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Recent studies of the three eukaryotic transcription machineries revealed that all initiation complexes share
a conserved core. This core consists of the RNA polymerase (I, II, or III), the TATA box-binding protein (TBP),
and transcription factors TFIIB, TFIIE, and TFIIF (for Pol II) or proteins structurally and functionally related to
parts of these factors (for Pol I and Pol III). The conserved core initiation complex stabilizes the open DNA
promoter complex and directs initial RNA synthesis. The periphery of the core initiation complex is decorated
by additional polymerase-specific factors that account for functional differences in promoter recognition and
opening, and gene class-specific regulation. This review outlines the similarities and differences between
these important molecular machines.
Introduction
Three multisubunit RNA polymerase (Pol) enzymes, Pol I, II, and

III, transcribe the eukaryotic genome. The three polymerases

were first described after their chromatographic separation

over four decades ago (Roeder and Rutter, 1969, 1970). Subse-

quent exploitation of the differential sensitivity of the enzymes to

the toxin a-amanitin revealed that the polymerases synthesize

different classes of cellular RNA (Seifart and Sekeris, 1969; Ke-

dinger et al., 1970; Lindell et al., 1970; Zylber and Penman,

1971; Weinmann and Roeder, 1974). Pol I, II, and III synthesize

the 25S rRNA precursor, messenger RNAs (mRNAs), and short

untranslated RNAs such as transfer RNAs (tRNAs) and 5S ribo-

somal RNA (rRNA), respectively. The development of assays

for promoter-specific in vitro transcription (Bikoff et al., 1975;

Bikoff and Gefter, 1975; Weil et al., 1979; Manley et al., 1980)

then led to the fundamental finding that transcription initiation

from promoters requires, in addition to the polymerases, several

general transcription factors (reviewed in Roeder, 1996; Orpha-

nides et al., 1996; Conaway and Conaway, 1997). The isolation

of a transcriptionally active form of Pol II from yeast (Lue and

Kornberg, 1987) represented a starting point for detailed struc-

ture-function studies of eukaryotic RNA polymerases (reviewed

in Kornberg, 2007; Cramer et al., 2008).

Transcription starts with assembly of initiation complexes on

gene promoters. During initiation, the general transcription

factors recognize promoter elements, recruit and orient the poly-

merase, and assist the polymerase in DNA opening and initial

RNA synthesis. All polymerases require TBP (Cormack and

Struhl, 1992), which binds upstream of the transcription start

site at all promoters (Rhee and Pugh, 2012) and can induce

a 90� bend in the DNA (Nikolov et al., 1995). Pol II initiation further

requires TFIIB, which forms a bridge to TBP (Kostrewa et al.,

2009; Liu et al., 2010), as well as TFIIE, TFIIF, and TFIIH. Since

Pol I and Pol III use a distinct set of general factors, they were

thought to use different molecular mechanisms to initiate tran-
scription. Recent results, which will be discussed later in this

review, have however revealed that the Pol I and Pol III machin-

eries contain a core that is structurally and functionally conserved

in the Pol II initiation complex. In this review, we set out the simi-

larities between RNA polymerase initiation machineries, and

discuss differences that lead to gene class-specific functions.

Pol I, II, and III contain 14, 12, and 17 subunits, respectively

(Table 1). All three polymerases contain a ten-subunit catalytic

core. In Pol I and Pol III, one subunit of this core is related not

only to the Pol II subunit Rpb9 but also to the Pol II-associated

factor TFIIS (Ruan et al., 2011). Pol I, II, and III further contain

the related heterodimeric subcomplexes A14/43, Rpb4/7, and

C17/25, respectively, which form the polymerase stalk (Hu

et al., 2002; Peyroche et al., 2002; Armache et al., 2005; Jasiak

et al., 2006; Kuhn et al., 2007). In addition, Pol I contains the

subcomplex A49/34.5 (Kuhn et al., 2007), and Pol III contains

subcomplexes C37/53 (Kassavetis et al., 2010; Landrieux

et al., 2006) and C82/34/31 (Wang and Roeder, 1997).

Pol I and Pol III Contain a TFIIF-like Subcomplex
The general Pol II transcription factor TFIIF stabilizes the initiation

complex, participates in open complex formation and transcrip-

tion start site selection, enhances early RNA elongation, and

stimulates polymerase escape from the promoter (Yan et al.,

1999; Chen et al., 2007; �Cabart et al., 2011; Fishburn and

Hahn, 2012). TFIIF contains a dimerization module that holds

together its subunits a (Tfg1) and b (Tfg2) (Gaiser et al., 2000)

(Figure 1). A similar dimerization module was discovered in the

Pol I subcomplex A49/34.5 (Kuhn et al., 2007; Geiger et al.,

2010). Crosslinking experiments demonstrated that the dimer-

ization modules of both A49/34.5 and TFIIF bind the lobe domain

on one side of the active center cleft of the polymerase (P.C.,

unpublished data) (Chen et al., 2010; Eichner et al., 2010)

(Figure 2). The Pol III subcomplex C37/53 apparently also

contains a TFIIF-like dimerization module (Kuhn et al., 2007;
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Table 1. Yeast RNA Polymerase Subunits and Initiation Factor Homologies

Pol II Pol I Pol III Function

Polymerase Core

Rpb1 A190 C160 Active center

Rpb2 A135 C128 Active center

Rpb3 AC40 AC40

Rpb11 AC19 AC19

Rpb9 A12.2 N ribbon C11 N ribbon RNA cleavage

TFIIS C-ribbona A12.2 C ribbon C11 C ribbon RNA cleavage

Rpb5 Rpb5 Rpb5

Rpb6 Rpb6 Rpb6

Rpb8 Rpb8 Rpb8

Rpb10 Rpb10 Rpb10

Rpb12 Rpb12 Rpb12

Polymerase Stalk

Rpb4 A14 C17 Initiation complex formation

Rpb7 A43 C25 Initiation complex formation

General Transcription Factors and Their Counterparts

Tfg1 (TFIIFa) A49 (N-terminal domain) C37 Initiation complex stabilization, start site selection

Tfg2 (TFIIFb) A34.5 C53 Initiation complex stabilization, start site selection

Tfa1 (TFIIEa)b C82b Open complex stabilization

Tfa2 (TFIIEb)c A49 (C-terminal domain)c C34c Open complex stabilization

C31 Open complex stabilization

TBPd TBPf TBPg DNA binding

TAFsd,e

TFIIB Rrn7f Brf1g TBP/polymerase binding, DNA opening, start site selection

Specific Factors

Bg

Rrn6f

Rrn11f

SAGA

TFIIH

Mediatorh Rrn3h

UAF

TFIIIC

SNAPc
a TFIIS is a dissociable factor that is not part of the polymerase core. Its C-terminal ribbon domain (C ribbon) is however structurally and functionally

related to the corresponding domains of A12.2 and C11.
b These proteins share ‘‘extended’’ WH domains but their evolutionary relationship remains at present tentative.
c These proteins share two subsequent WH domains but their evolutionary relationship remains at present tentative.
d TBP and the TAF proteins form transcription factor IID, TFIID.
e TAF, TBP-associated factor.
f TBP Rrn7, Rrn6, and Rrn11 form the core factor.
g TBP, Brf1, and B00 form the transcription factor IIIB, TFIIIB.
hOnly a topological similarity has been noticed (Blattner et al., 2011).
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Cramer et al., 2008; Carter and Drouin, 2010), and also binds the

polymerase lobe (Wu et al., 2011; Vannini et al., 2010; Fernán-

dez-Tornero et al., 2010). Thus, A49/34.5, TFIIF, and C37/53

are related protein complexes with a structurally conserved

dimerization module that binds the polymerase lobe.

In line with the function of TFIIF in stabilizing the Pol II initiation

complex, subcomplex A49/34.5 was implicated in Pol I initiation
440 Molecular Cell 45, February 24, 2012 ª2012 Elsevier Inc.
complex stabilization (Beckouet et al., 2008) and is required for

a high rate of Pol I loading onto genes (Albert et al., 2011).

A49/34.5 also enhances RNA elongation and cleavage (Geiger

et al., 2010; Kuhn et al., 2007). The Pol III subcomplex C37/53

facilitates formation of an open promoter complex and extends

near the active center (Kassavetis et al., 2010; Wu et al., 2011),

also similarly to TFIIF (Eichner et al., 2010). C37/53 is further



Figure 1. Related Domains in TFIIB-, TFIIE-, and TFIIF-like Initiation Factors
Schematic representation of domains in TFIIB, TFIIE, and TFIIF, and in related factors in the Pol I and Pol III systems. For each class, additional domains that are
not related to the cognate Pol II transcription factor are depicted in gray. TFIIF-related dimerization modules are depicted in purple, TFIIE-related winged helix
(WH) domains are in cyan. TFIIB-like factors contain a B ribbon (green), B reader, B linker, and a B core domain with two cyclin folds (light green). Rrn7 and Brf1
contain an unrelated C-terminal extension. All residue numbers in all proteins refer to the yeast proteins, except for subunit C82, where the human homolgue is
depicted.
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involved in Pol III termination and reinitiation (Landrieux et al.,

2006). Thus A49/34.5, TFIIF, and C37/53 share not only struc-

tural but also functional similarities.

Pol I and Pol III Contain TFIIE-Related Domains
Another general Pol II transcription factor, TFIIE, recruits TFIIH to

Pol II promoters (Li et al., 1994; Maxon et al., 1994; Ohkuma

et al., 1995) and stimulates its ATPase activity to initiate tran-

scription (Ohkuma and Roeder, 1994). TFIIE comprises two

subunits that both contain winged helix (WH) domains (Figure 1).

The small TFIIE subunit b (Tfa2) contains a pair of WH domains
that resembles the tandem WH domain that was recently

observed in the C-terminal region of the Pol I subunit A49 (Geiger

et al., 2010). Thus, in addition to its N-terminal region, which is

structurally homologous to TFIIF, A49 may be homologous to

parts of TFIIE in its C-terminal region (Geiger et al., 2010). The

Pol III subcomplex C82/34/31 also contains WH domains. Two

adjacent WH domains exist in the N-terminal region of C34 (Gei-

ger et al., 2010). Four WH domains were found in the human

homolog of C82 (Lefèvre et al., 2011) and resemble the

‘‘extended’’ WH domain present in the large TFIIE subunit

a (Tfa1) and its archaeal homolog TFE (Meinhart et al., 2003).
Molecular Cell 45, February 24, 2012 ª2012 Elsevier Inc. 441



Figure 2. Conserved Core Topology of Transcription Initiation Complexes
Initiation complex models are based on a minimal Pol II initiation complex model containing closed promoter DNA, Pol II, TBP, and TFIIB (Kostrewa et al., 2009).
The X-ray structure of the complete Pol II (Armache et al., 2005) and the Pol II-based homology models for the Pol I and Pol III core (Kuhn et al., 2007; Jasiak et al.,
2006) are represented as gray molecular surfaces. TBP and Rrn3 (Blattner et al., 2011) are shown as pink and red molecular surfaces, respectively. TFIIB, TFIIE,
TFIIF, and related factors are depicted as molecular surfaces, color-coded as in Figure 1 (Chen et al., 2010; Vannini et al., 2010; Blattner et al., 2011)
(P.C., unpublished data). The presumed location of TFIIE, based on crosslinking data, is indicated with semitransparent filled circles (Chen et al., 2007). The
locations of C82 and C34 were determined by electron microscopy (Vannini et al., 2010), and the location of the A49 tandem WH domain was inferred by
crosslinking (P.C., unpublished data). For each of the three models, two orthogonal views are shown.
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TFIIE and TFE both bind the polymerase clamp domain (Chen

et al., 2007; Grohmann et al., 2011), and the WH domains in

A49 and C34 are also located on the clamp over the cleft (Vannini

et al., 2010) (P.C., unpublished data). Thus, Pol I and Pol III

contain subcomplexes that are partially related to the Pol II
442 Molecular Cell 45, February 24, 2012 ª2012 Elsevier Inc.
initiation factor TFIIE and topologically adopt similar positions

at the polymerase clamp over the cleft (Figure 2).

TFIIE and its related proteins may share an ancient functional

role in binding and stabilizing the DNA bubble region above the

active center cleft in an open promoter complex. TFIIE may
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facilitate promoter opening, as suggested from transcription of

supercoiled DNA templates (Holstege et al., 1995). Archaeal

TFE was shown to stabilize the open promoter complex (Naji

et al., 2007). TFIIE, archaeal TFE, and the A49 tandem WH

domain all bind single-stranded DNA (Grünberg et al., 2007;

Okuda et al., 2000; Geiger et al., 2010), indicating that they

may stabilize the initial DNA transcription bubble. C34 has a func-

tion in DNA opening (Brun et al., 1997). TFIIE-like proteins may

also contribute tomaintenance of the transcription bubble during

RNA elongation, based on in vitro studies in an archaeal tran-

scription system and in vivo studies of a yeast strain lacking

part of the A49 tandemWHdomain (Grünberg et al., 2007; Beck-

ouet et al., 2008). Thus TFIIE and TFIIE-related factors contain

WHdomains and help to form and/or stabilize the open promoter

complex.

Pol I and Pol III Use TFIIB-like Factors
TFIIB is required for polymerase recruitment to the promoter,

forming a bridge between the promoter and Pol II. It was long

known that Pol III initiation requires a structural and functional

homolog of TFIIB, the TFIIB-related factor 1 (Brf1), which

together with TBP and a protein called B00forms the transcription

factor TFIIIB (López-De-León et al., 1992; Colbert and Hahn,

1992;Wang and Roeder, 1995; Kassavetis et al., 1991; Kassave-

tis et al., 1992). However, in the Pol I system, a putative TFIIB

homolog was only recently discovered by sequence homology

searches (Knutson and Hahn, 2011; Naidu et al., 2011; Blattner

et al., 2011) (Table 1). Functional data established yeast Rrn7,

and its human ortholog TAF1B, as the TFIIB-related factor in

the Pol I system (Knutson and Hahn, 2011; Naidu et al., 2011).

Rrn7 associates with Rrn6 and Rrn11 to form the core factor,

which is required for Pol I transcription (Lalo et al., 1996; Lin

et al., 1996; Steffan et al., 1996). Rrn7 and TAF1B share the

modular domain architecture of TFIIB and Brf1, including the

N-terminal B ribbon domain, the C-terminal B core domain,

and the interconnecting region containing the B reader and B

linker, which are less conserved (Knutson andHahn, 2011; Naidu

et al., 2011; Blattner et al., 2011) (Figure 1). Thus, a factor that is

structurally related to TFIIB exists in the Pol I and Pol III transcrip-

tion initiation machineries.

TFIIB-like factors share several functions. TFIIB, Brf1, and

Rrn7/TAF1B are required for polymerase recruitment to the

promoter (Knutson and Hahn, 2011; Naidu et al., 2011). TFIIB-

like factors contact the polymerase dock domain via their B

ribbon, and may all bind TBP and DNA via their B core domains

(Chen and Hahn, 2004; Chen et al., 2007; Kostrewa et al., 2009;

Liu et al., 2010; Knutson and Hahn, 2011) (Figure 2). TFIIB-like

factors have additional functions after polymerase recruitment.

The B linker is positioned close to the site where DNA opening

commences, and contributes to DNA melting in an archaeal

system (Kostrewa et al., 2009). The B reader contributes to

selection of the transcription start site (Hampsey, 1998; Chen

and Hampsey, 2004) and may interact with the DNA template

strand in the open promoter complex (Kostrewa et al., 2009).

Structural and functional interactions of TFIIB-like proteins are

at least partially conserved, because B ribbon domain mutations

that reduce or eliminate transcription in a minimal Pol II system

can be compensated for by TFIIF (Thompson et al., 2009), and,
similarly, removal of the B-ribbon of Brf1 that eliminates tran-

scription can be compensated for by the TFIIF-like Pol III sub-

complex C37/53 (Kassavetis et al., 2010). The B ribbon domains

of Rrn7 and Brf1 are functionally exchangeable, and the B linker

can be swapped between all three members of the TFIIB-like

protein family, whereas the B reader has a polymerase-specific

function (Knutson and Hahn, 2011). Thus all three polymerases

use structurally and functionally related TFIIB-like factors for

transcription initiation.

Open Complex Formation
As described above, recent studies reveal a conserved core

transcription initiation complex in eukaryotes that consists of

promoter DNA, polymerase, TBP, a TFIIB-like factor, a TFIIF-

like protein, and TFIIE or proteins with TFIIE-related domains.

Except for the TFIIF-like proteins, the core initiation complex is

related to the archaeal initiation complex in structure, topology,

and function (Grohmann et al., 2011; Kostrewa et al., 2009).

The core initiation complex is generally responsible for stable

open complex formation and initial RNA synthesis. Cellular

RNA polymerases generally open DNA together with their initia-

tion factors with the use of binding energy. For example, bacte-

rial RNA polymerase binds the s70 initiation factor, which traps

the DNA nontemplate strand during promoter opening (Feklistov

andDarst, 2011). The archaeal polymerase, Pol I, and Pol III likely

use similar strategies to open DNA, as they do not require addi-

tional energy in the form of ATP hydrolysis. In contrast, Pol II

requires the additional general factor TFIIH for DNA opening

(Egly and Coin, 2011; Lin et al., 2005; Kim et al., 2000; Dvir

et al., 1997; Holstege et al., 1997; Kumar et al., 1998). TFIIH

contains the subunit XPB, which harbors an ATPase activity

that is needed for promoter opening, and a helicase activity

that is required for promoter escape (Lin et al., 2005). The ability

of the Pol II core initiation complex to open DNA may have been

lost due to alterations in the TFIIB reader/linker region and loss of

C-terminal extensions, compared to TFIIB-like factors in Pol I

and Pol III. The C-terminal extension of Brf1 binds TBP

(Juo et al., 2003), and C34, which is involved in DNA opening

(Khoo et al., 1994; Andrau et al., 1999; Brun et al., 1997; Kassa-

vetis et al., 2003; Vannini et al., 2010). The Pol II core initiation

complex is however able to stabilize the open complex with

the use of TFIIF (Fishburn and Hahn, 2012) and TFIIE (Cabart

and Luse, 2012). Thus, although initiation complexes share

a conserved core and overall function, they exhibit functional

differences during open promoter complex formation.

Distinct Initiation Complex Peripheries
Outside of the conserved core, the topology and function of initi-

ation complexes differ strongly. Although TBP is part of the core

initiation complex and likely interacts with DNA at all promoters,

it is also a subunit of different higher-order complexes (Table 1)

and engages in different interactions. In Pol II initiation

complexes, TBP is part of the 14 subunit TFIID complex (Näär

et al., 2001; Müller et al., 2010), but also of the SAGA coactivator

complex (Weake and Workman, 2011), which is important for

transcription of a subset of genes. TBP also binds the 25 subunit

Mediator coactivator complex (Larivière et al., 2006), which is

required for initiation (Takagi and Kornberg, 2006). In the Pol I
Molecular Cell 45, February 24, 2012 ª2012 Elsevier Inc. 443
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initiation complex, TBP associates with the core factor subunits

Rrn6 and Rrn7 (Steffan et al., 1996) and with the upstream acti-

vating sequence-binding factor (Aprikian et al., 2000; Siddiqi

et al., 2001). Pol I also requires Rrn3, a factor that can modulate

rRNA production according to nutrient availability (Bodem et al.,

2000; Moorefield et al., 2000; Yamamoto et al., 1996). Rrn3 binds

Pol I in a position resembling the location of a Mediator module

on Pol II (Blattner et al., 2011; Takagi et al., 2006; Soutourina

et al., 2011), suggesting a topological conservation of the inter-

action sites. In the Pol III initiation complex, TBP resides within

the TFIIIB complex and interacts with the Pol III-specific tran-

scription factors TFIIIC (Deprez et al., 1999) and SNAPc (Henry

et al., 1995). TFIIIC and SNAPc are required for recruitment of

the polymerase and TFIIIB at promoters containing gene-internal

and gene-external binding sites, respectively (Schramm and

Hernandez, 2002). Taken together, TBP has a conserved role

in binding TFIIB-like factors, but it is also part of gene-class

specific complexes that bind specific promoter elements or

other gene-class specific factors.

Concluding Remarks
After the three eukaryotic RNA polymerases were discovered

over four decades ago, subsequent work revealed that these

enzymes transcribe different classes of genes and use different

factors to initiate transcription. This apparent diversity of the

transcription initiation machineries raised the question how the

three transcription systems are evolutionarily related, and

whether there are any underlying principles for transcription initi-

ation, especially since archaea contain a single Pol II-like tran-

scription initiation machinery. This question was answered

over the last years. It was realized that Pol I and Pol III contain

additional subunits that are not present in Pol II but are related

to parts of the Pol II general initiation factors TFIIE and TFIIF. It

was also found that the initiation complexes of Pol I and Pol III

contain a factor related to the Pol II factor TFIIB. These findings

indicate that the core of all transcription initiation complexes is

structurally and functionally conserved, whereas distinct periph-

eral factors are used to achieve gene-class specific functions

such as promoter recognition and regulation. In the future, the

core Pol II initiation complex should be structurally resolved,

ideally at atomic detail and trapped in different functional states,

to unravel the mechanisms and the dynamics of the machinery.

Detailed structural insights into the alternative RNA polymer-

ases, Pol I and Pol III, must be obtained, to investigate the differ-

ences in core initiation complex structure and function. Many

questions remain on the structure and function of gene class-

specific peripheral factors, and it is likely that currently unex-

pected topological or mechanistic similarities between these

factors wait to be unveiled.
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Näär, A.M., Lemon, B.D., and Tjian, R. (2001). Transcriptional coactivator
complexes. Annu. Rev. Biochem. 70, 475–501.

Naidu, S., Friedrich, J.K., Russell, J., and Zomerdijk, J.C.B.M. (2011). TAF1B is
a TFIIB-like component of the basal transcription machinery for RNA poly-
merase I. Science 333, 1640–1642.

Naji, S., Grünberg, S., and Thomm, M. (2007). The RPB7 orthologue E’ is
required for transcriptional activity of a reconstituted archaeal core enzyme
at low temperatures and stimulates open complex formation. J. Biol. Chem.
282, 11047–11057.

Nikolov, D.B., Chen, H., Halay, E.D., Usheva, A.A., Hisatake, K., Lee, D.K.,
Roeder, R.G., and Burley, S.K. (1995). Crystal structure of a TFIIB-TBP-
TATA-element ternary complex. Nature 377, 119–128.

Ohkuma, Y., and Roeder, R.G. (1994). Regulation of TFIIH ATPase and kinase
activities by TFIIE during active initiation complex formation. Nature 368, 160–
163.

Ohkuma, Y., Hashimoto, S., Wang, C.K., Horikoshi, M., and Roeder, R.G.
(1995). Analysis of the role of TFIIE in basal transcription and TFIIH-mediated
carboxy-terminal domain phosphorylation through structure-function studies
of TFIIE-alpha. Mol. Cell. Biol. 15, 4856–4866.

Okuda, M., Watanabe, Y., Okamura, H., Hanaoka, F., Ohkuma, Y., and Nishi-
mura, Y. (2000). Structure of the central core domain of TFIIEbeta with a novel
double-stranded DNA-binding surface. EMBO J. 19, 1346–1356.

Orphanides, G., Lagrange, T., and Reinberg, D. (1996). The general transcrip-
tion factors of RNA polymerase II. Genes Dev. 10, 2657–2683.

Peyroche, G., Levillain, E., Siaut, M., Callebaut, I., Schultz, P., Sentenac, A.,
Riva, M., and Carles, C. (2002). The A14-A43 heterodimer subunit in yeast
RNA pol I and their relationship to Rpb4-Rpb7 pol II subunits. Proc. Natl.
Acad. Sci. USA 99, 14670–14675.

Rhee, H.S., and Pugh, B.F. (2012). Genome-wide structure and organization of
eukaryotic pre-initiation complexes. Nature, in press. Published online January
18, 2012.

Roeder, R.G. (1996). The role of general initiation factors in transcription by
RNA polymerase II. Trends Biochem. Sci. 21, 327–335.

Roeder, R.G., and Rutter, W.J. (1969). Multiple forms of DNA-dependent RNA
polymerase in eukaryotic organisms. Nature 224, 234–237.

Roeder, R.G., and Rutter, W.J. (1970). Specific nucleolar and nucleoplasmic
RNA polymerases. Proc. Natl. Acad. Sci. USA 65, 675–682.

Ruan, W., Lehmann, E., Thomm, M., Kostrewa, D., and Cramer, P. (2011).
Evolution of two modes of intrinsic RNA polymerase transcript cleavage. J.
Biol. Chem. 286, 18701–18707.
446 Molecular Cell 45, February 24, 2012 ª2012 Elsevier Inc.
Schramm, L., and Hernandez, N. (2002). Recruitment of RNA polymerase III to
its target promoters. Genes Dev. 16, 2593–2620.

Seifart, K.H., and Sekeris, C.E. (1969). Alpha-amanitin, a specific inhibitor of
transcription by mammalian RNA-polymerase. Z. Naturforsch. B 24, 1538–
1544.

Siddiqi, I., Keener, J., Vu, L., and Nomura, M. (2001). Role of TATA binding
protein (TBP) in yeast ribosomal dna transcription by RNA polymerase I:
defects in the dual functions of transcription factor UAF cannot be suppressed
by TBP. Mol. Cell. Biol. 21, 2292–2297.

Soutourina, J., Wydau, S., Ambroise, Y., Boschiero, C., andWerner, M. (2011).
Direct interaction of RNA polymerase II and mediator required for transcription
in vivo. Science 331, 1451–1454.

Steffan, J.S., Keys, D.A., Dodd, J.A., and Nomura, M. (1996). The role of TBP in
rDNA transcription by RNA polymerase I in Saccharomyces cerevisiae: TBP is
required for upstream activation factor-dependent recruitment of core factor.
Genes Dev. 10, 2551–2563.

Takagi, Y., and Kornberg, R.D. (2006). Mediator as a general transcription
factor. J. Biol. Chem. 281, 80–89.

Takagi, Y., Calero, G., Komori, H., Brown, J.A., Ehrensberger, A.H., Hudmon,
A., Asturias, F., and Kornberg, R.D. (2006). Head module control of mediator
interactions. Mol. Cell 23, 355–364.

Thompson, N.E., Glaser, B.T., Foley, K.M., Burton, Z.F., and Burgess, R.R.
(2009). Minimal promoter systems reveal the importance of conserved resi-
dues in the B-finger of human transcription factor IIB. J. Biol. Chem. 284,
24754–24766.

Vannini, A., Ringel, R., Kusser, A.G., Berninghausen, O., Kassavetis, G.A., and
Cramer, P. (2010). Molecular basis of RNA polymerase III transcription repres-
sion by Maf1. Cell 143, 59–70.

Wang, Z., and Roeder, R.G. (1995). Structure and function of a human tran-
scription factor TFIIIB subunit that is evolutionarily conserved and contains
both TFIIB- and high-mobility-group protein 2-related domains. Proc. Natl.
Acad. Sci. USA 92, 7026–7030.

Wang, Z., and Roeder, R.G. (1997). Three human RNA polymerase III-specific
subunits form a subcomplex with a selective function in specific transcription
initiation. Genes Dev. 11, 1315–1326.

Weake, V.M., andWorkman, J.L. (2011). SAGA function in tissue-specific gene
expression. Trends Cell Biol., in press. Published online December 21, 2011.

Weil, P.A., Luse, D.S., Segall, J., and Roeder, R.G. (1979). Selective and accu-
rate initiation of transcription at the Ad2 major late promotor in a soluble
system dependent on purified RNA polymerase II and DNA. Cell 18, 469–484.

Weinmann, R., and Roeder, R.G. (1974). Role of DNA-dependent RNA poly-
merase 3 in the transcription of the tRNA and 5S RNA genes. Proc. Natl.
Acad. Sci. USA 71, 1790–1794.

Wu, C.-C., Lin, Y.-C., and Chen, H.-T. (2011). The TFIIF-like Rpc37/53 dimer
lies at the center of a protein network to connect TFIIIC, Bdp1, and the RNA
polymerase III active center. Mol. Cell. Biol. 31, 2715–2728.

Yamamoto, R.T., Nogi, Y., Dodd, J.A., and Nomura, M. (1996). RRN3 gene of
Saccharomyces cerevisiae encodes an essential RNA polymerase I transcrip-
tion factor which interacts with the polymerase independently of DNA
template. EMBO J. 15, 3964–3973.

Yan, Q., Moreland, R.J., Conaway, J.W., and Conaway, R.C. (1999). Dual roles
for transcription factor IIF in promoter escape by RNA polymerase II. J. Biol.
Chem. 274, 35668–35675.

Zylber, E.A., and Penman, S. (1971). Products of RNA polymerases in HeLa
cell nuclei. Proc. Natl. Acad. Sci. USA 68, 2861–2865.


	Conservation between the RNA Polymerase I, II, and III Transcription Initiation Machineries
	Introduction
	Pol I and Pol III Contain a TFIIF-like Subcomplex
	Pol I and Pol III Contain TFIIE-Related Domains
	Pol I and Pol III Use TFIIB-like Factors
	Open Complex Formation
	Distinct Initiation Complex Peripheries
	Concluding Remarks
	References


