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How is specificity transmitted over long distances at the
molecular level? REs (regulatory elements) are often far from
transcription start sites. In the present review we discuss possible
mechanisms to explain how information from specific REs
is conveyed to the basal transcription machinery through TFs
(transcription factors) and the Mediator complex. We hypothesize
that this occurs through allosteric pathways: binding of a TF
to a RE results in changes in the AD (activation domain) of
the TF, which binds to Mediator and alters the distribution of
the Mediator conformations, thereby affecting transcription
initiation/activation. We argue that Mediator is formed by highly
disordered proteins with large densely packed interfaces that make
efficient long-range signal propagation possible. We suggest two
possible general mechanisms for Mediator action: one in which
Mediator influences PIC (pre-initiation complex) assembly and
transcription initiation, and another in which Mediator exerts its
effect on the already assembled but stalled transcription complex.

We summarize (i) relevant information from the literature about
Mediator composition, organization and structure; (ii) Mediator
interaction partners and their effect on Mediator conformation,
function and correlation to the RNA Pol II (polymerase II) CTD
(C-terminal domain) phosphorylation; and (iii) propose that
different allosteric signal propagation pathways in Mediator
relate to PIC assembly and polymerase activation of the stalled
transcription complex. The emerging picture provides for the
first time a mechanistic view of allosteric signalling from the RE
sequence to transcription activation, and an insight into how gene
specificity and signal transmission can take place in transcription
initiation.

INTRODUCTION

all of those available in the genome? [1,6]; and secondly, how is the
specificity which is encoded in TF–RE binding communicated to
the Pol II–GTF machinery to activate gene-specific transcription
far away? Insight into selective RE recognition and effective signal
transmission, from the binding site of the TF to the RE to a
distant Pol II complex, is essential for the understanding of genespecific activation in different cell types and under fluctuating
cellular conditions. We have recently addressed the first question
of how TFs select specific REs among all degenerate sequences
[1,6]. From the mechanistic standpoint, TF–RE recognition can
be understood based on four factors [6–15]: (i) RE availability
(i.e. exposed or packed in chromatin); (ii) the physiological
state of the cell which fluctuates with the changing environment
(protein concentrations, post-translational modification states, the
presence of small molecule morphogens etc.); (iii) the dynamic
free-energy landscape of the proteins and DNA (i.e. the dynamic
distributions of the conformational ensembles) [7,14,15]; and (iv)
the tight packing of multiple TFs and co-regulators on regulatory
DNA stretches, such as enhancers (which leads to selective RE
binding via combinatorial assembly of TFs) [1,6].
In the present review, we address primarily the second
question: how is the TF–RE specificity communicated to recruit
the PIC (pre-initiation complex), initiate transcription and the
subsequent elongation; or, to activate transcription elongation of

Cell development, function and survival under stress depend on
gene-specific activation and repression. A fundamental question
in the life sciences is how does nature accomplish this task?
A crucial step is binding of TFs (transcription factors) to DNA
REs (response elements). To activate specific genes, TFs need
to bind with specific REs and communicate, often over long
distances, with RNA Pol II (polymerase II) and the GTFs (general
transcription factors, for example TFIIA, TFIIB, TFIID, TFIIE,
TFIIF, TFIIH). However, REs are redundant: for example, a
6 bp RE occurs >700 000 times in the human genome, and if
we consider RE degeneracy this is probably an underestimation
[1]. Thus a TF has to choose among a large number of similar
REs across the genome, each associated with a functionally
distinct gene. Although many REs are unavailable for TF binding
because they are packaged in heterochromatin [2,3], the number
of exposed REs is still extremely high. In addition, even though the
REs can be near promoters [4], mostly they are at great distances
thousands of base pairs away [5]. Thus communication with the
transcription machinery needs to be long-range and specific; it
should either recruit or move an already assembled but stalled
transcription complex off specific promoters. Taken together, this
raises two questions: first, how do TFs select specific REs among
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Figure 1
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Simplified illustrations depict distinct stages of RNA Pol II transcription

(A) A possible nucleosome reordering process to make the unavailable promoter accessible. This is followed by PIC formation at the promoter region either via an activated recruitment or basal
transcription accumulation. EC, elongation complex. (B) Atomic model of the PIC. The relative orientation between the TBP-bound DNA and Pol II is based on their interactions with TFIIB. The
signature of transcription initiation is the formation of a transcription bubble with the DNA duplex melting in the Pol II active-site cleft. (C) Atomic model of the open PIC with the melted DNA drawn
as broken lines. The open PIC complex then enters the elongation initiation stage to synthesize the first RNA nucleotide. The PEC continues to synthesize the nascent RNA and at a certain RNA length
it dissociates from the promoter and leaves the scaffold for another quick re-initiation. At this stage, a mature EC completes the transcription, or a paused EC (not shown in the Figure) stalls at a
proximal promoter region, waiting to be activated to resume transcription elongation. Pol II nomenclature is provided in [91,92].

initiated-and-stalled Pol II–GTFs far away? Communication
could take place through interaction between the TF AD
(activation domain) and the Pol II–GTF machinery [TFIID
and SAGA (Spt-Ada-Gcn5-acetyltransferase) complexes] [16–
18], through Mediator which acts as a GTF, at a basal
transcription level [16,19] or via an AD-bound ‘activated’
Mediator conformation. In the present review we focus on the
last mechanism.
A transcription event consists of distinct stages, and these
are defined and summarized in Figure 1. Within this broad
picture, we review recent compelling experimental observations
and combine them with current concepts in structural biology to
account for two scenarios in the regulation of gene expression
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at the transcription stage. We organize the data into two
possible mechanisms (Figure 2). In mechanism I, the activated
TF-bound Mediator conformation helps in recruiting the Pol
II–GTFs, leading to the formation of the PIC (Figure 2A)
and transcription initiation and elongation without pausing. In
mechanism II, the Pol II–GTFs–Mediator complex [the so-called
PEC (pre-elongation complex)] is already promoter-bound in a
transcription initiated-and-stalled state (Figure 2B). The binding
of the TF AD to PEC triggers Pol II dissociation from the
promoter region and the generation of a stable transcript. We
propose that different allosteric propagation pathways play key
roles in recruiting the PIC and transcription without pausing in
mechanism I and in activating the stalled Pol II in mechanism II.
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Figure 2 Schematic diagram illustrating two distinct mechanisms of transcription signal transduction from TF via Mediator to the transcription
machinery
In mechanism I (A), the DNA-bound TF binds Mediator which in turn recruits GTFs/Pol II to complete transcription without interruption. In mechanism II (B), a stalled PEC resumes its processive
elongation from a paused stage after the DNA-bound TF binds with Mediator. We assume that the RE is exposed and available for TF binding in both mechanisms, and that the core promoter may
be available (nucleosome free) or unavailable for access in mechanism I but is always available in mechanism II. For simplicity and clarity only two GTFs (TFIIH and TBP), Pol II, Mediator, Spt5,
NELF and TF are included in the drawing instead of all PEC members. Mechanism I denotes the concept that, following a binding event of the TF DNA-binding domain to the RE, the TF AD recruits
Mediator through binding at the Tail/Middle modules. In contrast, in mechanism II PEC already occupies the promoter. After TF binds the RE, it binds to Mediator at the Head/Middle modules and
the transcription signal which originates from the TF–RE interaction propagates through Mediator’s Head to Pol II to disassociate NELF and enter processive elongation.

Because the events and the location of the AD-binding sites on
Mediator differ, the major allosteric propagation pathways in
Mediator that are elicited by the AD binding in mechanism I
are likely to differ from those in mechanism II. In addition, we
propose that the different pathways may also correlate with Ser5
phosphorylation levels of the Pol II CTD (C-terminal domain).
Although in the present review for both mechanisms we
assume that the promoter is exposed and available for binding
(Figure 2), allosteric pathways are also likely to be important
in the step-by-step assembly of the PEC in mechanism I when
the promoter is unavailable, i.e. by TF first binding to the
RE, followed by AD recruitment of the chromatin-remodelling
complex HAT (histone acetyltransferase), Mediator and GTFs
and finally RNA Pol II. Binding events always perturb the
structure and the perturbation always propagates through multiple
pathways [20], leading to conformational and (or) dynamic
changes at other binding sites [21–23]. In the case of the Mediator,
if the allosteric conformational change which is elicited by
the AD binding is large and takes place in a sufficiently high
population of the Mediator conformational ensemble, as could be
the case in mechanism II, EM (electron microscopy) images will
show ‘shape-shifting’. Unfortunately, currently high-resolution
structural data are available only for a small fraction of the
Mediator subunits, which precludes mapping of the allosteric
pathways. Nonetheless, even though much is still unknown, a
coherent framework can help in interpreting observations and
guiding experiments assigning functions to Mediator subunits.
MEDIATOR

Recently, striking clues as to how Mediator can help in signal
transmission have been published (e.g. [24–28]) extending earlier
observations [17,19,29–32]. Mediator subunits are divided by

the modules they fall into: Head, Middle and Tail. There are
significant functional differences between yeast and human
Mediator; the sequences are poorly conserved and Pol II pausing
does not appear to be a significant regulatory step in yeast,
in contrast with the more highly developed metazoans where
pausing allows a higher degree of regulation and functional
complexity. However, from the conformational standpoint, the
lack of structural data does not allow us to make this distinction.
Table 1 lists some of the known interactions of Mediator’s
subunits with TFs. Mediator faces a challenging problem, it
has to accurately and efficiently transmit stress, cell type and
developmental stage gene-specific RE–TF interactions and posttranslational modification events to the Pol II–GTF-binding
regions. How does Mediator accomplish this task?
The Head has a jaw [MED (Mediator subunits) 18–20) which
moves with respect to subunits MED17 and MED11–22. There
is a hinge between MED6 and MED8, which contacts MED18
and MED17 [25] (Figure 3 provides a two-dimensional map of
the Mediator subunits, where structural data are available the map
follows the yeast data). The open conformation of the Head is
stabilized by TBP (TATA-binding protein), and the Pol II subunits
Rpb4/Rpb7 bind between the jaws [25]. In addition to the CTD
and Rpb4/Rpb7, the Rpb3 subunit of Pol II has direct interaction
points with Mediator at MED17 [33]. Comparative genomics [34]
and sequence analysis of Mediator subunits indicated that the Tail
is the least conserved module [35], suggesting a more recent
emergence. The Head is the most conserved module suggesting
its greater age. It is worth noting that based on bioinformatics
analysis it has been found that: (i) the conformational disorder
level of the Mediator exceeds that in other complexes of similar
size [35]; (ii) disorder is particularly high in the Tail and
Middle modules; (iii) the extent of disorder increases from yeast
to human; and (iv) the disordered regions arrangements and
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Mediator modules, subunits and interacting TFs and Pol II CTD

Mediator is a huge multi-protein complex (26 subunits in the human [79]). It is the primary
regulator of the PEC, which includes TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH, Mediator and Pol II
[27,79]. Mediator is divided into Head, Middle and Tail modules. The interactions and functions
of some subunits have been partly elucidated [24–27,79]. The Table lists some of the known TF
AD interactions [24]. Because only scant structural data are available, we have not distinguished
between yeast and human. The CDK8 submodule triggers Mediator conformational change [79],
MED5 has acetyltransferase activity, and Tail MED14 was shown recently to bind the N-terminal
domain of PPARγ [26]. The partial list in this Table illustrates that a TF can bind multiple
Mediator subunits even belonging to different modules (e.g. p53, GCN4); however, a TF can
also require different subunits, as in p53 activation of p21 by Nutlin which does not require
CDK8, whereas UV light C does [60]. Such cases could relate to communication pathways.
Secondly, TFs do not necessarily require the same subunits. For example, while MED1 is not
required for PPARγ [26], it is required by, for example, C/EBPβ [103], PGC-1α [104] and ERα
[105]. Yeast and human subunit interaction maps have been constructed [35,40,41]. The Pol II
CTD has up to 52 heptapeptide repeats (YSPTSPS) [106]. Ser5 and Ser7 are phosphorylated by
CDK7 (TFIIH) which is recruited (with TFIIB) by Mediator–Pol II complex before transcription
initiation [107]. Ser2 phosphorylation by CDK9 is required for elongation. Ser5 phosphorylation
is required for initiation of transcription elongation. Submodule CDK8 phosphorylates CDK7.
Key mechanistic questions relate to how TF–Mediator binding activates Pol II and how this
relates to the CTD phosphorylation requirement. C/EBPβ, CCAAT/enhancer-binding protein β;
E1A, early region 1A; ER, oestrogen receptor; GABP, GA-binding protein; Gli3, GLI family zinc
finger 3; GR, glucocorticoid receptor; HNF-4, hepatocyte nuclear factor 4; PGC-1α, PPARγ
co-activator-1α; RTA, replication and transcription activator; Sox9, SRY (sex-determining region
Y)-box 9; RAR, retinoic acid receptor; TR, thyroid hormone receptor.
Mediator Module

Subunit

Interacting TF

Reference(s)

Head
Head
Head
Head
Middle
Middle
Middle
Middle
Middle
Middle
Middle
Middle
Middle
Middle
Middle
Middle
Middle
Middle
Middle
Middle
Tail
Tail
Tail
Tail
Tail
Tail
Tail
Tail
Tail
Tail
Tail
Tail
Tail
Tail
Tail
Tail

MED22
MED17
MED17
MED17
MED1
MED1
MED1
MED1
MED1
MED1
MED1
MED1
MED1
MED1
MED1
MED12
MED12
MED12
MED12
MED21
MED2
MED3
MED14
MED14
MED14
MED15
MED15
MED15
MED15
MED15
MED16
MED16
MED23
MED23
MED25
MED25

Gcn4
VP16
PGC-1α
p53
p53
C/EBPβ
PGC-1α
ERα; ERβ
RAR
HNF-4
TR
Pit-1, GATA-1, GATA-2
PPARγ
GR
GABP
RTA
β-catenin
Gli3
Sox9
Tup1
Gcn4
Gcn4
HNF-4
GR
SREBP1a
VP16, Gal4
GR, NHP49
Smad2–Smad4
Gcn4
SREBP1a
PGC-1α
Gcn4
E1A, Elf3
C/EBPβ
VP16
RAR

[109]
[88]
[104]
[27]
[27]
[103]
[104]
[105]
[110]
[111]
[112]
[113]
[114]
[85,86]
[115]
[116]
[117]
[118]
[119]
[120]
[121,122]
[121]
[111]
[85]
[123]
[89]
[87]
[124]
[89,109,121]
[125]
[104]
[109]
[126]
[127]
[89]
[110]

interaction sites are similar between yeast and human implicating
specific recognition at protein–protein interfaces [35], which is
corroborated by crystal structure data for the MED8–MED18–
MED20 [36–37], MED7–MED31, MED7–MED21 [38] and
MED11–MED22 [39] subunits (Figure 4). Taken together with
EM images, these structures suggest that the surfaces available
for TF binding are largely in the Mediator Tail, Head and in
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Figure 3 Schematic two-dimensional organization map of the yeast
Mediator and Pol II
The numbers relate to Mediator and Pol II subunits. The broken lines are disordered
linkers. This organization is based on experimental data from crystal structures (subunits
MED8–MED18–MED20 [36,37], MED7–MED31 and MED7–MED21 [38]); EM (Head module,
[25,27]), the Middle and Tail modules have been described in previous studies [41,100].
The relative orientation between Mediator and Pol II has been described previously [108].
Pol II Rpb4/Rpb7 and Clamp bind the Mediator Head module and the Pol II CTD binds the
Middle module. In mechanism I, PEC formation is triggered by a TF AD-bound Mediator which
interacts with Pol II (red) mostly via its Tail (pink) or Middle (blue) modules. In mechanism
II, PEC is pre-assembled on the promoter and consequently there is a low level of Ser5
CTD phosphorylation. In both mechanisms, the recruitment of p-TEFb is needed to promote
processive elongation after the RNA capping checkpoint. We speculate that the perturbation by
AD binding to the Mediator Head module (green) causes a significant conformational change
which propagates via MED17, MED18 and MED20 to Rpb4/Rpb7 and finally to the Clamp of
Pol II. This propagation displaces NELF and facilitates the transition of a stalled PEC into an
elongation phase. A large conformational change displayed by a sufficiently high population of
Mediator will present ‘shape-shifting’. This map is for yeast; however, the human map is similar.
The cartoon does not reflect the actual size of each of the Mediator subunits.

the Middle subunit MED1 (Figure 3). This is in agreement with
biochemical interaction data [24]. Otherwise, much of the Middle
subunits surface is occupied by other subunits. The structures
also emphasize the shortcomings of two-dimensional Mediator
maps: although these suggest apparent limited MED7–MED21
interactions [35,40,41], the MED7–MED21 interface spans one
third of the Mediator length [38] with ∼ 150 conformationally
disordered (thus not crystallized) MED7 residues which provide
an additional large interaction area.
A key mechanistic question is then how TF–Mediator binding
activates Pol II and how is this related to the requirement of CTD
phosphorylation?
MEDIATOR UNDERGOES ‘SHAPE-SHIFTING’: A VIEW FROM THE
STANDPOINT OF THE FREE ENERGY LANDSCAPE

Recently, Taatjes and colleagues [27] presented compelling data
illustrating how p53 can activate transcription via Mediator
‘structural shifts’, extending earlier key observations which
indicated a dramatic conformational change upon TF binding
[28–30]. The authors showed that the p53AD and the p53CTD
interact with MED17 and MED1 respectively. The interactions
differentially affect Mediator structure and Pol II activity,
whereas the p53AD induces a conformational change and
this correlates with activation of stalled Pol II, this is not
the outcome of the p53CTD–MED1 interaction. Furthermore,
mutations of p53AD residues (L22Q and W23S), which prevent
expression of most p53 target genes [42,43], disrupted the MED17
interaction. They concluded that Mediator undergoes p53ADinduced shape-shifting, which is expressed in Mediator–Pol II
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Protein–protein interfaces of Mediator complexes whose X-ray structures are available

Mediator is a very large multi-protein complex composed of 10–25 subunits. High-resolution structural information on Mediator is extremely limited to small domain–domain interactions or small
subunits, all of which constitutes only tiny fractions of a large complex. Protein complexes are represented as ribbons in two light colours with the interface highlighted in dark colours. Only
interfacial side chains are shown in space-fill with hydrophobic residues coloured orange and hydrophilic residues in cyan. All three interfaces, MED18/20 (PDB code 2HZM), MED7C/21 (PDB
code 1YKE), MED7N/31 (PDB code 3FBI), and MED11/22 (PDB code 3R84), clearly show the domination of hydrophobic interactions which reflect the characteristics of a two-state protein folding.
In turn, this explains the specificity and the disorder nature of individual Mediator subunits. Folding-upon-binding transitions of disordered states lead to specific interactions and efficient signal
propagation across interfaces, which is particularly important for large multi-chain complexes. Efficient signalling may explain why Mediator subunits are highly disordered. This Figure is available
as an interactive three-dimensional structure at http://www.BiochemJ.org/bj/439/0015/bj4390015add.htm.

binding. This work is important because it allows a first glimpse
of the entire communication pathway: how TF bound to a
RE far away from the promoter can activate Pol II. Shapeshifting is a fundamental consequence of binding events, which
allosterically redistribute conformational ensembles [14,15,44–
47]. The single most important principle, based on statistical
mechanics, observed by NMR and described in terms of the
free energy landscape, is that all (dynamic) proteins exist in
conformational ensembles around their native states [14,15,44–
49]. The states present slightly different conformations separated
by low barriers. Perturbations such as those caused by cellular
binding events (by proteins, DNA, small molecules etc.), covalent
changes (for example post-translational modifications such as
phosphorylation, acetylation, methylation, ubiquitination and
mutational events), protein concentrations, temperature changes,
ionic strength and pH, alter the relative distributions of the
states. This change in the distribution is called ‘population shift’
[14,15,44–47]. The strain energy created by the perturbation is
released when the atoms rearrange. Population shift takes place
because the strain energy spreads, that is, the rearrangement
propagates in the molecular structure through the dynamic
changes in atomic contacts. Allostery is such an event and
the agents listed above are allosteric effectors. To understand
allosteric propagation, it is important to consider the entire
ensemble because it is the population that shifts. An ensemble
consists of states which are characterized by unique combinations
of some structural parameters, typically backbone dihedral
angles and side-chain rotamers each with an assigned energy
level. These characteristics can define the degrees of freedom
(possible ‘microstates’) of the protein. The conformational

entropy associated with a particular conformation in the ensemble
depends on the probability that the state will be occupied. The
higher the temperature, the larger is the number of accessible states
(called ‘thermally accessible states’). States which are occupied at
higher temperatures are rare under physiological conditions, but
their populations typically increase during allosteric propagation.
The changes in the conformations can be very minor [22,46,50]
and expressed only in subtle changes in side chains and
backbones, or in conformational dynamics [22], and as such not
observed by comparisons of crystal structures as in the case for the
p53 DNA-binding domain [51–52]. Allosteric propagation can be
described as a progressive change in the occupancy of states. In
this way proteins also also use rare states populated only at high
temperature to execute their function, which play key roles in
molecular recognition (reviewed in [47]) and in transmission of
information [12]. As such they are also likely to be conserved by
evolution.
In our case, in the present review, DNA is an allosteric effector:
slightly different RE sequences can have slightly different contacts
with the TF surface atoms and these changes propagate and
can lead to conformations of TF that present altered surfaces
of binding sites far away. This is in particular the case if those
binding sites are in conformationally disordered domains which
even on their own present conformational heterogeneity with low
barriers separating the states, as in the p53AD [53].
In turn, the altered surfaces may recognize and interact with
different Mediator subunits. Because new interactions are formed
which involve residues on the surface of Mediator, changes in
Mediator atomic contacts will take place, either between Mediator
atoms or between Mediator and the solvent. These changes
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perturb the structure of the Mediator-binding site. The changes
proceed through different pathways (thus subunits) throughout
the Mediator structure, and will reach the Pol II/GTF-binding
sites. The conformational states with the altered binding sites
now become more populated. Currently, allostery is overlooked
frequently when trying to understand how binding phenomena
determine the functional outcome. For the glucocorticoid receptor,
a change of even a single base pair between REs led to altered
TF conformation away from the binding site which expresses a
different function [10,11].
ALLOSTERIC SIGNAL PROPAGATION PATHWAYS IN MEDIATOR AND
POL II ACTIVATION

Because some gene activation events require high Pol II CTD
(Ser5 ) phosphorylation levels whereas others do not, the role of
phosphorylation in the initiation of transcription has been unclear
[27]. We argue that consideration of allosteric pathways from
the TF-binding site to Pol II can help, and suggest that the
major allosteric propagation pathways from Mediator cross into
Pol II at two locations which we call ‘triggering points’: the
Rpb4/Rpb7-binding region in the Mediator Head and around
the CTD-interaction site in Middle subunit MED26 (Figure 3).
We consider the allosteric effects in two possible mechanisms.
In mechanism I, the TF-bound Mediator recruits Pol II–GTF
leading to formation of the PIC and transcription initiation and
elongation without stalling (depicted in Figure 1A). In mechanism
II, PEC is already promoter-bound in a transcription initiatedand-stalled state. In mechanism I, TF can bind to Tail/Middle
subunits. TF binding can help in opening the Pol II-binding
pocket in Mediator by allosterically increasing the open-state
population, which will facilitate the recruitment of Pol II. In
addition, a direct interaction of MED11 and the Rad3 subunit of
TFIIH facilitate phosphorylation of CTD at Ser5 by CDK (cyclindependent kinase) 7 of TFIIH [54]. The resulting phosphorylation
pattern helps to recruit the RNA-capping enzyme, which adds a
5 cap to nascent RNA transcripts [55,56]. We suggest that the
phosphorylation of the Pol II CTD at Ser5 allosterically prevents
the binding of the NELF (negative elongation factor; see below),
which leads to transcription activation without pause. Thus TF
binding and activation of Mediator initiates the formation of
the PIC. On the other hand, in mechanism II, the activated
Mediator does not help to form a PIC. Therefore there is low
CTD phosphorylation at Ser5 . Under such circumstances, the
recruitment of the RNA-CE (capping enzyme) to the stalled
PEC, which is needed to fulfil the initiation of elongation
checkpoint, can be via the unphosphorylated CTD of Spt5 [56].
The association of NELF with Spt5 and Pol II enables the binding
of the NELF-E subunit to the newly synthesized RNA. This
prevents any further extrusion of the nascent RNA which stalls
the PEC [57]. Although there are several possible explanations for
PEC stalling at the proximal promoter region [57], we attribute
gene regulation in mechanism II to the NELF-mediated pausing.
The dissociation of Pol II requires energy. If the TF-binding site
on Mediator is far from the interaction site with Pol II, the strain
energy generated by the TF binding will dissipate in the gigantic
Mediator complex and the amount reaching the Pol II-binding site
will be insufficient. In mechanism II, sufficient energy may reach
a nearby Pol II ‘triggering point’ to overcome barriers even at low
phosphorylation states. The p53AD interaction with the Head
MED17 [27] and phosphorylated ELK1 (Ets-like transcription
factor 1)-binding Tail MED23 [24] provide examples. ELK1
activation of initiated-and-paused Pol II at the Egr1 promoter
[24] may constitute a particularly nice example of the relevance
of allosteric pathways. Even for the same gene different REs
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can lead to altered pathways in Mediator, as suggested by the
MED23 requirement when ELK1 binds one RE in embryonic
stem cells, but not when binding another in fibroblasts. On
the other hand, the energy that reaches a triggering point is
insufficient for Pol II dissociation in mechanism I. VP16 which
interacts with Tail MED25 [58-59], and PPARγ (peroxisomeproliferator-activated receptor γ ) with MED14 [26] require higher
phosphorylation levels and provide examples. Mutational studies
(e.g. p53AD [27] or a subunit knock-out [24] which could
abolish propagation) would assist in mapping major propagation
pathways [20]. The observation that the CDK8 module may
function as a stimulus-specific transcription activator for p53 at
the p21 locus (mechanism II) in the presence of Nutlin, but not
in response to cell stress upon UV irradiation (mechanism I),
could relate to propagation [60]. Cyclin C, MED12 and CDK8
may not be required for p21 where the p53AD binds MED17
in the Head module, and can be recruited only following Nutlin
treatment. This may not to be the case under UV light C. Previous
studies suggested that mechanism II is less frequent. Chromatin
immunoprecipitation assays coupled with genomic microarray
experiments in Drosophila and mammalian cells observed only
20–30 % enriched Pol II populations at the 5 ends of genes [61–
65]; however, more recent results have suggested a much higher
occurrence [66,67].
Above, we have highlighted the role of allosteric propagation
through Mediator in transcription initiation/elongation. Yet,
Mediator is a huge complex. The question arises of how do the
signals transmit effectively over such distances?
THE ROLE OF CONFORMATIONAL DISORDER IN MEDIATOR
SUBUNITS IN EFFECTIVE SIGNAL PROPAGATION

Disordered proteins lack a strong hydrophobic core and
consequently they exist in solution in two states, unbound
and disordered or bound and folded with the hydrophobic
core forming at their interfaces [68]. Upon binding, they
undergo disorder-to-order transition [68,69]. They bind with
large tight functionally required interfaces [70–73]. Similar to
the hydrophobic cores of stable single-chain proteins, such wellpacked interfaces imply high affinity and specificity. The fact that
EM images show particles validates high subunit organizational
specificity (Figure 4). Because signals are transmitted in the
assembly through breaking and forming atom–atom contacts
within and across subunits, the large densely packed interfaces
facilitate efficient propagation. Essentially, the multi-subunit
Mediator resembles a single protein. Subunit perturbation by,
for example, TF binding, acetylation or phosphorylation (as in
the MED1 subunit [74]) can allosterically propagate efficiently.
The huge Mediator size {when unbound to Pol II the estimated
height is ∼ 400 Å (1 Å = 0.1 nm) with a triangular shape [75] and
upon binding the dramatic conformational change to elongated
shape suggests longer distances} requires effective signalling
between binding sites which are far away. Such a view of
disordered states can hold for signalling proteins [76,78], which
are also overwhelmingly disordered. The Mediator and GTFs
sizes (together over ∼ 70 subunits in the human [79]) can explain
why disorder is a key property: disorder implies highly specific
protein–protein interactions and efficient signalling over large
distances.
ASSEMBLED POL II–GTFs CAN ALSO PRESENT DIFFERENT
INTERACTION SURFACES

In addition to Mediator, Pol II–GTFs recruited or stalled in
various developmental gene- and tissue-specific environments

Transcription activation via allosteric shape-shifting

can also present different interaction surfaces. Previous analyses
have shown that: (i) the TATA box is not always present and
TBPs are not a general requirement for gene activation; (ii)
TBP-related factors can mediate Pol II transcription initiation;
and (iii) TBP or TBP-related factors are not necessarily a
prerequisite for transcriptional activity. Instead, bioinformatics
and experimental results point to combinatorial sets of core
promoters ([80] and references therein). This suggests that preinitiation or initiated-and-paused complexes can have diverse
effects on GTF composition depending on promoter sequence
elements and their spacing [1]. For example, the TFIID (14–
16 subunits) [79,80] may lack some TAFs (TBP-associated
factors) and associate with other TAF combinations. Not all TAFs
are universally required. Some (like TAF10) may differentially
populate core promoters in cell types and developmental stages
[80]. Genome-wide analysis indicated a good correlation (75 %)
between TAF1 occupancy and gene activity [63]. The remaining
25 % were either active without TAF1 binding, or TAF1-bound
but with no detected transcription.
MEDIATOR-ASSISTED AND UNASSISTED SCENARIOS

In the scenarios described above, we have assumed that the promoters are available. Under such circumstances, if the
concentration of Pol II and GTFs is high, all promoters will
be occupied. If they are relatively low and the Pol II–GTF
affinity to the promoter is not high, the Mediator may help in
recruitment. In a second scenario, the promoters are unavailable;
in such a case, cofactors such as HATs (for example PCAF
{p300/CBP [CREB (cAMP-response-element-binding protein)binding protein]}) may help in chromatin remodelling. In a third
scenario (which is not discussed in the present review), there
is no Mediator involvement. RE-bound TFs and their cofactors
may recruit Pol II–GTFs [81,82] or function in exposing the
promoter. Enhanceosomes [4] consist of clusters of REs, TFs and
their cofactors, some of which have enzymatic activity similar
to the Mediator subunits. From the conformational standpoint,
the mechanism is similar: signal propagation elicited by binding
or post-translational modification events. Given the (frequent)
large distances between enhancers and promoters, Mediatorassisted scenarios appear to be the major mechanism. Under such
Mediator-assisted scenarios, mechanism I will take place if: (i) the
promoter is unavailable; (ii) the Pol II/GTF concentration is low;
or (iii) promoter recognition sequences present low affinity to Pol
II/GTFs. The prevalence of mechanism I (∼ 70–80 % [61–65])
suggests that these are common occurrences, and are probably
due to the first and third factors as illustrated by the failure of
bioinformatics approaches to detect consensus sequences.
HOW IS SPECIFICITY COMMUNICATED FROM THE RE TO THE
POL II –GTF MACHINERY?

To summarize, mechanistically, the pathway starting from
the RE and reaching the Pol II–GTF can be divided into the
steps below. (i) TF binds available REs [1,6,8,9,83]. If
the TF concentration is high, it binds all REs; if low, only
high-affinity REs. Similar REs have slightly different atomic
interactions with the TF, which elicit altered distributions of
allosteric pathways [20] and thus different TF surfaces. For
the p53 example, although REs interact with the DNA-binding
domain, the conformational changes can be expressed in the
p53-binding site to ASPPs (apoptosis-stimulating proteins) [84],
the p53AD and p53CTD [27]. (ii) The conformationally altered
TF AD surfaces recruit either different Mediator subunits, or
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conformational states of the same subunit (phosphorylated,
acetylated etc.). Initially, the ensemble of Mediator conformations
is largely in the closed state. TF binding to the Tail/Middle
modules induces allosteric effects in Mediator subunits (for
example MED14 and MED1; Figure 4). Pathways propagate
through other Mediator subunits (e.g. MED4, MED9, MED7
and MED21) increasing the populations of Mediator open states
[15,6], which enhances Pol II recruitment. Binding different
subunits or conformational states of the same Mediator subunit
can elicit altered distribution of allosteric pathways [20]. Even if
other TFs bind the same subunits (for example, thyroid hormone
receptor α, glucocorticoid receptor, PPARγ and oestrogen
receptor α, all bind MED1) or the same TFs bind different
Mediator subunits (for example glucocorticoid receptor binds
with MED1 [85–86], MED14 [85] and MED15 [87]; VP16
binds with MED17 [88], MED15 [89] and MED25 [89]), the
interactions will elicit different allosteric pathways. In the absence
of binding of the TF AD, Mediator can still recruit the Pol II
machinery at a basal rate, because a low population of the open
states exists in solution. These will bind via a conformational
selection followed by population shift mechanism [14,45,90].
Hence, in effect, there is specific long-range allosterically
induced signal propagation from the RE (an allosteric effector)
through the TF, Mediator subunits and finally Pol II. Because
allostery proceeds through multiple (major and minor) pathways,
propagation at each step depends on the perturbation at previous
steps.
A BROADER OUTLOOK OF ALLOSTERY IN TRANSCRIPTION
INITIATION AND ELONGATION AND OPEN QUESTIONS

Recent studies by Cramer and colleagues [91] and Kornberg and
colleagues [92] have provided structural details of the Pol II–
TFIIB complex in different transcription initiation states and offer
an unprecedented insight that illuminates the role of TFIIB in the
closed-to-open promoter transition. The GTFs locate the promoter
and (with possible help from Mediator) open the DNA (TFIIH is a
helicase). TFIIB recruits Pol II, and the TFIIB tunnel stabilizes the
melted region ∼ 20 bp downstream of the TATA box by interacting
with the template DNA strand. Once a ∼ 7-residue-long transcript
is synthesized [92], an 8 bp DNA stretch at the bubble head
re-anneals. The TFIIB B finger reaches into the Pol II active
centre and clashes with a longer RNA transcript and this leads
to promoter escape. In mechanism I and in basal transcription
[19] there is no pausing in transcript elongation; in mechanism
II there is. The question arises as to what leads to the transition
into processive elongation of the initiated-and-paused complex in
mechanism II and why no pausing in mechanism I.
In both mechanisms, the addition of the 7-methyl-guanosine
‘cap’ to the 5 end of the nascent RNA transcript by a CE and
an RNMT (RNA methyltransferase) [93] is a critical checkpoint
for RNA elongation. The subsequent transition from elongation
initiation into processive elongation (Figure 1A) requires the
recruitment of the p-TEFb (positive transcription elongation
factor b) which contains CycT1 (cyclin T1) or CycT2 (cyclin
T2) and CDK9. We suggest that CE and RNMT recruitment
differs in the two mechanisms. In mechanism I (Figure 2A),
PEC assembly is initiated by the TF AD binding to Mediator.
Mediator allosterically stimulates CDK7 (a subunit of TFIIH),
which phosphorylates Pol II CTD (at Ser5 in the heptapeptide
repeats). The phosphorylated CTD recruits CE and RNMT which
help recruiting p-TEFb without interruption. Therefore there is
no pausing in mechanism I. In mechanism II (Figure 2B), PEC
assembles at the promoter without involvement of the TF AD,
thus with a low level of Pol II CTD phosphorylation [27].
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Low CTD phosphorylation can lead to CE recruitment by the
unphosphorylated C-terminal repeat of transcription elongation
factor Spt5 which binds to the Pol II Clamp [94–97] and recruits
NELF. NELF associates with the nascent capped RNA transcript
and prevents RNMT from recruiting p-TEFb if RNMT was
recruited by Spt5, but not if it was recruited by Pol II. Therefore
NELF binding in mechanism II will stall the elongation of RNA
transcripts (unless some alternative route is available for p-TEFb
recruitment [57,98]). However, without the impediment of NELF
bound to Pol II, there is no substantial delay in transcription from
elongation initiation to processive elongation. We propose that
binding of the AD to Mediator Head (as in the p53AD) leads
to a significant conformational change which may allosterically
propagate via MED17/MED18/MED20 to Rpb4/Rpb7 and the
Pol II Clamp and may dislocate NELF. This allows p-TEFb
recruitment via RNMT to drive the stalled PEC into a processive
transcript elongation state [57,99].
Allosteric propagation (Figure 3): (i) offers an explanation
why MED14 and MED7/MED21 are essential; in contrast, the
essential role of MED17 [19] is not related to allostery; (ii) further
suggests that Pol II CTD phosphorylation is unlikely to take place
in basal transcription (where there is no TF involvement), or if
the TFAD binds to the Mediator Head (thus the conformational
change is sufficiently large); and (iii) also suggests that despite
the increasing number of observed unphosphorylated CTD cases
in initiated-and-stalled transcription activation, in the majority
of Mediator-assisted cases, Pol II CTD phosphorylation will
take place. Mutational and gene knockout experiments may be
expected to identify Mediator subunits whose function is to
mediate allosteric pathways.
CONCLUSIONS

In the present review, we have organized the experimental
observations into two possible mechanisms. In mechanism I TFbound Mediator helps in recruiting Pol II–GTFs (Figure 2A) and
in mechanism II Pol II – GTFs–Mediator is in a promoter-bound
transcription initiated-and-stalled state prior to TF involvement
(Figure 2B). In mechanism I activation of recruited Pol II could
be CTD phosphorylation-dependent, which is not the case in
mechanism II. From the evolutionary standpoint, mechanism
II appears older as the Head is more conserved with a lower
disorder level [35]. Pol II recruitment (mechanism I) requires the
Head, Middle and Tail. In mechanism II, the Head alone might
be sufficient. We suggest that mechanism I requires additional
cofactors and in this way allows finer regulatory control. p53
activation of p21 provides one example: Nutlin (mechanism II)
does not require Middle submodule CDK8, unlike UV light C
(mechanism I) which does [60]. MED23 knockouts [24] present
an example where allosteric signalling from different REs of
the same gene propagate via different pathways. Egr1 activation
by ELK1 in embryonic stem cells requires MED23, which is
not the case in fibroblasts. Initiation of elongation of initiatedand-stalled PEC (mechanism II) is via MED23, a Tail subunit,
suggesting a possible interaction between MED23 and a Head
subunit. Mechanism II also appears to be non-essential. The
Head subunits MED18 and MED20 which contact Pol II
Rpb4/Rpb7 are non-essential for viability in yeast [100]. A
preassembled and stalled PEC is advantageous, it saves assembly
time under cellular stress, such as at higher temperature when
accelerated heat-shock protein expression is needed [95]. Similar
to mechanism II, there is no Pol II CTD phosphorylation in basal
transcription and the required MED17 (for PEC formation [100])
is in Mediator Head [19]; however, the mechanisms are different.
In mechanism II, following TF binding, signals propagate to Pol II
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Rpb4/Rpb7 via MED18/MED20 which show shape-shifting [27],
whereas there is no TF activation in basal transcription.
To conclude, recent observations combine to paint a coherent
scheme of how specific gene activation from the RE to Pol II
activation can take place. They suggest how a RE-bound TF
changes its conformation [10,11], and communicates with Pol II–
GTFs via Mediator to change their shapes [25,27] and facilitate
Pol II promoter clearance. When we consider that changes in
molecular shape are the outcome of structural perturbation,
that RE specificity is a key factor in specific gene activation
[8,9] and that Mediator subunits present an unusual disorder
level [35], the overall picture clarifies. Ample data support the
paramount importance of specific RE recognition in determining
functional consequences [1,6,8–10]. RE–TF specificity can
propagate via large compact interfaces between Mediator
subunits, culminating in specific Mediator ‘shape-shifts’ and Pol
II interactions. Combined with cellular conditions which govern
protein concentrations and their post-translational modification
states [6], epigenetic events [2,3] and general TFs assembling on
core promoters [80,101] may provide a framework to understand
how specific far-away REs can specify gene activation. This leads
us to describe Mediator functions as including: (i) increasing
the effective local concentration of Pol II and GTFs [91]; (ii)
regulation of the PEC; (iii) transmitting and funnelling signals
from REs and post-translational modification events (reflecting
cellular conditions) to the Pol II–GTF machinery binding sites;
and (iv) helping to activate a stalled Pol II. Functional assignment
of Mediator subunits could uncover Mediator subunits whose
role is signal transmission to control genome-wide transcription
regulation. This could be the case for MED14 and MED7/MED21
through which propagation pathways, which are elicited by TFs
binding to Tail or Middle subunits (mechanism I), could go
(Figure 3). Function is performed by molecular assemblies that
change their shape and dynamics in the presence of an input
molecule and this shape change can turn on or off catalytic activity.
Shape-shifting has already been related to allosteric effects
[102]. A change of shape is brought about by energy transfer
from a perturbation site through atomic contacts, dissipating in
the molecule-like waves. If the change of shape is sufficiently
large and is displayed by a sufficiently high population, as in
Mediator following p53AD interaction with the MED17 subunit
in the Head module near the Pol II Rpb4/Rpb7-binding site, it will
be observed in EM images. Allosteric signal propagation is the
only way that information can propagate. The question is whether
the energy reaching the target site is large enough to lead to the
required conformational change or an added source, such as
phosphorylation which would be recognized by another protein,
is needed.
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