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and Department of Biochemistry, Michigan State University, E. Lansing, Michigan 48824-13192

HOMOLOGY AMONG MULTISUBUNIT RNA POLYMERASES, THEIR MECHANISM, AND THEIR
TRANSCRIPTION FACTORS..........................................................................................................................457

DNA IS WRAPPED AROUND E. COLI RNA POLYMERASE IN THE PREINITIATION COMPLEX ......462
DNA WRAPPING AS A MECHANISM OF TRANSCRIPTIONAL CONTROL IN PROKARYOTES..........463
DNA IS WRAPPED AROUND MAMMALIAN RNA POLYMERASE II IN THE PREINITIATION

COMPLEX...........................................................................................................................................................464
ISOMERIZATION OF RNA POLYMERASE AND PROMOTER DNA AS A GENERAL

TRANSCRIPTIONAL MECHANISM..............................................................................................................466
FUNCTIONS OF TAFIIs IN TRANSCRIPTION BY RNA POLYMERASE II..................................................468
TRANSCRIPTIONAL ACTIVATION: SYNERGY, TETHERING, AND WRAPPING......................................471
DNA BENDING THROUGH THE RNA POLYMERASE ACTIVE SITE DURING ELONGATION ............471
DNA TOPOLOGY, THE OPEN COMPLEX, THE RNA-DNA HYBRID, HELIX UNWINDING,

AND DNA WRAPPING......................................................................................................................................473
FUTURE DIRECTIONS ............................................................................................................................................474
ACKNOWLEDGMENTS ...........................................................................................................................................475
REFERENCES ............................................................................................................................................................475

HOMOLOGY AMONG MULTISUBUNIT RNA
POLYMERASES, THEIR MECHANISM, AND THEIR

TRANSCRIPTION FACTORS

Multisubunit DNA-dependent RNA polymerases are evolu-
tionarily conserved among the three phylogenetic domains of
Eubacteria, Archaea, and Eucarya and are found in plant chlo-
roplasts and some viral species. This review concentrates on
the evidence for DNA wrapping around RNA polymerases
in the eubacterial Escherichia coli system and the eukaryotic
human RNA polymerase II system. In Table 1, multisubunit
RNA polymerases are compared to RNA polymerase II of
brewer’s yeast, Saccharomyces cerevisiae. Human RNA poly-
merase II is homologous to the yeast enzyme. RNA polymer-
ase II subunit homologues are aligned horizontally in Table 1.
Table 2 shows a comparison between the general transcription
factors for human RNA polymerase II and similar factors for
other multisubunit RNA polymerases.

In eubacteria and archaea, a single multisubunit RNA poly-
merase is responsible for transcription of the major classes of
genes including rRNA, mRNA, and tRNA. In eukaryotic spe-
cies, three distinct multisubunit RNA polymerases are found
within the cell nucleus. RNA polymerase I synthesizes rRNA,
RNA polymerase II synthesizes mRNA and some small nu-
clear RNAs, and RNA polymerase III synthesizes 5S rRNA,
tRNAs, and some small nuclear RNAs.

In E. coli, the “core” RNA polymerase is made up of two
large subunits, named � and ��, and two smaller � subunits. An
� subunit is also identified in the enzyme, but � is not required
for cell viability or transcription. Core �2��� RNA polymerase
supports RNA elongation but is incapable of accurate initia-
tion. Promoter recognition is conferred on core RNA polymer-
ase by binding of a � factor, and the initiating �2���� RNA

polymerase is referred to as holoenzyme (48, 53). In E. coli,
most promoters are recognized by holoenzyme containing the
�70 subunit. These promoters are characterized by �35 (TTG
ACA) and �10 (TATAAT) consensus sequences separated by
a defined spacing (usually 17 bp). �70 has subdomains that
interact directly and simultaneously with the �35 and �10
DNA sequences. A helix-turn-helix motif within �70 contacts
the �35 region.

Structure-function and genetic studies (Fig. 1) of multisub-
unit RNA polymerases have begun to provide insight into the
basic mechanism of RNA synthesis. The two largest subunits
of RNA polymerases comprise the catalytic apparatus. The
active site includes subdomains of both catalytic subunits.
The �/Rpb2 homologue appears to be arranged like a donut,
with the N and C termini of this large polypeptide located close
to one another. There are two or three metal centers within the
catalytic subunits: an Mg2� ion located at the active site that
participates directly in phosphodiester bond formation and,
depending on the species, one or two Zn2� ions located near
the closing site of a deep channel. Closing the channel is
thought to engulf template DNA in a sliding processivity clamp
for elongation, and termination might require breaking open
the clamp. The active center of RNA polymerase appears to be
buried just behind the clamp, effectively insulating the catalytic
apparatus from most accessory transcription factors. There-
fore, regulators of initiation and elongation may have to alter
the conformation of RNA polymerase and/or template DNA
to modulate transcription. Interestingly, during elongation,
DNA appears to enter the sliding-clamp channel very close to
the channel by which RNA exits from the enzyme.

Despite the similarity in their size and names, � and �� bear
no sequence similarity to one another. The � and �� subunits
form the catalytic core of the enzyme. Comparing the E. coli
enzyme with multisubunit RNA polymerases from members of
the Archaea and Eucarya, � and its homologues contain similar
regions A to I (or J) and �� and its homologues contain similar
regions a to h (Fig. 1) (138). The active site of E. coli RNA
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polymerase is a modular structure that includes portions of the
� and �� subunits (104). An Mg2� ion is located at the catalytic
center, held by a cluster of three aspartic acid residues (un-
derlined) within the d region of �� (NADFDGD) (166). The
active site Mg2� can be replaced by Fe2�, and hydroxyl radical

cleavage can be induced in nearby protein domains. �� regions
d, f, and g and � regions H, F, D, and E are sensitive to
Fe2�-induced cleavage, indicating the proximity of these pro-
tein sequences to the catalytic center (104, 166). Another ap-
proach to mapping protein domains surrounding the active site

TABLE 1. Evolution and peptide functions of multisubunit DNA-dependent RNA polymerasesa

Pol II
(S. cerevisiae)

Start
site DNA RNA NTPs Assembly Eubacteria

(E. coli)
Archaea

(Sulfolobus)
Pol I

(S. cerevisiae)
Shared Pol I,

II, and III
Pol III

(S. cerevisiae)
Vaccinia

virus

Catalytic subunits
Rpb1/B190/220 (Zn, P) � � � �� (Zn) A�(101) (Zn) C160 (Zn, P) rpo147 (Zn)

A� (44)
Rpb2/B140/150 (Zn) � � � � � B(122) (Zn) A135 (Zn) C128 (Zn) rpo132 (Zn)

Assembly subunits
Rpb3/B35/44 � � D(30) AC40
Rpb11/B14/12.5 � � L(10) AC19

Shared subunits between
Pol I, II, and III

Rpb5/B25/27 H(11.8) ABC27
Rpb6/B18/23 (P) K(9.7) ABC23
Rpb8/B17/14.5 ABC14.5
Rpb10/B8.3/10� (Zn) N(7.5) (Zn) ABC10� (Zn) rpo7 (Zn)
Rpb12/B7.7/10� (Zn) ABC10� (Zn)

Other Pol II subunits:
Rpb4/B25/32*
Rpb7/B19/16 E(27) C25
Rpb9/B14/12.6 (Zn)* � (SII-like) (Zn) A12.5 (Zn) C11 (Zn) rpo30 (Zn)

Subunits specific to other
RNA polymerases

� F(12) A49* C82 rpo35
�* G(13.8) A43 (P) C53 (P) rpo22

I(9.7) A34.5 (P)* C34 rpo19
A14 C31 rpo18

a The table is organized around the structure of RNA polymerase II (Rpb/B; Pol II) from S. cerevisiae. The two numbers given (e.g., B190/220) are the sequence-
and electrophoresis-derived molecular weights. Subunits are categorized as catalytic subunits, assembly subunits, shared subunits, and RNA polymerase-specific
subunits. Homologous subunits from E. coli RNA polymerase, Sulfolobus RNA polymerase, S. cerevisiae RNA polymerase I (A; Pol I), S. cerevisiae RNA polymerase
III (C; Pol III), and vaccinia virus RNA polymerase (rpo) are aligned with their RNA polymerase II counterparts. The asterisk indicates that a subunit is dispensable
for cell viability under some growth conditions. NTP, nucleoside triphosphate.

TABLE 2. Comparison of human general transcription factors for RNA polymerase II with factors for other multisubunit RNA polymerases

Pol II GTFa Subunits Descriptiona Archaeal GTF Pol I GTF Pol III GTF

TBP TBP TATA-binding protein, promoter bending (isomerization
of the PIC), transcription factor for Pol I, II, and III

TFA/TBP TBP TBP

TFIIA TFIIA� Stabilizes TFIID or TBP binding, coactivator, antire-
pressorTFIIA�

TFIIA	

TFIIB TFIIB Promoter binding, promoter bending (isomerization of
the PIC), Pol II-TFIIF recruitment

TFB Brf1/Tds4/Pcf4 (subunit
of TFIIIB)

TFIIF RAP30 Pol II recruitment, isomerization of the PIC and EC
RAP74

TFIIE TFIIE34 Isomerization of the PIC, TFIIH recruitment
TFIIE56

TFIIH Isomerization of the PIC, open-complex formation,
CTD kinase

XPB DNA helicase, DNA repair
XPD DNA helicase, DNA repair
p62
p52
p44
p34
p36/MAT1 Interacts with cyclin H/Cdk7
Cyclin H Cyclin for Cdk7
Cdk7 CTD kinase

a GTF, general transcription factor; PIC, preinitiation complex; EC, elongation complex; Pol, polymerase.
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is to develop cross-links between protein and the ribonucle-
otide base at the 3� end of the RNA chain. By using this
method, �� c, f, and g are identified near the active site (105,
141). Homology region c makes additional contacts with the
RNA-DNA hybrid, strengthening the argument that c is a part
of the enzyme catalytic core (91, 109).

Genetic and biochemical studies with the antibiotic rifampin
have led to significant insight into the structure and function of
the E. coli RNA polymerase active site. When initiation is from
a natural promoter, rifampin appears to allow the formation of
the first phosphodiester bond by RNA polymerase but not
subsequent bonds (94). If a trinucleotide or longer RNA chain
is synthesized before the addition of rifampin, RNA polymer-
ase becomes resistant to inhibition, as if nascent RNA occupies
the drug binding site. The binding site for rifampin has been
mapped genetically (69, 80) and by cross-linking studies (141)
within the D homology region, extending toward the C homol-
ogy region of the � subunit. Cross-linking studies with hybrid
rifampin-nucleotide probes (105) and analogues of the initiat-
ing nucleoside triphosphate (141) show that the rifampin bind-
ing site must be within about 15 Å of the gamma phosphate of
the initiating nucleoside triphosphate. Synthetic rifampin-nu-
cleotide hybrid molecules can be extended by RNA polymer-
ase to up to 8 nucleotides, but these products probably do not
maintain normal register with the DNA template (105). Be-
cause the antibiotic inhibits the first translocation, rifampin
appears to block the 5� base of an RNA trinucleotide from
base-pairing with DNA. Consistent with this idea, rifampin-
nucleotide probes cross-link to the �2 and �3 positions of the
DNA template (105).

A complementary view of the RNA polymerase active site is
obtained by cross-linking studies with analogues of the initiat-
ing nucleoside triphosphate as probes. As noted above, the 5�
face of the initiating base is located about 15 Å from bound
rifampin (105). The initiating base can also be cross-linked to
the � subunit between homology regions C and D (141), a
region identified as a hot spot for rifampin-resistant mutants

(termed Rifr cluster I) (69, 80). The initiating base can also be
cross-linked to the H and I homology regions of � (45). Be-
cause of the short range of the cross-linking reagents used, H
and I must contribute to a single functional domain located at
the active center (103), very close to Rifr cluster I, which is the
presumed binding site for rifampin between homology regions
C and D (141). The initiating nucleoside triphosphate also
cross-links to the �70 promoter specificity subunit of RNA
polymerase (139). The region of �70 that contacts the RNA
polymerase catalytic center is referred to as � homology region
3, located between � homology region 2, which contacts the
�10 promoter region, and � homology region 4, which con-
tacts the �35 region. This is an interesting result, because it
indicates that �70 must have an elongated conformation on
core RNA polymerase, extending simultaneously over the �35
region and the �1 region and bending back over the �10
region of the template DNA. Only about 150 amino acids
(encompassing � homology regions 3 and 4) (88) are available
to make these DNA contacts, which span about 40 bp (140 Å
of B-form DNA) (139). Many mutants with mutations in Rifr

cluster I and neighboring homology region D have altered
transcriptional properties including elongation rate, termina-
tion efficiency, and tendency to pause (70, 80). Some mutants
have low elongation rates. Some have increased and some have
decreased pausing and termination efficiencies. A number of
mutants with mutations in the I homology region of � have
similar properties (80). Mutations have also been identified in
the H and I homology regions that affect the transition from
initiation to elongation (103), in a manner reminiscent of ri-
fampin inhibition. These genetic studies strengthen the argu-
ment that the D, H, and I homology regions cluster around the
RNA-DNA hybrid and the catalytic center, and, as expected,
these regions are important for RNA synthesis.

Cysteine-rich ribbons that bind Zn2� are found within the
a region of the ��/Rpb1 homologue (consensus CX2CX6–12
CXGHXGX24–37CX2C) and the J region of the Rpb2 homo-
logue (consensus CX2CX8–25CX2C) (� itself lacks this Zn2�

FIG. 1. Functional domains of the catalytic subunits of multisubunit RNA polymerases, based primarily on experiments with E. coli RNA polymerase. (A)
Homology regions within the catalytic subunits that make specific functional interactions. The catalytic center is a modular structure of � and �� domains. The active-site
Mg2� is held by three clustered aspartic acid residues in region d. The a homology region of �� holds an atom of Zn2�. The a and I regions are thought to make up
the processivity sliding clamp, because the protein channels for DNA entry and RNA exit are within the a and I regions. The J region (which also binds Zn2�), found
in most homologues of Rpb2 but not in �, is not shown. “Hybrid” is the RNA-DNA hybrid. The 3� end of the RNA chain is indicated by a black dot. (B) Bending of
template DNA through the RNA polymerase active site. The open complex appears to be about 10 to 12 single-stranded bases. The RNA-DNA hybrid appears to be
8 to 9 bp. See the text for references.
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binding sequence) (138). The a-region Zn2� interaction region
and the I homology region are likely to correspond to a “sliding
clamp” of RNA polymerase that holds the DNA template
during elongation (108). Consistent with this idea, regions a
and I contact DNA downstream of the transcription bubble
(the DNA entry site), along with region B (109). This tight
DNA-protein contact at the DNA entry site renders the tran-
scription elongation complex highly resistant to disruption with
salt (108). That � homology regions B and I both cross-link to
DNA at the DNA entry site indicates that the N and C termini
of � are located in close proximity.

At the DNA entry site, about 9 bp of double-stranded DNA
is held tightly by E. coli RNA polymerase (108). Prior to ini-
tiation, the open complex has been measured as 11 to 12
single-stranded bases (146, 147). During elongation, the RNA-
DNA hybrid is 8 to 9 bp (110, 145). Within the transcription
bubble, the I region of � makes tight contacts to the template
DNA strand extending from 1 base downstream of the 3� end
of the RNA to about 6 bases upstream (108). RNA from 10 to
23 bases upstream of the 3� end fills the RNA exit channel.
RNA more than 10 bases upstream of the catalytic center is not
base-paired to DNA and makes protein contacts with the a and
c regions of �� and the I region of � (109). Because homology
regions a and I make up both the DNA entry channel and the
RNA exit channel, DNA must enter the enzyme very close to
the channel for RNA exit (109). This arrangement cannot be
maintained without significant bending of the DNA template
through the RNA polymerase catalytic center (Fig. 1).

An �2 dimer nucleates assembly of the �2��� core enzyme
by the pathway 2�3�23�2�3�2��� (54, 61, 62). High-reso-
lution structures are available for the � dimer (68, 167). More
detailed images of the catalytic subunits are eagerly awaited.

Many � factors have been identified and characterized. Dif-
ferent � factors recognize distinct promoters, so that regula-
tion of binding of a � factor to the core is a mechanism for
altering the pattern of gene expression (48, 53). Regulation of
�-factor activity is a primary control for cell adaptation and for
progression of developmental programs, such as the sporula-
tion pathway in Bacillus subtilis. Heat shock-regulated genes
are controlled by �32, which, like many bacterial � factors, is
related by sequence to �70 but which recognizes a distinct
promoter consensus sequence. Another class of � factor is
represented by �54, which bears no homology to �70 or �32 and
which functions through a distinct initiation mechanism involv-
ing stimulation by bacterial enhancer binding proteins and
ATP hydrolysis.

The single RNA polymerase of the domain Archaea resem-
bles the enzyme of eukaryotes in subunit complexity (81). In-
terestingly, the genes encoding the catalytic subunits of ar-
chaeal RNA polymerases have been split into two genes in
some species. For instance, Sulfolobus has two �� homologues,
one corresponding to the N-terminal two-thirds of �� and one
corresponding to the C-terminal one-third of ��. The split is
between the f and g regions (Fig. 1). Chloroplast RNA poly-
merase has a different split-gene arrangement, in which its ��
homologue is split into two genes corresponding to the N- and
C-terminal halves of ��. The chloroplast split site is found
between the d and e regions. In halophilic bacteria and meth-
anobacteria, both the �� and � homologues are found as split
genes. The two genes homologous to �� resemble the gene or-
ganization in Sulfolobus. The two genes homologous to � rep-
resent the N- and C-terminal halves, split between the D and
E regions. Introducing several of these split sites into E. coli
RNA polymerase does not inactivate the enzyme (140). There
are also two dispensable regions within � between regions B
and C and between regions G and H. Deletion of these regions

does not inactivate the E. coli enzyme (6). Split sites, dispens-
able regions, and insertions may indicate looped structures or
boundaries between domains, although regions D and E and
regions f and g, which are split in some species of the Archaea,
all appear to interact with the enzyme catalytic center.

Archaeal RNA polymerase recognizes promoters by a sim-
ilar mechanism to eukaryotic RNA polymerase II (Table 2)
(81, 120–123). TFA/TBP binds to a TATA recognition element
in the upstream promoter region. TFB participates in pro-
moter recognition and RNA polymerase binding. TFA/TBP is
homologous to eukaryotic TATA-binding protein (TBP), and
TFB is homologous to eukaryotic transcription factor IIB
(TFIIB). No correlates to other eukaryotic general transcrip-
tion factors have been identified in the Archaea.

Eukaryotic RNA polymerases I, II, and III are homologous
to one another, to archaeal RNA polymerase, and to eubacte-
rial RNA polymerase (Table 1) (138, 164). Like archaeal RNA
polymerase, these enzymes have a complex subunit structure.
Yeast RNA polymerase II is used here as an example. This
enzyme has 12 subunits termed Rpb1 through Rpb12. Rpb1 is
structurally and functionally homologous to ��, Rpb2 is homol-
ogous to �, and these subunits make up the catalytic core of the
enzyme. Rpb1 binds DNA, as does ��, and Rpb2 binds nucle-
oside triphosphates, as does �. In metazoan RNA polymerase
II, the potent and specific transcriptional inhibitor �-amanitin
interacts primarily with the RNA polymerase II Rpb1 subunit
and the RNA polymerase III C160 subunit within the f homol-
ogy region (155). Rpb3 and Rpb11 appear to be distant ho-
mologs of E. coli � and are similar to the AC40 and AC19
subunits of RNA polymerases I and III (152, 164). AC40 and
AC19 form a heterodimeric unit, but this has not yet been
demonstrated for Rpb3 and Rpb11. By analogy to �, these
proteins are likely to nucleate the assembly of their respective
RNA polymerases, and they are likely to be major structural
components of the core RNA polymerase structure. Rpb5,
Rpb6, Rpb8, Rpb10, and Rpb12 are also found as subunits of
RNA polymerases I and III and are likely to be central com-
ponents of the RNA polymerase structural core. Eubacteria
have apparently evolved to lose the requirement for these core
RNA polymerase subunits that are shared by RNA poly-
merases I, II, and III. Rpb4 and Rpb7 can be removed together
from RNA polymerase II. RPB4 is not an essential gene in
yeast, although RPB7 is essential. RNA polymerase II isolated
from rpb4 deletion mutants lacks Rpb7, but presumably Rpb7
fulfills some essential role in both wild-type and rpb4 mutant
strains. Perhaps Rpb7 can associate with RNA polymerase II
in the absence of Rpb4, albeit too weakly to copurify with RNA
polymerase II (138, 164).

Rpb9 is a nonessential function in yeast; it has a genetic
connection to start site selection (50) and an interesting simi-
larity to the RNA cleavage factor TFIIS/SII, within a Zn2�

binding ribbon. TFIIS/SII allows RNA polymerase II to over-
come irreversible transcriptional arrest by stimulating the poly-
merase to cleave the nascent RNA chain within the RNA-
DNA hybrid and resume elongation (126). Whether Rpb9 or
similar factors, including a Zn2� ribbon-containing factor from
Sulfolobus, the A12.5 subunit of RNA polymerase I, the C11
subunit of RNA polymerase III, and rpo30 of vaccinia virus,
play roles in transcript cleavage is not known. Similarities be-
tween these factors are limited to the Zn2� ribbon, and so
these proteins cannot clearly be categorized as Rpb9-like or
TFIIS/SII-like, and perhaps they are related to both in struc-
ture and function.

The C82, C53, C34, and C31 subunits of RNA polymerase
III do not have known counterparts in other multisubunit RNA
polymerases, but these functions are essential for cell viability.
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The C82, C34, and C31 subunits can be removed together
from RNA polymerase III. C34 binds to the 70-kDa subunit of
TFIIIB (162). TFIIIB is made up of three subunits. In addition
to TFIIIB-70, TFIIIB contains TBP and the TFIIB homologue
Brf1/Tds4/Pcf4 (Table 2). C34, therefore, is thought to be im-
portant for specifying that RNA polymerase III will be recruit-
ed to appropriate 5S rRNA, tRNA, and small nuclear RNA
promoters.

In this review, core promoter elements are considered to be
those whose spacing must be maintained relative to the tran-
scriptional start site, because factors interacting with these sites
direct the assembly and topology of the RNA polymerase pre-
initiation complex. Core promoters recognized by Drosophila
and vertebrate RNA polymerase II are characterized by multi-
ple elements including a TATA box (around �30), an initiator
element (around �1), and a downstream promoter element
(DPE) (around �30) (10, 11, 148). Not all promoters have
each of these elements, and in some cases a single recognizable
element is sufficient for core promoter function with the aid of
appropriate upstream or downstream regulatory sites and
binding factors. Small nuclear RNA promoters recognized by
RNA polymerase II have a proximal sequence element (ex-
tending to around �60), which is also a core promoter element
(87). It is interesting that core promoter elements for RNA
polymerase II can extend for about 90 bp or about 300 Å of
linear B-form DNA surrounding the transcriptional start. E.
coli core promoters that interact with the �2���� RNA poly-
merase holoenzyme similarly extend for about 90 bp of DNA,
well beyond the consensus �35 and �10 regions (see below).

In eukaryotes, TBP binds to the TATA box of the promoter
(12). TBP is required for accurate transcription by nuclear
RNA polymerases I, II, and III and from promoters that con-
tain and those that do not contain a TATA box (Table 2). TBP
is found in cell extracts in association with alternate collections
of transcription factors that direct it to the appropriate pro-
moter and help to specify the RNA polymerase and general
factors for transcription of the downstream gene. For mRNA
synthesis, TBP is found in a complex with the TBP-associated
factors (TAFIIs). In the human system, for small nuclear RNA
synthesis by both RNA polymerases II and III, TBP associates
with the small nuclear RNA-activating promoter complex
(SNAP-c) (83). SNAP-c can be viewed as an alternate TBP-
TAFII/III complex that interacts with the far-upstream core
promoter element, termed the proximal sequence element. It
is not yet clear how SNAP-c specifically directs RNA polymer-
ase II and RNA polymerase III to distinct snRNA promoters.

At metazoan mRNA promoters, TFIIA and TFIIB can bind
to and stabilize the complex between TATA box-containing
promoter DNA and TBP (12, 50, 114). TFIIA is generally a
requirement for transcription reactions that require TFIID but
not for reactions in which the TBP subunit replaces TFIID.
TFIIA appears to function as an antirepressor and/or coacti-
vator to counteract negative transcriptional activities of the
TAFII subunits of TFIID. The TFIIA-TBP-TFIIB-promoter
assembly can bind a preformed complex of RNA polymerase II
and TFIIF. One of the major roles of TFIIF is to escort RNA
polymerase II to the promoter. TFIIE and TFIIH can then
assemble into the complex. TFIIH contains two helicase sub-
units and a kinase-cyclin complex. At least one of the TFIIH
helicases is thought to participate in forming the open complex
for initiation. Both TFIIH helicases are additionally important
in DNA repair. The TFIIH carboxy-terminal domain (CTD)
kinase phosphorylates a repeating heptapeptide repeat (con-
sensus YSPTSPS) found uniquely at the C terminus of the
Rpb1 subunit of RNA polymerase II (Fig. 1). This stepwise-
assembly model for an RNA polymerase II initiation complex

represents the minimal factor-promoter interactions that may
be necessary for accurate transcription. In cell extract prepa-
rations, however, RNA polymerase II is found in high-molec-
ular-weight holoenzyme forms that contain most of the tran-
scription factors that are necessary for accurate initiation. In
many cases, RNA polymerase II holoenzyme preparations will
respond to transcriptional regulators in vitro (46).

There does not appear to be a close eukaryotic counterpart
to the bacterial sigma factor. �70 functions as a monomer that
must form an extended structure on RNA polymerase to reach
along 30 to 40 bp of DNA with which it interacts (48, 53, 139).
A helix-turn-helix domain binds the �35 region of the pro-
moter, making contacts within the DNA major groove. A dis-
tinct subdomain of �70 contacts the �10 promoter region. �35
and �10 contacts must be maintained simultaneously by �70

during initiation. Although �10 regions and eukaryotic TATA
boxes are both AT rich, these sequences are contacted by their
recognition proteins in different ways. Contacts between �
homology region 2.4 and the �10 (TATAAT) sequence ap-
pear to be through the DNA major groove. TBP contacts
TATAAA through the minor groove (12, 73, 75), and TBP
bears no sequence or structural resemblance to �70.

In solution (20, 38) and in the preinitiation complex (129),
TFIIF is a heterotetramer of two RAP30 and two RAP74
subunits. The RAP30 subunit has some potential sequence
similarity to bacterial sigma factors both within a central region
that is thought to bind to RNA polymerase II and within a
C-terminal region that interacts with DNA (42, 47, 149, 153).
Consistent with these sequence alignments, RAP30 binds to E.
coli RNA polymerase and �70 binds to mammalian RNA poly-
merase II (95). TFIIF suppresses nonspecific DNA binding by
RNA polymerase II just as �70 suppresses nonspecific DNA
binding by E. coli RNA polymerase (21, 72). It is possible that
there is a very distant evolutionary relationship between
RAP30 and �70, but TFIIF appears, by its �2�2 stoichiometry
and its lack of obvious promoter recognition capability, to play
distinct roles from �70 in its initiation pathway. Because of its
monomeric structure, �70 is expected to have a single extended
binding surface on RNA polymerase. Both RAP30 and RAP74
subunits have RNA polymerase II interaction regions, and
because TFIIF is a heterotetramer, RNA polymerase II may
have two distinct interaction sites for RAP30 and two interac-
tion sites for RAP74. Because �70 functions as a monomer,
only one of the RNA polymerase II interaction sites for
RAP30 can be conserved with the RNA polymerase interac-
tion site for �70.

The initiator element of the core promoter appears to be a
compound element recognized by several proteins (148). RNA
polymerase II must recognize this site directly. Start site selec-
tion in yeast is altered by mutations in the Rpb1, Rpb2, and
Rpb9 subunits of RNA polymerase II (50). Mutations in the
general factor TFIIB also alter start site selection, and so
TFIIB is thought to be involved either directly or indirectly in
initiator identification. TAFIIs interact with the initiator and
surrounding sequences. The initiator can also interact with
some sequence-specific DNA binding transcriptional regula-
tors including YY1, USF, and TFII-I (132, 148). The highly
variable consensus sequence for the initiator may reflect this
multiplicity of interactions. The DPE, initially identified in
Drosophila, interacts with TAFIIs (10).

Multisubunit RNA polymerases have related structures and
conserved functions. The buried active site of RNA polymer-
ase and the coincidence of the DNA entry and RNA exit
channels imply that template DNA must bend as it passes
through the enzyme catalytic center. The factors that aid in
promoter recognition and accurate initiation appear to be
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divergent between eubacterial and eukaryotic RNA polymer-
ases. The factors required for archaeal RNA polymerase, on
the other hand, appear to be a subset of those required for
eukaryotic RNA polymerase II transcription. In this review, we
advance the argument that the general mechanisms of tran-
scription initiation and elongation are conserved between eu-
bacterial and eukaryotic multisubunit RNA polymerases.

DNA IS WRAPPED AROUND E. COLI RNA
POLYMERASE IN THE PREINITIATION COMPLEX

The �2���� E. coli RNA polymerase holoenzyme is capable
of promoter binding, accurate initiation, and response to di-
verse transcriptional regulators, some of which alter the con-
formation of DNA in the upstream promoter region. Archi-
tectural changes in DNA may be important to initiate the
formation of a DNA loop around RNA polymerase. Wrapping
of DNA around E. coli RNA polymerase in the preinitiation
complex has been proposed by several laboratories (24, 117,
136, 156), but this important literature has not been promi-
nently reviewed. The primary motivation for a wrapping model
is to resolve the paradox shown in Fig. 2. The largest dimension
of E. coli RNA polymerase holoenzyme is 160 Å (160 by 95 by
90 Å) (27), but footprints of holoenzyme on promoter DNA in
both closed and open complexes extend to 310 Å or more (15,
23, 24, 32, 77, 96, 97, 136, 150). These extensive footprints are
best explained by wrapping the DNA around RNA polymer-
ase. Additionally, DNA wrapping can account for several ob-
servations from a number of laboratories, including promoter
DNA bending (99, 124) and hypersensitivity to enzymatic and
chemical cleavage reagents (23, 24, 32, 96).

Initiation of transcription by holoenzyme appears to occur
by at least a three-step mechanism (Fig. 2) described as fol-
lows:

pol � DNAL|;
K1

pol-DNA (closed complex I)

L|;
K2

pol-DNA (closed complex II)

L|;
K3

pol-DNA (open complex),

where K1 
 k1/k�1 (the ratio of the forward and reverse rate
constants), K2 
 k2/k�2, and K3 
 k3/k�3 (9, 131, 150). Rapid
equilibrium promoter binding by RNA polymerase (pol), rep-
resented by K1, results in the formation of closed complex I. At
0°C, holoenzyme forms a complex on the promoter that is
inferred to be similar to the closed complex I kinetic interme-
diate. The 0°C complex has a shorter footprint than that ob-
served for closed complex II and the open complex (23, 77, 96,
97, 150). The footprint of closed complex I extends far up-
stream of the transcriptional start site, between about �70 or
�50 to �10, depending on the promoter. Because protection
of the DNA is not observed in the region near the transcrip-
tional start site in closed complex I, initial promoter binding
(K1) appears to require only contacts with DNA upstream of
�1. Interestingly, DNA appears to be bent in these initial
complexes, because footprints reveal regions of DNase I hy-
persensitivity in the vicinity of the �35 region (between �50
and �20, depending on the promoter and the � factor) (23, 32,
96, 150). At about 15°C, closed complex II predominates (23,
96, 97, 150). Conversion of closed complex I to closed complex

II (k2) is characterized by extension of the footprint from �70
or �50 to �20 (23, 24, 96, 97, 150) and by a significant protein
conformational change (131). Record and coworkers postulate
this conformational change in holoenzyme based on the tem-
perature dependence of k2 and the inferred heat capacity
change of this transition. The observed transition is most con-
sistent with a change in holoenzyme conformation that reduces
the exposed hydrophobic surface of the protein (131) and
could be attributable in part to the closing of the RNA poly-
merase sliding clamp (108). At higher temperatures such as 30
and 37°C, the DNA strands separate to form the open complex
(23, 96, 97, 150). The footprint of the open complex is very
similar to that of closed complex II, indicating that the DNA
wrap and both upstream and downstream DNA contacts are

FIG. 2. A three-step model for initiation by E. coli RNA polymerase. The ho-
loenzyme measures 160 Å in its longest dimension. The footprint of holoenzyme
on DNA, however, measures over 300 Å, indicating that promoter DNA must
wrap around RNA polymerase. Isomerization is a progression of conformational
changes in DNA and protein accompanying each step in the reaction pathway. A
major change in protein conformation, the closing of the sliding clamp, is thought
to occur during formation of closed complex II. This step results in substantial
DNA unwinding but not DNA strand separation. Features of the holoenzyme
structure include a palm (P), a channel (C), fingers (F), and a thumb (T). Closing
of the fingers and thumb forms the sliding clamp for elongation.
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largely maintained (23, 96, 97, 150). One notable characteristic
of the footprints of both closed complex II and the open
complex is that the region of helix surrounding the transcrip-
tional start site is strongly protected, as if this region of the
DNA were buried in protein, perhaps the sliding clamp (posi-
tions �5 to �15) (23, 24, 96, 97, 136, 150). At specific positions
within the regions of protein-DNA contact, however, subtle
differences in DNase I protection and hypersensitivity accom-
pany each step in complex assembly and isomerization. These
changes in DNA reactivity have been used to monitor progres-
sion between intermediates as a function of temperature. For-
mation of the open complex (k3), for instance, is a highly
temperature-dependent process, such that if the extent of
DNA melting is plotted as a function of temperature, the
resulting plot resembles a DNA-melting curve with the mid-
point of the transition around 20 to 25°C (9, 23, 96, 131, 150).

The protein envelope structure of various RNA polymerases
has been determined by electron crystallography of two-dimen-
sional microcrystalline arrays formed on mica sheets and
stained with heavy metals (4, 26, 27, 117). Prominent common
features of these structures are finger-like projections in RNA
polymerase that close to form a channel large enough to ac-
commodate DNA. For E. coli RNA polymerase, the channel is
open in the initiating holoenzyme and closed in the elongating
core enzyme, leading to the suggestion that DNA penetrates
the channel, which closes around the template during elonga-
tion to prevent termination (27, 117). In this review, the struc-
ture of RNA polymerase is described as a “hand” with a
“palm,” “thumb,” and “finger” (Fig. 2). Single-subunit poly-
merases, including E. coli DNA polymerase I, human immu-
nodeficiency virus type 1 reverse transcriptase, T7 RNA poly-
merase, and rat DNA polymerase �, have a palm, thumb, and
finger arrangement (76, 151), but these enzymes are not ho-
mologous to multisubunit RNA polymerases in which the ac-
tive site is made up of a modular arrangement of the two
largest subunits rather than a single subunit (Fig. 1) (104). On
E. coli RNA polymerase, the DNA template is suggested to
run across the palm and through the channel, grasped by the
thumb and finger, thought to comprise the sliding clamp (Fig.
2). The direction of transcription points along the palm toward
the channel. The active site for RNA synthesis may be close to
the channel between the thumb and finger (Fig. 1 and 2). This
molecular structure is similar in yeast RNA polymerase II,
which can display the thumb and finger either apart or to-
gether, depending on the presence of RNA polymerase II
subunits Rpb4 and Rpb7 and the general transcription factor
TFIIE in the complex (4, 26).

According to Darst and coworkers (117), in closed complex
I the thumb and finger are apart and the DNA does not fill the
active-site channel. This explains why the DNA is exposed to
modification and cleavage in the region of closed complex I
from �5 to �20. In closed complex II and the open complex,
the thumb and finger grasp the DNA, protecting the helix from
cleavage agents, particularly in the region from �5 to �15. As
downstream DNA contacts develop on the pathway to initia-
tion, the upstream contacts are maintained, so that in closed
complex II and the open complex, RNA polymerase may con-
tact as many as 90 bp of DNA (�70 to �20) (15, 23, 24, 32, 53,
77, 96, 97, 136, 150). Protection is even more extensive on some
promoters (24).

In both the closed complex and the open complex, the to-
pology of the promoter is altered to introduce 1.7 negative
supercoils (1). The extent of the topological change in forma-
tion of closed complex I was not determined in this study, but
this result shows that significant helix unwinding is present in
closed complex II, prior to open-complex formation. Upstream

promoter DNA may be partially wrapped around RNA poly-
merase in closed complex I, with a significant DNA bend near
the �35 region of the promoter. In closed complex II, the
DNA wrapping must become more extensive. In particular,
there is a conformational change in the holoenzyme that closes
the hand around the DNA and introduces another major DNA
bend near the transcriptional start site. This conformational
change has the effect of developing significant strain on the
DNA helix around �1. Helix unwinding developed in closed
complex II is rapidly converted to the open complex if the
temperature is high enough to support k3.

DNA WRAPPING AS A MECHANISM OF
TRANSCRIPTIONAL CONTROL IN PROKARYOTES

The � subunits of RNA polymerase are important for inter-
actions with upstream promoter DNA and regulators. The �
structure comprises an amino-terminal domain (�-NTD) and a
CTD (�-CTD) domain separated by a flexible central region.
Some very strong promoters have a DNA sequence called an
“up” element, upstream of the �35 region, that binds the
�-CTD (40).

A DNA-wrapping model has been proposed to describe
catabolite gene activator protein (CAP)-cyclic AMP (cAMP)-
mediated activation from the lac and gal promoters (25). CAP
binding sites can be located at variable positions relative to the
transcriptional start site, but the face of the helix on which
CAP lies relative to RNA polymerase must be maintained for
activation. Maintaining the orientation of CAP relative to
RNA polymerase is thought to serve two purposes: (i) to allow
for specific CAP-RNA polymerase interactions and (ii) to
maintain the directionality of the CAP-induced bend in DNA
toward RNA polymerase. In the lactose promoter, the CAP
binding site is centered at position �61.5. On the galactose P1
promoter, the CAP binding site is centered at position �41.5.
Moving the CAP binding site to position �51.5 allows for
activation, but moving it to position �46.5, on the opposite
face of the DNA helix, does not. On the malT promoter, the
CAP binding site is at position �70.5 (35), and on the uhpT
promoter, the site is centered at �103.5 (98). CAP-cAMP
bends DNA by 90° (137), bending promoter DNA back toward
RNA polymerase. On the lac promoter, CAP-cAMP (centered
at position �61.5) makes specific contacts with activation re-
gions on the �-CTD. On gal P1 and related synthetic promot-
ers, CAP-cAMP (centered at position �41.5) contacts the
same region of the �-CTD and a distinct region on the �-NTD
(13, 107, 134, 169).

DNA bending and �-binding by CAP-cAMP might contrib-
ute to promoter strength in two ways: (i) by enhancing RNA
polymerase binding to the promoter (K1) and (ii) by promoting
isomerization (k2). Because initial binding of holoenzyme in-
duces DNA bending in the upstream promoter region, DNA
bending by CAP-cAMP could stimulate binding (K1). RNA
polymerase binding is also expected to be stimulated by inter-
actions between CAP-cAMP and the � subunit of RNA poly-
merase. According to the DNA-wrapping model, however, ap-
propriately phased bends in upstream DNA initiate DNA
wrapping around RNA polymerase, so that DNA bending in
the upstream promoter region can also contribute to isomer-
ization (k2). At class II CAP-dependent promoters such as gal
P1, CAP-cAMP is observed to stimulate both K1 and k2 (25, 82,
107). This observation is consistent with predictions of the
DNA-wrapping model, because bending and wrapping of up-
stream promoter DNA is expected to affect isomerization of
the preinitiation complex. Sequence-induced bends in gal P1
promoter DNA upstream of the CAP site (around positions
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�84.5, �74, and �63) also accelerate k2 (82). At class I CAP-
dependent promoters such as wild-type lac, CAP-cAMP is
observed only to increase K1 (25), as if RNA polymerase re-
cruitment to the promoter is the only step affected by CAP-
cAMP binding and DNA bending at this promoter. This result
suggests that DNA bending alone is not sufficient to promote
isomerization. To accelerate isomerization, bends in the up-
stream promoter region may require the correct directionality
and spacing to alter DNA conformation in the region sur-
rounding �1. Formation of the appropriate DNA loop around
holoenzyme requires bending and wrapping of the DNA, fa-
cilitated by a multitude of protein-protein and protein-DNA
contacts. In the DNA-wrapping model, RNA polymerase bind-
ing and isomerization of the DNA are linked processes, ex-
plaining why regulators can affect isomerization even though
they bind to and restructure DNA far upstream of the tran-
scriptional start.

The relationship between DNA wrapping and CAP-cAMP
stimulation of transcription is perhaps most clearly demon-
strated by experiments with the malT promoter, at which CAP-
cAMP binds to a DNA region centered around position �70.5
(35). In that study, a UV laser was used to monitor DNA-
protein contacts during formation of transcription intermedi-
ates. At the malT promoter, a CAP-cAMP-dependent cross-
link between upstream DNA at position �94 and RNA
polymerase was strongly correlated with the promoter escape
step of the initiation process. DNA bending and straining by
CAP-cAMP in the upstream promoter region therefore appear
to cause DNA to wrap around RNA polymerase. Surprisingly,
isomerization of the DNA in the upstream promoter region
affects a very late stage of the initiation process, by exerting an
effect on the early progression of the open complex. In this
case, a contact between far upstream DNA and RNA polymer-
ase affects events downstream of the transcriptional start site.

The bacteriophage � cI repressor binds to the rightward �
operators oR1

and oR2
and activates transcription from neigh-

boring pRM (promoter for repressor maintenance). The � re-
pressor interacts with the �70 subunit of RNA polymerase and
activates transcription from pRM by stimulating k2 (52). Pro-
tein-protein interactions between the C-terminal domains of �
repressor molecules bound at the two operator sites are likely
to induce conformational changes in DNA just upstream of
pRM, and these changes in DNA topology may induce DNA
wrapping around RNA polymerase to stimulate isomerization.
Other factors that bend or wrap DNA in the upstream pro-
moter region include integration host factor (44) and FIS (37,
102). These factors may stimulate transcription from target
promoters by inducing or stabilizing a DNA wrap around ho-
loenzyme, as suggested for CAP and � repressor.

The suggestion that DNA wrapping is a key feature of the
initiation mechanism for E. coli RNA polymerase has been
made by several investigators (24, 117, 136, 156). Based on
recent experimental findings in the mammalian RNA polymer-
ase II system, this dynamic mechanism in which RNA poly-
merase causes DNA to bend sharply in the upstream promoter
region and again downstream of �1 to isomerize and then
open the helix appears to be a general feature of RNA poly-
merase mechanisms.

DNA IS WRAPPED AROUND MAMMALIAN RNA
POLYMERASE II IN THE PREINITIATION COMPLEX

As discussed above, binding of TBP within the DNA minor
groove at the TATA sequence induces a bend of about 80°
in promoter DNA (73, 75). This bend is stabilized by the bind-
ing of TFIIB (79, 106). To bring RNA polymerase II into the

TBP-TFIIB-promoter complex generally requires TFIIF.
TFIIE cooperates with TFIIF in the assembly process and
contributes to complex stability. Both TFIIF and TFIIE are
�2�2 heterotetramers in solution and appear to assemble in
this form in the preinitiation complex (129). As discussed be-
low, there are potential parallels between TFIIF and TFIIE
functions in DNA wrapping. In addition to this postulated role
for TFIIF and TFIIE in preinitiation complex assembly and
isomerization, TFIIE helps to bring TFIIH into the preinitia-
tion complex.

Evidence for wrapping of DNA around RNA polymerase II
in the preinitiation complex is emerging from site-specific DNA-
protein photo-cross-linking studies by the groups of Ebright and
Reinberg (74, 79), and Coulombe, Greenblatt, and Burton (22,
39, 129, 130) (Fig. 3). Both groups identified an extensive
cross-linking “footprint” of the RNA polymerase II preinitia-
tion complex on DNA. Both groups have also analyzed distinct
intermediate complexes by using cross-linking reagents located
at different positions on the DNA, and their results differ in
some particulars. However, they both propose that extensive
bending of DNA occurs in the preinitiation complex.

Ebright and colleagues performed cross-linking studies of
the TBP-TFIIB-RNA polymerase II-TFIIF complex (74). In
these studies, TBP was used instead of TFIID to eliminate
problems in interpretation that would result from cross-linking
of the TAFIIs and from architectural changes in DNA induced
by the TAFIIs (111). To place site-specific cross-linking re-
agents into the DNA, Ebright and coworkers developed a
novel method in which a thiophosphate within a DNA primer
is used to attach a 9.7-Å arm linked to an azido group. UV light
causes covalent attachment between the azido group and near-
by proteins. Using an extensive set of primers, these investiga-
tors positioned cross-linking arms at every other phosphate
group on the two DNA strands of the adenovirus major late
promoter from positions �55 to �25. They then combined
their cross-linking results with structural data for the protein
envelope of yeast RNA polymerase II and the crystal struc-
tures of TBP and TFIIB bound to promoter DNA. As a result,
they postulated significant DNA wrapping within the complex
with two major DNA bends: one at the TATA box and one
centered around �1. Their model accounts for architectural
changes introduced into the DNA by binding of TBP and
TFIIB at the TATA box, for envelopment of the DNA around
the transcriptional start site (as also observed in E. coli RNA
polymerase-promoter complexes), and for unwinding of the
DNA helix near the site of strand opening.

Coulombe and colleagues have studied the distribution of
protein factors within the TBP-TFIIB-RNA polymerase II-
TFIIF-TFIIE complex, using TBP in place of TFIID and in-
cluding TFIIE (in contrast to Ebright and coworkers) (129).
They used an azido-substituted deoxyuridine photo-cross-link-
ing probe that replaces thymidine residues at specific DNA
positions (8). By using this method, the photo-cross-linking
agent protrudes from specific thymidine base positions into the
DNA major groove. This technique has the limitation that
cross-linking can be done only from certain DNA positions
without modifying the nucleotide sequence and so fewer posi-
tions are analyzed. Where multiple thymidines occur in a se-
quence, multiple cross-linkers are inserted, limiting resolution
but potentially increasing the strength of the cross-linking sig-
nal. Whether there is an advantage to having the cross-linking
reagent located on the phosphate backbone or at a thymidine
base will depend on the precise disposition of protein targets
surrounding a particular probe.

The first indication of a wrapped DNA structure within the
RNA polymerase II initiation complex (Fig. 3) arose from the
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length of the photo-cross-linking “footprint” on promoter
DNA. RNA polymerase II contacts the adenovirus major late
promoter between positions �40 and �13 (74, 129), represent-
ing contact along 180 Å of B-form DNA. The longest dimen-
sion of RNA polymerase II is 140 Å (140 by 140 by 110 Å) (26),
and DNA bending is necessary to accommodate such extensive
contact. TFIIF subunits interact with DNA between positions

�56 and �32, representing about 300 Å of B-form DNA. This
extensive contact cannot reasonably be explained except by
DNA wrapping. Also, electron micrographs of preinitiation
complexes allow direct visualization of DNA wrapping in the
complex (39, 74). These studies indicate that 50 � 21 bp (160
Å) of DNA is consumed within the structure (39, 74), fully
supporting the notion of tight DNA bending and wrapping.

FIG. 3. DNA wrapping in the RNA polymerase II preinitiation complex. TBP is in yellow; B, TFIIB (red); F30, TFIIF RAP30 subunit (green); F74-N, TFIIF RAP74
subunit (amino acids 1 to 205) (green); E34, TFIIE 34-kDa subunit (clear blue); Pol II, RNA polymerase II (opaque blue); HIR1, RAP74 dimerization region (amino
acids 172 to 205) (129). Models of transcriptional mechanisms can be viewed at http://labcoulombe.usherb.ca.
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If promoter DNA must be bent into a looped configuration
for initiation, upstream and downstream promoter DNA seg-
ments will be found to closely approach one another near the
approximate cross-point of the loop. Close approach of up-
stream and downstream DNA segments on the adenovirus
major late promoter is strongly supported by the pattern of
photo-cross-linking of RAP30, RAP74, and TFIIE-34 (129).
Because both TFIIF and TFIIE assemble in the preinitiation
complex as heterotetramers (129), two molecules of each sub-
unit are present in the preinitiation complex and one molecule
each of RAP30, RAP74, and TFIIE-34 appears to be located
very near to the approximate cross-point of the looped DNA
structure (Fig. 3). The second subunit of the RAP30, RAP74,
and TFIIE-34 dimers is located close to DNA between the
TATA element and the �1 position (39, 74, 129, 130). The
evidence for location of general factors near to the DNA cross-
point comes from the development of DNA contacts between
a single molecule each of RAP74 and RAP30 upstream of
TATA and simultaneously downstream of �1 (between posi-
tions �13 and �34). A single molecule of TFIIE-34 may also
be found near the DNA cross-point.

In studies of the TBP-TFIIB-RNA polymerase II-TFIIF-
TFIIE complex, RAP74 was found to be essential to tighten a
DNA loop around RNA polymerase II (129). The deletion
mutant RAP74(1–172) enters into and supports the formation
of a stable preinitiation complex but has very low activity in
transcription (84). In photo-cross-linking studies, RAP74(1–
172) is found to occupy the core promoter region (positions
�15 and �5), but this protein is not found near the DNA
cross-point (upstream positions �56/�61, �45/�48, and �39/
�40; downstream positions �13, �16/�18, and �26), at po-
sitions occupied by RAP74(1–205) and RAP74(1–517, wt)
(129). This result indicates that in a complex containing wild-
type TFIIF, a single molecule of RAP74 occupies the core
promoter region and a second is located near the DNA cross-
point. In the absence of RAP74, RAP30 is found near the
DNA cross-point (upstream positions �56/�61 and �39/�40
and downstream positions �13, �16/�18, �26, and �32/�34)
but not within the core promoter (position �19). In the pres-
ence of RAP74(1–172) and RAP74(1–517, wt), however,
both molecules of RAP30 are detected. Photo-cross-linking
of RAP30 therefore indicates that the promoter is in a “loose”
looped conformation, even in the absence of RAP74, and that
distinct molecules of RAP30 occupy the core promoter region
and the DNA cross-point. The RAP74(1–172) mutant supports
a complex in which TFIIE-34 does not form appropriate down-
stream promoter contacts (positions �13 and �26), although
in this context, TFIIE-34 does contact DNA in the upstream
promoter region (position �39/�40) and in the core pro-
moter region (position �2/�13). The transcriptional defect
of RAP74(1–172) may therefore be attributable to its inability
to tightly wrap DNA around the preinitiation complex, as
indicated by its failure to appropriately locate TFIIE-34 near
to the DNA cross-point. In the complex containing wild-type
TFIIF, the TFIIE-34 contacts made with DNA at upstream
(position �39/�40) and downstream (positions �13 and �26)
positions are thought to be attributable to a TFIIE-34 mole-
cule located near the DNA cross-point (129). In addition,
RNA polymerase II subunits Rpb1 and Rpb2 make inappro-
priate contacts with the promoter in the absence of RAP74 or
in the presence of the defective mutant RAP74(1–172). Rpb1
fails to make specific contacts in the core promoter region
(positions �19 and �1), and Rpb2 fails to make contacts in the
upstream promoter region (position �39/�40) and in the
downstream promoter region (position �13), indications that

DNA is not tightly wrapped around RNA polymerase II unless
RAP74 is present in the complex.

Tight wrapping of DNA in the preinitiation complex also
appears to depend on the presence of TFIIE. In studies of
the TBP-TFIIB-TFIIF-RNA polymerase II-promoter com-
plex lacking TFIIE, Kim et al. (74) did not observe extensive
contact of general factors downstream of �1. Only inclusion of
TFIIE in the complex revealed these downstream contacts
(129), as if the DNA is not tightly wrapped in the absence of
TFIIE. As with RAP74, the effect of TFIIE on isomerization is
indicated by enhancement and induction of specific TFIIF-
DNA contacts within the core promoter region (39, 130). From
photo-cross-linking studies, therefore, TFIIF and TFIIE ap-
pear to have cooperative functions in DNA wrapping and
complex isomerization.

In transcription systems with supercoiled or premelted tem-
plates, the TBP-TFIIB-RNA polymerase II-RAP30 complex is
functional in accurate initiation (59, 115, 116). In this minimal
system, addition of RAP74 and further addition of TFIIE
stimulate open-complex formation in the absence of TFIIH
and an ATP cofactor. Photo-cross-linking studies indicate that
stimulation occurs because RAP74 and TFIIE promote com-
plex isomerization and helix unwinding. On a linear DNA
template, assembly of TFIIH into the complex enhances and
induces specific RNA polymerase II-DNA contacts within the
core promoter (129), suggesting that TFIIH further helps to
tighten the DNA wrap around RNA polymerase II.

ISOMERIZATION OF RNA POLYMERASE
AND PROMOTER DNA AS A GENERAL

TRANSCRIPTIONAL MECHANISM

Isomerization is a progression of specific conformational
changes in protein and DNA that accompanies topological
untwisting of the helix and, finally, separation of promoter
DNA strands for initiation. In this review, we argue that isom-
erization involves bending of promoter DNA in the upstream
promoter region, bending of DNA through the RNA polymer-
ase active site, and a protein conformational change. The
change in RNA polymerase conformation involves closing of a
channel, the sliding clamp, to surround the template within the
polymerase active site. Tightening of the DNA wrap between
two DNA bends results in helix unwinding (Fig. 4A).

How does DNA wrapping promote DNA unwinding, and
what is the relationship between the DNA bend in the up-
stream promoter region and the DNA bend just downstream
of �1? We propose that the two DNA bends are spaced in
such a manner that as the DNA wrap is tightened, the short
stretch of helix between the two bends is forced to unwind.
This process of helix unwinding prior to the separation of the
DNA strands appears to be a critical step in isomerization (Fig.
2 and 4A). In effect, DNA upstream and downstream of the
two DNA bends acts as two levers to pry the helix into the un-
wound conformation that precedes open-complex formation.
Transcriptional regulators can affect this mechanism by pulling
the upstream DNA lever, the downstream lever, or both.

In transcription by mammalian RNA polymerase II, TBP
and TFIIB initiate wrapping in the upstream promoter region
by bending the DNA by 80° at the TATA box. To isomerize the
complex, however, the downstream bend must be formed and
the DNA wrap must be tightened both upstream of the TATA
box and downstream of �1. The TFIIE and TFIIF heterotet-
ramers appear to play key roles in pulling the upstream DNA
lever, forming the DNA bend around �1, and pulling the
downstream DNA lever (39, 129). DNA wrapping may create
just enough strand separation to allow the DNA helicase of
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TFIIH access to single-stranded DNA to catalyze open-com-
plex formation in the presence of ATP.

In E. coli transcription, the precise position of the upstream
DNA bend appears to vary between promoters and with dif-
ferent � factors. Regulators � cI and CAP-cAMP, rRNA pro-
moter up elements, the �-CTD, and architectural factors FIS
and IHF appear to be involved in forming DNA bends up-
stream of the promoter and pulling the upstream transcrip-
tional lever to wrap DNA around RNA polymerase.

Isomerization appears to proceed by very similar pathways
for mammalian RNA polymerase II and E. coli RNA polymer-

ase (Fig. 4B). Upstream of the TATA element, RNA polymer-
ase II and TFIIF approach DNA at positions �39/�40 and
�56/�61 (129). These upstream promoter contacts are anal-
ogous to contacts established by E. coli RNA polymerase in
closed complex I and maintained in closed complex II and the
open complex (Fig. 2). The bend induced in promoter DNA by
binding of TBP and TFIIB is reminiscent of the DNase I
hypersensitivity sites induced in bacterial promoters in the
formation of closed complex I. DNA bending by E. coli CAP-
cAMP, particularly at promoters such as gal P1, where CAP
binds centered around position �41.5, may also be analogous

FIG. 4. Isomerization of transcription complexes. (A) DNA wrapping
around RNA polymerase in the preinitiation complex. The diamond shape rep-
resents RNA polymerase prior to isomerization. The football shape containing
an asterisk represents the isomerized holoenzyme. A DNA bend in the upstream
promoter region and another bend around �1 coupled with a tight DNA wrap
around RNA polymerase leads to helix unwinding. (B) Comparison of the E. coli
RNA polymerase three-step mechanism and the mammalian RNA polymerase II
stepwise-assembly model. Proposed similarities between these mechanisms in-
clude DNA bending in the upstream promoter region, DNA bending just down-
stream of �1, wrapping of DNA around RNA polymerase, and isomerization of
RNA polymerase and DNA on the pathway to formation of the open complex.
RII, RNA polymerase II (Pol II); R, RNA polymerase; P, promoter DNA; D,
TBP; W, wrapped; L, loose; T, taut; O, open; C1, closed complex I; C2, closed
complex II; HIR1, a RAP74 dimerization region (amino acids 172 to 205);
�, conformational change in RNA polymerase. (C) The TBP-TAFII complex and
the TBP-TFIIB-RNA polymerase II-TFIIF-TFIIE complex (lacking TAFIIs)
(RIIPW,T in panel B) appear to isomerize promoter DNA into a similar confor-
mation.
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to TBP-TFIIB-promoter bending. The contacts of RNA poly-
merase II and TFIIF downstream of �1 resemble those made
by E. coli RNA polymerase after isomerization in closed com-
plex II and the open complex. By further analogy to E. coli, the
TBP-TFIIB-RNA polymerase II-RAP30-TFIIE-promoter
complex (lacking RAP74) resembles an incompletely isomer-
ized intermediate between closed complexes I and II. The
complex containing both RAP30 and RAP74 more closely
resembles a fully isomerized closed complex II (Fig. 4B). Ad-
dition of TFIIH to the complex tightens the DNA wrap (129).
TBP and TFIIB induce wrapping by bending the template in
the upstream promoter region. TFIIF, TFIIE, and TFIIH help
to complete and tighten the wrapped DNA structure. All of the
general factors therefore contribute to isomerization of the
preinitiation complex.

Similar to E. coli RNA polymerase (26, 117), the fingers and
thumb of RNA polymerase II appear to be closed around
promoter DNA in the preinitiation complex, as indicated by
full protection of both DNA strands in the region surrounding
�1 from digestion with DNase I (74). The notion of the closing
channel is also supported because the finger and thumb struc-
tures of yeast RNA polymerase II can be imaged in both the
open and closed configurations (4, 26). As noted by Darst and
coworkers (117), the closing of the RNA polymerase channel
around DNA is likely to represent part of the protein confor-
mational change that accompanies isomerization (39, 129–
131).

E. coli core RNA polymerase forms a holoenzyme by bind-
ing a � factor. Mammalian RNA polymerase II is found in
complex holoenzyme forms containing core RNA polymerase
II, most of the known general initiation factors, and additional
polypeptides (46). These holoenzyme preparations support ac-

curate initiation from promoters in vitro with minimal supple-
mentation and respond appropriately to some transcriptional
regulators. Uncharacterized protein components of the ho-
loenzyme are likely to play important roles in modifying DNA
wrapping and bending around RNA polymerase II to regulate
initiation and elongation.

FUNCTIONS OF TAFIIs IN TRANSCRIPTION
BY RNA POLYMERASE II

TFIID is a large protein complex of TBP and 8 to 11 TAFIIs.
Several excellent reviews and many manuscripts recently have
been published describing the potential roles of the TAFIIs,
and some of this large body of literature is summarized in
Table 3 (12, 51, 58, 83, 154, 158). TAFIIs interact with tran-
scriptional regulators as both coactivators and corepressors. In
addition to these regulatory functions, TAFIIs interact directly
with promoter DNA upstream of the TATA box, within the
initiator region, and at the DPE, which is found in some pro-
moters. Consistent with their role in binding core promoter
DNA sequences, TAFIIs play important roles in promoter se-
lection by RNA polymerase II. TAFIIs are particularly impor-
tant for recognition of several genes that encode cyclins and
other genes that are important for cell cycle progression, and
this requirement may be the basis for the cell cycle arrest
phenotypes associated with particular TAFII mutants. A subset
of the TAFIIs have significant sequence similarity to core his-
tones H4, H3, and H2B and may comprise a structure similar
to a core histone octamer within the TFIID complex (58). The
TAFIIs make many contacts to the general transcription fac-
tors. Additionally, human hTAFII250/230 and its homologue

TABLE 3. Comparison of yeast, Drosophila, and human TAFIIs
a

Yeast Drosophila Human Comments

yTBP (27) dTBP (38) hTBP (43) TBP, contacts NC2 (Dr1-DRAP1), contacts TFIIA and TFIIB

TAFs
yTAF145/130 (121) dTAF250 hTAF250/230 Cell cycle progression (G1/S), HMG box, bromodomains, HAT

activity, contacts E1A, TFIIF kinase activity, contacts TBP
yTAF150 (161) dTAF150 hTAF150/CIF150 Cell cycle progression, contacts NTF-1, contacts TBP, contacts Inr

dTAF110 hTAF135/130 Contacts Sp1, contains Sp1-like Q-rich regions, contacts E1A and
NF-E2, contacts TFIIA, contacts Inr

hTAF105 Cell-specific hTAF135/130 variant
yTAF90 (89) dTAF85/80 hTAF100/95 WD-40 repeats, cell cycle progression (G2/M), contacts TFIIF

(RAP30) and TBP
yTAF67 (67) hTAF55 Contacts Sp1, USF, CTF, HIV-1 Tat, E1A, and YY1

hTAF43
yTAF25/23 (23) hTAF30 Contacts estrogen receptor, contacts TBP
yTAF47 (40)
yTAF30 (27) (AF-9, ENL) Contacts TFIIF, contacts SWI/SNF, nonessential, human

leukemia breakpoint proteins

TAFs with histone similarities
yTAF60 (58) dTAF62/60 hTAF80/70 Histone H4 similarity, contacts p53, NF-
B/p65, and NTF-1,

contacts TFIIF (RAP74), TFIIE56, and TBP, contacts DPE
yTAF20/17 (17) dTAF42/40 hTAF32/31 Histone H3 similarity, contacts VP16, p53, and NF-
B/p65,

contacts N-Cor, contacts TFIIB, contacts DPE
yTAF68/61 (61) dTAF30�/28/22 hTAF20/15 Histone H2B similarity, contacts TBP
yTAF40 (41) dTAF30� hTAF28 Histone fold, SPT3 (SAGA) similarity
yTAF19 (19) hTAF18 Histone fold, SPT3 (SAGA) similarity

a Numbers in parentheses are molecular weights determined from the gene sequence. Homologous TAFIIs are aligned horizontally. E1a, NTF-1, Sp1, NF-E2, USF,
CTF, human immunodeficiency virus (HIV-1) Tat, YY1, estrogen receptor, p53, and NF-
B/p65 are transcriptional activators or coactivators. NC2 (Dr1-DRAP1) and
N-Cor are repressors or corepressors. HAT is histone acetyltransferase activity. SWI/SNF is a large protein complex that hydrolyzes ATP and remodels chromatin
structure. SAGA is a large protein complex that bears some similarity to TFIID. For instance, SAGA contains some TAFII components, including histone-like TAFIIs,
and a subunit with histone acetyltransferase activity. Contacts to the initiator (Inr) and DPE core promoter sequences are indicated.
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from Drosophila, dTAFII250, have catalytic activities including
histone acetyltransferase activity and protein kinase activity.

The TFIID complex makes an extended footprint on DNA
that mimics the footprint of the preinitiation complex formed
with TBP, RNA polymerase II, and the general transcription
factors in the absence of TAFIIs. TBP appears to make DNA
contacts limited to the minor groove at the TATA sequence,
but the TFIID complex additionally contacts DNA upstream
of TATA, between TATA and �1, and downstream of TATA
to almost �40 (111). In the absence of TBP and other TAFIIs,
dTAFII150 makes footprints on DNA in the downstream pro-
moter region between �1 and �38 (159). In the presence of
TBP, dTAFII150 also occupies the core promoter between the
TATA box and �1, so that dTAFII150 by itself appears to
make contact both between the TATA box and �1 and be-
tween �1 and �38. dTAFII150 also induces DNase I hyper-
sensitivity around the region of the transcriptional start site,
indicative of DNA bending. In the presence of TBP, therefore,
dTAFII150 appears to bend the DNA near �1 and wrap it
around so that the promoter is in a similar configuration to that
which forms around RNA polymerase II in the presence of
TBP, TFIIB, TFIIF, and TFIIE (129). On several promoters,
dTFIID induces footprint patterns characterized by DNase I
hypersensitivity sites in the region of the TATA box and sur-
rounding �1 and by protection of the DNA upstream of the
TATA box and downstream to about �40 (10, 11). On pro-
moters lacking a TATA box, DNA protection between about
�30 and �40 is maintained and the DNA, in some cases,
appears to be bent in the region where a TATA box would be
located. The human homologue of dTAFII150 is named
hTAFII150 or CIF150 (for “cofactor for initiator function”)
(71). Recently, hTAFII150/CIF150 was reported to be a com-
ponent of hTFIID, although its presence in the complex was
previously obscured by hTAFII135/130, which has a similar
mobility in gels (92).

In Drosophila, a DPE has been identified around positions
�28 to �34 in many promoters lacking a TATA sequence (10,
11). The DPE is very important for interactions between
dTAFIIs and DNA in the downstream promoter region, and
photo-cross-linking studies show that the DPE selectively in-
teracts with dTAFII60 and dTAFII40, which are similar in
sequence and structure to histones H4 and H3. Simultaneous
binding of TBP to the TATA sequence and dTAFII60 and
dTAFII40 to the DPE should bring these sequences into ap-
proximate juxtaposition, as expected in a looped DNA struc-
ture (Fig. 4C).

Photo-cross-linking studies show that a hTAFII of about 150
kDa contacts DNA upstream of TATA, between TATA and
�1, and in the downstream promoter region between �5 and
�22 (111). It is not clear whether these cross-links are to
hTAFII150/CIF150 or hTAFII135/130, because hTAFII150 was
not known to be present in hTFIID when this study was done
(92). Combining the photo-cross-linking studies with antibody
analysis of the products would be useful, because if all of these
cross-links can be shown to be to the same protein, this would
strongly support the wrapping model shown in Fig. 5. General
transcription factor TFIIF makes DNA contacts upstream of
TATA, within the core promoter, and downstream of �1 in the
preinitiation complex. If hTAFII150 (or hTAFII135) makes
similar contacts, the possibility must be considered that DNA
is wrapped around TFIID in a similar manner to the way DNA
is wrapped around TFIIF, TFIIE, and RNA polymerase II in
the preinitiation complex (Fig. 3, 4B and C, and 5). The H4-
related hTAFII80 interacts with TFIIE-56 and RAP74 (55),
consistent with a common DNA-wrapping pathway in the for-
mation of the TFIID-promoter complex and the preinitiation

complex lacking TAFIIs. Of potential interest in this regard is
the recent observation that the DNA binding domain of the
RAP30 subunit of TFIIF has structural homology to the linker
histone H5 (47).

In the human system, histone homologues hTAFII80,
hTAFII31, and hTAFII20/15 (57) were not observed to cross-
link to DNA (111); however, the precise location of cross-
linking reagents may not have been appropriate to detect these
interactions. Histone cores primarily contact DNA through the
minor groove (89), but the photo-cross-linking reagent used in

FIG. 5. A proposed additional step in preinitiation complex assembly involv-
ing movement of TAFIIs from the core promoter region, in order to bind RNA
polymerase II and the general transcription factors (GTFs). The promoter is
depicted as an isomerized DNA structure tightly wrapped around a TAFII core,
part of which may resemble a core histone octamer (hTAFII80/70-hTAFII32/31
heterotetramer-hTAFII20/15 tetramer). RNA polymerase II and associated gen-
eral transcription factors dock first in the upstream promoter region through
interactions with TBP, TFIIA, promoter DNA, and TAFIIs. TAFIIs must be
displaced from the core promoter for RNA polymerase II to bend the initiator
sequence through the enzyme active site. This step requires some movement of
the DNA. Notice the similarities between this mechanism and that proposed for
E. coli RNA polymerase (Fig. 2). hTAFII250 is indicated as an extended struc-
ture linking the TAFII core with TBP. This connection between hTAFII250 and
TBP appears to be missing in yTAFII145/130.
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TFIID-promoter binding studies protrudes from the major
groove. It is not known whether the histone-like TAFIIs play a
similar role to histones in the formation of the TFIID complex,
but promoter DNA appears to be wrapped around TFIID
much as DNA is wrapped around a nucleosome, except that
the DNA coil around TFIID appears to be more sharply bent,
particularly around the transcriptional start site. In the case of
the TFIID complex, DNA is bent at about 80° at the TATA
box through binding of TBP, DNA appears to be bent again in
the vicinity of �1, and TAFIIs make extensive contacts with
DNA upstream of the TATA box, between TATA and �1 and
from �1 to �40. dTAFII150 appears to play a role in forming
the DNA bends around �1 (10, 11, 159). Similarly to histones,
TAFIIs induce negative supercoiling in promoter DNA (111).
TAFIIs appear to isomerize the DNA into a looped structure
that is appropriate to accept binding by the RNA polymerase
II holoenzyme (compare Fig. 3 and 5). Because the promoter
DNA contacts made by TAFIIs and the general transcription
factors are so similar, it is very doubtful that these contacts can
be maintained simultaneously. The TAFIIs must release con-
tacts with the core promoter for assembly of the RNA poly-
merase II preinitiation complex.

Transcriptional activators influence TFIID binding to pro-
moters by extending the TFIID footprint in the downstream
promoter region and by inducing DNase I-accessible or -hy-
persensitive sites in the vicinity of the transcriptional start site
(17, 60, 85, 135, 168). According to the DNA-wrapping model,
these observations might indicate that activators stimulate
transcription by enhancing TAFII binding and TAFII-mediated
isomerization of promoter DNA. As in bacterial systems,
mammalian activators may enhance transcription by stimulat-
ing DNA wrapping around RNA polymerase II. Mammalian
transcriptional activators appear to stimulate the recruitment
of the general transcriptional machinery and isomerization of
the preinitiation complex in the same way that bacterial tran-
scriptional activators affect K1 and k2, although those that
interact with TAFIIs may function at an intermediate stage in
complex assembly.

The RNA polymerase II holoenzyme is suggested to interact
with both promoter DNA and the TAFIIs for initial promoter
recognition. TAFIIs interact with a number of the basal tran-
scription factors (Table 3). hTAFII250 is a kinase for the
RAP74 subunit of TFIIF (28). dTAFII110 interacts with
TFIIA, and its human counterpart, hTAFII135/130, may con-
tact the initiator sequence (111), possibly indicating DNA
wrapping around hTFIID. hTAFII100/95 interacts with the
RAP30 subunit of TFIIF (31). Histone-like TAFIIs also make
contacts to general factors. The H4-like hTAFII80/70 contacts
the RAP74 subunit of TFIIF and TFIIE56 (55). The H3-like
dTAFII42/40 contacts TFIIB (43). The H3- and H4-like TAFIIs
from Drosophila interact with the DPE (10), which may be
juxtaposed to DNA upstream of TATA, where RAP30, RAP74,
and TFIIB interact (78, 129). Contacts between the general
transcription factors and TAFIIs could therefore be important
for recruitment of holoenzyme to the promoter.

The current state of knowledge of TAFIIs and the concept of
DNA wrapping in the preinitiation complex have been com-
bined to develop a model for TAFII function. This model
indicates that TAFIIs are involved in an intermediate step in
the assembly of a preinitiation complex (Fig. 4C and 5). Similar
DNA-wrapping models for TFIID interaction with promoter
DNA have been suggested by others (111, 154). The difference
between those models and ours is that we strongly suggest that
the TFIID-promoter complex and the TBP-TFIIB-RNA poly-
merase II-TFIIF-TFIIE-promoter complex are incompatible.
Because these structures cannot coexist, assembly of the

preinitiation complex requires that the TAFIIs release their
DNA contacts within the core promoter. Our model supports
the following ideas: (i) TFIID bound to DNA is a form of
modified nucleosome core surrounded by a single left-handed
loop of DNA; (ii) in many cases, a promoter may be a nucleo-
protein complex of TBP, TAFIIs, and DNA, rather than a
linear DNA sequence, and RNA polymerase II and the GTFs
may recognize both DNA and TFIID in promoter binding; (iii)
TAFIIs have repressive transcriptional functions; (iv) some ac-
tivators and coactivators function by antirepression mecha-
nisms involving the release of TAFIIs from promoter DNA; (v)
some repressors function by locking the TFIID-promoter
structure; and (vi) TAFIIs must vacate the core promoter to
assemble the preinitiation complex.

In our model, DNA is wrapped around the TAFII core in
much the same fashion that DNA is wrapped around the nu-
cleosome, except that the DNA is looped once rather than
twice. The DNA is isomerized into a very similar conformation
to that found in the fully assembled preinitiation complex, as if
the promoter is restructured into a form ready to accept the
binding of RNA polymerase II holoenzyme. TBP occupies the
TATA box and bends DNA as expected. hTAFII250 is de-
picted as a hinged connector to TBP, which is located on the
outside of the loop, bending the DNA back toward the hTAFII
core. hTAFII250 also contacts the hTAFIIs as they interact
with the core promoter. As holoenzyme docks with hTAFIIs,
hTAFII250 is available to interact with the general transcrip-
tion factors, such as TFIIF, which is a substrate for the
hTAFII250 kinase activity. The hTAFII histone-like core is
drawn in contact with the core promoter. Placement of TBP
outside the loop is a likely arrangement, because hTAFIIs
interact with DNA upstream of TATA. These upstream con-
tacts are difficult to imagine if TBP is brought inside the struc-
ture and the DNA is bent away from the loop and the hTAFIIs.
A looped structure is also more stable than one with two
independent DNA bends. Inspection of the amino acid se-
quence indicates that hTAFII250 and dTAFII250 could easily
be hinged just C-terminal to their TBP binding domains found
near their N termini (86). For instance, these regions include
polyproline tracts and highly charged sequences. The yeast
homologue yTAFII145/130 appears to be missing this TBP
binding region, which may explain why yTBP is found free of
the yTAFIIs during isolation. A form of hTFIID lacking TBP
has also recently been reported (163). A potential criticism of
our model is that TBP has been shown in vitro to contact
several TAFIIs. Some of these contacts, however, may be more
important for transport of the TFIID complex in solution than
they are within the complex assembled on the promoter (86).

For assembly of the preinitiation complex, the TAFIIs must
release their contacts to the core promoter. This extra step in
formation of an active transcription complex provides unfore-
seen roles for regulators. In this model, TAFIIs have an im-
portant function in repression, because they lock up the pro-
moter. Transcriptional repressors could block transcription by
holding this structure in place. The corepressor N-Cor and its
homologues interact with the H3-like hTAFII32/31 and may
have this locking function (101). The mammalian repressor
RBP/CBF1 can interact with dTAFII110, blocking the coacti-
vator site for TFIIA (113). In vitro transcription studies have
also indicated repressive activities of TAFIIs (90, 112). We
expect that the TAFIIs will be found to have many additional
corepressor functions when the mechanisms for transcriptional
repression are better understood. Many activators and coacti-
vators are expected to function as derepressors in this model,
to unlock the repressive TAFII structure. The coactivator PC4
appears to function in this manner (90).

470 COULOMBE AND BURTON MICROBIOL. MOL. BIOL. REV.



The DNA-wrapping model can also address some confusing
observations about the role of TAFIIs in transcription. In some
cases, TAFIIs appear to function as coactivators (2, 16, 18, 19,
43, 67, 158) or as corepressors (101, 113). In other cases,
TAFIIs appear to function as promoter selectivity factors (157)
or may be dispensable for transcription and transcriptional
activation altogether (100, 160). If TAFIIs wrap promoter DNA
into a structure that is similar to the loop formed around RNA
polymerase II and the general transcription factors, the func-
tion of TAFIIs is partially redundant with respect to the gen-
eral transcriptional mechanism. In the DNA-wrapping model,
therefore, TAFIIs can be viewed as targets of transcriptional
activators (coactivators) or repressors (corepressors), as basal
factors (promoter selectivity factors), and as potentially redun-
dant transcriptional functions.

TRANSCRIPTIONAL ACTIVATION: SYNERGY,
TETHERING, AND WRAPPING

The DNA-wrapping model may help to explain synergy by
transcriptional regulators (14). Transcriptional synergy may
result from activators making multiple, relatively weak contacts
with the RNA polymerase II holoenzyme and associated fac-
tors. Formation of the DNA wrap is an inherently cooperative
process, because as DNA is docked into grooves on the RNA
polymerase holoenzyme surface, many favorable binding con-
tacts are developed simultaneously along an extended protein-
DNA interface. Transcriptional activators can affect this pro-
cess cooperatively through multiple distinct protein-protein
and/or protein-DNA contacts. Cooperativity between tran-
scriptional activators and the natural DNA-wrapping process is
expected to stimulate the recruitment of RNA polymerase II
and isomerization of the holoenzyme and promoter DNA, in
much the same way that CAP-cAMP and � repressor are
suggested to activate transcription in E. coli.

A popular technique to study the mechanism of action of
eukaryotic transcriptional activators is to tether a DNA bind-
ing domain such as the E. coli lex repressor or the yeast Gal4
N-terminal DNA binding domain to a polypeptide that is a
component of the general transcriptional machinery (119). In
many cases, this strategy bypasses the requirement for a tran-
scriptional activation domain. Tethered factors are then tested
for the ability to activate transcription from promoters con-
taining an appropriate DNA binding site. When general fac-
tors such as TBP have been tethered and activation results,
these experiments have been interpreted to mean that binding
of TBP and therefore recruitment of RNA polymerase II to the
promoter have been enhanced. Recently, the tethering tech-
nology has been extended to bacterial systems (29, 30, 56). In the
E. coli system, the � and � subunits of RNA polymerase have
been tethered to the � repressor by using various strategies.

According to the DNA-wrapping model, however, another
interpretation of tethering experiments is possible. Activation
may result not only from enhanced binding of general factors
to the promoter (termed “recruitment”) but also from stimu-
lation of open-complex formation resulting from the DNA
wrap that must result from looping the DNA between the
upstream DNA element and the promoter. In this way, teth-
ered transcription factors can stimulate not only binding (K1)
but also isomerization (k2), as seen with CAP and � repressor.
In their review on activation by recruitment, Ptashne and Gann
(119) acknowledged that tethering might influence both bind-
ing and isomerization, as we suggest based on the wrapping
model.

It is perhaps somewhat surprising that there are so many
different contacts between transcriptional regulators and the

general factors that can stimulate initiation and that so many
combinations of interactions can produce synergistic activa-
tion. We attribute much of this plasticity to the cooperative
nature of the wrapped DNA structure. As the upstream and
downstream DNA levers are pulled, many favorable DNA-
protein contacts are developed simultaneously. Weak protein-
protein or protein-DNA interactions can therefore contribute
in multiple ways to stimulation of the wrapping mechanism.

DNA BENDING THROUGH THE RNA POLYMERASE
ACTIVE SITE DURING ELONGATION

Multisubunit RNA polymerases elongate RNA chains ac-
cording to a branched kinetic pathway, in which the enzyme
alternates between a rapid and a slow (or inactive) conforma-
tion (Fig. 6). One line of evidence for a branched kinetic path-
way comes from studies of E. coli RNA polymerase (36). The
experimental approach was to initiate transcription with three
of four ribonucleoside triphosphates so that RNA polymerase
was blocked for elongation at a particular base position. In this
case, no CTP was added to the reaction, and at the position for
insertion of the first CMP, RNA polymerase was forced to
either stop elongation or misincorporate a UMP in place of
CMP. At the base position just prior to the misincorporation
site, RNA polymerase was observed to fall into a very slow or
inactive elongation state. An arrested elongation complex is
one in which the RNA polymerase active site has backtracked
irreversibly from the 3�-hydroxyl of the RNA chain to a posi-
tion over the RNA-DNA hybrid. A paused complex may also
backtrack, but paused complexes are capable of resuming elon-
gation. Therefore, if backtracking occurs at pause positions, it
is reversible. Just prior to the misincorporation site, a small
fraction of complexes arrest, but most are paused, because
these complexes are extended when they are supplied with
CTP, which is the natural substrate for addition of the next
base. That a fraction of complexes can misincorporate UMP
for CMP but a separate fraction at the same base position
becomes incapable of misincorporation indicates a branched
kinetic pathway. The authors argue that three different con-
formational states must be possible at the stall position: (i) a
short-lived activated elongation state that can misincorporate
UMP in place of CMP; (ii) an inactive state that requires the
addition of CTP, the next natural substrate, to reenter the
activated elongation state; and (iii) an arrested state. Based on
similar arguments, multiple conformational modes are pro-
posed for elongation complexes at the next base position that
have misincorporated UMP for CMP. Initially, a fraction of
these complexes are extended, indicating that these complexes
added the next base before exiting from the activated elonga-
tion conformation. Other complexes arrest at this position.
Apparently, once the elongation complex containing the mis-
incorporated UMP leaves the activated elongation state, it
cannot reenter the activated elongation mode. Perhaps the
base mismatch promotes irreversible backtracking of the com-
plex. Again, these observations indicate a branched kinetic
pathway.

In another approach, a detailed analysis was done of elon-
gation by yeast RNA polymerase III on the SUP4 tRNATyr

gene (93). In that study, 1-s time points were recorded to
measure the rates of entry and exit of RNA polymerase III at
each base position. As is the case with RNA polymerase II and
E. coli RNA polymerase, RNA polymerase III pauses at spe-
cific nucleotide addition sites. Moreover, even with a highly
synchronous start, RNA polymerase III elongates the RNA
chain asynchronously, as if the enzyme is converting between
two forms: a rapid and a slow elongation form.
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In the kinetic model shown in Fig. 6A, the elongation com-
plex is suggested to convert between an isomerized EC* form
and a low-activity EC form. Interconversion of the slow or
inactive EC form and the rapid, isomerized EC* form is de-
scribed by the equilibrium constant Ki(n) 
 ki(n)/k�i(n)
(where i indicates isomerization and n indicates a defined nu-
cleotide position in the RNA chain). In this scheme, the rate of
nucleotide addition is described by k*(n � 1). This rate is a
composite of the rate of translocation of the RNA polymerase
active site and of the rate of phosphodiester bond formation. If
k*(n � 1) is slow relative to k*(average), EC*(n) is a pause
site. Pausing also results if k�i(n) � k*(n � 1). As indicated in
the figure, pausing can also involve reversible backtracking of
the RNA polymerase active site. Asynchrony of elongation
results from continual partitioning between the EC* and EC
forms and is further complicated by backtracking.

TFIIF stimulates the elongation rate by RNA polymerase II
by decreasing the dwell time at pause sites or possibly at all
nucleotide addition sites (3, 5, 63, 126). According to the
model in Fig. 6A, TFIIF can stimulate the elongation rate by
stimulating ki, inhibiting k�i, or stimulating k*(n � 1). TFIIF
may have a somewhat low affinity for elongation complexes, or
stalled elongation complexes (EC form), because dilution of
reactions inhibits TFIIF stimulation of elongation (118). If
TFIIF has a reduced affinity for the EC, this could explain the
tendency of TFIIF to cycle off of the elongation complex. If
TFIIF has a higher affinity for EC* than for EC, then TFIIF
will stabilize EC* and inhibit k�i(n). Because the RNA poly-
merase II active site appears to be buried behind the sliding-
clamp structure (Fig. 1 and 3), the catalytic mechanism of

polymerization may be insulated from TFIIF, and TFIIF may
not affect k*(n � 1). TFIIF may stimulate elongation by stim-
ulating ki and inhibiting k�i. In this model, TFIIF helps to
support an activated conformation of RNA polymerase II dur-
ing elongation. Experiments to test these hypotheses are in
progress.

Assuming that TFIIF accelerates elongation by maintaining
RNA polymerase II in the EC* state, what does this activated
conformation look like? We propose that during rapid elon-
gation, template DNA may be bent sharply through the RNA
polymerase II active site (Fig. 6B and 7). In the unisomerized
EC state, template DNA is proposed to be less sharply bent. In
this model, the rapid elongation complex partially resembles
the isomerized preinitiation complex (compare Fig. 7 with Fig.
3). One reason why we favor this model is that mutants within
the critical HIR-1 segment of the RAP74 subunit of TFIIF
(Fig. 3 and 4B) have very similar effects on both initiation and
elongation (84). Because these mutations affect DNA wrap-
ping in the preinitiation complex (129), we propose that these
mutants may also affect the conformational state of elongating
RNA polymerase II. Based on our mutagenic studies, TFIIF
appears to play very similar roles during distinct phases of the
transcription cycle. Perhaps TFIIF stimulates elongation by
helping to stabilize the DNA bend through the RNA polymer-
ase II active site, resulting in progressive untwisting of the
DNA helix during elongation. In this way, TFIIF could have a
similar function in initiation and elongation.

In the preinitiation complex, the adenovirus major late pro-
moter appears to be wrapped almost a full turn around RNA
polymerase II (Fig. 3) (129). According to the DNA-wrapping

FIG. 6. Isomerization of the transcription elongation complex. (A) Proposed kinetic pathways for isomerization, phosphodiester bond formation, backtracking,
arrest, and editing by RNA polymerases. EC is the unisomerized elongation complex, and EC* is the isomerized elongation complex. TFIIF stabilizes EC* by
stimulating ki(n) and/or inhibiting k�i(n). TFIIF is not expected to affect k*(n � 1), the rate constant for phosphodiester bond synthesis. Rates for RNA polymerase
active-site translocation are not shown in this model. Translocation rates are expected to be rapid relative to the rates shown. TFIIS, GreA, and GreB are expected
to act on the EC, helping to resolve backtracked complexes by stimulating an endonuclease activity of their respective RNA polymerase, releasing oligonucleotides such
as dinucleotides (N2). (B) EC* is thought to differ from EC by sharp DNA bending through the RNA polymerase active site and more extensive helix unwinding.
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model, however, the minimal requirement for initiation might
be simply a sharp DNA bend through the RNA polymerase II
active site. In the initiation mechanism, the DNA wrap in the
upstream promoter region could be viewed as a means to
achieve this end. DNA bending and wrapping in the upstream
promoter region is proposed to combine with the sharp DNA
bend around the initiation site to unwind the DNA helix for
initiation. If an alternate mechanism were used to induce helix
unwinding by sharp DNA bending through the catalytic site,
DNA bending and wrapping in the upstream promoter region
would not be necessary for initiation. During elongation, un-
twisting of the helix is supported in part by the RNA-DNA
hybrid and the transcription bubble. Wrapping of DNA up-
stream of elongating RNA polymerase may therefore not be
necessary to untwist the DNA helix for rapid elongation. We
argue, however, that maintenance of a bend through the RNA
polymerase catalytic center is very probably a requirement for
rapid elongation and that the elongation factor TFIIF supports
this bend in DNA.

Other elongation factors, including SIII/elongin, ELL1, and
ELL2, appear to stimulate elongation by a similar mechanism
to TFIIF (7, 126, 142–144). We suggest that these factors also
stabilize the EC* form of the elongation complex. SII/TFIIS
resolves paused and irreversibly arrested transcription com-
plexes by stimulating RNA polymerase II to cleave the RNA
chain within the RNA-DNA hybrid to reset the RNA polymer-
ase active site at the newly generated 3� end of the RNA (49,
64–66, 125, 126, 133, 161). E. coli GreA and GreB proteins
stimulate transcript cleavage by bacterial RNA polymerase in
a manner similar to that of eukaryotic SII. As indicated in Fig.
6, SII, GreA, and GreB may work on the EC form of the
elongation complex to reset the RNA polymerase catalytic
center. Our model suggests that stalled elongation complexes
are in the EC form, a cautionary note for researchers who
study stalled complexes. When stalled, RNA polymerase can
also backtrack from the RNA 3� end to a position on the
RNA-DNA hybrid. In some cases, sliding is reversible and the
position is a long-duration pause site. In other cases, sliding
cannot be reversed to reset RNA polymerase at the 3� end of

the RNA to resume elongation. In this case, the complex is
irreversibly arrested and can be resolved only through SII-,
GreA- or GreB-stimulated RNA cleavage.

In the elongation complex, the DNA entry channel and the
RNA exit channel can photo-cross-link to the same regions of
E. coli RNA polymerase that comprise the processivity sliding
clamp (Fig. 1). This arrangement requires that the DNA tem-
plate be bent through the RNA polymerase catalytic center
during elongation (Fig. 7).

DNA bending in the initiation and elongation complexes
may also be indicated from studies of promoter escape by
RNA polymerase II. Conaway and coworkers (34) have shown
that template DNA 40 to 50 bp downstream of the transcrip-
tional start site of the adenovirus major late promoter is nec-
essary for RNA polymerase II to transcribe through a strong
transcriptional pause site located around positions �9 to �13.
It is difficult to account for this effect of downstream DNA
unless this region contacts RNA polymerase II and/or a gen-
eral transcription factor(s). Promoter escape at this position is
dependent on TFIIE, TFIIH, and ATP hydrolysis (33), so that
TFIIH may account for some of these far-downstream DNA
contacts, consistent with the ability of this factor to conforma-
tionally tighten the preinitiation complex (129).

DNA TOPOLOGY, THE OPEN COMPLEX, THE
RNA-DNA HYBRID, HELIX UNWINDING,

AND DNA WRAPPING

The DNA-wrapping models for E. coli RNA polymerase and
human RNA polymerase II require a change in DNA topology
of almost �2 turns within the preinitiation complex. Wrapping
DNA 360° around RNA polymerase in a left-handed helical
loop would induce a single negative supercoil, and untwisting
DNA through a single turn (10.5 bp) to form the open complex
induces a single negative supercoil. Therefore, accurate mea-
surements of the change in DNA topology, the number of
times DNA wraps around the transcription complex, and the
extent of DNA unwinding must be considered in evaluating the
DNA-wrapping model.

FIG. 7. Models for isomerized RNA polymerase II elongation complexes in the absence (A) and presence (B) of TFIIF. The RAP74 dimerization region HIR1
(amino acids 172 to 205) is critical for accurate initiation (84), elongation stimulation (84), and DNA wrapping in the preinitiation complex (129). The RNA exit channel
and DNA entry channel are drawn so that they contact the RNA polymerase sliding clamp (109).
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For E. coli RNA polymerase, the topological change in DNA
has been carefully determined for an unstimulated wild-type
lac promoter, the much stronger mutant lacUV5 promoter, and
a fortuitous, near-consensus promoter that is found within
simian virus 40 DNA but is recognized by E. coli RNA poly-
merase (1, 41). From each of these promoters, the topological
change in DNA was determined to be �1.7 turns. RNA poly-
merase bound to the wild-type lac promoter does not melt in or
initiate efficiently, unless stimulated by CAP-cAMP. There-
fore, an unstimulated wild-type lac promoter is expected to be
in a form similar to the closed complex II kinetic intermediate
(Fig. 2). Nevertheless, RNA polymerase binds the wild-type lac
promoter and reduces the linking number of the DNA just as
extensively as does RNA polymerase bound to the stronger
lacUV5 and simian virus 40 promoters at which polymerase is
able to melt in. Negative supercoiling can be induced either by
changes in DNA twist (unwinding) or writhe (wrapping);
therefore, determining the number of base pairs that are un-
wound at a promoter is significant. By using topology measure-
ments, twist and writhe terms cannot be separately evaluated,
but the twist term can be estimated from the extent of the open
complex. The extent of the transcription bubble prior to initi-
ation has been determined for the mutant lacUV5 promoter
and the bacteriophage T7 A3 promoter as 11 to 12 single-
stranded bases (positions �9 to �2 or �3) (146, 147). This
estimation was based on dimethyl sulfate sensitivity of single-
stranded cytosines (N-3) and adenines (N-1). Modification at
these positions prevents the formation of Watson-Crick base
pairs, so that methylation was revealed by S1 nuclease diges-
tion after dissociation of RNA polymerase from the DNA. On
the other hand, using a direct measurement of cytosine sensi-
tivity to dimethyl sulfate, the cytosine at position �9 of the
template strand of the lacUV5 promoter was not found to be
reactive (in contrast to cytosines at positions �6, �4, �2, and
�1), indicating that the open complex may not extend to po-
sition �9 (1). This observation appears to reduce the size of
the open complex to fewer than 11 single-stranded bases. The
rest of the topological change in DNA linking number may be
due to DNA wrapping and could account for almost a full turn
of DNA around RNA polymerase. Assuming that the tran-
scription bubble is 10 to 12 single-stranded bases, that the
topological change in the DNA is �1.7 turns, and that there
are 10.5 bp per turn of the helix, the DNA wrap in the preini-
tiation complex is between 270 and 200°. This range represents
substantial DNA bending but slightly less extensive wrapping
than we would estimate based on photo-cross-linking studies of
the mammalian preinitiation complex (129). More careful de-
termination of the extent of the transcription bubble, the
change in DNA topology, and the pitch of the helix around �1
will be necessary to estimate the DNA wrap with accuracy.

The extent of the transcription bubble has also been mea-
sured during elongation. The length of the open complex ap-
pears to vary between 12 and 19 single-stranded bases (165).
This determination, however, may be overestimated at some
positions because stalled elongation complexes are not static.
If translocation is reversible, stalled elongation complexes will
move back and forth by at least one base as the active site of
RNA polymerase moves between the RNA 3�-hydroxyl group
and the last phosphodiester bond that was formed. More ex-
tensive backtracking of complexes and cleavage of RNA within
the RNA-DNA hybrid indicates that the RNA polymerase
active site can move much more extensively over the RNA-
DNA hybrid, so that exposure of bases will reflect time-aver-
aged movement of the transcription bubble. Another consid-
eration is that the stalled elongation complex may have to
advance to isomerize (Fig. 6A). The topology of the stalled

elongation complex is indistinguishable from that of the initi-
ation complex (41), and so if the open complex is 12 single-
stranded bases or fewer, there may be significant DNA bending
even within the stalled elongation complex. The length of the
RNA-DNA hybrid is 8 to 9 nucleotides during elongation (110,
145), and so this may be the minimum size of the transcription
bubble.

No topology, elongation open-complex, or RNA-DNA hy-
brid measurements are yet available for RNA polymerase II
transcription complexes. No topology studies have been re-
ported for E. coli promoters in the presence of architectural
activators such as CAP-cAMP, � repressor, integration host
factor, or FIS, but binding of these factors in the upstream
promoter region is expected to enhance DNA wrapping.

As noted above, DNA wrapping around RNA polymerases
in initiation mechanisms could be viewed as a means to an end.
Sharp DNA bending through the RNA polymerase active site
is expected to be sufficient for isomerization and initiation.
DNA wrapping in the upstream promoter region appears to be
a major and general strategy to help bend DNA through the
active site and to untwist the helix. At some promoters, exten-
sive DNA wrapping may not be necessary to cause DNA bend-
ing around �1, and for these promoters, upstream DNA wrap-
ping may not be as extensive or important for initiation.

FUTURE DIRECTIONS

The DNA-wrapping model described here provides expla-
nations for an important number of observations made in
many laboratories studying prokaryotic and eukaryotic tran-
scription. Future work must better define the precise role of
DNA bending and wrapping in isomerization of the preinitia-
tion complex, open-complex formation, promoter escape, and
elongation. Studies of multiple promoters will challenge the
generality of the DNA-wrapping mechanism, although the sim-
ilarities between prokaryotic and eukaryotic transcription sys-
tems indicate that this mechanism may have significant gener-
ality for multisubunit RNA polymerases.

Techniques for direct visualization of DNA wrapping, such
as electron or atomic force microscopy, may not have the
discrimination or resolution to map the trajectory of DNA
around the protein core. One very direct experiment, however,
is to demonstrate the juxtaposition of upstream and down-
stream DNA sequences by using protein-DNA photo-cross-
linking. By detection of a single molecule of RAP30, RAP74,
and TFIIE-34 in close approach to DNA both upstream of
TATA (position �39 to �40) and downstream of �1 (posi-
tions �13 to �34) Robert et al. (129) have demonstrated the
approximate crossing of helix segments separated by 53 to 74
bp (180 to 250 Å of B-form DNA). This observation strongly
supports the DNA-wrapping model for the RNA polymerase II
initiation system. Using photo-cross-linking technology to
search for other factors (e.g., TFIIA or TFIIB) located near
the cross-point of looped DNA structures should be a useful
approach to demonstrate wrapping in preinitiation complexes
and TBP-TAFII complexes. Fluorescence transfer or DNA li-
gation studies may provide another method of demonstrating
the close approach of upstream and downstream promoter
DNA sequences.

Footprinting experiments demonstrating stepwise preinitia-
tion complex assembly, using highly purified RNA polymerase
II, TFIIH, and TFIID (or recombinant TBP) and recombinant
general factors, would be very useful to supplement photo-
cross-linking studies. Comprehensive footprinting experiments
have been done in the E. coli system and strongly support a
DNA wrapping model. Similarly, photo-cross-linking studies
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with E. coli transcription complexes will help to support the
generality of the wrapping model. A systematic determination
of the DNA topology changes that are induced by transcription
complexes at various stages of assembly would be of great
interest. Some of these experiments have been reported, but
many remain to be done. Another item on our wish list is new
technology to visualize DNA bending and DNA conformation
at the transcriptional start site within complexes in which this
DNA is buried within the RNA polymerase active site.

In prokaryotic systems, transcriptional control works by
stimulation of the basal transcriptional mechanism, by stimu-
lating recruitment of RNA polymerase and isomerization of
the polymerase-promoter complex. Because DNA binding by
RNA polymerase involves significant bending and restructur-
ing of the promoter, transcription factor recruitment and
preinitiation complex isomerization are linked processes, as
indicated by kinetic and footprinting studies. We argue here
that many bacterial transcriptional activators function by en-
hancing the wrapping of DNA around RNA polymerase, par-
ticularly by inducing DNA bending and protein-DNA contacts
in the upstream promoter region (described above as pulling
the upstream transcriptional “lever” [Fig. 4A]). Many activa-
tors and repressors are similarly expected to work through the
basal mechanism in eukaryotic systems. We confidently predict
that many eukaryotic transcriptional regulators will be shown
to function by stimulating or inhibiting DNA bending and
wrapping.
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