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Abstract

The human Mediator complex is a central integrator for transcription and represents a primary 

interface that allows DNA-binding transcription factors to communicate their regulatory signals to 

the RNA polymerase II enzyme. Because Mediator is dynamic both in terms of subunit 

composition and structure, it presents challenges as a target for small molecule probes. Moreover, 

little high-resolution structural information exists for Mediator. Its global requirement for 

transcription, as well as its distinct, transcription factor specific interaction surfaces, however, 

suggest that development of probes that bind specific Mediator subunits might enable gene- and 

pathway-specific modulation of transcription. Here we provide a brief overview of the Mediator 

complex, highlighting biological and structural features that make it an attractive target for 

molecular probes. We then outline several chemical strategies that might be effective for targeting 

the complex.
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1. Introduction

The Mediator complex is a large, multi-subunit assembly that is generally required for 

transcription.[1] Mediator exists primarily in two different forms: a “core” complex and a 

“CDK8-Mediator” complex. In human cells, the core Mediator complex consists of 26 

subunits, whereas the CDK8-Mediator complex consists of 29 subunits (25 of which are 

shared with core Mediator). Although evolutionarily conserved from yeast to human, 

Mediator has evolved rapidly, acquiring metazoan-specific subunits and new biological 

functions. Known links between Mediator subunits and human disease are many, and are 

increasing each year (reviewed in [2] and [3]). For these and other reasons, Mediator is an 

attractive, albeit challenging, target for molecular probes.

2. A central role for Mediator as a general and gene-selective regulator of 

transcription

The regulation of gene expression is fundamental for every major physiological process, and 

changes in gene expression patterns are hallmarks of human development, disease, and 

adaptive responses (e.g. viral infection). Many well-studied signaling cascades that initiate 

in response to environmental cues ultimately trigger changes in gene expression.[4] 
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Activation (and repression) of pathway- and stimulus-specific genes is achieved in large part 

by DNA-binding transcription factors (TFs), which serve as the primary drivers of cell state 

and cell physiology.[5] As a testament to their enormous regulatory power, an entire 

population of fibroblasts or adipocytes can be converted to myotubes upon expression of a 

single TF, MyoD.[6, 7] Given the cornerstone roles of TFs in controlling human 

development, physiology, and disease, an effective strategy to manipulate TF function 

would have widespread impact on human health.[8,9] The traditional (and reasonable) 

concept that TF activity is best manipulated by directly targeting the TF itself has not 

yielded much progress.[10,11] We outline here a different approach that circumvents the TF 

entirely, yet has potential to achieve some of the same goals.

It is widely understood that sequence-specific DNA-binding TFs activate or repress 

transcription by somehow affecting RNA polymerase II (pol II) activity. The pol II enzyme 

is responsible for transcription of all protein-coding and most non-coding RNA genes. 

Remarkably, TFs do not bind pol II directly and instead bind the large, multi-subunit 

Mediator complex.[12,13] Mediator, in turn, interfaces extensively with pol II and relays 

regulatory signals from TFs directly to the pol II enzyme (Figure 1A, B). Current 

understanding suggests that Mediator and the large, multi-subunit TFIID complex—not pol 

II—represent the key factors through which TFs regulate transcription. In fact, the Mediator 

complex appears to be as important to controlling expression of protein-coding genes as the 

pol II enzyme itself.[14,15] In agreement with this, Mediator has been described as the 

endpoint of cell signaling pathways because it represents the ultimate, functional target for 

DNA-binding TFs.[16,17]

Gene expression (a.k.a. transcription) occurs within the context of a macromolecular 

assembly known as the Pre-Initiation Complex (PIC). The PIC consists of eight protein 

complexes, including Mediator and the pol II enzyme, and is approximately four MDa in 

size (Figure 1A). At 1.2 MDa, the Mediator complex represents a major sub-assembly 

within the PIC, and structural and functional studies have revealed that Mediator acts as a 

scaffold around which the human transcription machinery assembles (Figure 1B).[18–22] 

This central structural role for Mediator can at once explain its general requirement for 

transcription, and its ability to regulate the function of pol II at different stages of the 

transcription cycle, such as initiation and elongation.[23]

Mediator is targeted by a vast array of DNA-binding TFs[24] that regulate fundamental 

physiological responses and are implicated in myriad human diseases. Whereas multiple 

labs have established that TFs activate transcription upon binding the Mediator complex,

[25–32], precisely how TFs control pol II function via the Mediator complex remains poorly 

understood. Data continue to suggest, however, that structural shifts in Mediator, triggered 

by TF binding, play an essential role.[33,34] For example, upon binding Mediator, the 

activation domain of the p53 TF induces conformational changes in Mediator that correlate 

with activation of pol II at the promoter (Figure 2). In the absence of a key p53→Mediator 

interaction, Mediator adopts alternate structures that appear to maintain pol II in an inactive 

state.[35] Thus, the TF→Mediator interface appears to represent a key “control point” that 

dictates TF function.
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3. Targeting Mediator and Mediator-TF interactions with small molecules

Like many multiprotein complexes, Mediator offers both challenges and opportunities for 

small molecule ligand discovery. Dogma dictates that proteins and protein-protein 

complexes without enzymatic function, or that do not have cognate small molecule ligands, 

largely fall into a realm of ‘undruggable’.[36] Much of the failure of high-throughput 

screening against protein-protein interaction (PPI) targets has been attributed to the 

inadequacies of current compound collections to recapitulate the physical features of PPIs.

[37,38] However, contemporary structural studies are providing an initial round of insights 

into the interfaces between the various Mediator subunits that are encouraging. For example, 

several structural studies are now completed for Mediator-TF interfaces.[39] NMR studies 

have been successful in characterizing the interaction between the activation domain of 

SREBP with MED15 and VP16 with MED25.[40–42] A challenge, however, will be to 

develop a small molecule that can selectively block the Mediator-TF interface. Although 

only a limited number of such interfaces have been structurally characterized thus far, it 

appears that some will be more amenable to small molecule targeting than others. For 

example, whereas the SREBP-MED15 interaction surface is relatively compact,[40] NMR 

analyses of VP16-MED25 show evidence of multiple distinct bound conformations that 

involve opposite faces of MED25.[41,42] Despite this, a prominent MED25 hydrophobic 

cleft, formed from two α-helices and a β-barrel, was identified as a key region for VP16 

binding (Figure 3). Mutations in the region abrogated VP16 binding[41] and provide some 

suggestions for small molecule antagonists that exploit the deep hydrophobic pocket that 

dominates this region.

Beyond Mediator-TF interactions, it may be feasible to target subunit-subunit interactions 

within Mediator itself. In principle, this could achieve outcomes similar to blocking a 

specific Mediator-TF interaction. The structural integrity of Mediator can be maintained in 

the absence of select subunits,[17,43,44] indicating that Mediator still functions as a 

genome-wide regulator of transcription even if certain subunits are lacking. The absence of a 

particular Mediator subunit can preclude gene activation by its corresponding TF target. For 

example, knocking out MED1 or MED23 does not appear to greatly compromise Mediator 

structural stability, but resulted in gene-selective effects on transcription.[45] MED1 

knockout murine embryonic fibroblasts were unable to appropriately activate nuclear 

receptor targets (which interact with MED1), whereas MED23 knockout murine embryonic 

stem cells could not activate select ELK1 target genes (ELK1 binds MED23).[17,46] High 

resolution structural data of Mediator subunit-subunit interfaces would facilitate 

identification of molecular interfaces to target with small molecules. Whereas these data are 

largely unavailable for human Mediator, a significant amount of data are available for yeast 

versions of the complex.[39] In fact, a majority of the 7-subunit “head module” of yeast 

Mediator (representing about 20% of the yeast Mediator complex) has been crystallized by 

several groups.[47–49] These data have identified numerous and extensive interfaces 

between subunits. As one example, X-ray crystallography of the MED17–MED11–MED22 

subcomplex of the S. cerevisiae head domain of Mediator reveals that MED11 and MED22 

interact with MED17 along a large, deep, hydrophobic cleft (Figure 4). Although 

speculative, this pocket may provide an appropriate interface for binding a small molecule. 
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Whether structural features of subunit-subunit interfaces are conserved between yeast and 

human Mediator remains to be seen. Although the sequence conservation between yeast and 

human Mediator subunits is very poor, structural homology could still be preserved. In fact, 

crystal structures of the Mediator head module from two different yeast strains (S. cerevisiae 

vs. S. pombe) are highly conserved despite only 15% sequence identity.[48]

The studies outlined above provide early structural information in support of the idea that 

the interactions between Mediator subunits or Mediator and TFs could be modulated by 

small molecules. Compounds that could block, or mimic, the functions that arise from 

TF→Mediator binding would provide powerful capabilities to affect transcriptional 

programs. However, such compounds would have limited use if every TF targeted the same 

surface on the Mediator complex. To a large extent, this is not the case for Mediator (Figure 

5). In fact, unlike other transcription regulators that also bind TFs, such as CBP/p300,

[50,51] distinct TFs target completely different surfaces on Mediator;[24,52] moreover, 

these distinct TF→Mediator interactions can induce different Mediator structural states, 

suggesting that Mediator adopts TF-specific functionality.[33,53] Taken together, these 

observations suggest a potential for selective regulation of TF function, and that targeting 

specific surfaces within Mediator (e.g. the SREBP binding site within MED15) may not 

impact gene expression patterns governed by other TFs.

Several “artificial transcription factors” have been developed that bind Mediator and activate 

transcription in reporter assays at artificial promoters.[54–58] Moreover, it has been 

demonstrated that TF-cofactor interactions can be selectively targeted and disrupted by 

small molecules.[59,60] These findings establish that 1) the Mediator complex can be 

successfully targeted with small molecules to impact gene expression, and 2) TF-cofactor 

interfaces (e.g. NOTCH transactivation complex) can be blocked with small molecules. 

These observations suggest it might be possible to develop small molecules that target key 

TF-Mediator interfaces to selectively regulate gene expression programs. Below, we outline 

three areas of contemporary chemistry that are impacting the discovery of molecules with 

function against protein-protein interfaces and that may offer avenues to modulation of 

Mediator function (Figure 6).

3.1 Peptides, peptidomimetics, and stapled peptides

Although peptides that modulate the function of target systems can often be discovered by 

approaches that span synthesis through phage display, short peptides are often viewed as 

poor starting points for therapeutics. This is due to (i) sensitivity to proteolysis, (ii) generally 

poor transport properties, which can hinder applications against intracellular targets, and (iii) 

diminished structural organization when compared with larger domains.[61] 

Notwithstanding these caveats, short peptides and related peptoids, peptidomimetics, and 

stapled peptides have a proven track record in both abrogating and reconstituting PPIs.

[62,63] In an early example relevant to control of transcription, fusing a 15-mer peptide 

(which was presumed to form an amphipathic helix that recruited coactivators) to the Gal4 

DNA-binding domain resulted transcription at levels ~20% of the full-length Gal4 activator.

[64] Functional small molecule peptidomimetics of these amphipathic helices based on 

isoxazolines have been developed, although their potential has yet to be widely explored.
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[65–67] Peptides that bind yeast Gal11 (Med15) are also functional in activating 

transcription, albeit at lower levels than the natural activation domain.[58]

The success of peptides against challenging PPI targets is driving efforts to improve their 

pharmacokinetic properties. Although general solutions to problems associated with cellular 

permeability have yet to emerge, binding affinities and selectivities can often be improved 

by the addition of elements that enhance secondary structure, such as lactam or disulfide 

bridges between appropriately placed side chains.[68,69] In addition, foldamers based on β-

peptides often display higher propensities toward secondary structure than the corresponding 

native peptide.[70] Although these technologies have yet to be employed against PPIs in the 

Mediator complex, they have provided encouraging success against a number of complex 

PPI targets and the prevalence of helical recognition domains in transcriptional complexes 

suggests likely future prospects.[71] For example, disulfide-bridged 9-mer peptides that 

show increased helicity relative to acyclic structures inhibit the interaction between the 

estrogen receptor α (ERα) and a co-activator with a Ki of 25 nM.[72]

Among the most recent advances in this arena are hydrocarbon stapled peptides, which are 

often based on ring-closing metathesis strategies.[73,74] In cases where systems are well 

characterized structurally, this can be a fruitful path from structure to a functional molecule. 

Examples of success include the discovery of ligands that antagonize the TP53-HDM2 

interaction,[75] the BID-BAX interaction,[76] and ER/co-activator interactions.[77] In 

several cases structures of the ‘stapled’ peptides bound to the target have shown faithful 

reproduction of major interactions found in the native peptide, as well as additional 

interactions between the hydrocarbon staple and the target.[78] In a particularly impressive 

example, a stapled peptide derived from the coactivator MAML1 was able to bind to the 

NOTCH1-transcription factor complex and modulate recruitment of MAML1.[59] Extensive 

studies connected the observed in vivo activity of this peptide with inhibition of the NOTCH 

pathway.

3.2 Small molecules, diversity-oriented synthesis, and microarrays

Collections of small molecules have played an important role in the rapid rise of high-

throughput screening (HTS) as a ligand discovery paradigm. Screening libraries have a 

strong bias toward the chemical space that has proven successful against historically 

‘druggable’ targets, and broadly speaking HTS produces low hit rates against PPI targets. 

Nonetheless, there have been successes against PPIs,[79] including the discovery of small 

molecule inhibitors of the interaction between the TF Elf3 and MED23 that were optimized 

to give wrenchnolol (Figure 7).[54,55] Subsequent studies involving a bivalent construct of 

wrenchnolol and a polyamide DNA-targeting construct produced robust activation of 

transcription both in vitro and in cells.[56]

Studies at the intersection of new chemical space and novel screening methods have also 

provided indications that TFs and protein complexes containing them can be directly 

modulated by small molecules stemming from diversity-oriented synthesis (DOS).[80,81] A 

small molecule microarray-based screen of 12,396 molecules identified DOS-derived hits 

that bound Hap3p (a subunit of the S. cervevisiae Hap2/3/4/5p TF complex) and modulated 

transcription. Optimization led to haptamide B, which binds Hap3p with a dissociation 
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constant of 0.33 μM and reduces expression of Hap3p dependent genes in cells.82] Other 

examples of DOS-derived molecules that modulate PPIs and challenging targets in 

transcriptional biology include the function of Ure2p in glucose signaling in yeast,[83] and 

the discovery of lactam carboxamides that inhibit the interaction of the HOXA13 TF with 

DNA.[84]

3.3 Fragment-based methods

In the past decade, the application of strategies involving high-concentration screening or 

sophisticated structural methods as a mechanism to discover low-molecular weight and 

(often) weak-affinity ligands has grown in popularity.[85] This approach – often called 

‘fragment-based ligand discovery’ – is predicated on the power of modern medicinal 

chemistry to evolve potent small molecule ligands when supported by structural information 

and has proven success against a variety of targets including PPIs.[86] In a flagship 

example, Abbott used NMR spectroscopy to discover weak ligands that inhibit the Bcl-

xL/Bak protein-protein interaction.[87] The initial ligand discovered was evolved by the 

combination of synthesis and structural biology to provide several generations of 

compounds that culminated in ABT-263, which has low nM Ki values against Bcl-2 family 

proteins, and is also orally bioavailable.[88] The application of approaches to ligand 

discovery against the Mediator complex based on structural information and that begin with 

fragments seems likely to be fruitful given the increasing amount of structural information 

available on Mediator and its interactions.

4. Conclusions

The large size and conformational flexibility of Mediator provides an extensive surface for 

potential protein-protein interactions. The fact that many different TFs bind Mediator at 

distinct sites along its surface (i.e. via different Mediator subunits) suggests that targeting 

such sites could provide a measure of selectivity. Several groups have successfully targeted 

Mediator with small molecule “artificial transcription factors” that could forecast future 

progress with new classes of molecular probes. Significant challenges include: 1) the 

structural flexibility of Mediator, which could mask the target site in specific contexts. 2) 

For some interfaces, the TF-Mediator interaction may occur through multiple low-affinity 

sites that would be difficult to mimic with a small molecule. Although it is unclear how 

common this may be, an example of such an interaction has been characterized in yeast.[89–

91] 3) Another challenge will be to develop compounds with sufficient binding affinity to 

modulate the action of the cognate TF. The few known human Mediator-TF binding 

affinities are in the nM range (VP16-MED25 and SREBP-MED15). Similarly, attention 

must be paid to the physical properties of ligands that will require cellular or nuclear uptake 

for action. Despite these challenges, the success of molecules such as ABT-263 provide 

much support to the idea that the modulation of complex biological functions is possible 

with small molecules.
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Figure 1. 
Mediator is the central scaffold around which the human transcription machinery assembles. 

(a) Schematic of the human “Pre-Initiation Complex” (PIC). Complexes are shown at same 

relative scale. (b) Structural model of the human PIC, based upon a cryo-EM study of a 

Mediator-pol II-TFIIF assembly.[18]
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Figure 2. 
Model for how TFs activate transcription via Mediator. (a) TFs induce sweeping structural 

shifts upon binding Mediator. At left is the structure of Mediator without a TF bound, 

whereas at right are two views of a TF-bound state (in this case, p53-Mediator). A common 

feature of TF-bound Mediator structures is a large pocket domain (arrow) that corresponds 

to the pol II binding site. (b) Schematic of an inactive or active PIC. In the absence of a key 

regulatory TF, the PIC can assemble at the promoter but remains in an inactive or 

unproductive structural state. Upon TF-Mediator binding, Mediator adopts an active 

structural state, which activates the PIC and pol II transcribes the gene. Adapted from ref. 

[35].
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Figure 3. 
The VP16 binding region of MED25 involves a deep hydrophobic pocket at the intersection 

of two α-helices and a β-barrel.
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Figure 4. 
MED17 interacts with MED11 and MED22 along a hydrophobic groove. Insert: Two alpha 

helices from MED11 (magenta) and MED 22 (silver) project hydrophobic residues into the 

MED17 hydrophobic groove.
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Figure 5. 
Distinct TFs bind different Mediator subunits. The CDK8 module (red) and the Mediator 

complex (blue) are shown, along with the subunit composition of each. Because different 

TFs regulate distinct cellular processes, the varied TF-Mediator interaction surfaces can be 

considered key control points for these TF-directed events. Examples of basic physiological 

processes, and the TFs that help regulate them, are shown at the bottom. The Mediator 

subunit target of the TF is also listed. The general locations shown for select subunits are for 

illustrative purposes only; the location of each Mediator subunit is not well defined, 

especially for human Mediator.
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Figure 6. 
Three areas of contemporary chemistry that are impacting the discovery of functional 

molecules against protein-protein interfaces: a. structural homologs e.g. stapled peptides and 

related compounds form a family that are increasingly being referred to as “synthetic 

biologics”; b. small molecules from diversity-oriented synthesis and other approaches; c. 

weak ligands identified by high-concentration screening (fragments) that are optimized to 

give potent small molecules.
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Figure 7. 
Examples of molecules active against targets in transcription and protein-protein interfaces.
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