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Overview
The intracellular storage of fats is relevant across all biological spectrums, from single-celled prokaryotes to man. Triacylglyceryols and sterol esters together are termed neutral lipids, and their involvement within humans-related disorders, such as obesity, type 2-diabetes, and artherosclerosis is well documented.   Depending on the organism and particular cell type, neutral lipids can be utllimately utilized in a variety of cellular functions including substrates for beta-oxdation, membrane biogenesis, and other lipids. Figure 1 illustrates the biological structure of a lipid droplet.
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Figure 1-1
Lipid Droplet Schematic



Relevance
Despite their mostly negative association with atherosclerosis, lipoproteins, which include chylomicrons, very (VLDL), (LDLs), and (HDLs), contain beneficiary cellular functions. These structures are biophysically synonamous with lipid droplets which contain various amounts of cholesteryl ester, triacylglcycerol, and protein. A list of sizes and their relative composititions are listed in Table 1. 

Table 1
	Name
	Size (nm)
	TAG
	CE
	Protein

	Chylomicron
VLDL
LDL
HDL

	1000
80
20
15
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WALTHER, T. C. & FARESE, R. V., JR. 2012. Lipid Droplets and Cellular Lipid Metabolism. Annual Review of Biochemistry, Vol 81, 81, 687-714.





[bookmark: _Toc274569901]















CHAPTER 2

[bookmark: _Toc274569902]MaSS Specometry of Proteins associated with lipid droplet in the fission yeast, Schizosaccharomyces pombe
[bookmark: _Toc289175826][bookmark: _Toc274569903]Abstract	
[bookmark: _Toc289175827]
Lipid droplets consist of a core of neutral lipids surrounded by a phospholipid monolayer with bound proteins. Much of the information on lipid droplet function comes from proteomic and lipodomic studies of the components of droplets isolated from organisms throughout the phylogenetic tree. Here, we add to that important inventory by reporting lipid droplet factors from the fission yeast, Schizosaccharomyces pombe. Unique to this study was the fact that cells were cultured in three different environments: 1) log growth phase in glucose-based media, 2) stationary phase in glucose-based media, and 3) log growth phase in media containing oleic acid. In the isolated lipid droplet floating layers, we identified 78 proteins in Set 1, 95 proteins in Set 2, and 259 proteins in Set 3. Notable factors intriguing for lipid droplet biogenesis and function were multiple components of protein synthesis machinery; the guanosine triphosphatase, Sar1, which has been shown to regulate membrane constriction and ER export; the vesicle coating factor, COPII; the long chain fatty acid CoA ligase, Lcf1p, whose ortholog has been found to promote lipid droplet biogenesis in COS-1 cells; and the GTPase, Sey1p, which has been shown to mediate the homotypic fusion of ER tubules. We confirmed colocalization of major factors with lipid droplets using live-cell fluorescent microscopy. The sterol ester (SE) : triacylglycerol (TAG) ratios of the lipid droplets isolated from the three sets were 55:45 (Set 1); 40:60 (Set 2); and 15:85 (Set 3). The results provide further insights into the workings of these ubiquitous organelles.
[bookmark: _Toc274569904]2-1 Introduction

Lipid droplets are energy storage organelles (Martin and Parton, 2006, Farese and Walther, 2009, Guo et al., 2009, Murphy et al., 2009, Walther and Farese, 2009, Beller et al., 2010, Fujimoto and Parton, 2011, Walther and Farese, 2012, Ohsaki et al., 2014, Pol et al., 2014). Structurally, they consist of a phospholipid monolayer - with bound and embedded proteins - that surrounds a hydrophobic core of neutral lipids. It is widely accepted that lipid droplets form from the endoplasmic reticulum (ER) when the local concentration of neutral lipids in the cytosolic side of the ER bilayer exceeds a threshold causing the budding of a nascent droplet (Ploegh, 2007, Farese and Walther, 2009, Ohsaki et al., 2009, Walther and Farese, 2009, Pol et al., 2014). After formation, droplet behavior is less clear. This is partially due to the complexity of their relationships with other organelles including the ER (Leber et al., 1998, Wu et al., 2000, Martin and Parton, 2006, Fei et al., 2009, Ohsaki et al., 2009, Hartman et al., 2010, Jacquier et al., 2011, Jacquier et al., 2013, Kassan et al., 2013), peroxisomes (Binns et al., 2006, Zehmer et al., 2009), mitochondria (Pu et al., 2011), endosomes (Liu et al., 2007), and vacuoles (Gaspar et al., 2008, van Zutphen et al., 2014). However, proteomic studies on isolated droplets have uncovered many factors that potentially modulate droplet interactions with these organelles and have been crucial for determining droplet behavior (Leber et al., 1994, Wu et al., 2000, Brasaemle et al., 2004, Fujimoto et al., 2004, Jolivet et al., 2004, Liu et al., 2004, Cermelli et al., 2006, Wolinski and Kohwein, 2008, Connerth et al., 2009, Low et al., 2010, Grillitsch et al., 2011, Zhang et al., 2012, Du et al., 2013, Krahmer et al., 2013, Schmidt et al., 2013b, Umlauf et al., 2004, Sato et al., 2006, Zhang et al., 2011, Mannik et al., 2014, Ivashov et al., 2013). Even with such an impressive inventory of lipid droplet-associated proteins from a wide-range of organisms, gaps still exist. Here we aim to help fill this void by studying the protein and neutral lipid compositions of lipid droplets isolated from the fission yeast, Schizosaccharomyces pombe. This yeast is a celebrated model system for cell division (Russell and Nurse, 1986, Gould and Nurse, 1989), cell polarity (Hagan and Hyams, 1988), and cell shape studies (Mata and Nurse, 1997), and is also an important organism for studying lipid droplet regulation because it has been shown that droplet numbers change during the cell cycle (Long et al., 2012) and that cell cycle factors play crucial roles in regulating the neutral lipid content of yeast cells (Kurat et al., 2009, Lin et al., 2009, Adeyo et al., 2011, Long et al., 2012).
We determined the protein and neutral lipid content of lipid droplets isolated from fission yeast S. pombe cells that were split into three categories: 1) cells in log growth phase grown in glucose-rich media, 2) cells in stationary phase grown in glucose-rich media, and 3) cells in log growth phase grown in media supplemented with 0.1% oleic acid (YPO). We identified 78 proteins in Set 1, 95 proteins in Set 2, and 259 proteins in Set 3. Roughly one-third of the factors matched those identified in previous proteomic studies of lipid droplet proteins isolated from other organisms, especially budding yeast (Leber et al., 1994, Binns et al., 2006, Wolinski and Kohwein, 2008, Connerth et al., 2009, Grillitsch et al., 2011, Schmidt et al., 2013b, Ivashov et al., 2013) giving us confidence in our techniques. However, several novel protein synthesis, vesicle trafficking, and ER morphology factors were revealed shedding light on lipid droplet formation and subsequent interactions with neighboring organelles. 

2-2 Materials and Methods

Yeast Cell Culture
Lipid droplets were isolated from protease-deficient fission yeast TM011 cells [55]. Set 1 cells were grown to late log phase to an optical density (O.D.) of ~0.8 at 30°C in yeast extract plus five supplement (YE5S) media (Sunrise Science Products, #2011). Set 2 cells were grown to stationary phase to an O.D. of ~6.0 at 30°C in YE5S. Set 3 cells were grown in log phase to an O.D. of 0.4 at 30°C in YE5S. The cells were then pelleted in a Sorvell Legend XTR centrifuge at 25°C for 5 minutes at 3800 x g. The YE5S was removed and the cells were resuspended in YPO (0.5 % yeast extract, 0.1% oleic acid, 0.2% Tween 80, 0.1% glucose, 0.5% peptone, 0.3% potassium phosphate) and incubated at 30°C for an additional four hours at which point their O.D. reached ~0.8.
Lipid droplet isolation
We followed the exact protocol of Mannik et al. for the isolation of lipid droplets from fission yeast S. pombe cells using density gradient centrifugation as the central technique. In that work, the purity of the lipid droplet fraction was determined using Western Blot Analysis. 
Protein Extraction
We added diethyl ether to the lipid droplet fraction in a 3:2 volume:volume ratio and vortexed the combined sample every 5 minutes over 20 minutes total at 25°C. The diethyl ether separated the proteins from the lipid droplets with the proteins remaining in the aqueous phase. We then centrifuged the mixture in Eppendorf tubes at 25°C for 10 min at 17,000 x g in a Fisher Scientific AccuSpin Micro 17 centrifuge. The upper phase containing the diethyl ether was removed and discarded. Residual diethyl ether remaining on the top of the aqueous layer was evaporated under a steady stream of N2 at 25°C. 100% trichloroacetic acid (TCA) was added at 4°C for 1 hour to ensure a final concentration of 10% TCA in order to precipitate the proteins. Samples were then spun at 4°C for 20 minutes at 17,000 x g and any remaining TCA was removed, followed by a wash with chilled acetone. Any residual acetone was removed and the protein pellet was stored in at -80°C.
Digestion of Proteins
Proteins extracted from the lipid droplet fraction were solubilized in guanidine buffer [6 M Guanidine HCl, 10 mM DTT in Tris buffer (100 mM Tris; 10 mM CaCl2), pH 7.6], and incubated at 60°C for 4 hours. Following incubation, 25 µl sample was used for protein estimation and the rest of the sample was diluted 6-fold using Tris buffer (100 mM Tris; 10 mM CaCl2, pH 7.6), amended with trypsin (Promega, Madison, WI) and subjected to overnight proteolysis at 37°C with gentle mixing as described before [56]. Following trypsin digestion, the peptides were amended with 10 mM DTT, and incubated at 37°C for 1 hour. The reaction was stopped by adding 10% formic acid to a final concentration of 0.1% and the peptide samples were stored at -80°C until mass spectrometry analysis. All chemicals were obtained from Sigma Chemical Co. (St. Louis, MO), unless specified otherwise. High performance liquid chromatography- (HPLC-) grade water, acetonitrile and acetone were obtained from Burdick & Jackson (Muskegon, MI) and 99% formic acid was purchased from EM Science (Darmstadt, Germany). Total protein present in a sample was estimated using the RC/DC protein estimation kit (Bio-Rad Laboratories, Hercules, CA, USA) per the manufacturer’s protocol using protein standard (supplied in the kit) for the assay.
2D- LC-MS/MS analysis
A single aliquot of peptide mix (~70 ug) was pressure loaded onto an in-house SCX (Luna, Phenomenex, Torrance, CA)-C18 (Aqua, Phenomenex, Torrance, CA) resin packed column as previously described (Brown et al., 2006, Thompson et al., 2007). The sample column was desalted offline (Chourey et al., 2013), then connected to an C18 packed PicoFrit tip (New Objective) interfaced with an LTQ Orbitrap instrument (Thermo Scientific). The peptides were chromatogrpahically separated and analyzed via 24h Multi-Dimensional Protein Identification Technology (MuDPIT) approach as previously described (Thompson et al., 2007, Sharma et al., 2012) using three salt pulses (30, 60 and 100 % of 500 mM ammonium acetate followed by 120 min elution gradient). Peptide fragmentation data were collected using LTQ-Orbitrap, operated in data-dependent mode and under the control of Xcalibur software (Thermo Scientific). LTQ Orbitrap was set to 30K resolution while the rest of the settings were maintained as previously described (Sharma et al., 2012). The MS/MS data obtained was searched against Schizosaccharomyces pombe 972h genome using the SEQUEST algorithm (Eng et al., 1994). A list of commonly occurring contaminants was concatenated to the database for identification and removal of the mentioned proteins from the final data. The resultant datasets were sorted using DTASelect [61] under set parameters: fully tryptic peptides only with ΔCN of at least 0.08 and cross-correlation scores (Xcorr) of at least 1.8 (+1), 2.5 (+2), and 3.5 (+3) and identification of at least two peptides per protein sequence was a prerequisite for protein identifications. Spectral counts of identified peptides was normalized as described before [62] and the normalized spectral abundance factor (NSAF) was used as a relative measure of protein abundance. 
Neutral Lipid Extraction and Analysis
Neutral lipids were extracted from previously purified lipid droplets using 2 volumes of chloroform:methanol (2:1). Samples were vortexed for 1 minute followed by centrifugation at 1000 x g for 10 minutes at 25°C. The lower organic phase was removed and dried under a stream of N2 at 25°C and resuspended in 100 uL of chloroform. Samples were then run on TLC plates (Whatman Diamond LK6F Silica Gel 60 Å, 4500) using hexane:diethyl ether:acetic acid (70:30:1), and stained overnight with iodine [63]. ImageJ was used to quantify the intensities of the sterol ester and triacylglycerol bands. Commercially available cholesteryl oleate (Sigma-Aldrich, C9253) and glyceryl trioleate (Sigma-Aldrich, T7140) were used as standards. 
Live Cell Fluorescent Microscopy
We reserved 20 ml each of the three sets of cells to determine the distribution and number of lipid droplets. Cells were pelleted at 25°C for 5 minutes at 3800 x g in a swinging bucket centrifuge. The supernatants were removed and the cells were resuspended in 1 ml of fresh YE5S and transferred to new Eppendorf tubes. Cells from Set 3 were washed twice with 1 ml of YE5S to remove any oleic acid, which interferes with BODIPY 493/503 staining of neutral lipids. All cells were then transferred to new Eppendorf tubes that contained 10 l of a 100 M stock of BODIPY 493/503 in ethanol. All three samples were pelleted at 25°C for 10 min at 1000 x g in a Fisher Scientific AccuSpin Micro 17 centrifuge and the supernatant was removed down to 100 l. The cells were resuspended and 2 l aliquots were placed between a glass cover slip (Fisher Scientific; #12-542-B) and a microscope slide (Fisher Scientific; #12-544-7). Images were collected on a Leica SP2 laser scanning confocal microscope and an EVOS inverted microscope equipped with a 100x objective (Advanced Microscopy Group). Fission yeast strains expressing fluorescent fusion proteins from native loci were created using the techniques of Bahler et al.. BODIPY 493/503 was added to the cells in the exact manner as above and the cells were subsequently imaged as above.

2-3 Results

We performed three sets of experiments to determine the protein and neutral lipid composition of lipid droplets isolated from fission yeast S. pombe cells that were 1) mitotic (Figure 1A), 2) post-mitotic (Figure 1B), and 3) mitotic and incubated in media supplemented with free fatty acids (Figure 1C). We grew the first set of cells to late-log phase in glucose-rich media (Set 1), the second set of cells to stationary phase in glucose-rich media (Set 2), and the third set of cells to mid-log phase in glucose-rich media, after which, the cells were pelleted and resuspended in media containing 0.1% oleic acid (YPO) for an additional four hours of incubation until they reached late-log phase (Set 3). In the first experiment, we aimed to determine factors responsible for neutral lipid storage during cell growth; in the second experiment, we aimed to determine factors responsible for neutral lipid storage in post-mitotic eukaryotes; and in the third 
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experiment, we aimed to determine factors responsible for neutral lipid storage when eukaryotic cells were dividing in the presence of high levels of freely diffusing fatty acids (oleic acid). We used confocal microscopy to show that the number of BODIPY 493/503-stained cellular lipid droplets increased in cells from Set 1 to cells in both Set 2 and Set 3 by a factor of two (Figure 1D). Thus, incubating cells that were in stationary phase in YPO and isolating the droplets for proteomics of bound factors would have been redundant since the main purpose of this work was to determine factors responsible for droplet formation. 
Lipid droplet associated proteins 
We followed exactly the techniques of a recently published lipid droplet isolation protocol based on density gradient centrifugation to obtain droplets from the three sets of cells (Mannik et al., 2014). The enrichment of lipid droplets and the depletion of other organelles in the floating layer after each centrifugation step in the isolation protocol was confirmed by Western Blot analysis as previously published (Mannik et al., 2014). In brief, Erg6p (lipid droplet marker (Athenstaedt et al., 1999, Binns et al., 2006, Fei et al., 2011, Grillitsch et al., 2011, Ayciriex et al., 2012)) became enriched in the floating layer while Por1p (mitochondria marker (Binns et al., 2006, Fei et al., 2011, Grillitsch et al., 2011)), Pma1p (plasma membrane marker (Binns et al., 2006)), Dpm1p (ER marker (Binns et al., 2006, Takeda and Nakano, 2008, Grillitsch et al., 2011, Ayciriex et al., 2012)), and Vma1p (vacuole marker (van Zutphen et al., 2014)) became depleted although not completely eliminated, confirming the ubiquitous association of lipid droplets with other organelles as seen in other lipid droplet proteomic studies (Leber et al., 1994, Binns et al., 2006, Grillitsch et al., 2011, Ivashov et al., 2013, Krahmer et al., 2013, Schmidt et al., 2013a). 
We identified a total of 294 unique factors, many of which were present in more than one set: 78 proteins in Set 1, 95 proteins in Set 2, and 259 proteins in Set 3 (Table 1). For a numerical comparison, a recent proteomic study identified 440 factors in the lipid droplet fraction of budding yeast Saccharoymces cerevisiae cells grown in glucose-based media to stationary phase (equivalent to our Set 2) (Fei et al., 2011). We used GeneDB to determine the cellular localizations of the identified factors, but it should be kept in mind that this system is often qualitative. Of the 294 proteins, 26% associated with the ER, 22% with mitochondria, 9% with Golgi, 9% with vacuoles, 5% with ribosomes, 4% with the plasma membrane, and 1% with peroxisomes (Table 1).    
We sorted the 294 proteins in decreasing order by their average adjusted NSAF scores across the three sets: raw spectral counts were normalised by NSAF and then multiplied by 100,000 from two independent runs of each sample. The RNA-binding protein, Vip1p, the delta-sterol C-methyltransferase, Erg6p, the squalene monooxygenase, Erg1p, the cyclophilin family peptidyl-prolyl cis-trans isomerase, Cyp4p, and the binding immunoglobulin protein, Bip1p, had the top five scores (Table 1). To our knowledge, Vip1p has not previously been identified in the lipid droplet fraction. We confirmed the localization of Vip1p, Erg6p, Erg6p, and Cyp4 to lipid droplets by creating individual strains expressing the following fluorescent fusion proteins from each respective native locus: Vip1p-mCherry, Erg6p-mCherry, Erg1p-mCherry, and Cyp4p-mCherry. A strain expressing Bip1p was not created since this factor has been associated with lipid droplets in other studies (Fei et al., 2011, Grillitsch et al., 2011). We grew each of these strains expressing fluorescent fusion proteins in the described conditions for all three sets, stained the lipid droplets with BODIPY 493/503, and performed Epi fluorescence microscopy experiments to determine the extent of colocalization.  
Vip1p-mCherry colocalized with BODIPY 493/503 in all three sets, although droplets from Sets 2 and 3 had higher levels of association (Figure 2A-C). The regions of BODIPY 493/503 signal were a subset of the total Vip1p-mCherry signal indicating that lipid droplets are a subset of the locations where Vip1p is present and possibly active. We postulate that the Vip1p presence on lipid droplets is a consequence of localized protein synthesis at the lipid droplet surface. As expected, both Erg1p-mCherry and Erg6-mCherry localized strongly to BODIPY 493/503-stained lipid droplets across all three sets (Figure 2D-I). Cyp4p-mCherry had a weak signal in Set 1, but strongly localized to BODIPY 
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493/503-stained lipid droplets in Sets 2 and 3 in environments when lipid droplets would have been forming (Figure 2J-L).  
	We identified protein similarities and differences across the three sets to determine functionality synergies of these factors in lipid droplet formation and maintenance. First, we determined which factors had the lowest variability among the three sets. We calculated the standard deviation of the NSAF values for each factor and normalized this number by the average of the same values. This was done so that the results were not biased by the magnitude of the NSAF score. We reported a maximum of ten factors (tying scores included) for each grouping (Table 2). Sets 1, 2, and 3 shared the V-type ATPase subunit A (vph1 and vma1), the acetohydroxyacid reductoisomerase (ilv5), the rho family GTPase (rho1), the DNAJ domain protein (mas5), BiP (bip1), the delta-sterol C-methyltransferase (erg6), the V-type ATPase V1 subunit B (vma2), and three translation elongation factors EF-1 alpha Ef1a-a-c (tef101-tef103). Sets 1 and 2 shared only the dephospho-CoA kinase (SPCC14G10.01) showing that the bound proteins between lipid droplets isolated from cells in log growth phase versus those in stationary phase seem to be the least similar of the three conditions. Sets 1 and 3 shared the acetyl-CoA ligase (SPCC1827.03c), the translation initiation factor eIF3f (csn6), the ATP-dependent RNA helicase (sum3), the translation elongation factor eEF3 (tef3), and the 1-acyldihydroxyacetone phosphate reductase (ayr1). Sets 2 and 3 shared the ER protein translocation subcomplex subunit Sec72 (SPAC2F3.02), the F0-ATPase subunit (atp4), the protein disulfide isomerase (SPAC17H9.14c), the rho family GTPase (rho5), a conserved fungal protein (SPBP23A10.11c), protein 14-3-3 (rad24), the homoisocitrate dehydrogenase (lys12), the triosephosphate isomerase (tpi1), the mitochondrial outer membrane voltage-dependent anion-selective channel protein (SPAC1635.01), and the 1,3-beta-glucanosyltransferase (gas2).
We also determined which factors had the greatest population variance among the three sets. This was done by again sorting the factors by the normalized standard deviation of their NSAF scores, looking for the largest discrepancies. The ribosomal-ubiquitin fusion proteins Ubi1p (ubi1), Ubi2p (ubi2), Ubi3p (ubi3), Ubi5p (SPAC589.10c), the histidinol dehydrogenase (his2), ubquitin (ubi4), the fructose-biphosphate aldolase (fba1), the ferrous iron transporter (pcl1), the DNAJ domain protein (SPCC63.13), and the mitochondrial heat shock protein Hsp10p (hsp10) were all present in high amounts in Set 1 but were absent in Sets 2 and 3 (Table 3). The monomeric 2,3-biphosphoglycerate-dependent phosphoglycerate mutase PGAM (gpm1), the pyruvate decarboxylase (SPAC1F8.07c), the V-type ATPase subunit F (vma7), the thioredoxin peroxidase (SPCC330.06c), the N-acetyltransferase (SPAC17G8.06c), the dihydroxy-acid dehydratase (SPAC17G8.06c), inorganic pyrophosphatase (ipp1), glutathione S-transferase (gst3), 60S ribosomal protein L2 (rpl401), But2 family protein (but2) were the top ten factors having signals in Set 2 but not in Sets 1 or 3 based on NSAF scores (Table 3). The mitochondrial adenine nucleotide carrier (anc1), the malate dehydrogenase (SPCC306.08c), the CIA30 family protein (SPAC9E9.15), the ADP-ribosylation factor (sar1), actin (act1), F0-ATPase subunit D (atp7), ubiquinol-cytochrome-c reductase complex subunit 6 (gcr7), triglyceride lipase-cholesterol esterase (SPCC1672.09), ubiquinol-cytochrome-c reductase complex core protein (gcr2), and the superoxide dismutase (sod1) were the top ten factors having signals in Set 3 but not in Sets 1 or 2 based on NSAF scores  (Table 3).        	     
In all three sets, we identified the following factors in decreasing NSAF values that are known to be involved in neutral lipid metabolism: Erg6p, Erg1p, dephospho-CoA kinase, Lcf1p, Ayr1p, glycerophosphoryl diester phosphodiesterase, Erg26p, phosphoglycerate kinase (predicted), glyceraldehyde 3-phosphate dehydrogenase, Erg11p, Erg27p, Plb1p, triglyceride lipase-cholesterol esterase (predicted), Dga1p, glycerol-3-phosphate O-acyltransferase (predicted), triglyceride lipase-cholesterol esterase (predicted), Erg10p, Ptl3p, 1-acylglycerol-3-phosphate acyltransferase, Ptl1p, Gpd2p, and acetyl-CoA ligase.      
Factors identified that traditionally associated with lipid droplets included Erg6p [20,29,65,66,68], Erg1p [20,29], short chain dehydrogenase (SPCC736.13) [29,36,69], glyceraldehyde-3-phosphate dehydrogenase (tdh1) [29,66,68], acetohydroxyacid reductoisomerase (ilv5) [20,65], translation elongation factor EF-1 alpha Ef1a-a (tef101) [20], Rho family GTPase (rho1) [20,29,65], protein disulfide isomerase (pdi1) [20,29,65], 1-acyldihydroxyzcetone phosphate reductase (ayr1) [20,29,65,66], glycerophosphoryl diester phosphodiesterase (SPAC4D7.02c) [29,65,66], 3 beta-hydroxysteriod dehydrogenase/delta 5-4-isomerase (erg26) [65], F1-ATPase beta subunit (atp2) [20,65], phosphoglycerate kinase (phk1) [20,66], mitochondrial heat shock protein Hsp70 (ssc1) [65], sterol 14-demethylase (erg11) [65], triacylglycerol lipase (ptl2) [29], mitochondrial adenine nucleotide carrier (anc1) [20], malate dehydrogenase (SPCC306.08c) [70], heat shock protein (lhs1) [65], Rho family GTPase (rho5) [65], mitochondrial outer membrane voltage-dependent anion-selective channel (SPAC1635.01) [20,29,65].
As stated, lipid droplets interact with other organelles. Major ER factors that have been postulated to be involved in lipid droplet function in decreasing NSAF scores included Erg6p, Erg1p, dephospho-CoA kinase (SPCC14G10.01), long-chain fatty acid CoA ligase (lcf1), Ayr1p, Erg26p, Erg11p, Erg27p, Sar1p, Dga1p, COPII-coated vesicle components (erv25, SPAC12B10.02c, erp5, sec24, SPBC4.03c), Erg5p, Tts1p, Sey1p, and Dnm1p. Pertinent mitochondria factors included Ayr1p, citrate synthase (cit1), and acetyl-CoA ligase (acs1); Golgi factors included Ayr1p, Erg26p, COPII-coated vesicle component (erp5), Tts1p, and triglyceride lipase-cholesterol esterase (SPBC14C8.15); Vacuole factors included triglyceride lipase-cholesterol esterase (SPBC14C8.15). Remaining organelles and the plasma membrane had non-traditional lipid droplet factors as discussed below.

Lipid droplet neutral lipids
We extracted neutral lipids from lipid droplets using the techniques of Ref. 63. Individual classes of lipids were separated using thin-layer chromatography (TLC). The cellulose containing the lipids was stained with iodine and the intensities of the bands were quantified using ImageJ software. Neutral lipid analysis confirmed sterol esters (SEs) and triacylglycerols (TAGs) as the primary components of S. pombe lipid droplets. Droplets from the three sets were composed of SE:TAG in the following ratios: Set 1, 55:45; Set 2, 40:60; Set 3, 15:85 (Figure 3). Comparable results were previously obtained from lipid droplets isolated from budding yeast cells cultured in glucose-based media to stationary phase where the SE:TAG ratio was 30:70 (Grillitsch et al., 2011). Lipid droplets isolated from the same cells grown in oleic acid for 24 hours were exclusively composed of TAG where the higher TAG content versus our lipid droplets from Set 3 was most likely due to their extended incubation time.
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2-4 Discussion

We determined the protein and neutral lipid composition of lipid droplets isolated from fission yeast S. pombe cells as a function of cell growth phase and the free fatty acid content of the media in which the cells were cultured. We performed three sets of experiments where droplets were isolated from fission yeast cells grown to 1) late-log phase in glucose rich media, 2) stationary phase in glucose rich media, and 3) late-log phase in the presence of oleic acid. We uncovered 294 total proteins in the lipid droplet fractions across all three sets, with the most factors being uncovered in Set 3 where incubation of cells in media supplemented with oleic acid caused the formation of lipid droplets [16], seemingly maximizing proteomic affiliations. Approximately 30% of our identified factors have been previously identified in the lipid droplet fraction of lipid droplet proteomic studies [20,27,29,36,43,53,54,65,66,69,70]. In this study, those common factors had NSAF scores ranging from the second highest (Erg6p) to the lowest (Lsd1p) giving us confidence that our techniques accurately reproduced and added to the findings of other published works. 
The ER is the organelle that is most commonly associated with lipid droplets, and factors that are potentially involved in droplet biogenesis from the ER are of special interest (Leber et al., 1998, Fei et al., 2009, Murphy et al., 2009, Ohsaki et al., 2009, Walther and Farese, 2009, Hartman et al., 2010, Grillitsch et al., 2011, Jacquier et al., 2011, Jacquier et al., 2013, Kassan et al., 2013, Pol et al., 2014). One such potential factor is the COPII-related gene sar1, which is responsible for vesicle fission and membrane tubulation (Barlowe et al., 1994, Long et al., 2010). The presence of Sar1p along with the membrane fission protein dynamin (Dnm1p), in Set 3 where oleic acid addition caused the formation of lipid droplets, points to the possible contribution of these two factors to droplet biogenesis [20,65,68]. We also identified the homotypic ER fusion protein, Sey1p, [65,73,74,75] and the tetra-spanning protein 1, Tts1p, the latter of which contributes to the formation of ER tubules (Zhang et al., 2010). Both factors could play important roles in droplet formation by modulating ER membrane curvature at a droplet formation site. Interestingly, the reticulon, Rtn1p (De Craene et al., 2006), the DPI protein, Yop1p (Zhang et al., 2010), and the Lunapark family protein, Lnp1p (Chen et al., 2012), were not present in the lipid droplet fraction of any of the three sets showing that droplet formation may require certain ER structural factors but not others.  
Also of great interest are the relative contributions of the neutral lipid synthesizing enzymes to droplet formation and subsequent growth. Neutral lipids are formed by the acylation of intermediates beginning with either dihydroxyacetone phosphate (DHAP) or glycerol-3-phosphate (G3P). We uncovered several acyltransferases (Yamashita et al., 2014) including the gene product of SPBC1718.04, which acylates G3P (Sets 1-3), the diacylglycerol transferase, Dga1p (Set 3), and the predicted lysophosphatidic acid acyltransfase, SPBC428.14 (Set 3). We also found the fatty acid-CoA ligases, Lcf1p in all three sets and Lcf2p only in Set 3 [80]. The human ortholog of Lcf1p, acyl-CoA synthetase 3 (GI:4758330), has been found to promote lipid droplet biogenesis in COS-1 cells (Kassan et al., 2013) and the acyl-CoA synthetase 4 isoenzymes mediate the metabolic flux of fatty acids towards phosphatidylinositol (Kuech et al., 2014). The presence of Lcf2p in Set 3 is most likely a cellular response to the need for fatty acid sequestration. 
Ergosterol biosynthesis in the ER is another crucial element controlling lipid droplet size and distribution as several of the precursors of ergosterols - zymosterol, fecosterol, and episterol - can be rapidly esterified to form SEs (Sorger et al., 2004). Following the formation of squalene, ergosterol synthesis primarily occurs in the ER bilayer where hydrophobic intermediates can be protected from aqueous environments. A number of these pathway proteins, Erg1p, Erg5p, Erg6p, Erg7p, Erg10p, Erg11p, Erg26p, and Erg27p, were significantly enriched in lipid droplet fractions in Set 3 despite the fact that the neutral lipid synthesis pathway is shifted towards TAG production over SE production when yeast cells are incubated in high levels of oleic acid since the Are1p/Are2p pathways should be shut off (Connerth et al., 2010). Thus, these factors may have additional functionalities that have yet to be determined.
Factors that initiate neutral lipid breakdown for either energy or phospholipid needs are typically found in the lipid droplet fraction. Their colocalization with lipid droplets has been widely documented using fluorescent fusion proteins with much focus on the tgl gene products, which in S. pombe include the TAG lipases Ptl1p, Ptl2p, and Ptl3p. These enzymes showed unique expression profiles in this study. Ptl1p was identified in the lipid droplet fractions of Sets 2 and 3 where large lipid droplets predominated. Ptl2p was present in all three sets and Ptl3p was present only in the lipid droplet fraction of Set 1. These results indicate that these three lipases are tightly regulating as a function of the cellular growth phase and also potentially by the numbers and sizes of the cellular lipid droplets (Kurat et al., 2009). Additional factors that break down neutral lipids included Ayr1p, which is required for the biosynthesis of phosphatidic acid via the DHAP pathway [84] and has recently been identified as a triacylglycerol lipase [85]. Ayr1p was discovered in Sets 1 and 3 but not in Set 2, showing that this factor is bound to lipid droplets during fission yeast growth phase but not during stationary phase.  
In yeast, -oxidation is the primary mechanism for fatty acid degradation where free fatty acids that can be obtained by the incremental deacylation of triacylglycerol are transported to peroxisomes where they can be further catabolized into acetyl-CoA. However in higher eukaryotes, this process takes place in mitochondria. Here    mitochondrial proteins were second in number only to ER proteins in the lipid droplet fraction of the three sets. This indicates a tight association between lipid droplets and mitochondria and leads to the postulate that mitochondria may be the primary source for -oxidation in fission yeast cells, as opposed to peroxisomes since none of the three conditions provided evidence for lipid droplet association with peroxisomes as we uncovered only the peroxisomal docking protein (pex14), a thioredoxin peroxidase (SPCC330.06c), and an acetyl-CoA ligase (SPCC1827.03c) across all three sets. The low number of peroxisome-associated factors is in contrast to lipid droplet proteomic studies in budding yeast and methylotropic yeast Pichia pastoris where lipid droplets and peroxisomes have shown to have strong interactions (Binns et al., 2006, Ivashov et al., 2013). It should be noted, however, that cells in Set 3 may not have been incubated long enough in oleic acid for peroxisome biogenesis. In fact, peroxisome biogenesis was observed in fission yeast cells after 20 hours of incubation in oleic acid based media [86]. However, this would still not explain why the lipid droplets isolated from cells from Sets 1 and 2 contained a negligible number of peroxisome versus mitochondrial factors.   
The discovery of ribosomal and protein synthesis factors in the lipid droplet fraction of Set 1 with an emphasis on the cyclopilin family peptidyl-prolyl cis-trans isomerase Cyp4p (cyp4) lends weight to the theory that protein synthesis may occur close to or on the surfaces of lipid droplets potentially as they remain in contact with the ER (Jacquier et al., 2011). The synthesis and translocation of lipid droplet proteins from the ribosome has long been puzzling because of the need for these factors to be incorporated into the unique monolayer geometry of the lipid droplet. Cyclophilin B regulates the distribution of ApoB-100 on cellular lipid droplets, and cyclophilin A is essential for hepatitis C virus replication, both in hepatocytes [66,87]. Hepatitis C replication has been directly linked to aspects of lipid droplet formation [88,89,90]. Thus, genetic studies on the cyp4 gene in yeast may provide insight into lipid droplet protein translocation and lipid droplet formation mechanisms.  
Both the targeting of proteins to lipid droplets and the dissociation of proteins from lipid droplets have been areas of intense interest and will mostly likely involve a variety of mechanisms including translocation of factors from the ER [91] and potentially from other organelles such as ribosomes and the Golgi. Coatomer-dependent protein (COP) machinery has been postulated to be involved in lipid droplet dynamics (Farese and Walther, 2009), substantiated by the presence of both COPI and COPII proteins in lipid droplet fractions [50?]. Our results indicate that COPII gene products may play an important role in droplet distribution. We discovered six COPII factors in Set 3 with oleate-induced lipid droplet formation (sar1, erv25, SPAC12B10.02c, erp5, sec24, and SPBC4.03c). Sar1p is especially intriguing for lipid droplet biogenesis because it has been found in lipid droplet fractions in several species including S. cerevisiae (Binns et al., 2006), D. melanogastor (Cermelli et al., 2006) and human hepatocytes (Fujimoto et al., 2004). However just as insightful is the absence of any COPI factors from the lipid droplet fraction of S. pombe cells. COPI’s primary component Arf1p, has been shown to be involved in the translocation of ATGL to lipid droplets in HeLa cells [92] and also the formation of ~70 nm lipid droplets from larger droplets extracted from fly cells [93]. These proteomic differences point to potential divergences in lipid droplet function throughout eukaryotes. Genetic experiments that target these genes will continue to shed light on lipid droplet function throughout the phylogenetic tree.
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[bookmark: _Toc274569906]Lipid droplets form from distinct regions of the Er in the fission yeast, Schizosaccharomyces pombe

[bookmark: _Toc289175834]Abstract
Eukaryotic cells store cholesterol/sterol esters (SEs) and triacylglycerols (TAGs) in lipid droplets, which form from the contiguous endoplasmic reticulum (ER) network. However, it is not known if droplets preferentially form from certain regions of the ER over others. Here, we used the elongated geometry of fission yeast S. pombe cells where the nuclear and cortical/peripheral ER domains are easily distinguishable in a model genetic system, to show that SE-enriched lipid droplets form the cortical ER away from the nucleus whereas TAG lipid droplets form around the nuclear ER. These observations were confirmed by manipulating the expression levels of the four neutral lipid synthesizing enzymes Are1p, Are2p, Dga1p, and Plh1p which are responsible for the final steps of SE and TAG production. SE droplet formation at the tips of fission yeast cells can be explained by the presence of sterols in those neighboring regions of the curved plasma membrane. TAG droplet formation and subsequent localization around the nuclear ER appears to be a function of the localized activities of the lipin ortholog Ned1p and its binding partners but also by the action of Cpt1p, which incorporates diacylglycerol into the Kennedy Pathway. Cpt1p is localized exclusively to the nuclear ER in fission yeast cells. The results profoundly modify the standard lipid droplet formation model, which has SEs and TAGs flowing into the same nascent lipid droplet regardless of its biogenesis point in the ER membrane.
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Eukaryotic cells convert free fatty acids into neutral lipids and package them into lipid droplets (Martin and Parton, 2006, Farese and Walther, 2009, Goodman, 2009, Walther and Farese, 2009, Beller et al., 2010, Fujimoto and Parton, 2011, Pol et al., 2014). In yeast cells, the two most prominent neutral lipids are sterol esters (SEs) and triacylglycerols (TAGs), which are synthesized in the endoplasmic reticulum (ER) membrane (Binns et al., 2006, Connerth et al., 2010, Adeyo et al., 2011, Jacquier et al., 2011). The acyl-CoA sterol acyltransferases, Are1p and Are2p convert sterols to SEs (Zweytick et al., 2000, Shin et al., 2012); the acyl-CoA-diacylglycerol acyltransferase, Dga1p, converts diacylglycerol (DAG) to TAG (Sorger and Daum, 2002, Kurat et al., 2006, Kohlwein, 2010), and the phospholipid:diacylglycerol acyltransferse, Plh1p, cleaves an acyl chain from phosphatidylcholine (PC) and conjugates it to DAG to form TAG (Choudhary et al., 2011, Horvath et al., 2011). It is widely held that lipid droplets originate from the ER as seen in static high-resolution electron micrographs and dynamic lower resolution fluorescent images (Robenek et al., 2006, Jacquier et al., 2011, Kassan et al., 2013). Also, lipid droplet proteomic and functional studies have identified several ER factors crucial for droplet formation and maintenance (for example (Leber et al., 1994, Binns et al., 2006, Grillitsch et al., 2011, Ayciriex et al., 2012, Xu et al., 2012, Markgraf et al., 2014)). Even with these data, it is not clear if droplets form from specific locations in the ER network over others (Pol et al., 2014).
Because domains of the ER can be both enzymatically and geometrically diverse, it stands to reason that certain regions of the ER could be more amenable than others for lipid droplet formation. Here, we used both wild-type and temperature-sensitive cdc25-22 fission yeast Schizosaccharomyces pombe cells to show that lipid droplets form from different regions of the ER network based on the initial neutral lipid content of the nascent droplet. In elongated fission yeast cdc25-22 cells, lipid droplets enriched in SEs formed exclusively at the cell tips. Cdc25-22 cells lacking Are1p and Are2p had a negligible number of polarized droplets. These results led to the hypothesis that SE lipid droplets form from the cortical and not the nuclear ER. 
We used wild-type fission yeast cells to show that TAG lipid droplets form around the nuclear ER when cells were incubated in oleic acid and also grown to stationary phase. In both of these cases neutral lipid synthesis is pushed strongly towards TAG formation and away from SE production (Connerth et al., 2010). Single and combination knockouts of dga1 and plh1 greatly reduced droplet numbers around the nuclear ER. However, lipid droplets in are1are2 cells had the same lipid droplet pattern around the nuclear ER as in wild-type cells showing that the lack of SE production has little or no effect on nuclear ER droplet formation. 
We also probed the effects of neutral lipid breakdown on spatially diverse droplet populations. The sn-1,2,-diacylglycerol cholinephosphotransferase, Cpt1p (Hjelmstad and Bell, 1987), which converts diacylglycerol (DAG) – the precursor of TAG – into phosphatidylcholine (PC) was localized exclusively to the nuclear ER showing that TAG droplets are processed for phospholipid needs at the nuclear ER. Taken in sum, these results augment the current droplet formation model where both SEs and TAG flow into a forming lipid droplet regardless of the droplet’s biogenesis point in the ER network and also show that droplets can be broken down in specific locations in eukaryotic cells. 

3-2 Materials and Methods

Strains, Growth Conditions, Cellular Methods
The S. pombe were constructed by PCR-based gene targeting and standard genetic methods with wild-type or cdc25-22 cells as genetic backgrounds (Moreno et al., 1991, Forsburg and Sherman, 1997, Bahler et al., 1998). Cdc25-22 cells have a guanine to an adenine mutation at position 1595 of the ORF, resulting in C532Y. Integration of all linear PCR products into the native loci was confirmed by diagnostic PCR.   
Strains with a wild-type genetic background were grown in 20 ml of media in 200-ml baffled flasks at 200 rpm at 30C. All strains were grown in yeast extract plus five supplement (YE5S) media (Sunrise Science Products, #2011) to desired density (O.D. ~ 0.3 for late log phase, O.D. ~ 6.0 for stationary phase). For TAG formation experiments with oleic acid, the cells were pelleted, the YE5S was removed and the cells were washed with YPO (0.1% oleic acid, 0.2% Tween 80, 0.1% glucose, 0.5% peptone, 0.3% potassium phosphate) and incubated at 30°C for an additional four hours.
Strains with a cdc25-22 genetic background were grown in 20 ml of YE5S media in 200-ml baffled flasks at 200 rpm at 25C until they reached an O.D. ~ 0.1. For the live time-lapse confocal microscopy experiments the cells were mounted between a slide and a coverslip in a climate-controlled stage that had a fixed temperature of 36C. For single time point confocal microscopy experiments the cells continued to be incubated in the baffled flasks but at a temperature of 36C for 2.5 hours. 20 ml of cells were pelleted at 2,000 rpm for 5 m in a swinging bucket centrifuge and resuspended in 1 ml of YE5S. For lipid droplet staining, a stock of 100 M BODIPY 493/503 (Invitrogen; #D3922) was prepared in 100% ethanol. 1 l of this stock was added to 1 ml of cells per O.D. of 0.1 as done previously (Long et al., 2012). This mixture was incubated for 1 minute. The stained yeast cells were pelleted at 2,000 rpm for 1 m in a micro centrifuge. The supernatant was removed down to 100 l containing the pellet, which was resuspened. 2 l of the resuspended pellet was placed between a slide and a coverslip for light microscopy imaging.   
Microscopy
We used a Zeiss LSM710 confocal microscope where the stage was enclosed within an environmental control chamber (Incubator XL LSM710 S, PeCon GmbH) to track the positions of BODIPY 493/503-stained lipid droplets in elongating cdc25-22 cells at 36C. Images were acquired every 10 minutes using a Plan-Apochromat 63x/1.40 oil DIC M27 objective at a vertical spacing of 360 nm. We used an Olympus IX83 equiped with a vt-Hawk (VisiTech International) and a Hamamatsu EM-CCD digital camera ImagEM equipped with a 100x/1.40 oil objective with z-spacing of 360 nm to quantify the positions of BODIPY 493/503-stained lipid droplets at specific time points during lipid droplet formation. We used an epi fluorescent EVOS microscope equipped with a 100x Zeiss objective to quantify the localization of proteins fused to monomeric YFP (mYFP) in cells where lipid droplets had been stained with BODIPY 493/503.  
Image Analysis
We used ImageJ to analyze the number and positions of lipid droplets in fission yeast cells. We used the methodology of Long et al. to determine the minimal fluorescent value for a lipid droplet, which is based on an extrapolation of known fluorescent intensities of droplets having diameters greater than the wavelength of light. This allowed us to determine the fluorescent intensity of a lipid droplet with a diameter of ~6 nm, which we chose as the minimal allowed droplet diameter, which is on the order of the ER membrane thickness.   
Thin Layer Chromatography
We cultured 1.5 liters of cells to the desired O.D. (0.3 for log phase and 6.0 for stationary phase) for each TLC experiment. To obtain lipid droplets we followed the procedure of Mannik et al. [34]. Neutral lipids were extracted from previously purified lipid droplets using 2 volumes of chloroform:methanol (2:1). Samples were vortexed for 1 minute followed by centrifugation at 1000 x g for 10 minutes at 25°C. The lower organic phase was removed and dried under a stream of N2 at 25°C and resuspended in 100 uL of chloroform. Samples were then run on TLC plates (Whatman Diamond LK6F Silica Gel 60 Å, 4500) using hexane:diethyl ether:acetic acid (70:30:1), and stained overnight with iodine [47]. ImageJ was used to quantify the intensities of the sterol ester and triacylglycerol bands. Commercially available cholesteryl oleate (Sigma-Aldrich, #C9253) and glyceryl trioleate (Sigma-Aldrich, #T7140) were used as standards. 
Electron Microscopy
Samples were prepared for electron microscopy as follows. Cells were washed three times in sterile water and then fixed in 2% potassium permanganate. Fixed cells were harvested by centrifugation and washed three times with sterile water. Fixed cells were resuspended in 70% ethanol and incubated overnight at 4C. The samples were dehydrated by sequential washes in 90% ethanol (twice for 15 min) and 100% ethanol (three times for 20 min) at 25C. The pellet was resuspended in propylene oxide for 10 min and incubated in a 1:1 mixture of propylene oxide and Spurr’s medium for 1 hour. The cells were then incubated in only Spurr’s medium for 1 hour followed by another change of medium and incubation at 65C for 1 hour. Finally, the cells were embedded in Spurr’s medium in a capsule and resin in the medium was allowed to polymerize at 60C overnight. Blocks were sectioned with a diamond knife and stained with uranyl acetate and lead citrate. Thin sections (<100 nm) were cut on a Leica EM UC7 ultramicrotome and examined with a Zeiss Auriga operating in STEM mode. 

3-3 Results

Results
We used fission yeast S. pombe cells to determine the formation locations of lipid droplets from the ER in a model eukaryote. Temperature sensitive fission yeast cdc25-22 cells are particularly useful for this aim, they have wild-type morphologies at temperatures less than 30C but show an elongated phenotype at 36C where the nuclear ER is separated from regions of the cortical ER by up to 10 microns allowing for accurate spatial mapping of droplet formation from either domain in a model genetic system (Fantes, 1981, Russell and Nurse, 1986). This is especially important for the aims here because lipid droplets are highly dynamic and can move significant distances over short time periods thus making their point of origin difficult to determine (Cermelli et al., 2006, Martin and Parton, 2006, Walther and Farese, 2009, Beller et al., 2010, Wolinski et al., 2011, Long et al., 2012, Ta et al., 2012). 
Unexpectedly, the number of BODIPY 493/503-stained lipid droplets increased substantially at the tips of elongating cdc25-22 cells at 36C without the addition of fatty acids or manipulation of the expression levels of the neutral lipid synthesizing enzymes (Figure 1A-C). We used the techniques of Long et al.  to resolve individual droplets. We identified the ER in these cells by expression of the luminal marker mCherry-AHDL from the leu+ locus under the control of the Bip promoter (Zhang et al., 2010). The increase in polarized droplet number was accompanied by a similar increase in polarized BODIPY 493/503 fluorescent intensity after an initial reduction most likely due to droplet lipolysis for phospholipid needs of the growing membranes (Figure 1B). Droplet formation was not observed around the nuclear ER as the cdc25-22 cells elongated and the droplets that were in close proximity to the nuclear ER at t = 0 disappeared over the time course of the experiment, again most likely because of lipolysis (Figure 1C). These observations gave us our first clue that lipid droplets might form from specific regions of the ER. 
To determine the neutral lipid content of the polarized droplets, we grew ~1.5 L of cdc25-22 cells to late log phase and allowed the cells to elongate at 36C for 160 minutes (~2.5 hours) when polarized lipid droplet formation had taken place as confirmed by fluorescent microscopy. We then isolated the lipid droplets following the protocol of Mannik et al. and used thin layer chromatography (TLC) to determine the droplet neutral lipid content. Droplets were composed of SE over TAG in a 70:30 ratio compared to droplets isolated from both wild-type and cdc25-22 cells grown at 25C where the ratios were 55:45 (Figure 1D).
We knocked out both are1 and are2 genes - which are responsible for SE production in yeast cells (Zweytick et al., 2000, Garbarino et al., 2009, Shin et al., 2012)- in a cdc25-22 genetic background to confirm that the polarized droplets were composed mostly of SEs. There were a negligible number of BODIPY 493/403-stained droplets throughout these elongated cells, compared to positive controls (Figure 1E,F). These TLC and microscopy results led us to conclude that the nascent BODIPY 493/403-stained droplets at the tips of elongated cdc25-22 cells were formed by the actions of Are1p/Are2p and are composed primarily of SEs. Thus, we hypothesize that SE lipid droplets form from the cortical/peripheral ER and not from the nuclear ER.
	We wished to determine if TAG lipid droplets also formed from specific areas of the cell as we observed with SE droplets. However, observing TAG droplet formation in elongating cdc25-22 cells is challenging because TAG is incorporated into the Kennedy Pathway for phospholipid synthesis for expanding membranes as seen by the disappearance of droplets in the perinuclear regions of elongating cells (Figure 1A). In those cells, the neutral lipid equilibrium is pushed away from long-term storage of TAG and thus away from TAG droplet formation. Therefore, we turned to wild-type fission yeast cells where the nuclear 
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Figure 2-1. Lipid droplets that are enriched in SEs form exclusively at the tips of elongated fission yeast cdc25-22 cells. (A) Confocal microscopy images of cdc25-22 cells expressing the ER luminal marker mCherry-AHDL (red) where the lipid droplets have been stained with BODIPY 493/503 (green). Left panels are maximum intensities of all z-stacks (green), center panels are the middle z-stack (red), and right panels are the sums of the left and center panels. Arrows highlight the increase in the number of lipid droplets at the tips of the cells. Scale bars are 5 microns. (B) Plot of the number (left axis) and normalized intensity (right axis) of the lipid droplets in the cell in (A) as a function of time. (C) Plot of the number of lipid droplets as a function of their cellular position in the cell in (A) at t = 0 min (green) and t = 160 min (purple). The symbol, d, represents the distance from the center of the nucleus to the tip of the cell. The symbol, x, represents the position of the lipid droplet from the center of the nucleus. The gray vertical rectangle represents the position of the nuclear ER. (D) Thin layer chromatography results of the neutral lipid content of lipid droplets isolated from wild-type cells, cdc25-22 cells, and elongated cdc25-22 cells. (E) Bright field (left panels) and maximum intensity of all z-stacks (right panels) for elongated cdc25-22 and are1are2-cdc25-22 cells where the lipid droplets have been stained with BODIPY 493/503. Scale bars are 1 micron. (F) Plot of the number of lipid droplets as a function of their cellular position in the cells in (E). 

and cortical/peripheral ER domains are still distinguishable by light microscopy and TAG needs for expanding membranes should be minimal.
We induced TAG lipid droplet formation by incubating wild-type cells expressing mCherry-AHDL in yeast media containing 0.1% oleic acid (YPO) for four hours. Not only does oleic acid addition cause the production of TAG, it shut downs the production of SEs in yeast (Connerth et al., 2010). BODIPY 493/503-stained lipid droplets formed distinct and exclusive rings around the nuclear ER in wild-type cells grown in YPO versus cells grown in YE5S media, the latter having BODIPY 493/503-stained lipid droplets throughout their cytoplasms (Figure 2A,B). We also induced TAG lipid droplet formation by growing fission yeast cells to stationary phase where TAG production is active but SE synthesis activity is minimal. In those cells, BODIPY 493/503-stained lipid droplets again formed a distinct ring around the nuclear ER and were absent in the rest of the cytoplasm (Figure 2A,B). The neutral lipid composition of the cells from each set of cells was confirmed by TLC analysis (Figure 2C). 
We constructed plh1 and dga1 strains expressing mCherry-AHDL and repeated the above experiments to determine the relative contributions of each enzyme to nuclear-ER-localized TAG lipid droplet formation. In both strains, BODIPY 493/503-stained lipid droplets were dispersed throughout the cells after incubation in YPO and also after long-term growth to stationary phase in YE5S (Figure 2D-I). The number of lipid droplets in these strains was comparable to that of wild-type cells and TLC analysis showed that these knockout strains had comparable levels of TAG to each other and wild-type cells (Figure 2F,I). Yeast cells lacking both genes (plh1dga1) had no droplets around the nuclear ER when grown in YE5S (Figure 2J,K). The same cells were not viable when grown in YPO (Figure S1A,B). Double knockouts showed vesicle-shaped BODIPY 493/503-stained structures when grown to stationary phase in YE5S negating any possible analysis of droplet position (Figure 2J). As expected TAG is not present in these cells (Figure 2L). To confirm that Are1p and Are2p were not responsible for droplet formation around the nuclear ER, we knocked out both genes in a strain expressing mCherry-AHDL and performed the above experiments. BODIPY 493/503-stained lipid droplets formed around the nuclear ER in are1are2mCherry-AHDL cells grown in YPO media and also grown to stationary phase in YE5S media, matching the patterns observed in cells expressing all four neutral lipid synthesizing enzymes (Figure 2M,N vs. Figure 2A,B). We used TLC to confirm that the lipid droplets in these cells were exclusively composed of TAG (Figure 2O). In sum, these results indicate that TAG lipid droplets form around the nuclear ER in fission yeast cells.
We next determined the localization of the four enzymes responsible for the final synthesis steps of SE and TAG in both elongated cdc25-22 and wild-type fission yeast cells. We expressed mYFP-Are1p, mYFP-Are2p, mYFP-Dga1p, and mYFP-Plh1p from their native loci under the control of P3nmt1 promoters in cdc25-22 cells and allowed the cells to elongate for ~2.5 hours. 
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Figure 3-2. TAG lipid droplets form around the nuclear ER by the in fission yeast cells. (A-O) Sets of epi fluorescent micrographs of fission yeast cells that have been stained with BODIPY 493/503 (left panel) that are expressing the ER luminal marker mCherry-AHDL (center panel) and the merger of these two signals (right panel) with accompanying plots of the positions of lipid droplets and TLC analysis of the neutral lipid content of the cells. [Note: we are still collecting and analyzing the TLC data, which is incomplete.] Cells were grown to late log phase in YE5S (top row), YPO (center row), and to stationary phase in YE5S (bottom row) except in (J-L) where cells grown to stationary phase had unstable ER and lipid droplet morphologies and cells incubated in YPO were inviable. Scale bars are 1 micron.  


mYFP-Are1p-cdc25-22 and mYFP-Are2-cdc25-22 do not elongate in these experiments; we are working on understanding why this is the case (Figure 3A,B). mYFP-Dga1p and mYFP-Plh1p are present throughout the ER but mYFP-Dga1p had a 200% higher average signal at the nuclear ER over the cortical/peripheral ER at the plasma membrane (Figure 3C) and mYFP-Plh1p showed a ~40% higher average signal at the nuclear ER over the peripheral ER at the plasma membrane as revealed by fluorescent intensity analysis (Figure 3D). We repeated these experiments in wild-type genetic backgrounds and saw similar YFP signal patterns showing that the cdc25-22 temperature sensitive mutant does not affect the localization of these enzymes (Figure 3E-H). Thus, the localization of these four enzymes does not provide sufficient evidence to explain observed spatial differences in lipid droplet formation.  
Sterols are localized to sites of active cell growth and cytokinesis [36]. In wild-type and cdc25-22 cells that are in G2 phase of the cell cycle, which are the cells in focus here, the sterol marker filipin is localized to the plasma membrane at the tips of the cells (Wachtler et al., 2003). Therefore, we postulate that the localization of sterol is the main driving factor in the formation and localization of SE-enriched lipid droplets. [This will ultimately go in the Discussion Section. We are currently confirming the filipin results in our own strains.] 
We wished to gain further insight into TAG lipid droplet spatial regulation by studying the factors that convert TAG into phospholipids. In yeast, Cpt1p converts DAG – the precursor of TAG - into phosphatidylcholine (PC) in the Kennedy Pathway and Dgk1p converts DAG into phosphatidic acid (PA) (Han et al., 2008, Adeyo et al., 2011, Fakas et al., 2011, Henry et al., 2012). We wished to determine where these factors localized in cdc25-22 and wild-type fission yeast cells to give further insight into the localization of TAG lipid droplets. Cpt1p-mYFP localizes exclusively to the nuclear ER in both elongated cdc25-22 cells and wild-type fission yeast cells (Figure 4A). mYFP-Dgk1p localizes strongly to the nuclear ER in both elongated cdc25-22 cells and wild-type fission yeast cells over the cortical/peripheral ER (Figure 4B).
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Figure 3-3. Localization of the four key neutral lipid synthesizing enzymes in cells with cdc25-22 and wild-type genetic backgrounds. (A-H) Single focal plane fluorescence micrographs of (A) mYFP-Are1p-cdc25-22, (B) mYFP-Are2p-cdc25-22, [Note: These two strains do not elongate. We are working on determining the reasons for this observation.] (C) mYFP-Dga1p-cdc25-22, (D) mYFP-Plh1p-cdc25-22. (E) mYFP-Are1p, (F) mYFP-Are2p, (G) mYFP-Dga1p, (H) mYFP-Plh1p.  All four fusion proteins were expressed from native loci using the P3nmt1 promoter. Scale bars are 1 micron.
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Figure 3-4. Cpt1p and Dgk1p localize strongly to the nuclear ER over the cortical/peripheral ER in elongated cdc25-22 cells and wild-type cells. (A) Phase contrast (left panel) and epi fluorescent (right panel) micrographs of elongated cdc25-22 and wild-type fission yeast cells expressing Cpt1p-mYFP from the native locus. (B) Phase contrast (left panel) and epi fluorescent (right panel) micrographs of elongated cdc25-22 and wild-type fission yeast cells expressing mYFP-Dgk1p from the native locus under control of a P41nmt1 promoter. Scale bars are 1 micron.  
3-4 Discussion

Lipid droplets form from the ER but their specific biogenesis locations are only beginning to be elucidated (Kassan et al., 2013, Pol et al., 2014). Here we showed that SE lipid droplets form at the cell tips of elongated cdc25-22 cells when the neutral lipid content of cells is pushed towards SE production over TAG production, and that TAG lipid droplets form around the nucleus of wild-type fission yeast cells when cells form TAG while simultaneously shutting down or greatly reducing SE synthesis. With these results, we propose that SE lipid droplets form from the cortical/peripheral ER away from the nuclear ER and TAG lipid droplets form from the nuclear ER. These results provide insight into lipid droplet formation by showing that droplet neutral lipid content determines where in the cell droplets originate and that SE and TAG may not necessarily flow into the same nascent lipid droplet at the same site on the ER membrane. Results from previous studies on factors involved in the neutral lipid synthesis pathways support our hypothesis. 
Lipin gene products bind and convert phosphatidic acid (PA) into DAG, the precursor of TAG. In flies, inhibition of CNEP-1, a nuclear envelope-enriched activator of lipin, leads to the formation of ER sheets in regions of the nuclear envelope (Bahmanyar et al., 2014). The lipin functional ortholog in budding yeast, Pah1p, controls nuclear ER membrane expansion (Siniossoglou, 2009, Fakas et al., 2011, Karanasios et al., 2013) and modulates lipid droplet number and size (Adeyo et al., 2011). Furthermore, the Nem1p-Spo7p complex, which binds Pah1p facilitating the formation of DAG (Adeyo et al., 2011, Karanasios et al., 2013) is localized to the nuclear ER in budding yeast cells (Siniossoglou, 2009). The action of these factors at the nuclear ER provides further evidence that TAG synthesis should be favored at the nuclear ER over the cortical/peripheral ER. In addition, lipid droplets - labeled by BODIPY 493/503 - formed in close proximity to the nucleus in COS7 cells expressing mCherry-Rab18 after 18 hours of incubation in media containing oleate-BSA complexes; almost no droplets were visible in the tubular ER network extending to the periphery in the same cells (Gerondopoulos et al., 2014). The biophysical properties of SEs and TAGs also lend weight to the theory that they could initiate lipid droplet formation at spatially unique sites. Lipid droplets in mammalian cells can be composed entirely of CE or TAG depending on the metabolic function of the tissue (Khor et al., 2014, Kraemer, 2007). Furthermore, SE and TAG droplets can be mutually exclusive as both experimental and computational results previously showed (Czabany et al., 2008, Hsieh et al., 2012). 
TAG breakdown is equally insightful for understanding droplet localization. TAG is mobilized for phospholipid synthesis during yeast growth such as during the elongation of cdc25-22 cells or when wild-type cells are taken from dormancy and placed into a nutrient-rich environment (Fakas et al., 2011). In these situations, lipid droplet localized lipases break down TAG into a free fatty acid and DAG. Cpt1p converts DAG into PC and Dgk1p converts DAG into PA. It has been suggested that nascent phospholipids that could support lipid droplet expansion could be synthesized in the neighboring ER by Cpt1p activity (Krahmer et al., 2011). If that is the case, the localization of Cpt1p-mYFP exclusively to the nuclear ER in both cdc25-22 and wild-type fission yeast cells would support our hypothesis that TAG lipid droplets are synthesized there. GFP-Dgk1p localizes to the nuclear ER over the peripheral ER in budding yeast cells (Han et al., 2008). Also, Dgk1p overexpression in budding yeast causes proliferation of the nuclear ER membrane but not the cortical ER membrane (Han et al., 2008). The fact that Dgk1p is localized to and functions at the nuclear ER membrane – like lipin - leads to the conclusion that TAG lipid droplets should form at the nuclear ER and also remain close to the nuclear ER post-formation for further processing. 
The morphology of the ER could also play a role in spatially regulated lipid droplet formation. The nuclear ER is comprised mostly of sheets whereas the cortical/peripheral ER contains tubular, highly curved regions (Voeltz et al., 2002, Shibata et al., 2006, Voeltz et al., 2006, Hu et al., 2008, Hu et al., 2009, Shibata et al., 2010, Zhang et al., 2010, Lin et al., 2012). It can be hypothesized that different formation energies would be needed for droplets to emerge from sheet versus tubular membrane geometries. In fission yeast, the tetra-spanning protein1 (Tts1p) and the reticulons (Rtn1p) and DPI (Yop1p) function together to maintain the shape of the tubular ER (De Craene et al., 2006, Voeltz et al., 2006, Hu et al., 2008, Shibata et al., 2008, Zhang et al., 2010) with other factors such as atlastins and lunapark family proteins being recently identified as also having influence on ER morphology and ultimately lipid droplet size (Chen et al., 2012, Klemm et al., 2013, Moriya et al., 2013). These factors are all intriguing targets that could contributing to lipid droplet formation by modulating local ER membrane curvature. Indeed, lipid droplet structures of ~250 nm have very recently been seen localized to ER tubules (Kassan et al., 2013, Pol et al., 2014). Although we documented TAG droplet formation around the nuclear ER, which is typically associated with a sheet-like geometry, the ER tubulation factors Tts1p and Ypo1p both partially localize to the nuclear ER in fission yeast showing that regions of the nuclear ER could be tubular (Zhang et al., 2010). 
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Figure S1. (A) Growth curves of fission yeast cells expressing mCherry-AHDL grown in YE5S (green squares) versus YPO (purple circles). (B) Growth curves of fission yeast cells expressing mCherry-AHDL with dga1plh1 grown in YE5S (green squares) versus YE5S followed by YPO (purple circles). The switch in media is indicated by the gray rectangle.     
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Figure 1. The number of lipid droplets varies in fission
yeast cells based on the growth phase and the amount of
free fatty acids in the media. (A-C) DIC images (left panels)
and maximum intensity projections of all z-stacks from
confocal microscopy experiments (right panels) of fission yeast
cells where the lipid droplets have been stained with BODIPY
493/503 (green). (A) Set 1 cells grown to late-log phase in
glycerol-based media, (B) Set 2 cells grown to stationary
phase in glycerol-based media, and (C) Set 3 cells grown to
mid-log phase in glycerol-based media and then grown to late-
log phase in the presence of 0.1% oleic acid. Cells are labeled
by number for ease of visualization. (D) Plot of the number of
lipid droplets in five cells each from the three sets. Scale bars
are 1 micron.
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Figure 2. Cellular localization of the factors with the highest NSAF scores across all three sets of experiments. (A-L)
Single-plane fluorescent micrographs of fission yeast cells expressing the indicated fluorescent fusion protein from the native
locus (left panel) where the lipid droplets were stained with the neutral lipid dye BODIPY 493/503 (center panel), and the
merger of the two signals (right panel). (A-C) Vip1p-mCherry, (D-F) Ergép-mCherry, (G-l) Erg1p-mCherry, and (J-L) Cyp4p-

mCherry. Scale bars are 1 micron.
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Figure 3

Figure 3. Neutral lipid composition of lipid droplets
isolated from S. pombe cells. (A-E) Images of thin layer
chromatography results for (A) Sterol ester (SE) controls, (B)
triacylglycerol (TAG) controls, (C) Set 1, (D) Set 2, and (E)
Set 3.
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identification	Average adjusted NSAF values 

number		1	2	3	Gene name		Gene product				Localization		Ref	

NP_593257.1	35145	6824	14924	vip1		RNA-binding protein				C		

NP_595787.1	6491	9947	13082	erg6		Delta-sterol C-methyltransferase			ER, LD, N	              20,29,53,54,65,66

NP_595351.1	1978	12353	1920	erg1		Squalene monooxygenase (predicted)			C, ER, LD	              20,29,53,54,65,68	

NP_596532.1	609	5512	3585	cyp4		Cyclophilin family peptidyl-prolyl cis-trans isomerse		ER, G, LD		29,66

NP_593245.1	1777	2716	3084	bip		Binding immunoglobulin protein			ER, G, LD, N		20,29,65

NP_587784.1	2805	749	3662	SPCC736.13		Short chain dehydrogenase (predicted)			LD		29,36

NP_596154.1	1944	3887	180	tdh1		Glyceraldehyde-3-phosphate dehydrogenase		C, LD		29,53,65,66

NP_587997.1	2847	274	482	oca8		Cytochrome b5 (predicted)				ER, LD, M		70

NP_595903.1	1445	1692	367	eno101		Enolase					C, LD, N		29,65

NP_587942.1	3170	314	0	SPCC14G10.01	Dephospho-CoA kinase (predicted)			ER, LD, N		54

NP_594398.1	3130	0	0	ubi1		Ribosomal-ubiquitin fusion protein			N, R

NP_593923.1	3130	0	0	ubi2		Ribosomal-ubiquitin fusion protein			C, N, R

NP_594957.1	1724	337	925	srt1		Cis-prenyltransferase (predicted)			ER, LD		29

NP_594623.1	744	1389	823	vma2		V-type ATPase V1 subunit B			ER, V	

NP_595726.1	1740	601	600	lcf1		Long-chain-fatty-acid CoA ligase			C, ER,LD	    20,29,53,54,65,66,68,70

NP_001018845.2	833	1025	1082	ilv5		Acetohydroxyacid reductoisomerase			LD, M		20,65

NP_594058.1	2671	0	0	SPAC589.10c	Ribosomal-ubiquitin fusion protein Ubi5			N, R

NP_594108.1	2671	0	0	ubi3		Ribosomal-ubiquitin fusion protein Ubi3			C, LD, N, R		20

NP_587757.1	495	1145	1039	tef101		Translation elongation factor EF-1 alpha Ef1a-a		C, LD, N		20

NP_594440.1	495	1145	1039	tef102		Translation elongation factor EF-1 alpha Ef1a-b		C, LD, N		20	

NP_595255.1	495	1145	1039	tef103		Translation elongation factor EF-1 alpha Ef1a-c		C, N

NP_594490.1	937	1034	676	rho1		Rho family GTPase				C, LD, PM, N		20,29,53,65

NP_592894.1	58	1159	1426	mcp60		Mitochondrial heat shock protein Hsp60/Mcp60		M, LD		20,65	

NP_592871.1	294	1289	828	pdi1		Protein disulfide isomerase (predicted)			LD	                20,53,65,66,70

NP_594548.1	414	0	1958	ayr1		1-acyldihydroxyacetone phosphate reductase (predicted)	C, G, ER, LD, M         20,29,53,54,65,66

NP_594955.1	1081	209	983	SPAC4D7.02c	Glycerophosphoryl diester phosphodiesterase (predicted)	ER, LD, M		29,54,65,66

NP_594193.1	0	419	1848	SPAC3A11.10c	Dipeptidyl peptidase (predicted)			G	

NP_596741.1	940	66	1203	erg26		3 beta-hydroxysteriod dehydrogenase/delta 5-4-isomerase 	ER, G, LD		65

(predicted)

NP_593151.1	0	649	1511	atp2		F1-ATPase beta subunit				LD, M		20,65,70

NP_596730.1	586	1191	303	pgk1		Phosphoglycerate kinase (predicted)			C, LD, N		20,66

NP_593459.1	83	1331	522	ssc1		Mitochondrial heat shock protein Hsp70			LD, M		53,65

NP_593612.1	239	732	437	cnx1		Calnexin					ER, LD		68,70

NP_595236.1	233	994	87	gpd3		Glyceraldehyde 3-phosphate dehydrogenase		C

NP_595886.1	1297	0	0	his2		Histidinol dehydrogenase (predicted)			C, N

NP_593584.1	0	495	559	SPAC17H9.14c	Protein disulfide isomerase (predicted)			ER

NP_595409.1	1049	0	0	ubi4		Ubiquitin					N

NP_592972.1	121	413	495	lys3		Saccharopine dehydrogenase			U

NP_594219.1	302	355	363	vph1		V-type ATPase subunit A				ER, LD, V		65

NP_594889.1	0	1019	0	gpm1		Monomeric 2,3-biphosphoglycerate-dependent phosphglycerate 	C, N

mutase (PGAM)

NP_592990.1	90	782	119	erg11		Sterol 14-demethylase				ER, LD		65	

NP_588153.1	0	142	834	wbp1		Doclichy-di-phospho-oligosaccharide-protein glycotransferase 	ER

subunit (predicted)

NP_594536.1	124	295	541	ost1		Doclichy-di-phospho-oligosaccharide-protein glycotransferase 	C, N

(predicted)

XP_001713076.1	570	56	328	ptl2		Triacylglycerol lipase				LD	       29,54,65,66,68

NP_595323.1	0	0	952	anc1		Mitochondrial adenine nucleotide carrier			LD, M		20

NP_587816.1	0	0	940	SPCC306.08c	Malate dehydrogenase				LD, M		70

NP_592867.1	662	52	213	lhs1		Heat shock protein (predicted)			ER, LD		65

NP_595428.1	368	304	235	mas5		DNAJ domain protein (predicted)			C, N

NP_593675.1	144	571	190	SPAC18G6.12c	Hypothetical protein				U

NP_593425.1	283	238	364	vma1		V-type ATPase subunit A				C, LD,V                              65

NP_593631.1	0	398	486	rho5		Rho family GTPase				C, LD, PM, N		53,65

NP_594661.1	0	291	593	SPAC1635.01	Mitochondrial outer membrane voltage-dependent 		LD, M		20,29,65

anion-selective channel				

NP_593158.1	281	486	111	SPAC821.05		Translation initiation for factor eIF3h			C, N

NP_595440.1	0	235	583	erg27		3-keto sterol reductase (predicted)			LD, ER	            20,29,54,65,66

NP_588421.1	375	337	81	ssa2		Heat shock protein				C, LD, N		65

NP_594346.1	44	585	138	pyk1		Pyruvate kinase (predicted)			C

NP_594161.1	0	644	114	SPAC8E11.10	Sorbose reductase (predicted)			M

NP_595692.1	732	0	0	fba1		Fructose-biphosphate aldolase			C,LD,N		70

NP_593196.1	0	110	612	plb1		Lysophospholipase 1				LD, PM, N		26,66

NP_592796.2	0	718	0	SPAC1F8.07c	Pyruvate decarboxylase (predicted)			LD                                     	70

NP_596595.1	215	102	378	SPBC21C3.15c	Aldehyde dehydrogenase (predicted)			C, ER, LD, N		70

NP_593345.1	0	587	96	SPAC9.02c		N-acetyltransferase (predicted)			U

NP_594381.1	0	339	333	SPAC2F3.02		ER protein translocation subcomplex subunit Sec72 (predicted)	ER

NP_594588.1	0	0	656	SPAC9E9.15		CIA30 family protein				C, N

NP_588537.1	456	150	48	SPCC70.03c		Proline dehydrogenase (predicted)			M

NP_596568.1	0	0	646	sar1		ADP-ribosylation factor				ER, LD		20,29,65,68

NP_588142.1	352	0	283	vtc4		Vacuolar transporter chaperone (VTC) complex subunit	ER, V

NP_594004.1	0	343	264	lys12		Homoisocitrate dehydrogenase			M

NP_588371.3	90	71	428	hmt1		ATP-binding cassette-type vacuolar membrane transporter	V

NP_588033.1	188	0	395	sum3		ATP-dependent RNA helicase			C

NP_595618.1	0	0	579	act1		Actin					C, LD	             20,29,53,65,66

NP_596058.1	0	0	545	atp7		F0-ATPase subunit D				M

NP_594360.1	296	100	111	pma1		P-type protein ATPase				C, G, LD, PM		29,65

NP_588364.1	0	0	486	qcr7		Ubiquinol-cytochrome-c reductase complex subunit 6		M

NP_588285.1	124	0	354	tef3		Translation elongation factor eEF3			C, R		

NP_593704.1	261	184	25	ssa1		Heat shock protein (predicted)			C, LD		20,29,65

NP_596676.1	0	442	0	vma7		V-type ATPase subunit F (predicted)			V

NP_587880.1	0	0	423	SPCC1672.09	Triglyceride lipase-cholesterol esterase (predicted)		C, LD		29,53,66

NP_587698.1	0	0	407	qcr2		Ubiquinol-cytochrome-c reductase complex core protein	LD, M		20

NP_593163.1	0	0	404	sod1		Superoxide dismutase				C, M, N

NP_596787.1	0	0	399	SPBC16A3.02c	Mitochondrial peptidase (predicted)			ER, G, LD, M		29,53,65,66

NP_594598.2	0	0	394	pnu1		Mitochondrial endodeoxyribonuclease			M

NP_594919.1	0	0	391	atp1		F1-ATP alpha subunit				LD, M		20,65,70

NP_594767.1	0	0	388	rps3001		40S ribosomal protein S30				C, R, N

NP_595969.1	0	0	388	rps3002		40S ribosomal protein S30				C, R

NP_595664.1	0	0	384	ppi1		Cyclophilin family peptidyl-prolyl cis-trans isomerase Cyp2p	C, N	

NP_594017.1	0	0	382	dpm1		Dolichol-phosphate mannosyltransferase catalytic subunit	C, ER,LD		20,65

NP_595438.1	145	205	26	sks2		Heat shock protein				C, LD		20

NP_594854.1	0	0	369	SPAC1006.07	Translation initiation factor eIF4A			C

NP_594932.1	0	263	104	vma4		V-type ATPase subunit E				V

NP_588244.1	321	0	45	adh1		Alcohol dehydrogenase				LD		20,29,65

NP_593637.1	0	0	337	SPAC23C11.06c	Hydrolase (inferred from context)			C

NP_594425.1	100	62	174	cpy1		Vacuolar carboxypeptidase Y			V

NP_596552.1	262	0	68	pex14		Peroxisomal docking protein			P

NP_588378.1	0	0	329	rpl2701		60S ribosomal protein L27				C, LD, N, R		65

NP_588378.1	0	0	329	rpl2702		60S ribosomal protein L27				C, LD, R		65

NP_588181.1	0	0	313	htb1		Histone H2B alpha				LD, N		20

NP_595066.1	309	0	0	pcl1		Ferrous iron transporter				ER, G

NP_594848.1	0	0	307	psp3		Serine protease (predicted)			V

NP_594558.1	0	54	248	abc4		Glutathione S-conjugate-exporting ATPase		V

XP_001713160.1	0	0	300	dga1		Diacylglycerol O-acyltransferase			ER, LD		29,53,54,66

NP_593403.1	0	0	296	erv25		COPII-coated vesicle component (predicted)		ER

NP_588255.1	0	0	292	arg1		Acetylornithine aminotransferase			M, N

NP_596272.1	0	73	213	pda1		Pyruvate dehydrogenase e1 component beta subunit		M

NP_587706.1	0	283	0	SPCC330.06c	Thioredoxin peroxidase				C, N, P

NP_588549.1	131	0	152	SPCC1827.03c	Acetyl-CoA ligase (predicted)			C, LD, P		20

NP_593891.1	0	0	282	vma5		V-type ATPase subunit C (predicted)			C, LD, V                	65

NP_594491.1	0	22	257	cdc22		Ribonucleoside reductase large subunit			C

NP_593274.1	0	278	0	SPAC56E4.07	N-acetyltransferase (predicted)			ER, G

NP_593788.1	0	234	44	erg5		C-22 sterol desaturase (predicted)			ER, LD		65

NP_594319.1	0	0	276	sdh1		Succinate dehydrogenase				LD, M		20

NP_588405.1	0	232	44	mpg1		Mannose-1-phosphate guanyltransferase		C, LD		20	

NP_595823.1	0	122	154	SPBP23A10.11c	Conserved fungal protein				ER, C

NP_596041.1	0	0	276	ish1		LEA domain protein				ER,LD,N		20,29,65

NP_594896.1	0	0	275	SPAPJ691.03	DUF543 family protein				M

NP_596739.1	0	0	270	pho8		Alkaline phosphatase (predicted)			ER

NP_596450.1	216	26	24	SPBC1718.04	Glycerol-3-phosphate O-acyltransferase (predicted)		ER, LD		29,65,66

NP_595827.1	0	0	255	qcr1		Mitochondrial processing peptidase complex beta subunit	M

NP_593729.1	0	249	0	SPAC17G8.06c	Dihydroxy-acid dehydratase (predicted)			M

NP_595998.1	0	0	249	ape2		Aminopeptidase				C

NP_588339.1	0	0	248	dsc5		UBA/UAS domain protein Ucp10			ER, LD		29,36,54,66

NP_595944.2	0	0	248	SPBC16H5.04	Pho88 family protein				M

NP_596091.1	0	0	245	hsp16		Heat Shock protein				C, LD, N	              	65	

NP_593815.1	0	0	238	isp6		Vacuolar serine protease				G, V

NP_594100.1	0	0	238	SPAC6G10.03c	Cardiolipin-specific deacylase			G, ER, M

NP_596731.1	0	0	234	sam1		S-adenosylmethionine synthetase			C, LD, N		65

NP_587904.1	0	0	232	SPCC5E4.05c	Mitochondrial serine hydrolases (predicted)		LD, M		29,53,54,66

NP_594634.1	0	0	231	SPAC12B10.02c	Endoplasmic reticulum resident protein required 		ER

for packaging into COPII vesicles

NP_593273.1	0	0	229	ggt2		Gamma-glutamyltranspeptidase			V

NP_596298.1	148	0	79	csn6		Translation initiation factor eIF3f			C, N

NP_595946.1	0	0	221	pfk1		6-phosphofructokinase (predicted)			C

NP_596777.1	0	0	220	SPBC16A3.12c	Triglyceride lipase-cholesterol esterase (predicted)		LD, V		29,54,66

NP_588513.1	0	0	218	vma8		V-type ATPase subunit D (predicted)			V

NP_587986.1	214	0	0	SPCC63.13		DNAJ domain protein				ER

NP_588098.1	214	0	0	hsp10		Mitochondrial heat shock protein			M

NP_587755.1	0	0	214	lat1		Dihydrolipoamide S-acetyltransferase E2 (predicted)		M

NP_587718.1	0	0	212	rpl2401		60S ribosomal protein L24				R

NP_587714.1	0	0	212	rpl2402		60S ribosomal protein L24				R

NP_596774.1	165	0	43	atb2		Tubulin alpha 1				C, N

NP_596827.1	0	0	207	spi1		Ran GTPase					C, LD, N		65

NP_594167.1	0	111	88	rad24		14-3-3 protein				C, LD		20,29,70

NP_588024.1	0	71	127	tpi1		Triosephosphate isomerase			C, LD, N		29

NP_594089.1	0	0	197	SPAC1486.01	Manganese superoxide dismutase (predicted)		M	

NP_596062.1	0	0	190	SPBC2G5.01	DUF1682 family protein				ER

NP_593943.2	0	0	189	abc2		Glutathione S-conjugate-exporting ATPase		G, V

NP_588506.1	0	0	187	SPCC1840.07c	Phosphoprotein phosphatase (predicted)		ER

NP_596067.1	0	0	187	hmt2		Sulfide-quinone oxidoreductase			M

NP_596215.1	0	0	187	nus1		Di-trans, poly-cis-decaprenylcistransferase		ER, LD		29,53,54,66

NP_594424.1	0	0	185	SPAC19G12.09	NADH/NADPH dependent indole-3-acetaldehyde 		C, N

reductase AKR3C2

NP_595791.1	0	0	183	erp5		COPII vesicle coat component 			ER, G

NP_587838.1	0	0	183	nap1		Nucleosome assembly protein			C, N

NP_595579.2	0	0	179	SPBC8D2.17		Alpha-1,2-galactosyltransferase (predicted)		ER, G		

NP_594196.1	0	0	177	SPAC3A11.07	NADH dehydrogenase				LD, M		20,29,70

NP_594333.1	0	0	176	SPAC1F12.07	Phosphoserine aminotransferase (predicted)		C

NP_587865.1	0	124	49	SPCC962.01		C2 domain protein				U

NP_588451.1	0	0	169	SPCC126.08c	lectin (predicted)				ER, G, V

NP_596053.1	0	116	52	gas2		1,3-beta-glucanosyltransferase (predicted)		ER, PM

NP_593496.1	0	0	160	dld1		Dihydrolipoamide dehydrogenase			M

NP_588132.1	0	0	158	fyu1		UTP-glucose-1-phosphate uridylytransferase		C, N

NP_593971.1	120	0	37	cta4		P-type ATPase, calcium transporter			ER, LD		65

NP_595907.1	0	0	155	SPBC14C8.04	Acetolactate synthase regulatory unit			U

NP_593636.1	0	153	0	ipp1		Inorganic pyrophosphatase (predicted)			C, N

NP_595261.1	0	0	153	SPBC947.15c	NADH dehydrogenase				LD, M		20

NP_596146.1	0	0	150	gpx1		Glutathione peroxidase				C, N

NP_588303.1	0	0	148	tef5		Translation elongation factor EF-1 beta subunit (eEF1B)	C, LD		65	

NP_594247.1	0	0	146	rad25		14-3-3 protein				C, LD		29,70

NP_595257.1	0	0	141	fkh1		FKBP-type peptidyl-proplyl cis-trans isomerase		C, N

NP_595180.1	0	0	138	eca39		Branched chain aminoacid aminotransferase		C, LD		20

NP_596633.1	0	73	65	atp4		F0-ATPase subunit				M,LD		20

NP_593042.1	136	0	0	cox4		Cytochrome c oxidase subunit IV (predicted)		M

NP_596227.1	0	0	135	SPBC2D10.08c	Mitochondrial ribosomal protein subunit Yml6p		M

NP_595365.1	0	0	134	pdi2		Enoyl reductase				ER, G

NP_594063.2	0	133	0	gst3		Glutathione S-transferase				C, ER, LD	               20,29,54,66

NP_587852.1	0	0	131	SPCC970.03		Cytochrome b5 reductase (predicted)			ER, LD		20

NP_593702.2	0	0	130	erg7		Lanosterol synthease (predicted)			C, ER, LD	         20,29,53,54,65,66,68

NP_594037.1	96	0	34	SPAC24C9.12c	Glycine hydroxymethyltransferase (predicted)		U	

NP_587882.1	114	0	12	SPCC1672.11c	P-type ATPase (predicted)				ER			

NP_595642.1	0	0	125	SPBC83.10		Hypothetical protein				ER

NP_595829.1	124	0	0	ccc2		Copper transporter ATPase			G

NP_595879.1	0	122	0	rpl401		60S ribosomal protein L2				C, R

NP_596230.1	118	0	0	nap2		Nucleosome assembly protein (predicted)		C, N

NP_596697.2	0	0	118	SPBC1347.05c	DNAJ domain protein Scj1p			ER

NP_587768.1	0	0	117	swp1		Oligosaccharyltransferase subunit			ER

NP_594631.1	45	0	70	slm1		Cytoskeleton signaling protein			PM

NP_596229.1	0	0	115	fib1		Fibrillarin					N

NP_595513.1	0	113	0	but2		But2 family protein				U

NP_596818.1	0	0	113	tts1		Tetra-spanning protein1				ER, G

NP_593615.1	0	111	0	obr1		Ubiquitinated histone-like protein Uhp1p			C, N

NP_594031.1	0	34	76	SPAC24C9.06c	Aconitate hydratase				C, LD, M		65,70

NP_595939.1	0	0	108	SPBC16H5.08c	ATP-binding cassette sub-family F protein		C

NP_595918.1	0	0	105	SPBC14C8.15	Triglyceride lipase-cholesterol esterase (predicted)		G, LD		20,29

NP_596588.1	102	0	0	car1		Ornithine aminotransferase			C, N

NP_594600.1	0	0	102	sam50		SAM complex subunit (predicted)			M

NP_594494.1	0	0	100	fio1		Iron transport multicopper oxidase			ER, PM

NP_596686.1	0	0	100	erg10		Acetyl-CoA-acetyltransferase (predicted)		C, LD		70

NP_593009.1	69	0	30	spo15		Sporulation protein				U

NP_595430.1	0	0	96	atp3		F1-ATPase gamma subunit (predicted)			M

NP_595095.1	0	46	48	SPBC660.16		Phosphogluconate dehydrogenase, decarboxylating		C, M

NP_593197.1	92	0	0	ptl3		Triacylglycerol lipase				LD		29,54,65,66

NP_594106.1	0	44	48	gls1		Glucosidase 1 (predicted)				ER

NP_593667.1	0	0	90	ypt3		GTPase					C, LD, N		65

NP_593913.1	0	88	0	SPAC1805.02c	Electron transfer flavoprotein beta subunit (predicted)		C, M, N

NP_594270.1	0	0	88	get3		GET complex ATPase subunit (predicted)		C, ER, N

NP_595192.1	0	0	83	SPBC428.14		1-acylglycerol-3-phosphate acyltransferase (predicted)	ER, LD		29

NP_588315.1	0	52	31	ptl1		Triacylglycerol lipase				LD	           20,29,53,54,65,66

NP_593117.1	0	0	80	SPAC22H12.05c	Fasciclin domain protein				V

NP_593848.1	0	0	78	vma13		V-type ATPase subunit H (predicted)			V

NP_596208.1	0	0	76	SPBC1703.13c	Mitochondrial inorganic phosphate transporter (predicted)	LD, M		20,65

NP_588437.1	0	0	75	rpt3		19S proteasome regulatory subunit (predicted)		C, N

NP_593907.1	0	0	75	ypt5		GTPase					C, N, PM

NP_595017.1	0	0	74	SPAC869.02c	Nitroc oxide dioxygenase (predicted)			C, M, N

NP_588106.1	0	0	73	vgl1		Vigilin (predicted)				C, ER

NP_595941.1	0	0	69	rip1		Ubiquinol-cytochrome-reductase complex subunit 5		M

NP_587900.1	0	0	67	sec231		GTPase activating protein Sec23a			ER

NP_593153.1	0	0	63	sey1		GTP binding protein (predicted)			ER, LD		65

NP_588435.1	0	0	63	rps2		40S ribosomal protein S2				C, R

NP_595203.1	0	0	63	idp1		Isocitrate dehydrogenase (NAD+) subunit 2		LD, M		70	

NP_596185.1	0	0	63	lcf2		Long-chain fatty acid CoA ligase			C, ER, LD              20,29,53,65,66,68

NP_595640.1	0	0	62	rvb2		AAA family ATPase				C, LD, N		65

NP_594745.1	0	0	62	aap1		Aminopepidase (predicted)				C

NP_587809.1	0	0	61	rpt4		19S proteasome regulatory subunit (predicted)		C, N

NP_594365.1	0	38	23	hsp90		Hsp90 Chaperone				C, LD, N		20,65,70

NP_594455.1	0	0	60	bgl2		Glucan 1,3-beta-glucosidase			C

NP_587959.2	44	0	16	pma2		P-type proton ATPase				C, G, LD, PM		20

NP_588144.1	0	0	57	phb2		Prohibitin					LD, M		68

NP_595546.2	0	0	56	tom40		Mitochondrial TOM complex subunit			LD, M		20

NP_596797.1	0	0	56	yta12		Mitochondrial m-AAA protease			M

NP_595702.1	0	0	55	gua1		IMP dehydrogenase (predicted)			C

NP_593287.2	0	0	55	cdc48		AAA family ATPase				C, ER, LD, N		65

NP_594169.1	0	0	55	sec17		Alpha SNAP (predicted)				LD		

NP_593278.1	0	0	54	rpn501		19S proteasome regulatory subunit			C, N

NP_593317.1	0	0	54	ura3		Dihydroorotate dehydrogenase			M

NP_594776.1	0	0	54	rpn502		19S proteasome regulatory subunit			N

NP_596119.2	0	0	53	SPBC18A7.01	X-pro dipeptidase (predicted)			G, ER

NP_595804.2	0	0	52	leu1		3-isopropylmalate dehydrogenase			C

NP_594731.1	0	0	52	sec24		COPII vesicle coat protein (predicted)			C, ER, LD		65

NP_594542.1	0	0	52	gpd2		Glycerol-3-phosphate dehydrogenase			U

NP_595055.1	51	0	0	abc3		ABC transporter				V

NP_596685.1	0	31	21	arg4		Arginine specific carbamoyl-phosphate synthase (predicted)	M

NP_595885.1	0	0	51	SPBC1711.12	Serine protease				C, LD, N		65

NP_596116.1	0	0	51	ero11		ER oxidoreduction Ero1a				ER

NP_595098.1	0	49	0	pmr1		P-type ATPase, calcium transporter			ER

NP_593828.2	49	0	0	tif33		Translation initiation factor eIF3c			C

NP_593905.1	0	0	48	atg24		Autophagy associated protein (predicted)		V, G	

NP_596002.1	0	0	48	nfs1		Iron-sulfur cluster assembly protein			M

NP_595382.1	0	0	47	ilv1		Acetolactate synthase catalytic subunit			M

NP_594753.1	0	0	47	mnn9		Mannosyltransferase complex subunit, Anp family (predicted)	G, ER

NP_594892.1	0	0	47	pda1		Pyruvate dehydrogenase e1 component alpha subunit		M

XP_001713056.1	0	0	47	lsb6		Phosphatidylinositol 4-kinase (predicted)			G, V

NP_595152.1	0	0	44	SPBC106.03		DUF1776 family protein				M

NP_595746.1	0	0	44	tuf1		Mitochondrial translation elongation factor EF-Tu		M

NP_595480.1	0	0	43	rpt2		19S proteasome regulatory subunit			C, N

NP_594117.1	0	0	41	ubp6		Ubiquitin C-terminal hydrolases			N

NP_594337.1	0	0	40	SPAC4H3.01		DNAJ domain protein Caj1/Djp1 type			C, PM

NP_587684.1	0	0	40	rnc1		RNA-binding protein				C

NP_595870.1	0	0	39	rpt6		19S proteasome regulatory subunit (predicted)		C, N

NP_593471.1	0	39	0	rpl302		60S ribosomal protein L3				C, LD, R		65

NP_593480.1	0	39	0	rpl302		60S ribosomal protein L3				C, R

NP_587862.1	0	0	38	mug190		C2 domain protein				C, ER, LD, N	                     65

NP_588052.1	0	0	38	gtb1		Glucosidase II (predicted)				C, N		

NP_595366.1	0	0	38	SPBC646.08c	Oxysterol binding protein (predicted)			ER, LD		29,65,66,70

NP_596805.1	0	0	36	rpt1		19S proteasome regulatory subunit (predicted)		C, N

NP_593749.1	0	0	36	gdi1		GDP dissociation inhibitor (predicted)			C

NP_596411.1	0	0	35	SPBC3B8.03		Saccharopine dehydrogenase (predicted)		U	

NP_588494.1	0	0	35	SPCC1919.12c	Aminopeptidase (predicted)			C

NP_595281.1	0	12	22	gpt1		UDP-glucose-glycoprotein glucosyltransferase		ER, LD		65

NP_593526.1	0	0	34	alo1		D-arabinono-1,4-lactone oxidase			M

NP_588501.1	0	14	20	bgs4		1,3-beta-glucan synthase subunit			ER, PM

NP_593668.1	0	0	34	shm2		Serine hydroxymethyltransferase (predicted)		M

NP_593718.1	0	0	34	cit1		Citrate synthase (predicted)			M, LD		20

NP_593241.1	0	0	33	dak1		Dihydoxyacetone kinase				C

NP_592787.1	0	0	33	dak2		Dihydoxyacetone kinase				C

NP_588133.1	0	0	32	SPCC1322.05c	Leukotriene A-4 hydrolase (predicted)			C, N

NP_595148.1	0	0	32	stt3		Oligosaccharyltransferase subunit			ER

NP_595621.2	0	0	31	alg2		Mannosyltransferase complex subunit (predicted)		ER, LD			29,36,65,68	

NP_595238.1	0	0	29	vac8		Vacuolar protein				G, V

NP_595325.1	0	0	26	pdf1		Palmitoyl protein thioesterase-dolichol pyrophosphate 	ER

phosphatase fusion 1				

NP_596379.1	0	0	26	rpg1		Translation initiation factor eIF3a			C, LD		20

NP_593194.2	0	0	25	SPAC1A6.03c	Phospholipase (predicted)				C, PM, LD		29,66

XP_001713060.1	0	25	0	pss1		Heat shock protein				C, LD, N		65

NP_593377.1	0	0	24	pabp		mRNA export shuttling protein			C, N

NP-593551.1		0	0	24	avt3		Vacuolar amino acid transporter (predicted)		ER, V

NP_588291.2	0	0	24	acs1		Acetyl-CoA ligase (predicted)			C, LD, M, N		20

NP_595772.1	0	0	24	SPBC3H7.03c	2-oxoglutarate dehydrogenase (lipoamide)		LD, M		20

NP_593979.1	0	0	22	ams1		Alpha-mannosidase (predicted)			C, LD, V		

NP_596503.1	0	0	22	SPBC16D10.08c	Heat shock protein Hsp104 (predicted)			C, LD, N		20,65

NP_596014.1	0	0	20	dnm1		Dynamin					M

XP_001713073.1	0	0	19	eft201		Translation elongation factor 2			C, LD, R		20

NP_58786.1		0	0	19	eft202		Translation elongation factor 2			C, LD, R		20

NP_595476.1	0	0	18	SPBC4.03c		COPII-coated vesicle component Sfb3 (putative)		C, ER

NP_594060.2	0	0	16	SPAC688.01		Glycosylceramide biosynthesis protein (predicted)		ER, PM

NP_594602.1	0	0	14	tif471		Translation initiation factor eIF4G			C, LD		20

NP_593974.1	0	0	13	syn1		C2 domain protein				ER, G

NP_593823.1	0	0	9	fas2		Fatty acid synthase alpha subunit Lsd1			C, LD		65



The numbers shown in columns 2-4 are Average Adjusted NSAF (Normalised Spectral Abundance Factor) values. Raw spectral counts were normalised by NSAF and then multiplied by 100,000. Average Adjusted NSAFs were calculated using Adjusted NSAF values from two independent runs of each sample.



Organelle associations were based on the resource www.yeastgenome.org.



Localization Abbreviations: C, cytosol; ER, endoplasmic reticulum; G, Golgi apparatus; LD, lipid droplet; M, mitochondria; N, nucleus; P, peroxisome; R, ribosome; U, unknown; V vacuole.
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