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ABSTRACT

Mediator is a large multiprotein complex conserved
in all eukaryotes, which has a crucial coregulator
function in transcription by RNA polymerase II (Pol
II). However, the molecular mechanisms of its action
in vivo remain to be understood. Med17 is an es-
sential and central component of the Mediator head
module. In this work, we utilised our large collection
of conditional temperature-sensitive med17 mutants
to investigate Mediator’s role in coordinating preiniti-
ation complex (PIC) formation in vivo at the genome
level after a transfer to a non-permissive temperature
for 45 minutes. The effect of a yeast mutation pro-
posed to be equivalent to the human Med17-L371P re-
sponsible for infantile cerebral atrophy was also ana-
lyzed. The ChIP-seq results demonstrate that med17
mutations differentially affected the global presence
of several PIC components including Mediator, TBP,
TFIIH modules and Pol II. Our data show that Medi-
ator stabilizes TFIIK kinase and TFIIH core modules
independently, suggesting that the recruitment or the
stability of TFIIH modules is regulated independently
on yeast genome. We demonstrate that Mediator se-
lectively contributes to TBP recruitment or stabiliza-
tion to chromatin. This study provides an extensive
genome-wide view of Mediator’s role in PIC forma-
tion, suggesting that Mediator coordinates multiple
steps of a PIC assembly pathway.

INTRODUCTION

In eukaryotes, the synthesis of mRNAs and a large num-
ber of small non-coding RNAs requires RNA polymerase
II (Pol II) and the general transcription factors (GTFs)
TFIIA, B, D, E, F and H that assemble into a large com-
plex on the promoter DNA. This transcription preinitia-
tion complex (PIC) is a key intermediate in Pol II transcrip-
tion. In-vitro reconstitution studies of transcription initia-
tion suggested a model in which PIC components assemble
in a linear sequence (1,2). The first GTF that binds to the
promoter is TFIID. TFIIA and TFIIB are then recruited
followed by Pol II in association with TFIIF. Finally, TFIIE
and TFIIH complete the formation of a PIC that is suffi-
cient for basal in-vitro transcription but unable to drive acti-
vated transcription in response to specific activators. Impor-
tant insights have been made on PIC architecture in yeast
and human systems by biochemical and structural studies
(3). A precise map of PIC locations across the yeast genome,
including Pol II and GTFs, has been recently obtained, en-
abling the identification of TATA-like elements bound by
TBP on TATA-less promoters and distinct PICs for diver-
gent transcription (4,5).

Pol II transcriptional regulation requires additional mul-
tiprotein complexes, coactivators and corepressors, which
modify the chromatin structure or directly contribute to
PIC formation. Mediator of transcription regulation is one
of these coregulators. While Mediator has been studied in-
tensively, its complexity has precluded a detailed under-
standing of the molecular mechanisms of its action in vivo.
Mediator is a huge complex (1.5 MDa) composed of 25–
30 subunits depending on the organism that are organized
into four structural modules: head, middle, tail and Cdk8
kinase modules. Recent electron microscopy studies rede-
fined the modular organization of Mediator complex (6,7).
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Mediator subunits are engaged in numerous contacts within
the complex (8–10). The large size, complexity and extreme
flexibility have precluded the determination of a complete
crystallographic structure of Mediator. Recently, structural
data have been obtained for the yeast Mediator head mod-
ule, the largest Mediator subcomplex characterized to date
at high resolution (10,11).

Mediator transmits regulatory signals from specific tran-
scription factors to the Pol II transcription machinery
(12,13). This coregulator is generally required for Pol
II transcription (14–18) and is present at most Pol II-
transcribed gene promoters (19,20). Together with the
GTFs, it promotes PIC formation and transcription initi-
ation. Mediator also stimulates the phosphorylation of the
Pol II carboxy-terminal domain (CTD) by TFIIH (21,22).
Mediator cooperates with TFIID in yeast and human cells
to stabilize the PIC (23–26). Previously, we have identified
a direct contact between the Med11 Mediator head subunit
and the Rad3 TFIIH subunit and showed that this contact
is essential for the recruitment of the GTF to the PIC inde-
pendently of Pol II (27). Recently, we showed that the Rpb3
Pol II subunit and the Med17 Mediator subunit are in di-
rect contact to position Pol II on promoters and activate
transcription, which strongly supports the notion that the
Mediator–Pol II interaction is generally required for Pol II
recruitment and transcription of class II genes in eukaryotes
(28). Mediator was found to play an essential role in PIC as-
sembly at the level of Pol II, TFIIH and TFIIE recruitment
(27,28). Based on our results, we proposed a model of PIC
assembly through multiple pathways (27).

Mediator is conserved in all eukaryotes (29) supporting
a very ancient eukaryotic origin for this four-module com-
plex. Given its central role in transcription regulation, it
is not surprising that Mediator has been implicated in nu-
merous developmental processes in animals, and mutations
in Mediator subunits are involved in a number of patholo-
gies (30,31). For example, a mutation in the Med23 subunit
cosegregates with intellectual disability (32). In line with the
fact that oncogenesis results from gene disregulation, Medi-
ator has been found to be involved in several cancers (33–
38).

Med17 is one of the ten essential yeast Mediator subunits.
MED17 was initially isolated as SRB4, one of the SRB
genes whose mutations suppressed the growth phenotype
of truncations of the Pol II Rpb1 CTD (39). The general
requirement of Mediator for Pol II transcription has been
shown using the med17-138 mutant that generally affects
Pol II transcription in a manner comparable with that of the
rpb1-1 Pol II mutant (14). This classical med17 temperature-
sensitive (ts) allele causes dissociation of the head module
from the rest of Mediator leading to a loss of Mediator func-
tion at the restrictive temperature (40–42). The central role
of the Med17 subunit in Mediator’s function is also consis-
tent with a central and extended positioning of this subunit
within the Mediator head structural model (10). The impor-
tance of the Med17 subunit’s role has been highlighted by
the fact that a mutation in this subunit has been associated
with infantile cerebral atrophy (43) and because of this sub-
unit’s involvement in cancer (37).

We aimed to enhance our understanding of the key mech-
anisms that allow Mediator to stimulate PIC formation

in vivo at the genomic scale. We chose a strategy using
temperature-sensitive mutants that allow the study of essen-
tial Mediator subunits providing specific changes in Media-
tor function without a complete loss or disassembly of Me-
diator. In this work, we have obtained a detailed genome-
wide view of Mediator’s role in PIC assembly in vivo by
characterizing our large collection of conditional ts mutants
in the Med17 Mediator head subunit. A mutant of yeast
Med17 proposed to be equivalent to the human Med17-
L371P responsible for infantile cerebral atrophy, which has
a severe ts phenotype, was also included in our analysis. We
show that med17 mutations, which do not have a major ef-
fect on Mediator stability, differentially affect the genome-
wide occupancy of PIC components. This work suggests
that Mediator independently orchestrates multiple steps of
the PIC assembly pathway.

MATERIALS AND METHODS

Strains and plasmids

All S. cerevisiae strains are described in Supplementary Ta-
ble S1. All plasmids are listed in Supplementary Table S2.
The oligonucleotides used in this study can be found in Sup-
plementary Table S3.

ChIP and ChIP-seq

ChIP experiments were performed as described previously
(44). Cell cultures (100 ml) were grown to exponential phase
in YPD medium at 30◦C, transferred for 45 minutes to a
shaking incubator set at 37◦C to allow gradual warming and
cross-linked with 1% formaldehyde for 10 min. The 3HA-
tagged proteins were immunoprecipitated with 12CA5 an-
tibody and Pol II with 8WG16 anti-CTD antibody (Cov-
ance), bound to IgG magnetic beads (Dynabead). ChIP-seq
experiments were performed as described previously (45).
Chromatin preparation for ChIP-seq experiments was per-
formed as described previously for conventional ChIP, ex-
cept that an additional sonication step with Bioruptor (Di-
agenode, 6 cycles of 30s with medium intensity setting) was
included to generate DNA fragments of ∼200 bp mean size.
DNA sequencing of 40 nt-tags was performed on a Solexa
genome analyzer GA-IIx or Hi-Seq using the procedures
recommended by the manufacturer (Illumina). Input DNA
and DNA from ChIP with an untagged strain were used
as negative controls. Mediator ChIP-seq analysis was per-
formed only for the Med15 subunit. Low ChIP signals were
obtained for the Med8-HA subunit. High background lev-
els in the ChIP-seq experiments for Med5-HA and Med6-
HA subunits precluded accurate enrichment detection. It
should be noted that Mediator enrichment levels in ChIP
experiments are relatively low, depending on the Mediator
subunit used, possibly due to the low efficiency of formalde-
hyde crosslinking and/or the dynamic association of Medi-
ator to chromatin.

The ChIP-seq data have been deposited to the Array
Express under accession numbers E-MTAB-2961 for the
mutant strains and E-MTAB-1595 for the wild-type (WT)
strain.
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Coimmunoprecipitation experiments

Whole yeast extracts were prepared from 100 ml of cells
grown to exponential phase in YPD medium at 30◦C. When
indicated, the cells were then transferred for 45 min to 37◦C.
Whole yeast extract preparation, immunoprecipitation (IP)
in IP buffer (50 mM HEPES, pH 7.5, 100 mM NaCl, 20%
glycerol, 1 mM dithiothreitol, 0.5 mM EDTA, 0.05% NP-
40) supplemented with a protease inhibitor cocktail (Com-
plete, Roche) and 1 mM PMSF and western blotting were
performed as described previously (46). The 12CA5 anti-
HA antibodies were used against HA-tagged proteins; rab-
bit polyclonal anti-Med14 and anti-Med17 antibodies were
used against corresponding N-terminal peptides to detect
Med14 and Med17 Mediator subunits, respectively.

Formaldehyde cross-linking experiments were performed
as described previously (28). Briefly, cells were cross-linked
with 1% formaldehyde for 10 min, as described for ChIP.
Lysis was performed in 0.5 ml FA/SDS buffer in the pres-
ence of glass beads (0.75 ml, 425 to 600 �m) by vortex-
ing for 45 min at 4◦C. Crude extract preparation and IP
were performed as described for conventional CoIP except
that the immune complexes were washed as described for
ChIP. A sonication step was added to recover chromatin-
associated proteins. Denaturing conditions (8 M urea for
20 min at room temperature, cooled to 4◦C and diluted with
lysis buffer to a final urea concentration of 2 M) were used
before IP to dissociate the subunits of Pol II and Mediator.

Mediator purification

Mediator purification was performed following a proce-
dure adapted from Cai et al. (47) with some modifica-
tions. Med17 mutant and WT strains derived from CA001
protease-deficient background were grown at 30◦C in 1 liter
of 2×YPD medium overnight to late exponential phase.
Cells were collected by centrifugation, washed twice in dis-
tillated water, resuspended in a buffer (1 ml/g of cells) con-
taining 0.25 M Tris–HCl, pH7.6, 0.3 M ammonium sulfate,
2 mM EDTA, 30% glycerol, 5 mM 2-mercapthoethanol
supplemented with 2× protease inhibitor cocktail (Com-
plete, Roche) and frozen with liquid nitrogen. To prepare
whole cell extract, cells were disrupted in an Eaton-Press.
After thawing, the extract was clarified by ultracentrifu-
gation (4◦C, 1 h, 40 000g). The clear extract was submit-
ted to a selective ammonium sulfate precipitation to iso-
late the 30–55% fraction. All buffers used for purification
were supplemented with a protease inhibitor cocktail ex-
cept for TEV digestion buffer. The precipitate was resus-
pended in IgG binding buffer (25 mM sodium phosphate
buffer, pH7.5, 200 mM potassium acetate, 1 mM EDTA,
10% glycerol, 5 mM 2-mercapthoethanol) and incubated
for 3 h with 100 �l of IgG-coated beads (GE Healthcare)
in poly-prep columns (BioRad) at 4◦C on a rotator. Beads
were drained by gravity and washed with 10 ml of IgG wash
buffer I (50 mM sodium phosphate buffer, pH 7.5, 500 mM
ammonium sulfate, 1 mM EDTA, 10% glycerol, 5 mM 2-
mercapthoethanol), followed by a wash with 10 ml of IgG
wash buffer II (50 mM sodium phosphate buffer, pH 7.5,
100 mM ammonium sulfate, 1 mM EDTA, 10% glycerol,
5 mM 2-mercapthoethanol) and 10 ml of TEV digestion
buffer (50 mM sodium phosphate buffer, pH 7.5, 100 mM

potassium acetate, 1 mM EDTA, 10% glycerol, 5 mM 2-
mercapthoethanol). Beads were incubated overnight with
20 U of TEV protease (Life Technologies) in 400 �l of TEV
digestion buffer. The eluate was recovered, diluted 6-fold in
Ni-NTA binding buffer (50 mM sodium phosphate buffer,
pH 7.5, 0.01% NP-40, 10% glycerol, 500 mM potassium ac-
etate, 10 mM imidazole) and incubated for 3 h on a rotator
at 4◦C with 100 �l of Ni-NTA sepharose beads (GE Health-
care) on poly-prep columns. Beads were drained by grav-
ity and washed with 10 ml of Ni-NTA wash buffer (50 mM
sodium phosphate buffer, pH 7.5, 0.01% NP-40, 10% glyc-
erol, 500 mM potassium acetate, 40 mM imidazole). The
Mediator complex was eluted with 200 �l of Ni-NTA elu-
tion buffer (50 mM sodium phosphate buffer, pH 7.5, 0.01%
NP-40, 10% glycerol, 500 mM potassium acetate, 200 mM
imidazole), and flash-frozen after addition of 10% glycerol
to a final glycerol concentration of 20%.

The presence of selected Mediator subunits (Med8-HA,
Med14, Med17 and Med21) was verified by western blot-
ting with anti-HA antibody (12CA5), polyclonal rabbit
anti-Med14, anti-Med17 or anti-Med21 antibodies. Puri-
fied Mediator complex was then analyzed using a mass-
spectrometry approach.

Mass spectrometry analysis

To analyze Mediator integrity in med17 mutants, Media-
tor was immunoprecipitated from crude extracts of Med5-
HA tagged strains as described for CoIP experiments, ex-
cept that protein G magnetic beads were used instead of IgG
magnetic beads (Dynabead) and the elution was performed
for 20 min at 65◦C instead of 2 min at 85◦C. The MED17
strain carrying the non-tagged Mediator subunit was used
as a negative control. Proteins from each eluate were sep-
arated by SDS-PAGE to fractionate the protein samples
into three fractions and exclude the regions correspond-
ing to heavy and light IgG chains. The gels were stained
with Coomassie Blue and each fraction was cut into bands
of ∼2 mm and subjected to in-gel trypsin digestion with
the Progest robot (Genomic Solutions, Chelmsford, MA)
using standard conditions including reduction and alkyla-
tion. To analyse the purified Mediator complex, a short mi-
gration in NuPage 4–12% gel (Life Technologies) was per-
formed before mass spectrometry analysis. After overnight
tryptic digestion, peptides were extracted with 60% acetoni-
trile and 0.1% (v/v) formic acid. Tryptic peptides extracted
from different bands of three gel regions were pooled, vac-
uum dried and resuspended in 0.1% (v/v) formic acid prior
to nanoLC–MS/MS mass spectrometry analyses. The same
cutting pattern of the SDS-PAGE lane was performed for
each eluate.

The nanoLC–MS/MS analyses were performed with
the Triple-TOF 4600 mass spectrometer (AB Sciex, Fram-
ingham, MA, USA) coupled to the nanoRSLC ul-
tra performance liquid chromatography (UPLC) system
(Thermo Scientific) equipped with a trap column (Acclaim
PepMap100C18, 75 �m i.d. × 2 cm, 3 �m) and an ana-
lytical column (Acclaim PepMapRSLCC18, 75 �m i.d. ×
15 cm, 2 �m, 100 Å). Peptide separation was performed
with a 5–35% solvent B gradient for 40 min. Solvent A
was 0.1% formic acid in water, and solvent B was 0.1%
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formic acid in 100% acetonitrile. The nanoLC–MS/MS ex-
periments were conducted using the data-dependent acqui-
sition method by selecting the 20 most intense precursors
for CID fragmentation with Q1 quadrupole set at low res-
olution for better sensitivity. Raw data were processed us-
ing MS Data Converter software (AB Sciex) for generat-
ing .mgf data files and protein identification was performed
using the MASCOT search engine (Matrix science, Lon-
don, UK) against the Swissprot database (release 2014 08)
with carbamidomethylation of cysteines and oxidation of
methionines set as fixed and variable modifications, respec-
tively. Peptide and fragment tolerance were respectively set
at 20 ppm and 0.05 Da. Results were analyzed using Scaf-
fold 3.6.5 software (Proteome Software). Only proteins with
at least two unique peptides and a 95% probability for both
peptide and protein identifications were considered.

Quantitative real-time PCR (qRT-PCR) analysis

RNA was extracted with hot acidic phenol following a pro-
tocol derived from Schmitt et al. (48). Reverse transcrip-
tion of 0.5 �g RNA samples was performed using an iS-
cript cDNA synthesis kit (BIO-RAD) with a mixture of
oligo(dT) and random hexamers for priming. qRT-PCR re-
sults were normalized using 25S rRNA, 18S rRNA and
SCR1 Pol III-synthesized RNA as internal controls. Val-
ues represent the average of three independent experiments,
and error bars indicate standard deviations.

Data analysis

ChIP-seq data were analyzed as described previously (45).
The sequences were aligned on the S. cerevisiae genome
(UCSC version sacCer3) using Bowtie version 0.12.7 (49).
Only uniquely mapped tags were used and a maximum
of two mismatches was allowed. Conversions to different
file formats were performed using Samtools version 0.1.16.
To avoid possible sequencing artifacts, reads with the best-
quality scores were conserved for each position. The num-
ber of mappable tags for each ChIP-seq experiment is indi-
cated in Supplementary Table S4.

To calculate ChIP-seq density, reads were extended to an
assumed fragment length of 150–180 nt, and a count of
reads was determined per 1-bp bin using Bedtools version
2.15.0. ChIP-seq density profiles were displayed using the
Integrated Genome Browser (IGB) yeast genome browser.
Input DNA and DNA from ChIP with an untagged strain
were used as negative controls. The ChIP sample from the
untagged strain generally shows very low tag density on the
genome, except for some regions representing <1% of the
genome that displays an apparent enrichment. It should be
noted that the majority of these regions were located inside
the highly transcribed class II genes. To correct for this non-
random background distribution, we subtracted the nor-
malized signal of the untagged strain sample from the ChIP
samples for each protein. The ChIP signals of the untagged
strain have different impacts on the ChIP signals for dif-
ferent proteins. For this reason, the subtraction step was
preceded by a normalization of the ChIP signal of an un-
tagged strain compared with the corresponding ChIP sam-
ple based on the qPCR analyses of nontranscribed control

regions. The normalization values for untagged strain sam-
ple before subtraction are indicated in Supplementary Table
S5.

The significantly enriched regions were identified using
peak calling MACS2 software version 2.0.10.20120703 (50).
To avoid possible sequencing artifacts, reads beyond five
repetitions at the same position of the genome were re-
moved. A minimum false discovery rate (q-value) cutoff
peak detection of 0.01 was used for Med15 and 0.05 for Pol
II, Rad3, Kin28 and TBP. This step was followed using the
PeakSplitter step of PeakAnalyzer software for the subdivi-
sion of ChIP-seq regions into discrete peaks (51). The signif-
icantly enriched regions were also identified in the control
ChIP sample with an untagged strain using Bayespeak ver-
sion 1.10.0 (52) with a threshold of 0.9. Around 200 peaks
were identified by this method in the control sample and
they were used to correct peakcalling data from Med15,
Rad3, Kin28 and TBP ChIP-seq.

GTFs, Mediator and Pol II significantly enriched peaks
were annotated relative to the intergenic region or the
ORF in which they were detected using BedTools version
2.15.0. The nomenclature used for the intergenic regions
was as follows: tandem regions were named relative to the
downstream-located gene, divergent and convergent regions
were named relative to the two genes surrounding the re-
gion.

To compare read counts in WT and med17 mutant ChIP-
seq data, a count of reads was determined on promoter
regions of Pol II-transcribed genes for Rad3, Kin28, TBP
and Med15, and on Pol II-transcribed gene ORFs for Pol
II, using Bedtools. For ChIPseq data analysis, promoter re-
gions were defined as corresponding intergenic regions on
the yeast genome. For this step, all mapped reads were con-
served to allow quantitative comparison between the dif-
ferent samples. Read numbers were normalized relative to
qPCR data on a set of selected regions (Supplementary Ta-
ble S6) using the ratio between WT and mutant strains. The
ratio of ChIP-qPCR values (V) between WT and mutant
strains was calculated for each selected region (RqPCR =
VqPCRmut/VqPCRwt). In parallel, the ratio of ChIP-seq reads
(N) between WT and mutant strains was determined for the
same region (Rseq = Nseqmut/Nseqwt). The normalization co-
efficient between ChIP-qPCR and read ratios was then cal-
culated for each region (Q = RqPCR/Rseq). The median of
normalization coefficients between ChIP-qPCR and read
ratios was used for ChIPseq data normalization (Supple-
mentary Table S7).

RESULTS

Collection of conditional med17 Mediator mutants

Previously, to investigate the in-vivo role of Med17 in Pol
II recruitment, we selected a large collection of conditional
med17 mutants (28). The med17 mutants with different
thermosensitive phenotypes, from slow growth to lethal at
non-permissive temperature (37◦C), were generated by ran-
dom mutagenesis (Supplementary Figure S1, Table S8).
A number of multiple mutations were separated to ob-
tain 5 additional point mutants by site-directed mutagen-
esis. An L371P mutation in the Med17 subunit has been
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associated with infantile cerebral atrophy (43). A corre-
sponding M504P mutation in the homologous S. cerevisiae
Med17 (Supplementary Figure S2A) localized within one
of the conserved domain based on multiple sequence align-
ments and secondary structure features (29) inactivated the
protein at 37◦C. To study the molecular consequences of
this med17 mutation, a med17-504 yeast strain carrying a
med17-M504P mutation was constructed and the growth
phenotype of this mutant was investigated. Figure 1A shows
that med17-504 leads to a slow growth phenotype at 30◦C
and a strong thermosensitive phenotype at 37◦C. In total, a
collection of 30 conditional mutants in the Med17 subunit
was obtained. The integrity of the main Mediator modules
in all med17 mutants has been verified by CoIP experiments
(Supplementary Table S9). We decided to use this collection
of Med17 Mediator mutants to investigate the in-vivo action
of Mediator in general, and of the Med17 subunit in partic-
ular in PIC formation.

Effects of med17 mutations on Mediator stability, interaction
with Pol II and mRNA level

Four mutants were selected for further study based on their
growth phenotypes (normal or slightly slower growth at
30◦C combined with pronounced ts phenotype at 37◦C),
Mediator integrity and low mutation number: med17-98
(L86Q, E186G, E448Q), med17-444 (Q444P), med17-504
(M504P) and med17-670 (V670E) (Figure 1A). These four
med17 mutants all have mutations localized within or near
the conserved domains of this subunit defined by a pri-
mary sequence comparison and predicted secondary struc-
ture (Supplementary Figure S2B) (29). The mutated amino
acid residues of med17 mutants were mapped on a partial
structural model of the Mediator head module if the cor-
responding residues were present on the model (10) (Sup-
plementary Figure S2C) and were found to often be located
close to the module surface.

Since Mediator mutations can lead to dissociation of Me-
diator modules and a loss of Mediator function, the effect
of med17 mutations on the integrity of the main Media-
tor modules was first verified by CoIP experiments (Supple-
mentary Figure S3A and Table S9). The HA-tagged Med5
Mediator subunit was immunoprecipitated with an anti-
HA antibody. The coimmunoprecipitated Med17 Media-
tor head subunit and Med14 Mediator subunit bridging
tail and middle modules were detected by western blotting
with antibodies produced in house. Mediator head, middle
and tail modules coimmunoprecipitated with the Med5 tail
module subunit in all four mutants without any significant
difference compared to the WT strain. We also performed
CoIP experiments with whole yeast extracts prepared from
cells grown to exponential phase in YPD medium at 30◦C
and then transferred for 45 min to 37◦C (Supplementary
Figure S3A). Similar to cells grown at 30◦C, no significant
differences were observed in med17 mutants compared to
the WT strain.

To investigate Mediator integrity in the selected med17
mutants in more detail, Mediator was immunoprecipitated
from crude extracts of Med5-HA tagged strains and im-
munoprecipitated proteins were analyzed using a mass spec-
trometry approach (Figure 1B, immunoprecipitation). To

improve Mediator subunit identification using mass spec-
trometry, the immunoprecipitated proteins were separated
on gel and the bands corresponding to IgG heavy and light
chains were cut out. This procedure excluded some Medi-
ator subunits with molecular weights close to those of the
IgG chains. A strain carrying an untagged Med5 subunit
was used as a negative IP control. Up to 19 Mediator sub-
units were identified belonging to all four Mediator mod-
ules. Thirteen Mediator subunits of head, middle, tail and
Cdk8 modules (Med12, 13, 17, 6, 20, 1, 4, 7, 5, 14, 15, 16, 3)
were present for all med17 mutants and the WT strain. Me-
diator subunits with low molecular weight (Med9, 10, 11,
21, 22) were not detected in some samples. Mass spectrom-
etry analysis thus showed the presence of Mediator head,
middle, tail and Cdk8 modules for all med17 mutants, indi-
cating that mutations did not have a major effect on Medi-
ator stability.

To improve our analysis of Mediator integrity in med17
mutants, we purified Mediator complex by a two-step affin-
ity purification method that allows to prepare core Medi-
ator containing head, middle and tail modules but lack-
ing Cdk8 module (47). Purified Mediator complex from the
four med17 mutants and a WT strain was assayed by SDS-
PAGE (Figure 1C) and analyzed using a mass spectrome-
try approach. Yeast core Mediator is composed of 21 sub-
units since it lacks the 4 Cdk8 module subunits. The Med31
Mediator subunit escaped mass spectrometric identification
(8), leading to 20 core Mediator subunits that could be de-
tected by this approach. Our mass spectrometry analysis
showed that all 20 Mediator subunits were present in Medi-
ator complex purified from med17 mutants and a WT strain
(Figure 1B, Mediator purification). Even though no pep-
tides were initially detected for Med21 subunit (a small Me-
diator subunit of 16 kDa) in med17-98 mutant, the pres-
ence of this subunit in med17-98 Mediator complex was
confirmed by a second data acquisition identifying 2 unique
peptides and our western blotting analysis with anti-Med21
antibody (Supplementary Figure S3B). Taken together, our
data strongly suggest that med17-98, 444, 504 and 670 mu-
tations did not compromise Mediator integrity.

The Med17 Mediator subunit directly interacts in vivo
with the Rpb3 Pol II subunit (28). As described previ-
ously (28), CoIP experiments for Mediator–Pol II interac-
tion are not appropriate to investigate the effect of muta-
tions since their effects depend on the buffer conditions.
Hence the need to determine how Mediator Med17 mu-
tations affect the specific Med17–Rpb3 contact using a
formaldehyde-crosslinking approach with IP under dena-
turing conditions. This method was used in our previous
work to show an impaired Med17–Rpb3 contact in an rpb3-
2 mutant (28). We examined whether this contact was mod-
ified in med17 mutants. For these experiments, yeast strains
were constructed carrying an EGFP-tagged Med17 sub-
unit and an Myc-tagged Rpb3 subunit in WT and med17
mutant contexts. Proteins were cross-linked with formalde-
hyde, the Med17-EGFP-tagged subunit was immunopre-
cipitated under denaturing conditions and the cross-linked
Rpb3-Med17 band was detected with an anti-Myc anti-
body (Figure 1D, red arrow). The results demonstrated that
Rpb3–Med17 contact was strongly reduced in the med17-
504 mutant (Figure 1D), but remained largely unchanged
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Figure 1. med17 thermosensitive mutants. (A) Med17 mutant phenotypes. Cultures of WT and mutant med17 yeast strains were serially diluted, spotted
on YPD agar plates and incubated for 3 days at permissive (30◦C) or non-permissive (37◦C) temperatures. (B) Mass spectrometry analysis of Mediator
integrity in med17 mutants. Mediator subunits identified by mass spectrometry analysis in WT and med17 mutants are indicated. (Immunoprecipitation)
Mediator was immunoprecipitated through Med5-HA from crude extracts using magnetic protein G beads coupled to anti-HA antibodies. The MED17
strain carrying a non-tagged Mediator subunit was used as a negative control (C for Control IP). (Mediator purification) Core Mediator complex containing
head, middle and tail modules was purified from med17 mutants and a wild-type strain. An asterisk marks Med21 subunit in med17-98 mutant that was
detected in a second data acquisition identifying two unique peptides and also by western blotting with anti-Med21 antibody (Supplementary Figure S3B).
(C) Silver-stain SDS-PAGE analysis of purified Mediator complex from the WT strain and med17 mutants. (D) Interaction between Pol II and Mediator in
med17-504 mutant. Rpb3-Myc Med17-EGFP strains with WT MED17 or a med17 mutation were grown at 30◦C in YPD medium and cross-linked or not
with formaldehyde (FA), as indicated. Med17-EGFP was immunoprecipitated (IP) with anti-EGFP antibody from crude extracts (Input) and analyzed
by western blotting with anti-Myc antibody (CoIP) against Rpb3. The cross-linked Rpb3-Med17 band is indicated in red. The position of unidentified
cross-linked proteins with the tagged Med17 or Rpb3 subunits is indicated by a vertical bar.
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in med17-98, 444 and 670 compared to the wild type (Sup-
plementary Figure S4).

The effect of med17 mutations after a transfer to 37◦C
on mRNA abundance of ADH1, PYK1 and PMA1 genes
was investigated (Supplementary Figure S5). The med17-98,
444 and 670 mutants were found to affect the level of these
mRNAs. The effect of med17-98 was accentuated at 37◦C
and that of other mutations was essentially similar at 30◦C
and 37◦C. It should be noted that med17-504 shows little,
if any, effect on the steady-state levels of the three mRNAs.
As the measurement of mRNA levels is a cumulative result
of RNA synthesis and RNA turnover, mRNA levels do not
fully reflect the effects of med17 mutations on transcription.
Moreover, it has been shown recently that cells can com-
pensate for global transcription changes by RNA degra-
dation changes to buffer cellular mRNA levels (53,54). We
measured Pol II occupancy on transcribed regions by ChIP
since it indicates transcriptional activity in yeast (55,56).

Mutations in Med17 differentially affect chromatin associa-
tion of PIC components on selected constitutively expressed
genes

To analyse the molecular effect of med17 mutations on PIC
formation, occupancy of Pol II, GTFs and Mediator was
determined by ChIP on selected constitutively expressed
genes. Yeast strains grown in YPD-rich medium and trans-
ferred to a non-permissive temperature (37◦C) for 45 min
were used for chromatin preparation. The association of
Mediator was measured by ChIP experiments with three
different Mediator subunits: Med6-HA (head), Med15-HA
(tail) and Med5-HA (tail) (Figure 2A–C). The Mediator
occupancy of the ADH1, PYK1 and PMA1 promoter re-
gions remained largely unchanged except for Med15 Medi-
ator occupancy that was reduced in the med17-444 mutant
and to some extent for other mutants on the PMA1 pro-
moter region. In contrast, all examined mutations led to a
decrease in Pol II association with the promoter and tran-
scribed regions of class II genes compared to the WT (Fig-
ure 2D), with med17-444 and med17-504 showing the most
pronounced effect, reflecting the effects on Pol II transcrip-
tion.

With the Mediator head module directly interacting with
TFIIH and TBP, the ability of med17 mutations to influ-
ence the occupancy of these GTFs was assessed in vivo.
Two TFIIH modules, TFIIH core (Rad3-HA subunit) and
TFIIK kinase module (Kin28-HA) were ChIPed (Figure 2E
and F). Interestingly, mutations in the Med17 Mediator
subunit were found to differentially affect the presence
of the two TFIIH modules on the ADH1, PYK1 and
PMA1 promoters. In the med17-98 and med17-504 mutants,
Med17 mutations led to a decrease in the occupancy of both
TFIIH modules. The med17-444 mutation specifically af-
fected Kin28 occupancy. More unexpectedly, a decrease in
Rad3 occupancy without any effect on Kin28 occupancy
was observed in med17-670, suggesting that TFIIH mod-
ules can behave independently in vivo.

TBP occupancy in med17 mutants was also analyzed
(Figure 2G). As previously observed for med11 Mediator
mutants, TBP occupancy was similar to that of the WT
strain in med17-98 and 670 mutants. In contrast, TBP as-

sociation to the ADH1, PYK1 and PMA1 gene promoters
was reduced in med17-444 and med17-504 indicating that
Mediator could affect the recruitment and/or stability of
this GTF in vivo.

Effects of med17 mutations on chromatin occupancy of PIC
components on the inducible GAL1 gene

To address the recruitment of PIC components to an in-
ducible yeast gene, ChIP experiments were performed with
Mediator, Pol II and GTFs in med17 mutants on the GAL1
gene. The association of Mediator (Med5 subunit), Pol II,
TFIIH core (Rad3 subunit), TFIIH kinase module (Kin28
subunit) and TBP were analyzed by ChIP at 45 min of galac-
tose induction (data not shown). The association of PIC
components was generally affected in the same manner as
for the three constitutively expressed genes, with med17-504
being an exception with reduced Mediator recruitment and
unmodified Rad3 and TBP recruitment to the GAL1 pro-
moter region at 45 min of galactose induction.

Two med17 mutants were chosen for further experiments
to address the kinetics of the GAL1 gene induction: med17-
444, since it is the only mutant that affected TBP recruit-
ment to the GAL1 promoter and med17-504, since its effects
on the GAL1 gene differ from those on the ADH1, PYK1
and PMA1 genes for several PIC components. Yeast cells
were grown in YP raffinose medium at 30◦C, then galactose
was added at the 0 time point and cultures were transferred
to 37◦C. Samples were collected at 0, 20, 40 and 60 min of
galactose induction and transfer to 37◦C. The kinetics of
Mediator, Pol II and TBP recruitment upon galactose in-
duction were analyzed in med17-444 and -504 mutants com-
pared to the wild type (Figure 3). Mediator recruitment was
decreased in med17-504 for all kinetics points, showing a
particular Mediator behavior on the GAL1 gene in this mu-
tant (Figure 3A). In the med17-444 mutant, Mediator oc-
cupancy of the GAL1 gene promoter reached a level similar
to that in the wild type, even though the kinetics of Medi-
ator recruitment were slower (20-min point). Pol II occu-
pancy generally followed that of Mediator (Figure 3B). The
med17-444 mutation was found to slow TBP recruitment
during galactose induction and med17-504 showed TBP re-
cruitment kinetics similar to that of the WT strain (Fig-
ure 3C).

Taken together, the ChIP results demonstrate that mu-
tations in the Med17 Mediator subunit could differentially
affect the recruitment of PIC components and also high-
light some gene-specific effects suggesting that regulatory
mechanisms might differ depending on particular Pol II-
transcribed genes.

Genome-wide location analysis of Mediator, Pol II, TBP and
TFIIH modules

To extend the ChIP analysis of PIC assembly to the whole
yeast genome, ChIP-seq experiments were performed for
Mediator (Med15 subunit), Pol II and GTFs (TBP and
two TFIIH subunits: Kin28 and Rad3). Input DNA and
DNA from ChIP with an untagged strain were used as neg-
ative controls. Figure 4A shows examples of ChIP-seq den-
sity distributions using the IGB for all proteins on selected
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Figure 2. Effect of med17 mutations on Mediator, Pol II, TFIIH and TBP occupancy. Cells were grown to exponential phase at 30◦C on YPD medium and
then transferred for 45 min to 37◦C. Quantitative ChIP experiments were performed using anti-HA antibody (12CA5) against Mediator subunits Med6-
HA (A), Med15-HA (B) or Med5-HA (C), Rad3-HA (E), Kin28-HA (F), TBP-HA (G) or anti-Rpb1 Pol II antibody (8WG16) (D). Immunoprecipitated
DNA was amplified with primers corresponding to ADH1, PMA1 and PYK1 ORF (O) or promoters (P). P1 primers listed in Supplementary Table S3
located close to upstream regulatory regions were used for Mediator ChIP experiments and P2 primers located close to core promoters were used for Pol
II, Rad3, Kin28 and TBP ChIP experiments. GAL1 ORF was used as a negative control. The mean values and standard deviation (indicated by error bars)
of three independent experiments are shown.

class II genes in WT strains. To correct for chromatin-state
bias corresponding to the highly expressed genomic loci ob-
served for control samples (15,45,57–59), the normalized
signals of an untagged strain sample were subtracted from
the ChIP samples for each protein as described previously
(45) and in the ‘Materials and Methods’ section. The ChIP
signals of Mediator inside ORFs most likely resulted from
chromatin-state bias and are mostly corrected by untagged
strain signal subtraction.

The location of Mediator, Pol II and GTF peaks were
compared around transcription start sites (TSS) in WT
strains in a metagene analysis (Figure 4B). To consider only
Pol II transcribed gene promoters, intergenic regions en-
compassing Pol III-transcribed genes were excluded. Diver-
gent genes with double peaks for GTFs were also excluded
from the analysis. Mean tag density (1 bp bin) was deter-
mined for each protein in a 1600-bp window centred on the
TSS. These analyses show that the ChIP-seq distributions of
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Figure 3. Kinetics of galactose induction in med17-444, -504 and WT
strains. Yeast strains were grown in raffinose-supplemented medium at
30◦C, then galactose was added, cultures were transferred at the same time
to 37◦C and samples were collected for ChIP experiments at indicated time
points upon galactose induction (T0, T20, T40 and T60 min). Quantita-
tive ChIP experiments were performed using anti-HA antibody (12CA5)
against Mediator subunit Med5-HA (A), TBP-HA (C) or anti-Rpb1 Pol II
antibody (8WG16) (B). The mean values and standard deviation (indicated
by error bars) of three independent experiments are shown. Immunopre-
cipitated fragments from ChIP experiments were amplified with primers
corresponding to the GAL1 gene promoter (GAL1 P) or ORF (GAL1 O).
A nontranscribed region on chromosome V was used as a negative control.

TFIIH subunits and TBP superposed with each other close
to TSS. As expected, Pol II is distributed inside transcribed
regions. Mediator distribution was located upstream of TSS
on regulatory regions.

med17 mutations can globally destabilize the PIC in vivo

To investigate whether PIC assembly is generally affected in
med17 mutants or in a gene-specific manner, the genome-
wide occupancy of Mediator, Pol II and GTFs were ana-
lyzed using ChIP-seq experiments in mutants to compare
them with the WT strains. Cells were grown at 30◦C in YPD
medium and then transferred for 45 min to 37◦C. The nor-
malization step is essential for ChIP-seq comparative anal-
ysis, but widely used normalization methods like a quantile

Figure 4. Enrichment profiles of Mediator, Pol II, TFIIH and TBP on
yeast genome. Cells were grown at 30◦C in YPD medium and then trans-
ferred for 45 minutes to 37◦C. (A) Examples of Mediator, Pol II, TBP, and
TFIIH ChIP-seq enrichment profiles on selected class II genes. Densities
of sequence tags were assessed from ChIP-seq experiments performed with
Med15-HA (Mediator), TBP-HA, Rad3-HA (TFIIH core), and Kin28-
HA (TFIIK) strains using anti-HA antibody. Pol II was immunoprecipi-
tated using anti-Rpb1 antibody. ChIP-seq density profiles are displayed us-
ing the IGB yeast genome browser. Input DNA and DNA from ChIP with
an untagged strain were used as negative controls. Densities of sequence
tags were displayed after subtraction of the normalized control of an un-
tagged strain. The scales in kiloreads are indicated for each profile. (B) Dis-
tribution of Mediator, TBP, TFIIH and Pol II ChIP-seq densities around
TSS. Intergenic regions encompassing Pol III-transcribed genes and diver-
gent genes were excluded. The tag density was determined for each protein
in a 1600-bp window centred on the TSS. The TSS positions were provided
from previous studies (4,5). Mean tag density for each nucleotide position
was then calculated and plotted over the window.

normalization step cannot be applied in situations where
occupancy increases or decreases genome-wide. To detect
the potential global effects of Mediator mutations on PIC
component occupancy, we performed the following normal-
ization step. A count of reads was determined on the pro-
moter regions of Pol II-transcribed genes for Med15, Rad3,
Kin28 and TBP, and on Pol II-transcribed gene ORFs for
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Pol II and then normalized relative to qPCR data on a set
of selected regions, as described in the ‘Materials and Meth-
ods’ section. Regression analysis of PIC component binding
in each med17 mutant versus WT was systematically per-
formed.

Genome-wide Mediator occupancy was analyzed for the
Med15 Mediator subunit. It was not possible to obtain
good quality ChIP-seq results for the Med5 Mediator tail
module subunit or the Med6 and Med8 Mediator head
module subunits (see ‘Materials and Methods’ section).
Chromatin associated with the Med17 Mediator head sub-
unit can be ChIPed efficiently. However, the addition of tags
to mutant subunits has been observed to potentially lead
to an aggravation of growth phenotypes. For this reason,
Med17 occupancy was not investigated in mutant strains.

The ChIP results on the selected class II genes showed
the most pronounced effects on Pol II, TBP and Kin28
occupancy for the med17-444 mutant whereas Rad3 occu-
pancy remained unaffected in this mutant (Figures 2 and 3).
Genome-wide analysis of the med17-444 mutant revealed a
global 1.8-fold decrease (the slope of regression line, shown
in red, is equal to 0.55) in Med15 Mediator occupancy with
a high correlation coefficient (R2 equal to 0.93) (Figure 5A).
As a consequence, the presence of other PIC components
like Pol II, TFIIH and TBP was also globally reduced to
a different extent. A global decrease in genome-wide occu-
pancy for Pol II and the Kin28 TFIIK subunit (2.6- and
2.7-fold, respectively) was observed. The TBP association
to chromatin was also globally affected with a 1.6-fold de-
crease. The Rad3 TFIIH core subunit binding was slightly
affected (1.2-fold decrease), consistent with the ChIP results
on the ADH1, PYK1 and PMA1 gene promoters. Taken to-
gether, the genome-wide results on the med17-444 mutant
confirmed a central role for the Med17 Mediator subunit in
PIC formation and suggested that the Mediator tail mod-
ule destabilization on the chromatin could lead to a global
change in the in-vivo binding of several PIC components but
only marginally affected Rad3 occupancy.

The med17-504 mutation was found to impair Pol II-
Mediator interaction (Figure 1D) and led to reduced bind-
ing of Pol II and GTFs to the ADH1, PYK1 and PMA1
genes (Figure 2) and Mediator, Pol II and some GTFs on
the GAL1 gene (Figure 3 for Mediator, Pol II and TBP, and
data not shown for TFIIH). To determine how general the
effects of med17-504 were, the genome-wide Mediator, Pol
II, Rad3, Kin28 and TBP occupancy were compared in this
mutant and the WT (Figure 5B). The genome–wide bind-
ing of the Mediator Med15 subunit in med17-504 was simi-
lar to that of the WT strain (the slope equal to 0.93 and R2

equal to 0.98). In contrast, the association of Pol II and the
GTFs was globally diminished in this mutant compared to
the WT, suggesting that the impaired Pol II–Mediator inter-
action leads to a general PIC assembly defect. The genome-
wide analysis of med17-444 and -504 mutants demonstrated
that a destabilization of Mediator binding to chromatin or
an impaired interaction between Mediator and Pol II glob-
ally destabilize the PIC assembly in vivo.

Mutations in the Med17 Mediator subunit specifically affect
the genome-wide association of the TFIIH core subcomplex

Previously, we have shown that mutations in the Med11 Me-
diator subunit affecting its interaction with the Rad3 TFIIH
core subunit can selectively impair the binding of the TFIIH
kinase module (27). Unexpectedly, the ChIP experiments
suggested that some med17 mutations like med17-670 could
lead to a selective dissociation of the Rad3 TFIIH core sub-
unit. TFIIH core genome-wide binding in med17 mutants
was therefore investigated. The ChIP-seq results revealed
that the genome-wide association of this TFIIH subcom-
plex was affected independently of the TFIIK subcomplex
in med17-670 (Figure 6A) and -98 mutants (Figure 6B).
A global 2-fold decrease of the Rad3 TFIIH core subunit
binding was observed in these mutants with the slope of re-
gression line equal to 0.55 and 0.51 for med17-670 and -98,
respectively, with high correlation coefficients. In contrast,
the association of the Kin28 TFIIK subunit was similar to
the WT level (the slope equal to 1.01 and 0.94, R2 equal
to 0.98 and 0.90 for med17-670 and -98, respectively). The
presence of the Med15 Mediator subunit was mostly un-
changed or only slightly decreased (the slope equal to 0.87
and 0.80, R2 equal to 0.93 and 0.94 for med17-670 and -98,
respectively). The genome-wide binding of TBP was not re-
duced and even showed a slight increase (the slope equal to
1.25 and 1.14, R2 equal to 0.92 and 0.96 for med17-670 and -
98, respectively). In the med17-670 mutant, a global 1.4-fold
decrease in Pol II occupancy was observed when compared
to the WT strain with the slope of regression line equal to
0.72 and a high correlation coefficient equal to 0.97. The
Pol II association was also reduced in the med17-98 mu-
tant showing a 1.2-fold global decrease with a reduced cor-
relation coefficient of 0.83 that suggested a more complex
transcriptional effect for this mutation. The genome-wide
analysis of PIC components of med17-670 and -98 mutants
suggests that Mediator can selectively affect the TFIIH core
subcomplex binding to the yeast genome without impairing
that of the TFIIH kinase module or TBP.

DISCUSSION

In this study, a genome-wide analysis of PIC assembly in
vivo was performed by taking advantage of conditional Me-
diator mutants of the essential Med17 head module subunit
after a transfer to a non-permissive temperature. We pro-
pose that the Mediator head module in general, and Med17
in particular, independently coordinate the PIC assembly
in vivo at different levels. (i) In accordance with previous
studies, the results of this work support a central role for
the Med17 Mediator subunit in Mediator organization and
function. We demonstrate that med17 mutants globally af-
fect Pol II transcription and specific mutations in Med17
could result in a global destabilization of PIC assembly in
vivo. (ii) The ChIP and ChIP-seq results show that Media-
tor selectively contributes to TBP recruitment or stabiliza-
tion to chromatin in vivo, supporting Mediator head-TBP
functional contact that was previously identified in vitro.
(iii) We show that Mediator recruitment stabilizes TFIIK
kinase and TFIIH core modules independently since med17
mutations can differentially affect the genome-wide occu-
pancy of the two TFIIH modules. We therefore propose that
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Figure 5. Global destabilization of PIC assembly in med17-444 and -504 mutant strains. The density of sequence tags in Med15, Rad3, Kin28 and TBP
ChIP-seq experiments was calculated for promoter regions of Pol II-transcribed genes. Cells were grown at 30◦C in YPD medium and then transferred
for 45 minutes to 37◦C. The density of sequence tags in the Pol II ChIP-seq experiments was calculated for the Pol II-transcribed genes. In all, 3852 Pol
II-enriched genes were used for these analyses. Tag densities were normalized relative to qPCR data on a set of selected genes. Each point on the plot
corresponds to one promoter region or one ORF. Promoter regions correspond to intergenic regions in tandem or in divergent orientation, excluding
intergenic regions encompassing Pol III-transcribed genes. A linear regression (red line) for ChIP-seq density in mutant versus ChIP-seq density in WT
and an R2 correlation coefficient are indicated. (A) Med15, Pol II, Rad3, Kin28 and TBP ChIP-seq density in med17-444 versus ChIP-seq density in WT
on class II promoter regions or ORFs (for Pol II). (B) Med15, Pol II, Rad3, Kin28 and TBP ChIPseq density in med17-504 versus ChIP-seq density in WT
on class II promoter regions or ORFs (for Pol II).
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Figure 6. Global decrease of TFIIH core association independent of TFIIK in med17-670 and -98 mutant strains. The density of sequence tags in the
Med15, Pol II, Rad3, Kin28 and TBP ChIP-seq experiments was calculated as in Figure 5. (A) Med15, Pol II, Rad3, Kin28 and TBP ChIP-seq density in
med17-670 versus ChIP-seq density in WT on class II promoter regions or ORFs (for Pol II). (B) Med15, Pol II, Rad3, Kin28 and TBP ChIPseq density
in med17-98 versus ChIP-seq density in WT on class II promoter regions or ORFs (for Pol II).
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the recruitment or the stability of TFIIH kinase and core
modules is regulated independently on the yeast genome.
(iv) This work suggests a possible mechanism for infantile
cerebral atrophy caused by a mutation in Med17. We pro-
pose that the corresponding mutation in yeast Med17 af-
fects Mediator–Pol II contact that leads to a global desta-
bilization of PICs.

Independent recruitment of TFIIH modules

The Mediator head module directly interacts with the
TFIIH complex via Med11-Rad3 contact and this interac-
tion is important for the recruitment of this GTF to pro-
moters (27). Mutations in the Med11 subunit differentially
affected the promoter occupancy of the TFIIH core and
TFIIK kinase modules. A med11 mutation that impaired
Mediator–TFIIH contact destabilized TFIIK on a group
of promoters. The genome-wide analysis of med17 mutants
performed in this study supports a functional role of Medi-
ator in the independent recruitment of TFIIH core (Rad3
subunit) and TFIIK kinase (Kin28 subunit) modules. In-
deed, the med17-504 mutation reduced the global associa-
tion of Rad3 and Kin28 to a similar extent. On the contrary,
the med17-444 mutation, while affecting the occupancy of
both TFIIH modules, displayed a particularly pronounced
decrease in Kin28 occupancy. These results show that the
TFIIK module was further destabilized in the med17-444
mutant, similarly to the med11-T47A mutant. Conversely,
we also observed that the genome-wide association of the
TFIIH core subcomplex could be affected independently of
the TFIIK subcomplex in med17-670 and med17-98 mu-
tants. A large decrease of Rad3 genome-wide occupancy
was observed in these mutants, whereas the association of
the Kin28 TFIIK subunit remained unchanged. Taken to-
gether, these results suggest that Mediator differentially af-
fects the recruitment or the stabilization of TFIIH modules
and that the stability of TFIIH modules is regulated inde-
pendently within the PICs. We show that two biochemically
separable TFIIH modules have independent in-vivo behav-
ior. The recruitment of the core TFIIH module can be se-
lectively affected, independently of TFIIK and TBP. In line
with the functional links between Mediator and TFIIK, one
of the Mediator functions consists in stimulating the CTD
phosphorylation by Kin28 TFIIK kinase (22). Moreover,
Kin28 was reported to phosphorylate Med4 and Med14
Mediator subunits in vitro (60) and Kin28 phosphorylation
of Med4 occurs in vivo (61). Recently, the phosphorylation
of the Pol II CTD by Kin28 TFIIK kinase has been re-
ported to regulate the transient association of Mediator to
core promoters and a release of Mediator from the PIC and
the promoter escape (15,56), highlighting reciprocal links
between Mediator and the TFIIK kinase module.

Mediator contribution to TBP recruitment in vivo

TBP directly binds to the Mediator head module via the
Med8–Med18–Med20 subcomplex (23,25). Previously, hu-
man Mediator and TBP-containing TFIID complexes have
been shown to assemble cooperatively on promoter DNA
in vitro (24). In accordance with in-vitro data, our in-vivo
genome-wide analysis of yeast Mediator mutants showed

that TBP chromatin binding could be affected by Mediator
mutations (med17-444 and -504). It should be noted that
the loss of Mediator function in the med17-138 mutant, in
which the Mediator head disassembles, has been previously
shown to reduce TBP occupancy of several class II promot-
ers (62,63). TBP association depended on the Mediator mu-
tant examined in this study. The genome-wide binding of
this GTF either did not decrease or was found to slightly
increase in the med17-670 and med17-98 mutants. In this
work, we identified mutations in the Med17 subunit that af-
fected global TBP binding to chromatin, further supporting
a coordinated behavior with Mediator. Interestingly, even
though the effects of med17 mutations are global, the range
of effects can depend on specific genes. For example, the
med17-504 mutation resulted in a global decrease in TBP
occupancy, but did not affect TBP recruitment to the GAL1
gene promoter upon transcription activation. Conversely,
the med17-98 mutation did not reduce genome-wide TBP
or TFIIK occupancy. However, in this mutant the TFIIK
binding, together with that of Pol II and the core TFIIH
module, was reduced on the three model promoters, but not
in the case of TBP. These results therefore suggest a selective
contribution of Mediator in TBP recruitment or stabiliza-
tion to chromatin.

Global stabilization of PIC by Mediator

In med17-444 and -504 mutants, PIC assembly was desta-
bilized leading to a decrease of Pol II, Rad3 TFIIH core
subunit, Kin28 TFIIK subunit and TBP presence. The fol-
lowing mechanistic explanations specific to each mutant
can be proposed. The presence of the Mediator tail mod-
ule (Med15 subunit) on chromatin was globally affected in
the med17-444 mutant. We propose that, as a consequence
of this effect on tail module occupancy, overall PIC assem-
bly is destabilized with a large decrease in Pol II, Kin28 and
TBP occupancy and a moderate effect on Rad3 occupancy.
In contrast, the binding of Mediator remained globally un-
affected in the med17-504 mutant. This mutation led also to
a global decrease in Pol II and GTF occupancy. We propose
that an impaired interaction between Mediator (the Med17
subunit) and Pol II (the Rpb3 subunit) in this mutant desta-
bilized the global PIC assembly in vivo, as was observed
for the Pol II rpb3-2 mutant with reduced Mediator–Pol
II interaction (28) highlighting the functional importance
of Mediator–Pol II contact. Taken together, our results re-
vealed that specific point mutations in the Med17 Media-
tor head subunit (med17-Q444P, med17-M504P) could re-
sult in the global destabilization of PIC assembly in vivo
through two different mechanisms, a destabilization of Me-
diator binding to chromatin or an impaired interaction be-
tween Mediator and Pol II, consistent with a central role for
the Med17 subunit in Mediator function.

Among the med17 mutants examined, only the med17-
444 mutation reduced the global Mediator tail (Med15 sub-
unit) occupancy. Other med17 mutations either did not
affect or only slightly reduced the level of genome-wide
Med15 binding to chromatin. ChIP experiments on the
ADH1, PYK1 and PMA1 genes did not reveal any decrease
in Med6 Mediator head or Med5 Mediator tail subunit oc-
cupancy in med17 mutants. Moreover, Mediator stability
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in the med17 mutants examined in this study is supported
by mass spectrometry and CoIP experiments indicating the
presence of all Mediator modules. A decrease in ChIP signal
for the Med15 Mediator tail subunit in med17-444 might re-
flect a conformational change in Mediator complex bound
to chromatin leading to reduced cross-linking efficiency or
Mediator tail destabilization on chromatin.

A possible mechanism for infantile cerebral atrophy

Mediator is conserved in all eukaryotes. The mutated
residues in the med17 mutants characterized in this study
correspond to the same (human Q310 for yeast Q444P in
med17-444 and human E314 for yeast E448Q, one of the
three mutations in med17-98) or functionally close (hu-
man L371 for yeast M504P in med17-504) amino acids in
human Med17 protein (Supplementary Figure S6). Given
the conservation of the Mediator subunits, the molecular
mechanisms of the Mediator function in PIC assembly are
probably conserved from yeast to human and might ex-
tend to all eukaryotes. We showed that the med17-M504P
mutation, proposed to be equivalent to the human mu-
tation responsible for infantile cerebral atrophy, led to a
severe temperature-sensitive phenotype in yeast, impaired
Pol II–Mediator interaction and resulted in a decrease of
genome-wide occupancy of all PIC components tested ex-
cept Mediator itself. These results suggest that infantile
cerebral atrophy might be the direct consequence of a de-
fect in Mediator–Pol II contact and a global destabilization
of PICs. Recently, we have shown that Mediator, in addi-
tion to its coregulator role, can also serve as a link between
transcription and DNA repair (45). Several med17 mutants
were UV-sensitive in a global-genome repair-deficient con-
text. Furthermore, med17–504 and the other mutants ana-
lyzed in this study do not show any increase in UV sensitiv-
ity (data not shown), suggesting that these mutations led to
transcriptional defects only.

Specific versus global effects of med17 mutations

One of the questions that we addressed in analysing the im-
pact of conditional mutations in the Med17 Mediator sub-
unit on genome-wide PIC assembly was its gene-specific
versus global nature. A high correlation between genome-
wide densities of PIC components highlights the global ef-
fects of med17 mutations. It should be noted that the range
of the effects could still be gene-specific. Consistent with a
central role for the Med17 subunit in Mediator function, all
med17 mutations reduced the global Pol II chromatin bind-
ing, but to a varying extent. The global decrease of Pol II oc-
cupancy in med17 mutants compared to the WT was associ-
ated with a high correlation coefficient, indicating that most
of the genes were affected to a similar extent. The med17-98
mutant was an exception since it showed a global decrease
of Pol II presence but with a reduced correlation coefficient
(R2 equal to 0.83) suggesting a more complex and gene-
specific transcriptional effect for this mutation. The occu-
pancy of the Kin28 TFIIK subunit remained globally un-
changed in the med17-98 mutant compared to the WT, but
Kin28 ChIP signals were decreased on the ADH1, PYK1
and PMA1 gene promoters. The med17-444 mutation did

not modify the presence of the Rad3 TFIIH core subunit
on the three constitutively expressed genes or the GAL1 in-
ducible gene, but our genome-wide analysis revealed a slight
decrease in global Rad3 occupancy. The med17-504 mutant
had a particular effect on the GAL1 gene, showing a reduced
Mediator association and unmodified Rad3 and TBP re-
cruitment, whereas the genome-wide Mediator occupancy
was similar to that of the WT and the occupancy of all other
PIC components was globally reduced.

In conclusion, we suggest that Mediator differentially co-
ordinates the multiple steps of a PIC assembly pathway in
vivo at the level of independent recruitment or stabilization
of several PIC components including Pol II, TBP and two
TFIIH modules. The global effects of Mediator mutations
on PIC formation are consistent with a central role for the
Med17 subunit in Mediator function and organization. Ad-
ditional PIC components, for example, GTFs that were not
examined in this study, might contribute to PIC assembly.
Together with Mediator, other coactivators, such as SAGA
or TFIID complexes, modify PIC assembly and activity. In
future studies it would be worth considering the dynamics
of PIC assembly to improve understanding of in-vivo tran-
scription mechanisms at work in eukaryotes.
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