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The target of rapamycin (TOR) kinase senses the avail-
ability of nutrients and coordinates cellular growth and
proliferation with nutrient abundance. Inhibition of TOR
mimics nutrient starvation and leads to the reorganization
of many cellular processes, including autophagy, protein
translation, and vesicle trafficking. TOR regulates cellular
physiology by modulating phosphorylation and ubiquity-
lation signaling networks; however, the global scope of
such regulation is not fully known. Here, we used a mass-
spectrometry-based proteomics approach for the parallel
quantification of ubiquitylation, phosphorylation, and pro-
teome changes in rapamycin-treated yeast cells. Our data
constitute a detailed proteomic analysis of rapamycin-
treated yeast with 3590 proteins, 8961 phosphorylation
sites, and 2299 di-Gly modified lysines (putative ubiquity-
lation sites) quantified. The phosphoproteome was exten-
sively modulated by rapamycin treatment, with more than
900 up-regulated sites one hour after rapamycin treat-
ment. Dynamically regulated phosphoproteins were
involved in diverse cellular processes, prominently includ-
ing transcription, membrane organization, vesicle-medi-
ated transport, and autophagy. Several hundred ubiquity-
lation sites were increased after rapamycin treatment,
and about half as many decreased in abundance. We
found that proteome, phosphorylation, and ubiquitylation
changes converged on the Rsp5-ubiquitin ligase, Rsp5
adaptor proteins, and Rsp5 targets. Putative Rsp5 targets
were biased for increased ubiquitylation, suggesting ac-
tivation of Rsp5 by rapamycin. Rsp5 adaptor proteins,
which recruit target proteins for Rsp5-dependent ubiqui-
tylation, were biased for increased phosphorylation. Fur-
thermore, we found that permeases and transporters,
which are often ubiquitylated by Rsp5, were biased for
reduced ubiquitylation and reduced protein abundance.
The convergence of multiple proteome-level changes on
the Rsp5 system indicates a key role of this pathway in the

response to rapamycin treatment. Collectively, these data
reveal new insights into the global proteome dynamics in
response to rapamycin treatment and provide a first de-
tailed view of the co-regulation of phosphorylation- and
ubiquitylation-dependent signaling networks by this
compound. Molecular & Cellular Proteomics 13: 10.1074/
mcp.O113.035683, 1979–1992, 2014.

Cellular growth and proliferation are coordinated with the
availability of nutrients. The target of rapamycin (TOR)1 kinase
functions as a key integrator for diverse growth-stimulating
and inhibitory signals originating from amino acids, energy
levels, stress, oxygen, and growth factors (1). TOR is an
atypical serine/threonine kinase conserved in all eukaryotes
and is a critical regulator of energy-demanding processes
such as protein synthesis, the cell cycle, metabolism, and
autophagy (2). Dysregulation of TOR signaling has been im-
plicated in many diseases, including cancer, neurodegenera-
tive disorders, obesity, and diabetes. Consequently, the abil-
ity to modulate TOR signaling is of great pharmacological
interest (3). Rapamycin, a potent inhibitor of TOR complex 1
(TORC1), is a clinically approved immunosuppressant drug
that is used to prevent organ transplant rejection. Intriguingly,
studies in yeast (4), flies (5), and worms (6) suggest that
inhibition of TOR signaling extends lifespan, likely by mimick-
ing dietary restriction. Furthermore, recent studies demon-
strated, for the first time, that it is possible to increase the
lifespan of mice pharmacologically by treating the mice with
rapamycin (7, 8), although, it remains unclear whether rapa-
mycin increases lifespan by delaying age-associated dis-
eases or by slowing aging.

It is well established that posttranslational modifications
(PTMs) serve as the basis for signal transduction in the cell.
Advancements in mass spectrometry (MS)-based proteomics
have greatly facilitated the large-scale identification andFrom the ‡Novo Nordisk Foundation Center for Protein Research,
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quantification of several PTMs on a global scale (9, 10). Sac-
charomyces cerevisiae (commonly known as baker’s yeast)
has been widely used as a eukaryotic model organism for
in-depth analysis of proteome (11), phosphoproteome (12),
and acetylome (13). Many of the identified PTM sites have
been shown to be conserved from yeast to mammals (14).

Conjugation of ubiquitin to its target proteins, termed ubiq-
uitylation or ubiquitination, has numerous regulatory functions
in eukaryotic cells. Proteome-wide mapping of ubiquitylation
sites via mass spectrometry relies on the identification of the
di-glycine (di-Gly) remnant that is derived from trypsin diges-
tion of ubiquitylated proteins and remains conjugated to mod-
ified lysines (15, 16). We previously optimized a single-step,
immunoaffinity purification method for large-scale analysis of
ubiquitylated peptides (17, 18). This approach has been used
successfully to identify thousands of endogenous ubiquityla-
tion sites (17, 18) and to quantify site-specific changes in
ubiquitylation in response to different cellular perturbations
(19, 20). It should be mentioned that the di-Gly remnant is not
absolutely specific for proteins modified by ubiquitin; proteins
modified by NEDD8 (and ISG15 in mammalian cells) also
generate an identical di-Gly remnant, and it is not possible to
distinguish between these PTMs using this approach. How-
ever, a great majority of di-Gly modified sites originate from
ubiquitylated peptides (21).

Inhibition of TOR by rapamycin results in a decrease in
phosphorylation of its many direct substrates, such as tran-
scriptional activator Sfp1 (22), autophagy-related protein
Atg13 (23), and negative regulator of RNA polymerase III Maf1
(24). Notably, TOR also regulates many phosphorylation sites
indirectly by activating or inactivating downstream protein
kinases and phosphatases. For example, the predicted func-
tional ortholog of the mammalian ribosomal protein S6 kinase
� 1 in yeast (Sch9) is directly phosphorylated by TORC1,
which in turn regulates cell cycle progression, translation ini-
tiation, and ribosome biogenesis (25). TORC1 also phosphor-
ylates nitrogen permease reactivator 1 kinase, which has
been shown to regulate cellular localization of arrestin-related
trafficking adaptor 1 (Art1) (26). Art1 belongs to a family of
proteins responsible for recruiting the ubiquitin ligase Rsp5,
the yeast NEDD4 homolog, to its target proteins at the plasma
membrane (27). Upon Art1-Rsp5-target complex formation,
the target protein is ubiquitylated and degraded through ubiq-
uitin-mediated endocytosis and trafficking to the vacuole.
Thus, TORC1 coordinates downstream phosphorylation and
ubiquitilation signaling in order to respond to nutrient avail-
ability. However, the global extent of rapamycin-regulated
phosphorylation and ubiquitylation signaling networks is not
fully known.

In this study we combined the di-Gly remnant profiling
approach with phosphorylated peptide enrichment and in-
depth proteome quantification in order to study protein, ubiq-
uitylation, and phosphorylation changes induced by rapamy-
cin treatment. Our data provide a detailed proteomic analysis

of rapamycin-treated yeast and offer new insights into the
phosphorylation and ubiquitylation signaling networks tar-
geted by this compound.

MATERIALS AND METHODS

Yeast Culture and Protein Lysate Preparation—Saccharomyces
cerevisiae cells (strain BY4742 auxotroph for lysine) were grown in a
synthetic complete medium supplemented with SILAC “light” lysine
(L-lysine 12C6

14N2), SILAC “medium” lysine (L-lysine 12C6
14N2

2H4),
and SILAC “heavy” lysine (L-lysine 13C6

15N2). At a logarithmic growth
phase (A600 value of �0.5), “light”-labeled yeast were mock treated,
whereas “medium”- and “heavy”-labeled yeast were treated with
rapamycin at 200 nM final concentration for 1 h and 3 h, respectively.
Cells were harvested at 3000 � g for 5 min, washed twice in sterile
water, resuspended in lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl,
1 mM EDTA, 1� Mini Complete protease inhibitor mixture (Roche), 5
mM sodium fluoride, 1 mM sodium orthovanadate, 5 mM �-glycero-
phosphate, 1 mM N-ethylmaleimide), frozen in liquid nitrogen, and
ground using an MM400 ball mill (Retsch, Dusseldorf, Germany) for 2
to 3 min at 25 Hz. To thawed lysates, Nonidet P-40 and sodium
deoxycholate were added to final concentrations of 1% and 0.1%,
respectively. After centrifugation, proteins were precipitated using
ice-cold acetone and resuspended in urea solution (6 M urea, 2 M

thio-urea, 10 mM Hepes, pH 8.0), and the protein concentration was
determined via Bradford assay.

MS Sample Preparation—Proteins extracted from “light”, “me-
dium”, and “heavy” SILAC-labeled yeast were mixed in a 1:1:1 ratio,
treated with 1 mM DTT for 45 min, alkylated with 5.5 mM chloracet-
amide for 45 min in the dark, and digested overnight with protease
Lys-C (1:100 protease-to-protein ratio). For di-Gly peptide enrich-
ment analysis, an aliquot of the digest was further treated with mod-
ified trypsin overnight (1:100 protease-to-protein ratio). Proteases
were inactivated by the addition of TFA to a final concentration of 1%,
and precipitates were removed by centrifugation at 2000 � g for 5
min. Peptide supernatants were loaded onto reversed phase (C18)
Sep-Pak cartridges (Waters, Milford, MA). Peptides from the car-
tridges were eluted using 4 ml of 50% acetonitrile solution, and the
concentration was determined via absorbance at 280 nm using a
spectrophotometer (NanoDrop 2000, Thermo Scientific). To analyze
the proteome of rapamycin-treated cells, 30 �g of peptides were
acidified using 1% TFA and loaded onto a strong cation exchange
(SCX) microtip column prepared as described previously (28). We
used an optimized protocol for micro-SCX-based fractionation (29).
Briefly, the column was conditioned with 100 �l of 0.1% TFA, 50%
acetonitrile, washed with 100 �l of pH 8.5 elution buffer, and equili-
brated with 100 �l of 0.1% TFA, 50% acetonitrile. After loading, the
microtip column was washed with 100 �l of 0.1% TFA, 50% aceto-
nitrile, and then peptides were eluted by stepwise 100-�l aliquots of
SCX buffers of pH 4.0, 4.5, 5.0, 5.5, 6.5, and 8.5. Buffers for SCX were
prepared from 20 mM acetic acid, 20 mM boric acid, 20 mM phos-
phoric acid starting solution by adjusting to desired pH with 1 M NaOH
and adjusting the final concentration of acetonitrile to 40%. To re-
move acetonitrile from peptide eluates, samples were briefly evapo-
rated in a centrifugal evaporator and then desalted using C18 Stag-
eTips as described previously (30). For enrichment of di-Gly modified
peptides, a PTMScan ubiquitin remnant motif kit (Cell Signaling Tech-
nology, Danvers, MA) was used. Shortly, 10 mg of peptides eluted
from the Sep-Pak cartridge were supplemented with 10� immuno-
precipitation buffer provided with the kit, and this was followed by 1 h
of centrifugal evaporation at 45 °C in order to remove acetonitrile. The
volume was adjusted to result in a 1� immunoprecipitation buffer
concentration, and samples were incubated for 4 h at 4 °C with the
di-Gly-lysine-specific monoclonal antibody on a rotation wheel as
described previously (17). The immunoprecipitates were washed
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three times with immunoprecipitation buffer, washed three times with
water, and eluted with 0.1% TFA acidified water. Immunoenriched
peptides were fractionated using a microtip SCX column prepared as
described above. Peptides were eluted through stepwise 100-�l ali-
quots of SCX buffers of pH 4.5, 5.0, 5.5, 6.0, 7.0, and 8.5 followed by
desalting using C18 StageTips as described previously (30). For the
enrichment of phosphorylated peptides, 5 mg of peptides were acid-
ified to a final concentration of 6% TFA (31–33) and supplemented
with acetonitrile to a final concentration of 50%. 10 mg of titanium
dioxide beads (10 �m, Titansphere, GL Sciences, Tokyo, Japan) were
washed once with 6% TFA, 50% acetonitrile solution, transferred to a
tube containing acidified peptides, and incubated for 1 h on a rotating
wheel at room temperature. The beads were washed twice with 0.5 ml
of 6% TFA in 50% acetonitrile and then twice with 0.5 ml of 0.1% TFA
in 50% acetonitrile and transferred onto a C8 packed StageTip. The
bound phosphorylated peptides were eluted using 100 �l of 5%
NH4OH followed by 100 �l of 10% NH4OH in 25% acetonitrile. The
eluates were combined, and ammonia was removed by centrifugal
evaporation at 45 °C. The peptides were acidified and loaded onto a
microtip SCX column as described above. For the elution of phos-
phopeptides, buffers with the following pH values were used: 3, 3.5,
4, 5, 7, and 11. Acetonitrile from the eluent was removed by centrif-
ugal evaporation for 15 min at 45 °C followed by desalting using C18
packed StageTips.

LC-MS/MS Analysis—Peptides were eluted from the StageTips
using 40 �l of 40% acetonitrile in 0.5% acetic acid solution and
analyzed on an EASY-nLC system (Thermo Scientific) connected to a
Q-Exactive (Thermo Scientific) mass spectrometer. A 15-cm column
of 75-�m diameter packed with 3-�m beads (Reprosil-AQ Pur, Dr.
Maisch, Ammerbuch-Entringen, Germany) was used to separate the
peptides at a flow rate of 250 nl/min. The liquid was directly electro-
sprayed using a spray voltage of 2 kV and a heat capillary tempera-
ture of 275 °C. The mass spectrometer was operated using Xcalibur
2.2 in the data-dependent acquisition mode with up to 12 of the most
intense peaks selected for fragmentation using higher collisional dis-
sociation for all MS/MS events as described previously (34, 35). In
order to avoid repeated sequencing of the same peptides, a dynamic
exclusion window of 30 s was used. Full scans were acquired in the
m/z range of 300–1750 with a target value of 1e6 ions, a maximum
injection time of 120 ms, and r � 70,000 at m/z 400. For the frag-
mentation spectrum, a maximum of 1e5 ions were selected with an
isolation window of 2.5 Da and a minimum signal intensity of 5e4. The
resolution was set at r � 17,500 at m/z 400 for whole proteome
measurements with a maximum injection time of 64 ms, whereas for
phosphoproteome and ubiquitylome measurements r � 35,000 at
m/z 400 and a maximum injection time of 128 ms were used. MS/MS
peaks with an unknown charge state or a charge state of 1 were not
selected. In addition, for di-Gly-modified peptides, charge states of 2
were also excluded.

Computational Analysis of MS Data—Raw mass spectrometry data
files were analyzed using MaxQuant version 1.3.3.2 with the inte-
grated Andromeda search engine (36, 37). Peptides were identified by
searching parent ion and fragment spectra against the Saccharomy-
ces Genome Database, genome release r63, containing 6717 putative
protein sequences (forward and reversed database supplemented
with common contaminants). The initial search was performed using
a mass tolerance of 20 ppm and was followed by mass recalibration
and the main search with a mass tolerance of 6 ppm for parent ions
and 20 ppm (higher collisional dissociation) for fragment ions. Peptide
sequences were searched using trypsin specificity and allowing a
maximum of two missed cleavages. Cystein carbamidomethylation,
cysteine N-ethylmaleimidation, N-acetylation of proteins, and oxi-
dized methionine were search as variable modifications for all raw
files, whereas di-Gly modification of lysine and phosphorylation of

serine, threonine, and tyrosine were searched as variable modifica-
tions where relevant. The false discovery rate was estimated using a
target-decoy approach (38) allowing a maximum of 1% false identi-
fications from a reversed sequence database. Only high-confidence
sites were considered in this study, defined as those having a localiza-
tion probability of more than 0.75 for phosphorylated peptides and 0.90
for di-Gly modified peptides, a posterior error probability score less than
0.01, and an Andromeda score difference between the best and second
best peptide match of more than 5. MS/MS spectra for proteins iden-
tified by a single unique peptide (MS2 PDF proteins), MS/MS spec-
tra for phosphorylated peptides (MS2 PDF phosphorylation), and
MS/MS spectra for ubiquitylated peptides (MS2 PDF ubiquitylation)
have been provided as supplemental data with references to the unique
identification numbers provided in tables for protein groups (supple-
mental Table S2), phosphorylation sites (supplemental Table S3), and
ubiquitylation sites (supplemental Table S5).

Data Analysis—Statistical significance was calculated using the R
environment. Gene Ontology (GO) term association and enrichment
analysis were performed using the Database for Annotation, Visu-
alization and Integrated Discovery (DAVID) (39). Phosphorylation
and di-Gly-modified sites were clustered based on their dynamic
behavior using GProx (40). Amino acid motif enrichment within
clusters was analyzed using IceLogo (41). To construct a protein–
protein interaction network, the STRING database system was used
(42). Functional protein interaction networks were visualized using
Cytoscape (43).

RESULTS

Experimental Strategy—In this study we analyzed rapamy-
cin-induced changes in protein, ubiquitylation, and phosphor-
ylation abundance at two time points (1 h and 3 h) in the
model organism S. cerevisiae (Fig. 1A). Proteome changes
were quantified in an unbiased (non-hypothesis-driven) man-
ner using a SILAC-based proteomic approach (44). Protein
extracts from “light” (control, mock treated), “medium” (1 h,
200 nM rapamycin), and “heavy” (3 h, 200 nM rapamycin)
SILAC-labeled yeast samples were combined in equal
amounts and digested to peptides using Lys-C and trypsin.
Di-Gly-modified peptides were enriched using a monoclonal
antibody directed toward the di-Gly remnant (16, 17, 21).
Phosphorylated peptides were enriched using TiO2-based
metal affinity chromatography (32, 33). In order to reduce
sample complexity, peptides were fractionated using microtip
SCX columns (28, 45). Peptides were analyzed by means of
high-pressure nano-flow reversed phase chromatography di-
rectly connected to a quadrupole-Orbitrap mass spectrome-
ter (Q Exactive) (34, 35). Computational analysis of MS data
was performed using MaxQuant (36, 37), allowing a maximum
false discovery rate of 1%. We used stricter criteria for PTM
analysis by requiring a minimum posterior error probability
score of 0.01 and localization probability of 0.75 for phospho-
rylated peptides or 0.9 for di-Gly-modified peptides. From
three biological replicates, we quantified 3590 proteins, 2299
di-Gly modification sites, and 8961 phosphorylation sites
(supplemental Table S1).

The Rapamycin-regulated Proteome—In order to provide
an in-depth proteomic analysis of rapamycin-treated yeast
cells, we sought to quantify changes in protein abundance.
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Furthermore, by determining the protein abundance in rapa-
mycin-treated yeast, we were able to more accurately quan-
tify changes occurring at PTM levels by correcting changes in
PTM abundance for changes in protein abundance. In total,
3590 proteins were quantified with at least two ratio counts, of
which 2578 were observed in all three biological replicates
(Fig. 1B and supplemental Table S2). PTM changes were
corrected for changes in protein abundance if possible; oth-
erwise the uncorrected PTM changes were used for further
analysis. SILAC ratio changes were significantly correlated
between experimental replicates at both time points, and the
correlation increased at the 3-h time point when the proteome
was more substantially regulated (supplemental Figs. S1A
and S1B). Proteins whose SILAC ratios deviated more than
two standard deviations (�) from the median at the 1-h time
point were considered as significantly regulated upon rapa-
mycin treatment. Applying these criteria, we found that 77 and
253 proteins were significantly up-regulated and 69 and 147

proteins were significantly down-regulated after 1 h and 3 h of
rapamycin treatment, respectively (Fig. 2A and supplemental
Table S2). To further validate the quantitative MS findings, we
verified protein abundance changes in three proteins via im-
munoblot analysis (supplemental Fig. S1C). Protein abun-
dance was significantly increased for proteins encoded by
genes that were previously shown (46) to be up-regulated by
rapamycin treatment (supplemental Fig. S1D). However,
down-regulated gene expression was not associated with
decreased protein abundance, suggesting that the reduced
protein abundances observed in our study might have been
resulted through a post-transcriptional mechanism. GO en-
richment analysis (Fig. 2B) showed enrichment for terms that
were consistent with the ability of rapamycin to mimic nutrient
deprivation. Proteins with increased abundance were associ-
ated with the terms “cellular response to stress” and “cellular
amino acid biosynthetic process.” Nearly one-third of the
proteins with decreased abundance were associated with the

Light HeavyMedium

No 
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Rapamycin

3 h
Rapamycin

Proteins mixed 1:1:1

Lys-C
digestion

Proteome Phosphoproteome Ubiquitylome
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Di-glycine peptides
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FIG. 1. Proteome, phosphoproteome, and ubiquitylome analysis of rapamycin-treated yeast. A, experimental outline. Exponentially
growing yeast cells were metabolically labeled with lysine0 (light), lysine4 (medium), or lysine8 (heavy). Rapamycin was added to 0.2 mM, and
cells were harvested at the indicated time points. Equal amounts of proteins were mixed and digested under denaturing conditions using
endoproteinase Lys-C. Phosphorylated peptides were enriched using TiO2-based chromatography, and di-Gly-modified (ubiquitylated)
peptides were enriched using anti-di-Gly monoclonal antibody. All peptides were fractionated with micro-SCX prior to analysis using reversed
phase liquid chromatography–tandem mass spectrometry (LC-MS/MS). B, overlap between biological replicates for proteome, phosphopro-
teome, and ubiquitylome. The Venn diagrams indicate the number (n) of sites or proteins identified in each experiment and the overlap between
biological replicates.
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term “integral to membrane,” suggesting a specific reduction
in membrane-associated proteins.

Analysis of the Rapamycin-regulated Phosphoproteome—We
quantified 8961 high-confidence phosphorylation sites (re-
ferred to as class I sites with a localization probability � 0.75)
in rapamycin-treated cells (Fig. 1B and supplemental Table
S3); �86% of these sites were corrected for changes in
protein abundance, providing a more accurate measure of
phosphorylation changes at these positions. Phosphorylation
changes were significantly correlated between experimental
replicates (supplemental Fig. S2A). We quantified nearly four
times as many phosphorylation sites as previously reported in
the largest rapamycin-regulated phosphoproteome dataset
(47), although we identified only 30% of the previously iden-

tified sites (supplemental Fig. S2B). The relatively low overlap
between these two studies likely reflects the use of different
yeast strains, time points, proteases (Lys-C versus trypsin),
digestion strategies (in-gel versus in-solution), and phospho-
peptide enrichment strategies (IMAC versus TiO2) in these
studies, as well as the stochastic nature of phosphorylated
peptide identification. Despite these differences, our data
were significantly correlated (Spearman’s correlation of 0.40,
p value of 2.2e-16) with those of the previous study (supple-
mental Fig. S2C), providing additional confidence in the phos-
phorylation changes identified in our screen. The distribution
of phosphorylation site ratios comparing rapamycin-treated
cells to untreated cells was much broader than the distribu-
tion of unmodified peptides, suggesting extensive regulation
of the phosphoproteome (Fig. 3A and supplemental Fig. S2D).

In order to determine significant changes in phosphoryla-
tion, we derived a SILAC ratio cutoff based on the distribution
of SILAC ratios of unmodified peptides. SILAC ratio changes
that were greater than, or less than, two standard deviations
from the median for unmodified peptides were considered
significant. This resulted in a SILAC ratio cutoff of 1.99 for
up-regulated sites and 0.52 for down-regulated sites. These
cutoff values are similar in magnitude to the typical cutoff of
2-fold change used in many SILAC-based quantitative pro-
teomic studies. Using ratio changes that were corrected for
differences in protein abundance, we found that 918 and 1431
phosphorylation sites were significantly up-regulated after 1 h
and 3 h of rapamycin treatment, respectively, and that 371
and 1383 phosphorylation sites were significantly down-reg-
ulated at these time points (Fig. 3A and supplemental Fig.
S2D). These data indicate that phosphorylation was already
increased on a large number of sites within 1 h after rapamy-
cin treatment, whereas the decrease in phosphorylation was
more pronounced after 3 h (supplemental Fig. S2E). Nearly
one-third of the entire phosphoproteome was regulated after
3 h of rapamycin treatment, with similar numbers of up- and
down-regulated sites. Differences in protein abundance ac-
counted for �16% and 18% of the up-regulated and 11% and
14% of the down-regulated phosphorylation changes at the
1-h and 3-h time points, respectively (supplemental Fig. S2F),
demonstrating that most changes occurred at the PTM level.
We compared GO term enrichment for up-regulated and down-
regulated phosphoproteins at both time points (supplemental
Fig. S2G). Up-regulated phosphorylation was significantly en-
riched on proteins associated with the terms “transcription,”
“positive regulation of gene expression,” “response to nutrient
levels,” and “autophagy.” Down-regulated phosphorylation oc-
curred on proteins associated with the terms “cell cycle,” “M
phase,” and “site of polarized growth,” and these terms were
more significantly enriched at the 3-h time point, suggesting that
down-regulation of phosphorylation might have resulted from
reduced cell division.

To identify proteins with similar regulation, we clustered
quantified phosphorylation sites according to their temporal

FIG. 2. The rapamycin-regulated proteome. A, identification of
significantly regulated proteins. The column chart shows the distribu-
tion of SILAC ratios comparing rapamycin-treated cells (1 h) to control
cells. A cutoff for significantly up- or down-regulated proteins was
determined using two standard deviations from the median of the
distribution. Proteins that were significantly up- or down-regulated
are marked in red and blue, respectively. B, functional annotation of
the rapamycin-regulated proteome. The bar chart shows the fraction
of regulated proteins that were associated with GO terms that were
significantly overrepresented among the down-regulated (blue) or
up-regulated (red) proteins. Significance (p) was calculated with hy-
pergeometric test.
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chromatin DNA binding
negative regulation of histone H3−K14 acetylation
negative regulation of DNA−dependent DNA replication
negative regulation of histone H3−K9 acetylation
phosphatidylinositol metabolic process
phosphatidylinositol phosphate kinase activity
nucleosome positioning
1−phosphatidylinositol−4−phosphate 5−kinase activity
ascospore−type prospore assembly
regulation of retrograde vesicle−mediated transport, Golgi to ER
ribophagy
regulation of ER to Golgi vesicle−mediated transport
methylated histone residue binding
protein phosphatase regulator activity
helicase activity
translation initiation factor activity
translational initiation
protein phosphatase type 1 complex
nucleic acid binding
positive regulation of cytoplasmic mRNA processing body assembly
protein tyrosine kinase activity
age−dependent response to oxidative stress involved in chronological cell aging
positive regulation of transcription from RNA polymerase II promoter in response to stress
cellular response to hydrogen peroxide
cellular response to cold
cellular response to arsenic−containing substance
cellular response to hydrostatic pressure
cellular response to acidity
cellular response to alkalinity
cellular hyperosmotic salinity response
cellular hypotonic response
cellular response to freezing
cellular response to nitrosative stress
cellular response to ethanol
cellular response to heat
cellular response to glucose starvation
cellular response to amino acid starvation
cellular response to methylmercury
zinc ion binding
replicative cell aging
sporulation resulting in formation of a cellular spore
regulation of transcription from RNA polymerase II promoter in response to zinc ion starvation
RNA polymerase II transcription cofactor activity
mediator complex
phosphorus−oxygen lyase activity
cyclic nucleotide biosynthetic process
adenylate cyclase−modulating G−protein coupled receptor signaling pathway
adenylate cyclase activity
cAMP biosynthetic process
protein complex scaffold
clathrin coat
protein localization to pre−autophagosomal structure
clathrin coat assembly
cell wall−bounded periplasmic space
nitrogen catabolite activation of transcription
clathrin binding
protein homooligomerization
tRNA (m1A) methyltransferase complex
response to carbohydrate stimulus
tRNA (adenine−N1−)−methyltransferase activity
nuclear chromatin
chromatin remodeling
protein transport
tRNA methylation
tRNA processing
cAMP binding
cAMP−dependent protein kinase regulator activity
regulation of protein phosphorylation
cAMP−dependent protein kinase complex
autophagic vacuole assembly
pre−autophagosomal structure
DNA binding
piecemeal microautophagy of nucleus
mitochondrion degradation
autophagy
sequence−specific DNA binding
pre−autophagosomal structure membrane
regulation of transcription, DNA−dependent
transcription, DNA−dependent
CVT pathway
early endosome to Golgi transport
sequence−specific DNA binding transcription factor activity
glutamate dehydrogenase (NAD+) activity
glutamate catabolic process to 2−oxoglutarate
amino acid transmembrane transport
amino acid transmembrane transporter activity
oligopeptide transporter activity
peptide transport
amino acid transport
L−proline transmembrane transporter activity
transmembrane transport

negative regulation of transcription involved in G1 phase of mitotic cell cycle
vacuole inheritance
retrotransposon nucleocapsid
RNA−directed DNA polymerase activity
ribonuclease H activity
DNA integration
transposition
transposition, RNA−mediated
viral procapsid maturation
aspartic−type endopeptidase activity
nitrogen utilization
nitrogen compound metabolic process
ammonium transmembrane transporter activity
ammonium transport
ammonium transmembrane transport
response to unfolded protein
SPOTS complex
negative regulation of sphingolipid biosynthetic process

transport

Atg1p signaling complex
macroautophagy
response to pheromone
protein dimerization activity
regulation of growth
cytoplasmic stress granule
sulfur amino acid transport
L−methionine secondary active transmembrane transporter activity
eukaryotic initiation factor 4E binding
calcium:hydrogen antiporter activity
urea catabolic process
dipeptide transport
dipeptide transporter activity
nitrate assimilation
sterol import
COPI−coated vesicle membrane
spermidine transport
putrescine transport
gamma−aminobutyric acid transport
UDP−glucose transport
nucleotide−sugar transport
allantoate transport
spermidine transmembrane transporter activity
gamma−aminobutyric acid:hydrogen symporter activity
putrescine transmembrane transporter activity
urea transmembrane transporter activity
allantoate transmembrane transporter activity
negative regulation of gene expression
carbohydrate transport
nitrogen catabolite activation of transcription from RNA polymerase II promoter
nucleotide−sugar transmembrane transporter activity
integral to membrane
activation of protein kinase activity
protein kinase regulator activity
negative regulation of translation
mRNA cap binding complex
cellular bud neck contractile ring
cytokinesis
peroxisome degradation
cation transport
inositol hexakisphosphate kinase activity
protein deacetylation
regulation of nitrogen utilization

transaminase activity
biosynthetic process
cytoplasmic membrane−bounded vesicle
transferase activity, transferring nitrogenous groups
inositol heptakisphosphate 5−kinase activity
NAD+ binding

siderophore transport
siderophore transmembrane transporter activity
phospholipid−translocating ATPase activity

establishment or maintenance of cell polarity
phospholipid translocation
phospholipid transport
mitochondria−nucleus signaling pathway
ATPase activity, coupled to transmembrane movement of ions, phosphorylative mechanism
hydrolase activity, acting on acid anhydrides, catalyzing transmembrane movement of substances
intracellular protein transport
negative regulation of transcription from RNA polymerase III promoter
MAP kinase kinase kinase activity
intracellular protein kinase cascade
response to nutrient
RNA polymerase III core binding
response to acid

inositol phosphate biosynthetic process
inositol hexakisphosphate 3−kinase activity
inositol hexakisphosphate 1−kinase activity
inositol heptakisphosphate kinase activity
inositol hexakisphosphate 5−kinase activity
transcription−dependent tethering of RNA polymerase II gene DNA at nuclear periphery
response to DNA damage stimulus

nucleus

apoptotic process
Rho protein signal transduction
regulation of cyclin−dependent protein kinase activity
DNA replication
nuclear migration involved in conjugation with cellular fusion
DNA−dependent DNA replication

mitosis

protein export from nucleus
guanyl−nucleotide exchange factor activity

spindle

establishment of mitotic spindle orientation
structural constituent of cytoskeleton
spindle pole body
small GTPase mediated signal transduction
mRNA export from nucleus in response to heat stress
regulation of cell shape
rDNA binding
cellular_component
formin−nucleated actin cable assembly
profilin binding
cellular component organization
barbed−end actin filament capping
regulation of exit from mitosis
mitotic sister chromatid cohesion
nucleolus organization

cell cycle

kinetochore
cell division
mitotic cell cycle spindle orientation checkpoint
Rho GTPase binding
RENT complex
mitotic spindle elongation
polarisome
spindle midzone
sister chromatid biorientation
chromatin silencing at rDNA
actin filament
chromosome segregation
protein tyrosine phosphatase activity
mitochondrial outer membrane translocase complex
nuclear migration
cytoplasmic microtubule
cyclin−dependent protein kinase holoenzyme complex
cell aging
actin filament bundle assembly involved in cytokinetic actomyosin contractile ring assembly
GTPase binding
protein heterodimerization activity
actin nucleation
cell projection
ruffle membrane
chromosome passenger complex
spindle checkpoint
5'−flap endonuclease activity
cyclin−dependent protein kinase regulator activity
S−methylmethionine transport
ATP−dependent DNA helicase activity
DNA strand annealing activity
S−methylmethionine transmembrane transporter activity
meiotic DNA double−strand break processing
incipient cellular bud site
nuclear chromosome, telomeric region

actin cap

minus−end−directed microtubule motor activity
microtubule
structural constituent of nuclear pore
condensed nuclear chromosome kinetochore
regulation of protein desumoylation
intracellular mRNA localization
double−strand break repair
single−stranded DNA specific endodeoxyribonuclease activity
cell shape checkpoint
intermediate filament
positive regulation of formin−nucleated actin cable assembly
cytoskeletal regulatory protein binding
extrachromosomal circular DNA localization involved in cell aging
establishment of cell polarity
protein phosphorylation
protein kinase activity
protein serine/threonine kinase activity
transferase activity, transferring phosphorus−containing groups
transcription elongation from RNA polymerase II promoter
intracellular
Golgi to endosome transport
Golgi apparatus part
protein targeting to vacuole involved in ubiquitin−dependent protein catabolic process via the multivesicular body sorting pathway
trans−Golgi network
cell cortex
mitochondrial inner membrane
ubiquitin−protein ligase activity
mitotic cell cycle spindle assembly checkpoint
phosphatidylinositol binding
cell communication
phosphatidylinositol−3−phosphate binding
positive regulation of GTPase activity
GTPase activator activity
signal transduction
G1/S transition of mitotic cell cycle
Rho GTPase activator activity
negative regulation of Rho protein signal transduction
protein ubiquitination involved in ubiquitin−dependent protein catabolic process
astral microtubule
regulation of chromatin silencing at telomere
spindle pole body separation
nuclear matrix
positive regulation of phosphorylation of RNA polymerase II C−terminal domain serine 2 residues
regulation of transcription initiation from RNA polymerase II promoter
negative regulation of telomerase activity
regulation of histone H3−K4 methylation
spindle midzone assembly
triplex DNA binding
nuclear SCF ubiquitin ligase complex
mitotic spindle stabilization
transcriptionally active chromatin
regulation of telomere maintenance via telomerase
telomere capping
positive regulation of gene expression
telomerase inhibitor activity
fungal−type cell wall biogenesis
plus−end−directed microtubule motor activity
glycogen phosphorylase activity
telomere maintenance via telomerase
methionine metabolic process
transcription elongation from RNA polymerase I promoter
transcription from RNA polymerase I promoter
nuclear microtubule
kinetochore microtubule
phosphorylase activity
methylenetetrahydrofolate reductase (NADPH) activity
aspartate kinase activity
microtubule bundle formation
snoRNA transcription from an RNA polymerase II promoter
RNA polymerase II core binding
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FIG. 3. Dynamics of the rapamycin-regulated phosphoproteome. A, identification of significantly regulated phosphorylation sites. The
histogram shows the distribution of phosphorylation site SILAC ratios for 1h rapamycin/control (1h/ctrl) and the distribution of unmodified
peptide SILAC ratios (red). The cutoff for regulated phosphorylation sites was determined based on two standard deviations from the median
for unmodified peptides. Unregulated sites are shown in black, and regulated sites are shown in blue. The numbers of down-regulated and
up-regulated phosphorylation sites is indicated. B, the bar chart shows the distribution of phosphorylation sites into seven clusters, where

Phosphorylation and Ubiquitylation Dynamics in TOR Signaling

1984 Molecular & Cellular Proteomics 13.8



behavior using a fuzzy c-means algorithm (Figs. 3B and 3C)
(40, 48). Regulated phosphorylation sites were clustered into
six distinct profiles based on the temporal behavior of these
sites. Distinct associations of GO terms within each cluster
(Fig. 3D and supplemental Figs. S2H–S2M) indicated that
phosphorylation sites with specific temporal profiles were
involved in the regulation of different biological processes.
Cluster 1 included sites that showed decreased phosphory-
lation over the time period of our experiment. This cluster
included GO terms such as “signal transduction,” “ubiquitin-
protein ligase activity,” and “positive regulation of gene ex-
pression” (supplemental Fig. S2H). Consistent with this, it
encompassed known regulated phosphorylation sites such as
Thr142 of the transcriptional activator Msn4, which has been
shown to decrease in response to osmotic stress (49), and
Ser530 on the deubiquitylase Ubp1, a known Cdk1 substrate
(50). This cluster also included several other interesting pro-
teins, such as Gcd1, the � subunit of the translation initiation
factor eIF2B; Pol1, the catalytic subunit of the DNA polymer-
ase I �-primase complex; Swi1, the transcription factor that
activates transcription of genes expressed at the M/G1 phase
of the cell cycle; and Atg13, the regulatory subunit of the
Atg1p signaling complex that stimulates Atg1p kinase activity
and is required for vesicle formation during autophagy and
cytoplasm-to-vacuole targeting. In contrast, cluster 6 con-
tained sites at which phosphorylation increased over the time
period of our experiment. This cluster was enriched in GO
terms related to nutrient deprivation, such as “cellular re-
sponse to amino acid starvation,” “amino acid transport,”
“autophagy,” and “autophagic vacuole assembly” (supple-
mental Fig. S2M). It included phosphorylation sites on pro-
teins such as Rph1, Tod6, Dot6, Stb3, and Par32, which have
previously been shown to be hyperphosphorylated after ra-
pamycin treatment (51). Clusters 4 and 5 showed increases
and decreases in phosphorylation, respectively, suggesting
that these phosphorylation sites are possibly regulated as a
consequence of changes downstream of TOR inhibition, for
example, by regulating the activity of downstream kinases
and phosphatases upon rapamycin treatment. Clusters 2 and
3 contained sites at which the directionality of phosphoryla-
tion dynamics switched over time, suggesting that these sites
might be subject to a feedback regulation or controlled by a
complex regulatory program.

IceLogo (41) was used to analyze sequence motifs within
the regulated phosphorylation site clusters (Fig. 3E). TOR
kinase has a strong preference for proline in the �1 position
(52), and as expected, upon rapamycin treatment a bias for
proline-directed sequences was seen in clusters 1 and 5,

which contained down-regulated sites. Within these clus-
ters we found potential autophosphorylation sites on the
TORC1 subunits Kog1 and Tco89. Enrichment analysis for
GO biological process terms overrepresented in these clus-
ters revealed many terms related to telomere modifications,
cell cycle, and DNA replication (Fig. 3D). For the clusters
that contained up-regulated phosphorylation sites, distin-
guishably different sequence motif enrichment was ob-
served, suggesting that these sites may be targeted by
kinases that are inhibited by TOR. However, TORC1 has
also been implicated in association with many of the over-
represented GO terms, such as “autophagy,” “ribophagy,”
“cellular response to various abiotic stimuli,” and “CVT
pathway.”

In order to obtain a better understanding of the effect of
PTMs on protein function, it is advantageous to determine the
stoichiometry of modification. Previous work has shown that it
is possible to estimate PTM stoichiometry by measuring the
relative changes in modified and unmodified corresponding
peptides (53). If the abundance of a posttranslationally mod-
ified peptide is substantially altered, then the abundance of
the corresponding peptide will be inversely affected. Because
our dataset included in-depth analysis of both proteome and
phosphorylation changes, we could estimate the stoichiome-
try of phosphorylation. Such estimates can be inaccurate if
they are based on small differences in the abundance of
posttranslationally modified peptides or corresponding pep-
tides. In order to provide a list of sites with high-confidence
stoichiometry estimates, we filtered our results to ensure that
the ratio of estimated stoichiometry between untreated and
rapamycin-treated samples did not vary by more than 2-fold
from the SILAC ratios at both time points. Using these criteria,
we determined stoichiometry at 468 phosphorylation sites
(supplemental Table S4), and these data identified several
putative regulatory sites that undergo large changes in phos-
phorylation stoichiometry in response to rapamycin treat-
ment. Serine/threonine-protein kinase Atg1 is essential for
autophagy and is regulated by TOR (1); we found that Ser384
had a stoichiometry of modification that was �10% in un-
treated cells and �60% to 70% in rapamycin-treated cells,
suggesting that phosphorylation at this position may play an
important role in regulating Atg1 function. Isw1, the ATPase
subunit of the imitation-switch chromatin remodeling com-
plex, acts to repress stress-induced gene expression (54). We
found that a phosphorylated peptide (containing Ser688,
Thr689, and Ser691) on Isw1 increased from �15% stoichi-
ometry in untreated cells to �50% stoichiometry after 1 h of
rapamycin treatment and �80% stoichiometry after 3 h of

cluster zero represents unregulated sites. The clusters were generated through unsupervised clustering of SILAC ratios with the fuzzy c-means
algorithm. C, six distinct temporal patterns were generated, and the match between the profile of the cluster and phosphorylation change is
described by the membership value. D, the heatmap shows the clustering of GO terms associated with the temporal clusters from C. A more
detailed description of the enriched GO terms is provided in supplemental Figs. S2H–S2M. E, sequence motifs for distinct clusters were
generated using IceLogo and show the percent difference in amino acid frequency relative to unregulated sites at a p value cutoff of 0.05.
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rapamycin treatment, suggesting that these sites might be
important for inactivating Isw1 to induce the expression of
stress-activated genes. DNA polymerase � subunit B (Pol12)
is an essential gene that is required for the initiation of DNA
replication during mitotic and pre-mitotic DNA synthesis (55).
We found that Ser100 and 101 were �70% phosphorylated in
untreated cells, and phosphorylation was decreased to �45%
and �23% after 1 and 3 h of rapamycin treatment, respec-
tively, indicating that phosphorylation at these positions might
be important for the activity of Pol12 in initiating DNA repli-
cation, which is presumably inhibited in rapamycin-treated
cells.

Analysis of the Rapamycin-regulated Ubiquitylome—In this
study we quantified 2299 di-Gly-modified lysines, providing
an in-depth analysis of the ubiquitylation changes in rapamy-
cin-treated yeast (Fig. 1B and supplemental Table S5). A vast
majority (�93%) of the quantified sites were corrected for
differences in protein abundance, and as with phosphoryla-
tion, only a small fraction of the observed changes in ubiqui-
tylation could be attributed to changes in protein abundance
(supplemental Fig. S3A). SILAC ratio changes were well cor-
related between experimental replicates (supplemental Fig.
S3B). The cutoff for identifying significantly changed ubiqui-
tylation sites was calculated based on the distribution of
unmodified peptides (Fig. 4A and supplemental Fig. S3C). 204
and 377 sites were significantly up-regulated, and 69 and 198
sites were significantly down-regulated, after 1 h and 3 h of
rapamycin treatment, respectively (supplemental Fig. S3D
and supplemental Table S5), indicating that the fraction of
up-regulated sites was 2- to 3-fold larger than that of down-
regulated sites at both time points. We compared GO term
enrichment among proteins that showed up- or down-regu-
lated ubiquitylation at both time points (supplemental Fig.
S3E). The most significantly enriched terms associated with
up-regulated ubiquitylation were “ribosome” and “posttran-
scriptional regulation of gene expression,” suggesting a role
for ubiquitylation in regulating protein translation or ribo-
phagy. A majority of the down-regulated ubiquitylation sites
were present on proteins that were highly significantly asso-
ciated with the term “intrinsic to membrane,” with smaller
fractions of down-regulated ubiquitylation sites occurring on
proteins associated with the terms “vacuole,” “ion transport,”
and “amino acid transport.” These data indicate globally re-
duced ubiquitylation of membrane proteins, possibly linked to
the known role of ubiquitylation in regulating membrane pro-
tein trafficking (56).

As with phosphorylation, we clustered ubiquitylation sites
based on their temporal profile. However, because the num-
ber of quantified ubiquitylation sites was much smaller than
the number of phosphorylation sites, only four clusters were
chosen for temporal description of the data (Figs. 4B and 4C).
Distinct GO terms were associated with distinct temporal
clusters, indicating that ubiquitylation sites that were similarly
regulated over time affected distinct biological processes (Fig.

4D and supplemental Fig. S3F). Cluster 1 contained sites that
showed increased ubiquitylation after the rapamycin treat-
ment. This cluster included the general amino acid permease
Gap1, on which TORC1-dependent, Rsp5-mediated ubiquiti-
lation has been described previously (57), and the Rsp5 adap-
tor protein Bul1, which is required for Gap1 ubiquitylation.
There were a number of other proteins related to the ubiquitin
modification machinery present in this cluster, such as the
ubiquitin conjugating enzyme Ubc6, the deubiquitylase
Ubp14, the ubiquitin chain assembly factor Ufd2, and the
ubiquitin binding protein Cue5. Cluster 1 also contained the
human tumor suppressor NPRL2 homolog, Npr2, which is
known to down-regulate TORC1 activity (58), and the chap-
erones Pex19, Cns1, and Ccs1, which are required for optimal
translation under nutrient stress conditions (59). Clusters 3
and 4 included sites that were down-regulated in ubiquityla-
tion upon rapamycin treatment. Cluster 3 was enriched for the
GO terms “amino acid transport,” “cation transport,” and
related terms, and cluster 4 was enriched for the terms “inte-
gral to membrane,” “vacuole,” and “trans-Golgi network ves-
icle membrane” (Fig. 4D and supplemental Fig. S3F). Consis-
tent with the GO term enrichment analysis of down-regulated
ubiquitylation shown in supplemental Fig. S3D, these clusters
were overrepresented with amino acid and nutrient per-
meases including Fui1, Fcy2, Mup1, Tna1, Lyp1, Dip5, Gnp1,
Can1, Hip1, Sam3, and Sge1 and membrane transporters
Flc1, Cot1, Smf1, Itr2, Ymd8, Zrt2, Pho90, Arn2, Itr1, Pho87,
Cwh43, Fth1, Tat1, and Fun26.

In contrast to phosphorylation, sequence motif analysis did
not show substantial biases for amino acids flanking ubiqui-
tylation sites in clusters 1 and 2, in which ubiquitylation was
increased (Fig. 4E). However, the sites present in clusters 3
and 4 showed sequence biases of a magnitude similar to that
seen in the phosphorylation site logos (Fig. 3E), suggesting
that regulation of the permeases, transporters, and mem-
brane proteins within these clusters may involve a degree of
sequence specificity.

Cross-talk between Phosphorylation and Ubiquitylation—To
identify possible cross-talk between phosphorylation and ubiq-
uitylation, we searched our data for peptides that were both
ubiquitylated and phosphorylated. Among the more than
�12,400 peptides identified from phosphopeptide-enriched
fractions, no di-Gly-modified peptides were found. In con-
trast, among the �6800 di-Gly-enriched peptides, we found
49 peptides that had both a di-Gly remnant and a phosphor-
ylated amino acid (supplemental Table S6). This corresponds
to 0.72% of the total number of high-confidence (posterior
error probability score � 0.01) peptides observed in the di-
Gly-enriched fractions. Co-modified peptides occurred on
proteins present in 37 protein groups, more than half of which
were transmembrane transporters and permeases (supple-
mental Table S6). However, looking for co-modification on a
single peptide restricts the analysis to relatively short amino
acid sequences and, more specifically, to tryptic peptides. On
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the whole protein level we observed co-up-regulation by both
modifications on 34 proteins after 1 h (supplemental Table S7)
and 81 proteins after 3 h (supplemental Table S8). We also

observed sequential modification of proteins: 31 proteins
were regulated first by ubiquitylation (1-h time point) and then
by phosphorylation (3-h time point) (supplemental Table S9),

FIG. 4. The rapamycin-regulated ubiquitylome. A, identification of significantly regulated ubiquitylation sites. The histogram shows the
distribution of ubiquitylation site SILAC ratios for 1h rapamycin/control (1h/ctrl) and the distribution of unmodified peptide SILAC ratios (red).
The cutoff for regulated ubiquitylation sites was determined based on two standard deviations from the median for unmodified peptides.
Unregulated sites are shown in black, and regulated sites are shown in blue. The numbers of down-regulated and up-regulated ubiquitylation
sites is indicated. B, the bar chart shows the distribution of ubiquitylation sites into five clusters, where cluster zero represents unregulated
sites. The clusters were generated through unsupervised clustering of SILAC ratios with the fuzzy c-means algorithm. C, four distinct temporal
patterns were generated, and the match between the profile of the cluster and ubiquitylation change is described by the membership value.
D, the heatmap shows the clustering of GO terms associated with the temporal clusters from C. A more detailed description of the enriched
GO terms is provided in supplemental Fig. S3F. E, sequence motifs for distinct clusters were generated using IceLogo and show the percent
difference in amino acid frequency relative to unregulated sites at a p value cutoff of 0.05.
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and 52 proteins were regulated first by phosphorylation (1-h
time point) and then by ubiquitylation (3-h time point) (Table
S10). These data can serve as a useful resource for studying
how phosphorylation and ubiquitylation might interact to regu-
late protein functions. In addition, the large fraction of co-mod-
ified peptides occurring on transmembrane permeases and
transporters adds further evidence that phosphorylation and
ubiquitylation signaling intersect on these proteins (see below).

Convergence of Phosphorylation and Ubiquitylation Signal-
ing on the Rsp5 System—In yeast, Rsp5 is the only HECT-
domain-containing NEDD4 ubiquitin ligase. Rsp5 is an essen-
tial ubiquitin ligase that functions in many diverse processes,
such as mRNA export, chromatin remodeling, and the regu-
lation of transcription (60). However, the best-studied role of
Rsp5 is in sorting membrane permeases and transporters into
the vacuole for proteasome-independent protein degradation
(61). Gupta and co-workers used protein microarrays to iden-
tify 150 potential in vitro targets of Rsp5 (62). In our dataset we
quantified 158 ubiquitylation sites on 54 of these proteins and

found that the putative Rsp5 targets identified by Gupta et al.
were significantly more likely to harbor up-regulated ubiqui-
tylation sites (Fig. 5A). Rsp5 contains a WW domain that binds
to L/PPxY motifs and facilitates the recognition of target pro-
teins (63). However, some proteins that undergo Rsp5-de-
pendent degradation, such as Gap1, Pma1, and Smf1, do not
have an L/PPxY recognition motif, and instead their Rsp5-de-
pendent ubiquitylation is facilitated by adaptor proteins that
recruit Rsp5 to its target proteins (27). Recently, it was shown
that nitrogen permease reactivator 1, a direct target of
TORC1, modulates the phosphorylation state of Art1 in a
TORC1-dependent manner to modulate the interaction
among Rsp5, Art1, and a target protein (26). The phosphory-
lation state of Rsp5 adaptor proteins often determines
whether a protein is targeted for vacuolar degradation. In this
study we quantified 58 class I phosphorylation sites (site
localization probability � 0.75) and 34 class II phosphorylation
sites (site localization probability � 0.75) on 11 Rsp5 adaptor
proteins (supplemental Table S11). We found that Rsp5 adap-

FIG. 5. Regulation of the Rsp5 sys-
tem by rapamycin. Significantly regu-
lated sites after 1 and 3h (see legend)
were determined based on a cutoff of
two standard deviations from the me-
dian for unmodified peptides. All p val-
ues were calculated using Fisher’s exact
test. A, the column graph compares the
frequency of regulated ubiquitylation
sites occurring on putative Rsp5 target
proteins (Rsp5 targets) identified in Ref.
62 to all other proteins (not Rsp5 tar-
gets). B, the column graph compares the
frequency of regulated class I phospho-
rylation sites occurring on the Rsp5
adaptor proteins (adaptors) Aly1, Aly2,
Art5, Bul1, Bul2, Ecm21, Ldb19, Rod1,
and Rog3 to all other proteins (not adap-
tors). C, the column graph compares the
frequency of regulated ubiquitylation
sites occurring on permeases and trans-
porters (transporters) to all other pro-
teins (not transporters). D, the column
graph compares the frequency of regu-
lated protein abundance between per-
meases and transporters (transporters)
and all other proteins (not transporters).
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tor proteins were significantly more likely to harbor up-regu-
lated class I phosphorylation sites in rapamycin-treated cells
(Fig. 5B). This bias was more pronounced, and more signifi-
cant, when we included the poorly localized class II sites in
our analysis (supplemental Fig. S4). In accordance with the
known role of Rsp5 in the regulation of subcellular localiza-
tion, trafficking, and degradation of transmembrane per-
meases and transporters, we found that GO terms related to
transporters and permeases were enriched among proteins
with down-regulated ubiquitylation sites (Fig. 4D, supplemen-
tal Figs. S3E and S3F). Consistent with the GO analysis, we
found that down-regulated ubiquitylation occurred signifi-

cantly more frequently on permeases and transporters (Fig.
5C). In addition, we found that permease and transporter
protein abundance was significantly more frequently down-
regulated, although a portion of these proteins were increased
in abundance (Fig. 5D). These data indicate that the pro-
teome, phosphoproteome, and ubiquitylome changes in-
duced by rapamycin treatment converge on Rsp5, Rsp5
adaptor proteins, and Rsp5 targets (Fig. 6).

DISCUSSION

The TOR kinase coordinates many aspects of cellular phys-
iology with nutrient availability. A number of proteomic studies
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have investigated phosphoproteome changes upon rapamy-
cin treatment in yeast (47, 51) and mammalian cells (64–66).
These studies provide important insights into the role of phos-
phorylation signaling downstream of TOR. In this study we
used a multilayered proteomic approach to provide an inte-
grated view of the rapamycin-regulated proteome, phospho-
proteome, and ubiquitylome. Our data provide substantially
increased coverage of rapamycin-induced phosphoproteome
changes in yeast, and we provide a first global view of ubiq-
uitylation dynamics in rapamycin-treated yeast cells. Through
parallel quantification of protein abundance, we were able to
normalize a vast majority of the PTM sites quantified in our
study, which provided greater confidence that these changes
occurred at the PTM level. Using a previously described method
(53), we were able to estimate the stoichiometry at 468 phos-
phorylation sites, providing the first large-scale analysis of
phosphorylation stoichiometry at the rapamycin-regulated sites.
Many of the significantly modulated phosphorylation sites had a
substantially higher stoichiometry and occurred on proteins that
were previously implicated in nutrient response signaling, sug-
gesting that these sites might have a potential regulatory func-
tion in rapamycin-modulated signaling.

The inhibition of TOR kinase by rapamycin mimics starva-
tion, and cells respond by modulating amino acid and protein
synthesis, nutrient uptake, and cell cycle progression. Analy-
sis of GO term enrichment indicated that these processes
were orchestrated in a dynamic manner on all three levels of
the proteome explored in this study. A large fraction of up-
regulated proteins were associated with the GO term “cellular
response to stress,” indicating reorganization of the proteome
in response to rapamycin. The term “response to nutrient
levels” was enriched on up-regulated phosphorylation sites,
underlining the role of phosphorylation in regulating the stress
response. Nutrient deprivation triggers the reorganization of
plasma membrane proteins; in particular, nutrient transporters
and permeases are targeted to vacuolar degradation. We
found that the GO terms related to membrane remodeling and
vacuolar trafficking were associated with regulated proteins
on the proteome, phosphoproteome, and ubiquitylome levels.
Our temporal analysis of these changes distinguished the
immediate effects of rapamycin treatment from the changes
that resulted from prolonged exposure to rapamycin and the
physiological reorganization that occurs in response to TOR
inhibition. In particular, we found a much greater degree of
decreased phosphorylation after 3 h that was associated with
GO terms related to cell growth, such as “cell cycle,” “M
phase,” and “site of polarized growth.” These general obser-
vations provide a systems-level view of the response to rapa-
mycin and further validate our results by indicating that we
were able to observe many of the expected physiological
changes at the proteome, phosphoproteome, and ubiquity-
lome levels.

Our data showing more frequent ubiquitylation of putative
Rsp5 targets, and more frequent phosphorylation of Rsp5

adaptor proteins after rapamycin treatment (Figs. 5A and 5B),
suggest activation of the Rsp5 system under these condi-
tions. Rsp5 is known to regulate the membrane localization
and proteolytic degradation of transmembrane permeases
and transporters by modulating their ubiquitylation. We found
that permeases and transporters were biased for both re-
duced ubiquitylation and protein abundance, which is para-
doxical to the activation of Rsp5 in rapamycin-treated cells.
Although the exact reasons for this observation remain to be
investigated, it is plausible that increased ubiquitylation was
transient and therefore not detected at the 1-h time point, that
ubiquitylated proteins were rapidly degraded, or that the deg-
radation of these proteins is linked with deubiquitylation. Fur-
thermore, noted changes in protein abundance may reflect
biochemical accessibility rather than actual abundance, par-
ticularly for membrane proteins that may be relocalized to
subcellular compartments that are biochemically inaccessible
(i.e. detergent-insoluble fractions).

The regulation of transmembrane protein localization and
vesicle sorting by Rsp5 is a complex process governed by the
phosphorylation of adaptor proteins and the ubiquitylation of
target proteins. The data generated in this study provide a rich
resource for those wishing to understand how site-specific
PTMs regulate this process. We mapped the phosphorylation
sites and ubiquitylation sites that are modulated by rapamycin
treatment, as well as the resultant changes in transmembrane
permease and transporter abundance. We also showed that
parallel mapping of phosphorylation and ubiquitylation re-
veals the intersection of these PTMs in regulating membrane
proteins. Phosphorylation of the adaptor protein Art1 is
known to regulate its function in mediating Rsp5-dependent
ubiquitylation (26); our data mapping regulated phosphoryla-
tion sites on Rsp5 adaptor proteins can serve as a starting
point for analyzing how phosphorylation affects the activity of
these proteins. Additional studies comparing PTM dynamics
in response to various stimuli could facilitate a network-level
understanding of how phosphorylation and Rsp5-dependent
ubiquitylation affect the fate of transmembrane permeases
and transporters.
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