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Eukaryotic transcription initiation machinery visualized at molecular level
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ABSTRACT
The structures of RNA Polymerase (Pol) II pre-initiation complexes (PIC) have recently been
determined at near-atomic resolution, elucidating unprecedented mechanistic details of promoter
opening during transcription initiation. The key structural features of promoter opening are
summarized here. Structural knowledge of Pol I and III PIC is also briefly discussed.
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Introduction

Expression of genetic information encoded in the
duplex DNA genome requires the synthesis of RNA
molecules by a family of enzymes called RNA Poly-
merases (Pol). This essential process, namely tran-
scription, is a key regulatory point for the control of
gene expression and mis-regulation of transcription at
various steps often leads to human diseases.1 To initi-
ate transcription, Pol and transcription factors (TFs)
first need to recognize and bind to promoter regions
immediately upstream of the transcription start site
(TSS) forming a pre-initiation complex (PIC), fol-
lowed by the melting of promoter DNA and loading
of the template strand into the active site of Pol. Sub-
sequently, Pol, often times with the help of TFs,
locates the TSS on the template strand within the tran-
scription bubble and starts the catalysis—formation of
the first phosphodiester bond. When the RNA mole-
cule reaches a certain length, Pol will escape the pro-
moter region and enter a processive elongation state,
and eventually terminate at the 30 end of transcribed
genes, also in a controlled and coordinated manner.

Bacteria and archaea have only one RNA Pol, while
eukaryotes have at least three classes of Pols.2 Pol I syn-
thesizes the large (35S in yeast, 47S in mammals) ribo-
somal RNA (rRNA) precursor,3 Pol II transcribes all
the messenger RNAs (mRNAs),4 and Pol III catalyzes
the synthesis of small untranslated RNAs such as the

transfer RNAs (tRNAs) and the 5S rRNA.5 The three
RNA Pols share a conserved catalytic core, while
additional polymerase-specific subunits and general
transcription factors (GTFs) are required for regulated
gene-specific transcription.6 This is especially true
when it comes to promoter opening, as Pol II requires
the ATP-dependent translocase activity of the GTF
TFIIH for the formation of transcription bubbles.7-10

Recent structural investigations have allowed near-
atomic resolution visualization of how transcription
bubble is formed in Pol II PIC during transcription ini-
tiation.8,11-13 Here, we will summarize the key struc-
tural features during promoter opening in both human
and yeast systems. We will also briefly review our cur-
rent structural understanding of transcription initia-
tion mechanisms for TFIIH-independent Pol I and III.

TFIIH-dependent Pol II transcription initiation

The basal level of Pol II transcription on protein-coding
genes requires the concerted act of GTFs TFIIA, TFIIB,
TFIIE, TFIIF, TFIIH, and TBP (TATA-box binding pro-
tein), all of which assemble into a PIC in a stepwise man-
ner.4,14-16 The first step often involves the binding of TBP
to the TATA element, and this interaction introduces a
»90� bend in the promoter.17,18 TBP is required for the
transcription of all three Pols in eukaryotes.6 Next, TFIIA
and TFIIB are recruited, followed by the recruitment of
Pol II/TFIIF. Incorporation of TFIIF into the complex
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stabilizes the downstream DNA along the cleft of Pol II.8

TFIIE and TFIIH are then recruited to complete the PIC
assembly. Promoter melting is achieved by an ATP-
dependent translocase activity within TFIIH that threads
downstreamDNA into the active site of Pol II.7-10 Recent
cryo-electron microscopy (cryo-EM) structures of Pol II
PICs at near-atomic resolution have elucidated unprece-
dented mechanistic details of promoter opening during
transcription initiation in both human and yeast sys-
tems.11-13 Here, we summarize the key structural features
from these studies (Fig. 1).

In the human closed complex (CC) prior to pro-
moter opening, promoter DNA spans over the cleft of
Pol II, with its upstream sequence anchored by interac-
tions with TFIIB-TBP-TFIIA, and its downstream
sequence contacting Pol II subunit RPB5 and TFIIH
(Fig. 1A). The engagement of TFIIH with promoter
induces a kink at downstream DNA where it contacts
RPB5, bending the DNA toward the Pol II cleft. This
likely poses a torsional stress on the DNA that will sub-
sequently be melted by the translocase activity of
TFIIH subunit XPB (xeroderma pigmentosum type

B).11 In the yeast CC, the promoter DNA does not
bend toward the active site of Pol II, but instead, shows
a slight outward kink12 (Fig. 1B). Inclusion of TFIIH
from a separate study showed that the promoter DNA
adopts a slight inward bending conformation over the
Pol II cleft13 (Fig. 1B). However, the angle of DNA
bending is less than that in the human CC model
(Fig. 1B). In addition, the yeast Pol II clamp is in a
closed state compared to an open conformation of the
human counterpart, possibly due to the different paths
of DNA. Interestingly, the extended winged helix
(eWH) domain in yeast Tfa1 has a b hairpin structure
named “E-wing” that is in close proximity to the pro-
moter DNA at around position ¡7 (TSS is +1).12 By
contrast, the orthologous element in the human CC
does not contact DNA, possibly because of the inward
bending of the DNA path.11 In comparison with the
human structures, the TFIIB-TBP-TFIIA lobe in the
yeast structures12,13 rotates around the TFIIB-Pol II
interface as the pivot point away from the core PIC in
both the CC and the open complex (OC) models
(Fig. 1C). These differences might be due to specific

Figure 1. Structural features of Pol II promoter opening. (A) Schematic showing transitions from CC to EC in mammalian transcription
system. PIC models are depicted as viewing down from Pol II stalk toward the active site. In CC, promoter DNA is positioned over the
cleft of Pol II. The transition into OC involves the rotation and insertion of 12 bp of downstream DNA into the active center cleft by TFIIH.
After loading of the template strand into the active center, Pol II PIC starts RNA synthesis and enters the ITC state. When RNA reaches a
certain length, displacing the TFIIB (dotted outline in EC) zinc ribbon domain, Pol II clears promoter and turns into a processive
elongation mode. (B) DNA paths in CC from three eukaryotic models,11-13 viewing from the same angle as in A. Pol II core subunits were
aligned in the three CC structures for the purpose of comparison. DNA paths are also depicted as solid lines through the center of the
duplex in the lower panel. Human promoter DNA is bent toward the active site, while yeast structures show clearly different bending
properties of promoter DNA. (C) Comparing the positions of TFIIB-TBP-TFIIA between human (colored; PDB ID 5IY611 for CC and 5IY711

for OC) and yeast (gray; 5FZ512 for CC and 5FYW12 for OC) structures by aligning the Pol II core subunits. The TFIIB-TBP-TFIIA lobe rotates
away from the rest of PIC in the yeast models. The color scheme for human structures are same as in A, except that the DNA molecule in
yeast structures are shown in green (dark green for template strand, and light green for non-template strand).
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mechanisms that different species adopted for tran-
scription initiation, as yeast Pol II is known to scan
through promoter regions to locate the TSS that can be
as long as 120 base pairs (bp) away from the TATA
box.19,20 The configuration of the yeast PICmight pres-
ent more room over the Pol II cleft for both duplex-
and single-stranded DNA during the TSS scanning
process. In summary, the CC structures show that the
promoter DNA is enclosed over the Pol II active center
cleft by Pol II and GTFs, ready for melting by TFIIH.

To proceed with RNA synthesis after positioning pro-
moter DNA over the cleft, Pol II and GTFs need to melt
the promoter DNA and insert the template strand into
the cleft, a process that is dependent on TFIIH.21 Com-
parison of the closed and open complexes reveals that
12 bp of DNA has to be inserted into the cleft of Pol II in
order to form the OC (Fig. 1A). The structures also show
that TFIIH undergoes a»10� rotation along an axis pass-
ing through the contact points between TFIIE andTFIIH,
as well as between DNA and RPB5, to accommodate the
shift in the downstream duplex DNA11 (Fig. 1A). In the
human PIC structures, XPB maintains contact with the
downstream duplex DNA throughout the transitions
from CC to OC to initial transcribing complex (ITC),
and this contact position is well preserved throughout
the different states11 (Fig. 1A). TFIIH also remains flexi-
bly engaged with the rest of the PIC through the interac-
tions with TFIIE near the RPB4/7 stalk, likely enabling
XPB to reach downstream DNA while maintaining the
association with the core PIC.11 In a triplex displacement
assay, Ssl2 (yeast homolog of human XPB) was shown to
be able to track along one strand of DNA backbone with
a 50 to 30 direction, displacing a triplex-forming oligonu-
cleotide annealed to the complementary strand.10 Inter-
estingly, the processivity of Ssl2 was estimated to be
around one turn of duplex DNA,10 which agrees well
with the insertion of 12 bp of DNA into the cleft from
CC to OC. Taken together, in agreement with a DNA
translocase model for TFIIH,7-10 Ssl2/XPB in the PIC
binds downstream DNA and probably tracks along the
non-template strand DNA upon ATP hydrolysis toward
the same direction as RNA synthesis,10 whilemaintaining
contact with the rest of PIC, therefore threading 12 bp of
DNA into the cleft passing the RPB5 contact point and
unwinding promoter DNA (Fig. 1A).

Upon transitioning into OC, the kink at the DNA-
RPB5 contact site disappears as the promoter DNA
melts, possibly releasing the tension on the DNA.11 Also
observed during the CC-OC transition is the closure of

the Pol II clamp. This results in the dissociation of clamp
coiled-coil domain with TFIIEb, and formation of a new
interface between the coiled-coil with TFIIEa.11 In OC,
density for the TFIIB linker region is clearly visible, stabi-
lized directly between Pol II clamp coiled-coil and rudder
on one side and the non-template DNA on the other,
whereas its absence in the CC suggests that it is flexible
when the promoter DNA is in a closed state.11 The tran-
scription bubble is stabilized by a complex protein–DNA
interaction network: the template strand is stabilized as
previously suggested by TFIIB and the wall, rudder, and
fork loops of Pol II,22,23 while the non-template strand is
mainly stabilized by the TFIIB linker region and Pol II
fork loops.11 A similar downward movement of TFIIE is
observed in the yeast CC-OC transition, whereas the B-
reader and B-linker regions remain invisible,12 distinct
from the observation in the human complex11 (see
above). Binding of the E-ribbon domain triggers a series
of structural changes within the yeast PIC that include
movement of TFIIB Zinc ribbon domain (B-ribbon) and
Pol II fork loop 1 and lid, clearing a path for the entry of
the template strand into the cleft.12 Therefore, compari-
sons of CC and OC have provided mechanistic insight
into the process of promoter DNA melting in both
human and yeast systems.

ITC structures were captured using a template con-
taining a six-nucleotide RNA molecule mimicking the
transcript.11,24 No significant difference was observed
between OC and ITC, indicating that PIC stays in the
same conformation prior to promoter escaping. To clear
the promoter, Pol II has to break the contact with TFIIB.
This presumably occurs when the RNAmolecule extends
to »12–13 bp25 that clashes with B-ribbon in the RNA
exit channel. Comparison of the mammalian structures
of ITC and elongation complex26 (EC) reveals that when
entering elongation state, upstream DNA shifts»15A

�
to

where the TFIIB N-terminal cyclin fold binds on Pol II in
the ITC (Fig. 1A). The transcription bubble collapses
from 19 bp in the ITC to 12 bp in the EC. Promoter clear-
ance will trigger Pol II to break up the interactions with
the initiation factors, and establish new contacts with
elongation factors for a productive and finely regulated
transcription elongation.

TFIIH-independent Pol I and III transcription
initiation

Besides the conserved catalytic core, Pol I and III also
contain subunits that show structural and functional

TRANSCRIPTION 205



homology to TFIIE and TFIIF, suggesting an
evolutionarily conserved mechanism of transcription
initiation.6 Meanwhile, unique mechanisms also exist,
as Pol I and III do not depend on TFIIH for promoter
opening, which is indispensable for Pol II transcrip-
tion.6 However, TFIIH was shown to be an elongation
factor for Pol I transcription,27 suggesting that it might
be a general factor for all eukaryotic Pols. Recent
structural studies utilizing hybrid techniques28-33 have
provided much insight into the specialized transcrip-
tion initiation of Pol I and III machineries.

Recruitment of Pol I to the rDNA promoter requires
the TF Rrn3 (TIF-IA in mammals).3 Yeast Pol I in com-
plex with Rrn3 was recently solved to sub-nanometer
resolution using cryo-EM.31,32 Rrn3 associates with Pol
I through contacts with stalk A43/A14 and subunits
A190 and AC40, consistent with the positioning of Rrn3
on Pol I based on chemical crosslinking and mass spec-
trometry (CXMS) data.34 Association with Rrn3 stabil-
izes Pol I in its monomeric and active form, and results
in a narrower active center cleft than that was observed
in previous crystallography studies.29,30 Pol I PIC forma-
tion also requires a TFIIB-like factor, Rrn7 in the yeast
core factor (CF) or TAF1B in the human selectivity fac-
tor 1 (SL1).35,36 CXMS analysis has revealed the molecu-
lar architecture of the yeast CF and its interaction with
TBP.28 Based on the crosslinking data and PIC models
for Pol II and III, the authors proposed a model for the
minimal Pol I PIC containing Pol I, Rrn3, CF, and
TBP.28 However, structures of Pol I PIC in its various
functional states and/or in association with its regula-
tory factors have yet to be determined.

Pol III is more resistant to structural biology
approaches than Pol I and II, as its structure has just
recently been determined at near-atomic resolution
using cryo-EM.33 Pol III transcription initiation
requires different sets of general factors depending
on the specific gene context. At type I and II pro-
moters, binding of TFIIIC to the gene-internal pro-
moter elements either by direct (type II promoters,
e.g., tRNA genes) or TFIIIA-mediated (type I pro-
moters, e.g., 5S rRNA gene) interactions recruits
TFIIIB, which in turn recruits Pol III to initiate tran-
scription.5 In Saccharomyces cerevisiae, the N-terminal
domain of Brf1 (TFIIB-related factor 1) participates in
a network of protein–protein interactions resembling
that of TFIIB in Pol II PIC, whereas its cyclin repeats
domain contacts the Pol III-specific subunit C34.37

The N-terminal region of yeast Bdp1 was positioned

within the active center cleft of Pol III PIC, contacting
Pol III subunits C128, C37, and Brf1.38 TFIIIC is com-
posed of two subcomplexes that are connected by the
interaction between Tfc4/t131 and Tfc3/t138. This
interface overlaps with Bdp1 binding sites, suggesting
a role in Pol III PIC assembly.39 SNAPc (small nuclear
RNA-activating protein complex) is required for tran-
scription by human Pol III at type III genes (e.g., U6
snRNA and 7SK RNA genes), by recruiting a different
version of TFIIIB that contains BRF2.5 Structure of
Pol III PIC will be essential for interpreting many past
results, as well as providing new insight into mecha-
nisms of eukaryotic transcription, and cryo-EM holds
great promise for achieving this in the future.

Perspectives

Much of our understanding of transcription initiation
by eukaryotic RNA Pol comes from studies of Pol II.
Various structural biologymeans including, but not lim-
ited to, X-ray crystallography, cryo-EM, and CXMS,
have provided molecular details of PIC assembly, pro-
moter opening, transcription initiation, and elongation.
Meanwhile, there are many questions that remain unan-
swered. For instance, as stated above, Pol I and III PIC
structures are largely lacking. Future work will continue
to elucidate the architectures of these large multi-pro-
tein assemblies that are responsible for the majority of
the RNA synthesis within a living cell. Another unan-
swered question is how PIC is regulated and assembled
by transcriptional co-activator complexes, such as
Mediator and TFIID. A partial Pol II PIC containing
only Pol II, TBP, TFIIB, and TFIIF was captured with a
core Mediator,24 but the tail module of Mediator and
TFIIE and TFIIH are missing in this structure. TFIID
bound to promoter DNA has recently been visualized
using cryo-EM and docked with the human CC to gen-
erate a model for TFIID-dependent PIC.40 Directly visu-
alizing these more complete complexes will provide
even richer details for the regulation of transcription.
Last but not least, the current PIC structures were
assembled on naked DNA templates, while genomic
DNA wraps around histones forming a more compact
chromatin structure in vivo. How Pols initiate and elon-
gate transcription on chromatin template is another
interesting topic for future investigations.
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