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RNA polymerase II (Pol II) transcribes all protein-coding
genes andmany noncoding RNAs in eukaryotic genomes.
Although Pol II is a complex, 12-subunit enzyme, it lacks
the ability to initiate transcription and cannot consistent-
ly transcribe through long DNA sequences. To execute
these essential functions, an array of proteins and protein
complexes interact with Pol II to regulate its activity. In
this review, we detail the structure and mechanism of
over a dozen factors that govern Pol II initiation (e.g.,
TFIID, TFIIH, and Mediator), pausing, and elongation
(e.g., DSIF, NELF, PAF, and P-TEFb). The structural basis
for Pol II transcription regulation has advanced rapidly
in the past decade, largely due to technological innova-
tions in cryoelectron microscopy. Here, we summarize a
wealth of structural and functional data that have enabled
a deeper understanding of Pol II transcription mecha-
nisms; we also highlight mechanistic questions that re-
main unanswered or controversial.

Transcription by the RNA polymerase II (Pol II) enzyme
occurs not only at annotated protein-coding genes but
throughout the genome, and is fundamentally important
formost physiological processes. The 12-subunit Pol II en-
zyme is conserved throughout eukaryotes, and is distin-
guished from other RNA polymerase enzymes (e.g., Pol I
or Pol III) (for review, see Khatter et al. 2017; Engel et al.
2018) by the types of genes/sequences that it transcribes
and by the factors and mechanisms that control its func-
tion. Many Pol II regulatory factors have been identified
over the years (Thomas and Chiang 2006; Grünberg and
Hahn 2013; Kwak and Lis 2013; Sainsbury et al. 2015;
Roeder 2019), but a detailed understanding of their struc-
ture and function has been challenging because of the
large size and conformationally flexible nature of the Pol
II transcription machinery. Recent technological advanc-
es in cryoelectron microscopy (cryoEM) have enabled the
structural characterization of these complexes at increas-

ingly high resolution, which has rapidly advanced under-
standing of the molecular basis of Pol II transcription.
Structural biology continues to transform our under-

standing of complex biological processes because it allows
visualization of proteins and protein complexes at or near
atomic-level resolution. Combined with mutagenesis and
functional assays, structural data can at once establish
how enzymes function, justify genetic links to human dis-
ease, and drive drug discovery. In the past few decades,
workhorse techniques such as NMR and X-ray crystallog-
raphy have been complemented by cryoEM, cross-linking
mass spectrometry (CXMS), and other methods. Recent
improvements in data collection and imaging technolo-
gies have transformed cryoEM into a powerhouse struc-
tural technique that rivals X-ray crystallography in
terms of resolution but does not require crystals (Kuhl-
brandt 2014).
In the past, cryoEM has been limited by sample con-

trast, radiation damage, radiation-induced motions in
the sample, and insufficient software for image process-
ing. Advancements in these areas have allowed research-
ers to determine cryoEM structures to near angstrom
resolution. One of the most important technological ad-
vancements was in the cameras that are used to acquire
electron micrographs. Past methods acquired data with
film or CCD cameras, which consisted of a single expo-
sure that would be subject to blurring due to beam-in-
duced sample movement and/or radiation damage. With
new, state-of-the-art direct detection cameras, many im-
ages are acquired over several seconds, generating “mov-
ies” with many individual micrograph “frames” (Scheres
2014). This allows individual frames to be aligned, cor-
recting for beam-induced motions. Additionally, early
frames can be removed to reduce blurring that results
from initial exposure of the sample, and later frames can
be removed to reduce the impact of radiation damage
that accrues during data acquisition (Scheres 2014). Im-
provements to image processing software have kept pace
(Punjani et al. 2017; Zivanov et al. 2018; Wagner et al.
2019), and with more processing power and pipelined ap-
proaches, it is now faster and easier to generate 3D
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models. Taken together, these innovations have improved
the resolution of cryoEM reconstructions to the near-
atomic range and allowed the analysis of increasingly
smaller proteins or protein complexes.

In this review, we describe the structure and function of
the Pol II transcription machinery, with an emphasis on
the structural data that have provided key mechanistic
insights. We highlight basic functions and structural
interfaces among over a dozen proteins or protein com-
plexes, most of which directly interact with the Pol II
enzyme. Throughout, we also highlight some controver-
sial or unanswered questions about Pol II transcription
mechanisms.

The preinitiation complex (PIC): a universal intermediate
in Pol II transcription?

Although other factors can be considered PIC compo-
nents, we define the PIC to consist of eight factors: TFIIA,
TFIIB, TFIID, TFIIE, TFIIF, TFIIH, Pol II, and Mediator
(Fig. 1A). Of these eight factors, some are relatively small
in size (e.g., TFIIB is a single subunit, TFIIE is a dimeric
complex) whereas others are large, multisubunit assem-
blies (TFIID, TFIIH, Mediator, and Pol II itself). In general,
all eight PIC factors assemble at protein-coding genes, but
the composition of the PIC may be distinct at different
classes of Pol II transcribed genes (e.g., lncRNAs or
snRNAs) (Sadowski et al. 1993) or in different cell types
(Deato and Tjian 2007).

Like other macromolecular assemblies in biology (e.g.,
the proteasome or the ribosome), the PIC functions like
a machine: It does work and has moving parts and compo-
nents that fit precisely together. The PIC assembles on re-
gions of genomic DNA called promoters. Once bound, the
PIC can “open” the promoter DNA to initiate transcrip-
tion (Fig. 1B; see below). The PIC also appears to be re-

quired for bidirectional transcription that is commonly
observed at enhancers in mammalian organisms (Core
et al. 2014; Duttke et al. 2015; Scruggs et al. 2015). Eukary-
otic promoters containDNAmotifs that are distinguished
by their sequence and their position relative to the tran-
scription start site (TSS). Promoter DNA sequences are
recognized by PIC factors (see below), and as a conse-
quence, promoter DNA represents a “template” that di-
rects the proper assembly of the PIC. In this review, we
touch upon the role of promoter sequence motifs, and
we define a promoter to represent DNA sequences 250
bp upstream of and 50 bp downstream from the TSS. Dif-
ferent promoter sequence motifs have been characterized
and are reviewed in detail elsewhere (VoNgoc et al. 2017).

In the following sections, we outline the structural or-
ganization of the eukaryotic PIC and then describe the
conformational changes that accompany promoter melt-
ing and transcription initiation.

TBP: a regulatory hub within TFIID

TBP (TATA binding protein) has ancient origins as a tran-
scription factor; in eukaryotes, TBP regulates Pol II tran-
scription as a component of the TFIID complex (see
below). Although only a single protein of intermediate
size (humanTBP has 339 residues), TBP is amajor interac-
tion hub within the PIC. TBP adopts a crescent shape
and binds DNA through its concave surface (Fig. 2A). Fac-
tors that inhibit TBP–DNA binding interact with this
concave surface and include TFIID subunits TAF11/13
(Gupta et al. 2017) and theTAF1TAND (TAF1N-terminal
domain) (Liu et al. 1998; Anandapadamanaban et al. 2013).
The TAF11/13 interaction with TBP blocks TFIIA-TBP
binding (Gupta et al. 2017) and TFIIB-TBP binding, which
will prevent PIC assembly. MOT1 and NC2 are other fac-
tors that interact with the concave surface of TBP (Fig. 2B,

A

B

Figure 1. Overviewof the PIC andDNApath
in closed and open complex. (A) The preinitia-
tion complex (PIC) consists of TFIIA (red),
TFIIB (orange), TFIID (not pictured), TFIIE
(cyan), TFIIF (magenta), TFIIH (maroon),
RNApolymerase II (Pol II, gray), and promoter
DNA (blue). Upstream promoter DNA is
bound byTFIIB, TBP, TFIIA, andTFIIF.Down-
streamDNA is bound byTFIIH andTFIID. Af-
ter promoter opening, TFIIB, TFIIE, and TFIIF
interact with and stabilize the ssDNA in the
Pol II cleft. PIC is shown with TFIIH (left)
and without TFIIH (right). Adapted from
PDB 5IY7 (He et al. 2016). (B) Promoter
DNA before and after opening. Closed com-
plex (CC) DNA ismostly linear with the char-
acteristic 90° bend at the TATA box (purple).
Upon promoter opening, the strands separate
at the transcription start site (denoted Inr,
light pink). Center and right images show
Pol II overlaid with the DNA to show location
in the active site. The center view shows the

top of Pol II, with ssDNA extending into the active site. The right view shows the front of Pol II with the DNA. Adapted from PDB
5IY6 and PDB 5IY7 (He et al. 2016).
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C). MOT1 and NC2 are conserved from yeast to humans
and appear to help regulate TBP interactionswith promot-
erDNAandwith PIC factors (Auble et al. 1994;Wollmann
et al. 2011). For instance, NC2 blocks TFIIA or TFIIB bind-
ing to TBP (Kamada et al. 2001; Gilfillan et al. 2005), at
least partially through competition for the same binding
sites on TBP (Kim et al. 1995).
Based on recent structural data from theNogales labora-

tory (Patel et al. 2018), it appears that TFIID functions as a
delivery vehicle for TBP, and once TBP is deposited it may
function independently of TFIID (i.e., the TAFs of TFIID
could dissociate from the promoter). Under such a sce-

nario, factors that regulate TBP occupancy could have
enormous regulatory importance. For instance, NC2 and
MOT1 could be instrumental for TBP removal and shut-
ting down active transcription. Mot1 is essential in yeast
and its ATPase function impacts TBP occupancy across
the genome (Sprouse et al. 2006; Venters et al. 2011). Ef-
forts to define the regulatory importance of MOT1 or
NC2 have shown modest effects in yeast or mammals
(van Werven et al. 2008), primarily suppressing cryptic
transcription (e.g., transcription initiation within gene
bodies) (Koster et al. 2014; Xue et al. 2017). This suggests
auxiliary or redundant roles for other factors.

E F
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Figure 2. TBP is a regulatory hubwithin the larger TFIID complex. (A) Structure of TBP (yellow), TFIIA (red), and TFIIB (orange) bound to
promoter DNA in an open PIC complex. The TFIIB zinc ribbon (amino acids 1–57, amino acids 7–57 pictured) is important for recruiting
Pol II to the TSS. Amino acids 56–60 in the TFIIB zinc ribbon and B-reader (amino acids 58–84) domains stabilize the open template strand,
whereas amino acids 86, 98–100, and 103 in the linker domain (amino acids 85–123) interact with the nontemplate strand (Kostrewa et al.
2009). TFIIA residues important for TBP interaction (TBP residues 187–208): 345–349, 375, and 376 from TFIIA subunit 1, and 65–67 in
TFIIA subunit 2. TFIIB residues that interact with TBP (residues 271, 274, 278, 283–287, 306, and 337): 169, 177, 188, 195, 205, 208, 243,
246, 247, and 249. Adapted from PDB 5IY7 (He et al. 2016). (B) MOT1 (light green) binds TBP (yellow) and displaces in an ATP-dependent
manner. MOT1 contains 16 HEAT repeats that bindmultiple regions of TBP.MOT1 also binds upstreamDNA;MOT1 contains a “latch”
(amino acids 94–132) that blocks TBP–DNA reassociation. Adapted from PDB 3OC3 (Wollmann et al. 2011). (C ) NC2 (pink) binds TBP
(yellow) andDNA to negatively regulate transcription. NC2 binds the DNAmajor groove and anNC2 α helix (amino acids 180–210) steri-
cally blocks TFIIB–TBP interactions. Adapted from PDB 1JFI (Kamada et al. 2001). (D) Overall structure of human TFIIB in the PIC. Struc-
tural domains include the TFIIB core (with two cyclin folds), the linker (amino acids 85–123), the reader (amino acids 58–84), and the zinc
ribbon (amino acids 1–57). These domains are important for stabilizing single-stranded promoterDNA in the open complex. Adapted from
PDB 5IY7 (He et al. 2016). (E) Structure of TFIID bound to promoter DNA, along with TFIIA and TBP. TFIIA–TFIIB–TBP bind upstream of
the TSS. In this example, the supercore promoter (SCP) was used (Juven-Gershon et al. 2006), which has multiple promoter elements,
some or all of which are not found in promoters genome-wide. However, the protein–DNA interactions shown here are likely to occur
at promoters with different sequences. SCP upstream DNA elements are the BREu (−37 to −32), TATA (−31 to −24), and BREd (−23 to
−17). TFIIA residues 68–71 and 35–27 interact with the TAF4/12 dimer in TFIID lobe B (TAF4 residues 1002-1007; TAF12 residue 75).
TAF1 residues 972, 996, 1022, and 1023 bind the Inr sequence (−3 to +3, with +1 shown in light blue); residues 797, 843, 844, 852, and
862 bind themotif ten element (MTE; +18 to +27), and TAF1 residues 839, 843, 852, 856, and 858 bind the downstream promoter element
(DPE; +28 to +34). TAF2 (residue 543) also interacts with theMTE. Another interaction involves the TAF4 hairpin (amino acids 966–1000)
and upstreamDNA at the end of the BREd. Adapted fromPDB 5IY7 (He et al. 2016) and PDB 6MZM (Patel et al. 2018). (F ) The structure in
E includes only structured domains; here, we show a rendering of the “rearranged” free TFIID structure (semiopaque), which shows the
entire TFIID density (i.e., including disordered regions). The free TFIID structure (adapted from EMD-2284) (Cianfrocco et al. 2013) was
visually aligned and superimposed onto the structure shown in E. This rendering highlights additional TFIID density downstream from
the MTE/DPE promoter elements and shows an approximate position of the mobile lobe A, behind lobe B. Adapted from PDB 6MZM
(Patel et al. 2018). Amino acid interactions were determined using the “find any contacts” function in PyMol, set to 4 Å. Amino acids
listed correspond to the human proteins.
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Interestingly, although NC2 and MOT1 inhibit TBP
binding to TATA or TATA-like sequences, this appears
to promote transcription of genes that lack such sequenc-
es in Drosophila (Hsu et al. 2008); moreover, promoters
containing TATA+ Inr elements are refractory to NC2 re-
pression (Malecová et al. 2007). Thus, factors that block
TBP–DNA interactions are not universally repressive
but instead may direct transcription from specific types
of promoters. The MYC transcription factor was also
shown to interact with the concave surface of TBP (Wei
et al. 2019). MYC is a well-studied transcription factor
that activates transcription through mechanisms that re-
main incompletely understood (Rahl et al. 2010). Poten-
tially, MYC–TBP interactions may alleviate repressive
interactions with the TAF1 TAND or TAF11/13 to pro-
mote transcription at MYC-responsive genes.

TBP–TFIIA–TFIIB

Once deposited at its DNA-binding site (e.g., a TATA or
TATA-like sequence) upstream of the TSS, TBP bends
DNA by ∼90° (Kim et al. 1993b; Geiger et al. 1996; Tan
et al. 1996). Within the PIC, this bent DNA structure is
further stabilized by TFIIA, TFIIB, and TFIIF (see below).
TBP-induced DNA bending helps shed repressive interac-
tions between TBP and TAF11/13 (Patel et al. 2018) but
may also set up a specific 3D architecture for active pro-
moters: DNA bending will reposition promoter-bound
factors to enable interactions that would otherwise not
be possible on linear DNA. Although TBP binding affinity
for TATA sequences is high (ca. 2 nM in absence of other
factors), its DNA binding is blocked within TFIID (see be-
low) to prevent promiscuous interactions with genomic
DNA. TBP-DNA binding is further stabilized by TFIIA
and TFIIB (Imbalzano et al. 1994), which bind TBP
through opposite ends of its crescent structure (Fig. 2A).
TFIIA and TFIIB, in turn, establish an orientation prefer-
ence for TBP (Kays and Schepartz 2000) and form a net-
work of interactions within a fully assembled PIC (see
below). The ability of TFIIA and TFIIB to stabilize DNA-
bound TBP (Imbalzano et al. 1994; Hieb et al. 2007) may
be especially important at so-called TATA-less genes,
which predominate in mammalian genomes (Vo Ngoc
et al. 2017). In contrast, almost all yeast protein-coding
genes contain a TATA or TATA-like sequence upstream
of the TSS (Rhee and Pugh 2012).

In addition to its TBP interaction, TFIIA interacts
directly with the TAF4/12 dimer within TFIID lobe B
(see below), and TFIIA binding favors TFIID lobe A rear-
rangement to a transcriptionally-competent state (Cian-
frocco et al. 2013; Louder et al. 2016; Patel et al. 2018).
TFIIB binds the opposite side of TBP (relative to TFIIA)
and directly interacts with Pol II near the RPB1 dock (Kos-
trewa et al. 2009; Liu et al. 2010), thus physically linking
DNA-bound TBP to the Pol II enzyme. In fact, TFIIB ex-
tends from TBP to the Pol II active site, but physically
blocks an RNA exit channel (see below). During transcrip-
tion initiation, the TFIIB linker helix and the B-reader loop
play a role in stabilizing open promoter DNA (Fig. 2D),
which is described in a later section.

TFIID

Human TFIID is ∼1.3 MDa in size and contains TBP+13
TAFs (TBP-associated factors) that are present in one or
two copies each (Table 1). TFIID has a horseshoe-shaped
architecture (Fig. 2E) with three lobes: A, B, and C (Louder
et al. 2016). The yeast counterpart shares basic structural
and functional aspects (Papai et al. 2009; Kolesnikova
et al. 2018), but differs in some important ways (see be-
low). Cryo-EM data have revealed human TFIID to be an
unusually flexible and dynamic complex, and the func-
tional relevance of these characteristics is just beginning
to be understood. The structural dynamics of human
TFIID is reflected in its mobile “lobe A,” which appears
to spontaneously sample interactions with lobe C or
lobe B that are separated by about 100 Å (Cianfrocco
et al. 2013). Lobe A contains TAF5, TAF6/9, TAF4/12,
and TAF3/10 (Patel et al. 2018), in which histone-fold
containing dimerized TAFs are listed together. Lobe A
also contains a TAF11/13 dimer and TBP, which repre-
sents an important regulatory module within TFIID (see
above).

TFIID lobe B contains many of the same subunits as
lobe A, except that it lacks TBP and TAF11/13 and lobe
B contains a TAF8/10 dimer instead of TAF3/10 (Table
1). Lobe B is important for binding upstream DNA, and
it binds TFIIA through its TAF4/12 subunits (Patel et al.
2018). The C lobe contains TAF1 and TAF2—the largest
subunits of TFIID—and TAF7, which interacts through a
central domain of TAF1 (Bhattacharya et al. 2014; Wang
et al. 2014). The “BC core” of TFIID is held together by
a TAF6 homodimer, which connects lobe B and C. A por-
tion of TAF8 (residues 130–235) also stabilizes the connec-
tion between lobes B andC, linking TAF2 and TAF6 (Patel
et al. 2018). The TFIID BC core serves as amolecular ruler
because lobe B interacts with upstream DNA (e.g., the
TATA box), whereas the C lobe contains TAF1 and
TAF2, which recognize sequence elements at the TSS
(Inr) and downstream from the TSS (MTE, DPE). These
TFIID–DNA interactions are outlined in Figure 2E and an-
chor TFIID to promoter DNA and help nucleate PIC as-
sembly (Louder et al. 2016; Patel et al. 2018).

A working model for TFIID binding to promoter DNA,
based on structural data from the Nogales group (Louder
et al. 2016; Patel et al. 2018) and supported by other cellu-
lar and biochemical studies, is as follows: Step 1: TFIID
lobe C (TAF1, TAF2, and TAF7) binds DNA downstream
from the TSS. Step 2: Lobe A moves away from lobe C to-
ward lobe B; lobe A contains TBP and therefore this is con-
sidered a means by which TBP can be delivered to its
binding site ∼30 bp upstream of the TSS. Lobe A also con-
tains TAF11/13 and the N-terminal domain (TAND) of
TAF1, which is flexibly tethered to structured domains
of TAF1 in lobe C (Patel et al. 2018). Either TAF11/13 or
the TAF1 TAND can bind the concave surface of TBP to
block its binding to DNA (Liu et al. 1998; Gupta et al.
2017). Step 3: Upon structural rearrangement of lobe A,
TBP is now positioned ∼30 bp upstream of the TSS; at
this location, it can bind TATA-containing or even
TATA-less promoters. Because of the fixed distance of
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the BC core, TAF1 and TAF2 binding to downstream se-
quences sets the location of TBP delivery to ∼30 bp up-
stream. TFIIA–TBP binding will enable TBP to bind
DNAby displacing the TAF1TANDor TAF11/13 interac-
tions with TBP. Perhaps as a consequence, TFIIA binding
also favors this so-called “rearranged” TFIID structural
state (Cianfrocco et al. 2013). Step 4: TBP binds upstream
DNA, inserting Phe residues into the minor groove
to bend at a 90° angle (Nikolov et al. 1992; Kim et al.
1993a,b). Step 5: TFIIB binds to TBP opposite TFIIA (Blei-
chenbacher et al. 2003), at a site formerly blocked by
TAF11/13; TFIIB can then recruit Pol II–TFIIF. Step 6: Re-
cruitment of Pol II–TFIIF to the promoter displaces the
TAF4 contact with upstream DNA (Patel et al. 2018).
In addition to its ability to recognize common core pro-

moter sequence motifs, human TFIID possesses tandem
bromodomains within TAF1 (Jacobson et al. 2000) and a
PHD finger domain in TAF3 (Vermeulen et al. 2007; van
Ingen et al. 2008), which can bind acetylated or trimethy-
lated histones, respectively. Each of these domains is flex-
ibly tethered to TAF1 andTAF3 (Patel et al. 2018), perhaps
to facilitate scanning of promoter-associated chromatin
while TFIID is DNA-bound. The bromodomains of
TAF1 and the PHD finger of TAF3 suggest that the geno-
mic occupancy of TFIID and/or its function is regulated by
chromatin marks. TAF3 binds H3K4me3 with high affin-
ity (160 nM) (Vermeulen et al. 2007), suggesting that this
mark could help recruit TFIID to gene promoters. The tan-
dem bromodomains of TAF1were shown to preferentially
bind H4 acetylated peptides (e.g., H4K5ac/K12ac) with
moderate affinity (1–5 µM) (Jacobson et al. 2000). Histone
acetylation and H3K4me3 are each associated with active
transcription and their ability to bind TFIID may contrib-
ute to this function. The histone-fold domains in the TAF
subunits lack patches of positive charge that are present in
histone proteins (Patel et al. 2018), thus within TFIID the
histone folds serve as dimerization domains only and do
not appear to bind nucleic acids.
In its canonical structural state, TFIID binding to pro-

moter DNA would not be compatible with transcription
initiation. Lobe C subunits could bind downstream ele-
ments, but TBP would be incapable of DNA binding due
to inhibitory interactions with the TAF1 TAND and/or
TAF11/13. However, even in the rearranged structural
state, which deposits TBP at the appropriate upstream
site, TFIID structure is not compatible with transcription
initiation (Patel et al. 2018). For instance, TAF1 and TAF2
would clash with Pol II, and TAF4 would clash with the
TFIIF WH domain based on cryo-EM structural data
from partial PICs with yeast or human factors (He et al.
2013, 2016; Plaschka et al. 2016). Thus, TFIID structural
rearrangementsmust occur during PIC assembly and tran-
scription initiation, but these remain to be characterized.
Moreover, because different genes possess different pro-
moter sequencemotifs and potentially distinct chromatin
marks, TFIID structure and functionmay not be universal
but instead could vary at different genomic loci. In support
of this, partial TFIID complexes have been reconstituted
that are stable (Bieniossek et al. 2013; Gupta et al. 2017),
and partial TFIID assemblies have been isolated in human

Table 1. Overview of human and yeast (S. cerevisiae) TFIID,
TFIIH, and Mediator subunits

Complex Subunit Lobe/module Yeast Human

TFIID TAF1 Lobe C 1011 1872
TAF2 Lobe C 1572 1199
TAF3 Lobe A 315 929
TAF4∗ Lobes A and B 411 1085
TAF5∗ Lobes A and B 723 800
TAF6∗ Lobes A and B 486 677
TAF7 Lobe C 461 349
TAF8 Lobe B 518 310
TAF9∗ Lobes A and B 154 265
TAF10∗ Lobes A and B 218 218
TAF11 Lobe A 202 211
TAF12∗ Lobes A and B 610 161
TAF13 Lobe A 140 124
Taf14 Lobe C 248 —

TBP Lobe A 244 339
TFIIH XPB Core 843 782

XPD Core 778 760
p62 Core 642 548
p52 Core 523 462
p44 Core 461 395
p34 Core 338 308
p8 Core 72 71
MAT1 Kinase module 321 309
CCNH Kinase module 393 323
CDK7 Kinase module 306 346

Mediator MED1 Core 566 1581
MED2/29 Core 431 200
MED3/27 Core 397 311
MED4 Core 284 270
MED5/24 Core 1132 989
MED6 Core 295 246
MED7 Core 222 233
MED8 Core 223 268
MED9 Core 149 146
MED10 Core 157 135
MED11 Core 115 117
MED14 Core 1082 1454
MED15 Core 1081 788
MED16 Core 974 877
MED17 Core 687 651
MED18 Core 307 208
MED19 Core 220 244
MED20 Core 210 212
MED21 Core 140 144
MED22 Core 121 200
MED23 Core — 1368
MED25 Core — 747
MED26 Core — 600
MED28 Core — 178
MED30 Core — 178
MED31 Core 127 131
MED12 Kinase module 1427 2177
MED12L Kinase module — 2145
MED13 Kinase module 1420 2174
MED13L Kinase module — 2210
CDK8 Kinase module 555 464
CDK19 Kinase module — 502
CCNC Kinase module 323 283

The right columns, designated “yeast” and “human,” indicate
the number of residues in each protein. Starred TAFs are
present in two copies in TFIID. Italics indicate yeast-specific
subunits, whereas bold indicates human subunits not present
in yeast.
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cells (Deato and Tjian 2007; Trowitzsch et al. 2015; Anto-
nova et al. 2018).

Although a complete understanding of TFIID structure
and function is lacking, it is evident that human TFIID
differs from yeast TFIID in fundamental ways. The yeast
structure is more compact and it remains unclear wheth-
er it undergoes similar structural rearrangements com-
pared with human TFIID (Kolesnikova et al. 2018); for
instance, it is not evident that TFIIA and promoter
DNA binding favors a specific structural transition in
yeast TFIID, as observed with human TFIID (Cianfrocco
et al. 2013). Other structural differences involve the yeast
Taf8 and Taf6 subunits. In yeast (K. phaffii) TFIID, Taf8
interacts with the yeast-specific Taf14 protein and a
C-terminal region of Taf2 that is not observed in human
TFIID structures (Kolesnikova et al. 2018). As in humans,
Taf6 forms a dimer in yeast TFIID; however, the dimeri-
zation interface is structurally distinct in that Taf6 forms
a heterotetramer with Taf5, which contacts all three
lobes in the more compact yeast TFIID structure. A
more complete comparison of the human and yeast
TFIID structures awaits further progress in resolving dis-
ordered regions within the complex. Analysis of TFIID se-
quences throughout evolution shows that yeast TFIID is
somewhat of an outlier based on the fact that no chroma-
tin “reader” domains (e.g., PHD or bromodomains) are
represented (Antonova et al. 2019). However, yeast ge-
nomes possess auxiliary bromodomain-containing pro-
teins that associate with TFIID and may replicate
specific chromatin-targeting functions (Rhee and Pugh
2012). Yeast also lack discernable Inr elements or down-
stream promoter elements that are recognized by TAF1
and TAF2 in metazoans. In fact, compared with metazo-
an protein-coding genes, yeast promoters have an in-
creased spacing of their TATA or TATA-like elements
relative to the TSS. In S. pombe, initiation occurs 30–70
bp from the TATA, and 40–200 bp downstream from
the TATA in S. cerevisiae (Yang and Ponticelli 2012).
Such increased spacing could preclude yeast TFIID from
binding DNA sequences downstream from the TSS, at
least in some cases. Nevertheless, ChIP-exo data from
S. cerevisiae show evidence that Taf1 occupies promoter
regions downstream from the TSS, as observed in meta-
zoans (Rhee and Pugh 2012). Although structural details
of human TFIID have advanced dramatically in the past
20 yr (Andel et al. 1999), it is notable that many regions
of the complex remain unresolved in the cryoEM maps,
most likely due to structural disorder. These unresolved
regions are typically poorly conserved in yeast TFIID
(Patel et al. 2018).

The SAGA complex

Although not considered a PIC factor, the SAGA complex
contains TAF subunits that are also present in TFIID.
Moreover, SAGA plays key roles in the regulation of Pol
II transcription, but its precise mechanistic contributions
remain to be fully elucidated (Fischer et al. 2019;Donczew
et al. 2020). SAGA contains 20 subunits (including TBP),
organized into four modules: (1) the core module, which

contains Tafs (Taf5, Taf6, Taf9, Taf10, and Taf12) as
well as other subunits; (2) the Tra1 module, which con-
tains only the large Tra1 protein (TRRAP in humans);
(3) the HATmodule, which contains the acetyltransferase
Gcn5; and (4) the DUBmodule, which contains the deubi-
quitinase enzyme Ubp8. Recent cryoEM studies have un-
covered new structural details of yeast SAGA complexes
(Papai et al. 2020; Wang et al. 2020). Here, we briefly out-
line structural features that relate to TBP and the Taf sub-
units present in TFIID. Notably, SAGA can deliver TBP to
promoter DNA. As in TFIID, TBP is inhibited from pro-
miscuous DNA binding by the SAGA complex; however,
the mechanisms are distinct and reflect its different sub-
unit composition. For example, the concaveDNA-binding
surface of TBP is directed toward the SAGA core structure
to block access to genomic DNA (Papai et al. 2020). In
SAGA, Spt3 replaces the Taf11/13 dimer in its interaction
with the TBP C terminus, whereas Spt8 occupies an
N-terminal TBP site that can also interact with TFIIA
(Papai et al. 2020; Wang et al. 2020). In fact, TFIIA appears
to regulate TBP delivery to TATA-containing DNA se-
quences, perhaps through displacement of Spt8 (Papai
et al. 2020). The shared Taf subunits are present in two
copies in TFIID, but only one copy each for SAGA. This
results in a distinct structural organization of the Taf sub-
units in SAGA. Most notable are Taf5 and Taf6, which
form a heterodimer that differentially orients the seven-
blade WD40 domain (Taf5) and the HEAT repeats of
Taf6. This Taf5-Taf6 heterodimer serves as a major struc-
tural scaffold in SAGA, contacting about a dozen different
protein domains within the complex (Papai et al. 2020;
Wang et al. 2020).

Pol II and TFIIF

The Pol II enzyme has many functionally relevant do-
mains that were first revealed at high resolution through
X-ray crystallography (Cramer et al. 2000, 2001; Gnatt
et al. 2001). We focus on some key Pol II structural do-
mains here (Fig. 3A), and describe their basic role in tran-
scription (Cheung and Cramer 2012).

The trigger loop and bridge helix The trigger loopmoves
between an open and closed state with eachNTP addition
cycle (Kaplan et al. 2008). The loop closes onto the incom-
ing RNA base and helps detect base pair mismatches,
thereby contributing to the fidelity of Pol II transcription
(Kaplan et al. 2008; Gout et al. 2017). The bridge helix
helps separate the DNA duplex at the active site and un-
dergoes cooperative structural transitions with the trigger
loop during nucleotide incorporation and translocation
(Cramer et al. 2001; Brueckner and Cramer 2008).

The cleft, clamp, and stalk The cleft and stalk are the
most prominent Pol II structural features. The cleft is a
deep, positively charged groove along one face of the en-
zyme complex, and the clamp controls opening and clos-
ing of the cleft. Double-stranded promoter DNA resides
above the cleft prior to template melting. Upon melting,
the single-stranded template DNA can descend into the
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cleft to reach the active site, and this can occur with the
clamp in an open (He et al. 2013) or closed state (Diene-
mann et al. 2019); if open, template melting is accompa-
nied by closing of the clamp (He et al. 2013, 2016). The
stalk extends from the foot domain at the base of the Pol
II enzyme (Bushnell and Kornberg 2003). The stalk is con-
tacted by various initiation and elongation factors and its
movement helps coordinate opening and closing of the
clamp.

The wall and protrusion The wall resides in the cleft,
near the active site, and represents the site at which the
RNA:DNA hybrid separates. At this point, upstream
DNA makes a 90° turn to exit Pol II (Cramer et al.
2001). The RNA:DNA hybrid also separates at the wall.

The protrusion is an exterior, positively charged domain
that is situated above the wall, at the site of DNA exit
from the cleft. Reannealing of transcribed DNA occurs
as it exits the enzyme, and the protrusion may participate
in this process.

The funnel and RNA exit channel The funnel is the site
of NTP entry and extends from the active site to the Pol II
exterior, whereas the RNA exit channel initiates near the
wall and directs RNA along the dock domain (Ketten-
berger et al. 2004), to exit adjacent to the RPB1 linker
domain (Bernecky et al. 2016).

The rudder and lid These RPB1 domains reside near the
active site and act to separate the RNA:DNAhybrid at the
wall (Gnatt et al. 2001) and direct the RNA to its exit
channel and the DNA out toward the protrusion.

The RPB1 C-terminal domain (CTD) Although not a
structured domain, the Pol II CTD is central to the regula-
tion of Pol II transcription (Harlen and Churchman 2017).
The CTD sequence generally consists of heptad repeats of
YSPTSPS; the yeast Pol II CTD contains 26 (S. cerevisiae)
or 29 repeats (S. pombe) of this sequence, whereas 52 re-
peats are present in human RPB1. Prior to transcription
initiation, the Pol II CTD likely helps recruit Mediator
to the promoter (Kim et al. 1994) through direct, high-af-
finity interactions (Näär et al. 2002; Robinson et al.
2016). During transcription initiation, the CTD becomes
phosphorylated by transcription-associated kinases, in-
cluding CDK7 (TFIIH kinase) and CDK9 (P-TEFb kinase).
Among other things, these phospho-marks help direct
binding of RNA processing factors (e.g., capping enzymes,
splicing and termination factors) as Pol II leaves the pro-
moter-proximal region and transcribes through gene bod-
ies. As a long, highly disordered sequence, the Pol II CTD
also enables the formation of molecular condensates, an-
other key aspect of transcription regulation (see below).
Within the core of the Pol II enzyme, sequence conser-

vation is high between yeast and human complexes,
which reflects identical mechanisms of RNA polymeriza-
tion from aDNA template (Cramer et al. 2001). Sequences
are more divergent toward the exterior/surface residues,
which may reflect biochemically distinct interfaces with
other factors.
TFIIF consists of two subunits (Fig. 3B) that form a

dimerization interface (Gaiser et al. 2000) near the RPB2
lobe and the RPB9 jaw, first shown through cross-linking
assays (Chen et al. 2010; Eichner et al. 2010; Mühlbacher
et al. 2014) and later via cryoEM (He et al. 2013; Plaschka
et al. 2015). The TFIIF subunits were originally given the
gene names RNA polymerase-associated protein 74 and
RNA polymerase-associated protein 30 (RAP74, RAP30;
Tfg1, and Tfg2 in yeast). As PIC factors were being dis-
covered through biochemical purification and in vitro
transcription, the TFIIF subunits were considered compo-
nents of Pol II itself (Sopta et al. 1985). TFIIF binds Pol II
near the RPB2 lobe and protrusion domains, which reside
along the Pol II cleft. Consistent with this location, TFIIF
prevents Pol II fromnonspecifically interactingwithDNA

B C
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Figure 3. Pol II and TFIIF. (A) Bovine Pol II (gray) shown in two
orientations (rotated 180°). DNA is colored in blue, and the Pol
II stalk, clamp, foot, funnel, and RNA exit channel are marked;
the protrusion and foot domains are shown in dark gray. The inset
shows a zoomed-in view of the Pol II active site, with the trigger
loop (Rpb1 amino acids 1095–1130) shown in red, bridge helix
(Rpb1 amino acids 833–869) in cyan, rudder (Rpb1 amino acids
318–338) in yellow, fork loop 1 (Rpb2 amino acids 461–480) in
green, and fork loop 2 (Rpb2 amino acids 499–520) in magenta
(Cramer et al. 2001). Adapted from PDB 5FLM (Bernecky et al.
2016). (B) Structure of TFIIF in the PIC. RAP30 (TFIIFβ) is shown
in light pink, and RAP74 (TFIIFα) is shown in light pink. (C ) The
same view of TFIIF is shown, with open promoter DNA and
TBP added. The RAP30 winged helix (WH) domain (amino acids
181–240) interacts with the upstream DNA (−37 to −32) to help
stabilize promoter DNA. The RAP30 linker (amino acids 119–
175) interacts with TBP and may aid in positioning the WH
domain. TBP residues 194 and 195 are implicated in the interac-
tion, with RAP30 residues 172, 174, and 176. Adapted from PDB
5IY7 (Heet al. 2016).Aminoacid interactionsweredeterminedus-
ing the “find any contacts” function in PyMol, set to 4 Å. Amino
acid residues listed correspond to bovine (panel A) or human
proteins.

Mechanism of RNA polymerase II transcription

GENES & DEVELOPMENT 471



(Conaway et al. 1991) and initiating transcription at inap-
propriate sites. Within promoter-bound PICs, TFIIF helps
orient and stabilize DNA both upstream of and down-
stream from the TSS (He et al. 2013). TFIIF may also pro-
mote PIC assembly through dephosphorylation of the Pol
II CTD. The RAP74 subunit interacts with several CTD
phosphatases (Friedl et al. 2003; Yeo et al. 2003) and struc-
tural details of RAP74-FCP1 have been obtained (Kamada
et al. 2003; Nguyen et al. 2003). Pol II with an unphos-
phorylated CTD is required for interactionwith theMedi-
ator complex (Näär et al. 2002; Max et al. 2007; Robinson
et al. 2012). Furthermore, TFIIF itself stabilizes the Pol II–
Mediator interaction, although the structural basis re-
mains unclear (Bernecky et al. 2011).

TFIIF binding opens the Pol II clamp and stabilizes dou-
ble-stranded DNA above the Pol II cleft (He et al. 2013).
This is done through protein–DNA interactions mediated
by TFIIF and Pol II itself. Upon binding a promoter-bound
Pol II–TBP–TFIIB–TFIIA complex, TFIIF induces struc-
tural changes that enable the RPB2 clamp head and a
two-helix bundle in RPB5 to bind DNA upstream of and
downstream from the TSS, respectively (He et al. 2016).
Furthermore, in the PIC, the RAP30WH domain contacts
upstream DNA (the BREd element in the promoter used
to assemble human PICs) (Fig. 3C) positioned above the
RPB2 protrusion, which helps anchor the DNA along
the cleft to facilitate promoter opening (He et al. 2013,
2016). TFIIF also forms an interface with TFIIA that com-
pletes a protein chain that extends from the Pol II stalk
across the Pol II cleft and to TBP bound to the upstream
TATA box sequence (TFIIB–TBP–TFIIA–TFIIF–TFIIE–
RPB4/7 stalk). The protein bridge across the Pol II cleft,
formed by TFIIE and TFIIF, traps the double-stranded
DNA above the cleft (He et al. 2013, 2016; Plaschka
et al. 2016; Schilbach et al. 2017). Collectively, this sets
the stage for promoter melting and transcription initia-
tion, which requires the coordinated functions of addi-
tional factors TFIIE and TFIIH (see below).

TFIIE and TFIIH

Biochemical studies have shown that TFIIE and TFIIH
function cooperatively within the PIC (Goodrich and
Tjian 1994; Ohkuma and Roeder 1994; Holstege et al.
1996), and cryoEM data has revealed multiple contact
points between these complexes (Schilbach et al. 2017).
TFIIE activates the translocase function of XPB and the ki-
nase function of CDK7 in ways that remain incompletely
understood (Ohkuma et al. 1995; Watanabe et al. 2003;
Lin and Gralla 2005) but are likely to occur through
TFIIE–TFIIH interactions that stabilize and properly ori-
ent TFIIH within the PIC.

CryoEM data from the Cramer laboratory (Plaschka
et al. 2016; Schilbach et al. 2017) has revealed numerous
interfaces between TFIIE and TFIIH in the context of the
yeast PIC (S. cerevisiae), and similar interfaces have
been observed (He et al. 2016) or modeled (Yan et al.
2019) in the human PIC. These include several interac-
tions with the TFIIH p62 (Tfb1 in yeast) subunit, whose
pleckstrin homology (PH) domain binds the E-bridge helix

(α8 in human IIEα) and whose BSD1 and three-helix bun-
dle interacts with the E-floater helix (Tfa1 residues 351–
373; α9 in human IIEα). The RING domain of TFIIH sub-
unit MAT1 (residues 1–70 in yeast Tfb3; 1–65 in human
MAT1) (Fig. 4A) also forms an interface with N-terminal
linker helices in TFIIEα (yeast Tfa1); the TFIIH RING
domain also interacts with the RPB7 subunit of Pol II stalk
(He et al. 2016; Plaschka et al. 2016; Schilbach et al. 2017).
One distinction between yeast and human TFIIE–TFIIH
interactions within the PIC involves the E-dock (a partial-
ly disordered region between residues 200–250; yeast
Tfa1) and the p62 PH domain. In the human PIC, the con-
served E-dock helix (α7) instead interacts with p62 BSD2.
Because the yeast PIC was assembled in the presence of a
coreMediator complex (Schilbach et al. 2017), however, it
remains possible that structural distinctions between
yeast and human PICsmay derive from different composi-
tions of the PIC complexes being studied (He et al. 2013,
2016; Plaschka et al. 2016; Schilbach et al. 2017).

TFIIE has multiple anchor points to Pol II within the
PIC. One is at the Pol II stalk (Fig. 4A), in which the N-ter-
minal zinc ribbon (ZR) domain of TFIIEα interacts with
RPB7 (He et al. 2016; Schilbach et al. 2017). Another con-
tact point is with the clamp coiled-coil domain of RPB1,
which interacts with a C-terminal extension of TFIIEβ
WH2 domain. Starting from the Pol II stalk (i.e., the IIEα
ZR-RPB7 interaction), a series of TFIIE winged helix
(WH) domains forms a bridge over the Pol II cleft: IIEα
WH, IIEβ WH2, and IIEβ WH1. This bridge is completed
through an interaction with the WH domain from the
RAP30 subunit of TFIIF, which traps duplex DNA above
the cleft and stabilizes the PIC (He et al. 2013, 2016;
Plaschka et al. 2016; Schilbach et al. 2017).

TFIIH is a 10-subunit complex (Rimel and Taatjes 2018)
that is conformationally flexible and appears to undergo
major structural rearrangements during PIC assembly
(Nogales and Greber 2019). TFIIH consists of two mod-
ules: the core module and the kinase module (Table 1).
The core adopts a circular structure in which p62 (yeast
Tfb1) snakes through the complex and two enzymatic
subunits, XPB and XPD, are connected at one end (Fig.
4B; Greber et al. 2017, 2019).Whereas the enzymatic func-
tion of XPDplays no role in transcription (but is important
for DNA repair), its physical presence is important for sta-
ble association of the TFIIH kinase module, through the
XPD arch domain (Abdulrahman et al. 2013). XPB is crit-
ical for transcription initiation. XPB functions as an ATP-
dependent translocase (Fishburn et al. 2015) that acts to
separate the DNA strands at the promoter to enable the
single-stranded template to enter the Pol II active site
(see below).

Recent reports have suggested that despite its impor-
tance for promoter opening genome-wide, the XPB sub-
unit of TFIIH may not be absolutely required for
transcription initiation, at least at some genes (Alekseev
et al. 2017; Dienemann et al. 2019). These findings have
been controversial, because earlier biochemical studies
supported a requirement for TFIIH/XPB in promoter open-
ing; however, these earlier studies were primarily com-
pleted in the absence of TFIID (TBP instead), TFIIA, and
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Mediator. Even with partial PIC assemblies, however, it
was evident that TFIIE and TFIIH were required for max-
imum Pol II activity in vitro (Holstege et al. 1995; Kumar
et al. 1998). A compelling result was obtained through
structural studies involving the biochemical reconstitu-
tion of promoter-bound S. cerevisiae PICs (Plaschka
et al. 2016). While attempting to isolate “closed” PIC
complexes that lacked TFIIH, the Cramer group (Plaschka
et al. 2016) nevertheless observed a substantial population
of complexes in the open state. Unlike past biochemical
experiments, these PIC complexes contained Mediator,
which we speculate may promote template opening in co-
ordination with TFIIE. Although further studies will be
needed to address this hypothesis, it is notable that hu-
man TFIIE has been shown to possess an ATP-dependent
helicase function that could potentially contribute to
template opening in the absence of TFIIH (Ayoubi et al.
2019).
The TFIIH XPD and XPB subunits serve as contact

points for the MAT1 subunit (Fig. 4C), which connects
the TFIIH corewith the kinasemodule. Upon binding pro-
moter DNA, XPB breaks its contact with XPD (Greber
et al. 2017, 2019); thus, core TFIIH nowadopts a horseshoe
shape. This conformational shift does not impact the
MAT1–XPD interaction (mediated through the MAT1
ARCH anchor domain) but may release the MAT1–XPB
interaction. Release of the MAT1–XPB interaction would
untether the kinase module because MAT1 connects the

TFIIH core to the CDK7/CCNH kinase/cyclin dimer (Luo
et al. 2015). This untethering may be essential to reposi-
tion CDK7 for phosphorylation of the C-terminal domain
(CTD) of the Pol II RPB1 subunit. Based on data from yeast
PICs, this repositioning of the TFIIH kinase module may
be triggered when the Mediator complex assembles into
the PIC (Plaschka et al. 2016; Schilbach et al. 2017).
Whether the MAT1–XPD interaction is also released dur-
ing transcription remains unknown, but this would
completely dissociate the kinase module from the TFIIH
core. Incidentally, this dissociation must occur for the
TFIIH core to function in DNA repair, and an exchange
of MAT1 for the DNA repair factor XPA occurs along
the same XPD–XPB interface (Fig. 4D; Kokic et al. 2019).

Mediator and sequence-specific DNA-binding
transcription factors (TFs)

TheMediator complexwas the last of the PIC factors to be
discovered, initially in yeast through genetics (Thompson
et al. 1993; Koleske and Young 1994) and biochemistry
(Flanagan et al. 1991; Kim et al. 1994). The biochemical
experiments included in vitro transcription assays with
known PIC factors and partially purified extracts. A key
aspect was that activated transcription—that is, increased
transcriptional output in response to sequence-specific
DNA-binding transcription factors (TFs; also known as ac-
tivators)—could not be reconstituted with the so-called
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Figure 4. Structural details for TFIIE and
TFIIH. (A) TFIIE and TFIIH converge at the
Pol II stalk. The Ring domain in the TFIIH
subunit MAT1 interacts with the OB
domain of RPB7 and the TFIIE linker helices.
Amino acids involved in the interactions are
RPB7 164–168 and MAT1 40–45, 55, and 56.
RPB7 also interacts with TFIIE, through res-
idues 91–96, 105–107, 111, 151, 153, 158,
and 160 (RPB7) and 124, 137–143, 145, 150–
152, 161, and 162 (TFIIEα). PyMol was un-
able to detect any contacts within 4 Å be-
tween the IIE linker helix and the MAT1
ring domain in the human PIC, but they
were identified in the yeast PIC (Schilbach
et al. 2017). Adapted from PDB 5IY7 (He
et al. 2016). (B) The structure of the free hu-
man TFIIH core complex, with MAT1.
MAT1 helps link the two ATPase subunits
XPB and XPD. MAT1 is in blue, XPB is in
purple, XPD is in red, p8 is in green, p62 is
in cyan, p34 is in magenta, and p44 is in or-
ange. Not shown are the kinase module sub-

units CDK7 and CCNH. Adapted from PDB 6NMI (Greber et al. 2019). (C ) Additional detail for MAT1 interactions with XPB and XPD.
The XPD–MAT1 interaction involves over a dozen residues between 250 and 370 (XPD), plus residues 641 and 642, and about a dozen
residues between 1 and 161 in MAT1. The XPB–MAT1 interaction involves residues 174, 183, 186, 189, 190, 195, 198, and 200–203
(XPB) andMAT1 residues 174, 177, 181, 184, 185, 188, and 194. Adapted from PDB 6NMI (Greber et al. 2019). (D) The DNA repair protein
XPA displaces MAT1 at its XPB and XPD interfaces, and causes structural changes in XPD and XPB. XPA binding also allows rearrange-
ment of core TFIIH subunits to fully engage the translocase and helicase functions of the complex (Kokic et al. 2019). Key residues in-
volved in the interaction are 421, 422, 425, 714, 718, and 720 (XPB) and XPA residues 153, 157–159, 232, and 235–237; residues 634,
638, 641, 645, 647, and 648 (XPD) and XPA residues 164–166, 168, 174, 177, and 179. Adapted from PDB 6RO4 (Kokic et al. 2019). Amino
acid interactions were determined using the “find any contacts” function in PyMol, set to 4 Å. Amino acids listed correspond to the hu-
man proteins.
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general transcription factors alone. An additional activity
was needed, calledMediator (Table 1), to enable activator-
dependent transcription (Kim et al. 1994). The human
complex was similarly discovered through biochemical
assays by several laboratories (Fondell et al. 1996; Boyer
et al. 1999; Näär et al. 1999; Rachez et al. 1999; Ryu
et al. 1999).

Sequence-specific,DNA-bindingTFsdriveall biological
processes (Lee and Young 2013) and they function in part
by binding enhancer or promoter sequences and subse-
quently recruiting the PIC to specific genomic loci. TF
binding to enhancers or promoters correlates with activa-
tion of Pol II transcription (Heinz et al. 2015; Haberle and
Stark 2018); however, TFs do not bind directly to the Pol
II enzyme. Instead, TFs communicate their activation sig-
nals to Pol II through theMediator complex (Fig. 5), which
interacts extensively with Pol II (Bernecky et al. 2011;
Plaschka et al. 2015; Robinson et al. 2016; Schilbach
et al. 2017). The correlation between TF-Mediator binding
and Pol II activation implicates TF-Mediator interfaces as
high-impact targets for molecular therapeutics. Among
the few structurally characterized TF-Mediator interfaces
(Yang et al. 2006; Milbradt et al. 2011; Currie et al. 2017),
each displays high-affinity binding (150 nM or better)
that results from TF interactions with hydrophobic pock-
ets on Mediator subunits. Structured, hydrophobic pock-
ets represent druggable targets that could be exploited
for therapeutic purposes. Along these lines, Arthanari
and coworkers (Nishikawa et al. 2016) identified a
small molecule that blocked a Mediator–TF interaction
in yeast (C. glabrata) and yielded a physiological outcome
that mimicked inhibition of the TF itself. Furthermore,
several laboratories have designed small molecules that
mimic transcriptional activators, presumably through
binding Mediator–TF interfaces (Rowe et al. 2007; Jung
et al. 2009).

The mechanisms by which Mediator activates Pol II
function remain unclear, but likely involve TF-induced
structural changes inMediator (Taatjes et al. 2002), which
appear to remodelMediator–Pol II interactions to promote
initiation and/or promoter escape (Meyer et al. 2010).
Such structural transitions may be highly dependent on
the MED14 subunit (Cevher et al. 2014; Plaschka et al.
2015; Tsai et al. 2017), but the precise mechanisms re-
main unknown. A recent cryoEM analysis of Mediator
isolated frommurine B cells expands upon these concepts
and has provided the highest resolution (5.9 Å) data for a
metazoan Mediator complex to date (El Khattabi et al.
2019). As expected, the mouse Mediator complex showed
some structural distinctionswith yeastMediator based on
its larger size. For instance, the various mobile domains
appeared to be more interconnected in the mouse Media-
tor complex, suggesting that potential conformational
changes may require more extensive remodeling of pro-
tein–protein interfaces compared with yeast. Subunits
comprising the tail segment (Med15, Med16, Med23–25,
and Med27–30) were also shown to be more structurally
integrated (vs. yeast) and appeared to be more intercon-
nected with other Mediator structural domains (El Khat-
tabi et al. 2019).

Whereas structures of S. pombe (Larivière et al. 2012;
Nozawa et al. 2017; Tsai et al. 2017) and S. cerevisiae (Ima-
saki et al. 2011; Tsai et al. 2014; Robinson et al. 2015)
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Figure 5. PIC structural models that include the Mediator com-
plex. (A) Model of a partial human PIC that includes Mediator.
Figurewas prepared by rendering aMediator–Pol II–TFIIF cryoEM
density (Bernecky et al. 2011) in PyMol as a semiopaque black
mesh, then visually aligned to a human PIC structure (He et al.
2016). Colors for each PIC factor are identical to Figure 1. The
top row shows two views of the complex without TFIIH, and
the bottom row shows the same views with TFIIH. Structural re-
modeling is likely upon binding TFIIH, as clashes are evident in
this artificially docked model. The differences between yeast
(seeB) and humanMediator reflect themuch larger size of the hu-
manMediator complex (Table 1). However, the orientation of the
human Mediator complex modeled in the human PIC is distinct
from the yeast PIC. These differences could result from true dif-
ferences in PIC structure (yeast vs. human) or could simply result
from the fact that the human PICmodel is not derived from a sin-
gle complete structural assembly, as done for the yeast PIC (Schil-
bach et al. 2017). Adapted from PDB 5IY7 (He et al. 2016) and
EMD-5343 (Bernecky et al. 2011). (B) Structure of a yeast PIC (S.
cerevisiae), shown in identical orientations with A, based on
alignment of Pol II. Here, a core Mediator complex is shown in
green, whereas all other PIC factors are shown in the same colors
as A. The top row shows two views of the complex without
TFIIH, and the bottom row shows the same views with TFIIH.
The different orientation of downstream DNA (vs. A) reflects po-
tential structural differences between yeast and human PICs.
Note, however, that A is a hypothetical model that merges two
different structures,whereasB represents cryoEMdata froma sin-
gle structure (Schilbach et al. 2017). Adapted from PDB 5oqm
(Schilbach et al. 2017).
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Mediator complexes have been resolved to high or inter-
mediate resolution, structural details of the entire yeast
Mediator complex remain elusive, in part because of the
highly flexible “tail” region, which consists of the
Med2, Med3, Med5, Med15, and Med16 subunits. A re-
view focused on Mediator structure and function, based
largely on cryoEM structural data, was recently published
(Harper and Taatjes 2018); below, we highlight new cry-
oEM results with a yeast complex associated with the
PIC (Fig. 5B). The Cramer laboratory (Schilbach et al.
2017) was able to determine a PIC-cMED structure to
5.8 Å resolution (cMED=core Mediator, which contains
15 of the 21 Mediator subunits in S. cerevisiae) (Fig. 5B).
This structure (Schilbach et al. 2017), which is ∼2 MDa
in size and contained 46 proteins, includes TFIIA, TFIIB,
TBP, TFIIE, TFIIF, TFIIH, Pol II, and a 15-subunit core
Mediator complex. This represents the most complete
PIC structure to date and is only lacking TFIID and a
subset of Mediator subunits. Comparison of the free
cMED structure from S. pombe (Nozawa et al. 2017)
with the cMED structure in the S. cerevisiae PIC re-
vealed conformational changes in Mediator upon PIC as-
sociation (Schilbach et al. 2017). This observation is
consistent with lower-resolution cryoEM data with hu-
man Mediator (Fig. 5A; Bernecky et al. 2011), and likely
results from the unusually high percentage of intrinsical-
ly disordered sequences in Mediator subunits (Tóth-Pet-
róczy et al. 2008).
The PIC–cMED structure revealed numerous contact

points between Mediator and the PIC (Plaschka et al.
2015; Schilbach et al. 2017). Specifically, the Med18 sub-
unit contacts the B-ribbon of TFIIB and the Rpb1 dock
domain, and Med20 contacts the Rpb3/11 dimer. Med18
andMed20 reside in the “movable jaw” of yeast Mediator
(Larivière et al. 2012), and the Rpb1 dock and the Rpb3/11
dimer reside along the back of the Pol II enzyme, roughly
opposite the entry site of downstream DNA. Additional
Mediator–Pol II contacts involved Med8 and Med22,
which contact Rpb4 (Pol II stalk), and a Med9 interaction
with the foot domain of Rpb1, which is located at the base
of the stalk. Med8 and Med22 occupy the spine and arm
domains of yeast Mediator (Larivière et al. 2012), and
the plank domain includes Med9 (Nozawa et al. 2017;
Tsai et al. 2017). Cross-linking mass spectrometry
(CXMS) data further revealed Med19 (a component of
the hook domain) cross-links to the disordered CTD of
Rpb1. Finally, cross-links were detected between Media-
tor and TFIIH subunits: Med7 to Rad3/XPD and Med6
to Tfb3/MAT1 (Schilbach et al. 2017). Med6 andMed7 oc-
cupy the shoulder and knob regions of Mediator, respec-
tively (Nozawa et al. 2017; Tsai et al. 2017). Taken
together, cryoEM and CXMS data from the S. cerevisiae
PIC–cMED assembly revealed eight separate structural
interfaces between Mediator and the PIC, with most in-
volving Pol II but one with TFIIB and two with TFIIH
(Schilbach et al. 2017). Previous studies also established
interactions between the Pol II CTD and Med6, Med8,
and Med17 in S. cerevisiae (Robinson et al. 2012). These
results are consistent with established roles for Mediator
in stabilizing PICs in yeast (Eyboulet et al. 2015).

The set of interactions between yeast Mediator, Pol II,
and other PIC factors identified through cryoEM and
CXMS studies are consistent with studies involving
mammalian Mediator complexes. Because intermediate-
to high-resolution structural data are lacking for mam-
malian Mediator-PIC assemblies, it remains to be deter-
mined whether specific molecular interfaces will be
conserved.

Structural transitions during promoter opening
and transcription initiation

Biochemical and single-molecule biophysics experiments
revealed that yeast TFIIH subunit Ssl2 (human XPB) func-
tions as a 5′-to-3′ translocase on duplex DNA (Fishburn
et al. 2015). CryoEM data from yeast and human PICs in-
dicate that XPB (yeast Ssl2) binds about 25–30 bp down-
stream from the TSS (He et al. 2016; Plaschka et al.
2016), with its two ATPase lobes on either side of the mi-
nor groove (Schilbach et al. 2017). Provided that the up-
stream DNA is anchored by the TBP–TFIIA–TFIIB–TFIIF
assembly within the PIC, a 5′-to-3′ translocation on the
nontemplate strand will reel the downstream DNA in
the upstream direction, toward the Pol II active site (Fish-
burn et al. 2015). (Translocation in the 3′-to-5′ direction on
the template strand has also been reported [Lin et al.
2005], and would yield the same result.) In this way, tor-
sional strain will increase, ultimately melting the duplex
DNA around the TSS (Fig. 1B). XPB must translocate ∼12
bp to melt the template and position the TSS at the active
site (He et al. 2016). At this point, the Pol II clamp closes
slightly (He et al. 2016; Plaschka et al. 2016) and transcrip-
tion initiation can occur.
This cooperative mechanism, involving PIC–DNA in-

teractions both upstream of and downstream from the
TSS, may have evolved to ensure that correct PIC assem-
bly is a prerequisite for template opening, a first step in ac-
tivation of Pol II transcription. A complete PIC will also
be able to stabilize the so-called “open complex” by trap-
ping the open template DNA to prevent its reannealing.
The template DNA strand is stabilized by interactions
with the TFIIB B-reader (Fig. 2A) and the rudder (RPB1),
wall (RPB2), and fork loops (RPB2) near the Pol II active
site (Fig. 3A), whereas the nontemplate strand is stabi-
lized by the TFIIB B-linker and RPB2 fork loop 2 (Figs.
2A, 3A; Kostrewa et al. 2009; He et al. 2013, 2016;
Plaschka et al. 2016; Schilbach et al. 2017). Domains
within TFIIE and TFIIF also appear to stabilize the open
complex. In the yeast PIC, the Tfa1 (human TFIIEα)
eWH and E-wing domains interact with the upstream
edge of the separated DNA strands (Plaschka et al.
2016). The “arm domain” of Tfg1 (human RAP74) also
converges at this site and forms a β-strand with the
RPB2 protrusion, which projects into the cleft (Plaschka
et al. 2016). In the human PIC, the RAP74 arm domain
can be disordered (He et al. 2016) but may similarly stabi-
lize the separated DNA strands, perhaps through interac-
tion with the TFIIB B-linker helix that may thread
through the template and nontemplate DNA strands
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(He et al. 2013). Collectively, these interactions between
the PIC and promoter DNA require precise positioning at
the time of promoter melting. The large size of the PIC
likely provides the structural stability necessary to prop-
erly orient each of these domains in 3D space, along and
within the Pol II cleft.

After transcription initiation, additional structural tran-
sitionsmust occur once the nascent RNA reaches a length
of 12–13 nt. At this point, the RNA clashes with the TFIIB
B-ribbon (He et al. 2016), the B-reader (Kostrewa et al.
2009), and the wall (RPB2) (Sainsbury et al. 2013). TFIIB
also blocks the RNA exit channel; thus, release of TFIIB
(or large-scale structural rearrangement) is required for fur-
ther extension of the RNA. This structural rearrangement
coincides with formation of a stable 8-bp RNA:DNA hy-
brid in the Pol II active site, as observed in the elongation
complex (Bernecky et al. 2016). The structural transition
involving TFIIB is considered the “promoter escape” stage
of transcription initiation. Throughout the stages of open
complex formation, transcription initiation, and until pro-
moter escape, the upstream DNA remains stably engaged
with TBP–TFIIA–TFIIB–TFIIF (He et al. 2016). The role of
Mediator during these transitions remains poorly under-
stood; however, Mediator binds the Pol II CTD with high
affinity (Robinson et al. 2016), andMediator–Pol II interac-
tions are probably disrupted during promoter escape. The
TFIIH-associated kinase CDK7 phosphorylates the CTD
during transcription initiation and this is known to disrupt
Mediator–CTD binding (Max et al. 2007). In fact, CDK7
(Kin28 in yeast) phosphorylation of the Pol II CTD is stim-
ulated by human (Boeing et al. 2010; Meyer et al. 2010) or
yeast Mediator (Kim et al. 1994) through unknown
mechanisms.

In addition to TFIIB, TFIIF and TFIIE must dissociate af-
ter promoter escape to allow DSIF and NELF to bind the
Pol II enzyme. DSIF and NELF help establish Pol II paus-
ing, which is a common intermediate in metazoans and
occurs ∼20–60 bp downstream from the TSS. Pol II paus-
ing appears to be important to (1) ensure proper 5′-capping
of the nascent RNA (Rasmussen and Lis 1993; Tome et al.
2018), (2) prevent reinitiation of transcription by another
Pol II enzyme (Gressel et al. 2017; Shao and Zeitlinger
2017), and (3) maintain the promoter in a nucleosome-
free state (Gilchrist et al. 2010). Structural data from the
Cramer laboratory (Vos et al. 2018b) has revealed that
DSIF and NELF bind surfaces on the Pol II enzyme that
are also bound by TFIIB, TFIIE, and TFIIF (Fig. 6A). Disso-
ciation of TFIIB, TFIIE, and TFIIF therefore ensures that
DSIF and NELF binding is temporally regulated and coin-
cides with their distinct roles in transcription: PIC factors
TFIIB, TFIIE, and TFIIF for initiation through promoter es-
cape and DSIF and NELF for promoter-proximal pausing
and elongation. DSIF and NELF are considered Pol II elon-
gation factors and are described further below.

Pol II elongation factors

Many of the factors described below directly bind the Pol
II enzyme but are not components of the PIC. These so-

called elongation factors do not represent an exhaustive
list of proteins and protein complexes that control Pol II
transcription, but each relates back to PIC factors in vari-
ousways.Moreover, the factors described beloware impli-
cated in early stages of transcription (i.e., toward gene 5′

ends), although some also regulate downstream events.

TFIIS

The structure of TFIIS (Dst1 in S. cerevisiae) bound to
yeast Pol II was determined by X-ray crystallography (Ket-
tenberger et al. 2003) and is shown in Figure 6B. TFIIS con-
tains three domains (I, II, and III), and domain II (residues
148–238 in S. cerevisiae TFIIS/Dst1) binds the surface of
Pol II at the Rpb1 jaw domain. An interdomain linker (res-
idues 239–264) then adopts an α-helical structure and ex-
tends into the Pol II funnel. This positions TFIIS domain
III (residues 265–309) at the active site, where two highly
conserved acidic residues (D290 and E291) are positioned
to promote nucleophilic cleavage of a backtracked RNA
substrate. Nucleophilic cleavage of the RNA is likely me-
diated by an activated watermolecule, with the acidic res-
idues involved in positioning metal ions to promote
cleavage of the phosphodiester bond. This cleavage results
in a new RNA 3′ end and an open site for an incoming
NTP to hybridize with the DNA template. Importantly,
TFIIS insertion into the funnel and active site maintains
space for NTP entry (Kettenberger et al. 2003).

Although TFIIS can be considered a PIC factor (Kim
et al. 2007), it appears to bemost important after promoter
escape (Adelman et al. 2005; Sigurdsson et al. 2010), with-
in 2 kb of the TSS, and at gene 3′ ends (Sheridan et al.
2019). If Pol II pauses and backtracks, the active site lacks
an unhybridized DNA template base. Furthermore, RNA
backtracks into the funnel, and elongation is blocked.
Such backtracked Pol II enzymes represent stably paused
intermediates and may require polyubiquitination and
degradation to remove from the DNA template (Sigurds-
son et al. 2010). Thus, TFIIS acts as an “antipausing fac-
tor” because of its ability to stimulate cleavage of
backtracked RNAs. Although Pol II enzymes have an in-
trinsic ability to cleave backtracked RNAs, this activity
is enhanced byTFIIS and complete loss of this intrinsic ac-
tivity is lethal in yeast (Sigurdsson et al. 2010).

DSIF and NELF

DSIF is a dimer consisting of a small SPT4 subunit and a
larger SPT5 subunit. SPT5 contains an NGN domain,
which is conserved even in bacterial genomes (Werner
2012), and four (yeast) or six (humans) Kyrpides, Ouzou-
nis, Woese (KOW) domains (Kyrpides et al. 1996). NELF
consists of four subunits: NELFA, NELFB, NELFC/D,
and NELFE. NELFC and NELFD are nearly identical and
associate with NELF in a mutually exclusive fashion.
Whereas DSIF is conserved in yeast, NELF is absent
from yeast genomes. DSIF and NELF bind the Pol II en-
zyme at sites that overlap with PIC factors TFIIB, TFIIE,
and TFIIF (Fig. 6A). Based on in vitro (Missra and Gilmour
2010; Li et al. 2013) and cellular data, DSIF and NELF
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associate with Pol II at promoters and downstream from
the TSS (Rahl et al. 2010). This location coincides with
promoter-proximal pause sites, and DSIF and NELF have
been shown to promote Pol II pausing (Core and Adelman
2019).
The structure of an elongating mammalian Pol II en-

zyme bound to human NELF and DSIF (Fig. 6C) showed
how NELF binds Pol II and negatively regulates transcrip-

tion elongation (Vos et al. 2018b). The NELFA/C dimer
binds at the RPB1 funnel, which could restrict NTPs
from entering the active site. A different region of the
NELFA/C dimer also contacts the trigger loop in its
open state, which could prevent RNA chain extension
by restricting translocation (Fig. 6D). Furthermore,
through comparison with cryoEM data from DSIF–Pol II
complexes (Bernecky et al. 2017), it was apparent that

E F

BA

C D

Figure 6. Pol II elongation complexes bound to pausing (NELF) or elongation factors (DSIF, PAF, SPT6). (A) Structures of partial PICs that
emphasize howDSIF binds Pol II surfaces occupied byTFIIB, TFIIE, andTFIIF. At left is a Pol II structurewithTBP, TFIIB, TFIIE, andTFIIF.
At right is a Pol II structure bound to DSIF andNELF. Adapted from PDB 6GML (Vos et al. 2018b) and PDB 5IY7 (He et al. 2016). (B) Struc-
ture of TFIIS bound to Pol II. Pol II is shown in gray and TFIIS is shown in green; the Rpb1 jaw is shown in red, the Rpb1 funnel is shown in
cyan, andRpb5 is shown in orange. TFIIS amino acids 230–301 extend into the Pol II funnel,which positions TFIIS residuesD290 and E291
near a catalytic zinc ion, which helps catalyze cleavage of backtracked RNA. Adapted from PDB 5IY7 (He et al. 2016). (C ) Structure of
NELF and DSIF bound to a transcribing/paused Pol II. DNA is shown in blue, nascent RNA is shown in salmon, NELF is shown in
teal, SPT5 is shown in yellow, and SPT4 is shown in olive. Select NELF/DSIF domains or subunits are shown, with two views rotated
180°. Adapted from PDB 6GML (Vos et al. 2018b). (D) Detail from the DSIF/NELF–Pol II structure, showing the interaction between
NELFC and the Pol II trigger loop (RPB1 amino acids 1095–1130). Adapted from PDB 6GML (Vos et al. 2018b). (E) Two views (rotated
180°) of the PAF complex, SPT6, and DSIF bound to Pol II. Pol II is shown in gray, DSIF is shown in yellow, SPT4 is shown in olive,
DNA is shown in blue, RNA is shown in salmon, PAF is shown in purple, and SPT6 is shown in neon green. Adapted from PDB
6GMH (Vos et al. 2018a). (F ) NELF–Pol II binding ismutually exclusivewith PAF–Pol II binding. TheNELF–DSIF–Pol II structure is shown
in the same orientation as the right-hand image in E. TheWRD61 andCTR9 subunits of PAF directly clashwithNELFA/C,NELFB/C, and
NELFB/E. Adapted from PDB 6GML (Vos et al. 2018b).
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NELF binding stabilizes a nonproductive intermediate in
which the RNA:DNA hybrid in the active site is tilted
by 15° (Vos et al. 2018b). This modest structural change
would nevertheless prevent any incoming NTP from hy-
bridizing with the DNA template. The cryoEM structure
also showed that NELF binding blocks the TFIIS–Pol II in-
teraction site, and biochemical experiments confirmed a
mutually exclusive Pol II association for NELF or TFIIS
(Vos et al. 2018b). By preventing TFIIS binding, NELF
also favors Pol II pausing and backtracking, whichmay ex-
tend the lifetime of paused Pol II complexes. It appears
that the CDK9 kinase, as part of the P-TEFb complex, re-
moves NELF by phosphorylation (see below). DSIF is also
phosphorylated by P-TEFb but DSIF remains associated
with the Pol II enzyme to promote elongation.

CryoEM structures show that DSIF associates across
the surface of Pol II, which reflects itsmany distinct struc-
tured domains that are joined through flexible tethers (Fig.
6C). The SPT4 subunit and the SPT5NGNdomain form a
bridge over the Pol II cleft (Bernecky et al. 2017; Ehara
et al. 2017), which likely stabilizes the elongating com-
plex and promotes Pol II processivity. This is supported
by cell-based studies that suggest reduced capacity to tran-
scribe long genes if DSIF function is disrupted (Shetty
et al. 2017; Fitz et al. 2018). The DSIF bridge over the
Pol II cleft contacts the RPB1 clamp helices on one side
and the RPB2 protrusion on the other. This site is also ad-
jacent to the upstream DNA exit and therefore may pro-
mote reannealing of the DNA template behind the
transcribing polymerase (Bernecky et al. 2017; Vos et al.
2018b). This could be important to prevent formation of
R-loops, which could otherwise disrupt transcription
and contribute to genome instability (Sollier et al. 2014).
DSIF also binds around the RNA exit channel and we
speculate that this could help regulate RNA folding or
cotranscriptional RNA processing events.

PAF and SPT6

The human PAF complex contains five subunits (CTR9,
LEO1, PAF1, CDC73, and WDR61) and is about 400 kDa
in size. PAF binds surfaces on Pol II that are shared with
NELF (Fig. 6E), and NELF dissociation is required for
PAF binding (Vos et al. 2018a). NELF dissociation is trig-
gered by P-TEFb phosphorylation (see below). The PAF1
and LEO1 subunits form a dimer in the PAF complex
and help anchor the complex to the so-called external do-
mains of RPB2. The CTR9 subunit contains several inter-
esting structural features. A set of 19 tetratricopeptide
repeats extends from RPB11 to RPB8 to the RPB1 funnel
and foot. A 100-Å-long α-helix (called the trestle; residues
807–892) then extends from the foot to RPB5, which is lo-
cated at the site of downstream DNA entry into the Pol II
cleft. An additional ∼300 amino acids are disordered and
C-terminal to the trestle (Vos et al. 2018a). These may
play important roles in promoting transcription through
chromatin, consistent with the function for the PAF com-
plex (Pavri et al. 2006; Hou et al. 2019).

Human SPT6 is about 200 kDa in size and binds around
the Pol II stalk (RPB4/7), with direct interactions to RPB7

(Vos et al. 2018a). Another key SPT6–Pol II interaction in-
volves the SPT6 tSH2 domain (Sun et al. 2010) with
the linker region of RPB1. The tSH2 domain (residues
1328–1516) is required for SPT6 association with the
elongating Pol II complex and its interaction requires
phosphorylation of the Pol II RPB1 linker domain (Sdano
et al. 2017; Vos et al. 2018a), which can be deposited by
the P-TEFb kinase (see below). The SPT6 core (residues
284–1287) also interacts with DSIF through its SPT5
KOWx–KOW4 and KOW1 domains (Fig. 6E), as revealed
by cryoEM and CXMS data (Vos et al. 2018a). AnN-termi-
nal region of SPT6 (residues 1–284) was disordered in the
complex but is positioned such that it could potentially
interact with nucleosomes in front of or behind the tran-
scribing polymerase, consistent with its biological roles
in RNA processing and as a histone chaperone (Bortvin
and Winston 1996; Kaplan et al. 2003; Yoh et al. 2008;
Dronamraju et al. 2018; Jeronimo et al. 2019).

Comparison of cryoEM structures representing differ-
ent Pol II functional intermediates allowed the Cramer
group (Vos et al. 2018a) to identify allosteric mechanisms
that enable PAF, DSIF, and SPT6 to enhance the rate of Pol
II elongation. Compared with the DSIF–Pol II complex
(Bernecky et al. 2017), the addition of PAF and SPT6 repo-
sitioned the Pol II stalk and opened the RNA clamp
formed by SPT5 (Vos et al. 2018a). Specifically, the
KOW2–KOW3 interaction with KOW1 was disrupted
and the KOWx–KOW4 domain rotated ∼50° and moved
away from the exiting RNA. Furthermore, the SPT5
KOW1 domain rotated and moved away from the up-
stream DNA. This coincided with a movement of up-
stream DNA (i.e., DNA exiting behind elongating Pol II)
away from the RPB2 protrusion and insertion of the C-ter-
minal extension from LEO1 (residues 503–529) (Vos et al.
2018a). Collectively, these structural transitions may in-
crease the rate of Pol II elongation by facilitating RNA
exit and promoting DNA reannealing behind the tran-
scribing polymerase.

P-TEFb

P-TEFb consists of a kinase/cyclin pair: CDK9 and
CCNT1 (or CCNT2). Crystal structures of the complex
have been determined (Baumli et al. 2008; Tahirov et al.
2010), which reveal an organization and interfaces com-
mon among CDK:Cyclin pairs but also distinct features.
Substrates for the CDK9 kinase have been identified
from proteomics experiments in human cell extracts
(Sansó et al. 2016) or from analog-sensitive cell lines
(Decker et al. 2019). These studies revealed dozens of
high-confidence targets, with many representing tran-
scription cofactors or RNA processing factors. CDK9
can also function as part of the larger super elongation
complex (SEC) (Luo et al. 2012), which contains other pro-
teins known to regulate transcription elongation.

Through its CDK9 kinase, P-TEFb may control the ac-
tivity of many transcription regulatory factors. Using bio-
chemical assays and cryoEM, the Cramer laboratory (Vos
et al. 2018b) recently demonstrated that P-TEFb can (1)
phosphorylate the NELFA tentacle domain, which may
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contribute to release of NELF from Pol II; (2) phosphory-
late an SPT5 linker that may help open the RNA clamp
to promote transcription elongation, and (3) phosphory-
late the RPB1 linker to enable binding of SPT6 through
its tSH2 domain (Sdano et al. 2017). P-TEFb also phos-
phorylates the Pol II RPB1 CTD, which promotes CTD as-
sociation with various RNA processing factors and
chromatin modifying complexes (Kizer et al. 2005; Lee
and Skalnik 2008; Ebmeier et al. 2017). RNA processing
(e.g., splicing, cleavage, polyadenylation) and chromatin
modification represent additional levels of transcription
regulation that are reviewed elsewhere (Venkatesh and
Workman 2015; Saldi et al. 2016; Herzel et al. 2017).

Mediator kinase module

TheMediator kinase module is a large complex (600 kDa;
Table 1) that contains four subunits (Fant and Taatjes
2019). In the yeast S. cerevisiae, the kinase module con-
sists of Srb8-11, which are orthologs of the human genes
MED12, MED13, CDK8, and CCNC. Low-resolution cry-
oEMstructures of the entire yeast and human kinasemod-
ules have been determined (Knuesel et al. 2009a; Tsai
et al. 2013), but high-resolution data exist only for yeast
Srb11 (Hoeppner et al. 2005) and the human CDK8:
CCNC dimer (Schneider et al. 2011). Interestingly, paral-
ogs of CDK8, MED12, and MED13 exist in mammalian
genomes as CDK19,MED12L, andMED13L, respectively.
No structural data exist for these paralogs.
The MED12 subunit has been shown to be important

for activation of CDK8 kinase function, along with
CCNC (Knuesel et al. 2009b). Biochemical studies sug-
gested that the N terminus of MED12, which is a hot
spot for oncogenic mutations (Makinen et al. 2011; Lim
et al. 2014), interacted with CCNC as part of the
MED12-dependent activation mechanism (Turunen
et al. 2014). However, these findings were contradicted
by CXMS data obtained with partial assemblies of the hu-
man CDK8 module (Klatt et al. 2020). The CXMS results
supported an interaction between theMED12N terminus
(residues 30–42) and a disordered CDK8 activation loop
(residues 173–203). Similar activation loops (also known
as T-loops) exist in other CDKs, but the CDK8 sequence
contains a D instead of a typical T at residue 191, suggest-
ing a phosphorylation-independent activation mecha-
nism. The MED12 N terminus (residues 19–50) is
predicted to adopt an α-helical structure, and a model
was proposed in which negatively charged residues (e.g.,
E33) in this MED12 “activation helix” mimicked CDK8
activation loop phosphorylation as a means to activate
CDK8 (Klatt et al. 2020). The structural discrepancies be-
tween these models for MED12-dependent activation of
CDK8 could reflect two distinct mechanisms of activa-
tion. However, each study tested different sets of muta-
tions and/or evaluated incomplete assemblies of the
four-subunit, 600-kDa CDK8 module. Future experi-
ments will benefit from analysis of complete CDK8 mod-
ule assemblies or evaluation with knock-in cell lines that
ensure expression of mutant subunits at physiologically
relevant levels.

The kinase module reversibly associates with Mediator
through its MED13 subunit (Knuesel et al. 2009a; Tsai
et al. 2013), but structural details about the key interfaces
remain unclear. Although Mediator binds Pol II within
the PIC (Bernecky et al. 2011; Plaschka et al. 2015; Robin-
son et al. 2016; Schilbach et al. 2017), Mediator associa-
tion with the kinase module prevents this interaction
(Elmlund et al. 2006; Knuesel et al. 2009a; Ebmeier and
Taatjes 2010). These results suggest that the Mediator ki-
nasemodulemay function at postinitiation stages of Pol II
transcription, and this is supported by cellular and bio-
chemical data (Donner et al. 2010; Galbraith et al. 2013;
Steinparzer et al. 2019). Furthermore, SILAC-MS experi-
ments reveal several postinitiation regulatory factors as
high-confidence Mediator kinase substrates (Poss et al.
2016), including NELFA. In support, inhibition of CDK8
kinase activity increases Pol II promoter-proximal paus-
ing in mouse and human cells (Steinparzer et al. 2019).
In addition to their enzymatic functions, it appears that
CDK8 and its paralog CDK19 have key structural/scaf-
folding roles in mammals, although molecular details re-
main unclear. Gene expression changes are markedly
different upon CDK8 kinase inhibition compared with
subunit knockdown (Poss et al. 2016), and CDK19 in par-
ticular appears to function as a structural scaffold, where-
as its kinase activity is less consequential (Audetat et al.
2017; Steinparzer et al. 2019).

Concluding remarks and future directions

Structural data from cryoEM and complementary meth-
ods, combined with functional studies, has advanced our
understanding of Pol II transcription. Twenty years ago,
the set of PIC factors had been identified but the basic
structural architecture of the PIC was not known. At pre-
sent, we have a greatly improved understanding of PIC
structure, function, and dynamics. Many regulatory inter-
faces have been identified at high resolution, which allows
rational design of molecular probes for mechanistic stud-
ies or as lead compounds for molecular therapeutics.
However, key details remain to be uncovered andwe focus
on a number of outstanding questions below.
Among the PIC factors, TFIID andMediator remain the

most enigmatic in terms of their structure and function
within the PIC; many questions remain regarding TFIIH
as well. The size (Table 1) and flexibility of these factors
contributes to the difficulties in understanding their
structural and functional roles. For instance, the Nogales
laboratory (Greber et al. 2019) has shown that TFIIH
adopts a ring-like structure that is broken upon binding
promoter DNA (XPB–XPD contacts are disrupted). Fur-
thermore, the kinase associated with TFIIH, CDK7, is
part of a kinase module that has the potential to become
highly mobile (Yan et al. 2019). CryoEM data of the yeast
PIC–cMED complex revealed that the kinase module
(Kin28, Ccl1, and Tfb3) moves away from the TFIIH core
toward the periphery of the PIC, between the hook,
knob, and shoulder of the Mediator complex (Schilbach
et al. 2017). This positions the kinase module more
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favorably for Pol II CTD phosphorylation, but it remains
unclear how this repositioning is triggered or whether
the TFIIH kinase module remains anchored at this site
during transcription.

It is also unclear how transcription reinitiation is regu-
lated by the PIC. In vitro, reinitiation has been shown to
occur more rapidly compared with de novo initiation
(Hawley andRoeder 1987; Jiang andGralla 1993). To reini-
tiate transcription, a second Pol II enzyme must engage
the promoter at the TSS, and this may be facilitated by a
PIC scaffold complex that remains following Pol II pro-
moter escape (Yudkovsky et al. 2000). It is not established
whether TFIID lobe C subunits and/or XPB are required to
rebind their downstream DNA sequences for reinitiation
to occur. Potentially, TAF1, TAF2, and XPB bind down-
stream DNA only to initiate a pioneering round of
transcription, and their dissociation could facilitate reini-
tiation. It was proposed by Nogales et al. (Patel et al. 2018)
that TFIID binding to downstream promoter elements
may be important to accurately position TBP upstream
of the TSS, but the TAF subunits of TFIID may dissociate
after TBP deposition. We speculate that another regulato-
ry purpose for promoter-proximal Pol II pausing could be
to prevent TFIID lobe C or TFIIH XPB interactions with
downstream sequences, whichmayotherwise be inhibito-
ry to transcription reinitiation. Conceptually, this is sim-
ilar to known roles for paused Pol II in the maintenance of
nucleosome-free regions at active gene promoters (Gil-
christ et al. 2010). In cells, a phenomenon called transcrip-
tional bursting has been described (Fukaya et al. 2016;
Tantale et al. 2016), based on data from live-cell imaging
experiments. Transcriptional bursting appears to involve
rapid reinitiation by multiple Pol II enzymes, but the
molecular mechanisms remain unknown (Lenstra et al.
2016).

Throughout the stages of PIC assembly, initiation, pro-
moter escape, pausing, and elongation, numerous factors
compete for the same binding surfaces on Pol II. Conse-
quently, regulation of these interactions is paramount. Al-
though the mutually exclusive binding of initiation
versus elongation factors provides a biological rationale
for their exchange during different transcriptional stages,
Pol II transcription will not be efficient if initiation, paus-
ing, or elongation factors continually compete for Pol II
binding. Precisely how these interactions are controlled
remains incompletely understood. One possibility is sim-
ply through phase separation (Cramer 2019); the Pol II
CTD itself can undergo liquid phase separation (Kwon
et al. 2013) and Pol II CTD condensates may possess al-
tered biophysical properties based on the CTD phosphor-
ylation state (Boehning et al. 2018). At the TSS, theCTD is
primarily unphosphorylated, whereas it becomes highly
phosphorylated within gene bodies. Consistent with
this, CTD phosphorylation promotes formation of con-
densates that exclude Mediator (Guo et al. 2019) but in-
stead incorporate elongation factors such as P-TEFb (Lu
et al. 2018) or splicing components (Guo et al. 2019). An-
other means of regulation is through posttranslational
modifications, such as phosphorylation by transcription-
associated kinases. Although this is complicated by the

array of kinases and phosphatases that can converge at
sites of active transcription, it is well-established that
phosphorylation can increase or decrease protein-protein
or protein-nucleic acid binding affinities (Pufall et al.
2005; Lee et al. 2010;Mylona et al. 2016). Collectively, dy-
namic and reversible modification of proteins through
posttranslational modifications or segregation of initia-
tion versus elongation factors into biophysically distinct
molecular condensates could help ensure that initiation,
pausing, and elongation factors interact with Pol II at
the appropriate stages of transcription.Note that these po-
tential regulatorymechanisms are notmutually exclusive
and may function cooperatively throughout transcription
initiation, elongation, and termination.

Much remains to be discovered about the structural
transitions that the PIC undergoes during transcription
initiation. For instance, sequence-specific DNA-binding
TFs can activate Pol II transcription, but the molecular
mechanisms remain incompletely understood. TF–Medi-
ator binding induces structural changes that correlate
with activation of Pol II transcription, perhaps by remod-
eling Mediator–Pol II interactions (Meyer et al. 2010; Tsai
et al. 2014, 2017). Potentially, these TF-induced structural
changes could contribute to transcriptional bursting, giv-
en that transient TF–DNAbinding has been shown to cor-
relate with bursting (Mir et al. 2018; Donovan et al. 2019;
Stavreva et al. 2019). Details about the molecular mecha-
nisms await higher-resolution information for the Media-
tor–Pol II structural transitions that result in transcription
activation. In addition, both TFIID (lobe C subunits TAF1
and TAF2) and TFIIH (XPB subunit) bind DNA down-
stream from the TSS and must dissociate to allow Pol II
to transcribe through the promoter-proximal region
(Schilbach et al. 2017; Patel et al. 2018). In fact, TFIID
binding to the promoter appears to be inhibitory to Pol
II–DNA binding and transcription initiation (Patel et al.
2018). Evidence for TFIID conformational changes during
transcription initiation have been obtained through bio-
chemical studies (Yakovchuk et al. 2010; Zhang et al.
2015), but structural details remain to be determined.
Similarly, several distinct Mediator–Pol II structural in-
termediates are likely to have functional relevance during
Pol II initiation and promoter escape, based on the exten-
sive interaction between these complexes and the demon-
strated conformational flexibility (Bernecky et al. 2011;
Bernecky and Taatjes 2012; Schilbach et al. 2017; Tsai
et al. 2017; El Khattabi et al. 2019). CryoEM is suited to ad-
dress these challenges and multiple functionally distinct
intermediates could be characterized through a combina-
tion of biochemical and computational approaches.

Finally, a detailed mechanistic understanding of Pol II
transcription will require characterization of PIC dynam-
ics in real time. In vitro single molecule studies (Tomko
and Galburt 2019) can augment structural data to better
define how Pol II and associated regulatory factors work
together to transcribe from a DNA template. Further-
more, advances in live cell imaging will complement
the continually improving structural and mechanistic
models of Pol II transcription. Despite recent progress
(Liu and Tjian 2018), many basic questions remain
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unanswered, such as (1) how genomes are organized in the
three-dimensional space of the nucleus (Furlong and Le-
vine 2018), (2) how transcriptional bursting occurs (Dono-
van et al. 2019; Rodriguez et al. 2019; Stavreva et al. 2019),
(3) how enhancer–promoter interactions are controlled
(Lim et al. 2018; Li et al. 2019), (4) how enhancers actually
work to activate gene expression (Benabdallah et al. 2019;
Heist et al. 2019), (5) how gene expression patterns are
maintained (i.e., active vs. repressed) through mitosis
(Teves et al. 2018), and so on. Also, what set of cofactors
are essential for these processes, andwhich are redundant,
context-specific, or cell type-specific? Addressing these
questions will be important but challenging, especially
in mammals, which have larger genomes, more elaborate
enhancer–promoter regulatory networks (Levine et al.
2014), more potential regulatory inputs (including non-
coding RNAs), and a greater diversity of cell types. Fortu-
nately, given the technological and methodological
advances over the past few decades, we have reached a
point at which most experimental questions can be rigor-
ously addressed.
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