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Gene transcription by RNA polymerase II requires the

multiprotein coactivator complex Mediator. Mediator was

identified two decades ago, but its molecular mechanisms

remain poorly understood, because structural studies are

hampered by its large size, modularity, and flexibility. Here we

collect all available structural data on Mediator and discuss

their functional implications. Progress was made in

understanding the interactions of Mediator with gene-specific

transcriptional regulators and the general transcription

machinery. However, around 80% of the Mediator structure

remains unknown and details on the Mediator–Pol II interface

are lacking. In the future, an integrated structural biology

approach may unravel the functional architecture of Mediator-

regulated promoter assemblies and holds the promise of

understanding a key mechanism of gene regulation.

Address

Gene Center and Department of Biochemistry, Center for Integrated

Protein Science Munich (CIPSM), Ludwig-Maximilians-Universität (LMU)

München, Feodor-Lynen-Straße 25, 81377 Munich, Germany

Corresponding author: Cramer, Patrick (cramer@lmb.uni-muenchen.de)

Current Opinion in Cell Biology 2012, 24:305–313

This review comes from a themed issue on

Nucleus and gene expression

Edited by Asifa Akhtar and Karla Neugebauer

Available online 15th February 2012

0955-0674/$ – see front matter

# 2012 Elsevier Ltd. All rights reserved.

DOI 10.1016/j.ceb.2012.01.007

Introduction
In eukaryotes, the regulation of gene expression underlies

fundamental biological processes such as cell differen-

tiation, organism development, and biodiversity [1]. A

major regulatory target during gene expression is the

synthesis of messenger RNA (mRNA) by RNA polymer-

ase II (Pol II). Large coactivator complexes integrate

regulatory signals from positive and negative transcription

factors and activate or repress transcription [2]. The

central coactivator complex Mediator is required for

transcription of most, if not all, protein-coding genes. It

bridges between gene-specific transcription factors bound

to regulatory DNA elements and the general Pol II

machinery at the core promoter [3–5] (Figure 1). Mediator

is required for the function of many medically important

human transcription regulators, including hormone recep-

tors, vitamin D receptor, and p53 [6,7]. Mutations in
www.sciencedirect.com 
Mediator have been linked to human diseases, including

cancer, cardiovascular diseases, metabolic and neurologi-

cal disorders [8].

In the yeast Saccharomyces cerevisiae, Mediator has a total

molecular weight of over 1 MDa and comprises 25 sub-

units. Five additional subunits were identified in metazo-

ans. Based on electron microscopy (EM) [9–11],

biochemical studies [12] and gene expression profiling

[13], Mediator subunits were suggested to reside in four

modules, the head, middle, tail, and kinase modules. The

modular architecture and subunit composition is con-

served from yeast to humans (Table 1) [14]. Over the

past decade, structural and functional studies in several

laboratories have contributed to the understanding of

Mediator. Here we provide a complete collection of

structural data on Mediator, but focus on recent structural

advances and their implications on Mediator architecture

and function.

Structural studies of Mediator
The size, intrinsic flexibility, low abundance, and hetero-

geneity of Mediator have thus far prevented high-resol-

ution structure determination of the complete complex.

However, the entire Mediator could be studied by EM at

low resolution (Table 2). In addition, several Mediator

subunits and subcomplexes were resolved by X-ray crys-

tallography at high resolution. At present, 13 Mediator

subunits have been structurally characterized at an atomic

level at least partially (Table 3, Figure 2). These studies

often relied on extensive engineering and trimming of

subunits or subcomplexes, to overcome experimental

difficulties owing to intrinsic flexibility or necessary co-

folding with interacting subunits. The highly conserved

head module, which interacts with the general Pol II

machinery, is best characterized, whereas the tail module,

which interacts with gene specific transcription factors, is

least characterized.

Known crystal structures cover at least part of Mediator

subunits Med1, Med6, Med7, Med8, Med11, Med15,

Med18, Med21, Med22, Med25, Med31, CDK8, and

CycC (Table 3). These studies revealed two heterodi-

meric four-helix bundles (Med11/Med22, Med7/Med21),

a SPOC domain (Med25), a KIX domain (Med15),

CYTH-like domains (Med18, Med20), a cyclin-depend-

ent kinase-cyclin pair fold (CDK8/CycC), and an entirely

novel fold (Med7/Med31). Most of these folds have not

been observed in other transcription-related proteins.

Some folds appear duplicated within Mediator, for

example, Med18 and Med20 [15] or the four-helix bundle

folds in Med11/Med22 and Med7/Med21 [16�]. The
Current Opinion in Cell Biology 2012, 24:305–313
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Figure 1
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RNA Polymerase II pre-initiation complex comprising Mediator and the general Pol II machinery at the promoter. Mediator bridges between gene

specific activators (Act) bound to regulatory DNA elements (RE) and the general transcription machinery comprising Pol II and the general transcription

factors TFIIA, TFIIB, TFIID/TBP, TFIIE, TFIIF, and TFIIH, and the factor TFIIS. The transcription start site is indicated with a black arrow. The Mediator

modules head, middle, tail, and kinase are colored blue, green, purple, and orange, respectively. Mediator subunits Med14 and Med19 are probably

bridging between modules and are therefore shown in two colors. Subunits that are not assigned to any module are colored gray. Yeast Mediator

subunits Med2 and Med3 are identical to human Mediator subunits Med29 and Med27, respectively. Subunits present only in higher eukaryotes are

marked with an asterisk.
latter are predicted to occur in additional subunits and

thus represent a common building block that has been

multiplied and functionally diversified during Mediator

evolution [16�]. Several of the structurally characterized

subcomplexes represent functional submodules that are

connected to the rest of the Mediator through flexible

linkers [17�,18]. Despite these new studies, still less than

20% of the total Mediator structure is presently known at

atomic resolution.

Advances in recombinant co-expression of larger

Mediator subassemblies in bacteria or insect cells have

enabled preparation and structural studies of entire

Mediator modules. Recombinant head module was

obtained after co-expression of the subunits in insect

cells, and was first studied by EM at low resolution

[19]. Recently, a 7-subunit partial backbone model of

the head module was derived by X-ray crystallography at

4.3 Å resolution [20��]. This model comprises 60% of the

total head module, revealing the topology and interaction

network between its subunits. The atomic model of

Med18/Med20 [15] was placed into the medium-resol-

ution electron density [20��]. The recent atomic structure
Current Opinion in Cell Biology 2012, 24:305–313 
of the Med11/Med22 heterodimer [16�] can now also be

docked into the head module density. This docking

indicates that the two N-terminal helices in Med11 have

to be swapped and that the register in the Med22 N-

terminal helix has to be adapted in the published back-

bone model (L Larivière et al., unpublished). The middle

module was obtained after co-expression of the subunits

in E. coli, and its elongated shape and subunit interactions

were revealed by small-angle X-ray scattering and ion-

mobility and native mass spectrometry [21]. A low-resol-

ution model of the free kinase module was obtained by

EM [22]. Despite these advances, atomic structures of

Mediator modules and information on the intermodular

interactions are still lacking.

Interactions with gene-specific transcriptional
regulators
Several studies identified Mediator subunits that are

contacted by gene-specific transcriptional regulators [7].

Interactions usually occur between transactivation

domains (TADs) in the transcriptional activator and acti-

vator-binding domains (ABDs) in Mediator. The inter-

actions are generally weak, in the micromolar range
www.sciencedirect.com



Mediator structure Larivière, Seizl and Cramer 307

Table 1

Mediator subunit composition and modular architecture in the yeast Saccharomyces cerevisiae (Sc) and human (Hs). Subunits comprising

the evolutionarily highly conserved core Mediator are in bold, subunits required for yeast viability are underlined (adapted from [14])

Module Subunit Sc Hs

Head Med6 Med6 hMed6/DRIP33/p32

Med8 Med8 ARC32/mMed8

Med11 Med11 HSPC296

Med17 Srb4 TRAP80/DRIP77/CRSP77/p78

Med18 Srb5 p28b

Med20 Srb2 hTRFP/p28a

Med22 Srb6 Surf5

Head/Middle Med19 Rox3 LCMR1

Middle Med1 Med1 TRAP220/DRIP205/CRSP200/PBP

Med4 Med4 TRAP36/DRIP36/p34

Med7 Med7 hMed7/DRIP34/CRSP33/p36

Med9 Med9/Cse2 Med25

Med10 Med10/Nut2 hMed10/hNut2

Med21 Srb7 hSrb7/p21

Med31 Soh1 hSoh1

Middle/Tail Med14 Rgr1 TRAP170/DRIP150/CRSP150/p110

Tail Med2/29 Med2 Hintersex

Med3/27 Med3/Pgd1/Hrs1 TRAP37/CRSP34

Med5/24 Nut1 TRAP100/DRIP100/CRSP100

Med15 Gal11 ARC105/PCQAP/TIG-1

Med16 Sin4 TRAP95/DRIP92/p96b

Med23 – TRAP150b/DRIP130/CRSP130/hSur2

Kinase Med12 Srb8 TRAP230/DRIP240

Med13 Srb9 TRAP240/DRIP250

CDK8 Srb10/Ssn3/Ume5 hSrb10/CDK8

CycC Srb11/Ssn8/Ume3 hSrb11/CycC

Unassigned Med25 – ARC92/ACID1

Med26 – ARC70/CRSP70

Med28 – Fksg20

Med30 – TRAP25
[23�,24�,25�]. However, many weak, cooperative TADs-

ABDs contacts may lead to a strong interaction. Several

activator-binding DNA motifs are usually present

upstream of the promoter, resulting in the simultaneous

recruitment of multiple activators. Additionally, most of

the TADs can target several ABDs in Mediator, for

example, Gcn4 targets the tail subunits Med2, Med3,

Med15 and Med16 [26�,27]. Finally, some Mediator

subunits contain several ABDs, connected through flex-

ible linkers [26�,28�].

These findings lead to two fundamental questions. First,

how can very diverse TADs interact with the same ABDs?

Second, how can diverse ABDs interact with the same

TADs? Recent structural studies on ABD-TAD inter-

actions addressed these questions [23�,24�,29,30��,31].

Although TADs are very diverse in sequence and ABDs

exhibit unrelated folds (Figure 2), their interactions reveal

common features. Most TADs are unfolded in their free

state and form similar helical segments upon binding to

their target ABDs [23�,25�]. These structural transitions are

dynamic, such that TADs can adopt multiple confor-

mations on the same target surface, forming a ‘fuzzy’
www.sciencedirect.com 
complex. This intrinsic conformational flexibility allows

TADs to use distinct interaction modes to adapt to unre-

lated target surfaces.

In addition to recruiting Mediator to target genes, acti-

vator binding triggers large-scale structural rearrange-

ments in metazoan Mediator. Consistent with this, a

flexible hinge was revealed in the middle module sub-

complex Med7/Med21 [32]. Conformational changes in

Mediator are thought to promote interaction with Pol II

and with other factors to activate transcription. The

effects of various activators on Mediator structure have

been studied by EM (Table 2). Binding to different

activators seems to generate different rearrangements,

potentially allowing for the recruitment of a different

subset of factors [4,33�,34]. A common feature is the

formation of a binding pocket for Pol II [33�,35,36].

Interactions with the general Pol II machinery
Saccharomyces cerevisiae and Schizosaccharomyces pombe
Mediator complexes were first isolated together with

Pol II in so-called holoenzymes, suggesting a direct

Mediator–Pol II interaction [37–39]. A recent crosslinking
Current Opinion in Cell Biology 2012, 24:305–313
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Table 2

EM reconstructions of Mediator, its modules and complexes with interacting factors

Module(s) Subunit(s) Org.a Interacting factor(s) Methodb Resolution (Å) Ref.c

Head 6/8/11/17/18/20/22 Sc NS 30–35 [19]

6/8/11/17/18/20/22 Sc Rpb4/7 NS n.a. [19]

6/8/11/17/22 Sc NS n.a. [19]

6/8/11/17/22 Sc TBP NS n.a. [19]

11/17/22 Sc NS n.a. [19]

Kinase 12/13/CDK8/CycC Hs NS 38 [22]

12/CDK8/CycC Hs NS 41 [22]

Head + Middle Sc Pol II NS n.a. [11]

Head + Middle + Tail Sc cryo 28 [43]

Sc NS 30–35 [11]

Sc NS �40 [9]

Sc Pol II NS �35 [10]

Sc Pol II NS �40 [9]

Sp NS �25 [42]

Sp Pol II cryo �25 [42]

Mm NS 30–35 [11]

Mm NS �40 [9]

Hs NS 32 [35]

Hs NS 31 [47]

Hs NS 30–35 [11]

Hs p53 NS 34 [33]

Hs p53 AD cryo-NS n.a. [33]

Hs p53 AD NS 34 [33]

Hs p53 CTDe NS 38 [33]

Hs p53 DCTDe NS 36 [33]

Hs Vitamin D receptor NS 29 [36]

Hs Thyroid hormone receptor NS 29 [36]

Hs SREBP-1a ADd NS 32 [35]

Hs VP16 ADd NS 32 [35]

Hs Pol II CTDe NS 32 [48]

Hs Pol II + VP16 AD cryo-NS 34 and 36 [41��]

Hs Pol II + TFIIF + VP16 AD cryo-NS 36 [41��]

Head + Middle + Tail + Kinase Sp NS �25 [42]

Hs NS 32 [35]

Hs TRAPP/GCN5L NS n.a. [49]

a Organism: Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe; Mm, Mus musculus; Hs, Homo sapiens.
b NS, negative staining.
c None of the reported EM reconstructions and corresponding fits were deposited in public databases, except for [41��] where the reconstruction of the Pol II/TFIIF/Mediator complex was deposited

in the EMDB under the accession number 5343 and the corresponding fits were deposited in the PDB under the accession code 3J0K.
d AD, activation domain.
e CTD, carboxy-terminal domain.
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Table 3

Available crystal and NMR structures for Mediator subunit domains, subunits, and subcomplexes

Module Subunit(s) Org. a Construct Interacting factor(s) Method PDB code(s) Resolution (Å) Ref.

Head 6/8/11/17/18/20/22 Sc 6/8/11/17DN108/18D

(109–140)/20/22

X-ray 3RJ1 4.3 [20��]

8/18/20 Sc 8(190–210)/8D(109–140)/20 X-ray 2HZS 2.7 [15]

18/20 Sc 18D(109–140)/20 X-ray 2HZM 2.4 [15]

8/18 Sp 8(180–200)/18 X-ray 3C0 T 2.4 [18]

11/22 Sc 11(5–89)/22(1–89) X-ray 3R84 2.05 [16�]

Middle 7/21 Sc 7(102–205)/21 X-ray 1YKE, 1YKH 3.3, 3.0 [32]

7/31 Sc 7(1–83)/31 X-ray 3FBI 2.8 [17�]

1 Hs 1(640–652) Vitamin D receptor

LBDb
X-ray 2ZMIc 1.7–3.0 [50]

Tail 15 Sc 15(158–238) Gcn4 central ADd NMR 2KO4 – [25�]

15 Sc 15(6–90) NMR 2K0 N – [30��]

15 Sc 15(6–90) SREBP-1a ADd NMR-CSPe – – [30��]

15 Sc 15(6–90) Pdr1p ADd NMR-CSPe – – [30��]

15 Sc 15(2–100) Gcn4 ADd NMR-CSPe – – [28�]

15 Hs 15(5–78) NMR 2GUT – [31]

15 Hs 15(5–78) SREBP-1a ADd NMR-CSPe – – [31]

Kinase CycC Sp CycC X-ray 1ZP2 3 [51]

CDK8/CycC Hs CDK8(1–403)/CycC X-ray 3RGF 2.2 [52]

Unassigned 25 Hs 25(394–543)f NMR 2KY6, 2L23,

2L6U, 2XNF

– [23�,24�,29,53]

25 Hs 25(394–543)f VP16 ADd NMR-CSPe – – [23�,24�,29]

a Organism: Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe; Hs, Homo sapiens.
b LBD, Ligand-binding domain.
c 17 structures were reported in total, 2ZMI corresponds to the highest resolution structure.
d AD, activation domain.
e NMR-CSP, NMR chemical shift perturbation analysis, not deposited in the PDB.
f Constructs vary slightly between the different structures.
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Figure 2
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Atomic structures of Mediator subcomplexes. All currently available crystal and NMR structures (see Table 3) are shown indicating the respective

locations within Mediator. In addition, the crystallographic backbone model of the complete S. cerevisiae head module is depicted [20��].
study supported the direct interaction and demonstrated

its requirement for Pol II transcription [40��]. Although

human Mediator and Pol II can be co-immunoprecipi-

tated, the human Mediator–Pol II complex cannot be

purified in large quantities directly from cells and thus has

to be assembled in vitro (personal communication C

Bernecky, [41��]). Different Mediator–Pol II complexes

were investigated by EM (Table 2) [10,19,41��,42]. A

common feature of yeast and human Mediator–Pol II

complexes is a large structural change in Mediator upon

Pol II binding. While EM reconstructions of free yeast

and activator-bound human Mediator are similar [43], the

various holoenzyme reconstructions differ (Figure 3).

Fitting of the Pol II X-ray structure into the cryo-EM

reconstructions led to different locations and orientations

of Pol II within the holoenzyme (Figure 3). In the

Saccharomyces cerevisiae complex, Pol II was placed such

that its Rpb3/Rpb11 subcomplex faces Mediator, but in

two different orientations that differ by an approximately

90-degree rotation [10,43]. By contrast, Pol II was placed

into an EM reconstruction of the human holoenzyme

such that Mediator binds the Rpb2 side of Pol II at the

lobe and protrusion domains, and the Rpb3/Rpb11 side is
Current Opinion in Cell Biology 2012, 24:305–313 
free [41��]. Similarly, the Mediator kinase module was

reported to adopt very different positions on human and

fission yeast Mediator [22,42]. This led to different con-

clusion, namely that the kinase module either prevents

Pol II binding through steric hindrance or through an

allosteric mechanism [41��,42]. The differences in Pol II

and kinase module position could be due to the low

resolution, but also due to limited sequence conservation

in Mediator or to the presence of additional factors in

holoenzyme preparations, like TFIIF in the case of the

human complex.

Mediator not only interacts with Pol II, but also with

general transcription factors, expanding its role in stabi-

lizing the pre-initiation complex on the promoter. First

hints on an interaction with TFIIH came from early

experiments that showed that Mediator can stimulate

the Pol II C-terminal domain kinase activity of TFIIH

[37]. Later, it was reported that Mediator directly binds

TFIIH through the head subunit Med11 and can recruit it

to the promoter, even in the absence of Pol II [44]. It was

recently shown that the Med11/Med22 heterodimer exhi-

bits a conserved surface that may mediate this interaction

[16�]. Interaction of TBP with the Mediator head module
www.sciencedirect.com
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Figure 3

Human Yeast

Mediator

Head

90° 90°

Pol II

Rpb4/7

Current Opinion in Cell Biology

EM reconstructions (black mesh) of Mediator from human (left, [41��]) and yeast (right, [20��]) with Pol II in a similar orientation (orange, Rpb4/7 in pink).

The head module backbone model is placed in the yeast reconstruction (space-filling model).

Partially adapted from [20��].
was reported [12,45], and was shown later to occur at least

partially through Med8 [15]. This is consistent with a

recent EM study of a Mediator head–TBP complex [19].

In higher eukaryotes, an interaction between Mediator

subunit Med26 and TFIID was recently identified [46].

These data suggest that Mediator stabilizes the preinitia-

tion complex at the core promoter by tethering Pol II to

TBP, TFIIH and TFIID.

Conclusions
Over the past decade, efforts in several laboratories and

the application of different structural biology techniques

have advanced our understanding of Mediator structure

and function. However, most of the Mediator structure is

still unknown and it is still unclear how Mediator interacts

with the Pol II initiation complex and which structural

transitions it may influence during transcription initiation.

These points can probably only be addressed with an
www.sciencedirect.com 
integrated structural biology approach that combines

classical techniques such as cryo-EM, X-ray crystallogra-

phy, and nuclear magnetic resonance with new technol-

ogies such as Förster resonance energy transfer and mass

spectrometry-based mapping of chemical crosslinks. Such

an approach poses a formidable challenge for the next

decade. But it holds the promise of understanding key

aspects of the mechanism of gene regulation.
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