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In eukaryotes, transcription is carried out by three dif- 
ferent RNA polymerases, RNA polymerases I, II, and III, 
each of which is dedicated to the transcription of differ- 
ent sets of genes. The genes in each class contain char- 
acteristic promoters, which often consist of two types of 
elements: the basal promoter elements and the modula- 
tor promoter elements. The basal promoter elements are 
sufficient to determine RNA polymerase specificity and 
direct low levels of transcription, whereas the modulator 
elements enhance or reduce the basal levels of transcrip- 
tion. None of the RNA polymerases can recognize its 
target promoters directly. Instead, basal promoter ele- 
ments are first recognized by specific transcription fac- 
tors, which then recruit the correct RNA polymerase. 
Because the RNA polymerase I, II, and III promoters con- 
tain distinctive elements, it had long been assumed that 
they achieve recruitment of the correct RNA polymerase 
by binding very different transcription factors. 

Consistent with this view, the transcription factors 
required for RNA polymerase I, II, and III transcription 
can be separated from each other chromatographically, 
as shown in Figure 1. This scheme separates a cellular 
extract into four fractions, termed A, B, C, and D (Matsui 
et al. 1980; Segall et al. 1980; Samuels et al. 1982). RNA 
polymerase II transcription requires the A, C, and D frac- 
tions; the A and C fractions are now known to contain 
several factors. The D fraction contains TFIID, a factor 
that binds to the TATA box present in a large number of 
RNA polymerase II promoters (for reviews, see Sawadogo 
and Sentenac 1990; Buratowski and Sharp 1992; Zawel 
and Reinberg 1993). 

TFIID proved very difficult to purify and was not char- 
acterized in detail until 1988, when an activity capable 
of functionally replacing mammalian TFIID in a recon- 
stituted in vitro transcription system was identified in 
Saccharomyces cerevisiae extracts (Buratowski et al. 
1988; Cavallini et al. 1988). This was a major break- 
through because, unlike mammalian TFIID, the yeast 
activity could be purified to homogeneity and turned out 
to correspond to a single polypetide of 27 kD (Cavallini 
et al. 1989; Hahn et al. 1989; Horikoshi et al. 1989a; 
Schmidt et al. 1989). The cDNA encoding the yeast 
TATA box-binding protein (TBP) was then cloned by sev- 
eral groups (Cavallini et al. 1989; Hahn et al. 1989; Hori- 
koshi et al. 1989b; Schmidt et al. 1989), and the protein 
sequence information was used to isolate TBP-encoding 
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cDNAs from several other species, including Drosophila 
(Hoey et al. 1990; Muhich et al. 1990) and humans (Ho- 
ffman et al. 1990b; Kao et al. 1990; Peterson et al. 1990). 
Like the yeast protein, the Drosophila and human TBPs 
are small proteins of 38 kD, a surprising result because 
the molecular mass of the mammalian TATA box-bind- 
ing factor TFIID was known to be -750  kD (Nakajima et 
al. 1988; Conaway et al. 1990, 1991). In addition, like 
TFIID, these TBPs could mediate basal RNA polymerase 
II transcription, but unlike TFIID, they could not re- 
spond to transcriptional activators (Hoey et al. 1990; Ho- 
ffman et al. 1990b; Peterson et al. 1990; Pugh and Tjian 
1990; Smale et al. 1990). This observation led to the hy- 
pothesis that transcriptional activation requires activi- 
ties besides TBP present in the TFIID fraction, which 
were termed coactivators (Peterson et al. 1990; Pugh and 
Tjian 1990). Biochemical analyses then revealed that 
TFIID is a large complex consisting of TBP and a number 
of TBP-associated factors or TAFs (Dynlacht et al. 1991; 
Tanese et al. 1991). The TFIID complex could mediate 
transcriptional activation, indicating that the coactiva- 
tor function is provided by the TAFs (Dynlacht et al. 
1991; Tanese et al. 1991; Zhou et al. 1992, 1993; Hoey et 
al. 1993). 

The identification of TBP as the TATA box-binding 
subunit of TFIID suggested that TBP is exclusively in- 
volved in transcription of TATA-containing RNA poly- 
merase II promoters. However, even though RNA poly- 
merase I, II, and III promoters are generally very different 
in structure, there are exceptions. Among the most strik- 
ing are the promoters of the human small nuclear RNA 
(snRNA) genes, which encode small RNA molecules in- 
volved in the processing of other RNA molecules. Most 
of these genes are transcribed by RNA polymerase II; 
however, the U6 snRNA gene is transcribed by RNA 
polymerase III. All of the snRNA promoters are very sim- 
ilar in structure, except for the presence of a TATA box 
in the RNA polymerase III U6 promoter (Fig. 2). Para- 
doxically, the TATA box in the U6 promoter is respon- 
sible for selecting RNA polymerase III over RNA poly- 
merase II (Mattaj et al. 1988; Lobo and Hernandez 1989); 
and even more paradoxically, transcription from the U6 
promoter requires TBP (Lobo et al. 1991; Margottin et al. 
1991; Simmen et al. 1991). This discovery was the first 
indication that TBP is not just an RNA polymerase II 
transcription factor and led to the suggestion that TBP 
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Figure 1. Elution profile of RNA polymerase I, II, and 
III transcription factors on a phosphocellulose (P11) col- 
umn. The boxed factors contain TBP, which can be de- 
tected by immunoblot in the B, C, and D fractions. 
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might be involved in transcription by all three RNA 
polymerases (Lobo et al. 1991). That this is the case has 
been shown both biochemically and genetically. TBP is 
involved in RNA polymerase I transcription as a subunit 
of the SL1 transcription factor (Comai et al. 1992) and in 
transcription from TATA-less RNA polymerase III pro- 
moters (R. White et al. 1992) as a subunit of TFIIIB (Huet 
and Sentenac 1992; Kassavetis et al. 1992; Lobo et al. 
1992; Simmen et al. 1992; Taggart et al. 1992; White and 
Jackson 1992) (see Fig. 1 ). The universal role of TBP was 
also demonstrated in yeast, where mutations in TBP af- 
fect transcription by all three RNA polymerases (Cor- 
mack and Struhl 1992; Schultz et al. 1992). Thus, TBP is 
part of the initiation complexes formed on TATA-con- 
taining and TATA-less RNA polymerase I, II, and III pro- 
moters. 

With the characterization of TFIID, SL1, and TFIIIB as 
TBP-containing complexes (Fig. 1), we are very close to 
reproducing transcription with entirely characterized 
factors. For example, except for TFIIJ, all of the basal 
transcription factors involved in RNA polymerase II 
transcription of TATA-containing mRNA-type promot- 

ers have now been purified to homogeneity; and in sev- 
eral cases, corresponding cDNAs have been isolated (for 
review, see Zawel and Reinberg 1992). Such accomplish- 
ments have led to dramatic advances in our understand- 
ing of how the RNA polymerase I, II, and III initiation 
complexes are assembled. The emerging picture is one in 
which a common step, the incorporation of TBP, is 
achieved through different but related pathways, leading 
to the recruitment of a specific RNA polymerase. 

In this review I describe our current understanding of 
the role played by TBP during assembly of RNA poly- 
merase I, II, and III initiation complexes and during ac- 
tivation of RNA polymerase II transcription. 

Structure of TBP 

TBP-encoding cDNAs have been cloned from a number 
of organisms. In most cases, TBP is encoded in a single 
gene, but some organisms, including Arabidopsis, have 
two TBP genes that encode highly similar proteins 
(Gasch et al. 1990). In addition, a Drosophila gene prod- 
uct encoding a protein with considerable similarity to 

Figure 2. Structure of the RNA polymerase II (U1 and U2) 
and III (U6) snRNA promoters. The distal sequence ele- 
ment (DSEI, proximal sequence element (PSEI, and TATA 
box are indicated. The arrow marks the transcriptional 
start site. 
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Role of TBP in RNA Poi I, II, and IIl transcription 

TBP has been characterized {Crowley et al. 1993}. How- 
ever, this protein, termed TRF, is expressed in a highly 
restricted manner  in the embryo and cannot replace TBP 
for basal transcription in vitro, suggesting that it does 
not correspond to a basal transcription factor (Crowley et 
al. 1993). As shown in Figure 3A, comparison of the de- 
duced TBP amino acid sequences reveals the presence of 
a nonconserved amino- terminal  domain and a highly 
conserved carboxy-terminal domain, which  invariably 
contains two copies of a long imperfect repeat of 61-62 
amino acids {indicated by arrows}, as well  as short basic 
repeats (marked + ). The carboxy-terminal core domains 
of all characterized TBPs are I>75% identical  to that of 

h u m a n  TBP, wi th  the exception of that of Plasmodium 
[alciparurn TBP, which  is only 38% identical  to the hu- 
man  TBP core domain. The entire core domain  consti- 
tutes a remarkably large DNA-binding domain that in- 
teracts wi th  DNA as a monomer  (Horikoshi et al. 1990). 
TBP contacts D N A  through interactions wi th  the minor  
groove (Starr and Hawley 1991; D. Lee et al. 1991) and 
induces a bend around the TATA element  (Horikoshi et 
al. 1992). 

The structure of one of the Arabidopsis thaliana TBPs, 
TBP-2, has been determined by X-ray crystallography at 
2.6/k resolution and is shown in Figure 3B (Nikolov et al. 
1992). The entire core domain folds into an elegant sym- 

Figure 3. CA) Schematic representation of TBPs from 
different species. The conserved carboxy-terminal do- 
main is the solid region. The direct repeats and the 
basic repeats are indicated. In the human and Droso- 
phila proteins, glutamine stretches are marked {boxes 
labeled Q). References: Human {Hoffmann et al. 
1990b; Kao et al. 1990; Peterson et al. 19901; mouse 
(Tamura et al. 1991}; Drosophila {Hoey et al. 1990; 
Muhich et al. 1990); A. tbaliana {Gasch et al. 1990}; 
maize (Haass and Feix 1992}; potato {Holdsworth et al. 

1992}; wheat-1 {Kawata et al. 1992}; wheat-2 {Apsit et al. 1993); ScbJzosaccbaromyces pom be (Fikes et al. 1990; Hoffmann et al. 1990a); 
S. cerevisiae {Cavallini et al. 1989; Hahn et al. 1989; Horikoshi et al. 1989b; Schmidt et al. 1989}; Acantbamoeba castellanii (Wong 
et al. 1992}; Dictyostelium discoideum {I.E. Blume, D.R. Shaw, and H.L. Ennis; GenBank accession number M64861); and P. [alci- 
pamm {McAndrew et al. 1993}. Note that the human TBP described by Hoffman et al. (1990b} contains four less glutamines in the 
glutamine stretch than the human TBPs described by Kao et al. (1990) and Peterson et al. (19901. (BI Structure of Arabidopsis TBP-2, 
reprinted, with permission, from Nikolov et al. {1992}. The sequence extends from ~3-strand 1 (S1) (amino acids 21-33} through a-helix 
1 (HI} {amino acids 40-46), $2 {amino acids 50-52), $3 (amino acids 59--631, $4 {amino acids 70-74), $5 {amino acids 78-84J, H2 {amino 
acids 87-103}, $1' (amino acids 111-1231, HI'  {amino acids 130-136), $2' {amino acids 141-1431, $3' (amino acids 150-154), $4' {amino 
acids 161-1651, $5' {amino acids 169-175), to H2 {amino acids 178-194}. The direct repeats extend from the fifth amino acid of S1 (and 
S1 '1 {amino acids 25 and 115) to the one following $5 (and $5'} {amino acids 85 and 176}. The basic repeats map to H2, the connection 
between H2 and S 1', and the very beginning of S 1'. The locations of mutations that affect TBP interactions with DNA or other proteins 
are indicated in Table 1. 
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metrical structure that resembles a saddle. The symme- 
try extends beyond the direct sequence repeats, such that 
although the two halves are similar in structure, they 
differ in sequence. This structure is likely to be con- 
served in all known TBPs, because it is compatible with 
the amino acid changes that distinguish core domains 
from different species. The concave underside and con- 
vex topside of the saddle are lined by B-sheets and oL-he- 
lices, respectively. The half cylindrical space formed by 
the underside of the molecule is wide enough to accom- 
modate DNA, and as detailed in Table 1, all of the char- 
acterized mutations that affect the efficiency or the spec- 
ificity of TBP-DNA interactions map to the underside or 
edges of the saddle. This suggests that this side lies on 
the DNA and that the c~-helices on the convex side are 
accessible for interactions with other factors. Table 1 
shows that mutations affecting protein-protein interac- 
tions map to the convex side. Even though the saddle 
structure of TBP results in an extended surface available 
for protein-protein interactions, it remains puzzling 
how such a small protein can accommodate the large 
number of protein-protein interactions that occur dur- 
ing transcription initiation. 

TBP and transcription by RNA polymerase I 

TBP is recruited to RNA polymerase I, II, and III basal 
promoter elements through different strategies, which 
involve either direct binding to the DNA in the case of 
TATA-containing promoters, or protein-protein interac- 
tions in the case of TATA-less promoters. The RNA 
polymerase I promoters, which direct transcription of 
the large rRNA genes, do not contain a TATA box (for 
review, see Reeder 1992). As shown in Figure 4A, the 
human rRNA promoters are instead composed of a core 
element that overlaps the transcriptional start site and 
an upstream control element (UCE) located upstream of 
position -100  that stimulates transcription 10- to 100- 
fold. Transcription requires two factors in addition to 
RNA polymerase I: the upstream binding factor (UBF) 
and the selectivity factor 1 (SL1), which contains TBP 
(for review, see Reeder 1992). UBF has been purified, and 
corresponding cDNAs have been cloned from human 
and Xenopus cellsl It binds in a sequence-specific man- 
ner to both the core and the UCE, but for simplicity it is 
shown binding only to the core in Figure 4A. In contrast, 
SL1, which has been characterized in rodent and human 
cells (Learned et al. 1985; Bell et al. 1990), has no (human 
SL1) or very little (mouse SL1) affinity for the rRNA pro- 
moter but binds cooperatively with UBF (Learned et al. 
1986; Bell et al. 1988, 1990; Jantzen et al. 1992). These 
observations suggest that RNA polymerase I initiation 
complexes are assembled as illustrated in Figure 4. UBF 
binds to the DNA first (Fig. 4A), and this allows the 
recruitment of SL1 (Fig. 4B), which greatly stabilizes the 
initiation complex and, subsequently, RNA polymerase I 
(Fig. 4C). 

Human SL1 consists of TBP in tight association with 
three other TAFs, of 48, 63, and 110 kD (Comai et al. 
1992). The TAFs are essential for transcription, because 

SL1 cannot be replaced by recombinant TBP. This is in 
stark contrast to transcription from TATA-containing 
RNA polymerase II promoters, where recombinant TBP 
on its own is sufficient to direct basal levels of transcrip- 
tion (see below), and suggests that the SL1 TAFs are in- 
volved in recruiting TBP to the RNA polymerase I pro- 
moter through protein-protein interactions with UBF 
and interactions with the DNA. Perhaps protein-protein 
interactions with UBF induce a conformational change 
in SL1 that unmasks a DNA-binding domain, either in 
TBP or in one of the TAFs. 

Role of TFIID and TBP in transcription by RNA 
polymerase II 

RNA polymerase II promoters can be divided into two 
large classes: the mRNA promoters and the snRNA pro- 
moters. The mRNA promoters can in turn be divided 
into two classes depending on whether or not they con- 
tain a TATA box. The basal TATA box-containing 
mRNA promoters may consist of either the TATA box 
alone or the TATA box and an initiator sequence (Inr) 
that spans the transcriptional start site. The basal 
TATA-less mRNA promoters consist of just the Inr. 
Both the TATA box and the Inr appear to recruit the 
TBP-containing complex TFIID. TBP on its own can, 
however, replace the TFIID complex to direct basal lev- 
els of transcription from TATA-containing promoters in 
vitro, suggesting that direct interactions exist between 
TBP and components of the basal transcription machin- 
ery. 

The basal RNA polymerase II snRNA promoters con- 
sist of a proximal sequence element (PSE), which is also 
present in RNA polymerase III snRNA promoters (see 
Fig. 2). Transcription from these promoters has been 
shown recently to require TBP, which is recruited by the 
PSE. 

Basal transcription from TA TA-containing 
RNA polymerase H mRNA promoters 

Figure 5, A-D, shows the assembly of an initiation com- 
plex on an RNA polymerase II TATA-containing mRNA 
promoter (Buratowski et al. 1989; Maldonado et al. 1990; 
Meisterernst and Roeder 1991). The first step is the bind- 
ing of TBP (or TFIID) to the TATA box (Fig. 5A). This 
reaction can be facilitated by TFIIA, which interacts 
with TBP through three lysine residues located in the 
basic repeat region on the convex surface of TBPs (Fig. 
3B; Table 1)(Buratowski and Zhou 1992a; Lee et al. 
1992). The role of TFIIA is not entirely understood, how- 
ever. It is required for transcription in systems reconsti- 
tuted with the TFIID complex but not in all systems 
reconstituted with TBP (Maldonado et al. 1990; Sumi- 
moto et al. 1990; Meisterernst et al. 1991; Cortes et al. 
1992) and is thought to function by dissociating a repres- 
sot associated with TBP in the TFIID complex (Cortes et 
al. 1992). After TBP is bound to the TATA box, TFIIB 
(Fig. 5B), followed by RNA polymerase II, which is asso- 
ciated with TFIIF (Fig. 5C), join the initiation complex. 
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Role of TBP in RNA Pol I, II, and III transcription 

TBP can interact with the carboxy-terminal domain of 
TFIIB, and this interaction is abolished by deletion of 
amino acids 202-221 in TBP (Ha et al. 1993; see Table 1). 
In addition, TFIIB contacts TFIIF (Ha et al. 1993), and 
both TBP and TFIIB contact RNA polymerase II (Usheva 
et al. 1992; Ha et al. 1993). After the binding of RNA 
polymerase II and TFIIF, the RNA polymerase II tran- 
scription factors IIE, IIH, and IIJ join the initiation com- 
plex (Fig. 5D), and transcription can proceed upon addi- 
tion of ribonucleotide triphosphates (for reviews, see 
Sawadogo and Sentenac 1990; Roeder 1991; Zawel and 
Reinberg 1992, 1993). 

The carboxyl terminus of RNA polymerase II consists 
of a repeated heptad motif that can become highly phos- 
phorylated (for review, see Corden and Ingles 1992). Sig- 
nificantly, TBP interacts only with the nonphosphory- 
lated form of RNA polymerase II (Usheva et al. 1992), 
which is the form known to enter the initiation com- 
plex. The form involved in transcription elongation is 
phosphorylated, suggesting that phosphorylation serves 
to release or disengage RNA polymerase II from the pro- 
moter (for review, see Dahmus and Dynan 1992), at least 
in part by disrupting the interaction with TBP (Usheva et 
al. 1992). A functional interaction between the heptad 
repeat and TBP is further suggested by the isolation in 
yeast of the SRB2 gene as a dominant suppressor of trun- 
cation mutations in the heptad repeats of RNA polymer- 
ase II (Koleske et al. 1992). The allele specificity of this 
suppressor indicates that it is involved in the same func- 
tion as the heptad repeat, and SRB2 interacts physically 
with TBP. 

In addition to interacting with the general transcrip- 
tion factors IIA, IIB, and RNA polymerase II, TBP inter- 
acts with several factors termed NC1, NC2, and Drl 
(Meisteremst et al. 1991; Meisterernst and Roeder 1991; 
Inostroza et al. 1992). NC1 and NC2 have not been pu- 
rified to homogeneity, but Drl is a 19-kD protein whose 
corresponding cDNA has been cloned (Inostroza et al. 
1992). These activities have a negative effect on core 
promoter function and interfere with the binding of 
TFIIA. Thus, phosphorylated Drl can associate stably 
with TBP on a TATA box and displace TFIIA. Dephos- 
phorylated Drl cannot associate stably with TBP but can 
join a TFIIA-TBP-TATA box complex and preclude the 
association of TFIIB with the preinitiation complex 
(Inostroza et al. 1992). Together, these observations de- 
fine TBP as a target for positive and negative regulation 
of initiation complex assembly. 

Basal transcription from TATA-less RNA polymerase I! 
mRNA promoters 

Transcription from TATA-less RNA polymerase II 
mRNA promoters depends on the Inr, which overlaps 
the transcriptional start site. One of the most exten- 
sively characterized Inrs is that of the lymphocyte-spe- 
cific terminal deoxynucleotidyltransferase {TdT)pro- 
moter (Smale and Baltimore 1989), but Inrs are also 
present in a number of other TATA-less promoters as 

well as in some TATA box-containing promoters includ- 
ing the adenovirus 2 major late {Ad2 ML), Ad2 IVa2, and 
Ad2-associated virus P5 promoters (Smale and Baltimore 
1989; Carcamo et al. 1990; Seto et al. 1991; O'Shea- 
Greenfield and Smale 1992; for review, see Weis and Re- 
inberg 1992). However, not all Inrs share sequence ho- 
mology, suggesting that there exist different families of 
Inrs functioning through different trans-acting factors. 

Several TATA-less promoters, including the TdT pro- 
moter, contain Spl-binding sites that greatly stimulate 
transcription from the Inr (Smale and Baltimore 1989; 
Pugh and Tjian 1991 ). Nevertheless, the TdT Inr by itself 
is sufficient to direct basal levels of transcription. Simi- 
larly, the Inrs in the Ad2 ML, IVa2, and Ad2-associated 
virus P5 promoters can direct basal levels of transcrip- 
tion in the absence of the TATA box and any upstream 
activator element (Smale and Baltimore 1989; Carcamo 
et al. 1991; Seto et al. 1991; O'Shea-Greenfield and 
Smale 1992). All of these Inrs must therefore be capable 
of directing, albeit inefficiently, the assembly of the ini- 
tiation complex. How is this accomplished? 

In the model shown in Figure 5,E-G, a specific Inr- 
binding protein (IBP) first binds to the Inr and thus re- 
places the DNA-binding function of TBP in nucleating 
the initiation complex (Fig. 5E). Several IBPs have been 
described. The Ad2 IVa2 and ML Inrs are recognized by a 
120-kD protein termed TFII-I (Roy et al. 1991), and the 
Ad2-associated virus P5 Inr is recognized by the YY1 
protein (also termed 8, NF-E1, or UCRBP; for review, see 
Weis and Reinberg 1992), which is required for efficient 
transcription in vitro (Seto et al. 1991; Shi et al. 1991). 
The order of entry of the next factors is not known, but 
TBP, TFIIB, RNA polymerase II, and TFIIF together can 
associate with the Ad2 ML Inr even in the absence of an 
IBP (Carcamo et al. 1991), suggesting that they enter the 
initiation complex simultaneously (Fig. 5F). As in 
TATA-containing promoters, TFIIE, TFIIH, and TFIIJ 
presumably then join the initiation complex (Fig. 5G). 
Although the protein-protein interactions involved in 
this process remain to be characterized, the observations 
that TBP can bind weakly to the - 3 0  region of several 
TATA-less promoters, including the TdT promoter 
(Wiley et al. 1992), and that insertion of a TATA box 
upstream of an Inr invariably augments transcription ef- 
ficiency (Smale and Baltimore 1989; Carcamo et al. 1991) 
suggest that TBP is positioned similarly in initiation 
complexes formed on TATA-containing and TATA-less 
promoters (Fig. 5, cf. D and G), and is recruited more 
efficiently when a high-affinity site, the TATA box, is 
present. This, in turn, suggests that the interactions be- 
tween TBP and other general transcription factors such 
as TFIIB and RNA polymerase II are similar on TATA- 
containing and TATA-less promoters. 

Although the Ad2 ML Inr (in the absence of the ML 
TATA box) can support basal transcription with both 
TBP and TFIID (Carcamo et al. 1991), the TdT Inr re- 
quires TFIID (Smale et al. 1990; Pugh and Tjian 1991; 
Zhou et al. 1992). Thus, in TATA-less promoters, the 
TFIID TAFs may stabilize the initiation complex, per- 
haps by contacting DNA in the Inr region. Purified TFIID 
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Table 1. Structure and function studies of TBP 

Reference 

Interaction 
or process 
affected Organism 

Position of 
mutation,  
deletion,* or 
region sufficient 
for interaction* * 

Corresponding 
position in 
Arabidopsis 
TBP-2 

Location 
in structure 

Reddy and Hahn ( 1991) 

Yamamoto et al. (1992) 

Cormack and Struhl 
(1992) 

Schultz et al. {1992} 

Poon et al. {1993) 

Strubin and Struhl 
{1992) 

W. Lee et al. (1991) 

Lieberman and Berk 
(1991) 

Eisenmann et al. {1992) 

D N A  binding 

D N A  binding 

D N A  binding 

D N A  binding 

D N A  binding 

change in DNA binding 
specificity 
(TATAAA --, TGTAAA} 

interact ion wi th  E1A 

interact ion wi th  Zta 

interact ion wi th  SPT3 

S. cerevisiae 

S. cerevisiae 

S. cerevisiae 

S. cerevisiae 

S. cerevisiae 

S. cerevisiae 

h u m a n  

h u m a n  

S. cerevisiae 

V71E V29 
R105C R63 
T112K T70 

[F99L [F57  
F l l6L  L F74 
F l l6L  F74 
F l l6Y F74 
R196C R154 
V203K V161 
F207L F165 
F207Y F165 

L67K L25 
L76K L34 
L80K L38 
L82K L40 
Kl l0L  K68 
L l l 4 K  L72 
K120L K78 
K127L K85 
L172K L130 
L175K L133 
L193K L151 
K201L K159 
L204K L162 
L205K L163 
K211L K169 
L214K I172 
K218L K176 
L234K L192 

T l l l I  T69 
$136N A94 

S1 
$3 
$4 
between S2 and $3 
$4 
$4 
$4 
$3' 
$4' 
$4' 
$4' 

$1 
between $1 and H1 
between Sl and H1 
HI  
between $3 and $4 
$4 
$5 
between $5 and H2 
H I '  
H I '  
$3' 
between $3' and $4' 
$4' 
$4' 
$5' 
$5' 
between $5' and H2' 
H2' 

between $3 and $4 
H2 

P65S P23 $1 
T112K T70 $4 
I143N V101 H2 

L189P L147 
F190Q F148 
F190T F148 

~ I194F ['[-I152 

LV22~ ~ ILL163 
t_ V161 

C221 --* E271"* C81 ~ E131 

L270 --~ T339" L130 ~ Q199 

V851 I43 
A86T A44 
R171H R129 
R171C R129 
G174E G132 
G174R G132 
G174W G132 
F177L Y135 
K239E K197 

between $2' and $3' 
between $2' and $3' 
between $2' and $3' 

$3' 
$4' 
$4' 

$5 to H I '  

H I '  to carboxyl terminus  

H1 
H1 
between SI '  and H I '  
between SI '  and H I '  
H I '  
H I '  
H I '  
H I '  
carboxyl terminus  
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Table  1. {Continued) 

Reference 

�9 Interaction 
or process 
affected Organism 

Position of 
mutation, Corresponding 
deletion,* or position in 
region sufficient Arabidopsis Location 
for interaction** TBP-2 in structure 

Lee et el. (1992) 

Buratowski and Zhou 
(1992a) 

Ha et el. (1993) 

Cormack and Struhl 
(1992) 

Schultz et el. (1992) 

Buratowski and Zhou 
(1992b) 

Colbert and Hahn 
{1992) 

Poon et al. (1993) 

interaciton with TFIIA 

interaction with TFIIA 

interaction with TFIIB 

Pol I, II, III transcription 

Pol I, II, III transcription 
Pol II, III transcription, 

Pol I OK 
Pol II transcription, Pol I, 

III OK 

Pol III (interaction with 
BRF) 

Pol III (interaction with 
BRF) 

Pol I, II, III transcription 
Pol II transcription {Pol I, 

III diminished) 

Pol I, II transcription (Pol 
III diminished) 

S. cerevisiae K138L K96 H2 
K145L K103 H2 

S. cerevisiae [K133L [K91 H2 
K138L t-K96 H2 

[Klg3L [K91 H2 
K145L t-K103 H2 

human M202--~ C221" M62--* C81 $3 to $5 

S. cerevisiae T11 lI T69 between $3 and $4 
S136N A94 H2 

S. cerevisiae I143N V101 H2 
P65S P23 S1 

S. cerevisiae 

T112K T70 S4 

K133L K91 H2 
K138L K96 H2 
K145L K103 H2 

P65S P23 S1 

L189P L147 between $2' and $3' 
E188N E146 between $2' and S3' 
E188Y E146 between $2' and $3' 
E188P E146 between $2' and S3' 
F190Q F148 between $2' and $3' 

protects the Ad2 ML promoter from DNase I digestion 
up to position + 23, whereas it protects the E4 promoter, 
which  does not have a strong Inr region, only over the 
TATA box (Zhou et el. 1992 and references therein). 

Basal transcription from RNA polymerase II snRNA 
promoters 

In the vertebrate snRNA promoters, the presence of a 
TATA box determines selection of RNA polymerase III 
over RNA polymerase II (see Fig. 2; Mattaj et el. 1988; 
Lobo and Hemandez  1989), and the RNA polymerase II 
snRNA promoters seemed therefore good candidates for 
TBP-independent promoters. However, recent experi- 
ments  (Sadowski et el. 1993) have shown that transcrip- 
tion from the RNA polymerase II h u m a n  U1 and U2 
snRNA promoters requires TBP as part of a TBP-contain- 
ing complex, termed the snRNA activating protein com- 
plex or SNAPr which  binds specifically to the PSE (Fig. 
5H) and presumably recruits at least some of the general 
transcription factors that are part of ini t ia t ion complexes 
assembled on m R N A  promoters (Fig. 5I). 

SNAP c displays two properties that dist inguish it from 
other TBP-containing complexes. First, unl ike  TFIID, 
SL1, and TFIIIB, which  either recognize the TATA box or 
have lit t le or no affinity for specific D N A  sequences, 
SNAPc binds specifically to the PSE. Thus, the TAFs in 
SNAP c essentially reprogram the binding specificity of 
TBP and direct it to a sequence that is unrelated to a 
TATA box. Second, SNAPc appears to be also required 
for transcription from RNA polymerase III snRNA pro- 
moters (see below) and may  therefore be involved in 
transcription by two different RNA polymerases (Sad- 
owski et el. 1993). 

Activat ion of TATA-containing m R N A  promoters 

Whereas the TBP subuni t  of TFIID is sufficient to direct 
the assembly of the basal RNA polymerase II transcrip- 
tion complex in vitro, it is not capable of mediat ing ac- 
t ivation by different types of upstream DNA-binding 
proteins, including Spl, upstream st imulatory factor 
(USF), and proline-rich and acidic activators (Hoey et el. 
1990; Hoffman et el. 1990b; Peterson et el. 1990; Pugh 
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Figure 4. Model for the assembly of the mammalian RNA 
polymerase I initiation complexes. The binding of UBF to the 
promoter (A) is stabilized by the binding of SL1 (B), which con- 
sists of TBP and three TAFs (shaded). Which SL1 subunit con- 
tacts DNA is not known, and the representation of two TAFs 
binding to the core is arbitrary. UBF and SL1 then recruit RNA 
polymerase I (C). 

and Tjian 1990; Smale et al. 1990; Tanese et al. 1991; J. 
White et al. 1991, 1992}. In contrast, the TFIID fraction 
can sustain trans-activation in vitro, suggesting that ad- 
ditional proteins present in the TFIID fraction, which 

have been termed coactivators, are required for trans- 
activator function (Peterson et al. 1990; Pugh and Tjian 
1990). Similarly, in yeast, factors that have been termed 
mediators (Kelleher et al. 1990; Flanagan et al. 1991) or 
adaptors (Berger et al. 1990, 1992) are required for acti- 
vated but not basal transcription. 

During purification of both Drosophila and HeLa 
TFIID, TBP and coactivator activities copurify, suggest- 
ing that at least part of the coactivator funct ion is pro- 
vided by the TFIID TAFs (Pugh and Tjian 1990; Dynlacht  
et al. 1991). Drosophila TFIID consists of TBP and at 
least seven TAFs (Dynlacht et al. 1991; Hoey et al. 1993), 
whereas human  TFIID consists of TBP and at least eight 
TAFs (Tanese et al. 1991; Takada et al. 1992; Zhou et al. 
1992, 1993). Three of the TFIID TAFs have been 
cloned--an 80- and a l l0-kD TAF from Drosophila 
(dTAFII80 and dTAFn110) (Dynlacht et al. 1993; Hoey et 
al. 1993) and a 250-kD TAF from both Drosophila 
(dTAFn250) (Kokubo et al. 1993; Weinzierl  et al. 1993) 
and humans  (hTAFn250) (Hisatake et al. 1993; Ruppert 
et al. 1993). Both dTAFH250 and hTAFH250 contact TBP 
directly (Takada et al. 1992; Hisatake et al. 1993; Rup- 
pert et al. 1993; Weinzierl  et al. 1993; Zhou et al. 1993), 
whereas dTAFH80 and dTAFn110 do not appear to inter- 
act directly with TBP. dTAFn110 does, however, bind to 
dTAFII250 (Weinzierl et al. 1993). In addition, it seems to 
contact the trans-activator Spl (Hoey et al. 1993), be- 
cause it is retained on Spl columns and interacts wi th  
Spl in vivo in the two-hybrid assay of Fields and Song 
(1989). Because Spl does not appear to interact directly 
wi th  TBP (Hoey et al. 1993), and because a complex con- 
sisting of dTAFII110, dTAFn250 , and TBP can mediate  

Figure 5. Model for the assembly of basal 
RNA polymerase II initiation complexes 
on TATA-containing and TATA-less RNA 
polymerase II mRNA promoters and on 
RNA polymerase II snRNA promoters. On 
TATA-containing mRNA promoters, TBP 
binds the DNA first (A), perhaps with 
TFIIA, followed by TFIIB (B) and the RNA 
polymerase II-TFIIF complex (C). TBP in- 
teracts directly with these three factors. 
TFIIE, TFIIH, and TFIIJ then join the com- 
plex {D). On TATA-less mRNA promot- 
ers, the assembly of the initiation complex 
is thought to start with the binding of an 
Inr-binding protein (IBP) to the Inr (E). This 
event allows the recruitment of TBP or 
TFIID, TFIIB, and the RNA polymerase II- 
TFIIF complex {F), most probably followed 
by TFIIE, TFIIH, and TFIIJ (G) as in initia- 
tion complexes formed on TATA boxes. 
On snRNA promoters, TBP is recruited to 
the PSE as part of SNAP c (H). TBP is arbi- 
trarily represented as interacting with the 
DNA through TAFs; it is not known 
whether TBP contacts the DNA directly. 
Once bound to the DNA, SNAPr may re- 
cruit general RNA polymerase II transcrip- 
tion factors (I). 
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partial activation by Spl, dTAFIx110 and dTAFH250 ap- 
pear to function as coactivators for Spl by bridging Spl 
with TBP, as shown in Figure 6 (Hoey et al. 1993; Wein- 
zierl et al. 1993). hTAFII250 is identical and dTAFI~250 is 
related to the human protein CCG1. CCG1 was identi- 
fied as a gene product capable of overcoming G1 arrest in 
a temperature-sensitive cell line maintained at the non- 
permissive temperature and is therefore implicated in 
regulation of the cell cycle (Sekiguchi et al. 1988, 1991). 
This suggests that a domain of TAF-250 may be involved 
in activation of genes that control cell cycle progression. 

An unresolved question is whether RNA polymerase II 
transcription of mRNA-encoding genes uses a unique 
TFIID complex or several subtle variants. In a stable 
HeLa cell line in which a large proportion of the endog- 
enous TBP carries an epitope tag at its amino terminus, 
TFIID can be purified to apparent homogeneity by im- 
munoaffinity chromatography with a monoclonal anti- 
body directed against the tag. Such a TFIID preparation 
contains eight major polypeptides in addition to TBP, 
gives rise to a single complex in a mobility shift assay 
when incubated with a TATA-containing DNA probe, 
and can sustain trans-activation by a number of factors 
including an artificial acidic activator (GAL4-AH; see 
Giniger and Ptashne 1987), the Zta activator of Epstein- 
Barr virus, a GAL4-E1A fusion protein, and Spl (Zhou et 
al. 1992, 1993). These observations prompted Zhou et al. 
(1992) to suggest that the phosphocellulose D fraction 
(see Fig. 1) contains a single type of complex involved in 
RNA polymerase II transcription, which mediates trans- 
activation by diverse activators. However, Brou et al. 
(1993) report that at least two TFIID-like complexes can 
be separated chromatographically, one of which medi- 
ates trans-activation by three different activators while 
the other mediates trans-activation by only one of the 
three activators. Because no unique properties have been 
assigned to the latter complex, it may just represent a 
partial TFIID complex that arises during purification. 
Nevertheless, it is difficult to exclude the existence of 
low-abundance TFIID-related complexes involved in 
transcription of subsets of RNA polymerase II mRNA 
promoters. 

Not all coactivator activities are tightly associated 
with TBP. For example, an activity termed upstream 
stimulatory activity (USA) and required for maximal 
trans-activation by Spl and USF (Meisterernst et al. 
1991), as well as a coactivator activity that increases 
trans-activation by the serum response factor and 
GAL4--VP16 (Zhu and Prywes 1992), can be separated 
from TFIID chromatographically. Furthermore, in yeast, 
there appears to be no stable TFIID complex because TBP 

Figure 6. Interactions between TBP, dTAFII250 , d T A F I I l l 0  , 

and Spl. 

purifies as a single polypeptide (Buratowski et al. 1988; 
Cavallini et al. 1989). Putative functional equivalents of 
TAFs, such as the coactivator required for stimulation of 
transcription by the acidic activators GAL4--VP16 and 
GCN4 (Flanagan et al. 1991; Berger et al. 1992) or SPT3, 
an extragenic suppressor of the TBP mutation sptl5-21 
that may be required for transcriptional activation of a 
subset of RNA polymerase II genes (Eisenmann et al. 
1992), may associate only transiently with TBP. 

Mechanisms for activation of RNA polymerase II 
transcription 

Several steps in the assembly of the initiation complex 
are potential targets for regulation by trans-activators. 
Trans-activators may stimulate transcription initiation 
by facilitating the binding of TBP to the TATA box, 
which in tum may accelerate the recognition of the pro- 
moter by the other general transcription factors, or by 
stabilizing the binding of TBP to weak TATA boxes, 
which may increase the number of competent initiation 
complexes. They may also act at steps subsequent to the 
binding of TBP to the DNA. At least in vitro, TFIID stays 
stably bound to the Ad2 ML promoter after departure of 
the RNA polymerase whereas TFIIB and TFIIE can ex- 
change from one template to another, suggesting that the 
half-life of their association is short (Van Dyke et al. 
1988, 1989). If this holds in vivo, facilitating the binding 
of TBP to high-affinity TATA boxes, such as the Ad2 ML 
TATA box, should play a role only during the initial 
activation of the gene and may be more important for 
assembly of initiation complexes on chromatin than for 
assembly on the naked DNA templates generally used in 
in vitro transcription assays. In contrast, stabilizing the 
binding of TBP to low-affinity TATA boxes or increasing 
the efficiency of later steps in the assembly of the initi- 
ation complex should play a role at each round of tran- 
scription. It seems likely that each of these steps is reg- 
ulated, but we know very little about the specific roles of 
activators and coactivators in these processes. 

Coactivators have been proposed to function by bridg- 
ing UBFs with TBP (Pugh and Tjian 1990), and the ob- 
servation that TAF-110 interacts with Spl (Hoey et al. 
1993) is consistent with this view (see Fig. 6). However, 
many other activators can interact directly with TBP, 
including the viral activators VP16 from herpes simplex 
virus, Ad2 E1A, Epstein-Barr virus Zta, and cytomega- 
lovirus immediate early 2 protein (IE2), as well as the 
cellular activator/repressor p53 (Stringer et al. 1990; In- 
gles et al. 1991; Horikoshi et al. 1991; Lee et al. 1991; 
Lieberman and Berk 1991; Hagemeier et al. 1992; Seto et 
al. 1992; Truant et al. 1993). VP16 also binds to TFUB, 
and this interaction is even stronger than that with TBP 
(Lin and Green 1991). These interactions are likely to be 
functionally relevant, because they are weakened by cer- 
tain mutations in the activation domains of these pro- 
teins. Although in most cases their role in activation of 
transcription is not known, there are two examples 
where such interactions appear to reduce the off rate of 
the contacted general transcription factor. First, the Zta 
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trans-activator decreases the off rate of TBP, especially 
on weak TATA boxes, and this effect is dependent on the 
Zta activation domain {Lieberman and Berk 1991). Curi- 
ously, the presence of Zta does not stabilize TBP associ- 
ation when an excess of competitor oligonucleotides is 
added to the binding reaction, indicating that Zta re- 
duces TBP dissociation upon dilution but not interseg- 
ment transfer (Lieberman and Berk 1991). Second, al- 
though the role of the VP16-TBP interaction has not 
been defined, the VP16-TFIIB interaction is likely to sta- 
bilize the association of TFIIB with the initiation com- 
plex, as another acidic activator, GAL4--AH, renders a 
partial initiation complex containing TFIID and TFIIB 
resistant to dilution (Lin and Green 1991). 

Even though Zta can stabilize the binding of TBP to 
the TATA box in the absence of any other factor, tran- 
scriptional activation by Zta requires TAFs as coactiva- 
tots (Lieberman and Berk 1991; Zhou et al. 1992). Simi- 
larly, despite the direct interactions between E1A and 
TBP or between VP16 and TBP or TFIIB, activation by 
both E1A (Zhou et al. 1992) and VP16 (Flanagan et al. 
1991; Berger et al. 1992; White et al. 1992) requires co- 
activators. This suggests that in these cases the coacti- 
vators are not involved in bridging the activator with 
TBP but, rather, exert their effect at a step subsequent to 
the binding of TBP and, in the case of VP16, TFIIB. VP16 
can activate transcription at a step subsequent to the 
recruitment of TBP and TFIIB into the initiation com- 
plex in a coactivator (or TIFs for transcriptional "_interme- 
diary factors)-dependent manner (White et al. 1992). 
Thus, activators participate in a large number of protein- 
protein interactions and appear to act at several steps 
during transcription initiation. This is consistent with 
their ability to work synergistically even when their 
binding sites are saturated (Carey et al. 1990; Lin et al. 
1990; for review, see Herschlag and Johnson 1993). 

Activated transcription from TATA-less mRNA 
promoters 

TATA-less mRNA promoters often contain Spl-binding 
sites and are strongly activated by Spl. As for TATA- 
containing RNA polymerase U promoters, the TFIID 
complex, but not TBP alone, can mediate this activation 
(Pugh and Tjian 1990, 1991; Smale et al. 1990; Zhou et 
al. 1992). However, the requirements for activation of 
TATA-less and TATA-containing promoters differ. In a 
heat-treated nuclear extract, Spl activation of a TATA- 
containing, but not a TATA-less, promoter is restored by 
addition of recombinant TBP, suggesting that activation 
of TATA-less promoters specifically requires a heat la- 
bile factor, referred to as the tethering factor (Pugh and 
Tjian 1990, 1991). The tethering factor appears to be a 
TAF, because it is present in highly purified preparations 
of TFIID (Zhou et al. 1993). Thus, TATA-containing and 
TATA-less promoters may use subtypes of the TFIID 
complex with slightly different compositions of TAFs, or 
they may use different domains of a single TFIID com- 
plex. 

Function of the nonconserved amino-terminal domain 
of TBP 

The function or (functions) of the nonconserved amino- 
terminal domain of TBP remains a mystery. The car- 
boxy-terminal domain of TBP is sufficient to mediate 
transcriptional activation by acidic activators and Spl 
(Kelleher et al. 1992; Zhou et al. 1993), as well as retinoic 
acid-dependent trans-activation (Berkenstam et al. 
1992). Furthermore, as summarized in Table 1, it is im- 
plicated in protein-protein interactions with the general 
transcription factors TFIIA and TFIIB, the yeast protein 
SPT3, and the trans-activators E1A, IE2, Zta, and prob- 
ably VP16, as VP16 can interact with both human and 
yeast TBP (Stringer et al. 1990; Ingles et al. 1991). The 
TBP carboxy-terminal domain is also capable of restoring 
RNA polymerase III transcription in a heat-treated ex- 
tract {White and Jackson 1992); and perhaps most strik- 
ing, it is dispensable for viability in yeast (Cormack et al. 
1991; Gill and Tjian 1991; Reddy and Hahn 1991; Zhou 
et al. 1991), although in some cases, the growth of yeast 
cells bearing only the carboxy-terminal domain of TBP 
was found to be severely impaired (Gill and Tjian 1991; 
Zhou et al. 1991). Because the amino-terminal domain of 
TBP is not conserved, it is likely to interact with tran- 
scription factors that are species specific. Transcription 
factors involved in transcription of rRNA and snRNA 
genes, whose promoters have diverged considerably 
across evolution, as well as viral transcription factors, 
are likely candidates. 

Role of TBP in transcription of RNA polymerase III 
promoters 

The RNA polymerase III promoters have been divided 
into three classes (for review, see Geiduschek and Kas- 
savetis 1992). Classes 1 and 2 are gene-intemal TATA- 
less promoters and consist of the internal control region 
(ICR) of 5S rRNA genes and the A and B boxes of tRNA 
and 7SL genes, Alu sequences, and viral genes such as 
the Ad2 VAI and VAII genes. Class 3 promoters are found 
in a number of vertebrate snRNA and cytoplasmic RNA 
genes, including the U6, 7SK, hY1 and hY3, H1, and 
MRP/Th RNA genes (for review, see Hernandez 1992). 
They are located entirely upstream of the gene-coding 
sequences and are similar to the RNA polymerase II 
snRNA promoters except for the presence of a TATA 
box, which determines the RNA polymerase IU specific- 
ity of the promoter (Fig. 2). Transcription from both the 
TATA-less and TATA-containing RNA polymerase III 
promoters requires TBP, although in different com- 
plexes. 

Transcription from TATA-less RNA polymerase III 
promoters 

RNA polymerase III transcription from the gene-intemal 
class 1 and 2 promoters can be reconstituted by combi- 
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nations of the A, B, and C fractions, which contain 
TFIIIA, TFIIIB, and TFIIIC {Fig. 11 (for review, see Gei- 
duschek and Kassavetis 19921 Gabrielsen and Sentenac 
19911. Transcription of the 5S genes requires TFIIIA, 
TFIIIB, and TFIIIC. TFIIIA binds to the ICR, and this 
event allows the subsequent entry of TFIIIC and TFIIIB 
into the initiation complex. Transcription from the class 
2 promoters does not require TFIIIA, because TFIIIC can 
bind directly to the A and B boxes and recruit TFIIIB. 
Although TFIIIB does not bind DNA on its own, in the 
context of the initiation complex it contacts DNA in a 
non-sequence-specific manner upstream of the transcrip- 
tional start site. In the yeast system, TFIIIB becomes 
tightly bound in an apparently nonionic interaction, 
such that it remains attached to the DNA under strin- 
gent conditions (high salt or heparin} that remove TFIIIA 
and TFIIIC. Remarkably, these partial initiation com- 
plexes can direct several rounds of RNA polymerase III 
transcription, indicating that once bound to the DNA, 
TFIIIB is sufficient to recruit RNA polymerase III [Kas- 
savetis et al. 19901. This suggests that TFIIIB or at least a 
component of TFIIIB is present in every RNA polymer- 
ase III initiation complex. 

The composition of TFIIIB has been controversial. 
Early reports identified mammalian [Waldschmidt et al. 
1988) and yeast {Klekamp and Weil 1986} TFIIIB as a 
60-kD polypeptide, but yeast TFIIIB was subsequently 
separated into two components, termed TFIIIB' and 
TFIIIB", which were shown to contain a 70- and a 90-kD 
polypeptide, respectively IBartholomew et al. 1991; Kas- 
savetis et al. 1991}. From genetic and biochemical lines 
of evidence, we now know that TFIIIB also contains TBP. 

In screening for extragenic suppressors of mutations in 
TBP or in a tRNA gene A box promoter element, three 
groups have independently isolated a yeast gene {TDS4/ 
PCF4/BRF1} that encodes a protein related to mamma- 
lian and yeast TFIIB (Buratowski and Zhou 1992b; Col- 
bert and Hahn 19921 Lopez de Leon et al. 1992}. This 
67-kD protein, hereafter referred to as BRF, was then 
shown to correspond to the 70-kD component of TFIIIB' 
{Kassavetis et al. 1992). The isolation of BRF as an allele- 
specific suppressor of temperature-sensitive TBP muta- 
tions suggested a direct interaction between these two 
proteins {Buratowski and Zhou 1992b~ Colbert and Hahn 
19921 see Table 1}. TBP is present in the heparin-resis- 
tant TFIIIB-DNA complex (Buratowski and Zhou 1992b~ 
Huet and Sentenac 19921 Kassavetis et al. 1992), and 
TFIIIB' activity can be fully reconstituted from recombi- 
nant BRF and TBP IKassavetis et a1.,1992). Because the 
90-kD polypeptide reconstitutes TFIIIB" activity, it 
seems that yeast TFIIIB consists of three polypetides: 
BRF1, TBP, and the 90-kD polypeptide (Kassavetis et al. 
19921. 

Figure 7 shows the assembly of yeast TFIIIB on a tRNA 
promoter as determined by site-specific DNA-protein 
photo-cross-linking {Kassavetis et al. 1992}. When 
TFIIIC binds to the A and B boxes of a tRNA gene, only 
one of five TFIIIC subunits {135 kD} projects upstream of 
the start site of transcription and is therefore likely to 
interact with TFIIIB (Bartholomew et al. 19911 see Fig. 

Figure 7. Assembly of a S. cerevisiae RNA polymerase III ini- 
tiation complex on a class 2 promoter (adapted from Kassavetis 
et al. 1992}. TFIIIC binds to the A and B boxes, with the 135-kD 
subunit pointing upstream of the transcriptional start site (A}. 
TFIIIB (shaded}, which is composed of BRF, TBP, and the 90-kD 
protein, can then enter the initiation complex. BRF interacts 
with the 135-kD TFIIIC subunit {B}. TBP then joins the com- 
plex, and this induces a conformational change that brings the 
135-kD TFIIIC subunit and BRF in closer contact with the DNA 
{C}. Finally, the 90-kD subunit of TFIIIB locks the TFIIIB com- 
plex on the DNA (D}. 

7A}. BRF can bind to this complex, presumably through 
interaction with the 135-kD TFIIIC subunit [Fig. 7B}, and 
recruits TBP {Fig. 7C). In the absence of TBP, the asso- 
ciation of BRF with the initiation complex is weak, be- 
cause BRF cannot be efficiently cross-linked to the DNA. 
However, upon the incorporation of TBP into the com- 
plex, both BRF and the TFIIIC 135-kD subunit can be 
very efficiently cross-linked to the DNA, suggesting that 
TBP unmasks a BRF DNA-binding domain. It is striking 
that the interaction between TBP and TFIIB similarly 
allows TFIIB to bind to the DNA, in this case down- 
stream of the transcriptional start site (Maldonado et al. 
1990}i because BRF and TFIIB are related, their interac- 
tion with TBP may have been conserved {Kassavetis et 
al. 1992; Lopez de Leon et al. 19921. Mter TBP has joined 
the complex, the 90-kD protein is recruited, and this 
event results in a weakening of the 135-kD protein 
photo-cross-linking, a strengthening of BRF cross-link- 
ing, and the cross-linking of the 90-kD protein (Fig. 7D). 
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Concurrently with the studies on yeast TFIIIB, several 
groups showed that TBP is part of human TFIIIB {Lobo et 
al. 1992; Simmen et al. 1992; Taggart et al. 1992; White 
and Jackson 1992}, but the exact polypetide composition 
of mammalian TFIIIB is still unknown. Taggart et al. 
{1992} immunopurified human TFIIIB with anti-TBP 
polyclonal antibodies and showed that it consists of TBP, 
one tightly associated polypetide {TAF-172), and one or 
several uncharacterized loosely associated polypetides 
(TAF-L). In the experiments of Lobo et al. (1992), the 
TFIIIB activity could be separated into two fractions, 
termed according to their elution profile on a mono Q 
column 0.38M-TFIIIB and 0.48M-TFIIIB (see Fig. 1), 
which are both required for transcription of the Ad2 VAI 
gene. 0.38M-TFIIIB contains TBP associated with a poly- 
petide of 82 kD and probably two additional polypetides 
of 150 and 54 kD, of which the large one is likely to 
correspond to TAF-172. It is not clear whether 0.48M- 
TFIIIB corresponds to TAF-L. 

An intriguing question is the relationship between 
B-TFIID, a TBP-containing complex purifed from the B 
fraction (Timmers and Sharp 1991; Timmers et al. 1992), 
and TFIIIB. B-TFIID has been purified extensively on the 
basis of its ability to support basal RNA polymerase II 
transcription and contains TBP and a 170-kD-associated 
polypetide, close in size to TAF-172. Interestingly, less 
pure fractions contain, in addition, an 80-kD polypetide, 
close in size to the 82-kD polypeptide found associated 
with TBP in 0.38M-TFIIIB. The function of the pure 
complex in RNA polymerase III transcription has not 
been tested, but White and Jackson (1992) report that a 
fraction containing B-TFIID is active for basal RNA poly- 
merase II but not RNA polymerase III transcription. Be- 
cause B-TFIID has not been attributed any function dif- 
ferent from that of TBP in RNA polymerase II transcrip- 
tion, it may represent a partial TFIIIB complex. 

Transcription from RNA polymerase III snRNA (TATA- 
containing) promoters 

The factors required for RNA polymerase III transcrip- 
tion of the human or mouse U6 gene include the B frac- 
tion, a PSE-binding factor present in the C fraction, and 
TBP {Lobo et al. 1991; Simmen et al. 1991; Waldschmidt 
et al. 1991; Sadowski et al. 19931. The PSE-binding factor 
required for U6 transcription coffactionates exactly over 
several columns with the TBP-containing complex 
SNAPc, suggesting that SNAPc is required for transcrip- 
tion of both RNA polymerase II and III snRNA genes 
(Sadowski et al. 1993). Interestingly, reconstitution of 
U6 transcription requires TBP in addition to SNAP~ and 
the B fraction {which provides TFIIIB and RNA polymer- 
ase III). This suggests that the U6 initiation complex 
contains at least two forms of TBP, one bound to the PSE 
as part of the SNAP complex and one bound to the 
TATA box (Fig. 8D) {Sadowski et al. 19931. 

Because at least one component of TFIIIB (0.38M- 
TFIIIB) is now known to contain TBP, an interesting 
question is whether the U6 requirement for the B frac- 

tion is for the same form of TFIIIB as the TATA-less 
RNA polymerase III promoters. At least in vitro, this is 
not the case. When extracts are immunodepleted with 
anti-TBP monoclonal antibodies (that do not recognize 
SNAPc), U6 transcription can be reconstituted by the 
addition of recombinant TBP, unlike VAI transcription, 
which requires the 0.38M-TFIIIB complex (Lobo et al. 
1992}. A model for the assembly of mammalian RNA 
polymerase III initiation complexes on TATA-less and 
TATA-containing promoters is shown in Figure 8. 
Whereas in TATA-less RNA polymerase III genes, the 
TAFs in 0.38M-TFIIIB allow the recruitment of TBP to 
the initiation complex by interactions with the TFIIIC- 
DNA complex (Fig. 8B), in TATA-containing RNA poly- 
merase III promoters they are dispensable, because TBP 
can bind directly to the TATA box, presumably together 
with the SNAP complex [Fig. 8D). Which, then, is the 
active component required for U6 transcription in the B 
fraction? It appears to be the other component of TFIIIB 
[0.48M-TFIIIB), because U6 transcription can be recon- 
stituted with a combination of the C fraction {which 
contains SNAPc and RNA polymerase III}, a 0.48M- 
TFIIIB-containing fraction, and recombinant TBP (S.M. 
Lobo and N. Hemandez, unpubl.). Thus, TBP and SNAP~ 
probably recruit 0.48M-TFIIIB (Fig. 8E), and this allows 
the entry of RNA polymerase III into the initiation com- 
plex [Fig. 8F). The observation that the U6 initiation 
complex may contain two forms of TBP opens the pos- 
sibility that other transcription complexes also contain 
several forms of TBP performing different functions. Per- 
haps the bewildering array of protein-protein interac- 
tions involving TBP can be distributed among different 
TBP molecules present in a single initiation complex. 

The S. cerevisiae U6 promoter was first thought to be 
similar in structure to the human U6 promoter. The 
yeast U6-coding region contains a match to an A box but 
no consensus B box, and the 5'-flanking region contains 
a TATA box and an 11-nucleotide match to the human 
sequence that partially overlaps with the human U6 PSE 
(Brow and Guthrie 1988}. Later experiments, however, 
identified a B box similar to the intragenic B box of tRNA 
genes but located 120 nucleotides downstream of the 
coding region (Brow and Guthrie 1990). This B box is 
essential for transcription of the yeast U6 gene in vivo, 
greatly stimulates transcription in vitro, and relieves nu- 
cleosome repression of in vitro transcription (Brow and 
Guthrie 1990; Bumol et al. 1993}. In addition, unlike in 
the human U6 gene, where the TATA box is essential for 
RNA polymerase III transcription, the yeast U6 TATA 
box plays a role in localizing the transcription start site 
but is not essential for transcription (Eschenlauer et al. 
1993}. Together, these results suggests that the complete 
yeast U6 promoter is quite similar to a tRNA promoter. 
Transcription of the yeast U6 gene requires RNA poly- 
merase III, TFIIIC, and TFIIIB {Bumol et al. 1993}. The 
TBP component of TFIIIB is essential (Margottin et al. 
1991; Huet and Sentenac 1992}, but unlike for the hu- 
man U6 initiation complex, it is not clear that TBP en- 
ters the yeast U6 initiation complex differently than it 
does a tRNA initiation complex. 
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Figure 8. Assembly of a mammalian RNA poly- 
merase III initiation complex on a TATA-less class 2 
promoter and on a TATA-containing class 3 pro- 
moter. In TATA-less class 2 RNA polymerase III 
promoters, TFIIIC binds to the A and B boxes (A), 
followed by TFIIIB {B) and RNA polymerase III (C). 
Two separable components of TFIIIB are required for 
transcription of TATA-less RNA polymerase III 
genes; 0.38M-TFIIIB, a TBP-containing complex, 
and 0.48M-TFIIIB. In TATA-containing RNA poly- 
merase III promoters, TBP and SNAPc bind to the 
DNA first (D) and presumably recruit 0.48M-TFIIIB 
(E), followed by RNA polymerase III (F). Transcrip- 
tion of the TATA-containing RNA polymerase III 
genes does not require 0.38M-TFIIIB. TFIIIB compo- 
nents are shaded. 

Does TBP perform a common  function in RNA poly- 
merase I, II, and III initiation complexes? 

TBP was first characterized as an activity that binds to 
the TATA box of m R N A  genes and nucleates the forma- 
tion of an RNA polymerase II ini t ia t ion complex. TBP is 
now known to participate in transcription ini t iat ion by 
all three RNA polymerases; and if it performs a constant 
function, it is certainly not binding to the TATA box. 
TBP enters ini t ia t ion complexes formed on TATA-less 
promoters through protein-protein interactions, which  
in some cases seem to mask  its DNA-binding domain. 
Thus, TAF-172, which  is part of h u m a n  TFIIIB, inhibi ts  
the binding of TBP to the TATA box (Taggart et al. 1992). 
As noted previously (Lobo et al. 1992), a dual mechan i sm 
to enter an ini t ia t ion complex is not unique to TBP and 
may turn out to be a property shared by a large number  
of transcription factors. For example, TFIIIC is recruited 
to tRNA promoters by direct binding to the A and B 
boxes, but it is recruited to the 5S promoters by protein-  
protein interactions wi th  TFIIIA. 

It is surprising that the two mechan i sms  for recruit- 
ment  of TBP are not segregated along the RNA polymer- 
ase specificities of promoters. Thus, there are TATA- 
containing and TATA-less RNA polymerase II promot- 
ers, and TATA-containing and TATA-less RNA 
polymerase III promoters. Moreover, it appears that not 
all RNA polymerase II or RNA polymerase III promoters 
use the same TBP-containing complex. The ini t ia t ion 
complexes formed on both TATA-containing and 
TATA-less RNA polymerase II m R N A  promoters con- 
tain TFIID, but those formed on RNA polymerase II 

snRNA promoters contain SNAPc. And whereas the 
TBP-containing complex 0.38M-TFIIIB is absolutely re- 
quired for transcription of TATA-less RNA polymerase 
III genes, it can be replaced by TBP alone for basal tran- 
scription of the h u m a n  U6 gene. Thus, the same RNA 
polymerase specificity can be achieved through different 
pathways. 

The apparently universal  presence of TBP in eukary- 
otic ini t iat ion complexes suggests that TBP was part of 
an early ini t ia t ion complex that preceded the evolution- 
ary divergence of the three RNA polymerases. Yet, 
whether  TBP still has a conserved function in the con- 
temporary RNA polymerase I, II, and ILl ini t ia t ion com- 
plexes is not clear. It seems l ikely that additional tran- 
scription factors besides TBP are shared by different 
RNA polymerases. TFIIA has been implicated in tran- 
scription of RNA polymerase III genes (Meissner et al. 
1993). It also seems l ikely that like BRF and TFIIB, other 
RNA polymerase I, II, and III transcription factors share 
regions of homologies. The interactions between TBP 
and such factors wil l  then probably be conserved. Thus, 
RNA polymerase I, II, and ILl ini t ia t ion complexes m a y  
differ in much  more subtle ways than was originally sus- 
pected. 
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