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Abstract

Eukaryotic transcription requires the assembly of a multi-subunit pre-initiation complex (PIC) 

comprised of RNA polymerase II (Pol II) and the general transcription factors. The co-activator 

Mediator is recruited by transcription factors, facilitates the assembly of the PIC, and stimulates 

phosphorylation of the Pol II C-terminal domain (CTD) by the TFIIH subunit CDK7. Here, we 

present the cryo-electron microscopy structure of the human Mediator-bound PIC at sub-4 Å. 
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Transcription factor binding sites within Mediator are primarily flexibly tethered to the tail 

module. CDK7 is stabilized by multiple contacts with Mediator. Two binding sites exist for the Pol 

II CTD, one between the head and middle modules of Mediator and the other in the active site of 

CDK7, providing structural evidence for Pol II CTD phosphorylation within the Mediator-bound 

PIC.

One Sentence Summary:

Cryo-electron microscopy reveals the high-resolution structure of the human Mediator-bound 

transcription pre-initiation complex.

Transcription of all messenger RNA (mRNA) in eukaryotes is carried out by RNA 

polymerase II (Pol II) (1). Pol II cannot by itself locate the transcription start site (TSS), 

open a transcription bubble to expose the template strand, and transition to an elongation 

state. Instead, DNA-bound transcription factors position the co-activator complex Mediator 

to facilitate the assembly of the pre-initiation complex (PIC) consisting of Pol II and the 

general transcription factors (GTF) TFIIA, TFIIB, TFIID (TBP), TFIIE, TFIIF, and TFIIH 

(2). These GTFs help position Pol II to initiate transcription at the correct genomic locus, 

and TFIIH feeds DNA into the active site of Pol II, generating force against the TBP/TFIIB/

TFIIA lobe to unwind the DNA and expose the template strand (3). The entire Mediator-

bound PIC (Med-PIC) is 2.7 megadaltons (MDa) in size, contains 56 polypeptides, and 

represents a unique challenge for structural characterization due to difficulties in obtaining 

and assembling these complexes, as well as to their inherent flexibility (4–9).

The largest subunit of Pol II, RPB1, contains a long, repetitive C-terminal domain (CTD) 

connected by a flexible linker region to the rest of the subunit (10). The CTD consists of 26 

repeats in yeast and 52 repeats in humans of the consensus YSPTSPS heptamer sequence. 

Phosphorylation of the serine at position 5 (Ser5) by cyclin-dependent kinase 7 (CDK7) 

during transcription initiation leads to the recruitment of the 5’ capping enzymes that are 

indispensable for growth (11). Neither the CTD nor the 80-residue linker is visible in 

structures of the PIC due to their mobility (12). CDK7 is part of the cyclin-activated kinase 

(CAK) module of TFIIH, together with cyclin-H and Mat1. Mounting evidence indicates 

that Mediator recruits TFIIH to the PIC and stimulates the CAK module’s ability to 

phosphorylate Ser5 (13, 14).

Atomic models of Med-PICs are currently limited to yeast (yMed-PIC) (6–9). Mediator is 

divided into four modules: the head (MedHead) interacts with Pol II, the middle 

(MedMiddle) primarily serves a structural role, the tail (MedTail) serves as a hub for the 

binding of transcription factors, and the dissociable kinase module (MedKinase) is found at 

enhancers and prevents interaction with the PIC (15, 16). The existing high-resolution 

models of yMed-PIC highlight differences in how MedHead interacts with Pol II, suggesting 

that the interface between Mediator and Pol II is not rigid (6, 7). MedHead is capable of 

binding the CTD, shown in a co-crystal structure (17). Based on the location of the CTD 

modeled into the full yeast Mediator complex, the CTD also likely serves to stabilize the 

interface between MedHead and MedMiddle (8, 9). Functional and structural studies have 

identified a minimal core Mediator (cMed), devoid of both MedKinase and MedTail (18, 
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19). Structures of Mediator have poorly defined density for MedTail, leaving open the 

question of where most transcription factors bind (5, 6, 8). A second highly flexible part of 

Med-PIC is the CAK module of TFIIH. It has been localized to the end of the hook domain 

of Mediator, directly above core TFIIH (cTFIIH), to which it remains flexibly tethered (7, 

8). However, the orientation of the individual subunits within this density has not yet been 

determined.

In this study, we present the structure of the human Med-PIC assembled on a closed 

promoter DNA construct, with the TBP subunit of TFIID replacing the full TFIID complex. 

Human Mediator is held together by a central scaffold subunit, Med14, which forms two 

contact sites with MedTail. The precise orientation of the CAK module within Med-PIC is 

revealed, with clear density for the Pol II CTD in the active site. A second CTD binding site 

between MedHead and MedMiddle shows how Mediator positions the rest of the CTD for 

phosphorylation by CDK7. Many regions of Mediator that interact with transcription factors 

are flexibly tethered, facilitating its assembly. The structure also provides key insights into 

the conformational landscape of Mediator relative to the PIC.

Structural characterization of the human Med-PIC

The Med-PIC complex was assembled by extending our previous protocol for assembling 

the closed complex PIC from purified factors to accommodate the addition of Mediator (Fig. 

S1A) (12). In contrast to previous protocols where factors were added in a stepwise manner, 

three subcomplexes, DNA-TBP-TFIIB-TFIIA, Pol II-TFIIF, and TFIIE-TFIIH-Mediator, 

were first assembled and were next incubated together. Negative stain electron microscopy 

(EM) of assembled complexes indicated that a subset of particles contained all components 

of Med-PIC and that significant conformational heterogeneity exists (Fig. S1B).

A cryo-EM data set was collected, and 2D classification in Relion-3 showed many classes 

representing the full complex (Fig. S1C, Table S1) (20). A subset of 156,383 particles 

refined to a resolution of 4.8 Å, but due to the high intrinsic flexibility of Med-PIC, distal 

regions including MedMiddle, MedTail, and TFIIH, are significantly averaged out in the 

post-processed map. Focused refinements on subcomplexes were used to improve the 

resolution of all portions of the density compared to the full complex (Fig. S2, S3). These 

regions were chosen because either the subcomplex behaves like a rigid body within the full 

complex, as is the case for the core PIC (cPIC), cTFIIH, MedHead, MedTail, and 

MedMiddle-CAK, or to center a region within the box to improve its resolution, as in the 

case of Med1 and Med14C. These refinements improved the resolution of the vast majority 

of MedTail, Med14, MedHead, and Pol II to 3.5 Å or better (Fig. S3) and that of flexible 

regions, including Med1, MedMiddle-CAK, and cTFIIH, to 5.8, 6.5, and 7.1 Å, respectively. 

These improvements allowed the building, refining, or flexible fitting of atomic models for 

nearly the entire complex (Fig. 1A–B, S4–7, Video S1, Table S2). Overall, the structure of 

Med-PIC is highly similar to previous human PIC complexes and yeast Med-PIC complexes 

(Fig. S8) (7, 8, 12). The presence of Mediator does not cause significant changes in the 

structures of Pol II or the GTFs, including TFIIB, TBP, TFIIA, TFIIE, and TFIIF. Med-PIC 

is compatible with the incorporation of TFIID as no clashes are observed upon 

superimposing the structure of TFIID-TFIIA-DNA (Fig. S8) (21).
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Structure of human Mediator

The human Mediator complex within Med-PIC is divided into three modules, held together 

by the central Med14 scaffold subunit (Fig. 2). MedMiddle closely resembles the structure 

of its yeast counterpart (7, 8). Homology models for the human MedMiddle subunits Med4, 

7, 9, 10, 19, 21, and 31, based on the S. cerevisiae ortholog structures, were built using the 

MedMiddle-CAK map (Fig. 2A, S4). The N-terminal 200 residues of Med14 were modeled 

similarly. Additional density near the connector domain of MedMiddle could be assigned to 

Med26, a metazoan-specific subunit, that has been shown to localize in this part of Mediator 

and interact with Med4, 7, and 19 (Fig. 2A) (15). The C-terminus of Med26 is sufficient to 

interact with Mediator, strongly suggesting the C-terminus of Med26 is what can be seen, 

leaving the N-terminus flexibly attached. The N-terminus has been shown to interact with 

the super elongation complex (SEC), which is responsible for the release of paused Pol II 

through phosphorylation of the Pol II CTD and SPT5 by CDK9 (22). Additional unmodeled 

density attributed to the N-terminus of Med1 is located between the plank domain (Med4 

and Med9) and MedTail subunit Med24 (Fig. 2A, S9A). This is consistent with the location 

of Med1 shown in both yeast and humans previously (15). Density for the plank, Med1, and 

the N-terminus of Med24 is significantly worse than surrounding areas, indicating that this 

portion of Mediator moves independently of MedMiddle and MedTail. Previous structures of 

yeast Med-PICs show interactions between Med9 and the foot domain of Pol II (Fig. S10A–

B) (6, 7). In S. pombe, Med4 and Med9 also interact with Med1, but there is no change in 

the overall structure compared to S. cerevisiae, where Med1 was not included during 

complex assembly. The contact between Med9 and the foot domain of Pol II is broken in the 

human Med-PIC. Instead, Med9 is very close to RPB8, and the interactions between Med4 

and Med9 with Med1 are retained (Fig. S10C). These differences are likely driven by the 

presence of the larger MedTail in the human Med-PIC, which positions Med1 further away 

from the plank through interactions with Med24.

MedHead adopts a very similar structure to the yeast model except for the presence of the 

additional subunits Med27, 28, 29, and 30 (Fig. 2B, S5). These subunits, which were 

assigned previously to either MedHead or MedTail (15, 23), exhibit extensive interactions 

with the fixed jaw of MedHead and were therefore assigned to MedHead. The C-terminus of 

the scaffold subunit Med14 extends the RM1 and RM2 repeats visible in yeast structures and 

wraps around MedHead, serving as a clear divider between MedHead and MedTail. Med17, 

a scaffold subunit within MedHead, stabilizes the fixed jaw on one face and interacts with 

the RM1 and RM2 repeats of Med14 on the other (Fig. 2B, S9B).

MedTail connects to the rest of Mediator through two relatively small interfaces with 

MedHead and Med14. Two C-terminal domains of Med15 are crucial for forming both 

interfaces. The first contact site is located near the C-terminus of Med14. Two helices each 

from Med27 and Med29 project underneath Med14, with two helices of Med15 (residues 

617–649) wedged between them (Fig. S9C). A concave surface on Med16 makes contact 

with both this site and Med14. The second site is formed by a C-terminal extension between 

β18 and β19 (residues 596–620) of Med17 that interacts with the Ring-WD40-DEAD 

domain (RWD) of Med15 (residues 674–692) (Fig. S5, S9D). The RWD domain of Med15 

is wedged in a large cavity between Med23 and Med24.
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The rest of MedTail is formed by subunits Med16, Med23, Med24, and Med25. Med16 is 

divided into N-terminal and C-terminal domains, with the N-terminus forming a 7-blade 

WD-40 domain and the C-terminus forming a mostly helical domain that constitutes much 

of the first interface with MedHead described above (Fig. S7, S9B). The N-terminus of 

Med24 interacts with Med1 and is much more flexible than the rest of MedTail. We could 

only identify a single domain of Med25, the von Willebrand factor type A (vWA) domain, 

wedged in a pocket formed by Med16 and Med23 (Fig. S9E).

Almost all domains that are bound by transcription factors in Mediator, including the N-

terminus of Med15, the N-terminus of Med25, and the C-terminus of Med1, are flexibly 

attached to the main body and not visible in the density map (Fig. 3). The first visible 

portion of Med15 is located underneath MedTail, near the upstream DNA, allowing its N-

terminus to easily engage with DNA-bound transcription factors. The C-terminus of Med1 

contains the NR-boxes important for nuclear receptor (NR) binding (24). Many NRs also 

bind to a C-terminal fragment (1147–1454) of Med14 (25–27). These two binding interfaces 

for NRs are quite far from each other (Fig. 3). The NR AF-1 and AF-2 domains that mediate 

these interactions are at opposite ends of NR sequences, suggesting that NRs might have to 

stably associate with the full complex to bridge these two interfaces.

The VP16 activation domain (AD) used to purify Mediator for this study binds to the ACID 

domain located at the N-terminus of Med25 (28, 29). The VP16 AD appears to stay bound 

to Mediator during complex assembly. Due to the absence of density of the ACID domain 

bound to the VP16 AD in this structure, we can conclude that the ACID domain remains 

flexibly tethered upon activator binding. It has been hypothesized that conformational 

changes following activator binding to Mediator could lead to the activation of Med-PIC 

(30–32). Given that so many of the activator-binding domains within Mediator are flexibly 

tethered to the main body, it is unlikely that this is a universal mechanism for activating 

Med-PIC for transcription.

The overall architecture of Mediator appears highly conserved based on recent structures of 

mouse and Chaetomium thermophilum Mediator (33, 34). The putative locations of Med1 

and Med26 described earlier are in agreement with the mouse structure. The loss of subunits 

present in other species, including Med27, Med28, Med29, Med30, Med23, and Med24, 

appears to increase the flexibility of MedTail in the Chaetomium thermophilum structure.

Mediator stabilizes the CAK module of TFIIH

While previous structural studies of Med-PICs established that the CAK module of TFIIH 

occupies a position between the shoulder and hook domains of Mediator, the position and 

orientation of each CAK module subunit could not be determined (6–9). Rigid body docking 

of the human CAK module structure into our density led to an unambiguous orientation of 

the CAK module with the active site of CDK7 facing the hook domain of MedMiddle (Fig. 

4A) (35). Mediator stabilizes the CAK module through interactions involving Med6, the N-

terminus of Med14, and a small fragment of Med19 (~133–148) with CDK7 (Fig. 4A). This 

orientation of the CAK module positions the C-terminus of Mat1 ~50 Å from the N-
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terminus bound to cTFIIH, a distance easily spanned by the small fragment of Mat1 (211–

243) missing in the structure (Fig. 4B).

CDK7 adopts the active conformation seen in the human CAK module structure, with the T-

loop projecting towards Mat1 and away from the active site (Fig. 5A–B) (35). Clear electron 

density in the CDK7 active site closely matches the location of the substrate peptide in the 

CDK2-cyclin-A-substrate peptide complex (36) (Fig. 5A–C). This peptide shares the 

identical serine-proline sequence that is found in the RPB1 CTD targeted by the kinase. 

Therefore, we built a model for the RPB1 CTD in the active site that we designate as 

CDKCTD.

S. cerevisiae MedHead (scMedHead) was co-crystallized with a short peptide of the RPB1 

CTD, which shows slightly more than three full repeats engaged with scMedHead at the 

shoulder and neck domains (17). We observe additional electron density in this same 

location and used the S. cerevisiae structure to build a model for this portion of the CTD that 

we will refer to as MEDCTD (Fig. 5D–E). MEDCTD is 16 residues long, slightly more than 

two full repeats, and adopts a somewhat different path than the yeast structure, likely due to 

the presence of Med31, which interacts with the other side of MEDCTD. In scMedHead, the 

elongated structure of the N-terminal portion of MEDCTD forms extensive interactions with 

Med17. In contrast, we see clear density for MEDCTD starting to wrap around Med31. The 

C-terminal end of MEDCTD also does not form as extensive of an interface with Mediator as 

in scMedHead, due to a clash with the Med7 N-terminus. Experiments in S. pombe show 

that the CTD is necessary for interaction between MedHead and Pol II in vitro, suggesting 

that MEDCTD is critical for this interaction (8). MEDCTD binding to Mediator would likely 

be disrupted following phosphorylation of Ser5 due to close interactions between Ser5 and 

the end of Med31 helix α2 (Fig. 5D).

The directionality of MEDCTD and CDKCTD is the same, with the N-terminal end of 

MEDCTD pointing towards Pol II and the C-terminal end of CDKCTD leading away from 

Med-PIC (Fig. 5F). This observation strongly suggests that MEDCTD is N-terminal to 

CDKCTD within the full CTD sequence. The distance between the termini of those two CTD 

fragments is 48 Å. In an elongated state, one repeat of the CTD can span approximately 25 

Å (37), so while two repeats of the CTD may be sufficient to bridge that gap, we would 

likely see better-defined density for the CTD in that case. Therefore, we suspect that three or 

more repeats are likely looped out between MEDCTD and CDKCTD.

The role of MEDCTD binding is likely to capture the CTD and position it in the correct 

direction and close to the active site of CDK7 to facilitate pS5 formation. Mass spectrometry 

experiments with both yeast and human complexes show that pSer5 can be found within any 

repeat of the CTD except the final repeat (38, 39). However, the phosphorylation patterns of 

individual CTD peptides and the direction that sequential phosphorylation can occur remain 

unknown. Two possibilities exist for the direction of sequential phosphorylation that 

generates different outcomes (Fig. 6). If the CTD is phosphorylated in a C- to N-terminal 

direction, binding at MEDCTD precedes phosphorylation, and it is not clear how Pol II would 

dissociate from Mediator given that the CTD is threaded through a hole in Mediator formed 

Abdella et al. Page 6

Science. Author manuscript; available in PMC 2021 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by the hook, knob, and shoulder domains and the CAK module of TFIIH. Phosphorylated 

repeats would also be located far from the nascent RNA that needs to be capped.

If the CTD is phosphorylated in an N- to C-terminal direction, C-terminal phosphorylated 

repeats would not be able to bind at MEDCTD due to steric clashes that would arise with the 

added phosphates. Given that the CTD is important for Pol II-Mediator interaction and 

phosphorylation of the CTD leads to dissociation of Pol II and Mediator, we find this 

mechanism more likely (8, 40). Separation of MedHead and Pol II would place the 

phosphorylated CTD close to the nascent RNA for capping to occur.

Given the large movements of MedMiddle and the CAK module of TFIIH relative to the 

PIC, we speculate that these conformational changes play an important role in the sequential 

phosphorylation of the CTD. The intrinsic flexibility of Mediator has been linked to the 

opening and closing of the MEDCTD binding site on Mediator (5, 6), and if this movement is 

tied to binding and release of the CTD at MEDCTD, it could also facilitate the progression of 

CDK7 along the CTD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Structure of the human Mediator-bound pre-initiation complex. A) Composite density map 

for Med-PIC built from the focused refinement maps for cPIC, cTFIIH, MedHead, 

MedMiddle-CAK, Med14C, MedTail, and Med1. The colors of the subunits will be repeated 

throughout the manuscript. B) Model of the human Mediator-bound pre-initiation complex. 

Gray, Pol II; Dark Gray, general transcription factors; Pink, TFIIH core; Salmon, CDK7; 

Violet, cyclin H; Medium Violet Red, Mat1; Cyan, DNA, Reds, MedHead; Blues, 

MedMiddle; Yellow, Med14; Greens, MedTail.
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Fig. 2. 
Models and observed structural interactions for human Mediator. (A-C) Model and observed 

structural interaction diagram for MedMiddle and the CAK module of TFIIH (A), MedHead 

(B), and MedTail (C). The N-terminus of the scaffold subunit Med14 extends the length of 

MedMiddle. Putative density for Med1 and Med26 are shown and colored purple and dark 

blue, respectively. The C-terminus of Med14 forms extensive interactions with MedHead. 

MedTail also interacts with the C-terminus of Med14, but on the opposite face. Portions for 

which models were built are shown in color; unmodeled sections are shown in gray. Known 

domains are shown with a light-to-dark (top-to-bottom) gradient. Everything else is shown 

with a dark-to-light gradient. Models colored as in Fig. 1.
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Fig. 3. 
Location of Mediator domains and subunits that interact with transcriptional activators or 

elongation factors. Flexible tethered domains are indicated by solid circles connected by 

dashed lines. All interactions shown are between human factors except Gcn4 which is from 

yeast and indicated by an asterisk.
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Fig. 4. 
Structure of TFIIH within Med-PIC A) Docking of the CAK module (CDK7, cyclin-H, and 

Mat1) within the MedMiddle-CAK density. The CAK module of TFIIH is stabilized in the 

Med-PIC by interactions between CDK7 and Med6, the N-terminus of Med14, and a small 

fragment of Med19. B) The model of the complete human TFIIH complex places the two 

modeled segments of Mat1 (1–210, 244–308) close to each other. The missing 34 residues 

can easily span the 51 Å distance between the termini. Models are colored as in Figure 1.
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Fig. 5. 
Location of RPB1 CTD binding in Med-PIC. A) Structure of the TFIIH CAK module. 

Segmented map of MedMiddle-CAK shows clear density representing an active 

conformation of the T-loop of CDK7 and density for Pol II CTD in the active site of CDK7. 

B) Model of the CAK module with density observed for the CDKCTD in the active site. A 

consensus sequence of the Pol II CTD is modeled due to limited resolution. The T-loop is in 

the extended, active conformation. C) Model of the CDK2-cyclin A-substrate peptide 

structure shows high similarity to the CAK module structure with the conserved SP motif 

that is common to substrates of both enzymes. D) Model and density of MEDCTD with 

interacting subunits of MedHead and MedMiddle. S5 makes close contacts with α2 of 

Med31, preventing binding of phosphorylated repeats in this location. E) Model of MEDCTD 

in the yeast MedHead crystal structure shows a more extensive interface between MEDCTD 

and MedHead than in the Med-PIC, likely due to the presence of MedMiddle in the Med-

PIC. F) View of CDKCTD and MEDCTD within the human Med-PIC structure. Based on the 

directionality of the CTD, CDKCTD is C-terminal to MEDCTD, and the gap between them 

would require at least two repeats of the CTD. MedMiddle is hidden for easier visibility. 

Models are colored as in Figure 1. Annotated domains of Mediator are labeled in black.
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Fig. 6. 
Model for phosphorylation of the Pol II CTD by CDK7. MEDCTD binding positions the rest 

of the CTD in the CDK7 active site. Following phosphorylation, indicated by a red circle, 

translocation of the CTD towards the N-terminus (bottom) would place phosphorylated 

repeats further from the nascent RNA emerging from Pol II. Separation of Mediator and Pol 

II would be difficult without separation of the CAK module and Mediator. Translocation of 

the CTD towards the C-terminus would position phosphorylated repeats to block binding of 

the CTD at MEDCTD, a possible way to favor disassembly of Med-PIC. Phosphorylated 

repeats would also be significantly closer to the RNA exit tunnel of Pol II to recruit the 

capping complex properly. CAK = cyclin-activated kinase module; CTD = C-terminal 

domain of RPB1; pS5 = phosphorylated serine 5 residue (red circle).
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