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SUMMARY

Mediator is a transcriptional co-activator recruited
to enhancers by DNA-binding activators, and it also
interacts with RNA polymerase (Pol) Il as part of
the preinitiation complex (PIC). We demonstrate
that a single Mediator complex associates with the
enhancer and core promoter in vivo, indicating that
it can physically bridge these transcriptional ele-
ments. However, the Mediator kinase module associ-
ates strongly with the enhancer, but not with the core
promoter, and it dissociates from the enhancer upon
depletion of the TFIIH kinase. Severing the kinase
module from Mediator by removing the connecting
subunit Med13 does not affect Mediator association
at the core promoter but increases occupancy at en-
hancers. Thus, Mediator undergoes a compositional
change in which the kinase module, recruited via
Mediator to the enhancer, dissociates from Mediator
to permit association with Pol Il and the PIC. As
such, Mediator acts as a dynamic bridge between
the enhancer and core promoter.

INTRODUCTION

Transcription by RNA polymerase Il (Pol Il) requires the associa-
tion of TATA-binding protein (TBP) and general transcription fac-
tors to form a preinitiation complex (PIC) at core promoters. PIC
formation, the rate-limiting step at the vast majority of yeast pro-
moters (Kuras and Struhl, 1999; Li et al., 1999), is stimulated by
transcriptional activator proteins bound upstream of the core
promoter. Activator proteins do not interact directly with Pol II,
but instead stimulate transcription by recruiting co-activator
complexes such as Swi/Snf nucleosome remodeler, SAGA his-
tone acetylase, and Mediator (Struhl, 1999; Naar et al., 2001;
Green, 2005). In addition to being recruited by many, but not
all, activator proteins (Bhoite et al., 2001; Bryant and Ptashne,
2003; Kuras et al., 2003; Fan et al., 2006), Mediator directly inter-
acts with Pol Il, and it can also stimulate PIC assembly, phos-
phorylation of the Pol Il C-terminal domain (CTD) by TFIIH, and
basal transcription in vitro (Thompson et al., 1993; Kim et al.,

1994; Guidi et al., 2004; Takagi and Kornberg, 2006; Esnault
et al., 2008). Thus, it is generally believed that Mediator provides
a physical bridge between activators bound at enhancers and
Pol Il bound at the PIC. However, there is no direct evidence
for such a bridge in vivo.

Mediator is highly conserved among eukaryotes, and it con-
sists of 25 subunits in S. cerevisiae (Bourbon et al., 2004). Based
on structural, biochemical, and 2-hybrid studies, Mediator is
organized in four modules: the head, middle, tail, and kinase
modules (Guglielmi et al., 2004; Lariviere et al., 2012; Allen and
Taatjes, 2015; Plaschka et al., 2015; Robinson et al., 2015).
The highly conserved head module interacts with Pol Il, and
many head and some middle subunits are essential for yeast
cell growth. The tail module is least conserved and makes direct
contacts with transcription activators bound upstream of the
core promoter (Park et al., 2000; Stevens et al., 2002; Zhang
et al., 2004; Thakur et al., 2008; Brzovic et al., 2011). In yeast,
loss of one or more tail subunits does not result in cell death or
general effects on Pol Il transcription, although activator-depen-
dent transcription can be affected to various extents (Zhang
et al., 2004; Ansari et al., 2012; Paul et al., 2015).

The kinase module, consisting of the Cdk8(Srb10) cyclin-
dependent kinase, its cyclin CycC(Srb11), Med12 (Srb8), and
Med13 (Srb9), is often considered to be repressive, as deleting
its components leads to a global upregulation of stress-related
genes (Holstege et al., 1998; Ansari et al., 2012). Cdk8 can phos-
phorylate the tail subunit Med3 (Pgd1), leading to a decrease in
Med3 levels and transcriptional activation (Gonzalez et al.,
2014). The Med13 subunit connects the kinase module to the
rest of Mediator (Davis et al., 2013), and it is a target of the
Fbw7 tumor suppressor and ubiquitin ligase (Davis et al., 2013)
as well as an auxin-regulated co-repressor that acts through the
upstream regulatory region (Ito et al., 2016). Conversely, the ki-
nase module can also promote transcription (Larschan and Win-
ston, 2005; Belakavadi and Fondell, 2010; Galbraith et al., 2010),
and this may be related to the ability of Cdk8 to phosphorylate
transcriptional activators bound to the enhancer (Hirst et al,,
1999; Chietal., 2001; Vincent et al., 2001; Nelson et al., 2003; Ro-
sonina et al., 2012). Mediator can be isolated from cell extracts
with or without the kinase module, and structural studies show
that the kinase module can sterically block interaction between
Mediator and Pol Il (EImlund et al., 2006; Knuesel et al., 2009).
Transcription experiments in vitro (Malik et al., 2005; Pavri et al.,
2005) and in vivo (Pavri et al., 2005) indicate that the full Mediator
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complex is transcriptionally inactive, whereas a complex lacking
the kinase module and perhaps other subunits is transcriptionally
active. However, there is little understanding of how these two
forms of Mediator are involved in the transcription process in vivo.

In yeast cells, Mediator associates strongly with many (but
not all) activator-bound enhancers under appropriate environ-
mental conditions (Fan et al., 2006), but it only transiently asso-
ciates with the core promoter as a component of the PIC (Jero-
nimo and Robert, 2014; Wong et al., 2014). As such, Mediator
association at core promoters is difficult to detect in wild-type
cells, but it dramatically increases upon depletion or inactivation
of Kin28, the kinase subunit of TFIIH that phosphorylates the Pol
Il CTD at serine 5 (Jeronimo and Robert, 2014; Wong et al.,
2014). Kin28-dependent dissociation of Mediator from Pol I,
and hence from the PIC, is rapid (~0.1 s after PIC assembly),
and it is important for efficient escape of Pol Il from the pro-
moter into the elongation phase of transcription (Wong et al.,
2014). Thus, Mediator plays a dynamic role during the transcrip-
tional initiation process at core promoters that is distinct from its
role at enhancers. The distinct properties of Mediator associa-
tion at the enhancer and core promoter raise the possibilities
of two separate Mediator complexes at these sites and/or a
change in a single Mediator complex during the process of tran-
scriptional activation.

Here, using sequential chromatin immunoprecipitation (ChIP),
we demonstrate that a single Mediator complex is associated
with the enhancer and core promoter, thereby providing direct
evidence that Mediator can act as a physical bridge between
these transcriptional elements. Interestingly, the kinase module
associates strongly with the enhancer, but not with the core pro-
moter in the context of the PIC. This suggests that Mediator un-
dergoes a compositional change during the process of transcrip-
tional activation in which the kinase module dissociates from the
remainder of the Mediator complex in order to permit association
with Pol Il and the remainder of the PIC.

RESULTS

A Single Mediator Complex Bridges the Enhancer and
Promoter of a Gene

In wild-type cells grown in standard conditions, there are ~200
Mediator binding sites at enhancers as detected by ChIP
sequencing (ChIP-seq) for subunits of all four modules (Andrau
et al., 2006; Fan and Struhl, 2009; Jeronimo and Robert, 2014;
Wong et al., 2014; Paul et al., 2015). Under these and other con-
ditions, Mediator association is not detected at core promoters
and the level of Mediator association is poorly correlated with
transcriptional activity (Fan et al., 2006). However, when Kin28,
the kinase activity of TFIIH, is either depleted by anchor-away
(Wong et al., 2014) or inactivated via an analog-sensitive allele
(Jeronimo and Robert, 2014), several hundred additional Medi-
ator binding sites appear at core promoters, precisely at the
location of the PIC (Figure 1A). The level of Mediator association
at the core promoter, unlike Mediator binding at enhancers, is
strongly correlated with transcriptional activity (Jeronimo and
Robert, 2014; Wong et al., 2014). Based on the discordance of
Mediator association with enhancers and core promoters, we
asked whether a single Mediator complex bridges the enhancer
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and core promoter, or whether there are two separate Mediator
complexes at these distinct promoter elements.

To address this question, we performed sequential ChIP in
kin28-AA strains that express two copies of either Med14(Rgr1),
which forms a beam between the middle and head modules and
connects to the tail module (Plaschka et al., 2015), or Med15
(Gal11) (tail module) tagged separately with 13x-Myc and
6x-HA epitopes. We examined regions of SPO24 and CCW12
that span the enhancer and core promoter, both of which are
occupied by Mediator under conditions of Kin28 depletion. If
two separate Mediator complexes completely co-occupy the
enhancer and core promoter, sequential immunoprecipitation
(IP) would yield fold enrichments that are the product of the indi-
vidual IPs (Geisberg and Struhl, 2004). In contrast, if a single
Mediator complex bridges the enhancer and core promoter, the
second IP would not increase the fold enrichment from the first IP.

In strains containing differently tagged versions of either
Med14 or Med15, we did not detect co-occupancy of the
different Mediator complexes at SPO24, or CCW12 (Figure 1B).
By contrast, in a control experiment involving a strain expressing
Myc-tagged Med14 and HA-tagged Med15, sequential IPs per-
formed in either order yield fold enrichments that equal the prod-
uct of the individual IPs (Figure 1B). This observation is indicative
of “complete co-occupancy” of Med14 and Med15, as expected
for two subunits of the same complex (Geisberg and Struhl,
2004). Similar results were obtained using probes specific for
the ZRT2 enhancer or DLD3 core promoter under conditions
where Mediator was only associated with those regions (Fig-
ure S1). Thus, a single Mediator complex bridges the enhancer
and core promoter region.

The Mediator Tail Module Associates with the Enhancer,
while the Head Module Contacts the Core Promoter

To investigate how Mediator bridges enhancers and core pro-
moters in vivo, we used ChIP-seq to examine the genome-
wide association patterns of individual, Myc-tagged Mediator
subunits in a kin28-AA strain. Mediator association at enhancers
was examined in cells prior to Kin28 depletion, a condition in
which Mediator association with core promoters is negligible
(Figure 2A, left panel). We calculated the mean occupancy for
each subunit and aligned the curves by the downstream
“enhancer end” of the Mediator binding peak. Core promoter as-
sociation was examined at genes lacking Mediator association
at enhancers under Kin28 depletion conditions that trap Medi-
ator at the PIC (Figure 2B, right panel). The subunit mean occu-
pancy curves were aligned with respect to the transcription start
site (TSS).

In all cases tested, Mediator binding is observed as peaks at
enhancers or core promoters, indicative of localized recruitment
to these elements as opposed to broad occupancy throughout
the promoter region. Med15 (tail module), Med14 (scaffold be-
tween head/middle and tail modules), and Med7 (middle module)
show similar or stronger binding at the enhancer as compared to
the core promoter. In contrast, head subunits Med20(Srb2),
Med22(Srb6), Med8, and Med21(Srb7) show stronger occu-
pancy at core promoters than enhancers. For genes in which
Mediator associates with the enhancer, Kin28 depletion results
in a 2- to 3-fold increased occupancy of the head subunits
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Figure 1. A Single Mediator Complex
Bridges the Enhancer and Core Promoter
(A) Med14 occupancy upstream of the CCW12
and DLD3 transcription start site (dashed red line)
in a kin28-AA strain in the presence or absence of
rapamycin. Med14 associates with the CCW12
enhancer but not the DLD3 enhancer, but it as-
sociates with both promoters when Kin28 is
depleted.

(B) Sequential ChIP at the SPO24 and CCW12
enhancer and promoter regions. Kin28 anchor-
away strains contain either two copies of MED14
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with peak maxima shifting toward the core promoter, while the
mean occupancies of Med15, Med14, and Med7 are largely un-
changed, with peak maxima remaining at the enhancer (Fig-
ure 2A, right panel). We confirmed these averaged results at
individual genes (Figure 3). The preferential association patterns
of Mediator subunits suggest that the tail module associates with
enhancers, presumably via interactions with bound activator
proteins, whereas head module associates with the promoter,
presumably via its interaction with Pol Il.

Kinase Module of Mediator Associates with the
Enhancer, but Not the Core Promoter

The Cdk8 kinase subunit of the kinase module behaves
differently than subunits from the head, middle, and tail mod-

DLD3

MED15-HA MED14-MYC

HA-Myc
B Myc-HA

separately tagged with 6x-HA and 13x-MYC (left
panel) or MED15 tagged with 6x-HA and MED14
with 13x-MYC (right panel) and were grown in the
presence or absence of rapamycin. ChIP was
performed with a-HA, followed by a-Myc anti-
bodies (light blue), or vice versa (purple), as well as
with HA or Myc alone (gray and yellow, respec-
tively). Fold enrichments of the indicated genomic
regions (red lines) with respect to the control re-
gion are shown.

Data are represented as mean + SEM. See also
Figure S1.

ules (Figure 2). Like other Mediator sub-

units, Cdk8 shows strong occupancy at

enhancers before Kin28 is depleted.

However, upon Kin28 depletion, Cdk8

is not detected at core promoters of

any genes, and it is lost from enhancers

T to which it had previously associated.

This Kin28 dependence strongly argues

that Cdk8 association with enhancers

occurs in the context of the entire Medi-

ator complex and is not due to indepen-

dent, activator-mediated recruitment of

the kinase module. In accord with these

results, the Med13 (Figure 3) and

=5 Med12 (data not shown) subunits of

1 the kinase module behave similarly on

the enhancers and core promoters
tested.

These observations indicate that the

Mediator complex at the core promoter

and the enhancer is structurally distinct with respect to the pres-

ence or absence of the kinase module. As the sequential ChIP

experiment indicates that there is only one Mediator complex

present at the gene at any given time, these observations further

suggest that there is a compositional change during the process

of transcriptional activation. In addition, these results suggest

that, as observed in vitro, the kinase module and Pol Il cannot

simultaneously interact with the remainder of the Mediator

complex in vivo.

+rap

Mediator Behaves Similarly at Newly Activated and
Continuously Activated Genes

The above experiments are performed under steady-state con-
ditions prior to depletion of Kin28. As such, our analysis of genes
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with Mediator bound to the enhancer reflects the continuous
activated state, not the induction of the activated state from an
inactive state. To address this issue, we analyzed Mediator sub-
unit occupancy at heat-shock-inducible enhancers and pro-
moters in response to a 15 min heat shock at 39°C before and
after Kin28 depletion (Figure 3). These genes are activated by
heat shock factor Hsf1 and/or the general stress activators
Msn2 and Msn4. For all genes tested, the pattern of Mediator
subunit occupancy is indistinguishable from that observed in
the genome-scale analysis performed under steady-state condi-
tions. Thus, Mediator behaves similarly at genes undergoing de
novo transcriptional activation and genes in the continuous acti-
vated state.

When Essential Subunits Are Depleted, the Tail Module
Can Associate with Enhancers, but Not Core Promoters
When the med17(srb4)-ts strain is shifted to the restrictive
temperature, the head module is destabilized and no longer
detectable at genes, but the tail subunits remain bound to en-
hancers (Linder et al., 2006; Paul et al., 2015). To confirm and
expand upon this observation, we examined the ability of
Mediator sub-complexes to associate with enhancers and
core promoters under conditions where one or more Mediator
subunits were depleted by anchor-away. In all cases tested,
association of the depleted subunit to enhancers was reduced
to background levels (Figure S2). In accord with the above
observation, depletion of Med17 results in the reduction of
Med6 and Med20 (head subunits), Med14 (scaffold subunit)
and Cdk8 (kinase module subunit) to background levels at
the CCW12, and the heat-shock-inducible HSP82 (Figure 4A)
enhancers, while not affecting the association of tail subunits
Med3 and Med15. Similar results on Mediator association
and Pol Il occupancy are observed when the essential subunits
Med22 (head) and Med7 (middle) are simultaneously depleted
(Figure 4B).

4 Molecular Cell 64, 1-12, November 3, 2016

In contrast, individual depletion of non-essential subunits
Med1, Med20, or Med18(Srb5) only causes a mild dissociation
of the head and middle modules (Figure S3). However, addition
of rapamycin to the triple med18-AA med1-AA med9(cse2)A
strain results in reduced Mediator occupancy to a similar extent
as observed in the met17-AA strain (Figure S3). Thus, the non-
essential subunits individually have less of a crucial role on
Mediator organization than do the essential subunits, although
disabling enough of them at a time can destroy the complex.

To address whether the tail module could interact indepen-
dently with core promoters, we analyzed a strain simultaneously
depleted for Med17 and Kin28. Unlike the situation where Kin28
alone is depleted to trap Mediator at the core promoter, the tail
subunit Med3 is unable to interact with the CCW12 core pro-
moter if Med17 is also depleted (Figure 4C). These observations
indicate that the tail module cannot contact promoters indepen-
dently of the head and middle modules and suggest that the
observed crosslinking of tail module to promoters is indirectly
mediated by crosslinks to the head module.

The Tail Module Is Required for Association of Mediator
with the Enhancer, but Not with the Core Promoter

To address the role of the tail module in Mediator recruitment, we
generated a kin28-AA derivative lacking the genes encoding the
Med3 and Med15 tail subunits. In strains deleted for Med3 and
Med15, another tail subunit, Med2, is no longer recruited to
genes (Zhang et al., 2004; Ansari et al., 2012; Paul et al., 2015).
Consistent with the idea that the tail module is the target of
transcriptional activators bound to the enhancer, all Mediator
subunits tested do not associate with the enhancer in strains
lacking the tail module (Figures 5A, 5B, and S4). The inability of
the kinase module to associate with the enhancer in the absence
of the Mediator tail domain (Figure 5A) indicates that activators
cannot independently recruit the kinase module to enhancers.
In contrast, when Kin28 is depleted, head and middle module
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Figure 3. Mediator Subunit Occupancy at Enhancers and Core Promoters at Genes Induced by Heat Shock
Occupancy of the indicated Mediator subunits at the enhancers and core promoters of the indicated genes in a kin28-AA strain that was or was not treated for 1 hr
with rapamycin and was or was not subjected to a 15 min heat shock at 39°C. Data are represented as mean + SEM.

Molecular Cell 64, 1-12, November 3, 2016 5



Cell’ress

(2016), http://dx.doi.org/10.1016/j.molcel.2016.09.015

Please cite this article in press as: Petrenko et al., Mediator Undergoes a Compositional Change during Transcriptional Activation, Molecular Cell

>

Occupancy at CCW12 enhancer
med17-AA

fold enrichment

-rap +rap  39° heat 39° +rap 1

shock

-rap

Occupancy at CCW12 enhancer
20 | med7/med22-AA

fold enrichment

-rap +rap

39° heat 39° +rap
shock

-rap

(9]

Med3 at CCW12 promoter Med3 at CCW12 enhancer
H kin28-AA
20 1 , 20 1
] . med17-AA
10 - $10 1 g7 kin28-AA

fold enrichment

0 ;0 -
-rap  +rap
Med3 at SED1 promoter

-rap
Med3 at SED1 enhancer

+rap

10"|'

Ry i

fold enrichment

o w
I I
‘
|

0 -
-rap +rap -rap  +rap

Med3 at HSP12 promoter Med3 at HSP12 enhancer
10 10 -

fold enrichment
wv

+rap +rap

subunits tested associate with core promoter, albeit with
reduced efficiency (Figure 5B). The ability of the Mediator head
and middle modules to associate with the core promoter in the
absence of the tail module is consistent with the fact that, in
Kin28-depleted cells, Mediator can strongly associate with ribo-
somal and glycolytic core promoters even though there is essen-
tially no Mediator association at the corresponding enhancers.

The Kinase Module Inhibits Association of Mediator with
Enhancers but Does Not Affect Mediator or Pol Il
Association with Core Promoters

As the kinase module and Pol Il competes with Pol Il for associ-
ating with the rest of the Mediator complex, we considered the
possibility that severing the kinase module from Mediator would
increase Mediator occupancy at the core promoter. We there-
fore examined Mediator occupancy at the enhancer and core
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Figure 4. The Tail Module, but Not the
Head and Middle Modules, Remain Associ-
ated with the Enhancer, but Not the Core
Promoter, When Essential Subunits Are
Depleted

(A) Occupancy of the indicated Mediator subunits
at the CCW12 and HSP82 enhancers of the indi-
cated genes in a med17-AA strain that was or was
not treated for 1 hr with rapamycin and was or was
not subjected to a 15 min heat shock at 39°C.
Immunoprecipitations were performed  with
subunit-specific antibodies (a kind gift from the
Hahn lab), except for Cdk8, which was tagged
with 13x-MYC.

(B) Similar experiment except performed in a strain
that permits simultaneous depletion of Med22 and
Med?7.

(C) Med3 Occupancy at the CCW12 and SED1
enhancer and core promoter before or after Kin28
depletion (blue) or simultaneous depletion of Kin28
and Med17 (red).

Data are represented as mean + SEM. See also
Figures S2 and S3.
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promoter in a kin28-AA strain lacking
Med13, the subunit that connects the ki-
nase module to Mediator (Davis et al.,
2013). Interestingly, loss of Med13 results
in increased occupancy of Med6 (head
subunit) and Med3 (tail subunit) at the
CCW12 and SED1 enhancers (Figure 6A).
In contrast, Med6 levels at the CCW12
core promoter are unaffected by loss
of Med13 (Kin28-depletion conditions).
Similar results were obtained in strains
lacking Cdk8, the catalytic subunit of the
kinase module (Figure 6A). Thus, the ki-
nase module does not affect Mediator
occupancy at the core promoter, but it in-
hibits the association of Mediator with en-
hancers. Consistent with this conclusion,
when Cdk8, the catalytic subunit of the
kinase module, is depleted via anchor-
away, there are marginal, if any, effects on Pol Il occupancy
throughout the genome (Figure 6B).

DISCUSSION

A Single Mediator Complex Bridges the Enhancer and
Core Promoter In Vivo

The standard view of Mediator is that it interacts directly with
DNA-bound activators via the tail domain and with Pol Il via
the head domain and hence serves as a molecular bridge be-
tween enhancers and core promoters. However, this funda-
mental property of Mediator has never been tested in vivo,
and the strong discordance between Mediator association at
enhancers and core promoters (Fan et al., 2006; Jeronimo
and Robert, 2014; Wong et al., 2014) as well as subunit-specific
differences in crosslinking efficiencies (Figure 2) suggested the
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possibility that two separate Mediator complexes bind to these
regions.

Using sequential ChlIP, we demonstrate that a single Mediator
complex bridges the enhancer and core promoter in vivo. We
cannot detect any indication of two separate Mediator com-
plexes simultaneously occupying the enhancer and core pro-
moter, but the possibility that this occurs at a very low level
below the sensitivity of the experiment cannot be excluded.
Furthermore, as Mediator and Pol Il occupancy at the promoter
are strongly correlated under conditions of Kin28 depletion (Jer-
onimo and Robert, 2014; Wong et al., 2014), very low levels of
two Mediator complexes co-occupying the enhancer and core
promoter, should they even occur, will have little if any effect
on transcriptional output.

Multiple observations strongly suggest that Mediator cross-
linking to DNA is indirectly mediated via crosslinking to activators
bound at enhancers and/or Pol Il bound at the PIC. First, for all
subunits tested by ChIP, Mediator is detected as peaks that
coincide with the enhancer and/or PIC, but not the intervening
region (except when the signals overlap due to proximity of the
recruiting elements). Second, Mediator head subunits crosslink
more efficiently to the core promoter, whereas tail subunits
crosslink more efficiently to enhancers. We presume that the
weaker and reciprocal crosslinking—head subunits with the
enhancer and tail subunits with the core promoter—is indirectly

Med17 occupancy at enhancer

moters. Fourth, the middle and head
modules can associate with the promoter
even when the tail module is removed.

The physical organization of Mediator
bridging the enhancer and core promoter
in vivo is in accord with biochemical
and structural analyses (Guglielmi et al.,
2004; Lariviere et al., 2012; Allen and
Taatjes, 2015; Plaschka et al., 2015; Rob-
inson et al., 2015). It is also consistent
with experiments in which individual
Mediator subunits are artificially recruited
to enhancers via a covalent connection to
the activator (Barberis et al., 1995; Keave-
ney and Struhl, 1998; Gaudreau et al., 1999). In particular, artifi-
cial recruitment of the tail subunit Med15 leads to very high levels
of transcription because it simulates the natural organization,
whereas artificial recruitment of middle or head subunits leads
to much lower levels because these subunits cannot simulta-
neously be located at the enhancer (where they are recruited)
and the promoter (where they function).

Although a single Mediator complex can bridge the enhancer
and core promoter, there are situations in vivo in which Mediator
associates with only one of these regions. In wild-type cells
grown in appropriate environmental conditions, many transcrip-
tional activators strongly recruit Mediator to target enhancers,
but virtually no Mediator is detected at the corresponding core
promoter (Kuras et al., 2003; Fan et al., 2006) due to the transient
nature of the PIC (Jeronimo and Robert, 2014; Wong et al., 2014).
Conversely, under conditions of Kin28 depletion, many core pro-
moters have high Mediator association and transcriptional activ-
ity despite essentially no Mediator associated at the enhancer
(Jeronimo and Robert, 2014; Wong et al., 2014). This discor-
dance reflects the fact that some activators, such those driving
ribosomal protein and glycolytic genes, do not recruit Mediator
(Fan et al., 2006). Thus, activators and Pol Il are independently
sufficient to recruit high levels of Mediator to enhancers and
the PIC. Nevertheless, there are some cases in which Kin28
inactivation also increases Mediator occupancy at enhancers,
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Figure 7. Mediator Undergoes a Compositional Switch during Tran-
scriptional Activation

(A) An activator protein (Act) bound to the enhancer recruits the complete
Mediator complex that includes the kinase module. Recruitment involves a
direct interaction between the activator protein (via its activation domain) with
the tail module of Mediator.

(B) The activator protein recruits general transcription factors (GTFs) including
Kin28, the catalytic subunit of the TFIIH kinase to the core promoter (such
recruitment also involves other co-activators such as Swi/Snf, SAGA, and the
TAF subunits of TFIID). This recruitment involves dissociation of the Mediator
kinase module from the remainder of Mediator and the interaction of
the Mediator head module with Pol Il (curved line indicates the CTD). This
compositional switch leads to the formation of the preinitiation complex and
subsequent transcriptional initiation. Competition of the kinase module and
Pol Il for the head domain of Mediator underlies the compositional change.
Mostly simply, this compositional change reflects simple equilibria of the
protein-protein interactions, although these could be altered by specific fac-
tors that favor one form over the other. Some genes, notably those encoding
ribosomal proteins and glycolytic enzymes are highly transcribed, even though
Mediator is not recruited to enhancers (Fan et al., 2006). In such cases,
Mediator complex lacking the kinase domain is recruited to the core promoter.
(C) Kin28 phosphorylates the Pol Il CTD (red curved line), thereby leading to
Mediator dissociation, promoter escape of Pol Il, and transcriptional initiation
(Jeronimo and Robert, 2014; Wong et al., 2014).

possibly indicating the role of the bridge in which Mediator asso-
ciation with the enhancer is stabilized when it is also being held at
the promoter.

Mediator Undergoes a Compositional Change upon
Transcriptional Activation that Involves Eviction of the
Kinase Module at the Core Promoter

Unlike all other Mediator subunits tested, kinase module sub-
units (Cdk8, Med12, Med13) do not crosslink to core promoters,
whereas they efficiently crosslink to enhancers. Furthermore,
the kinase module subunits are distinct from all Mediator
subunits tested in that their association with enhancers is
eliminated upon Kin28 depletion. In addition, at genes where
Mediator is recruited to enhancers, Kin28 depletion leads to
increased crosslinking of head module subunits at the core
promoter, but crosslinking of tail subunits is not affected. These
observations indicate that Mediator bound at the enhancer
is structurally distinct from Mediator bound at the core pro-
moter. These observations strongly suggest that Mediator at
the core promoter lacks the entire kinase module. Taken
together with the sequential ChIP experiment showing that the
distinct forms of Mediator do not co-occupy the enhancer and
core promoter at the same time, these observations indicate
that Mediator undergoes a compositional change during tran-
scriptional activation.

Our results suggest a dynamic bridge model in which the
kinase module is evicted from enhancer-recruited Mediator to
permit association with Pol Il at the PIC (Figure 7). This model
is consistent with the facts that Mediator can be isolated from
cell extracts both with and without the kinase module, and
the kinase module can sterically block interaction between
Mediator and Pol Il (EImlund et al., 2006, Knuesel et al., 2009).
Thus, competition between the kinase module and Pol Il for
association with Mediator may underlie the mechanistic basis
of the compositional change in Mediator that occurs during
steady-state or de novo activator-dependent transcription. Our
genome-wide analysis of Mediator occupancy indicates that
this switch occurs generally, suggesting that this competition
is likely to be due to intrinsic interactions among the compo-
nents. However, this switch could be affected by additional
specificity factors. In this regard, the poly(ADP-ribose)-polymer-
ase PARP-1 mediates a switch between the two Mediator forms
at retinoic acid-inducible promoters via direct interactions of
PARP-1 with the retinoic acid receptor and Mediator (Pavri
et al., 2005).

Role of the kinase module

In principle, the absence of the kinase module at core promoters
should facilitate Pol Il association at the PIC, and this could
explain a general repressive role for the kinase module. How-
ever, this general repressive role is physiologically minor, as
yeast strains lacking one or more components of the kinase
module have modest growth defects (Lee et al., 2000). In addi-
tion, depletion of Cdk8 via anchor away causes marginal effects
on Pol Il occupancy over the entire genome. Most importantly,
severing the kinase module from the rest of the Mediator com-
plex via a Med13 deletion does not affect Mediator occupancy
atthe core promoter. These observations suggest that eviction of
the kinase module is not generally rate-limiting for transcription,
perhaps because the Pol lI-Mediator interaction is stronger than
the interaction between the kinase module and the remainder of
Mediator.
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Despite the lack of a general effect of the kinase module on
Pol Il transcription, Cdk8 deletion strains show subtle positive
and negative effects on levels of selected mRNAs (Holstege
et al., 1998; Larschan and Winston, 2005). Our finding that
Med13 inhibits Mediator occupancy at enhancers is consistent
with Cdk8-dependent phosphorylation and subsequent degra-
dation of the tail subunit Med3 (Gonzalez et al., 2014), and
it provides a potential mechanism for transcriptional inhibition of
selected genes. In addition, the kinase module, recruited to en-
hancers as part of Mediator, can phosphorylate enhancer-bind-
ing transcription factors and alter their activity (Hirst et al,,
1999; Chi et al., 2001; Vincent et al., 2001; Nelson et al.,
2003; Rosonina et al., 2012). We therefore suggest that an
important role of the Mediator kinase module is to fine-tune
the activity of transcription factors, with eviction from the com-
plex being required, but not rate-limiting, for Pol Il association
at the PIC.

Our results are in apparent conflict with a very recent paper
claiming that heat shock factor can recruit the kinase module
independently of the rest of Mediator (Anandhakumar et al.,
2016). First, on a genomic scale, association of the kinase mod-
ule with enhancers is dependent on Kin28, which associates
solely with the core promoter and hence should not directly
affect independent association with the enhancer. In contrast,
association of the tail module with enhancers, either indepen-
dently or together with the full Mediator complex, is independent
of Kin28. Second, for the genes tested, association of the kinase
module with enhancers is not observed upon deletion of the tail
module. Third, upon depletion of the head module the tail mod-
ule, but not the kinase module, can associate with enhancers.
Thus, the kinase module cannot generally be independently re-
cruited to enhancers by activator proteins, although individual
activators such as heat shock factor might behave differently.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Conditions

Strains used in this study are listed in Table S1. Anchor-away strains were con-
structed as described previously (Wong et al., 2014) and grown in standard
complete (SC) liquid media to an ODggg Nm of 0.4, and rapamycin was then
added to a final concentration of 1 pg/mL. All anchor-away strains contain
the tor7-1 mutation, which blocks rapamycin-dependent stress response
observed in wild-type cells and permits the specific depletion of the tagged
subunit under normal physiological conditions (Haruki et al., 2008). For 39°C
heat shock, cells (pretreated or not with rapamycin for 45 min) were grown
at 30°C, the culture was filtered, transferred to pre-warmed 39°C media,
and grown at 39°C for 15 min in the presence or absence of rapamycin.

Chromatin Immunoprecipitation

Chromatin, prepared as described previously (Fan et al., 2008), from ~6 mL of
cells (ODggp NmM ~0.5) was immunoprecipitated with antibodies against Pol Il
unphosphorylated CTD (8WG16, Covance), FRB (Alexis), c-Myc (9E10, Santa
Cruz), HA (F-7, Santa Cruz), or antibodies specific to various Mediator subunits
(a kind gift from Steven Hahn). Sequential ChIP was performed as described
previously (Geisberg and Struhl, 2004). Immunoprecipitated and input sam-
ples were analyzed by qPCR in real time using primers for genomic regions
of interest and a control region from chromosome V (coordinates 12,000
to 13,000) to generate IP:input ratios for each region. The level of protein
association to a given genomic region was expressed as fold enrichment
over the control region. For all ChIP experiments, data are represented as
mean + SEM.

10 Molecular Cell 64, 1-12, November 3, 2016

ChIP-Seq and Data Analyses

Barcoded sequencing libraries from ChIP DNA were constructed as described
previously (Wong et al., 2013). Sequence reads were mapped using Bowtie avail-
able through the Galaxy server (Penn State) with the following options: -n 2, -e 70,
-128,-v —1,-k 1,-m —1. The Integrated Genome Browser (Nicol et al., 2009) was
used for visualizing ChIP-seq data and for the screenshots in Figure 1. Occu-
pancy of a Mediator subunit was calculated by summing the number of ChIP-
seq reads within an appropriate region (enhancer, promoter, or coding region),
normalized to the respective surveyed window size, and is expressed as counts
per million mapped reads (CPM). Normalization was also performed with respect
to the median Pol Il levels at the silent loci (HML and HMR) and a non-transcribed
region of Chromosome V (location 12,000-13,000) set as the “background”
level. Mean binding curves were generated using Galaxy deepTools (Freiburg,
Germany).
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