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Abstract

The first step of eukaryotic gene expression is the assembly of RNA polymerase (Pol) II and 

general transcription factors on promoter DNA. This highly regulated process involves ~80 

different proteins that together form the preinitiation complex (PIC). Decades of work have gone 

into understanding PIC assembly using biochemical and structural approaches. These efforts have 

yielded significant, but partial descriptions of PIC assembly. Over the past few years, cryo-electron 

microscopy has provided the first high-resolution structures of the near complete mammalian PIC 

assembly. These structures have revealed that PIC assembly is a highly dynamic process. This 

review will summarize recent structural findings and discuss their implications for understanding 

cell-type specific gene expression.
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Introduction

Expression of eukaryotic protein-coding genes is dependent on their transcription by RNA 

polymerase (Pol) II. The first step of Pol II-mediated transcription is initiation. Initiation 

involves preinitiation complex (PIC) formation. PIC formation entails the recruitment of Pol 

II to gene promoters by general transcription factors. Appropriate PIC assembly is critical 

for defining cell-type specific gene expression.

A step-wise model for PIC assembly has emerged from decades of biochemical and 

structural work[1]. In the classical model of PIC assembly, the multi-subunit complex 

Transcription Factor (TF) IID first recognizes promoter DNA sequence elements and 

deposits TATA-binding protein (TBP) on promoter DNA[2]. This engagement of TBP with 

DNA is mediated by the TFIIA dimer. Next, DNA bound TBP-TFIIA recruits TFIIB, and 

TFIIB permits binding of the Pol II-TFIIF complex to the closed promoter DNA. The multi-
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subunit Mediator complex associates with the unphosphorylated Pol II C-terminal domain 

(CTD) of the largest Pol II subunit, RPB1[3]. Additionally, Mediator contacts the Pol II stalk 

subcomplex (RPB4/7), the Pol II foot (RPB8), and the TFIIH kinase module[4-8]. Finally, 

TFIIE and TFIIH engagement with Pol II induces architectural rearrangements within the 

PIC that result in promoter DNA melting and the formation of an open complex that is 

competent for synthesizing RNA.

Previous structural studies of PIC assembly have focused on TFIID with DNA, the core 

PIC with TBP, or the characterization of the Mediator and TFIIH bound PIC[6,8-15]. 

These efforts have produced partial pictures of PIC assembly, leaving important questions 

about the assembly process itself open. For example, it is unclear how DNA sequence 

influences initiation factor recruitment, how transcription initiation factors interact with 

each other in a PIC containing all factors (holo-PIC), and how enzymatic activities by 

kinases and ATPases support the transition into transcription elongation. This review 

will summarize recent structures of PIC assembly[4,5,7,16-18]. These structures have 

illuminated the dynamic landscapes of TFIID, Mediator, and TFIIH, further clarified the 

assembly process of the holo-PIC and described structural rearrangements that allow for 

the deposition of phosphorylations. Advances in cryo-electron microscopy (EM) technology, 

advent of direct electron detectors, and the development of cryo-EM processing procedures 

that accommodate structural flexibility have facilitated PIC structure determination[13]. 

Together, the latest structural efforts have brought a fresh understanding of PIC assembly to 

better explain how promoters are utilized in a cell type specific manner.

TFIID

TFIID is a 1.3 MDa complex consisting of TBP and 13 TFIID associated factors (TAFs)

[20]. TFIID’s extreme flexibility and dynamic nature have made it a challenging structural 

target. The Nogales lab has pioneered structural studies of TFIID and has resolved structures 

of isolated TFIID and TFIID bound to DNA [10,11,21,22]. These structures and others have 

provided the overall architecture and assembly pathway for TFIID on promoters [10,11,16].

TFIID can be divided into three lobes termed A, B, and C [22] (Figure 1). Lobes B and 

C are relatively static whereas lobe A is highly flexible. Overall, TFIID dynamics are 

dictated by promoter DNA positioning sequences. These sequences include the motif ten 

element (MTE), the downstream promoter element (DPE), the Initiator (Inr), and the TATA 

sequence. Lobe C binds the MTE and DPE. Its subunit TAF1 additionally interacts with the 

Inr through its HMG domain [10,16]. TBP binds the TATA sequence (Figure 1A). TBP is 

a strong DNA binder and its interactions with lobe A subunits TAF11/13 and TAF1 prevent 

TBP from binding and bending DNA until it associates with TFIIA[10,11]. TFIIA supports 

deposition of TBP onto the upstream DNA (Figure 1B). Formation of the TBP-TFIIA 

complex results in TBP release from lobe A and stable TBP association with DNA. After 

TBP release, lobe A rotates towards lobe C (Figure 1C)[10,11,16].

Recent structures of TFIID-TFIIA complexes determined on various promoter sequences 

have shown that the ~32 base pair spacing between TBP and lobe C is maintained regardless 

of the sequence context (e.g., promoters lacking TATA or DPE elements)[16]. This suggests 
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that lobes B and C serve to space lobe C and TBP on DNA in a largely sequence 

independent manner (Figure 1)[16].

The Mediator Complex

Mediator is a multi-subunit complex that associates with Pol II at promoters. Mammalian 

Mediator consists of 26 subunits and a dissociable 4-subunit kinase module that is not 

incorporated into the PIC[23]. Mediator complex lacking the kinase can be divided into 

three regions termed the head, middle, and tail modules (Figure 2A). Over the course 

of the last decade, structures of yeast head and middle modules were obtained by X-ray 

crystallography[23-25]. High resolution structures of the entire Mediator complex, however, 

have proven challenging to obtain due to size constraints (>1 MDa) and the dynamic 

and asymmetric nature of the complex. Excitingly, recent cryo-EM work has led to near 

complete structures of yeast, mouse, and human Mediator in isolation or bound to Pol II 

(Figure 2A,B) [4,5,7,26,27].

The isolated structures of Mediator are remarkably similar despite low sequence identity 

(10-30% sequence identity between yeast and human Mediator subunits)[28] (Figure 2B). 

The most substantial differences both structurally and compositionally can be attributed to 

differences in the tail module (yeast/human subunits Med2/MED29, Med3/MED27, Med5/

MED24, Med14/MED14, Med15/MED15, Med16/MED16 and additional metazoan specific 

subunits MED25 and MED23) and metazoan specific subunits (MED26 in the middle 

module, MED28 and MED30 connecting the head and tail modules)[26,27,29,30] (Figure 

2B). The tail module is important for engaging transcription activators that link signal 

transduction to gene expression[31]. This review will focus on novel aspects of recent 

Mediator structures, including the tail module and Mediator interactions with Pol II and 

TFIIH. Readers are referred to other current reviews for in depth discussion of the head and 

middle modules[23,32].

Dynamics of mammalian Mediator

Recent cryo-EM structures have enabled near complete visualization of the Mediator tail 

module and have defined how the tail module is connected to both the head and middle 

modules [4,5,26]. Multiple interfaces connect the tail module to the rest of Mediator. Most 

notably, the MED14 subunit traverses all modules of Mediator and thereby connects the 

head, middle, and tail modules. Additionally, subunits MED27, MED28, MED29, MED30, 

and the N-terminus of MED15 together with MED14 coordinate the interaction between the 

tail and head modules. The Middle module forms a more dynamic interface with the tail 

module through subunits MED1, MED16, MED24, MED25, and the MED15 C-terminus.

Unexpectedly, the human Mediator tail module has been visualized in extended and bent 

states[4] (Figure 2A-C). In the extended state, the Mediator tail is elongated and MED23 

interacts with MED24. In contrast, the bent state, which has a kinked tail conformation, 

lacks resolved density for MED25 and parts of MED16. Additionally, the contact between 

MED24 and MED23 is lost. To adopt the bent conformation, the tail module rotates by 

~30° towards the inner face of the complex (Figure 2C). The bent conformation, but not the 

extended conformation, is observed in structures of Mediator bound to Pol II and TFIID[4]. 
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In structures of initiation complexes lacking TFIID, however, Mediator adopts the extended 

conformation[5,7]. It is currently unclear why the tail module adopts these two different 

states and how this flexibility is linked to transcription initiation.

Despite the recent structural breakthroughs, significant portions of Mediator have not been 

resolved in the latest cryo-EM reconstructions[4,5,7]. This includes MED26, a metazoan 

specific subunit, where weak density for its C-terminal region is observed in the middle 

module of Mediator[4]. Other Mediator subunits are only partially resolved including 

MED1, MED4, MED15, MED19, and MED25[4,5,26]. The missing regions are associated 

with the Super Elongation Complex (complex formed between factors AFF1/4, AF9/

ENL, CDK9, CyclinT1, ELL1/2, and EAF1/2), transcriptional activators, and condensate 

formation[31,33,34]. Future work is required to understand how inherent flexibility of 

Mediator subunits contributes to gene activation.

TFIIH-Mediator network enables CTD phosphorylation

The structures of human Mediator bound to the PIC have been resolved by three 

independent groups[4,5,7]. These structures have clarified how Mediator engages TFIIH and 

positions the TFIIH kinase subcomplex termed the CDK-activating kinase (CAK) module in 

context of the PIC (Figure 2D). The MAT1, CDK7, and Cyclin H containing CAK module 

signals the transition from initiation to elongation by phosphorylating the RPB1 CTD[35]. 

Mediator itself interacts with the unphosphorylated CTD through contacts in its middle 

module[4,5,7]. In structures of the yeast Mediator-PIC, the CAK was poorly resolved[6,15]. 

In contrast, the mammalian structures have enabled unambiguous docking of the CAK 

module adjacent to the Mediator head and middle modules. Specifically, the CAK binds 

Mediator subunits MED6, MED14, and MED19. The TFIIH subunit MAT1 connects the 

TFIIH core to the CAK. Densities for two CTD heptad repeats are resolved within the CAK 

active site (Figure 2D)[4,5]. Additional density for the CTD is observed in the Mediator 

middle module and has the same directionality as the CTD fragment bound within the 

CAK. From these observations, the He lab has proposed a model for sequential CTD heptad 

phosphorylation starting from the proximal repeats[4,5]. CTD phosphorylation eventually 

leads to the displacement of Mediator from Pol II, although the mechanism is not fully 

understood[36]. In addition to phosphorylating Pol II, TFIIH also contributes to promoter 

opening.

TFIIH and promoter opening

CAK containing TFIIH is a horseshoe-shaped 10-subunit complex with the XPB and 

XPD translocases flanking opposite ends (Figure 3A)[37]. Whereas the XPD translocase 

is in an inactive conformation during transcription initiation, the double-stranded DNA 

translocase XPB engages the downstream DNA and is believed to play an important role 

in the formation of an open promoter complex[38-41]. The process of promoter DNA 

opening is a critical checkpoint during transcription initiation and has been the focus of 

several studies. Structures of the yeast PIC revealed promoter DNA that was spontaneously 

opened[6,9,14]. In stark contrast, mammalian PIC structures determined over the past few 

years have captured only the closed promoter state[4,5,7,16]. This striking distinction in 

promoter opening is believed to stem from differences in yeast and mammalian TFIIE and 
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TFIIH where opening of mammalian promoter DNA appears to be dependent on the ATPase 

activity of the XPB translocase[17].

The Cramer group has recently captured snapshots of mammalian promoter DNA opening 

induced by conformational changes in the TFIIH XPB translocase [17,18]. Specifically, 

binding of XPB to the closed promoter DNA results in the introduction of local DNA 

twist (Figure 3B). ATP binding to XPB then induces closure of the XPB ATPase motor 

that results in upstream propagation of the DNA twist. Because the upstream DNA is fixed 

by TBP, XPB ATPase closure creates a torsional force that may facilitate opening of the 

promoter DNA by a single XPB translocation event. This finding is surprising because 

previous data suggested that multiple cycles of ATP hydrolysis and translocation by XPB 

were required for promoter DNA to open[38].

Structure of the Mammalian Holo-PIC

Advances made over the last ten years have broadened our understanding of PIC assembly, 

but the structure of the holo-PIC remained elusive. In a recent breakthrough, the Xu group 

has reconstituted and obtained reconstructions of the 76-subunit, 4.1 MDa mammalian 

holo-pre-initiation complex with Mediator, TFIID, and TFIIH (Figure 4A) [4]. The 

reconstructions reveal two distinct states of PIC assembly with an overall conserved 

architecture. Pol II, TFIIA, TBP, TFIIF, TFIIE, and TFIIB form the core of the complex. 

Mediator, TFIID, and TFIIH encircle the core PIC from three sides. Mediator contacts Pol II 

subunits RPB1, the polymerase stalk subunits RPB4/7, the RPB1 CTD as well as TFIIH and 

TFIIE via its head and middle modules. TFIID reaches from the upstream to the downstream 

DNA of Pol II and does not contact the polymerase directly but rather interacts with general 

transcription factors TFIIA, TFIIB, and TFIIF. TFIIH bridges Mediator and TFIID. TFIIH 

also contacts the core PIC via interactions of XPD and MAT1 with TFIIE and the Pol II 

stalk.

The two observed PIC states exhibit closed promoter DNA. In the first state, the TFIIH 

translocase XPB does not fully engage with DNA, and TFIID lobe C and the TAF1 HMG 

contact the DPE and Inr elements, respectively (Figure 4B). The second state is competent 

for promoter opening. The DNA shifts by ~20 Å, and Mediator rotates by ~20° relative 

to the Pol II stalk. In this state, TFIIH subunits p52 and p8 associate with TFIID lobe C 

subunit TAF2 and prevent its reassociation with the promoter DNA. The promoter DNA 

that was formerly occupied by TFIID lobe C is now bound by the TFIIH core. TFIID and 

Mediator sandwich TFIIH and position XPB to bind promoter DNA and facilitate XPB 

driven promoter DNA opening. Structures of human PIC lacking TFIID but containing 

Mediator and TFIIH have only been observed in the second state, which is competent for 

promoter DNA opening[5,7]. The association of Mediator with the Pol II foot (RPB8) is 

only observed in the first state and is lost in the DNA opening competent state. Notably, 

the Mediator-Pol II foot interaction appears to be stable throughout initiation in the yeast 

system[6,14].

Together, these structures of the holo-PIC define how Mediator, TFIID, and TFIIH 

dynamically interact to regulate PIC assembly. TFIID together with Mediator helps stabilize 

TFIIH to facilitate promoter opening and CTD phosphorylation. Thus, PIC assembly is 

Farnung and Vos Page 5

Curr Opin Struct Biol. Author manuscript; available in PMC 2022 July 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



finely choreographed and is dependent on all PIC components to ensure appropriate gene 

expression.

DNA rearrangements in the holo-PIC

To address how promoter sequence context affects PIC assembly, PIC structures lacking 

Mediator were acquired on various promoter sequences and in the absence and presence 

of TFIIE and TFIIH[16]. These structures have revealed that sequence and factor context 

affect the conformational state of DNA within the PIC. Surprisingly, the TFIID-PIC 

structures determined on TATA-less promoters immediately adopt a conformation that 

supports promoter opening[16]. These structures bear striking resemblance to previously 

determined structures of the TBP-PIC complex and the promoter opening competent state 

of the holo-PIC[4,6,12,13]. Conversely, TATA-containing promoters that include the DPE 

transition through at least two additional DNA arrangements to reach the promoter opening 

competent state (Figure 4C). Initially, TATA-DPE promoters formed in the absence of TFIIE 

and TFIIH, adopt an opening incompetent state. Subsequent association of TFIIE then leads 

to an intermediate state, and finally, the inclusion of TFIIH facilitates the DNA transition 

into opening competency[16].

Overall, these structures suggest that promoter sequence can directly affect the 

conformational landscape of PIC formation and DNA positioning[16]. It is unclear, however, 

why PICs formed on ideal promoter sequences (e.g., TATA-DPE) go through several 

conformational intermediates, whereas PICs formed on non-ideal promoter sequences (e.g., 

TATA-less) directly adopt the state competent for promoter opening[16].

Outstanding questions

The past few years have yielded an array of structures that are required for understanding 

PIC assembly and promoter opening[4-6,9,16-18]. There are several outstanding questions 

in the field that require additional structural interrogation. Gene activation frequently 

requires activator proteins that interact with Mediator or TFIID[42]. The regions of Mediator 

that bind activators are not resolved in any of the recent structures[5]. Structures of the 

TFIID-PIC bound to the co-activator p53 have been determined, but it is still unclear how 

p53 mediates gene activation[16]. It also remains unknown if Mediator itself can bridge 

enhancer and promoter elements. A plethora of activator proteins exist and the catalog of 

structural interactions with the PIC remain to be characterized[5,16,42].

Once Pol II escapes from promoters, it enters the elongation phase of transcription. In 
vitro data suggests that initiation is coupled to elongation and that particularly pausing 

in promoter proximal regions can affect initiation frequency[43,44]. A preprint from the 

Murakami group has shown that two Pol II molecules can be resolved at high-resolution on 

a single DNA molecule after initiation from the same promoter[45]. It will now be important 

to build on this system and investigate how initiation factor bound Pol II interacts with an 

elongating or paused downstream Pol II molecule.

PIC formation is thought to require a nucleosome free or depleted region at gene 

promoters[46]. In addition to sequence elements that help place PICs on promoters in 

the correct orientation, the first gene body (+1) nucleosome affects where transcription 
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initiates[47]. Structures of PIC complexes with the +1 nucleosome will help explain how 

PIC positioning on promoters is influenced by nucleosomes. Recently, a structure of TBP 

bound to a nucleosome was determined[48]. However, it remains unclear if this binding 

would allow for PIC formation.

The SAGA complex can place TBP at some promoters[49-52]. Currently it is unknown if 

SAGA can interact with the PIC, and how sequence context affects its conformation on 

DNA. Given the recent structural successes with TFIID, it should now be possible to probe 

SAGA association with a wide array of promoter sequences and assess whether SAGA can 

be incorporated into the PIC[16].

Recent studies have provided a wealth of structural information for transcriptional pre-

initiation complexes. These studies have helped to illuminate how conformational flexibility 

can be used to engage specific DNA sequences, position elements for phosphorylation, and 

result in promoter DNA opening. It will be exciting to see how these structures are used to 

test hypotheses in cells and yield new insights into the process of transcription initiation.
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Figure 1. TFIID organization and interactions with DNA.
A. Binding sites for TFIID lobes on promoter DNA. Lobe C binds the MTE/DPE elements. 

The Inr element is associated with the TAF1 HMG domain. TBP binds the upstream TATA 

element (PDB ID 7EGJ)[16].

B-C. TFIID lobe A is highly mobile. In panel B, lobe A is associated with TBP at the TATA 

site (PDB ID 7EGD) [16]. In panel C, lobe A has rotated and lies next to lobe B/C (PDB ID 

7EGJ) [16]. The position of lobe A as seen in panel B is shown as a lime green surface.
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Figure 2. Structural of overview of Mediator and its interactions with TFIIH.
A. Human Mediator in the extended conformation (PDB ID 7EMF)[4]. Head, Middle, and 

Tail module colored in lilac, dark purple, and violet, respectively.

B. Top: Human Mediator in the extended conformation (PDB ID 7EMF)[4]. Model rotated 

relative to A. Human specific subunits are colored red. Bottom: Composite structure of yeast 

Mediator tail (Chaetomium thermophilum, PDB ID 7JMN, Med1, Med24, and unknown 

subunit Chaetomium thermophilum, PDB ID 6XP5, forest green), and Mediator middle 

(green) and head (limon) (S. cerevisiae, PDB ID 5OQM)[6,27].

C. Dynamics of the Mediator tail module in extended and bent conformations. Position of 

extended conformation shown as colored silhouettes. Bent conformation shown in cartoon 

(PDB ID 7ENJ) [4]. Dotted box indicates binding position of the CAK on Mediator.

D. Interactions of Mediator with TFIIH CAK module (pink). Figure corresponds to boxed 

region in Panel B. A portion of the RPB1 CTD (grey, surface) was observed in the structure 

(PDB ID 7LBM)[5].
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Figure 3. TFIIH architecture and conformational changes in TFIIH XPB.
A. Structural overview of human TFIIH. XPB and the CAK module are colored in fuchsia 

and purple, respectively (PDB ID 7ENC)[4]. The positions of CDK7, MAT1, and XPD are 

indicated.

B. DNA translocation by XPB facilitates promoter opening. XPB ATPase lobe 1 in the apo 

(PDB ID 7NVW, pink and green)[17] and ADP·BeF3 bound states (PDB ID 7NVV, fuchsia 

and blue)[17] are aligned. Binding of ADP·BeF3 induces closure of the XPB ATPase and 

propagation of the local DNA twist upstream.
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Figure 4. Structural overview of the holo-PIC and DNA dynamics.
A. Structure of the holo-PIC ready for promoter DNA opening (PDB ID 7ENC)[4]. 

Mediator (dark purple), TFIID (green), TFIIH (pink) and general transcription factors 

TFIIA, TFIIB, TFIIE, TFIIF, and TBP (gold, dark green, light pink, purple, and red) 

encircle Pol II from three sides. Template and non-template DNA are colored blue and 

cyan, respectively.

B. Conformational changes in the arrangement of Mediator, TFIID and TFIIH reposition the 

promoter DNA to form the promoter opening competent holo-PIC as shown in A (PDB ID 

7ENC and 7ENA)[4]. Conformational changes are indicated by arrows.
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C. DNA conformations of PIC-TFIID complexes in the presence or absence of TFIIE and/or 

TFIIH show transition of TATA-DPE promoter DNA from opening incompetent states (PDB 

ID 7EG7, blue and PDB ID 7EG9, teal)[16] to an opening competent state (PDB ID 7EGB, 

green)[16]. TATA-less promoter DNA immediately adopts the opening competent state.

Farnung and Vos Page 15

Curr Opin Struct Biol. Author manuscript; available in PMC 2022 July 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	TFIID
	The Mediator Complex
	Dynamics of mammalian Mediator
	TFIIH-Mediator network enables CTD phosphorylation
	TFIIH and promoter opening
	Structure of the Mammalian Holo-PIC
	DNA rearrangements in the holo-PIC
	Outstanding questions

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

