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Mediator is a large coregulator complex conserved from yeast to humans and involved in many human diseases,
including cancers. Together with general transcription factors, it stimulates preinitiation complex (PIC) formation
and activates RNApolymerase II (Pol II) transcription. In this study,we analyzed howMediator acts in PIC assembly
using in vivo, in vitro, and in silico approaches. We revealed an essential function of the Mediator middle module
exerted through itsMed10 subunit, implicating a key interaction betweenMediator and TFIIB.We showed that this
Mediator–TFIIB link has a global role on PIC assembly genome-wide. Moreover, the amplitude of Mediator’s effect
on PIC formation is gene-dependent and is related to the promoter architecture in terms of TATA elements,
nucleosome occupancy, and dynamics. This study thus providesmechanistic insights into the coordinated function
of Mediator and TFIIB in PIC assembly in different chromatin contexts.

[Keywords: Mediator; RNA polymerase II transcription; TFIIB; preinitiation complex; Saccharomyces cerevisiae;
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Supplemental material is available for this article.

Received June 17, 2016; revised version accepted September 12, 2016.

In eukaryotes, RNA polymerase II (Pol II) transcription
machinery is responsible for the synthesis of mRNAs
and several classes of noncoding RNAs. This machinery
is composed of a huge assembly of nuclear proteins. Reg-
ulation of Pol II transcription starts with the binding to
gene regulatory elements of specific transcription factors
(TFs), which then recruit coregulator complexes (coactiva-
tors and corepressors), and proceeds with the binding
to promoter DNA of basal components, including Pol II
and general TFs (GTFs). A coordinated action of all of
these components in the context of promoter chromatin
through a complex interaction network is required for reg-
ulated transcription of each gene.

Mediator of transcriptional regulation is one of the co-
regulator complexes serving as a bridge between DNA-
binding TFs and the basal Pol II transcription machinery
(Kornberg 2005). Together with the GTFs (TFIIA, TFIIB,
TFIID, TFIIE, TFIIF, and TFIIH), this large multiprotein
complex conserved in all eukaryotes promotes the assem-
bly of preinitiation complexes (PICs) and activates tran-
scription (Flanagan et al. 1991; Kim et al. 1994; Ranish
et al. 1999). Mediator is essential for life in yeast and is
generally required for Pol II recruitment and transcription
(Thompson and Young 1995; Holstege et al. 1998; Sou-
tourina et al. 2011). It also stimulates the phosphorylation
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of the Pol II C-terminal domain (CTD) by TFIIH (Kim et al.
1994; Jiang et al. 1998). Mediator cooperates with GTFs to
stabilize the PIC, in particular through interactions with
TFIID, TFIIH, and Pol II (Johnson et al. 2002; Esnault
et al. 2008; Soutourina et al. 2011; Eyboulet et al. 2015).
A functional interplay between Mediator and TFIIB was
also suggested based on in vitro experiments with human
Mediator (Baek et al. 2006). In yeast, reconstituted sub-
complexes were shown to interact with TFIIB in vitro
(Kang et al. 2001). Artificial tethering of TFIIB to the pro-
moter led to Mediator recruitment and PIC assembly in
vivo (Lacombe et al. 2013). TFIIB, encoded by the SUA7
gene in yeast, is one of the GTFs important for Pol II re-
cruitment that determines the accuracy of start site selec-
tion (Pinto et al. 1992; Liu et al. 2010; Sainsbury et al.
2013).

The Mediator complex is composed of 25 subunits in
yeast and up to 30 subunits in mammals (Malik and
Roeder 2010). It has a modular organization with head,
middle, and tail modules that constitute the core Media-
tor and the Cdk8 kinasemodule (Kornberg 2005). In yeast,
10 Mediator subunits are essential for cell viability. The
contribution to the function of the complex ofmostMedi-
ator subunits remains to be elucidated. In addition, how a
single complex can be involved in ensuring tight tran-
scriptional regulation of hundreds or thousands of genes
through different specific interactions with TFs is largely
unknown. The importance of the complex is highlighted
by the fact that many Mediator subunits are involved in
human diseases like neurodevelopmental pathologies or
cancers (Kaufmann et al. 2010; Hashimoto et al. 2011;
Spaeth et al. 2011; Schiano et al. 2014).

The function of Mediator middle module subunits has
been very poorly studied. Based on protein cross-linking,
a model for the Mediator middle module was proposed
(Larivière et al. 2013). A cryo-electron microscopic model
of a part of theMediator complex within a partial PIC was
also reported recently (Plaschka et al. 2015). Med10 is one
of the essential andmost conservedMediator subunits be-
longing to the middle module. Only one conditional mu-
tant in the yeast Med10 subunit (also known as Nut2),
med10-1ts (N2D L61S L64P), was previously isolated
(Han et al. 1999). Med10 is engaged in a number of con-
tacts within the complex and interacts with the Med14
subunit that is central in Mediator architecture. The spa-
tial organization of the Mediator modules was revised re-
cently (Tsai et al. 2014;Wang et al. 2014).Med14 links the
middle and tailmodule and, according to a recentmodel of
entire yeastMediator,makes extensive contacts with sub-
units from all three coremodules (Robinson et al. 2015). A
reconstitution of the active human core Mediator com-
plex revealed a critical role of theMed14 subunit inMedi-
ator architecture and function (Cevher et al. 2014).

Regulation of Pol II transcription occurs in the context
of promoter chromatin. Most of the Pol II transcribed
genes are preceded by a 5′ nucleosome-free promoter re-
gion (NFR) on which the PICs assemble. The −1 nucleo-
some, located on the upstream side of the promoter
NFR, can potentially control access to regulatory se-
quences. The +1 nucleosome is the first nucleosome en-

countered by the transcription machinery, and its
function could differ depending on the nature of the
TATA element (TATA box or TATA-like element) pre-
sent on the promoter (Rhee and Pugh 2012). Promoters
containing TATA-like elements are more dependent on
the TFIID complex and may rely more on NFR-adjacent
nucleosomes for PIC assembly. In addition, histone turn-
over was reported to be rapid on promoters (Dion et al.
2007), but the function of nucleosome dynamics in PIC as-
sembly remains unknown.

In this study, we selected a conditional mutant in the
Med10 Mediator middle subunit and analyzed the effect
of med10 mutation on PIC assembly on a genomic scale
in vivo and in vitro. We show that this med10 mutation
does not have a major effect onMediator stability but spe-
cifically modifies a contact of this subunit with Med14.
We demonstrate that Mediator interaction with TFIIB
was decreased in themed10mutant and that this interac-
tion occurs via Med14 and, to a lesser extent, Med10.
ChIP-seq (chromatin immunoprecipitation [ChIP] com-
bined with high-throughput sequencing) analysis showed
that genome-wide occupancy of PIC components was dif-
ferentially affected in the med10 mutant. The most pro-
nounced decreases were observed for TFIIB and Pol II.
TFIIA and TFIID occupancies were unmodified. Our ge-
nome-wide analysis also revealed that the impact of
med10 mutation on PIC formation and transcription is
gene-dependent and is correlated with the promoter
architecture.

Results

The conditional med10 mutant in the Mediator
middle module

To enhance our understanding of the mechanisms in
which Mediator is implicated and to clarify the role of
the middle module, we selected a conditional mutant in
the Med10 subunit, med10-196, by random mutagenesis
using error-prone PCR followed by a screen for a tempera-
ture-sensitive growth phenotype as described previously
for theMed11 andMed17 subunits (SupplementalMateri-
al; Esnault et al. 2008; Soutourina et al. 2011). The four
residues mutated in med10-196 (L53S, I79T, E82D, and
N108I) were localized within the conserved domains ac-
cording to multiple sequence alignments and secondary
structure features (Bourbon 2008) and corresponded to
identical (for L53S, E82D, andN108I) or functionally close
(I79T) amino acids in the humanMed10 protein (Fig. 1A).
med10-196 showed a strong temperature-sensitive pheno-
type and did not growat 37°C (Fig. 1B). The individualmu-
tations, when separated by site-directed mutagenesis,
displayed normal growth phenotypes (data not shown).
Hence, only the med10-196 mutant was used for further
analysis.

Med10 is engaged inmultiple contactswithin theMedi-
ator complex that can be revealed using the yeast two-hy-
brid system (Guglielmi et al. 2004). We tested the ability
of Med10-196 to interact with Med4, Med7, Med14,
Med21, and Med31 (Fig. 1C). All tested interactions
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Figure 1. Phenotypes of themed10-196mutant. (A) Location of the mutations inmed10-196. TheMed10 conserved domains 1, 2, and 3
(signature-specific motif [SSM]) from Saccharomyces cerevisiae (Sc) and Homo sapiens (Hs) with the consensus generated by WebLogo
were adapted from Bourbon (2008). The mutated residues corresponding to identical (for L53S, E82D, and N108I) or functionally close
(I79T) amino acids in the human Med10 protein are indicated in red and blue, respectively. (B) Thermosensitive growth phenotype of
themed10mutant. Cultures of wild-type andmutantmed10 yeast strainswere serially diluted, spotted onYPD agar plates, and incubated
for 3 d at permissive (30°C) or nonpermissive (37°C) temperatures. (C ) Two-hybrid interactions of theMed10-196 proteinwith its partners.
Wild-type ormutantMed10was fused to theGal4DNA-binding domain (GDB-Med10), andMed4,Med7,Med14,Med21, andMed31were
fused to the Gal4 activation domain (GAD-Med4, GAD-Med7, GAD-Med14, GAD-Med21, and GAD-Med31). (D) Quantitative analysis of
two-hybrid interactions between Med10 and Med14. Wild-type or mutant Med10 was fused to the Gal4 DNA-binding domain (GDB-
Med10), and Med14 or Med21 was fused to the Gal4 activation domain (GAD-Med14 and GAD-Med21). β-Galactosidase was assayed ac-
cording to the Miller method, as described in the Supplemental Material. The mean values and standard deviation (indicated by error
bars) of three independent experiments are shown. Asterisk represents a significant difference between the wild type and the mutant
at P-value <0.002 in a Student’s t-test. (E) Silver stain SDS-PAGE analysis of purifiedMediator complex fromwild-type andmed10mutant
strains. Cells were grown at 30°C, and coreMediator complex was purified as described in the Supplemental Material. Mediator subunits
with lowmolecular weight were not detectable by silver staining after SDS-PAGE. (F ) Mass spectrometry analysis ofMediator integrity in
themutant grown at 30°C or transferred to 37°C. CoreMediator complex containing head, middle, and tail modules was purified from the
med10-196mutant and awild-type strain. For eachMediator subunit identified bymass spectrometry analysis inwild-type and themed10
mutant, the number of identified peptides is indicated.
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were similar between Med10-196 and the wild-type pro-
tein except for an interaction with the Med14 subunit
thatwas significantly decreased in themutant (Fig. 1C,D).

Since Mediator mutations could lead to dissociation of
Mediator subunits, impairing Mediator function, we ana-
lyzed the effect of med10-196 on the integrity of the core
Mediator. Mediator was purified from med10-196 and a
wild-type strain (Fig. 1E) and was analyzed by mass spec-
trometry as described previously (Fig. 1F; Eyboulet et al.
2015). All 20 Mediator subunits detectable in a wild-
type strain by this approach were present in the Mediator
complex purified from the med10 mutant grown at 30°C
(Fig. 1F, 30°C) or after being transferred to 37°C for
90 min (Fig. 1F, 37°C).

med10 mutation affects Mediator–TFIIB interaction

To explore themolecularmechanisms of PIC assembly in-
volving the Med10 Mediator subunit, we analyzed poten-
tial interactions between Mediator and PIC components
by coimmunoprecipitation (co-IP) experiments. We start-
ed by investigating potential Mediator–TFIIB contact
with whole-yeast extracts. Mediator was immunoprecipi-

tated via the HA-tagged Med5 Mediator subunit with an
anti-HA antibody (Fig. 2A). Using TFIIB-specific antibod-
ies, we showed that TFIIB coimmunoprecipitated with
Mediator. We then examined whether this contact was
modified in themed10mutant. The results demonstrated
that Mediator interaction with TFIIB was reduced in
med10-196 transferred to 37°C compared with the wild
type. In contrast, the Mediator interaction with TFIIA re-
mained unchanged by med10 mutation compared with
the wild-type strain (Supplemental Fig. S1).

To investigate the functional interplay between Media-
tor and TFIIB, we combined 16 specific sua7 (TFIIB)
mutations (Wu et al. 1999) with med10-196 and showed
that three of them had synthetic phenotypes (Fig. 2B; Sup-
plemental Fig. S2A). sua7-34 (L52P) was colethal with the
med10-196 mutation, and sua7-11 (L136P) and sua7-36
(S53P) med10-196 had a slow-growth phenotype at 30°C.
On their own, these three synthetic TFIIB mutations do
not lead to a start site shift and confer cold- and heat-sen-
sitive phenotypes (Wu et al. 1999). The mutated residues
in sua7-34 and sua7-36 localize to theN-terminal zinc rib-
bon domain (B ribbon), and L136P of sua7-11 is situated
in the first part of the core domain. The allele-specific

Figure 2. Functional interaction between Mediator
and TFIIB. (A) Co-IP between Mediator and TFIIB in
the med10-196 mutant compared with the wild-
type strain. Wild-type andmed10mutant strains car-
rying a Med5-HA tag were grown to exponential
phase at 30°C or transferred for 90min to 37°C.Medi-
ator was immunoprecipitated (IP) through Med5-HA
from crude extracts (Input) of wild-type and mutant
strains usingmagnetic beads coupled to anti-HA anti-
bodies. MED10 strain carrying a nontagged Mediator
subunit was used as a negative control. Coimmuno-
precipitated TFIIB was detected by Western blotting
using anti-TFIIB antibodies. The intensity of immune
staining for coimmunoprecipitated TFIIB signals rela-
tive to thewild typewas normalized against immuno-
precipitation signals and is displayed in the bottom
panel. The mean values and standard deviation (indi-
cated by error bars) of three independent experiments
are shown. The asterisk represents a significant differ-
ence between the wild type and the mutant at P-val-
ue <0.05 in a Student’s t-test. (B) Specific sua7
mutants have synthetic phenotypes in combination
with med10-196. The strain deleted for med10 and
complemented by a TRP1 plasmid carrying MED10
or med10-196 and also deleted for sua7 and comple-
mented by aURA3 plasmid carrying SUA7was trans-
formed by the HIS3 plasmids carrying either a wild-
type or mutated version of SUA7. Transformants
were serially diluted, spotted on 5-FOA-containing
agar plates to counterselect thewild-type SUA7-bear-
ing plasmid (see the Supplemental Material), and in-
cubated for 3 d at 30°C. The sua7 mutants [sua7-11
(L136P), sua7-34 (L52P), and sua7-36 (S53P)] showing

synthetic phenotypes with med10-196 are indicated in red. (C ) A two-hybrid interaction between Mediator and Sua7 is decreased with
Sua7 mutants. Wild-type or mutant Sua7 was fused to the Gal4 DNA-binding domain (GDB-Sua7), and Med1, Med4, Med7, Med9,
Med10, Med14, Med21, and Med31 were fused to the Gal4 activation domain (GAD-Med1, GAD-Med4, GAD-Med7, GAD-Med9, GAD-
Med10, GAD-Med14, GAD-Med21, and GAD-Med31). Med10 two-hybrid interactions with Mediator subunits are shown as positive
controls.
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synthetic phenotypes between the med10-196 and sua7
mutations are consistent with the physiological impor-
tance of Mediator–TFIIB interaction.
To characterize Mediator middle–TFIIB interaction,

Sua7 fused to the Gal4 DNA-binding domain was used
in a two-hybrid assay with Mediator middle subunits
(Med1, Med4, Med7, Med9, Med10, Med14, Med21, and
Med31) fused to the Gal4 activation domain (Fig. 2C; Sup-
plemental Fig. S2B,C). Interactions between Med10 and
other Mediator subunits were used as positive controls.
We showed that the Med14 Mediator subunit interacts
with Sua7 in a two-hybrid system. The Med10 subunit
also showed a two-hybrid interaction with TFIIB but
with a lower intensity. In addition, these interactions
were lost with Sua7-11, Sua7-34, and Sua7-36 mutants,
indicating their specificity. Interestingly, the only contact
within the Mediator middle module decreased in med10-
196was a two-hybrid interaction with theMed14 subunit
(Fig. 1C,D), suggesting that themed10mutationmight al-
ter Med10–Med14 contact, leading to reduced Mediator–
TFIIB interaction.
We then investigated the functional interplay between

the Mediator Med14 subunit and TFIIB by combining
specific sua7 (TFIIB) mutations (Wu et al. 1999) with
C-terminal truncations in MED14 that have tempera-
ture-sensitive phenotypes (med14-752, med14-686, and
med14-483 with a stop codon at position 752, 686, or
483, respectively) (Supplemental Fig. S3A). It should be
noted that further C-terminal truncation ofMED14 to po-
sition 471 led to a lethal phenotype (data not shown). We
observed allele-specific synthetic phenotypes between
the med14 and sua7 mutations that are consistent with
the physiological importance of Mediator–TFIIB interac-
tion (Supplemental Fig. S3B).
Taken together, these results show that Mediator inter-

acts with TFIIB via the Med14 and Med10 Mediator sub-
units and that this contact is important for a functional
interplay between Mediator and the GTF.

med10 mutation differentially affects chromatin
occupancy of PIC components

To investigate the molecular consequences ofmed10mu-
tation on PIC assembly in vivo, we determined the chro-
matin occupancy of Mediator, Pol II, and all GTFs on
the constitutively expressed genes ADH1, PYK1, and
PMA1. The association of Mediator was measured by
ChIP experiments with three differentMediator subunits:
Med5-HA (tail), Med15-HA (tail), and Med17-HA (head)
(Fig. 3A–C). The Mediator occupancy of the promoter re-
gions remained unchanged or decreased slightly in
med10-196 except for the PMA1 promoter region showing
a decrease in Med5 Mediator subunit occupancy and, to a
greater extent, Med17Mediator subunit occupancy. Pol II
(Rpb1) association with the promoter and transcribed re-
gions of class II genes was reduced compared with the
wild type (Fig. 3D).
To assess the ability of med10 mutation to influence

the occupancy of GTFs, ChIP was performed against
TFIIA (Toa2 subunit), TFIIB (Sua7), TFIID (TBP), TFIIE

(Tfa2 subunit), TFIIF (Tfg1 subunit), and the two TFIIH
modules TFIIH core (Rad3 subunit) andTFIIK kinasemod-
ule (Kin28 subunit) (Fig. 3E–K). Interestingly, the most
pronounced effect of med10-196 was observed for TFIIB
(Fig. 3E), which is consistent with the decreased Media-
tor–TFIIB interaction in this mutant. Promoter region oc-
cupancy of TFIIA and TBP remained largely unchanged
(Fig. 3F,G). In contrast, med10 mutation led to a decrease
in the occupancy of all other GTFs, including the TFIIF,
TFIIE, and TFIIH modules, to an extent depending on
the GTF (Fig. 3H–K). These ChIP results indicated that a
mutant in the Mediator middle module has a pronounced
effect on the recruitment and/or stability of specific PIC
components in vivo.

med10-196 has a global effect on PIC assembly in vivo

To extend the PIC assembly analysis to the whole yeast
genome, ChIP-seq experiments were performed for Medi-
ator (Med15 and Med17 subunits), Pol II (Rpb1), and all
GTFs (TFIIA [Toa2], TFIIB [Sua7], TFIID [TBP and Taf1],
TFIIE [Tfa2], TFIIF [Tfg1], and two TFIIH modules: TFIIH
core [Rad3] and TFIIK kinase module [Kin28]). Input DNA
and DNA fromChIP with an untagged strain were used as
negative controls. Supplemental Figure S4A shows an
example of ChIP-seq density distributions for all proteins
on a selected class II gene in wild-type strains after sub-
traction of the normalized control of an untagged strain
as described previously (Eyboulet et al. 2013, 2015). As ex-
pected, a metagene analysis around the transcription start
sites (TSSs) in wild-type strains showed that Pol II is dis-
tributed inside transcribed regions and that Mediator
(Med15 and Med17 subunits) is located upstream of
TSSs on regulatory regions (Supplemental Fig. S4B, top
graph). The ChIP-seq distributions of GTFs overlapped
with each other close to the TSS with a maximum of
peak densities depending on the protein (Supplemental
Fig. S4B, bottom graph). A similar analysis performed
with the med10 mutant did not indicate any change in
Mediator, GTFs, or Pol II peak positions (data not shown).
To investigate how general the effects ofmed10-196 on

PIC assembly in vivo were, the genome-wide occupancy
of Mediator, Pol II, and all GTFs was analyzed using
ChIP-seq experiments in the mutant to compare them
with the wild-type strains. To detect the potential global
effects of Mediator mutations on PIC component occu-
pancy, we performed the normalization step relative to
quantitative PCR (qPCR) data on a set of selected regions
as described previously (Eyboulet et al. 2015). Regression
analysis of PIC component binding in med10-196 versus
wild type was systematically performed.
Genome-wide Mediator occupancy was analyzed for

the Med15 tail subunit and the Med17 head subunit. As
described above, ChIP results on selected class II gene pro-
moters showed no effect or a slight decrease in Mediator
occupancy in the med10-196 mutant, except for the
PMA1 promoter region with a decrease in Med5Mediator
occupancy and, to a greater extent, Med17Mediator occu-
pancy. Genome-wide analysis of the med10-196 mutant
revealed a global 1.4-fold decrease (the slope of regression

Mediator and TFIIB in PIC formation

GENES & DEVELOPMENT 2123

 Cold Spring Harbor Laboratory Press on December 19, 2016 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.285775.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.285775.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.285775.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.285775.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.285775.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.285775.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.285775.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.285775.116/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com


line, shown in red in Fig. 4A, is equal to 0.70) in Med15
Mediator occupancy with a high correlation coefficient
(R2 is equal to 0.92) (Fig. 4A). The effect of med10
mutation on Med17 Mediator occupancy was more
pronounced, with a global 1.8-fold decrease suggesting
some differences in the chromatin association ofMediator
head and tail modules in med10-196 (Fig. 4B).

Similar to the ChIP results on selected gene promoters,
Pol II and TFIIB occupancies were themost affected by the
med10mutation. A large global decrease was observed for
genome-wide binding of Pol II (3.8-fold) and TFIIB (4.3-
fold) in med10-196 (Fig. 4C,D). In contrast, genome-wide
occupancy of two other PIC components, TFIIA and
TFIID (TBP and Taf1 subunits), remained largely un-
changed compared with the wild type (slopes are equal
to 0.90, 1.04, and 0.95, and R2 is equal to 0.8, 0.86, and
0.94, respectively) (Fig. 4E–G). A global decrease in
med10-196 was also observed for TFIIF, TFIIE, TFIIH
core, and TFIIK occupancy to varying extents depending
on the GTF (1.8-fold, 1.4-fold, 3.1-fold, and twofold
decrease, respectively) (Fig. 4H–K). The genome-wide
analysis of the med10 mutant showed a key role of the

Mediator middle module in PIC assembly in vivo and
demonstrated that med10 mutation can lead to a moder-
ate effect on Mediator occupancy accompanied by a large
decrease in Pol II and TFIIB occupancy and a decrease
in several PIC components. TFIIA and TFIID behaved in
a radically different manner without any change in
med10-196 compared with the wild type. Our results
also indicate an independent behavior for PIC compo-
nents, including TFIIE, core and kinase TFIIH modules,
or TFIIF and Pol II.

Gene-specific effects of med10-196 mutation on PIC
assembly in vivo

Our previous analysis of the impact of conditional muta-
tions in the Med17 Mediator subunit on genome-wide
PIC assembly showed a global nature of the effects but
also suggested that some effects could still be gene-specif-
ic (Eyboulet et al. 2015). The high correlation coefficients
obtained when comparing the genome-wide occupancy of
the different PIC components between med10-196 and
the wild type highlight the global effects of the mutation

Figure 3. ChIP analysis of PIC components in
med10-196. Cells were grown to exponential
phase at 30°C on YPD medium and then trans-
ferred for 90 min to 37°C. The immunoprecipitat-
ed protein is indicated together with the complex
to which it belongs: Mediator tail (Med5) (A), Me-
diator tail (Med15) (B), Mediator head (Med17) (C ),
Pol II (Rpb1) (D), TFIIB (Sua7) (E), TFIIA (Toa2) (F ),
TFIID (TBP) (G), TFIIF (Tfg1) (H), TFIIE (Tfa2) (I ),
TFIIH core module (Rad3) (J), and TFIIH kinase
module (Kin28) (K ). All proteins, except Rpb1,
were tagged with HA or TAP (see the Supplemen-
tal Material). Immunoprecipitated DNA was am-
plified with primers corresponding to ADH1,
PMA1 and PYK1 ORF (O) or promoters (P). P1
primers listed in Supplemental Table S3 located
close to upstream regulatory regions were used
forMediator ChIP experiments, and P2 primers lo-
cated close to core promoters were used for Pol II
and GTF ChIP experiments. GAL1 ORF was used
as a negative control, since it is repressed in glu-
cose-supplemented rich medium. The mean val-
ues and standard deviation (indicated by error
bars) of three independent experiments are shown.
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(Fig. 4). To address the question of the gene-specific ef-
fects, we analyzed the variations of the ratio across genes
between the normalized ChIP-seq tag densities computed
in the mutant and the wild type. For each measured GTF
and Mediator subunit, tag densities in the mutant versus
thewild typewere plotted in log2 scale, such as a constant
ratio translates into an alignment of the points along a line
parallel to the diagonal (Y =X) whose intercept corre-
sponds to the log2 ratio (Fig. 5A–C).
We first investigated the amplitude of themed10muta-

tion effects on the different PIC component occupancy.
For each PIC component, we classified the genes into
three groups based on the amplitude of the med10 muta-
tion effects: the upper quartile group (ratios in the highest
25%) (Fig. 5, in red), the interquartile group (general trend)
(Fig. 5, in gray), and the lower quartile group (ratios in the
lowest 25%) (Fig. 5, in blue) as described in the Materials
and Methods (Fig. 5; Supplemental Fig. S5). Since the ge-
neral effect on occupancy was negative for most PIC ele-
ments, the lower quartile group corresponded to the
most impacted genes. However, for TFIIA and TFIID
(TBP and Taf1), the lower and upper quartiles distin-
guished genes that are impacted negatively and positively.
Next, to investigate the functional interplay between

promoter chromatin architecture and PIC assembly, we
compared the nucleosome occupancy profiles from Rhee
and Pugh (2012) between the three groups of genes built
to reflect the impact ofmed10-196oneachPICcomponent
(Fig. 5D–F; Supplemental Fig. S5). These groups did not
correlate with changes in nucleosome positioning. How-
ever, for GTFs such as TFIIB, TFIIH, TFIIK, and Pol II,
the groups correlatedwith the occupancy for nucleosomes
on TSS-surrounding regions; namely, the most affected
genes (lower quartile groups) showed low nucleosome oc-
cupancy, whereas the least affected genes (upper quartile
groups) displayed high nucleosome occupancy (Fig. 5D,E;
Supplemental Fig. S5). An opposite trend was observed
for changes in Mediator occupancy between the mutant
and the wild type: The least affected genes (upper quartile
groups) showed lower nucleosome occupancy than the
most affected genes (lower quartile groups) (Fig. 5F).
Next, we determined how TATA-box-containing genes

(Rhee and Pugh 2012) were distributed between the
groups (Fig. 5G–I; Supplemental Fig. S5). The genes classi-
fied as themost affected bymed10-196 for TFIIB and Pol II
occupancy contained a TATA box significantly more of-
ten than those classified as the least affected (Fig. 5G,H).
Again, the situation was opposite for the impact of the
mutation on Mediator occupancy: The genes classified
as the least affected contained a TATA box more often
than the genes classified as the most affected (Fig. 5I).
The dynamics of nucleosome −1 and +1 as defined by
Dion et al. (2007) follow the TATA-box enrichment pat-
tern (Fig. 5G–I; Supplemental Fig. S5). Both the most af-
fected genes for TFIIB and Pol II occupancy and the least
affected genes forMediator occupancy exhibited promoter
regions with more dynamic NFR-adjacent nucleosomes
(hot nucleosome −1 and +1).
Patterns of nucleosome occupancy, TATA-box pres-

ence, and nucleosome dynamics suggest that some level

of correlation exists between the impacts of med10-196
mutation on the different PIC components measured at
the gene level. To describe these correlations more
directly, the three groups of genes reflecting the impact
of med10-196 on each PIC component were visualized
in heat maps with genes ordered by TFIIB groups (Fig.
5J), Pol II groups (Fig. 5K), and Med17 groups (Fig. 5L).
For each PIC component, the group of more affected genes
is colored in blue, the general trend group genes are in
gray, and the group of less affected genes is in red. These
heat maps allow the observation of a positive correlation
between the impact of the mutation on TFIIB, TFIIH,
TFIIK, and Pol II occupancy and a negative correlation
between the impact on these GTFs and on Mediator sub-
units. To quantify the observed relationships, we per-
formed a Spearman correlation analysis (Fig. 5M). The
impacts of med10-196 were the most intercorrelated for
TFIIB, TFIIH, TFIIK, and Pol II. The impact on TFIIF also
showed some correlation with this set of four PIC compo-
nents. Although TBP occupancy was globally unchanged
in the med10 mutant, slight gene-specific variations
also tended to follow the variations observed for the four
most correlated PIC elements but simultaneously showed
some positive correlation with the impact on TFIIE. In
contrast, themeasured impact ofmed10mutation onMe-
diator occupancy exhibited slight negative correlations
with most other PIC components.
In conclusion, the impact of Mediatormed10mutation

on PIC formation and transcription has amplitude, which
is gene-dependent and correlated with the promoter archi-
tecture in terms of TATA elements, nucleosome occupan-
cy, and dynamics.

med10 mutation affects PIC assembly in vitro

To investigate the role of the essential Med10 subunit of
Mediator on PIC assembly in vitro, we performed bio-
chemical experiments of PIC formation on immobilized
DNA templates (Ranish et al. 1999). Nuclear extracts
were prepared from the med10-196 mutant and the
wild-type strain as described previously (Ranish et al.
1999). The amounts of PIC components, including Medi-
ator (Med14 and Med17 subunits), Pol II (Rpb3 subunit),
TFIIB (Sua7), and TFIIA (Toa1 subunit), were analyzed
byWestern blotting withmed10-196 andwild-type nucle-
ar extracts (Fig. 6, lanes 1,2, Input). HistoneH3was used as
a loading control. All PIC components tested were un-
changed in the med10 mutant compared with the wild-
type extract. We then investigated the impact of med10-
196 mutation on the PIC formation in vitro using an im-
mobilized template system. The PICs were assembled
from Med10 wild-type or Med10-196 nuclear extracts in
the absence or presence of Gal4-Gcn4 activator and ana-
lyzed by Western blotting (Fig. 6, lanes 3–10, PIC). As ex-
pected, the activator stimulated the recruitment of the
PIC components tested, including Mediator, Pol II, TFIIB,
and TFIIA, using nuclear extract prepared from the wild-
type strain (Fig. 6, lanes 3,4). Under the conditions of the
assay, TFIIH bound to the immobilized template to a sim-
ilar extent in the presence and absence of the activator
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(data not shown), which likely reflects the nonspecific
DNA-binding activities of this factor, consistent with pre-
vious observations (Baek et al. 2006). This situation has
precluded the analysis of the med10 mutation’s effect
on TFIIH recruitment in vitro. In agreement with our
ChIP-seq results, the recruitment of Mediator, Pol II,
and TFIIB was defective in themed10-196 nuclear extract
(Fig. 6, lane 8) compared with the wild-type extract (Fig. 6,
lane 4). Similar to the situation thatwe observed for TFIIA
genome-wide binding, the level of this factor in PIC as-
sembled in vitro was unchanged in themed10mutant ex-
tract. Addition of increasing amounts of purified wild-
type core Mediator stimulated the recruitment of each
of the affected PIC components (Fig. 6, lanes 9,10). The re-
sults show that a functional Med10 Mediator subunit is
required for the stable recruitment of Mediator, Pol II,
and TFIIB, suggesting a role for this Mediator subunit in
efficient PIC assembly and/or stability.

Discussion

In this study, an integrative analysis of a conditional
mutant in the Med10 Mediator middle module subunit
was performed combining in vivo, in vitro, and in silico
approaches, giving mechanistic insights into our under-
standing ofMediator function.We show that theMediator
middle module has a general role in PIC formation and
that a functional interplay between Mediator and TFIIB
is important for PIC component assembly and Pol II tran-
scription. (1) We demonstrated an essential role of Media-
tor in TFIIB recruitment and/or stabilization during PIC
formation in vivo and in vitro. We identified Mediator in-
teractions with this GTF via Med14 and Med10 subunits
using a two-hybrid approach. med10 mutation specifi-
cally modified a contact of this subunit with Med14 and
led to a decreased Mediator–TFIIB interaction, demon-
strating a functional link between Mediator and TFIIB in

Figure 4. Genome-wide effects of the
med10-196 mutation on PIC component
distribution. Cells were grown at 30°C in
YPD medium and then transferred for 90
min to 37°C. The ChIP-seq densities of se-
quence tags in Mediator tail (Med15) (A),
Mediator head (Med17) (B), TFIIB (Sua7)
(D), TFIIA (Toa2) (E), TFIID (TBP) (F ), TFIID
(Taf1) (G), TFIIF (Tfg1) (H), TFIIE (Tfa2) (I ),
TFIIH core (Rad3) (J), and TFIIK (Kin28) (K )
were calculated for promoter regions of Pol
II transcribed genes. (C ) The densities of se-
quence tags in the Pol II ChIP-seq experi-
ments were calculated for the Pol II
transcribed genes. Tag densities were nor-
malized relative to qPCR data on a set of se-
lected genes. Each point on the plot
corresponds to one promoter region or one
ORF. Promoter regions correspond to inter-
genic regions in tandem or in divergent ori-
entation, excluding intergenic regions
encompassing Pol III transcribed genes. In
all, 2694 intergenic regions corresponding
to 3303 Pol II-enriched genes were used for
these analyses. A linear regression (red
line) for ChIP-seq density in themutant ver-
sus ChIP-seq density in wild type and an R2

correlation coefficient are indicated.
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vivo. (2) Our results reveal a general function of theMed10
Mediator subunit and theMediator middle module in PIC
assembly and/or stability in vivo and in vitro.med10mu-
tation has a differential effect on PIC component occupan-
cy, with a very large global decrease in Pol II and TFIIB. (3)
Our genome-wide analysis revealed that the range of the
effects of med10 mutation on PIC formation and tran-
scription is gene-specific and is correlated with the pro-

moter architecture, including the presence of TATA
elements, the level of nucleosome occupancy, and nucle-
osome dynamics.

Functional link of Mediator with TFIIB

Previously, a functional cooperation between Mediator
and TFIIB was suggested in yeast and humans (Kang

Figure 5. Clustering analysis of genome-wide
PIC occupancy ratios between med10-196 and
the wild type. (A–C ) ChIP-seq tag densities in
the mutant versus the wild type were plotted
as in Figure 4 but with log2 scales. To aggregate
data at the gene level, divergent geneswith dou-
ble peaks for GTFs were excluded from the
analysis as well as intergenic regions encom-
passing Pol III transcribed genes and centromer-
ic regions. The genes with the lowest Pol II
occupancy (lowest 25%) were also excluded
from the analysis. For each PIC component,
three groups of genes were defined according
to the occupancy ratios between the med10-
196 mutant and the wild type: the lowest 25%
(lower quartile group in blue), the highest 25%
(upper quartile group in red), and the ratios be-
tween 25% and 75% (interquartile group in
gray). The red line corresponds to the median
trend, and black lines correspond to the first
and third quartiles of the data. Blue points cor-
respond to the lowest 25% ofmutant/wild-type
values, and gray points correspond to values be-
tween 25% and 75% of the mutant/wild type.
The red points correspond to the 25% of the
genes that have the highest mutant/wild-type
ratio. Tag densitieswere calculated as described
in the legend for Figure 4 and were analyzed for
the TFIIB (A,D,G,J), Pol II (B,E,H,K ), and Medi-
ator (Med17) groups (C,F,I,L). (D,E,F ) The
groups determined by TFIIB (A), Pol II (B), and
theMediator Med17 subunit (C ) were analyzed
for nucleosome occupancy in a 1600-base-pair
(bp) window centered on the TSS. P-values de-
termined by Wilcox test for the differences be-
tween the gene groups for the maximum
values of nucleosome occupancy on the region
between 0 and 100 bp relative to the TSS were
as follows: For TFIIB groups, lower quartile ver-
sus interquartile was 3 × 10−6, interquartile ver-
sus upper quartile was <10 × 10−12, and lower
quartile versus upper quartile was <10 × 10−12;
for Pol II groups, lower quartile versus inter-
quartilewas 6 × 10−4, interquartile versus upper
quartile was 6 × 10−3, and lower quartile versus
upper quartile was 7 × 10−6; and for Med17
groups, interquartile versus upper quartile was
0.002, and lower quartile versus upper quartile

was 6 × 10−5. (G–I ) The groups determined by TFIIB (A), Pol II (B), and the Mediator Med17 subunit (C ) were analyzed for the presence
of the TATA box for dynamic (hot) nucleosomes −1 and +1. P-values determined by Fisher test are indicated by asterisks with a value
key in the left panel. (J–L) The heat maps clustered by the TFIIB groups (J), Pol II groups (K ), and Med17 groups (L) summarize the group
distribution according to the occupancy ratios between themutant and the wild type for each GTF, Mediator subunit, and Pol II. For each
PIC component, lower quartile group genes are colored in blue, interquartile group genes are gray, and upper quartile group genes are red.
The genes are ordered in the heat maps inside each group by interquartile range (IQR) score. (M ) Pair-wise Spearman correlations between
mutant and wild-type ratios for each PIC component were calculated. The correlated PIC components (>0.48) were TFIIB, TFIIH, TFIIK,
and Pol II.
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et al. 2001; Baek et al. 2006; Lacombe et al. 2013). Our pre-
sent work supports the existence of a strong functional
link between Mediator and TFIIB through contacts be-
tween the middle module and the GTF. We identified
Med14 and Med10 as the subunits that interact with
TFIIB, as indicated by two-hybrid interactions and their
loss in specific TFIIB mutants. Moreover, Mediator–TFIIB
co-IP decreased inmed10-196, and allele-specific synthet-
ic phenotypes were identified between sua7 and med10-
196 or med14 mutations. These observations are in line
with the physiological importance of Mediator–TFIIB in-
teraction. Interestingly, the sua7-36 (S53P) mutant that
had a synthetic phenotype with med10-196 was shown
previously to be defective for activation of specific genes
(Wu andHampsey 1999). The only contact within theMe-
diator middle decreased in med10-196 was a two-hybrid
interaction with the Med14 subunit, but all Mediator
core subunits, including Med14, were identified by mass
spectrometry analysis of purified Med10-196 Mediator.
We noted that TFIIB was the PIC component whose re-
cruitment was the most affected by the med10 mutation
in biochemical experiments with immobilized templates
and in our genome-wide location analysis of PIC forma-
tion. Based on our results, we propose that theMed10mu-
tation specifically alters the Med10–Med14 contact,
introducing conformational or functional changes in the
Mediatormiddlemodule that lead to reducedMediator in-
teraction with TFIIB, destabilization of the GTFs within
the PIC, and reduced Pol II recruitment and transcription.

Although our data show that Med14 and Med10 inter-
act with TFIIB, we do not exclude the possibility that oth-

er Mediator subunits might be contacting this GTF. A
recent cryo-electron microscopic model of a partial PIC,
including a part of Mediator, suggests that Med18–
Med20 subunits of theMediator head bind theTFIIB B-rib-
bon domain (Plaschka et al. 2015). However, this model
does not precisely define the positions of the Med10 and
Med14 subunits, and the PIC complex is partial and stabi-
lized by a cross-link with BS3, precluding any conclusion
about the positioning of Med14–TFIIB and Med10–TFIIB
contacts. In addition, an earlier biochemical study with
reconstituted Mediator modules showed a pull-down be-
tween TFIIB and the Med9/10 subcomplex (Kang et al.
2001). It should also be noted that in vivo PIC assembly
is a dynamic process involving different contacts acting
at specific steps and thatMediator is particularly dynamic
and flexible in this process.

Both Mediator and TFIIB are interacting with Pol II and
are important for the enzyme recruitment. The PIC as-
sembly culminates in Pol II recruitment, and therefore it
is not surprising that many PIC components contact Pol
II, the main player of transcription. We could not exclude
that, in addition toMediator–TFIIB contact, other interac-
tions within the PIC could be involved in med10 muta-
tion effects.

Global role of the Mediator middle module in PIC
formation

This study demonstrates a general function of the Med10
Mediator subunit and Mediator middle module in PIC as-
sembly and/or stability in vivo and in vitro. We showed
that the behaviors of TFIIB, TFIIH, TFIIK, and Pol II
were correlated on individual promoters when Med10
was mutated. TFIID and TFIIA were essentially unaffect-
ed, suggesting that their recruitment can be independent
from that of the other GTFs or that these components
are stabilized in the med10 mutant.

Based on in vitro reconstitution studies, amodel for PIC
assembly in a linear sequence was initially proposed with
TFIID recruitment as a first component, followed by
TFIIA and TFIIB arrival, Pol II recruitment in association
with TFIIF, and completion of PIC assembly by TFIIH
and TFIIE (Buratowski et al. 1989; Ranish and Hahn
1996). This model, which does not includeMediator, can-
not explain our in vivo observations that suggest an inde-
pendent behavior for PIC components that are supposed
to be incorporated together such as TFIIE, core and kinase
TFIIH modules, or TFIIF and Pol II. The Med10 mutation
led to a large decrease in Pol II occupancy, but the effect on
TFIIF, which is thought to be incorporated to the PIC to-
gether with Pol II, was moremoderate. According to a lin-
ear model, TFIIE and TFIIH finalize the PIC assembly and
depend on the incorporation of Pol II. However, the ranges
of themed10mutation effects differ considerably. Recent
electron microscopy-based structural models of human
and yeast PIC have provided important information on
transcription initiation mechanisms (He et al. 2013,
2016; Murakami et al. 2013, 2015; Plaschka et al. 2015,
2016). However, they are currently incomplete (Plaschka
et al. 2015), and the dynamics of PIC assembly are

Figure 6. In vitro PIC formation in the med10-196 mutant.
(Lanes 1,2) Nuclear extracts were prepared from the wild-type
andmed10-196mutant strains and analyzed byWestern blotting
(Input). Histone H3 was used as a loading control. PIC assembly
assay was performed by incubating the indicated nuclear extracts
with the HIS4 immobilized template for 40 min in the absence
(lanes 3,7) or presence (lanes 4–6,8–10) of Gal4-Gcn4 activator
as described in the Supplemental Material. Increasing amounts
of purified core Mediator were added as indicated (lanes 5,6 for
Med10 wild-type extract; lanes 9,10 for Med10-196 extract).
Western blotting for Med8-HAwas used as a control for the puri-
fied Mediator addition.
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unavailable. Our functional in vivo study thus comple-
ments structural studies to investigate different aspects
of PIC assembly on promoters.
Previously, our analysis of mutants in the Med11 and

Med17Mediator head subunits showed thatMediator sta-
bilizes TFIIK kinase and TFIIH core modules indepen-
dently and selectively contributes to TBP recruitment or
stabilization on the chromatin and that a direct Media-
tor–Pol II interaction is generally required for Pol II re-
cruitment and transcription (Esnault et al. 2008;
Soutourina et al. 2011; Eyboulet et al. 2015). Based on
our results, we proposed a model for PIC assembly
through multiple pathways (Esnault et al. 2008) and sug-
gested that Mediator independently orchestratesmultiple
steps of PIC assembly in vivo (Eyboulet et al. 2015). In the
present work, we analyzed genome-wide occupancy of all
PIC components and showed that mutations in the
Med10 Mediator middle module that affect Mediator–
TFIIB contact led to a pronounced decrease in TFIIB (coor-
dinatedwith some but not all PIC components) and a glob-
al impact on Pol II recruitment and transcription,
demonstrating a role of Mediator in PIC assembly on a ge-
nomic scale at the step of TFIIB binding.

Mediator impact on PIC assembly related to promoter
architecture

Mediator serves as a bridge between specific TFs and the
general Pol II transcriptional machinery, acting in gene-
specific transcriptional regulation. Despite the global na-
ture of the Mediator effects on PIC assembly, the range
of these effects could be gene-specific, as suggested by pre-
viousMed17mutant analysis (Eyboulet et al. 2015). Here,
we directly addressed the question of a global versus a
gene-specific nature of Mediator impact on PIC formation
by performing in-depth analysis of our ChIP-seq data of all
PIC components in theMed10mutant compared with the
wild type. We determined how the genes most or least af-
fected for one PIC component are distributed for Media-
tor, GTFs, and Pol II. The range of the effects of Med10
mutation is not simply due to the experimental variabili-
ty. The genes the most and the least affected by Mediator
mutation were, in general, specific for each PIC compo-
nent but show a common tendency (correlation) for sever-
al factors like TFIIB, TFIIH, TFIIK, and Pol II.
Since the PIC assembly occurs in a chromatin context,

we examined the nucleosomal organization of the pro-
moter regions in different groups for Med10 mutation im-
pact. This analysis revealed a connection between the
nucleosome occupancy around the TSS and the impact
of Med10 Mediator mutation on TFIIB, TFIIH, TFIIK,
and Pol II occupancy, with the most affected genes
showing significantly lower nucleosome occupancy on
TSS-surrounding regions. It should be noted that it was
not the case for TFIIA, TFIID (Taf1), TFIIE, and TFIIF (Sup-
plemental Fig. S5). Interestingly, the opposite tendency
was observed for the Mediator subunits, since the most
impacted genes tended to have higher nucleosome occu-
pancy. Previously, in the wild-type context, a mode of
PIC and nucleosome assembly on promoter regions was

proposed to be TATA element-dependent with a compet-
itive assembly for TATA-box-containing promoters and a
cooperative assembly for promoters with TATA-like ele-
ments (Rhee and Pugh 2012). Our work demonstrates
that theMed10Mediator subunit mutation has an impact
on PIC assembly in a TATA element-dependent and nu-
cleosome-dependent manner. It should be noted that the
recruitment or stability of TBP that recognizes the
TATA elements remained globally unchanged in the
med10Mediator mutant as well as the Taf1 TFIID-specif-
ic subunit. Interestingly, the dynamics of NFR-adjacent
nucleosomes −1 and +1 (Dion et al. 2007) follow the ten-
dency similar to that of the TATA-box presence. For the
mutant to wild-type occupancy ratios of Mediator sub-
units, the opposite situation occurs. A generally modest
effect on Mediator subunit occupancy is accompanied
by a higher nucleosome occupancy, depletion for TATA-
box-containing promoters, and low dynamics of −1 and
+1 nucleosomes for the most affected groups. It should
be noted that Mediator is recruited by specific TFs on up-
stream regulatory elements that could have chromatin or-
ganization different from that of core promoter elements.
Our results suggest that changes in Mediator occupancy
that are the consequence of theMed10Mediatormutation
have a reverse relationship with promoter architecture
compared with the core PIC components (TFIIB, TFIIH,
TFIIK, and Pol II). We also suggest that the transcriptional
effects of Med10 Mediator mutation are related to the
function ofMediator in coordinationwith TFIIB and other
GTFs, leading to coordinated changes in Pol II occupancy
and transcription. We envision that Mediator occupancy
does not completely reflect its in vivo function, suggest-
ing the importance of evaluating the dynamics of Media-
tor binding in future studies.
Taken together, our results suggest a functional inter-

play between the PIC assembly mechanisms coordinated
by Mediator and the promoter architecture. The TATA-
box-containing genes are thought to be characterized by
a greater plasticity and flexibility in their expression.
Here we show that Mediator has a global impact on the
PIC assembly and transcription and that the TATA-box-
containing genes with lower nucleosome occupancy and
dynamic −1 and +1 nucleosomes are the most influenced
by Med10 Mediator mutation. From a mechanistic point
of view, this work suggests how functional interplay be-
tween Mediator, TFIIB, other GTFs, and the promoter ar-
chitecture leads to gene-specific transcription. It will help
to understand the global to gene-specific rules governing
transcription regulation. An integrative analysis of PIC as-
sembly mechanisms using mutants in different Mediator
subunits will likely permit future modeling of the PIC as-
sembly pathways at each promoter and prediction of the
Mediator-related regulation rules.

Materials and methods

Strains and plasmids

All Saccharomyces cerevisiae strains are described in Supple-
mental Table S1. All plasmids are listed in Supplemental Table
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S2. The oligonucleotides used in this study are in Supplemental
Table S3.

ChIP and ChIP-seq

ChIP experiments were performed as described previously
(Ghavi-Helm et al. 2008). Cell cultures (100 mL) were grown to
exponential phase in YPD medium at 30°C, transferred for 90
min 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 antibody
and Pol II with 8WG16 anti-CTD antibody (Covance) bound to
IgG magnetic beads (Dynabead). TAP-tagged proteins were im-
munoprecipitated with IgG magnetic beads (Dynabeads). ChIP-
seq experiments were performed as described previously (Eybou-
let et al. 2013). Chromatin preparation for ChIP-seq experiments
was performed as described previously for conventional ChIP, ex-
cept that an additional sonication step with a Bioruptor (Diage-
node) (six cycles of 40 sec with medium intensity setting) was
included to generate DNA fragments of ∼200-base-pair (bp)
mean size. DNA sequencing of 40-nucleotide tags was performed
on a GA-IIx, Hi-Seq, or Next-Seq sequencer using the procedures
recommended by the manufacturer (Illumina). Input DNA and
DNA from ChIP with an untagged strain were used as negative
controls. The ChIP-seq data have been deposited to Array Express
under accession number E-MTAB-4607.

Data analysis

ChIP-seq data were analyzed as described previously (Eyboulet
et al. 2013, 2015). The number of mappable tags for each ChIP-
seq experiment is in Supplemental Table S4. To compare read
counts in wild-type and med10 mutant ChIP-seq data, a count
of reads was determined on promoter regions of Pol II transcribed
genes for all GTFs and Mediator and on Pol II transcribed gene
ORFs for Pol II. For ChIP-seq data analysis, promoter regions
were defined as corresponding intergenic regions in tandem or
in divergent orientation on the yeast genome. To consider only
Pol II transcribed gene promoters, intergenic regions encompass-
ing Pol III transcribed genes were excluded. Read numbers were
normalized relative to qPCRdata on a set of selected regions (Sup-
plemental Table S5) as described previously (Eyboulet et al. 2015).
The median of normalization coefficients between ChIP-qPCR
and read ratios used for ChIP-seq data normalization is in Supple-
mental Table S6.
To aggregate data at the gene level (Fig. 5; Supplemental Fig.

S5), tag density (per 1-bp bin) was averaged across whole inter-
genic regions, corresponding to the regions between tandem
genes, except for Pol II, where the averaging was performed over
the ORFs. Divergent genes with double peaks for GTFs were ex-
cluded from the analysis as well as centromeric regions. R soft-
ware version 3.2.2 was used for computational analysis. In order
to avoid potential biases that could arise from low occupancy val-
ues associated with low transcription levels, the genes showing
the lowest Pol II occupancy (the first quartile) were excluded
from the analyses shown in Figure 5 and Supplemental Figure
S5,leading to 1065 remaining genes.
To investigate the amplitude of themed10mutation effects on

the binding of a particular GTF, Mediator subunit, or Pol II for
each of our measurements, the genes were divided into three
groups: The lower quartile group with the lowest 25% of mutant
versus wild-type ratios comprises 267 genes, and the upper quar-
tile group with the highest 25% comprises another 267 genes,
while the interquartile group with the values between 25% and
75% comprises 531 genes. These groups for TFIIB, Pol II, andMe-

diator (Med17) are illustrated in Figure 5, A–C. As the trend of
mutant versus wild-type values was not always perfectly linear
and in order to correct for this nonlinearity, we developed a script
that estimates locally (i.e., for a given x) themedian and the inter-
quartile range (IQR) to compute a score obtained as [y-median(x)]/
IQR(x), where x and y denote the values for a particular gene in
the wild type and the mutant, respectively. In practice, for each
x, we applied the linear quantile regression implemented in the
Quantreg package (version 5.19) to obtain the local median and
IQR after weighting the points according to their distance to x
with a normal kernel and a bandwidth equal to one-fifth of the to-
tal span of the data on the X-axis. The collections of the genes
most influenced by the mutation and the least influenced bymu-
tation were defined with this score.
The promoter architecturewas determined for each of the three

groups. The presence of the TATA boxes and nucleosome enrich-
ment profiles in a 1600-bp window centered on the TSS were tak-
en fromRhee and Pugh (2012). The dynamics of the nucleosomes
(Dion et al. 2007) were determined for +1 and −1 nucleosomes,
and only the significantly dynamic (hot) nucleosomes were in-
cluded in the analysis. To determine the significance of the re-
sults for the genes containing the TATA box and hot −1 and
hot +1 nucleosomes, we performed a Fisher test, while, for the dif-
ference between nucleosome enrichment, the P-values were ob-
tained by a Wilcox test applied to the maximum value obtained
in the 100 bp downstream from the TSS for each gene. Both Fisher
test and Wilcox test are from the R base package stats.
Spearman correlations between two sets ofmutant versuswild-

type ratio values on the genes in the GTFs, Mediator subunits, or
Pol II were computed and visualized using the heat maps pro-
duced with heatmap3 package version 1.1.1.
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