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We describe the identification and characterization of a conserved downstream basal promoter element that is 

present in a subset of Drosophila TATA-box-deficient (TATA-Iess) promoters by using purified, epitope-tagged 

TFIID complex (eTFIID) from embryos of transgenic Drosophila. DNase I footprinting of the binding of 

eTFIID to TATA-Iess promoters revealed that the factor protected a region that extended from the initiation 

site sequence (about + 1) to - 3 5  nucleotides downstream of the RNA start site. In contrast, there was no 

apparent upstream DNase I protection or hypersensitivity induced by eTFIID in the - 2 5  to - 3 0  region at 

which TATA motifs are typically located. Further studies revealed a conserved sequence motif, 

A/GGA/TCGTG , termed the downstream promoter element (DPE), which is located - 3 0  nucleotides 

downstream of the RNA start site of many TATA-Iess promoters. DNase I footprinting and in vitro 

transcription experiments revealed that a DPE in its normal downstream location is necessary for 

transcription of DPE-containing TATA-Iess promoters and can compensate for the disruption of an upstream 

TATA box of a TATA-containing promoter. Moreover, a systematic mutational analysis of D N A  sequences 

that encompass the DPE confirmed the importance of the consensus DPE sequence motif for basal 

transcription and further supports the postulate that the DPE is a distinct, downstream basal promoter 

element. These results suggest that the DPE acts in conjunction with the initiation site sequence to provide a 

binding site for TFIID in the absence of a TATA box to mediate transcription of TATA-Iess promoters. 
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The regulation of gene expression is often controlled at 

the level of transcription, and thus, the elucidation of the 

factors and mechanisms involved in basal transcription 

by RNA polymerase II is of fundamental biological sig- 

nificance (for review, see Conaway and Conaway 1993; 

Buratowski 1994; Maldonado and Reinberg 1995; Zawel 

and Reinberg 1995). The current data on basal transcrip- 

tion factors indicate that RNA polymerase II, along with 

auxiliary factors termed TFIIA, TFIIB, TFIID, TFIIE, 

TFIIF, and TFIIH, are required for transcription initia- 

tion, whereas the polymerase and TFIIF, TFIIS, and elon- 

gin/SIII are involved in transcriptional elongation. It has 

also been proposed that some of the RNA polymerase II 

exists as a component of a large complex termed the 

"holoenzyme" that contains RNA polymerase II (also 

referred to as the "core" polymerase) and many other 

factors, which appear to include TFIIB, TFIIE, TFIIF, and 

TFIIH (see, e.g., Koleske and Young 1995). 

In addition to the identification of the basal factors, it 

is important to study the mechanism of the transcription 
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process. There is, at present, considerable evidence that 

there are variations in the mechanisms by which basal 

transcription occurs, and much, if not virtually all, of the 

information that dictates the specific characteristics of 

the basal transcription process at a gene appears to be 

provided by the core promoter sequence. Accordingly, 

the critical core promoter elements that direct basal 

transcription have been studied thoroughly. Two well- 

characterized basal promoter elements are the TATA 

box and the initiator (Inr) motif. The TATA box is an 

A/T-rich sequence that is present in some, but not all, 

promoters at - 2 5 - 3 0  nucleotides upstream of the tran- 

scription start site. The TATA element is a binding site 

for the TATA-box-binding polypeptide (TBP) component 

of the multisubunit TFIID complex (for review, see Pugh 

and Tjian 1992; Smale 1994). The consensus sequence 

for the TATA box is often taken to be TATAAA, but it 

has been shown that there can be considerable variation 

in the TATA box sequence (see, e.g., Singer et al. 1990; 

Wiley et al. 1992; Zenzie-Gregory et al. 1993). 

The Inr element was identified as a sequence that en- 

compasses the RNA start site that is sufficient to direct 

GENES & DEVELOPMENT 10:711-724 �9 1996 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/96 $5.00 711 

 Cold Spring Harbor Laboratory Press on August 24, 2022 - Published by genesdev.cshlp.orgDownloaded from 

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


Burke and Kadonaga 

accurate transcription in the absence of a TATA box (see, 

e.g., Smale and Baltimore 1989; Weis and Reinberg 1992; 

Smale 1994). The consensus for the Inr element is Py- 

Py-A+I-N-T/A-Py-Py (where A+I is the transcription 

start site) for mammalian genes (Smale and Baltimore 

1989; Javahery et al. 1994) and T-C-A+I-C/T-T-T/c for 

Drosophila genes (Hultmark et al. 1986; Purnell et al. 

1994; Arkhipova 1995). As with the TATA box element, 

sequences that resemble the Inr consensus are found in 

some but not all promoters. Moreover, in addition to the 

TATA box and Inr core promoter elements, sequences 

that are immediately downstream (up to about + 40) of 

the RNA start site have been found, in some instances, 

to be required for efficient basal transcription. 

To further our analysis of basal transcription by RNA 

polymerase II, we have devised an effective means for the 

purification of epitope-tagged TFIID complex (eTFIID) 

from transgenic Drosophila. TFIID from Drosophila 
(dTFIID) is believed to consist of TBP and at least eight 

TBP-associated factors (TAFs) (see, e.g., Dynlacht et al. 

1991; Hoey et al. 1993; Kokubo et al. 1993a; Chen et al. 

1994). Because the binding of TFIID appears to be the 

first step in the pathway leading to the assembly of the 

transcription preinitiation complex (Buratowski et al. 

1989; Maldonado et al. 1990), we characterized the bind- 

ing of the purified eTFIID to various TATA-box-contain- 

ing promoters as well as Drosophila TATA-box-deficient 

(TATA-less) promoters. These binding studies, along 

with corresponding transcriptional experiments, have 

led to the identification of a conserved downstream pro- 

moter element that is present in many Drosophila 
TATA-Iess promoters. This new basal promoter ele- 

ment, the DPE (downstream promoter element), appears 

to act in conjunction with initiation site sequences 

to provide a binding site for TFIID in the absence of 

a TATA box to mediate transcription of TATA-less 

promoters. 

an excess of native TBP and, presumably, TAFs, relative 

to eTBP. 

We then purified eTFIID from embryos of the trans- 

genic Drosophila as outlined in Figure 1A. A nuclear 

extract was fractionated by P11 phosphocellulose chro- 

matography to separate eTFIID from other eTBP-con- 

taining species (see, e.g., Zawel and Reinberg 1995). The 

eTFIID-containing Pl l  fraction was then subjected to 

Crude Drosophila Embryo Extract 

I 
Ammonium Sulfate Precipitation (9-56%) 

Desalting by Dialysis 

I Phosphocellulose P11 

Dilute to 0.42 M KCI 

I 
Anti-FLAG M2 
Affinity Resin 

Peptide 
Elution 

eTFIID 

R e s u l t s  

Purification of epitope-tagged TFIID from transgenic 
Drosophila embryos 

To obtain purified dTFIID complex for the biochemical 

analysis of transcription by RNA polymerase II, we have 

expressed a modified dTBP cDNA that encodes dTBP 

with an amino-terminal epitope tag, FLAG (Hopp et al. 

1988), in Drosophila. This epitope-tagging strategy has 

been used previously to purify the TFIID complex from 

humans (Zhou et al. 1992; Chiang et al. 1993) and Sac- 
charomyces cerevisiae (Poon et al. 1995). For our studies 

with Drosophila, we stably integrated the cDNA encod- 

ing the epitope-tagged dTBP (eTBP) into the germ line by 

using P-element-mediated transformation (Rubin and 

Spradling 1982). Then, by standard genetic techniques, 

we obtained homozygous transformed flies that stably 

and constitutively expressed eTBP. By Western blot anal- 

ysis with antibodies directed against dTBP, the native 

TBP to eTBP ratio was estimated to be 3:1 in embryos of 

these transgenic flies (data not shown). Hence, there was 

Figure 1. Purification of eTFIID from embryos of transgenic 
Drosophila. (A) Scheme for the fractionation and purification of 
Drosophila eTFIID. (B) Analysis of eTFIID by 9% polyacryl- 
amide-SDS gel electrophoresis and silver staining. (Lane 1) Mo- 
lecular mass standards; (lane 2) purified eTFIID (500 ng). The 
identity of each of the subunits of Drosophila eTFIID is indi- 
cated. TAFs that were smaller than 30 kD were not observed 
(data not shown). 
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immunoaff ini ty  purification under nondenaturing con- 

ditions with  an anti-FLAG M2 affinity resin (IBI/Kodak). 

The protein composit ion of the purified eTFIID, as visu- 

alized by polyacrylamide-SDS gel electrophoresis and 

silver staining (Fig. 1B1, is identical to that  reported for 

native dTFIID by Tjian and co-workers (see, e.g., 

Dynlacht  et al. 1991; Hoey et al. 1993; Chen et al. 1994) 

and similar to that  described by Nakatani  and co-work- 

ers (see, e.g., Kokubo et al. 1993a-c; Kokubo et al. 1994). 

By Western blot analysis, dTFIIA, which is also known 

to interact  wi th  TBP, was not present in our preparations 

of eTFIID (data not shown}. The eTFIID complex was 

est imated to be - 9 0 %  homogeneous, and a summary  of 

the purification steps is given in Table 1. This purifica- 

tion procedure was found to be consistent and reproduc- 

ible through >20 independent preparations of eTFIID. In 

all subsequent experiments,  the eTFIID was of compara- 

ble purity to that  shown in Figure lB. 

eTFIID can function in both basal and activated 

transcription 

We first tested whether  eTFIID was biochemically active 

in reconsti tuted transcription reactions. To analyze 

basal transcription, we carried out reactions with puri- 

fied transcription factors (Tyree et al. 1993) and found 

that eTFIID possessed activity that was comparable to 

that of dTBP for basal transcription with  the adenovirus 

major late promoter  (data not shown). We then investi- 

gated the ability of the model activator GAL4-VP16 (Sa- 

dowski et al. 1988; Chasman et al. 1989) to activate tran- 

scription in reactions reconsti tuted with  eTFIID. In this 

experiment, reconsti tuted transcription reactions were 

performed with  either dTBP or eTFIID in the presence or 

absence of the GAL4--VP 16 activator protein with  D N A  

templates that contained either five or zero GAL4 bind- 

ing sites upstream of the TATA box of the adenovirus E4 

(AdE4) promoter  (Fig. 2). In the absence of the activator, 

we observed a lower level of basal transcription with  

dTBP than with  eTFIID under otherwise identical con- 

ditions. With dTBP, activation by GAL4--VP16 was not 

observed, whereas wi th  eTFIID, a mild (2.8-fold) activa- 

Figure 2. Purified Drosophila eTFIID can function for tran- 
scription in vitro. Transcription from the AdE4 promoter in the 

presence or the absence of the GAL4-VP 16 activator. Transcrip- 

tion reactions were performed with either pGoE4T (no GAL4 
sites) or pGsE4T (five GAL4 sites) template DNAs (Lin et al. 
1988; 100 ng} with purified recombinant basal factors [dTFIIA 

(10 ng), dTFIIB (5 ng), hTFIIE34 (2 ng), hTFIIE56 (10 ng), 

hTFIIF30 (6 ng), hTFIIF74 (10 ng)], purified calf thymus RNA 
polymerase II {40 ng), and a partially purified dTFIIH fraction (4 

ng). Where noted, dTBP (10 ng), eTFIID (60 ng TFIID complex}, 

and GAL4-VP16 (30 ng) were included in the reactions. The 

reverse transcription products are indicated by a bracket. The 

relative transcriptional activity observed for each template 

DNA is shown below the autoradiographs. 

tion of transcription was seen. This amount  of transcrip- 

tional activation by GAL4-VP16 is comparable to that  

which we and others have observed wi th  the same pro- 

moter  construction in the absence of histones or other 

transcriptional repressors (see, e.g., Pazin et al. 1994). 

Moreover, as a control, transcriptional activation by 

GAL4-VP16 with  eTFIID was not observed with  a D N A  

Table 1. Fractionation and immunopurification of eTFIID from transgenic Drosophila embryos 

Fraction 

Total Total eTBP Relative 
volume protein Western activity Yield Purification 
(ml) (mg) (units)a (U/mg)b (%)b (_fold)b 

Crude nuclear extract 10 257 c 5670 22 100 1 
0.45-0.85 M Pll  9 9.2 c 419 46 7.4 2.1 

Anti-FLAG immunopurification 0.1 0.006 d 115 19,100 2 870 

Fractionation and immunopurification were based on 80 grams of embryos. 
aOne Western eTBP unit is an arbitrary value obtained by quantitation of the radioactive bands (by using a Fuji PhosphorImager) in 

an anti-TBP Western blot assay, as described in Materials and methods. 
bBecause the eTBP that was incorporated into TFIID complexes was a fraction of the total eTBP in the crude extract, the values given 

for eTBP Western and Relative activity are overestimates of eTFIID in the starting material (crude extract). Hence, the values for 

Relative activity, Yield, and Fold purification are underestimates of the actual values. 

CProtein concentration was determined by Coomassie protein assay (Pierce}. 

dprotein concentration was estimated from an SDS-polyacrylamide gel. 
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template that did not contain GAL4 binding sites (Fig. 2). 

It thus appears that eTFIID possesses a greater ability 

than dTBP to function with GAL4-VP16 in the activa- 

tion of transcription, and hence, the transcriptional prop- 

erties of eTFIID are s imilar  to those described previously 

for the native dTFIID complex. 

eTFIID binds to both TATA-box-containing promoters 
and TA TA-less promoters 

To investigate potential differences in the binding of 

eTFIID to TATA-containing versus TATA-less promot- 

ers, we proceeded to study the binding of eTFIID to dif- 

ferent promoters. First, we tested the adenovirus major 

late (AdML), Drosophila Krfippel (Kr), and AdE4 promot- 

ers, each of which contains a TATA box element.  With 

the AdML promoter (Fig. 3A, left), eTFIID binds to an 

extended region from the TATA box to - 3 4  nucleotides 

downstream of the RNA start site, as seen previously 

wi th  either partially purified TFIID (see, e.g., Sawadogo 

and Roeder 1985; Nakaj ima et al. 1988) or purified TFIID 

from humans  or Drosophila (see, e.g., Zhou et al. 1992; 

Chiang et al. 1993; Verrijzer et al. 1994). This extended 

TFIID footprint with the AdML promoter is distinct 

from the footprint observed wi th  purified TBP, which 

binds to a localized region that encompasses the TATA 

box but does not extend downstream of the transcription 

start site (see, e.g., Buratowski et al. 1988; Cavallini  et al. 

1989; Schmidt et al. 1989; Hoey et al. 1990; Peterson et 

al. 1990). The binding of dTBP relative to eTFIID wi th  

the Krfippel promoter was s imilar  to that seen wi th  the 

AdML promoter (Fig. 3A, middle). On the other hand, 

with the AdE4 promoter, the eTFIID footprint did not 

extend downstream of the TATA box and thus resem- 

bled the TBP footprint (Fig. 3A, right). These results are 

in agreement with the known characteristics of TFIID 

binding to TATA-containing promoters. 

We then sought to analyze further the binding of 

eTFIID to TATA-less promoters. To this end, we exam- 

ined two Drosophila promoters: the downstream P2 pro- 

moter of the Antennapedia (Antp) gene and the internal  

promoter of the jockey (joc) mobile  e lement  (Fig. 3B). 

Previous studies wi th  these TATA-less promoters had 

suggested that efficient transcription from these promot- 

ers did not require sequences upstream of the RNA start 

site in the location where a TATA box would normal ly  

be located (Mizrokhi et al. 1988; Perkins et al. 1988). 

Footprinting analysis of these TATA-less promoters 

with eTFIID revealed that the factor did not appear to 

induce upstream DNase I protection or hypersensi t ivi ty 

in the - 2 5  to - 3 0  region (relative to the RNA start site) 

where TATA boxes are typically found (Fig. 3B). eTFIID 

did bind, however, to the promoters in a region that ex- 

tends from the vicini ty of the RNA start site to down- 

stream as far as about + 30 to + 35. In contrast, dTBP did 

not appear to bind to these TATA-less promoters (data 

not shown). In addition, s imilar  patterns of DNase I pro- 

tection and hypersensi t ivi ty were observed wi th  other 

Figure 3. eTFIID binds to an extended region of both TATA-box-containing and TATA-less promoters. The positions of the TATA 
boxes, transcription initiation sites, protected regions, and hypersensitive sites are indicated, relative to the transcription start site as 
+ 1. The amount of TBP or eTFIID complex that was used in each footprinting reaction is indicated. (A) DNase I footprinting analysis 
of TBP and eTFIID with TATA-box-containing promoters: AdML, Kr, and AdE4. (B) DNase I footprinting analysis of eTFIID with 

TATA-less promoters: AntpP2 and joc. 
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Figure 4. The DPE of Drosophila TATA- 

less promoters. (A) Nucleotide sequence of 

the minimal promoter region of DPE-con- 

taining Drosophila promoters. Promoters 

that possess the DPE consensus are listed at 

the top; promoters that contain the GA/TCG 

subset of the DPE consensus are listed at the 

bottom. This list of promoters is not meant 

to be comprehensive. Promoters from retro- 

transposons and LINE-like elements include 

297 (Inouye et al. 1986), copia (Sinclair et al. 

1986), Doc (Schneuwly et al. 1987), F (Di No- 

cera et al. 1983), G (Di Nocera 1988), I (Faw- 

cett et al. 1986), and joc (Mizrokhi et al. 

1988). Promoters from cellular genes include 

AbdominaI-B (DeLorenzi et al. 1988), 

AntpP2 (Perkins et al. 1988), bride of seven- 

less (Hart et al. 1993), brown (Dreesen et al. 

1988), caudal (Mlodzik and Gehring 1987), 

E74 (Thummel et al. 1989; Burtis et al. 

1990), E75 (Segraves and Hogness 1990), en- 

grailed (Soeller et al. 1988), glass (Moses et 

al. 1989), Gs~ (guanine nucleotide-binding 

protein; Quan and Forte 1990), labial 

(Mlodzik et al. 1988), nonmuscle myosin 

heavy chain (Ketchum et al., 1990), ras2 

(Bishop et al. 1988), singed (Paterson and 

O'Hare 1991), Stellate (Livak 1990), and 

white (O'Hare et al. 1984). The DPE se- 

quences are given in boldface type, whereas 

the initiation site consensus sequences are 

indicated in italics. The Abdominal-B pro- 

moter appears to contain two initiation site 

consensus sequences (in italics) as well as 

two corresponding downstream consensus 

sequences (in boldface). Consensus se- 

quences are given below each promoter ele- 

ment. (B) Schematic representations of min- 

imal and hybrid promoters used in the func- 

tional analysis of the DPE. The specific 

DNA sequences in these promoters are de- 

scribed in Materials and methods. The 

TATA box element, Init, and DPE are shown 

in boxes. A cross over an element indicates 

that the native DNA sequence was disrupted 

by clustered point mutagenesis. The num- 

bers denote positions relative to the major 

transcription start site (+ 1), which is indi- 

cated by an arrow. In the hbP2/AntpP2 hybrid promoters, the spacing between the hbP2 transcription initiation site and the AntpP2 

DPE is identical to that in the wild-type AntpP2 promoter. 

Drosophila TATA-less  promoters ,  w h i c h  inc lude  those 

from the Ultrabithorax and E74 genes (data not  shown). 

These  data col lec t ive ly  suggest  tha t  the  cri t ical  interac- 

t ions in  the  b ind ing  of TFIID to TATA-less  promoters  

are d o w n s t r e a m  of the normal  pos i t ion  of the T A T A  box. 

Identification and functional analysis of a downstream 

prom oter elem en t 

Because the T A T A  box provides a h igh-af f in i ty  interac- 

t ion of TFIID w i t h  TATA-box-con ta in ing  promoters ,  we 

considered the  poss ib i l i ty  tha t  there  m a y  be a funct ion-  

al ly analogous d o w n s t r e a m  basal promoter  e l emen t  tha t  

m i g h t  p romote  an a l te rna te  mode  of TFIID b inding  to 

TATA-less  promoters .  Cons i s t en t  w i t h  th is  not ion,  pre- 

vious s tudies  of Drosophila TATA-less  p romoters  have  

revealed a r equ i remen t  for sequences  -20--40 nucle-  

otides downs t r eam of the R N A  start  s i te  for eff icient  

t ranscr ip t ion.  These  TATA-less  p romoters  inc lude  those  

from Drosophila re t ro t ransposons  (Mizrokhi  and Mazo 

1990; Jarrell and Mese l son  1991; Arkh ipova  and I ly in  

1991; McLean et al. 1993) as wel l  as p romoters  of genes 

encoding regulatory factors (Biggin and Tj ian  1988; Per- 

k ins  et al. 1988; Soeller et al. 1988; T h u m m e l  1989). 

Hence,  the  available data were  cons i s t en t  w i t h  the hy- 

pothes is  tha t  there  m a y  be a d o w n s t r e a m  promoter  ele- 
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ment  in the +20 to +40 region that is important  for 

binding of TFIID. 

We thus inspected the downstream sequences of a few 

Drosophila TATA-less promoters and identified a con- 

served GA/TCG motif  at approximately + 30. This anal- 

ysis was subsequently expanded to include the 252 in- 

dependent D. melanogaster promoter sequences (com- 

prising 129 TATA-containing and 123 TATA-less 

promoters) that were compiled and studied by Arkhipova 

(1995). By using this Drosophila promoter data base 

(kindly provided by I. Arkhipova, Harvard University, 

Cambridge, MA), we identified 24 Drosophila promoters 

that contained the GA/TCG sequence motif  located 

- 2 5 - 3 0  nucleotides downstream of a Drosophila initia- 

tion site consensus sequence (Fig. 4A). None of these 24 

promoters contained a TATA-box-like sequence in the 

- 2 5  to - 3 0  region upstream of the transcription start 

site. Moreover, 11 of the 24 sequences contained an ex- 

tended downstream consensus sequence of A/GGA/ 

TCGTG (Fig. 4A, top sequences), and it is notable that 

two segments (CGTG and ACGY) wi th in  this extended 

consensus were identified previously by Arkhipova 

(1995) as motifs that were overrepresented in TATA-less 

promoters. Furthermore, re-examination of earlier stud- 

ies of Drosophila TATA-less promoters revealed that a 

significant decrease in transcriptional activity accompa- 

nied the loss (typically by deletion) of the downstream 

consensus sequence (see, e.g., Perkins et al. 1988; Soeller 

et al. 1988; T h u m m e l  1989; Jarrell and Meselson 1991; 

McLean et al. 1993). Hence, based on these data, we have 

tentatively designated the downstream consensus se- 

quence, A/GGA/TCGTG , as the DPE. 

To study the possible function of the DPE in TFIID 

binding and transcriptional activity of TATA-less pro- 

moters, we constructed wild-type and DPE-mutan t  ver- 

sions of the AntpP2 and joc promoters, as outl ined at the 

top of Figure 4B. Both of these promoters contain an 

extended DPE consensus sequence (Fig. 4A). DNase I 

footprinting analysis of these defined, m i n i m a l  promot- 

ers revealed that mutat ion of the DPE resulted in a sig- 

nificant decrease in the binding of eTFIID to the AntpP2 

promoter as well as to the joc promoter (Fig. 5A). It is 

particularly notable that disruption of the DPE of either 

promoter resulted in a significant decrease in the inter- 

action of TFIID not only in the downstream region, but 

also in the vicini ty of the RNA start site. These results 

indicate that the presence of the DPE is important  for the 

binding of TFIID to the TATA-less AntpP2 and joc pro- 

moters. 

We then examined the transcriptional activity of the 

wild-type and DPE-mutan t  versions of the AntpP2 and 

joc promoters by in vitro transcription analysis. As 

shown in Figure 5B, disruption of the DPE causes a 20- to 

100-fold reduction in the transcriptional activity of the 

promoters. Therefore, the combined footprint and tran- 

scriptional data indicate that disruption of the DPE 

causes a reduction in the binding of TFIID to the TATA- 

less promoters and a consequent loss of transcriptional 

activity. 

The downstream promoter element can compensate 

for disruption of the TATA box but not alteration 

of the initiation site sequence 

Next, we investigated whether  the DPE in its normal  

downstream position can function to substitute for the 

Figure 5. The DPE appears to be impor- 
tant for the binding of TFIID and the tran- 
scriptional activity of the Drosophila 
AntpP2 and joc promoters. The promoter 
constructions used are depicted in Fig. 4B. 
(A) DNase I footprint analysis of the bind- 
ing of eTFIID to wild-type and DPE-mu- 
tated AntpP2 and joc promoters. The posi- 
tions of the initiation site sequences (INIT) 
and the DPEs are indicated. A cross over 
the DPE element indicates that the native 
DNA sequence was disrupted by clustered 
point mutagenesis. The amount of TBP or 
eTFIID complex that was used in each 
footprinting reaction is indicated. (B) In 
vitro transcription analysis of wild-type 
and DPE-mutated AntpP2 and joc promot- 
ers. Standard transcription reactions were 
performed with the indicated template 
DNAs (500 ng) and Drosophila SK nuclear 
extract (100 g.g total protein), and the re- 
sulting transcripts were subjected to 
primer extension analysis. The reverse 
transcription products are indicated by 
brackets. Transcriptional activity is re- 
ported as relative to that of the wild-type 
version of each promoter. 
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upstream TATA box motif  of a TATA-containing pro- 

moter. In these experiments, we characterized wild-type 

and mutan t  versions of the min ima l  Drosophila hunch- 
back P2 (hbP2) promoter along with a series of hbP2/ 
AntpP2 hybrid promoters, which are outlined in Figure 

4B. The hbP2 promoter contains a TATA box (TATAAA) 

upstream of dual, overlapping consensus ini t iat ion site 

sequences at + 1 and + 5, from which transcription ini- 

tiaths both in vitro and in vivo. The min ima l  hbP2 pro- 

moter contains the TATA box and init iat ion site se- 

quence of the hbP2 promoter while  the hybrid hbP2/ 
AntpP2 construction contains the TATA box and 

init iat ion site sequence of the h bP2 promoter fused to 

the DPE of the AntpP2 promoter, with the identical 

spacing between the DPE and the hbP2 transcription 

start site (+ 1) as in the wild-type AntpP2 promoter. Mu- 

tant variants of these promoters wi th  clustered point 

mutat ions  in the TATA box (*TATA), init iat ion site se- 

quences (*Init), and the DPE (*DPE) were also examined. 

This set of promoter constructions was then subjected 

to in vitro transcription analysis (Fig. 6A). With the hbP2 
min ima l  promoter, disruption of the TATA box element  

resulted in a reduction of the transcriptional activity to 

- 1 3 %  of that of the corresponding wild-type promoter 

(Fig. 6A, cf. lanes 1 and 2). In contrast, with the hbP2/ 
AntpP2 hybrid promoter, the AntpP2 DPE partially com- 

pensated for the disruption of the hbP2 TATA box, as the 

*TATA version exhibited - 5 3 %  of the activity of the 

corresponding TATA-containing promoter (Fig. 6A, cf. 

lanes 5 and 6). By comparison, a mutan t  version of the 

AntpP2 DPE was unable to restore activity of the dis- 

rupted TATA box (Fig. 6A, lanes 9,10}. These results sug- 

gest that the DPE can compensate for the loss of the 

TATA box. On the other hand, the DPE did not restore 

transcriptional activity to promoters in which the initi- 

ation site sequence was altered (Fig. 6A, lanes 3,7,11). It 

thus appears that the DPE can function in the absence of 

the hbP2 TATA box but not in the absence of the hbP2 
ini t iat ion site sequence. 

It is also useful to compare the usage of the + 1 versus 

+ 5 RNA start sites of the hbP2 promoter (or the hbP2/ 
AntpP2*DPE promoter) in reactions performed wi th  the 

hbP2*TATA/AntpP2 promoter (Fig. 6A, lane 6). In the 

absence of the TATA box and in the presence of a com- 

pensatory DPE, the + 1 site was preferentially tran- 

scribed relative to the + 5 site, whereas wi th  the wild- 

type hbP2 promoter (or the hbP2/AntpP2*DPE pro- 

moter), the + 5 site was slightly favored relative to the 

+ 1 site (Fig. 6A, lanes 1,9). These findings therefore sug- 

gest that the preference for the + 1 site wi th  the 

hbP2*TATA/AntpP2 promoter is attributable to a pre- 

ferred positioning of the DPE relative to the + 1 RNA 

start site, because in that construction, the nucleotide 

spacing between AntpP2 DPE and the + 1 start site, but 

not the +5 site, is identical to that in the wild-type 

AntpP2 promoter. 

We then carried out a DNase I footprinting analysis of 

the hbP2/AntpP2 constructions to see whether  the bind- 

ing of TFIID correlated wi th  the transcriptional activity 

of the promoters (Fig. 6B). With the hbP2/AntpP2 and 

the hbP2/AntpP2*DPE promoters, both of which  con- 

tain intact TATA box elements,  the DNase I footprints 

were nearly identical and extended from about - 3 6  to 

+ 40 relative to the RNA start site (Fig. 6B, left). Thus, in 

the presence of a TATA box, the DPE had lit t le effect on 

the binding of TFIID throughout the promoter region. In 

contrast, wi th  the TATA-less promoters, the DPE had a 

significant effect. As shown in Figure 6B (right), the bind- 

ing of TFIID to the hbP2*TATA/AntpP2 promoter was 

greater than that to the hbP2*TATA/AntpP2*DPE pro- 

moter. Hence, the TFIID footprinting results correlate 

well with the transcription data. It is also notable that 

there was no apparent DNase I footprint in the region of 

the mutated TATA box of the hbP2*TATA/AntpP2 pro- 

moter. Instead, the footprint of this TATA Init + DPE + 

promoter resembled the footprints of the AntpP2 and joc 
TATA-less promoters (Fig. 5A). 

Because a significant decrease in transcription was ob- 

served upon mutat ion of the Init sequences (Fig. 6A), we 

additionally tested the binding of TFIID to promoters 

containing the DPE along wi th  wild-type versus mutan t  

ini t iat ion site (Init) regions (Fig. 6C). DNase I footprint- 

ing of the hbP2/AntpP2 versus the hbP2*Init/AntpP2 
promoters (Fig. 6C, left) and the hbP2*TATA/AntpP2 
versus the hbP2* TATA*Init/AntpP2 promoters (Fig. 6C, 

right) revealed that the Init sequences contribute to the 

binding of TFIID to the downstream promoter region 

(comprising the Init and DPE sequences) of the promot- 

ers. Hence, the transcription and footprinting data col- 

lectively suggest that interactions of TFIID wi th  the Init 

and DPE sequences can be important  for basal transcrip- 

tion by RNA polymerase II. 

Systematic mutational analysis of the DPE 

The DPE was ini t ial ly defined on the basis of the con- 

servation of the A/GGA/TCGTG sequence motif  (Fig. 

4A), and we therefore sought to determine, in a system- 

atic manner,  the importance of the DPE consensus se- 

quence in basal RNA polymerase II transcription. To this 

end, we constructed and analyzed a series of clustered 

triple point mutat ions  in the Drosophila joc promoter 

from +20 to + 40 relative to the RNA start site. Tran- 

scriptional analysis of these mutan t  promoters revealed 

that alteration of the core of the DPE consensus, but not 

the flanking sequences, resulted in a sharp decrease in 

the efficiency of transcription from the joc promoter (Fig. 

7). Hence, these experiments reveal the importance of 

the DPE consensus sequence for basal transcription and 

further support the hypothesis that the DPE is a distinct, 

basal downstream promoter element.  

Discussion 

In this work we have identified and characterized a con- 

served basal DPE that is present in a subset of Droso- 
phila TATA-less promoters. The DPE, in conjunction 

with the ini t iat ion site sequence, provides a binding site 

for TFIID in the absence of a TATA box. In the context 

of our current knowledge of TFIID and basal transcrip- 
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Figure 6. (See facing page for legend.) 
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Figure 8. A simple model for interactions of the TFIID com- 

plex with TATA-containing and TATA-less promoters. The 

hatched regions indicate that the corresponding TFIID-DNA 

contacts are observed with some promoters. 

Figure 7. Systematic clustered point mutational analysis of 

the DPE in the joc promoter. Standard transcription reactions 

were performed with the indicated template DNAs (500 ng) and 

Drosophila SK nuclear extract (100 ~g total protein), and the 

resulting transcripts were detected by primer extension analy- 

sis. The reverse transcription reaction products are indicated by 

brackets. The joc promoter sequence from + 20 to + 40 relative 

to the major transcription start site is shown with correspond- 

ing nucleotide substitutions below. Lines indicate unchanged 

sequences. The DPE consensus sequence is shown in bold. 

Transcriptional activity is reported as relative to that of the 

wild-type joc(- 3 /+  48) promoter. 

tion, these studies support  and clarify the model  that  

there are different modes  by wh ich  TFIID interacts  w i th  

promoters .  Figure 8 depicts two possible models  for the 

binding of TFIID to basal p romoter  sequences.  The  top 

panel  of Figure 8 shows a p romoter  w i th  a strong TATA 

box e lement .  In such TATA-dr iven  promoters  [e.g., the 

AdML, AdE4, Drosophila Kr, and Drosophila hbP2 pro- 

moters  (Figs. 3A and 6B)], TFIID binds to the TATA mo- 

tif and often (as w i th  the AdML, Kr, and hbP2 promot-  

ers), but  not  always (as w i t h  the AdE4 promoter) ,  inter- 

acts closely wi th  downs t r eam regions in a m a n n e r  tha t  

leads to dis t inct  pro tec t ion  f rom DNase  I digest ion in 

footpr in t ing  assays. The  bo t t om panel  of Figure 8 depicts 

a TATA-less  promoter  tha t  conta ins  a DPE. Wi th  these  

promoters  [e.g., the Drosophila AntpP2 and the Droso- 
phila joc promoters  (Figs. 3B and 5)], a TFIID-mediated 

footpr in t  is not  observed in the  typical  loca t ion  of the  

TATA box (about - 2 5  to -30) .  In contrast ,  TFIID ap- 

pears to in teract  closely w i th  a downs t r eam region tha t  

encompasses  the in i t i a t ion  site sequence and the  DPE. It 

should be also noted, parenthet ica l ly ,  tha t  the  two mod- 

els shown in Figure 8 are m e a n t  to represent  only  a sub- 

set of the po ten t ia l  in te rac t ions  of TFIID w i t h  basal pro- 

moters.  

The DPE 

In this work  we character ized two TATA-less  promoters ,  

AntpP2 and jog tha t  possess the DPE consensus  se- 

quence, A/GGA/TCGTG , wh ich  is shown  in Figure 4A 

(top). This  DPE consensus  is l ike ly  to be an opt imized,  

h igh aff ini ty recogni t ion  site for the downs t r eam binding 

of TFIID to TATA-less  promoters .  As w i t h  T A T A  boxes 

and Inr e lements ,  it seems probable tha t  o ther  promoters  

wil l  conta in  related versions of the  DPE sequence to 

wh ich  TFIID would  in terac t  w i th  varying affinity.  Thus,  

Figure 6. The AntpP2 DPE can partially compensate for the loss of the TATA box of the hbP2 promoter. The promoter constructions 

used in this figure are shown in Fig. 4B. (A) Transcriptional analysis of wild-type and mutant hbP2 and hbP2/AntpP2 hybrid promoters. 

Standard transcription reactions were performed with the indicated template DNAs (500 ng) and Drosophila SK nuclear extract (100 

~g total protein), and the resulting transcripts were detected by primer extension analysis. The reverse transcription reaction products 

are indicated by brackets. Transcriptional activity is reported as relative to that of the wild-type version of each promoter. (B) DNase 

I footprint analysis of the binding of eTFIID to wild-type and mutant hbP2/AntpP2 hybrid promoters. The positions of the TATA box 

elements, initiation site sequences (INIT), and the DPEs are indicated. A cross over the TATA box or DPE element indicates that the 

native DNA sequence was disrupted by clustered point mutagenesis. The amount of eTFIID complex that was used in each foot- 

printing reaction is indicated. (C) DNase I footprint analysis of the binding of eTFIID to wild-type and mutant hbP2/AntpP2 hybrid 

promoters. The positions of the TATA box elements, INIT, and DPEs are indicated. A cross over the TATA box or INIT element 

indicates that the native DNA sequence was disrupted by clustered point mutagenesis. The amount of eTFIID complex that was used 
in each footprinting reaction is indicated. 
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although we had identified only 11 DPE-containing pro- 

moters out of a data base of 252 promoters, there are 

probably many  other promoters, perhaps some of those 

shown in the lower portion of Figure 4A, that contain 

functionally important  sequences that resemble the DPE 

consensus. 

Why has the DPE been identified only in TATA-less 

promoters? It is possible, for instance, that the presence 

of a TATA box eliminates the requirement for a DPE. 

This postulate is supported by our results wi th  the hbP2/ 
AntpP2 hybrid promoters (Fig. 6). When the intact hbP2 
TATA box was present, the addition of the DPE had 

almost  no detectable effect upon either the transcrip- 

tional activity of the promoter  (Fig. 6A, cf. lanes 1, 5, and 

9) or the binding of TFIID throughout the promoter  re- 

gion both upstream and downstream of the RNA start 

site (Fig. 6B, left). In this context, it should also be noted 

that some of the DPE-containing promoters listed in Fig- 

ure 4A were those of LINE-like elements, which are re- 

quired to have internal promoters and thus could not 

have upstream TATA box motifs. Hence, the DPE might  

be particularly useful in promoters that  cannot accom- 

modate TATA box elements.  Yet, on the other hand, the 

DPE appears to be compatible with the TATA box; thus, 

there may be promoters that  contain both the DPE and 

the TATA box element.  One example of such a promoter 

may be the TATA box-containing Drosophila hsp70 pro- 

moter, which has been shown to contain a downstream 

GTCG motif  that is protected from hydroxyl radical 

footprinting by TFIID (Purnell et al. 1994). 

It is also important  to consider whether  DPE-like ele- 

ments  are present in the promoters of organisms other 

than Drosophila. Given that the basal transcription pro- 

cess is conserved from yeast to humans,  it seems likely 

that there are DPEs that are functionally analogous to 

the DPE in other eukaryotes.  Yet, by comparison with  

initiation site sequences, which exhibit a much more 

distinct consensus in Drosophila (Hultmark et al. 1986; 

Purnell et al. 1994; Arkhipova 1995) than in other eu- 

karyotes, it is similarly possible that  the DPE sequences 

in Drosophila promoters may  adhere more closely to the 

DPE consensus than related DPE-like motifs in other 

species. Hence, the identification of DPE motifs in an- 

other organism, such as humans,  may be more difficult 

than in Drosophila. 
We also found that purified eTFIID, but not TBP, 

bound to the AntpP2 and joc TATA-less promoters, as 

determined by DNase  I footprinting analysis. We there- 

fore considered the possible relation between our find- 

ings and earlier observations (Sypes and Gilmour  1994; 

Verrijzer et al. 1994, 1995) that the 150-kD TAF subunit  

of dTFIID (TAFrfl50) appears to be involved in the bind- 

ing of TFIID downstream of the RNA start site of a 

Drosophila hsp70 promoter  and the AdML promoter. In- 

spection of the sequences of the hsp70 and AdML pro- 

moters did not reveal any close match  to the DPE con- 

sensus. The AdML promoter  does not appear to have any 

downstream sequences with  any resemblance to the 

DPE, whereas the hsp70 promoter  contains a down- 

stream GTCG sequence that  corresponds to a portion of 

the DPE. Thus, it is difficult to at tr ibute the binding of 

purified, recombinant  TAFII150 to the AdML down- 

stream sequences (Verrijzer et al. 1994) to the presence of 

a DPE-like sequence. In addition, the presence of the 

consensus TATA box motifs in the AdML and hsp70 
promoters may have also contributed to the downst ream 

interactions of either TFIID or TBP-TAFI~250-TAFII150 

complexes with those promoters (Sypes and Gi lmour  

1994; Verrijzer et al. 1995). In the future, it will be im- 

portant to investigate in greater detail the possible inter- 

actions of the TAFs with  the DPE in the context of a 

TATA-less promoter. 

Perspectives 

There are multiple mechanisms of basal transcription 

from TATA-containing and TATA-less promoters. The 

combined use of the consensus init iation site sequence 

along with the DPE, as suggested by the results of this 

study, is likely to be only one of several modes of tran- 

scription from TATA-less promoters.  In this context, the 

identification of the DPE should be a useful contribution 

to our understanding of basal transcription. Tbese re- 

sults also support the hypothesis that  there are three 

potential recognition sites for TFIID in core promoters:  

the TATA box, the initiation site sequence/Inr,  and the 

DPE. Further studies of purified transcription factors and 

core promoter elements should eventually i l luminate  

the varied mechanisms of basal transcription by RNA 

polymerase II. 

M ater ia l s  and  m e t h o d s  

Nomenclature 

Transcription factors IIA through IIS are abbreviated as TFIIA, 
TFIIB, and so on. The TATA box-binding subunit of the TFIID 

complex is referred to as TBP. The epitope-tagged versions of 

Drosophila TBP and TFIID are referred to as eTBP and eTFIID. 

The purified basal transcription factors used in this study were 

synthesized in Escherichia coli. A lowercase d or h designates 

the original cDNA source of the recombinant factors as either 

Drosophila melanogaster or human. The 34- and 56-kD sub- 
units of human TFIIE are referred to as hTFIIE34 and hTFIIE56, 
respectively. The 30- and 74-kD subunits of human TFIIF are 
referred to as hTFIIF30 and hTFIIF74, respectively. The complex 

of the 14- and 48-kDa subunits of Drosophila TFIIA is referred 

to as dTFIIA. Alternate nomenclature for the basal transcription 

factors (for review, see Zawel and Reinberg 1992) is as follows: 
TFIIA (STF), TFIIB (e~, FA, factor e), TFIID (% factor d, BTF-1), 
TFIIE (~, factor a), THIF (RAP30/74, ~/, factor 5, FC, BTF-4, 

factor g), TFIIH (8, factor b, BTF-2), and TFIIS (S-II). 
To maintain the integrity of the original definition of the 

"initiator" (Inr) as a functional basal promoter element that can 

direct transcription in the absence of an upstream TATA box 

(Smale and Baltimore 1989; Smale 1994), we refer to the DNA 
sequence that encompasses the RNA start site as the initiation 
site sequence (Init) rather than as the initiator (Inr) element. 
Unlike Inr elements, we have found that the Drosophila initi- 
ation site sequences alone are insufficient to direct a detectable 
level of basal transcription (see, e.g., Kerrigan et al. 1991). 
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Plasmids and synthetic oligonucleotides 

The P-element injection vector pCaSpeR-hs-eTBP was con- 

structed as follows. This vector contains a Drosophila hspTO 

promoter that directs the transcription of a modified Drosophila 

TBP cDNA that encodes dTBP with a FLAG epitope (IBI/Kodak) 

followed by 6 histidine residues at the amino-terminus. Two 

oligonucleotides were synthesized for PCR-directed mutagene- 

sis of the dTBP cDNA to generate amino-terminal tags, as well 

as restrictions sites for cloning. The amino-terminal primer 

(5'eTBP; 5'-CTGGATCCGTTAACGCCATGGACTACAAGG- 

ATGACGATGACAAGCACCATCACCACCATCATGACCA- 

AATGCTAAGCCCCAACTTC-3') contained BamHI, HpaI, 

and NcoI sites that were followed by a consensus ribosomal 

initiation sequence (Kozak 1986) upstream of the sequences en- 

coding the FLAG epitope, 6 histidines, and amino acids 2-9 of 

dTBP. The carboxy-terminal primer (3'eTBP; 5'-GAGAATTC- 

TCTAGACGTTATGACTGCTTCTTGAACTTCTT-3') con- 

tained EcoRI and XbaI sites followed by sequences complemen- 

tary to amino acids 353-347 of dTBP as well as the ochre stop 

codon. A dTBP cDNA [template pdTBP353 (Hoey et al. 1990)] 

was PCR-amplified with the above primers, digested with 

BamHI and EcoRI, and then subcloned into the corresponding 

restriction sites of pBlueScript SK (Stratagene) to give pBS- 

eTBP. To ensure that spurious mutagenesis had not occurred 

during PCR, the entire TBP cDNA and flanking regions of pBS- 

eTBP were sequenced. The HpaI-XbaI fragment of pBS-eTBP 

containing the dTBP cDNA was then subcloned into HpaI and 

XbaI sites of the P-element transformation vector pCaSpeR-hs 

[containing a 452-bp XbaI-XmnI fragment of the hspTO pro- 

moter and a 525-bp EcoRI-PstI fragment of the hsp70 3' region, 

inserted into pCaSpeR (Pirrotta 1988); provided by T. Ip (Uni- 

versity of Massachusetts Medical Center, Worcester)], to give 

pCaSpeR-hs-eTBP. 

A series of plasmids containing minimal promoters were con- 

structed by insertion of double-stranded oligonucleotides into 

the XbaI and PstI sites of the polylinker of pUC119 (see Fig. 4B). 

hbP2 wild-type and TATA (*TATA) and/or initiation site 

(*Init) mutant promoter sequences were described previously 

(George et al. 1995). In the *TATA mutant hbP2 promoters, the 

native TATA box sequence TATATAAA was replaced with 

ACGTCCGT. In the *Init mutant hbP2 promoters, the native 

Init sequence, CAGTCA, was replaced with GTGGTT. The fol- 

lowing sequences were inserted into the XbaI and PstI sites of 

pUCll9  to create joc and AntpP2 minimal promoters (these 

plasmids were generously provided by C. George, University of 

California, San Diego, La Jolla): 5'-ATCATTCGCATGG - 

GAGATGAGCAATCGAGTGGACGTGTTCAC-AGAAGTC- 

GC-3' (joc - 3 /+  48) and 5'-CACTGGCGTTCAGTTGTGAAT- 

GAATGGACGTGCCAAATAGACGTGCCGCC-3' {AntpP2- 

10/+40). The boldface nucleotides of AntpP2 and joc were re- 

placed by the sequence 5'-ACCTGCTGATG-3' to generate 

AntpP2*DPE and joc*DPE minimal promoters. The clustered 

triple point mutant promoters used in Figure 7 were constructed 

in an analogous fashion. The hbP2/AntpP2 hybrid promoter 

series was constructed by inserting double-stranded oligonucle- 

otides identical to nucleotides + 21 to + 40 relative to the start 

site of either AntpP2 or AntpP2*DPE into the PstI site imme- 

diately downstream of each of the hbP2 minimal promoters. In 

these hybrid promoters, the spacing between the hbP2 tran- 

scription initiation site and the AntpP2 DPE is identical to that 

in the wild-type AntpP2 promoter. 

Purification of transcription factors 

Basal transcription factors dTBP, dTFIIB, hTFIIE34, hTFIIE56, 

hTFIIF30, and hTFIIF74 were synthesized in E. coli and purified 

to >90% homogeneity as described previously (Tyree et al. 

1993). dTFIIA [plasmids pAR3038-dTFIIA-S (Yokomori et al. 

1994) and pAR3038-dTFIIA-L (Yokomori et al. 1993) were 

kindly provided by K. Yokomori and R. Tjian (both at Univer- 

sity of California, Berkeley)] was prepared as follows. First, the 

14- and the 48-kD subunits of dTFIIA were each synthesized 

separately in E. coli, solubilized in urea, and then combined and 

renatured together as described previously (Yokomori et al. 

1994). The resulting dTFIIA was further purified by successive 

chromatography on Q Sepharose and Superdex 200 resins (Phar- 

macia). TFIIH was partially purified from Drosophila embryos 

to the extent that the preparation was deficient in RNA poly- 

merase II and the other basal transcription factors (L. Lira-De- 

Vito and J.T. Kadonaga, unpubl.). RNA polymerase II was purb 

fied to >90% homogeneity from calf thymus (George et al. 

1995). 

P-elem en t-m edia ted germ -line transform a tion 

Germ-line transformants were obtained by injecting pCaSpeR- 

hs-eTBP DNA (1 mg/ml) with the P-transposase helper plasmid 

82,3 (100 ~g/ml)into white embryos (yw67C23/yw 67c23) (Rubin 

and Spradling 1982). Of the 505 embryos injected, 199 com- 

pleted embryogenesis and 101 developed to the adult stage. 

Nine independent transformed lines were obtained from the 

surviving Go adults. Heterozygotes were crossed with balancer 

strains (CyO or TM3) to generate homozygous transformed 

flies, and one hs-eTBP strain was expanded into population 

cages for large-scale embryo collections. Although the hsp70 

promoter was used for the transcription of the eTBP cDNA, the 

flies were grown and maintained at 25~ under standard condi- 

tions that are employed for large-scale growth of Drosophila. 

Hence, the basal level of transcription from the uninduced 

hsp70 promoter provided the appropriate level of expression of 

the eTBP cDNA for the subsequent purification of eTFIID. Un- 

der these conditions, we have found that the transformed flies 

stably express eTBP. 

Purification of eTFIID from transgenic Drosophila embryos 

All operations were performed at 4~ Nuclear extracts were 

prepared with hs-eTBP embryos collected between 0 and 12 hr 

after fertilization and stored for 43 days at 4~ Embryos were 

harvested (typically 50-60 grams after dechorionation), and nu- 

clear extracts were prepared according to Wampler et al. (1990), 

except that the 2.26 M ammonium sulfate pellet was resus- 

pended in HEGN buffer containing 0.1 M KC1 [HEGN is 25 m~4 

HEPES, K § (pH 7.6), 0.1 mM EDTA, 10% (vol/vol) glycerol, 

0.1% (vol/vol] NP-40, 1 mM dithiothreitol, 1 mM benzamidine- 

HC1, 1 mM sodium metabisulfite, 0.1 mM phenylmethylsulfo- 

nyl fluoride] and then desalted by dialysis against HEGN buffer 

containing 0.1 M KC1. This mixture was subjected to centrifu- 

gation in a Sorvall SS-34 rotor at 10,000 rpm for 10 min to 

remove insoluble material. The extract was fractionated on a 

phosphocellulose P-11 (Whatman) column [8-ml column vol- 

ume, 0.5 ml /min flow rate, 1.5 ml fraction size, full-scale ab- 

sorbance at 280 nM= 2]. The extract was applied to the column, 

which had been extensively equilibrated in HEGN buffer con- 

taining 0.1 M KC1, and washed with three column volumes of 

the same buffer. The wash was followed with 0.3 M 0.45 M, and 

0.85 M KC1 elution steps (three column volumes each), and the 

fractions containing the majority of the protein were pooled for 

each step. The 0.45-0.85 M KC1 fraction was diluted with an 

equal volume of HEGN buffer without KC1. Each P-11 fraction 

was incubated with 50 ~1 {bed volume) of anti-FLAG M2 agarose 

resin (IBI/Kodak) for 8-12 hr by rotation. After three washes in 

HEGN buffer containing 0.1 M KC1 [(10 ml each) fractions were 
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centrifuged for 3 min at 2000 rpm in SS-34, and all but 500 ~1 of 

buffer was carefully removed and resuspended], the agarose 

resin was transferred to a microcentrifuge spin column (InVit- 

rogen) and residual buffer was removed by centrifugation at 

2000 rpm for 1-2 min. The bound protein complexes were 

eluted from the anti-FLAG M2 resin by incubation with 100 ~1 

of HEGN buffer containing 12.5 mM MgClz, 0.1 M KC1, and 0.2 

mg/ml of the FLAG peptide (DYKDDDDK; IBI/Kodak) for 1 h. 

The eluate was collected by centrifugation at 2000 rpm for 1-2 

min. The majority of the eTFIID was found in the 0.45--0.85 M 

KC1 P-11 fraction, and this material was used for the experi- 

ments, eTBP Western units in Table 1 were generated by West- 

em blot analysis. Protein fractions were resolved by 9% SDS- 

PAGE, transferred to nitrocellulose, and probed with anti-dTBP 

polyclonal antisera. Bands were detected with ~2SI-labeled pro- 

tein A (ICN Pharmaceuticals), and eTBP was quantitated by 

using a PhosphorImager (Molecular Dynamics or Fuji). 

In vitro transcription analysis 

Transcription reactions were carried out as described previously 

(Wampler et al. 1990; Tyree et al. 1993) by using supercoiled 

DNA templates ( 100 or 500 ng, as indicated) with either purified 

basal transcription factors (Tyree et al. 1993) or an SK (Soeller- 

Komberg) extract from Drosophila embryos (Soeller et al. 1988) 

in a total volume of 25 ~1. Ribonucleoside 5'-triphosphates were 

either added following a 30 rain preincubation at 21 ~ (purified 

factors) or directly to the reaction media in the absense of a 

preincubation (extracts). The resulting transcripts were sub- 

jected to primer extension analysis as described previously (Ka- 

donaga 1990; Wampler et al. 1990). Transcripts synthesized 

from the minimal promoters were analyzed with the M13 re- 

verse sequencing primer (5'-AGCGGATAACAATTTCACA- 

CAGGA-3'), which is complementary to sequences in the pUC 

plasmid. Transcription and primer extension analysis with 

AdE4 and AdML promoters were performed as described previ- 

ously (Kerrigan et al. 1991; Tyree et al. 1993). Quantitation of 

the in vitro-synthesized RNA was carried out with a Phos- 

phorImager (Molecular Dynamics or Fuji). All experiments were 

performed a minimum of two times (but typically at least four 

times) to ensure reproducibility of the data. 

DNase I footprint analysis 

DNase I footprint probes were prepared by PCR with primers 

flanking the promoter region. Either the upstream or down- 

stream primer was 5'-3zp-labeled, as indicated in the figures. 

The PCR amplification products were gel-purified on 5% non- 

denaturing polyacrylamide gels to remove free primer and spu- 

rious reaction byproducts. Binding reactions for DNase I foot- 

printing experiments were performed for 30 rain at 25~ in a 

total volume of 50 ~1 and contained 12.5 mM HEPES, K + (pH 

7.6), 50 mM KC1, 0.05 mM EDTA, 5% (vol/vol) glycerol, 0.05% 

(vol/vol) NP-40, 0.5 mM dithiothreitol, 2% polyvinyl alcohol, 

and a2P-labeled probe (6000 cpm). Nonspecific competitor DNA 

was not included in the reactions. The labeled probes were then 

partially digested with DNase I, and the reaction products were 

purified and analyzed by electrophoresis on a 6% denaturing 

polyacrylamide gel. PCR primers used for amplification of min- 

imal promoter DNA templates were the M13 universal (up- 

stream; 5'-CGCCAGGGTTTTCCCAGTCACGA-3') and M13 

reverse (downstream) sequencing primers. PCR primers used for 

full-length promoter footprinting probes were the following: 

5'AdML (upstream; 5'-GTAGCGGTCGTTGTCCACTAGG-3') 

and 3'AdML (downstream; 5'-CCACCCTCAAAGGCATCA- 

CCG-3') for the AdML promoter template pLAX (Dynan and 

Tjian 1993); 5'E4 (upstream; 5'-GAATACAAGCTTGCAT- 

GCCTG-3') and 3'E4 (downstream; 5'-CTAACAGTCAGCCT- 

TACCAG-3') for the AdE4 promoter template pGsE4T (Lin et 

al. 1988); 5'Kr (upstream; 5'-GCTTATTTGCGTGCGTGT- 

GAG-3') and 3'Kr (downstream; 5'-CGCGGTTGTGTGTG- 

GCACAAC-3') for the Drosophila Kr promoter template pKr 

(Kerrigan et al. 1991 ); M 13 reverse sequencing primer and 3'Joc 

(downstream; 5'-CGTCACCGTTATGCAGTGACTA-3'} for 

the Drosophila joc promoter template pJC {Mizrokhi et al. 

1988), and 5'Antp (upstream; 5'-CAGCCATTGGCAACATGC- 

GATG-3') and 3'Antp (downstream; 5'-CGTCCGGTATTTAA- 

GAACTGGG-3') for the Drosophila AntpP2 promoter template 

pAntpP2-CAT (kindly provided by J. Posakony, University of 

California, San Diego, La Jolla). 
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