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Lipid droplet consumption is functionally coupled to vacuole
homeostasis independent of lipophagy
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ABSTRACT

Lipid droplets (LDs) store neutral lipids and are integrated into a cellular
metabolic network that relies on functional coupling with various
organelles. Factors mediating efficient coupling and mechanisms
regulating them remain unknown. Here, we conducted a global screen
in S. cerevisiae to identify genes required for the functional coupling of
LDs and other organelles during LD consumption. We show that
LD utilization during growth resumption is coupled to vacuole
homeostasis. ESCRT-, V-ATPase- and vacuole protein sorting-
mutants negatively affect LD consumption, independent of lipophagy.
Loss of ESCRT function leads to the accumulation of LD-derived
diacylglycerol (DAG), preventing its conversion into phosphatidic acid
(PA) and membrane lipids. In addition, channeling of DAG from
LD-proximal sites to the vacuole is blocked. We demonstrate that
utilization of LDs requires intact vacuolar signaling via TORC1 and its
downstream effector Sit4p. These data suggest that vacuolar status is
coupled to LD catabolism via TORC1-mediated regulation of DAG-PA
interconversion and explain how cells coordinate organelle dynamics
throughout cell growth.
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INTRODUCTION

Cells store energy as fat in specific organelles, the lipid droplets
(LDs). They consist of a core of neutral lipids, such as triacylglycerols
(TAGs) and sterol esters (SE), which is surrounded by a phospholipid
monolayer (Fujimoto and Parton, 2011; Leber et al., 1994; Penno
etal., 2013). As key players in lipid metabolism LDs are implicated in
the most frequent human metabolic disorders, i.e. obesity, type 2
diabetes and non-alcoholic fatty liver disease (Gluchowski et al.,
2017; Markgraf et al., 2016; Tilg et al., 2017). LDs were shown to
dynamically interact with a variety of cellular organelles, i.e. the
endoplasmic reticulum (ER), mitochondria, vacuoles (mammalian
lysosomes) and peroxisomes (Barbosa and Siniossoglou, 2017;
Kohlwein et al., 2013; Walther and Farese, 2012). How this dynamic
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metabolic network is regulated and coordinated is only poorly
understood.

Budding yeast Saccharomyces cerevisiae is a valuable model
organism to study LD dynamics. LDs grow in size and number due
to increased TAG synthesis when cells enter stationary phase.
Utilization of LDs is driven by the hydrolysis of TAGs during
growth resumption (Kurat et al., 2006). The formation of LDs is
initiated in the ER, where activated fatty acids (FA-CoA) are
converted to TAG in sequential reactions, catalyzed by members of
highly conserved enzyme families (Buhman et al., 2001; Czabany
etal., 2007; Natter et al., 2005). The key intermediate diacylglycerol
(DAG) is generated in the ER from phosphatidic acid (PA) by the
PA hydrolase Pahlp and can be converted to TAG by two
diacylglycerol-acyl transferases, Lrolp and Dgalp (Adeyo et al.,
2011; Oelkers et al., 2002). During growth resumption, lipases such
as Tgl3p hydrolyze TAGs to initiate LD consumption (Kurat et al.,
2006). The subsequent channeling of lipolysis products, i.e. FAs
and DAG into compartmentalized downstream pathways depends
on the functional coupling of LDs and other organelles. DAG is
channeled from LDs into the ER for re-esterification to TAG and
subsequent assembly of lipoprotein particles in the liver (Lankester
etal., 1998; Wiggins and Gibbons, 1992). DAG is also an important
precursor for membrane lipid biosynthesis in the ER. In the cytidine
diphosphate (CDP)-DAG pathway, DAG is converted to PA, by the
diacylglycerol kinase Dgklp and subsequently to phospholipids,
such as phosphatidylserine (PS), phosphatidylthanolamine (PE),
phosphatidylcholine (PC) and phosphatidylinositol (PI) (Fakas
etal.,2011; Han et al., 2008). The channeling of DAG from LDs to
the ER for membrane lipid biosynthesis requires the ER protein
Ice2p (Markgraf et al., 2014).

LDs were shown to interact with vacuoles in yeast and lysosomes
in mammalian cells. In addition to the activity of LD-localized
lipases, lipophagy, a special form of autophagy, plays an important
role in the mobilization of FAs from LDs during starvation in
hepatocytes (Singh et al., 2009). In yeast, LDs can be utilized via
microautophagy upon nitrogen starvation or entry into stationary
phase. LDs that directly associate with vacuoles are internalized and
degraded by resident hydrolases, utilizing the core autophagy
machinery (van Zutphen et al., 2014; Wang, 2014; Wang et al.,
2014). In contrast, ESCRT-dependent microautophagy is induced
after diauxic shift and does not require the core autophagy
machinery but the vacuolar lipase Atgl5p (Oku et al., 2017).

Interestingly, key intermediates in the formation and
consumption of TAGs, i.e. DAG and PA, were shown to affect
the dynamics of vacuoles by influencing fusion and fission reactions
of this organelle (Mima et al., 2008; Starr et al., 2016). In fact, the
enzymes interconverting DAG and PA, Dgklp and Pahlp, localize
to the vacuole (Miner et al., 2017; Sasser et al., 2012). However,
how the interplay between these two highly dynamic organelles is
coordinated throughout the cell cycle is not understood.
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Here, we report the identification of proteins required for
integrating LDs into a metabolic network during growth
resumption. By implementing a flow-cytometry-based genome-
wide screen in yeast, S. cerevisiae, we show that LD consumption is
coupled to ESCRT function and vacuole homeostasis, independently
of autophagy. Abolishing ESCRT function affects the conversion of
LD-derived DAG into PA and membrane lipids and its channeling
towards vacuoles. Our data suggest that a nonfunctional late-
endosomal/vacuolar system halts utilization of LD-derived DAG by
TORCl1-mediated regulation of enzymes involved in DAG-PA
interconversion.

RESULTS

A genome-wide screen for regulators of LD dynamics
Genome-wide screens in various organisms analyzed the size,
number and morphology of BODIPY493/503-labeled LDs at specific
growth states, mainly by using fluorescence microscopy (Fei and
Yang, 2012; Guo et al., 2008; Szymanski et al., 2007). However, such
analyses are laborious, rely on manual inspection and, as such, are
unsuitable for the quantitative screening of a large number of
regulators of LD dynamics at multiple time points. Here, we
established a flow cytometry-based high throughput method to
analyze BODIPY493/503-labeled LDs during growth resumption.
LDs of fixed wild-type cells and cells lacking the main lipase Tgl3p
(tgl3A cells) were stained with BODIPY493/503 in stationary phase
(TO) and 5 h (TS) after growth in fresh medium containing cerulenin,
an inhibitor of FA synthesis (Inokoshi et al., 1994). BODIPY493/
503-fluorescence intensity, representing LD content, was analyzed by
using flow cytometry. Consistent with previous results (Markgraf
et al., 2014), LDs were utilized within 5 h of growth in wild-type
cells. In contrast, LD BODIPY493/503-fluorescence persisted in
tgl3A cells (Fig. S1A). Importantly, the measured fluorescence
intensities and, thus, resulting LD breakdown kinetics were stable
over five days (Fig. S1B). As expected, LD consumption was
decreased in mutant cells lacking the functional coupling protein
Ice2p or the DAG-converting enzyme Dgklp (Fig. S1C).

To identify genes that regulate LD dynamics by mediating
functional coupling to other organelles during growth resumption,
we implemented a genome-wide screen in S. cerevisiae. A haploid
non-essential knockout (KO) collection was analyzed using the
newly established high throughput flow cytometry approach
(Fig. 1A). The data analysis of LD content only at stationary
phase revealed several mutants with high fat content that had
previously been described to alter LD dynamics (Fig. S1D,
Table S3). However, our results complement previous screens by
identifying additional mutants with increased fat content in
stationary phase (Fig. S1D, Table S3).

As shown in Fig. 1B, measurements of LD consumption in wild-
type and 7g/3A control cells were highly reproducible throughout the
experiments. Furthermore, the global screening revealed many open
reading frames (ORFs) that had previously been described to affect
LD dynamics (Fig. 1C), demonstrating the feasibility of this
approach (Bouchez et al., 2015; Fakas et al., 2011).

The analyzed deletion mutants were ranked according to their
effect on LD consumption after correction for fat content in
stationary phase and plate-to-plate assay variation. To identify
cellular components and processes that are required for LD
consumption during growth resumption, we analyzed the
enrichment of specific gene ontology (GO) terms (namely the GO
Component and the Go Process; Fig. 1D,E). We observed a strong
enrichment of the complex comprising Swi3p, Snf6p and Snf2p
(SWI/SNF-complex) (Fig. 1D,F) — a chromatin remodeling

complex required for the enhancement of transcription by many
transcription factors — among candidates that alter LD consumption
kinetics. Similarly, the transcriptional regulators of phospholipid
biosynthesis Ino2p and Ino4p were required for efficient utilization
of LDs (transcription from RNA polymerase II promotor)
(Fig. 1E,G). Strikingly, GO analysis revealed that endosomal
sorting complexes required for transport (ESCRT) complexes and
the vacuolar ATPase (V-ATPase) affect the dynamics of LDs during
growth resumption (Fig. 1D,E).

The ESCRT machinery is required for efficient utilization of
LDs during growth resumption

We observed an enrichment of ESCRT complexes in both GO-term
enrichment analyses. ESCRT proteins were specifically associated
with the GO Component terms ‘ESCRT complex’, ‘ESCRT I,
‘ESCRTII’ and ‘ESCRT III’ (Fig. 1D) and with the GO Process terms
‘ATP export’, ‘ubiquitin (Ub)-catabolic process via MVB pathway’
and ‘intraluminal vesicle formation’ (Fig. 1E). The ESCRT complexes
are required for transporting cargo to the vacuole. They sequentially
assemble on late endosomes, ultimately driving the formation of
intraluminal vesicles and generating multivesicular bodies (MVBs).
Upon fusion with the vacuole, cargo-containing intraluminal vesicles
are released into the vacuolar lumen for degradation. Membrane
proteins, embedded into the outer MVB membrane reach the vacuolar
membrane after fusion with the vacuole (Henne et al., 2011). The
deletion of ESCRT proteins leads to aberrant late endosomal
structures, the Class E compartment, and a block in cargo sorting to
the vacuole. ESCRT mutants are classified as class E vacuolar protein
sorting (vps) mutants (Raymond et al., 1992).

To determine whether the ESCRT complexes are, indeed,
required for LD consumption, we carried out flow cytometry
experiments to test individual mutants of ESCRT complexes 0
(vps27A), T (vps28A), 11 (vps25A), and 111 (vps20A, snf7A), and
Vpsdp (vps4A), an AAA-ATPase required for disassembly of the
ESCRT machinery. As shown in Fig. 2A, deletion mutants of all
ESCRT complexes affected LD consumption. These results were
confirmed by fluorescence microscopy experiments showing that
BODIPY493/503-labeled LDs were rapidly consumed in wild-type
cells, whereas they persisted in suf7A, vps4A and vps20A mutants
(Fig. 2B). Defective LD consumption in these mutants could be due
to reduced levels of Tgl3p. We, therefore, tested Tgl3p protein
expression levels in stationary phase and 2.5 h after dilution into
fresh medium containing cerulenin. As shown in Fig. S2A, Tgl3p
expression was not altered in snf7A mutant cells when compared to
wild-type cells. Furthermore, whereas overexpression of Tgl3p
restored LD consumption to wild-type levels in 7g/3A mutant cells,
no effect of Tgl3p overexpression on LD utilization was observed in
cells lacking Vpsdp or Snf7p (Fig. S2B,C). These results suggest
that lipolytic capacity per se is not limiting in ESCRT mutant cells.

The MVB pathway was reported to ensure cell survival during
starvation (Miiller et al., 2015). To exclude that the observed effects
on LD consumption were caused by defects occurring during
growth to stationary phase prior to initiation of growth resumption,
we performed experiments using a temperature-sensitive (ts)
vps4_ts mutant (Dimaano et al., 2008). Wild-type, 7g/3A mutant
cells and cells expressing Vps4_ts were grown to stationary phase at
permissive temperature, followed by growth resumption in fresh
medium containing cerulenin at non-permissive temperature. The
block of Vpsdp function, specifically during growth resumption,
led to a significant decrease in LD consumption, whereas no
effects were observed in wild-type and #g/3A mutant cells at non-
permissive temperature (Fig. 2C). These data strongly indicate that
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Fig. 1. See next page for legend.
ESCRT complexes and Vps4p, independently of their function to

maintain viability during stationary phase, affect LD dynamics
during growth resumption.

Consistent with a defect in lipid utilization during growth
resumption, cells lacking ESCRT proteins grow slower than wild-
type cells. In particular, we observed an extended lag-phase after
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Fig. 1. A genome-wide screen in S. cerevisiae for regulators of LD
dynamics. (A) Schematic illustration of the workflow. (B) Reproducibility of LD
consumption measurements in WT and tg/3A mutant cells over 55 96-well
plates, analyzed in the genome-wide screen. The LD BODIPY493/503-
fluorescence at stationary phase (T0) and after 5 h growth in fresh medium
containing cerulenin (T5) was measured. BODIPY493/503-fluorescence at T5
relative to TO (in %) is shown as meants.d. (n=55). (C) Table of selected
deletion mutants with known effect on LD dynamics, detected in the
genome-wide screen. BODIPY493/503-fluorescence at T5 relative to TO (in %)
is shown for plate quality control samples (WT, tg/3A; n=55) and selected
mutants. (D) GO term enrichment analysis. GO Component terms with
strongest enrichment are shown, ranked in significance from top to bottom.
(E) GO Process term enrichment analysis; data shown as in D. Ub, Ubiquitin.
(F) The SWI/SNF complex regulates LD dynamics. LD consumption was
analyzed in the indicated mutant and wt (control) strains (n=4—10), as
described for B. (G) Ino2p and Ino4p are required for efficient utilization of LDs.
Mobilization of LDs was analyzed in the indicated mutant and wt (control)
strains (n=4-5), as described for B. Data are presented as meants.d.;
***P<0.001 versus WT.

dilution of stationary phase cells into fresh medium (Fig. 2D). Taken
together, these results suggest that the ESCRT machinery is required
for efficient consumption of LDs during growth resumption.

ESCRT mediates TAG consumption for PA and phospholipid
synthesis

To further understand how ESCRTSs regulate LD dynamics, we
diluted stationary phase cells for 5 h into fresh medium containing
cerulenin and performed quantitative lipid mass spectrometry
experiments at both time points, i.e. at stationary phase (T0) and
5h after dilution (T5). In wild-type cells, TAG and DAG levels
were reduced after 5 h of growth, whereas an increase in PA, PE and
PI was observed (Fig. 3A-G). As expected, TAG levels remained
high and no increase in phospholipid levels were observed in cells
lacking Tgl3p. Consistent with our previous results (Fig. 2A,B),
TAG degradation was severely delayed in vps4A cells. In contrast to
wild-type and 7g/3A cells, DAG levels increased after 5 h of growth,
whereas phospholipid levels did not change. Interestingly, in vps4A
mutants, PA levels were already lower in stationary phase and stayed
low after 5 h of growth (Fig. 3C). Together, these results indicate
that ESCRT is required for utilization of LD-derived DAG for PA
and downstream phospholipid synthesis.

The vacuolar ATPase is required for LD utilization during
growth resumption

In addition to ESCRT complexes, GO-enrichment analysis
suggested that V-ATPase mutants have a strong effect on LD
dynamics during growth resumption (Fig. 1D: V-ATPase, V1/V0
domain; Fig. 1E: Vacuolar acidification, ATP hydrolysis-coupled
H" transport). Yeast V-ATPase consists of 13 subunits arranged
in two main domains, the membrane peripheral catalytic V1
subcomplex and the integral proton-translocating VO complex.
It functions to acidify the vacuole lumen by ATP hydrolysis-
driven proton translocation across the vacuolar membrane
(Forgac, 2007), thereby contributing to overall vacuole function
and homeostasis (Kane, 2006; Sorensen et al., 1994; Yamashiro
et al., 1990).

We next tested whether both V-ATPase subcomplexes, VO and V1,
are required for LD consumption, by analyzing vacuolar membrane
ATPase (vma) mutants of all individual V-ATPase subunits in the
flow cytometry-based assay. As shown in Fig. 4A, nearly all subunits
of both subcomplexes were required for efficient utilization of LDs.
These results were confirmed by fluorescence microscopy
experiments showing that BODIPY493/503-labeled LDs were

rapidly consumed in wild-type cells, whereas they persisted in
vmal6A mutants (Fig. 4C). In addition, we show that proteins
involved in the assembly of the V-ATPase, such Vph2p and Vma2p,
were required for LD consumption (Fig. S2D). The deletion of
individual vacuolar hydrolases did not affect LD consumption
kinetics (Fig. 5B). To exclude that the observed effects on LD
consumption in vma mutant cells are due to reduced levels of the
lipase Tgl3p, we analyzed its expression in cells grown to stationary
phase and 2.5 h after dilution into fresh medium containing cerulenin.
The levels of Tgl3p were not altered in cells lacking Vmal6p or
VmaSp when compared to wild-type cells (Fig. S2A). Consistent
with these results, overexpression of Tgl3p did not rescue LD
consumption defects in vmal6A and vmaSA mutant cells
(Fig. S2B,C), strongly suggesting that the main lipase Tgl3p is not
limiting LD utilization in cells that lack a functional V-ATPase.

Our results suggest that the defects observed in vma mutants
result from the loss of acidification of the vacuolar lumen. To verify
this hypothesis, wild-type cells were grown to stationary phase and
diluted into fresh medium containing cerulenin in the presence or
absence of concanamycin A, an inhibitor of V-ATPase activity
(Drose and Altendorf, 1997). LD content in stationary phase and 5 h
after growth resumption was analyzed by flow cytometry. The
inhibition of V-ATPase activity decreased the utilization of LDs
during growth resumption (Fig. 4B), confirming that altered LD
dynamics in vima mutants results from loss of luminal acidification
and vacuole function.

The deletion of V-ATPase subunits increases vacuolar pH and
was shown to reduce cytosolic pH (pH,) from neutral pH to pH
5.6-6.6 (Martinez-Mufioz and Kane, 2008; Young et al., 2010).
Hence, we aimed to investigate whether LD utilization is affected
by changes in pH, and, therefore, could explain our results in
V-ATPase mutant cells. We took advantage of a hypomorphic
allele of the plasma membrane ATPase Pmalp (pmal-007) that
reduces levels and activity by 50% and, thus, renders cells unable
to maintain pH homeostasis upon acidification of the culture
medium. Reducing medium pH from 5 to 3 results in a decrease of
pH, from 7 to 6.8 (Orij et al., 2012; Porat et al., 2005; Young et al.,
2010). Wild-type, tgl3A and pma1-007 mutant cells were grown to
stationary phase in medium at pH 5.5, diluted into fresh medium at
different pH values (pH 7, pH 5.5, pH 4, pH 3) containing
cerulenin, and LD consumption was analyzed using the flow-
cytometry-based assay. Whereas utilization of LDs was only
modestly affected upon acidification of the medium in wild-type
cells, a strong reduction in LD consumption was observed in pma -
007 mutant cells (Fig. S2E). Notably, the observed effect was
stronger than in any vma mutant we analyzed or upon addition of
concanamycin A (Fig. 4A,B), despite even lower pH, had been
reported in these V-ATPase-deficient cells (Martinez-Mufioz and
Kane, 2008; Young et al., 2010). We, therefore, consider it unlikely
that the defects in LD consumption in vina mutant cells are mediated
by altered pH,.. It should be noted that, except for vima3A mutant cells,
a recent genome-wide analysis of intracellular pH revealed no
significant reduction in the pH, of the vina and ESCRT mutant cells
analyzed here (Orij et al., 2012). Moreover, mutants with the
strongest effect on pH,, as reported by Orij et al., only showed a
moderate yet not-consistent effect in our flow-cytometry assay
(Fig. S2F), suggesting that the pH,. value is not the underlying factor
affecting LD utilization.

Sorting of the V-ATPase to the vacuole is blocked in the Class E
compartment in ESCRT deletion mutants (see above; Coonrod and
Stevens, 2010; Raymond et al., 1992). We, therefore, considered it
likely that the effect on LD dynamics as seen in ESCRT mutants, is
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mainly caused by an indirect effect on overall vacuole homeostasis.  functional late endosome-to-vacuole protein sorting is coupled to
Accordingly, one would expect a similar effect on LD dynamicsin LD dynamics, we analyzed LD utilization during growth
vacuole protein sorting (vps) mutants, in particular in those, resumption in vps mutants. These mutants can be grouped into
involved in late endosomal sorting. To directly test whether Classes A—E, based on vacuole morphology (Bowers and Stevens,
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2005; Raymond et al., 1992). Our results reveal that LD
consumption during growth resumption is affected in some Class
B mutants (small fragmented vacuoles; vps4IA, vpsl7A, vps43A)
and specifically in late endosomal Class D mutants (single large
vacuole; vpsISA, vps3A, vps6A, vps45A; Fig. 4D). Our results,
therefore, suggest that LD dynamics during growth resumption are
coupled to vacuole homeostasis.

LD utilization during growth resumption is not mediated by
autophagy

LDs have been shown to be degraded in the vacuole via
microautophagy in stationary phase and upon nitrogen
starvation, requiring the core autophagy machinery (van Zutphen
etal., 2014; Wang et al., 2014). In contrast, microautophagy after a
diauxic shift does not require the autophagy machinery but the
vacuolar lipase AtglSp, proteinase A (Pep4p) and ESCRT
complexes (Oku et al., 2017). Microautophagy has not been

described to occur during growth resumption. However, to
specifically test whether microautophagy contributes to LD
utilization during growth resumption, we analyzed LD
consumption in autophagy mutant cells using the flow
cytometry approach. The deletion of autophagy-related genes
(atg) did not affect utilization of LDs (Fig. 5A). Importantly,
neither the vacuolar lipase Atgl5p nor proteinase A (Pep4p), both
of which are implicated in ESCRT-dependent microautophagy
after diauxic shift, were required for LD utilization during growth
resumption (Fig. 5A,B). To directly probe for LD uptake into
vacuoles during growth resumption, we followed BODIPY493/
503-labeled LDs and FM4-64-labeled vacuoles by fluorescence
microscopy 2 h after diluting cells from stationary phase into fresh
medium containing cerulenin. As shown in Fig. 5C, LDs were
often found in close proximity to vacuoles. However, uptake of
LDs into FM4-64-labeled vacuoles was negligible. Similar results
were obtained when LD autophagy was analyzed in cells
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Fig. 4. V-ATPase and proteins involved in late endosomal protein sorting are required for efficient utilization of LDs during growth resumption.

(A) LD consumption was analyzed in the indicated V-ATPase mutant (domain V0/V1, subunits A-H) and control strains (n=4), as described for Fig. 1B. (B)
Analysis of LD consumption as shown in A but the consumption of BODIPY493/503-labeled LDs was followed in cells diluted into fresh medium with either DMSO
as a control (=) or 100 ng/ml concanamycin A (+); (n=4). (C) Consumption of LDs in wild-type (wt), control (tg/3A) and vma16A mutant cells (VO SU ¢” vma16A)
after dilution from stationary phase into fresh medium containing 10 pg/ml cerulenin was followed by BODIPY493/503 staining and fluorescence microscopy.
Scale bar: 5 ym. (D) Analysis of LD consumption carried out as described in A but in vacuolar protein sorting (vps) mutant strains (grouped according to vacuole
morphology phenotype, i.e. Class A-D) as indicated, and wild-type (wt) and control (tg/3A) (n=7). Data are presented as mean+s.d.; *P<0.05, **P<0.01,

***P<0.001 versus WT (A,D); ***P<0.001 versus control (B).

expressing the LD marker protein Erg6p fused to GFP LD-autophagy (lipophagy). The observed defects on LD dynamics in
(Ergbp-GFP; Fig. S3A). Together, these results strongly suggest the identified ESCRT-, V-ATPase and vps mutant cells are, therefore,

that LD utilization during growth resumption occurs independently of ~ mediated by a lipophagy-independent process.
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TORC1 signaling from functional vacuoles is required for LD status and communicating it to the cell-cycle machinery (Jin and
consumption Weisman, 2015). TORC1 signals through two effector proteins,
Vacuoles are highly dynamic organelles, undergoing coordinated  Sch9p or Sitdp, to regulate downstream transcription factors and can
membrane fusion and fission reactions throughout the cell cycle andin ~ be specifically inhibited by rapamycin (De Virgilio and Loewith,
response to changes in environmental conditions. Target of rapamycin ~ 2006; Di Como and Arndt, 1996; Heitman et al., 1991; Jacinto et al.,
complex 1 (TORC1) presents the main signaling hub, sensing vacuole ~ 2004; Loewith et al., 2002; Urban et al., 2007).

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-



RESEARCH ARTICLE

Journal of Cell Science (2018) 131, jcs213876. doi:10.1242/jcs.213876

Based on our results showing that LD dynamics are coupled to
vacuole homeostasis, we asked whether TORC1 is involved in
regulating LD consumption in response to vacuole status. Initial
evidence for the interplay between TORC1 and LDs came from a
study showing that inhibition of TORC1 by rapamycin induces LD
synthesis (Madeira et al., 2015). Furthermore, TORC1 was shown to
inhibit phosphatidic acid hydrolases, key regulators of membrane-
and storage lipid synthesis, in yeast and mammals (Pah1p and lipid-
1, respectively) (Dubots et al., 2014; Eaton et al., 2013; Lamming
and Sabatini, 2013; Peterson et al., 2011). These complementary
data indicate that defects in vacuole homeostasis, as observed in e.g.
ESCRT mutant cells, could be sensed by TORC1 and transduced to
the LD machinery. According to this model, TORCI1 signaling from
functional vacuoles could inhibit Pahlp activity, ultimately
directing LD-derived DAG into membrane lipid biosynthesis
pathway. In contrast, defects in vacuole status would inhibit
TORCI1 signaling and could de-repress Pahlp activity, increase
DAG:PA ratios and, thus, prevent LD and DAG utilization during
growth resumption.

These assumptions were supported by several experiments. First,
we analyzed LD consumption in the presence of rapamycin. As
shown in Fig. 6A, addition of rapamycin inhibited LD utilization
during growth resumption in wild-type cells. Importantly, this effect
is not due to reduced expression levels of Tgl3p — which were
comparable in the presence or absence of rapamycin during growth
resumption (Fig. S3B). Consistent with TORCI1 signaling affecting
DAG-to-PA conversion downstream of TAG hydrolysis, we did not
see an additional effect of rapamycin on LD consumption in cells
lacking Tgl3p. Second, by using a targeted lipidomics approach we
show that addition of rapamycin inhibits utilization of DAGs during
growth resumption (Fig. 6B), similar to cells lacking Vpsdp
(Fig. 3B). This, furthermore, supports the hypothesis that Tgl3p
lipolytic activity is not limiting during rapamycin treatment but
provides TAG-derived DAG that cannot be further utilized. In
contrast, the complete block of Tgl3p activity does not affect
utilization of DAGs during growth resumption (Fig. 3B). Third, LD
consumption requires the TORC1 effector protein Sit4p but not
Sch9p (Fig. 6C). Next, we tested whether rapamycin affects LD
consumption in ESCRT mutant cells. As shown in Fig. 6D, no
additional effect of rapamycin on LD dynamics was observed in
cells lacking Vps4p. This result suggests that TORC1 signaling is
defective in vps4A mutant cells and can, thus, not be further
inhibited by rapamycin. To directly assess the activity of TORC1 in
cells that lack a functional ESCRT machinery, we conducted a
rapamycin recovery assay (Dubouloz et al., 2005; Takeda et al.,
2018). As expected, cells lacking the TORC1 subunit Tco89p were
highly sensitive to rapamycin. Importantly, snf7A and vps4A mutant
cells exhibited increased sensitivity to rapamycin, indicating that
TORCI signaling is, indeed, attenuated in these mutants (Fig. 6E).

If defective TORCI signaling in vps4A mutant cells would be
transduced to the LD machinery by inhibiting the DAG-to-PA
conversion, DAG:PA ratios in these mutant cells would be
increased. This assumption was confirmed by lipidomics
experiments showing that DAG:PA ratios are higher in vps4A
cells compared to wild-type cells, in stationary phase and after 5 h
lipolysis during growth resumption (Fig. 6F). It should be noted that
the defect in LD consumption could not be rescued by
supplementation with inositol (Fig. S3C), a compound that
stimulates PI synthesis by utilizing PA and shifts the balance
towards the CDP-DAG pathway when substrates are spatially
accessible to the respective enzymes Cdslp and Pislp in the ER. In
summary, the data presented here support a model in which vacuole

functionality is signaled to the LD catabolic machinery during
growth resumption through TORCI-mediated regulation of
enzymes that are involved in DAG-PA interconversion.

Besides the unidirectional communication described above, these
data have implications for a bidirectional crosstalk between both
organelles. Vacuole dynamics are balanced by fusion and fission
reactions that require a specific set of proteins and lipids, i.e. DAG
and PA (Miner et al., 2017; Sasser et al., 2012; Wickner, 2010).
Altered TORCI signaling from impaired vacuoles towards the LD
catabolic machinery as described here, therefore, results in a
feedback loop that ultimately affects vacuole dynamics through
changes in the levels of the LD-derived DAGs and PA.
Interestingly, this model suggests that DAG is channeled from
LDs towards vacuoles during growth resumption. To test whether
LD-derived DAG is channeled towards vacuoles, we followed DAG
distribution during growth resumption by using a GFP-tagged DAG
reporter (C15-GFP; Fig. 6G) (Ganesan et al., 2015). Consistent with
experiments in cells grown to exponential phase, C15-GFP localizes
to vacuolar structures 4 h after diluting stationary phase wild-type
cells into fresh medium containing cerulenin. At this time-point,
unspecific staining of the LD-marker protein Erg6p fused to RFP
(Ergbp-RFP) was observed, indicating that LDs were utilized
efficiently. However, in stationary phase, C18-GFP accumulated in
punctate structures adjacent to LDs labeled with Erg6p-RFP.
Similarly, C18-GFP localized to LD proximal sites in cells that lack
Vpsdp in stationary phase. However, no vacuolar localization of
C13-GFP after 4 h of growth in fresh medium containing cerulenin
was observed in vps4A mutant cells (Fig. 6G). Together, these
results suggest that (i) LD-derived DAG is channeled not only into
membrane lipid biosynthesis pathways in the ER but also towards
the vacuole and (ii) vacuole homeostasis defects (e.g. in vps4A cells)
not only alter the DAG:PA ratio but also halt the subcellular
distribution of DAG towards vacuoles.

DISCUSSION

LDs interact with a variety of cellular organelles. Our data provide
detailed insight into how the dynamics of LDs and vacuoles are
coordinated throughout cell growth. We developed a flow
cytometry-based assay to measure LD breakdown kinetics during
growth resumption and screen all non-essential deletion mutants in
yeast. This screen revealed that a functional vacuole, independent of
its role in autophagy, is required for efficient utilization of LDs
(Fig. 7). When cells resume growth in fresh medium, TORCI1
signaling from vacuoles facilitates net conversion of DAG to PA. As
a result, DAG derived from TAG-hydrolysis on LDs can be
converted to PA and processed in downstream lipid synthesis
processes required for growth. In contrast, compromised vacuoles
in, e.g. ESCRT mutant cells, inhibit TORCI signaling,
subsequently inhibiting efficient DAG-to-PA conversion and,
thus, preventing the utilization of LDs and LD-derived DAG.
Based on our previous results on the DAG channeling enzyme
Ice2p we consider that accumulated DAGs are likely to be re-
esterified to TAGs on LDs (Markgraf et al., 2014).

Specifically, we show that LD breakdown during growth
resumption is defective in ESCRT-, V-ATPase- and late
endosome to vacuole vps mutants. ESCRT complexes were
shown to be required for consumption of LDs through
microautophagy after diauxic shift. Whereas this process does not
require the core autophagy machinery, it depends on the vacuolar
lipase Atgl5p and proteinase A (Pep4p) (Oku et al., 2017). Our
results clarify that LD-autophagy does not contribute to LD
utilization during growth resumption. Consistent with this finding,
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Fig. 6. Regulation of LD consumption by TORC1 signaling and ESCRT-
dependent changes in ratios and distribution of vacuole fusion-relevant
lipids. (A) LD consumption in wild-type (wt) and tg/3A cells was analyzed as
described for Fig. 1B in the absence (control) or presence of rapamycin
(n=6-8). (B) Utilization of DAG during growth resumption. WT cells were grown
to stationary phase (T0) and diluted into fresh medium containing cerulenin in
the presence or absence (—) of rapamycin for 5 h (T5). Levels of DAG were
analyzed using a targeted lipidomics approach. DAG at T5 relative to TO

(in %) is shown (n=3). (C) LD consumption was analyzed as described for
Fig. 1B in strains indicated (n=7-10). (D) LD consumption was analyzed as
described for Fig. 1B in strains indicated in the absence (control) or presence of
rapamycin (n=8). (E) Spotting assay analyzing growth recovery after
rapamycin treatment in WT and the indicated mutant strains. Cells in log phase
were grown in the presence or absence of rapamycin (200 ng/ml) for 3 h at
30°C. The cell cultures were serially diluted and spotted on YPD medium.
Colonies were imaged after one day (YPD) or two days (rapamycin recovery).
(F) Ratio of DAG to PA in WT and vps4A mutant cells. Cells were analyzed by
quantitative lipid mass spectrometry in stationary phase and 5 h after

dilution into fresh medium containing cerulenin. (G) The localization of DAG-
Reporter (C15-GFP) was analyzed by fluorescence microscopy in WT and
vps4A mutant cells expressing Erg6p-RFP at stationary phase and 4 h after
dilution into fresh medium containing cerulenin. A maximum projection is
shown. Scale bar: 5 ym. Data are presented as meants.d.; **P<0.01,
***P<0.001, versus control (A,B,D) or WT (C,F).

Class E compartment, a block in cargo sorting to the vacuole and,
thus, a non-functional vacuole. Vacuolar defects in class E mutants
result, in part, from the missorting of the V-ATPase. Interestingly,
we observed a strong defect in LD utilization in most V-ATPase
mutants and upon inhibition of V-ATPase activity. These results
contrast those from previous studies, showing that only the V1
domain affects LD dynamics, independently of V-ATPase activity
(Bouchez et al., 2015). However, these experiments were conducted
in exponential and early-stationary phase and, together with results
presented here, suggest that correct sorting of V-ATPase and its
activity are specifically required to maintain LD dynamics during
growth resumption. If ESCRT mediates its effect on LD dynamics
indirectly by maintaining vacuole homeostasis, one would expect
additional vps mutants to affect LD consumption. Consistent with
this hypothesis, we observed that late endosomal vps proteins are
required for efficient LD utilization during growth resumption.
How is the vacuolar status sensed and signaled to LDs? Previous
studies have shown that a defective vacuolar system caused by, e.g.
vacuole inheritance defects, is sensed and signaled to the cell cycle
machinery via TORCI1 and its effector Sch9p (Jin and Weisman,
2015). A direct regulatory link between TORCI signaling and LD

TORCH1

DAG “——; PA —»—- Membrane Lipids

wild-type

dynamics was established in studies showing that TORCI activity
phosphorylates and inhibits PA hydrolase Pahlp, in part via the
NemI-Spo7 complex (Dubots et al., 2014). Vacuolar status can
then be sensed and signaled to LDs through TORCI1-mediated
regulation of Pahlp. Vacuolar defects would result in diminished
TORCI signaling, de-repression of Pahl and increased DAG:PA
ratios, ultimately blocking utilization of LDs and LD-derived
DAGs. Consistent with this model, we show that: (i) LD utilization
during growth resumption requires TORC1 signaling involving the
effector phosphatase Sit4p, (ii) inhibition of TORCI signaling
during growth resumption leads to accumulation of DAG, (iii) LD
consumption in Vpsd4p mutant cells is insensitive to TORCI
inhibition owing to inherent TORC1-signaling defects that are
probably the result of vacuolar dysfunction and, (iv) the DAG:PA
ratio increases in Vps4p mutant cells.

Despite the well-established connection between TORCI
signaling and PA phosphatase activity in yeast and mammalian
cells our data do not exclude that alterations in DAG and PA levels
in ESCRT mutant cells are mediated through regulation of other
enzymes that affect DAG:PA ratios, e.g. Dgklp. In fact,
phosphorylation of Dgklp by casein kinase II (CKII) has recently
been shown to regulate its activity and, thus, the synthesis of
phosphatidic acid. However, Dgk1p-dependent growth resumption
from stationary phase is not governed by the CKII-mediated
phosphorylation of the enzyme (Qiu et al., 2016). Whether Dgklp
activity during growth resumption is regulated by other kinases,
such as TORCI, does, therefore, need to be carefully assessed in
future studies.

DAGs and PA present key lipid intermediates in the formation
and consumption of LDs, and have been implicated to regulate
vacuole dynamics. In fact, alterations of DAG:PA ratios by deletion
of Pahlp or Dgklp cause vacuole fragmentation or augmented
fusion, respectively (Miner et al., 2017; Sasser et al., 2012).
Therefore, rather than unidirectional crosstalk between vacuoles and
LDs, our data suggest a bidirectional feedback-loop between both
organelles. According to this model, TORCI1 signaling from
functional vacuoles in wild-type cells reduces DAG:PA ratios,
thereby driving vacuole fragmentation, which is beneficial for the
inheritance of vesicular/tubular structures to the daughter cell.
Functional ESCRT complexes and TORC1 have, indeed, been
shown to promote vacuole fragmentation (Michaillat et al., 2012;
Michaillat and Mayer, 2013; Stauffer and Powers, 2015). In
contrast, defective TORC1 signaling in mutants that affect vacuole

V-ATPase
TORCA1

escrtA

Fig. 7. Model of functional coupling of LD and vacuole dynamics. (Left panel) TORC1-signaling from functional vacuoles (green circle) mediates mobilization
of LDs during growth resumption by regulating interconversion between DAG and PA, thus allowing efficient utilization of LD (gray circle)-derived DAG for
membrane lipid biosynthesis in wild-type cells. (Right panel) Defective TORC1-signaling due to dysfunctional vacuoles (red circle) prevents the efficient utilization
of LD-derived DAG for PA synthesis, as well as downstream membrane lipid synthesis in, for example, ESCRT mutant (escrtA) cells.
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homeostasis would affect LD breakdown kinetics by increasing
DAG:PA ratios, possibly by de-repressing Pahlp, ultimately
promoting vacuole fusion. Importantly, this model suggests
channeling of LD-derived DAG towards vacuoles. In agreement
with this notion we observe changes in the subcellular localization
of a fluorescently labeled DAG-reporter from LD-proximal sites
towards vacuoles during growth resumption.

It remains unclear how DAG is channeled from LD-proximal
sites to the vacuole and how this process is regulated. Membrane
contact sites (MCS) are implicated in transport of lipids between
organelles (Helle et al., 2013; Jain and Holthuis, 2017). The
nucleus—vacuole junction (NVJ) mediates physical contact
between the perinuclear and vacuolar membrane, and is
facilitated by a direct interaction between the vacuolar protein
Vac8p and the nuclear membrane protein Nvjlp (Malia and
Ungermann, 2016; Pan et al., 2000). Additional proteins
contributing to NVIJ formation, such as Mdmlp, have been
described (Henne et al., 2015). Consistent with our observed
accumulation of the DAG reporter protein C13-GFP at LD-
proximal sites, the DAG-generating enzyme Pah1p concentrates in
nuclear membrane punctae that flank the NVJ and are in contact
with LDs in stationary phase, indicating a functional relationship
between LDs and vacuoles at NVJs (Barbosa et al., 2015). It is,
thus, tempting to speculate that LD-derived DAG is channeled
towards vacuoles through NVJ during growth resumption;
however, detailed studies are needed to specifically address this
question.

Finally, bidirectional crosstalk between vacuoles and LDs would
create a self-propagating signaling system, as studies in mammalian
systems revealed that PA stabilizes and activates mammalian
TORC1 (mTORCI) (Menon et al., 2017; Toschi et al., 2009; Yoon
et al., 2011). Thus, TORCI signaling from functional vacuoles in
wild-type cells would allow efficient conversion of DAG to PA,
which, in fact, could stabilize and enhance TORCI1 activity. In
contrast, diminished TORCI1 signaling, as response to vacuolar
dysfunction, would result in reduced PA levels that would further
abolish TORC1 signaling. Such a system would ensure that even
small defects in vacuolar function are communicated efficiently
within the cellular organelle network, i.e. to LDs.

In summary, by implementing a genome-wide screen in yeast,
we unravel a tight interplay between vacuoles and LDs during
growth resumption (summarized in Fig. 7). Our data explain how
the dynamics of cellular organelles are coordinated, and we
present first mechanistic insight into how LDs are integrated into
an overall metabolic network. Given the conserved role of LDs and
vacuoles/lysosomes in cellular metabolism, the results presented
here are likely to be significant for higher eukaryotic cell systems.
In fact, recent studies have described that mammalian TORC1
(mTORC1) senses and signals lysosomal status, i.e. amino acid
status through V-ATPase, and lysosomal cholesterol through a
complex comprising the amino acid transporter SLC38A9 and the
Niemann-Pick C1 (NPC1) protein (Castellano et al., 2017; Zoncu
et al., 2011). In addition, it is now well-accepted that mTORC1
regulates hepatic lipid metabolism via lipin-1 and the SREBP
transcriptional network (Lamming and Sabatini, 2013; Peterson
et al.,, 2011). Direct crosstalk between lysosomes and LDs to
coordinate their status and dynamics, equivalent to the mechanism
described in yeast might, therefore, exist in higher eukaryotic cells.
Finally, owing to the central role of LDs in metabolic disorders, it
will be important to carefully examine how functional coupling of
LDs and lysosomes affects such diseases, in order to develop
future treatment strategies.

MATERIALS AND METHODS

Strains, plasmids and growth conditions

Strains used in this study are isogenic to BY4741 (Mat a ura3A his3Al
leu2A0 met15A0) and are listed in Table S1. Yeast genetic manipulations
were accomplished by homologous recombination of PCR fragments. Tgl3p
was genomically tagged at the C-terminus using a 3HA-HIS3 cassette
amplified from pFA6a-3HA-HIS3 (Longtine et al., 1998). A deletion library
of single knockouts of non-essential genes was purchased from GE
Dharmacon. Plasmids used in this study are described in Table S2. To
generate a plasmid overexpressing a 3HA-tagged version of Tgl3p, 3HA
was amplified from pFA6a-3HA-HIS3, digested with HindIIl/Xhol and
ligated into the HindIIl/Xhol sites of p415-ADHpr (Nguyen et al., 2012).
Tgl3p was amplified from genomic DNA and, after digestion with Spel/
Hindlll, it was ligated into the Spel/HindlII sites of plasmid p415-ADHpr-
3HA. Cells were grown at 30°C in synthetic complete (SC) medium. SC
medium contained 6.7 g/l yeast nitrogen base with ammonium sulfate (MP
Biomedical), 20 g/ glucose, and was supplemented with the required amino
acid mixtures (Complete Supplement Mixture [CSM] 0.79 g/l; CSM-
leucine 0.69 g/l; MP Biomedical). For experiments, logarithmically grown
precultures were diluted to 0.5 optical density (OD) units/ml and grown
overnight to reach stationary phase. The cells were harvested by
centrifugation and diluted into fresh medium to OD=1. FM4-64 was
purchased from Thermo Fischer. Cerulenin, rapamycin and concanamycin
A were purchased from Sigma Aldrich. Where indicated, the FA synthesis
inhibitor cerulenin was added to cultures from a 10 mg/ml stock solution in
ethanol to a final concentration of 10 pg/ml. The V-ATPase activity
inhibitor concanamycin A (100 uM stock solution in DMSO) was added to
cultures to a final concentration of 1 uM. The TORCI signaling inhibitor
rapamycin (100 pg/ml stock solution in 90% ethanol, 10% Tween-20) was
adjusted to a final concentration of 100 ng/ml.

Genome-wide screen for regulators of LD dynamics

A collection of all non-essential yeast deletion strains, stored as glycerol
stocks in 55 96-well plates, was processed batch-wise. Cells were thawed
and transferred to solid yeast extract peptone with 2% glucose (YPD) using a
96-pin replicator (V&P Scientific). The pin replicator was sterilized by
incubating two times for 1 min in sterile water, 1 min in bleach (10% sodium
hypochloride) and 1 min in ethanol (70%), followed by flame sterilization.
Plates were incubated for 2 days at 30°C. Cells were transferred to 96-well
plates containing SC medium, 2% glucose (150 pl/well). Wild-type and
tgl3A cells were added to two empty positions on each plate to serve as
controls and to evaluate assay variability and reproducibility. Precultures
were incubated overnight (12 h) at 30°C with shaking. The OD was
measured and cells were diluted to OD=0.5. After incubation for 24 h at
30°C with shaking, OD was measured over a period of 2 h to ensure that
cells reached stationary phase. An aliquot of stationary-phase cells was
transferred to a new plate, harvested by centrifugation and washed once with
phosphate buffered saline (PBS; Wellwash 4MK2, Labsystems). Cells were
fixed by incubation in 150 ul PBS containing 3.7% paraformaldehyde for
30 min, washed once with PBS and stored in ice-cold PBS at 4°C. A second
aliquot of cells was transferred to a fresh 96-well plate and diluted into fresh
SC medium containing 10 pg/ml cerulenin. The cells were incubated for 5 h
at 30°C with shaking; OD before (T0) and after 5 h incubation (T5) was
measured. Cells were fixed as described above. LDs in cells from stationary
phase and after 5 h growth were stained with BODIPY 493/503 in PBS
(final concentration 1 pg/ml; 150 pl/well) for 30 min. Cells were washed
three times with PBS and resuspended in 120 pl of FACS Flow (BD
Bioscience). BODIPY 493/504 fluorescence was analyzed using a
BD FACSCalibur flow cytometer with a 96-well plate high throughput
autosampler. 50,000 events were analyzed per strain. In total 5127 strains
were analyzed.

Statistical and enrichment analysis

Data from the genome-wide screen were corrected for plate-to-plate variation
and fat content in stationary phase (T0) by fitting a linear regression model
with the measured BODIPY493/503-fluorescence intensity after 5 h growth
(T5) as the response, the positive control values (WT; T0, TS), the negative
control values (zgl3A; TO, T5), and the baseline BODIPY493/503-
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fluorescence intensity values (T0) as covariates. Plots of residuals from this
regression model versus the processing order, the date of processing and the
plate number showed no systematic deviations, indicating no influence of
these factors. The residuals from this linear regression were used as corrected
intensity values and ranked. As compared to the initial ranking of raw values
only some minor changes in ranking were observed. A non-parametric
bootstrap experiment with 1000 replications was performed to assess the
random variability of ranks. Overall, rankings showed small variability, with
non-parametric 95% confidence intervals having lengths of <10 ranks for
most of the top 50 yeast strains. Enrichment analysis of the ranked dataset was
conducted based on gene ontology terms using the Gene Ontology
enRIchment anaLysis and vizuaLizAtion (GOrilla) tool (Eden et al., 2009).

To display continuous data in groups, means were used. Statistical
significance of difference between groups was determined using the two-
tailed Student’s #-test.

Fluorescence microscopy

Cells were grown in SC medium containing 2% glucose to stationary phase.
Where indicated, cells were diluted into fresh medium in the presence of
10 pg/ml cerulenin. The cells were collected at the indicated time points by
centrifugation (5 min 4000 g 4°C) and washed once with PBS buffer. For
staining of LDs, aliquots of cells were incubated with BODIPY493/503
(final concentration 1 pg/ml) for 15 min at 30°C, followed by washing twice
with PBS before imaging. Images were acquired using an imaging system
(Deltavision Elite; GE Healthcare) based on an inverted microscope (model
IX-71; Olympus) equipped with an UAPON 100x% (1.49 NA) oil immersion
objective, an InsightSSI light source (Applied precision), excitation and
emission filters for FITC, and a CoolSNAP HQ? CCD camera
(Photometrics). Stacks with 0.35 um spacing were imaged. For
visualization of lipophagy during growth resumption (Fig. 5C), cells were
grown to stationary phase in SC medium containing 2% glucose. Cells were
diluted into fresh medium in the presence of cerulenin and FM4-64 (30 uM)
for 1 h, washed with the corresponding medium and further incubated for 1 h
in medium containing cerulenin without FM4-64. BODIPY493/503 was
added for the last 30 min. After washing three times with PBS, cells were
analyzed by fluorescence microscopy. Alternatively, LD autophagy during
growth resumption was assessed in cells expressing the LD marker protein
Erg6-GFP, co-labeled with FM4-64 (Fig. S3A). For fluorescence
microscopy analysis in Fig. 6G, yeast cells expressing red fluorescent
protein (RFP)-tagged Erg6p and GFP-tagged C18—domain from plasmids
were grown in SC medium, 2% glucose, lacking leucine and uracil to
stationary phase. Where indicated, cells were diluted into fresh medium in the
presence of 10 pg/ml cerulenin. The cells were harvested by centrifugation
and washed once before imaging. Images were acquired using a Zeiss LSM
880 inverted microscope equipped with a 63x (1.4 NA) oil objective and
Zen.2 software. Where indicated, stacks with 0.4 um spacing were imaged.
Images were processed using Image] (National Institutes of Health) and
Adobe Photoshop CC. Maximum projections are shown in Figs 2, 4 and 6.

Lipidome analysis by mass spectrometry

Lipidome analysis was done as described previously (Almeida et al., 2015;
Ejsing et al., 2009). In brief, cells were grown in SC medium containing 2%
glucose for 24 h to reach stationary phase. Cells (10 OD units) were
harvested at stationary phase and at the indicated time points after diluting
stationary phase cells into fresh medium containing 10 pg/ml cerulenin.
Cells were washed once and lipid analysis was performed using a Triversa
NanoMate ion source (Advion Bioscience, Inc.) coupled to an Orbitrap
Fusion Tribrid mass spectrometer (Thermo Fisher Scientific), as previously
described (Almeida et al., 2015). For targeted lipid analysis of DAGs
(Fig. 6B), 10 OD units of cells were washed once in ice-cold water and lipids
were extracted as previously described (Markgraf et al., 2014), after addition
of internal standard (d5 17:0 DAG, Avanti Polar lipids). Lipid extracts were
dried under a stream of nitrogen and resuspended in methanol. Lipid
analytes were separated using a Phenomenex Luna Omega column (1.6 pm
100A; Phenomenex, CA) on an Infinity 1290 HPLC system (Agilent
Technologies, CA) and were analyzed by multiple reaction monitoring on a
triplequadrupole mass spectrometer (Agilent 6495; Agilent Technologies),
operated in positive ion mode.

Total protein extraction from yeast

To quantify protein content of yeast cells, protein extracts of the indicated
strains were generated by alkaline lysis. The OD of precultures was
measured and cells (2 OD units) were lysed at in 0.25 M NaOH, 140 mM
B-mercaptoethanol, 3 mM phenylmethylsulfonyl fluoride (PMSF). After
10 min incubation on ice, samples were subjected to trichloroacetic acid
precipitation followed by acetone wash. SDS sample buffer was added and
equal amounts of protein were analyzed by SDS-PAGE and western
blotting. Anti-HA (mouse monoclonal clone 16B12, 1:1000, MMS-101R,
BioLegend) and Anti-Pgkl (mouse monoclonal clone 22C5D8, 1:5000,
459250, Thermo Fisher Scientific) antibodies were used.
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