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High confidence proteomic analysis of yeast LDs
identifies additional droplet proteins and reveals
connections to dolichol synthesis and sterol acetylation®
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Abstract Accurate protein inventories are essential for un-
derstanding an organelle’s functions. The lipid droplet (LD)
is a ubiquitous intracellular organelle with major functions
in lipid storage and metabolism. LDs differ from other or-
ganelles because they are bounded by a surface monolayer,
presenting unique features for protein targeting to LDs.
Many proteins of varied functions have been found in puri-
fied LD fractions by proteomics. While these studies have
become increasingly sensitive, it is often unclear which of
the identified proteins are specific to LDs. Here we used
protein correlation profiling to identify 35 proteins that spe-
cifically enrich with LD fractions of Saccharomyces cerevisiae.
Of these candidates, 30 fluorophore-tagged proteins local-
ize to LDs by microscopy, including six proteins, several
with human orthologs linked to diseases, which we newly
identify as LD proteins (Cab5, Rer2, Sayl, Tsc10, YKL047W,
and YPR147C). Two of these proteins, Sayl, a sterol deacety-
lase, and Rer2, a cis-isoprenyl transferase, are enzymes in-
volved in sterol and polyprenol metabolism, respectively,
and we show their activities are present in LD fractions.Hl
Our results provide a highly specific list of yeast LD pro-
teins and reveal that the vast majority of these proteins
are involved in lipid metabolism.—Currie, E., X. Guo, R.
Christiano, C. Chitraju, N. Kory, K. Harrison, J. Haas, T. C.
Walther, and R. V. Farese, Jr. High confidence proteomic
analysis of yeast LDs identifies additional droplet proteins
and reveals connections to dolichol synthesis and sterol
acetylation. J. Lipid Res. 2014. 55: 1465-1477.

Supplementary key words lipid droplets ® lipid metabolism e lipids ®
protein targeting ® polyprenol synthesis

The lipid droplet (LD) is a cytoplasmic organelle that is
ubiquitous among eukaryotic cells and is also found in
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some prokaryotic cells (1-3). LDs were long thought to be
mostly inert, but are now recognized as a bona fide organ-
elle with dynamic size, number, distribution, and protein
composition (4). LD proteins include a family of structural
proteins (5), many enzymes involved in lipid metabolism,
and an assortment of proteins with other functions. Pro-
tein localization to the LD can be regulated by many fac-
tors [e.g., development regulates histone localization (6)
and phospholipid content regulates CCT1 localization
(7)]. A thorough understanding of protein composition is
an essential step in understanding the functions of the
LD.

The LD has a unique architecture of a neutral lipid core
bounded by a phospholipid monolayer. The surfactant
monolayer imposes specific structural requirements on
proteins localized to the LD, i.e., prohibiting transmem-
brane proteins with luminal domains and favoring struc-
tures that can localize to the interface by dipping segments
into the hydrophobic phase, such as proteins with hydro-
phobic sequences (8, 9) or amphipathic helices (5). LD
biogenesis and growth are uniquely dependent on neutral
lipid synthesis because the organelle core contains primar-
ily TGs and sterol esters (SEs), with composition varying
by cell type and nutritional status. In yeast, the composi-
tion of TG and SE is roughly 50% for each (10).

LDs are often found in close apposition to other organ-
elles, including peroxisomes (11), mitochondria (12-14),
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endosomes (15), phagosomes (16), and especially the en-
doplasmic reticulum (ER) (17, 18), which is likely their
site of origin [reviewed in (19, 20) ]. In fact, some proteins
that appear to target the LD may actually target ER mem-
branes closely apposed to the LD; this can be difficult to
distinguish at the resolution of confocal light microscopy
(~300 nm). The close association of LLDs with other or-
ganelles makes their biochemical purification challeng-
ing. Additionally, the hydrophobic nature of the organelle
offers a potential sink for non-LD proteins whose topolo-
gies are disrupted during the mechanical fractionation
process. These artifacts, combined with the high sensitivity
of MS, often yield LD proteomes with low specificity.

We sought to determine a high-confidence proteome of
the yeast Saccharomyces cerevisiae LD, an established model
for LD studies (21). Although comprehensive lists of yeast
LD proteomes have been reported (11, 22), there is little
overlap between these lists and it remains unclear which of
the candidate proteins identified by proteomics are spe-
cific to LDs. We sought to overcome the specificity limita-
tions of LD proteomes by using protein correlation
profiling (PCP), a quantitative method of determining pu-
rification profiles of proteins compared with organelle
markers, based on high-resolution MS. PCP was success-
fully used to create specific inventories of many organelles
(23, 24), including LDs in Drosophila melanogaster cells (25).
We reasoned that bona fide LD proteins should fulfill two
criteria: @) enrichment in the LD purification fraction by
PCP, and b) localization to LDs by microscopy. We used
PCP to generate a high-confidence list of 35 proteins that
specifically copurify with the yeast LD. By cross-referencing
with fluorescence microscopy in this study or previous re-
ports, we verified that 30 of these proteins are bona fide
LD proteins. We showed that two proteins (Faal and Hfd1),
previously identified in yeast LD proteomes, in fact, do lo-
calize to LDs. Additionally, we identified six new LD pro-
teins (Cabb, Rer2, Sayl, Tsc10, YKL047W, and YPR147C),
and we assessed enzymatic activities for two of these pro-
teins, Sayl and Rer?2, at LDs.

EXPERIMENTAL PROCEDURES

Strains, media, and materials

S. cerevisiae strain BY4741 (MATa his3A0 leu2A0 metl15A0
ura3A0)was used as WT. Yeast strains were routinely transformed
using lithium acetate. Cells were cultured in synthetic complete
media with dextrose containing 2% dextrose, 0.67% yeast nitro-
gen base (BD Biosciences), amino acids (Sunrise Science), and
ammonium sulfate. Cells were grown for 2 days at 30°C to station-
ary growth phase for all experiments.

Protein localization

C-terminally tagged green fluorescent protein (GFP) strains
were created using published cloning cassettes (26). PCR primers
were designed using Primer3 software and purchased from Elim
Biopharm. Yeast were labeled with 1:1,000 monodansyl pentane
(MDH) (Abgent) for LD identification (27) and allowed to settle
on concanavalin A-coated coverslips for 10 min. They were then
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mounted on slides and images were acquired by using a Nikon
ECLIPSE Ti 2000 microscope with Yokogawa CSU-X1 spinning
disk and Hamamatsu ImagEM electron multiplier CCD camera
with image acquisition and mechanical control by Micro-Manager.
Solid-state lasers at excitation/emission of 405/460 nm, 491 /520
nm, and 561/595 nm were used. Images were deconvolved (Huy-
gens SVI) and cropped (Image J). The fraction of LDs with GFP
was determined manually by counting numbers of LDs with and
without GFP signal colocalization. The fraction of GFP colocaliz-
ing with LDs was determined by a custom CellProfiler pipeline
and Python script that calculated the fraction of total GFP inten-
sity that colocalized with MDH punctae on a per cell basis.

Localization was confirmed by crude cellular fractionation
and immunoblotting, using mouse monoclonal anti-protein dis-
ulfide isomerase (Abcam), anti-GFP (Roche), and rabbit polyclonal
anti-hemaggutinin (HA) (Upstate). For crude fractionation
(e.g., in experiments of Fig. 5A, C and Fig. 6A, C), cells were
dounce-homogenized and lysates spun at 300 g for 30 min and
then 100,000 g for 30 min. LDs were collected with a tube slicer
(Beckman Coulter) and the remaining supernatant and pellet
were collected.

TLC

Lipids were extracted by bead beating cells in water:
CHCl;:methanol (0.3:1:1), collecting the single phase, and dry-
ing it under N, gas. Lipids were resuspended in chloroform,
separated on silica gel TLC plates (Whatman or Analtech) using
hexane:ethyl ether:acetic acid (80:20:1), and detected by char-
ring with cuprous sulfate. Bands were identified by comparison
to standards.

LD purification

Stable isotope labeling by amino acids in cell culture (SILAC)
was performed (28, 29). Cells were pelleted, washed with water,
and then incubated in 0.1M Tris-Cl (pH 9) and 10 mM DTT at
30°C for 10 min. They were washed and resuspended in 20 mM
KH,PO, (pH 7.4) and 1.2M sorbitol to 0.5 g/ml, and digested
with 4 mg/g zymolyase 100T (MP Biomedicals) at 30°C for 2 h.
Cells were pelleted, washed, and resuspended in 5 ml 20 mM
HEPES (pH 7.4), 0.6M sorbitol, 1 mM EDTA, and EDTA-free
protease inhibitor pellet (Roche) and homogenized in a dounce
homogenizer for 40 strokes. Homogenized cells were spun at 300 g
for 30 min, 20,000 g for 30 min, and then 100,000 g for 30 min
with the pellet collected at every centrifugation step. The super-
natant was then floated through a sucrose gradient by centrifug-
ing overnight at maximum speed in an SW41 rotor. The LDs
were collected with a tube slicer (Beckman Coulter) and other
fractions were collected by pipette. Six gradient fractions and the
three pellets from the initial high-speed spins were analyzed by
MS.

LC-MS/MS analysis

Each peptide fraction was separated by reversed-phase chro-
matography on a Thermo Easy nL.C 1000 system connected to a
Q Exactive mass spectrometer (Thermo) through a nano-electrospray
ion source. Peptides were separated on 15 cm columns (New
Objective) with an inner diameter of 75 pm packed in-house with
1.9 wm C18 resin (Dr. Maisch GmbH). Chromatographic runs
(120 min) were used and peptides were eluted with a linear
gradient of acetonitrile from 5 to 30% in 0.1% formic acid for
95 min at a constant flow rate of 250 nl/min. The column tem-
perature was kept at 35°C. Eluted peptides were directly electro-
sprayed into the mass spectrometer. Mass spectra were
acquired on the Q Exactive in a data-dependent mode to auto-
matically switch between full scan MS and up to 10 data-dependent



MS/MS scans. The maximum injection time for full scans was
20 ms with a target value of 3,000,000 at a resolution of 70,000 at m,/z
200. The 10 most intense multiple charged ions (z = 2) from the
survey scan were selected with an isolation width of 3 thomson
and fragmented with higher energy collision dissociation with
normalized collision energies of 25. Target values for MS/MS
were set to 1,000,000 with a maximum injection time of 120 ms at
aresolution of 17,500 at m/z 200. To avoid repetitive sequencing,
the dynamic exclusion of sequenced peptides was set to 20 s.

The resulting MS and MS/MS spectra were analyzed using
MaxQuant (versionl.3.0.2), utilizing its integrated ANDROMEDA
search algorithms (30, 31). Peak lists were searched against local
databases for S. cerevisiae (obtained from the Saccharomyces
Genome Database, Stanford University; 6,641 entries, July 26,
2012) with common contaminants added. The search included
carbamidomethlyation of cysteine as fixed modification, and me-
thionine oxidation and N-terminal acetylation as variable modifi-
cations. Maximum allowed mass deviation for MS peaks was set to
6 parts per million, and 20 parts per million for MS/MS peaks.
Maximum missed cleavages were two. The false discovery rate was
determined by searching a reverse database. Maximum false dis-
covery rates were 0.01 both on peptide and protein levels. Mini-
mum required peptide length was six residues. Proteins with at
least two peptides (one of them unique) were considered identi-
fied. The “match between runs” option was enabled with a time
window of 2 min to match identification between replicates. Soft-
clustering was performed using the Mfuzz software package in
the statistics software program R. The cluster number C was set at
9, and cluster stability m = 1.6.

Criteria for defining LD proteins

To define a high-confidence LD protein set, we applied four
criteria to filter candidates. First, we set an arbitrary cutoff point
for rank-ordered membership in the LD cluster as the top 136
proteins (see supplementary Table II for a list of all proteins with
a LD cluster value >0.1). We chose this arbitrary point because it
included the majority of previously identified LD proteins in two
experimental replicates. Second, proteins had to be above the
arbitrary cutoff in both experimental replicates. Third, proteins
had to have a calculable heavy/light ratio (H/L) in at least eight
fractions so that we were confident that their cluster membership
value was not strongly influenced by missing data points. Finally,
proteins were filtered based on a purification profile that closely
matched that of 12 well-established LD proteins (Fig. 3A). In the
case of our analysis, these stringent criteria used the thresholds of
H/L <0.06 in fractions 1-3, <0.16 in fractions 4-6, <0.2 in frac-
tion 7, and <0.371 in fraction 8 (Fig. 1E). By including these se-
lected thresholds, we were able to maximize specificity of the
selected LD proteins.

cis-Isoprenyl transferase assay

Cells were crudely fractionated as above. To reduce cytoplasm
in the LD fraction, LDs in 1.5 ml Eppendorf tubes were rinsed
twice by addition of 1 vol buffer, spun at maximum speed in a
tabletop centrifuge, and a needle and syringe were inserted be-
low the floating LDs to remove 1 vol cytoplasm. Pellets were
rinsed twice and then resuspended in yeast cisisoprenyl trans-
ferase (cisIPTase) reaction buffer [60 mM HEPES (pH 8.5),
5 mM MgCly, 2 mM DTT, 2 mM NaF, and 2 mM sodium orthova-
nadate]. Yeast reaction mixtures contained 100 wg protein, 50 uM
farnesyl pyrophosphate (FPP), and 45 uM 14C—isopentyl pyro-
phosphate (IPP) (American Radiolabeled Chemicals). Reactions
were incubated at 30°C for 1 h and quenched by addition of 2 ml
CHCl3:methanol (2:1). Products were separated from unreacted
water-soluble IPP by partition through addition of 0.8 ml of 0.9%

NaCl in water. The organic phase was washed three times with
CHCls:methanol:water (3:48:47) and dried under nitrogen. The
dried sample was resuspended in hexane and loaded onto silica
gel TLC plates, run in hexane:ethyl acetate (80:20), and dried.
Plates were exposed to a phosphor screen for 3—4 days and com-
pared with iodine-labeled standards. The band corresponding to
dolichol was scraped from the TLC plate, resuspended in scintil-
lation counting liquid, and counted in a scintillation counter.

Cholesteryl acetate deacetylase assay

Cells were crudely fractionated, as described above, in lysis
buffer of 200 mM sorbitol, 10 mM HEPES-KOH (pH 7.5), 100 mM
NaCl, 5 mM MgCl,, and 1 mM EDTA. Microsome (300 ug) or
cytoplasm (300 pg) and LD protein were assayed for cholesteryl
acetate (CA) deacetylase activity as described in (32). Cell frac-
tions were incubated with 0.143 pwCi "“ccA (American Radiola-
beled Chemicals) in 26 nmol total CA for 1 h at 30°C. The
assay was stopped by adding 1.5 vol of CHCI;. Three volumes of
methanol were added and the reaction was vortexed until clear.
Ortho-phosphoric acid (2.8%, 1.5 vol) was added and the sam-
ples were centrifuged for 2 min at 13,000 rpm. The upper aque-
ous layer was discarded. Samples were re-extracted with 1.5 vol
CHCI; and 3 vol acidified water. The lower organic layer was col-
lected and dried under nitrogen. The dried sample was resus-
pended in CHCls:methanol (1:1), loaded onto silica gel TLC
plates, run in petroleum ether:diethyl ether:acetic acid (70:30:2),
and dried. Plates were exposed to a phosphor screen for 2-3 days
and compared with iodine-labeled standards.

RESULTS

PCP yields a distinct LD purification profile

LDs were isolated from WT yeast grown at 30°C to sta-
tionary phase, where LDs are most abundant. To obtain
the fractions for PCP, we purified LDs from cells labeled
with heavy nonradioactive isotope-containing lysine [sta-
ble isotope labeling by amino acids in cell culture, SILAC
(28) ] using sequential differential centrifugation and a su-
crose density gradient. We collected samples from pellets
of each initial centrifugation (fractions 1-3) and six layers
of the sucrose density gradient (fractions 4-9). By using
peptides identified in the various fractions, we found that
the sequential centrifugations pelleted primarily the fol-
lowing: a) unbroken cells and agglomerated membrane in
fraction 1; b) vacuolar, nuclear, ER, plasma, endosomal,
and Golgi membranes in fraction 2; and ¢) transport vesicles,
endosomal membranes, and Golgi complex in fraction 3.
The sucrose density gradient separated the cytoplasm into
six additional fractions. We combined each of these sam-
ples with equal amounts of protein from the LD fraction
(fraction 9) of unlabeled cells and analyzed the combined
samples by liquid chromatography coupled online to elec-
trospray ionization and high-resolution MS/MS (Fig. 1A).
We measured 16,589 peptides from 2,165 proteins in all
fractions with 1,377 proteins identified in the LD frac-
tion, 993 of which had calculable H/Ls (supplementary
Table I).

We calculated H/Ls for each protein in every fraction.
To compare individual proteins, we set the maximum H/L
to one and normalized the ratios in other fractions to this
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Identification of LD proteins in S. cerevisiae using PCP. A: Schematic of PCP workflow. B: Purifica-

tion profiles of representative proteins for different organelles. Mito., mitochondria; Cyt., cytoplasm; Nuc.,
nucleus. C: Soft clustering of all fractions of a LD purification. Proteins identified in the LD fraction that
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confidence LD protein list. F: Proteins identified with high confidence in the LD PCP cluster of two biological
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H/L. To directly compare different organelle purification
profiles, we plotted a representative profile for a protein
from each of the major cellular organelles, choosing pro-
teins that were only annotated to a single intracellular
compartment in the Saccharomyces Genome Database (Fig. 1B).
We found that bona fide LD proteins peak in fraction 9
with very little representation in other fractions. ER pro-
teins, which are especially difficult to separate from LDs,
similarly peak in fraction 9, but also have smaller peaks in
fractions 2 and 3. Several other organelles have abundant
proteins in the LD fraction, highlighting the need for a
technique such as PCP to determine specificity.

We used soft clustering to generate clusters of typical pu-
rification profiles with each protein assigned a membership
value for each cluster (33). The membership value provides
a measurement of the similarity between each protein’s pu-
rification profile and the cluster, thereby providing a measure

1468 Journal of Lipid Research Volume 55, 2014

of the likelihood that a protein belongs to a certain cluster.
Soft clustering identified a group of LD proteins (Fig. 1C,
bottom center) as well as clusters containing mostly pro-
teins from other organelles [e.g., mitochondria (center)
and ER (center right)] (see supplementary Table II for all
proteins in the LD cluster with H/L >0.1).

To assess reproducibility of the LD PCP measurements,
we repeated the purification and analysis and compared
the membership value for the LD cluster of each identi-
fied protein. The results were highly reproducible, with a
Pearson’s correlation of 0.77 between the two PCP experi-
ments (Fig. 1D). We performed the same comparison with
a third biological replicate and found that it correlated
well with both previous PCPs (r=0.79 and r= 0.76, respec-
tively), again showing the reproducibility of our technique
and dataset. Thus, with respect to the high-confidence list,
the results were highly reproducible.



We applied an arbitrary cutoff to the LD cluster (as de-
scribed in Experimental Procedures) and filtered the list
to include only proteins that were within this arbitrary cut-
off in a biological replicate to generate a cluster of 88 pro-
teins that reproducibly purify in the LD fraction (filtration
schematic in Fig. 1E). To further separate bona fide LD
proteins, we applied stringent filtration criteria to the clus-
ter to separate it into highest-confidence LD proteins (Fig.
1F, red) and suspected non-LD proteins (Fig. 1F, blue).
This analysis yielded a list of 35 highest-confidence LD
proteins (Table 1).

Verification of LD protein localization

We next tested to determine which proteins in the high-
confidence PCP list are bona fide LD proteins, as con-
firmed by localization to LDs by spinning disk live-cell
fluorescence microscopy (Fig. 2B-D, quantified in Fig. 2E,
F). We consider a protein a bona fide LD protein if it is
present at the LD, regardless of where else within the cell
it is also present. Of the 35 identified proteins, 19 were
previously identified as LD proteins by fluorescence

microscopy in published works (annotated in Table 1 and
Fig. 2A). Three proteins (Faal, Hdf1, and Gttl) were iden-
tified in multiple other yeast LD proteomes, but their lo-
calization to the LD by fluorescence microscopy was not
explored. To assess their localization, we tagged these pro-
teins at the C terminus with GFP to assess LD localization
in stationary growth phase by colocalization with MDH, a
blue LD vital dye. Hfd1-GFP exhibited predominantly LD
localization while Faal-GFP appeared to be visible in ad-
ditional cellular compartments, likely the ER (represen-
tative images shown in Fig. 2B, quantified in Fig. 2E, F).
Gttl-GFP was predominantly present in other cellular
compartments (Fig. 2C), however quantification of the
microscopy revealed that very few LDs had GFP signal
(Fig. 2E), but the fraction of GFP signal that colocalized
with LDs was comparable to other bona fide LD proteins
(Fig. 2F), which could explain why Gttl biochemically
fractionates with LDs.

Seventeen proteins identified in our PCP proteome
were not previously annotated to the LD or, in some cases,
were only found in a single report of the LD proteome.

TABLE 1. Identification of 35 proteins that specifically purify with the LD

Proteomes Microscopically Biochemically
ORF Gene Function Present Localized to LD Localized to LD
YIL124W AYR1 Acyl-DHAP reductase, catalyzes lyso-PA formation A, B, G (69) (60)
YDR196C CAB5 Dephospho-CoA kinase involved in CoA synthesis Current Work —
YOR245C DGA1 Diacylglycerol acyltransferase, catalyzes DAG to TAG G (69) (63)
YHLO30W ECM29 Proteasome assembly — — —
YBR177C EHT1 Acyl-CoA:ethanol acyltransferase A B, G (69) —
YGR175C ERG1 Squalene epoxidase, enzyme in ergosterol synthesis A B, G (68) (68)
YLR100W ERG27 3-keto sterol reductase, enzyme in ergosterol synthesis G (69) (66)
YMLO0O08C ERG6 24-C-sterol methyltransferase, enzyme in ergosterol synthesis A, B, G (68) (64)
YHRO72W ERG7 Lanosterol synthase, enzyme in ergosterol synthesis A, B, G (65) (65)
YOR317W FAA1 Fatty acyl-CoA synthetase, activates imported FAs A, B, G Current Work —
YMR246W FAA4 Fatty acyl-CoA synthetase, activates imported FAs A, B, G (69) —
YBRO41W FAT1 Fatty acyl-CoA synthetase, activates imported FAs A, B, G (69) —
YIR0O38C GTT1 Glutathione transferase B, G — (22)
YMRI110C HFD1 Fatty aldehyde dehydrogenase B, G Current work —
YBR204C LDH1 Serine hydrolase, weak TG lipase activity G (70) (70)
YMLO59C NTEI Phospholipase B — — —
YDL193W NUS1 Putative prenyltransferase involved in dolichol synthesis A G (43) —
YKR046C PET10 Unknown A B, G (69) —
YPL206C PGC1 Phosphatidyl glycerol phospholipase C, catalyzes PG to DAG G (71) (72)
YGR233C PHOS1 Cyclin-dependent kinase inhibitor — — —
YBR002C RER2 Prenyltransferase involved in dolichol synthesis — Current work Current work
YGR263C SAY1 Sterol deacetylase — Current work Current work
YDL052C SLC1 Acyltransferase, catalyzes lyso-PA to PA A, B, G (69) (61)
YPRI40W TAZI1 Lyso-PC acyltranferase, catalyzes lyso-PC to PC — — —
YKL140W TGL1 Lipase, catalyzes SE to sterol A, B, G (50) (73)
YMR313C TGL3 Lipase, catalyzes TAG to DAG, DAG to MAG, and LPA to PA A, B, G (74) (74)
YKRO89C TGL4 Lipase, catalyzes TAG to DAG, LPA to PA, and SE to sterol G (75) —
YORO081C TGL5 Lipase, catalyzes TAG to DAG and LPA to PA G (75) (75)
YBR265W TSC10 3-Ketosphinganine reductase, involved in sphingosine synthesis G Current work —
YMLO13W UBX2 Involved in ER-associated protein degradation, regulates LD G (76) (22)

homeostasis.

YMR152W YIM1 Unknown A G (69) —
YKL094W YJU3 Monoacylglyceride lipase, catalyzes MAG to glycerol A G (69) (67)
YKL047W — Unknown, putative lipase — Current work —
YORO059C — Unknown, putative lipase. A (69) —
YPR147C — Unknown — Current work —

Identified proteins were found as described in the Results and are annotated for ORF, gene name, presence in other proteomes, and previous
localization to the LD by microscopy or biochemistry. Proteomes are abbreviated as A = Athendstaedt et al., 1999 (87), B = Binns et al., 2006 (11),
and G = Grillitsch et al., 2011 (22). Proteins were considered previously identified if they were previously microscopically or biochemically localized
to the LD or if they were previously identified in more than one proteome. Newly identified proteins are bolded in the table. Proteins that have not
been verified by microscopy to localize to the LD in our study or others are in italics. DAG, diacylglycerol; DHAP, dihydroxyacetone phosphate; LPA,
lysophosphatidic acid; MAG, monoacyl glycerol; PA, phosphatidic acid; PC, phosphatidyl choline; PG, phosphatidyl glycerol; TAG, triacylglycerol.

High confidence yeast lipid droplet proteome 1469



A In LD PCP Cluster, Passes Filtration Criteria (35)
|

[ ]
Present in 2-3 Previously Published Proteomes (18) Present in 0-1 Previously Published Proteomes (17)

| 1
[ 1 A 1
Localized to LDs Not Localized to LDs ~ Localized to LDs Not Localized to LDs
by Microscopy (17) by Microscopy (1) by Microscopy (13) by Microscopy (4)
Gttt | Ecm29
Previously (15) _ Current Work (2) _Previously (7)  Current Work (6) Nte1
Ayri Pet10 Faal Dgal Tgl4/5 Cab5 Tsc10 Pho81*
Eht1 Slet Hfd1 Ldh1  Ubx2 Rer2 YKL047W Taz1
Ergi/6/7/27 Tgl1/3 Pgcl YOR059C | | Say1 YPR147C
Faa4 Yim1 '
Fat1 Yju3
Nus1
B E
a 1.0
@ o
~ L os
© U]
& £
Z 06
a
" - 0.4
c
. 2
- g 0.2
w
0

GFP MDH Inset

=

o
™
—

cabs-GFP 9 Gtt1-GFP € Hid1-GFP
Sec61 (-)
Gtt1
YKLO47W
Faa1l
YPR147C
Say1
Tsc10
Cab5s
Hfd1
Rer2
Erg6 (+)

o o
)
L
L,

—_—

|
—

—_
-
—

Fraction GFP colocalizing with LDs "T1

(}.2T
GF‘V—BFOFOMFN‘-‘
AR IS ERE
gP3tifadTg
o = 1 =4
o x o w
] > >

o
(T
9
(=]
-
3
£
o
[
@
=
I~
=T
S
J
4
>
o
[y
9
(6]
~
<
o
o
>

Fig. 2. Identification and verification of LD proteins. A: Logic flow diagram for identification of LD pro-
teins. Numbers in parentheses refer to the number of proteins in each category. *Indicates protein that was
not imaged. B: Verification of LD localization of two proteins previously found in multiple proteomes, but not
previously localized to the LD by microscopy. C: Microscopy of a protein that reproducibly purifies with LDs
but does not appear to localize to the LD. D: Microscopy of four newly identified LD proteins. E: Quantifica-
tion of the fraction of LDs that colocalize with GFP on a population basis. Sec61 and Erg6 are negative and
positive controls, respectively. Greater than 150 LDs/genotype were quantified. F: Quantification of the frac-
tion of GFP signal that colocalizes with LDs on a per cell basis. Sec61 and Erg6 are negative and positive
controls, respectively. Greater than 50 cells/genotype were quantified. Error bars are standard deviation. GFP
tagged proteins were colocalized with MDH, a LD marker vital dye. Cells were grown in synthetic complete
media with dextrose to stationary phase. The scale bar is 3.5 wm on merged images and 0.7 pm on inset images.

Seven of these proteins were previously localized to the LD However, we newly identified six proteins (Cabb, Rer2,
by microscopy (Dgal, Ldhl, Pgcl, Tgl4, Tgl5, Ubx2, and Sayl, Tsc10, YKL047W, and YPR147C) as localizing to LDs
YORO059C). Of the 10 remaining proteins, three (Ecm29, (Fig. 2D-F).

Ntel, and Tazl) did not show LD localization when we

examined C-terminal GFP fusions of them by microscopy, Comparison of PCP proteome to reported yeast LD
suggesting that they purify with the LD fraction, but do ~ proteomes
not localize to this organelle. We were unable to image Of the 959 proteins with a calculable H/L in the LD

Pho81 because we could not express the tagged protein. fraction, we found 35 (<4%) that specifically purify with
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the LD according to our filtering criteria (see Experimen-
tal Procedures) (Table 1). We compared our LD protein
list to other reported proteomes that attempt to threshold
their lists and found that the current proteome overlaps
most (95%) with the one reported by Athendstaedt et al.
(34), which utilized earlier and less sensitive proteomics
technology. In contrast, there was considerably less over-
lap with LD proteomes generated more recently with more
sensitive MS techniques (Grillitsch et al. (22), 55%; Binns
etal. (11), 30%) (Fig. 3A).

Twelve proteins (Ayrl, Ehtl, Ergl, Erg6, Erg7, Faal,
Faa4, Fatl, Petl0, Slcl, Tgll, and Tgl3) were detected in
the current work and all reported proteomes. Eleven of
them are known to be lipid metabolic enzymes.

We also analyzed our results in relationship to protein
abundance within cells, using data from Ghaemmaghanmi et
al. (35) (Fig. 3B). Previously reported yeast LD proteomes
show an overrepresentation of high abundance proteins, sug-
gesting more contamination of the LD fraction. Our results
show substantially fewer high-abundance proteins, consistent
with less contamination. As expected with the outstanding
sensitivity of current MS instruments, we were able to detect
low-abundance proteins with the current proteome.

Functions of bona fide LD proteins

We annotated the functions of the 30 bona fide LD pro-
teins based on available data in the literature (Fig. 4A).

A Current Work Athendstaedt et al., 1999
n =30 n=19
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7 1
34 3 70
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Fig. 3. Comparison of current LD proteome with previously re-
ported yeast LD proteomes. A: Venn diagram showing overlap of LD-
annotated proteins between the current work and three previously
reported yeast LD proteomes that attempted specificity. B: Current
work using PCP for identification of LD proteins has fewer high-
abundance proteins than previously reported yeast LD proteomes.
Protein abundances are from Ghaemmaghanmi et al. 2003 (77).

Interestingly, all proteins with known functions (83%) are
involved in lipid metabolism. These included many proteins
involved in ergosterol metabolism (Fig. 4B) and FA esterifi-
cation and TG metabolism (Fig. 4C). The only de novo TG
synthetic enzyme that we failed to detect in our LD pro-
teome is Pahl, although it has previously been localized to
the LD (36). Four of our six newly identified LD proteins
increase the variety of lipid metabolic functions ascribable
to the LD: Cabb is involved in CoA synthesis (37), an impor-
tant cofactor for many lipid synthesis reactions; Tsc10 cata-
lyzes the second step in the synthesis of phytosphingosine, a
long-chain base for sphingolipid production (38); Rer2 and
Sayl function in dolichol and sterol metabolism, respec-
tively, and are discussed below. Five proteins (Petl0, Yim1,
YORO059C, and the newly identified YKLO47W and YPR147C)
do not have clear functions in yeast (see Table 1), but are
likely to be involved in lipid metabolism as well. The mam-
malian ortholog of YPR147C was recently reported to have
cholesterol esterase activity (39).

Of the six newly identified LD proteins, we chose to fo-
cus our further investigations on Rer2 and Sayl because
they have known enzymatic functions in sterol metabo-
lism, and their connections to LDs have not been well
explored.

Rer2 is active in the LD fraction

Rer?2 is a cisIPTase involved in dolichol synthesis (40). It
is a 286-amino acid protein with a predicted globular struc-
ture. cisIPTases condense successive IPPs with FPP to cre-
ate polyprenols, such as dolichol, the lipid anchor for
sugars used in N-linked glycosylation. Because many en-
zymes in N-glycan biosynthesis were recently identified at
the Drosophila LD (25), we sought to better understand the
LD localization of Rer2.

There are two known cis-IPTases in yeast, Rer2 and Srt1.
Another protein, Nusl, has significant homology to Rer2
and Srtl, but does not have cisIPTase activity (41). Both
Srtl (42) and Nusl (22, 37, 43) have been localized previ-
ously to the LD. We found that Rer2 also localizes to the
LD, as we detected Rer2-GFP in both membrane and LD
fractions (Fig. 5A) and saw colocalization of Rer2-GFP with
ER marker Sec61-mCherry and MDH (Fig. 5B). The dele-
tion of Rer2 affects neutral lipids, as rer2A cells showed a
specific increase (>2-fold) in SE levels (Fig. 5C) that was
rescued by expression of the human Rer2 homolog, dehy-
drodolichyl diphosphate synthase (DHDDS).

To assess whether Rer2 is active at LDs, we examined cis-
IPTase activity in cell extracts by incubating cells with FPP
and "“C-IPP and measuring incorporation into polyprenols
by TLC. We found that WT cells had cisIPTase activity in
both membrane and LD fractions (Fig. 5D). The srtIA cells
had similar cisIPTase activities, while rer2A cells had very
little cissTPTase activity in either membrane or LD fractions,
indicating that Rer2 is the major source of polyprenol syn-
thesis at the ER and the LD in stationary phase yeast.

Sayl is active in the LD fraction

In yeast, sterol metabolism is intricately linked between
LDs and the ER. We therefore further investigated Sayl,
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Fig. 4. Functional annotation of identified LD localized proteins. A: All validated LD proteins with known
functions are involved in LD metabolism. Newly verified proteins are in italics. Newly identified proteins are
underlined. B: Proteins that copurify with LDs include many enzymes in sterol metabolism. Two are newly
identified (Rer2 and Sayl). C: Proteins that copurify with LDs include most enzymes in TG metabolism.
*Activity shown in vitro, presumed to be minor function in vivo. Proteins marked in red were identified and
microscopically verified in the current work. Proteins marked in blue were not identified in our proteome
but have been microscopically verified in other works.

a sterol metabolic enzyme that we newly identified as a
LD protein. While Sayl has been previously localized to
the ER, we detected Sayl-GFP in both the ER and LD
fractions (Fig. 6A). Additionally, Sayl-GFP colocalized
with ER marker Sec61-mCherry and MDH, showing that
it has both ER and LD localization (Fig. 6B). The saylA
yeast do not have grossly altered levels of SE or TG (data
not shown).

Yeast cells apparently have a cycle of sterol acetylation
and deacetylation wherein Atf2 promiscuously acetylates
sterols so they can be secreted in a detoxification mecha-
nism while Sayl specifically deacetylates acetylated sterols
that should be retained within the cell, like ergosterol and
its synthetic intermediates (44). To measure Sayl activity,
we fractionated cells, added radiolabeled CA, and moni-
tored the appearance of free cholesterol. We detected ste-
rol deacetylase activity in both ER and LD fractions (Fig.
6C, D) when we overexpressed Sayl-HA under control of
a GALI-promoter. Thus, it appears that Sayl-mediated
sterol deacetylation is present at the LD. We did not de-
tect sterol deacetylase activity in either WT (cells not over-
expressing Sayl-HA) or sayIA cells, consistent with a
previous report that was only able to detect deacetylation

activity on an artificial substrate when Sayl was overex-
pressed (44).
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DISCUSSION

A yeast LD proteome generated by PCP

LD proteomes are challenging to generate because of
the hydrophobic nature of the LD and its close apposition
to other organelles. Although LD proteomes have consis-
tently identified a core set of important LD proteins, they
are plagued with false positives from copurifying contami-
nants. Previous MS-based proteomic examinations of yeast
LD proteins yielded lists of candidates ranging in number
from 76 (22) to 440 (45). PCP provides a method to deter-
mine a yeast LD proteome that is both highly sensitive and
specific (25). In the current study, we applied PCP to the
analysis of yeast LDs and identified 35 proteins that repro-
ducibly and stringently copurify in the LD fraction. Of the
35 proteins identified, 30 of these proteins localize to the
LD by microscopy, in our studies and others (Fig. 2, Table 1),
identifying them as bona fide LD proteins. Importantly,
we identify six proteins (Cab5, Rer2, Say1, Tsc10, YKL047W,
and YPR147C) that had not previously been localized to
the LD. Further, we show that two of these proteins, Sayl
and Rer2, are lipid metabolic enzymes that are active in
LD fractions. One of the proteins that we newly identified,
Cabb, is involved in CoA biosynthesis with Cab2, Cab3,
and Cab4 (37). Although none of Cab2—-4 were identified
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srtIA strain and SS328 is the WT strain for the rer2A strain. E: Quantification of (D), normalized to WT whole
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between individual fractions in srtJA and BY4741. Whole cell and membrane cisTPTase activity is significantly
reduced (P < 0.05) in rer2A when compared with SS328. WC, whole cell; M or mem., membrane;
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as LD proteins in our proteome, by fluorescence micros-
copy, we were additionally able to detect Cab4-GFP at the
LD (data not shown). Using fluorescence microscopy, we
also verified stationary-phase LD localization of two pro-
teins previously identified in multiple LD proteomes and
identified in our proteome, but never visually shown to be
at the LD (Faal and Hfd1).

Our results differ somewhat from previous reports of
yeast LD proteomes (see Fig. 3). The first reported LD
proteome identified only 19 proteins (34), in part due to
technological limitations of MS at the time, but was likely
highly specific and most closely overlaps with the current
results. Two subsequent proteomes benefited from en-
hanced MS sensitivity, but had limited confirmation and
likely included a number of contaminants, particularly of
highly abundant proteins. The lack of overlap between the

proteomes may also reflect differences in culture condi-
tions [Binns et al. (11), minimal media with oleate; Grillitsch
et al. (22), rich media with and without oleate; Athends-
taedt et al. (34), rich media without oleate] or differences
in purification methods. The twelve proteins identified in
all proteomes (Ayrl, Ehtl, Ergl, Erg6, Erg7, Faal, Faa4,
Fatl, Petl0, Slcl, Tgll, and Tgl3) are likely to be constitu-
tive LD proteins, because they were identified regardless
of specific growth conditions.

Although our PCP identified 35 proteins that specifi-
cally copurify with the LD, we were unable to verify LD local-
ization by fluorescence microscopy for five proteins (Fig.
2, Table 1). For some of these proteins, GFP-tagging might
interfere with their targeting to the LD. For Gttl, microscopy
revealed that clusters of Gttl-GFP localize near some LDs,
offering an explanation for why Gttl biochemically purifies
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with LDs. Tazl, a cardiolipin remodeling enzyme found
primarily in mitochondrial membranes (46), might also
copurify with LDs due to organelle associations.

Our proteome failed to identify some bona fide LD pro-
teins [e.g., Atfl (47), Loal (48), Pahl (36), Pdr16 (49), or
Srtl (42)]. That we did not identify some proteins may re-
flect the dynamic nature of protein localization to the LD
[we only examined stationary phase cells grown in minimal
media and nutrient carbon source affects protein targeting
to the LD (22)], limitations of organelle fractionation, or
our stringent filtration criteria. Our stringent criteria poten-
tially filtered out several proteins that were present in the
LD and other non-ER cellular fractions, as it did for Pdr16,
which localizes to the LD and cell periphery (49). Atfl and
Srtl were not detected in the LD fraction, whereas Loal was
only detected in a single replicate. Pahl was found in the
LD fraction but not included because it lacked sufficient
H/Ls in multiple fractions, as our criteria demanded.

Our PCP analysis of the yeast LD proteome revealed some
notable differences from a PCP analysis of LDs in Drosophila
S2 cells (25). Although both PCP studies found that the ma-
jority of LD proteins function in lipid metabolism, we found
considerably more LD proteins (>100) in Drosophila cells.
The additional proteins are involved in ER organization,
protein degradation, and N-glycan biosynthesis, suggesting
additional functions and complexity for LDs in fly versus
yeast cells. Other differences might relate to the different
relationships between the ER and LDs in these cell types. In
yeast, LDs are often more directly connected or exist as a
subdomain of the ER (17), whereas in S2 cells there are
distinct LD populations, those that are connected and not
connected to the ER (9). The closer association of LDs and
ER in yeast may explain why this study required additional
filtration criteria to yield a LD-specific list of proteins.

A specific list of yeast LD proteins presents the oppor-
tunity to determine how these proteins target to the
LD. For example, of the 12 proteins found in all reported
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proteomes, six have predicted transmembrane domains
(Ergl, Erg7, Fatl, Slcl, Tgll, and Tgl3), with the topology
of Tgll experimentally verified (50). It is unclear how a
protein with a transmembrane domain can localize to a
membrane monolayer at LD surfaces. In yeast, perhaps
many of these transmembrane proteins are in an ER
microdomain that is closely associated with the LD and
indistinguishable by biochemical fractionation or light mi-
croscopy. LDs appear to be a subdomain of the ER in yeast,
and LD-ER bridges have been found in yeast and a num-
ber of other organisms (9, 17, 51, 52).

Most of the newly identified yeast LD proteins (Cabb,
Rer2, Sayl, Tsc10, and YPR147C) have human orthologs;
and thus, the localization to LDs might also be important
for functions of these proteins in humans. The functional
homolog of Rer2, DHDDS (or hCIT), has been linked to
retinitis pigmentosa (53). Human CoA synthase is a bi-
functional enzyme (phosphopantetheine adenylyltrans-
ferase and dephospho-CoA kinase activities) that catalyzes
the last step of CoA synthesis, like Cabb (54). While sterol
acetylation is a yeast-specific process, Sayl is orthologous
to arylacetamide deacetylase (44), an enzyme putatively
involved in TG hydrolysis (55). Tscl0 is functionally ho-
mologous to 3-ketodihydrosphingosine reductase (FVT1),
known to be active at the cytosolic face of the ER (56) and
implicated in tumor processes (57). YPR147C is a highly
conserved protein with a GXSXG lipase motif that has
been shown to affect lipid storage in Drosophila (58) and
cholesterol ester storage in macrophages (39).

Identification of Rer2 and Sayl as LD-localized enzymes
in yeast

Our findings show that the cisIPTase Rer2 localizes in
part to LDs. cisIPTase activity is an essential step in dolichol
biosynthesis and in yeast is catalyzed by Rer2 and Srtl, with
Nusl as a potential cofactor (41). Both Srtl and Nusl were
previously reported at the LD (11, 22, 42, 43). We found



that the cissIPTase Rer2 localizes to the ER and LDs both
biochemically and by fluorescence microscopy, and has
similar specific activities in each compartment. The major
role of ER-localized Rer2 is to generate dolichol for glyco-
sylation, and yeast lacking LDs [lacking all four enzymes
of neutral lipid synthesis (59)] still make dolichol (not
shown). Therefore, LD-localized Rer2 may be more impor-
tant for synthesizing dolichol destined for storage pools or
other cellular functions.

It is unclear how Rer2 localizes to LDs. Rer2 does not
have predicted transmembrane sequences, although it be-
haves as an integral membrane protein (40). Thus, there
are no theoretical topological problems for its localization
to the LD. In our experimental conditions, Rer2 appears
to be the major cellular cisIPTase. A previous report
showed that Srtl was most highly expressed in stationary
phase and Srtl-dependent activity was detected in an rer2A
background when Srtl was overexpressed and only in sta-
tionary phase (42). However, we found little ¢isIPTase ac-
tivity in the 7er2A in stationary phase, leaving questions
about the cellular role of Srtl.

Yeast cells with Rer2 deletion exhibited an increase in
SEs. While stressed or slow-growing yeast cells often accu-
mulate LDs, the accompanying neutral lipid accumulation
is usually both SE and TG. We suspect that rer2A cells likely
have a SE-specific accumulation because FPP, a Rer2 sub-
strate, may be channeled into sterol synthesis and SEs. Re-
channeling of FPP is consistent with the finding of several
unidentified radiolabeled lipid species synthesized by
rer2A cells in cisIPTase activity assays (data not shown).

We also found that an enzyme involved in a sterol detoxi-
fication system, Sayl, targets to the LD. A current model
suggests that Sayl works in concert with Atf2. Atf2 promis-
cuously acetylates exogenous and endogenous sterol mol-
ecules, which are then secreted unless they are recognized
and deacetylated by Sayl (44). The topology of ER-localized
Sayl showed that the enzyme has a single transmembrane
domain (44). Such a topology should not exist at the LD
monolayer because it would put a hydrophilic protein
domain in the hydrophobic core of the LD. This suggests
that LD-localized Sayl is a component of ER that is tightly
associated with LDs, a possibility that is consistent with the
apparent connections of ER and LDs in yeast (17).

Rer2 and Sayl join a list of lipid metabolic enzymes that
localize to LDs. While both Sayl and Rer?2 are present and
active at the LD and ER, similar to Ayrl (60), Gpt2 (61),
and Slcl (62), not all proteins are active in all subcellular
populations. For example, Dgal (63), Erg6 (64), Erg7
(65), Erg27 (66), and Yju3 (67) are predominantly active
at the LD, which may reflect that these proteins have
higher LD:ER localization ratios. In contrast, Ergl is
strongly present in both the ER and LD but only active at
the LD (68). The significance of some enzymes differing
in activity in the ER versus LDs is unclear i

The authors thank Crystal Herron and John Carroll for editorial
assistance; Beth Cimini, Ellen Edenberg, Manuele Piccolis, and
Andrew Nguyen for technical assistance; and Natalie Krahmer,
Charles Waechter, and Jeffrey Rush for advice.

10.

11.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

REFERENCES

. Fujimoto, T., and R. G. Parton. 2011. Not just fat: the structure

and function of the lipid droplet. Cold Spring Harb. Perspect. Biol. 3:
a004838.

. Walther, T. C., and R. V. Farese. 2012. Lipid droplets and cellular

lipid metabolism. Annu. Rev. Biochem. 81: 687-714.

. Brasaemle, D. L., and N. E. Wolins. 2012. Packaging of fat: an evolv-

ing model of lipid droplet assembly and expansion. J. Biol. Chem.
287: 2273-2279.

. Farese, R. V., and T. C. Walther. 2009. Lipid droplets finally get a

little R-E-S-P-E-C-T. Cell. 139: 855-860.

. Brasaemle, D. L. 2007. Thematic review series: adipocyte biology.

The perilipin family of structural lipid droplet proteins: stabi-
lization of lipid droplets and control of lipolysis. J. Lipid Res. 48:
2547-2559.

. Cermelli, S., Y. Guo, S. Gross, and M. A. Welte. 2006. The lipid-

droplet proteome reveals that droplets are a protein-storage depot.
Curr. Biol. 16: 1783-1795.

. Krahmer, N., Y. Guo, F. Wilfling, M. Hilger, S. Lingrell, K. Heger,

H. Newman, M. Schmidt-Supprian, D. Vance, M. Mann, et al. 2011.
Phosphatidylcholine synthesis for lipid droplet expansion is medi-
ated by localized activation of CTP:phosphocholine cytidylyltrans-
ferase. Cell Metab. 14: 504-515.

. Martin, S., and R. G. Parton. 2006. Lipid droplets: a unified view of

a dynamic organelle. Nat. Rev. Mol. Cell Biol. 7: 373-378.

. Wilfling, F., H. Wang, J. Haas, N. Krahmer, T. Gould, A. Uchida,

J. Cheng, M. Graham, R. Christiano, F. Frohlich, et al. 2013.
Triacylglycerol synthesis enzymes mediate lipid droplet growth by
relocalizing from the ER to lipid droplets. Dev. Cell. 24: 384—399.
Leber, R., E. Zinser, G. Zellnig, F. Paltauf, and G. Daum. 1994.
Characterization of lipid particles of the yeast, Saccharomyces cerevi-
siae. Yeast. 10: 1421-1428.

Binns, D., T. Januszewski, Y. Chen, J. Hill, V. S. Markin, Y. Zhao, C.
Gilpin, K. D. Chapman, R. G. Anderson, and J. M. Goodman. 2006.
An intimate collaboration between peroxisomes and lipid bodies.
J. Cell Biol. 173: 719-731.

. Pu, J., C. Ha, S. Zhang, J. Jung, W. Huh, and P. Liu. 2011.

Interactomic study on interaction between lipid droplets and mito-
chondria. Protein Cell. 2: 487-496.

. Blanchette-Mackie, E. J., and R. O. Scow. 1983. Movement of lipoly-

tic products to mitochondria in brown adipose tissue of young rats:
an electron microscope study. /. Lipid Res. 24: 229-244.

Shaw, C. S., D. A. Jones, and A. J. Wagenmakers. 2008. Network
distribution of mitochondria and lipid droplets in human muscle
fibres. Histochem. Cell Biol. 129: 65-72.

Liu, P.,R. Bartz, J. K. Zehmer, Y. S. Ying, M. Zhu, G. Serrero, and R.
G. Anderson. 2007. Rab-regulated interaction of early endosomes
with lipid droplets. Biochim. Biophys. Acta. 1773: 784-793.

van Manen, H. J., Y. M. Kraan, D. Roos, and C. Otto. 2005. Single-
cell Raman and fluorescence microscopy reveal the association of
lipid bodies with phagosomes in leukocytes. Proc. Natl. Acad. Sci.
USA. 102: 10159-10164.

Jacquier, N., V. Choudhary, M. Mari, A. Toulmay, F. Reggiori, and
R. Schneiter. 2011. Lipid droplets are functionally connected to
the endoplasmic reticulum in Saccharomyces cerevisiae. J. Cell Sci. 124:
2424-2437.

Ozeki, S., J. Cheng, K. Tauchi-Sato, N. Hatano, H. Taniguchi, and
T. Fujimoto. 2005. Rab18 localizes to lipid droplets and induces
their close apposition to the endoplasmic reticulum-derived mem-
brane. J. Cell Sci. 118: 2601-2611.

Goodman, J. M. 2008. The gregarious lipid droplet. J. Biol. Chem.
283: 28005-28009.

Wilfling, F., J. T. Haas, T. C. Walther, and R. V. Farese, Jr. 2014.
Lipid Droplet Biogenesis. Curr. Opin. Cell Biol. 29C: 39-45.
Radulovic, M., O. Knittelfelder, A. Cristobal-Sarramian, D. Kolb, H.
Wolinski, and S. D. Kohlwein. 2013. The emergence of lipid drop-
lets in yeast: current status and experimental approaches. Curr.
Genet. 59: 231-242.

Grillitsch, K., M. Connerth, H. Kofeler, T. N. Arrey, B. Rietschel,
B. Wagner, M. Karas, and G. Daum. 2011. Lipid particles/droplets
of the yeast Saccharomyces cerevisiae revisited: lipidome meets pro-
teome. Biochim. Biophys. Acta. 1811: 1165-1175.

Andersen, J. S., C. J. Wilkinson, T. Mayor, P. Mortensen, E. A. Nigg,
and M. Mann. 2003. Proteomic characterization of the human cen-
trosome by protein correlation profiling. Nature. 426: 570-574.

High confidence yeast lipid droplet proteome 1475



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

1476

Foster, L. J., C. L. de Hoog, Y. Zhang, Y. Zhang, X. Xie, V. K.
Mootha, and M. Mann. 2006. A mammalian organelle map by pro-
tein correlation profiling. Cell. 125: 187-199.

Krahmer, N., M. Hilger, N. Kory, F. Wilfling, G. Stoehr, M. Mann,
R. V. Farese, and T. Walther. 2013. Protein correlation profiles
identify lipid droplet proteins with high confidence. Mol. Cell.
Proteomics. 12: 1115-1126.

Janke, C., M. M. Magiera, N. Rathfelder, C. Taxis, S. Reber, H.
Maekawa, A. Moreno-Borchart, G. Doenges, E. Schwob, E. Schiebel,
etal. 2004. A versatile toolbox for PCR-based tagging of yeast genes:
new fluorescent proteins, more markers and promoter substitution
cassettes. Yeast. 21: 947-962.

Yang, H. J., C. L. Hsu, J. Y. Yang, and W. Y. Yang. 2012.
Monodansylpentane as a blue-fluorescent lipid-droplet marker for
multi-color live-cell imaging. PLoS ONE. 7: ¢32693.

Ong, S. E., B. Blagoev, I. Kratchmarova, D. B. Kristensen, H. Steen,
A. Pandey, and M. Mann. 2002. Stable isotope labeling by amino
acids in cell culture, SILAG, as a simple and accurate approach to
expression proteomics. Mol. Cell. Proteomics. 1: 376-386.

Frohlich, F., R. Christiano, and T. Walther. 2013. Native SILAC:
metabolic labeling of proteins in prototroph microorganisms based
on lysine synthesis regulation. Mol. Cell. Proteomics. 12: 1995-2005.
Cox, ]J., N. Neuhauser, A. Michalski, R. A. Scheltema, J. V. Olsen, and
M. Mann. 2011. Andromeda - a peptide search engine integrated
into the MaxQuant environment. J. Proteome Res. 10: 1794-1805.
Cox, J.,and M. Mann. 2008. MaxQuant enables high peptide identi-
fication rates, individualized p.p.b.-range mass accuracies and pro-
teome-wide protein quantification. Nat. Biotechnol. 26: 1367-1372.
Tiwari, R., and R. Schneiter. 2009. Sterol Acetylation and Export
from Yeast and Mammalian Cells. VDM Verlag Dr. Miiller,
Saarbriicken, Germany.

Futschik, M. E., and B. Carlisle. 2005. Noise-robust soft clustering
of gene expression time-course data. J. Bioinform. Comput. Biol. 3:
965-988.

Athenstaedt, K., D. Zweytick, A. Jandrositz, S. D. Kohlwein, and G.
Daum. 1999. Identification and characterization of major lipid par-
ticle proteins of the yeast Saccharomyces cerevisiae. J. Bacteriol. 181:
6441-6448.

Ghaemmaghami, S., W. Huh, K. Bower, R. W. Howson, A. Belle,
N. Dephoure, E. O’Shea, and J. Weissman. 2003. Global analysis of
protein expression in yeast. Nature. 425: 737-741.

Karanasios, E., A. D. Barbosa, H. Sembongi, M. Mari, G. S. Han,
F. Reggiori, G. M. Carman, and S. Siniossoglou. 2013. Regulation
of lipid droplet and membrane biogenesis by the acidic tail of the
phosphatidate phosphatase Pahlp. Mol. Biol. Cell. 24: 2124-2133.
Olzhausen, J., T. Moritz, T. Neetz, and H. Schuller. 2013. Molecular
characterization of the heteromeric coenzyme A-synthesizing pro-
tein complex (CoA-SPC) in the yeast Saccharomyces cerevisiae. FEMS
Yeast Res. 13: 565-573.

Beeler, T., D. Bacikova, K. Gable, L. Hopkins, C. Johnson, H. Slife,
and T. Dunn. 1998. The Saccharomyces cerevisiae TSC10/YBR265w
gene encoding 3-ketosphinganine reductase is identified in a
screen for temperature-sensitive suppressors of the Ca2+-sensitive
csg2Delta mutant. J. Biol. Chem. 273: 30688-30694.

Goo, Y. H,, S. H. Son, P. B. Kreienberg, and A. Paul. 2014. Novel
lipid droplet-associated serine hydrolase regulates macrophage cho-
lesterol mobilization. Arterioscler. Thromb. Vasc. Biol. 34: 386-396.
Sato, M., K. Sato, S. Nishikawa, A. Hirata, J. Kato, and A. Nakano.
1999. The yeast RER2 gene, identified by endoplasmic reticulum
protein localization mutations, encodes cis-prenyltransferase, a key
enzyme in dolichol synthesis. Mol. Cell. Biol. 19: 471-483.
Harrison, K. D., E. J. Park, N. Gao, A. Kuo, J. S. Rush, C. J. Waechter,
M. A. Lehrman, and W. C. Sessa. 2011. Nogo-B receptor is neces-
sary for cellular dolichol biosynthesis and protein N-glycosylation.
EMBO J. 30: 2490-2500.

Sato, M., S. Fujisaki, K. Sato, Y. Nishimura, and A. Nakano. 2001.
Yeast Saccharomyces cerevisiae has two cis-prenyltransferases with dif-
ferent properties and localizations. Implication for their distinct
physiological roles in dolichol synthesis. Genes Cells. 6: 495-506.
Prein, B., K. Natter, and S. D. Kohlwein. 2000. A novel strategy for
constructing N-terminal chromosomal fusions to green fluorescent
protein in the yeast Saccharomyces cerevisiae. FEBS Lell. 485: 29-34.
Tiwari, R., R. Koffel, and R. Schneiter. 2007. An acetylation/
deacetylation cycle controls the export of sterols and steroids from
S. cerevisiae. EMBO J. 26: 5109-5119.

Fei, W, L. Zhong, M. T. Ta, G. Shui, M. R. Wenk, and H. Yang.
2011. The size and phospholipid composition of lipid droplets

Journal of Lipid Research Volume 55, 2014

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

can influence their proteome. Biochem. Biophys. Res. Commun. 415:
455-462.

Brandner, K., D. U. Mick, A. E. Frazier, R. D. Taylor, C. Meisinger,
and P. Rehling. 2005. Tazl, an outer mitochondrial membrane
protein, affects stability and assembly of inner membrane protein
complexes: implications for Barth Syndrome. Mol. Biol. Cell. 16:
5202-5214.

Verstrepen, K. J., S. D. Van Laere, J. Vercammen, G. Derdelinckx,
J. P. Dufour, 1. S. Pretorius, J. Winderickx, J. M. Thevelein, and F.
R. Delvaux. 2004. The Saccharomyces cerevisiae alcohol acetyl trans-
ferase Atflp is localized in lipid particles. Yeast. 21: 367-377.
Ayciriex, S., M. Le Guedard, N. Camougrand, G. Velours, M.
Schoene, S. Leon, V. Wattelet-Boyer, ]J. Dupuy, A. Shevchenko, J.
Schmitter, et al. 2012. YPR139c/LOALI encodes a novel lysophos-
phatidic acid acyltransferase associated with lipid droplets and in-
volved in TAG homeostasis. Mol. Biol. Cell. 23: 233-246.

Schnabl, M., O. V. Oskolkova, R. Holic, B. Brezna, H. Pichler, M.
Zagorsek, S. D. Kohlwein, F. Paltauf, G. Daum, and P. Griac. 2003.
Subcellular localization of yeast Secl4 homologues and their in-
volvement in regulation of phospholipid turnover. Eur. J. Biochem.
270: 3133-3145.

Koffel, R., R. Tiwari, L. Falquet, and R. Schneiter. 2005. The
Saccharomyces cerevisiae YLLO12/YEH1, YLR020/YEH2, and TGLI1
genes encode a novel family of membrane-anchored lipases that are
required for steryl ester hydrolysis. Mol. Cell. Biol. 25: 1655-1668.
Ohsaki, Y., J. Cheng, M. Suzuki, A. Fujita, and T. Fujimoto. 2008.
Lipid droplets are arrested in the ER membrane by tight binding of
lipidated apolipoprotein B-100. J. Cell Sci. 121: 2415-2422.
Wanner, G., H. Formanek, and R. R. Theimer. 1981. The on-
togeny of lipid bodies (spherosomes) in plant cells. Planta. 151:
109-123.

Zichner, S., J. Dallman, R. Wen, G. Beecham, A. Naj, A. Farooq,
M. A. Kohli, P. L. Whitehead, W. Hulme, I. Konidari, et al. 2011.
Whole-exome sequencing links a variant in DHDDS to retinitis
pigmentosa. Am. J. Hum. Genel. 88: 201-206.

Daugherty, M., B. Polanuyer, M. Farrell, M. Scholle, A. Lykidis, V.
de Crecy-Lagard, and A. Osterman. 2002. Complete reconstitution
of the human coenzyme A biosynthetic pathway via comparative
genomics. J. Biol. Chem. 277: 21431-21439.

Nourbakhsh, M., D. N. Douglas, C. H. Pu, J. T. Lewis, T. Kawahara,
L. F. Lisboa, E. Wei, S. Asthana, A. D. Quiroga, L. M. J. Law, et al.
2013. Arylacetamide deacetylase: A novel host factor with impor-
tant roles in the lipolysis of cellular triacylglycerol stores, VLDL as-
sembly and HCV production. J. Hepatol. 59: 336-343.

Kihara, A., and Y. Igarashi. 2004. FVT-1 is a mammalian 3-ketodihy-
drosphingosine reductase with an active site that faces the cytosolic
side of the endoplasmic reticulum membrane. J. Biol. Chem. 279:
49243-49250.

Rimokh, R., M. Gadoux, M. F. Bertheas, F. Berger, M. Garoscio,
G. Deleage, D. Germain, and J. P. Magaud. 1993. FVT-1, a novel
human transcription unit affected by variant translocation t(2;18)
(p11;q21) of follicular lymphoma. Blood. 81: 136-142.

Thiel, K., C. Heier, V. Haberl, P. Thul, M. Oberer, A. Lass, H. Jackle,
and M. Beller. 2013. The evolutionarily conserved protein CG9186
is associated with lipid droplets, required for their positioning
and for fat storage. J. Cell Sci. 126: 2198-2212.

Sorger, D., K. Athenstaedt, C. Hrastnik, and G. Daum. 2004. A yeast
strain lacking lipid particles bears a defect in ergosterol formation.
J. Biol. Chem. 279: 31190-31196.

Athenstaedt, K., and G. Daum. 2000. 1-Acyldihydroxyacetone-
phosphate reductase (Ayrlp) of the yeast Saccharomyces cerevisiae
encoded by the open reading frame YIL124w is a major component
of lipid particles. /. Biol. Chem. 275: 235-240.

Athenstaedt, K., and G. Daum. 1997. Biosynthesis of phosphatidic
acid in lipid particles and endoplasmic reticulum of Saccharomyces
cerevisiae. J. Bacteriol. 179: 7611-7616.

Athenstaedt, K., S. Weys, F. Paltauf, and G. Daum. 1999. Redundant
systems of phosphatidic acid biosynthesis via acylation of glyc-
erol-3-phosphate or dihydroxyacetone phosphate in the yeast
Saccharomyces cerevisiae. J. Bacteriol. 181: 1458-1463.

Sorger, D., and G. Daum. 2002. Synthesis of triacylglycerols
by the acyl-coenzyme A:diacyl-glycerol acyltransferase Dgalp in
lipid particles of the yeast Saccharomyces cerevisiae. J. Bacteriol. 184:
519-524.

Zinser, E., F. Paltauf, and G. Daum. 1993. Sterol composition of
yeast organelle membranes and subcellular distribution of enzymes
involved in sterol metabolism. J. Bacteriol. 175: 2853—2858.



65.

66.

67.

68.

69.

70.

Milla, P., K. Athenstaedt, F. Viola, S. Oliaro-Bosso, S. D. Kohlwein,
G. Daum, and G. Balliano. 2002. Yeast oxidosqualene cyclase
(Erg7p) is a major component of lipid particles. J. Biol. Chem. 277:
2406-2412.

Mo, C., P. Milla, K. Athenstaedt, R. Ott, G. Balliano, G. Daum, and
M. Bard. 2003. In yeast sterol biosynthesis the 3-keto reductase pro-
tein (Erg27p) is required for oxidosqualene cyclase (Erg7p) activ-
ity. Biochim. Biophys. Acta. 1633: 68-74.

Heier, C., U. Taschler, S. Rengachari, M. Oberer, H. Wolinski,
K. Natter, S. D. Kohlwein, R. Leber, and R. Zimmermann. 2010.
Identification of Yju3p as functional orthologue of mammalian
monoglyceride lipase in the yeast Saccharomyces cerevisiae. Biochim.
Biophys. Acta. 1801: 1063-1071.

Leber, R., K. Landl, E. Zinser, H. Ahorn, A. Spok, S. D. Kolwein,
F. Turnowsky, and G. Daum. 1998. Dual localization of squalene
epoxidase, Erglp, in yeast reflects a relationship between the endo-
plasmic reticulum and lipid particles. Mol. Biol. Cell. 9: 375-386.
Natter, K., P. Leitner, A. Faschinger, H. Wolinski, S. McCraith, S.
Fields, and S. D. Kohlwein. 2005. The spatial organization of lipid
synthesis in the yeast Saccharomyces cerevisiae derived from large scale
green fluorescent protein tagging and high resolution microscopy.
Mol. Cell. Proteomics. 4: 662—672.

Thoms, S., M. Debelyy, M. Connerth, G. Daum, and R. Erdmann.
2011. The putative Saccharomyces cerevisiae hydrolase Ldh1p is local-
ized to lipid droplets. Eukaryot. Cell. 10: 770-775.

71.

72.

Beilharz, T., B. Egan, P. A. Silver, K. Hofmann, and T. Lithgow.
2003. Bipartite signals mediate subcellular targeting of tail-anchored
membrane proteins in Saccharomyces cerevisiae. J. Biol. Chem. 278:
8219-8223.

Simockova, M., R. Holic, D. Tahotna, J. Patton-Vogt, and P. Griac.
2008. Yeast Pgclp (YPL206c) controls the amount of phosphatidyl-
glycerol via a phospholipase C-type degradation mechanism. /. Biol.
Chem. 283: 17107-17115.

73. Jandrositz, A., J. Petschnigg, R. Zimmermann, K. Natter, H.

74.

75.

76.

717.

Scholze, A. Hermetter, S. D. Kohlwein, and R. Leber. 2005.
The lipid droplet enzyme Tgllp hydrolyzes both steryl esters
and triglycerides in the yeast, Saccharomyces cerevisiae. Biochim.
Biophys. Acta. 1735: 50-58.

Athenstaedt, K., and G. Daum. 2003. YMR313c¢/TGL3 en-
codes a novel triacylglycerol lipase located in lipid particles of
Saccharomyces cerevisiae. J. Biol. Chem. 278: 23317-23323.
Athenstaedt, K., and G. Daum. 2005. Tgl4p and Tgl5p, two triacyl-
glycerol lipases of the yeast Saccharomyces cerevisiae are localized
to lipid particles. J. Biol. Chem. 280: 37301-37309.

Wang, C. W., and S. C. Lee. 2012. The ubiquitin-like (UBX)-
domain-containing protein Ubx2/Ubxd8 regulates lipid droplet
homeostasis. /. Cell Sci. 125: 2930-2939.

Ghaemmaghami, S., Huh, W., Bower, K., Howson, R.W., Belle, A,
Dephoure, N., O’Shea, E., and Weissman, J. 2003. Global analysis
of protein expression in yeast. Nature. 425: 737-41.

High confidence yeast lipid droplet proteome 1477



