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Messenger RNA (mRNA) synthesis occurs in distinct 

mechanistic phases, beginning with the binding of a 

DNA-dependent RNA polymerase to the promoter re- 

gion of a gene and culminating in the formation of an 

RNA transcript. The initiation of mRNA transcription is 

a key stage in the regulation of gene expression. In eu- 

karyotes, genes encoding mRNAs and certain small nu- 

clear RNAs are transcribed by RNA polymerase II (pol II). 

However, early attempts to reproduce mRNA transcrip- 

tion in vitro established that purified pol II alone was not 

capable of specific initiation (Roeder 1976; Weil et al. 

1979). Selective initiation was achieved only when the 

polymerase was supplemented with a number of addi- 

tional protein components that could be isolated from 

crude cell extracts by chromatography (Matsui et al. 

1980). 

In recent years, tremendous experimental effort has 

led to the identification of each of the factors required for 

transcription in vitro from a variety of organisms. Amaz- 

ingly, organisms as diverse as human, rat, Drosophila, 
and yeast use the same set of conserved proteins to ini- 

tiate mRNA synthesis. These protein factors--collec- 

tively known as the General Transcription Factors 

(GTFs)~have since been purified to homogeneity from 

HeLa cells, rat liver, Drosophila, and Saccharomyces 
cerevisiae, and have been named TFIIA, TFIIB, TFIID, 

TFIIE, TFIIF, and TFIIH (where TF stands for transcrip- 

tion factor) according to their chromatographic elution 

profiles and order of discovery (Matsui et al. 1980; for 

review, see Zawel and Reinberg 1993). The entire set of 

GTFs is composed of -30  polypeptides, most of whose 

corresponding cDNAs have been isolated. The GTFs can 

assemble sequentially onto promoter DNA to form sta- 

ble nucleoprotein complexes that recruit pol II (termed 

preinitiation complexes). Not surprisingly, the assembly 

of the GTFs is subject to regulation by activator and 

repressor proteins: Activators can recruit GTFs to a pro- 

moter, thereby accelerating the assembly process, 

whereas repressor proteins can inhibit transcription by 

blocking the assembly of GTFs. 

The purification of the GTFs as separate entities with 
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unique functions and the observation that they can as- 

semble at a promoter in a specific order in vitro sug- 

gested that a preinitiation complex must be built in a 

stepwise fashion, with the binding of each factor promot- 

ing association of the next. The concept of ordered as- 

sembly recently has been challenged, however, with the 

discovery that a subset of the GTFs exists in a large com- 

plex with pol II and other novel transcription factors. 

The existence of this pol II holoenzyme suggests an al- 

ternative to the paradigm of sequential GTF assembly 

(for review, see Koleske and Young 1995). It is therefore 

possible that most or all of the polypeptides required for 

initiation associate with a promoter in a single step, 

analogous to the initiation of transcription by the bacte- 

rial RNA polymerase holoenzyme (Busby and Ebright 

1994). 
This review focuses on the properties of the GTFs and 

on the role of each GTF in transcription. While we ac- 

knowledge that the stepwise model may not be the path 

by which GTFs assemble at a promoter in vivo, we use 

this model to highlight the interplay between GTFs that 

contributes to the formation of the complete preinitia- 

tion complex. We also review the mounting evidence for 

the existence of pol II holoenzymes and their roles in 

regulating transcription. Finally, we describe how regu- 

latory factors target the GTFs to directly modulate the 

rate of transcription initiation. 

Initiation of pol II transcription can occur in a series of 

ordered steps 

In its most general form, the conventional model for or- 

dered transcription initiation by pol II is characterized by 

a distinct series of events: (1) recognition of core pro- 

moter elements by TFIID, (2) recognition of the TFIID- 

promoter complex by TFIIB, (3) recruitment of a TFIIF/ 

pol II complex, (4) binding of TFIIE and TFIIH to com- 

plete the preinitiation complex, (5) promoter melting 

and formation of an "open" initiation complex, (6) syn- 

thesis of the first phosphodiester bond of the nascent 

mRNA transcript, (7) release of pol II contacts with the 

promoter ("promoter clearance"), and (8) elongation of 

the RNA transcript. The only GTF not included in this 

scheme is TFIIA, which can join the complex at any 
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Table 1. Subunit compositions and properties of the human GTFs 

General 
transcription 
factor Subunits a Properties 

TFIIA 

TFIIB 

TFIID 

TFIIE 

37 kD (R) 
19 kD i[3) 
13 kD (~) 

35 kD 

38 kD {TBP) 
250 kD (TAFII250) 
150 kD (TAFII150) b 
135 kD (TAFII135) 
95 kD (TAFII95 
80 kD (TAHI80 
55 kD (TAFII55 
31 kD (TAHI31 
28 kD (TAHI28 
20 kD (TAHI20 

56 kD 
34 kD 

~Anti repress ion ~ R e q u i r e d  for activation 

Recruits pol II/TFIIF, start-site selection, zinc-ribbon, activator-induced 
conformational change 

Binds TATA element 
HMG-box, bromodomains, serine kinase 
Binds downstream promoter regions 

WD-40 repeats 
Histone H4 similarity 

Histone H3 similarity 

Histone H2B similarity 

Zinc-binding domain -~Promoter melting, recruits and 

_]modulates activity of TFIIH 

TFIIF 

TFIIH 

58 kD (RAP74) 
26 kD (RAP30) 

89 kD {ERCC3) 
80 kD (ERCC2) 
62 kD (p62) 
44 kD (hSSL1) 
40 kD {cdk7) 
37 kD (cyclin H) 
34 kD (p34) 
32 kD (MAT-I) 

Stimulates elongation, phosphorylated in vivo 
cr homology, cryptic DNA-binding, prevents spurious initiation 

3'-5' helicase (essential for transcription), excision repair 
5'-3' helicase (dispensible for transcription), excision repair 
Excision repair 
Zinc-binding domain, excision repair 
CTD-kinase, component of cdk7-activating kinase (CAK) 
cdk7 partner 
Zinc-binding domain, homologous to hSSL1 
Ring-finger zinc-binding domain, CAK assembly factor 

aFor references describing the isolation of cDNAs encoding subunits of TFIIA, TFIIB, TFIIE, TFIIF, and TFIIH, see text. References 
describing the isolation of cDNAs encoding TAFIIs are reviewed in Burley and Roeder (1996). 
bA human homolog of TAFII150 has not been identified. However, evidence supporting its existence has recently been reported 
(Kaufmann et al. 1996). 

stage after TFIID binding and stabilizes the initiation 

complex (see below). The subunit compositions and se- 

lected properties of the GTFs are shown in Table 1. 

Dist inct  classes of D N A  sequence e lements  direct 

transcription by pol II 

Three distinct families of DNA sequence elements di- 

rect transcription by pol II. The first family  includes the 

core, or basal, promoter elements  found near the site 

where pol II ini t iates transcription. Two classes of core 

element have been identified: the TATA element, located 

- 2 5 - 3 0  base pairs upstream of the transcription start site 

(consensus TATAa/tAa/t),  and the Initiator motif, a py- 

rimidine-rich sequence (consensus PyPyA+INT/APyPy ) 

encompassing the transcription start site (for review, see 
Weis and Reinberg 1992; Smale 1994). The TATA and 

Initiator elements,  whic h serve to nucleate the init iat ion 

complex, are recognized by components  of the transcrip- 

tion machinery.  T h e y  can function independently or 

synergistically and cellular promoters contain one ele- 

ment, both elements, or neither (for review, see Smale 

1994). Two other families of cis-regnlatory elements are 

the promoter-proximal elements,  situated 50 to a few 

hundred base pairs upstream of the start site, and the 

promoter-distal e lements  (enhancers) found up to tens of 

thousands of base pairs away from the transcription start 

site (Ptashne 1988; Mitchel l  and Tjian 1989). Both of 

these elements contain binding sites for proteins that 

modulate transcription. 

Recognition of a promoter by TFIID nucleates 

transcription initiation 

Early studies established that the multisubunit TFIID 

recognizes TATA elements in a variety of promoters 
(Parker and Topol 1984; Nakajima et al. 1988). The sub- 
unit of TFIID responsible for TATA element recognition 
is the TATA-Binding-_Protein {TBP; for review, see Her- 

nandez 1993). TBPs have been identified in a wide vari- 
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ety of organisms, emphasizing the universal requirement 

for this protein. In fact, TBP is also essential for tran- 

scription by RNA polymerases I and III and, as such, can 

be considered a universal eukaryotic transcription factor 

(for review, see Sharp 1992; Hernandez 1993; Strum 

1994). TBPs range in molecular weight from 22 kD (Ar- 
abidopsis) to 38 kD (human and Drosophila) and can be 

divided into two structural domains. The conserved car- 

boxy-terminal TATA-binding domain of TBP consists of 

two imperfect direct repeats, can direct efficient and spe- 

cific transcription initiation in vitro when combined 

with the remaining GTFs and pol II (Hoey et al. 1990; 

Horikoshi et al. 1990; Peterson et al. 1990; Zhou et al. 

1993), and is sufficient for formation of the complete 

TFIID complex (Zhou et al. 1993). The amino terminus 

of TBP is divergent among species and its function is 
unclear. 

Recognition of the TATA element  involves dramatic 

D N A  distortion 

The crystallographic structures of two complexes con- 

taining the carboxy-terminal core domain of TBP tightly 

bound to a TATA element gave the field its first insight 

into the molecular recognition events that drive forma- 

tion of the pol II initiation complex (J.L. Kim et al. 1993; 

Y. Kim et al. 1993). The structure of TBP represents a 

novel protein fold consisting of a curved, 10-stranded, 

antiparallel [~-sheet, forming a concave lower surface 

with four s-helices on its upper surface (Fig. 1 ). A loop, or 

"stirrup," is present at each end of the long axis of TBP 

and gives the molecule the appearance of a "protein sad- 

dle" (Nikolov et al. 1992, 1996; Nikolov and Burley 

1994). As predicted from earlier biochemical experi- 

ments (Lee et al. 1991; Starr and Hawley 1991), TBP rec- 

ognizes the minor groove of the 8-bp TATA element. 

However, these biochemical experiments did not predict 

the dramatic and unprecedented DNA distortion that ac- 

companies the induced-fit mechanism of TATA element 

recognition. To facilitate DNA recognition, the minor 

groove of the TATA element is molded to follow the 

curved f~-sheet on the underside of TBP's saddle. As a 

result, the TATA sequence is partially unwound and is 

bent in a smooth arc (Fig. 1). 

What are the consequences of the DNA distortion 

brought on by TBP binding? The severe change in the 

path of the DNA may increase the proximity of proteins 

bound on either side of TBP. In addition, it has been 

suggested that this mode of TBP-TATA element binding 

is incompatible with the packaging of TATA elements 

into chromatin (Burley and Roeder 1996). When TATA- 

like sequences are positioned on the surface of nucleo- 

somes, their minor grooves are compressed (for review, 

see van Holde 1989). Because this direction of DNA 

bending is opposite to that induced by TBP, nucleosomal 

packaging of a TATA element would preclude TBP bind- 

ing. Conversely, preformed TBP-promoter (or TFIID-pro- 

moter) complexes would disfavor nucleosome packaging 

and would prevent chromatin repression of preformed 

initiation complexes. 

Figure 1. Structure of the TBP-TATA element complex. TBP 
is shown in the ribbon representation. The amino- and carboxy- 
terminal direct repeats of TBP are light blue and dark blue, 
respectively. DNA is drawn as an atomic stick model with the 
transcription start site indicated by + 1. TBP is bound to the 
minor groove of the TATA sequence and induces a sharp bend 
in the DNA. Coordinates provided by D. Nikolov and S. Burley; 
figure by K. Das and E. Arnold. 

The TBP-associated proteins (TAFIIS) 

In addition to TBP, TFIID contains at least eight addi- 

tional subunits--the _TBP-associated factors (TAFIIS)- 
ranging in size from 20 to 250 kD (TaBle 1). The TAFIIs 

are a phylogenetically conserved set of proteins identi- 

fied in humans (hTAFris), Drosophila (dTAFIIS), and 

yeast (yTAFHs) (for review, see Goodrich and Tjian 

1994a; Sheldon and Reinberg 1995; Burley and Roeder 

1996). The TAFI~S are required for activator-dependent 

transcriptional stimulation in human and Drosophila 
systems in vitro. The role of TAFIIS in transcriptional 

activation in vivo is currently unclear (discussed below). 

A role for TAFI# in promoter recognition 

Accumulating evidence is firmly establishing a role for 

TAFIIS in promoter recognition. In early footprinting ex- 
periments, TFIID protected sequences extending from 

the TATA element to downstream of the transcription 

start site of certain promoters from nuclease digestion 

(Nakajima et al. 1988; Nakatani et al. 1990; van Dyke 

and Sawadogo 1990). Numerous studies since then have 
shown that efficient utilization of Initiator elements re- 

quires the TAFII components of TFIID (Smale et al. 1990; 
Pugh and Tjian 1991; Zhou et al. 1992; Martinez et al. 

1994). In addition, DNA footprinting and site-selection 
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experiments suggested that components of TFIID con- 

tact the Initiator region of a promoter (Kaufmann and 

Smale 1994; Purnell et al. 1994). However, these studies 

did not provide evidence for direct recognition of the 

Initiator by a TAF w The isolation of a cDNA encoding 

the 150-kD TAF u of Drosophila TFIID permitted the 

first direct demonstration that a TAF u can recognize pro- 

moter sequences (Verrijzer et al. 1994). In DNase I foot- 

printing experiments, recombinant Drosophila TAFII 150 

alone protects a region of the adenovirus major late pro- 

moter spanning from the transcription start site to 30--40 

bp downstream. Furthermore, optimal utilization of se- 

quences downstream of the transcription start site, 

which include the Initiator element, can minimally be 

accomplished by a Drosophila TFIID subassembly of 

TBP, dTAFulS0 , and dTAFH250 (Verrijzer et al. 1995). In 
addition, the ability of the Drosophila transcription ap- 

paratus to discriminate between the Initiator regions of 

two tandem Adh promoters depends on dTAFII150 

(Hansen and Tjian 1995). Despite these findings, it is still 

not clear whether dTAFI~150 directly recognizes the Ini- 
tiator element, as no correlation between Initiator se- 

quence requirement and dTAFH150 binding has been 
demonstrated. 

A human homolog of dTAFII150 has not been cloned. 
However, a partially purified activity from HeLa cells 

that stimulates TFIID-dependent Initiator function con- 

tains a 150-kD polypeptide that is recognized by anti- 

bodies raised against Drosophila TAFII150 (Kaufmann et 

al. 1996). Further evidence supporting a role for TAFIIS in 

core promoter recognition is the finding that affinity- 

purified Drosophila TFIID, but not recombinant TBP, 

recognizes a novel sequence motif [termed the down- 

stream promoter element (DPE)] located -30  base pairs 

downstream of the start site of a subset of TATA-less 

Drosophila promoters (Burke and Kadonaga 1996). Al- 

though the TAFII(S ) responsible for DPE recognition has 

not been identified, it is likely that dTAFal50 is in- 
volved. 

The connection between TAFIIS and the function of 
Initiator and downstream elements is gaining strength. 

The consensus from functional studies seems to be that 

TAFHs recognize sequences downstream of the Initiator 

rather than the Initiator element itself. It will be inter- 

esting to determine whether a TAFH-promoter interac- 

tion can nucleate the preinitiation complex in the ab- 

sence of a TATA element. It is also pertinent to note that 

several other proteins have been implicated in Initiator 

recognition, including YY1 (Usheva and Shenk 1994), 

TFII-I {Roy et al. 1993}, E2F (Means et al. 1992), USF (Du 

et al. 1993), and RNA polymerase II itself (Carcamo et al. 
1991; Aso et al. 1994). 

A h i s t o n e - l i k e  o c t a m e r  of  p r o t e i n s  in  TFIID? 

Little is known about the organization of TBP and TAFI~s 

within the TFIID complex. Understanding the architec- 

ture of TFIID, together with the information regarding 

TFIID subunit-DNA interactions described above, 

would define the path of promoter DNA in the TFIID- 

promoter complex. The largest TAFII (hTAFII250 , 

dTAF.250, and yTAFII130 ) is thought to interact with 
the upper surface of TBP and seems to be vital for teth- 

ering the remaining TAFHs to TBP (Kokubo et al. 1993; 

Ruppert et al. 1993; Weinzierl et al. 1993; Reese et al. 

1994; Poon et al. 1995). Surprisingly, Nakatani and co- 

workers have discovered that hTAFII250 inhibits TATA 

element binding by TBP through a domain at its amino 

terminus (Kokubo et al. 1994b). Other TAF~FTBP and 

numerous TAF~r--TAF H interactions have also been re- 

ported (for review, see Burley and Roeder 1996}. The vast 

range and redundant nature of TAF~r--TAF H interactions 

may allow different TAF~ arrangements, thus accommo- 

dating conformational changes within TFIID. 

The combination of biochemistry and crystallography 

has provided strong evidence that a histone octamer-like 

structure exists within TFIID. Sequence analysis of 

dTAFII40 and dTAFI~60 (alternatively named dTAFII42 

and dTAFII62 and homologous to hTAFII31 and 

hTAFI~80, respectively) revealed that their amino ter- 
mini bear homology to histones H3 and H4, which form 

a (H3/H4)2 tetramer within a histone octamer (Kokubo 

et al. 1994a). These TAFHs form a heteromeric structure 

in vitro (Hoffman et al. 1996; Nakatani et al. 1996) and in 

vivo (in the yeast two-hybrid assay; Nakatani et al. 

1996). Direct evidence that these TAF~Is form histone- 

like structures recently has been provided by the Burley 

laboratory. The crystallographic structures of the amino- 

terminal regions of dTAFII40 and dTAFII60 (Xie et al. 

1996) are remarkably similar to the corresponding re- 

gions of histones H3 and H4 and exhibit the classical 

"histone-fold" motif (Arents and Moundrianakis 1995). 

Moreover, these polypeptides form a dTAFII40/dTAFII60 
heterotetramer in the crystal. 

A TAF. homolog with similarity to histone H2B has 

also been identified {Hoffmann et al. 1996}: hTAFII20 not 

only resembles histone H2B, but can interact with the 

human homologs of dTAFH40 and dTAFII60 and with 
histones H3 and H4. hTAF.20 can also form ho- 

modimers, which may explain why no TAFII homolog of 

histone H2A has been found (histone H2B forms a het- 

erodimer with histone H2A in the histone octamer). 

Therefore, in the case of human TFIID, a putative hTAFII 

histone octamer-like structure would contain a het- 

erotetramer of hTAF.31 and hTAFu80 sandwiched be- 

tween two hTAFH20 homodimers. The measured 4:1 

stoichiometry of hTAFII20:TBP is consistent with this 
model (Hoffmann et al. 1996). 

What are the consequences of such a structure in 

TFIID? The histone-like TAFIIS retain the positively 

charged amino acids that interact with DNA in the nu- 

cleosome, suggesting that they may bind promoter DNA 

and, similar to histones, may even wrap DNA on their 

surface. In this way, these TAFIIS would contribute to 

the extended DNase I footprint of TFIID compared with 
that of TBP on certain promoters (for review, see Burley 

and Roeder 1996). Alternatively, the histone fold motifs 

of these TAFt,s may function solely to mediate protein- 
protein interactions within TFIID. 
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A kinase in TFIID? 

In addition to participating in functionally relevant in- 

teractions with promoter DNA, the TAFIIS contact other 

GTFs in the preinitiation complex. TAF~r-GTF interac- 

tions include dTAFrI40-TFIIB (Goodrich et al. 1993), 

dTAFrtll0--TFIIA (Yokomori et al. 1993), dTAFII250- 
TFIIF (Ruppert and Tjian 1995), hTAFI~80-TFIIE (Hi- 

satake et al. 1995), and hTAFu80-TFIIF (Hisatake et al. 

1995). Although these interactions have not been shown 

to be functionally significant, it is likely that some or all 

of them serve to stabilize the preinitiation complex. One 

particular TAFII-GTF interaction has an additional 

twist, hTAFI~250 can interact specifically with the large 

subunit (RAP74) of TFIIF (Ruppert and Tjian 1995). Al- 

though they possess only weak homology to protein ki- 

nase sequence motifs, both dTAFH250 and hTAFII250 

have been reported to contain intrinsic serine kinase ac- 

tivity with specificity for the RAP74 subunit of TFIIF 

(Dikstein et al. 1996). Although intriguing, the relevance 

of this observation to the process of transcription initi- 

ation remains to be established. Significantly, this ki- 

nase activity does not seem to be conserved in yeast: The 

yeast equivalent of dTAFH250 (yTAFH130) lacks the pro- 

tein region responsible for this activity (Reese et al. 

1994; Poon et al. 1995). 

TFIIB recognizes the TFIID-promoter complex 

The association of TFIID with promoter DNA nucleates 

the initiation process and is the only step in GTF assem- 

bly driven entirely by protein-DNA interactions. All 

subsequent steps entail recognition of preformed nucle- 

oprotein complexes. The first of these steps is the bind- 

ing of TFIIB to the TFIID-promoter complex, which re- 

sults in a more stable ternary complex (the DB complex; 

see Fig. 2). Human TFIIB exists as a single polypeptide of 

-35  kD (Ha et al. 1991). Homologs have been identified 

in Drosophila (Wampler and Kadonaga 1992; Yamashita 

et al. 1992), yeast (Pinto et al. 1992), and archaebacteria 

(Ouzounis and Sander 1992; Qureshi et al. 1995). The 

primary role of TFIIB is to physically link TFIID at the 

Figure 2. Model for the initiation of tran- 
scription by RNA pol II: holoenzyme 
model vs. the stepwise assembly model (see 
text for details). The TAFIIS of TFIID have 
been omitted for clarity. In the stepwise as- 
sembly model, TFIID first binds the TATA 
element of the promoter. TFIIA and TFIIB 
are next to bind. TFIIF then escorts pol II to 
the promoter. The preinitiation complex is 
completed by the binding of TFIIE and 
TFIIH. Upon the addition of ATP, the DNA 
strands at the start site of transcription sep- 
arate (promoter melting), a process that in- 
volves TFIIE and TFIIH. Finally, in the 
presence of appropriate nucleotide triphos- 
phates (NTPs), pol II begins transcription 
and subsequently breaks its contacts with 
the promoter (promoter clearance). The ho- 
loenzyme model represents an abbreviated 
form of the stepwise model in which a pre- 
assembled subset of GTFs (TFIIE, TFIIF, 
and TFIIH in the figure) and pol II bind the 
promoter in a single step. 
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promoter wi th  the pol II/TFIIF complex. Consistent 

wi th  this role, TFIIB contains binding sites for the 

TFIID-DNA complex (Buratowski et al. 1989; Maldon- 

ado et al. 1990), TFIIF (Ha et al. 1993), and pol II (Ha et al. 

1993; Fang and Burton 1996). 

Tethering pol II and TFIIF to the promoter is not the 

only role of TFIIB in initiation. Mutations in the S. cer- 

ev is iae  TFIIB gene (SUA7)  can dramatically alter the po- 

sition at which  pol II begins transcription (Pinto et al. 

1992). A similar  alteration in start sites accompanies 

mutat ions  in genes encoding subunits  of S. cerevis iae  pol 

II (Hekmatpanah and Young 1991; Berroteran et al. 1994; 

Furter-Graves et al. 1994; Hull  et al. 1995; Sun et al. 

1996). This suggests that the interaction between TFIIB 

and pol II is crucial for specifying the start site of tran- 

scription. This assertion was substantiated by in vitro 

transcription experiments that suggested that TFIIB and 

pol II are solely responsible for specifying the start site of 

transcription (Li et al. 1994). 

The primary structure of TFIIB reveals some interest- 

ing features. The amino terminus of the protein contains 

a cysteine-rich sequence that forms a zinc-ribbon do- 

main  (Zhu et al. 1996; see below). Most of the remainder 

of the protein consists of two imperfect direct repeats of 

- 7 5  amino acids. Protease digestion of TFIIB defined the 

amino- and carboxy-terminal regions to be separate do- 

mains  (Barberis et al. 1993; Malik et al. 1993). The 

amino- terminal  region is rapidly degraded by proteases, 

leaving a protease-resistant carboxy-terminal "core" re- 

gion containing the two direct repeats of TFIIB. This car- 

boxy-terminal  region is able to bind the TBP-DNA com- 

plex, but is deficient in transcription, probably because it 

is unable to support efficient incorporation of the pol 

II/TFIIF complex (Barberis et al. 1993; Buratowski and 

Zhou 1993; Ha et al. 1993; Yamashita et al. 1993). 

The TFIIB core region is an oL-helical protein that 

resembles  cyc l in  A 

The structures of the carboxy-terminal core of TFIIB 

(TFIIBc) and the TFIIBc-TPB--DNA complex have been 

solved recently by NMR (Bagby et al. 1995) and X-ray 

crystallography (Nikolov et al. 1995), respectively (Fig. 

3A). The solution and crystal structures of TFIIBc are 

similar. Each repeat of TFIIBc consists of five a-helices, 

which  pack to form a compact globular domain. The 

only significant difference between the solution and 

crystallographic structures is a variation in the relative 

orientation of the two repeats (Fig. 3A). This suggests 

that TFIIB undergoes a change in conformation upon 

binding the TBP-DNA complex that may represent an 

important  rate-l imit ing step in its binding. 

As predicted from primary structure al ignments  (Gib- 

son et al. 1994), the structure of TFIIBc resembles that of 

cyclin A (Jeffrey et al. 1995}. In fact, each domain of 
TFIIB can be superimposed on the corresponding domain 

of cyclin A, although the two domains pack differently 

in the two proteins. This  architectural resemblance sug- 

gests that these proteins evolved from a common ances- 

Figure 3. (A) Crystal structure (left) and solution structure 
(right) of TFIIBc. TFIIBc is shown in the ribbon representation. 
The amino- and carboxy-terminal domains of TFIIBc are red and 
orange, respectively. (B) Structure of the TBP-TFIIBc-TATA el- 
ement complex. Proteins are shown in the ribbon representa- 
tion; DNA is drawn as an atomic stick model with the tran- 
scription start site indicated by + 1. The amino- and carboxy- 
terminal direct repeats of TBP are light blue and dark blue, 
respectively. TFIIBc binds to the carboxy-terminal repeat of TBP 
and contacts DNA upstream and downstream of the TATA box. 
Coordinates provided by D. Nikolov, S. Burley, S. Bagby, and M. 
Ikura; figures by K. Das and E. Arnold. 

tor or, alternatively, that the same protein scaffold is 

employed in proteins of different function. 
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The TBP-TFIIB-TATA element complex: recognition 

of a preformed nucleoprotein complex 

The crystal structure of the TBP-TFIIB-DNA ternary 

complex elegantly illustrates how TFIIB recognizes the 

preformed TBP-DNA complex (Nikolov et al. 1995). As 

suggested by footprinting (Lee and Hahn 1995) and cross- 

linking (Lagrange et al. 1996) experiments, TFIIB binds 

underneath and on one face of the TBP-DNA complex 

where it interacts with TBP and DNA (Fig. 3B). TBP- 

TFIIB contacts are mainly between the basic amino-ter- 

minal repeat of TFIIB and the acidic carboxy-terminal 

stirrup of TBP, in agreement with mutagenesis studies 

(T.K. Kim et al. 1994; Tang et al. 1996). The dramatic 

distortion of the TATA element by TBP allows TFIIB to 

interact with the phosphodiester backbone of DNA both 

upstream and downstream of the TATA sequence. Inter- 

estingly, recent studies demonstrate that TFIIB is a se- 

quence-specific DNA-binding protein that recognizes a 

novel sequence element found in certain promoters (T. 

Lagrange, A. Kapanidis, H. Tang, D. Reinberg, and R.H. 

Ebright, in prep). 

The two repeats of TFIIB make nonequivalent interac- 

tions with the TBP-DNA complex. This asymmetry in 

TFIIB binding ensures that transcription initiation can 

only occur downstream of the TATA element. Although 

the amino-terminal domain of TFIIB is missing from the 

structure, the position of the amino-terminal repeat of 

TFIIBc suggests that it lies close to the downstream 

DNA segment where it would be positioned to influence 

the position of the transcription start site. What do we 

know about the structure of this amino-terminal do- 

main? Predictions that this region of TFIIB contains a 

zinc-binding domain, based on sequence analyses, were 

recently confirmed by NMR. A 49-amino-acid peptide 

derived from the amino terminus of an archaebacterial 

TFIIB assumes a zinc-ribbon structure (Zhu et al. 1996). 

A similar structure is present in the transcription elon- 

gation factor TFIIS (Qian et al. 1993). Interestingly, a 

portion of TFIIS that contains this zinc ribbon is able to 

bind both single-stranded and double-stranded DNA 

(Qian et al. 1993). Thus, it is tempting to speculate that 

the zinc ribbon of TFIIB binds DNA in the vicinity of the 

transcription start site and may stabilize the melting of 

the promoter that occurs prior to initiation of RNA syn- 

thesis (see below). Indeed, mutations in the region im- 

mediately adjacent to the zinc ribbon alter the start site 

(Pinto et al. 1994). Similarly, a truncation in the zinc- 

ribbon domain the Rpb9 subunit of pol II leads to a com- 

parable change in the start site of transcription (Sun et al. 

1996). Thus, it is likely that the zinc-ribbon domains of 

TFIIB and Rpb9 play a crucial role in start-site selection. 

TFIIA: a close-up view of a once controversial factor 

TFIIB is not the only GTF that can bind and stabilize the 

TBP-promoter complex. TFIIA also binds to the TBP- 

DNA complex (Buratowski et al. 1989; Cortes et al. 

1992; Coulombe et al. 1992; Lee et al. 1992; see Fig. 1) 

and increases the affinity of TBP for the TATA element 
(Imbalzano et al. 1994b). cDNAs encoding TFIIA sub- 

units have been isolated from yeast (Ranish et al. 1992), 

human (DeJong and Roeder 1993; Ma et al. 1993; Ozer et 

al. 1994; Sun et al. 1994; DeJong et al. 1995), and Droso- 
phila (Yokomori et al. 1993, 1994). Human and Droso- 
phila TFIIA consist of three subunits of 37 kD (oL sub- 

unit), 19 kD (f~ subunit), and 13 kD (~ subunit). The oL and 

f~ subunits are the products of a single gene, although is 

not clear whether they are produced by protein process- 

ing or are products of proteolysis during preparation of 

transcription extracts. Yeast TFIIA contains only two 

subunits, encoded by the TOA1 and TOA2 genes. The 

32-kD TOA1 gene product is homologous to the human 

a subunit at its amino terminus and the human ~ sub- 

unit at its carboxyl terminus (Fig. 4A), whereas the 13- 

kD TOA2 product is homologous to the human -/sub- 

unit. Both the TOA1 and TOA2 genes are essential for 

yeast viability (Ranish et al. 1992). 

The role of TFIIA in transcription is controversial 

The precise role of TFIIA in transcription initiation has 

been the subject of much controversy, because the re- 

quirement for TFIIA in reconstituted transcription varies 

from system to system. Generally, reactions reconsti- 

tuted with recombinant TBP do not require TFIIA (Cor- 

tes et al. 1992), while reactions with purified TFIID are 

stimulated by TFIIA (Ozer et al. 1994; Sun et al. 1994; 

Yokomori et al. 1994; Ma et al. 1996). The degree of 

requirement for TFIIA can often be correlated with the 

purity of the reconstituted transcription factors, with 

purer systems being less dependent on TFIIA. Much of 

this variability can be attributed to the ability of TFIIA 

to relieve the repressive effects of certain factors [includ- 

ing Drl (Inostroza et al. 1992), topoisomerase I (Merino 

et al. 1993; Ma et al. 1996), and MOT1 (Auble et al. 

1994)] that may be present in cruder systems, a process 

known as antirepression (see below). However, the abil- 

ity of TFIIA to stimulate transcription in reactions re- 

constituted with TFIID and essentially homogeneous 

preparations of the remaining GTFs implies a more fun- 

damental role for TFIIA (Sun et al. 1994; Yokomori et al. 

1994). The requirement for TFIIA in activated transcrip- 

tion is less controversial: In vitro transcription reactions 

generally require TFIIA to respond to activators. 

TFIIA can neutralize repressors of transcription 

An important function for TFIIA may be to relieve the 

effects of certain repressor molecules that inhibit tran- 

scription. Although the precise mechanism of antire- 

pression by TFIIA is unknown, two distinct and possibly 

complementary mechanisms can be envisaged. First, by 

binding to TBP, TFIIA can displace repressors associated 

with TBP that prevent TBP from participating in other 

protein-protein interactions required to build a func- 

tional preinitiation complex. Consistent with this mech- 

anism, TFIIA can bind to TPB in the absence of DNA 

(Ranish and Hahn 1991; Cortes et al. 1992; Coulombe et 

al. 1992) and can displace the repressor topoisomerase I 

from TBP (Merino et al. 1993; Ma et al. 1996). TFIIA also 

blocks the action of the MOT1 repressor, which targets 
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Figure 4. (A) Comparison of the TOA1 subunit of yeast TFIIA with the a and [3 subunits of human TFIIA. Conserved regions are green. 
Arrows indicate regions of TOA1 present in the models shown in B and C. (B) Ribbon drawing of the structure of yeast TFIIA. The 
TOA1 subunit is green and the TOA2 subunit is yellow. Regions of TOA1 included in the model span from residues 11-60 and 
220-286 (see text). {C) Structure of the TBP-TFIIA-TATA element complex. Proteins are shown in the ribbon representation; DNA 
is drawn as an atomic stick model with the transcription start site indicated by + 1. The amino- and carboxy-terminal direct repeats 
of TBP are light blue and dark blue, respectively. TFIIA binds to the amino-terminal repeat of TBP and contacts DNA upstream of the 
TATA element. Coordinates provided by D. Nikolov, S. Burley, J. Geiger, and P. Sigler; figures by K. Das and E. Arnold. 

TBP (Auble et al. 1994). Second, by increasing the affin- 

ity of TBP for a promoter,  TFIIA can enhance the ability 

of TBP to compete with  nonspecific DNA-binding pro- 

teins bound at the promoter.  In support of this assertion, 

TFIIA is required for TBP to bind a TATA element 

present in a nucleosome (Imbalzano et al. 1994a). The 

antirepression and activation functions of human  TFIIA 

recently have been separated (Ma et al. 1996). A subcom- 

plex of the f3 and ~/subunits of human  TFIIA is able to 

function in antirepression, while the full a -B-~  assem- 

bly is required for activation (Table 1). 

The structure of the TBP-TFI IA-TATA e l e m e n t  

c o m p l e x  

Our molecular  view of the preinitiation complex has 

been expanded recently by the laboratories of Sigler and 

Richmond, who have reported independent structures of 

the TBP-TFI IA-DNA complex (Geiger et al. 1996; Tan 

et al. 1996). Both groups used a yeast TFIIA variant  con- 

taining the phylogenetically conserved amino and car- 

boxyl termini  of the large subunit  TOA1 (homologous to 

the amino terminus of h u m a n  ot subunit  and the car- 

boxyl terminus of h u m a n  13 subunit  respectively; see Fig. 

4A) and the complete TOA2 small  subunit  (homologous 

to human  ~/ subunit). The region of TOA1 used is the 

minimal  sequence that  can complement  deletion of the 

TOA1 gene (Kang et al. 1995). 

The structures from the two groups are very similar. 

TFIIA is two-domain protein that  resembles an "L"  in 

shape (Fig. 4B). The TOA1 and TOA2 polypeptides inter- 

act extensively along their lengths. The carboxyl termi- 

nus of TOA1 and the carboxyl te rminus  of TOA2 form a 
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compact ~-sheet structure termed a ~ sandwich, or 

barrel: Three antiparallel ~ strands from each polypep- 

tide clasp and partially encircle each other to give the 

domain a hydrophobic core. The amino termini of TOA1 

and TOA2 form a four-helix bundle that forms the other 

arm of the L. 

TFIIA binds to the TBP-TATA element complex such 

that it interacts with the amino-terminal region of core 

TBP and with DNA upstream of the TATA element (Fig. 

4C). The ~-barrel domain of TFIIA is responsible for in- 

teractions with both TBP and DNA. TFIIA-TBP interac- 

tions are mainly between the edge of TOA2's ~ sheet and 

a ~3 strand at the amino terminus of TBP's stirrup. This 

interaction essentially joins the [3 sheets of TBP and 

TFIIA, resulting in an extended ~ sheet reaching up- 

stream of the TATA element. 

TBP mutagenesis experiments suggest an additional 

TBP-TFIIA interaction surface not seen in the crystal 

structures. Mutations in the H2 helix on the upper sur- 

face of TBP abrogate the binding of human TFIIA (Lee et 

al. 1992; Buratowski and Zhou 1992; Tang et al. 1996). It 

is possible that a region of TFIIA not present in the crys- 

tallographic models contacts TBP. Indeed, such an un- 

structured region exists in the TOA1 subunit at the 

amino terminus of residues 220 and is a good candidate 

to interact with the TBP H2 helix. 

As well as interacting with TBP, the ~ barrel of TFIIA 

also contacts the phosphate backbone of DNA within 

and upstream of the TATA element. Protein-DNA con- 

tacts extend to 3 bp upstream of the TATA element and 

are mediated by basic residues of TOA1. This is one as- 

pect where the Sigler and Richmond structures differ. In 

the Richmond structure, three additional basic residues 

of TOA1 interact with the phosphate backbone of DNA. 

The same amino acids do not contact DNA in the Sigler 

structure, although they are perfectly positioned to 
do so. 

What are the implications of these new structures for 

transcription initiation? The ability of TFIIA to interact 

simultaneously with TBP and DNA provides a simple 

explanation of how TFIIA stabilizes the TBP-DNA com- 

plex. TFIIA interacts with DNA phosphates that span 

the major groove. It has been suggested that these inter- 

actions are sensitive to the width of the major groove 

between the TFIIA contact points (Tan et al. 1996). Thus, 

the DNA sequence immediately upstream of the TATA 

element may influence the affinity with which TFIIA 

binds the TBP-DNA complex and may modulate the in- 

trinsic strength of a promoter. The structures also help 

to explain why TFIIA binds upstream, and not down- 

stream, of TBP. The interactions between TFIIA and TBP 

are stereospecific: TFIIA cannot make equivalent inter- 

actions with the symmetry-related carboxy-terminal re- 

gion of the TBP saddle. Only a very small region of TFIIA 

interacts with TBP and DNA. This leaves a large surface 

area on TFIIA available to interact with other factors. 

The c~-helical domain of TFIIA is particularly conspicu- 

ous in the ternary complex and is well placed to interact 

with other proteins, including transcription activators 
(see below). 

The crystallographic model is compatible with the ob- 

servation that the ~ and ~/subunits of human TFIIA can 

function in antirepression, whereas the ~ subunit is ad- 

ditionally required for activation (Ma et al. 1996): The 

regions of yeast TFIIA homologous to the human 13 and ~/ 

subunits may be able to fold into the ~-barrel structure 

that binds TBP and DNA. Activators, however, would 

interact with the four-helix bundle domain of TFIIA that 

includes the protein region homologous to the ~ subunit 

of TFIIA. 
With the crystal structures of the TBP-TFIIB-DNA 

and TBP-TFIIA-DNA complexes in hand, one can 

model the TBP-TFIIA-TFIIB-DNA assembly (Fig. 5). 

The model shown here was constructed with the as- 

sumption that neither protein or DNA change in confor- 

mation between the ternary complexes and the quater- 

nary complex. However, the results of recent site-spe- 

cific protein-DNA photo-cross-linking experiments 

suggest a subtle change in conformation between the 

TBP-TFIIB-DNA and TBP-TFIIA-TFIIB-DNA com- 

plexes (Lagrange et al. 1996). In the model shown in Fig- 

ure 5, TFIIB interacts with DNA both upstream and 
downstream of the TATA element, while TFIIA inter- 

acts with only the upstream DNA segment. Although 

TBP interacts with TFIIA and TFIIB, its upper surface is 

entirely free to interact with other polypeptides, such as 

the TAFIIS. As each polypeptide is added to the structural 

framework of the TPB-TATA element complex a gen- 

eral theme begins to emerge. Each additional factor uses 
up only a small portion of the available protein interac- 

tion surface while providing a much larger surface area 

for incoming polypeptides. It is likely that additional 

polypeptides will soon be added to this complex. 

TFIIF escorts RNA polymerase II to the promoter and 

plays multiple roles in transcription 

Once TFIID and TFIIB have assembled at the promoter, 

pol II can enter the preinitiation complex (for review on 

pol II, see Young 1991). However, pol II cannot stably 

associate with this GTF subassembly, and must be es- 

corted to the promoter by TFIIF (forming the DBpolF 

complex; see Fig. 1). The subunits of TFIIF were first 

identified through their ability to interact with immobi- 

lized pol II (Sopta et al. 1985). Soon after, TFIIF was pu- 

rified independently as an essential pol II initiation fac- 

tor (Flores et al. 1988, 1989, 1990). In addition to its role 

in initiation, TFIIF performs additional duties that in- 

crease the specificity and efficiency of pol II transcrip- 

tion. By stably associating with pol II, TFIIF can increase 

the rate of transcription elongation (Flores et al. 1989; 

Price et al. 1989; Bengal et al. 1991; Izban and Luse 1992; 

Bradsher et al. 1993; Kephart et al. 1994) and, in this 

respect, resembles the general elongation factor SIII (see 

below; Aso et al. 1995b). In addition, TFIIF prevents spu- 

rious initiation by inhibiting, and reversing, the binding 
of polymerase to nonpromoter sites on DNA, drawing 

comparisons with the bacterial r factors (Conaway and 

Conaway 1990; Killeen and Greenblatt 1992). 
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Figure 5. Model for the structure of the 
TBP-TFIIB--TFIIA-TATA element com- 
plex (top view). Proteins are shown in the 
ribbon representation; DNA is drawn as an 
atomic stick model with the transcription 
start site indicated by + 1. The amino- and 
carboxy-terminal direct repeats of TBP are 
light blue and dark blue, respectively. The 
amino- and carboxy-terminal domains of 
TFIIBc are red and orange, respectively. 
The TOA1 and TOA2 subunits of (yeast) 
TFIIA are green and orange, respectively. 
Coordinates provided by D. Nikolov, S. 
Burley, J. Geiger, and P. Sigler; figure by K. 
Das and E. Arnold. 

TFIIF is structurally and funct ional ly  related to 

bacterial ~r factors 

cDNAs encoding TFIIF subunits have been isolated from 

human (Sopta et al. 1989; Aso et al. 1992; Finkelstein et 

al. 1992), Drosophila (Kephart et al. 1993; Frank et al. 

1995; Gong et al. 1995), and yeast (Henry et al. 1994). 

Human TFIIF is a heterotetrameric factor consisting of 

26-kD (RAP30) and 58-kD (RAP74) subunits. Primary 

sequence analysis revealed that TFIIF is indeed structur- 

ally related to bacterial (r factors: The RAP30 subunit 

contains two distinct regions with sequence similarity 

to Escherichia coli (r factors (Sopta et al. 1989; Garrett et 

al. 1992). Moreover, one of the (r-homology regions of 

RAP30 is thought to interact with pol II, and TFIIF binds 

to the same surface on E. coli RNA polymerase as E. coli 

(r7o (McCracken and Greenblatt 1991). Some of the func- 

tions of TFIIF can be accomplished by RAP30 alone. 

RAP30 can deliver pol II to the promoter to support tran- 

scription initiation in the absence of RAP74. This is con- 

sistent with the ability of RAP30 to interact with TFIIB 

(Ha et al. 1993), pol II (McCracken and Greenblatt 1991), 

and DNA (Tan et al. 1994). It should be noted that on 

some promoters TFIIF is dispensable for transcription 

initiation, suggesting that pol II has weak affinity for the 
TFIID-TFIIB-promoter complex (Parvin and Sharp 1993; 

Parvin et al. 1994; Usheva and Shenk 1994). In agree- 

ment  with this observation, under certain conditions pol 

II can bind the TBP-TFIIB complex in the absence of 

TFIIF (Buratowski et al. 1991; Tang et al. 1996). 

As with the majority of the GTFs, the functional do- 

mains of RAP30 have been investigated extensively us- 
ing mutagenesis strategies (Aso et al. 1992; Garrett et al. 
1992; Yonaha et al. 1993; Kephart et al. 1994; Tan et al. 
1994, 1995; Frank et al. 1995; Wang and Burton 1995). 

The most significant finding of these experiments was 

the discovery of a cryptic DNA-binding domain at the 

carboxyl terminus of the polypeptide (Tan et al. 1994). 

The fact that a cryptic DNA-binding domain also exists 
in the E. coli (rTo protein reinforces the functional link 

between bacterial (r factors and RAP30 (Dombroski et al. 

1992). Strikingly, the DNA-binding domain of RAP30 is 

homologous to the domain of bacterial"'(r factors that 

recognizes the -35 region of bacterial promoters. It is 

likely that a RAP30--DNA interaction enhances the sta- 

bility of the preinitiation complex. This idea is consis- 

tent with the photoaffinity cross-linking of RAP30 to 

sequences between the TATA element and the transcrip- 

tion start site (Coulombe et al. 1994). 

The larger subunit of TFIIF, RAP74, is highly charged 

such that the 58-kD protein migrates as a 74-kD protein 

on SDS-PAGE gels. Although RAP30 can carry out 

many of the functions of TFIIF alone, the full comple- 

ment of TFIIF activities requires the presence of RAP74. 

Most strikingly, RAP74 is required for stimulation of the 

rate of pol II elongation (Bengal et al. 1991; Chang et al. 

1993; Kephart et al. 1994). In addition, the RAP30- 

RAP74 complex can remove pol II from nonspecific 

DNA sites, whereas RAP30 alone can only prevent it 

from binding to these sites (Conaway and Conaway 

1990; Killeen and Greenblatt 1992). Intriguingly, RAP74 

has been implicated recently in start site selection: A 

mutation in the yeast TFIIB gene (SUA7) that causes 

aberrant start site selection is suppressed by mutations 

in the gene encoding the yeast RAP74 homolog, restor- 

ing use of the normal start site (Sun and Hampsey 1995). 

A role for RAP74 in positioning the start site of tran- 

scription is consistent with its cross-linking to promoter 
sequences between the TATA element and the start site 
(Robert et al. 1996) and its ability to interact with TFIIB 
(Fang and Burton 1996). 

Deletion mutagenesis experiments recently have re- 
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vealed a cryptic pol II-binding domain in RAP74 that 
may play a role during transcription elongation (Wang 
and Burton 1995). The discovery of a cryptic pol II-bind- 

ing domain in RAP74 and a cryptic DNA-binding do- 
main in RAP30 suggests that TFIIF undergoes a change 

in conformation, possibly during the transition between 

initiation and elongation. 
RAP74 is heavily phosphorylated in vivo, in accor- 

dance with the presence of several potential phosphory- 

lation sites in its primary sequence (Aso et al. 1992; 
Finkelstein et al. 1992). The kinase, or kinases, respon- 

sible for this phosphorylation in vivo have not been iden- 

tified. However, recent studies suggest that the TFIID 

subunit TAFn250 specifically phosphorylates RAP74 on 
serine residues (Dikstein et al. 1996). The precise role of 

RAP74 phosphorylation has not been established, al- 
though in vitro data suggest that both the initiation and 
elongation activities of TFIIF are stimulated by phospho- 

rylation (Kitajima et al. 1994). It will be interesting to 

determine whether the phosphorylation state of RAP74 
changes during the transcription cycle and whether it is 
subject to regulation. 

TFIIE and TFIIH complete  the preinitiation complex 

and kick-start transcription 

As we have described, the delivery of pol II to the pro- 
moter by TFIIF creates the DBpolF intermediate. Even 
though pol II is stably incorporated, it is unable to initi- 
ate RNA synthesis and requires the presence of two ad- 

ditional GTFs, TFIIE and TFIIH. TFIIE exists as a het- 

erotetramer of 34-kD and 56-kD subunits (Ohkuma et al. 
1990; Inostroza et al. 1991). The 56-kD subunit contains 
a sequence with the potential to form a zinc-binding do- 

main and a stretch of amino acids sharing homology 
with the catalytic loop of a kinase domain (M.G. Peter- 
son et al. 1991). However, neither purified or recombi- 

nant TFIIE possesses kinase activity. TFIIE can enter the 

preinitiation complex after pol II and TFIIF. However, 

because TFIIE binds to pol II in solution with high affin- 
ity, it is likely tha t  it joins the preinitiation complex 

concomitant with pol II and TFIIF. Once TFIIE is stably 
incorporated, it recruits TFIIH to the promoter (Flores et 

al. 1990). TFIIH is a complex, multisubunit  assembly 
containing kinase and DNA helicase activity {see Table 

1; for review, see Drapkin and Reinberg 1994). Cloning of 
cDNAs encoding THIH subunits has recently implicated 
TFIIH in DNA repair and cell cycle regulation {see be- 
low). The addition of TFIIE and TFIIH to the preinitia- 

tion complex completes the assembly process and ren- 
ders the polymerase competent to initiate transcription 

IFig. 1). As we discuss next, both factors play an active 
role in the initial stages of RNA synthesis. 

Initiation of transcription by pol II requires energy 

Transcription initiation requires separation of the DNA 

strands to grant the polymerase access to nucleotides of 
the template strand. This process is known as "promoter 

melting" and is followed by formation of the first phos- 

phodiester bond of the RNA transcript (see Fig. 1). Ex- 
tension of the RNA transcript results in disruption of 

polymerase contacts with the initiation complex--"pro- 
moter clearance"---and entry into the "elongation" 
phase of transcription in which the nascent RNA is ex- 

tended as the polymerase embarks on its journey along 
the template. For pol II, the transition from initiation to 
elongation is accompanied by covalent modification of 

an unusual structure at the carboxyl terminus of its larg- 

est subunit. This evolutionarily conserved structure con- 
sists of multiple tandem repeats of the heptapeptide 

Tyr-Ser-Pro-Thr-Ser-Pro-Ser and has been named the 

RNA pol II CTD (carboxy-terminal domain) (for review, 

see Dahmus 1994). The number of times this sequence is 
repeated varies from 26 in yeast to 52 in human and 
seems to be directly related to genome complexity. Since 

five of the seven residues of the repeat can be phospho- 
rylated, it is not surprising that phosphorylation of the 

CTD is central to the transcription mechanism of pol II. 
During initiation of RNA synthesis, the CTD becomes 

extensively phosphorylated on serine and threonine res- 
idues. The unphosphorylated form of pol II (pol IIA form) 

is the form recruited to the initiation complex (Layboum 
and Dahmus 1989; Lu et al. 1991), whereas the elongat- 

ing polymerase is found with a phosphorylated CTD (pol 

IIO form) (Bartholomew et al. 1986; Layburn and Dah- 
mus 1989; Dahmus 1994; O'Brien et al. 1994; Zawel et 

al. 1995). 
Unlike other eukaryotic RNA polymerases, initiation 

of transcription by pol II requires hydrolysis of the [}--~/ 

phosphoanhydride bond of ATP (Bunick et al. 1982; 
Sawadogo and Roeder 1984). The development of highly 

purified reconstituted transcription systems that strin- 
gently reproduce this requirement generated renewed in- 

terest in tracing the source of ATP utilization. Aside 

from the newly discovered kinase activity of TAFn250 

(Dikstein et al. 1996), TFIIH is the only GTF with ATP- 
requiring activities {see Table 1). TFIIH contains two 
ATP-dependent helicases (ERCC2 and ERCC3; Schaeffer 

et al. 1993, 1994; Drapkin et al. 1994a) and a protein 
kinase specific for the pol II CTD (Feaver et al. 1991; Lu 
et al. 1992; Serizawa et al. 1992). Hence, by a process of 

elimination, TFIIH is considered the most likely source 
of ATP dependence in transcription initiation. But where 

does the requirement lie, in its helicase activity or its 
CTD kinase? The CTD-kinase activity of TFIIH can be 
ruled out as a source of ATP dependence for two reasons. 

First, the kinase activity can accommodate GTP as a 
phosphate donor (Lu et al. 1992; Serizawa et al. 1992), 

but, even in the presence of GTP, initiation requires hy- 
drolysis of the ~-~/phosphoanhydride bond of ATP. Sec- 
ond, under conditions in which the TFIIH kinase is com- 
pletely dispensable for transcription, ATP is still re- 

quired (Serizawa et al. 1993; Mfikel/i et al. 1995). 
These arguments lead to the conclusion that one of the 

two helicases of TFIIH must  play a crucial role in initi- 

ation and must, therefore, be the source of ATP depen- 
dence. Studies in yeast have shown that of the two he- 
licases--ERCC2 and ERCC3--only ERCC3 helicase ac- 
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tivity is essential for transcription (Sung et al. 1988; Park 

et al. 1992; Feaver et al. 1993; Guzder et al. 1994; van 

Vuuren et al. 1994). Therefore, the ERCC3 helicase is 
widely believed to be the energy-requiring component of 
pol II transcription. But what could be the role of such a 

helicase in transcription initiation? Helicases unwind 

DNA to facilitate biological processes that require the 

DNA strands to be separated. Thus, the promoter melt- 
ing stage is most likely to involve a helicase. 

Are TFIIE and TFIIH required for promoter melting or 

promoter clearance? 

The idea that a TFIIH helicase that functions during pro- 
moter melting is the source of ATP dependence was fu- 
eled by the studies of Parvin and Sharp, who found that 

TFIIE, TFIIH, and ATP were dispensable when transcrip- 
tion was performed using templates with high negative- 
superhelical density (Parvin and Sharp 1993). The free 

energy of negative supercoiling favors DNA unwinding 

and thus promoter melting and, therefore, was inferred 
to overcome the energetic requirement for strand sepa- 

ration at the promoter, obviating the requirement for 
TFIIH. These conclusions were supported by the work of 
Timmers, who, in addition, reported that AMP-PMP--  

which lacks a hydrolyzable [3--~/ phosphoanhydride 

bond--can support transcription on supercoiled but not 
topologically relaxed templates (Timmers 1994). 

Further insight into the role of TFIIH during initiation 
was provided by Goodrich and Tjian (1994b), who re- 
sourcefully used a procedure previously used in studies 
of prokaryotic transcription mechanisms. The technique 

used was abortive initiation, which takes advantage of 
the observation that in the absence of a complete set of 
nucleotides initiation complexes can cyclically produce 

short RNA products specific to the transcription start 
site (McClure et al. 1978; McClure 1980). Thus, abortive 
initiation can be used to restrict the polymerase to for- 

mation of the first phosphodiester bond. Goodrich and 
Tjian found that TFIIE, TFIIH, and ATP were not re- 
quired for formation of a short RNA product, but were 

required for a subsequent step in the transcription pro- 
cess--either promoter clearance or elongation (Goodrich 

and Tjian 1994b). Because it is well established that pol 
II elongation does not require TFIIE or TFIIH, the authors 

concluded that these factors are required for promoter 
clearance. 

The proposal that TFIIE and TFIIH do not participate 
in promoter melting or during the initiation of RNA syn- 
thesis, but are required for promoter clearance, has since 
been challenged by studies from a number of laborato- 
ries, which contend that the energy requirement and, by 

extrapolation, TFIIH are required for promoter melting. 

Promoter melting can be detected by the ability of thy- 
midines in single-stranded DNA regions to react chem- 
ically with permanganate. Gralla and colleagues used 
this technique to show that formation of the open com- 
plex requires hydrolysis of the ~-~ bond of ATP (Wang et 
al. 1992). Moreover, in contradiction with the results of 
Goodrich and Tjian, the synthesis of short abortive tran- 

scripts has been reported to require hydrolyzable ATP 

(Dvir et al. 1996; Holstege et al. 1996). TFIIE and TFIIH 

were more directly linked to promoter melting by exper- 
iments in which the promoter was artificially premelted 
by creation of a short region of mismatched heteroduplex 

DNA at the start site. The use of these templates over- 
came the requirement for TFIIE, TFIIH, and hydrolyzable 

ATP (Pan and Greenblatt 1994; Tantin and Carey 1994; 

Holstege et al. 1995). A premelted region of 6 bp encom- 
passing the transcription start site was minimally re- 
quired to counteract the need for TFIIE and TFIIH (Hol- 
stege et al. 1996). On the basis of these and similar ex- 

periments, Timmers and coworkers have proposed an 
alternative to the Goodrich and Tjian model (Holstege et 

al. 1996). In the Timmers model, promoter opening oc- 
curs in two distinguishable steps: (1) restricted opening 

occurs in the presence of ATP and the complete set of 
GTFs (the DBpolFEH complex), and (2) formation of the 
first phosphodiester bond leads to extension of the 
melted region downstream of the start site. 

What is the cause of this crucial discrepancy? Is TFIIH 

required for promoter melting or promoter clearance? It 
is possible that abortive initiation does not require full 
promoter melting and, therefore, does not faithfully re- 
create initial events in the synthesis of a long transcript. 

Consistent with the observation of Goodrich and Tjian 

(1994b) that supercoiling overcomes the requirement for 
TFIIH during promoter clearance, full promoter melting 

may be required at some stage after the synthesis of the 
initial phosphodiester bond. This would be consistent 
with the observation that promoter melting cannot be 
detected under conditions of dinucleotide priming (Hol- 
stege et al. 1996). It is possible that variability in specific 

assay conditions contributes to this discrepancy. In ad- 
dition, nonspecific DNA-binding proteins might inhibit 

synthesis of short aborted products that are produced in 
the absence of TFIIH, and perhaps discrepancies regard- 
ing the requirement for TFIIH and ATP in abortive syn- 

thesis (see above) are a result of the presence of contam- 
inating nonspecific DNA-binding proteins in some sys- 
tems. 

A direct role for TFIIE in promoter melting? 

It has come to light recently that TFIIE may play a role in 
promoter melting in the absence of TFIIH. Although 

transcription from supercoiled templates does not re- 

quire TFIIE or TFIIH, it is stimulated to various degrees 
by TFIIE alone (Goodrich and Tjian 1994b; Timmers 
1994). In a systematic investigation of this phenomenon, 
a requirement for TFIIE could be created if reaction con- 
ditions were modified such that the DNA helix was sta- 

bilized and thus made more resistant to melting. Con- 
versely, conditions that destabilized the DNA helix led 

to a decrease in TFIIE dependence (Holstege et al. 1995). 
Moreover, promoter-specific variations in the degree of 
TFIIE stimulation were found to depend on sequences 
spanning the transcription start site. A role for TFIIE in 
promoter melting is not surprising. The 56-kD subunit 
of TFIIE contains an essential zinc-ribbon motif similar 
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to those of TFIIB and the elongation factor TFIIS (M.G. 

Peterson et al. 1991; Maxon and Tjian 1994). The zinc 

ribbon of TFIIS is able to bind both single-stranded and 

double-stranded DNA (Qian et al. 1993). Moreover, the 

region of TFIIB containing its zinc ribbon has been im- 

plicated in positioning the start site of transcription and 

structural data predict that it lies in the vicinity of the 

melted region (Nikolov et al. 1995). Thus, it is tempting 

to speculate that in the preinitiation complex the zinc 

ribbons of TFIIB and TFIIE cooperate to stabilize the 

melted region of the promoter. The cross-linking of a 

TFIIE subunit between the TATA element and the tran- 

scription start site is consistent with this proposal (Rob- 
ert et al. 1996). 

At this stage, it is pertinent to ask why pol II initiation 

requires the input of energy in the form of ATP hydro- 

lysis. Eukaryotic RNA polymerases I and III do not re- 

quire ATP hydrolysis or helicase activity, so why should 

pol II? Furthermore, it is well documented that pol II can 

initiate transcription, and presumably melt DNA, when 

commencing transcription from DNA nicks or DNA 

ends. Therefore, the energy requirement for pol II tran- 

scription remains a mystery, leaving its significance 

open for speculation. Perhaps the energy requirement 

stems from an unusual conformation of promoter DNA 

that is unique to the pol II preinitiation complex. For 

instance, the conformation of DNA wrapped onto mul- 

tiple protein surfaces--including those of TFIID (or TBP), 

TFIIB, TFIIA, and presumably other GTFs--may create 

an energetic barrier to promoter melting that requires 

the input of energy in the form of a helicase. 

Phosphorylation of the pol II CTD 

The CTD of pol II is heavily phosphorylated during the 

transition from initiation to elongation. Although it has 

been more than 10 years since the discovery of the CTD, 

we still do not completely understand the role of CTD 

phosphorylation in transcription. However, it is clear 

that the CTD is essential for cell viability (Nonet et al. 

1987; Allison et al. 1988; Zehring et al. 1988) and that its 

partial deletion affects growth and the response of the 

transcription machinery to regulatory proteins (Nonet et 

al. 1987; Bartolomei et al. 1988; Allison and Ingles 1989; 

Scafe et al. 1990; C.L. Peterson et al. 1991). The fact that 

many reconstituted transcription systems do not require 

the CTD for transcription has contributed to our slow 

progress in unveiling the role of CTD phosphorylation. 

Indeed, the requirement for the CTD seems to vary be- 

tween core promoters: The adenovirus major late pro- 

moter, for example, can be transcribed in the absence of 

a CTD, whereas the murine DHFR promoter is depen- 

dent on an intact CTD (Thompson et al. 1989; Buer- 

meyer et al. 1992; Kang and Dahmus 1993; Akoulitchev 

et al. 1995). Transcription in the absence of a CTD can be 

correlated with the presence of a TATA element: Buer- 

meyer et al. (1995) found that addition of a consensus 

TATA element to the CTD-dependent dihydrofolate re- 

ductase (DHFR) promoter abolished the requirement for 
an intact CTD. CTD dependence has also been shown to 

vary with the purity of the transcription system: Pol II 

lacking the CTD was active in a purified system, but 

inactive in a crude yeast extract (Li and Kornberg 1994). 

Which kinases phosphorylate the CTD? 

Many kinases are capable of phosphorylating the CTD in 

vitro (for review, see Dahmus 1994) without necessarily 

carrying out this role in vivo. It is not surprising that the 

CTD is a substrate for a multitude of kinases, because 

nearly half of its amino acids can be phosphorylated. The 

search for a physiological CTD kinase is complicated by 

the inevitable indirect consequences of disabling a par- 

ticular kinase in vivo. Because CTD phosphorylation oc- 

curs early during the transcription cycle (initiation or 

promoter clearance), one would predict that the kinase 

responsible would be an integral part of the preinitiation 

complex. Thus, it was satisfying to discover that TFIIH 

purified from a variety of sources contained a kinase spe- 

cific for the CTD (Feaver et al. 1991; Lu et al. 1992; 

Serizawa et al. 1992). Moreover, the observation that the 

TFIIH CTD kinase is stimulated by TFIIE provides a 

means by which its activity can be regulated in the 

preinitiation complex (Lu et al. 1992; Ohkuma and 

Roeder 1994). 

The TFIIH kinase is cdk7 

An intensive search led to the discovery that the TFIIH 

kinase activity resides within cdk7 (also known as 

MO15; Feaver et al. 1994; Roy et al. 1994; Serizawa et al. 

1995; Shiekhattar et al. 1995), a kinase implicated in 

regulating progression through the cell cycle. In mam- 

malian cells, cdk7, together with its cyclin partner cy- 

clin H and an activating protein, MAT-1 (see below), 

comprise a factor known as cdk-activating _kinase (CAK). 

This CAK complex is thought to play a pivotal role in 

cell-cycle regulation. Fundamental transitions during 

the cell cycle are coordinated by the actions of the cy- 

clin-dependent kinases (cdks), whose activities are 

tightly regulated (for review, see Sherr 1993; Morgan 

1995). Activation of at least three cdks (ckd2, cdk4, and 

cdc2) requires two events: binding of a cyclin partner and 

phosphorylation on a conserved threonine residue. The 

activating phosphorylation event is catalyzed by CAK, 

whose active component in mammalian cells is thought 

to be cdk7. 
Is the cdk7 kinase activity required for transcription? 

Makel5 et al. (1995) demonstrated that cdk7 was solely 

responsible for the CTD kinase activity of TFIIH, but 

found that its function was dispensable for transcription 

from the adenovirus major late promoter. However, the 

development of a highly pure in vitro transcription sys- 

tem using the TATA-less murine DHFR promoter al- 

lowed Akoulitchev et al. (1995) to demonstrate that the 

cdk7 kinase is required for transcription under condi- 

tions in which its substrate, the CTD, is required. More- 

over, in this study both the CTD and cdk7 were required 

for productive transcription, whereas cdk7 was dispens- 
able for synthesis of the first phosphodiester bond of the 
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RNA transcript. This suggests that cdk7 kinase is re- 

quired at a later stage of transcription, perhaps promoter 
clearance. 

The finding that CAK is an essential component of 

TFIIH links the initiation of pol II transcription with 

regulation of the cell cycle. This raises two important 

questions: (1) Is the phosphorylation of the CTD regu- 

lated during the cell cycle? and (2) Is TFIIH involved in 

cell-cycle progression? Presently, insufficient experi- 

mental evidence precludes a definitive answer to these 

questions. However, our current knowledge allows us to 

speculate on these points. TFIIH kinase activity does not 

vary during the cell cycle {Adamczewski et al. 1996). 

This lack of regulation may be due to MAT-I, a recently 

discovered component of mammalian CAK that is also 

present in TFIIH (Devault et al. 1995; Fisher et al. 1995; 

Drapkin et al. 1996). MAT-1 is a ring-finger protein that 

promotes the association of cdk7 with cyclin H. The 

presence of MAT-1 in CAK makes cdk7 unique in not 

requiring threonine phosphorylation for activation, mak- 

ing it constitutively active. The answer to the second 

question is more controversial. It is not clear whether 

TFIIH, through its CAK component, functions to regu- 

late cell-cycle events. Part of this uncertainty stems 

from the finding that the TFIIH kinase and its regulatory 

subunits are not as tightly associated as other subunits of 

TFIIH and can be separated from other TFIIH subunits by 

chromatography (Shiekhattar et al. 1995; Svejstrup et al. 

1995; Drapkin et al. 1996; Reardon et al. 1996). In fact, 

biochemical fractionation revealed that only 20% of the 

total cellular CAK is associated with TFIIH (Drapkin et 

al. 1996). Additional evidence against a role for TFIIH in 

cell cycle regulation comes from studies with the S. cer- 

ev i s iae  TFIIH kinase KIN28. Although KIN28 is the sub- 

unit of S. cerev i s iae  TFIIH that phosphorylates the CTD 

and is required for transcription in vivo, it does not pos- 

sess CAK activity in vitro (Feaver et al. 1994; Cismowski 

et al. 1995; Valay et al. 1995). Moreover, biochemical and 

genetic evidence suggest that the S. cerev is iae  CAK ac- 

tivity resides in a single polypeptide of -42  kD termed 

Caklp, or Civl, which is not a component of TFIIH (Kal- 

dis et al. 1996; Thuret et al. 1996). Therefore, whether 

TFIIH contains the physiological CAK activity remains 
an issue of controversy. 

The subunit composition of TFIIH reveals a role in 
D N A  repair 

The complexity surrounding the biological function of 

TFIIH took another twist in 1993 when it was discovered 
that its 89-kD subunit was the DNA repair protein 

ERCC3 (Schaeffer et al. 1993). The ERCC3 protein (en- 

coded by the XPB gene} is a DNA helicase that plays an 

essential role in the process of nucleotide excision repair 

(NER; Weeda et al. 1990). The link between TFIIH and 

NER does not stop at ERCC3; several other TFIIH sub- 
units function in DNA repair. These include the other 
TFIIH helicase, ERCC2 (encoded by the XPD gene), the 

62-kD subunit; the 44-kD subunit (SSL1); and, poten- 

tially, the 34-kD subunit (Drapkin et al. 1994a; Humbert 

et al. 1994; Schaeffer et al. 1994; Wang et al. 1995; see 

Table 1). Thus, five of the nine subunits of TFIIH for 

which cDNAs have been isolated have dual functions in 
transcription and DNA excision repair. It is well estab- 

lished that transcription and DNA repair are mechanis- 

tically coupled processes: Lesions in transcribed genes 

are repaired faster than those in nontranscribed genes 

(Mellon and Hanawalt 1989). It is likely that TFIIH plays 

a central role in the mechanism of coupling. It was ini- 

tially imagined that TFIIH travels with pol II during 

elongation. However, recent studies demonstrate that 

this is not the case (Zawel et al. 1995). Because of space 

limitations, we shall not discuss further the issue of 

transcription-coupled DNA repair in this review. The 

reader is directed to reviews by Drapkin et al. (1994b), 

Hanawalt (1994), Friedberg { 1996), and Sancar (1996). 

RNA pol II holoenzymes: a challenge to the stepwise 

assembly model 

In the model we have described above for the assembly of 

a preinitiation complex, the GTFs exist separately in so- 

lution and come together only upon association with 

promoter DNA. This model has been challenged re- 

cently by the discovery that a subset of the GTFs exist in 

a preassembled form in an RNA pol II "holoenzyme"-- 

suggesting that the majority of the initiation machinery 

can bind to a promoter in a single step (Fig. 1). It should 

not come as a surprise that GTFs and pol II can associate 

away from the promoter: Numerous GTF-GTF and 

GTF-pol II interactions have been reported {see above). 

Nevertheless, a combination of genetic and biochemical 

experiments with the yeast S. cerev i s iae  not only uncov- 

ered the existence of RNA pol II holoenzymes, but also 

demonstrated their biological significance. The series of 

experiments leading to this discovery began when Rich- 

ard Young and coworkers examined the effects of trun- 

cating the CTD of the largest pol II subunit on cell 

growth and viability. Removing all but 11 of the 26 hep- 

tapeptide repeats of the CTD produced colonies that 

were unable to grow at low temperatures (Nonet et al. 

1987). The cold-sensitivity phenotype of these cells al- 

lowed Young to identify suppressing mutations in other 

genes that could overcome this defect iThompson et al. 

1993; Hengartner et al. 1995; Liao et al. 1995). The ge- 

netic tour-de-force that ensued led to the discovery of 

nine srb genes (for suppressor of RNA polymerase B) 

whose products were exclusively present in a large mul- 

tiprotein complex that also contained the subunits of 

RNA pol II and the GTFs TFIIB, TFIIF, and TFIIH--the 

RNA pol II holoenzyme {Koleske and Young 1994; for 

review, see Koleske and Young 1995). 

Concurrently, a yeast RNA pol II holoenzyme was 

identified in the laboratory of Roger Komberg by use of a 

completely different approach. Komberg used a bio- 

chemical approach to search for protein factors that 
would allow a purified yeast transcription system to re- 

spond to acidic activators. This led to the purification of 
a multisubunit complex--termed "mediator"--that was 

found to be associated with pol II and TFIIF (Y.-J. Kim et 
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al. 1994). It soon became apparent that the mediator 
complex purified by Kornberg and colleagues was similar 

to the SRB complex of Young. The mediator complex 

could be displaced from pol II using antibodies directed 
against the CTD. Thus, genetics and biochemistry had 

converged on the same complex. Furthermore, the link 
between the mediator/SRB complex and the CTD had 

been demonstrated both genetically, by virtue of sup- 

pressor mutations, and physically, by antibody displace- 
ment. Although the Young and Komberg holoenzymes 

share functional similarities (the ability to respond to 
activators), and polypeptides (pol II, SRB/mediator sub- 
units, and TFIIF), they differ significantly in the subset of 

GTFs that they contain: The Kornberg complex lacks 
TFIIB and TFIIH. 

It is unfortunate that the primary structures of most of 

the SRB proteins reveal little about their function (ex- 
ceptions are SRB10 and SRBll; see below). The se- 

quences of the majority of SRB genes have no similarity 
to genes identified previously. However, it is clear that 
SRB proteins are essential for pol II transcription. In cells 

with temperature-sensitive srb4 or srb6 genes, transcrip- 
tion of many genes is shut down upon transfer to the 

nonpermissive temperature (Thompson and Young 
1995). In this case, should the SRBs join the list of GTFs? 
Here lies a problem of terminology. The GTFs were pu- 
rified and named as transcription factors that are essen- 

tial for unregulated transcription in vitro. The SRBs, 
however, are not required for unregulated transcription 

in vitro, and, thus, we suggest that they should not be 
termed GTFs. 

Pol II holoenzymes contain molecules that confer 
response to transcription regulators 

A crucial property of the pol II holoenzymes is their abil- 
ity to respond to transcriptional activators. This activity 
is thought to be conferred by the mediator/SRB complex, 
which contains molecules--known as coactivators-- 
that physically link activators to the transcription ma- 

chinery (for review, see Guarente 1995). In support of 

this model, the mediator/SRB complex interacts with 
the acidic activation domain of the viral activator VP 16 
(Hengartner et al. 1995). One coactivator present in the 

pol II holoenzyme is the product of the GALl 1 gene (Y.-J. 
Kim et al. 1994) implicated in the activation of a variety 

of yeast genes (Suzuki et al. 1988; Fassler and Winston 

1989). Another, albeit controversial, pol II holoenzyme 
coactivator is the SUG 1 protein. Mutations in the SUG 1 
gene were isolated as suppressors of mutations in the 
activation domain of the yeast activator GAL4. Kim and 

colleagues have reported that the SUG1 gene product is 

a component of the yeast mediator/SRB complex (Y.-J. 
Kim et al. 1994). However, recently Rubin et al. (1996) 
reported that the SUG1 protein is a component of the 

26S proteasome, suggesting that its association with the 
yeast pol II holoenzyme is an artifact. 

A role for the mediator/SRB complex in regulating 
transcription is supported by the finding that genes in- 

volved in glucose repression in S. cerevisiae encode SRB 

proteins (Kuchin et al. 1995; Song et al. 1996). In addi- 
tion, two proteins implicated in the repression of many 

genes--SIN4 and RGRl--were identified as components 

of a yeast pol II holoenzyme (Li et al. 1995). Thus, the 
mediator/SRB complex can be considered a transcrip- 

tional control panel, integrating and responding to sig- 

nals from both activator and repressor proteins. 

Mammalian pol II holoenzymes 

The level of conservation between the transcription sys- 

tems of yeast and higher eukaryotes and the fact that the 
sequence of the pol II CTD is highly invariant suggest 
that similar pol II complexes exist in mammals.  The first 

tentative indication that such a complex exists in mam- 
mals came from the Schibler laboratory. Schibler and 

colleagues used antibodies directed against the cdk7/ 
MO 15 subunit of TFIIH to immunoprecipitate pol II and 

the entire set of GTFs, except TFIIA, from rat liver ex- 

tracts (Ossipow et al. 1995). Not surprisingly, the immu- 
noprecipitates could support pol II transcription in vitro. 

This was taken as evidence for a large pol II holoenzyme 

in mammals. However, a number of uncertainties cast 
doubt on this conclusion: (1) It was not determined 
whether the immunoprecipitated material represented a 

single holoenzyme complex or many TFIIH-GTF com- 
plexes [TFIIH can independently bind many of the GTFs 
(Gerard et al. 1991)]; (2) the complex could not respond to 

transcription activators; and (3) it was not demonstrated 
that the complex contained mammalian homologs of 

yeast SRB proteins. 
Demonstrations of the existence of mammalian ho- 

loenzymes homologous to the yeast complex came from 

the laboratories of Young and Reinberg, who purified 

large pol II complexes from calf thymus and HeLa cells, 
respectively. The calf thymus complex contains the 
GTFs TFIIE and TFIIH and cannot respond to activators 
(Chao et al. 1996), whereas the HeLa cell complex con- 

tains TFIIF, TFIIE, and a substoichiometric amount of 
TFIIH, and its transcription is stimulated by activators 

(Maldonado et al. 1996). More significantly, both com- 
plexes contain homologs of yeast SRB proteins: hSRB7 
(Chao et al. 1996; Maldonado et al. 1996) and cyclin 

C/cdk8 (hSRB10/hSRBll, Maldonado et al. 1996). The 
SRB proteins are the hallmarks of the yeast pol II holoen- 
zyme and distinguish the mammalian complexes as true 

holoenzymes. 

New implications for the role of CTD phosphorylation 

The existence of the mediator/SRB complex puts a dif- 
ferent slant on the role of CTD phosphorylation in tran- 

scription initiation. Before the discovery of the media- 
tor/SRB complex the CTD was thought to be a naked 

structure, whereas we know now that it is adorned with 

20 or so polypeptides. The CTD is extensively phospho- 
rylated during elongation. The available evidence sug- 
gests that the holoenzyme contains the unphosphory- 
lated (pol IIA) form of pol II (Ossipow et al. 1995; E. 
Maldonado, pers. comm.). Thus, the pol II holoenzyme is 
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probably the form of pol II competent for initiation, and 

not the elongating form. It is likely that the extensive 

CTD phosphorylation that occurs during initiation sev- 

ers contacts between the CTD and the mediator/SRB 

complex, leaving elongating pol II with a naked CTD. In 

light of this model, it is relevant to note that TBP and 

TFIIE also interact with the unphosphorylated form of 

the CTD (Usheva et al. 1992; Maxon et al. 1994). It is 

possible that the phosphorylated CTD is a binding site 

for factors involved in postinitiation steps, such as elon- 

gation factors and RNA processing factors (Yuryev et al. 
1996). 

The identification of a kinase/cyclin pair in the SRB/ 

mediator complex adds yet more complexity to this sce- 

nario. The srblO and srbl l  genes encode kinase and cy- 

clin partners with homology to mammalian cdk8/cy- 

clinC genes, respectively (Liao et al. 1995). SrblO 

mutations drastically reduce CTD phosphorylation in 

vivo and the yeast kinase can phosphorylate the CTD in 

vitro (Liao et al. 1995). Thus, the two identified CTD 

kinases present in the preinitiation complex are both 

cdks--cdk7 /MO 15 and cdk8. Significantly, this suggests 

that the events that regulate transcription initiation are 

similar to those that regulate the cell cycle. Alterna- 

tively, the assumption that these cdks play a role in cell- 

cycle regulation may be incorrect: These cdks may func- 
tion solely in transcription. 

Does  pol II transcription occur in a "transcriptosome"? 

To understand the sheer size of these pol II holoenzyme 

complexes requires only simple arithmetic addition. As 

if the 12 subunits of pol II, the 20 or so mediator/SRB 

polypeptides, and a number of GTF subunits (depending 

on the holoenzyme in question) were not enough, the 

holoenzymes harbor yet more proteins. A controversial 

component of the S. cerevisiae holoenzyme is the SWI/ 

SNF complex, controversial because it is present in the 

Young holoenzyme (Wilson et al. 1996), but is not part of 
the complex described by Komberg (Y.-J. Kim et al. 

1994). The SWI/SNF complex is a multisubunit assem- 

bly whose function is thought to be to remodel chroma- 

tin to facilitate transcription activation (Peterson 1996). 

Adding further complexity, the holoenzyme purified 

from HeLa cells includes polypeptides implicated in 
DNA repair processes (Maldonado et al. 1996). Thus, the 

image that emerges is one of a ribosome-sized complex, 

with >70 polypeptides, containing the entire set of fac- 

tors necessary for efficient transcription initiation in re- 

sponse to activators. Clearly, such a complex would be 

severely compromised in its ability to diffuse freely. It 

has been suggested that transcription initiation by this 

complex may occur in complex transcription factories, 

or "transcriptosomes", anchored to distinct nuclear lo- 

cations (Halle and Meisterernst 1996). It is striking that 

a component of a mammalian pol II holoenzyme--YY1 
(Maldonado et al. 1996)--is identical to the nuclear ma- 
trix-associated factor NMP-1 (Guo et al. 1995). Thus, 
YY1 may tether the mammalian RNA polymerase II ho- 
loenzyme to the nuclear membrane. 

The GTFs and the regulation of transcription 

We shall end this review with a brief description of the 

role of the pol II GTFs in the regulation of transcription. 

Before we begin, we must define some common terms. 

Under normal conditions, the minimal protein apparatus 

required for accurate transcription initiation consists of 

the GTFs and the subunits of pol II. This transcription is 

not dependent on the presence of regulatory molecules 

and is known as "basal" transcription. Transcription in a 

cell, however, is a tightly regulated process. DNA pack- 

aged into chromatin results in general gene repression. 

Transcription must be triggered by activator proteins 

that bind to specific DNA sequences and induce the ex- 

pression of a gene or set of genes. This is known as "ac- 

tivated" transcription. Thus, basal transcription does not 

occur in vivo, and is purely an operational term defined 

by in vitro studies. 

The fact that genes packaged into chromatin are in a 

repressed state provides a convenient means of regula- 

tion. Moreover, chromatin is not the only repressor of 

transcription; a host of other general and gene-specific 

repressor proteins operate in eukaryotic cells (for review, 

see Hanna-Rose and Hansen 19961. Thus, the level of 

transcription of a gene can be increased by large magni- 

tudes simply by derepression. Once activators achieve 

this derepressed state, they can act on the basal tran- 

scription machinery to increase the efficiency of the 

transcription process. We do not mean to imply that 

these two processes are separate. As we discuss below, a 

single interaction between a DNA-bound activator and a 

component of the initiation machinery is sufficient both 

for derepression and the achievement of elevated tran- 
scription. 

In theory, activator proteins can stimulate various 

steps along the pathway to the production of a molecule 

of mRNA (Fig. 6). These include (1) removal of repressor 

molecules from promoter DNA, (2) recruitment of GTFs 

and pol II to a promoter, (3) induction of conformation 

changes in the preinitiation complex, (4) induction of 

covalent modification of proteins in the preinitiation 
complex, and (5) stimulation of promoter clearance and 

elongation. As we describe next, many of these steps 

involve direct interactions between activators and GTFs. 

(1) Removal of repressor molecules from promoter 

DNA Experiments performed primarily in vitro have 

demonstrated that the GTFs and pol II cannot efficiently 

bind promoters packaged into nucleosomes (for review, 

see Paranjape et al. 1994). In this case, promoter binding 

requires the assistance of factors that remodel nucleo- 

somes and make promoter sequences more accessible. 
Nucleosome remodeling requires ATP and is thought to 

involve multisubunit complexes (for review, see Kings- 

ton et al. 1996). One candidate for this activity is the 

SWI/SNF complex, which has been implicated in chro- 
matin remodeling by genetic studies (for review, see 

Peterson 1996). However, it is not clear how the SWI/ 
SNF complex can be recruited to specific promoters. The 
recent report that a yeast pol II holoenzyme contains 
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Figure 6. Activators can function during 
multiple stages of transcription (see text 
for details). 

stoichiometric amounts of the SWI/SNF complex pro- 

vides a convenient answer (Wilson et al. 1996). Also, the 

SWI/SNF complex apparently possesses weak, but sig- 
nificant, sequence/structure-specific DNA-binding ac- 

tivity, suggesting that it may assist in targeting the pol II 

holoenzyme to specific promoters (Quinn et al. 1996). By 

interacting with components of the SRB/mediator com- 

plex, activators could recruit pol II, the GTFs, and the 

SWI/SNF complex in a single step. It is unlikely, how- 

ever, that the SWI/SNF complex functions universally to 

remodel nucleosomes because, in yeast, it is required for 

the induction of only a subset of genes. Another candi- 

date remodeling activity is the complex known as NURF 

(Nucleosome remodeling factor). NURF is a four-subunit 

complex that can remodel nucleosomes in an ATP- and 

activator-dependent manner (Tsukiyama and Wu 1995; 
Tsukiyama et al. 1995). 

(2) Recruitment of GTFs and pol H to a promoter The 

recruitment of GTFs by activator proteins is the best- 

documented phenomenon on this list of activator func- 

tions. A staggering number of GTF-activator interactions 

have been reported. Because of space limitations, we 

shall not discuss specific interactions here. The reader is 

directed to reviews by Triezenberg (1995), Zawel and Re- 

inberg (1995), and Ranish and Hahn (1996). For most of 

these interactions, no correlation between interaction 

and transcription activation has been made. Neverthe- 

less, it is clear that the binding of GTFs to a promoter in 

vivo can be rate-limiting, as artificially tethering TBP to 

a promoter overcomes the requirement for an activator 

to generate elevated levels of transcription (Chatterjee 

and Struhl 1995; Klages and Strubin 1995; Xiao et al. 

1995). The importance of GTF recruitment is heightened 
by the discovery of a pol II holoenzyme. Theoretically, a 

single activator-holoenzyme interaction can recruit the 

entire initiation machinery to a promoter. Ptashne and 

colleagues have shown that this is indeed the case: Cre- 

ating an artificial interaction between a DNA-binding 

protein and a holoenzyme component is sufficient for 

transcription activation (Barberis et al. 1995). Therefore, 

it seems that tethering any single component of the ini- 

tiation machinery to a promoter can overcome chroma- 

tin-mediated repression and is sufficient for activation. 

In addition to recruiting GTFs to a promoter, activa- 

tors may function to keep them at the promoter after 

initiation. Studies performed in vitro have determined 

the fate of the GTFs subsequent to pol II initiation (Za- 

wel et al. 1995). TFIID is the only factor that remains 

bound at the promoter after initiation. TFIIB dissociates 

during the early stages of pol II transcription. TFIIE is 

next to leave, followed by TFIIH when pol II has tran- 

scribed past the + 30 mark of a gene. TFIIF also dissoci- 

ates from the promoter but, consistent with its role in 

elongation, is able to reassociate with pol II. By interact- 

ing directly with promoter-bound GTFs, in particular 

TFIIA and TFIIB, activators may prevent their dissocia- 

tion to facilitate subsequent rounds of initiation. A re- 

cent report, however, questions the relevance of activa- 

tor-GTF interactions that have been defined in vitro 

(Tansey and Herr 1995). TBP interacts with the activa- 

tion domains of Gal4-VP16 and p53 in vitro. However, 

TBP mutations that disrupt these interactions in vitro 

have no effect on activation by these proteins in vivo. In 

the future, perhaps we should await corroborating in 
vivo data before drawing firm conclusions. 

Transcription activation in vitro using human or 

Drosophila systems requires the TAFns of TFIID, 

whereas basal transcription is supported by TBP. The 

role of TAFns in activation in these systems has been 

examined in a multitude of in vitro experiments using 
both partial and complete TFIID assemblies. Certain 

activators interact with specific TAFus , and, in general, 

the ability of an activator to stimulate transcription de- 
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pends on the presence of the TAFH(s) with which it in- 
teracts (for review, see Goodrich and Tjian 1994a; Goo- 

drich et al. 1996; Burley and Roeder 1996). 
Although the requirement for human and Drosophila 

TAFus for transcriptional activation in vitro is firmly 

established, the role of yeast TAFt,s in vivo is controver- 
sial. Recent studies by Struhl, Green, and colleagues pro- 
vocatively suggest that activation of many yeast genes 

does not require TAFHs (Apone et al. 1996; Moqtaderi et 
al. 1996; Walker et al. 1996). Using a novel copper-in- 
ducible double-shutoff technique and strains with tem- 

perature-sensitive TAF~I alleles, respectively, the Struhl 
and Green labs show that depleting cells of TAFHs gen- 

erally has no effect on the ability of a number of yeast 
activators to stimulate transcription. In contrast, cells 
depleted in any of several GTFs show diminished tran- 
scription. 

If yeast TAFIIS are not required for activation of all 

genes, for which genes are they required? Although TAFII 
depletion generally has no effect on activation in vivo, 
transcription from promoters bearing a suboptimal 

TATA element is abated (Moqtaderi et al. 1996). This is 
consistent with in vitro studies demonstrating that 
TAFus recognize promoter elements distinct from the 

TATA motif (Verrijzer et al. 1994, 1995; Burke and Ka- 

donaga 1996), and suggests that TAFIIS stabilize the 
preinitiation complex on promoters with weak TATA 
elements. In addition, an unexpected role for TAFus was 

revealed by Green and coworkers (Apone et al. 1996; 

Walker et al. 1996). Cells devoid of any one of a number 

of TAFIIS exhibit cell-cycle arrest phenotypes, indicating 

that TAFIIS are required for cell-cycle progression. This 
suggests that TAFHs are required for the proper regula- 
tion of genes whose products are directly required for 

events that regulate the cell cycle. 
Can these surprising findings be extended to the 

TAFus of higher eukaryotes? The high degree of func- 

tional conservation between the transcription systems of 

yeast and higher eukaryotes suggests that the answer is 
yes. However, there are several crucial discrepancies be- 

tween the biochemical properties of yeast TAFus and 
those of higher eukaryotes that imply a functional dif- 
ference. While Drosophila and human TFIIDs were pu- 

rified as complexes containing TAFHs and TBP, yeast 
TFIID was purified as a single polypeptide of yeast TBP 

(Cavallini et al. 1989; Hahn et al. 1989; Horikoshi et al. 
1989; Schmidt et al. 1989). Moreover, in vitro transcrip- 
tion activation using yeast-derived factors can be accom- 
plished by TBP in the absence of TAFHs (Kelleher et al. 

1992; Koleske and Young 1994; Y.-J. Kim et al. 1994), 
whereas human or Drosophila in vitro systems are ab- 

solutely dependent on TAFIIS. Thus, it is possible that 
the more complex, multicellular, higher eukaryotes have 
evolved additional functions for their TAFHs. Neverthe- 
less, the Struhl and Green laboratories have provided ar- 

guments against a general role for yeast TAFns in tran- 
scription activation and have suggested specific roles. 
Without a doubt, these findings will provoke intense ex- 
perimentation that should soon identify the relevant 
functions of the TAFIIS. 

(3) Induction of conformational changes within the 
preinitiation complex Transcription activation is 
thought to entail conformational changes in the preini- 
tiation complex prior to initiation of RNA synthesis. 

This belief is based on a number of observations. First, 

the presence of an activator can dramatically alter the 
DNase I footprint of TFIID on a promoter (for review, see 
Burley and Roeder 1996). Second, the hybrid activator 

Gal4-VP16 induces a conformational change in TFIIB 
that is thought to disrupt an interaction between the 

amino and carboxyl termini of TFIIB and stimulates the 
recruitment of TFIIF and pol II to the preinitiation com- 

plex (Roberts and Green 1994). In addition, Carey and 
colleagues have reported recently that an activator-in- 
duced conformational change in the TFIIA-TFIID com- 

plex is a rate-limiting step in activation (Chi and Carey 
1996). Although activation domain-induced conforma- 

tional changes may enhance the activation process, they 
are not a prerequisite for activation, because recruiting 

TBP or TFIIB to a promoter in the absence of an activa- 

tion domain can stimulate transcription (see above). 

(4) Induction of covalent modifications to polypeptides 
of the preinitiation complex The complete preinitia- 
tion complex contains at least three protein kinases. 

Two of these--cdk7/MO15 of TFIIH and cdk8 of the 
mediator/SRB complex--phosphorylate the CTD of pol 
II (see above). Phosphorylation of the CTD is required for 
the polymerase to enter an elongation mode. Therefore, 

activators could increase the rate of initiation by pro- 

moting CTD phosphorylation. This is conceivable, as 

activators have been shown to interact with both TFIIH 
(Xiao et al. 1994; Tong et al. 1995) and the mediator/SRB 
complex (Hengartner et al. 1995). The third kinase re- 
ported to be present in the preinitiation complex is 
TAFH250 , which is reportedly specific for the RAP74 

subunit of TFIIF (Dikstein et al. 1996). It remains to be 

seen whether activators can stimulate this activity. 

(5) Stimulation of promoter clearance and elongation 
Initiation is not the only stage of pol II transcription that 
is stimulated by activators. Postinitiation steps, such as 

promoter clearance and elongation, are also subject to 

regulation. Stimulation of promoter clearance--the stage 
at which pol II breaks its contacts with the preinitiation 
complex--not only increases the rate of RNA synthesis 

but, significantly, facilitates the entry of a second poly- 
merase to the promoter (see Fig. 6). A growing body of 
data suggests that many activation domains can stimu- 

late both initiation and elongation stages of transcription 
(see Yankulov et al. 1994 and references therein). Indeed, 

the ability of activators to augment multiple events in 
RNA synthesis is likely to be crucial for their potency. A 
family of protein factors that stimulate pol II elongation 
has emerged recently (for review, see Aso et al. 1995a). 
These factors act by stimulating the catalytic rate of 
RNA synthesis [such as TFIIF {see above) and SIII {Aso et 
al. 1995b)] or by facilitating the passage of pol II through 
various arrest sites [such as TFIIS (Sekimizu et al. 1976; 
Reinberg and Roeder 1987)]. Conceivably, activators 
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could stimulate elongation by recruiting these factors to 
pol II. 

Summary and perspectives 

The past decade has witnessed the identification, purifi- 

cation, and cloning of the factors that  direct pol II to its 

promoters and help it to initiate transcription (the 

GTFs). The ability to reconsti tute pol II transcription 

with  essentially homogeneous preparations of these fac- 

tors has permit ted a mechanist ic  dissection of the role of 

each GTF in the transcription of protein-encoding genes. 

Structural studies have presented us wi th  a glimpse into 

the molecular  recognition events that  build a preinitia- 

tion complex, revealing novel and unprecedented nucle- 

oprotein architectures.  Also, we have gained insight into 

the mechanisms  by which regulatory proteins exploit 

the assembly process to regulate gene expression. While 

in vitro transcription experiments led to the identifica- 

tion of the pol II transcription machinery,  the awesome 

power of yeast genetics recently has revealed the exis- 

tence of novel polypeptides that play essential roles in 

regulating gene expression, a good example of which are 

the SRB proteins associated with  the pol II holoenzyme. 

We should not, however, underplay the value of in vitro 

experiments.  They have revealed much  about the mech- 

anism of transcription regulation. As technology 

evolves, these in vitro experiments are gradually becom- 

ing more complex and sophisticated and we should wel- 

come the move toward more physiological conditions, 

such as the use of chromat in  templates and cellular ac- 

tivators and promoters that  reproduce more realistically 

the regulatory processes that occur in the cell. We can be 

confident that, at the present rate of progress, the subtle 

mechanisms  that  underlie the regulation of pol II tran- 

scription will soon reveal themselves. 

Acknowledgments 

We apologize to colleagues whose work we failed to cite because 
of space limitations. We are indebted especially to Kalyan Das 
and Eddie Arnold for their time and patience during the prepa- 
ration of figures. We also thank Arnold Berk, Mike Green, Mark 
Ptashne, Tim Richmond, Paul Sigler, Michael Strubin, Kevin 
Struhl, and Rick Young for communicating results prior to pub- 
lication; Stefan Bagby, Steve Burley, Jim Geiger, Mitsuhiko 
Ikura, Dimitar Nikolov, and Paul Sigler for coordinates; and 
Michael Carey, Richard Ebright, Steve Hahn, Michael Hamp- 
sey, Mitsuhiko Ikura, Masayori Inouye, Yoshihiro Nakatani, 
Lynne Vales, and Nancy Woychik for comments on the manu- 
script. 

References 

Adamczewski, J.p., M. Rossignol, J.-P. Tassan, E.A. Nigg, V. 
Moncollin, and J.-M. Egly. 1996. MAT1, cdk7 and cyclin H 

form a kinase complex which is UV light-sensitive upon 
association with TFIIH. EMBO J. 15: 1877-i884. 

Akoulitchev, S., T.P. M~ikel~i, R.A. Weinberg, and D. Reinberg. 
1995. Requirement for TFIIH kinase activity in transcription 
by RNA polymerase II. Nature 377: 557-560. 

Allison, L.A. and C.J. Ingles. 1989. Mutations in RNA polymer- 
ase II enhance or suppress mutations in GAL4. Proc. Natl. 

Acad. Sci. 86: 2794-2798. 
Allison, L.A., J.K. Wong, V.D. Fitzpatrick, M. Moyle, and C.J. 

Ingles. 1988. The C-terminal domain of the largest subunit 
of RNA polymerase II of Saccharomyces cerevisiae, Droso- 

phila melanogaster, and mammals: A conserved structure 
with an essential function. Mol. Cell. Biol. 8: 321-329. 

Apone, L.M., C.-M.A. Virbasius, J.C. Reece, and M.R. Green. 
1996. Yeast TAFII90 is required for cell cycle progression 
through G2/M but not for general transcription activation. 
Genes & Dev. 10: 2368-2380. 

Arents, G. and E. Moundrianakis. 1995. The histone fold: A 
ubiquitous architectural motif utilized in DNA compacta- 
tion. Proc. Natl. Acad. Sci. 92" 11170-11174. 

Aso, T., H.A. Vasavada, T. Kawaguchi, F.J. Germino, S. Gan- 
guly, S. Kitajima, S.M. Weissman, Y. Yasukochi. 1992. Char- 
acterization of cDNA for the large subunit of the transcrip- 
tion initiation factor TFIIF. Nature 355: 461-464. 

Aso, T., J.W. Conaway, and R.C. Conaway. 1994. Role of core 
promoter structure in assembly of the RNA polymerase II 
preinitiation complex. A common pathway for formation of 
preinitiation intermediates at many TATA and TATA-less 
promoters. J. Biol. Chem. 269: 26575-26583. 

Aso, T., J.W. Conaway, and R.C. Conaway. 1995a. The RNA 
polymerase II elongation complex. FASEB J. 9: 1419-1428. 

Aso, T., W.S. Lane, J.W. Conaway, and R.C. Conaway. 1995b. 
Elongin (SIII): A multisubunit regulator of elongation by 
RNA polymerase II. Science 269" 1439-1443. 

Auble, D.T., K.E. Hansen, C.G.F. Mueller, W.S. Lane, J. 
Thorner, and S. Hahn. 1994. Motl, a global repressor of RNA 
polymerase II transcription, inhibits TBP binding to DNA by 
an ATP-dependent mechanism. Genes & Dev. 8" 1920-1934. 

Bagby, S., S. Kim, E. Maldonado, K.I. Tong, D. Reinberg, and M. 
Ikura. t995. Solution structure of the C-terminal core do- 
main of human TFIIB: Similarity to cyclin A and interaction 
with TATA-binding protein. Cell 82: 857-867. 

Barberis, A., S.W. Muller, S.C. Harrison, and M. Ptashne. 1993. 
Delineation of two function regions of transcription factor 
TFIIB. Proc. Natl. Acad. Sci. 90: 5628-5632. 

Barberis, A., J. Pearlberg, N. Simkovich, C. Bamdad, G. Sigal, 
and M. Ptashne. 1995. Contact with the a component of the 
polymerase II holoenzyme suffices for gene activation. Cell 

81: 359-368. 
Bartholomew, B., M.E. Dahmus, and M.E. Meares. I986. RNA 

contacts subunits IIo and IIc in HeLa RNA polymerase II 
transcription complexes. J. Biol. Chem. 261: 14226-14231. 

Bartolomei, M.S., N.F. Halden, C.R. Cullen, and J.L. Corden. 
1988. Genetic analysis of the repetitive carboxyl-terminal 
domain of the largest subunit of RNA polymerase II. Mol. 

Cell. Biol. 8: 330-339. 
Bengal, E., O. Flores, A. Krauskopf, D. Reinberg, and Y. Aloni. 

1991. Role of the mammalian transcription factors IIF, IIS, 
and IIX during elongation by RNA polymerase II. Mol. Cell. 

Biol. l l :  1195-1206. 
Berroteran, R.W., D.E. Ware, and M. Hampsey. 1994. The sua8 

suppressors of Saccharomyces cerevisiae encode replace- 
ments of conserved residues within the largest subunit of 
RNA polymerase II and affect transcription start site selec- 
tion similarly to sua7 (TFIIB) mutations. Mol. Cell. Biol. 

14: 226-237. 

GENES & DEVELOPMENT 2675 

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Orphanides et al. 

Bradsher, J.N., S. Tan, H.-J. McLaury, J.W. Conaway, and R.C. 

Conaway. 1993. RNA polymerase II transcription factor SIII. 
J. Biol. Chem. 268: 25594-25603. 

Buermeyer, A.B., N.E. Thompson, L.A. Strasheim, R.R. Burgess, 

and P.J. Farnham. 1992. The HIP1 initiator element plays a 
role in determining the in vitro requirement of the dihydro- 

folate reductase gene promoter for the C-terminal domain of 
RNA polymerase II. Mol. Cell. Biol. 12: 2250-2259. 

Buermeyer, A.B., L.A. Strasheim, S.L. McMahon, and P.J. Farn- 

ham. 1995. Identification of cis-acting elements that can ob- 

viate a requirement for the C-terminal domain of RNA poly- 
merase II. ]. Biol. Chem. 270: 6798-6807. 

Bunick, D., R. Zandomeni, S. Ackerman, and R. Weinmann. 

1982. Mechanism of RNA polymerase II-specific initiation 
in vitro: ATP requirement and uncapped runoff transcripts. 
Cell 29: 877-886. 

Buratowski, S. and H. Zhou. 1992. Transcription factor IID mu- 

tants defective for interaction with transcription factor IIA. 
Science 255:1130-1132. 

- - .  1993. Function domains of transcription factor TFIIB. 
Proc. Natl. Acad. Sci. 90: 5633-5637. 

Buratowski, S., S. Hahn, P.A. Sharp, and L. Guarente. 1989. Five 

intermediate complexes in transcription initiation by RNA 
polymerase II. Cell 56: 549-561. 

Buratowski, S., M. Sopta, J. Greenblatt, and P.A. Sharp. 1991. 

RNA polymerase II-associated proteins are required for a 

DNA conformation change in the transcription initiation 
complex. Proc. Natl. Acad. Sci. 88: 7509-7513. 

Burke, T.W. and J.T. Kadonaga. 1996. Drosophila TFIID binds to 

a conserved downstream basal promoter element that is 

present in many TATA-box-deficient promoters. Genes & 

Dev. 10: 711-724. 

Burley, S.K. and R.G. Roeder. 1996. Biochemistry and structural 
biology of transcription factor IID (TFIID). Annu. Rev. Bio- 

chem. 65: 769-799. 

Busby, S. and R.H. Ebright. 1994. Promoter structure, promoter 
recognition, and transcription activation in prokaryotes. 
Cell 79: 743-746. 

Carcamo, J., L. Buckbinder, and D. Reinberg. 1991. The initiator 
directs the assembly of a transcription factor TFIID-depen- 
dent transcription complex. Proc. Natl. Acad. Sci. 88: 8052- 
8056. 

Cavallini, B., I. Faus, H. Matthes, J.M. Chipoulet, B. Winsor, 

J.M. Egly, and P. Chambon. 1989. Cloning of the gene en- 
coding the yeast protein BTF 1 Y, which can substitute for the 

human TATA box binding factor. Proc. Natl. Acad. Sci. 

86: 9803-9807. 

Chang, C., C.F. Kostrub, and Z.F. Burton. 1993. RAP30/74 (tran- 
scription factor TFIIF) is required for promoter escape by 

RNA polymerase II. J. Biol. Chem. 27: 20482-20489. 
Chao, D.M., E.L. Gadbois, P.J. Murray, S.F. Anderson, M.S. 

Sonu, J.D. Parvin, and R.A. Young. 1996. A mammalian SRB 

protein associated with an RNA polymerase II holoenzyme. 
Nature 380: 82-85. 

Chatterjee, S. and K. Struhl. 1995. Connecting a promoter- 
bound protein to TBP bypasses the need for a transcriptional 
activator. Nature 374: 820-823. 

Chi, T. and M. Carey. 1996. Isomerisation of the TFIIA-TFIID- 

TATA ternary complex is necessary and sufficient for gene 
activation. Genes & Dev. 10: 2540-2550. 

Cismowski, M.J., G.M. Laff, M.J. Solomon, and S.I. Reed. 1995. 
KIN28 encodes a C-terminal domain kinase that controls 
mRNA transcription in Saccharomyces cerevisiae but lacks 
CAK activity. Mol. Cell. Biol. 15: 2983-2992. 

Conaway, J.W. and R.C. Conaway. 1990. An RNA polymerase II 
transcription factor shares functional properties with Esch- 

erichia coli ~7o. Science 248: 1550--1553. 

Cortes, P., O. Flores, and D. Reinberg. 1992. Factors involved in 

specific transcription by mammalian RNA polymerase II: 

Purification and analysis of transcription factor IIA and iden- 

tification of transcription factor IIJ. Mol. Cell. Biol. 12: 413- 

421. 
Coulombe, B., M. Killen, P. Liljelund, B. Honda, H. Xiao, C.J. 

Ingles, and J. Greenblatt. 1992. Identification of three mam- 

malian proteins that bind to the yeast TATA box protein 

TFIID. Gene Exp. 2: 99-110. 

Coulombe, B., J. Li, and J. Greenblatt. 1994. Topological local- 
isation of the human transcription factors IIA, IIB, TATA 

box-binding protein, and RNA polymerase II-associated pro- 

tein 30 on a class II promoter. J. Biol. Chem. 269: 19962- 

19967. 
Dahmus, M.E. 1994. The role of multisite phosphorylation in 

the regulation of RNA polymerase II activity. Prog. Nucleic 

Acid Res. Mol. Biol. 48: 143-179. 

DeJong, J. and R.G. Roeder. 1993. A single cDNA, hTFIIA/~, 
encodes both the p35 and p19 subunits of human TFIIA. 

Genes & Dev. 7: 2220--2234. 
DeJong, J., R. Bernstein, and R.G. Roeder. 1995. Human general 

transcription factor TFIIA: Characterization of a cDNA en- 

coding the small subunit and requirement for basal and ac- 

tivated transcription. Proc. Natl. Acad. Sci. 92: 3313-3317. 

Devault, A., A.-M. Martinez, D. Fesquet, J.-C. Labbe, N. Morin, 

J.-P. Tassan, E.A. Nigg, J.-C. Cavadore, and M. Doree. 1995. 
MAT1 ("menage dl trois") a new ring finger protein subunit 

stabilizing cyclinH-cdk7 complexes in starfish and Xenopus 

CAK. EMBO J. 14: 5027-5036. 

Dikstein, R., S. Ruppert, and R. Tjian. 1996. TAFII250 is a bi- 
partite protein kinase that phosphorylates the basal tran- 

scription factor RAP74. Cell 84: 781-790. 
Dombroski, A.J., W.A. Walter, M.T. Record, D.A. Siegele, and 

C.A. Gross. 1992. Polypeptides containing highly conserved 
regions of transcription factor cr 7~ exhibit specificity of bind- 

ing to promoter. Cell 70: 501-512. 
Drapkin, R. and D. Reinberg. 1994. The multifunctional TFIIH 

complex and transcriptional control. Trends Biochem. Sci. 

19: 504-508. 
Drapkin, R., J.T. Reardon, A. Ansari, J.-C. Huang, L. Zawel, K. 

Ahn, A. Sancar, and D. Reinberg. 1994a. Dual role of TFIIH 

in DNA excision repair and in transcription by RNA poly- 

merase II. Nature 368: 769-772. 
Drapkin, R., A. Sancar, and D. Reinberg. 1994b. Where tran- 

scription meets repair. Cell 77: 9-12. 
Drapkin, R., G. Le Roy, H. Cho, S. Akoulichev, and D. Reinberg. 

1996. Human cyclin-dependent kinase-activating kinase ex- 

ists in three distinct complexes. Proc. Natl. Acad. Sci. 

93: 6488-6493. 
Du, H., A.L. Roy, and R.G. Roeder. 1993. Human transcription 

factor USF stimulates transcription through the initiator el- 

ements of the HIV-1 and the AdML promoters. EMBO J. 

12: 501-511. 
Dvir, A., K.P. Garrett, C. Chalut, J.-M. Egly, J.W. Conaway, and 

R.C. Conaway. 1996. A role for ATP and TFIIH in activation 
of the RNA polymerase II preinitiation complex prior to 

transcription initiation. J. Biol. Chem. 271: 7245-7248. 
Fang, S.M. and Z.F. Burton. 1996. RNA polymerase II-associated 

protein (RAP) 74 binds transcription factor (TF) IIB and 

blocks TFIIB-RAP30 binding. J. Biol. Chem. 271: 11703- 

11709. 
Fassler, J.S. and F. Winston. 1989. The S. cerevisiae SPT13/ 

GALl 1 gene has both positive and negative regulatory roles 
in transcription. Mol. Cell. Biol. 9: 5602-5609. 

Feaver, W.J., O. Gileadi, Y. Li, and R.D. Kornberg. 1991. CTD 

2676 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


The general transcription [actors of RNA pol II 

kinase associated with yeast RNA polymerase II initiation 

factor b. Cell 67: 1223-1230. 

Feaver, W.J., J.Q. Svejstrup, A.J. Bardwell, S. Buratowski, K.D. 
Gulyas, T.F. Donahue, E.C. Friedberg, and R.D. Kornberg. 

1993. Dual roles of a multiprotein complex from S. cerevi- 

siae in transcription and DNA repair. Cell 75: 1379-1387. 

Feaver, W.J., J.Q. Svejstrup, N.L. Henry, and R.D. Kornberg. 

1994. Relationship of CDK-activating kinase and RNA poly- 

merase II CTD kinase TFIIH/TFIIK. Cell 79:1103-1109. 

Finkelstein, A., C.F. Kostrub, J. Li, D.P. Chavez, B.Q. Wang, 

S.M. Fang, J. Greenblatt, and Z.F. Burton. 1992. A cDNA 
encoding RAP74, a general initiation factor for transcription 

by RNA polymerase II. Nature 355: 464--467. 

Fisher, R.P., P. Jin, H.M. Chamberlin, and D.O. Morgan. 1995. 

Alternative mechanisms of CAK assembly require an assem- 

bly factor or an activating kinase. Cell 83: 47-57. 
Flores, O., E. Maldonado, Z. Burton, J. Greenblatt, and D. Re o 

inberg. 1988. Factors involved in specific transcription by 

mammalian RNA polymerase II. J. Biol. Chem. 263: 10812- 

10816. 
Flores, O., E. Maldonado, and D. Reinberg. 1989. Factors in- 

volved in specific transcription by mammalian RNA poly- 

merase II. J. Biol. Chem. 264: 8913-8921. 
Flores, O., I. Ha, and D. Reinberg. 1990. Factors involved in 

specific transcription by mammalian RNA polymerase II. J. 

Biol. Chem. 265: 5629-5634. 

Frank, D.J., C.M. Tyree, C.P. George, and J.T. Kadonaga. 1995. 
Structure and function of the small subunit of TFIIF (RAP30) 

from Drosophila melanogaster. J. Biol. Chem. 270: 6292- 

6297. 
Friedberg, E.C. 1996. Relationships between DNA repair and 

transcription. Annu.  Rev. Biochem. 65: 15-42. 

Furter-Graves, E.M., B.D. Hall, and R. Furter. 1994. Role of a 

small RNA pol II subunit in TATA to transcription start site 
spacing. Nucleic Acids Res. 22: 4932--4936. 

Garrett, K.P., H. Serizawa, J.p. Hanley, J.N. Bradsher, A. Tsuboi, 

N. Arai, T. Yokota, K.-I. Arai, R.C. Conaway, and J.W. Con- 

away. 1992. The carboxyl terminus of RAP30 is similar in 

sequence to region 4 of bacterial sigma factors and is re- 

quired for function. J. Biol. Chem. 267: 23942-23949. 

Geiger, J.H., S. Hahn, S. Lee, and P.B. Sigler. 1996. Crystal struc- 
ture of the yeast TFIIA/TBP/DNA complex. Science 

272: 830--836. 

Gerard, M., L. Fischer, V. Moncollin, J.-M. Chipoulet, P. Cham- 
bon, and J.-P. Egly. 1991. Purification and interaction prop- 

erties of the human RNA polymerase B(II) general transcrip- 

tion factor BTF2. J. Biol. Chem. 266: 20940-20945. 

Gibson, T.J., J.D. Thompson, A. Blocker, and T. Kouzarides. 
1994. Evidence for a protein domain superfamily shared by 

the cyclins, TFIIB and RB/pl07. Nucleic Acids Res. 22: 946- 

952. 

Gong, D.-W., M.A. Mortin, M. Horikoshi, and Y. Nakatani. 

1995. Molecular cloning of a cDNA encoding the small sub- 

unit of Drosophila transcription factor TFIIF. Nucleic Acids 

Res. 23: 1882-1886. 

Goodrich, J.A. and R. Tjian. 1994a. TPB-TAF complexes: Selec- 
tivity factors for eukaryotic transcription. Curr. Opin. Cell 

Biol. 6: 403-409. 

- - .  1994b. Transcription factors IIE and IIH and ATP hy- 

drolysis direct promoter clearance by RNA polymerase II. 

Cell 77: 145-156. 

Goodrich, J.A., T. Hoey, T.J. Thut, A. Admon, and R. Tjian. 
1993. Drosophila TAFn40 interacts with both a VP16 acti- 
vation domain and the basal transcription factor IIB. Cell 

75: 519-530. 

Goodrich, J.A., G. Cutler, and R. Tjian. 1996. Contacts in con- 

text: Promoter specificity and macromolecular interactions 

in transcription. Cell 84: 825-830. 
Guarente, L. 1995. Transcriptional coactivators in yeast and 

beyond. Trends Biochem. Sci. 20: 517-521. 
Guo, B., P.R. Odgren, A.J. van Wijnen, T.J. Last, J. Nickerson, S. 

Penman, J.B. Lian, J.L. Stein, and G.S. Stein. 1995. The nu- 
clear matrix protein NMP-1 is the transcription factor YY1. 

Proc. Natl. Acad. Sci. 92: 10526--10530. 
Guzder, S.N., P. Sung, V. Bailly, L. Prakash, and S. Prakash. 

1994. RAD25 is a DNA helicase required for DNA repair and 

RNA polymerase II transcription. Nature 369: 578-581. 

Ha, I., W.S. Lane, and D. Reinberg. 1991. Cloning of a human 
gene encoding the general transcription initiation factor IIB. 

Nature 352: 689-695. 
Ha, I., S. Roberts, E. Maldonado, X. Sun, L.-U. Kim, M. Green, 

and D. Reinberg. 1993. Multiple functional domains of tran- 

scription factor IIB: Distinct interactions with two general 

transcription factors and RNA polymerase II. Genes & Dev. 

7: 1021-1032. 
Hahn, S., S. 'Buratowski, P.A. Sharp, and L. Guarente. 1989. 

Isolation of the gene encoding the yeast TATA binding pro- 
tein TFIID: A gene identical to the SPTI5 suppressor of Ty 

element insertion. Cell 58:1173-1181. 
Halle, J.-P. and M. Meisterernst. 1996. Gene expression: In- 

creasing evidence for a transcriptosome. Trends Genet. 

12: 161-163. 
Hanawalt, P.C. 1994. Transcription-coupled repair and human 

disease. Cell 266: 1957-1960. 
Hanna-Rose, W. and U. Hansen. 1996. Active repression mech- 

anisms of eukaryotic transcription repressors. Trends Genet. 

12: 229-234. 
Hansen, S.K. and R. Tjian. 1995. TAFs and TFIIA mediate dif- 

ferential utilisation of the tandem Adh promoters. Cell 

82: 565-575. 
Hekmatpanah, D.S. and R.A. Young. 1991. Mutations in a con- 

served region of RNA polymerase II influence the accuracy 

of mRNA start site selection. Mol. Cell. Biol. 11: 5781-5791. 

Hengartner, C.J., C.M. Thompson, J. Zhang, D.M. Chao, S.-M. 
Liao, A.J. Koleske, S. Okamura, and R.A. Young. 1995. As- 

sociation of an activator with an RNA polymerase II holoen- 

zyme. Genes & Dev. 9: 897-910. 
Henry, N.L., A.M. Campbell, W.J. Feaver, D. Poon, P.A. Weil, 

and R.D. Kornberg. 1994. TFIIF-TAF-RNA polymerase II 

connection. Genes & Dev. 8: 2868-2878. 
Hernandez, N. 1993. TPB, a universal eukaryotic transcription 

factor? Genes & Dev. 7" 1291-1308. 
Hisatake, K., T. Ohta, R. Takada, M. Guermah, M. Horikoshi, 

Y. Nakatani, and R.G. Roeder. 1995. Evolutionary conserva- 

tion of human TATA-binding-polypeptide-associated factors 

TAFII31 and TAFII80 and interactions of TAFII80 with other 

TAFs and general transcription factors. Proc. Natl. Acad. 

Sci. 92: 8195-8199. 
Hoey, T., B.D. Dynlacht, M.G. Peterson, B.F. Pugh, and R. Tjian. 

1990. Isolation and characterisation of the Drosophila gene 
encoding the TATA box binding protein. Cell 61: 1179- 

1186. 
Hoffmann, A., C.-M. Chiang, T. Oelgeschlager, X. Xie, S.K. Bur- 

ley, Y. Nakatani, and R.G. Roeder. 1996. A histone octamer- 

like structure within TFIID. Nature 380: 356--359. 
Holstege, F.C.P., D. Tantin, M. Carey, P.C. van der Vliet, and 

M.T. Timmers. 1995. The requirement for the basal tran- 

scription factor IIE is determined by the helical stability of 

promoter DNA. EMBO J. 14: 810--819. 
Holstege, F.C.P., P.C. van der Vliet, and H.T.M. Timmers. 1996. 

Opening of an RNA polymerase II promoter occurs in two 

distinct steps and requires the basal transcription factors IIE 

GENES & DEVELOPMENT 2677 

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Orphanides et al. 

and IIH. EMBO J. 15: 1666--1677. 
Horikoshi, M., C.K. Wang, H. Fujii, J.A. Cromlish, P.A. Weil, 

and R.G. Roeder. 1989. Purification of a yeast TATA box- 

binding protein that exhibits human transcription factor IID 

activity. Proc. Natl. Acad. Sci. 86: 4843--4847. 

Horikoshi, M., T. Yamamoto, Y. Okhuma, P.A. Weil, and R.G. 

Roeder. 1990. Analysis of structure-function relationships 

of yeast TATA-binding factor TFIID. Cell 61:1171-1178. 
Hull, M.W., K. McKune, and N.A. Woychik. 1995. RNA poly- 

merase II subunit RBP9 is required for accurate start site 

selection. Genes & Dev. 9:481-490. 

Humbert, S., V.H. Vuuren, Y. Lutz, J.H.J. Hoeijmakers, J.M. 

Egly, and V. Moncollin. 1994. p44 and p34 subunits of the 
BTF2/TFIIH transcription factor have homologies with 

SSL1, a yeast involved in DNA repair. EMBO ]. 13: 2393- 

2398. 
Imbalzano, A.N., H. Kwon, M.R. Green, and R.E. Kingston. 

1994a. Facilitated binding of TATA-binding protein to nu- 

cleosomal DNA. Nature 370:481-485. 

Imbalzano, A.N., K.S. Zaret, and R.E. Kingston. 1994b. Tran- 
scription factor (TF) IIB and TFIIA can independently in- 

crease the affinity of the TATA-binding protein for DNA. J. 

Biol. Chem. 11: 8280--8286. 
Inostroza, J., O. Flores, and D. Reinberg. 1991. Factors involved 

in specific transcription by mammalian RNA polymerase II. 

J. Biol. Chem. 266: 9304-9308. 
Inostroza, J.A., F.H. Mermelstein, I. Ha, W.S. Lane, and D. Re- 

inberg. 1992. Drl, a TATA-binding protein-associated phos- 

phoprotein and inhibitor of class II gene transcription. Cell 

70: 477-489. 

Izban, M.J. and D.S. Luse. 1992. Factor-stimulated RNA poly- 

merase II transcribes at physiological elongation rates on 

naked DNA but very poorly on chromatin templates. I. Biol. 

Chem. 267: 13647-13655. 

Jeffrey, P.D., A.A. Russo, K. Polyak, E. Gibbs, J. Hurwitz, J. 
Masague, and N.P. Pavletich. 1995. Mechanism of CDK ac- 

tivation revealed by the structure of a cyclin A-CDK2 com- 

plex. Nature 376: 313-320�9 
Kaldis, P., A. Sutton, and M.J. Solomon. 1996. The Cdk-activat- 

ing kinase (CAK) from budding yeast. Cell 86: 553-564�9 

Kang, J.J., D.T. Auble, J.A. Ranish, and S. Hahn. 1995. Analysis 
of the yeast transcription factor TFIIA: Distinct functional 

regions and a polymerase II-specific role in basal and acti- 
vated transcription. Mol. Cell. Biol. 15: 1234-1243. 

Kang, M.E. and M.E. Dahmus. 1993. RNA polymerase IIA and 

IIO have distinct roles during transcription from the TATA- 

less murine dihydrofolate reductase promoter. J. Biol. Chem. 

268: 25033-25040. 

Kaufmann, J. and S.T. Smale. 1994. Direct recognition of initi- 
ator elements by a component of the transcription factor IID 

complex. Genes & Dev. 8: 821-829. 

Kaufmann, J., C.P. Verrijzer, J. Shao, and S.T. Smale. 1996. CIF, 
an essential cofactor for TFIID-dependent initiator function. 

Genes & Dev. 10: 873-886. 

Kelleher, R.J., P.M. Flanagan, D.I. Chasman, A.S. Ponticelli, K. 

Struhl, and R.D. Kornberg. 1992. Yeast and human TFIIDs 
are interchangable for the response to acidic transcription 
activators in vitro. Genes & Dev. 6: 296-303. 

Kephart, D., B.Q. Wang, Z. Burton, and D.H. Price. 1994. Func- 
tional analysis of Drosophila factor 5 (TFIIF), a general tran- 

scription factor. J. Biol. Chem. 269: 13536-13543. 

Kephart, D.D., M.P. Price, Z.F. Burton, A. Finkelstein, J. Green- 
blatt, and D.H. Price. 1993. Cloning of a Drosophila cDNA 
with sequence similarity to human transcription factor 

RAP74. Nucleic Acids Res. 21: 1319. 
Killeen, M. and J. Greenblatt. 1992. The general transcription 

factor RAP30 binds to RNA polymerase II and prevents it 

from binding nonspecifically to DNA. Mol. Cell. Biol. 

12: 30-37. 
Kim, J.L., D.B. Nikolov, and S.K. Burley. 1993. Co-crystal struc- 

ture of TBP recognising the minor groove of a TATA ele- 

ment. Nature 365: 520-527. 
Kim, T.K., S. Hashimoto, R.J. Kelleher, P.M. Flanagan, R.D. 

Kornberg, M. Horikoshi, and R.G. Roeder. 1994. Effects of 
activation-defective TBP mutations on transcription initia- 

tion in yeast. Nature 369: 252-255. 
Kim, Y., J.H. Geiger, S. Hahn, and P.B. Sigler. 1993. Crystal 

structure of a yeast TBP/TATA-box complex. Nature 

365: 512-520. 
Kim, Y.-J., S. Bjorklund, Y. Li, M.H. Sayre, and R.D. Kornberg. 

1994. A multiprotein mediator of transcriptional activation 

and its interaction with the C-terminal repeat domain of 

RNA polymerase II. Cell 77: 599-608. 
Kingston, R.E., C.A. Bunker, and A.N. Imbalzano. 1996. Repres- 

sion and activation by multiprotein complexes that alter 

chromatin structure. Genes & Dev. 10: 905-920. 
Kitajima, S., T. Chibazakura, M. Yonaha, and Y. Yasukochi. 

1994. Regulation of the human general transcription factor 

TFIIF by phosphorylation. I. Biol. Chem. 269: 29970-29977. 
Klages, N. and M. Strubin. 1995. Stimulation of RNA polymer- 

ase II transcription initiation by recruitment of TBP in vivo. 

Nature 374: 822-823. 
Kokubo, T., D.-W. Gong, S. Yamashita, M. Horikoshi, R.G. 

Roeder, and Y. Nakatani. 1993. Drosophila 230-kD TFIID 

subunit, a functional homolog of the human cell cycle gene 

product negatively regulates DNA binding of the TATA box- 

binding subunit of TFIID. Genes & Dev. 7" 1033-1046. 

Kokubo, T., D.-W. Gong, J.C. Wootton, M. Horikoshi, R.G. 

Roeder, and Y. Nakatani. 1994a. Molecular cloning of Droso- 

phila TFIID subunits. Nature 367: 484--487. 
Kokubo, T., S. Yamashita, M. Horikoshi, R.G. Roeder, and Y. 

Nakatani. 1994b. Interaction between the N-terminal do- 
main of the 230-kDa subunit and the TATA box-binding 

subunit of TFIID negatively regulates TATA-box binding. 

Proc. Natl. Acad. Sci. 91: 3520-3524. 
Koleske, A.J. and R.A. Young. 1994. An RNA polymerase II 

holoenzyme responsive to activators. Nature 368: 466-469. 
�9 1995. The RNA polymerase II holoenzyme and its im- 

plications for gene regulation. Trends Biochem. Sci. 20:113- 

116. 
Kuchin, S., P. Yeghiayan, and M. Carleson. 1995. Cyclin-depen- 

dent protein kinase and cyclin homologs SSN3 and SSN8 

contribute to transcriptional control in yeast. Proc. Natl. 

Acad. Sci. 92: 4006--4010. 
Lagrange, T., T.-K. Kim, G. Orphanides, Y.W. Ebright, R.H. 

Ebright, and D. Reinberg. 1996. High-resolution mapping of 
nucleoprotein complexes by site-specific protein-DNA pho- 

tocrosslinking: Organization of the human TBP-TFIIA- 

TFIIB-DNA quaternary complex. Proc. Natl. Acad. Sci. 

93: 10620-10625. 
Layboum, P.J. and M.E. Dahmus. 1989. Transcription-depen- 

dent changes in the C-terminal domain of mammalian RNA 
polymerase subunit IIa/o. J. Biol. Chem. 264: 6693--6698. 

Lee, D.K., M. Horikoshi, and R.G. Roeder. 1991. Interaction of 
TFIID in the minor groove of the TATA element. Cell 

67: 1241-1250. 
Lee, D.K., J. Dejong, S. Hashimoto, M. Horikoshi, and R.G. 

Roeder. 1992. TFIIA induces conformational changes in 
TFIID via interactions with the basic repeat. Mol. Cell. Biol. 

12: 5189-5196. 
Lee, S. and S. Hahn. 1995. A model for TFIIB binding to the 

TBP-DNA complex. Nature 376: 609-612. 

2678 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


The general transcription factors of RNA pol II 

Li, Y. and R.D. Komberg. 1994. Interplay of positive and nega- 

tive effectors in function of the C-terminal repeat domain of 

RNA polymerase II. Proc. Natl.  Acad. Sci. 91: 2362-2366. 

Li, Y., P.M. Flanagan, H. Tschochner, and R.D. Kornberg. 1994. 

RNA polymerase II initiation factor interactions and tran- 
scription start site selection. Science 263: 805-807. 

Li, Y., S. Bjorklund, Y.W. Jiang, Y.-J. Kim, W.S. Lane, D.J. Still- 

man, and R.D. Kornberg. 1995. Yeast global transcriptional 
regulators Sin4 and Rgrl are components of mediator com- 

plex/RNA polymerase II holoenzyme. Proc. Natl.  Acad. Sci. 

92: 10864-10868. 

Liao, S., J. Zhang, D.A. Jeffery, A.J. Koleske, C.M. Thompson, 

D.M. Chao, M. Viljoen, H.J.J. van Vuuren, and R.A. Young. 

1995. A kinase-cyclin pair in the RNA polymerase II holoen- 
zyme. Nature  374: 193-196. 

Lu, H., O. Flores, R. Weinmann, and D. Reinberg. 1991. The 
nonphosphorylated form of RNA polymerase II preferen- 

tially associates with the preinitiation complex. Proc. Natl.  

Acad. Sci. 88: 10004-10008. 

Lu, H., L. Zawel, L. Fisher, J.-M. Egly, and D. Reinberg. 1992. 

Human general transcription factor IIH phosphorylates the 
C-terminal domain of RNA polymerase II. Nature 358: 641- 
645. 

Ma, D., H. Watanabe, F. Mermelstein, A. Admon, K. Oguri, X. 

Sun, T. Wada, T. Imai, T. Shiroya, D. Reinberg, and H. 

Handa. 1993. Isolation of a cDNA encoding the largest sub- 
unit of TFIIA reveals functions important for activated tran- 
scription. Genes & Dev. 7: 2246-2257. 

Ma, D., I. Olave, A. Merino, and D. Reinberg. 1996. Separation 
of the transcriptional coactivator and antirepression func- 

tions of transcription factor IIA. Proc. Natl. Acad. Sci. 

93: 6583-6588. 

McClure, W.R. 1980. Rate limiting steps in RNA chain initia- 
tion. Proc. Natl.  Acad. Sci. 77: 5634-5638. 

McClure, W.R., C.H. Cech, and D.E. Johnston. 1978. A steady 
state assay for the RNA polymerase initiation reaction. J. 
Biol. Chem. 235: 8941-8948. 

McCracken, S. and J. Greenblatt. 1991. Related RNA polymer- 

ase-binding regions in human RAP30/74 and Escherichia 

coli ~70. Science 253: 900-902. 

Mfikel/i, T.P., J.D. Parvin, J. Kim, L.J. Huber, P.A. Sharp, and 

R.A. Weinberg. 1995. A kinase-deficient transcription factor 
IIH is functional in basal and activated transcription. Proc. 

Natl.  Acad. Sci. 92: 5174-5178. 

Maldonado, E., I. Ha, P. Cortes, L. Weis, and D. Reinberg. 1990. 

Role of transcription factors TFIIA, TFIID, and TFIIB during 

formation of a transcription-competent complex. Mol. Cell. 

Biol. 10: 6335-6347. 

Maldonado, E., R. Sheikhattar, M. Sheldon, H. Cho, R. Drapkin, 
P. Rickert, E. Lees, C.W. Anderson, S. Linn, and D. Reinberg. 

1996. A human RNA polymerase II complex associated with 
SRB and DNA-repair proteins. Nature  381: 86--89. 

Malik, S., D.K. Lee, and R.G. Roeder. 1993. Potential RNA poly- 

merase II-induced interactions of transcription factor TFIIB. 
Mol. Cell. Biol. 13: 6253-6259. 

Martinez, E., C.M. Chiang, H. Ge, and R.G. Roeder. 1994. TAFs 

in TFIID function through the initiator to direct basal tran- 
scription from a TATA-less class II promoter. EMBO J. 

13: 3115-3126. 

Matsui, T., J. Segall, A. Weil, and R.G. Roeder. 1980. Multiple 

factors required for accurate initiation of transcription by 

purified RNA polymerase II. J. Biol. Chem. 255: 11992- 
11996. 

Maxon, M.E. and R. Tjian. 1994. Transcriptional activity of 
transcription factor IIE is dependent on zinc binding. Proc. 

Natl.  Acad.  Sci. 91: 9529-9533. 

Maxon, M.E., J.A. Goodrich, and R.T. Tjian. i994. Transcription 

factor IIE binds preferentially to RNA polymerase IIa and 

recruits TFIIH: A model for promoter clearance. Genes & 

Dev. 8: 515-524. 

Means, A.L., J.E. Slansky, S.L. McMahon, M.W. Knuth, and P.J. 
Farnham. 1992. The HIP-1 binding site is required for growth 

regulation of the dihydrofolate reductase gene promoter. 
Mol. Cell. Biol. 12: 1054~1063. 

Mellon, I. and P.C. Hanawalt. 1989. Induction of the E. coli 

lactose operon selectively increases repair of its transcribed 

DNA strand. Nature 342: 95-98. 

Merino, A., K.R. Madden, W.S. Lane, J.J. Champoux, and D. 

Reinberg. 1993. DNA topoisomerase I is involved in both 

repression and activation of transcription. Nature  365: 227- 

232. 

Mitchell, P.J. and R. Tjian. 1989. Transcriptional regulation in 
mammalian cells by sequence-specific DNA binding pro- 

teins. Science 245: 371-378. 

Moqtaderi, Z., D. Poon, Y. Bai, P.A. Weil, and K. Struhl. 1996. 

TPB-associated factors are not generally required for tran- 

scription activation in yeast. Nature  383: 188-191. 
Morgan, D.O. 1995. Principles of cdk regulation. Nature 

374: 131-134. 

Nakajima, N., M. Horikoshi, and R.G. Roeder. 1988. Factors 

involved in specific transcription by mammalian RNA poly- 

merase II: Purification, genetic specificity, and TATA box- 

promoter interactions of TFIID. Mol. Cell. Biol. 8: 4028- 

4040. 

Nakatani, Y., M. Horikoshi, M. Brenner, T. Yamamoto, F. Ber- 

nard, R.G. Roeder, and E. Freese. 1990. A downstream initi- 

ation element required for efficient TATA box binding and 
in vitro function of TFIID. Nature  348: 86--88. 

Nakatani, Y., S. Bagby, and M. Ikura. 1996. The histone folds in 

transcription factor TFIID. J. Biol. Chem. 271: 6575-6578. 
Nikolov, D.B. and S.K. Burley. 1994. 2.1 A resolution refined 

structure of a TATA box-binding protein {TBP). Nature 

Struct. Biol. 1: 621-637. 

Nikolov, D.B., S.-H. Hu, J. Lin, A. Gasch, A. Hoffmann, M. 

Horikoshi, N.-H. Chua, R.G. Roeder, and S.K. Burley. 1992. 

Crystal structure of TFIID TATA-box binding protein. Na- 

ture 360: 40--46. 

Nikolov, D.B., H. Chen, E.D. Halay, A.A. Usheva, K. Hisatake, 

D.K. Lee, R.G. Roeder, and S.K. Burley. 1995. Crystal struc- 

ture of a TFIIB-TBP-TATA-element ternary complex. Na- 

ture 377:119-128. 

Nikolov, D.B., H. Chen, E.D. Halay, A. Hoffmann, R.G. Roeder, 

and S.K. Burley. 1996. Crystal structure of a human TATA 
box-binding protein/TATA element complex. Proc. Natl.  

Acad. Sci. 93: 4862--4867. 

Nonet, M., D. Sweetser, and R.A. Young. 1987. Functional re- 

dundancy and structural polymorphism on the large subunit 
of RNA polymerase II. Cell 50: 909-915. 

O'Brien, T., S. Hardin, A. Greenleaf, and J.T. Lis. 1994. Phos- 
phorylation of RNA polymerase II C-terminal domain and 

transcriptional elongation. Nature  370: 75-77. 

Ohkuma, Y. and R.G. Roeder. 1994. Regulation of TFIIH AT- 
Pase and kinase activities by TFIIE during active initiation 

complex formation. Nature  368:160--163. 
Ohkuma, Y., H. Sumimoto, M. Horikoshi, and R.G. Roeder. 

1990. Factors involved in specific transcription by mamma- 

lian RNA polymerase II: Purification and characterization of 

general transcription factor TFIIE. Proc. Natl.  Acad. Sci. 

87: 9163-9167. 
Ossipow, V., J.-P. Tassan, E.A. Nigg, and U. Schibler. 1995. A 

mammalian RNA polymerase II hol6erizyme containing all 
components required for promoter-specific transcription ini- 

GENES & DEVELOPMENT 2679 

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Orphanides et al. 

tiation. Cell 83: 137-146. 
Ouzounis, C. and C. Sander. 1992. TFIIB, an evolutionary link 

between the transcription machineries of archaebacteria and 

eukaryotes. Cell 71: 189-190. 
Ozer, J., P.A. Moore, A.H. Bolden, A. Lee, C.A. Rosen, and P.M. 

Leiberman. 1994. Molecular cloning of the small (7) subunit 
of human TFIIA reveals functions critical for activated tran- 

scription. Genes & Dev. 8: 2324-2335. 

Pan, G. and J. Greenblatt. 1994. Initiation of transcription by 

RNA polymerase II is limited by melting of the promoter 
DNA in the region immediately upstream of the initiation 

site. J. Biol. Chem. 269: 30101-30104. 

Paranjape, S.M., R.T. Kamakaka, and J.T. Kadonaga. 1994. Role 
of chromatin structure in the regulation of transcription by 

RNA polymerase II. Annu.  Rev. Biochem. 63" 265-297. 

Park, E., S.N. Guzder, M.H.M. Koken, I. Jaspers-Dekker, G. 

Weeda, J.H.J. Hoeijmakers, S. Prakash, and L. Prakash. 1992. 
RAD25{SSL2), the yeast homolog of the human xeroderma 

pigmentosum group B DNA repair gene, is essential for vi- 

ability�9 Proc. Natl.  Acad. Sci. 89" 11416-11420. 

Parker, C.S. and J. Topoi. 1984. A Drosophila RNA polymerase 

II transcription factor contains a promoter-region-specific 

DNA-binding activity. Cell 36: 357-369. 
Parvin, J.D. and P.A. Sharp. 1993. DNA topology and a minimal 

set of basal factors for transcription by RNA polymerase II. 

Cell 73: 533-540. 

Parvin, J.D., B.M. Shykind, R.E. Meyers, J. Kim, and P.A. Sharp. 

1994. Multiple sets of basal factors initiate transcription by 

RNA polymerase II. J. Biol. Chem. 269: 18414-18421. 

Peterson, C.L. 1996. Multiple SWitches to turn on chromatin. 
Curr. Opin. Gen. Dev. 6: 171-175. 

Peterson, C.L., W. Kruger, and I. Herskowitz. 1991. A functional 

interaction between the C-terminal domain of RNA poly- 

merase II and the negative regulator SIN1. Cell 64:1135- 

1143. 

Peterson, M.G., N. Tanese, B.F. Pugh, and R. Tjian. 1990. Func- 
tional domains and upstream activation properties of cloned 

human TATA binding protein. Science 248: 1625-1630. 

Peterson, M.G., J. Inostroza, M.E. Maxon, O. Flores, A. Admon, 
D. Reinberg, and R. Tjian. 1991. Structure and functional 

properties of human general transcription factor IIE. Nature 

354: 369-373. 

Pinto, I., D.E. Ware, and M. Hampsey. 1992. The yeast SUA7 

gene encodes a homolog of human transcription factor TFIIB 
and is required for normal start site selection in vivo. Cell 

68: 977-988. 
Pinto, I., W.-H. Wu, J.G. Na, and M. Hampsey. 1994. Charac- 

terization of sua7 mutations defines a domain of TFIIB in- 

volved in transcription start site selection in yeast. J. Biol. 

Chem. 269: 30569-30573. 
Poon, D., Y. Bai, A.M. Campbell, S. Bjorklund, Y.-J. Kim, S. 

Zhou, R.D. Komberg, and P.A. Weil. 1995. Identification and 
characterization of a TFIID-like multiprotein complex from 

Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. 92: 8224- 

8228. 

Price, D., H., A.E. Sluder, and A.L. Greenleaf. 1989. Dynamic 

interaction between a Drosophila transcription factor and 
RNA polymerase II. Mol. Cell. Biol. 9: 1465-1475. 

Ptashne, M. 1988. How transcriptional activators work. Nature 

355: 683-689. 

Pugh, B.F. and R. Tjian. 1991. Transcription from a TATA-less 

promoter requires a multisubunit TFIID complex. Genes & 

Dev. 5: 1935-1945. 
Pumell, B.A., P.A. Emanuel, and B.S. Gilmour. 1994. TFIID se- 

quence recognition of the initiator and sequences further 
downstream in Drosophila class II genes. Genes & Dev. 

8: 830--842. 
Qian, X., C. Jeon, H. Yoon, K. Agarwal, and M.A. Weiss. 1993. 

Structure of a new nucleic-acid-binding motif in the tran- 

scription elongation factor TFIIS. Nature  365: 277-279. 

Quinn, J., A.M. Fyrberg, R.W. Ganster, M.C. Schmidt, and C.L. 

Peterson. 1996. DNA-binding properties of the yeast SWI/ 

SNF complex. Nature  379: 844-847. 
Qureshi, S.A., B. Khoo, P. Baumann, and S.P. Jackson�9 1995. 

Molecular cloning of the transcription factor TFIIB homolog 

from Sulfolobus shibatae. Proc. Natl.  Acad. Sci. 92: 6077- 

6081. 
Ranish, J.A. and S. Hahn. 1991. The yeast general transcription 

factor TFIIA is composed of two polypeptide subunits. J. 

Biol. Chem. 266" 19320--19327. 
�9 1996. Transcription: Basal factors and activation. Curr. 

Opin. Genet. Dev. 6: 151-158. 
Ranish, J.A., W.S. Lane, and S. Hahn. 1992. Isolation of two 

genes that encode subunits of the yeast transcription factor 

IIA. Science 255:1127-1129. 
Reardon, J.T., H. Ge, E. Gibbs, A. Sancar, J. Hurwitz, and Z.-Q. 

Pan. 1996. Isolation and characterization of two transcrip- 

tion factor IIH (TFIIH)-related complexes: ERCC2/CAK and 

TFIIH. Proc. Natl.  Acad. Sci. 93: 6482-6487. 
Reese, J.C., L. Apone, S.S. Walker, L.A. Griffin, and M.R. Green. 

1994. Yeast TAFns in a multisubunit complex required for 

activated transcription. Nature 371: 523-527. 
Reinberg, D. and R.G. Roeder. 1987. Factors involved in specific 

transcription by mammalian RNA polymerase II. J. Biol. 

Chem. 262:3331-3337. 
Robert, F., D. Forget, J. Li, J. Greenblatt, and B. Coulombe. 1996. 

Localisation of subunits of transcription factors IIE and IIF 
immediately upstream of the transcription initiation site of 

the adenovirus major late promoter. ]. Biol. Chem. 

271: 8517-8520. 
Roberts, S.G.E. and M.R. Green. 1994. Activator-induced con- 

formational change in general transcription factor TFIIB. Na- 

ture 371: 717-720�9 
Roeder, R.G. 1976. Eukaryotic nuclear RNA polymerases. In 

RN A polymerase (ed. R. Losick and M. Chamberlin), pp. 

285-329. Cold Spring Harbor Laboratory, Cold Spring Har- 

bor, NY. 
Roy, A.L., S. Malik, M. Meisterernst, and R.G. Roeder. 1993. An 

alternative pathway for transcription initiation involving 

TFII-I. Nature 365: 355-359. 
Roy, R., J.P. Adamczewski, T. Seroz, W. Vermeulen, J.-P. Tas- 

san, L. Schaeffer, E.A. Nigg, J.H.J. Hoeijmakers, and J.-M. 
Egly. 1994. The MO15 cell cycle kinase is associated with 

the TFIIH transcription-DNA repair factor. Cell 79: 1093- 

1101. 
Rubin, D.M., O. Coux, I. Wefes, C. Hengartner, R.A. Young, 

A.L. Goldberg, and D. Findley. 1996. Identification of the 
gal4 supressor Sugl as a subunit of the yeast 26S proteasome. 

Nature 379: 655-657. 
Ruppert, S., E.H. Wang, and R. Tjian. 1993. Cloning and expres- 

sion of human TAFII250: A TBP-associated factor impli- 

cated in cell-cycle regulation. Nature  362:175-179. 
Ruppert, S. and R. Tjian. 1995. Human TAFn250 interacts with 

RAP74: Implications for RNA polymerase II initiation. 

Genes & Dev. 9: 2747-2755. 

Sancar, A. 1996. DNA excision repair. Annu.  Rev. Biochem. 

65: 43-81. 
Sawadogo, M. and R.G. Roeder. 1984. Energy requirement for 

specific transcription initiation by the human RNA poly- 

merase II system. J. Biol. Chem. 259: 5321-5326. 
Scale, C., D. Chao, J. Lopes, J.P. Hirsch, S. Henry, and R.A. 

Young. 1990. RNA polymerase II C-terminal repeat influ- 

2680 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


The general transcription factors of RNA pol II 

ences response to transcriptional enhancer signals. Nature 

347: 491-494. 

Schaeffer, L., R. Roy, S. Humbert, V. Moncollin, W. Vermeulen, 

J.H.J. Hoeijmakers, P. Chambon, and J.M. Egly. 1993. DNA 

repair helicase: A component of BTF-2 (TFIIH) basic tran- 
scription factor. Science 260: 58-63. 

Schaeffer, L., V. Moncollin, R. Roy, A. Staub, M. M., A. Sarasin, 

G. Weeda, J.H.J. Hoeijmakers, and J.M. Egly. 1994. The 
ERCC2 DNA repair protein is associated with the class II 
BTF2/TFIIH transcription factor. EMBO J. 13: 2388-2392. 

Schmidt, M.C., C.C. Kao, R. Pei, and A.J. Berk. 1989. Yeast 
TATA box transcription factor gene. Proc. Natl. Acad. Sci. 

86: 7785-7789. 

Sekimizu, K., N. Kobayashi, D. Mizuno, and S. Natori. 1976. 

Purification of a factor from Ehrlich ascites tumor cells spe- 

cifically stimulating RNA polymerase II. Biochemistry 

15: 5064-5070. 

Serizawa, H., R.C. Conaway, and J.W. Conaway. 1992. A car- 

boxy-terminal-domain kinase associated with RNA poly- 

merase II transcription factor d from rat liver. Proc. Natl. 

Acad. Sci. 89: 7476-7480. 

- - .  1993. Multifunctional RNA polymerase II initiation fac- 

tor d from rat liver: Relationship between carboxy-terminal 
kinase, ATPase, and DNA helicase activities. J. Biol. Chem. 

2 6 8 : 1 7 3 0 0 - 1 7 3 0 8 .  

Serizawa, H., T.P. M/ikelfi, J.W. Conaway, R.C. Conaway, R.A. 

Weinberg, and R.A. Young. 1995. Association of cdk-activat- 

ing kinase subunit with transcription factor TFIIH. Nature 

374: 280-282. 

Sharp, P.A. 1992. TATA-binding protein is a classless factor. 
Cell 68: 819-89.1. 

Sheldon, M. and D. Reinberg. 1995. Tuning-up transcription. 
Curr. Biol. 5: 43-46. 

Sherr, C.J. 1993. Mammalian Gt cyclins. Cell 73: 1059-1065. 
Shiekhattar, R., F. Mermelstein, R.P. Fisher, R. Drapkin, B. 

Dynlacht, H.C. Wessling, D.O. Morgan, and D. Reinberg. 

1995. Cdk-activating kinase complex is a component of tran- 
scription factor TFIIH. Nature 374: 283-287. 

Smale, S.T. 1994. Core promoter architecture for eukaryotic 

protein-coding genes. In Transcription: Mechanisms and 

regulation (ed. R.C. Conaway and J.W. Conaway), pp. 63-81. 
Raven Press, New York, NY. 

Smale, S.T., M.C. Schmidt, A.J. Berk, and D. Baltimore. 1990. 
Transcriptional activation by Spl as directed through TATA 

or initiator: Specific requirements for mammalian transcrip- 

tion factor IID. Proc. Natl. Acad. Sci. 87: 4509-4513. 

Song, W., I. Treich, N. Qian, S. Kuchin, and M. Carleson. 1996. 

SSN genes that affect transcriptional repression in Saccha- 

romyces cerevisiae encode SIN4, ROX3, and SRB proteins 
associated with RNA polymerase II. Mol. Cell. Biol. 16:115- 
120. 

Sopta, M., R.W. Carthew, and J. Greenblatt. 1985. Isolation of 
three proteins that bind to mammalian RNA polymerase II. 

J. Biol. Chem. 260: 10353-10360. 

Sopta, M., Z.F. Burton, and J. Greenblatt. 1989. Structure and 
associated DNA helicase activity of a general transcription 
initiation factor that binds to RNA polymerase II. Nature 

341: 410-414. 

Starr, D.B. and D.K. Hawley. 1991. TFIID binds in the minor 
groove of the TATA box. Cell 67: 1231-1240. 

Struhl, K. 1994. Duality of TPB, the universal transcription fac- 
tor. Science 263:1103-1104. 

Sun, X., D. Ma, M. Sheldon, K. Yeung, and D. Reinberg. 1994. 
Reconstitution of human TFIIA activity from recombinant 

polypeptides: A role in TFIID-mediated transcription. Genes 

& Dev. 8: 2336-2348. 

Sun, Z.-W. and M. Hampsey. 1995. Identification of the gene 

(SS U7I/TFG1) encoding the largest subunit of transcription 

factor TFIIF as a suppressor of a TFIIB mutation in Saccha- 

romyces cerevisiae. Proc. Natl. Acad. Sci. 92: 3127-3131. 

Sun, Z.-W., A. Tessmer, and M. Hampsey. 1996. Functional 

interaction between TFIIB and the Rpb9 (Ssu73) subunit of 

RNA polymerase II in Saccharomyces cerevisiae. Nucleic 

Acids Res. 24: 2560-2566. 
Sung, P., D. Higgins, L. Prakash, and S. Prakash. 1988. Mutation 

of lysine-48 to arginine in the yeast RAD3 protein abolishes 

its ATPase and DNA helicase activities but not the ability to 

bind ATP. EMBO J. 7: 3263-3269. 
Suzuki, Y., Y. Nogi, A. Abe, and T. Fukasawa. 1988. GALl l 

protein, an auxiliary transcription activator for genes encod- 

ing galactose-metabolizing enzymes in S. cerevisiae. Mol. 

Cell. Biol. 8: 4911-4919. 

Svejstrup, J.Q., Z. Wang, W.J. Feaver, X. Wu, D.A. Bushnell, T.F. 
Donahue, E.C. Friedberg, and R.D. Kornberg. 1995. Different 

forms of TFIIH for transcription and DNA repair: Holo- 

TFIIH and a nucleotide excision repairosome. Cell 80: 21- 

28. 
Tan, S., K.P. Garrett, R.C. Conaway, and J.W. Conaway. 1994. 

Cryptic DNA-binding domain in the C terminus of RNA 

polymerase II general transcription factor RAP30. Proc. Natl. 

Acad. Sci. 91: 9808-9812. 
Tan, S., R.C. Conaway, and J.W. Conaway. 1995. Dissection of 

transcription factor TFIIF functional domains required for 

initiation and elongation. Proc. Natl. Acad. Sci. 92: 6042- 

6046. 
Tan, S., Y. Hunziker, D.F. Sargent, and T.J. Richmond. 1996. 

Crystal structure of a yeast TFIIA/TBP/DNA complex. Na- 

ture 381: 127-134. 
Tang, H., X. Sun, D. Reinberg, and D. Ebright. 1996. Protein- 

protein interactions in eukaryotic transcription initiation: 

Structure of the preinitiation complex. Proc. Natl. Acad. Sci. 

9 3 : 1 1 1 9 - 1 1 2 4 .  

Tansey, W.P. and W. Herr. 1995. The ability to associate with 

activation domains in vitro is not required for the TATA 
box-binding protein to support activated transcription in 

vivo. Proc. Natl. Acad. Sci. 92: 10550-10554. 
Tantin, D. and M. Carey. 1994. A heteroduplex template cir- 

cumvents the energetic requirement for ATP during acti- 

vated transcription by RNA polymerase II. J. Biol. Chem. 

269: 17397-17400. 
Thompson, C.M. and R.A. Young. 1995. General requirement 

for RNA polymerase II holoenzymes in vivo. Proc. Natl. 

Acad. Sci. 92: 4587-4590. 

Thompson, C.M., A.J. Koleske, D.M. Chao, and R.A. Young. 

1993. A multisubunit complex associated with the RNA 

polymerase II CTD and TATA-binding protein in yeast. Cell 

73: 1361-1375. 
Thompson, N.E., T.H. Steinberg, D.B. Aronson, and R.R. Bur- 

gess. 1989. Inhibition of in vivo and in vitro transcription by 

monoclonal antibodies prepared against wheat germ RNA 

polymerase II that react with the heptapeptide repeat of eu- 

karyotic RNA polymerase II. J. Biol. Chem. 19: 11511- 

11520. 
Thuret, J.-Y., J.-G. Valay, G. Faye, and C. Mann. 1996. Civl 

(CAK in vivo), a novel Cdk-activating kinase. Cell 86" 565- 

576. 
Timmers, H.T. 1994. Transcription initiation by RNA polymer- 

ase II does not require hydrolysis of the 13--~/phosphoanhy- 

dride bond of ATP. EMBO ]. 13: 391-399. 
Tong, X., R. Drapkin, D. Reinberg, and E. Kieff. 1995. The 62- 

and 80-kDa subunits of transcription factor IIH mediate the 
interaction with Epstein-Barr virus nuclear protein 2. Proc. 

GENES & DEVELOPMENT 2681 

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Orphanides et al. 

Natl. Acad. Sci. 92: 3259-3263. 
Triezenberg, S.J. 1995. Structure and function of transcription 

activation domains. Curr. Biol. 5: 190-196. 
Tsukiyama, T. and C. Wu. 1995. Purification and properties of 

an ATP-dependent nucleosome remodeling factor. Cell 

8 3 : 1 0 1 1 - 1 0 2 0 .  

Tsukiyama, T., C. Daniel, J. Tamkun, and C. Wu. 1995. ISWI, a 

member of the SWI2/SNF2 ATPase family encodes the 140 
kDa subunit of the nucleosome remodeling factor. Cell 

83" 1021-1026. 
Usheva, A. and T. Shenk. 1994. TATA-binding protein indepen- 

dent initiation: YY1, TFIIB and RNA polymerase II direct 

basal transcription on supercoiled template DNA. Cell 

76: 1115-1121. 

Usheva, A., E. Maldonado, A. Goldring, H. Lu, C. Houbavi, D. 

Reinberg, and J. Aloni. 1992. Specific interaction between 

the nonphosphorylated form of RNA polymerase II and the 

TATA-binding protein. Cell 69" 871-881. 
Valay, J.-G., M. Simon, M.-F. Dubois, O. Bensaude, C. Facca, 

and G. Faye. 1995. The KIN28 gene is required both for RNA 

polymerase II mediated transcription and phosphorylation of 

the Rpblp CTD. J. Mol. Biol. 249: 535-544. 
van Dyke, M.W. and M. Sawadogo. 1990. DNA-binding and 

transcriptional properties of human transcription factor 

TFIID after mild proteolysis. Mol. Cell. Biol. 10: 3415-3420. 
van Holde, K.E. 1989. Chromatin. Springer-Verlag, New York, 

NY. 

van Vuuren, A.J., W. Vermeulen, L. Ma, G. Weeda, E. Appel- 

doom, N.G.J. Jasper, A.J. van der Eb, D. Bootsma, J.H.J. Hoe- 
ijmakers, S. Humbert, L. Schaeffer, and J.-M. Egly. 1994. Cor- 
rection of Xeroderma Pigmentosum repair defect by basal 

transcription factor BTF2 {TFIIH). EMBO ]. 13: 1645-1653. 

Verrijzer, C.P., K. Yokomori, J.-L. Chen, and R. Tjian. 1994. 

Drosophila TAF~I150: Similarity to yeast gene TSM-1 and 

specific binding to core promoter DNA. Science 264: 933- 
941. 

Verrijzer, C.P., J.-L. Chen, K. Yokomori, and R. Tjian. 1995. 

Binding of TAFs to core elements directs promoter selectiv- 
ity by RNA polymerase II. Cell 81:1115-1125. 

Walker, S.S., J.C. Reese, L.M. Apone, and M.R. Green. 1996. 

Transcription activation in cells lacking TAFt,s. Nature 

383: 185-188. 

Wampler, S.L. and J.T. Kadonaga. 1992. Functional analysis of 
Drosophila transcription factor TFIIB. Genes & Dev. 

6: 1542-1552. 
Wang, B.Q. and Z.F. Burton. 1995. Functional domains of hu- 

man RAP74 including a masked polymerase binding do- 

main. J. Biol. Chem. 270: 27035-27044. 

Wang, W., M. Carey, and J.D. Gralla. 1992. Polymerase II pro- 

moter activation: Closed complex formation and ATP- 

driven start site opening. Science 255: 450-453. 

Wang, Z., S. Buratowski, J.Q. Svejstrup, W.J. Feaver, X. Wu, R.D. 
Kornberg, T.F. Donahue, and E.C. Friedberg. 1995. The yeast 

TFB 1 and SSll genes, which encode subunits of transcription 
factor IIH, are required for nucleotide excision repair and 

RNA polymerase II transcription. Mol. Cell. Biol. 15: 2288- 

2293. 

Weeda, G., R.C.A. van Ham, W. Vermulen, D. Bootsma, A.J. van 
der Eb, and J.H.J. Hoeijmakers. 1990. A presumed DNA he- 
licase encoded by ERCC-3 is involved in the human DNA 
repair disorders Xeroderma Pigmentosum and Cockayne's 

syndrome. Cell 62: 777-791. 
Weil, P.A., D.S. Luse, J. Segall, and R.G. Roeder. 1979. Selective 

and accurate initiation of transcription at the Ad2 major late 
promoter in a soluble system dependent on purified RNA 

polymerase II and DNA. Cell 18: 469-484. 

Weinzierl, R., B.D. Dynlacht, and R. Tjian. 1993. Largest sub- 
unit of Drosophila transcription factor IID directs assembly 

of a complex containing TBP and a coactivator. Nature 

362: 511-517. 
Weis, L. and D. Reinberg. 1992. Transcription by RNA polymer- 

ase II: Initiator-directed formation of transcription-compe- 

tent complexes. FASEB J. 6: 3300-3309. 
Wilson, C.J., D.M. Chao, A.N. Imbalzano, G.R. Schnitzler, R.E. 

Kingston, and R.A. Young. 1996. RNA polymerase II holoen- 

zyme contains SWI/SNF regulators involved in chromatin 

remodeling. Cell 84: 235-244. 
Xiao, H., A. Pearson, B. Coulombe, R. Truant, S. Zhang, J.L. 

Regier, S.J. Triezenberg, D. Reinberg, O. Flores, C.J. Ingles, 

and J. Greenblatt. 1994. Binding of basal transcription factor 

TFIIH to the acidic activation domains of VP16 and p53. 

Mol. Cell. Biol. 14: 7013-7024. 
Xiao, H., J.D. Friesen, and J.T. Lis. 1995. Recruiting TATA- 

binding protein to a promoter: Transcriptional activation 

without an upstream activator. Mol. Cell. Biol. 15: 5757- 

5761. 
Xie, X., T. Kokubo, S.L. Cohen, U.A. Mirza, A. Hoffmann, B.T. 

Chait, R.G. Roeder, Y. Nakatani, and S.K. Burley. 1996. 
Structural similarity between TAFs and the heterotrimeric 

core of the histone octamer. Nature 3 8 0 : 3 1 6 - 3 2 2 .  

Yamashita, S., K. Wada, M. Horikoshi, D.-W. Gong, T. Kokubo, 
K. Hisatake, N. Yokotani, S. Malik, R.G. Roeder, and Y. 

Nakatani. 1992. Isolation and characterization of a cDNA 

encoding Drosophila transcription factor TFIIB. Proc. Natl. 

Acad. Sci. 89: 2839-2843. 
Yamashita, S., K. Hisatake, T. Kokubo, K. Doi, R.G. Roeder, M. 

Horikoshi, and Y. Nakatani. 1993. Transcription factor 

TFIIB sites important for interaction with promoter-bound 

TFIID. Science 261: 463-466. 
Yankulov, K., J. Blau, T. Purton, S. Roberts, and D.L. Bentley. 

1994. Transcriptional elongation is stimulated by transacti- 

vators. Cell 77: 749-759. 
Yokomori, K., A. Admon, J.A. Goodrich, J.-L. Chen, and R. 

Tjian. 1993. Drosophila TFIIA-L is processed into two sub- 

units that are associated with the TBP/TAF complex. Genes 

& Dev. 7: 2235-2245. 
Yokomori, K., M.P. Zeidler, J.-L. Chen, C.P. Verrijzer, M. 

Mlodzic, and R. Tjian. 1994. Drosophila TFIIA directs coop- 

erative DNA binding with TBP and mediates transcription 

activation. Genes & Dev. 8: 2313-2323. 
Yonaha, M., T. Aso, Y. Kobayashi, H. Vasavada, Y. Yasukochi, 

S.M. Weissman, and S. Kitajima. 1993. Domain structure of 

a human general transcription initiation factor, TFIIF. Nu- 

cleic Acids Res. 21: 273-279. 
Young, R.A. 1991. RNA polymerase II. Annu.  Rev. Biochem. 

60: 689-715. 
Yuryev, A., M. Patturajan, Y. Litingtung, R.V. Joshi, C. Gentile, 

M. Gebara, and J.L. Corden. 1996. The C-terminal domain of 
the largest subunit of RNA polymerase II interacts with a 

novel set of serine/arginine-rich proteins. Proc. Natl. Acad. 

Sci. 93: 6975-6980. 
Zawel, L. and D. Reinberg. 1993. Initiation of transcription by 

RNA polymerase II: A multi-step process. Prog. Nucleic 

Acid Res. Mol. Biol. 44: 67-108. 
1995. Common themes in assembly and function of 

eukaryotic transcription factors. Annu.  Rev. Biochem. 

64: 533-561. 
Zawel, L., K.P. Kumar, and D. Reinberg. 1995. Recycling of the 

general transcription factors during RNA polymerase II tran- 

scription. Genes & Dev. 9: 1479-1490. 
Zehring, W.A., J.M. Lee, J.R. Weeks, R.S. Jokerst, and A.L. 

Greenleaf. 1988. The G-terminal repeat of RNA polymerase 

2682 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


The general transcription factors of RNA pol II 

II largest subunit is essential in vivo but is not required for 

accurate transcription initiation in vitro. Proc. Natl. Acad. 

Sci. 85: 3698-3702. 

Zhou, Q., P.M. Lieberman, T.G. Boyer, and A.J. Berk. 1992. 

Holo-TFIID supports transcriptional stimulation by diverse 

activators and from TATA-less promoters. Genes & Dev. 

6: 1964-1974. 

Zhou, Q., T.G. Boyer, and A.I. Berk. 1993. Factors (TAFs) re- 

quired for activated transcription interact with TATA-box 

binding protein conserved core domain. Genes & Dev. 

7: 180-187. 

Zhu, W., Q. Zheng, C.M. Colangelo, M. Lewis, M.F. Summers, 

and R.A. Scott. 1996. The N-terminal domain of TFIIB from 

Pyrococcus furiosis forms a zinc ribbon. Nature Struct. Biol. 

3: 122-124. 

GENES & DEVELOPMENT 2683 

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


 10.1101/gad.10.21.2657Access the most recent version at doi:
 10:1996, Genes Dev. 

  
G Orphanides, T Lagrange and D Reinberg
  
The general transcription factors of RNA polymerase II.

  
References

  
 http://genesdev.cshlp.org/content/10/21/2657.full.html#ref-list-1

This article cites 278 articles, 137 of which can be accessed free at:

  
License

Service
Email Alerting

  
 click here.right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the top

Copyright © Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/doi/10.1101/gad.10.21.2657
http://genesdev.cshlp.org/content/10/21/2657.full.html#ref-list-1
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gad.10.21.2657&return_type=article&return_url=http://genesdev.cshlp.org/content/10.1101/gad.10.21.2657.full.pdf
http://genesdev.cshlp.org/cgi/adclick/?ad=56352&adclick=true&url=https%3A%2F%2Fhorizondiscovery.com%2Fen%2Fapplications%2Fcrisprmod%2Fcrispri%3Futm_source%3DGDJournal%26utm_medium%3Dbanner%26utm_campaign%3DCRISPRMod%26utm_id%3DCRISPRMod%26utm_content%3DM
http://genesdev.cshlp.org/
http://www.cshlpress.com

