
These cells ammulate ethanol, a product of glucose fermentation (Figure 3.19A). By
repressing the synthesis of Fox1p, Fox2p and Fox3p, etlsappiresss peroxisomal
oxidation of FFA that originate fromlAG synthesized in the ER and deposited within
LBs. The low effigency of peroxisomal oxidation of FFA causes the bupdf gnarls
(the arrays ofFFA) within LBs (Figure 3.19A). This, in turnpitiates several negative
feedback loopsthat regulae the metabolism ofTAG and ultimately result in the

accumulation of TAGn LBs as well as FFA and DAG in the EBecause DAG in WT
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longevity-defining features of the diebr mutationdriven metabolic design for each strain and growth

condition are discussed in details in the Discussion section of this Chapter.

cells under nofCR conditions amasses only in then-proliferative ST growth phase, it

does not activate the agelated necrotic cell death pathway and, thus, does not play a

role in shortening the chronological life span of these cells (Figure 3.19A). The reduced

life span of WT cells placed oa calore-rich dietis due to their rapid apoptotic death

controlled by mitochondria and initiated upon their entry into ST phase. The primary

reason for such activation of an agdated form of mitochondriaontrolled apoptosis

lies in the low levels of enzymdanctioning in the formation of FAOA and in their

uptake and subsequent oxidation by peroxisomes seen WCROWT cells. The

diminished ability of these cells to oxidize FFA to ac&lyglA via a peroxisomeonfined

pathway
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chronologically aging cells dbx1Dand othemutant strains grown under CR conditions. The longevity
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discussed in details in the Discussion section of this Chapter.

during ST phase greatly impairs their ability to generate significant quantities of ATP by
oxidizing peroxisomalerived acetylCoA in mitochondria.The resulting decline in
oxidationreduction processes within mitochondria 1) reduces the flow of electron pairs
through the mitochondrial ETC, thereby intensifying the transfer of single electrons on
molecular oxygen and the resulting production of esivesROS, which accelerate aging

by causing oxidative molecular damage; 2) decreases the electrochemical gradient across
the inner mitochondrial membranBY); and 3) causes mitochondrial fragmentation by
promoting fission of the mitochondrial tubular netk (Figure 3.19A). The

fragmentation of mitochondria in WT cells placedaocalorierich dietoccurs upon their
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defining features of the mutatiairiven metabolic design for eachutantstrain and growth condition are

discussed in details in the Discussion section of this Chapter.

enty into ST phase and initiates the {gbortening process of agelated death, which is
driven by the release of p@poptotic factors from fragmented mitochondria (Figure
3.19A). Of note, the low levels of trehalose in chronologically aging WT cekeglan

a calorierich diet is another factor that could contribute to shortening their life span, as
compared to WT cells grown under CR conditions (Figure 3.19A). Although trehalose
has been long considered only as a reserve carbohydrate i[2&&¢ms hat the major
function of this norreducing disaccharide in yeast consists in enabling the survival of
cells exposed to elevated temperature or ROS {Z%B]. In fact, trehalose in yeast cells
prevents aggregation of proteins denatured during and imtalsdadter their exposure to

these stresses [260]. | therefore propose that the reduced levels of trehalose seen in non
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CR cells of WT straiduring PD phase are unable to protect from aggregation those
proteins that have been denatured due to their ekpdstROS accumulated during this
growth phase (Figure 3.19A). Lack of such protective effect of trehalose in WT cells
grown under nofCR conditions, due to the low concentrations of this-remlucing
disaccharide (as compared to CR cells of WT strainjldcoontribute to the reduced (as
compared WT cells grown under CR conditions) survival of-Géncells during the
following ST phase.

Within the framework of the proposed here mechanism, WT cells grown under CR
conditions have extended chrongikcal life span (as compared to that of WT cells placed
on a calorierich diet) due to the following features of their digiven metabolic design
(Figure 3.19B): 1) the very low level of ethanol, which therefore is unable to repress the
synthesis of Foxd, Fox2p and Fox3p and suppresperoxisomal oxidation ofFA that
originate fromTAG synthesized in the ER and deposited withBs; 2) lack of gnarls,
due to the rapid oxidation of FFA in peroxisomes, and the resulting inabilitytiste
several negative feedback loopisat regulae the metabolism ofTAG and would
ultimately result in the accumulation of TAG in LBs as well as FFA and DAG in the ER;
3) the very low level of DAG in PD phase and the complete consumption of thignlipid
ST phase (it should be stressed that, if DAG amasses in PD phase, it can initiate age
related necrotic cell death; see below); 4) the highly efficient ability to oxidize FFA to
acetytlCoA via a peroxisomeonfined pathway during ST phase, which notyadlows
cells to generate the bulk of ATP by oxidizing peroxisaiedaved acetylCoA in
mitochondria but also activates oxidatimduction processes in mitochondria, maintains

high DY, and prevents the fragmentation of the mitochondrial tubular netwibeeeby
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protecting cells from ageelated form of apoptotic death controlled by mitochondria; and
5) the elevated level trehalose, which contributes to the life span extension seen in CR
cells of WT strain by protecting from aggregation those proteias liave been
denatured due to their exposure to mitochondrially produced ROS.

Within the framework of the proposed here mechaniadh2D cells under CR
conditions have shortened chronological life span (as compared to that of-lalibeie
WT cells) due to the following features of thanth2D mutationrdriven metabolic design
(Figure 3.19A): 1) the elevated level of ethanol, which therefore is able to repress the
synthesis of Fox1p, Fox2p and Fox3p anduppresperoxisomal oxidation ofFA that
originate fromTAG synthesized in the ER and deposited withBs; 2) the buildup of
gnarlswithin LBs, due to suppressed oxidation of FFA in peroxisomes, and the resulting
initiation of several negative feedback looghat regulae the metabolisy of TAG and
ultimately result in the accumulation of TAG in LBs as well as FFA and DAG in the ER;
3) the reduced efficiency of oxidizing FFA to aceBoA via a peroxisomeonfined
pathway during ST phase, which not only impairs ATP synthesis in mitochdnd also
leads to a decline in oxidatieduction processes within mitochondria, enhances
mitochondrial ROS production, decreas® and causes fragmentation of the
mitochondrial tubular networkthereby promoting the agelated form of apoptotic te
death controlled by mitochondria and shortening life span.

Within the framework of the proposed here mechaniadilD cells under CR
conditions have increased chronological life span (as compared to that of-kalibeie
WT cells) due to théollowing features of theiadhl DO mutatiorrdriven metabolic design

(Figure 3.19B): 1) the greatly reduced level of ethanol, which therefore is unable to



repress the synthesis of Fox1p, Fox2p and Fox3p asdpjoresgperoxisomal oxidation
of FFA that orignate fromTAG synthesized in the ER and deposited withi8s; 2) lack
of gnarls, due to the accelerated oxidation of FFA in peroxisomes, and the resulting
inability to initiate several negative feedback lodpatregulae the metabolism oT AG
and wouldultimately result in the accumulation of TAG in LBs as well as FFA and DAG
in the ER; 3) the very low level of DAG in PD phase and the complete consumption of
this lipid in ST phase (it should be stressed that, if DAG amasses in PD phase, it can
initiate age-related necrotic cell death; see below); 4) the enhanced ability to oxidize FFA
to acetyiCoA via a peroxisomeonfined pathway during ST phase, which not only
allows cells to generate the bulk of ATP by oxidizing peroxisderved acetylCoA in
mitochondria but also activates oxidatioeduction processes in mitochondria, maintains
high DY, and prevents the fragmentation of the mitochondrial tubular netwibeeeby
protecting cells from ageelated form of apoptotic death controlled by mitochondnal
5) the greatly elevated level trehalose, which contributes to the life span extension seen in
CR cells ofadhlDstrain by protecting from aggregation those proteins that have been
denatured due to their exposure to mitochondrially produced ROS.

Within the framework of the proposed here mechanfexilD, fox2D andfox3D
cells grown under CR conditions have shortened chronological life span (as compared to
that of caloridimited WT cells) due to the following features of thémx mutation
driven metabolic design (Figure 3.20A): 1) the complete inability to oxidize thaa
originate fromTAG synthesized in the ER and deposited withBs; 2) the buildup of
gnarlswithin LBs, due to impaired oxidation of FFA in peroxisomes, and the regulti

initiation of several negative feedback loothat regulae the metabolism offAG and
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ultimately result in the accumulation of TAG in LBs as well as FFA and DAG in the ER
(it should be stressed that, althoulgix1D , fox2D and fox3D cells grown under CR
conditions amass DAG, they do so only in ST phase; therefore, the shortened life spans
of these cells is not due to accelerated-radgted necrotic cell death, which can be
initiated by DAG only if it accumulates in PD phasgee below); and 3) the iniity to
oxidize FFA to acetylCoA via a peroxisomeonfined pathway during ST phase not only
impairs ATP synthesis in mitochondria but also leads to a decline in oxigatiaotion
processes within mitochondria, enhances mitochondrial ROS productioraskes®Y

and causes fragmentation of the mitochondrial tubular netwtr&reby promoting the
agerelated form of apoptotic cell death controlled by mitochondria and shortening life
span.

Within the framework of the proposed here mechanigpi20, sctlD ayrlD,
slclD lpplDanddpplDcells grown under CR conditions have increased chronological
life span (as compared to that of caldmeited WT cells) due to the reduced level of
DAG in D and PD phases (Figures 3.17A and 3.20B). As | found, DAG concentration
during D and PD phases prags cell viability during ST growth phase by modulating
the FFA and DAGinduced necrotic cell death pathway, but not by influencing the
mitochondriacontrolled apoptotic pathway of cell death. Thus, the reduced (as compared
to calorielimited WT cells) evel of DAG in D and PD phases extends the chronological
life spans ofgpt2D, sctlD ayrlD, slclD IpplD and dpplD cells grown under CR by
delaying their ageelated, FFA and DAGinduced necrotic cell death during ST phase
(Figure 3.20B).

Within the framework of the proposed here mechanigal D, arelD, are2Dand



IrolD cells grown under CR conditions have reduced chronological life span (as
compared to that of caloriamited WT cells) due to the elevated level of DAG in D and
PD phases (Figures17D and 3.21A). As | found, DAG concentration during D and PD
phases programs cell viability during ST growth phase by modulating the &koA
DAG-induced necrotic cell death pathway, but not by influencing the mitochendria
controlled apoptotic pathwagf cell death. Thus, the elevated (as compared to calorie
limited WT cells) level of DAG in D and PD phases shortens the chronological life spans
of dgalD, arelD are2DandlrolDcells grown under CR conditions by accelerating their
agerelated, FFAand DAG-induced necrotic cell death during ST phase (Figure 3.21A).

Within the framework of the proposed here mechantgihJ, tgl20, tgl3D, tgl4D
andtgl5D cells grown under CR conditions have increased chronological life span (as
compared to thatfaalorielimited WT cells) due to the reduced level of DAG in D and
PD phases (Figures 3.17G and 3.21B). As | found, DAG concentration during D and PD
phases programs cell viability during ST growth phase by modulating the &koA
DAG-induced necrotic dedeath pathway, but not by influencing the mitochondria
controlled apoptotic pathway of cell death. Thus, the reduced (as compared to calorie
limited WT cells) level of DAG in D and PD phases extends the chronological life spans
of tgl1D tgl2D, tgl3D, tgl4Dandtgl5Dcells grown under CR conditions by delaying their

agerelated, FFAand DAGinduced necrotic cell death during ST phase (Figure 3.20B).

3.6. Conclusions
My functional genetic, cell biological, electron and fluorescence microscopical,

proteomic, lipidomic, and metabolomic analyses resulted in defining the molecular
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mechanism underlying the ability of CR to extend longevity of chronologically aging

yeast byspecifically remodelling lipid metabolism in the ER, LBs and peroxisomes. |

expect that this knowledge will be instrumental for designing-thgbughput screening

of novel antiaging drugs that can extend longevity by targeting different aspects of this

mechanism.
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4. A mechanism underlying the ability of a novel antiaging drug to extend yeast
life span by targeting thelongevity-defining aspects of lipid metabolism confined

to the ER, LBs and peroxisomes

4.1. Abstract

As described in Chapter 3 of this thesis, | established the molecular mechanism
underlying the ability of caloric restriction (CR) to extend longevity of chronologically
aging yeast by specifically remodelling lipid metabolism in the endoplasmic reticulum
(ER), lipid bodies (LBs) and peroxisomes. This knowledge has been instrumental for
choosing the singlgenedeletion mutanpex®) as a shortived mutant strain for high
throughput screen of novel aging drugs that can extend longevity by targetindisuc
mechanism under CR conditions. In experiments described in this Chapter, | first
elucidated how theex5D mutation affects different aspects of the mechanism linking
longevity and lipid metabolism in the ER, LBs and peroxisomes. | found that in yeast
placed on a CR diet this mutation leads to: 1) increase in free fatty acids (FFA),
diacylglycerols (DAG), triacylglycerols (TAG) and ergosteryl esters (EE) and their build
up in the ER and LBs; 2) excessive accumulation of the ER membranes and ER
originated IBs; and 3) enhanced susceptibility to necrotic cell death caused to a short

term exposure to exogenously added FFA and DAG. Using thelslealpex2O mutant

strain, Al exander Gol dber g i n D-throughputt or e n |

screen of neel antitaging compounds that can extend the chronological life span (CLS)
of yeast by targeting these longewvigfining aspects of lipid metabolism under CR

conditions. One of the lifextending compounds identified in such screen was lithocholic
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acid (LCA) , a bile acid. Studies in Dr. Titore

extends the CLS of wildype (WT) strain of yeast placed on a CR diet. By elucidating
how LCA influences the metabolism of lipids as well asi@@ted forms of necrotic and
apoptotic death in chronologically aging yeast and how it alters yeast proteome, in
experiments described in this Chapter | established the molecular meclhiadisrying

the ability of LCA to extend yeasSELS by targetingthese longevitydefining aspectsf

lipid metabolism confined to the ER, LBs and peroxisomes. In such mechanism, under
CR conditions LCA accelerates the biosynthesis of TAG from FFA and DAG in the ER
as well as decelerates the FFand DAGgenerating lipolysis of TAG in LBs. The
resultirg reduction of the ERand LB-confined levels of FFA and DAG during diauxic

(D), postdiauxic (PD) and stationary (ST) growth phases affects both mechanisms (see
Chapter 3 of this thesis) by which these two lipid species regulate longevity. First, by
lowering the intracellular concentration of DAG during D and PD phases, LCA
attenuates the FFRAand DAGinduced necrotic cell death pathwayhereby impairing

the agerelated form of necrotic cell death and ultimately extending longevity of
chronologically agig yeast placed on a CR diet. Second, by reducing the intracellular
concentrations of FFA and DAG during ST phase, LCA attenuates the mitochondria
controlled apoptotic cell death pathwaythereby impairing the agelated form of
apoptotic cell death andltimately extending longevity of chronologically aging yeast

under CR conditions.

4.2. Introduction

As | described in Chapter 1 of this thesisrtainpharmacological interventions
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can extend life span across phylaand in some casesmprove oveall health by
beneficially influencing ageelated pathologiessée Figure 4)1 Noteworthy, two anti

aging compound&nown prior to my study have been shownalter lipid levels in
mammals and fruit flies umd nonDR conditions.Specifically resveratrol treatment
reduces the levels of the neutral lipids TAG and increases FFA levels in mouse
adipocyteq116]. Furthermore, feeding rapamycin to fruit flies results in elevated TAG
levels[38].

Although it remains to be seen if suclfeets of resveratrol and rapamycin on lipid
levels play a casual role in their aafjing action under neBR conditions, it should be
stressed that lipid metabolism has been showretovolvedin longevity regulation in
yeast[18, 153],worms[46, 63, B2, 190],fruit flies [183, 190]and mice 140, 141, 185,

187, 188, 190] (see Chapters 1 and 3 for a detailed discussion of this topic). In Chapter 3
of this thesis, proposed a mechanism linking yeast longevity and lipid dynamics in the
ER, LBs and perossomes. In this mechanism, a CR diet extends yeast CLS by activating
FFA oxidation in peroxisomgd8, 153].1t is conceivablghatthe identification of small
molecules targeting th mechanism could yield novel a@ging compoundsSuch
compounds can besed agesearch tools fodefining the roles fordifferent longevity
pathways inmodulating lipid metabolism and in integratitigid dynamics with other
longevityrelated processes. Furthermore, the availability of such compounds would
enable a quest fchousekeeping longevity assurance pathwhgs do not overlagor

only partially overlapwith theadaptablefOR andcAMP/PKA pathwaygsee Chapter 1

of this thesis for a detailed discussion of this togdiépreover, such compounagould

have a potentiato be used apharmaceutical agent®or increasing life span and
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promoting healthy aging by delaying the onset of-i@jated diseases caused by various
defects in |Iipid metabolism and signaling,
A performed by Al exander Gol diheughputi n Dr .
screen of novel anfiging compounds that can extend yeast longevity under CR
conditions by altering lipid metabolism identified LCA as one of these compoilmds.
studies described in this Chaptergstablished the molecular mechanisnderlying the
ability of LCA to extend yeasCLS by targetingthe essentidbngevity-defining aspects

of lipid metabolism confined to the ER, LBs and peroxisomes.

4.3. Materials and Methods

Strains and media

The wildtype strainSaccharomyces cerevisi@'4742 MATa his30L leu2l0 lys2.0
ura3f0) and mutant strainspex?®D (MATa his30L leu20 lys20 ura3f0
pexXD:kanMX4), torlD (MATa his30L leu200 lys200 ura3[D torlD:kanMX4), ras2D
(MATa his30L leu20 lys200 ura3fD ras20:kanMX4) and rim15D (MATa his30L
leu220 lys20 ural3fD rim150:kanMX4) were used in this studyWledia components
were adollows: 1) YEPD (0.2% Glucose), 1% yeast extract, 2% peptone, 0.2% glucose;
2) YEPD (05% Glucose), 1% yea®xtract, 2% peptone, ®6 glucose;3) YEPD (1%
Glucose), 1% yeast extract, 2% peptol#, glucose; andl) YEPD (2% Glucose), 1%

yeast extract, 2% peptone, 2% glucose.

A plating assay for the analysis of chronological life span
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Cells were grown in YEPD mediumitially containing 0.2%, 0.5%, 1% or 2% glucose

as carbon sourcat 30°C with rotational shaking at 200 rpm in Erlenmeyer flasks at a
flask volume/medium volume ratio of 5:1. A sample of cells was removed from each
culture at various time points. A fraction of the cell sample was diluted in order to
determine the total number of cells per ml of culture using a hemacytometet.o10
serial dilutions (1:10 to 1:Ep of cells were applied to the hemacytometer, where each
large square is calibrated to hold @dl The number of cells in 4 large squares was then
counted and an average was taken in order to ensure greetieacy. The concentration

of cells was calculated as follows: number of cells per large square x dilationx 10

x 1,000 = total number of cells per ml of culture. A second fraction of the cell sample
was diluted and serial dilutions (14 1:10) of cells wereplated onto YEPD (2%
Glucose) plates in triplicate in order to count the number of viable per ml of each
culture. 100m of diluted culture was plated onto each plate. Aft&8a incubation at

30°C, the number of colonies per plate was counted. The number of colony forming units
(CFU) equals to the number of viable cells in a sample.efbie, the number of viable
cells was calculated as follows: number of colomedilution factorx 10 = number of
viable cells per ml. For each culture assayed, % viability of the cells was calculated as
follows: number of viable cells per ml / total nuembof cells per mik 100%. The %
viability of cells in midlogarithmic phase was set at 100% viability for that particular

culture.

Visualization of intracellular lipid bodies (LBs)
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Wild-type and mutant cells grown in YERBedium initially containind.2%, 0.5%, 1%
or 2% glucose as carbon soureesre tested microscopically for the presence of
intracellular LBs by incubation with BODIPY 493/503. Cells were also probed with a
fluorescent counterstain CW in order to visualize all cells in the popul&ORIPY
493/503 was stored in the darki 20°C as 1001 aliquots of a 1 mM solution in ethanol.
CW was stored in the darki@(°C as the 5 mM stock solution in anhydrous DMSO.

The concurrent staining of cells with BODIPY 493/503 and CW wasechout as
follows. The required amounts of the 160BODIPY 493/503 aliquots (1 mM) and of
the 5 mM stock solution of CW were taken out of the freezer and warmed to room
temperature. The solutions of DHR and CW were then centrifuged at 24,§G0r 5
min in order to clear them of any aggregates of fluorophores. For cell cultures with a titre
of ~ 10 cells/ml, 100 was taken out of the culture to be treated. If the cell titre was
lower, proportionally larger volumes were used. The samples were thaifugeed at
21,000x g for 1 min, and pelleted cells were resuspended inmMl@® TNT buffer (25
mM Tris/HCI (pH 7.5), 150 mM NaCl and 0.2 % Triton-200). After a 16min
incubation at room temperature, the samples were centrifuged at 21 @@ 1 mn.
Pellets were then resuspended in DM@@f TN buffer (25 mM Tris/HCI (pH 7.5), 150
mM NaCl), and the samples were subjected to centrifugation at 2%,00for 1 min.
Pelleted cells were finally resuspended in D@®f TN buffer. Each 100v aliquot of
cells was then supplemented wit hnolthesl of
mM CW solutions. After a IBnin incubation in the dark at room temperature, the
samples were centrifuged at 21,009 for 5 min. Pellets were resuspended i@ frDof

TN buffer. The samples were centrifuged again at 21x09@or 5 min, and pellets were



resuspended in 10@ of TN buffer. 10m of the BODIPY 493/503and CWtreated cell
suspension was then added to a microscope slide and covered with amoVeestlides

were then sealed using nail polish. Once the slides were prepared, they were visualized
under the Zeiss Axioplan fluorescence microscope mounted with a SPOT Insight 2
megapixel color mosaic digital camera. Several pictures of the cellschrskde were

taken, with two pictures taken of each frame. One of the two pictures was of the cells
seen through a fluorescein filter in order to detect cells dyed with BODIPY 493/503. The
second picture was of the cells seen through a DAPI filter irr dodésualize CW, and
therefore all the cells present in the frame. For evaluating the percentage of BODIPY
493/503positive cells, the UTHSCSA Image Tool (Version 3.0) software was used to

calculate both the total number of cells and the number of dta@iks.

Electron microscopy and morphometric analysis

Cells were fixed in 1.5% KMn@Qfor 20 min at room temperature, dehydrated by
successive incubations in increasing concentrations of ethanol, and embedded in
Poly/Bed 812 epoxy resin (Polysciences)trathin sections were cut using an UiCat

E Microtome (Reicherfung). Silver/gold thin sections from the embedded blocks were
examined in a JEOL JEMOOOFX transmission electron microscope. For morphometric
analysis of random electron microscopic sawdiof cells, digitized images were analyzed
using the UTHSCSA Image Tool (Version 3.0) software. In each of 2 independent
experiments, the percentage of cells that contain pexopodia and/or accumulate gnarled

LBswas calculated by analyzing at least 30llsdbat were collected at each time point.
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The values of the percentage of cells containing pexopodia and/or accumulating gnarled

LBswere plotted as a function of the number of days cells were cultured.

Preparation of total cell lysates

An aliquot contining 1 x 10 cells was centrifuged for 7 min at 3,000 rpm at room
temperature. Pelleted cells were washed twice with distilled water and further centrifuged

for 3 min at 16,000 x g at room temperature. The recovered cell pellet was then
resuspended in 509 | of 4% CHAPS in 25 mM Tri s/ HCI b
for 15 sec at 16,000 x g at room temperature. The cells were then washed again, first by
resuspending them in 500 ¢l of 4% CHAPS in
by centrifuging fo 15 sec at 16,000 x g at room temperature. The pellet of washed cells

was then resuspended in 1 ml of-emd 4% CHAPS in 25 mM Tris/HCI buffer (pH 8.5),
divided into 5 equal aliquots of 200 ¢l e e
Each 200 qulot was supplemented with ~100 ¢
times for 1 minute. Apart from the vortexing steps, the samples were kept on ice at all
times. Glass beads and cell debris were then pelleted by 5 min centrifugation at 16,000 x

g at #C. The resulting supernatant of the glass bead lysate was immediately transferred

into a prechilled Eppendorf tube and stored-26°C for further analysis.

Purification of the ER
Reagents and solutions

1. TSD reduction buffer: 0.1 M Tris/Sulfate (pH4® 10 mM DTT



2. HEPES lysis buffer: 20 mM HEPES/KOH, pH 6.8, 50 mM KCI, 200 mM sorbitol, 2
mM EDTA, 1 mM DTT

3. Spheroplast medium A (pH 7.9):67% yeast nitrogen base (w/0) amino acids, 2 %
(w/v) glucose, 1 M sorbitol, 20 mM Tris/HCI (pH 7.5)

4. Spheroplast medium B).67% yeast nitrogen base (w/0) amino acids, 2 % (w/v)
glucose, 1 M sorbitol

5. 1.2 M sucrose/ HEPES, 36% (w/w): 7.2 g sucrose + 12.8 ml HEPES lysis buffer
6.1.5 M sucrose/ HEPES, 430/w): 8.6 g sucrose + 11.4 ml HEPES lysis buffer

7. MES buffer 1 (MES breaking buffed0 mM MES/Tris (pH 6.9), 12 % (w/w) Ficoll
400, 0.2 mM EDTA

8. MES buffer 220 mM MES/Tris (pH 6.9), 8 % (w/w) Ficoll 400, 0.2 mM EDTA

9. MES buffer 3:10 mM MES/Tris (pH 6.9), 0.6 M sorbitol, 8 % (w/w) Ficoll 4002

mM EDTA

10. MES buffer 410 mM MES/Tris (pH 6.9), 0.25 M sorbitol, 0.2 mM EDTA

11. KPi buffer (pH 7.4)20 mM KH,POJ/KOH (pH 7.4), 1.2 M sorbitol

Procedure

Wild-type and mutant cells were grown in YEPD mediumtially containing 0.2%,
0.5%, 1% or 2% glucose as carbon souf@eltures were harvested at regponential

and diauxic phases, checked for contamination by bfiglit microscopy and used to
measure cell density at @Q§3 The norncontaminated wildype and mutant cells were
pelleted at 4,00& g for 5 min at room temperature. Cells were then resuspended at 10

ODeoo units/ml in TSD reduction buffer, incubated for 10 min at room temperature and
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centrifuged for 5 min at 4,00& g at room temperaturePeleted cells were then
resuspended at 20 @ units/ml in Spheroplast medium A and supplemented with
Zymolyase 100T at a concentration of €dpper OQg units of cells. 1&I of each cell
suspension was then removed, diluted in &B6f H,O and used toneasure the Ofgo.

The remaining cell suspensions were incubated at 30°C for 30 min and the efficiency of
cell wall removal was monitored by measuring theg§DCell wall digestion was
allowed to proceed until the Qf measurement of the diluted cell paasion became

5% of the original value, with the total digestion time not exceeding 1 hour. Spheroplasts
were then harvested by centrifugation at 1,50@ for 5 min at room temperature,
followed by resuspending at 1 to 5 g@Bunits/ml in Spheroplast mamn B by gentle
swirling of the tube or gentle stirring with a glass rod. Spheroplasts were then harvested
by centrifugation at 1,508 g for 5 min at 4°C and then resuspended at a concentration of
1,000 ORgo units/ml of icecold HEPES lysis buffer with réshlyadded DTT.
Spheroplasts were then homogenized using 20 strokes and resulting lysates were
centrifuged at 1, 008 g for 10 min at 4°C. The supernatantse{(§ were subjected to
another round of centrifugation at 1, 060 g for 10 min at 4°C, and salting
supernatants were further centrifuged at 27,80 for 10 min at 4°C. The pelleted
membranes (P o9 were resuspended in 1.0 ml of HEPES lysis buffer (5,00Q06D
equivalents per ml) using a trimmesdnl pipette tip and carefully layered on top a
sucrose gradient prepared in advance (2.1 ml of 1.5 M sucrose/HEPES solution was
deposited to the bottom of a Beckman Ul@iar centrifuge tube for the Beckman MLS

50 rotor, and then overlaid with 2.1 ml of 1.2 M sucrose/HEPES solution). The dradien

tubes were then placed in the jotelled swinging bucket Beckman MESD rotor and
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centrifuged at 100,008 g (36,000 rpm) for 1 hr at 4°C using the slow acceleration and
deceleration setting to minimize disruption of gradients. 18 gradient fractic2®7afl
each were then collected starting from the top of the sucrose gradient and st208@ at

for further analyses.

Purification of LBs

Reagents and solutions

1. TSD reduction buffel0.1 M Tris/Sulfate (pH 9.4), 10 mM DTT

2. HEPES lysis buffer: 20 kh HEPES/KOH, pH 6.8, 50 mM KCI, 200 mM sorbitol, 2
mM EDTA, 1 mM DTT

3. Spheroplast medium A (pH 7.9):67% yeast nitrogen base (w/0) amino acids, 2 %
(w/v) glucose, 1 M sorbitol, 20 mM Tris/HCI (pH 7.5)

4. Spheroplast medium B).67% yeast nitrogen bage/o) amino acids, 2 % (w/v)
glucose, 1 M sorbitol

5. 1.2 M sucrose/ HEPES, 36% (w/w): 7.2 g sucrose + 12.8 ml HEPES lysis buffer
6.1.5 M sucrose/ HEPES, 43@#/w): 8.6 g sucrose + 11.4 ml HEPES lysis buffer

7. MES buffer 1 (MES breaking buffed0 mM MES/Tris (pH 6.9), 12 % (w/w) Ficoll
400, 0.2 mM EDTA

8. MES buffer 220 mM MES/Tris (pH 6.9), 8 % (w/w) Ficoll 400, 0.2 mM EDTA

9. MES buffer 3:10 mM MES/Tris (pH 6.9), 0.6 M sorbitol, 8 % (w/w) Ficoll 400, 0.2
mM EDTA

10. MES buffer 410 mM MES/Tris pH 6.9), 0.25 M sorbitol, 0.2 mM EDTA

11. KPi buffer (pH 7.4)20 mM KH,POY/KOH (pH 7.4), 1.2 M sorbitol
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Procedure

Wild-type and mutant cells were grown in YEPD mediimtially containing 0.2%,
0.5%, 1% or 2% glucose as carbon soufceltures were harvesl at midexponential

and diauxic phases, checked for contamination by bfiglit microscopy and used to
measure cell density at @3 The noncontaminated wildype and mutant cells were
pelleted at 4,00& g for 5 min at room temperature. The cellsresthen washed once
with distilled water and resuspended in the TSD reduction buffer at 10y Oits/ml.
Following a 10min incubation at room temperature, the cells were pelleted by
centrifugation at 4,00 g for 5min at room temperature and thenshed once in
Spheroplasts medium A. The cells were then resuspended in Spheroplasts medium A at
20xODggouni t s/ ml, suppl emented with Zymol yase
ODggo units of cells, and incubated at 30°C for 45 min on a shaker s&5 apm.
Spheroplasts were then pelleted by Smintrieigationat 1,500 g at room temperature,
resuspended in the i@®ld Spheroplasts medium B ax30Dggp units/ml using pipettes
with cut tips, and centrifuged for 5 min at 1,560g at 4°C. Sheroplasts were then
washed twice by resuspending the pellets ircale KPi buffer at a concentratioof 5
ODgqo units/ml followed by centrifugation for 5 min at 1,58@ at4°C. After the second
wash and centrifugation step, cleapheroplasts wereesuspended in ieceold MES
Buffer 1 at a concentration of 1,000 @9 units/ml using pipettes withnoncut tips.
Spheroplasts were then lysed in a homogenizer using 20 strokes dtydafes were
centrifuged for 5 min at 5,008 g at 4°C and the resultingupernatants 6309 were
transferred to prehilled centrifuge tubes kept on icéBs were then purified by

subjecting the spheroplast lysates to a series of flotation gradient centrifugations using a
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MLS 50 swinging bucket rotor (Beckman). The fiflsitation gradient was prepared by
placing 2.5 ml of the £y fraction to the bottom of a centrifuge tube (UiG&ar
Beckman tubes for MLS 50 rotor) and overlaying it with 2.5 ml| ofackel MES Buffer

1. Following 1 hour centrifugatioat 100,000x g (36000 rpm) at 4°C, the floating layer
from the top portions of the gradients was collected withitdip and transferred to the
bottom of a new centrifuge tube, which was then supplementedt® buffer 2to a

total volume of 2.5 ml and gentiyixed bypipetting. Resulting suspension was daier

with 2.5 ml of icecold MES buffer 2 and theoentrifuged for 1 hr at 100,000g (36,000

rpm) at 4°C. The floating layer from the top portions of the gradients was again collected
with a cut tip and transferredo the bottom of a new centrifuge tube, which was then
supplemented wittMES buffer 3to a total volume of 2.5 ml and gentiyixed by
pipetting. Resulting suspension was ¢aer with 2.5 ml of icecold MES buffer 4 and
thencentrifuged for 1 hr at 100,00« g (36,000 rpm) at 4°C. The floating layer from the
top portions of the gradients was collected with a cut tip and purified lipid bodies were

stored-20°C for further analyses.

Protein precipitation, SDSPAGE and silver staining of gels

Protein concetnation was determined using the RC DC protein assay kit-RBid)
according to the manufacturer's instructions. Proteins were precipitgteddding
trichloroacetic acid (TCA) to the final concentration of 10%, incubated on ice for 30 min,
pelleted by centrifugation, and thevashed with icecold 80% acetone. Dried protein
pellets were then resuspended in the $SIX&E sample buffer and the pias adjusted

to neutral using 2 M Tris/HCI (pH 8.8). The samples were boiled for 5 min ‘&, 63
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centifuged for 30 sec at 16,000 x g, loaded onto a 7.5%, 10%, 12.5% or 16% gel and
resolved by SDFAGE. Following an overnight incubation of the gels in S@%thanol,

proteins were visualized by silver staining using the mass spectrecoetyatible silver
staining kit (BeRad Si Il ver Staining Plus) according
The BioRad unstained molecular marker and a 0.1 mg/ml solutiddSé¢ in the SDS

PAGE sample buffer were also subjected to S$IA&E. The proteins were then

visualized by silver staining.

Analysis of proteins by mass spectrometry

Proteins were resolved by SEPRGE and visualized by silver staining [226]. Protein
bands vere excised from the gel, reduced, alkylated andeindigested with trypsin

[226]. The proteins were identified by matassisted laser desorption/ionization mass
spectrometric (MALDI MS) peptide mapping [227], using a Micromass M@LDI-tifre

flight (TOF) mass spectrometer (Waters). Database searching using peptide masses was
performed with the Mascot welased search engine. For evaluating relative levels of
individual proteins recovered in total cell lysates or purified mitochondria, a selected
proteinband was excised from the silvamined gel and placed into an Eppendorf tube.

A band of BSA containing 2 €©€g of this prot
stained gel, was added to each of the protein bands to be analyzed. Protein bands were
reduced, alkylated and 4gel digested with trypsin [226]. The desalted peptide mixture
was added to the surface of a MALDI target plate and allowed to air dry. The sample spot
was then overlaid with MALDI matrix solution containing the Angiotensin | peptide

standard (1:1 ratio). The presence of Angiotensin | in the sample carrying the analyzed
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mixture of peptides provided an additional estimate of the mass measurement accuracy
after calibration, giving an opportunity to calculate the valupegtide mass terance

for each individual mass spectrum. Aftee desalted peptide mixture wasalyzed by

MALDI -TOF, the monoisotopic massekrecovered BSA peptides and the intensities of

their monoisotopic peaks were grouped separately from the masses and estesisiti
peptides originated from the protein of interest. These data provided an additional
estimate of the mass measurement accuracy and were used for the quantitation of relative
levels of the same protein recovered in different samples. For evaluattigaévels of

the protein of interest found in the samples to be comparedy at i o fit he i nte
monoisotopic peak of a peptide originated from the protein of interest/the intensity of the
monoisotopic peak of a BSA peptide with the monoisotopass closest to the mass of

the peptide of interesto was <calcul ated f
interest. Based on these data, the average value for relative levels of the protein of
interest found in the two compared samples was Gkl The method fogvaluating

relative levels of the protein of interest recovered in different samples was validated by
calculating relative levels of several standard proteins in the sasypetemented with

different quantities of each of these proge

Analysis of lipids by mass spectrometry

1 x 10° cells were harvested by centrifugation and washed three times with cold water.
The lipids were extracted by resuspending the cells in 3.8 ml of chloreforathanol-

water (1:2:0.8) and by vortexing the cell suspension with glass beads two timesifior 1 m

1 ml of chloroform was then added, and the extract was incubated for 5 min with
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occasional mixing. 1 ml of water was then added, and the extract was incubated for 5 min
with occasional mixing. The extract was centrifuged and the entire supernatant was
collected. The pellet was resuspended in 1.6 ml of chloroform, and the lipids were
extracted by vortexing the suspension with glass beads two times for 1 min. The extract
was then centrifuged and the entire supernatant was collected. The pooled sugernatant
were centrifuged and the organic phase was collected. The lipid extract was dried under
nitrogen. The | ipid film was- medhasob@l)ved i
containing either 3 mM ammonium hydroxide for postige analysesr no additive for
negativeion measurements. Mass spectrometric analyses were performed with a
Micromass QTOF 2 mass spectrometer equipped with a reaoctrospraysource
operating at a flow rate of 1 e-dtageamass. The
spectrometry rmde for positiveor negativeion analyses as described in Chapter 2 of this
thesis. Forquantification of individual lipid molecular species, theommercially

available lipids (Avanti Polar Lipids, Larodan AB and Sigma) with-natural fatty acid
composiions were used as internal standards that do not occur in a sigraficannt in

the sample to be analyzed. Lipidamqtification was performeas described in Chapter 2

of this thesis.

Miscellaneous procedures
Protocols for lipid extraction, separatiby TLC, visualization by 5% phosphomolybdic
acid in ethangl and quantitation by densitometric analysis of TLC plates have been

described elsewhere [232]. Preparation of cellular extracts and microanalytic biochemical



assays for measuring ATP, glucose,htdlese and glycogen concentrations was

performed as previously described [233].

4.4. Results
4.4.1. A rationale for choosing a shortlived mutant strain to conduct a
high-throughput screen of novel antiaging compounds that can extend
longevity by altering lipid metabolism in chronologically aging yeast
My pilot experiments on elucidating the metabolism of lipids in various yeast mutants
were aimed at finding a shdived mutant strain most suitable for conducteadigh
throughput screen of novel aatging compounsl that can extend longevity by altering
lipid metabolismunder CR conditions. Based on my findings, | proposed tpesgdas
such mutant strairBecausepex®D lacks a cytosolic shuttling receptor for peroxisomal
import of Fox1p and Fox2p, these twozymes othe b-oxidationof FFA reside in the

cytosol ofpex®Dcells[261] (Figure4.1). In contrast, the Pex5pdependent peroxisomal

WT peroxisome

Foxlp Fox2p Fox3p
FFA—>FA-CoA > > >Ac - CoA

Cytosol

pex5 Dperoxisome
Fox3p

Cytosol

Foxlp Fox2p
FFA —FA-CoA >

Figure 4.1.By spatially separating Fox1p and Fox2p from Fox3p within a celp&x& mutation impairs

Ll
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oxidation offree fatty acids KFA) in the peroxisome. Outline of subcellular localization of the Fox1p,
Fox2p and Fox3p enzy-fwadatiorirf WTRakdfexdocells.dat i on i n b

import of Fox3p, the third enzyme of th&-A b-oxidation pathway, sorts it to the
peroxisome impexycells [261]. By spatially separatingox1p and Fox2grom Fox3p

within a cell, thepex®)mutation impairs FFA oxidation (Figure 4.1n. chronologically

aging yeast grown under CR conditions on 0.2% or 0.536oge, peroxisomal FFA
oxidation regulates longevity by Bfficiently generatingacetytCoA to synthesizethe

bulk of ATP in mitochondria; and 2cting as a rheostat that modulates theratged
dynamics of FFA and DAG, two regulatory lipitisat, as | found (see Chapter 3 of this
thesis), promote longevityshortening necrotic cell death Unlike CR yeast,
chronologically aging no®€R yeast grown on 1% or 2% glucose are unable to generate
significant quantities of ATP by oxidizing peroxisomdeived acetyyfCoA in
mitochondria and, instead, produce the bulk of ATP via glycolytic oxidation of glyeogen
and trehaloselerived glucose(see Chapters 1 and & this thesis for a detailed
discussion of this topic). As Alexander Goldberg in Dr. Titorénko | abor at or y
consistent with the essential role of peroxisomal FFA oxidation as a longevity assurance
process only under CBonditions the pex5D mutationsubstantially shortens the CLS of

CR yeast but causes a significantly lower reduction of deitg in nonCR yeast,

especially in yeast grown on 2% glucose [18].

4.4.2. The pexiD>dependent remodelling of lipid metabolism makes the
short-lived pex®D mutant most suitable for conducting a high

throughput screen of antiaging compounds that extend longewt by



altering the metabolismof lipids
As described in Chapter 3 of this thesis, | found that in chronologically aging CR yeast
peroxisomal FFA oxidatiomodulates, perhaps via several negative feedback loops, the
following three processes: fl)e ERconfined biosynthesis of TAG from FFA and DAG;
2) the subsequent deposition of TAG, the magutral lipid reserves, in LBs; and 3) the
consequent lipolysis of deposited TAG and the resulting formation of FFA and DAG. As
| found, by impairing the ability operoxisomal FFA oxidatioto act as aheostatthat
regulates cellular aging by modulating the -agiated dynamics of FFA, DAG and TAG
in the ER and LBsthe pex%D mutationcauss the accumulation of the closely apposed
ER membranes an&R-originated LBsin CR yeast (Figure 4.2). Of note, these
morphological features opex®D yeast under CR conditions were similar to those
observed in a mouse model for gheroxisome biogenesis disorder Zellweger syndrome

with hepatocytespecific elimination of th®EX5gene[262].
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Figure 4.2. The pex5Dmutation alters cell morphology by causing the accumulation of the closely apposed
ER membranes and Edtiginated lipid bodies in CR yeast. Transmission electron micrographs of WT and
pex5yeast grown on 0.2% glucose fodays.Abbreviations: D, diauxic growth phase; M, mitochondrion;

N, nucleus.

Furthermore] found thatthe pex5 mutationalsoincreass the concentrations of
FFA, DAG and TAG in CR yeast (Rige 4.3), promoting their buileup in the ER and
LBs (Figure4.4). In addition,CR yeast carrying theex8mutation accumulate the ER

derived and_Bs-deposited EE neutral lipid species (lHig4.4).
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