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ABSTRACT

Transcription and maintenance of genome integrity
are fundamental cellular functions. Deregulation of
transcription and defects in DNA repair lead to se-
rious pathologies. The Mediator complex links RNA
polymerase (Pol) II transcription and nucleotide ex-
cision repair via Rad2/XPG endonuclease. However,
the functional interplay between Rad2/XPG, Media-
tor and Pol II remains to be determined. In this study,
we investigated their functional dynamics using ge-
nomic and genetic approaches. In a mutant affected
in Pol II phosphorylation leading to Mediator stabi-
lization on core promoters, Rad2 genome-wide occu-
pancy shifts towards core promoters following that
of Mediator, but decreases on transcribed regions
together with Pol II. Specific Mediator mutations in-
crease UV sensitivity, reduce Rad2 recruitment to
transcribed regions, lead to uncoupling of Rad2, Me-
diator and Pol II and to colethality with deletion of
Rpb9 Pol II subunit involved in transcription-coupled
repair. We provide new insights into the functional
interplay between Rad2, Mediator and Pol II and pro-
pose that dynamic interactions with Mediator and Pol
II are involved in Rad2 loading to the chromatin. Our
work contributes to the understanding of the com-
plex link between transcription and DNA repair ma-
chineries, dysfunction of which leads to severe dis-
eases.

INTRODUCTION

Maintenance of genome integrity is essential for the nor-
mal cell function. A number of mechanisms have evolved
to repair DNA damages induced by genotoxic agents or cel-
lular metabolism. Nucleotide excision DNA repair (NER)
is a unique evolutionarily conserved pathway that specif-
ically removes bulky and/or helix-distorting DNA lesions
including photoproducts induced by UV light (1,2). These
DNA lesions can interfere with replication and transcrip-
tion, emphasizing the importance of NER for cellular phys-
iology. Given an essential role of NER, inherited defects
in this DNA repair pathway lead to severe diseases in-
cluding xeroderma pigmentosum (XP) and Cockayne syn-
drome (CS). NER factors recognize the DNA lesions, in-
cise and excise the damaged DNA fragment from the ge-
nomic DNA allowing repair synthesis. Two subpathways
have been proposed for NER mechanisms. Global genome
repair (GGR) removes DNA lesions in the genome over-
all, and transcription-coupled repair (TCR) removes DNA
lesions interfering with RNA polymerase II (Pol II) pro-
gression through actively-transcribed regions (3–7). TCR-
specific Rad26/CSB protein was shown to bind the stalled
Pol II to initiate the TCR complex assembly, but the ex-
istence of Rad26-independent TCR was also proposed in
yeast (8–10).

Rad2/XPG is a DNA-repair 3′-endonuclease involved
in NER. In human, mutations in XPG gene constitute
one of the complementation groups found in patients with
XP or combined XP/CS syndromes. Together with Rad1–
10/XPF-ERCC1 5′-endonuclease, Rad2/XPG ensures the
dual incision of the damaged DNA in both NER subpath-
ways. Crystal structure of catalytic core of Rad2 in complex
with DNA substrate has been reported (11). In addition
to its nuclease activity, a non-catalytic function for human
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XPG in coordinated recognition of stalled transcription
together with CSB, human homolog of yeast Rad26, has
been proposed in TCR initiation (12). Previously, links of
human XPG with transcription of nuclear receptor (NR)-
dependent genes have been suggested, since XPG formed
a stable complex with TFIIH allowing transactivation (13)
and was present on active promoters and distal regions of
NR-dependent genes (14,15). XPG roles have been also pro-
posed in other DNA repair mechanisms, such as the pro-
cessing of RNA-DNA hybrids into DNA double-strand
breaks (16) or a non-catalytic function in homologous re-
combination (17).

Recently, we identified a novel link between Rad2/XPG
and the Mediator complex (18). Mediator is a multisub-
unit coactivator complex conserved from yeast to human
cells (19–22). In human, Mediator subunits have been in-
volved in many diseases including several types of cancer
(23,24). This complex plays a crucial role in Pol II tran-
scription regulation. It is recruited to regulatory regions
via direct interactions with specific transcription factors.
Mediator is also in direct contact with Pol II serving as
a functional bridge between specific regulators and Pol II
basal transcription machinery. Mediator acts in coopera-
tion with general transcription factors (GTFs) in preiniti-
ation complex (PIC) assembly on core promoters (25). It
has been shown recently that depletion or inactivation of
Kin28 kinase subunit of TFIIH, one of the GTF, stabilizes
a transient association of Mediator with the PIC assem-
bled on core promoters (26,27). A modular organization of
Mediator in head, middle, tail and Cdk8 kinase modules
contributes to Mediator function. Crystallographic models
have been reported for several yeast Mediator submodules
(28), the head module (29–31) and more recently for core
Mediator composed of head and middle modules (32). Our
recent discovery of a Mediator link to NER suggested the
Mediator functions beyond the transcription process per se
(18). Yeast two-hybrid and coimmunoprecipitation experi-
ments show that the essential Med17 Mediator subunit in-
teracts with Rad2/XPG DNA repair protein. Binding of
human MED17 to XPG was also observed in vitro (33).
Genome-wide location analyses revealed that Rad2 was as-
sociated with upstream activating sequences (UAS) in the
absence of exogenous genotoxic stress and that Rad2 oc-
cupancy of UAS was highly correlated with that of Media-
tor. In addition, Rad2 was enriched on transcribed regions
of class II genes, correlating with Pol II occupancy. Inter-
estingly, Rad2 occupancy of Pol II-transcribed genes was
strongly decreased in rpb1–1 Pol II mutant when transcrip-
tion was rapidly stopped, demonstrating that Rad2 bind-
ing to the chromatin was transcription-dependent. This de-
crease in Rad2 occupancy was observed on UAS and tran-
scribed regions. However, no growth phenotypes, except UV
sensitivity, or transcriptional effects were observed in the
rad2Δ context suggesting that Rad2 does not play a ma-
jor role in the transcriptional process in yeast. On the con-
trary, specific med17 Mediator mutants were UV-sensitive
in a GGR-deficient genetic background. This UV sensitiv-
ity of med17 mutants was correlated with reduced Rad2 oc-
cupancy of Pol II-transcribed genes, and a concomitant de-
crease of the interaction between Mediator and Rad2 pro-
tein.

RNA polymerase II is the main component of the tran-
scription machinery and the first complex that encounters
the DNA damage in TCR (4–7). Rpb9 Pol II subunit is non-
essential in yeast. Rpb9 modulates transcription start site
(TSS) selection (34) and is required, together with TFIIS,
to stimulate the intrinsic RNA cleavage activity of Pol II
(35). In addition, Rpb9 subunit was proposed to be involved
in an alternative, Rad26-independent TCR process, since in
yeast its deletion increased the UV sensitivity of rad26 strain
in a GGR-deficient context (36,37). It should be noted that
Pol II interacts with Rad2/XPG in yeast and in human cells.
Indeed, XPG protein was reported to coimmunoprecipitate
with Pol II in crude extracts from undamaged HeLa cells
(12). In yeast, we showed that Rad2 also coimmunoprecip-
itated with Pol II (18). Mediator is well known to directly
interact with Pol II and these contacts are essential for tran-
scription regulation (38–44). It remains to be determined
how Mediator link to Rad2/XPG is related to Pol II and
how Rad2 recruited by Mediator to UAS arrives on tran-
scribed regions in regards to physical interactions and func-
tional interplay between Mediator, Rad2/XPG and Pol II,
three crucial components of nuclear machineries. It is also
unknown if Mediator implication in TCR is Rad26- and/or
Rpb9-dependent. Our understanding of the functional dy-
namics between TCR-related proteins/complexes is impor-
tant to address one of the key biological questions on a com-
plex cooperation between transcription and DNA repair in
vivo on a genomic scale.

In this work, we used kin28 TFIIH, med17 Mediator and
rpb9 Pol II mutants to precisely decipher the functional in-
terplay between Mediator, Rad2 and Pol II. We show that
in a kin28 mutant, in which a transient association of Me-
diator with Pol II and the PIC is stabilized on core pro-
moters, Rad2 genome-wide occupancy shifts towards the
core promoters following that of Mediator but is decreased
on transcribed regions. We then performed extensive muta-
tional analysis of Rad2-interacting domain of Med17 and
showed that specific med17 mutations are involved in UV
sensitivity, reduce Rad2 recruitment to transcribed regions
and lead to uncoupling of Rad2 with Mediator and Pol II.
Finally, we deleted Rpb9 Pol II subunit involved in TCR,
which leads to allele-specific colethality with UV-sensitive
Mediator mutants. Rpb9 deletion also leads to Rad2 sta-
bilization on regulatory regions. Taken together, our data
provide new insights into the functional interplay between
Mediator, Rad2 and Pol II. We propose that Rad2 loading
to regulatory regions bound by Mediator and its associa-
tion with transcribed regions enriched in elongating Pol II
could be connected and dependent on its dynamic interac-
tions with Mediator and Pol II. Importantly, our work con-
tributes to our understanding of a complex relation between
transcription and DNA repair machineries, as well as Me-
diator implication in this link.

MATERIALS AND METHODS

Strains and plasmids

All Saccharomyces cerevisiae strains, plasmids and oligonu-
cleotides used in this study can be found in Supplementary
Tables S1–3.



8990 Nucleic Acids Research, 2019, Vol. 47, No. 17

To generate yeast strains allowing to test MED17 mu-
tations, strains with med17 deletion complemented by
a URA-selectable plasmid carrying the wild-type (WT)
MED17 (med17Δ/MED17 URA) were transformed with
a TRP-selectable plasmid carrying the WT or mutated
MED17. Transformed clones obtained on medium with-
out tryptophan were grown for 2 days on a non-selective
medium (YPD) at 25◦C and then replica-plated on 5-FOA
containing medium. After 3 days, plates were replicated
again on 5-FOA containing medium, and finally on medium
without tryptophan after 3 more days. The plasmids were
checked by polymerase chain reaction (PCR) and sequenc-
ing.

Random mutagenesis of Med17 and mutation screening

Briefly, we amplified Med17 (382–681) domain in the pres-
ence of 7 mM MgCl2 and 0.1 (A) or 0.5 mM (B) MnCl2
for 30 PCR cycles. PCR product were purified and mixed
with a linearized yeast expression vector pVV204 includ-
ing the coding sequence of Med17 without its C-terminal
domain and TRP auxotrophic marker. The mix was co-
transformed in a rad7Δ med17Δ/MED17 URA yeast strain
and plated to have 8000–10 000 colonies. MED17 URA
vector was then chased by replicating plates on 5-FOA
containing medium. Selected colonies were finally repli-
cated on three YPD plates, one kept at 30◦C, one at 37◦C
and one treated with 30 J/m2 UVC before being incu-
bated at 30◦C in the dark. We looked for clones with ei-
ther UV-sensitivity or temperature sensitivity phenotypes.
Selected clones were streaked on medium without trypto-
phan (Casamino Acids medium supplemented with adenine
and uracil, CAU), and their phenotypes were confirmed by
spotting assay. The genomic DNA was then prepared and
transformed in DH10b competent cells, using Ampicillin
as selectable marker. Mutated vector was purified and re-
transformed in rad7Δ med17Δ/MED17 URA strain, be-
fore counterselecting MED17 URA vector on 5-FOA, in
order to verify that the observed phenotypes were due to
Med17 mutations. When it was the case, the plasmids were
sequenced to determine Med17 mutations.

Site-directed mutagenesis of Med17

To generate specific mutations, we designed mutagenesis
primers with 15–20 nt overhangs surrounding the targeted
base mutation in the forward and reverse orientation. Two
PCR products were amplified, one with primers Med17-
F-attB1 and reverse mutagenesis primer, the other with
primer Med17-R-attB2 and forward mutagenesis primer,
using Phusion Flash Mastermix (ThermoFisher), accord-
ing to manufacturer’s instructions (15 cycles) and 100 ng
pVV204-MED17 plasmid as a template. PCR products
were separated on an agarose gel, the desired gel bands were
excised, pooled and purified using Qiaquick Gel Extraction
Kit (Qiagen), according to manufacturer’s instructions. A
total of 20 �l of the combined PCR products were mixed
with an equal amount of Phusion Flash Mastermix, and
seven PCR cycles were run without primers. A total of 25
pmol Med17-F-attB1 and Med17-R-attB2 (2.5 �l of a 10
�M stock), mixed with 5 �l of Phusion Flash Mastermix,

were then added to the PCR mix and 15 PCR cycles were
run. A total of 5 �l of the reaction were deposited on gel
to confirm that the desired PCR product was obtained. The
other 45 �l were purified using Qiaquick PCR Purification
Kit (Qiagen).

For truncations of MED17 or RAD2, attB-containing
primers were designed to amplify the desired portion of
MED17 or RAD2. Products were amplified using Phusion
Flash Mastermix (ThermoFisher) for 30 cycles, and 100 ng
YPH500 genomic DNA as a template.

PCR products containing attB sites were inserted in
pDONR201 plasmid using Gateway BP Clonase II Enzyme
mix (ThermoFisher). The obtained donor plasmid was then
used to transfer mutated Med17 cassette in pVV212 (for
GAL4-DBD fusion constructs), pVV213 (for GAL4-AD
fusion constructs) or pVV204 (for yeast expression plas-
mids with TRP auxotrophic marker) Gateway Destination
plasmids, using Gateway LR Clonase II Enzyme mix (Ther-
moFisher), according to manufacturer’s instructions.

Yeast two-hybrid assay

For yeast two-hybrid assay, haploid strains (Y187 and
Y190) were transformed with constructs expressing the de-
sired gene in fusion with Gal4 DNA-binding domain (with
TRP auxotrophic marker) or Gal4 activating domain (with
LEU auxotrophic marker), respectively. Clones growing on
-trp or -leu medium, respectively, were selected and the pres-
ence of the plasmid was verified by PCR.

Haploid strains growing on -trp and -leu agar plates were
scraped and resuspended in sterile water. Y187 and Y190
derived strains were mated together by spotting 2.5 �l of
each suspension on a YPD plate and incubating at 30◦C
overnight. Patches were replica-plated on -trp -leu plates
and incubated for 3 days at 30◦C. Sufficient amounts of
diploid yeasts were scraped and resuspended in synthetic
defined (SD) medium supplemented with 40 mg/l Ala-
nine (SD+2A). Optical Density at 600nm of the suspension
was measured, and the suspension was diluted to obtain
an OD600 of 0.1. 10 �l of this dilution were then spotted
on agar plates containing either SD+2A medium supple-
mented with 10, 25 or 50 mM 3-amino-1,2,4-triazole (3AT),
or -leu -trp medium, and incubated for 3 days at 30◦C.

When indicated, X-gal staining was done as follows: for
one 120 mm square petri dish, 10 ml 1% Agarose in water
was mixed with 10 ml phosphate buffer (made from 6.15 ml
1M K2HPO4 and 3.85 ml 1M KH2PO4 aqueous solutions),
both prewarmed at 50◦C. 1.2 ml N,N-dimethylformamide
(DMF), 0.2 ml 10% sodium dodecyl sulphate (SDS) solu-
tion (in ddH2O) and 0.2 ml of 4% X-Gal solution (in DMF,
kept at −20◦C) were successively added to the mix. The mix
was then poured onto yeast spots. As soon as solidified, the
plate was incubated at 30◦C for 24 h. Pictures were taken
using an office scanner, plate open in direction of the scan-
ner. Luminosity and contrast were adjusted using ImageJ
software.

Spotting assay

Yeast were grown on YPD plates for 2–3 days at 25◦C. Suffi-
cient amounts of cells were scraped and resuspended in wa-
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ter. Optical Density at 600 nm of the suspension was mea-
sured, and the suspension was diluted to obtain an OD600
of 0.5. Serial dilutions were then led to obtain suspensions
with OD600 of 0.05, 0.005 and 0.0005. A total of 5 �l of each
dilution was spotted on YPD agar plates, sometimes sup-
plemented with 4-NQO or hydroxyurea as indicated. Once
dried, spots were irradiated with the indicated UV dose us-
ing a UV Stratalinker 1800 (Stratagene). Plates were then
incubated at 25◦C, 30◦C or 37◦C for 3 days, as indicated.
Pictures were taken using an office scanner, plate open in
direction of the scanner. Luminosity and contrast were ad-
justed using ImageJ software.

Coimmunoprecipitation

A total of 100 ml exponentially growing cells were col-
lected by centrifugation, washed and cell lysis was per-
formed by bead-beating for 30 min at 4◦C in WB+ buffer
(10% Glycerol, 50 mM Hepes-KOH pH 7.5, 150 mM NaCl,
1 mM ethylenediaminetetraacetic acid (EDTA), 0.05% NP-
40, 1 mM dithiothreitol (DTT), 1 mM PMSF, cOmplete
protease inhibitor cocktails (Roche)), as described previ-
ously (18). Protein concentration was measured using Brad-
ford method, taking bovine serum albumin (BSA) as refer-
ence.

Protein extracts were then used for co-IP as follows:
50 �l Dynabeads pan-mouse IgG were washed three times
in phosphate-buffered saline (PBS) containing 0.1% BSA,
and incubated 1 h with antibodies (70 ng/�l anti-HA
(12CA5), 30 ng/�l anti-Myc (9E10), 100 ng/�l anti-Rpb1-
CTD (8WG16) or 80 ng/�l anti-Flag (M2)) at 4◦C. Beads
were washed again three times in PBS/0.1% BSA, then two
times in WB+ buffer. A total of 1.5 mg of proteins were
added to beads and WB+ buffer was added to adjust volume
to have the same volume in all samples (at least 50 �l). Beads
and proteins were incubated together for 3 h at 4◦C with
constant agitation (1300 rpm). Beads were then washed
four times in WB+ buffer. A total of 40 �l SDS Sample
buffer (15% Glycerol, 3% SDS, 75 mM Tris–HCl, pH 6.8, 15
mM EDTA) was finally added to beads, and samples (with
beads) were kept at −80◦C until further analysis.

Just prior to SDS-polyacrylamide gel electrophoresis
analysis, samples were thawed, supplemented with 5 �l 1M
DTT and incubated at 95◦C for 2 min. Separation was done
on 8% bis-acrylamide gels in Tris-Glycine-SDS buffer, and
proteins were transferred on Amersham Protran 0.2 NC
membranes (GE Healthcare) for western blotting. Mem-
branes were preblocked overnight in Tris-buffered-saline
supplemented with 0.5% Tween 20 (TBS-T) and 5% Milk,
then incubated 1 h with the indicated antibody in TBS-T
with 2% Milk. After three washes in TBS-T, membranes
were incubated 45 min in TBS-T with 2% Milk contain-
ing secondary antibodies (HRP-anti Mouse-IgG (H+L)
(Promega)). After three more washes in TBS-T, detec-
tion was carried out using Amersham ECL or ECL-Prime
reagents (GE Healthcare). Imaging was done using a Fu-
sion FX7 imaging system. Luminosity and contrast were
adjusted using ImageJ software.

The relative intensity of immune staining was quanti-
fied using ImageJ software. The intensity of immune stain-
ing for coimmunoprecipitated protein signals relative to the

WT was normalized against immunoprecipitation signals.
The mean values and standard deviation (indicated by error
bars) of three or four independent experiments were calcu-
lated.

Chromatin immunoprecipitation

Chromatin immunoprecipitation was done as previously
described (18) except for a sonication step performed on
a S220 focused-ultrasonicator (Covaris) in 1 ml milliTube
(Covaris), for two cycles of 3 min spaced by a 30 s rest
time. Each cycle consisted of 150W pulses for 10% of the
time (duty factor 10). Sonicated lysates were then trans-
ferred to a new 2 ml safe-lock tube and the centrifugation
was performed at 15 000 g for 20 min. Supernatant was col-
lected and combined with 300 �l FA/SDS/PMSF (50mM
HEPES-KOH, pH 7.5, 150 mM NaCl, 1 mM EDTA,
0.1% sodium deoxycholate, 1% Triton X100, 0.1% SDS, 1
mM PMSF). Sonicated chromatin was divided in 250 �l
aliquots, snap-frozen in liquid nitrogen and kept at −80◦C
until further use.

Immunoprecipitation, DNA precipitation and library
preparation were done on an IP-Star compact automated
system (Diagenode) using built-in programs and following
manufacturer’s instructions, with the following exceptions
(Denby Wilkes et al., in preparation), except for kin28-ts
and the corresponding WT samples prepared as previously
described (18).

IP was done using the ChIP IPure 200 D program, at
22◦C, with 1 h ‘Ab coating’ (Slow speed), 3 h ‘IP reaction’
(Medium speed) and 5 min ‘washes’ (Fast speed). ‘Beads
wash buffer’ was PBS + 0.1% BSA, FA/SDS adjusted to
500 mM NaCl was used for ‘IP Wash 1’ and ‘IP Wash 2’,
‘IP Wash 3’ was done with IP buffer (Tris 10 mM pH8,
LiCl 0.25M, EDTA 1 mM, NP40 0.5%, Na-Deoxycholate
0.5%), ‘IP Wash 4’ was done with TE (Tris 10 mM pH
8, EDTA 1 mM). ‘Elution buffer’ was the elution buffer
(A+B) of Auto iPure kit V2 (Diagenode). ‘Ab coating mix’
was anti-HA (12CA5, 35 ng/�l), anti-Myc (9E10, 15 ng/�l)
or anti-Rpb1-CTD (8WG16, 50 ng/�l) completed to 100
�l with ‘Beads wash buffer’. ‘Sample’ was 200 �l sheared
chromatin, supplemented with 4 �l of 5% BSA and 4 �l
50X Protease Inhibitor Cocktail (prepared by dissolving
one cOmplete tablet in 1 ml ddH2O). A total of 20 �l Dia-
Mag protein A-coated magnetic beads (Diagenode) were
used per sample.

After program completion, strips containing the eluates
were warmed to redissolve precipitated SDS, eluates were
recovered using a magnetic stand, 5 �l of 5M NaCl was
added to eluates and they were incubated for 4 h at 65◦C to
reverse crosslink. A total of 1 �l RNase A (1 mg/ml, Ther-
moFisher) was added to eluates and they were then incu-
bated for 30 min at 37◦C. DNA purification was done on
IP-Star system using Auto iPure kit V2 (Diagenode), with
iPure program selected (50 �l elution), following manufac-
turer’s instructions.

Three biological replicates were used for ChIP experi-
ments analysed by qPCR and then combined for sequenc-
ing. Library preparation for ChIP-seq was performed on
IP-Star system using MicroPlex Library Preparation Kit v2
(Diagenode), following manufacturer’s instructions.
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ChIP-seq data analysis

ChIP-seq data were analysed using the following proce-
dure. Reads were first trimmed with cutadapt (v1.12, http:
//dx.doi.org/10.14806/ej.17.1.200) then mapped on S. cere-
visiae genome (University of California at Santa Cruz
[UCSC] version sacCer3) using bowtie2 (v2.2.1, (45)). Files
were converted using Samtools (v1.16, (46)) and deepTools
(v2.4.2–4-99ec5d, (47)). Read counts were first normalized
in RPM (Reads Per Million of mapped reads) then by qPCR
data, on a set of selected regions, using the ratio between
WT and mutant strains as previously described (48). The
number of mapped reads for each ChIP-seq experiment and
normalization coefficients are indicated in Supplementary
Table S5. Input DNA and DNA from ChIP with an un-
tagged strain were used as negative controls.

The transcribed regions were determined using the TSS
and TES (Transcription End Sites) of mRNA genes taken
from (49,50) (n = 5337). In each experiment, transcribed
regions were grouped in deciles based on their average Pol
II occupancy signal in the WT. Med15 Mediator subunit
and Rad3 TFIIH subunit peaks were called from the data in
(18,25,48) using MACS2 (v2.1.10) and filtered (fold-change
>2.5 and P-value < 1e-10) (n = 561 for Med15 and n = 2411
for Rad3). Peaks that were further than 1 kb away from a
TSS were discarded. Promoter regions (n = 4068) were de-
fined as corresponding intergenic regions in tandem or in
divergent orientation in yeast genome excluding intergenic
regions encompassing Pol III-transcribed genes. In order to
avoid potential biases that could arise from low enrichment
of Rad2 ChIP, we focused our analysis on the most Pol II-
enriched decile. All correlations were calculated with Spear-
man method (51). All figures were prepared using R pack-
ages (https://www.R-project.org/). Data visualization pack-
age for R ggplot2 was used to prepare Supplementary Fig-
ures S9 and 10 (52).

RESULTS

Rad2 is blocked on promoter regions in a kin28 mutant

To analyse Rad2-Mediator-Pol II functional interplay, we
sought to determine if Rad2 occupancy depends on the
transient contact between Mediator and Pol II on the core
promoters. We therefore used a temperature-sensitive mu-
tant of Kin28 TFIIH subunit, kin28-ts16 (53). In this mu-
tant, shifting from 25◦C to 37◦C decreased Pol II CTD
phosphorylation that regulates the promoter escape of the
enzyme. Previously, Mediator stabilization on core promot-
ers where the PIC is assembled was evidenced after deple-
tion or inhibition of Kin28 (26,27,54,55).

To determine genome-wide Mediator, Pol II and Rad2
distribution in kin28 mutant, we performed ChIP followed
by high throughput sequencing (ChIP-seq). Med17 Medi-
ator subunit, Rad2 and Rpb1 Pol II subunit occupancy
were analysed after a transfer of the WT and kin28-ts mu-
tant cells to 37◦C for 75 min. ChIP followed by qPCR were
also performed on selected UASs, core promoters and tran-
scribed regions (Supplementary Figure S1). Bioinformatic
analyses of Mediator (Med17 subunit) profile in kin28 mu-
tant showed the appearance of peaks corresponding to core
promoter regions that aligned with TFIIH (Rad3 subunit)

peaks (black arrows on Figure 1A), whereas these peaks
were low or absent in the WT strain (Figure 1A and C), in
agreement with previous observation of Mediator stabiliza-
tion in Kin28-depleted or inhibited contexts (26,27,54,55).
Metagene (or average density profile) analysis was per-
formed for Rad3 TFIIH peaks, corresponding to core pro-
moter regions, and Med15 Mediator peaks, correspond-
ing to UASs. Average density profiles show an increase in
Med17 enrichment on UAS (Figure 1B, upper panel) and a
clear enrichment of Med17 in the vicinity of Rad3 TFIIH
peaks, corresponding to core promoter regions (Figure 1C,
upper panel). This suggests the stabilization of a Mediator-
containing intermediate on the core promoters, due to the
decrease in Pol II phosphorylation (26,27,54,55). Media-
tor occupancy ratios between the kin28 mutant and the
WT clearly indicate this Mediator stabilization on the core
promoters (Figure 1D and Supplementary Figure S2, ra-
tio panels). Interestingly, our results show clear changes in
Rad2 distribution in kin28 mutant compared to the WT
(Figure 1 and Supplementary Figure S2). Specific exam-
ples on Figure 1A illustrate an increase in Rad2 occupancy
peaks on regulatory regions in kin28 mutant and a shift of
Rad2 distribution in this mutant towards the core promot-
ers defined by Rad3 TFIIH subunit peaks (black arrows on
Figure 1A). Metagene analysis demonstrated that Rad2 as-
sociation was increased on UAS in the vicinity of Media-
tor enrichment peaks defined in the WT context (Figure
1B). Rad2 occupancy in kin28 mutant was also increased
on core promoters. Our analysis showed that Rad2 distri-
bution was shifted towards the core promoters in the kin28
context, following the Mediator stabilization on these re-
gions, although to a lesser extent than Mediator (Figure 1C
and D, note also an asymmetric Rad2 distribution in kin28-
ts on UAS in Figure 1B). Compared to Mediator, which was
stabilized mostly on core promoters, the highest Rad2 occu-
pancy ratio between the kin28 mutant and the WT was lo-
cated between the UAS and the core promoter (Figure 1D
and Supplementary Figure S2, ratio panels). Importantly,
the maximal Rad2 occupancy ratio between kin28 mutant
and the WT was similar to that of Mediator (∼2-fold, Fig-
ure 1D). Finally, the presence of Rad2 was reduced on tran-
scribed regions on a genomic scale, together with a global
decrease in Pol II association (Figure 2A; Supplementary
Figures S1 and 3). Indeed, Pol II occupancy was strongly
decreased in kin28-ts16 mutant compared to the WT strain
(Figure 1A; Supplementary Figures S1 and 3). We noted
that a global decrease in Pol II occupancy was less pro-
nounced at the beginning of transcribed regions, when the
Pol II occupancy ratios between kin28-ts mutant and the
WT were analysed (Supplementary Figures S2, ratio pan-
els and Supplementary Figure S3, right panels). This fact is
consistent with Pol II promoter escape defect in kin28 mu-
tants (26,27,54,55). Figure 2A (middle panel) clearly shows
major changes of Rad2 genome-wide occupancy in kin28
mutant compared to the WT with an increase on UASs and
core promoters and a decrease within transcribed regions.

To determine if a part of the observed changes in Rad2,
Mediator and Pol II chromatin binding could be explained
by modified interactions between these protein/complexes,
we performed coimmunoprecipitation experiments with
crude extracts from kin28-ts mutant compared to the

http://dx.doi.org/10.14806/ej.17.1.200
https://www.R-project.org/
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Figure 1. Effects of kin28-ts mutation on genome-wide Mediator and Rad2 occupancy. (A) Examples of ChIP-seq tag density profile of Mediator (Med17),
Rad2, Pol II (Rpb1) and TFIIH (Rad3) in WT and kin28-ts context following a 75-min shift from 25◦C to 37◦C. ChIP-seq was done on the chromatin
from exponentially growing yeasts expressing tagged versions of Med17 (Myc) and Rad2 (HA) in WT or kin28-ts context. Mapped reads were extended
to 150 bp, and the number of reads for each position of the genome was counted to determine tag density. Densities were scaled per millions reads, and
normalization step was performed as described in ‘Materials and Methods’ section. Alignment of Med17 Mediator peaks present in kin28-ts mutant, and
low or absent in WT strain, with Rad3 TFIIH peaks in core promoter regions is indicated by the vertical dashed lines. The black arrows point to the increase
of Mediator on core promoter regions and increase of Rad2 on UAS and core promoter regions. (B and C) Average tag density in Med17 Mediator ChIP
(upper panel) and Rad2 ChIP (lower panel), around Med15 Mediator peaks (B, UAS, 1000 bp window) and Rad3 TFIIH peaks (C, Core promoter, 1000
bp window). Average tag density in WT strains is indicated in blue, whereas average tag density in kin28-ts strains is indicated in green. (D) Mediator (in
brown) and Rad2 (in pink) occupancy ratio between kin28-ts mutant and the WT around Med15 Mediator peaks (UAS, 1000 bp window). The maximum
of the Rad2 occupancy ratios is located between UAS and the maximum for Mediator occupancy ratios.
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Figure 2. Effects of kin28-ts mutation on genome-wide Mediator, Rad2 and Pol II occupancy on transcribed regions and Mediator/Rad2/Pol II inter-
actions. (A) Average tag density in Med17 Mediator ChIP (upper panel), Rad2 ChIP (middle panel) and Rpb1 Pol II ChIP (lower panel) on transcribed
regions (scaled windows for 500 bp before TSS, between TSS and TES, and 500 bp after TES, 10% Pol II most-enriched regions in WT). Average tag
density in WT strains is indicated in blue, whereas average tag density in kin28-ts strains is indicated in green. The black arrows point to the increase in
Rad2 signal on regulatory and core promoter regions in kin28 mutant compared to the WT. (B) Effect of kin28-ts mutation on Mediator/Rad2/Pol II
interactions. Western blot analysis of Mediator interaction with Rad2 and Pol II. Crude extracts were prepared from yeasts expressing tagged versions of
Med17 (Myc) and Rad2 (HA) in the WT strain and kin28-ts mutant following a 75-min shift at 37◦C, after reaching exponential phase at 25◦C. Samples
were immunoprecipitated with �-Rpb1 (Pol II) antibody (IP). Immunoprecipitates and Inputs were analysed by western blotting with �-Myc, �-HA and
�-Rpb1 antibodies. The effect of kin28-ts mutation on Ser5 phosphorylation of Pol II CTD was verified by western blotting with an antibody against
Ser5P-CTD (H14, Abcam). The intensity of immune staining for coimmunoprecipitated Med17 or Rad2 signals relative to the WT was normalized against
immunoprecipitation signals and is displayed in the bottom panels. The mean values and standard deviation (indicated by error bars) of three independent
experiments are shown. The asterisk represents a significant difference between the WT and the mutant at P-value < 0.05 in a Student’s t-test.

WT (Figure 2B). We confirmed a large decrease in Ser5-
phosphorylated Pol II in kin28 mutant by western blot anal-
ysis of crude extracts prepared from the cells after a transfer
to a non-permissive temperature. Pol II was immunopre-
cipitated via its Rpb1 subunit and coimmunoprecipitated
Rad2 and Mediator (Med17 subunit) were analysed in both
contexts. We observed that less Rad2 was coimmunoprecip-
itated in kin28 mutant. Interestingly, more Mediator was
coimmunoprecipitated with Pol II in kin28 mutant. Our re-
sults show that interactions between Mediator, Rad2 and
Pol II are modified when Ser5 phosphorylation of Pol II
is impaired. Namely, we observed a significant increase for
Mediator-Pol II contact and a significant decrease for Pol
II-Rad2 interaction (Figure 2B, bottom panels for quan-
tification). We verified that Mediator or Rad2 CoIP signals
were insensitive to DNAse treatment (Supplementary Fig-
ure S4).

We next investigated a potential link of Rad2 to TFIIH
which is one of the PIC components, since Rad2 interacts
with TFIIH in NER (56,57). We performed coimmuno-
precipitation experiments with crude extracts from kin28-ts
mutant and the WT (Supplementary Figure S5A). TFIIH
was immunoprecipitated via its Rad3 subunit and coim-
munoprecipitated Rad2 was analysed in both contexts. We
observed that Rad2 was coimmunoprecipitated with TFIIH
in the absence of genotoxic stress and that the similar
amount of Rad2 was coimmunoprecipitated both in the WT
and kin28 mutant. In line with a strong transcriptional de-
fect in kin28 mutant, our ChIP experiments show that Rad3
TFIIH subunit occupancy on core promoters was strongly
decreased in this mutant compared to the WT (Supplemen-
tary Figure S5B).

Taken together, our results show that Rad2 chromatin
binding in kin28 mutant is influenced by both Mediator
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stabilized on core promoter regions and Pol II whose oc-
cupancy is decreased within the gene bodies. This suggests
that Rad2 recruitment to upstream regulatory regions and
its loading to transcribed regions could be connected and
that Rad2 distribution on the chromatin depends on its in-
teractions with Mediator and Pol II.

Mutational analysis of Med17 C-terminal domain interacting
with Rad2

To investigate precisely the role of Mediator in Rad2 re-
cruitment, we analysed the details of Mediator-Rad2 in-
teractions and their implications in Mediator/Rad2/Pol II
functional relationships. To identify med17 mutants specif-
ically affecting the interaction with Rad2 in vivo, we first
used a yeast two-hybrid approach (Y2H) to determine inter-
action domains in Med17 and Rad2 proteins. The Med17-
interacting fragment of RAD2 gene encoded amino acids
549–857 of its protein product (18). We analysed two se-
ries of Med17 truncation mutants for their interactions with
Rad2 fragment and Med22 Mediator subunit (Figure 3A
and B). We conclude that Med17 domain (amino acids 381–
681) is necessary and sufficient for Med17 interaction with
Rad2 fragment. Further truncations likely affect Med17
secondary structure, also impairing the interactions with
Med22 and Med11 Mediator subunits.

We performed a similar analysis to identify which Rad2
fragment is the most important for the interaction with
Med17. We found that Rad2 catalytic I domain (amino
acids 756–857) is necessary and sufficient for the interaction
with Med17 (Supplementary Figure S6A and B).

We then performed a random mutational screening of
Med17 C-terminal domain based on in vivo phenotypes as
described in Materials and Methods (Supplementary Fig-
ure S6C). We identified and sequenced 88 new med17 mu-
tants, which were UV-sensitive (UVs) and/or temperature-
sensitive (ts) in a rad7Δ GGR-deficient context. This set of
mutants completed a collection of 27 previously character-
ized med17 mutants (Supplementary Table S4, (48)).

Among over 100 med17 mutants, UVs phenotype was sys-
tematically associated with ts phenotype (Supplementary
Table S4). This suggests that the UVs phenotype in med17
mutants is closely related to ts phenotypes. Conversely, not
all Med17 ts mutants were UVs, suggesting that the UV sen-
sitivity of Mediator mutants is not the systematic indirect
consequence of transcription defects per se. Moreover, UV-
sensitive phenotypes were observed only in GGR-deficient
context, but not in a context when both NER subpath-
ways are functional. In most cases, several mutations co-
occurred in med17 mutants and we identified positions that
were more frequently mutated and generally associated with
UV sensitivity (Figure 3C and Supplementary Figure S6D,
residues indicated in green).

Direct mutagenesis allowed us to identify point med17
mutations that specifically affected Med17-Rad2 interac-
tion in Y2H system (Supplementary Figure S6E). Inter-
estingly, the corresponding residues are closely located on
the S. cerevisiae Mediator head structure (31) (Figure 3D).
It should be noted that these med17 point mutations do
not modify Rad2 or Pol II coimmunoprecipitation with
Mediator (Supplementary Figure S6F) and do not lead to

UVs or ts phenotype (Supplementary Figure S6G and data
not shown), suggesting that the Y2H system is extremely
sensitive to detect Med17-Rad2 interaction changes and
that stronger defects with additional mutations are required
for changes in CoIP and for UV sensitivity phenotypes of
med17 mutants.

We identified several cases where one additional muta-
tion distinguished a UV-sensitive mutant from a non UV-
sensitive mutant (Figure 3E). In particular, we found that
med17-Q444P mutant is temperature-sensitive but does not
have a pronounced UV-sensitive phenotype in rad7Δ con-
text, whereas med17-Q444P/M442L is both ts and strongly
UVs. The latter mutant is also more sensitive to 4-NQO, fur-
ther showing its sensitivity to genotoxic stress (Supplemen-
tary Figure S6H). Another example is the double mutant
med17-M442V/V670E, which is both UVs and ts, whereas
med17-M442V and med17-V670E are neither UVs nor ts.
Interestingly, M442 is one of the most frequently mutated
positions in our screening, and in all but one case the
corresponding mutants are UVs (Figure 3C and Supple-
mentary Figure S6D). Mutations in M442 also decreased
Med17-Rad2 interaction in Y2H system. Two mutants car-
rying med17-Q444P single and med17-Q444P/M442L dou-
ble mutations were therefore selected for further study. It
should be noted that med17-M442L single mutant did not
have any ts or UVs phenotypes (Supplementary Figure
S6G).

med17 UV-sensitive mutations lead to uncoupling between
Rad2 occupancy and those of Mediator and Pol II genome-
wide

We first examined the effect of Med17 mutations on Me-
diator interaction with Rad2 and with Pol II by CoIP ex-
periments. Med5-Myc subunit was used to immunoprecipi-
tate Mediator and the coimmunoprecipitation of Rad2 and
Rpb1 Pol II subunit were analysed by western blotting.
We found that significantly less Rad2 was coimmunopre-
cipitated with Mediator in the UVs med17-Q444P/M442L
mutant compared to the WT and med17-Q444P (Figure
4A, lower left panel for quantification). Surprisingly, we
found that an increased amount of Rpb1 was coimmuno-
precipitated with Mediator in med17-Q444P and med17-
Q444P/M442L mutants compared to the WT strain (Fig-
ure 4A, lower right panel for quantification). This suggests
that Mediator-Pol II interaction is modified in these mu-
tants independently of their UV sensitivity. Together with
the absence of ts or UVs phenotypes in med17-M442L sin-
gle mutant, no effect on Rad2 or Pol II CoIP was observed
(Supplementary Figure S7A).

To analyse how med17 mutations affected Mediator, Pol
II and Rad2 distribution on the yeast genome, we per-
formed ChIP-seq experiments for Mediator (Med5 sub-
unit), Pol II (Rpb1 subunit) and Rad2 in the med17 mutant
and the WT strains. Occupancy of these components was
also determined in med17 mutants compared to the WT
using ChIP followed by qPCR on a set of selected UASs,
promoters and transcribed regions (Supplementary Figure
S8). Our ChIP experiments show that med17-M442L single
mutation does not significantly affect Mediator, Pol II or
Rad2 chromatin occupancy (Supplementary Figure S7B, C
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Figure 3. Mutation analysis of Med17 region interacting with Rad2 fragment. (A and B) Serial truncations of Med17 were assayed for interaction with
Med22 and a Rad2 fragment (549–857) identified in a yeast two-hybrid screening using Med17 as bait. (A) Gal4 DNA binding (Gal4-DBD) domain,
alone (empty) or in fusion with full length Med17, 5 C-terminal truncations or 5 N-terminal truncations of Med17, was co-expressed with Gal4 Activation
Domain (Gal4 AD), alone or in fusion with Med22 or residues 549 to 857 of Rad2. Yeast cells were spotted on SD+2A medium supplemented with
25 mM 3-AT, grown for 3 days (left panel) and then stained with X-Gal for 24h (middle panel). Residues 346–687 appear necessary and sufficient to have
an interaction of Med17 with both Med22 and Rad2 fragment. (B) This minimal interaction domain was subjected to further N-terminal or C-terminal
truncations, and N-terminal and C-terminal fragments of this domain were also tested for the interaction with Med22 and Rad2 fragment, using the same
protocol as in panel A. (C) Pile histogram for occurrence of mutations affecting each residue in Med17 region interacting with Rad2, and the associated UV
sensitivity phenotype. A graph for a complete Med17 protein is shown on Supplementary Figure S6D. The number of mutation occurrences is indicated for
each amino acid position. Only mutants predicted to express full length Med17 were considered. The colours correspond to the associated phenotypes as
follows: UV-sensitive in green, mild UV-sensitive in clear green and UV-insensitive in pink. More frequently mutated residues F437, M442, I541 were more
frequently associated with UV sensitivity (in green), whereas K517 and nearby residues were more frequently found with temperature-sensitive only mutants
(UV-insensitive in pink). (D) Med17 residues represented in Supplementary Figure S6E are highlighted in the structure of Mediator head module from
Robinson and colleagues (PDB ID: 4GWP). Residues, mutations of which impaired or reduced Y2H Med17 interaction with Rad2 fragment specifically
are in green (M442, K446, I541, N639). Residues, mutations of which impaired Y2H interaction of Med17 with Med22, Med11 and Rad2 fragment (K433,
I445, I562) are in red. Residues, mutations of which impaired Y2H Med17 interaction with Med11 and Rad2 fragment, but not Med22, are in yellow (S409,
V457, T509, I647) with the exception of M442. Other residues were not depicted. (E) Spotting assay to determine UV and temperature sensitivity of yeast
strains expressing either WT or mutant versions of Med17 in rad7Δ context. Yeast cells were spotted on YPD agar plates, irradiated or not with 30 J/m2

UV-C (254 nm) and incubated at 30◦C or 37◦C for 3 days.
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Figure 4. Effects of med17 mutations on Mediator interactions with Rad2 and Pol II and on genome-wide Mediator, Rad2 and Pol II occupancy. (A)
Western blot analysis of Mediator interaction with Rad2 and Pol II in standard growth conditions. Crude extracts were prepared from yeasts expressing
tagged (+) or untagged (−) versions of Med5 (Myc) in MED17-wt, med17-Q444P or med17-Q444P/M442L context in exponential phase and samples were
immunoprecipitated with �-Myc antibody (IP Myc). Immunoprecipitates and Inputs were analysed by western blotting with �-Myc, �-HA and �-Rpb1
antibodies. The intensity of immune staining for coimmunoprecipitated Rad2 or Pol II signals relative to the WT was normalized against immunoprecip-
itation signals and is displayed in the bottom panels. The mean values and standard deviation (indicated by error bars) of four independent experiments
are shown. The asterisk represents a significant difference between the WT and the mutant at P-value < 0.05 in a Student’s t-test. The Rad2 CoIP signal in
med17-M442L/Q444P mutant was also significantly different from med17-Q444P. (B) The tag densities in the Pol II ChIP-seq experiments were calculated
for the Pol II-transcribed mRNA genes. Tag densities were normalized relative to qPCR data on a set of selected genes. Each point on the plot corresponds
to one transcribed region. A linear regression (dotted line) for ChIP-seq density in the med17-Q444P or med17-Q444P/M442L mutant versus ChIP-seq
density in WT or in med17-Q444P versus med17-Q444P/M442L and an R2 linear regression coefficient are indicated. The dashed line corresponds to y
= x. (C) Pair-wise SCC of ChIP-seq data between med17 mutants and WT were calculated for Rad2 and Mediator on intergenic regions (left column,
intergenic regions for Pol II-transcribed genes in tandem or in divergent orientation, excluding intergenic regions encompassing Pol III-transcribed genes)
or for Rad2 and Pol II on transcribed regions (right column). The colours correspond to the scale for SCC indicated in Supplementary Figures S9 and 10.
(D) Average tag density in Med5 Mediator ChIP (upper left panel), Rad2 ChIP (lower panels) and Rpb1 Pol II ChIP (upper right panel), around Med15
peaks corresponding to UAS (left panels, 1000 bp window), and on transcribed regions of 10% Pol II most-enriched genes (right panels, scaled windows
for 500 bp before TSS, between TSS and TES, and 500 bp after TES). Average tag density in WT, med17-Q444P and med17-Q444P/M442L strains is
indicated in blue, green and orange, respectively.
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and D). Our results indicate a strong transcriptional defect
in both med17-Q444P and med17-Q444P/M442L mutants.
Genome-wide analysis shows a global 3-fold decrease in Pol
II occupancy in both med17 mutants compared to the WT
(the slope of regression line is equal to 0.33 and 0.32 for
med17-Q444P and med17-Q444P/M442L, with a high R2

equal to 0.97 and 0.92, respectively) (Figure 4B, upper and
middle panels). This global effect on Pol II occupancy was
very similar between the two mutants, with a high R2 coeffi-
cient equal to 0.97 and the slope of the regression line equal
to 0.97 (Figure 4B, lower panel).

In the WT context, Rad2 and Mediator colocalize on
UAS and their genome-wide occupancies are highly cor-
related (18). To evaluate how med17 mutants affect Rad2
occupancy on intergenic regions, we calculated Spearman
correlation coefficients (SCC) between Mediator and Rad2
occupancy on these regions in mutant and the WT strains
(Supplementary Figure S9). SCC provides a statistical mea-
sure of the strength of a relationship between two sets of
data. We observed a decrease of this Rad2-Mediator cor-
relation on intergenic regions in med17 mutants compared
to the WT, especially in med17-Q444P/M442L. SCC was
equal to 0.74 for the WT that is considered as strong and
decreased to 0.69 and 0.58 for med17-Q444P and med17-
Q444P/M442L, respectively (Figure 4C, left column). For
Rad2 genomic occupancy, we observed lower correlation
between med17-Q444P/M442L and the WT or med17-
Q444P (Supplementary Figure S9). A similar correlation
analysis was then performed to compare Rad2 and Pol II
occupancy on transcribed regions in med17 mutants and the
WT (Figure 4C, right column, and Supplementary Figure
S10). We observed a decrease in Rad2–Pol II correlation in
med17 mutants. The correlation between Rad2 and Pol II
decreases in both mutants, with a much stronger decrease
in the double mutant, which is strongly UVs (SCC equal to
0.81, 0.64 and 0.48 for the WT, med17-Q444P and med17-
Q444P/M442L, respectively).

Average density analysis was then done to compare Me-
diator, Rad2 and Pol II distributions in med17 mutants and
the WT (Figure 4D). Our analysis shows some increase of
Mediator binding in the single and further in the double
mutant and also an increase in Rad2 association to UAS in
the med17 mutants (Figure 4D, left panels). The position of
Mediator and Rad2 peaks remains largely unchanged and
no shift to core promoters was observed (Supplementary
Figure S11). In accordance with our linear regression anal-
ysis, a large decrease in Pol II occupancy was observed on
transcribed regions for both med17 mutants (Figure 4D, up-
per right panel, and Supplementary Figure S12). We noted
some differences in Pol II profiles between med17 mutants
with the enzyme accumulation at the beginning of tran-
scribed regions in the double mutant, as illustrated by Pol
II occupancy ratios between med17-Q444P/M442L mutant
and the WT on transcribed regions for all Pol II enrich-
ment quantiles (Supplementary Figure S12A). Importantly,
Rad2 occupancy on transcribed regions of 10% Pol II most-
enriched genes was decreased in med17 mutants, with a
stronger decrease observed in the UVs double mutant (Fig-
ure 4D, lower right panel and Supplementary Figure S12B).

Using a single Med17 mutant (Q444P) with ts pheno-
type and a double mutant with additional M442L mutation

leading to strong UV sensitivity phenotype, we revealed an
uncoupling of Rad2 and Mediator on UASs and especially
of Rad2 and Pol II on transcribed regions and a decrease
in Rad2 presence within the gene bodies on the genomic
scale, particularly pronounced in the double mutant. Thus,
our results clearly show that specific Med17 Mediator mu-
tations that modify Mediator interactions with Rad2 and
Pol II affect Rad2 presence on transcribed regions genome-
wide. Importantly, Pol II occupancy is globally decreased
in a similar way in both mutants, demonstrating that Pol II
alone could not explain Rad2 loading to transcribed regions
and suggesting a connection between Rad2 binding to UAS
and its loading to transcribed regions.

Rpb9 deletion is colethal in combination with med17 UV-
sensitive mutations

To further investigate the UV sensitivity phenotypes of
Mediator mutants, we performed genetic interaction anal-
yses of Mediator and NER components. The phenotype
of med17 UVs mutants is only visible in rad7Δ GGR-
deficient context, suggesting a role for Mediator in TCR. We
therefore tested whether med17 mutants would be epistatic
with the deletion of rad26, the homolog of CSB and the
most prominent TCR factor. It was the case in GGR-
proficient background (18). Surprisingly, we found that
med17 UVs mutants had synthetic UV sensitivity pheno-
type with rad26 deletion in rad7Δ GGR-deficient context
(Figure 5A and Supplementary Figure S13A). Indeed, a
combination of med17 UVs mutations with rad26 deletion
in rad7Δ context leads to an increase in UV sensitivity
compared to the med17 UVs rad7Δ or rad26Δ rad7Δ. For
example, med17-Q444P/M442L rad26Δ rad7� mutant is
more UV-sensitive than med17-Q444P/M442L rad7Δ or
MED17 rad26Δ rad7Δ. This suggests that the UV sensitiv-
ity of med17 mutants could be at least in part independent
of Rad26-related TCR.

We then focused on Rpb9 Pol II subunit that was previ-
ously suggested to be required for Rad26-independent TCR
(36,58). Given the strong link of Mediator with Pol II, we
tested whether med17 mutants would be epistatic with rpb9
deletion. We found that the introduction of med17 dou-
ble mutation Q444P/M442L in rad7Δ rpb9Δ context com-
pletely impaired growth at 30◦C and moderately slowed
growth at 25◦C (Figure 5B). In contrast, med17-Q444P sin-
gle mutant grew as a WT MED17 in this context (Figure
5B). Similar observations were made with other med17 UVs

and non-UVs mutants (Supplementary Figure S13B). All
tested med17 UVs mutants were colethal with rpb9 deletion
at 30◦C, whereas none of the non-UVs mutants were. Simi-
lar phenotypes were also observed in RAD7 rpb9Δ context
(right panels, Figure 5B and Supplementary Figure S13B).
This suggests a specific defect of med17 UVs mutants that
is enhanced by rpb9 deletion, in line with a functional link
between Mediator and TCR-related Rpb9 Pol II subunit.

Next, we analysed Mediator, Pol II and Rad2 occupancy
on UAS and transcribed regions in rpb9Δ context using
ChIP followed by qPCR on selected regions. We showed
that rpb9 deletion did not affect the Med17 recruitment
to UASs (Figure 5C). Surprisingly, we did not observe a
strong decrease of Pol II recruitment to transcribed regions,
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Figure 5. Effects of rpb9 deletion on the viability of Med17 mutants and on Mediator, Rad2 and Pol II chromatin occupancy. (A) Spotting assay to
determine UV and temperature sensitivity of yeast strains expressing WT or mutant versions of Med17 in rad7Δ or rad7Δ rad26Δ contexts. Yeast cells
were spotted on YPD agar plates, irradiated or not with 10, 20 or 30 J/m2 UV-C (254 nm) and incubated at 30◦C or 25◦C for 3 days. (B) Spotting assay to
determine UV and temperature sensitivity of yeast strains expressing WT or mutant versions of Med17 in rad7Δ, rad7Δ rpb9Δ or rpb9Δ contexts. Yeast
cells were spotted on YPD agar plates, irradiated or not with 30 J/m2 UV-C (254 nm) and incubated at 30◦C or 25◦C for 3 days. Med17 mutants unable
to grow after UV treatment in rad7Δ context are also unable to grow at 30◦C, in the absence of UV treatment, in rad7Δ rpb9Δ and rpb9Δ contexts. (C, D
and E) Quantitative ChIP analysis of Mediator, Pol II and Rad2 occupancies under standard growth conditions. Sonicated chromatin from exponentially
growing yeasts expressing tagged versions of Med17 (Myc) and Rad2 (HA) in WT or rpb9Δ context was precipitated using �-Myc (C), �-Rpb1 (D) or
�-HA (E) antibodies. Quantitative PCR was performed on the precipitated DNA, using primer pairs designed to amplify either regions in open reading
frames (O) or in upstream activating sequences (UAS). Relative quantity of an amplicon was determined by comparing the obtained Ct to a standard curve
made on the same qPCR plate. Quantities were reported to qPCR performed on Input DNA and are expressed as a percentage. GAL1-O and IGV (non-
transcribed intergenic region on chromosome V) amplicons were used as controls. The indicated value is the mean of three biological replicates, and error
bars represent the standard deviation. (F and G) Effects of rpb9 deletion on genome-wide Mediator, Rad2 and Pol II occupancy. (F) Average tag density
in Med17 Mediator ChIP (upper left panel), Rad2 ChIP (lower panels) and Rpb1 Pol II ChIP (upper right panel), around Med15 peaks corresponding
to UAS (left panels, 1000 bp window), and on transcribed regions of 10% Pol II most-enriched genes (right panels, scaled windows for 500 bp before
TSS, between TSS and TES, and 500 bp after TES). Average tag density in WT and rpb9Δ strains is indicated in blue and green, respectively. (G) Rad2
occupancy ratio between rpb9 mutant and the WT is shown in pink around Med15 peaks corresponding to UAS (left panel) and on transcribed regions of
10% Pol II most-enriched genes (right panel).
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but rather gene-specific changes (Figure 5D). Similarly, we
did not find a strong decrease of Rad2 recruitment to tran-
scribed regions, but rather gene-specific effects (Figure 5E).
However, we found a stronger Rad2 ChIP signal on UASs.
These results indicate that changes in Pol II composition
could affect Rad2 chromatin binding both on UAS and
transcribed regions.

To obtain a genome-wide view of rpb9 mutation effect
on Rad2, Mediator and Pol II occupancy, we performed
ChIP-seq experiments in rpb9Δ and the WT strains. On the
genomic scale, a clear stabilization of Rad2 on UASs was
observed (Figure 5F, lower left panel). We did not detect
any major changes in Mediator occupancy in rpb9 mutant
(Figure 5F, upper left panel). No changes were observed
for the position of Mediator and Rad2 peaks (Supplemen-
tary Figure S13C and D). Surprisingly, a metagene analysis
of Pol II distribution on transcribed regions demonstrated
a slight change in Pol II profile with the enzyme stabiliza-
tion at the beginning of the transcribed regions and a down-
stream shift on the promoters in rpb9 mutant compared to
the WT (Figure 5F, upper right panel and Supplementary
Figure S14A). This potentially points out on more complex
and gene-specific effects of rpb9 deletion on different steps
of transcriptional cycle. Rad2 occupancy on transcribed re-
gions was slightly increased in rpb9 mutant compared to
the WT, especially on the Pol II most-enriched regions (Fig-
ure 5F, lower right panel and Supplementary Figure S14B).
No increase in Rad2 protein level was observed in rpb9 mu-
tant compared to the WT (data not shown). Our analysis
of Rad2 occupancy ratio between rpb9 mutant and the WT
clear shows that the highest increase occurs at UASs (Figure
5G; Supplementary Figures S13C-D and 14B). The slight
increase (1.2-fold) observed in other regions might be due to
the normalization coefficient which was difficult to define in
this particular case with gene-specific effects. Our ChIP-seq
results indicate some gene-specific effects on Pol II occu-
pancy in rpb9Δ context (Supplementary Figure S15A). Ex-
amples of Pol II ChIP-seq distribution on individual genes
illustrate gene-specific effects of rpb9 deletion on Pol II oc-
cupancy (Supplementary Figure S15B, left panel). Exam-
ples of Rad2 ChIP-seq distribution demonstrate that gene-
specific changes in Rad2 occupancy on transcribed regions
do not follow exactly the changes in Pol II occupancy, and
illustrate the Rad2 stabilization on UAS (Supplementary
Figure S15B, right panel). Further studies using different
approaches are needed to precisely define complex mecha-
nistic consequences of the absence of Rpb9 subunit on gene-
specific transcription and TCR.

In line with the implication of Medaitor-Rad2-Pol II in-
terplay in Rad2 loading, our results thus show that dele-
tion of Rpb9 Pol II subunit changes Rad2 chromatin bind-
ing and especially increases Rad2 occupancy on Mediator-
bound UASs where no Pol II enrichment was detected.

DISCUSSION

This work directly addresses a functional interplay between
Mediator, Rad2 and Pol II, three nuclear components re-
lated to TCR, and provides significant advance in a genomic
view of Rad2 loading to the chromatin. (i) We provide ge-
netic and genomic analyses helping to understand how Me-

diator, essential transcriptional coregulator, and RNA poly-
merase II contribute to loading of Rad2 DNA repair pro-
tein to the chromatin. These data also help to understand a
complex relationship between transcription and DNA re-
pair machineries, as well as Mediator implication in this
link. (ii) An extensive mutational analysis allowed us to
identify specific residues of Med17 Mediator subunit in-
volved in UV sensitivity. Our results strongly support a con-
clusion that the UV sensitivity of Mediator mutants is not
the systematic indirect consequence of transcriptional de-
fects per se. (iii) Finally, this work provides new information
on the genetic interactions between Mediator and TCR-
related components in yeast and suggests that the UV sen-
sitivity of Mediator mutants is at least in part independent
of Rad26-related TCR pathway and functionally linked to
Rpb9 Pol II subunit.

Implication of Mediator and Pol II in Rad2 recruitment to
regulatory and transcribed regions

The results presented in this work provide insights into
functional dynamics on a genomic scale between Media-
tor, Rad2 and Pol II that is important for Rad2 loading to
regulatory regions bound by Mediator and on transcribed
regions enriched in elongating Pol II in the yeast S. cere-
visiae. Using a mutant affected in Pol II phosphorylation
and therefore Mediator chromatin binding, as well as Me-
diator or Pol II mutants, we showed how the presence of
Rad2 on the yeast genome is influenced by both Mediator
and Pol II.

We demonstrated that inhibition of Pol II Ser5 phos-
phorylation in kin28-ts mutant, which leads to stabilization
of Mediator on core promoters, results in major changes
in Rad2 genome-wide occupancy and Rad2 enrichment
on core promoters. Thus, Rad2 genome-wide distribution
shifts from UASs towards the core promoters in this mu-
tant, following Mediator stabilization on core promoters
and decreases on transcribed regions, together with Pol II
decrease. Importantly, the amplitude of Rad2 stabilization
in the mutant was similar to that of Mediator (Figure 1D).
Rad2 distribution does not follow exactly that of Media-
tor stabilized mostly on core promoters: the highest Rad2
occupancy ratio between the kin28 mutant and the WT was
located between the UAS and the core promoter (Figure 1D
and Supplementary Figure S2). This observation could be
explained by the fact that both Mediator and Pol II would
influence Rad2 occupancy near the core promoters and that
the stability of transient interactions with the chromatin
might differ between Mediator and Rad2. Moreover, other
PIC components assembled on core promoters could influ-
ence the Rad2 occupancy on these regions. For example, we
showed that Rad2 interacts with TFIIH in the absence of
genotoxic stress. In kin28 mutant, this interaction remained
unchanged and TFIIH occupancy on core promoters was
strongly decreased. The Rad2 ChIP signal that we detect
on core promoters in kin28-ts mutant is thus a result of
its complex and probably dynamic interplay with Media-
tor, Pol II and TFIIH within the PIC. Observed changes
in Rad2 distribution in kin28 mutant cannot be explained
only by the transcriptional defects in this mutant since it was
previously shown that an arrest of transcription in rpb1–1
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mutant led to a decrease of Rad2 on both UAS and tran-
scribed regions (18). In addition to our ChIP-seq results, co-
immunoprecipitation experiments revealed important mod-
ifications of interactions between Rad2, Pol II and Mediator
when Pol II Ser5 phosphorylation was impaired. Mediator-
Pol II interaction was increased in kin28 mutant, in line
with the fact that this phosphorylation promotes Mediator-
Pol II dissociation (59,60). An opposite effect was observed
for Rad2-Pol II interaction, emphasizing the importance of
this phosphorylation step in the interplay between Rad2,
Pol II and Mediator. It would be interesting to define how
dynamic physical interactions between Mediator, Rad2 and
Pol II and their interactions with the chromatin are.

The two Mediator mutants we chose to study in de-
tails (med17-Q444P and med17-Q444P/M442L) present
different UVs phenotypes and modifications of Rad2 occu-
pancy. Importantly, Pol II occupancy is globally decreased
in a very similar way in both mutants (Figure 4B, lower
panel), demonstrating that Pol II alone could not explain
the difference in Rad2 loading to transcribed region. For
Rad2 genome-wide association, the strongly UVs mutant
med17-Q444P/M442L shows lower Rad2 occupancy on
transcribed regions and lower correlation between Media-
tor and Rad2 on promoter regions and especially between
Rad2 and Pol II on transcribed regions. In this med17 UV-
sensitive mutant, Rad2 interaction with Mediator is re-
duced and Mediator interaction with Pol II is increased,
in line with implication of Mediator/Rad2/Pol II network.
Our CoIP and ChIP experiments show that a decrease in
Mediator-Rad2 interaction is accompanied by a decrease
in Rad2 presence on transcribed regions and an uncoupling
of Rad2 with Mediator on UASs and with Pol II on tran-
scribed regions. These results are consistent with a link be-
tween Mediator, Rad2 and Pol II and an abnormal Rad2
occupancy on transcribed regions when Mediator–Rad2 in-
teraction is affected.

Finally, deletion of Rpb9 Pol II subunit involved in TCR
increases genome-wide Rad2 occupancy mostly on regula-
tory regions (UAS) bound by Mediator, while devoid of Pol
II enrichment. In this mutant, a global change in Pol II pro-
file with gene-specific effects is accompanied to some extent
by changes in Rad2 occupancy on transcribed regions. Our
results demonstrate that deletion of Rpb9 Pol II subunit af-
fects Rad2 chromatin binding both on regulatory and tran-
scribed regions. In particular, our data suggest that muta-
tions of Pol II enriched on transcribed regions could influ-
ence the presence of Rad2 on UASs, consistent with a link
between Rad2 loading to regulatory regions bound by Me-
diator and that to Pol II-transcribed regions.

Taken together, our results suggest that Rad2 loading to
the chromatin is affected by changes in Mediator/Rad2/Pol
II interfaces and that Rad2 interplay with Mediator and Pol
II contributes to its loading to the chromatin. This study
is focused on Mediator, Rad2 and Pol II, but we do not
exclude that additional factors might contribute to Rad2
chromatin binding. As PIC is assembled at core promot-
ers, additional PIC components like TFIIH might influence
Rad2 presence on the chromatin. We propose that Rad2
is first recruited to the UAS by Mediator. Different mech-
anisms might be proposed for Rad2 recruitment to tran-
scribed regions: two independent events for its loading to

UASs and transcribed regions and/or Rad2 loading to tran-
scribed regions connected to its recruitment to UASs. At
this stage, we could not exclude the possibility that several
mechanisms might co-exist. The exact molecular events re-
main to be elucidated, but one of the potential mechanisms
would be an implication of dynamic interactions between
Rad2, Mediator and Pol II on core promoters to connect
Rad2 recruitment on UASs and transcribed regions.

Interaction interface between Med17 and Rad2

Using Y2H approach, we identified interaction domains be-
tween Med17 Mediator subunit and Rad2 protein. Inter-
estingly, the Med17 381–681 domain interacting with Rad2
is similar to the Med17 fragment with a globular struc-
ture that was crystallized in complex with Med11-Med22
C-terminal helices (30). We also specified a 100 amino-
acid domain of Rad2 interacting with Med17. This do-
main is within a crystal structure of catalytic core of Rad2
that, however, lacks a linker between the two catalytic do-
mains of the protein, making difficult the prediction of pos-
sible conformation of the Med17-interacting part (11).

We observed that all Med17 residues affecting Med17–
Rad2 Y2H interaction are quite closely located according to
S. cerevisiae Mediator head structure (31) (Figure 3D). This
suggests a potential Med17–Rad2 interaction interface, at
least in the yeast two-hybrid assay. Recent structural stud-
ies also suggest that this region of Med17 may be involved
in the interaction with Med14 (32,44,61–63). Therefore, it
is possible that the identified mutants may affect Media-
tor conformation. The location of Med17 residues affecting
Med17–Rad2 Y2H interaction on these structures clearly
shows that there is enough space for interactions between
this Med17 region and Rad2.

Based on our identification of Med17 domain interacting
with Rad2, we performed an extensive mutagenesis analy-
sis demonstrating that the UV sensitivity and temperature-
sensitivity of Med17 Mediator mutants are connected. It is
highly unlikely that the UV sensitivity of Mediator mutants
could be explained by transcriptional defects per se. Indeed,
the same med17 mutants are UV-sensitive in GGR-deficient
background, but UV-insensitive when both TCR and GGR
pathways are functional. Thus, the same transcriptional de-
fect leads to UV sensitivity only when GGR pathway is
deficient. Moreover, Mediator med17 mutations affecting
transcription do not systematically lead to UV sensitivity.
A similar and global effect on transcription was observed
for UV-sensitive and UV-insensitive med17 mutations and
lower Pol II occupancy could not explain their UV sensitiv-
ity. We identified specific residues of Med17 (F437, M442,
I541) mutations of which were frequently associated with
UV sensitivity. We focused our study on M442L mutation,
which in association with Q444P strongly increases the UV
sensitivity of the yeast cells. Importantly, mutated residues
are localized within the conserved domains of Med17 based
on multiple sequence alignments and secondary structure
features (64). These residues correspond to similar amino
acids in human Med17 protein, suggesting that molecular
mechanisms might extend to human cells.
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Synthetic genetic interactions between Mediator and compo-
nents of transcription-coupled repair

Our results are particularly interesting as they provide im-
portant genetic information on the yeast TCR pathway.
This work suggests that the UV sensitivity of Mediator mu-
tants is at least in part independent of Rad26-related path-
way and functionally linked to Rpb9 Pol II subunit. We
show a synthetic increase in UV sensitivity between med17
UVs mutations and rad26 deletion in GGR-deficient back-
ground suggesting that Mediator involvement is not exactly
in the same pathway as Rad26. In the context of deletion of
Rpb9 involved in transcription and TCR as a Pol II sub-
unit, we observe a synthetic colethality with med17 UVs

mutations suggesting a functional link of Mediator with
Rpb9 Pol II subunit. All these synthetic genetic interactions
of Mediator with Rad26 and Rpb9 TCR components, that
are specific to UVs med17 alleles, might suggest a particu-
lar Mediator-dependent mechanism, but further studies are
needed to elucidate molecular events involved. It should be
noted that in yeast other proteins have been proposed to
be also involved in TCR suggesting that more than two po-
tential TCR pathways might exist (8–10). Many questions
remain to be answered to understand in vivo mechanisms
governing TCR process on a genomic level. Future studies
with UV-treated cells will help to elucidate the Mediator in-
volvement in these mechanisms in relation to TCR proteins.

Recent study showed that rpb9Δ, and other Pol II mu-
tations, impaired replication fork progression, suggesting
that Pol II itself can help to resolve transcription-replication
conflicts (65). Preliminary results suggest that med17 UVs

mutants are sensitive to hydroxyurea (Supplementary Fig-
ure S6H). It would therefore be interesting to determine
whether Rpb9 and Mediator may be involved in the removal
of stalled Pol II from damages and/or conflicts with the
replication machinery.

In conclusion, the work presented here provides new in-
formation on functional dynamics between essential com-
ponents of transcription and nucleotide excision repair re-
lated to TCR, including Mediator coregulator complex,
Rad2 DNA repair protein and RNA polymerase II. This
work thus contributes to our understanding of the complex
interplay between transcription and DNA repair machiner-
ies on the genomic scale.
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