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Abstract 
……………………………………………………………………………………………………… 
Lipid droplets (LDs) are ubiquitous and dynamic organelles whose major functions are in lipid 

metabolism. They are unique among organelles because they have a phospholipid monolayer and 

neutral lipid core. This unique architecture puts unusual biological constraints upon many basic 

organelle process including biogenesis, protein targeting, and degradation. While they are the 

focus of much research on the biochemical, cell biological, and physiological levels, many basic 

questions about LD biology remain unanswered, such as Where and how are LDs formed? What 

proteins are at the LD and how do they target there? and How are LDs regulated and degraded? 

Overall, understanding the biology of LDs has broad implications for many human diseases 

including lipodystrophy, cachexia, metabolic syndrome, non-alcoholic fatty liver disease, 

atherosclerosis, neutral lipid storage disease, and cancer. 

 

We used Saccharomyces cerevisiae as a model organism to make inroads into several of the 

unanswered questions. We used protein correlation profiling and quantitative proteomics to 

produce a high confidence list of proteins localized to the LD to begin to answer the question of 

what proteins are at the LD. We conducted a genome wide visual screen for genetic requirements 

of LD formation and protein targeting to the LD and explored the targeting of ergosterol 

synthetic enzymes to the LD on a cell biological level to begin to answer the questions of how 

LDs are formed and how do proteins target the LD? 
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Introduction to Lipid Droplets 
 
The lipid droplet (LD) is an ubiquitous organelle whose major functions include lipid storage and 

metabolism. Long thought to be mostly inert, the LD is now recognized as a bona fide organelle 

that has dynamic size, number, distribution, and protein composition (Farese and Walther, 2009). 

LD proteins include a family of structural proteins (Brasaemle, 2007), many enzymes involved 

in lipid metabolism, and an assortment of proteins with other functions. Protein localization to 

the LD can be regulated by many factors including development (e.g., histones (Cermelli et al., 

2006)) or phospholipid content (e.g., CCT1 in flies (Krahmer et al., 2011)). 

 

The LD has a unique architecture for an intracellular organelle with a phospholipid (PL) 

monolayer and neutral lipid core. The neutral lipid core is primarily composed of triaclyglycerols 

(TG) and sterol esters (SE) in which the ratio of TG to SE varies by cell type. Adipocyte LDs are 

primarily TG (Zweytick et al., 2000), yeast have ratios of roughly 1:1 TG:SE (Leber et al., 1994), 

while macrophage foam cells, involved in atherosclerotic plaques, contain mostly SE 

(McGookey and Anderson, 1983). Hepatocyte LDs can be primarily either, depending upon 

conditions: TG in classic diet-induced fatty liver (Sozio et al., 2010) or SE in mice lacking the 

oxysterol receptor LXRα  (Peet et al., 1998). 

 

Because of its unique architecture, biogenesis of the LD is governed by different principles than 

the biogenesis of other organelles. Formation and growth of the LD requires both PL and neutral 

lipid synthesis. Relatively little is known about how LDs are formed. It is commonly accepted 

that LDs arise from the endoplasmic reticulum (ER) because the TG synthetic enzymes (e.g. 

mammalian DGAT1 and DGAT2, yeast Dga1 and Lro1) are ER localized (reviewed in 
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Goodman, 2008 and Walther and Farese, 2012), although it is clear that proteins can target to the 

LD either at the moment of LD formation or later (e.g. Erg6 and Dga1, respectively, in yeast 

(Jacquier et al., 2011)). Many screens have been done in several model systems for changes to 

LD morphology, however none have identified protein machinery that is essential for LD 

formation (e.g. Drosophila S2 cells in Guo et al., 2008, C. elegans in Ashrafi et al., 2003, S. 

cerevisiae in Fei et al., 2008a and b). The LD research field has recently come to view the 

problem of LD formation in light of emulsion physics (Thiam et al., 2013) which is able to 

explain why the only protein requirements for LD formation discovered are neutral lipid 

synthetic enzymes (e.g. murine adipocytes in Harris et al., 2011, S. cerevisiae in Sandager et al, 

2002)  

 

The PL monolayer imposes unique structural requirements upon proteins that target to the LD, 

for example, prohibiting transmembrane proteins and favoring structures that can localize to the 

interface by dipping segments into the hydrophobic phase, such as proteins with hydrophobic 

sequences (Martin and Partin, 2006, Wilfling et al., 2013)  or amphipathic helices (Brasaemle et 

al., 2007). How and why proteins target to the LD is a major question that remains unanswered 

as topology is unknown for most LD proteins and not all LD proteins with known topologies 

have hydrophobic sequences or amphipathic helices. 

 

LDs are often found in close apposition to other organelles, including peroxisomes (Binns et al., 

2006), mitochondria (Pu et al., 2011, Blanchette-Mackie et al., 1983, and Shaw et al., 2008), 

endosomes (Liu et al., 2007), phagosomes (van Manen et al., 2005), and especially the 

endoplasmic reticulum (ER) (Jacquier et al., 2011 and Ozeki et al, 2005). In fact, some proteins 
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that appear to target the LD may actually target ER membranes closely apposed to the LD; this 

can be difficult to distinguish at the resolution of confocal light microscopy (~300 nm). The 

functional consequences of these close appositions are not well explored. 

 

Disregulation of LD numbers, both decreases and increases, have been implicated in many 

diseases including lipodystrophy, cachexia, metabolic syndrome, non-alcoholic fatty liver 

disease, atherosclerosis, and neutral lipid storage disease (reviewed in Krahmer et al., 2013). 

There is much work being done to understand the molecular causes of such disregulation as the 

causation behind correlation is often poorly understood. One such example is in cancer where 

LDs have been proposed to be pathogenic but may be, in fact, a consequence of cellular stress 

and it is fatty acids not LDs, per se, that are pathogenic (Currie et al., 2013). 
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The Yeast Lipid Droplet 
 
Saccharomyces cerevisiae yeast are an important and well characterized model for the study of 

LDs because they are eukaryotic with highly conserved lipid metabolic pathways, are easy to 

manipulate biochemically and genetically, and have been used for many large scale studies to 

identify genetic determinants of LD morphology and LD proteins (Radulovic et al., 2013). While 

similar in many ways, the yeast LD has notable differences from metazoans. A wild type yeast 

cell contains LDs that are all roughly the same size and, while their size can be increased 

genetically or by lipid supplementation (Szymanski et al., 2007), they grow a relatively small 

amount when compared to the massive potential for size differences in metazoan cells. In 

metazoan cells there are clear examples of two separate LD populations – those that are able to 

grow and those that are not (Wilfling et al., 2013) – however in yeast, there has not been an 

identification of functionally separate populations. In fact, it appears that all LDs are functionally 

connected to the ER (Jacquier et al., 2011), unlike metazoan cells. There are examples of yeast 

LD proteins that only localize to some LDs but the functional consequences, if any, have not 

been explored (Currie et al., 2014). 

 

Yeast LD cores are roughly 50% TG and 50% SE (Leber et al., 1994), although the composition 

can be altered genetically (e.g. Sandager, 2002) or by lipid supplementation (e.g. Grillitsch et al., 

2011). There are four neutral lipid synthetic enzymes in yeast - Dga1 (ortholog of mammalian 

DGAT2) and Lro1 (ortholog of mammalian LCAT) synthesize TG and Are1 and Are2 (orthologs 

of mammalian ACAT) synthesize SE. Yeast lacking all four enzymes lack LDs and are viable 

under laboratory growth conditions (Sandager et al., 2002) although they have impaired growth, 

especially under oleate supplemented conditions (Petschnigg et al., 2009), and impaired 
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ergosterol synthesis (Sorger et al., 2004). Yeast LD PLs have a characteristic profile that is 

distinct from other organelles (Schneiter, et al., 1999), although, unlike TG, the composition 

does not change much in lipid-supplemented conditions (Grillitsch et al., 2011). 

 

Three previous visual screens have been reported to identify genes that affect LD morphology. 

One screen used Nile Red to mark LDs and screened the deletion collection, identifying 133 with 

an altered LD number (Fei et al., 2008a). Another used the deletion collection to identify 56 

strains that are sensitive to nystatin, 39 of which show an altered LD number (Fei et al., 2008b). 

Another group used BODIPY to screen the deletion collection and identified 59 with abnormal 

morphology (Szymanski et al., 2007). Unfortunately, there was very little overlap between the 

three screens, suggesting that lipid droplet number is highly sensitive to environmental or 

screening conditions. 

 

Several proteomes attempting specificity have been reported for the yeast LD although, like the 

visual screens, there is little overlap between the proteomes. There are technical differences 

between the various reported proteomes that can account for some of the differences in LD 

protein lists. The first reported yeast LD proteome was highly specific but identified only 19 

proteins in part due to technological limitations of MS at the time (Athendstaedt et al., 1999). 

Two subsequent yeast LD proteomes took advantage of technological advances and reported 

highly sensitive proteomes, but had limited confirmation and may include a larger number of 

contaminants, particularly of high abundance proteins. The differences in overlap between 

proteomes may partially be due to differences in culture conditions (Binns et al., 2006 cultured 

cells in minimal media with oleate; Grillitsch et al., 2011, cultured in rich media with and 
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without oleate; Athendstaedt et al., 1999, cultured in rich media without oleate) or minor 

technical differences in purification methods, but the non-overlapping proteins are likely to be 

enriched in contaminants. 

 

Proteomes are complimented by large-scale approaches to GFP-tagged protein localization. Huh 

et al., 2003, reported GFP-tagged localization of over 4,000 proteins and included LD as a 

potential localization in their screen, although due to the genomic nature of their screen, many 

LD proteins were missed.  Natter et al., 2005, GFP-tagged 400 proteins with roles in lipid 

metabolism and analyzed their localization. Because the LD plays a major role in lipid 

metabolism, it identified many LD proteins.
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Sterols and the Yeast Lipid Droplet 

Yeast synthesize ergosterol, a sterol whose biosynthetic pathway is identical to cholesterol until 

the last several enzymatic reactions. De novo ergosterol synthesis starts from acetyl-CoA, a 

substrate used in many lipid synthetic reactions. Synthesis reaches a branch point at farnesyl 

pyrophosphate (FPP) which can go toward sterol, polyprenol/dolichol, or ubiquinone synthesis. 

In yeast, as in mammals, all of the membrane-bound sterol synthesis enzymes (Ergs) are found in 

the endoplasmic reticulum (ER). However, several Ergs (Erg1, Erg6, Erg7, and Erg27) 

(Athendstaedt et al., 1999, and Mo et al., 2002) are also found at the lipid droplet (LD). The 

localization of these proteins to different cellular compartments appears to affect their activity; 

almost all measurable activities for Erg6 (Zinser et al., 1993), Erg7 (Milla et al., 2002), and 

Erg27 (Mo et al., 2003) are detected in LD fractions. 

 

In yeast, sterols can be acetylated and that acetylation causes their secretion. It is thought that 

Atf2 promiscuously acetylates sterols while Say1 deacetylates only sterol molecules that should 

be in the cell in a general detoxification mechanism (Tiwari et al., 2007). While it does not 

appear that metazoans acetylate sterols and the human genome has no identifiable homolog of 

Atf2, Say1 has a human ortholog (AADAC) that can rescue defects in say1∆ cells. 

 

Much of the sterol synthesis pathway is conserved between yeast and mammals. Erg7 and Erg27 

have direct mammalian homologues (LSS or lanosterol synthase, and HSD17B7 or 17-beta-

hydroxysteroid dehydrogenase, respectively) while Erg6 represents the first yeast-specific 

enzymatic activity at the branch point between ergosterol and cholesterol synthesis. Little work 

has been done in a mammalian system to examine the localizations or activities of LSS or 
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HSD17B7. However, published proteomes have found them in the LD fractions in Chinese 

hamster ovary K2 cells (Liu et al., 2003), rat tissue hepatocytes (Turró et al., 2006), mouse 3T3-

L1 adipocytes (Brasaemle et al., 2004), human epidermoid carcinoma A431 cells (Umlauf et al., 

2004), and human monocyte U937 cells (Wan et al., 2007). LSS was also found in human 

hepatocyte HuH7 cells (Fujimoto et al., 2004). Thus, it appears highly likely that cholesterol 

synthesis is linked to LD biology. 
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Abstract  
 
Accurate protein inventories are essential for understanding an organelle’s functions. The lipid 

droplet (LD) is a ubiquitous intracellular organelle with major functions in lipid storage and 

metabolism. LDs differ from other organelles because they are bounded by a surface monolayer, 

presenting unique features for protein targeting to LDs. Many proteins of varied functions have 

been found in purified LD fractions by proteomics. While these studies have become 

increasingly sensitive, it is often unclear which of the identified proteins are specific to LDs. 

Here we used protein correlation profiling to identify 35 proteins that specifically enrich with LD 

fractions of Saccharomyces cerevisiae. Of these candidates, 30 fluorophore-tagged proteins 

localize to LDs by microscopy, including six proteins, several with human orthologs linked to 

diseases, that we newly identify as LD proteins (Cab5, Rer2, Say1, Tsc10, YKL047W, and 

YPR147C). Two of these proteins, Say1, a sterol deacetylase, and Rer2, a cis-

isoprenyltransferase, are enzymes involved in sterol and polyprenol metabolism, respectively, 

and we show their activities are present in LD fractions. Our results provide a highly specific list 

of yeast LD proteins and reveal that the vast majority of these proteins are involved in lipid 

metabolism.  
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Introduction 
 
The lipid droplet (LD) is a cytoplasmic organelle that is ubiquitous among eukaryotic cells and is 

also found in some prokaryotic cells (Fujimoto et al., 2011, Walther and Farese, 2012, and 

Brasaemle and Wolins, 2012). LDs were long thought to be mostly inert but are now recognized 

as a bona fide organelle with dynamic size, number, distribution, and protein composition 

(Farese and Walther, 2009). LD proteins include a family of structural proteins (Brasaemle, 

2007), many enzymes involved in lipid metabolism, and an assortment of proteins with other 

functions. Protein localization to the LD can be regulated by many factors including 

development (e.g., histones (Cermelli et al., 2006)) or phospholipid content (e.g., CCT1 in flies 

(Krahmer et al., 2011)). A thorough understanding of protein composition is an essential step in 

understanding the functions of the LD.  

 

The LD has a unique architecture of neutral lipid core bounded by a phospholipid monolayer. 

The surfactant monolayer imposes specific structural requirements on proteins localized to the 

LD, i.e., prohibiting transmembrane proteins with luminal domains and favoring structures that 

can localize to the interface by dipping segments into the hydrophobic phase, such as proteins 

with hydrophobic sequences (Martin and Parton, 2006, and Wilfling et al., 2013) or amphipathic 

helices (Brasaemle, 2007). LD biogenesis and growth are uniquely dependent on neutral lipid 

synthesis because the organelle core contains primarily triacylglycerols (TGs) and sterol esters 

(SEs), with composition varying by cell type and nutritional status. In yeast, the composition of 

TG and SE is roughly 50% for each (Leber et al., 1994). 
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LDs are often found in close apposition to other organelles, including peroxisomes (Binns et al., 

2006), mitochondria (Pu et al., 2011, Blanchette-Mackie et al., 1983, and Shaw et al., 2008), 

endosomes (Liu et al., 2007), phagosomes (van Manen et al., 2005), and especially the 

endoplasmic reticulum (ER) (Jacquier et al., 2011 and Ozeki et al., 2005), which is likely their 

site of origin (reviewed in Goodman, 2008, and Wilfling et al., 2014). In fact, some proteins that 

appear to target the LD may actually target ER membranes closely apposed to the LD; this can 

be difficult to distinguish at the resolution of confocal light microscopy (~300 nm). The close 

association of LDs with other organelles makes their biochemical purification challenging. 

Additionally, the hydrophobic nature of the organelle offers a potential sink for non-LD proteins 

whose topologies are disrupted during the mechanical fractionation process. These artifacts, 

combined with the high sensitivity of mass spectrometry (MS), often yield LD proteomes with 

low specificity.  

 

We sought to determine a high-confidence proteome of the yeast Saccharomyces cerevisiae LD, 

an established model for LD studies (Radulovic et al., 2013). Although comprehensive lists of 

yeast LD proteomes have been reported (Binns et al., 2006 and Grillitsch et al., 2011), there is 

often little overlap between these lists and it remains unclear which of the candidate proteins 

identified by proteomics are specific to LDs. We sought to overcome the specificity limitations 

of LD proteomes by using protein correlation profiling (PCP), a quantitative method of 

determining purification profiles of proteins compared with organelle markers, based on high-

resolution mass spectrometry. PCP was successfully used to create specific inventories of many 

organelles (Andersen et al., 2003, and Foster et al., 2006), including LDs in Drosophila 

melanogaster cells (Krahmer et al., 2013). We reasoned that bona fide LD proteins should fulfill 
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two criteria: a) enrichment in the LD purification fraction by PCP, and b) localization to LDs by 

microscopy. We used PCP to generate a high-confidence list of 35 proteins that specifically co-

purify with the yeast LD. By cross-referencing with fluorescence microscopy in this study or 

previous reports, we verified that 30 of these proteins are bona fide LD proteins. We showed that 

two proteins (Faa1 and Hfd1) previously identified in yeast LD proteomes in fact do localize to 

LDs. Additionally, we identified six new LD proteins (Cab5, Rer2, Say1, Tsc10, YKL047W, and 

YPR147C), and we assessed enzymatic activities for two of these proteins, Say1 and Rer2, at 

LDs. 
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Experimental Procedures 

Strains, Media and Materials – S. cerevisiae strain BY4741 (MATa his3Δ0 leu2Δ0 met15Δ0 

ura3Δ0) was used as wild type. Yeast strains were routinely transformed using lithium acetate. 

Cells were cultured in synthetic complete media with dextrose (SCD) containing 2% dextrose, 

0.67% yeast nitrogen base (BD Biosciences), amino acids (Sunrise Science), and ammonium 

sulfate. Cells were grown for 2 days at 30°C to stationary growth phase for all experiments.  

 

Protein Localization- C-terminally tagged GFP strains were created using published cloning 

cassettes (Janke et al., 2004). PCR primers were designed using Primer3 

(http://bioinfo.ebc.ee/cgi-bin/primer3/primer3web_results.cgi) and purchased from Elim 

Biopharm. Yeast were labeled with 1:1000 monodansyl pentane (MDH) (Abgent) for LD 

identification (Yang et al., 2012) and allowed to settle on concanavalin A coated coverslips for 

10 minutes. They were then mounted on slides and images were acquired by using a Nikon 

ECLIPSE Ti 2000 microscope with Yokogawa CSU-X1 spinning disk and Hamamatsu ImagEM 

electron multiplier CCD camera with image acquisition and mechanical control by Micro-

Manager. Solid-state lasers at excitation/emission of 405/460 nm, 491/520 nm, and 561/595 nm 

were used. Images were deconvolved (Huygens SVI) and cropped (Image J). The fraction of LDs 

with GFP was determined manually by counting numbers of LDs with and without GFP signal 

colocalization. The fraction of GFP colocalizing with LDs was determined by a custom 

CellProfiler pipeline and Python script that calculated the fraction of total GFP intensity that 

colocalized with MDH punctae on a per cell basis. 
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Localization was confirmed by crude cellular fractionation and immunoblotting, using mouse 

monoclonal anti-PDI (Abcam), anti-GFP (Roche) and rabbit polyclonal anti-HA (Upstate). For 

crude fractionation (e.g., in experiments of Figures 5A, 5C-E, 6A, 6C), cells were dounce-

homogenized and lysates spun at 300g for 30 min and then 100,000g for 30 min. LDs were 

collected with a tube slicer (Beckman Coulter) and the remaining supernatant and pellet were 

collected. 

 

TLC – Lipids were extracted by bead beating cells in water:CHCl3:MeOH (0.3:1:1), collecting 

the single phase, and drying it under N2 gas. Lipids were resuspended in chloroform, separated 

on silica gel TLC plates (Whatman or Analtech) using hexane:ethyl ether:acetic acid (80:20:1) 

and detected by charring with cuprous sulfate. Bands were identified by comparison to standards.  

 

LD purification – SILAC was performed (Ong et al., 2002 and Frohlich et al., 2013). Cells were 

pelleted, washed with water and then incubated in 0.1M Tris-Cl pH9, 10 mM DTT at 30C for 

10m. They were washed and resuspended in 20mM KH2PO4 pH7.4, 1.2M sorbitol to 0.5 g/mL 

and digested with 4 mg/g zymolyase 100T (MP Biomedicals) at 30°C for 2 hrs. Cells were 

pelleted, washed, and resuspended in 5 mL 20 mM Hepes, pH7.4, 0.6M sorbitol, 1 mM EDTA, 

and EDTA-free protease inhibitor pellet (Roche) and homogenized in a dounce homogenizer for 

40 strokes. Dounced cells were spun at 300g for 30 min, 20,000g for 30 min, and then 100,000g 

for 30 min with the pellet collected at every centrifugation step. The supernatant was then floated 

through a sucrose gradient by centrifuging overnight at maximum speed in a SW41 rotor. The 

LDs were collected with a tube slicer (Beckman Coulter) and other fractions were collected by 
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pipette. Six gradient fractions and the three pellets from the initial high-speed spins were 

analyzed by MS. 

 

Liquid Chromatography MS/MS analysis – Each peptide fraction was separated by reversed-

phase chromatography on a Thermo Easy nLC 1000 system connected to a Q Exactive mass 

spectrometer (Thermo) through a nano-electrospray ion source. Peptides were separated on 15-

cm columns (New Objective) with an inner diameter of 75 mm packed in house with 1.9 mm 

C18 resin (Dr. Maisch GmbH). 120-min chromatographic runs were used and peptides were 

eluted with a linear gradient of acetonitrile from 5 to 30% in 0.1% formic acid for 95 min at a 

constant flow rate of 250 nl/min. The column temperature was kept at 35°C. Eluted peptides 

were directly electrosprayed into the mass spectrometer. Mass spectra were acquired on the Q 

Exactive in a data-dependent mode to automatically switch between full scan MS and up to 10 

data-dependent MS/MS scans. The maximum injection time for full scans was 20 ms with a 

target value of 3,000,000 at a resolution of 70,000 at m/z = 200. The ten most intense multiple 

charged ions (z ≥ 2) from the survey scan were selected with an isolation width of 3Th and 

fragmented with higher energy collision dissociation (HCD) with normalized collision energies 

of 25. Target values for MS/MS were set to 1,000,000 with a maximum injection time of 120 ms 

at a resolution of 17,500 at m/z = 200. To avoid repetitive sequencing, the dynamic exclusion of 

sequenced peptides was set to 20 s. 

 

The resulting MS and MS/MS spectra were analyzed using MaxQuant (version1.3.0.2), utilizing 

its integrated ANDROMEDA search algorithms (Cox et al., 2008 and 2011). Peak lists were 

searched against local databases for S. cerevisiae (obtained from the Saccharomyces Genome 
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Database, Stanford University; 6641 entries, July 26, 2012) with common contaminants added. 

The search included carbamidomethlyation of cysteine as fixed modification, and methionine 

oxidation and N-terminal acetylation as variable modifications. Maximum allowed mass 

deviation for MS peaks was set to 6ppm and 20ppm for MS/MS peaks. Maximum missed 

cleavages were 2. The false discovery rate was determined by searching a reverse database. 

Maximum false-discovery rates were 0.01 both on peptide and protein levels. Minimum required 

peptide length was 6 residues. Proteins with at least two peptides (one of them unique) were 

considered identified. The “match between runs” option was enabled with a time window of 2 

min to match identification between replicates. 

 

Criteria for Defining LD Proteins – To define a high-confidence LD protein set, we applied four 

criteria to filter candidates. First, we set an arbitrary cutoff point for rank-ordered membership in 

the LD cluster as the top 136 proteins. We chose this arbitrary point because it included the 

majority of previously identified LD proteins in two experimental replicates. Second, proteins 

had to be above the arbitrary cutoff in both experimental replicates. Third, proteins had to have a 

calculable H/L ratio in at least eight fractions so that we were confident that their cluster 

membership value was not strongly influenced by missing data points. Finally, proteins were 

filtered based on a purification profile that closely matched that of 12 well-established LD 

proteins (Fig. 3A). In the case of our analysis, these stringent criteria used the thresholds of H/L 

<0.06 in fractions 1–3, <0.16 in fractions 4–6, <0.2 in fraction 3, and <0.371 in fraction 2 (Fig. 

1E). By including these selected thresholds, we were able to maximize specificity of the selected 

LD proteins. 
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Cis-IPTase Assay  – Cells were crudely fractionated as above. To reduce cytoplasm in the LD 

fraction, LDs in 1.5-mL Eppendorf tubes were rinsed twice by addition of 1 volume buffer, spun 

at max speed in a tabletop centrifuge, and a needle and syringe were inserted below the floating 

LDs to remove 1 volume cytoplasm. Pellets were rinsed twice and then resuspended in yeast cis-

IPTase reaction buffer (60mM HEPES, pH 8.5, 5mM MgCl2, 2mM DTT, 2mM NaF, 2mM 

sodium orthovanadate).  Yeast reaction mixtures contained 100 µg protein, 50 µM FPP and 45 

µM 14C-IPP (American Radiolabeled Chemicals).  Reactions were incubated at 30 degrees for 

1h and quenched by addition of 2 ml CHCl3:MeOH (2:1).  Products were separated from 

unreacted water-soluble IPP by partition through addition of 0.8 ml of 0.9% NaCl in water.  The 

organic phase was washed three times with CHCl3:MeOH:H2O (3:48:47) and dried under 

nitrogen. The dried sample was resuspended in hexane and loaded onto silica gel TLC plates, run 

in hexane: ethyl acetate (80:20), and dried.  Plates were exposed to a phosphor screen for 3–4 

days and compared with iodine-labeled standards. The band corresponding to dolichol was 

scraped from the TLC plate, resuspended in scintillation counting liquid, and counted in a 

scintillation counter.  

 

Cholesteryl Acetate Deacetylase Assay – Cells were crudely fractionated as described for the cis-

IPTase assay in lysis buffer of 200mM sorbitol, 10mM Hepes-KOH pH7.5, 100mM NaCl, 5mM 

MgCl2, and 1mM EDTA. 300 ug of microsome or 300 ug of cytoplasm and LD protein were 

assayed for cholesteryl acetate deacetylase activity as described in (Tiwari and Schneiter, 2009). 

Cell fractions were incubated with 0.143 uCi 14C-cholesteryl-acetate (CA, American 

Radiolabeled Chemicals) in 26nmol total CA for 1 hour at 30C.  The assay was stopped by 

adding 1.5 volumes of CHCl3. 3 volumes of MetOH were added and the reaction was vortexed 
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until clear. 1.5 volumes 2.8% ortho-phosphoric acid was added and the samples were centrifuged 

for 2 min. at 13k rpm. The upper aqueous layer was discarded. Samples were re-extracted with 

1.5 volumes CHCl3 and 3 volumes acidified water. The lower organic layer was collected and 

dried under nitrogen. The dried sample was resuspended in CHCl3:MetOH (1:1), loaded onto 

silica gel TLC plates, run in petroleum ether: diethyl ether: acetic acid (70:30:2), and dried. 

Plates were exposed to a phosphor screen for 2–3days and compared to iodine-labeled standards. 
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Results 
 

PCP Yields a Distinct LD Purification Profile 

LDs were isolated from wild-type yeast grown at 30°C to stationary phase, where LDs are most 

abundant. To obtain the fractions for PCP, we purified LDs from cells labeled with heavy, non-

radioactive isotope-containing lysine (stable isotope labeling by amino acids in cell culture, 

SILAC (Ong et al., 2002)) using sequential differential centrifugation and a sucrose density 

gradient. We collected samples from pellets of each initial centrifugation (fractions 1–3) and six 

layers of the sucrose density gradient (fractions 4–9). By using peptides identified in the various 

fractions, we found that the sequential centrifugations pelleted primarily the following: unbroken 

cells and agglomerated membrane in fraction 1; vacuolar, nuclear, ER, plasma, endosomal, and 

Golgi membranes in fraction 2; and transport vesicles, endosomal membranes, and Golgi 

complex in fraction 3. The sucrose density gradient separated the cytoplasm into six additional 

fractions. We combined each of these samples with equal amounts of protein from the LD 

fraction (fraction 9) of unlabeled cells and analyzed the combined samples by liquid 

chromatography coupled online to electrospray ionization and high-resolution tandem mass 

spectrometry (Fig. 1A). We measured 16,589 peptides and 2,165 proteins were measured in all 

fractions with 1,377 proteins identified in the LD fraction, 993 of which had calculable 

heavy:light ratios. 

 

We calculated heavy:light ratios (H/L) for each protein in every fraction. To compare individual 

proteins, we set the maximum H/L to 1 and normalized the ratios in other fractions to this H/L. 

To directly compare different organelle purification profiles, we plotted a representative profile 

for a protein from each of the major cellular organelles, choosing proteins that were only 
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annotated to a single intracellular compartment in SGD (Fig. 1B). We found that bona fide LD 

proteins peak in fraction 9 with very little representation in other fractions. In contrast, ER 

proteins, which are especially difficult to separate from LDs, similarly peak in fraction 9, but 

also have peaks in fractions 2 and 3. Several other organelles have abundant proteins in the LD 

fraction, highlighting the need for a technique such as PCP to determine specificity. 

 

We used soft clustering to generate clusters of typical purification profiles with each protein 

assigned a membership value for each cluster (Futschik and Carlisle, 2005). The membership 

value provides a measurement of the similarity between each protein’s purification profile and 

the cluster, thereby providing a measure of the likelihood that a protein belongs to a certain 

cluster. Soft clustering identified a group of LD proteins (Fig. 1C, bottom center) as well as 

clusters containing mostly proteins from other organelles (e.g., mitochondria (center) and ER 

(center right)).  

 

To assess reproducibility of the LD PCP measurements, we repeated the purification and analysis 

and compared the membership value for the LD cluster of each identified protein. The results 

were highly reproducible, with a Pearson’s correlation of 0.77 between the two PCP experiments 

(Fig. 1D). We performed the same comparison with a third biological replicate and found that it 

correlated well with both previous PCPs (r = 0.79 and r = 0.76, respectively), again showing the 

reproducibility of our technique and dataset. Thus, with respect to the high-confidence list, the 

results were highly reproducible. 
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Figure 1. Identification of LD proteins in S. cerevisiae using PCP.  
A – Schematic of PCP workflow. 
B – Purification profiles of representative proteins for different organelles.  
C – Analysis of all fractions of a LD purification with Mfuzz in R. Proteins identified in the LD 
fraction that were identified in at least five of the nine fractions were analyzed. A normalized 
H/L was used. The cluster number C was set at 9, and cluster stability m = 1.6. Clusters that 
showed enrichment of proteins of a certain organelle or function are indicated. Proteins with a 
minimal membership value of 0.1 for LD cluster are shown in supplemental Table S2. 
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D – Reproducibility of LD proteome data between experiments. Pearson correlation = 0.77 
E – Schematic of data filtration to create high-confidence LD protein list. 
F – Proteins identified with high confidence in the LD PCP cluster of two biological replicates. 
Proteins in red passed additional stringent filtration criteria whereas those in blue did not.  
 

We applied an arbitrary cutoff to the LD cluster (as described in Experimental Procedures) and 

filtered the list to include only proteins that were within this arbitrary cutoff in a biological 

replicate to generate a cluster of 88 proteins that reproducibly purify in the LD fraction (filtration 

schematic in Fig. 1 D). To further separate bona fide LD proteins from proteins of other cellular 

localizations, we applied stringent filtration criteria to the cluster to separate it into highest-

confidence LD proteins (Fig. 1E, red) and suspected non-LD proteins (Fig. 1E, blue). This 

analysis yielded a list of 35 highest-confidence LD proteins (Table 1).  

 

Verification of Lipid Droplet Protein Localization 

We next tested which proteins in the high-confidence PCP list are bona fide LD proteins, as 

confirmed by localization to LDs by spinning disk live-cell fluorescence microscopy. Of the 35 

identified proteins, 19 were previously identified as LD proteins by fluorescence microscopy in 

published works (annotated in Table 1 and Fig. 2A). Three proteins (Faa1, Hdf1 and Gtt1) were 

identified in other yeast LD proteomes but were not localized to the LD by fluorescence 

microscopy. To assess their localization, we tagged these proteins at the C-terminus with GFP to 

assess LD localization in stationary growth phase by colocalization with monodansylpentene 

(MDH), a blue LD vital dye. Hfd1-GFP exhibited predominantly LD localization while Faa1-

GFP appeared to be visible in additional cellular compartments, likely the ER (representative 

images shown in Fig. 2B). Gtt1-GFP was predominantly present in other cellular compartments, 
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Figure 2. Identification and verification of LD proteins. 
A – Logic flow diagram for identification of LD proteins. 
B – Verification of LD localization of 2 proteins previously found in multiple proteomes but not 
previously localized to the LD by microscopy.  
C – Microscopy of a protein that reproducibly purifies with LDs but does not appear to localize 
to the LD. 
D – Microscopy of four newly identified LD proteins. 
E – Quantification of the fraction of LDs that colocalize with GFP on a population basis. Sec61 
and Erg6 are negative and positive controls, respectively. 
F – Quantification of the fraction of GFP signal that colocalizes with LDs on a per cell basis. 
Sec61 and Erg6 are negative and positive controls, respectively. 
GFP tagged proteins were colocalized with monodansyl pentene (MDH), a LD marker vital dye. 
Cells were grown in SCD media to stationary phase. The scale bar is 3.5um on merged images 
and 0.7um on inset images. 
 
however we identified some GFP signal that surrounded LD signal, which could explain why 

Gtt1 biochemically fractionates with LDs (Fig. 2C, 2E-F). 

 

Seventeen proteins identified in our PCP proteome were not previously annotated to the LD or, 

in some cases, were only found in a single report of the LD proteome. Seven of these proteins 

were previously localized to the LD by microscopy (Dga1, Ldh1, Pgc1, Tgl4, Tgl5, Ubx2, 

YOR059C). Of the 10 remaining proteins, three (Ecm29, Nte1, Taz1) did not show LD 

localization when we examined them by microscopy, suggesting that they purify with the LD 

fraction but do not localize to this organelle. We were unable to image Pho81 because we could 

not express the tagged protein. However, we newly identified six proteins (Cab5, Rer2, Say1, 

Tsc10, YKL047W, and YPR147C) as localizing to LDs (Fig. 2D, 2E-F). Interestingly, of the six, 

the four proteins with known functions are involved in lipid metabolism. Cab5 is involved in 

coenzyme A synthesis (Olzhausen et al., 2013), an important cofactor for many lipid synthesis 

reactions. Tsc10 catalyzes the second step in the synthesis of phytosphingosine, a long-chain 

base for sphingolipid production (Beeler et al., 1998). Rer2 and Say1 function in dolichol and 

sterol metabolism, respectively, and are discussed below. YKL047W and YPR147C do not have 
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known functions in yeast, although the mammalian ortholog of YPR147C was recently reported 

to have cholesterol esterase activity (Goo et al., 2013).  

 

Comparison of PCP Proteome to Reported Yeast Lipid Droplet Proteomes 

Of the 959 proteins with a calculable H/L in the LD fraction, we found 35 (<4%) that specifically 

purify with the LD according to our filtering criteria (see Experimental Procedures) (Table 1). 

We compared our LD protein list to other reported proteomes that attempt to threshold their lists 

and found that the current proteome overlaps most (95%) with the one reported by Athendstaedt 

et al. (1999), which utilized earlier and less sensitive proteomics technology. In contrast, there 

was considerably less overlap with LD proteomes generated more recently with more sensitive 

MS techniques (Grillitsch et al. (2011), 55%; Binns et al. (2006), 30%) (Fig. 2A).  

 

Twelve proteins (Ayr1, Eht1, Erg1, Erg6, Erg7, Faa1, Faa4, Fat1, Pet10, Slc1, Tgl1 and Tgl3), 

eleven of which are known to be lipid enzymes, were detected in the current work and all 

reported proteomes. 

 

We also analyzed our results in relationship to protein abundance within cells, using data from 

Ghaemmaghanmi et al. (2003). Previously reported yeast LD proteomes show an 

overrepresentation of high abundance proteins, suggesting more contamination of the LD 

fraction. Our results show substantially fewer high-abundance proteins, consistent with less 

contamination. As expected with the outstanding sensitivity of current MS instruments, we were 

able to detect low-abundance proteins with the current proteome. 
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FIGURE 3. Comparison of current LD proteome with previously reported yeast LD 
proteomes. 
A – Venn diagram showing overlap of LD-annotated proteins between the current work and 
three previously reported LD proteomes that attempted specificity. 
B – Current work using PCP for identification of LD proteins has fewer high-abundance proteins 
than previously reported yeast LD proteomes. Protein abundances were from Ghaemmaghanmi 
et al. 2003. 
 

Functions of Bona Fide Lipid Droplet Proteins 

We annotated the functions of the 30 bona fide LD proteins based on available data in the 

literature (Fig. 4A). Interestingly, all proteins with known functions (83%) are involved in lipid 

metabolism. These included many proteins involved in ergosterol metabolism (Fig. 4B) and 

fatty-acid esterification and TG metabolism (Fig. 4C). The only de novo TG synthetic enzyme 

that we failed to detect in our LD proteome is Pah1, although it has previously been localized to 
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the LD (Karansios et al., 2013). Six proteins (Fmp52, Pet10, Yim1, YKL047W, YOR059C, and 

YPR147C) do not have clear functions (see Table 1).  

 

Figure 4. Functional annotation of identified LD localized proteins. 
A – All validated LD proteins with known functions are involved in LD metabolism. Newly 
verified proteins are italic. Newly identified proteins are underlined. 
B – Proteins that co-purify with LDs include many enzymes in sterol metabolism. Two are newly 
identified (Rer2 and Say1). 
C – Proteins that co-purify with LDs include most enzymes in TG metabolism. 
*activity shown in vitro, presumed to be minor function in vivo. 
Proteins marked in red were identified and microscopically verified in the current work. Proteins 
marked in blue were not identified in our proteome but have been microscopically verified in 
other works. 
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Of the six newly identified LD proteins, we chose to focus our further investigations on Rer2 and 

Say1 because they have known enzymatic functions in sterol metabolism, and their connections 

to LDs have not been well explored. 

 

Rer2 Is Active in the LD Fraction 

Rer2 is a cis-isoprenyltransferase (cis-IPTase) involved in dolichol synthesis (Sato et al., 1999). 

It is a 286-amino acid protein with a predicted globular structure. Cis-IPTases condense 

successive isoprenyl pyrophosphates (IPPs) with farnesyl pyrophosphate (FPP) to create 

polyprenols, such as dolichol, the lipid anchor for sugars used in N-linked glycosylation. 

Because many enzymes in N-glycan biosynthesis were recently identified at the Drosophila LD 

(Krahmer et al., 2013), we sought to better understand the LD localization of Rer2. 

 

There are two known cis-IPTases in yeast, Rer2 and Srt1. Another protein, Nus1, has significant 

homology to Rer2 and Srt1 but does not have cis-IPTase activity (Harrison et al., 2011). Both 

Srt1 (Sato et al., 2001) and Nus1 (Grillitsch et al., 2011, Athenstaedt et al., 1999, and Prein et al., 

2000) have been localized previously to the LD. We found that Rer2 also localizes to the LD as 

we detected Rer2-GFP in both membrane and LD fractions (Fig. 5A) and saw colocalization of 

Rer2-GFP with ER marker Sec61-mCherry and MDH (Fig. 5B). The deletion of Rer2 affects 

neutral lipids as rer2∆ cells showed a specific increase (> 2-fold) in SE levels (Fig. 5C) that was 

rescued by expression of the human Rer2 homolog, DHDDS.  
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Figure 5. Rer2 is present and active at the LD. 
A – Rer2-GFP is present at the LD and in membranes by western blot. Rer2-GFP labeled cells 
were fractionated by a 100,00 g spin. The centrifuge tubes were sliced. The upper fraction 
(containing LDs) was rinsed and the rinsed upper fraction, lower fraction (containing cytoplasm), 
and pellet (containing membranes), were probed with anti-GFP (for Rer2), anti-PGK (for 
cytoplasm), and anti-DPM1 (for ER) antibodies. The lipids were extracted and separated by 
TLC. TG was identified by co-migration with a standard. 
B – Rer2-GFP is present at the LD and ER by spinning disk confocal microscopy. Rer2-GFP 
shows a reticular and punctate pattern that colocalizes with ER marker Sec61-mCherry and LD 
stain MDH. 
C – rer2∆ have increased levels of sterol esters as determined by TLC. Expression of DHDDS 
(human homolog of Rer2) rescues the sterol ester accumulation. Unidentified lipids are marked 
with a *.  
D – Rer2 is active at the LD. Cell extracts, as in A, were given FPP and 14C-IPP, which were 
incorporated into polyprenols by cis-IPTases in both the membrane and LD fractions. cis-IPTase 
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activity is nearly wild-type in an srt1∆ deletion strain and nearly missing in an rer2∆ strain, 
suggesting that Rer2 is the major cis-IPTase in both microsomes and LDs. 
E – Quantification of D, normalized to wild type whole cell activity. Error bars represent 
standard deviation. There are no statistical differences between individual fractions in srt1∆ and 
BY4741. Whole cell and membrane cis-IPTase activity is significantly reduced (p<.05) in rer2∆ 
when compared to SS328.  
WC = whole cell. M or mem. = membrane. C = cytoplasm. 

 

To assess whether Rer2 is active at LDs, we examined cis-IPTase activity in cell extracts by 

incubating cells with FPP and 14C-IPP and measuring incorporation into polyprenols by TLC. 

We found that wild-type cells had cis-IPTase activity in both membrane and LD fractions (Fig. 

5D). srt1∆ cells had similar cis-IPTase activities, while rer2∆ cells had very little cis-IPTase 

activity in either membrane or LD fractions, indicating that Rer2 is the major source of 

polyprenol synthesis at the ER and the LD in stationary phase yeast.  

 

Say1 Is Active in the LD Fraction 

In yeast, sterol metabolism is intricately linked between LDs and the ER. We therefore further 

investigated Say1, a sterol metabolic enzyme that we newly identified as a LD protein. Say1 de-

acetylates acetylated sterols and participates in an apparent cycle of sterol acetylation and de-

acetylation, whereas Atf2 promiscuously acetylates sterols so they can be secreted in a 

detoxification mechanism (Tiwari et al., 2007). In this model, Say1 specifically de-acetylates 

sterols that should be retained within the cell, like ergosterol and its synthetic intermediates. 

While Say1 has been previously localized to the ER, we detected Say1-GFP in both the ER and 

LD fractions (Fig. 6A). Additionally, Say1-GFP colocalized with ER marker Sec61-mCherry and 

MDH showing that it has both ER and LD localization (Fig. 6B). say1∆ yeast do not have 

grossly altered levels of SE or TG (data not shown). 
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We detected sterol deacetylase activity in both ER and LD fractions (Fig. 6C and D) when we 

overexpressed Say1-HA under control of a GAL1-promoter. Thus, it appears that Say1-mediated 

sterol de-acetylation is present at the LD. We did not detect sterol deacetylase activity in either 

wild-type (cells not overexpressing Say1-HA) or say1∆ cells, consistent with a previous report 

(Tiwari et al., 2007).  

 

Figure 6. Say1 is present and active at the LD. 
A - Say1-GFP is present at the LD and in membranes by western blot. pGal-Say1-GFP cells 
were fractionated as in Fig. 5 and probed with anti-HA (for Say1), anti-PGK (for cytoplasm), and 
anti-DPM1 (for ER) antibodies. Lipids were extracted and separated by TLC. TG was identified 
by co-migration with a standard. 
B - Say1-GFP is present at the LD and ER by spinning disk confocal microscopy. Say1-GFP 
shows a reticular and punctate pattern that colocalizes with ER marker Sec61-mCherry and LD 
stain MDH. 
C - Say1 is active at the LD. Cell extracts were given 14C-Cholesteryl acetate (CA) which was 
de-acetylated into free cholesterol in both membrane and LD fractions by cells grown in 
galactose and overexpressing Say1-HA under a GAL1 promoter. CA deacetylase activity was 
below the limit of detection in wild type or say1∆ cells. 
WC = whole cell. M or mem. = membrane. C or cyt. = cytoplasm. 
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Discussion 

 

A yeast lipid droplet proteome generated by protein correlation profiling 

 

LD proteomes are challenging to generate because of the hydrophobic nature of the LD and its 

close apposition to other organelles. Although LD proteomes have consistently identified a core 

set of important LD proteins, they are plagued with false positives from co-purifying 

contaminants. Previous MS-based proteomic examinations of yeast LD proteins yielded lists of 

candidates ranging in number from 76 (Grillitsch et al., 2011) to 440 (Fei et al., 2011). PCP 

provides a method to determine a yeast LD proteome that is both highly sensitive and specific 

(Krahmer et al., 2013). In the current study, we applied PCP to the analysis of yeast LDs and 

identified 35 proteins that reproducibly and stringently co-purify in the LD fraction. Of the 35 

proteins identified, 30 of these proteins localize to the LD by microscopy, in our studies and 

others (Fig. 2 and Table 1), identifying them as bona fide LD proteins. Importantly, we identify 

six proteins (Cab5, Rer2, Say1, Tsc10, YKL047W, YPR147C) that have not previously been 

localized to the LD. Further, we show that two of these proteins, Say1 and Rer2, are lipid 

metabolic enzymes that are active in LD fractions. One of the proteins that we newly identified, 

Cab5, is involved in coenzyme A biosynthesis, with Cab2, Cab3, and Cab4 (34). By fluorescence 

microscopy, we were additionally able to detect Cab4-GFP at the LD (data not shown). Using 

fluorescence microscopy, we also verified stationary-phase LD localization of two proteins 

previously identified in multiple LD proteomes but never visually shown to be at the LD (Faa1 

and Hfd1). 
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Our results differ somewhat from previous reports of yeast LD proteomes (see Fig. 3). The first 

reported LD proteome identified only 19 proteins (Athenstaedt et al., 1999), in part due to 

technological limitations of MS at the time, but was likely highly specific and most closely 

overlaps with the current results. Two subsequent proteomes benefited from enhanced MS 

sensitivity, but had limited confirmation and likely included a number of contaminants, 

particularly of highly abundant proteins. The lack of overlap between the proteomes may also 

reflect differences in culture conditions (Binns et al. (2006), minimal media with oleate; 

Grillitsch et al. (2011), rich media with and without oleate; Athendstaedt et al. (1999), rich media 

without oleate) or differences in purification methods. The twelve proteins identified in all 

proteomes (Ayr1, Eht1, Erg1, Erg6, Erg7, Faa1, Faa4, Fa1, Pet10, Slc1, Tgl1 and Tgl3) are 

likely to be constitutive LD proteins, since they were identified regardless of specific growth 

conditions.  

 

Although our PCP identified 35 proteins that specifically co-purify with the LD, we were unable 

to verify LD localization by fluorescence microscopy for five proteins (Fig. 2 and Table 1). For 

some of these proteins, GFP-tagging might interfere with their targeting to the LD. For Gtt1, 

microscopy revealed that clusters of Gtt1-GFP localize near some LDs, offering an explanation 

for why Gtt1 biochemically purifies with LDs. Taz1, a cardiolipin remodeling enzyme found 

primarily in mitochondrial membranes (Brandner et al., 2005), might also co-purify with LDs 

due to organelle associations.  

 

The stringent filtration criteria we employed resulted in the exclusion of some bona fide LD 

proteins from our results. For example, our list does not include several previously identified LD 
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proteins (e.g. Atf1 (Verstrepen et al., 2004), Loa1 (Ayciriex et al., 2012), Pah1 (Karanasios et al., 

2013), Pdr16 (Schnabl et al., 2003) or Srt1 (Sato et al., 2001)). Our criteria potentially filtered 

out several proteins that were present in the LD and other cellular fractions, as it did for Pdr16, 

which localized to the LD and cell periphery (Schnabl et al., 2003). Atf1 and Srt1 were not 

detected in the LD fraction, whereas Loa1 was only detected in a single replicate. Pah1 was 

found in the LD fraction but not included because it lacked sufficient H/L ratios in multiple 

fractions, as our criteria demanded. That we did not identify some proteins may also reflect the 

dynamic nature of protein localization to the LD (we examined stationary phase only) or 

limitations of organelle fractionation. For example, nutrient carbon source affects the LD 

targeting of Osh4, Cpr5, and Ubx2 (Grillitsch et al., 2011). 

 

Our PCP analysis of the yeast LD proteome revealed some notable differences from a PCP 

analysis of LDs in Drosophila S2 cells (Krahmer et al., 2013). Although both PCP studies found 

that the majority of LD proteins function in lipid metabolism, we found considerably more LD 

proteins (>100) in Drosophila cells. The additional proteins are involved in ER organization, 

protein degradation, and N-glycan biosynthesis, suggesting additional functions and complexity 

for LDs in fly versus yeast cells. Other differences might relate to the different relationships 

between the ER and LDs in these cell types. In yeast, LDs are often more directly connected or 

exist as a subdomain of the ER (Jacquier et al., 2011), whereas in S2 cells there are distinct LD 

populations – those that are connected and not connected to the ER (Wilfling et al., 2013). The 

closer association of LDs and ER in yeast may explain why this study required additional 

filtration criteria to yield a LD-specific list of proteins. 
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A specific list of yeast LD proteins presents the opportunity to determine how these proteins 

target to the LD. For example, of the twelve proteins found in all reported proteomes, six have 

predicted transmembrane domains (Erg1, Erg7, Fat1, Slc1, Tgl1, and Tgl3), with the topology of 

Tgl1 experimentally verified (Köffel et al., 2005). It is unclear how a protein with a 

transmembrane domain can localize to a membrane monolayer at LD surfaces. In yeast, perhaps 

many of these transmembrane proteins are in an ER microdomain that is closely associated with 

the LD and indistinguishable by biochemical fractionation or light microscopy. LDs appear to be 

a subdomain of the ER in yeast, and LD-ER bridges have been found in yeast and a number of 

other organisms (Willing et al., 2013, Jacquier et al., 2011, Ohsaki et al., 2008, and Wanner et 

al., 1981). 

 

Most of the newly identified yeast LD proteins (Cab5, Rer2, Say1, Tsc10, and YPR147C) have 

human orthologs and thus the localization to LDs might also be important for functions of these 

proteins in humans. The functional homolog of Rer2, dehydrodolichyl diphosphate synthase 

(DHDDS or hCIT), has been linked to retinitis pigmentosa (Züchner et al., 2011). Human 

coenzyme A synthase (COASY) is a bifunctional enzyme (phosphopantetheine 

adenylyltransferase and dephosphocoenzyme A kinase activities) that catalyzes the last step of 

coenzyme A synthesis, like Cab5 (Daugherty et al., 2002). While sterol acetylation is a yeast 

specific process, Say1 is orthologous to arylacetamide deacetylase (AADAC) (Tiwari et al., 

2007), an enzyme putatively involved in TG hydrolysis (Nourbakhsh et al., 2013). Tsc10 is 

functionally homologous to FVT1, a 3-ketodihydrosphingosine reductase, known to be active at 

the cytosolic face of the ER (Kihara et al., 2004) and implicated in tumor processes (Rimokh et 

al., 1993). YPR147C is a highly conserved protein with a GSXSG lipase motif that has been 
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shown to affect lipid storage in Drosophila (Thiel et al., 2013) and cholesterol ester storage in 

macrophages (Goo et al., 2013). 

 

Identification of Rer2 and Say1 as lipid droplet-localized enzymes in yeast 

 

Our findings show that the cis-IPTase Rer2 localizes in part to LDs. Cis-IPTase activity is an 

essential step in dolichol biosynthesis and in yeast is catalyzed by Rer2 and Srt1, with Nus1 as a 

potential cofactor (Harrison et al., 2011). Both Srt1 and Nus1 have been previously reported at 

the LD (Binns et al., 2006, Grillitsch et al., 2011, Sato et al., 2001, and Prein et al., 2000). We 

found that the cis-IPTase Rer2 localizes to the ER and LDs both biochemically and by 

fluorescence microscopy and has similar specific activities in each compartment. The major role 

of ER-localized Rer2 is to generate dolichol for glycosylation, and yeast lacking LDs (lacking all 

four enzymes of neutral lipid synthesis (Sorger et al., 2004)) still make dolichol (not shown). 

Therefore, LD-localized Rer2 may be more important for synthesizing dolichol destined for 

storage pools or other cellular functions.  

 

It is unclear how Rer2 localizes to LDs. Rer2 does not have predicted transmembrane sequences 

although it behaves as an integral membrane protein (Sato et al., 1999). Thus, there are no 

theoretical topological problems for its localization to the LD. In our experimental conditions, 

Rer2 appears to be the major cellular cis-IPTase. A previous report showed that Srt1 was most 

highly expressed in stationary phase and Srt1-dependent activity was detected in an rer2∆ 

background when Srt1 was overexpressed and only in stationary phase (Sato et al., 2001). 
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However, we found little cis-IPTase activity in the rer2∆ in stationary phase, leaving questions 

about the cellular role of Srt1. 

 

Yeast cells with Rer2 deletion exhibited an increase in SEs. While stressed or slow-growing 

yeast cells often accumulate LDs, the accompanying neutral lipid accumulation is usually both 

SE and TG. We suspect that rer2∆ cells likely have a SE-specific accumulation because FPP, a 

Rer2 substrate, may be channeled into sterol synthesis and SEs. Rechanneling of FPP is 

consistent with the finding of several unidentified radiolabeled lipid species synthesized by 

rer2∆ cells in cisIPTase activity assays (data not shown).  

 

We also found that an enzyme involved in a sterol detoxification system, Say1, targets to the LD. 

A current model suggests that Say1 works in concert with Atf2. Atf2 promiscuously acetylates 

exogenous and endogenous sterol molecules, which are then secreted unless they are recognized 

and de-acetylated by Say1 (Tiwari et al., 2009). The topology of ER-localized Say1 showed that 

the enzyme has a single transmembrane domain (Tiwari et al., 2009). Such a topology should not 

exist at the LD monolayer because it would put a hydrophilic protein domain in the hydrophobic 

core of the LD. This suggests that LD-localized Say1 is a component of ER that is tightly 

associated with LDs, a possibility that is the consistent with the apparent connections of ER and 

LDs in yeast (Jacquier et al., 2011).  

 

Rer2 and Say1 join a list of lipid metabolic enzymes that localize to LDs. While both Say1 and 

Rer2 are present and active at the LD and ER, similar to Ayr1 (Athenstaedt et al., 2000), Gpt2 

(Athenstaedt et al., 1997), and Slc1 (Athenstaedt et al., 1999), not all proteins are active in all 
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subcellular populations. For example, Dga1 (Sorger et al., 2002), Erg6 (Zinser et al., 1993), Erg7 

(Milla et al., 2002), Erg27 (Mo et al., 2003), and Yju3 (Heier et al., 20010) are predominantly 

active at the LD which may reflect that these proteins have a higher LD:ER localization ratios. In 

contrast, Erg1 is strongly present in both the ER and LD but only active at the LD (Leber et al., 

1998). The significance of some enzymes differing in activity in the ER versus LDs is unclear. 
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YIL124W AYR1 Acyl-DHAP reductase, catalyzes 
lyso-PA formation 

A,B,G Natter et al., 
2005 

Athenstaedt 
et al., 2000 

YDR196C CAB5 Dephospho-CoA kinase 
involved in coenzyme A 
synthesis 

 Current 
Work 

 

YOR245C DGA1 Diacylglycerol acyltransferase, 
catalyzes DAG to TAG 

G Natter et al., 
2005 

Athenstaedt 
et al., 1997 

YHL030W ECM29 Proteasome assembly    
YBR177C EHT1 Acyl-CoA:ethanol acyltransferase A,B,G Natter et al., 

2005 
 

YGR175C ERG1 Squalene epoxidase, enzyme in 
ergosterol synthesis 

A,B,G Leber et al., 
1998 

Leber et al., 
1998 

YLR100W ERG27 3-keto sterol reductase, enzyme 
in ergosterol synthesis 

B,G Leber et al., 
1998 

Mo et al., 
2003 

YML008C ERG6 24-C-sterol methyltransferase, 
enzyme in ergosterol synthesis 

A,B,G Leber et al., 
1998 

Zinser et 
al., 1993 

YHR072W ERG7 Lanosterol synthase, enzyme in 
ergosterol synthesis 

A,B,G Milla et al., 
2002 

Milla et al., 
2002 

YOR317W FAA1 Fatty acyl-CoA synthetase, 
activates imported fatty acids 

A,B,G Current 
Work  

 

YMR246W FAA4 Fatty acyl-CoA synthetase, 
activates imported fatty acids 

A,B,G Natter et al., 
2005 

 

YBR041W FAT1 Fatty acyl-CoA synthetase, 
activates imported fatty acids 

A,B,G Natter et al., 
2005 

 

YIR038C GTT1 Glutathione transferase B,G  Grillitsch et 
al., 2011 

YMR110C HFD1 Fatty aldehyde dehydrogenase B,G Current 
work 

 

YBR204C LDH1 Serine hydrolase, weak TG lipase 
activity 

G Thoms et 
al., 2011 

Thoms et 
al., 2011 

YML059C NTE1 Phospholipase B    
YDL193W NUS1 Putative prenyltransferase 

involved in dolichol synthesis 
A,G Prein et al., 

2000 
 

YKR046C PET10 Unknown A,B,G Wang et al., 
2014 
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YPL206C PGC1 Phosphatidyl glycerol 
phospholipase C, catalyzes PG to 
DAG 

G Beilharz et 
al., 2003 

Simockova 
et al., 2008 

YGR233C PHO81 Cyclin-dependent kinase inhibitor    
YBR002C RER2 Prenyltransferase involved in 

dolichol synthesis 
 Current 

work 
Current 
work 

YGR263C SAY1 Sterol deacetylase  Current 
work 

Current 
work 

YDL052C SLC1 Acyltransferase, catalyzes lyso-
PA to PA 

A,B,G Natter et al., 
2005 

Rimokh et 
al., 1993 

YPR140W TAZ1 Lyso-PC acyltranferase, catalyzes 
lyso-PC to PC 

   

YKL140W TGL1 Lipase, catalyzes SE to sterol A,B,G Köffel et al., 
2005 

Jandrositz 
et al., 2005 

YMR313C TGL3 Lipase, catalyzes TAG to DAG, 
DAG to MAG, and LPA to PA 

A,B,G Athenstaedt 
et al., 20013 

Athenstaedt 
et al., 
20013 

YKR089C TGL4 Lipase, catalyzes TAG to DAG, 
LPA to PA, and SE to sterol 

G Athenstaedt 
and Daum, 
2005 

 

YOR081C TGL5 Lipase, catalyzes TAG to DAG 
and LPA to PA 

G Athenstaedt 
and Daum, 
2005 

Athenstaedt 
and Daum, 
2005 

YBR265W TSC10 3-ketosphinganine reductase, 
involved in sphingosine 
synthesis 

G Current 
work 

 

YML013W UBX2 Involved in ER-associated protein 
degradation, regulates LD 
homeostasis. 

G Wang et al., 
2012 

Grillitsch et 
al., 2011 

YMR152W YIM1 Unknown A,G Natter et al., 
2005 

 

YKL094W YJU3 Monoacylglyceride lipase, 
catalyzes MAG to glycerol 

A,G Natter et al., 
2005 

Sorger et 
al., 2002 

YKL047W  Unknown, putative lipase  Current 
work 

 

YOR059C  Unknown, putative lipase. A Natter et al., 
2005 

 

YPR147C  Unknown  Current 
work 

 

 
Table 1. Identification of 35 proteins that specifically purify with the lipid droplet.  
Identified proteins were found as described in the results and are annotated are annotated for 
ORF, gene name, presence in other proteomes, and previous localization to the LD by 
microscopy or biochemistry. Proteomes are abbreviated as A = Athenstaedt et al., 1999, B = 
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Binns et al., 2006, and G = Grillitsch et al., 2011. Proteins are considered newly identified if they 
were not previously manually localized or identified in more than one proteome and are bolded 
in the table. 
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In the previous chapter (chapter 2), I highlighted my published primary research. During the 

course of my graduate research, I started several projects that were not continued to publication 

because of unexpected technical and biological hurdles. I have highlighted that research here in 

chapter 4 with the hope that the vignettes will be helpful to others that may wish to follow up the 

work in the future.  

 

Squalene in Yeast 

 

When I started this project, it was clear that there are connections between lipid metabolism (and 

hence the LD) and protein degradation although the nature of these connections was unclear. 

Some observations from the literature that suggested a connection between protein degradation 

and the LD include the fact that knockdowns of the proteasome affect lipid droplet morphology 

in Drosophila S2 cells (Guo et al., 2008), that protein degradation deficient Saccharomyces 

cerevisiae mutants were sensitive to growth on oleate (Lockshon et al., 2007) and that 

proteasome subunits and ubiquitinated proteins had been found the LD fraction of biochemically 

fractionated Huh7 cells (Ohsaki et al., 2006).  

 

To begin to explore this connection, I performed a small screen of genes involved in protein 

degradation for sensitivity to growth on oleate. I used strains taken from the combined 

deletion/DAmP library (Giaever et al., 2002 and Breslow et al., 2008) and serially diluted strains 

of interested on YPD rich media with 1mM oleate. Although I saw dramatically impaired growth 

of positive control strains, I observed no growth phenotype for many deletions/DAmPs involved 

in the 26S proteasome, autophagy, and ERAD (Table 4.1). 
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26S proteasome  
19S proteasome base rpt2, rpt3, rpt4, rpt6, rpn2 
19S proteasome lid rpn8, rpn5, rpn6, rpn7, rpn11 
20S proteasome pre3, pre5, pre6, pre7, pre8, pup1, scl1 
20S proteasome assembly add66 
Autophagy  
Vacuole atg19, pep1 
PI3K complex atg14, vps30 vps38 
ERAD  
Retrotranslocation cdc48, npl4, ubx2 
Ub-receptor proteins rad23, dsk2 
ERAD-C hlj1, ydj1 
ERAD-L cue1, der1, hrd1, hrd3, jem1, kar2, 

mnl1, scj1, ubc1, usa1, ubc7, yos9 
Other ERAD dfm1, hul5, ssm4 
ER chaperone cne1, eps1 
Glycosylation pbn1, mns1 

Table 4.1: Genes assayed for sensitivity to growth on rich media with 1mM oleate. Genes are 
grouped into functional classes. 
 
After failing to identify specific genes involved in protein degradation that affected growth on 

oleate supplemented rich media, we turned to a more direct approach to assay for a gene’s 

connection to lipid metabolism. We purified lipids from a subset of the strains that were used to 

assay growth and looked for gross lipid metabolic defects using thin layer chromatography 

(TLC). We were especially interested in the amount of SE and TG, as the major lipid 

components of LDs, free fatty acids and ergosterol, as the major lipid building blocks of SE and 

TG, and any accumulation of unidentified lipids, likely representing significantly perturbed lipid 

metabolism. 

 

We found that the majority of strains had no gross alterations to whole cell neutral lipids as 

observed by TLC using hexane:diethyl ether:acetic acid (80:20:1) as a solvent. We observed no 

gross effects for deletion/DAmP strains of pre1, pre2, pre3, pre4, pre5, pre7, pre9, rpn2, rpn4, 
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rpn5, rpn7, rpn10, rpn11, rpn12, rpn13, rpt1, rpt2, rpt4, rpt6, or sem1. However, we did observe 

accumulation of unidentified lipids in rpt5-DAmP, pre6-DAmP, and rpn3-DAmP (Fig. 4.1). 

 

 
Figure 4.1. Thin layer chromatography for neutral lipids of a subset of deletion/DAmP strains 
involved in protein degradation.  Whole cell extracts separated in hexane:diethyl ether:acetic 
acid (80:20:1). The first and last 2 lanes are standards, labeled to the left of the plate. 
 

We opted to further explore the unknown accumulated lipid in the rpt5-DAmP strain. Because it 

migrated farther than TG in a solvent that separates neutral lipids, we knew that it was a 

particularly hydrophobic molecule. We tested the hypothesis that the lipid is squalene, an early 

intermediate in sterol synthesis, by comparing rpt5-DAmP lipid profile to cells treated with 
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terbinafine, an inhibitor of the squalene epoxidase enzyme (Erg1) that causes accumulation of 

squalene and a squalene standard. We found that rpt5-DAmP behaved similarly to terbinafine 

treated cells and the unidentified band comigrated with a squalene standard in four separate 

solvent systems (hexane:diethyl ether:acetic acid (80:20:1), hexane, chloroform, and 

heptane:benzene (90:10)) (Fig. 4.2), supporting our hypothesis that the rpt5-DAmP strain 

accumulates squalene. We also found that the rpt5-DAmP strain was sensitive to terbinafine at 

5ug/mL, additionally supporting our hypothesis. 

 

 
Figure 4.2. Identification of an unidentified lipid in rpt5-DAmP strain as squalene by comparison 
to squalene standard and terbinafine treated cells by TLC. Shown are neutral lipids separate by 
hexane:diethyl ether:acetic acid (80:20:10), hexane, and heptane:benzene (90:10). 
 
Before further probing the potential connection between Rpt5 and squalene metabolism, we 

wanted to confirm that the DAmP cassette at the Rpt5 locus was responsible for the observed 
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phenotype. Using classical yeast genetics, we dissected rpt5-DAmP/+ tetrads and found that the 

accumulation of squalene doesn’t segregate with KanR cassette from the rpt5-DAmP. 

Additionally, the lipid phenotypes we observed in the pre6-DAmP and rpn3-DAmP also fail to 

segregate with the DAmP cassette. We observed that the Rpt5-DAmP/WT diploids had a wild 

type lipid profile so the squalene accumulation-causing mutation is recessive.  

 

We chose not to further explore the accumulation of squalene as the most likely explanation for 

the accumulation was an impairment in Erg1 function and our lab was not interested in exploring 

the function or regulation of this specific enzyme. If there is interest in exploring this mutation or 

the other non-DAmP-segregating lipid-phenotype-causing mutations in the future, many not-

fully-characterized strains were frozen for future work and are summarized in Table 4.2. 

 
Strains Diploids 
FYS187 rpt5-DAmP/Rpt5 a/A 
FYS188 rpt3-DAmP/Rpt3 b/B 
FYS189 pre6-DAmP/Pre6 c/C 
FYS190 rpn3-DAmP/Rpn3 d/D 
 Haploids 
FYS200, FYS202 rpt3-DAmP (B allele unknown) 
FYS199, FYS201 Rpt3 (B allele unknown) 
FYS203, FYS206 pre6-DAmP C 
FYS204, FYS205 Pre6 c 
FYS207, FYS208 rpn3-DAmP D 
FYS209, FYS210 Rpn3 d 
FYS191, FYS192, FYS195 Rpt5 a 
FYS193, FYS194, FYS196 rpt5-DAmP A 
FYS197 Rpt5 A 
FYS198 rpt5-DAmP a 

Table 4.2. Summary of uncloned lipid phenotype strains frozen in the Farese yeast strain 
database. a, b, c, and d represent uncloned lipid-phenotype causing alleles that do not segregate 
with the DAmP cassettes. Two tetrads derived from FYS187 were saved as FYS191-FYS194 
and FYS195-FYS198. A single tetrad derived from FYS188 was saved as FYS199-FYS202. A 
single tetrad derived from FYS189 was saved as FYS203-FYS206. A single tetrad derived from 
FYS190 was saved as FYS207-FYS210.  
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Protein Targeting to the Yeast Lipid Droplet 
 
Little is known about how proteins traffic to the LD in yeast or higher organisms. Compounding 

a lack of knowledge about LD protein trafficking is the fact that LD biogenesis is also poorly 

understood. All major models for LD biogenesis involve budding of the LD from the ER 

(Brasaemle and Wollins, 2012), although it is clear that proteins can target to the LD either at the 

moment of LD formation or later (e.g. Erg6 and Dga1, respectively, in yeast (Jacquier et al., 

2011)). Additionally, some proteins can target subsets of LDs while others appear to target all 

LDs within a cell.  

 

Three previous visual screens have been done to identify genes that affect LD morphology. One 

used Nile Red to mark LDs and screened the deletion collection, identifying 133 with an altered 

LD number, 17 of whom have a loss of LDs (Fei et al., 2008a). Another used the deletion 

collection to identify 56 strains that are sensitive to nystatin, 17 of which show a loss of LDs (Fei 

et al., 2008b). Although both papers contain many of the same authors, they found no overlap 

between their loss of LDs list. Another group used BODIPY to screen the deletion collection and 

identified 59 with abnormal morphology, 3 of whom were identified by Fei et al. in their first 

screen (Nem1, Spo7, and Ssd1) and 1 in their second screen (Srv2) (Szymanski et al., 2007).  

 

To identify machinery involved in the targeting of proteins to LDs and/or LD formation, we 

conducted a genome wide screen for genes whose deletions or knockdown impair targeting of 

two model LD proteins, Faa4-GFP and Erg6-GFP, to the LD. Faa4 and Erg6 are two of the first 

identified and major yeast LD proteins (Athendstaedt et al., 1999). Faa4 activates exogenous 

long chain (C12-C16) fatty acids (Knoll et al., 1995) and plays a role in FA import  (Zou et al., 
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2003). Erg6 has become the canonical yeast LD protein marker. It is a C4-methyltransferase 

involved in sterol biosynthesis (Gaber et al., 1999).  

 

We constructed strains that carry genomically tagged Sec61-mCherry (an ER marker) and either 

Faa4-GFP or Erg6-GFP in the SGA alpha background (FYS255 = SGA alpha Erg6-GFP::Hph 

Sec61-mCherry::URA. FYS258 = SGA alpha Faa4-GFP::Hph Sec61-mCherry::URA). With the 

assistance of Florian Frohlich in the laboratory of Tobias Walther (Yale, then at Max Planck in 

Munich), we used synthetic genetic array (SGA) methodology (Tong et al., 2001, Tong et al., 

2006, and Cohen and Schuldiner, 2011) to mate the strains to two different libraries – the yeast 

deletion collection (Gieaver et al., 2002), ~5000 strains, each with a single deletion in a 

nonessential gene, and the decreased abundance by mRNA perturbation (DAmP) collection 

(Schuldiner et al., 2005 and Breslow et al, 2008) ~1000 strains, each with a hypomorph of an 

essential gene. We selected for haploid MAT A cells with the deletion/DAmP::Kan Erg6/Faa4-

GFP::Hph Sec61-mCherry::URA. Two of our plates were duplicated, allowing for multiple 

identifications of the same gene for a small fraction of our strains. 

 

The constructed strains were sent to the lab of Maya Schuldiner (Weizmann Institute) and were 

imaged in triplicate by Yael Elbaez. The strains were grown overnight in a 384-well plate. In the 

morning, they were diluted 1:20 and grown for 3 hrs, transferred to a microscope plate, and 

visualized. The experiment was calibrated so that the cells would be “mid log” phase, however it 

takes 2.5-3 hours to image the entire plate so there may be differences in growth phase from the 

beginning to the end of the plate. Additionally, individual strain fitness could influence the 

imaged growth phase because of differences in growth rate or exit from stationary phase. 
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strong loss of GFP punctae   
3 C1 YPL206C PGC1 LD, M 

10 H19 YCR028C FEN2 PM 
17 K11 YNR016C ACC1 ER, M 
18 B5 YDR160W SSY1 PM 
18 E15 YIR010W DSN1 N 
18 M9 YOR232W MGE1 M 
20 B12 YJL125C GCD14 N 
20 B16 YJL195C   
20 D16 YKL189W HYM1 bud 
20 N9 YGR190C   

moderate loss/increased background  
2 H7 YOR328W PDR10 PM 
3 E5 YPL191C  C 
4 H22 YCL050C APA1 C, N 
5 N12 YOR245C DGA1 LD 
5 P6 YOR258W HNT3 C, N 

11 P13 YNL107W YAF9 C, N 
18 D17 YDR240C SNU56 N 
18 G14 YBR234C ARC40 C 
18 J3 YDR499W LCD1 N 
18 L14 YJL061W NUP82 N 
20 M14 YMR197C VTI1 G 

distributed punctae/increase background 
1 B17 YML089C   
1 B21 YML087C AIM33  
1 D7 YML081W TDA9 N 
1 D11 YML079W  C, N 
1 D13 YML078W CPR3 M 
1 D19 YML061C PIF1 M, N 
1 P12 YMR245W   
2 J10 YOL081W IRA2 C, M 
4 M13 YGR132C PHB1 M 
4 P19 YHR183W GND1 C, M 
5 B8 YOR141C ARP8 N 
5 C18 YKL085W MDH1 M 
6 L11 YDR207C UME6 N 
6 M14 YLR269C   
6 E23 YJL179W PFD1 C 
8 E8 YDR293C SSD1 C 
8 K3 YKR042W UTH1 M 
8 K6 YIL011W TIR3 wall 
8 L6 YMR075C-A   
8 P6 YNR075W COS10 C, ER 
9 F22 YHR041C SRB2 N 
9 L1 YJL115W ASF1 N 

10 I23 YAL012W CYS3 C 
10 K5 YAL056C-A   
10 P7 YJR011C   
10 P21 YJR024C MDE1 C 
11 B15 YIL121W QDR2 PM 
11 D16 YGR063C SPT4 N 
11 F11 YIL155C GUT2 M 
11 F20 YJL136C RPS21B C 
11 J5 YIR009W MSL1 N 
11 P21 YNL121C TOM70 M 
12 H17 YDL021W GPM2 C 
14 A7 YGL133W ITC1 N 
15 O18 YKL096C-B   
16 C3 YDL077C VAM6 V 
17 K15 YNR043W MVD1 C 
18 K11 YNR016C ACC1 M, ER 
18 N4 YJL097W PHS1 ER, V 
18 N13 YFR005C SAD1 N 

18 N14 YJR007W SUI2 C 
18 O10 YDR045C RPC11 N 
18 P11 YGL048C RPT6 N 
19 B13 YKL122C SRP21 N 
19 D6 YMR235C RNA1 C, N 
19 M3 YLR397C AFG2 C 
19 O17 YMR047C NUP116 NP 
19 P17 YMR047C NUP116 NP 
20 E13 YPL063W TIM50 M 
20 O9 YOR256C TRE2  

increased background   
1 M21 YLL019C KNS1  
4 K1 YER074W RPS24A C, M 

10 K17 YCL058C FYV5  
16 I22 YCR063W BUD31 N 

large GFP punctae   
2 F10 YOL052C SPE2 C, N 
2 I16 YOR039W CKB2  
6 E24 YLR404W FLD1 ER 
7 P9 YGL019W CKB1  
9 O21 YMR313C TGL3 LD 

14 G10 YDR477W SNF1 M,N,V,C 
16 H10 YDR477W SNF1 M,N,V,C 
17 B11 YDR168W CDC37 C 
20 P17 YIR015W RPR2  

small cells with no GFP punctae   
4 H15 YHR108W GGA2 G 
4 H17 YHR109W CTM1 C 
4 N17 YHR157W REC104 N 
5 C13 YLR179C  C, N 
5 K2 YKL136W   
5 M17 YKL041W VPS24 C 
8 H7 YFL023W BUD27 C 

10 A17 YLR431C ATG23  
12 C18 YFL019C   
12 D20 YDR456W NHX1 end 
12 H10 YDR484W VPS52 G 
12 H14 YDR486C VPS60 C 
12 H15 YDL020C RPN4 N 
12 I7 YMR135W-A   
12 I9 YMR137C PSO2 N 
12 I16 YOL147C PEX11 ER, P 
12 J15 YDL035C GPR1 PM 
14 A10 YER179W DMC1 N 
17 C6 YBL076C ILS1 C 
17 F2 YGR264C MES1 C 
17 I7 YMR005W TAF4 N 
18 A7 YDL132W CDC53  
18 K15 YNR043W MVD1 C 

heterogenous   
7 I14 YFR035C   
8 B15 YIL090W ICE2 ER 
9 J3 YJL127C SPT10 N 

10 H7 YCR020W-B HTL1 N 
11 F24 YJL139C YUR1 G 
12 A9 YCR030C SYP1 bud 
14 O5 YER161C SPT2 N 
17 E15 YIR010W DSN1 N 
18 A4 YAL043C PTA1  
18 H4 YHR197W RIX1 N 
19 H3 YLR033W RSC58  
19 O13 YMR013C SEC59 ER 
19 P13 YMR013C SEC59 ER 
20 P21 YJL015C   
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Table 4.3. Strains identified as having non-wild type distribution of Faa4-GFP. Duplicates 
represent strains that were duplicated in the screened collection and identified phenotypically 
both times. All hits were roughly grouped into phenotypic classes.  SGD annotated localization 
are reported localizations for the annotated proteins as documented at yeastgenome.org as of the 
time of screening. C=cytoplasm, ER=endoplasmic reticulum, G=Golgi, LD=lipid droplet, 
M=membrane, N=nucleus, PM=plasma membrane, and V=vacuole. 
 
We manually viewed 3 images/well of Faa4-GFP, annotating any strain that had a non-wild type 

appearance. We identified 121 clones (171 unique genes) that had altered Faa4-GFP morphology 

and roughly clustered these into 7 phenotypic classes (Table 4.3) – strong loss of GFP punctae 

(n=10), moderate loss/increased background (n=11), distributed punctae/increased background 

(n=50), increased background (n=4), large LDs (n=9), small cells with no GFP punctae (n=23), 

and heterogenous (n=14).  

 

We combined the 20 of these hits that had a strong or moderate loss of Faa4-GFP punctae 

(discarding YJL195C as being a dubious ORF) for further phenotypic examination. Only one of 

these 20 had been found in previous visual screen for reduced LDs (Dga1 in Fei, et al. 2008a). 

We also included several genes from other phenotypic classes, selected as being of interest 

because they had functions in lipid metabolism or ER function (Acc1, Ice2, Mvd1, Nup116, 

Sec59, Srp21). We pulled these strains from the deletion/DAmP collections and visually 

screened live cells for LD phenotypes using BODIPY. We identified 5 with a strong loss of LDs 

(acc1-DAmP, ∆fen2, hym1-DAmP, nup82-DAmP, ssy1-DAmP) (Figure 4.3).  
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Figure 4.3. Positive hits from secondary screen of 20 hits from the genome wide screen to 
identify genes that affect Faa4-GFP targeting to the LD. Z-projections of spinning disk confocal 
images of live yeast labeled with vital dye BODIPY. 
 
The five genes with the strongest phenotypes in our secondary screen represent a variety of 

functions. Fen2 is a plasma membrane proton-pantothenate symporter (Stolz and Sauer, 1999). 

Pantothenic acid (Vitamin B5) eventually is metabolized to CoA, an essential component of 

many aspects of lipid synthesis. Acc1 catalyzes the carboxylation of acetyl-CoA to malonyl-CoA  

(Mishinia et al., 1980) which is required for de novo biosynthesis of long-chain fatty acids. 

Nup82 is nucleoporin, a subunit of the nuclear pore complex (Grandi et al., 1995). Ssy1 is a 

component of the SPS plasma membrane amino acid sensor system (Klasson et al., 1999 and 

Forsberg and Ljungdahl, 2001). Hym1 is a component of the RAM signaling network that is 

involved in the regulation of Ace2 activity and cellular morphogenesis (Nelson et al., 2003). We 

added Pgc1 to our list for further examination because it has a lipid function (as a phosphatidyl 

glycerol phospholipase C)(Simockova et al., 2008) and is localized to the LD (Beilharz, 2003). 
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We examined the deletions/DAmPs of Fen2, Acc1, Nup82, Ssy1, and Hym1 for phenotypes that 

may explain their loss of LDs. We found no gross changes to phospholipids, ER morphology, 

LD-ER association, mitochondrial morphology, or LD-mitochondrial association. When 

examining neutral lipids by thin layer chromatography, we did observe a specific loss of SE in 

all 5 strains. This was unexpected as altered LD numbers are usually attributable to equal 

modulation of TG and SE or to alterations to TG alone.  TG, free fatty acid, and ergosterol levels 

were similar between strains. 

 

 
Figure 4.4. Neutral lipid content of strains identified by visual screening to have a loss of LDs. 
Measurements were made from quantifying intensity of TLC bands. Error bars are standard 
deviation, shown only on conditions where n>3. 
 
Before continuing in our studies, we wanted to verify that the observed phenotypes were due to 

the known genotypes and not from background mutations or mislabeled strains caused by 

maintenance in 384-well format. Additionally, we wanted to know if the phenotypes were strain 

specific. We remade acc1-DAmP [frozen as FYS550 and FYS551], fen2∆ [FYS557 and 
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FYS558], ∆hym1 [FYS552 and FYS553], nup82-DAmP [FYS555 and FYS556], ∆pgc1 

[FYS554] in the W303 background and none had a LD phenotype by BODIPY. We next remade 

acc1-DAmP [FYS566 and FYS567], fen2∆ [FYS559 and FYS565], nup82-DAmP [FYS563 and 

FYS564], ∆pgc1 [FYS561 and FYS562] in the original BY4741 (S288C) background. acc1-

DAmP, nup82-DAmP, and ∆pgc1 did not have a LD phenotype by BODIPY. ∆fen2 appeared to 

have a defect in uptake of BODIPY as it did not label any internal structures, but we did not 

follow up on this phenotype. 

 

We additionally tried to use genetic means to confirm the genetic cause of the phenotypes in the 

original strains used in the screen. We mated acc1-DAmP to a wild type strain, sporulated, and 

found that the Kan selection cassette (used to create acc1-DAmP allele) did not segregate with 

the loss of LD phenotype. We transformed Hym1-DAmP with MOBY-ORF (Molecular 

Barcoded Yeast ORF database) plasmid of ~900bp upstream through ~250bp downstream of 

YKL189C (Hym1) on plasmid backbone p5472 and found that it did not rescue the loss of LD 

phenotype. 

 

Because we were not able to verify a single hit from our screen, we opted to not continue work 

on this project. Yuan Xue in the Walther lab has manually examined all of the images generated 

in the screen and was not able to craft a research project out of her results, having similar 

problems verifying phenotypes. All of the images are available on the Farese lab server in the 

event that there is further interest in the original data. 
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Erg Protein Targeting to the Yeast Lipid Droplet 

 
Because an unbiased approach failed to identify machinery necessary for protein targeting to the 

LD (see previous section), we decided to approach this question with a targeted approach. An 

observation was reported that Erg27-GFP doesn’t traffic to the LD in a strain lacking TG 

(dga1∆lro1∆) but its trafficking is not affected in a strain lacking SE (are1∆are2∆) (Garbarino et 

al., 2009). Since I worked on this project, the same observation was made for Erg6-GFP 

(Jacquier et al., 2011). The authors proposed that the lipid content of the LD affected targeting of 

Erg7. We wanted to investigate that hypothesis. 

 

 
Figure 4.5. Erg protein localization in TG and SE deficient strains. Erg genes were tagged at the 
genomic locus and visualized by spinning disk microscopy. Single Z slices are shown.  
 
We first asked if we could replicate the Erg27 findings and if they extended to other LD Erg 

proteins. We made TG deficient (dga1∆lro1∆) and SE deficient (are1∆are2∆) strains and tagged 

Erg1, Erg6, Erg7, and Erg27 in both deficiency strains and in a wild type background. We 

additionally tagged Erg11 as a negative control as it is an ER localized protein. We were able to 
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replicate the published findings that Erg7 (and Erg6) had more ER localization in a TG deficient 

strain and were able to extend the finding to Erg27 (Fig. 4.5). Unsurprisingly, Erg11 localization 

did not appear to be affected, and, potentially interestingly, Erg1 localization also was not 

affected.  

 

 
Figure 4.6. Quantification of GFP localization to the ER by overlap between Erg-GFP and 
Sec61-mCherry as calculated by Mander’s Overlap coefficient. 
 
We quantified our GFP imaging results by calculating a Mander’s coefficient of overlap between 

green (GFP) and red (mCherry) channels after expressing Sec61-mCherry on a CEN/ARS 

plasmid in all strains. The quantified results were consistent without our visual observation of the 

differences in localization between wild type and TG deficient backgrounds (Fig. 4.6). 

Interestingly, we also observed a slight increase in GFP localization to the ER for Erg6, Erg7, 
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and Erg27 in the SE deficient background as well. Erg1 and Erg11 did not change localization 

between conditions, consistent with visual observations. 

 

 
Figure 4.7. Localization of Erg27-GFP to the ER by western blot. Cells were crudely 
fractionated as described in Currie et al., 2014. 
 
We were additionally able to verify our results by western blot. We crudely fractionated cells 

expressing Erg27-GFP at the genomic locus with a 100k x g spin, collecting membrane pellet, 

and slicing the cytoplasm into upper (containing floating LDs) and lower (cytoplasm only) 

fractions. We observed that Erg27-GFP had a higher ratio of ER to LD localization in 

dga1∆lro1∆ cells than wild type or are1∆are2∆ (Fig. 4.7). 

 
GFP/Background WT BY4742 FYS252 

are1∆ are2∆ 
FYS242 
dga1∆ lro1∆ 

Size (with 
GFP) 

Erg1 268 266 594 82 kD 
Erg6 585 595 593 70 kD 
Erg7 570 267 572 110 kD 
Erg27 571 275 459 67 kD 
Erg11 675 596 703 89 kD 
Tgl3 589  801 104 kD 
Table 4.4 FYS numbers of strains generated for analysis of Erg protein localization. 
 
All strains generated for analysis of Erg localization were frozen in the Farese yeast library. 

Strain numbers are given in table 4.4. Tgl3-GFP strains were made for use as a non-Erg LD 

protein control but were never analyzed. 
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There are many differences between dga1∆lro1∆ and are1∆are2∆ strains that could be 

responsible for the differences in Erg protein localization to the LD. We first hypothesized that 

differences in lipid content of the LD affect Erg targeting. To explore this hypothesis, we 

collaborated with Christer Ejsing, to analyze the lipidome of the wild type, TG deficient, and SE 

deficient strains (e860). As expected, TG-LD strains completely lacked SE. In accordance with 

published literature, we were able to detect some TG in SE-LD strains, because Are1 and Are2 

are able to esterify DG to TG in small amounts (Sandager et al. 2002). We found altered TG 

species, as well as changes in amounts and species of PC, PE, and PI in dga1∆lro1∆ cells. Very 

few alterations were observed in are1∆are2∆ cells. Additional changes are summarized in Fig. 

4.8 and Fig. 4.9. 

 
 

 
Figure 4.8. Summary of changes in the lipidome of ∆dga1∆lro1 (SE-LD) strains. Figure adapted 
from Choi et al., 2004. 
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Figure 4.9. Summary of changes in the lipidome of ∆are1∆are2 (TG-LD) strains. Figure adapted 
from Choi et al., 2004. 
 
To better understand whether the whole cell lipid alterations affect LD lipids, we isolated lipid 

droplets and analyzed the lipidome of the lipid droplets, again in collaboration with Christer 

Ejsing (e909). The data generated is calculated as the mol percent of monitored species. Because 

the strains are missing major classes of lipids (TG or SE), it is hard to get an overview of 

changes to lipid classes using the dataset generated. In order to generate a more interpretable 

dataset, the experiment needs to be run with an absolute which could come from repeating the 

data using protein measurements or spiked lipid standards. We did observe some minor 

alterations that could merit further investigation with a more interpretable dataset. There were 

minor changes in PE in are1∆are2∆ and differences in SE species in dga1∆lro1∆. TG species 

were quite similar between the three strains (although the mass of TG greatly reduced in 

dga1∆lro1∆), however there are 2 species each with roughly 2% intensity of TG species that are 

detectable in dga1∆lro1∆ and not the other strains – TAG 48:1 mg/z 822.7524 and TAG 50:1 

m/z 850.7837. These likely reflect differences in substrate specificities for TG synthesis between 

the major TG synthetic enzymes (dga1 and lro1) and are1 and are2.  
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Because our lipidomic data did not show differences large enough to generate testable 

hypotheses about lipid derived differences affecting LD protein targeting, we considered other 

differences between dga1∆lro1∆ and are1∆are2∆. A major difference that we noticed by 

microscopy is that dga1∆lro1∆ cells have fewer LDs than are1∆are2∆. We quantified the average 

LD number/cell by visualizing LDs with BODIPY and manually counting LDs, and found that 

are1∆are2∆ have slightly fewer LDs than WT (WT = 8.0 +/- 3.8, are1∆are2∆ = 7.1 +/- 2.8, 

dga1∆lro1∆ = 1.9 +/- 1.5). Student’s T-test between WT and are1∆are2 = .01 showing that the 

slight difference is significant. Interestingly, these differences in LD number correlate with the 

observed differences in Erg localization as quantified by Mander’s coefficient, leading us to the 

hypothesis that LD number controls Erg localization to the LD. 

 
Genotype 

 
Reported phenotype 

 
Observed phenotype 

 
ssd1∆ fld sick, full of vacuoles 
nem1∆ fld fld 

ltv1∆ fld wt 

vp53∆ mld wt/fld 

est1∆ mld mld 

gon7∆ mld wt 

Table 4.5. Genomic deletion of genes reported to have LD phenotypes fails to replicate most 
published results. 
 
To explore the connection between LD number and Erg localization, we wanted to quantify Erg 

localization to the LD in strains with increased (mld) and decreased (fld) numbers of LDs. We 

sought to alter the number of LDs without dramatically altering the lipid composition of the cell 

and chose to freshly make candidates based on phenotypes reported in Fei et al., 2008a. We 

found that only 2 of 6 genetic deletions replicated published results (Table 4.5) and so continued 

our explorations with nem1∆ and est1∆ for our fld and mld strains, respectively. 
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Figure 4.10. Correlation between LD number and LD localization of Erg6-GFP. Mander’s 
correlation coefficient was calculated by overlap between Green (genomic Erg6-GFP) and Red 
(Sec61-mCherry on a CEN-ARS plasmid) channels. Lipid droplet number was manually counted 
in non-GFP tagged strains by visualization of LDs with BODIPY. 
 
We quantified the number of LDs and the Mander’s coefficient as previously described in 

nem1∆ and est1∆. Plotting these and the WT, dga1∆lro1∆ and are1∆are2∆ results, we see an 

anti-correlation between LD number and ER localization of Erg6-GFP, consistent with our 

hypothesis (Fig. 4.10). To further explore whether lipid content of the LD affects LD protein 

targeting, we started testing stress conditions that increase the number of LDs without 

significantly changing their composition (i.e. are1∆are2∆ cells synthesize more LDs when 

stressed but are still unable to make SE). We did not further pursue this avenue of research 

because we did not have a method for simple and sensitive quantification of cellular lipids. 

 

Although there are some Erg enzymes that localize to the ER and some to the LD, LD 

localization is not necessary for these enzymes as yeast lacking LDs are able to synthesize 

ergosterol, albeit with a defect due to Erg1 instability (Sorger et al., 2004). We sought to explore 

the importance of Erg targeting to the LD in a wild type cell by tethering Erg6 to the ER and then 
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testing efficiency of Erg6 activity and ergosterol synthesis activity. To tether Erg6 to the ER, we 

sought to follow the work of Ho Yi Mak who showed that a LD protein could be tethered to the 

ER in Caenorhabditis elegans with the addition of a segment of cytochrome b5 and unaffected 

by the addition of a mutant form of this segment (Xu et al., 2012). Ken Harrison was able to 

show that this same strategy works in yeast on the protein Nus1 (unpublished). Unfortunately, 

Erg6 did not have wild type localization when tagged with the mutant cytochrome b5 segment so 

we could not continue with this strategy. 
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During the course of graduate school, I became interested in science writing as a career. 

Accordingly, I jumped on an opportunity that presented itself to write a review. What follows is 

a review on the connections between cellular lipid metabolism and cancer. While it may seem 

distant from my primary research interest of proteins at the lipid droplet in yeast, there are in fact 

many reasons that I thought it was a relevant and appropriate detour. My research on proteins at 

the lipid droplet in yeast is essentially a focus on cellular lipid metabolism in yeast. Writing a 

review on cellular lipid metabolism in mammalian cells was an exciting opportunity to build 

upon my knowledge base and expand it to include other cell systems. Additionally, I believe that 

as a lipid biochemist, I have a unique perspective on a whole class of molecules (i.e. lipids) that 

are often poorly understood by other scientists, even those that often think on the cellular level. 

By surveying the cancer literature for connections to cellular lipid metabolism, I was able to 

create and explain a framework for other scientists, especially cancer researchers, to think about 

the problem of cancer in a novel way.  
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Introduction  

Although cancers are hugely diverse in type and etiology, cancer cells frequently share the 

attribute of metabolic abnormalities. For example, glucose metabolism is commonly altered to 

decouple glycolysis from pyruvate oxidation (the Warburg effect) so that carbohydrates are not 

used for maximal ATP generation via mitochondrial respiration, despite high oxygen 

availability. A better understanding of these metabolic changes has prompted new approaches 

toward cancer therapy (reviewed in Hsu and Sabatini, 2008; Schulze and Harris, 2012).  

Alterations in fatty acid (FA) metabolism in cancer cells have received less attention but are 

increasingly being recognized. FAs consist of a terminal carboxyl group and a hydrocarbon 

chain, mostly occurring in even numbers of carbons, that can be either saturated or unsaturated. 

They are required for energy storage, membrane proliferation, and the generation of signaling 

molecules. Here, we provide a brief review of metabolism in cancer cells, focusing on pathways 

of FA synthesis and storage. Furthermore, we examine a model for attenuating cancer cell 

proliferation and metastasis by manipulating FA metabolism to diminish FA availability. Due to 

the great diversity of cancer cells, our perspective is meant to be provocative, not universal. 

Nevertheless, our intention is to provide a framework for the generation of new ideas on how to 

manipulate fatty acid metabolism in cancer cells.  
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Alterations in Energy Metabolism in Cancer Cells 

Cancer is fundamentally a disorder of cell growth and proliferation, which requires cellular 

building blocks, such as nucleic acids, proteins, and lipids. Cancer cells often have perturbed 

metabolism that allows them to accumulate metabolic intermediates as sources of these building 

blocks.  

The most understood metabolic perturbation in cancer cells is the Warburg effect, an 

energetically wasteful alteration to glucose metabolism in which cancer cells use carbon from 

glucose to build other molecules instead of completely oxidizing them to carbon dioxide 

(Warburg, 1956). During normal cellular metabolism in the presence of oxygen, glucose 

undergoes glycolysis in the cytoplasm to produce pyruvate. After import into mitochondria, 

pyruvate is oxidized to acetyl-CoA, which then enters the Krebs cycle to produce reducing 

equivalents for oxidative phosphorylation (Figure 2.1). When oxygen is limiting, excess 

pyruvate is fermented to lactate in the cytoplasm. Differentiated cells typically use oxidative 

phosphorylation because of its efficiency, with one glucose molecule undergoing complete 

oxidation to yield ~36 ATP molecules versus 2 ATP that are obtained from anaerobic glycolysis. 

The Warburg effect is the use of fermentation even in the presence of oxygen and is 

characterized by an increase in glucose uptake and consumption, a decrease in oxidative 

phosphorylation, and the production of lactate1.  

Another commonly observed metabolic alteration in cancer is increased glutamine 

metabolism. In mammalian cells, glutamine is a major energy substrate through its metabolism 

to produce α-ketoglutarate, which feeds into the Krebs cycle. Glutamine-derived α-ketoglutarate 

contributes to the production of citrate by forward-flux through the Krebs cycle and malic  
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Figure 2.1. Overview of cellular fatty acid metabolism. See text for description of depicted 

pathways. Enzymes are in bold. Enzymes with boxes around them are membrane localized. 
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enzyme-dependent production of pyruvate (DeBerardinis et al., 2007). Glutamine can also be 

converted to citrate by the reversal of the Krebs cycle reactions catalyzed by isocitrate 

dehydrogenase and aconitase (Wise et al., 2008; Mullen et al., 2012; Metallo et al., 2012). Citrate 

can then be used for the production of acetyl-groups for FA synthesis (see below). 

Lipid metabolism is also altered in rapidly proliferating cells (for general reviews, see 

Swinnen et al., 2006; DeBerardinis and Thompson, 2012; Santos and Schulze, 2012). Here we 

focus on cancer and FA metabolism. In cancer cells, carbon must be diverted from energy 

production to FAs for biosynthesis of membranes and signaling molecules. The bulk of cell 

membrane lipids are phospholipids (PLs), such as phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE), in addition to other lipids, such as sterols, sphingolipids, and 

lyso-PLs. All of these lipids are derived in part from acetyl CoA, and many contain FAs. The FA 

building blocks come from either exogenous sources or from de novo FA synthesis. While most 

normal human cells prefer exogenous sources, tumors synthesize FA de novo (Medes et al., 

1953) and often exhibit a shift toward FA synthesis (Ookhtens et al., 1984). To enter the 

bioactive pool, FAs require “activation” by covalent modification by CoA via fatty acyl CoA 

synthetases. Once in the active pool, FAs can be esterified with glycerol or sterol backbones, 

generating triacylglycerols (TGs) or sterol esters (SEs), respectively, and then stored in lipid 

droplets (LDs) (See Figure 2.1). Within cells, FAs can have many fates, including being 

incorporated into membrane, storage, or signaling lipids, or oxidized to carbon dioxide as an 

energy source. 

Although this review focuses on de novo FA synthesis pathways, some tumors scavenge 

lipids from their environment, rendering FA uptake pathways as a potential target. For example, 

fatty acid binding protein 4 (FABP4), a lipid chaperone, is implicated in providing FAs from 
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surrounding adipocytes for ovarian tumors (Nieman et al., 2011). Also, prostate cancer cells 

show reduced viability in the presence of FASN (C75) or ACLY (SB-204990) inhibitors only 

when cultured in the absence of lipoproteins, an exogenous lipid source (Ros et al., 2012). CD36, 

a widely expressed transmembrane protein with diverse functions that include fatty acid uptake, 

has been implicated in breast cancer, and decreased levels of CD36 in stromal tissue are 

correlated with early steps in tumorigenesis (Defilippis et al., 2012). It is noteworthy that in vitro 

conditions for cell culture experiments are likely to be different than in vivo conditions, where 

exogenous uptake may be more important in some cancers.  

 

Limiting Supplies of Fatty Acids to Limit Cancer Cell Proliferation 

Since FAs are essential for cancer cell proliferation, limiting their availability could provide a 

therapeutic strategy. From the perspective of lipid metabolism, limiting FA availability could be 

achieved in several ways: 1) blocking FA synthesis, 2) increasing FA degradation via oxidation, 

3) diverting FAs to storage, or 4) decreasing FA release from storage (Figure 2.2). Limiting FAs 

through these mechanisms could be accomplished in isolation or in a combinatorial manner. 

Using this as a framework, we review evidence relevant to this model.  

 

  



 72 

Blocking Fatty Acid Synthesis 

The simplest way to reduce FA levels is to block their synthesis. Glucose metabolism feeds into 

FA metabolism at the point of citrate, an intermediate in the Krebs cycle (see Figure 2.1). 

Several steps are required to convert carbons from citrate to bioactive fatty acids. These steps 

involve ATP citrate lyase (ACLY, ACL, or ATPCL), acetyl-CoA carboxylase (ACC), fatty acid 

synthase (FASN or FAS), and acyl-CoA synthetase also known as fatty acid-CoA ligase 

(ACS,ACSL or FACL). In the model of decreasing FA availability, inhibiting these enzymes 

would limit cancer cell growth. Important for the clinical significance of these strategies, many 

inhibitors of these enzymes have minimal effects on non-cancer cells. 

The subcellular localization of citrate determines its metabolic fate: mitochondrial citrate 

feeds into the Krebs cycle, and cytoplasmic citrate feeds into FA synthesis. Citrate is transported 

across the inner mitochondrial membrane for use in the cytoplasm in a regulated fashion by the 

transport protein CIC (citrate carrier). CIC levels are elevated in various cancer cell lines and 

tumors in a manner correlated with poor outcomes, and the inhibition of transport by benzene-

tricarboxylate analog (BTA) shows anti-tumor effects in various tumor types and in vivo in 

xenograft mice (Catalina-Rodriguez et al., 2012). 

ACLY: ACLY bridges glucose metabolism and FA metabolism by converting six-carbon 

citrate to oxaloacetate and two-carbon acetyl-CoA, the precursor for FA synthesis. Knockdown 

of ACLY reduces the ability of cells to metabolize glucose to lipid as shown by shRNA in 

murine lymphoid cells (Bauer et al., 2005) and siRNA in human adenocarcinoma cells 

(Hatzivassiliou et al., 2005). This alteration in metabolism impairs murine tumorigenesis and 

prevents xenograft tumor formation by human cancer cells when ACLY is knocked down by 

shRNA (Bauer et al., 2005; Hatzivassiliou et al., 2005) or siRNA (Migita et al., 2008) or  
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Figure 2. Model showing how limiting FAs in the cell might limit cancer cell proliferation. 
This may be done by 1) blocking the synthesis of fatty, 2) increasing the rate of FA degradation, 
3) increasing FA storage in neutral TG, and/or 4) decreasing FA release from storage.   
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chemically inhibited by SB-204990 (Hatzivassiliou et al., 2005). While ACLY is a promising 

therapeutic target, its product acetyl-CoA is an important metabolite for many molecules and a 

substrate for the acetylation of proteins and nucleic acids (Wellen et al., 2009). Thus, inhibiting 

its production may have consequences for other metabolic pathways as well.  

ACC: ACC carboxylates acetyl-CoA to form malonyl-CoA, catalyzes the committed step, 

and is the most highly regulated enzyme in the fatty acid synthesis pathway (reviewed in Wakil 

and Abu-Elheiga, 2008). ACC is positively and allosterically regulated by citrate and glutamate 

and negatively and allosterically regulated by long- and short-chain fatty acyl CoAs such as 

palmitoyl-CoA. ACC is inactivated by phosphorylation by AMP-activated protein kinase 

(AMPK) and potentially regulated by many other kinases. There are two ACCs in the human 

genome, ACC1 (ACCα or ACACA) and ACC2 (ACCß or ACACB). ACC1 is highly enriched in 

lipogenic tissues, and ACC2 occurs in oxidative tissues. Because they are primarily found in 

different specialized tissues, ACC1 and ACC2 have different metabolic roles. Malonyl-CoA 

made by ACC1 is thought to serve as a substrate for FA synthesis, whereas the malonyl-CoA 

made by ACC2 serves to inhibit CPT1 (see next section), thus preventing FA degradation.  

Knockdown of ACC1 by siRNA induces apoptosis in prostate cancer (Brusselmans et al., 

2005) and breast tumor (Chajès et al., 2006) cells but not in control non-malignant cells. 

Chemical inhibition of ACC1 and ACC2 by soraphen-A showed similar results in prostate 

cancer cells (Beckers et al., 2007). However, a contradictory result was observed with ACC 

inhibition by TOFA (5-(tetradecyloxy)-2-furoic acid) in breast cancer cells (Pizer et al., 2000). 

This may be attributable to epidermal growth factor receptor (EGFR) activation, as TOFA was 

observed by another group to block the growth of EGFR-activated human glioblastoma cell lines 

while not affecting non-EGFR activated cell lines (Guo et al., 2009a). The situation is further 
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complicated by the observation that silencing of ACC1 or ACC2 accelerated tumor growth in 

lung cancer cells by promoting NADPH-dependent redox balance (Jeon et al., 2012). 

While some aspects of the role of ACC in cancer cells still need to be elucidated, ACC 

activity might be controlled by promoting ACC phosphorylation. AMPK is activated by drugs, 

such as metformin, already widely used to treat diabetes. There is experimental evidence in vitro 

and in vivo in mice and humans, mainly in solid tumor models, that metformin treatment has 

anti-tumor activity, and clinical trials to further explore efficacy are underway (Pollak, 2012). 

MCD: Malonyl-CoA decarboxylase (MCD) decarboxylates malonyl-CoA to acetyl-CoA, 

essentially reversing the reaction catalyzed by ACC. Thus, it is surprising that MCD inhibition 

yields similar data as ACC. siRNA against MCD and MPA treatment, a small-molecule inhibitor 

of MCD, are cytotoxic to breast cancer lines but not fibroblasts (Zhou et al., 2009). 

FASN: FASN catalyzes successive condensation reactions to form a fatty acid from malonyl-

CoA and acetyl-CoA substrates, producing mainly 16-carbon palmitate. It is perhaps the most 

studied FA metabolic enzyme with respect to cancer. Increased fatty acid synthesis due to 

increased levels of FASN has been observed in a multitude of cancers and is strongly correlated 

with a poor prognosis in many instances (reviewed in Menendez and Lupu, 2007). RNAi against 

FASN decreases levels of TG and phospholipids and inhibits cell growth and apoptosis in cells 

derived from a lymph node metastasis of prostate carcinoma (LNCaP) cells with no effects on 

growth rate or viability of non-malignant cultured skin fibroblasts (DeSchrijver et al., 2003). In 

many reports, chemical inhibitors of FASN preferentially killed cancer cells (reviewed in Lupu 

and Menendez, 2006). FASN is a particularly appealing therapeutic target because most cancer 

cells depend upon FASN-mediated de novo FA synthesis, whereas most non-cancer cells prefer 

exogenous FA. However, cell death induced after FASN inhibition might be due to the toxic 
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accumulation of malonyl-CoA rather than a lack of FA (Pizer et al., 2000). Moreover, some 

inhibitors of FASN show severe side effects in animal models, including dramatic weight loss 

(Loftus et al., 2000), and FASN is required for adult neuronal stem cell function (Knobloch et al., 

2012).  

ACS: For FAs to enter bioactive pools, they must be activated by ACS enzymes, which 

generate FA-CoA. Bioactive FAs also contribute to protein palmitoylation, a post-translational 

modification that is important in certain cancers (Resh, 2012). Mammals have five ACS isoforms 

(ACSL1, 3, 4, 5, and 6) and also have fatty acid transport proteins with acyl CoA synthetase 

activity. ACSL4 is upregulated in some colon adenocarcinomas (Cao et al., 2000), and ACSL5 

levels are increased in glioblastomas (Yamashita et al., 2000). Overexpression of ACSL4 

promotes tumor cell survival by preventing apoptosis, likely through depletion of unesterified 

arachidonic acid (AA), which yields a pro-apoptotic signal (Cao et al., 2000). Chemical 

inhibition of ACS by Triacsin C (inhibitor of ACSL1, 3, and 4 but not 5 or 6 (Van Horn et al., 

2005; Kim et al., 2001) preferentially induces apoptotic cell death in lung, colon, and brain 

cancer cells (Mashima et al., 2005). Several thiazolidinediones (TZDs) directly bind and inhibit 

rat ACSL4 (but not ACSL1 or ACSL5) in vitro (Kim et al., 2001). TZDs activate peroxisome 

proliferator-activated receptors (PPARs), particularly PPARγ, and are already in wide use for the 

treatment of diabetes. TZD use is correlated with decrease incidence of certain cancers in 

diabetics in what is likely to be a PPARγ-independent manner (Weng et al., 2006). When 

considering treatment through inactivation of ACS, it is important to note that different drugs 

have different isoform specificities so they may have differential effects, as the various isoforms 

have different tissue specificities, responses to nutritional state (Mashek et al., 2006), and 

preferred substrates (notably, ACSL4 prefers AA).  
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SCD: SCD catalyzes the introduction of double bonds into short-chain FAs in the C9 position 

(mainly converting stearoyl-CoA to oleoyl-CoA) (Paton and Ntambi, 2009). This alters the 

physical properties of FAs and has profound effects on lipid function. There are two isoforms of 

SCD in human cells (SCD1 and SCD5). SCD expression and activity is upregulated in some 

cancers, and its importance for cancer biology is increasingly recognized (Igal, 2010). Inhibition 

of SCD function causes cell death in cancer cells, probably by inducing the accumulation of 

unsaturated fatty acids (Ariyamo et al., 2010). Pharmacological inhibition of SCD limits tumor 

growth in pre-clinical cancer models (Fritz et al., 2010) without affecting overall body weight 

(Roongta et al., 2011). Since cancer cells rely considerably on de novo FA synthesis, SCD 

inhibition will likely show some degree of selectivity.  

FAs are also substrates for sphingolipid synthesis. While sphingolipid metabolism is not a 

focus of this review, it is noteworthy that specific sphingolipids, such as ceramides and 

sphingosine-1-phosphate, are bioactive signaling molecules that generally suppress or promote 

tumors, respectively (Ogretmen and Hannun, 2004). Moreover, accumulation of ceramides is 

implicated in the therapeutic effects of various chemotherapeutic treatments of cancer. 
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Blocking Expression of Fatty Acid Synthesis Genes 

In addition to directly targeting enzymes of fatty acid synthesis, their activities could be reduced 

by reducing transcription levels. The master transcriptional regulators of FA synthesis are sterol 

regulatory element-binding protein 1 (SREBP-1) transcription factors (Horton et al., 2002). 

SREBP-1 has two isoforms: SREBP-1a is the predominant isoform in most cultured cell lines 

and SREBP-1c is predominant in liver and most tissues. At normal levels, SREBP-1c activates 

the FA biosynthetic pathway with responsive genes including ACLY, ACC, FAS, SCD-1, and 

GPAT. Therefore, inhibiting SREBP-1 in cancer cells could decrease fatty acid synthesis gene 

expression and possibly prevent cancer cell proliferation. Indeed, shRNA knockdown of SREBP-

1 decreases abundance of ACC and FAS and promotes tumor cell death of glioblastoma cells 

that overexpress SREBP-1 because of constitutively active EGFR, and 25-hydroxycholesterol 

(25-HC), an inhibitor of activation of SREBP-1 and -2, causes cell death in high EGFR (and 

therefore high SREBP-1) expressing cancer cell lines (Guo et al., 2009b). Additionally, higher 

levels of SREBP-1 are seen in prostate cancer tissue and both SREBP-1 and -2 play a role in the 

prostate cancer progression to androgen independence (Ettinger et al., 2004). Interestingly, recent 

work suggests that a mechanism for SREBP-1 repression preventing cancer cell proliferation is 

through loss of SCD-1 and FA desaturation, thereby causing lipotoxicity due to abnormally high 

levels of saturated FAs (Williams et al., 2013; Griffiths et al., 2013). Inhibition of SREBP by 25-

HC, fatostatin, and FGH10019 all cause a decrease in expression of SREBP-1 and -2 target 

genes and significantly reduce cellular growth in a variety of cancer cell lines (Williams et al., 

2013) and SREBP1 knockdown by shRNA reduces tumor growth in vivo in nude mice (Griffiths 

et al., 2013). 

 Further upstream, SREBP transcription factors and FA synthesis can be regulated by many 
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signaling pathways, including growth factor signaling, which is reviewed in depth elsewhere 

(Shao and Espenshade, 2012; Kumar-Sinha et al., 2003; Peterson et al., 2011; Laplante and 

Sabatini, 2009; Lewis et al., 2011). Another transcription factor, liver X-activated receptor 

(LXR), activates fatty acid synthesis by inducing SREBP-1c (Liang et al., 2002). Therefore, 

cancer cell proliferation might be attenuated by preventing LXR activation. However, activation 

of LXR, particularly through T0901317, inhibits cancer cell proliferation in breast, colon, and 

prostate cancers (Viennois et al., 2012). These findings likely reflect functions of LXR other than 

regulating FA synthesis. 
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Increasing Fatty Acid Degradation 

FA levels might be decreased in cancer cells by increasing the rate at which they are degraded. 

Activated FAs are broken by mitochondrial β-oxidation. FA-CoAs are transported from the 

cytosol across the outer mitochondrial membrane after they are converted to FA carnitines by 

carnitine palmitoyl transferase 1 (CPT1). Within the mitochondria, FAs are then repeatedly 

cleaved to produce acetyl-CoAs that feed into the Krebs cycle and produce reducing equivalents 

for oxidative phosphorylation. Increasing FA oxidation to limit FA abundance could in theory be 

beneficial, but data from experiments testing this idea are mixed. 

CPT1: CPT1 is the first and rate-limiting step of fatty acid transport into mitochondria for 

oxidation to carbon dioxide. It is inhibited by malonyl-CoA. β-Oxidation of FAs is increased 

when ACC2 is inhibited because of the depletion of malonyl-CoA, the direct product of ACC. 

Therefore, the attenuation of cancer cell proliferation by inhibiting ACC (discussed previously) 

may also be due in part to an increase in degradation of FAs.  

It is yet unclear whether increased FA oxidation in cancer cells will block proliferation. 

Cancer types likely differ in their clinical response to increasing FA oxidation, depending upon 

their energy requirements and ACC isoform expression patterns. In some types, increased FA 

oxidation may diminish FA availability and be beneficial. On the other hand, etomoxir, an 

inhibitor of CPT1, and ranolazine, an indirect inhibitor of FA oxidation, may kill cancer cells 

(Samudio et al., 2010; Pike et al., 2011). A further caveat of increasing the FA oxidation rate is 

that it could increase cellular ATP levels, thus providing energy for further cellular proliferation. 

Indeed, CPT1C, the brain isoform of CPT1, is important for the survival of cancer cells under 

energy stress (Zaugg et al, 2011).  

It has long been known that PPARα is a major transcriptional regulator of FA oxidation with 
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activation inducing oxidation. In keeping with the uncertainty regarding the role of FA oxidation 

in cancer cell proliferation, extended PPARα activation causes hepatocellular carcinoma in mice 

and rats by an unclear mechanism that involves perturbation of the cell cycle and production of 

reactive oxygen species (reviewed by Michalik et al., 2004). However, humans taking PPARα 

agonists do not develop similar cancers, and in fact, PPARα activation inhibits tumor growth in 

several models (reviewed in Yokoyama and Mizunuma, 2010). 
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Diverting Fatty Acids to Storage 

Once made, FAs can be used for membrane lipid synthesis, degraded, or stored. Conceivably, 

increased storage of FAs in neutral lipids, such as TGs or sterol esters, could lead to a reduction 

in FAs available for use as membrane building blocks or signaling lipids and inhibit cellular 

proliferation. Most cells store FAs in TGs in the cytosolic lipid droplet (LD), an organelle whose 

major function is lipid storage (see Farese and Walther, 2009). The role of LDs in cancer cells is 

unclear. While increased numbers of LDs have been reported in many cancer cells (reviewed in 

Bozza and Viola, 2010), and this accumulation has been proposed to be pathogenic, the 

accumulation of LDs per se, might not be the culprit. The readily available pool of FAs that they 

represent might be pathogenic. LD accumulation might also reflect a cellular response to stress 

(Hapala et al., 2011). Future studies should also carefully delineate whether LD accumulation 

occurs within cancer cells or in surrounding cells. 

The major TG synthesis pathway is known as the Kennedy or glycerol-phosphate pathway. It 

condenses FAs with glycerol 3-phosphate using the enzymes glycerol-3-phosphate 

acyltransferase (GPAT), acylglycerolphosphate acyltransferase (AGPAT), phosphatidic acid 

phosphohydrolase (Lipin or PAP), and diacylglycerol acyltransferase (DGAT). The products of 

all but the most distal enzyme (DGAT) feed into PL synthesis. Therefore, GPAT, AGPAT and 

Lipin might be inhibited to limit PL production, while efforts to increase FA storage would be 

focused on activating DGAT. Additionally, the potential benefits of increasing FA storage may 

only be realized while concomitantly inhibiting the release of FA from storage. 

AGPAT: AGPAT esterifies lysophosphatidic acid (LPA) and a FA-CoA to form phosphatidic 

acid (PA). There may be as many as 11 human AGPATs. Elevated AGPAT2 expression is 

associated with poor prognosis of ovarian cancers, and AGPAT2 inhibitors have antitumor 
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activity in xenograft mice (reviewed in Takeuchi and Reue, 2009). Additionally, AGPAT9 and 

AGPAT11 are upregulated in a variety of cancers (reviewed in Agarwal, 2012). As with any 

enzyme with multiple isoforms, differences in expression patterns of the isoforms may have a 

profound influence on the effectiveness of inhibition/activation of a particular isoform in a 

particular cancer.  

PAP: Lipin removes a phosphate group from PA to form diacylglycerol (DG). It is one of the 

least-studied enzymes in the lipid storage pathway with respect to cancer, and little is known 

about how blocking or overexpressing this step of lipid synthesis affects cancer progression. 

However, lipin is involved in the regulation of the activity of sterol regulatory element binding 

proteins (SREBP), a family of transcription factors that regulate the expression of many enzymes 

involved in fatty acid and cholesterol biosynthesis (Ishimoto et al., 2009). Lipin is 

phosphorylated and inhibited by the mammalian target of rapamycin complex 1, resulting in 

activation of SREBP transcriptional activity (Peterson, et al., 2011). Modulating lipin activity 

may therefore have significant effects on cellular lipid homeostasis. 

DGAT: DGAT enzymes esterify DG and a FA-CoA to form TG. Mammals have two DGATs 

(DGAT1 and DGAT2). DGAT catalyzes the only dedicated step in TG formation and thus 

provides a key target for decreasing available lipids by increasing lipid storage. Transformed 

human fibroblasts overexpressing DGAT1 had increased TG and decreased phospholipids, as 

well as reduced proliferation and invasiveness (Bagnato and Igal, 2003).  Unpublished data from 

the Farese laboratory suggests that DGAT1-deficient mice have increased levels of LPA and 

PGE2 in mammary fat and develop some breast cancers more rapidly (Sylvaine Cases, 

unpublished). DGAT1 inhibition might also favor the accumulation of its substrate 

diacylglycerol in cells, which might have signaling effects. These findings would suggest 
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caution, from a cancer standpoint, for the use of DGAT1 inhibitors, which are being explored 

clinically for use in metabolic diseases. 

PLs are the other major products of glycerolipid synthesis and are important for membrane 

expansion in rapidly proliferating cells. The major mammalian membrane phospholipid is PC. 

Many cancers have increased PC levels and increased activity of any of several enzymes in the 

PC synthesis pathway, while inhibition or knockdown of many of the enzymes decrease cancer 

phenotypes (Glunde et al., 2011). An inhibitor of choline kinase alpha (CKα), the first step of 

choline activation for PC synthesis, is currently in Phase I trials for use against advanced solid 

tumors  (http://clinicaltrials.gov/show/NCT01215864).  
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Blocking Fatty Acid Release From Storage 

Once stored, FAs can be released for use by specific lipases. By preventing lipolysis, the 

active FA pool available for cancer cell proliferation might be decreased. FAs derived from 

lipolysis can also serve as precursors for important signaling lipids (see Wymann and Schneiter, 

2008). Most knowledge on lipolysis is derived from work on adipocytes where each TG 

molecule in the LD can be fully hydrolyzed to release three FAs by the sequential action of 

adipose triglyceride lipase (ATGL), hormone sensitive lipase (HSL) and monoacylglycerol 

lipase (MAGL). Although each of these lipases also has important functions in other tissues, it is 

yet unclear whether other lipases might operate in other cell types. Currently, most data 

addressing lipases and cancer are for MAGL.  

MAGL: MAGL hydrolyzes the final FA from MG leaving the glycerol backbone. MAGL 

expression and activity are increased in several aggressive cancer cell lines and primary tumors 

(Nomura et al., 2010). Knockdown and chemical inhibition of MAGL by JZL184 lowered free 

FA levels and reduced pathogenicity of melanoma and ovarian cancer cells in vitro and in vivo, 

while overexpression showed the opposite phenotype. Interestingly, a high-fat diet in mice 

reversed the reduced tumor growth of MAGL-inhibited tumors in mice. This observation raises 

the question of whether targeting lipid metabolism for cancer therapy may only be effective in 

combination with specific dietary regimes. Additionally, MAGL has a role in the regulation of 

signaling lipids: more invasive tumors have increased LPA and PGE2 levels, and those are 

decreased in the presence of MAGL inhibitors. 

ATGL and HSL: Although their roles in cancer cell proliferation are unclear, ATGL and HSL 

play an important role in cancer cachexia, a wasting syndrome that is an adverse prognostic 

factor in cancer. Cancer patients with cachexia show increased HSL and ATGL activity when 
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compared to non-cancer patients, and genetic ablation of ATGL (and HSL to a lesser extent) 

protects mice from cancer-associated loss of adipose tissue and skeletal muscle (Das et al., 2011). 

Therefore, pharmacological inhibition of ATGL and/or HSL may help to prevent cancer-

associated cachexia. 
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Conclusion and Perspective 

Cancer cells rely on FAs as cellular building blocks for membrane formation, energy storage, 

and the production of signaling molecules. Our review highlights this requirement and provides a 

framework for the investigation of limiting the supply of FAs. If the model that FAs are required 

for cancer cell proliferation is correct, cancer cells might be targeted at multiple points within the 

pathway of FA metabolism to subvert rapid proliferation, and many chemical inhibitors for 

specific steps already exist (Table 1). Much like glucose metabolism, targeting FA metabolism 

might be more selective for highly proliferative cells. Alternatively, delivery of FA metabolism 

inhibitors might be done in a cell-specific and targeted manner.  

Cancers are diverse in type and underlying genetic alterations. Lipid metabolism is complex, 

with many different feedback mechanisms and points of regulation. Additionally, most of the 

lipid metabolic enzymes have multiple isoforms, and these may be coupled to different lipid 

metabolic processes and can have different cellular localization or tissue distribution. Therefore, 

successful therapies may be dependent upon understanding the specific metabolic abnormalities 

for a particular type of cancer.  



 88 

 
Enzyme Inhibitor Comments Selected References  

ACC Soraphen-A  (Beckers et al., 2007) 

 TOFA (5-(tetradecyloxy)-
2-furoic acid) 

 (Pizer et al., 2000), (Guo et al., 2009a) 

 A-769662  (Göransson et al., 2007) 

 Metformin  Indirect, activates AMPK (Pollak, 2012) 

 AICAR Indirect, activates AMPK (Jose et al., 2011)(Swinnen et al., 2005) 

ACLY SB-204990  (Hatzivassiliou et al., 2005), (Ros et al., 
2012) 

 LY294002  Indirect, PI3K inhibitor (Migita et al., 2008) 

ACS Triacscin C  (Mashima et al., 2005) 

 Thiazolidinediones 
(TZDs) 

ACSL4 specific, also activates 
PPARγ, FDA approved 

(Kim et al, 2001) 

AGPAT CT-32501  AGPAT2 specific (Takeuchi and Reue, 2009) 

CKα TCD-717 Currently in phase I trials http://clinicaltrials.gov/show/NCT01215
864 

 MN58B  (Glunde et al., 2011) 

CIC Benzene-tricarboxylate 
analog (BTA) 

 (Catalina-Rodriguez et al., 2012) 

CPT1 Etomoxir  (Samudio et al., 2010) (Pike et al., 2011) 

 Ranolazine FDA approved (Samudio et al., 2010) 

FASN Cerulenin and its 
derivative C75 

 (Lupu and Menendez, 2006) (Ros et al., 
2012) 

 Orlistat FDA approved (Lupu and Menendez, 2006) 

 Flavonoids Naturally occurring (Lupu and Menendez, 2006) 

 Epigallocatechin-3-gallate 
(EGCG) 

Found in green tea (Lupu and Menendez, 2006) 

MAGL JZL184  (Nomura et al., 2010) 

SCD BZ36  (Fritz et al., 2010) 

 A939572  (Roongta et al., 2011) 

SREBP Fatostatin Inhibits processing of SREBP-
1 and -2 

(Williams et al, 2013) 

 FGH10019 Inhibits processing of SREBP-
1 and -2 

(Williams et al, 2013) (Kamisuki et al, 
2011) 

 
Table 2.1. Examples of chemical inhibitors of lipid enzymes that could reduce fatty acid 
availability. Shown are selected inhibitors for enzymes mentioned in text. 
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Summary 

 

My work has focused on proteins at the yeast Saccharomyces cerevisiae LD – understanding 

what proteins are present at the LD, how they target the LD, how they affect LD formation, and 

what functions proteins have at the LDs. In my published work, I generated a high confidence 

LD proteome in which I verified the LD targeting of 30 proteins, 6 of which were newly 

identified. I also showed that at least two of the newly identified LD proteins (Rer2 and Say1) 

are active at the LD, connecting the LD to dolichol synthesis and sterol acetylation. In my 

unpublished work, I performed a visual screen for genetic requirements of protein targeting to 

the LD and LD formation. I explored the mechanism of targeting to the LD of proteins involved 

in ergosterol synthesis. I also explored a potential functional role of LDs in protein degradation. 

 

Future Directions 

 

Many questions that guided my research still remain unanswered, with many potential avenues 

of exploration for better understanding.  
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What proteins are present at the lipid droplet? 

 

What is the stationary phase yeast LD proteome? - Although I published a high-confidence 

LD proteome of yeast at stationary growth phase grown in defined media, it is quite possible that 

there are further yeast LD proteins that remain to be discovered in the same conditions. Although 

several yeast LD proteomes have been published, some in the same conditions, the fact that our 

proteome was able to identify and verify 6 new proteins suggests that there has not been 

saturation.  

 

What is the complete yeast LD proteome? It is clear that many variables (e.g. nutrient source, 

growth phase, genetic background, etc.) affect protein targeting to the LD and there is a need for 

high confidence proteomes in different conditions in order to understand the dynamic nature of 

the LD proteome. One comparative proteome was reported comparing rich growth conditions 

with and without oleate supplementation (Grillitsch et al., 2011), however it was not a high-

confidence proteome nor was it validated. There have not been reports of other comparative 

yeast LD proteomes. The SILAC technique that we used in our high-confidence proteome is a 

perfect tool for the future generation of comparative proteomes. 

 

What is the LD proteome of other cell types? Although the high-confidence PCP technique 

has now been reported for LDs in yeast (Currie et al., 2014) and Drosophila (Krahmer et al., 

2013), there are many other cell types that lack proteomes, much less high-confidence 

proteomes. LDs in different cell types have different functions and roles in disease (e.g. fat 

storage in adipocytes, atherosclerosis in foam cells) so it will be informative to have high 
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confidence proteomes of varied cell types. Not only will high-confidence proteomes be 

important for research on cell-type specific functions but having many high-confidence 

proteomes will allow comparisons between cell types to aid in the discovery of universal LD 

characteristics. 
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How do proteins affect lipid droplet formation? 

 

What is the structure of the yeast LD? Relatively little is known about how LDs are formed. It 

is commonly accepted that LDs arise from the endoplasmic reticulum (ER) because the TG 

synthetic enzymes (e.g. mammalian DGAT1 and DGAT2, yeast Dga1 and Lro1) are ER 

localized (reviewed in Goodman, 2008 and Walther and Farese, 2012), although it is clear that 

proteins can target to the LD either at the moment of LD formation or later (e.g. Erg6 and Dga1, 

respectively, in yeast (Jacquier et al., 2011)). My work and the recently published work of others 

(Jacquier et al., 2011) supports the hypothesis that LDs in yeast are different from LDs in other 

cell types and we need to be approaching the questions of LD formation and LD protein targeting 

differently in this model system. In yeast, LDs appear to be a subdomain of the ER that is closely 

associated with the LD (Jacquier et al., 2011). This is different from other cell types, like S2 cells 

where there are distinct LD populations – those that are connected and not connected to the ER 

(Wilfling et al., 2013). More research is needed to explore this hypothesis not only to answer the 

question of how LDs are formed in yeast but because the LD topology affects other major 

questions such as how proteins target to the LD. 

 

What proteins affect yeast LD formation? Several studies have explored the genetic 

requirements of LD formation and morphology (Fei et al., 2008a, 2008b, and Szymanski et al., 

2007), including a genetic screen that I completed but did not publish (Chapter 3). However, 

there is little overlap between the many studies and few of the strongest hits have these studies 

have been confirmed, suggesting that the experimental designs have been prone to false positives 

and/or that LD formation is either incredibly sensitive or surprisingly insensitive to experimental 
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conditions. I suggest that the question of what proteins affect LD formation is better addressed 

by a mechanistic understanding of the few known determinants (e.g seipin) rather than further 

variations on the same screen. 
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How do proteins target the LD? 

 

What are the topologies of yeast LD proteins? The PL monolayer imposes unique structural 

requirements upon proteins that target to the LD, for example, prohibiting transmembrane 

proteins and favoring structures that can localize to the interface by dipping segments into the 

hydrophobic phase, such as proteins with hydrophobic sequences (Martin and Partin, 2006, 

Wilfling et al., 2013)  or amphipathic helices (Brasaemle et al., 2007). How and why proteins 

target to the LD is a major question that remains unanswered as topology is unknown for most 

LD proteins and not all LD proteins with known topologies have hydrophobic sequences or 

amphipathic helices. Additionally, protein topology is always experimentally determined in the 

microsomal fraction and it is possible that the same protein could have different topologies in the 

ER than the LD, analogous to ApoE and its different tertiary structure upon binding lipids  (Lu et 

al., 2000) 

 

Are LD proteins really at the LD in yeast? Twelve proteins (Ayr1, Eht1, Erg1, Erg6, Erg7, 

Faa1, Faa4, Fa1, Pet10, Slc1, Tgl1 and Tgl3) have been identified in all published yeast 

proteomes (Athendstaedt et al., 1999, Binns et al., 2006, Currie et al., 2014, and Grillitsch et al., 

2011), suggesting that they constitutively target the LD. Six of these proteins have predicted 

transmembrane domains (Erg1, Erg7, Fat1, Slc1, Tgl1, and Tgl3), with the topology of Tgl1 

experimentally verified (Köffel et al., 2005). It is unclear how a protein with a transmembrane 

domain can localize to a membrane monolayer at LD surfaces. Likely, these proteins are 

targeting to ER membrane that is closely associated with LD membrane, a hypothesis which 
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merits testing. A complementary hypothesis is that the proteins have different topologies in the 

ER than the LD fractions, discussed above. 
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What functions do LDs have? 

 

What proteins are active at the yeast LD? While we experimentally determined that Say1 and 

Rer2 are active at the LD (Currie et al., 2014), there are many proteins that have been localized 

to the LD by microscopy or cellular fractionation whose biochemical activities have not been 

tested at the LD. As there are examples of proteins localized to the LD but not active at the LD 

(e.g. Erg1, Leber et al., 1998), to ascribe a function to the LD it is important to biochemically test 

that function. 

 

Why are LD proteins active (or not) at the LD and/or elsewhere? Of the proteins that have 

been shown at the yeast LD, there is variability as to whether they are active at the LD. While we 

showed that both Say1 and Rer2 are present and active at the LD and ER (Currie et al., 2014), 

similar to Ayr1 (Athenstaedt et al., 2000), Gpt2 (Athenstaedt et al., 1997), and Slc1 (Athenstaedt 

et al., 1999), not all proteins are active in all subcellular populations. For example, Dga1 (Sorger 

et al., 2002), Erg6 (Zinser et al., 1993), Erg7 (Milla et al., 2002), Erg27 (Mo et al., 2003), and 

Yju3 (Heier et al., 20010) are predominantly active at the LD which may reflect that these 

proteins have higher LD:ER localization ratios. In contrast, Erg1 is strongly present in both the 

ER and LD but only active at the LD (Leber et al., 1998). The significance of some enzymes 

differing in activity at the ER versus LDs is unclear and merits further exploration.  

 

Is protein localization to the LD a regulatory mechanism? There are many examples of some 

proteins but not others in a complex or pathway being found at the LD. The most well-described 

is the Erg pathway where Erg1, Erg6, Erg7, and Erg27 but not the other 8 Ergs in the pathway 
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are found at the LD. One of the proteins that we newly identified, Cab5, is involved in coenzyme 

A biosynthesis, with Cab2, Cab3, and Cab4 (Olzhausen et al., 2013). By fluorescence 

microscopy, we were additionally able to detect Cab4-GFP at the LD (data not shown) but not 

the other Cabs, and we didn’t find any of them in the LD fraction in our proteome. The data 

merit a careful examination of this pathway and its connection to the LD. Additionally, the role 

of LD localization of some enzymes but not others in a pathway should be explored as 

localization may be a regulatory mechanism. 

 

What is the functional role of association with other organelles? LDs are clearly connected to 

other organelles both functionally and physically, although those connections have not been 

thoroughly explored. In yeast, there has been some exploration of the connections between LDs 

and peroxisomes (Binns et al., 2006) but little exploration of the connections to other organelles. 

In our proteome we found that Taz1, a cardiolipin remodeling enzyme found primarily in 

mitochondrial membranes (Brandner et al., 2005), reproducibly fractionates with the LD and this 

might be due to organelle associations. Additionally, microscopy revealed that clusters of Gtt1-

GFP localize near some LDs, offering an explanation for why Gtt1 biochemically purifies with 

LDs. Again, the mechanism is unclear and may have to do with organelle association. 

 

What are the functions of LD proteins whose functions are unknown? Our proteome 

identified five proteins at the LD whose functions are unknown (Pet10, Yim1, YKL047W, 

YOR059C, YPR147C). While YPR147C and YOR059C contain potential lipase motifs, they 

have not been experimentally shown to be lipases. However, it is highly likely that all five 
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proteins are involved in lipid metabolism as all other verified yeast LD proteins are involved in 

lipid metabolism.  

 

What proteins are active at the LD of other cell types? Our lab’s high-confidence Drosophila 

S2 proteome (Krahmer et al., 2013) revealed many proteins involved in ER organization, protein 

degradation, and N-glycan biosynthesis, suggesting additional functions and complexity for LDs 

in fly versus yeast cells. Following high confidence proteomes in other cell types (discussed 

above) should be the functional exploration of protein activities at the LD for the same reasons 

discussed for the functional exploration of yeast protein activities at the LD. 
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Appendix: Protocols developed in Farese Lab 
 

1. In Vitro Cholesteryl-Acetate Deacetylase Activity Assay (Say1 Assay) 
2. In Vitro Cis-Isoprenyl Transferase Activity Assay (Rer2 Assay) 
3. Western Blots from Cell Fractions 
4. Whole Cell Yeast Western Blots 
5. Yeast UPR assay by UPRE-lacZ 
6. Yeast Lipid Extraction and Thin Layer Chromatography (TLC) 
7. Screen for Yeast Growth on Various Carbon Sources 
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In vitro cholestryl-acetate deacetylase activity assay (Say1 assay) 
 
Cell Fractionation 

1. Grow 250mL cells to stationary phase. 
Do not grow them for too long as the longer cells are in stationary phase the thicker 
their cell walls become and so the more refractory there are to spheroplasting. 

2. Centrifuge 4,000rpm for 5 min. 
3. Resuspend in 25mL washing buffer and move to 50mL Falcon tubes. 
4. Shake 10 min at 30C. 
5. Centrifuge 4,000rpm for 5min. 
6. Resuspend in 25mL spheroplast buffer. 
7. Centrifuge 4,000rpm for 5min. 
8. Weigh pellets. 
9. Resuspend in XmL spheroplast buffer (to .2g/mL). 
10.  Add 20mg/g Zymolyase 20T. Incubate in 30C shaker 1hr. 

You can also use Zymolyase 100T at 4mg/g or lyticase at 3150U/g. 
11.  Centrifuge 4,000rpm for 5min. 
12.  Wash with 10mL cold lysis buffer. All steps from here ON ICE. 
13.  Centrifuge 4,000rpm for 5min. 
14. Resuspend spheroplasts in 1-2 mL lysis buffer. 

You want to use the smallest volume that you can because the denser the cell 
suspension is the better the cells break in the homogenizer. 

15.  Manually homogenize in a dounce homogenizer for 40 strokes. 
I use a 7-mL homogenizer. If you have a smaller one that’s great, just don’t go 
larger. 

16.  Pour dounced cells into a 15mL falcon tube. Rinse the dounce with 1 mL lysis buffer and 
collect to minimize cell lysis stuck to the dounce. Your total volume should be about 3-
3.5mL. 

17. Centrifuge 4C 300g 30min. Collect 200uL as your whole cell fraction. Transfer the rest 
of the supernatant to 2mL tubes for TLS-55. 

There will be many unbroken cells in the first spin which is why you collect your 
whole cell fraction after the first spin and not before. 

18. Centrifuge 4C 100,0000g 30min (TLS-55 34,200rpm).  
19. Slice off LD fraction by slicing off the top 300-500uL.  
20. Collect the rest of the supernatant as the cytoplasm. 
21. Gently rinse the 100K pellet twice with 1mL lysis buffer and resuspend the 100K pellet 

in 250uL lysis buffer. 
22. Optional: Add 1mL lysis buffer to the LD fraction. Spin max speed 10m 4C. Insert a 

syringe underneath the floating LD layer and remove 1mL. Repeat. 
This reduces the amount of cytoplasm in the LD fraction but requires additional time 
and handling of the samples and can be a source of loss of LD protein as well. 

 
Assay 

23. Extract the radioactive substrate immediately before running the assay by running it on 
TLC (petroleum ether: diethyl ether: acetic acid (70:30:2)), scraping the CA band, 
extracting it in 3 mL 2:1 CHCl3:MetOH twice, drying it, and resuspending it in EtOH. 
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24. Calculate the protein concentration of each fraction.  
You will probably need to make 1:5 dilutions to be in the linear range of the Bradford 
assay. 

25. Transfer 200ug protein in 50uL lysis buffer of each cell fraction (WC, M, C, LD) to 1.5 
mL eppendorf tubes. Also run a no-protein control lane. 

26. Add 150uL of assay buffer. 
27. Incubate 30C 60m with shaking. 
28. Stop assay by adding 300uL CHCl3. 
29. Add 600 uL MetOH. Vortex well until clear (~5min). 
30. Add 300 uL acidified water. Vortex 1m. 
31. Centrifuge max speed 2m RT to get two layers. Upper aqueous, lower organic. 
32. Discard upper layer. 
33. Add 300uL choloroform and 600 uL acidified water. 
34. Vortex 1m. Centrifuge. 
35. Transfer lower organic layer to fresh tube and dry under nitrogen. 

 
TLC 

36. Saturate TLC chamber with petroleum ether: diethyl ether: acetic acid (70:30:2) for 1-2 
hrs before TLC run. 

37. Add 40uL CHCl3:MetOH (1:1) to each tube. Vortex and load to silica gel TLC plates. 
Run a cold cholesterol standard on each end of the TLC plate. 

38. Run for 35m. Leave under hood to evaporate solvent. 
39.  Expose the plate to iodine and image. 

This is so that you can measure the Rf value of cholesterol each experiment. 
40. Expose to phosphor imaging screen 3 days and scan on the Typhoon. 

Note that the free cholesterol band will be a minor band when compared to all sorts 
of other bands you see on the plate. 

 
Wash Buffer [Make Fresh]  For 150mL 
.1M TrisCl pH9.0   15mL 1M TrisCl pH9.0 
10mM DTT    .231g DTT 
 
Spheroplast Buffer   For 150mL 
1.3M Sorbitol    23.7g sorbitol 
25mM Hepes-KOH pH7.5  2.5mL 1M Hepes-KOH pH7.5 
20mM DTT    .31g DTT 
5mM MgCl2    .75mL 1M MgCl2 
 
Lysis Buffer    for 50mL 
200mM Sorbitol   1.54g sorbitol 
10mM Hepes-KOH pH7.5  .5mL 1M Hepes-KOH pH7.5 
100mM NaCl    1mL 5M NaCl 
5mM MgCl2    .25mL 1M MgCl2 
1mM EDTA    .5mL .1M EDTA 
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Assay Buffer [Final]   for 50mL 2X Assay Buffer 
100mM phosphate buffer pH 6.9 10mL 1M phosphate buffer pH 6.9 
.3% Triton X-100   .3mL Triton X-100 
 
Mix per reaction [200uL finished reaction size]:  
[200ug protein in 50uL sample] 
100uL buffer  
39uL water 
10uL 10mg/mL in EtOH cold cholesteryl acetate 
1.43 ul 14C-cholesteryl acetate (.143 uCi of 55uCi/mmol) 
 
Total amounts per rxn: 
2.6 nmol 14C-cholesteryl acetate (.143 uCi of 55uCi/mmol) 
23.4 nmol cholesteryl acetate 
 
Acidified water   for 50mL 
2.8% ortho-phosphoric acid  1.65mL 85% H3PO4 
     48.35 mL water 
 
100mL 1M phosphate buffer pH 6.9 
52mL 1M Na2HPO4 
48mL 1M NaH2PO4 
 

  
Sample of experimental results. Free cholesterol is present in lanes 3-4. 
Identity of other bands is unknown. 
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In Vitro Cis-Isoprenyl Transferase Activity Assay (Rer2 Assay) 
 
Cell Fractionation 

1. Grow 250mL cells to stationary phase. 
Do not grow them for too long as the longer cells are in stationary phase the thicker 
their cell walls become and so the more refractory there are to spheroplasting. 

2. Centrifuge 4,000rpm for 5 min. 
3. Resuspend in 25mL washing buffer and move to 50mL Falcon tubes. 
4. Shake 10 min at 30C. 
5. Centrifuge 4,000rpm for 5min. 
6. Resuspend in 25mL spheroplast buffer. 
7. Centrifuge 4,000rpm for 5min. 
8. Weigh pellets. 
9. Resuspend in XmL spheroplast buffer (to .2g/mL). 
10.  Add 20mg/g Zymolyase 20T. Incubate in 30C shaker 1hr. 

You can also use Zymolyase 100T at 4mg/g or lyticase at 3150U/g. 
11.  Centrifuge 4,000rpm for 5min. 
12.  Wash with 10mL cold lysis buffer. All steps from here ON ICE. 
13.  Centrifuge 4,000rpm for 5min. 
14. Resuspend spheroplasts in 1-2 mL lysis buffer. 

You want to use the smallest volume that you can because the denser the cell 
suspension is the better the cells break in the homogenizer. 

15.  Manually homogenize in a dounce homogenizer for 40 strokes. 
I use a 7-mL homogenizer. If you have a smaller one that’s great, just don’t go 
larger. 

16.  Pour dounced cells into a 15mL falcon tube. Rinse the dounce with 1 mL lysis buffer and 
collect to minimize cell lysis stuck to the dounce. Your total volume should be about 3-
3.5mL. 

17. Centrifuge 4C 300g 30min. Collect 200uL as your whole cell fraction. Transfer the rest 
of the supernatant to 2mL tubes for TLS-55. 

There will be many unbroken cells in the first spin which is why you collect your 
whole cell fraction after the first spin and not before. 

18. Centrifuge 4C 100,0000g 30min (TLS-55 34,200rpm).  
19. Slice off LD fraction by slicing off the top 300-500uL.  
20. Collect the rest of the supernatant as the cytoplasm. 
21. Gently rinse the 100K pellet twice with 1mL lysis buffer and resuspend the 100K pellet 

in 250uL lysis buffer. 
22. Optional: Add 1mL lysis buffer to the LD fraction. Spin max speed 10m 4C. Insert a 

syringe underneath the floating LD layer and remove 1mL. Repeat. 
This reduces the amount of cytoplasm in the LD fraction but requires additional time 
and handling of the samples and can be a source of loss of LD protein as well. 

 
Assay 

23. Calculate the protein concentration of each fraction.  
You will probably need to make 1:5 dilutions to be in the linear range of the Bradford 
assay. 
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24. Transfer 100ug protein to each cell fraction (WC, M, C, LD) to 16x100mm glass tubes 
and bring volume to 75.8uL with water. Also run a no-protein control lane. 

25. Create a master mix with FPP, 14C-IPP, and 5X reaction buffer and transfer 24.2 uL to 
each reaction tube. 

26.  Incubate 30C 1h with gentle shaking. 
I do this in the rocking waterbath in the radioactive room with the waterbath set to 
30C and the bottom 1” of the tubes in the water. 

27. Quench the reaction by adding 2mL CHCl3:MeOH (2:1). 
Your life will be a lot easier and your experiment more accurate if you have a repeat 
pipetter for this part of the assay. 

28. Add .8mL .9% NaCl. 
This further separates the hydrophobic products from unreacted water soluble IPP. 

29. Suck the aqueous phase from the top of the tube and put it to rad waste. 
30. Wash the organic phase 3 times with 2mL CHCl3:MeOH:dH2O (3:48:47), sucking off the  

upper aqueous phase each time and putting it to rad waste. 
31. Dry samples under nitrogen. 

 
TLC: 

32. Saturate TLC chamber with hexane:ethyl acetate (80:20) for 1-2 hrs before TLC run. 
41. Add 50uL n-hexane to each tube. Vortex and load to silica gel TLC plates. Repeat 50uL 

load. Run a cold dolichol standard on each end of the TLC plate. 
42. Run until the solvent reaches the top of the TLC plate. 
43.  Expose the plate to iodine and image. 

This is so that you can measure the Rf value of dolichol each experiment. 
44. Expose to phosphor imaging screen 3 days and scan on the Typhoon. 
45.  Either on the computer or on a true-size print of the phosphor image, measure the 

distance from the origin to the dolichol band. On your TLC plate, gently draw in pencil a 
1” distance around the dolichol band. Scrape each lane in this 1” block and count on the 
scintillation counter. 

The distance to the dolichol band can vary across the TLC plate so you may need to 
make multiple measurements.  

 
Wash Buffer [Make Fresh]  For 150mL 
.1M TrisCl pH9.0   15mL 1M TrisCl pH9.0 
10mM DTT    .231g DTT 
 
Spheroplast Buffer   For 150mL 
1.3M Sorbitol    23.7g sorbitol 
25mM Hepes-KOH pH7.5  2.5mL 1M Hepes-KOH pH7.5 
20mM DTT    .31g DTT 
5mM MgCl2    .75mL 1M MgCl2 
 
Cis-IPTase reaction buffer  for 10mL 5X buffer 
60mM HEPES, pH 8.5  5mL .6M HEPES pH 8.5 
5mM MgCl2    250uL 1M MgCl2 
2mM DTT    (500uL .2M DTT add fresh) 
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2mM NaF    500uL .2M NaF 
2mM sodium orthovanadate  500uL .2M sodium orthovanadate 
 
cis-IPTase reaction   For each 100uL rxn 
100ug protein 
50uM FPP (Sigma F6892)  2.2uL FPP ammonium salt (MeOH:ammonia soln) 
45uM 14C-IPP (ARC 0541)  2uL 14C-IPP 
cis-IPTase reaction buffer  20uL 5X cis-IPTase reaction buffer 
H2O     to 100uL 
 
 

 
Sample assay TLC. 
Total cpm are not indicative of cis-IPTase activity because of presence of label in non-
dolichol/polyprenol lipids.
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Western Blot Protocol 
Based on Ken Harrison's Method 
 
Pour Gel 
Resolving Gel    8.5%  10%  12.5% 
 30% acrylamide  2.125  2.5  3.125 
 4X Resolving buffer  1.875mL 1.875mL 1.875mL 
 diH2O    3.5mL  3.125mL 2.5mL 
 10%APS   50uL  50uL  50uL 
 TEMED   10uL  10uL  10uL 
     7.5mL  7.5mL  7.5mL 
Overlay with 1mL H2O. Wait 15m. 
 
Stacking Gel 
 650uL 30% Acrylamide (in cold room) 
 1.25mL stacking buffer 
 3.05mL water 
 25uL 10%APS (ok at RT for 1 mo) 
 5uL TEMED 
Add comb. 
Wait 30m. 
 
Resolving buffer is 1.5M Tris pH8.8. 36.3g Tris Base in 150mL water. pH8.8 using concentrated 
HCl. Bring volume to 200mL. 
Stacking buffer is .5M Tris pH 6.8. 12.1g Tris Base in 150mL water. pH6.8 using concentrated 
HCl. Bring volume to 200mL. 
 
Protein Assay – Bio-Rad Dc Protein Assay 
Mix  1mL Reagent A 
 20uL Reagent S 
 
Put into each well of a 96-well plate: 
 5uL sample (and standards) in duplicated 
 25uL AS mixture 
 200uL Reagent B 
 
Wait 10min. 
Read A750 
 
Use BSA protein standards 10mg/mL, 5, 2.5, 1.25, .625, .325 
 
Run Gel 
 
Rinse lanes with water bottle over sink. Suck out water with aspirator. 
Assemble cassette. Lanes face in. 
Fill with running buffer (carbuoy by sink). 
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If running large volumes, fill empty lanes with 1X blue juice. 
80V until hits resolving 
up to 100V (~70mA) 
 
Transfer 
 
Set up cassette 
Black side down – sponge – watman – gel – nitrocellulose – watman – sponge 
Place in transfer box with red facing front 
 
Transfer Buffer 1X – OR use 10X purchased buffer stock near sink 
 3.2g Tris Base 
 14.4g glycine 
 in 1L H2O 
Use 800mL buffer and 200mL MetOH for 1L of transfer buffer 
 
250-300mA 2hrs (for 50-100kD proteins) 
200-250mA 4hrs (for high MW proteins) 
70-100mA 16hrs (to transfer O/N) 
 
Block 
 
Use Bio-Rad 1X TBS/Casein Blocking Buffer (stored in cold room) diluted to .1X with TBS 
(Ken’s bench) 
Make 50mL 
Trim the nitrocellulose to the edge of where the gel was 
Block RT 30min-1hr 
 
Primary 
 
In 2mL, primary antibody in .1X TBS/Casein Buffer diluted with TBS-T (next to sink) 
Rock O/N cold room 
 
Wash 3X 10min 
 
Secondary 
 
In 2mL, secondary antibody in .1X TBS/Casein Buffer diluted with TBS and .01% SDS  
1 hr RT 
 
Wash 8X 5minutes 
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Yeast Whole Cell Western Blot 
Based on Ken Harrison’s Protocol 
8/11 
 

1. Pellet 7.5 OD yeast 

2. Wash in 10mM Tris pH 7.5 

3. Resuspend 7.5 OD yeast/750uL Ken’s Buffer. Add 200uL beads. 

4. Vortex in the cold room 15min. 

5. Spin 2k rpm 5min to pellet beads. Transfer liquid to new tube. 

6. Spin max rpm 15min. Transfer sup to new tube. 

7. Do protein assay on samples. 

8. Add 6X blue juice to 50ug of protein. Boil 15 min. Load gel. 

 

 

 

Ken’s Buffer:     for 20mL 
50mM Tris-Cl pH 7.4    1mL  1M Tris-Cl pH 7.4 
150mM NaCl     3mL  1M NaCl 
5mM EDTA     200uL 500mM EDTA 
.1% NP-40 
Roche Complete Protease Inhibitor  1 Complete Mini Pellet 
Pefabloc SC     3mg/10mL 
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Yeast UPR assay by UPRE-lacZ 
EC 5/12 (Based on protocol By Huajin Wang.) 
 
Optimized for use with FYPl141 aka pPW984 2X UPRE-lacZ, 2micron, URA3 
 
Materials:  
‐ Y-PER yeast protein extraction reagent (Thermo Fisher scientific PI-78991) 
‐ 2xZ buffer (500mL): [Need 250uL/sample] 

Na2HPO4.7H2O 16.1g  or anhydrous 8.5g 
NaH2PO4.H2O  5.5g 
KCl   0.75g 
MgSO4.7H2O  0.246g 
Add ddH2O to 500mL, Adjust pH to 7.0.  
Store at 4°C. (Do NOT autoclave) 
Add 270 µl (50mM) BME/100 ml of 1xZ buffer prior to use.  

‐ ONPG buffer: [Need 100uL/sample] 
4 mg/ml in 1xZ-buffer (with BME) 
Make fresh every time or freeze at -20°C. 

‐ 1M Na2CO3 in ddH2O (to stop reaction) 
 
Procedure:  
1. Start O/N culture RT from a streaked plate. Do NOT let them get above OD1. They are very 

sensitive to growth phase. Do NOT ever let them reach stationary. 
2. Grow cells w/ shaking at 30°C until reach OD600 0.4-0.5. Collect 2mL of culture and record 

OD of collected sample. 
3. Add 5mM DTT for 3hrs as positive control (50uL of 1M DTT/10mL culture)  
4. Harvest cells by centrifugation at full speed 1m 
5. Pellet can be frozen at -80, or proceed to ONPG assay.  

 
ONPG assay:  
1. Warm up reagents and cell pellet to 30°C before assay 
2. Lyse cells with 250 µl YPER+ 250 µl 2x Zbuffer (with BME) (combine and add at once) 
3. Add 100 µl ONPG buffer to 500 ul of cell lysate 
4. Incubate at 30°C for 1-30 min, depending on the reaction. Stop reaction when the tube 

reaches a light-medium yellow color and record time. Try not to collect at minimum or 
maximum of time range. If you’ve reached the color of a yellow crayon, you’ve gone too far. 

5. Add 400 µl of 1M Na2CO3 to stop reaction 
6. Spin down cell debris at 13,000rpm, 1min 
7. Transfer 900uL of supernatant to cuvette and measure absorbance at OD420. 
 
Calculate assay units as: 
1000*(OD420)/(time(min)*volume collected*OD600) 
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Yeast Lipid Extraction and TLC Protocol 
Erin Currie 
 

1. Grow 10mL yeast overnight. 
2. Take OD. To continue with the same number of cells in each sample, use all 10mL of the 

sample with the smallest OD and proportionately less volume for other samples. You 
want to use somewhere between 5-10 ODs total. 

3. Spin down in glass tubes for 3m at 3000K in desktop centrifuge. 
4. Resuspend in 1mL water. Pellet (3m at 3000K in desktop centrifuge).  
5. Resuspend in 300uL water. 
6. Add 2mL fresh CHCl3/MetOH (1:1) using glass pipette.  
7. Add glass beads (~300uL worth. Estimate based on the volume it takes in the tube). 
8. Vortex 5 minutes. (Need to vortex all tubes by hand. Multi-tube head doesn’t work). 
9. Spin down (3m at 3000K in desktop centrifuge), transfer supernatant into fresh glass tube 

using Pasteur pipettes (supernatant should be one phase). 
a. If they have 2 aqueous phases, add 1mL more CHCl3/MetOH. Vortex 1m. Respin. 

10. Dry under N2. (Can store tightly parafilmed at -20°C for a few days). 
11. Add 70uL chloroform/tube (one at a time). Vortex. Slowly dot onto center of loading 

lane.  
12. Load 1uL 100ug/uL cholesterol/cholesterol ester/DG/TG standard. 
13. Run in solvent until it reaches the top (~45 min).  

 
Charring 

1. Dip TLC plate in 10% CuSO4 (w/v) and 8% phosphoric acid for 20s. 
2. Char in hot oven until bands are visible. Temperature and time can vary. 

 
Glass beads - .5mm Glass Beads (Soda Lime), BioSpec Products #11079105 
Glass tubes – FisherBrand disposable culture tubes, borosilicate glass 16x100mm, Cat #14-961-
29 
 
 
Solvent systems: 
 
80mL hexane    25mL Methylacetate  100mL hexane 
20mL ethyl ether   25mL ispropanol  For squalene 
1mL acetic acid    25mL chloroform 
For standard neutral lipid analysis 10mL methanol 

9mL .25% KCl 
For phospholipid separation 
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Screen for Growth on Carbon Sources 
3/12 EC 
 
Pour 250mL of plate media. Makes 4 Nunc Omnitray 86mm x 
128mm plates (Single Well with Lid #242811) and 8 100mm x 
15mm round Petri dish plates (normal plate dishes). Allow 
plates to dry several days. 
 
Clone single colonies into 100uL YPD in 96 well round bottom 
plates. Grow 2 colonies/strain. Grow 2-3 days at 30° in open 
plastic bag with damp paper towels. Do not use outermost wells 
as they will dehydrate.  
 
Perform a 10-fold dilution of the saturated wells into YPD and 
grow 4-5 hrs to get back into log phase. 
 
Perform 5x 5-fold OR 10-fold serial dilutions in diH2O. Fill 
each well with 80uL of diH2O and add 20uL from larger 
dilution OR 90uL with 10uL. 
 
Spot 3uL of each dilution onto a plate starting from the most 
dilute to the least. 
 
Grow and image on the gelDoc using reflective white light. 
Image => Conversion => 8-bit grayscale and save onto flash 
drive 
 
Oleic acid SIGMA O1383 stored at -20C 
Tween40 SIGMA P1504 stored at RT 
Terb in EtOH stored at -20C 
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