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ABSTRACT 

A NOVEL ROLE OF INTRACELLULAR TRIACYLGLYCEROL IN LIFESPAN REGULATION IN 
SACCHAROMYCES CEREVISIAE   

By 

Witawas Handee 

 Triacylglycerol (TAG) is one of the fundamental molecules of life that exists in all 

living organisms. TAG is a non-polar lipid which has a role in controlling cellular energy 

stockpiles, lipid homeostasis, and cellular signaling. Conventional thought holds that 

cells accumulate TAG only when they consume excess energy, but a growing body of 

research reveals that TAG accumulation also takes place when cells are exposed to 

stresses.  This suggests a potential life-preserving role for TAG. Our studies have 

discovered that high accumulation of intracellular TAG in budding yeast, S. cerevisiae, 

correlates with extended chronological lifespan. In general, wild yeast exhibit larger 

volumes of TAG and significantly longer lifespans than laboratory yeast. Additionally, 

increasing intracellular TAG levels in laboratory strains by either abolishing TAG lipases 

or enhancing TAG biosynthesis results in lifespan extension, whereas blocking TAG 

production leads to premature aging.  

 The TAG-associated lifespan mechanism is unlikely dependent on several well-

characterized longevity pathways such as the Target-of-Rapamysin (TOR) and the RAS/

PKA pathways. While TAG accumulation does not protect cells from stresses such as UV 

light, osmolarity, and acidity, our data suggest that high-TAG yeast may benefit from 



decreased reactive oxygen species (ROS) or increased resistance to oxidative damages. In 

order to quantitatively measure ROS level in yeast cells, we have developed a 

normalization technique that is applicable to aging studies via using the fluorescent 

probe, 2’,7' -dichlorofluorescein diacetate. The results demonstrate that yeast with high 

TAG abundance display lower intracellular ROS than that of wild-type yeast. On the 

other hand, yeast with low TAG exhibit significantly increased ROS and oxidative 

damages. These results support the mitochondrial free radical theory of aging which 

suggests that longevity can be extended by reducing cell injury from ROS. Subsequently, 

we offer the radical sink hypothesis proposing a TAG-mediated longevity mechanism by 

which TAG can intercept ROS before they impair other vital macromolecules and then 

safely transfer to lipid droplets. 

 Because TAG metabolism and most lifespan regulations are highly conserved from 

yeast to human, it is possible that this lifespan regulation can universally apply to other 

organisms. It is important to note that these results are consistent with an observation in 

modern societies called obesity paradox, a phenomenon by which overweight individuals 

benefit from lower overall mortality rate than normal or underweight people. Our 

findings thus demonstrate an overlooked function of TAG that could potentially readjust 

future healthcare guidelines in order to increase greater a healthy life of the advanced 

age.  
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CHAPTER I: 

Literature reviews 
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Aging studies in yeast 

 Over several decades, improvements in agriculture, food distribution, public 

sanitation, healthcare, health technologies and other factors have dramatically increased 

the average lifespan of much of the world’s population.  Demographically, the elderly 

constitute a much larger group than ever before, both in number and as a proportion of 

the population as a whole. This longevity comes at a price, however.  Aging is the single 

most important contributing factor for many medical conditions, including 

cardiovascular diseases and cancer; these conditions create tremendous social and 

economic burdens worldwide (Nations 2012). It is no surprise, then, that research into 

aging has become a fast-developing area in biomedical research in recent decades. An 

understanding of the mechanisms of aging at the cellular and molecular levels may bring 

about remedies that improve the quality of life for the elderly.  

 On a cellular level, aging is a complex process which is predominantly influenced 

by genetic and environment factors, and is manifested by the chronological decay of 

cellular functions (Smith et al. 2015). Even though the outcomes of aging are distinctly 

visible, the underlying mechanistic causes are much more difficult to identify. 

Surprisingly, aging research in one of the simplest eukaryotic systems, the budding yeast 

Saccharomyces cerevisiae, has achieved spectacular successes in the identification of the 

conserved molecular mechanisms of aging.  Yeast and mammals share highly conserved 

molecular and biochemical pathways; this fact both justifies and recommends the use of 

S. cerevisiae as a model organism in aging studies for several reasons.  Budding yeast 
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have short doubling time, a small and fully-sequenced genome, and the capability to 

reproduce in both diploid and haploid cell types (Goffeau et al. 1996; Dickinson & 

Schweizer 2004). In addition, gene recombination and complementation techniques can 

be applied to yeast with high efficiency and precision, which greatly supports the use of 

reverse genetics studies in order to screen for genes related to lifespan regulation.  For 

these reasons, yeast first became an aging model in 1959 (Mortimer & Johnson 1959), 

and subsequent research successfully revealed the first yeast longevity gene in 1994 

(D'mello et al. 1994). At present, more than 238 genes have been identified as potential 

longevity factors (McCormick et al. 2015). Clearly, outcomes from aging studies in yeast 

can facilitate our understanding of human aging. 

 The lifespan of budding yeast consists of two distinct modes that are results of the 

cellular growth status: the logarithmic phase of rapid growth and replication, and the 

stationary phase where cells maintain a mitotically resting but metabolically active state 

(Werner-Washburne et al. 1996). These two growth phases give rise to two cognate 

paradigms of aging, replicative lifespan (RLS) and chronological lifespan (CLS). RLS 

refers to the number of times that a given yeast cell can divide (Mortimer & Johnson 

1959). This model of aging derives from the fact that a yeast cell can only produce a 

finite number of progeny before it enters a post-replicative state when cell division is 

discontinued (Kaeberlein 2010). When a yeast cell divides, the daughter cells usually do 

not receive maternal senescence factors such as damaged proteins, toxic materials, and 

extrachromosomal ribosomal DNA circles (ERCs; Sinclair & Guarente 1997; Klinger et al. 
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2010; Aguilaniu et al. 2003; Eldakak et al. 2010). In the RLS paradigm, the 

accumulation of such subcellular damages impairs the ability of the mother cells to 

divide, resulting in replicative aging. When the cumulative damage accrued by the 

mother cells becomes too great, cell division ceases.  

    S. cerevisiae reproduces via asymmetrical budding.  This facilitates RLS measurement, 

because it is quite practical for researchers to identify smaller daughter cells and remove 

them from their mother via a microscopic needle. RLS varies depending on the strain 

background, but typically falls around 20-30 daughter cells produced by a mother cell 

(Mortimer & Johnson 1959).  It is not intuitive that the RLS lifespan paradigm compares 

with that of multicellular organisms; however, yeast RLS research has uncovered a 

number of conserved aging pathways shared by other eukaryotes. It is demonstrated that 

the RLS model has a high degree of similarity with the aging paradigms in human cell 

cultures (Hayflick & Moorhead 1961) and human stem cells (Rando 2006). In fact, this 

asymmetrical fission surprisingly occurs in almost every living organism, even though the 

morphology of cell division appears to be equal (Barker & Walmsley 1999; Nystrom 

2007).  

  When cell division ceases, yeast cells undergo a shift into a mitotically resting but 

metabolically active phase.  The chronological lifespan (CLS) paradigm provides a 

quantitative measurement of aging in post-mitotic cells. CLS is defined as a ratio of 

viable cells from a stationary phase population displayed as a function of time (Longo & 
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Fabrizio 2012). Measurements of CLS begin when yeast cultures enter a state of post-

diauxic shift when cells have to rely on mitochondria-driven respiration for metabolism 

and survival (Fabrizio & Longo 2007). Over time, intracellular oxidative damages and 

extracellular acid wastes accumulate, leading to cell death (Burtner et al. 2009; Fabrizio 

& Longo 2008; Rockenfeller & Madeo 2008; Burhans & Weinberger 2009). Cellular aging 

is manifested by the progressively smaller percentage of viable cells in a population. 

 CLS is significantly influenced by growth conditions; the well-defined factors that 

contribute to variations in CLS include the strain background, nutrient sources, medium 

pH, and the growth temperature (Werner-Washburne et al. 1996; Longo & Fabrizio 2012; 

Mirisola & Longo 2012; Burtner et al. 2009; Burtner et al. 2011). Typically, in CLS 

research the synthetic complete (SC) medium with 2% glucose is used as the growth 

medium (Fabrizio & Longo 2007).  

 Technically, there are several ways to quantify yeast CLS. Traditional 

measurement of CLS tests cell viability at different time points by spreading a known 

number of cells taken out from stationary phase cultures onto a nutrient-rich YPD plate. 

The colony forming unit (CFU) change over time is the criterion for CLS (Fabrizio & 

Longo 2007). This method can be simplified by spotting a small volume of serially 

diluted cells on the YPD instead of plating cells. This 'spot assay' saves operation time 

and materials and also provides quantitative comparison of multiple strains at the same 

time (Matecic et al. 2010; Postnikoff & Harkness 2014). Recently, a high-throughput 
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“outgrowth” technique has been developed by the Kaeberlein group. The outgrowth 

method measures the time it takes for a fixed number of stationary cells to reach a 

selected cell density in fresh, YPD medium (Murakami & Kaeberlein 2009). This method 

is conducted in a 96-well plate in a “growth curve” machine that measures cell density 

changes in real time. The time for each culture to reach the set density is inversely 

proportional to the number of viable cells in the initial inoculum. Cell viability, i.e., the 

basis for measuring CLS aging, can thus be derived by simple calculation. It is 

uncommon to measure CLS to the point where the viability of a culture drops to zero. 

This is due to the occasional appearances of adaptive regrowth (or ‘gasping effect’) by 

which cell division is reactivated when cell survival falls below 1% (Zambrano & Kolter 

1996; Fabrizio et al. 2004). Therefore, yeast CLS data are often presented in terms of 

time points at which cell viability reaches a certain level. Nevertheless, this model of 

aging retains a strong resemblance to cells in mammalian post-mitotic tissues. 

Triacylglycerol functions more than storing surplus energy 

 Triacylglycerol (TAG) is a ubiquitous storage lipid found in all life kingdoms 

including budding yeast. TAG is composed of three fatty acids (FA) esterified to a 

glycerol molecule (Figure 1.1) (Daum et al. 2007). This structure packs the highest 

density of chemical energy among major biomolecules, making TAG a significant source 

of stored energy. Even though TAG is extremely hydrophobic because it consists nearly 

only of hydrocarbon chains, it lacks a polar head group to be part of the biological 

membrane 
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Figure 1.1 Structure of TAG. A TAG molecule contains a glycerol 
backbone with three esterified acyl chains. TAG is assemble from DAG 
(diacylglycerol) which receives an acyl group from acyl-CoA or PL 
(phospholipids) 

membranes (Daum et al. 1998; Klug & Daum 2014). Instead, TAG is gathered and 

densely packed inside a unique monolayer organelle called lipid droplets (LD) or oil 

particles. Along with TAG, another common neutral lipid found in LD is steryl ester 

(STE) (Daum et al. 1998; Mullner & Daum 2004; Klug & Daum 2014).  
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 TAG is best-known for its function as a surplus energy supply. Interestingly, TAG 

accumulation is not a response of surplus nutrients, but rather of different cellular 

stresses.  For instance, research that restricted various nutrients such as nitrogen and 

phosphorus caused the model microalgae Chlamydomonas reinhardtii to increase levels 

of TAG (Li et al. 2012; Cakmak et al 2014).  Additional molecular roles of TAG have been 

reported by numerous studies over the years, including the control of lipid homeostasis, 

prevention of fatty acid-induced cytotoxicity, and buffering against various cellular 

stresses (Murphy 2012). Despite the diverse functions of TAG, its metabolism is highly 

conserved in eukaryotes ranging from yeast to humans (Murphy 2012), which suggests 

an essential role of TAG that was acquired through millennia of evolution. 

TAG biosynthesis 

 TAG biosynthesis in budding yeast begins with the formation of its precursors, 

phosphatidic acid (PA) and diacylglycerol (DAG) (Sorger & Daum 2003). The de novo 

synthesis of PA occurs through either the acylation of glycerol-3-phosphate (G3P) by G3P 

acyltransferase, or via a series of acylation and reduction reactions of dihydroxyacetone 

phosphate (DHAP) by DHAP acyltransferase and acyl-DHAP reductase (Figure 1.2) (Klug 

& Daum 2014). Both reactions produce lysophosphatidic acid (LPA) which is further 

acylated at the sn-2 position by 1-acyl-G-3-P acyltransferase, yielding a PA molecule 

(Daum et al. 2007). Aside from the de novo synthesis, PA alternatively can be derived 

from two bypass systems: the hydrolysis of glycerophospholipids by phospholipase D 

(McDermott et al. 2004), or via DAG phosphorylation by a DAG kinase (Han et al. 2008). 
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Figure 1.2 TAG biosynthesis pathway. The establishment of TAG involves 
multiple acylation enzymes located on the ER membrane. TAG and in some 
organisms, together with steryl esters (SE) are stored in lipid droplets. 
Abbreviations for metabolites: DAG, diacylglycerol; G3P, glycerol-3-
phosphate; LPA, lysophosphatidic acid; PA, phosphatidic acid; PL, 
phospholipids; SE, steryl ester; TAG, triacylglycerol. Abbreviations for 
enzymes: AGPAT, 1-acylglycerol-3-phosphate acyltransferase; DGAT, acyl 
CoA:diacylglycerol acyltransferase; GPAT, glycerol-3-phosphate 
acyltransferase; PDAT, phospholipid:diacylglycerol acyltransferase; PAP, 
phosphatidic acid phosphatase. 
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 PA serves as the important divergent metabolite in de novo pathways of various 

lipid biosyntheses such as phospholipids, sphingolipids, and TAG. For TAG formation, the 

phosphate ester of PA is first hydrolyzed to generate DAG by phosphatidate phosphatases 

(PAP; Pah1 in S. cerevisiae). This is one of the crucial regulatory steps. Disruptions of 

Pah1 cause direct effects and reduce DAG and TAG levels (Oshiro et al. 2003). The PAH1-

null strain (pah1∆) does not show logarithmic growth defects under normal conditions, 

but is unable to use non-fermentable carbon sources such as glycerol and is sensitive to 

high temperature (Han et al. 2008), suggesting that the PAP pathway has a function 

beyond TAG biosynthesis. Indeed, the pah1∆ mutant exhibits higher levels of radical 

species and relatively shortened chronological lifespan because the lipid flux cannot go 

to TAG so it diverts to make more phospholipids, causing membrane disruption (Park et 

al. 2015). 

 The last stage of TAG biosynthesis involves the transfer of an acyl group to the 

sn-3 position of DAG. In budding yeast, the two key enzymes for this reaction are Dga1p 

and Lro1p, homologous to the mammalian DGAT2 (diacylglycerol acyltransferase 2) and 

LCAT (lecithin cholesteryl acyltransferase) families, respectively (Mullner & Daum 2004). 

Even though both Dga1p and Lro1p have acyltransferase activity, they operate with 

different substrates and types of chemical reaction. Dga1p assembles TAG by using acyl-

CoA as the substrate in an acyl-CoA dependent acylation reaction (Sorger & Daum 

2002). Conversely, Lro1p performs acyl-CoA independent esterification by transferring 

an acyl group from glycerophospholipids, preferably phosphatidylcholine (PC) and 
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phosphatidylethanolamine (PE) (Oelkers et al. 2000) to DAG, resulting TAG and a lyso-

phospholipid (Figure 1.1).  

 Dga1p and Lro1p have complementary functions in TAG formation, but the 

contribution of each individual enzyme is not well defined. A single deletion of either 

Dga1 or Lro1 decreases TAG abundance by only 20-30% (Sorger & Daum 2002; 

Dahlqvist et al. 2000). However, in dga1∆ lro1∆ double mutant cells, 95% of TAG 

accumulation is depleted (Sorger & Daum 2002). Different yeast strains growing in 

different environments demonstrate varying levels of TAG accumulation as well as 

variations in the relative contribution of these two acyltransferases (Sorger & Daum 

2002; Sandager et al. 2002). Nevertheless, the cell’s life phase appears to be the most 

influential factor in defining acyltransferase contribution to TAG biosynthesis (Oelkers et 

al. 2000). The lro1∆ mutant has significantly reduced TAG production in logarithmic 

phase but only minor reduction in stationary phase (Oelkers et al. 2000; Sandager et al. 

2002). DGA1-null cells showed approximately 50% reduction of TAG accumulation 

during stationary phase, but less than 25% reduction during the logarithmic phase 

(Oelkers et al. 2000). Furthermore, transcriptional expression of DGA1 was up-regulated 

in diauxic shift and stationary phase relative to that of LRO1 (Gasch et al. 2000). These 

studies indicate that Dga1p plays the principal role of TAG production in stationary 

phase while Lro1p is more active at the logarithmic phase.  
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 While DGA1 and LRO1 are responsible the major TAG synthesis, it is suspected 

that TAG could be derived from a third, yet to be defined pathway, which explains how 

5% of TAG remained in dga1∆ lro1∆ mutants (Sorger & Daum 2003). There are two 

proposed unconventional routes of TAG biosynthesis. Several reports demonstrate that 

ARE1 and ARE2, the S. cerevisiae STE synthesis genes (related to ACAT, cholesterol 

acyltransferase), could participate in TAG production when DGA1 and LRO1 are not 

functional (Oelkers et al. 2000; Sandager et al. 2002). However, the contribution of 

Are1/2 enzymes in TAG production remains unclear (Sorger & Daum 2003). Another 

proposed pathway may involve a direct acylation of free fatty acids (FFA) into DAG via a 

phospholipase A2-dependent deacylation-reacylation reaction (Sorger & Daum 2002; 

Wagner & Paltauf 1994). However, such a gene in yeast, if exists, remains elusive. 

 It should be noted that TAG accumulation appears to be non-essential for yeast 

vegetative growth (Sandager et al. 2002). The quadruple deletion of DGA1, LRO1, ARE1, 

and ARE2 resulted in normal-growing yeast with complete ablation of neutral lipids and 

lipid droplets. However, the mutant is highly sensitive to exogenous unsaturated FA 

which causes an imbalance in membrane proliferation and leads to premature loss of cell 

viability (Petschnigg et al. 2009). This phenomenon is widely known as lipotoxicity, a 

condition by which FFA induces cell stress, unfolded protein response (UPR), 

intracellular reactive oxygen species (ROS), and cell apoptosis (Eisenberg & Büttner 

2013; Garbarino et al. 2009).  
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TAG hydrolysis 

 TAG breaks down into fatty acids and DAG; the latter can be further hydrolyzed 

into monoacylglycerol and glycerol, and more fatty acids. Fatty acids mobilized from TAG 

are materials for ß-oxidation, whereas DAG, if not further hydrolyzed, can be a precursor 

for phospholipid biosynthesis, and other signaling molecules (Figure 1.3) (Sorger & 

Daum 2003).  

 TAG hydrolysis is catalyzed by lipases (Zimmermann et al. 2004). Three well-

known TAG lipases in S. cerevisiae are Tgl3p, Tgl4p, and Tgl5p (Kurat et al. 2006; 

Athenstaedt & Daum 2003; Athenstaedt & Daum 2005). These lipases contain the 

consensus sequence GXSXG for serine esterase and α/ß hydrolase fold, which is 

commonly found in proteins with lipolytic activity (Athenstaedt & Daum 2003). Tgl3p is 

considered the main TAG lipase with low FA specificity hydrolyzing all kinds of 

incorporated FA in TAG molecules. Tgl4p also has a wide range of substrates but works 

better with TAG that contains myristic (C14:0) and palmitic acid (C18:0), while Tgl5p 

prefers working with hexacosanoic acid (C26:0) (Athenstaedt & Daum 2005). That 

different TAG lipases prefer slightly altered TAG substrates suggests that FFA is produced 

in a controlled manner by the specificity of TAG breakdown enzymes (Kurat et al. 2006).  

 It should be noted that many lipases display more than a lipid hydrolytic function. 

Tgl4p exhibits an additional role in cell cycle control during the G1-to-S phase via Cdk1- 
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Figure 1.3 TAG hydrolysis pathway. TAG is remobilized via lipases (Tgl3 
and Tgl4 in budding yeast) leading to DAG (diacylglycerol) and FFA (free 
fatty acid). DAG can get further hydrolyzed to yield MAG 
(monoacylglycerol) or incorporate into phospholipid productions. Cells can 
breakdown FFA through the ß-oxidation in peroxisome to produce acetyl-
CoA for cellular respiration. These processes are known to produce ROS 
(reactive oxygen species) as the byproduct. 

dependent phosphorylation pathway (Zimmermann et al. 2004). Failure to 

phosphorylate Tgl4p results in delayed bud development and cell-cycle progression 

(Kurat et al. 2009). Tgl3p and Tgl5p also contain the H-(X)4-D acyltransferase motif 

which is involved in acylation of lysophosphatidylethanolamine and lysophosphatidic 

acid, respectively (Rajakumari & Daum 2010a). The acylation function of Tgl3p and 

Tgl5p appears to be activated when cells are in the lag phase or when commit ted to 

sporulation (Rajakumari & Daum 2010a), which suggests that the phospholipid 

acyltransferase activities of Tgl3p and Tgl5p work independently from the TAG lipase 
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activity. Single, double, and triple deletion of TGL3, TGL4, or TGL5 did not display major 

growth or sporulation defects (Athenstaedt & Daum 2005; Kurat et al. 2009; Rajakumari 

& Daum 2010a; Rajakumari & Daum 2010b). This indicates that TAG lipases as well as 

TAG accumulation were non-essential under normal, laboratory conditions. Intriguingly, 

significant TAG accumulation is seen in tgl3∆ and tgl4∆ strains; the tgl5∆ cells appear to 

maintain a normal level of TAG (Rajakumari & Daum 2010a; Rajakumari & Daum 

2010b). Recently, additional TAG lipases AYR1 and LPX1 have been shown to have the 

TAG hydrolytic activity but with significantly less robustness (Ploier et al. 2013). Taken 

together, the existence of various TAG lipases with slightly different functions and 

substrate specificities suggests that there is a regulatory approach by which cells can 

control activities of TAG hydrolysis in response to different cell conditions. However, such 

regulation remains poorly understood and requires further elucidation. 

Interaction of organelles in TAG metabolism 

 TAG metabolism involves the interplay of diverse enzymes localized in different 

organelles such as the endoplasmic reticulum (ER), lipid droplet (LD), mitochondria, 

peroxisome, vacuole, cytoplasm, and plasma membrane (Figure 1.4) (Rajakumari et al. 

2008; Grillitsch et al. 2011; Huh et al. 2003). During TAG construction, the 

intermediates (i.e., G3P, PA, and DAG) progressively increase in hydrophobicity which 

determines the sub-cellular compartments where they are found, ranging from cytosol 

(high hydrophilicity) to the hydrophobic core of LD (Sorger & Daum 2003). Intracellular 

movements are dictated by the locations of the responsible enzymes which are 
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predominantly on the ER membrane (Rajakumari et al. 2008). For example, PA is 

dephosphorylated at the ER surface, releasing DAG to the cytosol. DAG acylation yields 

TAG, a reaction taking place in between the two layers of phospholipids of the ER 

membrane in order to avoid contact with solution. Localized accumulation of TAG in the 

inter-leaflet space of the ER membrane eventually causes the bulging and budding of 

lipid droplets from ER (Tobias & Walther 2012). On the other hand, the underlying 

mechanism driving LD segregation from ER is still obscure. Furthermore, proteomics 

studies of LD uncovered unexpected proteins for LD formation and targeting, as well as 

TAG and STE biosynthesis (Binns et al. 2006; Natter et al. 2005; Huh et al. 2003; 

Athenstaedt et al. 1999; Sorger & Daum 2002). These unexpected LD-associated proteins 

appear to support the notion that LD can grow in size and number, in a way that is 

similar to other organelles. However, the true functions of most LD proteins remain to be 

delineated (Tobias & Walther 2012; Thiam et al. 2013).  

 Many proteins involved in the metabolism of neutral lipids (i.e., TAG and SE) 

share common organellar locations such as ER and LD (Grillitsch et al. 2011). In 

budding yeast, TAG anabolic enzymes such as Pah1p, Dga1p, and Lro1p are located in 

the cytoplasm or ER (Dahlqvist et al. 2000; Oelkers et al. 2000; Kohlwein et al. 2013; 

Sorger & Daum 2002). Changing locations of these proteins sometimes serves as a 

mechanistic control for the protein activity. For instance, Pah1p can change its sub-

cellular localization from cytosol to ER membrane depending on its phosphorylation 

states. The phosphorylated Pah1p is inactive and remains in cytosol, while the 
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unphosphorylated proteins translocate to ER membrane and become active (Choi et al. 

2011; Adeyo et al. 2011; Han et al. 2006). The Pah1p phosphorylation thus functions as 

a regulatory step during TAG biosynthesis (Carman & Henry 2007). 

  

Figure 1.4 TAG and LD metabolisms associate with various organelles. 
LD can interact with many other organelles, such as endoplasmic reticulum 
(ER), mitochondria, peroxisomes and autophagosomes. 
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 The subsequent DAG acylation reaction takes place in the ER membrane where 

both Dga1p and Lro1p are located. While Lro1p can be found only on the ER membrane, 

Dga1p can co-localize on both ER and LD surfaces (Natter et al. 2005; Grillitsch et al. 

2011). It is proposed that Dga1p located on the LD membrane may provide an 

opportunity for LD to grow in the bigger size after it is budded from the ER. 

Nevertheless, conventional theory suggests that the majority of TAG is synthesized by 

Dga1p and Lro1p, and accumulated between two phospholipid layers of ER membrane 

and subsequently developed into a LD in the cytoplasm (Thiam et al. 2013; Wilfling et 

al. 2013; Robenek et al. 2005). One apparent issue regarding this observation is how 

such membrane-bound proteins maintain their functions at the different locations, 

specifically, when LD has only a single layer of phospholipids unlike the others (Zinser et 

al. 1991; Sorger & Daum 2002). The predicted protein topology indicates that Dga1p has 

a hairpin structure by which two transmembrane domains are inserted into the 

membrane leaving N- and C-terminal portions in the cytoplasm (Ingelmo-Torres et al. 

2009; Stone et al. 2006; Abell et al. 2004). Interestingly, Dga1p from isolated 

microsomes and LD retains normal enzymatic activity, suggesting that the protein 

structures and functions are maintained after the migration from ER (which is present in 

the microsome fraction) to LD (Oelkers et al. 2000; Sorger & Daum 2002). Recent 

evidence indicates that after budding, LD continues to have close proximity to the 

parental ER (Wolinski et al. 2011; Knoblach & Rachubinski 2015). Furthermore, proteins 

on LD shuttle back to the ER and vice versa (Jacquier et al. 2011). This finding suggests 

that LD and ER can exchange some of their membrane components even though they are 
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physically separated. Nevertheless, many related questions such as how LD and ER 

interact or how ER proteins are targeted to LD are still poorly understood. 

 Not all of the TAG-mobilized enzymes have the same shape and activity when 

they translocate. For example, Tgl3p is predominantly located on the LD surface, but also 

can be found on the ER, usually when cells are unable to form a LD. The Tgl3p that is 

retained on the ER membrane presumably serves as a waiting dock before LD formation 

(Schmidt et al. 2013). However, it displays much shorter half-life and lacks lipase activity 

(Schmidt et al. 2013). This is because the C-terminus of Tgl3p which is critical for 

protein stability and function normally faces the hydrophobic core in LD, but on the ER, 

it is exposed to the cytosol (Koch et al. 2014). This finding indicates that during the 

process of LD budding, ER-associated Tgl3p must be modified in shape so that the C-

terminal can move from cytosol into the hydrophobic core. It is unclear how a protein 

can drastically change the conformation from such a hydrophilic environment to the very 

opposite. Overall, it is undeniable that enzyme compartmentalization plays a critical role 

in regulation of TAG metabolism. 

 Even though LD stores predominantly TAG, proteins coating the LD surface are 

not solely devoted to TAG metabolism, but rather are highly diversified (Gao & 

Goodman, 2015). The proteomics of lipid droplets demonstrate a variety of protein 

trafficking that is conserved from bacteria to human (Yang et al. 2012; Ding at al. 2012; 

Low et al. 2010). In mammals, a number of SNARE proteins are discovered such as 
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perilipin protein that is involved in the action of the hormone-sensitive TAG lipase, and 

Rab18 that mediates the interaction between lipid droplets and endoplasmic reticulum 

(ER). In yeast, the lipin1 protein, a homologue of seipin in human has been 

characterized recently (Szymanski et al. 2007; Wolinski et al. 2011). The mutation of 

yeast seipin (Fld1p) demolishes the ability to control LD fusion and TAG hydrolysis 

leading to supersized LD (Fei et al. 2008). Even though the mechanism of Fld1p is not 

well characterized, the seipin-mutating yeast has become an excellent model for studying 

a human disorder, lipodystrophy syndrome, by which subcutaneous adipose tissues 

progressively lose the ability to synthesize and redistribute TAG (Wolinski et al. 2011).  

 LD also have close contact with mitochondria as observed in adipocytes (Novikoff 

et al. 1980; Blanchette-Mackie & Scow 1983), hepatocytes (Kalashnikova & Fadeeva 

2006), and skeleton myocytes (Shaw et al. 2008). The synaptosome associated protein 

23 (SNAP23), a member of SNARE protein family, was discovered as a mediator between 

LD and mitochondria in human muscle cells (Jägerström et al. 2009; Strauss et al. 

2015). How these two compartments interact is unclear, but recent evidence suggests 

that a bidirectional transport channel may be formed, allowing free fatty acids, 

hydrolyzed from TAG in LD, to quickly transport to mitochondria for ß-oxidation 

(Rambold et al. 2015). Likewise, phosphatidylcholine synthesized in mitochondria can 

move to LD, serving as a phospholipid precursor for the LD growth (Horl et al. 2011; 

Bartz et al. 2007; Barbosa et al. 2015). In budding yeast, ß-oxidation occurs in the 

peroxisome instead of in the mitochondria (Binns at al. 2006), but shuttle mechanism for 
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lipid intermediates is also observed. A LD protein called Erg6, which is the sterol ∆24- 

methyltransferase functioning in ergosterol biosynthesis, can mediate the interaction 

between LD and mitochondria (Pu at al. 2011; Gaber et al. 1989). In addition, Erg6 

protein is physically associated with many lipid metabolism proteins in the three-way 

connection among LD, mitochondria, and peroxisome (Pu at al. 2011; Binns et al. 2006). 

The examples of these proteins are Tgl3/4 (TAG hydrolysis), Mcr1 (ergosterol synthesis), 

Ayr1 (PA synthesis), and Pex11 (FFA oxidation) (Pu at al. 2011). These findings indicate 

that LD is the central organelle in the regulation of global lipid homeostasis. The control 

of TAG which is the major component of LD is therefore crucial for healthy cells. 

Research Interests and significance 

 Modern omics studies reveal that a cell’s ability to mitigate or delay the effects of 

aging relies on effective control of energy flux.  Many metabolites such as amino acids 

and carbon sources have been shown to be associated with lifespan control.  Little is 

known, however, about how lipid homeostasis relates to lifespan regulation.   

 TAG is the ubiquitous neutral lipid found in all living organisms.  Conventional 

thought has it that TAG is synthesized only when cellular energy is oversupplied.  Many 

recent studies suggest a more complex paradigm, however.  These studies reveal that 

TAG synthesis may in fact be activated under conditions of nutrient deprivation and 

other cellular stress.  While the benefit of accumulated TAG in these conditions is 
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unclear, these findings strongly imply a role in the lifespan control of cells growing in the 

post-mitotic phase. 

 This thesis aims to elucidate the energy-independent role of TAG related to 

lifespan regulation of S. cervisiae. In chapter II, a novel function of TAG in the regulation 

of yeast chronological lifespan is demonstrated. The underlying mechanism of this 

function operates via a pathway that is independent of other well-known aging 

determinants such as dietary restriction (DR) and the rapamycin (TOR)/Ras2 pathway.  

Data suggest that the cytoprotective action of TAG is associated with decreased levels of 

reactive oxygen species. This leads to the introduction of the Radical-Sink hypothesis in 

Chapter III, which proposes that TAG molecules prevent oxidative damage to cells by 

depleting free radical species. Chapter IV discusses the applications of the Radical-Sink 

model of intracellular TAG to health care, and its potential to decrease age-related 

diseases, prolong lifespan, and increase functional ability in those of advanced age.  
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CHAPTER II: 

An Energy-Independent Pro-longevity Function of Triacylglycerol 
in Yeast  1

 This research was published in: Handee, W., Li, X., Hall, K. W., Deng, X., Li, P., Benning, 1

C., Williams, B. L., Kuo, M. K. (2016). An Energy-Independent Pro-longevity Function of 
Triacylglycerol in Yeast. PLoS Genetics, 12(2), e1005878. I contributed to the data shown 
in all of the figures, except Figure 2.3B is from Xiaobo Li.
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Abstract 

 Intracellular triacylglycerol (TAG) is a ubiquitous energy storage lipid also 

involved in lipid homeostasis and signaling. Comparatively, little is known about TAG’s 

role in other cellular functions. Here we show a pro-longevity function of TAG in the 

budding yeast Saccharomyces cerevisiae. In yeast strains derived from natural and 

laboratory environments a correlation between high levels of TAG and longer 

chronological lifespan was observed. Increased TAG abundance through the deletion of 

TAG lipases prolonged chronological lifespan of laboratory strains, while diminishing 

TAG biosynthesis shortened lifespan without apparently affecting vegetative growth. 

TAG-mediated lifespan extension was independent of several other known stress 

response factors involved in chronological aging. Because both lifespan regulation and 

TAG metabolism are conserved, this cellular pro-longevity function of TAG may extend to 

other organisms. 

Author summary 

 Triacylglycerol (TAG) is a ubiquitous lipid species well-known for its roles in 

storing surplus energy, providing insulation, and maintaining cellular lipid homeostasis. 

Here we present evidence for a novel pro-longevity function of TAG in the budding yeast, 

a model organism for aging research. Yeast cells that are genetically engineered to store 

more TAG live significantly longer without suffering obvious growth defects, whereas 

those lean cells that are depleted of TAG die early. Yeast strains isolated from the wild in 
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general contain more fat and also display longer lifespan. One of the approaches taken 

here to force the increase of intracellular TAG is to delete lipases responsible for lipid 

hydrolysis. Energy extraction from TAG thus is unlikely an underlying cause of the 

observed lifespan extension. Our results are reminiscent of certain animal studies linking 

higher body fat to longer lifespan. Potential mechanisms for the connection of TAG and 

yeast lifespan regulation are discussed. 

Introduction 

Lipid is essential for all life forms on earth. Polar lipids, most notably 

phospholipids, are the primary components of biological membranes, whereas neutral 

lipids such as triacylglycerols (TAG; or triglycerides, TG), are long believed to store 

excessive energy and to provide thermal and physical insulation for animals. By 

esterifying three molecules of fatty acids to the glycerol backbone, TAG packs the highest 

density of chemical energy among major biomolecules, consistent with a role in storing 

surplus energy. In addition, TAG metabolism is linked to the overall lipid homeostasis in 

cells and the organism (Murphy 2012). This is commonly achieved via diacylglycerol, 

DAG, which is a shared precursor for TAG and phospholipids biosynthesis. Interestingly, 

in many organisms, TAG accumulation is not a response of surplus nutrients, but of 

different stresses. For example, starvation for nitrogen, phosphorus, or sulfur causes a 

model photosynthetic microalga Chlamydomonas reinhardtii to accumulate TAG (Li et al. 

2012; Çakmak et al. 2014). Even the oleaginous marine alga Nannochloropsis species 
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increase the TAG content by 50% when starved of nitrogen, and to a lesser extent when 

stressed by high light and salinity (Pal et al. 2011). In animals, mild (5%) calorie 

restriction administered to laboratory mice shifted the relative abundance of fat and 

muscle by increasing the fat mass by 68%, and reducing the lean mass by 12%, with 

total bodyweight remained unchanged (Li et al. 2009). In budding yeast Saccharomyces 

cerevisiae, a minimal amount of TAG is synthesized by vegetatively growing cells. When 

glucose becomes limited and that cells enter the stationary phase, TAG synthesis rises 

sharply (Taylor & Parks 1979). One apparent reason for these organisms to maintain a 

larger storage of TAG under stress is to cope with the uncertainties of the environments. 

By storing chemical energy and materials for membrane lipid biosynthesis, TAG helps the 

underlying cells quickly resume robust metabolism and growth when conditions 

improve. On the other hand, whether the existence of TAG in cells affords other benefits 

for survival through the environmental stress remains an unaddressed question.  

TAG is composed of a glycerol backbone esterified to three fatty acids by acyl 

coenzyme A:diacylglycerol acyltransferases, DGATs, and phospholipid:diacylglycerol 

acyltransferases, PDATs. In budding yeast, Dga1p and Lro1p are the major DGAT and 

PDAT, respectively (Daum et al. 2007). Of these two, Lro1p appears to be responsible for 

TAG synthesis in vegetatively growing cells, whereas Dga1p contributes more 

significantly to the post-diauxic shift accumulation of TAG (Oelkers et al. 2000; Oelkers 

2001; Sandager et al. 2002). In addition to TAG, fatty acids can be esterified to sterols to 

form steryl esters (SE), another class of storage neutral lipids (Sandager et al. 2002). 
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The two major enzymes responsible for SE biosynthesis are Are1p and Are2p (Sandager 

et al. 2002). In contrast to the stark differentiation of TAG abundance in log and 

stationary phase cells, SEs are maintained at a constant level at different phases of the 

growth curve (Fenner & Parks 1989), suggesting a function unique to TAG in the 

stationary phase. Intriguingly, deleting the four major neutral lipid biosynthetic genes 

(DGA1, LRO1, ARE1, ARE2), while causing yeast cells to lose practically all storage 

neutral lipids, does not result in significant deleterious effects in vegetatively growing 

cells (Sandager et al. 2002). However, these lean cells are hypersensitive to exogenous 

fatty acids and die with a phenotype of membrane over-proliferation (Petschnigg et al. 

2009), indicating that maintaining the capacity of incorporating excessive free fatty acids 

in the form of TAG or SE affords an important means to prevent lipotoxicity of free fatty 

acids. Accumulation of TAG and SE in the ER membrane causes expansion of the 

membrane, which eventually buds out to form lipid droplets (LD), a dynamic 

phospholipid monolayered organelle that has gained increasing research interests (Welte 

2015; Radulovic et al. 2013). A variety of proteins have been found associated with LD, 

including multiple TAG and SE hydrolases and signaling proteins that together play 

important roles in lipid homeostasis (Hodges & Wu 2010). The yeast TGL3 and TGL4 

genes encode the two major TAG lipases in yeast; additional lipases Tgl5p, Ayr1p and 

Lpx1p appear to be less robust enzymatically (Ploier et al. 2013). Tgl4p, which is 

thought to be the functional orthologue of the mammalian ATGL (Zimmermann et al. 

2004; Athenstaedt & Daum 2005), has been shown to be regulated by Cdk1-mediated 

phosphorylation in G1-to-S transition of dividing cells (Kurat et al. 2009). Blocking this 
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phosphorylation event delays bud emergence. Deleting either or both major TAG lipases 

causes accumulation of TAG in stationary phase cells without a clear growth defect 

(Athenstaedt & Daum 2005). Similar to TAG, SE can be broken down by functionally 

redundant lipases Tgl1p, Yeh1p, and Yeh2p (Köffel et al. 2005; Köffel & Schneiter 2006). 

SE lipase triple knockout cells, aside from possessing a significantly larger pool of SE, are 

phenotypically indistinguishable from the wildtype counterpart (Köffel et al. 2005). 

Together, these studies demonstrated clearly that yeast cells have the capacity of 

metabolizing neutral storage lipids. However, these lipids are not essential for cellular 

viability. 

Budding yeast has been a model for two modes of aging (Kaeberlein 2010; Longo 

et al. 2012), chronological lifespan (CLS) and replicative lifespan (RLS). CLS refers to 

the overall viability of stationary-phase cells over time. RLS examines the number of 

daughters that each mother cell can produce before ceasing division. These two modes 

simulate, respectively, the senescence of post-mitotic (e.g., muscles and neurons) and 

stem cells in metazoans. Chronological aging in yeast has been linked closely to the 

nutrient status. When glucose is depleted, yeast cells exit from the log phase to enter 

diauxic shift, then into the stationary phase, a mitotically inactive yet metabolically 

active state (Herman 2002). The population viability is maintained in cells that enter the 

quiescent state (Allen et al. 2006; Werner-Washburne et al. 2012). However, over time, 

the number of viable quiescent cells diminishes as well, resulting in a progressive 
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increase of population mortality, a condition similar to metazoans including humans 

(Kaeberlein 2010). While there are yeast-specific chronological senescence and longevity 

factors (e.g., acetic acid and glycerol, respectively) (Burtner et al. 2009; Wei et al. 2009), 

a number of pathways are conserved (Kaeberlein 2010; Longo et al. 2012). Some of the 

most notable pro-aging pathways include the Target Of Rapamycin (TOR)/S6 kinase 

(Sch9p in yeast) (Fabrizio et al. 2001) and the Ras/adenylate cyclase/PKA pathways 

(Longo 1999). Intriguingly, these pathways control both CLS and RLS (Longo et al. 

2012). These two pathways are activated in response to the intake of selective nutrients, 

and are suppressed by caloric restriction, consistent with many reports that different 

organisms extend their lifespan when subjected to calorie restriction (Sinclair 2005; 

Mirisola et al. 2014). Other pro-aging factors include oxidative stresses (Longo et al. 

1996), mitochondrial dysfunction (Bonawitz et al. 2006; Schroeder & Shadel 2014), 

defective autophagy (Carmona-Gutierrez et al. 2010), DNA damages and replication 

stresses (Weinberger et al. 2007), and metabolic alterations (Goldberg et al. 2009). Yeast 

genome-wide studies have identified a variety of gene mutations that extend 

chronological lifespan (Smith et al. 2008; Powers et al. 2006; Matecic et al. 2010; 

Burtner et al. 2011). Many of these genes are involved in the metabolism of amino acids, 

nucleotides, or alternative carbon source, further underscoring the important roles 

played by metabolites in the control of lifespan. However, despite these relatively 

unbiased screens, very little is known regarding the role of lipids in the control of CLS. 

Here we present evidence for a novel energy usage-independent, anti-senescence 

function of TAG in yeast. 
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Results 

TAG extends chronological lifespan 

Budding yeast is an excellent model for elucidating gene functions, biochemical 

pathways, stress responses, and aging. Natural variations among yeast strains, including 

traits altered during laboratory domestication may help uncover the relationships 

between genotype and phenotype (Liti & Louis 2012; Kvitek et al. 2008). We speculated 

that phenotypic differences between laboratory and wild isolates could reveal important 

biological information, including the relationship between lipid and aging. To this end, 

we first examined the growth curves, under standard laboratory growth conditions, of 

eight wild strains isolated from diverse natural environments and three laboratory 

strains. These wild strains were ho- (i.e., unable to switch mating type) haploid 

segregants of isolates from vineyards, oak exudates, and clinical samples. The three 

laboratory strains were yMK839, a derivative of EG123 (Siliciano & Tatchell 1984), 

W303, and BY4742. Figure 2.1A shows that, in general, wild strains had a shorter lag 

phase and faster growth rate in log phase than laboratory strains (doubling time in YPD: 

lab, 94 ± 2 min; wild, 80 ± 3 min). In addition, the cell density at saturation, i.e., 

stationary phase, was also higher for the wild strains. The ability to accumulate higher 

cell density in spent medium indicated that these wild strains may have adapted more 

effectively to nutrient limitations in a harsh environment, and, if true, further suggested 

that such cells might survive better through stationary phase than their domesticated 

counterparts. To test this hypothesis, we measured the percent of cells able to re-enter 

vegetative growth from revival of the saturated cultures over a period of one month, 
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using the quantitative “outgrowth” approach developed by Kaeberlein and colleagues 

(Murakami et al. 2008). The survival plot in Figure 2.1B demonstrates higher viability of 
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Figure 2.1 Wild yeast strains from different origins accumulate 
higher levels of triacylglycerol (TAG) and exhibit longer 
chronological lifespan. (A) Growth curves of wild strains isolated from 
oak exudates, vineyards, and clinical samples vs. three laboratory strains. 
Cells were grown in YPD at 30° in a 96-well plate. Each curve represents 
the average of growth of 2 to 4 strains in the category. Shown are 
representative results from two biological replicates. (B) Chronological 
lifespan in SC medium was measured by the “outgrowth” approach. (C) 
Chronological lifespan examined by spot assays. Viability of cultures was 
assayed every 3 to 5 days for two months. Only day 1 (all strains showed 
close to 100% viability) and day 61 images are shown. Cultures were 10-
fold serially diluted in water before inoculation. (D) Quantification of 
triacylglycerol of cells harvested from day 1 and day 8 post-saturation 
YPD cultures.



wild strains. In a separate “spot assay”, cells cultivated for 61 days were serially diluted 

and spotted to a fresh solid medium. Two of the three laboratory strains fell below the 

detection limit of this assay, whereas the majority of the wild strains were capable of 

forming new colonies, indicating higher survival rates (Figure 2.1C). 

 Figures 2.1A-C suggest that the laboratory domestication of S. cerevisiae might 

have artificially selected for certain physiology features leading to distinct phenotypes in 

the stationary phase (Gray et al. 2004). Microscopic inspection of 5-day old stationary 

phase cells revealed more abundant cytoplasmic granules stainable by the neutral lipid 

dye Nile red in wild strains (Figure 2.2). These Nile red stained lipid droplets are 

organelles that store neutral lipids, i.e., triacylglycerol and steryl esters (Radulovic et al. 

2013). Whereas the SE level stays constant through the growth curve (Fenner & Parks 

1989), TAG abundance rises sharply when cells enter the stationary phase (Taylor & 

Parks 1979). TAG thus seemed to be a plausible causal link to the observed difference in 

survival following saturation. To test this hypothesis, we first quantified cellular TAG 

abundance of day-1 and day-8 post-saturation cultures. Consistent with the microscopic 

observations, the wild strains contained higher levels of TAG at both time points (Figure 

2.1D), providing a positive correlation between TAG abundance and survival. 

The differential age-dependent survival shown above is equivalent to yeast 

chronological lifespan (Mortimer & Johnson 1959; Fabrizio & Longo 2003), suggesting 

that TAG may have a role in maintaining or even extending chronological lifespan. To 
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understand the causal relationship between TAG metabolism and chronological lifespan, 

we turned to a laboratory strain (yMK839) for genetic manipulation and phenotypic 

assessment.  
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Figure 2.2 Wild yeast accumulate higher TAG. Lab and wild yeast 
strains used in this work were examined by microscopy. 5-day old 
stationary phase cultures were harvested for neutral lipid staining with 
Nile red. DIC (differential interference contrast) and fluorescence 
microscopy were done using an Olympus BX51 station equipped with a 
Exfo X-cite 120 UV light fixture and a DP30-BW CCD camera. 
Fluorescence micrographs were taken with a fixed, 2-second exposure to 
aid comparison of the fluorescence intensity. Scale bars: 5 µm. All pictures 
were re-sized identically for presentation. 



 In yeast, Dga1p and Lro1p are the major TAG biosynthetic enzymes (Figure 2.3A). 

The aliphatic chain of each constituent fatty acid contains chemical energy that can be 

converted to metabolically useful energy by a series of β-oxidation reactions taking place 

in peroxisomes, following lipolysis by lipases Tgl3p and Tgl4p (Athenstaedt & Daum 

2005; Athenstaedt & Daum 2003; Kurat et al. 2006). To test whether the increased TAG 

storage prolongs chronological lifespan, we deleted TGL3 and TGL4, which caused TAG 

accumulation while blocking energy extraction from this lipid species. Consistent with 

published results (Athenstaedt & Daum 2005; Kurat et al. 2006), the TAG level was 

elevated in tgl3∆ , tgl4∆ , and tgl3∆ tgl4∆ strains at stationary phase (Figure 2.4). 

Importantly, all three TAG-rich strains showed extension of chronological lifespan 

(Figures 2.3B, and 2.5 rows 2 to 4). These results indicate that the storage of TAG, but 

not its hydrolysis as a prerequisite for energy conversion or other cellular uses, is 

associated with improved viability in stationary phase. Intriguingly, deleting the TAG 

lipase did not cause discernible defects in doubling time (Figure 2.3E), mating efficiency 

of haploid cells, or sporulation of homozygous tgl3∆ /tgl3∆ cells (Figure 2.6). Because 

deleting either or both TAG lipase genes resulted in similar phenotypes with respect to 

TAG accumulation and lifespan extension (Figure 2.3B), the tgl3∆ strain is 

representatively shown in further experiments below. 

Blocking TAG hydrolysis also diminishes downstream reactions, including 

peroxisomal β-oxidation that produces H2O2 that may cause oxidative stresses and cell 

death (Kumar et al. 2014). If a reduction of lipolysis-associated H2O2 production was 
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Figure 2.3 Elevated intracellular TAG level promotes longevity during 
chronological aging, whereas TAG depletion shortens lifespan. (A) 
Abbreviated view of TAG metabolism in yeast. (B) A laboratory strain 
yMK839 and its single and double lipase knockout derivatives were 
grown deeply into stationary phase in SC medium. At different time 
points, cells were spread to fresh YPD plates to quantify the colony 
forming units, expressed as percent survival. The plot was from two 
biological



able 
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Figure 2.3 (cont’d) 

biological replicates of each strain. (C) Deleting DGA1 and LRO1 causes 
early death in stationary phase. Shown are averages of five biological 
repeats by the outgrowth approach. ** p < 0.01. Note the difference in 
time scale between panel B and panel C. Also, the two different assays for 
chronological lifespan quantification, i.e., colony forming units and 
outgrowth method, might give rise to differences in the absolute numbers 
of percent survival. The former did not differentiate colony size 
variations, whereas the latter outgrowth assay, which relied on the 
population growth rate, would be impacted by differences in doubling 
time and in the time when a cell exited the lag phase. (D) Quantification 
of intracellular TAG from day-8 post-saturation cultures in SC medium. 
(E) Growth comparison of yMK839 and its TAG-rich and -depleted 
derivatives. Growth curves were obtained as in Figure 2.1A.

Figure 2.4 Deleting either or both TAG lipase genes resulted in 
similar upregulation of TAG in yeast. Total TAG, expressed as 
percentage of total cellular lipids, of wildtype, tgl3∆ , tgl4∆ , and tgl3∆ 
tgl4∆ strains were isolated and quantified by gas chromatography. Cells 
were from 3-day old YPD cultures. *, P<0.05; **, P<0.01 



solely responsible for the observed viability retention, deleting the two major TAG 

biosynthetic acyltransferases, Dga1p and Lro1p, would prevent TAG synthesis and the 

subsequent β-oxidation (Figure 2.3A), and a similar beneficial effect on longevity would 

result as well. However, phenotypic analysis of the dga1∆ lro1∆ strain revealed the 

opposite. Deleting the two TAG biosynthetic acyltransferases caused a reduction of 

chronological lifespan (Figure 2.3C, and Figure 2.5, row 6) and nearly eliminated 

cellular TAG (Figure 2.3D). The log phase growth rate also was reduced by the double 
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Figure 2.5 Deleting TGL3 does not rescue the early death phenotype 
of the dga1∆ lro1∆ lean cells. The indicated strains (on the right) were 
grown in SC with 2% glucose and sampled at the indicated time for semi-
quantitative comparison of colony forming units. 10-fold serially diluted 
cell suspension was spotted to YPD. 



deletion by approximately 12% (Figure 2.3E), which likely resulted from a defect in 

maintaining the cell’s replicative potential (see Figure 2.7 and below). This shortened 

chronological lifespan could not be rescued by deleting TGL3 (Figure 2.5, row 5), 

underscoring the necessity of keeping the physical presence of TAG to maintain cellular 

viability during stationary phase.  
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Figure 2.6 TAG accumulation does not affect mating efficiency, 
sporulation, or medium acidification. (A) Haploid strains, as indicated, 
were tested for their mating efficiency with a tester strain. (B) TGL3 +/+ 
and -/- diploid strains were subjected to sporulation. 3 days after 
transferring cells to the sporulation medium, cells were examined under a 
microscope to quantify for the number of tetrads.



 To further confirm the pro-longevity role of TAG, we overexpressed a TAG 

biosynthetic enzyme Dga1p (Oelkers et al. 2001) by introducing a multi-copy plasmid 

bearing DGA1 under the control of the native DGA1 promoter or a constitutive ADH1 
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Figure 2.7 Rapamycin and paraquat respectively extends and 
shortens lifespan of the three core strains. 10 nM of Rapamycin (RP, 
panel A) and 10 µM of paraquat (PQ, panel B) were included in SC 
medium to assess the effects on the lifespan. Other parameters were 
identical to experiments shown in Figure 2.3C.



promoter to TGL3+ and tgl3∆ strains. Cells from day-8 post-saturation cultures were 

processed for lipid extraction and TAG quantification. Data in Figure 2.8A confirmed the 

increased TAG content by Dga1p overproduction. The wildtype cells with a higher level 

of TAG exhibited longer lifespan (Figure 2.8B), strongly suggesting that TAG plays a 

causal role in preserving cellular viability during chronological senescence. Intriguingly, 

while Dga1p overexpression also raised the TAG content in tgl3∆ cells, the lifespan 
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Figure 2.8 Overproducing Dga1p increases TAG abundance and 
extends chronological lifespan. (A) Thin-layer chromatography of 
neutral lipids from eight-day old stationary phase cultures bearing either 
the empty vector (EV) or one that expresses Dga1p. DAG, diacylglycerol; 
FA, free fatty acids; ori., origins for chromatography. The two EV lanes in 
panel A are biological duplicates; each of the two DGA1 lanes represents 
the two different constructs with DGA1 or ADH1 promoter driving the 
recombinant gene expression. (B) Survival curves. These are averages of 
four DGA1 overexpression isolates (two of each plasmid transformants), 
and two vector control duplicates. To accommodate the use of episomal 
plamids, yeast cells were grown in SC-uracil medium, which, compared 
with the use of synthetic complete medium seen in Figures 2.1 and 2.3, 
likely caused slightly faster viability loss of all strains analyzed.



extension was relatively minor in this already long-living background. This observation 

indicates a limit of lifespan extension by TAG. Taking together the data in Figures 2.1, 

2.3, and 2.8, we conclude that intracellular triacylglycerol is essential for the 

maintenance of chronological lifespan, and that forcing the accumulation of TAG by 

either blocking its hydrolysis or increasing its biosynthesis, can extend lifespan. 

TAG promotes longevity independently of other lifespan control pathways 

 The yeast chronological lifespan is regulated by common as well as yeast-specific 

factors. Rapamycin and paraquat extends and shortens lifespan, respectively (Powers et 

al. 2006; Loewith & Hall 2011). Caloric restriction, e.g., reducing the initial glucose 

concentration from 2% to 0.5% or lower in the medium, promotes longevity, whereas 

excessive glucose (e.g., 10%) shortens it. More specific to yeast is medium acidification 

from fermentation that causes senescence, an aging mechanism that can be antagonized 

by using a buffered, neutral pH medium (Burtner et al. 2009; Mirisola & Longo 2012; 

Burhans & Weinberger 2009). We examined the relationship between TAG and these 

lifespan regulators, and found that the lifespan-extending regimes of caloric restriction 

(0.05% glucose), medium neutralization (pH6 with citrate phosphate), and high 

osmolarity (8% sorbitol) all delayed senescence for both the yMK839 wildtype and its 

TAG-depleted derivative (Figures 2.9A and 2.9B), with the latter still exhibiting shorter 

lifespan. The exceptionally long lifespan of tgl3∆ cells prohibited us from quantitatively 

assessing the effect of these lifespan extending treatments. 10% glucose caused all three 

strains to die early, yet the lipase-null cells remained to be the longest-living strain, 
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suggesting strongly that CLS regulation by the abundance of TAG operates in a novel 

pathway. The observation that medium neutralization effectively extended the lifespan of 

dga1∆ lro1∆ and wildtype cells (Figure 2.9A fourth column from left) could be 

interpreted as that differences in medium acidification underlay the observed differential 

lifespan. However, direct measurement of the medium pH of the three normal, lean, and 

fat strains for more than 10 days (Figure 2.10A), or of 4-day old cultures of the three lab 

strains and 8 wild strains (Figure 2.10B) revealed statistically indistinguishable degrees 

of medium acidification. These data therefore ruled out that changes in the TAG level 

would alter the acidity of the medium and, consequently, the lifespan of cells. Together, 

Figures 2.9 and 2.10 demonstrate that the chronological lifespan can be controlled by 

the abundance of intracellular TAG in a mechanism that is independent of pathways 

involving glucose, medium pH and osmolarity. 

 Rapamycin and paraquat are two potent extragenic lifespan modulators for many 

species (Sinclair 2005; Powers et al. 2006). When treated with these two compounds, all 

three core strains responded similarly. That is, rapamycin extended, whereas paraquat 

shortened the lifespan of all three (Figure 2.7). When several highly conserved lifespan 

control genes TOR1, RAS2, and SOD2 were deleted from the three core strains, we 

observed differential responses (Figure 2.11). From the time for each strain to drop to 

10%, 1%, and 0.1% viability (Table 2.1), it is clear that deleting TOR1 made the wildtype 

strain live longer, in agreement with previous findings (Wei et al. 2009). Intriguingly, 

despite that rapamycin (10 nM) treatment prolonged cellular survival (Figure 2.7A), 
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Figure 2.9 TAG-medicated lifespan control is independent of several 
yeast-specific and common lifespan regulatory regimes. (A) Semi-
quantitative comparison of lifespan of the three “core” strains used in this 
study: wildtype (WT), TAG lipase knockout (tgl3∆ ), and TAG synthesis 
deficient mutant (dga1∆ lro1∆ ) under different growth conditions. Glc, 
glucose; the medium neutralization experiment (fourth column from left) 
was done with SC medium supplemented with 64.2 mM Na2HPO4 and 
citric acid to stabilize the pH at 6.0. Shown are representative results of 2 
or 3 biological repeats. (B) Quantitation of the spot assay results. All data 
were from three biological duplicates.



deleting the entire Target of Rapamycin TOR1 gene actually shortened the lifespan of 

both the fat, tgl3∆ cells and the lean, dga1∆ lro1∆ cells (Figure 2.11 and Table 2.1). 

Because these lipase- and DGAT-deficient strains were unable to extract energy from TAG 

metabolism, we suspect that tor1∆ cells survived at least partly on the energy stored in 

TAG. Lacking either TGL3 or DGA1 and LRO1 resulted in the loss of viability during 

chronological aging. In contrast to the differential effects TOR1 deletion, knocking out 

RAS2 or SOD2 shortened lifespan of all three parental strains (crosses and open squares, 

Figure 2.11). RAS2 in the RAS/cAMP/PKA pathway is involved in stress response and 

lifespan control (Longo 2004). Deleting RAS2 has been shown to preserve chronological  
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Figure 2.10 Culture medium pH changes are comparable among 
strains with different chronological lifespan. The pH changes of YPD 
cultures were monitored for 312 hours after inoculating overnight 
cultures to fresh medium (Panel A). In a second set of experiments (Panel 
B) the medium pH was measured from 4-day old YPD cultures of the 
indicated lab and wild strains. n ≥ 3.



          Table 2.1 (cont’d) 

Survival Days Relative change
wt

WT 10% 15.25±0.35 0
1% 29.5±0.71 0

0.1% > 30 0
tgl3∆ 10% 23±9.90 0

1% > 30 0
0.1% > 30 0
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Figure 2.11 TAG controls chronological lifespan independently of 
conserved pathways. TOR1, RAS2, and SOD2 were deleted from the 
three core strains with a normal, higher, and lower TAG content. The 
resultant strains were grown for outgrowth assays to compare their CLS 
with the corresponding parental strains. Representative plot of one of 
three biological duplicate outgrowth experiments. 

Table 2.1 Quantitative analysis of lifespan from the outgrowth data 
seen in Figure 2.11.



dga1∆ lro1∆ 10% 14.25±3.89 0
1% 20±4.24 0

0.1% 23.4±3.39 0
tor1∆

WT 10% 30 +14.25
1% > 30 -

0.1% > 30 -
tgl3∆ 10% 16.0±4.95 -7

1% 26.0±5.66 -
0.1% > 30 -

dga1∆ lro1∆ 10% 6.53±1.62 -7.72
1% 11.20±3.35 -8.8

0.1% 16.67±7.59 -6.73
ras2∆

WT 10% 13.50±2.12 -1.75
1% 19.5 -10

0.1% 20.8 -
tgl3∆ 10% 14 -9

1% 20.3 -
0.1% 23 -

dga1∆ lro1∆ 10% 7.37±2.0 -6.88
1% 7.90±1.56 -12.1

0.1% 10.55±3.89 -12.85

          Table 2.1 (cont’d) 

Survival Days Relative change
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lifespan (M. Wei et al. 2009). However, a genome-wide screen showed reduced survival 

of chronologically aging ras2∆ cells (Garay et al. 2014). In our hands, all ras2∆ strains 

died earlier than their corresponding parental strains regardless of the TAG content 

(Figure 2.11, cross markers, and Table 2.1 summary), suggesting that Ras2p controls the 

lifespan in a TAG-independent manner. Similarly, deleting SOD2, which encodes a 

sod2∆
WT 10% 6.90±1.27 -8.35

1% 9.15±0.21 -20.35
0.1% 10.90±0.85 -

tgl3∆ 10% 7.40±0.57 -15.6
1% 10.15±0.21 -

0.1% 12.0±0.71 -

dga1∆lro1∆ 10% 8.70±2.48 -5.55
1% 10.97±2.84 -9.03

0.1% 13.17±4.05 -10.23

          Table 2.1 (cont’d) 

Survival Days Relative change
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Table 2.1 The time (in days) it took for each strain to drop to 10%, 1%, 
and 0.1% viability was calculated (see Materials and Methods) from two 
or three independent assays, whenever data available. Some thus did not 
yield a standard deviation. The lifespan changes of the tor1∆ , ras2∆ , and 
sod2∆ strains were differences (days to reach 10%, 1%, and 0.1% 
viability) from the corresponding parental strains. Asterisks (*) indicate 
that at least one of the two strains being compared maintained the 
viability higher than 1% or 0.1% throughout the duration of the 
experiments. 



mitochondrial manganese superoxide dismutase that is a key to the defense against 

reactive oxygen species originated from mitochondria, and to the preservation of full 

lifespan potential (Unlu & Koc 2007), significantly reduced the life expectancy of all 

three strains. These observations suggest that Sod2p remained to be a critical vitality 

enzyme in the long-living tgl3∆ cells, and that TAG likely functions independently of 

Sod2p to protect aged cells. 

TAG is required for achieving full replicative potential 

 Like CLS, replicative lifespan of budding yeast is another model for cellular 

senescence, which is determined as the number of daughters produced by a mother cell 

during its lifespan (Mortimer & Johnson 1959). One fundamental difference between 

chronological and replicative lifespan is that the ability to proliferate is measured from 

cells sampled from saturation versus logarithmic growth, respectively (Figure 2.12A). 

Intriguingly, log phase yeast cells, which allocate most fatty acids to phospholipid 

synthesis to support cell growth and division, store very little TAG (Taylor & Parks 1979). 

Although TAG is dispensable for cell survival (Sandager et al. 2002) (Figure 2.3), the 

immediate precursor for TAG, diacylglycerol, also supplies building blocks for 

phospholipids (Carman & Han 2009). It is possible that changes in the flux of the albeit 

small amount of TAG in dividing cells may still impact their replicative lifespan by, for 

example, influencing the metabolism of other lipids derived from DAG. 

 48



 To assess the influence of TAG on replicative lifespan, yMK839 wildtype, dga1∆ 

lro1∆ , and tgl3∆ strains were subjected to replicative lifespan comparison by the 

traditional microscopy approach (Longo et al. 2012). Deleting the TAG biosynthetic 

enzymes further diminished the small TAG pool in log phase cells (12-hour post-
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Figure 2.12 Full replicative lifespan requires TAG. (A) Replicative and 
chronological lifespan examine cells from log and stationary phase, 
respectively. (B) TAG quantification of strains harvested 12 and 24 hours 
after inoculation. These cells were at early and late log phase, 
respectively. The y axis was set at between 0 to 80 ng/million cells to be 
consistent with other similar Figures and to highlight the low abundance 
of TAG in log phase cells. (C) 60 to 90 newly divided daughter cells from 
the indicated strains were compared for their replicative lifespan. Shown 
are representative results from three biological duplicates. Breslow 
analysis showed that the RLS of the dga1∆ lro1∆ cells was significantly 
different from the other two strains (p < 0.0001).



inoculation, black bars, Figure 2.12B). Importantly, both maximum and median 

replicative lifespan were decreased in cells depleted of TAG (Figure 2.12C). This 

shortened replicative lifespan likely accounted for the increased population doubling 

time of dga1∆ lro1∆ cells (Figure 2.3E). On the other hand, deleting TGL3 had a minimal 

effect on the TAG level in early log phase cells (12-hour post-inoculation), and the 

lifespan of tgl3∆ cells also was unchanged (blue cross marker, Figure 2.12C). Together, 

these data demonstrate that maintaining a certain amount of TAG, or the ability to 

synthesize TAG, is required to reach full replicative potential. TAG hydrolysis apparently 

is not essential for replicative lifespan maintenance. 

Discussion  

 Here we present evidence for a novel pro-longevity function of intracellular TAG 

in yeast. Deleting TAG lipases or overproducing a DGAT increased TAG accumulation and 

extended chronological lifespan. Deleting the two TAG biosynthetic enzymes practically 

eliminated TAG and significantly shortened the chronological lifespan, as well as the 

median and maximum replicative lifespan. The fact that chronological lifespan extension 

is seen in different lipase knockout (i.e., tgl3∆ , tgl4∆ , and tgl3∆ tgl4∆ ) and in DGAT 

overexpression strains argues strongly that the accumulation of TAG was the contributing 

factor for lifespan extension. This conclusion is consistent with the observation that 

deleting TGL3 cannot rescue the early death phenotype of dga1∆ lro1∆ lean cells (rows 5 

and 6, Figure 2.5). Unlike other lifespan extension regimes such as SCH9 knockout and 

rapamycin treatment that also retard mitotic growth (Neklesa & Davis 2008; Toda et al. 
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1988), we have yet to detect obvious growth defects in the three lipase deletion strains. 

For example, aside from normal, or even faster growth rates (Figure 2.3E), mating and 

sporulation efficiency of these fat cells was essentially identical to their wildtype mother 

strain (Figures 2.6A and 2.6B). There were no significant differences in cellular 

sensitivity to heat (55°C), 260 nm UV, high concentrations of NaCl, or to H2O2 (Figure 

2.13). It is perceivable that a negative phenotype would be linked to TAG lipase null cells 

if they were grown without any fatty acid supplement, and with concomitant presence of 

a fatty acid synthase inhibitor such as cerulenin (Nomura et al. 1972). These cells would 

suffer from the lack of energy and fatty acid building blocks for growth and division. TAG 

hydrolysis is thus by and large dispensable as long as fatty acids are available from the 

environment or can be synthesized by de novo activities. It should be noted that Daum 

and colleagues reported that tgl3- homozygous knockout cells were unable to form 

spores (Athenstaedt & Daum 2005). Possible causes for this discrepancy may include 

differences in the genetic background of the strains, and the protocols for sporulation. 

Chronological lifespan of S. cerevisiae is regulated by both yeast-specific and 

conserved factors and drugs. Experimental results shown in Figures 2.7 to 2.11 strongly 

suggest that TAG preserves viability during chronological senescence in a manner that is 

independent of those factors tested herein, including caloric restriction, high osmolarity, 

medium pH, rapamycin and paraquat responses, and conserved pathways involving 

TOR1, RAS2, and SOD2 genes. Results from genetic interaction tests also suggest a novel 

TAG pathway in CLS control. Both fat and lean strains responded similarly to the 
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deletion of TOR1, RAS2, or SOD2 (Figure 2.11), indicating that changes in TAG 

metabolism does not affect the function of these conserved CLS regulators. Intriguingly, 

deleting TOR1 shortens the lifespan of both lipase-null and DGAT-deficient cells (Figure 

2.11) but, as expected, protects those cells possessing the normal TAG metabolic 

capacity. We suggest that tor1∆ cells that survive on the caloric restriction pathway 

through chronological aging (Longo et al. 2012; Wei et al. 2009) need to tap into the 

energy depot of TAG. Without TAG biosynthetic enzymes or TAG hydrolytic lipases 
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Figure 2.13 TAG-rich and –deficient cells do not exhibit significant 
differential susceptibility to common stresses. Day 3 early-stationary 
phase cultures were exposed to the shown stresses before plating to YPD. 
For the test of salt sensitivity, NaCl (0.7 or 1.4 M) was included in the 
YPD plate. Heat and H2O2 sensitivity were conducted by exposing cell 
suspension (after water wash for H2O2) to the stress before serially 
diluted for plating. For UV exposure, serially diluted cells were spotted to 
YPD before UV exposure. The plates were incubated in dark afterwards.



perturbs this energy flux, thus resulting in early death of tor1∆ cells. In addition to TOR1 

and RAS2, we have also combined tgl3∆ and sch9∆ mutations. Deleting SCH9, the 

ribosome S6 kinase homologue, has been shown to activate the Rim15-Msn2/4 and 

superoxide dismutase (SOD) stress pathways and prolongs lifespan significantly (Fabrizio 

et al. 2001; Fabrizio et al. 2003). Our tests of the genetic interaction between TGL3 and 

SCH9 were inconclusive. Independent tgl3∆ sch9∆ isolates showed mixed results, ranging 

from longer CLS to synthetic sickness (Figure 2.14). The reason for the stochastic 

phenotypes is unclear. 
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Figure 2.14 Combining tgl3∆ and sch9∆ null alleles caused stochastic 
growth defects. SCH9 was deleted from TGL3+ and tgl3∆ backgrounds 
for chronological lifespan assessment. Two independent tgl3∆ sch9∆ 
transformation colonies were isolated and tested. Both were ρ+, but one 
apparently was synthetic sick while the other exhibited normal growth 
and extended lifespan. Shown are representative results of two 
independent SCH9 knockout attempts. 



Taking into account the observations presented above as well as from previous 

reports, we hypothesize that TAG has a role in stress response that underlies the 

observed phenotypes in chronological aging. Firstly, TAG accumulates when yeast cells 

enter stationary phase in which nutrients are becoming progressively limited (Taylor & 

Parks 1979; Gray et al. 2004). Starvation and stress-induced TAG accumulation appears 

to be a widespread response in different organisms, including photosynthetic algae (Li et 

al. 2012; Çakmak et al. 2014; Pal et al. 2011; Vieler et al. 2012) and animals as well 

(Khatchadourian et al. 2012; Younce & Kolattukudy 2012; Lee et al. 2013). Dietary 

restriction has been suggested to prolong lifespan by eliciting cellular stress response 

(Sinclair 2005). Intriguingly, laboratory mice (Li et al. 2009) and developing 

Caenorhabditis elegans (Palgunow et al. 2012) have an increased body fat mass when 

subjected to dietary restriction. Secondly, wild yeast strains in general exhibit higher TAG 

content and longer chronological lifespan (Figure 2.1). Food shortage is a common 

environmental crisis in the wild, but rarely a relevant factor for lab strains. A systematic 

phenotypic and transcriptomic survey of wild and laboratory strains showed that the 

latter are less tolerant of many environmental stresses (Kvitek et al. 2008). Certain traits, 

including stress responses and high levels of TAG, might have lost during the 

domestication of S. cerevisiae in laboratory environments, in which the selection pressure 

for long-living, stress-tolerant stationary phase cells is low. It seems plausible that besides 

preserving energy to cope with uncertainties in food supply, the increased fat content in 

stressed cells may confer an additional, energy-independent function that helps sustain 

longevity.  
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The presumptive stress antagonized by TAG in post-mitotic cells remains to be 

identified. One candidate is fatty acid-solicited lipotoxicity (Schrauwen et al. 2010). 

Sequestering fatty acids in the form of TAG may prevent lipotoxicity that erodes 

replicative potential and chronological viability. Disabling TAG biosynthesis results in 

surplus fatty acids, which may arise from de novo synthesis, uptake from environment, 

or from lipolysis, that may disrupt membrane lipid homeostasis (Oelkers et al. 2000). 

Indeed, in an extreme situation where the ability to incorporate fatty acids to TAG and 

SE is altogether eliminated, yeast cells become hypersensitive to fatty acids and die with 

membrane hyper-proliferation (Petschnigg et al. 2009). Similarly, the fission yeast 

Schizosaccharomyces pombe dga1+ and plh1+ double knockout cells (equivalent to the 

dga1∆ lro1∆ strain of S. cerevisiae) also die upon entering stationary phase, and are 

hypersensitive to exogenous fatty acids during vegetative growth (Zhang et al. 2003). 

While this lipotoxicity model explains the early death phenotype of dga1∆ lro1∆ cells, 

total lipid analysis of our long-living fat cells failed to detect significant changes in free 

fatty acids or DAG (see, for example, Figure 2.8A). While we cannot rule out the 

possibility that a small but critical change in certain lipid species contributes more 

critically to lifespan extension, other hypotheses are worth considering.  

One frequently cited cause of aging is mitochondrial dysfunction that also 

involves oxidative damages (Bonawitz & Shadel 2007). While subcellular 

compartmentalization confines TAG synthesis and storage to ER and lipid droplets, 

respectively, a number of reports have demonstrated physical association of 
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mitochondria with ER and LD (Barbosa et al. 2015), lending support for functional 

crosstalk between neutral lipid metabolism and mitochondria biogenesis (Haemmerle et 

al. 2011). Moreover, mitochondria also possess a type II fatty acid synthesis pathway 

(Hiltunen et al. 2009). Deleting enzymes within this pathway causes mouse embryonic 

lethality and yeast respiratory defects (Yi & Maeda 2005; Kastaniotis et al. 2004). Fatty 

acids trafficking between mitochondria and LD may help achieve mitochondrial lipid 

homeostasis. Importantly, mitochondria are a major source for reactive oxygen species. 

Free radicals that would otherwise escape from mitochondria and cause pleiotropic 

cellular damages might enter LD and attack the fatty acyl chains of the storage TAG 

molecules (Niki 2009). It is possible that the high density of peroxidated fatty acids in LD 

facilitates crosslinking of neighboring radicalized molecules, hence terminating the 

vicious propagation of radicals. This “radicals sink” model appears to be consistent with 

the experimental findings presented above.  

  

TAG metabolism and many aspects of cellular aging are conserved. It is thus 

possible that the cytoprotective role of TAG also exists in higher organisms. For example, 

Bailey et al. recently reported an anti-oxidant role of lipid droplets in the stem cell niche 

of Drosophila during neurodevelopment by limiting the levels of reactive oxygen species 

and inhibiting the oxidation of polyunsaturated fatty acids (Bailey et al. 2015). In 

transgenic mice, overexpression of DGAT1 in the skeletal muscle and heart increased 

intracellular TAG abundance as well as insulin sensitivity of the underlying animals (Liu 

et al. 2009; Liu et al. 2007). Similarly, deleting adipose triglyceride lipase (ATGL) 
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protected animals from high-fat diet-induced insulin resistance (Hoy et al. 2011). 

However, excessive TAG in heart muscle resulting from ATGL knockout also was 

associated with cardiac dysfunction (Haemmerle et al. 2011; Haemmerle et al. 2006). 

These transgenic animal studies underscore the complexity of mammalian metabolism 

and the interdigitating relationships between triglycerides (dietary, circulating, and in 

different tissues) and other nutrients. While the positive influence of intracellular TAG on 

chronological lifespan in yeast is reminiscent of the so-called obesity paradox in humans, 

that is, the overweight population has the lowest mortality under a number of medical 

conditions (Flegal et al. 2013; Lavie et al. 2015), we caution that the comparatively 

simple yeast may not be immediately applicable to the complex human system. An 

integrative strategy combining metabolomics, lipidomics, and transcriptomics of 

representative yeast strains will help elucidate the molecular basis of this novel function 

of TAG, which might provide a toolbox for a better understanding of the benefits of 

intracellular TAG in humans. 

Materials and methods 

Strains and media 

 Yeast strains used in this study are shown in Table 2.2. YPD medium contained 2% 

glucose (Sigma-Aldrich) (unless otherwise stated in the text), 2% peptone (BD Difco), 

and 1% yeast extract (BD Difco). SC medium (synthetic complete) contained 2% 

glucose, 5 g/l ammonium sulfate (Sigma-Aldrich), 1.7 g/l yeast nitrogen base without 
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amino acids or ammonium sulfate (BD Difco), and complete amino acids as described in 

(Murakami & Kaeberlein 2009). Auxotrophic nutrients were supplied at four-fold excess 

as recommended (Longo et al. 2012). Citrate phosphate buffering was done as described 

(Burtner et al. 2009). Rapamycin (Sigma-Aldrich) and paraquat dichloride (Fluka) were 

added from 10 µM and 250 mM stocks to SC medium to make final concentrations of 10 

nM and 10 mM, respectively.  

Yeast methods 

 Yeast transformation was performed using the lithium acetate method (Gietz et al. 

1992). Deletion of TGL3 and TGL4 was described in (Li et al. 2012). To delete DGA1, 

PCR reactions using primers ATGTCAGGAACATTCAATGATATAAGAAGAAGGAAGAAGG 

AAGATCCCCGGGTTAATTAA and TTACCCAACTATCTTCAATTCTGCATCCGGTACCCC 

ATATTTATTCGAGCTCGTTTAAAC and template pFA6a-KanMX6 (W. Wei et al. 2007) were 

conducted. To delete LRO1, primers TATCCATATGACGTTCCAGATTACGCTGCTCAGT 

GCGGCCGCATGTCAGGAACATTCAAT and GAATTTCGACGGTATCGGGGGGATCC 

ACTAGTTCTAGCTAGATTACCCAACTATCTTCAA were used with pBS1539 as the template 

to amplify K. lactis URA3 gene as the selective marker (Markgraf et al. 2014). To delete 

TOR1, primers GAACCGCATGAGGAGCAGATTTGGAAGAGTAAACTTTTGAAATGAAGC 

TTGATATCGAAT and CCAGAATGGGCACCATCCAATATAATGTTGACATAACCTTTC 

TACGACTCACTATAGGGC were used with pBS1539 to amplify K. lactis URA3. For RAS2 

deletion, primers CCTTTGAACAAGTCGAACATAAGAGAGTACAAGCTAGTCGTCTGAAGC 

TTGATATCGAAT and ACTTATAATACAACAGCCACCCGATCCGCTCTTGGAGGCTTCTACG 
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ACTCACTATAGGGC were used to amplify K. lactis URA3 on pBS1539. For SOD2 deletion, 

primers TTCGCGAAAACAGCAGCTGCTAATTTAACCAAGAAGGGTGGTTGAAGCTTG 

ATATCGAAT and GATCTTGCCAGCATCGAATCTTCTGGATGCTTCTTTCCAGTTT 

ACGACTCACTATAGGGC were used to amplify K. lactis URA3 on pBS1539. The PCR 

products were gel-purified for yeast transformation. Genomic PCR was used to verify the 

correct insertion. To overproduce Dga1p, a yeast genomic PCR product was co-

transformed with Not I-linearlized pMK595 (Luo et al. 2010) for ADH1-controlled 

expression (pMK595-DGA1). A second multicopy DGA1 overexpression plasmid with 

DGA1 under its own promoter control (pMK595 PDGA1-DGA1) was constructed similarly, 

except that the DGA1 promoter (961 bp) was included in the transforming PCR DNA, 

using primers ATCCATATGACGTTCCAGATTACGCTGCTCAGTGCGGGTAAAGAATCTAAA 

TCGAGCTAC and ATCGGGGGGATCCACTAGTTCTAGCTAGAGCGGCCTAGATAGGTAC 

AATCGACTTAAAGC.  

  

 The tgl3∆ /tgl3∆ diploid strain yWH74 was generated by first transforming 

yXL004 with YCp50-HO (Herskowitz & Jensen 1991) to induce mating type switch and 

subsequently spontaneous mating of cells in the same colony. Homozygous diploid cells 

were identified by their inability to mate as either a MATa and MATalpha strain. Diploid 

cells were then grown in YPD for two days to allow for the loss of YCp50-HO, resulting in 

5-FOA resistant, ura3- cells. 
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For growth curve analyses, yeast cells were seeded at an initial concentration of 

0.1 OD600 in 150 µl of YPD medium in 96-well plates with biological and technical 

duplicates. The plates were examined by measuring OD630 every 30 minutes via a BioTex 

PowerWave XS plate reader until cells reached saturation. The machine was programmed 

to shake at the high-speed setting and to control temperature at 30°C. 

Lifespan analyses 

 Chronological lifespan was measured by the outgrowth method as described in 

(Murakami & Kaeberlein 2009). Briefly, yeast from stab cultures were inoculated to YPD 

broth and grown at 30°C overnight or until late log phase. Cultures were then diluted 

into 5 ml SC medium at 0.1 OD600. The seeded cultures, in 15-ml glass tubes with a loose 

metal cap, were incubated in a rotator drum at 30°C. At selected time points, 5 µl of 

stationary phase cultures were sampled out and mixed with 145 µl of fresh liquid YPD in 

a 96-well plate. The plates were sealed with parafilm to prevent evaporation, and 

incubated in the BioTex PowerWave XS plate reader. Cell density (OD630) was monitored 

every 30 minute for 48 hours. Growth curves, doubling times, and survival fractions 

were calculated according to (Murakami & Kaeberlein 2009). To compare the 

quantitative differences in lifespan of different strains, the time by which each culture 

reached 10%, 1%, and 0.1% survival fractions was obtained from three independent 

survival curves. The cultures which survived beyond 30 days before reaching the 

specified survival fractions were not included in the statistical calculation and 

represented as >30 days.  
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For spot assays, stationary phase cultures at selective time points were adjusted to 

1 OD600 with sterile water in 96-well plates and ten-fold serially diluted. 5 µl of cells 

from each well were spotted to a YPD plate and grown at 30°C for two days. The culture 

viability was quantified by counting visible colonies at the most diluted spot. The number 

of colonies multiplied by the dilution factor of that spot was regarded as the viability. 

This method was adapted from the Tadpole assay as described in (Welch & Koshland 

2013). 

 Replicative lifespan was performed according to previously described (Steffen et 

al. 2009) by counting number of progeny produced by 60 – 90 virgin cells from young 

mother of each strain. Daughter cells were removed every 90 minutes by a 

micromanipulator. The lifespan analyses were performed by using R software, version 

3.0.3 with survival and KMsurv packages. Breslow test was used for statistic analysis.  

Lipid analysis and Nile red staining 

 Total lipid extraction was conducted essentially as described before (Zhang et al. 

2003) with modifications. Briefly, 3 OD600 cells from selected time points were harvested 

by centrifugation at 5,000 rpm for 5 minutes at room temperature, followed by washing 

once with 1 ml water, and were kept at -80°C if lipid extraction was not done 

immediately after cell collection. To extract total lipids, cells, if frozen, were removed 

from the freezer and mixed directly with 300 µl of glass beads (425-600 µm, Sigma-

Aldrich) and 1 ml of chloroform : methanol (17:1, v/v) (JT Baker) by vortexing twice for 
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90 seconds at 4 °C. The mixtures were briefly spun and the supernatant was moved to a 

new glass tube. The remaining cell debris and glass beads were vortexed with an 

additional 1 ml of chloroform : methanol (2:1, v/v). The supernatant was collected as 

above and pooled with the previous fraction. 1 ml of 0.2 M phosphoric acid and 1 M KCl, 

was added to the pooled organic fraction and vortexed vigorously for 30 seconds, and 

spun at 3,000 rpm, 4°C for 5 minutes to separate the organic and aqueous phases. The 

chloroform phase at the bottom was collected and dried under nitrogen gas. This lipid 

extract served as the total lipid fraction. To purify TAG, total lipids were developed by 

thin-layer chromatography (TLC) on a G60 silica plate (EMD Chemicals). The mobile 

phase was composed of petroleum ether (35 – 60°C, Macron) : diethyl ether (JT Baker): 

acetic acid (JT Baker) = 80: 20: 1 (v/v/v). Following development, the TLC plates were 

briefly stained with iodine vapor to reveal the position of TAG. Spots co-migrating with a 

TAG control (olive oil, Dante) were isolated and converted to fatty acyl methyl esters 

(FAME) by reacting with 1 ml of 1 N Methanolic HCl (Sigma-Aldrich) at 80°C for 25 

minutes (C Benning 1992). A universal internal control of 5 µg of pentadecanoic acid 

(Sigma-Aldrich) was included in all samples for FAME derivatization and gas 

chromatography (GC). 1 ml of 0.9% NaCl was added to stop the FAME reaction, 

followed by the addition of 1 ml of hexane, and vortexed for 30 sec to extract FAME. 

Centrifugation at 3,000 rpm for 5 min at 4°C was conducted before the hexane layer was 

aspirated to another glass tube, and the volume reduced to 30 µl under nitrogen 

blowing. 2 µl of the FAME in hexane was injected to a gas chromatography system 

(Agilent Technology, 7890A) for quantification.  
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 To visualize lipid droplets in yeast cells, approximately 0.5 OD600 cells were 

collected by centrifugation (14,000 rpm for 1 min in a microfuge) and washed once by 1 

ml TE buffer (pH 7.4). Cell pellets were suspended in 100 µl of TE buffer and stained 

with 1 mg/ml Nile red in the presence of 3.7% formaldehyde for concomitant fixation, 

and let sit in the dark for 20 min. Cells were collected again by microcentrifugation and 

re-suspended in 100 µl TE buffer and stored in the dark for no more than two days. For 

microscopy, an Olympus BX51 station with a Exfo X-cite 120 UV light fixture and a DP30-

BW CCD camera were used. A GFP filter was used for lipid droplet fluorescence 

detection. For semi-quantitative comparison of lipid droplets, a fixed exposure (typically 

2 seconds) for fluorescence was applied to all samples. 

Sporulation and mating analysis 

 Sporulation efficiency was determined by microscopically examining the percent 

of diploid cells forming asci. Overnight YPD cultures of diploid strains were transferred 

to PSP2 medium (Potassium phthalate (Sigma-Aldrich) 8.3 g/l, yeast extract 1 g/l, 1.7 g/

l yeast nitrogen base without amino acids or ammonium sulfate, ammonium sulfate 5 g/

l, potassium acetate 10 g/l, pH 5.4 at 0.1 OD600 and grown at 30°C under vigorous 

shaking (200 – 250 rpm). After 24 hours, cells were harvested by centrifugation (14,000 

rpm, 30 sec in a microfuge), washed once with sterile water, and re-suspended in 1 ml 

SPM medium (potassium acetate 3 g/l, raffinose 0.2 g/l). Cultures were shaken 

vigorously at 200 – 250 rpm at 30°C for 48 – 72 hours. A small amount of cells were 

removed from the culture, spun, and suspended in 1 mg/ml DAPI (4,6-diamidino-2-
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phenylindole) in a mounting medium (1 mg/ml p-phenylenediamine, 0.9% glycerol, 

2.25 µg/ml DAPI). Percent of cells forming asci with four DAPI foci (i.e., four spores) 

were counted. 

 Mating efficiency was quantified by mixing 0.1 OD600 of “tested” strains with 0.5 

OD600 of tester strains of the opposite mating type (227a or 70α ), all in early log phase, 

in 1 ml of YPD. Cell mixtures were let sit at 30°C for 5 hours. The tested and tester stains 

were also incubated separately as the negative control. Cells were washed once with 

sterile water and plated on SD medium (2% glucose, 1.7 g/l nitrogen base with amino 

acids or ammonium sulfate, 5 g/l ammonium sulfate, 20 g/l agar). Mating between the 

tested and tester strains generated prototroph diploid cells that were able to form 

colonies on the SD medium plate. 

Wild strains segregation 

 The strains B454, B756, B779, B359, B370, B357 and B390 were segregants of 

isolates collected in the wild (see Table 1 for source and reference). In order to generate 

isogenic haploid strains, the heterozygous wild isolates were sporulated and self 

diploidized due to homothallism. We randomly selected one of the four homozygous 

segregants from each tetrad. Next, strains were made heterothallic via removal of the HO 

gene, using homologous gene replacement with either a Hgh cassette (pAG32) 

(Goldstein & McCusker 1999) (strain B454 due to a natural kanamycin resistance) or a 

KanMX6 cassette (pFA6a) (Wach et al. 1994) (strains B756, B779, B359, B370, B357 and 
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B390). Transformed strains were sporulated and dissected to verify 2:2 segregation of 

either hygromycin or kanamycin resistance. One MATa and MATalpha haploid 

transformant was retained from each strain. Proper integration at the HO locus was 

verified via PCR. Strain B653 was obtained from John McCusker. 

           Table 2.2 (cont'd) 

Strains Relevant genotypes Sources or references
yMK839 MATa leu2-3 trp1 ura3-52 Siliciano & Tatchell 

1984

yXL004 From yMK839 
MATa leu2-3 trp1 ura3-52 tgl3∆ ::TRP1

Li et al. 2012

yXL001 From yMK839 
MATa leu2-3 trp1 ura3-52 tgl4∆ ::TRP1

Li et al. 2012

yXL005 From yMK839 
MATa leu2-3 trp1 ura3-52 tgl3∆ ::KanMX; 
tgl4∆ ::TRP1

Li et al. 2012

yXL172 From yMK839 
MATa leu2-3 ura3-52 dga1∆ ::KanMX; 
lro1∆ ::URA3

This study

yWH001 From yMK839 
MATa leu2-3 trp1 ura3-52 tgl3∆ ::TRP1; 
dga1∆ ::KanMX; lro1∆ ::URA3

This study

yXL023 From yMK839 
MATa leu2-3 trp1 ura3-52 pMK595 [2µ 
URA3]

Li et al. 2012

yXL041 From yMK839 
MATa leu2-3 trp1 ura3-52 tgl3∆ ::TRP1 
pMK595 [2µ URA3]

This study

yXL183 From yMK839 
MATa leu2-3 trp1 ura3-52 pMK595-DGA1 
[2µ URA3]

This study
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yWH083 From yMK839 
MATa leu2-3 trp1 ura3-52 pMK595 PDGA1-
DGA1 [2µ URA3]

This study

yXL180 From yMK839 
MATa leu2-3 trp1 ura3-52 tgl3∆ ::TRP1 
pMK595-DGA1 [2µ URA3]

This study

yWH087 From yMK839 
MATa leu2-3 trp1 ura3-52 tgl3∆ ::TRP1 
pMK595 PDGA1-DGA1 [2µ URA3]

This study

W303a MATa leu2-3,112 trp1-1 can1-100 ura3-1 
ade2-1 his3-11,15

BY4742 MATα his3∆ 1 leu2∆ 0 lys2∆ 0 ura3∆ 0

yWH47 BY4742 with tgl3∆ ::URA3 This study
EJ72 MATa/α gal- trp1 leu2 ura3-52 his4 Siliciano & Tatchell 

1984

yWH036 EJ72 with tgl3∆ ::URA3/TGL3 This study
yWH74 EJ72 with tgl3∆ ::TRP1/tgl3∆ ::TRP1 This study

70α MATα thr3 met Clemons et al. 1994
227a MATa lys1 Clemons et al. 1994

yXL189 
(B454α ; 
clinical sample)

MATα ho::Hygromycin This study. Haploid 
isoform of YJM454 
from J. McCusker

yXL190 
(B653α ; 
clinical sample)

MATα ho::hisG lys2 gal2

yXL191 
(B756α ; 
clinical sample)

MATα ho::KanMX6 This study. Haploid 
isoform of YJM450 
from J. McCusker

yXL192 
(B779α ; 
clinical sample)

MATα ho::KanMX6 This study. Haploid 
isoform of YJM326 
from J. McCusker

           Table 2.2 (cont'd) 
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yXL193 
(B359α ; 
vineyard)

MATα ho::KanMX6 This study. Haploid 
isoform of YCD51-4 
from Burgundy region 
of France, 1948

yXL194 
(B370α ; 
vineyard)

MATα ho::KanMX6 This study. Haploid 
isoform of M5-2 from 
Italy in 1993 by R. 
Mortimer

yXL195 
(B357α ; oak 
exudate)

MATα ho::KanMX6 This study. Haploid 
isoform of YPS1009-2 
from Mettler’s Woods, 
New Jersey in 2000 by 
P. Sniegowski

yXL196 
(B390α ; oak 
exudate)

MATα ho::KanMX6 This study. Haploid 
isoform of YPS1000-1 
from Mettler’s Woods, 
New Jersey in 2000 by 
P. Sniegowski

yXD188 From yMK839  
MATa leu2-3 trp1 ura3-52 tor1∆ ::URA3

This study

yXD189 From yMK839  
MATa leu2-3 trp1 ura3-52 ras2∆ ::URA3

This study

yXD190 From yMK839  
MATa leu2-3 trp1 ura3-52 sod2∆ ::URA3

This study

yXD191 From yMK839  
MATa leu2-3 trp1 ura3-52 tgl3∆ ::TRP1; 
tor1∆ ::URA3

This study

yXD192 From yMK839  
MATa leu2-3 trp1 ura3-52 tgl3∆ ::TRP1; 
ras2∆ ::URA3

This study

yXD193 From yMK839  
MATa leu2-3 trp1 ura3-52 tgl3∆ ::TRP1; 
sod2∆ ::URA3

This study

           Table 2.2 (cont'd) 
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yXD200 From yMK839  
MATa leu2-3 trp1 ura3-52 dga1∆ ::KanMX; 
lro1∆ ::TRP1

This study

yXD201 From yMK839  
MATa leu2-3 trp1 ura3-52 dga1∆ ::KanMX; 
lro1∆ ::TRP1; tor1∆ ::URA3

This study

yXD202 From yMK839  
MATa leu2-3 trp1 ura3-52 dga1∆ ::KanMX; 
lro1∆ ::TRP1; ras2∆ ::URA3

This study

yXD203 From yMK839  
MATa leu2-3 trp1 ura3-52 dga1∆ ::KanMX; 
lro1∆ ::TRP1; sod2∆ ::URA3

This study

           Table 2.2 (cont'd) 
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Abstract 

 Triacylglycerol (TAG) is one of the most common neutral lipids found in all 

eukaryotes. The previous Chapter shows evidence that TAG, despite its main function of 

storing and controlling energy, has an energy-independent role in lifespan control in the 

budding yeast Saccharomyces cerevisiae. High levels of intracellular TAG abundance 

prolongs lifespan independent of the nutrient awaits delineation pathway and dietary 

restriction; however, the detailed molecular mechanism by which TAG extends lifespan 

awaits delineation. 

 While it remains a hotly debated issue regarding the underpinning of cellular and 

organismal senescence, accepted pro- and anti-aging factors support the mitochondrial 

free radical theory of aging, that is, aging is a result of the accumulation of oxidative 

damage caused by free radicals originating primarily from mitochondria. If true, this 

theory predicts that enhancing the cellular ability to resist or to prevent oxidative 

damages leads to lifespan extension. In light of this mitochondria free radical theory of 

aging, and of our previous findings for the pro-longevity function of intracellular TAG, 

we set out to develop a fluorescence-based quantitative approach for the comparison of 

cellular ROS levels. Using this approach, we demonstrate for the first time an inverse 

correlation between the cellular levels of TAG and reactive oxygen species (ROS). 

Fluorescent microscopy further reveals unique distribution patterns of ROS in the 

stationary-phase cells that are reminiscent of lipid droplets, the primary storage 

organelles for TAG. Together, these data are consistent with the role of TAG to function 
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as a sink that dampens the toxicity of ROS. Further studies to test this Radicals Sink 

model will be discussed. 

Introduction  

 Aging is a complex condition whereby the biological functions of organisms 

progressively decay over time (Harman 2003). Many studies have discovered lifespan 

determinants, such as genomic instability, telomere length, and deregulated nutrient 

sensing that function in most organisms (López-Otín et al. 2013). An organisms' lifespan 

is controlled by two main factors: genetic (the programmed factors) and environment 

(the damaged factors) (Jin 2010). Typically, two criteria are used to compare both inter- 

and intraspecies lifespans: the mean lifespan, which describes the average age of 

individuals in a certain population, and the maximum lifespan, which refers to the 

longest lifespan a species can reach (Sanz & Stefanatos 2008). Between these two 

criteria, most researchers agree that the maximum lifespan is in fact the true longevity 

factor; this is because while a longer mean lifespan without a higher maximum lifespan 

demonstrates that the individual organisms are healthier on average, they do not live 

any longer (Sanz & Stefanatos 2008). Therefore, it is preferable in aging research to 

focus on conditions that can extend the maximum lifespan of a species. 

 Genetic and molecular tools have helped uncover many factors for lifespan 

control, as well as different theories for the mechanisms underlying aging. Among these, 

the mitochondrial free radical theory of aging (MFRTA), introduced by Harman in 1972, 
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is still considered one of the most influential determinants in the history of aging 

(Harman 1972). This theory suggests that aging is the result of the long-term 

accumulation of toxic free radicals and/or their by-products (Harman 1972; Harman 

1956). These free radicals are mostly produced during normal cellular respiration in 

mitochondria (Harman 2003; Kushnareva et al. 2002; Miwa & Brand 2005). Importantly, 

the oxygen molecules utilized in the respiratory process are not always completely 

reduced into water. Approximately 0.1%-4% of the consumed oxygen has a partial 

reduction; this results in reactive oxygen species (ROS or, if produced from 

mitochondria, mtROS), highly aggressive molecules such as hydrogen peroxide and 

singlet oxygen (Boveris & Chance 1973). The ROS are very unstable and tend to react 

with nearby macromolecules such as proteins, DNA, or lipids, leading to oxidative 

damages (Harman 2003). If cells fail either to repair or to rid this impairment, the 

defective molecules can accumulate and become a senescent factor. Cells also have 

another protective mechanism to intercept ROS through antioxidants or anti-free radical 

enzymes; these molecules have the specific ability to seize radicals and either turn the 

ROS (or the antioxidant-ROS complex) into less deleterious species or, in some cases, 

neutralize the ROS (Halliwell 2007). 

 Although MFRTA is well supported by many studies, the theory garners some 

skepticism. For instance, even though the quantification of mtROS is shown to correlate 

with maximum lifespan in many organisms (Barja et al. 1994; Sohal et al. 1989; Ku & 

Sohal 1993), the results are inconsistent. Some animals, such as pigeons, produce high 
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levels of ROS and a high amount of oxidative damage but display higher maximum 

lifespans compared to other animals of the same size (Ku & Sohal 1993). Additionally, 

many studies have shown that the overexpression of anti-oxidative enzymes or treatment 

with exogenous antioxidants does not always result in longer lifespans (Magwere et al. 

2006; Muller et al. 2007). Nonetheless, these findings do not entirely contradict MFRTA. 

It is known today that a simple modification in one small factor is not always sufficient 

to alter the maximum lifespan of an organism, which is considered the result of millions 

of years of evolution (Sanz & Stefanatos 2008). However, it is an undeniable claim that 

free radicals play a crucial role in pushing cell metabolisms that affect lifespan. Taking 

these reports together and the MFRTA, it is likely that long-lived organisms may require 

two important properties: less ROS production and a high resistance to oxidative 

damages. 

 Several recent reports demonstrate that mitochondria and lipid droplet (LD) can 

associate physically under physiological conditions (Shaw et al. 2008; Novikoff et al. 

1980; Blanchette-Mackie & Scow 1983; Kalashnikova & Fadeeva 2006). These studies 

theorize that the physical contact between these organelles provides a channel to 

translocate metabolites; i.e., LD supplies hydrolyzed fatty acid to mitochondria for ß-

oxidation, and mitochondria produces phospholipids for LD to expand (Shaw et al. 2008; 

Barbosa et al. 2015). Mitochondrial membrane lipids are also known as major oxidative 

damage site because mtROS is produced in abundance at complexes I and III of the 

electron transport chain, which is located on the mitochondrial inner membrane 
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(Kushnareva et al. 2002; Miwa & Brand 2005). It is critical that mitochondria can re-

localize membrane components, as it suggests that mitochondria may use this function to 

dispose of lipids with oxidative damage to LD, which then may turn them into an inert 

neutral fat. The latest findings by Bailey et al. (2015) suggest that LD is critical for 

counteracting ROS, safeguarding the development of neural stem cells (Bailey et al. 

2015). The authors also indicate that ROS-targeted unsaturated lipids can redistribute 

into LD where they are safely stored in hydrophobic goblets (Bailey et al. 2015). 

Although the underlying mechanism is still unknown, the existence of mito-LD channels 

suggests that TAG accumulation also serves to protect mitochondria. Interestingly, 

unsaturated fatty acids are prone to oxidation by free radicals. Indeed, the degree of 

mitochondria membrane fatty acid unsaturation has been reported to be negatively 

correlated with longevity of the underlying animals (Pamplona et al. 2002). Given these 

reports, the MFRTA, and our findings of the pro-longevity function of TAG, this Chapter 

aims to test a Radicals Sink model (Figure 3.1) that explains the molecular mechanism 

by which TAG preserves lifespan during chronological aging. 

Results 

Measuring cellular ROS with a new fluorescence approach  

 There are several approaches to measuring intracellular ROS, with each method 

measuring a certain type of ROS, such as hydrogen peroxide (H2O2), oxide anion (O-), 

hydrochlorous acid (HOCl), and hydroxyl radical (HO•) (Halliwell & Gutteridge 2007). 

The 2',7' -dichlorofluorescein diacetate (DCFDA) is an inexpensive fluorescent probe 
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used in many studies and is compatible with various cell types (Hempel et al. 1999; Bass 

et al. 1983). The dye itself is non-fluorescent, but after its reaction with ROS it can 

produce strong green florescence (Figure 3.2A) (Burow & Valet 1987). DCFDA has been 

frequently applied for a quantification of intracellular H2O2 (Carter et al. 1994). 

However, recent evidence suggests that the DCFDA signal does not come from direct 

interaction with H2O2 (Kalyanaraman et al. 2012; Karlsson et al. 2010; Bonini et al. 
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Figure 3.1 The proposed “radicals sink” model for the lifespan 
extension role of TAG. Stress and ROS (red lightening) can induce 
cellular damages of nearby biomolecules and organelles (e.g., 
mitochondria, endoplasmic reticulum, and peroxisome). Higher levels of 
TAG may attract ROS and other free radicals to lipid droplets and away 
from other biomolecules, leading to cellular protection and preservation 
of cell viability over time.



2006). Instead, DCFDA can reduce various compounds such as HO•, HOCl, peroxynitrite 

(ONOO/ONOOH), and cytochrome c (Burkitt & Wardman 2001; Bonini et al. 2006; 

Hempel et al. 1999; Qian & Buettner 1999; Kalyanaraman et al. 2012). In the presence 
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Figure 3.2 DCFDA requires two reactions to become fluorescent. (A) 
2',7'-dichlorofluorescin diacetate (DCFDA) can freely cross the plasma 
membrane, which then can interact with an esterase to cleave two acetate 
groups. The product is impermeable but highly reactive with ROS such as 
hydroxyl and peroxyl. The oxidized form, 2',7'-dichlorofluorescein (DCF), 
is a fluorescene that can be detected by fluorescence spectroscopy with 
maximum excitation and emission spectra of 495 nm and 529 nm, 
respectively. (B) Fluorescein diacetate (FDA) has a similar mechanism to 
DCFDA, but after the reaction with an esterase it becomes fluorescent 
with maximum excitation and emission spectra of 490 nm and 514 nm, 
respectively.
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Figure 3.3 DCFDA and FDA emissions are linearly correlated with cell 
numbers.  The three core budding yeast strains were diluted in water to 
the range of 0.1-0.5 OD600, with DCFDA and FDA fluorescent signals then 
measured as stated in Materials and Methods. The data were obtained 
from 4 replications. (A.) yMK839 wild type (WT), DCFDA. (B.) WT, FDA. 
(C.) tgl3∆, DCFDA. (D.) tgl3∆, FDA. (E.) dga1∆lro1∆, DCFDA. (F.) 
dga1∆lro1∆, FDA.



of O2 and light, the DCFDA intermediate (DCF) can undergo photoreduction to produce 

more superoxides (Marchesi et al. 1999). With appropriate controls and caution in data 

analysis, DCFDA can thus be used as an indicator for the amount of general ROS. 

 One concern for using DCFDA in an aging study is that the dye needs to be first 

modified by an esterase enzyme (Figure 3.2A) (Robinson et al. 1988). As a result, only 

live cells with active esterase can be measured. This requirement adds a challenge in the 

use of DCFDA to gauge ROS in aging cells, for the mortality increases over time and that 

different strains at a given time point of the experiment may exhibit different population 

viability. To ensure that differences in viability and metabolic capacity (i.e., the esterase 

activity) are calibrated, we incorporated fluorescein diacetate, FDA, into the DCFDA 

assay. FDA shares a similar structure and chemistry of activation with DCFDA, that is, 

FDA is converted to the fluorescein only after the very same esterase action that activates 

DCFDA (Figure 3.2B) (Braunstein et al. 1979). The difference is that FDA becomes 

fluorescent right after the reaction with esterase, which is ideal for differentiating live 

from dead cells, while dichlorofluorescein becomes fluorescent only after it is reduced by 

a radical (Sugita et al. 1986; Boyd et al. 2008). The ratio of the fluorescence derived 

from DCFDA to that from FDA thus affords a reliable means to compare the ROS levels of 

multiple samples, regardless of the percent of cellular viability.  

 To devise a quantitative DCFDA assay calibrated with FDA fluorescence, we first 

examined the dose responses of these two dyes. Figure 3.3 shows that with 0.1-0.5 OD600 
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of cells, linear dose responses were obtained with 0.5-1.0 µg/ml of DCFDA, and 1.0-5.0 

µg/ml of FDA. These number were in good agreement with literature (Rastogi et al. 

2010; Crow 1997; Karlsson et al. 2010). We then tested the FDA and DCFDA 

fluorescence as a function of a increasing number of yeast cells (Figure 3.3). With 0.5 
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Figure 3.4 Thin cells are more sensitive to the paraquat treatment. 
(A.) The mechanism of paraquat dichloride (PQ). PQ can switch between 
two redox states, by which common cellular reducing agents such as 
NAD(P)H can create the reduced PQ, which can further oxidize oxygen 
molecules partially into oxygen radicals. The radicals can turn into HO• 
or H2O2 by the enzyme superoxide dismutase (SOD). These ROS can 
damage nearby molecules. (B.) The yeast strains were grown in SC 
medium for 3 days, then either treated with 20 mM PQ or water 
(control). DCFDA was added to the final concentration of 0.1 µg/ml in 
the 100 µl samples. After the 30-min incubation, the microplates were 
read fluorescent signals every 30 min, 10 times with the kinetic mode.



µg/ml of DCFDA and 5.0 µg/ml of FDA, cell suspensions between approximately 0.2 and 

0.45 OD600 reproducibly yielded fluorescence units proportional to the cell density. Based 

on these results, all the subsequent experiments were conducted with 0.25 OD600 cells 

and 0.5 µg/ml of DCFDA and 5.0 µg/ml of FDA. 

 In addition to the steady-state ROS, it is a common practice to trigger ROS 

production by the use of paraquat. Paraquat (PQ [1,1-dimethyl-4,4-bipyridinium 

dichloride]), is a herbicide widely used in over 120 countries (Wesseling et al. 2001). PQ 

cytotoxicity results from the production of ROS by a redox cycle by which NADPH is 

partially reduced by NADPH-cytochrome c reductase and O2 is half-oxidized into a 

superoxide anion (O•-) (Figure 3.4A) (Fukushima et al. 2002; Day et al. 1999). 

Superoxide is a highly hazardous, unstable compound; it either quickly interacts with 

superoxide dismutase (SOD) to yield H2O2, or it degrades into HO• (Fukushima et al. 

2002). In addition to NADPH exhaustion, there are many targets that these radicals can 

injure, such as mitochondrial DNA, and cytoskeleton. However, most evidence strongly 

suggests that membrane lipids in mitochondria receive the majority of the attack by 

radicals produced under physical or induced conditions leading to prominent lipid 

peroxidation and membrane dysfunction (Bus et al. 1976; Shimada et al. 2009). Given 

the link between ROS and lipid peroxidation, we set out to use DCFDA to examine the 

relationship between ROS and TAG. 
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Figure 3.5 Intracellular TAG level has no significant effect to levels of 
oxygen consumption but is negatively correlated with ROS levels. 
(A.) The yeast strains, wild type (WT), high TAG (tgl3∆), and low TAG 
(dga1∆ lro1∆), were grown in the SC medium for 3 days; 20 mM 
paraquat were subsequently added to the cultures. Levels of ROS were 
quantified by the fluorescent technique at 0 (before paraquat addition), 
30, and 150 min after the treatment. The measurement of DCFDA and 
FDA fluorescent signals were described in the Materials and Methods. 
Data were obtained from 4 independent experiments and analyzed with 
the ANOVA test. * p < 0.05; ** p < 0.01. (B.) The oxygen consumption 
of cells grew in logarithmic phase (24 hr after the inoculation) or in 
stationary phase (7-day-old culture) in either YPD or YPGE. Data were 
obtained from 2 biological and 3 technical replicates.



 To first ensure that DCFDA can be used to quantify changes of ROS levels, 3-day 

old stationary-phase cells were exposed to PQ and DCFDA, and the fluorescence was 

measured every 30 min for five hours. Figure 3.4B shows that PQ-induced ROS elevation 

was readily detectable by changes of fluorescence derived form DCFDA and that, 

importantly, the dga1∆ lro1∆ lean cells showed significantly higher levels of ROS upon 

PQ treatment. Furthermore, the dga1∆ lro1∆ cells also exhibited slightly higher 

endogenous ROS even in the control, paraquat-free condition. We thus surmise that 

DCFDA is sensitive to ROS detection and quantitatively reliable under our experimental 

setting. 

Intracellular TAG abundance inversely correlates with ROS levels. 

 Glucose, the most preferred energy source for yeast and many organisms, can be 

catabolized via two processes: anaerobic glycolysis (i.e., fermentation) in cytoplasm and 

aerobic respiration in mitochondria. Both ethanol and glycerol are non-fermentable 

carbon sources that require the full function of mitochondrial electron transport chains 

to be metabolized (Grauslund & Rønnow 2000; Ferguson & Borstel 1992). Therefore, the 

YPGE medium, in which glucose is replaced with ethanol and glycerol, affords a better 

tool for the assessment of mitochondrial function. Figure 3.5A shows that the oxygen 

consumption rates of all three strains were higher when grown in YPGE, consistent with 

the expectation that glycerol and ethanol forced cells to obtain energy from respiration. 

The rate of oxygen consumption was further increased in 7-day old stationary-phase 

cells. Intriguingly, the dga1∆ lro1∆ double knockout cells consumed oxygen at a lower 
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rate when compared with the wildtype or the tgl3∆ cells, even though these cells showed 

the highest level of PQ-triggered ROS production (Figure 3.4B). At least in YPGE 

cultures, the oxygen consumption rate appears to be inversely correlated to the TAG 

level, in particular in the stationary phase. It is tempting to speculate that cells with more 

TAG preserve the mitochondrial function better, hence a more robust rate of oxygen 

consumption. 

 Our radical sink hypothesis (Figure 3.1) posits that TAG intercepts mtROS that 

may otherwise attack other biomolecules key to cells to maintain viability in the 

stationary phase. Accordingly, cells with high TAG abundance (i.e., tgl3∆) should have 

lower ROS than WT. On the other hand, the dga1∆ lro1∆ strain, which has almost no 

TAG, should display higher intracellular ROS. To test this hypothesis, the paraquat-

induced ROS production from three selected yeast strains (WT, tgl3∆, and dga1∆ lro1∆) 

were examined. To this end, yeast cultures were grown in an SC medium until they 

reached the stationary phase (72 hr after the inoculation). Then, cells were treated with 

20 mM PQ for 30 and 150 minutes. Results in Figure 3-4B demonstrate that before the 

paraquat treatment (time point 0), tgl3∆ cells had the lowest, while dga1∆ lro1∆ cells 

exhibited the greatest DCFDA/FDA level, consistent with the notion that TAG prevents 

the buildup of ROS produced under physiological conditions. In the presence of the ROS 

inducer paraquat, all three strains showed increased ROS over time (Figure 3.5A), with 

the dga1∆ lro1∆ cells having the highest concentration. We thus conclude that the 
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intracellular ROS level, steady state or induced by paraquat, correlates inversely with the 

TAG concentration. 

 It is known that the endogenous ROS amount is highly sensitive to the level of 

respiration (Lin et al. 2002; Barja et al. 1994; Halliwell 2009). To test whether the 

higher ROS detected in dga1∆ lro1∆ resulted from higher oxygen uptake, the three yeast 

strains were measured for their oxygen consumption rates during logarithmic phase (1-

day-old) and in stationary phase (7-day-old). Figure 3.5B demonstrates that all three 

yeast strains consumed oxygen at a similar rate (light blue bars), suggesting that under 

the normal laboratory conditions, these three strains had similar overall metabolic rates. 

Intracellular distribution of ROS is not random. 

 DCFDA is membrane permeable and can thus move freely across lipid membranes. 

However, after the actions of esterase and ROS, the fluorochrome DCF loses the ability to 

pass the phospholipid layer (Rota et al. 1999; Marchesi et al. 1999; Afri et al. 2004). If 

TAG can intercept ROS, as stated in the radical sink hypothesis, ROS may get buried 

inside LD, where TAG is located. Alternatively, lipid peroxidation from the mitochondrial 

membrane may get transferred to LD, as suggested by Bailey et al. (2015). Therefore, it 

is possible that the DCF signal may co-localize with or appear juxtaposed to the LD. 

 In the present study, we examined the DCF signal distribution in WT, tgl3∆, and 

dga1∆ lro1∆ cells. Surprisingly, we found that ROS distribution in yeast cells is not 
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random; rather, the fluorescent signals showed different patterns including diffused 

cytoplasmic staining, aggregation into varying numbers of puncta, and co-localization 

with a disrupted plasma membrane (Figure 3.6B-G). These results suggest that radicals 

that can oxidize DCFH were concentrated at selective locations. We further quantified 

the proportion of each class of DCF distribution. Firstly, approximately 50% of wt and 

tgl3∆ cells and 70% dga1∆ lro1∆ cells showed diffused cytoplasmic staining. Secondly, 

the majority of the remaining wt and tgl3∆ cells exhibited DCF punctate signals. 

Conversely, the dga1∆ lro1∆ cells barely had any cells in this category. A closer look at 

the number of puncta further showed that the weight of such staining shifted up in tgl3∆ 

cells, that is, there were more three-and-more dots per cells than one- and two-dotted 

cells. These differential punctate staining patterns were reminiscent of the TAG level as 

well as the number of LD in each of these three strains. We suspected that these DCF 

dots overlapped with lipid droplets. Unfortunately, the use of Nile red to label TAG and 

LD failed to definitively reveal the identity of the DCF puncta due to leakage of 

fluorescence of Nile red and DCF. The optimal conditions for radicals and LD staining 

remain to be delineated. The last class of DCF fluorescence distribution was bright 

fluorescence associated with abnormal membranes. This class appeared to be highly 

enriched in the dga1∆ lro1∆ cells. It has been shown that yeast cells deprived of neutral 

lipid biosynthetic capability suffered from early death (Handee et al. 2016) and excessive 

membrane proliferation (Petschnigg et al. 2009). Again, the DCF staining was in 

excellent agreement of a phenotype of lean cells. Together, these results support the 
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major premise of the radicals sink model, that is, increased TAG level reduces the 

production of and damage from ROS. 
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Figure 3.6 ROS distribution in cells is not random and likely linked to 
TAG abundance. The 3-day-old cultures in SC media were treated with 
20 mM paraquat for 24 hr. Cells were then treated with DCFDA for 30 
min before the microscopic characterization. (A) Percent distributions of 
fluorescent signals are classified into 6 groups: (B-C) disrupted 
membrane, (D-E) more than 3 dots of signals, (F) 1-dot signal, (G) 
dispersive signal in cytoplasm, and no signal. Data were obtained from 
two independent experiments; n = 200-250.



Discussion  

 The MFRTA states that one way to make an organism live longer is to minimize 

oxidative damages caused by ROS (Pérez-Campo et al. 1998). While this notion is widely 

tested with means that enhance the activities of antioxidants and anti-radical enzymes, 

evidence suggests that such approaches are usually insufficient to extend the maximum 

lifespan because organisms generally balance the antioxidant level just enough to 

guarantee their normal lifespan (Sanz & Stefanatos 2008). This argument is logical in 

terms of evolutionary processes, since cells do not waste extra energy to maintain high 

levels of antioxidants under either normal or stressed conditions (Sanz & Stefanatos 

2008). The second strategy involves the reduction of oxidative damages. This process 

includes autophagy (Martinez-Lopez et al. 2015; Shaik et al. 2016) and protein 

degradation (Russell et al. 2007; Shringarpure & Davies 2002), both of which have been 

shown to play a role in lifespan regulation via the nutrient sensing pathways (Jiang 

2016; Hansen et al. 2013; van Zutphen et al. 2014). Recent discoveries of the physical 

contact between mitochondria and LD have shed light on the function of lipid 

homeostasis, which is crucial for cellular stress response and lifespan control (Jägerström 

et al. 2009; Barbosa et al. 2015). Our lab has demonstrated that high TAG accumulation, 

either by knocking out TAG lipases or by overexpressing DGAT (i.e., the TAG biosynthesis 

enzymes), can significantly extend the maximum chronological lifespan of the budding 

yeast. The pro-longevity function of TAG is unlikely to rely on canonical nutrient sensing 

pathways or dietary restriction (Handee et al. 2016). 
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 In this study, we present evidence that TAG may prolong yeast lifespan by 

decreasing oxidative damages (Figure 3.5 and Figure 3.6). Based on our ROS 

quantification results, the high TAG content in tgl3∆ cells is accompanied by lower ROS 

signals, whereas dga1∆ lro1∆ cells, which have essentially no TAG, contain significantly 

higher ROS amounts (Figure 3.5A). Together, these findings suggest a ROS-reduction 

ability of TAG. Moreover, there is a significant number of dga1∆ lro1∆ cells with 

apparently abnormal membrane that lit up with DCF (Figure 3.6A). Together these 

observations support our Radicals Sink model that TAG enhances survival of aging cells 

by reducing ROS the oxidative damages from ROS (Figure 3.1).  

 It is known that TAG does not accumulate in actively dividing yeast cells; instead, 

TAG level increases steeply after cells are shifted into unwelcome environments, 

including those with low carbon or nitrogen sources and high stress (Taylor & Parks 

1979; Gray et al. 2004). These stress inducers commonly cause one notable feature, the 

alteration of membrane composition that is occasionally coupled with losing membrane 

potential (Knorre et al. 2013). The damages if occur at inner membrane of mitochondria 

at which the electron transport chain complexes are located may cause high ROS 

production. Some reports show that medium acidification or nitrogen starvation (the 

common stress found at stationary phase) causes mitochondria membrane damages and 

subsequently induce mitochondrial stress responses such as mitochondrial fusion-fission, 

mitochondrial adaptive ROS singing (MARS), mitochondrial DNA response, or program 

cell death (Knorre et al. 2013; Ždralević et al. 2012; Shadel 2014; Schroeder and Shadel 
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2014). Many genes and proteins related to these pathways are identified, but very little 

is known about roles of lipids or lipid homeostasis dealing with such stress. Intriguingly, 

one study reported that yeast cells treated with oligomycin (a mitochondrial ATP 

synthase inhibitor) or antimycin A (a respiratory chain complex III inhibitor) in 

stationary phase display lower ROS and better chronological lifespan (CLS) compared to 

adding these compounds in logarithmic-phase (Ocampo et al. 2012). This suggests that 

cells in logarithmic phase contain limited ability to detoxify ROS and oxidative damages. 

The remaining damages if exceed the capacity of initial ROS defense mechanisms, are 

carried over to stationary phase which sequentially can lead to shorten CLS (Ocampo et 

al. 2012). Conversely, cells in stationary phase may develop a mechanism for higher ROS 

tolerance (Ocampo et al. 2012). Even though there is no current evidence showing a 

function of TAG in ROS defense mechanisms, it is intriguing that higher TAG abundance 

is positively correlated with increased ROS resistance (Daum et al. 2007; Ocampo et al. 

2012). Possibly, TAG is produced in stationary phase in order to serve as a ROS defense 

mechanism in addition to those of in logarithmic phase. 

 One outstanding question is how TAG counteracts oxidative stress. A possible 

mechanism of how TAG decreases oxidative stress is through the reduction of lipid 

peroxidation at the mitochondria or the nearby organelles, such as endoplasmic 

reticulum (ER) and the cell membrane (Pamplona 2008; Pamplona et al. 2002). It has 

been demonstrated that cells possess mechanisms to reshuffle these damaged lipids into 

the LD (Bailey et al. 2015). Although the details of the mechanism are currently 
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unknown, the research to date shows that mitochondria can redistribute their 

phospholipids into LD. This process is also similar to how ER cleans toxic fatty acids by 

converting them into TAG and moving into LD (Hapala et al. 2011; Kohlwein & 

Petschnigg 2007). It has been shown that after LD is generated from the ER, it has 

multiple contacts with all membrane organelles, including the ER, mitochondria, 

peroxisome, vacuole, lysosome, and plasma membrane (Wolinski et al. 2011; Shaw et al. 

2008; Knoblach & Rachubinski 2015; Kohlwein et al. 2013). Therefore, it is possible that 

TAG accumulation after the stationary phase is a cytoprotective function that translocates 

damaged and toxic lipids into LD. 

 Blocking TAG lipases not only means that cells must use alternative ways to 

extract energy from neutral lipids (e.g., the engulfment to central vacuole); it also means 

that the communication with mitochondria flows in a single direction, that is, only PL 

(intact or damaged) can move toward LD, but no FFA are produced in LD (at least by the 

major TAG lipases) for further metabolism in mitochondria (Rambold et al. 2015; 

Barbosa et al. 2015). This leads to two possible consequences. Firstly, β-oxidation in the 

mitochondria matrix may be reduced. Therefore, mitochondrial ROS production is likely 

to decrease along with lipid peroxidation. This is consistent with other findings that 

show that cells tend to avoid glycolysis and Krebs's cycle when they are under stress 

(Österlund et al. 2013; Jewett et al. 2013). Instead, the metabolic flux is likely to shift to 

the pentose phosphate pathway, which favors more lipid production (Perl et al. 2011; 

Matsufuji et al. 2008). It is possible that this metabolic shift occurs in order to avoid 
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utilizing electron transport chains and to pump impaired lipids into LD (Lee et al. 2013; 

Girotti 1998). However, if this hypothesis is true, it cannot explain how cells extract 

energy from TAG in order to maintain normal cellular functions. Interestingly, a recent 

study shows that TAG can become hydrolyzed via a novel pathway that is independent to 

regular TAG lipases on the LD surface. This process involves the engulfing of LD into the 

vacuole and LD digesting inside the vacuole lumen (van Zutphen et al. 2014). Therefore, 

it is possible that cells may use this alternative mechanism to harvest energy from TAG 

without direct contact with the mitochondria. However, this hypothesis requires further 

investigations. 

 Dietary restriction (DR), or calorie restriction (CR), is a well-established means of 

prolonging lifespan in most organisms, and it also supports the MFRTA (Trifunovic et al. 

2004; Lin et al. 2002; Schriner et al. 2005). Research has shown that animals that 

consume fewer calories produce lower ROS compared to the same species fed with a 

normal diet (Gredilla & Barja 2005). However, until now, it was unclear how DR 

regulates ROS production. One interesting fact about DR is that DR has no effect on 

naked mole-rats (Heterocephalus glaber), an exceptional organism that has extremely 

long lifespans but low anti-oxidation activity (Andziak et al. 2005; Buffenstein 2005; 

Andziak et al. 2006). Therefore, it seems that the MFRTA and DR cannot explain how 

naked mole-rats have developed a long-life phenotype. The naked mole-rat is a 

poikilotherm, meaning that it cannot control its body temperature like other mammals 

(Kramer & Buffenstein 2004). It has been shown that they have developed special 
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adipose tissues inserted among internal organs, and they have a high volume of LD 

closely attached to the mitochondria (Daly & Williams 1997). This assumes that LD can 

quickly supply fatty acids to mitochondria for more energy during winter. At the same 

time, if the radicals sink hypothesis is correct, the physical association between 

mitochondria and LD could serve as a channel for damaged lipids to transfer to LD. This 

could be the longevity secret of H. glaber. 

 In summary, aging is a complicated phenomenon that cannot be ascribed to only a 

single factor. Most studies on aging theories, including MFRTA, can predict certain aging 

mechanisms, but there are exceptions left to explore. The evidence that TAG can 

potentially counteract ROS-initiated damages opens a new perspective on how lipid 

homeostasis can play a critical role in lifespan regulation. However, many questions still 

remain. In addition, it is unknown if the same mechanism is present in higher 

eukaryotes. Nevertheless, our findings may provide a deeper understanding of how 

mammals age and may lead to more effective human health care. 

Materials and methods 

Yeast methods, media, and reagents 

 The yeast strains, yMK839 wild type, tgl3∆, and dga1∆ lro1∆, were derived from 

Handee et al. 2016 (also listed in Table 2.2). The preparation of YPD and SC media is 

described in the Materials and Methods section of chapter 2. YPGE medium is composed 

of 2% (w/v) peptone (BD Difco), 1% (w/v) yeast extract (BD Difco), 1% (v/v) glycerol 
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(J.T.Baker), and 1% (v/v) ethyl alcohol (Koptec-VWR). Paraquat dichloride (Fluke) was 

diluted from 100 mM stock (in water) to the described media. The fluorescent dye stocks 

were made from dissolving DCFDA (Sigma-Aldrich) powders in ethyl alcohol to 10 mg/

ml, and FDA (Sigma-Aldrich) in DMSO (J.T.Baker) to 0.5 mg/ml. The dyes were 

allocated into small tubes, kept in -80ºC, and sealed with aluminum foil to protect from 

light. Yeast cultures were prepared by the standard yeast protocol (Sherman 2003). The 

newly formed yeast colonies are obtained from stab cultures preserved in -80˚C by 

streaking them on a YPD agar plate. Colonies are generally developed after 48-hr 

incubation at 30ºC. A single colony from each strain is randomly selected and cultivated 

overnight in 3 ml YPD medium in 15 ml glass tubes. Finally, the cultures are diluted 100 

times to the experimental media (SC, YPD, or YPGE). After 72-hour incubation 

(otherwise stated in the text), the cultures are ready for further analysis. 

Fluorescent spectroscopy 

 For fluorescent measurement, the DCFDA and FDA stocks were diluted into 

working solutions in sterile water briefly before loading into a 96-well plate. Final 

concentrations of DCFDA and FDA were 0.5 µg/ml and 5 µg/ml, respectively. Cell 

samples were diluted into 0.2 OD600. The combined volume of cells and the dye is 100 µl 

in each well. Sample plates were prepared at room temperature with dim surroundings, 

then tightly sealed with aluminum foil to minimize light and oxygen exposure. After 30-

min incubation, the fluorescent signals were read by Tecan Infinite M1000 Pro 
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Microplate Reader, with the gain setting at 150 UV, the excitation at 495 nm, and 

emission at 535 nm. 

 To visualize DCFDA signals in yeast cells, approximately 0.5 OD600 cells were 

harvested and washed with TE buffer (pH 7.4). Cells were incubated with 0.5 µg/ml 

DCFDA in the dark at room temperature for 30 min, then quickly viewed under a 

fluorescent microscope with a GFP filter (500- 550 nm). An Olympus BX51 station with a 

Exfo X-cite 120 UV light fixture and a DP30-BW CCD camera were used. Approximately 

200-250 cells from each condition were recorded and classified twice by one researcher. 

Oxygen consumption measurement 

 The oxygen consumption was measured by a Clark oxygen electrode (model YSI 

5331), with a probe from Yellow Springs Instrument. The rate of oxygen uptakes in the 

function of time were recorded by the oxygen monitor (model 53000). Sample 

conditions were described in figure legends. During the measurements, the ice-cold 

buffer (100 mM HEPES-KOH, 24 mM KCl, pH 7.4) was added periodically to the samples 

to increase O2 in the solutions. All experiments were conducted at room temperature. 

Data were obtained from 3 biological and 3 technical replications. 
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Data and statistical analyses 

 The correlation between fluorescent dyes and cell numbers was computed by 

Numbers, version 3.6.2 (Apple Inc.). The oxygen consumption rate and ROS levels were 

analyzed by a factorial ANOVA test by SAS, University Edition (SAS Institute Inc.). 
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CHAPTER IV: 

Summary and discussion: 
The slim, the fat and the obese: guess who lives the longest?  1

 This research was published in: Li, X., Handee, W., & Kuo, M.-H. (2016). The slim, the 1

fat, and the obese: guess who lives the longest? Current Genetics. I contributed to all of 
the figures.
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Abstract 

 In a modern society that is increasingly older and “heavier”, it is understandable 

that the majority favors a slimmer body that helps to sail smoothly into the dusk of life. 

Given the association between obesity and many metabolic and cardiovascular disorders, 

there are stern criticisms over such a thought of “good fat”. Ironically, a phenomenon 

called “obesity paradox”, that is, the overweight population purportedly enjoys the 

lowest all-cause mortality, baffles open-minded clinicians and scientists. Lipids are 

essential to all life forms. Fat, in particular triacylglycerol, also exists in different forms 

and in different locations in the human body, making any simple statement that vilifies 

all fat invalid. Whether the phenomenon of obesity paradox indeed has its root in a 

hitherto unrealized pro-survival function of fat deserves a serious look. Indeed, a recent 

publication using yeast as the model showed that elevation in the cellular storage of 

triacylglycerol extends lifespan in an energy expenditure independent fashion. In stark 

contrast, lean cells devoid of triacylglycerol biosynthetic capability die upon entering the 

senescence phase. Together, a new cytoprotective function of fat emerges. This mini-

review aims to discuss potential mechanisms for the observed lifespan preservation 

function of triacylglycerol. 

Is fat always bad? 

 The question of body shape and health has puzzled humans for centuries. People 

are often described as slim, chubby, fat or obese, with a modern quantitative indicator of 

the body mass index (BMI), which is calculated by dividing the body weight (kg) to the 
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square of height (m) (Keys et al. 1972). Obesity (BMI>30) has been observed to be 

associated with cardiovascular diseases, type 2 diabetes and hypertension (Eckel et al. 

2011; Poirier et al. 2006; Rahmouni et al. 2005). This is why the seemingly opposite 

observations – overweight and obese people have longer life expectancy among some 

disease populations – are referred to as the “obesity paradox” (Hainer & Aldhoon-

Hainerova 2013; Oreopoulos et al. 2008). The phenomenon of “obesity paradox”, if 

indeed exists, may suggest an unrecognized, protective benefit of fat. Based on recent 

findings that the intracellular triacylglycerol (or fat) exerts a pro-longevity function in 

yeast (Handee et al. 2016), and that lipid droplets, in which triacylglycerol is stored, 

play an antioxidant role in protecting Drosophila stem cells during development (Bailey 

et al. 2015), this minireview attempts to discuss possible mechanisms for the energy-

independent cytoprotective role of fat that may underlie the obesity paradox in humans. 

We suggest a “radicals sink” hypothesis for a pro-survival function of intracellular 

triacylglycerol. 

Fat (triacylglycerol) is accumulated in various organisms in storage tissues or 

under stresses 

 Is there really a paradox? To answer this question, we need to understand what 

fat is and why it is made. Biochemically, the fat we talk about in our daily lives is 

primarily composed of hydrophobic compounds called triacylglycerols (TAGs), or 

triglycerides (TGs). A TAG molecule consists of a three-carbon glycerol backbone with 

three esterified acyl chains from fatty acids (Figure 4.1A). TAG is used as a universal 
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storage lipid in eukaryotes and in some bacterial species (Figure 4.1B). It is also known 

as “oil” when it is accumulated in plant tissues, mainly seeds of food crops (Li-Beisson et 

al. 2013). Rather than nutrient excess, many unicellular eukaryotes such as algae and 

fungi, accumulate TAG upon stresses, such as nutrient deprivation, high light and higher 

salinity (Fan et al. 2011; Hu et al. 2008; Kohlwein 2010). 

 The biochemical pathways and the major players of TAG metabolism have been 

elucidated (Figure 4.1A and 4.1C). Two acyltransferases sequentially transfer acyl-CoAs 

(or Acyl-ACPs in plastids; ACP: acyl carrier protein) to glycerol-3-phosphate to form 

phosphatidic acid (PA), which is then dephosphorylated into diacylglycerol (DAG) 

(Carman & Han 2009). The final step of TAG assembly is catalyzed by acyl-

CoA:diacylglycerol acyltransferases (DGATs) (Yen et al. 2008). In recent years, one 

alternative mechanism, the phospholipid:diacylglycerol acyltransferase (PDAT) reaction, 

has been found in plants, algae and fungi (Dahlqvist et al. 2000; Yoon et al. 2012; Zhang 

et al. 2009). While PA and DAG are also precursors for glycerolipids that make up 

biological membranes (Fagone & Jackowski 2009; Ohlrogge & Browse 1995), DGATs and 

PDATs function exclusively in the biosynthesis of TAG. The turnover of TAG has also 

received increased attention in recent years. TAG is mobilized upon improved 

environmental conditions for microbes, germination for plants, and hunger for animals 

by lipases that sequentially hydrolyze TAG, DAG and monoacylglycerol (MAG) (Watt & 

Steinberg 2008). A series of beta-oxidation reactions in mitochondria and peroxisomes 

convert fatty acids extracted from TAG to multiple molecules of acetyl-CoA, which are a 
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Figure 4.1 TAG is a ubiquitous molecule that is part of crosstalks 
involving different organelles for homeostasis. (A) Each TAG molecule 
consists of a glycerol backbone with three fatty acyl chains esterified. (B) 
TAG and lipid droplets are accumulated in storage tissues for 
multicellular organisms or under stress conditions for unicellular 
organisms. Shown here are an adipocyte of animals, a seed of plants, and 
a photosynthetic microalga. (C) Metabolism of TAG. Biosynthesis of TAG 
in endoplastic reticulum is accomplished through multiple acylation steps 
that esterify fatty acids to the glycerol backbone. Increasing TAG content 
locally causes the formation of lipid droplets that also store steryl esters, 
another



common substrate for anabolism (Eaton et al. 1996; Reddy & Hashimoto 2001). 

 In cells, TAG biosynthesis takes place in the endoplasmic reticulum (ER). 

Accumulation of TAG in ER causes ER membrane to bulge, eventually leading to the 

budding of lipid droplets off ER (Figure 4.1C) (Choudhary et al. 2015; Farese & Walther 

2009). Instead of being an inert storage organelle, lipid droplets are actually highly 

dynamic in their composition (e.g., proteomes), number, size, and intracellular 

distribution (Guo et al. 2008; Yang et al. 2012).  They also interact dynamically with 

many other organelles (Figure 4.1D) (Murphy et al. 2009), consistent with their roles in 

establishing lipid homeostasis (Kohlwein et al. 2013; Yu & Ginsberg 2005). Physical 

interactions between lipid droplets and peroxisomes and mitochondria effectively couple 
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Figure 4.1 (cont’d) 

another category of neutral, storage lipids. TAG hydrolysis takes place in 
lipid droplets via the action of TAG lipases (TGL). Free fatty acids (FFA) 
resulting from lipolysis are subjected to sequential β-oxidation reactions 
for the generation of multiple molecules of acetyl-CoA that are fed into 
TCA cycle and other anabolic pathways. Mitochondria and peroxisomes 
are the major locations for β-oxidation. (D) Lipid droplets interact 
physically with many other organelles, including the endoplasmic 
reticulum, mitochondria, peroxisomes, autophagosomes and vacuoles. 
Abbreviations: DAG, diacylglycerol; G3P, glycerol-3-phosphate; LPA, 
lysophosphatidic acid; PA, phosphatidic acid; PL, phospholipids; ROS, 
reactive oxygen species; R1, R2 and R3, alkyl group; SE, steryl ester; TAG, 
triacylglycerol. Abbreviations for enzymes: AGPAT, 1-acylglycerol-3-
phosphate acyltransferase; DGAT, acyl CoA:diacylglycerol acyltransferase; 
G PAT, g l y c e r o l - 3 - p h o s p h a t e a c y l t r a n s f e r a s e ; P D AT, 
phospholipid:diacylglycerol acyltransferase; PAP, phosphatidic acid 
phosphatase; TGL, triacylglycerol lipase; ETC, electron transport chain.



lipolysis to fatty acid beta-oxidation (Binns et al. 2006; Jagerstrom et al. 2009). During 

autophagy, lipid droplets are enclosed by autophagosomes and targeted to lysosomes for 

nutrient recycling (Singh et al. 2009). 

Yeast is a good model for fat metabolism and aging 

 Given the association between higher body mass and lower mortality (i.e., longer 

life expectancy), it is tempting to speculate a novel function of fat that protects the 

underlying cells and organism. On the other hand, in mammals, the effect of TAG on 

lifespan is confounded by the fact that TAG is present both intracellularly and in the 

circulation. Fortunately, the ubiquitous presence and the conserved metabolism of TAG 

justify the use of model organisms to understand the roles of TAG in different cellular 

functions, including perhaps the human obesity paradox and lifespan regulation. The 

unicellular organism Saccharomyces cerevisiae, commonly known as the budding yeast or 

the Baker’s yeast, affords a variety of advantages for the molecular and functional 

dissection of TAG.  The unparalleled genetic toolset, fast growth rate, well-defined and 

conserved metabolic pathways, and, importantly, the finite lifespan of yeast cells render 

this species a particularly attractive model.  

 Budding yeast can undergo two independent aging paradigms: replicative aging 

and chronological aging (Figure 4.2) (Kaeberlein 2010). The main principle behind 

replicative lifespan (RLS) is that a mother cell can only produce a finite number of 

progeny before it enters the post-replicative state when cell division stops (Mortimer & 
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Figure 4.2 The yeast lifespan assessment samples cells with a 
different physiological and mitotic status. The yeast replicative lifespan 
measures the proliferative potential, while chronological lifespan 
describes how long a cell survives in a non-dividing condition. For RLS, 
cells are kept on a rich agar plate and are continually dividing until they 
reach a state of irreversible growth arrest. The number of division that 
each cell can accomplish is described as the RLS. On the other hand, CLS 
is obtained from sampling cells in the stationary phase over a period of 
time (ranging from days to weeks) in which individual cells are 
metabolically active but mitotically inactive. The portion of cells capable 
of forming colonies upon seeding on fresh medium decreases over time. 
The time of each strain to change from 100% survival to a pre-
determined survival rate (e.g., 10% or 1%) is the CLS of that strain. Both 
RLS and CLS can be influenced by environmental (e.g., glucose 
concentration, increased osmolarity, in the presence of certain 
compounds) and genetic factors (e.g., up- or down-regulation of the 
Target of Rapamycin, TOR, pathway). Some of the known senescence 
factors of RLS and CLS are shown. 



Johnson 1959; Kaeberlein 2010). When a yeast cell divides, senescence factors such as 

damaged proteins, toxic materials, and extrachromosomal ribosomal DNA circles (ERCs) 

stay preferentially with the mother cell (Figure 4.2).  The daughter cell thus receives 

primarily fresh, undamaged biomolecules and hence nearly full potential of replication.  

On the other hand, the replicative potential of the mother cell becomes increasingly 

restricted over time, eventually leading to cessation of division (Sinclair & Guarente 

1997). The yeast RLS is conceptually similar to the maintenance of stem cell viability in 

animals. 

 Chronological lifespan (CLS) on the other hand concerns the time-dependent loss 

of viability of the post-mitotic, stationary phase cells (Fabrizio & Longo 2007). The CLS is 

quantified by the colony forming capability of a population kept in the stationary phase 

for an increasing period of time, a situation similar to post-mitotic cells in humans, such 

as the neurons. When nutrients including sugar and alcohols are consumed, cells enter 

the mitotically inactive, yet metabolically active stationary phase. Meanwhile, certain 

cells adapt a quiescent state (Allen et al. 2006) that is thought to be key to maintaining 

cellular viability. Like normal human cells, the stationary phase yeast cells rely on 

mitochondria-driven respiration for energy flux and metabolism. Consequently, the 

accumulated oxidative damages and toxic wastes impair the cells’ ability to return to a 

proliferative cell cycle when conditions improve (Fabrizio &Longo 2008).  
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 Genetics and omics studies have uncovered mechanisms that control yeast RLS 

and/or CLS. Critically, many yeast aging and longevity factors and pathways are 

conserved in worms, flies and mammals (Kaeberlein 2010; Kaeberlein et al. 2015; 

Fabrizio et al. 2010). Most notable among these lifespan regulators include dietary 

restriction (DR), oxidative stresses (Weindruch & Walford 1988; Kaeberlein et al. 2005; 

Spindler 2010), and the Sch9/S6 kinase-TOR (target of rapamycin) pathway (Laplante & 

Sabatini 2009; Raught et al. 2001).  

TAG is a longevity factor in yeast 

 Recently, our group sought to investigate the effects of TAG on lifespan in budding 

yeast (Handee et al. 2016). We initially observed a positive correlation between TAG 

content and chronological lifespan among strains used in the lab (lower TAG and shorter 

lifespan) and strains collected from wild (higher TAG and longer lifespan). We then 

manipulated a lab strain toward higher TAG content through two independent means: 

removal of one or both TAG lipases (TGL3 and TGL4) or overexpression of the major 

DGAT (DGA1). Both manipulations successfully increased the TAG content and extended 

chronological lifespan. The pro-longevity role of TAG was further demonstrated by 

creating a “lean” strain that lacked DGA1 and LRO1, the yeast PDAT. The dga1lor1 double 

mutant exhibited significantly shortened CLS (Figure 4.3) without a clear growth defect 

in the logarithmically growing phase. 
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 Yeast aging is regulated by pathways that are conserved through evolution (Longo 

et al. 2012). Considering that TAG is a critical biomolecule for the homeostasis of lipids 

and even other biological processes such as signaling (Coleman & Lee 2004), it is 

important to delineate the mechanistic distinction and overlap between TAG and other 

senescence and longevity factors. Genetic and growth tests using the above fat and lean 
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Figure 4.3 Controlling lifespan by modulating TAG metabolism in 
yeast. Yeast chronological lifespan is critically regulated by the level of 
intracellular triacylglycerol. Genetic measures that deplete or enrich TAG 
molecules create lean and fat cells with shortened or extended lifespan, 
respectively. 



strains with additional treatments that alter yeast lifespan further demonstrate that TAG 

extends lifespan independently from such factors as dietary restriction, medium 

acidification, and the pathways involving Tor1, Sch9, Ras2, and Sod2 (Handee et al. 

2016). Intracellular TAG thus exerts a pro-longevity function that operates in a manner 

that is distinct from other known lifespan regulators. 

Why is TAG “healthful”? 

 So how does TAG protect yeast cells from aging? An intuitive answer would be 

that the elevated TAG stockpile provides additional energy for cells to sustain the crisis 

longer than those without. This notion may explain why fatter yeast cells live longer 

when there are extra copies of the DGA1 gene that produce more TAG. However, over-

accumulation of TAG can also be achieved by deleting TAG lipases, which effectively 

deprives cells of the ability to extract energy from TAG. We therefore do not think the 

hypothesis of saving-for-later-use is likely. Another hypothesis is that TAG accumulation 

defers aging by sequestering the otherwise cytotoxic free fatty acids (Listenberger et al. 

2003). Indeed, in the short-living dga1 lor1 mutant cells, the level of free fatty acids is 

greater and are hypersensitive to exogenous fatty acids (Handee & Kuo, unpublished 

observation), consistent with the report that yeast cells depleted of their neutral lipid 

biosynthetic capability lose viability while entering the stationary phase (Petschnigg et al. 

2009). On the other hand, the long-living, fatter cells do not have significantly lower free 

fatty acids than their normal counterparts (Li, Handee, & Kuo, published data). 

Sequestering the toxic molecules of free fatty acids thus is important but unlikely to be a 
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major reason underlying the lifespan extension by TAG. Additional potential roles of TAG 

are worth considering. 

 Given that lipid droplets, in which TAG is stored, physically and dynamically 

interact with organelles including mitochondria, peroxisomes, and autophagosomes that 

all are involved in the production and/or elimination of reactive oxygen species and their 

radicalized derivatives (Beach & Titorenko 2013; Scherz-Shouval & Elazar 2007), and 

that the fate of cellular senescence or proliferation is critically dependent on pathways in 

stress responses (Ho & Gasch, 2015; Jiang 2016; Saarikangas & Barral 2016; Kourtis & 

Tavernarakis 2011), we suggest that TAG is part of a conserved pro-survival factor for 

cells to cope with many stresses in an energy-independent fashion. Indeed, TAG 

accumulation can be induced by a variety of stresses (Li et al. 2012; Li et al. 2009; Pal et 

al. 2011; Younce & Kolattukudy 2012; Lee et al. 2013). Also critical to this anti-stress 

function of TAG is the report of an antioxidant role of lipid droplets in Drosophila stem 

cells (Bailey et al. 2015). Taking these considerations together, we hypothesize that 

intracellular TAG may act as a “radicals sink” that protects the underlying cells from 

oxidative damages (Ziegler et al. 2015). This model (Figure 4.4) is based on the fact that 

unsaturated fatty acids, free or esterified into TAG or phospholipids, are highly 

susceptible to radicals attack. In fact, the membrane phospholipids are believed to be a 

physiologically relevant target of radicals attack in aging (Pamplona 2008; Pamplona et 

al. 2002). Assuming that the normal, lean (short-living), and fat (long-living) yeast cells 

have comparable rates of metabolism, the amounts of reactive oxygen species produced 

 108



during metabolism therefore should be similar among these strains as well. In the fatter 

yeast cells in which the TAG content is effectively raised, oxidative radicals may be 

drawn to TAG, thus sparing other biomolecules or organelles key to the maintenance of 

cellular viability during aging. Another potential bonus of using TAG as the radicals sink 

is that these highly hydrophobic molecules are confined in lipid droplets, so they are less 

likely to cause diffused damages. Together, the accumulation of pro-senescence damages 
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Figure 4.4 A “radicals sink” model for the lifespan extension role of 
TAG. Reactive oxygen species, ROS, can cause pleiotropic damages of a 
variety of biomolecules and organelles. Higher levels of TAG may draw 
ROS and other radicals to lipid droplets and away from other 
biomolecules, leading to cytoprotection and preservation of cell viability 
over time.



in cytoplasm, membranes, and/or nucleus will be deferred. In contrast, the lean cells 

that can not incorporate fatty acids into TAG not only are devoid of the protective TAG 

molecules but also are enriched for fatty acids that may become radicalized and further 

cause diffusible damages, thus shortening lifespan. 

 Besides yeast, many other unicellular organisms also raise their TAG synthesis and 

storage when encountering environmental hardships (Fan et al. 2011; Hu et al. 2008; 

Kohlwein 2010). For laboratory mice and C. elegans, restricting food supply (i.e., caloric 

restriction) may cause an increase of fat-to-protein ratio (Li et al. 2009; Zasedatelev 

1988), suggesting that TAG being part of a stress response may be widely conserved. On 

the other hand, the intricate balance involving multiple tissues and organs, as well as the 

existence of circulating and stored TAG in the human body render the delineation of 

TAG’s role in lifespan regulation and in the phenomenon of obesity paradox a very 

complicated task. The statement that higher TAG equates longer lifespan clearly is 

oversimplification and can potentially lead to ill consequences in individual and public 

health. Unbiased scrutiny of the role of TAG, in particular that synthesized and stored in 

cells, is needed. We suggest that whether TAG exerts an energy-independent pro-survival 

function in animals can be first examined at the cellular level by the use of a variety of 

transformed and primary cells for, e.g., DGAT overexpression (Yen et al. 2008) and TAG 

lipase knockdown or deletion (Nielsen et al. 2014). If indeed intracellular TAG has a 

cytoprotective function besides its canonical role in storing surplus energy, a new array of 

studies linking intracellular TAG to other lifespan and stress pathways are expected, 
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ultimately leading to a balanced guideline seeking effective bodyweight control and, at 

the same time, assuming the benefit of TAG.  

 111



APPENDIX 

 112



APPENDIX 

Raw data from “radicals sink” model’s experiments 

Table A1. DCFDA and FDA fluorescence signals and cell density data in Figure 3.3 
 

Strain Sample No. OD600 DCFDA OD600 FDA
WT 1 0.2488 1428 0.3002 11044
WT 2 0.3734 1760 0.2228 8759
WT 3 0.3164 1404 0.2507 6140
WT 4 0.3488 1569 0.2247 5970
WT 5 0.4468 2395 0.5048 18084
WT 6 0.2345 1155 0.16 6380
WT 7 0.3623 1979 0.3221 8133
WT 8 0.1917 952 0.1406 3644
tgl3∆ 1 0.3238 1714 0.1911 6140
tgl3∆ 2 0.4198 1780 0.2401 5970
tgl3∆ 3 0.2493 1388 0.2819 8929
tgl3∆ 4 0.2291 1389 0.2253 12365
tgl3∆ 5 0.5333 2907 0.5499 32626
tgl3∆ 6 0.2283 1207 0.1775 6961
tgl3∆ 7 0.3689 2246 0.4167 12496
tgl3∆ 8 0.2279 1099 0.1522 3701
dga1∆ lro1∆ 1 0.2255 1548 0.1524 4247
dga1∆ lro1∆ 2 0.2923 1763 0.1836 5568
dga1∆ lro1∆ 3 0.2594 1909 0.2064 7466
dga1∆ lro1∆ 4 0.1965 1623 0.205 7659
dga1∆ lro1∆ 5 0.4924 2721 0.3098 8959
dga1∆ lro1∆ 6 0.1891 1164 0.1195 4068
dga1∆ lro1∆ 7 0.4715 3427 0.3315 12663
dga1∆ lro1∆ 8 0.1565 1235 0.1314 5474
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Table A1. The data represent DCFDA and FDA readings from the 3 core 
strains in Figure 3.3. The data show 2 biological and 4 technical replicates 
(8 samples in total). 



Table A2.  DCFDA readings from the time-point treatments with PQ in Figure 3.4 
 

Time 
(min)

Strains
WT tgl3∆ dga1∆ 

lro1∆
WT + PQ tgl3∆ + PQ dga1∆ 

lro1∆+ PQ
0 -4.00  ±  

14.84
-31.50 ± 

39.60
236.50 ± 

76.37
291.50 ± 

38.18
256.50 ± 

9.90
1298.00 ± 

482.50
30 218.00 ± 

200.81
90.00 ± 

74.95
1052.50 ± 

499.92
1449.00 ± 

295.57
1182.50 ± 

430.63
5068.50 ± 

2101.50
60 600.21 ± 

216.37
261.21 ± 

132.94
1,581.71 ± 

574.88
3,123.71 ± 

392.44
2,444.71 ± 

719.13
8,143.21 ± 

3215.00
90 936.57 ± 

377.60
523.57 ± 

145.66
2,071.07 ± 

655.49
4,633.07 ± 

464.57
3,877.07 ± 

993.49
10,831.07 
± 4051.50

120 1,269.64 ± 
466.69

735.64 ± 
257.39

2,416.64 ± 
743.88

5,737.14 ± 
434.87

4,878.14 ± 
863.38

13,143.14 
± 4849.50

150 1,411.00 ± 
415.78

887.00 ± 
280.01

2,723.00 ± 
832.97

6,567.50 ± 
245.36

5,604.50 ± 
1041.57

14,926.00 
± 5392.00

180 1,488.43 ± 
556.49

972.93 ± 
298.40

2,947.93 ± 
946.11

7,266.43 ± 
135.05

6,324.93 ± 
1004.09

16,379.43 
± 6036.50

210 1,565.86 ± 
505.58

1,018.86 ± 
338.70

3,086.86 ± 
970.86

7,536.36 ± 
79.20

6,768.86 ± 
976.51

17,382.36 
± 6392.00

240 1,577.07 ± 
519.72

1,073.07 ± 
396.69

3,130.57 ± 
1129.96

7,516.07 ± 
185.97

6,954.07 ± 
934.09

17,406.07 
± 6290.50

270 1,500.28 ± 
542.35

1,054.79 ± 
329.51

3,017.79 ± 
1137.03

7,579.79 ± 
281.43

7,168.79 ± 
1038.03

17,156.29 
± 6005.50
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Table A2. The data represent DCFDA readings demonstrated in Figure 
3.4. Three yeast strains (WT, tgl3∆, and dga1∆ lro1∆) grown in YPD 
cultures for 3 days were either throated with or without 0.1 µg/ml 
paraquat (PQ). DCFDA was added 30 min before the fluorescence 
measurement. The signals were read every 30 min for 5 hr. Each cell 
represents the mean and standard deviation from the 3 replicates.



Table A3. Least square means of DCFDA/FDA signals after the PQ treatment at 30 
and 150 min in Figure 3.5A 

 

Strain Time (min) Estimate Standard Error DF t Value Pr > |t|
WT 0 0.4848 0.01826 3 26.55 0.0001
WT 30 0.5010 0.04482 3 11.18 0.0015
WT 150 0.5457 0.02857 3 19.10 0.0003
tgl3∆ 0 0.3555 0.03520 3 10.10 0.0021
tgl3∆ 30 0.3861 0.03107 3 12.42 0.0011
tgl3∆ 150 0.3900 0.006906 3 56.47 <.0001
dga1∆ lro1∆ 0 0.5273 0.02624 3 20.10 0.0003
dga1∆ lro1∆ 30 0.5773 0.03233 3 17.86 0.0004
dga1∆ lro1∆ 150 0.6301 0.1091 3 5.77 0.0103

Table A4. (cont’d) 

Strain
Time  
(min) Strain

Time 
(min) Estimate

Standard 
Error DF t Value Pr > |t|

WT 0 WT 30 -0.01619 0.04840 3.97 -0.33 0.7549
WT 0 WT 150 -0.06094 0.03391 5.1 -1.80 0.1311
WT 0 dga1∆ lro1∆ 0 -0.04252 0.03196 5.35 -1.33 0.2373
WT 0 dga1∆ lro1∆ 30 -0.09251 0.03713 4.74 -2.49 0.0578
WT 0 dga1∆ lro1∆ 150 -0.1454 0.1106 3.17 -1.31 0.2759
WT 0 tgl3∆ 0 0.1293 0.03965 4.51 3.26 0.0261
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Table A3. The DCFDA/FDA data form the three core strains treated with 
20 mM PQ for 0, 30, and 150 min shown in Figure 3.5A. The DCFDA 
signals were normalized to the FDA readings conducted at the same time. 
The mean values of 4 independent experiments are reported in the 
Estimate columns which were derived from maximum likelihood of a two-
way ANOVA test. The variance-covariance analysis was performed using a 
compound symmetry structure with Kenward-Roger correction for the 
unequal variance. DF, degree of freedom; Pr > |t|, p-value of two-tail 
probability computed using t distribution. 

Table A4. Pair-wise differences of Least Squares Means of DCFDA/FDA signals 
from Table A3.



WT 0 tgl3∆ 30 0.09871 0.03604 4.85 2.74 0.0422
WT 0 tgl3∆ 150 0.09479 0.01952 3.84 4.86 0.0092
WT 30 WT 150 -0.04475 0.05315 5.09 -0.84 0.4376
WT 30 dga1∆ lro1∆ 0 -0.02633 0.05193 4.84 -0.51 0.6345
WT 30 dga1∆ lro1∆ 30 -0.07632 0.05526 5.46 -1.38 0.2211
WT 30 dga1∆ lro1∆ 150 -0.1292 0.1180 3.98 -1.09 0.3353
WT 30 tgl3∆ 0 0.1455 0.05699 5.68 2.55 0.0455
WT 30 tgl3∆ 30 0.1149 0.05454 5.34 2.11 0.0854
WT 30 tgl3∆ 150 0.1110 0.04535 3.14 2.45 0.0880
WT 150 dga1∆ lro1∆ 0 0.01842 0.03879 5.96 0.47 0.6518
WT 150 dga1∆ lro1∆ 30 -0.03158 0.04315 5.91 -0.73 0.4923
WT 150 dga1∆ lro1∆ 150 -0.08443 0.1128 3.41 -0.75 0.5025
WT 150 tgl3∆ 0 0.1902 0.04534 5.76 4.20 0.0063
WT 150 tgl3∆ 30 0.1597 0.04221 5.96 3.78 0.0093
WT 150 tgl3∆ 150 0.1557 0.02940 3.35 5.30 0.0099
dga1∆ lro1∆ 0 dga1∆ lro1∆ 30 -0.05000 0.04164 5.76 -1.20 0.2769
dga1∆ lro1∆ 0 dga1∆ lro1∆ 150 -0.1029 0.1122 3.35 -0.92 0.4206
dga1∆ lro1∆ 0 tgl3∆ 0 0.1718 0.04390 5.55 3.91 0.0092
dga1∆ lro1∆ 0 tgl3∆ 30 0.1412 0.04067 5.84 3.47 0.0139
dga1∆ lro1∆ 0 tgl3∆ 150 0.1373 0.02713 3.41 5.06 0.0108
dga1∆ lro1∆ 30 dga1∆ lro1∆ 150 -0.05285 0.1138 3.52 -0.46 0.6696
dga1∆ lro1∆ 30 tgl3∆ 0 0.2218 0.04779 5.96 4.64 0.0036
dga1∆ lro1∆ 30 tgl3∆ 30 0.1912 0.04484 5.99 4.26 0.0053
dga1∆ lro1∆ 30 tgl3∆ 150 0.1873 0.03306 3.27 5.67 0.0086
dga1∆ lro1∆ 150 tgl3∆ 0 0.2747 0.1147 3.62 2.40 0.0815
dga1∆ lro1∆ 150 tgl3∆ 30 0.2441 0.1135 3.48 2.15 0.1080

Table A4. (cont’d) 

Strain
Time  
(min) Strain

Time 
(min) Estimate

Standard 
Error DF t Value Pr > |t|
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dga1∆ lro1∆ 150 tgl3∆ 150 0.2402 0.1093 3.02 2.20 0.1148
tgl3∆ 0 tgl3∆ 30 -0.03058 0.04695 5.91 -0.65 0.5393
tgl3∆ 0 tgl3∆ 150 -0.03450 0.03587 3.23 -0.96 0.4025
tgl3∆ 30 tgl3∆ 150 -0.00392 0.03183 3.3 -0.12 0.9091

Table A4. (cont’d) 

Strain
Time  
(min) Strain

Time 
(min) Estimate

Standard 
Error DF t Value Pr > |t|

Table A5. (cont'd) 

Strain Media Age Estimate
Standard 

Error DF t Value Pr > |t|
WT-1 YPD log 0.1013 0.03560 8 2.84 0.0217
WT-2 YPD log 0.1635 0.03560 8 4.59 0.0018
WT-3 YPD log 0.1558 0.03560 8 4.38 0.0024
tgl3∆-1 YPD log 0.1414 0.03560 8 3.97 0.0041
tgl3∆-2 YPD log 0.1632 0.03560 8 4.58 0.0018
tgl3∆-3 YPD log 0.1685 0.03560 8 4.73 0.0015
dga1∆ lro1∆-1 YPD log 0.1619 0.03560 8 4.55 0.0019
dga1∆ lro1∆-2 YPD log 0.1821 0.03560 8 5.12 0.0009
WT-1 YPD 7-day 0.03810 0.1803 24 0.21 0.8345
WT-2 YPD 7-day 0.3635 0.1803 24 2.02 0.0552
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Table A4. The pair-wise comparison of DCFDA/FDA data for the 3 core 
strains shown in Table A3 are treated with 20 mM PQ for 0, 30, and 150 
min. A pair of means of each strain at different time points were compared 
using a two-way ANOVA analysis, as described in Table A3. The Estimate 
values describe least squares means of a pair of different means. DF: 
degrees of freedom; Pr > |t|, p-value of two-tail probability computed 
using the t distribution. 

Table A5. The rate of oxygen consumption data from Figure 3.5B



WT-3 YPD 7-day 0.3324 0.1803 24 1.84 0.0777
tgl3∆-1 YPD 7-day 0.4810 0.1803 24 2.67 0.0135
tgl3∆-2 YPD 7-day 0.2563 0.1803 24 1.42 0.1681
tgl3∆-3 YPD 7-day 0.4910 0.1803 24 2.72 0.0119
dga1∆ lro1∆-1 YPD 7-day 0.6337 0.1803 24 3.51 0.0018
dga1∆ lro1∆-2 YPD 7-day 0.4554 0.1803 24 2.53 0.0186
WT-1 YPGE log 0.1587 0.1460 8 1.09 0.3088
WT-2 YPGE log 0.2808 0.1460 8 1.92 0.0907
WT-3 YPGE log 0.2358 0.1460 8 1.61 0.1451
tgl3∆-1 YPGE log 0.3348 0.1460 8 2.29 0.0511
tgl3∆-2 YPGE log 0.2282 0.1460 8 1.56 0.1568
tgl3∆-3 YPGE log 0.3978 0.1460 8 2.72 0.0261
dga1∆ lro1∆-2 YPGE log 0.2403 0.1460 8 1.65 0.1385
dga1∆ lro1∆-2 YPGE log 0.2403 0.1460 8 1.65 0.1385
WT-1 YPGE 7-day 0.6654 0.1803 24 3.69 0.0011
WT-2 YPGE 7-day 1.0171 0.1803 24 5.64 <.0001
WT-3 YPGE 7-day 0.7540 0.1803 24 4.18 0.0003
tgl3∆-1 YPGE 7-day 1.1138 0.1803 24 6.18 <.0001
tgl3∆-2 YPGE 7-day 0.7310 0.1803 24 4.05 0.0005
tgl3∆-3 YPGE 7-day 1.0705 0.1803 24 5.94 <.0001
dga1∆ lro1∆-1 YPGE 7-day 0.6139 0.1803 24 3.40 0.0023
dga1∆ lro1∆-2 YPGE 7-day 0.6352 0.1803 24 3.52 0.0017

Table A5. (cont'd) 

Strain Media Age Estimate
Standard 

Error DF t Value Pr > |t|
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  Table A6. DCFDA signal distribution data in Figure 3.6 

 

Strain Diffused 1 dot 2 dots ⩾ 3 dots Disrupted 
membrane

WT 46.49 ± 
15.09

27.68 ± 
7.63

9.71 ± 2.02 14.60 ± 
7.84

1.52 ± 0.52

tgl3∆ 45.82 ± 
2.05

13.07 ± 
3.98

16.13 ± 
6.03

23.51 ± 
10.75

1.47 ± 0.45

dga1∆ lro1∆ 67.04 ± 
13.98

4.76 ± 1.92 1.19 ± 0.48 0.89 ± 0.36 26.11 ± 
18.59
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Table A5 (cont’d). The oxygen consumption rate data from the 3 core 
strains grown in either YPD or YPGE for 24 hr (log) or 7 days, as shown in 
Figure 3.5B. The Estimate values represent the oxygen consumption rate 
(µM/sec) calculated from the maximum likelihood of a two-way ANOVA 
test. DF: degrees of freedom; Pr > |t|, p-value of two-tail probability 
computed using the t distribution. 

Table A6. The quantified DCFDA distribution demonstrated in Figure 3.6. 
Data in the table show the means and standard deviations of 2 biological 
replicates (n = 200 to 250 cells). 
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