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Abstract

Transcriptional regulation is one of the most important steps in control of cell identity, growth,
differentiation and development. Many signaling pathways controlling these processes ultimately
target the core transcription machinery that, for protein coding genes, consists of RNA polymerase
I1 (Pol 1) and the general transcription factors (GTFs). New studies on the structure and
mechanism of the core assembly and how it interfaces with promoter DNA and coactivator
complexes have given tremendous insight into early steps in the initiation process, genome-wide
binding, and mechanisms conserved for all nuclear and archaeal Pols. Here we review recent
developments in dissecting the architecture of the Pol 1l core machinery with a focus on early and
regulated steps in transcription initiation.

The transcription initiation pathway

None of the multi subunit RNA polymerases (Pols) specifically initiate transcription at
promoter sequences — all require accessory factors. Although bacterial Pols use a family of
sigma factors to recognize core promoters and interface with many transcriptional regulators
[1], archaeal and eukaryotic Pols use a complex set of general transcription factors (GTFs)
that function in promoter recognition, Pol recruitment, interaction with regulatory factors,
DNA unwinding, and transcription start site (TSS) recognition [2—4]. The earliest
intermediate, and a frequently regulated step for expression of protein coding genes, is
formation of the preinitiation complex (PIC), containing Pol I, TFIIA, TATA binding
protein (TBP), TFIIB, TFIIF, TFIE, and TFIIH. In the PIC, a network of DNA-GTF
interactions anchors Pol 11 to double stranded promoter DNA that lies outside the Pol Il
active site cleft. Next, TFIIH promotes ATP-dependent unwinding of about 10 base pairs of
promoter DNA, leading to the open complex state (OC). Pol Il then locates the TSS and
eventually transitions into a processive elongation mode. In metazoans, this transition
frequently involves pausing of Pol Il at many developmentally regulated genes and is a
commonly regulated step [5, 6].

It’s important to note that nearly all biochemical and structural studies have examined these
steps at only TATA-containing promoters. Although TATA promoters account for only 20—
30% of eukaryotic promoters [7-9], they are typically the most highly regulated. By
contrast, TATA-less promoters often direct transcription of housekeeping genes and have
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heterogeneous TSSs. The biochemical study of initiation at TATA-less promoters has been
hampered by difficulties in PIC assembly and low initiation activity. Here, we review recent
advances in understanding the function of the GTFs, the architecture of the initiation
complex, and new insights into the mechanism of transcription initiation and its regulation.

Architecture of the preinitiation complex (PIC)

After the GTFs were identified, genes cloned, and structures of Pol 11 and some individual
GTFs were solved, the next challenges were to understand how these factors worked
together to promote initiation and interface with regulatory factors and promoter DNA.
Pioneering studies utilizing DNA-protein crosslinking of human PICs showed that Pol 1 is
at the center of the PIC, covering over 60 bp of promoter DNA [10, 11]. TBP, TFIIB, and
TFHF primarily contact DNA upstream of the TSS. TFIIE is positioned to overlap the TSS.
The TFIIH ATPase subunit SsI2/XPB, required for promoter opening, is located at the
downstream end of the PIC. Over the past ten years, a combination of protein biochemistry
[12-16], biophysical measurements [17], X-ray structures [18-20] and, most recently, cryo
EM of the PIC and intermediates in the assembly pathway [21] have resulted in tremendous
advances in understanding the architecture of the PIC and the role of the GTFs. This work
has set the stage for probing the mechanism of initiation and understanding how coactivators
and other regulators interact with the core transcription machinery.

The role of TFIIB in PIC architecture and allosteric regulation of Pol Il activity

TBP binding to TATA bends DNA by ~90 degrees, forming an asymmetric platform for PIC
assembly [22, 23]. The GTF TFIIA binds TBP-DNA, interacting with DNA upstream of
TATA, stabilizing the protein DNA complex, and blocking regulators such as Mot1 and
NC2 from binding TBP [24, 25]. TFIIB, a factor that bridges TBP and Pol 11, contains 4
functional domains termed B-ribbon, reader, linker, and core (comprised of two cyclin-like
repeats) [18, 26, 27] and all of these domains interact with Pol 1l (Fig 1a,b). From x-ray and
biochemical analysis, the B-ribbon is strongly anchored to the Pol Il dock domain. The most
striking advances in understanding TFIIB-Pol 11 interactions are recent x-ray structures of
Pol II-TFI1IB complexes and cryo EM of PIC intermediates. Early structural work reported
that the B-reader and linker regions formed a hairpin, termed the B-finger, positioned within
the Pol 11 cleft and close to the active site [28], however, later work has so far failed to
support this model. Instead, the B-reader helix enters the Pol 11 active site cleft through the
RNA exit channel where it positions the reader B-loop on the Pol Il rudder domain and
Rpb2 fork loop 1 [18-20] (Fig 1b). These interactions locate the B-loop distant from the Pol
Il catalytic site, meaning that TFIIB must exert indirect effects on initial Pol 11 catalysis.
Consistent with this model, TFIIB binding leads to ordering of the Pol Il protrusion domain,
with which it only peripherally interacts, and induces a second Mg atom to bind the Pol 11
active site [19] (Fig 1b,c). The findings that the TFIIB reader stimulates transcription in
several systems, despite its location away from the active site, is further evidence for the
allosteric model [18, 29]. The Blinker binds to the coil-coil region of the Pol 1l clamp where
it connects to the TFIIB N-terminal cyclin repeat located on the Pol 11 wall [18-20]. As the
B-core cyclin repeats also bind TBP-DNA, its location on the wall dictates the DNA path
across the opening of the Pol 11 cleft [30].

TFIIF may modulate opening of the Pol Il clamp

TFIIF enters the PIC along with Pol 11 [31] and consists of two conserved polypeptides
(yeast Tfg1l/Tfg2; human Rap74/30), each containing an N-terminal dimerization domain
and C-terminal winged helix (WH). Both yeast and human TFIIF have unrelated insertions
within the dimerization domain [15]; the human insertion is termed the TFIIF arm [32].
Biochemical probes and crosslinking have shown that the TFIIF dimerization domain binds
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to the lobe domain of the Pol 11 subunit Rpb2 [13, 15]. The Tfg2 WH domain binds to the
Pol Il protrusion with the linker connecting the two TFIIF domains on top of the protrusion
and cleft [16] (Fig 1d). Strikingly, these two locations are far from the active site, suggesting
that TFIIF somehow exerts an indirect effect on Pol Il activity. It was reported in the human
system that once TFIIF promotes PIC formation, it could be removed with little or no loss of
transcription activity [33], suggesting an allosteric role during PIC assembly.

A new EM structure suggests a striking and unexpected allosteric role for TFIIF: opening of
the Pol 11 clamp [21]. X-ray analysis has captured various forms of Pol Il in either the clamp
open or closed conformations; in the open state, the clamp is wide enough for double
stranded DNA to enter, but is only wide enough for single stranded DNA in the closed state.
Until now, only Pol Il lacking the subunits Rpb4/7 (comprising the stalk domain) has been
observed in the open state. In contrast, all previous structures of complete 12 subunit Pol |1
are in the closed state and it was suggested that subunits Rpb4/7 act as a wedge to close the
clamp [34]. Whether the clamp is open or closed has important implications for the initiation
mechanism: If closed in the PIC, DNA melting must occur outside of the Pol Il cleft, with
single stranded DNA entering after unwinding. In bacteria, recent single molecule studies
have shown that, in the closed complex (analogous to the PIC), the clamp is opened and that
DNA unwinding eventually causes clamp-closure [35]. Strikingly, cryo EM analysis
indicates that TFIIF addition results in clamp opening and ordering of promoter DNA over
the cleft. This is completely unexpected because TFIIF is situated apart from the clamp and
downstream DNA. How this could occur is a puzzle, but if borne out in future studies, will
be a central advance in understanding TFIIF function.

EM also showed that the path of DNA is smoothly bent over the cleft by ~18 degrees, a
trajectory that is preserved in the complete PIC. Another unexpected finding from the EM
analysis is the location of the TFIIF small subunit WH domain, located near DNA adjacent
to the TFIIB N-terminal cyclin-like repeat. This location is in contrast to protein-specific
cleavage assays and protein-DNA crosslinking in fully assembled PICs, which showed the
WH on top of the protrusion domain [15], at a location where Tfg2 can interact with DNA
both upstream and downstream of the B-core domain [10, 12]. Further experiments are
required to resolve these differences.

TFIIE and open complex (OC) formation

TFIIE is comprised of two subunits (yeast Tfal/2; human TFIIEa/B) with Tfal containing an
N-terminal WH and central Zn-ribbon, and Tfa2 containing tandem WH domains. The Tfal
WH and ribbon are essential and conserved in archaea, while the Tfa2 tandem WH domains
are functionally redundant and conserved only in eukaryotes. TFIIE (and TFIIH; see below)
function primarily in OC formation as pre-opening the DNA eliminates the requirement for
these factors in basal transcription [29, 36]. TFIIEp binds single stranded DNA [37], leading
to the proposal that, in the unwound state, TFIIE functions in part to bind and stabilize the
non-template DNA strand. TFIIE is also thought to directly interact with TFIIH, as TFIIH is
recruited to the PIC only after TFIIE binds. Recent work using site-specific protein cleavage
reagents indicated that the three TFIIE WH domains form a triple WH structure that lies
adjacent to the TFIIB core and spans the Pol 11 cleft from the clamp to the protrusion [16]
(Fig 1e). After DNA unwinding, either of the Tfa2 WH domains are in position to bind
single stranded non-template DNA. In agreement with these results, cryo EM showed a
TFIIE-dependent density in this location [21]. An additional TFIIE-dependent density was
observed near the Rpb4/7 subunits and this agrees with studies in archaea showing that the
ribbon domain from the orthologous factor TFE lies near the Pol stalk in an OC [38].
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TFIIH architecture and its role in DNA unwinding

TFIIH, the most complex GTF, contains 10 subunits, three of which contain ATP-dependent
enzymatic activities [39]: (i) CDK?7, the Pol Il CTD kinase, (ii) Rad3/XPD, a DNA helicase,
and (iii) Ssl2/XPB, likely a DNA translocase. TFIIH functions in both general and
transcription-coupled DNA excision repair (NER), where it unwinds DNA in preparation for
excision of the damaged DNA strand [40]. TFIIH is also a component of the PIC where it
functions in DNA unwinding during OC formation and phosphorylation of the Pol 11 CTD at
Ser5 during initiation. Unraveling the functions of TFIIH in NER and transcription initiation
is of fundamental importance, as defects in TFIIH DNA repair function lead to cancer and
the human diseases Xeroderma Pigmentosum and Cocayne Syndrome [40]. More severe
mutations that also disrupt transcription activity can lead to Tricothiodistrophy. Rad3/XPD
helicase activity functions exclusively in repair, whereas SsI2/XPB functions in DNA
unwinding during OC formation with an additional role in DNA repair. TFIIH is comprised
of several modules: core, kinase (CAK), and Ssl2, all of which can dissociate from each
other during purification under non-optimal conditions.

Progress in determining TFIIH architecture and mechanism has been hampered because of
difficulty in biochemical purification, stability, and inherent flexibility. However, new
purification methods for yeast TFIIH [29, 41], and the discovery that eliminating the Tfh6
protein increases Ssl2 stability within TFIIH, have produced quantities of TFIIH sufficient
for biochemical and higher resolution structural studies. In addition, the structures of many
TFIIH subunit subdomains as well as archaeal homologs of XPB and XPD were previously
determined (summarized in [41]). In a recent study, holo TFIIH and several partial
complexes were purified, negatively stained and examined by EM [41] (Fig 2a). This was a
significant advance, as it conclusively assigned the positions of Ssl2, Rad3, and the kinase
module. An EM structure of human TFIIH was also recently determined [21] (Fig 2b).
Although the yeast and human structures have similar shapes, there are several significant
differences (Fig 2c). Whether these are due to yeast/human differences, subunits that are
invisible in the EM density, or alternate TFIIH conformations remains to be determined.
Although these new structures are a leap in understanding TFIIH architecture, there is not
yet sufficient resolution or other information to conclusively dock known x-ray/NMR
structures into these EM densities. An important future priority is obtaining new information
that will allow definitive placement of known high-resolution structures within the EM
volume.

A second key question concerning TFIIH is how it fits into the PIC. Site-specific cleavage
probes on TFIIE showed that the SsI2/XPB subunit is positioned adjacent to TFIIE at the
downstream edge of an isolated PIC [16] (Fig 3a), as predicted from earlier protein-DNA
crosslinking and cleavage assays [10, 12]. With this fixed reference point, where is the rest
of TFIIH? A recent negatively stained EM structure suggests that the TFIIH core is pointed
away from the PIC and DNA, whereas Rad3/XPD and potentially the kinase module (not
visible in the structure) are pointing toward the Pol Il stalk [21] (Fig 3b). As mentioned
below, TFIIH also contacts the coactivator Mediator, which was absent in the latest EM
structure. It is likely that Mediator, and possibly other regulatory factors, will “lock down”
the position of TFIIH resulting in stable structures that may be amenable to structural
analysis. A 3D view of PIC assembly and overall architecture of the PIC is shown in movie
S1 and 3D coordinates of the latest PIC and OC models are available as a supplemental file.

The first step in the transition from the PIC to the OC state is the ATP-dependent DNA
unwinding promoted by SsI2/XPB. It was first thought that this factor uses DNA helicase
activity to unwind DNA, due to its sequence and structural similarity to DNA helicases, as
well as weak 3’ to 5" helicase activity detected with the purified XPB subunit [42]. Contrary
to this model is the finding that 3" to 5’ helicase activity has not been observed with holo
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TFIIH [43] and the fact that SsI2/XPB binds downstream from the unwound DNA [10].
New mapping studies suggested that SsI2 functions instead as an ATP-dependent DNA
translocase, inserting ~ 15 bp double stranded DNA into the Pol Il active site, leading to
DNA unwinding [16] (Box 1). Although Pol I transcription /n vitro is notoriously
inefficient, with typically only a few percent of templates generating RNA transcripts, DNA
unwinding is reportedly a very efficient step [44]. If borne out by future experiments, this
would indicate that inefficiency in a later step of the pathway, such as transition to the
elongation state, accounts for the inherent inefficiency observed in vitro.

Box 1
Ssl2/XPB translocase model and the mechanism of DNA unwinding

The function of the TFIIH subunit SsI2/XPB has been a key unanswered question in the
mechanism of Pol Il transcription. The ATPase activity of this subunit is required for Pol
Il promoter opening and transition to the open complex (OC). It was first presumed that
SsI2/XPB was a DNA helicase because of its sequence homology to helicases and the
3'-5" helicase activity of the isolated human subunit [42] and its archaeal homolog [68].
However, XPB was reported to have no DNA helicase activity when it is incorporated
into TFIIH [43]. Thus, the ATP-dependent mechanism by which Ssl2 drives transcription
bubble formation remained obscure.

Protein-DNA crosslinking of human PICs showed that XPB binds downstream from the
site of DNA opening, first suggesting that XPB does not work by a traditional helicase
mechanism [10]. These studies suggested that XPB was contacting essentially the same
promoter location before and after ATP addition, implying that XPB induces torsional
stress by rotation, leading to DNA unwinding. However, biochemical mapping of SsI2
position in the yeast PIC [16], combined with a model for the OC [18] and supported by
recent EM of human PICs [21], has suggested a DNA translocase model for DNA
opening. Comparison of the PIC and OC models shows that in addition to the opening of
the promoter DNA, ~15 bp of double stranded DNA are inserted into the Pol 11 cleft. This
suggested that SslI2 acts as a DNA translocase, screwing ~15 bp of DNA into the cleft
during OC formation (Figure 1). Both DNA helicases and translocases (e.g, ATP-
dependent chromatin remodeling enzymes and type | restriction enzymes) move
directionally along the DNA using the energy of ATP hydrolysis [69]. The difference is
that helicases unzip DNA strands as they move, whereas double stranded DNA
translocases are thought to track along one strand of the DNA backbone without
unwinding..

In the PIC, upstream DNA is fixed through TBP-TFIIB-Pol Il binding, while the TFIIE
triple winged helix structure and possibly other protein-protein interactions prevent
physical movement of Ssl2. Thus, as SslI2 tracks along the one strand of the DNA helix, it
feeds DNA into the Pol Il cleft through a right-handed threading of DNA. This
movement leads to opening of the DNA strands to relieve the resulting tortional stress.
DNA rotation resulting from translocation by the ATP-dependent remodeling enzymes
has also been proposed as the basis for nucleosome movement [70]

Key experiments to test this model for promoter unwinding are to demonstrate Ssl2/XPB
has double stranded DNA translocase activity and that it causes directional movement of
promoter DNA during PIC formation. Confirming translocase activity and deciphering
how SsI2/XPB drives promoter opening will also be important for understanding the
function of this factor in DNA repair and the molecular defects that lead to various
TFIIH-related diseases. It is still unknown as to why Pol |1 requires this activity for OC
formation whereas all other multi-subunit Pols spontaneously form OCs.
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Diagram of Ssl2 function in OC formation. In the left panel, upstream promoter DNA is
in a fixed position due to binding by TBP-TFIIB-Pol II. SsI2 lies on downstream DNA at
a fixed position due to interaction with TFIIE. Ssl2 feeds DNA into the cleft by a right-
handed threading mechanism, rotating and unwinding DNA. Figure reused with
permission from [16].

Open complex formation can be regulated in eukaryotes

OC formation in bacteria is a regulated step [1], but it was only recently found that OC
formation is regulated in eukaryotes [45, 46]. In resting lymphocytes, Pol Il is preloaded on
most genes that are induced upon lymphocyte activation, but DNA melting at the promoter
is observed only upon lymphocyte activation. This, coupled with the finding that levels of
TFIIH are limiting in resting cells, suggests that transcription is stimulated upon activation
by promoting OC formation. It remains to be seen whether this is a commonly regulated step
in higher eukaryotes.

Architecture of the open complex and implications for the initiation
mechanism

Two important questions are: what is the architecture of the OC state and, how does this
structure poise Pol Il for initiation? The most striking molecular details on the OC structure
come from x-ray analysis of a Pol 1I-TFIIB complex containing a mimic of an early
transcription intermediate with a short DNA template and 6 bases of RNA:DNA hybrid [19].
This structure showed that the B-reader helix contacts the DNA template strand 7-8
nucleotides upstream from the catalytic site. From this location, the B-reader is proposed to
stabilize the nascent RNA:DNA hybrid and to orient template DNA and the RNA:DNA
hybrid in an active, non-tilted position. From the structure of this complex, it seems that
once the nascent RNA has grown to ~6 bases, it will clash with the B-linker helix, causing
separation of the RNA:DNA hybrid. Further growth of the RNA chain to 12-13 bases will
clash with the B-reader and B-ribbon, leading to dissociation of TFIIB from Pol 11, a
prediction in agreement with earlier biochemical studies [47]. Extrapolating to the OC state
before RNA synthesis is initiated, the B-reader is predicted to contact single stranded
template DNA 7-8 bases upstream of the initiation site. This is consistent with the base at
this position being part of the yeast TSS recognition sequence. Finally, the B-linker helix is
positioned near the upstream junction between single and double stranded DNA in the OC,
suggesting its involvement in DNA opening or stability of the open state. Consistent with
this, mutation of either the B-linker or reader causes a severe transcription defect that is
restored by preopening the DNA via a heteroduplex bubble [18, 29].

Cryo EM analysis of an OC mimic also supports these models for OC architecture. This
complex contained an arrested Pol Il early elongation complex with a 9 base RNA:DNA
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hybrid and 6 bases of backtracked RNA (where the RNA 3’ end has slipped backwards past
the enzyme catalytic site), as well as all GTFs [21]. The positions of the GTFs had not
moved with respect to the PIC, the Pol 11 clamp was in the closed position as predicted, and
the DNA path seemed identical to that in a Pol Il elongating complex. A surprising feature
observed was a new density spanning the cleft from the Pol 11 clamp to the TFIIF
dimerization domain. This was interpreted as the TFIIF arm domain interacting with the Pol
I1 rudder to prevent reannealing of melted DNA. However, the identity and function of this
new density is not clear, as the TFIIF arm domain is not conserved and there is not yet data
to show it performs an important function.

Scanning for the transcription start site (TSS)

Another unsolved problem is how Pol 11 locates the TSS. Whereas mammalian Pol 11 at
TATA-containing promoters initiates from a site within the initial 10 bp of unwound DNA,
initiation by human Pol 11 at TATA-less promoters can be distributed over a range of ~50 bp
[48, 49]. In the best-studied example, transcription from yeast TATA-containing promoters
typically occurs from ~50-100 bp downstream from TATA [50]. It’s thought that after
initial DNA opening, Pol Il scans for an appropriate TSS, perhaps because initiation at the
mammalian location is blocked. Consistent with the scanning model, yeast OCs formed
using heteroduplex DNA bubbles have striking flexibility, and are active when the bubbles
are located 30-80 bp downstream from TATA [29]. Mutations in GTFs and Pol Il can alter
the position of the yeast TSS with some mutations promoting upstream initiation and others
promoting initiation downstream from the normal starts [50]. What mechanisms drive the
scanning, and is this a fundamentally different mechanism than occurs in mammalian
systems? One possible mechanism for scanning is that movement of DNA within the Pol 11
active site is driven by the Ssl2 translocase — feeding DNA into the cleft in a process
analogous to DNA scrunching by bacterial Pol, where Pol pulls downstream DNA into itself
and past its active center during initiation to create a stressed intermediate [16, 21]. An
alternative model is that movement is driven by Pol 11 synthesis of short abortive RNAs
[51]. Answering this question will undoubtedly involve single molecule methods to
visualize Pol 11 movement and its dependence on Ssl2/ATP vs. RNA synthesis.

The current theory is that the TSS is recognized at least in part by the B-reader sequence
interacting with upstream DNA; however, other factors including Pol 1l likely play a role.
For example, initiation on heteroduplex bubble promoters is greatly stimulated by TFIIB and
TBP, although the positions of initiation do not change [29]. This suggests that Pol Il itself
has affinity for initiation at particular sequences. Mammalian transcription often starts at Inr
sequences, and these elements play a dual role as recognition sequences for coactivator
TFID binding and TSS recognition.

Is recognition of the TSS different at TATA-less promoters?

Although biochemical methods have not been very successful in the study of TATA-less
promoters, a new genome-wide method termed ChlP-exo has allowed high resolution
mapping of all yeast PICs [9]. It was found that nearly all TATA-less PICs contained TBP,
within the context of the coactivator TFIID, situated at a TATA-like sequence, containing
one or two mismatches from the consensus TATA. TFIID in these PICs was often situated
adjacent to the +1 nucleosome, suggesting a possible role of this nucleosome in PIC
positioning. Constraining Pol 11 scanning by the +1 nucleosome was postulated to play a
role in TSS selection. Consistent with this hypothesis, TSSs at TATA-less promoters are
typically found at the upstream border of the +1 nucleosome [9]. Future work on interaction
of the core machinery and chromatin will be very informative in analyzing the initiation and
regulatory mechanisms at these promoters.
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Interaction of coactivators with the core machinery

PIC formation is regulated by a series of gene-specific activators and repressors, working
though mechanisms such as recruitment of the GTFs, modification of chromatin, and
regulation of Pol 11 pausing. Coactivators, complexes that are recruited by activators to
modulate transcription, have two broad types of activities: modification of chromatin and/or
direct interaction with the core transcription machinery. Here, we briefly discuss several key
coactivators that directly interact with the core machinery: Mediator, TFIID, and SAGA.
Structural studies are beginning to unravel the architecture of these coactivators. The next
challenge will be to determine how these coactivators interface with the core transcription
machinery and modulate its activity.

Mediator, TFIID and SAGA architecture and interaction with the core transcription

machinery

Mediator is a conserved coactivator and a common activator target [52]. The complex is
comprised of four separate modules: head, middle, kinase, and tail, and structures of the
head module have recently been elucidated [53-55]. Mediator was genetically identified
from mutations in several subunits that can suppress truncations in the Pol 11 CTD and it has
long been thought that CTD-Mediator contacts are a key mechanism for connection of
Mediator to Pol I1. Other biochemical studies have suggested that the middle and head
modules interact with Pol Il and a number of studies have given conflicting results.
However, recent EM studies provided an explanation for these discrepancies [56]. Pol Il and
only the unphosphorylated CTD polypeptide, were found to strongly bind to the Mediator
middle module and, to a lesser and variable extent, the head module. Consistent with
biochemical and genetic results, the kinase module binds at two distinct locations within the
Mediator middle module where it competes with Pol 1l binding. The head-Pol Il interaction
is consistent with /n vivo crosslinks between Med17 (a head subunit) and the Pol Il subunit
Rpb3 [57] as well as a recent structure [54].

These recent results indicate that, in the absence of other factors and DNA, Mediator-Pol I
connections are not “locked down” into a single conformation. This suggests that Mediator
interactions with additional components of the core machinery are important for the final
architecture of the complex. For example, TFIIF was reported to influence Pol 11-Mediator
binding [51, 58, 59] and Med11/22 (head subunits) are thought to interact with the TFIIH
subunit Rad3 [60].

TFIID contains TBP and 12-13 TBP-associated factors (TAFs) and binds transcription
activators and promoter elements, interacts with covalently modified nucleosomes, and is
reported to have other enzymatic activities [61]. Several tissue-specific forms of TFIID are
found in addition to canonical TFIID. In yeast, TFIID is typically utilized at TATA-less
promoters [62], but it is used at a wider variety of promoters in metazoans. The large size
and flexible nature of TFIID have so far prevented high resolution structures of the entire
complex, but structures of a number of subdomains have been determined, as well as recent
cryo EM structures of holo TFIID [63] and a key core TFIID subcomplex upon which the
remaining TAFs and TBP are assembled [64]. TFIID is a three lobed complex where the
position of lobe A exists in two alternate locations, differing by 100A [63]. DNA binding
and the GTF TFIIA were found to induce large structural rearrangements in the location of
TFIID lobe A and the position of TATA, INR and the DPE promoter elements were mapped
in this complex. Additional data on the position of TBP within TFIID and connections of
TAFs to other GTFs should allow docking of TFIID into the PIC model to predict the
overall shape of the complex. Important questions to be answered include whether TFIID
influences the activity of the core machinery apart from recruiting TBP to the promoter, and
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how TFIID interaction with activators or other regulators influences TFIID conformation
and its interactions with the core machinery and chromatin.

SAGA is another large coactivator complex that has several important roles: histone acetyl
transferase, ubiquitin protease, transcription activator and TBP-binding [50]. SAGA is
assembled around a subset of TAFs that are shared with TFIID, although a low resolution
EM structure of SAGA shows that TFIID and SAGA have very different shapes [65]. SAGA
is responsible for regulation of ~10% of yeast genes, typically the highly regulated TATA-
containing promoters [62]. /7 vivo studies in yeast have shown that SAGA plays a role in
TBP recruitment [66], whereas studies in mammalian cells have indicated that SAGA plays
a role after PIC recruitment [67]; the reason for these differences has yet to be determined.
Studies on the architecture of SAGA are at an early stage, so determining connections
between the SAGA modules and the overall architecture of the complex are important areas
for future work. Although genetic studies have indicated that SAGA-TBP interaction is an
important aspect of function, biochemical studies have shown that this is a very weak
protein-protein interaction. How this weak interaction translates into gene regulation is
another important question. Finally, how SAGA associates with the PIC is unknown and, as
with TFIID and Mediator, important insights into gene regulation will be obtained from
learning how SAGA fits into the PIC.

Concluding remarks

Although tremendous progress has recently been made on understanding the architecture
and activity of the core transcription machinery, there is much to be learned. For example,
we still do not understand important aspects of how some GTFs function and their activities
are modulated. In particular the structure, function, and docking of TFIIH within the PIC is
poorly understood. How PICs form on TATA-less promoters — the major form of Pol 11
promoters in cells — is a complete mystery. Another important area for future work is to
understand how coactivator complexes dock with the PIC and modulate its activity. Finally,
recent work has raised the question: which factors are in PICs apart from the core
machinery? Mass spectrometry analysis of mammalian PICs unexpectedly found that many
chromatin remodeling complexes and elongation factors appeared to be stable PIC
components and many may enter via interaction with Mediator and/or activators [67]. Is the
association of these factors promoter-specific and how is their recruitment and activity
regulated? The coming years promise more striking advances in understanding the
mechanisms of gene regulation, insight into defects leading to human disease, and
illuminating specific steps in the transcription pathway that can be targeted to overcome
defects caused by mutations or epigenetic aberrations.
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Box 2

Nuclear and archaeal Pols share a functionally and structurally conserved
core initiation complex

All eukaryotic and archaeal Pols share a 10 subunit catalytic core which binds additional
subunits forming the heterodimeric Pol stalk and other Pol-specific subcomplexes
(A49/34.5 for Pol I; C37/53 and C82/34/31 for Pol 111) [71]. Counterparts of the Pol Il
GTFs except TFIIA and TFIIH exist for Pol | and 111, whereas archaea also lack TFIIF
and the small subunit ortholog of TFIIE. For Pol | and I11, some of these GTF orthologs
are stably associated Pol subunits, rather than separable GTFs, however, they are
presumed to have similar functions as their Pol Il counterparts. For example, the TFIIF
dimerization domain binds the Pol Il lobe and the same binding locations were found for
the homologous dimerization domains of Pol | subunits A49/34.5 and Pol |1l subunits
C37/53 [72, 73]. Similarly, the tandem WH domains in Pol 111 subunit C34 and Pol |
subunit A49 span the Pol cleft in the same approximate position as the tandem WH
domain of TFIIE, suggesting a conserved function [72, 74, 75]. All eukaryotic and
archaeal systems contain a TFIIB-like factor [76—78]. Protein swapping experiments
have shown that the Blinker regions from TFIIB and its Pol 11l ortholog Brfl can be
substituted for the analogous regions in the Pol | TFIIB-like factor Rrn7 [77]. Similarly,
the Zn ribbon domain of Brfl can be substituted within Rrn7. These experiments suggest
that the TFIIB-like factors play mechanistic roles within the Pol cleft similar to that of
TFIIB. By contrast, other details of PIC assembly may be distinct in the different
systems. For example, Brfl binds TBP most strongly through a Pol I11-specific C-
terminal domain [79]. Similarly, Rrn6, a subunit of the Pol | GTF, termed Core Factor,
reportedly binds TBP more strongly than the TFIIB-like factor Rrn7 [80]. Structural and
biochemical studies in the next few years will likely give fascinating insights into the
architecture and mechanisms used in all these transcription systems.
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Fig. 1. Location of the general factorsin thePol || PIC

a) TFIIB domain organization. The domain color code (colored lettering) is used in panels
a—c.

b) Pol II-TFIIB complex [19]. TFIIB is shown as a cartoon, Pol 11 as a grey surface. Rpb2 is
removed for clarity. The Rpb1 rudder (cyan) and clamp coiled-coil (light green) are
highlighted. The TFIIB Zn-atom is shown as blue sphere, the two Mg-atoms in the Pol 11
active site are shown as pink spheres.

¢) TFIIB binding to Pol Il results in ordering of the Rpb2 protrusion. To visualize the
protrusion (light purple), Rpb2 (partially transparent) has been added and Pol Il has been
rotated upwards by ~40 degrees compared to panel 1b.

d) TFIIF binding to the PIC. As positioned by site-specific protein cleavage and crosslinking
assays [13, 15], dimerization domains of TFIIF subunits Tfgl (deep purple) and Tfg2 (blue)
are located on the Pol Il lobe. A C-terminal winged helix (WH) domain in Tfg2 resides on
top of the Pol 11 protrusion domain, close to upstream promoter DNA. In contrast, a cryo
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EM structure suggested that the human TFIIF WH lies just downstream from the TFIIB core
domain (not shown). TFIIB is shown in yellow, TBP in green. EM showed that promoter
DNA is slightly bent over the cleft by ~ 18 degrees and the Pol Il clamp is in an open state
to accommodate dsDNA for the initial step in OC formation [21].

e) A triple WH structure of TFIIE spans the Pol Il cleft. As positioned by site-specific
protein cleavage assays [16], Tfal WH domain (cyan) anchors TFIIE on the Pol Il clamp
and dimerizes with the Tfa2 tandem WH domain (red) that encircles promoter DNA at
positions 18 to 8 relative to the human TSS at +1.
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a)

yeast TFIIH human TFIIH

Fig. 2. Structure of TFIIH

The modules containing the cyclin-dependent kinase (CDK)-activating kinase complex
(CAK), Ssl2/XPB, and Rad3/XPD are labeled.

a) Negative stain EM image of yeast TFIIH [41]. The locations of subunits SsI2, Rad3 and
the CAK module (identified by EM analysis of TFIIH lacking these subunits or by gold
labeling) are indicated.

b) Negative stain EM image of human TFIIH [21].

¢) Alignment of both densities, showing yTFIIH in grey and hTFIIH as pink mesh. EM data
suggest a similar general TFIIH shape with several significant differences.
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a)

Ssl2
C-term §

Fig. 3. Architecture of thebasal PIC

Components of the PIC are colored according to the color scheme shown in the color chart.
3D coordinates of the model and a movie are available as supplemental material.

a) PIC model based on crystal structures and biochemical mapping. Note that the two Ssl2
RecA-like domains (labeled Ssl2 C-term and Ssl2 N-term) abut TFIIE, encircling promoter
DNA at positions -2 to +6 regarding the human transcription start site at +1.

b) Negative stain structure of the human PIC, containing all GTFs and Pol 1l [21]. EM
density corresponding to the TFIIH core complex is shown in brown. Crystal structures and
homology model of PIC components were docked into the EM density, suggesting Ssl2
binding to downstream promoter DNA at positions +10 to +20. Note that models in panels a
and b show different downstream locations for Ssl2, either adjacent to TFIIE or in a more
downstream location.
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