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Background: Mediator is a general coactivator complex for regulated RNA polymerase II transcription.

Results: Mediator is phosphorylated on most subunits, and phosphorylation can contribute to function.

Conclusion: Post-translational modifications of a transcription coactivator can contribute to its function in gene regulation.
Significance: Transcription coactivators can be strongly modified post-translationally, and this can contribute to function.

The multiprotein complex Mediator is a coactivator of RNA
polymerase (Pol) II transcription that is required for the regu-
lated expression of protein-coding genes. Mediator serves as an
end point of signaling pathways and regulates Pol II transcrip-
tion, but the mechanisms it uses are not well understood. Here,
we used mass spectrometry and dynamic transcriptome analysis
to investigate a functional role of Mediator phosphorylation in
gene expression. Affinity purification and mass spectrometry
revealed that Mediator from the yeast Saccharomyces cerevisiae
is phosphorylated at multiple sites of 17 of its 25 subunits. Medi-
ator phosphorylation levels change upon an external stimulus
set by exposure of cells to high salt concentrations. Phosphoryl-
ated sites in the Mediator tail subunit Med15 are required for sup-
pression of stress-induced changes in gene expression under
non-stress conditions. Thus dynamic and differential Mediator
phosphorylation contributes to gene regulation in eukaryotic cells.

Regulation of transcriptional activity is dependent on gene-
specific transcription factors that respond to environmental
signals. In eukaryotic cells, these transcription factors require
co-activator complexes to transmit signals to the RNA polym-
erase (Pol)® II machinery. Among these co-activators, the
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Mediator complex plays a key role by interacting with tran-
scription factors and the Pol II machinery. The ability of the
Mediator to form an interface between gene-specific regulators
and the Pol II initiation complex led to the assumption that
Mediator functions as an adaptor that is recruited to promoters
by gene-specific factors (1). Mediator complexes have been
identified in yeast (2, 3), plants (4), and metazoans (1). Mediator
dysfunction leads to a variety of diseases, including cardiovas-
cular diseases (5, 6), metabolic disorders (5), mental retardation
(5), and cancer (1, 5). Mediator from Saccharomyces cerevisiae
consists of 25 subunits that are organized in the head, middle,
tail, and kinase modules (7, 8). Whereas the head module inter-
acts with the Pol II machinery, the middle and the tail modules
bind regulatory factors.

Mediator is a target of cellular signaling pathways, but it is
poorly understood how it integrates regulatory signals and how
it transfers the output to the Pol II machinery. In human Medi-
ator, subunit Med1 is targeted by the thyroid hormone receptor
(9) and is phosphorylated by ERK kinase during thyroid signal-
ing (10). The human Mediator subunit Med23 is an end point of
the insulin-signaling pathway, which induces MAP kinase-de-
pendent activation of Elk1 (11, 12). In yeast Mediator, subunit
Med15 is targeted by Oafl, a transcription activator involved in
sensing fatty acid levels (13). Subunit Med15 also interacts with
Pdrl, a factor involved in multidrug resistance (14, 15). The
yeast Mediator subunits Med2, Med4,and Med13 are phosphor-
ylated, and these phosphorylation events play a role in
transcription, Kin28-dependent processes, and the Ras/PKA
pathway, respectively (16 -19). However, Mediator phosphor-
ylation and its possible contribution to Mediator function have
not been investigated in a systematic way.

A paradigm for a conserved signaling pathway is the response
of yeast cells to high salt concentrations. Osmotic stress acti-
vates the conserved MAP kinase cascade, which leads to cell
cycle arrest (20, 21), affects interaction between proteins and
chromatin (22), and induces transcription of stress-responsive
genes (23-26). Osmotic stress response includes three phases
(27-29). During the initial shock phase, transcription activity is
severely reduced. Stress-induced genes are heavily transcribed
within 12-24 min (induction phase), and cells then fully adapt
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to growth in high-salt conditions (recovery phase). Response to
osmotic stress goes along with significant changes in the phos-
phoproteome (30).

Due to recent technological and methodological advances,
mass spectrometry (MS)-based proteomics has established
itself as a powerful and versatile approach for global and quan-
titative investigation of many aspects of biology (31). Stable
isotope labeling of amino acids in culture (SILAC) (32) is one of
the most popular quantitative proteomics methods with a wide
range of biological applications (33). Although mass spectrom-
etry is well suited for the study of nearly all post-translational
modifications (34), it has proven particularly successful in char-
acterizing phosphorylation dynamics (35). Due to the availabil-
ity of efficient techniques for phosphopeptide enrichment, tens
of thousands of phosphorylation sites can be identified in a
single experiment (36 —39).

Here, we used affinity purification and MS to show that yeast
Mediator is phosphorylated at 17 of its 25 subunits in vivo. We
then used SILAC to show that the phosphorylation level at
some of the identified sites changes during the osmotic stress
response. Finally, we used mutagenesis in combination with
dynamic transcriptome analysis (DTA) and comparative DTA
(cDTA) to show that phosphorylated amino acid residues on
the Mediator subunit Med15 are involved in suppression of
stress-induced changes in gene expression under non-stress
conditions. These results demonstrate that Mediator is exten-
sively modified post-translationally and that Mediator phos-
phorylation contributes to transcription regulation of genes
responding to environmental changes.

MATERIALS AND METHODS

Yeast Strains and Growth—For purification of endogenous
Mediator, we introduced a tandem affinity purification (TAP)
tag at the N terminus of Med17 in S. cerevisiae strain RS453
with mating type « (40). For SILAC, we modified this strain by
disruption of the lysI gene with KanMX6 to introduce lysine
auxotrophy. Cells were grown in YPD or SILAC medium (6.7
g/liter Formedia yeast nitrogen base without amino acids, 2%
glucose, 200 mg/liter adenine, 200 mg/liter tyrosine, 10 mg/liter
histidine, 10 mg/liter methionine, 60 mg/liter phenylalanine, 40
mg/liter tryptophan, 20 mg/liter uracil, 60 mg/ml leucine, argi-
nine 20 mg/liter) at 30 °C to late log-phase. For stable isotope
labeling, SILAC medium contained 30 mg/liter **C,-, *N,-ly-
sine (heavy lysine, Cambridge Isotopes) for the salt stress sam-
ple, or 30 mg/ml *2Cy-, "*N,-lysine (light lysine, Sigma Aldrich)
for the control. Salt stress was introduced by adding crystalline
sodium chloride to the heavy lysine-containing medium to a
final concentration of 0.5 m. After incubation for 20 min, equal
amounts the two populations were mixed.

Mediator Purification—Cells were lysed by beat beating (500
rpm, 4 min, 2 cycles) using glass beads (0.5-mm diameter). Puri-
fication of endogenous Mediator using Protein A/IgG (GE
Healthcare) affinity precipitation was performed as described
(40), except that all buffers contained 1 mm DTT, protease
inhibitors (0.5 M phenylmethylsulfonyl fluoride, 2 mm benzami-
dine, 1 uM leupeptin, 2 uM pepstatin), and phosphatase inhibi-
tors (40 mMm p-nitrophenylphosphate, 2 mm sodium-pyrophos-
phate, 2 mm sodium orthovanadate, 50 mm sodium fluoride).
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IgG-bound proteins were washed with high salt buffer (250 mm
sodium chloride, 50 mm Tris/HCI, pH 7.5, MgCl,, 0.15% m/w
Nonidet P-40, 1 mMm DTT) and low-salt buffer (100 mm sodium
chloride 50 mm Tris/HCI, pH 7.5, MgCl,, 1 mm DTT). Proteins
were cleaved from IgG beads by tobacco edge virus (TEV) pro-
tease for 60 min at 18 °C. Eluted proteins were precipitated by
adding four volumes of methanol, one volume of chloroform, and
three volumes of protease-free double-distilled water. After cen-
trifugation, the pellet was washed with four volumes of metha-
nol and centrifuged again. Remaining methanol was discarded,
and the protein precipitate was dried. A sample was analyzed by
4-12% SDS-PAGE (NUPAGE, Invitrogen).

Mass Spectrometry—The protein pellet was dissolved and
denatured in 8 M urea (Roth), reduced with 1 mm DTT for 45
min and alkylated with 5 mm iodoacetamide for 45 min. Pro-
teins were digested in solution either with endoproteinase tryp-
sin or Lys-C (Wako) overnight at room temperature. Phospho-
peptide enrichment was performed using titanium dioxide
(TiO,) beads (41). LC-MS/MS analysis was performed on an
LTQ-Orbitrap instrument (Thermo Fisher) connected to a
nanoflow HPLC system (Agilent 1100 or Proxeon EASY-nLC
system) through a Proxeon nanoelectrospray ion source. Pep-
tides were separated on an in-house packed 75 um reversed-
phase C18 column. Survey scans were acquired in the Orbitrap
analyzer, and the 10 most intense precursor ions were subjected
to collision-induced fragmentation and acquisition in the ion
trap. The instrument was operated with the “lock mass option”
(42), and multistage activation was enabled to improve phos-
phopeptide fragmentation. The MS raw data files were pro-
cessed with MaxQuant (version 1.1.1.18) (43, 44). The MS/MS
spectra were searched against the concatenated target decoy
OREF protein database, concatenated with reversed versions of
all sequences and combined with the most commonly observed
contaminants. Enzyme specificity was set to LysC and up to
three missed cleavages, and three labeled lysine residues were
allowed. Cysteine carbamidomethylation was considered as a
fixed modification, and methionine oxidation, protein N-acety-
lation, and phosphorylation on serine, threonine, and tyrosine
residues were set as variable modifications.

Mutant Yeast Strains—D7P and D30P mutant strains were
generated in three steps. First, to replace selected phosphoryl-
ated serine and threonine residues in the Med15/YOLO51w
coding sequence by alanine (supplemental Tables S3 and S4),
we synthesized (GeneART) a DNA construct containing the
5'-UTR (583 bp upstream). The modified coding sequence of
Med15/YOLO51w (D30P mutant sequence), and the 3’-UTR
(624 bp downstream) were inserted in vector prs-315 (AMP/
Leu) (45) under the control of the Cen6/ARSH4 promoter
with the use of Notl/Sall restriction sites. Second, a
Med15/YOLO51w::URA3 strain was generated by integration
of a Ura3 cassette harboring overlapping sequences to Med15/
YORO51w 5'- and 3'-UTR regions into BY4741 strain (MAT4,
his3A1, leu2A0, met15A0, ura3A0, Euroscarf) by homologous
recombination. Med15/YOLO051w::URA3 strain was selected
twice on URA minus medium and confirmed by sequencing.
Third, the URA3 cassette was removed by D7P or D30P mutant
sequence using homologous recombination and selected twice
on 5'-fluorotic acid containing medium. The exact genetic
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position and completeness of the genomic D7P or D30P mutant
insertion were analyzed by sequencing. For mutant D7P, all
steps were as above except that we synthesized (Invitrogen) a
DNA construct containing the Med15 positions (2114 -and 3333
bp) with the modified coding sequence of Med15/YOLO51w
(D7P mutant sequence), in vector prs-315 (AMP/Leu), and that
we generated a Med15/YOLO51w::URAS3 strain by integration
of a Ura3 cassette harboring overlapping sequences to Med15/
YORO51w between the relative positions 2139 and 3243 bp into
BY4741 strain (MATa, his3A1, leu2A0, metl5A0, ura3A0,
Euroscarf).

DTA—For DTA, the D30P mutant and wild-type strains
(BY4741, MATa, his3A1, leu2A0, met15A0, ura3A0, Euroscarf)
were transformed with plasmid YEpEBI311 (2 micron, Leu2)
carrying the human equilibrative nucleoside transporter hEnt1.
Cells were grown in SILAC medium without leucine. Cells were
grown to mid-log-phase of 0.8 (corresponding to 1.75 X 107
cells). For control samples, 4-thiouridine (Sigma) was added to
the medium and adjusted to a final concentration of 500 um.
Cells were further incubated for 6 min (labeling time) and har-
vested by centrifugation at 4000 rpm for 1 min. For stress sam-
ples, sodium chloride was added to the sample to a final con-
centration of 0.8 M. 4-Thiouridine was added 18 min after salt
addition, and cells were harvested after a 6-min labeling time as
above. DTA was performed with Affymetrix arrays as described
previously (27).

¢DTA—For cDTA, we used the published protocol (46) with
the following exceptions. The D7P mutant strain, Amed15 and
wild-type strain (BY4741, MATa, his3A1, leu2A0, metlSAO,
ura3A0, Euroscarf) were transformed with plasmid YEpEBI311
(2 micron, Leu2) carrying the human equilibrative nucleoside
transporter hEntl. Cells were grown in SILAC medium without
leucine to mid-log-phase of 0.8 (corresponding to 1.75 X 107
cells) and labeled with 4-thiouridine for 6 min. Cells were cen-
trifuged at 2465 X g at 30 °C for 1 min and resuspended in
RNAlater solution (Ambion/Applied Biosystems). The cell
concentration was determined by Cellometer N10 (Nexus)
before flash-freezing in N, (liquid). Schizosaccaromyces pombe
cells were grown in YES medium overnight, diluted to Ay, =
0.1 and grown to A4y, = 0.8. 4-thiouridine (Sigma) was added to
a final concentration of 500 uM, and cells were incubated for 6
min. Cells were centrifuged at 2465 X g at 30 °C for 1 min and
resuspended in RNAlater solution (Ambion/Applied Biosys-
tems) before flash-freezing in liquid nitrogen. The S. pombe
cells were taken from a general stock to eliminate errors by
experimental variations. S. pombe cells were counted by Cel-
lometer N10 (Nexus) and mixed with S. cerevisiae cells in a 1:3
ratio, resulting in 4 X 10° cells in total. Control and stress sam-
ples were treated as described above. Total RNA extraction,
labeled RNA purification, sample hybridization, and microar-
ray scanning were as described (27, 46).

Sensitivity Screen—We tested the D7P and D30P mutant for
sensitivity to high salt conditions and the Amedl5 deletion
mutant for different stress conditions. Wild-type D7P and
D30P mutant, Amed15 deletion mutant cells (MATa, his3A1,
leu2A0, met15A0, ura3A0; YOR051w:KanMX (Euroscarf)),
and Ahogl deletion mutant (MATa, his3A1, leu2A0, met15A0,
ura3A0; YLR113w:KanMX (Euroscarf)) were grown in liquid
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YPD medium (1% yeast extract, 2% bacto-peptone, 2% glucose,
2% agar, 200 mg/liter adenine) to mid logarithmic phase. The
cells were pelleted by centrifugation and washed twice with
sterile, double distilled water. The first cell suspension was
adjusted to an optical density of 1.0 at 600 nm and diluted to
107',1072,10" 2 and 10~ *. The resulting cell suspensions were
spotted on YPD/agar solid medium and incubated either at 25,
30, or 37 °C for 3 or 5 days. Sensitivity to high salt concentra-
tions was tested by the same procedure except that YPD/agar
solid medium contained either 0, 0.4, or 1.2 M sodium chloride
(Amed15 deletion mutant) or 0 and 1.2 M (D7P and D30P
mutant), and cells were incubated at 30 °C for 5 days.

RESULTS

Mediator Is Phosphorylated on Many Sites in Vivo—To
obtain endogenous Mediator, we generated a yeast strain car-
rying an N-terminal TAP-tagged version of Med17. Cells were
grown in YPD medium to late-logarithmic phase, and Mediator
was affinity-purified in the presence of phosphatase inhibitors
(Fig. 14; see “Material and Methods”) (40, 47). Pure Mediator
was digested with trypsin to generate peptides that were sub-
jected to a phospho-enrichment procedure (41). Phospho-
peptides were analyzed by liquid chromatography-tandem
mass-spectrometry (LC-MS/MS) on a high-resolution linear
ion trap Orbitrap instrument (Fig. 1B; see “Material and
Methods”).

The phosphopeptides contained 125 unique phosphorylated
sites that were heterogeneously distributed over 17 different
Mediator subunits (Fig. 1C). Phosphosites were concentrated
in the Mediator middle (36%) and tail (48%) modules. Of the
125 phosphosites, 37 have previously been reported (16, 17, 30,
48 -54), whereas 88 were novel (supplemental Table S1).
Because phosphosite localization can be challenging when a
peptide contains multiple serine, threonine, or tyrosine resi-
dues, we assigned each phosphosite to one of three localization
classes. Phosphosites were categorized into p(STY)-class [, II,
or II1, if the localization probability value for the phospho group
was above 0.75, between 0.25 and 0.75, or below 0.25, respec-
tively (35, 55). Of the 125 phosphosites, 82, 38, and 5 were
ascribed to class I, II, and III, respectively (Fig. 1, D and E).
These results reveal that Mediator is phosphorylated on many
sites during exponential cell growth in vivo (Fig. 2, A-C; sup-
plemental Table S1).

Mediator Phosphorylation Changes During Stress—W e next
tested whether the phosphorylation status of Mediator changes
in response to an external stimulus. We used SILAC to monitor
the response of yeast cells to osmotic stress. Yeast cells auxo-
trophic for lysine were grown either in light or heavy (**C,/
5N,) lysine-containing SILAC medium to mid-logarithmic
phase (see “Material and Methods”). Sodium chloride was
added to a concentration of 0.5 M to the culture grown on heavy
lysine, whereas the culture grown on light lysine was left
untreated. Cells were harvested 20 min after salt addition, when
expression of stress mRNAs is highly induced (27, 29). Equal
amounts of both cultures were combined, and Mediator was
isolated. Proteins were digested with endopeptidase LysC to
ensure that peptides contained at least one lysine (Fig. 3, A and
B) (56). The obtained peptides cover 53% of the amino acid
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FIGURE 1. Mediator is highly phosphorylated in vivo. A, SDS-PAGE analysis of endogenous Mediator proteins that were co-purified with TAP-Med17 from
wild-type S. cerevisiae. Protein bands were stained with Coomassie Blue and identified by mass spectrometry (TEV, TEV protease bands). B, diagram illustrating
the workflow for analysis of Mediator phosphosites by high-performance LQ MS/MS. C, schematic view of Mediator with Med subunits labeled with numbers
and highlighted in gray if they were found to be phosphorylated under normal growth C conditions. The four modules of Mediator are also indicated. D, bar
chart showing the number of phosphosites classified into p(STY) classes | (black), Il (light gray), and Il (dark gray). E, bar chart showing the number of
phosphorylated serine (black), threonine (light gray), and tyrosine (dark gray) residues in Mediator proteins.

sequence of Mediator core proteins (supplemental Fig. S34).
Levels of 20 Mediator subunits were unchanged providing an
accurate basis for data normalization (supplemental Fig. S3B).
Phosphopeptides were enriched and analyzed by MS (see
“Material and Methods”). We detected peptides from 21 Medi-
ator subunits. These peptides contained 29 unique phospho-
sites, which derived from subunits Medl, 2, 3, 4, 5, 6, 7, 14, 15,
and 17. A replicate experiment revealed 23 additional sites,
resulting in a total of 52 unique phosphosites (Fig. 3C; supple-
mental Table S2). Of these, 15 sites in Med5 and Med15 showed
significantly decreased phosphorylation with a ratio of heavy to
light lysine-containing peptide intensities between 0.2 and 0.6,
whereas one site in Med14 showed significantly increased
phosphorylation (Table 1). All of these dynamically phosphor-
ylated sites were located in predicted loops of the Mediator tail
module (supplemental material section 2; supplemental Fig.
S4), which interacts with transcription regulators (14, 57).
Med15 Phosphosites Contribute to Suppression of Stress-induced
Changes in Gene Expression under Non-stress Conditions—The
above analysis identified 30 phosphorylated sites that cluster in
the Med15 C-terminal region (Fig. 2C; supplemental Fig. S4).
Seven of these sites are dynamically changed in response to
osmotic stress. To test whether the phosphorylated sites are
functionally involved in the regulation of transcription, we cre-
ated two mutant strains that carry point mutations on selected
sites (Fig. 44; supplemental Tables S3 and S4). The first mutant,
referred to as D7P, carries alanine mutations on the seven
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dynamically phosphorylated sites, whereas in the second
mutant, D30P, all 30 phosphorylated sites clustering near the C
terminus of Med15 were mutated to alanine (Fig. 44). Mutation
of phosphorylated serine and threonine residues to alanine is
functionally similar to the dephosphorylated state (58). The
clustering of 30 phosphosites in the Med15 C terminus sug-
gested that combinatorial phosphorylation on multiple sites
affect biological outcome (59, 60) as was shown for cell cycle
control (61) and for transcription regulation (62).

We performed DTA for D30P mutant and wild-type cells
under normal conditions. DTA uses metabolic RNA labeling to
globally monitor mRNA synthesis and decay rates with high
sensitivity (27). We carried out metabolic RNA labeling by
addition of 4-thiouridine for 6 min, extracted RNA, separated
labeled RNA from pre-existing RNA, and analyzed the labeled
RNA to generate expression profiles on Affymetrix microarrays
(27). We performed cDTA under identical experimental condi-
tions for the D7P mutant, a strain lacking subunit Med15
(Amed15) and the wild-type strain under normal conditions.
c¢DTA allows for a direct comparison of synthesis and decay
rates in different yeast strains (46).

Mutation of the seven dynamically phosphorylated sites in
the D7P strain significantly altered the expression of 64 genes.
We found 53 genes induced, suggesting a mild negative effect of
the dynamic phosphosites on transcription. We searched for
significantly enriched GO terms, which are ranked by Fisher’s
exact test. Among the subset of 53 induced genes, we identified
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FIGURE 2. Distribution of phosphorylation sites in Mediator subunits. A-C, schematic illustration of phosphosite positions on the primary structure of
Mediator subunits belonging to the head (A), middle (B), and tail (C) modules. Phosphosites classified in p(STY)-class | (high localization probability) are
highlighted in black and p(STY)-class Il (medium localization probability) in white, respectively.

a significant enrichment of genes involved in response to tem-
perature stimulus, autophagy, and carbohydrate metabolism.
We found stress markers induced by mutation of dynamically
phosphorylated sites under physiological conditions. For exam-
ple, we detected Hsp12, a responder to heat shock and oxidative
and osmotic stress (63, 64), Ddr2, which is induced under envi-
ronmental stress conditions (65—67), and the glycogen syn-
thases Gsyl and Gsy2, which are also induced under several
environmental stress conditions (68 —70). These observations
indicate that the dynamic phosphosites contribute to the
repression of genes involved in response to stress conditions
under non-stress conditions (supplemental Table S10; Fig. 4B).

The expression profile of the strain carrying thirty mutated
phosphosites in the Med15 C-terminal region (D30P) showed sig-
nificantly altered transcription for 326 genes under normal growth
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conditions. The loss of function caused by the D30P mutation led
to the induction of 240 genes, indicating that native phosphoryla-
tion of these sites has a negative effect on transcription. In com-
parison with the genes induced by the mutated dynamic phospho-
sites (D7P), the stable phosphosites act on additional pathways. A
GO term analysis revealed the induction of genes involved in
response to stimulus, vacuolar protein catabolic process,
autophagy, and oxidation and reduction (supplemental Tables
S8 and S9; Fig. 4B). These GO terms reflect the cellular adaption
to environmental changes (71-73). Taken together, the overall
transcriptome changes observed in the D30P mutant strain are
similar to those observed in the D7P strain, albeit more
pronounced.

We next compared the D7P and D30P profiles with the
Amed15 profile under normal growth conditions. Med15 dele-
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TABLE 1
Mediator sites that change phosphorylation level during salt stress

The post translational modification (PTM) score assigns localization probabilities for combinations of serine, threonine and tyrosine phosphorylation based on the most

intense fragment ions (44).

Amino Localization PTM Ratio H/L normalized

Subunit acid Position Sequence window pSTY-class p value score by proteins
Med5 S 257 TNEFVGSPSLTSP I 0.504487 35.82 0.60258
Med5 S 259 EFVGSPSLTSPQY I 0.349267 35.82 0.60258
Med5 T 261 VGSPSLTSPQYIP I 0.351505 35.82 0.60258
Med5 S 262 GSPSLTSPQYIPS I 0.728166 35.82 0.60258
Med5 S 268 SPQYIPSPLSSTK I 0.188482 35.82 0.60258
Med5 S 271 YIPSPLSSTKPPG 111 0.190959 35.82 0.60258
Med5 S 272 IPSPLSSTKPPGS I 0.306 35.82 0.60258
Med5 T 273 PSPLSSTKPPGSV I 0.306287 35.82 0.60258
Med14 T 1036 DTKRLGTPESVKP I 0.999212 40.65 1.4734
Med15 S 746 TPKVPVSAAATPS I 1 139.73 0.59134
Med15 T 750 PVSAAATPSLNKT I 0.75299 139.73 0.59134
Med15 S 796 QQPTPRSASNTAK I 0.431756 62.19 0.28888
Med15 S 798 PTPRSASNTAKST I 0.431756 62.19 0.28888
Med15 T 769 GRTKSNTIPVTSI I 0.999999 121.83 0.23904
Med15 S 767 VNGRTKSNTIPVT I 1 121.83 0.23904
Med15 T 800 PRSASNTAKSTPN I 0.328631 62.18 0.28888

tion altered the expression of 1743 genes. The transcriptome
changes observed in the Amed15 mutant strain resemble those
observed during a salt stress response, albeit it was less pro-
nounced (Fig. 4C). We analyzed this subset of genes for
enriched regulatory factors and ranked the factors by Fisher’s
exact test. Among the induced genes, targets of Sok2 and Rapl
were significantly enriched. We also found a general depend-
ence on the general coactivator SAGA and transcription factor
Msn2 (supplemental Fig. S1).

We next tested whether the observed D7P- and D30P-depen-
dent induction of genes contributes to the cellular response to
osmotic stress. We focused on the expression profile of the
wild-type within the stress induction phase (18 -24 min after
addition of salt). The GO terms associated with carbohydrate
metabolism and response to stimulus were enriched in the
wild-type profile under osmotic stress conditions but also in the
mutants D7P, D30P, and Amed15 under non-stress conditions
(Fig. 4D). We calculated the induction level of each GO term by
the percentage of genes induced by D7P relative to the whole set
of genes in the corresponding GO term. We found the highest
induction by D7P mutations for the GO term response to tem-
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perature stimulus (15%) and for hexose transport (20%) (Fig.
4D). Taken together, both dynamically and stably phosphory-
lated sites in Med15 contribute to the repression of genes
involved in the response to environmental changes under non-
stress conditions.

Med15 Contributes to Activation of Genes Involved in Ribo-
some Biogenesis During Non-stress Conditions—The Amedl15
mutation caused a selective repression of a subset of genes,
which are involved in ribosomal biogenesis. The highest ranked
GO terms are ribosome biogenesis, ribonucleoprotein complex
biogenesis, RNA metabolic process, gene expression, ribosomal
large subunit biogenesis, and RNA modification (supplemental
Tables S6 and S7). We performed model-based gene set analy-
sis (MGSA) (74) analysis to identify a selective enrichment of
transcription factor targets. Among the subset of repressed
genes, we found a significant enrichment of genes regulated by
Leu3 and Fhll (data not shown). Leu3 regulates expression of
genes that are involved in branched amino acid synthesis, and it
is functionally related to Gen4 (75). Fhll regulates transcription
of ribosomal protein genes and is regulated under different
growth and stress conditions (76). Fhll function links gene
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FIGURE 4. Effect of mutated phosphosites on global gene expression under normal growth conditions. A, functional organization of ScMed15. Med15 is
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map illustrating the effect of the mutated phosphosites on global gene expression (labeled mRNA fraction, 6 min labeling time). The genes are arranged by the
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repressed in the D7P (black), D30P (dark gray), and Amed15 (light gray) mutant relative to all genes in the GO term.

expression of ribosomal protein genes to the TOR pathway
(76).

We next compared the subset of repressed genes of the
Amed15 data set with the data set of response of wild-type cells
to osmotic stress. The down-regulation of ribosome biogenesis
genes in the Amed15 mutant under normal conditions is to a
large extent similar to the repression under osmotic stress con-
ditions in wild-type cells (Fig. 4D). These observations indicate
a functional role of Med15 in the expression of ribosome bio-
genesis genes and thus cell growth that is suppressed during salt
stress (Fig. 4, B and D).

Mutated Dynamic Phosphosites Do Not Alter Osmotic Stress-
induced Gene Expression—Recent work revealed that Med15
interacts with the general stress regulatory factors Msn2/Msn4
(77, 78) and that mutations of Med15 had a strong effect on
TATA-containing and SAGA-regulated genes (79). Based on
these findings, we searched the cDTA and DTA data sets for
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D7P, D30P, Amed15, and the wild-type data set at 0.8 M NaCl
(induction phase, 18 =24 min) for enrichment of TATA-con-
taining promoters (80) and Msn2/4 and Hog]1 targets. Consist-
ent with previous findings, we found general enrichment of
TATA-containing genes in both induced and repressed genes
(p value, 6.25 X 10~ ''). Furthermore, we observed a predomi-
nance of Msn2/4- and Hogl-regulated genes within the subset
of induced genes (p value, 6.32 10~ *?) (supplemental Fig. S2).
Because the Amed15 strain exhibits a slow growth phenotype
sensitive to temperature changes and osmotic stress, we tested
the D7P and D30P mutant strains for sensitivity to temperature
and salt stress (see “Material and Methods,” supplemental
material section 3.0, supplemental Fig. S5 and S6). Whereas the
D7P mutant strain exhibited no significant growth pheno-
type, the D30P mutant exhibits a weak slow growth pheno-
type under temperature and salt stress conditions (supple-
mental Fig. S5 and S6). We performed a liquid growth assay
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to determine the doubling times under stress conditions
(YPD; 0.8 m NaCl). Relative to wild-type and D7P cells (145
min), the doubling time slightly increased from D30P (193
min) to Amed15 (205 min).

To investigate whether this phenotype is a result of impaired
transcription regulation, we performed DTA (for D30P and
wild-type) and comparative DTA (for D7P, Amed15, and wild-
type) under osmotic stress conditions. Cells were grown to
mid-log phase and divided into control and stress samples. For
the control samples, we carried out metabolic RNA labeling as
described (27, 46). For the stress samples, we induced osmotic
stress by addition of sodium chloride to a final concentration of
0.8 M, added 4-thiouridine (DTA) after 18 min and extracted
RNA after 6 min of labeling (supplemental material section 4).
The time frame of 18 —24 min is consistent with the previous
observation of the induction phase, when cells activate the gene
expression program to antagonize osmotic pressure (27, 29)
(see “Materials and Methods”). Upon stress, levels of 3516
newly transcribed (labeled) mRNAs exhibit at least a 1.5-fold
change in at least one of the data sets. We compared the labeled
RNA fraction of D7P, D30P, Amed 15, and wild-type responding
to 0.8 M sodium chloride within the time frame of 18 —24 min
after salt addition. The response to osmotic stress changed
~50% of newly synthesized RNAs (supplemental Fig. S2A).

To identify gene expression changes during the stress
response caused by the mutated phosphosites, we calculated a
linear model. We used all data sets as dependent variables and
regressors according to their condition in a linear regression
analysis. We found that mutations D7P, D30P, and Amed15 do
not have any additional effect on salt stress-induced expression
changes (supplemental Fig. S2B). We conclude that Med15
phosphosites are involved in repression of genes under non-
stress conditions but do not have additional, specific effects on
gene expression under osmotic stress conditions.

DISCUSSION

Mediator functions by receiving signals from different path-
ways to generate an output for the general transcription
machinery (1). However, a functional influence of post-transla-
tional modification of the Mediator has not been investigated
systematically. By combining high-resolution MS, quantitative
proteomics (SILAC), and dynamic transcriptome analysis, we
demonstrate here an extensive phosphorylation of Mediator
and a contribution of Mediator phosphorylation to gene
regulation.

Earlier work has shown that Mediator is phosphorylated on
subunits Med2, Med4, Med13, and Med14 and that Med2
phosphorylation can influence Mediator function (16-19).
Previous proteomic analysis additionally revealed that subunits
Med1l, Med5, Med6, Med15, and Med17 are phosphorylated
(30, 48 —52). Here, we used affinity purification and high-reso-
lution MS to map 125 sites on 17 Mediator subunits that are
phosphorylated in vivo under normal growth conditions. Of
these, 88 were novel, whereas 37 were reported previously (16 —
19, 30, 48 -52, 81) and confirmed here. The majority of these
phosphosites were located in the middle and tail modules.
Quantitative proteomics using SILAC revealed that a subset of
these sites has different levels of phosphorylation during the
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osmotic stress response. Phosphorylation levels generally
decrease during osmotic stress, consistent with previous obser-
vations (30). In particular, we identified 30 phosphorylated sites
near the Med15 C terminus, of which seven changed phosphor-
ylation levels during stress.

To investigate whether these phosphosites contribute to
Mediator function in gene regulation, we mutated a phosphor-
ylation sites in Med15 and used DTA to investigate their con-
tribution to gene regulation during the osmotic stress response.
This revealed that the 30 clustered phosphosites in Med15 are
involved in suppression of stress-induced alteration of tran-
scription from genes responding to environmental changes.
The seven dynamically phosphorylated sites were required for
the repression of genes involved in temperature stimulus,
autophagy, and carbohydrate metabolism under normal
growth conditions. Under osmotic stress conditions, however,
we found no significant contribution of the Med15 phospho-
sites to gene expression.

Taken together, our results show that Mediator is phosphor-
ylated at multiple sites in vivo, that the level of phosphorylation
can change during stress, and that a phosphorylated subunit
region can contribute to transcription regulation by repressing
stress genes under normal growth conditions. One possible
explanation for our observations is that Med15 phosphoryla-
tion suppresses the association of Mediator with various acti-
vators that stimulate the expression of stress-induced genes.
Consistent with this model, Med15 binds to transcription fac-
tors Msn2, Gen4, Pdrl, Oafl, Hsfl, and Acel (13, 14, 77, 82).
Alternatively, transcriptional repressors that normally repress
stress gene transcription would require certain Mediator phos-
phorylations for their function.
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