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The development, growth, and survival of eukaryotic or-
ganisms require the proper regulation of tens of thou-
sands of genes. By complex formulae that have yet to be
solved, the expression of each of these thousands of
genes is controlled by a wide variety of mechanisms (e.g.,
see Lefstin and Yamamoto 1998; Roeder 1998; Struhl
1999; Glass and Rosenfeld 2000; Lee and Young 2000;
Lemon and Tjian 2000; Strahl and Allis 2000; Courey
and Jia 2001; Smale 2001; White 2001; Zhang and Rein-
berg 2001; Emerson 2002; McKenna and O’Malley 2002;
Narlikar et al. 2002; Orphanides and Reinberg 2002;
West et al. 2002). In this review, we will focus on one of
these regulatory components—the RNA polymerase II
core promoter.

Why study the core promoter?

First, the analysis of core promoters contributes funda-
mental insights into the mechanisms by which tran-
scription occurs in eukaryotes. This basic knowledge is
part of the foundation of our molecular understanding of
biology. Second, the cascade of events that precede the
activation of transcription must eventually lead to the
basal transcriptional machinery at the core promoter. In
this manner, the core promoter is the ultimate target of
action of all of the factors that are involved in the regu-
lation of transcription by RNA polymerase II.

What is the core promoter?

In this review, we define the core promoter as the mini-
mal stretch of contiguous DNA sequence that is suffi-
cient to direct accurate initiation of transcription by the
RNA polymerase II machinery (for review, see Struhl
1987; Weis and Reinberg 1992; Smale 1994, 1997, 2001;
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Smale et al. 1998; Burke et al. 1998). Typically, the core
promoter encompasses the site of transcription initia-
tion and extends either upstream or downstream for an
additional ~35 nt. Thus, in many instances, the core pro-
moter will comprise only about 40 nt. There are several
sequence motifs—which include the TATA box, initia-
tor (Inr), TFIIB recognition element (BRE), and down-
stream core promoter element (DPE)—that are com-
monly found in core promoters (Fig. 1). These motifs
each have specific functions that relate to the transcrip-
tion process, and will be discussed below in greater de-
tail. It is important to note that each of these core pro-
moter elements is found in some but not all core pro-
moters. (For instance, it is a common misconception
that all core promoters contain a TATA box.) It appears
that there are no universal core promoter elements.

In addition to the core promoter, other cis-acting DNA
sequences that regulate RNA polymerase II transcription
include the proximal promoter, enhancers, silencers, and
boundary/insulator elements (e.g., see Blackwood and
Kadonaga 1998; Bulger and Groudine 1999; West et al.
2002). These elements contain recognition sites for a va-
riety of sequence-specific DNA-binding factors that are
involved in transcriptional regulation. The proximal pro-
moter is the region in the immediate vicinity of the tran-
scription start site (roughly from -250 to +250 nt). En-
hancers and silencers can be located many kbp from the
transcription start site and act either to activate or to
repress transcription. Boundary/insulator elements ap-
pear to prevent the spreading of the activating effects of
enhancers or the repressive effects of silencers or hetero-
chromatin. We will later discuss specific functional in-
teractions between transcriptional enhancers and core
promoter motifs.

What acts at the core promoter?

The core promoter is the site of action of the RNA poly-
merase II transcriptional machinery (for review, see Or-
phanides et al. 1996; Hampsey 1998; Myer and Young
1998; Roeder 1998; Lee and Young 2000; Dvir et al. 2001;
White 2001; Woychik and Hampsey 2002). RNA poly-
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Figure 1. Core promoter elements. Some core promoter motifs
that can participate in transcription by RNA polymerase II are
depicted. Each of these elements is found in only a subset of
core promoters. Any specific core promoter may contain some,
all, or none of these motifs. The BRE is an upstream extension
of a subset of TATA boxes. The DPE requires an Inr, and is
located precisely at +28 to +32 relative to the A, nucleotide in
the Inr. The DPE consensus was determined with Drosophila
transcription factors and core promoters. The Inr consensus se-
quence is shown for both Drosophila (Dm) and humans (Hs).

merase II is a multisubunit enzyme that catalyzes the
synthesis of mRNA from the DNA template. Accurate
and efficient transcription from the core promoter re-
quires the polymerase along with auxiliary factors that
are commonly termed the “basal” or “general” transcrip-
tion factors, which include transcription factor (TF) IIA,
TFIIB, TFIID, TFIIE, TFIIF, and TFIIH. With TATA box-
dependent core promoters, it has been found that the
purified factors can assemble into a transcription preini-
tiation complex (PIC) in the following order: TFIID,
TFIB, RNA polymerase II-TFIIF complex, TFIIE, and
then TFIIH. For the purposes of this review, it is impor-
tant to remember TFIID and TFIIB. TFIID is a multisub-
unit protein that consists of TBP (the TATA box-binding
protein) and approximately 13 TBP-associated factors
(TAFs; Burley and Roeder 1996; Albright and Tjian 2000;
Berk 2000; Verrijzer 2001; Tora 2002). [There are mul-
tiple TBP-containing complexes, and hence, the TAFs
that are involved in RNA polymerase II transcription are
termed TAF;;250, TAF;150, etc. The TAF nomenclature
has been revised recently (Tora 2002).] TFIIB is a single
polypeptide that interacts with TBP as well as with the
DNA upstream of the TATA box. In the stepwise PIC
assembly mechanism described above, TFIID and TFIIB
are the first two factors that interact with the core pro-
moter. Accordingly, it appears that these two factors
have a critical role in the recognition of core promoter
motifs.

Overview

Core promoters are much more than simple DNA scaf-
folds for the basal transcription machinery. Rather, core
promoter elements are dynamic and vital participants in
the regulation of transcriptional activity. In this review,
we will describe individual core promoter elements, and
then discuss the function of core promoter motifs in the
regulation of gene expression.
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RNA polymerase II core promoter elements
The TATA box

The TATA box was the first eukaryotic core promoter
motif to be identified (Goldberg 1979; Breathnach and
Chambon 1981). An early notable feature of the TATA
box was its resemblance to the -10 region (Pribnow box)
of prokaryotic promoters (Pribnow 1975a,b), but it pres-
ently appears that the eukaryotic TATA box and pro-
karyotic -10 region are not homologous. In metazoans,
the TATA box is typically located about 25-30 nt up-
stream of the transcription start site. In the yeast Sac-
charomyces cerevisiae, the TATA box has a more vari-
able position that ranges from about 40 to 100 nt up-
stream of the start site. The consensus sequence for the
TATA box is TATAAA. It has been observed, however,
that a wide range of sequences can function as a TATA
box in vivo (Singer et al. 1990). Thus, upstream promoter
sequences that resemble TATAAA (perhaps with one or
two mismatches from this consensus) may be functional
TATA motifs. As noted above, TATA boxes are found in
a subset of core promoters. For instance, it was estimated
that approximately 43% of 205 core promoters in Dro-
sophila contain a TATA box (Kutach and Kadonaga
2000). In humans, it was found that about 32% of 1031
potential promoter regions contain a putative TATA box
motif (Suzuki et al. 2001).

It appears that TBP is the predominant TATA box-
binding protein, but it is also important to consider that
there are TBP-related factors (TRFs) that are closely re-
lated to TBP (for review, see Berk 2000). In humans, there
is at least one TRF (TRF2; also known as TLP, TREF,
TRP), whereas in Drosophila, there are at least two TRFs
(TRF1 and TRF2; Drosophila TRF2 is homologous to hu-
man TRF2). There are no apparent TRFs in the yeast S.
cerevisiae. TRF1 (which is termed TRF in earlier papers)
has been found in Drosophila, but does not appear to
exist in humans. TRF1 can bind to TATA box motifs
(Crowley et al. 1993; Hansen et al. 1997), but it is also
able to bind to a motif termed the TC box, which is not
bound efficiently by TBP (Holmes and Tjian 2000). These
and other data suggest that TRF1 mediates transcription
in a complex that is distinct from TFIID at TC box-con-
taining promoters (Holmes and Tjian 2000). Moreover, in
Drosophila, transcription by RNA polymerase III in-
volves TRFI, rather than TBP as in other organisms such
as yeast and humans (Takada et al. 2000). TRF2 generally
does not appear to bind to TATA box motifs (Maldonado
1999; Moore et al. 1999; Ohbayashi et al. 1999; Raben-
stein et al. 1999; Teichmann et al. 1999), but has been
found to be required for expression of a specific set of
genes (Dantonel et al. 2000; Kaltenbach et al. 2000). It
remains to be determined whether TRF2 participates in
basal transcription at TRF2-binding sites.

The initiator (Inr)

The Inr element encompasses the transcription start
site, and was identified in a variety of eukaryotes (e.g.,



see Corden et al. 1980; Breathnach and Chambon 1981;
Hultmark et al. 1986; Struhl 1987). The Inr was defined
functionally as a discrete element in an extensive analy-
sis of the core promoter of the murine terminal deoxy-
nucleotidyltransferase (TdT) gene (Smale and Baltimore
1989; Smale 1994, 1997; Smale et al. 1998). Inr ele-
ments are found in both TATA-containing as well as
TATA-less core promoters. The consensus for the Inr in
mammalian cells is Py-Py(C)-A,,-N-T/A-Py-Py (Corden
et al. 1980; Bucher 1990; Javahery et al. 1994; Lo and
Smale 1996; Smale et al. 1998). In Drosophila, the Inr
consensus is T-C-A,;-G/T-T-C/T (Hultmark et al. 1986;
Purnell et al. 1994; Arkhipova 1995; Kutach and Ka-
donaga 2000). The A, position is designated at the +1
start site because transcription commonly initiates at
this nucleotide. More generally, however, transcription
initiates at a single site or in a cluster of multiple sites in
the vicinity of the Inr (and not necessarily at the A,
position).

A variety of factors have been found to interact with
the Inr element. First, there is considerable evidence that
TFIID binds to the Inr in a sequence-specific manner
(e.g., see Kaufmann and Smale 1994, Martinez et al.
1994; Purnell et al. 1994; Burke and Kadonaga 1996;
Oelgeschliger et al. 1996). More specifically, it appears
that TAF;150 and TAF;;250 (i.e., TAF2 and TAFI; Tora
2002) are the key subunits of TFIID that interact with
the Inr (Verrijzer et al. 1994, 1995; Kaufmann et al. 1998;
Chalkley and Verrijzer 1999). Aside from TFIID binding
to the Inr, it has also been observed that purified RNA
polymerase II (or RNA polymerase II along with TBP,
TFIIB, TFIIF) is able to recognize the Inr and to mediate
transcription in an Inr-dependent manner in the absence
of TAFs (Carcamo et al. 1991; Weis and Reinberg 1997).
These results suggest that TFIID and RNA polymerase II
may recognize and interact with the Inr at different steps
in the transcription process.

Two different sequence-specific DNA-binding factors,
TFII-I and YY1, have been found to interact with the Inr.
TFII-I is a basic-helix-loop-helix (bHLH) protein that
binds to Inr and E-box (CACGTG) elements and stimu-
lates transcription in vitro (Roy et al. 1991, 1997; Cheri-
yath et al. 1998). TFII-I also interacts with other se-
quence-specific DNA-binding factors (Roy et al. 1991;
Grueneberg et al. 1997), and may thus participate in the
communication between promoter-binding factors and
the basal transcriptional machinery. YY1 is a zinc finger
protein that binds to the Inr motifs in the AAV P5 and
human DNA polymerase B core promoters (Usheva and
Shenk 1994; Weis and Reinberg 1997). With the AAV P5
promoter (as a supercoiled DNA template), transcrip-
tion was observed with purified YY1, TFIIB, and RNA
polymerase II (Usheva and Shenk 1994). In contrast,
the binding of YY1 to the polymerase B core promoter
did not correlate with transcriptional activity (Weis
and Reinberg 1997; see also Lo and Smale 1996). These
findings collectively suggest that sequence-specific
DNA-binding proteins such as TFII-I and YY1 may par-
ticipate in Inr-dependent transcription at a subset of pro-
moters.

The RNA polymerase II core promoter

The downstream core promoter element (DPE)

The DPE was identified as a downstream core promoter
binding site for purified Drosophila TFIID (Burke and
Kadonaga 1996). TFIID binds cooperatively to the Inr and
DPE motifs, as mutation of either the Inr or the DPE
results in loss of TFIID binding to the core promoter
(Burke and Kadonaga 1996). The DPE is found most com-
monly in TATA-less promoters. With naturally occur-
ring TATA-less core promoters, mutation of the DPE
motif results in a 10- to 50-fold reduction in basal tran-
scription activity, as observed in the analysis of about 18
Drosophila core promoters (Burke and Kadonaga 1996,
1997; Kutach and Kadonaga 2000). Although the DPE has
been studied mainly in Drosophila, it is also present in
humans (e.g., see Burke and Kadonaga 1997; Zhou and
Chiang 2001).

The DPE is located precisely at +28 to +32 relative to
the A,, position in the Inr. All of the known DPE-con-
taining promoters possess identical spacing between the
Inr and DPE motifs, and the alteration of the spacing
between the Inr and DPE by a single nucleotide causes a
several-fold reduction in TFIID binding and basal tran-
scription activity (Burke and Kadonaga 1997; Kutach and
Kadonaga 2000). The consensus sequence for the DPE is
estimated to be A/G,,5-G-A/T-C/T-G/A/C. There is also
a minor preference for G at +24 (Kutach and Kadonaga
2000). Although the DPE consensus sequence is some-
what degenerate, it should be considered that both DPE
and Inr motifs are required in DPE-dependent promoters
and that the spacing between the DPE and Inr is invari-
ant (which enables the cooperative binding of TFIID to
the two motifs). Thus, the functional consensus for DPE-
dependent core promoters consists of the Inr and DPE
motifs with the DPE located at +28 to +32 relative to A, ;.

The frequency of occurrence of the DPE was also in-
vestigated. The analysis of a set of 205 Drosophila core
promoters with thoroughly mapped start sites revealed
that the DPE appears to be as common as the TATA box
(Kutach and Kadonaga 2000). The presence of putative
TATA and DPE motifs in Drosophila core promoters
was estimated to be as follows: ~29% have a TATA box
but no DPE; 26% contain a DPE but no TATA box; 14%
possess both TATA and DPE motifs; and 31% do not
appear to have either a TATA box or a DPE. The fre-
quency of occurrence of the DPE in human core promot-
ers has yet to be determined.

What binds to the DPE? The DPE is bound by TFIID
but not by TBP, and hence, it seems likely that TAFs are
involved in the interaction of TFIID with DPE-depen-
dent core promoters. Consistent with this notion, pho-
tocrosslinking studies with purified TFIID revealed that
TAF;60 and TAF 40 (i.e., TAF6 and TAF9; Tora 2002)
are in close proximity to the DPE (Burke and Kadonaga
1997). Thus, it appears that these two TAFs, which pos-
sess histone fold motifs that are similar to those in his-
tones H4 and H3, interact with the DPE. The functions
of Drosophila TAF,40 and TAF;60 have also been inves-
tigated in vivo (Soldatov et al. 1999; Aoyagi and
Wassarman 2001). e(y)1/TAF;40 and TAF,;60 are essen-

GENES & DEVELOPMENT 2585



Butler and Kadonaga

tial genes in Drosophila. A mutation in e(y)1/TAF;,40
(which alters the C-terminal 25 amino acid residues and
reduces the level of TAF;40 protein) was observed to
decrease expression of the white gene, which contains a
TATA-less promoter with a weak DPE (Kutach and Ka-
donaga 2000), and the yellow gene, which has a TATA-
containing promoter with a 4 out of 5 match to the cur-
rent DPE consensus (Soldatov et al. 1999). On the other
hand, a mutation in TAF;60 (which results in a Tyr-Tyr
insertion in the TAF;60 protein) causes a threefold in-
crease in the transcript levels of Stellate (Aoyagi and
Wassarman 2001), which is a DPE-dependent gene (Ku-
tach and Kadonaga 2000). This finding suggests that
TAF;60 might have a minor role in DPE-dependent tran-
scription, or alternatively, that the Tyr-Tyr insertion in
the mutant TAF;60 protein might not impair its func-
tion at the DPE. It will be important to investigate fur-
ther, both in vitro and in vivo, the relation between spe-
cific TAFs and DPE-dependent transcription.

Are there different mechanisms of basal transcription
from TATA- versus DPE-dependent core promoters? Bio-
chemical studies led to the identification of an activity
that stimulates transcription from DPE-dependent (and
TATA-less) core promoters and represses transcription
from TATA-dependent (and DPE-less) core promoters.
This factor was purified and then found to be NC2/Drl-
Drapl (Willy et al. 2000). NC2/Drl-Drapl has been ex-
tensively studied as a repressor of TATA-dependent tran-
scription (for review, see Maldonado et al. 1999). The
ability of NC2/Dr1-Drapl to discriminate between DPE-
and TATA-dependent promoters indicates that there are
fundamental differences in the mechanisms of transcrip-
tion from DPE- versus TATA-dependent promoters. In
addition, a mutant version of NC2/Dr1-Drapl was found
to be fully active for stimulation of DPE-dependent tran-
scription but unable to repress TATA-dependent tran-
scription (Willy et al. 2000). Hence, the ability of NC2/
Drl-Drapl to activate DPE-dependent transcription is
distinct from its ability to repress TATA-dependent tran-
scription.

The TFIIB recognition element (BRE)

The BRE is a TFIIB binding site that is located immedi-
ately upstream of some TATA boxes (Lagrange et al.
1998). TFIIB is able to bind directly to the BRE in a se-
quence-specific manner (Lagrange et al. 1998). The inter-
action of TFIIB with the BRE was further illuminated by
x-ray crystallography of a TFIIB-TBP-DNA complex
(Tsai and Sigler 2000). The BRE consensus is G/C-G/C-
G/A-C-G-C-C (where the 3’ C of the BRE is followed by
the 5’ T of the TATA box), and at least a 5 out of 7 match
with the BRE consensus was found in 12% of a collec-
tion of 315 TATA-containing promoters (Lagrange et al.
1998). In vitro transcription experiments with purified
basal transcription factors revealed that the BRE facili-
tates the incorporation of TFIIB into productive tran-
scription initiation complexes (Lagrange et al. 1998). In
other studies, the BRE was observed to have a negative
effect on basal transcription by in vitro transcription
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with a crude extract or by transient transfection analysis
(Evans et al. 2001). Additional experiments suggested
that the Gal4-VP16 activator can increase transcription,
at least in part, by disruption of the repressive TFIIB-BRE
interaction (Evans et al. 2001). These results are not nec-
essarily contradictory, and it would be interesting and
important to understand the basis for the function of the
BRE as a positive or negative core promoter element.

In parallel to the studies of the BRE in humans, an
apparently analogous BRE motif was identified in Ar-
chaea (Qureshi and Jackson 1998). Archaea contain ho-
mologs of TBP and TFIIB that are termed TBP and TFB,
and archaeal promoters contain a TATA box sequence
(also known as the A box) as well as an upstream TFB-
binding site that is called the TFB recognition element
(BRE; Qureshi and Jackson 1998). The archaeal BRE in-
creases the efficiency of transcription in vitro (Qureshi
and Jackson 1998). Both the eukaryotic and archaeal
BREs are located immediately upstream of the TATA
box, but the eukaryotic BRE is a GC-rich sequence (La-
grange et al. 1998) whereas the archaeal BRE is an unre-
lated sequence that is somewhat AT-rich (Qureshi and
Jackson 1998).

CpG islands

The CpG (i.e., CG) dinucleotide is underrepresented in
vertebrate genomes due to methylation at the 5 position
of the cytosine ring and subsequent deamination of the
5-methylcytosine to give a TpG dinucleotide, which is
not repaired by the DNA repair machinery. However,
there are stretches of DNA, termed CpG islands, that are
relatively GC-rich and overrepresented in CpG dinucleo-
tides that are mostly unmethylated (e.g., see Bird 1986,
1993; Gardiner-Garden and Frommer 1987; Antequera
and Bird 1993; Adachi and Lieber 2002). CpG islands,
which generally range in size from 0.5 to 2 kbp, contain
promoters for a wide variety of genes. CpG islands typi-
cally lack TATA or DPE core promoter elements, but
contain multiple GC box motifs that are bound by Spl
and related transcription factors (e.g., see Brandeis et al.
1994; Macleod et al. 1994). In addition, transcription
from CpG islands initiates from multiple weak start
sites that are often distributed over a region of about 100
nt, which is in contrast to transcription from TATA or
DPE-dependent core promoters that occurs from a single
site or localized cluster (of less than 10 nt) of sites. The
analysis of 1031 human genes revealed that about half of
the potential promoter regions are located in CpG is-
lands (Suzuki et al. 2001).

From the core promoter perspective, CpG islands may
contain multiple weak core promoters rather than a
single strong core promoter. The presence of Spl binding
sites in CpG islands is particularly notable. Not only
does Spl contribute to the maintenance of the hypo-
methylated state of CpG islands (Brandeis et al. 1994;
Macleod et al. 1994), but it may also function in concert
with the basal transcription factors to mediate transcrip-
tion initiation. It has been found, for example, that Spl
binding sites in conjunction with an Inr motif can acti-



vate transcription in the absence of a TATA box (e.g., see
Smale and Baltimore 1989; Smale et al. 1990; Emami et
al. 1995). Hence, it is possible that CpG island promoters
consist of multiple Spl+Inr pairs that collectively gener-
ate the array of start sites that are observed.

Other core promoter sequences

In addition to the core promoter motifs described above,
other DNA sequences in the core promoter region have
been found to contribute to transcriptional activity in a
variety of genes. Some examples are as follows (note that
the downstream sequences in these promoters appear to
be distinct from the DPE). The human p-globin promoter
has a downstream promoter sequence from +10 to +45
that is termed the downstream core element (DCE;
Lewis et al. 2000). Mutations in the DCE were observed
to reduce the efficiency of transcription and TFIID bind-
ing. The promoter of the human glial fibrillary acidic
protein (gfa) gene has a TATA box as well as a down-
stream sequence from +11 to +50 that is required for
TFIID binding and transcriptional activity (Nakatani et
al. 1990a,b). The analysis of TATA-less promoters with
unclustered, multiple start sites led to the identification
of a downstream motif termed MED-1 (multiple start
site element downstream; Ince and Scotto 1995). The
MED-1 motif was observed to contribute to transcrip-
tional activity in two promoters but not in a third (Ince
and Scotto 1995; Benson et al. 1999; Rudge and Johnson
1999). It is likely that there are more core promoter ele-
ments to be discovered. It will be of particular interest to
know how these elements function in relation to the
transcriptional machinery.

Modes of transcriptional regulation via core
promoter elements

The core promoter is the ultimate target of the action of
sequence-specific transcription factors and coregulators.
Current evidence indicates that many transcriptional en-
hancers and factors exhibit core promoter specificity.
Hence, core promoters are not passive elements that
serve only to direct the proper placement of the RNA
polymerase II transcriptional machinery. Rather, core
promoter motifs are cis-acting regulatory elements. In
this manner, the core promoter provides another level of
transcriptional regulation. Some instances of enhancer-
core promoter specificity are as follows.

TATA, versus TATA,

In this section, we will describe some examples of dif-
ferential regulation between two different TATA box
motifs. In most of these cases, one of the two TATA box
elements has a canonical TATA sequence (TATAAA),
whereas the other TATA box has a noncanonical TATA
sequence.

The his3 promoter in S. cerevisiae contains two TATA

The RNA polymerase II core promoter

boxes, termed T and Ty, that direct transcription from
distinct start sites (Struhl 1986, 1987). The downstream
Tx (regulatory TATA) has a canonical TATAAA se-
quence, whereas the upstream T (constitutive TATA) is
an AT-rich region of about 30 nt that lacks a canonical
TATA sequence (Mahadevan and Struhl 1990). T is
used preferentially at low levels of transcription. How-
ever, upon induction of the his3 gene, there is an in-
crease in transcription from Ty but not from T.. Thus,
these experiments demonstrate differential usage of two
TATA motifs (Fig. 2A). With the his3 gene, the arrange-
ment of the weak TATA T upstream of the strong
TATA Ty is an important component of the preferential
usage of T relative to Ty at low transcription levels.
Upon his3 induction, the transcriptional activators func-
tion specifically with the stronger downstream Ty (Iyer
and Struhl 1995). Factors that preferentially repress Tc-
directed transcription have also been identified (e.g., see
Collart and Struhl 1994). In addition, some TAFs were
found to be required for T--dependent transcription but
not Tx-dependent transcription (Moqtaderi et al. 1996,
1998). These findings, along with the observation that
TAF dependence correlates with TAF occupancy at pro-
moters (Kuras et al. 2000; Li et al. 2000), suggest that
TFIID interacts with To but not with Ty. As noted
above, there appears to be only a single TBP gene in S.
cerevisiae, and it is therefore unlikely that TATA-re-
lated factors (TRFs) are involved in Ty or T transcrip-
tion.
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TATAZ Activator
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B TATA vs. TRF Binding Site
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Figure 2. Some modes of regulation via the core promoter.
These models are discussed in the text. TATA, vs. TATA, regu-
lation usually involves a canonical TATA sequence (TATAAA)
relative to a weak, noncanonical TATA sequence.
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TATA versus TATA specificity has also been observed
with mammalian enhancers and activators. For instance,
in the analysis of the transactivation of the human hsp70
promoter by E1A, it was found that substitution of the
hsp70 TATA (TATAA) with the SV40 early promoter
TATA (TATTTAT) resulted in a loss of E1A inducibility
but not in heat inducibility (Simon et al. 1988). Hence,
the specific TATA box sequence of the hsp70 promoter
is important for its induction by E1A.

The human myoglobin enhancer provides another ex-
ample of TATA versus TATA specificity. The myo-
globin enhancer is able to activate the myoglobin pro-
moter but not the SV40 promoter. However, when the
SV40 early promoter TATA sequence (TATTTAT) was
changed to the myoglobin TATA sequence (TATAAAA),
the resulting promoter was activated by the myoglobin
enhancer (Wefald et al. 1990). Thus, the myoglobin en-
hancer functions specifically with the TATAAAA se-
quence relative to the TATTTAT sequence.

The analysis of TAF recruitment by upstream activat-
ing sequences (UASs; enhancer elements in S. cerevisiae)
has revealed a mechanism for enhancer-promoter speci-
ficity. In yeast, there are TAF-dependent (TAF,,,) and
TAF-independent (TAF,,4) promoters (Kuras et al. 2000;
Li et al. 2000). By chromatin immunoprecipitation
analysis, it was found that TBP associates with both
types of promoters, whereas TAFs associate with TAF,,,
promoters but not with TAF,, 4 promoters. It was ob-
served that the UAS of a TAF,, 4 gene is unable to recruit
TAFs to a TAF,,,, promoter and to activate its transcrip-
tion (Li et al. 2002). These experiments indicate that a
mechanism for enhancer-promoter specificity is the dif-
ferential recruitment of TAFs by the enhancers. In re-
lated studies, it was found that a Rapl-containing acti-
vator recruits TFIID to ribosomal protein (RP) promot-
ers, which generally lack canonical TATA box motifs
(Mencia et al. 2002). This Rapl-containing activator also
stimulates transcription that is directed by the his3 T
element (which, as noted above, does not have a canoni-
cal TATA sequence) but not by the canonical Ty TATA
box.

The analysis of B-cell-specific transcription of immu-
noglobulin (Ig) promoters led to the identification of an-
other potential mechanism of TATA versus TATA
specificity. A key factor that is required for activation of
Ig promoters is the B-cell-specific coactivator termed
OCA-B (Luo et al. 1992; Luo and Roeder 1995; Roeder
1998). OCA-B exhibits specificity for transcription from
the IgH promoter, which contains a noncanonical TATA
sequence (TAAATATA) relative to the H2B promoter,
which contains a canonical TATA sequence (TATAT
AAA). It has been suggested that the basis for this speci-
ficity is the TATA sequence (Roeder 1998). Hence,
TATA versus TATA specificity could be mediated by
transcriptional coactivators such as OCA-B. Moreover,
coactivators also appear to be involved in TATA-con-
taining versus TATA-less transcription. For instance,
NC2/Drl-Drapl represses TATA-dependent transcrip-
tion and activates DPE-dependent transcription (Willy et
al. 2000). In addition, cofactors that specifically activate
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transcription from TATA-less core promoters have been
partially purified (Martinez et al. 1998).

TATA versus TRF binding site

TBP and TBP-related factors (TRFs) were discussed above
in the section on the TATA box. Differential gene acti-
vation by TBP versus TRFs has been observed (Dantonel
et al. 2000; Kaltenbach et al. 2000; Holmes and Tjian
2000). In one instance, it was found that a specific motif
in the Drosophila tudor core promoter, termed the TC
box, is a binding site for TRF1 but not TBP (Holmes and
Tjian 2000). In addition, TRF1 was found to activate the
tudor promoter both in vitro and in vivo. Hence, it is
important to consider that enhancers and activators
might function specifically with either TBP- or TRF-con-
taining transcription complexes (Fig. 2B).

TATA versus DPE

The phenomenon of enhancer-promoter specificity has
been observed in the analysis of gene expression in Dro-
sophila (Li and Noll 1994; Merli et al. 1996). In these
studies, however, it was not known whether the effects
were due to the proximal promoters (which are bound by
sequence-specific factors) or to the core promoters.

The effect of TATA-containing versus TATA-less (and
weak DPE-containing) core promoters was examined in
promoter competition experiments in Drosophila (Oht-
suki et al. 1998). In these studies, a transcriptional en-
hancer was situated between (or in the vicinity of) two
divergently transcribed core promoters: the TATA-con-
taining even-skipped core promoter and the TATA-less
(and weak DPE-containing; see Kutach and Kadonaga
2000) white core promoter. These experiments revealed
that the Drosophila AE1 and IAB5 enhancers preferen-
tially activate transcription from the TATA-containing
even-skipped core promoter relative to the TATA-less
white core promoter (Ohtsuki et al. 1998). In the absence
of a competing TATA-containing promoter, however,
both enhancers were found to be able to activate tran-
scription from the TATA-less white core promoter.
Thus, the AE1 and IAB5 enhancers can function with the
TATA-less white core promoter, but exhibit a strong
preference for TATA-containing relative to TATA-less
promoters in a competitive situation.

The comparative analysis of DPE and TATA core pro-
moter elements in Drosophila led to the identification of
DPE- and TATA-specific transcriptional enhancers (But-
ler and Kadonaga 2001). By using a combination of en-
hancer-trapping and FLP/Cre excision techniques, those
authors created pairs of sister Drosophila lines that con-
tain either a DPE- or a TATA-dependent reporter gene at
precisely the same genomic position relative to each
trapped enhancer. Then, the ability of each enhancer to
activate DPE-dependent transcription (in the DPE re-
porter flies)] was compared to its ability to activate
TATA-dependent transcription (in the sister TATA re-
porter flies). The characterization of 18 trapped enhanc-



ers led to the discovery of three DPE-specific enhancers
and one TATA-specific enhancer. By primer extension
analysis, it was found that the DPE-specific enhancers
activate transcription from the +1 start site of DPE-de-
pendent core promoters, but do not exhibit any detect-
able activity with the TATA-dependent core promoters.
These findings indicate that the presence of a DPE or
TATA motif in the core promoter can be a key determi-
nant of enhancer function (Fig. 2C).

Why might transcriptional enhancers function specifi-
cally with DPE- or TATA-dependent core promoters?
Enhancer-core promoter specificity would facilitate the
desired interaction of an enhancer with its promoter. For
example, this function would be useful for an enhancer
that must activate a single promoter that is located in a
cluster of genes. In addition, if an enhancer were located
many kbp from its core promoter, then this specificity
would facilitate the proper association of the enhancer
with its promoter. On the other hand, enhancer-core pro-
moter specificity might not be necessary if an enhancer
were located immediately upstream of its promoter.
Consistent with this notion, only four of 18 enhancers
tested were found to be specific for TATA or DPE motifs
(Butler and Kadonaga 2001). Core-promoter specificity
appears to be a property of a subset of transcriptional
enhancers.

TATA versus Inr

The presence or absence of an Inr element is also an
important factor in transcriptional regulation (Fig. 2D).
For instance, Gal4-VP16 and Spl exhibit differences in
their ability to activate TATA-containing promoters
relative to Inr-containing promoters (Emami et al. 1995).
The Gal4-VP16 activator has a strong preference for
TATA-containing promoters, whereas Gal4-Spl fusion
proteins that contain only the glutamine-rich activation
region of Spl have a strong preference for Inr-containing
promoters. In another study, it was found that the up-
stream D’ element of the TdT gene (which has a TATA-
less, Inr-containing core promoter) requires an Inr ele-
ment in the core promoter to activate transcription, and
that the addition of a TATA box does not replace the
requirement for an Inr (Garraway et al. 1996). These re-
sults reveal the key role of the Inr in transcriptional regu-
lation and further suggest that specific activation do-
mains, such as the glutamine-rich regions of Spl, are
involved in activation via the Inr element.

Summary and perspectives

A few final thoughts on core promoters are as follows.
Transcriptional enhancers are confronted with a wide
variety of core promoters (Fig. 3). Core promoters not
only direct the initiation of transcription, but also par-
ticipate in the specificity of enhancer function.

There are many distinct core promoter elements.
Thus, it is probably best not to think of core promoters
as simply “TATA-containing” or “TATA-less”. Rather,
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Figure 3. Transcriptional enhancers are confronted with a va-
riety of core promoters.

for each core promoter, the presence or absence of each
individual motif should be examined. In addition, it
would probably be useful to consider whether any
TATA-containing promoter has a canonical TATA box
(~TATAAA) or a noncanonical TATA element (i.e., an
AT-rich region lacking a TATAAA-like motif).

The identification of core-promoter-specific enhancers
indicates the importance of studying transcriptional en-
hancers in conjunction with their cognate core promot-
ers. For instance, if a DPE-specific enhancer were fused
to a TATA-dependent core promoter, then transcrip-
tional activation would not be observed.

The emerging picture of transcriptional regulation is
one of unanticipated variety and complexity. While
our understanding of eukaryotic gene regulation has ad-
vanced considerably, the incredible intricacy of the sys-
tem has become apparent. In the future, it will be im-
portant to build upon the breadth and depth of our
current knowledge to illuminate the molecular mecha-
nisms of known phenomena as well as to uncover novel
modes of gene regulation.
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