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Abstract. RNA polymerase Il initiates transcription at specific DNA sequences. Studies
using sequence analysis and molecular genetics suggest a simple and universal model
of start-site selection by RNA polymerase Il. Two consensus sequences occur at fixed
positions in promoters from higher eukaryotes and their viruses: the TATA box around
~30 and the initiator at the start site of transcription. Both consensus sequences function
as positioning elements that control site-specific initiation. As a first step during initiation,
the basal transcription factor TFIID binds to the TATA box; regulatory transcription
tactors can tether TFIID to promoters without a consensus TATA box. TFIID then directs
the assembly ot other basal transcription factors and RNA polymerase |l into a preinitia-
tion complex. Finally, RNA polymerase Il searches for the best match to the initiator
consensus about 30 base pairs downstream of the TATA box to select the exact start
site. The transcriptional activity of a start-site sequence generally correlates with its
similarity to the initiator consensus, suggesting that there is only one type of

initiator.
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scription at specific sites (1-11). A major goal

of molecular biologists is to understand how
the cell achieves such selectivity and accuracy in gene
expression. Here, we will review how RNA polymerase
IT (DNA-directed RNA polymerase, EC 2.7.7.6) initi-
ates transcription at specific sites in mammals. This
enzyme transcribes the genes that code for proteins in
eukaryotes. When DNA is added to a crude cell extract,
RNA polymerase Il starts transcription at the same sites
as in the cell (12). This demonstrates that start sites are
selected through specific interactions among proteins
and DNA. We will first describe the proteins that
compose the transcriptional machinery, RNA polym-
erase 11 and its transcription factors. Next, we will
catalog the DNA sequences that control start-site selec-

! 11 RNA polymerases in all organisms initiate tran-
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tion. Such positioning elements have been identified
and characterized by sequence analysis and by molec-
ular genetics; we will examine how closely the structure
of these elements correlates with their function. We will
then present a simple model of site-specific initiation
by RNA polymerase II. Finally, we will discuss three
aspects of start-site selection that are not yet fully
understood: (i) the universal role of the transcription
factor TFIID, (ii) the ability of regulatory transcription
factors to direct site-specific initiation, and (ii1) the
function of the initiator, a positioning element that
includes the start site of transcription.

The Transcriptional Machinery

Three types of proteins take part in the initiation
of messenger RNA synthesis: RNA polymerase I, basal
transcription factors, and regulatory transcription fac-
tors. The properties of these proteins have been re-
viewed (8, 13-18) and are summarized here. RNA
polymerase Il transcribes the genes that code for pro-
teins and most small nuclear RNAs in eukaryotes. The
purified enzyme binds to DNA and initiates preferen-
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tially at single-stranded nicks, gaps, and ends. On closed
circular templates, the purified enzyme starts at specific
sites, but not always at the same sites that it uses in the
cell (19). Thus, RNA polymerase II cannot initiate
transcription selectively and accurately by itself, per-
haps because a strong preference for specific nucleotide
sequences would reduce its fidelity and processivity.
Site-specific initiation requires basal transcription fac-
tors in addition to RNA polymerase II. To date, seven
such proteins have been described: TFIIA, -B, -D, -E,
-F, -H, and -J. The basal factors have been purified
from yeast, fruit fly, rat, and human; the genes for
TFIIA, -B. -D, -E. and -F have been cloned. Only TFIID
binds to a specific DNA sequence, the TATA box (see
below). Regulatory transcription factors control the rate
of initiation at specific promoters in different tissues or
at different stages of cell growth and development.
Many of these factors bind to a specific DNA sequence.
They activate or repress transcription by changing the
chromatin structure (20) or by interacting with RNA
polymerase II and the basal factors.

Before RNA synthesis begins, RNA polymerase 11
and basal factors bind to a promoter in an ordered
series of steps and form a preinitiation complex at the
start site (17, 21). The major late promoter of human
adenovirus 2 has served as a prototype to study this
process. First, TFIID binds to the TATA box upstream
of the start site. Next, TFIIA and -B associate with
TFIID at the promoter. RNA polymerase and TFIIF
together bind to this initial complex. Binding of TFIIE,
-H. and -J completes the assembly of the preinitiation
complex. Only then can RNA polymerase II begin to
synthesize RNA. Initiation at other promoters follows
the same principles: Site-specific initiation by RNA
polymerase Il requires a common set of basal transcrip-
tion factors; some of these factors bind to the promoter
before RNA polymerase Il and serve as adapters be-
tween the DNA and the enzyme.

Positioning Elements

During assembly of the preinitiation complex,
components of the transcriptional machinery bind to
specific DNA sequences. Some of these sequences con-
trol the position of the preinitiation complex and thus
the start site of transcription; we will call them posi-
tioning elements. (Positions in promoters are given as
distances in base pairs from the start site at +1. A
positive sign denotes a downstream position, in the
direction of transcription; a negative sign denotes an
upstream position. There is no Position 0.) In the next
three sections, we will describe how two complementary
approaches, sequence analysis and molecular genetics,
have been used to identify and characterize three posi-
tioning elements in mammalian promoters: the TATA
box, the proximal sequence element, and the initiator.
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Sequence Analysis

Sequence analysis is used to identify consensus
sequences that occur in many promoters at similar
positions relative to the start site and that could, there-
fore, be positioning elements. The positioning function
of these sequences is then confirmed by molecular
genetics (see below).

Sequence analysis requires a data base of promoters
and an algorithm to examine their sequences. The
Eukaryotic Promoter Database (22) now has 502 entries
whose start sites have been mapped precisely by RNA
sequencing, nuclease protection, or primer extension.
This data base contains only sequences that are tran-
scribed by RNA polymerase Il in a higher eukaryote,
which excludes phycophyta, fungi, myxomycetes, and
protozoa. The basic algorithm to identify positioning
elements aligns promoter sequences at their start sites
and generates a frequency table that shows how often
each base occurs at each position; a group of adjacent,
conserved nucleotides indicates a consensus (23-25).
This algorithm has two limitations: If a start site has
not been mapped accurately, the promoter will not be
aligned accurately. If an element is conserved, but its
position varies among promoters, the element may not
be detected. An improved form of the basic algorithm
tolerates mapping errors and varying positions (26).
The basic algorithm has also been modified for refining
the consensus of a known positioning element (27, 28).
Promoter sequences are aligned to the given consensus,
and a new consensus is derived from the best matches;
these steps are repeated until the consensus stabilizes.
Once a consensus has been found, the similarity of
other sequences to this consensus can be calculated
from its frequency table (28). Unlike a nucleotide-by-
nucleotide comparison with the explicit consensus, this
calculation provides a quantitative measure of similar-
ity among sequences.

So far, three positioning elements have been iden-
tified by sequence analysis (Table I). First, Goldberg
and Hogness (23) found an AT-rich consensus when
they compared only 16 promoters, mostly of histone
genes from the fruit fly and sea urchin. The so-called
TATA box is accentuated by a higher GC content in
promoters than in the genome (29). To refine the TATA
box consensus, Bucher (28) has analyzed the sequences
in the Eukaryotic Promoter Database; sequences with
a significant similarity (greater than 79%) to the con-
sensus occur around position —30 in about 78% of the
entries. The median similarity to the TATA box con-
sensus of all possible 15-nucleotide sequences is about
44%, and only 1 in 309 sequences has a similarity of
79% or more (data not shown). Second, a consensus
called the proximal sequence element occurs between
about —50 and —60 in the promoters of 39 vertebrate
small nuclear RNA genes (30). Third, transcription



Table I. Consensus Sequences and Examples of Positioning Elements in Eukaryotic Promoters

Promoter®

Similarity to the

Sequence’ consensus®
(Ref) (%)
TATA box STATAWAWRSSSSSS?
Ad2 major late (32, 33) —32 CTATAAAAGGGGGTG... —12 98
SV40 early (34-37) .. . TTATTTATGCAGAGG. . . 85
Human g-globin (38) . . .GCATAAAAGTCAGGG. . . 91
Proximal sequence element STSDCCNTRNS®
Toad U2 snRNA (39) —61 CTCTCCCCATG —51
Human U1 snRNA (40, 41) —80 ...GTGACCGTGTGTG —50
Initiator KCABHYBY”
Ad2 major late (43) —6 GTCCTCACTCTCTTCCG +11 97
Mouse TdT (43, 44) -3 CTCATTCT +5 95
Human PBGD (45) —2 TCAGTGTCCTGG +10 95
Ad2 Va2 (46-48) —6 CGTCTCAGAGTGGTCCG +11 89
AAV2 P5 (49) —7 G GTCTCCATTTTGAAGCG +11 88
Mouse DHFR (50, 51) —11 ATTTCGCGCCAAACTTGACG +9 84

@ Abbreviations: Ad2, human adenovirus 2; SV40, simian virus 40; snRNA, small nuclear RNA; TdT, terminal deoxynucleotidyltransferase;
PBGD, porphobilinogen deaminase; AAV2, adeno-associated virus type 2; DHFR, dihydrofolate reductase.

® Sequence on the nontemplate strand from 5’ to 3’. Promoter elements are aligned at their best match to the consensus. B, C or G or T; D,
AorGorT;H,AorCorT;K,GorT; N, any base; R, AorG; S, Cor G; W, AorT; Y, C or T; the numbers refer to the boundaries of the
promoter elements as defined by molecular genetics; ellipsis (...) indicates that the boundary is not known or not shown.

° Similarity to the consensus was calculated according to Ref. 28; a similarity greater than 79% (TATA box) or 81% (initiator) is considered

significant.

¢ Consensus (Ref. 28): the distance from the underlined T in the consensus to the start site is 30 + 2 base pairs in 60% of the entries in the
Eukaryotic Promoter Database. Transcription starts 30 base pairs downstream of the underlined bases.

¢ Consensus (Ref. 30): the 3'-end lies between —53 and —50.
" Consensus (Ref. 28): start sites are underlined.

frequently starts at an A within several pyrimidine
nucleotides (24). This consensus, which includes the
start site, is called the initiator (31). Sequences with a
significant similarity (greater than 81%) to a refined
initiator consensus occur at the start site in about 60%
of the entries in the Eukaryotic Promoter Database
(28). The median similarity to the initiator consensus
of all possible eight-nucleotide sequences is about 41%,
and only | in 27 sequences has a similarity of 81% or
more (data not shown).

The results of sequence analysis thus suggest that
most, but not all, promoters of higher eukaryotes con-
tain one or two common sequence elements at similar
positions: a TATA box around —30 and an initiator at
the start site. Less common elements like the proximal
sequence element may be found by analyzing other
select groups of promoters.

Molecular Genetics

Molecular genetics is used to identify positioning
elements in individual promoters and to test the posi-
tioning function of consensus elements that have been
identified by sequence analysis. Molecular genetics ex-
amines the characteristic effects of several types of
mutations on site-specific initiation: Placing a position-
ing element into a different sequence context should
result in initiation at a new site, but at the same distance

from the element. Changing the nucleotide sequence of
a positioning element should change the start-site pat-
tern. Inserting or deleting sequences downstream of a
positioning element should lengthen or shorten the
transcript by the same number of nucleotides. Inserting
or deleting sequences upstream of a positioning element
should not change the length of the transcript.

The TATA box was the first positioning element
whose function was confirmed by molecular genetics
(Table I). The major late promoter of adenovirus 2
contains a sequence around —30 that is very similar to
the TATA box consensus. When sequences of this
promoter between —32 and —12 are inserted into a
plasmid, transcription starts in the plasmid sequence
30 base pairs downstream of the TATA box (32).
Changing the A at —28 to a C reduces transcription and
causes initiation at additional start sites around +1 (33);
this point mutation reduces the similarity to the TATA
box consensus from 98% to 84%. The early promoter
of simian virus 40 also contains a sequence similar to
the TATA consensus that directs initiation about 30
base pairs downstream (34). When sequences immedi-
ately downstream of this TATA box are deleted, tran-
scription starts at new sites about 30 base pairs down-
stream of the TATA box (35-37); a deletion immedi-
ately upstream of the TATA box does not change the
start site (37). A single point mutation in a TATA box
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can lead to a disease: In a patient with g-thalassemia
and low levels of 3-globin messenger RNA, the TATA
box in both copies of the 8-globin gene contained a C
instead of an A at —28 (38); this substitution reduces
the similarity to the TATA box consensus from 91%
to 79%. These and many other studies show that the
TATA box is a positioning element that directs site-
specific initiation about 30 base pairs downstream.

The promoters of vertebrate small nuclear RNA
genes that are transcribed by RNA polymerase 11 lack
a TATA box but contain a proximal sequence element
(Table I). The proximal sequence element in the pro-
moter of the toad U2 small nuclear RNA gene (39) and
the region between —80 and —50 in the promoter of
the human U1 small nuclear RNA gene, which includes
a proximal sequence element (40, 41), are necessary for
site-specific initiation. These results suggest that the
proximal sequence element substitutes for the missing
TATA box in promoters of small nuclear RNA genes
and directs site-specific initiation about 50 base pairs
downstream. Surprisingly, promoters that contain both
a proximal sequence element and a TATA box are
transcribed by RNA polymerase III; it seems that the
TATA box and the proximal sequence element play a
role in selecting both the correct RNA polymerase and
the correct start site (42).

The Initiator(s)

In several promoters, sequences that direct site-
specific initiation have been found at the start site
(Table I); between —6 and +11 in the major late pro-
moter of adenovirus 2 (43), between —3 and +5 in the
promoter of the mouse terminal deoxynucleotidyltrans-
ferase (DNA nucleotidylexotransferase) gene (43, 44),
between —2 and +10 in the erythroid-specific promoter
of the human porphobilinogen deaminase gene (45),
between —6 and +11 in the IVa2 promoter of adeno-
virus 2 (46-48), between —7 and +11 in the P5 pro-
moter of adeno-associated virus type 2 (49), and be-
tween —11 and +9 in the promoter of the mouse
dihydrofolate reductase gene (50, 51). Using the simi-
larity to the initiator consensus as a quantitative mea-
sure, we found that the start sites of all six promoters
closely match the initiator consensus. This finding sug-
gested that all six promoters contain an initiator and
that the initiator functions as a positioning element.

To examine the relationship among these start-site
sequences and the initiator consensus further, we com-
piled for each sequence a list of point mutations whose
effects on transcriptional activity and start-site pattern
have been published (Table II). We calculated the sim-
ilarity to the initiator consensus for each mutant and
compared our results with the experimental data. Mu-
tations that do not change the similarity to the initiator
consensus do not affect the activity or the start-site
pattern. Mutations that reduce the similarity to the
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consensus also reduce the activity. Mutations that in-
troduce better matches to the consensus at positions
other than +1 change the start-site pattern. For exam-
ple, in mutant GCDI of the dihydrofolate reductase
promoter, plasmid sequences next to —11 fortuitously
create a sequence with higher similarity than the wild-
type start site; the major start site in this mutant is —11
(50). We also examined a start site that bears no appar-
ent similarity to the initiator consensus: At the pro-
moter of the small ribosomal protein 16 gene from the
mouse, transcription starts within a stretch of 12 pyrim-
idines (52) that matches the initiator consensus poorly
(Table II). To date, there is no evidence that this stretch
of pyrimidines functions as a positioning element by
itself. Mutations that reduce the similanty to the initi-
ator consensus (Table II, CM.5 to 7) reduce the pro-
moter activity /n vivo (53); mutations that increase the
similarity (CM.2 to 4) increase the promoter activity in
vitro (54). Similar results have been obtained for the
start site of the major late promoter of simian virus 40
(J. Mertz, personal communication, October 1992),
which is only 65% similar to the initiator consensus.
Finally, the sequence around the start site of some, but
not all, promoters functions as an initiator when placed
downstream of binding sites for the transcription factor
Spl (47). We found a close correlation between the
transcriptional activity of these sequences and the sim-
ilarity of their start site to the initiator box consensus
(Fig. 1A). These findings suggest that the function of
any sequence as a start site depends on its similarity to
the initiator consensus.

We noticed two types of discrepancies between
predicted and observed initiator functions. First, we
could predict new start sites downstream of +1 in
mutants of the promoter of the small ribosomal protein
16 gene (Table II), but not to the exact nucleotide. The
in vivo start sites reported for these mutants (53) also
differ slightly from the in vitro start sites (54). Similarly,
the reported start sites of the entries in the Eukaryotic
Promoter Database fall anywhere between positions +1
and +6 of the consensus (28). Such small discrepancies
may arise because the methods used to map start sites
are inherently inaccurate (28). Second, we predicted
full activity for mutants 2A2, 2A3, and 2A4 of the
porphobilinogen deaminase promoter (Table II), but
they are inactive (45). They contain mutations only
downstream of the start site, between +5 and +10, that
abolish binding of a human nuclear protein (45). These
mutants are probably inactive because the binding site
for an essential activator protein has been altered. Sim-
ilarly, transcription from the promoter of human im-
munodeficiency virus 1 starts at a poor match to the
initiator consensus at +1 (48% similarity) rather than
at a better match at +5 (81% similarity) (47, 55). A
cellular transcription factor, LBP-1, binds to this pro-
moter between —16 and +27 and contacts the DNA



Table ll. Similarity to the Consensus and Transcriptional Activity of Mutant Initiators

Similarity to the -~
M(;gf Sequence® cons(ggsus“ Tragiﬁmy‘?nal
Ad2 major late GTCCTCACTCTCTTCCG 97
AT+1(33) GTCCTCtCTCTCTTCCG 36 84 36 +
Mutant (46) tTCgagtCTCcCTTCCG 51 82 +
Mouse TdT CCCTCATTCTGG 95
C4 (44) CCCTCAETCTGG 97 ++
-5 (43) tCCTCATTCTGG 95 ++
-4 (43) CtCTCATTCTGG 95 ++
+7 (43) CCCTCATTCTGt 95 ++
F2 (44) ataTCATTCTGG 95 ++
-3, -2 (43) CCgaCATTCTGG 90 +
-2 (43) CCCaCATTCTGG 86 90 ++
F1 (44) ataTCATcgaGG 84 ++
F3 (44) CCCTCATcgaGG 84 ++
C2 (44) CCCTgATTCTGG 75 69 +
C3(44) CCCTCgTTCTGG 70 +
C1 (44) CCCTgggTCTGG [45] -
Human PBGD TCAGTGTCCTGG 95
2A4 (45) TCAGTGTCCTtc [95] -
2B5 (45) TCACTGTCCTGG 93 ++
2B2 (45) gCAGTGTCCTGG 91 ++
2A2 (45) TCAGTGgagTGG [90] -
2A3 (45) TCAGTGgaCTGG [90] -
2B4 (45) TCtGTGTCCTGG [81] -
2B3 (45) TgAGTGTCCTGG [69] -
Ad2 IVa2 GTCTCAGAGTGGTCCG 89
Mutant (46) tTgagtGAGCcGGTCCG [43] -
+2/-8 (48) ¢TCgaccAGTGGTCCG [32] -
AAV2 P5 GGTCTCCATTTTGAAGCG 88
pP5+1 mt (49) GGTCTaaAgTTgGAAGCG [62] -
Mouse DHFR CGATTTCGCGCCAAACTTGACGGCA 84
GCDiI (50) tcATTTCGCGCCAAACTTGACGGCA 92 84 +
-1, =2 (51) CGATTTCGCGCagAACTTGACGGCA 89 [32] ++
A (51) CGgcecctatattcAAaTccAgtaat [34] 85 ++
-5, -9, -15 (51) CGATgTCGtGCCAAACTTGACGGCA 84 ++
-5, -9, =12 (51) CtATaTCGtGCCAAACTTGACGGCA 84 ++
+5, +6 (51) CGATTTCGCGCCAAACTg tACGGCA 80 74 ++
-2, -6 (51) CGATTTCtCGCaAAACTTGACGGCA 82 [58] ++
-2 (51) CGATTTCGCGCgAAACTTGACGGCA [58] -
Mouse rpS16 (52) .. .CTTCCCTTTTCC. . . 71
CM.3 (53, 54) .. .CTTCaCTTTTCC. . . [96] 75 [+
CM.2 (53, 54) .. .CTTCCCaTTTCC. . . [67] 89 [+
CM.4 (53, 54) ...CTgCCaTTgTCC. .. (60] 88 ++/+++
CM.1 (53, 54) .. .CTaCCCTTTTCC. . . [65] 75 ++/++
CM.6 (53, 54) ...gTgCgagTgTaC. .. [37] 60 +/++
CM.5 (53, 54) ...CTTCgagTgaCC. .. [37] 59 +/++
CM.7 (53, 54) ...gaagggaaaagg. . . [28] 52 +/++
Trout TPG-3 (108) .. .ACATTTTATCCATCAAT. . . 87 66 83

¢ See Footnote a to Table | for abbreviations; additional abbreviations: rpS16, smali ribosomal protein 16; TPG-3, trout protamine gene 3.
Mutant designations are taken from the references.

® Sequences on the nontemplate strand from 5’ to 3’ aligned at the start site of the wildtype. Wildtype sequences are from Table I. Lowercase
letters indicate point mutations; underlined letters are the start sites; an ellipsis (...) shows that the boundary ot the initiator is not known. If the
position of a start site cannot be inferred precisely from the reference, it is estimated from the similarity to the initiator consensus.

¢ Similarity to the consensus was calculated according to Ref. 28; a similarity greater than 81% is considered significant. If there is no initiation
at the wild type start site, the value for that position is set between brackets. If there is initiation upstream or downstream of the wildtype start
site, the value for the new site is indicated to the left or to the right, respectively.

? From the references: ++, as active as the wildtype; +++, more active; +, less active; —, no transcription.

° Activities in vivofin vitro.
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Figure 1. Correlation between transcriptional activity and similarity
to the initiator or the TATA box consensus. (A) O’'Shea-Greenfield
and Smale (47) have tested whether sequences between —6 and
+11 from several cellular and viral promoters function as initiators
when placed downstream of binding sites for the transcription factor
Sp1; (B) Wobbe and Struhl (84) have systematically changed 1 or 2
base pairs throughout the Ta TATA box from the yeast his3 gene
and have determined the transcriptional activities in vitro for the
wildtype and 24 mutant sequences. We calculated for each sequence
the similarity to the initiator or the TATA box consensus (28) and
plotted the result against the relative activity.

directly between —3 and —1, +8 and +11, and +16 and
+18 (56). LBP-1 may thus block initiation at +5, but
not at +1. These observations show that predictions of
initiator activity from the similarity to the initiator
consensus can be wrong if another promoter element
overlaps with the start site.
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The six start-site sequences described at the begin-
ning of this section (Table I) were originally assigned to
different families because different transcription factors
bind at or next to the initiator elements (57). However,
these factors seem to function independently of the
initiators. The human CAP site-binding factor requires
sequences of the major late promoter of adenovirus 2
between +8 and +16, downstream of the initiator, for
binding and activation of transcription (58, 59). The
transcription factor TFII-I substitutes for the basal fac-
tor TFIIA and binds around the start sites of the major
late promoter of adenovirus 2, of the terminal deox-
ynucleotidyltransferase promoter, and of the promoter
of human immunodeficiency virus 1 (60). These regions
contain a common sequence, YAYTCYYY, which re-
sembles the initiator consensus. However, TFII-I also
binds independently to a dissimilar sequence,
CACGTG, the binding site for the activator protein
USF (60). The transcription factor YY1 binds to the
P5 promoter of adeno-associated virus type 2 between
—10and +13 (61) and is required for transcription from
the isolated PS5 initiator (49). At several other pro-
moters, however, YY | binds upstream or downstream
of the start site and activates or represses transcription
(49, 61-64); only the 3’-end of the consensus of these
YY1 binding sites, CSKCCATYTT, resembles the ini-
tiator consensus. A nuclear protein binds to the por-
phobilinogen deaminase promoter immediately down-
stream of the initiator (45). The 60-kDa transcription
factor E2F and the 180-kDa protein HIP1 bind to the
dihydrofolate reductase promoter between —9 and —1
(50, 65, 66). E2F plays a role in the control of cell
growth and has been cloned recently (67); HIPL has
not been characterized further, and its relationship to
E2F is unknown. We proposed previously that binding
of HIP1 controls the start site of transcription in the
dihydrofolate reductase promoter (50). However, mu-
tations between —9 and —1 that abolish protein binding
and growth regulation do not affect transcription in
vitro; conversely, a mutation at —2 that reduces the
similarity to the initiator consensus and abolishes tran-
scription /n vitro does not affect protein binding (51,
66, Table II). Because of these more recent results, we
now believe that E2F binds next to the initiator and
mediates growth regulation and that the initiator con-
trols the start site independently of E2F.

To summarize, these six promoters contain binding
sites for different transcription factors that overlap with,
but do not coincide with, the initiators. Their initiators,
however, belong to the same family. Are there other
families of initiators? It is possible that different initiator
elements will be found when site-specific initiation is
studied at more promoters. However, we examined all
start sites whose positioning function has been studied
rigorously. The available data can be explained simply
and consistently with the similarity of the start sites to



the initiator consensus. Therefore, we propose that
there is only one type of initiator that functions as a
positioning element at the start site.

A Simple Model of Start-Site Selection

In 1980, Grosschedl and Birnstiel (31, 68) pre-
sented a simple model of start-site selection that distin-
guished between two classes of positioning elements.
They noticed that the TATA box consensus was better
defined than the initiator consensus; the latter seemed
too ambiguous to direct site-specific initiation on its
own. They proposed that a dominant “selector” ele-
ment, such as the TATA box, guides RNA polymerase
to a correct window of initiation. The initiator then
determines the exact start site within that window. The
central feature of this model is the hierarchical relation-
ship between a selector and an initiator. What has been
learned about site-specific initiation since 1980 is con-
sistent with this model. Many more promoters have
been analyzed; most of them contain a TATA box and
an initiator as positioning elements. The components
of the transcriptional machinery have been character-
ized; a common set of basal factors supports initiation
by RNA polymerase II at all the various promoters.
The assembly of the preinitiation complex has been
investigated; TFIID binds to the TATA box, the selec-
tor, before RNA polymerase II and the other basal
factors bind to the promoter. In the next sections, we
will address three unresolved questions: (i) Is TFIID
required for initiation at promoters without a TATA
box? (i1} Can regulatory factors participate in start-site
selection? and (ii1) How does the initiator function?

Is TFIID Required for Initiation at Promoters without
a TATA Box?

During assembly of the preinitiation complex,
TFIID is the first basal transcription factor to bind to
the promoter. Some promoters, however, do not con-
tain a consensus TATA box, the binding site for TFIID.
In this section, we will first describe the structure of
TFIID; we will then examine whether TFIID is neces-
sary for initiation at promoters without a TATA box
and how TFIID could bind to such promoters.

TFIID can be obtained in different forms and from
different sources (17, 69). TFIID in fruit fly and mam-
mals is a large complex that comprises a TATA-binding
protein (TBP) and several tightly bound TBP-associated
factors; TFIID in yeast is a single peptide, the TATA-
binding protein. TBP also plays a role in transcription
by RNA polymerases I and III (70, 71). Native TFIID
has been partially purified from yeast, fruit fly, rat, and
human. TFIID in humans exists in at last two forms
that contain different TBP-associated factors (72, 73).
The TBP genes of yeast, fruit fly, mouse, human, and
the plant arabidopsis have been cloned, and recombi-
nant TBP has been expressed in bacterial and mam-

malian cells. About 180 amino acids at the carboxy
terminus of TBP, which contain the DNA-binding do-
main, are conserved, whereas the amino-terminal do-
main varies in length and composition among species.
TBP-associated factors have been purified, but their
genes have not been cloned yet. Recombinant TBP and
purified TBP-associated factors do not form a complete
TFIID complex in vitro. However, recombinant TBP
expressed in human cells binds the TBP-associated
factors in vivo, the resulting native TFIID complex can
be purified to homogeneity by immunoaffinity chro-
matography, if the recombinant TBP contains an “ep-
itope tag” (74).

The requirement for TFIID in the absence of a
consensus TATA box has been examined only for a
few promoters: the IVa2 promoter of adenovirus 2 (75,
76), the major late promoter of adenovirus 2 with a
mutant TATA box (46), and artificial promoters com-
prising an initiator and binding sites for the transcrip-
tion factor Spl (44, 77). The transcriptional activities
of these promoters were measured in nuclear extract,
after heat-inactivation of TFIID or removal of TFIID
with an anti-TBP antibody, or with purified RNA po-
lymerase II and basal transcription factors; in all cases,
addition of TFIID was necessary for transcription. In
contrast, it has been reported that heat treatment of
nuclear extract abolishes transcription from the uro-
porphyrinogen decarboxylase promoter, which con-
tains a TATA box, but not from the porphobilinogen
deaminase promoter, which lacks a TATA box (45). It
1s possible, however, that the heat treatment in these
experiments inactivated another transcription factor
instead of TFIID. For instance, the uroporphyrinogen
decarboxylase promoter (78), but not the porphobili-
nogen deaminase promoter (79), contains a binding site
for transcription factor Spl, which is more heat sensi-
tive than TFIID in nuclear extract (80, 81). These few
examples suggest that TFIID is necessary for transcrip-
tion by RNA polymerase II from any promoter,
whether it contains a TATA box or not.

How does TFIID bind to promoters without a
TATA box? One possibility is that TFIID can bind to
other sequences than the TATA box. We used the
similarity to the consensus as a quantitative measure to
analyze the available data. Recombinant human TBP
binds to sequences from several promoters that occur
around —30, but do not look like TATA boxes (82).
The more similar these sequences are to the TATA box
consensus, the better they bind TBP (Table III); each
sequence is the best or one of the best matches to the
consensus within 100 base pairs around the start site of
its promoter (data not shown). In the promoter of the
yeast his3 gene, various sequences with similarities to
the consensus between 61% and 97% can substitute for
a TATA box in vivo (83). However, most mutations of
one or two base pairs in this TATA box reduce tran-
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Table Ill. Similarity to the TATA Box Consensus and
Affinity for TBP of Sequences in Eukaryotic Promoters

around —30
Similarity to Relative affinity
TATA box Percentile for recombi-
AL consensus® similarity°  nant human
(%) TBP
Ad2 major late 98 100.0 1
pSVsKC2 84 99.9 0.5
Human DHFR 83 999 0.3
Mouse rpL32 62 91.3 0.25
SV40 major late 68 96.6 0.15
Mouse TdT 62 91.3 0.15
Mouse IRF-1 70 97.6 0.15
pSVsKA1 52 725 0.05

#See Table | for abbreviations; additional abbreviations:
rpL32, large ribosomal protein 32; IRF-1, interferon regulatory
factor-1; pSVsKC2 and pSVsKA1, mutants of the SV40 major
late promoter (Ref. 114).

® Calculated according to Bucher (28; S. Wiley, personal
communication, October 1992).

¢ Percentage of all possible 15-nucleotide sequences that are
less similar to the TATA box consensus (S. Wiley, personal
communication, October 1992).

9From Ref. 82.

scription with purified mammalian RNA polymerase
II and basal factors (84). We found a close correlation
between the transcriptional activity of these mutants
and their similarity to the TATA box consensus (Fig.
IB). Together, these findings show that the ability of
TFIID to bind to a sequence and to direct basal tran-
scription depends on the similarity of that sequence to
the TATA box consensus. TFIID may bind in vitro to
isolated promoter sequences that do not match the
TATA box consensus; however, TFIID probably can-
not distinguish such promoter sequences from random
sequences in the genome. Thus, binding of TFIID to
DNA alone cannot account for site-specific initiation
at promoters that lack a TATA box.

A second possibility is that other components of
the transcriptional machinery tether TFIID to pro-
moters without a TATA box. Many regulatory tran-
scription factors bind to specific DNA sequences (see
above) and interact directly with TFIID. For example,
binding of purified TFIID extends farther downstream
when the activator proteins USF, GAL4, or ATF bind
next to the TATA box (85-87). Both native TFIID and
recombinant TBP support a basal level of transcription
from a promoter with a TATA box; only native TFIID,
however, supports a high level of transcription in the
presence of activator proteins (69), indicating that the
TBP-associated factors are necessary for the interaction
between TFIID and activator proteins. Native TFIID
also supports transcription from a promoter without a
consensus TATA box, but with an activator binding
site (44). This result shows that activator proteins can
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tether TFIID to promoters that lack a TATA box. Does
TFIID have to bind to DNA at all to direct complex
assembly, or is tethering to other components of the
transcriptional machinery sufficient? Some point mu-
tations in the carboxy terminus of TBP that abolish
binding to the TATA box do not affect transcription
from the major late promoter of adenovirus 2 in the
presence of RNA polymerase II and the other basal
factors (88). This result suggests that interactions other
than between TFIID and the TATA box, perhaps be-
tween RNA polymerase II and the initiator (see below),
can position the preinitiation complex. To conduct
similar experiments with native TFIID and activator
proteins, one could express epitope-tagged TBP mu-
tants in human cells and obtain TFIID complexes with
altered DNA-binding abilities.

In conclusion, TFIID appears to be required for
transcription by RNA polymerase II from all pro-
moters. TFIID is a complex transcription factor that
binds not only to the TATA box, the basal factors, and
RNA polymerase I, but also, through the TBP-associ-
ated factors, to regulatory transcription factors. At pro-
moters that lack a consensus TATA box, TFIID may
bind only weakly to the sequence around —30, but is
stabilized by activator proteins.

Can Regulatory Factors Participate in Start-Site
Selection?

If regulatory factors can tether TFIID or other
components of the preinitiation complex to the pro-
moter, they should be able to influence the start site of
transcription. Here, we will examine whether regulatory
transcription factors and their binding sites have posi-
tioning function.

A binding site for the activator protein GCN4 can
replace a TATA box in yeast without affecting the start
site; site-specific initiation requires both the DNA-bind-
ing domain and the acidic activation domain of GCN4
(89). A cluster of four binding sites for the glucocorti-
coid receptor, a transcription factor, can direct site-
specific initiation in the absence of a TATA box; tran-
scription starts about 45-55 base pairs downstream
within sequences that are similar to the initiator con-
sensus (90, 91). The human activator protein ETF
stimulates transcription from promoters with ETF
binding sites, but only if they lack a TATA box; ETF
may have no effect if TFIID can use a TATA box to
bind directly to a promoter (92). The erythroid tran-
scription factor eUSF binds to the promoter of the duck
histone H5 gene downstream of the start site (93). eUSF
stabilizes binding of TFIID in the presence or absence
of a TATA box. Both TFIID and eUSF are necessary
for site-specific initiation in the absence of the TATA
box. At the start sites of the major late promoter of
adenovirus 2, the terminal deoxynucleotidyltransferase
promoter, the porphobilinogen deaminase promoter,



the P5 promoter of adeno-associated virus type 2, and
the dihydrofolate reductase promoter, a binding site for
a regulatory transcription factor overlaps with an initi-
ator; these sequences form compact promoters that can
direct site-specific initiation by themselves (see above).
These regulatory factors probably interact with TFIID
or other basal factors and stabilize the preinitiation
complex at the start site.

Together, these results indicate that regulatory
transcription factors play a role both in regulation and
in start-site selection. The binding site for such a regu-
latory factor can function as a selector element and
compensate for the lack of a TATA box if the factor
tethers TFIID to the promoter. The distinction between
regulatory and positioning function may be merely
theoretical: An activator protein that stabilizes preini-
tiation complexes nearby also increases the probability
that RNA polymerase II initiates nearby. This model
does not conflict with the finding that activator proteins
act at various distances (18). First, only some activators
may have both functions. Second, an activator by itself
may not be sufficient to direct initiation; only specific
combinations and arrangements of promoter elements
support initiation of transcription (94-96).

How Does the Initiator Function?

The initiator is a common positioning element that
determines the exact start site of transcription (see
above). Therefore, we expect that a common compo-
nent of the transcriptional machinery interacts with the
initiator during the assembly of the preinitiation com-
plex. Here, we will discuss whether one of the basal
transcription factors or RNA polymerase II interacts
with the initiator and whether selectors, such as the
TATA box, and the initiator act at different steps during
initiation.

No basal transcription factor, except TFIID, has
been shown to interact with a specific DNA sequence
(15, 17). A comparison of the transcriptional machi-
neries of yeast and mammals suggests that TFIID also
does not interact with the initiator. Start-site selection
in yeast is different from that in higher eukaryotes, as
transcription does not start at a fixed distance from the
TATA box, but between 40 and 120 base pairs down-
stream (3). Within that window, various sequences may
act as initiators: TCRA, RRYRR (97), YAWR (98),
YAAR (99), ACAGATC immediately upstream of +1
(100), or a T-rich sequence between —30 and —10
followed by an A-rich sequence between —8 and +15
(101). In yeast nuclear extract, transcription from the
major late promoter of adenovirus 2 starts between 63
and 69 base pairs, instead of 30 base pairs, downstream
of the TATA box (102). However, when mammalian
RNA polymerase II and basal factors are combined
with either human or yeast TFIID, transcription starts
about 30 base pairs downstream of the TATA box

(103). Mutations in the SHI gene, which does not code
for TFIID, affect the spacing between TATA box and
start sites in yeast (104). These results show that factors
other than TFIID measure the distance between the
TATA box and the start site.

RNA polymerase II itself could select the start site,
once it has joined the preinitiation complex. In support
of this hypothesis, mutations in the two large subunits
of yeast RNA polymerase II alter the start-site pattern
and reduce the accuracy of initiation (105). Purified
human and bovine RNA polymerase II initiates tran-
scription at several specific sites in the major late pro-
moter and the Va2 promoter of adenovirus 2 (46, 106).
Two initiation sites lie within AT-rich sequences, the
TATA box at —30 in the major late promoter and the
inverted TATA box at +19 in the IVa2 promoter. The
other initiation sites, however, lie within sequences that
are between 80% and 89% similar to the initiator
consensus and include the authentic start sites in both
promoters. Mutations that reduce the similarities of the
initiators around +1 to the consensus from 97% to 82%
(major late) or from 89% to 65% (IVa2) specifically
abolish initiation at +1 by purified RNA polymerase
II. These results show that RNA polymerase Il does
interact with specific sequences, including the initiator.
Transcription of closed circular DNA by purified RNA
polymerase II alone is at least as efficient as by the
complete transcriptional machinery in crude cell ex-
tracts; the transcriptional machinery may therefore not
be activating an idle enzyme, but bringing a highly
active enzyme to the biologically important start sites
(107).

Several lines of evidence suggest that the initiator
acts later during initiation than a selector. First, a
TATA box dominates the selection of the start site in
higher eukaryotes within a narrow window at a fixed
distance; only within that window does the initiator
determine the exact start site. Transcription from the
promoter of the trout protamine gene 3 initiates 31
base pairs downstream of a TATA box at a poor match
to the initiator consensus, despite better matches at —5
and +5 (Table II). Inserting 1, 2, or 3 base pairs at —25
gradually reduces initiation at +1 and increases initia-
tion at —35; deleting 1 or 3 base pairs at —25 gradually
increases initiation at +5. There is no initiation between
the start sites at —5, +1, and +5 (108). Second, an
initiator never dominates start-site selection in pro-
moters that contain Spl binding sites, a TATA box,
and an initiator in various combinations, positions, and
orientations (47). Third, TFIID and TFIIA together can
bind to a TATA box without other factors; formation
of a stable complex at an isolated initiator also requires
TFIIB, RNA polymerase II, and TFIIF, which enter the
preinitiation complex after TFIID and TFIIA (46).
However, TBP, TFIIB, RNA polymerase II, and only
the RAP30 subunit of TFIIF cannot bind stably to an
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isolated inmitiator (109). Fourth, the preinitiation com-
plex assembles first at the TATA box and then extends
to the initiator. In the major late promoter of adeno-
virus 2, a restriction site between TATA box and initi-
ator is protected against cleavage by the restriction
enzyme only after TFIIE and 6, a basal factor from rat
liver, join the initial complex of TFIID, -B, -F, and
RNA polymerase 11 (110, 111). Fifth, the start site is
not yet completely fixed when the preinitiation complex
has formed. Initiation can be primed in vitro with
dinucleotides. Addition of dinucleotides that are com-
plementary to sequences between —4 and +6, but not
farther away from +1, shifts the start site to the corre-
sponding position in the initiators of the major late
promoter of adenovirus 2, of the EIV promoter of
human adenovirus 5 (112), and of the terminal deox-
ynucleotidyltransferase promoter (113). These results
indicate that a common factor, probably RNA polym-
erase Il itself, recognizes the initiator at a later step
during assembly of the preinitiation complex.

In conclusion, selectors, such as the TATA box or
binding sites for regulatory proteins, and the initiator
may play different roles in site-specific initiation. Selec-
tors bind or tether TFIID to the promoter in the first
step of initiation and control the position of the prein-
itiation complex. The initiator interacts later with a
common component of the complex, probably with
RNA polymerase 1I, and controls the exact start site.
This conclusion agrees with the simple hierarchical
model of start-site selection presented above. We do
not exclude the possibility that a factor like TFII-I (see
above) can also bind to an initiator-like sequence and
tether TFIID to the promoter.

Summary

RNA polymerase Il initiates transcription at spe-
cific DNA sequences in an ordered series of steps with
the help of a common set of transcription factors. We
have examined the structural and functional relation-
ships among positioning elements, the DNA sequences
that control start-site selection. On the basis of this
analysis, we propose a simple and universal model of
initiation by RNA polymerase II in higher eukaryotes:
Two types of positioning elements, the selectors and
the initiator, reflect the hierarchy of steps in the initia-
tion process. Selectors, such as the TATA box and
binding sites for activator proteins, act first and direct
the basal transcription factor TFIID to the correct
promoter region. TFIID can bind directly to promoters
that contain a TATA box or can be tethered by activator
proteins to promoters that lack a consensus TATA box.
TFIID then assembles the remaining basal factors and
RNA polymerase Il into the preinitiation complex. The
initiator interacts with RNA polymerase II at a later
step and determines the exact start site. There is only
one family of initiator elements; the sequences that are
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most similar to the initiator consensus serve as start
sites within the promoter region specified by the selec-
tors. This model should be a useful guideline in future
studies of promoters and the initiation process.

Note added in proof. Smale and colleagues have
confirmed that the start-site sequence of the core pro-
moter of human immunodeficiency virus 1 is not func-
tionally analogous to the initiators in the major late
promoter of adenovirus 2 and the promoter of the
mouse terminal deoxynucleotidyltransferase gene (B.
Zenzie-Gregory, P. Sheridan, K. A. Jones, S. T. Smale,
submitted). One of the TBP-associated factors has now
been cloned and identified as the cell-cycle regulatory
gene CCGI (115, 116).
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