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ABSTRACT

Elucidating the Effects of Different Aging-Delaying Interventions on the Cellular
Lipidome and Metabolome of Budding Yeast

Karamat Mohammad, Ph.D.

Concordia University, 2021

In studies presented in this Thesis, I developed novel methods of liquid chromatography coupled
with tandem mass spectrometry for the identification and quantitation of the cellular lipidomes and
metabolomes of budding yeast. Both these methods are versatile, robust, and sensitive. They
provide several other advantages over the advanced methods currently employed for the mass
spectrometry-based quantitative analyses of cellular lipids and water-soluble metabolites. Using
the mass spectrometry-based methods of quantitative lipidomics and metabolomics, I investigated
mechanisms through which several aging-delaying (geroprotective) interventions extend the
longevity of budding yeast by specifically targeting the metabolism and transport of cellular lipids
and water-soluble metabolites. My studies provided evidence that the extract from Salix alba’s
bark, called PE21, slows the chronological aging of budding yeast because it lowers the
intracellular concentrations of free fatty acids below a toxic threshold. The resulting weakening of
an aging-associated liponecrotic form of regulated cell death increases the probability of cell
survival during the entire process of chronological aging. My studies suggested two additional
mechanisms by which a PE21-dependent reorganization of the cellular lipidome delays the
chronological aging of budding yeast. In one of these additional mechanisms, the PE21-dependent
rise in the concentrations of endoplasmic reticulum-generated phospholipids activates the pro-
longevity process of unfolded protein response in the endoplasmic reticulum. In the other

additional mechanism, the PE21-dependent changes in the composition of mitochondrial



membrane lipids create a pro-longevity pattern of mitochondrial functionality. I also applied the
mass spectrometry-based lipidomics to assess how three different geroprotectors (namely, caloric
restriction, torl4 mutation and lithocholic acid) influence the lipidomes of quiescent and
nonquiescent yeast cells purified using Percoll density gradient centrifugation. My data showed
that caloric restriction reorganizes the lipidomes of these cells differently than two other
geroprotectors. I proposed two mechanisms by which the caloric restriction-specific lipidome
reorganization might slow the chronological aging of quiescent and nonquiescent yeast cells.
Moreover, I used my non-targeted metabolomics method to investigate how three different
geroprotective interventions (i.e., caloric restriction, for/4 mutation and lithocholic acid) affect
the intracellular water-soluble metabolome of chronologically aging budding yeast. My findings
provide evidence that the three different geroprotectors create distinct metabolic patterns
throughout the budding yeast’s entire chronological lifespan. My study identified a distinct
metabolic pattern created by the caloric restriction geroprotector. I found two characteristic
features that distinguish the caloric restriction-specific metabolic pattern from the cellular
metabolism patterns created by the fori4 and lithocholic acid geroprotectors. One characteristic
feature that distinguishes the caloric restriction-specific metabolic design is its ability to suppress
the biosynthesis of methionine, S-adenosylmethionine and cysteine from aspartate, sulfate and 5-
methyltetrahydrofolate throughout the chronological lifespan. The other characteristic feature of
the caloric restriction-specific metabolic pattern is a decline in the intracellular concentration of
ATP, arise in the intracellular concentrations of AMP and ADP, and an increase in the ADP:ATP

and AMP:ATP ratios at various phases of chronological aging.
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Chapter 1: Introduction.

1.1 The budding yeast Saccharomyces cerevisiae is a model eukaryotic organism commonly
used in the research on aging and longevity.

An overwhelming body of evidence supports the notion that the mechanisms underlying
aging and longevity of eukaryotic organisms have been conserved in evolution [1-5]. Studies in
the budding yeast Saccharomyces cerevisiae, a unicellular eukaryote, have provided strong
evidence in favor of this notion. These studies have discovered many genes that influence cellular
aging’s pace and contribute to organismal longevity assurance not only in S. cerevisiae but also in
multicellular eukaryotes [6-10]. Studies in budding yeast have also identified a distinct set of the
signaling pathways that, in response to changes in nutrient availability and energy supply, regulate
longevity-defining cellular processes in budding yeast and other eukaryotic organisms [11-15].
Moreover, studies in budding yeast have revealed many small molecules that slow aging, prolong
longevity and postpone the onset of aging-associated pathologies in S. cerevisiae and other
eukaryotes [16-20]. All these advances in using S. cerevisiae to dissect the fundamental
mechanisms underlying biological aging and its delay are due to several advantages this yeast
offers for aging research. These advantages include the following. Both replicative and
chronological lifespans (RLS and CLS, respectively) of budding yeast are comparatively short and
easy to measure [6, 8, 21, 22]. Furthermore, the complete sequencing of the budding yeast’s
genome has allowed the commercial production and extensive use of various mutant libraries for
exploring the involvement of many genes and their protein products in cellular aging [ 6, 8, 21-
23]. Moreover, a plethora of intricate molecular analyses can be used for examining the complexity

of the aging process in budding yeast [ 6, 8, 21-23].

1.2 Replicative and chronological aging of budding yeast.

Two different modes of budding yeast’s aging are known. One of these modes is the so-
called chronological aging (Figure 1.1) [24, 25]. A quantitative measure of chronological aging
under laboratory conditions is for how long a post-mitotic yeast cell exited the cell cycle in the Gi
phase because it consumes the exogenous carbon source (or other nutrients) retains the ability to
re-enter the cell cycle. To assess this ability, the post-mitotic yeast cell is transferred from a

nutrient-depleted medium to a medium rich in the supply of all nutrients (Figure 1.1) [6, 8, 26].



Because a nutrient supply-dependent cell cycle arrest in the Gi phase elicits the entry of a budding
yeast cell into a Go state of quiescence, the ability of a quiescent cell to re-enter the mitotic cell
cycle after such transfer serves as the criterium for its viability (Figure 1.1) [6, 8, 26]. The liquid
culture’s aliquots are recovered on different culturing days to assess the chronological aging of
budding yeast under laboratory conditions. Each aliquot is then plated on a solid medium
containing all nutrients, and the ability of many individual cells to form a colony is visually
assessed (Figure 1.1) [6, 8, 24-26]. The more time budding yeast cells spent in a nutrient-depleted
liquid culture, the lower percentage of cells in the culture remains quiescent (i.e., capable of
forming a colony) [6, 8, 24-26]. Several high-throughput assays have been recently developed for
quantifying the chronological aging of budding yeast [26-29]. A consensus is that the
chronological mode of budding yeast’s aging mimics the aging of neurons and other post-mitotic
cells of humans [6, 8, 24-26, 30-33].

The other mode of budding yeast’s aging is called replicative aging (Figure 1.1) [34-37].
A quantitative measure of this aging mode under laboratory conditions is what number of daughter
bud cells a mother cell can generate before it becomes unable to replicate by budding [34-37]. This
definition does not specify if, after losing the ability to form a daughter bud, the mother cell
remains quiescent (i.e., capable of creating a colony) for a certain time or immediately escapes
quiescence to become senescent. This is a highly debated topic, including whether a cell remains
quiescent (i.e., capable of forming a colony after being transferred to certain nutrient-rich media)
if it can no longer produce a daughter cell in a nutrient-deprived medium [38-46]. To measure the
pace of budding yeast’s replicative aging under laboratory conditions, the daughter bud cells are
separated from a mother cell with the help of a micromanipulator [34-37]. The average number of
mitotic divisions that a mother cell can undergo before becoming unable to replicate by budding
is counted for many mothers [34-37]. Akin to the chronological aging measurement under
laboratory conditions, several assays for quantifying the budding yeast’s replicative aging exist in
a high-throughput format [47-53]. A commonly accepted viewpoint is that the replicative mode of
budding yeast’s aging mimics the aging of lymphocytes and other mitotically active cells of
humans [6, 35, 54-57].

Although the replicative and chronological modes of budding yeast’s aging are
traditionally assessed separately from each other in different types of laboratory assays, a growing

body of evidence indicates that a single aging process integrates both these aging modes in the



wild or even in a laboratory yeast culture [38-46].

Replicative aging

' 3 O Number of

’ Mitotic Divisions

~
X

Chronological aging

X Days Viable in
1 Stationary Phase

Figure 1.1. Replicative and chronological aging of budding yeast under laboratory
conditions. Replicative aging of budding yeast under laboratory conditions is assessed by
determining the maximum number of daughter bud cells that a mother cell can generate before it
becomes unable to replicate by budding. Chronological aging of budding yeast under laboratory
conditions is examined by assessing the time during which a post-mitotic yeast cell exited the cell
cycle because it consumes the exogenous carbon source (or other nutrients) retains the ability to
re-enter the cell cycle if it is transferred from a nutrient-depleted medium to a medium that contains

all nutrients. From: Reference [58. Kaeberlein et al. PLoS Genet. 2007; 3: e84].

1.3 A link between chronological aging and a cellular quiescence program in budding yeast.

One way of studying budding yeast cells’ chronological aging is to culture them under
aerobic conditions in a complete, nutrient-rich medium initially containing 2% glucose as the only
exogenous source of carbon [59]. These yeast cells are not limited in calorie supply and grow

under the conditions for which the term “non-caloric restriction conditions (non-CR)” was coined



[59]. After consuming the exogenously added glucose, the budding yeast cells amass ethanol and
a diauxic (D) shift period begins [59-61]. The growth of yeast culture is decelerated as the cells
catabolize ethanol [59-61]. During the subsequent post-diauxic (PD) shift, mitochondrial
respiration is enhanced, and yeast culture’s growth is further slowed [59-61].

In some cells within the yeast culture initially grown under non-CR conditions, the PD shift
is marked by the cell cycle arrest at the nutrient-sensing “START A” checkpoint in the late Gi
phase [62]. Two cell populations become detectable within the culture at that point. One of these
populations is a population of quiescent (Q) cells whose cell cycle is arrested [62, 63]. Because Q
cells do not have bud scars on their surface, these cells are daughter cells separated by budding
from the mother cell [62, 63]. Of note, as discussed below, both Q and NQ cells can senesce. Q
cells’ two hallmarks are their clonogenicity and ability to divide synchronously. These and other
properties of Q cells are detailed in the next section of my thesis introduction chapter. The other
cell population includes non-quiescent (NQ) cells whose cell cycle is not arrested [62, 63]. The
presence of one or more bud scars on the surface of NQ cells or the appearance of a separating
daughter bud indicates that the NQ cells are the mother cells of the first and other generations [62,
63]. As described in the next section of my thesis introduction chapter, depending on cell age,
some of these NQ cells are clonogenic and can divide synchronously, whereas others are not [62,
63]. An intricate signaling network, which integrates a distinct set of signaling pathways and
protein kinases, controls the development of the diverse properties of Q and NQ cells [64].

After ethanol, a product of glucose fermentation, is consumed, the culture initially grown
under non-CR conditions moves into the stationary (ST) phase of culturing [59, 60]. The cell-
division cycles of all yeast cells in the culture are getting arrested at the nutrient-sensing “START
A” checkpoint in the late Gi1 phase [62, 63]. The chronological aging of Q cells begins [6, 8, 62,
63]. An aging-associated process in which a gradually increasing number of initially Q cells lose

their clonogenicity and ability to divide synchronously to become NQ cells [62, 63].

1.3.1 Q and NQ cells that are aging chronologically under non-CR conditions differ from
each other in their properties and fates.

The cell division cycles of all mother and daughter cells under non-CR conditions are
arrested at the “START A” checkpoint in the late G1 phase. For some mothers and daughters, this

cell cycle arrest occurs during the PD shift, whereas for others, it happens at the beginning of the



ST phase of culturing [62, 63]. These mother and daughter cells become Q cells. A distinct set of
properties exhibited by the Q cells under non-CR conditions and their fates are described in this
section. The cell-division cycles of some mother cells under non-CR conditions are arrested during
the PD shift; for other mothers, the cell-division cycle arrest under these conditions occurs at the
beginning of the ST phase of culturing [62, 63]. All these mother cells give rise to the three
populations of NQ cells. The properties of each of these NQ cell populations under non-CR
conditions and their fates are also discussed here.

The two properties of Q cells most relevant to chronological aging are their clonogenicity
and ability to divide synchronously (Figure 1.2) [62-67]. The clonogenicity is tested by plating a
cell aliquot recovered from the ST phase culture on a nutrient-rich solid medium and assessing the
cells’ ability to form a colony clone [62-67]. The ability to divide synchronously is examined by
transferring a cell aliquot taken from the ST phase culture to a nutrient-rich liquid medium and
evaluating the cells’ ability to undergo synchronous mitotic divisions [62-67]. Q cells under non-
CR conditions are uniformly sized cells that do not form buds and lack bud scars on their surface
(Figure 1.2) [62-67]. A thick cell wall of Q cells is responsible for their ability to refract light upon
phase-contrast microscopical examination (Figure 1.2) [62-67]. Although most Q cells under non-
CR conditions have high buoyant density, some are low-density cells (Figure 1.2) [62-68]. The
increased metabolic activity, build-up of the glycogen and trehalose storage reserves, and elevated
mitochondrial respiration and membrane potential are distinctive properties of Q cells under CR
conditions (Figure 1.2) [62-68]. These cells possess low reactive oxygen species (ROS)
concentrations and do not display significant oxidative damage to their proteins, nucleic acids and
lipids (Figure 1.2) [62-68]. The high resistance to exogenous stresses, low rates of mutations in
the nuclear and mitochondrial genomes, and the postponed onsets of apoptosis and necrosis are
distinguishing Q cells’ properties under CR conditions; this is likely because many of these cells
are brand new daughter cells. (Figure 1.2) [62-68]. Q cells under non-CR conditions display a
relocation of some heat-shock proteins from the cytosol to the nucleus and a build-up of other heat-
shock proteins within the cytosolic foci and filaments (Figure 1.2) [69]. These cells exhibit
substantial changes to the processes confined to their nucleus, including altered nuclear
morphology, the topology of nuclear chromosomes and transcription of nuclear genes (Figure 1.2)
[69]. The proteostatic capacity of Q cells under non-CR conditions is significantly enhanced due

to a build-up of P-bodies and stress granules in the cytosol, relocation of inactive proteasome



subunits from the nucleus to the insoluble protein deposits, and transfer of active proteasome
subunits from the nucleus to the proteasome storage granules (Figure 1.2) [69]. The re-arrangement
of actin cytoskeleton and microtubules, the disintegration of the tubular mitochondrial network,
and deposition of many small and globular mitochondria at the cell periphery are characteristic of

Q cells under non-CR conditions (Figure 1.2) [69].
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Figure 1.2. The properties and fates of Q and NQ cells of budding yeast cultured under non-
CR conditions are different. NQ cells of population 1 originate from Q cells. The cells of NQ
population 1 are predecessors of NQ population 2, the direct ancestors of NQ population 3. See
the text for more details. Abbreviations: IMM, the inner mitochondrial membrane; IPODs,
insoluble protein deposits; PSGs, proteasome storage granules; RCD, regulated cell death; ROS,
reactive oxygen species From: Reference [70. Mohammad et al. Int J Mol Sci. 2020; 21: 4717].

Some of the above properties of Q cells under non-CR conditions are essential contributors

to their abilities to retain a Q state when the nutrient supply is limited and withdraw from this state



to resume proliferation when nutrients become available again (Figure 1.2) [62-69]. Therefore, a
commonly accepted viewpoint is that these properties of Q cells under non-CR conditions are also
essential contributing factors to the assurance of their longevity in the wild and under laboratory
conditions [62-69].

The mother cells that undergo cell-division cycle arrest under non-CR conditions give rise
to the three populations of NQ cells (Figure 1.2) [62-67]. Only one of these cell populations, known
as the NQ cell population 1, includes clonogenic cells that can divide synchronously (Figure 1.2)
[62-67]. Therefore, it has been suggested that all NQ cells in this population are the direct
descendants of Q cells (Figure 1.2, red arrow) [62-67]. Unlike most Q cells, the cells in NQ
population 1 have low buoyant density (Figure 1.2) [62-67]. Moreover, the cells in NQ population
1 exhibit lower mitochondrial respiration, higher intracellular ROS, and lesser spontaneous
mutations’ frequencies than Q cells (Figure 1.2) [62-67]. Thus, it is conceivable that the changes
in these Q cells’ properties might be responsible for their conversion to the cells of NQ population
1.

Because the cells of NQ population 2 are not clonogenic and cannot divide synchronously,
it is believed that they originate from the cells of NQ population 1 (Figure 1.2) [62-67].
Furthermore, the cells of NQ population 3 are not only non-clonogenic and incapable of dividing
synchronously but also display major hallmarks of the apoptotic and necrotic forms of cell death
(Figure 1.2) [62-67]. Therefore, it was suggested that the cells of NQ population 3 are the direct
descendant of NQ population 2 cells (Figure 1.2) [62-67].

1.3.2 CR alters the properties of Q and NQ cells and slows their chronological aging.

CR is a robust aging-delaying (geroprotective) dietary regimen [71-73]. It reduces the
supply and intake of calories but provides enough vitamins, amino acids and other essential
nutrients [71-73]. CR slows aging and prolongs longevity in organisms across species, including
replicative and chronological aging in budding yeast [2, 6, 8]. This dietary intervention delays the
onset of aging-associated pathologies in budding yeast and metazoans [72-76].

The Q and NQ cell populations have been purified from chronologically aging budding
yeast cultured under CR conditions and recovered on different days of the aging process [68]. The
CR conditions were administered by culturing yeast in a nutrient-rich medium supplemented with

0.2% glucose. In contrast, the traditional non-CR conditions were implemented by culturing yeast



in a nutrient-rich medium initially containing 2% glucose [68]. These studies enabled the detailed
comparative analyses of the properties exhibited by Q and NQ cells that are aging chronologically
under CR or non-CR conditions [68, 70, 77]. This section of my thesis introduction chapter
summarizes the findings of such comparative analyses.

As discussed in the previous section, the cell-division cycle arrest in budding yeast cells
that are aging chronologically and consume glucose under non-CR conditions occurs at the
“START A” checkpoint in the late G1 phase; this cell cycle arrest coincides with the appearance
of the high- and low-density populations of Q and NQ cells [62, 63, 65-67]. This is unlike the cell-
division cycle arrest in budding yeast cells that consume glucose when they are aging
chronologically under CR conditions. The arrest of their cell cycle happens at a checkpoint in the
early Gi1 phase, and it is also coincidental with the emergence of Q and NQ cells of different
densities (Figure 1.3A) [68, 70, 77].

In yeast cultures aging chronologically under non-CR conditions, the low-density Q cells
become the most abundant cell population during the ST phase of culturing [68, 70, 77]. If yeast
cells are aging chronologically under CR conditions, a peak in the abundance of the low-density
Q cell population is observed during the PD phase of culturing (Figure 1.3B) [68, 70, 77].

As discussed before, clonogenicity and the ability to divide synchronously are the two
distinguishing features of Q cells [62-67]. Although Q cells under non-CR conditions retain both
these abilities for a comparatively brief time (Figure 1.3C) [68, 70, 77], Q cells under CR
conditions remain clonogenic and capable of dividing synchronously much longer (Figure 1.3D)
[68, 70, 77].

The two major forms of glucose storage in budding yeast are glycogen and trehalose [60,
78]. The other essential roles of trehalose include proteostasis maintenance and stress protection
[79-81]. The intracellular concentrations of glycogen and trehalose in the Q and NQ cell
populations of budding yeast cultured under CR conditions exceed those found under non-CR
conditions (Figure 1.3E) [68, 70, 77].

Triacylglycerols (TAG) constitute the primary form of lipid storage in lipid droplets (LDP)
of budding yeast [82, 83]. These so-called neutral lipids are the intracellular source of free fatty
acids (FFA) for generating energy and providing the precursors for phospholipid synthesis [82,
83]. The intracellular concentrations of TAG in the Q and NQ cell populations of budding yeast

cultured under CR conditions are significantly lower than those observed in the corresponding cell



populations under non-CR conditions (Figure 1.3F) [68, 70, 77].

Cardiolipins (CL) are the lipids confined to the inner mitochondrial membrane (IMM) [83-
86]. They define mitochondrial morphology and play essential roles in maintaining the
mitochondria’s proper functional state [83-86]. The Q and NQ cell populations of budding yeast
cultured under CR conditions possess higher CL concentrations than the corresponding cell
populations recovered from yeast under non-CR conditions (Figure 1.3G) [68, 70, 77].

The longevity of chronologically aging budding yeast cells depends on the rate of
respiration and electrochemical membrane potential (A%m) exhibited by their mitochondria [59,
87-90]. These essential features of mitochondrial functionality are activated in the Q and NQ cell
populations of yeast cultured under CR conditions compared to the control non-CR conditions
(Figure 1.3H) [68, 70, 77].

The intracellular ROS, which are produced mainly as by-products of respiration in
mitochondria, contribute to longevity regulation in chronologically aging budding yeast [91-95].
ROS concentrations in Q and NQ cells that do not reach the ST phase of culturing under CR
conditions are lower than those in the corresponding cell populations under non-CR conditions
(Figure 1.31) [68, 70, 77]. A reverse trend is observed in the Q and NQ cell populations recovered
from yeast cultures that entered the ST phase (Figure 1.31) [68, 70, 77].

The oxidative damage to cellular proteins, nucleic acids and lipids is an essential
contributor to longevity regulation in chronologically aging budding yeast [90, 95-98]. The extent
of oxidative damage to these macromolecules in the Q and NQ cell populations of yeast cultured
under CR conditions is substantially lower than that found in the corresponding cell populations
under non-CR conditions (Figure 1.3]) [68, 70, 77].

The dietary, genetic and pharmacological interventions that make eukaryotic cells more
tolerant to chronic (long term) exogenous stresses slow down cellular aging [97-101]. The Q and
NQ cell populations of budding yeast cultured under CR conditions are more resistant to chronic
thermal and oxidative stresses than the corresponding cell populations recovered from yeast under
non-CR conditions (Figure 1.3K) [68, 70, 77]. Q cells under CR conditions tolerate both these
stresses better after the culture reaches the ST phase, whereas NQ cells under CR exhibit high
stress resistance during PD shift [68, 70, 77].

When the chronologically aging cells die of old age, they exhibit the hallmarks of apoptotic

and/or necrotic death [102-108]. The onsets of chronological aging-associated apoptosis and



necrosis in Q and NQ cells of budding yeast cultured under CR conditions occur later in the CLS

than their onsets in the corresponding cell populations under non-CR conditions (Figure 1.3L) [68,

70, 77]. Moreover, under CR conditions, Q and NQ cells are more resistant to both forms of cell

death elicited by exogenous stimuli than Q and NQ cells under non-CR conditions (Figure 1.3M)

[68, 70, 77].
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1.3.3 A possible mechanism that links chronological aging of budding yeast to properties of
Q and NQ cells.

As described above, CR slows the chronological aging of budding yeast and changes Q
and NQ cell populations’ properties in chronologically aging yeast cultures. Many of these CR-
driven changes in Q and NQ cells’ properties have been previously implicated in the CR-dependent
delay of budding yeast’s chronological aging. Altogether, these observations suggest a mechanism
that might link the chronological aging of budding yeast to some properties of Q and NQ cell
populations. CR slows the chronological aging of budding yeast in the proposed mechanism
because this geroprotective diet influences four essential processes within Q cells (Figure 1.4).
These processes are integrated into a program of cellular quiescence operating during the
chronological aging of budding yeast.

One of the cellular quiescence-related processes whose regulation by CR might be
responsible for the CR-dependent delay of chronological aging is the positioning of a checkpoint
in the G1 phase at which the cell-division cycle is arrested during the PD shift and ST phase entry
(Figure 1.4, process 1) [68, 70, 77]. Of note, this cell-division cycle arrest yields the high-density
population of Q cells (Q"P) (Figure 1.4, process 1). The cell cycle arrest resulting in QHP cells’
formation under non-CR conditions occurs at a checkpoint in the late G1 phase and creates large
QHD cells (Figure 1.4, process 1). In contrast, the cell cycle arrest leading to QHP cells’ creation
under CR conditions occurs at a checkpoint in the early Gi1 phase and creates small QP cells
(Figure 1.4, process 1). It is tempting to speculate that the small size of Q"P cells formed under
CR conditions contributes to some of the pro-longevity properties of these cells, including a rise
in their reproductive competence (i.e., clonogenicity and synchronous division), an increase in
their tolerance to chronic stresses, and a decline in their susceptibility to aging-associated apoptosis
and necrosis (Figure 1.4).

A cellular quiescence-related process that leads to the conversion of QP cells into low-
density Q (QP) cells is another CR-regulated event that might contribute to the CR-dependent
delay of chronological aging (Figure 1.4, process 2) [68, 70, 77]. CR expedites the QHP-into-QP
conversion during chronological aging of budding yeast [68, 70, 77]. One may speculate that this
CR-driven acceleration of the Q"P-into-QP conversion plays an essential role in developing some

of the pro-longevity biochemical and cell biological properties of QP cells. These properties are
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named in the box for process 3 (Figure 1.4).
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CR slows down another cellular quiescence-related process, the conversion of long-lived
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QP cells into short-lived NQP cells (Figure 1.4, process 3) [68, 70, 77]. It is conceivable that this
effect of CR on the Q'P-into-NQP conversion (which delays budding yeast’s chronological aging)
is due to CR’s ability to affect some of the cell properties termed in the box for process 3 (Figure
1.4) [68, 70, 77].

CR also decelerates a cellular quiescence-related process of transforming long-lived QP
cells into short-lived NQ'P cells (Figure 1.4, process 4) [68, 70, 77]. Akin to process 3, the CR-
driven slowdown of process 4 (which slows the chronological aging of budding yeast) may be
elicited because CR alters some of the cell properties indicated in the box for process 4 (Figure
1.4) [68, 70, 77].

As mentioned above, among cell properties altered by CR are those related to the
intracellular concentrations of two lipid classes, TAG and CL. The low-calorie diet decreases TAG
concentration and has the opposite effect on the concentration of CL in Q and NQ cells [68, 70,
77]. It would be interesting to assess the impact of CR on the intracellular concentrations of the
lipid classes other than TAG and CL. These other lipid classes include FFA, sphingolipids and
various phospholipid classes. All these other lipids have been implicated in the regulation of many
essential cellular processes. Another interesting direction of future research is investigating how
the geroprotective interventions other than CR (including genetic and pharmacological ones)

influence the concentrations of all these lipid classes in Q and NQ cells.

1.4 Geroprotective phytochemicals extend the longevity of chronologically aging budding
yeast.

Plants have evolved metabolic pathways for synthesizing a variety of secondary
metabolites collectively known as phytochemicals [109, 110]. Phytochemicals synthesized by the
host plants do not provide the energy needed for these plants’ development, growth, and functional
activities [109, 110]. The host plants do not use phytochemicals as the precursors or intermediates
for synthesizing complex chemical compounds required for the development, growth and
functionality of these plants [109, 110]. A body of evidence indicates that phytochemicals’ primary
role is to help the host plant synthesizing and releasing them into the ecosystem to survive and
reproduce in this ecosystem [109, 110]. There are several ways through which phytochemicals can
contribute to the host plant’s ability to survive and reproduce within the ecosystem it inhabits.

These different ways have been described elsewhere [109-123]. They include protecting plants
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from various environmental stresses and pollutants, defending plants from microbial and other
infections, attracting pollinators to plants and many other ways [109-123].

After phytochemicals are produced and released into the ecosystem by autotrophic
organisms (i.e., by plants) to help the plants to survive and reproduce within the ecosystem, some
of these phytochemicals can delay aging and extend the longevity of various heterotrophic
organisms (e.g., of animals or yeasts) living in this ecosystem. This section of my Thesis
Introduction chapter describes several known mechanisms by which geroprotective
phytochemicals synthesized by different plant species can slow down the chronological aging of
budding yeast and prolong budding yeast’s longevity.

Quercetin is a flavonol phytochemical that is abundant in many fruits and vegetables [124].
When the cells of a budding yeast’s laboratory strain were pre-treated for 15 min with 0.1 mg/ml
quercetin, then washed with water and incubated in water, their mean CLS (i.e., the number of
days needed for 50% of cells in a culture to become non-clonogenic) increased by 60% [125]. The
quercetin-driven extension of the budding yeast’s mean CLS coincided with a quercetin-dependent
rise in cell resistance to exogenous oxidative stress inflicted by exposure to exogenous hydrogen
peroxide [125]. Quercetin treatment reduced intracellular ROS, decreased glutathione oxidation,
and lowered the extent of oxidative damage to proteins and lipids [125]. The quercetin-dependent
increase in cell resistance to oxidative stress was not caused by the activation of the antioxidant
enzymes (i.e., glucose-6-phosphate dehydrogenase, superoxide dismutase or catalase) or iron
chelation in quercetin-treated yeast cells [125]. Therefore, it was suggested that quercetin slows
the chronological aging of budding yeast cells and prolongs their longevity because it functions as
the direct scavenger of cellular ROS, thereby sustaining the redox homeostasis and preventing
oxidative macromolecular damage within the chronologically aging yeast cell [125].

Caffeine is an alkaloid phytochemical present in Coffea plants [126]. The addition of 0.2 —
0.4 mM caffeine to the exponentially grown culture of a budding yeast’s laboratory strain
significantly extended the longevity of chronologically aging yeast [127]. The longevity-extending
effect of caffeine in budding yeast was due to this phytochemical ability to target the TORC1—
Sch9-Rim15 cascade of nutrient-sensing protein kinases [127]. In the absence of caffeine, TORC1
phosphorylates and activates Sch9 [127, 128]. Sch9 then phosphorylates Rim15 in the cytosol
[128]. The Sch9-dependent, site-directed phosphorylation of Rim15 suppresses its import into the

nucleus [128]. The nuclear import of Rim15 is needed to phosphorylate and activate (directly or
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indirectly) several nuclear transcription factors that promote transcription of many genes encoding
pro-longevity proteins [128]. These proteins are essential contributors to protein folding, stress
resistance, ROS detoxification, reserve carbohydrates synthesis, cell cycle arrest in Gi1 and
quiescence entry [127, 128]. Caffeine binding to TORCI1 inhibited the TORCI-dependent
phosphorylation and activation of Sch9, thereby preventing Sch9-driven suppression of Rim15
import into the nucleus [127]. After being imported into the nucleus of caffeine-treated yeast cells,
Rim15 stimulated transcription of many nuclear pro-longevity genes and prolonged the longevity
of chronologically aging budding yeast [127].

Cryptotanshione, a quinone from the roots of Salvia miltiorrhiza Bunge (also known as
Danshen) [129], significantly extended the longevity of chronologically aging budding yeast if a
cell culture entering stationary phase was supplemented with 78-313 nM of this phytochemical
[130]. Although cryptotanshinone lowered intracellular ROS in wild-type (WT) strain, it did not
affect ROS concentrations in a mutant strain lacking a pro-longevity gene for the mitochondrial
manganese superoxide dismutase SOD2 [130]. Yet, cryptotanshinone significantly prolonged the
CLS of this mutant strain [130]. Thus, the longevity-extending effect of cryptotanshinone was
unlikely to be directly caused by its ability to decrease intracellular ROS. Moreover, the longevity-
extending ability of cryptotanshinone was impaired by mutations eliminating genes for nutrient-
sensing protein kinases Tor1, Sch9 and Gen2 and by the amino acid limitation in a minimal growth
medium [130]. It is known that Torl and Sch9 are pro-aging protein kinases activated in amino
acid-rich media, whereas Gen2 is an anti-aging protein kinase stimulated in response to amino acid
limitation [128, 131]. Therefore, a mechanistic link between the high longevity-extending
efficiency of cryptotanshinone and the cellular amino acid homeostasis remains unclear.

Spermidine is a polyamine phytochemical that is most abundant in wheat germ and soybean
seeds [132, 133]. When exogenous spermidine was added to a WT culture of budding yeast on day
1 of culturing at a final concentration of 4 mM, it significantly extended yeast CLS [134].
Spermidine treatment increased budding yeast’s resistance to chronic thermal and oxidative
stresses and decreased yeast cells’ susceptibility to an aging-associated necrotic death [134]. The
histone acetyltransferases’ activities decreased, and the extent of histone H3 deacetylation
increased in long-lived budding yeast treated with spermidine [134]. The transcription of several
genes implicated in the autophagic degradation of dysfunctional macromolecules and organelles

was enhanced in spermidine-treated budding yeast [134]. The assessment of several hallmarks
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events of autophagy has revealed that spermidine stimulates this essential mechanism of cell
protection from aging-associated macromolecular and organellar damage [134]. A knock-out
mutation in a gene encoding an autophagy-related protein impaired spermidine’s longevity-
extending ability [134]. Therefore, it was concluded that spermidine-induced autophagy is an
essential contributor to a spermidine-depended extension of budding yeast’s CLS [134]. Such an
essential contribution of spermidine to longevity extension of chronologically aging yeast is likely
due to the spermidine-dependent delay in the onset of aging-associated necrotic death [134].

4,4’-dimethoxychalcone is a flavonoid phytochemical found in the plant Angelica keiskei
koidzumi [135]. The addition of 100 uM 4,4’-dimethoxychalcone to budding yeast 12 h after cell
inoculation slowed down a chronological aging-associated decline in cellular health [135]. Indeed,
4,4’-dimethoxychalcone treatment increased plasma membrane (PM) integrity, reduced
intracellular ROS, prolonged yeast CLS, and delayed the onset of the age-related forms of
apoptotic and necrotic forms of cell death [135]. Akin to spermidine, 4,4’-dimethoxychalcone
activated autophagy, and this activation was essential for the 4,4’-dimethoxychalcone-dependent
extension of budding yeast’s CLS [135]. Unlike spermidine, the CLS-extending effect of 4,4’-
dimethoxychalcone depended on its ability to suppress GIn3 [135]. GIn3 is a 5’-GATAAG-3’
sequence-binding transcriptional activator of genes subjected to nitrogen catabolite repression
[136]; GIn3 also negatively regulates autophagy in a TORC1-independent manner [135].

In sum, the above examples indicate that diverse geroprotective phytochemicals target
different proteins and cellular processes to extend the longevity of chronologically aging budding
yeast. The Titorenko laboratory has recently discovered 21 geroprotective plant extracts that
significantly increase this yeast CLS [137, 138]. It would be interesting to investigate the
mechanisms through which these geroprotectors of plant origin prolong the longevity of

chronologically aging S. cerevisiae.

1.5 Lithocholic acid (LCA), a natural geroprotector synthesized by intestinal bacteria and
released by animals and humans, extends the CLS of budding yeast.

LCA was discovered in a high-throughput chemical genetic screen for small molecules
that can extend the longevity of chronologically aging budding yeast [139]. After being
synthesized from the primary chenodeoxycholic bile acid by intestinal bacteria, LCA, the most

hydrophobic secondary bile acid is released into the environment by animals and humans [140,
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141]. When commercial LCA was added to a budding yeast’s culture limited in calorie supply at
a final concentration of 50 uM, this bile acid crossed the cell wall (CW) and plasma membrane
(PM) [142]. After LCA got into the cell, it was sorted mainly into the IMM [142]. LCA’s minor
quantities were also delivered to the outer mitochondrial membrane (OMM) [142].

Of note, all mitochondrial proteins involved in the phospholipid transport into and
phospholipid metabolism in yeast mitochondria reside in the OMM and IMM, respectively [143,
144]. This explains why LCA’s build-up in the OMM and IMM elicited a remodeling of their
lipidomes (Figure 1.5) [142, 145-148].

A hallmark of the LCA-driven remodeling of the OMM and IMM lipidomes was a
substantial rise in these membranes’ phospholipid/protein ratio (Figure 1.5) [142]. This led to a
significant increase in mitochondria’ size within LCA-treated yeast cells (Figures 1.5 and 1.6)
[142].

Another characteristic change in the OMM and IMM lipidomes within LCA-treated yeast
was an increase in the concentration of phosphatidic acid (PA) (Figure 1.5) [142, 147]. It is
conceivable (but still needs to be confirmed) that the observed rise in mitochondrial PA was due
to the LCA-dependent promotion of PA movement through the contact sites linking the ER to
OMM and/or subsequent PA transfer from the OMM to the IMM by the PA-binding proteins in
the intermembrane space (Figure 1.5) [142, 147]. Noteworthy, PA is known for its propensity to
promote mitochondrial fusion [149]. Therefore, it was suggested that the LCA-driven rise in the
mitochondrial membrane PA is responsible for decreasing the number of mitochondria seen within
LCA-treated yeast cells (Figures 1.5 and 1.6) [142, 147].

LCA treatment also altered the concentrations of other mitochondrial membrane lipids.
The concentrations of phosphatidylserine  (PS), phosphatidylglycerol (PG) and
phosphatidylcholine (PC) were increased in the membranes of mitochondria within yeast cells
treated with LCA (Figure 1.5) [142, 147]. LCA treatment of yeast cells had the opposite effects on
the concentrations of phosphatidylethanolamine (PE), cardiolipin (CL) and monolysocardiolipin
(MLCL) in the mitochondrial membranes (Figure 1.5) [142, 147]. It was suggested that the most
reasonable explanations for the observed effects of LCA on the above mitochondrial membrane
lipids are that LCA inhibits the enzymatic activities of Psd1 (which is known to accelerate the PS-
into-PE conversion) and Crd1 (which is known to promote the PG-into-CL transformation) (Figure

1.5) [142, 147].
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Figure 1.5. After exogenous lithocholic acid (LCA) gets into the yeast cell, it is sorted into the
outer and inner mitochondrial membranes (OMM and IMM, respectively). Because all
mitochondrial proteins involved in the phospholipid transport into and phospholipid metabolism
within yeast mitochondria reside in the OMM and IMM, the build-up of LCA in these membranes
elicits a remodeling of their lipidomes. The LCA-dependent remodeling of mitochondrial
membrane lipidomes gradually changes mitochondrial size, number, morphology, proteome and

functionality. Due to these changes, mitochondria become an organelle that helps organize a pro-
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longevity cellular pattern and prolong the longevity of chronologically aging yeast. See the text
for more details. Abbreviations: CDP-DAG, cytidine diphosphate-diacylglycerol; Cl, cardiolipin;
ER, endoplasmic reticulum; OMM, outer mitochondrial membrane; IMM, inner mitochondrial
membrane; IMS, intermembrane space; MLCL, monolysocardiolipin; PA, phosphatidic acid; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol;  PS,
phosphatidylserine; PGP, phosphatidylglycerol-phosphate. From: Reference [83. Mitrofanova D,
Dakik P, McAuley M, Medkour Y, Mohammad K, Titorenko VI. Lipid metabolism and transport
define the longevity of the yeast Saccharomyces cerevisiae. Front Biosci (Landmark Ed). 2018;

23:1166-1194] with modifications.

Figure 1.6. After LCA is sorted into the OMM and IMM, it increases mitochondrial size,
decreases the mitochondrial number and alters mitochondrial cristae morphology.
Transmission electron micrographs of budding yeast cells. The cells were cultured in a liquid
medium without LCA or with 50 puM LCA. The cells were recovered on day 7 of cell culturing.
M, the mitochondrion. N, the nucleus. Bar, 1 um. From: Reference [142. Beach A, Richard VR,
Leonov A, Burstein MT, Bourque SD, Koupaki O, Juneau M, Feldman R, Iouk T, Titorenko VI.
Mitochondrial membrane lipidome defines yeast longevity. Aging (Albany NY). 2013; 5:551-
574].

Of note, PS, PG and PC are known as the bilayer-forming phospholipids that decrease the
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extent of membrane curving for the IMM [142, 150-152]. In contrast, PE, CL and MLCL are called
the non-bilayer-forming phospholipids because they increase the degree of membrane curving for
the IMM [142, 150-152]. The LCA-dependent rise in the concentrations of the bilayer-forming
phospholipids (i.e., PS, PG and PC) and decline in the concentrations of the non-bilayer-forming
phospholipids (i.e., PE, CL and MLCL) satisfactorily explains the observed changes in cristae
morphology within mitochondria of LCA-treated yeast. Indeed, the flat membrane bilayers of
cristaec were detached from the IMM and accumulated in the matrix of these mitochondria, thereby
increasing the surface area of the mitochondrial cristae (Figures 1.5 and 1.6) [142, 145-148].

The LCA-dependent changes in the size, number, and morphology of mitochondria alter
these organelles’ functionality (Figure 1.5) [142, 147, 153]. Some of the LCA-induced alterations
in the mitochondrial functionality (including a decline in the mitochondrial membrane potential in
the LCA-treated yeast cells before entry into the ST phase of culturing or a rise in the mitochondrial
ROS in the LCA-treated yeast cells that have entered the ST phase of culturing) stimulate a distinct
set of transcription factors [153]. These transcription factors include Rtgl, Rtg2, Rtg3, Sfpl, Aftl,
Yapl, Msn2, Msn4, Skn7 and Hogl [153]. They all are activated in response to the LCA-inflicted
changes in specific aspects of mitochondrial functionality [153]. After being activated, these
transcription factors regulate the expression of nuclear genes whose protein products are essential
contributors to longevity assurance in budding yeast [153]. Some of these protein products are
localized to mitochondria, whereas others reside in the cytosol, ER, lipid droplets (LPD) and
peroxisomes [147, 153, 154]. The resulting remodeling of mitochondrial and cellular proteomes
elicits the development of a pro-longevity cellular pattern and allows to sustain this pattern
throughout the lifespan (Figure 1.5) [147, 153, 154]. This pro-longevity cellular pattern includes a
specific remodeling in the lipidomes of cellular organelles other than mitochondria (Figure 1.5)
[154]. The LCA-dependent cellular pattern that enables the deceleration of budding yeast’s
chronological aging exhibits several characteristic features. These features include a specific
remodeling of lipid and carbohydrate metabolism in mitochondria and other cellular locations, re-
arrangement of the ER-LD, ER-mitochondria and mitochondria-peroxisome intercompartmental
communications, and delay in the onsets of apoptotic and necrotic forms of age-related cell death
[147, 153, 154].

Altogether, the above findings suggested a mechanism underlying LCA’s aging-delaying

action in chronologically aging budding yeast (Figure 1.5). Of note, a critical process integrated
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into this mechanism is a substantial remodeling of the mitochondrial lipidome and the lipidomes
of other organelles (Figure 1.5) [147, 153, 154]. Although the proteomic analysis revealed the
significant changes in the abundance of proteins implicated in the metabolism of water-soluble
metabolites, it would be interesting to assess whether LCA inflicts substantial alterations in the

water-soluble metabolome of chronologically aging budding yeast (Figure 1.5).

1.6 The integration of lipid metabolism in the cytosol, ER, Golgi apparatus, mitochondria,
LD and peroxisomes maintains cellular lipid homeostasis in budding yeast.

The preservation of lipid homeostasis in S. cerevisiae cells requires integrating chemical
reactions for the biosynthesis and catabolism of several lipid classes, including phospholipids,
TAG, FFA, ceramides and sphingolipids [155-159]. These biosynthetic and catabolic reactions are
catalyzed by the enzymes in the cytosol, ER, Golgi apparatus, mitochondria, LD and peroxisomes
[155-159]. Moreover, the maintenance of cellular lipid homeostasis in budding yeast depends on
some lipids’ interorganellar transport via contact sites between different organelles [159-163].

The biosynthesis of phospholipids begins when the glycerol-3-phosphate dehydrogenases
Gpd1 and Gpd2 in the cytosol catalyze a reversible redox conversion of the glycolytic intermediate
dihydroxyacetone phosphate (DHAP) to glycerol-3-phosphate (Gro-3-P) (Figure 1.7) [60]. DHAP
and Gro-3-P can enter the biosynthetic pathway for phospholipids only after the cytosolic acetyl-
CoA is converted to fatty acyl-CoA esters (FA-CoA) and these esters are transported into the ER
(Figure 1.7). The acetyl-CoA conversion to FA-CoA is catalyzed by the acetyl-CoA carboxylase
Accl and fatty acid synthetase complex Fas1/Fas2 in the cytosol (Figure 1.7) [164, 165]. After the
transport of FA-CoA into the ER, the FA-CoA molecules are used as co-substrates in the Gpt2-
and Sctl-catalyzed reactions leading to the formation of acyl-DHAP from DHAP and
lysophosphatidic acid (LPA) from Gro-3-P (Figure 1.7) [166, 167]. An Ayrl-dependent reduction
of acyl-DHAP to LPA further increases LPA concentration in the ER (Figure 1.7) [168]. The FA-
CoA molecules transported into the ER can also be used as co-substrates in the reaction leading to
PA formation (Figure 1.7). This reaction is catalyzed by Loal, Alel, Slcl, Slc4, Loal and Alel
[169-171].

After being formed in the ER, PA can enter two different biosynthetic branches for other
phospholipid species. The initial reaction of one of these branches generates CDP-DAG and is
catalyzed by the CDP-DAG synthase Cdsl (Figure 1.7) [156-159, 172]. CDP-DAG is then

21



converted to phosphatidylinositol (PI) and PS in the reactions catalyzed by the ER enzymes Pis1
and Chol, respectively (Figure 1.7) [156-159]. PS is transferred from the ER to the OMM through
mitochondria-ER contact sites and then to the IMM across the IMS (Figure 1.7) [159-163]. In the
IMM, PS is converted into PE in the Psd1-dependent reaction (Figure 1.7) [159-163]. The PE
formation in the IMM is followed by its transfer, initially to the OMM and then to the ER via
mitochondria-ER contact sites (Figure 1.7) [160-163]. The first biosynthetic branch for the PA
conversion to other phospholipid species is completed when the Cho2- and Opi3-catalyzed
reactions generate PC from PE (Figure 1.7) [156-159]. The second biosynthetic branch for
converting PA to other phospholipid species includes a phosphatase-dependent reaction that
generates DAG and is catalyzed by the PA phosphatases Appl, Dppl, Lppl and Pahl in the ER
(Figure 1.7) [156-159]. The biosynthesis of TAG from DAG in the ER is completed in two
reactions. Each of these reactions is catalyzed by different enzymes that use different co-substrates
for converting DAG to TAG. Arel, Are2 and Dgal use FA-CoA as a co-substrate to catalyze one
of these reactions (Figure 1.7) [173, 174]. Lrol uses PE and PC as the co-substrates to catalyze the
other reaction (Figure 1.7) [175]. The TAG molecules’ formation in the ER is followed by their
transfer to and accumulation in the LD (Figure 1.7) [157-159].

The TAG molecules can be stored in LD as a reserve for the formation of FFA and DAG,
the source of energy and biosynthetic precursors of more complex lipids. In the budding yeast cells
that rapidly proliferate, the TAG lipases Ayrl, Tgll, Tgl3, Tgl4 and Tgl5 hydrolyze TAG in LD
to form FFA and DAG (Figure 1.7) [176-180]. The Tgl3-driven hydrolysis of DAG generates
monoacylglycerols (MAGs), which can be further hydrolyzed to form glycerol (Gro) in a Yju3-
catalyzed reaction; both these hydrolytic reactions lead to the formation of more FFA in LD
(Figure 1.7) [179, 181]. The FFA molecules formed during TAG, DAG and MAG hydrolysis in
LD can be converted to FA-CoA in the reaction that is catalyzed by the complex of the long-chain
acyl-CoA synthetases Faal, Faa4 and Fatl in the LD (Figure 1.7) [182, 183]. The FA-CoA
molecules produced in LD can be directed to the ER for phospholipid and TAG synthesis (Figure
1.7) [166, 167]. The FA-CoA molecules generated in LD can also be subjected to beta-oxidation
in the peroxisomes adjacent to the LD (Figure 1.7) [184-188]. Peroxisomal beta-oxidation of these
FA-CoA in the Fox1-, Fox2- and Fox3-dependent reactions yields acetyl-CoA (Figure 1.7). This
acetyl-CoA can be used for mitochondrial energy production. It can also be used for FA-CoA

formation in the reactions catalyzed by the cytosolic acetyl-CoA carboxylase Accl and fatty acid
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synthetase complex Fas1/Fas2 (Figure 1.7) [164, 165].
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Figure 1.7. The biosynthetic and catabolic pathways of phospholipid and TAG metabolism

in the cytosol, ER, mitochondria, LD and peroxisomes. Enzymes that catalyze reactions of the
biosynthetic pathways are shown in green. Enzymes that catalyze reactions of the catabolic
pathways are shown in red. See the text for more details. Abbreviations: Accl, acetyl-CoA
carboxylase 1; Alel, acyltransferase for lysophosphatidylethanolamine 1; Appl, actin patch
protein 1; Arel/2, acyl-coenzyme A: cholesterol acyl transferase-related enzymes 1 and 2; Ayrl,
acyl-dihydroxyacetone-phosphate reductase 1; CDP, cytidine diphosphate; Cdsl, CDP-
diacylglycerol synthase 1; Chol/2, choline requiring 1 and 2; DAG, diacylglycerol; Dgal,
diacylglycerol acyltransferase 1; Dgkl, diacylglycerol kinase 1; Dppl, diacylglycerol
pyrophosphate phosphatase 1; DHAP, dihydroxyacetone phosphate; Faal/4, fatty acid activation
1 and 2; FA-CoA, fatty acyl-CoA ester; Fasl1/2, fatty acid synthetases 1 and 2; Fatl, fatty acid

23




transporter 1; FFA, free fatty acid; Fox1/2/3, fatty acid oxidation 1, 2 and 3; Gpd1/2, glycerol-3-
phosphate dehydrogenases 1 and 2; Gpt2, glycerol-3-phosphate acyltransferase; Gro, glycerol,
Gro-3-P, glycerol-3-phosphate; OMM, outer mitochondrial membrane; IMM, inner mitochondrial
membrane; Loal, lysophosphatidic acid: oleoyl-CoA acyltransferase 1; Lppl, lipid phosphate
phosphatase 1; LPA, lysophosphatidic acid; Lrol, lecithin cholesterol acyl transferase related open
reading frame 1; MAG, monoacylglycerol; Opi3, overproducer of inositol 3; PA, phosphatidic
acid; Pahl, phosphatidic acid phosphohydrolase 1; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PS, phosphatidylserine; Psdl, phosphatidylserine decarboxylase 1;
Sctl, suppressor of choline-transport mutants 1; Slc1/4, sphingolipid compensation 1 and 4;
Tgl1/3/4/5, triglyceride lipases 1, 3, 4 and 5. From: Reference [83. Mitrofanova D, Dakik P,
McAuley M, Medkour Y, Mohammad K, Titorenko VI. Lipid metabolism and transport define
the longevity of the yeast Saccharomyces cerevisiae. Front Biosci (Landmark Ed). 2018; 23:1166-
1194] with modifications.

The biosynthesis of sphingolipids begins when the serine palmitoyltransferase (SPT)
protein complex in the ER membrane catalyzes the formation of 3-ketodihydrosphingosine from
serine and palmitoyl-CoA (Figure 1.8) [189-191]. The SPT complex contains the catalytic subunits
Lcbl and Lebl and the activating subunit Tsc3 (Figure 1.8) [189-191]. The SPT complex
associates with the Orm1 and Orm2 proteins and the phosphatidylinositol phosphate phosphatase
Sacl to form the SPOT (serine palmitoyltransferase associated with Orm proteins) protein
complex; the Orml, Orm2 and Sacl subunits of the SPOT complex are responsible for the
regulation of sphingolipid biosynthesis by the intracellular concentrations of sphingolipids and
phosphatidylinositol phosphates (Figure 1.8) [192, 193].

The 3-ketosphinganine reductase TsclO catalyzes the conversion of 3-
ketodihydrosphingosine into dihydrosphingosine (DHS), a long-chain sphingolipid base (Figure
1.8) [190, 194]. DHS is then transformed into phytosphingosine (PHS), another long-chain
sphingolipid base; this reaction is catalyzed by the sphinganine C4-hydroxylase Sur2 (Figure 1.8)
[190, 195]. The acylation reaction between Cz6:0 FA-CoA and DHS or PHS leads to the synthesis
of dihydroceramide (dhCer) or phytoceramide (phytoCer), respectively (Figure 1.8). The acylation
of DHS and PHS is catalyzed by the ceramide synthase (CerS) complex in the ER; the CerS
complex contains the Lacl, Lagl and Lip1 subunits (Figure 1.8) [195-200].
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2 (respectively); Cshl, CSG1/SURI1 homologl; ER, endoplasmic reticulum; FA, fatty acid; Iptl,
inositolphosphotransferase 1; IPC, inositol-phosphorylceramide; Iscl, inositol
phosphosphingolipid phospholipase C 1; 3-KDHS, 3-ketodihydrosphingosine; Keil, Kex2-
cleavable protein essential for inositol-phosphorylceramide synthesis 1; Lacl, longevity-assurance
gene cognate 1; Lagl, longevity assurance gene 1; Lipl, Lagl/Lacl interacting protein 1; Lcbl
and Lcb2, , long-chain base proteins 1 and 2 (respectively); MIPC, mannosyl-inositol-
phosphorylceramide; M(IP)2C, mannosyl-di-inositol-phosphorylceramide; Orml and Orm2,
orosomucoid 1 and 2 (respectively); PM, plasma membrane; Sacl, suppressor of actin 1; SPOTS,
serine palmitoyltransferase, Orm1/2 and Sacl; SPT, serine palmitoyltransferase; Sur2, suppressor
2 of Rvs161 and rvs167 mutations; Tsc3 and Tscl0, temperature-sensitive suppressors of Csg2
mutants 3 and 10. From: Reference [83. Mitrofanova D, Dakik P, McAuley M, Medkour Y,
Mohammad K, Titorenko VI. Lipid metabolism and transport define the longevity of the yeast
Saccharomyces cerevisiae. Front Biosci (Landmark Ed). 2018; 23:1166-1194] with modifications.

After being synthesized in the ER, dhCer or phytoCer are transported to the Golgi apparatus
via two different mechanisms (Figure 1.8). One mechanism involves vesicular trafficking via the
coat protein complex II-coated vesicles (Figure 1.8) [201, 202]. The other mechanism is mediated
by the non-vesicular transfer of dhCer or phytoCer through the ER-Golgi membrane contact sites
created by the Nvj2 protein (Figure 1.8) [201, 203]. Following dhCer and phytoCer delivery to the
Golgi apparatus, these ceramides undergo a series of covalent modification reactions that yield the
complex sphingolipids inositol-phosphorylceramide (IPC), mannosyl-inositol-
phosphorylceramide (MIPC) and mannosyl-di-inositol-phosphorylceramide [M(IP).C] (Figure
1.8) [155, 190, 204-206].

IPC, MIPC and M(IP)2C can be sorted from the Golgi apparatus to two different cellular
locations. One of these locations is the PM. The vesicular transport of IPC, MIPC and M(IP)2C
from the Golgi apparatus to the PM is an essential contributor to several aspects of the PM
functionality (Figure 1.8) [207, 208]. The other cellular location is the mitochondrion. The Golgi
apparatus-to-mitochondria transfer mechanism of IPC, MIPC and M(IP)2C in budding yeast
remains unknown [207, 208]. The hydrolysis of complex sphingolipids in mitochondria is
catalyzed by the Iscl (phosphosphingolipid phospholipase C), which is sorted to mitochondria
from the ER after the exponential growth of a budding yeast culture is completed (Figure 1.8)
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[209-211]. The regeneration of ceramide in the Isc1-dependent reaction is essential for maintaining

mitochondrial structure and function [209-211].

1.7 The maintenance of cellular lipid homeostasis contributes to longevity assurance in
chronologically aging budding yeast.

This section describes growing evidence that the preservation of lipid homeostasis plays
an essential role in regulating the longevity of chronologically aging budding yeast.

As outlined above, budding yeast cells cultured in a complete, nutrient-rich medium
initially containing 2% glucose as the only carbon source undergo chronological aging under so-
called non-CR conditions [59]. A “radical sink” mechanism has been proposed to explain the pro-
longevity role of TAG biosynthesis in these cells [212, 213]. A characteristic property of budding
yeast cells not limited in calorie supply is a gradual build-up of considerable TAG quantities before
the yeast culture reaches the ST phase [59]. The deposition of the de novo synthesized TAG in LD
of these cells (Figure 1.7) causes the accumulation of many enlarged LD before culture entered
into the ST phase [59]. Following such entry, the lipolytic hydrolysis of the LD-deposited TAG
elicits a gradual decline in TAG concentration and LD number and size [59]. Because FFA is the
major product of TAG, DAG and MAG lipolysis (Figure 1.7), the bulk quantities of FFA
(including the unsaturated FFA species) become available for the ER-confined biosynthesis of
phospholipids that are then incorporated into cellular membranes (Figure 1.7) [166, 167].

The other characteristic property of budding yeast cells not limited in calorie supply is an
aging-associated build-up of intracellular ROS and the resulting rise in the abundance of
oxidatively damaged cellular macromolecules [8, 90, 95, 213]. These oxidatively damaged cellular
macromolecules include both water-soluble macromolecules (i.e., DNA, RNA and hydrophilic
proteins) and membrane-associated ones (i.e., hydrophobic proteins, phospholipids, FFA and other
lipid classes) [97-101, 213]. Among these macromolecules, the unsaturated species of FFA are the
most vulnerable to oxidative damage [97-101, 213]. An age-related rise in the oxidative damage
to water-soluble and membrane-associated macromolecules accelerates the chronological aging of
WT yeast cells (and WT cells of other organisms) that are not subjected to geroprotective genetic,
dietary or pharmacological interventions (Figure 1.9A) [97-101, 213].

A hypothesis proposed for the “radical sink” mechanism links TAG biosynthesis to the

extent of ROS-inflicted oxidative macromolecular damage in chronologically aging yeast under
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Figure 1.9. A “radical sink” mechanism links TAG biosynthesis to the extent of ROS-inflicted
oxidative macromolecular damage in chronologically aging yeast not limited in calorie
supply. (A) An age-related rise in the oxidative damage to water-soluble and membrane-associated
macromolecules accelerates the chronological aging of WT yeast cells that are not subjected to
geroprotective interventions under non-CR conditions. (B) The single-gene-deletion mutations
tgl34 and tgl44, double single-gene-deletion mutation 7gl34tgl44, and overexpression (OE) of the
DAG acyltransferase Dgal rise intracellular TAG and increase the CLS of budding yeast under

non-CR conditions. See the text for more details. The thickness of black arrows is proportional to
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the extent of the ROS-inflicted oxidative damage. Processes that are activated or suppressed are
marked by the red or blue arrows (respectively) next to the boxes in which these processes are
named. From: Reference [83. Mitrofanova D, Dakik P, McAuley M, Medkour Y, Mohammad K,
Titorenko VI. Lipid metabolism and transport define the longevity of the yeast Saccharomyces

cerevisiae. Front Biosci (Landmark Ed). 2018; 23:1166-1194].

CR conditions [212, 213]. This hypothesis is based on the observations that the gene-deletion
mutations or gene-overexpression manipulation that increase or decrease TAG concentration alter
the CLS of budding yeast not limited in calorie supply. Indeed, the single-gene-deletion mutations
tgl34 and tgl44, double single-gene-deletion mutation ¢tgl34tgl44, and overexpression of the DAG
acyltransferase Dgal rise intracellular TAG (Figure 1.7) and increase the CLS of budding yeast
under non-CR conditions [212, 213]. In contrast, the double single-gene-deletion mutation
dgalAlrolA lowers intracellular TAG (Figure 1.7) and decreases the CLS of budding yeast not
limited in calorie supply [212, 213].

The hypothesis of the “radical sink” mechanism posits that the genetic geroprotective
interventions that raise intracellular TAG may increase the CLS of yeast because they promote the
incorporation of oxidative damaged unsaturated FFA into TAG deposited in LD (Figure 1.9B)
[212, 213]. According to this hypothesis, the resulting sequestration of unsaturated FFA only
within the hydrophobic core of LD may decrease the extent of an aging-associated oxidative
macromolecular damage in the cellular locations outside LD (Figure 1.9B) [212, 213]. The
subsequent decline in oxidative damage to the entire cell may slow the chronological aging of
budding yeast and extend the CLS. Critical testing of the hypothesis proposed for the “radical
sink” mechanism will require assessing how the genetic geroprotective interventions that increase
intracellular TAG influence the abundance of oxidatively damaged unsaturated FFA in LD and
how they affect the extent of oxidative damage in the other cellular locations.

A different mechanism links longevity regulation to the metabolism of TAG, DAG and
TAG-derived FFA in the ER, LD and peroxisomes of chronologically aging budding yeast (Figure
1.10) [59, 106, 107, 185, 214, 215]. Yeast cells that are not limited in calorie supply when they are
cultured on 2% glucose ferment glucose to ethanol (Figure 1.10) [59]. The build-up of ethanol in
yeast cultures under non-CR conditions represses the synthesis of the peroxisomal proteins Fox1,

Fox2 and Fox3 (Figure 1.10) [59, 185]. Fox1, Fox2 and Fox3 catalyze peroxisomal beta-oxidation
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Figure 1.10. A mechanism that links chronological aging to the metabolism of TAG, DAG
and TAG-derived FFA in the ER, LD and peroxisomes of budding yeast not limited in calorie
supply. The build-up of ethanol in yeast cultures under non-CR conditions represses the synthesis
of the peroxisomal proteins Fox1, Fox2 and Fox3. The repression of Foxl, Fox2 and Fox3
generates four consecutive negative feedback loops responsible for a distinct remodeling of lipid
metabolism. The lipid metabolism remodeling under non-CR conditions causes the excessive
accumulation of FFA in LD and DAG in the ER, thereby accelerating an aging-associated
liponecrotic form of regulated cell death (RCD). See the text for more details. Lipid classes whose
concentrations are increased in non-CR yeast are marked by red arrows next to the lipids’ names.
The negative feedback loops responsible for the lipid metabolism remodeling under non-CR
conditions are shown as inhibition bars in red. From: Reference [83. Mitrofanova D, Dakik P,
McAuley M, Medkour Y, Mohammad K, Titorenko VI. Lipid metabolism and transport define
the longevity of the yeast Saccharomyces cerevisiae. Front Biosci (Landmark Ed). 2018; 23:1166-
1194] with modifications.
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of FA-CoA (Figure 1.10) [216, 217]. The ethanol-dependent repression of these enzymes’
synthesis causes FA-CoA accumulation in the peroxisomes of yeast cultured under non-CR
conditions (Figure 1.10) [59]. Peroxisomal FA-CoA molecules originate from FFA molecules
formed in LD during TAG lipolysis (Figure 1.10). LD are known to form tight contacts with
peroxisomes (Figure 1.10) [184, 185, 187]. The accumulation of FA-CoA in the peroxisomes
above a threshold level inhibits the LD-to-peroxisome transport of FFA in a negative feedback
manner (Figure 1.10) [59, 106, 107, 185, 214, 215]. The FFA molecules accumulate in LD and
form the electron-dense arrays called “gnarls” [184, 187]. The build-up of “gnarls™ suppresses
TAG lipolysis in LD, thereby causing TAG accumulation there and inhibiting the ER-to-LD
transport of TAG in a negative feedback fashion (Figure 1.10) [59, 106, 107, 185, 214, 215]. The
resulting accumulation of TAG in the ER generates a negative feedback loop suppressing TAG
synthesis from DAG in the ER (Figure 1.10) [59, 106, 107, 185, 214, 215].

The described above remodeling of TAG, DAG and FFA metabolism in remodeling of
TAG, DAG and FFA metabolism elicits the excessive accumulation of FFA in LD and DAG in
the ER (Figure 1.10) [59, 106, 107, 185, 214, 215]. FFA and DAG are known to accelerate the
onset of an aging-associated form of regulated cell death (RCD) called liponecrosis (Figure 1.10)
[106, 107]. The accelerated onset of liponecrosis shortens the longevity of chronologically aging
budding yeast not limited in calorie supply (Figure 1.10).

The above pro-aging remodeling of TAG, DAG and FFA metabolism does not occur in
budding yeast cultures under CR conditions on 0.2% or 0.5% glucose. In these cultures, ethanol
does not accumulate in the quantities sufficient to initiate such distinct remodeling of lipid
metabolism [59, 106, 107, 185, 214, 215].

Genetic and pharmacological interventions that target some steps of sphingolipid
metabolism prolong the longevity of chronologically aging budding yeast.

The genetic geroprotective interventions altering sphingolipid metabolism include the
single-gene-deletion mutations ipt/4 and skniA and the double single-gene-deletion mutation
iptidskniA [218, 219]. All these genetic interventions extend the longevity of chronologically
aging yeast and make yeast more resistant to oxidative stress [218]. Of note, Iptl and Sknlb are
inositolphosphotransferases that catalyze the conversion of MIPC into M(IP)2C (Figure 1.8) [220,
221]. Therefore, the iptiA, sknlA and iptiAsknlA mutations increase intracellular MIPC and
decrease intracellular M(IP)2C [218]. It is conceivable that the complex sphingolipid MIPC
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increases the resistance of budding yeast cells to oxidative stress and slows their chronological
aging [218]. It is also plausible that the complex sphingolipid M(IP)2C makes budding yeast cells
less resistant to oxidative stress and accelerates and accelerates their chronological aging [218].
Further studies are required to clarify this issue.

Some genetic and pharmacological geroprotectors target a different step of sphingolipid
metabolism, namely the initial, SPT protein complex-dependent step of sphingolipid biosynthesis
de novo (Figure 1.8). A tetracycline-repressible promoter cassette was used to down-regulate
transcription of genes for the Lcbl or Leb2 subunit of the SPT complex [222]. Low doses of the
SPT inhibitor myriocin were used to reduce the enzymatic activity of SPT [222]. Noteworthy, the
conditions for exposing yeast cells to the above genetic or pharmacological intervention were
optimized to achieve an only partial (not complete) weakening of sphingolipid biosynthesis de
novo [222]. The exposure of budding yeast to each of these interventions decreased DHS, PHS,
and IPC concentrations, made yeast more resistant to the temperature and oxidative stress, and
prolonged the longevity of chronologically aging yeast [222]. The longevity-extending effects of
both interventions were likely due to their abilities to weaken the activating phosphorylation of the
pro-aging protein kinase Sch9 by the sphingolipid-stimulated protein kinases Pkh1 and Pkh2 (Pkb-
activating kinase homolog proteins 1 and 2) [222]. Sphingolipid binding to Pkhl and Pkh2
stimulates both these pro-aging protein kinases [190, 206, 223-225]. Therefore, it was suggested
that in WT cells not exposed to geroprotectors, sphingolipids limit yeast longevity because they
stimulate the pro-aging Pkh1/2-Sch9 signaling pathway [222]. This pathway is known to inhibit
the pro-longevity processes of mitochondrial respiration, mitochondrial protein synthesis and
genome stability maintenance [226-229]. The Pkh1/2-Sch9 signaling pathway also activates the
pro-aging process of protein synthesis in the cytosol [128, 208].

In sum, the above examples provide strong evidence that the maintenance of cellular lipid
homeostasis is an essential contributor to longevity assurance of chronologically aging budding
yeast. The Titorenko laboratory has discovered geroprotective plant extracts that substantially
extend the longevity of chronologically aging budding yeast [138, 230]. Some of these
geroprotective plant extracts accelerate an aging-associated degradation of TAG deposited in LD
[230]. It would be interesting to investigate how these geroprotectors of plant origin influence the

intracellular concentrations of other lipid classes during the chronological aging of S. cerevisiae.
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1.8 Some intracellular and extracellular water-soluble metabolites are essential
contributors to longevity regulation in chronologically aging budding yeast.

This section focuses on emerging evidence that the intracellular and extracellular
concentrations of some water-soluble metabolites play essential roles in regulating the longevity
of chronologically aging S. cerevisiae. A common scenario for the longevity-defining action of
these metabolites is the following. Proteins capable of detecting the age-related changes in the
concentrations of specific water-soluble metabolites bind to these metabolites and alter their
functional states [8, 32, 33, 39, 95, 108, 188, 231-238]. After undergoing the alterations in
functionality, these metabolite-sensing proteins extend or shorten yeast CLS by changing the pace
of certain longevity-defining cellular processes [8, 32, 33, 39, 95, 108, 188, 231-238].

The Zwfl1- and Gnd1-catalyzed reactions of the cytosolic pentose phosphate pathway and
the mitochondrial Ald4-, Pos5-, Mael- and Idpl-dependent reactions produce nicotinamide
adenine dinucleotide phosphate hydride (NADPH) within budding yeast cells [8, 60]. NADPH is
the primary source of reducing equivalents for synthesizing amino acids, FFA and sterol lipids
[60, 239]. Therefore, NADPH supports the growth and survival of S. cerevisiae under any
laboratory or environmental conditions [60, 239]. As an electron donor for thioredoxin and
glutathione reductase systems, NADPH is an essential and specific contributor to longevity
assurance in chronologically aging budding yeast cells [240, 241]. The essential and specific
contribution of NADPH to longevity assurance is due to the ability of the NADPH-dependent
thioredoxin and glutathione reductase systems to reduce oxidative damage to the thiol-containing
proteins found within the cytosol, nucleus and mitochondria of chronologically aging S. cerevisiae
[240, 241]. This ability of both NADPH-dependent reductase systems plays an essential role in
decelerating budding yeast’s chronological aging (Figure 1.11A) [241].

Glucose fermentation in the cytosol of budding yeast produces several metabolites,
including glycerol [60]. The intracellular and extracellular glycerol is a potent geroprotective
metabolite in chronologically aging S. cerevisiae [32, 242]. A rise in glucose fermentation to
glycerol weakens the glucose-to-ethanol and glucose-to-acetic acid types of fermentation [32,
242]. Because both ethanol and acetic acid increase the pace of chronological aging in budding
yeast [32, 59], a re-direction of metabolite flow into glucose-to-glycerol fermentation has a
geroprotective effect in chronologically aging S. cerevisiae (Figure 1.11B) [242]. Furthermore,

glycerol makes budding yeast more resistant to chronic (long-term) oxidative, thermal and osmotic
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stresses; the mechanism underlying the glycerol-dependent increase in stress resistance of S.
cerevisiae remains unknown [242]. Since an enhancement of cell resistance to chronic stresses is
geroprotective [6, 8], a rise in the intracellular and extracellular glycerol extends the CLS of
budding yeast (Figure 1.11B) [242]. Moreover, a re-direction of metabolite flow into the glucose-
to-glycerol fermentation increases intracellular nicotinamide adenine dinucleotide (NAD™) and
raises the intracellular NAD*/NADH ratio [242]. Given that both these changes in NAD" and
NAD'/NADH ratio are characteristic features of a pro-longevity cellular pattern in chronologically
aging budding yeast [8, 242], the re-channeling of metabolite flow into the glucose-to-glycerol
fermentation prolongs yeast CLS (Figure 1.11B) [242].

The non-reducing disaccharide trehalose is synthesized from glucose [243]. Besides being
a storage form of glucose for energy production [243], trehalose exhibits two specific effects on
the pace of chronological aging in S. cerevisiae [59, 68, 79, 244-248]. Trehalose influences yeast
chronological aging because this disaccharide can use its ability to interact with unfolded portions
of proteins to regulate the longevity-defining process of cellular proteostasis. The effects of
trehalose on cellular proteostasis and budding yeast’s longevity in proliferating cells differ from
those in non-proliferating cells. In chronologically “young” yeast cells that grow and divide,
trehalose interacts with newly synthesized, partially unfolded proteins [59, 79, 249, 250]. This
interaction of trehalose promotes cellular proteostasis and creates an anti-aging cellular pattern
because it reduces the misfolding and aggregation of the newly synthesized proteins interacting
with trehalose (Figure 1.11C) [59, 79, 249, 250]. In chronologically “old” yeast cells that ceased
growth and division, trehalose interacts with hydrophobic side chain amino acids in the exposed
domains of partially folded and unfolded proteins [59, 79, 249]. This interaction of trehalose
weakens cellular proteostasis and generates a pro-aging cellular pattern since it prevents the
binding of molecular chaperones to the exposed protein domains enriched in hydrophobic side
chain amino acids (Figure 1.11C) [59, 79, 249].

The respiration in mitochondria and P-oxidation of fatty acids in peroxisomes of
chronologically aging budding yeast generate H202 as a by-product of these processes [91, 186].
Following H202 release from mitochondria and peroxisomes, this ROS molecule may create either
pro-aging or pro-longevity cellular pattern in an H20O2 concentration-dependent manner [14, 186,
215, 252]. If H20:2 concentration in chronologically aging yeast is above a toxic threshold, H202

causes oxidative damage to cellular macromolecules in different cellular locations [91, 186, 215,
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252]. The H20:2-inflicted oxidative macromolecular damage generates a pro-aging cellular pattern
and shortens the CLS of budding yeast [91, 186, 215, 252]. If H20: concentration in
chronologically aging yeast is below a toxic threshold, this ROS molecule elicits a “hormetic”
response because it stimulates at least two pro-longevity signaling pathways. The H20z-stimulated
signaling pathways create a pro-longevity cellular pattern and extend yeast CLS [6, 8, 188]. In one
of these pathways, the “hormetic” concentrations of H202 promote the expression of many genes
by the transcription factors Gisl, Msn2 and Msn4 (Figure 1.11D) [252-254]. Protein products of
these genes have been implicated in nutrient sensing, stress response, metabolism, autophagy and
cell cycle regulation [252-254]. In the other H202-stimulated signaling pathway, an H202-sensitive
cascade of the protein kinases Tell and Rad53 inhibits the pro-aging process in which the histone
demethylase Rph1 promotes transcription of sub-telomeric chromatin regions (Figure 1.11D) [255,
256].

Some intermediates of the tricarboxylic acid (TCA) cycle are used as the substrates to
synthesize the amino acids aspartate, asparagine, glutamate and glutamine in mitochondria of
chronologically aging budding yeast [60, 239]. After these amino acids exit mitochondria, they
stimulate the protein kinase activity of the pro-aging protein complex TORC1 (Figure 1.11E) [219,
257-259]. TORCI1 phosphorylates and activates or inhibits three proteins that define the pace of
yeast chronological aging. The cellular targets of TORCI1 include Sch9, Tap42 and Atgl3 (Figure
1.11E). The TORC1-dependent phosphorylation of Sch9 activates its protein kinase activity [258,
259]. Active Sch9 stimulates the pro-aging process of protein synthesis in the cytosol because it
accelerates both the assembly of cytosolic ribosomes and translation initiation of cytosolic mRNAs
(Figure 1.11E) [260-263]. Furthermore, active Sch9 suppresses the anti-aging process of
mitochondrial protein synthesis (Figure 1.11E) [87, 88, 258, 259]. Moreover, active Sch9
decelerates the anti-aging process of nuclear import of the protein kinase Rim15; the presence of
Riml15 in the nucleus is required for the Riml5-driven activating phosphorylation of the
transcription factors Gisl, Msn2 and Msn4 (Figure 1.11E) [127, 264, 265]. The TORC]1-driven
phosphorylation of Tap42 promotes the pro-aging process of protein synthesis in the cytosol
(Figure 1.11E); Tap42 is an essential contributor to ribosome assembly and mRNA translation
initiation in the cytosol [261, 266]. The TORCI1-dependent phosphorylation of the autophagy-
initiating protein Atgl3 down-regulates the anti-aging process of autophagy because it weakens

autophagosome formation in the cytosol (Figure 1.11E) [267-271]. In sum, aspartate, asparagine,
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glutamate and glutamine initiate a cascade of signaling events generating a pro-aging cellular
pattern.

Two mechanisms have been proposed to explain why the amino acid methionine can
accelerate budding yeast’s chronological aging. In one mechanism, methionine up-regulates the
methylation of cytosolic tRNAs, thus reducing the abundance of non-methylated tRNAs in the
cytosol (Figure 1.11F) [278]. The cytosolic non-methylated tRNAs are essential for importing the
Rtgl/Rtg2/Rtg3 heterotrimeric transcription factor to the nucleus [278]. In the nucleus, the
Rtgl/Rtg2/Rtg3 heterotrimer activates transcription of many genes involved in longevity
assurance of chronologically aging yeast [278]. Thus, methionine contributes to establishing a pro-
aging cellular pattern because it lowers non-methylated tRNAs in the cytosol of chronologically
aging yeast (Figure 1.11F). In the other mechanism, methionine suppresses the pro-aging process
of autophagy because it inhibits autophagosome formation in a TORC1-dependent and TORCI1-
independent fashion (Figure 1.11F) [279]. Of note, the methionine-dependent suppression of
autophagy has been shown to coincide with a decline in vacuole acidity and acetic acid
accumulation in the extracellular medium [279]. As discussed below, extracellular acetic acid
accumulation accelerates chronological aging in budding yeast [32]. The relative contributions of
the methionine-dependent autophagy suppression and extracellular acetic acid accumulation to the
methionine-driven aging acceleration remain unknown [279-281].

Spermidine is a polyamine synthesized from the amino acids arginine and methionine in
the chemical reactions taking place in mitochondria, the cytosol and peroxisomes of budding yeast
[16]. Spermidine is a potent geroprotective metabolite that slows the chronological aging of S.
cerevisiae [16, 134, 282]. This polyamine inhibits the histone acetyltransferases Iki3 and Sas3,
thus suppressing histone H3 acetylation at the promoters of most genes other than the autophagy-
related (ATG) ones [134]. Transcription of these non-ATG genes is down-regulated in yeast
treated with spermidine [134]. The effects of spermidine on histone H3 acetylation at the promoters
of the ATG genes and their transcription are different. Namely, histone H3 acetylation at these
promoters and ATG gene transcription are activated in spermidine-treated yeast (Figure 1.11G)
[134]. The resulting enhancement of the autophagic degradation of dysfunctional macromolecules
and organelles is responsible for spermidine’s geroprotective action (Figure 1.11G) [16, 134, 282].

Hydrogen sulfide (H2S) is a gas soluble in water and cellular membranes [283]. Budding

yeast can produce H»S either via the assimilation of exogenous inorganic sulfate or via the
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transsulfuration pathway of sulfur transfer from methionine to cysteine [284]. The synthesis of
H2S via the transsulfuration pathway is stimulated in budding yeast cells cultured under CR
conditions on 0.5% glucose [285]. Moreover, exogenous H2S donors act as CR-mimetics in
budding yeast. They extend the CLS of yeast cells cultured under non-CR conditions on 2%
glucose [285]. Therefore, it was concluded that H2S is a metabolite responsible for the
geroprotective effect of the CR diet in budding yeast [285]. It was hypothesized that H2S slows
the chronological aging of budding yeast in part because it stimulates the mitochondrial electron
transport chain to protect cells from age-related stress and damage (Figure 1.11H) [285]. The other
mechanism that may underlie the geroprotective action of HzS in calorically restricted yeast is the
H>S-dependent up-regulation of transcription of the nuclear genes whose protein products protect
the cell from various stresses associated with aging (Figure 1.11H) [285].

Glucose fermentation in budding yeast yields several metabolite products, including acetic
acid [6, 32, 60]. The Ald6- and Ald4-catalyzed reactions in the cytosol and mitochondria
(respectively) produce acetic acid in the yeast cell [8]. The accumulation of acetic acid in the
extracellular medium or inside the cell accelerates the chronological aging of budding yeast [32,
231]. The acetic acid-dependent acidification of the extracellular medium or the accumulation of
acetic acid inside the cell triggers apoptotic regulated cell death (RCD) [32, 33, 39, 108, 231, 232].
It was therefore proposed that the build-up of acetic acid inside or outside of chronologically “old”
yeast may promote an aging-associated form of apoptotic RCD (Figure 1.111) [32, 33, 39, 108,
231, 232]. Furthermore, it is believed that the acetic acid-dependent intracellular acidification may
accelerate yeast chronological aging because it up-regulates the cAMP/PKA signaling pathway;
this pathway activates several pro-aging cellular processes and suppresses several pro-longevity
cellular processes (Figure 1.111) [6, 8, 39, 231]. The other possible pro-aging effects of the acetic
acid-driven intracellular acidification include a rise in intracellular ROS and ROS-inflicted
oxidative macromolecular damage, as well as amplified cellular stress of inefficient DNA
replication (Figure 1.111) [6, 8, 39, 231]. Moreover, after intracellular acetic acid is transported
into the nucleus, it is transformed into acetyl-CoA in the reaction catalyzed by Acs2 [233-236].
Acetyl-CoA in the nucleus elicits histone H3 hyperacetylation at the ATG gene promoters, thereby
down-regulating the anti-aging process of autophagy and shortening the CLS of budding yeast
(Figure 1.111) [233-236]. Of note, none of the above effects of acetic acid on the CLS of budding

yeast and longevity-defining cellular processes can be elicited by other organic acids found in
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yeast cultures, exogenous hydrochloric acid or the conjugate base of acetic acid added at neutral
pH [32]. Therefore, it was concluded these effects are due to both the chemical structure of acetic

acid and culture medium acidification it causes [32].
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Figure 1.11. Some water-soluble metabolites are essential contributors to longevity
regulation in chronologically aging budding yeast. Proteins capable of detecting the age-related
changes in the concentrations of specific water-soluble metabolites bind to these metabolites and
alter their functional states. After undergoing the alterations in functionality, these metabolite-
sensing proteins extend or shorten yeast CLS by changing the pace of specific longevity-defining
cellular processes. See the text for more details. Metabolites that slow yeast chronological aging

are shown in red color. Metabolites that accelerate yeast chronological aging are shown in blue
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color. Cellular processes that delay yeast chronological aging are marked by red activation arrows
or inhibition bars. Cellular processes that accelerate yeast chronological aging are marked by blue
activation arrows or inhibition bars. Abbreviations: Asp, aspartate; Asn, asparagine; ATG,
autophagy-related genes; ETC, electron transport chain; FFA, free (non-esterified) fatty acids;
DAG, diacylglycerol; Glu, glutamate; Gln, glutamine; PKA, protein kinase A; RCD, regulated cell
death; ROS, reactive oxygen species. From: Reference [238. Mohammad K, Dakik P, Medkour
Y, McAuley M, Mitrofanova D, Titorenko VI. Some Metabolites Act as Second Messengers in
Yeast Chronological Aging. Int J Mol Sci. 2018; 19: 860] with modifications.

Ethanol is one of the glucose fermentation products in budding yeast [6, 8, 24, 31, 60]. The
Adhl-dependent reaction in the cytosol generates ethanol in the yeast cell [6, 8, 24, 31, 60].
Ethanol accelerates the chronological aging of budding yeast [8, 59, 186, 229]. The aging-
accelerating effect of ethanol is due to its ability to inhibit the B-oxidation of FFA to acetyl-CoA
[59, 186]. The ethanol-dependent inhibition of this process decreases intracellular acetyl-CoA and
increases intracellular FFA concentrations [59, 186]. The ethanol-inflicted decline in acetyl-CoA
concentration within peroxisomes of chronologically “young” yeast slows the acetyl-CoA-to-
citrate and acetyl-CoA-to-acetyl-carnitine conversion reactions that occur in these organelles
(Figure 1.11J) [59, 186]. Peroxisomally produced citrate and acetyl-carnitine are used to replenish
their pools in mitochondria [59, 186]. Therefore, the ethanol-dependent decrease in citrate and
acetyl-carnitine availability to mitochondria of chronologically “young” yeast weakens
mitochondrial functionality and creates a pro-aging cellular pattern in these cells (Figure 1.11J)
[59, 186]. The ethanol-driven rise in FFA concentration within peroxisomes of chronologically
“old” yeast promotes an aging-associated form of liponecrotic RCD, thereby shortening the CLS
of budding yeast (Figure 1.11J) [8, 59, 106, 107, 186, 286].

Altogether, the above examples support the notion that some water-soluble metabolites
play essential roles in regulating the longevity of chronologically aging budding yeast. It would be
interesting to use the quantitative mass spectrometry-based metabolomics to assess how various
dietary, genetic and pharmacological geroprotectors influence the entire water-soluble
metabolome of S. cerevisiae at different stages of the chronological aging process. It would also
be interesting to compare the effects of different geroprotectors on the water-soluble metabolome

of chronologically aging budding yeast.
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1.9 Thesis outline and contributions of colleagues.

Chapter 1 of my Thesis provides an overview of the use of budding yeast as a model
organism in the research on aging, replicative and chronological modes of budding yeast’s aging,
mechanisms linking chronological aging to a cellular quiescence program in budding yeast,
mechanisms by which some geroprotective phytochemicals extend the longevity of
chronologically aging budding yeast, mechanisms underlying the delay of budding yeast’s
chronological aging by LCA, integration of lipid metabolism in various cellular compartments of
budding yeast, contribution of cellular lipid homeostasis maintenance to the longevity regulation
in budding yeast, and mechanisms through which some water-soluble metabolites define the pace
of chronological aging in budding yeast. Dr. Titorenko edited the first draft of the Chapter 1 text
that [ wrote for my Thesis.

Chapter 2 of my Thesis outlines the materials and methods used in the studies described
here. These Materials and Methods chapter includes the names and descriptions of yeast strains
used, growth media and cell culturing conditions, a method for mass spectrometric identification
and quantitation of cellular lipids using the direct-injection lipidomic analysis, chronological
lifespan assay, statistical analyses methods, an LC-MS/MS method for the identification and
quantitation of cellular lipids, a procedure for the Percoll density gradient centrifugation to
separate high-density and low-density Q cells for lipid extraction, cell quenching method for
extracting water-soluble metabolites, a procedure for fluorescence microscopy, extraction of
water-soluble metabolites from quenched cells, a method for LC-MS/MS analysis of extracted
water-soluble metabolites, and a protocol for metabolite identification and quantitation using the
LC-MS/MS raw data.

Chapter 3 of my Thesis describes how the ethanol/water extract from Salix alba’s bark,
called PE21, affects budding yeast's cellular lipidome. Vicky Lutchman and Pamela Dakik
performed a screen of extracts from the plants traditionally used in Chinese herbal medicines or
present in the Mediterranean diet. They discovered that many of them (including PE21) delay the
chronological aging of budding yeast. The geroprotective effect of PE21 exceeded those of
currently known aging-delaying chemicals. Amanda Piano found that PE21 elicits several
significant age-related changes in budding yeast. One of these changes is a prompt decline in the

abundance of the neutral lipids TAG and ergosterol stored in LPD. Because the maintenance of
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lipid homeostasis in budding yeast affects several lipid classes, I hypothesized that PE21 might
alter the intracellular concentrations of other lipid classes as well. To test this hypothesis, I used
tandem mass spectrometry (MS/MS) to identify and quantitate cellular lipids using a direct-
injection method of lipidomic analysis.

Chapter 4 of my Thesis describes the development of novel liquid chromatography coupled
to tandem mass spectrometry (LC-MS/MS method for the quantitative analysis of the entire
cellular lipidome of budding yeast. The limitations of the LC-MS/MS methods presently used for
his purpose are that they are not sufficiently robust, sensitive and versatile. Based on the currently
employed LC-MS/MS lipidomic procedures, I developed a novel method for analyzing budding
yeast’s lipidome using LC-MS/MS. The technical details of the novel method are provided in
sections 2.2 and 2.8 of my Thesis. In chapter 4, I described the advantageous features of the novel
method. These features include the high efficiency of lipid extraction, versatility and robustness,
sensitivity, ability to distinguish between isobaric and isomeric lipid species, use of alternative
mobile phase additives to enhance ionization of all lipid classes, and increased efficiencies of two
different types of precursor ions fragmentation processes. I compared these features of the novel
LC-MS/MS lipidomics method to the corresponding features of the currently employed methods
for LC-MS/MS lipidomics. Dr. Heng Jiang and Md Israil Hossain have assisted me in performing
some experiments.

As I mentioned in the Introduction chapter of my Thesis, the robust geroprotective diet CR
decreases TAG concentration and increases CL concentration in HD and LD cells of the WT strain
throughout chronological aging. As I indicated in the Introduction chapter, a population of HD
cells includes both Q and NQ cells. The percentage of NQ cells in the HD population slowly rises
during chronological aging. As I alluded to in the Introduction chapter, a population of LD cells
also includes both Q and NQ cells. The percentage of NQ cells in the LD population rapidly rises
during chronological aging. Therefore, the first objective of the studies described in chapter 5 of
my Thesis was to assess the effect of CR on the intracellular concentrations of all lipid classes (not
only TAG and CL) within HD and LD cell populations of the WT strain recovered at different
stages of chronological aging. To accomplish this objective, we (Emmanuel Orfanos and I)
purified HD and LD cells from WT yeast taken on different days of culturing under CR or non-
CR conditions; the purification of HD and LD cells was performed using Percoll density gradient

centrifugation. We then employed the novel LC-MS/MS lipidomics method (see Chapter 4) to
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conduct quantitative lipidomics of the recovered HD and LD cell populations. The second
objective of the studies described in chapter 5 of my Thesis was to conduct a comparative analysis
of how CR and two other geroprotective interventions (namely, the tor/4 mutation and LCA)
affect the lipidomes of HD and LD cells recovered at different stages of chronological aging. To
accomplish this objective, we (Emmanuel Orfanos and I) used LC-MS/MS to identify and quantify
the lipidomes of HD and LD cells in the WT and for14 strains of budding yeast cultured under the
conditions described under CR or non-CR conditions with or without LCA.

My research interests include the mechanisms through which the intracellular and
extracellular water-soluble metabolites contribute to longevity regulation in chronologically aging
budding yeast. A robust, versatile and sensitive LC-MS/MS method for identifying and
quantitating water-soluble metabolites is required to dissect such mechanisms. Significant
advances have recently been made in employing the LC-MS/MS methods of non-targeted
metabolomics to analyze the water-soluble metabolomes of cells and tissues quantitatively. Yet,
the presently used LC-MS/MS metabolomics methods have several limitations. Using some of the
currently employed LC-MS/MS metabolomics procedures as prototypes, I developed a novel
method for the quantitative analysis of budding yeast’s water-soluble metabolome using LC-
MS/MS. Sections 2.3, 2.4, 2.10, 2.12-2.14 provided the technical details of the novel LC-MS/MS
metabolomics method. Chapter 6 of my Thesis focuses on several important advantages offered
by the LC-MS/MS metabolomics method I developed.

A body of evidence indicates that metabolism is an essential contributor to the aging and
longevity of eukaryotic organisms across phyla. Based on numerous findings, the existence of a
metabolic “clock,” “signature,” “footprint” or “profile” of aging delay has been proposed. It
remained unclear if different dietary, genetic and pharmacological anti-aging interventions set up
a similar metabolic pattern of aging delay or each of them generates a distinct metabolic profile.
In the studies described in chapter 7 of my Thesis, I used non-targeted metabolomics of
chronologically aging budding yeast to clarify this issue. I show that three different geroprotectors
(i.e., CR, the foriA4 mutation and LCA) create distinct metabolic profiles. I identified a unique

metabolic pattern established by one of these geroprotectors.
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Chapter 2: Materials and Methods.

2.1 Strains, medium and culture conditions for the direct-injection lipidomic analysis of yeast
treated with PE21 or remained untreated.

The wild-type (WT) strain Saccharomyces cerevisiae BY4742 (MATa. his3A1 leu2 A0
lys2A0 ura3A0) and single-gene-deletion mutant strains in the BY4742 genetic background (all
from Thermo Scientific/Open Biosystems) were used. The yeast cells were cultured in a synthetic
minimal YNB medium (0.67% (w/v) Yeast Nitrogen Base without amino acids from Fisher
Scientific; #DF0919-15-3). The medium was supplemented with 2% (w/v) glucose (#D16-10;
Fisher Scientific), 20 mg/l L-histidine (#H8125; Sigma), 30 mg/l L-leucine (#L.8912; Sigma), 30
mg/l L-lysine (#L5501; Sigma) and 20 mg/1 uracil (#U0750; Sigma). The yeast cells were cultured
in the presence or absence of PE21 (Idunn Technologies Inc.), an ethanol/water extract from Salix
alba’s bark [230].

A final concentration of PE21 in the culturing medium was 0.1% (w/v). At this
concentration, PE21 has the most significant extending effect on both the mean and maximum
CLS of WT strain in a medium supplemented with 2% (w/v) glucose [230]. A 20% (w/v) stock
solution of PE21 in ethanol was made immediately before adding it to the culturing medium. The
yeast cells were inoculated into the medium first. A 20% (w/v) aqueous stock solution of glucose
was then added to the culturing medium to have a final glucose concentration at 2% (w/v). The
medium was then supplemented with a volume of the 20% (w/v) stock solution of PE21 in ethanol
needed to have a final PE21 concentration in the medium at 0.1% (w/v). Ethanol was used as a
vehicle for delivering PE21 to the cells; a final ethanol concentration in the culturing medium was
0.5% (v/v). The ethanol-mock treated cell cultures were supplemented with 2% (w/v) glucose and
0.5% (v/v) ethanol.

Cell culturing with rotational shaking at 200 rpm was conducted at 30°C. The cells were

cultured in Erlenmeyer flasks. A “flask volume/medium volume” ratio was 5:1.
2.2 Strain, medium and culture conditions used to develop the LC-MS/MS method for
quantitative lipidomic analysis of yeast cells.

The WT strain S. cerevisiae BY4742 (MATa. his3Al leu2 A0 lys2 A0 ura3A0) from Thermo
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Scientific/Open Biosystems was used. The yeast cells were cultured in the synthetic minimal YNB
medium (0.67% (w/v) Yeast Nitrogen Base without amino acids from Fisher Scientific; #DF0919-
15-3). The medium was supplemented with 2% (w/v) glucose (#D16-10; Fisher Scientific), 20
mg/l L-histidine (# H8125; Sigma), 30 mg/l L-leucine (#L.8912; Sigma), 30 mg/1 L-lysine (#L5501;
Sigma) and 20 mg/I uracil (#U0750; Sigma).

Cell culturing with rotational shaking at 200 rpm was performed for 24 h at 30°C. The cells

were cultured in Erlenmeyer flasks. A “flask volume/medium volume” ratio was 5:1.

2.3 Strain, medium and culture conditions used to develop the LC-MS/MS method for non-
targeted metabolomic analysis of yeast cells.

The WT strain S. cerevisiae BY4742 (MATo his3Al leu2 A0 lys2 A0 ura3A0) from Thermo
Scientific/Open Biosystems was used. The yeast cells were cultured in a nutrient-rich YP medium
(1% [w/v] yeast extract [#BP1422-2; Fisher Scientific] and 2% [w/v] peptone [#BP1420-2, Fisher
Scientific]. The medium was supplemented with 2% (w/v) glucose (#D16-10; Fisher Scientific) as
a sole source of carbon.

Cell culturing with rotational shaking at 200 rpm was carried out at 30°C. The cells were

cultured in Erlenmeyer flasks. A “flask volume/medium volume” ratio was 5:1.

2.4 Yeast strains, media and growth conditions used to compare the effects of different
geroprotectors on the intracellular metabolome of yeast.

The WT strain S. cerevisiae BY4742 (MATo his3Al leu2 A0 lys2 A0 ura3A0) from Thermo
Scientific/Open Biosystems was used. The yeast cells were cultured in a nutrient-rich YP medium
(1% [w/v] yeast extract [#BP1422-2; Fisher Scientific] and 2% [w/v] peptone [#BP1420-2, Fisher
Scientific]. The medium was supplemented with 2% (w/v) glucose (#D16-10; Fisher Scientific) as
a sole carbon source, 0.2% (w/v) glucose as the only source of carbon, or 0.2% (w/v) glucose as a
carbon source and 50 pM LCA.

The tori4 single-gene-deletion mutant strain in the BY4742 genetic background (Thermo
Scientific/Open Biosystems) was also used. It was cultured in YP medium supplemented with 2%
(w/v) glucose as a sole carbon source.

Cell culturing with rotational shaking at 200 rpm was performed at 30°C. The cells were

cultured in Erlenmeyer flasks. A “flask volume/medium volume” ratio was 5:1.
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2.5 Mass spectrometric identification and quantitation of cellular lipids using the direct-
injection method of lipidomic analysis.

A cell culture aliquot was recovered on a particular day of culturing. A portion of the cell
aliquot was diluted and then inspected with a hemocytometer (#3200; Hausser Scientific) to
calculate cell concentration in the aliquot. The centrifugation in a Centra CL2 clinical centrifuge
(5 min, 3,000 x g, room temperature [RT]) was used to pellet a total of 5 x 107 cells. A tabletop
microcentrifuge was used to wash the cell pellet by centrifugation (1 min, 16,000 x g, 4°C); the
cell washing was performed in ice-cold nanopure water (once) and then in ice-cold 155 mM
ammonium bicarbonate (ABC) buffer, pH = 8.0 (once). After storing the pelleted cells at -80°C
until lipid extraction, the cell pellet was thawed on ice. The thawed cell pellet was then resuspended
in 200 pl of ice-cold nanopure water. Each sample of the resuspended cells was transferred to a
15-ml high-strength glass screw-top centrifuge tube with a Teflon-lined cap (#0556912; Fisher
Scientific). A total sample volume was adjusted to 1 ml with ice-cold nanopure water. Each sample
tube was supplemented with the following: 1) 20 ul of the internal standard mixture made in
Chromasolv high pressure liquid chromatography (HPLC) (>99.9%) chloroform (#528730;
Millipore-Sigma) [Table 2.1], 2) 800 ul of 425-600 um acid-washed glass beads (#G8772; Sigma-
Aldrich) for cell disintegration, and 3) 3 ml of a 17:1 mixture of Chromasolv HPLC (>99.9%)
chloroform (#528730; Millipore-Sigma) and Chromasolv HPLC (>99.9%) methanol (#439193;
Millipore-Sigma). After the sample tubes were vigorously vortexed (2 h, 4°C), they were
centrifuged in a Centra CL2 clinical centrifuge (5 min, 3,000 x g, RT). A glass Pasteur pipette was
used to transfer the lower organic phase to another 15-ml high-strength glass screw-top centrifuge
tube with a Teflon-lined cap; it is essential to avoid the disruption of the glass bead layer and upper
aqueous phase during the organic phase transfer. The remaining upper aqueous phase in the sample
tube was supplemented with 1.5 ml of chloroform-methanol (2:1) mixture. The sample tubes were
vigorously vortexed (2 h, 4°C) again; during the second vortexing of the sample tubes, the initially
recovered lower organic phase was kept at 4°C. After the second 2-h vortexing of the sample tubes
was completed, these tubes were centrifuged in a Centra CL2 clinical centrifuge (5 min, 3,000 x
g, RT). A glass Pasteur pipette was used to transfer the lower organic phase from the sample tube
to a tube with the corresponding initial organic phase; it is important to avoid disrupting the glass

bead layer and upper aqueous phase during the second organic phase transfer as well. After
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combining both lower organic phases, the nitrogen gas flow was used to evaporate the solvent. As
soon as the solvent evaporation was completed, 100 ul of a chloroform-methanol (1:2) mixture
was used to dissolve the remaining lipid film. The lipid solution was immediately transferred into
2-ml glass vials with Teflon screw tops. The samples were stored at -80°C for not more than a
week before being analyzed by mass spectrometry (MS) on the Thermo Orbitrap Velos mass
spectrometer.

After sample recovery from -80°C for MS, an equal volume of the chloroform/methanol
(1:2) mixture containing 0.1% ammonium hydroxide was added to each sample. The dissolved
lipids samples were directly injected into a Thermo Orbitrap Velos mass spectrometer equipped
with a HESI-II ion source (Thermo Scientific, Waltham, MA, USA) at a flow rate of 5 ul/min. The
resolution of lipids by MS was performed at the optimized tune settings and instrument methods,
as outlined in Table 2.2 and Table 2.3 (respectively). The ProteoWizard MSConvert software

(http://proteowizard.sourceforge.net/) was used to convert mass spectra to open format mzXML.

The Lipid Identification Software LipidXplorer (https://wiki.mpi-cbg.de/lipidx/Main_Page) uses

the mzXML file format to detect and quantitate lipids automatically. The settings provided in Table
2.4 were used to import the mzXML data files into the LipidXplorer software. The molecular
Fragmentation Query Language (MFQL) files recovered from the above LipidXplorer page were
used to identify lipids based on their m/z ratios and fragmentation patterns.

To quantify the recovered and identified cellular lipid classes, the peak intensities for these
lipid classes were compared with those for the corresponding lipid standards. Because each lipid
class present in the yeast cell had a corresponding internal lipid standard (spiked standard) of the
same class, it was possible to calculate the molar percentage concentrations of all cellular lipid
classes. The ratio of the signal intensity for the precursor ions of a particular cellular lipid class to
that of the corresponding lipid standard was first calculated. To calculate the molar percentage
concentration of a cellular lipid class, this calculated ratio was multiplied by the known

concentration of the internal lipid standard (spiked standard).
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Table 2.1: The composition of a mixture of the internal lipid standards (spiked standards)

Abbreviations:

CL,

phosphatidylcholine;

cardiolipin;

PE

,  phosphatidylethanolamine;

FFA, free fatty acid; PA,

PG,

Avanti Polar Lipids. TAG was purchased from Larodan.

phosphatidylglycerol;
phosphatidylserine; TAG, triacylglycerol. CL, FFA, PA, PC, PE, PG and PS were purchased from

phosphatidic acid; PC,

PS,

Lipid chain composition
The mode Linid (Number of carbon Molecular m/z Concentration
ipi
of lp atoms:Number of weight (mass/ion | in the mixture
class
detection double bonds on the (g/mol) charge) (mg/ul)
fatty acid chain)
CL 14:0/14:0/14:0/14:0 | 1274.9000 | 619.4157 0.10
FFA 19:0 298.2872 | 297.2711 0.02
PA 14:0/ 14:0 614.3920 | 591.4026 0.10
Negative
PE 14:0/14:0 635.4526 | 634.4448 0.10
PG 14:0/ 14:0 688.4290 | 665.4394 0.10
PS 14:0/14:0 701.4240 | 678.4271 0.02
TAG 13:0/13:0/13:0 680.5955 | 698.6299 0.10
Positive
PC 13:0/13:0 649.4683 | 650.4761 0.10

Table 2.2: Tune settings for the Thermo Orbitrap Velos mass spectrometer.

Abbreviation: FTMS, Fourier transform mass spectrometry.

Instrument polarity Positive Negative
Source voltage (kV) 3.9 4
Capillary temperature (°C) 275 275
Sheath gas flow 5 5

Aux gas flow 1 1

FTMS injection time (ms) 100 500
FTMS microscans 3 1
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Table 2.3: Instrument methods for data acquisition using the Thermo Orbitrap Velos mass

spectrometer.

Abbreviations: FTMS, Fourier transform mass spectrometry; HCD, high-energy collisional

dissociation.

Acquisition time

5 min (with a 0.25-min delay)

Instrument polarity Positive Negative
MS (Segment I)

Analyzer FTMS FTMS
Mass range Normal Normal
Resolution 100,000 100,000
Data type Centroid Centroid
Scan range 400-1,200 200-1,200
Data-dependent MS/MS (segments 2-10)

Analyzer FTMS FTMS
Resolution 30,000 30,000
Data type Centroid Centroid
Activation HCD HCD
Activation time (ms) 0.1 0.1
Isolation width 1 1
Collision energy 35 65

Mass range Normal Normal
Data type Centroid Centroid
Scan range - -

Table 2.4 The settings used for lipid identification by the LipidXplorer software for data

acquired under the positive and negative modes of detection.

Abbreviation: FWHM, full width at half maximum.

Positive mode

Negative mode

Selection window (Da)

Time range (sec)

1
0-350

1
0-350
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Calibration masses
MS 0 0
MS/MS 0 0
m/z range (m/z-m/z)
MS 200-1,400 200-1200
MS/MS 140-1,200 100-1200
Resolution (FMHW)
MS 100,000 100,000
MS/MS 30,000 30,000
Tolerance (ppm)
MS 10 10
MS/MS 10 10
Resolution gradient (res/(m/z))
MS 0 -55
MS/MS 0 0
Minimum occupation (0<1)
MS 0.5 0.5
MS/MS 0 0
MSI1 offset (Da) 0 0

2.6 CLS assay.

A cell culture aliquot was recovered on a certain day of culturing yeast cells in the synthetic
minimal YNB medium (0.67% (w/v) Yeast Nitrogen Base without amino acids; #DF0919-15-3;
Fisher Scientific) supplemented with 2% (w/v) glucose (#D16-10; Fisher Scientific) in the
presence or absence of PE21. A diluted portion of the cell culture aliquot was examined with a
hemocytometer to calculate cell concentration in the aliquot. Serial dilutions of the cell aliquot
were made. These serial cell dilutions were plated in duplicate onto the nutrient-rich solid YP
medium (1% [w/v] yeast extract [#BP1422-2; Fisher Scientific] and 2% [w/v] peptone [#BP1420-
2; Fisher Scientific] supplemented with 2% (w/v) glucose as a sole carbon source. The plates with
the inoculated cells were incubated at 30°C for 2 d. The number of colony-forming units (CFU)

per plate for each culture was counted to calculate the number of viable cells per ml of the culture.
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The following equation was used to calculate the percentage of viable cells for each culture:
[Number of viable cells (CFU) per ml/Total number of cells per ml] x 100%. The percentage of

viable cells in a culture that reaches the mid-logarithmic growth phase was set at 100%.

2.7 Statistical analysis.

Microsoft Excel’s (2010) Analysis ToolPack-VBA was used to perform statistical analysis.
Cell survival data are provided as mean = SEM. A GraphPad Prism 7 statistics software was used
to calculate the following: 1) the p values for comparing the means of two groups using an unpaired

two-tailed ¢ test, and 2) the p values for comparing a pair of survival curves using a logrank test.

2.8 Identification and quantitation of cellular lipids using the liquid chromatography (LC)-
MS/MS method.

A cell culture aliquot was recovered on a specific day of culturing yeast cells. A portion of
the cell aliquot was diluted and then assessed with a hemocytometer (#3200; Hausser Scientific)
to calculate cell concentration in the aliquot. The centrifugation in a tabletop microcentrifuge (1
min, 16,000 x g, 4°C) was used to pellet a total of 5 x 107 cells within a pre-cooled at 4°C 1.5-ml
Eppendorf tube. The cell pellet was resuspended in 1.5 ml of ice-cold nanopure water, the cells
were washed by centrifugation in a tabletop microcentrifuge (1 min, 16,000 x g, 4°C) and the
supernatant was discarded. The cell pellet was resuspended in 1.5 ml of ice-cold 155 mM ABC
buffer (pH = 8.0). The cells were washed by centrifugation in a tabletop microcentrifuge (1 min,
16,000 x g, 4°C) and the supernatant was discarded. The pelleted cells were stored at -80°C until
lipid extraction. Immediately before lipid extraction, the cell pellet was thawed on ice. The thawed
cell pellet was resuspended in 200 pl of ice-cold nanopure water. Each sample of the resuspended
cells was transferred to a 15-ml high-strength glass screw-top centrifuge tube with a Teflon-lined
cap (#05-550; Pyrex). Each sample tube was supplemented with the following: 1) 25 pl of the
internal standard mixture prepared in a 2:1 mixture of Chromasolv HPLC (>99.9%) chloroform
(#528730; Millipore-Sigma) and Chromasolv HPLC (>99.9%) methanol (#439193; Millipore-
Sigma); 2) 100 pl of 425-600 um acid-washed glass beads (#G8772; Sigma-Aldrich) for cell
disintegration, and 3) 600 ul of a 17:1 mixture of chloroform and methanol. The sample tube was
vortexed (5 min RT) at a high speed to disintegrate the cells. The tube was then vortexed (1 h, RT)

at a low speed to facilitate the extraction of lipids. After the second vortexing, each sample tube
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was incubated for 30 min on ice to allow protein precipitation and enable aqueous and organic
phases separation. The separation of the upper aqueous phase and the lower organic phase in the
sample tubes was facilitated by centrifuging the tubes in a Centra CL2 clinical centrifuge (5 min,
3,000 x g, RT); all cellular lipids were present only in the lower organic phase. The lower organic
phase (~400 pl) was transferred with a borosilicate glass pipette to another 15-ml high-strength
glass screw-top centrifuge tube with a Teflon-lined cap. The nitrogen gas flow was used to
evaporate the solvent in the lower organic phase. The remaining upper aqueous phase was
supplemented with 300 pl of a 2:1 mixture of chloroform and methanol to enable the extraction of
PA, PS, PI, PG and sphingolipids. After vigorously vortexing (5 min, RT) the sample tubes with
the remaining upper aqueous phase and chloroform/methanol mixture, the tubes were centrifuged
(5 min, 3,000 x g, RT) in a Centra CL2 clinical centrifuge. The lower organic phase (~ 200 pl)
formed after such centrifugation was transferred with a borosilicate glass pipette to the lower
organic phase collected at the previous step. The nitrogen gas flow was used to evaporate the
solvent in the sample tubes containing the combined organic phases. After solvent evaporation,
the sample tubes were stored at -80°C before being analyzed by LC-MS/MS. Each batch of the
experiment was analyzed on different days.

Each sample tube with the lipid film stored at -80°C was supplemented with 500 pul of
acetonitrile (ACN; Thermo Scientific)/2-propanol/nanopure water (65:35:5). After vortexing the
sample tube 3 times for 10 s at RT, its content was ultrasonicated for 15 min. The tube was vortexed
(3 times, 10 s, RT), and 100 pl of its content was added to a glass vial with an insert used for a
wellplate. Different lipid classes were subjected to separation on an LC system equipped with a
reverse-phase C18 column CSH coupled to a pre-column system (Waters). The column was
maintained at 55°C, a flow rate was 0.3 ml/min, and the sample was kept in the wellplate at RT
during lipid separation by LC. Two mobile phases were used for lipid separation by LC, the mobile
phase A (ACN/nanopure water [60:40 (v/v)]) and mobile phase B (isopropanol/ACN [90:10
(v/v)]). The electrospray ionization (ESI) ion source was used to create parent ions. The parent
ions were detected in a positive or negative mode (ESI (+) or ESI (-) mode, respectively). The
mobile phases A and B were supplemented with 10 mM ammonium formate for the ESI (+) mode
of parent ions detection. Ammonium acetate at the final concentration of 10 mM was added to the
mobile phases A and B for detecting the parent ions in the ESI (-) mode. At both modes of parent

ions detection, a sample volume was 10 pl. The following LC gradient was used to separate
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different lipid classes: 1) 0—1 min: 10% of phase B, 2) 1-4 min: 60% of phase B, 3) 4-10 min:
68% of phase B, 4) 10-21 min: 93% of phase B, 5) 21-24 min: 97% of phase B, and 6) 24-33
min: 10% of phase B. During lipid separation by LC, extraction blanks were run as the first run,
runs between every four samples and the last run. Also, the pooled quality control and the standard
mix samples were run on the beginning, end and every 4 samples to monitor the quality of the
sequence. Data normalization was performed by subtracting the background and by using the
integrated peaks areas of standard metabolites. The samples sizes were normalized by the number
of cells in present in each sample. Free fatty acid (FFA) lipid species are very sticky, i.e., they bind
to the column very strongly, the re-equilibrium of the gradient is not enough to wash away all the
FFA molecules from the column. Therefore, in order to analyze the FFA a blank sample was run
after each sample. For some of the FFA molecules there are some large backgrounds peaks from
the system, consumables, and solvents that interfere with the analysis, which can make the absolute
quantification of these lipid species very challenging. However, the purpose of my studies was to
quantify and compare the lipid concentration between different sample. Therefore, the background
peaks were not as much of an issue as far as the peak shapes were good enough to be integrated.

After LC separation of cellular lipids, they were analyzed using the Thermo Orbitrap Velos
mass spectrometer equipped with a HESI (heated electrospray ionization) ion source. Table 2.5
shows the settings used for lipid analysis by MS/MS. The parent ions (MS1) were detected by the
Fourier transform analyzer at a resolution of 60,000 and within the mass range of 150-2,000 Da.
Table 2.6 provides the settings used to detect product ions (MS2).

The identification and quantitation of cellular lipids from LC-MS raw spectra files were
performed using the Lipid Search software (V4.1; Fisher Scientific). Lipid Search uses the largest
lipid database that includes more than 1.5 million lipids MS1 and the predicted MS2 of their
fragmentation. The identification of cellular lipids using Lipid Search was performed by analyzing
MS2 peaks. MS1 peaks were used to quantify cellular lipids with the help of Lipid Search. LC-
MS raw files included the full-scan records for MS1 data and data-dependent records for MS2.
The search of these files was conducted for FFA, CL, phytoceramide (PHC), phytosphingosine
(PHS), PC, PE, PG, phosphatidylinositol (PI), PS and TAG. The m/z tolerance values for searching
LC-MS raw files were 5 ppm for MS1 and 10 ppm for MS2. Table 2.7 shows other constraints
used for the search of LC-MS raw files. The freely available open-source alternatives for

processing LC-MS raw files using the commercial Lipid Search software include Lipid Data
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Analyzer (http://genome.tugraz.at/lda2/Ida_download.shtml), MZmine 2

(http://mzmine.github.io/)

XCMS

(https://bioconductor.org/packages/release/bioc/html/xcms.html).

Table 2.5. The settings used to analyze cellular lipids using the Thermo Orbitrap Velos mass

spectrometer.

Abbreviation: FTMS, Fourier transform mass spectrometry; HESI, heated electrospray ionization.

FTMS - p resolution 60000
Mass range (dalton) 150-2000
Ion source type HESI
Capillary temperature (°C) 300
Source heater temperature (°C) 300
Sheath gas flow 10

Aux gas flow 5
Positive polarity voltage (kV) 3
Negative polarity voltage (kV) 3

Source current (LA) 100

Table 2.6. The settings used to detect MS2 ions using the Fourier transform analyzer.

Abbreviation: FTMS, Fourier transform mass spectrometry.

Instrument polarity

Positive

Negative

Activation type

High-energy-induced-

collision-dissociation

Collision-induced-dissociation

Minimal signal required 5000 5000
Isolation width 2 2
Normalized collision energy | 55 35
Default charge state 1 2
Activation time 0.1 10

5 most intense peaks were

selected for MS/MS
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Table 2.7. The constraints used to identify and quantify cellular lipids by searching the LC-

MS raw files that included the full-scan records for MS1 data and data-dependent records

for MS2.

Abbreviations: ESI (+), electrospray ionization positive mode; ESI (-), electrospray ionization

negative mode; CER, ceramide; CL, cardiolipin; FFA, free fatty acid; PC, phosphatidylcholine;

PE, phosphatidylethanolamine; PG, phosphatidylglycerol, PS, phosphatidylserine; TAG,
triacylglycerol.
Identification
Database Orbitrap
Peak detection Recall isotope (ON)

Search option

Product search Orbitrap

Search type Product
Experiment type LC-MS
Precursor tolerance 10 ppm

Product tolerance

High-energy-induced-collision-dissociation [ESI (+) mode]: 20 ppm

Collision-induced-dissociation [ESI (-) mode]: 0.5 Daltons

Quantitation
Execute quantitation | ON
m/z tolerance -5.0; +5.0
Tolerance type ppm
Filter
Top rank filter ON

Main node filter

Main isomer peak

m-score threshold 5

c-score threshold 2

FFA priority ON

ID quality filter A: Lipid class & all fatty acids are completely identified

B: Lipid class & some fatty acids are identified
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C: Lipid class or fatty acids are identified

D: Lipid identified by other fragment ions (H20, etc.)

Lipid Class
High-energy-induced- | PC, TAG
collision-dissociation
[ESI (+) mode]
Collision-induced- CER, CL, FFA, PE, PG, PI, PS
dissociation [ESI (-)
mode]

Ions

High-energy-induced- | + H; + NH4; + Na
collision-dissociation
[ESI (+) mode]

Collision-induced- - H; - 2H; C2H302-
dissociation [ESI (-)

mode]

2.9 Percoll density gradient centrifugation to separate high-density and low-density Q cells
for lipid extraction.

2 ml of 1.5 M NaCl (#S7653; Sigma) and 16 ml of the Percoll solution (#P1644; Sigma)
were mixed by pipetting in a 50-ml conical polypropylene centrifuge tube (#055398; Fisher
Scientific). Each of the four polyallomer tubes for an MLS-50 rotor (Beckman Coulter) for an
Optima MAX ultracentrifuge (Beckman Coulter) was filled with 4 ml of the NaCl/Percoll mixture
for making four Percoll density gradients. The Optima MAX ultracentrifuge was used to create
the gradients by centrifuging (15 min, 25,000 x g, 4°C) the tubes. A cell culture aliquot was
recovered on a particular day of culturing. A portion of the cell aliquot was diluted and then
assessed with a hemocytometer (#3200; Hausser Scientific) to calculate cell concentration in the
aliquot. For each of the four Percoll density gradients, a 15-ml conical polypropylene centrifuge

tube (#0553912; Fisher Scientific) was supplemented with a cell culture aliquot containing a total
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of 1 X 107 yeast cells. The cells were pelleted by centrifugation in a Centra CL2 clinical centrifuge
(5 min, 3,000 x g, RT). The supernatant was discarded, and the cell pellet in each of the four
conical polypropylene centrifuge tubes was resuspended in 500 pl of 50 mM Tris/HCI buffer (pH
7.5). After overloading the cell suspension onto each of the four preformed Percoll gradients, the
gradients were subjected to centrifugation (30 min, 2,300 x g, 25°C) in the Optima MAX
ultracentrifuge. A pipette was used to collect the gradient’s upper and lower cell fractions and
place them into the Eppendorf test tubes. After pelleting the cells by centrifugation in a tabletop
ultracentrifuge (1 min, 16,000 x g, RT) and discarding the supernatant, the cells were washed twice
with 50 mM Tris/HCI buffer (pH 7.5) to remove Percoll. The supernatants formed after the second
wash were discarded, and the cell pellets were resuspended in 50 mM Tris/HCI buffer (pH 7.5) for

lipid extraction.

2.10 Cell quenching for extracting water-soluble metabolites.

A cell culture aliquot was recovered on a particular day of culturing. A portion of the cell
aliquot was diluted and then examined with a hemocytometer (#3200; Hausser Scientific) to
calculate cell concentration in the aliquot. After transferring a cell culture aliquot containing 5.0 x
108 cells into a pre-cooled at -5°C 500-ml centrifuge bottle for a high-speed Beckman Coulter
centrifuge, a total volume of the liquid in the bottle was adjusted to 200 ml by adding a quenching
solution (60% methanol in 155 mM ABC buffer, pH = 8.0) stored at -20°C. Chromasolv HPLC
(>99.9%) methanol (#439193; Millipore-Sigma) was used for making the quenching solution. The
bottle was subjected to centrifugation (3 min, 11,325 x g, -5°C) in the high-speed Beckman Coulter
centrifuge and gently and rapidly recovered from the centrifuge without disturbing the quenched
cells pellet. The removal of the bottle’s lid and the supernatant transfer were also performed
quickly and tenderly, without disturbing the quenched cells pellet. After resuspending the pelleted
cells in each tube in 10 ml of ice-cold ABC buffer, the cell suspension was transferred into a 15-
ml high-speed glass centrifuge tube with a Teflon-lined cap (Pyrex) to extract water-soluble
metabolites. A Centra CL2 clinical centrifuge was used to pellet the quenched cells (3 min, 3,000
x g, 0°C), and the supernatant was rapidly discarded. Before being used for metabolite extraction,

the sample tubes with quenched cell pellets were kept on dry ice or stored at -80°C.

56



2.11 Fluorescence microscopy.

The established procedure was used to assess the extent of plasma membrane permeability
for small molecules by staining with propidium iodide (PID; #P4170, Sigma) [287].
Phosphatidylserine externalization was examined by staining with Annexin V (#A13201; Thermo
Fisher Scientific) as described previously [287]. A Leica DM6000B epifluorescence microscope
equipped with a high-resolution Hamamatsu Orca ER CCD camera and a 100x objective was used
for live imaging. A PerkinElmer Volocity software was used for image acquisition with 20-ms
exposures. Image files were exported into the TIFF format. An ImageJ software was then used to

calculate the percentage of PI- and Annexin V-positive cells.

2.12 Extraction of water-soluble metabolites from quenched cells.

Each sample tube with the pelleted quenched cells kept on dry ice or stored at -80°C was
supplemented with 2 ml of chloroform kept at -20°C, 1 ml of methanol stored at -20°C, 1 ml of
ice-cold nanopure water and 200 pl of 425-600 um acid-washed glass beads (#G8772; Sigma-
Aldrich). Chromasolv HPLC (>99.9%) chloroform (#528730; Millipore-Sigma) and Chromasolv
HPLC (>99.9%) methanol (#439193; Millipore-Sigma) were used. Aluminum foil was used to
cover the sample tube’s mouth. After placing the tube in a foam tube holder kit with a retainer
(Thermo Scientific), it was vortexed (30 min, 4°C) to promote metabolite extraction. To allow
protein precipitation and enable aqueous and organic phase separation, the sample tube was kept
for 30 min on ice. The centrifugation of the sample tube in a Centra CL2 clinical centrifuge (10
min, 3,000 x g, 4°C) was used to facilitate the efficient separation of the upper aqueous, middle
and lower organic phases. The upper aqueous phase included water-soluble metabolites, the middle
phase contained cell debris and proteins, and the lower organic phase was mainly composed of
different lipid classes. The upper aqueous phase of a total volume of ~ 400 ul was transferred with
a glass micropipette to a 1.5-ml Eppendorf tube holding 800 pl of ACN (Thermo Scientific) held
at -20°C. After centrifuging the tube in a tabletop ultracentrifuge (10 min, 13,400 x g, 4°C), the
upper portion of a liquid in the tube with a total volume of 800 pl was placed in an MS vial. Before
a sample in this vial was analyzed by LC-MS/MS, the vial was kept at 0°C.

2.13 LC-MS/MS analysis of extracted water-soluble metabolites.
An Agilent 1100 HPLC system (Agilent Technologies) linked to an LTQ Orbitrap Velos
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mass spectrometer (Thermo Fisher Scientific) was used to acquire LC-MS/MS data.

A sample of extracted water-soluble metabolites was ultrasonicated (15 min), vortexed (3
times, 10 s, RT) and then analyzed by LC-MS/MS. A ZIC-pHILIC column (Merck SeQuant; 150
x 2.1 mm, 5 um particle size) was used to perform LC separation of the metabolites. Two mobile
phases were used for metabolite separation by LC, the mobile phase A (nanopure water/ACN [95:5
(v/v)] supplemented with 20 mM ammonium acetate) and mobile phase B (ACN). A gradient
program used to separate metabolites by LC is sown in Table 2.8. During metabolite separation,
the ZIC-pHILIC column and the samples were held at 45°C and 4°C (respectively).

A Thermo Orbitrap Velos mass spectrometer equipped with a heated electrospray
ionization ion source (Thermo Scientific) was used to carry out the MS-based analyses of the
water-soluble cellular metabolites separated by LC. The MS1 ions were detected using the FTMS
analyzer. The high-energy collisional dissociation (HCD) and collision-induced dissociation (CID)
were used to analyze the MS2 ions. The settings used to analyze MS1 and MS2 are shown in
Tables 2.9 and 2.10, respectively. At both positive and negative ionization modes of injection, a

sample volume was 10 pl.

2.14 Metabolite identification and quantitation using the LC-MS/MS raw data.

A Compound Discoverer 3.1 software (Fisher Scientific) was used to identify and quantify
the extracted water-soluble metabolites subjected to LC-MS/MS. The identification of water-
soluble metabolites using Compound Discoverer 3.1 was performed by analyzing MS2 peaks.
MS1 peaks were used to quantify water-soluble metabolites with the help of Compound Discoverer

3.1. A freely available online library of databases and spectra (https://www.mzcloud.org) was used

to search for MS2 spectra of the LC-MS/MS raw data.
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Time (min)

Flow rate (ml/min)

Relative concentrations (%) of mobile phases A and B

A B
0.5 0.25 5 95
26 0.25 40 60
30 0.25 70 30
31 0.25 70 30
31.1 0.4 5 95
43.9 0.4 5 95
44 0.25 5 95
45 0.25 5 95

Table 2.8. A gradient program used to separate the extracted water-soluble metabolites by

LC on the ZIC-pHILIC column. Mobile phase A: a 95:5 (v/v) mixture of nanopure water with

ACN supplemented with 20 mM ammonium acetate. Mobile phase B: ACN.

Table 2.9. The settings used for the MS-based analysis of the MS1 ions of the water-soluble

metabolites separated by LC. Abbreviations: AGC, automatic gain control; FTMS, Fourier

transform mass spectrometry; HCD, higher-energy collisional dissociation; HESI, heated

electrospray ionization; LTQ, linear trap quadrupole; MSn, multi-stage mass spectrometry.

Full scan mass range (dalton) 70-900
FTMS full scan resolution 6.0 x 104
FTMS HCD resolution 7500
FTMS full scan AGC target 1.0 x 106
FTMS MSn AGC target 5.0 x 104
Ion trap (LTQ) MSn AGC target 1.0 x 104
Ion source type HESI
Capillary temperature (°C) 275
Source heater temperature (°C) 250
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Sheath gas flow 10

Aux gas flow 5

Table 2.10. The settings used for the MS-based analysis of the MS2 ions of the water-soluble
metabolites separated by LC. Abbreviations: CID, collision-induced dissociation; HCD, higher-

energy collisional dissociation; ms, milliseconds; MS/MS, tandem mass spectrometry.

Instrument polarity positive/negative
Activation type CID/HCD
Minimum signal required 5000

Isolation width 2

Normalized collision energies for CID 35, 60
Normalized collision energies for HCD 35,45, 55
Default charge state 1

Activation time for CID (ms) 10, 30
Activation time for HCD (ms) 10

Number of MS/MS events in CID top 3, top 5, top 10
Number of MS/MS events in HCD top 5

Number of micro scans used in both HCD and CID 1
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Chapter 3: The geroprotective plant extract PE21 alters the cellular lipidome of budding

yeast and slows chronological aging by delaying the onset of liponecrotic cell death.

3.1 Introduction.

The Titorenko laboratory performed a screen of a collection of extracts from the plants
traditionally used in Chinese herbal medicines or present in the Mediterranean diet and discovered
that several of them delayed the chronological aging of budding yeast [230]. The ethanol/water
extract from Salix alba’s bark, called PE21, was one of the aging-delaying (geroprotective) plant
extract discovered [230]. The geroprotective effect of PE21 exceeds those of currently known
aging-delaying chemicals [230]. The Titorenko laboratory found that PE21 elicits several
significant age-related changes in budding yeast. One of these changes is a prompt decline in the
abundance of the neutral lipids TAG and ergosterol stored in LD [230]. Because the maintenance
of lipid homeostasis in budding yeast affects several lipid classes [83, 155-158], I hypothesized
that PE21 might alter the intracellular concentrations of other lipid classes as well. To test this
hypothesis, I used tandem mass spectrometry (MS/MS) to identify and quantitate cellular lipids

using a direct-injection method of lipidomic analysis.

3.2 PE21 elicits substantial changes in the concentrations of different lipid classes within
chronologically aging budding yeast.

It has been previously shown that the highest efficiency of chronological aging delay and
CLS extension by PE21 can be observed in a WT strain of yeast cultured in a synthetic minimal
YNB medium supplemented with 2% (w/v) glucose as a carbon source [230]. The geroprotective
efficiency of PE21 in yeast cultured under these non-CR conditions was substantially higher than
that in yeast cultured under CR conditions on 0.5% (w/v) glucose [230]. Noteworthy, the
chronological aging process is accelerated in yeast under non-CR conditions, whereas this process
is decelerated in yeast under CR conditions [2, 8, 55]. Therefore, it was concluded that PE21 slows
yeast chronological aging by acting as a CR-mimetic [230]. CR mimetics are defined as

geroprotective interventions targeting similar types of pro- and anti-aging cellular processes under
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CR and non-CR conditions [288-290]. Of note, it remains to be tested whether PE21 exhibits this
characteristic property of CR-mimetics.

The highest geroprotective efficiency of PE21 under non-CR conditions was observed if
this plant extract was used at a final concentration of 0.1% (w/v) [230]. Ethanol was used as a
vehicle, and its final concentration was 0.5% (v/v) [230]. The control samples for the ethanol-
mock treatment of budding yeast were cultured in the YNB medium supplemented with 2% (w/v)
glucose and 0.5% ethanol (v/v) [230].

Using a direct-injection method of the MS/MS-based lipidomic analysis, I assessed how
PE21 influences the cellular lipidome of the WT strain of budding yeast. The lipidome of WT
yeast cultured in the YNB medium supplemented with 2% (w/v) glucose and 0.1% (w/v) PE21
(added with the ethanol vehicle) was compared to that of WT yeast cultured under ethanol-mock
treatment conditions. The viability curves of the WT yeast cultured in the presence of PE21 or in
its absence have been published by the Titorenko laboratory earlier (Figure 3.1) [230]. Based on
these viability curves, I conducted the lipidomic analysis of the WT yeast taken on days 1, 2, 3 and
4 of culturing with or without PE21. The cellular lipidomes of yeast cultured more than 4 days
were not analyzed because less than 10% of the WT yeast cultured in the absence of PE21
remained viable on day 5 of culturing (Figure 3.1) [230].
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Figure 3.1. PE21 is a CR-mimetic that prolongs the longevity of chronologically aging
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budding yeast cultured under non-CR conditions. Culturing of WT yeast was conducted in the
synthetic minimal YNB medium supplemented with 2% (w/v) glucose as a carbon source, in the
presence of 0.1% (w/v) PE21 or its absence. Survival curves of chronologically aging WT yeast
cultured with or without PE21 are presented. Data are provided as means + SEM (n = 21).
Abbreviations: Logarithmic (L), post-diauxic (PD) or stationary (ST) phase of culturing.

From: Reference [230. Lutchman V, Medkour Y, Samson E, Arlia-Ciommo A, Dakik P, Cortes
B, Feldman R, Mohtashami S, McAuley M, Chancharoen M, Rukundo B, Simard E, Titorenko
VI. Discovery of plant extracts that greatly delay yeast chronological aging and have different
effects on longevity-defining cellular processes. Oncotarget. 2016; 7:16542-16566].

My MS/MS-based lipidomic analysis revealed that PE21 alters the intracellular
concentrations of all lipid classes on various days of the chronological aging process. The
intracellular concentration of every lipid class was calculated in mol% to reflect its relative
abundance on days 1, 2, 3 and 4 of culturing.

I found that PE21 substantially decreases the intracellular concentrations of
triacylglycerols (TAG) and free fatty acids (FFA) in WT yeast taken on days 2, 3 and 4 of culturing
(Figures 3.2A and 3.2B). On day 2 of culturing, WT yeast cells are in the PD growth phase (Figure
3.1). WT yeast cells taken on days 3 and 4 of culturing enter the ST phase of culturing (Figure
3.1). As discussed in the Introduction chapter of my Thesis, TAG is synthesized in the endoplasmic
reticulum (ER), is transferred to and accumulated in the lipid droplets (LDP), and can be used as
a source for the formation of FFA (Figure 1.7).

The effect of PE21 on the intracellular concentrations of the phospholipids phosphatidic
acid (PA), phosphatidylserine (PS), phosphatidylethanolamine (PE), phosphatidylcholine (PC)
and phosphatidylinositol (PI) was quite different. As I mentioned in the Introduction chapter of
the Thesis, all these lipid classes are synthesized in the ER (Figure 1.7). I found that PE21
considerably increases the intracellular concentrations of these phospholipids. However, the age-
related dynamics of such effect of PE21 on the ER-derived phospholipids were different for
different phospholipid classes. The intracellular concentrations of PA (Figure 3.2C), PS (Figure
3.2D) and PI (Figure 3.2G) were increased during the PD phase (on day 2) and ST phase (on days
3 and 4) of culturing in the YNB medium with PE21. PE21 increased the intracellular

concentration of PE on all four days of culturing, including day 1 (i.e., during the L growth phase).
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The statistically significant effect of PE21 on the intracellular concentration of PC was observed
only on day 4, during the ST phase of culturing.

PE21 substantially decreased the intracellular concentrations of cardiolipin (CL) on all
four days of culturing (Figure 3.2H). As outlined in the Introduction chapter of my Thesis, CL is

synthesized and remains in the inner mitochondrial membrane (IMM) (Figure 1.5).
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Figure 3.2. PE21 changes the intracellular concentrations of all lipid classes on various days
of chronological aging. WT yeast cells were cultured in the synthetic minimal YNB medium
supplemented with 2% (w/v) glucose as a carbon source, in the presence of 0.1% (w/v) PE21 or
its absence. Ethanol was used as a vehicle, and its final concentration was 0.5% (v/v) both in
control samples and in samples with PE21. Cells taken on days 1, 2, 3 and 4 of culturing with or
without PE21 were subjected to an MS/MS-based direct-injection method of the lipidomic
analysis. The intracellular concentrations of different lipid classes were calculated in mol% to
reflect their relative abundance on days 1, 2, 3 and 4 of culturing. Data are shown as means + SEM
(n=4; *p <0.05; **p < 0.01; ***p < 0.001; ns, not significant). Abbreviations: Logarithmic (L),
post-diauxic (PD) or stationary (ST) growth phase.
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Altogether, the above data provide evidence that PE21 alters the intracellular

concentrations of all lipid classes in chronologically aging budding yeast.

3.3 A hypothetical model of how PE21 reorganizes lipid metabolism and transport in
budding yeast.

As described in the Introduction chapter of my Thesis, the metabolism and interorganellar
transport of various lipid classes are well known (see section 1.6). Based on this knowledge and
considering the data presented in section 3.2, we proposed a hypothetical model of how PE21
reorganizes lipid metabolism and transport in budding yeast (Figure 3.3). The model posits that
PE21 promotes the incorporation of FFA into PA; this causes a decline in the intracellular

concentration of FFA and elicits a rise in the intracellular concentration of PA (Figure 3.3).
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Figure 3.3. A hypothetical model posits that the observed changes in lipid concentrations

within PE21-treated budding yeast are due to a specific reorganization of lipid metabolism
and transport. The model predicts that PE21 alters the lipidome of budding yeast because it
influences how efficiently FFA and PA are incorporated into other classes of lipids in the ER and
mitochondria. Red and blue arrows next to the names of lipid classes signify those whose

concentrations are increased or decreased (respectively) in response to the treatment of budding
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yeast with PE21. The efficiency of FFA and PA incorporation into other lipid classes is
proportional to the thickness of black arrows. See the text for more details. Abbreviations: CL,
cardiolipin; CDP, cytidine diphosphate; DAG, diacylglycerol; ER, the endoplasmic reticulum;
FFA, free fatty acids; IMM, inner mitochondrial membrane; MLCL, monolysocardiolipin; OMM,
outer mitochondrial membrane; PA, phosphatidic acid; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; PI,  phosphatidylinositol;  PS,
phosphatidylserine; TAG, triacylglycerol.

According to the proposed model, PE21 weakens TAG synthesis from PA in the ER; this decreases
TAG concentration, lowers the concentration of FFA formed via lipolytic hydrolysis of TAG and
further increases the intracellular concentration of PA (Figure 3.3). The model predicts that PE21
stimulates the incorporation of PA into the phospholipids synthesized in the ER and mitochondria;
this raises the concentrations of PS, PE, PC and PI (Figure 3.3). The model further posits that PE21
attenuates the ER-to-mitochondria transport of PA; this causes a decline in the concentration of

CL synthesized from PA in a series of reactions confined to the IMM (Figure 3.3).

3.4 A hypothesis on three mechanisms by which the PE21-dependent changes in the cellular
lipidome might slow the chronological aging of budding yeast.

As discussed in section 3.2 of this chapter, PE21 causes substantial changes in the
concentrations of different lipid classes within chronologically aging budding yeast. We explained
these findings by proposing a hypothetical model of how PE21 reorganizes lipid metabolism and
transport in budding yeast (see section 3.3 of this chapter). It needs to be underscored that the
Titorenko laboratory has previously shown that PE21 elicits specific changes to several longevity-
defining cellular processes in budding yeast [230]. These PE21-dependent changes include a rise
in mitochondrial respiration, increased mitochondrial membrane potential, the altered age-related
chronology of changes in cellular reactive oxygen species (ROS), lessened oxidative damage to
all classes of biological macromolecules, and reduced cell susceptibility to thermal and oxidative
stresses [230]. Considering all of the above, we propose three mechanisms through which the
PE21-driven changes in the cellular lipidome might delay the chronological aging of budding
yeast.

In the first proposed mechanism, a substantial PE21-dependent decline in intracellular FFA
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is an essential contributor to the delay of yeast chronological aging by this geroprotective plant
extract. We hypothesize that PE21 might slow chronological aging because it weakens a form of
cell death induced by FFA concentrations exceeding a toxic threshold and/or postpones the age-
related onset of this cell death mode (Figure 3.4, mechanism 1). The MS/MS-based lipidomic
analysis showed that PE21 decreases intracellular FFA (Figure 3.2B). We hypothesized that the
PE21-dependent decline in the intracellular FFA might be due to the ability of PE21 to intensify
the incorporation of FFA into PA (Figure 3.3). The other possible contributing factor to the PE21-
driven decline in the intracellular FFA is the proposed ability of PE21 to weaken TAG synthesis
from PA in the ER, thus decreasing TAG concentration (Figure 3.2A) and lowering the
concentration of FFA formed via lipolytic hydrolysis of TAG (Figure 3.3). It needs to be
underlined that the addition of excessive quantities of FFA to budding yeast cells triggers an age-
related form of regulated cell death called “liponecrosis™ [83, 107, 139, 188, 286, 291-294]. After
adding excessive quantities of FFA to budding yeast cells, the exogenously added form of FFA is
incorporated into phospholipids and TAG [83, 107, 139, 188, 286, 291-294]. 1t elicits a specific
reorganization of lipid metabolism and interorganellar transport [83, 107, 139, 188, 286, 291-294].
Some patterns of the FFA-dependent reorganization of lipid metabolism and interorganellar
transport commit budding yeast to liponecrotic regulated cell death (RCD ) or execute liponecrosis
[83, 107, 139, 188, 286, 291-294]. These patterns include increased permeability of the plasma
membrane (PM) to low-molecular-weight molecules, a lowered functionality of mitochondria,
mitochondrial ROS overproduction, oxidative damage to the membranes surrounding many
organelles and the resulting activation of the massive autophagic clearance of these organelles,
oxidative damage to many proteins and the ensuing accumulation of their cytosolic aggregates [83,
107, 139, 188, 286, 291-294]. Of note, there is no evidence that genomic instability is increased in
budding yeast committed to FFA-dependent liponecrotic RCD. It needs to be emphasized that
PE21 affects some patterns of the FFA-driven reorganization of lipid metabolism and
interorganellar transport [230]. Specifically, PE21 decelerates an aging-associated decrease in the
functionality of mitochondria, alters the age-related chronology of changes in cellular ROS, and
lowers the abundance of oxidatively damaged proteins [230].

In lieu of all the above, we propose that the first mechanism through which the PE21-driven
changes in the cellular lipidome might delay the chronological aging of budding yeast is linked to
the PE21-dependent decline in cellular FFA below the toxic threshold. This FFA decline weakens
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liponecrotic RCD and/or delays the age-related onset of liponecrosis, thus increasing the

probability of cell survival during the entire process of chronological aging (Figure 3.4, mechanism

).
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Figure 3.4. Three mechanisms by which the PE21-driven changes in the cellular lipidome

might delay the chronological aging of budding yeast. Red and blue arrows next to the names
of lipid classes signify those whose concentrations are increased or decreased (respectively) in
response to the treatment of budding yeast with PE21. The efficiency of FFA and PA incorporation
into other lipid classes is proportional to the thickness of black arrows. The proposed mechanisms
are numbered. See the text for more details. Abbreviations: CDP, cytidine diphosphate; CL,
cardiolipin; DAG, diacylglycerol; ER, the endoplasmic reticulum; FFA, free fatty acids; IMM,
inner mitochondrial membrane; MLCL, monolysocardiolipin; OMM, outer mitochondrial
membrane; PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG,
phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; TAG, triacylglycerol;
UPRER, the unfolded protein response in the ER.
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In the second proposed mechanism, a significant PE21-dependent rise in the concentrations
of ER-generated phospholipids (Figures 3.2C, 3.2D, 3.2E, 3.2F and 3.2G) and a substantial PE21-
driven decline in the concentration of ER-produced TAG (Figure 3.2A) might slow chronological
aging because both these alterations in the ER lipid homeostasis activate the unfolded protein
response in the ER (UPRFR) (Figure 3.4, mechanism 2). The activation of the UPRFR in response
to alterations in lipid homeostasis within the ER is a well-documented phenomenon in budding
yeast and other organisms [295-318]. It mimics the activation of the UPRER in response to
alterations in the homeostasis of proteins (proteostasis) within the ER [318-325]. If the UPRER
system is activated (in response to the disturbances either in lipid or protein homeostasis within
the ER), it enables to restore and sustain the homeostasis of both these types of macromolecules
in this organette [295-325]. Once the UPRER system is activated, it restores and sustains lipid and
protein homeostasis in the ER because this quality control system decreases the rate of protein
synthesis on the ER-attached ribosomes, promotes N-linked protein glycosylation in the ER,
stimulates a refolding of the ER proteins whose conformation was altered due to oxidative and/or
thermal damage, assists in the ER-associated proteasomal or autophagic degradation of unfolded
or misfolded proteins, activates the outward vesicular traffic for removing the improperly folded
proteins from the ER, and alters the rates of lipid synthesis in the ER membrane [315, 319-325].
Because the UPRER system contributes to these essential quality control processes in the ER, it
plays vital roles in regulating protein and lipid homeostasis within the entire cell, decreasing the
pace of cellular and organismal aging and delaying the onset of the disorders of old age [299, 300,
302, 306, 309, 313-315, 317, 320, 324-341]. Noteworthy, PE21 influences some of the processes
controlled by the UPRER gsystem. Specifically, PE21 reduces oxidative damage to cellular lipids
and proteins and decreases cell susceptibility to oxidative stress [230].

Altogether, the above data indicate that the second mechanism by which the PE21-
dependent changes in the cellular lipidome might slow the chronological aging of budding yeast
is due to the PE21-driven rise in the concentrations of ER-generated phospholipids and a PE21-
dependent decline in the concentration of ER-produced TAG. These disturbances of the lipid
homeostasis in the ER activate the pro-longevity process of UPRER (Figure 3.4, mechanism 2).

In the third proposed mechanism, PE21 might delay chronological aging because it alters
the mitochondrial membrane lipidome (Figure 3.4, mechanism 3). The PE21-dependent changes

in the mitochondrial membrane lipid composition include a rise in the concentration of the ER-to-
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mitochondria transported lipid PS (Figure 3.2D), an increase in the concentration of the
mitochondria-synthesized lipid PE (Figure 3.2E) and a decline in the concentration of CL (Figure
3.2H), a lipid synthesized in the IMM [83-86]. The mitochondrial membrane lipidome is known
as an essential contributor to the functional state of mitochondria [83, 95, 142, 146-148, 153, 154,
343, 344], which plays an essential role in defining the pace of aging in chronologically aging
budding yeast and evolutionarily diverse eukaryotic organisms [83, 95, 142, 146-148, 153, 154,
342-346]. It needs to be underscored that PE21 affects several patterns of the functional state of
mitochondria. The effects of PE21 on mitochondrial functionality include a rise in mitochondrial
respiration, increased mitochondrial membrane potential and alterations in the age-related
chronology of mitochondria-generated ROS [230].

In sum, the above data support the view that the third mechanism through which the PE21-
dependent alterations in the cellular lipidome might delay the chronological aging of budding yeast
is due to the ability of PE21 to change the mitochondrial membrane lipidome. The PE21-induced
changes in the composition of mitochondrial membrane lipids create a pro-longevity pattern of

mitochondrial functionality (Figure 3.4, mechanism 3).

3.5 The experimental testing of a hypothesis about the first mechanism by which a PE21-
dependent reorganization of the cellular lipidome slows budding yeast’s chronological aging.
As discussed in section 3.4, we hypothesized that the first mechanism through which the
PE21-driven changes in the cellular lipidome might delay the chronological aging of budding yeast
is linked to the PE21-dependent decline in cellular FFA below the toxic threshold. In our
hypothesis, this FFA decline weakens liponecrotic RCD and/or delays the age-related onset of
liponecrosis, thus increasing the probability of cell survival during the entire process of
chronological aging (Figure 3.4, mechanism 1). To test this hypothesis, we performed experiments
discussed in section 3.5 of my Thesis.
The above hypothesis envisions that the mutations eliciting a rise in cellular FFA will lower the
chronological aging-delaying and longevity-extending abilities of PE21 (Figure 3.4). Four single-
gene-deletion mutations were selected for this type of analysis. They included the faalA, faa44,
alelA and slc14 mutations. These mutations eliminate the redundant enzymes needed either for
FFA incorporation into FA-CoA in LD (i.e., faal4, faa44) or for FA-CoA incorporation into PA
in the ER (i.e., alel4, slciA) [83, 186, 347, 348]. Each of these mutations has been shown to raise
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intracellular FFA in budding yeast cultured in the nutrient-rich medium containing 1% yeast
extract, 2% peptone and 2% glucose (YEPD) [169, 176, 177, 349, 350]. Yet, it was not tested if
the faalA, faa44, alelA and slc14 mutations similarly affect FFA concentrations in budding yeast
cultured in a medium we used here, i.e., a synthetic minimal medium containing 0.67% yeast
nitrogen base and 2% glucose. Therefore, we assessed the effects of faalA, faa44, alelA and slci14
on both the longevity-extending efficiency of PE21 and on its ability to affect intracellular FFA in

budding yeast cultured in the above synthetic minimal medium.
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Figure 3.5. The faalA and faadA mutations rise intracellular FFA and reduce the longevity-
extending efficiency of PE21. WT strain and mutant strains (both in the WT genetic background)
were cultured in the synthetic minimal YNB medium supplemented with 2% glucose in the

presence or absence of 0.1% PE21. (A, F) Survival curves of the WT and faalA (A) or WT and
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faa4 A (F) strains are displayed as means £ SEM (n = 3). (B, G) The values of p for the WT and
faalA (B) or WT and faa4A (G) survival curves pairs presented in (A) or (F), respectively. The
logrank test for comparing a pair of survival curves was performed as explained in the Materials
and Methods chapter. PE21 statistically significantly extends the CLS of WT (B and G), faalA
(B) and faa4 4 (G); the p values for the corresponding pairs of survival curves are shown on yellow
color background. PE21 extends the CLS of faalA (B) and faa4A4 (G) to a lower extent than that
of WT (B and G); the p values for the corresponding pairs of survival curves are shown on blue
color background. (C, D, H, I) The fold of the PE21-dependent extension of the mean CLS (C, H)
or maximum CLS (D, I) for WT and faalA (C, D) or WT and faa4A (H, 1); the fold extension
values were calculated from the survival curves in (A) and (F) and are displayed as means + SEM
(n=3; *p <0.05; **p <0.01). (E, J) The maximum concentrations of FFA in WT and faalA (E)
or WT and faa4A (J) cells are shown in mol% as means = SEM (n = 4; *p < 0.05; **p < 0.01);
these FFA concentrations were detected in WT and mutant cells on day 3 of culturing in the

presence of PE21.

Our assessment has revealed that the faalA and faa4A mutations decrease the longevity-
extending efficiency of PE21 (Figures 3.5A, 3.5B, 3.5F and 3.5G), lower the fold increase by PE21
for both the mean and maximum CLS (Figures 3.5C, 3.5D, 3.5H and 3.51), and raise intracellular
FFA (Figures 3.5E and 3.5J). The effects of the ale/A and slc/A mutations on the longevity-
extending efficiency of PE21 (Figures 3.6A, 3.6B, 3.6F and 3.6G), the fold increase by PE21 for
both the mean and maximum CLS (Figures 3.6C, 3.6D, 3.6H and 3.6I), and intracellular FFA
(Figures 3.6E and 3.6J) were qualitatively similar (but not quantitively identical) to the ones
observed for faalA and faa4A. Of note, the quantitative effects on the PE21-dependent fold
increase of the mean and maximum CLS and the PE21-driven rise of intracellular FFA were
different for faaiA, faa44, alelA and slci14 (Figures 3.5C, 3.5D, 3.5H, 3.51, 3.6C, 3.6D, 3.6H and
3.6I). The above data confirm our prediction that the mutations that increase cellular FFA cause a
decline in the chronological aging-delaying and longevity-extending abilities of PE21.

The proposed hypothesis about the first mechanism by which a PE21-dependent
reorganization of the cellular lipidome slows budding yeast’s chronological aging also predicts

that the mutations causing a decline in cellular FFA will increase the chronological aging-delaying
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and longevity-extending abilities of PE21 (Figure 3.4). We selected four single-gene-deletion
mutations to test this prediction. These mutations are tg/14, tgl34, tgl44 and tgl54. Each of them
eliminates a redundant enzyme involved in the lipolytic hydrolysis of TAG yielding FFA in LD
[83, 179, 187, 351-356]. tgliA, tgl34, tgl44 and tgl54 are known to decrease intracellular FFA in
budding yeast cultured in the nutrient-rich medium supplemented with 1% yeast extract, 2%
peptone and 2% glucose [104, 351-353, 356, 357]. However, whether ¢gli A4, tgl34, tgl44 and tgl54
lower intracellular FFA in budding yeast cultured in a synthetic minimal medium supplemented
with 0.67% yeast nitrogen base and 2% glucose was unknown. We, therefore, examined how each
of these mutations influences the efficiency of longevity extension by PE21 and how it affects

intracellular FFA when budding yeast cells were cultured in the above synthetic minimal medium.
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Figure 3.6. The alelA and slc1A mutations increase intracellular FFA and weaken the ability

of PE21 to prolong the longevity of chronologically aging buffing yeast. WT and mutant strains

73



in the same genetic background were cultured in the synthetic minimal YNB medium
supplemented with 2% glucose in the presence or absence of 0.1% PE21. (A, F) Survival curves
of the WT and ale/A (A) or WT and slcl A (F) strains are shown as means £ SEM (n = 3). (B, G)
p Values for the survival curves pairs of the WT and ale/A (B) or WT and slc/A (G) strains;
survival curves pairs presented in (A) or (F), respectively, were compared. The logrank test for
comparing a pair of survival curves was conducted as described in the Materials and Methods
chapter. PE21 statistically significantly prolongs the CLS of WT (B and G), ale/A (B) and slciA
(G); the p values for the corresponding pairs of survival curves are displayed on yellow color
background. PE21 prolongs the CLS of ale/A (B) and slc1A (G) to a lesser degree than that of WT
(B and G); the p values for the corresponding pairs of survival curves are displayed on blue color
background. (C, D, H, I) The fold of the PE21-dependent increase of the mean CLS (C, H) or
maximum CLS (D, I) for WT and alelA (C, D) or WT and slc/A (H, 1); the fold increase values
were calculated from the survival curves in (A) and (F) and are presented as means + SEM (n = 3;
**p <0.01). (E, J) The maximum concentrations of FFA in WT and ale/A (E) or WT and siclA
(J) cells are provided in mol% as means + SEM (n = 4; **p < 0.01); these FFA concentrations

were detected in WT and mutant cells on day 3 of culturing in the presence of PE21.

We found that the ¢g//A and tg/3A mutations enhance the ability of PE21 to prolong the
longevity of chronologically aging budding yeast (Figures 3.7A, 3.7B, 3.7F and 3.7G), amplify
the fold increase by PE21 for both the mean and maximum CLS (Figures 3.7C, 3.7D, 3.7H and
3.71), and lower intracellular FFA (Figures 3.7E and 3.7J). The tgl4A and tgl5A mutations
exhibited qualitatively similar (but not quantitively identical) effects on the PE21-dependent
longevity extension of chronologically aging yeast (Figures 3.8A, 3.8B, 3.8F and 3.8G), fold
increase for both the mean and maximum CLS (Figures 3.8C, 3.8D, 3.8H and 3.8I), and decline in
intracellular FFA (Figures 3.8E and 3.8J). It needs to be underscored that the #gliA4, tgl34, tgl44
and 7g/54 mutations had different quantitative effects on the PE21-dependent fold increase of the
mean and maximum CLS and the PE21-driven decline in intracellular FFA (Figures 3.7C, 3.7D,
3.7H, 3.71, 3.8C, 3.8D, 3.8H and 3.8I). The data presented in Figures 3.7 and 3.8) support our
expectation that the single-gene mutations eliciting a decline in cellular FFA enhance the
chronological aging-delaying and longevity-extending abilities of PE21. In the future, it would be

interesting to test effects of double mutations in the 7GL genes on cellular FFA and the ability of
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PE21 to extend longevity.
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Figure 3.7. The tgl1A and tgl3A mutations decrease intracellular FFA and enhance the ability
of PE21 to prolong the longevity of chronologically aging budding yeast. WT strain and mutant
strains (both in the WT genetic background) were cultured in the synthetic minimal YNB medium
supplemented with 2% glucose in the presence or absence of 0.1% PE21. (A, F) Survival curves
of the WT and #gl/A (A) or WT and #g/3A (F) strains are displayed as means = SEM (n = 3). (B,
G) The values of p for the WT and tg//A (B) or WT and tg/34 (G) survival curves pairs presented
in (A) or (F), respectively. The logrank test for comparing a pair of survival curves was performed

as explained in the Materials and Methods chapter. PE21 statistically significantly extends the CLS
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of WT (B and G), #gl/14 (B) and tgl34 (G); the p values for the corresponding pairs of survival
curves are shown on yellow color background. PE21 extends the CLS of #g// 4 (B) and #g/34 (G)
to a greater extent than that of WT (B and G); the p values for the corresponding pairs of survival
curves are shown on blue color background. (C, D, H, I) The fold of the PE21-dependent extension
of the mean CLS (C, H) or maximum CLS (D, I) for WT and #gl/A (C, D) or WT and ¢g/34 (H,
I); the fold extension values were calculated from the survival curves in (A) and (F) and are
displayed as means = SEM (n = 3; *p <0.05). (E, J) The maximum concentrations of FFA in WT
and faalA (E) or WT and faa4 4 (J) cells are shown in mol% as means = SEM (n = 4; *p < 0.05);

these FFA concentrations were detected in WT and mutant cells on day 3 of culturing in the

presence of PE21.
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Figure 3.8. The tgl4A and tgl5A mutations decrease intracellular FFA and enhance the ability
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of PE21 to prolong the longevity of chronologically aging buffing yeast. WT and mutant strains
in the same genetic background were cultured in the synthetic minimal YNB medium
supplemented with 2% glucose in the presence or absence of 0.1% PE21. (A, F) Survival curves
of the WT and tg/4A4 (A) or WT and #g/54 (F) strains are shown as means + SEM (n = 3). (B, G)
p Values for the survival curves pairs of the WT and 7g/44 (B) or WT and #gl5A (G) strains;
survival curves pairs presented in (A) or (F), respectively, were compared. The logrank test for
comparing a pair of survival curves was conducted as described in the Materials and Methods
chapter. PE21 statistically significantly prolongs the CLS of WT (B and G), 7g/4A4 (B) and #g/54
(G); the p values for the corresponding pairs of survival curves are displayed on yellow color
background. PE21 prolongs the CLS of tg/4A4 (B) and 1g/5A4 (G) to a greater extent than that of WT
(B and G); the p values for the corresponding pairs of survival curves are displayed on blue color
background. (C, D, H, I) The fold of the PE21-dependent increase of the mean CLS (C, H) or
maximum CLS (D, I) for WT and #g/4A4 (C, D) or WT and #g/54 (H, 1); the fold increase values
were calculated from the survival curves in (A) and (F) and are presented as means £ SEM (n = 3;
**p <0.01). (E, J) The maximum concentrations of FFA in WT and #g/4A (E) or WT and #g/54 (J)
cells are provided in mol% as means + SEM (n = 4; **p < 0.01); these FFA concentrations were

detected in WT and mutant cells on day 3 of culturing in the presence of PE21.

Figures 3.5 to 3.8 provide data for two pairwise combinations of the variables observed in
the WT, faalA, faad4A, alel A, siclA, tglliA, tgl3A, tgl4dA and tgl5A strains. One pairwise
combination of the variables included the PE21-dependent fold increase of the mean CLS for a
particular strain and the highest FFA concentrations in the cells of this strain cultured with PE21.
The other pairwise combination of the variables included the PE21-dependent fold increase of the
maximum CLS for a particular strain and the highest FFA concentrations in the cells of this strain
cultured with PE21. Of note, the highest intracellular FFA concentrations in the WT and all mutant
strains were detected on day 3 of culturing in the presence of PE21. To assess the correlation
between the variables within each of these two pairwise combinations, we calculated the Pearson’s
correlation coefficient () value for each pair of variables. We found that the Pearson’s » value is
less than -0.9 for each pair of compared variables (Figure 3.9). This Pearson’s r value is indicative
of a very strong negative correlation between the two compared variables [358]. We, therefore,

concluded that the PE21-dependent fold increase of the mean or maximum CLS is inversely
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proportional to the intracellular concentration of FFA. These findings confirm our hypothesis
about the first mechanism through which a PE21-dependent reorganization of the cellular lipidome
slows budding yeast’s chronological aging. Indeed, these findings provide evidence that a PE21-
dependent decline in intracellular FFA 1is an essential contributor to the delay of yeast

chronological aging by this geroprotective plant extract.
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Figure 3.9. The PE21-dependent fold increase of the mean or maximum CLS is inversely
proportional to the intracellular concentration of FFA. WT and faal A, faa4 A, alel A, sicl A,
tgll A, tgl3A, tgl4A and tgl5A mutant strains in the same genetic background were cultured in the
synthetic minimal YNB medium supplemented with 2% glucose in the presence of 0.1% PE21.
The PE21-dependent fold increase of the mean or maximum CLS for the WT, faal A, faa4 A, alel A,
slclA, tgll A, tgl3 A, tgl4 A and tgl5 A strains was calculated using the cell survival curves presented
in Figures 3.5A, 3.5F, 3.6A, 3.6F, 3.7A, 3.7F, 3.8A and 3.8F. The values of the PE21-dependent

fold increase of the mean or maximum CLS for these strains are shown in Figures 3.5C, 3.5D,
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3.5H, 3.51, 3.6C, 3.6D, 3.6H, 3.61, 3.7C, 3.7D, 3.7H, 3.71, 3.8C, 3.8D, 3.8H and 3.8I. (A, B) The
comparison plots for the values of the PE21-dependent fold increase of the mean (A) or maximum
(B) CLS and the highest intracellular concentrations of FFA. Data for the WT, faalA, faa4A,
alel A, slclA, tgll A, tgl3A, tgl4 A and tgl5 A strains are provided in (A) and (B). The panels (A) and
(B) show linear trendlines; the R-squared values are provided as evidence that each of these
trendlines is a good fit for the data. The panels (A) and (B) also provide the values of the Pearson’s
correlation coefficient () for each pair of variables; these values prove the existence of a very
strong negative correlation between the two compared variables. (C) Genetic backgrounds of the
strains, the values of the PE21-dependent fold increase for the mean or maximum CLS for a
particular strain, and the values of the highest FFA concentration detected in a particular strain are
provided (As noted above, the highest intracellular FFA concentrations in the WT and all mutant
strains were detected on day 3 of culturing in the presence of PE21). The values of the PE21-
dependent fold increase for the mean or maximum CLS, and the values of the highest FFA
concentrations provided in (C) were used to generate the comparison plots in (A) and (B). Data
are shown as means + SEM (n = 4). Abbreviation: FFA, free fatty acids.

In our hypothesis about the first mechanism through which a PE21-dependent
reorganization of the cellular lipidome slows budding yeast’s chronological aging, the PE21-
driven decline in intracellular FFA weakens liponecrotic RCD and/or delays the age-related onset
of liponecrosis, thus increasing the probability of cell survival during the entire process of
chronological aging (Figure 3.4, mechanism 1). To test this aspect of our hypothesis, we assessed
how the faalA, faa4A, alelA, siclA, tgllA, tgl3A, tgl4A and tgl5A mutations influence the
percentage of yeast cells undergoing necrotic RCD within a yeast culture permanently exposed to
0.1% PE21. One of the hallmarks of the necrotic mode of RCD in budding yeast is the loss of
plasma membrane (PM) integrity due to PM damage [104, 107, 134, 286, 291-294]. The
percentage of cells that had lost PM integrity can be examined using fluorescence microscopy of
yeast treated with propidium iodide (PID), a membrane impermeant fluorescent dye [104, 291].
Only the cells whose PM is damaged because they undergo necrotic RCD exhibit PI-positive
staining [104, 291].

We found that the faal A, faa4 A, alel A, slc1 A mutations accelerate necrotic RCD in yeast
cell cultures containing 0.1% PE21 (Figures 3.10A-3.10D and 3.10J); indeed, the percentage of
Pl-positive cells in PE21-treated faalA, faa4 A, alel A, slclA cell populations exceeded that in
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PE21-treated WT cell populations once these cell populations enter day 3 of culturing (Figures
3.10A-3.10D and 3.10J). In contrast, the tgliA, tgl3A, tgl4A and tgl5A mutations decelerated
necrotic RCD in yeast cell cultures supplemented with 0.1% PE21 (Figures 3.10E-3.10H and
3.10J); in fact, the percentage of PI-positive cells in PE21-treated WT cell populations surpassed
that in PE2 1-treated 1gl1 4, tgl34, tgl4Aand tgl5A cell populations once these cell populations enter
day 3 of culturing (Figures 3.10E-3.10H and 3.101J).
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Figure 3.10. The percentage of PID-positive necrotic cells is directly proportional to the
intracellular concentration of FFA. WT and faal A, faa4 A, alel A, slcl A, tgll A, tgl3A, tgl4A and
tgl5A mutant strains in the same genetic background were cultured in the synthetic minimal YNB

medium supplemented with 2% glucose in the presence of 0.1% PE21. (A-H) After culture aliquots
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were recovered on days 1, 2, 3 and 4, the cells were subjected to propidium iodide (PID) staining
and analyzed by fluorescence microscopy. Only the cells with damaged plasma membrane because
they undergo necrotic RCD exhibited PI-positive staining. The values of the percentage of PI-
positive cells on different days of culturing are presented as means = SEM (n = 3; *p < 0.05; **p
<0.01). (I) The correlation plot between the maximum percentage of PI-positive necrotic cells and
the highest intracellular FFA concentration for WT and mutant cells exhibiting different values of
these two compared variables. The maximum percentage of cells exhibiting PI-positive necrotic
staining was detected on day 4 of culturing for all strains used. The highest concentration of FFA
in cells of all these stains was observed on day 3 of culturing. The correlation plot shows a linear
trendline; the R-squared value is provided as evidence that the trendline is a good fit for the data.
The correlation plot also displays the value of the Pearson’s correlation coefficient () for the pair
of variables; this value proves the existence of a very strong positive correlation between the two
compared variables. (J) Genetic backgrounds of the strains, the values of the maximum percentage
of PI-positive necrotic cells for a particular strain and the values of the highest intracellular FFA
concentration detected in a particular strain are provided. The values of the maximum percentage
of PI-positive necrotic cells and the values of the highest intracellular FFA concentration provided
in (J) were used to generate the correlation plot in (I). The values in (J) are displayed as means +

SEM (n = 3). Abbreviation: FFA, free fatty acids.

Of note, the maximum percentage of cells exhibiting PI-positive staining (and, thus,
undergoing necrotic RCD) was detected on day 4 of culturing WT, faal A, faa4A, alel A, siciA,
tgll A tgl3A, tgldA and tgl5 A cells in the presence of 0.1% PE21 (Figures 3.10A-3.10H and 3.10J).
The highest concentration of FFA in cells of all these stains was observed on day 3 of culturing in
the presence of 0.1% PE21 (Figures 3.10J). To assess the correlation between the maximum
percentage of PI-positive (i.e., necrotic) cells and the highest intracellular FFA concentration, we
calculated Pearson’s r value for this pair of compared variables. We found that this Pearson’s r
value is more than 0.9 (Figure 3.101). This Pearson’s r value proves the existence of a very strong
positive correlation between the two compared variables [358]. Thus, the maximum percentage of
PI-positive (i.e., necrotic) cells is directly proportional to intracellular FFA concentration. This
observation further supports our hypothesis about the first mechanism by which a PE21-dependent

reorganization of the cellular lipidome delays chronological aging. It demonstrates that the PE21-
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dependent decline in intracellular FFA weakens a necrotic mode of RCD.

monounsaturated form of FFA containing 16 carbon atoms, triggers liponecrotic RCD [107, 139,

A 2-h exposure of budding yeast cells to 0.1 mM palmitoleic acid (POA), a

291, 292]. As the further test of our hypothesis about the first mechanism through which a PE21-

dependent reorganization of the cellular lipidome slows budding yeast’s chronological aging, we

assessed how the faal A, faa4A, alel A, sicl A, tgll A, tgl3A, tgl4A and tgl5A mutations influence

yeast susceptibility to the POA-induced liponecrosis within a yeast culture permanently exposed

to 0.1% PE21. A decline in clonogenic survival (i.e., the ability to form a colony on the surface of

a nutrient-rich solid medium) of yeast exposed to POA for 2 h was used to examine the extent of

liponecrotic RCD.
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Figure 3.11. Cell susceptibility to the POA-induced liponecrotic RCD is directly proportional
to the intracellular concentration of FFA. WT and faalA, faa4 A, alel A, sicl A, tgll A, tgl3A,
tgl4A and tgl54 mutant strains in the same genetic background were cultured in the synthetic
minimal YNB medium supplemented with 2% glucose and 0.1% PE21. (A-H) Culture aliquots
were taken on days 1, 2, 3 and 4 of culturing. Each aliquot was treated with 0.1 mM palmitoleic
acid (POA) for 2 h. A decrease in clonogenic survival (i.e., the ability to form a colony on the
surface of a nutrient-rich solid medium) of yeast treated with POA for 2 h was used to assess the
extent of liponecrotic RCD. The values of the minimum percentage of clonogenic survival for
POA-treated cells (in %) on different days of culturing are presented as means = SEM (n = 3; *p
< 0.05; **p < 0.01). (I) The correlation plot between the minimum clonogenic survival of POA-
treated cells and the highest intracellular FFA concentration observed in WT and mutant cells
exhibiting different values of these two compared variables. The minimum percentage of
clonogenic survival of POA-treated cells was observed on day 4 of culturing WT, faalA, faa4 A,
alel A, slclA, tgllA, tgl3A, tgl4A and tgl5A cells in the presence of 0.1% PE21. The highest
concentration of FFA in cells of all these stains was observed on day 3 of cell culturing with 0.1%
PE21. The correlation plot shows a linear trendline. The trendline is a good fit for the data, as
evident from the R-squared value provided on the correlation plot. The plot also shows the value
of the Pearson’s correlation coefficient () for the pair of variables; this value proves the existence
of a very strong negative correlation between cell resistance to the POA-induced liponecrotic RCD
and intracellular FFA concentration. (J) Genetic backgrounds of the strains, the values of the
minimum percentage of clonogenic survival of POA-treated cells for a particular strain and the
values of the highest intracellular FFA concentration detected in a particular strain are shown. The
values of the minimum percentage of clonogenic survival of POA-treated cells and the values of
the highest intracellular FFA concentration shown in (J) were used to create the correlation plot in

(I). The values in (J) are provided as means + SEM (n = 3). Abbreviation: FFA, free fatty acids.

We found that the faal A, faa4 A, alel A, slc1 A mutations make PE21-exposed yeast more
susceptible to the POA-induced liponecrotic RCD (Figures 3.11A-3.11D and 3.11J); indeed, the
percentage of PE21-exposed WT cells that survive a 2-h treatment with POA exceeded that of
PE21-exposed faal A, faa4 A, alel A, slci1 A cells treated with POA for 2 h once the WT and mutant

cell populations enter day 2 of culturing (Figures 3.11A-3.11D and 3.11J). In contrast, the #gl/ A,
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tgl34, tgl4A and tgl5A mutations make PE21-exposed yeast more resistant to the POA-induced
liponecrotic RCD (Figures 3.11E-3.11H and 3.11J); in fact, the percentage of PE21-exposed #gl/ A,
tgl3 A, tgl4dA and tgl5 A cells that survive a 2-h treatment with POA surpassed that of PE21-exposed
WT cells treated with POA for 2 once the WT and mutant cell populations enter day 3 of culturing
(Figures 3.11E-3.11H and 3.11J).

Noteworthy, we found that the minimum percentage of clonogenic survival of POA-treated
cells was observed on day 4 of culturing WT, faal A, faa4A, alel A, sicl A, tgll A, tgl34, tgl4A and
tgl5A cells in the presence of 0.1% PE21 (Figures 3.11A-3.11H and 3.11J). We also found that the
highest concentration of FFA in cells of all these stains was observed on day 3 of cell culturing
with 0.1% PE21 (Figure 3.11J). We examined the correlation between the minimum percentage of
clonogenic survival of POA-treated cells and the highest intracellular FFA concentration by
calculating Pearson’s  value for this pair of compared variables. We discovered that this Pearson’s
r value is less than - 0.9 (Figure 3.11I). Thus, there is a very strong negative correlation [358]
between cell resistance to the POA-induced liponecrotic RCD and intracellular FFA concentration.
This observation further supports our hypothesis about the first mechanism through which a PE21-
dependent reorganization of the cellular lipidome delays chronological aging. Indeed, it shows that
the PE21-dependent decrease in intracellular FFA slows an age-related form of liponecrotic RCD.

In sum, findings presented in this section of my Thesis confirm our hypothesis on the first
mechanism that underlies a delay of chronological aging in budding yeast cultured with PE21. In
this mechanism, the PE21-dependent decrease in cellular FFA below the toxic threshold weakens
liponecrotic RCD to increase the probability of cell survival during the entire process of

chronological aging (Figure 3.4, mechanism 1).

3.6 The two other mechanism through which a PE21-dependent reorganization of the
cellular lipidome slows the chronological aging of budding yeast.

The other students in the Titorenko laboratory have confirmed the existence of the second
and third mechanisms predicted by our hypothesis. They provided evidence that the PE21-
dependent increase in the concentrations of ER-generated phospholipids activates the pro-
longevity process of UPRER (Figure 3.4, mechanism 2). They also demonstrated that the PE21-
dependent changes in the composition of mitochondrial membrane lipids generate a pro-longevity

pattern of mitochondrial functionality (Figure 3.4, mechanism 3). Our paper on the three

84



mechanisms by which a PE21-dependent reorganization of the cellular lipidome delays budding

yeast’s chronological aging has been published (see reference [359]).

Chapter 4: Developing a method for the quantitative analysis of budding yeast’s lipidome
using liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS).

4.1 Introduction.

In the studies described in Chapter 3 of my Thesis, I employed MS/MS to identify and
quantitate cellular lipids using a direct-injection method of lipidomic analysis. Soon after these
studies were completed and the results were published, the changes were implemented at the
Centre for Biological Applications of Mass Spectrometry (CBAMS). According to the new
standard operating procedure (SOP), no direct injections of extracted biological molecules were
permitted. The new SOP instructs that the direct-injection method of lipidomic analysis results in
ion detectors' contamination and exponential deterioration, causing a decline in the sensitivity.
According to the new SOP, the mass spectrometric analysis of the molecules extracted from
biological samples must be preceded by and coupled with a separation of these molecules by liquid
chromatography. The limitations of the presently used LC-MS/MS methods for the quantitative
analysis of the cellular lipidome are that these methods are not sufficiently robust, sensitive and
versatile. Based on the currently employed LC-MS/MS lipidomic procedures, I developed a novel
method for the quantitative analysis of budding yeast’s lipidome using LC-MS/MS. The technical
details of the novel method are provided in sections 2.2 and 2.8 of my Thesis. Here, I describe the
advantageous features of the novel method. These features include the high efficiency of lipid
extraction, versatility and robustness, sensitivity, ability to distinguish between isobaric and
isomeric lipid species, use of alternative mobile phase additives to enhance ionization of all lipid
classes, and increased efficiencies of two different types of precursor ions fragmentation processes.
I compare these features of the novel LC-MS/MS lipidomics method to the corresponding features

of the presently used methods for LC-MS/MS lipidomics.
4.2 An overview of the use of LC-MS/MS for the identification and quantitation of cellular

lipids.

As described in sections 1.5-1.7 of my Thesis, various cellular lipids are essential
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contributors to longevity assurance in chronologically aging budding yeast. The maintenance of
cellular lipid homeostasis is also required for proper functioning of many other complex processes
taking place in eukaryotic cells. Among these processes are the appropriate assembly and
functionality of biological membranes, bidirectional movement of the small-molecular-weight
molecules and proteins across biological membranes, cellular signaling, cellular energy
homeostasis, exocytic and endocytic pathways of vesicular protein transport, apoptotic and
necrotic forms of regulated cell death, and others [85, 106, 347, 356, 360-365]. To understand
mechanisms through which cellular lipid homeostasis contributes to the above cellular processes,
a robust and sensitive analytical method for assessing the structural diversity of various lipid
classes is required [360-362, 366-370]. For a long time, the structural diversity of lipid molecules
was an essential factor that limited their separation from other molecules, correct identification
and quantitative assessment in a biological sample [1-3]. For decades, high-pressure liquid
chromatography (HPLC) and thin-layer chromatography (TLC) were the analytical methods used
to separate, identify and quantitate various lipid classes. However, both these methods exhibit
insufficient resolution and sensitivity for the quantitative assessment of complex mixtures of
different lipid classes.

The accurate quantitative lipidomics of complex lipid mixtures became possible only with
the advent of MS as an analytical tool that can distinguish the individual lipid species [371]. The
MS-based lipidomics distinguishes different lipid species by comparing their fatty acid moieties
with a precision of only one double bond difference [371]. Several types of mass spectrometers
are presently used for lipid identification and quantitation. They include triple quadrupole,
quadrupole flight time (TOF), LTQ orbitrap, and ion trap and magnetic sector [360-362, 366-370,
372]. The three main components of all these mass spectrometers include an ion source, a mass
analyzer and an ion detector [360-362, 366-370, 372].

Data analysis by a mass spectrometer begins with an appropriate method for lipid
ionization and subsequent accurate annotation of the lipid molecules present in the sample [360-
362, 366-370]. Due to the significant fragmentation of lipid molecules by the ion source, the use
of a mass spectrometer to analyze lipids was limited. Then a soft lipid ionization approach of
electrospray ionization (ESI) was introduced [373]. ESI causes almost no fragmentation of the
parent lipid ion [373]. Thus, all lipid species can be detected as molecular ions when ESI is used

to ionize lipids [373]. The ability of ESI to create only the molecular ions of all lipid species is a
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mandatory requirement for the structural analysis of lipids [373]. In ESI, the sample flows at a
slow flow rate through an extremely narrow capillary tube during ionization [373]. A significant
voltage difference at the end of the capillary tube vaporizes the sample into low-charged droplets
present along with the mobile phase [373]. During the ESI of lipid molecules, lipid ions are formed
by adding a proton or any other cation, multiple charge cation, or proton removal [374].

Even although integration of ESI and mass spectrometry significantly advanced the field
of lipidomics, only the introduction of MS/MS and its combination with ESI revolutionized this
research field [375, 376]. The MS/MS technology enables an extra step by causing a collision of
molecular ions with a neutral atom or molecule between the two mass analyzers [375, 376]. In the
collision chamber, the fragmentation of molecular ions is referred to as collision-mediated
dissociation (CID) [374]. In MS/MS, the first mass analyzer selects a precursor or molecular ion
[375, 376]. It allows assigning a mass spectrometric peak to a particular lipid species [375, 376].
Then the precursor or molecular ion is moved to the collision chamber, where it dissociates into
several smaller fragments [374]. Because each lipid species has a particular fragmentation pattern
[371], examining the precursor ion and the collision-generated fragments allows one to identify
this lipid species. Computer software, such as Lipid Search or any other MS/MS-compatible
software, performs the task of identifying lipids by putting the fragments back together.

Ion suppression and isobaric and isomeric molecular species are the common causes of
misidentifying the molecules during MS analysis [377]. Ion suppression yields a less precise,
inaccurate and insensitive signal from the detector due to inefficient ionization caused by
contamination in the sample [377]. Isobaric molecular species are multiple ions with the same
molecular weights but different masses, while isomeric species represent multiple ions with the
same masses [377]. To avoid the incorrect identification and quantification of the molecules
following MS analysis, it is a common practice in lipidomics to couple MS to HPLC for improving
the qualitative and quantitative analysis of the analytes by increasing specificity and sensitivity of
the MS [377].

The accuracy of MS in identifying and quantifying the isomeric and isobaric lipid species
can be improved if these species are separated by HPLC before being analyzed by MS [377]. It
needs to be emphasized that MS cannot correctly identify the isomeric lipid species with the same
m/z value if they are not separated by HPLC before MS [377]. HPLC also improves the ability of

MS to identify and quantify lipid species of low abundance because it lowers the effects of ion
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suppression [377]. Various HPLC types are presently used for analyzing lipid samples; the choice
of a particular HPLC type is based on its specificity toward a particular target lipid molecule. If
the objective is to evaluate the entire cellular lipidome, a reverse phase HPLC column (RP-HPLC)
is the column of choice. The RP-HPLC column has a stationary hydrophobic phase and separates
lipid species based on their hydrophobicity. Therefore, the classes of hydrophilic lipids cannot be
separated well by the RP-HPLC columns. Moreover, hydrophilic lipid classes are eluted from the
RP-HPLC columns before the classes of hydrophobic lipids. In the novel LC-MS/MS method for
the quantitative analysis of budding yeast’s lipidome discussed here, I used a particular RP-HPLC
column type called charged-surface-hybrid (CSH). A CSH column has a mildly charged surface
bonded to the hydrophobic moieties of C18 [374]. It separates molecules based on both hydrophilic
and hydrophobic characteristics [374]. Thus, a CSH column separates lipid species based on their
polar head groups and hydrophobic fatty acid moieties. Therefore, a CSH column has a very high-
resolution capacity and can separate the members of the same lipid class if they differ by a single

double bond [374].

4.3 A comparison of three commonly used methods for lipid extraction.

To select the most efficient method for extracting lipids from budding yeast cells, I have
compared the efficiencies of three commonly used lipid extraction methods. These methods
include methyl-tert-butyl-ether (MTBE), dichloromethane/methanol and a modified version of
chloroform/methanol extraction (i.e., a 17:1 chloroform/methanol and 2:1 chloroform/methanol
extraction method). I compared the efficiencies of extracting commercial lipid standards from
budding yeast cells spiked with these lipid standards. I found that the modified version of
chloroform/methanol extraction is the optimal method for extracting the highest amounts of all

lipid classes from budding yeast cells (Table 4.1).

Table 4.1: The efficiency of the modified chloroform/methanol method (i.e., a 17:1
chloroform/methanol and 2:1 chloroform/methanol method) for extracting commercial lipid
standards from budding yeast cells spiked with these lipid standards. A reverse-phase column
(RP-HPLC) was used to separate lipids before the MS/MS analysis. The electrospray ionization
(ESI) source was used for lipid ionization. The average values of 3 technical replicates are shown.

These values represent the percentage recovery of lipid standards after the extraction from cells
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spiked with these lipid standards compare to the same concentration of lipids spiked directly in the

MS injection solvent. The highest values for the three compared lipid extraction methods are

displayed in red. Other abbreviations: AmF ammonium formate, AmAc ammonium acetate.

Lipid Standard ESI mode AmF AmAc
Phytoceramide - 64.3 77.2
Cardiolipin - 63.4 70.4
Free Fatty Acid - 67.0 67.9
Phosphatidylethanolamine - 85.2 85.5
Phosphatidylglycerol - 55.6 68.3
Phosphatidylinositol - 68.9 74.2
Phosphatidylserine - 64.1 77.2
Phosphatidylcholine + 81.3 62.3
Phosphatidylsphingosine + 77.5 70.2
Triacylglycerol + 80.3 78.2

Table 4.2: The efficiency of the MTBE method for extracting commercial lipid standards

from budding yeast cells spiked with these lipid standards. An RP-HPLC column was used to

separate lipids before the MS/MS analysis. The ESI source was used for lipid ionization. The

average values of 3 technical replicates are shown. These values represent the percentage recovery

of lipid standards after the extraction from cells spiked with these lipid standards compare to the

same concentration of lipids spiked directly in the MS injection solvent. Abbreviations: AmF

ammonium formate, AmAc ammonium acetate.

Lipid Standard ESI mode AmF AmAc
Phytoceramide - 48.1 57.4
Cardiolipin - 473 52.4
Free Fatty Acid - 50.1 50.5
Phosphatidylethanolamine - 63.7 63.6
Phosphatidylglycerol - 41.6 50.8
Phosphatidylinositol - 0 0
Phosphatidylserine - 0 0
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Phosphatidylcholine + 60.7 46.4
Phosphatidylsphingosine + 57.9 52.3
Triacylglycerol + 60.0 58.2

Table 4.3: The efficiency of 17:1 dichloromethane/methanol and 2:1
dichloromethane/methanol extraction method for extracting commercial lipid standards
from budding yeast cells spiked with these lipid standards. An RP-HPLC column was used to
separate lipids before the MS/MS analysis. The ESI source was used for lipid ionization. The
average values of 3 technical replicates are shown. These values represent the percentage recovery
of lipid standards after the extraction from cells spiked with these lipid standards compare to the

same concentration of lipids spiked directly in the MS injection solvent. Abbreviations: AmF

ammonium formate, AmAc ammonium acetate.

Lipid Standard ESI mode AmF AmAc
Phytoceramide - 59.9 71.2
Cardiolipin - 59.0 64.9
Free Fatty Acid - 62.4 62.6
Phosphatidylethanolamine - 79.3 78.8
Phosphatidylglycerol - 51.8 62.9
Phosphatidylinositol - 64.2 68.4
Phosphatidylserine - 59.6 71.2
Phosphatidylcholine + 75.7 57.5
Phosphatidylsphingosine + 72.1 64.8
Triacylglycerol + 74.8 72.1

4.4 The versatility and robustness of the novel LC-MS/MS method.

The described method for the quantitative analysis of budding yeast’s lipidome is versatile
and robust. It allows using a single type of HPLC column to identify and quantitate 179 lipid
species that belong to 18 lipid classes (Table 4.4). These lipid classes include cardiolipin (CL),
free (unesterified) fatty acids (FFA), diacylglycerol (DAG), lysophosphatidic acid (LPA),
lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), lysophosphatidylglycerol
(LPG), lysophosphatidylinositol (LPI), lysophosphatidylserine (LPS), phosphatidic acid (PA),
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phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG),
phytoceramide (PHC), phytosphingosine (PHS), PI, phosphatidylinositol, phosphatidylserine
(PS), triacylglycerol (TAG). These lipid classes exhibit a wide range of structural, physical and
chemical properties. All 179 lipid species were extracted from budding yeast cells using a single
extraction method (i.e., the modified chloroform/methanol method), which was the optimal one
for extracting the highest amounts of all these lipid species. A single type of RP-HPLC column
called CSH C18 was used to separate all these lipid species.

Table 4.4: The novel LC-MS/MS method can identify and quantify 179 lipid species that
belong to 18 lipid classes. The names of lipid standards are displayed in red colour and end with
“std.” Abbreviations: CL, cardiolipin; FFA, free (unesterified) fatty acids; DAG, diacylglycerol;
free (unesterified) fatty acids; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; LPE,
lyso-phosphatidylethanolamine; LPG, lysophosphatidylglycerol; LPI, lyso-phosphatidylinositol;
LPS, lyso-phosphatidylserine; M, molecular ion (neutral); PA, phosphatidic acid; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PHC,
phytoceramide; PHS, phytosphingosine; PI, phosphatidylinositol; PS, phosphatidylserine; RTT,
retention time; TAG, triacylglycerol. Most of the lipid standards used in this table are deuterated
(labelled).

Component m/z with Component m/z with
Name RT Adduct | adduct Name RT Adduct | adduct
PHC 32:0 155 M+H 512.50372 | PG 31:1 std 13.4 M+NH4 724.51231
PHC 32:1 15.1 M+H 510.48807 | PG 32:0 144 M+NH4 740.54361
PHC 34:0 16.1 M+H 540.53502 | PG 32:1 13.8°  M+NH4 738.52796
PHC 34:1 153 M+H 538.51937 | PG_38:2 153 M+NH4 820.60621
PHC 34:2 155 M+H 536.50372 | PG 40:0 21.3 M+NH4 852.66881
PHC 34:2 std 147 M+H 543.55850 | PHS 30:0 125 M+H 649.52790
PHC 36:0 170 M+H 568.56632 | PHS 30:1 std 11.9 M+H 647.51225
PHC 36:1 169 M+H 566.55067 | PHS 32:0 144 M+H 677.55920
PHC 36:2 16.3 M+H 564.53502 | PHS 32:1 133 M+H 675.54355
PHC 36:2 std 15.5 M+H 571.58980 | PHS 38:0 18.6 M+H 761.65310
PHC 38:0 179 M+H 596.59762 | PHS 40:0 21.6 M+H 789.68440
PHC 38:1 17.1 M+H 594.58197 | PHS 40:1 20.7 M+H 787.66875
PHC 38:2 std 16.2 M+H 599.62110 | PHS 44:0 226 M+H 845.74700
PHC 40:1 18.0 M+H 622.61327 | PHS 44:1 222  M+H 843.73135
PHC 40:2 16.5 M+H 620.59762 | PHS 44:2 21.7 M+H 841.71570
PHC 40:2 std 169 M+H 627.65240 | PHS 48:0 23.1 M+H 901.80960
PHC 42:1 18.6 M+H 650.64457 | PHS 48:1 229 M+H 899.79395
PHC 42:2 173 M+H 648.62892 | PHS 48:2 227 M+H 897.77830
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PHC 42:2 std
PHC 44:0
PHC 44:1
PHC 44:2
PHC 46:0
PHC 46:1
PHC 46:2
PHC 48:0
PHC 48:1
PHC 48:2
DAG 32:0
DAG 32:1
DAG 32:2
DAG 34:0 std
DAG 34:1
DAG 34:2
DAG 36:0
DAG 36:1
DAG 36:2
DAG 38:0
DAG 38:1
LPA 17:1 std
LPA 18:1
LPA 20:1
LPA 22:1
LPC 16:0
LPC 16:1
LPC 17:0
LPC 17:1 std
LPC 18:0
LPC 18:1
LPC 20:0
LPC 20:1
LPC 22:0
LPC 24:0
LPS 17:0
LPS 17:1 std
LPS 18:1
LPS 22:1

PA 28:1

PA 28:2
PA 31:1 std
PA 32:1

PA 32:2

PA 36:0

PA _36:1

PA 36:2
PA 38:0

17.7
19.8
19.5
18.1
20.7
19.8
18.9
21.6
21.4
19.8
16.7
16.1
15.4
17.5
16.8
16.1
18.3
17.6
16.8
19.2
18.4
1.0
3.0
3.5
4.5
32
2.0
4.5
2.7
6.3
3.8
9.5
7.0
11.7
15.3
3.1
1.6
2.2
4.3
9.2
8.2
12.5
13.1
12.1
15.8
14.8
14.2
15.7

M+H
M+H
M-+H
M+H
M+H
M+H
M-+H
M+H
M+H
M+H
M+Na
M+Na
M+Na
M+Na
M+Na
M+Na
M+Na
M+Na
M+Na
M+Na
M+Na
M-+NH4
M+NH4
M-+NH4
M-+NH4
M+H
M+H
M+H
M+H
M+H
M+H
M+H
M+H
M+H
M+H
M+H
M-+H
M-+H
M+H
M+NH4
M-+NH4
M-+NH4
M+NH4
M+NH4
M-+NH4
M+NH4
M+NH4
M+NH4

655.68370
680.69152
678.67587
676.66022
708.72282
706.70717
704.69152
736.75412
734.73847
732.72282
591.49589
589.48024
587.46459
619.52719
617.51154
615.49589
647.55849
645.54284
643.52719
675.58979
673.57414
440.27716
454.29281
482.32411
510.35541
496.33976
494.32411
510.35541
508.33976
524.37106
522.35541
552.40236
550.38671
580.43366
608.46496
512.29829
510.28264
524.29829
580.36089
608.42858
606.41293
650.47553
664.49118
662.47553
722.56943
720.55378
718.53813
750.60073

TAG 48:0
TAG 48:1
TAG _48:2
TAG 48:3
TAG 51:0 std
TAG 51:1
TAG 51:2
TAG 51:3
TAG 54:0
TAG _54:1
TAG 54:2
TAG 54:3
TAG_60:0
TAG_60:1
TAG_60:2
TAG 60:3
CL_56:0
CL_56:1
CL_56:2

CL 56:3
CL_57:2

CL 573

CL 57:4 std
CL _60:0
CL_60:1
CL_60:2

CL 61:0

CL 61:1 std
CL_64:0

CL _80:3
CL_80:4

CL 86:4 std
LPE 16:0
LPE 16:1
LPE 17:0
LPE 17:1 std
LPE 18:0
LPE 18:1
LPE 20:0
LPG 17:0
LPG 17:1 std
LPI 16:0
LPI 16:1
LPI 17:0
LPI 17:1 std
LPI 18:0
LPI 18:1
FFA 16:0

224
22.0
21.2
20.4
22.9
22.7
22.3
21.7
233
23.1
22.8
22.5
23.8
23.6
23.5
233
13.1
11.3
10.9
10.6
16.3
16.0
15.9
14.1
12.9
11.7
19.8
18.6
14.3
22.8
22.4
22.9
2.8
1.8
3.8
2.4
5.4
33
5.6
2.5
1.6
1.5
1.0
1.9
1.2
2.6
1.6
7.0

M-+NH4
M+NH4
M-+NH4
M+NH4
M+NH4
M+NH4
M+NH4
M+NH4
M-+NH4
M+NH4
M+NH4
M+NH4
M+NH4
M+NH4
M+NH4
M+NH4
M-2H
M-2H
M-2H
M-2H
M-2H
M-2H
M-2H
M-2H
M-2H
M-2H
M-2H
M-2H
M-2H
M-2H
M-2H
M-2H
M-H

M-H

824.77016
822.75451
820.73886
818.72321
866.81711
864.80146
862.78581
860.77016
908.86406
906.84841
904.83276
902.81711
992.95796
990.94231
988.92666
986.91101
621.43189
620.42406
619.41624
618.40841
624.40841
623.40059
622.39276
649.46318
648.45536
647.44753
654.45536
653.44753
675.47883
784.58056
783.57273
825.61968
452.27826
450.26261
466.29391
464.27826
480.30956
478.29391
508.34086
497.28849
495.27284
571.28889
569.27324
585.30454
583.28889
599.32019
597.30454
255.23185
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PA 38:1
PA 38:2
PA _40:1
PA 40:2
PA 44:2
PC 28:0
PC 28:1
PC 31:1 std
PC 32:0
PC 32:1
PC 32:2
PE 28:0
PE 28:1
PE 28:2
PE 31:1 std
PE 32:1
PE 32:2
PE 36:0
PE 36:1
PE 36:2
PE 38:0
PE 38:1
PE 38:2
PE 40:1

15.7
15.1
16.4
15.7
17.1
14.1
13.0
14.6
15.7
15.1
14.3
13.8
12.8
11.8
14.4
14.8
14.0
15.7
15.1
14.3
16.4
15.7
15.1
16.6

M-+NH4
M-+NH4
M+NH4
M-+NH4
M-+NH4
M-+NH4
M-+NH4
M-+NH4
M-+NH4
M-+NH4
M-+NH4
M-+H
M+H
M+H
M+H
M-+H
M+H
M+H
M-+H
M-+H
M+H
M+H
M-+H
M-+H

748.58508
746.56943
776.61638
774.60073
830.66333
694.52555
692.50990
734.55685
750.58815
748.57250
746.55685
636.46098
634.44533
632.42968
676.49228
690.50793
688.49228
748.58618
746.57053
744.55488
776.61748
774.60183
772.58618
802.63313

FFA 18:0 9.9

FFA 18:1 7.8

FFA 18:1 std 7.7

FFA 22:0 13.5
FFA 22:1 12.2
FFA 24:0 14.7
FFA 24:1 13.6
PI 28:0 11.6
PI 31:1 std 12.5
PI 32:0 13.6
PI 32:1 13.0
PI 32:2 12.1
PI 36:1 14.6
PI 36:2 14.0
PS 31:1 std 12.6
PS 32:1 13.1
PS 36:0 14.5
PS 36:1 13.7
PS 36:2 13.0
PS 40:0 16.0
PS 40:1 153
PS 40:2 14.8

M-H
M-H

M-H
M-H
M-H
M-H
M-H
M-H
M-H

M-H

M-H

283.26315
281.24750
290.31793
339.32575
337.31010
367.35705
365.34140
753.45595
793.48725
809.51855
807.50290
805.48725
863.56550
861.54985
718.46646
732.48211
790.56036
788.54471
786.52906
846.62296
844.60731
842.59166

4.5 The high sensitivity of the novel LC-MS/MS method.

this method is 0.165 pmol/ul (see data for phytoceramide in Table 4.5). Of note, the sensitivity of

The described method is sensitive. The lowest lipid concentration that can be detected by

the method varies for different lipid species (Table 4.5).

Table 4.5: The lowest concentrations of different lipid species that can be detected by the

novel LC-MS/MS method. The MS peak areas for the internal standards of 10 major lipid classes

were used to calculate their concentrations. These peak areas and lipid concentrations are shown

in bold. The minimum detectable MS peak areas were used to calculate the lowest detectable

concentration for each lipid class. The mean values of two independent experiments, each

performed in three technical replicates, are provided.

Detection | Lipid class Hydrophobic tail Calculated | Lipid Lipid Minimum | Lowest
mode composition m/z value standard, | standard, MS peak | concentration
MS peak | concentration | detected | detected
(pmol/nl) (pmol/ul)
Negative | Phytoceramide 18:1 17:0 550.5204675 | 3.36E+07 | 2.26E+02 2.46E+04 | 1.65E-01
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Negative | Cardiolipin 14:0_14:0_14:0_14:0 | 1239.839755 | 2.18E+07 | 1.96E+02 4.16E+04 | 3.74E-01
Negative | Free fatty acid 19:0 297.2799035 | 6.71E+07 | 8.37E+02 6.64E+04 | 8.28E-01
Negative | Phosphatidylethanolamine | 15:0 15:0 662.4766305 | 3.30E+07 | 3.77E+02 6.04E+04 | 6.90E-01
Negative | Phosphatidylglycerol 15:0 15:0 693.4712115 | 6.89E+07 | 3.49E+02 2.24E+05 | 1.13E+00
Negative | Phosphatidylinositol 17:0 20:4 871.5342065 | 2.94E+05 | 3.00E+00 4.68E+04 | 4.78E-01
Negative | Phosphatidylserine 17:0 17:0 762.5290605 | 1.98E+06 | 3.18E+02 2.94E+04 | 4.72E+00
Positive | Phosphatidylcholine 13:0 13:0 650.4755335 | 2.13E+08 | 3.85E+02 1.09E+05 | 1.97E-01
Positive | Phytosphingosine 16:1 272.2584055 | 1.26E+06 | 2.25E+02 3.11E+05 | 5.55E+01
Positive | Triacylglycerol 28:1 10:1_10:1 818.7232155 | 1.27E+08 | 3.67E+02 1.07E+07 | 3.09E+01

4.6 The novel LC-MS/MS method can identify and quantify various isobaric and isomeric
lipid species.

The described method can distinguish between isobaric or isomeric forms of lipid species
that belong to several lipid classes. The nominal masses of isobaric lipid forms have the same
nominal masses; however, their exact masses are different [378]. For example, the nominal masses
of PHC (16:0 _26:0) and PC (16:0 10:0) are the same, specifically 650 Daltons. The novel LC-
MS/MS method can make a distinction between them and determine their exact masses as
650.6457 and 650.4755, respectively.

The exact masses of isomeric lipid forms are the same because their molecular formulas
are the same; however, their physical structures are different [378]. For instance, the physical
structures of PC (18:0 18:1; a hydrophobic tail attachment of a fatty acid containing 18 carbon
atoms without double bonds and a fatty acid containing 18 carbon atoms with a double bond) and
PC (20:0_16:1) are different despite their molecular formulas (C44H87N108P1) and exact masses
(788.6163) of PC are identical. The novel LC-MS/MS method can identify PC (18:0 18:1) and
PC (20:0 16:1) as two different lipid species. The novel LC-MS/MS method can also distinguish
between PE (16:0 16:0) and PE (14:0 18:0), whose physical structures differ, but the molecular
formulas (C37H75N108P1) and exact masses (692.5224) are the same.

Another example is the two isomeric forms of PS (34:0) with the same m/z value (M-H)
of 762.5294. The novel LC-MS/MS method shows that these isomeric forms of PS (34:0) exhibit
different retention times (7.65 min and 8.49 min) during chromatography separation on the RP-
HPLC column CSH C18 used in this method (Figure 4.1). The novel LC-MS/MS method also
identifies the differences in the MS1 and MS2 spectra of the two isomeric forms of PS (34:0)
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(Figures 4.2 and 4.3, respectively).
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Figure 4.1. The two isomeric forms of PS (34:0) have different retention times (7.65 min and
8.49 min) during chromatography separation on the RP-HPLC column CSH C18 used in the
novel LC-MS/MS method.
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Figure 4.2. The two isomeric forms of PS (34:0) have different spectra of precursor ions
(MS1). The MSI1 spectrum of a PS (34:0) isomeric form that has the m/z value (M-H) of 762.5294
and the retention chromatography time of 7.65 min (A) or 8.49 min (B).
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Figure 4.3. The two isomeric forms of PS (34:0) have different spectra of product ions (MS2).
The MS2 spectrum of a PS (34:0) isomeric form that has the m/z value (M-H) of 762.5294 and the
retention chromatography time of 7.65 min (A) or 8.49 min (B).

4.7 The novel LC-MS/MS method can use the alternative mobile phase additives for the ESI
MS to enhance ionization of all lipid classes.

The described method improves the identification and quantitation of cellular lipids
because it can increase ionization efficiency for all lipid classes (Table 4.6). The increase in the
ionization efficiency is due to the employment of alternative mobile phase additives for the ESI
MS. Ammonium formate, ammonium formate with formic acid, ammonium acetate, ammonium
acetate with acetic acid, and ammonium acetate with formic acid are the mobile phase additives
that the novel method can use for enhancing lipid ionization in the ESI (-) or ESI (+) mode (Table
4.6). Of note, different mobile phase additives exhibit the highest ionization efficiencies for
different lipid classes (Table 4.6). Besides, both the HILIC column and reverse-phase LC column

are compatible with each of the above mobile phase additives.

Table 4.6: In the novel LC-MS/MS method, different mobile phase additives can improve

the ionization efficiencies for different lipid classes. Reverse-phase liquid chromatography was
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used to separate commercial standards of various lipid classes. Different mobile phase additives
were used for the ESI MS in the ESI (-) or ESI (+) mode of lipid ionization. The MS peak area
was used to calculate the percentage of ionization for each lipid class. Data are provided as the
mean values of three technical replicates. The highest value of ionization efficiency for a particular
lipid class by a specific mobile phase additive is shown in red. Abbreviations: AmF, ammonium
formate; AmF/FA, ammonium formate with formic acid; AmAc, ammonium acetate; AmAc/AA,
ammonium acetate with acetic acid; AmAc/FA, ammonium acetate with formic acid; CL,
FFA, PC,

PHC,

cardiolipin; free  (unesterified)

PG,

fatty acid; phosphatidylcholine;  PE,

phosphatidylethanolamine; phosphatidylglycerol; phytoceramide;  PHS,

phytosphingosine; PI, phosphatidylinositol; PS, phosphatidylserine; TAG, triacylglycerol.

Lipid ESI AmF | AmF/FA| AmAc | AmAc/AA| AmAc/FA
standard mode

PHC - 74 75.2 85.8 77 74.8
CL - 72.9 75.1 78.3 68.4 74
FFA - 77.1 77.2 75.5 84 72.9
PE - 98 96 95 91.5 86
PG - 64 45.1 75.9 60.5 55
PI - 79.3 76 82.5 80.3 77
PS - 73.7 61.6 85.8 81.4 73.7
PC + 93.5 86.9 69.3 60.5 62.7
PHS + 89.1 79.2 78.1 73.7 69.3
TAG + 92.4 88 86.9 80.3 84.7

4.8 The novel LC-MS/MS method makes precursor ions fragmentation more efficient to
increase the coverage of the lipid species.

The described method can use two procedures to fragment precursor ions (MS1) of lipids
into product ions (MS2). These procedures are known as high-energy collisional dissociation
(HCD) and collision-induced dissociation (CID) [379]. The CID procedure enhances the MS1-to-
MS?2 ion fragmentation for PHC, CL, FFA, PE, PG, PI and PS if used in combination with the
ammonium acetate mobile phase additive for the ESI (-) mode of MS (Table 4.7). The HCD
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procedure promotes the MS1-to-MS2 ion fragmentation for PC, PHS and TAG if employed in
combination with the ammonium formate mobile phase additive for the ESI (+) mode of MS (Table

4.8).

Table 4.7: The efficiencies of the MS1-to-MS2 ion fragmentation for different lipid classes
using the CID procedure. Reverse-phase liquid chromatography was used to separate
commercial standards of various lipid classes. An ammonium formate (AmF) or ammonium
acetate (AmAc) mobile phase additive was used for the ESI MS in the ESI (-) or ESI (+) mode of
lipid ionization. The MS2 peak area was used to calculate the percentage of MS1-to-MS2 ion
fragmentation for each lipid class. Data are provided as the mean values of three technical
replicates. The highest value of the MS1-to-MS2 ion fragmentation efficiency for a particular lipid
class in the presence of a specific mobile phase additive is shown in red. Other abbreviations: CL,
cardiolipin; FFA, free (unesterified) fatty acid; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PG,  phosphatidylglycerol; PHC, phytoceramide;  PHS,
phytosphingosine; P1, phosphatidylinositol; PS, phosphatidylserine; TAG, triacylglycerol.

Lipid ESI mode | AmF AmAc
standard

PHC - 75 83.8
CL - 70.9 79.3
FFA - 76.1 74.5
PE - 98 95
PG - 64 75.9
PI - 79.3 82.5
PS - 71.5 84.8
PC + 523 60.5
PHS + 78.4 75.2
TAG + 65.7 69.7
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Table 4.8: The efficiencies of the MS1-to-MS2 ion fragmentation for different lipid classes
using the HCD procedure. Reverse-phase liquid chromatography was used to separate
commercial standards of various lipid classes. An ammonium formate (AmF) or ammonium
acetate (AmAc) mobile phase additive was used for the ESI MS in the ESI (-) or ESI (+) mode of
lipid ionization. The MS2 peak area was used to calculate the percentage of MS1-to-MS2 ion
fragmentation for each lipid class. Data are provided as the mean values of three technical
replicates. The highest value of the MS1-to-MS2 ion fragmentation efficiency for a particular lipid
class in the presence of a specific mobile phase additive is shown in red. Other abbreviations: CL,
cardiolipin, FFA, free (unesterified) fatty acid; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PG,  phosphatidylglycerol; PHC, phytoceramide;  PHS,
phytosphingosine; PI, phosphatidylinositol; PS, phosphatidylserine; TAG, triacylglycerol.

Lipid standard | ESI mode | AmF AmAc
PHC - 68.4 65.4
CL - 74.3 75.2
FFA - 84.2 81.2
PE - 85.1 73.1
PG - 68.4 67.1
PI - 58.7 55.8
PS - 67.4 68.5
PC + 92.5 65.3
PHS + 87.1 75.1
TAG + 91.4 84.9

4.9 A summary of the advantages offered by the novel LC-MS/MS lipidomics method and

its comparison with presently used methods.

The described method provides several advantages over the other methods currently

employed in LC-MS/MS lipidomics. These advantages are outlined below.

The novel method employs the most efficient procedure for extracting lipids from

budding yeast cells, namely a modified chloroform/methanol extraction version. This procedure
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uses a 17:1 chloroform/methanol and 2:1 chloroform/methanol mixture to extract cellular lipids
[380]. It significantly improves the efficiency of lipid recovery for all classes of lipids, as
compared to the commonly used MTBE [381] and dichloromethane/methanol [382] procedures
of extracting cellular lipids (compare Figures 4.1, 4.2 and 4.3).

The novel method is versatile and robust. It allows to identify and quantitate 179 lipid
species that belong to 18 lipid classes and differ significantly in their structural, physical and
chemical properties. These numbers are close to the numbers of lipid species and classes
identifiable and quantifiable with the help of a direct-injection method of lipidomic analysis
[383], a method banned by the CBAMS to avoid the contamination of ion detectors and their
exponential deterioration causing sensitivity decline. Another aspect of the novel method’s
versatility is that it uses a single lipid extraction method and a single type of HPLC column to
identify and quantify all 179 chemically diverse lipid species. Other LC-MS/MS lipidomics
methods use a two-dimensional LC setup that includes a normal-phase column in the first
dimension and a reversed-phase column in the second dimension [384].

The novel method is sensitive, with the lower limit of detection at 0.165 pmol/ul for
PHC. This lower detection limit is close to the best LC-MS/MS lipidomics methods in
biological systems [385].

The novel method can distinguish between isobaric and isomeric lipid species that
belong to several lipid classes. The ability to differentiate isobaric and isomeric lipid species is
essential for understanding the biological roles of lipids and mechanisms through which lipids
regulate cellular processes [386].

The novel method can use the alternative mobile phase additives for the ESI MS to
enhance the ionization efficiency of all lipid classes in both ESI modes. The enhancement of
lipid ionization is essential for improving the efficiency of lipid identification and quantitation
by LC-MS/MS [387].

The novel method increases the efficiency of the MS1-to-MS2 ion fragmentation using
both the CID and HCD ion fragmentation procedures for all lipid classes. A rise in the MS1-to-
MS?2 ion fragmentation efficiency is an essential contributing factor to improving lipid profiling

in biological samples [388].
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Chapter 5: Caloric restriction reorganizes the lipidome of quiescent and nonquiescent yeast

cells differently than two other geroprotectors.

5.1 Introduction.

As I mentioned in the Introduction chapter of my Thesis, the robust geroprotective diet CR
decreases TAG concentration and increases CL concentration in HD and LD cells of the WT strain
throughout chronological aging [68, 70]. As I indicated in the Introduction chapter, a population
of HD cells includes both Q and NQ cells. The percentage of NQ cells in the HD population slowly
rises during chronological aging [68, 70]. As I alluded to in the Introduction chapter, a population
of LD cells also includes both Q and NQ cells. The percentage of NQ cells in the LD population
rapidly rises during chronological aging [68, 70].

Therefore, the first objective of the studies described here was to assess the effect of CR
on the intracellular concentrations of all lipid classes (not only TAG and CL) within HD and LD
cell populations of the WT strain recovered at different stages of chronological aging. To
accomplish this objective, we purified HD and LD cells from WT yeast taken on different days of
culturing under CR or non-CR conditions; the purification of HD and LD cells was complete [68]
and performed using Percoll density gradient centrifugation [68]. As noted earlier, the HD cell
population on day 1 of culturing includes mainly Q cells [68, 70]. As also mentioned earlier, the
Q cells in the HD population are comparatively slowly converted into NQ cells [68, 70]. On day 1
of culturing, the LD cell population also contains Q cells primarily [68, 70]. The Q-to-NQ cell
conversion within the LD cell population is a comparatively fast process [68, 70]. We then
employed the novel LC-MS/MS lipidomics method (see Chapter 4) to conduct quantitative
lipidomics of the recovered HD and LD cell populations. Because our study was the first attempt
to examine the age-related changes in the lipidomes of Q and NQ cells at various phases of
chronological aging, we did not know if these changes are observed only at specific stages of aging
or they are permanent.

The second objective of the studies described here was to conduct a comparative analysis
of how CR and two other geroprotective interventions (namely, the tor/4 mutation and LCA)
affect the lipidomes of HD and LD cells recovered at different stages of chronological aging. CR,

torlA and LCA are potent geroprotective interventions that considerably extend the longevity of
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chronologically aging budding yeast (Figure 5.1). We selected these three geroprotectors for the
comparative study of their effects on the lipidomes of HD and LD cells for several reasons. One
reason was that the ways of administering these geroprotective interventions to slow aging and
prolong longevity are different; CR is a robust aging-delaying diet, forl4 is a single-gene mutation
that slows aging and LCA is a potent anti-aging chemical compound. The other equally important
reason for selecting CR, fori4 and LCA for these studies was that their targeting specificities in
budding yeast are different. The geroprotective targets of CR include the metabolism of
carbohydrates and lipids, organellar protein import, mitochondrial structure and function, protein
translation, quality control of proteins and organelles, stress resistance, and resistance to age-

related apoptosis and necrosis [6, 8]. The fori4 mutation impairs the abilities of the major pro-
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Figure 5.1: CR, the fori4 mutation and LCA extend the longevity of chronologically aging
budding yeast. WT cells cultured in the nutrient-rich YP medium initially containing 0.2% (w/v)
glucose were used to examine how CR influences yeast longevity; in these experiments, a control
non-CR culture was the culture of WT cells in the same medium but initially containing 2% (w/v)
glucose. Cells carrying a single-gene-deletion mutation tor/4 and cultured in the YP medium

initially containing 2% (w/v) glucose were used to assess how the tor/4 mutation affects yeast
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longevity; in these experiments, a control culture was the WT culture in the same genetic
background and the same medium. WT cells cultured in the YP medium initially containing 0.2%
(w/v) glucose and 50 uM LCA were used to examine how LCA influences yeast longevity; in
these experiments, a control culture was the WT culture in the same medium with 0.2% (w/v)
glucose but without LCA. Survival curves are presented as means = SEM (n = 3). According to
the logrank test, all three geroprotective interventions exhibited a statistically significant longevity
extension (p < 0.05). Cell aliquots for the LC-MS/MS lipidomic analysis were recovered at the

time points marked by red arrows.

aging regulator TORCI to promote protein translation, inhibit the autophagy-based quality control
mechanisms and suppress stress resistance [6, 8]. As described in the Introduction chapter, LCA’s
primary targets are processes implicated in mitochondrial lipid metabolism, protein translation and
signaling [90, 142, 147]. Yet another reason why we selected CR, fori4 and LCA for this
comparative study was that the extent of longevity extension by LCA under CR-conditions of cell
culturing (but not when cells were cultured under non-CR conditions) substantially exceed those
by CR or toriA (Figure 5.1). Therefore, we thought that the effect of LCA on the lipidomes of HD
and LD cells might differ from those of CR and/or the for/4 mutation.

In studies described here, we used LC-MS/MS to identify and quantify the lipidomes of
HD and LD cells in the WT and foriA strains of budding yeast cultured under the conditions
described in the legend for Figure 5.1. Cell aliquots for the LC-MS/MS lipidomic analysis were

recovered at the time points marked by red arrows on this figure.

5.2 TAG concentration in HD and LD cells is substantially decreased by CR on most days of
the chronological lifespan, while neither tor1A nor LCA has a similar long-term effect.

As I mentioned earlier, CR lowers TAG concentration in HD and LD cells of the WT strain
throughout chronological aging [68, 70]. This CR-dependent, long-lasting decline in TAG
concentration was observed using the direct-injection method of MS/MS lipidomics, which is now
prohibited from using at the CBAMS. Therefore, we used the novel LC-MS/MS lipidomics method
to assess how CR influences TAG concentrations in HD and LD cells on different days of
culturing. The use of the novel LC-MS/MS lipidomics method has confirmed the early observation

that CR decreases TAG concentration on most days of cell culturing other than day 1 (Figures
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5.2A and 5.2B).

In contrast, foriA and LCA did not cause significant age-related changes in TAG
concentrations within LD cells (Figures 5.3A and 5.4A, respectively). fori4 and LCA promoted
only temporary age-related changes in TAG concentrations within HD cells (Figures 5.3B and
5.4B, respectively). Specifically, TAG concentrations in HD cells were increased by tori4
between days 5 and 10 of cell culturing (Figures 5.3B). In cells treated with LCA, TAG
concentrations in HD cells were decreased between days 10 and 17 of cell culturing (Figure
5.4B). The significance of temporary changes in TAG within HD cells of the tor/4 mutant or

within HD cells of the culture treated with LCA remains to be determined.
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Figure 5.2: The concentration of TAG in HD and LD cells of WT is considerably lowered by
CR on most days of culturing other than day 1. WT cells were cultured in YP medium
supplemented with 0.2% glucose (CR conditions) or 2% glucose (control non-CR conditions). Cell
aliquots were taken on different days of culturing. The Percoll density gradient centrifugation was
used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used to assess TAG

concentrations in these cells. Data are shown as means = SD (n = 2; *p < 0.05; **p < 0.01).
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Figure 5.3: The concentration of TAG in HD cells between days 5 and 10 of cell culturing is
increased by the forl4A mutation. WT and foriA cells were cultured in the YP medium
supplemented with 2% glucose (non-CR conditions). Cell aliquots were taken on different days of
culturing. The Percoll density gradient centrifugation was used to purify HD and LD cells from
these cell aliquots. LC-MS/MS was used to assess TAG concentrations in these cells. Data are

shown as means = SD (n = 2; *p < 0.05; **p < 0.01).
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Figure 5.4: The concentration of TAG in HD cells between days 10 and 17 of cell culturing
is decreased by 50 pM LCA. WT cells were cultured in YP medium supplemented with 0.2%
glucose (CR conditions) in the presence of 50 pM LCA or its absence. Cell aliquots were taken on
different days of culturing. The Percoll density gradient centrifugation was used to purify HD and
LD cells from these cell aliquots. LC-MS/MS was used to assess TAG concentrations in these

cells. Data are shown as means = SD (n = 2; *p < 0.05; **p <0.01).
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In sum, findings presented in section 5.2 indicate that CR substantially lowers TAG
concentration in both HD and LD cells on most days of cell culturing other than day 1. Unlike CR,
neither foriA nor LCA significantly affects TAG concentration within LD cells throughout the
chronological lifespan of budding yeast. Furthermore, the increasing effect of for/4 and decreasing
effect of LCA on TAG concentrations in HD cells were temporary and much less pronounced than

that of CR.

5.3 FFA concentration in HD and LD cells is considerably increased by CR on most days of
the chronological lifespan, whereas neither fori4 nor LCA exhibit a similar long-term effect.

We thought that one explanation for the observed decline in TAG concentration within HD
and LD cells cultured under CR conditions is that CR might promote the lipolytic hydrolysis of
TAG in lipid droplets (LDP) (Figure 1.7). If the efficiency of free fatty acids (FFA) oxidation in
peroxisomes is not altered by CR, the promotion of TAG lipolysis under CR conditions will
increase the intracellular concentration of FFA in yeast under CR conditions (Figure 1.7). We
found that CR substantially increases FFA concentrations in HD and LD cells limited in calorie
supply after day 2 of culturing (Figures 5.5A and 5.5B). We concluded that CR promotes the
lipolytic hydrolysis of TAG in LDP but does not alter peroxisomal FFA oxidation. Considering
the extending effect of CR on longevity, it is likely that FFA concentration under CR conditions
of cell culturing does not exceed a toxic threshold.

On the contrary, for/4 did not cause significant age-related changes in FFA
concentrations within LD cells (Figure 5.6A). Besides, the increasing effect of LCA on FFA
concentration within LD cells was much less pronounced than the one under CR conditions
(Figure 5.7A). In HD cells, foriA caused a decline in FFA concentration between days 5 and 10
of cell culturing (Figure 5.6B) and LCA increased FFA (to a lesser extent than CR) only between
days 10 and 17 of cell culturing (Figure 5.7B). The importance of temporary and low-intensity
changes in FFA within HD cells of the tor/4 mutant or HD cells of the culture treated with LCA
remains unclear.

Altogether, findings reported in section 5.3 provide evidence that CR considerably rises
FFA concentrations in HD and LD cells after day 2 of culturing. The effects of for/4 and LCA on
FFA concentrations in these cells are much less dramatic (or insignificant, as in the case of LD

cells of foriA) or only temporary.
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Figure 5.5: The concentration of FFA in HD and LD cells of WT is considerably increased
by CR after day 2 of culturing. WT cells were cultured in the YP medium supplemented with
0.2% glucose (CR conditions) or 2% glucose (control non-CR conditions). Cell aliquots were taken
on different days of culturing. The Percoll density gradient centrifugation was used to purify HD
and LD cells from these cell aliquots. LC-MS/MS was used to assess FFA concentrations in these

cells. Data are shown as means = SD (n = 2; *p < 0.05; **p <0.01).
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Figure 5.6: In HD cells, torl4 causes a decline in FFA concentration between days S and 10
of cell culturing. WT and foriA cells were cultured in the YP medium supplemented with 2%
glucose (non-CR conditions). Cell aliquots were taken on different days of culturing. The Percoll
density gradient centrifugation was used to purify HD and LD cells from these cell aliquots. LC-
MS/MS was used to assess FFA concentrations in these cells. Data are shown as means + SD (n =

2; *p < 0.05; **p < 0.01).
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Figure 5.7: The effects of S0 uM LCA on FFA concentrations in HD and LD cells under CR
are much less dramatic (than under CR without LCA) and only temporary. WT cells were
cultured in YP medium supplemented with 0.2% glucose (CR conditions) in the presence of 50
uM LCA or its absence. Cell aliquots were taken on different days of culturing. The Percoll
density gradient centrifugation was used to purify HD and LD cells from these cell aliquots. LC-
MS/MS was used to assess FFA concentrations in these cells. Data are shown as means = SD (n

=2; *p <0.05; **p <0.01).

5.4 DAG concentration in HD and LD cells is not significantly and not for a long time affected
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by CR, torid or LCA.

We thought that the observed decline in TAG concentration within HD and LD cells

cultured under CR conditions might also be explained by a decline in TAG synthesis from DAG

within the ER (Figure 1.7). We found that CR does not exhibit any significant and long-lasting

effect on DAG concentration within HD and LD cells throughout the chronological lifespan of

budding yeast (Figure 5.8). This observation strongly supports the view that a decline in TAG

concentration within HD and LD cells under CR conditions was not due to a suppression of TAG

synthesis from DAG within the ER. Akin to the lack of any effect of CR on DAG concentration

within HD and LD cells, the concentration of DAG in these cells was not influenced by toriA4 or

LCA (Figures 5.9 and 5.10, respectively).
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Figure 5.8: CR does not affect significantly and for a long time DAG concentration within

HD and LD cells throughout the chronological lifespan of budding yeast. WT cells were

cultured in the YP medium supplemented with 0.2% glucose (CR conditions) or 2% glucose
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(control non-CR conditions). Cell aliquots were taken on different days of culturing. The Percoll
density gradient centrifugation was used to purify HD and LD cells from these cell aliquots. LC-
MS/MS was used to assess DAG concentrations in these cells. Data are shown as means + SD (n

=2; *p < 0.05; **p < 0.01).
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Figure 5.9: toriA4 does not affect significantly and for a long time DAG concentration within
HD and LD cells throughout the chronological lifespan of budding yeast. WT and fori4 cells
were cultured in the YP medium supplemented with 2% glucose (non-CR conditions). Cell

aliquots were taken on different days of culturing. The Percoll density gradient centrifugation was
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used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used to assess DAG

concentrations in these cells. Data are shown as means = SD (n = 2; *p < 0.05).
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Figure 5.10: LCA does not affect significantly and for a long time DAG concentration within
HD and LD cells throughout the chronological lifespan of budding yeast. WT cells were
cultured in YP medium supplemented with 0.2% glucose (CR conditions) in the presence of 50
uM LCA or its absence. Cell aliquots were taken on different days of culturing. The Percoll density
gradient centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS

was used to assess DAG concentrations in these cells. Data are shown as means = SD (n =2; *p <
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0.05; **p < 0.01).

5.5 Ceramide (CER) concentration in LD cells is significantly increased by CR but not by
torld or LCA.

We then used LC-MS/MS to identify cellular lipids that accumulate in excessive amounts
within HD and LD cells because the synthesis of these lipids involves incorporating the excess of
FFA present within HD and LD cells.

One lipid class whose formation requires FFA incorporation is CER, which is synthesized
in the ER from serine and fatty acyl-CoA esters of palmitic acid [190, 191]. We found that CER
concentration in LD cells limited in calorie supply is significantly increased throughout the
chronological lifespan (Figure 5.11A). CER concentration in HD cells under CR conditions was
also increased; however, this increase was statistically insignificant (Figure 5.11B). Unlike the
effects of CR on CER concentration, fori4 caused a decline in the concentration of this lipid class
in HD cells on some days of culturing (Figure 5.12B). LCA decreased CER concentration in LD
cells throughout the chronological lifespan (Figure 5.13A). Of note, because CR extended the
longevity of budding yeast, it is unlikely that CER concentration in yeast cells under CR conditions
exceeded the toxic threshold. Furthermore, it remains unclear whether the observed low
concentrations of CER play any regulatory role under the conditions of cell culturing tested in

these experiments.

5.6 The concentration of complex sphingolipids (SPH) in HD and LD cells is not significantly
altered by CR, torid or LCA throughout the chronological lifespan.

After being formed in the ER from serine and fatty acyl-CoA esters of palmitic acid, CER
is converted into SPH [190, 191]. We found that SPH concentration does not undergo significant
changes throughout the chronological lifespan of HD or LD cells placed on the CR diet, carrying
the toriA mutation or treated with LCA (Figures 5.14, 5.15 and 5.16, respectively). Of note,
because CR extended the longevity of budding yeast, it is unlikely that SPH concentration in yeast
cells under CR conditions exceeded the toxic threshold. Moreover, further studies are needed to
clarify whether the observed low concentrations of SPH perform any essential regulatory role

under the conditions of cell culturing assessed in these experiments.
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Figure 5.11: CER concentration in the LD cells cultured under CR conditions significantly
increases throughout the chronological lifespan. WT cells were cultured in the YP medium
supplemented with 0.2% glucose (CR conditions) or 2% glucose (control non-CR conditions). Cell
aliquots were taken on different days of culturing. The Percoll density gradient centrifugation was
used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used to assess CER

concentrations in these cells. Data are shown as means + SD (n = 2; *p <0.05; **p <0.01).
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Figure 5.12: torld causes a decline in CER concentration in HD cells on some days of
culturing. WT and fori4 cells were cultured in the YP medium supplemented with 2% glucose
(non-CR conditions). Cell aliquots were taken on different days of culturing. The Percoll density
gradient centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS
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was used to assess CER concentrations in these cells. Data are shown as means + SD (n = 2; *p <
0.05; **p < 0.01).

A —=8=CR,LD
* =#=CR +LCA,LD
0.25
020 }
&
=
e
£ 015
o
0.10
0.05 }
0.00
1 2 3 = 7 10 14 17 21
Day
030 g =#=CR, HD
esfie=CR + LCA, HD
0.25
0.20
E
50.15 3
o}
0.10
0.05
0.00
1 2 3 5 7 10 14 17 21
Day

Figure 5.13: LCA decreases CER concentration in LD cells throughout the chronological
lifespan. WT cells were cultured in YP medium supplemented with 0.2% glucose (CR conditions)
in the presence of 50 uM LCA or its absence. Cell aliquots were taken on different days of
culturing. The Percoll density gradient centrifugation was used to purify HD and LD cells from

these cell aliquots. LC-MS/MS was used to assess CER concentrations in these cells. Data are
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shown as means + SD (n = 2; *p <0.05; **p <0.01).
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Figure 5.14: SPH concentration does not change significantly throughout the chronological
lifespan of the HD or LD cells placed on the CR diet. WT cells were cultured in the YP medium
supplemented with 0.2% glucose (CR conditions) or 2% glucose (control non-CR conditions). Cell
aliquots were taken on different days of culturing. The Percoll density gradient centrifugation was
used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used to measure SPH

concentrations in these cells. Data are shown as means = SD (n = 2; *p < 0.05).
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Figure 5.15: SPH concentration does not change significantly throughout the chronological
lifespan of the HD or LD cells carrying the tori4 mutation. WT and fori4 cells were cultured
in the YP medium supplemented with 2% glucose (non-CR conditions). Cell aliquots were taken
on different days of culturing. The Percoll density gradient centrifugation was used to purify HD
and LD cells from these cell aliquots. LC-MS/MS was used to measure SPH concentrations in

these cells. Data are shown as means £ SD (n = 2; *p <0.05; **p <0.01).
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Figure 5.16: SPH concentration does not change significantly throughout the chronological
lifespan of the HD or LD cells treated with LCA. WT cells were cultured in YP medium
supplemented with 0.2% glucose (CR conditions) in the presence of 50 uM LCA or its absence.
Cell aliquots were taken on different days of culturing. The Percoll density gradient centrifugation

was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used to measure
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SPH concentrations in these cells. Data are shown as means + SD (n = 2; *p < 0.05).

5.7 The concentrations of all ER- and mitochondria-synthesized phospholipids are
significantly increased in the HD and LD cells placed on CR diet but not in the HD or LD
cells carrying the zor14 mutation or treated with LCA.

Phospholipids in yeast cells are generated in the ER, mitochondria and LD (Figure 1.7)
[156, 158, 354]. The major forms of phospholipids are the ER-synthesized LPA, PA, PI, PS and
PC and mitochondria-formed PE, PG and CL (Figure 1.7) [156, 158, 354]. The minor forms of
phospholipids are LPI, LPS, LPE, LPC and LPG [156, 158, 354]. The broad-specificity
lysophospholipid acyltransferase Alel in the ER, LPC acyltransferase Tazl in mitochondria, and
LPI acyltransferase Psil in LD and mitochondria have been implicated in the synthesis of these
secondary phospholipids (Figure 1.7) [156, 158, 354].

We found that the concentrations of all these phospholipids in the HD and LD cells placed
on the CR diet are increased throughout the chronological lifespan. This chapter of my Thesis
shows the data on how CR influences age-related changes in the concentrations of LPA (Figure
5.17), PA (Figure 5.18), PI (Figure 5.19), PS (Figure 5.20), PE (Figure 5.21), PC (Figure 5.22),
LPI (Figure 5.23), LPS (Figure 5.24), LPE (Figure 5.25), LPC (Figure 5.26), PG (Figure 5.27), CL
(Figure 5.28) and LPG (Figure 5.29) in HD and LD cells. It needs to be emphasized that the
concentrations of many of these phospholipids within the Q and NQ cells of a short-lived LD
population were higher than those within the Q and NQ cells of a long-lived HD population.
Moreover, it remains to be determined whether the observed low concentrations of LPI (Figure
5.23) perform any regulatory role under the conditions of cell culturing tested in these experiments.

We also noted that no significant and continuing changes in the concentrations of all these
phospholipids are observed within the HD and LD cell populations carrying the tor/4 mutation or
treated with LCA. These data are presented in the Appendix chapter LPA (Figures 10.1 and 10.2),
PA (Figures 10.3 and 10.4), PI (Figures 10.5 and 10.6), PS (Figures 10.7 and 10.8), PE (Figures
10.9 and 10.10), PC (Figures 10.11 and 10.12), LPI (Figures 10.13 and 10.14), LPS (Figures 10.15
and 10.16), LPE (Figures 10.17 and 10.18), LPC (Figures 10.19 and 10.20), PG (Figures 10.21
and 10.22), CL (Figures 10.23 and 10.24) and LPG (Figures 10.25 and 10.26).
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Figure 5.17: LPA concentration in the LD cells (and to a lesser extent in HD cells) placed on
the CR diet is increased throughout most of the chronological lifespan. WT cells were cultured
in the YP medium supplemented with 0.2% glucose (CR conditions) or 2% glucose (control non-
CR conditions). Cell aliquots were taken on different days of culturing. The Percoll density
gradient centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS
was used to measure LPA concentrations in these cells. Data are shown as means + SD (n = 2; *p

<0.05; **p < 0.01).
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Figure 5.18: PA concentration in the HD and LD cells placed on the CR diet is increased
throughout most of the chronological lifespan. WT cells were cultured in the YP medium
supplemented with 0.2% glucose (CR conditions) or 2% glucose (control non-CR conditions). Cell
aliquots were taken on different days of culturing. The Percoll density gradient centrifugation was
used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used to measure PA

concentrations in these cells. Data are shown as means + SD (n = 2; *p < 0.05; **p <0.01).
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Figure 5.19: PI concentration in the LD cells (and to a lesser extent in HD cells) placed on
the CR diet is increased throughout the chronological lifespan. WT cells were cultured in the
YP medium supplemented with 0.2% glucose (CR conditions) or 2% glucose (control non-CR
conditions). Cell aliquots were taken on different days of culturing. The Percoll density gradient
centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used
to measure PI concentrations in these cells. Data are shown as means + SD (n = 2; *p < 0.05; **p

<0.01).
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Figure 5.20: PS concentration in the LD cells (and to a lesser extent in HD cells) placed on
the CR diet is increased throughout most of the chronological lifespan. WT cells were cultured
in the YP medium supplemented with 0.2% glucose (CR conditions) or 2% glucose (control non-
CR conditions). Cell aliquots were taken on different days of culturing. The Percoll density
gradient centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS
was used to measure PS concentrations in these cells. Data are shown as means + SD (n=2; *p <

0.05; **p < 0.01).
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Figure 5.21: PE concentration in the LD cells (and to a lesser extent in HD cells) placed on
the CR diet is increased throughout most of the chronological lifespan. WT cells were cultured
in the YP medium supplemented with 0.2% glucose (CR conditions) or 2% glucose (control non-
CR conditions). Cell aliquots were taken on different days of culturing. The Percoll density
gradient centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS
was used to measure PE concentrations in these cells. Data are shown as means + SD (n =2; *p <

0.05; **p < 0.01; **p < 0.01).
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Figure 5.22: PC concentration in the LD cells (and to a lesser extent in HD cells) placed on
the CR diet is increased throughout all or most of the chronological lifespan. WT cells were
cultured in the YP medium supplemented with 0.2% glucose (CR conditions) or 2% glucose
(control non-CR conditions). Cell aliquots were taken on different days of culturing. The Percoll
density gradient centrifugation was used to purify HD and LD cells from these cell aliquots. LC-
MS/MS was used to measure PC concentrations in these cells. Data are shown as means + SD (n

=2; *p < 0.05; **p < 0.01).
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Figure 5.23: LPI concentration in the LD cells (and to a lesser extent in HD cells) placed on
the CR diet is increased throughout most of the chronological lifespan. WT cells were cultured
in the YP medium supplemented with 0.2% glucose (CR conditions) or 2% glucose (control non-
CR conditions). Cell aliquots were taken on different days of culturing. The Percoll density
gradient centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS
was used to measure LPI concentrations in these cells. Data are shown as means = SD (n = 2; *p

<0.05; **p < 0.01; **p < 0.01).
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Figure 5.24: LPS concentration in the LD cells (and to a lesser extent in HD cells) placed on
the CR diet is increased throughout most of the chronological lifespan. WT cells were cultured
in the YP medium supplemented with 0.2% glucose (CR conditions) or 2% glucose (control non-
CR conditions). Cell aliquots were taken on different days of culturing. The Percoll density
gradient centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS
was used to measure LPS concentrations in these cells. Data are shown as means + SD (n =2; *p

<0.05; **p < 0.01; **p < 0.01).
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Figure 5.25: LPE concentration in the LD cells (and to a lesser extent in HD cells) placed on
the CR diet is increased throughout all or most of the chronological lifespan. WT cells were
cultured in the YP medium supplemented with 0.2% glucose (CR conditions) or 2% glucose
(control non-CR conditions). Cell aliquots were taken on different days of culturing. The Percoll
density gradient centrifugation was used to purify HD and LD cells from these cell aliquots. LC-
MS/MS was used to measure LPE concentrations in these cells. Data are shown as means + SD (n

=2; *p <0.05; **p <0.01; **p <0.01).
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Figure 5.26: LPC concentration in the LD cells (and to a lesser extent in HD cells) placed on
the CR diet is increased throughout all or most of the chronological lifespan. WT cells were
cultured in the YP medium supplemented with 0.2% glucose (CR conditions) or 2% glucose
(control non-CR conditions). Cell aliquots were taken on different days of culturing. The Percoll
density gradient centrifugation was used to purify HD and LD cells from these cell aliquots. LC-
MS/MS was used to measure LPC concentrations in these cells. Data are shown as means + SD (n

=2;*p <0.05; **p <0.01; **p <0.01).
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Figure 5.27: PG concentration in the LD and HD cells placed on the CR diet is increased

throughout most of the chronological lifespan. WT cells were cultured in the YP medium

supplemented with 0.2% glucose (CR conditions) or 2% glucose (control non-CR conditions). Cell

aliquots were taken on different days of culturing. The Percoll density gradient centrifugation was

used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used to measure PG

concentrations in these cells. Data are shown as means + SD (n = 2; *p < 0.05; **p <0.01).
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Figure 5.28: CL concentration in the LD cells (and to a lesser extent in HD cells) placed on
the CR diet is increased throughout most of the chronological lifespan. WT cells were cultured
in the YP medium supplemented with 0.2% glucose (CR conditions) or 2% glucose (control non-
CR conditions). Cell aliquots were taken on different days of culturing. The Percoll density
gradient centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS
was used to measure CL concentrations in these cells. Data are shown as means = SD (n =2; *p <

0.05; **p < 0.01).
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Figure 5.29: LPG concentration in the LD and HD cells placed on the CR diet is increased

throughout most of the chronological lifespan. WT cells were cultured in the YP medium

supplemented with 0.2% glucose (CR conditions) or 2% glucose (control non-CR conditions). Cell

aliquots were taken on different days of culturing. The Percoll density gradient centrifugation was

used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used to measure LPG

concentrations in these cells. Data are shown as means + SD (n = 2; *p < 0.05; **p <0.01).
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5.8 The lipidomes of HD and LD cells are reorganized in budding yeast cultured under CR
conditions.

We applied the newly developed LC-MS/MS lipidomics method to measure the age-related
changes in the concentrations of 18 lipid classes in HD and LD cells of the WT strain. In the first
set of experiments, yeast cells were cultured in a nutrient-rich medium supplemented with 0.2%
or 2% glucose (CR or non-CR conditions, respectively) as the only source of carbon. The
populations of HD and LD cells were purified using Percoll density gradient centrifugation. The
HD cell population on day 1 of culturing includes mainly Q cells [68, 70]. The Q cells in the HD
population are comparatively slowly converted into NQ cells [68, 70]. On day 1 of culturing, the
LD cell population also contains Q cells primarily [68, 70]. The Q-to-NQ cell conversion within
the LD cell population is a comparatively fast process [68, 70].

Using MS/MS to identify and quantitate cellular lipids with the help of a direct-injection
method of lipidomics, the Titorenko laboratory has previously revealed that the geroprotective CR
diet lowers TAG concentration and rises CL concentration within HD and LD cells [68, 70]. The
experiments described in this chapter of my Thesis used the novel method of LC-MS/MS
lipidomics to assess how CR influences aging-associated changes in the concentrations of 18 lipid
classes (including TAG and CL) within HD and LD cells. We found that CR reorganizes the
lipidomes of HD and LD cells by substantially changing the concentrations of 16 out of 18 lipid
classes (other than complex SPH and DAG) in both these cell types throughout most of the
chronological lifespan. We calculated the concentration of each of the 18 lipid classes in mol% of
all lipids to assess the aging-associated changes in the relative concentration of each lipid class.
Our findings provide evidence that the lipidomes of HD and LD cells are reorganized in budding
yeast cultured under CR conditions. We describe below and schematically show in Figure 5.30 the
characteristic CR-dependent reorganization of the lipidomes within chronologically aging HD and
LD cells.

A substantial increase in the intracellular FFA observed within HD and LD cells under CR
conditions is possibly due to the CR-dependent activation of TAG lipolysis catalyzed by the
neutral lipid hydrolases Tgl1, Tgl3, Tgl4, Tgl5 and Yju3 in LD (Figure 5.30). Such CR-dependent
activation of TAG lipolysis elicits a substantial increase in the cytosolic concentration of FFA
(Figure 5.30). Of note, considering the extending effect of CR on longevity, it is likely that FFA

concentration under CR conditions of cell culturing does not exceed a toxic threshold. Our data
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indicate that this excessive cytosolic pool of FFA in HD and LD cells under CR is likely
incorporated into CER (thus rising CER concentration in the ER) and many phospholipid classes
in the ER (Figure 5.30). We found that LPA, PA, PI, PS, PE and PC are the phospholipid classes
in the ER whose concentrations rise due to the incorporation of excessive amounts of FFA into
phospholipids under CR conditions (Figure 5.30). Our data show that CR not only increases the
concentrations of CER, LPA, PA, PI, PS, PE and PC in the ER, but also stimulates the ER-to-
mitochondria translocation of PA, PS, PC and PI, and accelerates the mitochondria-to-the ER
transport of PE [8]; these movements of phospholipids occur via the mitochondria-ER contact sites
[8] (Figure 5.30). The CR-dependent stimulation of the ER-to-mitochondria translocation of PS
promotes the conversion of excessive PS into PE, thus increasing the concentration of
mitochondrially synthesized PE (Figure 5.30). The CR-driven acceleration of mitochondria-to-the
ER transport of PA, PC and PI causes the formation of excessive concentrations of PG and CL in
mitochondria (Figure 5.30).
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concentrations of 16 out of 18 lipid classes. A CR-dependent activation of the lipolytic hydrolysis
of triacylglycerols (TAG) in LD elicits a substantial rise in the intracellular concentrations of free
fatty acids (FFA) within HD and LD cells. The excessive cytosolic pool of FFA in HD and LD
cells under CR is incorporated into ceramide (CER) and many phospholipid classes in the ER. See
the text for more details. The lipid classes whose concentrations are increased (red arrows) or
decreased (blue arrow) in yeast under CR conditions are marked by arrows next to the names of
these lipid classes. The efficiencies of TAG lipolysis, FFA-into-phospholipids incorporation and
phospholipid transfer via the mitochondria-ER contact sites are proportional to the thickness of
black arrows. Other abbreviations: CL, cardiolipin; CDP, cytidine diphosphate; DAG,
diacylglycerol; IMM, inner mitochondrial membrane; MLCL, monolysocardiolipin; OMM, outer
mitochondrial membrane; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG,
phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine.

In the future, it will be important to examine whether the characteristic CR-dependent
reorganization of the lipidomes within chronologically aging HD and LD cells contributes to the
aging delay and longevity extension by CR. We believe that there might be at least two
mechanisms underlying such contribution. These mechanisms are briefly outlined below.

One mechanism is the observed excessive accumulation of phospholipids formed in the
ER, which remain there after the formation (Figure 5.30). We propose that the resulting build-up
of phospholipids impairs the homeostasis of lipids and proteins in the ER. A disbalance of lipid
and protein homeostasis has been shown to initiate a regulatory mechanism known as the unfolded
protein response in the ER (UPRER) [295-325]. The UPRER is an evolutionarily conserved
regulatory mechanism found in many eukaryotes, including budding yeast [295-325]. The
initiation of the UPRER by a disbalanced lipid and protein homeostasis in the ER is aimed at
restoring this homeostasis. This restoration is achieved because the UPRER quality control system
slows protein synthesis on the ribosomes attached to the ER, promotes the outward vesicular traffic
for taking away the improperly folded proteins from the ER, enhances a refolding of the improperly
folded proteins in the ER, stimulates the proteasomal and autophagic degradation of improperly
folded proteins, and modulates the synthesis of the ER membrane lipids [315, 319-325]. Because
the UPRER quality control system is an essential contributor to all these processes in the ER, it is

involved in sustaining protein and lipid homeostasis within the entire cell and slowing cellular and
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organismal aging in all eukaryotes [299, 300, 302, 306, 309, 313-315, 317, 320, 324-341].
Considering all the above, we propose that a build-up of the excessive amounts of phospholipids
in the ER of HD and LD cells under CR conditions initiates the UPRR system as one of the
mechanisms for slowing chronological aging and extending the CLS.

We propose that the other mechanism through which the characteristic CR-dependent
reorganization of the HD and LD cells’ lipidomes might contribute to aging delay under CR
conditions is a mechanism linked to the observed rise in the mitochondrial membrane
phospholipids PG and CL. The mitochondrial membrane lipidome defines the functional state of
mitochondria [83, 95, 142, 146-148, 153, 154, 343, 344], which is an essential longevity-assuring
factor in budding yeast and other eukaryotes [83, 95, 142, 146-148, 153, 154, 342-346]. In support
of the existence of the mitochondria-based mechanism for the aging delay in calorically restricted
HD and LD cells, CR promotes mitochondrial respiration, increases the mitochondrial membrane
potential and changes the age-related dynamics of mitochondrial ROS formation in these cells [68,
70]. These three aspects of mitochondrial functionality play an essential role in the longevity
assurance of eukaryotic cells, including budding yeast [83, 95, 142, 146-148, 153, 154, 342-346].

The proposed existence of the ER- and mitochondria-based mechanisms for the aging delay
in HD and LD cells under CR conditions requires experimental testing in the future. One way of
performing these future experiments is to examine the effects of mutations that alter phospholipid
metabolism or the UPRER system on the extent of the CR-driven delay of yeast chronological
aging.

One puzzling observation is that the concentrations of several phospholipids (including PI,
PS, PE, LPI and LPE) within the Q and NQ cells of a short-lived LD population were higher than
those within the Q and NQ cells of a long-lived HD population. The importance of this observation
is presently unclear. We hypothesize that there is an optimal threshold in the concentrations of
these phospholipids at which they slow yeast chronological aging to the greatest extent and are not
toxic to the cell. Our hypothesis posits that the concentrations of the above phospholipid classes
within the Q and NQ cells of a long-lived HD population do not exceed the predicted threshold.
In our hypothesis, the concentrations of these phospholipid classes within the Q and NQ cells of a
short-lived LD population exceed the toxic threshold and decrease the efficiency of chronological
aging delay by CR. The critical testing of our hypothesis will require investigating how mutations

that alter phospholipid metabolism in the ER affect the CLS of LD cells.
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5.9 The toriA and LCA geroprotectors influence the lipidomes of HD and LD cells differently
than CR.

The second objective of the studies described in this chapter of my Thesis was to compare
how CR and two other geroprotective interventions (specifically, the for/4 mutation and LCA)
affect the lipidomes of HD and LD cells retrieved on different days of culturing. We found that
the effects of CR on the lipidomes of chronologically aging HD and LD cells differ from those of
toriA and LCA. Our findings indicate that TAG concentration was substantially decreased in HD
and LD cells on most days of the chronological lifespan in WT yeast placed on the CR diet but not
in yeast carrying the for/4 mutation or WT yeast treated with LCA. The other difference was that
FFA concentration in HD and LD cells was considerably increased throughout most of the
chronological lifespan in calorically restricted WT yeast but not in tor/4 mutant yeast or WT yeast
exposed to LCA. A significant rise in CER concentration within HD and LD cells throughout the
entire chronological lifespan was observed in WT yeast limited in calorie supply but not in tor/4
mutant yeast or WT yeast treated with LCA. Finally, the concentrations of most ER- and
mitochondria-synthesized lipids (other than SPH and DAG) within HD and LD cells were
substantially increased on most days of the chronological lifespan in WT yeast placed on the CR
diet but not in yeast carrying the tor/4 mutation or WT yeast exposed to LCA.

It needs to be emphasized that my recently published study showed that a global cellular
pattern of water-soluble metabolites created by CR in WT cells is different than the ones made by
the tor 14 mutation or LCA treatment of WT cells (see chapter 7) [389]. With the findings reported
here, a likely consensus is that CR, for/4 and LCA (and, perhaps, other geroprotectors) establish
different patterns of water-insoluble lipidomes and water-soluble metabolomes in budding yeast
cells that age chronologically. For example, the geroprotector PE21 weakens TAG synthesis from
PA in the ER; this decreases TAG concentration, lowers the concentration of FFA formed via
lipolytic hydrolysis of TAG and further increases the intracellular concentration of PA (Figure
3.3). Furthermore, PE21 stimulates the incorporation of PA into the phospholipids synthesized in
the ER and mitochondria; this raises the concentrations of PS, PE, PC and PI (Figure 3.3).
Moreover, PE21 attenuates the ER-to-mitochondria transport of PA; this causes a decline in the
concentration of CL synthesized from PA in a series of reactions confined to the IMM (Figure

3.3).
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Chapter 6: Developing a method for the quantitative analysis of budding yeast’s water-

soluble metabolome using LC-MS/MS.

6.1 Introduction.

As I mentioned in Chapter 4 of my Thesis, the new SOP implemented at the CBAMS
instructs that the mass spectrometric analysis of the molecules extracted from biological samples
must be preceded by and coupled with a separation of these molecules by liquid chromatography.
My research interests include the mechanisms through which the intracellular and extracellular
water-soluble metabolites contribute to longevity regulation in chronologically aging budding
yeast. A robust, versatile and sensitive LC-MS/MS method for identifying and quantitating water-
soluble metabolites is required to dissect such mechanisms. Significant advances have recently
been made in employing the LC-MS/MS methods of non-targeted metabolomics to analyze the
water-soluble metabolomes of cells and tissues quantitatively. Yet, the presently used LC-MS/MS
metabolomics methods have several limitations; I will discuss these limitations in the next section
of this chapter. Using some of the currently employed LC-MS/MS metabolomics procedures as
prototypes, I developed a novel method for the quantitative analysis of budding yeast’s water-
soluble metabolome using LC-MS/MS. Sections 2.3, 2.4, 2.10, 2.12-2.14 provide the technical
details of the novel LC-MS/MS metabolomics method. This chapter of my Thesis focuses on
several important advantages offered by the LC-MS/MS metabolomics method I developed.

6.2 An overview of the use of LC-MS/MS for the identification and quantitation of water-
soluble metabolites.

The water-soluble metabolome of a cell includes the low-molecular-weight (under 1500
Daltons) intracellular and extracellular intermediates and products of the catabolic and anabolic
pathways of cellular metabolism [390-392]. As discussed in section 1.8 of my Thesis, some water-
soluble metabolites are essential contributors to cellular aging [8, 32, 33, 39, 95, 108, 188, 231-
238]. Other water-soluble metabolites play essential roles in energy production, macromolecular
synthesis, cell proliferation, cell cycle regulation, gene expression control, signal transduction,
mitochondrial functionality maintenance, vesicular protein transport, autophagic degradation of
macromolecules and organelles, resistance to various cellular and extracellular stresses, and cell

death [393-395]. Studies in budding yeast have contributed to the discovery of some of these
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cellular functions of water-soluble metabolites [16, 19, 34, 236, 291, 393, 395-402].

Despite recent progress in using the LC-MS/MS methodology for assessing the water-
soluble metabolomes in yeast and other organisms [395, 398, 402, 403], there are methodological
challenges that need to be addressed [390, 394, 404-411]. The first challenge is that the sensitivity
of the currently used LC-MS/MS metabolomics methods is insufficient to detect the cellular
concentrations of many water-soluble metabolites. The second challenge is that the existing LC-
MS/MS metabolomics methods under-estimate the cellular concentrations of water-soluble
metabolites because the efficacy of metabolic activity quenching is insufficiently high, and the
magnitude of quenching-related cell leakage of intracellular metabolites is insufficiently low. The
third challenge is that the ability of presently used LC-MS/MS metabolomics methods to annotate
some metabolites correctly is limited; this is because the current methods are unable to distinguish
from each other the structural isomers (whose chemical formulas are identical but atomic
connectivities are different) or stereoisomers (whose chemical formulas and atomic connectivities
are the same but three-dimensional atomic arrangements differ). The fourth challenge is that the
present LC-MS/MS metabolomics methods cannot use the raw LC-MS/MS data to recognize and
measure some metabolites because of the incompleteness of the mass spectral online databases of
parent ions (MS1) and product ions (MS2) created by these methods. The fifth challenge is that
the presently used LC-MS/MS metabolomics methods must employ several types of metabolite
extraction to retrieve different classes of water-soluble metabolites. The sixth challenge is that the
efficient separation of the complex, multi-class mixtures of water-soluble metabolites by the
current LC-MS/MS metabolomics methods requires the use of several types of chromatography
columns.

Chapter 6 of my Thesis describes a novel LC-MS/MS method of water-soluble

metabolome analysis that I developed to address all these challenges.

6.3 Optimizing the conditions of metabolic activity quenching and reducing the magnitude
of quenching-related cell leakage of intracellular metabolites.

As I mentioned before, the improvement of the process of water-soluble metabolites
measurement within a yeast cell requires an increase in the efficiency of metabolic activity
quenching and a decrease in the magnitude of quenching-related cell leakage of intracellular

metabolites. The objective of metabolic activity quenching for water-soluble metabolites
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measurement is to arrest all enzymatic reactions within a cell as quickly as possible [391, 407, 412,
413]. A quick process of metabolic activity quenching prevents the under-estimation of metabolite
concentrations in vivo [391, 407, 412, 413]. Because the plasma membrane (PM) and the cell wall
(CW, if present) are damaged during metabolic activity quenching, the intracellular metabolites
escape the cell and become undetectable [391, 407, 412, 413]. The method of LC-MS/MS
metabolomics that I developed substantially lowers the quenching-associated cell leakage of
intracellular metabolites because it uses the conditions of metabolic activity quenching that
decrease the extent of PM and CW damage. To optimize conditions for metabolic activity
quenching, I performed the following modifications. The existing metabolic activity quenching
procedures employ mainly methanol at an organic solvent at the concentrations of 40% (v/v), 60%
(v/v), 80% (v/v), or 100% (v/v) [391,407,412,413]. In the currently used procedures for metabolic
activity quenching, the cells are incubated at -20 °C, -40 °C or -60 °C in the presence of a buffer
or without it [391, 407, 412, 413]. I modified the procedures for metabolic activity quenching by
treating the cells with 60% (v/v) methanol at -20 °C in isotonic ammonium bicarbonate (ABC)
buffer at pH = 8.0. I assessed how efficiently this modified procedure damages the PM and CW
compared with one of the widely used procedures, in which cells are treated with 80% (v/v)
methanol at -40 °C without a buffer [413]. I subjected the cells to staining with the fluorescent dye
propidium iodide (PID) and used fluorescence microscopy to compare the efficiencies of the
modified and the currently used procedures. The intact yeast cells are impermeable to PI, whereas
this fluorescent dye can get into the cells whose PM and CW are damaged [414]. After PI gets into
the yeast cell through the damaged PM, its binding to DNA or RNA can increase PI’s intensity of
fluorescence emission by 30-fold [414]. Because the intracellular metabolites can exit the yeast
cell only when the PM and CW are damaged, the extent of the metabolic activity quenching-
associated cell leakage for intracellular metabolites can be assessed using a PI staining assay [414].
It should be stressed that the software that I used to quantitate the PI staining assay converts the
most intense red fluorescence to green fluorescence to distinguish between the strong red
fluorescence and mild red fluorescence emissions. When I compared the efficiencies of the
modified and the currently used metabolic activity quenching procedures with respect to the degree
of PM and CW damage, I concluded that the modified procedure damages the PM and CW to a
significantly lower extent than the currently used one (Figure 6.1). My conclusion was based on

the fact that almost all cells subjected to the modified procedure of metabolic activity quenching
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showed red fluorescence emission (Figure 6.1). Only yeast cells whose PM and CW have not
damaged display red fluorescence emission in a PID staining-based cell leakage assay quantitated
using the software I mentioned; this software converts the background green fluorescence to red
fluorescence [414]. Yet, when I employed the currently used metabolic activity quenching
procedure, I found that almost all cells show green fluorescence emission (Figure 6.1). Only yeast
cells whose PM and CW have significantly damaged display green fluorescence emission in a PI

staining-based cell leakage assay quantitated with the help of the software I mentioned [414].

Control Modified procedure Control Currently used
of cell quenchimg: procedure of cell
60% (v/v) methanol quenching: 80%
at -20 °C with an (v/v) methanol at -
isotonic buftered 40 °C without a
solution of ABC at buffer

Figure 6.1: Yeast cells subjected to modified or currently used procedure for metabolic
activity quenching were incubated with the PID solution for 10 min in the dark on ice. The
cells were then visualized using differential interference contrast (DIC; top row) or
fluorescence (bottom row) microscopies. Software used to quantitate the PID staining assay
converts the most intense red fluorescence to green fluorescence to distinguish between the strong

red fluorescence and mild red fluorescence emissions.

I then compared the efficiencies of the modified and the currently used metabolic activity
quenching procedures with respect to the magnitude of quenching-related cell leakage of
intracellular metabolites. To assess the magnitude of quenching-related cell leakage of intracellular

metabolites, I used LC-MS/MS to measure the concentrations of large and small acidic, basic,
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neutral-nonpolar, and neutral polar amino acids in the extracellular solution before and after
metabolic activity quenching. I found that the modified metabolic activity quenching procedure
elicits quite a significantly lower leakage of all these amino acids into the extracellular solution

(Figure 6.2) than the currently used one (Figure 6.3).
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Figure 6.2: The leakage percentage of different classes of amino acids for the modified
procedure of metabolic activity quenching. To assess the extent of quenching-related cell
leakage of intracellular metabolites, LC-MS/MS was used to measure the concentrations of large
and small acidic, basic, neutral-nonpolar, and neutral polar amino acids in the extracellular solution
before and after metabolic activity quenching. The mean values + SD and individual data points

are displayed (n = 3). * p <0.05.
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Figure 6.3: The leakage percentage of different classes of amino acids for the currently used
procedure of metabolic activity quenching. To assess the extent of quenching-related cell
leakage of intracellular metabolites, LC-MS/MS was used to measure the concentrations of large
and small acidic, basic, neutral-nonpolar, and neutral polar amino acids in the extracellular solution
before and after metabolic activity quenching. The mean values + SD and individual data points

are displayed (n = 3). * p <0.05.

6.4 The novel LC-MS/MS metabolomics method uses a single type of high-performance
liquid chromatography (HPLC) column for chromatographic separation of all water-soluble
metabolites.

The method I developed uses a single type of HPLC column, namely the zwitterionic-phase
column SeQuant ZIC-pHILIC, to separate all water-soluble metabolite classes. The zwitterionic-
phase column SeQuant ZIC-pHILIC is used because I found that it much more efficiently separates
various classes of water-soluble metabolites than the reverse-phase column ZORBAX Bonus-RP.
In fact, the zwitterionic-phase column SeQuant ZIC-pHILIC exhibited much lower retention time
(RT) shift values for standards of all water-soluble metabolites (such as NAD+, AMP, GMP,
arginine and glutamic acid) than the reverse-phase column ZORBAX Bonus-RP (Table 6.1).
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Moreover, the use of the zwitterionic-phase column SeQuant ZIC-pHILIC resulted in significantly
sharper peak shapes for all water-soluble metabolites (such as NAD+, AMP, GMP, arginine and
glutamic acid) than the use of the reverse-phase column ZORBAX Bonus-RP (Table 6.1).

Table 6.1: Retention Time (RTT) shift values for water-soluble (hydrophilic) and water-
insoluble (hydrophobic) metabolites for the zwitterionic-phase column SeQuant ZIC-
pHILIC and reverse-phase column ZORBAX Bonus-RP. The metabolites in each sample were
extracted from 5.0 x 108 yeast cells. The metabolites were identified by LC-MS/MS. The reported
here RT shift values are the means of 20 different samples (n = 20). The samples were analyzed
after column equilibration. The p values derived from the unpaired ¢ test were used to compare the

two columns with the equal variance between both sample types.

Zwitterionic-phase column Reverse phase column
SeQuant ZIC-pHILIC ZORBAX Bonus-RP
Metabolites Mean RT Mean RT p values
shift Std Std error shift Std Std error
(seconds) (seconds)
NAD+ 7.8 4.5 1 19.2 10.8 2.4 9.80E-05
AMP 6.8 3.5 0.8 21.5 10.3 2.3 5.30E-07
GMP 8.4 4.3 1 16.5 10.2 2.3 2.40E-03
Tryptophan 9.7 4.3 1 9.2 4.7 1 7.50E-01
Arginine 7.8 34 0.8 16.3 11.5 2.6 2.90E-03
Glutamate 6.9 4.2 0.9 21 9.9 2.2 9.10E-07
Steric acid 14.6 8.4 1.9 7.7 4.7 1.1 2.70E-03
e 13.8 74 1.6 6.1 3.7 08  1.60E-04
?C?ga“m 12.9 7.6 1.7 9.1 4.1 09  5.80E-02

6.5 A chromatographic procedure used in the novel LC-MS/MS metabolomics method can
separate from each other structurally, physically and chemically diverse water-soluble
metabolites.

Another advantage of the novel LC-MS/MS metabolomics method is that it uses the

chromatographic column and conditions that separate from each other the water-soluble
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metabolites exhibiting a wide range of structural, physical and chemical properties. A diverse
spectrum of the water-soluble metabolites that can be separated with the help of the developed
method includes acidic, basic, neutral polar and non-neutral polar amino acids and their various
structural isomers (Figure 6.4). Furthermore, the novel method allows separate different
nucleotides and nucleotide derivates involved in vital biological processes (Figure 6.5). Moreover,

the developed method can efficiently separate many classes of monosaccharides and different

stereoisomeric forms of these monosaccharides (Figure 6.6).
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Figure 6.4: The zwitterionic-phase column SeQuant ZIC-pHILIC used in the novel LC-
MS/MS metabolomics method efficiently separates from each other acidic, basic, neutral
polar and non-neutral polar amino acids and such structural isomers of amino acids as
leucine and isoleucine. All amino acid standards are from “Sigma.” MS/MS detected all amino
acids in the ESI (+) mode. The retention time shifts between 3 independent chromatography runs

were less than +/- 10 seconds.
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Figure 6.5: The zwitterionic-phase column SeQuant ZIC-pHILIC used in the novel LC-
MS/MS metabolomics method efficiently separates from each other different nucleotides and
nucleotide derivates involved in vital biological processes. All nucleotide and nucleotide
derivate standards are from “Sigma.” MS/MS detected all nucleotides and nucleotide derivates in
the ESI (+) mode. The retention time shifts between 3 independent chromatography runs were less

than +/- 10 seconds.
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Figure 6.6: The zwitterionic-phase column SeQuant ZIC-pHILIC used in the novel LC-

MS/MS metabolomics method efficiently separates from each other many classes of
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monosaccharides and different structural isomers and stereoisomeric forms of these
monosaccharides. Fructose, mannose and galactose are structural isomers and stereoisomeric
forms of aldo- and ketohexoses. Ribose and arabinose are aldopentoses. All monosaccharide
standards are from “Sigma.” MS/MS detected all monosaccharides in the ESI (+) mode. The

retention time shifts between 3 independent chromatography runs were less than +/- 10 seconds.

6.5 The novel LC-MS/MS metabolomics method is robust and versatile.

The robustness of the novel method is underscored by the fact that I was able to use it for
the identification and quantitation of as many as 374 water-soluble metabolites of budding yeast
cultured in the nutrient-rich YP medium with 2% glucose as a sole carbon source. The method is
versatile as these metabolites exhibit diverse structural, physical, chemical and biological
properties. The ESI (+, positive) mode was used to detect 240 of these metabolites, whereas 134
water-soluble metabolites were detected in the ESI (-, negative) mode. To confirm the identities
of all these water-soluble metabolites, I matched their data-dependent acquisition (DDA) MS2
fragments attained in the ESI (+) and (ESI (-) modes to the MS2 mzCloud online spectral library.
The MS2 mzCloud library provides the spectra of metabolite standards with different MS1 and
DDA MS?2 criteria. In the search for matching between the sample’s MS2 spectra and the MS2
spectra provided by the mzCloud library, I used different DDA MS2 criteria. To acquire different
features (putative metabolites) present in the same sample, I applied the high-energy-induced-
collision-dissociation (HCD) or collision-induced dissociation (CID) fragmentation method,
which uses the top 5 MS2 events, 35 collision energy values and 10 ms activation times. This
feature acquisition algorithm has led to the identification of almost 6,000 putative metabolites
within the same sample. I then filtered the resulting files using > 95% MS2 matching and > 90%
MSI isotopic pattern matching criteria. The file filtering had resulted in the identification of 162
metabolites when the HCD fragmented method was used and 142 metabolites when the CID
fragmented method was applied. I found that 81 out of 162 metabolites are unique to the HCD
fragmentation method. I also found that 42 out of 142 are unique to the CID fragmentation method.
Based on all these findings, I concluded that the use of many different DDA MS2 criteria is
essential for the correct annotation of water-soluble metabolites with the help of the novel LC-

MS/MS method.
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6.6 The novel LC-MS/MS metabolomics method is sensitive and has a wide linear dynamic
range.

The novel LC-MS/MS metabolomics method exhibits high sensitivity. I found that its
lowest detectable concentration is 0.05 pmol/ul (Table 6.2; see data for phenylalanine), although
this value varies significantly for different water-soluble metabolites. The method uses the Thermo
Orbitrap Velos MS system. I found that the linear dynamic range of this MS system for measuring

the concentrations of various metabolites is at least two orders of magnitude (Figures 6.7 — 6.9).

Table 6.2: The lowest concentrations of different water-soluble metabolites detectable with
the help of the novel LC-MS/MS metabolomics method. Commercial standards of different
water-soluble metabolites were analyzed. The estimate of the lowest detectable concentration for
each metabolite standard is based on the calculation of the MS1 peak area for this metabolite
standard. Mean values of two independent experiments, each performed in three technical
replicates, are displayed. Notes: 1) although threonine* is detectable, it cannot be quantified
because its chemical isomer homoserine co-elutes with threonine; 2) because glucose** creates
multiple chromatography peaks, it cannot be identified; and 3) these metabolite standards*** are

identifiable and quantifiable only as individual samples, but not in the mixtures with commercial

metabolite standards or metabolites extracted from the biological samples.

Lowest

concentration
Std M.W. Detection detected
Metabolites | (g/mole) [M+H]+1 [M-H]-1 mode (pmol/pl)
Glycine 75.03203 76.03931 74.02475 Positive 7.43E+00
Tryptophan 204.08988 205.09716 203.0826 Positive 5.56E-02
Phenylalanine | 165.07898 166.08626 164.0717 Positive 5.14E-02
Arginine 174.11168 175.11896 173.1044 Positive 7.14E-02
Threonine* 119.05824 120.06552 118.05096 Positive
Serine 105.04259 106.04987 104.03531 Positive 4.66E+00
Glutamate 147.05316 148.06044 146.04588 Positive 4.20E-01
Methionine 149.05105 150.05833 148.04377 Positive 1.96E+00
Aspartate 133.03751 134.04479 132.03023 Positive 3.75E+00
Valine 117.07898 118.08626 116.0717 Positive 1.49E+00
Isoleucine 131.09463 132.10191 130.08735 Positive 1.84E+00
Leucine 131.09463 132.10191 130.08735 Positive 2.26E+00
Histidine 155.06948 156.07676 154.0622 Positive 2.53E+00
Tyrosine 181.07389 182.08117 180.06661 Positive 8.72E-02
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Lysine 146.10553 147.11281 145.09825 Positive 1.43E-01

Alanine 89.04768 90.05496 88.0404 Positive 1.12E+00
Proline 115.06333 116.07061 114.05605 Positive 1.05E+00
Cysteine 121.01975 122.02703 120.01247 Positive 8.22E-01

Asparagine 132.05349 133.06077 131.04621 Positive 1.08E+00
Glutamine 146.06914 147.07642 145.06186 Positive 1.92E+00
Guanine 151.04941 152.05669 150.04213 Positive 5.47E+00
Guanosine 283.09167 284.09895 282.08439 Positive 3.67E-01

GMP 363.058 364.06528 362.05072 Positive 7.17E-01

GDP 443.02434 444.03162 442.01706 Positive 2.57E+00
GTP 522.99067 523.99795 521.98339 Positive 2.27E+00
AMP 347.06309 348.07037 346.05581 Positive 5.25E-01

ADP 427.02942 428.0367 426.02214 Positive 1.32E+00
ATP 506.99575 508.00303 505.98847 Positive 1.77E+00
NADH 665.12478 666.13206 664.1175 Positive 1.47E+00
NAD+ 663.10912 664.1164 662.10184 Positive 3.03E+00
Glucose** 180.06339 181.07067 179.05611

Fructose*** | 180.06339 181.07067 179.05611 Negative 5.67E-01

Mannose*** | 180.06339 181.07067 179.05611 Negative 1.05E+00
Galactose*** | 180.06339 181.07067 179.05611 Negative 9.00E-01

Ribose™*** 150.05283 151.06011 149.04555 Negative 1.10E+00
Arabinose*** | 150.05283 151.06011 149.04555 Negative 1.23E+00
Fructose-6- Negative

phosphate*** | 260.02972 261.037 259.02244 6.60E+00
Glucose-6- Negative

phosphate*** | 260.02972 261.037 259.02244 4.27E+00
Citric acid 192.12 g 193.034279 | 191.019726 | Negative 9.33E-01

Malic acid 134.09 135.0288 133.014247 | Negative 1.23E+00
Pyruvic acid | 88.06 89.02332 87.008768 Negative 2.77E+00
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Figure 6.7: A linear dynamic range observed when the concentrations of arginine, aspartate,
glutamate or glycine were measured using the Thermo Orbitrap Velos MS system.
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Figure 6.8: A linear dynamic range observed when the concentrations of histidine, leucine,

isoleucine or lysine were measured using the Thermo Orbitrap Velos MS system.
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Figure 6.9: A linear dynamic range observed when the concentrations of methionine, serine,

phenylalanine, tryptophan, tyrosine or valine were measured using the Thermo Orbitrap

Velos MS system.

6.7 A summary of the advantages offered by the novel LC-MS/MS metabolomics method
and its comparison with presently used methods.

This Chapter of my Thesis describes a novel LC-MS/MS method of non-targeted
metabolomics for the quantitative analysis of many water-soluble metabolites extracted from
budding yeast. The described method offers several advantages over the presently used LC-
MS/MS methods of non-targeted metabolomics. The first advantage is that the novel method is
highly sensitive (the lowest detectable metabolite concentration is 0.05 pmol/ul) and has at least
two orders of magnitude linear dynamic range for water-soluble metabolites. The sensitivity of
this method exceeds the ones of the presently used methods for non-targeted metabolomics [395,

402-404]. The second advantage is that a metabolic activity quenching procedure designed for the
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novel LC-MS/MS metabolomics method causes a substantially lower quenching-related cell
leakage of intracellular metabolites than the cell quenching procedures used in the existing LC-
MS/MS methods of non-targeted metabolomics [391, 407, 413]. Because the newly designed
metabolic activity quenching procedure lowers the quenching-related cell leakage of intracellular
metabolites, it decreases the extent to which the current cell quenching procedures under-estimate
the intracellular concentrations of water-soluble metabolites. The third advantage is that the novel
LC-MS/MS metabolomics method distinguishes between different structural isomers and
stereoisomeric forms of many metabolites. In contrast, the currently used LC-MS/MS
metabolomics methods do not allow to make such distinction [391, 394, 407]. Many of these
structural isomers and stereoisomers are energy carrier molecules, nucleotides, amino acids,
monosaccharides, intermediates of glycolysis and tricarboxylic cycle intermediates that perform
vital cellular functions. The fourth advantage is that the novel method allowed me to create an
extensive mass spectral database of MS1 and MS2 for many water-soluble metabolites not covered
in the existing mass spectral online databases [390, 415, 416]. The creation of the extensive mass
spectral database of MS1 and MS2 for many new water-soluble metabolites allows their correct
identification and quantitation in the future using the raw LC-MS/MS data. The fifth advantage of
the novel LC-MS/MS metabolomics method is that it employs a single type of metabolite
extraction to retrieve water-soluble metabolites with various structural, physical, chemical and
biological properties. The extent of the retrievable metabolites’ variety for the metabolite
extraction procedure developed here is significantly higher than that for the single-step procedures
presently used to extract water-soluble metabolites from budding yeast [395, 402, 403, 417]. The
sixth advantage is that the novel LC-MS/MS metabolomics method employs a single type of LC
column to separate the water-soluble metabolites exhibiting a wide range of structural and
functional properties. The current LC-MS/MS metabolomics methods use more than one type of
LC column [395, 402, 418, 419]. One more advantage is that the novel LC-MS/MS metabolomics
method allows to identify and quantitate more than 370 water-soluble metabolites extracted from
budding yeast, a number of metabolites that exceeds the numbers reported for other LC-MS/MS
methods for the quantitative analysis of budding yeast’s water-soluble metabolome [395, 402, 403,
420, 421].
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6.8 The limitations of the novel LC-MS/MS metabolomics method.

One limitation of the method is that the zwitterionic-phase column SeQuant ZIC-pHILIC
used to separate water-soluble metabolites needs extensive re-conditioning after each
chromatography run. Another limitation of the method is that it is applicable for the quantitative
analysis of only water-soluble, hydrophilic metabolites. A limitation of the method also consists
in its inability to quantify different isomeric forms of carbohydrates, including isomers of fructose,
glucose and galactose; unfortunately, these carbohydrate isomers cannot be separated from each
other using the zwitterionic-phase column SeQuant ZIC-pHILIC when they are present in a
mixture with other metabolites. The method’s limitation also includes its inability to identify
glucose, which creates multiple peaks during chromatography on the zwitterionic-phase column
SeQuant ZIC-pHILIC. The method can also not quantify threonine, which co-elutes with its isomer
homoserine during chromatography separation on the zwitterionic-phase column SeQuant ZIC-

pHILIC.
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Chapter 7: Caloric restriction creates a metabolic pattern of chronological aging delay that
in budding yeast differs from the metabolic design established by two other geroprotectors,

the for14 mutation and lithocholic acid.

7.1 Introduction.

A body of evidence indicates that metabolism is an essential contributor to the aging and
longevity of eukaryotic organisms across phyla. Indeed, healthy aging of the evolutionarily distant
eukaryotes coincides with age-related changes in the concentrations of specific metabolites within
cells, tissues, organs and biological fluids [134, 422-435]. These changes are considered metabolic
biomarkers characteristic of an aging-associated deterioration in cellular functionality, tissue and
organs homeostasis, and organismal health [ 134, 422-435]. Furthermore, such dietary interventions
as caloric restriction (CR), reduced protein intake, a limited supply of single amino acid and,
alternating cycles of feeding and fasting are robust geroprotectors that specifically rewire cellular
and organismal metabolism in various eukaryotic organisms [285, 436-453]. Moreover, allelic
variants of the genes implicated in diverse metabolic pathways delay aging and extend longevity in
eukaryotic organisms across species [423, 425, 426, 428, 429, 431, 434, 454-462]. Besides,
pharmacological interventions that target distinct aspects of metabolism are potent geroprotectors
in diverse eukaryotes; these interventions include metformin, rapamycin, resveratrol, spermidine
and others [455, 463-477]. Additionally, it has been emphasized that each of the nine common
denominators (hallmarks) of aging is linked to a specific remodeling of metabolism [399, 478].
These aging hallmarks include the damage and repair of nuclear DNA, shortening of telomeres,
epigenetic regulation changes, proteotoxic stress, deregulation of nutrient sensing, deterioration of
mitochondrial functionality, cellular senescence, the decline in stem cell number and functionality,
and changes in intercellular communications [399]. Based on all these observations, the existence
of a metabolic “clock,” “signature,” “footprint” or “profile” of aging delay has been proposed [399,
422, 424-426, 428, 440].

It remained unclear if different dietary, genetic and pharmacological anti-aging
interventions set up a similar metabolic pattern of aging delay or each of them generates a distinct
metabolic profile. In this study, [ used non-targeted metabolomics of chronologically aging budding
yeast to clarify this issue. I show that three different geroprotectors create distinct metabolic

profiles. I identified a unique metabolic pattern established by one of these geroprotectors.
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7.2 CR, the tor14 mutation and lithocholic acid (LCA) extend the longevity of chronologically
aging yeast.

The Titorenko laboratory investigated how efficiently CR, the for/4 mutation and LCA
prolong the longevity of chronologically aging wild-type (WT) strain BY4742. WT cells were
cultured in the nutrient-rich YP (1% yeast extract and 2% peptone) medium supplemented with
glucose as a sole carbon source. The previous studies of the Titorenko laboratory showed that a
yeast culture in this nutrient-rich medium provides a beneficial model system for elucidating the
chronological aging of multicellular eukaryotes [59].

As I mentioned in Chapter 5, a WT strain cultured in the YP medium that initially contained
2% (w/v) glucose served as a control non-CR culture for examining the CR-dependent longevity
extension in chronologically aging yeast [59]. A WT strain culture in the same YP medium, but
initially containing 0.2% (w/v) glucose, was used as a model system for studying longevity
extension by a CR diet [59].

As I also indicated in Chapter 5, the pro-longevity effect of the tor/4 mutation in the
BY4742 genetic background was assessed in the mutant yeast cells cultured in the YP medium
supplemented with 2% (w/v) glucose. Under these conditions of culturing (but not if the tori4
mutant strain was cultured in the YP medium supplemented with 0.2% (w/v) glucose), the foriA
mutation exhibited the highest longevity-extending efficiency [139].

As I noted in Chapter 5, LCA’s greatest beneficial effect on the longevity of
chronologically aging WT strain was observed if LCA was used at a final concentration of 50 pM
and yeast cells were cultured under CR on 0.2% (w/v) glucose [139]. Under CR conditions on
0.2% (w/v) glucose, a WT strain culture without LCA served as a control for elucidating the
LCA-dependent longevity extension. A viability curve of a WT strain cultured with 50 uM LCA
under non-CR on 2% (w/v) glucose is provided elsewhere [139].

The Titorenko laboratory found that CR (a dietary geroprotective intervention), the foriA
mutation (a genetic geroprotective intervention) and LCA (a pharmacological geroprotective
intervention) significantly increase the mean and maximum chronological lifespans (CLS) of WT

yeast cultured under the above conditions (Figure 5.1).
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7.3 CR, the tori4 mutation and LCA create different metabolic patterns throughout the
entire chronological lifespan.

I used a recently developed (see Chapter 6) liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS) method of non-targeted metabolomics [479] to identify and
quantitate the intracellular water-soluble metabolites extracted from chronologically aging yeast.
Cell aliquots for the metabolomic analysis by LC-MS/MS were collected on days 1, 2, 3, 5, 7, 10,
14, 17 and 21 of culturing (Figure 5.1). A total of 193 metabolites were identified and quantitated
in each of the four cultures assessed. These metabolites included AMP, ADP, ATP, FAD*, FMN,
FADH>, NAD", NADH, NADP*, NADPH, other nucleotides, amino acids, monosaccharides,
intermediates of glycolysis and tricarboxylic cycle intermediates [479].

I found that CR causes extensive remodeling of the water-soluble metabolome within WT
cells (Figure 7.2). The CR-dependent remodeling of the water-soluble metabolome was observed
throughout the entire chronological lifespan (Figure 7.2). From 14% to 43% of the identified
metabolites were downregulated in WT cells recovered on different days of culturing under CR
conditions (Figure 7.2). Culturing under CR conditions caused the upregulation of many (from 9%
to 46%) of metabolites at various stages of the aging process (Figure 7.2).

Akin to CR, the tor 14 mutation significantly altered the water-soluble metabolome of yeast
(Figure 7.3). These forlA-driven changes in the spectrum of intracellular water-soluble metabolites
were seen on all stages of the chronological aging process in yeast cultured under non-CR
conditions (Figure 7.3). The fori4 mutation elicited a downregulation of 5% to 25% of all
intracellular water-soluble metabolites throughout the entire chronological lifespan (Figure 7.3).
From 17% to 33% of the water-soluble metabolite pool was upregulated by the for/4 mutation on
different days of chronological aging under non-CR conditions (Figure 7.3).

The intracellular water-soluble metabolome was also considerably changed by LCA (Figure
7.4). I detected the LCA-driven changes in the water-soluble metabolome on all days following
LCA addition to WT cells under CR conditions (Figure 7.4). LCA exposure caused downregulation
of 5% to 71% of all intracellular metabolites on various days after LCA addition to calorically
restricted WT cells (Figure 7.4). Some metabolites (from 3% to 29%) were upregulated on different
days following LCA addition to these cells (Figure 7.4).

I normalized the data for the relative concentrations of all 193 water-soluble metabolites

identified in age-matched cells cultured under CR conditions, carrying the for/4 mutation or treated
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with LCA. I used these normalized data to compare the metabolic patterns created by the three

different geroprotective interventions at various stages of the chronological aging process.

Multivariate analysis of the resulting data set using principal component analysis (PCA)

demonstrated that the metabolic profiles of the three geroprotectors are very distinct (Figure 7.5). 1

noticed that these three geroprotector-specific metabolic profiles significantly differ from each

other in yeast cells recovered on any day of culturing (Figure 7.5). Indeed, the metabolic patterns

specific for CR, fori4 and LCA were well separated from each other along the PC1 and/or PC2

axes of the PCA plots for various stages of the chronological aging process (Figure 7.5).

In sum, the above findings indicate that CR, the for/4 mutation and LCA create different

metabolic patterns that remain specific

chronological lifespan of S. cerevisiae.

for a particular geroprotector throughout the entire
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Figure 7.2: CR causes extensive remodeling of the water-soluble metabolome within WT

cells. The WT strain BY4742 was cultured in the nutrient-rich YP medium initially containing

0.2% (w/v) glucose (CR conditions) or 2% (w/v) glucose (non-CR conditions). Cell aliquots for
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metabolic activity quenching and metabolite extraction were collected on days 1, 2, 3, 5, 7, 10, 14,

17 and 21 of culturing. The use of LC-MS/MS to identify and quantitate the intracellular water-

soluble metabolites is described in Materials and Methods. Scatter plots comparing the relative

abundance of water-soluble metabolites within WT cells cultured under CR or non-CR conditions

are shown. The plots are on a logz-logz scale of mass spectrometric peak areas for different

metabolites. The percentage abundance of metabolites that were upregulated (ratio > 2; displayed

in red) or downregulated (ratio < 0.5; displayed in green) by CR is provided for each time point.
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Figure 7.3: The tori4A mutation elicits significant changes in the water-soluble metabolome

of yeast under non-CR conditions. The WT strain BY4742 and the torl4 single-gene-deletion

mutant strain in the BY4742 genetic background were cultured in the nutrient-rich YP medium

initially containing 2% (w/v) glucose (non-CR conditions). After being collected on days 1, 2, 3,
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5,7, 10, 14, 17 and 21 of culturing, cell aliquots were subjected to metabolic activity quenching
and metabolite extraction (as described in Materials and Methods). According to the procedure
outlined in Materials and Methods, LC-MS/MS was then used to identify and quantitate the
intracellular water-soluble metabolites. The data on the relative abundance of water-soluble
metabolites within WT and for/4 cells under non-CR conditions were plotted on a logz-logz scale
of mass spectrometric peak areas for different metabolites. Each plot provides the percentage
abundance of metabolites that were upregulated (ratio > 2; displayed in red) or downregulated

(ratio < 0.5; shown in green) by the tor/4 mutation under non-CR conditions of cell culturing.
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Figure 7.4: LCA added to calorically restricted WT cells considerably alters their
intracellular water-soluble metabolome. The WT strain BY4742 was cultured in the nutrient-
rich YP medium initially containing 0.2% (w/v) glucose (CR conditions), with 50 uM LCA or
without this bile acid. Cell aliquots were collected on days 1, 2, 3, 5, 7, 10, 14, 17 and 21 of

culturing. The collected cells were subjected to metabolic activity quenching and metabolite
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extraction, followed by metabolite identification and quantitation by LC-MS/MS. All these

procedures are described in Materials and Methods. Scatter plots for the relative abundance of

water-soluble metabolites within WT cells cultured under CR conditions with or without LCA are

presented. These plots are on a logz-log> scale of mass spectrometric peak areas for different

metabolites. The percentage abundance of metabolites that were upregulated (ratio > 2; displayed

in red) or downregulated (ratio < 0.5; shown in green) by LCA is provided for each time point.
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Figure 7.5: CR, tori4 and LCA generate different metabolic profiles of 193 water-soluble

metabolites throughout the entire chronological lifespan of budding yeast. The WT strain

BY4742 was cultured in the nutrient-rich YP medium initially containing 2% (w/v) glucose (non-

CR conditions), 0.2% (w/v) glucose (CR conditions) or 0.2% (w/v) glucose and 50 uM LCA (CR

+ LCA conditions). The fori/4 mutant strain in the BY4742 genetic background was cultured in
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nutrient-rich YP medium initially containing 2% (w/v) glucose (non-CR conditions). Cell aliquots
for metabolic activity quenching and metabolite extraction were collected on days 1, 2, 3, 5, 7, 10,
14, 17 and 21 of culturing. The use of LC-MS/MS to identify and quantitate the intracellular water-
soluble metabolites is described in Materials and Methods. A WT strain culture that initially
contained 2% (w/v) glucose served as a control non-CR culture for defining the metabolic patterns
created by the CR and toriA geroprotectors. A WT strain culture that initially contained 0.2%
(w/v) glucose without LCA served as a control CR culture for defining the metabolic pattern
created by the LCA geroprotector. Normalized data for 193 water-soluble metabolites identified
in age-matched cells were used to create the PCA plots for comparing the metabolic patterns
created by the three different geroprotectors. Data of 2 independent experiments, each being

performed twice, are presented.

7.4 CR creates a unique pattern of the metabolic pathway for sulfur amino acid biosynthesis.

I noticed that CR, but not the tori/4 mutation or LCA, significantly lowers S-
adenosylmethionine (Sam) concentration in yeast cells recovered on any day of culturing (Figures
7.6A-7.6C and Figure 7.7). Indeed, the intracellular concentration of Sam was decreased in yeast
cultured under CR conditions throughout the entire chronological lifespan (Figure 7.6A and Figure
7.7). In contrast, Sam concentrations in yeast cells carrying the fori4 mutation or treated with
LCA fluctuated at various stages of the chronological aging process in a seemingly random manner
(Figures 7.6B and 7.6C).

I also found that beginning of day 2 of culturing, CR causes a significant decline in
methionine (Met) concentration within yeast cells at various chronological aging phases (Figure
7.6A and Figure 7.8). On the contrary, the tor/4 mutation and LCA elicited alterations in the
intracellular concentrations of Met that randomly fluctuated on different days of cell culturing
(Figures 7.6B and 7.6C).

Both Sam and Met are the two products of the metabolic pathway for sulfur amino acid
biosynthesis from aspartate (Asp), sulfate and 5-methyltetrahydrofolate (5-Mtf) (Figure 7.6D)
[480]. This pathway also leads to the biosynthesis of cysteine (Cys) (Figure 7.6D) [480]. I found
that CR significantly increases the concentration of Asp throughout the entire chronological
lifespan of S. cerevisiae (Figure 7.6A and Figure 7.9). CR exhibited the opposite effect on Cys
concentration during most days (other than day 21) of yeast cell culturing (Figure 7.6A and Figure
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7.10). Akin to the impacts of the tor/4 mutation and LCA on the intracellular concentrations of
Sam and Met, these two geroprotectors randomly affected Asp and Cys intracellular concentrations
throughout yeast chronological lifespan (Figures 7.6B and 7.6C).

Altogether, the above findings suggest that CR (but not the for/4 mutation or LCA)
regulates the metabolite flow along the metabolic pathway for sulfur amino acid biosynthesis in a
specific manner. This geroprotective diet suppresses the biosynthesis of Met, Sam and Cys from
Asp, sulfate and 5-Mtf throughout the chronological lifespan (Figure 7.6D).

I normalized the data on the relative concentrations of all four metabolites (i.e., Asp, Cys,
Met and Sam) within the sulfur amino acid biosynthetic pathway. This normalization was
performed for age-matched cells cultured under CR conditions, carrying the for/4 mutation or
treated with LCA. I then applied multivariate analysis by PCA to compare how the three
geroprotectors affect the metabolic pathway for sulfur amino acid biosynthesis on various days of
culturing. I found that the pathway patterns specific for CR, tori4 and LCA are well separated
from each other along the PC1 and/or PC2 axes of the PCA plots (Figure 7.11). Notably, these
geroprotector-specific patterns were seen at diverse stages of the chronological aging process
(Figure 7.11). I concluded that the three geroprotectors differently influence the sulfur amino acid

biosynthetic pathway throughout yeast’s chronological lifespan.
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Figure 7.6: CR, the fori4A mutation and LCA differently influence the concentrations of
methionine (Met), S-adenosylmethionine (Sam), aspartate (Asp), cysteine (Cys) and
adenosine phosphate nucleotides throughout the chronological lifespan. The WT and for/4
mutant strains were cultured, cell aliquots were collected and the metabolomic analysis by LC-
MS/MS was performed as described in the legend to Figure 7.5. The effects of CR (A), the tori4
mutation (B) and LCA (C) on the relative intracellular concentrations of Met, Sam, Asp, Cys,
ATP, ADP and AMP are shown. CR’s effect on the relative intracellular concentration of ATP and
the ADP:ATP and AMP:ATP ratios are presented in E. The relative concentrations of metabolites
that were significantly upregulated (displayed in red) or downregulated (shown in green) are
provided for each time point. ATP was not detected in WT cells recovered on days 17 and 21 of
culturing under CR or non-CR conditions without LCA. (D) A schematic depiction of how CR
affects the metabolic pathway for sulfur amino acid biosynthesis from Asp, sulfate and 5-
methyltetrahydrofolate (5-Mtf). (E) A graphic representation of changes in the intracellular
concentration of ATP and in the ADP:ATP and AMP:ATP ratios in chronologically aging yeast
limited in calorie supply. Next to metabolites’ names, arrows denote those whose concentrations

or ratios increase (red arrows) or decrease (green arrows) throughout most or all chronological
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lifespan of yeast cultured under CR conditions. Other abbreviations: Hom3, aspartate kinase;
Met6, a cobalamin-independent methionine synthase involved (directly or indirectly) in Met and
Sam biosynthesis; Met 7, folylpolyglutamate synthetase indirectly involved in Met, Cys and Sam
biosynthesis; Metl7, an O-acetyl homoserine-O-acetyl serine sulthydrylase indirectly involved in

Met, Cys and Sam biosynthesis; Sam1 and Sam2, S-adenosylmethionine synthetases 1 and 2.
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Figure 7.7: CR significantly decreases the intracellular concentration of S-
adenosylmethionine (Sam) in yeast cells recovered on any day of culturing. WT strain BY4742
was cultured in the nutrient-rich YP medium initially containing 2% (w/v) glucose (non-CR
conditions) or 0.2% (w/v) glucose (CR conditions). Cell aliquots were collected and the
metabolomic analysis by LC-MS/MS was performed as described in the legend to Figure 7.5. The
concentrations of Sam within WT cells cultured under CR or non-CR conditions are shown as the
normalized logz values of mass spectrometric peak areas for Sam. The p values for comparing the
means of two groups were calculated using an unpaired two-tailed ¢ test described in Materials and

Methods. *p < 0.05, **p <0.01 and ***p <0.001. Data of 2 independent experiments, each being
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performed twice, are presented.
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Figure 7.8: CR significantly decreases the intracellular concentration of methionine (Met)

during most days of yeast cell culturing. WT strain BY4742 was cultured in the nutrient-rich
YP medium initially containing 2% (w/v) glucose (non-CR conditions) or 0.2% (w/v) glucose (CR
conditions). Cell aliquots were collected and the metabolomic analysis by LC-MS/MS was
performed as described in the legend to Figure 7.5. The concentrations of Met within WT cells
cultured under CR or non-CR conditions are shown as the normalized log> values of mass
spectrometric peak areas for Met. The p values for comparing the means of two groups were
calculated using an unpaired two-tailed ¢ test described in Materials and Methods. *p < 0.05, **p
< 0.01 and ***p < 0.001. Data of 2 independent experiments, each being performed twice, are

presented.
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Figure 7.9: CR significantly increases the intracellular concentration of aspartate (Asp)
throughout the entire chronological lifespan of budding yeast. WT strain BY4742 was cultured
in the nutrient-rich YP medium initially containing 2% (w/v) glucose (non-CR conditions) or 0.2%
(w/v) glucose (CR conditions). Cell aliquots were collected and the metabolomic analysis by LC-
MS/MS was performed as described in the legend to Figure 7.5. The concentrations of Asp within
WT cells cultured under CR or non-CR conditions are shown as the normalized log> values of
mass spectrometric peak areas for Asp. The p values for comparing the means of two groups were
calculated using an unpaired two-tailed ¢ test described in Materials and Methods. *p < 0.05, **p
< 0.01 and ***p < 0.001. Data of 2 independent experiments, each being performed twice, are

presented.
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Figure 7.10: CR significantly decreases the intracellular concentration of cysteine (Cys)
during most days of yeast cell culturing. WT strain BY4742 was cultured in the nutrient-rich
YP medium initially containing 2% (w/v) glucose (non-CR conditions) or 0.2% (w/v) glucose (CR
conditions). Cell aliquots were collected and the metabolomic analysis by LC-MS/MS was
performed as described in the legend to Figure 7.5. The concentrations of Cys within WT cells
cultured under CR or non-CR conditions are shown as the normalized log> values of mass
spectrometric peak areas for Cys. The p values for comparing the means of two groups were
calculated using an unpaired two-tailed ¢ test described in Materials and Methods. *p < 0.05, **p

< 0.01. Data of 2 independent experiments, each being performed twice, are presented.
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Figure 7.11: CR, torid and LCA differently affect the metabolic pathway for sulfur amino
acid biosynthesis on various days of culturing. The WT and tor/4 mutant strains were
cultured, cell aliquots were collected and the metabolomic analysis by LC-MS/MS was
performed as described in the legend to Figure 7.5. A WT strain culture that initially contained
2% (w/v) glucose served as a control non-CR culture for defining the metabolic patterns created
by the CR and fori4 geroprotectors. A WT strain culture that initially contained 0.2% (w/v)
glucose without LCA served as a control CR culture for defining the metabolic pattern created
by the LCA geroprotector. The data on the relative concentrations of all four metabolites (i.e.,

Asp, Cys, Met and Sam) within the sulfur amino acid biosynthetic pathway were normalized in
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age-matched cells. Multivariate analysis by PCA was then used to compare how the CR, fori4
and LCA geroprotectors affect the metabolic pathway for sulfur amino acid biosynthesis on
various days of culturing. Data of 2 independent experiments, each being performed twice, are

presented.

7.5 CR significantly increases the intracellular ADP:ATP and AMP:ATP ratios.

Three enzymatic reactions of the metabolic pathway for sulfur amino acid biosynthesis
from Asp, sulfate and 5-Mtf use ATP as a co-substrate (Figure 7.6D) [480]. These reactions are
catalyzed by Hom3, Met7, Sam1 and Sam2 (Figure 7.6D) [480]. Therefore, I expected that the
CR-driven remodeling of this metabolic pathway could contribute to a change of ATP, ADP and
AMP concentrations within chronologically aging yeast limited in calorie supply. Certainly, any
other ATP-, ADP- or AMP-producing or consuming chemical reactions in the cytosol,
mitochondria or other cellular locations could contribute to the CR-dependent changes in the
concentrations of these adenosyl phosphate nucleotides and their ratios [60]. A genetic analysis
similar to that performed in Chapter 3, and the RNA-sequencing analysis, are underway in the
Titorenko laboratory to identify the ATP-, ADP- or AMP-producing or consuming chemical
reactions that can contribute to the CR-dependent changes in the concentrations of these adenosyl
phosphate nucleotides and their ratios

I found that CR, unlike the tor/4 mutation or LCA, significantly decreases the intracellular
concentration of ATP on any day of culturing other than day 2 (Figures 7.6A-7.6C; Figure 7.12).
I noticed that ATP is not detected in WT cells recovered on days 17 and 21 of culturing under CR
conditions without LCA or under non-CR conditions. Unlike CR, the tori4 mutation and LCA
caused a significant rise in ATP concentration during most cell culturing days other than day 14
and day 2, respectively (Figures 7.6B and 7.6C). It remains to be investigated why the fori4
mutation and LCA extend budding yeast's longevity despite their effects on ATP concentrations
differ from those of CR.

I also found that CR significantly alters (i.e., increases or decreases) the intracellular
concentration of ADP during most days of yeast culturing (Figure 7.6A and Figure 7.13).
Moreover, CR increased AMP concentration within yeast cells on most chronological lifespan

days (Figure 7A and Figure 714). Unlike CR, the for /4 mutation and LCA significantly decreased
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ADP and AMP intracellular concentrations at various consecutive phases of chronological aging
(compare Figure 7.6A to Figures 7.6B and 7.6C).

I normalized the data on the concentrations of all three adenosine phosphate nucleotides
(i.e., ATP, ADP and AMP) within age-matched cells cultured under CR conditions, carrying the
torl4 mutation or treated with LCA. I used multivariate analysis by PCA to compare the
normalized data throughout yeast’s chronological lifespan. Yeast recovered on days 17 and 21
were not examined by this PCA because ATP was not detected in WT cells cultured under CR
conditions without LCA. My PCA revealed that the ATP, ADP and AMP patterns specific for CR,
toriA and LCA are well separated from each other along the PC1 and/or PC2 axes of the PCA
plots (Figure 7.15). Therefore, I concluded that the three geroprotectors differently affect the
intracellular concentrations of adenosine phosphate nucleotides at diverse phases of yeast
chronological aging.

Due to the above effects of CR on the relative intracellular concentrations of adenosine
phosphate nucleotides, this low-calorie diet significantly increased the ADP:ATP and AMP:ATP
ratios during most days of yeast cell culturing (Figure 7.6E, Figure 7.12 and Figure 7.13). I applied
multivariate analysis by PCA to compare the ADP:ATP and AMP:ATP ratios specific for CR,
torlA and LCA. Again, the data for yeast recovered on days 17 and 21 were not subject to this
PCA because no ATP was detected in WT cells cultured under CR or non-CR conditions in the
absence of LCA. My PCA revealed that the normalized data for the ADP:ATP and AMP:ATP
ratios specific for CR, tori4 and LCA are well separated from each other along the PC1 and/or
PC2 axes of the PCA plots (Figure 7.18). This separation was observed for all days of cell culturing
subjected to PCA (Figure 7.18). Based on these findings, I concluded that the effects of the three
geroprotectors on the intracellular ADP:ATP and AMP:ATP ratios differ throughout yeast’s

chronological lifespan.
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Figure 7.12: CR statistically significantly decreases the intracellular concentration of ATP
during most days of yeast cell culturing. WT strain BY4742 was cultured in the nutrient-rich
YP medium initially containing 2% (w/v) glucose (non-CR conditions) or 0.2% (w/v) glucose (CR
conditions). Cell aliquots were collected and the metabolomic analysis by LC-MS/MS was
performed as described in the legend to Figure 7.5. ATP concentrations within WT cells cultured
under CR or non-CR conditions are shown as the normalized log> values of mass spectrometric
peak areas for ATP. No ATP was detected in WT cells recovered on days 17 and 21 of culturing
under CR or non-CR conditions. The p values for comparing the means of two groups were
calculated using an unpaired two-tailed ¢ test described in Materials and Methods. *p < 0.05, **p
< 0.01 and ***p < 0.001. Data of 2 independent experiments, each being performed twice, are

presented.
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Figure 7.13: CR statistically significantly alters the intracellular concentration of ADP
during most days of yeast cell culturing. WT strain BY4742 was cultured in the nutrient-rich
YP medium initially containing 2% (w/v) glucose (non-CR conditions) or 0.2% (w/v) glucose
(CR conditions). Cell aliquots for metabolic activity quenching and metabolite extraction were
collected on days 1, 2, 3, 5, 7, 10, 14, 17 and 21 of culturing. The use of LC-MS/MS to identify
and quantitate the intracellular water-soluble metabolites is described in Materials and Methods.
ADP concentrations within WT cells cultured under CR or non-CR conditions are shown as the
normalized log> values of mass spectrometric peak areas for ADP. The p values for comparing the
means of two groups were calculated using an unpaired two-tailed # test described in Materials and
Methods. *p < 0.05 and **p < 0.01. Data of 2 independent experiments, each being performed

twice, are presented.
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Figure 7.14: CR statistically significantly increases the intracellular concentration of AMP
during most days of yeast cell culturing. WT strain BY4742 was cultured in the nutrient-rich
YP medium initially containing 2% (w/v) glucose (non-CR conditions) or 0.2% (w/v) glucose (CR
conditions). Cell aliquots for metabolic activity quenching and metabolite extraction were
collected on days 1, 2, 3, 5, 7, 10, 14, 17 and 21 of culturing. The use of LC-MS/MS to identify
and quantitate the intracellular water-soluble metabolites is described in Materials and Methods.
AMP concentrations within WT cells cultured under CR or non-CR conditions are shown as the
normalized logz values of mass spectrometric peak areas for AMP. The p values for comparing the
means of two groups were calculated using an unpaired two-tailed ¢ test described in Materials and
Methods. *p < 0.05 and **p < 0.01. Data of 2 independent experiments, each being performed

twice, are presented.
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Figure 7.15: CR, forid and LCA differently affect the intracellular concentrations of
adenosine phosphate nucleotides (i.e., ATP, ADP and AMP) at diverse phases of yeast
chronological aging. The WT strain BY4742 was cultured in the nutrient-rich YP medium
initially containing 2% (w/v) glucose (non-CR conditions), 0.2% (w/v) glucose (CR conditions)
or 0.2% (w/v) glucose and 50 uM LCA (CR + LCA conditions). The for/4 mutant strain in the
BY4742 genetic background was cultured in nutrient-rich YP medium initially containing 2%
(w/v) glucose (non-CR conditions). Cell aliquots for metabolic activity quenching and metabolite
extraction were collected on days 1, 2, 3, 5, 7, 10, 14, 17 and 21 of culturing. The use of LC-
MS/MS to identify and quantitate the intracellular water-soluble metabolites is described in
Materials and Methods. A WT strain culture that initially contained 2% (w/v) glucose served as a
control non-CR culture for defining the metabolic patterns created by the CR and foriAd
geroprotectors. A WT strain culture that initially contained 0.2% (w/v) glucose without LCA
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served as a control CR culture for defining the metabolic pattern created by the LCA geroprotector.
Normalized data for three adenosine phosphate nucleotides (i.e., ATP, ADP and AMP) identified
in age-matched cells were used to create the PCA plots comparing the patterns created by the three
different geroprotectors. Yeast recovered on days 17 and 21 were not examined by this PCA
because ATP was not detected in WT cells cultured under CR conditions without LCA. Data of 2

independent experiments, each being performed twice, are presented.
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Figure 7.16: CR statistically significantly increases the AMP:ATP ratios during most days
of yeast cell culturing. WT strain BY4742 was cultured in the nutrient-rich YP medium initially
containing 2% (w/v) glucose (non-CR conditions) or 0.2% (w/v) glucose (CR conditions). Cell
aliquots were collected and the metabolomic analysis by LC-MS/MS was performed as described
in the legend to Figure 7.5. The AMP:ATP ratios within WT cells cultured under CR or non-CR
conditions are shown as the normalized log> values of mass spectrometric peak areas for AMP and
ATP. The AMP:ATP ratios were not calculated for yeast recovered on days 17 and 21 of culturing
because ATP was not detected in WT cells cultured under CR or non-CR conditions without LCA.

The p values for comparing the means of two groups were calculated using an unpaired two-tailed
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t test described in Materials and Methods. *p < 0.05, **p < 0.01, ***p < 0.001. Data of 2

independent experiments, each being performed twice, are presented.

6 * Day 1 1.7 9 Day 2 14 * Day 3
3 1.6 1 s ol
g o] IR g 12
% 33 = 144 =
2 g 134 g L
94 s el o
g - oh 1.2 4 J
2 2 2 o8
-g 45 E 1 E
: % 00 sk g 06
S 4 S 08 — Z 041
0.7 4
354 0.6 02 —
0.6 * Day 5 2.7 9 % Day 7 * Day 10
254 - 2.06 4
‘g X .?‘ 214 : .5:; 64 T
5 o 191 .
o o th
S 021 L 171 < 061
% oA FIREE 3
y ¢ N g
El ] El 1.3 1 é
g 0 & 1.1 g 036
“ 0l “ 09
—
0.2 0.7 - 0.06
Day 14
271 * !
«
2 25
I
E,
5 2!
3 191
£
Z 17
15 -
- CR conditions - Non-CR conditions

Figure 7.17: CR statistically significantly increases the ADP:ATP ratios during most days of
yeast cell culturing. WT strain BY4742 was cultured in the nutrient-rich YP medium initially
containing 2% (w/v) glucose (non-CR conditions) or 0.2% (w/v) glucose (CR conditions). Cell
aliquots were collected and the metabolomic analysis by LC-MS/MS was performed as described
in the legend to Figure 7.5. The ADP:ATP ratios within WT cells cultured under CR or non-CR
conditions are shown as the normalized logz values of mass spectrometric peak areas for ADP and
ATP. The ADP:ATP ratios were not calculated for yeast recovered on days 17 and 21 of culturing
because ATP was not detected in WT cells cultured under CR or non-CR conditions without LCA.
The p values for comparing the means of two groups were calculated using an unpaired two-tailed
¢t test described in Materials and Methods. *p < 0.05, **p < 0.01. Data of 2 independent

experiments, each being performed twice, are presented.
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Figure 7.18: CR, forid and LCA differently affect the ADP:ATP and AMP:ATP ratios at
diverse phases of yeast chronological aging. The WT strain BY4742 was cultured in the nutrient-
rich YP medium initially containing 2% (w/v) glucose (non-CR conditions), 0.2% (w/v) glucose
(CR conditions) or 0.2% (w/v) glucose and 50 uM LCA (CR + LCA conditions). The tor /4 mutant
strain in the BY4742 genetic background was cultured in nutrient-rich YP medium initially
containing 2% (w/v) glucose (non-CR conditions). Cell aliquots for metabolic activity quenching
and metabolite extraction were collected on days 1, 2, 3, 5, 7, 10, 14, 17 and 21 of culturing. The
use of LC-MS/MS to identify and quantitate the intracellular water-soluble metabolites is
described in Materials and Methods. A WT strain culture that initially contained 2% (w/v) glucose
served as a control non-CR culture for defining the metabolic patterns created by the CR and fori4
geroprotectors. A WT strain culture that initially contained 0.2% (w/v) glucose without LCA

served as a control CR culture for defining the metabolic pattern created by the LCA geroprotector.
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Normalized data for the ADP:ATP and AMP:ATP ratios identified in age-matched cells were used
to create the PCA plots comparing the patterns created by the three different geroprotectors. Yeast
recovered on days 17 and 21 were not examined by this PCA because ATP was not detected in
WT cells cultured under CR or non-CR conditions without LCA. Data of 2 independent

experiments, each being performed twice, are presented.

7.6 Discussion.

In this study, I used a recently developed (see Chapter 6) LC-MS/MS method of non-
targeted metabolomics to investigate how three different geroprotective interventions affect the
intracellular water-soluble metabolome of chronologically aging S. cerevisiae. These interventions
include CR (a robust dietary geroprotector), the for/4 mutation (an evolutionarily conserved
genetic geroprotector) and LCA (a potent pharmacological geroprotector in yeast). My findings
provide the first evidence that the three different geroprotectors create distinct metabolic patterns
throughout the budding yeast’s entire chronological lifespan.

It needs to be emphasized that my metabolomic analysis of the geroprotector-delayed
chronological aging in yeast compared the intracellular concentrations of 193 structurally and
functionally diverse water-soluble metabolites. AMP, ADP, ATP, FAD", FMN, FADH2, NAD",
NADH, NADP*, NADPH, other nucleotides, amino acids, monosaccharides, intermediates of
glycolysis and tricarboxylic cycle intermediates were among these metabolites. Many of these
water-soluble metabolites reside in mitochondria. Thus, the observed geroprotector-specific
remodeling of the metabolic pattern affects the major pathways of cellular metabolism in various
cellular locations.

My study identified a distinct metabolic pattern created by the CR geroprotector. I found
two characteristic features that distinguish the CR-specific metabolic pattern from the cellular
metabolism patterns created by the tor/4 and LCA geroprotectors. One characteristic feature that
distinguishes the CR-specific metabolic design is CR’s ability to suppress the biosynthesis of Met,
Sam and Cys from Asp, sulfate and 5-Mtf throughout the chronological lifespan. The other
characteristic feature of the CR-specific metabolic pattern is a decline in the intracellular
concentration of ATP, a rise in the intracellular concentrations of ADP and ATP, and an increase
in the ADP:ATP and AMP:ATP ratios at various consecutive phases of chronological aging.

Notably, both features of the CR-specific remodeling of cellular metabolism are likely to
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contribute to yeast chronological aging delay by CR.

Indeed, Met restriction is known to extend longevity in yeast and other evolutionary distant
eukaryotes [481-485]. Of note, a possibility remains that the accumulation of Asp in budding yeast
mutants deficient in Met biosynthesis (Figure 7.6) may contribute to the longevity extension in the
mutants. Therefore, it would be interesting to test whether the addition of exogenous Asp to WT
yeast strain could extend its longevity. Furthermore, a recent study revealed that the met64 and
metl 74 mutations (Figure 7.6D) decrease the intracellular concentration of Met and extend yeast
chronological lifespan under non-CR conditions in a nutrient-limited medium [486]. Moreover,
the excessive quantities of exogenously added Met abrogate the CR-dependent extension of yeast
CLS in a nutrient-limited medium [486]. Several mechanisms of yeast CLS extension by lowering
the intracellular concentration of Met, Sam and Cys have been proposed. One likely mechanism
is that a decline in intracellular Met concentration lowers the Met-dependent activation of the pro-
aging Torl (target of rapamycin complex 1) pathway, thereby suppressing the inhibitory effect of
Torl on the anti-aging process of autophagy [279]. Another possible mechanism is that a decline
in the intracellular concentration of Met activates the anti-aging process for proteasomal
degradation of damaged and dysfunctional proteins [486]. Furthermore, a decrease in intracellular
Sam concentration can weaken the pro-aging Torl pathway because it suppresses the protein
phosphatase Ppa2 (inorganic pyrophosphatase 2; a known upstream activator of Torl) [487]. It
needs to be emphasized that SAM is involved in DNA methylation, a well-known aging biomarker
[399, 478]. Thus, it is feasible that a decline in intracellular SAM concentration slows aging
because it suppresses DNA methylation. Moreover, a decline in the intracellular concentrations of
Met and Cys can slow the pro-aging process of protein synthesis because these two sulfur amino
acids promote a thiolation-driven tRNA activation [488].

The observed CR-specific remodeling of adenosine phosphate nucleotide metabolism is
also a likely contributor to yeast chronological aging delay by CR. Indeed, the increase in the
intracellular ADP:ATP and AMP:ATP ratios are known to activate the anti-aging heterotrimeric
protein complex Snfl (sucrose non-fermenting complex 1) [489, 490]. As a member of the
family of AMP-activated protein kinases [491], Snfl is a key energy-sensing regulator that
phosphorylates and activates or inactivates several protein targets known for their essential roles
in defining yeast CLS [258, 492, 493]. Indeed, in chronologically aging budding yeast that enters

the ST phase, Snfl activates mitochondrial respiration, glyoxylate cycle, gluconeogenesis,

183



glycogen synthesis and suppresses amino acid synthesis, FFA formation and glycogen
degradation; therefore, the knock-out mutation snf/4 eliminates an anti-aging protein and
shortens the CLS [137].

These findings suggest a hypothetical model of how the observed CR-specific remodeling
of cellular metabolism delays the chronological aging of yeast cultured in the nutrient-rich YP
medium. The model is schematically depicted in Figure 7.19. The key aspects of this model are as
follows: 1) a life-long decline in the intracellular concentrations of Cys and Met weakens tRNA
thiolation, thus slowing down the pro-aging process of protein synthesis, 2) a decrease of
intracellular Met throughout the chronological lifespan attenuates a direct Met-driven stimulation
of the pro-aging Torl pathway, thereby lowering the inhibitory effect of Torl on autophagy and
other anti-aging processes, 3) a deterioration in intracellular Met concentration at diverse stages of
chronological aging also weakens a Met-dependent suppression of the proteasomal degradation of
damaged and dysfunctional proteins, a known anti-aging process, 4) a decline in Sam
concentration throughout the chronological lifespan lowers the ability of the protein phosphatase
Ppa2p to stimulate the pro-aging Torl pathway, and 5) a rise in the ADP:ATP and AMP:ATP
ratios on most days of yeast chronological lifespan stimulates the anti-aging protein kinase
complex Snfl.

The challenge for the future is to test the proposed model. The ongoing studies in the
Titorenko laboratory address this challenge. In the future, it would also be interesting to define the

metabolic “signatures” specific for other geroprotectors, including the tor/4 mutation and LCA.
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Figure 7.19: A hypothetical model of how a specific remodeling of cellular metabolism by
CR slows down yeast chronological aging. See the text for more details. Abbreviations: Cys,
cysteine; Met, methionine; Ppa2p, inorganic pyrophosphatase 2; Sam, S-adenosylmethionine;

Snfl, sucrose non-fermenting complex 1; Torl, target of rapamycin complex 1.
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Chapter 8: General discussion.

In studies presented in this Thesis, I used the existing methods of liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) as the prototypes to develop the novel LC-
MS/MS procedures for identifying and quantifying the intracellular lipidomes and water-soluble
metabolomes of budding yeast. The LC-MS/MS lipidomics method I developed exhibits several
advantages over the presently used ones. These advantages include the high efficiency of lipid
extraction, versatility and robustness, sensitivity, ability to distinguish between isobaric and
isomeric lipid species, use of alternative mobile phase additives to enhance ionization of all lipid
classes, and increased efficiencies of two different types of precursor ions fragmentation processes.
The LC-MS/MS metabolomics method I developed enhances the extent of metabolic activity
quenching, reduces the magnitude of quenching-related cell leakage of intracellular metabolites,
uses a single type of high-performance liquid chromatography (HPLC) column for
chromatographic separation of all water-soluble metabolites, is robust and versatile, exhibits high
sensitivity, and has a wide linear dynamic range of detectable metabolites. Because the papers
describing both methods had been published, the methods are now available to a broad community
of researchers working in science and industry. The feedback that we have received so far indicates
that many colleagues are adapting both methods to their research.

In studies described here, I also used tandem mass spectrometry (MS/MS) to investigate
how an aging-delaying (geroprotective) extract from Salix alba’s bark, called PE21, influences the
cellular lipidome of chronologically aging budding yeast. My findings provide evidence that PE21
alters the intracellular concentrations of 16 out of 18 lipid classes in chronologically aged budding
yeast. Based on these findings, we proposed three mechanisms through which the PE21-driven
changes in the cellular lipidome might delay the chronological aging of budding yeast. In one of
these mechanisms, I provided evidence that PE21 slows chronological aging because it decreases
the intracellular concentration of free fatty acid (FFA). The PE21-dependent FFA decline weakens
liponecrotic regulated cell death and delays the age-related onset of liponecrosis, thus increasing
the probability of cell survival during the entire process of chronological aging. The challenge for
the future is to dissect the molecular mechanism underlying the ability of the excessive
concentrations of cellular FFA to commit the chronologically old budding yeast cells to
liponecrotic dearth.

Here, I applied my newly developed LC-MS/MS lipidomics method to the quantitative
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assessment of how the CR, fori4 mutation and LCA) geroprotectors influence the lipidomes of
chronologically aging quiescent and non-quiescent budding yeast cells. I found that CR
reorganizes the lipidomes of quiescent and nonquiescent yeast cells differently than two other
geroprotectors. Based on these findings, I proposed a hypothetical model of how the characteristic
CR-dependent reorganization of the lipidomes within quiescent and non-quiescent budding yeast
cells contributes to the aging delay and longevity extension by CR. The model envisages that there
might be at least two mechanisms underlying such contribution. For future research, it would be
interesting to test this hypothetical model.

In studies presented in this Thesis, I employed my newly developed LC-MS/MS
metabolomics method to compare the effects of the CR, fori4 and LCA geroprotectors on the
water-soluble metabolome of chronologically aging budding yeast. I identified a distinct metabolic
pattern created by the CR geroprotector. My PCA, a multivariate type of analysis traditionally used
for this purpose, revealed two characteristic features that distinguish the CR-specific metabolic
pattern from the cellular metabolism patterns created by the fori/4 and LCA geroprotectors. Thus,
both these features are unique for CR. One characteristic feature that distinguishes the CR-specific
metabolic design is CR’s ability to suppress the biosynthesis of methionine, S-adenosylmethionine
and cysteine from aspartate, sulfate and 5-methyltetrahydrofolate throughout the chronological
lifespan. The other characteristic feature of the CR-specific metabolic pattern is a decline in the
intracellular concentration of ATP, a rise in the intracellular concentrations of AMP and ADP, and
an increase in the AMP:ATP and ADP:ATP ratios at various consecutive phases of chronological
aging. Based on these findings, I proposed a hypothetical model of how the observed CR-specific
remodeling of cellular metabolism delays the chronological aging of budding yeast. Future studies
will focus on testing this hypothetical model.

An important finding of the studies presented in this Thesis is that budding yeast cells
that age chronologically can use multiple strategies for regulating lipid metabolism and transport
and the flow of water-soluble metabolites to assure longevity.

As for regulating lipid metabolism and transport to assure budding yeast’s longevity, a
conclusion about the perceivable multiplicity of strategies might be preliminary. Indeed, the
PE21-dependent and CR-driven strategies appear to be similar. They both are aimed at regulating
lipid metabolism and transport in the cytosol, LDP, peroxisomes and mitochondria to attain the

following three goals: 1) maintain intracellular FFA concentration below toxic but at “hormetic”
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level, 2) keep phospholipid concentrations in the ER sufficiently high to sustain the UPRER
highly active but sufficiently low to avoid the toxic effects of excessive phospholipid
concentrations in the ER, and 3) retain the concentration of CL in the IMM sufficiently high to
maintain mitochondrial functionality but to avoid the toxicity of the excessive CL in the IMM.
The ongoing studies in the Titorenko laboratory address the question of what the dynamic range
of “hormetic” FFA concentrations is. FFA can still promote the “hormetic” stress response
before becoming toxic for the cell at these concentrations. It would be fair to say that we still do
not understand the strategies by which the for/4 mutation and LCA regulate lipid metabolism
and transport to assure the longevity of chronologically aging yeast. This is because the
occasional significant changes in the concentrations of some lipid classes observed in yeast cells
exposed to any of these two geroprotectors are limited to brief periods whose significance as the
potential checkpoints in the aging process we yet to appreciate.

As for regulating the flow of water-soluble metabolites to assure budding yeast’s longevity,
the strategies used by CR, the tor/4 mutation and LCA are different from the point of view of
PCA, a formal multivariate statistical analysis traditionally used for the purpose of comparison
between multiple datasets. However, we still do not appreciate these differences in terms of

underlying molecular and cellular mechanisms.
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Chapter 10: Appendix
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Figure 10.1: No significant and continuing changes in the concentrations of LPA are
observed within the HD and LD cell populations carrying the tori4 mutation. WT and for/4
cells were cultured in the YP medium supplemented with 2% glucose (non-CR conditions). Cell
aliquots were taken on different days of culturing. The Percoll density gradient centrifugation was

used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used to assess LPA
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concentrations in these cells. Data are shown as means + SD (n = 2; *p < 0.05; **p <0.01).
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Figure 10.2: No significant and continuing changes in the concentrations of LPA are
observed within the HD and LD cell populations treated with LCA. WT cells were cultured in
YP medium supplemented with 0.2% glucose (CR conditions) in the presence of 50 uM LCA or
its absence. Cell aliquots were taken on different days of culturing. The Percoll density gradient
centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used

to assess LPA concentrations in these cells. Data are shown as means + SD (n = 2; *p < 0.05; **p

247



<0.01).
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Figure 10.3: No significant and continuing changes in the concentrations of PA are observed
within the HD and LD cell populations carrying the forI4 mutation. WT and tori4 cells were
cultured in the YP medium supplemented with 2% glucose (non-CR conditions). Cell aliquots
were taken on different days of culturing. The Percoll density gradient centrifugation was used to

purify HD and LD cells from these cell aliquots. LC-MS/MS was used to assess PA concentrations
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in these cells. Data are shown as means + SD (n = 2; *p < 0.05; **p <0.01).
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Figure 10.4: No significant and continuing changes in the concentrations of PA are observed
within the HD and LD cell populations treated with LCA. WT cells were cultured in YP
medium supplemented with 0.2% glucose (CR conditions) in the presence of 50 uM LCA or its
absence. Cell aliquots were taken on different days of culturing. The Percoll density gradient
centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used

to assess PA concentrations in these cells. Data are shown as means + SD (n = 2; *p < 0.05).
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Figure 10.5: No significant and continuing changes in the concentrations of PI are observed
within the HD and LD cell populations carrying the for14 mutation. WT and tori4 cells were
cultured in the YP medium supplemented with 2% glucose (non-CR conditions). Cell aliquots
were taken on different days of culturing. The Percoll density gradient centrifugation was used to
purify HD and LD cells from these cell aliquots. LC-MS/MS was used to assess PI concentrations

in these cells. Data are shown as means = SD (n =2; *p < 0.05; **p <0.01).
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Figure 10.6: No significant and continuing changes in the concentrations of PI are observed
within the HD and LD cell populations treated with LCA. WT cells were cultured in YP
medium supplemented with 0.2% glucose (CR conditions) in the presence of 50 uM LCA or its
absence. Cell aliquots were taken on different days of culturing. The Percoll density gradient

centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used
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to assess PI concentrations in these cells. Data are shown as means + SD (n = 2; *p < 0.05).
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Figure 10.7: No significant and continuing changes in the concentrations of PS are observed

within the HD and LD cell populations carrying the for/4 mutation. WT and fori4 cells were

cultured in the YP medium supplemented with 2% glucose (non-CR conditions). Cell aliquots

were taken on different days of culturing. The Percoll density gradient centrifugation was used to

purify HD and LD cells from these cell aliquots. LC-MS/MS was used to assess PS concentrations
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in these cells. Data are shown as means + SD (n = 2; *p < 0.05; **p <0.01).
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Figure 10.8: No significant and continuing changes in the concentrations of PS are observed
within the HD and LD cell populations treated with LCA. WT cells were cultured in YP
medium supplemented with 0.2% glucose (CR conditions) in the presence of 50 uM LCA or its
absence. Cell aliquots were taken on different days of culturing. The Percoll density gradient
centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used

to assess PS concentrations in these cells. Data are shown as means £ SD (n =2; *p < 0.05**p <
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Figure 10.9: No significant and continuing changes in the concentrations of PE are observed

within the HD and LD cell populations carrying the forl/4 mutation. WT and fori4 cells were

cultured in the YP medium supplemented with 2% glucose (non-CR conditions). Cell aliquots

were taken on different days of culturing. The Percoll density gradient centrifugation was used to

purify HD and LD cells from these cell aliquots. LC-MS/MS was used to assess PE concentrations

in these cells. Data are shown as means = SD (n =2; *p < 0.05; **p <0.01).
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Figure 10.10: No significant and continuing changes in the concentrations of PE are observed
within the HD and LD cell populations treated with LCA. WT cells were cultured in YP
medium supplemented with 0.2% glucose (CR conditions) in the presence of 50 uM LCA or its
absence. Cell aliquots were taken on different days of culturing. The Percoll density gradient
centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used

to assess PE concentrations in these cells. Data are shown as means + SD (n = 2; *p < 0.05).
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Figure 10.11: No significant and continuing changes in the concentrations of PC are observed
within the HD and LD cell populations carrying the forl4 mutation. WT and fori4 cells were
cultured in the YP medium supplemented with 2% glucose (non-CR conditions). Cell aliquots
were taken on different days of culturing. The Percoll density gradient centrifugation was used to
purify HD and LD cells from these cell aliquots. LC-MS/MS was used to assess PC concentrations

in these cells. Data are shown as means + SD (n = 2; *p < 0.05; **p <0.01).
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Figure 10.12: No significant and continuing changes in the concentrations of PC are observed
within the HD and LD cell populations treated with LCA. WT cells were cultured in YP
medium supplemented with 0.2% glucose (CR conditions) in the presence of 50 uM LCA or its
absence. Cell aliquots were taken on different days of culturing. The Percoll density gradient
centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used
to assess PC concentrations in these cells. Data are shown as means = SD (n = 2; *p < 0.05; **p <

0.01).
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Figure 10.13: No significant and continuing changes in the concentrations of LPI are
observed within the HD and LD cell populations carrying the tor/4 mutation. WT and tori4
cells were cultured in the YP medium supplemented with 2% glucose (non-CR conditions). Cell
aliquots were taken on different days of culturing. The Percoll density gradient centrifugation was
used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used to assess LPI

concentrations in these cells. Data are shown as means = SD (n =2; *p < 0.05; **p < 0.01).
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Figure 10.14: No significant and continuing changes in the concentrations of LPI are
observed within the HD and LD cell populations treated with LCA. WT cells were cultured in
YP medium supplemented with 0.2% glucose (CR conditions) in the presence of 50 uM LCA or
its absence. Cell aliquots were taken on different days of culturing. The Percoll density gradient
centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used

to assess LPI concentrations in these cells. Data are shown as means = SD (n = 2; **p <0.01).
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Figure 10.15: No significant and continuing changes in the concentrations of LPS are
observed within the HD and LD cell populations carrying the tori4 mutation. WT and for/4
cells were cultured in the YP medium supplemented with 2% glucose (non-CR conditions). Cell
aliquots were taken on different days of culturing. The Percoll density gradient centrifugation was
used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used to assess LPS

concentrations in these cells. Data are shown as means = SD (n = 2; *p < 0.05; **p < 0.01).
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Figure 10.16: No significant and continuing changes in the concentrations of LPS are
observed within the HD and LD cell populations treated with LCA. WT cells were cultured in
YP medium supplemented with 0.2% glucose (CR conditions) in the presence of 50 pM LCA or
its absence. Cell aliquots were taken on different days of culturing. The Percoll density gradient
centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used
to assess LPS concentrations in these cells. Data are shown as means + SD (n = 2; *p < 0.05; **p

<0.01).
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Figure 10.17: No significant and continuing changes in the concentrations of LPE are
observed within the HD and LD cell populations carrying the tori4 mutation. WT and for/4
cells were cultured in the YP medium supplemented with 2% glucose (non-CR conditions). Cell
aliquots were taken on different days of culturing. The Percoll density gradient centrifugation was
used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used to assess LPE

concentrations in these cells. Data are shown as means = SD (n =2; *p < 0.05; **p < 0.01).
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Figure 10.18: No significant and continuing changes in the concentrations of LPE are
observed within the HD and LD cell populations treated with LCA. WT cells were cultured in
YP medium supplemented with 0.2% glucose (CR conditions) in the presence of 50 pM LCA or
its absence. Cell aliquots were taken on different days of culturing. The Percoll density gradient
centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used
to assess LPE concentrations in these cells. Data are shown as means + SD (n = 2; *p <0.05; **p

<0.01).
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Figure 10.19: No significant and continuing changes in the concentrations of LPC are
observed within the HD and LD cell populations carrying the zorI4 mutation. WT and fori4
cells were cultured in the YP medium supplemented with 2% glucose (non-CR conditions). Cell
aliquots were taken on different days of culturing. The Percoll density gradient centrifugation was
used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used to assess LPC

concentrations in these cells. Data are shown as means + SD (n = 2; *p <0.05; **p <0.01).
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Figure 10.20: No significant and continuing changes in the concentrations of LPC are
observed within the HD and LD cell populations treated with LCA. WT cells were cultured in
YP medium supplemented with 0.2% glucose (CR conditions) in the presence of 50 pM LCA or
its absence. Cell aliquots were taken on different days of culturing. The Percoll density gradient
centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used
to assess LPC concentrations in these cells. Data are shown as means = SD (n = 2; *p < 0.05; **p

<0.01).
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Figure 10.21: No significant and continuing changes in the concentrations of PG are observed
within the HD and LD cell populations carrying the for14 mutation. WT and tori4 cells were
cultured in the YP medium supplemented with 2% glucose (non-CR conditions). Cell aliquots
were taken on different days of culturing. The Percoll density gradient centrifugation was used to
purify HD and LD cells from these cell aliquots. LC-MS/MS was used to assess PG concentrations

in these cells. Data are shown as means = SD (n = 2; *p < 0.05; **p <0.01).
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Figure 10.22: No significant and continuing changes in the concentrations of PG are observed
within the HD and LD cell populations treated with LCA. WT cells were cultured in YP
medium supplemented with 0.2% glucose (CR conditions) in the presence of 50 uM LCA or its
absence. Cell aliquots were taken on different days of culturing. The Percoll density gradient
centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used
to assess PG concentrations in these cells. Data are shown as means = SD (n = 2; *p <0.05; **p <

0.01).
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Figure 10.23: No significant and continuing changes in the concentrations of CL are
observed within the HD and LD cell populations carrying the tor/4 mutation. WT and

tori4 cells were cultured in the YP medium supplemented with 2% glucose (non-CR
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conditions). Cell aliquots were taken on different days of culturing. The Percoll density gradient

centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was

used to assess CL concentrations in these cells. Data are shown as means = SD (n = 2; *p < 0.05;

*%p < 0.01).
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Figure 10.24: No significant and continuing changes in the concentrations of CL are observed
within the HD and LD cell populations treated with LCA. WT cells were cultured in YP
medium supplemented with 0.2% glucose (CR conditions) in the presence of 50 uM LCA or its
absence. Cell aliquots were taken on different days of culturing. The Percoll density gradient
centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used

to assess CL concentrations in these cells. Data are shown as means = SD (n = 2; *p < 0.05).
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Figure 10.25: No significant and continuing changes in the concentrations of LPG are
observed within the HD and LD cell populations carrying the for14 mutation. WT and
toriA cells were cultured in the YP medium supplemented with 2% glucose (non-CR
conditions). Cell aliquots were taken on different days of culturing. The Percoll density gradient
centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was
used to assess LPG concentrations in these cells. Data are shown as means = SD (n = 2; *p <

0.05; **p < 0.01).
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Figure 10.26: No significant and continuing changes in the concentrations of LPG are
observed within the HD and LD cell populations treated with LCA. WT cells were cultured in
YP medium supplemented with 0.2% glucose (CR conditions) in the presence of 50 uM LCA or
its absence. Cell aliquots were taken on different days of culturing. The Percoll density gradient
centrifugation was used to purify HD and LD cells from these cell aliquots. LC-MS/MS was used
to assess LPG concentrations in these cells. Data are shown as means + SD (n = 2; *p < 0.05; **p

<0.01).
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Figure 10.27: Phosphatidic Acid species are better detected in positive mode as an

ammonium adduct.
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Compound Name MW RT (min) [M+H]+ [M-H]-

dodecatrienol 180.15141 1.4 181.15863
4-Vinylcyclohexene 108.09381 1.43 109.10108
Erucamide 337.33443 1.43 338.34177
Oleamide 281.27181 1.446 282.27911
Sphingosine (d18:1) 299.28237 1.47 300.28979
Paradol 278.18712 1.59 279.19443
16-Hydroxyhexadecanoic acid 272.23466 1.6 271.22726
Triphenylphosphine oxide 278.08598 1.615 279.09326
N,N-Dimethylaniline 121.08911 1.64 122.09638
Triprolidine 278.17864 1.64 279.186

Ethionine 163.06667 1.68 164.07396
Palmitoyl ethanolamide 299.28237 1.761 300.28964
nylon cyclic dimer 226.16844 1.78 227.17572
7-Oxoheptanoic acid 144.07867 1.8 143.07133
D-Sphingosine 299.5 1.839 300.28976
Ripazepam 268.13249 1.89 269.13965
(2)-dehydrobutyrine 101.04757 1.91 102.05485
apronalide 184.12113 1.91 185.12842
gamma-Aminobutyric acid 103.06322 2.21 104.0705
Phenethylamine 121.08908 2.26 122.09638
Ureidoisobutyric acid 146.06914 3.15 147.07642
trimethadione 143.05828 3.33 144.06546
N5-METHYLGLUTAMINE 160.08479 3.33 161.0921
7,8-Diaminononanoic acid 188.15244 3.33 189.15977
Leucineamide 130.11061 3.51 131.11789
Pyridoxine 169.07385 3.83 170.08116
N,N-Dimethylacetamide 87.06825 3.85 88.07554
5-Aminopentanamide 116.09492 3.89 117.10221
6-Methyl-2-thiouracil 142.02007 4.33 143.02731
Vorinostat 264.14748 4.4 265.15488
1-Vinylimidazole 94.05297 4.746 95.06027
4-Aminopyridine 94.05297 4.76 95.06024
3-Hydroxystachydrine 159.08951 5.43 160.09674
Triethanolamine 149.10508 5.83 150.11243
2'-Deoxyadenosine 251.10198 6.002 252.10925
Leu-Leu 244.17875 6.67 245.18605
Eleganin 434.15865 7.06 435.16625
Creatinine 113.05887 7.68 114.06615
Choline O-Sulfate 183.05655 7.83 184.06384
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Adenine

Pyridoxal
Hypoxanthine
Riboflavin
4-Nitroaniline
7-Methylguanine
Biotin

Octylamine
6-Aminocaproic acid
Anabasine

Betaine

Nornicotine
Betahistine
Leucylproline
4-Methylene-glutamine
1-Methylimidazoleacetic acid
Inosine

Adenosine
4'-Phosphopantetheine
Acetyl-carnitine
2,6-Diaminotoluene
Pyridostigmine
4-Amino-phenylalanine
Benzaldehyde
Cytosine

Leucine

Phenylalanine
Nikethamide
Amobarbital
pentobarbital
Guanine

Benzamidine
Aminocarb

Epiguanine

Isoleucine

AAD

Salsolinol
5-Hydroxy-tryptophan
Proline

lentiginosine
Methionine

135.05449
167.05829
136.03853
376.13863
138.04256
165.06516
244.08844
129.15193
131.09461
162.11585
117.07898
148.09921
136.10005
228.14742
158.0692
140.0586
268.08077
267.09667
358.09587
203.11566
122.08438
180.08997
180.08997
106.0418
111.04328
131.09464
165.07903
178.11069
226.13141
226.13192
151.04953
120.06899
208.12134
165.06534
131.09431
161.06911
179.09465
220.08518
115.06319
157.11035
149.05103

8.28
8.8
8.995
9.02
9.16
9.26
9.32
9.33
9.789
10.21
10.28
10.604
10.96
11.19
11.61
11.64
11.94
12.04
12.05
12.16
12.38
12.45
12.45
12.86
12.9
12.94
13.12
13.26
13.26
13.26
13.29
13.33
13.34
13.35
13.5
13.63
14.2
14.2
14.22
14.41
14.428

136.0618
168.06552
137.0458
377.1459
139.04984
166.07246
245.09538
130.15916
132.10184
163.12303
118.08626
149.10669
137.10733
229.15474
159.07648
141.06584
269.08805
268.1041
359.10272
204.12289
123.09162
181.09717
181.09726
107.0491
112.05048
132.10181
166.06623
179.11768
227.13869
227.13916
152.05664
121.07626
209.12831
166.07236
132.10156
162.07625
180.10222
221.09253
116.07058
158.11765
150.0584
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2-Aminobutyric acid 103.06336 14.56 104.07043

Pheneturide 206.10565 14.6 207.11316
Indole 117.05797 14.66 118.06509
3-methyleneoxindole 145.05237 14.66 146.05965
8-Hydroxyquinoline 145.05272 14.66 146.05994
2-(Methylamino)isobutyric acid 117.07898 14.669 118.08627
naphthylamine 143.07332 14.69 144.08067
Tryptophan 204.08992 14.69 205.09703
3-Buten-1-amine 71.07329 14.73 72.08057
Valine 117.07862 14.94 118.0857
Crotonoside 283.09142 14.97 284.09875
Carnitine 161.1048 14.99 162.11194
Guanosine 283.09101 15.18 284.09845
Norchelerythrine 333.09938 15.37 334.10672
N-Acetyl-histidine 197.19 15.56 198.08731
Acetylcholine 145.11022 15.7 146.11739
Daminozide 160.08411 15.7 161.09138
Tiglic acid 100.0523 15.72 101.05962
Thiamine 264.10432 15.9 265.11172
Imidazolelactic acid 156.05345 16.15 157.06076
pirsidomine 330.16896 16.26 331.17533
N6-Acetyl-lysine 188.1158 16.55 189.12325
N-(4-Oxobutyl)-glutamine 216.11081 16.59 217.11751
Tyrosine 181.07347 16.75 182.08374
4-Hydroxybenzaldehyde 122.03662 16.85 123.04398
4-Coumaric acid 164.04736 16.85 165.05457
ACETYL PROLINE 157.17 16.99 158.08124
Biocytin 372.18334 17.05 373.19064
14(S)-HDHA 356.24227 17.21 257.24988
N-Acetylornithine 174.10056 17.45 175.10783
(E)-7-(methylsulfanyl)heptanal oxime 175.10369 17.45 176.11104
D-Erythrose 4-phosphate 200.00862 17.5 201.01595
Xanthosine 284.07614 17.54 285.08337
3-Hydroxy-proline 131.05836 17.58 132.06561
4-styrylpyridine 181.08527 17.59 182.09245
1-(4-Aminobutyl)urea 131.10584 17.64 132.11302
Caprolactam 113.08401 17.72 114.09129
Creatine 131.06948 17.77 132.07676
Alanine 89.04769 18 90.05482
Lactamide 89.04763 18 90.05483
Sarcosine 89.04768 18.05 90.05496
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Homoserine
alpha-Glycerylphosphorylcholine
Threonine

Flavin mononucleotide (FMN)
nicotianamine

2-S-Glutathionyl acetate
Alanyl-proline

pentabamate
1-Hydroxycyclohexyl phenyl ketone
Acetylarginine
4-Guanidinobutyric acid
N-a-Acetyl-arginine
3,4-Diaminopyridine
Imidazole-4-acetaldehyde
Histamine

Histidine

Fomepizole

2'-Deoxyadenosine 5'-monophosphate (dAAMP)

S-Adenosyl-homocysteine
S-Adenosylhomocysteine
Glycine

glutaral

afegostat

Glutamine

Pyroglutamic acid
5-Aminolevulinate
5-Aminolevulinic acid
Asparagine

Serine

Benzimidazole
2-Hydroxyfelbamate
Nicotinamide
1,3-Diphenylacetone
Aceglutamide

Succinyl proline
N-(3-Carboxypropyl)-glutamine
Adenosine 5'-monophosphate (AMP)
flavin adenine dinucleotide (FAD+)
Citrulline

Vinylbital

Aprobarbital

119.05824
257.10282
119.05814
456.10451
303.1429
365.08923
186.10044
204.11072
204.11101
216.12232
145.08531
216.24
109.06384
110.04787
111.07954
155.06937
82.05304
331.06816
384.12159
384.12147
75.03203
100.05225
147.08956
146.06925
129.04264
131.05824
131.05822
132.05347
105.04259
118.0531
254.09039
122.04796
227.13832
188.07974
215.07935
232.10583
347.06209
785.15714
175.09577
224.11633
210.10071

18.14
18.24
18.5
18.76
18.79
18.8
18.84
18.84
18.84
18.9
18.93
19.066
19.17
19.17
19.17
19.17
19.2
19.3
19.53
19.63
19.66
19.76
19.84
19.85
19.86
20.06
20.14
20.37
20.533
20.62
20.62
20.63
20.67
20.76
20.8
20.8
20.8
20.94
21.06
21.1
21.13

120.06552
258.11005
120.06546
457.11179
304.15018
366.0961
187.10773
205.11824
205.11827
217.12961
146.09256
217.12961
110.07117
111.05532
112.08686
156.07664
83.06023
332.07617
385.12887
385.12958
76.03931
101.05965
148.09674
147.07651
130.04996
132.06552
132.06548
133.06076
106.0497
119.06036
255.09764
123.05515
228.14561
189.08694
216.08685
233.11331
348.07007
786.16442
176.10307
225.12369
211.10791
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sonedenoson

Dopamine 3-O-sulfate

Cysteine

I-hydroxyvaline

sulfacetamide

Cysteinylglycine

Glutathione (reduced)
Aceanthrenequinone

Pidotimod

Deoxycytidine monophosphate (dCMP)
ACPC

Glutamic acid

O-Acetyl-serine

Carnosine

2-Aminoadipic acid
oxazolidinone

Nicotinamide adenine dinucleotide (NAD+)
B-Nicotinamide mononucleotide
inosine 5'-monophosphate (IMP)
Nicotinamide adenine dinucleotide (NADH)
Fosthiazate

Pyridoxamine 5-phosphate
D-Glucosamine 6-phosphate
3-hydroxykynurenine
gamma-Glu-gin

Nicotinic acid mononucleotide
Gonyautoxin V

Cytidine 5'-monophosphate
Cytidine 5'-diphosphocholine
R-(-)-Phenylephrine
1-phenethylamine
6-hydroxypseudooxynicotine
Butobarbital

(alpha)-Kainic Acid

Saccharopine

lysopine

pentahomomethionine
2'-Deoxyadenosine 5'-diphosphate (dADP)
Scillabiose

Bromadiolone

b-Ala-Lys

421.11592
233.03618
121.01986
133.07389
214.04131
178.04138
307.08342
232.05196
244.05168
307.197
101.04762
147.05308
147.05316
226.10675
161.06872
87.03181
663.10912
334.05663
348.0471
665.12478
283.04573
248.05629
259.04579
224.07981
275.11183
335.04024
379.08995
323.05142
488.1071
167.09468
121.08901
194.10576
212.11637
213.10047
276.13233
218.12667
219.13016
411.2
326.12046
526.07842
217.14281

21.34
21.41
21.46
21.9
21.94
21.96
21.96
21.97
21.97
21.97
22.03
22.05
22.05
22.44
22.49
22.52
22.86
22.96
23.2
23.2
23.52
23.62
23.62
23.69
23.69
23.954
24.01
24.15
24.177
24.37
24.4
24.4
24.4
24.4
24.4
24.43
24.46
24.71
24.87
25.15
25.17

422.12302
234.04332
122.02703
134.08116
215.04874
179.04849
308.09094
233.05923
245.05902
308.064213
102.05489
148.06038
148.06044
227.11368
162.07603
88.0391
664.1164
335.06384
349.05438
666.13206
284.0531
249.06358
260.05301
225.08701
276.11908
336.04788
380.09653
324.05933
489.11462
168.10197
122.09628
195.11298
213.12381
214.10744
277.13959
219.13376
220.13757
412.041777
327.1282
527.08612
218.15009
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beta-Alanyl-arginine 245.14897 25.22 246.15613

Guanosine monophosphate (GMP) 363.05755 25.357 364.06549

Fosfosal 217.998 25.5 219.00534

Adenosine diphosphate (ADP) 427.02926 25.6 428.03687
Cystathionine 222.0675 25.84 223.07489
N,N-dimethylarginine 202.25 25.883 203.15027

11-dehydro Thromboxane B2 368.21726 26.07 369.22464

PPK 340.21156 26.34 341.21838
Argininosuccinic acid 290.12291 26.49 291.13022

GPK 300.17989 26.55 301.18741
N6,N6,N6-Trimethyl-lysine 188.15248 26.65 189.15976
S-Adenosylmethionine 398.13744 26.7 399.14471
S-Adenosyl-methionine 398.13724 26.7 399.14452
N-Methylhexanamide 129.11551 26.85 130.12265
Deoxyadenosine 5'-triphosphate (dATP) 491.00151 27.2 492.00879
D-glucose-6-phosphate 260.02963 27.47 261.03708

Cadralazine 283.16446 27.53 284.17188
Phosphonoacetate 139.98746 27.76 140.99475
gamma-Glu-Glu 276.09586 27.8 277.10327

indospicine 173.11643 28.14 174.12372
7-(2-aminophenyl)heptanoic acid 203.12699 28.16 204.13438
Nicotinamide adenine dinucleotide phosphate (NADP+) 743.0755 28.51 744.0827

Adenosine triphosphate (ATP) 506.99584 28.522 508.0033
N6-Methyl-lysine 160.12118 28.92 161.12846

Cytidine diphosphate (CDP) 403.01819 29.12 404.02547
6-Phosphonoglucono-D-lactone 258.0139 29.22 259.02158
Nicotinamide adenine dinucleotide phosphate (NADPH) 745.09111 29.83 746.09839

Pipecolic acid 129.07911 30.08 130.08652

Lysine 146.10559 30.08 147.11288
1-Piperideine 83.07343 30.09 84.08065

Arginine 174.11176 30.33 175.11905

Prolinamide 114.07945 30.68 115.08669
1-Nitrosopiperidine (NPIP) 114.07949 30.68 115.08673

Cytidine 5'-triphosphate 482.98546 30.69 483.99274

Ornithine 132.08983 30.7 133.09723
5-Hydroxylysine 162.10044 31.23 163.10757
Uridine-5'-triphosphate (UTP) 484.14 31.25 484.9758

Myristyl sulfate 294.18605 1.2 293.17877
2,3-dinor Prostaglandin E1 308.20183 1.21 307.19455
Gingerol 294.18587 1.23 293.1788
4-Dodecylbenzenesulfonic acid 326.19133 1.281 325.184
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Cerotic acid

Lignoceric acid
Pentacosanoic acid
11(E)-Eicosenoic Acid
Arachidic acid

dilauroyl peroxide
Stearic acid

Putaminoxin

Houttuynin
(2Z)-2-Octyl-2-pentenedioic acid
Ethyl myristate
Palmitoleic acid

Margaric acid
Proximadiol

Myristic Acid
pentadecanoic acid
Tridecylic acid
Cycloheximide
(R)-2-hydroxystearic acid
16-Oxohexadecanoic acid
lauric acid

Decanoic acid
4-Heptylphenol

Nonanoic acid
[1,1'-biphenyl]-2,2'-dicarboxylic acid
2,5-di-tert-Butylhydroquinone
Embelin

2-Ethylhexanoic acid
Caprylic acid
Clomipramine
2-Hydroxymyristic acid
10-oxocapric acid
n-heptanoic acid
12-Hydroxydodecanoic acid
3-oxolauric acid
3-Hydroxydecanoic acid
9-Oxononanoic acid
10-Hydroxydecanoic acid
Dodecanedioic acid
Valeric acid

Sesamex

396.69
368.36476
382.38069

310.2863
312.5
398.33897
284.27104
212.1409
198.1617
242.15143
256.23967
254.22409

270.45
240.20875
228.20839
242.22401
214.19302
186.16176
300.26567
270.21895
200.17734
172.14615
192.15072

158.1306
242.06111

222.1617
294.18306
144.11517
144.11502
314.15465
244.20367
186.12546
130.09935
216.17232

214.1566
188.14117
172.10982
188.14146
230.15138
102.06806
298.14119

1.393
1.4
1.4

1.42
1.43
1.44
1.44
1.45
1.46
1.46
1.46
1.46
1.468
1.47
1.47
1.47
1.493
1.52
1.52
1.52
1.52
1.57
1.59
1.603
1.61
1.63
1.63
1.64
1.657
1.66
1.68
1.71
1.71
1.723
1.73
1.755
1.76

1.761

1.764

1.773
1.8

395.38959
367.35748
381.3732
309.27936
311.29532
397.33127
283.26385
211.13362
197.15466
241.14449
255.23216
253.21687
269.24829
239.20116
227.20132
241.21674
213.18575
185.15448
299.25833
269.21167
199.1702
171.13887
191.14398
157.12332
241.05382
221.15442
293.17578
143.10776
143.10774
313.14713
243.1964
185.11818
129.09207
215.16504
213.14938
187.1339
171.10254
187.13419
229.14413
101.06078
297.13416
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Hydrocinnamic acid
(Hydroxyethyl)methacrylate
8-Hydroxyoctanoic acid
Ethyl acetate
Isobutyric acid

Sinapy! alcohol
2,5-Dioxopentanoic acid
Itaconic acid
2-Naphthalenesulfonic acid
Succinic anhydride
4-Thiapentanoic acid
Benzoic acid

Azelaic acid
4-Aminobenzoic acid
4-Nitrotoluene
Salicylamide
5-Aminonicotinic acid
N-Acetyl-phenylalanine
2-Aminooctanedioic acid
N-Acetyl-methionine
N-Acetyl-cysteine
(S)-(-)-pipecolic acid
Vigabatrin

Picolinic acid

Nicotinic acid
Mevalonic acid

Lactic acid

Uridine

Erythritol

Pantothenic acid
Xanthine
anthopleurine
Metronidazole
Ethenzamide

Succinic acid
Penicillamine

Dulcitol

Mannitol
5-Aminovaleric acid
2-Oxobutyric acid
metioprim

150.06799
130.06294
160.21
88.05254
88.05258
210.0889
130.02643
130.02672
208.01903
100.01619
120.02451
122.03705
188.10507
137.04725
137.04747
137.04745
138.04292
207.08916
189.10021
191.0614
163.03041
129.07905
129.07915
123.03212
123.03208
148.07336
90.0319
244.06904
122.05794
219.11064
152.03317
177.09996
171.06433
165.07886
118.02659
149.05099
182.07889
182.07887
117.07882
102.03171
306.11522

1.8
1.82
1.843
1.89
1.9
1.91
2.17
2.17
2.4
2.59
2.79
3.2
4.867
5.315
5.35
5.35
5.67
6.6
6.93
7.2
8.08
8.23
8.23
8.26
8.32
8.45
8.64
8.771
9.03
9.18
10.34
10.49
10.86
12.87
12.87
14.26
14.497
14.55
14.62
15.02
15.06

149.06071
129.05574
159.10294
87.04539
87.04531
209.08188
129.01915
129.0193
207.01175
99.00891
119.01744
121.02964
187.09764
136.04007
136.0401
136.04007
137.03532
206.0822
188.09285
190.05412
162.02309
128.07178
128.07172
122.02492
122.02483
147.06642
89.02462
243.06197
121.05066
218.10295
151.02585
176.09283
170.05695
164.0714
117.01929
148.0437
181.07159
181.07158
116.07164
101.02443
307.1225
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N-Acetyl-glutamine
Dihydroorotic acid

Threonic acid

Glycyl-leucine
2-Hydroxyphenylalanine
Orotidine
3-Hydroxy-3-methylglutaric acid
Cytidine

2-Isopropylmalic acid
(Hydroxymethyl)phosphonic acid
Isoniazid

4-Aminonicotinic acid
D-Xylonic acid
5-Nitrilonorvaline

Glutamine
2'-Deoxyguanosine 5'-monophosphate (dGMP)
beta-D-Mannopyranose
Hexose

Sucrose

a,0-Trehalose

Citrulline

Prolylglycine

Nicotinuric acid

Zalcitabine

Glycerol 3-phosphate

Uridine monophosphate (UMP)
Aspartic acid

glyceraldehyde 3-phosphate
N-Acetyl-glutamic acid
Formylpyruvate
N-Acetyl-aspartic acid

Cyclic ADP-ribose

Malic acid

Tenuazonic acid

Maleic acid

Maleamic acid

Uridine 5'-diphosphate (UDP)
3-Phosphoglyceric acid
2-Furoic acid
Phosphoenolpyruvic acid
Orotidine 5'-monophosphate

188.18
158.03245
136.03705
188.11578

181.107416
288.05855
162.05275
243.08565
176.06814
111.99257
137.05879
138.04274
166.04814
128.05879
146.06903
347.06245
180.06329
180.06332
342.11573
342.11579
175.09558
172.08471
180.05359
211.09544
172.01352
324.03486
133.03742
169.99794

189.0636
116.01092

175.0479
541.06044

134.0214
197.10486
116.01103
115.02692
404.00166
185.99305
112.01612
167.98225
368.02424

15.438
15.5
16.18
16.42
16.7
17.81
18.09
18.5
18.6
19.09
19.31
19.32
19.58
19.86
19.86
20.278
20.54
20.54
21.09
21.09
21.29
21.48
21.89
21.91
22.14
22.15
22.2
22.45
22.48
22.5
22.5
22.53
2431
24.43
25.58
25.6
27.3
27.76
27.894
28.37
28.63

187.07295
157.02518
135.02994
187.10864
180.06656
287.05164
161.04536
242.07907
175.06104
110.98529
136.05151
137.03549
165.04066
127.05143
145.0618
346.05518
179.05595
179.05602
341.10846
341.10858
174.0883
171.07762
179.04602
210.08817
171.00632
323.02811
132.03012
168.99066
188.05632
115.00378
174.0406
540.05267
133.01421
196.09779
115.00376
114.0197
402.99432
184.98582
111.00881
166.97499
367.01715
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Deoxyguanosine diphosphate (dGDP)
Glutathione oxidized

Guanosine 5'-diphosphate (GDP)
homoisocitric acid

Ornithine
a-D-Glucose-1,6-bisphosphate
Guanosine triphosphate (GTP)

427.02775
612.15122
443.0236
206.04236
132.08969
339.99483
522.98933

28.646
29.4
294

29.43
30.5
30.63
314

426.02103
611.14343
442.01633
205.03508
131.08244
338.98752
521.98224

Figure 10.28: 370 metabolites were separated and detected by the new developed LC-MS/MS

method. The annotation and the retention times of all the metabolites were confirmed by MS2

spectra match.
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