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ABSTRACT: Sphingolipids (SLs) are essential components of cell membranes and are broad-range bioactive
signaling molecules. SL levels must be tightly regulated as imbalances affect cellular function and contribute to
pathologies ranging from neurodegenerative and metabolic disorders to cancer and aging. Deciphering how
SL homeostasis is maintained and uncovering new regulators is required for understanding lipid biology and
for identifying new targets for therapeutic interventions. Here we combine omics technologies to identify the
changes of the transcriptome, proteome, and phosphoproteome in the yeast Saccharomyces cerevisiae upon SL
depletion induced by myriocin. Surprisingly, while SL depletion triggers important changes in the expression
of regulatory proteins involved in SL homeostasis, the most dramatic regulation occurs at the level of the
phosphoproteome, suggesting that maintaining SL homeostasis demands rapid responses. To discover which
of the phosphoproteomic changes are required for the cell’s first-line response to SL depletion, we overlaid
our omics results with systematic growth screens for genes required during growth in myriocin. By following
the rate of SL biosynthesis in those candidates that are both affecting growth and are phosphorylated in
response to the drug, we uncovered Atg9, Stp4, and Gvp36 as putative new regulators of SL homeostasis.

KEYWORDS: sphingolipid metabolism, Saccharomyces cerevisiae, proteomics, phosphorylation, label-free quantification,
mass spectrometry, myriocin

■ INTRODUCTION

Sphingolipids (SLs) are structural components of cell
membranes as well as signaling molecules involved in a wide
range of cellular processes including secretion, endocytosis,
chemotaxis, neurotransmission, angiogenesis, and inflamma-
tion.1 Over the past years, significant new insights into SL
metabolism have emerged, including delineating the compart-
mentalized synthesis of SLs in the endoplasmic reticulum (ER)
and the Golgi apparatus as well as SL trafficking, turnover, and
degradation.1,2 However, the regulation of SL homeostasis in
response to metabolic demand remains largely unexplored.3,4

SL metabolites have been implicated in the onset and
progression of various diseases including cancer, lung diseases,
diabetes, and lysosomal storage disorders.5 Thus understanding
the complexity of SL metabolism and the intricacies of its
regulation is essential to define proper key sites for potential
therapeutic intervention. The budding yeast Saccharomyces
cerevisiae is an ideal model system to study eukaryotic lipid
metabolism due to the high conservation as well as ease of use
for systematic studies.6 Studies in yeast have enabled the

identification of key enzymes and sensors regulating SL
metabolism in all eukaryotes, including mammals.6

The first and rate-limiting step in the de novo synthesis of
SLs is common to mammals and yeast and takes place on the
cytosolic face of the ER by the condensation of serine and
palmitoyl-CoA. This condensation leads to the synthesis of 3-
ketosphinganine via the heterodimeric enzyme, serine palmi-
toyltransferase (SPT).7 SPT is composed of two subunits in
yeast (Lcb1/Lcb2) and is embedded in the SPOTS protein
complex with its regulators Orm1/2, Tsc3, and Sac1.8 The role
of the ORM proteins in this complex is to act as negative
regulators of SPT. ORMs are constitutive members of the
complex; consequently, their activation and repression is not
mediated by their expression pattern but rather by their
phosphorylation state.8 Specifically, when SL levels drop, such
as in the presence of the SPT inhibitor myriocin, the ORM
proteins are reversibly phosphorylated by the Ypk1 kinase,
inhibiting their activity and consequently removing the
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inhibition of SPT activity. Hence, Ypk1 phosphorylation
indirectly activates SPT and increases the synthesis of SL
precursors, creating a feedback loop.9 The ORM-mediated
feedback loop is an example of how SL dynamics can be
regulated by reversible protein phosphorylation. It is well
known that additional phosphorylation events occur in key
enzymes in the pathway.10,11 However, to date, the exact extent
of protein phosphorylation in response to changes in SL
homeostasis as well as additional roles is unknown. More
generally, the network of regulatory proteins acting at the
various levels of SL biosynthesis, interconversion, and break-
down is far from being understood.
Here we combined deep sequencing, mass-spectrometry-

based proteomics, and phosphoproteomics, along with whole-
genome functional screens to identify regulatory proteins
controlling SL biosynthesis in Saccharomyces cerevisiae following
depletion of SLs by myriocin treatment. Using metabolic
labeling assays for de novo formation of SLs, we validated the
involvement of three new regulators: Atg9, Stp4, and Gvp36.
Globally, our multipronged approach permitted the identi-
fication of new, unstudied proteins as modulators of SL
homeostasis and suggests that the regulatory system of SLs is
highly responsive, extremely dynamic, and much more complex
and intricate than previously thought.

■ EXPERIMENTAL SECTION

Yeast Media and Growth Conditions

Yeast cells were grown in either rich liquid media, YPD (yeast
extract, peptone, dextrose) (1% bacto-yeast extract (BD), 2%
bacto-peptone (BD), and 2% dextrose (Amresco)), or synthetic
liquid medium, SD (synthetic defined) (0.67% yeast nitrogen
base with ammonium sulfate and without amino acids
(CondaPronadisa) and 2% dextrose (Amresco) supplemented
with amino acids (Amresco)). Agar plates also included 2.2%
agar. Upon screening the overexpression library, SGal complete
agar plates were used (similar to SD complete medium, where
the 2% dextrose was replaced with 2% galactose (Amresco)). In
this study all of the strains were grown at 30 °C.
Strains Used in This Study

The yeast strain used for transcriptome, proteome, and
phosphosproteome analysis was SEY6210 (MATα ura3-52
his3-Δ200 leu2-3,112 trp1-Δ901 lys2-801 suc2-Δ9). In the
functional screens we used whole-genome mutant library
(consisting of ∼5000 nonessential deletions12 and ∼1000
hypomorphic alleles of essential genes13) or an overexpression
library.14,15 Strains harboring deletion for GVP36, ATG9, and
STP4 were taken from the deletion library.12

Cell Culture and mRNA Extraction for Transcriptome
Analysis

The yeast strain SEY6210 was grown overnight in YPD. Two
samples were back-diluted in YPD to let the yeast reach
logarithmic phase. At OD600 = 0.8 the YPD medium was
supplemented with two different final concentrations of
myriocin from Mycelia sterilia (Sigma) (150 and 300 ng/mL,
respectively). 1.5 mL of samples was taken at 0 and 60 min,
spun down at 4 °C, and frozen in liquid nitrogen. RNA was
extracted as described16 using Nucleospin 96 RNA kit. Cell lysis
was done in a 96-well plate by adding 450 μL of lysis buffer
containing 1 M sorbitol (Sigma-Aldrich), 100 mM EDTA, and
0.45 μL of lyticase (10 IU/μL). The plate was incubated at 30
°C for 30 s to break the cell wall and then centrifuged for 10 s

at 2500 rpm, and the supernatant was transferred to a new 96-
well plate that was provided by the Nucleospin 96 RNA kit.
From that stage on, the extraction continued using this kit.
From RNA extracts, cDNA was made for each sample. The
cDNA samples were run in the Illumina Highseq 2500.
RNA Sequencing Analysis

RNA reads were aligned to the yeast strain S288C R64
reference genome with BOWTIE.17 The number of reads for
each gene was normalized by the total number of reads and
multiplied by 106. Genes that were obtained below 10
normalized reads were discarded from the analysis. After
alignment to the genome the read number per sample was
calculated for every gene. The raw data were compiled by using
a script written in MATLAB. The fold changes of the mean (of
two repeats) of the two time points were compared, then
sorted and plotted for each condition on log2 scale. Hits were
defined as those with signal >2 (upregulated) or <0.5
(downregulated). The hits were compared with SL homeostasis
genes (Table S-1) and with genes related to the general stress
response.18 The analysis was done in Rstudio. The raw data
were submitted to the ENA database (study number:
PRJEB16833) (http://www.ebi.ac.uk/ena/data/view/
PRJEB16833).
Cell Culture for Proteome and Phosphoproteome Studies

The yeast strain SEY6210 was grown in YPD medium to early/
mid-log phase (OD600 = 0.8). Medium was supplemented with
150 ng/mL of myriocin from Mycelia sterilia (Sigma) or
ethanol. Cells were harvested after 0, 30, 60, 120, and 180 min
of treatment by gentle centrifugation at 3000g for 10 min at 4
°C. Cell pellets were washed twice with Milli-Q water and snap-
frozen in liquid nitrogen. Frozen cell pellets were freeze-dried
overnight, and the remaining powder was stored at −80 °C
prior cell lysis.
Cell Lysate for Proteome and Phosphoproteome Studies

Ten mg of yeast powder was resuspended in 100 μL of lysis
buffer (8 M urea, 2 M thiourea, 50 mM ammonium bicarbonate
containing protease inhibitors (complete-Mini EDTA free,
Roche) and phosphatase inhibitor (PhosSTOP, Roche)). Cells
were disrupted with 0.5 mm diameter glass beads (Biospec
products) (volume/beads ratio = 1) using a Tissue Lyser II
(QIAGEN) for 5 min at 4 °C. Supernatant was collected and
remaining glass beads were washed with 600 μL of lysis buffer
and vortexed 10 to 15 s. The second supernatant was collected
and combined with the first one, leading to a total volume of
∼800 μL. Lysates were centrifuged 15 min at 20 000 rpm at 4
°C, and protein content in the supernatant was determined
using Bradford assay (Biorad).
Protein Digestion for Proteome and Phosphoproteome
Studies

Proteins were reduced by the addition of 5 mM DTT and
incubated for 35 min at 55 °C. The mixture was cooled to room
temperature, followed by alkylation using 15 mM iodoaceta-
mide in the dark for 25 min. The alkylation reaction was
quenched with 5 mM dithiothreitol. A first proteolytic digestion
was performed by the addition of Lys-C (Wako Chemicals) for
4 h at 37 °C, with 1:75 enzyme to protein ratio concentration.
Urea concentration was diluted to 2 M with 50 mM
ammonium bicarbonate (AMBIC) pH 8.0. Second proteolytic
digestion was performed by the addition of Trypsin (Promega),
1:100 enzyme to protein ratio, and incubation at 37 °C
overnight. The digestion was quenched by the addition of 10%
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formic acid (FA) and desalted over a C18 Sep-Pak (Waters).
Eluted peptides were finally dried down and stored at −80 °C.

Phosphopeptide Purification by Immobilized Titanium(IV)
Ion IMAC Adsorbents

IMAC material was prepared and used as previously
described.19 In brief, Gel-loader tips that were plugged with
C8 material (3M) were filled up to 1 cm with Ti4+-IMAC
beads. Columns were equilibrated with 50 μL of loading buffer
(80% ACN, 6% trifluoroacetic acid (TFA)). 200 μg of peptides
was reconstituted in 100 μL of loading buffer, loaded onto the
columns, and washed with 50 μL of washing buffer 1 (50%
acetonitrile (CAN), 0.5% TFA, 200 mM NaCl) and
subsequently 50 μL of washing buffer 2 (50% ACN, 0.1%
TFA) at 50g at 4 °C. Phosphopeptides were eluted with 35 μL
of elution buffer 1 (10% NH3 in H2O), followed by 2 μL of
elution buffer 2 (80% ACN, 2% FA) at 50g at 4 °C. Eluate was
acidified with 3 μL of 100% FA, dried down, and stored at −80
°C until analysis by nanoscale liquid chromatography coupled
to tandem mass spectrometry (LC−MS/MS)

Liquid Chromatography and Mass Spectrometry

LC−MS/MS was performed in technical duplicate on a
reversed-phase EASY nano-LC 1000 (Thermo Fisher Scien-
tific) coupled to an Orbitrap Q-exactive mass spectrometer
(Thermo Scientific) using higher-energy collisional dissociation
(HCD) fragmentation. In brief, peptides were loaded on a
double-fritted trap column (100 μm inner diameter × 2 cm,
packed with 3 μm C18 resin, ReproSil-Pur AQ; Dr. Maisch) at
a flow rate of 5 μL/min in 100% buffer A (0.1% FA in water).
Peptides were transferred to an analytical column (50 μm inner
diameter × 50 cm, packed with 2.7 μm C18 particles, Poroshell
120 EC-C18; Agilent Technologies) and separated using a 180
min gradient from 7 to 30% buffer B (0.1% FA in 100% ACN)
at a flow rate of 100 nL/min. Q-exactive survey scans were
acquired at 35 000 resolution to a scan range from 350 to 1500
m/z. The mass spectrometer was operated in a data-dependent
mode to automatically switch between MS and MS/MS. The
20 most intense precursor’s ions were submitted to HCD
fragmentation using an MS/MS resolution set to 17 500, a
precursor automatic gain control (AGC) target set to 5 × 104, a
precursor isolation width set to 1.5 Da, and a maximum
injection time set to 120 ms.

Data Processing for Proteome and Phosphoproteome
Studies

Raw data were processed with MaxQuant version 1.3.0.5.20 MS
and MS/MS spectra were searched using the Andromeda
search engine against a Saccharomyces Genome Database
version 2010_02 containing 5779 proteins. The database
search was performed with the following parameters:
methionine oxidation, S,T,Y phosphorylation set as variable
modification for the phosphopeptide analysis, cysteine
carbamidomethylation set as fixed modification, max charge
peptide = 6, minimum peptide length = 6, FT MS/MS
tolerance = 0.05 Da, and peptide and protein identification set
to 1% FDR. For label-free quantification (LFQ), match
between runs was selected with a maximum shift time window
of 3 min. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium21 via the
PRIDE partner repository with the data set identifier
PXD003463. Proteins and phosphopeptides that were only
identified by reverse hits or identified as contaminants were
filtered out from the resultant peptide list generated by

MaxQuant. Proteins and phosphosites were quantified by label-
free quantification. Normalization was performed by subtract-
ing the median of log-transformed intensities for each nLC−
MS/MS run. Proteins and phosphosites were considered as
quantified if detected in at least two biological replicates under
treated and control conditions and in at least one time point.
To identify significantly regulated proteins, a two-sample t test
was performed and proteins were defined as regulated with at
least 2-fold changes and a p value ≤0.05 between treated and
control conditions in at least one time point. To identify
significantly regulated phosphorylation sites, statistical valida-
tion was performed using a two sample t test with a
permutation-based FDR. Phosphorylation sites with at least
4-fold changes between treated and untreated conditions and a
q value ≤0.2 in at least one time point were considered as
significantly regulated prior to cluster analysis using R.

Myriocin Screening on the Yeast Deletion and
Overexpression Libraries

The yeast deletion12 and DaMP (hypomorphic alleles)13

libraries were replicated on SD, and the yeast overexpression
library14,15 was plated on SGal agar plates. All libraries were
incubated with or without myriocin (0.05 μg/mL) at 30 °C and
were imaged after 36 h. Colony sizes were analyzed using the
Balony22 software.

Metabolic Labeling of Yeast Strains

Radioactive [4,5 3H]-dihydrosphingosine was prepared as
previously described23 and was further purified in chloro-
form/methanol/2 M acetic acid (18:10:2) before use in the
metabolic labeling experiments. The OD of 1 mL of cell culture
of the different yeast strains in early logarithmic phase was
adjusted to 0.3 in SD complete medium; then, cells were
incubated with or without myriocin (1 μg/mL) for 10 min
before the labeling. Then, 8 μCi of [4,5 3H]-dihydrosphingo-
sine was added and cells were incubated for 30 min. To
terminate the reaction cells were placed on ice and 50 μL of
NaN3 (10% in water) was added. Cell pellets were washed with
1 mL of ice-cold water, and lipids were extracted by the
addition 500 μL of chloroform−methanol−water (CMW)
(10:10:3) by vortexing with 200 μL of glass beads, as previously
described.24 Cell debris was separated by centrifugation, and
the organic phase was transferred to a new tube and dried
under nitrogen flow. Dried samples were dissolved in 100 μL of
water-saturated n-butanol and extracted with 50 μL of water.
The aqueous phase was back -extracted twice with 100 μL of
water-saturated n-butanol. The combined butanol phase was
dried under nitrogen flow and dissolved in 30 μL of CMW and
then applied to thin layer chromatography plates (Kieselgel 60
plates, 20 × 20; Merck Millipore) and developed in a
chloroform/methanol/2 M acetic acid (18:10:2) solvent system
as described.25 Radiolabeled lipids were exposed to a tritium-
sensitive screen (BAS-IP TR 2025 E, GE Healthcare Life
Sciences) for 8 h, visualized, and quantified on a Bio-Rad
phosphorimager.

■ RESULTS

Inhibition of SL Biosynthesis by Myriocin Rewires the Core
Pathway to Maintain the Levels of Long-Chain Bases

To understand how cells respond to a slowdown in SL
biosynthesis, we inhibited SPT by a low dose of myriocin and
performed transcriptomic, proteomic, phosphoproteomic, and
functional analyses to uncover novel regulators under these
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conditions (Figure 1A). First, we performed the transcriptomic
analysis using two concentrations of myriocin (Figure S-1) that
are known to inhibit SPT (myriocin has nanomolar affinity to
Lcb1/Lcb226) but minimally affect growth or viability during
the 60 min treatment (150 or 300 ng/mL) (Figures S-2 and S-
3). This ensures the identification of factors responsible for the
response to myriocin and not to cell cycle arrest or death.
Following administration of myriocin we quantified and

annotated 4888 and 4938 transcripts for the two different
concentrations of treatment (YPD+150 ng/mL and YPD+300
ng/mL, respectively) (Figure 1B). While a variety of transcripts

were up- or downregulated, we focused on transcripts of known
SL enzymes and regulators (Figure 1C and Table S-1).
Interestingly, affected transcripts, either going up or down,
seem to play a central role in minimizing the loss of long chain
bases (LCBs) (both the dihydrosphingosine (DHS) and the
phytosphingosine (PHS) forms), which are central metabolites
whose levels must be tightly maintained. For example, Ydc1
and Ypc1, ceramidases that produce DHS and PHS, are
upregulated. Similarly Dpp1, a phosphatase converting LCB
phosphates into LCBs, is also upregulated at the 150 ng/mL
myriocin treatment. On the contrary, the LCB kinase, Lcb5,

Figure 1. Transcriptome analysis of low-dose myriocin-treated cells. (A) Outline of the different methods used to study sphingolipid metabolism in
yeast. (B) Transcriptome analysis of up- and downregulated genes. Yeast grown in YPD were supplemented with two concentrations of myriocin
(150 and 300 ng/mL). Duplicate samples were taken at 0 and 60 min and subjected to deep sequencing. Transcripts were quantified, and the
changes in the number of transcripts at 60 min were compared with that of 0 min and plotted. The 2-fold up- and down-regulated transcripts that
belong to the SL pathway are indicated with red and green font colors, respectively. (C) Sphingolipid metabolic pathway. Shown are the enzymatic
steps, enzymes (black, red, or green), and selected regulators (gray filled circle) of the sphingolipid pathway. Upregulated transcripts at 150 ng/mL
myriocin treatment are indicated in red, while downregulated transcripts are indicated in green. (D) Quantitative analysis of up- and down-regulated
transcripts. The number of regulated transcripts at 60 min compared with 0 min at different concentrations of treatment is indicated.
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Figure 2. In-depth proteomic analysis of low-dose myriocin-treated cells. (A) (Phospho)proteomic workflow. Yeast were grown in YPD medium
until mid-log phase (OD600 = 0.8) and collected after incubation with 150 ng/mL myriocin inhibitor for 5, 30, 60, 120, and 180 min. Three biological
replicates were analyzed per condition. Cells were lysed and proteins digested into peptides by trypsin and Lys-C. Samples were submitted to
nanoLC−MS/MS analysis in a technical duplicate, and protein quantification was performed by label-free using Maxquant. In parallel, the same
samples were subjected to Ti4+-IMAC tips phosphopeptide enrichment. Phosphopeptides were analyzed in a technical duplicate by nanoLC−MS/
MS. Phosphosites were quantified by label-free quantification using Maxquant to determine potent regulatory sites in sphingolipid homeostasis. (B)
Quantitative yeast proteome analysis after incubation with myriocin inhibitor. The histogram displays the number of up- and down-regulated
proteins per time point. The number of regulated proteins is drastically increasing after 120 min of myriocin inhibition with a maximum of 385
regulated proteins after 180 min. (C) Integration of quantitative transcriptomic and proteomic analysis. Correlation between mRNA ratios (y axis)
and protein ratios (x axis) after 60 min of myriocin inhibition. The quantified proteins known to be involved in the sphingolipid metabolism (yellow)
do not display significant regulation. Most of the up-regulated genes (in red) are associated with the general stress response. (D) Protein expression
heatmap of sphingolipid metabolic pathway-related proteins. For every time point the color scale is depicting the Log2 protein ratio. SPOTS complex
members including Lcb1, Lcb2, and Sac1 are up-regulated in late time. Reprinted in part with permission from ref . Copyright 2006 BioMed Central.
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which reduces the conversion of LCBs to their phosphorylated
isoforms, is downregulated at 150 ng/mL treatment. Hence
when there is less de novo synthesis of LCBs, their levels are
maintained by changing the flux of the SL pathway (Figure
1B,C).
Interestingly, the transcriptional rewiring suggests that there

is precise information on where the pathway is blocked: Faa4,
which provides the substrate for the SPT complex by
converting palmitic acid to palmitoyl-CoA, is downregulated.
This is despite the fact that Hfd1, which catalyzes the
conversion of hexadecanal into palmitic acid, is upregulated
(Figure 1B,C).
With a more global survey, we find that the number of

transcripts that were down- or upregulated at least 2-fold
increased in a dose-dependent manner (518 and 740
transcripts, respectively) (Figure 1D). Among these regulated
transcripts there were 201 and 293 genes (150 and 300 ng/mL,
respectively) that have been assigned to the general stress
response.18 Interestingly, increasing the myriocin dose (300
ng/mL) increases the general stress response of the cell (Figure
1D) while reducing the extent of regulated changes in the SL
metabolic pathway. For example, Dpp1 and Lcb5 are not
regulated at 300 ng/mL as opposed to treatment with 150 ng/
mL (Figure 1B). After extracting the general stress response
genes and the known SL modulators, there were still hundreds
of changes occurring at the level of the transcriptome. To
uncover which of these were important for regulatory purposes,
we continued to investigate whether these transcripts were also
affected on the protein level. For these experiments the 150 ng/
mL myriocin treatment condition was used because it elicits a
more focused SL response instead of a broad stress response.

Changes in Kinases and Phosphatases Occur during Early
Time Points Following Inhibition of SL Biosynthesis

To correlate the changes at the transcriptional level with
changes at the proteome level, we performed in-depth
quantitative proteomic analysis of yeast treated with myriocin
over several time points (Figure 2A). We extended our analysis
beyond the original 60 min treatment to allow transcriptional
changes to be manifested as changes at the proteome level. Our
method29 (Figure 2A) identified a total of 3286 unique proteins
with <1% false discovery rate (FDR). Of these, 2845 unique
proteins were quantified in at least two out of three biological
replicates and in at least one time point. A total of 563 unique
proteins changed significantly when looking at all time points
(Log2 fold change ≥1; p value≤ 0,05) corresponding to 20% of
the quantified proteins. Interestingly, most of the proteins
whose levels changed significantly did not change at the early
time points. Only 101, 94, and 114 unique proteins changed in
abundance at 5, 30, and 60 min from initiation of myriocin
treatment, representing only 8% of the quantified proteins
(Figure 2B). The majority therefore, changed only 3 h
following myriocin treatment with 175 and 385 unique
regulated proteins at 120 and 180 min, respectively (Figure
2B). These late changes most likely do not represent a cellular
response to restore homeostasis but rather secondary events
that occur as cells start to die (Figure S-3) after 180 min of SL
depletion.
Of 38 proteins with known roles in the SL metabolic

pathway (Figure 1C), 15 were quantified successfully in both
the transcriptomic and proteomic analysis after 60 min of
myriocin treatment (Tables S-1 and S-2). From these, the vast
majority (10 proteins) did not change in protein abundance

(Figures 1C and 2C), in agreement with the transcriptomic
data (Tables S-1 and S-2). However, for those that did change
we saw consistency between the two approaches. The serine
palmitoyl transferase subunit, Lcb2 (log2 ratio =1.06, −log10 p
value =1.67), displayed increased levels, potentially to down-
regulate the ceramide synthases and maintain LCB levels.
Similarly, the SL alpha-hydroxylase, Scs7, showed reduced
abundance (log2 ratio = −1.27, −log10 p value =2.21), leaving
more ceramide that can be converted to free LCBs (Figure 2C).
To study the SL pathway more closely, we profiled the

temporal changes of the main SL enzymes, enabling us to
observe expression trends for specific proteins, even if the
change at any single time point was not strongly significant
(Figure 2D). For example, Lcb2 was significantly upregulated at
a single time point; however, two additional members, Lcb1
and Sac1, demonstrated a consistent increase in abundance
from 60 min of treatment until 180 min of treatment similarly
to Lcb2. In addition, we see a consistent downregulation of
Tsc10, the enzyme downstream to SPT, consistent with the
depletion of its substrate in myriocin-treated cells (Figure 2D).
To try and zoom in on what happens as the first line of

defense, we shifted our attention to the earliest time points.
Intriguingly, in the small number of proteins with significant
changes in their abundance level in the first hour of treatment,
many kinases and phosphatases were identified (Figure S-4).
For example, Pho85, a kinase that inhibits the sphingoid long
chain base kinase Lcb4,27 was significantly upregulated over the
entire time course of treatment. Conversely, the protein kinase,
Pkc1, was downregulated significantly as early as 30 min after
treatment (log2 ratio = −3.19 and continuously until 180 min
of treatment (log2 ratio = −2.17)). Previously it has been
shown that Pkc1 is activated by SL stress, for example, during a
transient increase in LCBs upon heat shock.28 In agreement, a
reduction of Pkc1, as we have observed, should contribute to
the release of its inhibitory function. More generally, the small
number of proteins whose abundance changes in the early time
points following myriocin treatment, coupled to the significant
changes in kinases and phosphatases, suggested that SL
biosynthetic processes may be initially controlled by phosphor-
ylation mediated signaling pathways.

Depletion of SLs Has Dramatic Effects on the Yeast
Phosphoproteome

To decipher which regulatory network acting to maintain SL
homeostasis was wired through phosphoproteomic changes and
to reveal potential signaling pathways affecting SL metabolism,
we performed an in-depth and sensitive yeast phosphopro-
teome analysis. To ensure large-scale and high-throughput
quantification of phosphorylation dynamics, we used the label-
free Ti4+-IMAC (immobilized metal ion affinity chromatog-
raphy) enrichment strategy29 at 5, 30, 60, 120, and 180 min
following myriocin treatment (Figure 2A). In total, 11 227
unique phosphorylation sites were identified with a maximum
of 1% FDR identification. Phosphosites were quantified if the
MS1 intensity of the corresponding phosphopeptide was
measured in at least two biological replicates and in at least
one time point, leading to a total of 6219 unique quantified
phosphorylation sites (Table S-3). Because protein phosphor-
ylation is a highly dynamic process, we focused on the most
significant changes that occurred. We found 996 unique
phosphorylation sites corresponding to 572 unique phospho-
proteins that displayed a minimum of 4-fold change between
treated and untreated conditions and had a significant q value
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≤0.2 in at least one time point. More than 90% of those
phosphorylation sites were localized with a minimum site
localization probability of 0.75 in a singly, doubly, or triply
phosphorylated peptide (Table S-3).
In this strictly defined differential category, we observed

many changes previously documented in the literature. For
example, Orm1 phosphorylation sites S29, S32, S35, and S36
displayed a continuous increase in phosphorylation, in
agreement with previous reports31 (Figure 3A). These sites
were previously implicated in activating the synthesis of
complex SLs via the TORC1 pathway, independently of SPT
activity.31 Indeed here we show that these sites are
phosphorylated also upon myriocin treatment. Another
known change occurs in Ypk1/2, which is activated upon
changes in SL levels.9,10,32 We identified and quantified Ypk1
phosphorylation sites S63, S653, and S672 (Figure 3A). Out of
these sites, only S653 has previously been implicated in the

synthesis of complex SLs,33 suggesting that the two additional
sites represent an additional level of regulation. Lastly, Ypk2
T501 phosphorylation (Figure 3A) that has been reported to
be activated upon rapamycin treatment via the TORC2
pathway was found to be upregulated.34

Using these known phosphorylation changes as a validation
of our approach, we next focused on the novel sites that we
observed. Despite the application of stringent thresholds,
hundreds of phosphosites still remained. To try and organize
them into coherent groups, we divided the regulated sites into
six distinct time profiles generated with a Euclidian distance
algorithm (Figure 3B). Indeed, these time profile clusters
highlighted three groups with regulation at a single time point
(early, median, or late) as well as those phosphosites that are
continuously and progressively reduced or increased.
GO analysis on the cluster showed phosphosites regulated at

a single, early time point (“downregulation at 30 min”), and we

Figure 3. In-depth phosphoproteomic analysis unravels potential regulatory sites involved in sphingolipid homeostasis. (A) Individual dynamic
profiles of phosphoproteins controlling sphingolipid metabolism. Dynamic representation of Log2 ratio for the regulated sites belonging to three
selected phosphoproteins known to control de novo synthesis of sphingolipids. The histogram (in black) represents the Log2 protein ratio of the
selected phosphoprotein for each time points. Ypk1 was not quantified at the protein level. Orm1 S32−3 and S36−3 correspond to the S32 and S36
ORM1 phosphosites quantified from a triply phosphorylated peptide. (B) Quantitative yeast phosphosite analysis. A total of 6219 unique
phosphorylation sites were quantified in at least two biological replicates using Maxquant. Of those, 996 showed a significant regulation of at least 4-
fold change after myriocin inhibition in at least one time point. Regulated phosphosites were distributed by Euclidian distance according to six
different clusters. The blue line represents the averaged trend of the specified cluster. (C) Enriched GO functions of regulated phosphoproteins of
three clusters. Graphical representation of GO-enriched functions. Y axis is displaying the statistical significance of enrichment, as evaluated by the p
value, while the x axis displays the ranking of the enriched GO function according to the p value (x axis).
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found an enrichment of proteins related to the mitogen-
activated protein kinase (MAPK) signaling cascade, including
the kinases Bck1, Ssk2, and Cla4 (Figure 3C and Table S-4).
Recent reports suggested that the MAPK signaling cascade is
activated by disruption of SL homeostasis.35 Our data suggest
that these kinases are indeed regulating early signaling events
after SL depletion.

Focusing on the clusters of proteins regulated at a single,
median time point (e.g., 60 min), we could see that they are
enriched for proteins with a role in phospholipid transport,
including the kinases Ypk1 and Fpk1 (Figure 3C and Table S-
4). Interestingly, those kinases are known to be involved in
TORC2-dependent control of Orm proteins. Indeed, our data
show an increased phosphorylation on multiple sites of these

Figure 4. Biological verification of newly identified proteins on SL homeostasis. (A) Functional screens. A whole-genome mutant library (consisting
of ∼5000 nonessential deletions12 and ∼1000 hypomorphic alleles of essential genes13) or an overexpression library (where each yeast gene is under
control of the highly expressed and regulated GAL promoter14,15) was grown on myriocin, and the colonies were scored for changes in size. On the
basis of the growth phenotype and phosphoprotome analysis, we chose genes for further analysis. (B) Validation of hits by dilution assays. Serial
dilution of the indicated strains was spotted on agar plates containing 0 or 1000 ng/mL myriocin and imaged after 48 to72 h of growth. (C)
Individual dynamic profiles of the most interesting regulated phosphoproteins. Dynamic representation of Log2 ratio for the regulated sites belonging
to three selected phosphoproteins. The histogram (in black) represents the Log2 protein ratio of the selected phosphoprotein for each time points.
ATG9 and STP4 were not quantified at the protein level. (D) Metabolic labeling of regulators. Cultures of the indicated strains in exponential phase
were incubated with [4, 5 3H]-dihydrosphgosine for 30 min. Lipids were extracted and separated on thin layer chromatography. (A representative
image of three independent experiment is shown.) (E) Quantification of metabolic labeling. Quantification of three independent experiments of
metabolic labeling. Values are normalized to wild type. Asterisks show statistical significance (* p < 0.05, ** p < 0.01).
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kinases over the entire time of treatment, independently of
their protein abundance (Table S-3).9

Another process that is enriched at early time points is
vesicular-mediated transport (and specifically ER to Golgi
trafficking through COPII vesicles) (Figure 3C and Table S-4).
Ceramides themselves have to be trafficked between the ER
and Golgi, and it has already been shown that SLs affect ER to
Golgi trafficking.36 Our data suggest that an important effector
of this crosstalk is Sec16, an enigmatic regulator of COPII
vesicle formation, as Sec16 is phosphorylated at 11 different
sites upon SL depletion (Figure S-5 and Table S-4). The lipid
transfer proteins, Osh2 and Osh3, are also differentially
phosphorylated on multiple sites, suggesting that they are
either involved in ceramide transfer themselves or counter-
balancing its depletion by transferring other lipids.37

Uncovering Novel Regulators of the SL Pathway Using
Functional Screens

Using the temporal analysis above, we were able to distinguish
cellular processes altered by myriocin. However, the majority of
phosphoproteins displaying significant changes have never been
proposed to be involved in SL homeostasis. Hence it was
impossible to dissect from this data alone which changes were
active responses, essential for regulating SL biosynthesis and
which were secondary effects of the cellular changes that
occurred. Because we wanted to identify novel and active
regulators of the pathway, we reasoned that their presence must
be important for dealing with myriocin-induced SPT inhibition.
We therefore decided to use functional screens to measure the
ability of cells to respond to myriocin treatment in the absence
or overexpression of the proteins whose phosphosites were
changing (Figure 4A).
Our underlying hypothesis was that if a protein gets

phosphorylated or dephosphorylated during myriocin treat-
ment and this post-translational modification is an important
enabler for the cell to survive under myriocin inhibition, then
this protein’s function must become either essential or
detrimental (and the phosphorylation/dephosphorylation
would be activating or repressing accordingly) during growth
in myriocin. To see which proteins are either necessary or toxic
during growth in myriocin, we performed two systematic
growth screens in yeast. We grew either a whole-genome
mutant library (consisting of ∼5000 nonessential deletions12

and ∼1000 hypomorphic alleles of essential genes13) or an
overexpression library14,15 on myriocin and scored the colonies
for significant changes in size relative to growth of the same
strain without myriocin (for WT this ratio was close to 1)
(Figure 4A and Table S-2). For this assay we chose a low
myriocin concentration (0.05 μg/mL) to enable unaffected
long-term growth of the WT cells but still enable us to capture
cells with overexpressed or deleted pathway regulators. (We
used Δorm2 strain as a positive control to determine optimal
concentrations (data not shown).)
Next we compared the list of high-confidence regulated

phosphosites at any of the time points with proteins showing an
effect in the functional screens. Five deletions were both
sensitive to myriocin, and their deleted proteins had regulated
phosphosites (Ssd1, Gph1, Shp1, Gvp36, Atg9).
Four additional proteins displayed high sensitivity upon

overexpression (Mlf3, Stp4, Aim21, Rod1) and had regulated
phosphosites. However, in the overexpression library each yeast
gene is under the control of the highly expressed and regulated
GAL promoter14,15 that requires growth in medium containing

galactose to be induced. To validate that the changes that we
observed were not a result of the growth in galactose and to
validate all eight of the above strains under the same metabolic
conditions and relative to a WT strain, we picked all of them
from the deletion library (including the strains that scored high
in the overexpression library) and remeasured their growth on
myriocin relative to a control (WT) strain using a more
accurate, serial dilution assay (Figure 4B). Because regulation is
often about maintaining an accurate functional balance, we
found that the same regulators that affected the growth on
myriocin conditions when overexpressed also affected growth
when deleted (Figure 4B). Because our plate assays were
completely different from the original screen in their myriocin
concentrations and the fact that we compared with WT (and
not to their own growth in the absence of myriocin), we took
any deviation from the WT as proof that the strains are
differentially affected for blocking of SL biosynthesis. We thus
picked for further analysis the strains that showed the strongest
phenotypes on the plate assay: Δgvp36 and Δatg9 that were
significantly resistant to myriocin compared with WT and
Δstp4 that was highly sensitive compared with WT. All three of
these proteins had major changes in phosphosites at early time
points following myriocin addition (Figure 4C). Gvp36 is a bar
domain protein,38 Atg9 is a transmembrane protein involved in
forming autophagic vesicles through an unknown mechanism,39

while Stp4 is a putative transcription factor.40

If indeed these proteins modulate SL biosynthesis upon
myriocin treatment, then the biosynthesis of SLs should be
altered in their absence even at very early time points. To see
the immediate effect on SL metabolism, we used a 30 min pulse
metabolic labeling with radioactive [4, 5 3H]-dihydrosphingo-
sine, which is a precursor of the SL pathway. We particularly
chose pulse labeling because it allows us to follow changes in
the flux in the SL pathway, while longer incubation times could
result in reaching an equilibrium that could mask the potential
differences in regulating SL levels. We labeled cells with or
without myriocin treatment and analyzed extracted lipids by
thin layer chromatography (Figure 4D). In the case of Δstp4 we
indeed saw a reduction of metabolic flow in the SL pathway
that would account for its sensitivity to myriocin. Conversely, in
the case of Δatg9 we see a general increase that would explain
its resistance to the drug. Interestingly, in Δgvp36 there is a
general reduction in mannosyl inositol phosphoryl ceramides
(MIPCs) with significant decrease in phyto MIPCs, yet the
strain is resistant to myriocin. This would suggest that the cause
of resistance is the preservation of nonmannosylated forms
(inositol phosphoryl ceramides (IPCs) and ceramides).
Quantifying these changes (Figure 4E) shows that the loss of
these proteins exerted its effect already without myriocin,
suggesting that these proteins act to regulate the SL pathway
not only under myriocin treatment. How these proteins
regulate SL levels will require further work, but it is appealing
to suggest that their phosphorylation status may play an
important role in their mode of action. More generally our
findings highlight the power of combining functional screens
alongside phosphoproteomics in specifically recognizing
proteins whose presence underlies SL homeostasis in the cells.

■ DISCUSSION
In our study we set out to discover new proteins involved in the
maintenance of SL homeostasis. To tackle this we blocked the
first committed step of de novo SL synthesis by employing
myriocin, a highly specific inhibitor of the SPT complex, and
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defining changes to the transcriptome, proteome, and
phosphoproteome of Saccharomyces cerevisiae by high-through-
put sequencing, proteomics, and phosphoproteomics. Our
findings demonstrate, surprisingly, that many changes following
myriocin treatment are at the post-translational steps. This is in
agreement with previously published microarray analyses of
changes following myriocin treatment.41 Importantly, it high-
lights the importance of maintaining tight SL balance in the cell
to counterbalance even small changes in SL composition that
can greatly influence the overall biophysical properties of
membranes.42 Because a response to a reduction of flow in the
SL pathway by transcription, translation, and transport of
proteins to the site of action may take too much time and
consume too much energy, immediate activation and repression
of pathways seems to be carried out by posttranslational means.
Using these data we confirmed known phosphorylation sites

of regulators such as Orm1 and mapped their kinetics. We were
not able to identify the Orm1 phosphorylation sites that are
known to be involved in controlling Orm1 activity via the
TORC2 pathway upon myriocin treatment, releasing its
inhibition on SPT complex (S51, S52, S538,9). Instead we
found upregulated phosphorylation sites previously linked to
rapamycin treatment controlling SL homeostasis by upregulat-
ing complex SL synthesis via TORC1 and nutrition sensing
pathway (S29, S32, S35, S3631). Because the upregulation that
we observe increases over the time course of the treatment it
may be that cells turn on TORC1 pathway, primarily
responsible for signaling nutrition depletion, to overcome the
depletion of SL. Our screen failed to uncover a number of
previously described phosphosites. This discrepancy can,
however, be readily explained by differences in strategy, as
our proteins were all native and untagged, while previous
studies used flag-tag enrichment.31

We identified and quantified phosphorylation sites for Ypk1
that were confidently localized to S63, S653, and S672 (Table
S-3). Of those, S63 and S672 were never before linked to
myriocin treatment or SL homeostasis, and hence their
importance in maintaining SL homeostasis needs to be
determined by further studies. Because Ypk1 directly
phosphorylates the ceramide synthases, Lag1 and Lac1,10 it
would be intriguing to uncover whether these phosphosites
regulate this interaction.
To sift through the hundreds of proteomic changes and

decipher those that have a regulatory role in controlling SL
homeostasis, we combined the phosphoproteomics data with
two functional screens, scoring growth of strains depleted/
overexpressing each yeast protein during myriocin treatment.
Our analysis enabled us to focus on three proteins that were
never before suggested to control the flux of SL biosynthesis
but whose presence was indeed a determinant of SL
biosynthetic rate.
Gvp36 (Golgi Vesicle Protein of 36 kDa) was first annotated

in a study that used an unbiased proteomic approach for
discovering proteins that change abundance during nutritional
adaptation.38 Indeed, Δgvp36 cells show reduced growth rate,
heat, and salt sensitivity, defects in actin-cytoskeleton polar-
ization, alterations in endocytosis and vacuolar biogenesis, and
defects in entering stationary phase upon starvation.38 Gvp36
has a predicted BAR (Bin-Amphiohysin-Rvs) domain similar to
yeast Rvs161 and Rvs167, which were isolated because they
also exhibited reduced viability upon starvation (Rvs).
Importantly, several central enzymes in the SL metabolic
pathway were discovered as suppressors of the Rvs phenotype:

Sur1 the MIPC synthase, Sur2 the 4-OH LCB hydroxylase, and
Sur4 the fatty acid elongase. Moreover, mutations suppressing
the Δrvs161-related salt sensitivity all occurred in genes
required for SL biosynthesis: FEN1, SUR4, SUR2, SUR1, and
IPT1.43 Finally, altering SL metabolism by deleting SUR4,
reinitiates endocytosis even on a Δrvs161 background.44 To
this end, the two other BAR domain proteins have an obvious
and tight association with SL biosynthesis, suggesting that
Gvp36 too might play such a central, as yet unappreciated, role.
Most probably Gvp36 is also required for adaptation to
nutritional changes and may be able to sense or cause changes
in membranes to allow endocytosis in concert with SLs.
Atg9 (Autophagy Related 9) is a multipass transmembrane

protein involved in autophagy and is conserved to humans.
Atg9 was shown to be essential for the formation of the
phagophore assembly site (PAS). Once the autophagosome is
formed, Atg9 is excluded from the vacuolar pathway and
recycles into the Atg9 peripheral structures.45 Atg9 seems to
have a role as a membrane carrier46 and therefore may function
in regulating autophagy during SL depletion. During autophagy,
Atg9 is phosphorylated directly by Atg147 at sites that are
different than the ones we could identify. Therefore, it is
possible that the sites regulated by myriocin treatment are
phosphorylated by a kinase other than Atg1.
Stp4 (species-specific tRNA processing 4) is a predicted

transcription factor with two close homologues in yeast that to
date does not have a defined function. It has been reported to
translocate to the nucleus upon DNA replication stress induced
by hydroxyurea and methylmethanesulfonate treatment.48,49 It
may be involved in controlling SL homeostasis by sensing
depletion of SLs and translocating to the nucleus to induce
genes that activate the synthesis of SLs. We identified three
phosphorylation sites (T191, S193, and S214) as significantly
regulated upon myriocin inhibition.
Overall our data provide insights into dynamics of SL

regulating networks and uncover new regulators of this
essential and tightly controlled metabolic pathway. The data
sets presented here can and should be mined for the myriad of
additional changes that exist and that may shed light on
additional aspects of SL biology.
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