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Immunopurified TFIID produces a large DNase I footprint over the hspTO, hsp26, and histone H3 promoters of 
Drosophila. These footprints span from the TATA element to a position - 3 5  nucleotides downstream from 
the transcription start site. Using a "missing nucleoside" analysis, four regions within the three promoters 
have been found to be important for TFIID binding: the TATA element, the initiator, and two regions located 
- 1 8  and 28 nucleotides downstream of the transcription start site. On the basis of the missing nucleoside 
data, the initiator appears to contribute as much to the affinity as the TATA element. However, there is weak 
conservation of the sequence in this region. To determine whether a preferred binding sequence exists in the 
vicinity of the initiator, the nucleotide composition of this region within the hsp70 promoter was randomized 
and then subjected to selection by TFIID. After five rounds of selection, the preferred sequence mot i f - -G/A/T  
C/T AT/G T C,---emerged. This motif is a close match to consensus sequences that have been derived by 
comparing the initiator region of numerous insect promoters. Selection of this sequence demonstrates that 
sequence-specific interactions downstream of the TATA element contribute to the interaction of TFIID on a 
wide spectrum of promoters. 
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TFIID is the first general transcription factor that binds 

to a class II gene promoter prior to transcription initia- 
tion. TFIID, in turn, provides a foundation for assem- 

bling the initiation complex and is required for activator- 

dependent transcription (Dynlacht et al. 1991; Pugh and 

Tjian 1991; Hoey et al. 1993). TFIID is a polypeptide 

complex composed of the TATA-binding protein (TBP) 

and TBP-associated factors {TAFs) (Pugh and Tjian 19921. 
Promoter recognition by TFIID has been thought to oc- 
cur primarily through the binding of TBP to the TATA 

element (Hahn et al. 1990), a sequence motif located -30  

bp upstream of the transcription start site in higher eu- 

karyotes (Breathnach and Chambon 1981). However, 

many class II genes lack a discernible TATA element 
(Pugh and Tjian 1991). In these promoters, a sequence 

around the transcriptional initiation site, called the ini- 

tiator element, is essential for transcriptional activity in 

vitro (Smale and Baltimore 1989). It is not known how 

the initiator element functions in the transcription pro- 

cess. Recent studies have implicated several proteins in 

binding the initiator. Three mammalian proteins have 

been purified and cloned that bind to this region and 
stimulate transcription in reconstituted reactions (Roy 
et al. 1991; Seto et al. 1991; Due t  al. 1993). In addition, 
in the absence of any other factors, purified RNA poly- 

merase shows some preference for starting transcription 

within the initiator, suggesting that some specificity 

may be intrinsic to RNA polymerase II (Carcamo et al. 

1991). It has also been suggested that because the initi- 

ator is functionally similar to the TATA element in me- 

diating Spl activation in a reconstituted transcription 

reaction, the initiator may be recognized by TFIID itself 

(Smale et al. 1990; Smale 1994). 
Studies within our laboratory support the latter hy- 

pothesis. Using a crude protein fraction, we demon- 

strated initially that a TBP-containing complex makes 

sequence-specific contacts at the TATA element, initia- 

tor, and regions farther downstream (Purnell and Gil- 

mour 1993). More recently, in a 3' deletion study, we 

discovered that the affinity of immunopurified TFIID for 

the hsp70 heat shock gene promoter from Drosophila 
depends on the TATA element and specific-sequence el- 

ements located downstream from the TATA element 

(Emanuel and Gilmour 1993). For this analysis, TFIID 

was immunopurified with antibody against the TBP sub- 

unit and immobilized with protein A-Sepharose. Dele- 

tion in the region between +33 and + 10 of the hsp70 
promoter reduced the affinity for the immobilized TFIID 
by approximately eightfold. Several contacts were impli- 
cated because deletion breakpoints that fell within the 
region between +33 and + 10 resulted in intermediate 

reductions in affinity. In addition, it appeared that con- 
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tact near the initiator was important  because a point 

muta t ion  at - 2  caused a modest  reduction in affinity 

and deletion of sequences downstream of - 3  caused a 

significant reduction in affinity. Together, these results 

suggested that mul t ip le  sequence elements  located 

downstream of the TATA element  are recognized by 

TFIID. 

Here, we assess the general importance of interactions 

downstream of the TATA element  to the binding of im- 

munopurif ied TFIID. We provide a detailed analysis of 

the interaction between TFIID and the promoters of 

three Drosophila genes: hsp70, hsp26, and his tone H3. 

The hsp70 and hsp26 heat shock gene promoters are rap- 

idly induced by heat shock and other stress treatments 

(Craig 1985; Lindquist  1986). The histone H3 is not in- 

duced by heat shock but is transcribed in a cell cycle- 

dependent manner  during S phase (Anderson and Lengyl 

1984). We show that TFIID interacts in a similar  manner  

wi th  all three of these promoters, making  contacts at the 

TATA element,  initiator, and + 18 and + 28 regions. Fur- 

thermore, in this study we analyze the contact made by 

TFIID at the initiator. We reveal that TFIID recognizes a 

sequence wi th in  the context of hsp70 that corresponds 

to an insect initiator consensus sequence identified by 

several researchers. This suggests that the initiator func- 

tions as a site of recognition by TFIID in a wide spectrum 

of promoters. 

Results  

Immupurified TFIID produces similar DNase I 
footprints on the hsp70, hsp26, and histone H3 
promoters 

For the hsp70 promoter, contacts between TFIID and se- 

quences downstream of the TATA element  contribute 

significantly to binding {Emanuel and Gi lmour  1993). 

We were interested in determining whether  s imilar  in- 

teractions occurred on different promoters. For compar- 

ison, we chose to examine two heat  shock promoters, 

hsp70 and hsp26, and the promoter for a non-heat  shock 

gene, histone H3. The interaction of each promoter was 

first evaluated by DNase I footprinting. For this analysis, 

TFIID was isolated from a crude TFIID preparation wi th  

monoclonal  antibody directed against the TBP subunit.  

The i m m u n e  complex was then immobi l ized  on protein 

G--Sepharose. TFIID immobi l ized  in a s imilar  manner  

had been shown previously to bind an hsp70 promoter 

fragment and to produce a DNase I footprint that  

spanned the region from - 44 to + 35 (Emanuel and Gil- 

mour 1993). 

Figure 1 shows that immobi l ized  TFIID produced very 

similar  DNase I footprints on both the heat  shock and 

histone promoters. These footprints extended from the 

TATA element  to a region - 3 5  nucleotides downstream 

of each transcription start site. A similar  pattern of 
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Figure 1. DNase I footprints on hsp70, 
hsp26, and histone H3. TFIID immunopu- 
rifled with an anti-TBP monoclonal anti- 
body was allowed to bind three promoter 
fragments labeled on either the nontran- 
scribed or transcribed strand. After re- 

moval of the unbound material, the immo- 
bilized complexes were briefly digested 
with DNase I (lanes labeled BOUND]. 
Control digestions were performed with 
DNA incubated with protein G-Sepharose 
alone (lanes labeled NAKED). The follow- 
ing DNA fragments were used. The 
BamHI-HindIII fragment of hsp70 spans 
the region from - 190 to + 89. The ApaLI- 
HindIII fragment of hsp26 S/X spans the 
region from -118 to +47. The AvaI- 
EcoRI fragment of H3 spans the region 
from -131 to + 119. For each promoter 
fragment, the transcribed strand was la- 

beled using polynucleotide kinase and the 
nontranscribed strand was labeled by fill- 
ing in with Klenow. Numbers are relative 
to the transcription start site of + 1. 
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DNase I cutting was produced by impure TFIID, which 

was free in solution (Gilmour et al. 1990; Emanuel and 

Gilmour 1993; data not shown). An interesting region of 

DNase I hypersensitivity extended as much as 70 nucle- 

otides upstream of the transcription start ste. This was 

most evident on the transcribed strand. These results 

suggest that TFIID makes comparable contacts on the 

three promoters in the region from - 7 0  to +35. 

The footprint produced on the hsp70 promoter in Fig- 

ure 1 was identical to the footprint produced when TFIID 

was purified and immobilized by a polyclonal antibody 

against TBP (Emanuel and Gilmour, 1993). To determine 

whether monoclonal antibody immobilized the same 

protein complex as polyclonal antibody, the monoclonal 

immunoprecipitate was analyzed on an SDS-polyacryl- 

amide gel. Figure 2 (lane 1) shows that the most promi- 

nent polypeptides found in the immunoprecipitate, 

other than the antibody itself, had sizes of 110, 80, 60, 

and 40 kD. These polypeptides match the sizes of TAFs 

that had been identified previously as subunits of TFIID 
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Figure 2. Polypeptide composition of the anti-TBP immuno- 
precipitates. SDS-PAGE analysis of immunoprecipitates; (Lane 
1 ) Immunoprecipitate from 50 ~1 of 0.5 M phosphocellulose frac- 
tion performed with monoclonal 14C2-F4 against TBP; {lane 2) 
50 ng of recombinant TBP prepared as described previously 
{Emanuel and Gilmour 1993); {lane 3) molecular mass markers 
of 205, 116, 97.4, 66, 45, and 29 kD; (lane 4) polypeptides eluted 
with 1 M guanidine-HC1 from an immunoprecipitate generated 
with monoclonal 12CA5-I against the influenza HA epitope 
{negative control); {lane 5) polypeptides remaining associated 
with the protein G-Sepharose after elution of the 12CAS-I im- 
munoprecipitate with 1 M guanidine-HC1; (lane 6) polypeptides 
eluted with 1 M guanidine-HC1 from an immunoprecipitate 
generated with monoclonal 14C2-F4 against TBP; (lane 7) poly- 
peptides remaining associated with the protein G-Sepharose 
after elution of the 14C2-F4 immunoprecipitate with 1 M gua- 
nidine-HC1. 

(Dynlacht et al. 1991) and that had been observed previ- 

ously in our immunoprecipitate with polyclonal anti- 

body IEmanuel and Gilmour 1993}. TAF 150 and TAF 

250 were not readily apparent. Their staining with silver 

has been inconsistent, an observation that is similar to 

that of others (cf. Dynlacht et al. 1991 and Weinzierl et 

al. 1993). 

Previous reports had shown that treatment of immu- 

noprecipitated TFIID with 1 M guanidine-HC1 would 

elute the TAFs from the complex and TBP would remain 

bound to the antibody. We treated the immunoprecipi- 

tate with guanidine-HC1 and analyzed the eluted pro- 

teins (Fig. 2, lane 6). TAFs of 110, 80, 60, and 40 kD were 

clearly evident in the eluted fraction. A monoclonal an- 

tibody against an unrelated antigen failed to precipitate 

any of these polypeptides (Fig. 2, lane 4). 

Missing nucleoside analysis of TFIID reveals similar 

patterns of contact on the hsp70, hsp26, 

and histone H3 promoters 

DNase I footprinting indicated that the interaction of 

TFIID with these promoters is quite similar. To investi- 

gate the similarities more rigorously, we used a variation 

of the "missing nucleoside" technique of Hayes and 

Tullius (1989). Hydroxyl radical treatment of an end-la- 

beled DNA fragment removed nucleosides from random 

positions in the fragment. The extent of the reaction was 

limited so that an average of < 1 nucleoside was removed 

per DNA molecule. This "punctured" DNA was then 

mixed with immobilized TFIID. If the missing nucleo- 

side interfered with either the association or stability of 

the TFIID-DNA complex, then the fragment missing 

this nucleoside would be depleted from the fraction that 

bound TFIID. Depletion from the bound fraction was 

monitored by comparing the bound DNA with a portion 

of the input DNA or free DNA. 

Figure 3 shows the results for the missing nucleoside 

analysis of TFIID. Input, bound, and free DNA fractions 

were analyzed on sequencing gels. For each promoter, 

there is a notable decrease in the intensity of the bands 

corresponding to four locations on the transcribed 

strand. Reduced binding occurred when nucleosides 

were missing from the TATA element, the initiator re- 

gion, and from positions located -18  and 28 nucleotides 

downstream of the transcription start site. On the non- 

transcribed strand, there were clearly discernible con- 

tacts in the TATA element and the initiator. Isolated 

regions farther downstream were not clearly evident for 

this strand, but there did seem to be some contribution 

to binding as the bands throughout the region from the 

initiator to + 30 in the bound lane appeared to be lighter 

in appearance than the corresponding bands in the input 

or free lanes. The similarity in the patterns of missing 

nucleosides, particularly on the transcribed strand, indi- 

cates that the TFIID makes comparable contacts with 

each of the promoters. These patterns are summarized in 

Figure 8, below. 
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Figure 3. Missing nucleoside analysis of 

hsp70, hsp26, and histone H3. Immobi- 

lized TFIID was presented with hydroxyl 

radical-modified promoter fragments la- 

beled as described in Fig. 1 and then sepa- 

rated into bound and free fractions. The 

input, bound, and free material was ana- 

lyzed on a sequencing gel. Lanes marked 

M represent G/A cleavage patterns. 

TFIID selection of preferred binding sequences 
at the initiator 

The missing nucleoside analysis showed that the TATA 

element and the initiator region contribute equally to 

the association of TFIID in each promoter. Because the 

TATA element is highly conserved in these promoters, 

one might also expect to see sequence conservation in 

the vicinity of the initiator. Comparison of the se- 

quences for the three promoters, however, reveals little 

conservation (for a summary of sequences and missing 

nucleoside patterns, see Fig. 8, belowl. Several research- 

ers have attempted to determine whether a conserved 

sequence element resides near the transcription start site 

of various other genes (Bucher 1990; Cherbas and 

Cherbas 19931. Through these studies, an initiator con- 

sensus sequence motif has been deduced; however, con- 

siderable variation from the consensus sequence is ob- 

served when individual promoters are then compared 

with the consensus sequence. 

If TFIID recognizes the initiator of many promoters, it 

might tolerate mismatches from the consensus sequence 

because of compensatory interactions elsewhere in the 

promoter (Pumell and Gilmour 1993). To further inves- 

tigate the relationship between TFIID and the initiator, 

we determined whether TFIID would select a particular 

sequence motif from a pool of DNA molecules with ran- 

domized initiators. Selection was made by placing the 

randomized sequence within the hsp70 promoter. In this 

way, the contribution of the surrounding sequences was 

held constant. Moreover, it was necessary to perform the 

selection within the context of the normal surrounding 

sequences because deletions of the TATA element or of 

sequences downstream of the initiation site severely re- 

duced the affinity of TFIID for the DNA (Emanuel and 

Gilmour 1993~ Pumell and Gilmour 19931. 
To identify the preferred sequences, we used a modi- 

fied version of the selected and amplified binding (SAABI 

procedure of Blackwell and Weintraub (1990). Using syn- 

thetic oligonucleotides, we generated a pool of hsp70 de- 

rivatives that had random sequences incorporated into 

the region surrounding the initiator {Fig. 4A). This ran- 

domized region corresponded to the region identified by 

the missing nucleoside analysis. With the exception of 

this randomized patch and restriction sites at each end of 

the fragment, the DNA sequence matched that of the 

hsp70 promoter from just upstream of the TATA ele- 

ment, position -39 ,  to a point 36 nucleotides down- 

stream of the transcription start site. 

The pool was first amplified by PCR. The selection 

was then performed by incubating the pool of random- 

ized DNA with crude TFIID in the presence of nonspe- 

cific competitor DNA and separating the bound and un- 

bound fractions by a mobility retardation assay (Purnell 

and Gilmour 1993). The bound and unbound fractions of 

DNA were recovered separately from the gel and then 

amplified by the polymerase chain reaction {PCRI. The 

sequences of these amplified fractions were determined 

or the DNA was subjected to additional rounds of selec- 

tion, as outlined in Figure 4B. Processing the unbouo, d 

{counter-selectedl fraction in parallel with the bound 

fraction {selected} served as a control to alert us to PCR 

artifacts such as TFIID-independent selection of a se- 

quence or DNA contamination. 

Progress in selection was readily detected by analyzing 

the amount of radioactive DNA from different rounds of 
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Figure 4. Scheme for identifying the initiator sequence that is preferen. 

tially bound by TFIID. (A) Two oligonucleotides that were synthesized 

which could be annealed and extended to give the Drosophila hsp70 pro- 

moter from position -39  to + 36, relative to the transcription start site, 

with randomized initiator, and flanking restriction sites that corresponded 

to primers A and B (see Materials and methods). The 2 oligonucleotides 
were annealed and then extended with Klenow and dNTPs to give a double- 
stranded DNA fragment. This DNA was PCR amplified with primers A and 

B and Taq polymerase, and the DNA was then radioactively end-labeled 

with kinase and [32P]ATP. The labeled template [100,000 cpm) was incu- 

bated with the phosphocellulose faction that contains TFIID and then sub- 

jected to the mobility retardation assay (Purnell and Gilmour 1993). Bound 

and unbound DNAs were then isolated and amplified by PCR. Amplified 
DNA was either subjected to additional rounds of selection by TFIID, se- 
quenced, or cloned. The nontranscribed strand of the hsp70 normal se- 
quence is underlined, and the randomized initiator and the TATA element 

are in bold text. (B) Schematic of DNA fractions isolated from SAAB mo- 

bility retardation assays. For each round, selected (represented as B1-B5) 

and counterselected (XI-X5] DNAs were isolated. (/~) Bound fractions; (N) 
unbound fractions. ((]) DNAs that were sequenced in Fig. 6. 
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selection that  mobili ty-shifted in the binding assay wi th  

TFIID (Fig. 5A). At round 2, the amount  of radioactive 

D N A  in the bound fraction was greater than that  of the 

start material  but considerably less than the fifth round 

of selection. Furthermore, on comparing the fifth round 

counterselection (XS) and selection (BS), a ninefold dif- 

ferential in binding was observed, strengthening the con- 

tention that  TFIID had selected a preferred binding se- 

quence from the randomized pool. 

The SAAB analysis was carried out wi th  a crude TFIID 

fraction (phosphocellulose 0.5 M fraction) because it pro- 

vided better separation of bound and unbound D N A  than 
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ties with both crude TFIID (Fig. 5A} and immunopurified 

TFIID (Fig. 5B). Immunopurified TFIID was presented 

with a radiolabeled pool of either selected (BS) or coun- 

terselected (X5) DNA. A radiolabeled fragment from the 

wild-type hsp70 promoter (WT) of a different length was 

included as a positive internal control. The bound and 

unbound fractions of DNA were isolated and then ana- 

lyzed on a sequencing gel. As shown in Figure 5B, the 

selected DNA bound significantly better than the coun- 

terselected DNA (of. lanes 2 and 5), as was the case with 

crude TFIID and the mobility retardation assay (Fig. 5A). 

Identification of the initiator sequence that is 
preferentially bound by TFIID 

To identify the sequence preferentially bound by TFIID, 

we first sequenced the PCR-amplified DNAs that had 

been selected from round 1 through round 5 [Fig. 6A). As 

expected, the starting material contained all 4 nucle- 

otides present in approximately equal proportions at the 

I B U I B U 
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wr 
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Figure 5. TFIID shows high affinity for DNA that has been 

subjected to positive selection. (AI Mobility retardation assay of 

selected and counterselected DNAs upon incubation with 

TFIID fraction. End-labeled DNA from pools start, B2, B5, and 

X5 {see Fig. 4B) were gel-shifted with the crude TFIID fraction 

[phosphocellulose fraction). (B) Binding of end-labeled DNA to 

immunopurified TFIID. Two input {II mixtures of DNA were 

prepared by combining an end-labeled hsp 70 promoter fragment 

of natural sequence composition spanning from - 5 0  to + 89 

{WTI with either end-labeled pools of B5 or X5 DNA {see Fig. 

4B). Each mixture was then incubated with immobilized TFIID, 

separating the DNA into bound (B 1 and unbound (U) fractions. 

Equal amounts of radioactive material recovered from the 

bound (B), unbound (UI, and input {I1 DNA were analyzed on a 
sequencing gel. 

did the immunopurified TFIID; hence, a lower degree of 

background binding could be achieved. This approach 

should be a valid way to identify the preferred binding 

site of TFIID, because the missing nucleoside patterns 

that were observed with immunopurified TFIID were 

identical to the missing nucleoside patterns observed for 

the mobility-shifted complex formed with crude TFIID 

(cf. Fig. 3, this paper, with Fig. 4, Purnell and Gilmour 

1993}. We evaluated the approach by determining 

whether the selected and counterselected pools of DNA 

from the fifth round exhibited the same relative affini- 
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Figure 6. Sequence analysis of TFIID-selected DNA pools. (A) 

Sequences of the starting templates and B1-B5 pools. From left 
to right for each pool, the sequencing lanes correspond to G, A, 

T and C. (B) Same as A for starting template and fifth round 

selected (B5) and counterselected IX5) DNA pools. The initiator 

sequence deduced from B5 is indicated next to the autoradio- 

graph. 
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six positions around the start site. Within two rounds of 

selection, a preferred sequence was apparent. This was 

consistent with the increased level of binding that was 

observed for the B2 pool over the start pool in the mo- 

bility retardation analysis (Fig. 5A). By round 5, preferred 

nucleotides at each position within the random region 

were evident (Fig. 6A, B). A conservative assessment of 

the sequence found in round 5 suggests that the preferred 

sequence on the nontranscribed strand is G/A/T T/C A 

G/T T G/T. Upon sequencing the counterselected ma- 

terial from round 5, it was apparent that this sequence 

was essentially identical to the start site material (Fig. 

6B, lane labeled X5). 

Because it was difficult to produce the four sequencing 

reactions at uniform intensities, some uncertainty re- 

mained in identifying the preferred binding site from the 

sequence of the selected pool. To overcome this uncer- 

tainty, we cloned the selected pool and sequenced 12 

representatives. A tabulation of these sequences is 

shown in Figure 7. The consensus sequence consisting of 

G/A/T T/C A G/T T G was deduced and shows excel- 

lent agreement with the sequence deduced from the 

PCR-amplified pool from round 5 (Fig. 6). Strong selec- 

tion is observed for five of the six positions that had been 

randomized. The relationship between the sequence se- 
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Figure 7. Tabulation of B5 isolated clones and initiators de- 
duced from sequence comparisons. The top 12 sequences are 
derived from isolated clones of the B5 pool. This is followed by 
a tabulation of base frequencies in these 12 clones. From the 
base frequencies, a consensus has been derived as the preferred 
binding site for TFIID. This is compared with the consensus 
sequences that different investigators have deduced by compar- 
ing the sequences near the transcription start site of various 
classes of promoters. 

lected by TFIID and the conserved initiators listed at the 

bottom of Figure 7 is discussed later. 

Discussion 

Sequences from the transcription start site to + 35 make 

significant contributions to the transcriptional activity 

of a variety of Drosophila promoters. Using P-element- 

mediated transformation as an assay for in vivo activity, 

3' deletions with breakpoints between the initiation site 

and +35 were found to reduce significantly heat shock 

induction levels for the hsp22 and the hsp70 promoters 

{Huhmark et al. 1986; Lee et al. 19921. Deletions in the 

hspTO promoter also reduced the level of RNA polymer- 

ase II that was paused on the promoter prior to heat 

shock (Lee et al. 1992 I. Sequences downstream of the 

transcription start site have been implicated for numer- 

ous other Drosophila genes (Biggin and Tjian 1988; Per- 

kins et al. 1988; Soeller et al. 1988; Arkhipova and Ilyin 

1991; Jarrell and Meselson 1991; Fridell and Searles 

1992). In light of our findings that sequences in this re- 

gion contribute to TFIID binding, disruption of the 

TFIID interaction provides a likely explanation for why 

these mutations impair promoter activity. Because a re- 

combinant preparation of Drosophila TBP failed to ex- 

hibit binding outside of the TATA element of hsp70, 
other subunits of TFIID, TAFs, are probably responsible 

for sequence-specific interactions downstream of the 

TATA element {Emanuel and Gilmour 1993). 
When 6 nucleotides around the transcription start site 

were randomized within the hsp70 promoter, TFIID was 

found to bind preferentially sequences matching the con- 

sensus G/A/T T/C A G/T T G. Remarkably, this pre- 

ferred consensus sequence matches quite well with a 

consensus sequence that other investigators have de- 

duced by comparing the sequences of different classes of 

Drosophila and other insect promoters (Fig. 71. This 

match provides compelling support for the hypothesis 

that sequence-specific interactions between TFIID and 

the region downstream of TATA element contribute to 

the transcription process in a wide spectrum of insect 

promoters. The initiator also may be recognized by 

TFIID in mammalian cells; the A in position 3 and the T 

in position 5 of our preferred initiator matches the A at 

+ 1 and the T at + 3 that were found to be most critical 

for reconstituting initiator function in a mammalian 

transcription system (lavahery et al. 19941. 

If the sequence at the transcription start site is impor- 

tant for TFIID binding, then one might anticipate finding 

this sequence in the vicinity of the transcription start 

sites for the hspTO, hsp26, and histone H3 promoters. 

Searching the region defined by the missing nucleoside 

analysis reveals a six out of six match for the histone H3 

promoter (see Fig. 81. However, there is at best a four out 

of six match found for the hsp70 and hsp26 promoters. 

This disparity is somewhat disconcerting, particularly 

because the sequence composition of the preferred bind- 

ing site already has some ambiguity. A resolution is pro- 

vided if we consider that multiple contacts might con- 

tribute to the binding of TFIID. Numerous sites of con- 
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Figure 8. Summary of the TFIID missing nucleoside analysis and DNase I footprinting analysis and correlation of the sequences with 

deduced TFIID initiator binding sequences. (Top) The consensus sequence corresponding to the initiator that was selected by TFIID 

(see Fig. 7}. The sequences of the hsp70, hsp26, and histone H3 promoters are bdow. The top strand of each sequence represents the 

nontranscribed strand of the promoter. The arrow designates the transcription start site. Energetically important contacts, implicated 

by hydroxyl radical analysis, are indicated by + above and below the bases. We have not designated the missing nucleoside contacts 

on the nontranscribed strand downstream of the initiator because no well-defined points of contact were clearly evident for each 

promoter; instead, there appeared to be small reductions in binding as a result of modifications throughout the region (see Fig. 3). The 

region of DNase I protection is delimited by horizontal brackets. Using the missing nucleoside pattern as a guide, we have underlined 

6 nucleotide stretches that provide a possible match to the preferred TFIID binding sequence. Those nucleotides that match the 

preferred initiator have been highlighted. 

tact could provide TFIID with considerable tolerance in 

the sequence composition, even in those regions that 

appear to be most important for binding. Sequence con- 

straints in any one region may be relaxed by strength- 

ened contacts elsewhere. One of the best illustrations of 

this principle that we have encountered so far comes 

from a methylation interference analysis of the interac- 

tion between TFIID and three different constructs of the 

hsp70 promoter (Purnell and Gilmour 1993). Methyl- 

ation interference analysis of the transcribed strand of 

the normal promoter revealed a weak dependence on a 

contact at + 28; no other interference was evident in this 

assay. In contrast, point mutations in the hsp70 pro- 

moter at either the TATA element or the start site re- 

sulted in a dramatic change in the methylation interfer- 

ence pattern, displaying a greatly increased dependence 

on downstream contacts, including +28. The SAAB 

analysis may be strongly biased toward an ideal initiator. 

Our data clearly establish that in Drosophila the bind- 

ing of TFIID is strongly influenced by interactions be- 

tween TFIID and sequences downstream of the TATA 

element. This point is not clear for TFIID in human 

cells. Human TFIID contacts the regions downstream of 

the TATA element on some promoters but not others 

(Sawadogo and Roeder 1985; Nakajima et al. 1988; Van 

Dyke et al. 1988; Zhou et al. 1992; Chiang et al. 1993). It 

remains to be determined whether these differences af- 

feet binding strengths, because the reported studies with 

human TFIID have been done with saturating levels of 

TFIID. The function of sequences around the transcrip- 

tion start site in mammalian cells has become particu- 

larly confusing because several factors appear to recog- 

nize DNA sequences in this region (Roy et al. 1991; Seto 

et al. 1991; D u e t  al. 1993). These factors seem to be 

distinct from TFIID, and homologous proteins have not 

yet been found in Drosophila. One of the factors, TFII-I, 

has been shown to increase the level of recombinant TBP 

that associates with DNA, and the contribution of TFII-I 

depends on the sequence of the initiator (Roy et al. 1993). 

The contribution of TFII-I to binding can be replaced by 

the general transcription factor TFIIA (Roy et al. 1991). 

However, with TFIIA there is no longer a dependence on 

the sequence of the initiator. These observations lead to 

the proposal that there may be alternative pathways for 

recruiting TFIID to the promoter (Roy et al. 1993). In 

Drosophila, sequence recognition by the TAFs may pro- 

vide yet another pathway, which is commonly used for 

many promoters. 

TFIID is one of the first components to interact with 

the promoter during assembly of a transcription complex 

(Zawel and Reinberg 1993). The overlap between some 

TFIID contacts and the site of transcriptional initiation 

suggests that these interactions may function directly in 

the initiation process, such as in positioning the active 
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site of RNA polymerase II or the unwinding of DNA. 

Currently, we have no experiments that address whether 

the TFIID participates in the unwinding of the DNA. 

The available data do, however, seem to indicate that it 

is unlikely that the TAF contacting the start site se- 

quence directly positions RNA polymerase II. We have 

found that increasing the spacing between the TATA 

element and the start site sequence by 2 nucleotides 

causes the major start site to shift 2 to 3 nucleotides 

upstream of the normal start (Pumell and Gilmour 

1993). In contrast, hydroxyl radical interference analysis 

indicates that the interaction of TFIID with the initiator 

moves downstream to maintain contact with the origi- 

nal initiator sequence. Further evidence against the ini- 

tiator directing the position of the start site comes from 

the analysis of a TATA-less promoter in a mammalian in 

vitro transcription system. For a test plasmid containing 

only an Spl-binding site and an initiator, the position of 

the start site shifted when different dinucleotides were 

used to prime transcription (Zenzie-Gregory et al. 19921. 
The efficiency of initiation was not significantly altered 

by the different dinucleotides. 

We suggest that the multiple sequence elements in the 

promoter that are recognized by TFIID might signifi- 

cantly influence transcription levels by three mecha- 

nisms. These are the recruitment of TFIID to the pro- 

moter, its retention on the DNA, and its conformation 

on the promoter. 

In the first mechanism, we envision that the TAFs 

may interact with the downstream sequences, bringing 

TBP into position so that it can associate with the TATA 

element. TBP might be housed in the Drosophila TFIID 

complex in a way that inhibits DNA binding until cer- 

tain TAF-DNA interactions occur. This could explain 

why a 3' deletion of the hsp70 promoter, which had its 

breakpoint at - 3 but retained the TATA element, bound 

very poorly to immobilized TFIID and to TFIID free in 

solution (Emanuel and Gilmour 1993). This mechanism 

resembles class I and class III genes. For class I genes, 

TBP is part of a complex called SL1 (Comai et al. 1992). 

The binding of SL1 with the promoter is greatly en- 

hanced by a factor called UBF [Bell et al. 1989; Pikaard et 

al. 1989}. Recent analysis shows that the binding of UBF 

and its conformation on the DNA are strongly influ- 

enced by sequences in the region between + 17 and + 32 

(Lablanc et al. 1993}. In addition, there appear to be par- 

tially redundant contacts made from - 2 0  t o  + 6 0 .  For 

class HI genes, TBP enters the transcription pathway as a 

subunit of TFIIIB (Kassavetis et al. 1992; Taggart et al. 

1992; White and Jackson 1992). The best-characterized 

class III gene is that of a yeast tRNA gene (Kassavetis et 

al. 1992), where TFIIIB alone does not recognize the pro- 

moter. Another factor, TFIIIC, binds to sequence motifs 

downstream of the transcription start site (Kassavetis et 

al. 1990). Protein-protein interactions between TFIIIC 

and TFIIIB serve to recruit TFIIaB to the promoter. By 

analogy to this mechanism, the TFIID complex could be 

viewed as a stable union of TBP and components that 

recognize intragenic sequences into a single complex. 

Promoter strength will also depend on the retention of 

TFIID. We have found that the affinity of TFIID is 

strongly influenced by the contribution of downstream 

interactions (Emanuel 'and Gilmour 1993). However, 

these contacts must be disrupted or altered, at least tran- 

siently, as the RNA polymerase initiates and elongates 

through this region (Van Dyke et al. 1988; Buratowski et 

al. 1989). At this stage in the transcription pathway, the 

retention of TFIID may become largely dependent on the 

TATA element. This could be analogous to the yeast 

tRNA gene. In vitro, the retention of TFIIIB does not 

seem to require the persistent association of TFIIIC {Kas- 

savetis et al. 1990; Bartholomew et al. 1993). Once TFI- 

IIB has been recruited in a TFIIIC-dependent manner, the 

TFIIIC can be stripped away from the downstream region 

with high salt or heparin and the remaining TFIIIB can 

mediate multiple rounds of initiation. Cross-linking 

analysis shows that even without salt displacement, the 

association of RNA polymerase III disrupts certain con- 

tacts of TFIIIC (Bartholomew et al. 1993). It seems that 

the downstream contacts of TFIID are looser than TATA 

contacts, because the DNase I footprint of TFIID, which 

normally spans the region from - 4 4  to +35, shrinks 

down to a footprint that is localized over the TATA el- 

ement when the salt concentration is raised from 90 to 

300 mM (Sypes and Gilmour 1994). 

Many of the most highly transcribed promoters con- 

tain the sequence TATAAA. As a high-affinity site for 

TBP, this could allow TFIID to remain associated with 

the promoter and mediate multiple rounds of initiation. 

This would seem essential for the hsp70 and hsp26 genes 

as an initiation event occurs every 2 to 4 sec on the 

active genes (Vazquez et al. 1993). Deviation from this 

high-affinity TATA sequence may reduce retention of 

TFIID, thereby reducing transcription levels. This could 

help to reconcile two opposing views that have emerged 

with respect to the rounds of initiation that can be me- 

diated by TFIID. Early experiments indicated that TFIID 

formed a stable complex with the adenovirus major late 

IAdML) promoter that might mediate multiple rounds of 

initiation (Hawley and Roeder 1987; Van Dyke et al. 

1988). Subsequent studies with Drosophila promoters 

lead to a different model in which all remnants of a 

preinitiation complex dissociated from the template 

with each round of initiation (Kadonaga 1990}. The 

AdML promoter contained a TATAAA sequence ele- 

ment, but neither of the Drosophila promoters contained 

a sequence similar to this. Therefore, the TBP contact on 

the Drosophila promoter may have been too weak to 

retain the TFIID complex when the initiation complex 

disrupted downstream contacts of TFIID. 

The conformation of the protein-DNA complex might 

impact significantly on transcription levels. This confor- 

mation could be strongly influenced by the DNA se- 

quence contacted by TFIID. The DNase I footprint pro- 

vides one view of the TFIID conformation. We have re- 

cently analyzed the footprint that TFIID makes on an 

hsp26 mutant  containing the change TATA to CCCA 

(Q. Lu, L. Wallrath, P. Emanuel, S. Elgin, and D. Gil- 

mour, in prep). This mutation causes a 30-fold reduction 

in the transcriptional activity in vivo but a much smaller 
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decrease in the affinity for purified TFIID. There is, how- 

ever, a dramatic difference in the appearance of the 

DNase I footprints formed on the normal  and mutan t  

promoters, suggesting that  the large decrease in tran- 

scription could be a result  of disturbances in the spatial 

organization of the components  assembling on the pro- 

moter. Cocrystals of TBP and DNA reveal that  the 

TATA sequence is bent at a 100 ° angle (Kim et al. 

1993a, b), so disruption of this interact ion could greatly 

alter the molecular  architecture of the promoter. 

We are also intrigued by the similari ty between the 

TFIID DNase I footprints that  we find on the hsp70, 

hsp26, and histone H3 promoters (Fig. 1) and the foot- 

prints of human  TFIID that  form on the adenovirus E4 

promoter  in the presence of the transcriptional activator 

ATF (Horikoshi et al. 1988). Human  TFIID produces a 

small  footprint  on the E4 promoter  that  is localized to 

the TATA element.  When TFIID was bound to the E4 

promoter in the presence of ATF (and ATF recognition 

elements upstream of the TATA element), the footprint 

of TFIID was found to extend downstream from the 

TATA element  to +35. Once human  TFIID had been 

induced to make contact  downstream to + 35 on the E4 

promoter, the activator could be competed away wi th  an 

oligonucleotide leaving intact  the large TFIID footprint 

wi th  the downstream contact.  A new structural feature 

was revealed when  the ATF was competed away. In the 

region between - 6 0  and - 8 5 ,  hypersensit ive DNase I 

cut sites were apparent on the transcribed strand. Struc- 

tural features similar to those induced by ATF are appar- 

ent for all of the footprints that  were produced by the 

immobil ized Drosophila TFIID (Fig. 1). The similari ty 

between the activator-dependent features of TFIID on 

the E4 promoter  and those that  are intrinsic to the com- 

plex that  we have analyzed raises the possibility that  the 

DNA sequence of the hsp26, hsp70, and his tone H3 pro- 

moters may bypass the need for an activator to induce 

this conformational  change. This would not  necessarily 

activate transcript ion but could el iminate  this confor- 

mat ional  change as a regulatory step in the pathway to- 

ward act ivat ion of these three promoters. 

M a t e r i a l s  a n d  m e t h o d s  

Protein fraction preparation and mobility retardation assay 

Nuclear extract preparation and subsequent fractionation on 

DEAE and phosphocellulose (P11) columns were performed as 

described by Pumell and Gilmour (1993). The phosphocellulose 

fraction served as crude TFIID in the mobility retardation as- 

says. These assays were performed as described by Purnell and 
Gilmour {1993). 

Immunopurification and immobilization of TFIID 

Immunopurification of TFIID from the 0.5 M phosphocellulose 

fraction (Purnell and Gilmour 1993} was performed at 4°C, and 

all tips and tubes were siliconized. Sixty-five micrograms of 

protein from the 0.5 M phosphocellulose fraction (34 ~1) was 

incubated with 18 ~1 of monoclonal anti-TBP 14C2-F4 hybrid- 

oma supematant for 1 hr on ice. Eighteen microliters of a 50/50 

slurry of protein G-Sepharose in 100 mM KC1-HEGMN was 

then added to the mixture and allowed to bind for an additional 

hour with gentle rocking. HEGMN is 25 mM HEPES (pH 7.6), 

0.1 mM EDTA, 12.5 mM MgC12, 10% glycerol, 0.1% NP-40, 1 

mM DTT, and 0.1 mM PMSF. The bound protein was then spun 

down at 2000 rpm in an Eppendorf model 5415C microcentri- 

fuge for 4 rain and washed four times with 1.5-ml aliquots of 

100 mM KC1-HEGMN. The slurry was transferred to a fresh 

tube, and the beads were washed twice with 1.5 ml of binding 

buffer. The supematant was then removed to leave a 20-~1 vol- 

ume of beads and buffer. Binding buffer consisted of 10 mM 

HEPES (pH 7.6), 5 mM MgC12, 0.8 mM DTT, 0.1 ram PMSF, 90 

mM KC1, 5 ng/~l poly[d(C/G)], and 10% glycerol. 

SDS-PA GE analysis of immunoprecipitated TFIID 

The total immunoprecipitate prepared using monoclonal anti- 

body was resuspended in SDS loading buffer and boiled prior to 

electrophoretic separation. Immunopurified TFIID prepared in 

parallel was treated with 1 M guanidine-HC1 in 100 mM KC1- 

HEGMN to elute the TAFs from the antibody-bead complex. 

Two 50-~.1 aliquots of 1 M guanidine were incubated with 10 ~1 

of bed volume TFIID beads for 10 rain, and the supematants 

were removed. The guanidine was diluted with an equal volume 

of 0 M KC1-HEGMN followed by the addition of 0.25 volumes 

of trichloroacetic acid (TCA). TCA precipitates were spun for 30 

rain at 14,000 rpm in an Eppendorf model 5415C microcentri- 

fuge, and the pellets were then washed with 500 ~1 of ice-cold 

acetone and resuspended in SDS loading buffer. Proteins re- 

maining bound to the beads were washed with 0 M KC1- 

HEGMN and resuspended in SDS loading buffer for electropho- 

resis. 

DNA fragments 

The hsp70, hsp26, and histone H3 promoter fragments were 

derived from subclones described previously (Gilmour et al. 

1988, 1990J. Fragments were radiolabeled by using either poly- 

nucleotide kinase or Klenow polymerase. Radiolabeled frag- 

ments from each promoter were gel-isolated, ethanol-precipi- 

tated, and quantified before use in binding reactions. 

DNase I footprinting with immobilized TFIID 

Immobilized TFIID equilibrated with binding buffer was pre- 

pared in a total volume of 20 }al as described above. Thirty 

microliters of binding buffer containing 100,000 Cherenkov 

counts of radiolabeled DNA fragment and 2 ~g of HaeIII-cut 
Escherichia coli DNA was added to the beads to give a total 

reaction volume of 50 ~1. The binding reaction was allowed to 

rock at 25°C for 1 hr, and unbound DNA was removed with the 

supernatant following microcentrifugation at 2000 rpm for 4 

rain. Three washes with 1.5 ml of ice-cold binding buffer were 

performed, followed by an additional wash with 1.5 ml of 

DNase I footprinting mix (150 m_~ potassium glutamate, 10 mM 

Tris at pH 7.9, 10 mM MgC12, 1 mM DTT, 0.1 mM EDTA, 0.1% 

NP-40, 0.1 mM PMSF, and 2 rnM spermidine). The supematant 

was then removed to leave a total volume of 50 ~1, and 50 ~1 of 

10 mM MgC12, 5 n ~  CaC12 containing 0.2 units of DNase I was 

then added. The 100-~.1 digestion was allowed to proceed for 30 

sec and was terminated by the addition of 100 ~1 of 3.1 M 

NH4OAc, 238 ~g/ml of yeast tRNA. Samples were then phenol 

extracted and ether extracted, and the DNA was precipitated for 

analysis on DNA sequencing gels. 
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Hydroxyl radical interference 

Radiolabeled DNA promoter fragments were modified by hy- 

droxyl radicals for 2 rain as described by Tullius and Dombroski 

{1986). Modified DNAs were then isobutanol extracted two 

times, ether-extracted, and ethanol precipitated for use as input 

DNA in binding reactions. Immunopurified TFIID in 20 Ixl of 

binding buffer was mixed with 30 t~l of binding buffer contain- 

ing 100,000 Cherenkov counts of hydroxyl radical-treated DNA 

and 2 ~g of HaeIII-cut E. co//DNA. The binding reactions pro- 

ceeded for 1 hr at 25°C with gentle rocking. Bound promoter 

fragments were collected following a brief centrifugation, and 

the supernatant containing unbound promoter fragments was 

removed and ethanol precipitated as free DNA. The beads were 

washed three times with ice-cold binding buffer to remove non- 

specifically bound DNAs. DNA remaining associated with 

TFIID was recovered by phenol-extracting the suspension of 

Sepharose beads and ethanol-precipitating the aqueous phase. 

Recovered DNA was quantified by Cherenkov counting and 

resuspended in formamide loading dye. Equal amounts of this 

bound DNA were electrophoresed in parallel with free DNA, 

input DNA, and G/A markers derived from the original pro- 
moter fragments. 

SAAB 

The SAAB protocol was performed as described by Blackwell 

and Weintraub {19901, with the following modifications. Two 

oligonucleotides were synthesized that could anneal and be ex- 

tended to give the Drosophila hspTO promoter from position 

- 3 9  to +36, relative to the transcription start site (see Fig. 2). 

The 2 oligonucleotides were annealed, extended, and amplified 

with Taq polymerase, dNTPs, and primers A and B to give dou- 

ble-stranded DNA fragments. The resulting DNA contained the 

randomized initiator, restriction sites that correspond to EcoRI 

and BamHI, and sequences that correspond to primers A and B. 

This DNA was amplified by PCR with primers A and B and Taq 

polymerase, and the DNA was then radioactively end-labeled 

with kinase and [a2P]ATP. Labeled template {100,000 cpm) was 

incubated with 3.75 Ix1 of the P11 TFIID fraction in a 62.5-1~1 

binding reaction volume. Other components of the binding re- 

action included 10 mM HEPES (pH 8.01, 5 mM MgC12, 20 ng/l~l 

of HaelII-digested E. coli DNA, 0.8 mM DTT, 90 mM KC1, 1 mM 

PMSF, and 10% glycerol. Binding occurred at room temperature 

for 40 min, and then the reaction mix was subjected to gel 

electrophoresis. Bound and unbound DNAs were then isolated 

(Blackwell and Weintraub 1990} and amplified by PCR. The 

amplified DNA was subjected to additional rounds of selection 

by TFIID, sequenced, or cloned. PCR-amplified DNA pools 

from each round were directly sequenced using primers A and B 

and Sequenase (U.S. Biochemical} as described by Blackwell and 

Weintraub (1990). Clones were isolated from round 5 by digest- 

ing the PCR-amplified DNA pool with EcoRI and BamHI and 

then inserting the fragment into comparably cut pUC13. Se- 

quence analysis of isolated clones was performed using the 

TaqTrack sequencing system {Promega) and either the reverse 

sequencing primer (5'-AACAGCTATGACCATGATTACG) or 

sequencing primer {5'-GTTGTAAA CGACGGCCAGT). 

PCR 

PCR amplification was carried out in an ERICOMP thermocy- 

cler for 20 cycles of a three-step program: Step 1 was a l-rain 

incubation at 95°C; step 2 was a l-rain incubation at 45°C; and 

step 3 was a 30-sec incubation at 72°C. The primers used for 
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amplification were the following: primer A (5'-GATGGGATC- 

CATTAG) and primer B {5'-GATCGAATTCCGGAG). PCR 

products were ethanol-precipitated and purified on an 8% poly- 

acrylamide gel. 
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