Molecular Cell 23, 355-364, August 4, 2006 ©2006 Elsevier Inc. DOI 10.1016/j.molcel.2006.06.007

Head Module Control of Mediator Interactions

Yuichiro Takagi,"* Guillermo Calero,'*
Hirofumi Komori,"® Jesse A. Brown,®
Andreas H. Ehrensberger," Andy Hudmon,®
Francisco Asturias,® and Roger D. Kornberg'*
1 Department of Structural Biology
2Department of Neurobiology

Stanford University School of Medicine
Stanford, California 94305

3Department of Cell Biology

Scripps Research Institute

10550 North Torrey Pines Road, CB227

La Jolla, California 92037

Summary

Yeast Mediator proteins interacting with Med17(Srb4)
have been expressed at a high level with the use of re-
combinant baculoviruses and recovered in homoge-
neous form as a seven subunit, 223 kDa complex. Elec-
tron microscopy and single-particle analysis identify
this complex as the Mediator head module. The re-
combinant head module complements “headless” Me-
diator for the initiation of transcription in vitro. The
module interacts with an RNA polymerase II-TFIIF
complex, but not with the polymerase or TFIIF alone.
This interaction is lost in the presence of a DNA tem-
plate and associated RNA transcript, recapitulating
the release of Mediator that occurs upon the initiation
of transcription. Disruption of the head module in
a temperature-sensitive mutant in vivo leads to the
release of middle and tail modules from a transcrip-
tionally active promoter. The head module evidently
controls Mediator-RNA polymerase Il and Mediator-
promoter interactions.

Introduction

Most, if not all, RNA polymerase Il promoters are tran-
scribed by a common set of proteins, comprising the
multisubunit RNA polymerase, five general transcription
factors, and the Mediator of transcriptional regulation.
RNA polymerase Il alone is capable of unwinding, tran-
scribing, and rewinding duplex DNA. The general tran-
scription factors are responsible for promoter recogni-
tion and are crucial for formation of a transcription
bubble and for the initiation of RNA synthesis (Conaway
and Conaway, 1993). Mediator provides the interface
with activator and repressor proteins. It transduces reg-
ulatory information from enhancers and other DNA ele-
ments to promoters in all eukaryotes (Kornberg, 2005).

Twenty-two of the 25 proteins so far identified with
yeast Mediator have homologs in higher cells (Bourbon
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et al., 2004). Nearly half of the yeast Mediator proteins
were revealed by genetic screens for mutations affect-
ing the regulation of transcription (Gustafsson et al.,
1997; Li et al., 1995). One screen, for suppressors of
truncation mutants of the RNA polymerase Il C-terminal
domain (CTD), led to the isolation of so-called SRB
genes, nine of which encode Mediator subunits (Kim
et al., 1994), and five of which are essential for yeast
cell growth (Nonet and Young, 1989; Thompson et al.,
1993). A temperature-sensitive mutation of one of these
genes, now designated MED17(SRB4), has proven par-
ticularly informative about the role of Mediator in vivo
(Thompson and Young, 1995) and in vitro (Takagi and
Kornberg, 2006). At a restrictive temperature, transcrip-
tion ceases in the mutant cells (Holstege et al., 1998) and
cannot be reconstituted in a cell-free system (Takagi
and Kornberg, 2006). Mediator is evidently required
not only for regulated transcription but for any transcrip-
tion at all. Indeed, Mediator stimulates “basal” (unregu-
lated) transcription in vitro (Kim et al., 1994). Mediator
also stimulates phosphorylation of the polymerase I
CTD by general transcription factor TFIIH, and binding
of Mediator to the CTD has been thought to underlie
Mediator-polymerase Il interaction (Kim et al., 1994).

The earliest evidence of Mediator-polymerase Il inter-
action came from copurification and coimmunoprecipi-
tation (Kim et al., 1994; Koleske et al., 1992; Koleske
and Young, 1994; Thompson et al., 1993). Structural
analysis by electron microscopy (EM) and image pro-
cessing revealed Mediator alone as a globular entity, un-
folding to a crescent shape that largely envelops the
polymerase in the complex formed between them
(Figure 1A) (Asturias et al., 1999; Davis et al., 2002). Be-
yond its presumed interaction with the CTD, Mediator
makes extensive contact with the polymerase along
the “back” side of the molecule (the “upstream” end in
a transcribing complex) (Asturias, 2004; Davis et al.,
2002). Mediator appears, even at the low resolution of
the analysis, to be divided into three modules that
have been termed head, middle, and tail (Figure 1A).
The tail can be deleted without loss of yeast cell viability
(Li et al., 1995) or of the remaining structure in the elec-
tron microscope (Dotson et al., 2000), supporting its ex-
istence as a discrete module. There are indications that
Med17(Srb4) and other Srb proteins are prominent in the
head module, while proteins important for negative reg-
ulation may be found in the middle module (Guglielmi
et al., 2004; Lee and Kim, 1998).

The intimate nature of Mediator-polymerase interac-
tion poses fundamental questions about the Mediator
mechanism: how is regulatory information transmitted
through the Mediator-polymerase interface? How are
polymerase-general transcription factor interactions ac-
commodated as well? How is the extensive interface
disrupted following the initiation of transcription, recy-
cling Mediator to new initiation complexes and freeing
polymerase to traverse the body of a gene?

The size (>1 MDa) and complexity of Mediator pose
formidable challenges for biochemical analysis. We re-
port here on an approach to the problem one module
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at a time. Production of the head module in recombinant
form has opened the way to structural and functional
studies. The first such studies have given unexpected
insight into the architecture of the module, its role in
transcription, and the dynamics of the transcription
machinery.

Results

Recombinant Med17(Srb4) Module

Previous studies have shown the possibility of express-
ing Mediator modules with the use of recombinant bacu-
lovirus in insect cells (Kang et al., 2001; Koh et al., 1998).
The amounts of material obtained were small, however,
requiring detection by immunoblotting or silver staining,
and insufficient for detailed biochemical and structural
analysis. We sought to overcome this limitation by
screening recombinant baculoviruses for high levels of
expression of Mediator subunits. Repeated rounds of
screening resulted in a set of baculoviruses for Mediator
proteins, including all those previously associated
with Med17(Srb4) at a low expression level: Med6,
Med18(Srb5), Med8, Med20(Srb2), Med11, Med22(Srb6),
and Med19(Rox3). Insect cell cultures (100 ml) were in-
fected with various combinations of these viruses and
with viruses for expression of Med21(Srb7), Med7,

LFTE]

Figure 1. Recombinant Med17(Srb4)-Head
Module

(A) RNA polymerase lI-Mediator structure de-
termined by EM and single-particle analysis
(Davis et al., 2002). Head, middle, and tail
modules are indicated.

(B) SDS-PAGE of recombinant Med17(Srb4)-
head module. Approximately six micrograms
of a peak of Ni column fraction was electro-
phoresed in a 4%-12% NuPAGE, followed

8 by staining with Coomassie blue.

(C) Med22 and Med11 are required for as-
sembly of Med17(Srb4)-head module. All
seven subunits of Med17(Srb4)-head module
(lane 1), all subunits except Med22(Srb6)
(lane 2), all subunits except Med11 (lane 3),
Med17(Srb4) alone (lane 4), and Med17(Srb4),
Med22, and Med11 (lane 5) were expressed in
insect cells and purified by means of a 10 his-
tidine tag on the Med17(Srb4) subunit. Ap-
proximately six micrograms of Ni column
fraction was electrophoresed in a 4%-12%
NuPAGE, followed by staining with Coomas-
sie blue. Molecular weight markers are indi-
cated on the left. Asterisk indicates proteo-
lytic fragment of Med17(Srb4).

(D) Expression levels of Med17(Srb4), Med18,
Med8, and Med20 subunits in the presence
(lanes 1-3) or absence of Med22 (lanes 4-6)
or the absence of Med11 (lanes 7-9). Clarified
cell lysate (load) was applied to a Ni column.
Ten microliters of load (L), flowthrough (FT),
and eluate (E) of Ni column was resolved by
4%-12% NuPAGE, with detection by immu-
noblotting with anti-Med17, anti-Med18,
anti-Med8, and anti-Med20 antibodies.

«— a-Med17(Srb4)

4— o-Med18(Srb5)
<—o-Med8

<4—a-Med20(Srb2)

Med1, Med2, Med4, Med9, and Med10 as well. Proteins
associated with Med17(Srb4), which bore a decahisti-
dine tag, were recovered by cell breakage, ammonium
sulfate precipitation, and affinity purification on Ni resin
and were revealed by SDS-PAGE and staining with Coo-
massie blue (Figure 1B). A stoichiometric complex of
seven proteins was obtained, comprising those previ-
ously found to be associated with Med17(Srb4), with
the exception of Med19(Rox3), which was expressed
but failed to bind the Ni resin and could be omitted with-
out effect on the assembly of the rest of the complex
(see Figure S1 in the Supplemental Data available with
this article online). Following further purification on a
HiTrap Q column, approximately 0.3 mg of the seven
subunit complex was obtained from 100 ml of insect
cell culture in homogeneous form.

Med17(Srb4) Module Organization

Omission of either of the smallest subunits, Med11 or
Med22(Srb6), resulted in virtually no Med17(Srb4) module
at all (Figure 1C, lanes 2 and 3). This was not due to an ef-
fect on expression, as shown by immunoblotting with an-
tibodies against Med8, Med17(Srb4), Med18(Srb5), and
Med20(Srb2) (Figure 1D). Rather, Med11 and Med22(Srb6)
were evidently required for recovery of Med17(Srb4),
since expression of the three proteins resulted in
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a stoichiometric complex (Figure 1C, lane 5). In the ab-
sence of the two small proteins, Med17(Srb4) may have
been degraded, and the 10 histidine tag associated only
with a small fragment (Figure 1C, lanes 2-4).

Other subcomplexes of the Med17(Srb4) module
could be formed as well. Thus, omission of either Med6
or Med20(Srb2) resulted in complexes of the remaining
six proteins (Figure 2A, lanes 2 and 3). Omission of
Med18(Srbb5) led to a complex also lacking Med20(Srb2)
(Figure 2A, lane 4). Consistent with this, expression
of only Med18(Srb5) and Med20(Srb2) yielded a com-
plex of these two proteins alone (Figure 2B, lane 9). Fi-
nally, omission of Med8 resulted in the loss of all of the
three proteins Med6, Med18(Srb5), and Med20(Srb2)
from the complex with Med17(Srb4), Medi1, and
Med22(Srb6) (Figure 2A, lane 5). Conversely, coexpres-
sion of Med8 with Med6, Med18(Srb5), and Med20(Srb2)
yielded a ternary Med8-Med18(Srb5)-Med20(Srb2) com-
plex, though without Med6 (Figure 2B, lanes 10 and 11).

These results lead to a picture of Mediator
Med17(Srb4) module architecture based on a minimal
complex of Med17(Srb4), Med11, and Med22(Srb6)
(Figure 2C). Interaction with Med6 and Med8 (which
also interact with one another) results in a “core” mod-
ule made up entirely of subunits encoded by essential
genes. The core complex binds Med6 (essential) and
a Med18(Srb5)-Med20(Srb2) dimer, both through

weight markers are at the left.

(C) Schematic representation of
Med17(Srb4)-head module and subcom-
plexes based on (A) and (B).

Core head module
(Essential genes)

Med18-20 dimer
(Nonessential genes)

Med8, to form the complete module. This picture is con-
sistent with results from pairwise two-hybrid analysis in
yeast (Guglielmi et al., 2004).

Identification of Med17(Srb4) Module

with the Mediator Head

The surface topography of the recombinant complex
was revealed by EM and image processing of negatively
stained specimens. Images of 358 particles were classi-
fied according to direction of view and averaged
(Figure 3A). These averages corresponded with views
of the head region of an RNA polymerase II-Mediator
complex (Figures 3B and 3C) and were clearly distin-
guishable from views of the middle and tail regions
(data not shown). On this basis, we identify the seven
subunit Med17(Srb4) module with the Mediator head.

Functional Activity of Recombinant Head Module

The recombinant module could be assayed for activity
with extract from med17(srb4)ts cells, which is incapa-
ble of transcription at 30°C (Takagi and Kornberg,
2006). Head module proteins dissociate from the mutant
complex (Takagi and Kornberg, 2006) (C.M. Gustafsson,
personal communication), resulting in a “headless”
Mediator at 30°C (C.M. Gustafsson, personal communi-
cation). Addition of recombinant head module to the
mutant cell extract restored activity to about the level
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observed with complete wild-type (wt) Mediator (Fig-
ure 4A), whereas addition of recombinant Med17(Srb4)
protein alone was without effect (data not shown). In
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Figure 4. Transcription Activity of the Head Module

(A) Transcription was performed with srb4ts mutant extract at 30°C
as described (Takagi and Kornberg, 2006), with addition of purified
Mediator (0, 0.1, and 0.2 pmol in lanes 1-3) or of recombinant head
module (0.25, 0.5, and 1 pmol in lanes 4 and 5). Transcripts (~ 360
bp) separated by 6% denaturing PAGE and revealed by autoradiog-
raphy are shown (top) and quantified by Phosphorimager analysis
(bottom).

(B) Transcription was performed with purified proteins at 24°C as de-
scribed (Takagi and Kornberg, 2006), with 0, 0.1, and 0.2 pmol of puri-
fied Mediator or with 0, 0.1, 0.2, 0.4, and 0.8 pmol of reombinant head
module. Transcripts were quantified by Phosphorimager analysis.

Figure 3. EM and Single-Particle Analysis of
the Recombinant Head Module, and Compar-
ison with the Head Portion of the Mediator
Structure

(A) Class averages obtained after alignment
and classification of 358 images of recombi-
nant head module particles preserved in
stain.

(B) Selected 2D projections of the head por-
tion of the Mediator structure (boxed in [C])
(Davis et al., 2002).

(C) 3D reconstruction of yeast Mediator-RNA
polymerase Il complex, calculated from im-
ages of particles preserved in stain.

a fully reconstituted system with purified RNA polymer-
ase Il and general transcription factors, the head module
had little effect (Figure 4B) and failed to support tran-
scriptional activation or to stimulate CTD kinase activity
(data not shown). Evidently, these functions require ad-
ditional Mediator modules, and the restoration of tran-
scriptional activity in med17(srb4)ts cell extract was
due to complementation between the head module
and headless Mediator.

Head Module Interactions

The head module has been reported to form complexes
with the RNA polymerase Il CTD and with transcriptional
activators (Kang et al., 2001; Koh et al., 1998). Interaction
with the CTD was anticipated from the original isolation
of the SRB genes, based on suppression of a CTD trun-
cation mutation (Nonet and Young, 1989). We investi-
gated head module-CTD interaction with mixtures of
decahistidine-tagged head module and GST-CTD.
There was no retention of GST-CTD on a Ni column
nor any retention of head module on a glutathione col-
umn (Figure S2A) and thus no evidence of stable com-
plex formation. In all likelihood, genetic suppression
was due to an indirect effect and not to Srb protein-
CTD interaction. Recombinant head module also failed
to form stable complexes with TBP (Figure S2B), TFIIB
(Figure S2C), or transcriptional activation domains
(Figure S3) or DNA (Figure S4).

Despite the apparent contact of the head module with
the polymerase in the electron microscope structure of
the Mediator-polymerase Il complex (Figure 1A), re-
combinant head module failed to bind stably to the poly-
merase (Figure S5A). The head module did, however,
bind stably to a polymerase-TFIIF complex, giving rise
to a stoichiometric assemblage of 22 protein molecules
(Figures 5A and 5B). This result, together with the lack of
binding to the polymerase or TFIIF alone (Figure S5B),
suggests a simultaneous interaction of the head module
with both polymerase and TFIIF.

Release of Head Module from a Transcribing
Complex

Chromatin immunoprecipitation (ChIP) has revealed
a close proximity of Mediator to upstream activating se-
quences (UASs) and promoters, but not to open reading
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frames (ORFs) of yeast genes in vivo (Kuras et al., 2003;
Pokholok et al., 2002) From this and other evidence
(Svejstrup et al., 1997), it appears that Mediator is dis-
charged from its association with RNA polymerase Il fol-
lowing the initiation of transcription in vivo. We therefore
investigated the affinity of the head module for a tran-
scribing complex in vitro. Whereas the module bound
stably to an RNA polymerase II-TFIIF-TFIIB-TBP-pro-
moter DNA complex (minimal preinitiation complex,
mPIC), binding to a complex containing a DNA bubble
and nine residue complementary RNA (transcribing
complex) was weaker and short-lived (Figure 5C).
From the rate of head module dissociation, we estimate
an order-of-magnitude difference in affinity of the head
module for preinitiation and transcribing complexes.

Head Module Control of Mediator-Promoter
Interaction

The discrete nature of the head module and the capacity
of headless Mediator to complement head module in

Transcribing Pol-lIF

scanned, and ratios of [Head] to [Pol-IIF] were
determined, as indicated below the gels.

0.33 0.10 : [Head}[Pol-IIF]

transcription raised the question of whether the head
module is required for association of middle and tail
modules with promoters in vivo. We addressed the
question by ChIP analysis, with the use of med17(srb4)ts
strains bearing TAP tags on subunits representative
of the head (Med22[Srb6]), middle (Med14[Rgr1]), and
tail (Med15[Gal11]) modules. Cells were grown in the
presence of galactose for activation of GAL promoters
and maintained at 30°C (permissive temperature) or
raised to 37°C (restrictive temperature). At the permis-
sive temperature, all three tagged proteins were associ-
ated with the GAL 70 UAS (Figure 6), but not with a nega-
tive control sequence (located on chromosome V and
lacking any known genes) or with the GAL10 ORF
(data not shown), consistent with previous reports on
Med20(Srb2) (Bhaumik et al., 2004) and Med14(Rgr1)
(Bhaumik et al., 2004; Kuras and Struhl, 1999). Upon shift
to the restrictive temperature, the association of all three
tagged proteins was diminished to a greater extent in
the mutant strain than in a wt control (Figure 6). We
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Figure 6. Loss of All Three Mediator Modules from a Transcription-
ally Active Promoter in med17(srb4)ts Strains at a Restrictive Tem-
perature, as Revealed by ChIP

Percent recoveries of immunoprecipitated GAL1-10 promoter DNA
crosslinked to one of the three TAP-tagged Mediator subunits indi-
cated were normalized by division by the largest value obtained.
Standard deviations of three measurements for each culture for
Rgr1 and Srb6, and of two measurements for each culture for
Gal11, are shown.

conclude that disruption of the Mediator head module
leads to the release not only of head module (Bhaumik
et al., 2004), but also of middle and tail modules from
a promoter in vivo.

Discussion

Our development of a high-level expression system for
the Mediator head module has opened the way to defin-
itive biochemical and structural analysis. While confirm-
ing the findings of others in a general way (Guglielmi
et al., 2004; Kang et al., 2001; Koh et al., 1998; Lee and
Kim, 1998), our results differ in a number of regards

and extend the previous findings. Besides correcting
the composition of the Med17(Srb4) module (by the
omission of Med19[Rox3]), we demonstrate its equiva-
lence with the head region of Mediator seen in the elec-
tron microscope. Our findings support previous infer-
ences regarding the association of Med17(Srb4) with
the head region and the modular nature of this region
(Dotson et al., 2000). They bear out the notion of rigid,
discrete modules as the underlying basis for Mediator
structure.

We could detect no interaction of recombinant head
module with the RNA polymerase Il CTD or with tran-
scriptional activators. Rather, we demonstrate strong,
specific binding to an RNA polymerase lI-TFIIF complex,
which requires both polymerase and TFIIF, and which is
reversed by the initiation of transcription. Simultaneous
interaction of the head module with both polymerase
and TFIIF is consistent with electron microscope struc-
tures, showing a close proximity of the head- and TFIIF-
interacting regions on the polymerase surface
(Figure 7B) (Chung et al., 2003). The loss of the head
module from a transcribing complex can also be ratio-
nalized in terms of the available structural information.
Promoter DNA is believed to pass above or alongside
the head- and TFIlIF-interacting regions in a preinitiation
complex (Figure 7A). Following DNA melting, the tem-
plate strand descends into the polymerase cleft, and
RNA-DNA hybrid emerges near the head- and TFIIF-in-
teracting regions of the transcribing complex (Figure 7C)
(Craighead et al., 2002). The DNA moves a distance of 20
A or more and changes its direction of curvature across
the polymerase surface in the process. Movement or
conformational change of TFIIF may accompany the
movement of DNA, depriving the head module of an es-
sential contact and leading to its release.

ChIP analyses have previously demonstrated Media-
tor-UAS and Mediator-core promoter associations
in vivo (Bhoite et al., 2001; Bryant and Ptashne, 2003;
Cosma et al., 2001; Kuras et al., 2003). We now find
that disruption of the head module discharges all Medi-
ator modules from the UAS. The question arises whether
release of the head module from RNA polymerase |l
upon transcription initiation leads to the release of all
modules as well. While the middle module appears to
contact RNA polymerase |l directly (Figures 1A and
7B), persistent binding of the middle module may
require a ternary head-middle-polymerase interaction.
Disruption of the head module would then lead to
release of the middle module. Indeed, we have not
isolated any Mediator proteins in association with
RNA polymerase Il from med17(srb4)ts cells (Y.T. and
R.D.K., unpublished data); instability of the head module
apparently diminishes such interactions in these cells.
Middle and tail modules may also contact the polymer-
ase CTD (Myers et al., 1998), in an unphosphorylated
state (Svejstrup et al., 1997), but activity in transcription
likely depends on the head module.

Experimental Procedures

Expression and Purification of Mediator

Head Module and Subcomplexes

ORFs of genes encoding Med6, Med18(Srb5), Med8, Med19(Rox3),
Med20(Srb2), Med22(Srb6), and Med11 were amplified from yeast
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Figure 7. Models of the mPIC, mPIC-Mediator Complex, and RNA Polymerase II-TFIIF Transcribing Complex

(A) Model for mPIC was derived from EM study of an RNA polymerase II-TFIIF complex (Chung et al., 2003) and from the X-ray structure of a TBP-
11B-DNA complex (Tsai and Sigler, 2000). RNA polymerase Il, TFIIF, TFIIB, and TBP are brown, light blue, yellow, and white, respectively. Arrow

indicates direction of transcription.

(B) Model for mPIC-Mediator complex was produced by superimposing an EM structure of Mediator-RNA polymerase Il complex (Davis et al.,
2002) on the mPIC from (A). Mediator is blue. Head, middle, and tail modules are indicated.

(C) Model for an RNA polymerase II-TFIIF transcribing complex was derived from EM study of an RNA polymerase II-TFIIF complex (Chung et al.,
2003) and the X-ray structure of an RNA polymerase Il transcribing complex (Westover et al., 2004).

genomic DNA by polymerase chain reaction (PCR) and cloned in the
pBacPAKS9 baculovirus expression vector (Clontech). A 10 histidine-
tagged Med17(Srb4) ORF was amplified by PCR from the vector
pCT127(10His-Srb4), as described (Takagi and Kornberg, 2006). Re-
combinant viruses were produced in monolayers of Sf21 cells, as
described (Takagi et al., 2003).

For recombinant protein expression, 100 ml of Hi5 cells (~1.5 x
108 cells/ml) in a 500 ml flask was infected with various combinations
of cloned viruses at a multiplicity of infection of 2-10. After 72 hr, the
cells were harvested by centrifugation and stored as a pellet at
—80°C until use. Cells were lysed by resuspension in 20 ml of lysis
buffer (50 mM HEPES-KOH [pH 7.6], 10% glycerol, and 5 mM B-mer-
captoethanol) containing 400 mM potassium chloride, 0.01% NP-40
(Calbiochem), and protease inhibitor mix (final concentrations of
6 mM leupeptin, 20 mM pepstatin A, 20 mM benzamidine, and
10 mM PMSF). The cell lysate was stirred at 4°C for 30 min and clar-
ified by centrifugation in a Beckman JA20 rotor at 15,000 rpm for
20 min and then in a Beckman Ti70 rotor at 50,000 rpm for 60 min.
Ammonium sulfate was added to 35% of saturation, followed by
centrifugation in a Beckman Ti70 rotor at 40,000 rpm for 20 min.
The pellet was resuspended in 6 ml of buffer A (50 mM HEPES-
KOH [pH 7.6], 10% glycerol, 5 mM B-mercaptoethanol) containing
10 mM imidazole (pH 8.0) and protease inhibitor mix, clarified by
centrifugation in a Beckman Ti80 rotor at 40,000 rpm for 20 min,
and loaded on a 0.5 ml column of Ni resin (HIS-Select, Sigma-
Aldrich) in lysis buffer containing 10 mM imidazole (pH 8.0). After
washing with 5 ml of buffer A containing 1.2 M potassium acetate
and 0.01% NP-40 and with 5 ml of buffer A containing 150 mM potas-
sium acetate, proteins were eluted with buffer A containing 150 mM
potassium acetate and 300 mM imidazole (pH 8.0). Peak fractions
(3-10 ml) were analyzed by SDS-PAGE in 4%-12% gradient gels
and by staining with Bradford solution (Bio-Rad). When necessary,
head module from the Ni column was further fractionated on a
1 ml HiTrap Q column in buffer A, developed with a linear gradient
of 0.1-1 M potassium acetate. Head module eluted at about
600 mM potassium acetate.

EM and Image Analysis of Recombinant Head Module

Recombinant head module and RNA polymerase II-TFIIF fractions
(5 mg/ml and 1 mg/ml) were mixed in a 3:1 molar ratio, kept for
60 min at 4°C, and diluted to concentrations of 8.5 ng/ml and
17 pg/ml with 25 mM KCl, 25 mM Tris-HCI (pH 7.8), and 5 mM DTT.
Immediately after dilution, 3 pl was applied to carbon-coated,

400 mesh Cu/Rh EM grid that had been glow discharged in the pres-
ence of amylamine. After about 30 s, excess buffer was blotted and
3 ul of a 1% uranyl acetate solution was applied. Blotting and uranyl
acetate application were repeated twice more. Approximately 1 min
after the last application, the grid was submerged in uranyl acetate
and covered with a second layer of carbon, creating a carbon layer
sandwich (Davis et al., 2002). Samples were imaged under low-dose
conditions at a magnification of x66,000 using a CM200 TEM
(Philips/FElI) fitted with a field emission electron source and operat-
ing at an accelerating voltage of 120 kV. Micrographs were digitized
on an SCAI scanner (ZI/Carl Zeiss) with 7 pm sampling. Scanned im-
ages were decimated three times, resulting in a final sampling of
3.18 A/pixel.

Image processing was carried out with the Spider software pack-
age (Frank et al., 1996). A total of 994 particle images were hand-
selected from four micrographs and windowed in a 120 x 120 pixel
frame. Judging from the size and appearance of the particles, the
image set appeared to be a mixture of free recombinant head mod-
ule, RNA polymerase II-TFIIF, and RNA polymerase II-TFIIF-head
module particles. Based on the size of the head module in the
RNA polymerase II-Mediator complex (Davis et al., 2002), 358 parti-
cles within the range expected for the head module (+30 A) were
selected, filtered to 20 A, and reference-free aligned. Multivariate
statistical analysis and k-means classification were performed on
the aligned particles. Class averages were then calculated, yielding
2D projection maps of the head module.

GST Fusion Protein Expression and Analysis

The yeast GCN4 ORF was amplified by PCR and cloned between
BamHI and Xhol sites of pPGEX6P-1 (Amersham Biosciences), yield-
ing the expression vector pTK041 (GST-GCN4). The C-terminal re-
gion (amino acids 1535-1731) of the yeast RPB1 ORF was amplified
by PCR with a Flag tag sequence added to the N terminus and was
cloned between BamHI and Xhol sites of pPGEX6P-1, yielding the ex-
pression vector pTK065 (GST-Flag-CTD). The Gal4-VP16 ORF was
amplified by PCR and cloned between BamHI and Notl sites of
pPGEX6P-1, yielding the expression vector pTK035 (GST-Gal4.VP16).
Expression and purification of GST-Flag-CTD was performed essen-
tially as described (Takagi et al., 2003).

GST fusion proteins (~ 20 nug) were immobilized on 0.1 ml of GST-
agarose resin in buffer A containing 50 mM potassium acetate. The
resin was mixed with head module (~ 50 ng) and kept for 1 hr at 4°C.
Flowthrough, wash (3 ml buffer A containing 50 mM potassium
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acetate), and eluates (0.2 ml of wash buffer containing 20 mM re-
duced glutathione) were collected, and 7-10 pg of each fraction
was analyzed by 4%-12% NuPAGE (Invitrogen).

Immunoblot Analysis

Load, flowthrough, and eluates of Ni columns were subjected to
4%-12% NuPAGE (Invitrogen), transferred to Protran membranes
(Schleicher & Schuell), and probed with anti-Med17(Srb4), anti-
Med8, anti-Med17(Srb5), and anti-Med20(Srb2) antibodies as de-
scribed (Takagi et al., 2003; Takagi and Kornberg, 2006). Detection
was with alkaline phosphatase-conjugated anti-rabbit antibodies
(Bio-Rad) followed by color development by the BCIP/NBT liquid
substrate system (Sigma-Aldrich).

Transcription

General transcription factors TBP, TFIIB, TFIIE, and TFIIH and RNA
polymerase Il were purified from yeast as described (Myers et al.,
1997). RNA polymerase II-TFIIF complex was purified from yeast
with the use of a TAP tag on the Tfg2 subunit and with IgG affinity
chromatography as described (Chung et al., 2003). TFIIF was puri-
fied in the same way, except that RNA polymerase Il was removed
by washing the IgG column with buffer containing 500 mM ammo-
nium sulfate.

Transcription assays with whole-cell extract of the srb4ts mutant
strain (srb4-138) were performed as described (Takagi and Korn-
berg, 2006). Transcription reconstituted with purified proteins was
performed as described (Takagi and Kornberg, 2006). Free Mediator
was purified as described (Takagi et al., 2005). Quantitation was per-
formed with a Phosphorimager and ImageQuant software.

Head Module Interactions

Peak fractions from the HiTrap Q column were concentrated to
5 mg/ml with the use of a Vivaspin Centrifugal Concentrator
(30,000 Da cutoff). The concentrated head module (200 pg) was
mixed with GST-CTD (140 ng) and dialyzed against 50 mM HEPES-
KOH (pH 7.6), 50 mM potassium acetate, 5% glycerol, and 5 mM
B-mercaptoethanol containing 10 mM imidazole (pH 8.0) for 2 hr at
4°C. The dialysate was adjusted to 200 pl with dialysis buffer, divided
in two, and mixed with either 0.1 ml of Ni resin (HIS-select, Sigma) or
0.1 ml of GST-agarose (Sigma) in dialysis buffer. After 30 min at4°C,
flowthrough and wash (3 ml of the same buffer) fractions were col-
lected. The Ni resin was eluted with the same buffer containing
300 mM imidazole (pH 8.0), while the GST-agarose was eluted with
the same buffer containing 20 mM reduced glutathione. Load, flow-
through, and eluate (7-10 pg) were analyzed by 4%-12% NuPAGE
(Invitrogen).

Binding of head module (100 png) to TBP (35 ng), TFIIB (40 pg), and
RNA polymerase Il (100 ng)-TFIIF (50 ug) complex was analyzed with
the use of Ni resin in similar fashion. Alternatively, for production of
head module-RNA polymerase II-TFIIF complex, RNA polymerase
II-TFIIF (prepared with the use of a TAP tag, as described above,
and so bearing a calmodulin binding peptide on the Tfg2 subunit)
was incubated with a 1.5-fold molar excess of head module at
room temperature for 20 min in buffer B(50) (50 mM KCI, 25 mM
Tris [pH 7.5], and 5 mM DTT, where the quantity in parentheses indi-
cates the KCI concentration). The mixture was applied to a calmod-
ulin-Sepharose (Stratagene) column, washed with 20 column vol of
buffer B(125) to remove excess head module, and eluted with buffer
B(25) containing 2.5 mM EGTA. Load, wash, and eluate were ana-
lyzed by 4%-12% NuPAGE (Invitrogen).

Affinity of the Head Module for the Minimal Preinitiation
Complex and Transcribing RNA Polymerase II-TFIIF Complex
DNA oligonucleotides (from IDTDNA) were 53 residues in length,
with a TATA box 30 residues upstream of the transcription initiation
site and a seven residue TFIIB recognition element (BRE) as
described (Tsai and Sigler, 2000). The template strand of the tran-
scribing complex included 12 residues noncomplementary to the
nontemplate strand. A nine residue RNA oligonucleotide comple-
mentary to the template strand was added to form DNA-RNA hybrid
as described (Westover et al., 2004).

TFIIB, TBP, a TBP-TFIIB-DNA complex, and an RNA polymerase
II-TFIIF complex were prepared as described (Myers et al., 1997).
The minimal preinitiation complex (mPIC) was formed by mixing

the TBP-TFIIB-DNA complex RNA polymerase II-TFIIF and was pu-
rified by affinity chromatography on calmodulin-Sepharose (see
above). The transcribing complex was formed by incubation of
DNA-RNA hybrid with RNA polymerase II-TFIIF (5:1 molar ratio) for
30 min at room temperature in the presence of 2mM MgCl,, followed
by affinity chromatography on calmodulin-Sepharose for removal of
excess DNA-RNA hybrid.

The recombinant head module was incubated in 1.5-fold molar ex-
cess with the mPIC or with the transcribing complex in buffer B(50)
for 30 min at room temperature, followed by adsorption of half the
mixture on each of two calmodulin-Sepharose columns. Stability
was tested by washing one column with 5 vol (time 0) and the other
column with 200 vol (over a 30 min period) of buffer B(125), followed
by elution with a buffer containing EGTA (see above). The eluates
were subjected to 4%-12% NuPAGE followed by staining with Coo-
massie blue. The protein bands were quantified with ImageQuant
software (Molecular Dynamics), and the dissociation rate ky was de-
termined from the following equation:

T [polll — IIF — head] 3o,
30 [polll - IIF — head]

kg= —

Omin

The half-life t;/, =% was 111 min for the mPIC-head module
complex and 17.7 min for the transcribing RNA polymerase II-TFIIF
complex.

Construction of Tagged Yeast Strains
The Pvull-Spel fragment from the vector pUG6 (De Antoni and Gall-
witz, 2000), containing the loxP-KanMX-loxP gene, was blunted and
subcloned between the blunted Apal and Hindlll sites of pBS1479
(Rigaut et al., 1999), yielding the KAN marker-containing vector
pYT4(A). TAP tags were introduced at the C termini of Srb6 and
Gal11 in both wt and srb4 mutant yeast strains by PCR from
pYT4(A) with primer sets targeting the SRB6 and GAL11 genomic
loci, as described (Rigaut et al., 1999). The PCR products were
used to transform yeast strain Z572 (MATa his3"200 leu2-3, 112
ura3-52 srb4”2::HIS3 [CEN, URA3, SRB4], Srb6::Srb6-TAP-Kan)
and Z572 (MATa his3*200 leu2-3, 112 ura3-52 srb4*2::HIS3 [CEN,
URAS3, SRB4], Gal11::Gal11-TAP-Kan), yielding yeast strains YT140
and YT141. Finally, pCT127 (SRB4) was transformed into YT140 by
plasmid shuffling, yielding the yeast strain YT142 (SRB4, SRB6-
TAP). And pCT127 (SRB4) and pCT181 (srb4ts) were transformed
into YT141 by plasmid shuffling, yielding the yeast strains YT144
(GAL11-TAP, wt), and YT145 (GAL11-TAP, srb4ts), respectively.
PCR was performed with pYT1(A) (Takagi and Kornberg, 2006) as
template and with primer sets targeting RPB3, SRB6, and RGR1 ge-
nomic loci. The PCR products were used to transform yeast strain
Z579 (MATa his3%200 leu2-3, 112 ura3-52 srb4*2::HIS3 pCT127
[LEU2, SRB4+]) and Z628 (MATa his3*200 leu2-3, 112 ura3-52
srb4/2::HIS3 pCT181 [LEU2, srb4-138]), yielding the yeast strains
YT025 (RPB3-mTAP, wt), YT016 (RPB3-mTAP, srb4ts), YT061
(Srb6-mTAP, srb4ts), YT075 (RGR1-mTAP, wt), and YT076 (RGR1-
mTAP, srb4ts).

ChIP Analysis

Two 200 ml cultures of strains used for ChIP were grown to midlog
phase in YP + 2% galactose. For heat treatment, an equal volume
of medium, either at 44°C or 30°C (control), was added, and cultures
were incubated for 1 hr at either 37°C (heat treatment) or 30°C (con-
trol). Crosslinking was performed at 30°C by adding 100 ml of 20 mM
HEPES (pH 7.4) at either 4°C (heat treatment) or 30°C (control), fol-
lowed immediately by formaldehyde to a final concentration of
1%. After 15 min, residual formaldehyde was quenched for 5 min
with 375 mM glycine. Cells were centrifuged, washed with ice-cold
TBS, and lysed by bead beating five times for 30 s. The insoluble
fraction was collected by centrifugation and washed twice with
300 mM NaCl, 50 mM HEPES (pH 7.5), 1 mM EDTA, 1% Triton
X-100, 0.1% sodium deoxycholate, 0.1% SDS, and protease inhibi-
tors (FA buffer). Chromatin was sheared to an average size of 500 bp
by sonication for a total of 300 s with a Branson 450 Sonifier. TAP-
tagged proteins crosslinked to sonicated and solubilized chromatin
were immunoprecipitated overnight with rabbit IgG-agarose (Sigma)
and washed twice in FA buffer; once in FA buffer containing 500 mM
NaCl; once in 10 mM Tris (pH 8.0), 250 mM LiCl, 1 mM EDTA, 0.5%



Head Module Control of Mediator Interactions
363

NP-40, and 0.5% Na-deoxycholate; and once in 10 mM Tris (pH 8.0)
and 1 mM EDTA. Immune complexes and corresponding input frac-
tions were eluted, and crosslinks were reversed in 50 mM Tris (pH
8.0), 10 mM EDTA, 1% SDS, and 0.5 g Proteinase K (Sigma) by heat-
ing for 1 hr at 37°C and for 6 hr at 65°C. DNA was purified by phenol/
chloroform extraction, followed by ethanol precipitation. PCR reac-
tions were performed in a Roche LightCycler according to the man-
ufacturer’s protocol, with the following primer pairs: GAL1-10 UAS,
F01052 (5'-GAGCCCCATTATCTTAGCC-3') and F01053 (5-TTACTG
CCAATTTTTCCTC-3') (Lei et al., 2001); NO ORF, CK0137 (5'-GGC
TGTCAGAATATGGGGCCGTAGTA-3) and CKO0138 (5-CACCCCG
AAGCTGCTTTCACAATAC-3') (Komarnitsky et al., 2000).

Supplemental Data

Supplemental Data include five figures and can be found with this
article online at http://www.molecule.org/cgi/content/full/23/3/
355/DC1/.

Acknowledgments

This work was supported by National Institutes of Health grant
GM36659 (to R.D.K.). H.K. was a recipient of a postdoctoral fellow-
ship from Human Frontier Science Program. A.H.E. is supported
by a Boehringer Ingelheim Fonds PhD scholarship. We are most
grateful to C.M. Gustafsson for sharing unpublished findings on
headless Mediator. We thank E. Adams and N. Goriatcheva for
help with insect cell cultures and C. Kaplan, H. Boeger, and S. Strat-
tan for advice on ChIP analysis. A.H.E. thanks C. Kaelin, G. Barsh,
and R. Nusse for use of their LightCycler.

Received: April 8, 2006
Revised: May 22, 2006
Accepted: June 7, 2006
Published: August 3, 2006

References

Asturias, F.J. (2004). RNA polymerase Il structure, and organization
of the preinitiation complex. Curr. Opin. Struct. Biol. 74, 121-129.

Asturias, F.J., Jiang, Y.W., Myers, L.C., Gustafsson, C.M., and Korn-
berg, R.D. (1999). Conserved structures of mediator and RNA poly-
merase Il holoenzyme. Science 283, 985-987.

Bhaumik, S.R., Raha, T., Aiello, D.P., and Green, M.R. (2004). In vivo
target of a transcriptional activator revealed by fluorescence reso-
nance energy transfer. Genes Dev. 18, 333-343.

Bhoite, L.T., Yu, Y., and Stillman, D.J. (2001). The Swi5 activator re-
cruits the Mediator complex to the HO promoter without RNA poly-
merase ll. Genes Dev. 15, 2457-2469.

Bourbon, H.M., Aguilera, A., Ansari, A.Z., Asturias, F.J., Berk, A.J.,
Bjorklund, S., Blackwell, T.K., Borggrefe, T., Carey, M., Carlson,
M., et al. (2004). A unified nomenclature for protein subunits of me-
diator complexes linking transcriptional regulators to RNA polymer-
ase Il. Mol. Cell 14, 553-557.

Bryant, G.O., and Ptashne, M. (2003). Independent recruitment
in vivo by Gal4 of two complexes required for transcription. Mol.
Cell 71, 1301-1309.

Chung, W.H., Craighead, J.L., Chang, W.H., Ezeokonkwo, C., Bare-
ket-Samish, A., Kornberg, R.D., and Asturias, F.J. (2003). RNA poly-
merase lI/TFIIF structure and conserved organization of the initiation
complex. Mol. Cell 72, 1003-1013.

Conaway, R.C., and Conaway, J.W. (1993). General initiation factors
for RNA polymerase Il. Annu. Rev. Biochem. 62, 161-190.

Cosma, M.P., Panizza, S., and Nasmyth, K. (2001). Cdk1 triggers as-
sociation of RNA polymerase to cell cycle promoters only after re-
cruitment of the mediator by SBF. Mol. Cell 7, 1213-1220.
Craighead, J.L., Chang, W.H., and Asturias, F.J. (2002). Structure of
yeast RNA polymerase Il in solution: implications for enzyme regula-
tion and interaction with promoter DNA. Structure 70, 1117-1125.
Davis, J.A., Takagi, Y., Kornberg, R.D., and Asturias, F.A. (2002).
Structure of the yeast RNA polymerase Il holoenzyme: Mediator
conformation and polymerase interaction. Mol. Cell 70, 409-415.

De Antoni, A., and Gallwitz, D. (2000). A novel multi-purpose cassette
for repeated integrative epitope tagging of genes in Saccharomyces
cerevisiae. Gene 246, 179-185.

Dotson, M.R., Yuan, C.X., Roeder, R.G., Myers, L.C., Gustafsson,
C.M,, Jiang, Y.W,, Li, Y., Kornberg, R.D., and Asturias, F.J. (2000).
Structural organization of yeast and mammalian mediator com-
plexes. Proc. Natl. Acad. Sci. USA 97, 14307-14310.

Frank, J., Radermacher, M., Penczek, P., Zhu, J., Li, Y., Ladjadj, M.,
and Leith, A. (1996). SPIDER and WEB: processing and visualization
of images in 3D electron microscopy and related fields. J. Struct.
Biol. 116, 190-199.

Guglielmi, B., van Berkum, N.L., Klapholz, B., Bijma, T., Boube, M.,
Boschiero, C., Bourbon, H.M., Holstege, F.C., and Werner, M.
(2004). A high resolution protein interaction map of the yeast Medi-
ator complex. Nucleic Acids Res. 32, 5379-5391.

Gustafsson, C.M., Myers, L.C., Li, Y., Redd, M.J., Lui, M., Erdjument-
Bromage, H., Tempst, P., and Kornberg, R.D. (1997). Identification of
Rox3 as a component of mediator and RNA polymerase Il holoen-
zyme. J. Biol. Chem. 272, 48-50.

Holstege, F.C., Jennings, E.G., Wyrick, J.J., Lee, T.l., Hengartner,
C.J., Green, M.R., Golub, T.R., Lander, E.S., and Young, R.A.
(1998). Dissecting the regulatory circuitry of a eukaryotic genome.
Cell 95, 717-728.

Kang, J.S., Kim, S.H., Hwang, M.S., Han, S.J., Lee, Y.C., and Kim,
Y.J. (2001). The structural and functional organization of the yeast
mediator complex. J. Biol. Chem. 276, 42003-42010.

Kim, Y.J., Bjorklund, S., Li, Y., Sayre, M.H., and Kornberg, R.D.
(1994). A multiprotein mediator of transcriptional activation and its
interaction with the C-terminal repeat domain of RNA polymerase
1. Cell 77, 599-608.

Koh, S.S., Ansari, A.Z., Ptashne, M., and Young, R.A. (1998). An ac-
tivator target in the RNA polymerase Il holoenzyme. Mol. Cell 7, 895-
904.

Koleske, A.J., and Young, R.A. (1994). An RNA polymerase Il holoen-
zyme responsive to activators. Nature 368, 466-469.

Koleske, A.J., Buratowski, S., Nonet, M., and Young, R.A. (1992). A
novel transcription factor reveals a functional link between the
RNA polymerase Il CTD and TFIID. Cell 69, 883-894.

Komarnitsky, P., Cho, E.J., and Buratowski, S. (2000). Different
phosphorylated forms of RNA polymerase Il and associated
mRNA processing factors during transcription. Genes Dev. 14,
2452-2460.

Kornberg, R.D. (2005). Mediator and the mechanism of transcrip-
tional activation. Trends Biochem. Sci. 30, 235-239.

Kuras, L., and Struhl, K. (1999). Binding of TBP to promoters in vivo is
stimulated by activators and requires Pol Il holoenzyme. Nature 399,
609-613.

Kuras, L., Borggrefe, T., and Kornberg, R.D. (2003). Association of
the Mediator complex with enhancers of active genes. Proc. Natl.
Acad. Sci. USA 100, 13887-13891.

Lee, Y.C., and Kim, Y.J. (1998). Requirement for a functional interac-
tion between mediator components Med6 and Srb4 in RNA polymer-
ase |l transcription. Mol. Cell. Biol. 18, 5364-5370.

Lei, E.P., Krebber, H., and Silver, P.A. (2001). Messenger RNAs are
recruited for nuclear export during transcription. Genes Dev. 15,
1771-1782.

Li, Y., Bjorklund, S., Jiang, Y.W., Kim, Y.J., Lane, W.S., Stillman, D.J.,
and Kornberg, R.D. (1995). Yeast global transcriptional regulators
Sin4 and Rgr1 are components of mediator complex/RNA polymer-
ase Il holoenzyme. Proc. Natl. Acad. Sci. USA 92, 10864-10868.
Myers, L.C., Leuther, K., Bushnell, D.A., Gustafsson, C.M., and Korn-
berg, R.D. (1997). Yeast RNA polymerase Il transcription reconsti-
tuted with purified proteins. Methods 712, 212-216.

Myers, L.C., Gustafsson, C.M., Bushnell, D.A., Lui, M., Erdjument-
Bromage, H., Tempst, P., and Kornberg, R.D. (1998). The Med
proteins of yeast and their function through the RNA polymerase Il
carboxy-terminal domain. Genes Dev. 12, 45-54.

Nonet, M.L., and Young, R.A. (1989). Intragenic and extragenic sup-
pressors of mutations in the heptapeptide repeat domain of Saccha-
romyces cerevisiae RNA polymerase Il. Genetics 123, 715-724.


http://www.molecule.org/cgi/content/full/23/3/355/DC1/
http://www.molecule.org/cgi/content/full/23/3/355/DC1/

Molecular Cell
364

Pokholok, D.K., Hannett, N.M., and Young, R.A. (2002). Exchange of
RNA polymerase Il initiation and elongation factors during gene ex-
pression in vivo. Mol. Cell 9, 799-809.

Rigaut, G., Shevchenko, A., Rutz, B., Wilm, M., Mann, M., and Sera-
phin, B. (1999). A generic protein purification method for protein
complex characterization and proteome exploration. Nat. Biotech-
nol. 717, 1030-1032.

Svejstrup, J.Q., Li, Y., Fellows, J., Gnatt, A., Bjorklund, S., and
Kornberg, R.D. (1997). Evidence for a mediator cycle at the initiation
of transcription. Proc. Natl. Acad. Sci. USA 94, 6075-6078.

Takagi, Y., and Kornberg, R.D. (2006). Mediator as a general tran-
scription factor. J. Biol. Chem. 2817, 80-89.

Takagi, Y., Komori, H., Chang, W.H., Hudmon, A., Erdjument-Brom-
age, H., Tempst, P., and Kornberg, R.D. (2003). Revised subunit
structure of yeast transcription factor IIH (TFIIH) and reconciliation
with human TFIIH. J. Biol. Chem. 278, 43897-43900.

Takagi, Y., Chadick, J.Z., Davis, J.A., and Asturias, F.J. (2005). Pre-
ponderance of free mediator in the yeast Saccharomyces cerevi-
siae. J. Biol. Chem. 280, 31200-31207.

Thompson, C.M., and Young, R.A. (1995). General requirement for
RNA polymerase Il holoenzymes in vivo. Proc. Natl. Acad. Sci.
USA 92, 4587-4590.

Thompson, C.M., Koleske, A.J., Chao, D.M., and Young, R.A. (1993).
A multisubunit complex associated with the RNA polymerase Il CTD
and TATA-binding protein in yeast. Cell 73, 1361-1375.

Tsai, F.T., and Sigler, P.B. (2000). Structural basis of preinitiation
complex assembly on human pol Il promoters. EMBO J. 19, 25-36.
Westover, K.D., Bushnell, D.A., and Kornberg, R.D. (2004). Structural
basis of transcription: separation of RNA from DNA by RNA polymer-
ase Il. Science 303, 1014-1016.



	Head Module Control of Mediator Interactions
	Introduction
	Results
	Recombinant Med17(Srb4) Module
	Med17(Srb4) Module Organization
	Identification of Med17(Srb4) Module with the Mediator Head
	Functional Activity of Recombinant Head Module
	Head Module Interactions
	Release of Head Module from a Transcribing Complex
	Head Module Control of Mediator-Promoter Interaction

	Discussion
	Experimental Procedures
	Expression and Purification of Mediator Head Module and Subcomplexes
	EM and Image Analysis of Recombinant Head Module
	GST Fusion Protein Expression and Analysis
	Immunoblot Analysis
	Transcription
	Head Module Interactions
	Affinity of the Head Module for the Minimal Preinitiation Complex and Transcribing RNA Polymerase II-TFIIF Complex
	Construction of Tagged Yeast Strains
	ChIP Analysis

	Supplemental Data
	Acknowledgments
	References


